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!"##$%"&"'()$*+,(
-#$./(0123,#/(

<+64"31+*3&(=&->+1#%3"?& & & & & @==#/+A&& BC:DE&DDDF9GG8&
H#*I>413(*&J*#K+"%#3?& & & & & & L4MA& BC:DE&DDDFGGDN&
H#*I>413(*,&OP&8;Q:9& & & & & & !F14#0A&+"()*+"%R7#*I>413(*S+T.& &

4056-77859:;(-<4-08-9!-(
=>?@(A(B#,/,3*(( U"(=+%%("& & <+64"31+*3&(=&->+1#%3"?,&H#*I>413(*&J*#K+"%#3?(
=>?C(A(=>=D((( ->4#"14*& & <+64"31+*3&(=&->+1#%3"?,&H#*I>413(*&J*#K+"%#3?(
=>>E(A(=>?@(( V%%(/#43+&U"(=+%%("& <+64"31+*3&(=&->+1#%3"?,&H#*I>413(*&J*#K+"%#3?(
=>>?(A(=>>E( V%%#%34*3&U"(=+%%("(( <+64"31+*3&(=&->+1#%3"?&4*T&->+1#/40&H#(0(I?((

O("3>+4%3+"*&J*#K+"%#3?&& & & &

-FG!:H859(:9F(H0:8989I(
G3$J,#/$*K(1L(M$/%13/$3N(O+P$/13(+3P(G3$J,#/$*K(1L(O$%Q$R+3((

( U(%3T(/3("40&L+00(W&& & & & & & & & ?SSCT=>>>(
'+%+4"/>&VTK#%("A&U"(=S&!TK#*&2+T+X%&

7*1%.Q1&'(G3$J,#/$*K(+3P(U+#1&$3/.+(83/*$*"*,(
& U(%3T(/3("40&L+00(W&& & & & & & & & ?SSVT?SSC(

'+%+4"/>&VTK#%("A&U"(=S&'(I+"&53"Y17+"I&

0$R+(H,%Q3$%+&(G3$J,#/$*K(
& <(/3("&(=&->+1#%3"?&B+Z.#K40+*3&(=&U>S<SE&#*&@"I4*#/&->+1#%3"?& & & ?SSD&
& [>+%#%&\53.T#+%&(*&3>+&9]FOFV"(?0&U"(3+/3#*I&^"(.6%&#*&@0#I("#7(*./0+(3#T+&

5?*3>+%#%_&'+%+4"/>&VTK#%("A&U"(=S&!"#$4&H#)T+*4&

0$R+(H,%Q3$%+&(G3$J,#/$*K(
& <+I"++&#*&->+1#/40&!*I#*++"#*I&B+Z.#K40+*3&(=&`5E&W#3>&>(*("%& & & ?SS>(
( J*T+"I"4T.43+&"+%+4"/>&(*&74%+&047#0+&6"(3+/3#*I&I"(.6%&=("&'OV&%?*3>+%#%&
& '+%+4"/>&VTK#%("A&U"(=S&!"#$4&H#)T+*4&

W59507(:9F(:M:0F7(
=>=?&& V1+"#/4*&->+1#/40&5(/#+3?&BV-5E,&<#K#%#(*&(=&-4"7(>?T"43+&->+1#%3"?,&`+0K#00+&aS&b(0="(1&VW4"TS&
=>=?( V-5,&H#*I>413(*&a(/40&5+/3#(*,&<#%3#*I.#%>+T&'+%+4"/>&VW4"TS&
=>?X(( 5JOP&->4*/+00("]%&VW4"T&=("&!M/+00+*/+&#*&5/>(04"%>#6&4*T&-"+43#K+&V/3#K#3#+%S&

