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/;3:/99=25(H2?1<(2HH?:(0=7(\=5/6=H(H256:21(2>(6G/(6:759H:=36=25(HAH1/K(=5(IG=HG(%C9(=5>1?/5H/(<=>>/:/56(912I(
96/39E(%G/(:76/9(2>(96/39(=5(7(GA326G/6=H71(6:759H:=36=25(HAH1/(B1/>6F(7:/(</3=H6/<(25(6G/(:76/(<=78:74(
B:=8G6FE(%C9(H2?1<(7H6=076/(2:(:/3:/99(6G/(974/(2:(<=>>/:/56(96/39(=5(6G/(HAH1/Q(G/:/(%C(T(7H69(25(:76/( K(

IG=1/( (7H69(25(7(176/:(96/3(=5(6G/(HAH1/E(BJD(%G/(70/:78/(:76/(2>(6:759H:=36=25(H75(@/(H71H?176/<(>:24(
HAH1/9(I=6G(75A(5?4@/:(75<(H255/H6=0=6A(2>(3:2426/:(9676/9(B9//(c/6G2<9(75<(C=8?:/([SEDFE((B! D(a/(>2H?9(
25(7(HAH1/(H243:=9/<(2>(=::/0/:9=@1/(962HG796=H(6:759=6=259(@/6I//5(3:2426/:(9676/9E(%G/(70/: 78/ (:76/(2>(
6:759H:=36=25K( K(=9(6G/(=50/:9/(2>(6G/(62671(6=4/(67\/5(62(H2431/6/(6G/(HAH1/K(K(IG/:/( (:/3:/9/569(

6G/(6=4/(67\/5(62(H2431/6/(6:759=6=25(+E(%G/(6G://(3:2426/:( 9676/9(:/3:/9/56(329=6=259(=5(6G/(9/M?/5H/(2>(
/0/569(5/H/997:A(62(3:2<?H/(75(4'+#E (%G/9/(H2?1<K(>2:(=59675H/K(:/3: /9/56(HG:2476=5(:/42</1=58K(
3:/ =5=6=76=25(H2431/;(>2:476=25(75<('+#$ (/9H73/(>:24(37?9=58E()5(6G=9(/;7431/K(4'+#(=9(8/5/:76/<(79(
6G/(3:2426/:(47\/9(6G/(>=571(6:759=6=25(>:24(9676/(e(62(9676/(DK(>:24(IG=HG(6G/(HAH1/(@/8=59(787=5E(BK D(
' 76/(<=78:74(>2:(6G=9(6G://Y96/3(HAH1/K(799?4=58( (7E?EK( (75<( E(%G/(4/75(:76/(2>(

6:759H:=36=25(=9(=5<=H76/<(=5(8://5( E((
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"2I/0/:K(6G/(799?436=25(6G76(6:759H:=36=25(=9( :/8?176/<(@A(7(9=581/(912I(96/3(47A(526(@/(

8/5/:711A( 733:23:=76/( BC=8?:/( SEDJK!FE( %G=9( =9( 37:6=H?17:1A( 6G/( H79/(=5( /?\7:A26/9K( IG/:/( 6G/(

6:759H:=36=25(HAH1/(=9(H243:=9/<(2>(5?4/:2?9(<=96=5H6(96/39(BC=8?:/(SED!FK(475A(2>(IG=HG(H75(@/(:76/Y

1=4=6=58(BC?<7(/6(71E(STTOQ(d://5(STTZQ("7G5(STTXQ(+/HG7/0(m(#</1475(STDDQ(!G2?@/A(/6(71E(STDZFE(

%G/9/(96/39(=5H1?</(6G/(H1/7:=58(2>(5?H1/2924/9(7:2?5<(6G/(3:2426/:K(799/4@1A(2>(6G/(3:/=5=6=76=25(

H2431/; K(75<(:/1/79/(2>(37?9/<('+#$E( #571A9=9(2>(6:759H:=36=2571(<A574=H9(=5(A/796(75<(474471=75(

H/119(=5<=H76/(6G76(6G/:/(7:/(4?16=31/(912I(@=2HG/4=H71(:/7H6=259(:/M?=:/<(62(6?:5(7(8/5/(25(Bp211/:(/6(

71E(STDZQ(!G2?@/A(/6(71E(STDZQ([?6/:(/6(71E(STDDQ("7:3/:(/6(71E(STDDFE(#6(6G/(3:2426/:9(96?<=/<K(6G/(:76/9(

2>(6G/9/(96/39(733/7:(62(>711(I=6G=5(6G/(974/(2:</:(2>(4785=6?</E((

)>(6I2(2:(42:/(96/39(G70/(9=4=17:(:76/9(6G76(7:/(912I(H2437:/<(62(26G/:9(=5(6G/(6:759H:=36=25(

HAH1/K(6G/5(H24@=5762:=71(H256:21(H2?1<(2HH?:(6G:2?8G(%C9(I2:\=58(25(<=>>/:/56(96/39(BC=8?:/(SED-FK(

79(3:2329/<(20/:(ST(A/7:9(782(@A("/:9HG178(m(o2G5925(BDOOeFE()5<//<K(%C9(7:/( \52I5(62(I2:\(25(

<=96=5H6( 96/39( =5( 6:759H:=36=25K( 7H6=58( 62( :/H:?=6( HG:2476=5( :/42</1/:9K( =56/:7H6( I=6G( 6G/( @7971(

6:759H:=36=2571(47HG=5/:AK(96=4?176/(:/1/79/(2>(37?9/<(321A4/:79/(75<(42<=>A(6G/(:76/(2>(/125876=25(

BJ17?(/6(71E(DOOUQ(d20=5<(/6(71E(STTZQ(-75\2(/6(71E(STDeQ(-?7:6/(/6(71E(STDUQ(J/561/A(m(d:2?<=5/K(DOPUQ(

l75\?120(/6(71E(DOOXQ([679/0=HG(/6(71E(STDXQ(J:2I5(/6(71E(DOOPQ(C?<7(/6(71E(STTOFE(((

# (94711(5?4@/:(2>(/;3/:=4/5671(96?<=/9(7:/ (H259=96/56(I=6G(\=5/6=H(H256:21(2>(6G/(6:759H:=36=25(

HAH1/(BJ17?(/6(71E(DOOUQ(d25]71/]Y!2?62(/6(71E(DOOhQ(W/?58(/6(71E(STDXQ(J17=:(/6(71E(DOOUK(-?7:6/( /6(71E(

STDUFE(C2:(=59675H/K(J/561/A(75<(H211/78?/9(2@9/:0/<(G=8G/:(/;3:/99=25(<:=0/5(@A(37=:9(2>(7H6=0762:9(

6G76(I2:\/<(25(<=>>/:/56(96/39K(79(23329/<(62(37=:9(6G76(I2:\(25(6G/(974/(96/3(BJ17?(/6(71E(DOOUFE()5(

9A56G/6=H(/5G75H/:9K(H1?96/:9(2>(9=6/9(>2:(<=>>/:/56(%C9(<:=0/(G=8G/:(1/0/19(2>(/;3:/99=25(6G75(H1?96/:9(

2>(9=6/9(>2:(7(9=581/(%C(B[4=6G(/6(71E(STDeFE(C=5711AK(%C9(I=6G(<=>>/:/56(>?5H6=259(H75(I2:\(628/6G/:(62(

:/8?176/(6G/(974/(8/5/E(C2:(=59675H/K(=5(3'.(.-#+0$ (6G/(G/76(9G2H\(:/93259/(=9(H22:<=576/<(@A(d#d#(
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7992H=76/<(>7H62:(Bd#CF(75<(G/76(9G2H\(>7H62:(B"[CFE(d#C(I2:\9(76(7(96/3(3:=2:(62(3:2426/:Y3:2;=471(

'+#$( 37?9=58( B1=\/1A( @A( 23/5=58( HG:2476=5FK( 75<( =6( =9( \/A( 62( /967@1=9G=58( 37?9/<( '+#$( 76( 6G/(

3:2426/:9( 2>( G/76( 9G2H\( :/93259=0/( 8/5/9E( c/75IG=1/K( "[C( =9( /99/56=71( >2:( :/1/79=58( '+#$( >:24(

37?9=58(76(475A(G=8G1AY7H6=076/<(8/5/9K(@?6(=6(=9(526(:/M?=:/<(76(/7:1=/:(96/39(=5(6:759H:=36=25(B-?7:6/(

/6(71E(STDUFE(%G/(/0=</5H/(2?61=5/<(7@20/(9?88/969(6G76(6:759H:=36=25(>:24(7(8=0/5(3:2426/:( 47A(@/(

:/8?176/<(76(4?16=31/(32=569(=5(6G/(HAH1/E("2I/0/:K( \=5/6=H(H256:21(G79(526(A/6(@//5(=5H2:32:76/<(=562(

M?756=676=0/(42</19(2>(6:759H:=36=2571(:/8?176=25E((

"/:/( I/( 3:/9/56( 7( M?756=676=0/( >:74/I2:\( 62( /;312:/( \=5/6=H( H256:21(`` (6G/(H24@=5762:=71(

H256:21(2>(8/5/(/;3:/99=25(6G:2?8G(:/8?176=25(2>(<=>>/:/56(96/39(=5(6G/(6:759H:=36=25(HAH1/E(a/(</0/123(

7( 9=431/( 42</1( 75<(?9/( =6( 62( 9G2I( 6G76( 6G/( 974/( I=</( :758/( 2>( 128=H71( 75<( 757128( H243?676=259(

3:/0=2?91A(79H:=@/<(62(6G/( :/H:?=64/56(42</1(H75(7192(@/(=431/4/56/<( I=6G2?6( :/M?=:=58(3GA9=H71(

=56/:7H6=259( @/6I//5( %C9E( ,?:( :/9?169( /43G79=]/( 6G/( =432:675H/( 2>( %C( >?5H6=25( @/A25<( 9=431/(

^7H6=076=25_(75<(^:/3:/99=25_K(79(I/11(79(6G/(:21/(2>(6G/(H2:/(3:2426/:(=5(=56/:3:/6=58(6G/(/>>/H69(6G76(

%C9(H75(G70/(25(6:759H:=36=25E(a/(G=8G1=8G6(6G/(5//<(>2:(5/I(6A3/9(2>(/;3/:=4/56 9(62(<=9H/:5(IG/5 (

\=5/6=H(H256:21(47A(@/(?9/<(@A(H/119(62(3:2H/99(=5>2:476=25E((

'&[.R%[ (

3)(.1()0'/4 *0&-*")0-*#5*0")/$."'%0'#/* 5"#6*)*.7.(- *

C2:(H2431/;(6:759H:=36=25(HAH1/9(H2567=5=58(:/0/:9=@1/(6:759=6=259(@/6I//5(3:2426/:(96/39(2:(

=56/:571(12239(BC=8?:/(SED&K(12I/:(375/19FK(I/(H75(H71H?176/(6G/(4/75(6:759H:=36=25(:76/(?9=58(7(476:=;(

>2:471=94(7\=5(62(6G76(=56:2<?H/<(=5(3:/0=2?9(I2:\(BC=8?:/( [SED(75<(c/6G2<9Q([75HG/](m(W25</0(

STTPQ([75HG/](/6(71E(STDDQ([75HG/](/6(71E(STDeF(=593=:/<(@A(/7:1=/:(4796/:(/M?76=25Y@79/<(42</19(2>(7(

6I2 Y9676/( 3:2426/:( B$/HH2?<( m( lH7:6( DOOZQ( W/31/:( m( &19625( STTDFE()5( 7<<=6=25K( >2:( HAH1/9( I=6G2?6(
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=56/:571( 12239K( 6G/( 6:759H:=36=25( :76/( H75( @/( H71H?176/<( ?9=58( 7(9G2:6G75<( H129/<Y>2:4( /;3:/99=25(

BC=8?:/([SED(75<(c/6G2<9FE(aG/5(7(6:759H:=36=25(HAH1/(=9(H243:=9/<(2>(=::/0/:9=@1/(6:759=6=259(@/6I//5(

3:2426/:(9676/9(=5(9/:=/9K(6G/(70/:78/(:76/(2>(6:759H:=36=25K( K(=9(6G/(=50/:9/(2>(6G/(62671(6=4/(67\/5(

62(H2431/6/(6G/(HAH1/(BC=8?:/(SEDCKdFE(

a/(>2H?9(9?@9/M?/56(7571A9/9(25(6G/(9=431/96(H24@=5762:=711A(:/8?176/<(HAH1/K(25/(H243:=9/<(

2>(6I2(912I(75<(=::/0/:9=@1/(6:759=6=259(@/6I//5(3:2426/:(9676/9K(IG29/(:76/9(7:/(H256:211/<(@A(6I2(

%C9(BC=8?:/(SESJFE(+26/(6G=9(<2/9(526(47\/( 75A(799?436=259(7@2?6(6G/(62671(5?4@/:(2>(96/39(=5(7(

6:759H:=36=25(HAH1/Q(:76G/:K(I/(251A(799?4/(6G76(6I2(2>(6G/9/(7:/(912I(H2437:/<(62(711(26G/:(3:2H/99/9(

:/M?=:/<(62(47\/(75(4'+#(421/ H?1/E( [=431/(42</19(1=\/(6G=9(25/(7112I(?9(62(87=5(=56?=6=25(75<(

=11?96:76/(2?:(>=5<=589(?9=58(9=431/(476G/476=H9Q(G2I/0/:K(2?:(>:74/I2:\(H75(@/(7331=/<(62(HAH1/9(2>(

7:@=6:7:A(H2431/;=6A(Bc/6G2<9FE(

3#68'/)0#"')(*.#/0"#(*87*0")/$."'%0'#/*5).0#"$ *

%2(7<<:/99(G2I(4?16=31/(%C9(I2:\(628/6G/:(25(7(HAH1/K(I/(>=:96(</>=5/(G2I(25/(2:(42:/(%C9(

716/:( 7( 9=581/( \=5/6=H( :76/( =5( 2?:( 42</1E( !259=</:( 7( >2:I7:<( 6:759=6=25( @/6I//5( 6I2( 9676/9*(=5( 6G/(

7@9/5H/(2>(%C9K(6G=9(6:759=6=25(2HH?:9(I=6G(7(@7971(:76/K(9K(

( (E((

#H6=0762:9( (75<( (/7HG(7HH/1/:76/(6G/(@7971(:76/(@A(7(>7H62:(75<( K(:/93/H6=0/1AK(9?HG(6G76(

6G=9(:76/(=5(6G/(3:/9/5H/(2>( (=9( (K(75<(=5(6G/(3:/9/5H/(2>((=6(=9( E(a/(

799?4/( 6G:2?8G2?6( 6G76((75<( (7H6( =5</3/5</561A( 2>( 25/( 7526G/:( 62( 7HH/1/:76/( 6G/( :/7H6=25( =5(

37:711/1K(0=7(<=>>/:/56(75<(525Y=56/:7H6=58(4/HG75=949E(#9(7( :/9?16K(6G/(>7H62:9(@A(IG=HG(6G/A(/7HG(

/5G75H/(:76/( (9?4 (628/6G/:K(9?HG(6G76( E(%G?9K(IG/5(@26G((75<( (7:/(3:/9/56K(

6G/( :76/( 2>( 6:759=6=25( @/6I//5( 9676/9( D( 75<( S( =9( E(JA( </>=5=58( >2:( H250/5=/5H/(

kTXN

 state 1  
k

! "!   state 2

A B  ! kA ! kB

A  k(A) = k+ ! kA B  k(B) = k+ ! kB

A B

k  ! kAB = ! kA + ! kB A B

 k(A,B) = k+ ! kAB
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( 75<( K( IG/:/( >2:( 7H6=0762:9( K( I/( H75( :/I:=6/( 6G/( 7@20/( /M?76=259( 79(

K(75<( K(:/93/H6=0/1AK(75<(6G/(/>>/H6(6G76(@26G(7H6=0762:9(628/6G/:(G70/(25(

:76/(9(79( E(( ( (

[=5H/(475A(%C9(7H6?711A(I2:\(25(4?16=31/(96/39(=5(6:759H:=36=25(B:/0=/I/<(=5(C?<7(/6(71E(STTOFK(

I/(7192( =5H2:32:76/(6G=9(3299=@=1=6A(=5(2?:(42</1E(a/(</9H:=@/(6G/(/>>/H6(2>(%C( (25(711(6:759=6=259(=5(

75(UY96/3(HAH1/(79(6G/(0/H62:( E()5(6G/(H256/;6(2>(7(6I2Y9676/(HAH1/(BC=8?:/(SESJFK(6G/(

70/:78/(:76/(2>(6:759H:=36=25(=5(6G/(7@9/5H/(2>(:/8?1762:9(=9((

E( ( ( ( ( ( ( ( B&M?76=25(SEDF(

)5( 6G/( 3:/9/5H/( 2>( 7H6=0762:9( ( 2:( ( =5<=0=<?711AK( 75<(IG/:/ K( 6G/( 70/:78/( :76/( 2>(

6:759H:=36=25(=9((

K(75<(( ( ( ( ( ( B&M?76=25(SESF(

K(:/93/H6=0/1AE( ( ( ( ( B&M?76=25(SEeF(

aG/5(@26G(7H6=0762:9(7:/(3:/9/56K(6G/(6:759H:=36=25(:76/(>:24(6G=9(HAH1/(=9(

E( ( ( ( B&M?76=25(SEXF(

%G:2?8G2?6(6G=9(373/:K(I/(17:8/1A(>2H?9(25(7H6=076=25K(@?6(I/(:/>/:(62(:/3:/992:9(=5(6G/(H256/;6(2>(6G/(

J221/75(H243?676=259(=5(C=8?:/(SE('/3:/ 992:9(H2?1<(7HH/1/:76/(6G/(:76/(2>(7(:/0/:9/(:/7H6=25K(2:(6G/A(

H2?1<(:/<?H/(6G/(:76/(2>(7(>2:I7:<(:/7H6=25E("/:/( I /( 799?4/ (6G76(6G/A(:/<?H/(6G/(>2:I7:<(:76/(@A(

7567825=]=58(:/H:?=64/56( 2>( 329=6=0/( :/8?1762:9E(a/( :/3:/9/56( 6G/( />>/H6( 2>( 7( :/3:/992:K( K( 25( 7(

 
a =

! kA

k  
b =

! kB

k  a, b ! 0

 k(A) = (1+ a)k  k(B) = (1+ b)k

 k(A,B) = (1+ a+ b)k

A

  a
!

