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ERRATA	  

Spine	  embossing:	  	  “optimization”	  for	  “optimixation”	  
	  

Page	  VIII,	  reference	  1,	  “doi:	  10.1016.bip.2143,	  2010”	  for	  “2010,DOI:	  10.1016.bip.2143”	  
	  
Page	  VIII,	  Manuscript	  in	  preparation,	  reference	  1,	  “J.Mol.Biol”	  for	  “Journal	  of	  Molecular	  
Biology”	  
Page	  VIII,	  Manuscript	  in	  preparation,	  reference	  2,	  “J.Biol.Chem”	  for	  “Journal	  of	  Biological	  
Chemistry”	  

	  
Page	  20,	  Section	  header	  “1.4.11”	  for	  “1.8.11”	  
Page	  43,	  Figure	  2.1:	  	  “RRMKWKKK”	  for	  “RRWKMKKK”	  
	  
Page	  89	  line	  8,	  “Vermont”	  for	  “Vermot”	  

	  
Page	  94	  text	  line	  7	  “derivatives”	  for	  ““drivatives”	  

Page	  95,	  Figure	  4.3:	  	  “RRMKWKKK”	  for	  “RRWKMKKK”	  
Page118-‐P139,	  chapter	  header,	  “antagonists”	  for	  “antagoists”	  	  
	  
Page	  176,	  line	  3,	  “processes”	  for	  “process”	  

Page	  176,	  line	  7,	  “resolution”	  for	  “resolutions”	  	  

Page	  179,	  line	  5,	  ”beam	  line.”	  for	  	  “beam	  line	  as	  described	  in.”	  

Page188,	  4th	  text	  line,	  “Table	  9.1”	  for	  “Table	  11.1”	  
	  

Page192,	  Heading	  at	  top,	  “Grb7”	  for	  “Gb7”	  
	  

Page192,	  10th	  last	  text	  line,	  “Table	  9.11”	  for	  “Table	  11.11”	  
	  
Page192,	  6th	  last	  text	  line,	  “phosphotyrosine”	  for	  “phosphotyrone”	  

	  
Page196,	  Table	  9.4	  Title,	  “comparison”	  for	  “compassion”	  
	  
Page	  202,	  line	  1,	  “especially”	  for	  “especial”	  

Page	  202,	  line	  5,	  “as	  well	  as	  the	  overall”	  for	  “as	  well	  as	  he	  overall”	  

Page	  212,	  first	  line,	  “series”	  for	  “serious”	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  

	  



ADDENDUM	  

Page	  27,	  Figure	  1.7:	  add	  the	  following	  at	  the	  end	  of	  the	  figure	  caption:	  
“The	  structure	  was	  solved	  in	  our	  laboratory	  and	  has	  been	  deposited	  in	  the	  pdb	  
database	  pdb	  id:	  3PQZ.”	  
	  
Page	  43,	  Figure	  2.1:	  add	  the	  following	  at	  the	  end	  of	  the	  figure	  caption:	  
“Peptides	  G7-‐18NATE-‐alaser-‐Biotin	  and	  Penetratin-‐Biotin	  are	  the	  control	  peptides.	  	  G7-‐
18NATE-‐alaser-‐Biotin	  is	  	  synthesized	  to	  test	  the	  impact	  of	  the	  “penetratin”	  tail	  on	  the	  
binding	  of	  the	  G7-‐18NATE	  peptide	  on	  Grb7	  SH2	  domain	  in	  an	  SPR	  experiement.	  The	  
Penetratin-‐Biotin	  is	  similarly	  synthesized	  to	  check	  its	  possible	  effect	  on	  Grb7	  
expressing	  cells	  in	  cell	  based	  assays.	  	  
	  
Page	  44,Table	  2.1:	  add	  in	  table	  footnote	  “The	  amino	  acids	  are	  obtained	  from	  Nova-‐
Biochem	  of	  Merck	  Chemicals	  Ltd”	  	  
	  
Page	  49,	  text	  line	  7:	  add	  after	  synthesizer	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  “(AI,	  Scientific;	  1	  Rivett	  Rd,	  2113	  North	  Ryde,	  NSW)”	  	  
	  
Page	  143,	  paragraph	  2,	  the	  statement	  “there	  has	  not	  been	  a	  single	  peptide	  that	  is	  
progressed	  into	  a	  useful	  therapeutic	  agent”,	  should	  read	  as	  “there	  has	  not	  been	  a	  single	  
Grb7	  inhibitor	  peptide	  that	  is	  progressed	  into	  a	  useful	  therapeutic	  agent”	  

	  
Page	  167:	  Comment:	  The	  whiskers	  are	  not	  from	  a	  live	  cat	  but	  as	  supplied	  by	  
manufacturers.	  
	  
Page	  178,	  text	  line	  11:	  Delete	  “and”	  	  
	  
Page	  187:	  	  add	  at	  the	  end	  of	  the	  heading:	  “Grb7	  SH2	  domain.”	  

Page	  186,	  Figure	  9.5:	  add	  the	  following	  after	  the	  figure	  caption	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  “The	  electron	  density	  is	  contoured	  at	  sigma	  level	  of	  1.0	  in	  the	  content	  map.	  The	  
additional	  electron	  density	  observed	  (after	  using	  the	  Grb7-‐SH2	  domain	  alone	  as	  a	  
search	  model)	  was	  interpreted	  as	  malonic	  acid	  since	  1)	  it	  possessed	  exactly	  the	  
expected	  shape	  of	  malonic	  acid	  ,	  	  2)	  was	  known	  to	  be	  present	  in	  the	  crystallisation	  
buffer	  and	  3)	  was	  positioned	  to	  form	  electrostatic	  interactions	  with	  arginine	  residues	  
in	  agremment	  with	  it	  being	  an	  dicarboxylic	  acid”	  
	  
	  

Page	  189,	  Figure	  9.7B:	  add	  the	  additional	  figure	  and	  figure	  caption.	  



	  
	  
	  
Figure	  9.7	  B.	  –	  	  The	  electron	  density	  map	  of	  the	  bicyclic	  G7-‐18NATE	  as	  observed	  in	  the	  
binding	  site	  of	  Grb7	  SH2	  domain.	  	  The	  electron	  density	  is	  shown	  in	  blue	  mesh	  
surrounding	  the	  peptide	  atoms.	  Protein	  residues	  are	  indicated	  in	  lines(Carbon	  atoms	  in	  
green;	  Oxygen	  atoms	  in	  red;	  Nitrogen	  atoms	  in	  blue).	  Water	  molecules	  are	  indicated	  by	  
the	  red	  crosses	  while	  the	  phosphate	  ion	  is	  indicated	  in	  yellow	  and	  red	  lines	  adjacent	  to	  
the	  phenolic	  moiety	  of	  the	  peptide’s	  Tyrosine	  residue.	  The	  map	  clearly	  shows	  the	  
localization	  of	  peptide	  in	  the	  Grb7	  SH2	  domain	  binding	  site.	  
	  
	  
	  
P	  196,	  Figure	  caption	  9.13:	  delete	  “conservation”	  and	  replace	  it	  with	  “identity”	  	  
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%KD%2&8%-.#)! /.2:,.:2%! *+! .=%! B2(C! @HA! 7*8#&-\! #! /%2&%/! *+! )&$#-7! 7%/&$-! .%,=-&a:%/!

,*8D2&/&-$!/=#D%!(#/%7!/&8&)#2&.F!/%#2,=%/\!8*)%,:)#2!7*,5&-$!#-7!A1R/&8&)#2&.F!/%#2,=&-$!

6#/!%++%,.%7!.*!&7%-.&+F!-*-RD%D.&7%!#-.#$*-&/./?!0-!.*.#)\!.=2%%!/.2:,.:2#))F!7&/.&-,.!,)#//%/!

*+! /8#))! 8*)%,:)#2! #-.#$*-&/./! 6&.=! 8*7%2#.%! $3! H$/+%! #++&-&.F! #-7! $3! H$H%! #,.&9&.F! 6%2%!

&7%-.&+&%7! +2*8! .=%! /.:7F?! '=%! )#/.! D#2.! *+! .=%! D2*Y%,.! 2%D*2./! .=%! ,2F/.#)! /.2:,.:2%!

7%.%28&-#.&*-!*+!.6*!B2(C!@HA!7*8#&-!,*-/.2:,./?!H&$=R2%/*):.&*-!,2F/.#)!/.2:,.:2%/!*+!.=%!

#D*R! #-7! D%D.&7%R(*:-7! +*28/! *+! .=%! B2(C! @HA! 7*8#&-! 6%2%! 7%.%28&-%7?! 4))! .*$%.=%2\!

%K.%-/&9%!(&*D=F/&,#)\!,*8D:.#.&*-#)!#-7!/.2:,.:2#)!#-#)F/%/!6%2%!,*-7:,.%7!*-!.=%!B2(C!

@HA! 7*8#&-! #-7! )&$#-7/! .=#.! 6&))! +*28! .=%! +*:-7#.&*-! +*2! +:.:2%! B2(C! &-=&(&.*2!

7%9%)*D8%-.?
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R=+/0'(*H*

*

*

4(%?0=*J+$0%(*N'$'/0%(*I%;,-*9(%0'",*6S**

7*>%&':*-(;8*<+(8'0!

!

! !

!

'=&/! ,=#D.%2! D2%/%-./! #! ,*8D2%=%-/&9%! 2%9&%6! *+! .=%!

2%)%9#-,%!*+!B2(C!#/!#!D*.%-.&#)!#-.&.:8*2!.=%2#D%:.&,!.#2$%.?!

@.#2.&-$! +2*8! .=%! (#/&,! ,=%8&/.2F! #-7! (&*)*$F! *+! .=%! B2(C!

D2*.%&-\!*:2!:-7%2/.#-7&-$!*+! .=%!B2(C!D2*.%&-!/.2:,.:2%!#-7!

+:-,.&*-! &/! 7&/,://%7?! V.=%2! 7&/%#/%! /.#.%! 6=%2%! B2(C! &/!

&8D)&,#.%7! #/! 6%))! #/! &./! 2%$:)#.*2F! 2*)%! &-! 6&7%R2#-$&-$!

(&*)*$&,#)! D2*,%//%/! &/! D2%/%-.%7?! '=%! )#/.! /%,.&*-! *+! .=&/!

2%9&%6!7%#)/!6&.=!#79#-,%/!8#7%!&-!.=%!7%9%)*D8%-./!*+!B2(C!

#-.#$*-&/./?!!
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HBHB*C"8,+:*0(+,#-;$0"%,*

@&$-#)! .2#-/7:,.&*-! D#.=6#F/! 2%D2%/%-.! #! ,#/,#7%! *+! (&*,=%8&,#)! .2#-/+*28#.&*-!

2%#,.&*-/! .=#.! &-9*)9%! #! 9#2&%.F! *+! (&*8*)%,:)%/! #/! 2%#,.#-./\! ,#.#)F/./! #-7! +&-#)!

D2*7:,./?>\A!'=%/%!D#.=6#F/!&8D#,.!8#-F!#/D%,.!*+!,%)):)#2!)&+%!2#-$&-$!+2*8!D2*.%&-!

#-7!-:,)%&,!#,&7!/F-.=%/&/\!$2*6.=\!7&++%2%-.&#.&*-!#-7!7&9&/&*-!*+!,%))/!.*!8&$2#.&*-!

#-7! :).&8#.%! 7%#.=! *+! ,%))/?! 4/! #! 2%/:).\! .=%! D2%,&/%! #-7! ,**27&-#.%7! %K%,:.&*-! *+!

%9%2F! /&$-#)! .2#-/7:,.&*-! D#.=6#F! &/! ,2&.&,#)! +*2! .=%! D2*D%2! +:-,.&*-&-$! *+! %9%2F!

*2$#-&/8?G! '*! %++%,.! .=&/\! ,%))/! =#9%! 7%9%)*D%7! #! -%.6*25! *+! ,*88:-&,#.&*-!

,=#--%)/!.*!D%2,%&9%\!D2*,%//!#-7!2%/D*-7!/F-,=2*-*:/)F!.*!#-F!D=F/&,#)\!,=%8&,#)!

*2!(&*)*$&,#)! /&$-#)/?I\M!J22*2/! &-!/&$-#)! .2#-/7:,.&*-!D#.=6#F/!2%/:).! &-!#!(2%#5! &-!

,%)):)#2! 2%$:)#.&*-! .=#.!8#F!(%!,*88*-)F!8#-&+%/.%7! &-! .=%! +*28!*+!#!7&/*27%2!#.!

.=%! *2$#-&/8! )%9%)?N! 0-! ,#-,%2\! +*2! %K#8D)%\! .=%2%! +2%a:%-.)F! &/! :D! 2%$:)#.&*-! *+!

/&$-#)&-$! %9%-./! 6=&,=! :).&8#.%)F! $&9%! 2&/%! .*! :-,*-.2*))%7! #-7! :-6#-.%7! ,%))!

+*28#.&*-\! D2*)&+%2#.&*-! #-7! 8&$2#.&*-?C\P! V6&-$! .*! .=%! &8D*2.#-,%! *+! ,*-.2*))&-$!

/&$-#)&-$!%9%-./!.*!*2$#-&/8#)!)&+%!#-7!.=%!$2*6&-$!:-7%2/.#-7&-$!*+!.=%!8*)%,:)#2!

8%,=#-&/8/! &-! /&$-#)&-$!D#.=6#F/\! /&$-#)! .2#-/7:,.&*-! &-=&(&.*2/! #2%! &-,2%#/&-$)F!

/*:$=.! #/! .=%2#D%:.&,! #$%-./! &-! =:8#-! 8#)#7&%/! /:,=! #/! ,#-,%2/SR>>! #-7!

&-+)#88#.*2F!7&/*27%2/?>A\>G!

!
'=%!/%a:%-,&-$!*+!.=%!=:8#-!$%-*8%!#-7!.=%!#,,*8D#-F&-$!#79#-,%/!&-!$%-*8&,!

#-7! D2*.%*8&,! /,&%-,%/! =#9%! ,*-.2&(:.%7! .*! .=%! 7&/,*9%2F! *+! #! 8F2&#7! *+!

(&*8*)%,:)%/!#/!D*.%-.&#)!72:$!.#2$%./?!'=&/!&/!%/D%,&#))F!%9&7%-.!&-!7&/%#/%/!/:,=!#/!

,#-,%2/! 6=%2%! .=%2%! &/! #! =:$%! :-8%.! 8%7&,#)! -%%7?! 48*-$! .=%! 8#-F! D2*8&/&-$!

-*9%)!.#2$%./!.=#.!#2%!(%&-$!&-9%/.&$#.%7!&-!,#-,%2!#2%!&-.2#,%)):)#2!,*8D*-%-./!*+!

$2*6.=! +#,.*2! 7%D%-7%-.! #-7! *.=%2! *-,*$%-&,! /&$-#)! .2#-/7:,.&*-! D#.=6#F/?! '=&/!

2%9&%6![%2*%/!&-!*-!B2(CR#!,F.*D)#/8&,!D2*.%&-!&8D*2.#-.!&-!#!-:8(%2!*+!/&$-#)&-$!

D#.=6#F/R.=#.! &/! 2#D&7)F! %8%2$&-$! #/! #! 2%)%9#-.! #-.&.:8*2! .#2$%.?! X*))*6&-$! #!

7%/,2&D.&*-!*+!.=%!+:-7#8%-.#)!(&*)*$F!#-7!,=%8&/.2F!*+!B2(C\!.=%!8#&-!(*7F!*+!.=&/!

,=#D.%2! 2%9*)9%/! #2*:-7! .=%! 2%)%9#-,%! *+! B2(C! #/! #! .=%2#D%:.&,! .#2$%.?! '=%! )#/.!

/%,.&*-! 6&))! .=%-! %)#(*2#.%! *-! .=%! ,:22%-.! /.#.%! #-7! D2*$2%//! 8#7%! &-! .=%!

7%9%)*D8%-.! *+! B2(C! #-.#$*-&/./?! 4! (2&%+! *:.)**5! *-! .=%! +:.:2%! #-7! D*.%-.&#)! *+!

B2(C!(#/%7!#-.&,#-,%2!72:$!7&/,*9%2F!6&))!,*-,):7%!.=&/!,=#D.%2?!

!
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HBFB*<='*4(56*4','*+,-*9(%0'",S*I"%:%8)*+,-*R='1"#0()*****

B2*6.=! +#,.*2! 2%,%D.*2! (*:-7! _B2(`! D2*.%&-/! (%)*-$! .*! .=%! #7#D.*2! D2*.%&-!

/:D%2+#8&)F! *+! (&*8*)%,:)%/?>I! 47#D.*2! D2*.%&-/! #2%! -*-R,#.#)F.&,! 8*)%,:)%/! .=#.!

+:-,.&*-!#/!8%7&#.*2/!*+!/&$-#)!.2#-/7:,.&*-!D#.=6#F/?>M!4/!.=%!-#8%!&8D)&%/\!B2(!

D2*.%&-/!6%2%!*2&$&-#))F!&7%-.&+&%7!(%,#:/%!*+!.=%&2!#(&)&.F!.*!#//*,&#.%!6&.=!$2*6.=!

+#,.*2!2%,%D.*2/?>N!T=#2#,.%2&/.&,#))F\!B2(!D2*.%&-/! +*28!/:D2#8*)%,:)#2!,*8D)%K%/!

6&.=! $2*6.=! +#,.*2! 2%,%D.*2/! .=#.! #2%! %//%-.&#)! +*2! $2*6.=! +#,.*2!8%7&#.%7! /&$-#)!

.2#-/7:,.&*-\>C\>P!.=*:$=!&-.%2#,.&*-/!6&.=!-*-R$2*6.=!+#,.*2!2%,%D.*2/!&/!#)/*!6%))!

7*,:8%-.%7\!#-7!D%2=#D/!%a:#))F!&8D*2.#-.?>N\>P!!T:22%-.)F!.=%2%!%K&/.!#(*:.!>I!B2(!

