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Abstract 
Type I collagen is one of important proteins in the human body. It is rich 

in human tissues such as bone, cartilage, tendon, ligament, which gives 

crucial support in human tissues. In tissues, type I collagen molecules form 

linkage by “Crosslinks”, which utilize covalent bonds to form. Moreover, it 

can change the physical properties of tissues. In general, tissues can be 

strengthened with increasing density of cross-links within collagen, which 

would further higher the stiffness of tissues. However, previous studies have 

indicated that is a positive correlation between exceeding cross-links’ density 

and aging problem. In addition, abundant amounts of Crosslinks within non-

enzyme structures in tissues were discovered to induce fatal diseases, such 

as diabetes. 

 

In this study, we focus on structural characteristics of collagen and 

biological function in fibril through full atomic approach. To analyze the 

deforming and sliding mechanism of collagen, we analyzed the distribution 

of overlap and gap within collagen fibril. We further studied the unit height 

and radius of collagen molecule to understand its structural characteristics 

and deformation mechanism. Our results provided fundamental insights into 

the molecular mechanism of collagen, which further give possible         

explanation of tissue aging.  

 

Keywords: type I collagen, crosslinks, aging, molecular dynamics, tissues 
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 1 

ǆ1Ǥ� ɧʜ 

1.1 ŋǷDǊ 

ʖşǒ�b6(Collagen molecule)ĸ(月=ȨĿœŎęƞxįʲÛŭ�ʖş

ǒ�b6º(月=ǒ�ʝę,b>%�ǲî(月=ǖ�ǌ化ĉɸęʁćɪƧĮ

[1-3]��:�ʗ�­ȴ�å上�Əˁł�ʖşǒ�ĉǌ£�ǚê三ȅǌ化�ǢŤ

ƿ<�ę*士²ĿyMŹć�ǚêŦǂð®čÙ8ɿƃęȅɖʂ̀� 

 
 

   Ɏ 1-1ƿ�ęɐ̆yMŏɡWēę>ȑŤ�[4] 

 

ƿ�ęɐ̆yMŏɡWēę>ȑŤ�Ɏ 1-1�<�SĮęɐ̆iyȥƋ<

�ęʋˊŏɡW¢�ð¸˰Ĉ×cɐƿȅĐ�xŅáyş6ęSĮcǿ�ð木

ÓŚ&ȸ̌ƞɵÐ�ɪǒ�ȅɖ>尤˓ć�ġ¡ð�ʾȈ�WŖɐ̆ɪŏɡɹ

ƜęȑÜ� ：ÓŚƆÙȑ%ÜęŅáǚêÛŭęȡ̋ȅɖɪŹć�&ȸǚêȅ

ɖiy木ÓŚÙ&ȸ(月ęǌ化�·Ɂ½�ÙiyˆÄɐ̆&ȸÙ�ȻƉ� 
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1.2 p˷�文 

1.2.1 ʖşǒ�b6ü̃ɦę*士²Ŀ 

ʖşǒ�b6ĸ%ɝœŎęǒ�ʝȅɖ�˼čǋŌoƞʝ(Extracellular matrix)

ô=%ɝǌ£ė�ĸ�,Ƹ̌ƞɵÐ�ǌ£,Ğ元Ƶȅɖ�®ǌȶÑ£ʖş̃ɦ

[5]�¥Ȉǖ�ŹÁę*士ćʝ[6]�ɋĸœ久Ċ¹ȧɽdǌ化ĬĮĈĸ方Ñ<Êd

Ｕ[7]�¬ʖş̃ɦĿǖ�ǌ化ęƞx£b��:ǙƏ[8]�å上[9, 10]��ʗ[11]�Ə

ˁ;(月=�ʖşǒ�ĉǌ£ęǌ化ł�久˦ęȅɖǗŏĉǌ£yɗæ(月ĉɸę

*士ćʝ�yƏˁĿï�Ɏ 1-2 ĿƏˁęȡ̋ȅɖ�ƏˁĸǠɄòɝƞxÛŭ:ʖ

şǒ�b6(collagen molecule)ɪ˸ėʝ (hydroxyapatite nanocrystal)[12, 13]�y久

˦ęȅɖǗŏǌ£%ɝ�SĮę hierarchical material;�Əˁę�£Ʉȃ=�ŗ�

ʖşǒ�b6ȧyʰŹęƲ�W¢Ñ£ȡʖş̃ɦ�。�ȡ̃ɦ=ɇźGĜȔ�Ʈ

Ȉ˸ėʝħȧƝʱ�  ǚêĜȔ=Ñ£ó¥˸ėʝęȡʖş̃ɦ (mineralized 

collagen fibril)�¬ǚê ȡʖş̃ɦīȧ£ĿƏˁęƞxE���ǠɄ久˦ęȅɖ

Ǘŏǌ£Əǩ´ (osteons)ɪƏ8ɠ(haversian canals)�ǥĳ�Ñ£Əˁ�ǚêsË

ęǗŏǲîƏˁĉɸę*士ŹćɪƧĮ[14-16]� 

 
Ɏ 1-2�SĮęƏˁȅɖ 

�ĿƏˁĸ%ɝ�ʖşǒ�b6ɪ˸ėʝǌ£> hierarchical structure� ôȡ

̋ȅɖǗŏĸƏˁƆ¥ã�*士ćʝęœŎş��ĉyÓŚ�̋ɑʖşǒ�ǌ化

=ęƙ˩ŮvȚ�ƩSĮȿ8ęʖşǒ�b6ðbđ[17]�ʖşǒ�b6�òƸ 

alpha-1 少ɪ%Ƹ alpha-2 少ĉǌ£�ô=Ý%ƸÐ�ł� (Gly-Xaa-Yaa)n ĉǌ

£�Xaa ɪ Yaa ƤĿ proline ɪ hydroxyproline�ǚòɝÐ�1ĸǲîʖşǒ�b
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6天Ăę尤˛[18-21]�ʖşǒ�b6�¥ŉ 28 ɝĭɓ�ô= ǆ%ĭ(type I)�ǆ

'ĭ(type II)ɪǆ,ĭ(type III)ʖşǒ�ǥĿƤä�ǆ%ĭʖşǒ�ĸ(月=ǥ�

ę%ɝʖşǒ��ĸ�ʗ�­ȴɪƏˁę^Ŏ£b�ǆ'ĭʖşǒ�īĿǙƏę^

Ŏ£b�¬ǆ,ĭʖşǒ�ī��č�ʗ=�ǛƤɪǆ%ĭʖşǒ��Ů��[22]� 

ʖşǒ�b6�Ɲ̂£̃ɦŮ�ȧÑ£œ̂Ɨ(overlap region)yMĜɶƗ(gap 

region)�。]̃ɦ�Ɲ̂Ůȧ¥œ久ć�%śœ̂Ɨȧü%śĜɶƗœ久cƿ�Ó

ŚĂȳǚśǩEĿ D-period�œ̂Ɨęb6œ̂ƢĮƐ�¬ĜɶƗīŃh[23]�ǚ

aĠʖşǒ�̃ɦĿĦÊʝęÛŭ(homogeneous material)�yƏˁðɯ�ĜɶƗȧ

¥ȿ�ę˸eȅǶęƝʱ[24-30]�木ʖşǒ�b6ę*士²ĿÙd久˦� 

�Ī:¥ǖ�Ņáō*čƭƈʖşǒ�Ð�ɒčʖşǒ�ǌ化Żżęʂ̀�

¬xŅáę�ę�čÃ�ş6SĮŏɡWē�Ùȑ%ÜęƻCƭƈ�˓˛

(crosslink)�ʖşǒ�̃ɦ=寸Ʒ²ĿüȅɖŹćęʂ̀� 

 

 

1.2.2 �˓˛ɒʖşǒ�ǌ化ęʂ̀ 

(月ę土（ǌ化ȧʾȈ¡心¬ªe�ô=ʖşǒ�ĸb¿�ǖ�œŎǌ化=

ęǒ�ʝ�ĉyʖşǒ�ęªeMż方lôœŎ[31-34]���ĪęŅá=�ÓŚǿ

ƿ�˓˛ęÈȒyM˵ĭȧʂ̀ǌ化yM土（ę*士²Ŀ。]ʧōŻż�ɋĸƏ

ˁªe方Ŀƅć�ǙƏȁe�。]¥êŻżȧh�木ÓŚęǌ£Ñ£ŹÁę�˓˛�

ȑ¬ǟ£ô`土（ęż方�ï�工Îż(diabetes)[35]�ôÑ£ę�˓˛ȧ木ÓŚę

ȡ±ɠȁeƠȠ�。木ǌ化反¨� 

ʖşǒ�ęªeyMŻżü�˓˛!crosslink"ęÈȒyM˵ĭ¥尤�ìȮ�

£ęW¢�˓˛iybĿɴƁ½�ę�˓˛ (enzymatic crosslink)yMĦɴƁ½�

ę�˓˛!non-enzymatic crosslink"[36, 37]� 

�ÓŚ，月=ǀ�ɴƁ½�ę�˓˛˼č{Ƥǀ�ęhˇ[38]�。]ʾȈ¡ň

ęɽģȧɽdÈȒĈØ方Ñɓ�ǚ˵ę�˓˛^Ŏǿ��ʖşǒ�Ð�=ęʸŷ

ɵ(lysine)yMȱɄŝɉę̏ʸŷɵ(hydroxylysine).��Ñ£�˓˛ęɄȃȱɄŶ

e(lysyl oxidase)ęŝɉ�ŝɉĳęʸŷɵü̏ʸŷɵȧüŃʟb6%ʉȱɄŝɉę

ŷƞɵȑ²ǏuyMǜȅ�ǥĳȧ木ʖşǒ�b6ɪb6ȔęǜȅɽƧ�yǲL̃
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ɦęƧĮ[39]� 

ʾȈ¡心ɽģ��˓˛ęÑɓyMÈȒ1ȧØ方�ʖşǒ�b6ŞÑ£Ů�^

ŎĉÑ£ę�˓˛Ŀ˧˛ɋĸ dehydro-lysino-norleucine crosslink�ÓŚɞĿ<£力

�˓˛(immature crosslink)�`ȧǜƮòśʖşǒ�b6�ôǿ�´ȲǛƤ�ʖş

ǒ�ɛzɟ少(telopeptide)�ȯ¡心.LŮ�ǚ˵ę�˓˛ȧǿ�êe士hˇ�方£

,˛Ĉn˛�ɞĿ£力ę�˓˛(mature crosslink)�� Lysyl-pyrrole crosslink ü 

Histidino-hydroxy merodesmosine crosslink Ɏ 1-3(a,b,c)�Ɏ 1-4 (a,b)�。]¥êȧ

b¿�ʖşǒ�b6ę^ŎÐ�=��ĪęŅáķcƮ˞Ȍ�ę�˓˛üȌƐę

�˓ęƢĮ�ȧ¥ȌƐę̃ɦƧĮ[40-42]�。]ƒĊ¹b6Ɩ*ʋˊ(steered 

molecular dynamics)�Nɟ少ü 	ɟ少ę*士ćʝ1<ɚŃ�[43, 44]�ǥď̅ęȅ

ĐǬĸŞc�予ñę�ʗ�ôʁćȧZ£(ę�ʗðę¾� 

 

 
Ɏ 1-3<� enzymatic cross-link ɝ˵(a.) dehydro-lysino-norleucine crosslink (b.)  

Lysyl-pyrrole crosslink (c.) Histidino-hydroxy merodesmosine crosslink�[51] 
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Ɏ 1-4 (a.)<£力�˓˛(b.)£力�˓˛�ʾȈ¡心ɽd�˓˛ęȧƩ<£力ę˧

˛ˤ££力ę,˛Ĉn˛�[36] 

ĦɴƁ½�ę�˓˛�¥ı�ǀ�ę寸ø�¼ÓŚǥ^Ŏƭƈęĸ�月FŊĊ

ʃhˇ(Maillard Reaction)ĉǀ�ę�˓ �̨�Ŀĸü˚˵ǿ�e士hˇĳęǀėÓ

ŚɞĿ AGEs(Advance Glycation End-products)[45-47]�ǚɝ�˓˛ȧ�Ůúªey

MŻżęʂ̀ĉǀ�[48-53]�。]��ča內ȐǸȿģęǌ化土（[54-61]�ï�Ə

中�ǚȧ：ƨǚêªeęǌ化尺ya內。]Ǎʱ�ǌ化>=��ĪęŅáķc

AGEs ȧ木ʖşǒ�̃ɦ�*士²ĿyM�ėeƆ.¥Ȉ˶œę凡互[62-64]�

AGEs Ñ£ę�˓˛<ȝȝĸʖşǒ�b6ɪb6Ȕ(intermolecular)ę˛ȅ�¥%

ê�˓˛ȧ�ǩ%ʖşǒ�b6FÑ£b6F(intramolecular)ę˛ȅ�ǚ˵ę˛ȅ

ȧ：ƨú˄*ęʖşǒ�ǌ化）ŤćGŕ�1木ʬ月̃ɦęĬĮGŕ[65, 66]�ǥ

ǎȧşxˇȹǲîȘćęʖşǒ�̃ɦphʁć�木ÓŚęú˄ǌ化phʁćȑ

¬ǿ�ƅćſ反�¬úĊ*ęǌ化ęĬĮ�yMÇ¤ˇ方ƆęƆ*ȧǲL[67]�¼

ĸb6ȔęȬǅ寸øȧú÷Ŕø]�ʖşǒ�b6a之[68]��。]ſ反ę²Ŀĸ

ȿĿƅć�Ǝ&Ø方*士ćʝo�AGEs公ȧ��ėeƆ.ǟ£ʂ̀�AGESę�

˓˛Ǝ&şxęʸŷɵüʸŷɵę˞´o�公ȧ¥ɢŷɵüʸŷɵ(Arginine)ę˞

´[69]�ôȅɖ�Ɏ 1-5�lôɢŷɵ´ȲȿʣġɴƁyMǋŌę½�ƗƜ�iƆ
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ȧʂ̀½�ƗƜĥġęȅɖ�ǟ£ʖşǒ�b6ʠčɴƁǀ�ċÔć�ǥǎ木ʬ月

ǌ化ǼēȦ£a內(remodeling)木ªeMż方Ǎʱ�ǌ化=�Ǝ§>o�Ə中=1

ȧ木£ƏǋŌüſƏǋŌęľƖ*Gŕ[70]� 

 

 

 
Ɏ 1-5 (a.)Glucosepane(b.)Ŀ Pentosidine�ô= Glucosepaneü type II 工Î¥尤�

¬ Pentosidine^Ŏüªe¥尤�[51] 

 
 

Ɏ 1-6Ə中˄*Ⱥ̆�ț°˞Ŀ{ƤªɊ�ț°ę˞Ŀƪ¥工ÎżęªɊ�ʚ]ʾ
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Ȉ¡心方e�[59] 

