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The purpose of our group is to computationally demonstrate large structural changes of hemoglobin using COSMOS90
which was accelerated on the Earth Simulator by vectorization and parallelization for all subroutines. COSMOS90 can effi-
ciently simulate proteins in the realistic conditions i.e., in water with all degrees of freedom and long-range Coulomb interac-
tions. Hemoglobin consists of four small proteins (subunits o, o, ,, and 8,) which associate with each other and locate at
four tops of a tetrahedron (Fig.1). In our previous study (from 2005 to 2006), we carried out a 45-ns molecular dynamics sim-
ulations of hemoglobin for the initial X-ray structure (an oxy T-state hemoglobin with PDB code: 1GZX) which is an unstable
structure of oxy-hemoglobin (J. Comput. Chem. vol.28, pp1129- 1136, 2007). We found the following features for the struc-
tural changes of hemoglobin. Dimers o, 3, and o3, maintained structures close to their respective X-ray structures while they
moved relative to each other like two stacks of dumbbells. The distance between the two dimers (o f3, and o,f3,) increased by
2A (7.4%) in the initial 15 ns and stably fluctuated at the distance with the standard deviation 0.2 A. The relative orientation
of the two dimers fluctuated between the initial X-ray angle —100° and about —105° with intervals of a few tens of nanosec-
onds. In the present study (2007), we performed a 15-ns MD simulation for a different initial structure (an oxy R-state struc-
ture: PDB code 2DN1) which is the stable structure of oxy-hemoglobin under the same condition as the previous simulations.
We found that the distance between two dimmers (a3, and o.,f3,) were maintained close to the initial X-ray structure within
the fluctuation of 0.2 A in contrast to the previous simulations for the oxy T-state hemoglobin.
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1. Introduction of tertiary and quaternary structures of human adult hemo-
Molecular dynamics (MD) simulation using high-speed globin (HbA) in water without any artificial constraints (Fig.
computers become a necessary tool to investigate protein 2). To achieve this purpose, one of the authors (M.S.) accel-
functions and properties because of the following reasons. erated his own software, COSMOS90, by vectorizing and
Proteins are large molecules consisting of thousands of  parallelizing it for the Earth Simulator, which was the fastest
atoms and have complicated structures. Furthermore, they supercomputer in the world during the period from 2002 to
largely fluctuate and easily change the whole structure even 2004. We performed a 45-ns MD simulation of HbA in
at the room temperature. water with all degrees of freedom (including bond stretch-
A hemoglobin molecule can efficiently transfer oxygen ing) and with long-range Coulomb interactions.
molecules from the lungs to the muscles. The binding of an
oxygen molecule to a site enhances additional oxygen bind- 2. COSMOS90
ings on other sites of a hemoglobin. Various experimental COSMOS90 was developed by one of the authors (M.S.)
studies revealed that this cooperative binding is associated in 1990 and made it possible to simulate a protein in water
with a large structural change. The X-ray crystal studies with all degrees of freedom and with long-range Coulomb
showed the structural difference between the initial and final interactions using the Particle-Particle and Particle-Cell

states (Fig. 1). However, the experimental studies have not (PPPC) method'. The PPPC method was proposed also by

yet observed the dynamical process of the structural change. the author to efficiently calculate long-range Coulomb inter-
The purpose of our study was to perform a long MD sim- actions between atomic charges in the order NlogN instead
ulation as long as possible on one of the fastest supercom- of N2 by dividing a system into hierarchical cubic cells based

puters in the world and to investigate the dynamical features on the Barnes & Hut tree code. In 2004, one of the authors
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Fig. 1 X-ray structure of hemoglobin. Hemoglobin consists of four

small proteins (subunits o, a,, 3,, and B,) which associate with
each other and locate at four tops of a tetrahedron. The structural
difference between the oxy and deoxy hemoglobin suggests that
the o 3, dimer rotates against to another dimer a3, according to

the oxygen binding to hem.

(M.S.) tuned up COSMOS90 on the Earth Simulator by vec-
torizing and parallelizing its all subprocesses including the
Barnes-Hut tree construction™.