D2*.%&-/\! 6=%2%! 8*/.! #2%! (%&-$! &8D)&,#.%7! &-! .=%! $%-%/&/! #-7! 7%9%)*D8%-.! *+!

=:8#-!,#-,%2/?>N!

!
B2(C! (%)*-$/! .*! #! /:(+#8&)F! *+! B2(! D2*.%&-/! ,*8D2&/&-$! B2(C\! $2*6.=! +#,.*2!

2%,%D.*2!(*:-7!D2*.%&-!>W! _B2(>W`>S\AW!#-7!$2*6.=! +#,.*2! 2%,%D.*2!(*:-7!D2*.%&-!

>I! _B2(>I`?A>\AA! '=&/! B2(C! +#8&)F! *+! #7#D.*2! D2*.%&-/! &/! 5-*6-! .*! =#9%! =&$=!

/%a:%-,%!#-7!+:-,.&*-#)!=*8*)*$F?>C\AA!'=&/!,)#//!6#/!7&/,*9%2%7!:/&-$!#!.%,=-&a:%!

7:((%7!TVL'!_,)*-&-$!*+!2%,%D.*2!.#2$%./`\!#-!%KD2%//&*-^,)*-&-$!/F/.%8!.=#.!:/%/!

#! .F2*/&-%! D=*/D=*2F)#.%7! 2%,%D.*2! #/! #! D2*(%! .*! /,2%%-! D2*.%&-! )&(2#2&%/?AG!

@D%,&+&,#))F\!B2(C!6#/!&7%-.&+&%7!:/&-$!TVL'!/,2%%-&-$!*+!#!8*:/%!,1Q4!%KD2%//&*-!

)&(2#2F! 6&.=! .F2*/&-%! D=*/D=*2F)#.%7! TR.%28&-:/! *+! .=%! %D&7%28#)! $2*6.=! +#,.*2!

2%,%D.*2?AI\AM!!0-!,*88*-!6&.=!*.=%2!#7#D.*2!D2*.%&-/\!B2(C!+#,&)&.#.%/!.=%!,*:D)&-$!

*+! 8:).&D)%! .2#-/! 8%8(2#-%! #-7! ,F.*D)#/8&,! 2%,%D.*2/! .*! 7*6-/.2%#8! %++%,.*2!

8*)%,:)%/?>N\!AN!

!
HBFBHB*<='*4(56*4','*C0(;$0;('**

'=%! =:8#-! B2(C! $%-%! &/! )*,#.%7! *-! .=%! D*/&.&9%! /.2#-7! *+! ,=2*8*/*8%! >C?!

TF.*$%-%.&,! #-#)F/&/! /=*6/! .=#.! .=%! $%-%! &/! 8#DD%7! .*! .=%! >Ca>ARaA>! )*,&\! #/!

7*,:8%-.%7! (F! .=%! Q#.&*-#)! T%-.2%! +*2! U&*.%,=-*)*$F! 0-+*28#.&*-_QTU0`!

_=..DE^^666?-,(&?-)8?-&=?$*9^8#D9&%6^`?! '=%! =:8#-! B2(C! $%-%! &/! S\GMA!

-:,)%*.&7%/!&-!)%-$.=!#-7!5-*6-!.*!%-,*7%!#!8#Y*2!D2&8#2F!B2(C!LQ4!.2#-/,2&D.!*+!

I\MSN!-:,)%*.&7%/!&-!/&[%?!'=%!+&-#)!8#.:2%!B2(C!8LQ4!&/!,*8D*/%7!*+!>I!%K*-/!*+!

>\MSS!-:,)%*.&7%/!&-!)%-$.=?!'=%!,=2*8*/*8#)!)*,#.&*-!*+!B2(C!&/!&-.%2%/.&-$!#/!&.!&/!

6&.=&-!.=%!%2(UA!#8D)&,*-\AC\AP!#!2%$&*-!5-*6-!.*!,*8D2&/%!$%-%/!+2%a:%-.)F!*9%2!
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#8D)&+&%7! &-! ,#-,%2/?AS! 4/!6&))! (%! 7%/,2&(%7! )#.%2\! .=%! )*,#)&[#.&*-! *+! B2(C! *-! .=%!

%2(UA! #8D)&,*-! &/! 6=#.! #DD%#2/! .*! (%! #.! .=%! =%#2.! *+! 8*/.! *+! .=%! =:8#-!

8#)&$-#-,&%/!8%7&#.%7! (F! B2(C?! ! X&$?! >?>! /=*6/! .=%! *9%2#))! *2$#-&[#.&*-! *+! B2(C!

$%-%!#-7!&./!D2*7:,./?!

!

!

!
X&$:2%!>?>E!'=%!*9%2#))!*2$#-&[#.&*-!*+!B2(C!#-7!&./!D2*7:,./?!B2(C!&/!)*,#)&[%7!*-!.=%!)*-$!
#28!*+!,=2*8*/*8%!>C\!#.!>Ca>ARaA>?! 0.! &/!,*8D2&/%7!*+!>I!%K*-/!6=&,=!#2%! &-7&,#.%7! &-!
+&))%7!(*K%/!/=*6-!&-! .=%&2!#DD2*K&8#.%! )*,#.&*-?!'=%! &-.2*-/!#2%!/=*6-!#/! )&-%/!(2&7$&-$!
.=%! %K*-/?! 0-! B2(C!8LQ4! #))! .=%! %K*-/! #2%!8%2$%7! #-7! 2%D2%/%-.%7! (F! /&-$)%! +:))! +&))%7!
2%,.#-$)%?! '=%! -:8(%2/! *-! .*D! *+! %#,=! 7%D&,.&*-! 2%D2%/%-.! .=%! /.#2.! #-7! %-7! *+! #! $&9%-!
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*
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=:8#-! $%-%! #-7! &./! D2*7:,.! &-! 72:$! 7%9%)*D8%-.! D2*Y%,./?GW! '=%! +&-7&-$! *+! #!

=*8*)*$*:/! $%-%! &-! #! /:&.#()%! %KD%2&8%-.#)! *2$#-&/8! #-7! &./! ,*8D#2#.&9%!

+:-,.&*-#)! ,=#2#,.%2&[#.&*-! &/! .=:/! #-! &8D*2.#-.! :-7%2.#5&-$?! 4-#)F/&/! *+!

=*8*)*$*:/!$%-%/!B2(C!/:$$%/.!.=#.!&.!&/!%9*):.&*-#2&)F!,*-/%29%7!#,2*//!8#88#)/!

#/! .=%!$%-%!#-7! &./!D2*.%&-!D2*7:,.!#2%! +*:-7! &-!#!-:8(%2!*+!8#88#)&#-!/D%,&%/?!
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'#()%! >?>! /=*6/! .=%! 7&++%2%-.! #-&8#)/! 6=%2%! *2.=*)*$:%/! *+! B2(C! #2%! -*.%7\!

#,,*27&-$! .*! .=%! H*8*)*B%-%! 7#.#(#/%! *+! .=%! QTU0! &-.%2+#,%! _666?-,(&?*2$`?!

0-.%2%/.&-$)F\!.=%!/%a:%-,%!=*8*)*$F!+*:-7!(%.6%%-!.=%!B2(C!$%-%/!&/!#DD2%,&#()F!

=&$=! _PMRSSl`! 6=&,=! &/! #)/*! 2%+)%,.%7! &-! .=%! B2(C! D2*.%&-! /&8&)#2&.F! _PPRSSl`?!

B&9%-!.=%!+#,.!.=#.!/%a:%-,%!/&8&)#2&.F!7&,.#.%/!+:-,.&*-#)!/&8&)#2&.F\!#.!)%#/.!&-!8*/.!

*+! .=%! ,#/%/\! .=%! =&$=! /%a:%-,%! =*8*)*$F! /%%-! 8#F! (%! :/%+:))F! %KD)*&.%7! &-! .=%!

&-9%/.&$#.&*-! *+! D*.%-.&#)! B2(C! #-.#$*-&/.! 7%9%)*D8%-.\! +*2! %K#8D)%\! &-! B2(C!

5-*,5%7!*:.!%KD%2&8%-./?!

*

<+5:'*HBHS*C'Z;',$'*#"1":+("0"'#*%3*4(56*=%1%:%8;'#*0%*=;1+,*4(56*

V2$#-&/8! T=2*8*/*8#)!
)*,#.&*-!

B%-%!
/&8&)#2&.F!

"2*.%&-!
)%-$.=!

"2*.%&-!!
/&8&)#2&.F!

H:8#-! >C! >WW! MGA! >WW!

T=&8D#-[%%! >C! SS?M! MGA! SS?P!
1*$! S! PP?P! MIA! SG?P!
T#..)%! >S! PC?W! MGA! PP?C!
O*:/%! >W! PN?A! MGM! S>?W!
L#.! >>! PM?S! MGM! S>?>!

*

*

HBFBPB*VW/('##"%,*+,-*N'8;:+0"%,*

'=%!B2(C!D2*.%&-!2%D*2.%7)F!7&/D)#F/!#!7&/.&-,.!%KD2%//&*-!D2*+&)%/!#,2*//!/D%,&%/\!

.&//:%/! #-7! *2$#-/?AG! 0.! &/! +*:-7! .*! (%! %KD2%//%7! &-! -:8(%2! *+! =:8#-! .&//:%/!

&-,):7&-$! D)#,%-.#\! &-.%/.&-%\! (2#&-\! ):-$\! 5&7-%F\! %/*D=#$:/\! 8*:.=\! D2*/.#.%\!

8#88#2F! $)#-7\! :.%2:/\! *9#2F\! ,%29&K\! )&9%2\! D#-,2%#/\! .%/.&/\! %8(2F*-&,! .&//:%\!

)F8D=!-*7%\! .2#,=%#\! )#2F-K\!()#77%2\! .=F8:/\! /5&-\! %F%\! #/,&.%/\! /.*8#,=\!D=#2F-K!

#-7!,*--%,.&9%!.&//:%!m]-&$%-%\!666?-,(&?*2$n?! !H*6%9%2\! &.! &/! .=%!*9%2%KD2%//&*-!

*+!B2(C!.=#.!&/!#//*,&#.%7!6&.=!#!-:8(%2!*-,*$%-&,!D#.=6#F/!#-7!=:8#-!8#)#7&%/!

_7&/,://%7! (%)*6`?! 4/! .*! &./! ,%)):)#2! )*,#)&[#.&*-\! B2(C! &/! #-! &-.2#,%)):)#2! D2*.%&-!

D2&8#2&)F!+*:-7!&-!.=%!,F.*/*)!.=*:$=!&.!&/!&-7&,#.%7!.=#.!&.!,#-!(%!+*:-7!*-!.=%!+*,#)!

,*-.#,./\! 8&.*,=*-72&#! #-7! ,%))! 8%8(2#-%! :-7%2! ,%2.#&-! ,&2,:8/.#-,%/?G>! 0-!

#77&.&*-\!B2(C!&/!+*:-7!.*!(%!)*,#)&[%7!#/!#-!&-.%$2#)!,*8D*-%-.!*+!/.2%//!$2#-:)%/?!

4D#2.! +2*8! .=%!8#&-! B2(C! D2*.%&-\! #! /D)&,%! 9#2&#-.! *+! B2(C! .%28%7! B2(C9! &/! #)/*!

-*.%7!.*!(%!%KD2%//%7!&-!,%2.#&-!.&//:%/?GA!
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B2(C!@HA!7*8#&-?!:"!5%'"!;*2%43$/?!FGG6\!MK\!AIMRAMA?!

_>M>` B:-[(:2$\!O?! b?e! 48(#F%\! Q?! 1?e! H%2.[*$\! b?! '?e! 1%)! U*2$*\!O?! "?e! "%2*\! @?! T?e!
Z2#$\!1?!Q?\!c&),%\!O?!T?!b?e!4$:&)#2\!O?!0?e!"%2)8:..%2\!"?e!c&),%\!b?!4?!]/%!*+!@"L!.*!
@.:7F!.=%!0-.%2#,.&*-!*+!BCR>PQ4'J!"%D.&7%!6&.=!.=%!B2(CR@HA!1*8#&-?!93/"!:"!
.*&/"!;*,"!<7*+=&*>/"!FGHG\!IP\!>CCR>PI?!

_>MA` H*6)\! b?e! Q&,=*))\! 0?! 1?e! b*-%/\! @?! '=%! 8#-F! +:.:2%/! +*2! ,%))RD%-%.2#.&-$!
D%D.&7%/E!=*6!/**-!&/!-*6_!#$%27*)"!1%2"!<+=3,?!FGG6\!QT\!CNCRCNS?!

_>MG` ;:[F\!b?!"?e!T=%-\!H?e!B2&)\!U?e!;&:\!c?!o?e!3&7#)\!O?e!"%27%2%#:\!1?e!U:2-*)\!4?!X?e!
B#2(#F\! T?! 1%9%)*D8%-.! *+! (&-7&-$! #//#F/! +*2! .=%! @HA! 7*8#&-! *+! B2(C! #-7!
B2(A!:/&-$!+):*2%/,%-,%!D*)#2&[#.&*-?!:"!#$%)%'"!12+**3?!FGGQ\!IQ\!>>AR>>S?!
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B2(C! &/! 5-*6-! .*! 8%7&#.%! #! 7&9%2/%! /D%,.2:8! *+! *-,*$%-&,! D#.=6#F/?! JK.%-/&9%!

2%/%#2,=! *-! 7&++%2%-.! #/D%,./! *+! B2(C! ,#22&%7! *9%2! .=%! F%#2/! 8%#-/! &.! &/! -*6! #!

D2*8&/&-$!#-.&.:8*2!72:$! .#2$%.?! 0./!72:$$#(&)&.F! &/!7%8*-/.2#.%7!6&.=! .=%!2%,%-.!

7&/,*9%2F! *+! D%D.&7%! #-.#$*-&/./?! 4D#2.! +2*8! .=%/%! %#2)F! D=#/%! %KD%2&8%-.#)!

#-.#$*-&/./\! ,:22%-.)F! .=%2%! %K&/.! -*! 72:$! .=#.! &/! 7%9%)*D%7! *2! 5-*6-! .*! #,.! *-!

B2(C?!O*2%*9%2\!.=%!/.2:,.:2%!*+!B2(C@HA!7*8#&-!(*.=!&-!#D*!+*28!#-7!&-!,*8D)%K!

6&.=! #! D%D.&7%! #-.#$*-&/.! &/! ,=#2#,.%2&[%7?! '=%/%! /.:7&%/! =#9%! 7%)&-%#.%7! .=%!

,=%8&,#)! +%#.:2%/! *+! .=%! (&-7&-$! /&.%! #-7! &./! 2%a:&2%8%-.! +*2! %++%,.&9%! &-.%2#,.&*-!

6&.=! D*.%-.&#)! #-.#$*-&/./?! '=&/! D2*Y%,.\! .=:/\! /%%5/! .*! %KD)*&.! .=%! #9#&)#()%!

(#,5$2*:-7! /.2:,.:2#)\! (&*,=%8&,#)! #-7! (&*D=F/&,#)! &-+*28#.&*-! .*! 7%/&$-\!

/F-.=%/&[%\! .%/.! #-7! *D.&8&[%! /%,*-7R$%-%2#.&*-! D*.%-.\! /%)%,.&9%\! /.#()%! #-7! ,%))!

D%28%#()%!#-.#$*-&/./?!

!

0-!D#2.&,:)#2!.=%!/.:7F!#&8/!.*E!

HB*!'#"8,@*#),0='#"2'*+,-*$%,-;$0*5",-",8*#0;-"'#*%3*/'/0"-"$*4(56*+,0+8%,"#0#*

******************************HBHB*R'::*9'(1'+5:'*46UHQ>7<V*-'("&+0"&'#*

***HBFB**46UHQ>7<V*5+#'-*+,+:%8;'*-'#"8,*

FB*C0(;$0;('*5+#'-*&"(0;+:*#$('',",8**

PB*C0(;$0;(+:*$=+(+$0'("2+0"%,*%3*0='*5",-",8*",0'(+$0"%,*;#",8*`U(+)**

*****R()#0+::%8(+/=)*+,-*$%1/;0+0"%,+:*$='1"#0()*

*

'=%!+&2/.!D#2.!*+! .=%!2%/%#2,=!+*,:/%/!*-!.=%!7%/&$-!*+!,%))!D%28%#()%!+*28/!*+!.=%!

)%#7! BCR>PQ4'J! D*)FD%D.&7%\! (&-7&-$! ,=#2#,.%2&[#.&*-! #/! 6%))! #/! ,%)):)#2! :D.#5%!

/.:7&%/?!'=&/!6&))!(%!+*))*6%7!(F!.=%!7%/&$-!*+!8*-*,F,)&,!#-7!(&,F,)&,!BCR>PQ4'J!

(#/%7! /%,*-7R$%-%2#.&*-! D*)FD%D.&7%/! #-.#$*-&/./?! 0-! .=%! /.2:,.:2%! (#/%7! 9&2.:#)!

/,2%%-&-$!D#2.!*+!.=%!D2*Y%,.\!6%!/%%5!.*!%KD)*&.!.=%!#9#&)#()%!/.2:,.:2#)!&-+*28#.&*-!

.*!7&/,*9%2!-*9%)!#-.#$*-&/./!*+!B2(C?!0-!D#2.&,:)#2!.=%!&-R=*:/%!#9#&)#()%!,*R,2F/.#)!

/.2:,.:2%!*+!BCR>PQ4'J^B2(C!@HA!7*8#&-!#-7!#!5-*6-!D*.%-.! .2&D%D.&7%!6&))!(%!

%8D)*F%7! .*! &-&.&#.%! .=%! 9&2.:#)! /,2%%-&-$! %++*2.! .*! &7%-.&+F! /8#))! 8*)%,:)%!

#-.#$*-&/./?!X&-#))F\!/.2:,.:2#)!/.:7&%/!6&.=!.=%!8*/.!D2*8&/&-$!)%#7!,#-7&7#.%/!6&))!
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*

'=&/! ,=#D.%2! 7%/,2&(%/! .=%! %KD%2&8%-.#)! D2*,%7:2%/!

