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¼�)n!Æ¦�)ÔN�)nÚ1�U
·A	.�¸�¼�Ì�Cz. ¢�uy3JG�[��¥
�3d PER-TIM EÜN|¤�m�O�ì. �©JÑ
ù�m�½�ì��«�U�êÆ�.. �.�A:
´�àÜÔ, ¯���, ØÓ��z :kØÓõU. �[(JÄ��¢��Î, ÎÜ PER-TIM m�½�ì�Ì
��mA�¿­y
 perL CÉ[�X¥½�ì�A:, ±9 PER Ú TIM �x?\[�Ø�n«ØÓa.�
L§.

'�c: PER-TIM )Ô¨, m�O�ì, �È�N�

PACS: 87.18.Yt, 82.39.Rt, 87.15.R−, 87.17.Aa

1 Ú ó

¼�)n!Æ´)ÔN± 24 h �±Ï�S3
)nÚ1���, §¦�)ÔN�)nÚ1�U

·A	.1, §ÝÚÙ¦�¸Ï��¼�Ì�. ¼
�!Æ2��3u)Ô.¥, �)[ÿ, ýÿ, �Ô,
ÄÔ, �,��)< [1−4].

ÊH@�)n!Æ���Ø%Ån´�KÏ
f|¤�=¹�È�"£´ [1]: �Ïf-¹¨ÄÏ
�L�; ¨ÄÏ (°Ä!Æ)ÔÑÑ) ?è³��Ï
f-¹�KÏf. (J, KÏfßÝþ,, ��Ïf
(Ü³�Ù-¹, ù��?èKÏfÄÏ�=¹~
�. ��zp�KÏf�ü)±~�ÙßÝ, ��
�Ïf­#-¹, ¦Ì�2�gm©. ¨ÄÏU

N�[�Sõ�ÄÏ�±Ï5L�, l
¦)ÔN
LyÑ±Ï5�)n¹5. ù���f�±�É�
¸�Ñ\, l
Ú�¸ÓÚ [3]. éJG5`, �Ïf
´ CLOCK(CLK) Ú CYCLE(CYC), KÏf´ PE-
RIOD(PER) Ú TIMELESS(TIM). CLK Ú CYC |
¤É�àN-¹ period(per), timeless(tim) ÄÏ�L

�. PERÚ TIM �x3[��¥Ü¤�, �=$�
[�Ø¥¿(Ü� CLK-CYC �xþ, �L5³�
g�ÄÏ�6u CLK-CYC �=¹ [1,2,5].

C5�5�õ�¢�L²�È�N�3¼�
!Æ��)Ån¥�üX�~­���Ú (nã�
©z [6]). �È�N��)��z, EÜN/¤, �
xü), =$, `Äz, ¯zzÚ sumo z. �È�N
�é�) 24 h �±Ï´7L�. $�k<JÑ�È
�N��U´)n!Æ��Ån�Ø%, 'X3ü
Ø)Ô7[ÿ¥,Ø%��fÒ��´d�È�N
�|¤� [7−10]. 3JG¥, ®²y² PER �x�
��z9 PER-TIM �xEÜN�/¤é!Æ��
)±9�(�±ÏÚ� Ñ´7Ø��� [11]. Ê
H@� PERÚ TIM 3[��¥�ú(Ü/¤É�
àN, É�àN��/¤á=?\[�Ø¥, PER
Ú TIM �(ÜéAX�) 24 h ¼�!Æ±Ï¤7
I�ò´ [12−14]. ,
,Meyer �<^F1��Uþ
=£EâïÄ PERÚ TIM �(Ü, (Juy�d
ßÿØÓ, �È�) PERÚ TIM �x�, �öá=
(Ü/¤É�àN [15]. �ö�(Ü�±� 5 h �,
3éá�m (� 40 min) S×�)l, ?\[�Ø¥.
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�Ò´`[��¥� PER-TIM EÜN|¤��m
�O�ì. ù�m�O�ì´�È�N��q��
;.~f. ù�m�O�ì��/¤�Ån´�
o? k<JÑI����	�£´5)º [16]. ·�
3�©¥JÑ��.üX^�È���p�^�
éÐ��[Ñ
m�O�ì��J. ·�JÑ PER
�xØÓ :���zkØÓ��^, ùé)ÔN
�(�)n!ÆN!�U´7L� [17]. �©ïá
��.U�Ð�ÎÜ¢�(J, )º
�È�N�
���Ån.

