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HOW DOES THE ELECTROSTATIC FORCE
CUT-OFF GENERATE NON-UNIFORM
TEMPERATURE DISTRIBUTIONS IN PROTEINS?

KOIJI ODA, HIROH MIYAGAWA and KUNIHIRO KITAMURA

Research Center, Taisho Pharmaceutical Co., Ltd., No.403,
Yoshino-cho 1-chome, Ohmiya-shi, Saitama.330, Japan

( Received March 1995, accepted July 1995)

Molecular dynamics simulations (MDS) with electrostatic force cut-off on heterogeneous molecular
systems make temperature separation between solute and sotvent [1—4]. In MDS where the temperature
separation occurs, we found that there is a non-uniform temperature distribution in protein. The pattern
of temperature distribution was shown to be peculiar to the protein, suggesting a possible relationship
between dynamical and thermal properties of protein. By principal component analysis, the non-uniform
temperature distribution was ascribed to high temperature of large fluctuation modes in protein. Further
analysis by thermal diffusion equation between principal modes showed that in protein large fluctuation
modes inherently have smaller value of heat capacity than small fluctuation modes have and are easily
heated up by truncation noise due to abrupt cut-off of electrostatic forces.

KEY WORDS: Molecular dynamics, cut-off approximation of electrostatic force, temperature control,
principal component analysis, heat capacity.

1 INTRODUCTION

Recently, molecular dynamics simulation (MDS) is widely used to elucidate struc-
tural behavior of biomolecules, leading to design new proteins and drugs [5]. Since
MDS requires large amount of computational time, the cut-off of electrostatic long-
range force has been employed as a conventional tool to reduce the computational
time. In these days, however, some questions are posed for the use of the cut-off
from the following aspects; affects on energy conservation [2,4,6], on atomic fluctua-
tion [3,6—8] and on dielectric properties [7, 9], disagreements with X-ray structures
and with MDS results without the cut-off 3,4, 6— 8, 10] and occurrence of tempera-
ture separation between solute and solvent in heterogeneous molecular system
[1—4]. These discrepancies are caused by truncation noise due to abrupt cut-off of
electrostatic forces, which comes from going-in and/or going-out of the atoms near-
by the surface of cut-off sphere, as well as, the neglect of long range contribution of
electrostatic forces.

Here, we shall concentrate on temperature separation in protein, which nobody
has reported to date. The temperature separation between solute and solvent is
commonly observed in the MDS in the case that electrostatic forces are abruptly
truncated and temperature control is applied to prevent increase of system
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temperature with truncation noise, and as a result solvent is always hotter than
solute [1—4]. This temperature separation problem is not completely solved at
present [2]. We found that temperature separation is also generated in protein in
such a manner that respective amino acid residues keep different temperature given
from the system, which does not change with time and with their initial temperature,
resulting in the non-uniform temperature distribution peculiar to the protein. Even
though the non-uniformity of temperature comes from cut-off artifacts, the peculiar
pattern of non-uniform temperature distribution in the protein gave us a chance to
elucidate an inherent relationship between dynamical and thermal properties of
protein. Thus, we applied principal component analysis on protein fluctuation
[11-13] and ascribed the non-uniform temperature distribution to high temperature
of large fluctuation modes in protein. The considerations on thermal diffusion be-
tween principal modes showed that the non-uniformity of temperature between
principal modes comes from the stronger truncation noise on large fluctuation
modes than on small fluctuation modes. Furthermore, the non-uniformity is empha-
sized by inherently smaller value of heat capacity of large fluctuation modes in
protein. The precise derivation is described below.

2 METHOD

2.1 Preparation of the Molecular System

The protein structure used here is that of Ras p21 with GTP, which was built up
based on X-ray structure of Ras p21-GTP (guanosine triphosphate) analogue com-
plex [14]. For MDS, AMBER4 program [15] was used. Then, energy parameters,
AMBER/OPLS [16] and TIP3P [17] were used for Ras p21 complex and water
molecule, respectively. For Lennard-Jones parameter of Mg2*, Aqvist’s value [18]
was employed. Partial atomic charges in GTP were assigned using Merz-Kollman
method [19,20] based on the result of molecular orbital calculation with STO-3G
basis set by Gaussian 92 [21]. SHAKE [22] constraints were applied to hydrogen
atoms, time step was 2fs, and temperature control was of Berendsen [23] with
coupling time of 0.2 ps.