:-7%2.#5%-!.*!D2%D#2%!.=%!D%D.&7%!#-.#$*-&/./!#-7!.=%!B2(C!

@HA!7*8#&-!D2*.%&-!:/%7!#/!#!2%,%D.*2!+*2!.=%!$3!H$/+%!(&-7&-$!

#-7!/.2:,.:2#)!/.:7&%/?!'=%!+&2/.!/%,.&*-!D2%/%-./!.=%!7%.#&)/!*+!

/*)&7! D=#/%! D%D.&7%! /F-.=%/&/\! D:2&+&,#.&*-! #-7!

,=#2#,.%2&[#.&*-!/.2#.%$&%/?!'=%!/%,*-7!/%,.&*-!7%/,2&(%/!.=%!

*9%2%KD2%//&*-! #-7! D:2&+&,#.&*-! *+! .=%! B2(C! @HA! 7*8#&-!

D2*.%&-?! '=%! )#/.! /%,.&*-! 7%.#&)/! .=%! ,2F/.#))&[#.&*-! #-7! 7#.#!

D2*,%//&-$!D2*,%7:2%/!:-7%2.#5%-!+*2!.=%!/.2:,.:2#)!/.:7&%/?!

V.=%2!8%.=*7*)*$&%/!:.&)&[%7! &-! .=%!2%/%#2,=!:-7%2.#5%-! +*2!

.=&/!.=%/&/!#2%!7%/,2&(%7!&-!.=%!2%)%9#-.!,=#D.%2/!6=&,=!=#9%!
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FBHB*C%:"-*9=+#'*9'/0"-'*#),0='#"#*

FBHBHB*I+$T8(%;,-*

@*)&7! D=#/%! D%D.&7%! /F-.=%/&/! _@""@`>RG! &/! /F-.=%/&/! *+! D%D.&7%/! *-! #-! &-/*):()%!

D*)F8%2&,!/:DD*2.!_.=%!/*)&7`?!0-.2*7:,%7!(F!O%22&+&%)7IRN!&-!.=%!NWp/\!.=%!D2&-,&D)%!

*+!@""@!&/!%K.%-7%7!.*!#-F!,=%8&,#)!/F-.=%/&/!*-!#!/*)&7!/:DD*2.!#-7!&/!$%-%2#)&[%7!

#/! #! /*)&7! D=#/%! *2$#-&,! /F-.=%/&/! _@"V@`?C! '=%! D2#,.&,%! *+! @""@! &/! .FD&,#))F!

:-7%2.#5%-! &-! #! /%a:%-,%! *+! ,=%8&,#)! 2%#,.&*-/! .%28%7! =2/$H=/$%3\! 6=%2%! .=%!

%)%,.2*D=&)&,&.F! *+! .=%! ,#2(*-F)! ,#2(*-! *+! #8&-*! #,&7/! &/! %-=#-,%7! (F! .=%!

#..#,=8%-.!*+!#-!%)%,.2*-!6&.=72#6&-$!8*&%.FeP!2%>&'$348!6=&,=!2%+%2/!.*!.=%!#,.:#)!
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/*)&7!D=#/%!/F-.=%/&/!=#/!,%2.#&-!D2#,.&,#)!(%-%+&./!/:,=!#/!_>`!72&9&-$!2%#,.&*-/!.*!
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!
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'=%! #8&-*! #,&7/\! D2*.%,.&*-! #-7! 7%D2*.%,.&*-! 2%#$%-./\! /*)9%-./\! #,.&9#.*2/! (#/%/!
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<+5:'*FBHS*71",%*7$"-#*+,-*('+8',0#*'1/:%)'-*3%(*/'/0"-'#*#),0='#"#*
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X8*,R'2D!_U*,`RVH!!!!!!!!X8*,R4/-!_'2.`RVH!!!!!!X8*,RB):!_V.U:`RVH!!!X8*,RB)FRVH\!
X8*,R'F2!_.U:`RVH!!!X8*,R'=2!_.U:`RVH!!!!X8*,R4/D!_V.U:`RVH!!!!!X8*,R"=%RVH!
X8*,R"2*RVH!!!!!!!!!!!!!!!!!!!X8*,RTF/!_'2.`RVH!!!!!!!X8*,R42$!_"(+`RVH!!!!!!!!!X8*,RO%.RVH!
X8*,R;F/_O8.`RVH!!!!!!!!X8*,R@%2_.U:`RVH!!!!!!!!X8*,R;%:RVH!!!!!!!!!!!!!!!!!!!X8*,R3#)RVH!
X8*,R;F/_U*,`RVH!!!!!!!!!!X8*,R@%2_#))F)`RVH!!!!X8*,R4))F)!B)FRVH*
!'/(%0'$0"%,S*AWl!"&D%2&7&-%!&-!1OX*

C%:&',0#S**1&,=)*2*8%.=#-%\!1&8%.=F)+*28#8&7%\!4,%.*-%\!O%.=#-*)!!
!!!!!!!!!!!!!!!!!!!!QR8%.=F)DF2*)&7*-%\!J.=F)!#,%.#.%\!1&%.=F)!J.=%2\!J.=#-*)\*
R%;/:",8*78',0#S*1&R&/*D2*DF)!%.=F)#8&-%!_10"J4`\!HU']\!H4']\!H*U.*

R:'+&+8'*C%:;0"%,S*'2&+):*2*!#,%.&,!#,&7!_'X4`\!'2&R&/*D2*DF)!@&)#-%!_'0"@`\!!!!!!!
J.=#-%!7&.=&*.=2&.*)!_J1'`\!c#.%2*
*

FBHBPB*N'#",*<('+01',0*

'=%!/*)&7! /:DD*2.!:/%7! .=2*:$=*:.! .=%!/F-.=%/&/!6#/!L&-5!#8&7%!2%/&->G! _/%%!X&$?!

A?A`?!H%-,%!#))!.=%!D%D.&7%/!6%2%!/F-.=%/&[%7!#/!D%D.&7%!#8&7%/?!L&-5!#8&7%!2%/&-!&/!
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#8&7%!7%2&9#.&9%/\!#-7!*.=%2!*2$#-&,!8*)%,:)%/?>>\>A! 0.! &/! .FD&,#))F!#9#&)#()%!#/!#!>R

Al!7&9&-F)(%-[%-%!,2*//R)&-5%7!D*)F/.F2%-%!D*//%//&-$!#!8%/=!/&[%!*+!AWWRIWW?! 0.!

=#/! #! D%D.&7%! )*#7&-$! ,#D#,&.F! *+! :D! .*! >?W!88*)^$! #-7! /6%))/!6%))! &-! ,*88*-)F!

:/%7!/*)9%-./!&-!D%D.&7%!/F-.=%/&/!
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X&$:2%!A?AE!!L&-5!48&7%!L%/&-?! P 2%D2%/%-./!.=%!,2*//R)&-5%7!D*)F8%2&,!/:DD*2.?!

!
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/6%))&-$!D2*D%2.&%/!*+!D*)F/.F2%-%!(#/%7!2%/&-/!9#2F!7%D%-7&-$!*-!/*)9%-./!#-7!&/!

,2:,&#)!+*2!%KD*/&-$!,*:D)&-$!/&.%/\!.=%!2%/&-!6#/!/6%))%7!+*2!GW!8&-!&-!1OX!#77%7!
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AWl_9^9`!D&D%2&7&-%!&-!/F-.=%.&,!$2#7%!1OX?!'=%!7%D2*.%,.&*-!/*):.&*-!6#/!#77%7!

&-!.=2%%!.&8%/!2%/&-!9*):8%!#-7!.=%!2%#,.&*-!6#/!%++%,.%7!#.!2**8!.%8D%2#.:2%!+*2!

GW!8&-!6&.=! *,,#/&*-#)! /.&22&-$?! '=&/!6#/! +*))*6%7! (F! 2%/&-!6#/=&-$! /:,,%//&9%)F!

6&.=!1OX!_*-,%\!GK!2%/&-!9*):8%`\!1TO!_*-,%\!GK!2%/&-!9*):8%`!#-7!1OX!_.6&,%\!GK!

2%/&-! 9*):8%`?! '=%! 6#/=! .&8%! 6#/! #(*:.! A! 8&-! &-! %#,=! ,#/%! #-7! 9#,::8! 6#/!

#DD)&%7!.*!%++%,.!&88%7&#.%!+&).2#.&*-?!!'=%!8%,=#-&/8!*+!X8*,R2%8*9#)!&/!7&/D)#F%7!
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Rink Amide Resin(deprotected)

piperidine

Rink Amide Resin

Fm-piperidine Adduct

PS: Polymeric Support

*

X&$:2%!A?GE!'=%!2%/&-!X8*,!2%8*9#)!2%#,.&*-?!

FBHB[B*a+"#'(*<'#0*

'=%!/:,,%//%/!*+!7%D2*.%,.&*-!#-7!8#-:#)! ,*:D)&-$! 2%#,.&*-/!6%2%!,=%,5%7!:/&-$!

Z#&/%2p/! -&-=F72&-! (#/%7! ,*)*2! 2%#,.&*-?>N! 4+.%2!6#/=&-$! .=%! 7%D2*.%,.%7^,*:D)%7!

2%/&-\! #! +%6!2%/&-!(%#7/!6%2%! .#5%-!*:.\!6#/=%7!6&.=!CWl!_9^9`!%.=#-*)^HAV?!'*!

.=%!72&%7!7%D2*.%,.%7^,*:D)%7!2%/&-!>M!µ)!*+!L%#$%-.!4\!GWµ)!*+!L%#$%-.!U!#-7!>M!µ)!

*+!L%#$%-.!T!6%2%!#77%7!#-7!.=%!2%#,.&*-!8&K.:2%!&-,:(#.%7!#.!>>W!WT!+*2!MR>W!8&-?!

'=%!#(/%-,%!*2!D2%/%-,%!*+!7%%D!():%!,*)*2!6#/!:/%7!#/!#!,*-+&28#.&*-!*+!,*:D)&-$!

*2!7%D2*.%,.&*-!2%/D%,.&9%)F\!X&$?!A?I?!'#()%!A?A!7&/D)#F/!.=%!,*8D*/&.&*-!*+!2%#$%-./!

:/%7!&-!Z#&/%2!.%/.?!
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<+5:'*FBFS*R%1/%#"0"%,*%3*a+"#'(b#*0'#0*N'+8',0#**

L%#$%-.! T*8D*/&.&*-! @.2%-$.=!

4! Q&-=F72&-^J.=#-*)! Ml!_6^9`!
U! ZTQ^"F2&7&-%! AW!µO!
T! "=%-*)^J.=#-*)! CNl_6^9`!

*
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Ninhydrin Rink Amide Resin Deep Purple colored complex

Other RXN
products

*

X&$:2%! A?I?! Z#&/%2p/! -&-=F72&-! (#/%7! ,*)*2! 2%#,.&*-! :/%7! .*! ,=%,5! .=%! /:,,%//! *+! X8*,!
2%8*9#)! #-7! 2%/&7:%! ,*:D)&-$! 2%#,.&*-/?! 4+.%2! .2%#.&-$! +%6!6#/=%7! 2%/&-! (%#7/!6&.=! .=%!
-&-=F72&-!2%#$%-./\! .=%!#DD%#2#-,%!*+!7%%D!():%!,*)*2! &/! .#5%-! .*! &-7&,#.%! .=%!2%8*9#)!*+!
X8*,!$2*:D!+2*8!.=%!2%/&-?!

*

FBHB\B**J"(#0*('#"-;'*$%;/:",8*0%*0='*('#",*

4/! &/! .=%! ,#/%!6&.=! .=%! /.#-7#27! X8*,R/F-.=%.&,! /.2#.%$F\! .=%! /F-.=%/&/! 7&2%,.&*-!

6#/! +2*8! TR.*RQ! .%28&-:/! #-7! =%-,%! &-! #))! .=%! D%D.&7%! #8&7%/! 8#7%\! .=%! +&2/.!

2%/&7:%!.*!(%!)*#7%7!6#/!%&.=%2!X8*,RTF/!_.2.`RVH!*2!X8*,R;F/!_U&*.&-`RVH?!4))!.=%!

X8*,R#8&-*!#,&7/!6%2%!D2%#,.&9#.%7!(F! 2%#,.&*-!6&.=! .=%!#,.&9#.&-$!#-7!,*:D)&-$!

#$%-./?>>! '=%! ,*:D)&-$! #$%-.! :/%7! 6#/! HU']! _FR(%-[*.2&#[*)R>RF)RG8G8Gh8GhR

.%.2#8%.=F):2*-&:8!=%K#i:*2*D=*/D=#.%`?>C\>P!4/! .=%! /,#)%!*+! .=%! /F-.=%/&/! &/!W?>!

88*)%\! W?G! 88*)%! _G?W! +*)7! %K,%//`! *+! %#,=! #8&-*! #,&7! #-7! A?S! 88*)%! _A?SR+*)7!

%K,%//`! ,*:D)&-$! #$%-./! 6%2%! :/%7?! '=%! ,*-,%-.2#.&*-! *+! #8&-*! #,&7/! #-7! .=%!

,*:D)&-$!#$%-.!6#/!/%.!#.!W?M!O!&-!.=%!+&2/.!2%/&7:%!8#-:#)!,*:D)&-$!#-7!W?A!O!&-!.=%!

#:.*8#.%7!8&,2*6#9%! D%D.&7%! /F-.=%/&[%2?! '=%! #,.&9#.&-$! #$%-.! #-7! -%:.2#)&[&-$!

#$%-.! %8D)*F%7! 6#/! >WW! µ)! *+! 7&R&/*D2*DF)! %.=F)#8&-%! _10J"4`?! @D%,&+&,#))F! .=%!

8#-:#)!D2%R#,.&9#.&*-!2%#,.&*-!6#/!,#22&%7!*:.!(F!7&//*)9&-$!>>G?C!8$!*+!HU']!&-!

MMW!µ)!*+!/F-.=%.&,!$2#7%!1OX!6=&,=!&-!.:2-!6#/!:/%7!.*!7&//*)9%!.=%!2%/&7:%/!+:))F?!

>WW!µ)!*+!10J"4!6#/!#77%7!.*! .=%!8&K.:2%!#-7! +:))!7&//*):.&*-!6#/!%++%,.%7!#-7!#!

D2%#,.&9#.&*-!.&8%!*+!A!8&-!6#/!#))*6%7?!X&$?!A?M!&)):/.2#.%/!.=%!8%,=#-&/8!+*2!.=%!

D2%#,.&9#.&*-! 2%#,.&*-! *+! X8*,RTF/_.2.`RVH?! 4))! .=%! #8&-*! #,&7! D2%#,.&9#.&*-!

2%#,.&*-/!+*))*6!.=%!/#8%!8%,=#-&/8?!
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Activated Fmoc-Cys(trt) !

X&$:2%!A?ME!!'=%!D2%#,.&9#.&*-!*+!X8*,RTF/!_.2.`RVH!(F!HU']!#-7!10"J4?!
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Fmoc-Lys(MMT)-Rink Amide Resin

HN

O

CH3

O
C N

N

+
TMU

TMU: N,N,N',N'-Tetramethylurea
DIPEA:N,N-diisopropyl-N-ethylamine
HBTU:O-benzotriazole-1-yl-N,N,N',N'-             
    tetramethyluroniumhexafluoro phophate !

!X&$:2%! A?NE! ! '=%! D2%R#,.&9#.&*-! #-7! ,*:D)&-$! *+! X8*,R;F/! _O8.`! .*! 2&-5! #8&7%! 2%/&-?! "@!
&-7&,#.%/!.=%!2%/&-!D*)F8%2&,!/:DD*2.!
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X*))*6&-$!A!8&-!*+!#,.&9#.%7!%/.%2! +*28#.&*-! .&8%\! .=%!#,.&9#.%7!X8*,R,F/.%&-%!*2!

X8*,R;F/! _U&*.&-`! 6#/! #77%7! .*! .=%! /6*))%-! 7%D2*.%,.%7! 2%/&-! .*! %++%,.!

,*:D)&-$^)*#7&-$!#.!L'!#-7!#))*6%7!.*!2%#,.!+*2!GW!8&-?!'=%!/:,,%//!*+!,*:D)&-$!6#/!

,=%,5%7!:/&-$!-&-=F72&-!(#/%7!Z#&/%2p/!.%/.!_/%%!X&$?!A?N`!6=&,=!/=*:)7!(%!,*)*2)%//?!

0-! ,#/%! *+! )%//R.=#-! *D.&8#)! ,*:D)&-$\! 7*:()%! ,*:D)&-$! #-7^*2! &-,2%#/&-$! .=%!

,*:D)&-$!.&8%!*2!:/%!*+!8*2%!D*6%2+:)!,*:D)&-$!#$%-./!/:,=!#/!H4']!6#/!8#7%!#/!

#).%2-#.&9%!.*!%++%,.!+:))!,*:D)&-$!2%#,.&*-?>S!

*

FBHB]B*<='*5"%0",):+0"%,*('+$0"%,*

0-! ,#/%! *+! (&*.&-F)#.%7! D*)FD%D.&7%/\! .=%! /F-.=%/&/!6#/! %++%,.%7!6&.=! .=%! :/%! *+! #!

(&*.&-F)#.%7! )F/&-%! 2%/&7:%! #/! #! TR.%28&-#)! 2%/&7:%?! '=%! +&2/.! 2%/&7:%\! X8*,R;F/!

_O8.`\!6#/!D2%#,.&9#.%7!:/&-$!HU']!#-7!10"J4!#-7! .=%-! )*#7%7!8#-:#))F! .*! .=%!

7%D2*.%,.%7! 2%/&-! &-!#! /&8&)#2!6#F!7%/,2&(%7! +*2! .=%!X8*,RTF/! _.2.`! ,*:D)&-$?!'=%!

8*-*8%.=*KF.2&.F)! _O8.`! /&7%! ,=#&-! D2*.%,.&-$! $2*:D! 6#/! /%)%,.&9%)F! 2%8*9%7!

