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*4"PCC"4*'")0($+"J.&+"2**9%"H")+-"F"J&'&"('39($0)223"02&);&-L")+-"(*")"2&%%&'"&Q(&+("J.&+"
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(.&"'&-10($*+"$%"%$>$2)'")("E*(."2*J")+-"9.3%$*2*8$0"$*+$0"%('&+8(.M"
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E*+-"'19(1'&">)3")44&0("(.&"0'*%%E'$-8&")(()0.>&+("($>&")+-"(*()2"0302&"($>&M"5*"(.$%"&+-L"

J&"-&;&2*9&-")"0*>E$+&-"E$*0.&>$0)2")+-"E$*>&0.)+$0)2">*-&2"%()'($+8"J$(.")"9*912)($*+"
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5.$%">*-&2"J)%"1%&-"(*"9'&-$0("(.&")(()0.&-X%()(&"2$4&($>&")%")"41+0($*+"*4"2*)-"1+-&'"

9.3%$*2*8$0"0*+-$($*+%")+-"(.&")(()0.&-X%()(&"2$4&($>&"J)%"%1E%&A1&+(23"1%&-"(*"0)2012)(&")"

4*'0&X;&2*0$(3"'&2)($*+%.$9M"U$K&J$%&L"(.&"(*()2"0'*%%E'$-8&"0302&"($>&"J)%">*-&2&-"4'*>")+"

$+$($)2"!C#"%()(&"1+($2"(.&"+&Q("!C#"%()(&"J)%")0.$&;&-M"B$*0.&>$0)2"Z%9*+()+&*1%"*'"

+102&*($-&X-&9&+-&+([")+-"E$*>&0.)+$0)2"Z2*)-X-&9&+-&+(["-$%%*0$)($*+"')(&%"4*'"&)0."*4"

(.&"%(&9%"J&'&"4*1+-"$+"2$(&')(1'&"*'"&Q9&'$>&+()223"-&(&'>$+&-"4*'"%K&2&()2")0(*>3*%$+M"

@&;&'%&"')(&%"J&'&"+*("$+021-&-"$+"(.&">*-&2M"

"

9%05-1!NE!>C1!,)#6%&0!,-*++.-%/01!(*/16W!<%$C!$%=1!$*!/%++*#%3$%*&!=*/16!#*=:*&1&$+!%&!-1/!Y()*(+Z!

3&/!$C1!?566!#-*++.-%/01!#)#61!%&!-1/!3&/!.63#;!Y()*(),Z@!O&!$C1!.%*=1#C3&%#36!3#$*=)*+%&!5&.%&/%&0!

:3$C<3)W!3#$%&!Y"Z!%+!?*-#1?566)!/%++*#%3$1/!.1?*-1!*-!3?$1-!"PH!YPZ!-1613+1W!3&/!.1?*-1!5&.*5&/!

=)*+%&!Y(Z!.%&/+!">H!Y>Z@!O&!$C1!.%*#C1=%#36!5&.%&/%&0!:3$C<3)W!">H!.%&/+!$*!3#$*=)*+%&!#35+%&0!

3#$%&!/%++*#%3$%*&@!2%*#C1=%#36!*&'-3$1+!?*-!+;161$36!=5+#61E!(-!b!IRRR!+'DW!(.!b!R@D!+'D!YU*<3-/W!FRRDZW!

(/!b!D!+'D!YU*<3-/W!FRRDZW!(+!b!QRR!+'D!Y(%663-!3&/!_11B1+W!DNMMZW!(0!b!D@MI!+'D!Y230+C3<!1$!36@W!DNQGc!

>-1&$C3=!1$!36@W!DNQFZW!(1!b!DRRR!+'D!Y(%663-!3&/!_11B1+W!DNMMZ@!2%*=1#C3&%#36!*&'-3$1+!?*-!+;161$36!
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! 

k1 f( ) = k0 exp " fd kBT( )!!YV1%016!1$!36@W!FRRGZW!<C1-1!(,!b!INN@J!+'D!%+!$C1!=13&!5&6*3/1/!*&'
-3$1!?*-!+6*<!3&/!?3+$!+;161$36!7D!Y,3:%$3&%*!1$!36@W!FRRLZW!2!%+!$1&+%61!?*-#1W!3&/!(34!%+!$C1-=36!1&1-0)@5

>C1!#-*++.-%/01!#*&?*-=3$%*&36!#C3&01!/%+$3&#1!:3-3=1$1-!3++*#%3$1/!<%$C!"PH!-1613+1!Y36+*!;&*<&!

3+!d$C1!+1#*&/!:*<1-!+$-*;1Z!%+!3##1:$1/!$*!.1!+=366c!<1!3++5=1/!%$!$*!.156!b!R@I!&=@!>C1!-1=3%&%&0!

$<*!*&'-3$1+!3-1!.*$C!-1:-1+1&$1/!.)!$C1!+3=1!*&1'!*-!$<*':3$C<3)!=*/16@!9*-!$C1!#3$#C!.*&/!$<*'

:3$C<3)!=*/16!*?!.*&/!-5:$5-1!/1+#-%.1/!13-6%1-!$*!?%$!*5-!1T:1-%=1&$36!/3$3E!

! 

k3 = k4 = kc
0 exp xc f kBT( ) + ks

0 exp xs f kBT( ) !!YH1-1B1-\1B!1$!36@W!FRRIZW!<C1-1!(7!b!GDF@I!+'D!%+!$C1!
5&6*3/1/!*&'-3$1!?*-!$C1!#3$#C!:3$C<3)W!87!b!'Q@F!&=!%+!$C1!#C3-3#$1-%+$%#!.*&/!61&0$C!?*-!$C1!#3$#C!

:3$C<3)W!(%!b!Q@D!+'D!%+!$C1!5&6*3/1/!*&'-3$1!?*-!$C1!+6%:!:3$C<3)W!3&/!8%!b!R@FGGD!&=!%+!$C1!

#C3-3#$1-%+$%#!.*&/!61&0$C!?*-!$C1!+6%:!:3$C<3)@!9*-!$C1!+6%:!.*&/!+%&061':3$C<3)!=*/16!*?!.*&/!

-5:$5-1E!

! 

k3 = k4 = ks
0 exp xs f kBT( )!W!<C1-1!(%!b!J@D!+'D!3&/!8%!b!R@FQNI!&=@!2%*#C1=%#36!*&'-3$1+!?*-!

:C3+%#!+=**$C!=5+#61!<1-1!3+!?*66*<+E!(-!3&/!(+!C3B1!3!#*=.%&1/!-3$1!b!GMR!+'D!YeC-*=*B!1$!36@W!DNNLZW!

(.!b!R@RRGI!+'DW!(/!b!R@RRJ!+'DW!(0!b!D@N!+'DW!(1!b!DF@M!+'D!Y,-1=*!3&/!_11B1+W!DNNMZ@!2%*=1#C3&%#36!*&'-3$1!

?*-!+=**$C!=5+#61E!()5%+!$C1!+3=1!3+!3.*B1!<%$C!(,!b!GF!+'D!3&/!6!b!F@Q!&=!YV1%016!1$!36@W!FRRGZ@!7=**$C!

=5+#61!<3+!3//%$%*&366)!=*/161/!<%$C!.%*=1#C3&%#36!3#$*=)*+%&!5&.%&/%&0!5+%&0!$C1!1T:1-%=1&$36!

(.!3&/!(/!?-*=!+;161$36!=5+#61!?*-!.*$C!$C1!#3$#C!3&/!+6%:!.*&/!.1#35+1!$C1+1!B3651+!3-1!5&3B3%63.61!

?*-!+=**$C!=5+#61@!O&%$%36!5&.*5&/!">H!#*&#1&$-3$%*&!%+!J!=(@!O&%$%36!"(P!#*&#1&$-3$%*&!%+!J@DM!µ(!

?*-!+;161$36!=5+#61!3&/!R@GIF!µ(!?*-!+=**$C!=5+#61W!1+$%=3$1/!?-*=!&5=.1-!*?!=)*+%&!C13/+!:-1+1&$!

YU1--1-3!1$!36@W!FRRFc!A%&3-%!1$!36@W!DNNMZ!3&/!/5$)!-3$%*!Y_5%6?*-/!1$!36@W!DNNQZ!:1-!+3-#*=1-1!*-!#166!

B*65=1!Y_5%6?*-/!3&/!f3-+C3<W!DNNMc!A%&3-%!1$!36@W!DNNMZ@!

5.&'&"$%"&;$-&+0&"!#,"-$%%*0$)($*+"4'*>")0(*>3*%$+"$%")"41+0($*+"*4"2*)-"ZELZ4[[L"J.&'&"(.&"

')(&"*4"-$%%*0$)($*+"$%"&%($>)(&-")%R"

"

! 

k1 f( ) = k0 exp " fd kBT( )" ZI["

J.&'&"EM"$%"(.&"-&()0.>&+("')(&")("e&'*"2*)-L"4#$%"(.&")992$&-"2*)-L"0"$%"(.&"0'*%%E'$-8&"

0*+4*'>)($*+)2"0.)+8&"-$%()+0&"9)')>&(&'L")+-"EF2"$%"(.&'>)2"&+&'83"Z<&$8&2"&(")2ML"FGG_[M""

5.&"'&%12(%"*4"(.&"01''&+("J*'K")%"J&22")%"*(.&'%".);&"%.*J+"(.)(")0($+"-$%%*0$)($*+"4'*>"

E*(."!#,XE*1+-")+-"'$8*'")0(*>3*%$+"ZO1*")+-"O1$24*'-L"FGG]l"@)*"&(")2ML"FGHH[")'&"

2$K&J$%&"41+0($*+%"*4"2*)-"E3")"(J*X9)(.J)3"Z0)(0."E*+-[">*-&2R"
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"

! 

1 tcs f( ) = kc
0 exp xc f kBT( ) + ks

0 exp xs f kBT( )" Z\["

J.&'&"%)+Z4["$%"(.&">&)+"E*+-"2$4&($>&")("4*'0&"4#4*'")"0)(0."E*+-L"E)'")+-"E+'")'&"(.&"

-$%%*0$)($*+"0*+%()+(%"4*'"1+E$+-$+8"(.'*18."(.&"0)(0.")+-"%2$9"9)(.J)3%L"'&%9&0($;&23L"C)"

)+-"C+")'&"(.&"0.)')0(&'$%($0"E*+-"2&+8(.%"*4"(.&"0)(0.")+-"%2$9"9)(.J)3%L"'&%9&0($;&23"

Z,&'&;&'e&;"&(")2ML"FGG\[M"5.$%"'&9'&%&+()($*+"*4"0)(0.X%2$9"E&.);$*'"$%"'&)%*+)E2&"J.&+"(.&"

(')+%$($*+"E&(J&&+"(.&"%.*'(X2$;&-")+-"2*+8X2$;&-"%()(&%"$%"4)%(M"7Q9&'$>&+()2";)21&%"*4"

%>**(.">1%02&"E$*>&0.)+$0)2"-$%%*0$)($*+"4*'"(.&"(J*X9)(.J)3">*-&2")'&"1+);)$2)E2&"%*"

(.&"&Q9&'$>&+()223"-&(&'>$+&-"%K&2&()2">1%02&"9)')>&(&'%"4'*>"(.$%"%(1-3"J&'&"1%&-"$+"

(.&"9.)%$0"%>**(.">1%02&">*-&2M""

!"%$+82&"9)(.J)3"Z%2$9"E*+-[">*-&2"J)%")2%*"1%&-"(*">*-&2")0(*>3*%$+"-$%%*0$)($*+")%")"

41+0($*+"*4"2*)-"(*"-&(&'>$+&"(.&"$>9*'()+0&"*4"0)(0."E*+-"E&.);$*'R"

"

! 

