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Œμ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±μ¥ ³μ¤¥²¨·μ¢ ´¨¥ § ³¥´Ò ±μ´¸¥·¢ É¨¢´μ£μ £²¨Í¨´ 
´  ¸¥·¨´ ¢ G-¶¥É²¥ Ê ³ÊÉ ´É  cdc28-srm ¤·μ¦¦¥° ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ±·¨¸É ²²¨Î¥¸±μ°
·¥Ï¥É±¨ ±¨´ §Ò CDK2 Î¥²μ¢¥± 

�·μÉ¥¨´±¨´ §  CDC28 ¤·μ¦¦¥° Saccharomyces cerevisiae ¸²Ê¦¨É ¶·¨¢²¥± É¥²Ó´μ° ³μ¤¥²ÓÕ ¤²Ö
¨¸¸²¥¤μ¢ ´¨Ö ³¥Ì ´¨§³μ¢ ·¥£Ê²ÖÍ¨¨ ±¨´ §,  ±ÉÊ ²Ó´μ¸ÉÓ ¨§ÊÎ¥´¨Ö ±μÉμ·ÒÌ μ¡Ê¸²μ¢²¥´  Í¥´É· ²Ó´μ°
·μ²ÓÕ ¶·μÉ¥¨´±¨´ § CDK ¢ ·¥£Ê²ÖÍ¨¨ ±²¥ÉμÎ´μ£μ Í¨±²  ¨ ¢Ò¸μ±μ° Î ¸ÉμÉμ° ´ ·ÊÏ¥´¨Ö CDK ¨²¨
¤¥·¥£Ê²ÖÍ¨¨ ¨´£¨¡¨Éμ·μ¢ CDK ¶·¨ §²μ± Î¥¸É¢¥´´μ³ ¶¥·¥·μ¦¤¥´¨¨ ±²¥Éμ± ³²¥±μ¶¨É ÕÐ¨Ì. “ ¤·μ¦-
¦¥° S. cerevisiae ¶μ²ÊÎ¥´Ò ³´μ£μÎ¨¸²¥´´Ò¥ É¥³¶¥· ÉÊ·μÎÊ¢¸É¢¨É¥²Ó´Ò¥ ³ÊÉ Í¨¨ cdc28, ´ ·ÊÏ ÕÐ¨¥
 ±É¨¢´μ¸ÉÓ ±¨´ §Ò CDC28. ŒÊÉ Í¨Ö ¶·¨¢μ¤¨É ± ¸´¨¦¥´¨Õ ¸É ¡¨²Ó´μ¸É¨ Ì·μ³μ¸μ³ ¨ ·¥±μ³¡¨´ ´É-
´ÒÌ ¸É·Ê±ÉÊ·, ¢²¨Ö¥É ´  ³¨ÉμÌμ´¤·¨ ²Ó´Ò° ³ÊÉ £¥´¥§, · ¤¨μÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ¨ checkpoint-±μ´É·μ²Ó.

„²Ö  ´ ²¨§  ¸É·Ê±ÉÊ·´ÒÌ ¨§³¥´¥´¨°, ± ±μÉμ·Ò³ ¶·¨¢μ¤¨É § ³¥´  ‘D‘28-G20S, ¨¸¶μ²Ó§μ¢ ²¨
±·¨¸É ²²¨Î¥¸±ÊÕ ¸É·Ê±ÉÊ·Ê ±¨´ §Ò Î¥²μ¢¥±  CDK2. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·μ¢¥²¨ 2-´¸ ³μ²¥±Ê²Ö·´μ-
¤¨´ ³¨Î¥¸±μ¥ (Œ„) ³μ¤¥²¨·μ¢ ´¨¥ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨  ±É¨¢´μ£μ ±μ³¶²¥±¸  ±¨´ §Ò pT160-
CDK2/Í¨±²¨´ A/ATP-Mg2+/¸Ê¡¸É· É. �μ ¤ ´´Ò³ Œ„-³μ¤¥²¨·μ¢ ´¨Ö ¸É·Ê±ÉÊ·  ´¥³ÊÉ ´É´μ£μ ¨ ³Ê-
É ´É´μ£μ, ¢±²ÕÎ ÕÐ¥£μ § ³¥´Ê G16S-CDK2, ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ ¤·μ¦¦¥¢μ° G20S-‘D‘28, ±μ³¶²¥±¸μ¢
CDK2 § ³¥É´μ μÉ²¨Î ÕÉ¸Ö ¤·Ê£ μÉ ¤·Ê£ , ¶·¨Î¥³ · §²¨Î¨Ö ¸É·Ê±ÉÊ·´ÒÌ ±μ´Ëμ·³ Í¨° ´ ¨¡μ²¥¥ Ö·±μ
¶·μÖ¢²ÖÕÉ¸Ö ¨³¥´´μ ¢ É¥Ì ÊÎ ¸É± Ì, ±μÉμ·Ò¥ ¨£· ÕÉ ±²ÕÎ¥¢ÊÕ ·μ²Ó ¤²Ö ËÊ´±Í¨μ´¨·μ¢ ´¨Ö ±¨´ §Ò.
�  μ¸´μ¢¥ ·¥§Ê²ÓÉ Éμ¢ ±μ³¶ÓÕÉ¥·´ÒÌ · ¸Î¥Éμ¢ · ¸¸³ É·¨¢ ÕÉ¸Ö ¸É·Ê±ÉÊ·´Ò¥ Ô²¥³¥´ÉÒ, ±μÉμ·Ò¥
³μ£ÊÉ ¢²¨ÖÉÓ ´  ±¨´ §´ÊÕ  ±É¨¢´μ¸ÉÓ ¨ ·¥£Ê²ÖÉμ·´μ¥ Ëμ¸Ëμ·¨²¨·μ¢ ´¨¥, ´  ¶·μÍ¥¸¸Ò ¸¢Ö§Ò¢ ´¨Ö
¶·μÉ¥¨´±¨´ §Ò ¸ Í¨±²¨´ ³¨ ¨ ¸Ê¡¸É· É ³¨.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ · ¤¨ Í¨μ´´μ° ¡¨μ²μ£¨¨ �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2006

Kholmurodov Kh. T. et al. P19-2006-21
Molecular Dynamics Simulation of Replacing of Conservate Glycine by Serine in a G-Loop
for a Mutant cdc28-srm Yeast Using a Crystal Lattice of Kinase CDK2 of the Human

The central role that cyclin-dependent kinases play in the timing of cell division and the high
incidence of genetic alteration of CDKs or deregulation of CDK inhibitors in a number of cancers make
CDC28 of yeast Saccharomyces cerevisiae very attractive model for studies of mechanisms of CDK
regulation. For yeast S. cerevisiae numerous temperature-sensing mutations cdc28, infringing activity of
kinase CDC28 are obtained. Major interest is that the mutation cdc28-srm is represented by numerous
phenotypic manifestations at 30 ◦C. The mutation results in drop of stability of chromosomes and
recombinant structures, in	uences on a mitochondrial mutagenesis, a radiosensitivity and the checkpoint
control. Sequencing analysis of cdc28-srm revealed a single nucleotide replacement of glycine by serine
in position 20 (G20S).

We used a crystal structure of a human CDK2 kinase protein to analyze the structural changes that are
the results of CDC28-G20S substitution. We have performed 2-ns molecular dynamics (MD) simulations
on a crystal lattice of an active complex of kinase pT160-CDK2/cyclin A/ATP-Mg2+/substrate. From the
results of MD-simulations the structures of wild-type and mutant (G16S-CDK2) proteins differ noticeably
from each other, and the structural conformations are shown to mostly differ in those regions that play a
key role in the kinase function. Based on the computer simulation results the in	uence of the structural
conformational changes on the kinase activity and the regulation of phosphorylation are discussed.

The investigation has been performed at the Laboratory of Radiation Biology, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2006
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�·μÉ¥¨´±¨´ §  CDC28 ¤·μ¦¦¥° Saccharomyces cerevisiae μÉ´μ¸¨É¸Ö ± ¸¥-
³¥°¸É¢Ê Í¨±²¨´§ ¢¨¸¨³ÒÌ ±¨´ § CDK, ¤²Ö  ±É¨¢ Í¨¨ ±μÉμ·ÒÌ É·¥¡Ê¥É¸Ö ¸¢Ö-
§Ò¢ ´¨¥ ± É ²¨É¨Î¥¸±μ° ¸Ê¡Ñ¥¤¨´¨ÍÒ ¸ Í¨±²¨´μ³ (Mendenhall, Hodge, 1998).
“ ¤·μ¦¦¥° ¶·μÉ¥¨´±¨´ §  CDC28 Ö¢²Ö¥É¸Ö μ¸´μ¢´μ° ±¨´ §μ°, ÊÎ ¸É¢ÊÕÐ¥° ¢
·¥£Ê²ÖÍ¨¨ ±²¥ÉμÎ´μ£μ Í¨±² , μ´   ±É¨¢¨·Ê¥É¸Ö ¤¥¢ÖÉÓÕ Í¨±²¨´ ³¨: É·¨ G1-
Í¨±²¨´  (Cln1·, Cln2· ¨ Cln3·) ÊÎ ¸É¢ÊÕÉ ¢ ·¥£Ê²ÖÍ¨¨ ¸μ¡ÒÉ¨° ‘’��’ ¨
Ï¥¸ÉÓ Í¨±²¨´μ¢ ‚-É¨¶  (Clb1p-Clb6p) ÊÎ ¸É¢ÊÕÉ ¢ ·¥£Ê²ÖÍ¨¨ S-Ë §Ò ¨ ³¨-
Éμ§ . •μÉÖ  ±É¨¢ Í¨Ö CDK ³´μ£μÎ¨¸²¥´´Ò³¨ Í¨±²¨´ ³¨ ´ ¡²Õ¤ ¥É¸Ö ¨ Ê
¤·Ê£¨Ì μ·£ ´¨§³μ¢, ¸¨ÉÊ Í¨Ö Ê ¤·μ¦¦¥° ´¥μ¡ÒÎ´  É¥³, ÎÉμ Í¨±²¨´Ò · §²¨Î-
´ÒÌ ±² ¸¸μ¢  ±É¨¢¨·ÊÕÉ μ¤´Ê ¨ ÉÊ ¦¥ ± É ²¨É¨Î¥¸±ÊÕ ¸Ê¡Ñ¥¤¨´¨ÍÊ CDK.

