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y�� �̧×¼[þts� �������)a &�Á»m�w�[þt ��s�\�"f &�Á»m�w� ½̈�̧ü< >�8£x½̈�̧\�¦ ���Ø�¦���H ��Ér	כ 4�¤ú̧�>� W1

àÔ0>ß¼ ���½̈ ì�r��\�"f ���©� <Éªp��Ðî�r ���½̈ ÅÒ]j ×�æ ��� s���. �:r ���½̈\�"f��H >hZ>� éß�Ñþ�|9��̀¦ s�Ö�©�

��H éß�Ñþ�|9�õ� �©� ñ���6 x���H ���1lx���Ð"f çß�ÅÒô�Ç��. s��Qô�Ç éß�Ñþ�|9�[þt ��s�_� �©� ñ���6 x�Ér 4�¤ú̧�>� W1àÔ

0>ß¼ (complex network)�Ð ����èq Ãº e����. �:r �7Hë�H\�"f Äºo���H éß�Ñþ�|9� �©� ñ���6 x W1àÔ0>ß¼ (protein

interaction network)\�"f l�0px$í
ç�H (functional class)[þt_� 1lxl��o\� @/�#� ·ú����Ð��¤��. Õªo��¦ y��y��

_� l�0px$í
ç�H_� 1lxl��o\�¦ ���½ÓÜ¼�Ð l�0px$í
ç�H ��s�_� >�8£x½̈�̧ (hierarchy)\�¦ &ñ
_��l� 0A�#� B�>h���

Ãº rlink\�¦ �̧{9��%i���.#�l�\�"f rlink��H²DG�è&h�1lxl��o_�&ñ
�̧\�¦����?/��H���Ãºs���.s�\�¦s�6 x�#�

éß�Ñþ�|9� �©� ñ���6 x W1àÔ0>ß¼_� $í
|9�õ� l�0px$í
ç�H_� >�8£x&h���� ½̈�̧��s�_� �'aº��$í
\� @/�#� �7H_�Ùþ¡��.
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I. "e Â]Ø

éß�Ñþ�|9��©� ñ���6 x�Ér ú́§�ÉrÒqtÓüt�<Æ&h�l�0px\�"fB�Äº×�æ¹כ

ô�Ç%i�½+É�̀¦ô�Ç��.\V\�¦[þt#Qô�Ç>h_�[j�íü@ÂÒ�ÐÂÒ'����̧
��H ��� ñ��H [j�í 5Åq\� e����H éß�Ñþ�|9� �©� ñ���6 x�̀¦ :�xK� �̧]X�

�)a��. s��Qô�Ç éß�Ñþ�|9� �©� ñ���6 x\� �'aô�Ç ~½Ó@/ô�Ç X<s�'���H
yeast two-hybridz�́+«>1px�̀¦:�xK�"f%3��̀¦Ãºe���� [1,2]. Òqt
Óüt�<Æ&h� �©� ñ���6 x W1àÔ0>ß¼_� ����̂&h���� ½̈�̧ (large-scale
topology)��H���ª�ô�Ç1lx%i��<Æ&h�:£¤$í
[þtõ�ÒqtÓüt�<Æ&h�îß�&ñ
$í

1px\�%ò
�¾Ó�̀¦~ÃÎ��H�� [3,4]. éß�Ñþ�|9��©� ñ���6 x_�:£¤$í
×�æ�
����H °ú �Ér l�0px$í
ç�H\� 5Åqô�Ç éß�Ñþ�|9�[þts� "f�Ð ~1�>� �©� ñ