6&.=! #! ,*,5.#&)! *+! >Wl! #,%.&,! #,&7\! AWl! .2&+):*2*R%.=#-*)\! #-7! CWl!

7&,=)*2*8%.=#-%?!'=%!2%#,.&*-!6#/!,*8D)%.%7!&-!IM!8&-!#.!L'?!
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resin

Biotin-Lys-Rink amid resinFmoc-Lys-rink amide resin
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X&$:2%!A?C?!'=%!,*:D)&-$!*+!(&*.&-!.*!2%/&-!(*:-7!X8*,R;F/!2%/&7:%!
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U&*.&-!6#/!.=%-!,*:D)%7!&-!#!/&KR+*)7!8*)#2!%K,%//!_W?N!88*)%`!:/&-$!AR_CR4[#R>HR

(%-[*.2&#[*)%R>RF)`R>\>\G\GR.%.2#8%.=F):2*-&:8! =%K#+):*2*D=*/D=#.%! _H4']`! #/!

,*:D)&-$!#$%-./!&-!#-=F72*:/!7&8%.=F)/:)D=*K&7%!_1O@V`!6=&)%!10J"4!6#/!:/%7!#/!

#,.&9#.&-$! #$%-.?! U&*.&-F)#.&*-! 2%#,.&*-! 6#/! ,#22&%7! *:.! +*2! NW! 8&-! #.! L'?! '=%!

/:,,%//!*+!.=%!(&*.&-!,*:D)&-$!6#/!,=%,5%7!:/&-$!Z#&/%2p/!.%/.>G!#/!7%/,2&(%7!#(*9%?!

'=%!(&*.&-F)#.&*-!2%#,.&*-!&/!7%D&,.%7!&-!X&$?!A?C?!

*

FBHB6B*C),0='#"#*%,*+;0%1+0'-*/'/0"-'*#),0='#"2'(*

4!;&(%2.Fp/!#:.*8#.%7!D%D.&7%!/F-.=%/&[%2!6#/!:/%7!.*!,*-.&-:%!.=%!/F-.=%/&/!+2*8!

.=%!+&2/.!TR.%28&-#)!2%/&7:%?AW!'=%!/F/.%8!:/%/!8&,2*6#9%!%-%2$F!.*!72&9%!,*:D)&-$!

#-7! 7%D2*.%,.&*-! 2%#,.&*-/! .*! ,*8D)%.&*-! +#/.%2! .=#-! ,*-9%-.&*-#)! =%#.&-$!

8%.=*7/?A>! ;&(%2.F! %8D)*F/! #! ,&2,:)#2! ,#9&.F! 2%#,.&*-! 9%//%)! #-7! :.&)&[%/! #! /&-$)%R

8*7%!,#9&.F!.=#.!+*,:/%/!#!=*8*$%-*:/!8&,2*6#9%!%-%2$F!+&%)7!*-!.=%!/#8D)%?AA!4!

8%.=*7!6#/!7%9&/%7!(#/%7!*-!.=%!/,#)%!*+!/F-.=%/&/!#-7!/%a:%-,%!*+!%#,=!D%D.&7%!

*-!.=%!"%D12&9%2!/*+.6#2%AW!*+!.=%!/F-.=%/&[%2?!'=%!:/#$%!:.&)&.&%/!8*7:)%!6#/!.=%-!

:/%7!.*!,#),:)#.%!.=%!#8*:-.!*+!#8&-*!#,&7/!#-7!,*:D)&-$!#$%-./?!'=%!,*-,%-.2#.&*-!

*+! #8&-*! #,&7/! #-7! ,*:D)&-$! #$%-./!6#/! /%.! .*! W?A!O?! U%/&7%/\! W?>!O!H*U.AG! 6#/!

#77%7! .*! .=%! 7%D2*.%,.&*-! /*):.&*-RAWl! D&D%2&7&-%! &-! /F-.=%.&,! $2#7%! 1OXR.*!

/:DD2%//! #/D#2.#8&7%! +*28#.&*-! 7:2&-$! 7%D2*.%,.&*-! *+! 4/D\! B):\! B)-! #-7! 4/-!

2%/&7:%/?! '=%! ,*:D)&-$! $%-.!6#/! %&.=%2!HU']! *2!H4']! ,*-.#&-&-$! W?>!O! *+!H*U.?!

'=%! #,.&9#.*2! (#/%7! :/%7! 6#/! 10J"4! &-! QR8%.=F)! DF2*))&7*-%! _QO"`?! L%/&7:%/!

5-*6-! .*! (%! 7&++&,:).! .*! &-,*2D*2#.%! /:,=! #/! 42$\! '2D\! "=%\! 4/-\! '=2!6%2%! 7*:()%!

,*:D)%7!#-7!7*:()%!,*:D)&-$!.&8%!6#/!#))*6%7!.*!%-/:2%!+:))!&-,*2D*2#.&*-?!4))!.=%!

#8&-*! #,&7/! #-7! .=%! ,*:D)&-$! #$%-.! 6%2%! 7&//*)9%7! &-! /F-.=%.&,! $2#7%! 1OX?! '=%!

8&,2*6#9%! /F-.=%/&[%2! 6#/! +)#/=%7! #-7! ,#)&(2#.%7! #/! .=%! ,#/%! 8#F! (%! #-7! .=%!

/F-.=%/&/! 6#/! /.#2.%7! 6&.=! .=%! QR.%28&-#)! #8&-*! #,&7! 7%D2*.%,.%7! (:.! 6&.=! -*!

,)%#9#$%!+2*8!.=%!2%/&-!*D.&*-!%++%,.%7?!

*

FBHBQB*R=:%(+$'0):+0"%,*('+$0"%,*

X*))*6&-$! &-,*2D*2#.&*-! *+! .=%! 2%/&7:%/! (F! .=%! 8&,2*6#9%! /F-.=%/&[%2\! .=%! QR

.%28&-#)!#8&-*!$2*:D!6#/!,#DD%7!8#-:#))F?!'*!.=&/!%-7\!8#-:#)!,=)*2*R#,%.F)#.&*-!!

6#/!%++%,.%7!#/!+*))*6/!#.!L'?!'=%!D%D.&7%!2%/&-!6#/!.2#-/+%22%7!.*!#!+2%/=!2%#,.&*-!
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9%//%)!_%&.=%2!/F2&-$%!*2!$)#//`!#-7!6#/!D:.!:-7%2!9#,::8?!4!/:,,%//&9%!6#/=!6&.=!

1OX! #-7! 1TO! 6#/! ,#22&%7! *:.! #-7! .=%! 2%/&-RD%D.&7%! 6#/! 72&%7! #.! 2**8!

.%8D%2#.:2%?!'=%!,#DD&-$!2%#$%-.!:/%7!6#/!,=)*2*#,%.&,!#,&7!#-=F72&7%?!X*2!.=%!W?>!

88*)%!D%D.&7%!/F-.=%/&/\!#!>C>!8$!*+!,=)*2*!#,%.&,!#,&7!#-=F72&7%!6#/!7&//*)9%7!&-!

A!8)!/F-.=%/&/!$2#7%!1OX!.*!6=&,=!PW:)!*+!10"J4!(#/%!6#/!#77%7?!'=%!8&K.:2%!6#/!

.2#-/+%22%7!.*!.=%!2%/&-!#-7!,#DD&-$!2%#,.&*-!6#/!%++%,.%7!+*2!GW!8&-?!'=%!2%#,.&*-!

&/! /=*6-! &-! X&$?! A?P?! Z#&/%2p/! .%/.! 6#/! :/%7! .*! ,=%,5! .=%! /:,,%//! *+! ,#DD&-$?! '=%!

2%/&-RD%D.&7%!6#/! .=%-!6#/=%7! /:,,%//&9%)F!6&.=!1OX!#-7!1TO!#-7!72&%7! +*2!NW!

8&-!#.!L'?!!!
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X&$:2%! A?PE! '=%! T=)*2#,%.F)#.&*-! 2%#,.&*-! &-! .=%! /F-.=%/&/! *+! BCR>PQ4'J! #-7! 2%)#.%7!
D%D.&7%/?!T=)*2#,%.&,!#,&7!#-=F72&7%!&/!:/%7!.*!#,%.F)#.%!.=%!QR.%28&-#)!#8&-*!$2*:D!6=&)%!
.=%! ,2:7%! D%D.&7%! &/! *-! .=%! 2&-5! #8&7%! 2%/&-! 6&.=! #))! .=%! /&7%! ,=#&-! D2*.%,.&-$! $2*:D/!
:-7%.#,=%7! +2*8!.=%!2%/&7:%/?!'=%!/#8%!2%#,.&*-! &/! +*))*6%7! +*2! .=%!/F-.=%/&/!*+! .=%!2%/.!
D%D.&7%/?!J)%,.2*-!D:/=&-$!#22*6/!#2%!D2%/%-.%7!/*!#/!.*!6*25!&-!/%a:%)?!

*

FBHB^B*N",8*$:%#",8*1'0+0='#"#*

'=%! (&,F,)&,! BCR>PQ4'J! D%D.&7%! 6#/! 7%/&$-%7! /*! #/! .*! 8#5%! .=%! *2&$&-#)! BCR

>PQ4'J!D%D.&7%AI!8*2%! 2&$&7! (F! &-.2*7:,&-$! #-*.=%2! 2&-$! *-.*! &.?! '=&/! #77&.&*-#)!

2&-$! 6#/! +*28%7! :/&-$! .=%! D2&-,&D)%! *+! 2&-$! ,)*/&-$! 8%.#.=%/&/! 6=%2%! .6*! *)%+&-!

8*&%.&%/!D#2.&,&D#.%! &-! &-.2#8*)%,:)#2!2%#,.&*-!.*!F&%)7!,F,)*#)5%-%!7%2&9#.&9%!#-7!

%.=%-%?AM! '=%! ,#.#)F/.! H*9%F7#RB2:((/! /%,*-7! $%-%2#.&*-! :/%7!6#/! :/%7! &-! #! AW!



&'()*+,!7-!?(@)A+!B,+)(,(*4CD!

!

! :%!

8*)l! ,*-,%-.2#.&*-?AN! TF,)&[#.&*-! *+! D%D.&7%/! &/! #! $%-%2#)! /.2#.%$F! .*! 2%7:,%! .=%!

+)%K&(&)&.F!*+!#!D%D.&7%!#-7!.=:/! &-,2%#/%! .=%!#++&-&.F! .*6#27!#!2%,%D.*2?AC!'=%!2&-$!

,)*/&-$!8%.#.=%/&/!2%#,.&*-!&/!/=*6-!&-!X&$?!A?S?!
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20 mol%, 48hr,RT

Hoveyda-Grubbs 

2nd generation catalyst

O-allyl Serine

O-allyl Serine

!

X&$:2%!A?S?!'=%!2&-$!,)*/&-$!8%.#.=%/&/!2%#,.&*-!

!
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Cl-CH2-C(O)-WFEGYDNTFPC !
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'=&*%.=%2! +*28#.&*-! 2%#,.&*-!6#/! ,*-7:,.%7! *-! .=%! +:))F! 7%D2*.%,.%7! D%D.&7%! (F!
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7&//*)9%7! &-! +*)7&-$! (:++%2! *+! MW! 8O! QHIHTVG! &-! MWl! 4TQ^HAV\! DH! P?W! #.! #!

/.2%-$.=!*+!!A!8$^8)?!'=&*%.=%2!+*28#.&*-!6#/!#,=&%9%7!&-!>!=2?!2%#,.&*-!#.!L'!_X&$?!
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side reaction removing HCl

G7-18NATE !
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TVA!#-7!6#.%2?!!
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FBHBHPB*9'/0"-'*/;("3"$+0"%,!
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V+!.=%!D*)FD%D.&7%/!8#7%\!WPRNWIN\!(&,F,)&,!BCR>PQ4'J!#-7!4))F)!BCR>PQ4'J!6%2%!

D2%D#2%7! %-.&2%)F! (F! =#-7?! '=%! D*)FD%D.&7%! WPRNWIN!6#/!8#7%!8#-:#))F! +*2! .=%!
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/F-.=%/&/! 6#/! 7&++%2%-.\! =*6%9%2?! 0.! 6#/! (%,#:/%! .=%! VR#))F)! /%2&-%! 2%/&7:%! 6#/!

,*-/&7%2%7! .*! (%! :-/.#()%! :-7%2!8&,2*6#9%! ,*-7&.&*-?! 4+.%2! &-,*2D*2#.&*-! *+! .=%!

2%/&7:%/!(F!=#-7!*2!8#,=&-%\!,=)*2#,%.F)#.&*-!6#/!%++%,.%7!D2&*2!.*!,)%#9#$%!+2*8!

2%/&-?!'=&/!6#/!&8D*2.#-.!#/!D*.%-.&#)!,=)*2#,%.F)#.&*-!/&.%/!%K&/.!/:,=!#/!QHA!#-7!

*.=%2!-:,)%*D=&)&,!/&.%/!*-!*.=%2!2%/&7:%/?!'=%!2&-$!,)*/&-$!8%.#.=%/&/!6#/!%++%,.%7!

*-! 2%/&-! /*! #/! .*! #9*&7! D*&/*-&-$! *+! .=%! ,#.#)F/.! (F! .=&*)/! #-7! QHA! $2*:D/! *+!

2%/&7:%/?! 0-! 6=#.! +*))*6/! .=%! 8#//! /D%,.2#! #-7! .=%! #-#)F.&,#)! ;T! ,=2*8#.*$2#8!
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@?Q*?! "%D.&7%! !!!!!!!O*)%,:)#2!O#//! !!!!!!!!!!!!!!!!!d&%)7!
JKD%,.%7! V(/%29%7! 4,.:#)!

_8$`!
'=%*2%.&,#
)!_8$`!

"%2,%-.!

>! BCR>PQ4'J! >I>C?N! >I>C?>! AA!! >I>?C! >M?MG!
A! BCR>PQ4'JR"%-R

U&*.&-!
ACPC?A! ACPN?M! M?P! ACP?N! A?>!

G! _1RÜJ`BCR>PQ4'JR
"%-RU&*.&-!

ACSP?N! ACSP?P! C?W! ACS?N! A?M!

I! "%-%.2#.&-RU&*.&-! >GPM?WA! >GPM?>! N?M! >GP?M! I?NS!
M! WPRMSSA! >I>M?W! >I>M?I! >>?A! >I>?M! C?SA!
N! WPRNWAP! >GCW?N! >GCW?P! >P?G! >GC?WN! >G?GM!
C! WPRN>>W! >IAP?N! >IAS?W! AM?W! >IA?PN! >C?MW!
P! WPRNWIN! >GAP?M! >GAP?P! >W?W! >GA?PM! C?MG!
S! BCR>PQ4'JR#)#/%2R

U&*.&-!
AAIM?G! AAIM?N! >W?W! AAI?MG! I?IM!

>W! U&,F,)&,!BCR>PQ4'J! >GMM?M! >GMM?>! I?>! >GM?MM! G?WA!
>>! 4))F)!BCR>PQ4'J! >GAG?M! >GAG?N! M?M! >GA?GM! I?>N!
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FBFB*VW/('##"%,*+,-*9;("3"$+0"%,*%3*4(56*CKF*-%1+",*

'=%!@HA!7*8#&-!*+!B2(C!,*22%/D*-7&-$!.*!2%/&7:%/!I>MRMGA!6#/!:/%7!#/!#!2%,%D.*2!

+*2!$3!H$/+%!(&-7&-$!#-7!,2F/.#))&[#.&*-!%KD%2&8%-./?!'=%!%KD2%//&*-!#-7!D:2&+&,#.&*-!