= a1 a2 a3...aN( )

kTXN (0) =
k1 k2

k1 + k2

A B  ai , bi ! 0

 
kTXN (A) =

(a1 + 1)k1 (a2 + 1)k2

(a1 + 1)k1 + (a2 + 1)k2

 
kTXN (B) =

(b1 + 1)k1 (b2 + 1)k2

(b1 + 1)k1 + (b2 + 1)k2

 
kTXN (A,B) =

(a1 + b1 + 1)k1 (a2 + b2 + 1)k2

(a1 + b1 + 1)k1 + (a2 + b2 + 1)k2

R
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>2:I7:<(:76/K( K(79( Q(79(9?HGK(IG/5( K(6G/(:76/(</H:/79/9(B6G=9(/57@1/9(?9(62(?9/(6G/(

974/(37:74/6/:(:758/(79(>2:(7H6=0762:9FE()5(6G=9(H79/K(IG/5(4?16=31/(:/3:/992:9 (7H6(=5</3/5</561AK(6G/A(

I=11(7<<=6=0/1A(=5H:/79/(6G/(>://(/5/:8A(2>(6:759=6=25(@/6I//5(9676/9Q(9=5H/(6G/(>://(/5/:8=/9(7:/(=5(6G/(

/;325/56K(6G/=:(H24@=5/<(/>>/H6(25(6G/(:76/(2>(6G/(6:759=6=25(=9(4?16=31=H76=0/(Bc/6G2<9FE((

"2I(%C9(@=5<(62(-+#(=9(=5H1?</<(=431=H=61A(=5(2?:(42</1Q(6G/(37:74/6/: 9(6G76(</9H:=@/(6G/(

/>>/H6(2>(%C9(25(7(8=0/5(:76/(B (75<( F(7:/ (4/75(>=/1<(733:2;=476=259(6G76(H2::/9325<(62(6G/(3:2<?H6(

2>(6G/(/5G75H/4/56(=5(6G/(:76/(2>(7H6=076=25(IG/5(6G/(%C(=9(@2?5<(75<(=69(3:2@7@=1=6A(2>(@/=58(@2?5<E(

-/9=8576=58(7(9=581/(37:74/6/:(6G76(</9H:=@/9(7(%Cg9(/>>=H7HA(@A(@?5<1=58(628/6G/:(=69(@=5<=58(75<(

/>>/H6(25(7(:76/(9=431=>=/9(2?:(42</1(H259=</:7@1AK(IG=1/(96=11(7112I=58(?9(62(:/0/71(6G/(128=H(2>(\=5/6=H(

H256:21E(!223/:76=0/(75<(H243/6=6=0/(=56/:7H6=259(@/6I//5(%C9(H75(:/7<=1A(@/(=5H2:32:76/<(=562(6G/(

42</1(@A(=56:2<?H=58(7<<=6=2571(37:74/6/:9E("2I/0/:K(6G=9(=9(526(2?:(>2H?9(>2:(6G=9(7571A9=9Q(:76G/:K(

I/( >2H?9( 25(I G76(H75( @/( 7HG=/0/<(@A(=5</3/5</561A( 7H6=58(%C9(6G76( H256:21( \=5/6=H( 96/39( =5( 6G/(

6:759H:=36=25(HAH1/E(((

Logical computations can be achieved by controlling the transcription cycle 

a=6G(6G/(7@20/(>:74/I2:\(=5(G75<K(I/(52I(6?:5(62(6G/(M?/96=25(2>(H24@=5762:=71(H256:21(2>(

6G/( 6:759H:=36=25( HAH1/E( J221/75( B2:( 128=H71F( H243?676=259( 7:/( H244251A( ?9/<( 62( :/3:/9/56( 8/5/(
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6G/(9A96/49(1/0/1K(=6(=9(\/A(62(?5</:9675<(G2I(6G/A(47A(@/(/;/H?6/<(@A(6G/(H/11E([/4=571(I2:\(@A("I7(
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H71H?176/<(6G/(:76/(2>(6:759H:=36=25(>2:(6G=9(HAH1/(=5(6G/(3:/9/5H/(75<(7@9/5H/(2>(6I2(%C9K(T(75<(V*(IG/5(
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B7::2I9Q(9//(c/6G2<9(>2:(37:74/6/:(071?/9FE(#::2I9(=5<=H76/(7H6=076=25K(@1?56/<(7::2I9(:/3:/99=25E(BKD(
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>2?:6G(6:759=6=25K(=5(IG=HG(6G/(3:2426/:(:/6?:59(62(9676/(DE(%G/(=56/:0/5=58(96/39K( K(2HH?:(76(7(

H2596756(:76/(6G76(=9(912I(H2437:/<(62(6G/(7H6=076/<(:76/9(2>(6G/(>=:96(75<(1796(96/39E((BOD'#H6=0762:9(T(75<(V(
420/(=5(75<(2?6(2>(6G/(5?H1/?9(62(:/8?176/(6:759H:=36=25(B623FE(J?:969(2>(5?H1/7:(12H71=]76=25(7:/(42</1/< (
79(96/3(>?5H6=259(9/37:76/<(@A(6=4/(E(%G/9/(96/3(>?5H6=259(7:/(</9H:=@/<(@A(<?:76=25( K(75<(

7431=6?</( (B6G/(7H6=076/<(:76/9(2>K((75<( K(:/93/H6=0/1AFE( K(75<(( K(9?HG(

6G76(H/119(=5(9676/(D(75<(9676/(XK(:/93/H6=0/1AK(H2431/6/(6G/(9?@9/M?/56(6:759=6=25(I=6G=5(6G/(9G2:6(6=4/(6G76(
6G/(%C(=9(12H71=]/<(62(6G/(5?H1/?9E(BPD'%G/(>:7H6=25(2>(H/119(=5(7(323?176=25(6G76(:/9325<(62(6G/(6/432:711A(

/5H2</<(#+-(876/(@A(3:2<?H=58(76(1/796(25/(421/H?1/(2>(4'+#( K(=5H:/79/9(62(D(79(6G/(6=4/(
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@A(%C9((2:( ( E(a/(H71H?176/(6G/(70/:78/(>:7H6=25(2>(H/119(=5(7(323?176=25(6G76(H2431/6/(

6G/(HAH1/(62(3:2<?H/(76(1/796(25/(421/H?1/(2>(4'+#(B K)=E/E(6G/(>:7H6=25(6G76(^:/9325<_(62(6G/(

#+-(876/FE(%G/(%C9(6:75912H76/(62(6G/(5?H1/?9(62(7HH/1/:76/(6G/=:(:/93/H6=0/(96/39E(C2:(9=431=H=6AK(I/(

42</1(6G/=:(420/4/56(=5(75<(2?6(2>(6G/(5?H1/?9(79(96/3(>?5H6=259K(716G2?8G(5?H1/7:(12H71=]76=25(@?:969(
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6=4/(6I2(9=85719(4?96(@/(62(3/:>2:4(7(<2I596:/74(H243?676=25(/>>/H6=0/1AE( (=9(6G/(70/:78/ (
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/;3:/99=25( 6G76( 3/:>/H61A( 71=859( I=6G( 6G/( ^7<<=6=0/_(H79/(B/;3:/99=25( <2/9( 526( </0=76/( >:24( A( {( DQ(

C=8?:/(SEeJFE(a/(3:/9/56(711(9?@9/M?/56(:/9?169(@A(31266=58(6G/=:(</0=76=25(>:24(6G/9/(^4?16=31=H76=0/_(

75<(^7<<=6=0/_(H79/9E(

a/(H75(52I(/;312:/(6G/ (:758/(2>(/;3:/99=25(1/0/19(6G76(H75(@/(3:2<?H/<(@A(6I2(%C9(:/8?176=58(

7(6I2 Y96/3(HAH1/(@A(=5</3/5</561A(7HH/1/:76=58(6G/(974/(96/3(BC=8?:/(SEe!FK(<=>>/:/56(96/39(BC=8?:/(

SEe-F(2:(@26G(7HH/1/:76=58(@26G(96/39(BC=8?:/(SEe&FE(a /(3/:>2:4/<(DTTKTTT(:75<24=] 76=259(2>(6G/(@7971(

:76/9( (75<(6G/(96:/586G(2>(/7HG(7H6=0762:9g(/>>/H69( (75<(H71H?176/<(6G/(:76/(2>(
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</:=076=25(75<(37:74/6/:(:758/9(97431/<(9//([%#'(c/6G2<9FQ( (75<( (7:/(<=992H=76=25(H25967569(>2:(
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=5(6G/(6:759H:=36=25(HAH1/(6G/5(6G/:/(7:/(6G://(I7A9(=5(IG=HG(6G/(%C9(H75(7H6(25(6G/4(=5(H24@=576=25E()5(
711(H79/9(:76/9( (I/:/(07:=/<( @/6I//5(D ` DTTTE(BFD(J26G(7H6=0762:9(7HH/1/:76/(6G/(974/(:76/( Q(

(:75<24=]/<(@/6I//5(T YDTTE(%:759H:=36=25(:76/(=9(17:8/1A(9?@Y7<<=6=0/(<?/(62(6G/(1=4=6=58(/>>/H6(

2>( Q(=6(6/5<9(62(7<<=6=0=6A(IG/5 E((B+D(# H6=0762:9(I2:\(/;H1?9=0/1A(25(<=>>/:/56(96/39E( (

:75<24=]/<(@/6I//5(T YDTTE(,0/:711(6:759H:=36=25(:76/(=9(71I7A9(8:/76/:Y6G75Y4?16=31=H76=0/E((BJD(J26G(
7H6=0762:9(I2:\(25(@26G(96/39E(%:759H:=36=25(:76/(93759(>:24(9?@Y7<<=6=0/(6G:2?8G(8:/76/:Y6G75Y
4?16=31=H76=0/E(%G/(:/9?169(=5(375/19(B!F(75<(B-F(:/3:/9/56(6G/(1=4=69(2>(B&F(=5(IG=HG( (75<(
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3+(,+"B7+(#+"B)17"%,+."$0)%0$((&().1)WX())
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\52I5(7@2?6(6G/=:(4/HG75=949(2>(7H6=25E('/H/56(I2:\( =</56=>=/<(>?5H6=2571(H1799/9(2>(%C9(@79/<(25(
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974/(4785=6?</(2>(/>>/H6(75<(6G76(6G/A(7H6(=5</3/5</561A(25(6G/(3:2426/:K(9?HG(6G76(6G/=:(/>>/H69(25(

6G=9(:76/(9?4(628/6G/:(B9//('/9?169FE(C2:(/;7431/K(6G/(20/:711(6:759H:=36=25(:76/(>:24(7(3:2426/:(I=6G(

9=;(@=5<=58(9=6/9(>2:((=9(H71H?176/<(79(

(E( ( ( ( ( ( B&M?76=25(SEUF(

)>(I/(799?4 /(6G76(6G/(@7971(:76/9(2>(/7HG(96/3(7:/( K(75<(6G76((B6G/(>7H62:(@A(IG=HG(

(7HH/1/:76/9 F(=9( K(6G/5(IG/5(I/(7<< (9=;(@=5<=58(9=6/9(>2:((62(6G/(3:2426/:K(6G/(20/:711(

:76/(2>(/;3:/99=25(976?:76/9(@/H7?9/( (@/H24/9(:76/Y1=4=6=58FE(#<<=58(7(9=6/(>2:((B F(<2/9(526(

>?:6G/:( =5H:/79/( 6G/( 6:759H:=36=25( :76/(@/H7?9/( 6G=9( %C( 7192( 7H69( 25(:76/( E( J?6( 7<<=58( 7( 9=6/( >2:(

7H6=0762:( (@22969(/;3:/99=25(H259=</:7@1AK(9=5H/( I2:\9(25(6G/(52I Y1=4=6=58(E(R=4=6/<(

/;3/:=4/569(2>(7(6A3/(9=4=17:(62(6G=9(G70/(@//5(H7::=/<(2?6(BJ17?(/6(71E(DOOUFK(@?6(9?HG(/;3/:=4/569(7192(
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A

k1 A
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kTXN (A6 ) =

(1+ 6a1)k1 k2

(1+ 6a1)k1 + k2

 k1 = 1and k2 = 10 a1

A k1  a1 = 10 A

k2 B  b1 = 2

k1

C  (c2 = 2) C k2
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962HG796=H( 07:=7@1/(75<( I:=6/( 6G/( 4796/:( /M?76=25( 79( 7( 9A96/4( 2>( H2?31/<( /M?76=259( >2:( 6G/( N2=56(

  

d
dt

p m( ) = ! r + ! m( ) p m( )+ rp m! 1( )+ ! m+ 1( ) p m+ 1( )

r !

p m( )

m

p m( )

m (t, t + ! t )

m! 1

r! t p(m" 1)

m+1 ! " t (m+1)p(m+1)

m+1 ! " t (m+1)p(m+1)

m

m

(t, t + ! t ) m

! " t m p(m) r ! t p(m)

s
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3:2@7@=1=6=/9(2>(7(H/11(/;=96=58(=5(9676/((I=6G( (4'+#9E(%G=9(679\(=9(9=431=>=/<(@A(:/3:/9/56=58(6G/(

9A96/4(2>(/M?76=259(=5(0/H62:(52676=25(B[75HG/](/6(71E(STDeK([75HG/](/6(71E(STDSFE(

%2(=11?96:76/(6G=9K(1/6g9(H259=</:(7(3:2426/:(6G76(H75(/;=96(=5(6G://(9676/9K(DK(S(75<(e*((

(E( B&M?76=25(SEeSF(

%G/(42</1(52I(H2567=59(6I2(962HG796=H(07:=7@1/9*(6G/(5?4@/:(2>(4'+#(421/H?1/9(=5(6G/(H/11(K(

75<(6G/(9676/(2>(6G/(3:2426/:(B FE([=5H/(6G/:/(7:/(6G://(9676/9K(6G/(4796/:(/M?76=25(=9(52I(I:=66/5(79(7(

9A96/4(2>(6G://(H2?31/<(/M?76=259(6G76(</9H:=@/(6G/(3:2@7@=1=6=/9(2>(7(H/11(@/=58(=5(3:2426/:(9676/(DK(S(

2:(e(IG=1/(G70=58( (4'+#(421/H?1/9K K(:/93/H6=0/1A*((

B&M?76=25(SEeeF(

a/(</>=5/ (6G/(6:759=6=25(:76/(476:=;K(

( (K(( ( ( ( B&M?76=25(SEeXF(

75<(6G/5(9210/(>2:( (I=6G(6G/(52:471=]76=25(H25<=6=25(6G76( E(

%G/(921?6=25(>2:(6G/(4/75(:76/(2>(6:759H:=36=25(G79(@//5(9G2I5(4?16=31/(6=4/9(/19/IG/:/K(92(6G/(:/7</:(

=9(:/>/::/<(62([75HG/](/6(71E(BSTTPK(STDDFE(

s m

state 1   
k12

k21

! "!# !! state 2   
k22

k32

! "!# !! state 3
k31

! "! state 1 +  mRNA

(m)

s

m p(1,m), p(2,m) and p(3,m)

  

d

dt
p(1,m) = ! k12 p(1,m)! ! m p(1,m)! k31 p(3,m! 1)+ ! (m+ 1)p(1,m+ 1)+ k21 p(2,m)

d

dt
p(2,m) = ! k21 p(2,m)! k23 p(2,m)! ! m p(2,m)+ ! (m+ 1)p(2,m+ 1)+ k12 p(1,m)+ k32 p(3,m)

d

dt
p(3,m) = ! k32 p(3,m)! k31 p(3,m)! ! m p(3,m)+ ! (m+ 1)p(3,m+ 1)+ k23 p(2,m) .

