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*1%!0,(%/4(%!/'#!7%!%(%/*&,#./'((8!%I/.*%2!78!.&&'2.'*.,#! '*!JKK!
#0! *,! $%#%&'*%! *1%! /,&&%3-,#2.#$! %I/.*%2! 3*'*%! eE&Tfjp! ;H<=!
;A.$4&%!G=@!a6!/,4&3%)!*1%!%I/.*%2!3*'*%!0,(%/4(%!eE&Tfjp!/'##,*!
7%! $%#%&'*%2! 43.#$! '#! YKK! #0! aQ! %I/.*'*.,#! -&,/%33)!7%/'43%!
*1%!0,(%/4(%!1'3!'!5'#.31.#$!aQ!'73,&-*.,#!'*!YKK!#0 !;<@MM!%`=)!
*1'*! .3)! *1%! '73,&7'#/%! .3!C%&,! '*!YKK!#0! ;A.$4&%!G=@!L,+%5%&)!
43.#$!4(*&'9!31,&*!-4(3%3!+.*1!1.$1!(.$1*!.#*%#3.*8!;*8-./'((8!5.'!'!
6%0*,3%/,#2! -4(3%2! ('3%&=)! 0,(%/4(%3! 1'5.#$! DQ! '73,&-*.,#!
/1'& '/*%&!/'#!'73,&7!3.04(*'#%,43(8!*+,!-1,*,#3)!.#!*1.3!/'3%!'*!
YKK!#0)!*,!$%#%&'*%!*1%!3'0%!0,(%/4('&!%I/.*%2!3*'*%!eE&Tfjp@!!

!

g,:8&*!B!N*9*(%*/!%=2*$!1.!231%19'#,9*!2&1%*(%,-:!:&182$!466T$7!

D143)! .#! *1%! DQ! %I/.*'*.,#! -&,/%33)! 04/1! (,+%&! %#%&$8!
-1,*,#3! /'#! 7%! 43%2! *,! 7&.#$! 0,(%/4(%3! *,! *1%.&! %(%/*&,#./'((8!
%I/.*%2!3*'*%!eE&Tfjp!;H<=@!L'(6!*1%!%#%&$8!;( qr!g!<s>!t!( q=!,6!*1%!
/,&&%3-,#2.#$!aQ!%I/.*'*.,#!;)#g!( q=!/'#!7%!43%2!+1%#!*1%!6.&3*!
%(%/*&,#./! %I/.*'*.,#! 7'#2! ;H<=! ,6! *1%! aQ! %I/.*'*.,#! -&,/%33! .3!
'((,+%2!6,&!*1%!DQ!%I/.*'*.,#!-&,/%33@!!

D1%!%66./.%#/8!,6!*1%!DQ!'73,&-*.,#!-&,/%33!.3!B4'#*.6.%2!78!
*1%!DQ!/&,3393%/*.,#! ;u>=)! .*3!0'$#.*42%!7%.#$!%I-&%33%2!43.#$!
*1%! Ro--%&*9['8%&! ;R[=! 4#.*)! <! R[! g! <K TMK! /0J! 3! -1,*,# T<!
0,(%/4(%T<!;A.$4&%!J)!'=@!D1%!4#/'$.#$!%66./.%#/8!;v4=!,6!*1%!DQ!
%I/.*'*.,#!-&, /%33!.3!2%*%&0.#%2!78!*1%!%B4'*.,#! v4!g!u>!t! w4)!
+1%&%!w4! .3! *1%!B4'#*40!8.%(2! ,6! *1%!4#9!/'$.#$!&%'/*.,#@!D1%!
'25'# *'$%3! ,6! 43.#$! *1%! U"i9DQ! %I/.*'*.,#! -&,/%33! .#! -('/%! ,6!
,#%9-1,*,#! ;aQ=! %I/.*'*.,#! +.*1! x` 95.3! (.$1*! .#/(42%:! ;<=! (%33!
-1,*, 92'0'$%! *,! (.5.#$! *.334%)! ;>=! 1.$1%&! *1&%%92.0%#3.,#'(!
;GZ=!3-'*.'(!&%3,(4*.,#)!;G=!2%%-%&!-%#%*&'*.,#!.#!*4&7.2!*.334%3)!
'#2!;J=!(,+%&!(.$1*!3/'**%&.#$@!!

c.*1!'!DQ!%I/.*'*.,#!-&,/%33)!,#(8!0,(%/4(%3!(,/'*%2!'*!*1%!
6,/'(!-,.#*!+.((!7%!%I/.*%2!;A.$4&%!J)!7=)!3.#/%!*1%!-&,7'7.(.*8!;* =!
,6!%I/.*'*.,#!.3!-&,-,&*.,#'(!*,!*1%!(.$1*!.#*%#3.*8!;+=!3B4'&%2@G]!
h,#5%&3%(8)!'((!.((40.#'*%2!0,(%/4(%3!+.((!7%!%I/.*%2!+.*1!'#!aQ!
%I/.*'*.,#! -&,/%33@! D143)! GZ! 3-'*.'(! 3%(%/*.5%! %I/.*'*.,#! .3!
-,33.7( %! 43.#$! *1%! DQ! %I/.*'*.,#! *%/1#.B4%)! '(*1,4$1! '! 1.$19
.#*%#3.*8!6%0*,3%/,#2!('3%&!.3!&%9!B4.&%2@JK)J<!!
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!"#$%+%'(%) %

!

g,:8&*!O!F-* +231%1-!4F67!'-/!%01+231%1-!4567!*R(,%'%,1-!2&1(*$$*$!1.!"&l m!

