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•μ²³Ê·μ¤μ¢ •. ’., Šμ²Éμ¢ Ö �.�. P19-2009-29
Œ„-³μ¤¥²¨·μ¢ ´¨¥ ±¨´ §Ò CDK2-Í¨±²¨´ �: ¢²¨Ö´¨¥ § ³¥´Ò
 ³¨´μ±¨¸²μÉ Gly16 → Ser16 ¨ Arg274 → Gln274
´  ±μ´Ëμ·³ Í¨Õ ±¨´ §´μ° ¸Ê¡Ñ¥¤¨´¨ÍÒ

	·μ¢¥¤¥´  ´ ²¨§ ´ ´μ¸¥±Ê´¤´μ° Œ„ (³μ²¥±Ê²Ö·´μ° ¤¨´ ³¨±¨) ¤¢¨¦¥´¨Ö
±μ³¶²¥±¸   ±É¨¢´μ° ±¨´ §Ò CDK2/ATP. Œ„-³μ¤¥²¨·μ¢ ´¨¥ ³ÊÉ ´É´ÒÌ ¸É·Ê±ÉÊ·
±¨´ §Ò ¸ § ³¥´ ³¨  ³¨´μ±¨¸²μÉ CDK2-G16S ¢ G-¡μ£ Éμ° ¶¥É²¥ ³ ²μ£μ ±Ê² Î± 
¨ CDK2-R274Q ¢ ¡μ²ÓÏμ³ ±Ê² ±¥ ¶μ± § ²μ ¢ ¦´μ¸ÉÓ ÔÉ¨Ì  ³¨´μ±¨¸²μÉ ¨ ¨Ì
¢²¨Ö´¨¥ ´  ±μ´Ëμ·³ Í¨Õ ±¨´ §Ò CDK2, ¶·μÖ¢²ÖÕÐÊÕ¸Ö ¢ ¢μ§· ¸É ´¨¨ · ¸¸Éμ-
Ö´¨Ö ³¥¦¤Ê G- ¨ ’-¶¥É²Ö³¨ Ê ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ³ÊÉ ´É´ÒÌ Ëμ·³. 	μ²ÊÎ¥´´Ò¥
·¥§Ê²ÓÉ ÉÒ ¶μ± §Ò¢ ÕÉ, ÎÉμ ³ÊÉ Í¨¨ ¤¥¸É ¡¨²¨§¨·ÊÕÉ ²μ± ²Ó´ÊÕ ¸É·Ê±ÉÊ·Ê ¢
μ¡² ¸É¨ ’-¶¥É²¨. ŒÊÉ Í¨Ö Arg274 → Gln274 ¢ Ê¤ ²¥´´μ° ‘-±μ´Í¥¢μ° μ¡² ¸É¨
¨³¥¥É ¡μ²¥¥ ¢Ò· ¦¥´´Ò° ÔËË¥±É ¨ ¶·¨¢μ¤¨É ± · §·ÒÌ²¥´¨Õ ¸É·Ê±ÉÊ·Ò ±¨´ §Ò
¨ Ê¢¥²¨Î¥´¨Õ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê G- ¨ ’-¶¥É²Ö³¨.

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

	·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2009

Kholmurodov Kh. T., Koltovaya N.A. P19-2009-29
MD Simulation of Kinase CDK2-Cyclin A: the Effect
of Gly16 → Ser16 and Arg274 → Gln274 Substitutions
on the Conformational Structure of Kinase Subunit

Nanoseconds long MD (molecular dynamics) trajectories of the active protein
kinase CDK2/ATP complex were analyzed. The MD simulations of corresponding
substitutions CDK2-G16S in conserved G-loop of a small lobe and CDK2-R274Q of
a large lobe showed the importance of these amino acid residues in the structural con-
formation. The essential conformational changes of the CDK2 structure, particularly
the increase of distance between the G- and T-loops, are observed. The obtained
results indicate that the inducing of both Gly16 → Ser16 and Arg274 → Gln274
mutations destabilize locally the kinase structure around the T-loop area. The muta-
tion Arg274 → Gln274 has a more pronounced effect considering the details of the
G- and T-loop regions.

