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ïÄ
ÄÏ=¹N�XÚ¥�ÚD(p��x�ßÝ=�y�. â Novikov ½nÚ Fox Cq�{���A
� Fokker-Planck �§, �Ñ­�VÇ©Ù¼ê!�x�ßÝ²þ�9Ù²þÄÏ�m�CqL�ª, ©Û
D(�
g'é�mé­�VÇ!²þ�Ú²þÄÏ�m�K�. ïÄL²§©)Ç�D(�g'é�mÚå�x��ß
Ý²{
 “'” → “m” �=�; Ü¤Ç�D(�g'é�mÚå�x��ßÝ²{
 “m”→ “'” =�. ,
, �X
ü«g'é�m�O�, ²þÄÏ�mO�, =�x�ßÝ�m�=�C�(J. ê��[(J�nØýÿÄ�Î
Ü.

'�c: ÚD(, ÄÏ=¹N!XÚ, =�

PACS: 05.40.Ca, 87.16.Yc, 02.50.Ey

1 Ú ó

C
c5, D(°Ä���5XÚÚå
2�
�'5. ��5�ÆÚÚOÔn�uÐ®²�«D
(éXÚ�üzåXû½5�^, ù«Ã5��Å
Z6¿Øo´é÷*�Så�4»��^, 3�½
^�e, §é “�Z$Ä” Ú “S” �ïáå�©È
4��^ [1,2]. �ÅÄåÆnØ®²2�A^�Ô
n!-1!)Ô!)����+�, uy
NõÛ
A�y�. 'X: �Å�� [3−5]!­\y� [6,7]!
D(p��C [8−11]!D(³�¬5O� [12−15],

D(OrXÚ�­½5 [16−18]!-1XÚ¥�D
(�A [19,20] ��. cÙ´)ÔXÚ¥�«��5
^�eD(�)��«­��A®�2�ïÄ.©
z [21—24] ïÄ
)�XÚ�D(�A,©z [25]

Ú [26] ïÄ
ÄÏN��ä�D(�A. y8, ï
Äù
�A��)^�!Ån9ÙA^, ®¤�)
·�ÆuÐ¥���­��c÷+�.

ÄÏN��ä�ïÄ´lÄÏ9Ù�Ô (N!
Ïf) �m�p�^��Ý�«E,�)·y�,

´õUÄÏ|ÆïÄ�­�SN. ÄÏL��3�

«A5, 
�ù
AÉ5Ñ´d[�SE,
kS
�N�Å�¢y�. ÏdéÄÏL�N�Å��ï
Ääk�~­��nØÚA^d�.

3ØÉD(Z6^�e�ÄÏ=¹N�XÚ
®kïÄ [27,28]. ,
, du)·L§¥�¹X�
þ�)z�A, äkd3��Å5, =D(. Ïd
ïÄD(�^e�ÄÏ=¹N!XÚ´�©7�
�. C5, NõÆö'5��ÅÄÏ=¹N�XÚ
�ïÄ [29−34]. 4�� [29] �Ä�3�x��Ü¤
Ç Rbas Ú�x��ü)Ç kd þ�3X�ÅÞá,

Ú\
 Gauss xD(, ïÄ
D(
ÕáÚx'é
��¹e, �x�ßÝ�­�Ú]�5�, ��é
k¿Â�(Ø: D(
Õá��ÿ, �X¦5D(
rÝ�O�, �x�ßÝ²{�g=z. 'é�, �
x�ßÝ²{üg=z; ·��Ä
Ú��'é
D(°Ä�ÄÏ=¹N�XÚ, uy'éD(�
g'é�m��±Úå�x�ßÝu)ëY=z,

= “­\” y� [30]. 3	.f&Òe-��¹e,

TXÚ��Å��y���ïÄ [32,34]. �C, ©
z [33] �Ä
=¹Çþ�ÅÄ, ïÄ
XÚ�­�
5�.
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,
, 3þ¡�ó�¥, �9�D(þ� Gauss

xD(. y¢¥, ý�D(�'é�m�,é�, �
´¿Øî��u". �k�XÚ�µþ�m��
�u'é�m�, â@�'é�m�", ±n��
. (Gauss xD() 5?n. �Äk�'é�méX
Ú�K�´Ün�, ��C¢S�L§. ïÄÚD
(°Ä�ÄÏ=¹N!XÚ, �	ÙÄåÆ5�é
ý��=¹L§k�½�&¢¿Â.

