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Abstract

Type I collagen is one of important proteins in the human body. It 1s 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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i E| o

HUANG AND YANNAS

O T T T " T T 1T T 1T T T 71 2.0

1.6
- Q
e 1.2 ol
& o:'
Ry o
— ~
= 3
S 2
08 5
n

04

STRAIN, percent

B 1-8 X i RS o Y b B SR F G AR A A% o

8

d0i:10.6342/NTU201903738



1-8X sh A Je% Y shABEFHB R ZE QM E > BRAEN  TUABEER
BERGNER BEHBR RO EEITHE (2BEGHN 4% Bk
BRE ) X A LA BRAITRA R EA B RREm 2O RAABREE S
TFH) =R AR e SRR R AR XA A AR A b X aR0 AL T
BEEREEHME - [19]

AL BRY BRAAEGIB XM EEE TR IERY
A0 AATHIERRIG L > ZILBREABELBINNOHERLT » LLIEF 0B
REOBBEEER (2fgZ ety 0 ZILB R E A R M £ 5 54 A2 (81, 82]
ThE-BREAGSTFXIINGHEAEEIMIGERER - Thy FH3EEUR
WheE R E FE 10 B 44 o

==

W

1.24 »nFE#HABEE

STE AR —BA R R E o ERPIERAES R RETH MR ®
Hey—fhik - My FHABBGERRERA L RS BAL  BBEHITHA
MBI RR  ROTUASEAA R T EG T > bR oA &M e
’féf °

R R AL 1950 F1% A48 R 6983, 84] L A BN IE L e AR P
FErsbi e TS MY - ERARLKF > 5 FHAHARBROCHREZERNILEY
- MRFERBREY S TEBABRY - 0 TFTHNZEAEREA R R
REMRRESZYEMEER BERANEERSN R T LEEREN T E S
R BAEMERE R BT AR - B TR R A T BREUE T 89
—HRMA NGART % o X Ry T EAEEGIT AT % -

1950 4 »FEHh L HmAAd Irving ¥ Kirkwood Wi s & [85] ° #1
REBERETRARMAr FRHSH > TEERFHEEGHIRAGTELEAN T &
— R FHEGITABGRE - &% BARA St BN S REAT 0 TAR I
H s fE 41 -

4o 2 % B R ) /) 3 (forcefield) T AE¥F S48 EZER - WG efEa A m ik
% #% > 4v:Generic force fields ~ Biological force fields A& Class I force fields % °

H % > Biological force fields R & % T £ 44 F M 4549 > #]4e: Assisted Model
9
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Building with Energy Refinement(AMBER)[86] ~ Chemistry at Harvard Macromolecular
Mechanics(CHARMM)[87] ~ Consistent Valence Force Field(CVFF) > Polymer
Consistent Force Field(PCFF) A & GROningen Molecular Simulation (GROMOS) » #
¥ AMBER #v CHARMM * %4 & RIEAK G H a9 /135 -

1.3 wXB&

RAARBAARFA S TE]AZ T % R AR T IHSEHB R & a8
HEPTE B N1 B 0 AR A M B e T 00 o AP BE AT AR A dehydro-
lysino-norleucine crosslink A& JEB% % FF 7 Ak 59 Glucosepane RAE 2 H4M £ ZHF R
B R BheE - RAMVR T REHE > SIBEMRE > BBRRAMEESERRRRR
RO B RTHREEMB TR REOBERMEARBNTA EME T AEK
EAF AR -

14 #/XF™

RwmX e FFERRASFE N LA At 3 BRAPTEZN N
FARKEBRAE > B R BERATRIAMER G SN ik FZFEFHB— ) 2
ITAF B H > RRARFEEXIBREUB R EOBRENFUAREHRERY
BH 0 FwERAE R R R 6y X H 4 5 47 £ MMP1(Matrix metalloproteinase-1)4F A
BHROEHEIL REFAFTARAARURARKRRZIREY -
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F2%F ~ Rk
21 MEbiE

211 pTE s

A RE T RE G369 5 R 3TH 7 7k RARTE R SR 4 40 8% 09 S S5 A (o
2-1 piom) > AL BEARTREMENBREEETD - WA 5185 24k
B R B 6 BB PR B R SR T AR L ) R E Gy BB 0 H B B T RS
JR B8 4 AE B R B o T AL IR A B

Full atomistic wild Macroscale effect Increased fracture risk
= . . Decreased bone
type and oim (phySIOIOQIC_aI strength & toughness
models from a system)—brittle bones, B A
bottom u a roach MMP resistance Tissues (tendon, bone) ,
p pp dimension = cr,n r‘

Collagen fiber

. length = mm £
Mechanism? diameter = 10 ym | &

Collagen fibril
length = uym
diameter = 100 nm

Collagen molecule :
. . length = 300 nm d Nt
Mutation in gene o M
that encodes

Amino acids
collagen covalent bond =1 A

P E A
21 % RE 6 R4 44(12]

B 2-1 AFAREMH B REEGY T AR REBGERRS » mB R84
XRABYH S EG kA Aan  BILAARFHARRTFRELEFES
FOWBEILBRRFREMEEGBEREGY FTHE RANAEEREEGF7]HM
BEBS BB -

ST ABBAERBER FREGKEL Y »THEEY > BHEAM S FOHE
TR Rk AR FEHABBAARB R EGr THE&EE AR FH A
B BRMTREILRBRRERBRFINNEREEGr FTEARLELEHEEEGETAHE
B FEHhBBSAFROCHMBRZIEANZEEE Y » FoEAEMERIRIT AT £
—ErFEgARBROZAT  B—BrT THRTFERAA BB ILYER B
AEHE m " MERE r, " REQE v, BwREGE q,(0B 2-2 Air)&dE
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BT AR FREFRGBEIERAURNESE—BRFOEGTEZX > 2T

N AERAE 7 ST B — R T 608 & 42 (dynamical trajectory) °
L

Point representation \

. a() f:_dU(F)
' “T(0) \“,(,) dr

l‘;b’yb‘tolll = L‘lbond + (".anglo + (':torsion + (-"’C.‘voulomb + (""\-'cl\-’\" +...
covalent bonds electrostatic weak bonds
5 bonds

.‘—’. bond stretching .‘
o OF \ L& "
5+ electrostatic ™ ) /]
interactions ¢ ! —
A é l b4

&

angle bending = ~4 bl /,{,j__g
% 2\ R 5
vdW interactions \ 7k N

T p ,<‘/,.‘ s

________ {/ _‘T U 7 {
.\x\. bond rotation wl J ’\—‘—/%»g

2-2 5 F B SRR 63 B ik R AE[88)]

o

BREGN FURRY FHABEN AT — A FHABBN ALY &
—ERFYHRFERAA BB LOER  AAHEm, EQE r REH

L)

4 v, iR ) E a; °

HPgaes:

T 2mia
l

%0 EBRTHHE P, mERERE:

7/

Pi = m'f'i
AN FEABBRY  ZHTORIEREU SBBR T EZAL:
U=U(r,r ,1)
A BBy 4EAE E S R AR SUAF B

1ZP P+ZaU =10
l l

12
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Z<P+6U) =10
’ L arl rl_

L

EXF N ERRFHRELE BB L LR RLERME L HE—ERLTHRTFLAMRL:

U

ari - ¢
B

U

ari - fl

EXREF Ay TEHAEBRT REZHAHNRETFRRTFHERIEAARD
WA U=UQryry 1) RS forcefield) — B4 T4 8
T H H A8 negative gradient BP ] KA HHE TR AL OGS HEEH T EH
BEHEy T RFASKTHE—ERTFHEHERRE -
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212 AMnTei¥ae s
Fr— 1838 A 7 A 4 o F AL 89 258 P (& CHARMM force field)» 2545 7 24 F A
TR &

U = Upona + Uangle + Usorsion + Ucoutomp + Upaw +

LR —EERGBEL — B FHEETUARARS Z A A F0

€. bond stretching ~ angle bending % °

Ubonds = z Ki(bi - bO)

bonds

—f% 2R3 > bond energy % :

HF by KA FERE > b AR RHIRR TRGESE K K
FobsEm B MG E— By TFEAEY > by, ¥ K, bsbsEa AR FRIETE - 4
{18y > B4E F 89 angle #2 torsion terms ¥ A d F A E

z K, (1 + cos(ny — 6))

torsions

H R = bond angle & torsion energy’ H At F 4850 % T 4 4+ 4 —18 bond>

torsion

angle $1 torsion &9 A5 F 450> B — B E3T H ¥ A7 F 69 2 AR £ CHARMM force
field F =T sA4x 3] -

Ucowtomp 7 Upaw BIDAREAGTHTHHAERERA NS4 G5
/ey e — By FHAEER T ARG FELE#AG B —ERTEER TR
ORXBERARZE > T AEBRERBEBRMBEGTEAROEN S TIE
B EAT A Kby TEHABBRFTEEIATRA BE 0 TEH AHEES A
#u% B ~100 nm &9 RE SR ~100 ns &9 85 B R -
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213 ##EA#K

AT hs T FEGOEER AR E RN AW NVE-NVT-NPT f= NpH
FE R B 9 AR DA RS AR T B ECOR ) 69 3% A S R AE4R[89] » NVE 245 = 2k
80 F 8 M A % > ™ NVT ~ NPT #v NpH & 44 B3R 3 (Lagrangian) &9 2 4¢ -
B NPT #u NpH R F A AN ER -NREABAGRE FH - VREASLEH
EREAGKEE PREAKEN ~TREAZLKARBE ~ HARE A 594 (enthalpy) ©

NVE # %A EE R TFH > 2B BERAREEZMAAL T £HZFERAT
BHREBEUABBRHERAT A% ZTURE Z E AT 69(Conserved) » 12 4%
BAEBETBREMBATHETAARLEARAMRETR * NVE 89 H# o F &7 ¢

F. (NV,E)

= [NIQ(N,V, E)]? fff dr”fdP” S[#,(rN,PN; V) — EIF(rV, PN; V)

E¥QN,V,E) %

Q(N,V,E) = (N)t f f f drM f dPVN §[H,(rN, PN;V) — E]
SHRER RN o r ARTFEAE -

NVT Z#3 4 #i(Canonical) * £E ERFH#H ~ 2B ARBEMA KT
Bro FIAMEERGEREIEETARDEREALBEET > EHEEAFA
Nosé-Hoover &% 7% » NVT 89 &3k T &5 ¢

F . (N,V,T)

= [N'Q(N,V,T)]™ f f f drV f dPV exp (_}[1(7;:'TPN; V))F(rN,PN;V)

HFQW,V, T4
- N' PN, 14
ANV Ty = (VD72 fﬂ ar” f dP" exp ( 1(7;@T )
NPT & 1% 18 & % #(Isothermal-isobaric) * £ B TR T ~ A 4hBR hfw A 4B
ET#MALTE  BER%LBEF NVT 48F > @48 A Parinello-Rahman &) 7% %34

B AABEBREDEER A 3 BHR3E %4 A Berendsen 2 Gaussian constraints

&) IR EAE A %R 51 > NPT @ A 7 K4 48 (simulation box) F 82 #% 44 fb ey B4t » NPT

& o T &R
15
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F . (N,P,T)

= [N!A(N,P,T)] ! f oodV f f f dr f dPV exp (_[PVJF}[l(rN'PN; V)])F(rN,PN;V)

#T
H AN, P, T)%

A(N,P,T) = (N))™* fOOOdV ﬂf derdPN exp (—[PV+}f;a(TrN,pN;V)]>

NpH 2 18R 15 ¥4 % #i(Isobaric-isenthalpic) > £ B & RT3 ~ 2 4 v & seuh s

T % & %45 > #o NPT 48 F)4£ A Parinello-Rahman &) 7 7% R €& /7 > NpH ek #
T RF
F . (N,P,H)
- [N!T(N,P,H)]‘lf dvﬂf dr”fdP”&[}[l(rN,PN; V) — PV
0

— H]F(rN,PV; 1)
H+T(N,P,H)%

T(N,P,H) = (N!)—lfmdvfﬂ dr”fdP”&[}[l(rN,PN;V) — PV — H]
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214 BHMHER

8 23 M 1% 4% #F (Periodic Boundary Conditions, PBC) » f£ % 8 /) &4t 7 &
Bk kB AR R T AT AR SR AR - T R B A A A BRER 4
G0 R — By AR EE A T AR A A OB EAME B[00, 91] - EEAM I RAA IR A E &
B GHEMBFRAKER A GBEMT  REAMRNEFRASKE RO £ @iE
ANRHTY - A£B 23 F  BATRAEREAR TR — @A GG REBEMS e h —
RABF Bk T4 B —BEANR KT o

&h-v 9]
é.." 1P.'O ;r’o
_ﬂ >0 {“} o0 i ()
T O.ﬁ O.o=> o‘
40', D° || ®°
Ve VT 04 °o
- @ (P~ @ P~ O
]| A

2-3 3B #71E % o= & B (http://isaacs.sourceforge.net/phys/pbe.html) °
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22 BAUEANK