 

K! =

! k12 k21 k31

k12 ! k21 ! k23 k32

0 k23 ! k31 ! k32

"

#

$
$
$

%

&

'
'
'

  K
! ! p(m) = 0  p(1,m)+ p(2,m)+ p(3,m) = 1
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3#68'/)0#"')(*).0'<)0'#/*)/2*"-%"-$$'#/*#5*$0-%$*'/*)*.7.(- *

#H6=0762:9( H2?1<( I2:\( 25( 7( 96/3( =5( 6:759H:=36=25( /=6G/:( @A( 7HH/1/:76=58( 7( :/7H6=25( 2:( @A(

967@=1=]=58(7(3:26/=5(H2431/;(B9//(@/12IFE(c/75IG=1/K( :/3:/992:9(H2?1<( I2:\(@A(=5G=@=6=58(7(@7971(

:76/K(@12H\=58(6G/(>?5H6=25(2>(75(7H6=0762:K(2:(=5H:/79=58(6G/(:76/(2>(7(:/0/:9/(:/7H6=25E(%G/(=432:6756(

3:7H6=H71(<=96=5H6=25(@/6I//5(4/HG75=949(=9(=5(G2I(7H6=0=6=/9(2>(6I2(%C9(H24@=5/(IG/5(6G/A(I2:\(25(

6G/(($/& (96/3E((

T%,+4$,.'()+").7')/.*&0)@.'9)5C)%$,$0C[+"B)$)'&$%,+.")

!259=</:(7(>2:I7:<(B2:(75(f/>>/H6=0/g(>2:I7:< F(6:759=6=25(@/6I//5(6I2(9676/9K(HG7:7H6/:=]/<(@A(

:76/( *(

( (E(( ( ( ( ( ( B&M?76=25(SEeZF(

a/(799?4/(6G76(6G=9(:/7H6=25(H75(2HH?:(76(7(12I(@7971(:76/K(K(=5(6G/(7@9/5H/(2>(7H6=0762:9E(C2:(/;7431/K(

6G/( \=579/($Y%&C@(4=8G6( /5H2?56/:(7(37?9/<(321A4/:79/(75<(3G293G2:A176/(=6Q(=5(2?:(42</1K(6G=9(

2HH?:9( 962HG796=H711A( 76( 7( 12I( :76/K( @?6(G70=58( 75( 7H6=0762:(3:/9/56 ( =5H:/79/9( 6G/(HG75H/9( 2>( =6(

G733/5=58E(#H6=0762:( 7HH/1/:76/9(:76/( (9?HG(6G76(

( (K( ( ( ( ( ( ( B&M?76=25(SEeUF(

IG/:/ (:/3:/9/569(6G/(:76/(&"#$"%&/&",(<?/(62(7H6=0762:(E(Likewise, activator  accelerates k such 

that when B is present the rate of this transition is 

( (E( ( ( ( ( ( ( B&M?76=25(SEehF(

aG/5 (@26G 75<( 7:/(3:/9/56K(6G/A(7HH/1/:76/(6G/(@7971(:76/(@A(7(>7H62:(, as so: 

( (E( ( ( ( ( ( ( B&M?76=25(SEePF(

a/(799?4/(6G76( 75<( 7H6(=5</3/5</561A(2>(25/(7526G/:(62(7HH/1/:76/(6G/(:76/(=5(37:711/1K(

6G:2?8G( <=>>/:/56( 75<( 525Y=56/:7H6=58( 4/HG75=949E(%G=9( 4=8G6( @/( 6G/( H79/( =>K( >2:( =59675H/K( /7HG(

k

state 1  k! "! state 2

k

A k

 k(A) = k+ ! kA

 ! kA A B

 k(B) = k+ ! kB

A B  ! kAB

 k(A,B) = k+ ! kAB

A B



 

52 

3G293G2:A176/9(7(<=>>/:/56(:/9=<?/(25('+#$(75<(<2/9(526(=56/:>/:/(I=6G(6G/(7H6=0=6A(2>(6G/(26G/:E(#9(

7(:/9?16K(6G/(>7H62:9(@A(IG=HG(6G/A(/7HG(/5G75H/(rate  7<<(628/6G/:K(9?HG(6G76   ( 

( E( ( ( ( ( ( ( B&M?76=25(SEeOF(

By defining for convenience  and , where for activators , we can rewrite the above 

equations as ( ( 

( (( ( ( ( ( ( B&M?76=25(SEXTF(

9?HG(6G76(6G/(/>>/H6(2>(@26G(7H6=0762:9(628/6G/:(25(:76/((=9 

( (E(( ( ( ( ( ( B&M?76=25(SEXDF(

)5(6G/(H256/;6(2>(7(6:759H:=36=25(HAH1/K(I/(799?4/(6G76(75(7H6=0762:(H75(I2:\(25(42:/(6G75(25/ (

2>( 6G/( :76/9K( 79( =9( 6:?/( 2>( 475A( %C9( B/E8E( A/796( 7H6=0762:( dH5XK( IG=HG( H2567H69( >2?:( H2:/8?1762:(

H2431/;/9K( /7HG(2>( IG=HG(7>>/H6(HG:2476=5( :/42</1=58K(799/4@1A(2>(6G/(3:/=5=6=76=25(H2431/;(75<(

/125876=25( 62( <=>>/:/56( /;6/569( Bd20=5<( /6( 71E( STTZFFE( a/( </9H:=@/(6G/( />>/H6( 2>( 7H6=0762:( 25( 711(

6:759=6=259(=5(75(UY96/3(HAH1/(@A(6G/(0/H62:( (E(+2I( H259=</:(6G/(6I2Y9676/(

HAH1/K(

( (( ( ( ( B&M?76=25(SEXSF(

%G/(70/:78/(:76/(2>(6:759H:=36=25(>:24(6G=9(HAH1/(=5(6G/(7@9/5H/(2>(7H6=0762:9(=9( 

( (( ( ( ( B&M?76=25(SEXeF(

aG/5(#(=9(3:/9/56K(75<(</>=5=58( K(IG/:/( K(6G/(:76/(2>(6:759H:=36=25(=9(

( Q( ( ( ( ( B&M?76=25(SEXXF(

k

 ! kAB = ! kA + ! kB

 
a =

! kA

k  
b =

! kB

k  a, b ! 0

 

k(A) = (1+ a)k, and 

k(B) = (1+ b)k, respectively,

k

 k(A,B) = (1+ a+ b)k

A

a = ( a1 a2 ... aN )

state 1
k1! "! state 2

k2! "! state1 + mRNA

kTXN (0) =
1

(t1 + t2 )
=

1

1

k1

+
1

k2

!
"#

$
%&

=
k1 ' k2

k1 + k2

 
a
!

= ( a1 a2 ) ai ! 0

kTXN (A) =
(a1 +1)k1 !(a2 +1)k2

(a1 +1)k1 + (a2 +1)k2
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1=\/I=9/K(75<(</>=5=58( (K((

( E( ( ( ( ( B&M?76=25(SEXZF(

)5(6G/(3:/9/5H/(2>(@26G(7H6=0762:9(#(75<(JK(6G/(70/:78/(:76/(2>(6:759H:=36=25(>:24(6G=9(HAH1/(=9(

( (E( ( ( ( B&M?76=25(SEXUF(

[=5H/(I/(>2H?9(=5(6G=9(373/:(25(6G/(:21/(2>(6G/(6:759H:=36=25(HAH1/(=5(H24@=5762:=71(H256:21(2>(

8/5/(/;3:/99=25K(I/(3?:329/>?11A(9=431=>A(6G/(4/HG75=949(@A(IG=HG(%C9(@=5<K(?5@=5<(75<(=56/:7H6(

I=6G( 6G/( 6:759H:=36=2571( 47HG=5/:AE( %G/( />>/H6( 2>(7( %C( 25( 7( :76/( =9( 7( 4/75( >=/1<( 733:2;=476=25(

H2::/9325<=58(62(6G/(3:2<?H6(2>(6G/(:76/(2>(7H6=076=25(IG/5(6G/(%C(=9(@2?5<(75<(6G/(3:2@7@=1=6A(6G76(

=6(=9(=5<//<(@2?5<E(%G/(3:2@7@=1=6A(2>(7(%C(@/=58(@2?5<(62(6G/(-+#(=9(7(>?5H6=25(2>(=69(H25H/56:76=25K(

@=5<=58(7>>=5=6A(75<(42</(2>(@=5<=58(B=5</3/5</56K(H223/:76=0/K(/6HEFE()5(3:7H6=H/K(7H6=076=25(@A(7(%C(

=9(7(9=581/(421/H?1/(962HG796=H(3:2H/99(75<(92(2?:(733:27HG(=9(251A(75(733:2;=476=25(6G76(47A(0/:A(

I/11(526(H736?:/(6G/(7H6?71(@=23GA9=H9(=5(475A(H79/9E("2I/0/:K(IG=1/(6G/9/(</67=19(7:/(=432:6756(25(

7(H79/Y@AYH79/(@79=9K(6G/=:(7@96:7H6=25(=562(7(9=581/(/>>/H6=0/(37:74/6/:(=9(IG76(7112I/<(?9(62(/;74=5/(

6G/(6:759H:=36=25(HAH1/(=5(=92176=25E(

T%,+4$,.'()%$")@.'9)5C)(,$5+0+[+"B)$)-'.,&+")%./-0&;)

.5</: (6G/(:/H:?=64/56(42</1K(7H6=0762:9(:/H:?=6('+#$(62(6G/(3:2426/:(@A(12I/:=58(6G/(>://(

/5/:8A(2>(6G/(@2?5<('+#$(9676/E(J=56?(/6(71E(BSTTZ7F(17=<(2?6(6G/(</:=076=25(>2:(6I2(7H6=0762:9(I2:\=58(

=5</3/5</561A(25(6G/(974/(3:2426/:K(@?6(I/(9?447:=]/(=6(G/:/(B:/>/::=58(62(C=8?:/(SEe#K(47=5(6/;6FE(

%G/(:76/(1=4=6=58(96/3(=5(6G=9(42</1(=9(6G/(:/H:?=64/56(2>('+#$(@/H7?9/( (B6G/(:76/(76(IG=HG('+#$(

 
b
!

= ( b1 b2 )

 
kTXN (B) =

(b1 + 1)k1 !(b2 + 1)k2

(b1 + 1)k1 + (b2 + 1)k2

 
kTXN (A,B) =

(a1 + b1 + 1)k1 !(a2 + b2 + 1)k2

(a1 + b1 + 1)k1 + (a2 + b2 + 1)k2

kOFF
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>7119(2>>(6G/(3:2426/:F(=9(/;6:/4/1A(>796K(9?HG(6G76(=6(6/5<9(62(<=992H=76/(@/>2:/(G70=58(6G/(HG75H/(62(

/56/:(=562(6:759H:=36=25E(#H6=0762:9(I 2:\(@A(:/<?H=58(6G=9(2>>(:76/E((

#H6=0762:9( ( 75<( ( G70/( 7>>=5=6=/9( </9H:=@/<( @A( 6G/( <=992H=76=25( H25967569(

( K( IG/:/( ( : /3:/9/56( 6G/( @=5<=58( >://( /5/:8=/9( >2:( 6G/( 6I2(

7H6=0762:9E(a/(H259=</:(7H6=0762:9( 75<(  62(@/(3:/9/56(76(H25H/56:76=259(|T }(75<(|V}E(aG/5(@2?5<(

76(6G/(974/(6=4/K(@26G(7H6=0762:9(H75(967@=1=]/(25/ (26G/:(@A(:/<?H=58(6G/=:(<=992H=76=25(H25967569(@A(7(

>7H62:( Q)#(75<(J(H75(7192(12I/:(6G/(>://(/5/:8A(2>(6G/(@2?5<('+#$(9676/(@A(

K( :/93/H6=0/1AE( %G/A( 6G?9( </H:/79/( 6G/( <=992H=76=25( H2596756( 2>( '+#$( @A( 4785=6?</9(

E()>(6G/(6I2(%C9(H2567H6(6G/( '+#$(=5</3/5</561A(>:24(/7HG(26G/:K(6G/(5/6(

:/<?H6=25(=5(>://(/5/:8A(2>(6G/(@2?5<('+#$(I=11(@/(6G/(9?4(2>(6G/(:/<?H6=259(H7?9/<(@A(/7HG(%CE()>(

6G/A(<2(526(7H6(=5</3/5</561AK(6G/(/;6/56(2>(6G/(</0=76=25(=9(</9H:=@/<(@A(7(37:74/6/:(( K(9?HG(

6G76( E(()>(I/(9/6( (62(D(B52(H223/:76=0=6A(@/6I//5(%C9(=5(:/H:?=6=58(

'+#$FK(I/(H75(9//(6G76(6G/(/>>/H6(2>(@26G(</H:/79=58(<=992H=76=25(:76/(2>('+#$(=9(6G/(3:2<?H6(2>(6G/=:(

=5<=0=<?71(/>>/H69*( ((B9//(C=8?:/(SEX#(47=5(6/;6FE((

aG/5( 251A( 6G/( @=5<=58( 9=6/(>2:(#( =9( 3:/9/56( B75<( </>=5=58( >2:( H250/5=/5H/( 6G/( ?5=6Y1/99(

37:74/6/:( FK(6G/(>21<YHG758/(7H6=076=25(67\/9(6G/(>2:4((

( (E( ( ( ( ( ( ( B&M?76=25(SEXhF(

R=\/I=9/K(75<(</>=5=58( K(6G/(>21<YHG758/(7H6=076=25(IG/5(251A(6G/(@=5<=58(9=6/(>2:(V(=9(3:/9/56(

=9((

A B

KA = e! " GA  and KB = e! " GB ! GA  and ! GB

A B

! = e" #GAB ! GAP  and ! GBP

fA = e! " GAP  and  fB = e! " GBP

! = e" gAB

fAB = e! " GABP = e! (" GA+" GB+gAB ) = fA #fB #$ !

fAB = fA ! fB

! =
[ A]

KA

QA =
1+! fA( )

1+!( )

! =
[ B]

KB
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( (E( ( ( ( ( ( ( B&M?76=25(SEXPF(