Ɏ 1-6(a.)Ŀʖşǒ�ƧĮü¡ňę尤ĩ�(b.)Ŀˇ方Ɔɪ¡ňę尤ĩ�(c.)Ŀ

ʁćʋʇɪ¡ňę尤ĩ�(d.)Ŀǥ5ɀœɪ¡ňę尤ĩ�(e.)Ŀ£力yM<£力�

˓˛ęÈȒb¿ɪ¡ňę尤ĩ�(f.)Ŀ介�ɴƁĉÑ£ę�˓˛ÈȒü¡ňę尤

ĩ�(g.)Ŀ PentosidineęÈȒɪ¡ňę尤ĩ�(h.)Ŀ PentosidineƎ.�ǡɴƁĉÑ

£ę�˓˛ęZř�Ʃɐ̆̅�ʾȈ¡ňɽģ�<£力ę�˓˛ȧǺk�¬£力

ę�˓˛ȧɽd�ş�ĸʾȈ¡ňɽd<£力ę�˓˛ȧ�Ŀ%êe士hˇˤ方

££力ę�˓˛�¬ PentosidineęÈȒď̅ęɽd�aĠ AGEsȧü¡ň¥{�

ęŃ尤�¬ƪ¥工ÎżęªɊ PentosidineÈȒď̅Z{ƟªɊƐɄǖ��ɯď工

ÎżȽ AGEsÈȒ¥{�ęŃ尤�(a.)(b.)(c.)(d.)ɯď� AGEsÈȒƐęƏ中=�

ȧŤƿȿŨęƧĮ�。]ĹǙĮyMÇ¤ˇ方ęƆ*Gŕȧ木ǌ化Ġƿcƅćę

ćʝ�：ƨǥĳſ反ęɀœ1Gŕ�[67] 

 

 

1.2.3 ʖşǒ�̃ɦęȦǣa內 

(月ęǌ化ÝiǢȧȑ²Ȧǣa內�Ǭĸȑ²ȈÇ¤(Absorption)ɪ�£

(Synthesis)ęƖɓuʶ(Dynamic equilibrium)[71, 72]�ǽ¬¥êŻżȧſ反ǚuʶ�

yƏ中Ŀï�£ƏǋŌüſƏǋŌȧÝia內ÓŚęƏǌ化�¬ȯ，月ęĺêɴƁ

¥ǂƤŮ�£ƏǋŌęľćȧŕ¾�¬ſƏǋŌh>.L�ǚȧ木ÓŚęƏ中<勻

ęǔbȸ�木ǼēǲƐ˸eęʝȒ�ǥǎÓŚęƏ中ıţĎǬÑ£ƅćſ反�1Ǭ

ĸÓŚĉɯęƏʝǃ及Ž� 

    ʖşǒ�ǌ化1ȧǠɄȦǣa內ðɦĶǌ化ę寸ƷƆ*�ǋŌĉŐǘ�£�¬

ɴƁŐǘÇ¤�ʖşǒ�ǔcǦę�W^Ŏ升 N ɟŉ 3/4 ę�W�ôcǦʖşǒ

�ęɴƁ^ŎĿMMP1(matrix metalloproteinase 1)�Ɏ 1-7[73, 74]�ĸÈ¥Ģ˼升

6ęǒ�ʝɴƁ�ôȅɖ^ŎbĿ Catalyticü Hemopexin�¬ Catalytic ʡ升6ĥ

ġęŷƞɵȧüʖşǒ�ǀ�天Ăęƹ˛��天ĂęƮ.hĳ�ǒ�ʝɴƁȧ木ʖ

şǒ�ȑ²ȸƵ(unwinding)[75]��ȑ²e士hˇ�c勻ŷƞɵę^少(backbone)� 
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Ɏ 1-7MMP1(matrix metalloproteinase 1) ɪʖşǒ�½�>�ȢɎ� 

�Ī¥Ņáķcʖşǒ�b6ĸ%śɒɴƁ¥ċÔćęǒ�ʝ[76]��ào*

ęˍɏG�ʖşǒ�ȧ¥Ťȓęƿȋ(unfolding)ǚȧ木cǦ´Ȳ入˿cð[77]�木

ʖşǒ�ţĎǔŕȸ(degradation)�¼ʾȈo*ɽd�,Ğ元Ƶȅɖɤ今[78]�yō

čɴƁǼēÑ£天Ăęƹ˛�木ŕȸęƆ*Gŕ[79]�ȑ¬˘Àʖşǒ��ˇ*G

ǔcǦ� 

 
 

 Ɏ 1-8 XĬ��kĸYĬ�įß-ęvÅlê��³òĺ 
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Ɏ 1-8 XȏĿˇ方�YȏĿɴƁɒʖşǒ�ŕȸęŬƼ�ȉʔĿˇ*�iy̋ɑ÷

ʾȈˇ方ęɽ5�ɴƁɒ不şǒ�ŕȸęŬƼʾ>Gŕ�¼Ʉˇ方ŉ 4%�ɴƁc

ǦƆ*+ˤĿ.L�]ÓŚiyń÷ˇ*ȓāÒǝɽd�^Ŏęş�ĸʖşǒ�b

6ę,Ğ元ƵȅɖȓāȸƵ�木,Ƹŷƞɵ^少ĊĚ��à¥ô`^少ęĤʩG�

ɴƁȧÙţĎcǦ�[79] 

ǽ¬�ªeęɄȃ=�Ñ£<�ę�˓�ü�˓ęʝȒƢĮȧʂ̀ɴƁ½�ę

ŬƼ[80]��Īęɐ̆ķc�ªeęʖşǒ�̃ɦ�Ǽo*ęƫĔG�Z{Ƥęʖ

şǒ�̃ɦ尺ŕȸ�¼ʾȈo*ęĊ¹�ªeęʖşǒ�h¬ÙţĎǔŕȸ[81, 82]�

ǚüǩ%ʖşǒ�b6úo*ȧċÔɴƁcǦęȅĐŃh�ǚüb6ęƝ̂yM

�˓˛¥ȈƢcę尤ĩ� 

 

1.2.4 b6Ɩ*ʋˊ 

b6Ɩ*ʋˊĸ%ɝÃ�Ɇȵŏɡ�：ÓŚƆơ�ÿ©SĮGŅáÛŭ>ć 

ʝę%ɝWē�¬b6Ɩ*ʋˊęƞxşƾǬĸjõ\Ɉ*士�ǠɄɆȵŏɡ久 

˦ęʱbWȃ¢�ÓŚiyŏɡĉ¥ş6ęɁƖőȼ�ˣ§ðbđ�ɝÛŭęć 

ʝ� 

§Wēǥğĸ� 1950 ¡ĳǸǿȤcðę[83, 84]�。�ƾʜėƾ士ęɹƜ=� 

<勻�ǔƯʧȓǿ¬c�¼ĸ�ġǭ¡�b6Ɩ*ʋˊ:ǔʀĖ�ˇ�če士ė 

ƾ�Ûŭņ士yM�ėb6įʋɹƜ=�b6Ɩ*士ó¥¾£x�Ɛ �ć�Ņá

ǝĮÒǝɪƐ方ǂćＵ˂˞�ʞ��čʋˊbđ�Ǝ&.Œ˂˞o�b6Ɩ*ʋˊ

ęȅĐ公Ɔɪɐ̆ȅĐȑ²Zȿ�ŃɰŃ£��§�`:Ǟɘ�£Ŀɐ̆ÕǓ=ę

%ɝƧ¬¥*ęŅáWē�yGĸǱŒb6Ɩ*ʋˊęŏɡWē� 

1950 ¡�b6Ɩ*士ǥğĸ� Irving ɪ Kirkwood ò´士ĝĉǿĠ[85]�Ã

�ʌȞƆWȃ¢ðǱŒb6Ȕęú*�。]Ɂ�\ɈɁƖWȃ¢ŏɡcʋĭ=Ý

%切ş6ęɁƖőȼyMǝĮ�ǥĳ��Ã�ǉŏʎ*士ð什ƨb6Ńˇęėƾć

ʝɪƖɓŹć� 

�]�ǖ�ę<�*ǫ(forcefield) :�ǖ�ɹƜʀĖɁ��*ǫęɝ˵¥bı

�ɝ��:Generic force fields� Biological force fields yM Class II force fields Ｕ�

ô=�Biological force fields īĸĿ&�ėb6¬ȓǿę�ï�: Assisted Model 



doi:10.6342/NTU201903738

 10 

Building with Energy Refinement(AMBER)[86]�Chemistry at Harvard Macromolecular 

Mechanics(CHARMM)[87] � Consistent Valence Force Field(CVFF) � Polymer 

Consistent Force Field(PCFF) yM GROningen Molecular Simulation (GROMOS)�ô

= AMBER ü CHARMM^ŎǔŪð½Ŀǒ�ʝę*ǫ� 

 

1.3 ʜp�ę 

xŅá�ęĸÃ�b6Ɩ*士ęWē�ðƭƈ�ǌ化=�˓˛ɒʖşǒ�̃

ɦĉǟ£ę*士ćʝ�yM�ėƖɓuʶęʂ �̀ÓŚʻʫɴƁĉÑ£ę dehydro-

lysino-norleucine crosslink yMĦɴƁĉÑ£ę Glucosepane ð½ĿÓŚ^ŎŅá

ę�˓˛�ÓŚƩş6SĮcǿ�÷̃ɦęSĮ�ǠɄ<�ęʯĮÈȒyM<�ĭ

ɓę�˓˛�ð&ȸ��ė月=ęʖşǒ�̃ɦĉĠƿcę²Ŀ�ȑ¬Ù&ȸǌ化

Ɂ½ę寸ø� 

1.4 ʜpW� 

xʜpęW��ǆ'Ǥ^Ŏɯďb6Ɩ*士ʋˊęƞˡ�。]ɯďĉʻʫę*

ǫyMʋˊƸ���ðĸȸ引xŅáĉ：�ębđWē�ǆ,Ǥ^ŎǠɄ%ê*士

²Ŀüȅɖębđ�ðɯď<�ɴƁ�˓˛ɒʖşǒ�̃ɦ*士yMȅɖĠƿę

ʂ̀�ǆnǤÓŚƬø<�ę�˓˛bđ�MMP1(Matrix metalloproteinase-1)½�

ƗƜęȅɖ方e�ǥĳǆ[ǤĿxŅáęƈʜyMyð>Ťƶ� 
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ǆ2Ǥ� ƾʜɪWē 

2.1 ʋˊWē 

2.1.1 b6Ɩ*ʋˊ 

xŅáyş6SĮcǿę�SĮŏɡWēðƭƈʖş̃ɦǌ化ęȡ̋ȅɖ(�

Ɏ 2-1 ĉ�)�į�ó¥ş6SĮɢĮęʖş̃ɦʋĭ�ƭƈ̌ƞɵÐ�ɪ*士ć

ʝMŻżȔę尤˓�Ņáʖş̃ɦb6ǌ£ɪ*士ćʝę尤˓ć�ˆÄÓŚ&ȸʖ

ş̃ɦŃ尤Żżęb6ƊȪɪ£�� 

 

Ɏ 2-1 ĿŅáĻɖ��čʖşǒ�b6ĸʖş̃ɦęƞx£b�¬ʖş̃ɦ

+ĸ(月=ǖ�œŎǌ化ęƞxǌ£��§xŅáÃ�yş6SĮcǿęŏɡW

ē�Ʃį�ó¥ş6SĮɢʏĮęʖşǒ�b6ȓā�ƻCŅáʖşǒ�Ð�ɪǌ 

化r̋Źćę尤˓ć� 

b6Ɩ*ʋˊƆǲîş6SĮęɢʏ�ėb6ʋĭ�。ŏɡ�ėb6ęƖɓ

²Ŀ��§xŅáƱ�b6Ɩ*ʋˊðŅáʖşǒ�b6ęȅɖ�Ã�b6Ɩ*ʋ

ˊ�ÓŚiyį�<�̌ƞɵÐ�ęʖşǒ�b6。ŅáôȅɖɪƖɓ²ĿęŦ

ǂ�b6Ɩ*ʋˊġ¡ð:ǔʀĖˇ�č�ɝ�ėb6ɪŃ尤寸øƭƈęŅá��

%śb6Ɩ*ʋˊęâǉ=�Ý%śb6 =ęş6łǔȊĿ%śʰ�ęʝ˞�ó

¥ʝȒ !"�´Ȳ�Ȓ #"�ǝĮ�Ȓ $"ɪdǝĮ�Ȓ %"(�Ɏ 2-2 ĉ�);ȱ�ȭ

Amino acids
covalent bond ≈1 Å

Collagen molecule
length ≈ 300 nm
diameter ≈ 1.6 nm

Collagen fibril
length ≈ μm
diameter ≈ 100 nm

Collagen fiber
length ≈ mm
diameter ≈ 10 μm

Tissues (tendon, bone)
dimension ≈ cm

Macroscale effect 
(physiological
system)—brittle bones, 
MMP resistance

Mutation in gene 
that encodes 
collagen

Mechanism?

Increased fracture risk
Decreased bone 
strength & toughness 

Full atomistic wild 
type and oim
models from a 
bottom-up approach

Ɏ���� �SĮęŅáĻɖ�����
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ʏęŏɡş6ɪş6ȔęŃ@½�*yMŏɡÝ%śş6ęɁƖWȃ¢�b6Ɩ

*ʋˊƆǲîâǉ=Ý% 切ş6ęƖɓ小ȃ(dynamical trajectory)� 

 
Ɏ 2-2b6Ɩ*ʋˊęŏɡWēMĻɖ[88] 

 

ʖşǒ�b6yMb6Ɩ*ʋˊŏɡWē:�%śb6Ɩ*ʋˊęâǉ=�Ý

%śb6=ęş6łǔȊĿ%śʰ�ęʝ˞�ó¥ʝȒ!"�´Ȳ�Ȓ 	#"�ǝĮ�

Ȓ $" ɪdǝĮ�Ȓ %"� 

 

ô=ƖƆĿ: 

K =
1
2+

,-.
/

.

 

ǆ 0 śş6ęƖȒ -.  �ôǝĮßĂ:  

-. = +1̇. 

�b6Ɩ*ʋˊ=�âǉ=ę介ȞƆ U �Ý切ş6ęŧʊßĂ: 

3 = 3(15, 1/ ⋯ , 18) 

ƣâǉę介ƆȒɒŮȔȡbiyƨ÷: 

1
+
,-. ∙ -;̇
.

+,
=3
=1..

∙ 1;̇ = 0 

ƣ  -. = +1;̇ ƥC.¢: 

covalent bonds weak bondselectrostatic
bonds

r
rUf

d
)(d

-=
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,?-;̇ +
=3
=1.
@ ∙ 1;̇

.

= 0 

.¢=��čÝ切ş6ęǝĮ�®ʰ��.¢Ƹ�£�ęƸ�Ŀ�ɒÝ%śâǉ=ęş6vȚɗæ: 

=3
=1.

= −-;̇ 

Ĉĸ 

=3
=1.

= −B. 