ã 1 PER-TIM m�½�ì�.«¿ã. PER (���/)Ú TIM
(7Ú�/) �x�)�×�/¤É�àN, �� PER �xþ�
1�� :��z (�Ú�/). n � PER 1�� :�¤��
z� PER-TIM É�àN/¤õàN (ã¥ n = 2). 3õàN¥,
PER �xþ�1�� :m©��z. ØÓõàN¥� PT üN
¯���. m � PER �xü :Ñ��z (���/) � PER-
TIM É�àN|¤q8N. q8N��/¤Ù¥� PER �x×
�)l¿?\[�Ø, 
 TIM UYà8. ���?»L� TIM
 àN)l¿?\[�Ø.

2 �.Ú�{

·���.Xã 1 ¤«, PER �xÚ TIM �
x3[��¥�È/¤�, �ö×�/¤É�à
N (PT0). ·�b� PER �xþkü�õUØÓ�
��z :. /¤ PER-TIM É�àN�, PER �
xþ�1�� :m©��z, 1�� :��z
�¤� (PT1) � n � PER-TIM É�àN/¤õà
N (�©¥õàNA�1�� :��z�¤�
� n � PER-TIM É�àN/¤��xEÜN). õ
àN¥ PER �1�� :UY��z. du·�
b�ØÓõàN¥� PT üN�3¯���, Ïd
ÚO PER-TIM É�àN¥ PER �x���zG�
�O PER-TIM õàN���zG�. m �ü :
Ñ��z� PER-TIM É�àN|¤q8N (�©
¥q8NA�ü� :Ñ�¤��z� m � PER-
TIM É�àN/¤��xEÜN), q8N��/

¤, Ù¥� PER �x×�)l (Ppc) ¿?\[�Ø,

 TIM UYà8 (Tcluster). ���?»L� TIM
 àN)l¿?\[�Ø. ù
L§�±^e¡�
�§£ã:

dPc

dt
=kdpt0PT0 − kpt0PcTc,

dTc

dt
=kdpt0PT0 − kpt0PcTc,

dPT0

dt
=kpt0PcTc − kdpt0PT0 −

vpt0pPT0

kpt0m + PT0

+
vpt1dpPT1

kpt1m + PT1
,

dPT1

dt
=

vpt0pPT0

kpt0m + PT0
− vpt1dpPT1

kpt1m + PT1

− kclu0PT1
n · n

+ kclu0r ·
( C1

C1 + C2

)n

· (C1 + C2),

dC1

dt
=kclu0 · PT1

n · n

− kclu0r ·
( C1

C1 + C2

)n

· (C1 + C2)

− vc0p · C1

kc0m + C1
+

vc1dp · C2

kc1m + C2
,

dC2

dt
=

vc0p · C1

kc0m + C1
− vc1dp · C2

kc1m + C2

− kdclut ·
( C2

C1 + C2

)m

· (C1 + C2)

+ kdclutr · Pm
pc · Tcluster · m,

dPpc

dt
=kdclut ·

( C2

C1 + C2

)m

· (C1 + C2)

− np · Ppc + cp · Ppn,

dTcluster

dt
=kdclut ·

( C2

C1 + C2

)m

· (C1 + C2)
m

− kdtt · Tcluster,

dTpc

dt
=m · kdtt · Tcluster − nt · Tpc + ct · Tpn,

dPpn

dt
=np · Ppc − cp · Ppn,

dTpn

dt
=nt · Tpc − ct · Tpn,

ùp� P , T ©OL«?uilG� (vk/¤E
ÜN) � PER, TIM �x�ßÝ, eI c, pc, pn ©O
éAu[��¥, [��¥��z�Ú[�Ø¥�
�z��x. 'X, Ppc �L[��¥?uilG
����z� PER �x�ßÝ. õàN¥ PER �
x�k�� :��z� PER-TIM EÜN�ßÝ
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^ C1 L«, ü� :Ñ�¤��z� PER-TIM E
ÜN�ßÝ^ C2 L«. Tcluster �L PER-TIM q8
N¥� PER �x)l�, �e� TIM |¤� à
N�ßÝ. �â·��b�, õàNÚq8N¥�
�¹k C1 +C2 � PER-TIM É�àN. Ù¥q8N
ßÝAT´ C2 × pm

2 , Ù¥ p2 = C2/ (C1 + C2), ´
ü :Ñ�¤��z� PER-TIM É�àN¤Ó�
'~. q8N± kdclut ��Ç)l, ù�·�Ò�
±�Ñq8NßÝ��mCz��§. Ón·��
±�ÑõàNÚ Tcluster /¤Ú)l�ÄåÆ�§.