%G/(>21<YHG758/(IG/5(@26G(@=5<=58(9=6/9(7:/(3:/9/56(=9(

( (( ( ( ( B&M?76=25(SEXOF(

%G/:/>2:/( 6G/( >21<( HG758/( =5( 8/5/( /;3:/99=25( IG/5( @26G( 7H6=0762:9( 7:/( 3:/9/56( 75<( >?5H6=25(

=5</3/5</561A(2>(25/(7526G/:(B=E/E(IG/5(~({(•({(DF(=9(4?16=31=H76=0/E(

'/3:/992:9(H2?1<(7H6(@A(7HH/1/:76=58(6G/(:76/(2>(7(:/0/:9/(:/7H6=25K(2:(@A(:/<?H=58(6G/(:76/(2>(7(

>2:I7:<(@A(=5H:/79=58(6G/(/5/:8A(2>(6G/(?5967@1/(=56/:4/<=76/(B=E/E(:7=9=58(6G/(/5/:8A(2>(6G/(^7H6=076=25(

@7::=/:_FE(a/(799?4/(=5(C=8?:/(SES(6G76(6G/A(I2:\(0=7(6G/(1766/:(4/HG75=94K(=5(IG=HG(H79/(6G/(/>>/H6(2>(

6I2(:/3:/992:9(25(6G/(974/(:76/(H24@=5/(4?16=31=H76=0/1A(79(<=9H?99/<(7@20/(>2:(7H6=0762:9(`` (=E/E(9ince 

the free energies are in the exponent, the combined effect of the repressors on the rate of the transition is 

multiplicativeE((

G-/-")0'/4*H : '/%10*(#4'.*4)0-$*

%2(/;312:/(IG/6G/:(6I2 Y=53?6(128=H(876/9(H2?1<(@/(8/5/:76/<(@A(H256:21(2>(6G/(6:759H:=36=25(

HAH1/(7125/K(I/(>2H?9/<(25(7(HAH1/(I=6G(6I2(9676/9(BC=8?:/(SESJFK((

( (( ( ( ( B&M?76=25(SEZTF(

%G/(6:759=6=259(@/6I//5(9676/9(D(75<(S(H2?1<(/=6G/:(@/(=::/0/:9=@1/(:/7H6=259(2:(f/>>/H6=0/g(:/7H6=259(6G76(

47A(@/(H24329/<(2>(:/0/:9/(:76/9(B9//(7@20/FE((

%G/:/(7:/(475A(326/56=71(I7A9(=5(IG=HG(6G/(128=H(876/9(=5(C=8?:/(SES(75<(C=8?:/([SES(4=8G6(@/(

7HG=/0/<(4/HG75=96=H711AE(a/(8=0/(/;7431/9(>2:(/7HG(2>(9=;(6I2Y=53?6(876/9(=5(IG=HG(I/(799?4/<(6G/(

>2112I=58(9H/57:=29(75<(?9/<(6G/(37:74/6/:9(1=96/<(=5(6G/(67@1/(@/12IE(C2:(6G/(#+-(876/*( /7HG(%C(

QB =
1+ ! fB( )

1+ !( )

QAB =
1+! fA + " fB + ! " fA fB # $( )

1+! + " +! " #( )

state 1
k1! "! state 2

k2! "! state1 + mRNA
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=5</3/5</561A( H7671A]/9( 7( <=>>/:/56( :76/E( )5( 6G/( H79/( 2>( 6G/( ,'( 876/*( /=6G/:( %C( H75( =5</3/5</561A(

H7671A]/(6G/(912I/:(:76/K(6G/:/>2:/(6G/=:(/>>/H69(25(6G=9(:76/(7<<(628/6G/:E(%2(8/5/:76/(6G/(+,'(876/*(

/7HG(%C(7H69(79(7(:/3:/992:(25(7(<=>>/:/56(:76/Q(G/:/(6G/(:/3:/992:9(7H6(@A(912I=58(6G/(@7971(:76/9(=5(6G/(

6:759H:=36=25(HAH1/E(C2:(6G/(+#+-(876/*(@26G(%C9(H75(=5</3/5</561A(:/3:/99(6G/(>796/:(2>(6G/(6I2(:76/9E(

a/(799?4/(>2:(6G/(+#+-(75<(y,'(876/9(6G76(:/3:/992:9(7H6(@A(=5H:/79=58(6G/(>://(/5/:8A(2>(6:759=6=25(

:/M?=:/<( 62( H2431/6/( 7( 96/3E( %G/:/>2:/K( IG/5( 6G/A( I2:\( =5</3/5</561A( 25( 6G/( 974/( 96/3K( 6G/=:(

H24@=5/<(/>>/H69(25(6G=9(:76/(2>(6G=9(96/3(7:/(4?16=31=H76=0/(B9//(7@20/FE(&q(876/*(I/(799?4/(6G76(/7HG(

%C(7H6=076/9(25/(:76/(75<(:/3:/99/9(6G/(26G/:E(%G=9(H2?1<(@/(/;317=5/<(@A(6G/(%C(2HH1?<=58(:/H:?=64/56(

2>(7(\/A(/5]A4/(5/H/997:A(>2:(96/3(S(IG=1/(=6(=9(H2567H6=58(6G/(3:2426/:(62(=5H:/79/(6G/(:76/(2>(96/3(DE(

C2:(6G/(y,'(876/*(@26G(%C9(=5H:/79/(6G/(912I/:(:76/(IG=1/(</H:/79=58(6G/(>796/:(:76/E(aG/5(@26G(7:/(

3:/ 9/56K(6G/=:(H24@=5/<(:/3:/99=0/(/>>/H69(7:/(4?16=31=H76=0/E(%G/(/M?76=259(75<(37:74/6/:9(?9/<(62(

8/5/:76/(128=H(876/9(=5(C=8?:/(SES(7:/(3:/9/56/<(=5(%7@1/(SES(B20/:1/7>FE(

3#68'/)0#"')(*"-41()0'#/*#5*0")/$."'%0'#/*87*81"$0$*#5*/1.(-)"*(#.)(';)0'#/ *

W=5/6=H(H256:21(2>(6G/(6:759H:=36=25(HAH1/(H75(=5(6G/2:A(/57@1/(7(3:2426/:(62(47\/(128=H71(H243?676=259(

I=6G2?6(6G/(=53?6(%C9(@/=58(3:/9/56(2:(7H6=0/(76(6G/(974/(6=4/(B47=5(6/;6K(C=8?:/(SESFE(c75A(%C9(H75(

:/8?176/(8/5/(/;3:/99=25(@A(6:759=/56(@?:969(2>(12H71=]76=25(62(6G/(5?H1/?9(B!7=(/6(71E(STTPQ(R=?(/6(71E(

STDZFE(%G=9(4=8G6(3:/9/56(7(9=6?76=25(=5(IG=HG(%C9(:/8?176=58(7(8/5/(12H71=]/(62(6G/(5?H1/?9(76(<=>>/:/56(

6=4/9(@?6(H75(96=11(I2:\(H24@=5762:=711A(62(H256:21(6:759H:=36=25E()5(26G/:(I2:<9K(=>(6:759H:=36=25(5//<9(

62(@/(:/8?176/<(76(6I2(2:(42:/(<=>>/:/56(32=569(=5(6G/(HAH1/(6G/5(=6(H2?1<(/57@1/(9=85719(>:24(<=>>/:/56(

%C9(62(@/(=56/8:76/<(20/:(6=4/E(a/(42</1(6:759H:=36=25(H256:21(@A(6I2(%C9K(IG=HG(6:759=/561A(75<(

79A5HG:252?91A(12H71=]/(62(6G/(5?H1/?9(=5(2:</:(62(H256:21(<=>>/:/56(96/39(=5(7(6:759H:=36=25(HAH1/E((
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M37-&'<)<*'JN$32".14'316'/3%30&2&%4'$4&6'2.'#&1&%32&'-.#"5'#32&4'"1'!"#$%&'<)<'

 (

Gate 
 

 
 

 
 

 

 
 

 

AND    

OR    

NOR    

NAND    

EQ    

XOR    

 

kTXN (A,B) = kj aj , bj

a1 +1( )k1 b2 +1( )k2

a1 +1( )k1 + b2 +1( )k2

k1 = 1

k2 = 1

a1 = b2 = 100

a2 = b1 = 0

a1 + b1 +1( )k1 k2

a1 + b1 +1( )k1 + k2

k1 = 1

k2 = 100

a1 = b1 = 1000

a2 = b2 = 0

k1

a1 +1( )
k2

b2 +1( )
k1

a1 +1( ) +
k2

b2 +1( )
2

k1 = 100

k2 = 100

a1 = b2 = 100

a2 = b1 = 0

k1

k2

a2 b2 +1( )
k1 +

k2

a2 b2 +1( )

k1 = 10

k2 = 10,000

a1 = b1 = 0

a2 = b2 = 100

a1 +1( )k1

b1 +1( )
b2 +1( )k2

a2 +1( )
a1 +1( )k1

b1 +1( ) +
b2 +1( )k2

a2 +1( )

k1 = 100

k2 = 100

a1 = b1 = 100

a2 = b2 = 100

a1 + b1 +1( )k1

k2

a2 b2 +1( )
a1 + b1 +1( )k1 +

k2

a2 b2 +1( )

k1 = 1

k2 = 10,000

a1 = b1 = 100

a2 = b2 = 100
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R/6g9(H259=</:(=5(924/(42:/(</67=1(6G/(62A(42</1(</9H:=@/<(=5(6G/(47=5(6/;6(BC=8?:/(SESdY)FE(%2(

:/H73K(6G=9(HAH1/(G79(>2?:(912I(96/39(H256:211/<(@A(6I2(7H6=0762:9E(a/(799?4/K(>2:(6G/(97\/(2>(9=431=H=6AK(

6G76(6G/(3:2426/:(96239(25H/(=6(G79(47</(6G/(>2?:6G(6:759=6=25(6G76(3:2<?H/9(7(421/H?1/(2>(4'+#(

B:76G/:(6G75(HAH1=58(@7H\(62(9676/(D(75<(967:6=58(20/:FE(%I2(7H6=0762:9(I2:\(25(6G=9(>2?:Y96/3(HAH1/E(

#H6=0762:(T( 7HH/1/:76/9( 96/3( D( B/E8E( 5?H1/2924/( /0=H6=25FE( [6/39( S( 75<( e( B/E8E( 799/4@1A( 2>( 6G/(

3:/=5=6=76=25(H2431/;K(321A4/:79/(/9H73/(>:24(6G/(3:2426/:F(3:2H//<(912I1AK(@?6(7:/(?57>>/H6/<(@A(

T(2:(VE(#H6=0762:)V(7HH/1/:76/9(6G/(>=571(96/3(B/E8E(:/1/79/(2>(37?9/<(321A4/:79/FE(a/(799?4/(6G76K(=5(

6G/( 7@9/5H/( 2>( 6G/=:( :/93/H6=0/( 7H6=0762:9K( :76/9( ( 7:/( TE( C2:( 9=431=H=6A( 75<( 7571A6=H71(

6:7H67@=1=6AK(I/(42</1(6G/(420/4/56(2>(T(75<(V(=5(75<(2?6(2>(6G/(5?H1/?9(79(96/3(>?5H6=259(9/37:76/<(

@A(6G/( 6=4/( =56/:071( ( BC=8?:/( SES"Q( 79( H2437:/<( 62( 6G/( H2431/;( I70/( >?5H6=259( >2:( 5?H1/7:(

12H71=]76=25(6G76(H2?1<(/;=96(=5(:/71=6AFE(%G/(96/3(>?5H6=25(=9(</9H:=@/<(@A(<?:76=25(K(75<(G/=8G6(

((>2:(7H6=0762:9(T  75<(V(:/93/H6=0/1AE( (:/3:/9/56(6G/(7H6=076/<(:76/9( (IG/5(6G/=:(

:/93/H6=0/(7H6=0762:9(7:/(3:/9/56(=5(6G/(5?H1/?9E(a/(799?4/(6G76( (K(9?HG(6G76(6G/=:(

:/93/H6=0/( 96/39( H75( @/( H2431/6/<( I=6G=5( 6G/( <?:76=25( 2>( 6G/( 5?H1/7:( 12H71=]76=25( 2>( /7HG( %CE( C2:(

/;7431/K(8=0/5(6G76(%C(#(7H69(@A(7HH/1/:76=58(:76/(K(IG/5(%C(#(=9(=5(6G/(5?H1/?9(6G/5(711(H/119(6G76(

/;=96(=5(9676/(D(I=11(6:759=6=25(62(9676/(SE(%G/(6=4/(=56/:071(2>(6G/(5?H1/7:(12H71=]76=25(@?:969K(

K(7:/( 9?>>=H=/561A(9G2:6(6G76( I/(H75(799?4/(711(26G/:(H25<=6=259( :/47=5(H2596756(<?:=58(6G/4E(%G/(

=56/:4/<=76/(6I2(96/39K( (75<( (:/47=5(H2596756(6G:2?8G2?6K(75<(912I(=5(H2437:=925(62(6G/(6I2(

7H6=076/<(:76/9E(q?71=676=0/1AK(6G/9/(799?436=259(<2(526(HG758/(2?:(H25H1?9=259K(@?6(6G/A(47\/(6G/(

476G(9=431/:E(

a/(I756(62(</6/:4=5/(6G/(>:7H6=25(2>(H/119(6G76(H2431/6/(6G/(HAH1/(62(3:2<?H/(7(9=581/(4'+#(

421/H?1/K(8=0/5(7(6=4/(</17AK(K(@/6I//5(6G/(@?:969(2>(%C(5?H1/7:(12H71=]76=25E(%G/(>:7H6=25(2>(H/119(=5(

!k"  and k#

 !

TA, TB

KA, KB KA, KB k1 and k4

 KATA, KBTB ! 1

!k"

TA  and TB

k2 k3

!
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9676/(Z(=9( E( #6( 6=4/( K( 6G/( >:7H6=25( 2>( H/119( =5( 9676/( D( =9(K( 75<( E( #9( 6=4/(

3:28:/99/9K(6G/(>:7H6=25(2>(H/119(=5(/7HG(9676/(HG758/9(7HH2:<=58(62(6G/(:76/9(2>(6G/(6:759=6=259(@/6I//5(

6G/4K(79(</9H:=@/<(@/12IE(#6(75A(8=0/5(6=4/Y32=56K(6G/(>:7H6=25(2>(H/119(6G76(G70/(H2431/6/<(6G/(HAH1/K(

=E/E(6G/(>:7H6=25(6G76(G79(:/9325</<(62(6G/(H24@=5762:=71(7H6=25(2>(6G/(6I2(%C9(=9((

( E( ( ( ( ( ( B&M?76=25(SEZDF(

[=5H/(I/(47</(6G/(799?436=25(6G76(7(@?:96(2>(7H6=0762:(=562(6G/(5?H1/?9(H7?9/9(711(H/119(=5(6G/(

3:=2:(9676/(62(6:759=6=25(62(6G/(5/;6(25/K((=9(/M?71(62(6G/(>:7H6=25(2>(H/119(=5(9676/(X(E(%G=9(=9(

@/H7?9/(711(H/119(6G76(6G76(7:/(=5(9676/(X(76(6G/(6=4/(6G76(7H6=0762:(J(/56/:9(6G/(5?H1/?9(I=11(H2431/6/(6G/(

HAH1/*(

( (E( ( ( ( ( ( ( ( B&M?76=25(SEZSF(

#11(3:2426/:9(967:6(2>>(=5(9676/(DE(#H6=0762:(T(/56/:9(5?H1/?9(76(6{TE()5(6G/(9G2:6(6=4/(=56/:071( (

K(711(H/119(=5(9676/(D(6:759=6=25(62(9676/(S(9=5H/(( (*(

( (E( ( ( B&M?76=25(SEZeF(

[2(52IK(76(733:2;=476/1A(,{TK(711(H/119(7:/(=5(9676/(SE(%G/(>:7H6=25(2>(H/119(=5(9676/(S(</H:/79/9(I=6G(6=4/*(

( (K( ( ( ( ( ( ( B&M?76=25(SEZXF(

799?4=58(6G76( E(%G/(>:7H6=25(2>(H/119(=5(9676/(e(</3/5<9(25(6G/(6:759=6=25(:76/(2>(H/119(>:24(

9676/(S(75<(6G/(9?@9/M?/56(6:759=6=25(2?6(2>(9676/(e(=562(9676/(X*((

( (( ( ( ( ( ( B&M?76=25(SEZZF(

Sj  t = 0 !S" = " !S" = S# = S$ = %

! 

frespond = " ! (S" + S# + S$ + S%)
cells still remaining 
      in the cycle

! "# # $# #

frespond !(S" )

!
frespond = S"

(t, t + ! t)

 KATA ! 1

 

d

dt
S1(t ) = ! k1S1(t ) =

! KAS1(t ) t < t + " t

0 t > t + " t

#
$
%%

&
%%

 

d

dt
S2(t ) = ! k2S2(t )

S2(t ) = e! k t

 k2 = k3 = k

 

d

dt
S3(t ) = k2S2(t ) ! k3S3(t )

S3(t ) = e! k tk t
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%G/(>:7H6=25(2>(H/119(=5(9676/(X(=5H:/79/9(7HH2:<=581A*(

