
Protonation States of Homocitrate and Nearby Residues in Nitrogenase Studied by
Computational Methods and Quantum Refinement

Cao, Lili; Caldararu, Octav; Ryde, Ulf

Published in:
Journal of Physical Chemistry B

DOI:
10.1021/acs.jpcb.7b02714

2017

Document Version:
Early version, also known as pre-print

Link to publication

Citation for published version (APA):
Cao, L., Caldararu, O., & Ryde, U. (2017). Protonation States of Homocitrate and Nearby Residues in
Nitrogenase Studied by Computational Methods and Quantum Refinement. Journal of Physical Chemistry B,
121(35), 8242-8262. https://doi.org/10.1021/acs.jpcb.7b02714

Total number of authors:
3

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

https://doi.org/10.1021/acs.jpcb.7b02714
https://portal.research.lu.se/en/publications/f1f8a23b-2b37-4c14-b2be-bac8a547d158
https://doi.org/10.1021/acs.jpcb.7b02714


COMMUNICATION          

 
 
 
 

!"#$%"&'()*+$)&)$%',-).'$-%'."//-(%',+$"01)#('0-//)('.+%).'+$'
0(2.%#1'.%("0%"().'-*'/#(%+0"1#%)'&)%3#$)'&-$--425)$#.)'
!!"#"$%&'()&*$+,-&.$%&#/&0&01()&*$234$%5$6'789:;8"<)=*$&9/$>#?$64/8@)&*$

!"#$%&'$($ A&0-",1#&-8$ 38-B&98$ 3'9''C4<89&78$ DEFF+G$ "7$ '98$ '?$
-B8$ ?8;$ 89:4387$ -B&-$ ,&9$ &,-".&-8$ 38-B&985$ HB8$ 38-&#$ ,'9-89-$ '?$
-B"7$ 89:438$ B&7$ =889$ B"<B#4$ ,'9-0'.807"&#$ ;"-B$ 71<<87-"'97$ '?$ &$
/"91,#8&0$ I8$ 7"-8$ '0$ 3'9'J($ /"J$ '0$ -0"91,#8&0$ %1$ 7"-875$ %047-&#$
7-01,-1087$ B&.8$ 7B';9$ &$ 3'9'J$ '0$ /"91,#8&0$ %1$ 7"-8($ =1-$ -B8$
087'#1-"'9$"7$#';$&9/$-B8$<8'38-04$'?$-B8$/"91,#8&0$7"-87$"7$19171&#5$
K8$ B&.8$ 83E#'48/$ L1&9-13$ 08?"98389-$ D"585$ ,047-&##'<0&EB",$
08?"98389-$ 89B&9,8/$ ;"-B$ L1&9-13J38,B&9",&#$ ,&#,1#&-"'97G$ -'$
"3E0'.8$ -B8$ 7-01,-108$ '?$ -B8$ &,-".8$ 7"-85$ K8$ B&.8$ ,'3E&08/$ &$
913=80$'?$/"??8089-$3'9'J$&9/$/"91,#8&0$<8'38-0"87($"9$7'38$,&787$
89B&9,8/$;"-B$3'08$E0'-8"9$ #"<&9/7$'0$'98$'0$ -;'$;&-80$3'#8,1#87$
-'$ /8-803"98$ ;B",B$ 7-01,-108$ ?"-7$ -;'$ 78-7$ '?$ ,047-&##'<0&EB",$ 0&;$
/&-&$ =87-5$ M9$ &##$ ,&787($ -B8$ =87-$ 0871#-7$ &08$ '=-&"98/$ ;"-B$
3'9'91,#8&0$ %1$ 7"-87($ ',,&7"'9&##4$ ;"-B$ &9$ 8C-0&$ ;&-80$ 3'#8,1#85$
HB17($ ;8$ ,'9,#1/8$ -B&-$ -B808$ "7$ 9'$ ,047-&##'<0&EB",$ 71EE'0-$ ?'0$ &$
/"91,#8&0$%1$7"-8$"9$EFF+5$