"#!*1.3!31,&*!&%5.%+)!*1%!7'3./!3*&'*%$.%3!6,&!2%3.$#.#$!DQ9
&%3-,#3.5%! /1&,0,-1,&%3!6,&!!"#$!$%#3*42.%3! '&%!6.&3*! -&,5.2%2)!
6,((,+%2!78! '!3400'&8! ,6!5%&8!&%/%#*!2%5%(,-0%#*3! .#! *1%!DQ!
4#/'$.#$! *%/1#,(,$8!43.#$!U"i!(.$1*)!.#/(42.#$!,4&!/,#*&.74*.,#3!
6&,0!*1%!('3*!*1&%%!8%'&3)!3.#/%!%I/%((%#*!%'&(.%&!&%5.%+3!'&%!'(3,!
'5'.('7(%@J>TJ]! !

!

g,:8&*!Q!4'7!56!8-(':,-:!&*'(%,1-!'-/!4#7!'/;'-%':*$!1.!56! *R(,%'%,1-!;*&$8$!

F6!*R(,%'%,1-!

! "#!*1.3!31,&*!&%5.%+)!*1%!7'3./!3*&'*%$.%3!6,&!2%3.$#.#$!
*1%! DQ9&%3-,#3.5%! /1&,0,-1,&%3! .#! 5.5,! 3*42.%3! '&%! 6.&3*!
-&,5.2%2)!6,((,+%2!78! '!3400'&8! ,6!5%&8!&%/%#*!2%5%(,-0%#*3!
.#! *1%! DQ! 4#/'$.#$! *%/1#,(,$8! 43.#$! U"i! (.$1*)! .#/(42.#$! ,4&!

/,#*&.74*.,#3)! .#! *1%! ('3*! *1&%%! 8%'&3)! 3.#/%! %I/%((%#*! %'&(.%&!
&%5.%+3!'&%!'(3,!'5'.('7(%@J>9J] !

-" ! .'/0*)/1&, 203+4$, '5, 67 8&039'$3+:0, ;&41$+*,
<=&'>'9='&03,5'&,?<14+$4,@,A$*14+$4B,

X33%#*.'((8)!6,4&!3*&'*%$.%3!1'5%!7%%#!2%5%(,-%2!*,!2%9!3.$#!
/1&,0,-1,&%3! +.*1! 30'&*! DQ! '73,&-*.,#! /1'&'/*%&:! ;<=! y9
/,#F4$'*.,#)!'#2!;>=!2.-,( '&)!;G=!B4'2&4-,('&!'#2!;J=!,/ *4-,('&!
383*%03! ;A.$4&%! M=@MK! W%3.2%3)! .#! *%&03! ,6! 7.,(,$./'(!
'--(./'*.,#3)! .*! .3! 43%64(! *,! 6.#2! ,4*! 1,+! *1%! %I/.*'*.,#!
+'5%(%#$*1! .#! *1%! U"i! &%$.,#! ,6! (.$1*! ;SMKT<KMK! #0=! /'#! 7%!
3%(%/*%2@! "#! *1.3! &%$'&2)! *.0%92%-%#2%#*! 2%#3.*8! 64#/*.,#'(!
*1%,&8!;DZZAD=!1'3!-&,5%2!*,!7%!'!-,+%&64(!*1%,&%*./'(!0%*1,2!
6,&!2%3.$#.#$!'--&,-&.'*%!/1&,0,-1,&%3!7'3%2!,#!-&%2./*%2!DQ!
'73,&-*.,#!3-%/*&'@MKTM>!!

!

g,:8&*!X!N%&'%*:,*$!%1!,-/8(*!56!'#$1&2%,1-!(3'&'(%*&!,-%1!<19*(89*$!

! -"!", C8<'$D)41%+'$!

A.&3*)! 7%#C%#%! -,33%33%3! #,! DQ9&%3-,#3.5%! /1'&'/*%&@!
U'-1*1'(%#%!31,+3!3(.$1*!DQ!'73,&-*.,#!/1'&'/*%&)!+.*1!K@]!R[!
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!"#$%, %'(%) %

'*! MGK! #0@MG! H*.(7%#%)! .#! +1./1! *+,! 7%#C%#%! &.#$3! '&%!
/,##%/*%2! 78! '! 2,47(%! 7,#2)! 2%0,#3*&'*%3! '! 3.C'7(%! DQ! &%9!
3-,#3%)! <>! R[! ' *! M<J! #0! ;A.$4&%! M)! '=@MJ! D1.3! 7'3./! *&%#2!
/(%'&(8!31,+3!*1'*!*1%!y9/,#F4$'*.,#! .3!2.&%/*(8!/,&&%('*%2!+.*1!
DQ!'73,&-*.,#!/1'&'/*%&@!!

! -"-", E,2+9'/1&,FG3%0>!

D1%! .#*&,24/*.,#! ,6! '#! %(%/*&,#92,#'*.#$! 3473*.*4%#*! ;Z=!
'#2! '#!%(%/*&,#9+.*12&'+.#$!3473*.*4%#*! ;E=)! '*!%.*1%&!%#23! ,6!
3*.(7%#%)! (%'23! *,! '! 0,(%/4(%! +.*1! 2.-,('&! /1'&'/*%&! ;ZTyTE=@!
A.$4&%!M! ;7=!1.$1(.$1*3! *1%!2&'0'*./! .#/&%'3%! .#!DQ! '73,&-*.,#!
/&,3393%/*.,#)! +.*1! <KK! R[! '*! mYGK! #0)! .@%@)! '! +'5%(%#$*1! ,6!
*+./%! *1'*! ,6! *1%!aQ! '73,&-*.,#! 0'I.040! '*!mJ<K!# 0@MM!D1%!
,#%! ,&2%&! ,6! 0'$#.*42%! .#/&%'3%! ,6! *1%! DQ! /&,3393%/*.,#!
,7*'.#%2! +.*1! *1%! -431T-4((! 3*&4/*4&%! /'#! 7%! &'*.,#'(.C%2!
+.*1.#! '! *+, 93*'*%! 0,2%()! .#! +1./1! *1%! /&,33! 3%/*.,#! ;u>=! .3!
-&,-,&*.,#'(! *,! *1%! -&,24/*! ,6! *1%! 3B4'&%2! *&'#3.*.,#! 2.-,(%!
0,0%#*!'#2! *1%!3B4'&%2!2.66%&%#/%!7%9!*+%%#!*1%!%I/.*%293*'*%!
'#2!$&,4#2 93*'*%!2.-,(%!0,0%#*3!;A.$4&%!M)!7)!%B!<=@MK!!