221 BREEGS FHEA

AR AE B mus musculus (wild type mouse) ¥ type I alpha-1 #2 type I alpha-2
BERFIIREIBREZOEAY AP EFBRE G bRk alpha-1 $1— 4%
alpha-2 Ar#asR > M brittle bone &9 R %& G4 b =1% alpha- | AréamR » AHF AL
Fi NCBI protein database (http://www.ncbi.nlm.nih.gov/protein) ¥ &5 & 7
AAHS50014.1 for alpha-1 chain A& NP _031769.2 for alpha-2 chain.
alpha-1 89 /-3 % -
MFSFVDLRLLLLLGATALLTHGQEDIPEVSCIHNGLRVPNGETWKPEVCLICICH
NGTAVCDDVQCNEELDCPNPQRREGECCAFCPEEY VSPNSEDVGVEGPKGDPG
PQGPRGPVGPPGRDGIPGQPGLPGPPGPPGPPGPPGLGGNFASQMSYGYDEKSA
GVSVPGPMGPSGPRGLPGPPGAPGPQGFQGPPGEPGEPGGSGPMGPRGPPGPPG
KNGDDGEAGKPGRPGERGPPGPQGARGLPGTAGLPGMKGHRGFSGLDGAKGD
AGPAGPKGEPGSPGENGAPGQMGPRGLPGERGRPGPPGTAGARGNDGAVGAA
GPPGPTGPTGPPGFPGAVGAKGEAGPQGARGSEGPQGVRGEPGPPGPAGAAGPA
GNPGADGQPGAKGANGAPGIAGAPGFPGARGPSGPQGPSGPPGPKGNSGEPGA
PGNKGDTGAKGEPGATGVQGPPGPAGEEGKRGARGEPGPSGLPGPPGERGGPG
SRGFPGADGVAGPKGPSGERGAPGPAGPKGSPGEAGRPGEAGLPGAKGLTGSPG
SPGPDGKTGPPGPAGQDGRPGPAGPPGARGQAGVMGFPGPKGTAGEPGKAGER
GLPGPPGAVGPAGKDGEAGAQGAPGPAGPAGERGEQGPAGSPGFQGLPGPAGPP
GEAGKPGEQGVPGDLGAPGPSGARGERGFPGERGVQGPPGPAGPRGNNGAPGN
DGAKGDTGAPGAPGSQGAPGLQGMPGERGAAGLPGPKGDRGDAGPKGADGS
PGKDGARGLTGPIGPPGPAGAPGDKGEAGPSGPPGPTGARGAPGDRGEAGPPGP
AGFAGPPGADGQPGAKGEPGDTGVKGDAGPPGPAGPAGPPGPIGNVGAPGPKG
PRGAAGPPGATGFPGAAGRVGPPGPSGNAGPPGPPGPVGKEGGKGPRGETGPA
GRPGEVGPPGPPGPAGEKGSPGADGPAGSPGTPGPQGIAGQRGVVGLPGQRGER
GFPGLPGPSGEPGKQGPSGSSGERGPPGPMGPPGLAGPPGESGREGSPGAEGSPG
RDGAPGAKGDRGETGPAGPPGAPGAPGAPGPVGPAGKNGDRGETGPAGPAGPI
GPAGARGPAGPQGPRGDKGETGEQGDRGIKGHRGFSGLQGPPGSPGSPGEQGPS
GASGPAGPRGPPGSAGSPGKDGLNGLPGPIGPPGPRGRTGDSGPAGPPGPPGPPG
PPGPPSGGYDFSFLPQPPQEKSQDGGRYYRADDANVVRDRDLEVDTTLKSLSQ

18
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QIENIRSPEGSRKNPARTCRDLKMCHSDWKSGEYWIDPNQGCNLDAIKVYCNM
ETGQTCVFPTQPSVPQKNWYISPNPKEKKHVWFGESMTDGFPFEY GSEGSDPAD
VAIQLTFLRLMSTEASQNITYHCKNSVAYMDQQTGNLKKALLLQGSNEIELRGE
GNSRFTYSTLVDGCTSHTGTWGKTVIEYKTTKTSRLPIIDVAPLDIGAPDQEFGL
DIGPACFV

alpha-2 49 /4% % -
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

AP FHATZRERBREONER -
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222 BREGS TR BsEE

RAARDRE B R E OB B It L@ ATE I > ho b B4 R E LAY AR
A o $AP LA BA 2K Bk 2E 28k Av Bk ( Avogadro ) ° CHARMM General Force Field (CGenFF)
B AR F 3 R & A8 0 B (niuc) AT B 45 89 75 -F ) 1 A5 85 7T ALAE k88 Visual Molecular
Dynamics(VMD) 2R EATE 3L > 3% A4 F 8 /1 B #t 30 3% LAMMPS R EATALHE -
HEZFLWTE 24w -

Charge, type-Topology file C ? ‘ A
Mass, bond, angle, ...Parameter file AN ,

psfgen package

charmm2lammps

B 24 LB sEE A E LR A2
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BRER RGN IMER L £ —F & Avogadro 3B TR I FHIEHE

I AT RE B kMBI B AR AR 9K B B A .pdb B9AE F -
= Fied & 69 pdb 4% £ L% £ CHARMM General Force Field #9485 £ - 4
yh @A AR A0y Bk 3 ) S8 B 4k 280 8,2 type  charge ~bond ~angle ~ dihedral
Fv improper * A R e K45 2 topology Fv parameter 8945 % 0 BN A RIEEY
RE SRR AR T E > BAIFE charge 89367 AT TR T4 0 ERBERREN I T
%k AE

o

o

JL

@

% = det5 Bk by topology 4% £Au.pdb 4 £ VMD &) psfgen packagen #9
patch #8 4 RETHEE > BEFHLARBTHEC] BETR > RETHEEH
#% 49.pdb 4% A psf 4 £ -

%5 A s X 6942 X charmm2lammps 38 £41989.pdb ~ .psf ~ topology #v
parameter % &-#e & #y tH A, — 18 24 charmm force field 2 & 64 data # £ - 1% £
Fi .data 45 5 69 B A R EATAR S -

223 BARF:
BB ET R BEN RNk 2-1 AT F—HERAELBRES
5F 0 A4 % A Normal * % —F4 N » C 324 F 1% deH LNL crosslink * #1F]
4 % A deH22> % =484 N> C 3% 32 # v % deH LNL crosslink’ #1194 % % deH44>
% 14 % v 4E & AGEs crosslink #1114 % % AGEs °

Model Crosslink sites
Normal NaN
deH22 LYS!957-LYS!%6 LY S2989.y §3026
LYS1057-LYS1996,LYS2089-LYS3026, LYS103-LYS1046,LYS1150-
deH44
LYs3126
AGEs LYS*-ARGY%,LYS!®-ARG3%,LYS37-ARG!3%

® 2-2 B &R crosslink H: 254 B
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A& %] 2 deH44 > AGEs > deH22 > Normal * deH22

=
Fo deH44 &9 X B X & dehydro-lysino-norleucine f£ R & & H a9 B £ B 42 N

C W% » ™ AGEs 89 X ¥ X & Glucosepane BB BB RE G S F A » 4wk 2-5

P 7s ©

LY S3126

LYS150

9

-LY S1046

LYS!3

yszoss_l_yssozs

6
»

LYSIO.57_ LYS 199

LYS103.ARGE05

LYS547-ARG1354

LYS456-AkG1959 ’

(a.) dehydro-lysino-norleucine crosslink & 4% 2k

=

2-5 R BRI B T

(b.) Glucosepane crosslink &4 254 F

22

d0i:10.6342/NTU201903738



224 HReyR ERBIRGMS

RATARERBE R EAOY, TR AMBNM G eWRELERZHRER M
EREMERERAB R &G, FLEBEIMMNMAEIE  RIIE R E A D-period ° D-
period 9K EX L 6Tnm> B EREH LR EIRAFAMR[92-94] ) E—BREGN T
BHEAEREERBEBARWERREIR > 0B 2-6 FA °

~ 300 nm
r —
012345
H+H .
| — __A)
0 1D-period (67 nm) 3

Possible Cross-links
Sites

B 2-6 A REGHBETER -

AR RAER 63X E 54 D-period &9BEAHF M - A H R A — 1B D-
period & 84 7T (unitcell ) > #| A B %R (PBC) M R A4 44 (simulation box) 1k
B RSk BRI B R E QB BNITA -
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Collagen molecule

1
b. Y Y
T—»x T—’Z
o] " %00
@
L

/380/0E/ %@@/ o/
Odfie/0 e/ e/ o080
- /OG/0E 008/ E e/
/ Zﬁ%@/ 6ga/0%e/8s/
/PE5/PEe/PEe/oEs/