PER �x���zÚ���z^�¼�AÄ
åÆ£ã, Ù¦�L§Ñ^�þ�A½Æ5£ã.
�§¥�9���A�Ç~êÑ�3L 1 ¥. ê�
Ì�5g©z [17]. ·�±¦þ�¢�(J�Î�
�K, (Ü©z [17] ¿�ÄÙ)ÔÆ¿Â�Ün�
�, éù
ëê?1
N�. �.¥�'�ëê´
q8N�� m ÚõàN�� n, ùü�ëêû½
X PER-TIM EÜNUÄ/¤m�½�ì. ¦��
ØÓ��é�[�K�3(JÜ©1��!?1

©Û. Ù¦ëê���Ø¬K�m�½�ì�/
¤, �éEÜN�o�ÿ)lÚ)l�¯úkK�.

Ny3(JÜ©1nÚ1o�!¥.
[��¥ PER �xÚ TIM �x�Ð©ßÝ�

½� 10000 �©f (� 104 nM). Ù¦�AÔ�Ð©
ßÝÑ�½� 0.

¤k��[Ñ´^m
^� xppaut[18] �¤�.

3 ( J

3.1 m ÚÚÚ n ���KKK���

3·���.¥, kü�é­��ëê. §�
´ PER �x1�� :��z�� PER-TIM /
¤�õàN�¹� PER-TIM ê8 n, PER �xü
� :Ñ��z�� PER-TIM /¤�q8N�¹
� PER-TIM ê8 m. C� nÚ m ��, ·�*	

�.ØÓ�Ly (ã 2). � n = 1 �, PER-TIM
EÜNØU¯�)l, PER �ØU×�?\[�Ø.
� n = 2 �, (Jk��Cz, U
éÐ�ÎÜ¢
�(J [15]. PER-TIM EÜN¯�)l, PER ×�?
\[�Ø (ã 2(a)). 
UYO� n, =¦O�� 50,
PER-TIMÚ PER ßÝ��m�­��vk²w�
Cz. Ïd, ·��½ n = 2 ?1?�Ú�©Û.

L 1 �.�9���A�Ç~ê

ëê¶/ü  � £ã

kpt0/nM−1h−1 0.01 PER-TIM (Ü�Ç

kdpt0/h−1 0.1 PER-TIM )l�Ç

vpt0p/h−1 2000 PER �x1�� :��z����Ç

vpt0p/nM 1000 PER �x1�� :��z��¼~ê

vpt1dp/h−1 0.02 PER �x1�� :���z����Ç

kpt1m/nM 5000 PER �x1�� :���z��¼~ê

kclu0/nM(n−1)h−1 0.1 PER-TIM õàN�(Ü�Ç

kclu0r/h−1 0.001 PER-TIM õàN�)l�Ç

vc0p/h−1 2500 PER �x1�� :��z����Ç

kc0m/nM 500 PER �x1�� :��z��¼~ê

vc1dp/h−1 10 PER �x1�� :���z����Ç

kc1m/nM 5000 PER �x1�� :���z��¼~ê

kdclut/nM(m−1)h−1 10 PER �xl PER-TIM q8N)l��Ç

kdtt/nM(n−1)h−1 1 TIM q8N)l��Ç

np/h−1 5 PER �xl[���[�Ø�=$�Ç

cp/h−1 0.01 PER �xl[�Ø�[���=$�Ç

nt/h−1 5 TIM �xl[���[�Ø�=$�Ç

ct/h−1 0.01 TIM �xl[�Ø�[���=$�Ç
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é m 5`, m �� 20 ±eÑ�¢�(Jk
�� l, m ��3 20 ±þ���5ÅìO�,
PER-TIMÚ PER ßÝ��m�­��¢�(J�
5��C. �Ä�EÜNØ�U��, ·����
T��� m = 50.

ã 2 PER-TIM õàN�¹� PER-TIM ê8 n, q8N�¹
� PER-TIM ê8 m ©O�Xã¤«�ØÓ��, �.¤�)
�[��¥?u�«� (�) PT0, PT1, C1, C2) � PER-TIM
É�àN (eü­�) 9[�Ø¥� PER �x (þ,­�) �
éßÝ��m�Cz­�. (a) Ð«�´ PER-TIM õàN�¹
� PER-TIM ê8 n �ØÓ���/. Ù¥ n � 10, 20 ��­
�� n � 50 ��­�pÝ­Ü, ±�SúØU«Oùnö. Ï
dvküÕ�Ñ n � 10, 20 ��­�. (b) Ð«�´q8N�¹
� PER-TIM ê8 m �ØÓ���/

3.2 PER-TIM ×××���)))lll

(½
�.¥��'ëê�, ·�¤õ/2y

m�O�ì. O�[�¥ PER-TIM É�àNß
Ý��m�Cz, �)gd� PER-TIM É�àN
±93õàNÚq8N¥� PER-TIM É�àN.
�È/¤�, [��¥� PER-TIM ßÝ×���
��, ù�������±�� 5 h, �� PER-TIM
É�àNßÝ×�~�, Ó� PER �x?\[�
Ø, [�Ø¥� PER �x�X PER-TIM É�àN
�~�×�,p (ã 3), U
�Ð/�¢�ÎÜ.