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

Preprint of the Joint Institute for Nuclear Research. Dubna, 2009
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	·μÌμ¦¤¥´¨¥ ÔÊ± ·¨μÉ¨Î¥¸±μ° ±²¥É±¨ Î¥·¥§ μ¸´μ¢´Ò¥ ¸É ¤¨¨ ±²¥ÉμÎ-
´μ£μ Í¨±²  μ¶μ¸·¥¤Ê¥É¸Ö ¶μ¸²¥¤μ¢ É¥²Ó´μ° ¸¡μ·±μ° ¨  ±É¨¢ Í¨¥° Í¨±²¨´§ -
¢¨¸¨³ÒÌ ±¨´ § (CDK), μÉ´μ¸ÖÐ¨Ì¸Ö ± ¸¥³¥°¸É¢Ê ¸¥·¨´-É·¥μ´¨´μ¢ÒÌ ±¨´ §.
‚·¥³Ö  ±É¨¢ Í¨¨ ±¨´ §Ò μ¶·¥¤¥²Ö¥É¸Ö ¨Ì ¶μ¸ÉÉ· ´¸±·¨¶Í¨μ´´μ° ³μ¤¨Ë¨-
± Í¨¥° (Ëμ¸Ëμ·¨²¨·μ¢ ´¨¥/¤¥Ëμ¸Ëμ·¨²¨·μ¢ ´¨¥) ¨  ¸¸μÍ¨ Í¨¥° ¸ ¡¥²± ³¨,
´ §¢ ´´Ò³¨ Í¨±²¨´ ³¨ ¨ Ö¢²ÖÕÐ¨³¨¸Ö ·¥£Ê²ÖÉμ·´Ò³¨ ¸Ê¡Ñ¥¤¨´¨Í ³¨ ±¨-
´ §´ÒÌ ±μ³¶²¥±¸μ¢. ˆ§¢¥¸É´μ ¢μ¸¥³Ó ±¨´ § (CDK1-CDK8) ¨ ¶ÖÉÓ Í¨±²¨´μ¢.
„ ´´ Ö · ¡μÉ  ¶μ¸¢ÖÐ¥´  ¨§ÊÎ¥´¨Õ ±¨´ §Ò CDK2.