‚ ±²¥É± Ì Î¥²μ¢¥±  ¸μ¡ÒÉ¨Ö ±²¥ÉμÎ´μ£μ Í¨±²  Ê¶· ¢²ÖÕÉ¸Ö ´¥¸±μ²Ó-
±¨³¨ CDK. Š¨´ §  CDK4/Í¨±²¨´ D ´¥μ¡Ìμ¤¨³  ¤²Ö ¶·μÌμ¦¤¥´¨Ö Ë §Ò G1,
CDK2/Í¨±²¨´ … Å ¤²Ö ¶¥·¥Ìμ¤  ¨§ G1 ¢ S, CDK2/Í¨±²¨´ � Å ¤²Ö ¶·μÌμ-
¦¤¥´¨Ö Ë §Ò S,   CDC2(CDK1)/Í¨±²¨´ ‚ Å ¤²Ö ¶¥·¥Ìμ¤  ¨§ G2 ¢ Œ. „¢¥ ¨§
ÔÉ¨Ì ±¨´ §, CDC2 ¨ CDK2, ´ ¨¡μ²¥¥ Ìμ·μÏμ ¨§ÊÎ¥´Ò. �¡  ¡¥²±  ¶·μÖ¢²ÖÕÉ
¸·μ¤¸É¢μ ± ¤·μ¦¦¥¢μ° CDC28(CDŠ1), £μ³μ²μ£¨Ö  ³¨´μ±¨¸²μÉ´μ° ¶μ¸²¥¤μ¢ -
É¥²Ó´μ¸É¨ ¤²Ö CDK2 ¸μ¸É ¢²Ö¥É 62%,   CDC2 Å 60%. �  ·¨¸. 1 ¶·¨¢¥¤¥´Ò
¢Ò· ¢´¥´´Ò¥ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ ±¨´ § Î¥²μ¢¥±  CDK2 ¨ ¤·μ¦¦¥° CDC28.

�¨¸. 1. ‚Ò· ¢´¥´´Ò¥ N-±μ´Í¥¢Ò¥ Ë· £³¥´ÉÒ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ Í¨±²¨´§ ¢¨¸¨³ÒÌ
±¨´ § Î¥²μ¢¥±  (CDK2) ¨ ¤·μ¦¦¥° S. cerevisiae (CDC28). � ³±μ° μ¡¢¥¤¥´Ò μ¸É É±¨,
±μ´¸¥·¢ É¨¢´Ò¥ ¤²Ö Î¥ÉÒ·¥Ì ±¨´ § Å Î¥²μ¢¥±  (CDK2, CDC2) ¨ ¤·μ¦¦¥° (cdc2,
CDC28). �É³¥Î¥´Ò Ô²¥³¥´ÉÒ ¢Éμ·¨Î´μ° ¸É·Ê±ÉÊ·Ò Å ²¨´±¥·´Ò¥ μ¡² ¸É¨ (L) ³¥¦¤Ê
¸É·Ê±ÉÊ·´Ò³¨ Ô²¥³¥´É ³¨ (β-´¨É¨, α-¸¶¨· ²¨)
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�μ²´ Ö  ±É¨¢ Í¨Ö CDK μ¡ÒÎ´μ É·¥¡Ê¥É ¤¢ÊÌ ¸μ¡ÒÉ¨° Å ¸¢Ö§Ò¢ ´¨Ö ¸ Í¨-
±²¨´ ³¨ ¨ ¶μ¸²¥¤ÊÕÐ¥£μ Ëμ¸Ëμ·¨²¨·μ¢ ´¨Ö (T160 Ê CDK2, ’169 Ê CDC28).
�μ¤ ¢²¥´¨¥  ±É¨¢´μ¸É¨ ¶·μ¨¸Ìμ¤¨É ¶·¨ ¸¢Ö§Ò¢ ´¨¨ ¸ ¡¥²± ³¨-¨´£¨¡¨Éμ· ³¨
(CKI) ¨ ¶·¨ ¨´£¨¡¨·ÊÕÐ¥³ Ëμ¸Ëμ·¨²¨·μ¢ ´¨¨ (T14 ¨ Y15 Ê CDK2, T18
¨ Y19 Ê CDC28). ’ ±¨³ μ¡· §μ³, ± É ²¨É¨Î¥¸± Ö ¸Ê¡Ñ¥¤¨´¨Í  CDK ÊÎ ¸É-
¢Ê¥É ¢ ³´μ£μÎ¨¸²¥´´ÒÌ ¡¥²μ±-¡¥²±μ¢ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ: Cdc28pÄ¸Ê¡¸É· ÉÒ,
Cdc28pÄÍ¨±²¨´Ò, Cdc28pÄ±¨´ §Ò (Ëμ¸Ëμ·¨²¨·ÊÕÐ¨¥ ’169 ¨ Y19, CAK ¨
SWE1 ¸μμÉ¢¥É¸É¢¥´´μ), Cdc28pÄËμ¸Ë É §Ò (¤¥Ëμ¸Ëμ·¨²¨·ÊÕÐ Ö Y19-MIH1),
Cdc28pÄ¨´£¨¡¨Éμ· (CKI) ¨, ´ ±μ´¥Í, Cdc28pÄ�’”. Š·μ³¥ Éμ£μ, ¨§¢¥¸É´μ, ÎÉμ
± É ²¨É¨Î¥¸± Ö ¸Ê¡Ñ¥¤¨´¨Í  ±¨´ §Ò Cdc28p ¢§ ¨³μ¤¥°¸É¢Ê¥É ¥Ð¥ ¸ ¶·μ¤Ê±-
Éμ³ £¥´  CKS1 (Hadwiger et al., 1989). 
ÉμÉ ±μ³¶²¥±¸ μ¡´ ·Ê¦¨¢ ¥É¸Ö ¢
¶·μ³μÉμ·´μ° μ¡² ¸É¨ ¨ ¤²Ö ¥£μ ËÊ´±Í¨μ´¨·μ¢ ´¨Ö ´¥ ´Ê¦´  ±¨´ §´ Ö  ±É¨¢-
´μ¸ÉÓ CDC28 (Yu et al., 2005).

–¨±²¨´§ ¢¨¸¨³Ò¥ ¶·μÉ¥¨´±¨´ §Ò CDK μÉ´μ¸ÖÉ¸Ö ± ¸¥³¥°¸É¢Ê ¸¥·¨´-
É·¥μ´¨´μ¢ÒÌ ¶·μÉ¥¨´±¨´ §. ”¥·³¥´É μ¸ÊÐ¥¸É¢²Ö¥É ± É ²¨É¨Î¥¸±ÊÕ ¶¥·¥¤ ÎÊ
γ-Ëμ¸Ë É  �’” (·¨¸. 2) ´  ¸¥·¨´ ¨²¨ É·¥μ´¨´ ¢ S/T − P -³μÉ¨¢¥ ¡¥²±μ¢ÒÌ
¸Ê¡¸É· Éμ¢. ‚ ±²¥É±¥ �’” ¸ÊÐ¥¸É¢Ê¥É ¶·¥¨³ÊÐ¥¸É¢¥´´μ ¢ Ëμ·³¥ ±μ³¶²¥±¸μ¢
¸ ¨μ´ ³¨ Mg2+. �¡· §μ¢ ´¨¥ É ±¨Ì ±μ³¶²¥±¸μ¢ μ¡Ê¸²μ¢²¥´μ ¸¶μ¸μ¡´μ¸ÉÓÕ
¶¨·μËμ¸Ë É´ÒÌ £·Ê¶¶ ¸¢Ö§Ò¢ ÉÓ¸Ö ¸ ¤¢ÊÌ¢ ²¥´É´Ò³¨ ± É¨μ´ ³¨,   É ±¦¥
¢Ò¸μ±μ° ±μ´Í¥´É· Í¨¥° ¨μ´μ¢ Mg2+ ¢μ ¢´ÊÉ·¨±²¥ÉμÎ´μ³ ¶·μ¸É· ´¸É¢¥. ‚
¡μ²ÓÏ¥° Î ¸É¨ Ë¥·³¥´É É¨¢´ÒÌ ·¥ ±Í¨°, ¢ ±μÉμ·ÒÌ �’” ¨£· ¥É ·μ²Ó ¤μ´μ· 
Ëμ¸Ë Éμ¢, ÊÎ ¸É¢Ê¥É  ±É¨¢´ Ö Ëμ·³  �’”,   ¨³¥´´μ ±μ³¶²¥±¸ Mg2+-�’”.

�¨¸. 2. ‘É·Ê±ÉÊ·´ Ö Ëμ·³Ê²  ³μ²¥±Ê²Ò  ¤¥´μ§¨´-5′-É·¨Ëμ¸Ë É  (�’”). Šμ³¶²¥±¸
�’” ¸ ¨μ´μ³ Mg2+
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�´ ²¨§ ±·¨¸É ²²¨Î¥¸±¨Ì ¸É·Ê±ÉÊ· ± É ²¨É¨Î¥¸±¨Ì ¸Ê¡Ñ¥¤¨´¨Í ±¨´ § ¶μ-
± § ², ÎÉμ μ´¨ ¨³¥ÕÉ ¸Ìμ¦ÊÕ ¸É·Ê±ÉÊ·Ê. Š·¨¸É ²²¨Î¥¸± Ö ¸É·Ê±ÉÊ·  ±¨´ §Ò
Î¥²μ¢¥±  CDK2 ¢ ¸μ¸É ¢¥ · §²¨Î´ÒÌ ±μ³¶²¥±¸μ¢ CDK2/Mg2+-ATP (De Bondt
et al., 1993) ¨ CDK2/Í¨±²¨´ �/�’� (Jeffrey et al., 1995) Ìμ·μÏμ ¨§ÊÎ¥´  ¨ ¸²Ê-
¦¨É ³μ¤¥²ÓÕ ±¨´ §, ¢ Éμ³ Î¨¸²¥ ¨ ¤²Ö ¤·μ¦¦¥¢μ° ±¨´ §Ò CDC28. �¥²±μ¢ Ö
³μ²¥±Ê²  CDK2 ¸μ¸Éμ¨É ¨§ μ¤´μ° ¶μ²¨¶¥¶É¨¤´μ° Í¥¶¨ (298 μ¸É.), μ¡· §Ê-
ÕÐ¥° ±μ³¶ ±É´ÊÕ ¸É·Ê±ÉÊ·Ê, Ê¶ ±μ¢ ´´ÊÕ ¢ ¤¢  ±Ê² ± : N-±μ´Í¥¢μ° (μ¸É.
1Ä85), ¸¢¥·´ÊÉÒ° ¢ β-²¨¸É, ¸μ¸ÉμÖÐ¨° ¨§ ¶ÖÉ¨  ´É¨¶ · ²²¥²Ó´ÒÌ β-´¨É¥°
(β1-β5) ¨ ¥¤¨´¸É¢¥´´μ° ¡μ²ÓÏμ° ¸¶¨· ²¨ (α1), ¨ ¡μ²¥¥ ±·Ê¶´Ò° ‘-±μ´Í¥¢μ°
(μ¸É. 86Ä298), ¶μ ¶·¥¨³ÊÐ¥¸É¢Ê ¸μ¸ÉμÖÐ¨° ¨§ α-¸¶¨· ²¥° (·¨¸. 1 ¨ 3).