���6 x�̀¦���H�â
�¾Ó�̀¦�Ð�������H����s	כ [5]. ����"féß�Ñþ�|9�
�©� ñ���6 xW1àÔ0>ß¼ (protein-protein interaction network;
PIN)�©�\�"f°ú �Érl�0px$í
ç�H\�5Åqô�Çéß�Ñþ�|9�[þtz�o���H"f�Ð
Óüæ5g4R e����H ½̈�̧\�¦ °ú���H�� [5]. s��Qô�Ç l�0px$í
ç�H�Ér PIN
\�"f_� modular structure\�¦ Ä»µ1Ïô�Ç��. ú́§�Ér 7áxÀÓ_� PIN
½̈�̧\�"f ���ª�ô�Ç ~½ÓZO�\� _�ô�Ç modular structure\�¦ &ñ
_�
��9��H r��̧�� e��#QM®o�� [6–9]. :£¤y� �ÃÐ�¦ë�H��³ [6,7,9] \�
"f��H coupled Kuramoto oscillator [10,11]_� 1lx%i��<Æ&h� :£¤
$í
�̀¦s�6 x�#� modular structurex9�Õª[þtçß�_�>�8£x½̈�̧
\�¦ ���½̈�%i�Ü¼ 9, s���H Y>�Y>� 4�¤ú̧�>� W1àÔ0>ß¼_� ½̈�̧ +þA
$í
õ�&ñ
s� phase oscillator_�1lxl��oõ�&ñ
Ü¼�Ð³ð�&³|̈cÃº
e����H 1lx%i��<Æ>�ü< x9�]X�ô�Ç ����'as� e��6£§�̀¦ �Ð#�ï�r��. �:r ���
½̈\�"f��H PIN_� modular structure ��s�_� �'a>�\�¦ s�K�
�l� 0A�#� y��y��_� éß�Ñþ�|9��̀¦ ���_� phase oscillator�Ð

çß�ÅÒô�Ç��.s�\�¦ phase oscillator_�1lxl��o�&³�©��̀¦s�6 x�

#� y��y��_� l�0px$í
ç�H ��s�_� >�8£x½̈�̧_� :£¤$í
�̀¦ ¶ú�(R �̂¦

�.���s	כ

Äº���Äºo�ÅÒ���\�"f ú́§s� �̂¦Ãºe����H1lxl��o�&³�©�\�@/

�#� ¶ú�(R�Ð�̧2�¤ ���. \V\�¦ [þt#Q Äºo� 3lu îß�\�"f 8A��H

Ð�o~ÃÌs��� d���©� 1px_� �©�l�[þts� 1lxl��o\�¦ s�ÀÒ 9 ���6 x�

�¦ e���� [12]. ¢̧ô�Ç �����\�"f ú́§s� �'a¹1Ï÷&��H )Ìº��p�[þt

_�Ö�¦6£§�èo���{9�u��#�[þt�2;��~��t� [13],<�Ê�ÉrìøÍ±̀	Ô�¦s�

[þt_� µ1ÏF�g ÅÒl��� {9�u����H �	כ [14] 1pxs� @/³ð&h���� 1lxl�

�o �&³�©� s���. "f�Ð �©� ñ ���6 x���H ���1lx��[þt�Ér \O�i±	 �Ð

��� B�Äº çß�éß�ô�Ç r�Û¼%7���� �	כ °ú t�ëß�, ��ÅÒ ���ª���¦ <Éª

p��Ðî�r �&³�©�[þt�̀¦ �����·p��. s��Qô�Ç 1lxl��o �&³�©��̀¦ [O�"î


���H ���©� çß�éß�ô�Ç �̧+þAÜ¼�Ð Kuramoto model�̀¦ Òqty��½+É

Ãº e����. Kuramoto model�Ér e��_�_� r�çß� t\�"f ���1lx��

i_� 0A�©� (phase) θi(t)_� r�çß�\� ���Ér ����o�� ��6£§õ� °ú 

�Ér d��Ü¼�Ð ÅÒ#Q�����.

dθi

dt
= ωi + λ

N∑
j=1

Aij sin(θj − θi) i = 1, 2, · · · , N (1)

#�l�"f ωi��H ���1lx�� i_� �¦Ä»���1lxÃº\�¦ ����?/�¦ [-π,π]

\�"f uniform�>� ì�r�í÷&#Q e�����¦ ��&ñ
�%i���. λ��H ���

1lx�� iü< �������)a ���1lx��[þtõ�_� ���½+Ë>�Ãº (coupling coef-

ficient)\�¦ �����·p��. Aij��H ���1lx�� iü< ���1lx�� j�� ������

÷&#Q e������� 1s��¦, ÕªXO�t� ·ú§����� 0Ü¼�Ð ï�r��. Õªo��¦
-45-
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Table 1. Identification (ID) number of protein functional classes and the number of proteins in each functional classes.