B 2-7 AHAMETRET  BREGHBESAD TER -

B 2-7 (a)ABRE G n FArpie Fed(b)# A VMD # & pbc wrap 45

» ZJE pbe MIEBIEHA N FEFTLEET F(c)Epbe WBET BREEG ST
G EF M E o LIAR > £ pbe BIFEILT » K8 unitcell € F %A BAEBR
EAnT  RBEEHWARBREOGSE -  BENBREELMA NPT X424 #£A
CHARMM /) 355 R4 B R & G > £ B B 310k 154+ T @748 > E4F latm
LA B 60MPa W& 7R 5] 89 1% SL AR R 5 R B 69 ) AT By RS AR A 1A
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23 S¥HHE
2.3.1 F ¥ARAE 5 (root-mean-square deviation) 5 #7

7 AR AR # (RMSD) A £ — BB 5 F 45— 18 05 Rl 64 R T /2 A2 H70 446 69 R
WEARMFHRFBEE S AKX T ¢

n
1
RMSD = |3 (xi = x0)2 + (v = y0)? + (5 = %)?
i=1

HoF N ALE T - 4315 RMSD AT B0 4 F e H Ao tnds o F 5
T (align) > AL R E 5 FRMBAAERERZE > 3 RMSD T UK & 5 F &4
o L ARFIF 0 BAVE BT HRABAS R0 M R T RS A B AR M
BT UGREBG M BT BRI 1R8E £ RIS 1A > £-FHKE
F > RMSD &9 R/ME R 9B X & 3 2] B 477 5 B oy ffs & 0 RMSD Ak > 2
PRI AL 0 AR GAENAED o RIATAIA VMD F measure 454 fit A
RITHERE AT B ey ERE > B A measure rmsd A 2R3+ H rmsd ZE&E ©

2.3.2 Unitcell kKE»#

Unit cell B#E A 4ug R > BAHRFIEA NPT 24 @R #0210 3£
H ounit cell 89 R A x A Fiby ~z d R KRS - A x 9 IL R ARAEIL > M
x #75 @ 69 & B & D-period ° D-period & % % overlap #v gap 6948 kB A B 5T 42
KE > BRibz gt 0 B A NPT A #E2E 69 1% > unit cell &9 x #h&k EA MK
BAEHEBLZAREAB)  RIEEAK » BREEAN R KB AHK -

2.3.3 AR ¥E(end to end distance) % #7

SARMEA—BFTRARMLEREMELO S - L ERMERE NS THE
WA IERE AR T REMNBRE c AAEA RSB REG Y FREMEIL &
BB R & G 89 alpha-1 chain % — 18 2% K (resid 1) R & 1% — 18 7% 3K (resid 1054) 8
alpha carbon # % 3% R 69 SA R 3% » 4o [8 2-8 T
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2.3.4 overlap and gap W #H7

AT H overlap Fv gap 9K E C RAABRE QB4R BOREN
D-period RE - BN LIy FRERMERAKRERF LR > BRIFET
unit cell &)+ & R E4E D-period 89k & » REBFRES !

Overlap = molecule length — (4 X Dperiod)
Gap = Dperiod — overlap

& HH R overlap Fu gap #F2|3EEEME > RATT ARIFIEBERH R AR AR

SAR DA

a. Molecule length

2-9(a.) &3t E overlap Fv gap * & B > M(b.)ARIEAT E 2 overlap F» gap &
B Al e &k
B overlap Fv gap B9 W T ABE T A &5 - A A HE & &key overlap v
gap kAR B JE /1 T 49 overlap Fv gap B9 b AR & 69 %1t > B ¥ alphal-1 &)
AR AME 0 IKEBAB B JE /7 428 BIAL A F AT 047 0 R LLBOR B ST B S
BT BE -
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2.3.5 Unit height and radius % #7

BRE G ST ikatAmam  BAHRe) Z B H M b B —fRakey i
R Eg 5 = B A B A —18 Gly > Bsb B F M EBAF(Gly-X-Y), 4 £+
X8 Y REREGBEEABRGT > N — 5758 AR REHRERT —
BAI A Gly s9Z M EZRIWBRE G N TR & BT AT > BIF A
4 —18 Gly # alpha carbon B F R+ BB & & H T 4544 -

Bx y, ABREG T % i 18 Gly # alphacarbon B-F > & A KRMFE=
k42 ¥ 89 Gly Z alpha carbon BT #)H % b; = (1 + Iiyq +1yp) ° FIA TR
AT AT B B R & & 5T 9 contour length 2:

L.= Z ||bz+1 l“

Hbn REFAECHEE B REG S THREM A > L. & contour length ®
[3) B 3k 5 F 89 end-to-end distance 7 BA & $b 4 F &9 N #2 C terminal Ff & € :

b, — byl -
BHBTEE—F THRBEARFINHBREGY, TAISEHENDE » RIME—F
STEAMERE S b, 0hEEEA:
di = [t — 1l
#—Fw &kt rf maf B AB #CYHE i 48 Gly # alpha carbon R F
F =10t +rP +10) > dNBRE G F ¥ 248 88T BIMF 1 =15,
rP=r;_; 8 rf=r; @M% mBREAE ST unit height T X &

hl = ||1_'i+1 - f'i”

BRE Gy T MR e 4% ny 32 35T LA B K AR 1® 1, 49 3d natural

interpolating cubic spline curve RKAF o #F3] = R 3Z ok &5 A 00 bz > BAVETHE
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rfrP, s B IR T RABEE G A T AN S TEE -
a
Radius
b
L
C
1’1‘4 r B
— %
B T —_— —
r c¢UL I
1 rl 2 3 4
d
é_/_,_z———/%lls :]2 : 05 =06,
(53——-)————_-:@ ———————— e—F—:)__/f__ 3
L rv% 3
: 2 3

2-10 B R & & o F & # 5 #7[95]
2-10BREar TR EFEE B YR — kB —BEE kT BRETHE
— 18 Gly &) alpha carbon & 7> (b)B R & & 4 FRI@E > ()& ~# L F A Gly F alpha
carbon B BIMR AT B R E G 5 F2 &4 > ()B R %G %5 F X unit height 3+ & -

2.3.6 Hydrogen bond 7 #7

SHASTRER N — > R—HAXGBEZEGER D > FA L O-H %
O-N it Z A 45 ZIERE R A 4 ss > A# 7 A1 A VMD &) £ 43t & hydrogen bond’
BEAEER 3.5 Angstrom > A FLER 30.0° > ko8 2-11 A7 o

EBREGS TR QSEHETRAIALBR ESAEHE > LA TRLMERE
Bhdd b A A0 RUARBRARIE > X 404038 0 SUSEE AR T Z IR e A5 Ak 0 842 M AR AR iR
8 SR R4S R e AR ) S8 - AT R QU AT £ B0 A AR B N AT A
AW S QB A AT HE NN R AARRER N - B R R
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F3I3FE RHHRAEBREOABLEI T TFHRE
31 S%&RE
311 FRARE

RMSD vs times(1latm)

25 A
20 1
< 151
a
(%]
z
10 4
5 -
o .
0 5 10 15 20 25 30 35 40
times(ns)
3-1 £ latm F # RMSD 4 #7
a. b.
10 Standard Deviation(1atm) s Average RMSD(1latm)
0.8 4 a4