1 ts f( ) = ks
0 exp xs f kBT( ) " Z]["

J.&'&"%+Z4["$%"(.&">&)+"E*+-"2$4&($>&")("4*'0&"4"4*'")"%2$9"E*+-M"

<&2*0$(3"J)%"0)2012)(&-"4*'"&)0."*4"(.&"-$%%*0$)($*+">*-&2%"ZE$*0.&>$0)2L"%2$9"

E$*>&0.)+$0)2L")+-"0)(0."E$*>&0.)+$0)2["E3"-$;$-$+8"(.&"($>&"(*"|"-&()0.>&+("E3"

>3*%$+h%"1+$()'3"%(&9"%$e&"(*"9'&-$0("(.&"%K&2&()2")+-"%>**(.">1%02&"4*'0&X;&2*0$(3"

'&2)($*+%.$9M"5.&"1+$()'3"%(&9"%$e&"$%"\"+>"4*'"%K&2&()2"Z/$+&'"&(")2ML"HaaIl"O1$24*'-"&(")2ML"

Haa^l"i$()>1')"&(")2ML"Haaal"6)$(*"&(")2ML"HaaIl":3&-)"&(")2ML"HaaG[")+-"%>**(.">1%02&"

>3*%$+"ZO1$24*'-"&(")2ML"Haa^[M"

2?,#)9%)?#@'"0#!")&,9+,+#%?,#)&'++@&!0>,#0!++')!9%!'"#&9%,#

5.&"0302$+8"0'*%%E'$-8&">*-&2"9'&-$0(%"(.)("(.&"0)(0."E*+-"*4"%K&2&()2">1%02&">3*%$+">)3"

)00&2&')(&"1+2*)-&-"%.*'(&+$+8")("4*'0&%"E&2*J"F"9b"*4"(&+%$2&"2*)-"0*>9)'&-"(*"(.&"

E$*0.&>$0)2">*-&2"Z/$81'&"HG[M"5.&"($>&"(*"0'*%%E'$-8&"-$%%*0$)($*+"$%"%$>$2)'"4*'"E*(."
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__"
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)+-"N)'%.)JL"Haa_[M"
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.%*=1#C3&%#36!3&/!.%*#C1=%#36!#-*++.-%/01!/%++*#%3$%*&!-3$1+!3-1!:-1/%#$1/!$*!.1!+%=%63-!3$!?*-#1+!^F!

:K!?*-!+;161$36!=5+#61@!
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#3$#C!.*&/!.%*=1#C3&%#36!Y-1/!/3+C1/!6%&1Z!3#$*=)*+%&!/%++*#%3$%*&!%&!+$1:+!G!3&/!J!*?!$C1!=*/16@!

P5$)!-3$%*!%+!-1/5#1/!.)!#3$#C!.*&/!.%*=1#C3&%#36!/%++*#%3$%*&!3$!?*-#1+!.16*<!F!:K@!

B1("J.&'&"(.&"0)(0."E*+-">)3".);&")"-')>)($0"$>9)0("$%"$+")"%2*J&'">3*%$+L"2$K&"%>**(."

>1%02&">3*%$+M"

=4"J&")9923"*1'"%K&2&()2")0(*>3*%$+"0)(0."E*+-"-$%%*0$)($*+"')(&%"(*")">*-&2"*4"9.)%$0"

%>**(.">1%02&">3*%$+L"(.&"4*'0&X-&9&+-&+("0)(0."E*+-">)3"%$8+$4$0)+(23"-&0'&)%&"(.&"

)0(*>3*%$+"E*+-"2$4&($>&")+-"-1(3"')($*"*;&'")"E'*)-"')+8&"*4"(&+%$2&"2*)-%M"=+")"%2*J&'"

>1%02&"(39&"%10.")%"9.)%$0"%>**(.">1%02&L"(.&"4*'0&X-&9&+-&+("0)(0."E*+-">)3"

%$8+$4$0)+(23"-&0'&)%&"(.&")0(*>3*%$+"E*+-"2$4&($>&"Z/$81'&"HF[")+-"-1(3"')($*"Z/$81'&"H_["

*;&'")"E'*)-"')+8&"*4"(&+%$2&"2*)-%M"N.&+"(.&")0(*>3*%$+"0)(0."E*+-"$%"$+021-&-"$+"(.&"

>*-&2"0'*%%E'$-8&%"-$%%*0$)(&">*'&"A1$0K23"(.)+"J.&+"%(&9%"_")+-"I")'&">&-$)(&-"E3"

E$*0.&>$0)2"-$%%*0$)($*+")2*+&M"!%"&Q9&0(&-L"(.&"($>&"(*"-&()0.>&+("$+"(.&"%2$9"E*+-"
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9'*0&%%&-")%"-&%0'$E&-")E*;&"Z(&%("%)>92&[e"!"0*+('*2"%)>92&"J)%"2&4("1+('&)(&-"(*"

-&(&'>$+&"(.&"E)0K8'*1+-"%$8+)2"J.&+"(.&'&"J)%"+*"+$('*%32)($*+M"/$+)223L"J&"*>$((&-"

CC56"E2*0K"4'*>"*+&"%)>92&"$+"*'-&'"(*"2)E&2")22"(.&"03%(&$+&%"'&%$-1&%"$+"(.&"9'*(&$+"Z+*X

E2*0K"%)>92&[M""

O&2%"J&'&"$>)8&-"1%$+8")"B$*X@)-"D.&>$#*0"C,p"=>)8$+8"63%(&>"ZB$*X@)-"U)E*')(*'$&%"

=+0ML"P&'012&%L"D![M"/21*'&%0&+0&"%$8+)2%"J&'&"0*22&0(&-")("\_G"+>"Z\_GnFc"B,["(*">&)%1'&"

!CD!"2)E&2$+8M"!4(&'"!CD!"$>)8$+8L"8&2%"J&'&"%()$+&-"J$(."0*22*$-)2"0**>)%%$&")+-"

$>)8&-"$+"E'$8.(4$&2-"4*'"(*()2"9'*(&$+M"6X+$('*%32)($*+")+-"(*()2"9'*(&$+"J&'&"-&(&'>$+&-"

(.'*18."*9($0)2"$+(&+%$(3">&)%1'&>&+(%"*4"(.&"9'*(&$+"E)+-%"4*22*J$+8"6#6X,!O7"1%$+8"

=>)8&"U)E"IMGMH"%*4(J)'&"ZB$*X@)-"U)E*')(*'$&%L"=+0M[M"

,'*(&$+"+$('*%32)($*+"J)%"A1)+($4$&-"E3"0*22&0($+8"(.&"!CD!"421*'&%0&+0&"%$8+)2")+-"

%1E%&A1&+(23"%()$+&-"J$(."0*22*$-)2"0**>)%%$&"(*"-&(&'>$+&"(.&">)%%"4*'"&)0."9'*(&$+"E)+-M"

/21*'&%0&+0&"J)%"+*'>)2$e&-")8)$+%("(*()2"9'*(&$+M"5.&"0*>E$+)($*+"*4"+*'>)2$e&-"

421*'&%0&+0&";)21&%"4'*>"*1'"(.'&&"%)>92&%")22*J&-"1%"(*"&%($>)(&"(.&"+1>E&'"*4"

+$('*%32)(&-"03%(&$+&%"$+"(.&"(&%("%)>92&M""

5.&"')($*"*4"!CD!")+-"(*()2"9'*(&$+"E)+-";*21>&%"Z@%)>92&["J)%"*E()$+&-"4*'"&)0."%)>92&R""



HHI"

"

! 

Rsample =
AMCAsample

Total Proteinsample

" ZH^["

#*+*'X('&)(&-"%)>92&%"J&'&")-T1%(&-"4*'"E)0K8'*1+-")+-")1(*421*'&%0&+0&"E3"%1E(')0($+8"

(.&"')($*"*4"(.&"0*+('*2"%)>92&"4'*>"&)0.M"5.&")-T1%(&-"')($*"*4"(.&"2)E&2&-"%)>92&"

Z03%(&$+&%")E2&"(*"E&"+$('*%32)(&-["J)%"-$;$-&-"E3"(.&"+*XE2*0K"%)>92&"Z)22"03%(&$+&%"$+"

9'*(&$+["(*"8$;&"(.&"4')0($*+"*4"03%(&$+&%"$+"(.&"9'*(&$+")E2&"(*"E&"+$('*%32)(&-"ZD2)E&2[R"

"

! 

Clabel =
Rlabel "Rcontrol

Rno block "Rcontrol

" ZHc["

d1)+($4$0)($*+"*4"03%(&$+&%")E2&"(*"E&"+$('*%32)(&-"Zb2)E&2["J)%"9&'4*'>&-"E3">12($923$+8"

D2)E&2"E3"(.&"(*()2"+1>E&'"*4"03%(&$+&%"9'&%&+("$+"(.&"9'*(&$+"Z+["'&9*'(&-"$+"(.&"+102&*($-&"

%&A1&+0&"4*'"(.&"9'*(&$+M"

"

! 

Nlabel = n " Clabel " ZHa["

5.&'&")'&"FF"03%(&$+&"'&%$-1&%"9'&%&+("$+">*1%&"0C3B,XD")+-"^"9'&%&+("$+"(.&"DGD_"

4')8>&+("*4"(.&"9'*(&$+"Z:+$,'*(")00&%%$*+"b*M"?^GI]c[M"

S!%&'+*-9%!'"#2&,9%/,"%#4'&#)6*F1IK#6'%!-!%*#

7Q9*%1'&"(*"b?"-*+*'%"()K&%"92)0&"$+"'&-10$+8")8&+(X4'&&"%*21($*+%M""

0C3B,XD"J)%"+$('*%32)(&-"1%$+8"6b?XUX03%(&$+&")%")"b?"-*+*'")(")"4$+)2"0*+0&+(')($*+"*4"

IGG"µCM"#*+*'"J)%")--&-"(*"9'*(&$+")+-")22*J&-"(*"$+01E)(&"*+"$0&"$+"(.&"-)'K"4*'"\"

>$+1(&%M"#*+*'X('&)(&-"%)>92&%"J&'&")--&-"(*">*($2$(3"E144&'")%"-&%0'$E&-"E&2*J"9'$*'"(*"

-&8)%%$+8M"6*21($*+%"J&'&"92)0&-"1+-&'";)011>"4*'"FG">$+1(&%"(*"-&+)(1'&"'&>)$+$+8"

1+'&)0(&-"-*+*'M"!"0*+('*2"%)>92&"*4"-&+)(1'&-"-*+*'"J)%"9'&9)'&-"E3"-$21($+8"-*+*'"(*"

IGG"µC"$+")";*21>&"*4")0($+"E144&'"&A1)2"(*"(.)("*4"0C3B,XD"1%&-"$+"(.&"&Q9&'$>&+()2"

%)>92&L")+-"J)%"92)0&-"1+-&'";)011>"4*'"FG">$+1(&%"(*"-&+)(1'&"1+'&)0(&-"-*+*'M"



HH\"

)6*F1IK#"!%&'+*-9%!'"#9"0#!"#$!%&'#/'%!-!%*#9++9*#

0C3B,XD"J)%"-$)23e&-")8)$+%("H"U")0($+"E144&'"*;&'"+$8.("(*"'&>*;&"#55"E&4*'&"1%&"$+"

+$('*%32)($*+"&Q9&'$>&+(%M"!"#55X4'&&")0(*>3*%$+">*($2$(3"J)%"9&'4*'>&-")%"-&%0'$E&-"

&2%&J.&'&"Z6+**K"&(")2ML"FGGc["J$(.">*-$4$0)($*+%"(*"$+021-&"0C3B,XDM"C*($2$(3"J)%"

>&)%1'&-")("_G~D"J$(."('&)(&-")+-"0*+('*2"0C3B,XDL")%"J&22")%")"0C3B,XDX4'&&"0*+('*2"J$(."