Functional class ID Functional class Number of proteins
1 metabolism 177
2 energy 32
3 cellcycle and DNA processing 261
4 transcription 277
5 protein synthesis 104
6 protein fate 251
7 protein with binding function or cofactor requirement 303
8 regulation of metabolism and protein function 78
9 cellular transport, transport facilities and transport routes 161
10 cellular communication / signal transduction mechanism 65
11 cell rescue, defence and virulence 92
12 interaction with enviroment 100
13 cell fate 99
14 development 17
15 biogenesis of cellular components 211
16 cell type differentition 142
17 unclassified protein 8

N�Ér 8úx ���1lx��_� >hÃº\�¦ �����·p��. Kuramoto model_�
1lxl��o ���s��&³�©��̀¦ l�Õüt�l� 0A�#�

reiϕ =
1
N

N∑
j=1

eiθj (2)

�Ð &ñ
_�÷&��H |9�"fë�B6£§ ���Ãº (order parameter)\�¦ ��6 xô�Ç
��. #�l�"f r�Ér 0 ≤ r≤ 1 _� °ú̀�כ¦ ��t� 9 0A�©�_� ���ú́�6£§
�̀¦ 8£¤&ñ
���H °úכs��¦, ϕ��H î̈
ç�H 0A�©��̀¦ �����·p��. r=1 ���
�â
Äº �̧��H 0A�©�s� 1lxl��o �)a phase\�¦ ����?/ 9 r=0 �Ér
incoherent phase\�¦ �����·p��. ·ú¡\�"f ���/åL�)a ��ü< °ú s�
�ÃÐ�¦ë�H��³ [6, 7]\�"f��H 4�¤ú̧�>� W1àÔ0>ß¼\�"f_� modular
structure ¢̧��H y�� module��s�_� >�8£x½̈�̧\�¦ Kuramoto
model_� 1lxl��o �&³�©��̀¦ s�6 x�#� �Ð{9� Ãº e��%3���. �:r ���
½̈\�"f��H �ÃÐ�¦ë�H��³ [15]\�"f l�F�÷&%3�~�� yeast PIN\�"f
_� modular structure_� �©� ñ�'a>�\�¦ Kuramoto model�̀¦
��6 x�#� [O�"î
��¦�� ô�Ç��.

II. ��ms��ùmÇ Vês�ÆXcl�ÓÞ 52²��ù±�

Äºo���H éß�Ñþ�|9� �©� ñ���6 x W1àÔ0>ß¼\� @/�#� ���½̈�

l� 0A�#� ·ú¡\�"f ���/åLÙþ¡~�� yeast PIN�̀¦ �¦�9½+É ����s	כ
[15]. Kuramoto model_� 1lxl��o ���s� �&³�©��̀¦ s�6 x�l�
0A�#� PIN\�"f ���©� 	�H 9þt�QÛ¼'� (largest cluster; LC)
ëß� Òqty���%i���. Õª s�Ä»��H 1lxl��o �&³�©�s� {9�#Q��l� 0A
K�"f ���]X��̧×¼ü< �©� ñ���6 xs� e��#Q�� �t�ëß� ���Ð ì�ro�

�)a9þt�QÛ¼'�[þts��>rF�ô�Ç���������̂&h����1lxl��o��s�ÀÒ#Q

|9� Ãº \O�l� M:ë�Hs���. �:r ���½̈\�"f ��6 x�)a PIN_� largest
cluster_�ß¼l� N�Ér 778s���.s�W1àÔ0>ß¼\�¦s�ÀÒ��Hy��y��

Fig. 1. Distribution of transcriptional proteins in PIN.
Black circles represents the proteins belong to the tran-
scriptional class.