0.4 4

Standard Deviation(A)
o
o
RMSD(A)
w
A
=
—
—

2.8538
0.5114 27317

021 0.4614 e 14 21929 22910

0.2416

0.0

Normal deH22 deH44 AGEs Normal deH22 deH44 AGEs
Models Models

3-2 AR5 R 35ns~40ns ¥ > (a.)RMSD #9 Standard deviation(b.)F-#4 &9 RMSD -

o Hr latm FTo9&ER > HERFEAFEBREY > SERDGBEMBERL
B> REMBA latm T P4 > B 3-1 Ao 0 AP RERA & B3R 35n5~40ns
GRS BLE 2 Sns RIEA S HTARA > BB RMSDAREZRF A | A 2 MR A B4
ALEFH > wB 3-2()Hw 0 WEEAE BN FAIKE o £32 5ns ¥ RMSD 4%
# % Ko\ % * Normal > deH44 >AGEs > deH22 °

B R 423E Sns B9 RMSD #4-F354 B 3-2(b.)A7 5% > % 3. Normal % 2.85+0.51 3
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5 Bk A deH44 89 2.73+0.46° B & AGEs 89 2.29+0.41 $% 1% & deH22 9 2.19+0.24°
BHEREEF deH22 AL E Sns PASHMERNEM=FK1F 5 > @ Normal /3

ABEMERE -

RMSD vs times(60MPa)
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10 4 deH22
—— deH44
8 —— AGEs
< ¢ ]
E 6
(V)]
s
=4
4 -
2 -
0 -
0 2 4 6 8 10
times(ns)
3-3 ££ 60MPa F &) RMSD % #f
a b.
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0.8 4

I

3.6981

I
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o
o
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—
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o
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N
-
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3-4 # AR B R Tns~10ns ¥ > (a.)RMSD #j Standard deviation(b.)-F34 & RMSD -

BT R5H 60MPa Teg&R > & RE B A -FH0yER Y SERA MG
AR REBAAL latm FTHARFHE > B 33 A7 0 AFARLEE S
Tns~10ns &9 05 R 36 B 3 3ns RAEA ATtk A > BB RMSD R EZXZELE 1A XN
RAVEALR R E T4 4B 3-4 ()T > mBRE R ER B N Tk RE 0 AEAAR AT
HrAs ek & » f£18 3ns FAREE £ K/ A 0 AGEs > deH22 >deH44 > Normal ° 7 &

1231 3ns 49 RMSD #-F340 B 3-4 (b.)Aio~ » 453 deH22 4 3.69+0.55 & &5 > H R
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% AGEs &) 2.86+0.55 » &4 deH44 89 2.41+0.36 » #& 1% A& Normal #9 2.36+0.32 °
Normal fo deH44 ££3% 3ns P » EHEBE T HALL B HRES -

3.1.2  Unit cell &E 2 #

a. b.
640 D-period length vs times(1atm) 800 Average D-period length(latm)
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deH22 700
6357 deHaa
_ —— AGEs _ 6oo
< 630 <
£ £ 500
o o
g §
;g 625 ;g 400
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1 ) Y, I}
615
610 T T T T T E
35 36
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o
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GRS H A latm FH&E&R > & RE I D-period &K E CEMMN T4 B
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5 0 £k % Normal #9 650.34+0.74 > R AGEs & 649.29+0.57 » # % /& deH22
% 619.5440.56 °

3.1.3 »TERAMRESHT
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4 116.53 » &tk & deH22 #9 106.86 » # 2k £ 60MPa & T4 & & ¥ Normal s

b AGES fo deH22 A 4 F 12 % £ 16 £ & & /6% F > AGEs # 1 Norma gﬁ‘mf
AR A LA RS S 00EN £ § R AR DS ﬁ%@%ﬁ B
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3.1.4 Overlap and gap W #7
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B 4 R & 24 overlap #9&Z F ° Normal v deH44 & 27 % &k 49 ° Normal &
273.94 ~ deH44 7 273.91 » B R & deH22 44 272.95 ° #4269 % AGEs &) 271.80 ° M
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3.2.2 % -F &y radius 4 #F
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BEEEBRE 0 A latm T ° A X B2 300 £ T4 69 0512 Ak b > 2L deH22 &
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KRBT 0 15 AR B 3% E B R resid’®%-resid’® 4 & &AM 27 849 B 3R[95] ° 7
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[ # B3R unit height 247
M A% & 5% 69 unit height 747 & St AR K G BB > TUE B BA
4 3R ) $E 4L # unit height A& K > A7 #JE 69 2 Fl &A% K > 48 R 89 unit height A%
o QIR AR o BAFT A S AT latm T 0 AR AR EF ] 35ns-40ns B 4B 9 unit height %
» AFREEERY M 0 ko[ 4-5 Ao e

4.2

Unit height distribution in 35ns(cleavage sites)

Unit height distribution in 36ns(cleavage sites)

—&— Normal —&— Normal
®- deH22 ®- deH22
44 —®- deH44 44 —®- deH44
—8— AGEs —8— AGEs
c 31 . 31
0 Q
o o
€ €
=3 3
<24 <24
14 14 *
0-1—= ' r . T , » 0-1—= . ' ’ r y v g »
657 6510 1075 1580 5085 5590 5095 5100 q0¢ 657 510 7075 7580 5085 590 095 55100 y0<
Unit height Unit height
Unit height distribution in 37ns(cleavage sites) Unit height distribution in 38ns(cleavage sites)
—&— Normal —@— Normal
& deH22 & deH22
4 @ deHa4 41 ~® deHas
—@— AGEs —8— AGEs
= 31 _ 31
W W
o o
[S [S
3 3
Z24 Z74
14 14
0-1—= y ? . ' T ' » 0 * * ¢ ? - ? -
657 519 1015 1580 5085 3590 4095 9_5_\0.0 10< 65”7 519 1075 15890 5085 590 4095 95‘10_0 10<
Unit height Unit height
Unit height distribution in 39ns(cleavage sites) Unit height distribution in 40ns(cleavage sites)
—— Normal —— Normal
®- deH22 ®- deH22
44 —® deH44 44 —® deH44
—e— AGEs —8— AGEs
c 31
Q
o
[S
3
Z,]
1 B
0l—= -

6510 10715 1580 5085 590 5095 (5100 10<
Unit height

65’1’0 _,»0_1_5 15,3_0 3_0,35 8-5‘9'0 9_0,9_5 9»5_10,0 10<
Unit height

B 4-5 £ latm F ° 4% & 3K 35ns-40ns &9 unit height 49 5% °
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ETFHEHBREY S TFTRRVPEHORE  BEERY > HELAFEEE
Normal #£ % 72 33 2k 85 ] A 4% % 89 unit height 7 8.0~8.5 2 /] > deH22 & b #85 M &
7£9.0~9.5 2 M A — %4 - M deH22 > deH44 > AGEs f& 7.5~8.0 X [ A &4 -

HFIE A ERARM NP A unit height #-F341% LN > ko B 4-6

P 7s ©
Average unit height distribution(cleavage sites)
—— Normal
deH22
44 —@— deH44
—@— AGEs

657 65710 1075 1580 5085 5590 5095 (5100 10
Unit height

4-6 f& latm T » ARKRBFFE N ARG IRAT A SEBE T3 0tk -

HERBERPFHZEEBED G R GE B —BerHBEA B AR > The A
BFF RGN B AR E RO H B BEAZELARYE T — 588
% &4 7.5~8.0 ) deH22 > deH44 > AGEs A % % #914 > Normal 4 8.0~8.5 £ & & &)
& > M deH22 #v deH44 4£ 9.0~9.5 A K & 0918 > L& Ll ey 454 -