�©¥,·�A^ Novikov ½nÚ Fox Cq�
{���A� Fokker-Planck �§, ïÄ
ÉÚD(
°Ä�ÄÏ=¹N!XÚ�ÄåÆ5�, ©Û
g
'é�mé­�VÇ©Ù!²þ�9²þÄÏ�
m�K�.

2 ÄÏ=¹N!XÚ [26−29]

Smolen �JÑ
üÄÏäk��"�=¹Ï
fr?ÄÏ=¹�N!�ä�{ü�.. ù��.
�¹X=¹Ïf (TF-A) ��àÜz!TF-A ���
"�^±9��5�p�^å, §�±éÐ/)º
,
¢�y�. ÙÄ�Å�Xã 1 ¤«.

ã 1 ÄÏ��"�ÄÏN!�´��. =¹Ïf TF-A /
¤�àÜÔ����z, ,�±��=¹AÇ kf 5-¹=¹.

ù��àÜÔ´NX3 DNA þ��A�NX«� tf-a. TF-A ±
AÇ kd ü)¿±AÇ Rbas Ü¤

�âù��.¤«�)z�A, �±�ÑÙ�
x� TF-A �ßÝ��müz� �©�§:

dx

dt
=

kfx
2

x2 + Kd
− kdx + Rbas, (1)

Ù¥ Kd ´vkNX� TF-REs þ��àÜÔ�ß
Ý, x ´�x� TF-A �ßÝ. ù��.�±�¹ü
�­½�½�¹��­½�. e�XÚ?uV­«,

KÙëêAT÷ve¡��§:[
−

(kf + Rbas

3kd

)3

+
Kd(kf + Rbas)

6kd
−

KdRbas

2kd

]2

+

[Kd

3
−

(kf + Rbas

3kd

)2]3

< 0. (2)

�XÚ?uV­«�, XÚäkü�­½�)

x+ = 2
√

−p

3
cos θ +

Rbas + kf

3kd
,

x− = 2
√
−p

3
cos

(
θ +

2π

3

)
+

Rbas + kf

3kd
, (3)

Ú��Ø­½�½�

xu = 2
√
−p

3
cos

(
θ +

4π

3

)
+

Rbas + kf

3kd
. (4)

Ù¥

p = Kd −
[ (Rbas+kf)

kd
]2

3
,

q = Kd
kf − 2Rbas

3kd
− 2

[Rbas + kf

3kd

]3

,

θ = arccos

− q

2

√
−p3

27
3

. (5)

lã­¥�±w�ù�XÚV­³�/G.

ã 2 Ä Ï = ¹ N ! X Ú ¤ ä k � V­³ Ù ë ê � © O
� kf = 6, Kd = 10, kd = 1, ±9 Rbas = 0.4. Ùü�­
½�½�)©O� x− ≈ 0.645 nM Ú x+ ≈ 4.3 nM, Ø­½�
½�)� xu ≈ 1.5 nM

�þ�¢�L², 3�x��Ü¤Ç Rbas Ú
�x��ü)Ç kd þ�3X�ÅÞá. �Äù

Ï�, Ú\ Gauss ÚD(, ��
��ÅÄåÆÅ
�éA� Langevin �§:

dx

dt
=

kfx
2

x2 + Kd
− (kd + ξ(t))x + Rbas + η(t), (6)

Ù¥, ξ(t) Ú η(t) ©O´ Gauss ÚD(, §�äk
e�ÚO5�:

〈ξ(t)〉 = 〈η(t)〉 = 0, (7)

〈ξ(t)ξ(t′)〉 =
D

τ1
exp

[
− |t − t′|

τ1

]
, (8)
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〈η(t)η(t′)〉 =
α

τ2
exp

[
− |t − t′|

τ2

]
, (9)

D Ú α ©O´¦5ÚD(Ú\5ÚD(�rÝ,

τ1 ´¦5 Gauss ÚD(�g'é�m, τ2 ´\
5 Gauss ÚD(�g'é�m.

3 ­�VÇ©ÙÚ²þ�

du�x� TF-A �ßÝ x Ø�U�K�, Ï
d3 x > 0 ��¹e, A^ Novikov ½nÚ Fox C
q�{�±��éA�§ (6) �Cq Fokker-Planck

�§, =VÇ©Ù��m�üz�§ [35]:
∂P (x, t)

∂t
= LFPP (x, t), (10)

LFP = − ∂

∂x
A(x) +

∂2

∂x2
B(x), (11)

A(x) =
kfx

2

x2 + Kd
− kdx + Rbas

+
Dx

1 − τ1C1
, (12)

B(x) =
Dx2

1 − τ1C1
+

α

1 − τ2C2
, (13)

Ù¥

C1 =
kfxs

x2
s + Kd

− 2kfx
3
s

(x2
s + Kd)2

− kd

−

kfx
2
s

x2
s + Kd

− kdxs + Rbas

xs
, (14)

C2 =
kfxs

x2
s + Kd

− 2kfx
3
s

(x2
s + Kd)2

− kd , (15)

ùp xs = x+ d�§ (3) �Ñ.