.¢Ġ���%śb6Ɩ*ʋˊ=�ǥœŎęĸɒčş6ɪş6Ȕ�@½�*

ęȞƆ 3 = 3(15, 1/ ⋯ , 18) ęǱŒ(�ɞĿ force field) %w¥&ȭʏęȞƆ�ǠɄ

ŏɡȞƆę negative gradient ÅiÞƨÝ切ş6ĉúę*��ȱ�\ɈɁƖĂĲɪ

ʇřʱb�ÅiÞƨâǉ=Ý%śş6ęƖɓ小ȃ�  
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2.1.2 �ėb6ęȞƆƘʇ 

�%śʞ�č�ėb6ʋˊęȞƆ=(� CHARMM force field)�ȞƆiy�y

GÑ¢Ġ�: 

3 = 3CD8E + 3F8GHI + 3JDKL.D8 + 3MDNHDOC + 3PEQ +⋯ 

 

�.¢=�%śœŎęƑǗĸ�%śb6ęȞƆiyǔȊĿ�șȞƆę介ü�

fÈ bond stretching�angle bendingＵ� 

%Ƈðɯ�bond energyĿ  

3CD8EL = , R.(S. − ST)
CD8EL

 

ô= ST aĠ§˛ęuʶģĮ� S. Ŀǜȅ§˛ęò切ş6ȔęȎ升�R. a

Ġ§˛ęʁćĩʇ��%śb6Ɩ*ʋˊ=�ST ɪ R. �§˛ę˵ÁĉßĂ�Ń

»ę�ȞƆ=ę angleɪ torsion terms iy�G¢ŏɡ  

 

3F8GHI = , RU(V − VT)
F8GHIL

 

ɪ 

$
JDKL.D8

= , RW(1 + cos([\ − ]))
JDKL.D8L

 

ô=<ʜĸ bond�angleĈ torsion energy�ôƆȒ介üłĸâǉ=Ý%ś bond�

angleɪ torsionęƆȒ介ü�¬Ý%śƆȒŏɡ=ĉɸęƘʇǢ� CHARMM force 

field=iy×÷� 

    3MDNHDOC  ü 3PEQ  ībÁaĠâǉ=ęɆǐȞƆɪ/ʃ~ə*ȞƆ�řƨ%

ǲęĸ��č�%śb6Ɩ*ʋˊ=�âǉęȞƆĸȭʏę�Ý%śş6ɪş6Ȕ

ę�@½�*ĉßĂ�b6Ɩ*ʋˊƆǲîÓŚɢʏęŏɡ久˦ę�ėb6>ȅ

ɖɪƖɓ²Ŀ�ǽ¬�čb6Ɩ*ʋˊęŏɡȒŃȯˬ5�ǛƤb6Ɩ*ʋˊęâ

ǉúŔč ~100 nmęSĮyM ~100 nsęŮȔSĮ� 
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2.1.3 ʋˊâǉ 

�b6Ɩ*ʋˊ=�uʶęʋˊâǉ^ŎbĿnɝ NVE�NVT�NPTü NpH�

�<�ęʋĭyM˱ŁƸ�Gʻù<�ęʋˊâǉðʋˊ[89]�NVE ĸʰ�cð

ęb6Ɩ*ʋˊâǉ�¬ NVT�NPT ü NpH ĸĊŴŰşƾ(Lagrangian)ę）¹�

ô= NPTü NpHmʞ��ȐǸć˱Ł�NaĠʋĭęş6ʇ�VaĠâǉ月ʱ�

EaĠâǉƆȒ�PaĠâǉ˄*�TaĠâǉȫĮ�HaĠâǉę比(enthalpy)� 

NVE âǉĸ�ĵĂş6ʇ�âǉ月ʱüâǉƆȒƒâǉuʶ��Ń@½�G

ĿÌ�ʁćyM£ɒ½�G�âǉęƆȒyMƖȒłĿĨ�ę(Conserved)�¼Ŏʋ

ˊ�ĵĂȫĮü˄*Gęžɐâǉ。<ĸıɐ��NVEęöʇ�GĠ�  

#
^_`

(a, b, c)

≅ [a!Ω(a, b, c)]i5jk1^ lk-^ ][ℋ5(1^, -^; b) − c]o(1^, -^; b)	

ô=Ω(a,b, c)Ŀ 

Ω(a, b, c) ≅ (a)i5jk1^ lk-^ ][ℋ5(1^, -^; b) − c] 

]Ŀ凡互öʇ�rĿş6ŧʊ� 

 
NVT ĸõ又âǉ(Canonical)��þĂş6ʇ�âǉ月ʱüâǉȫĮƒâǉu

ʶ�Ã�ʾ寸ćüƖɓć。]þĂâǉƖƆð木âǉȫĮĵĂ�ƬøȫĮĸÃ�

Nosé-HooveręWē�NVTęöʇ�GĠ�  

#
^_p

(a, b, q)

≅ [a! Q(a, b, q)]i5jk1^ lk-^ exp	(
−ℋ5(1^, -^; b)

vq
)o(1^, -^; b)	

ô=Q(a, b, q)Ŀ 

Q(a, b, q) ≅ (a!)i5jk1^ lk-^ exp	(
−ℋ5(1^, -^; b)

vq
) 

NPTĸĵȫĵ˄âǉ(Isothermal-isobaric)��þĂş6ʇ�âǉ˄*üâǉȫ

ĮGƒâǉuʶ�ĵĂâǉȫĮü NVTŃ��¬：� Parinello-RahmanęWē也

Ȱâǉ月ʱðɃ÷ĵĂ˄*�。]Ý¦ŏɡĳÃ�BerendsenĈGaussian constraints

ęWē�Ǯâǉ˄*�NPTʞ�čʋˊʐ(simulation box)¥月ʱ方eęʋˊ�NPT

öʇ�GĠ�  
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#
^wp

(a, -, q)

≅ [a!∆(a, -, q)]i5 l kb
y

T
jk1^ lk-^ exp	(

−[-b +ℋ5(1^, -^; b)]
vq

)o(1^, -^; b) 

ô=∆(a, -, q)Ŀ 

∆(a, -, q) = (a!)i5 l kb
y

T
jk1^ lk-^ expz

−[-b +ℋ5(1^, -^; b)]
vq

{ 

NpHĸĵ˄ĵ比âǉ(Isobaric-isenthalpic)��þĂş6ʇ�âǉ*üâǉę比

Gƒâǉuʶ�ü NPTŃ�：� Parinello-RahmanęWēðĵĂ˄*� NpHöʇ

�GĠ�  

#
^w|

(a, -, })

= [a! ~(a, -,})]i5 l kb
y

T
jk1^ lk-^ ][ℋ5(1^, -^; b) − -b

− }]o(1^, -^; b)	

ô=~(a, -,})Ŀ	

~(a, -, }) = (a!)i5 l kb
y

T
jk1^ lk-^ ][ℋ5(1^, -^; b) − -b − }]	
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2.1.4 ȐǸć˱Ł 

ȐǸć˱ŁƸ�(Periodic Boundary Conditions, PBC)��b6Ɩ*ʋˊ=ĸ 

�ð˘À�Ŀ¥ŔS7ĉnƊę˱ŁŬˇƙ˩�§WēƆ：âǉ¥�ǼŔ˱Łâ

ǉ�ƚ%ęƄ˞ĸ¥iƆǿ�ęȐǸćŬˇ[90, 91]�ȐǸć˱ŁƸ�ęaĠȢȳ

Ŀ�ȯ¥�·ş6Ʃâǉ˱ŁkŖ升ȓŮ�Ǭȧ¥Ń�ęş6Ʃâǉ˱ŁętŖȑ

Câǉ=��Ɏ 2-3=�ÓŚiyń÷ȯ¥ǈ6Ʃ%Ŗâǉ˱Ł升ȓŮ�Ǭȧ¥%

ǈŃ�ęǈ6Ʃl%ŖȑCâǉ=� 

 
Ɏ 2-3ȐǸć˱Ł�ȢɎ(http://isaacs.sourceforge.net/phys/pbc.html)� 
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2.2 ʋĭDǊ 

2.2.1 ʖşǒ�b6ʋĭ 

xŅá：� mus musculus (wild type mouse)= type I alpha-1 ɪ type I alpha-2 

ęɐɷÐ�ðį�ʖşǒ�ʋĭ�ô={Ƥęʖşǒ�ƣ�òƸ alpha-1 ɪ%Ƹ 

alpha-2 ĉǌ£�¬ brittle bone ęʖşǒ�ƣ�,Ƹ alpha- 1 ĉǌ£�xŅá：

� NCBI protein database (http://www.ncbi.nlm.nih.gov/protein) = ę Ð �   

AAH50014.1 for alpha-1 chain yM NP_031769.2 for alpha-2 chain. 

alpha-1ęÐ�Ŀ  

MFSFVDLRLLLLLGATALLTHGQEDIPEVSCIHNGLRVPNGETWKPEVCLICICH

NGTAVCDDVQCNEELDCPNPQRREGECCAFCPEEYVSPNSEDVGVEGPKGDPG

PQGPRGPVGPPGRDGIPGQPGLPGPPGPPGPPGPPGLGGNFASQMSYGYDEKSA

GVSVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGGSGPMGPRGPPGPPG

KNGDDGEAGKPGRPGERGPPGPQGARGLPGTAGLPGMKGHRGFSGLDGAKGD

AGPAGPKGEPGSPGENGAPGQMGPRGLPGERGRPGPPGTAGARGNDGAVGAA

GPPGPTGPTGPPGFPGAVGAKGEAGPQGARGSEGPQGVRGEPGPPGPAGAAGPA

GNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGA

PGNKGDTGAKGEPGATGVQGPPGPAGEEGKRGARGEPGPSGLPGPPGERGGPG

SRGFPGADGVAGPKGPSGERGAPGPAGPKGSPGEAGRPGEAGLPGAKGLTGSPG

SPGPDGKTGPPGPAGQDGRPGPAGPPGARGQAGVMGFPGPKGTAGEPGKAGER

GLPGPPGAVGPAGKDGEAGAQGAPGPAGPAGERGEQGPAGSPGFQGLPGPAGPP

GEAGKPGEQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGNNGAPGN

DGAKGDTGAPGAPGSQGAPGLQGMPGERGAAGLPGPKGDRGDAGPKGADGS

PGKDGARGLTGPIGPPGPAGAPGDKGEAGPSGPPGPTGARGAPGDRGEAGPPGP

AGFAGPPGADGQPGAKGEPGDTGVKGDAGPPGPAGPAGPPGPIGNVGAPGPKG

PRGAAGPPGATGFPGAAGRVGPPGPSGNAGPPGPPGPVGKEGGKGPRGETGPA

GRPGEVGPPGPPGPAGEKGSPGADGPAGSPGTPGPQGIAGQRGVVGLPGQRGER

GFPGLPGPSGEPGKQGPSGSSGERGPPGPMGPPGLAGPPGESGREGSPGAEGSPG

RDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKNGDRGETGPAGPAGPI

GPAGARGPAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGSPGSPGEQGPS

GASGPAGPRGPPGSAGSPGKDGLNGLPGPIGPPGPRGRTGDSGPAGPPGPPGPPG

PPGPPSGGYDFSFLPQPPQEKSQDGGRYYRADDANVVRDRDLEVDTTLKSLSQ
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QIENIRSPEGSRKNPARTCRDLKMCHSDWKSGEYWIDPNQGCNLDAIKVYCNM

ETGQTCVFPTQPSVPQKNWYISPNPKEKKHVWFGESMTDGFPFEYGSEGSDPAD

VAIQLTFLRLMSTEASQNITYHCKNSVAYMDQQTGNLKKALLLQGSNEIELRGE

GNSRFTYSTLVDGCTSHTGTWGKTVIEYKTTKTSRLPIIDVAPLDIGAPDQEFGL

DIGPACFV 

alpha-2ęÐ�Ŀ  

MLSFVDTRTLLLLAVTSCLATCQYLQSGSVRKGPTGDRGPRGQRGPAGPRGRD

GVDGPMGPPGPPGSPGPPGSPAPPGLTGNFAAQYSDKGVSSGPGPMGLMGPRGP

PGAVGAPGPQGFQGPAGEPGEPGQTGPAGPRGPAGSPGKAGEDGHPGKPGRPG

ERGVVGPQGARGFPGTPGLPGFKGVKGHSGMDGLKGQPGAQGVKGEPGAPGE

NGTPGQAGARGLPGERGRVGAPGPAGARGSDGSVGPVGPAGPIGSAGPPGFPG

APGPKGELGPVGNPGPAGPAGPRGEVGLPGLSGPVGPPGNPGTNGLTGAKGATG

LPGVAGAPGLPGPRGIPGPAGAAGATGARGLVGEPGPAGSKGESGNKGEPGSVG

AQGPPGPSGEEGKRGSPGEAGSAGPAGPPGLRGSPGSRGLPGADGRAGVMGPP

GNRGSTGPAGIRGPNGDAGRPGEPGLMGPRGLPGSPGNVGPSGKEGPVGLPGID

GRPGPIGPAGPRGEAGNIGFPGPKGPSGDPGKPGERGHPGLAGARGAPGPDGNN

GAQGPPGPQGVQGGKGEQGPAGPPGFQGLPGPSGTTGEVGKPGERGLPGEFGL

PGPAGPRGERGTPGESGAAGPSGPIGSRGPSGAPGPDGNKGEAGAVGAPGSAGA

SGPGGLPGERGAAGIPGGKGEKGETGLRGDTGNTGRDGARGIPGAVGAPGPAG

ASGDRGEAGAAGPSGPAGPRGSPGERGEVGPAGPNGFAGPAGAAGQPGAKGEK

GTKGPKGENGIVGPTGSVGAAGPSGPNGPPGPVGSRGDGGPPGMTGFPGAAGR

TGPPGPSGIAGPPGPPGAAGKEGIRGPRGDQGPVGRTGETGASGPPGFVGEKGPS

GEPGTAGAPGTAGPQGLLGAPGILGLPGSRGERGLPGIAGALGEPGPLGISGPPG

ARGPPGAVGSPGVNGAPGEAGRDGNPGSDGPPGRDGQPGHKGERGYPGSIGPT

GAAGAPGPHGSVGPAGKHGNRGEPGPAGSVGPVGAVGPRGPSGPQGIRGDKGE

PGDKGHRGLPGLKGYSGLQGLPGLAGLHGDQGAPGPVGPAGPRGPAGPSGPVG

KDGRSGQPGPVGPAGVRGSQGSQGPAGPPGPPGPPGPPGVSGGGYDFGFEGDF

YRADQPRSQPSLRPKDYEVDATLKSLNNQIETLLTPEGSRKNPARTCRDLRLSHP

EWNSDYYWIDPNQGCTMDAIKVYCDFSTGETCIQAQPVNTPAKNSYSRAQANK

HVWLGETINGGSQFEYNVEGVSSKEMATQLAFMRLLANRASQNITYHCKNSIA

YLDEETGSLNKAVLLQGSNDVELVAEGNSRFTYSVLVDGCSKKTNEWGKTIIEY

KTNKPSRLPFLDIAPLDIGGADQEFRVEVGPVCFK 

ô=Ň°�月Ġ�,Ğ元Ƶʖşǒ�ęƗƜ� 
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2.2.2 ʖşǒ�b6Ȕę�˓˛į� 

xŅáyşāęʖşǒ�ʋĭĿƞˡ.ȑ²į��d.�˓˛ðį�Ȧęʋ

ĭ�ÓŚyȓČǙ月ë¶dǨ!Avogadro"�CHARMM General Force Field (CGenFF)

yM�Ãʷ5士Řˠbű(uiuc)ĉȓǿęb6Ɩ*ʋˊiȊeǙ月Visual Molecular 

Dynamics(VMD)ðȑ²į��ǥĳyb6Ɩ*ʋˊǙ月 LAMMPSðȑ²ʋˊ� 

ô^ŎĽȃ�GɎ 2-4ĉ�  

 

 

 
 

 

  
Ɏ���� �˓˛ʋĭį�ĽȃɎ�
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ŗ�ʻĂŎ˛ȅę�˓įĭɓ�ǆ%Ü� Avogadro Ǚ月=į�b6ęȅɖ�

。ȑ²ƆȒǥ8e×cȅɖ天ĂęĘɓʺc£.pdbęˋŲ� 

ǆ'ÜÖʺcę pdbˋŲ.Ȝ¯ CHARMM General Force Field ęɥƀ.�ɥ

ƀȧ×cŃ»ęȅɖ�。ʺcƘʇ�ǚêƘʇfÈ type�charge�bond�angle�dihedral

ü improper��ðƺdĈŝØ topology ü parameter ęˋŲ��čxŅáʻʫę

�˓˛Ñ¢<ƥɆ�ÓŚ� charge ę�Wȑ²Ɇǐuʶ�木�˓˛Ǒč˞=ćę

Ęɓ� 

ǆ,ÜÖŝØĳę topology ˋŲü.pdb ˋŲ� VMD ę psfgen packagen ę

patch ķbðȑ²ŝØ�ǚśÜ̉vȚŎ®²下ʹ.tcl ˋŲÌ£�ǥĳȧʺcŝØ

ĳę.pdbˋŲü.psfˋŲ� 

ǆnÜ�ˤǳŴ¢ęȃ¢ charmm2lammpsðÖÓŚę.pdb�.psf�topologyü

parameterʬ�Ɗðʺc£%śy charmm force fieldĿƞˡę.dataˋŲ�ǥĳÓŚ

�.dataˋŲęʋĭðȑ²ʋˊ� 

 

2.2.3 ʋĭȻƉ 

ÓŚ介�į�nɝ<�˵ĭęʋĭ�Ġ 2-1 ĉ��ǆ%ɝm¥ǩƂʖşǒ�

b6�ÓŚý�Ŀ Normal�ǆ'ɝ� N�CɟǜƮòƸ deH_LNL crosslink�ÓŚ

ý�Ŀ deH22�ǆ,ɝ� N�CɟǜƮnƸ deH_LNL crosslink�ÓŚý�Ŀ deH44�

ǥĳǆnɝĸ AGEs crosslink ÓŚý�Ŀ AGEs� 

 

Model Crosslink sites 

Normal NaN 

deH22 LYS1057-LYS1996,LYS2089-LYS3026 

deH44 
LYS1057-LYS1996,LYS2089-LYS3026, LYS103-LYS1046,LYS1150-

LYS3126 

AGEs LYS450-ARG1969,LYS103-ARG805,LYS547-ARG1354 

 

Ġ 2-2Ŀ�ʋĭ crosslinkƮ˞´Ȳ 
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�˓ęʝȒƢĮ58�Ɛ¬¾bÁĿ deH44 > AGEs > deH22 > Normal�deH22

ü deH44ę�˓Ñ¢Ŀ dehydro-lysino-norleucine �ʖşǒ�ǜƮę´Ȳ^Ŏ� N�

Còɟ�¬ AGEsę�˓Ñ¢Ŀ Glucosepane Ʈ˞´Ȳʖşǒ�b6F��Ɏ 2-5

ĉ�� 

 

 

 

  

Ɏ 2-5�˓˛Ʈ˞´Ȳ�ȢɎ	
�� ������1���4-�1��1����)-���)�144�-�. ęƮ˞

	(�� 
��)14�2
���)�144�-�. ęƮ˞´Ȳ 
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2.2.4 ʋˊęǗȲMˍɏƸ� 

�ĪęŅáǿƿʖşǒ�b6�ĿƝ̂ę尤ĩ�ȧÑ£œ̂ƗüĜɶƗƜ�¬

œ̂ƗüĜɶƗƜ�ʖşǒ�b6.ȧȐǸćęǯˍ�ÓŚĂȳqĿ D-period�D-

periodęģĮŉĸ 67nm��œ̂ƗɪĜɶƗƜĉǌ£[92-94]�ǩ%ʖşǒ�b6

介�¥[śœ̂ƗƜyMnśĜɶƗƜ��Ɏ 2-6ĉ�� 

 
 

 

 

xŅáʋĭęǗȲƘ« D-period ęȐǸŹć�ƣʋˊę˱ŁȊĿ%ś D-

periodęǩ´E!unit cell"�Ã�ȐǸć˱Ł!PBC"yMʋˊʐ(simulation box)½

ĿâǉęǗȲðʋˊcʖşǒ�̃ɦę²Ŀ� 

 

  

CN
Overlap
(27 nm)

Gap 
(40 nm)  

Cross-links Sites

D-period (67 nm)

N C N C

0 1 2 3 4 5

0 12 3 4 5
~ 300 nm

Ref1: Robins, S. P. 1983. Biochem. J. 2 1 5 :167-73
Ref2: Huaidong Jiang, 2008, Physical Review Letter

CtermNterm

Possible Cross-links
Sites

Ɏ 2-6�ęvÅlğ£²Oyĺ�
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Ɏ 2-7 ȐǸć˱ŁŬˇG�ʖşǒ�̃ɦʋĭ�ȢɎ� 

 

Ɏ 2-7 (a.)Ŀʖşǒ�b6üʋˊǄ6ę˱Ł(b)Ã� VMD ȷŖ pbc wrap ķ

b�«二 pbcŬˇ]Öĉ¥b6ȗ=�Ǆ6=(c.)� pbcęŬˇG�ʖşǒ�b6

�̃ɦ=ę´Ȳ�1Ǭĸɯ�� pbcęƫĔG�Óę unit cellȧ�Ů大¥[Ƹʖş

ǒ�b6�ǥĳȧÑ£ʖşǒ�̃ɦ�ʋˊęˍɏ^Ŏ� NPT >âǉ�：�

CHARMM*ǫðʋˊʖşǒ���þĂȫĮ 310kƸ�Gȑ²ʋˊ�。Ȇ? 1atm

yM 60MPaòɝ<�ęƫĔð̋ɑ<�ę*士²ĿMȅɖŹć� 
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2.3 bđWē 

2.3.1 WÊųƕǅ(root-mean-square deviation)bđ 

WÊųƕǅ(RMSD)Ŀ�%śŮȔÐG�Ý%śŮȔęş6ŧʊɒčğāęş

āŧʊƒWÊųɮŦ�ôa¢�G  

�ÄÅÇ =	É
1
[
,(Ñ. − ÑT)/ + (Ö. − ÖT)/ + (Ü. − ÜT)/
8

.á5

 

ô= NĿ介ş6ʇ��ŏɡ RMSDĪvȚƣb6ęʝoüğāb6ʝoƒɒ

ɻ(align)�ǚʉ;ȧƎhb6´ǅĉǟ£ęɮŦ�木 RMSD iyaĠb6ȅɖ天

Ă��xŅá=�ÓŚǠɄWÊųƕǅðbđȅɖĸÆǑčuʶyMȅɖę天Ăć�

ǥĳiyßĂÓŚębđʉx��bđƗȔF�ʊȭŦ<ƨȍɄ 1Å��uʶĘɓ

G�RMSD ę58�ÓŚęʋĭaĠȈ÷uʶĉɸŎę´ǅȒ�RMSD Ȍ5�÷

uʶę´ǅȒȌ��ŃhęȌ8Ȍk�xŅáÃ� VMD= measure ķb�fit �

ðŏɡ<�ŮÐGʝoęȎ升��� measure rmsd�ðŏɡ rmsdȎ升� 

 

2.3.2 Unit cell ģĮbđ 

Unit cell ʋˊɐâǉę˱Ł��ĿxŅá：� NPTâǉȧ¥月ʱę方e�。

] unit cellęm¥ xȏ¥方e y�zȏ<P方e�ĉy xę方eMĿ月ʱ方e�¬

xȏW�ęģĮĿ D-period�D-periodȧʂ̀ overlapü gapę介ģĮyMb6介

ģĮ�Ǝ§>o��Ŀ NPT âǉĵĂ˄*ę尤ĩ�unit cell ę xȏģĮȌ8aĠ

şāʋĭâǉ˄*ȿ8�h>ģĮȌ5�şāʋĭâǉ˄*Ȍ5� 

 

2.3.3 中ÏɟȎ(end to end distance)bđ 

中ÏɟȎĿ%śƤ�ðǱŒɨ�ėɖȋęƘʇ�^ŎĸǻȒɨ�ėb6中Ï 

òɟęȎ升�yĠ�ɨ�ėę人Į�xŅá�ðbđʖşǒ�b6ģĮę方e�ʻ

ùʖşǒ�ę alpha-1 chain ǆ%śǹƞ(resid 1)yMǥĳ%śǹƞ(resid 1054)ę

alpha carbonƒĿ˱Łę中Ïɟ��Ɏ 2-8ĉ�� 
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Ɏ 2-8ʖşǒ�b6中ÏɟȎ�ȢɎ� 

2.3.4 overlap and gap bđ 

ÓŚ�ŏɡ overlap ü gapęģĮ�ĸÃ�ʖşǒ�̃ɦƝ̂ęǕĲć 

D-period ðɡ�ŗ�ÓŚ�Öb6中Ïòɟǥ5ģĮɡcð��ðùƨȯG 

unit cell ęģĮðȯ½ D-periodęģĮ�ǥĳ什ƨģĮĿ  

àâä1ãåç = +éãäèêãä	ãä[ëíℎ − (4 × Ççä10ék) 

ñåç = Ççä10ék − éâä1ãåç 

    ǥĳɡcð overlap ü gap ƨ÷Ȏ升ĳ�ÓŚiyì子Ȏ升ðɒŷƞɵǹƞ

b¿½bđ� 

 
Ɏ 2-9(a.)Ŀŏɡ overlap ü gap �ȢɎ�¬(b.)īì子ĉɡ> overlap ü gap ģ

Į�ĉɌbcęƗƜ� 

� overlap ü gap ębđiy̋ɑb6Ȕ¥ǼȬƖ�Ã�ɡcðę overlap ü

gapģĮƒ<�ˇ*Gę overlapü gapęZïyMģĮę方e��ɒ alpha1-1ę

ŷƞɵǹƞƒɌb�ìȮŃ�ˇ*�<�ʋĭGȑ²bđ�ðZȿ<��˓˛ɒč

̃ɦȬƖęʂ̀� 
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2.3.5 Unit height and radius bđ 

ʖşǒ�b6�,Ƹ少ĉǌ£�ó¥Źŵę,Ğ元Ƶȅɖ�ô=Ý%Ƹ少ę̌

ƞɵÐ�Ý,ś̌ƞɵĿ%ś Gly��§ó¥ŃȯʰŹę(Gly-X-Y)nœ久ć�ô=

X ɪ Y aĠ<�ę̌ƞɵÐ���č§%ŹÁęÐ�Ź了�xŅáɍȕǿŤ&%

śÃ� Gly ęĜȔŧʊðbđʖşǒ�b6ȅɖęWē��§Wē=�ÓŚÃ�

Ý%ś Glyę alpha carbonş6ðǱŒʖşǒ�b6ȅɖ�  

ƑǗ  Ŀʖşǒ�b6=ǆ i ś Glyę alpha carbonş6�ŗ�ÓŚŏɡ,

Ƹ少=ę Gly > alpha carbon ş6ęʝoĿ �Ã�§Ăȳ

ÓŚiyŏɡ§ʖşǒ�b6ę contour lengthĿ: 

  

ô= n aĠĉ¥ʝoę介ʇ��ʖşǒ�b6ęģĮĉßĂ�LcĿ contour length�

�Ů§b6ę end-to-end distanceiy�§b6ę Nɪ C terminalĉßĂ   

� 

Ŀ&Ùȑ%Ü&ȸ̌ƞɵÐ�ɒʖşǒ�b6Íǡȅɖęʂ̀�ÓŚȑ%Ü

ŏɡŃʟʝo  ęȎ升Ŀ: 

 

ȑ%ÜĂȳ , , ɪ  Ŀ少 A, B, ɪ C=ǆ i ś Glyę alpha carbonş6

( )��čʖşǒ�b6=,Ƹ少�才Ʋ��ÓŚ¥ , 

 ɪ   ę尤ĩ�¬ʖşǒ�b6ę unit height iy� 

 �  

 

    ʖşǒ�b6,Ğ元ƵȅɖęˤȏiyǠɄÞȸǛɄ  ę 3d natural 

interpolating cubic spline curve Þƨ�ƨ÷,Ğ元Ƶȅɖęˤȏĳ�ÓŚħiŏɡ 
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, , ɪ  ÷ˤȏęȎ升。uÊÞƨʖşǒ�b6Íǡęb6gũ� 

 
Ɏ 2-10ʖşǒ�b6ȅɖbđ[95] 

Ɏ 2-10 (a)ʖşǒ�b6ɔŖ�ȢɎ�Ɏ=�%Ƹ少y�%˨°Ġ��ȟƽĠ�Ý

%ś Glyę alpha carbonş6�(b)ʖşǒ�b6ƔŖɎ�(c)xŅáÃ� Gly= alpha 

carbonęȻƉðbđʖşǒ�b6>ȅɖ�(d)ʖşǒ�b6> unit heightŏɡ� 

 

 

2.3.6 Hydrogen bondbđ 

    ƹ˛ĸb6Ȕ½�*ę%ɝ�ĸ%ɝ}0ƓȨ>Ȕę½�*�½�� O-H Ĉ 

O-N 。ǀ�ŹĂȎ升MåĮę˛ȅ�xŅáÃ�VMDęŢ�ŏɡ hydrogen bond�

Ȏ升ù 3.5 Angstrom�åĮù 30.0o��Ɏ 2-11ĉ�� 

�ʖşǒ�b6Fęƹ˛ǜƮiƆĸŷƞɵ^少ŃƮ�1¥iƆĸ�Ƹŷƞ

ɵ少.ŃʟŷƞɵŃǜ�^少Ńǜęƹ˛ĸ天Ă,Ğ元Ƶȅɖęƹ˛�¬ʟġŃǜ

ęƹ˛īĸ天Ă元Ƶȅɖęƹ˛�xŅáƹ˛ębđ^ŎbĿ�ʉxŮȔFĉǿ

�ęƹ˛bđüƹ˛b˵ębđ�ĪĝębđW¢ĸ�ʉxŮȔF�Öcƿ寸Ƽ
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50%y.ęƹ˛寸ƼŃd�¬ĳĝĸƌɒ.Œ^少ŃǜüʟġŃǜƒb˵� 

 

 
Ɏ 2-11ƹ˛�ȢɎ� 
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ǆ3Ǥ� �˓˛�ʖşǒ�̃ɦ÷b6ęʂ̀ 

3.1 ̃ɦSĮ 

3.1.1 WÊųƕǅbđ 

 
 

 

 

�bđ 1atmGęȅĐ��ȅĐń÷�uʶęɄȃ=��śʋĭęʇř˗ġĂ

ř�aĠʋĭ� 1atm G˗čuʶ��Ɏ 3-1 ĉ��xŅáùŇ°ƗƜ 35ns~40ns

ęŮȔ又Ǫ� 5nsð½Ŀbđʉx�ǠɄ RMSDʊȭŦĸÆ� 1 Å>FðÂ勻ʋ

ĭĸÆuʶ��Ɏ 3-2 (a.)ĉ��nśʋĭǢ˼čuʶĘɓ��ǚ 5ns= RMSDʊ

ȭŦ58Ŀ Normal > deH44 >AGEs > deH22� 

�ðÖǚ 5nsę RMSDƒuÊ�Ɏ 3-2(b.)ĉ��ǿƿ NormalĿ 2.85±0.51ǥ

Ɏ 3-1� 1atmGę RMSDbđ 

Ɏ 3-2ʉxŮȔ 35ns~40ns=�(a.)RMSDę Standard deviation(b.)uÊę RMSD� 
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Ɛ�ô¦ĿdeH44ę2.73±0.46��ðAGEsę2.29±0.41�ǥĳĸdeH22ę2.19±0.24�

�ȅĐń÷ deH22 ʋĭ�ǚ 5ns =天ĂćŃȿčô`,ĝðƨƐ�¬ Normal ƨ

天ĂćȿŦ� 

 

 
 

 

 

 