)+-"J$(.*1("-&0*>9*%&-"-*+*'M"!22"'&-10$+8")8&+(X4'&&"E144&'%"J&'&"-&8)%%&-"1+-&'"

;)011>"*+"$0&"4*'"FG">$+1(&%"$+"%>)22")2$A1*(%"(*"'&>*;&"*Q38&+")+-"J&'&"'&X-&8)%%&-"

)4(&'"I"42*J"0&22%"*'"FG">$+1(&%L"J.$0.&;&'"0)>&"4$'%(M"

PCC"J)%")992$&-"(*")"42*J"0&22")(")"4$+)2"0*+0&+(')($*+"*4"HGG"µ8n>2"$+")0($+"E144&'"

0*+()$+$+8"HG">C"#55M"!4(&'")"H">$+1(&"$+01E)($*+L"(.&"42*J"0&22"J)%"E2*0K&-"J$(."H"

>8n>2"B6!"$+")0($+"E144&'"J$(."HG">C"#55"4*'"H">$+1(&M"5@=5DX9.)22*$-$+"2)E&2&-")0($+"

4$2)>&+(%"J&'&"$+('*-10&-L"4*22*J&-"E3")"J)%."J$(."#55X4'&&"-&8)%%&-")0($+"E144&'M"?+&"

;*21>&"*4">*($2$(3"E144&'"J)%")--&-"0*+()$+$+8"('&)(&-"*'"0*+('*2"0C3B,XDL"*'")"

-&0*>9*%&-"-*+*'"0*+('*2M"!0($+"4$2)>&+(">*;&>&+("J)%"'&0*'-&-")%"-&%0'$E&-")E*;&M"

S!%&'+*-9%!'"#%&,9%/,"%#4'&#)6*F1IK#@!"0!">#%'#G66#

7Q9*%1'&"(*"b?"-*+*'%"()K&%"92)0&"$+"'&-10$+8")8&+(X4'&&"%*21($*+%M""

0C3B,XD"J)%"+$('*%32)(&-"1%$+8"6b?XUX03%(&$+&")%")"b?"-*+*'")(")"4$+)2"0*+0&+(')($*+"*4"

IGG"µCM"#*+*'"J)%")--&-"(*"9'*(&$+")+-")22*J&-"(*"$+01E)(&"*+"$0&"$+"(.&"-)'K"4*'"\"

>$+1(&%M"5.&"%*21($*+"J)%"(.&+"92)0&-"1+-&'";)011>"4*'"FG">$+1(&%"(*"-&+)(1'&"'&>)$+$+8"

1+'&)0(&-"-*+*'M"5J*"0*+('*2"%)>92&%"*4"4$2)>&+(*1%"UCC"J&'&")2%*"9'&9)'&-"$+"(.&"

)E%&+0&"*4"0C3B,XD"Y"*+&"$+"J.$0."UCC"J)%")22*J&-"(*"'&)0("J$(."(.&"-*+*'")+-"*+&"$+"

J.$0."-&0*>9*%&-"-*+*'"J)%")--&-M"b$('*%32)($*+"J)%"9&'4*'>&-"E&4*'&"0C3B,XD"J)%"

0*>E$+&-"J$(."UCC"4$2)>&+(%M"

G66#4!-9/,"%#9++,/@-*#9"0#)6*F1IK#@!"0!">#

5*">&)%1'&"0C3B,XD"E$+-$+8"(*"UCCL")"0&+('$418)($*+"Z%9$+X-*J+[")+-"DX9'*(&$+"E$+-$+8"

)%%)3"J)%"9&'4*'>&-")%"$+"?K)8)K$"&(")2M"ZFGG^[M"B'$&423L"H"U"4$2)>&+(")%%&>E23"E144&'"ZHGG"

>C"iD2L"F\">C"=>$-)e*2&L"H">C"7O5!L"I">C"C8D2FL"9P"^MI["J)%";)011>&-"4*'")">$+$>1>"



HH]"

*4"*+&".*1'"(*"'&>*;&")$'M"UCC"J)%"-$21(&-"(*"_"µC"$+">3*%$+"E144&'"Z_GG">C"iDUL"F\">C"

$>$-)e*2&L"H">C"7O5!L"I">C"C8D2FL"9P"^MI["$>>&-$)(&23"E&4*'&"-$)23%$%M"UCC"J)%"

9*23>&'$e&-"E3"-$)23%$%")8)$+%("4$2)>&+(")%%&>E23"E144&'"4*'"H".*1'M"UCC"4$2)>&+(%"J&'&"

$+01E)(&-"J$(."0C3B,XD"*'"+$('*%32)(&-"0C3B,XD"*+"$0&"4*'"_G">$+1(&%")(")"4$+)2"

0*+0&+(')($*+"*4"GMF\"µCL")"0*+0&+(')($*+")("J.$0."\Go"E$+-$+8"%)(1')($*+"*001'%"

Z?K)8)K$"&(")2ML"FGG^[M"6)>92&%"*4")%%&>E2&-"UCC"4$2)>&+(%")+-"1+E*1+-"0C3B,XD"

'&>)$+&-")%"0*+('*2%M"6)>92&%"J&'&"0&+('$418&-")("HGGLGG"8"4*'"IG">$+1(&%")("I~DM"

619&'+)()+("J)%"0*22&0(&-")+-"%(*'&-"*+"$0&"J.$2&"9&22&(%"J&'&"'&%1%9&+-&-"$+")";*21>&"*4"

4$2)>&+(")%%&>E23"E144&'"&A1)2"(*"(.&"9'&X0&+('$418)($*+";*21>&"*4"&)0."%)>92&M"!22"

%19&'+)()+(")+-"9&22&("%)>92&%"J&'&"-$21(&-"$+"%)>92&"E144&'L".&)(&-L")+-"8&2"

&2&0('*9.*'&%$%"J)%"9&'4*'>&-"1%$+8"HFo"B$%X5'$%"8&2%"$+"C?,6"'1++$+8"E144&'M"

@&2)($;&"UCC")%%&>E23")+-"0C3B,XD"E$+-$+8"J)%">&)%1'&-"E3"0*>9)'$+8"8&2"E)+-"

;*21>&%"1%$+8"=>)8&"U)E"IMGMH"%*4(J)'&"ZB$*X@)-"U)E*')(*'$&%[M"5.&";*21>&"*4"&)0."UCC"

)+-"0C3B,XD"E)+-"J)%">&)%1'&-M"<*21>&">&)%1'&>&+(%"4*'")22"UCC"E)+-%"J&'&")-T1%(&-"

E3"(.&";*21>&"*4"UCC"$+"(.&"%19&'+)()+("*4"(.&"0*+('*2"%)>92&M"<*21>&">&)%1'&>&+(%"4*'"

)22"0C3B,XD"E)+-%"J&'&")-T1%(&-"E3"(.&";*21>&"*4"0C3B,XD"$+"(.&"9&22&("*4"(.&"0*+('*2"

%)>92&M"5.&"9&22&(&-"4')0($*+"$%"

"

! 

P =
Vpellet

Vpellet +Vsupernatant

" ZFG["

J.&'&"f3,--,%"$%"(.&";*21>&"*4"(.&"9&22&("E)+-")+-"f+.3,&"9%9"%"$%"(.&";*21>&"*4"(.&"%19&'+)()+("

E)+-"4*'"(.&"%)>&"%)>92&M"1"J)%"0)2012)(&-"4*'"UCC")+-"0C3B,XD"$+"&)0."%)>92&M"



HH^"

"::1&/%T!FE!9%$$1/!H3-3=1$1-+!



HHc"

"
>3.61!GE!>C1!?%$$1/!:3-3=1$1-+!*?!$C1!$<*':3$C<3)!/%++*#%3$%*&!=*/16!?*-!3#$%&'U((!.*&/!6%?1$%=1!B+!

6*3/!/3$3!Y9%05-1!L3!3&/!.W!H301!FGZ@!U((!6**:!F!%+!%&$3#$@!

U**9"F"=+()0("

D)(0.",)(.J)3" 62$9",)(.J)3"
=*+$0"6('&+8(."Z>C["

K0GL"%XH" Q0L"+>" K%GL"%XH" Q%L"+>"

F\" _HG" X^MF" ^MH" GMF"

HI\" Ha\G" XHGM\" \Mc" GMF"

S--*-+!C3B1!&*$!.11&!%&#65/1/!.1#35+1!?%$+!<1-1!.3+1/!*&!3!<1%0C$1/!-10-1++%*&W!<C%#C!%&B36%/3$1+!

$C1!1--*-!1+$%=3$1+@!P3$3!<1-1!?%$!5+%&0!SX53$%*&!I@!

"
>3.61!JE!>C1!?%$$1/!:3-3=1$1-+!*?!$C1!+%&061!.*5&/!:3$C<3)!/%++*#%3$%*&!=*/16!?*-!3#$%&'=)*+%&!.*&/!

6%?1$%=1!B+!6*3/!/3$3!Y9%05-1!L3!3&/!.W!H301!FGZ@!U((!6**:!F!%+!#613B1/@!

U**9"F"D2&);&-"

=*+$0"6('&+8(."Z>C[" KGL"%XH" QL"+>"

F\" HHMH" XGMGc"

HI\" IMH" GMFc"

S--*-+!C3B1!&*$!.11&!%&#65/1/!.1#35+1!?%$+!<1-1!.3+1/!*&!3!<1%0C$1/!-10-1++%*&W!<C%#C!%&B36%/3$1+!

$C1!1--*-!1+$%=3$1+@!P3$3!<1-1!?%$!5+%&0!SX53$%*&!L@!

"



HHa"

!
>3.61!IE!>C1!?%$$1/!:3-3=1$1-+!*?!3!/*5.61!1T:*&1&$%36!/1#3)!?*-!$C1!?-3#$%*&!*?!3#$%&'U((!.*&/+!

+5-B%B%&0!*B1-!$%=1!Y9%05-1!Q3W!H301!FLZ@!

/)%(",)(.J)3" 62*J",)(.J)3""
BHG"

äHL"%XH" äFL"%XH"

FXI"9b" GMcF" FI" FMa"

cXHG"9b" GM]_" ]]" ]Ma"

P3$3!3-1!?*-!$C1!6*<!%*&%#!+$-1&0$C!YFI!=(!e,6Z!#*&/%$%*&!<%$C!%&$3#$!U((!6**:!F@!S--*-+!C3B1!&*$!

.11&!%&#65/1/!.1#35+1!?%$+!<1-1!.3+1/!*&!3!<1%0C$1/!-10-1++%*&W!<C%#C!%&B36%/3$1+!$C1!1--*-!