5HW-0(-<4-08-9!-(:9F(4056-77859:;(:!H8)8H8-7(
=>=D&& -(F2#/+&->4#",&O./0+(%#T+%,&O./0+(3#T+%&4*T&@0#I(*./0+(3#T+%&^("T(*&'+%+4"/>&-(*=+"+*/+S&
=>=D(A(B#,/,3*& `+17+"&(=&c*3+"*43#(*40&5/#+*3#=#/&VTK#%("?&H(4"T,&a43K#4*&c*%3#3.3+&(=&@"I4*#/&5?*3>+%#%S(
=>==(A(B#,/,3*( @"I4*#)#*I&-(11#33++&1+17+",&H403#/.1&@"I4*#/.1&5?*3>+3#/.1&BH@5E&/(*=+"+*/+%S&
=>==(A(B#,/,3*& 5/#+*3#=#/&VTK#%("?&H(4"T&1+17+",&d(""(&H#(,&c*/S(
=>=>(A(=>=D& 5/#+*3#=#/&VTK#%("?&H(4"T&1+17+",&O+.H4%+&[>+"46+.3#/%,&c*/S&
=>?E(A(B#,/,3*&& !0+/3+T&L("+#I*&`+17+",&a43K#4*&V/4T+1?&(=&5/#+*/+%,&a43K#4S&
=>?X(A(=>=>& 534*T#*I&`+17+",&5H-V&53.T?&5+/3#(*,&O43#(*40&c*%3#3.3+%&(=&e+403>.&
=>?X(A(=>?S&& ->4#"&!0+/3,&->4#",&4*T&c11+T#43+&U4%3&->4#",&<#K#%#(*&(=&-4"7(>?T"43+&->+1#%3(.)TJ ET Q q 0.24 0 0 0.24 308.6578 17m4 308ET Q q 0.24 ET Q q 0.24 0 0 0.24 308.6578 17m4(T) 0 0.24 
 (+&) 8 (->U0.278(>) -28 cm
BT 41 0 0 41 9 160.8 2 !2 1 Tf 173.28 cm BT 0.0119 Tc 64609 160.8
'30 0 41 1 0 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 0 40 -1) TTf 173.28 cm BT 0.0119 Tc 64609 161 0 40 0T2 1 T&
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!G00-9H(0-7-:0!W(7G4450H(
•& O80:(0D@(IO?D>=>C(f->+1#/40&V66"(4/>+%&3(&-(*3"(0&3>+&L.*/3#(*&(=&'+I.043("?&'OV%f&(

O43#(*40&c*%3#3.3+%&(=&e+403>,&O43#(*40&c*%3#3.3+&(=&^+*+"40&`+T#/40&5/#+*/+%S&(
U+"#(TA&=Y?Y=>?S(A(?YD?Y=>=V,&/.""+*3&4**.40&T#"+/3&/(%3%&ZD@@N@@DS(

•& !W-T=?>CS>>&f-(0047("43#K+&'+%+4"/>A&O./0+(74%+F`(T#=#+T&UOV&=("&5+Z.+*/+&5+0+/3#K+&["#60+Fe+0#/40&
'+/(I*#3#(*&(=&O(*F-(T#*I&'OVf&(
O43#(*40&5/#+*/+&L(.*T43#(*,&->+1#%3"?&<#K#%#(*S&&
U+"#(TA&>EY>?Y=>=?(A(>CYD?Y=>=V,&/.""+*3&4**.40&T#"+/3&/(%3%&Z??DND?=S&

•& 0=?(:8?X@DCC(f[4"I+3#*I&5V'5F-(2F9&'OV&U%+.T($*(3%&J%#*I&["#60+MFL("1#*I&U+63#T+&O./0+#/&V/#T%f&(
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4--0T0-)8-M-F(0-7-:0!W(4G];8!:H8597(
8S& U4004*,&US&5Sh&a?7"4*T,&[S&USh&0123,#/N(-`h&V7"41(K,&`Sh&5/>+6+"%,&^Sh&!"+1++K4,&!Sh&e+"T+W#X*,&USh&!I0#,i&`S,&

-(*=("143#(*40&`("6>#*I&7?&4&<OV&V*40(I.+&L+43."#*I&DF<+4)46."#*+%&4*T&jFe40(I+*6?"#1#T#*+%&4*T&3>+&
@"#I#*%&(=&VT+*#*+F["4/3&^+(1+3"?S&Biochemistry&=>=D,&>336%AkkT(#S("Ik8:S8:98k4/%S7#(/>+1S;/::;9DS&

9S& [407(33,&lS&`Sh&[+%%#+",&HS&'Sh&e4"T#*I,&!S&!Sh&b407?,&^S&<Sh&e+%%,&dS&lSh&H4%$+K#/%,&2Sh&d43$+K#/%,&`Sh&0123,#/N(
-`h&`4/d4?,i&lS&VS,&c16"(K+T&["#60+MFL("1#*I&c%(("(341#T+&UOV&O./0+(74%+%&=("&VFJ&'+/(I*#3#(*&(=&'OV&
<.60+M+%S&Chem. Eur. J.&=>=D,&+9:9;:9;Q:S&