‘ ³  ¶μ ¸¥¡¥ ±¨´ §  CDK2 ´¥  ±É¨¢´ . „²Ö  ±É¨¢ Í¨¨ ±¨´ §Ò ´¥μ¡Ìμ¤¨³μ
¸¢Ö§Ò¢ ´¨¥ ¸ ·¥£Ê²ÖÉμ·´μ° ¸Ê¡Ñ¥¤¨´¨Í¥° Í¨±²¨´μ³. Š¨´ §  CDK2 μ¡· §Ê¥É
±μ³¶²¥±¸Ò ¸ Í¨±²¨´ ³¨ � ¨ … ¨ ´¥μ¡Ìμ¤¨³  ¤²Ö ¶·μÌμ¦¤¥´¨Ö G1/S. � 
·¨¸. 1 ¶·¨¢¥¤¥´  ¸É·Ê±ÉÊ·  ±¨´ §Ò ¢ ±μ³¶²¥±¸¥ ¸ Í¨±²¨´μ³ �. ‘¢Ö§Ò¢ ´¨¥
±¨´ §Ò ¸ Í¨±²¨´μ³ ¨§³¥´Ö¥É ±μ´Ëμ·³ Í¨Õ ±¨´ §´μ° Ð¥²¨, μ¶·¥¤¥²ÖÕÐ¥°
μ·¨¥´É Í¨Õ ³μ²¥±Ê²Ò �’” ¨ ¸Ê¡¸É· É . G- ¨ ’- ¶¥É²¨ ±¨´ §Ò Ö¢²ÖÕÉ¸Ö ¸ÊÐ¥-
¸É¢¥´´Ò³¨ Ô²¥³¥´É ³¨ ¨´É¥·Ë¥°¸  Ð¥²¨. �´¨ · ¸¶μ²μ¦¥´Ò ¶μ · §´Ò¥ ¸Éμ-
·μ´Ò μÉ ³μ²¥±Ê²Ò �’”. 	μ¸ÉÉ· ´¸±·¨¶Í¨μ´´μ¥ Ëμ¸Ëμ·¨²¨·μ¢ ´¨¥ Thr160
¢ ’-¶¥É²¥ ¨ μ¸É É±μ¢ Thr14 ¨ Tyr15 ¢ G-¶¥É²¥ μ¡¥¸¶¥Î¨¢ ¥É ¶μ²´ÊÕ  ±É¨¢ -
Í¨Õ ±¨´ §Ò. �  ¡ §¥ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ ±¨´ §Ò CDK2 (Jeffrey et al.,
1995) ¶·μ¢μ¤ÖÉ Œ„-³μ¤¥²¨·μ¢ ´¨¥ ¸É·Ê±ÉÊ·Ò ±¨´ §´ÒÌ ±μ³¶²¥±¸μ¢ (Bartova
et al., 2004; Š·¥Éμ¢ ¨ ¤·., 2007; •μ²³Ê·μ¤μ¢ ¨ ¤·., 2006). ‚ ¤ ´´μ° · ¡μÉ¥
¸ ¶μ³μÐÓÕ ±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¨§ÊÎ ²¨ ¢²¨Ö´¨¥ ´  ¸É·Ê±ÉÊ·Ê ±¨-
´ §Ò ¤¢ÊÌ ³ÊÉ Í¨μ´´ÒÌ § ³¥´  ³¨´μ±¨¸²μÉ´ÒÌ μ¸É É±μ¢: ²μ± ²¨§μ¢ ´´μ° ¢
G-¶¥É²¥ ³ÊÉ Í¨¨ Gly16Ser ¨ ²μ± ²¨§μ¢ ´´μ° ¤ ²¥±μ μÉ  ±É¨¢ Í¨μ´´μ£μ Í¥´-
É·  ³ÊÉ Í¨¨ Arg274Gln.

Œ�’…�ˆ�‹› ˆ Œ…’�„›

„²Ö Œ„-³μ¤¥²¨·μ¢ ´¨Ö ¨¸¶μ²Ó§μ¢ ²¨ ³μ¤Ê²Ó SANDER ¶·μ£· ³³´μ£μ ¶ -
±¥É  AMBER (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° ¸ ¶μ³μ-
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�¨¸. 1. 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 (K) ¨ Í¨±²¨´  � (C). ˆ¸¶μ²Ó§μ¢ ´Ò
¸²¥¤ÊÕÐ¨¥ μ¡μ§´ Î¥´¨Ö: N Å N-±Ê² ± (μ¸É. 1-85), C Å C-±Ê² ± (μ¸É. 86-298), G Å
G-¶¥É²Ö (μ¸É. 11-18), ’ Å T-¶¥É²Ö (μ¸É. 147-167), PSTAIRE (μ¸É. 45-51), S Å ¸Ê¡-
¸É· É (HHASPRK), ATP+Mg Å ±μ³¶²¥±¸ �’” ¸ ¨μ´μ³ ³ £´¨Ö. ’ ±¦¥ μÉ·¥§± ³¨
¶·Ö³μ° ¨§μ¡· ¦¥´Ò  Éμ³Ò  ³¨´μ±¨¸²μÉ´ÒÌ μ¸É É±μ¢ Thr160 (¸ °É Ëμ¸Ëμ·¨²¨·μ¢ -
´¨Ö ¢ T-¶¥É²¥), Gly16 (¸ °É ³ÊÉ Í¨μ´´μ£μ § ³¥Ð¥´¨Ö £²¨Í¨´  ´  ¸¥·¨´ ¢ G-¶¥É²¥),
Arg274 (¸ °É ³ÊÉ Í¨μ´´μ£μ § ³¥Ð¥´¨Ö  ·£¨´¨´  ´  £²ÊÉ ³¨´) ¨ ¸Ê¡¸É· É. ‘¥·Ò³
Í¢¥Éμ³ ¶·¥¤¸É ¢²¥´  ¸É·Ê±ÉÊ·  Í¨±²¨´ , ¸¨³³¥É·¨Î´μ-§¥·± ²Ó´Ò¥ ¸¶¨· ²¨ Í¨±²¨´ 
μ¡μ§´ Î¥´Ò α1−α5 (μ¸É. 208-303) ¨ α1′−α5′ (μ¸É. 309-399)