1+$%=3$1+@!P3$3!<1-1!?%$!5+%&0!SX53$%*&!DI@!

"
>3.61!LE!>C1!?%$$1/!:3-3=1$1-+!?*-!$C1!?-3#$%*&!*?!3#$%&'U((!.*&/+!%&!$C1!+C*-$'6%B1/!:3$C<3)!*B1-!

6*3/!Y9%05-1!Q.W!H301!FLZ@!

w7L"HGXFH"S" Q$ãL"y"

HMc"v"GMF" FM^"v"GM\"

P3$3!3-1!?*-!6*<!%*&%#!+$-1&0$C!YFI!=(!e,6Z!#*&/%$%*&!<%$C!%&$3#$!6**:!F@!P3$3!<1-1!?%$!5+%&0!SX53$%*&!

F@!P3$3!3-1!=13&!j!+$3&/3-/!1--*-@!

"



HFG"

!
>3.61!QE!>C1!?%$$1/!:3-3=1$1-+!*?!$C1!-1B1-+1!2166!=*/16!?*-!3#$%&'U((!+:1#%?%#!FP!*&'-3$1+!B+!

#*=:-1++%B1!6*3/!Y9%05-1!MW!FNZ@!

=*+$0"6('&+8(."Z>C[" U**9"F" K*+GL"HGX\"µ>Fn%" Qå)L"+>"

=+()0(" ]MG"v"HMF" GMFG"v"GMG^"
F\"

D2&);&-" IMF"v"GMc" GMFH"v"GMG^"

=+()0(" \M]"v"HMF" GMHa"v"GMG^"
HI\"

D2&);&-" _M\"v"GM\" GMH_"v"GMG]"

P3$3!3-1!?*-!6*<!3&/!C%0C!%*&%#!+$-1&0$C!#*&/%$%*&+!<%$C!6**:!F!%&$3#$!3&/!#613B1/@!P3$3!<1-1!?%$!5+%&0!

SX53$%*&!DL@!P3$3!3-1!=13&!j!+$3&/3-/!1--*-@!

"
>3.61!ME!>C1!?%$$1/!:3-3=1$1-+!*?!$C1!3/C1+%*&!:-*.3.%6%$)!.1$<11&!3#$%&!3&/!K'$1-=%&36!#()2H',!

*B1-!3!-3&01!*?!#*&$3#$!$%=1+!Y9%05-1!FFW!H301!IQZ@!

0C3B,XD"/')8>&+(" !0>'>2K4GL"HGX_">%XH" K'GL"HGX_">%XH"

DGD_" FMI"v"GM^" FMa"v"GM]"

DGD_XI#" FM_"v"GM]" FM^"v"GMa"

P3$3!<1-1!?%$!5+%&0!SX53$%*&!Q@!P3$3!3-1!=13&!j!+$3&/3-/!1--*-@!!

"



HFH"

!
>3.61!NE!>C1!?%$$1/!:3-3=1$1-+!*?!$C1!+%&061!.*5&/!:3$C<3)!/%++*#%3$%*&!=*/16!?*-!3#$%&'K'$1-=%&36!

#()2H',!.*&/!6%?1$%=1!B+!6*3/!/3$3!Y9%05-1!DNW!H301!IFZ!

0C3B,XD"/')8>&+(" K%GL"%XH" Q%L"+>"

DGD_" ]Mc"v"GM^" GMH\"v"GMG_"

DGD_XI#" ]M\"v"GMG^" GMHa"v"GMG_"

P3$3!<1-1!?%$!5+%&0!SX53$%*&!L@!P3$3!3-1!=13&!j!+$3&/3-/!1--*-@!!

"
>3.61!DRE!>C1!?%$$1/!:3-3=1$1-+!*?!$C1!+%&061!.*5&/!:3$C<3)!/%++*#%3$%*&!=*/16!?*-!U(('K'$1-=%&36!

#()2H',!.*&/!6%?1$%=1!B+!6*3/!/3$3!Y9%05-1!FRW!H301!IJZ@!

0C3B,XD"/')8>&+(" K%GL"%XH" Q%L"+>"

DGD_" ]MI"v"GMc" GMH]"v"GMGI"

DGD_XI#" ]M]"v"GM^" GMFH"v"GMGI"

P3$3!<1-1!?%$!5+%&0!SX53$%*&!L@!P3$3!3-1!=13&!j!+$3&/3-/!1--*-@!!

"
>3.61!DDE!>C1!?%$$1/!:3-3=1$1-+!*?!3#$%&'U((!=*$%6%$)!B16*#%$)!*B1-!3!-3&01!*?!,R,G!#*&#1&$-3$%*&+!

Y9%05-1!FJW!H301!LRZ!

=+.$E$(*'" K$L"µC" +"

DGD_" GMc" GM^"

P3$3!<1-1!?%$!5+%&0!SX53$%*&!N@!S--*-+!C3B1!&*$!.11&!%&#65/1/!.1#35+1!$C1!&5=.1-!*?!/3$3!:*%&$+!<3+!

&*$!0-13$1-!$C3&!$C1!&5=.1-!*?!?%$$1/!:3-3=1$1-+@!
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"
function [data_mean data_std_error data_std_dev bond_lifetimes... 
          bonds_in_bin bin_range] = BinByForce(input_data, force_bin_width) 
%BINBYFORCE bins data using a given force value as the size of each bin. 
%   Treats the colums of input_data as vectors and divides them into bins ˜ 
%   of size force_bin_width. 
% 
% Arguments: 
%   input_data: An m by 2 matrix containing time (bond lifetime or time to 
%   bond formation) in column 1 and the corresponding load in column 2.  
%   Must be sorted by ascending load. 
%   force_bin_width: A scalar whose value is the amount of force in each 
%   bin. 
% Returns: 
%   data_mean: An m by 2 matrix containing the mean time (bond lifetime or 
%   time to bond formation) in column 1 and the corresponding mean load in 
%   column 2 for each bin (row). 
%   data_std_error: An m by 2 matrix containing the standard error of the 
%   mean time (bond lifetime or time to bond formation) in column 1 and the 
%   corresponding standard error of the mean load in column 2 for each bin 
%   (row). 
%   data_std_dev: An m by 2 matrix containing the standard deviation of the 
%   mean time (bond lifetime or time to bond formation) in column 1 and the 
%   corresponding standard deviation of the mean load in column 2 for each 
%   bind (row). 
%   bond_lifetimes: An m by n matrix containing the bond 
%   time (bond lifetime or time to bond formation) values (column)  
%   contained within each bin (row). Because bins can contain a varying 
%   number of bonds, remaining columns are filled with zero after the final 
%   bond. 
%   bonds_in_bin: An m by 1 vector containing the number of bonds in each 
%   bin. 
%   bin_range: An m by 2 matrix containing the minimum possible load in 
%   column 1 and the maximum possible load in column 2 for each bin (row). 
  
  
% Divide data into bins. 
  
number_of_bonds = length(input_data);    
% Computes the total number of bonds in data set. 
i = 1; 
% Indexes the input data row. 
n = 1;   
% Indexes the bin number. 
  
if (input_data(i,2) < 0)     
% Bins data with negative forces. 
    negative_bins = ceil(-(input_data(i,2) / force_bin_width)); 
    bin_start_value = -(negative_bins * force_bin_width); 
    while i <= number_of_bonds     
    % For the given data set, puts bond times and loads into their own 
    % respective matrices, separated into force bins by row. Also maintains 
    % a running count of how many bonds have been added to each bin. 
        bonds_in_bin(n) = 0; 
        while ((i <= number_of_bonds) && (input_data(i,2)... 
               < (((n * force_bin_width) - (-bin_start_value))))... 
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              && (input_data(i,2)... 
               > (((n - 1) * force_bin_width) - (-bin_start_value)))) 
            bonds_in_bin(n) = bonds_in_bin(n) + 1; 
            % Maintains a running count of the number of bonds that have 
            % been added to each bin, n, by row. 
            bond_loads(n,bonds_in_bin(n)) = input_data(i,2); 
            % Assigns each load into next available column of a bin, n. 
            bond_lifetimes(n,bonds_in_bin(n)) = input_data(i,1); 
            % Assigns each time into next available column of a bin, n. 
            i = i + 1; 
        end 
        n = n + 1; 
    end 
else 
% Continues binning with nonnegative forces. 
    while i <= number_of_bonds 
        bonds_in_bin(n) = 0; 
        while (i <= number_of_bonds)... 
               && (input_data(i,2) < (n * force_bin_width)) 
            bonds_in_bin(n) = bonds_in_bin(n) + 1; 
            bond_loads(n,bonds_in_bin(n)) = input_data(i,2); 
            bond_lifetimes(n,bonds_in_bin(n)) = input_data(i,1); 
            i = i + 1; 
        end 
        n = n + 1; 
    end 
end 
bonds_in_bin = bonds_in_bin'; 
  
[number_of_bins,largest_bin_width] = size(bond_loads); 
% Computes the total number of bins created and the number of elements in 
% the largest bin. 
  
  
% Computes upper and lower load values for bins. 
  
for i = 1 : number_of_bins 
% Determiens the range of values for each bin. 
    bin_range(i,1) = (i - 1) * force_bin_width; 
    % Minimum possible load value for each bin. 
    bin_range(i,2) = (i * force_bin_width) - 0.01; 
    % Maximum possible load value for each bin. 
end 
  
  
% Compute mean time and load for each bin. 
  
for i = 1 : number_of_bins 
    if bonds_in_bin(i,1) == 0 
    % Accounts for empty bins. 
        data_mean(i,:) = 0; 
    else 
    % Bins containing data. 
        data_mean(i,1) = mean(bond_lifetimes(i,1:bonds_in_bin(i,1))); 
        % Computes the mean time for each bin, i, by row. 
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        data_mean(i,2) = mean(bond_loads(i,1:bonds_in_bin(i,1))); 
        % Computes the mean load for each bin, i, by row. 
    end 
end 
  
  
% Compute standard deviation of the mean for each bin. 
  
for i = 1 : number_of_bins 
    if bonds_in_bin(i,1) == 0 
    % Acconts for empty bins. 
        data_std_dev(i,:) = 0; 
    else 
    % Bins containing data. 
        data_std_dev(i,1) = std(bond_lifetimes(i,1:bonds_in_bin(i,1))); 
        % Computes the standard deviation of the mean time for each bin, i, 
        % by row. 
        data_std_dev(i,2) = std(bond_loads(i,1:bonds_in_bin(i,1))); 
        % Computes teh standard deviation of the mean load for each bin, i, 
        % by row. 
    end 
end 
  
  
% Computes standard error of the mean for each bin. 
  
for i = 1 : number_of_bins 
    if bonds_in_bin(i,1) == 0 
    % Accounts for empty bins. 
        data_std_error(i,:) = 0; 
    else 
    % Bins containing data. 
        for j = 1 : 2 
            data_std_error(i,j)... 
            = (data_std_dev(i,j) / sqrt(bonds_in_bin(i,1))); 
            % Computes standard error of the mean for each bin, row i, of  
            % time, column 1, and load, column 2. 
        end 
    end 
end 
  
end 
"
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function [data_mean data_std_error data_std_dev bond_lifetimes... 
          bonds_in_bin bin_range] = BinByNumber(input_data, bonds_per_bin) 
%BINBYNUMBER bins data using the number of bonds per bin as the bin size. 
%   Treats the columns of input_data as vectors and divides them into bins  
%   of size bonds_per_bin. 
% 
% Arguments: 
%   input_data: An m by 2 matrix containing time (bond lifetime or time to 
%   bond formation) in column 1 and the corresponding load in column 2. 
%   Must be sorted by ascending load. 
%   bonds_per_bin: A scalar whose value is the total number of bonds to be  
%   placed in each bin.  
% Returns: 
%   data_mean: An m by 2 matrix containing the mean time (bond lifetime or 
%   time to bond formation) in column 1 and the corresponding mean load in 
%   column 2 for each bin (row). 
%   data_std_error: An m by 2 matrix containing the standard error of the 
%   mean time (bond lifetime or time to bond formation) in column 1 and the 
%   corresponding standard error of the mean load in column 2 for each bin 
%   (row). 
%   data_std_dev: An m by 2 matrix containing the standard deviation of the 
%   mean time (bond lifetime or time to bond formation) in column 1 and the 
%   corresponding standard deviation of the mean load in column 2 for each 
%   bind (row). 
%   bond_lifetimes: An m by n matrix containing the bond 
%   time (bond lifetime or time to bond formation) values (column)  
%   contained within each bin (row). Because bins can contain a varying 
%   number of bonds, remaining columns are filled with zero after the final 
%   bond. 
%   bonds_in_bin: An m by 2 matrix containing the number of bonds in each 
%   bin. Column 1 corresponds to the number of time values and column 2  
%   corresponds to number of load values. The highest force value bin may  
%   not contain the originally specified bonds_per_bin. 
%   bin_range: An m by 2 matrix containing the minimum possible load in 
%   column 1 and the maximum possible load in column 2 for each bin (row). 
  