Meyer ��¢� [15] uy PER, TIM �x/
¤� PER-TIM É�àNm©þ!©Ù3[��
¥, �X�m�í£�xÅìà8���: (foci)
¥. ·��[�(J�¢�¥*	����, m©
��x�Ü©?3lÑG�� PER-TIM É�à
N (PT0) ¥, ,� PT0 Åì~�, ?uõàNG�
� C1, C2 ßÝ�U,p. 
 m � C2 ò/¤q8N,
ùq8N�éAu¢�¥*	����: (foci).

ã 3 [��¥�?u�«�� PER-TIM É�àN (PER-TIM),
vk��z� PER �x� TIM �x|¤� PER-TIM É�à
N (PT0), õàN¥ PER 1�� :��z� PER-TIM(C1),
õàN¥ PER ü� :Ñ��z� PER-TIM(C2) 9[�Ø
¥� PER �x�éßÝ (Ppn) ��m�Cz. PER-TIM �
) PT0, PT1, C1, C2

ã 4 perL CÉ[�X[��¥� PER-TIM É�àN�éß
Ý (¢�) 9[�Ø¥� PER �x�éßÝ (J�) ��m�C
z9Ù��~[�éAþ�'�. ���ü^­�éA�).
[�, �m�ü^­�éA perL CÉ[�

3.3 CCCÉÉÉ[[[���XXX

·���.¤õ/2y
 Meyer �<¢�¥
� perL CÉ[�XLy. [15]. perL ´¼�!
Æ±ÏC� 28 h � PER CÉN. 3 perL [�X
¥, du��zCú, PER-TIM É�àN�)l
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�mò´�-¹� 8.2 h, PER �x�[�Ø�Ñ
$�m��Aò´, ·�ü$ PER-TIM É�àN
¥ PER 1�� :���z�Ç (vc0p d 2500 h−1

C� 1500 h−1), ¤õ�2y
 perL CÉ[�X¥,
PER-TIM É�àN)lÚ PER ?\[�Øò´�
y� (ã 4).

ã 5 �.)¤�n«ØÓa.� PER �xÚ TIM �x?\[
�Ø�m­��p'X (a) PER �xÚ TIM �x?\[�Ø
��m­��Ó+Úå©�mÑ�Ó; (b) PER �xÚ TIM �
x?\[�Ø��m­��Ó+ØÓ�å©�m�Ó; (c) PER
�xÚ TIM �x?\[�Ø��m­��Ó+�Ó�å©�
mØÓ

3.4 PER ���xxxÚÚÚ TIM ���xxx???\\\[[[���ØØØ���
ééé���mmm'''XXX���ØØØÓÓÓaaa...

r PER �x?\[�Ø��m­��$:½

Â�?\[�Ø�å©�m, Meyer �<uyå©
�m8¥3��dÄ��S: �).[�X¥9-
¹� 340±70 min.

3 Meyer �<�©Ù¥, uy PER �xÚ TIM
�x¿Ø´Ó�?\[�Ø [15], PER �x?\[
�Ø��mÏ~@u TIM �x, �Ù¦<�¢�
(J�� [19]. PER �xÚ TIM �x?\[�Ø
��m'X�±©¤n«a.. ÀJÜ·�ëê,
·���.U
)¤ùn«a. (ã 5). 1�«,
PER Ú TIM ?\[�Ø�å©�mÚ­�Ó+
Ñ�Ó. �éL 1 ¤���A�Çëê�, ·�
r TIM  àN)l��Ç kdtt l 1 nM(n−1)h−1

Jp� 100 nM(n−1)h−1, TIM �xl[���[
�Ø�=$�Ç nt l 5 h−1 Jp� 500 h−1 �±
�)ù«a.. 1�«´�öå©�m�Ó, ­
�Ó+ØÓ. �éL 1 ¥��A�Çëê�, ·�
r TIM àN)l��Ç kdtt l 1 nM(n−1)h−1 J
p� 10 nM(n−1)h−1, TIM �xl[�Ø�[��
�=$�Ç ct l 0.01 h−1 Jp� 0.5 h−1, �±�
)ù«a.. 1n«?\­�Ó+�Ó, PER �å
©�m@u TIM �x 25±11 min. ù«a.�´
L 1 ¤��ëê¤)¤�.