*+!.=%!B2(C!@HA!7*8#&-!6&))!(%!D2%/%-.%7!(%)*6?!!
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FBFBHB*<(+,#3%(1+0"%,*%3*4(56*CKF*-%1+",**

'=%! DB%KA'! D)#/8&7! %-,*7&-$! =:8#-! B2(CR@HA! 7*8#&-! ,*22%/D*-7&-$! .*! .=%!
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DICK!$\.$*\CC$\Z$TP\ZWJC'$!IJI'$ZW*KC'$ECK'$DECW.KCC$\TT\PJE.WJd$\P$Q*IWRC$\Z$JNWP!$

TIPJWKCb'$I.!$ANKJNKP$\P$.\J$JNK$TIPJd$NIC$DKK.$I!kWCK!$\Z$JNK$T\CCWDW*WJd$\Z$

CEQN$!IRIHKCO$JNWC$*WRWJIJW\.$CNI**$ITT*d$.\JAWJNCJI.!W.H$I.d$ZIW*EPK$\Z$

KCCK.JWI*$TEPT\CK$\Z$I.d$*WRWJK!$PKRK!d$TP\kW!K!$NKPKW.O$$

$

7O$C?</>9$:,B$=2<U+-+<,$<G$;?+-$IL2""0",;$1"$?">9$1B$:$#</2;$<G$#<0=";",;$c/2+-9+#;+<,$;<$1"$

+>>"L:>'$+,U:>+9'$<2$/,",G<2#":1>"'$;?:;$=2<U+-+<,$-?:>>$1"$9""0"9$:0",9"9$;<$:#?+"U"$:-$,":2>B$:-$

=<--+1>"$;?"$-:0"$"#<,<0+#$"GG"#;$:-$;?"$<2+L+,:>$=2<U+-+<,'$:,9$;?"$>"L:>+;B'$U:>+9+;B$:,9$

",G<2#":1+>+;B$<G$;?"$2"0:+,+,L$=2<U+-+<,-$<G$;?+-$IL2""0",;$-?:>>$,<;$1"$:GG"#;"9$<2$+0=:+2"9$

;?"2"1BO$$

$

)%O$J?"$G:+>/2"$<G$"+;?"2$=:2;B$;<$",G<2#"$:,B$;"20$<2$#<,9+;+<,$<G$;?+-$IL2""0",;$-?:>>$,<;$

#<,-;+;/;"$:$M:+U"2$<G$"+;?"2$=:2;Bl-$2+L?;$;<$",G<2#"$":#?$:,9$"U"2B$;"20$:,9$#<,9+;+<,$<G$;?+-$

IL2""0",;O$.<$12":#?$/,9"2$;?+-$:L2""0",;$-?:>>$1"$9""0"9$M:+U"9$<2$"]#/-"9$1B$"+;?"2$=:2;B$
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/,>"--$-/#?$M:+U"2$<2$#<,-",;$+-$+,$M2+;+,L$-+L,"9$1B$;?"$=:2;B$L2:,;+,L$-/#?$M:+U"2$<2$#<,-",;O$

J?"$M:+U"2$1B$<2$#<,-",;$<G$:$=:2;B$;<$:$12":#?$<G$:,B$=2<U+-+<,$<G$;?+-$IL2""0",;$-?:>>$,<;$

<="2:;"$<2$1"$#<,-;2/"9$:-$:$M:+U"2$<G$<2$#<,-",;$;<$:,B$<;?"2$<2$-/1-"X/",;$12":#?$1B$-/#?$

<;?"2$=:2;BO$$

$

))O$J?+-$IL2""0",;$0:B$,<;$1"$:--+L,"9$_+,#>/9+,L$1B$<="2:;+<,$<G$>:M$<2$<;?"2M+-"b$1B$B</$

M+;?</;$AW*Kdl-$=2+<2$M2+;;",$#<,-",;O$$

$

)(O$J?"-"$;"20-$:,9$#<,9+;+<,-$;<L";?"2$M+;?$QQQe-$D+>>+,L$:,9$T:B0",;$;"20-$:,9$#<,9+;+<,-$

_M?+#?$:2"$+,#<2=<2:;"9$?"2"+,b$G<20$;?"$",;+2"$:L2""0",;$1";M"",$B</$:,9$AW*Kd$#<,#"2,+,L$

;?+-$>+#",-+,L$;2:,-:#;+<,$:,9$_+,$;?"$:1-",#"$<G$G2:/9b$-/="2-"9"-$:>>$=2+<2$:L2""0",;-$:,9$

2"=2"-",;:;+<,-$<G$;?"$=:2;+"-'$<2:>$<2$M2+;;",O$J?+-$IL2""0",;$0:B$,<;$1"$:0",9"9$"]#"=;$+,$:$

M2+;+,L$-+L,"9$1B$1<;?$=:2;+"-O$J?+-$IL2""0",;$-?:>>$1"$1+,9+,L$/=<,$:,9$+,/2"$;<$;?"$1","G+;$<G$

;?"$=:2;+"-l$-/##"--<2-'$>"L:>$2"=2"-",;:;+U"-'$:,9$:/;?<2+S"9$:--+L,-O$$

$

)&O$W,$;?"$"U",;$<G$:,B$#<,G>+#;$1";M"",$B</2$<1>+L:;+<,-$"-;:1>+-?"9$1B$;?"-"$;"20-$:,9$

#<,9+;+<,-$:,9$;?<-"$"-;:1>+-?"9$1B$QQQe-$D+>>+,L$:,9$T:B0",;$;"20-$:,9$#<,9+;+<,-'$;?"-"$;"20-$

:,9$#<,9+;+<,-$-?:>>$=2"U:+>O$$

$

)5O$AW*Kd$"]=2"-->B$2"-"2U"-$:>>$2+L?;-$,<;$-="#+G+#:>>B$L2:,;"9$+,$;?"$#<01+,:;+<,$<G$_+b$;?"$

>+#",-"$9";:+>-$=2<U+9"9$1B$B</$:,9$:##"=;"9$+,$;?"$#</2-"$<G$;?+-$>+#",-+,L$;2:,-:#;+<,'$_++b$;?"-"$

;"20-$:,9$#<,9+;+<,-$:,9$_+++b$QQQe-$D+>>+,L$:,9$T:B0",;$;"20-$:,9$#<,9+;+<,-O$$

$

)3O$J?+-$IL2""0",;$-?:>>$1"$L<U"2,"9$1B$:,9$#<,-;2/"9$+,$:##<29:,#"$M+;?$;?"$>:M-$<G$K,L>:,9$

:,9$B</$:L2""$;<$-/10+;$;<$;?"$"]#>/-+U"$c/2+-9+#;+<,$<G$;?"$K,L>+-?$#</2;-O$$

$

)4O$\;?"2$J"20-$:,9$Q<,9+;+<,-f$$

$

Dd$Q*WQVW.H$\.$JNK$gW$IQQKTJg$DEJJ\.'$d\E$IQV.\A*K!HK$JNIJ$d\E$NIkK$PKI!$I.!$

ZE**d$E.!KPCJI.!$KIQN$\Z$JNK$CKQJW\.C$\Z$I.!$TP\kWCW\.C$CKJ$Z\PJN$W.$JNWC$

IHPKKRK.J$I.!$JNIJ$d\E$IPK$W.$IHPKKRK.J$AWJN$I.!$IPK$AW**W.H$J\$IQQKTJ$I**$\Z$

d\EP$\D*WHIJW\.C$IC$CKJ$Z\PJN$W.$JNWC$IHPKKRK.JO$$

$

k)O($
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2>D78:7%?@C%5@;C%C7?7C78D7A%$@%3456789%>:%C7N;>C7=A$

'?%5@;%O@;2=%2>P7%9@%345%?@C%9F>:%2>D78:7%8@OE%3274:7%C76>9%9F>:%2>D78:7%42@8I%O>9F%5@;C%
3456789%64=7%3454<27%9@%Q."M*0'G#/%.()+0+$.)%.)$/)0Q%@9F7CO>:7%5@;%O>22%<7%
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0($UVKTWSKXTA%
"8D7%5@;%C7D7>R7%5@;C%>8R@>D7%?@C%9F>:%@C=7CE%5@;%645%345%5@;C%>8R@>D7%<5%DC7=>9%D4C=A%
M274:7%?@22@O%>8:9C;D9>@8:%3C@R>=7=%49%9F49%9>67A%
%
14P7%M456789%/@Y%
.@35C>IF9%.274C48D7%.7897C%

,739%KKV%
MA"A%Z@[%TS\KK]%
Z@:9@8E%1+%K^^TS_\KK]%
%
'?%5@;%?>8=%D@35C>IF97=%6497C>42%C72497=%9@%9F>:%2>D78:7%O>22%8@9%<7%;:7=%48=%O>:F%9@%
D48D72E%3274:7%D@894D9%;:%C7?7C78D>8I%9F>:%2>D78:7%8;6<7C%^X]VSVK^`SWVT%48=%8@9>8I%
9F7%C74:@8%?@C%D48D72249>@8A%

%
a;7:9>@8:b%D;:9@67CD4C7cD@35C>IF9AD@6%@C%dV_T``_]^^_XXS\%H9@22%?C77%>8%9F7%e-L%@C%
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INTRODUCTION

H
uman growth factor receptor bound protein 7

(Grb7) is a 532-amino acid protein that was origi-

nally identified as a binding partner for activated

epidermal growth factor receptor (EGF-R).1 Grb7 is

a member of a family of proteins that includes two

other homologous proteins, Grb10 and Grb14.2,3 These pro-

teins share a conserved multidomain structure with domains

that mediate both protein–protein and protein–lipid interac-

tions. These domains include an N-terminal proline rich do-

main, a Ras-associating-like (RA) domain, a pleckstrin

homology (PH) domain, a C-terminal src-homology 2
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ABSTRACT:

Grb7 is an adapter protein found to be overexpressed in

several breast and other cancer cell types along with

ErbB2. Grb7 is normally an interaction partner with

focal adhesion kinase and in cancer cells also aberrantly

interacts with ErbB2. It is thus implicated in the

migratory and proliferative potential of cancer cells.

Previous studies have shown that the phage display-

derived cyclic nonphosphorylated inhibitor peptide, G7-

18NATE, when linked to Penetratin!, is able to interfere

with the interaction of Grb7 with its upstream binding

partners and to impact on both cell migration and

proliferation. Here we report the synthesis of a

biotinylated G7-18NATE covalently attached to just the

last seven residues of Penetratin! (G7-18NATE-P-

Biotin). We demonstrate that this construct is taken up

efficiently into MDA-MB-468 breast cancer cells and

colocalizes with Grb7 in the cytoplasm. We also used

isothermal titration calorimetry to determine the binding

affinity of G7-18NATE-P-Biotin to the Grb7-SH2

domain, and showed that it binds with micromolar

affinity (Kd ¼ 14.4 lM), similar to the affinity of G7-

18NATE (Kd ¼ 35.4 lM). Together this shows that this

shorter G7-18NATE-P-Biotin construct is suitable for

further studies of the antiproliferative and antimigratory

potential of this inhibitor. # 2010 Wiley Periodicals, Inc.
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(SH2) domain, and a region between the PH and SH2

domains termed the BPS domain.3 Notably, these proteins

share a region with sequence homology to the Mig-10 C. ele-

gans gene required for migration of neuronal cells in embry-

onic development, suggesting a role for the Grb7 family in

cell migration.4AQ3
Grb7-family proteins function as adaptors, coupling acti-

vated tyrosine kinase receptors to downstream signaling

pathways. Grb7 upstream binding partners include the mem-

bers of the ErbB (also known as HER) receptor family5,6 and

focal adhesion kinase (FAK)7 whose activities play a critical

role in the regulation of cell proliferation and migration,8,9

and interactions with other tyrosine kinases have also been

reported.10,11 Although a large number of binding partners

functioning upstream of Grb7 have been identified, the pre-

cise downstream events leading to cell proliferation and

migration are not yet elucidated.

Studies have shown that Grb7 is involved in cancer cell

progression. Although Grb7 normally binds to the cytoplas-

mic domain of the ErbB3 receptor, in cancer cells it has

been found in tight association with the ErbB2 receptor

that plays a major role in cancer cell proliferation.6 Grb7 is

tightly coamplified with ErbB2 in breast cancer cell lines,

and there is also a strong correlation between ErbB2 and

Grb7 overexpression in oesophageal and gastric carci-

noma.12,13 A role for Grb7 in the transition from low-grade

to high-grade tumor has also been reported. Coamplifica-

tion and coexpression of Grb7 and ErbB2 is found in high-

grade invasive Barrett’s carcinoma, but not in less aggressive

tumors.14 Similarly, Grb7 expression is increased markedly

in high-grade but not in low-grade chronic lymphocytic

leukemia.15 There is also compelling evidence that impli-

cates Grb7 in cancer cell migration. Grb7 is found in focal

adhesions in association with FAK16 and plays a key role in

integrin-mediated signal transduction in cell migration.17

Overexpression of Grb7 has been shown to enhance cell

migration, whereas inhibition of the Grb7 resulted in the

inhibition of cell migration.7 Taken together, these studies

have made the Grb7 an attractive target in the development

of anticancer therapeutics.

The interaction between Grb7 and its partners is mediated

by the SH2 domain (residues 416-532) of Grb7.6 This do-

main therefore constitutes a good target for the inhibition of

Grb7 with its upstream binding partners. To this end, a non-

phosphorylated peptide inhibitor was developed using a

phage-displayed peptide library method.18 This peptide con-

tains 10 amino acids flanked by two terminal cysteines (seq:

CWFEGYDNTFPC) to create a cyclic peptide through disul-

fide linkage. The peptide was then synthesized as a redox-sta-

ble thioether bridged analog, referred to as G7-18NATE. The

cyclic nature of the peptide was found to be necessary for

binding to Grb7-SH2 domain, as also seen for Grb2-SH2 do-

main interaction with its YXN motif peptide targets. The G7-

18NATE peptide, however, binds with high specificity (does

not bind to the Grb2 or the closely related Grb14) and has

been shown to specifically inhibit the association of Grb7

with ErbB2.

Cellular studies with the G7-18NATE peptide have shown

that it is able to interfere with both cell proliferation and cell

migration.19,20 Since peptides of the size and composition of

G7-18NATE are generally impermeable to the cell mem-

brane, cell permeable forms of the peptide were constructed

by the covalent attachment of carrier peptides Penetratin
"C

or Tat. Cell permeable G7-18NATE was shown to inhibit pro-

liferation in several breast cancer cell lines that overexpress

Grb7 and not nonmalignant breast cells.19 It was shown that

cotreatment of cell permeable forms of G7-18NATE with Dox-

orubicin or Trastuzumab (Herceptin) results in enhanced

antiproliferation of breast cancer cells. Furthermore, in a

recent breakthrough study, a cell permeable form of the

G7-18NATE peptide was shown to successfully block the

Grb7 interaction with FAK and inhibit cell migration of a

pancreatic cancer cell line.20 Such a peptide, which binds

Grb7 without the need for phosphotyrosine, represents a

particularly attractive starting point for targeting Grb7

because phosphate groups are intrinsically unstable chemical

moieties and reduce cell wall permeability.

Cellular studies of the effects of G7-18NATE on cell prolif-

eration showed that Penetratin"C effected the uptake of G7-

18NATE into cells more efficiently than Tat.19 Penetratin
"C is

a 17-amino acid residue sequence derived from the third do-

main of the antennapedia homeodomain.21 Fischer et al.

have previously shown that the last seven residues of Pene-

tratin
"C are sufficient to confer cell permeability to a cargo,

though uptake is reduced compared with full length Pene-

tratin
"C .22 In this study, we have sought to determine

whether this shorter region of Penetratin"C would be suffi-

cient to effect cellular uptake of G7-18NATE, and also

whether the presence of this cell permeabilization sequence

impacts on the binding of the peptide to its target. We thus

report the synthetic strategy utilized for the preparation of

G7-18NATE synthesized with a short Penetratin
"C sequence

and a biotin label for cellular uptake studies (G7-18NATE-P-

Biotin). We show that this cell permeabilization sequence

does not interfere with the interaction of G7-18NATE with

the Grb7-SH2 domain target and that the construct is effi-

ciently taken up into cells. Together this shows that this

shorter G7-18NATE-P-Biotin construct is suitable for further

studies of the antiproliferative and antimigratory potential of

this inhibitor.
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EXPERIMENTAL PROCEDURES

Preparation of G7-18NATE and G7-18NATE-P-Biotin
Peptides
G7-18NATE (cyclo-(CH2CO-WFEGYDNTFPC)-amide) and

G7-18NATE-P-Biotin (cyclo-(CH2CO-WFEGYDNTFPCRR

MKWKKK(Biotin))-amide) were synthesized as peptide am-

ide using the Fmoc based solid phase peptide synthesis strat-

egy on a Rink amide resin (1.0 mmol/g).23 The resin swelling

was conducted as pre-treatment for 30 minutes in dimethyl

formamide (DMF) in three times the resin volume followed

by treatment with 30% v/v piperidine in DMF for 30 minutes

at room temperature (RT) to effect removal of the 9-floure-

nylmethoxycarbonyl (Fmoc) group from the Rink amide

resin. The successful removal of Fmoc was checked with a

ninhydrin based Kaiser’s test.24 All amino acids were coupled

as their Fmoc-derivatives. The first residue was preactivated

using O-benzotriazol-1-yl-N,N,N0,N0-tetramethyluronium

hexafluorophosphate (HBTU) and di-isopropyl ethylamine

(DIPEA) and then loaded manually to the deprotected resin

and coupled at RT for 30 minutes. A CEM Liberty automated

synthesizer (Ai Scientific, Australia) was then used to incor-

porate the remaining residues. The system uses microwave

energy to drive coupling and deprotection reactions to com-

pletion. The coupling agent was HBTU containing hydroxy-

benztriazole (HoBt) and the activator base employed was di-

isopropylethylamine (DIEPA) in N-methyl pyrollidone

(NMP). Double couplings were carried out for Met, Lys, Arg,

Phe, Trp, Thr, and Asn residues.

In the case of the G7-18NATE-P-Biotin peptide, the

C-terminal Lys side chain was protected with the monome-

thoxytrityl (Mmt), which could be selectively removed with

a cocktail of 10% acetic acid, 20% trifluoro-ethanol, and

70% dichloromethane. Biotin was then coupled at sixfold

molar excess using 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,

3-tetramethyluronium hexafluorophosphate (HATU) as a

coupling agent in anhydrous dimethylsulphoxide (DMSO)

while DIEPA was used as activating agent. The biotinylation

reaction was carried out for 60 minutes at room tempera-

ture. The success of the biotin coupling was checked using

Kaiser’s test.24

Following incorporation of the residues using the micro-

wave synthesizer, chloroacetylation was carried out manually

as at room temperature. Briefly, chloroacetic acid anhydride

was used to cap the N-terminal amino moiety manually at

room temperature and the reaction was effected for about 30

minutes. The peptide was then fully cleaved from the resin

and fully deprotected using a 94.5% trifluoroaceticacid

(TFA)/2.5% triisopropylsilane (TIPS)/2.5%H2O/0.5% etha-

nedithiothreitol (EDT) cleavage cocktail with a 20-fold excess

volume over dry weight of resin-peptide for 3 hours at room

temperature. The TFA was evaporated under a stream of

nitrogen gas and the resin dried at room temperature. This

was followed by precipitation of peptide in cold diethylether.

Finally, the peptide was dissolved and extracted with succes-

sive small volumes of 50%ACN/H2O and lyophilized over-

night. Thioether formation was effected by dissolving the ly-

ophilized peptide at 2 mg/ml in 50 mM NH4HCO3 in

50%ACN/H2O of pH 8.0. The cyclized peptide was freeze-

dried and purified using preparative RP HPLC and finally

homogeneity and identity of the prepared peptide was con-

firmed by analytical reverse phase HPLC and electron-spray

mass spectroscopy as presented below.