Hydrogen atoms were added to the X-ray structure and the whole structure was
minimized for 100 steps with the heavy atoms constrained at their initial X-ray
coordinates in order to remove van der Waals contacts of added hydrogen atoms.
Then, the protein was placed at the center of a 32 A radius sphere which consists of
water molecules and again the whole structure was minimized for 100 steps with the
protein atoms constrained. 2ps run with tight coupling (scaling velocity of each
atom at every step) to 10K heat bath and the following 2ps run in 100K were
performed. After that, the system was coupled to 300K heat bath,

2.2 Conditions of Electrostatic Force Cut-off

MD runs were done under the following conditions of electrostatic force cut-off: (a)
Abrupt cut-off at 8 A (abbreviate as C8), (b) Abrupt cut-off at 12 A (C12), (c) No
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cut-off (NC) and (d) Cut-off by switching (or smoothing) function [1,2,4,6,7,24]
(SW). Practically, in C8 and C12, electrostatic forces were calculated according to
the atom ‘pair-list’ made by residue based cut-off to avoid splitting the residue
dipoles [15]; when any atom of a residue is in the cut-off sphere, all atoms of the
residue are included to the atom pair-list. The atom pair-list was made at every 50fs
in the runs. In SW, the cut-off was done with the electrostatic potential multiplied
by S(r) which has the following form:

Sn=1 forr<ry,
r—r.\? r—r\* r—r.\’
11 L L\ L <
S(r=1 0<ru—"1,) + 15<ru_rL) 6<ru"‘L> forr, <r<ry, ()
S(r)=0 for r>ry,.

The second form of S(r) is a fifth-order polynomial that smoothly connects S(r) =1
to S(r) =% avoiding the truncation noise. Here, S(r) was used with r, =8.0 A and
ry =120 A.

For computation, CRAY-EL92 and Kubota TITAN2-800 were used in C8 and C12.
In NC, SUN SPARCstation 2 with a hardware accelerator for non-bonded force
calculations, MD-Engine (MDE), was used, which was developed by K. Kitamura and
his group [25,26]. MDE used in this study consists of 6 processor boards and the
computation speed is about 2GFLOPS. MDE was also used in SW since any one-
variable function for non-bonded force calculation can be applied in MDE.

3 RESULTS AND DISCUSSION

3.1 Non-uniform Temperature Distribution

Figure 1 shows that temperature separation between solute and solvent appears
under C8 and C12 as reported elsewhere [1 —4], but not in NC and SW. It is also
observed that temperature of the whole system is raised up from the reference
temperature (300K) in C8 and C12 while the temperature is kept well to the
reference temperature in NC and SW, suggesting that the truncation noise due to
abrupt cut-off works to raise the system temperature against the temperature con-
trol. Because the temperature separation between solute and solvent is observed in
C8 and C12 but not in SW, the separation is not due to the neglect of long range
contribution of electrostatic forces but due to the truncation noise.

Figure 1 also shows that the temperature separation between solute and solvent
in C8 and C12 does not disappear during simulation time. In fact, the same extent of
temperature separation remained even when C8 was continued till 116 ps (data not
shown). Furthermore, the temperature separation is also observed in simulations
with different initial conditions. Figure 2 depicts that the temperature profiles of
8 A and 12 A force cut-off simulations (abbreviated as NC-C8 and NC-C12 respect-
ively) started with a 36 ps configuration in NC where the temperature separation is
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Figure1 Temperature profiles during the simulations. Temperature separation between solute (protein)
and solvent (water) is observed in C8 {a) and C12 (b) but not in NC (¢} and SW (d). Explanations for
abbreviations C8, C12, NC and SW, see text.

not observed. Again, the same extent of temperature separation as that in Figure 1
appeared. Thus, the temperature separation does not change with time and with
initial condition.

In C8 and C12, it is surprising that temperature is different among amino acid
residues in protein as shown in Figure 3, while it is nearly equal to the reference
temperature in NC and SW. Hence, the non-uniform distribution of residue tem-
perature is also caused by the truncation noise as well as the temperature separation
between solute and solvent. Water molecules around the protein also have
non-uniform temperature distribution affected by the nearby amino residues in C8
and C12 (data not shown).