�¨¸. 3. Š·¨¸É ²²¨Î¥¸± Ö ¸É·Ê±ÉÊ·  ±¨´ §Ò Î¥²μ¢¥±  CDK2 (Ë °² 1QMZ ¨§ ¡ §Ò ¤ ´-
´ÒÌ PDB). �¥²±μ¢Ò° ±μ³¶²¥±¸ ¸μ¸Éμ¨É ¨§ ±¨´ §Ò (Š) ¨ Í¨±²¨´  � (‘). ˆ¸¶μ²Ó§μ¢ ´Ò
¸²¥¤ÊÕÐ¨¥ μ¡μ§´ Î¥´¨Ö: N Å N-±Ê² ± (μ¸É. 1Ä85), ‘ Å ‘-±Ê² ± (μ¸É. 86Ä298), G Å
G-¶¥É²Ö (μ¸É. 11Ä18), ’ Å ’-¶¥É²Ö (μ¸É. 147Ä167), PSTAIRE (μ¸É. 45Ä51), S Å
¸Ê¡¸É· É (HHASPRK), ATP + Mg Å ±μ³¶²¥±¸ �’” ¸ ¨μ´ ³ ³ £´¨Ö. ’ ±¦¥ ¸Ë¥·¨Î¥-
¸±¨³¨  Éμ³ ³¨ ¨§μ¡· ¦¥´Ò  ³¨´μ±¨¸²μÉ´Ò¥ μ¸É É±¨ ’160, ¸ °É Ëμ¸Ëμ·¨²¨·μ¢ ´¨Ö
¢ ’-¶¥É²¥, ¨ G16, ¸ °É ³ÊÉ Í¨μ´´μ£μ § ³¥Ð¥´¨Ö £²¨Í¨´  ´  ¸¥·¨´
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‘ °É ¸¢Ö§Ò¢ ´¨Ö AT” ²μ± ²¨§μ¢ ´ ¢ £²Ê¡μ±μ° Ð¥²¨ ³¥¦¤Ê ±Ê² ± ³¨.
–¨±²¨´ ¸¢Ö§Ò¢ ¥É¸Ö ¸ μ¤´μ° ¨§ ¸Éμ·μ´ ± É ²¨É¨Î¥¸±μ° Ð¥²¨, ¢§ ¨³μ¤¥°¸É¢ÊÖ
¸ μ¡μ¨³¨ ±Ê² ± ³¨ CDK2. Š É ²¨É¨Î¥¸± Ö ¸Ê¡Ñ¥¤¨´¨Í  CDK2 ¨³¥¥É ¤μ³¥´
¢¡²¨§¨  ³¨´μ±μ´Í  (α1-¸¶¨· ²Ó), ¨§¢¥¸É´Ò° ± ± ³μÉ¨¢ PSTAIRE (μ¸É. 45Ä
56 Å CDK2, μ¸É. 52Ä58 Å CDC28). ŒÊÉ Í¨¨ ¢ ÔÉμ³ ÊÎ ¸É±¥ ´ ·ÊÏ ÕÉ
¸¢Ö§Ò¢ ´¨¥ ¸ Í¨±²¨´μ³. ’-¶¥É²Ö (μ¸É. 152Ä170 Å CDŠ2), ¡²μ±¨·ÊÕÐ Ö ¢Ìμ¤
¢ ± É ²¨É¨Î¥¸±ÊÕ Ð¥²Ó ¢ ³μ´μ³¥·´μ° ´¥ ±É¨¢´μ° Ëμ·³¥ ±¨´ §Ò, É ±¦¥ ¸¢Ö-
§ ´  ¸ Í¨±²¨´μ³. 
Éμ ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥´¥¥ ¸¨²Ó´μ¥ ¶μ ¸· ¢´¥´¨Õ ¸ PSTAIRE,
´μ ´¥μ¡Ìμ¤¨³μ¥ ¤²Ö ¸É ¡¨²¨§ Í¨¨ ±μ³¶²¥±¸ . Š É ²¨É¨Î¥¸±¨¥ μ¸É É±¨ ¨ ’-
¶¥É²Ö CDK2 ¶μ¤¢¥·£ ÕÉ¸Ö ¸¨²Ó´Ò³ ±μ´Ëμ·³ Í¨μ´´Ò³ ¨§³¥´¥´¨Ö³ ¢ ·¥§Ê²Ó-
É É¥ ¸¢Ö§Ò¢ ´¨Ö ¸ Í¨±²¨´μ³ ¨ Ëμ¸Ëμ·¨²¨·μ¢ ´¨¥³ ’160 ¢ ’-¶¥É²¥ (Jeffrey
et al., 1995). 
É¨ ¨§³¥´¥´¨Ö μÉ¢¥É¸É¢¥´´Ò §  Ê¢¥²¨Î¥´¨¥  ±É¨¢´μ¸É¨ ¢ 40 000
· §. �±É¨¢ Í¨Ö ±¨´ §Ò ¶·μ¨¸Ìμ¤¨É ¢ ·¥§Ê²ÓÉ É¥ ±μ´Ëμ·³ Í¨μ´´ÒÌ ¨§³¥´¥´¨°
¢ PSTAIRE-¸¶¨· ²¨, ¶·¨¢μ¤ÖÐ¨Ì ± ¸¤¢¨£Ê  ±É¨¢´ÒÌ μ¸É É±μ¢, μ¤´μ¢·¥³¥´´μ
¸μ §´ Î¨É¥²Ó´Ò³ ¶·μ¤¢¨¦¥´¨¥³ ’-¶¥É²¨, ¢Ò¸¢μ¡μ¦¤ ÕÐ¥³ ± É ²¨É¨Î¥¸±ÊÕ
Ð¥²Ó. ‚§ ¨³μ¤¥°¸É¢¨¥ Í¨±²¨´Ä’-¶¥É²Ö É ±¦¥ ¢Ò§Ò¢ ¥É ¨§³¥´¥´¨¥ ¶μ²μ¦¥-
´¨Ö ’160, ¤¥² Ö ¥£μ ¡μ²¥¥ ¤μ¸ÉÊ¶´Ò³ ¸Ê¡¸É· Éμ³ ¤²Ö Ëμ¸Ëμ·¨²¨·μ¢ ´¨Ö ±¨-
´ §μ° ‘�Š.

“ ¤·μ¦¦¥° S. cerevisiae ¶μ²ÊÎ¥´Ò ³´μ£μÎ¨¸²¥´´Ò¥ É¥³¶¥· ÉÊ·μÎÊ¢¸É¢¨-
É¥²Ó´Ò¥ ³ÊÉ Í¨¨ cdc28, ´ ·ÊÏ ÕÐ¨¥  ±É¨¢´μ¸ÉÓ ±¨´ §Ò CDC28. �μ²Ó-
Ïμ° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É ´¥É¥³¶¥· ÉÊ·μÎÊ¢¸É¢¨É¥²Ó´ Ö ³ÊÉ Í¨Ö cdc28-srm,
¨³¥ÕÐ Ö ³´μ£μÎ¨¸²¥´´Ò¥ Ë¥´μÉ¨¶¨Î¥¸±¨¥ ¶·μÖ¢²¥´¨Ö ¶·¨ 30 ◦‘. ŒÊÉ Í¨Ö
¶·¨¢μ¤¨É ± ¸´¨¦¥´¨Õ ¸É ¡¨²Ó´μ¸É¨ Ì·μ³μ¸μ³ ¨ ·¥±μ³¡¨´ ´É´ÒÌ ¸É·Ê±ÉÊ·,
¢²¨Ö¥É ´  ³¨ÉμÌμ´¤·¨ ²Ó´Ò° ³ÊÉ £¥´¥§, · ¤¨μÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ¨ checkpoint-
±μ´É·μ²Ó (Devin et al., 1990; Koltovaya et al., 1995; 1998). �¤´¨³ ¨§ ¸¶μ¸μ¡μ¢
¨§ÊÎ¥´¨Ö ³¥Ì ´¨§³  ËÊ´±Í¨μ´¨·μ¢ ´¨Ö ±¨´ §Ò Ö¢²Ö¥É¸Ö  ´ ²¨§ ¸É·Ê±ÉÊ·´ÒÌ
μ¸μ¡¥´´μ¸É¥° ¡¥²±  ¨ ¨Ì ËÊ´±Í¨μ´ ²Ó´μ° §´ Î¨³μ¸É¨. ‚¸²¥¤¸É¢¨¥ Ï¨·μ±¨Ì
¶²¥°μÉ·μ¶´ÒÌ ¶·μÖ¢²¥´¨° ³ÊÉ Í¨¨ cdc28-srm ¨§ÊÎ¥´¨¥ ¸É·Ê±ÉÊ·´ÒÌ ¨§³¥´¥-
´¨°, ¢Ò§¢ ´´ÒÌ ÔÉμ° ³ÊÉ Í¨¥°, ¶·¥¤¸É ¢²Ö¥É ´¥¸μ³´¥´´Ò° ¨´É¥·¥¸.

�·μ¢¥¤¥´´μ¥ ¢ ¤ ´´μ° · ¡μÉ¥ ¸¥±¢¥´¨·μ¢ ´¨¥ ´Ê±²¥μÉ¨¤´μ° ¶μ¸²¥¤μ¢ -
É¥²Ó´μ¸É¨ ³ÊÉ ´É´μ£μ  ²²¥²Ö cdc28-srm ¶μ± § ²μ ´ ²¨Î¨¥ ¥¤¨´¸É¢¥´´μ° § -
³¥´Ò G20S, ²μ± ²¨§μ¢ ´´μ° ¢ ±μ´¸¥·¢ É¨¢´μ³ ÊÎ ¸É±¥ N-±μ´Í . „²Ö  ´ ²¨§ 
¸É·Ê±ÉÊ·´ÒÌ ¨§³¥´¥´¨°, ± ±μÉμ·Ò³ ¶·¨¢μ¤¨É § ³¥´  ‘D‘28-G20S, ¨¸¶μ²Ó-
§μ¢ ²¨ ¨§¢¥¸É´ÊÕ ¢ ´ ¸ÉμÖÐ¨° ³μ³¥´É ±·¨¸É ²²¨Î¥¸±ÊÕ ¸É·Ê±ÉÊ·Ê ±¨´ §Ò
Î¥²μ¢¥±  CDK2. �´ ²¨§ ¢²¨Ö´¨Ö § ³¥´Ò ±μ´¸¥·¢ É¨¢´μ£μ £²¨Í¨´  ¢ G-¶¥É²¥
CDK2 ´¥ ¶·μ¢μ¤¨²¸Ö ¨ ¶·¥¤¸É ¢²Ö¥É ¶· ±É¨Î¥¸±¨° ¨´É¥·¥¸, É ± ± ± ¶·μÉ¥-
¨´±¨´ §Ò ¨£· ÕÉ Í¥´É· ²Ó´ÊÕ ·μ²Ó ¢ ·¥£Ê²ÖÍ¨¨ ±²¥ÉμÎ´μ£μ Í¨±² , ¨ ´ ¡²Õ-
¤ ¥É¸Ö ¢Ò¸μ± Ö Î ¸ÉμÉ  ´ ·ÊÏ¥´¨Ö CDK ¨²¨ ¤¥·¥£Ê²ÖÍ¨Ö ¨´£¨¡¨Éμ·μ¢ CDK
¶·¨ §²μ± Î¥¸É¢¥´´μ³ ¶¥·¥·μ¦¤¥´¨¨ ±²¥Éμ±. ‡´ ´¨¥ ¸É·Ê±ÉÊ·Ò ¨ ¢²¨Ö´¨Ö · §-
²¨Î´ÒÌ ¸É·Ê±ÉÊ·´ÒÌ Ô²¥³¥´Éμ¢ ´   ±É¨¢´μ¸ÉÓ ±¨´ §Ò ¶μ§¢μ²¨É ¶μ¤¡¨· ÉÓ ²¥-
± ·¸É¢  ¤²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ²¥Î¥´¨Ö. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö  ±É¨¢´μ ¢¥¤¥É¸Ö
· §· ¡μÉ±  ²¥± ·¸É¢¥´´ÒÌ ¶·¥¶ · Éμ¢.
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1. Œ�’…�ˆ�‹› ˆ Œ…’�„›