4£ latm F unit height £ % 5 89 & R £ 6.5~10.0 » 7.0~7.5 # % &9 5 Normal
deH22 ~ deH44 ™ AGEs &A1& * 7.5~8.0 deH22 ~ deH44 ~ AGEs # A 48 1L ™1 Normal
2K 8.0~8.5 & Normal ¥ 5 ° AGEs~ deH22 & & 48 i1 ™ deH44 % H& 1% °9.0~9.5

deH44 #: % ™ Normal * deH22 ~ AGEs 2% %
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BT R AT E AR & B 69 ZUIS BT 5 unit height 89 5 » 4[] 4-7 Ao e

Average unit height sequence (cleavage site)

100 {35
9.5 1 )
9.0
8.5 A
8.0

7.5 1

Unit height(A)

7.0

6.5 A

6.0

T T T T T
769-772 772-775 775-778 778-781 781-783
Region

4-7 f£ latm F > [§A2 & 3R 49 unit height 51 o

HERBFABREZLBEKR > RFRE - T OOREREREEATRET
BHRAE > BRBMI M AL E » E B EML B A residP~resid””® > B RB A
A B R B R B R L AN A deH22 K 0 kA AGEs > A&
& deH44 > #& 14 Normal & 3]s 1 deH22 & resid’®!~resid’®® fu K44 R A R F] &
e

s
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B Ry # 4 60MPa F > 5 #F Tns-10ns B #& unit height #9414t < » S /FiE#E

Bt > ko [B 4-8 BT o

Unit height distribution in 7ns(cleavage sites)

Unit height distribution in 8ns(cleavage sites)

—@— Normal —@— Normal
®- deH22 ®- deH22
44 @ deH44 44 @ deH44
—@— AGEs ~®- AGEs
L 31 L 31
[ v
el £o
E €
=3 2
<2 <2
1 1A
01— -, 7 u T ? T ? » 04— » ? T r v T ? -,
657 6-5‘1 0 1,0'1 5 1_5_3‘0 8_0_3.5 8-5’9'0 99_95 9.5,‘0_0 10€ 657 6-5‘1 ) _"0,1 S5 _,_5,3.0 6-0'3'5 6-5‘9'0 9.0,95 9_5,\0_0 10€
Unit height Unit height
Unit height distribution in 9ns(cleavage sites) Unit height distribution in 10ns(cleavage sites)
—@— Normal —@— Normal
® deH22 ®- deH22
44 —@® deH44 44 —® deH44
®- AGEs ®- AGEs
o 31 = 31
3 @
o Qo
€ £
=3 -]
=24 =24
14 14
0 - - -+ y T y T r -+ 0 - an y 4 T y y ¥ y
657 65710 701° 1580 5085 590 095 (5100 10¢ 657 6510 707 1580 4085 5590 095 5100 10¢
Unit height Unit height

4-8 f= 60MPa T ° [ 3% Tns-10ns #4 unit height &5 -

b RE AL OMPa JB 7T+ A3 5805 125 F45

AL R AR &R AR

b s BB FRRNEESKE > BEBEN Y HEREAE > Normal 4
A4 9.0~9.5 F — 1B AE » deH22 f& 8.5~9.0 F — 18418 > deH44 F= AGEs 7 8.0~8.5

BIEME -
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e F e R R B 3R A B F W B9 P A unit height #C-F3918 £ - > ko B 4-9 Aiowe
T3t PR AR A 0 -t R g 15 B8 — B 05 R ZEAR B BA AR 0 VT RE S B A P A B9 B
P 0 R By DA R AS b ¥ AR 84 T o

Average unit height distribution (cleavage sites)

—— Normal

deH22
44 —@— deH44
—8— AGEs

7

T T T T
657 65‘1 0 1'0_1 5 15_3,0 8-0‘8'5 85‘9‘0 9'0_95 9'5_1()‘0 10<
Unit height

B 4-9 f£ 60MPa T > #k ABFFa] N M5 A% & 3R A7 A JEBE-T- 39 69 SR8k /- 14 o

B & £ 9T 2L E £ £ 60MPa F unit height X & 5 #h &9 & ] 42 7.0~10.0 » 7.5~8.0
2 % 84 % Normal #2 AGEs * 8.0~8.5 Normal * deH22 ~ AGEs # & 4831 M deH44 %
A& ° 8.5~9.5 A% Normal * deH22 ~ deH44 #: %4831 M AGEs & %1% * 9.0~9.5

AGEs #v deH44 #X 5 ™ Normal F= deH22 # K °
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B R M A AR B IRGY ZISEL 5] F > unit height 89 4 » e8] 4-10 Arom ©

Average unit height sequence (cleavage site)

10.0{§ T

9.0 1
8.5 1

8.0

Unit height(A)

7.5

7.0 1

6.5 1

T T T T T
769-772 772-775 775-778 778-781 781-783
Region

4-10 42 60MPa T ° 542 & 349 unit height 5 °

B & R B~ 60MPa #v latm 694% & £ 8 K K &4 60MPa T2 RE ey A&
BRAESAKRET » FLEBEURRKGERRENEME resid~resid””® Z 1 » %
Normal #2 deH44 » & K & F] % X resid”’®~resid’®! ] » M deH22 #= AGEs #& Ki&
e resid’P~resid”’® [l 0 3EA R ] 69 W SEAE R A1 44 [ AR & A unit height - &
-8 &

BREULER » REA latm % 60MPa 4T » AR RN—EESHH E-F
fir o AL latm T > Fom SR E 2 F R BSEA ML B A resid’P~resid”® A &
ReqsEdE > 3 BT ER S > 24 60MPa T ° Normal v deH44 > & K&
Fal 4 AR resid’"8~resid’®! F » M deH22 #2 AGEs #& K& & 4E resid’>~resid”’® f] °

4o & unit height X > REBEFABRROZRTRER » 3B REG N T
B 5B 0 A8 R FONARTR B AT E] 0 # latm 2] 60MPa & 446 LA fuidE o
Normal #» deH44 A5G B A M RIR » HIEH B AR » I B & AH unit

height #¢ resid”?~resid”” #8244 2] resid”®~resid’®! » KA MBMRAE N EFE 2 H M
M AGEs #u deH22 $ 7 J& /1 69 R B E) » BAT B B -
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4.3

Bt 4 B ABGR

%M & radius 2-#

%47 & 3ty radius K& ZE =
AN B AR

=
&

# Bfl (unfolding) °
BRBER latm Fa9E A o oA R A 35ns-40ns BFE & &) 416 > 4o [E

4-11

4.5

4.0 1
3.5 1
3.0 1

8251

=z

1.5
1.0 1

0.5 1

0.0

4.01

Number

ﬁ)"ri—\ o

Unit radius distribution in 35ns(cleavage sites)

AR NI ER] » W RBAKK =M%
P E R AR RN BT T

23k
ERNBREGST TARA

Unit radius distribution in 36ns(cleavage sites)