! -"H",E,I)1(&)9'/1&,FG3%0> ,,

^4'2&4-,('&! /1'&'/*%&! ;.@%@! ZTyTETyTZ! ,&! ETyTZTyTE=!
'&.3%3!.#!'!3*.(7%#%!3*&4/*4&%!78!.#*&,24/.#$!-431T-431!,&!-4((T
-4((! 3473*.*4%#*! 2%3.$#3! '*! %.*1%&! %#2! ,6! *1%! /,&%! 3N%(%*'(!
3*&4/*4&%!;A.$4&%!M)! /=@MS!A,&!%I'0-(%)! '! ('&$%!u>!5'(4%! ,6!<<K!
R[! +'3! &%-,&*%2! '*! S>K! #0! 6,&! '! -431T-431! 3*&4/*4&%@! c1%#!
*1%!y9/,#F4$'*.,#! .#/ &%'3%3! 78! .#*&,24/.#$! '! 6(4,&%#8(! /,&%!
7%*+%%#! *+,! 3*.(7%#%3! 0,.%*.%3)!u>! 4#2%&$,%3! '! 0,&%! *1'#!
*%#6,(2! %#1'#/%0%#*! '//,0-'#.%2! 78! 3.$#.6. /'#*! &%2931.6*)!
(%'2.#$! 6,&! .#3*'#/%! *,! <GKK! R[! '*! \JK! #0@M\! E! *1&%%93*'*%!
0,2%(! /'#! 7%! 43%2! *,! &'*.,#'(.C%! *1%! DQ! &%3-,#3%! ,6! 34/1!
B4'2&4-,('&!383*%03@!!

D1%!DQ!'73,&-*.,#!0'I. 0'!,6!B4'2&4-,('&!383*%03!2,!#,*!
31,+! 4-! '*! *+./%! *1%! +'5%(%#$*1! ,6! *1%! aQ! '73,&-*.,#! -%'N3)!
3.#/%!*1%!3%(%/*.,#!&4(%3!6,&!,-*./'(!*&'#3.*.,#3! '&%!2.66%&%#*!6,&!
aQ!'#2!DQ!-&,/%33%3!.#!/%#*&,3800%*&./!3*&4/*4&%3@JJ)MK!a6*%#)!
*1%! 6.&3*! DQ! '73,&-*.,#! 0'I.040! 31,+3! 4-! '*! '! 30'((%&!
+'5%(%#$*1! *1'#! *+./%! *1%! 6.&3*! aQ! '73,&-*.,#! 0'I.040! ;.@%@)!
zDQ!{!>!t!zaQ=@!!

! -"J",E$,;*%)9'/1&,FG3%0>,

D&.'#$4('&! 3*&4/*4&%3! 34/1! '3! <)G)M9*&.3473*.*4*%297%#9!
C%#%! e.@%@)! Z;TyTE=G! ,&! E;TyTZ=Gj! 2%0,#3*&'*%! '#! ,/*4-,('&!
/1'&'/*%&! 5.'! *1%! .#*&,24/*.,#! ,6! -431! ;Z=! ,&! -4((! ;E=! 3479!
3*.*4%#*3! ;A.$4&%! M)! 2=@! H4/1! ,/*4-,('&! 3*&4/*4&%3! '(3,! (%'2! *,!
3.C'7(%!u>! 5'(4%3)! 6,&! %I'0-(%)! ,6! 0,&%! *1'#! <KKK! R[! '7,5%!
m\JK!#0!6,&!*1%!/1&,0,-1,&%3!31,+#!A.$4&%!M!;2=@MM)MY!!

E3! 7&.%6(8! 2%3/&.7%2! '7,5%)! 7,*1! 3*'*%! '#2! *&'#3.*.,#! 2.9!
-,(%! 0,0%#*3! ,6! *1%! 0,(%/4(%! -('8! /&4/.'(! &,(%3! .#! -&,24/.#$!
0,(%/4(%3! +.*1! 1.$1!04(*. 9-1,*,#! '73,&-*.,#! /1'&'/ *%&@! D1%!
'73,&-*.,#!3-%/*&'!,6!*1%!DQ!%I/.*'*.,#!-&,/%33!/'#!7%!-&%2./*%2!
78! DZ9ZAD! /'(/4('*.,#3)! '*! (%'3*! B4'(.*'*.5%(8! 2%-%#2.#$! ,#!
'5'.('7(%! (%5%(3! ,6! *1%,&8@MK!A,&! 2.-,('&! 383*%03)! *1%! 6.&3*! DQ!
'73,& -*.,#! 0'I.0'! .3! %I-%/*%2! *,! 31,+! 4-! '*! *+./%! *1%!
+'5%(%#$*1! ,6! *1%! 6.&3*! aQ! '73,&-*.,#! 0'I.9! 040)! 7,*1!
-&,/%33%3! 7%.#$! 3800%*&8! '((,+%2@! a6*%#! *1.3! .#5,(5%3!
%I/.*'*.,#! *,! *1%! 6.&3*! %I/.*%2! 3*'*%! ;H<=@! A,&! B4'2&4-,('&! '#2!
,/*4-,('&! 3*&4/*4 &%3)! *1%! 6.&3*! DQ!'((,+%2! %(%/*&,#./! *&'#3.*.,#!
434'((8!/,&&%3-,#23!*,! '!1.$1%&!%(%/*&,#./!%I/.*%2!3*'*%!34/1!'3!