The non-uniformity of temperature in protein does not change with time in an
abrupt cut-off simulation. Figure 4 shows correlation diagrams of residue tempera-
ture averaged over 20 ps in the different simulation time ranges. In the abrupt cut-off
simulation, temperature of some particular residues is steadily high and that of the
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Figure2 Temperature profiles of 8 A and 12 A cut-off simulations. NC-C8 (a)} and NC-C12 (b) were
started with a 36ps configuration in NC (indicated by arrow). The temperature separation between solute
(protein) and solvent (water) is observed again with the same extent as in Figure 1.

other particular residues is steadily low and the pattern of non-uniform temperature
distribution is unchanged. On the other hand, there is not such definite pattern in
the no cut-off simulation. Furthermore, the pattern of temperature distribution does
not change by initial condition. As in Figure 5, the patterns are also similar to each
other between C8 and NC-C8 and between C12 and NC-C12. Consequently, the
pattern of temperature distribution in the abrupt cut-off simulation is intrinsic for
respective protein because the pattern does not change with time and with initial
condition.

3.2 Generation Mechanism of the Non-Uniform Temperature Distribution

As mentioned above, though the non-uniform temperature distribution in protein is
induced by the truncation noise due to the abrupt cut-off of electrostatic forces, the
pattern of residue temperature distribution has a peculiar form to the respective
protein. This prompts us to elucidate a relationship between dynamical and thermal
properties of protein. For this purpose, generation mechanism of the non-uniform
temperature distribution was investigated by means of principal component
analysis.

Principal component analysis is a powerful tool to describe dynamics of protein
[11-13], where internal fluctuation of protein is expressed by principal axes (i.e.,
modes) that are eigen vectors of variance-covariance matrix of atomic displacements
in protein. A principal axis represents the orientation and the relative magnitude of
cooperative fluctuation of atoms and the corresponding eigen value shows the
square amplitude of the fluctuation. In this study, the analysis is applied on the
fluctuations of a-carbon (C,) atoms of the protein. Temperature of a principal mode
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Figure 3 Temperature distributions in the protein. Residue temperature was averaged over
40 ps (t = 36 ~ 76 ps). Non-uniform temperature distributions are observed in C8 (a) and C12 (b). On the
other hand, uniform temperature distributions are observed in NC (c¢) and SW (d).

is defined by projection of velocity of C, atoms onto the principal axes as follows.

2 1
T=1 % ym( q), (2)
kB l:mom2 o

where kj is Boltzmann constant and m, and X, are mass and velocity of atom . g, is
the normalized vector representing i-th principal axis and ¢! is its component of
atom I. T, is the instantaneous temperature of the mode i. Figure 6 shows averaged
temperature of principal modes, where the principal modes are arranged ip descend-
ing order of their amplitude. In C8, the large fluctuation modes have higher
temperature than the small ones. Thus, the non-uniform temperature distribution in
protein is ascribed to high temperature of large fluctuation modes in protein.
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Figure4 Correlation diagrams of residue temperature averaged over 20ps in the different time ranges,
36~ 56 ps (x axis) and 56~ 76 ps (y axis). In case (a), the correlation coefficient shows 0.89 between two
temperature distributions of different time ranges, but 0.06 in case (b).
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Figure 5 Temperature distributions in simulations with different initial conditions. Shaded line is of C8
and C12 (see Figure 1) and solid line is of NC-C8 and NC~C12 (see Figure 2). The residue temperature is
averaged over 20ps (t =56~ 76ps). The patterns of temperature distribution in protein are similar to
each other despite the difference in initial condition.
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Figure 6 Temperature of each principal mode averaged over 40 ps (t = 56 ~ 96 ps). Principal modes were
arranged in descending order of amplitude of fluctuation. In C8, large fluctuation modes have higher
temperature than small ones while all the modes have same temperature in NC.

To explain this temperature difference between modes, thermal diffusion equation
between principal modes is useful.