  
% Determine number of bins needed. 
  
number_of_bonds = length(input_data); 
% Computes the total number of bonds in data set. 
number_of_bins = ceil(number_of_bonds / bonds_per_bin); 
% Computes number of bins. 
  
if number_of_bins < 2 
% Prints error if there is only one bin. 
    error('Error: Only one bin; decrease the number of bonds per bin'); 
end 
  
  
% Divide data into bins. 
  
bin_index = zeros(number_of_bins,2); 
% Perallocates an m by 2 matrix of zeros containing m = number of bins 
% rows. 
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first_index = 1; 
% Creates a scalar variable to keep track of what row of input_data 
% corresponds to the first bond in each bin. 
last_index = bonds_per_bin; 
% Creates a scalar variable to keep track of what row of input_data 
% corresponds to the last bond in each bin. 
bin_index(1,1) = first_index; 
% Sets the lower limit value of the first bin. 
bin_index(1,2) = last_index; 
% Sets the upper limit value of the first bin. 
  
for i = 2 : number_of_bins 
% Fills the bin_index matrix with lower (column 1) and upper (column 2) 
% limit values to corresponding rows of input_data starting with bin 2. 
    first_index = (i - 1) * bonds_per_bin + 1; 
    bin_index(i,1) = first_index; 
    if i == number_of_bins 
    % Checks for last bin to assign it the last row of input_data to  
    % account for case where last bin isn't full if number_of_bonds is not  
    % evenly divisible by bonds_per_bin. 
        last_index = number_of_bonds; 
    else 
        last_index = first_index + bonds_per_bin - 1; 
    end 
    bin_index(i,2) = last_index; 
end 
  
count = zeros(number_of_bins,2); 
% Preallocates an m by 2 matrix of zeros containing m = number of bins 
% rows. 
count(1,1) = bin_index(1,2); 
% Sets the starting value of number of bonds in bin 1 equal to the row 
% number of input data corresponding to the upper limit index of bin 1. 
count(1,2) = count(1,1); 
% Sets the starting value of column 2 equal to that in column 1. 
for i = 2 : number_of_bins 
% Computes the number of bonds in each bin. 
    count(i,1) = bin_index(i,2) - bin_index(i - 1,2); 
    count(i,2) = count(i,1); 
end 
  
for i = 1 : number_of_bins 
% For the given data set, bins bond times by the given number of bonds to 
% be placed in each bin. 
    bonds_in_bin = count(i,1);   
    % Number of bonds actually in bin. Accounts for case when last bin 
    % isn't full. 
    for j = 1 : bonds_in_bin 
    % Creates an m by n matrix of time values in columns, that fall into  
    % each bin, row n. 
        bond_number = (i * bonds_per_bin + j - bonds_per_bin); 
        n = input_data(bond_number,1); 
        bond_lifetimes(i,j) = n; 
    end 
    if bonds_in_bin < bonds_per_bin 
    % If last bin isn't full, assigns "NaN" as the value for remaining 
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    % times to fill empty columns in matrix. 
        for j = 1 : (bonds_per_bin - bonds_in_bin) 
            bond_lifetimes(i,(bonds_in_bin + j)) = NaN; 
        end 
    end 
end 
  
for i = 1 : number_of_bins 
% For the given data set, bins loads by the given number of bonds to be 
% placed in each bin. 
    bonds_in_bin = count(i,1); 
    for j = 1 : bonds_in_bin 
        bond_number = (i * bonds_per_bin + j - bonds_per_bin); 
        n = input_data(bond_number,2); 
        bond_loads(i,j) = n; 
    end 
    if bonds_in_bin < bonds_per_bin 
        for j = 1 : (bonds_per_bin - bonds_in_bin) 
            bond_loads(i,(bonds_in_bin + j)) = NaN; 
        end 
    end 
end 
  
  
% Computes upper and lower bounds of range of input_data bond number for 
% each bin. 
  
for i = 1 : number_of_bins 
% Determines the range of values for each bin. 
    bin_range(i,1) = input_data(bin_index(i,1),2); 
    % Minimum bond number. 
    bin_range(i,2) = input_data(bin_index(i,2),2); 
    % Maximum bond number 
end 
  
  
% Computes mean time and load for each bin. 
  
for i = 1 : number_of_bins 
    if isnan(bond_lifetimes(i,:)) == 0 
    % Computes mean for all full bins. 
        data_mean(i,1) = mean(bond_lifetimes(i,:)); 
        % Computes the mean time for each bin, i, by row. 
        data_mean(i,2) = mean(bond_loads(i,:)); 
        % Computes the mean load for each bin, i, by row. 
    else 
    % Computes mean for partially filled bins. 
        bonds_in_bin = count(i,1); 
        data_mean(i,1) = mean(bond_lifetimes(i,1:bonds_in_bin)); 
        data_mean(i,2) = mean(bond_loads(i,1:bonds_in_bin)); 
    end 
end 
  
  
% Calculate standard deviation of the mean for each bin. 
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for i = 1 : number_of_bins 
    if isnan(bond_lifetimes(i,:)) == 0 
    % Computes standard deviation of the mean for all full bins. 
        data_std_dev(i,1) = std(bond_lifetimes(i,:)); 
        % Computes the standard deviation of the mean time for each bin, i, 
        % by row. 
        data_std_dev(i,2) = std(bond_loads(i,:)); 
        % Computes the standard deviation of the mean load for each bin, i, 
        % by row. 
    else 
    % Computes standard deviation of the mean for partially filled bins. 
        bonds_in_bin = count(i,1); 
        data_std_dev(i,1) = std(bond_lifetimes(i,1:bonds_in_bin)); 
        data_std_dev(i,2) = std(bond_loads(i,1:bonds_in_bin)); 
    end 
end 
  
  
% Computes standard error of the mean for each bin. 
  
for i = 1 : number_of_bins 
    for j = 1 : 2 
        data_std_error(i,j) = (data_std_dev(i,j) / sqrt(count(i,j))); 
        % Computes standard error of the mean for each bin, row i, of time, 
        % column 1, and load, column 2. 
    end 
end 
  
  
% Set actual number of bonds in each bin. 
  
clear bonds_in_bin 
bonds_in_bin = count; 
% Assigns counted value of bonds in each row bin of 2-column matrix. 
  
end 
"
"



H_H"

function [overall_on_rate_2D overall_on_rate_2D_std_error... 
          mean_on_rate_2D on_rate_2D_std_error ]... 
          = TwoDimensionalOnRate(time_to_bond_formation,bonds_in_bin,... 
                                 receptor_site_density,... 
                                 ligand_site_density,contact_area) 
%TWODIMENSIONALONRATE computes the specific 2D on-rate for a given time to 
%bond formation. 
%   Uses time to bond formation values to compute the specific 2D on-rate 
%   for each bond and then computes mean and error of specific 2D on-rate 
%   for entire data set as well as for bonds in each bin. 
% Arguments: 
%   time_to_bond_formation: An m by n matrix containing the time to bond 
%   formation values, columns, for each bin, row. Because bins can contain 
%   a varying number of bonds, remaining columns are filled with zero after 
%   the final bond value.  
%   bonds_in_bin: An m by 1 vector containing the number of bonds in each 
%   bin. 
%   receptor_site_density: A scalar value corresponding to the number of 
%   receptors per unit area. 
%   ligand_site_density: A scalar value corresponding to the number of 
%   ligands per unit area. 
%   contact_area: area of contact between receptor- and ligand-coated 
%   surfaces. 
% Returns: 
%   overall_on_rate_2D: A scalar value of the mean specific 2D on-rate of 
%   the entire data set. 
%   overall_on_rate_2D_std_error: A scalar value of the standard error of 
%   the mean specific 2D on-rate of the entire data set. 
%   mean_on_rate_2D: An m by 1 vector containing the mean sepcific 2D 
%   on-rate of each bin. 
%   on_rate_2D_std_error: An m by 1 vector containing the standard error of 
%   the mean specific 2D on-rate of each bin. 
  
% Compute specific 2D on-rate and error for entire data set. 
  
[a,b] = size(time_to_bond_formation); 
% Computes the number of bins, a, and maximum number of bonds per bin, b. 
var = 1; 
% Sets the starting value of a running count of the total number of bonds 
% contained within the data set. 
for i = 1 : a 
% Computes the specific 2D on-rate for each bond in the data set using the   
% time to bond formation parsed from each column, j, of each bin, i, and 
% returns them in one 1 by n vector. 
    for j = 1 : bonds_in_bin(i,1) 
        overall_on_rate_2D_ind(var) = (time_to_bond_formation(i,j)... 
                                       .* receptor_site_density... 
                                       .* ligand_site_density... 
                                       .* contact_area).^(-1); 
        var = var + 1; 
    end 
end 
  
overall_on_rate_2D = mean(overall_on_rate_2D_ind); 
% Computes the mean specific 2D on-rate of the entire data set. 
n = length(overall_on_rate_2D_ind); 
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% Computes the total number of bonds contained in the entire data set. 
overall_on_rate_2D_stdev = std(overall_on_rate_2D_ind); 
% Computes the standard deviation of the mean of the specific 2D on-rate 
% for the entire data set. 
overall_on_rate_2D_std_error = overall_on_rate_2D_stdev/sqrt(n); 
% Computes the standard error of the mean of the specific 2D on-rate for 
% the entire data set. 
  
