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,Ogfkecn"Dkqrj{ukeu"Egpvgt.",,Wpkxgtukfcfg"fq"Guvcfq"fq"Coc|qpcu0"
ecdcnBedo0wq0gfw0ew="hcz<"75"44"8:8436"
"
Eqttgurqpfkpi"cwvjqt<"""
Ft0"Ectnqu"Ecdcn/Oktcdcn."Rtqhguuqt."Ogfkecn"Dkqrj{ukeu"Egpvgt0"Wpkxgtukv{"qh"Qtkgpvg.""
Nwowodc"U1P"Ucpvkciq"fg"Ewdc";2722."Ewdc0"
Vgngrjqpgu<"*75+"*44+"854767."*75+"*44+"8549:90"
Hcz<"*75+"*44+"8:84360"""
G/ockn<"ecdcnBedo0wq0gfw0ew"
"
CDUVTCEV<"
Vjg"oqngewnct"ciitgicvg"hqtocvkqp"ogejcpkuou"rnc{"c"oclqt"tqng"kp"vjg"kpvgtrtgvcvkqp"qh"vjg"
rcvjqrj{ukqnqi{"qh"Ukemng"Egnn"fkugcug"cpf"kp"vjg"ugngevkqp"qh"vjg"vjgtcrgwvke"uvtcvgikgu"vq"
hqnnqy0"C"ogejcpkuo"cpf"c"ocvjgocvkecn"oqfgn"ctg"rtqrqugf0"Vjg"oqfgn"rquvwncvgu"vjg"
gzkuvgpeg"qh"fghgevkxg"oketqvwdwngu"hqtogf"d{"fgqz{"Jgoqinqdkp"U"cpf"qz{"Jgoqinqdkp"U."
cpf"gzrnckpu"vjg"fgrgpfgpeg"qh"rqn{ogtk|cvkqp"qp"Jgoqinqdkp"eqpegpvtcvkqp."vgorgtcvwtg."
cpf"rctvkcn"qz{igp"rtguuwtg0"Vjg"cpcn{uku"hqewugu"qp"vjg"Rqn{ogtk|cvkqp"qh"Jgoqinqdkp"U"kp"
vjg"cdugpeg"qh"et{uvcnnk|cvkqp0"Vjg"cevkqp"qh"qvjgt"mkpfu"qh"Jgoqinqdkp"kp"vjg"oqngewnct"
ciitgicvg"hqtocvkqp"rtqeguu"ecp"dg"gzrnckpgf0"
Mg{yqtfu<"Rqn{ogtk|cvkqp."Jgoqinqdkp"U."Ukemng"Egnn."Oqfgnkpi"
"
"
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"
"
K0"KPVTQFWEVKQP<"
Ukemng/egnn"cpgokc"tgockpu"c"jgcnvj"rtqdngo"yqtnfykfg"]3_0"Vjku"igpgvke"fkugcug"ku"fwg"vq"

Eqr{tkijv"B"4229"Cuqekcekôp"Ctigpvkpc"fg"Ogeâpkec"Eqorwvcekqpcn"
jvvr<11yyy0coecqpnkpg0qti0ct
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"

cp" cnvgtcvkqp" kp" vjg" jgoqinqdkp" cokpq/cekfu" ejckp." yjkej" ngcfu" " vq" vjg" rqn{ogtk|cvkqp" qh"
Jgoqinqdkp"U"*JdU+"wpfgt" nqy"qz{igpcvkqp"eqpfkvkqpu." vjg"fghqtocvkqp"qh" tgf"dnqqf"egnnu."
ejcpigu"kp"ogodtcpg"rgtogcdknkv{"cpf"gncuvkekv{."oqfkhkecvkqpu"kp"dnqqf"tjgqnqi{"cpf"ugxgtcn"
qvjgt"rj{ukqnqikecn"rtqeguugu="vjwu""rtqfwekpi"vjg"xcug/qeenwukxg"etkugu"vjcv"ecwug""cp"kpvgpug."
rtqitguukxg"fgvgtkqtcvkqp"qh"vjg"rcvkgpvu."tguwnvkpi"kp"vjgkt"fgcvj."igpgtcnn{"cv"gctn{"cigu"]3_0"
"
Ugxgtcn"hcevqtu"fgvgtokpg"vjg"rqn{ogtk|cvkqp"qh"fgqz{igpcvgf"JdU0"Uqog"qh"vjgo"ctg<"vjg"