_�éß�Ñþ�|9��Ér�ÃÐ�¦ë�H��³ [16]_���«Ñ\�¦���½ÓÜ¼�Ð�#� 17>h
_� l�0px$í
ç�HÜ¼�Ð ì�rÀÓ�%i��� (Table 1 �ÃÐ�̧). ���_� éß�
Ñþ�|9��Ér ô�Ç ��t�_� l�0px$í
ç�H\�ëß� �í�<Ê÷&��H ��s	כ ��m��¦

#��Q��t�l�0px$í
ç�H\��í�<Ê|̈cÃºe����.�ÃÐ�¦ë�H��³ [5]\�_�
���� PIN\�"f1lx{9�ô�Çl�0px$í
ç�H\�5Åqô�Çéß�Ñþ�|9�[þts�"f�Ð
Óüæ5ge����H �â
�¾Ós� e��6£§s� ·ú��94R e����. Fig. 1�Ér s��Qô�Ç
�â
�¾Ó�̀¦ �Ð#�ÅÒ��H ô�Ç \Vs���. #�l�\�"f ����ÉrÒ�o �̧×¼[þt�Ér



� ���½̈�7Hë�H � éß�Ñþ�|9� �©� ñ���6 x W1àÔ0>ß¼\�¦ s�6 xô�Ç l�0px$í
ç�H ��s�_� >�8£x½̈�̧\� @/ô�Ç ���½̈ – �¦%ò
��� 1px -47-

Fig. 2. Plot of mf (d) against d.

�����ç�H (transcriptional class)\�K�{©����Héß�Ñþ�|9��̀¦����
�·p��. ÕªaË>\�"f �̂¦ Ãº e����H ��ü< °ú s� ����Ér �̧×¼[þt�Ér ���
�Ér �̧×¼[þt ��s�\�"f �8 ú́§�Ér �©� ñ���6 x�̀¦ ��¦ e��6£§�̀¦ �̂¦

Ãº e����. s�ü< °ú �Ér PIN\�"f_� �&³�©��Ér l�0px$í
ç�H\� ���Ér
ì�ro� (functional segregation) �&³�©�Ü¼�Ð [O�"î
½+É Ãº e���¦,
s���Ér	כ �����ç�H ü@_� ���Ér l�0px$í
ç�H\�"f�̧ 1lx{9��>� �'a

¹1Ï÷&%3��� [5]. s��Qô�Çl�0px$í
ç�H\����Érì�ro��&³�©��̀¦&ñ
|¾Ó
&h�Ü¼�Ð ����?/l� 0A�#�

mf
i (d) =

Mf
i (d)

Mi(d)
(3)

ü< °ú s� segregation function�̀¦ &ñ
_��%i��� [5]. #�l�\�
"f Mf

i (d)��H éß�Ñþ�|9� i\�"fÂÒ'� ��o� d ëß��pu b��#Q��� f_�

l�0px$í
ç�H\� 5ÅqK� e����H éß�Ñþ�|9�_� >hÃº\�¦ ����?/ 9 Mi(d)
��H éß�Ñþ�|9� i\�"fÂÒ'� ��o� d ëß��pu b��#Q��� éß�Ñþ�|9�_� >hÃº

\�¦ �����·p��. �̧��H i\� @/ô�Ç mf
i (d)_� î̈
ç�H mf (d)\�¦ ½̈

�<ÊÜ¼�Ð+� y��y��_� l�0px$í
ç�H[þts� #Qb�G>� d\� ���� ì�r�í÷&

#Qe����Ht�\�¦ ¶ú�(R �̂¦ Ãº e����. s�M: d��H PIN\�"f ÅÒ#Q���
¿º éß�Ñþ�|9� ��s�_� þj�è ��������� Ãº\�¦ �����·p��. Fig. 2\�
"f �Ð��H ��õ	כ °ú s� ��o� d�� 7£x���<Ê\� ���� functional
segregation°úכs� y���è���H �¦̀�	כ �̂¦ Ãº e����. 7£¤, ����î�r
��o�\�"f��H @/ÂÒì�r °ú �Ér l�0px$í
 ç�HÜ¼�Ð s�ÀÒ#Q��� éß�Ñþ�

|9�[þts� e������H �,¦��s	כ s��Ü¼�Ð	כ �Ð�� °ú �Ér l�0px$í
ç�H�̀¦
��t��¦e����Héß�Ñþ�|9�[þtz�o�"f�ÐÓüæ5ge������H ½̈�̧&h����:£¤

$í
�̀¦ &ñ
|¾Ó&h�Ü¼�Ð SX����½+É Ãº e����.