;S& d.16#*4,&cSh&H4%$+K#/%,&2Sh&OI.?+*,&dS&<SA&d43$+K#/%,&`Sh&0123,#/Na(-`&O./0+(74%+&4*T&a#*$+"&`(T#=#/43#(*&=("&
["#60+Fe+0#/40&'+/(I*#3#(*&(=&U?"#1#T#*+%&#*&'OV&J%#*I&U+63#T+&O./0+#/&V/#T%S&ChemBioChem&=>=D,&24,&

Sh&

4>14*
 ] TJ ET Q q 0.24 0 0 0.24126284824 58. 12 cm BT 0.0043 Tc 41 0 0 41 0 0 Tm
/TT2 1 Tf (,&) Tj ET Q q 0.24 0 0 0.241 68.0391 58. 12 cm BT 0.0136 Tc 41 0 0 41 0 0
Tm /TT2 1 Tf [ (`S) 9 (&) 9 (`S) 9 (h) 9 (&) 9 (d)
3 O.4"

Br2Sh20123,#/N (iU ["#60+M
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 G&

8QS&d.16#*4,&cSh&H"(T?4I#*,&OSh&`4/d4?,&lS&VSh&d+**+T?,&5S&<Sh&d43$+K#/%,&`Sh&0123,#/Na(-`&5?*3>+%#%&4*T&'OV&
7#*T#*I&6"(6+"3#+%&(=&+M3+*T+T&*./0+(74%+%&=("&3"#60+MF=("1#*I&6+63#T+&*./0+#/&4/#T%S&J. Org. Chem. =>?S,&84, 
8;9DCp8;9QNS&

9:S&d(3#$41,&2Sh&d+**+T?,&5S&<Sh&`4/d4?,&lS&VSh&0123,#/Na(-`&5?*3>+3#/,&53"./3."40,&4*T&'OV&H#*T#*I&53.T#+%&(*&9F
V1#*(6?"#T#*+F`(T#=#+T&["#60+MFL("1#*I&U+63#T+&O./0+#/&V/#T%S&Chem. Eur. J.&=>?S,&25, G;CDFG;D9S&B),#K(
8'B1#*+3*(4+B,#(c(6,+*"#,P(13(!1J,#(4+R,E&

98S&e4"T/4%30+,&[Sh&O(K(%X(0(K4,&cSh&d(3#$41,&2Sh&->+".#?(3,&5S&dSh&`.3#%?4,&<Sh&d+**+T?,&5S&<Sh&!I0#,&`Sh&d+00+?,&`S&
aSh&51#3>,&VS&KS&HSh&0123,#/Na(-`&V&5#*I0+&V1#T+&a#*$4I+&#*&3>+&U4%%+*I+"&53"4*T&5.66"+%%+%&c3%&V/3#K#3?&4*T&
!*>4*/+%&^.#T+&53"4*T&[4"I+3#*I&(=&%#'OV%S&ACS Chem. Biol.&=>?E,&13,&j;;&m&j;CS&

99S&O(K(%X(0(K4,&cSh&d+**+T?,&5S&<Sh&0123,#/Na(-S&9F`+3>(M?6?"#T#*+&4%&4&[>?1#T#*+&`#1#/&#*&b43%(*m-"#/$&H4%+&
U4#"%&(=&<OV&4*T&UOVA&5?*3>+%#%,&[>+"140&5347#0#3?,&4*T&O`'&53"./3."40&53.T#+%S&ChemBioChem.&=>?C,&18,&
98CjF98D:S&

9;S&d(3#$41,i&2Sh&0123,#/Na(-S&-(*/.""+*3&e?T"(I+*43#(*&(=&[>"++&L.*/3#(*40&^"(.6%&!*470+%&5?*3>+%#%&(=&-;qF
e(1(0(I43+T&O./0+(%#T+&V1#*(&V/#T%S&Org. Lett.&=>?C,&19,&G899FG89jS&