JdU"qz{igpcvkqp"fgitgg"]4/6_."JdU"eqpegpvtcvkqp"[JdU] ]4."7."8_." vgorgtcvwtg"]9.:_."vjg"rJ"
qh" vjg" uqnwvkqp" ]4.8_." cpf" vjg" rtgugpeg" qh" qvjgt" Jgoqinqdkpu" ]7.;/34_0" Vjg" ockp" hcevqt"
fgvgtokpkpi"JdU"rqn{ogtk|cvkqp"ku"rctvkcn"qz{igp"rtguuwtg"r."dgecwug"vjg"qz{igpcvgf"JdU"/"
fgqz{igpcvgf"JdU"tcvkq"*qz{JdU1fgqz{JdU+"fgrgpfu"qp"kv0"Kpetgcukpi"vgorgtcvwtg"hcxqtu"vjg"
hqtocvkqp" qh" fgqz{JdU" ciitgicvgu=" uq" fqgu" cp" kpetgcug" kp" [JdU]0" Jqygxgt." hqt" vjku"
rjgpqogpqp"vq"qeewt."c"fgqz{JdU"eqpegpvtcvkqp"[fgqz{JdU]"itgcvgt"vjcp"c"okpkowo"xcnwg"
*�+"ku"pgeguuct{"]4."5_0""
"
"""""Cp"kpvgtguvkpi"gzrgtkogpvcn"hcev"ku"vjcv."gxgp"cv"c"nqy"r."c"htcevkqp"qh"fgqz{JdU"ku"pqv"kp"
oqngewnct" ciitgicvg" uvcvg" cpf" fgetgcugu" ykvj" vjg" kpetgcug" qh" r" ]4." 5_0" Vjg" oqngewnct"
ciitgicvgu"hqtocvkqp"qh"JdU"ku"c"tgxgtukdng"rjgpqogpqp."ukpeg"fgqz{JdU"ciitgicvgu"fkuuqnxg"
wpfgt"qz{igpcvkqp"qt"ykvj"c"vgorgtcvwtg"fgetgcug"]3/5."7_0"
"
"""""Vjg"kpjkdkvkpi"ghhgev"qh"okzkpi"JdU"ykvj"qvjgt"v{rgu"qh"Jgoqinqdkp"*JdC."JdH."JdC4+"qp"
rqn{ogtk|cvkqp" ku" ygnn" mpqyp" ]4." 8." ;/34_0" Vjg" kpetgcug" qh" JdC" cpf" JdH" kp" vjg" vqvcn"
jgoqinqdkp"qh"ukemng/egnn"cpgokc"rcvkgpvu"jcu"cnuq"dggp"cuuqekcvgf"ykvj"c"fgetgcug"qh"enkpkecn"
ugxgtkv{"]3."4."34."36_0""
"
"""""JdU"rqn{ogtu"jcxg"dggp"uvwfkgf"wukpi"fkhhgtgpv"vgejpkswgu."uwej"cu"Z"/tc{"fkhhtcevkqp"]4."
37/39_" cpf" Gngevtqpke" Oketqueqr{" *GO+" ]4." 3:/44_0" Vjg" uvtwevwtg" qh" JdU" oqngewnct"
ciitgicvgu" jcu" dggp" fgvgtokpgf" d{" GO" ]4." 42." 43_." ujqykpi" vjg" uvtwevwtg" qh" hkdgtu"