JE;
- = ZLi'(Ti_Tj)+(Pi+Bi)1 3)
ot i

where E; represents total energy of mode i, L;; is microscopic thermal conductivity
between mode i and j, and P; is energy given by truncation noise. B, is energy given
by Berendsen’s temperature control and is expressed as

T, |\
Bi_;<7—l) T, @

where T, is temperature of the heat bath, T the instantaneous temperature of the
whole system and 7 the coupling constant to the heat bath. Then, rewriting equation
(3) by 0T;/ot = 0T,/OE;-OE,/0t = 1/C, GE;/dt where C, is heat capacity of mode i
defined as C; = (0E,/0T,), we obtain

0T (1)

1

Here, the relation L;;= 4,,C;C; is used because L is proportional to C; and the

equality L;;= L;, should be satisfied as the Onsager reciprocity relation. In steady
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state, the averaged temperature of mode i is written as

3 Ay CAT,
i 1 {P),+<{B;
<Ti>!=:#___+a._r__&, 6)
Tac T ZAG
RE J#i

where ), represents time averaging. The second term comes from the simulation
artifacts, that is, the truncation noise due to abrupt cut-off and the Berendsen’s
temperature control. Without those artifacts, temperature of each mode is represen-
ted by the first term, geometric average of temperature of the other modes weighted
by 4;;C;; temperature of the mode i is determined by temperature of the other
modes through the microscopic conductivity between modes.

At equilibrated state in NC and SW, because truncation noise does not exist and
the system temperature is kept to the reference temperature T, (see Figure 1),
(P>, = (B;>,=0. Thus, the solution of equation (6) is given by {T,», = {T ), for any
i and j. Therefore, all the modes have same temperature as in Figure 6.

In C8 and C12, because truncation noise exists and the system temperature is
shifted up from the reference temperature T, {P;>,>0 and {B;),<0. Practically,
large <P;), and {B;), values compared with the heat coupling term Z, .4, C; make
non-uniform temperature distribution and determines its pattern as follows. |(B;)/|
is large for high (T;), and small for low (T}, because of equation (4). Then, the
subtraction term (B>, contributes to flattening of the distribution. Hence {(B,), is
not the leading term of the non-uniform temperature distribution. On the other
hand, {P,), becomes large corresponding to the amplitude of fluctuation mode,
making temperature of large fluctuation modes high. This is because large fluctu-
ation of an atom makes exchanges of the interacting atoms nearby the surface of
cut-off sphere more frequent, producing the stronger effect of truncation noise on
the atom. As equation (6) shows, {P;), raises {T;), through the heat capacity C;. In
general, heat capacity is related to temperature fluctuation. Thus, the heat capacity
of mode i is estimated from temperature fluctuation of the corresponding mode
using the following equation,

C~ — kB<T;'>12 .
! <(T;' - <ij>r)2>r

As shown in Figure 7(a), large fluctuation modes give large relative temperature
fluctuation. This tendency is also observed in no cut-off condition (see Figure 7(b)).
So large temperature fluctuation of large fluctuation modes is not due to a cut-off
artifact but to an intrinsic property of the protein, that is, large fluctuation modes
inherently have smaller value of heat capacity. Consequently, both (P;), and C; in
equation (6) serve that large fluctuation modes have high temperature.

By principal component analysis, we have shown that the large fluctuation modes
in protein have smaller value of heat capacity than small modes have. In contrast,
all the modes have the same heat capacity 1/2k, when protein motion is described
in normal mode, i.e,, a set of harmonic oscillators. So the heat capacity difference
between principal modes is considered as an appearance of anharmonicity in large

O]
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Figure 7 Relative temperature fluctuation of principal modes. Large fluctuation mode has large relative
temperature fluctuation both in C8 (a) and in NC (b).

principal modes, corresponding to the previous report [11-13] that large fluctuation
modes are cooperative anharmonic motions, while small fluctuation modes are
harmonic motions of protein.

4 CONCLUSION

The truncation noise due to abrupt cut-off of electrostatic forces strongly influences
temperatures of large fluctuation modes in protein because the large fluctuation
modes inherently have smaller value of heat capacity, generating the non-uniform
temperature distribution in protein. This also explains why the temperature separa-
tion occurs between solute and solvent: relative temperature fluctuation of water
atoms is observed to be much larger than that of protein atoms, meaning smaller
value of heat capacity of water atoms. Hence, solvent is always hotter than solute.
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