ÐÓÕ ·¥´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, 2005). �  ¶¥·¢μ³ ÔÉ ¶¥ μ¸ÊÐ¥¸É¢²Ö²¨ ³μ²¥±Ê²Ö·´μ-
³¥Ì ´¨Î¥¸±μ¥ (ŒŒ) ¢ÒÎ¨¸²¥´¨¥ ³¨´¨³Ê³  Ô´¥·£¨¨ ±·¨¸É ²²¨Î¥¸±μ£μ ¸μ¸Éμ-
Ö´¨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 ´ £·¥¢ ´¨¥

2



¸¨¸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).

˜ £ ¨´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¢ ²μ · ¢´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) = Σ Kr(r−req)2 Å ¶μÉ¥´Í¨ ² ¢´ÊÉ·¨³μ²¥±Ê²Ö·´ÒÌ (¢ ²¥´É´ÒÌ)
¸¢Ö§¥°;
+Σ Kθ(θθeq)2 Å ¶μÉ¥´Í¨ ² Ê£²μ¢ÒÌ ¸¢Ö§¥° (¢· Ð¥´¨°);
+Σ Kφ/2 (1 + cos [nφ−γ]) Å ¶μÉ¥´Í¨ ² ¤¨£¥¤· ²Ó´ÒÌ (Éμ·¸¨μ´´ÒÌ) ¢· Ð¥-
´¨°;
+Σ [Aij/r12ij −Bij/r6ij] Å ¶μÉ¥´Í¨ ² ´¥¢ ²¥´É´ÒÌ (¢ ´¤¥·¢  ²Ó¸μ¢ÒÌ) ¢§ ¨³μ-
¤¥°¸É¢¨°;
+Σ qi qj/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).