H>! ,&! HG)! .#! +1./1! *1%! *&'#3.*.,#! 2.-,(%! 0,0%#*3! 0'8! 7%!
5'#.31.#$@MK)MM)MY!!

"#/&%'3.#$!y9/,#F4$'*.,#! #,*! ,#(8! .#/&%'3%3! *1%! DQ! '79!
3,&-*.,#! /&,33 93%/*.,#! 5'(4%3!,6! 0,(%/4(%3)! 74*! '(3,! *1%.&!
182&,-1,7./.*8@! L,+%5%&)! /'$%2! /,0-,4#23! 043*! -,33%33!
34.*'7(%!+'*%&!3,(47.(.*8!.#!-183.,(,$./'(!3*42.%3@!A4&*1%&9!0,&%)!
*1%!DQ!'73,&-*.,#!0'I.0'!31,4(2!7%!.#!*1%!U"i!&%$.,#!,6!SMKT
<KMK!#0@!D143)!'!7'('#/%!,6!DQ!'73,&-*.,#!/1'&'/*%&!'#2!+'*%&!
3,(47.(.*8! 043*! 7%! /,#3.2%&%2! +1%#! 2%3.$#.#$! DQ9&%3-,#3.5%!
/1&,0,-1,&%3!6,&!-183.,(,$./'(!3*42.%3@!!

"#! '22.*.,#! *,! *1%! '7,5%90%#*.,#%2! &%B4.&%0%#*3! 6,&!
3*'*%9,69*1%9'&*!/'$%2!/,0-,4#23)!.@%@)!DQ!&%3-,#3.5%#%33)!+'*%&!
3,(47.(.*8!'#2!#,# 9*,I. /.*8)!*1%!&'*%!,6!-1,*,&%(%'3%!,6!7.,'/*.5%!
0,(%/4(%3! .3! '(3,! '! 5%&8! .0-,&*'#*! .334%! 6,&! -183.,(,$./'(!
%I-%&.0%#*3@!D1%!31'&-! /,#/%#*&'*.,#!F40-!78! -1,*,(83.3)!%@$@)!
(%33! *1'#! '! 0./&,3%/,#2! *.0%3/'(%)! .3! %39!3%#*.'(! 6,&! ,73%&5.#$!
6'3*!7.,(,$./'(!&%3-,#3%3@!!

!

! H"!K0*0$%,20:0/'9>0$%3,'5,67,A$*14+$4,K01*%+'$3,

H"!",J8.0%='LG8M8$+%&'+$('/+$G/,N.O#P8<140(,E)L+$3,

D1%!-('#*!1,&0,#%!'4I.#!;.@%@)!.#2,(%9G9'/%*./!'/.2=!-('83!'!
/&4/.'(! &,(%! .#! '(0,3* ! %5%&8! '3-%/*! ,6! -('#*! 2%5%(,-0%#*@!
L'8'31.! '#2! /, 9+,&N%&3M]!1'5%!2%3.$#%2! '#2!38#*1%3.C%2! '!J9
0%*1,I8 9\ 9#.*&,.#2,(.#8(! ;[U"= 9/'$%2! '4I.#! ;H/1%0%! <=@! D1%!
/'$%2! '4I.# ! +'3! 6,4#2! *,! 7%! *1%&0'((8! 3*'7(%! .#! -('#*3)! '#2!
.#2,(%9G9'/%*./! '/.2! +'3! &%(%'3%2! &'-.2(8! 4-,#! -1,*,(83.3@!
L,+%5%&)! *1%!%9UQX9/'$%2! '4I.#! +'3! 6,4#2! *,! 7%! 4#3*'7( %! .#!
-(' #*3@! D1%! '4*1,&3! 2%*%&0.#%2! ,-*./'(! /,#*&,(! ,6! '4I.# 9
&%3-,#3.5%! $%#%! %I-&%33.,#! '#2! '4I9! .#9&%('*%2! -183.,(,$./'(!
&%3-,#3%3!43.#$!*1%!DQ9&%3-,#3.5%!/'$%2!'4I.#@!!

!

N(3*<*!@!56!8-(':,-:!&*'(%,1-!1.!(':*/!'8R,- !

! H"-", A$*14+$4, '5, QERE, 1$(, 6&G9%'9=1$, A3+$4, 678
+$()*0(,S/0*%&'$ 86&1$350&,K01*%+'$3,

E#2%&3,#! '#2! /,9+,&N%&3SK! 2%5%(,-%2! '! #%+! '--&,'/1!
6,&! *1%! 2%3.$#! ,6! DQ9&%3-,#3.5%! /1&,0,-1,&%3! 7'3%2! ,#! '!
-1,*,.#24/%2! %(%/*&,#9*&'#36%&! &%'/*.,#! ;H/1%0%! >=@! D1%8!
34//%%2%2! .#! 38#*1%3.C.#$! DQ9&%3-,#3.5%! /'$%2!| 9'0.#,! 74 9!
*8&./! '/.2! ; QERE=! '#2! n9*&8-*,-1'#! ; 6&9=! +.*1! '#! %(%/*&,#9!
2,#'*.#$! 6(4,&%#%97'3%2! /1&,0,-1,&%! '#2! '#! %(%/*&,#9!
'//%-*.#$! -8&.2.#.40! 0,.%*8@! E! 1.$1! DQ! /&,3393%/*.,#! 5'(4%! ,6!
u>!g!<<KK!R[!'*!\KK!#0!+'3!6,4#2!6,&! QERE@!A4&*1%&)!'!/(%'#!
-1,*,/1%0./' (! &%(%'3%! ,6! REWE! +'3! ,73%&5%2! '*! \KK! #0!
.&&'2.'*.,#!+.*1!'!/1%0./'(!8.%(2!,6!}]M~!'#2!'!-1,*,  /1%0./'(!
8.%(2! ,6!<~! ;w4!g!K@K<=@!D143)!*1%!%66./.%#/8! ,6!*1%!DQ9.#24/%2!