3½��¹e¦)�§ (9), �±��Ù½�
VÇ©Ù¼ê�

Pst(x) = NB(x)−1/2 exp[−U(x)], (16)

Ù¥ N �8�z~ê, U(x) ´XÚ�?�³,

U(x) = −A

[√
kdkf arctan

( x√
Kd

)
+B ln(D1x

2 + α1)

+E arctan
(√

D1

α1
x
)]

, (17)

þª¥� A, B, m, n, λ′ ©O�

A =
1

D1Kd − α1
,

B =
kd

2
(
α1

D1
− Kd),

E =
1√

D1α1

(−Rbasα1 + D1RbasKd − kfα1),

D1 =
D

1 − τ1C1
,

α1 =
α

1 − τ2C2
. (18)

ùp�rN�´� τ1 Ú τ2 ªu 0 �, �Ò´
©z [29] ¤?Ø�D(
� Gauss xD(, ¿�ü
�D(
�mÃ'é��¹. ùp­:?Ø τ1 6= 0

Ú τ2 6= 0 ��¹. d	, þã� Fokker-Planck �§
´3 1 − Ci(τi) > 0(i = 1, 2) �^�e¼��, Ï
dé τ1 Ú τ2 ��vk��.

�
½þïÄù�XÚ�­�5�,·�½Â
�x�ßÝ (Cþ) �²þ��

〈x〉st =
∫ +∞

0

xPst(x)dx. (19)

A^�§ (19),·��±ïÄg'é�mé²þ�
�K�.

�â�§ (16) Ú (19) L��ÄÏ=¹N!X
Ú�­�VÇ©Ù¼êÚ²þ��)Ûª,·��
Ñ
ØÓg'é�m τ1 Ú τ2 �¹e�ã/, ?Ø
Ùé­�VÇ9²þ��K�.

duÄÏ�G�´ØU��ÿþ½´O��,

¤±  �â[�¥TÄÏ=¹Ü¤��x��
Y²5�ä. XJ�x��Y²ép, KÄÏ?
u “m” �G�. XJ�x��Y²é$, KXÚ?
u “'” �G�.

ã 3(a) �­�VÇ©Ù¼ê Pst(x) �� x

�¼ê, ¦5D( ξ(t) �g'é�m τ1 �ØÓ
�. lã 3(a) ¥�±wÑ, XÚ�­�VÇ©Ù¼
ê Pst(x) ´��V¸(�. �±©Û5D(g'
é�m τ1 ´ÄU��ÄÏm'�=�. lã 3 ¥
·��±w�, � τ1 '����ÿ, �x��Y²
Ä�þ´8¥3�$�G�, ÄÏ?u “'” �G
�. 
�X τ1 �O�, �x�ßÝ x Åì/�p
ßÝ�£Ä. � τ1 ���½§Ý�, XÚ��x�
Y²KÌ�8¥3pßÝ�, ÙÄÏ?u “m” �
G�. ��ÏLN! τ1 �±¢yÄÏG�d “'”

� “m” �=�. Ïd τ1 �±��ÄÏm'���
ëþ. ã 3(b) ´l�§ (6) �m�[���(J, '
�üöuy, nØ(JÚê�(JÎÜ��~Ð.

ã 4(a)�­�VÇ©Ù¼ê Pst(x) �� x �
¼ê, \5D( η(t) �g'é�m τ2 �ØÓ�. l
ã 4(a) ¥�±wÑ, � τ2 '����ÿ, �x��
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Y²Ä�þ´8¥3�p�G�, ÄÏ?u “m”

�G�. 
�X τ2 �O�, �x�ßÝ x Åì/
�$ßÝ�£Ä. ÏLN! τ2 �±¢yÄÏG�
d “m” � “'” �=�. Ïd τ2 ����ÄÏm'

���ëþ. �´ù«Cz�é'��f. ã 4(b)

´l�§ (6) g��[���(J, '�üöuy,

nØ(JÚê�(JÎÜ��~Ð.