( (( ( ( ( ( B&M?76=25(SEZUF(

JA(/;375<=58(6G=9K(75<(:/>/::=58(62(Equation 2.52, we can write it as  

( (K( ( ( ( ( B&M?76=25(SEZhF(

IG=HG(=9(&M?76=25(SEU(=5(6G/(47=5(6/;6K(31266/<(=5(C=8?:/(SES)E((

I(#00'/4*.#68'/)0#"')(*4-/-*"-41()0#"7*#10.#6-$*'/*D'41"- *HJK*

,?:(8271(=9(62(H2437:/(6G/(>?11(:758/(2>(8/5/(/;3:/99=25(2?6H24/9(6G76(H75(@/(7HG=/0/<(IG/5(

6I2(%C9(I2:\(=5</3 /5</561A(25(7(HAH1/(I=6G(6I2(912I(96/39(62(6G76(IG=HG(H75(@/(9//5(IG/5(6G/:/(=9(

251A( 7( 9=581/( 912I( 96/3E( a/( H71H?176/<(6G/(4/75( :76/( 2>( 6:759H:=36=25( <:=0/5( @A( /7HG( 7H6=0762:(

=5<=0=<?711A(75<(628/6G/:( (>2:(<=>>/:/56(4/HG75=96=H(9H/57:=29(2>(G2I(%C9(

7H6(25(7(HAH1/(BC=8?:/(SEe#Y&FK(75<(52:471=]/<(6G/9/(62(6G/(@7971(:76/(2>(6:759H:=36=25(=5(/7HG(H79/(IG/5(

6G/:/(7:/(52(%C9(3:/9/56E(C2:(/7HG(4/HG75=96=H(9H/57:=2(2>(G2I(6G/(%C9(=43=58/(25(6G/(8=0/5(:76/9K(I/(

H71H?176/<(6G/(2?63?6(DTTKTTT(6=4/9(?9=58(:75<24=]/<(37:74/6/:9 (>2:(6G/(@7971(:76/9(2>(/7HG(96/3(75<(

6G/(96:/586G(2>(6G/(6I2(7H6=0762:9(=5(7HH/1/:76=58(6G/4(B37:74/6/:(071?/9(@/12IFE(

)5(2:</:(62(H2437:/(6G/(2?6H24/9(2>(<=>>/:/56(9H/57:=29(>2:(%C9(7H6=58(=5</3/5</561A(25(7(

6I2 Y96/3( HAH1/K( I/( 3126(6G/( </0=76=25( >:24( 7( 4?16=31=H76=0/( >21<( HG758/( BH2::/9325<=58( 62( 6G/(

/;3/H676=25(2>(6G/(:/H:?=64/56(42</1(2>(7(HAH1/(I=6G(25/(912I(96/3F(75<(75(7<<=6=0/(/5G75H/4/56(2>(

6G/(:76/(BH2::/9325<=58(62(6G/(/;3/H676=25(2>(6G/(\=5/6=H(42</1(2>(7(HAH1/(I=6G(25/(912I(96/3FE(%G/(>21<(

HG758/(=5(6:759H:=36=25(<:=0/5(@A(7(%C(=9(6G/(4/75(1/0/1(2>(/;3:/99=25(IG/5(6G/(%C(=9(3:/9/56(<=0=</<(

@A(6G76(IG/5(=6(=9(7@9/56*((

 

d

dt
S4(t ) = k3S3(t )

S4(t ) = e! k t (! 1+ e! k t ! k t )

 
frespond = S4(t ) = 1! e! k t ! e! k tk t

(kTXN (A), kTXN (B), kTXN (A,B))
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( (E( ( ( ( ( ( ( B&M?76=25(SEZPF(

#9(</9H:=@/<(7@20/(B!24@=5762:=71(#H6=076=25(75<('/3:/99=25(2>([6/39(=5(7(!AH1/FK(?5</:(6G/(

:/ H:?=64/56(42</1(6I2(7H6=0762:9(I2:\=58(=5</3/5</561A(7<<=6=0/1A(:/<?H/(6G/(>://(/5/:8A(2>('+#$(

@=5<=58(62(6G/(3:2426/:(75<(G/5H/(G70/(7(4?16=31=H76=0/(/>>/H6(25(6G/(>21<(HG758/(=5(8/5/(/;3:/99=25E(

a/(3126(</0=76=25(>:24(6G=9(^4?16=31=H76=0/_(H79/(25(6G/(;Y7;=9(=5(C=8?:/(SEe*(

( (K( ( ( ( ( ( ( ( B&M?76=25(SEZOF(

=E/E(6G/(>21<(HG758/(=5(8/5/(/;3:/99=25(<?/(62(@26G(%C9(7H6=58(628/6G/:(<=0=</<(@A(6G/(3:2<?H6(2>(/7HG(

7H6=58(7125/E((

.5</:( 6G/( \=5/6=H( 42</1K( 6G/( >7H62:9( @A( IG=HG( /7HG( %C( /5G75H/9( :76/(9( 9?4( 628/6G/:*(

B9//(!24@=5762:=71(#H6=076=25(75<('/3:/99=25(2>([6/39(=5(7(!AH1/FE(aG/5(6G/:/(=9(

251A(7(9=581/(912I(:76/(=5(6G/(HAH1/K(6G=9(=9(/M?=071/56(62(97A=58(6G76(6G/=:(/>>/H69(25(6G/(20/:711(:76/(2>(

6:759H:=36=25(7:/(7<<=6=0/*(

( (( ( ( ( ( ( B&M?76=25(SEUTF(

a/(3126(</0=76=25(>:24(6G=9(^7<<=6=0/_(H79/(25(6G/(AY7;=9*((

( (Q( ( ( ( B&M?76=25(SEUDF((

IG/:/( /7HG( 6/:4( =9( 52:471=]/<( @A( 9?@6:7H6=58( 6G/( @7971( :76/( 2>( 6:759H:=36=25K(K( >2:( /7HG(

=6/:76=25E(()>(/;3:/99=25(=9(/;7H61A(4?16=31=H76=0/(=6(I=11(>711(25(;{DK(IG=1/(=>(=6(=9(/;7H61A(7<<=6=0/(=6(I=11(

>711(25(A{DE(a/(?9/<(6G/(>2112I=58(37:74/6/:(:758/9(62(H71H?176/(6G/(8/5/(/;3:/99=25(2?63?6(=5(/7HG(

9H/57:=2(=5(C=8?:/(SEe*((

QTF =
kTXN (TF)

kTXN (0)

x =
QAB

QA ! QB

 ! kAB = ! kA + ! kB

kTXN (A,B) = kTXN (A) + kTXN (B)

y =
kTXN (A,B) ! kTXN (0)

(kTXN (A) ! kTXN (0)) + (kTXN (B) ! kTXN (0))

kTXN (0)



 

62 

C=8?:/(SEe#*( (75<( (7:/(6G/(<=992H=76=25(H25967569(>2:(%C9((T(2:(VK(IG=1/( (75<( (7:/(

6G/=:( :/93/H6=0/( H25H/56:76=259Q( I/( :75<24=]/<( (@/6I//5( TETD̀DTTE( (

:/3:/9/56( 6G/( 96:/586G( 2>( =56/:7H6=25( @/6I//5( /7HG( %C( 75<( 6G/( '+#( 321A4/:79/Q( 6G/9/( I/:/(

:75<24=]/<(@/6I//5(D ` DTTE(~(75<(•(:/3:/9/56(=56/:7H6=259(@/6I//5(%C9(=5(@=5<=58(-+#(2:(:/H:?=6=58(

321A4/:79/K(:/93/H6=0/1AQ(6G/9/(I/:/(G/1<(76( (B52(=56/:7H6=25FE((

C=8?:/(SEeJ*(7H6=0762:(96:/586G9K( I/:/(:75<24=]/<(@/6I//5(T ` DTTK(IG=1/(

6G/(@7971(:76/(2>(6G/(9=581/(96/3K(\K(I79(07:=/<(@/6I//5(D` DTTTE((

C=8?:/( SEe!Y&*( #H6=0762:( 96:/586G9( >2:(( 75<( ( I2:\=58( 25( /7HG( 2>( 6G/( 6I2( :76/9K(

K(I/:/(07:=/<(@/6I//5(T YDTTE(#5(7H6=0762:(G79(52(/>>/H6(25(7(:76/(IG/5(=69(96:/586G(=9(

/M?71(62(TE(%G/:/>2:/K(=5(C=8?:/(SEe!K( K(75<(=5( -( E(J7971( :76/9K( (I/:/(

:75<24=]/<(@/6I//5(D ` DTTTE((

C=8?:/(SEe&*(%G/(:/9?169(=5(375/19(!(75<(-(:/3:/9/56(6G/(1=4=69(2>(&(=5(IG=HG( (75<(

K(:/93/H6=0/1AE()5(&(I/(9G2I(6G/(>?11(:758/(2>(2?6H24/9(@A(20/:17A=58(31269(!(75<(-(75<(

>=11=58(=5(6G/( :/96( I=6G(DTTKTTT(=6/:76=259(=5( IG=HG(7H6=0762:(96:/586G9K(K( I/:/(07:=/<(

@/6I//5(T YDTT(75<(6G/(@7971(:76/9( (I/:/(:75<24=]/<(@/6I//5(D ` DTTTE(

 (

KA KB [ A] [ B]

  
! =

A[ ]
KA

and " =
B[ ]

KB fA  and fB

  ! = " = 1

a =
! kA

k
and b =

! kB

k

A B

a1, a2, b1 and b2

a2 = b2 = 0 a2 = b1 = 0 k1 and k2

a2 = b2 = 0

a2 = b1 = 0

a1, a2, b1 and b2

k1 and k2
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#!W+,aR&-d&c&+%[ (

a/(I2?1<(1=\ /(62(6G75\("/:575(d7:H=7K(o75€(W25</0(75<([75<//3(!G2?@/A(>2:(475A(?9/>?1(
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smaller the possible sequence space of the solution and the longer the run time (Fig 2E). Thus
users need to carefully consider the length of the input sequence, how many motifs must be
removed, and the threshold for binding site recognition (lowering the threshold will identify
more sites). Finally, if the output sequence is highly constrained, the algorithm is likely to gen-
erate repetitive sequences, which are challenging to synthesize and clone. This is not a limita-
tion of SiteOut, but a byproduct of how easily binding sites are created and the small set of
solutions when many constraints are applied. Working with these trade-offs, we have success-
fully used SiteOut to remove sites for 140 different yeast TFs and obtained a synthesizable bind-
ing site-free 1 kb sequence.

To allow users to add additional features to the algorithmÕs screening process, we provide
the source code on the website, which can be downloaded and modified at will. For instance,
the acceptance probability (Pa) could be altered to include terms that take into account not
only the number of binding sites in the sequence, but also their affinities or the number/length
of repeats in the sequence. As an example,Pa could be modified to include contributions from

Fig 1. SiteOut efficiently removes binding sites from a spacer between annotated enhancers. Predicted binding sites for 11 transcription factors
regulating expression of the geneKrŸppel (Kr) in Drosophila melanogasterplotted across a 2kb region of its regulatory region. Nucleotide coordinates for the
proximal and distal enhancers are respectively 2R:25224832..25226417 and 2R:25224052..25225758. Bar heights represent binding affinities. In the
endogenous sequence between the two marked enhancers (labeledÔspacerÕ) there are 131 binding sites for the transcription factors of interest. Sequences
from orthogonal sources such as phage lambda have been used asÒnon-functionalÓspacers in many studies, but lambda DNA still contains many
transcription factor binding sites. A computationaly generated random sequence with the same GC content asD.melanogasterintergenic sequence also
contains a large number of binding sites. SiteOut creates a synthetic spacer that contains no binding sites, while keeping the flanking enhancers intact and
the GC content constant.

doi:10.1371/journal.pone.0151740.g001
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@?6(174@<7(-+#(96=11(H2567=59(475A(6:759H:=36=25(>7H62:(@=5<=58(9=6/9E(#(H243?676=2571A(8/5/:76/<(
:75<24(9/M?/5H/(I=6G(6G/(974/(d!(H256/56(79(-E4/17528796/:(=56/:8/5=H(9/M?/5H/(7192(H2567=59(7(17:8/(
5?4@/:(2>(@=5<=58(9=6/9E([=6/,?6(H:/76/9(7(9A56G/6=H(937H/:(6G76(H2567=59(52(@=5<=58(9=6/9K(IG=1/(\//3=58(
6G/(>175\=58(/5G75H/:9(=567H6(75<(6G/(d!(H256/56(H2596756E(
(
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7182:=6G4(3:20/9(62(@/(4?HG(912I/:(B=6(G79(62(I2:\(I=6G(4?16=31/(9/M?/5H/9F(75<(/5<9(?3(H:/76=58(

G=8G1A(:/3/6=6=0/(9/M?/5H/9E()5(/7HG(=6/:76=25K(@=5<=58(9=6/9(7:/(=</56=>=/<(75<(7(:75<24(5?H1/26=</(=5(

/7HG(9=6/(=9(4?676/<(7HH2:<=58(62(6G/(5?H1/26=</(3:2@7@=1=6A(<=96:=@?6=25(8=0/5(@A(6G/(?9/:Y93/H=>=/<(

d!(H256/56(BC=8?:/ (eES!FE(#5(7HH/3675H/(3:2@7@=1=6AK(`$ K(=9(H243?6/<(62(</H=</(IG/6G/:(6G/(4?676/<(

9/M?/5H/(=9(3799/<(62(6G/(5/;6(=6/:76=25(96/3E(c?676=259(6G76(</H:/79/(6G/(62671(5?4@/:(2>(@=5<=58(9=6/9(

=5(6G/(5/I(9/M?/5H/(G70/(7(G=8G/:(7HH/3675H/(3:2@7@=1=6A(B&M?76=25(D*(+21<(75<(+ 5/I (:/3:/9/56(6G/(

5?4@/:(2>(@=5<=58(9=6/9(=5(6G/(21<(75<(5/I(9/M?/5H/9( :/93/H6=0/1AFE(%G/(7182:=6G4(96239(25H/(52(

@=5<=58(9=6/9(7:/(>2?5<K(2:(IG/5(6G/(9/M?/5H/(H250/:8/9(62(7(5?4@/:(2>(@=5<=58(9=6/9(@/12I(IG=HG(52(

>/I/:(H75(@/(7HG=/0/<(I=6G=5(DTT(=6/:76=259K(IG=HG(3:20/9(62(@/(/52?8G(62(702=<(12H71(4=5=47E(aG/5(

6G/([37H/:(-/9=85/:(236=25(=9(?9/<K(6G/(7182:=6G4(9/7:HG/9(>2:(9=6/9(6G76(7:/(I=6G=5(2:(20/:173(I=6G(6G/(

937H/:9( 75<( :/420/9( 6G/4( @A( 4?676=58( 251A( 5?H1/26=</9( >:24( 6G/( 937H/:( :/8=259K( \//3=58( 6G/(

>?5H6=2571(9/M?/5H/9(=567H6(BC=8?:/(eES-FE(

( ( ( ( * . / #
01 2345 1 678

9: 01 2345 1 678
    Equation 3.1 

%G/:/( 7:/( 4?16=31/( 6:7</Y2>>9( 62( H259=</:( IG/5( </312A=58( [=6/,?6E( C=:96K( [=6/,?6( <2/9( 526(

H250/:8/(62(7(?5=M?/(921?6=25E(C2:(6G/(974/(37:74/6/:9K(6G/(7182:=6G4(I=11(8=0/(7(<=>>/:/56(921?6=25(

/0/:A(6=4/E(%G/:/>2:/K(I/(7<0=9/(6G76(?9/:9(3/:>2:4(4?16=31/(:?59(75<(HG229/(6G/(2?63?6(6G76(=9(4296(

9?=67@1/(>2:(6G/4E([/H25<K(6G/(17:8/:(6G/(5?4@/:(2>(@=5<=58(9=6/9(62(:/420/K(6G/(94711/:(6G/(3299=@1/(

9/M?/5H/(937H/(2>(6G/(921?6=25(75<(6G/(1258/:(6G/(:?5(6=4/(BC=8?:/ (eES&FE(%G?9K(?9/:9(5//<(62(H7:/>?11A(

H259=</:(6G/(1/586G(2>(6G/(=53?6(9/M?/5H/K(G2I(475A(426=>9(4?96(@/(:/420/<K(75<(6G/(6G:/9G21<(>2:(

@=5<=58( 9=6/( :/H285=6=25( B12I/:=58( 6G/( 6G:/9G21<( I=11( =</56=>A( 42:/( 9=6/9FE( C=5711AK( =>( 6G/(2?63?6(

9/M?/5H/(=9(G=8G1A(H2596:7=5/<K(6G/(7182:=6G4(=9(1=\/1A(62(8/5/:76/( :/3/6=6=0/(9/M?/5H/9K(IG=HG(7:/(

HG711/58=58(62(9A56G/9=]/(75<(H125/E(%G=9(=9(526(7(1=4=676=25(2>([=6/,?6K(@?6(7(@A3:2<?H6(2>(
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(

(

G2I(/79=1A(@=5<=58(9=6/9(7:/(H:/76/<(75<(6G/(94711(9/6(2>(921?6=259(IG/5(475A(H2596:7=569(7:/(7331=/<E(

a2:\=58(I=6G(6G/9/(6:7</Y2>>9K(I/(G70/(9?HH/99>?11A(?9/<([=6/,?6(62(:/420/(9=6/9(>2:(DXT(<=>>/:/56(

A/796(%C9(75<(2@67=5/<(7(9A56G/9=]7@1/(@=5<=58(9=6/Y>://(D(\@(9/M?/5H/E(

%2(7112I(?9/:9(62(7<<(7<<=6=2571(>/76?:/9(62(6G/(7182:=6G4g9(9H://5=58(3:2H/99K(I/(3:20=</(6G/(

92?:H/( H2</( 25( 6G/( I/@9=6/K( IG=HG( H75( @/( <2I5127</<( 75<( 42<=>=/<( 76( I=11E( C2:( =59675H/K( 6G/(

7HH/3675H/( 3:2@7@=1=6AK(`$<(H2?1<( @/( 716/:/<( 62( =5H1?</( 6/:49( 6G76( 67\/( =562( 7HH2?56( 526( 251A( 6G/(

5?4@/:(2>(@=5<=58(9=6/9(=5(6G/(9/M?/5H/K(@?6(7192(6G/=:(7>>=5=6=/9(2:(6G/(5?4@/:L1/586G(2>(:/3/769(=5(6G/(

9/M?/5H/E(#9(75(/;7431/K(̀$ (H2?1<(@/(42<=>=/<(62(=5H1?</(H256:=@?6=259(>:24(70/:78/(@=5<=58(9=6/(

7>>=5=6A(75<(9/M?/5H/(:/3/769(79(>2112I9(

average binding site affinity and sequence repeats as follows

Pa ! l 1

eNold" Nnew

1 # eNold" Nnew
# l 2

eAold" Anew

1 # eAold" Anew
# l 3

eRold" Rnew

1 # eRold" Rnew
$2%

whereN, A andRstate respectively for number of binding sites, average af! nity of the sites in
the sequence and number of repeats in the old and new sequences.! 1, ! 2 and! 3 give weights to
the contribution of each term, depending on which of the three features one wants to prioritize
in the removal process, and they should satisfy! 1 + ! 2 + ! 3 = 1.