N
O2N

OMe

N
H

O

OH

auxin (plant hormone)

O

NH

caged auxin

TP (720 nm)
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!"#$%- %'(%) %

4#/'$.#$! &%'/*.,#! ,6! REWE! +'3! 2%*%&0.#%2! *,! 7%!v4! g! <K! •! G!
R[@!!

!

N(3*<*! B!56!8-(':,-:!& *'(%,1-!1.!(':*/! T"U" !'-/!(':*/ !5&2!

! H"H", S550*%, '5, 7'3+%+'$,#3'>0& +3>, +$,
E>+$'T)+$'/+$0 820&+:0(,77Q3,

H473*.*4%#*! %66%/*3! ,#! *1%! DQ9.#24/%2! 4#/'$.#$! &%'/*.,#!
+%&%! &%-,&*%2! 78! Z'(N,! '#2! /,9+,&N%&3S<! 6,&! DQ9&%3-,#3.5%!
'0.#,B4.#,(.#%! 2%&.5'*.5%3! ;H/1%0%! G=@! D1%! DQ! 4#/'$.#$!
%66./.%#/8! '*! \GK! #0! 6,&! *1%! hM9/'&7,I8! .3,0%&! U<;-V )!v4! g!
K@<<!R[)!+'3!04/1!30'((%&!*1'#! *1%!-'&%#*!V,;v4!g!K@S\!R[=)!
URW,;v4!g!>@K!R[=)! '#2!UE*&,;v4!g!K@>M!R[=)!%5%#!*1,4$1! *1%!
3473*.*4%#*! .3! 34--,3%2! *,! .#24/%! '! 1.$1%&! .#*&'0,(%/4('&!
/1'&$%9*&'#36%&!/1'&'/*%&!*1'#!*1%!-'&%#*!V@!!

!

N(3*<*! O!56!8-(':,-:!&*'( %,1-!1.!W8,-191-*!/*&,;'%,;*$!

H"J",<''90&1%+:0,2G1(3,5'&,67,A$*14+$4,

W('#/1'&29Z%3/%!'#2!/,9+,&N%&3S>!2%3.$#%2!'#!.#*&'9!
0,(%/4('&! %#%&$8! *&'#36%&! 383*%0! 6&,0! *1%! DQ9&%3-,#3.5%!
/1&,0,-1,&%! *,! *1%! QQR! 4#.*@! Z,#,&T2,#,&! 3473*.*4*%2! ;i! g!
Ui>)! ai=! '#2! '//%-*,& T'//%-*,&! 3473*.*4*%2! ;i! g! Ha>hAG=!
6(4,&%#%! 3*&4/*4&%3! +.*1! B4'2&4-,('&! /1'&'/*%&3! +%&%! /1,3%#!
6,&! *1%! DQ9&%3-,#3.5%! /1&,0,-1,&%! ;H/1%0%! J=)! '#2! *1%! J9
0%*1,I8 9>9#.*&,-1%#8(!4#.*!+'3!43%2!6,&!4#/'$.#$@!D1%!U"i9DQ9

.#24/%2!&%(%'3%!,6!'/%*./!'/.2!;E/aL=!+'3!%I'0.#%2!'*!\>K TYKK!
#0@! D1%! 4#/'$.#$! %66./.%#/8! ,6! *1%! 2,#,&T! 2,#,&! 3473*.*4*%2!
/,0-,4#2!+'3!6,4#2!*,!-&,5.2%!*1%!7%3*!DQ!4#/'$.#$!%66./.%#/8!
,6!v4!g!K@>M!R[!;u>!g!G<K!R[=!'*!YKK!#0@!!

!

N(3*<*! Q!56+,-/8(*/! *-*&:=!%&'-$.*&! '-/! 8-(':,-:!&*'(%,1-!1.! '(*%,(! '(,/ >!

gEV5n!.981&*$(*-(*!&*$1-'-(*!*-*&:=!%&'-$.*&!

H"U", <140(, <1/*+)>, X+%=, 1, R+33%G&G/%=+'9=0$0,
R1*YZ'$0 ,

h'(/.40! .,#3! ;h'>€=!1'5%!0'#8! /&4/.'(!&,(%3! .#! *1%! -1839!
.,(,$8!'#2!7.,/1%0.3*&8!,6!,&$'#.303!'#2!/%((3@!A,&!%I'0-(%)!.#!
3.$#'(!*&'#324/*.,#!-'*1+'83)!h'>€ !'/*3!'3!'!3%/,#2!0%33%#$%&!
.#! #%4&,*&'#30.**%&! &%(%'3%! 6&,0! #%4&,#3@! D1%&%6,&%)! /'$%29
/'(/.4 0!/,0-,4#23!1'5%!'**&'/*%2!/,# 3.2%&'7(%!'**%#*.,#!.#!*1%!
6.%(2!,6!#%4&,3/.%#/%@!H.#/%!h'>€!/'##,*!7%!/,5'(%#*(8!7,4#2!*,!
,&$'#./! /1&,0,-1,&%3)! '#! %*18(%#%! $(8/,(! *%*&''/%*./! '/.2!
;XRDE=!4#.*!1'3!7%%#!43%2!'3!*1%!!"#$!$%#h'>€ 93%(%/*.5%!/1%('*,&@!
X((.39Z'5.%3! '#2! /, 9! +,&N%&3SG! +%&%! *1%! 6.&3*! *,! 2%5%(,-! DQ!
4#/'$.#$!,6!h'>€!43 9!.#$!'!#.*&,2.7%#C,64&'#!3*&4/*4&%@!"#!>K<S)!
*1.3! $&,4-! 2%5%(,-%2! '! #%+! XRDE93473*.*4*%2! /1&,0,-1,&%!
+.*1!DQ! '79!3,&-*.,#! /1'&'/*%&!.#!*1%!U"i!&%$.,#V!3-%/.6./'((8! '!
2.#.*&,! 2%&.5'*.5%! ,6! 7.393*8&8(*1.,-1%#%! ;H/1%0%! M=@! D1%! 7.39
#.*&,9!3*8&8(!3*&4/*4&%!-&,5.2%2!'!3.C'7(%!DQ!/&,3393%/*.,#!,6!GMK!
R[! '*! \\M! #0@! [,&%,5%&)! *1%! h'>€! /1%('*,&! +'3! 6,4#2! *,!&%9!
(%'3%!h'>€!.#!{K@>!03!4-,#!6('31!-1,*,(83.3@!!