= 2.0 1

Unit radius

4-11 4£ latm F >

Py @y o TR

63

45
—@— Normal —e— Normal
o deH22 ? 401 —o- deH22
—8— deH44 354 —8— deH44
-e— AGEs -~ AGEs
3.0 1 .
8251
E
2201
1.5
1.0 1
0.5
- - - - - - - : 0.0 —= - - - - - - -
307 3,0'3'5 35'“'0 A.U'A"’ 5_5'5'0 5_0'55 5,5'6'0 (,,0'6'5 65< 307 3_0'3'5 3,5'“'0 4_0'“5 5,5'5'0 5_0'5'5 5,‘;'6'0 (,_0'6'5 65<
Unit radius Unit radius
Unit radius distribution in 37ns(cleavage sites) as Unit radius distribution in 38ns(cleavage sites)
—&— Normal —&— Normal
o deH22 401 o deH22
—8— deH44 354 —8— deH44
—— AGEs —— AGEs
3.0
_ §251
E
1 3204
154
1.0
0.5
- - - ? 0.0 —= - - — -
307 3,0'3'5 35'“'0 A.U'A's 5,‘;'5'0 5_0'5'5 55'6'0 (,,0'6'5 65< 307 3_0'3'5 3,‘)'“'0 A_O'A'S 55'5'0 5_0'55 55'6'0 (,_0'65 65<
Unit radius Unit radius
Unit radius distribution in 39ns(cleavage sites) as Unit radius distribution in 40ns(cleavage sites)
—@— Normal —@— Normal
o deH22 401 o deH22
—— deH44 35/ @ deHd4
- AGEs -o— AGEs
o 3.0 1
. 8§25
5
- 2 20 -
154
- 1.0
X 0.5
\.
- - - ? 0.0 —= - - - -
30~ 3_0,3,‘) 35‘50 50‘5 555“ 5055 5550 6-0(’5 65‘ 307 3_0,3.‘3 3'5..5.0 A.“'A'S .5,5»5-“ 5_0_5.5 55,(,,0 6-0'6'5 65<

Unit radius

34 A2 & 3% 35ns-40ns &9 radius - °

RAEBRE » BEEAD S H LT E4E
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Normal £ % & 15 S£ 85 [ A #% % &9 unit height #£ 5.0~5.5 Z /] » @ deH22 > deH44 R
B P 35552 AGES EEF A 4.5~55 - B2 FRERAFH NG MEA
radius #3948 £ w38 0 W B 4-12 Ao

Average unit radius distribution (cleavage sites)

4.5
—@— Normal
401 —o- deH22
3.5 —@— deH44
—@— AGEs
3.0 A
@ 2.5
Qo
5
3 2.01
1.5 1
1.0 A
0.5
0.0 —= f T T T T y T T
307 5032 3540 40485 3550 5055 560 (065 65<
Unit radius

4-12 1 latm T > KRB A M5 AR & 3R FR A radius 89 -F 34 5 o

B i R 2 # Normal radius ££ 5.0~5.5 & — 18514 » /X% Normal &) radius &
latm F 5 4£ 5.0~5.5 F] > M 4.0~4.5 A& ) » H Ak deH22 ~ deH44 ~ AGEs 4 A1
BIEM 0 RS0t 4.0~4.5 ZF » BT RBMR AT LA B RIEELTF7] T
radius #9571 » ko B 4-13 Ao ©

Unit radius in 1atm (cleavage site)

Radius(A)
wv

T T T T T T
769 772 775 778 781 783
Region

4-13 £ latm TF > AR ERE radius 2% °
resid’”® ZEEEZ X Z 9B E 4o R radius AR AR H I E] 0 4R EGAR
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NSRS A B 0 &R A resid’”?® 89 > Normal ~ AGEs %9 radius # K

i deH22 ~ deH44 &/ ey % R » &~ 4 latm F > Normal ~ AGEs £ resid”’> & #% B
WR LR BT LD E R GBK - ™ deH22 ~ deH44 RIBNR 5 4 L3
W] o BHRSH A 60MPa T » 54tk ABF ] Tns-10ns 5% & radius &9 % 1E » do
4-14 Fo= ©

4.5

4.0
3.54
3.01

Number

1.5 1

1.0 1

0.5 A

0.0

4.5

4.0
3.54
3.0 1

Number

1.5 A1

1.0 1

0.5 A

0.0

Unit radius distribution in 7ns(cleavage sites)

Unit radius distribution in 8ns(cleavage sites)

2.54

2.04

4.5

2.54

2.04

~®— Normal ~@— Normal
o deH22 * 401 o deH22
~®— deH44 35 —@ deH44
~@- AGEs ~@- AGEs
3.01
@ 2.5
el
g
320+
1.5 1
1.0 1
0.54
7 T " . 7 7 - ? 0.0 . ' . r ¢ 7 . ¢
307 30.3.‘: ,55,5_0 A.O‘A'{’ A5,5_0 5-0‘5'5 5_:_,.6»0 69‘65 65< 307 39,3_‘) 35,.5_0 A.“‘A'{) As.s.o 5_0,55 55.6-0 6.0‘6'5 65<
Unit radius Unit radius
Unit radius distribution in 9ns(cleavage sites) s Unit radius distribution in 10ns(cleavage sites)
~@— Normal ~@— Normal
o deH22 * 401 o deH22 e
- deH44 35 —@ deH44
~@- AGEs ~@— AGEs
3.01
@ 2.5
o
g
3 2.04 ®
1.5 1
\ A\
1.0 A e —\e -
0.5 N\ /
\\ /
0.0 y T = y y ?

307 3035 3540 4085 ;550 (055 560 (065 65¢
Unit radius

307 3035 3540 ;045 ;550 (055 (560 (065 5<
Unit radius

4-14 £ 60MPa T » [§## & 3 Tns-10ns &9 radius 51 °

1% 39N 60MPa 47842 0 BEAE A & o h R Z 48 F) > Normal #4274
B AT 0 T deH22 42 4.0~4.5 2 B A BREA B E » 3 B 4.5~5.0 v 5.0~5.5
Z FeyEE e R = E % deH44 B & F 4 3.5~5.5 2 > »AGEs &£ & P £ 4.5~5.0°
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BERMEGAEBANRINGATA radius #CFHE LS > B 4-15 FF

7~ ©
as Average unit radius distribution (cleavage sites)
—@— Normal
401 —o- deH22
35 —® deH44 °
—8— AGEs
3.0
0 2.5
Qo
§
3 2.0
1.5 1
1.0 1
0.5
0.0

307 5035 4540 4085 ;550 055 560 (065 e5<
Unit radius

4-15 £ 60MPa T ° Ak A BF R 79 14 A7 & 3P A 9B 8 -T-34 89 radius -1 °

4 60MPa T > Normal ## # %34 > deH22 & ¥ #£4£ 4.0~5.5  deH44 w9414
FodeH22 — 2 & T 42 4.0~4.5° R B R - th 8 434 4 AGEs 89 'F{E 4£ 4.5~5.0°
I HA 6.0~6.5 AR GHI - BT RO ATFARERN A B 7] F radius 895
i 4B 4-16 A ©

Unit radius in 60MPa (cleavage site)

rmal

Radius(A)
wv

T T T T T T
769 772 775 778 781 783

4-16 f£ 60MPa T ° [§## &3k 89 radius o o
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FAPI 47 4E resid’’® &) radius * B B AL 1 2 4% Normal 9 radius % /> > deH22
deH44 % K > ™ AGEs % » 3 B AGEs 4 781 #9377 A ARRLI MR R > Jb&E R
B B = AR A > Normal % /1895 DUTF resid’”® @ £ &40 A > B
EBEARAZHHELEAF A E -