% Compute specific 2D on-rate and error for each bin of the data set. 
  
for i = 1 : a 
% Computes the specific 2D on-rate for the bonds contained in each bin, i, 
% and then computes mean and error for each bin. 
    if (bonds_in_bin(i,1) > 0) 
    % Checks for empty bins. 
        for j = 1 : bonds_in_bin(i,1) 
        % Uses time to bond formation to compute specific 2D on-rate for 
        % each bond. 
            on_rate_2D(i,j) = (time_to_bond_formation(i,j)... 
                               .* receptor_site_density... 
                               .* ligand_site_density .* contact_area)... 
                               .^(-1); 
        end 
        mean_on_rate_2D(i,1) = mean(on_rate_2D(i,1:bonds_in_bin(i,1))); 
        % Computes the mean specific 2D on-rate for the current bin. 
        n = bonds_in_bin(i,1); 
        % Assigns the number of bonds in the current bin to variable n. 
        on_rate_2D_stdev(i,1) = std(on_rate_2D(i,1:bonds_in_bin(i,1))); 
        % Computes the standard deviation of the mean specific 2D on-rate 
        % for the current bin. 
        on_rate_2D_std_error(i,1) = on_rate_2D_stdev(i,1)/sqrt(n); 
        % Computes the standard error of the mean specific 2D on-rate for 
        % the current bin. 
    else 
    % Assigns values for empty bins 
        on_rate_2D(i,:) = 0; 
        mean_on_rate_2D(i,1) = 0; 
        on_rate_2D_stdev(i,1) = 0; 
        on_rate_2D_std_error(i,1) = 0; 
    end 
end 
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function [upperbound lowerbound]... 
          = ExponentialConfidenceInterval(bond_lifetimes, bonds_in_bin,... 
                                          data_mean) 
%EXPONENTIALCONFIDENCEINTERVAL compuets the upper and lower bonds of a 95%  
%confidence interval for exponentially distributed data. 
%   REFERENCE: http://people.missouristate.edu/songfengzheng/Teaching/ 
%                   MTH541/Lecture%20notes/CI.pdf 
%    
% Arguments: 
%   bond_lifetimes: An m by n matrix of the bond times (lifetime or time to 
%   bond formation) n in each bin m. 
%   bonds_in_bin: An m by 1 vector containing the number of bonds in each 
%   bin m. 
%   data_mean: An m by 2 matrix containing the mean bond time in column 1 
%   and the mean load in column 2 for each bin m. 
% Returns: 
%   upperbound: An m by 1 vector containing the value for the upper bound 
%   of a 95% confidence interval of the mean for each bin m. 
%   lowerbound: An m by 1 vector containing the value for the lower bound 
%   of a 95% confidence interval of the mean for each bin m. 
  
[m,n] = size(bond_lifetimes); 
% Computes the number of bins m and the maximum possible number of bonds in 
% a bin n. 
  
% Compute the upper and lower bounds for 95% confidence intervals of the 
% mean. 
  
for i = 1 : m 
% Computes the upper and lower bound for each bin. 
            upperbound(i,1) = 2*sum(bond_lifetimes(i,:))... 
                              /chi2inv((0.05/2), 2*bonds_in_bin(i,1)); 
            % Computes the upper bound of the interval for which  
            % there is a 95% probability that the interval encompasses  
            % the true mean. 
            lowerbound(i,1) = 2*sum(bond_lifetimes(i,:))... 
                              /chi2inv((1-0.05/2), 2*bonds_in_bin(i,1)); 
            % Computes the lower bound of the interval for which  
            % there is a 95% probability that the interval encompasses  
            % the true mean. 
end 
"
"
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"
% Skeletal and Smooth crossbridge rates functions used to make supplemental 
% figures for paper. 
% TIME TO DETACHMENT 
  
  
%% Define Skeletal Parameters 
clear all 
close all 
  
F = 0:0.1:10;    
% [pN] range of forces 
max_tspan = 15; 
d = 0.5;     
% [nm] Crossbridge conformational change distance parameter, estimated to  
% be 0.5 for skeletal myosin by Will from Brenner 
k0 = 599.4;   
% [s^-1] Mean rate at force = 0 for slow (42.8) and fast (1156) skeletal  
% S1. From Capitano, et al. PNAS 2006. 
k1 = ADPDissociation(F,d,k0);     
% [s^-1] react1 forward rate constant 
k2 = 5000;     
% [s^-1] react2 forward rate constant, from Millar & Geeves 1988 
k3 = KineticActinDissociation(F);     
% [s^-1] react3 forward rate constant 
k3b = 0.2; 
k3r = 0.1;       
% [s^-1] react 3 reverse rate constant, from Siemankowski & White. J Biol.  
% Chem. 1984. (they reference it from HD White, unpublished data) 
k3s = KineticActinDissociationSlip(F); 
k4 = KineticActinDissociation(F);     
% [s^-1] react4 forward rate constant 
k4b = 1; 
k4r = 0.02;      
% [s^-1] react 4 reverse rate constant, from White and Taylor. Biochem.  
% 1976. 
k4s = KineticActinDissociationSlip(F); 
k5 = 700;     
% [s^-1] react5 forward rate constant, from Millar & Geeves 1988 
Ttot = 4;   
% [mM] concentration of ATP 
AMD = 0.00418;    
% **IF YOU CHANGE THIS NUMBER BE SURE TO CHANGE IT IN THE EVENTS M.FILE  
% [mM] initial concentratin of AMD 
  
params1 = {F,k1,k2,k3,k4,k5,Ttot,AMD};  
params2 = {F,k1,k2,k3b,k4b,k5,Ttot,AMD};  
params3 = {F,k1,k2,k3s,k4s,k5,Ttot,AMD}; 
%% Run single skeletal simulation 
  
% Biomechanical CATCH Detachment 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params1 = {F(i),k1(i),k2,k3(i),k4(i),k5,Ttot,AMD}; 
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    y0 = [0; 0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
  
    options = odeset('Events',@eventsDetach_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncDetach,tspan,y0,options,params1); 
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            =CrossbridgeRatesODEfuncDetach(t(tstep),y(tstep,:),params1); 
    end 
    output = algvars(:,6); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEvent(i,1) = te; 
end 
  
figure 
semilogy(F,tEvent,'k-'); 
xlabel('Force (pN)'); ylabel('t at 1/2_{ymax} (s)'); 
hold on 
  
clear t 
clear y 
clear te 
clear ze 
clear ie 
clear yfinal 
clear TE 
clear tEvent 
  
% Biomechanical SLIP Detachment 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params3 = {F(i),k1(i),k2,k3s(i),k4s(i),k5,Ttot,AMD}; 
  
    y0 = [0; 0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
  
    options = odeset('Events',@eventsDetach_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncDetach,tspan,y0,options,params3); 
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            =CrossbridgeRatesODEfuncDetach(t(tstep),y(tstep,:),params3); 
    end 
    output = algvars(:,6); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
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    if TE == 1 
        te = 0; 
    end 
    tEvent(i,1) = te; 
end 
  
semilogy(F,tEvent,'b-.'); 
  
clear t 
clear y 
clear te 
clear ze 
clear ie 
clear yfinal 
clear TE 
clear tEvent 
  
% Biochemical Detachment 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params2 = {F(i),k1(i),k2,k3b,k4b,k5,Ttot,AMD}; 
  
    y0 = [0; 0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('Events',@eventsDetach_AMC); 
     
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncDetach,tspan,y0,options,params2); 
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfuncDetach(t(tstep),y(tstep,:),params2); 
    end 
    output = algvars(:,6); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEvent(i,1) = te; 
end 
  
semilogy(F,tEvent,'r--','LineWidth',1); 
hold off 
  
%% Define Smooth Parameters 
clear all 
  
F = 0:0.1:10;    
% [pN] range of forces 
max_tspan = 15; 
d = 2.7;     
% [nm] Crossbridge conformational change distance parameter, from Veigel et  
% al, 2003. 
k0 = 32;     
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% [s^-1] Unloaded on-rate for ADP dissociation from actomyosin, from Veigel 
% et al 2003. 
k1 = ADPDissociation(F,d,k0);     
% [s^-1] react1 forward rate constant 
k25 = 380;     
% [s^-1] react2/5 forward rate constant, calculated from  
% 9.5x10^4 M-1s-1 * 4 mM [ATP], from Khromov, Somlyo, and Somlyo. J. Phil.  
% 1996. 
k3b = 0.0035;     
% [s^-1] react3 forward rate constant, from Cremo & Geeves, Biochemistry,  
% 1998 
k3 = KineticActinDissociation(F);     
% [s^-1] react3 forward rate constant 
k3s = KineticActinDissociationSlip(F); 
k4b = 0.004;     
% [s^-1] react4 forward rate constant, from Cremo & Geeves, Biochemistry,  
% 1998 
k4 = KineticActinDissociation(F);    
% [s^-1] react4 forward rate constant 
k4s = KineticActinDissociationSlip(F); 
k6 = 1.9;    
% [s^-1] react 6 forward rate constant, from Cremo & Geeves, Biochemistry,  
% 1998 
k7 = 12.8;     
% [s^-1] react7 forward rate constant, from Cremo & Geeves, Biochemistry,  
% 1998 
Ttot = 4;    
% [mM] concentration of ATPAMD = 0.000352;   % **IF YOU CHANGE THIS NUMBER  
% BE SURE TO CHANGE IT IN FILE EVENTS.M  [mM] initial concentratin of AMD 
AMD = 0.000352;    
% **IF YOU CHANGE THIS NUMBER BE SURE TO CHANGE IT IN THE EVENTS M.FILE  
% [mM] initial concentratin of AMD 
  
params1 = {F,k1,k25,k3,k4,Ttot,AMD}; 
params2 = {F,k1,k25,k3b,k4b,Ttot,AMD}; 
params3 = {F,k1,k25,k3s,k4s,Ttot,AMD}; 
  
  
% Run single smooth simulation 
  
% Biomechanical CATCH Dissociation 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params1 = {F(i),k1(i),k25,k3(i),k4(i),Ttot,AMD}; 
    y0 = [0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('Events',@eventsSmoothDetach_AMC); 
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncSmoothDetach,tspan,y0,options,... 
                 params1); 
  
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfuncSmoothDetach(t(tstep),y(tstep,:),... 
                                                  params1); 



H_a"

    end 
    output = algvars(:,5); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEvent(i,1) = te; 
end 
  
figure 
semilogy(F,tEvent,'-k','LineWidth',1); 
xlabel('Force (pN)'); ylabel('t at 1/2_{ymax} (s)'); 
hold on 
  
clear t 
clear y 
clear te 
clear ze 
clear ie 
clear yfinal 
clear TE 
clear tEvent 
  
% Biomechanical SLIP Dissociation 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params3 = {F(i),k1(i),k25,k3s(i),k4s(i),Ttot,AMD}; 
    y0 = [0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('Events',@eventsSmoothDetach_AMC); 
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncSmoothDetach,tspan,y0,options,... 
                 params3); 
  
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfuncSmoothDetach(t(tstep),y(tstep,:),... 
                                                  params3); 
    end 
    output = algvars(:,5); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEvent(i,1) = te; 
end 
  
semilogy(F,tEvent,'b-.','LineWidth',1); 
  
clear t 
clear y 
clear te 
clear ze 
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clear ie 
clear yfinal 
clear TE 
clear tEvent 
  