‘¥±¢¥´¨·μ¢ ´¨¥. ‚Ò¤¥²¥´¨¥ £¥´μ³´μ° „�Š ¨§ ³ÊÉ ´É´μ£μ ¨ ´¥³ÊÉ ´É-
´μ£μ ÏÉ ³³μ¢ ¶·μ¢μ¤¨²¨ ¶μ ¸É ´¤ ·É´μ° ³¥Éμ¤¨±¥ (Winston et al., 1983). „²Ö
�–�- ³¶²¨Ë¨± Í¨¨ (Green, Olson, 1990) ±μ¤¨·ÊÕÐ¨Ì ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¥°
 ²²¥²¥° CDC28 ¨ cdc28-srm ¨¸¶μ²Ó§μ¢ ²¨ ¢ ± Î¥¸É¢¥ ³ É·¨ÍÒ £¥´μ³´ÊÕ „�Š
ÏÉ ³³μ¢ 711a (CDC28) ¨ srm5 (cdc28-srm) (Devin et al, 1990). �–�-¶·μ¤Ê±ÉÒ
Î¨¸É¨²¨ ¸ ¶μ³μÐÓÕ ¸¶¥Í¨ ²Ó´μ£μ ±¨É  QIAquick PCR (Qiagen, Hilden, Ger-
many) ¨ ¸¥±¢¥´¨·μ¢ ²¨ (Casanova et al., 1990), ¨¸¶μ²Ó§ÊÖ μ²¨£μ´Ê±²¥μÉ¨¤´Ò¥
¶· °³¥·Ò, · ¸¶μ²μ¦¥´´Ò¥ ¶·¨¡²¨§¨É¥²Ó´μ ´  · ¸¸ÉμÖ´¨¨ 200Ä150 ´Ê±²¥μ-
É¨¤μ¢ μÉ · ³±¨ ¸Î¨ÉÒ¢ ´¨Ö. �¶·¥¤¥²¥´¨¥ ´Ê±²¥μÉ¨¤´μ° ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨
„�Š ¶·μ¢μ¤¨²¨ ´  ¸¥±¢¥´ Éμ·¥ ABIPRISM 3700 ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ´ ¡μ· 
Í¢¥É´ÒÌ Ë²Êμ·¥¸Í¥´É´ÒÌ É¥·³¨´ Éμ·μ¢ ABIPRISM Dye Terminator Cycle Se-
quencing Kit (Perkin-Elmer) ¨ AmpliTaq „�Š-¶μ²¨³¥· §Ò (Perkin-Elmer) ¸
μ¡μ¨Ì 5′- ¨ 3′-±μ´Íμ¢ ¶μ 2Ä3 · §  ¤²Ö ¤¨±μ£μ ¨ ³ÊÉ ´É´μ£μ  ²²¥²¥°, ¨¸¶μ²Ó-
§ÊÖ ORF-¸¶¥Í¨Ë¨Î´Ò¥ ¶· °³¥·Ò. �μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ μ¶·¥¤¥²Ö²¨ ¤²Ö μ¡¥¨Ì
´¨É¥°. „²Ö  ´ ²¨§  ´Ê±²¥μÉ¨¤´μ° ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ ¨¸¶μ²Ó§μ¢ ²¨ ¡ §Ê ¤ ´-
´ÒÌ GenBank.

Œ„-³μ¤¥²¨·μ¢ ´¨¥. „²Ö Œ„-³μ¤¥²¨·μ¢ ´¨Ö ¨¸¶μ²Ó§μ¢ ²¨ ³μ¤Ê²Ó
SANDER ¶·μ£· ³³´μ£μ ¶ ±¥É  AMBER (Pearlman et al., 1995; Case et al.,
2003) ¤²Ö ¸¶¥Í¨ ²¨§¨·μ¢ ´´μ£μ ±μ³¶ÓÕÉ¥·  MDGRAPE-2 (Narumi et al., 1999;
Okimoto et al., 2003). � Î ²Ó´ Ö £¥μ³¥É·¨Ö ±μ³¶²¥±¸  § ¤ ´  ¸μ£² ¸´μ ±·¨-
¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¥, ¶μ²ÊÎ¥´´μ° ¸ ¶μ³μÐÓÕ ·¥´É£¥´μ¸É·Ê±ÉÊ·´μ£μ  ´ ²¨§ 
(Ë °² 1QMZ; ‚rookhaven Protein Data Bank http://www.pdb.org).

Šμ³¶ÓÕÉ¥·´μ¥ Œ„-³μ¤¥²¨·μ¢ ´¨¥ ¢±²ÕÎ ²μ ¢ ¸¥¡Ö É·¨ ¶μ¸²¥¤ÊÕÐ¨Ì
ÔÉ ¶  (Kholmurodov et al., 2003 ; 2003¡; Kholmurodov, Ebisuzaki, 2004).
�  ¶¥·¢μ³ ÔÉ ¶¥ μ¸ÊÐ¥¸É¢²Ö²¨ ³μ²¥±Ê²Ö·´μ-³¥Ì ´¨Î¥¸±μ¥ ¢ÒÎ¨¸²¥´¨¥ ³¨-
´¨³Ê³  Ô´¥·£¨¨ ±·¨¸É ²²¨Î¥¸±μ£μ ¸μ¸ÉμÖ´¨Ö ¡¥²±  ¸ μ±·Ê¦ ÕÐ¨³ ¢μ¤´Ò³
· ¸É¢μ·μ³. ‘μ²Ó¢ É Í¨Õ ¸¨¸É¥³Ò ¶·μ¢μ¤¨²¨ ¶·¨ ¶μ³μÐ¨ ¶·μÍ¥¤Ê·Ò ¸μ²Ó-
¢ É Í¨¨ ³μ¤¥²ÓÕ TIP3P ¢μ¤Ò ¢ § ¤ ´´μ³ ¸Ë¥·¨Î¥¸±μ³ μ¡Ñ¥³¥ (Jorgensen et
al., 1983). „²Ö · ¸Î¥É  ¤²¨´ ¸¢Ö§¥°, ¢±²ÕÎ ÕÐ¨Ì Éμ²Ó±μ  Éμ³Ò ¢μ¤μ·μ¤ ,
¨¸¶μ²Ó§μ¢ ²¨ ¸É ´¤ ·É´Ò° ³¥Éμ¤ SHAKE (Ryckaert et al., 1977). ‚Éμ·μ° ÔÉ ¶
³μ¤¥²¨·μ¢ ´¨Ö Å ´ £·¥¢ ´¨¥ ¸¨¸É¥³Ò ¸ ³¨´¨³ ²Ó´Ò³ §´ Î¥´¨¥³ Ô´¥·£¨¨
μÉ ±·¨¸É ²²¨Î¥¸±μ£μ ¸μ¸ÉμÖ´¨Ö ¶·¨ T = 0 K ¤μ Ë¨§¨μ²μ£¨Î¥¸±¨Ì É¥³¶¥· -
ÉÊ· T = 300 K. �·¨ ÔÉμ³ ¶μ¨¸± ¸É·Ê±ÉÊ·Ò ±μ³¶²¥±¸ , ±μÉμ· Ö μÉ¢¥Î ²  ¡Ò
³¨´¨³Ê³Ê Ô´¥·£¨¨ ¶·¨ T = 300 Š, ¶·μ¨§¢μ¤¨²¸Ö ¶·¨ μÎ¥´Ó ³¥¤²¥´´μ³ Ê¢¥-
²¨Î¥´¨¨ É¥³¶¥· ÉÊ·Ò ¸ Ï £μ³ μ±μ²μ 25 Š. ’·¥É¨° ÔÉ ¶ Å ´¥¶μ¸·¥¤¸É¢¥´´μ
¸ ³ ¶·μÍ¥¸¸ Œ„-¢ÒÎ¨¸²¥´¨Ö: ¶μ¸²¥ ¤μ¢¥¤¥´¨Ö ¸¨¸É¥³Ò ¤μ Ô´¥·£¥É¨Î¥¸±¨ ³¨-
´¨³¨§¨·μ¢ ´´ÒÌ ¸μ¸ÉμÖ´¨° ¶·¨ T = 300 K (t = 0) É¥³¶¥· ÉÊ·  ¸¨¸É¥³Ò ¶μ¤-
¤¥·¦¨¢ ² ¸Ó ¶μ¸ÉμÖ´´μ° (300 Š) ¢ É¥Î¥´¨¥ ¤¢ÊÌ ³¨²²¨μ´μ¢ Ï £μ¢ ¸ ¶μ³μÐÓÕ
 ²£μ·¨É³  �¥·¥´¤¸¥´  ¸μ ¢·¥³¥´¥³ ·¥² ±¸ Í¨¨ É¥·³μ¸É É  0,2 ¶¸ (Berendsen
et al., 1984).
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˜ £ ¨´É¥£·¨·μ¢ ´¨Ö ´ÓÕÉμ´μ¢¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö · ¢¥´ 1 Ë¸,  
μ¡Ð¥¥ ¢·¥³Ö ³μ¤¥²¨·μ¢ ´¨Ö ¸μ¸É ¢¨²μ 2000 ¶¸. �Ò²¨ ¢ÒÎ¨¸²¥´Ò ¢¸¥  Éμ³´μ-
³μ²¥±Ê²Ö·´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö, É· ¥±Éμ·¨¨ ¢¸¥Ì  Éμ³μ¢ ¨ ´ °¤¥´  ¸É·Ê±ÉÊ· 
¢¸¥£μ ¡¥²±μ¢μ£μ ±μ³¶²¥±¸ . �·¨ ³μ¤¥²¨·μ¢ ´¨¨ CDK2 ¶·¨³¥´¨²¨ ³¥Éμ¤
 Éμ³´μ-¸¨²μ¢μ£μ ¶μ²Ö Šμ·´¥²²  (Cornell et al., 1995). 
´¥·£¥É¨Î¥¸±μ¥ ¸μ¸Éμ-
Ö´¨¥ ¸¨¸É¥³Ò ¨²¨ μ¡Ð¨° ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°¸É¢¨Ö ¸μμÉ¢¥É¸É¢μ¢ ² · ¢´μ-
¢¥¸´μ³Ê ¶μ²μ¦¥´¨Õ ¸¨¸É¥³Ò, ¢ ±μÉμ·μ³ ¸¨²Ò ¶·¨ÉÖ¦¥´¨Ö Ê· ¢´μ¢¥Ï¨¢ ²¨¸Ó
¸¨² ³¨ μÉÉ ²±¨¢ ´¨Ö (Kholmurodov, 2005). “Î¨ÉÒ¢ ²¨¸Ó · §²¨Î´Ò¥ É¨¶Ò ¢§ -
¨³μ¤¥°¸É¢¨°, ¸É ¡¨²¨§¨·ÊÕÐ¨Ì ¸É·Ê±ÉÊ·Ê ¡¥²± : U(r) = ΣKr (r − req)2 Å
¶μÉ¥´Í¨ ² ¢´ÊÉ·¨³μ²¥±Ê²Ö·´ÒÌ (¢ ²¥´É´ÒÌ) ¸¢Ö§¥°; +ΣKθ (θ − θeq)2 Å ¶μ-
É¥´Í¨ ² Ê£²μ¢ÒÌ ¸¢Ö§¥° (¢· Ð¥´¨°); +ΣKϕ/ 2 (1 + cos [nϕ−γ]) Å ¶μÉ¥´Í¨ ²
¤¨£¥¤· ²Ó´ÒÌ (Éμ·¸¨μ´´ÒÌ) ¢· Ð¥´¨°; +Σ [Aij / r12

ij −Bij/r6
ij ] Å ¶μÉ¥´Í¨ ²

´¥¢ ²¥´É´ÒÌ (¢ ´¤¥·¢  ²Ó¸μ¢ÒÌ) ¢§ ¨³μ¤¥°¸É¢¨°; +Σqiqj/εrij Å Ô²¥±É·μ¸É -
É¨Î¥¸±¨° ¶μÉ¥´Í¨ ².

�¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¨ É·¥Ì³¥·´Ò¥ ¨§μ¡· ¦¥´¨Ö ¡¥²±μ¢μ£μ ±μ³-
¶²¥±¸  CDK2  ´ ²¨§¨·μ¢ ²¨ ¸ ¶μ³μÐÓÕ ¶·μ£· ³³´ÒÌ ¶ ±¥Éμ¢ RasMol (Sayle,
Milner-White, 1995) ¨ MOLMOL (Koradi et al., 1996).

2. �…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

‘¥±¢¥´¨·μ¢ ´¨¥ ³ÊÉ Í¨¨ cdc28-srm. „²Ö μ¶·¥¤¥²¥´¨Ö ³μ²¥±Ê²Ö·´μ°
¶·¨·μ¤Ò ³ÊÉ Í¨¨ cdc28-srm ¢Ò¤¥²¨²¨ £¥´μ³´ÊÕ „�Š ¨§ ÏÉ ³³  711 
(CD‘28) ¨ srm5 (cdc28-srm) (Devin et al, 1990). Šμ¤¨·ÊÕÐ¨¥ ¶μ¸²¥¤μ¢ É¥²Ó-
´μ¸É¨ ¤¨±μ£μ (CD‘28) ¨ ³ÊÉ ´É´μ£μ (cdc28-srm)  ²²¥²¥°  ³¶²¨Ë¨Í¨·μ¢ ²¨
¸ ¶μ³μÐÓÕ �–�, ¨¸¶μ²Ó§ÊÖ ORF-¸¶¥Í¨Ë¨Î´Ò¥ ¶· °³¥·Ò (¸³. ®Œ É¥·¨ ²Ò
¨ ³¥Éμ¤Ò¯). ‘¥±¢¥´¨·μ¢ ´¨¥ ´Ê±²¥μÉ¨¤´μ° ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ £¥´  CD‘28
Ê ³ÊÉ ´É  cdc28-srm ¶μ± § ²μ, ÎÉμ ¶·μ¨§μÏ²  ¥¤¨´¸É¢¥´´ Ö § ³¥´  £²¨Í¨´ 
´  ¸¥·¨´ ¢ ¶μ§¨Í¨¨ 20 (G20S). ƒ²¨Í¨´ G20-CDC28 ²μ± ²¨§μ¢ ´ ¢ ±μ´¸¥·-
¢ É¨¢´μ° N-±μ´Í¥¢μ° ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ G15NG17NNG20, É ± ´ §Ò¢ ¥³μ°
G-¡μ£ Éμ° ¶¥É²¥ (·¨¸. 4). �É³¥É¨³, ÎÉμ μ¤¨´ ¨§ £²¨Í¨´μ¢,   ¨³¥´´μ G17,
¢Ìμ¤¨É ¢ Î¨¸²μ ¤¥¢ÖÉ¨ ¨´¢ ·¨ ´Éμ¢, ¢¸É·¥Î ÕÐ¨Ì¸Ö ¢μ ¢¸¥Ì ¶·μÉ¥¨´±¨´ § Ì.

�¨¸. 4. ‚Ò· ¢´¥´´Ò¥ N-±μ´Í¥¢Ò¥ Ë· £³¥´ÉÒ ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ Í¨±²¨´§ ¢¨¸¨³ÒÌ
±¨´ § Î¥²μ¢¥±  ¨ ¤·μ¦¦¥° (HsCDK2, CDK2 Î¥²μ¢¥± ; HsCDC2, CDC2 Î¥²μ¢¥± ;
Spcdc2, cdc2 S. pombe; ScCDC28, CDC28 S. cerevisiae). �¡μ§´ Î¥´  ³ÊÉ Í¨Ö
cdc28-srm [G20S]
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�¡   ³¨´μ±¨¸²μÉ´ÒÌ μ¸É É± , £²¨Í¨´ ¨ ¸¥·¨´, μÉ´μ¸ÖÉ¸Ö ± £·Ê¶¶¥ ¶μ-
²Ö·´ÒÌ ´¥§ ·Ö¦¥´´ÒÌ, μ¤´ ±μ μ´¨ · §²¨Î ÕÉ¸Ö ¸¢μ¨³¨ · §³¥· ³¨ (£²¨Í¨´
´¥¡μ²ÓÏμ£μ · §³¥· ,   ¸¥·¨´ ¡μ²¥¥ ±·Ê¶´ Ö ³μ²¥±Ê² ), Ìμ·μÏμ · ¸É¢μ·ÖÕÉ¸Ö
¢ ¢μ¤¥, É ± ± ± ¶μ²Ö·´Ò¥ R-£·Ê¶¶Ò (¤²Ö £²¨Í¨´  �−, ¤²Ö ¸¥·¨´  ��−) ³μ£ÊÉ
μ¡· §μ¢Ò¢ ÉÓ ¢μ¤μ·μ¤´Ò¥ ¸¢Ö§¨ ¸ ¢μ¤μ°.

Œμ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±μ¥ ³μ¤¥²¨·μ¢ ´¨¥ ±¨´ §Ò. �μ¸±μ²Ó±Ê É·¥Ì-
³¥·´ Ö ¸É·Ê±ÉÊ·  ¤·μ¦¦¥¢μ° ±¨´ §Ò CDC28 ´¥ ¨§ÊÎ¥´ , ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö
¸É·Ê±ÉÊ·´ÒÌ ¨§³¥´¥´¨° ±¨´ §Ò CDC28 ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¸É·Ê±ÉÊ·Ê  ±É¨¢-
´μ£μ ±μ³¶²¥±¸  ±¨´ §Ò Î¥²μ¢¥±  pT160-CDK2/Í¨±²¨´ A/ATP-Mg2+(1QMZ)
¨§ ¡ §Ò ¤ ´´ÒÌ PDB. ‚  ±É¨¢´Ò° ±μ³¶²¥±¸ ¢Ìμ¤ÖÉ Ëμ¸Ëμ·¨²¨·μ¢ ´´ Ö ±¨-
´ §´ Ö ¸Ê¡Ñ¥¤¨´¨Í  pT160-CDK2,  ±É¨¢´Ò° �’”, ¸¢Ö§ ´´Ò° ¸ Mg2+, Ë· £-
³¥´É Í¨±²¨´  (μ¸É. 173Ä432) ¨ ¶¥´É ³¥· ¸Ê¡¸É· É  (HHASPRK), ¸μ¤¥·¦ Ð¨°
¢ Í¥´É· ²Ó´μ° μ¡² ¸É¨ ¸ °É Ëμ¸Ëμ·¨²¨·μ¢ ´¨Ö. Šμ³¶²¥±¸ μ±·Ê¦¥´ 2287
³μ²¥±Ê² ³¨ ¢μ¤Ò. �μ¸±μ²Ó±Ê £²¨Í¨´ G20-CDC28 ¤·μ¦¦¥¢μ° ±¨´ §Ò ¸μμÉ-
¢¥É¸É¢Ê¥É G16-CDK2 ±¨´ §Ò Î¥²μ¢¥± , ¢ ¨¸Ìμ¤´ÊÕ ¸É·Ê±ÉÊ·Ê CDK2 ¢´¥¸²¨
¨§³¥´¥´¨¥, ¢±²ÕÎ¨¢ S16 ¢³¥¸Éμ G16, ¨ ¶·μ¢¥²¨ Œ„-³μ¤¥²¨·μ¢ ´¨¥ (¸³. ®Œ -
É¥·¨ ²Ò ¨ ³¥Éμ¤Ò¯) ¤²Ö μ¡μ¨Ì ±μ³¶²¥±¸μ¢ CDK2-G16 ¨ CDK2-S16. � ¢´μ-
¢¥¸´Ò¥ ¶μ²μ¦¥´¨Ö  Éμ³μ¢ ¤²Ö ± ¦¤μ£μ ¨§ ±μ³¶²¥±¸μ¢ · ¸¸Î¨ÉÒ¢ ²¨ ¸ Ï £μ³
1 Ë¸ ´  ¶·μÉÖ¦¥´¨¨ 2 ´¸. ‡  ÔÉμ ¢·¥³Ö ±μ³¶²¥±¸Ò ¤μ¸É¨£²¨ · ¢´μ¢¥¸´μ£μ ¸μ-

�¨¸. 5. Šμ´¥Î´Ò¥ ¸É·Ê±ÉÊ·Ò ±μ´Ëμ·³ Í¨¨ ¶μ ¤ ´´Ò³ ³μ²¥±Ê²Ö·´μ-¤¨´ ³¨Î¥¸±¨Ì · ¸-
Î¥Éμ¢ ´ É¨¢´μ£μ (G16) ¨ ³ÊÉ ´É´μ£μ (S16) ±μ³¶²¥±¸μ¢ CDK2. Šμ´Ëμ·³ Í¨¨ ¡¥²±μ¢ÒÌ
¸É·Ê±ÉÊ· ¶μ¸É·μ¥´Ò ´  μ¸´μ¢¥ · ¸Î¥É  · ¢´μ¢¥¸´ÒÌ ¶μ²μ¦¥´¨°  Éμ³μ¢ ±μ³¶²¥±¸μ¢
CDK2 ¢ ¨´É¥·¢ ²¥ ¢·¥³¥´¨ 2 ´¸, ¢ ± Î¥¸É¢¥ ´ Î ²Ó´μ° ¸É·Ê±ÉÊ·Ò ¨¸¶μ²Ó§μ¢ ² ¸Ó
¸É·Ê±ÉÊ·  ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨, ¶μ²ÊÎ¥´´μ° ¸ ¶μ³μÐÓÕ ·¥´É£¥´μ¸É·Ê±ÉÊ·´μ£μ
 ´ ²¨§ 
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¸ÉμÖ´¨Ö. �  ·¨¸. 5 ¶·¥¤¸É ¢²¥´Ò ±μ´¥Î´Ò¥ ±μ´Ëμ·³ Í¨¨ ´¥³ÊÉ ´É´μ£μ (G16)
¨ ³ÊÉ ´É´μ£μ (S16) ±μ³¶²¥±¸μ¢ CDK2.