Peptide Purification by Reverse Phase HPLC
Peptide purification was conducted using HPLC (Agilent,

Australia) on a C18 reverse phase preparative columns (2.2

cm 3 25 cm, Vydac 28TP1022). The mobile phase A con-

tained 0.1%TFA/water while mobile phase B comprised

0.1%TFA 80% acetonitrile in water. All buffers were filtered

using 0.45 lM filter. The lyophilized peptides were dissolved

in 1.5 equivalents of MQ H2O/0.1%TFA/20%ACN and 2M

urea as needed to aid in solubility. A linear gradient was

developed and purification on 20% to 80% acetonitrile/0.1%

TFA over 60 minutes on an equilibrated HPLC column with

a flow rate of 6 ml/min. Detection was performed at 214 and

280 nm and fractions were collected by hand. Experiments

were carried out at a flow rate of 6 ml/min, at ambient tem-

perature. The appropriate fractions were pooled and lyophi-

lized. Fractions collected were confirmed by electrospray

mass spectrometry and analytical reverse phase HPLC.

Structure Confirmation by Mass Spectrometry
The progress and success of capping and folding reaction and

also the final identity of preparative HPLC collected fraction

and the final peptide purity was conformed with electrospray

mass spectrometry (Agilent, Australia) in conjuction with

reverse phase analytical HPLC. Negative ion mode of ion

generation was employed for G7-18NATE and a positive ion

mode was pursued for G7-18NATE-P-Biotin. For the nega-

tive ion mode, an amount of peptide enough to form a 0.5

mg/ml solution was dissolved in 10 mM NH4OOCH3/

50%ACN solution while for a positive ion mode the solvent

used was 0.1%TFA 50% ACN/H2O. (G7-18NATE: [M-H]#

m/z ¼ 1417.6 (calculated), 1417.1 (observed); G7-18NATE-

P-Biotin: [M+H]+ m/z ¼ 2787.2 (calculated), 2786.5

(observed)).
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Preparation of Grb7-SH2 Domain
The pGex2T plasmid containing the Grb7-SH2 insert

(encoding residues 415–532 of human Grb7) was obtained

from Dr. Roger Daly.25 Grb7-SH2 was expressed as a GST

fusion protein in Escherichia coli strain BL21(DE3).pLysS as

previously described.26 The cells were resuspended in phos-

phate buffer saline (PBS) with 2 mM EDTA and 0.5% Triton-

X 100 and lysed by sonication. GST-Grb7-SH2 was purified

by glutathione affinity chromatography, using a GSTrap FF

column (GE) and eluted with PBS containing 0.5% Triton-

X100, 10 mM glutathione, and 1 mM DTT. The Grb7-SH2

fusion protein was cleaved with thrombin liberating free

Grb7-SH2, which was purified by cation exchange chroma-

tography using a HiTrap SH HP column (GE), after dialysis

into 20 mM HEPES pH 7.4, 20% glycerol, and 1 mM DTT,

and eluted with a gradient from 0 to 0.5M NaCl. Peak frac-

tions were dialyzed into 50 mM MES pH 6.6, 100 mM NaCl

and 1 mM DTT and further purified by size exclusion chro-

matography using a sephadex 75 XK 16/60 column (GE).

Grb7-SH2 domain was concentrated and stored at 48C. The
final concentration was determined spectrophotometrically

at A280 using an extinction coefficient of 8480 M#1.27

Isothermal Titration Calorimetry (ITC)
ITC binding experiments were performed on a VP-ITC

microcalorimeter (Microcal, Northampton, MA) at

258C.28,29 Grb7-SH2 domain was dialyzed extensively against

50 mM NaOOCCH3 (pH 6.6), 100 mM NaCl, and 1 mM

DTTat 48C overnight. Lyophilized G7-18NATE was dissolved

in appropriate volume of filtered dialysate buffer. The con-

centration of Grb7-SH2 was determined by recording its ab-

sorbance at 280 nm whereas that of the peptides was deter-

mined from their mass obtained with an analytical balance

and dissolution in the required volume. The peptide and

protein solutions were degassed and thermostated at 208C
for 5 minutes using the ThermoVac of the VP-ITC microca-

lorimeter. The reference power of the experiment was set to

20 lCal/sec and the cell contents were stirred continuously at

307 rpm throughout the titrations. The feedback mode gain

was set to high with fast and autoequilibrations options

applied. The reference cell was filled with Milli-Q water. The

peptides of 0.70 to 1.3 mM concentrations were titrated into

Grb7-SH2 solutions of 50 to 70 lM concentrations in 10 ll
injections with a 3-minute delay between each injection. A

binding isotherm was generated by plotting the heat change

evolved per injection against the molar ratio of peptides to

Grb7-SH2 domain receptor. A blank determination in which

the peptides were titrated against the buffer was carried out

to account for heats of dilution and mixing which was then

subtracted from the binding data. The corrected data was

then employed to fit to a single binding site model using a

nonlinear least squares with the Origin (Microcal Software,

Northampton, MA). All of the ITC fitting parameters were

kept floating.

Cell Uptake and Visualization Experiments
MDA-MB-468 breast cancer cells were seeded on sterilized

glass coverslips (13 mm diameter) in 24-well plate and grown

in DMEM with 10% FBS to 60% to 70% confluence. G7-

18NATE-P-Biotin (1 mg/ml in MilliQ water) was diluted in

culture medium and applied to the cells at a final concentra-

tion of 10 lM. After 30 minutes of incubation with the pep-

tide at 378C, cells were washed with medium (500 ll per
well) twice and continued to incubate for an additional 30

minutes, after which the cells were washed twice (500 ll/well,
13 PBS: 140 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 1.8

mM KH2PO4, 1 mM CaCl2, and 0.5 mM MgCl2) and fixed

(4% paraformaldehyde in 13 PBS, 300 ll per well, 20

minutes). Cells were then permeabilized (0.5% Tween-20 in

13 PBS, 500 ll per well, 20 minutes), blocked (3% bovine

serum albumin, BSA, in 13 PBS, 500 ll per well, 30

minutes), and treated with Streptavidin, Alexa Fluor1 594

conjugate (Molecular Probe, 10 lg/ml in 0.1% BSA, 30 ll
per coverslip) for 1 hour at room temperature in the dark

and then washed twice with 13 PBS. For detection of Grb7,

fixed cells were treated with rabbit polyclonal anti-Grb7 (H-

70) (Santa Cruz sc-13954, 1:1000 in 0.1% BSA, 30 ll per cov-
erslip) in humid chamber overnight at 48C and then washed

three times with 13 PBS before treated with goat antirabbit

IgG-FITC (Molecular Probe, 1:50 in 0.1% BSA, 30 ll per
coverslip) for 1 hour at room temperature. Cells were washed

three times with 13 PBS. For double immunostaining, both

Streptavidin, Alexa Fluor1 594 conjugate and goat anti-rab-

bit IgG-FITC were treated together on Grb7 immunolabeled

cells. After mounting on glycerol-based mounting medium,

slides were stored with minimal light exposure before view-

ing by confocal microscopy (Olympus FV1000), using a

1003 oil-objective lens.

RESULTS

Synthesis of G7-18NATE and G7-18NATE-Penetratin-
Biotin
The sequences of G7-18NATE and G7-18NATE-P-Biotin are

displayed in Figure F11. The prototype peptide G7-18NATE,

which was identified using the phage display technique by

Pero et al.18 is interesting for its selective antagonist potential
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for Grb7, having minimal or no activity against the closely

related adaptor proteins such as Grb2, Grb10, and Grb14.

The synthesis of both peptides was effected utilizing a stand-

ard solid phase peptide synthesis based on Fmoc chemistry.

Specifically, amino acids were all preactivated using the

HBTU/DIPEA reagents before coupling. In both cases, the

first residue was coupled manually at room temperature and

chloroacetylation was conducted at the final residue. The

selective deprotection of the C-terminal lysine side chain

facilitated its biotinylation at the start of the G7-18NATE-P-

Biotin synthesis. Thioether formation between the cysteine

side chain and the N-terminus of both peptides was achieved

in aqueous solution subsequent to their cleavage from the

resin. The thiolate anion of the cysteine forms at pH 8 and

acts as a nucleophile to displace the chloride ion from the N-

terminal chloroacetyl group to form the thioether ring. A

yield of about 15.5% for G7-18NATE and about 2.5% for

G7-18NATE-P-Biotin was achieved. The lower yield obtained

for G7-18NATE-P-Biotin likely reflects the number of extra

coupling and deprotection steps and, most importantly, the

poor coupling efficiencies of sequential Lys and Arg residues

in the Penetratin
"C -derived sequence despite the use of dou-

ble couplings.

ITC Binding for G7-18NATE and G7-18NATE-P-
Biotin Binding to Grb7-SH2
In order to check whether the presence of the Penetratin-

derived sequence would interfere, or otherwise, with the G7-

18NATE/Grb7-SH2 domain interaction, their in vitro associ-

ation was analyzed using ITC. The determination of the ther-

modynamic parameters for the formation of ligand-receptor

complexes offers a helpful description of such associations.29

The ITC enthalpic readout gives a direct measure of the

binding contribution from the formation or breakage of

noncovalent bonds in the system while the entropic data

gives quantitative value for the change in order of the system

as a result of confomational and/or solvation changes. The

precise determination of both these terms along with the

number of binding sites (N) and binding constant (Kb) from

the experiment makes ITC an invaluable tool for a clearer
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FIGURE 1 Peptides synthesized for the current study. One letter
code for amino acids are shown in bold.

FIGURE 2 ITC Thermograms obtained from the isothermal titration of (A) G7-18NATE and (B)
G7-18NATE-P-Biotin peptides against the Grb7-SH2 domain. The upper panel show raw data
obtained from 10 ll injections of peptides at 258C. The lower panels in both figures display plots of
integrated total energy exchanged (as kcal/mol of injected peptides) as a function of molar ratio of
the peptide to the Grb7-SH2 domain.
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understanding of important attributes of ligand-receptor

associations. FigureF2 2 displays the thermograms of the G7-

18NATE and its cell penetrable variant, G7-18NATE-P-Bio-

tin, titrated against the SH2 domain of Growth factor recep-

tor bound protein 7 (Grb7). TableT1 I shows the in vitro bind-

ing thermodynamics data analysis.

The ITC experiments show that every titration injection

for both peptides is associated with a release of heat and

hence the binding phenomenon is exothermic. Moreover, the

binding in both cases can be explained as enthalpically

driven, whereas the contribution of entropy to the over all

binding is minimal (G7-18NATE-P-Biotin) or even negative

(G7-18NATE). From these data, the G7-18NATE-P-Biotin

binds with slightly higher affinity (Kd ¼ 14.4 lM) than G7-

18NATE (Kd ¼ 35.4 lM). Though the enthalpic component

of binding for G7-18NATE-Penetratin-Biotin is about half

that of G7-18NATE, its entropic contribution is more than

10 times higher resulting in its relatively higher affinity.

Uptake of G7-18NATE-P-Biotin and Colocalization
With Grb7
To demonstrate whether G7-18NATE-P-Biotin is spontane-

ously taken up into cultured cells, subcellular localization of

the peptide was examined in our cell line of interest, human

breast cancer cells MDA-MB-468. The cells were treated with

G7-18NATE-P-Biotin at 10 lM or untreated. After 30-mi-

nute incubation with the peptide, the cells were examined for

their uptake of the biotinylated peptide using a fluorescently-

labeled streptavidin that binds biotin. After 30 minutes, cells

showed incorporation of the G7-18NATE-P-Biotin through-

out the cytoplasm of the cells as well as fainter nuclear local-

ization (FigureF3 3C). Cells with no treatment do not show de-

tectable fluorescence (Figure 3A). This indicates that the pep-

tide had indeed spontaneously traversed the cell membrane

from the culture medium into the cells.

As G7-18NATE is able to bind to the SH2 domain of Grb7

as shown previously, colocalization of the peptide with Grb7

was examined. The cells, treated with G7-18NATE-P-Biotin

or untreated, were double stained for Grb7 and biotin. Grb7

was found to be distributed throughout the cytoplasm and

to be excluded from the nucleus of the cells (Figure 3B).

Thus, Grb7 and G7-18NATE-P-Biotin both appear to be

present throughout the cytoplasm, providing the opportu-

nity for these molecules to interact (Figure 3D).

DISCUSSION
The G7-18NATE peptide is an important lead for the study of

the effect of Grb7 inhibition in cells and for the potential devel-

opment of inhibitors of Grb7 where it is aberrantly overex-

pressed in cancer. The peptide provides the specificity required

for Grb7 inhibition, an attribute that is unlikely to be mim-

icked by a small molecule antagonist. It suffers, however, as do

most peptides, in its requirement for both aqueous solubility

and sufficient lipid solubility. Aqueous solubility is required

for easy transport across biological fluids, whereas sufficient

lipid solubility is mandatory for molecules to cross themyriads

of membrane layers before they reach the target site. Inability

to strike a balanced aqueous and lipid solubility can be linked

to problems ranging from safety, efficacy, and manufacturabil-

ity to difficulty of discovering a new chemotypes. The mem-

brane permeability issue is particularly demanding for the ex-

ploitation of intracellular targets. The requirement is especially

pronounced for charged and polar molecules such as peptides.

Cell permeablizing cargoes such as Penetratin
"C therefore rep-

resent attractive vehicles for the transport of otherwise cell-

impermeable candidates and exploration of the potential of

novel intracellular molecules as drug targets.

The G7-18NATE peptide has previously been transported

into cells by the use of the full Penetratin
"C sequence to dem-

onstrate biological activity in cells.19,20 Here, we sought to

determine the utility of a shortened version of Penetration
"C

because the last seven residues have been shown to be suffi-

cient for effective uptake of peptides into cells.22 We were

interested to check that the G7-18NATE peptide interaction

with the Grb7-SH2 domain was not detrimentally affected by

the presence of the short Penetratin"C -derived sequence, and

that uptake into the cell for interaction with the Grb7 mole-

cule in vivo was effected. To these ends we prepared G7-

18NATE (as previously reported30) and G7-18NATE with the

seven Penetratin
"C -derived residues synthesized as a C-ter-

minal extension and an extra C-terminal biotinylated lysine

to facilitate intracellular detection (G7-18NATE-P-Biotin).

Both peptides were successfully synthesized and cyclized for

the current studies.
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Table 1 Thermodynamic Binding Parameters of the G7-18NATE Peptides

Binding Parameter Kb(M
#1) DH (Cal/mol) DS (Cal/mol/8K) DG (Cal/mol) N Kd (lM)

G7-18NATE 2.89E46 0.44E4 #64046 889 #1.05 #6090 1.05 6 0.11 35.4 6 5
G7-18NATE-P-Biotin 7.27E46 1.49E4 #3583 6222 10.2 #6627.7 1.10 6 0.04 14.4 6 3
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A comparison of the peptide interactions with the Grb7-

SH2 domain was undertaken using ITC. The affinity of G7-

18NATE-P-Biotin (14.4 lM) and that of G7-18NATE (35.4

lM) for the Grb7-SH2 domain were found to be of the same

order of magnitude. The affinity of G7-18NATE is comparable

to previously reported values of 35.7 lM and 13.2 lM30,31

where the differences are likely to reflect differences in the ex-

perimental conditions such as buffer type and composition,

peptide and protein concentrations. Interestingly, the slightly

higher affinity estimated for the G7-18NATE-P-Biotin peptide

is a reflection not of an increased enthalpic contribution to

binding, but rather appears to be due to a larger increase in

entropy of the system. Considering the structures of the pep-

tides, the structure of G7-18NATE-P-Biotin would be

expected to display greater flexibility, and to display a more

enthropically unfavorable binding than the seemingly more

rigid G7-18NATE. However, entropy is a combined effect of

both conformational and solvation/desolvation phenomena.

In the present case, given the highly charged nature of the Pen-

etratin"C -derived tail, it is likely to be highly solvated and thus

produce a compensatory favorable entropy via desolvation

during the binding event. The two peptides exhibit a similar

stoichiometry of 1:1 for their binding to the Grb7-SH2 do-

main. Overall, this study shows that the impact of the Pene-

tratin
"C -derived sequence on the binding of G7-18NATE to

Grb7-SH2 domain is minimal and, most importantly, that the

Penetratin
"C -derived sequence does not interfere or nega-

tively impact the binding of G7-18NATE to its target.

The G7-18NATE-P-Biotin peptide was found to be readily

taken up by cells in culture, similar to other peptides cova-
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FIGURE 3 Localization of G7-18NATE-P-Biotin in MDA-MB-468 breast cancer cells. The cells
were exposed to 10 lM G7-18NATE-P-Biotin for 30 minutes before being fixed and permeabilized.
(A) The no peptide control shows no staining by the Streptavidin, Alexa Fluor1 594 conjugate. (B)
Grb7 was localized using anti-Grb7 and anti-rabbit-FITC. (C) The biotinylated peptide was local-
ized using Streptavidin, Alexa Fluor1 594 conjugate and (D) shows the merged images.
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lently attached to the full-length Penetratin
"C construct.32,33

This was as expected from studies of the cellular permeability

of different sequences derived from Penetratin
"C ,22 but

has not been previously demonstrated for the G7-18NATE

peptide nor shown, to the best of our knowledge, using con-

focal microscopy for this sequence. Furthermore, the G7-

18NATE was found to be mainly localized in the cytoplasm

that is also where Grb7 was shown to reside in the human

MDA-MB-468 breast cancer cells. Whilst the cell rupture and

fixation processes required for the detection of biotin with

streptavidin and the detection of Grb7 with antibodies may

impact on the fine detail of molecular localization in the cell,

their colocalization in the cytoplasm suggests that this con-

struct is suitable for studies of the effect of G7-18NATE/Grb7

interactions in cells.

Together these studies have demonstrated the suitability

of the Penetratin"C -derived sequence for the delivery of G7-

18NATE to cells for interaction with Grb7. These studies

have confirmed that the interaction of the G7-18NATE with

the Grb7 SH2 domain occurs with micromolar affinity, and

that this is not detrimentally impacted on by the addition

of the Penetratin
"C -derived cell penetrating sequence.