Tool description and examples
SiteOut presents the user with three main functionalities that confer enough flexibility to
design a variety of DNA sequences (see the User Manual on the website):

1. Design from scratch: make a random binding site-free sequence of arbitrary length.

2. Refine a sequence: provide a sequence and remove specified binding sites.

3. Design spacers in between functional sequences: add spacers between sequences without
creating binding sites at the junctions between the spacers and flanking functional
sequences. Given a set of functional sequences that will remain untouched, SiteOut links
them together using binding site-free spacers of the desired lengths (these can be from a few
nucleotides to many kilobases long).

Here we illustrate how to use the tool with four examples from transcription:

¥ Designing a synthetic enhancer: Testing if a set of experimentally-identified or computa-
tionally-predicted binding sites is sufficient to drive a specific gene expression pattern is chal-
lenging. TheSpacer Designercan be used to do this by designing site-free sequences between
known binding sites (Fig 3A).
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Fig 2. Overview of the SiteOut algorithm. (A) Schematic of the Monte Carlo algorithm. The non-deterministic nature of the process that drives the search
towards sequences with fewer sites allows greater exploration of sequence space in order to overcome local minima in the number of binding sites (N). (B)
Flowchart of the Monte Carlo algorithm highlighting the sequence acceptance/rejection process. Sm stands for a sequence in stepm (m = i, i + 1, . . .), Nold

and Nnew for the number of binding sites in the original and mutated sequence, respectively, andPa for the acceptance probability. (C) An example of binding
site identification and deletion. Initially, two sites are identified (red and green), and are removed by mutating two random nucleotides (pink). This creates a
new site (blue), but reduces the total number of sites in the sequence, thus giving an acceptance probability (Pa) of 0.73. (D) Removing sites at the junction
between a functional sequence and spacer by mutating only nucleotides from the spacer. (E) Performance plot for SiteOut running in Harvard Medical
SchoolÕs cluster. Error bars come from different jobs being run in different nodes. Design of 300 bp random sequences, P value of 0.003. For 140 PWMs the
12 hour wall time is always reached.

doi:10.1371/journal.pone.0151740.g002

SiteOut: An Online Tool to Design Binding Site-Free DNA Sequences
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BCD([HG/476=H(2>(6G/(c256/(!7:12(7182:=6G4E(%G/(525Y</6/:4=5=96=H(576?:/(2>(6G/(3:2H/99(6G76(<:=0/9(6G/(
9/7:HG(62I7:<9(9/M?/5H/9(I=6G(>/I/:(9=6/9(7112I9(8:/76/:(/;312:76=25(2>(9/M?/5H/(937H/(=5(2:</:(62(
20/:H24/(12H71(4=5=47(=5(6G/(5?4@/:(2>(@=5<=58(9=6/9(B+FE(BED(C12IHG7:6(2>(6G/(c256/(!7:12(7182:=6G4(
G=8G1=8G6=58(6G/(9/M?/5H/(7HH/3675H/L:/N/H6=25(3:2H/99E([4(9675<9(>2:(7(9/M?/5H/(=5(96/3(4(B4({(=K(=(z(DK(
EEEFK(+21<(75<(+ 5/I (>2:(6G/(5?4@/:(2>(@=5<=58(9=6/9(=5(6G/(2:=8=571(75<(4?676/<(9/M?/5H/K(:/93/H6=0/1AK(75<(
$7(>2:(6G/(7HH/3675H/(3:2@7@=1=6AE(BFD'#5(/;7431/(2>(@=5<=58(9=6/(=</56=>=H76=25(75<(</1/6=25E()5=6=711AK(6I2(
9=6/9(7:/(=</56=>=/<(B:/<(75<(8://5FK(75<(7:/(:/420/<(@A(4?676=58(6I2(:75<24(5?H1/26=</9(B3=5\FE(%G=9(
H:/76/9(7(5/I(9=6/(B@1?/FK(@?6(:/<?H/9(6G/(62671(5?4@/:(2>(9=6/9(=5(6G/(9/M?/5H/K(6G?9(8=0=58(75(7HH/3675H/(
3:2@7@=1=6A(B$7F(2>(TEheE(B+D('/420=58(9=6/9(76(6G/(N?5H6=25(@/6I//5(7(>?5H6=2571(9/M?/5H/(75<(937H/:(@A(
4?676=58(251A(5?H1/26=</9(>:24(6G/(937H/:E(BJD($/:>2:475H/(3126(>2:([=6/,?6(:?55=58(=5("7:07:<(c/<=H71(
[HG221g9(H1?96/:E(&::2:(@7:9(H24/(>:24(<=>>/:/56(N2@9(@/=58(:?5(=5(<=>>/:/56(52</9E(-/9=85(2>(eTT(@3(
:75<24(9/M?/5H/ 9K($(071?/(2>(TETTeE(C2:(DXT($ac9(6G/(DS(G2?:(I711(6=4/(=9(71I7A9(:/7HG/<E(
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* . / #; 9
01 2345 1 678

9: 01 2345 1 678
+ ; %

0< 2345 < 678

9: 0< 2345 < 678
+ ; =

0> 2345 > 678

9: 0> 2345 > 678
(K(( ( &M?76=25(eES(

IG/:/(+K(#(75<('(9676/(:/93 /H6=0/1A(>2:(5?4@/:(2>(@=5<=58(9=6/9K(70/:78/(7>>=5=6A(2>(6G/(9=6/9(=5(6G/(

9/M?/5H/(75<(5?4@/:(2>( :/3/769(=5(6G/(21<(75<(5/I(9/M?/5H/9E( ‚DK( ‚S(75<( ‚e(8=0/( I/=8G69(62(6G/(

H256:=@?6=25(2>( /7HG(6/:4K(</3/5<=58(25( IG=HG(2>(6G/(6G://(>/76?:/9(25/( I7569(62(3:=2:=6=]/(=5(6G/(

:/42071(3:2H/99K(75<(6G/A(9G2?1<(976=9>A(‚D(z(‚S(z(‚e({(DE(

%,,R(-&[!')$%),+(#+-(&y#c$R&[ (

[=6/,?6(3:/9/569(6G/(?9/:( I=6G(6G://(47=5(>?5H6=2571=6=/9(6G76(H25>/:( /52?8G(>1/;=@=1=6A(62(</9=85(7(

07:=/6A(2>(-+#(9/M?/5H/9(B9//(6G/(.9/:(c75?71(25(6G/([=6/,?6( I/@9=6/FE()6(7192(3:20=</9(6G/(?9/:(I=6G(

7:6=97571(H76(H7:62259(62(/56/:67=5(6G/4(IG=1/(6G/A(I7=6(>2:(6G/=:(:/9?169(B#33/5<=;(JK(C=8?:/([eEDFE(%G/(

e(47=5(>?5H6=2571=6=/9(7:/*(((

DE! 3&(+B")1'./)(%'$,%#*(47\/(7(:75<24(@=5<=58(9=6/Y>://(9/M?/5H/(2>(7:@=6:7:A(1/586GE((

SE! b&1+"&)$)(&e7&"%&*(3:20=</(7(9/M?/5H/(75<(:/420/(93/H=>=/<(@=5<=58(9=6/9E((

eE! 3&(+B")(-$%&'()+")5&,@&&")17"%,+."$0)(&e7&"%&(*(7<<(937H/:9(@/6I//5(9/M?/5H/9(I=6G2?6(H:/76=58(

@=5<=58(9=6/9(76(6G/(N?5H6=259(@/6I//5(6G/(937H/:9(75<(>175\=58(>?5H6=2571(9/M?/5H/9E(d=0/5(7(

9/6(2>(>?5H6=2571(9/M?/5H/9(6G76( I=11( :/47=5(?562?HG/<K( [=6/,?6(1=5\9(6G/4(628/6G/:( ?9=58(

@=5<=58(9=6/Y>://(937H/:9(2>(6G/(</9=:/<(1/586G9(B6G/9/(H75(@/(>:24(7(>/I(5?H1/26=</9(62(475A(

\=12@79/9(1258FE((

J/12I (I/(=11?96:76/(G2I(62(?9/(6G/(6221(I=6G(>2?:(/;7431/9(>:24(6:759H:=36=25*((

)

)

)
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3&(+B"+"B)$)(C",#&,+%)&"#$"%&')

%/96=58(=>(7(9/6(2>(/;3/:=4/56711AY=</56=>=/<(2:(H243?676=25711AY3:/<=H6/<(@=5<=58(9=6/9(=9(9?>>=H=/56(62(

<:=0/(7(93/H=>=H(8/5/(/;3:/99=25(3766/:5(=9(HG711/58=58E(%G/([37H/:(-/9=85/:(H75(@/(?9/<(62(<2(6G=9(@A(

</9=85=58(9=6/Y>://(9/M?/5H/9(@/6I//5(\52I5(@=5<=58(9=6/9(BC=8?:/ (eEe#FE(

3&(+B"+"B)$)(C",#&,+%)B&"&)0.%7()

%G/(7H6=0=6A(2>(:/8?1762:A(/1/4/569(=5(7(8/5/(12H?9(H75(@/(7997A/<(=5(=92176=25(>:24(6G/=:(/5<28/52?9(

9/M?/5H/(9?::2?5<=589(@A(?9=58(6G/([37H/:(-/9=85/:(62(8/5/:76/(9=6/Y>://(9/M?/5H/9(@/6I//5(6G/4E(

%G/(7182:=6G4(702=<9(8/5/:76=58(75A(2>(6G/(93/H=>=/<(@=5<=58(9=6/9(76(6G/(N?5H6=25(@/6I//5(>?5H6=2571(

9/M?/5H/(75<(937H/:(BC=8?:/ (eEeJFE((

b&/.4+"B)5+"*+"B)(+,&()+")$)#+&'$'%#+%$0).'*&')

%G/:/(47A(@/(9=6?76=259(=5(IG=HG(6G/(5?4@/:(2>(@=5<=58(9=6/9(62(@/(:/420/<(=9(92(G=8G(6G76(52(]/:2Y

@=5<=58(9=6/(921?6=25(/;=969E()5(6G=9(H79/K(25/(47A(I756(62(3:=2:=6=]/(6G/(:/42071(2>(924/(@=5<=58(9=6/9(

20/:(26G/:9E(%G=9(H75(@/(<25/(@A(:?55=58([=6/,?6(9/0/:71(6=4/9K(:/420=58(25/(6A3/(2>(@=5<=58(9=6/(76(

7(6=4/K(=5(2:</:(2>(=5H:/79=58(=432:675H/(BC=8?:/ (eEe!FE((

]&"&'$,+"B)0$'B&)(&e7&"%&()5C)/&'B+"B)(/$00&')."&()

aG/5(</9=85=58(0/:A(1258(@=5<=58(9=6/Y>://(9/M?/5H/9(=6(=9(H250/5=/56(62(37:711/1=]/(6G/(N2@(62(970/(

6=4/(75<(702=<(G=66=58(6G/(DSYG2?:(47;=4?4(:?5(6=4/(9/6(25(6G/("7:07:<(c/<=H71([HG221(H243?6=58(

H1?96/:E(C2:( /;7431/K(=>(</9=85=58(7(DT( \@(9/M?/5H/(=6(=9(4?HG(>796/:(62(9?@4=6(>=0/(N2@9(?9=58(6G/(

'75<24([/M?/5H/(236=25K(/7HG(</9=85=58(7(<=>>/:/56(S(\@(3=/H/E(%G/9/(>=0/(9/M?/5H/9(H75(@/(H255/H6/<(
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628/6G/:(75<(6G/(:/9?16=58(9/M?/5H/(:/>=5/<(?9=58(6G/('/>=5/(7([/M?/5H/(236=25K(IG=HG(I=11(:/420/(

75A(9=6/9(6G76(>2:4/<(76(6G/(N?5H6=259(@/6I//5(6G/4(BC=8?:/ (eEe-FE(

(

)

 (

!"#$%&'@)@*'J?30/-&4'.;':384'"1':9"59'="2&R$2'531'7&'3//-"&6)' '

BCD(-/9=85=58(7(9A56G/6=H(/5G75H/:E(J=5<=58(426=>9(D(75<(S(7:/(716/:576/<(>2:4=58(7(93/H=>=H(3766/:5(62(
H:/76/(7(9A56G/6=H(/5G75H/:(B@26624FE(%G/(</9=85E6;6(>=1/(9G2I5(=5(8:/A(=9(6G/(=53?6(8=0/5(62([=6/,?6(=5(
6G=9(H79/E(BED(-/9=85=58(7(9A56G/6=H(8/5/(12H?9E(%G://(/5G75H/:9(B623F(7:/(1=5\/<(@A(SZT(75<(DZT(@3(
@=5<=58(9=6/Y>://(9/M?/5H/9K(75<(6G/(IG21/(H2596:?H6(=9(</1=4=6/<(@A(eTT(75<(STT(@3(9=6/Y>://(9/M?/5H/9E(
%G/(</9=85E6;6(>=1/(9G2I5(I=6G(8:/A(@7H\8:2?5<(=9(6G/(=53?6(8=0/5(62([=6/,?6(=5(6G/([37H/:(-/9=85/:(
236=25E(BFD('/420=58(@=5<=58(9=6/9(=5(7(G=/:7:HG=H71(2:</:(=>(=6(=9(5/H/997:A(62(3:=2:=6=]/(:/42071(2>(
37:6=H?17:(9=6/9E()5(6G=9(/;7431/(I/(I756(62(:/420/(711(:/<(9=6/9K(4296(2>(6G/(8://5(75<(79(475A(79(
3299=@1/(2>(6G/(@1?/E(%2(<2(92K(:?5([=6/,?6(:/420=58(/7HG(@=5<=58(9=6/(6A3/(25/(76(7(6=4/K(=5(:/0/:9/(2:</:(
2>(3:=2:=6AE()5(/7HG(96/3K(6G/(:/42071(3:2H/99(47A(H:/76/(5/I(9=6/9(2>(7(<=>>/:/56(6A3/K(@?6(6G/(4296(
:/1/0756(25/9(7:/(</1/6/<(=5(6G/(9?@9/M?/56(96/39E(B+D'd/5/:76=58(17:8/(@=5<=58(9=6/Y>://(9/M?/5H/9(@A(
4/:8=58(94711/:(25/9E(#(DT(\@(9/M?/5H/(B@26624F(H75(@/(8/5/:76/<(@A(4/:8=58(S(\@(3=/H/9(47</(=5(
37:711/1(B623F(75<(:/>=5=58(6G/(:/9?16=58(9/M?/5H/(B4=<<1/F(62(:/420/(@=5<=58(9=6/9(B@17H\(0/:6=H71(@7:9F(
H:/76/<(76(6G/(N?5H6=259E(
(