� ¢´μ¢¥¸´Ò¥ ¸É·Ê±ÉÊ·Ò CDK2-G16 ¨ CDK2-S16 μÉ²¨Î ÕÉ¸Ö μÉ ¨Ì ´ Î ²Ó-
´ÒÌ ±·¨¸É ²²¨Î¥¸±¨Ì ·¥Ï¥Éμ±. �·¨ ÔÉμ³, ¶μ ¤ ´´Ò³ ¤¨´ ³¨Î¥¸±μ£μ ³μ¤¥²¨-
·μ¢ ´¨Ö, ¸É·Ê±ÉÊ·´Ò¥ ¶¥·¥¸É·μ°±¨ ´¥³ÊÉ ´É´μ£μ (G16) ¨ ³ÊÉ ´É´μ£μ (S16)
±μ³¶²¥±¸μ¢ CDK2 § ³¥É´μ μÉ²¨Î ÕÉ¸Ö ¤·Ê£ μÉ ¤·Ê£ . �μ²¥¥ Éμ£μ, ¸²¥¤Ê¥É
μ¸μ¡μ ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ · §²¨Î¨Ö ¢ ¸É·Ê±ÉÊ·´ÒÌ ±μ´Ëμ·³ Í¨ÖÌ G16 ¨ S16
´ ¨¡μ²¥¥ Ö·±μ ¶·μÖ¢²ÖÕÉ¸Ö ¨³¥´´μ ¢ É¥Ì ÊÎ ¸É± Ì, ±μÉμ·Ò¥, ± ± μÉ³¥Î -
²μ¸Ó ¢ÒÏ¥, ¸¶μ¸μ¡´Ò ¨£· ÉÓ ±²ÕÎ¥¢ÊÕ ·μ²Ó ¢ ¶·μÍ¥¸¸¥  ±É¨¢ Í¨¨ CDK2,
É. ¥. ¢ ³¥Ì ´¨§³ Ì ËÊ´±Í¨μ´¨·μ¢ ´¨Ö ¡¥²±μ¢ÒÌ ±μ³¶²¥±¸μ¢. �·¥¦¤¥ ¢¸¥£μ,
ÔÉμ ±μ´Ëμ·³ Í¨¨ �’”-Mg2+-±μ³¶²¥±¸ , G-, T-¶¥É¥²Ó ¨ ¸Ê¡¸É· É  S (·¨¸. 6).
‘· ¢´¨¢ Ö ¨¸Ìμ¤´Ò¥ ¨ ±μ´¥Î´Ò¥ ±μ´Ëμ·³ Í¨¨ ÔÉ¨Ì ®±²ÕÎ¥¢ÒÌ Ë· £³¥´Éμ¢¯
´ É¨¢´μ£μ ¨ ³ÊÉ ´É´μ£μ ±μ³¶²¥±¸μ¢ CDK2, ²¥£±μ § ³¥É¨ÉÓ, ÎÉμ G-¶¥É²Ö ¢ ³Ê-

�¨¸. 6. ‘· ¢´¥´¨¥ ´ Î ²Ó´ÒÌ (t = 0) ¨ ±μ´¥Î´ÒÌ (t = 2 ´¸) ±μ´Ëμ·³ Í¨° ¤²Ö ®±²ÕÎ¥-
¢ÒÌ ¸É·Ê±ÉÊ·´ÒÌ Ô²¥³¥´Éμ¢¯ ´ É¨¢´μ£μ (G16) ¨ ³ÊÉ ´É´μ£μ (S16) ±μ³¶²¥±¸μ¢ CDK2.
“± § ´Ò ¸ °É ³ÊÉ Í¨μ´´μ£μ § ³¥Ð¥´¨Ö G/S16 ¨ ¸ °É Ëμ¸Ëμ·¨²¨·μ¢ ´¨Ö T160, ±μ³-
¶²¥±¸Ò �’”-Mg2+, Ë· £³¥´É PSTAIRE,   É ±¦¥ ¶μ§¨Í¨¨ G-, T-¶¥É¥²Ó ¨ ¸Ê¡¸É· É  S

É ´É´μ° (CDK2-S16) ¸É·Ê±ÉÊ·¥ §´ Î¨É¥²Ó´μ ¤¥Ëμ·³¨·μ¢ ´ ,   ±μ´Ëμ·³ Í¨Ö
T-¶¥É²¨ ¢ ¸É·Ê±ÉÊ·¥ CDK2-S16 ¨§μ£´ÊÉ  μÉ Í¨±²¨´  ¢ ´ ¶· ¢²¥´¨¨ Ð¥²¨.

�  ·¨¸. 7 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§  ¸É·Ê±ÉÊ·´ÒÌ ¶¥·¥¸É·μ¥± ¶μ ¤ ´-
´Ò³ Œ„-· ¸Î¥Éμ¢ ¤²Ö ¸²¥¤ÊÕÐ¨Ì Î ¸É¥° ¡¥²±μ¢μ£μ ±μ³¶²¥±¸   ±É¨¢´μ° ±¨-
´ §Ò CDK2: (1) ±¨´ §  (μ¸É. 1Ä296); (2) Í¨±²¨´ (μ¸É. 297Ä554); (3) ¸Ê³³ ·´μ
±¨´ §  ¨ Í¨±²¨´; (4) ¸Ê¡¸É· É (μ¸É. 557Ä563); (5) T-¶¥É²Ö (μ¸É. 147Ä167) ¨ (6)
G-¶¥É²Ö (μ¸É. 11Ä18). �Ê³¥· Í¨Ö  ³¨´μ±¨¸²μÉ´ÒÌ μ¸É É±μ¢ ¸μμÉ¢¥É¸É¢Ê¥É ¶μ-
²μ¦¥´¨Ö³  Éμ³μ¢ ¢ ¨¸Ìμ¤´μ° PDB-¸É·Ê±ÉÊ·¥. �´ ²¨§ §´ Î¥´¨° ¸·¥¤´¥±¢ ¤· -
É¨Î´ÒÌ ¸³¥Ð¥´¨°  Éμ³μ¢ RMSD (root-mean-square displacement) · §²¨Î´ÒÌ
Ô²¥³¥´Éμ¢ ±μ³¶²¥±¸  ¶μ± § ², ÎÉμ ¶μ ¸· ¢´¥´¨Õ ¸ ¨¸Ìμ¤´μ° ±·¨¸É ²²¨Î¥¸±μ°
·¥Ï¥É±μ° Ê Í¨±²¨´  ¨ ±¨´ §Ò ¢ ¸·¥¤´¥³ ¶·μ¨¸Ìμ¤¨É ¸³¥Ð¥´¨¥ ´  1,8Ä1,6 �A.
G-¶¥É²Ö ¨§³¥´Ö¥É ¸¢μ¥ ¶μ²μ¦¥´¨¥ ¢ ¸·¥¤´¥³ ´  2 �A, ’-¶¥É²Ö Å ´  1,4 �A,  
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�¨¸. 7. ‡´ Î¥´¨Ö ¸·¥¤´¥±¢ ¤· É¨Î´ÒÌ μÉ±²μ´¥´¨° ¸³¥Ð¥´¨°  Éμ³μ¢ (RMSD) · §²¨Î-
´ÒÌ Î ¸É¥° ¡¥²±μ¢μ£μ ±μ³¶²¥±¸   ±É¨¢´μ° ±¨´ §Ò CDK2: (1) ±¨´ §  (μ¸É. 1Ä296); (2)
Í¨±²¨´ (μ¸É. 297Ä554); (3) ¸Ê³³ ·´μ ±¨´ §  ¨ Í¨±²¨´; (4) ¸Ê¡¸É· É (μ¸É. 557Ä563);
(5) ’-¶¥É²Ö (μ¸É. 147Ä167) ¨ (6) G-¶¥É²Ö (μ¸É. 11Ä18)

Ë· £³¥´É ¸Ê¡¸É· É  ¶μ¤¢¥·£ ¥É¸Ö ¸¨²Ó´Ò³ ±μ´Ëμ·³ Í¨μ´´Ò³ Ë²Ê±ÉÊ Í¨Ö³.
‚´¥¸¥´¨¥ ¥¤¨´¨Î´μ° § ³¥´Ò G16S ¶·¨¢μ¤¨É ± ¡μ²¥¥ ¸¨²Ó´μ³Ê ¸³¥Ð¥´¨Õ
 Éμ³μ¢ (·¨¸. 7). �·¨ ÔÉμ³ § ³¥É´Ò¥ ±μ´Ëμ·³ Í¨μ´´Ò¥ ¨§³¥´¥´¨Ö ¡¥²±μ¢μ£μ
±μ³¶²¥±¸  CDK2-S16 ´ ¡²Õ¤ ÕÉ¸Ö ´¥ Éμ²Ó±μ ¢ μÉ¤¥²Ó´ÒÌ Ë· £³¥´É Ì, ´μ
¨ ¢ ¸É·Ê±ÉÊ·¥ ¢ Í¥²μ³. ‚ ¸·¥¤´¥³ ¶·μ¨¸Ìμ¤¨É ¤μ¶μ²´¨É¥²Ó´μ¥ ¸³¥Ð¥´¨¥ ´ 
0,4 �A Ê Í¨±²¨´  ¨ ±¨´ §Ò ¶μ ¸· ¢´¥´¨Õ ¸ · ¢´μ¢¥¸´μ° ¸É·Ê±ÉÊ·μ° ±μ³¶²¥±¸ 
CDK2-G16.

� ¨¡μ²¥¥ ¸¨²Ó´Ò¥ ¸³¥Ð¥´¨Ö ´ ¡²Õ¤ ÕÉ¸Ö ¤²Ö G-¶¥É²¨, ¢ ±μÉμ·μ° ²μ± -
²¨§μ¢ ´  § ³¥´  G16S, ¤μ¶μ²´¨É¥²Ó´μ¥ ¸³¥Ð¥´¨¥ ¶μ ¸· ¢´¥´¨Õ ¸ ´¥³ÊÉ ´É-
´Ò³ ±μ³¶²¥±¸μ³ ¸μ¸É ¢²Ö¥É ¶μ·Ö¤±  1 �A. G-¶¥É²Ö ²μ± ²¨§μ¢ ´  ¢ N-±μ´Í¥
±¨´ §Ò. �μ ²¨É¥· ÉÊ·´Ò³ ¤ ´´Ò³ ¨§¢¥¸É´μ, ÎÉμ N-±μ´Í¥¢μ° ±Ê² ± ËÊ´±-
Í¨μ´ ²Ó´μ ¢ ¦¥´ ¨ ±μ´¸¥·¢ É¨¢¥´ ¤²Ö ¢¸¥Ì ±¨´ §, ´ ¶·¨³¥·, cAPK, CDK2
(De Bondt et al., 1993), MAP-±¨´ §Ò ERK2 ¨ twitchin-±¨´ §Ò. N-±μ´Í¥¢μ°
±Ê² ± ÊÎ ¸É¢Ê¥É ¢ ¸¢Ö§Ò¢ ´¨¨ AT”  Éμ³ ³¨ £² ¢´μ° Í¥¶¨,   É ±¦¥ ¸μ¤¥·¦¨É
·¥£Ê²ÖÉμ·´Ò° ¸ °É Ëμ¸Ëμ·¨²¨·μ¢ ´¨Ö T15, § ±·ÒÉÒ° ’-¶¥É²¥° ¢ ´¥ ±É¨¢-
´μ° Ëμ·³¥ ±¨´ §Ò (De Bondt et al., 1993). �μÔÉμ³Ê ³Ò ¡μ²¥¥ ¶μ¤·μ¡´μ
· ¸¸³μÉ·¥²¨ ¨§³¥´¥´¨Ö ¢ ± É ²¨É¨Î¥¸±μ° Ð¥²¨, ¸Ëμ·³¨·μ¢ ´´μ° N-±μ´Íμ³,
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T-¶¥É²¥°, �’” ¨ ¸Ê¡¸É· Éμ³. ˆ§ ·¨¸. 8 ¢¨¤´μ, ÎÉμ  ³¨´μ±¨¸²μÉ´Ò° μ¸É Éμ±
S16 · ¸¶μ² £ ¥É¸Ö ¡²¨¦¥ ± ±μ³¶²¥±¸Ê �’”-Mg2+ ¶μ ¸· ¢´¥´¨Õ ¸ ´ É¨¢´μ°
¸É·Ê±ÉÊ·μ° G16. ‚ μ¡² ¸É¨ N-±μ´Í  ¤¢¥ β-´¨É¨, μ£¨¡ ÕÐ¨¥ ±μ´ÍÒ G-¶¥É²¨, ¢
³ÊÉ ´É´μ° ¸É·Ê±ÉÊ·¥ ¨³¥ÕÉ ¡μ²¥¥ Ê¶μ·Ö¤μÎ¥´´ÊÕ ¶ · ²²¥²Ó´ÊÕ μ·¨¥´É Í¨Õ.
‡ ³¥´  G16S ¢Ò§Ò¢ ¥É §´ Î¨É¥²Ó´ÊÕ ¤¥Ëμ·³ Í¨Õ G-¶¥É²¨, μ´  Ê¤²¨´Ö¥É ¥¥
´  2,5 �A (·¨¸. 9).