�…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

�¥§Ê²ÓÉ ÉÒ  ´ ²¨§   ±É¨¢´μ° Ëμ·³Ò ±¨´ §Ò CDK2/Í¨±²¨´ � ¨ ¤¢ÊÌ ³Ê-
É ´É´ÒÌ Ëμ·³ CDK2-G16S ¨ CDK2-R274Q ¸ ¶μ³μÐÓÕ ±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥-
²¨·μ¢ ´¨Ö ¶·¨¢¥¤¥´Ò ´  ·¨¸. 2. �  ·¨¸Ê´±¥ ¶μ± § ´Ò §´ Î¥´¨Ö ¸·¥¤´¥±¢ ¤· -
É¨Î´ÒÌ μÉ±²μ´¥´¨° ¸³¥Ð¥´¨Ö  Éμ³μ¢ (RMSD) · §²¨Î´ÒÌ Î ¸É¥° ¡¥²±μ¢μ£μ
±μ³¶²¥±¸  ±¨´ §Ò CDK2. � ¢´μ¢¥¸´Ò¥ ¶μ²μ¦¥´¨Ö  Éμ³μ¢ ¤²Ö ± ¦¤μ£μ ¨§
É·¥Ì ±μ³¶²¥±¸μ¢ · ¸¸Î¨É ´Ò ¸ Ï £μ³ 1 Ë¸ ´  ¶·μÉÖ¦¥´¨¨ 2 ´¸. ‡  ÔÉμ ¢·¥³Ö
±μ³¶²¥±¸Ò ¤μ¸É¨£²¨ · ¢´μ¢¥¸´μ£μ ¸μ¸ÉμÖ´¨Ö. � ¢´μ¢¥¸´ Ö ¸É·Ê±ÉÊ·  ³ÊÉ ´É-
´ÒÌ ±μ³¶²¥±¸μ¢ CDK2-Ser16 ¨ CDK2-Gln274 ¶· ±É¨Î¥¸±¨ ´¥ μÉ²¨Î ¥É¸Ö μÉ
´ Î ²Ó´μ°. �¤´ ±μ ¶¥·¢ Ö ³ÊÉ Í¨Ö ¨§³¥´Ö¥É ¸É·Ê±ÉÊ·Ê ±¨´ §Ò (·¨¸. 2,  ) ¨ Í¨-
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�¨¸. 2. ‡´ Î¥´¨Ö ¸·¥¤´¥±¢ ¤· É¨Î´ÒÌ μÉ±²μ´¥´¨° ¸³¥Ð¥´¨°  Éμ³μ¢ (RMSD) · §²¨Î-
´ÒÌ Î ¸É¥° ¡¥²±μ¢μ£μ ±μ³¶²¥±¸   ±É¨¢´μ° Ëμ·³Ò ±¨´ §Ò CDK2: a Å ±¨´ §  (μ¸É.
1-296); ¡ Å Í¨±²¨´ (μ¸É. 297-554); ¢ Å ¸Ê³³ ·´μ ±¨´ §  ¨ Í¨±²¨´; £ Å ¸Ê¡¸É· É
(μ¸É. 557-563); ¤ Å T-¶¥É²Ö (μ¸É. 147-167) ¨ ¥ Å G-¶¥É²Ö (μ¸É. 11-18). ‘¢¥É²Ò¥
±·¨¢Ò¥ Å ¤²Ö ´ É¨¢´μ° ¸É·Ê±ÉÊ·Ò Gly16/Arg274 (³μ¤¥²¨ a), É¥³´Ò¥ Å ¤²Ö ³ÊÉ ´É´μ°
¸É·Ê±ÉÊ·Ò Ser16/Arg274 (³μ¤¥²¨ II) ¨ ÉμÎ¥Î´Ò¥ ±·¨¢Ò¥ Å ¤²Ö ³ÊÉ ´É´μ° ¸É·Ê±ÉÊ·Ò
Gly16/Gln274 (³μ¤¥²¨ III)

±²¨´  (·¨¸. 2, ¡), ¡μ²¥¥ ¸¨²Ó´Ò¥ ¨§³¥´¥´¨Ö ´ ¡²Õ¤ ÕÉ¸Ö ¤²Ö ±¨´ § +Í¨±²¨´
(·¨¸. 2, ¢). ‚Éμ· Ö ³ÊÉ Í¨Ö ´¥ ¢²¨Ö¥É ¢ Éμ° ¦¥ ¸É¥¶¥´¨, ÎÉμ ¨ ¶¥·¢ Ö ³ÊÉ Í¨Ö,
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´  ¸É·Ê±ÉÊ·Ê ±¨´ §Ò (·¨¸. 2,  ) ¨ ±¨´ § +Í¨±²¨´ (·¨¸. 2, ¢), μ¤´ ±μ ¸¨²Ó´μ ¨§-
³¥´Ö¥É ¸É·Ê±ÉÊ·Ê Í¨±²¨´  (·¨¸. 2, ¢). …¸²¨ · ¸¸³μÉ·¥ÉÓ μÉ¤¥²Ó´Ò¥ Ô²¥³¥´ÉÒ
±¨´ §Ò, Éμ μ¡¥ ³ÊÉ Í¨¨ ¸μÌ· ´ÖÕÉ ¸É·Ê±ÉÊ·Ê ’-¶¥É²¨, ¢ Éμ ¢·¥³Ö ± ± Ê ´¥-
³ÊÉ ´É´μ£μ ÏÉ ³³  μ´  ¨§³¥´Ö¥É¸Ö (·¨¸. 2, ¤). G-¶¥É²Ö ¨§³¥´Ö¥É¸Ö ³¥´ÓÏ¥ ¨
¶· ±É¨Î¥¸±¨ ¸μ¢¶ ¤ ¥É ¤²Ö ¢¸¥Ì É·¥Ì Ëμ·³ (·¨¸. 2, ¥).