9GS&`.3#%?4,&<Sh&e4"T/4%30+,&[Sh&->+".#?(3,&5S&dSh&U4004*,&US&5Sh&d+**+T?,&5S&<Sh&!I0#,&`Sh&d+00+?,&`S&aSh&51#3>,&VS&KS&
HSh&0123,#/Na(-`&V1#T+&0#*$4I+%&1#1#/&6>(%6>43+%&#*&'OV&#*3+"4/3#(*%&W#3>&6"(3+#*%&4*T&4"+&W+00&3(0+"43+T&#*&
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 D&

89)8H-F(!59H08]GH8597(:9F(0-)8-M7(

8S& 0123,#/N(-`&V1#T+%&4*T&@3>+"&O(*Fc(*#/&H4/$7(*+&`(T#=#/43#(*%&#*&'OVS&In Handbook of Chemical Biology of 
Nucleic Acids,&5.I#1(3(,&OS&B!T#3("E, 56"#*I+"&O43."+,&=>=D,&6.70#%>+T&(*0#*+,&>336%AkkT(#S("Ik8:S8::DkQDNFQN8F
8CF8;8;FjuDCF8&Bc*K#3+T&'+K#+WES&

9S& 0123,#/N(-`&->+1#/40&`(T#=#/43#(*%&(=&-'c5U'&'OV%&3(&c16"(K+&^+*+&!T#3#*I&V/3#K#3?&4*T&56+/#=#/#3?S
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 N&

89)8H-F(;-!HG0-7(:9F(50:;(!596-0-9!-(40-7-9H:H8597(

8S& \5+Z.+*/+&5+0+/3#K+&'+/(I*#3#(*&(=&<(.70+F53"4*T+T&'OV&7?&-43#(*#/&O./0+(74%+&4*T&H4/$7(*+F`(T#=#+T&
U+63#T+&O./0+#/&V/#T%_&[(>($.&J*#K+"%#3?,&5+*T4#,&l464*,&l.0?&9G,&9:9;S&

9S& \["#60+MFL("1#*I&U+63#T+&O./0+#/&V/#T&-(*3"(0%&<?*41#/&-(*=("143#(*&(=&'OV_&LcH!'&c*3+"*43#(*40&5.11#3&=("&
O./0+#/&V/#T%&BLc5OV&9:9;E,&d(*4*&J*#K+"%#3?,&d(7+,&l464*,&l.0?&8Q,&9:9;S&&

;S& \V1#T+F`(T#=#+T&@0#I(*./0+(3#T+%&=("&->+1#/40&-(*3"(0&(=&L.*/3#(*40&'OV%_&!0#&a#00?&4*T&-(164*?,&
c*T#4*46(0#%,&cV,&`4"/>&Q,&9:9;S&

GS& \5+Z.+*/+&5+0+/3#K+&'+/(I*#3#(*&(=&<(.70+
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 Q&

9:S& \5+Z.+*/+&5+0+/3#K+&'+/(I*#3#(*&(=&<(.70+F53"4*T+T&'OV&7?&-43#(*#/&O./0+(74%+&4*T&H4/$7(*+F`(T#=#+T&
U+63#T+&O./0+#/&V/#T%_,&J*#K+"%#3?&(=&'(/>+%3+"&`+T#/40&-+*3+",&'(/>+%3+",&OP,&`4"/>&9D,&9:8QS&

98S& \V1#T+F`(T#=#+T&'OVA&J%#*I&U"(3+#*&H4/$7(*+&3(&`(T.043+&'OV&L.*/3#(*_&b("$%>(6&=("&c*3+"4/3#(*&4*T&
5/#+*3#=#/&-(0047("43#(*&Bbc5-E,&J*#K+"%#3?&43&V074*?,&O(K+17+"&;:,&9:8NS&

99S& \5+Z.+*/+&5+0+/3#K+&'+/(I*#3#(*&(=&<(.70+F53"4*T+T&'OV&7?&-43#(*#/&O./0+(74%+&4*T&H4/$7(*+F`(T#=#+T&
U+63#T+&O./0+#/&V/#T%_,&!0#)47+3>3(W*&-(00+I+,&UV,&5+63+17+"&9C,&9:8NS&

9;S& \V1#T+F`(T#=#+T&'OVA&5?*3>+%#%,&53"./3."+&4*T&'OV&c*3+5 (+) 4
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 8:&

G9S& \V1#T+F`(T#=#+T&'OVA&5?*3>+%#%,&53"./3."+&4*T&'OV&c*3+"=+"+*/+&V/3#K#3?_&<>4"14/(*,&^!&e+403>/4"+,&
a4=4?+33+,&-@,&`4"/>&9G,&9:8jS&