Future derivatives of the G7-18NATE peptide, which are

currently sought with improved affinity for Grb7, are also

likely to be assisted in their delivery into cells using this

strategy.
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a b s t r a c t

Growth factor receptor bound protein 7 (Grb7) is an adapter protein that functions as a downstream
effector of growth factor mediated signal transduction. Over-expression of Grb7 has been implicated in
a variety of cancers such as breast, blood, pancreatic, esophageal, and gastric carcinomas. Inhibition of
Grb7 has been shown to reduce the migratory and proliferative potential of these cancers, making it
an attractive therapeutic target. Starting with a known peptide antagonist, the present work reports
the application of a succession of computational ligand design tools comprising a ligand shape based sim-
ilarity search, molecular docking and a 2D-similarity search to identify small molecular antagonists of the
Grb7-SH2 domain from the NCI chemical database. Binding to the Grb7-SH2 domain was then experi-
mentally tested using melting point shift assays and isothermal titration calorimetry. Overall, a total of
11 benzopyrazine based small molecular antagonists were identified with affinity for the Grb7-SH2
domain. Representative compounds tested using ITC were revealed to possess moderate binding affinity
in the lowmicromolar range. Finally, the lead compound (NSC642056) was found to reduce the growth of
a Grb7-expressing breast cancer cell line with an IC50 of 86 lM. It is expected that the identified antag-
onists will be useful additions to further explore the function of Grb7 and for the development of inhib-
itors with therapeutic potential.

! 2010 Published by Elsevier Ltd.

1. Introduction

Growth factor Receptor Bound protein 7 (Grb7) is an adapter
protein that mediates signals from tyrosine kinases to effect down-
stream events.1 Grb7 is of great interest as a therapeutic target in
cancers in which it is aberrantly overexpressed with HER2 and im-
pacts on cell proliferation and migration.2 Grb7 co-overexpression
has been implicated in a variety of human cancers such as breast,3

blood,4 pancreatic,5 esophageal6 and gastric carcinomas.7 More-
over, the level of Grb7 over-expression is shown to correlate with
severity of Barrett’s carcinoma8 and lymphocytic leukemia.4 In
addition to growth factor dependent signaling, Grb7 is also known
to associate with focal adhesion kinase9 and to be a component of
integrin-mediated signal transduction which is an important path-
way in cancer cell migration.10 The importance of Grb7 in cancer
has been established by a comparative analysis of the characteris-
tics of Grb7 over-expressing and Grb7 knockout cancer cells.11,12

Finally, Grb7 has been demonstrated to be a targetable protein that
can be blocked by synthetic agents resulting in a significant reduc-
tion of cancer cell viability.5 Put together, these investigations

make Grb7 a highly attractive target for the design of anti-cancer
agents.

Grb7 is amulti-domain protein composed of a proline rich N-ter-
minal domain, a Ras-associating domain, a plekstrin homology (PH)
domain, a C-terminal Src homology 2 (SH2) domain and a BPS do-
main (between the PH and SH2 domains).13,14 Each domain serves
a distinct role that contributes to the overall signaling function of
Grb7.15 The physical association of Grb7with its activated upstream
binding partners is predominantly mediated by the C-terminal SH2
domain of Grb7. The SH2 domain bears a cationic pocket that is the
binding site of phosphorylated tyrosines. Specific phosphotyrosines
are recognized based upon the sequence surrounding the phospho-
tyrosine residue.15 The SH2 domain is also found in a number of
Grb7-related and other adaptor proteins guiding their specific inter-
actions with upstream binding partners.16–18 This step is the most
critical event in growth factor dependent Grb7 mediated signal
transduction. As such, the SH2 domain forms an essential module
for Grb7mediated oncogenic signaling. Since the Grb7-SH2 domain
is readily produced and its crystal structure is available, it provides a
clear opportunity for inhibitor development via computational and
biochemical studies.19

Virtual screening has been developed as a powerful tool for the
acceleration of drug discovery, specifically in the early part of lead
compound design.20,21 Ligand based virtual screening, a broad sub-
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category of virtual screening, is based on the principle that similar
structures produce similar effects.22 Depending on the representa-
tion and description of lead structures, several approaches exist that
transform such information into a model that can be used to scan
compound repositories.22,23 Most commonly, chemical similarity
measures based on twoor three-dimensional structure ormolecular
shape are employed in ligand based virtual screening efforts24,25

as well as in optimization tools such as quantitative structure–
activity relationship,26,27 molecular docking28 and pharmacophore
mapping.29,30

There have been numerous reports of the design and optimiza-
tion of peptide-derived agents geared towards inhibition of the
broad class of growth factor receptor bound adaptor proteins, via
their SH2 domains.31,32 A variety of tactics ranging from phosphor-
ylation33 macrocyclization34 conformational restriction35 and use
of amino acid surrogates36 have been exploited to optimize the
binding affinity of the lead peptides. Indeed, this has remarkably
resulted in the development of effective inhibitors37 and contrib-
uted to a better understanding of the structural and functional
investigations of the SH2 domains. More specifically, Pero et al.
have utilized a phage display techniques to discover an 11-residue
non-phosphorylated polypeptide (termed G7-18NATE) antagonist
of Grb7.5,38 This peptide does not possess a rigid structure in solu-
tion but interacts with the Grb7-SH2 domain with micromolar
affinity in a predicted turn-structure at the phosphotyrosine bind-
ing site.19,39 Cell-permeable forms of this peptide have been shown
to maintain their binding to Grb7-SH2 and to have anti-prolifera-
tive and anti-migratory activity in cancer cell lines.5,40,41 Together
this demonstrates the potential for non-phosphorylated com-
pounds to bind to the Grb7-SH2 domain and to possess anti-cancer
activity. Experiments conducted in vitro on G7-18NATE and other
phosphorylated peptides demonstrate the potential for peptides to
be modified to enhance their affinity for Grb7-SH2.42,43 However,
almost all the identified antagonists to date belong to a single
chemical class, that is, peptides, and thus are subject to issues
inherent to peptidic structures such as bioavailability, permeability
and stability that remain a stumbling block for the application of
these molecules in vivo. Most presumably due to these bottlenecks,
to date there has not been a single peptide that has progressed to
the development of a useful therapeutic agent targeting Grb7 and
related growth factor binding proteins, despite extensive efforts.31

With this in mind, the present work was initiated as a first step in
the development of a potent, selective and stable small molecular
antagonist of the Grb7 oncoprotein. To the authors’ knowledge this
is the first time a small molecular antagonist is reported to bind to
the Grb7-SH2 domain. This work reports a shape based virtual
screening, molecular docking, 2D-similarity search, melting point
shift assay and isothermal titration calorimetric study carried out
to identify a novel structural class of Grb7 antagonist. We finally
report a preliminary functional study carried out with the lead
compound that demonstrates its growth inhibitory effects in a
breast cancer cell line.

2. Results

2.1. Shape based query using known antagonist of the Grb7-SH2
domain

Given the limited number and lack of structural diversity in the
so far reported antagonists of Grb7, a shape based virtual screening
was undertaken as a starting point to identify a novel lead. Struc-
tural studies of SH2 domains in complex with peptide-based li-
gands and numerous binding studies of modified peptide ligands
have revealed the common features of their interactions.18 Thus,
as a starting point to the filtering of compounds, a shape based

query was generated using a tripeptide (m-aminobenzoyl-pY(a-
Me)pYN-NH2) shown previously to be the most potent antagonist
of growth factor bound adaptor 2 (Grb2) and Grb7 proteins and
also the smallest and simplest of the known antagonists.44 As the
experimental conformation of the tripeptide in complex with the
Grb7-SH2 domain was not available, a conformational search
strategy was pursued to establish possible bioactive conforma-
tions. To this end, the MacroModel45 conformation search46 engine
in Schrodinger47 was employed to generate stable conformers for
interrogation.

In order to select the conformer thatmay represent the optimum
shape for the shaped-based query, a test database of known antago-
nists of Grb7-SH2with determined comparative experimental affin-
ities43 was prepared using the Maestro interface of Schrodinger.47

Since the lowest energy conformer is not necessarily the bioactive
conformer,46 all of the top five conformers of the query tripeptide
were evaluated for their suitability as a shape based query model
by considering their ability to rank-order the known antagonists.
This assumes that all the known antagonists bind at the same site
on the same receptor as the query tripeptide. The program PHASE48

was employed to carry out a shape based virtual screening
experiment.

Table 1 indicates the shape similarity coefficient obtained using
the top five stable conformers of the tripeptide as shape based que-
ries against the mini-database of known Grb7 antagonists. The cor-
relation coefficient obtained between the shape based similarity
indices of the antagonists and their pIC50 values depict the strength
of the relationship. The best correlation obtained is 0.93, corre-
sponding to conformer 5. Thus, although the differences in the pep-
tide affinities for their target do not span a wide range, which
limits the significance of the correlation, conformer 5 was selected
as the basis for the shape based query in the subsequent lead iden-
tification procedure.

2.2. Virtual screening of the NCI chemical database

A schematic representation of the virtual screening flowchart
used is displayed in Figure 1. The tripeptide conformer 5 was used
as a shape based query to screen the National Cancer Institute
(NCI) database (which contained 250, 251 structures at the time
of this work) [http://dtp.nci.nih.gov/]. This returned a total of
63,300 hits when the similarity score cut-off was set at 0.41. The
top hits from the shape based search were further screened using
the Glide based molecular docking protocol.49,50 The top 5000 from
the search were docked using Glide’s high-throughput virtual
screening (Glide HTVS) docking routine. This initial crude docking
protocol resulted in 1886 successfully docked hits. All of the 1886
hits were subsequently re-docked using the more accurate Glide
standard precision (Glide SP) docking procedure. Inspection of
the failed structures revealed that the rejects were either simple
or polycyclic hydrocarbons that met the shape based criteria. The
Glide SP docking experiment resulted in 1854 of the 1886 hits
being successfully re-docked. The top 200 from the Glide SP dock-
ing were finally docked with the extra precision Glide (Glide XP)
docking routine. The molecular docking protocol was the same
throughout the computational experiment. Of the 200 hits identi-
fied, 15 potential candidates with favorable Glide SP or Glide XP
docking scores, and with good predicted surface complementarity
and interactions at the target Grb7-SH2 domain surface upon
examination, were selected. The compounds identified and their
docking scores are shown in Table 2.

2.3. Predicted binding mode of hit NSC642056

An example of a compound selected by the above criterion, a
benzopyrazine numbered NSC642056, is shown in its docked
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geometry in Figure 2. NSC642056 is predicted to form a number of
specific binding interactions with the binding site of the Grb7-SH2
domain. The phenyl ring of the benzoyl moiety is appropriately
positioned to make favorable hydrophobic/van der Waals interac-
tions with the side chains of Leu481 and Tyr480 within the binding
site. A potential hydrophobic/van der Waals bond with the side
chains of Val468 and His479 is also apparent with the aromatic
system of the hit. In addition, the hit also forms multiple hydrogen

bonding interactions with the Grb7-SH2 domain binding site. The
carbonyl adjacent to the ester moiety is observed to make two
hydrogen bonding interactions with the guanidine group of
Arg458. Moreover two other hydrogen bonding contact pairs occur
between each of the di-oxo moieties on the anilinobenzene carbox-
amide with the backbone NHs of Arg462 and Asn461 residues. Fi-
nally the carboxamide amino moiety is involved in a hydrogen
bonding interactions with the Gln463 of Grb7-SH2 binding site.

2.4. Experimental pre-screening with melting point shift assay

Out of the top 15 potential hits, five were available at the time
of this work and kindly provided by the NCI Developmental and
Therapeutic program unit of the USA (Drug synthesis and Chemis-
try branch, http://dtp.nci.nih.gov/) (indicated in Table 2). These
were subjected to in vitro binding studies, as supplied by the NCI
without further characterization. Experimental pre-screening of
these compounds was carried out using a Thermofluor based ther-
mal shift assay.52,53 This assay is based upon the increased melting
temperature of a protein induced by ligand binding. The com-
pounds were dissolved in 1% DMSO/buffer solution and their effect
on the melting temperature of the Grb7-SH2 domain was deter-
mined. One of out of the five tested compounds, NSC642056, pro-
duced a positive melting point shift (Table 3). Interestingly, the
finding that hit NSC642056 interacts with the Grb7-SH2 domain
correlates with its better shape based similarity coefficient and
glide docking score relative to those of the four structures that
turned out to be false hits. Indeed, NSC642056 occurs in the top
5 of the priority list while the negative hits were in the bottom 5
of the 15 hits suggested from the combined virtual screening
experiment. The change in melting point produced by the hit

Table 1
Shape similarity index of known Grb7 antagonists using the top five conformers of the m-aminobenzoyl-pY(a-Me)pYN-NH2 tripeptide as a query

S. No Known antagonist pIC50
a Shape similarity indexb

Conf. 1 Conf. 2 Conf. 3 Conf. 4 Conf. 5

1 PEpYVNQ-NH2 5.96 0.54 0.50 0.48 0.39 0.47
2 Ac-pYVNQ-NH2 5.47 0.51 0.46 0.39 0.43 0.35
3 EpYVNQ-NH2 5.815 0.51 0.48 0.43 0.45 0.45
4 pYVNQ-NH2 5.45 0.45 0.48 0.43 0.41 0.38
Correlation coefficientc 0.58 0.62 0.63 0.04 0.93

a The pIC50 values were obtained from the reported IC50 value43 using the equation pIC50 = !logIC50.
b Conf. 1–5 represent the top five conformers of the query tripeptide used in the virtual screening experiment.
c The correlation coefficient indicates the correlation between the pIC50 value and the shape similarity value for each conformer.

Figure 1. Schematic representation of the virtual screening experiment conducted
based on m-aminobenzoyl (a-Me)pY-NH2 tripeptide as shape based query.

Table 2
Final hits identified based on the tripeptide based shape search

Rank Hit ID. Shape similarity index Glide SP docking Glide XP docking

Glide score Emodel Glide score Emodel

1 NSC677186 0.433 !6.348 !79.584 !5.130 !95.586
2 NSC677177 0.463 !6.337 !84.217 !4.790 !62.836
3 NSC677184 0.429 !5.883 !73.463 !4.190 !89.924
4 NSC633047 0.480 !5.792 !68.058 !3.420 !79.200
5 NSC642056* 0.457 !5.749 !71.077 !4.900 !81.612
6 NSC677147 0.437 !5.716 !69.901 !3.200 !77.713
7 NSC677176 0.427 !5.484 !72.001 !3.310 !80.790
8 NSC713163 0.413 !5.368 !44.324 !3.760 !45.198
9 NSC677174 0.427 !5.318 !63.131 !3.560 !74.519

10 NSC100787 0.428 !5.277 !63.580 !4.550 !84.740
11 NSC129843* 0.435 !5.264 !75.089 !3.780 !83.889
12 NSC642057* 0.436 !5.256 !67.214 !3.540 !76.789
13 NSC344032 0.441 !5.252 !64.706 !3.220 !77.365
14 NSC687783* 0.426 !5.241 !65.861 !3.750 !68.422
15 NSC657678* 0.458 !5.223 !61.619 !3.870 !74.176

* Indicates hits that are tested experimentally.
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was 0.6 "C at 100 lM and 1.1 "C at 200 lM which were slightly
lower than that produced by a peptide-based (G7-18NATE)38

Grb7-SH2 inhibitor control (1.35 "C at 100 lM and 1.85 "C at
200 lM). Thus, hit NSC642056 was able to effect stabilization com-
parable to the known G7-18NATE-based polypeptide inhibitor
which suggests that the compound may have potential as an
antagonist of Grb7.

2.5. Lead discovery using 2D-similarity searches and binding
studies

In an effort to discover further compounds with affinity for
Grb7-SH2, structures related to NSC642056 were sought. To this
end, analogues of the hit were screened using a two-dimensional
(2D) structure based similarity search.23 The 2D-search was under-
taken against the same NCI database using the SMILES54 descrip-
tion of the lead structure as an input. The use of the lead
NSC642056 as a 2D-query returned 22 benzopyrazine hits of which
15 were available at the time of this work from the NCI develop-
mental and Therapeutic program. The 15 compounds were then as-
sessed using the melting point shift assay as described above. The
result, shown in Table 3, revealed that out of the 15 structural ana-
logues tested 10 were able to produce a positive melting point
shift. The change in melting point induced by the analogues was

found to be comparable to that of the lead NSC642056 compound
(Fig. 3). The structures of the 10 leads identified in addition to the
starting structure are shown in Figure 4. The 10 identified com-
pounds were sub-classified into di-substituted benzopyrazines
(NSC644743, NSC646820, NSC646823, and NSC648589), tri-substi-
tuted benzopyrazines with benzoyl substituent (NSC642040,
NSC648607, and NSC648605) and tri-substituted benzopyrazines
with a nitro substituent (NSC644750, NSC644770, and NSC644745).
Though these are analogues of NSC642056, the virtual screening
criteria adopted in the initial shape based search might have pre-
vented these structures from showing up within the top 15 of
the shape based hits.