All simulations were performed on the Earth Simulator
with COSMOS90. COSMOS90 has a large loop to reiterate
the MD time step and advance the simulation time. The loop
contains time-consuming subroutines that calculate various
forces such as bonded forces (bond, angle, and torsion) and
nonbonded forces (Lennard-Jones and Coulomb). All sub-
routines in this loop were highly vectorized by inserting
directive lines to the compiler and parallelized by using the
message passing interface (MPI). The parallelization was
based on the flat MPI programming; that is, processors
inside a node were treated in the same manner as those
between nodes.

The calculation of the Coulomb forces is usually the most
time-consuming part in MD simulations. In COSMOS90,
the Coulomb forces are efficiently calculated by the PPPC
method, which utilizes the space subdivision based on the
Barnes-Hut tree construction.”’ The Barnes-Hut tree was
constructed in parallel and in keeping with the vector accel-
eration by using 8 (or 64) processors independently dividing
nodes (that is, cells) of the second (or third) level in the tree,
respectively. All processors made their own interaction

tables by searching cells interacting with the atoms of each
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Fig. 2 Human adult hemoglobin (HbA) in a water sphere of radius
66 A. The total number of atoms is 119421.

processor according to the Barnes-Hut tree. Then the interac-
tion table, which is the largest array in COSMOS90, was
distributed to all processors and the distribution of the inter-
action table clears the memory bottleneck that occurs for
large-scale simulations.

The performance speed of COSMOS90 was continuously
accelerated upon 128 processors of the Earth Simulator. The
maximum performance speed for HbA in water was 0.029
s/step for 128 vector processors. The vectorization on a sin-
gle processor accelerated the performance speed to 12.2
times as fast as the scalar performance. Furthermore, the par-
allelization on the 128 vector processors accelerated the per-
formance speed to 69 times as fast as the speed with a single

vector processor.

3. Initial X-ray structure

As an initial X-ray structure, we chose the oxy T-state
HbA (PDB code: 1GZX) because it was restricted to the
unfavorable T-state structure probably due to crystal con-
tacts and a low temperature (4°C)™. Since these restrictions
do not exist for the MD simulation in the solution environ-
ment at the room temperature (Fig. 2), a very long MD simu-
lation (order of us) is expected to demonstrate the quater-
nary transition from the T to R structure. The 45-ns simula-
tion of this study does not reach the order of us but is 22

times as longer as the present longest simulation (2 ns)®.

4. Root Mean Square Deviation (RMSD)

To investigate the structural changes of HbA, we plotted
the root-mean-square deviation (RMSD) of main-chain
» C, and N) for the entire HbA molecule (Fig. 3).
Dimers o f, and o, fitted to the initial X-ray structure had

atoms (C

almost the same RMSD values as those of the subunit
monomers. In contrast, the unfitted dimers had RMSD val-
ues (3.520.2 A for a,f, and 3.4+0.23 A for o,f3,) that were
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Fig. 3 Root-mean-square deviations (RMSDs) of the main-chain atoms
(C. C, and N) as a function of time for dimers (o3, and a.f3,).

The RMSD values were calculated after fitting one of two dimers
to the corresponding dimer of the X-ray structure at 1-ns inter-
vals according to the trajectory. Black lines: fitted dimers; Blue
lines: dimers without fitting.

substantially larger than the values for the fitted dimers (blue
lines vs. black lines in Fig. 3).

The RMSD values for the various dimers indicate the fol-
lowing dynamical features of HbA. The interactions between
the subunits of the dimers (that is, between o, and B, and
between o, and f,) were stronger than the interactions
between subunits of different dimers and thus dimers o,f3,
and a8, showed almost the same RMSD values as the sub-
unit monomers. Dimers o3, and a3, changed their relative
positions, moving like rigid bodies, and thus the structures of
the dimers without fitting deviated greatly from the initial

structures.

5. Dynamics of quaternary structure

We represented the each subunit as a center of mass by
neglecting the internal degrees of freedom for the subunits.
Then, the quaternary structure of hemoglobin was simply
represented by the centers-of-mass model (Fig. 4) with the
two parameters, i.e., the distance d,, and torsion angle ®
between the dimers (o f3, and o.,f3,). To check the validity of
the above centers-of-mass model, we calculated
the RMSD of the unfitted o3, dimer based on the model
(Fig. 5). The RMSD of the unfitted o3, dimer was simply
estimated from the displacements of the centers of mass
for o, and {3, from their initial X-ray positions (black line in
Fig. 5), where the three points (o, f,, and C,) were fitted to
their initial X-ray positions. The RMSD obtained as a func-
tion of time (blue line in Fig. 5) was almost the same as that
of the real HbA (blue line in Fig. 3). This result means that
the RMSD of the unfitted o3, dimer in Fig. 5 was well
described by the relative motion of the centers of mass for a.,
and B,. In other words, this model is reasonable to describe
the quaternary dynamics of hemoglobin. The distance
between the two dimmers (d ,) and their relative rotation
angle ® were monitored according to the time (Fig. 6). The
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Fig. 4 A model of hemoglobin. Each subunit was presented by the cen-