4 ? Ø

·�ïÄ

JG¼�!Æ�¥���­�
y��: [��¥� PER-TIM m�½�ì. PER-
TIM ½�ì�AÏ�?3u, PER-TIM 3é��ã
�m�±(ÜG�, ���
A½��m:, �å
×�)l¿?\[�Ø. �2yù«y�, I�¦
ØÓ PER-TIM �x�G��±ÓÚ, ¿k,«Å
n¦�ÎÜA½^��¤k�x�åd(ÜG�
×�C�)lG�. ·���.ÏLõ� :�
��z?»�� PER-TIM �x�G�, ÏLüN
�¯���5�±ØÓEÜN���zÓÚ. ÏL
�q8N5¦��xd(ÜG�×�C�)lG
�. äN5`, 1�, PER �xkü���z :,
ØÓ���z :kØÓ��^, ÏLØÓ :�
�z?»���¢yé PER-TIM EÜNG��Ó
ÚÚ×�)l; 1�, PER �x1�� :��z
��õàN�mk¯��üN��, ù¦�ØÓõ
àN�m���z§Ý�±ÓÚ; 1n, ü� :
Ñ��z� PER-TIM õàN¬/¤����q8
N, ��q8N)l, ù¦�õ� PER-TIM EÜN
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Ñ����z�, �å×�)l, �)½�ì�1
�. ùn:´�.�Ø%�Ü©. ,	, PER �xk
lq8N)l, 
 TIM �xUYÈà3�å; ù¦
� PER �xku TIM �x?\[�Ø. 
ÏLN
!��z, PER-TIM �àz, �x?Ñ[�Ø�L
§�ëê, 2y
 perL âCNÚØÓ� PER, TIM
?\[�Ø�n«ØÓa.�L§.

�.¥�b��®k��
¢�ïÄ�Î. é
¼�!Æ���Ø%Ïf PER �x, ®²uy§�
-s DBTÚ CK2 ��z [20], ���zs PP2A �
��z [21]. ©z [22] «©
 PRE �xþ��� 21
���z :. 21 � :¥k�åléC, ù
í
Ä�U/¤�|, Ù¥,�íÄ���z¬ÚåÙ
¦íÄ���z. ·���.¥{z�b� PER
�xkü��^�JØÓ���z :, ùé)
ÔN�(�)n!ÆN!�U´7L�. kNõ
ïÄL²�xØÓ���zG�kØÓ�)Ô�
A [8,17,23,24]. 
3 Meyer �<�¢�¥uy PER
�xÚ TIM �x/¤É�àN�, m©þ!©Ù3

[��¥, ��Åìà8, /¤lÑ���: (foci).
Ïd·�b� PER-TIM É�àN¬/¤�¹õ
� ('X 50 �) É�àN�q8N, éAu¢�¥
*	��lÑ���:. ,	, 3)º7[ÿ¥�
�d�x/¤�¼�!Æ����.¥,Emberly
� [7] �b�
�3�à8N¿�õàN¥�ØÓ
üN�3¯���.

� Meyer � < � ¢ � (J� ', · � � �
. PER-TIM )lØ
¯. ¢�¥3� 1 h ��
mS)l, 
3·���.¥I� 2 h õâU)l.
ù�U´du�3·���.�vk�¹�Ån
U
?�Ú\¯)l�Ý, I�?�Ú�¢�Ún
ØïÄ.

o�, ·�JÑ
JG[��¥ PER-TIM m
�½�ì/¤��«�U�Ån. Ù¥�¹ü�¢
��±�y���: õ� PER-TIM �x/¤��
q8N, ØÓ PER-TIM õàN�m�3¯��ü
N��. ù�¢�þ?�ÚïÄ PER-TIM m�½
�ì��)ÅnJø
�«g´.
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Abstract

Circadian rhythm makes physiology and behaviors of organisms adapt to the day and night cycle in the environment. Recent ex-

periment indicated a PER-TIM interval timer in Drosophila melanogaster cytoplasm. In this paper, we present a possible mathematical

model for this interval timer. The characters of the model are the formation of big clusters, fast exchange and different functions of

phosphorylation of different sites. The experimental results on features of the PER-TIM interval timer of mild type and perL mutant

and on the existence of three different types of temporal profiles of nuclear accumulation of PER and TIM in single cells are reproduced

by our simulations.
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