�¨¸. 3. ®• · ±É¥·¨¸É¨Î¥¸±¨° É·¥Ê£μ²Ó´¨±¯, μ¡· §μ¢ ´´Ò° É·¥³Ö  ³¨´μ±¨¸²μÉ´Ò³¨
μ¸É É± ³¨ ±¨´ §Ò: Gly16 ¢ G-¶¥É²¥, Arg274 ¢ ‘-±μ´Í¥ ¨ Thr160 ¢ T-¶¥É²¥

„²Ö Ì · ±É¥·¨¸É¨±¨ ¨§³¥´¥´¨° ±μ´Ëμ·³ Í¨¨ ±¨´ §Ò ¨¸¶μ²Ó§μ¢ ²¨ É·¨
 ³¨´μ±¨¸²μÉ´ÒÌ μ¸É É±  ±¨´ §Ò, ²μ± ²¨§μ¢ ´´ÒÌ ¢ N-±μ´Í¥¢μ° G-¶¥É²¥ ³ -
²μ£μ ±Ê² Î±  (Gly16), ¢ Í¥´É· ²Ó´μ³ ÊÎ ¸É±¥ ±¨´ §Ò ¢ T-¶¥É²¥ (Thr160) ¨ ¢
‘-±μ´Í¥¢μ³ ÊÎ ¸É±¥ ¡μ²ÓÏμ£μ ±Ê² Î±  (Arg274) (·¨¸. 3). ˆ§³¥´¥´¨Ö · ¸¸Éμ-
Ö´¨° ³¥¦¤Ê ·¥¶¥·´Ò³¨  ³¨´μ±¨¸²μÉ´Ò³¨ μ¸É É± ³¨ ¤²Ö É·¥Ì Ëμ·³ ±¨´ §Ò
CDK2 ¶·¨¢¥¤¥´Ò ´  ·¨¸. 4,  : model I ¸μμÉ¢¥É¸É¢Ê¥É Ëμ·³¥ ±¨´ §Ò ¤¨±μ£μ
É¨¶  Gly16 Arg274, model II ¸μμÉ¢¥É¸É¢Ê¥É ³ÊÉ ´É´μ° Ëμ·³¥ ±¨´ §Ò Ser16
Arg274 ¨ model III Å ³ÊÉ ´É´μ° Ëμ·³¥ Gly16 Gln274. �  ·¨¸Ê´±¥ É ±¦¥
¶·¨¢μ¤¨É¸Ö ¶μ²μ¦¥´¨¥ ¸¶¨· ²¨ α1 ³ ²μ£μ ±Ê² Î±  ±¨´ §Ò, ¢ ±μÉμ·μ° ²μ-
± ²¨§μ¢ ´  ±μ´¸¥·¢ É¨¢´ Ö ¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ PSTAIRE, μÉ¢¥É¸É¢¥´´ Ö § 
¸¢Ö§Ò¢ ´¨¥ ¸ Í¨±²¨´ ³¨.

�  ´¨¦´¨Ì ¤¨ £· ³³ Ì (·¨¸. 4, ¡) ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¤¨´ ³¨Î¥¸±¨Ì
¨§³¥´¥´¨° μÉ´μ¸¨É¥²Ó´μ£μ ¶μ²μ¦¥´¨Ö ·¥¶¥·´ÒÌ  ³¨´μ±¨¸²μÉ. �Í¥´¨¢ ²¨
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�¨¸. 4. ‹μ± ²¨§ Í¨Ö ( ) ¨ ¤¨ £· ³³Ò · ¸¸ÉμÖ´¨° (¡) ¤²Ö ·¥¶¥·´ÒÌ  ³¨´μ±¨¸²μÉ´ÒÌ
μ¸É É±μ¢ Gly16, Arg274 ¨ Thr160