�¨¸. 8. � ¸¶μ²μ¦¥´¨¥ ¡¥²±μ¢ÒÌ Ë· £³¥´Éμ¢ ¢ §μ´¥ ® ±É¨¢ Í¨μ´´μ£μ Í¥´É· ¯ ´ É¨¢-
´μ£μ (G16) ¨ ³ÊÉ ´É´μ£μ (S16) ±μ³¶²¥±¸μ¢ CDK2. �μ± § ´Ò ·¥§Ê²ÓÉ¨·ÊÕÐ¨¥ · ¢´μ-
¢¥¸´Ò¥ ±μ´Ëμ·³ Í¨¨ ¤²Ö 2-´¸ ¸μ¸ÉμÖ´¨Ö

�¨¸. 9. ‘· ¢´¥´¨¥ ±μ´Ëμ·³ Í¨¨ G-¶¥É²¨ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ (2 ´¸) ¤²Ö ´ É¨¢´μ£μ
(G16) ¨ ³ÊÉ ´É´μ£μ (S16) ±μ³¶²¥±¸μ¢ CDK2

‘ °É ¸¢Ö§Ò¢ ´¨Ö �’� ²μ± ²¨§μ¢ ´ ¢ Ð¥²¨ ³¥¦¤Ê ±Ê² Î± ³¨ (De Bondt
et al., 1993). �´ ²¨§ ¡¨´ ·´μ£μ ´¥ ±É¨¢´μ£μ ±μ³¶²¥±¸  CDK2/ATP ¶μ± -
§ ², ÎÉμ É·¨ ¸ÊÐ¥¸É¢¥´´Ò¥ ¶¥É²¨ (G-¶¥É²Ö, ± É ²¨É¨Î¥¸± Ö ¨ D-F-G-¶¥É²Ö
(Asp184 Phe Gly)) ¸μ¡¨· ÕÉ¸Ö ¢³¥¸É¥ ¢  ±É¨¢´μ³ ¸ °É¥ ¨ μ¸ÊÐ¥¸É¢²ÖÕÉ ¶· -
¢¨²Ó´μ¥ · ¸¶μ²μ¦¥´¨¥ Ëμ¸Ë Éμ¢, Ê¤μ¡´μ¥ ¤²Ö ¶¥·¥¤ Î¨ γ-Ëμ¸Ë É  �’” ¡¥²-
±μ¢μ³Ê ¸Ê¡¸É· ÉÊ. �Ê±²¥μÉ¨¤ § Ë¨±¸¨·μ¢ ´ ¢ £¨¤·μËμ¡´μ³ ± ·³ ´¥ ³¥¦¤Ê
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β-²¨¸Éμ³ ³ ²μ£μ ±Ê² ±  ¨ ¶¥É²¥° ¡μ²ÓÏμ£μ ±Ê² ± , μ¡· §μ¢ ´´μ° β5 ¨ α2,
¨ Ê¤¥·¦¨¢ ¥É¸Ö ¨μ´´Ò³¨ ¨ ¢μ¤μ·μ¤´Ò³¨ ¸¢Ö§Ö³¨ ¸ ´¥¸±μ²Ó±¨³¨ μ¸É É± ³¨,
¢±²ÕÎ Ö Lys33, Asp145, ¨ μ¶μ·´Ò³¨  ³¨¤ ³¨ G-¶¥É²¨ ³¥¦¤Ê β1 ¨ β2. Š¨-
¸²μ·μ¤ O2 ·¨¡μ§Ò ¨ ±¨¸²μ·μ¤ O1A ¶¥·¢μ£μ Ëμ¸Ë É  �’� (·¨¸. 2) ÊÎ ¸É¢ÊÕÉ
¢ μ±É Ô¤· ²Ó´μ° μ·¨¥´É Í¨¨ ¨μ´  Mg2+. ’·¨ ¤·Ê£¨Ì ²¨£ ´¤ , ÊÎ ¸É¢ÊÕÐ¨Ì
¢ ±μμ·¤¨´ Í¨¨ Mg2+, ÔÉμ ¤¢  ¨´¢ ·¨ ´É´ÒÌ μ¸É É±  ¨§ ¡μ²ÓÏμ£μ ±Ê² ± 
Asp145, Asn132 ¨ ³μ²¥±Ê²  ¢μ¤Ò. ’ ±¨³ μ¡· §μ³, ± É ²¨É¨Î¥¸±¨¥ ¸ °ÉÒ
(Lys33, Asn132, Asp145) ÊÎ ¸É¢ÊÕÉ ¢ μ·¨¥´É Í¨¨ Ëμ¸Ë Éμ¢ �’� ¨ ±μμ·¤¨´ -
Í¨¨ Mg2+ ¨ Ö¢²ÖÕÉ¸Ö ±·¨É¨Î¥¸±¨³¨ ¤²Ö ± É ²¨§  (Jeffrey et al., 1995).

�  ·¨¸. 10Ä13 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ, ±μÉμ·Ò¥ ¨²²Õ¸É·¨·ÊÕÉ ³μ²¥±Ê²Ö·-
´ÊÕ ¤¨´ ³¨±Ê ¶·μ¸É· ´¸É¢¥´´μ° μ·¨¥´É Í¨¨ ³μ²¥±Ê²Ò �’” ¶μ μÉ´μÏ¥´¨Õ ±

�¨¸. 10. „¨´ ³¨±  ¶·μ¸É· ´¸É¢¥´´ÒÌ μ·¨¥´É Í¨° ³μ²¥±Ê²Ò �’” ¶μ μÉ´μÏ¥´¨Õ ±
¨μ´Ê ³ £´¨Ö ¤²Ö ´ É¨¢´μ£μ (G16 Å ¢¥·Ì´¨° ®¸´ ¶ÏμÉ¯) ¨ ³ÊÉ ´É´μ£μ (S16 Å ´¨¦´¨°
®¸´ ¶ÏμÉ¯) ±μ³¶²¥±¸μ¢
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¨μ´Ê ³ £´¨Ö ¤²Ö ´ É¨¢´μ£μ (G16) ¨ ³ÊÉ ´É´μ£μ (S16) ±μ³¶²¥±¸μ¢. ˆ§ ·¨¸. 10Ä
13 ¸²¥¤Ê¥É, ÎÉμ ±μ´Ëμ·³ Í¨Ö �’”, ¸É ·Éμ¢ ¢ ¨§ μ¤¨´ ±μ¢ÒÌ ¨¸Ìμ¤´ÒÌ ±μ´-
Ë¨£Ê· Í¨°, É¥³ ´¥ ³¥´¥¥ ¢ ¢ ·¨ ´É Ì G16 ¨ S16 ¡Ê¤¥É ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ÉÓ¸Ö
¤·Ê£ μÉ ¤·Ê£ ,   ¨³¥´´μ: ¢ ´ É¨¢´μ° G16-¸É·Ê±ÉÊ·¥ ³μ²¥±Ê²  �’” ¡Ê¤¥É · ¸-
¶μ² £ ÉÓ¸Ö ¡μ²¥¥ ¡²¨§±μ ± ¨μ´Ê ³ £´¨Ö (�’” ± ± ¡Ò ¶·¨¦¨³ ¥É¸Ö ± ³ £´¨Õ),
¢¸²¥¤¸É¢¨¥ Î¥£μ £·Ê¶¶  ‘5 ·¨¡μ§Ò (¸ °É, ²μ± ²¨§μ¢ ´´Ò° ³¥¦¤Ê ·¨¡μ§μ° ¨
�α-�’� ´  ·¨¸. 11) ¨  ¤¥´¨´ ¡Ê¤ÊÉ ¶μ¢¥·´ÊÉÒ ¢ ¸Éμ·μ´Ê ¨μ´  ³ £´¨Ö. ‚

�¨¸. 11. �·μ¸É· ´¸É¢¥´´Ò¥ μ·¨¥´É Í¨¨ ³μ²¥±Ê²Ò �’” ¶μ μÉ´μÏ¥´¨Õ ± ¨μ´Ê ³ £´¨Ö
¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ (2 ´¸) ¤²Ö ´ É¨¢´μ£μ (G16) ¨ ³ÊÉ ´É´μ£μ (S16) ±μ³¶²¥±¸μ¢

³ÊÉ ´É´μ° ¦¥ S16-¸É·Ê±ÉÊ·¥ ÔÉ¨ ¢ÒÏ¥μÉ³¥Î¥´´Ò¥ ¨§³¥´¥´¨Ö ´¥ ¶·μ¨¸Ìμ¤ÖÉ,
¢¸²¥¤¸É¢¨¥ ¤¥°¸É¢¨Ö ³ÊÉ Í¨¨ ¢ ¸É·Ê±ÉÊ·¥ ¡¥²±  �’” ®É¥·Ö¥É ¨²¨ μ¸² ¡²Ö¥É
¸¶μ¸μ¡´μ¸ÉÓ¯ ¢§ ¨³μ¤¥°¸É¢μ¢ ÉÓ ¸ Mg2+. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¶μ²ÊÎ¥´´Ò¥
¸É·Ê±ÉÊ·Ò ±μ³¶²¥±¸  �’”+Mg2+ Ö¢²ÖÕÉ¸Ö ¤μ¸É ÉμÎ´μ · ¢´μ¢¥¸´Ò³¨ (¤²Ö
¸· ¢´¥´¨Ö 4-±μ´¥Î´ÒÌ ±μ´¸¥·¢ É¨¢´ÒÌ ¸μ¸ÉμÖ´¨° ¸³. ·¨¸. 12). �  ·¨¸. 13
¶μ± § ´  ¤¨´ ³¨±  ¨§³¥´¥´¨Ö Ê£²μ¢ ³¥¦¤Ê  Éμ³ ³¨ C4-C5-O5 ( ) ¨ Pa-Pb-
Pg (¡) ¢ ³μ²¥±Ê²¥ �’” ¤²Ö ´ É¨¢´μ£μ (G16) ¨ ³ÊÉ ´É´μ£μ (S16) ±μ³¶²¥±¸μ¢
¸μμÉ¢¥É¸É¢¥´´μ.