ã 3 ­�VÇ©Ù¼ê Pst(x) �� x �¼ê, ¦5D( ξ(t) �g'é�m τ1 �ØÓ�, α = 0.005, D = 0.03,

τ1 = 0.1, 1, 10, Ù¦ëê��ã 2 �Ó (a) �â (16) ª�Ñ�nØ(J; (b) �[(J

ã 4 ­�VÇ©Ù¼ê Pst(x) �� x �¼ê, \5D( η(t) �g'é�m τ2 �ØÓ�, α = 0.005, D = 0.03,

τ2 = 0.1, 1, 10, Ù¦ëê��ã 2 �Ó (a) �â (16) ª�Ñ�nØ(J; (b) �[(J

ã 5 Úã 6 ´�â�§ (19) �Ñ��x�ß
Ý�²þ� 〈x〉st �Xg'é�m τ1 Ú τ2 �Cz.

·�uy, �X τ1 �O�, 〈x〉st ÅìO�. ��u
�X τ1 �O�, �x�ßÝÅìO�, =�x�ß

Ý²{
d “'” � “m” �=�. ��, �X τ1 �
O�, 〈x〉st Åì~�. �x�ßÝì~�, =�x�
ßÝ²
d “m” � “'” �=�. ù�ã 3 Úã 4

���(Ø´���. ¦5D(g'é�m τ1 Ú
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\5D(g'é�m τ2 3ÄÏ=¹L§¥¿�

�� ����Ú. ã 5(b) Úã 6(b) ´l�§ (6) �

m�[���(J, '�üöuy, nØ(JÚê
�(JÎÜ��~Ð.

ã 5 ²þ� 〈x〉st ��¦5D( ξ(t) �g'é�m τ1 �¼ê, Ù¥ α = 0.005, D = 0.03, τ2 = 0.2, Ù¦ëê��ã 2 �Ó
(a) �â (19) ª�Ñ�nØ(J; (b) �[(J

ã 6 nØ(J²þ� 〈x〉st ��\5D( η(t) �g'é�m τ2 �¼ê, Ù¥ α = 0.005, D = 0.03, τ1 = 0.2, Ù¦ëê��
ã 2 �Ó (a) �â (19) ª�Ñ�nØ(J; (b) �[(J

4 ²þÄÏ�m

�
½þïÄ�x�ßÝ�m�=�, ùpæ
^²þÄÏ�m5ïþ. 3ÄÏ=¹N!XÚ¥,

²þÄÏ�m=lp�x�ßÝG� (x+) =z�
$�x�ßÝG� (xu) ¤I��m. du²þÄÏ

�m�°(L�ª

T (x+ → xu) =
∫ xu

x+

dx

B(x)Pst(x)

∫ x

0

Pst(y)dy

(20)

éE,, ¿�éJ?n. 3ý9�^Cq^�e, æ
^�¯eü{ [9,36,37], �´ D Ú α 7L��u³

010503-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 1 (2012) 010503

^ 4U(x) = U(xu) − U(x+), ¿�é�. d�¯e
ü{���²þÄÏ�m�

T ≈ 2π
[
|V ′′(x+)V ′′(xu)|

]− 1
2

× exp
[U(xu) − U(x+)

D

]
, (21)

Ù¥

V (x) = −
∫ ( kfx

2

x2 + Kd
− kdx + Rbas

)
dx,

U(x) d (17) ª�Ñ. �g'é�m τ1 = 0

Ú τ2 = 0 �, ÄÏ=¹N!XÚ�²þÄÏ�m�
®²3©z [29] ¥kL?Ø.·�'%�´g'é
�m�"��¹. �â�§ (21) L��ÄÏ=¹N
!XÚ�²þÄÏ�m�nØL�ª, ²Lê�?
n, �Ñ²þÄÏ�m�Xg'é�m τ1 Ú τ2 �
Cz, Xã 7(a) Úã 8(a) ¤«. ã 7(b) Úã 8(b) ´
�â²þÄÏ�m�½Â [1], l Langevin �§ (6)

���[���(J.