ƮGðbđ 60MPaGęȅĐ��ȅĐń÷�uʶęɄȃ=��śʋĭęʇř

˗ġĂř�aĠʋĭ� 1atm G˗čuʶ��Ɏ 3-3 ĉ��xŅáùŇ°ƗƜ

7ns~10nsęŮȔ又Ǫ� 3nsð½Ŀbđʉx�ǠɄ RMSDʊȭŦĸÆ� 1 Å>F

ðÂ勻ʋĭĸÆuʶ��Ɏ 3-4 (a.)ĉ��nśʋĭǢ˼čuʶĘɓ�ʏɭǢ�u

ʶ天ĂęĘɓ��ǚ 3ns=ʊȭŦ58Ŀ AGEs > deH22 > deH44 > Normal��ð

Öǚ 3nsę RMSDƒuÊ�Ɏ 3-4 (b.)ĉ��ǿƿ deH22Ŀ 3.69±0.55ǥƐ�ô¦

Ɏ 3-3� 60MPaGę RMSDbđ 

Ɏ 3-4ʉxŮȔ 7ns~10ns=�(a.)RMSDę Standard deviation(b.)uÊę RMSD� 
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Ŀ AGEs ę 2.86±0.55��ð deH44 ę 2.41±0.36�ǥĳĸ Normal ę 2.36±0.32�

Normalü deH44�ǚ 3ns=�ȅɖ天ĂćǢZloòĝƐ� 

 
3.1.2 Unit cellģĮbđ 

 
Ɏ 3-5� 1atmG�(a.) D-period ęģĮ方e(b.)D-periodęuÊģĮ� 

 

ŗ�bđ� 1atm GęȅĐ��ȅĐǿƿ D-period ęģĮ:ȱ˗čuʶ�Ɏ 

3-5 (a.)ĉ���ðńuÊ D-period ęģĮ�Ɏ 3-5(b.)��ȅĐǿƿ Normal Ŀ

623.19±0.56ǥƐ�ô¦Ŀ deH22ę 622.16±0.63��ð deH44ę 620.84±0.653�ǥ

ĳĸ AGEsę 619.54±0.57� 

 

 

 

    �ðbđ 60MPaGśʋĭęȅĐ��ȅĐń÷ʇř˗ġč天Ă�Ɏ 3-6 (a.)ĉ

���ðńuÊD-periodęģĮ�Ɏ 3-6 (b.)ĉ���ȅĐǿƿdeH44Ŀ651.52±0.64

Ɏ 3-6� 60MPaG�(a.)D-period ęģĮ方e(b.)D-periodęuÊģĮ� 
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ǥƐ�ô¦Ŀ Normal ę 650.34±0.74��ð AGEs ę 649.29±0.57�ǥĳĸ deH22

ę 619.54±0.56� 

3.1.3 b6中ÏɟȎbđ 

 

 

 

ŗ��bđʋĭ� 1atmƫĔGęĠƿ�ÓŚùʉxŮȔę 5nsuʶļðbđ�Ɏ 

3-7 (a.)ĉ���ȅĐ̋ɑ÷�ǚļŮȔF�ģĮ˗č天Ă�1̆˰ÓŚ RMSDù

ęƗļĿ天Ăuʶ��ðbđǚļƗȔęuÊģĮ�Ɏ 3-7 (b.)ĉ���ȅĐǿ

ƿ NormalĿ 2734.56±2.31ǥƐ�ô¦Ŀ deH22ę 2729.63±2.84��ð deH44ę

2724.80±2.47�ǥĳĸ AGEsę 2719.41±2.37��àú*ęƫĔG�à¥�˓˛ę

Normalʋĭ^Ŏĸǩʰb6Ñ£uʶ�¬ deH22ü deH44�uʶęɄȃ=��

Ŀ C�Nòɟę�˓˛½��木ʖşǒ�b6ȊĿ³ǜęȅɖ�木b6ɪb6Ȕ

@Ńʂ̀�。]ʾȈ�˓˛ʝȒƢĮęȌƐ�ʂ̀ęȃĮ1Ȍ5�ȧ木ʖşǒ�

b6ȌȀ�¬ AGEsę�˓˛�b6=�ȩĆɋĸ。˓�ʂ̀ęȃĮȧ5č

deH22ü deH44� 

 

Ɏ 3-7� 1atmG�(a.)b6中ÏɟȎę方e(b.)uÊb6ę中ÏɟȎ� 
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    Ɏ 3-8� 60MPaG�(a.)b6中ÏɟȎę方e(b.)uÊb6ę中ÏɟȎ� 

 

�ðbđ� 60MPaG�ÓŚùʉxŮȔę 3nsuʶļðbđ�Ɏ 3-8 (a.)�ǿ

ƿģĮ˗č天Ă�̆˰ÓŚ RMSDùęƗȔĸ天Ăuʶę��ðbđǚļƗȔę

uÊģĮ�Ɏ 3-8 (b.)ĉ��ÓŚǿƿ deH44Ŀ 2853.84±2.84ǥƐ�ô¦Ŀ Normal

ę 2851.10±2.65��ð AGEsę 2846.25±2.78�ǥĳĸ deH22ę 2836.50±2.59��

ȅĐ̅� deH44� 60MPa¥ǥ5ę¹ģȒüĊ¹ę*¥ŬȜʧ¥尤�AGEs�b

6Fę˵»。˓ę�˓˛1¥Ŭ�木ˇ*ˇ方¥ŬȜɳ�deH22� N�Còɟę�

˓˛ƢĮ<Ɛ�*ȒǼē¥ŬȜɳG�Ŀ¹ģȒǥȀęʋĭ�¬ Normalʋĭ�à

¥�˓˛ęƫĔGˇ*Ǽē¥ŬęȜȆʟġb6�公iy¥ǆ'ģęģĮ�ĉyÓ

Śȑ%Übđ¹ģȒ�ˇ方�Ɏ 3-9ĉ�� 

 

 

bđ¹ģȒ�deH44Ŀ 129.04ǥƐ�ô¦Ŀ AGEsę 126.83��ðĿ Normal

Ɏ 3-9(a.)1atm-60MPa>¹ģȒ(b.)1atm-60MPa>ˇ方� 
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ę 116.53�ǥĳĸ deH22ę 106.86�分ǽ� 60MPaęuʶģĮ=�NormalęģĮ

Z AGEsü deH22ðƨģ�¼ĸ�¹ģȒyMˇ方=�AGEsǢZ NormalðƨƐ�

ɯď�Đˇ*Ķ˽.L��˓˛Ȝɳˇ*ęƆ*1ȧÙĿď̅�¬à¥�˓˛ęʋ

ĭiƆȧĸǥȀęʋĭ 

 
3.1.4 Overlap and gap bđ 

ŗ�bđśʋĭ� 1atmGę overlap/gap ratio��Ɏ 3-10ĉ�� 

 
Ɏ 3-10� 1atmG��śʋĭę overlap/gap ratio� 

 

 �ȅĐń÷ overlap/gap ratio � 1atm GôɐĸŦ<�ę�ɯď�Ǽo*G

overlap ü gap b¿ęZï<ȧú÷�˓˛ęʂ̀�ƮGðbÁbđ� 1atm G

overlap ü gapęģĮ��Ɏ 3-11ĉ�� 

 
Ɏ 3-11� 1atmG�(a.)overlapuÊģĮM(b.)gapęuÊģĮ� 
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�ȅĐń÷� overlapęģĮ=�Normalü deH44ĸŦ<�ģę�Normalĸ

273.94�deH44ĸ 273.91��ðĸ deH22ę 272.95�ǥȀęĸ AGEsę 271.80�¬

� gap ęģĮ=�Normal ü deH22 ĸŦ<�ģę�Normal ĸ 349.22�deH22 ĸ

349.21��ðĸ AGEsę 347.75�ǥȀęĸ deH44ę 346.86� 

�à¥ú*ęƫĔG�Normal<ɠĸ� overlap公ĸ gapǢĸǥģę�ÓŚi

yÖNormalęʋĭüô口ęʋĭƒZȿ�bđ�˓˛ɒʖşǒ�̃ɦƝ̂ęʂ �̀

� deH22ę overlapZȿȀ�¬ gapĸŦ<�ģę�� deH44īĸ overlapĸŦ<

�ę¼ gapȿȀ�¬ AGEs� overlapü gapǢĸȿȀę� 

 ƮGðy.Œę overlapü gapģĮðɒʖşǒ�b6= alpha1-1少ęŷƞɵ

ǹƞ� 1atmGƒƗƜęb˵��Ɏ 3-12ĉ�� 

 
Ɏ 3-12� 1atmG�(a.)�ƗļŷƞɵǹƞęŦř�(b.)overlapü gapŷƞɵǹƞ

ęŦȎ� 

 

 �ȅĐiyń÷�˓˛ȧʂ̀ʖşǒ�b6ęŷƞɵǹƞęb¿�Ɏ 3-12(a.)

b¿̅��分ǽ overlapü gapęģĮ�ǩ%ʋĭ=ĸþĂę�¼ĸĉb¿ŷƞɵ

ǹƞęʇ�ĸ<�ę�1iyɯÝļęȅɖ1<���ðĸ<��˓˛ęĘĔGb

¿1<���˓˛ę´Ȳüb6ȔęɒɻǢĸ¥iƆʂ̀ęş��Ɏ 3-12(b.)ĸƌ

ɒ overlapü gapd介�bđ�˓˛� overlapü gap=ęʂ̀�iyń÷� 1atm

G�deH44� overlap大¥ȿ�ęŷƞɵǹƞ�¬ deH22ü AGEsīĸ� gapȿ�� 
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ƮGðÓŚìȮɎ 3-12ęȅĐǾc̃ɦɎ��Ɏ 3-13�Ɏ 3-14ĉ�� 

 
Ɏ 3-13� 1atmG��ʋĭìȮ overlapü gapģĮƗbę̃ɦɎ� 

 
Ɏ 3-14� 1atmG�ɒȮ Normalʋĭŷƞɵǹƞb¿ę̃ɦɎ� 
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Ɏ 3-13�Ɏ 3-14ȅ�&�Īę中ÏɟȎ�unit cellęģĮü overlapü gapę

ģĮðˮɫ�ô=Ɏ 3-14Ƌ�ŷƞɵǹƞðˮɫ� 

� 1atmuʶG�y Normalʋĭ½Ŀƞȭɒ¥�˓˛ęʋĭƒZȿ�y deH22

ðɯ�uʶĳ��˓˛ĉƮę´Ȳ gap4ü overlap1ȧǔȂȡĊ¹�ǟ£ȿ�ęŷ

ƞɵǹƞȗ=�deH44�uʶG��˓ĉ�ę´Ȳ1ȧǔĊ¹�。]�Ŀ�˓Ƣȗ

ęÖ overlap1ü overlap5þĂµ�ĉyǚòļęŷƞɵǹƞȿ��AGEs�˓Ʈę

´ȲȿĿ久˦�<Ʉ¥Ʈ�˓˛ę�WŷƞɵǹƞǢĸɽdę�¬Ńʟę�WǢȧ

Ǻk��ðÓŚbđ� 60MPaG overlap/gap ratio��Ɏ 3-15ĉ�� 

 

 
Ɏ 3-15� 60MPaG��śʋĭę overlap/gap ratio� 

 

�ȅĐǿƿ�úo*ĳ overlap/gap ratio ǢGŕ&�ş�iƆĸ overlap¹ģ

ȒZ gapðƨ8�ȅĐðń AGEsę 0.7771ǥ5�ô¦Ŀ Normalę 0.7758��ð

ĸ deH22ę 0.7698�ǥĳ deH44ę 0.7666ǥ8��ȅĐ̅�分ǽ overlap/gap ratio

Ǣ方8�¼ĸ Normalü AGEsĸŦ<�ę�¬ deH22ü deH44Gŕȿ�� 
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ƮGðbÁbđ� 60MPaG overlap ü gapęģĮ��Ɏ 3-16ĉ�� 

 
Ɏ 3-16� 60MPaG�(a.)overlapuÊģĮM(b.)gapęuÊģĮ� 

 

�ȅĐǿƿ� overlap ģĮ=�Normal ę 284.13 Ŀǥģ�ô¦ĸ AGEs ę

283.95��ðĸ AGEsę 282.75�ǥĳĸ deH22ę 281.43�¬� gapęģĮ=�ǥ

ģęĸ deH44ę 368.86�ô¦ĸ Normalę 366.23�ǥĳ deH22ü AGEsĸŦ<�

ę�deH22Ŀ 365.61�AGEsĿ 365.9�ƮGðy.Œę overlapü gapģĮðɒʖ

şǒ�b6= alpha1-1 少ęŷƞɵǹƞ� 60MPa GƒƗƜęb˵��Ɏ 3-17 ĉ

�� 

 

 
Ɏ 3-17� 60MPaG�(a.)�ƗļŷƞɵǹƞęŦř�(b.)overlapü gapŷƞɵǹ

ƞęŦȎ� 
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�ȅĐiyń÷�˓˛ȧʂ̀ʖşǒ�b6ęŷƞɵǹƞęb¿�Ɏ 3-17(a.)

b¿̅��分ǽ overlapü gapęģĮ�ǩ%ʋĭ=ĸþĂę�¼ĸĉb¿ŷƞɵ

ǹƞęʇ�ĸ<�ę�1iyɯÝļęȅɖ1<���ðĸ<��˓˛ęĘĔGb

¿1<���˓˛ę´Ȳüb6ȔęɒɻǢĸ¥iƆʂ̀ęş��Ɏ 3-17(b.)ĸƌ

ɒ overlapü gapd介�bđ�˓˛� overlapü gap=ęʂ̀�iyń÷� 60MPa

G�deH22 ü deH44 � gap 大¥ȿ�ęŷƞɵǹƞ�¬ AGEs 1¥Ń�˗Ȟ¼ĸ

ȿ<ď �̅ƮGðÓŚìȮɎ 3-17ęȅĐǾc̃ɦɎ��Ɏ 3-18�Ɏ 3-19ĉ�� 

 

 
Ɏ 3-18� 60MPaG��ʋĭìȮ overlapü gapģĮƗbę̃ɦɎ� 
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Ɏ 3-19� 60MPaG�ɒȮ Normalʋĭŷƞɵǹƞb¿ę̃ɦɎ� 

 

Ɏ 3-18�Ɏ 3-19ȅ�&�Īę中ÏɟȎ�unit cellęģĮü overlapü gapę

ģĮðˮɫ�ô=Ɏ 3-19Ƌ�ŷƞɵǹƞðˮɫ�� 60MPauʶG�ÓŚyNormal

ʋĭ½Ŀƞȭ�ɒ¥�˓˛ęʋĭƒZȿ�ǿƿ�Ċ¹ĳ�5ǡbęb¿ǢȧØ方�

deH22��˓˛Ʈ˞ǡbúĊ�overlapęŷƞɵǹƞǢĸǺkę�¬ deH44��

˓˛ǜƮǑĸþĂę方e<ɋ deH22 、ʉęǕī�<Ʉ5ǡb overlap ǢĸǺk

ę�m¥� overlap1ɽd�AGEs�˓˛Ʈę´Ȳ久˦�<Ʉ�Ċ¹G�overlapü

gapęŷƞɵǹƞb¿ôɐĸŦ<�ę�木 overlapü gapɦĶŃ�ʝȒ� 
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ƮGðZȿŃ�ʋĭ� 1atm Gü 60MPa Gęŷƞɵǹƞb¿�ŗ�bđ

Normal ʋĭ� 1atmGü 60MPaGęZȿ��Ɏ 3-20ĉ�� 

 
Ɏ 3-20 Normalʋĭ�<�ˇ*Gęŷƞɵǹƞb¿̃ɦɎ� 

 