�´ ²¨§ ¸É·Ê±ÉÊ·Ò  ±É¨¢´μ° ±¨´ §Ò ¶μ± § ², ÎÉμ ¢ μ±É Ô¤· ²Ó´μ° μ·¨¥´-
É Í¨¨ ¨μ´  Mg2+ ÊÎ ¸É¢ÊÕÉ ±¨¸²μ·μ¤ O1 ·¨¡μ§Ò ¨ ±¨¸²μ·μ¤ O1A �α-�’�
(·¨¸. 14). ’·¨ ¤·Ê£¨Ì ²¨£ ´¤ , ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ±μμ·¤¨´ Í¨¨ Mg2+, ÔÉμ ¤¢ 
¨´¢ ·¨ ´É´ÒÌ μ¸É É±  ¨§ ¡μ²ÓÏμ£μ ±Ê² ±  Asp145, Asn132.

�  ·¨¸. 15 ¶·¨¢¥¤¥´Ò μÉ±²μ´¥´¨Ö · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê ± É ²¨É¨Î¥¸±¨³¨
μ¸É É± ³¨  ³¨´μ±¨¸²μÉ, �’” ¨ ¸Ê¡¸É· Éμ³. ‚¨¤´μ, ÎÉμ ³ÊÉ Í¨Ö ¢´μ¸¨É ¸Ê-
Ð¥¸É¢¥´´Ò¥ ¨§³¥´¥´¨Ö ¢ ¨Ì μÉ´μ¸¨É¥²Ó´ÊÕ μ·¨¥´É Í¨Õ. � ¸¸ÉμÖ´¨¥ ³¥¦¤Ê
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�¨¸. 12. ‘· ¢´¥´¨¥ ®ˇtting¯ ·¥§Ê²ÓÉ¨·ÊÕÐ¨Ì ¶·μ¸É· ´¸É¢¥´´ÒÌ ±μ´Ë¨£Ê· Í¨° ³μ²¥-
±Ê²Ò �’” ¸ ¨μ´μ³ ³ £´¨Ö ¤²Ö ´ É¨¢´μ£μ (G16 Å ¢¥·Ì´¨° ®¸´ ¶ÏμÉ¯) ¨ ³ÊÉ ´É´μ£μ
(S16 Å ´¨¦´Ò° ®¸´ ¶ÏμÉ¯) ±μ³¶²¥±¸μ¢

’160 (�γ1) ¨ �’” (�4) Ê¢¥²¨Î¨²μ¸Ó ´  5 �A,   ³¥¦¤Ê S16 ( Éμ³ N  ³¨¤´μ°
£·Ê¶¶Ò ¸¥·¨´ ) ¨ ’160 (�γ1) Å ´  3 �A.

Š·μ³¥ Éμ£μ, ¸¨²Ó´μ ¤¥Ëμ·³¨·μ¢ ² ¸Ó ¶μ¢¥·Ì´μ¸ÉÓ Ê§´ ¢ ´¨Ö Í¨±²¨´μ³
(¸¶¨· ²Ó α1, L4 ¨ ’-¶¥É²Ö).

’ ±¨³ μ¡· §μ³, § ³¥´  £²¨Í¨´  ¢ G-¶¥É²¥ ¸¨²Ó´μ ³¥´Ö¥É ¥¥ μ·¨¥´É -
Í¨Õ ¶μ μÉ´μÏ¥´¨Õ ± ±μ³¶²¥±¸Ê �’”-Mg2+ ¨ ¤·Ê£¨³ Î ¸ÉÖ³ ¡¥²±μ¢μ£μ ±μ³-
¶²¥±¸ . “ ³ÊÉ ´É  ´ ¡²Õ¤ ¥É¸Ö ¨§³¥´¥´¨¥ ±μ´Ëμ·³ Í¨¨ �’” ¨ ¥£μ ¶μ²μ-
¦¥´¨Ö, ¨§³¥´ÖÕÉ¸Ö ¸¢Ö§¨ ¨μ´  Mg2+. ‚ ·¥§Ê²ÓÉ É¥ ¶·μ¨¸Ìμ¤¨É ¤¥Ëμ·³ Í¨Ö
¸É·Ê±ÉÊ·Ò ¢¸¥° ±¨´ §´μ° ¸Ê¡Ñ¥¤¨´¨ÍÒ, μ·¨¥´É Í¨¨ �’” ¨ Í¨±²¨´ . � ¸¸ÉμÖ-
´¨¥ ³¥¦¤Ê Ëμ¸Ëμ·¨²¨·Ê¥³Ò³ Ser ¸Ê¡¸É· É  ¨ γ-Ëμ¸Ë Éμ³ �’” Ê¢¥²¨Î¨²μ¸Ó
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�¨¸. 13. „¨´ ³¨±  ¨§³¥´¥´¨Ö Ê£²μ¢ ¢ ³μ²¥±Ê²¥ �’” ³¥¦¤Ê  Éμ³ ³¨ C4-C5-O5 ( ) ¨
Pa-Pb-Pg (¡) ¤²Ö ´ É¨¢´μ£μ (G16) ¨ ³ÊÉ ´É´μ£μ (S16) ±μ³¶²¥±¸μ¢

�¨¸. 14. ‹μ± ²¨§ Í¨Ö ¸ °É  ¸¢Ö§Ò¢ ´¨Ö ATP (¢¥·Ì´¨¥ ®¸´ ¶ÏμÉÒ¯) ¨ ¤¨ £· ³³Ò · ¸-
¸ÉμÖ´¨Ö μÉ �’” ¤μ ¨μ´  ³ £´¨Ö ¨ ÉμÎ±¨ ³ÊÉ Í¨¨ (´¨¦´¨¥ £· Ë¨±¨)

14



�¨¸. 15. ‹μ± ²¨§ Í¨Ö ¸ °É  Ëμ¸Ëμ·¨²¨·μ¢ ´¨Ö ’160 (¢¥·Ì´¨¥ ®¸´ ¶ÏμÉÒ¯) ¨ ¤¨ -
£· ³³Ò · ¸¸ÉμÖ´¨Ö μÉ T160 ¤μ ATP ¨  ³¨´μ±¨¸²μÉ´μ£μ μ¸É É±  16 (´¨¦´¨¥ £· Ë¨±¨)

´  3 �A. Œμ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ § ³¥´  G16S ¡Ê¤¥É ¸± §Ò¢ ÉÓ¸Ö ´  ±¨-
´ §´μ°  ±É¨¢´μ¸É¨ ¨ ÔÉμ ¢²¨Ö´¨¥ μ¡Ê¸²μ¢²¥´μ ¨§³¥´¥´¨¥³ μÉ´μ¸¨É¥²Ó´μ£μ
¶μ²μ¦¥´¨Ö ¸Ê¡¸É· É  ¨ γ-�’”, ¶·¨¢μ¤ÖÐ¨³ ± ¸´¨¦¥´¨Õ ¸¶μ¸μ¡´μ¸É¨ Ëμ¸-
Ëμ·¨²¨·μ¢ ÉÓ ¸Ê¡¸É· É.


É¨ ¨§³¥´¥´¨Ö, ¶μ-¢¨¤¨³μ³Ê, ¶·¨¢μ¤ÖÉ ± · §²¨Î´Ò³ ¶μ¸²¥¤¸É¢¨Ö³, ¢
Î ¸É´μ¸É¨, ¢²¨ÖÕÉ ´  ¸¢Ö§Ò¢ ´¨¥ ¸ Í¨±²¨´ ³¨, ¸Ê¡¸É· É ³¨, ±¨´ §´ÊÕ  ±-
É¨¢´μ¸ÉÓ ¨ ·¥£Ê²ÖÉμ·´μ¥ Ëμ¸Ëμ·¨²¨·μ¢ ´¨¥. ˆ§¢¥¸É´μ, ÎÉμ § ³¥´  £²¨Í¨´μ¢
¢ G-¶¥É²¥, ¢ Î ¸É´μ¸É¨ ¶¥·¢μ£μ ¨ ¢Éμ·μ£μ £²¨Í¨´  (GxGxxG), ´   ² ´¨´
¨²¨ ¸¥·¨´ ¶·¨¢μ¤¨É ± ·¥§±μ³Ê ¸´¨¦¥´¨Õ  ±É¨¢´μ¸É¨ c APK (�¥mmer et al.,
1997; Tsigelny et al., 1999; Aimes et al., 2000; Johnson et al., 2001). ‚ ´ ¸ÉμÖ-
Ð¥° · ¡μÉ¥ ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ §´ Î¥´¨¥ É·¥ÉÓ¥£μ ±μ´¸¥·¢ É¨¢´μ£μ £²¨Í¨´ .
„ ´´Ò¥ Œ„-³μ¤¥²¨·μ¢ ´¨Ö ¨³¥ÕÉ ¶·¥¤¸± § É¥²Ó´ÊÕ ¸¨²Ê ¨ ³μ£ÊÉ ¡ÒÉÓ ¶·μ-
¢¥·¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´μ.

� ¸ÉμÖÐ Ö · ¡μÉ  ¡Ò²  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ ±μ³¶ÓÕÉ¥·´ÒÌ É¥Ì´¨-
Î¥¸±¨Ì ¸·¥¤¸É¢ ‹ ¡μ· Éμ·¨¨ ¢ÒÎ¨¸²¨É¥²Ó´μ°  ¸É·μË¨§¨±¨ ˆ´¸É¨ÉÊÉ  Ë¨§¨-
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Î¥¸±¨Ì ¨ Ì¨³¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨° (RIKEN, Ÿ¶μ´¨Ö). �¢Éμ·Ò ¢Ò· ¦ ÕÉ
£²Ê¡μ±ÊÕ ¶·¨§´ É¥²Ó´μ¸ÉÓ ² ¡μ· Éμ·¨¨ §  ¶·¥¤μ¸É ¢²¥´´μ¥ ±μ³¶ÓÕÉ¥·´μ¥
¢·¥³Ö ¤²Ö · ¡μÉÒ ´  ¸Ê¶¥·±μ³¶ÓÕÉ¥·¥ ¨ ±μ³¶ÓÕÉ¥·¥ ¸¶¥Í¨ ²Ó´μ£μ ´ §´ Î¥-
´¨Ö MDGRAPE-2 ¤²Ö ¶·μ¢¥¤¥´¨Ö · ¸Î¥Éμ¢ ³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨ ¡¥²±μ¢ÒÌ
³μ²¥±Ê² ¨ ¤¨·¥±Éμ·Ê ² ¡μ· Éμ·¨¨ ¶·μË¥¸¸μ·Ê Toshikazu Ebisuzaki §  ¶μ¤-
¤¥·¦±Ê ¶·μ£· ³³´ÒÌ ²¨Í¥´§¨μ´´ÒÌ ¶·μ¤Ê±Éμ¢ ¨ ±μ³¶ÓÕÉ¥·μ¢ MDGRAPE-2
¤²Ö · ¸Î¥Éμ¢ ¶·μÉ¥¨´μ¢.
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