 



 

78 

-)[!.[[),+ (

[A56G/6=H(733:27HG/9(62(<=99/H6=58(6G/(7H6=0=6A(2>(-+#Y@=5<=58(3:26/=59(7:/(42:/(6:7H67@1/(

6G75(/0/:K(8=0/5(6G/(<=4=5=9G=58(3:=H/(2>(9A56G/9=]=58(-+#(9/M?/5H/(BW29?:=(75<(!G?:HG(STDXFE(%G=9(

23/59(?3(I=</ Y:758=58(2332:6?5=6=/9(62(6/96(93/H=>=H(GA326G/9/9(7@2?6(G2I(6G/(=</56=6AK(5?4@/:(75<(

7::758/4/56( 2>( 3:26/=5( @=5<=58( 9=6/9( =5( :/8?1762:A( -+#( /57@1/( 3:/H=9/( H256:21( 20/:( @=2128=H71(

3:2H/99/9E(C2:( /;7431/K(42</19(2>(8/5/( :/8?176=25(:/1A(25(H243?676=25711AY3:/<=H6/<(6:759H:=36=25(

>7H62:(@=5<=58(9=6/9K(@?6(6G/9/(9=6/9(47A(526(>7=6G>?11A(:/>1/H6(=5(0=02(3:26/=5(@=5<=58(BpG2?(/6(71E(STDZQ(

[1766/:A(/6(71E(STDXQ(d2:<ƒ5(/6(71E(STDeF(75<(@=5<=58(9=6/9(2?69=</(3:/<=H6/<(/5G75H/:9(H75(@/(/99/56=71(

>2:( 6:759H:=36=2571( :/8?176=25( B!:2H\/:( /6( 71E( STDZFE( )6( =9( 6G/:/>2:/( 071?7@1/( 62( /;31=H=61A( 6/96( 6G/(

=432:675H/( 2>( @=5<=58( 9=6/( H256/56K( 79( 23329/<( 62( 26G/:( 9/M?/5H/( >/76?:/9( 2>( -+#( 9?HG( 79( =69(

4/HG75=H71(3:23/:6=/9K(9G73/K(HG:2476=5(96:?H6?:/(2:(6G/(937H=58(@/6I//5(:/8?1762:A(/1/4/569E(#9(I/(

@/66/:(?5</:9675<(G2I(-+#(9/M?/5H/(4739(62(=5(0=02(@=5<=58(9=6/(2HH?375HA(75<(3:26/=5(>?5H6=25K(

7<<=6=2571( >/76?:/9( H75( @/( H256:211/<( >2:( =5( 176/:( 0/:9=259( 2>( [=6/,?6E( aG=1/( I/( G70/( >2H?9/<( 25(

6:759H:=36=25(62(=11?96:76/(6G/(?9/(2>([=6/,?6K(6G/(7@=1=6A(62(</9=85(H7:/>?11A(H256:211/<(@=5<=58(9=6/Y>://(

9/M?/5H/(I=11(@/(?9/>?1(>2:(=50/96=876=58(475A(26G/:(3:2H/99(H256:211/<(@A(9/M?/5H/Y93/H=>=H(-+#Y

@=5<=58( 3:26/=59E( C2:( =59675H/K( -+#( :/31=H76=25( =5( @7H6/:=7( =9( H256:211/<( @A( 7( G296( 2>( >7H62:9( 6G76(

:/H285=]/(93/H=>=H(9=6/9(=5(6G/(2:=8=5(75<(:/8?176/(-57#(:/H:?=64/56(62(@=5<=58(6G76(<=>>/:(=5(7>>=5=6AK(

937H=58(75<(2:=/5676=25(7H:299(93/H=/9E()6(=9(?5H1/7:(G2I(<=>>/:/5H/9(=5(6G/(96:?H6?:/(2>(6G/(:/31=H76=25(

2:=8=5(473(2562(93/H=/9Y93/H=>=H(>/76?:/9(2>(-57#(21=824/:=]76=25(75<(=69(H256:21(@A(26G/:(:/8?1762:A(

3:26/=59(Ba217„9\=( /6( 71E( STDXFK( @?6( 6G=9( M?/96=25( =9( :=3/( >2:( 6G/( 6A3/9( 2>( 9A56G/6=H( /;3/:=4/569(

<=9H?99/<(G/:/E(

 (



 

79 

#!W+,aR&-d&c&+%[ (

a/(6G75\(6G/(4/4@/:9(2>(6G/(-/$7H/(R7@(>2:(6G/=:(6G2?8G6>?1(H244/569(75<(=</79(<?:=58(6G/(

</0/1234/56(2>([=6/,?6K(I=6G(7(93/H=71(7H\52I1/<84/56(62(J/5(i=5H/56(>2:(</0=9=58(9?HG(75(/12M?/56(

574/E(a/(7192(7H\52I1/<8/( -75=/1(+707::2K(76(6G/( c799E(&A/(75<(&7:( )5>=:47:AK(>2:(G=9(G/13(25(

9/66=58(?3(6G/(I/@(=56/:>7H/E(

'&C&'&+!&[ (

#\@7:=K(,47:([EK(&96G/:(J7/K("211A(o2G59/5K(#1>:/<(i=1171?]K(-/@@=/(a258K(75<('2@/:6(#E(-:/I/11E(
STTPE(^#(+20/1($:2426/:Y%/6G/:=58(&1/4/56('/8?176/9(&5G75H/:Y-:=0/5(d/5/(&;3:/99=25(76(
6G/(J=6G2:7;(!2431/;(=5(6G/(-:2923G=17(&4@:A2E_(3&4&0.-/&",)(DeZ(BDF*(DSe` eDE(

(
!71G2?5K(i=5H/56(!EK(#58/1=\/([676G232?129K(75<(c=HG7/1(R/0=5/E(STTSE(^$:2426/:Y$:2;=471(

%/6G/:=58(&1/4/569('/8?176/(&5G75H/:Y$:2426/:([3/H=>=H=6A(=5(6G/(-:2923G=17(#56/5573/<=7(
!2431/;E_( `'.%&&*+"B().1),#&)U$,+."$0)T%$*&/C).1)?%+&"%&().1),#&)a"+,&*)?,$,&().1)T/&'+%$(OO(BDXF*(
OSXèXhE(
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6G/(/M?=071/56(31269(=5(B!F(@/H7?9/(6G/(!-S(/5G75H/:(67\/9(1258/:(62(967:6(<:=0=58(/;3:/99=25(75<(62(:/7HG(
=69(3/7\(1/0/1E(BOD')5=6=71(6:759H:=36=25(:76/(7H:299(6G/(/;3:/99=25(3766/:59(<:=0/5(@A(!-S(75<(!-S‡(B9//(
-FE((
(
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62(=69(/5<28/52?9(329=6=25(jSEP(\@(?396:/74(BC=8?:/(XES#K!K-FE(aG/5(6G/(3:2426/:Y3:2;=471(!-S(=9(

420/<(7I7A(>:24(6G/(3:2426/:K(/;3:/99=25(H24/9(25(176/:(75<(76(7(12I/:(:76/(BC=8?:/(XES&KCK"FK(75<(

3176/7?9( 7:2?5<( Se( 4=5?6/9( =562( 6G/( HAH1/( 76( 7( H259=96/561A( 12I/:( 1/0/1( 7H:299( 6G/( 3766/:5( BC=8?:/(

XES&KdFE(.51=\/( /;3:/99=25(>:24( !-DK( /;3:/99=25(<:=0/5(@A( !-S( :/7HG/9(7(3176/7?(=5(1/0/1(6G76(=9(

47=567=5/<(7H:299(6G/(:/96(2>(6G/(HAH1/E(

)5(2:</:(62(</6/:4=5/(6G/(H71H?176=25(H7::=/<(2?6(@A(6I2(H23=/9(2>(75(/5G75H/:(`` (=E/E(IG76(

/;3:/99=25(6G/(6I2(<:=0/(628/6G/:(79(7(>?5H6=25(2>(6G/=:(9/37:76/(7H6=0=6=/9(`` (I/(5//</<(62(7HH?:76/1A(

4/79?:/(6G/=:(9/37:76/(7H6=0=6=/9(@A(4/79?:=58(/;3:/99=25(>:24(/7HG(/5G75H/:(76(6G/(3:2;=471(75<(76(

6G/(<=9671(329=6=259E(a=6G(6G/9/(M?756=676=0/(/;3:/99=25(4/79?:/4/569(=5(G75<K(I/(H75(52I(79\(G2I(

6G/=:(/;3:/99=25(H24@=5/9(=5(6G/(<?31=H76/<(/5G75H/:(H2596:?H69E((

+",%%-(*-/&)/.-"*21%('.)0'#/$*)/2*$&)2#9*-/&)/.-"*%)'"*2"'<-*() "4-(7**

$18:)22'0'<-*-?%"-$$'#/ *

a/(H2437:/<(/;3:/99=25(>:24(/7HG(<?31=H76=25(75<(6G/(9G7<2I(/5G75H/:(37=:(62(6G/(3:2N/H6/<(

9?4(2>(6G/(/;3:/99=25(<:=0/5(@A(6G/(733:23:=76/(9=581/(<=9675H/YH256:211/<(/5G75H/:9E(%G/(:/9?169(7:/(

@:27<1A( H259=96/56( I=6G( 6G/( 3:/<=H6=259( >2:( G2I( 6I2( H243/6=58( /5G75H/:9( 7:/( /;3/H6/<( 62( 7H6( =5(

H24@=576=25*(/;3:/99=25(=9(7<<=6=0/(2:(9?@7<<=6=0/(7H:299(4296(2>(6G/(/;3:/99=25(3766/:5(<?:=58(5HDX(

BC=8?:/(XEe#Y!FE(( (

"2I(<2/9(6G/( :/176=259G=3(62(7<<=6=0=6A(=5( /7HG(H79/(HG758/( I=6G( /;3:/99=25(1/0/1b(%G=9(=9(

/79=/:(62(799/99(@A(31266=58(/;3:/99=25(<:=0/5(@A(6G/(37=:9(2>(/5G75H/:9(<=:/H61A(787=596(6G/(9?4(2>(6G76(

<:=0/5( @A( 6G/=:( H2596=6?/56( 9=581/( /5G75H/:9( BC=8?:/( XEe-FE( !2437:=58( 6G/9/( 6G://( 6I2Y/5G75H/:(

H2596:?H69(76(6G/(974/(329=6=259(=5(6G/(/4@:A2(:/0/719(6G76(6G/A(>2112I(7(96:=\=581A(H259=96/56((



 

90 

 (

 

!"#$%&'@*'+$/-"532".14'316'4936.:'&19315&%4'.;'+",%%-('6%",&'-3%#&-8'4$7>

366"2",&'&?/%&44".1)'

P.",+"7&*).4&'0&$1Q)
(
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(

(

(

(

(

(

(

(

(

6:7N/H62:A(I=6G(:/93/H6(62(6G/(9?4(2>(6G/=:(9=581/(/5G75H/:9(=5(6G/(756/:=2:(G71>(2>(6G/(3766/:5K(75<(6G/A(

<2( 92( 20/:( 7( I=</( :758/( 2>( /;3:/99=25( 1/0/19( B6G=9( 3766/:5( G21<9( 20/:( jDTk(/4@:A2( 1/586G( =5( 6G/(

756/:=2:Y4=<<1/(2>(6G/(3766/:5FE(a/(3126(<767(=5(6G/(H/56/:(2>(6G/(3766/:5(>:24(6G/(>=:96(ST(4=5?6/9(2>(

5HDX(IG/5(/;3:/99=25(=9(=5H:/79=58E(-?:=58(6G=9(6=4/K(/;3:/99=25(1/0/1(=9(75(7HH?:76/(733:2;=476=25(

2>(6G/(:76/(2>(6:759H:=36=25(B6G/(HG758/(=5(/;3:/99=25(20/:(6=4/FK(IG=1/(176/:(=5(6G/(HAH1/(/;3:/99=25(

1/0/1(H25021?6/9(6G/(3:2H/99/9(2>(321A4/:79/(127<=58(75<(6:759H:=36(6/:4=576=25E(#9(3:/<=H6/<(@A(6G/(

H243/6=6=25(42</1(BJ26G47(/6(71EK(STDZFK(IG/5(6G/(H2596=6?/56(/5G75H/:9(<:=0/(42:/(/;3:/99=25K(6G/=:(

H24@=5/<(1/0/1(@/H24/9(=5H:/79=581A(9?@7<<=6=0/(BC=8?:/(XEe-FE((

3#6%10)0'#/*87*0&-*%"#6#0-"*<)"'-$*#<-"*0&-*)/0-"'#" :%#$0-"'#"*)?'$*

%G/( /;3:/99=25(=5(6G/(4=<<1/(2>(6G/(3766/:5(H256:211/<(@A(/7HG(37=:(2>( /5G75H/:9(>2112I9(7(

6:7N/H62:A(H259=96/56(I=6G(6G/(H243/6=6=25(42</1(BC=8?:/(XEeFE("2I/0/:K(6G=9(6:/5<(@:/7\9(<2I5(76(6G/(

@2:</:9(2>(6G/(/;3:/99=25(<247=5(BC=8?:/(XEXFE()5(C=8?:/(XEX(I/(H2437:/(6G/(H243?676=25(3/:>2:4/<(

@A(6G/(37=:9(2>(/5G75H/:9(76(6G/(756/:=2:(75<(3296/:=2:(@2:</:9(2>(6G/=:(:/93/H6=0/(/;3:/99=25(3766/:59E((

!"#$%&'G)@I'.#/0'/1-2J *

BCD'c/75(/;3:/99=25(20/:(6=4/(=5(5?H1/7:(HAH1/(DX(B5HDXF(<:=0/5(@A(6G/(<?31=H76/<(!-D(H2596:?H6(
B2:758/F(H2437:/<(62(6G/(9?4(2>(/;3:/99=25(<:=0/5(@A(/7HG(<=9675H/YH256:211/<(=5<=0=<?71(H23A(2>(!-D(
B3=5\FE(c/75(>1?2:/9H/5H/(3/:(7H6=0/(5?H1/?9(zLY(9675<7:<(/::2:(76(733:2;=476/1A(6G/(H/56/:(2>(6G/(
/;3:/99=25(3766/:5E(!-DK(5({(e(/4@:A29Q(!-D‡K(5({(UQ(!-DY!-D‡K(5({(eE(((
BED'!2437:=9 25(2>(/;3:/99=25(>:24(6G/(<?31=H76/<(!-S(H2596:?H6(B@1?/F(H2437:/<(62(6G/(9?4(2>(
/;3:/99=25(>:24(!-S‡(75<(!-S(7125/(B3=5\FE(!-SK(5({(U(/4@:A29Q(!-S‡K(5({(XQ(!-S‡Y!-SK(5({(ZE(((
BFD'!2437:=925(2>(/;3:/99=25(>:24(6G/(9G7<2I(/5G75H/:(37=:(B8:/AF(62(6G/(3:2N/H6/<(9?4(2>(/;3:/99=25(
<:=0/5(@A(!-D(75<(!-S(B3=5\FE(!-DK(5({(e(/4@:A29Q(!-SK(5({(UQ((!-DY!-SK(5({(UQ((
B+D')5(6G/(H/56/:(2>(6G/(/;3:/99=25(3766/:5K(6G/9/(6I2Y/5G75H/:(H2596:?H69(B!-D(<?31=H76=25K(!-S(
<?31=H76=25(75<(6G/(9G7<2I(/5G75H/:(37=:F(>2112I(6G/(974/(:/176=259G=3(62(7<<=6=0=6A(20/:(7(I=</(:758/(
2>(/;3:/99=25(1/0/19E(!2437:=925(2>(/;3:/99=25(<:=0/5(@A(/7HG(6I2Y/5G75H/:(H2596:?H6(62(6G/(9?4(2>(
/;3:/99=25(<:=0/5(@A(6G/(H2596=6?/56(/5G75H/:9(Bf#g(75<(fJgF(>2:(711(6=4/(32=569(=5(6G/(>=:96(ST(4=59(2>(
5HDXE([G2I5(=9(6G/(4/75(>1?2:/9H/5H/(3/:(7H6=0/(5?H1/?9K(zLY(9675<7:<(/::2:K(>:24(6I2(756/:=2:Y3296/:=2:(
@=59(7:2?5<(6G/(4=<<1/(2>(6G/(/;3:/99=25(3766/:59E(%G/(9675<7:<(/::2:(25(6G/(;Y7;=9(=9(6G/(9?44/<(/::2:(
=5(6G/(>1?2:/9H/5H/(<:=0/5(@A(/7HG(H2596=6?/56(/5G75H/:E($=5\(1=5/(=5<=H76/9(7<<=6=0=6AE((
(
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(