III. �ÒÞM�×D üz>�[�'[

l��>r_����½̈���õ�[þt�Ér, Aij '��§>=_� element[þts�éß�í�Hy�
������ Ä»Áºëß��̀¦ ����?/t� ·ú§�¦ ��×�æu�\�¦ ��t�>� ÷&��H �â


Äº ����̂ 1lxl��o�� ��×�æu�\� %ò
�¾Ó�̀¦ ~ÃÎ6£§�̀¦ �Ð%i��� [17].

�:r �7Hë�H\�"f Äºo���H PIN\�"f �©� ñ���6 x�̀¦ ���H éß�Ñþ�|9�
[þts� \O����� 1lx{9�ô�Ç l�0px�̀¦ ú́§s� /BNÄ»�Ö¼��\� ���� ��

×�æu�\�¦ ��&ñ
�%i���. s�\�¦ 0AK� ��6£§õ� °ú �Ér ��×�æu� '��§>=
W\�¦ �̧{9��%i���.

Wij =
{

1
2 (1 + nij) éß�Ñþ�|9� iü< j�� ������÷&#Q e���̀¦M:
0 éß�Ñþ�|9� iü< j�� ������÷&#Q e��t� ·ú§�̀¦M:

(4)
#�l�"f nij�Ér ��6£§õ� °ú s� &ñ
_�÷&#Q �����.

nij =
1
2
(
Oij

ni
+

Oji

nj
) (5)

d�� (5)\�"f Oij(=Oji)��H éß�Ñþ�|9� iü< éß�Ñþ�|9� j�� °ú s� �í

�<Ê��¦ e����H l�0px$í
ç�H_� >hÃºs� 9 ni, nj��H y��y�� éß�Ñþ�

|9� iü< éß�Ñþ�|9� j�� �í�<Ê��¦ e����H 8úx l�0px$í
ç�H_� >hÃº

s���. 7£¤, éß�Ñþ�|9� i_� l�0px$í
ç�Hs� s�Ö�©���H éß�Ñþ�|9� j_�

l�0px$í
ç�Hõ� \O����� 1lx{9� �Ö¼��\� ���� nij°úכs� ���&ñ
÷&

�¦ ¢-a���y� 1lx{9������� 1, ÕªXO�t� ·ú§����� 0_� °ú̀�כ¦ °ú���H
��. ����"f Wij��H PIN\�"f iü< j�� �������Ér ÷&#Qe��Ü¼��

/BN:�x�)a l�0px$í
ç�H�̀¦ ��t�t� ·ú§��H �â
Äº (Oij = Oji = 0)
Wij=1/2 s� ÷&�¦ Oij�� 7£x���<Ê\� ���� Wij��H 1\� ����
0>t�>��)a��. ¢̧ô�Ç&ñ
_� (5)\�_����� nij = nji��÷&Ù¼�Ð

Wij = Wji\�¦ ëß�7á¤ô�Ç��. Fig. 3\�"f��H "f�Ð �������)a (�©� ñ
���6 x�̀¦ ���H) éß�Ñþ�|9� iü< éß�Ñþ�|9� j�� ¿º>h_� /BN:�x�)a l�

0px$í
ç�H�̀¦ ��t��¦ e���̀¦ M: (Oij = Oji = 2) Aij°ú̀�כ¦ &ñ
_�

���H \V\�¦ �Ð#�ï�r��. #�l�\�"f ni=5s��¦ nj=3s�������
s��ÐÂÒ'� Aij=0.7655\�¦%3��̀¦Ãºe����.d�� (4)\�¦s�6 x�#�
y�� ���������_� ��×�æu��� ���Ér W1àÔ0>ß¼\�"f_� Kuramoto
model�Ér

dθi

dt
= ωi + λ

N∑
j=1

AijWji sin(θj − θi) (6)