ã 7 ²þÄÏ�m T ��¦5D( ξ(t) �g'é�m τ1 �¼ê, Ù¥ α = 0.005, D = 0.03, τ2 = 1, Ù¦ëê��ã 2 �
Ó (a) �â (21) ª�Ñ�nØ(J; (b) �[(J

ã 8 ²þÄÏ�m T ��\5D( η(t) �g'é�m τ2 �¼ê, Ù¥ α = 0.005, D = 0.03, τ1 = 1, Ù¦ëê��ã 2 �
Ó (a) �â (21) ª�Ñ�nØ(J; (b) �[(J
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ã 7�²þÄÏ�m T ��¦5D( ξ(t) �
g'é�m τ1 �¼êã�. lã¥�±w�, �
X τ1 �O�, ²þÄÏ�m�5üNO�. ù¿�
X�x�ßÝlpßÝ��$ßÝ�=C¤I�
�mO\, l “m” � “'” �=�C�(J. ã 8

�²þÄÏ�m T ��\5D( η(t) �g'é�
m τ2 �¼êã�. lã¥�±w�, �X τ2 �O
�, ²þÄÏ�müNO�, l “m” � “'” �=�
C�(J. ��ã 7 �', ù«O\�éC��ú.

ù´Ï�¦5D(rÝ D éXÚ�G�=z�~
¯a. '�nØ(JÚê��[(J,·�uyü
ö�ª³´���, �´Ùp�Ik¤�É, ù´
Ï�3nØO�¥æ^��Íeü{¤���. 3
nØ(J¥·�À��Ð©��pßÝ� x+, "
��� xu, @���x�ßÝ�u xu �, XÚG�
Ò��
 “'” �G�. ,
, 3ê��[¥Ð©�
�pßÝ� x+, "��� x−, @���x�ßÝ
�u x− �, XÚG�â��
 “'” �G�.

5 ( Ø

ïÄ
ÄÏ=¹N�XÚ¥�ÚD(p��
x�ßÝ=�y�. â Novikov ½nÚ Fox Cq�
{���A� Fokker-Planck �§, �Ñ­�VÇ
©Ù¼ê!�x�ßÝ²þ�9Ù²þÄÏ�m
�CqL�ª, ©Û
D(�g'é�mé­�V
Ç!²þ�Ú²þÄÏ�m�K�. (JL²: ©
)Ç�D(�g'é�mÚå�x��ßÝ²{

 “'”→ “m” �=�; Ü¤Ç�D(�g'é�
mÚå�x��ßÝ²{
 “m”→ “'” =�. ,

, �Xü«g'é�m�O�, �x�ßÝ�m

�=�C�(J. ê��[(J�nØýÿÄ�Î
Ü. 
)ÄÏN!XÚ¥�x��ßÝ�m�=z
5ÆÚÅÄrÝ (D(ëê) éXÚ�K�, �±�
ÄÏ�nÆ�ïÄJøg´, ÏL���A�ëê
��ýÏ�8�.

N ¹

�
�yCq�{�k�5, ?1ê��[´�~7
��. ·�A^ Euler �{�[
�§ (6)—(9). äN�{X
e.

ò�§ (6) ¥� Gauss ÚD( ξ(t) Ú η(t) ©OU��
Xe/ª

ξ̇ = − ξ

τ1
+

1

τ1
gw,

η̇ = − η

τ2
+

1

τ2
hw, (A.1)

Ù¥ gw Ú hw � Gauss xD(, �±A^ Box-Mueller �{
¢y. �§ (6) Ú (A.1) � Euler È©/ª�

x|t+4t = x +

(
kfx

2

x2 + Kd
− kdx + Rbas − xξ + η

)
4t,

ξ|t+4t = ξ −4t
ξ

τ1
+

gw

τ1
,

η|t+4t = η −4t
η

τ2
+

hw

τ2
, (A.2)

Ù¥

gw = [−4D4t ln a]
1
2 cos(2πb),

hw = [−4α4t ln c]
1
2 cos(2πd),

ξ = [−2D

τ1
4t ln e]

1
2 cos(2πf),

η = [−2α

τ2
4t ln g]

1
2 cos(2πh), (A.3)

þª¥ a, b, c, d, e, f , g Ú h ´Õá��Åê. À½Ð©�,

�ES�þãL§, ²LÚO, �±��TXÚ�ÚO5�.
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Abstract

The colored noise induced switch in the gene transcriptional regulatory system is investigated. The approximate Fokker-Planck

equation is obtained based on the Novikov theorem and the Fox approach. The explicit expressions of the steady state probability

distribution, the mean value, and the mean first passage time are derived. After the numerical computations, these results show that the

TF-A monomer concentration switches from the “off” position to the “on” position with the self-correlation time of the multiplicative

noise increasing. The TF-A monomer concentration switches from the “on” position to the “off” position with the self-correlation time

of the additive noise increasing. With the two kinds of the self-correlation time increasing, the mean first passage time becomes large,

namely, the TF-A monomer concentration switch becomes difficult. The theoretical predictions are found to be in basic agreement with

numerical results.
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