!

N(3*<*! X!G'Bo!8-(':,-:!&*'(%,1-!8$,-:!'!3,:3!56 +&*$21-$,;*!(3&1<1231&*!

! H"[",</'1Y0(,<140(,<'>9')$(3 !

X((.39Z'5.%3! '#2! /, 9+,&N%&3SJ! .#5%#*%2! /(,'N%2! /'$%2!
/,0-,4#23! ;%@$@)!QU82SE<JU\ 8QERE=)! .#!+1./1! '#*'$, #.3*3! ,6!
.,#,*&,-./! | 9'0.#,74*8&./! '/.2! ;REWE=! +%&%! /(,'N%2! .#! '! 6.6*1!
$%#%&'*.,#! ,6! '! >)>97.3;0%*18(,(=-&,-.,#./! ' /.2! 2%#2&.0%&!

N

NMe

OAc
HO2C

! u = 0.11 GM

730 nm

N

NMe

OAc

CO2H

N

NMe

OAc

CO2H

! u = 0.25 GM
! u = 2.0 GM

N

NMe

OAc

730 nm

! u = 0.67 GM
7CO2H H

5Ph
5enone

Bu2N O

O

O

P
O

O

O

AcO

O2N

OMe

S
N

N

OMe

3
Bu Bu

800 nm

FRET

! u = 0.25 GM
800 nm

S

NO2O2N

N
O O

O

O
O

O N
O

O

O

O

Ca2+

Ca2+

0.2 ms
h!

" 2 = 350 GM (775 nm)
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!"#$%. %'(%) %

/,#F4$'*%2!0,(%/4(%!;H/1%0%!S=@!x3.#$!*1%!/(,'N%2!/'$%2!REWE!
/,0-,4#2)! '! -18 3.,(,$./'(! 3*428! ,6! *1%! 3.$#'(.#$! ,6! *1%!
.#1.7.*,&8! #%4&,*&'#30.**%&! REWE! 7%/'0%! -,33.7(%! .#! .*3!
#'*4&'(!3*'*%!6,&!*1%!6.&3*!*.0%@!!

!

N(3*<*! Z!56+,-/8(*/!4dff!-<7!8-(':,-:!&*'(%,1-!1.! T"U" !

! H"M", 6=&0082+>0$3+'$1/, <'$%&'/, '5, 2OE,
VGZ&+(+W1%+'$,ZG,;&%='4'$1/,6X'8<'/'&,67,A$*14+$4 ,

L%/N%(!'#2!/,9+,&N%&3SM!&%-,&*%2!*1%!*1&%%92.0%#3.,# 9!'(!
/,#*&,(! ,6! ZUE! 187&.2.C'*.,#! 43.#$! DQ! 4#/'$.#$! &%'/*.,#3! ,6!
2OE8!, '#2! 2OE8-, ;H/1%0%!\=@!"#!*1.3!3*428)!ZUE!3*&'#23!+%&%!
.#*&,24/%2! .#*,! DQ9&%3-,#3.5%! /1&,0,-1,&%3! 34/1! '3! e\9
;2.%*18('0.#,=/,40'&.# 9J98(j0%*18(! '#2! , 92.'(N8('0. 9!
#,#.*&,7.-1%#8(! /1&,0 , -1,&%3@! D1%3%! GZ! 4#/'$.#$! &%'/*.,#3!
2%0,#3*&'*%2! *1'*! *1%! *%/1#.B4%! .3! 6%'3.7(%! 6,&! 0,&%! /,0-(%I!
3/%#'&.,3@!2OE8!, /'#!7%!4#/'$%2!'*!YJK!#0)!'#2! 2OE8-, /'#!7%!
4#/'$%2! '*! ]YK! #0)! *143)! 3%(%/*.5%! 4#/'$.#$! +'3! 6,4#2! *,! 7%!
-,33.7(%!78!3.0-(8!/1'#$.#$!*1%!%I/.*'*.,#!+'5%(%#$*1@!!

!

N(3*<*! S!p';*9*-:%3 +/*2*-/*-%!&*9*'$*!1.! D)" !8$,-:!56!231%19=$,$!

H"] ",67 8#$()*0(, K0/0130, '5, 2+0%=G/, 7='39=1%0, N2S7P, 1$(,
E67,,

D1%! 6.&3*! DQ! '/*.5'*.,#! ,6!, 9182&,I8-1%#'/8(! ; , LQ=!
QQRSS')7! +'3! &%-,&*%2! 78! L,4N)! R.5%#3)! '#2! X((%3S\! ;H/1%0%!
Y=@!E!3*&,#$!DQ!'73,&-*.,#!;}<K!R[=!+'3!,73%&5%2!'*!mMMK!#0@!
[,#.*,&.#$! *1%! -&,$&%33! ,6! *1%! 4#/'$.#$! &%'/*.,#! ,6! 2.9! %*18(!
-1,3-1'*%! ;ZXQ=! '#2! '2%#,3.#%! *&.-1,3-1'*%! ;EDQ=! &%5%'(%2!
*1'*!*1%!DQ!4#/'$.#$!&%'/*.,#3!+%&%!-,33.7(%!43.#$!5.3.7(%!(.$1*!
.#! *1%!&'#$%!MKKTS>K!#0@!D1%! '4*1,&3! '(3,!34$$%3*%2!*1'*! *1%!
DQ! 4#/'$.#$! .3! '(3,! -,33.7(%! .#! *1%! &'#$%! MMKT\>K! #0! 4#2%&!