· ¸¸ÉμÖ´¨Ö ³¥¦¤Ê  Éμ³ ³¨ ±¨¸²μ·μ¤  ± ·¡μ±¸¨²Ó´ÒÌ £·Ê¶¶  ³¨´μ±¨¸²μÉ´ÒÌ
μ¸É É±μ¢ (Gly/Ser)16 Å Thr160, Thr160 Å (Arg/Gln)274 ¨ (Gly/Ser)16 Å
(Arg/Gln)274. ‚¨¤´μ, ÎÉμ ¤²Ö ¢Éμ·μ° ³ÊÉ ´É´μ° Ëμ·³Ò (model III) ´ ¡²Õ¤ -
ÕÉ¸Ö ¡μ²ÓÏ¨¥ ¸³¥Ð¥´¨Ö, Î¥³ ¤²Ö ¶¥·¢μ° ³ÊÉ ´É´μ° Ëμ·³Ò (model II). „²Ö
CDK2-Gln274 ¢¸¥ É·¨  ´ ²¨§¨·Ê¥³Ò¥ · ¸¸ÉμÖ´¨Ö Ê¢¥²¨Î¨²¨¸Ó ´  4 �A ¶μ ¸· ¢-
´¥´¨Õ ¸ CDK2-Arg274, ¢ Éμ ¢·¥³Ö ± ± ¤²Ö CDK2-Ser16 μ¸É Éμ± Thr160 ¸³¥-
¸É¨²¸Ö ´  2 �A μÉ´μ¸¨É¥²Ó´μ μ¸É ²Ó´ÒÌ μ¸É É±μ¢, ¶·¨Î¥³ · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê
Arg274 ¨ Ser16 μ¸É ²μ¸Ó É ±¨³ ¦¥, ± ± ¨ ¢ ´¥³ÊÉ ´É´μ° Ëμ·³¥ CDK2-Gly16.
’ ±¨³ μ¡· §μ³, ³ÊÉ Í¨Ö Arg274 → Gln274 ¶·¨¢μ¤¨É ± Ëμ·³¨·μ¢ ´¨Õ ¡μ²¥¥
·ÒÌ²μ° ¸É·Ê±ÉÊ·Ò ±¨´ §Ò ¶μ ¸· ¢´¥´¨Õ ¸ ³ÊÉ Í¨¥° Gly16 → Ser16.