 Normal ʋĭà¥�˓˛��ȅĐ̅��Ċ¹Ů¥b6ȔȬƖƿȋ�¼ĸ^Ŏ

ǿ��b6òɟ�iƆúĊ木 N�Còɟú÷五˄�ĉyŷƞɵǹƞʇȒȿ��Ʈ

Gðbđ deH22ʋĭ� 1atmGü 60MPaGęZȿ��Ɏ 3-21ĉ�� 

 

 
Ɏ 3-21 deH22ʋĭ�<�ˇ*Gęŷƞɵǹƞb¿̃ɦɎ� 

 deH22� overlap1ü gap4ę�W¥�˓˛��ȸĐ̅� Nɟú÷o*ĳĠƿ

Z Cɟðęƴȣ�。] overlap�Ċ¹GŷƞɵǹƞǺk�¬ gapɽd� 
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ƮGðbđ deH44ʋĭ� 1atmGü 60MPaGęZȿ��Ɏ 3-22ĉ�� 

 

 
Ɏ 3-22 deH44ʋĭ�<�ˇ*Gęŷƞɵǹƞb¿̃ɦɎ� 

 deH44ę�˓˛� gap4�overlap5ü overlap1.��Ŀ�˓˛ƢĮȿƐ�o*

ȜɳęŬƼȿ�1木ŷƞɵǹƞ�ú*>ĳœȦbƋ��ȅĐ̅�Ǝ&� overlap1

yo�ô口ę overlapü gapü deH22¥˵»ę˗Ȟ�overlap1Ńhę˗ȞiƆð

®tk�˓˛Úʴµ�木=ȔƗƜú˄� 

ƮGðbđ AGEsʋĭ� 1atmGü 60MPaGęZȿ��Ɏ 3-23ĉ�� 

 

 
Ɏ 3-23 AGEsʋĭ�<�ˇ*Gęŷƞɵǹƞb¿̃ɦɎ� 

 

 AGEsę�˓˛Ʌ¿�b6F��ȅĐ̅�� N�Còɟę overlap1ü overlap5

ʂ̀ȿ8��ú*>ĳŷƞɵǹƞ� overlapɽd�gapǺk� 
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3.2 b6SĮ 

xŅábđʖşǒ�b6ę unit heightü radiusęb¿yMb¿ę´Ȳ�木Ó

Ś&ȸ�˓˛ɒčb6SĮęʂ̀� 

 

3.2.1 b6ę unit height bđ 

ŗ�bđ� 1atmG�ʉxŮȔ 35ns-40nsÝȖļ unit heightę方e�。½ unit 

heightęb¿��Ɏ 3-24ĉ�� 

 
Ɏ 3-24� 1atmG�ʉxŮȔF 35ns-40nsę unit height ęb¿� 

�uʶęɄȃ=�b6ĸǑčʢƖęĘɓ�Ýśʋĭęb¿1<ɚŃ��
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Normalʋĭ�ǚêŮȔ¥ȿ�ę unit height� 8.0~8.5>Ȕ�deH22ü deH445ǡ

bŮȔȧ� 8.0~9.0 >Ȕ�¬ AGEs � 8.5~9.0>Ȕ¥ťř�ƮȈ�ʉxŮȔFę

ĉ¥ unit height ƒuÊĳęb¿��Ɏ 3-25ĉ�� 

 

 
Ɏ 3-25� 1atmG�ʉxŮȔFb6ĉ¥ unit heightęuÊb¿� 

 

�ȅĐǿƿuÊĳ¥ĨźG%êŹ了�Normal5ǡb� 8.0~8.5>Ȕ�deH22

5ǡb� 8.0~8.5>Ȕ�。� 9.0~9.5>Ȕ¥ȿ�ęb¿�deH44ȿĿbǴ�Ʃ 7.5~9.0

b¿ȿĿuÊ�¬ AGEsb¿^Ŏ� 8.0~9.0>Ȕ� 
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�ðbđ� 60MPaG�bđʉxŮȔ 7ns-10nsÝȖļ unit heightę方e�。

½ unit heightęb¿��Ɏ 3-26ĉ�� 

 
Ɏ 3-26� 60MPaG�ʉxŮȔF 7ns-10nsę unit height ęb¿� 

 

 

 

� 60MPauʶęɄȃ=�Ýśʋĭęb¿1<ɚŃ��Normalʋĭ�ǚêŮ

Ȕ¥ȿ�ę unit height天Ă� 8.5~9.0>Ȕ�deH22�deH44ęb¿ȧ� 8.0~8.5Ƚ

8.5~9.0>ȔȾƖ�AGEsī� 8.5~9.0ü 9.0~9.5>ȔȾƖ� 
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ƮȈ�ʉxŮȔFęĉ¥ unit height uÊĳƒb¿��Ɏ 3-27ĉ�� 

 
Ɏ 3-27� 60MPaG�ʉxŮȔFb6ĉ¥ unit heightęuÊb¿� 

 

�ȅĐǿƿuÊĳ�¥ĨźG%êŹ了ę�Normal 5ǡb� 8.5~9.0 >Ȕ�

deH22 5ǡb� 8.5~9.0 >Ȕ�。� 8.0~8.5 >Ȕ¥ȿ�ęb¿�deH44 ȗ=�

8.0~9.0>Ȕ�¬ AGEsb¿^Ŏ� 8.5~9.0>Ȕ� 
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3.2.2 b6ę radius bđ 

ŗ�bđ 1atm Gęʋĭ�ʉxŮȔ 35ns-40ns ÝȖļ radius ę方e�。½

radiusęb¿�Ɏ 3-28ĉ�� 

 
Ɏ 3-28� 1atmG�ʉxŮȔF 35ns-40nsę radiusęb¿� 

� 1atmuʶęĘɓG�^Ŏ radiusęb¿� 4.0~4.5>Ȕ�Normalęʋĭ�

4.0~4.5>Ȕĸǥkę�ǚǡbkęb¿� 5.5~6.0�6.5< >Ȕ�deH22^Ŏb¿�

3.5~5.0>ȔȾƖ�deH44^Ŏb¿ 4.0~4.5>ȔʇȒĸnśʋĭǥ�ę�。]�¥

êŮȔ� 5.5~6.0>Ȕȧ¥%śťř�AGEs^Ŏb¿� 4.0~4.5>Ȕ�¼� 5.5~6.0

>Ȕ1ȧ¥śťř� 
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ƮȈÓŚÖ� 1atmGŮȔFęĉ¥ radiusƒuÊĳęb¿��Ɏ 3-29ĉ�� 

 
Ɏ 3-29� 1atmG�ʉxŮȔFb6ĉ¥ radiusuÊęb¿� 

 uÊ>ĳ��ȅĐ̋ɑ÷ deH22ǥ�ȗ=b¿� 4.0~4.5>Ȕ�¬ deH44īĸ

� 4.5~5.0>Ȕ�Normalü AGEs分ǽ^Ŏb¿� 4.0~4.5>Ȕ�¼ĸ� 5.0~6.0>

Ȕb¿ƨʇȒZ deH22ü deH44ðƨ���ð� 60MPaG�bđ�ʉxŮȔ 7ns-

10nsÝȖļ radiusę方e��Ɏ 3-30ĉ�� 

 
Ɏ 3-30� 60MPaG�ʉxŮȔF 7ns-10nsę radius ęb¿� 
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� 60MPaú*G�^Ŏ radiusb¿1ȓāǿ�方e�Normal^Ŏb¿公ĸ�

4.0~4.5>Ȕ�¼ĸşx� 1atmG 5.5~6.0ęǡbǺk&�h¬ĸ 3.0~3.5>Ȕɽd

&�deH22^Ŏb¿� 4.0~5.5>ȔȾƖ�deH44^Ŏb¿� 4.5~5.0>Ȕ�AGEs

^Ŏb¿� 4.5~5.0>Ȕ� 

ƮȈÓŚÖ� 60MPa G�ŮȔFęĉ¥ radius ƒuÊĳęb¿��Ɏ 3-31

ĉ�� 

 
Ɏ 3-31� 60MPaG�ʉxŮȔFb6ĉ¥ radiusuÊęb¿� 

 

uÊ>ĳ��ȅĐiyń÷ deH22� 4.0~4.5>Ȕb¿ǥ��� 5.0~5.5>Ȕ

1ĸǥ�ę�deH44� 4.5~5.0>Ȕb¿ǥ��Normal^Ŏb¿� 4.0~4.5>Ȕ�

¼�3.0~3.5>Ȕb¿Zô`ʋĭðę��AGEs^Ŏb¿�4.5~5.0>Ȕ��3.5~4.0

¥ȿ�ę˗Ȟ� 
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3.3 ȅĐɪƈʜ 

WÊų´ǅaĠȈb6ʋĭę天Ăć�uÊ´ǅȌ�aĠuʶĉɸŎę´ǅ

ȿ��¬ÓŚĂȳʊȭŦ� 1 ÅyFɡ天ĂĘɓ�ÓŚʻùęʉxŮȔFęʊȭŦ

Ǣ� 1 ÅyF�Ǣ˼č天ĂuʶĘɓ��ô=ÓŚǿƿ�ʊȭŦȌ5�ʋĭȌ<天

Ă�h>ʊȭŦȌ8�ʋĭȌ天Ă�� 1atmG�WÊų´ǅ58Ŀ Normal > deH44 

> AGEs > deH22 �¬� 60MPaG�WÊų´ǅ58Ŀ AGEs > deH22 > deH44 > 

Normal ��ú*>ĳ�AGEsü deH22ę天Ăćȧ方Ŧ�¬ Normal ü deH44ȧ

�<天Ă方天Ă� 

bđ unit cellęģĮ方e�� 1atmG unit cellģĮ58Ŀ Normal > deH22 > 

deH44 > AGEs �¬ 60MPaG unit cellęģĮ58Ŀ deH44 > Normal > AGEs > 

deH22�unit cell ģĮœŎę�W�č overlap ü gap ębƋM58ɸŎěɂ D-

periodęģĮ;Ɔŏɡ� 

bđ中ÏɟȎ��ÓŚʻĂęʉxŮȔF�1atm uʶģĮ58Ŀ Normal > 

deH22 > deH44 > AGEs�¬ 60MPaGuʶģĮ58Ŀ deH44 > Normal > AGEs 

>deH22��ðÓŚbđb6¹ģȒɪˇ方58Ŀ deH44 > AGEs > Normal > deH22�

�§iyěɂ� 1atmGb6ģĮȧú÷�˓˛ęʂ̀�木b6ɪb6ɒɻ�ĉy

¥�˓˛ęb6ǢZȿȀ�¬ú÷o*ęƫĔG��śʋĭę¹ģȒȧ�Ŀ�˓˛

ʝȒƢĮü´Ȳ¬¥ĉŦÁ�分ǽ� 60MPaG NormalʋĭZ AGEsȂȡģ%˞�

¼ôɐ¹ģȒĸ AGEs ȿƐę�ĉyÓŚƯʜ�Ŀ¥�˓˛ę��o*ȜɳȆb

6ęŬƼ1ȿ��ĉyĊģȿ��1ǖÓŚ� 120MPaŀ¯ 180MPaiyń÷¥�

˓˛ę̃ɦģĮȧZ Normalðƨģ� 

 

� overlapü gapębđ.�ŗ��ń overlap/gap ratio�� 1atm Gnśʋĭ

ę ratioĸŦ<�ę�¬� 60MPaGnśʋĭǢGŕ�¼ĸ deH22ü deH44Gŕ

ȿĿď̅�Gŕęş�ĸ overlap ¹ģȒZ gap ¹ģȒȿk�ƮGðń overlap ü

gap �uʶGęģĮ�� 1atm G overlap ęģĮĸ Normal > deH44 > deH22 > 

AGEs �gapģĮ58Ŀ Normal > deH22 > AGEs > deH44�� 60MPaG�overlap

ģĮ58Ŀ Normal > AGEs > deH44 > deH22�gapģĮ58Ŀ deH44 > Normal 
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> deH22 > AGEs�ÓŚȑ%Übđ overlapü gapę¹ģȒ�Ɏ 3-32ĉ�� 

 
Ɏ 3-32 Ʃ 1atm÷ 60MPa�(a.)overlapę¹ģȒ�(b.)gapę¹ģȒ� 

y overlap/gap ratio ðɯ�deH22 ü deH44 ę ratio Gŕȿ��^Ŏęş�<

��deH22ĸ�Ŀ deH22ę¹ģȒȿk�¬ deH44ĸ gap¹ģȒȿ��yʖşǒ

�̃ɦɎðń�� 1atmG�¥�˓˛ę�W�uʶęŮŜȧǔĊ¹�y deH22ð

ɯ�uʶĳ��˓˛ĉƮę´Ȳ gap4ü overlap1ȧǔȂȡĊ¹�ǟ£ȿ�ęŷƞ

ɵǹƞȗ=�deH44�uʶG��˓˛ĉ�ę´Ȳ1ȧǔĊ¹�。]�Ŀ�˓˛Ƣ

ȗęÖ overlap1ü overlap5þĂµ�ĉyǚòļęŷƞɵǹƞȿ��AGEs�˓˛

Ʈę´ȲȿĿ久˦�<Ʉ¥Ʈ�˓˛ę�WŷƞɵǹƞǢĸɽdę�¬Ńʟę�W

ǢȧǺk�¬� 60MPaG�5ǡbęb¿ǢȧØ方�� deH22��˓˛Ʈ˞ǡb

úĊ�overlapęŷƞɵǹƞǢĸǺkę�¬ deH44��˓˛ǜƮǑĸþĂę<ɋ

deH22、ʉęǕī�<Ʉ5ǡb overlapǢĸǺkę�m¥� overlap1ɽd�AGEs

�˓˛Ʈę´Ȳ久˦�<Ʉ�Ċ¹G�overlap ü gap ęŷƞɵǹƞb¿ôɐĸŦ

<�ę�木 overlapü gapɦĶŃ�ʝȒ� 

 

ƮGðb6SĮ^Ŏbđb6ę unit height ü radiusęb¿ĘĔ�� 1atmG�

Normalę unit height ^Ŏb¿� 8.0~8.5>Ȕ�¬ deH22ü AGEsb¿� 8.0~9.0

>Ȕ�deH44 ī^Ŏb¿� 7.5~9.0 >Ȕ�¬� 60MPa G��śʋĭb¿1ȿŃ

»�Normal5ǡb� 8.5~9.0>Ȕ�deH225ǡb� 8.5~9.0>Ȕ�。� 8.0~8.5>

Ȕ¥ȿ�ęb¿�deH44ȗ=� 8.0~9.0>Ȕ�¬ AGEsb¿^Ŏ� 8.5~9.0>Ȕ� 

�ð radiusębđ�� 1atmG��ȅĐ̋ɑ÷ deH22ǥ�ȗ=b¿� 4.0~4.5
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>Ȕ�¬ deH44īĸ� 4.5~5.0>Ȕ�Normalü AGEs分ǽ^Ŏb¿� 4.0~4.5>

Ȕ�¼ĸ� 5.0~6.0>Ȕb¿ƨʇȒZ deH22ü deH44ðƨ��¬� 60MPaG�

�ȅĐiyń÷ deH22 � 4.0~4.5 >Ȕb¿ǥ��� 5.0~5.5 >Ȕ1ĸǥ�ę�

deH44� 4.5~5.0>Ȕb¿ǥ��Normal^Ŏb¿� 4.0~4.5>Ȕ�¼� 3.0~3.5>

Ȕb¿Zô`ʋĭðę��AGEs^Ŏb¿� 4.5~5.0>Ȕ�� 3.5~4.0¥ȿ�ę˗

Ȟ� 
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ǆ4Ǥ� �˓˛ɒʖşǒ�ęŕȸƗƜęʂ̀ 

 

    xŅábđęŕȸƗƜ^Ŏù resid769-resid783½ĿÓŚbđęƗƜ[95]�bđ

`Śę中ÏɟȎ�unit height�radius üƗƜƹ˛�ðńȅɖę方e�ðĴɺʂ̀

MMP1ę½���ĪęŅáķcɴƁ½��ʖşǒ�.ȧ¥ǭśȖļ[76]��G  

 