0.(2!7'3./! /,#2.*.,#3)!3.#/%! *1%! '73,&- 9!*.,#!7'#2! .3!31.6*%2! *,!
(,+%&! %#%&$8! ;G@Y! %`=! .#! 7,*1! *1%! aQ! '#2! DQ! '73,&-*.,#!
3-%/*&'@SS/!!

!

N(3*<*! \ !56!8-(':,-:!1.!DV6!'-/!"56!8$,-:! ! +3=/&1R=23*-'(=9!4! [67!66T!!

,

J",;)&,<'$%&+Z)%+'$,%',67,A$*14+$4,K01*%+'$3,

"#! /,(('7,&'*.,#! +.*1! Q&,6%33,&3! D'N'8,31.! _,7'8'31.!
;-183./.3*=! '#2!L'&4,!_'3'.! ;-183.,(,$.3*=)!*1%!-&%3%#*! '4*1,&3!
E7%!;,&$'#./!/1%0.3*=!'#2!_'*'#!;*1 %,&%*./'(!-183.9!/.3*=!7%$'#!
.#5%3*.$'*.#$! DQ! 4#/'$.#$! &%'/*.,#3! .#! >K<>! *,! 7%**%&!
4#2%&3*'#2! 7.,'/*.5%! 3473*&'*%3! .#! 7.,(,$./'(! -&,/%33%3! '#2!
/('&.68! *1%.&! &,(%3@! D1%! *'&$%*! 7.,'/*.5%! 0,(%/4(%3! +%&%!
#%4&,*&'#30.**%&3! 34/1! '3! $(4*'0'*%! ;R(4=)! .@%@)! >9'0. 9!
#,-%#*'#%2.,./!'/.2@!!

"#.*.'((8)! *1%!0,(%/4('&!2%3.$#! ,6!DQ9&%3-,#3.5%!QQR3!+'3!
.#5%3*.$'*%2@! E3! #,*%2! .#! H%/*.,#! >)! *1%! 0,(%/4('&! 3.C%! ,6! DQ9
&%3-,#3.5%! /1&,0,-1,&%3! 31,4(2! 7%! 30'((! *,! %#'7(%! +'*%&!
3,(47.(.*8! '#2!043*! '(3,! -,33%33! '#! '--&,-&.'*%!DQ! '73,&-* .,#!
/&,3393%/*.,#! .#! *1%! U"i! &%$.,#! 6,&! 4*.(.*8! .#! -183.,(,$./'(!
%I-%&.0%#*3@!a4&!*'&$%*!u>!5'(4%!.3!'*!(%'3*!,5%&!<KK!R[!.#!*1%!
U"i! &%$.,#@! E(*1,4$1! *1%! B4'#*40! 8.%(23! ;w4=! '&%! 2.66./4(*! *,!
-&%2./*! '#2! &%6.#%)! %I/%%2.#$! '! B4'#*40! 8.%(2! ,5%&! M~! .3!
'/1.%5'7(%@!D1%!&%-,&*%2!('&$%3*!5'(4%!,6!DQ!4#/'$.#$!%66./.%#/8)!
v4! g!u>! t! w4)! +'3! '--&,I. 0'*%(8! <! R[! +1%#! +%! 7%$'#! *1%!
3*428@!!

D1%!3*.(7%#%!/,&%!+'3!3%(%/*%2!'3!*1%!-('*6,&0!*,!2%3.$#!'!
DQ9&%3-,#3.5%!/1&,0,-1,&%!6,&!-183.,(,$./'(!3*42.%3)!7%9!/'43%!
3*.(7%#%! 2%&.5'*.5%3! 1'5%! &%('*.5%(8! ('&$%!u>! 5'(4%3! 2%9! 3-.*%!
*1%.&! /,0-'/*! 3*&4/*4&%3@! L,+%5%&)! 3*.(7%#%! 2%&.5'*.5%3! '&%!
(.#%'&!/,0-,4#23)!*143)!.*!.3!-,33.7(%!6,&!-!. s'&/".#.3,0%&.C'*.,#!
*,! ,//4&! 5.'! *1%.&! %(%/*&,#./'((8! %I/.*%2! 3*'*%3)! +1./1! +,4(2!
2.0.#.31! *1%! B4'#*40! 8.%(2! ,6! *1%! 4#9! /'$.#$! -&,/%33! ,6!
7.,'/*.5%! 0,(%/4(%3@! D1%&%6,&%)! +%! 2%/.2%2! *,! 43%!/8/(./! \)Y 9
2.182&,#'-1*1'(%#%! /,&%3! '3! *1%!DQ9&%3-,#3.5%! /1&,0,-1,&%3!
;A.$4&%!S=@SY!E3!#%+/,0%&3!*,!*1.3!6.%(2)!+%!.#.*.'((8! /1,3%!*1%!
+%((9N#,+#! %9#.*&,7%#C8(!;%9!UW=!QQR!$&,4-! ,#! '//,4#*! ,6!*1%!
3*&,#$! %(%/*&,#9+.*12&'+ .#$! '7.(.*8! ,6! *1%! #.*&,! $&,4-@! D,!

OEt2N

O

NH2
O

O

N
H

N

N N

O
O

O O

O

O

O

dendrimer 
structure
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O
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O
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O

O
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!"#$%/ %'(%) %

.0-'&*! +'*%&! 3,(47.(.*8! *,! *1%! /1&,0,-1,&%)! 182&,-1.(./!
3473*.*4%#*3!34/1! '3! /'&7,I8(./!$&,4-3! '#2! -,(8%*18(%#%!$(8/,(!
4#.*3!+%&%!.#*&,24/%2!*,!*1%!/,&%!3*&4/*4&%@!!