G;S& \V1#T+F`(T#=#+T&'OVA&5?*3>+%#%,&53"./3."+&4*T&'OV&c*3+"=+"+*/+&V/3#K#3?_&
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CjS& f5?*3>+%#%&4*T&H#(6>?%#/40&53.T#+%&(=&e?T"(6>(7#/&'OV&V*40(I.+%f&<+64"31+*3&(=&->+1#%3"?,&e4"3W#/$&
-(00+I+,&<+/+17+"&G,&9::NS&

CCS& f5?*3>+%#%&4*T&H#(6>?%#/40&53.T#+%&(=&e?T"(6>(7#/&'OV&V*40(I.+%f&<+64"31+*3&(=&->+1#%3"?,&5$#T1("+&
-(00+I+
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H-:!W89I(!5G07-7(^]89IW:OH59(G98)-078H[_(
8S& L400&9::N& 53+"+(%+0+/3#K+&@"I4*#/&5?*3>+%#%& B+*"(00+T&jE&
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 8;&

NS& U4.0&[4*.#,&4Q`F`,&3>+%#%&\<+%#I*&4*T&5?*3>+%#%&(=&V1#T+Fa#*$+T&'#7(*./0+#/&V/#T%&=("&U(3+*3#40&V660#/43#(*&#*&
'OV&c*3+"=+"+*/+_,&l.0?&9:8;S&

QS& [>(14%&n+*I+?4,&4Q`F`,&3>+%#%&\5+Z.+*/+&5+0+/3#K+&'+/(I*#3#(*&(=&<(.70+&e+0#/40&'OV&J%#*I&O./0+(74%+F
`(T#=#+T&UOV_,&V.I.%3&9:8;S&

8:S&@0.W43(?(%#&`.%+,&4Q`F`N





!"#$%&'()*+"%,&-.""#/.0.1&2#34+& & & 5+63+17+"&88,&9:9;&

 8j&

F-4:0HO-9H:;(7-0)8!-(

•& ->4#"1+*&(=&->+1#%3"?&<+64"31+*3&B9:8D&m&9:9;E&
•& ->4#"&(=&^"4T.43+&U"(I"41&-(11#33++&B9:8G&m&9:8DE&
•& ^"4T.43+&U"(I"41&-(11#33++&B9:8;&m&9:8GE&
•& ->4#"&(=&J*T+"I"4T.43+&U"(I"41&-(11#33++&B9::Q&m&9:8;ES&
•& ->4#"&(=&@"I4*#/&->+1#%3"?kH#(/>+1#%3"?&L4/.03?&5+4"/>&-(11#33++&B9:88&m&9:89ES&
•& ->4#"&(=&O`'&.%+"%&/(11#33++&4*T&/(("T#*43("&(=&O`'&6"(6(%40%S&O5L&`'c&6"(6(%40&=("&C::&`e)&#*%3".1+*3&

W4%&=.*T+T&#*&V.I.%3&9::QS&&
•& -(00(Z.#.1&U"(I"41&B56"#*I&9::Q&m&56"#*I&9:8:,&;&%+1+%3+"%ES&
•& ->4#"&(=&54=+3?ke4)4"T(.%&b4%3+&-(11#33++&B9::N&m&9::QES(

W:04G0(!5;;-I-(7-0)8!-(

•& !T./43#(*40&U(0#/?&4*T&U"#("#3#+%&-(11#33++&B9:89&m&9:8;ES&
•& V/4T+1#/&e(*+%3?&-(11#33++&BV6"#0,&9:89ES&

]89IW:OH59(G98)-078H[(7-0)8!-(

•& V00FJ*#K+"%#3?&U+"%(**+0&-(11#33++&B9:89&m&6"+%+*3ES&

5HW-0(4056-77859:;(7-0)8!-(

•& VT&>(/&I"4*3&6"(6(%40&"+K#+W+"&=("&#*3+"*43#(*40&=.*T#*I&4I+*/#+%A&&

8E& c*3+"*40&"+%+4"/>&I"(.6&6"(6(%40%&=("&Institut Pasteur, Paris, France&B5+63+17+"&9::QE. &
9E& Research Foundation – Flanders, Odysseus funding programme, Brussel, Belgium (October 2017). &
;E& Israel Science Foundation (March 2018