% Biochemical Dissociation 
for i = 1 : length(F) 
    clear dydt 
    clear algvars 
    clear output 
    params2 = {F(i),k1(i),k25,k3b,k4b,Ttot,AMD}; 
    y0 = [0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('NonNegative',[1 2 3 4 5],'Events',... 
                     @eventsSmoothDetach_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncSmoothDetach,tspan,y0,options,... 
                 params2); 
  
    for tstep = 1 : length(t), 
        [dydt(tstep,:),algvars(tstep,:)]... 
            = CrossbridgeRatesODEfuncSmoothDetach(t(tstep),y(tstep,:),... 
                                                  params2); 
    end 
    output = algvars(:,5); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEvent(i,1) = te; 
  
  
end 
  
semilogy(F,tEvent,'--r','LineWidth',1); 
hold off 
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% Skeletal and Smooth crossbridge rates functions used to make supplemental 
% figures for paper. Includes a slip bond pathway biomechanical 
% dissociation. 
% Duty Cycle 
  
  
%% Define Skeletal Parameters 
clear all 
close all 
  
max_tspan = 15; 
F = 0:0.1:10;    
% [pN] range of forces 
d = 0.5;     
% [nm] Crossbridge conformational change distance parameter, estimated to  
% be 0.5 for skeletal myosin by Will from Brenner 
k0 = 599.4;    
% [s^-1] Mean rate at force = 0 for slow (42.8) and fast (1156) skeletal  
% S1. From Capitano, et al. PNAS 2006. 
k1 = ADPDissociation(F,d,k0);     
% [s^-1] react1 forward rate constant 
k2 = 5000;     
% [s^-1] react2 forward rate constant, from Millar & Geeves 1988 
k3 = KineticActinDissociation(F);     
% [s^-1] react3 forward rate constant 
k3b = 0.2; 
k3r = 0.1;       
% [s^-1] react 3 reverse rate constant, from Siemankowski & White. J Biol. 
% Chem. 1984. (they reference it from HD White, unpublished data) 
k3s = KineticActinDissociationSlip(F); 
k4 = KineticActinDissociation(F);     
% [s^-1] react4 forward rate constant 
k4b = 1; 
k4r = 0.02;      
% [s^-1] react 4 reverse rate constant, from White and Taylor. Biochem.  
% 1976. 
k4s = KineticActinDissociationSlip(F); 
k5 = 700;     
% [s^-1] react5 forward rate constant, from Millar & Geeves 1988 
k6 = 1.85;     
% [s^-1] react6 forward rate constant, mean of values from Trentham, et al.  
% Biochem. J. 1972. and Bagshaw, et al. Cold Spring Harbor Symp. Quant.  
% Biol. 1972. 
k7 = 1000;     
% [s^-1] react7 forward rate constant, from Millar & Geeves 1988 
Ttot = 4;    
% [mM] concentration of ATP 
AMD = 0.00418;    
% **IF YOU CHANGE THIS NUMBER BE SURE TO CHANGE IT IN THE EVENTS M.FILE  
% [mM] initial concentratin of AMD 
  
ATPHydrolysis = 100;     
% Howard references Bagshaw 1993 (page 233) 
ActinBinding = 30;   
% Howard (page 235) 
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PiRelease = 10000;   
% Howard (page 235) 
  
CycleTimeConstant = 1/ATPHydrolysis + 1/ActinBinding + 1/PiRelease; 
  
% Parameters for Time to Detachment 
params1Detach = {F,k1,k2,k3,k4,k5,Ttot,AMD};  
params2Detach = {F,k1,k2,k3b,k4b,k5,Ttot,AMD}; 
params3Detach = {F,k1,k2,k3s,k4s,k5,Ttot,AMD}; 
  
% Parameters for Cycle Time 
params1 = {F,k1,k2,k3,k4,k5,k6,k7,Ttot,AMD};  
params2 = {F,k1,k2,k3b,k4b,k5,k6,k7,Ttot,AMD};  
params3 = {F,k1,k2,k3s,k4s,k5,k6,k7,Ttot,AMD}; 
  
% Skeletal Time to Detachment, kinetic dissociation intact 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params1Detach = {F(i),k1(i),k2,k3(i),k4(i),k5,Ttot,AMD}; 
  
    y0 = [0; 0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
  
    options = odeset('Events',@eventsDetach_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncDetach,tspan,y0,options,... 
                 params1Detach); 
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfuncDetach(t(tstep),y(tstep,:),... 
                                            params1Detach); 
    end 
    output = algvars(:,6); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEventDetach(i,1) = te; 
end 
  
clear t 
clear y 
clear te 
clear ze 
clear ie 
clear yfinal 
clear TE 
  
% Skeletal Cycle Time, kinetic dissociation intact 
for i = 1 : length(F) 
    clear algvars 
    clear output 
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    params1 = {F(i),k1(i),k2,k3(i),k4(i),k5,k6,k7,Ttot,AMD}; 
  
    y0 = [0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('Events',@events_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfunc,tspan,y0,options,params1); 
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfunc(t(tstep),y(tstep,:),params1); 
    end 
    output = algvars(:,8); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEventCycle(i,1) = te; 
end 
  
tEventCycle = tEventCycle + CycleTimeConstant; 
DutyCycleSkeletalKinetic = tEventDetach ./ tEventCycle; 
  
clear t 
clear y 
clear te 
clear ze 
clear ie 
clear yfinal 
clear TE 
clear tEventDetach 
clear tEventCycle 
  
% Skeletal Time to Detachment, biochemical dissociation 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params2Detach = {F(i),k1(i),k2,k3b,k4b,k5,Ttot,AMD}; 
  
    y0 = [0; 0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('Events',@eventsDetach_AMC); 
     
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncDetach,tspan,y0,options,... 
                 params2Detach); 
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfuncDetach(t(tstep),y(tstep,:),... 
                                            params2Detach); 
    end 
    output = algvars(:,6); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
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    if TE == 1 
        te = 0; 
    end 
    tEventDetach(i,1) = te; 
end 
  
clear t 
clear y 
clear te 
clear ze 
clear ie 
clear yfinal 
clear TE 
  
% Skeletal Cycle Time, biochemical dissociation 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params2 = {F(i),k1(i),k2,k3b,k4b,k5,k6,k7,Ttot,AMD}; 
  
    y0 = [0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('Events',@events_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfunc,tspan,y0,options,params2); 
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfunc(t(tstep),y(tstep,:),params2); 
    end 
    output = algvars(:,8); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEventCycle(i,1) = te; 
end 
  
tEventCycle = tEventCycle + CycleTimeConstant; 
DutyCycleSkeletalBiochemical = tEventDetach ./ tEventCycle; 
  
clear t 
clear y 
clear te 
clear ze 
clear ie 
clear yfinal 
clear TE 
clear tEventDetach 
clear tEventCycle 
  
% Skeletal Time to Detachment, kinetic SLIP dissociation intact 
for i = 1 : length(F) 
    clear algvars 
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    clear output 
    params3Detach = {F(i),k1(i),k2,k3s(i),k4s(i),k5,Ttot,AMD}; 
  
    y0 = [0; 0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
  
    options = odeset('Events',@eventsDetach_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncDetach,tspan,y0,options,... 
                 params3Detach); 
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfuncDetach(t(tstep),y(tstep,:),... 
                                            params3Detach); 
    end 
    output = algvars(:,6); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEventDetach(i,1) = te; 
end 
  
clear t 
clear y 
clear te 
clear ze 
clear ie 
clear yfinal 
clear TE 
  
% Skeletal Cycle Time, kinetic SLIP dissociation intact 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params3 = {F(i),k1(i),k2,k3s(i),k4s(i),k5,k6,k7,Ttot,AMD}; 
  
    y0 = [0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('Events',@events_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfunc,tspan,y0,options,params3); 
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfunc(t(tstep),y(tstep,:),params3); 
    end 
    output = algvars(:,8); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
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    tEventCycle(i,1) = te; 
end 
  
tEventCycle = tEventCycle + CycleTimeConstant; 
DutyCycleSkeletalSLIPKinetic = tEventDetach ./ tEventCycle; 
  
figure 
plot(F,DutyCycleSkeletalKinetic,'k-') 
xlabel('Force (pN)'); ylabel('Duty Cycle'); 
hold on 
plot(F,DutyCycleSkeletalBiochemical,'r--') 
plot(F,DutyCycleSkeletalSLIPKinetic,'b-.') 
axis([0 10 0 1]) 
  
  
  
  
%% Define Smooth Parameters 
clear all 
  
max_tspan = 15; 
F = 0:0.1:10;    
% [pN] range of forces 
d = 2.7;     
% [nm] Crossbridge conformational change distance parameter, from Veigel et  
% al, 2003. 
k0 = 32;     
% [s^-1] Unloaded on-rate for ADP dissociation from actomyosin, from Veigel 
% et al 2003. 
k1 = ADPDissociation(F,d,k0);    % [s^-1] react1 forward rate constant 
k25 = 380;    
% [s^-1] react2/5 forward rate constant, calculated from 
% 9.5x10^4 M-1s-1 * 4 mM [ATP], from Khromov, Somlyo, and Somlyo. J. Phil.  
% 1996. 
k3b = 0.0035;     
% [s^-1] react3 forward rate constant, from Cremo & Geeves, Biochemistry,  
% 1998 
k3 = KineticActinDissociation(F);     
% [s^-1] react3 forward rate constant 
k3s = KineticActinDissociationSlip(F); 
k4b = 0.004;     
% [s^-1] react4 forward rate constant, from Cremo & Geeves, Biochemistry,  
% 1998 
k4 = KineticActinDissociation(F);     
% [s^-1] react4 forward rate constant 
k4s = KineticActinDissociationSlip(F); 
k6 = 1.9;    
% [s^-1] react 6 forward rate constant, from Cremo & Geeves, Biochemistry,  
% 1998 
k7 = 12.8;     
% [s^-1] react7 forward rate constant, from Cremo & Geeves, Biochemistry,  
% 1998 
Ttot = 4;    
% [mM] concentration of ATP 
AMD = 0.000352;    
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% **IF YOU CHANGE THIS NUMBER BE SURE TO CHANGE IT IN THE EVENTS M.FILE  
% [mM] initial concentratin of AMD 
  
ATPHydrolysis = 50;    
% Cremo and Geeves, Biochem. 1998. 
ActinBinding = 30;   
% Howard (page 235) - No smooth muscle rate available so using the skeletal  
% rate 
PiRelease = (0.014)*(1000);   
% Sellers, JBC, 1985; 0.014 s^-1 is rate of phos release from unphos smooth 
% muscle HMM in absence of actin, authors suggest 1000-fold increase in  
% rate of product release for phos-HMM with actin present 
  
CycleTimeConstant = 1/ATPHydrolysis + 1/ActinBinding + 1/PiRelease; 
  
% Parameters for Time to Detachment 
params1Detach = {F,k1,k25,k3,k4,Ttot,AMD}; 
params2Detach = {F,k1,k25,k3b,k4b,Ttot,AMD}; 
params3Detach = {F,k1,k25,k3s,k4s,Ttot,AMD}; 
  
% Parameters for Cycle Time 
params1 = {F,k1,k25,k3,k4,k6,k7,Ttot,AMD}; 
params2Detach = {F,k1,k25,k3b,k4b,Ttot,AMD}; 
params3Detach = {F,k1,k25,k3s,k4s,Ttot,AMD}; 
  
% Smooth Time to Detachment, kinetic dissociation 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params1Detach = {F(i),k1(i),k25,k3(i),k4(i),Ttot,AMD}; 
    y0 = [0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('Events',@eventsSmoothDetach_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncSmoothDetach,tspan,y0,options,... 
                 params1Detach); 
  
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfuncSmoothDetach(t(tstep),y(tstep,:),... 
                                                  params1Detach); 
    end 
    output = algvars(:,5); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEventDetach(i,1) = te; 
end 
  
clear t 
clear y 
clear te 
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clear ze 
clear ie 
clear yfinal 
clear TE 
  