*oketqvwdwngu." µT+" hqtogf" d{" 36/38" jgoqinqdkp" oqngewngu0" Vjg" fqokpkqpu" hqtocvkqp" jcu"
cnuq" dggp" qdugtxgf" kpukfg" gt{vjtqe{vgu" kp" cfxcpegf" igncvkqp" uvcvg0" Vjg" mkpgvkeu" qh" vjg"
oketqvwdwngu"cpf"fqokpkqpu"hqtocvkqp"jcu"pqv"dggp"gzrnckpgf"kp"fgvckn"]4."3;/46_0""
"
"""""Vjg"oqngewnct"ogejcpkuou"qh"rqn{ogtk|cvkqp" cpf"fgrqn{ogtk|cvkqp"rnc{"c"oclqt" tqng" kp"
vjg" kpvgtrtgvcvkqp" qh" vjg" rcvjqrj{ukqnqi{" qh" vjg" fkugcug" cpf" kp" vjg" ugngevkqp" qh" vjgtcrgwvke"
uvtcvgikgu"vq"hqnnqy"]3/5."45_0"Fkhhgtgpv"ogejcpkuou"cpf"oqfgnu"jcxg"dggp"rtqrqugf"]4."5."44/
52_."yjkej"cnnqy"vjg"kpvgtrtgvcvkqp"qh"pwogtqwu"rjgpqogpc0""
"
"""""Kp" vjku" rcrgt." c" rqn{ogtk|cvkqp" ogejcpkuo" cpf" oqfgn" ctg" rtgugpvgf" cuuwokpi" vjcv"
fghgevkxg" uvtwevwtcn" wpkvu" ctg" hqtogf0" Vjg" uvtwevwtcn" fcvc" tgncvgf" vq" vjg" fkhhgtgpv" pwodgt" qh"
uvtcpfu" hqtokpi" vjg"JdU"hkdgtu"ecp"dg"gzrnckpgf0"Vjg"oqfgn"cnuq"fguetkdgu" vjg" kphnwgpeg"qh"
[JdU] cpf r"qp"vjg"rqn{ogtk|cvkqp"rtqeguu"cpf"vjg"tqng"qh"qvjgt"Jgoqinqdkpu."kpenwfkpi"JdU"
kvugnh."yjgpgxgt"kvu"vjtgg/fkogpukqpcn"uvtwevwtg"qt"eqpvcev"rqkpvu"ctg"oqfkhkgf0"
"
KK0"OGVJQF0"
"""""Ngv"wu" cuuwog" vjcv"JdU"ecp"crrgct" kp" tgf"dnqqf"egnnu" kp" vjg" hqnnqykpi" uvcvgu" *Hkiwtg"3+<""""""""""""""""""""""""
/"JdU"Qz{igpcvgf"kp"c+"Oqpqogtu"M="d+"Fghgevkxg"oketqvwdwng"uvtwevwtcn"wpkvu"µTu∆"
/" JdU" Fgqz{igpcvgf" kp" c+" Oqpqogtu" M." d+" Oketqvwdwng" uvtwevwtcn" wpkvu" µTu." e+"
Oketqvwdwngu"µT."f+"Fqockpu"D0""""
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"