�Ð ³ð�&³|̈c Ãº e����. �:r ���½̈\�"f��H d�� (6)�̀¦ Û�¦l� 0AK�
"f 4	� Runge-Kutta method\�¦ ��6 x�%i���. s�]j y��y��
_� l�0px$í
ç�H\� 5ÅqK�e����H ���1lx��_� ²DG�è&h� 1lxl��o\�¦ &ñ


|¾Ó&h�Ü¼�Ð ����?/l� 0A�#� Dh�Ðî�r ���Ãº rlink\�¦ �̧{9��

%i��� [18].

rlink =
1

2L

N∑
i,j=1

Γij

∣∣∣∣ lim
∆t→∞

1
∆t

∫ tr+∆t

tr

ei[θi(t)−θj(t)]dt

∣∣∣∣
(7)

#�l�"f L�Ér 8úx ��������� Ãº\�¦ �����·p��. '��§>= D_� ele-
ment\�¦ s�6 x�#� 1lxl��o�)a 9þt�QÛ¼'�\�¦ ¹1Ô��?/l� 0AK�
"f ��6£§õ� °ú s� Dij\�¦ &ñ
_��%i���.

Dij = Aij

∣∣∣∣ lim
∆t→∞

1
∆t

∫ tr+∆t

tr

ei[θi(t)−θj(t)]dt

∣∣∣∣ (8)
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Fig. 3. An example to assign weights ωi and ωj when
proteins i and j are connected.

Fig. 4. Plot of ρ(λ) against λ for 17 functional classes.

#�l�\�"f Äºo���H 0õ� 1��s�_� e��_�_� °ú̀�כ¦ °ú���H thresh-
old Tr�̀¦ �̧{9��#� Dij > Trs���� iü< j��H "f�Ð 1lxl��o

�)a ���1lx���Ð çß�ÅÒ��¦ ���1lx�� iü< ���1lx�� j\�¦ ������ô�Ç��.
s�ü< °ú s� �������)a 1lxl��o�)a ���1lx�� �©�_� >hÃº_� q�Ö�¦

s� rlinkü< 1lx{9���̧2�¤ Tr�̀¦ �̧]X��<ÊÜ¼�Ð+� Dij\�¦ filter-
ing ½+É Ãº e����. s�\�¦ :�x�#� "f�Ð 1lxl��o�)a ���1lx��z�o�
Óü�#�e����H 1lxl��o 9þt�QÛ¼'�\�¦ &ñ
_�½+É Ãº e���� [18]. PIN
_� �â
Äº\���H °ú �Ér 9þt�QÛ¼'�\� 5ÅqK�e����H éß�Ñþ�|9�[þt�Ér #Q

�"� e��_�_� ÒqtÓüt�<Æ&h� l�����̀¦ 0AK� a�?1lx��¦ e�����¦ ��&ñ
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îß�\� y��y��_� l�0px$í
ç�Hs� \O����� �í�<Ê÷&#Q e����Ht�\�¦ �̧

��K� �Ð��� #Q*�ô�Ç l�0px$í
ç�H[þts� ÅÒ#Q��� ÒqtÓüt�<Æ&h� l����
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�� ��ØÔ>� �������¦ y��y��_� λ°úכ\� ���Ér 1lxl��o 9þt�QÛ¼

Fig. 5. Hierarchical structure between functional classes
based on the order to reach a specific value of ρ. (a)
ρ = 0.4, (b) ρ = 0.5, (c) ρ = 0.6.
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Fig. 6. Hierarchical structure between functional classes
based on Eq. (9). (a) ρ = 0.4, (b) ρ = 0.5, (c) ρ = 0.6.
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���H ��H�:r
l���� (mechanism)s� coupled phase oscillator_� 1lxl��o
õ�&ñ
Ü¼�Ð [O�"î
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Detecting community structures and hierarchy among communities has been one of the most

attractive research topics in complex network studies. In this study, we regard each protein as an

oscillator that interacts with its neighboring proteins. The interaction between the proteins produces

a complex network. First, we study the synchronizability of the proteins in the same functional

classes of the protein-protein interaction network (PIN). In order to define the hierarchy among the

functional classes based on the synchronizability of each functional class, we introduce a parameter

rlink. Here, rlink represents the fraction of all possible links whose end nodes are synchronized.

Some possible relationships between the observed hierarchical structure of the functional classes

and the properties of the PIN are also discussed.
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