C2:(7(8=0/5(1/0/1(2>(9?44/<(1/0/1(<:=0/5(@A(6G/(=5<=0=<?71(/5G75H/:9(=5(/7HG(H79/K(6G/(7H6?71(

1/0/1(2>(/;3:/99=25(6G/A(<:=0/(628/6G/:(</3/5<9(25(6G/(329=6=25(71258(6G/(756/:=2:Y3296/:=2:(7;=9(2>(6G/(

/4@:A2E(%7\/(>2:(/;7431/(6G/(!-D(<?31=H76=25*(76(STTT(7E?E(2>(9?44/<(/;3:/99=25(B!-D(z(!-D‡FK(=6(=9(

3299=@1/(62(8/6(/=6G/:(DTTT(2:(SeTT(7E?E(2>(/;3:/99=25(>:24(6G/(6I2(/5G75H/:9(I2:\=58(=5(H24@=576=25(

B!-D Y!-D‡F(76(6G/(756/:=2:(75<(6G/(3296/:=2:(@2?5<7:=/9(2>(6G/(3766/:5K(:/93/H6=0/1A(B<266/<(7::2I9K(

C=8?:/(XEX#FE(%G=9(<2/9(526(733/7:(62(@/(6G/(H79/(G2I/0/:(>2:(6G/(!-S(<?31=H76=25(BC=8?:/(XEXJFE(

 

!"#$%&'G)G*'F.0/$232".14'53%%"&6'.$2'78'2:.'&19315&%4',3%8'.,&%'29&'312&%".%>/.42&%".%'3?"4'

BC>FD(c/75(>1?2:/9H/5H/(3/:(7H6=0/(5?H1/?9(<:=0/5(@A(/7HG(6I2Y/5G75H/:(H2596:?H6(=9(H2437:/<(62(6G/(
9?4(2>(6G/(H2596=6?/56(/5G75H/:9g(/;3:/99=25(76(6G/(756/:=2:(B8:/AF(75<(3296/:=2:(B@17H\F(@2:</:9(2>(6G/(
3766/:5E(&7HG(<76732=56(=9(7(<=>>/:/56(6=4/(32=56(B937H/<(ST(9/H9(737:6F(=5(6G/(>=:96(ST(4=5?6/9(2>(5?H1/7:(
HAH1/(DXE($=5\(1=5/(=5<=H76/9(7<<=6=0=6AE($766/:59(9G7:/(7(9=4=17:(756/:=2:(@2:</:(@?6(/;6/5<(3296/:=2:1A(62(
<=>>/:/56(/;6/569K(IG=HG(=9(:/>1/H6/<(=5(6G/(<=>>/:/56(3296/:=2:(@=59(9G2I5(=5(B#Y!FE(BCD'%G/(!-D(
<?31=H76=25(<:=0/9(9?@Y7<<=6=0/(/;3:/99=25(=5(6G/(756/:=2:(2>(6G/(3766/:5(B8:/AF(@?6(/;3:/99=25(=9(
733:2;=476/1A(7<<=6=0/(=5(6G/(3296/:=2:(B@17H\FE(C2:(7(8=0/5(9?44/<(1/0/1(2>(/;3:/99=25(25(6G/(;Y7;=9K(
<=>>/:/56(/;3:/99=25(2?6H24/9(7:/(3:2<?H/<(</3/5<=58(25(6G/(756/:=2:Y3296/:=2:(329=6=25Q(<266/<(
1=5/9L7::2I9(9G2I(75(/;7431/(76(!-Dz!-D‡({(STTT(7E?E(BED'%G/(:/176=259G=3(@/6I//5(/;3:/99=25(>:24(
6G/(!-S(<?31=H76=25(75<(7<<=6=0=6A(<2/9(526(<=>>/:(733:/H=7@1A(76(<=>>/:/56(756/:=2:Y3296/:=2:(329=6=259E(
BFD'&;3:/99=25(<:=0/5(@A(6G/(9G7<2I(/5G75H/:(37=:(=9(9?@7<<=6=0/(7H:299(6G/(/4@:A2E(J?6(79(>2:(6G/(
!-D(<?31=H76=25K(6G/(974/(9?44/<(/;3:/99=25(1/0/1(25(6G/(; Y7;=9(A=/1<9(<=>>/:/56(2?63?69(=5(<=>>/:/56(
37:69(2>(6G/(/;3:/99=25(3766/:5E((
(
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%G/(37=:(2>(9G7<2I(/5G75H/:9(7192(3/:>2:4(<=>>/:/56(H243?676=259(=5(6G/(756/:=2:(0/:9?9(6G/(

3296/:=2:(62(8/5/:76/( 6G/=:(H24@=5/<( /;3:/99=25(3766/:5(BC=8?:/(XEX!FE()5<=0=<?711AK(/7HG(/5G75H/:(

<:=0/9(3766/:59(2>(<=>>/:/56(I=<6GK(3:/9?47@1A(79(7(:/9?16(2>(<=>>/:=58(9/59=6=0=6=/9(62(6G/(6:759H:=36=2571(

:/3:/992:9(2>(D'E--&0K(716G2?8G(6G=9(G79(526(@//5(9G2I5(<=:/H61AE(%28/6G/:K(6G/(37=:(<:=0/9(/;3:/99=25(

6G76(=9(H129/(62(7<<=6=0/(=5(6G/(756/:=2:(2>(6G/(3766/:5(B1=8G6(8:/A(<767K(C=8?:/(XEX!FK(@?6(4?HG(1/99(6G75(

7<<=6=0/( /;3:/99=25( =5( 6G/( 3296/:=2:( B<7:\( 8:/AK( C=8?:/( XEX!Q( 9//( 7192( C=8?:/(XEZ#FE( %G=9( :/>1/H69( 7(

<2H?4/56/<(=56/:7H6=25(@/6I//5(6G/(6I2(/5G75H/:9K(=5(IG=HG(!-S(<24=57561A(:/3:/99/9(/;3:/99=25(

>:24(!-D(=5(6G/(3296/:=2:(37:6(2>(6G/(3766/:5(B&1Y[G/:=>(75<(R/0=5/K(STDUFE((

M-%"-$$'#/*#5*3!N*87*3!H*2#-$*/#0*"-O1'"-*3!H*0#*8-*)2P).-/0*0#*0&-*%"#6#0-"*

%G/(D'E--&0(!-S(/5G75H/:(:/>=5/9(6G/(3766/:5(2>(W:(/;3:/99=25(@A(=5G=@=6=58(6G/(7H6=0=6A(2>(6G/(

!-D(/5G75H/:(=5(6G/(3296/:=2:(2>(6G/(/;3:/99=25(3766/:5(BC=8?:/(XEZ#Q(&1Y[G/:=>(/6(71E(STDUFE(d=0/5(=69(

329=6=25(7<N7H/56(62(6G/(3:2426/:K(I/(GA326G/9=9/<(6G76(!-S(4=8G6(7H6(@A(@12H\=58(!-D(>:24(87=5=58(

7HH/99(62(6G/(3:2426/:K(2:(@A(9/M?/96/:=58(=6(7I7A(>:24(6G/(3:2426/:E(a/(6G/:/>2:/( 9I=6HG/<(6G/(

329=6=259(2>(6G/(6I2(/5G75H/:9(62(6/96(IG/6G/:(!-Sg9(:/3:/99=0/(7H6=0=6A(:/1=/9(25(/=6G/:(=69(3:2426/:Y

3:2;=471(12H76=25(2:(=69(329=6=25=58(@/6I//5(!-D(75<(6G/(3:2426/:E(a/(>2?5<(6G76(6G/(!-S(/5G75H/:(

=9(/M?711A(79(/>>/H6=0/(76(3:/0/56=58(7H6=076=25(@A(!-D(=5(6G/(3296/:=2:(2>(6G/(W:(/;3:/99=25(3766/:5(

>:24(SEX(\@(?396:/74(2>(6G/(3:2426/:(79(=6(=9(5/;6(62(=6(BC=8?:/(XEZJY!FE(

M-41()0#"7*$-O1-/.-*)"")/4-6-/0* )55-.0$*&#9*-?%"-$$'#/*5"#6*$'61(0)/-#1$(7 : ).0'<- **

-/&)/.-"$* '$*.#68'/-2 *

[=5H/(I/(G70/(6G/(=5<=0=<?71(/5G75H/:(H256:219(=5(/7HG(329=6=25(:/176=0/(62(6G/(3:2426/:K(I/(

H75(79\(IG/6G/:(6G/(9G7<2I(/5G75H/:9(3/:>2:4(6G/(974/(H243?676=25(=5(6G/(9I=6HG/<(329=6=259((

(
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(

(

(

(

(

(

(

(

(

 

!"#$%&'G)S*'T&#$-32.%8'4&N$&15&'3%%31#&0&12'"1;-$&15&4'9.:'29&'/%.0.2&%'5.07"1&4'"1/$24''

;%.0'2:.'&19315&%4)'

BCD'aG/5(@26G(9G7<2I(/5G75H/:9(<:=0/(/;3:/99=25(628/6G/:(B8:/AFK(!-S(B@1?/FK(:/3:/99/9(6G/(7H6=0=6A(2>(
!-D(B2:758/F(=5(6G/(3296/:=2:(2>(6G/(D')3766/:5(B9G2I5(=9(6G/(756/:=2:Y3296/:=2:(@=5(76(USEZk(/4@:A2(
1/586G(B&RFFE(BED'aG/5(6G/(/5G75H/:9g(329=6=259(7:/(9I=6HG/<(9?HG(6G76(!-S(1=/9(SEU\@(?396:/74(2>(6G/(
3:2426/:K(6G/(/;3:/99=25(1/0/1(<:=0/5(@A(!-S‡Y!-D‡(B8://5F(=9(12I/:(6G75(6G76(>:24(!-D‡(7125/(B371/(
2:758/FE(%G=9(=5<=H76/9(6G76K(716G2?8G(6G/:/(=9(526(</6/H67@1/(/;3:/99=25(>:24(!-S‡(76(6G=9(329=6=25K(=6(=9(
G70=58(7(:/3:/99=0/(=5>1?/5H/(25(!-D‡g9(7H6=0=6AE(BFD'%G/(:/3:/99=0/(=5>1?/5H/(2>(!-S‡(25(!-D‡(=9(
:/>1/H6/<(=5(6G/(329=6=25(2>(6G/(3296/:=2:(/;3:/99=25(@2?5<7:A(2>(6G/(!-S‡Y!-D‡(H2596:?H6K(IG=HG(H129/1A(
>2112I9(6G76(2>(6G/(I=1<6A3/(!-DY!-S(H2596:?H6E(C2:(4/6G2<(2>(@2?5<7:A(</>=5=6=25K(9//(C=8?:/([XEDE(B+D'
%G/(6I2(9G7<2I(/5G75H/:(H2596:?H69K(!-DY!-S(75<(!-S‡ Y!-DK(H2567=5(6G/(974/(:/8?1762:A(-+#(@?6(
H7::A(2?6(<=>>/:/56(H243?676=259E(!2437:=925(2>(/;3:/99=25(<:=0/5(@A(6G/(9G7<2I(/5G75H/:9(=5(/7HG(
7::758/4/56(62(6G/(9?4(2>(6G/=:(H2596=6?/56(<=9675H/YH256:211/<(9=581/(/5G75H/:9E((
(



 

95 

79(6G/A(<2(=5(6G/=:(I=1<6A3/(12H76=259E(%G/(:/8?1762:A(=5>2:476=25(=5(6G/9/(6I2(H2596:?H69(=9(=</56=H71(

B716G2?8G(9//(C=8?:/( [XEXFE(%G/:/>2:/K(=>(G2I(6G/A(H24@=5/(=9(7(4766/:(2>(6G/(H24@=5/<(96:/586G(2>(

/;3:/99=25( <:=0/5( @A( /7HG( /5G75H/:( 6G/5( I/( I2?1<( /;3/H6( 6G/4( 628/6G/:( 62( 3/:>2:4( 6G/( 974/(
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(
,?</177:K(#EcEK(-70=/9K(oE,EoEK("7599/5K(RERE$EK(%/1/5=?9K(oEcEK([HGI/99=58/:K('EK(R=?K(lEK(J:2I5K(

oEcEK(-2I5/9K(-EoEK(!G=7:=/112K(#EcEK(J=75H2K([EK(/6(71E(BSTDPFE([=581/YH/11(HG:2476=5(
=56/:7H6=259(:/0/71(:/8?1762:A(G?@9(=5(<A574=H(H2437:64/5671=]/<(<247=59E(

(
$/::AK(cEaEK(J2/66=8/:K(#E+EK(75<(R/0=5/K(cE(BSTDDFE(c?16=31/(/5G75H/:9(/59?:/(3:/H=9=25(2>(873(

8/5/ Y/;3:/99=25(3766/:59(=5(6G/(-:2923G=17(/4@:A2E($:2HE(+761E(#H7<E([H=E(.E([E(#E(=LNK(
DeZhT̀ DeZhZE(

(
$:7]7\K(REK(C?N=2\7K(cEK(75<(d/:8/5K(oE$E(BSTDTFE(+25Y7<<=6=0/(=56/:7H6=259(=50210=58(6I2(<=96=5H6(

/1/4/569(4/<=76/(91233AY37=:/<(:/8?176=25(@A(37=:Y:?1/(6:759H:=36=25(>7H62:9E(-/0E(J=21E(
JKKK(DTXP` DTZOE(

(
[HG21/9K(!EK(-/$7H/K(#E"EK(75<([t5HG/]K(wE(BSTDhFE(!24@=5762:=71(d/5/('/8?176=25(6G:2?8G(

W=5/6=H(!256:21(2>(6G/(%:759H:=36=25(!AH1/E(!/11([A96(KK(Oh` DTPE/OE(
(
[3=6]K(CE(BSTDUFE(d/5/(:/8?176=25(76(7(<=9675H/*(C:24(:/426/(/5G75H/:9(62(e-(:/8?1762:A(

/59/4@1/9E([/4=5E(!/11(-/0E(J=21E(OIK(Zh̀UhE(
(
[6:?5\K(JEK([6:?>>=K($EK(a:=8G6K(WEK($7@96K(JEK(%G2479K(oEK(q=5K(REK(75<(#:5296=K(-E+E(BSTTDFE('21/(2>(

!6J$(=5(6:759H:=36=2571(:/3:/99=25(@A(6G/(-:2923G=17(8=756(3:26/=5E(-/0E(J=21E(HJMK(SSO`
SXTE(

(
a?5</:1=HGK(pEK(J:78<25K(cE-EoEK(i=5H/56K(JEoEK(aG=6/K(oE#EK(&96:7<7K(oEK(75<(-/$7H/K(#E"E(BSTDZFE(

W:n33/1(&;3:/99=25(R/0/19(#:/(c 7=567=5/<(6G:2?8G(!243/59762:A(&021?6=25(2>(
[G7<2I(&5G75H/:9E(!/11('/3E(=HK(DhXT` DhXhE(

(
y?K("EK([/3Š10/<7K(RE#EK(C=87:<K(REK([2\7HK(#EcEK(75<(d21<=58K()E(BSTDZFE(!24@=5=58(3:26/=5(75<(

4'+#(M?756=>=H76=25(62(</H=3G/:(6:759H:=36=2571(:/8?176=25E(+76E(c/6G2<9(=HK(heÒhXSE(
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eUÒhPE(

(
C?<7K(+=HG2179(oEK(cE(J/G>7:(#:</G71=K(75<(o2G5(%E(R=9E(STTOE(^-/>=5=58(c/HG75=949(%G76('/8?176/(

'+#($21A4/:79/())(%:759H:=36=25(=5(i=02E_(U$,7'&(XUD(BhSUDFE(+76?:/($?@1=9G=58(d:2?3*(
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Figure S2.1 continued. !
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