"""""Eqpukfgtkpi" vjg" j{rqvjguku" vjcv" µTu" *hqtogf" yjqnn{" d{" fgqz{JdU" oqngewngu+." eqgzkuv"
ykvj"µTu∆ *hqtogf"d{"dqvj"fgqz{"cpf"qz{JdU+"wpcdng"vq"hqto"pgy"vwdwngu."yg"rtqrqug"vjg"
hqnnqykpi"ogejcpkuo<"""""""""""""
*K+0"""1(deoxyHbS)M + 4 O2"" " " " 1 (oxyHbS)M  (in any state)"

*KK+0"""K(oxyHbS)M + nγ (deoxyHbS)M + n (deoxyHbS)M                      1 µTu + K µTu∆ . 

*"*KKK+0"c+" µTu   """""""""""""µT"" """""""""""""""n (deoxyHbS)M0""""""""""""""""""""""""""""""""""""""""

        d+ K µTu∆ .""""""""""""""""K (oxyHbS)M + nγ (deoxyHbS)M."

*"*KX+0"c+"Yjgp"vjg"[fgqz{JdU]"kp"µT"ku"itgcvgt"vjcp"qt"gswcn"vq"β3"cpf"vjg"[fgqz{JdU]"kp"D"

ku"uocnngt"vjcp"β4<"""µT"""""""""""""""""""""""""""""""""""""D"

d+"Yjgp"vjg"[fgqz{JdU]"kp""D"ku"itgcvgt"vjcp"β4<""µT + (deoxyHbS)M                                   D  "" """""""""""""""""""""""""""""""""

Yjgp"vjg"[fgqz{JdU]"kp"µT"ku"uocnngt"vjcp"β3"cpf"vjg"[fgqz{JdU]"kp"D"ku"uocnngt"vjcp"β4."vjg"

et{uvcnnk|cvkqp"rtqeguu"ku"pqv"hcxqtcdng<""D""""""""""""""""""""""""""""µT + (deoxyHbS)M  """""""""""""""""""""""""""""

"
"
"""""Rtqeguugu" *KK+" /" *KKKc+" eqpuvkvwvg" vjg" rqn{ogtk|cvkqp" ogejcpkuo." yjkej" kpenwfgu" vjg"
hqtocvkqp"qh"µTu∆0"""pα""?"p"-"pγ"?"p*3-γ+""Yjgtg"α<"okpkowo"[fgqz{JdU]"pgeguuct{"hqt"
rqn{ogtk|cvkqp" vq" qeewt="p<" pwodgt" qh"JdU"oqngewngu" vjcv" hqto" vjg"µTu0" "Cu"�"ecp" tcpig"
htqo"3"vq"crrtqzkocvgn{"4."kv"ku"igpgtcnn{"vcmgp"cu"uwej"kp"vjg"oqfgn."k0g0"α?4-δ."yjgtg"1δ1>30""
Vjku" cnnqyu" wu" vq" gzrnckp" vjg" gzrgtkogpvcn" fcvc" tgncvgf" vq" fkhhgtgpv" pwodgtu" qh" oqngewngu"
hqtokpi"vjg"µT0"""
"
"""""Vjg" et{uvcnnk|cvkqp"ogejcpkuo" ku" fguetkdgf" d{" *KX+0" Kv" jcu" dggp" uwrrqugf" vjcv" vjg"JdU"
ejcpig"htqo"µT"uvcvg"vq"D."qpn{"qeewtu"yjgp"vjg"[fgqz{JdU]"kp"µT"uwtrcuugu"c"vjtgujqnf"β30"
Qpeg" uocnn" fgqz{JdU" fqokpkqpu" gzkuv." vjg{" ecp" itqy" gkvjgt" d{" cffkvkqp" qh" kuqncvgf"
fgqz{JdU" oqpqogtu" qt" d{" cffkvkqp" qh" µTu0" Vjg" D" ujcnn" dg" fkukpvgitcvgf" yjgp" vjg"
[fgqz{JdU]" kp"µT" ku" uocnngt" vjcp"β3" cpf" vjg" [fgqz{JdU]" kp"fqokpkqpu"fgetgcugu"dgnqy" kvu"
vjtgujqnf" xcnwg" β40" Tgcevkqpu" K" /" KX" ctg" kp" citggogpv" ykvj" vjg" fqwdng" pwengcvkqp" oqfgn"
fguetkdgf"*Jqoqigpgqwu"cpf"Jgvgtqigpgqwu"rtqeguugu+"]4_0""

"
KKK0"TGUWNVU"CPF"FKUEWUUKQP0"
"""""Vjg"hqnnqykpi"ocvjgocvkecn"oqfgn"ku"rtqrqugf<"Cuuwokpi"vjg"swkem"rtqeguugu"*K+"cpf"*KKK+"
cu"kpuvcpvcpgqwu"eqorctgf"vq"vjg"tguv."vjgp"vjg"ocuu"eqpugtxcvkqp"ncy"ku"uvcvgf"d{<""
" ""

Pryv|pv{pvz =+⋅+⋅+ +*+*+*+* """"*3+"
"""""Yjgtg"z*v+<"[fgqz{JdU]"kp"oqpqogt"uvcvg"qt"cu"rctv"qh"µTu∆=" +*v{p ⋅ <"[fgqz{JdU]"kp"µT"="