1. ½�ɴƁ×÷cǦ´Ȳ� 

2. ȅɖĸÆ¥ŤȓĈȸƵ� 

3. ɴƁüǒ�ʝÑ£天Ăęƹ˛� 

4. ɴƁȸƵ�。c勻ŷƞɵ少ę�ɼ˛� 

 

    ô=xŅáĒœ�ǆ'˞��Ŀʖşǒ�Ŀ,Ğ元Ƶȅɖ�<�čô`ǒ�ʝ�

ɴƁŎƮ.h½�ĈcȓǢĸZȿÉ尺ę�ƎĦ,Ğ元Ƶȅɖ及Ǵ�¥ǩʰęŷƞ

ɵ少˿c�;ȧ˹˽ąǆ,�nÜ½��ǥĳ÷ŕȸ� 

 

 xŅábđŕȸƗƜę中ÏɟȎiyěɂˇ*ĿŕȸƗƜęʂ̀ĸÆƴȣ�

bđŕȸƗƜę unit height iyńcɴƁ½�ƗƜĜȔęb¿yM58�bđ

radiusiyńcɴƁƮ.ʖşǒ�ę尺ĎȃĮ�¬� hydrogen bonds iy̋ɑŷƞ

ɵ少yM,Ğ元Ƶȅɖę方e��Ɏ 4-1ĉ�� 

 

 

 
Ɏ 4-1unit height ü radiusƘ«Ɏ� 
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4.1 ŕȸƗƜ中ÏɟȎbđ 

    ŕȸƗƜę中ÏɟȎiyń£ɴƁ½�ęĜȔ�Ŏ¥%Ăę½�ĜȔɴƁƮ

.hę寸Ƽ1ȧZȿƐ� 

 
 

 

ŗ�bđ 1atm GŕȸƗƜę中ÏɟȎ�Ɏ 4-2 ĉ���ȅĐǿƿ deH22 Ŀ

41.05ǥƐ�ô¦Ŀ deH44ę 40.27��ð Normalę 40.14�ǥĳĸ AGEsę 39.43�

deH22�ŕȸƗƜ¥ǥ5ęĜȔð木ɴƁ½��Normalü deH44ģĮŦ<��¬

AGEsĜȔĿǥ8� 

 
 

 

Ɏ 4-2� 1atmG�ŕȸƗƜę中ÏɟȎ 

Ɏ 4-3� 60MPaG�ŕȸƗƜę中ÏɟȎ 
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    �ðbđ� 60MPaGŕȸƗƜę中ÏɟȎ�Ɏ 4-3ĉ���ɄĐǿƿ Normal

Ŀ 42.24ǥƐ�ô¦Ŀ deH44ę 41.47��ðĸ deH22ę 41.36�ǥĳĸ AGEsę

40.25��ú 60MPaęƫĔG�NormalęŕȸƗƜǔĊ¹ĿģĮǥģ��ð deH22

ü deH44Ŧ<��ǥĳĜȔǥȀę公ĸ AGEs� 

 
     

ƮGðbđ� 1atm ÷ 60MPa =¹ģȒyMˇ方�Ɏ 4-4 ĉ��� 1atm ÷

60MPa=Ɏ 4-4(a.)�ǿƿ¹ģȒ Normalę 2.1038ǥƐ�ô¦Ŀ deH44ę 1.1955�

�ð AGEs ę 0.8234�ǥĳĸ deH22 ę 0.3114�ɒčŕȸƗƜðɯ�方eȌ5a

Ġɒčˇ*ęƴȣĮȌ5�ȅĐĠ� Normal �ŕȸƗƜęƴȣĮ5čô`,ĝ�

¬ deH22 ɒčˇ*ęƴȣĮĿǥ¾��ðńˇ方尤ĩɎ 4-4 (b.)�ˇ方ǥ5Ŀ

Normalę 5.24ǥƐ�ô¦Ŀ deH44ę 2.96��ð AGEsę 2.08�ǥĳĸ deH22ę

0.75�yˇ方ðń�Normalĸǥ5ę�¬ deH22公ĸǥ8ę� 

 

ȯǽ¥iƆĸ�Ŀb6ʬ月ę¹ģȒx，Ǭ¾�ʂ̀÷ŕȸƗƜę¹ģȒ�<

Ʉ¹ģȒƲÐǆ,ę Normalʋĭ�ŕȸƗƜę¹ģȒ5čô口,ĝ�aĠ�à¥

�˓˛ęƫĔG�ʖşǒ�b6ęŕȸƗƜɒˇ*ęƴȣĮıƐ�¬¥�˓˛ęʖ

şǒ�̃ɦƴȣĮȿ¾� 

  

Ɏ 4-4(a.)1atm÷ 60MPaęŕȸƗƜ¹ģȒ(b.) 1atm÷ 60MPaęŕȸƗƜˇ方 
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4.2 ŕȸƗƜ unit height bđ 

    ŕȸƗƜę unit height bđĸƌɒŷƞɵǹƞę´Ȳƒbđ�iyńcȿĿ

ǋǡę方e�ǛƤ unit height Ȍ5�ĉɒˇęĜȔ1Ȍ5�Ńhę unit height Ȍ

8�īĜȔȌ8�ÓŚ�bđ 1atmG�ʉxŮȔ 35ns-40nsÝȖļę unit height方

e�。½Ȏ升ęb¿��Ɏ 4-5ĉ�� 

 

 
Ɏ 4-5� 1atmG�ŕȸƗƜ 35ns-40nsę unit height ęb¿� 
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�uʶęɄȃ=�b6ĸǑčʢƖęĘɓ�Ýśʋĭęb¿1<ɚŃ��

Normalʋĭ�ǚêŮȔ¥ȿ�ę unit height� 8.0~8.5>Ȕ�deH22¥kǖŮȔȧ

� 9.0~9.5>Ȕ¥%ťř�¬ deH22�deH44�AGEs� 7.5~8.0>Ȕ¥ťř� 

ƮȈÖŕȸƗƜ�ŮȔFęĉ¥ unit height ƒuÊĳ�Ȏ升b¿��Ɏ 4-6

ĉ�� 

 
Ɏ 4-6� 1atmG�ʉxŮȔFŕȸƗƜĉ¥Ȏ升ęuÊb¿� 

 

 �ȅĐǿƿuÊĳ�śʋĭęb¿<ȧɋǩʰ%śŮȔ˞、ɺď̅�iƆĸ

�Ŀĉ¥ęŮȔF�ʢƖyM´ǅęǟ£ęŸǴ�¼ĸ公ĸ¥ĨźG%êŹ了ę�

ɋĸ� 7.5~8.0ę deH22�deH44�AGEs¥ǥƐęř�Normal� 8.0~8.5¥ǥƐę

ř�¬ deH22ü deH44� 9.0~9.5¥ǥƐęř�1Ǉ�.ŒęŹ了� 

 

� 1atmG unit height^Ŏb¿ęƗȔ� 6.5~10.0�7.0~7.5ȿ�ęĸ Normal�

deH22�deH44¬ AGEsǥ¾�7.5~8.0 deH22�deH44�AGEsȿĿŃġ¬ Normal

Ŀǥ¾�8.0~8.5 ĸ NormalȿƐ�AGEs�deH22ȿĿŃġ¬ deH44Ŀǥ¾�9.0~9.5 

deH44ȿƐ¬ Normal�deH22�AGEsŦ<�� 
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 ƮGðbđŕȸƗƜ=ęŷƞɵÐ� unit heightęb¿��Ɏ 4-7ĉ�� 

 

 
Ɏ 4-7� 1atm G�ŕȸƗƜę unit height b¿� 

 

 �ȅĐǿƿʊȭŦＦɅȿ5�̆˰ɯǩ%ŮȔGęĘɓ<ƆaĠʉxŮȔG

ęĘɓ��ðÓŚbđÐ�´Ȳ�^ŎcǦ´Ȳ� resid775~resid778��ȅĐǿƿ�

ǚś´Ȳɪô`´ȲŃZĸȿƐę�ô=58Ŀ deH22ǥ5�ô¦ĸ AGEs��ð

ĸ deH44�ǥĳ NormalĿǥ8�¬ deH22� resid781~resid783üô`ʋĭ¥<�ę

˗Ȟ� 
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 �ðbđ� 60MPaG�bđ 7ns-10nsÝȖļ unit heightę方e��。½Ȏ升

ęb¿��Ɏ 4-8ĉ�� 

 

 
Ɏ 4-8� 60MPaG�ŕȸƗƜ 7ns-10nsę unit height ęb¿� 

 

�ȅĐǿƿú 60MPaˇ*G�5ǡbęb¿ąkuǅ�ɯď�ŕȸƗƜĸ¥

�Ċ¹ę�。]b6ĸǑčʢƖęĘɓ�Ýśʋĭęb¿1<ɚŃ��Normal ʋ

ĭ� 9.0~9.5¥%śťř�deH22� 8.5~9.0¥%śťř�deH44ü AGEs� 8.0~8.5

¥ťř� 
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ƮȈÖŕȸƗƜ�ŮȔFęĉ¥ unit height ƒuÊĳ�b¿��Ɏ 4-9ĉ��

uÊĳ�ĉ¥ʋĭęb¿<ȧɋǩʰ%śŮȔ˞、ɺď̅�iƆĸ�Ŀĉ¥ęŮȔ

F�ʢƖyM´ǅęǟ£ęŸİ� 

 

 
Ɏ 4-9� 60MPaG�ʉxŮȔFŕȸƗƜĉ¥Ȏ升uÊęȎ升b¿� 

 

�ȅĐiyń÷� 60MPaG unit height^Ŏb¿ęƗȔ� 7.0~10.0�7.5~8.0

ȿ�ęĸ Normalü AGEs�8.0~8.5 Normal�deH22�AGEsȿĿŃġ¬ deH44Ŀ

ǥ¾�8.5~9.5 īĸ Normal�deH22�deH44ȿĿŃġ¬ AGEsĿǥ¾�9.0~9.5 

AGEsü deH44ȿƐ¬ Normalü deH22ȿ¾� 
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�ðbđ�ŕȸƗƜęŷƞɵÐ�=�unit heightęb¿��Ɏ 4-10ĉ�� 

 

  
Ɏ 4-10� 60MPa G�ŕȸƗƜę unit height b¿� 

 

�ȅĐ̅� 60MPaü 1atmęʊȭŦȿ5�aĠ� 60MPaG1ĸūƖęĘɓ�

¼ĸ�ú*ĘɓG�¥êʋĭǥ5ęř<ĸ�cǦ´Ȳ resid775~resid778 >Ȕ�ɋ

Normalü deH44�ǥ5ƗȔ方£ resid778~resid781 Ȕ� ¬ deH22 ü AGEs ǥ5公

ĸ� resid775~resid778Ȕ�ɯď<�ę�˓˛�ú*ĳŕȸƗƜę unit heightb¿1

ȧØ方� 

 

 ɣ�y.ȅĐ�<ɠ� 1atm Ĉ 60MPa uʶG�ǢĸǑč%ĚʢƖęƖɓu

ʶ�¬� 1atmG�<ʜ�˓˛ęʝȒƢĮĈ�˓˛ę´Ȳ� resid775~resid778¥ǥ

5ęȎ升�。]ĥġę˗Ȟ1Ŧ<��¼� 60MPaG�Normalü deH44�ǥ5Ɨ

Ȕ方£ resid778~resid781 Ȕ�¬ deH22ü AGEsǥ5公ĸ� resid775~resid778Ȕ� 

 

 �Đ unit height Ȍ5�aĠɴƁ¥ȿ5ęĜȔiy½��：ƨʖşǒ�b6

ţĎǔcǦ�ŃhęȌ8Ȍ<ţĎǔcǦ�Ʃ 1atm ÷ 60MPa ę方eiyěɂ�

Normal ü deH44 �ŕȸƗƜ¥Ń»ęĠƿ�ɒˇ*ȿĿƴȣ�。]ǥ5ę unit 

height Ʃ resid772~resid775 ˤǳ÷ resid778~resid781�aĠŕȸƆ*ʾȈú*¬Ø方�

¬ AGEsü deH22ɒčˇ*ęhˇȿ8�àBɺØ方�	
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4.3 ŕȸƗƜ radius bđ 

    ŕȸƗƜę radius aĠȈ,Ƹŷƞɵ少ęFǡĜȔ��ĐȌ5aĠ,Ƹŷƞ

ɵ少升Ȍɲ�Ȍ8īȌġ�^Ŏĸ�ð̋ɑȽÂ勻�ǚƗƜFʖşǒ�b6¥à¥

ȸȓ(unfolding)� 

 ŗ�̋ɑ 1atm Gęʋĭ��bđʉxŮȔ� 35ns-40ns ÝȖļę方e��Ɏ 

4-11ĉ�� 

 
Ɏ 4-11� 1atmG�˕ȸƗƜ 35ns-40nsę radiusb¿� 

 

 �uʶęɄȃ=�b6ĸǑčʢƖęĘɓ�Ýśʋĭęb¿1<ɚŃ��
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Normalʋĭ�ǚêŮȔ¥ȿ�ę unit height� 5.0~5.5>Ȕ�¬ deH22�deH44ī

ȗ=� 3.5~5.5>Ȕ��AGEs�ȗ=� 4.5~.5.5�ƮȈÖŕȸƗƜ�ŮȔFęĉ¥ 

radiusƒuÊĳ�b˵��Ɏ 4-12ĉ�� 

 
Ɏ 4-12� 1atmG�ʉxŮȔFŕȸƗƜĉ¥ radiusęuÊb¿� 

 

 �ɄĐǿƿ Normal radius � 5.0~5.5 ¥%śťř�aĠ Normal ę radius �

1atmGb¿� 5.0~5.5Ȕ�¬ 4.0~4.5īȿk�ô` deH22�deH44�AGEsb¿ī

ȿ˵»�5�b¿ 4.0~4.5 >Ȕ�ƮGðÓŚðbđ�ŕȸƗƜęŷƞɵÐ�=�

radiusęb¿��Ɏ 4-13ĉ�� 

 

 
Ɏ 4-13� 1atm G�ŕȸƗƜę radius b¿� 

 resid775 ĸɴƁ^ŎęcǦ´Ȳ��Đ radius Ȍ5īȌţĎǔcǦ�ŃhęȌ
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8Ȍ<ţĎǔcǦ��ȅĐǿƿ� resid775ę�W�Normal�AGEs ę radius ȿ5

¬ deH22�deH44ȿ8ęȅĐ�Ġ�� 1atmG�Normal�AGEs� resid775 ¥ȸȓ

ęƿȋ�ǔɴƁƮ.。cǦę寸ȧȿ5�¬ deH22�deH44īȿ8<ţĎǔƮ.。

ǔcǦ��ðbđ� 60MPaG�bđʉxŮȔ 7ns-10nsÝȖļ radiusę方e��

Ɏ 4-14ĉ�� 

 
Ɏ 4-14� 60MPaG�ŕȸƗƜ 7ns-10nsę radiusb¿� 

 

 

