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The purpose of our subgroup 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. We carried out molecular dynamics simulations of hemoglobin in water using COSMOS90 on the Earth Simulator for

45 nsec. We found the following features for the dynamics of the subunits. The dimer α1β1 shifted its relative position against

to α2β2 like a rigid protein. The α1 and α2 subunits were strongly combined with another subunits β1 and β2, respectively. In

contrast, the α1 and α2 subunits flexibly interacted with other subunits except for β1 and β2, respectively. These dynamical fea-

tures of the subunits were consistent with the experimental hypothesis, i.e., the subunit α1β1 relatively moves against to the

α2β2 subunit like two stacks of dumbbells.
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1. Introduction
High-speed computers become a necessary tool to simu-

late proteins and reveal their dynamical features. Proteins 

are large molecules consisting of thousands of atoms and

have complicated structures. Furthermore, they largely fluc-

tuate and easily change the whole structure even at the room

temperature. Our purpose is to demonstrate large conforma-

tional changes of hemoglobin by performing realistic simu-

lations. To perform the realistic simulations of proteins, we

must include all atoms of proteins in water and their all

interactions from chemical bonds to long-range Coulomb

interactions. 

The purpose of our project at this stage was to computa-

tionally demonstrate large structural changes of proteins on

the Earth Simulator using COSMOS90 tuned up in this

study. As a target protein, we chose a hemoglobin molecule

(Fig. 1). A hemoglobin molecule can efficiently transfer four

oxygen molecules from the lungs to the muscles. The bind-

ing of an oxygen molecule enhances additional oxygen 

bindings on other sites. Various experimental studies

revealed that this cooperative binding is associated with

large structural change. However, the X-ray crystal studies

could not reveal the dynamical process of the structural

changes, although they observed the structural difference

between the initial and final states (Fig. 1). The purpose 

of our group is to computationally demonstrate large confor-

mational changes of hemoglobin by performing long-time

simulations. 

COSMOS90 was developed by one of the authors (M.S.)

in 1990 and made it possible to simulate a protein in water

with all degrees of freedom and with long-range Coulomb

Fig. 1  X-ray structure of hemoglobin. The green color denotes two β

subunits and blue denotes two α subunits. The structural differ-

ence between the oxy and deoxy hemoglobin suggests that the

α1β1 dimmer rotates against to another dimmer α2β2 according to

the oxygen binding to heme.
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interactions using the Particle-Particle and Particle-Cell

(PPPC) method(1). The PPPC method was proposed also by

the author to efficiently calculate long-range Coulomb inter-

actions between atomic charges in the order NlogN instead

of N2 by dividing a system into hierarchical cubic cells based

on the Barnes & Hut tree code. In 2004, one of the authors

(M.S.) tuned up COSMOS90 on the Earth Simulator by vec-

torizing and parallelizing its all subprocesses including the

Barnes-Hut tree construction(2).

2. MD simulations of hemoglobin
Hemoglobin consists of four small proteins (subunits

α1, α2, β1, and β2) which associate with each other and

locate at four tops of a tetrahedron (Fig. 1). The α1 and β1

subunits are identical with α2 and β2 subunits and the α and

β subunits consist of 141 and 146 amino acids, respectively.

Each subunit contains a common heme molecule (iron-

porphyrin). Hemoglobin was immersed in a water sphere 

of 66 Å radius and consisted of about 120000 atoms (num-

ber of protein atoms is about 9000 and number of water

molecules is about 37000.) (Fig. 2). Hemoglobin was 

surrounded by about 200 crystal waters and about additional

36800 waters. Ordinary super computers such as VPP5000

at Research Center for Computational Science (RCCS) in

Okazaki do not have enough performance speed to simulate

the hemoglobin system. Molecular dynamics simulations of

hemoglobin in water were carried out using COSMOS90 on 

the Earth Simulator for 45 nsec. MD simulations were 

performed for the entire system for all degrees of freedom

and with long-range Coulomb interactions. The temperature

of the system was slowly increased and kept at 300°K 

during 45 nsec. 

2. Simulation results
To investigate structural changes of hemoglobin, the root

mean square deviation (RMSD) of main-chain atoms (Cα , C,

and N) was plotted for the entire hemoglobin and four sub-

units, as shown in Fig. 3, where the RMSD of a subunit was

calculated by independently fitting only the subunit to the

respective subunit of the initial X-ray structure. The four

subunits had RMSD values (about 1.5 Å) which were closed

to those of other proteins(4), although the β2 subunit had a

slightly larger RMSD value than the other subunits. In con-

trast, the RMSD values of the entire hemoglobin was clearly

larger than those of the four subunits. 

In order to clarify the reason, we evaluated the RMSD for

various combinations of subunits (i.e., dimers α1β1, α2β2,

α1α2, and β1β2), as shown in Fig. 4 and 5, where the RMSD

of dimers were calculated by independently fitting a dimer

(α1β1, α2β2, α1α2, and β1β2) to the respective dimer of the ini-

tial X-ray structure. In Fig. 4, the dimers fitted to the initial

X-ray structure had almost the same RMSD values (red lines

in Fig. 4) as those of the monomer subunit (α1, α2, β1, and β2)

of Fig. 3. In contrast, the dimers without fitting had signifi-

cantly large RMSD values compared with the fitted dimers,

as shown by the blue lines of Fig. 4. The RMSD was also

evaluated for the other dimers α1α2, and β1β2 (different com-

binations of the subunits), as shown in Fig. 5. The RMSD

values of the dimers were almost the same values independ-

ent of whether the dimers were fitted to the respective X-ray

dimers or not. 

We found the following features for the interactions of the

subunits. The dimer α1β1 shifted its relative position against

to α2β2 like a rigid protein. The α1 and α2 subunits were

strongly combined with another subunits β1 and β2, respec-

tively. In contrast, the α1 and α2 subunits flexibly interact

with other subunits except for β1 and β2, respectively. These

dynamical features of the subunits were consistent with the

experimental hypothesis, i.e., the subunit α1β1 relatively

rotates against to the α2β2 subunit like two stacks of dumb-

bells according to with the oxygen binding to the heme iron

atom (Fig. 1). This hypothesis was derived from the structur-

al comparison between the hemoglobins with and without

the oxygen molecules. The experimentally observed struc-

Fig. 2  Hemoglobin in water (about 120000 atoms). Radius of water

sphere is 66 Å.

Reference 2.

Fig. 3  Root-mean-square deviations (RMSDs) of hemoglobin and four

subunits as a function of time.
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tural difference (about 15° relative rotations) corresponds to

about 6 Å RMSD for the dimer α1β1 or α2β2 that was not

superimposed to the initial X-ray structure and still larger

than those of the present MD simulations (3.5 Å as shown in

Fig. 4). 

3. Next stage
We are analyzing whether the relative shift of α1β1 against

to α2β2, was explained as a simple motion like the experi-

mental hypothesis. Furthermore, we will analyze the present

MD trajectories for a few months to clarify the fluctuations

as well as structural changes at the atomic level. After that,

we hope to continue MD simulations of hemoglobin to

demonstrate larger structural changes expected from the X-

ray structural comparison. 
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Fig. 4  Root-mean-square deviations (RMSDs) of the dimers as a func-

tion of time. One of the two dimers was independently fitted to

the initial X-ray structure. The red and blue lines denote the

RMSDs of the dimers with and without fitting, respectively.

Fig. 5  Root-mean-square deviations (RMSDs) of the dimers as a func-

tion of time. One of the two dimers was independently fitted to

the initial X-ray structure. The blue and red lines denote the

RMSDs of the dimers with and without fitting, respectively.
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