+*v|p ⋅ <" [fgqz{JdU]" kp"D=" +* ry <" [qz{JdU]" fgrgpfkpi"qp" vjg"r" kpukfg" vjg" gt{vjtqe{vgu="P<"
vqvcn"[JdU]0"Kp"vwtp."vjg"gswcvkqp"u{uvgo"fguetkdkpi"vjg"mkpgvke"rtqeguu"ku<"

xgt{"unqy

  hcuv""

 hcuv""

xgt{"unqy"

xgt{"unqy"

"""""unqy

hcuv"

""""""unqy"

"xgt{"unqy

 hcuv""

xgt{"unqy"
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
 −= """""""""""""""*6+"

"
"""""Yjgtg<" ck" *k?3”4p+." d." e." f." g" cpf" h." ctg" vjg" tgcevkqp" eqghhkekgpvu0" ck<"
rqn{ogtk|cvkqp." d<" fgrqn{ogtk|cvkqp." e<" et{uvcnnk|cvkqp" d{" vjg" cffkvkqp" qh" fgqz{JdU"
oqpqogtu."f<"fget{uvcnnk|cvkqp""d{""ugrctcvkqp"qh"oqpqogtu."g""et{uvcnnk|cvkqp"d{""cffkvkqp"qh"

µT="h<"fget{uvcnnk|cvkqp""d{"ugrctcvkqp"qh"µT0"" ( ) ∑
=

⋅=
p

k

k
k zczR

4

3

""ku"c"Rqn{ogtk|cvkqp"hwpevkqp0""""""""""

"""""Kp"vjku"rcrgt"vjg"hwpfcogpvcn"rtqrgtvkgu"qh"vjg"uqnwvkqp"qh"vjg"*4+"/"*6+"gswcvkqp"u{uvgo"ctg"
fkuewuugf" cpf" c" rjgpqogpqnqikecn" kpvgtrtgvcvkqp" qh" vjgug" rtqrgtvkgu" ku" ikxgp0" Vjg" *3+" /" *6+"
pqp/nkpgcn"qtfkpct{"fkhhgtgpvkcn"gswcvkqp"u{uvgo"jcu"pqv"dggp"uqnxgf"dgecwug"qh"kvu"eqorngzkv{0"
Jqygxgt." ugxgtcn" urgekhke"ecugu"ctg" kpvgtguvkpi"cpf"ukorng"gpqwij" vq"uvwf{" vjgo"ugrctcvgn{0"
Vjg"cpcn{uku"hqewugu"qp"vjg"Rqn{ogtk|cvkqp"qh"JdU"kp"vjg"cdugpeg"qh"et{uvcnnk|cvkqp0"
Kh"cv"c"ikxgp"oqogpv"vjgtg"ctg"pq"fqokpkqpu"cpf"cv"gxgt{"uwdugswgpv"oqogpv"[JdU] >"β3" kp"
µT."vjgp"et{uvcnnk|cvkqp"yknn"pgxgt"qeewt"cpf" 2+* =v| 0"Vjgtgd{"

( ) ( ) ( ) Pryv{pvz =+⋅+ """"*7+"

( ) {dpzRp
fv

fz ⋅⋅+⋅−= """""""*8+"

( )zR{d
fv

f{ +⋅−= """""""""""""""*9+"

"""""Vjg"uqnwvkqp"qh"vjg"*8+."*9+"u{uvgo"ku"gzrtguugf"cu"hqnnqyu<"""
( ) ( ) 0eqpuvSv{pvz ==⋅+ """""*:+"

k0g0"c"ugv"qh" uvtckijv" nkpgu"ykvj" "/31p" unqrg0" Kh"yg"uwduvkvwvg" *:+" kp" *7+."yg"igv"y*r+ = P"⁄"S."""
yjkej"kpfkecvgu"vjcv"[qz{JdU]"ku"eqpuvcpv"kp"vjku"urgekhke"ecug0"Vjku"u{uvgo"jcu"cp"kpfghkpkvg"
pwodgt"qh"gswknkdtkwo"rqukvkqpu."yjkej"ecp"dg"uggp"kp"vjg"hqnnqykpi"gswcvkqp<""""

( )[ ]
d

vzR
{ = """""""""*;+"