% Smooth Cycle Time, kinetic dissociation 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params1 = {F(i),k1(i),k25,k3(i),k4(i),k6,k7,Ttot,AMD}; 
    y0 = [0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('Events',@eventsSmooth_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncSmooth,tspan,y0,options,params1); 
  
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfuncSmooth(t(tstep),y(tstep,:),params1); 
    end 
    output=algvars(:,7); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEventCycle(i,1) = te; 
end 
  
tEventCycle = tEventCycle + CycleTimeConstant; 
DutyCycleSmoothKinetic = tEventDetach ./ tEventCycle; 
  
clear t 
clear y 
clear te 
clear ze 
clear ie 
clear yfinal 
clear TE 
clear tEventDetach 
clear tEventCycle 
  
% Smooth Time to Detachment, biochemical dissociation 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params2Detach = {F(i),k1(i),k25,k3b,k4b,Ttot,AMD}; 
    y0 = [0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('Events',@eventsSmoothDetach_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncSmoothDetach,tspan,y0,options,... 
                 params2Detach); 
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    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfuncSmoothDetach(t(tstep),y(tstep,:),... 
                                                  params2Detach); 
    end 
    output = algvars(:,5); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEventDetach(i,1) = te; 
end 
  
clear t 
clear y 
clear te 
clear ze 
clear ie 
clear yfinal 
clear TE 
  
% Smooth Cycle Time, biochemical dissociation 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params2 = {F(i),k1(i),k25,k3b,k4b,k6,k7,Ttot,AMD}; 
    y0 = [0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('Events',@eventsSmooth_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncSmooth,tspan,y0,options,params2); 
  
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfuncSmooth(t(tstep),y(tstep,:),params2); 
    end 
    output = algvars(:,7); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEventCycle(i,1) = te; 
end 
  
tEventCycle = tEventCycle + CycleTimeConstant; 
DutyCycleSmoothBiochemical = tEventDetach ./ tEventCycle; 
  
clear t 
clear y 
clear te 
clear ze 



H\G"

clear ie 
clear yfinal 
clear TE 
clear tEventDetach 
clear tEventCycle 
  
% Smooth Time to Detachment, kinetic SLIP dissociation 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params3Detach = {F(i),k1(i),k25,k3s(i),k4s(i),Ttot,AMD}; 
    y0 = [0; 0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('Events',@eventsSmoothDetach_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncSmoothDetach,tspan,y0,options,... 
                 params3Detach); 
  
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
            = CrossbridgeRatesODEfuncSmoothDetach(t(tstep),y(tstep,:),... 
                                                  params3Detach); 
    end 
    output = algvars(:,5); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEventDetach(i,1) = te; 
end 
  
clear t 
clear y 
clear te 
clear ze 
clear ie 
clear yfinal 
clear TE 
  
% Smooth Cycle Time, kinetic SLIP dissociation 
for i = 1 : length(F) 
    clear algvars 
    clear output 
    params3 = {F(i),k1(i),k25,k3s(i),k4s(i),k6,k7,Ttot,AMD}; 
    y0 = [0; 0; 0; 0]; 
    tspan = [0 max_tspan]; 
    options = odeset('Events',@eventsSmooth_AMC); 
  
    [t,y,te,ze,ie]... 
        = ode15s(@CrossbridgeRatesODEfuncSmooth,tspan,y0,options,params3); 
  
    for tstep = 1 : length(t), 
        [~,algvars(tstep,:)]... 
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            = CrossbridgeRatesODEfuncSmooth(t(tstep),y(tstep,:),params3); 
    end 
    output = algvars(:,7); 
    yfinal(i,:) = y(end,:)'; 
    TE = isempty(te); 
    if TE == 1 
        te = 0; 
    end 
    tEventCycle(i,1) = te; 
end 
  
tEventCycle = tEventCycle + CycleTimeConstant; 
DutyCycleSmoothSLIPKinetic = tEventDetach ./ tEventCycle; 
  
figure 
plot(F,DutyCycleSmoothKinetic,'k-') 
xlabel('Force (pN)'); ylabel('Duty Cycle'); 
hold on 
plot(F,DutyCycleSmoothBiochemical,'r--') 
plot(F,DutyCycleSmoothSLIPKinetic,'b-.') 
function output = ADPDissociation(F,d,k0) 
%Load-dependent on-rate for ADP dissociation from actomyosin. 
  
% define parameters 
  
kBT = 4.2;   
% [pN * nm] Thermal energy 
  
%% Run caluclation of on-rate over  range of forces and distance parameters 
for i = 1 : length(F) 
    for j = 1 : length(d) 
        k1(i,j) = k0 * exp(-(F(i) * d(j))/kBT); 
    end 
end 
  
output = k1; 
end 
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function [dydt,algvars] = CrossbridgeRatesODEfunc(t,y,params) 
%ODEfunc defines the system of ODEs describing the model 
  
% Assign names for parameter values and state variables 
  
[F,k1,k2,k3,k4,k5,k6,k7,Ttot,AMDtot] = params{:}; 
  
AM = y(1); 
AMT = y(2); 
MD = y(3); 
M = y(4); 
MT = y(5); 
  
% Conservation equations 
T = Ttot;                 
% [M] Free ATP available does not change if infinite amount in system 
AMD = AMDtot-AM-AMT-MD-M-MT; 
  
  
% Reaction rates 
react1 = k1*AMD;                    
react2 = k2*AM*T;                                   
react3 = k3*AMD;           
react4 = k4*AM;   
react5 = k5*AMT; 
react6 = k6*MD; 
react7 = k7*M*T; 
  
% Differential equations; 
dAM = react1 - (react2 + react4);      
dAMT = react2 - react5; 
dMD = react3 - react6; 
dM = react4 + react6 - react7; 
dMT = react5 + react7; 
dydt = [dAM;dAMT;dMD;dM;dMT];          
  
algvars = [react1,react2,react3,react4,react5,react6,react7,AMD]; 
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function [dydt,algvars] = CrossbridgeRatesODEfuncDetach(t,y,params1,yend) 
% ODEfunc defines the system of ODEs describing the model 
  
% Assign names for parameter values and state variables 
[F,k1,k2,k3,k4,k5,Ttot,AMDtot] = params1{:}; 
  
AM = y(1); 
AMT = y(2); 
MD = y(3); 
M = y(4); 
MT = y(5); 
Detach = y(6); 
  
  
% Conservation equations 
  
T = Ttot;                 
% [M] Free ATP available does not change if infinite amount in system 
AMD = AMDtot-AM-AMT-MD-M-MT; 
  
  
% Reaction rates 
react1 = k1*AMD;                    
react2 = k2*AM*T;                                   
react3 = k3*AMD;           
react4 = k4*AM;   
react5 = k5*AMT; 
  
  
% Differential equations; 
dAM = react1 - (react2 + react4);      
dAMT = react2 - react5; 
dMD = react3; 
dM = react4; 
dMT = react5; 
dDetach = react3 + react4 + react5; 
dydt = [dAM;dAMT;dMD;dM;dMT;dDetach];          
% Reassemble differential equations 
  
algvars = [react1,react2,react3,react4,react5,AMD]; 
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function [dydt,algvars] = CrossbridgeRatesODEfuncSmooth(t,y,params) 
% ODEfunc defines the system of ODEs describing the model 
  
% Assign names for parameter values and state variables 
  
[F,k1,k25,k3,k4,k6,k7,Ttot,AMDtot] = params{:}; 
  
AM = y(1); 
MD = y(2); 
M = y(3); 
MT = y(4); 
  
  
% Conservation equations 
  
T = Ttot;                 
% [M] Free ATP available does not change if infinite amount in system 
AMD = AMDtot-AM-MD-M-MT; 
  
  
% Reaction rates 
react1 = k1*AMD;                    
react25 = k25*AM*T;                                 
react3 = k3*AMD;           
react4 = k4*AM;            
react6 = k6*MD; 
react7 = k7*M*T; 
  
% Differential equations; 
dAM = react1 - (react25 + react4);      
dMD = react3 - react6; 
dM = react4 + react6 - react7; 
dMT = react25 + react7; 
dydt = [dAM;dMD;dM;dMT];          
% Reassemble differential equations 
  
algvars = [react1,react25,react3,react4,react6,react7,AMD]; 
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function [dydt,algvars] = CrossbridgeRatesODEfuncSmoothDetach(t,y,params) 
% ODEfunc defines the system of ODEs describing the model 
  
% Assign names for parameter values and state variables 
[F,k1,k25,k3,k4,Ttot,AMDtot] = params{:}; 
  
AM = y(1); 
MD = y(2); 
M = y(3); 
MT = y(4); 
Detach = y(5); 
  
  
% Conservation equations 
  
T = Ttot;                 
% [M] Free ATP available does not change if infinite amount in system 
AMD = AMDtot-AM-MD-M-MT; 
  
  
% Reaction rates 
  
react1 = k1*AMD;                    
react25 = k25*AM*T;                                 
react3 = k3*AMD;           
react4 = k4*AM;            
  
  
  
% Differential equations; 
  
dAM = react1 - (react25 + react4); 
dMD = react3; 
dM = react4; 
dMT = react25; 
dDetach = react3 + react4 + react25; 
dydt = [dAM;dMD;dM;dMT;dDetach];          
  
algvars = [react1,react25,react3,react4,AMD]; 
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"
function [value,isterminal,direction] = events_AMC(t,y,params) 
  
value = y(5)- 0.5 * 0.00418; 
isterminal = 0; 
direction = 0; 
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function [value,isterminal,direction] = eventsDetach_AMC(t,y,params) 
  
value = y(6) - (0.00418 * 0.5); 
isterminal = 0; 
direction = 0; 
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"
function [value,isterminal,direction] = eventsSmooth_AMC(t,y,params) 
  
value = y(4)- 0.5 * 0.000352; 
isterminal = 0; 
direction = 0; 
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"
function [value,isterminal,direction] = eventsSmoothDetach_AMC(t,y,params) 
  
value = y(5)- (0.5 * 0.000352); 
isterminal = 0; 
direction = 0; 
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"
function output = KineticActinDissociation(F) 
%Load-dependent on-rate for actin dissociation from nucleotide-bound 
%myosin. 
  
% define parameters 
  
kc = 312.5172;    
% [s^-1] parameter from catch bond data fit 
l = -7.1573;     
% [nm] parameter from catch bond data fit 
ks = 7.1393;    
% [s^-1] parameter from catch bond data fit 
m = 0.2331;     
% [nm] parameter from catch bond data fit 
kBT = 4.2;   
% [pN * nm] Thermal energy 
  
%% Run caluclation of on-rate over a range of forces 
k = (kc * exp((F * l)/kBT)) + (ks * exp((F * m)/kBT)); 
output = k; 
end 
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"
function output = KineticActinDissociationSlip(F) 
% Load-dependent on-rate for actin dissociation from nucleotide-bound 
% myosin with slip pathway only 
  
% define parameters 
  
ks = 4.1487;    
% [s^-1] parameter from cleaved loop 2 data fit 
m = 0.2795;     
% [nm] parameter from cleaved loop 2 data fit 
kBT = 4.2;   
% [pN * nm] Thermal energy 
  
%% Run caluclation of on-rate over a range of forces 
k = (ks * exp((F * m)/kBT)); 
output = k; 
end 
"
"