�ú÷o* 60MPauʶęɄȃ=�Ýśʋĭęb¿1<ɚŃ��Normalʋĭ

b¿ęȿĿuÊ�¬ deH22� 4.0~4.5>Ȕ¥ď̅ęťř�。] 4.5~5.0ü 5.0~5.5

>Ȕęťřȧð�ʢ �ːdeH44īȗ=� 3.5~5.5>Ȕ��AGEs�ȗ=� 4.5~.5.0� 
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ƮȈÓŚÖŕȸƗƜ�ŮȔFęĉ¥ radius ƒuÊĳ�b˵��Ɏ 4-15 ĉ

�� 

 
Ɏ 4-15� 60MPaG�ʉxŮȔFŕȸƗƜĉ¥Ȏ升uÊę radiusb¿� 

 

 � 60MPaG�Normalb¿ȿĿuÊ�deH22ȗ=�� 4.0~5.5�deH44ęťř

üdeH22%ʉ1ĸȗ=�4.0~4.5�<Ʉʬ月b¿ȿĿÊd�AGEsęťř�4.5~5.0�

。]� 6.0~6.5¥寸Ƽȧcƿ�ƮGðbđ�ŕȸƗƜęŷƞɵÐ�= radiusęb

¿��Ɏ 4-16ĉ�� 

 

 
Ɏ 4-16� 60MPaG�ŕȸƗƜę radius b¿� 
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 ÓŚbđ� resid775ę radius�ǿƿ�ú*>ĳ Normalę radius方8�deH22�

deH44方5�¬ AGEs<方�。] AGEs� 781ę�W¥ď̅ęȸȓƿȋ�§ȅĐ

̅��Ńȿčô`,śʋĭ�Normalú*ęƫĔG resid775ȧĸǥȀęʋĭ�Ȣû

ȈɴƁ<ţĎƮ.。]ƣôcǦ� 

 

 
4.4 ŕȸƗƜ hydrogen bond bđ 

ŗ�ÓŚ�bđ� 1atmG��ŕȸƗƜęƹ˛介ʇ��Ɏ 4-17ĉ�� 

 

 
Ɏ 4-17� 1atmG�ŕȸƗƜęƹ˛介ʇ� 

 

 �ȅĐń÷� 1atm G�AGEs �ʉxŮȔ=大¥ 3.64 śƹ˛ǥƐ�ô¦ĸ

deH44ę 3.36śƹ˛��ðĸ Normal ę 3.34śƹ˛�ǥĳĸ deH22ę 2.4śƹ

˛�AGEsęƹ˛ʇǁ�č Normalü deH44�¬ deH22ǥk�k&Ò%śƹ˛� 
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ƮGðbđ� 60MPaG��ŕȸƗƜęƹ˛介ʇ��Ɏ 4-18ĉ�� 

 

 
Ɏ 4-18� 60MPaG�ŕȸƗƜęƹ˛介ʇ� 

 

�ȅĐń÷� 1atm G�AGEs �ʉxŮȔ=大¥ 2.96 śƹ˛ǥƐ�ô¦ĸ

deH22ę 2.39śƹ˛��ðĸ deH44ę 1.99śƹ˛�ǥĳĸ Normalę 1.63śƹ

˛�AGEǥ��deH22Z AGEsȂȡk%˞�deH44üǥkę Normalk¯k%ś

ƹ˛� 

ƮGðbđ�ǚêƹ˛=šêĸ^少ŃǜšêĸʟġŃǜ��Ġ 4-1ĉ�� 

Ġ 4-1� 1atm�60MPaG��ʋĭƹ˛ʬƾ� 

 

Model ʟġŃǜ ^少Ńǜ 介ü ^少ŃŦ 

1atm-Normal 0.96 2.38 3.34 - 

1atm-deH22 0 2.4 2.4 - 

1atm-deH44 0 3.36 3.36 - 

1atm-AGEs 0 3.64 3.64 - 

60MPa-Normal 0 1.6334 1.6334 -0.7466 

60MPa-deH22 0.6333 1.7666 2.3999 -0.6334 

60MPa-deH44 0.5333 1.4666 1.9999 -1.8934 

60MPa-AGEs 0 2.9667 2.9667 -0.6733 
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 � 1atmG�分ǽ介üęƹ˛ǥkęĸ deH22�¼ĸǩʰń^少Ńǜęǡb�

Normalü deH22ĸŦ<�ę�¬ deH44üAGEsü`ŚŦ%śƹ˛tk�¬Normal

¥%ś天ĂŃǜęƹ �̨�ðĸ60MPaęƫĔ�AGEs�^少.ǥ��ô¦ĸNormal

ü deH22�ǥĳĸ deH44ǥk�¬� deH22ü deH44¥Ñ£Ńʟęƹ˛�ʾȈo

*ęĊ¹�^少ęƹ˛ĸǺkę�ô= deH44 Ǻkǥ�ŉĿòśƹ˛�ô口,ś

Ŧ<�Ŀ 0.6~0.7tkśƹ˛�ɯďo*ĸ<ÃčȅɖF天Ăę�Ɓ� 
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4.5 ȅĐɪƈʜ 

ɣ�xǤȰęȅĐ�ÓŚbđŕȸƗƜę中ÏɟȎiyěɂˇ*ĿŕȸƗƜ

ęʂ̀ĸÆƴȣ�bđŕȸƗƜę unit heightiyńcɴƁ½�ƗƜĜȔęb¿y

M58�bđ radiusiyńcɴƁƮ.ʖşǒ�ę尺ĎȃĮ�¬� hydrogen bonds 

iy̋ɑŷƞɵ少yM,Ğ元Ƶȅɖę方e� 

 �中ÏɟȎęȅĐðń�� 1atm GŕȸƗƜģĮ58Ŀ deH22 > deH44 > 

Normal > AGEs�¬� 60MPaGęģĮ58Ŀ Normal > deH44 > deH22 > AGEs�

ȑ%Übđ¹ģȒɪˇ方58 Normal > deH44 > AGEs > deH22�ȅĐ̅� Normal

ʋĭ=ęŕȸƗƜɒˇ*ęƴȣĮĿǥƐ�¬ô¦ìÐĿ deH44�AGEsü deH22�

<Ʉ deH22iƆ�Ŀĸb6ę¹ģȒşxǬȿk�ĉyb¿Gðę¹ģȒ1ȿk� 

 Unit heightębđðń�ǿƿ unit height ęʊȭŦı5��uʶęĘɓGş6

ȧ¥ƖƆ木b6®ǽūƖ��uÊę unit heightb¿iyń÷Ʃ 1atm÷ 60MPaę

b¿Ʃ 8.0~8.5>Ȕ�ˤǳ÷ 8.5~9.0>Ȕ�ìÐ�ðbđ�� 1atmG�Ǝ& deH22

� resid781~resid783¥ȿģę˗Ȟ�ô口nśʋĭę˗ȞĸŦ<�ę�� 60MPaG�

deH22üAGEs� resid775~resid778¥Ȃȡ方5�¼˗ȞôɐĸŦ<�ę�¼ĸNormal

ü deH44 ęb¿Ø方&�� resid772~resid775� resid775~resid778 Ǻk�ǽĳ�

resid778~resid781ď̅ɽ��ȅĐ̅��ú*G�ĉúę方ÑȧìȮ<��˓˛ȃĮ

ðĠƿ� 

 Radius aĠɴƁƮ.hę尺ĎȃĮ��čʖşǒ�b6ę,Ğ元ƵȅɖȧĨ

˾ʖşǒ�<ǔɱĎŕȸ�ĉy radius ę58ŃɒœŎ�Radius ęʊȭŦȿ8�

ɯď�uʶǸȔ radius方eȿ8�ȿ天Ă� 

ɣ�y.ȅĐ��ĐŎǔɴƁ¥ŬęcǦ�radiusȌ5ȌţĎǔƮ.。]ǔc

Ǧ�� 1atm G�Normal ü AGEs � resid775 Z deH22 ü deH44 ðę5�ȢûȈ

Normalü AGEs�Ǽú*ęƫĔGȿţĎǔcǦ�¬� 60MPaG�deH22�deH44

ü AGEs� resid775Z Normal5.ǖ��aĠ Normal�ú*ęƫĔG radius方8�

木ɴƁ尺yƮ.。ƣôcǦ�ǚ1Ǉ��Īęɐ̆ȅĐ[81]�¬ AGEs� resid781

¥ď̅�ȸȓƿȋ�ş�iƆĸĥġĸ AGEs�˓˛ǀ�ęȸȓƿȋ� 

 ¬�ȅĐƯǻ�àú*ęƫĔG�Normal ü AGEs �̃ɦ=ĸȿĿţĎǔŕ
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ȸę�deH22ü deH44ī<ţĎǔŕȸ�¼ĸ� 60MPaG�deH22�deH44ü AGEs

ȿţĎǔŕȸ�¬ Normalȿ<ţĎǔŕȸ� 

 

 ƹ˛aĠȅɖę天Ă�bĿ^少ŃǜüʟġŃǜęƹ˛�^少Ńǜęƹ˛aĠ

,Ğ元Ƶȅɖę天Ă�ʟġŃǜęƹ˛aĠŷƞɵ少元Ƶɖĭę天Ă��ȅĐðń�

ʖşǒ�̃ɦ�ú*>ĳ�^少Ńǜęƹ˛ǢǺk&�ɯď�o*G�<Ãč^少

Ńǜęƹ˛ǿ��� 1atm G�^少Ńǜęƹ˛ʇȒ AGEs > deH44 > deH22 > 

Normal �¬ŃʟŃǜęƹ˛m¥ Normal¥天Ăęƹ˛�¬� 60MPaG�^少Ń

ǜęƹ˛ʇȒ AGEs > deH22 > Normal > deH44 �¬ deH22ü deH44¥Ñ£Ńʟ

Ńǜęƹ˛� 
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ǆ5Ǥ� ȅʜɪyðŤƶ 

5.1 介ȅ 

xŅáǠɄb6Ɩ*ʋˊ�Ņá<��˓˛yMʝȒƢĮɒʖşǒ�̃ɦę

ʂ̀�ÓŚʻʫɴƁĉÑ£ę dehydro-lysino-norleucine crosslink yMĦɴƁĉÑ

£ę Glucosepane crosslink½Ŀʖşǒ�̃ɦę�˓˛�。į� Normal�deH22�

deH44ɪ AGEsnɝ<��˓˛Ñ¢ǌ£ęʋĭ�ˣ�bđ方ÑyMȬƖę寸ø�

木ÓŚ&ȸ<��˓˛b¿ɒʖşǒ�̃ɦęȅɖyM*士²Ŀę方e�。ǠɄ

ŕȸƗƜęȅɖbđ�1木ÓŚ&ȸ�̃ɦSĮ=�˓˛ĸ�·ʂ̀ʖşǒ�b

6ęŕȸ�介ȅ�G  

1. Unit cell ģĮ� 1atm G Normal ǥģ�AGEs ǥȀ�¬� 60MPa G deH44 ǥ

ģ�deH22ǥȀ��yú*ƫĔG¥�˓˛ę D-periodȧȿȀ�aĠ�˓˛�

uʶɄȃ=ęɒɻȧ木 overlap Ĉ gap 今Ȁ�¬�ú*ęƫĔGȧ�Ŀ<��

˓˛Ñ¢¬¥<�方Ñ寸ø� 

2. b6中ÏɟȎ� 1atmGģĮ58 Normal > deH22 >deH44 > AGEs�� 60MPa

GęģĮ58 deH44 > Normal > AGEs > deH22�¹ģȒ58Ŀ deH44 > AGEs 

> Normal > deH22�分ǽ Normalú 60MPaGģĮȝ¦č deH44�¼¹ģȒZ

AGEs ðƨk��ȅĐðń�Đo*ɽd¥�˓˛ę̃ɦ¹ģȒȧȿ5�1ɯ

ď¥�˓˛ę̃ɦú÷o*ĳĊ¹ȧȿď̅�lôĸ AGEsǚɝǜƮW¢ú÷

o*hˇ1ȿĿƴȣ� 

3. Overlap ü gap ębđ木ÓŚ&ȸʖşǒ�̃ɦ�<�ˇ*ü<��˓˛ęƫ

ĔG�b6ɒɻęƫĔ1ȧ<��� overlap/gap ratio ðń�� 1atmGnśʋ

ĭĸŦ<�ę�¼� 60MPaG deH22ü deH44Gŕȿ���ȅĐðń� N�

C òɟę�˓˛�ú*>ĳęĠƿ˵»�ȑ%Übđ overlap ü gap ęģĮ方

e�deH22� overlapę¹ģȒǥk¬ deH44īĸ gap¹ģȒǥ�� 

4. ǠɄʖşǒ�̃ɦɪŷƞɵǹƞęb¿Ɏiyěɂ�˓˛�·ʂ̀b6ȬƖ�

� 1atm G¥�˓˛ę�Wȧ�Ŀɒɻ¬ǔĊ¹ʧō�˓˛ĥġęŷƞɵǹƞ

Ǻk�¬� 60MPaGȧ�Ŀ�˓˛ę´Ȳ¥<�ęb¿�<Ʉ deH22ü deH44

ęŷƞɵǹƞď̅� overlapǺk¬ gapɽd�AGEsī<ď̅� 
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5. ŕȸƗƜę中ÏɟȎę方eiyhˇɒˇ*ęƴȣĮ�Ʃ 1atm÷ 60MPa¹ģ

Ȓǥ�ęĸ Normal�¬ô¦ìÐĿ deH44�AGEs ü deH22�<Ʉ deH22 i

Ɔ�Ŀĸb6ę¹ģȒşxǬȿk�ĉyb¿Gðę¹ģȒ1ȿk��ȅĐ̅

��˓˛ȧʂ̀ŕȸƗƜɒo*ęƴȣĮ� 

6. �ào*GbđcǦ´Ȳ resid775 ę radius�Normal ü AGEsgũZ deH22ü

deH445�¬� 60MPaG Normalę radiusď̅Gŕ�deH22ü deH44īĸ.

Lü AGEs Ŧ<���ȅĐ̅� Normal �ú*>ĳ radius ď̅Gŕ�aĠɴ

Ɓ½�尺Įɽdüɐ̆ȅĐŃǇ[81]�� N�C òɟ¥�˓˛ę̃ɦȧʾȈo

*.L radius1ȧȽȈ.L�¬ AGEs� resid775ę radiusīĸ%ĚǑčȿ5ę

Ęɓ� 

7. ŕȸƗƜęƹ˛ȧʾȈo*ɽd¬Ǻk�aĠú*ĳȅɖ天Ă<ĸ�Ŀƹ˛ę

ƓȨ*¬ĸȅɖx，ęŹć� 

 

 

 

5.2 yðŤƶ 

xŅáǠɄb6Ɩ*ʋˊð&ȸ<��˓˛yMʝȒƢĮęʖşǒ�̃ɦę

*士²Ŀ�ȅɖŹć�ƮGðiyÙƻC&ȸǋŌüʖşǒ�̃ɦę@Ń½�寸ø�

ï��ĪęŅáǿƿǋŌ上土 β1 integrin ĸʖşǒ�̃ɦęú月�ġ¡ðǿƿ%

ê�ģ�6� TGF-βÈȒę方ǂ�ȧ木 β1 integrinØ方ʖşǒ�̃ɦęƲ�ĈƝ

̂�ǥĳʧōˏŽęǿ�[96, 97]�yð1ǸƶƆÃ�b6Ɩ*ʋˊ�ƭƈʖşǒ

�ǌ化ęŻż寸ø�ǲî太ėyMĕˎęˆÄ� 
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