ters of mass. A distance between the two dimers (o f, and o,f3,)
is defined by the distance d , between their geometric centers, C,
of o, and C, of a,B,. A relative orientation of the two dimers is

defined by the dihedral angle ®.
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Fig. 5 The RMSD of the unfitted o3, dimer was estimated using the

model (Fig. 4). The black line denotes the RMSD of the centers
of mass for a, and ,. The blue line denotes the RMSD of the

centers of mass with the RMSD of the monomer.
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Fig. 6 The quaternary structure parameters (defined by Fig. 4) as a
function of time. The blue line denotes the distance d,, between
the two dimers (o3, and o.,3,) for the simulation started from the
oxy T-state structure. The green line denotes the relative orienta-

tion @ of the two dimers for the same simulation.
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distance between the two dimers (a3, and a,f,) increased
by 2 A (7.4 %) in the initial 15 ns and stably fluctuated at the
distance with the standard deviation 0.2 A. The relative ori-
entation of the two dimers fluctuated between the initial X-
ray angle —100° and about —105° with intervals of a few tens

of nanoseconds.

6. Stability of quaternary structure

Hemoglobin has two different stable structures (oxy R-
state and deoxy T-state structures) depending on whether
four oxygen molecules bind to the respective sites. The two
structures are different from each other in the quaternary
structures, 1.€., the location of four subunits.

The binding affinity of oxygen molecules to the sites is
low for the T-state structure and high for the R-state struc-
ture. The cooperative oxygen binding of hemoglobin is
explained by the quaternary structural change from T to R
induced by the oxygen bindings. In other words, the sequen-
tial bindings of four oxygen molecules to the four sites
change the quaternary structure from low-affinity T to high-
affinity R and enhance the oxygen bindings. This hemoglo-
bin hypothesis describes the quaternary structural change by
a degree of freedom, i.e., rotation angle between the two
dimmers (o, f3, and o,f,), as shown in text books of bio-
chemistry (Fig. 1), because the distance between o, f3, and
a,B, is almost identical between the R-state and T-state
structure. Since the initial structure used in the previous sim-
ulations, oxy T-state structure, is an unstable structure of the
oxy-hemoglobin, some structural changes from the T to R
state are expected for a very long simulation.

Soaking experiments for oxygen to hemoglobin in the
crystal environment usually break the crystal probably
because of the large structural changes of hemoglobin,
which break favorable inter-molecular interactions stabiliz-
ing the crystal. However, the crystal of 1GZX (the previous
initial structure) was not broken by the soaking experiments.
The quaternary structure was maintained to the T-state in
spite of the oxygen bindings to hemoglobin, as described in
the article™. The authors of the article explained the result
by the strong crystal contacts of molecules and a low tem-
perature environment (4°C). Our simulations in water and at
the room temperature released these restrictions and then
allow the structural change from T to R state.

However, we do not have a proof to deny another possi-
bility that some computational artifacts unstabilize the initial
X-ray structure. We planned to perform an additional simu-
lation from the different initial structure (oxy R-state: PDB
code 2DN1) which is the stable structure of oxy-hemoglo-
bin. It is expected that our additional simulation maintains
the X-ray quaternary structure of hemoglobin because this
structure do not have large suppression.

The distance between two dimmers (o, and o,f3,) was
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Fig. 7 The quaternary structure parameters (defined by Fig. 4) as a
function of time. The red line denotes the distance d,, between

the two dimers (a8, and o,f3,) for the simulation started from the

oxy R-state structure.

plotted as a function of time (Fig. 7). This figure showed that
the quaternary structure of oxy R-state hemoglobin was
maintained close to the initial X-ray structure during 15 ns in
contrast to the oxy T-state structure. We have a plan to

extend this simulation to 45 ns in 2008.
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