2.6. Confirmation of binding by ITC

Further characterization of these interactions was undertaken
using isothermal titration calorimetry (ITC).55 ITC measures the
amount of heat absorbed or released as one interacting species is ti-
trated into the other. From this, the equilibrium dissociation con-
stant, free energy, enthalpy, entropy and stoichiometry of binding

Figure 2. Binding mode of lead NSC642056. (A) The specific interaction between the ligand and Grb7-SH2 domain. The ligand is displayed in ball and stick format while
binding site residues are shown in line format. The yellow dotted lines represent hydrogen bonds between the hit and Grb7 binding site; the figure was produced in Maestro
of Schrodinger suite. (B) The overall fold of Grb7-SH2 domain depicting its surface, secondary structural elements and the relative positioning of the lead compound. The
figure was produced by virtual molecular dynamics (VMD) visualization program.51

Table 3
Tanimotto similarity coefficient and melting point shift data for benzopyrazine
derivatives

S. No. Hit code Tanimotto similarity
coefficient (%)

DTma ("C)

100 lM 200 lM

1 NSC642040 97 0.45 0.95
2 NSC648605 98 0.05 0.55
3 NSC644743 92 0.95 0.95
4 NSC648607 97 0.45 1.45
5 NSC644745 90 1.30 1.30
6 NSC644750 94 0.45 0.85
7 NSC644770 94 0.45 0.55
8 NSC646820 90 1.20 0.95
9 NSC646823 95 1.00 0.70

10 NSC648589 92 0.90 0.60
A NSC642056 100 0.60 1.10
B G7-18NATE Not applicable 1.35 1.85

a The change in melting point (DTm) are obtained from duplicate experiments
after the melting point of Grb7-SH2 apo (Tm = 49 "C) was subtracted from that of the
hit bound form. NSC642056 was the lead compound while G7-18NATE is the ref-
erence polypeptide concurrently run in the melting shift assay.
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Figure 3. Unfolding curve of Grb7-SH2 domain obtained from thermal melting
experiment. The filled square curve corresponds to the apo form of Grb7
(Tm = 49.0 "C) while the open square curve represents that of Grb7–NSC642056
complex (Tm = 49.6 "C).
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can be determined.56 The binding of NSC642056 as well as 5 repre-
sentative compounds from three classes of substituted benzopyra-
zines, identified by the Grb7-SH2 domain melting point assay,
were determined by ITC. As shown in Table 4, the equilibriumdisso-
ciation constant for hit NSC642056 was found to be 17.15 lM. This
not only confirms the binding but demonstrates that it occurs with
a moderate affinity. The binding data shows that the compounds
interact with favorable enthalpy and unfavorable entropy with a
1:1 binding stoichiometry. In a similar vein, the analogue structures
(representative structures from each subclass—NSC642040,
NSC644745, NSC644743, NSC646823, and NSC648607)—were sub-
jected to the ITC binding assay. Figure 5 shows the ITC binding iso-
therm for one of the analogues tested.

Each of the compounds characteristically bound with evolution
of heat, that is, through exothermic binding similar to the lead
NSC642056 (Table 4). The experimental affinities were found to
be of moderate values ranging from Kd = 3.06 lM for NSC646807
to Kd = 17.15 lM for NSC642056 lead. Though the free energy of
binding is in a very close range (ca. !7 kcal/mol), deconvolution
into its constituents reveals subtle differences in the entropic and
enthalpic contributions to binding. In the case of NSC648607 and
NSC644743, the enthalpic contribution to binding is greater than
the entropic part. However, for leads NSC644745 and NSC646823
the enthalpic/entropic ratio is reversed. The fact that the gross
binding affinities remained virtually unaffected despite the differ-
ences in the relative contribution of the constituent parts suggests
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Figure 4. Chemical structures of the benzopyrazine derivatives. (A) Tri-substituted benzopyrazines with benzoyl substituent. (B) Di-substituted benzopyrazine derivatives.
(C) Tri-substituted benzopyrazines with a nitro substituent.

Table 4
Thermodynamic binding parameters for the benzopyrazine derivatives

Lead NSC642040 NSC644745 NSC646823 NSC644743 NSC6468607 NSC642056

Stoichiometry 1.11 ± 0.03 1.14 ± 0.03 1.04 ± 0.11 1.06 ± 0.03 1.04 ± 0.02 1.09 ± 0.04
Kb (105 M!1) 2.06 ± 0.42 1.58 ± 0.35 1.41 ± 0.10 1.85 ± 0.46 3.48 ± 0.87 0.60 ± 0.10
DH (Kcal/mol) !2.94 ± 0.11 !1.33 ± 0.05 !0.74 ± 0.09 !6.11 ± 0.32 !5.54 ± 0.19 !10.23 ± 0.51
DS (cal/mol/K) 14.35 19.3 21.1 3.61 6.89 !12.5
TDS (Kcal/mol) 4.28 5.75 6.29 1.08 2.05 !3.73
DG (Kcal/mol) !7.21 ± 0.11 !7.08 ± 0.05 !7.03 ± 0.09 !!7.19 ± 0.32 !7.56 ± 0.19 !6.50 ± 0.51
Kd (lM) 5.06 ± 1.03 6.57 ± 1.20 7.12 ± 0.50 5.76 ± 1.40 3.06 ± 0.77 17.15 ± 2.97
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that entropy–enthalpy compensation phenomenon taking place.
This is commonly observed in ligand–receptor binding studies.57

2.7. Cellular growth inhibitory assay

Finally, a cellular growth assay was conducted using the
MDA-MB-468 breast cancer cell line to determine whether the lead
compound would display activity in an in vivo system. To this ef-
fect, the impact of compound NSC642056 on these Grb7-express-
ing cancer cells was investigated. The result, as shown in Figure
6, shows that the lead compound impacts on the growth of the
cells in a concentration dependent manner. The in vivo IC50 deter-
mined for the cell growth inhibition is found to be 86.0 lM. This is
compared to the in vitro Kd of 17.3 lM, and thus suggests a corre-
lation between the inhibitor binding affinity for the Grb7 target
and the concentration required for cell growth inhibition. Future
investigations, using both cells in which Grb7 is knocked out using
RNAi and knocked back in, will allow us to identify the extent to
which the inhibitor action is indeed occurring through binding
and inhibition of Grb7.

3. Discussion

Few antagonists of Grb7 have previously been identified. Those
reported include the polypeptide G7-18NATE5,38,39 identified
through phage display and found to be selective for Grb7 with min-
imal activity against related proteins. Other short peptides are also
reported to bind to the Grb7-SH2 domain in vitro.43 Being peptidic
in nature, however, the potential for their in vivo use is restricted
until major issues such as the limited bioavailability, in vivo insta-

bility, cell impermeability and high synthetic costs of peptides are
resolved.58 Here we identify compounds of the benzopyrazine class
that have an equivalent affinity for the Grb7-SH2 domain as the
previously reported peptides (i.e., moderate to low micromolar
binding affinity), and suggest that these may offer an alternative
scaffold for the development of potent inhibitors of Grb7. Similarly
to the in vivo activity of the peptide-based Grb7 inhibitor,
G7-18NATE, inhibition of the growth of cancer cells is observed.40

Future experiments will be required to demonstrate whether the
mode of action is specifically via Grb7 inhibition, or also/alterna-
tively through other pathways. The current studies do not establish
whether these compounds possess intrinsic specificity for the
Grb7-SH2 domain. Being predicted to bind to the peptide recogni-
tion surface of the Grb7-SH2 domain, however, we propose that
they would be amenable to modification to improve their affinity,
pharmacological properties and potentially to confer specificity for
Grb7. The compounds would not be the target of proteases, which
is a major obstacle for the use of peptides as drugs, and their rela-
tively smaller size is predicted to improve their bioavailability to
their intracellular target.

Benzopyrazines from the NCI database were identified in the
current study owing to their ability to adopt a structurally similar
shape to a known peptide-based inhibitor of the Grb7-SH2 domain.
The present work effectively exploited the molecular similarity
principle that shape based similarity can reflect similarity in po-
tential binding interactions.59,60 The shape based virtual screening
experiment was able to identify moderate affinity lead candidates,
as confirmed by a Thermofluor binding assay. The identification of
a substituted benzopyrazine (NSC642056) prompted a 2D-similar-
ity search, resulting in the identification of further benzopyrazines
with potential for binding to the Grb7-SH2 domain. Binding to the
target was confirmed experimentally using both melting point as-
says and ITC. Overall, the computational experiments attest to the
usefulness of the application of a succession of virtual screening
tools in lead compound identification.

The Thermofluor binding assay proved an effective experimen-
tal method to confirm ligand binding. It is a rapid and inexpensive
assay that does not utilize very much material. Thermofluor ex-
ploits the concept of protein stabilization upon ligand binding.
Only a one degree change in the melting temperature of the pro-
tein was observed upon interaction with the lead compounds. This
relatively low value is typical for ligands binding with micromolar
affinity and may represent the limit of detection of the meth-
od.54,55,61 Similar thermal shift values were measured for a known
peptide inhibitor of the Grb7-SH2 domain that binds with micro-
molar affinity. ITC was used to confirm the interactions, measure
the affinity and also provided insight into the entropic versus
enthalpic contributions to binding. Though the identified benzo-
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Figure 6. Cellular growth inhibition curve obtained for MDA-MB-468 breast cancer
cells treated with the lead NSC642056. The IC50 was found to be 86 lM.
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pyrazines bound with only micromolar binding these small
molecule antagonists could be useful for the experimental and
clinical investigations of Grb7 and related proteins.

In conclusion, starting with a known peptide antagonist, the
present work reported the successful application of a succession
of computational ligand design tools comprising ligand shape
based similarity search, molecular docking and 2D-similarity
search to identify a novel class of small molecular antagonists of
Grb7. Experimental binding studies with a melting point shift as-
say and ITC confirmed the interactions and shed some light on
the thermodynamic aspects of the binding interactions. That the
lead NSC642056 antagonist reduced the growth of breast cancer
cells was confirmed in the MDA-MB-435 cell line. Further work
will be required to determine whether the mode of action is, in-
deed, via Grb7 inhibition. It is expected that the newly identified
benzopyrazine scaffolds will be useful additional agents to further
explore and accelerate functional studies of Grb7 and potentially
lead to the development of novel therapeutics.

4. Experimental section

4.1. Generation of the shape based query

MacroModel’s45 conformation search46 engine in Schrodinger47

was employed to generate stable conformers of the m-amin-
obenzoyl-pY(a-Me)pYN-NH2 peptide, previously shown to be a po-
tent inhibitor of the Grb7-SH2 domain.43 The optimal potential for
liquid simulation force field with a distance dependent dielectric
constant was used during the conformation search. Partial charges
were computed using the force field. Geometry optimizationwas ef-
fected with maximum iteration of 5000 and a gradient convergent
criterion was applied with a threshold of 0.05. The systematic tor-
sional sampling option was employed to generate representative
conformations of the tripeptide reference query. Unless specifically
mentioned, all other conformation search parameters were kept at
their default value.

4.2. Shape based similarity virtual screening

The program PHASE48 was employed to carry out shape based
virtual screening experiments. The atom type used for volume
scoring was set to none so as not to bias the search towards a par-
ticular hit class particularly for the subsequent database screening.
The conformer that produced the best correlation between the
shape based similarity index and the biological activities of the
peptides in the mini-database was then employed to serve as a
query to search the enhanced National Cancer Institute (NCI) data-
base. The average similarity index of the known antagonist was
then used as a cut-off during the NCI screening.

4.3. Molecular docking

The program Glide was used to perform Grb7-SH2 domain
docking studies for top hits from the shape based search. Glide
comprises three docking routines that are designed to suit different
stages of chemical database screening.49,50 The PDB file for the
Grb7-SH2 domain was read into Maestro in Schrodinger and the
protein preparation wizard used to set up the protein including
addition of hydrogen atoms and deletion of water molecules be-
yond 5 Å from protein atoms. Hydrogen bond assignment was ef-
fected with the exhaustive sampling option and the system was
subsequently relaxed with geometry minimization. A grid of size
12 " 12 " 12 Å was defined using the peptide binding surface
about the phosphotyrosine pocket to define the binding site. All
the other docking parameters were kept at their default values.

4.4. Expression and purification of Grb7-SH2 domain

The SH2 domain of Grb7 was used as a receptor for the thermal
shift and ITC binding experiments. The pGex2T plasmid containing
the Grb7-SH2 insert encoding residues 415–532 of human Grb7
protein was expressed in Escherichia coli expression system as a
GST fusion protein in BL21(DE3)pLysS host strains.62,63 Cell induc-
tion was achieved with 400 lM isopropyl b-D-1-thiogalactopyra-
noside. Cell resuspension was carried out in ice-cold phosphate
buffer saline with 2 mM EDTA, 0.5% Triton-X 100 and lysis by son-
ication. The fusion protein was purified by glutathione affinity
chromatography (GE Healthcare) and cleaved with thrombin. Puri-
fication using cation exchange chromatography was then effected
using a HiTrap SP column (GE) after an overnight dialysis into
20 mM HEPES pH 7.4, 20% glycerol, and 1 mM DTT at 4 "C. This
was followed by dialysis into 50 mM MES pH 6.6, 100 mM NaCl,
and 1 mM DTT and final purification by size exclusion chromatog-
raphy using a Sephadex 75 XK 16/60 column (GE). Grb7-SH2 do-
main was concentrated and stored at 4 "C. Its purity was verified
using SDS–PAGE. The final concentration was determined with
UV–vis spectroscopy.64

4.5. Thermofluor based melting point shift assay

The thermofluor based melting point shift assay relies on an in-
crease inmelting point of the target protein as an indication of com-
pound binding.52,53 The dye Sypro Orange is used to detect the
melting transitions through its binding to exposed hydrophobic re-
gions of the unfolding protein. The melting point of the Grb7-SH2
domain was determined with the use of Quiagen’s quantitative
RT-PCR instrument (www.qiagen.com). The wavelength of excita-
tion/emission was set to 470/555 and 470/610 nm. A heating rate
of at 1 "C per min was programmed over a 30–80 "C temperature
range with a holding time of 60 s. The buffer used was 50 mM
MES, 100 mM NaCl, pH 6.6, 1 mM dithiothreitol (DTT). The purified
Grb7-SH2 domainwas added to each tube to yield a final concentra-
tion of 20 lM. The protein concentrationwas established using UV–
vis spectrophotometer at 280 nm and amolar extinction coefficient
of 8480 M!1 cm!1. All the compounds were dissolved in 1% DMSO/
buffer solution and a final concentration of 100 lM and 200 lM
was added to the protein. Aftermixing, 25 ll of the protein/hit solu-
tion was transferred to the PCR tubes for the melting experiment. A
knownpeptide inhibitor38was also tested as a positive control. Each
denaturation experiment was conducted in duplicate and in each
case the average melting temperature was taken for analysis. The
Rotor-Gene 3000 software was used to set up the experiment and
analyze the results.

4.6. Isothermal titration calorimetry

ITC binding experimentswere performed on a VP-ITCMicrocalo-
rimeter (Microcal, Northampton, MA, USA) at 25 "C.55,56 The
Grb7-SH2 domain was dialyzed against 2 L of 50 mM NaOOCCH3

(pH 6.6), 100 mM NaCl, and 1 mM DTT. The concentration of Grb7-
SH2 and hits was determined as described in the melting experi-
ment. The hit and protein solutions were degassed and thermo-
stated at 20 "C for 5 min using the ThermoVac of the VP-ITC
Microcalorimeter. The reference power of the experiment was set
to 20 lCal/s and the cell contents were stirred continuously at
307 rpm throughout the titrations. The feedback mode gain was
set to highwith fast and auto equilibrations options applied. The ref-
erence cell was filled with MQ water. The hits at concentrations in
the range of 500–950 lM were titrated into Grb7-SH2 solutions of
50–85 lM concentrations in 7–10 ll injections with a 3–6 min de-
lay between each injection. A binding isotherm was generated by
plotting the heat change evolved per injection against the molar
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ratio of the leads to Grb7-SH2 domain receptor. A blank determina-
tion in which the compounds were titrated against the buffer was
carried out to account for heats of dilution and mixing which was
then subtracted from the binding data. The corrected data was then
fitted by a single binding sitemodel using a non-linear least squares
with the Origin (Microcal Software, Northampton, MA, USA).

4.7. Lead optimization by 2D-similarity search

Two-dimensional structure based similarity22,23 searches of the
National Cancer Institute database (http://dtp.nci.nih.gov/) were
conducted using the SMILES53 description of chemical structure
using the lead NSC642056 as input. The SMILES string was gener-
ated using the enhanced NCI database browser platform. The max-
imum number of hits was set to 1000. Hits with Tanimotto
similarity coefficients above 90% were obtained for further subse-
quent experimental investigation.

4.8. Cellular growth inhibitory studies

To determine the effects of the compounds on cellular growth,
MDA-MB-468 breast cancer cells were resuspended at
5 " 104 cells/mL and 100 lL of this cell suspension was plated in
96 well plates (BD Biosciences, California, USA). The following day
cells were treated with a range of concentration of the compounds,
each concentration with triplicates wells. Cells were incubated un-
der standard growth conditions with 10% fetal bovine serum over
a 4-day period (0–4 days). Adherent cell cultures were fixed in situ
after 4 days by the addition of 25 ll of cold 50% trichloroacetic acid
solution (Sigma–Aldrich,Missouri, USA) and incubated for 60 min at
4 "C. The supernatant was then discarded and the plate was washed
five timeswith running distilledwater before being dried overnight.
Fixed cells were stained by the addition of 100 ll of sulforhodamine
B (SRB) sodium salt solution (0.4% (w/v) in 1% acetic acid; Sigma–Al-
drich,Missouri, USA) and incubated for10 minat roomtemperature.
Unbound SRB solution was removed by washing five times with 1%
acetic acid after which the plates were air-dried overnight. The fol-
lowing day, the bound stain was solubilized with 100 ll of 10 mM
Tris buffer (pH 10.5) and the absorbance of the eluted dye was read
on the spectrophotometric BMG PolarStar Optima plate reader
(BMGLabtech,Offenburg,Germany) at 540 nm. SRB is a total protein
stain, which directly correlates with cell number and is used rou-
tinely tomeasure cell growth rate. TheNonlinear regression analysis
of the concentration–response plot was conducted using GraphPad
Prism software.
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#-.#$*-&/./!#-7!.=%!*(/%29#.&*-!.=#.!&.!+*28%7!#!-:8(%2!*+!,)*/%!.*!&7%#)!=F72*$%-!

(*-7&-$! &-.%2#,.&*-/!6&.=! .=%! D2%/%-.! B2(C! @HA! 7*8#&-! /.2:,.:2%\! #! a:#-.&.#.&9%!
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X2*8! .=&/! %KD%2&8%-.! &.! &/! +*:-7! .=#.! 8#)*-&,! #,&7! (&-7/! 6&.=! &-,2%7&()F! =&$=!
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>PQ4'J!_%'8!f!>?G!WT`?!

!*
<+5:'*^BFS*<='(1+:*#0+5":"0)*-+0+*
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*
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,*8D2&/%/! #! .*.#)! *+! .6*!B2(C!@HA!7*8#&-/!#-7! .6*!D%D.&7%/?!'=%! /.2:,.:2%/!#2%!
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