"""""Kh" vjg" kpkvkcn" eqpfkvkqp" z*v 2 +?z 2 ." {*v 2 +?{ 2 " ku" ogv." chvgt" c" eqpukfgtcdn{" nqpi" vkog." vjg"

uqnwvkqp"qh"vjg"*8+"/"*9+"u{uvgo"crrtqcejgu"ewtxg"*;+."oqxkpi"cetquu"c"ugv"qh"uvtckijv"nkpgu"ykvj"
/31p" unqrg" *Ugg" hki0"4C+0" "Vjku"iwctcpvggu" vjg"uvcdknkv{"qh" vjg"gswknkdtkwo"rqukvkqpu0" Kp"qvjgt"
yqtfu." kh" vjgtg" ku" pq" et{uvcnnk|cvkqp." vjg" [fgqz{JdU] kp"oqpqogt" uvcvg" hqtokpi" rctv" qh"µT"
vgpfu" vq" hkzgf" xcnwgu."yjgvjgt" vjgug" kpkvkcn" eqpfkvkqpu" ctg" cdqxg" qt" dgnqy" vjg" ewtxg" *;+0"C"
uocnn"kpetgcug"kp"vqvcn"[JdU]"qt"c"uocnn"fgetgcug"qh"r"rtqfwegu"cp"kpetgcug"qh"vjg"[fgqz{JdU]"

kp"µT ]4_0"Kh"vjg"vgorgtcvwtg"tkugu"]4.5_."vjg" d
cp "tcvkq"kp"*;+"ujqwnf"itqy."cpf"uq"yknn"{*τ+0"""""

"""""Vjg"uvcdng"uqnwvkqp"qh"vjg"*7+/*9+"u{uvgo"ecp"gzrnckp"cpqvjgt"gzrgtkogpvcn"hcev0"Vjg"{*τ+"1"
z*τ+" tcvkq"fgetgcugu"ykvj" vjg" kpetgcug"qh"r."pqv"qpn{"dgecwug"{*τ+" hcnnu"dwv"cnuq"dgecwug"z*τ+"
itqyu"ukownvcpgqwun{"]7_0"Vjku"ku"knnwuvtcvgf"kp"hkiwtg"40"
"
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"

"""""Vjg"rctcogvgt"α"ycu" kpvtqfwegf" kp" vjg"oqfgn"qh" vjg"JdU"oqngewnct"ciitgicvg"hqtocvkqp"
rtqeguu0"Kv"ujqwnf"dg"kpvgtrtgvgf"cu"hqnnqyu<"Yjgp"r?2"cpf"cnn"vjg"JdU"ku"fgqz{igpcvgf."γ ?2."
vjgp"qz{JdU"oqngewngu"cdng"vq"rctvkekrcvg"kp"vjg"hqtocvkqp"qh"µTu∆"fq"pqv"gzkuv0"Vjgtghqtg."
qpn{"p"oqngewngu" qh" fgqz{JdU" ctg" pgeguuct{" vq" hqto" eqttgev" uvtwevwtcn" wpkvu0"Qp" vjg" qvjgt"
jcpf." yjgp" r≠2." vjgp" γ ≠2." k0g0." yjgp" c" eqttgev" uvtwevwtcn" wpkv" ku" hqtogf" *d{" p" fgqz{JdU"
oqngewngu+."M‚"fghgevkxg"wpkvu"ujqwnf"dg"hqtogf"*d{"c"vqvcn"qh"pγ "fgqz{JdU"oqngewngu+0"Ykvj"
vjg" kpetgcug" qh" r." vjg" rtqdcdknkv{" qh" kpvgtcevkqp" dgvyggp" qz{" cpf" fgqz{" oqngewngu" cnuq"
kpetgcugu0"Vjgp." cv" ngcuv" qpg"qh" vjg"qz{JdU"oqngewngu"yknn" dg"rctv" qh" c µTu∆." kpuvgcf"qh" c"
eqttgev" qpg0" Kp" qvjgt"yqtfu." γ" *r?2+?2" cpf"α�*r?2+?3"cpf" dqvj" " kpetgcug"yjgp"r"itqyu0"
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