4.4 A ER hydrogen bond 4#f
FARIE A latm T+ £FRE R LIRAE B 4-17 A7 -

Hydrogen bonds(occupancy 50%up)

5
4
3 -4
©
o
<)
l_
2 -
3.6400
3.3400 3.3600
2.4000
1 -
0 T T T T
Normal deH22 deH44 AGEs
Models

4-17 & latm F > ARG Re) @52483 -

I~

HE&EREF A latm F > AGEs ik AR P A 3.64 BastiD 0 R
deH44 ¥y 3.36 18 .42 > H & & Normal #9 3.34 18 &4¢ - F 1% & deH22 &4 2.4 18 &

2\

4% > AGEs 89 8423, % 7 Normal = deH44 > f deH22 &7V » » T — 1B 5.4¢ -
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BT R 5 # A 60MPa T ° e84 & kel @.524083 > Wl 4-18 Pt ©

Hydrogen bonds(occupancy 50%up)

2.9667

2.3999
11 1.9999
1.6334

T T T T
Normal deH22 deH44 AGEs
Models

4-18 f£ 60MPa T ° (At & 3kt Q52483 -

HEREP A latm F ° AGEs AR THA 2.96 B addis 0 X
deH22 &9 2.39 18 8.4 » B R % deH44 &4 1.99 18 8.4 > & 1% % Normal 49 1.63 18 &

Hm

s

,4

4 > AGE #& % > deH22 b AGEs #4472V — %k > deH44 #vx /b &9 Normal 2V £ b — 18

FHT RS AT Q4 T AR Ebdta 2 AL AT ARIE > ok 4-1 AT ©

Model AR AR iR EX Rk 48 Ao EX 2P
latm-Normal 0.96 2.38 3.34 -
latm-deH22 0 2.4 2.4 -
latm-deH44 0 3.36 3.36 -
latm-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

% 4-1 42 latm » 60MPa T » 24 A S 42 23% -
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& latm T » #E2R485v0) R42k 2V 9% deH22 > 12,2 BIH A R4 401289305 >
Normal #= deH22 & £ & % #9> ) deH44 Fu AGEs Fu .41 2 — 18 8,42 £ 4 > M Normal
A —BFE AR LAY 852 B R & 60MPa #y 5 9L AGEs &£ £ 42 F & % H 2R & Normal
Fo deH22 > 1% & deH44 37V » M fe deH22 Fv deH44 H A8 AR o4 42 - & 3% b
Negftd 0 Ehde) QAR 0 B deH44 & & $ 4 A WE a8 > Her =18
ERS A 0.6~07 £AMBASE > RANSNRARFNEHENELZORE E -
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45 HER#EARW

ERAARFH QR > BAT oM AR B3R 04 38R 3% JE 7T LA ka8 JE 7] A 8 AR & 3%,
8% R H BUR 0 27 5 AR B 3 unit height T DAF & B2 E 4 F & 3R 22 R 69 o 1 24
BRI 0 54 radius T AR B R4 LR & G a9 #k 5 #2 > M4 hydrogen bonds
o LA RN B 4k DA B = RSB e S5 M AL o

HRARMIENERRAE > £ latm T HEBEBKEA N © deH22 > deH44 >
Normal > AGEs » 4t 60MPa F &) & B X N % * Normal > deH44 > deH22 > AGEs *
i — 3 M AP & & 9L % K] C Normal > deH44 > AGEs > deH22 » % 3% # 5~ Normal
AL o 8 R R ) 8 BUR B A 3R %0 M L RARFE A deHA44~ AGEs v deH22>
i deH22 THRER AX S TR K ERARBR D UL BT RO ERELER D -

Unit height &) 2#1 & & ° % 3. unitheight #94ZE 2B K > £ FHKE TR T
TR AR ST 8 RIRE > & T34 8 unit height 5 7T LUF B4 1atm %] 60MPa &)
e 8.0~8.5 2 Fil 0 #8343 8.5~9.0 Z F] o IR 5| R 40 #4704 latm F 2 T deH22
J& resid’®~resid™? B &k &9 H > R ERA M A EZ R S 8y /£ 60MPa T
deH22 #v AGEs 1 resid”*~resid’7® A M & A 2% L F L £ K % 4412 & Normal
Fu deH44 9 5L % 7 > £ resid?~resid’” ~ resid’~resid’”® & 2V K% &
resid’8~resid’8! R #EHY % - B RBE LA T » ARG TIRBR B R BsAz
REH -

Radius KE&BF#H EEEHRE B REE 5 T Z R &4 a7
B R E G R G [FAE > PR radius 89 K-AEH £ & o Radius 8945 & Z 80 >
3ROAAE T 47 HA B radius LB ~ AT -

RAEU LR o RBWEEF A A E] > radius A KRARE 5 4% b3 B A% )
%] » £ latm F > Normal #2 AGEs 4 resid’”® tb deH22 #v= deH44 Rey K > Tk
Normal #v AGEs 4t #& % 71 8915 50U F 8% % #v1 8] > 42 60MPa F > deH22 ~ deH44
#2 AGEs £& resid’”® tb Normal K _E3F % » X% Normal 4£ ¢ 71 &% LT radius % /]~
EEFHUSE LB E S BEFE LA E RS R[81] 0 ™ AGEs £ resid781
HABMARARALR > RETREAMLL AGEs RBsEE L MHAR -

i & R R 0 R A EHE LT > Normal o AGEs £ 84 ¥ 2 8B A K 5 4%
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AR ey > deH22 #v deH44 B R & 5 #& & #2 > 12 % £ 60MPa F ° deH22 ~ deH44 #» AGEs
BB AR EAE > ™ Normal 3R % 5 #% 1§47 o

SHREAGHEOGB T g A ETME R TAE N Q8 M2 0K E
ZRR N A ARG AR T 0 AR AR ) SR R R BRAR SRR A 09 AR R > R RE
BREQBBEL NI X400 QEEERD T SRALIN T » RAIN 42
ARIEBY SR E o £ latm T 0 E4RAREA) Q2R E © AGEs > deH44 > deH22 >
Normal > A48 #{ 483289 842 2 A Normal A 45 € 89 @42 > M4 60MPa T ° E4&48
i# o) A4 F  AGEs>deH22 >Normal >deH44 > 1 deH22 #v deH44 A 7 it 48 %k
AR B S5 -
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F5F -  EREARRY
51 &

AARBEByTEHHEE > ARAEARBMEUR LT ZEEHB R E a8 4
BE o RAIEIFEEEE AT R HY dehydro-lysino-norleucine crosslink A & JF B % Pt

A8 Glucosepane crosslink 15 2 B R & & 4400 X Bt 42 > & 3 Normal ~ deH22 ~

deH44 #1 AGEs w427 5] LBt 4871 X 4 s AR Y o 36 oy A7 9290 ARV B e #

EBRMTARARARBREIGHBREOBBGER AR ZITAHG S - LEB

MG BT > LERM T RABEREF XM R AP ERREG N

TFUERR o kT

1. Unit cell k& £ latm T Normal & & * AGEs %& 42 > M4 60MPa F deH44
&~ deH22 54 - £ARRAHERT A XBE42H9 D-period & 848 > K& X BiéE e
i & ¥ €3 overlap X gap 44 MAXANYWHEATEHARE X

B e XM A R Bl G A -
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