!

g,:8&*! Z! F8&!.,&$%!<19*(89'&! /*$,:-! .1&! 56+&*$21-$,;*! (3&1<1231&*$! .1&!

23=$,191:,('9!$%8/,*$!

!

N(3*<*! d!56+8-(':,-:!&*'(%,1-!1.!:98%'<'%* !

! D1%! DQ! '73,&-*.,#! 3-%/*&40! ,6! *1%! #%+(8! 2%3.$#%2!
DQ9! &%3-,#3.5%! /1&,0,-1,&%)! S9;J 9#.*&,-1%#8(=9\)Y92.189!
2&,#'-1*1'(%# 9>9'0.#%)! +'3! /,0-4*%2! '*! *1%! DZ 9WGnbQsS9!
G<R;2=! (%5%(! ,6! *1%,&8@! D1%! DQ! '73,&-*.,#! 0'I.040! +'3!
-&%2./*%2!*,!7%!<MK!R[!'*!mY<K!#0@!D1%&%6,&%)!*1%!38#*1%3.3!,6!
*1%!*'&$%*!0,(%/4(%3!+.*1! '!$(4*'0'*%!4#.*!;R(4=!7%$'#!6&,0!J 9
7&,0,! • 9*%*&'(,#%!'#2!G97&,0,7%#C'(2%182%!;H/1%0%!]=@!h(%'#!
6,&0'*.,#! ,6! R(4! +'3! ,73%&5%2! 43.#$! aQ! '#2! DQ! -1,*,(83.3@!
L,+%5%&)!*1%!B4'#*40!8.%(2!,6!*1%!4#9!/'$.#$!&%'/*.,#!+'3!(,+)!
w4!g!K@K<!;<~=@!!

U%I*)! +%! 2%3.$#%2! '! #%+! DQ9&%3-,#3.5%! /1&,0,-1,&%)! >9
;J 9#.*&,-1%#8(=7%#C,64&'#! ;UQWA=! ;H/1%0%! <K=@S]!Q&%5.,43(8)!
X((.39Z'5.%3!&%-,&*%2!*1'*!*1%!G9#.*&,2.7%#C,64&'#!;UZWA=!/,&%!
-,33%33%2! '!DQ!4#/'$.#$!%66./.%#/8! ;v4=! ,6!K@S!R[!+.*1! '! 1.$1!
B4'#*40! 8.%(2! ,6!w4! g! K@\@\K! D1%! /,0-4*%2! DQ! '73,&-*.,#!

0'I.040!,6!*1%!UQWA!/1&,0,-1,&%!+'3!6,4#2!*,!7%!<MK!R[!'*!
\KK!#0)!+1.(%!*1'*!6,&!*1%!UZWA!3*&4/*4&%!'0,4#*%2!*,!\M!R[!
'*!SKK!#0!;.@%@)!*+./%!30'((%&!'#2!7(4%931.6*%2=@!D1%!DQ!4#/'$.#$!
%66./.%#/.%3! 6,&! *1%! /'$%2! 7%#C,./! '/.2! ;w4! g! K@K]=! '#2! /'$%2!
h'>€!+.*1!XRDE!3*&4/*4&%!;w4!g!K@G=!+%&%!2%*%&0.#%2!*,!7%!M!
R[! '#2! >K@\! R[! '*! \JK! #0! DQ! %I/.*'*.,#)! &%3-%/*.5%(8@! D1%!
UQWA! /1&,0,-1,&%! +'3! 34//%3364((8! '--(.%2!!"# $!$%#6,&! *1%!
/'$%2!h'>€!.,#@\<!!

H473%B4%#*(8)! +%! .#5%3*.$'*%2! *1%! 2,#,&T'//%-*,& 93479!
3*.*4*%2! '#2! 2,#,&T2,#,& 93473*.*4*%2! /,40'&.#! 2%&.5'*.5%3!
O<; \>! '#2! E<E\G! '3! 2.-,('&! '#2! B4'2&4-,('&! 383*%03)! &%9!
3-%/*.5%(8!;H/1%0%!<<=@!D1%!2.-,('&!383*%0!O<;, ;A.$4&%!S=!+'3!
6,4#2! *,! -,33%33! '!3.C'7(%!DQ! '73,&-*.,#!0'I.040! '*! \KK!#0!
+.*1!<MK!R[@!E!0,&%!*1'#!6,4&96,(2!.#/&%'3%!+.*1!'!30'((!7(4%9
31.6*!DQ!;\KK!R[!'*!SMK!#0=!+'3!-&%2./*%2!6,&!*1%!B4'2&4-,('&!
'#'(,$4%! E<E@!D1%!/,&&%3-,#2.#$!/'$%2!7%#C,./! '/.23!O<; 8RE,
'#2! E<E8RE,+%&%!38#*1%3.C%2!'#2!*1%.&!DQ!4#/'$.#$!&%'/*.,#3!
+%&%! /,#24/*%2! +.*1! U"i! .&&'9! 2.'*.,#@! D1%! DQ! 4#/'$.#$!
%66./.%#/8!6,&!O<; 8RE,+'3!6,4#2! *,!7%!G@J!R[! '*! \<K!#0)! '#2!
m<S! R[! '*! SMK! #0! 6,&! *1%! B4'2&4-,('&! 383*%0!E<E8RE@! D1.3!
31,+3!*1'*!B4'2&4-,('&! 3*&4/*4&%3!'&%!-&,0.3.#$!/'#2.2'*%3!6,&!
DQ!4#/'$.#$@!!
!

N(3*<*! d!56!8-(':,-:!1.!G' Bo!8$,-:!)6Ug!(3&1<1231&*!
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