	·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸ ¸μ¶μ¸É ¢²¥´¨¥ ¤ ´´ÒÌ ±μ³¶ÓÕÉ¥·´μ£μ ³μ¤¥²¨·μ-
¢ ´¨Ö ¸ £¥´¥É¨Î¥¸±¨³¨ ¨ ¡¨μÌ¨³¨Î¥¸±¨³¨ ¤ ´´Ò³¨. ˆ§¢¥¸É´μ, ÎÉμ Ê ¶μÎ±ÊÕ-
Ð¨Ì¸Ö ¤·μ¦¦¥° ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ³ÊÉ Í¨¨ ¢Ò§Ò¢ ÕÉ ´ ·ÊÏ¥´¨¥ ËÊ´±Í¨μ´¨-
·μ¢ ´¨Ö ±¨´ §Ò, ¶·μÖ¢²ÖÕÐ¥¥¸Ö ¢ ¶μ¢ÒÏ¥´¨¨ · ¤¨μÎÊ¢¸É¢¨É¥²Ó´μ¸É¨, ´ ·Ê-
Ï¥´¨¨ Î¥±¶μ°´É-±μ´É·μ²Ö ¨ ¸´¨¦¥´¨¨ £¥´¥É¨Î¥¸±μ° ¸É ¡¨²Ó´μ¸É¨ Ê ³ÊÉ ´Éμ¢
cdc28-srm-[Gly20Ser] (Devin et al., 1990; Koltovaya et al., 1998; •μ²³Ê·μ¤μ¢ ¨
¤·., 2006; Šμ²Éμ¢ Ö, 2009; Š ¤ÒÏ¥¢¸± Ö, Šμ²Éμ¢ Ö, 2009) ¨ ¢ É¥·³μÎÊ¢¸É¢¨-
É¥²Ó´μ¸É¨ ³ÊÉ ´É  cdc28-13-[Arg283Gln] (Lurincz and Reed, 1986). ƒ²¨Í¨´Ò
¢ ¶μ²μ¦¥´¨¨ 11, 13 ¨ 16 (Ê ¤·μ¦¦¥° 15, 17 ¨ 20) ±μ´¸¥·¢ É¨¢´Ò ¤²Ö ¢¸¥Ì
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¨§¢¥¸É´ÒÌ ±¨´ §. 	·Ö³ÒÌ ¡¨μÌ¨³¨Î¥¸±¨Ì ¤ ´´ÒÌ ¶μ ³ÊÉ Í¨¨ Gly16 ´¥É. �¤-
´ ±μ ¤²Ö ±¨´ §Ò Î¥²μ¢¥±  ¶μ± § ´μ, ÎÉμ § ³¥´Ò ´   ² ´¨´  ³¨´μ±¨¸²μÉ´ÒÌ
μ¸É É±μ¢, ²μ± ²¨§μ¢ ´´ÒÌ ¡²¨¦¥ ± N-±μ´ÍÊ, ¢ ¶μ²μ¦¥´¨¨ 8, 9 ¨ 12 ¢Ò§Ò-
¢ ÕÉ ¸´¨¦¥´¨¥ ¸¢Ö§Ò¢ ´¨Ö ¸ Í¨±²¨´ ³¨,   ¢ ¶μ²μ¦¥´¨¨ 20, 22, 23 ¨ 24 Å
¸´¨¦¥´¨¥ ±¨´ §´μ°  ±É¨¢´μ¸É¨ ¢ ¶ÖÉÓ · § (Marcote et al., 1993). ŒÊÉ Í¨Ö
Arg274Ala ´¥ ¢²¨Ö¥É ´  ¸¢Ö§Ò¢ ´¨¥ ¸ Í¨±²¨´μ³, ´μ ¸´¨¦ ¥É ¸¢Ö§Ò¢ ´¨¥ ¸
·¥£Ê²ÖÉμ·´Ò³ ¡¥²±μ³ Suc1 (Marcote et al., 1993). 	μ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ
´¥ ¤ ÕÉ § ¢¥·Ï¥´´μ° ± ·É¨´Ò. ’·¥¡ÊÕÉ¸Ö ¤ ²Ó´¥°Ï¨¥ ¨¸¸²¥¤μ¢ ´¨Ö ¸É·Ê±-
ÉÊ·´ÒÌ ¨§³¥´¥´¨° ³ÊÉ ´É´ÒÌ Ëμ·³ ±¨´ §Ò ¨ ¢ÒÖ¢²¥´¨¥ ±μ··¥²ÖÍ¨° ³¥¦¤Ê
±μ´Ëμ·³ Í¨μ´´Ò³¨ ¨ ËÊ´±Í¨μ´ ²Ó´Ò³¨ ¨§³¥´¥´¨Ö³¨ ±¨´ §Ò.

�‹�ƒ�„����‘’ˆ

�¢Éμ·Ò ¢Ò· ¦ ÕÉ ¶·¨§´ É¥²Ó´μ¸ÉÓ ¤¨·¥±Éμ·Ê ‹ ¡μ· Éμ·¨¨ · ¤¨ Í¨μ´-
´μ° ¡¨μ²μ£¨¨ �ˆŸˆ ¶·μË¥¸¸μ·Ê …. �. Š· ¸ ¢¨´Ê §  ¶μ¸ÉμÖ´´Ò° ¨´É¥·¥¸
¨ ¶μ¤¤¥·¦±Ê ¢ · ¡μÉ¥. � ¸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¨§¨Î¥¸±¨Ì ¨ Ì¨³¨Î¥¸±¨Ì ¨¸¸²¥¤μ¢ ´¨° (�ˆŠ…�), Ÿ¶μ´¨Ö
(Computational Astrophysics Laboratory (CAL) of the Institute of Physical and
Chemical Research (RIKEN), Japan). �¢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 ¶·¨
¶·μ¢¥¤¥´¨¨ · ¸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¢ ¨ Ô±¸¶²Ê É Í¨¨ ±μ³¶ÓÕÉ¥·μ¢ MDGRAPE-2 ¸ μ¡Ð¥°
¶·μ¨§¢μ¤¨É¥²Ó´μ¸ÉÓÕ 25 É¥· Ë²μ¶¸.
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