"#$%&'#! ()! *'#! *+! $%#! ,*)$! -(++(./0$! *12&'(.! )/3)$1&$#)! $*!
&.$(4&$#5!6($%!&!789!3*'-!-())*.(&$(*'!#'#12:!*+!;<=!>?!,*08@AB@C!
D'! 3(*0*2:5! $%#1#! &1#! *'0:! $6*! 21*/E)! *+! #'F:,#)! $%&$! .&'!
E#1+*1,! $%()! 1#&.$(*'A! G%#! +(1)$! ()! $%#! )*0/30#! ,#$%&'#!
,*'**H:2#'&)#)5BIC! 6%(.%! .*'$&('! &! -('/.0#&1! J#! &.$(4#! )($#5!
)(,(0&1! $*! $%&$! *+! $%#! 1(3*'/.0#*$(-#! 1#-/.$&)#)A! G%()! ()! &! 6#00K
.%&1&.$#1()#-! 21*/E! *+! #'F:,#)5! $%#! 1#&.$(*'! ,#.%&'(),! *+!
6%(.%! ()! /'-#1)$**-! ('! )*,#! -#$&(0ABIC! G%#! )#.*'-! 21*/E! ()! $%#!
E&1$(./0&$#! L(A#A! ,#,31&'#K3*/'-M! ,#$%&'#! ,*'**H:2#'&)#)!
LE""NM5! 6%(.%! ()! $%#! E1#-*,('&'$! #'F:,#! ('! ,#$%&'*$1*E%(.!
3&.$#1(&5! #H.#E$! &$! .*EE#1K0(,($('2! .*'-($(*')AB@5<C! G%#! E""N)!
%&4#!3##'!,*1#!-(++(./0$! $*!.%&1&.$#1()#5!&'-! $%#!,#$&0!.*'$#'$!
%&)!3##'!%(2%0:!.*'$1*4#1)(&05!('4*04('2!)/22#)$(*')!*+!-('/.0#&1!
J#!.#'$1#)5!&)!6#00!&)!,*'*K5!-(K!&'-!$1('/.0#&1!7/!)($#)AB@5;8OC!!
D'!IPP=5!$%#!+(1)$!.1:)$&0!)$1/.$/1#!*+!&!E""N!6&)!E/30()%#-!LIAQ!
R! 1#)*0/$(*'M5! )%*6('2! &! %#$#1*$1(,#1(.! !3"3#3! )$1/.$/1#! 6($%! &!
-('/.0#&1!&'-!&!,*'*'/.0#&1!7/!)($#! ('! $%#!)*0/30#!E#1(E0&),(.!
E&1$)! *+! $%#! S,*T! )/3/'($5! &'-! &! ,*'*,#1(.! U'! )($#! ('! $%#!
S,*7!)/3/'($5!6($%('!$%#!,#,31&'#!L$%#)#!$%1##!,#$&0!)($#)!6(00!
3#!.&00#-!V5!T!&'-!7!('!$%#!+*00*6('2W!.+A!J(2/1#!@MABXC!Y($#!V!6&)!
)/22#)$#-! $*! 3#! $%#! &.$(4#! )($#! &'-! ('4*04#)! $%1##! %()$(-('#!
1#)(-/#)5!6%(.%!&1#!.*')#14#-! ('!&00!E""N!)#Z/#'.#)5!#H.#E$!
$%*)#! +1*,!*'#!E%:0/,!*+!3&.$#1(&AB@C!V00! $%1##! 1#)(-/#)! ('$#1&.$!
6($%!$%#!,#$&0)!6($%!$%#(1!)(-#.%&('! (,(-&F*0#!21*/E5!3/$!*'#!*+!
$%#,!()!$%#!+(1)$!1#)(-/#!*+!S,*T!&'-!$%#!&,('*K$#1,('&0![!&$*,!
&0)*!.**1-('&$#)! $*!*'#!*+! $%#!,#$&0)A!G%()!2(4#)!&!3('-('2!)($#!

)(,(0&1! $*! $%#! %()$(-('#! 31&.#! ('! $%#! 0:$(.! E*0:)&..%&1(-#!
,*'**H:2#'&)#!#'F:,#)5BQC!&0$%*/2%!$%&$!)($#!('4*04#)!*'0:!$6*!
9()! 0(2&'-)!&'-!3('-)!*'0:!*'#!7/A! D'!IP@@5!&!.1:)$&0!)$1/.$/1#!
6&)! 1#E*1$#-!&$!&!)0(2%$0:! (,E1*4#-! 1#)*0/$(*'5!IAOQ!RAB\C! D$! &0)*!
)%*6#-!7/!(*')!('!)($#!V5!3/$!($!6&)!,*-#00#-!&)!,*'*'/.0#&1!('!
$6*!*+!$%#!E1*$*,#1)!&'-!-('/.0#&1!('!*'#!E1*$*,#1A!D'!&--($(*'5!
($! )%*6#-! &! U'! (*'! ('! )($#! 7! L$%#! U'! (*')! ('! $%#)#! )$1/.$/1#)!
-#1(4#! +1*,! $%#! .1:)$&00(F&$(*'! 3/++#1MA! G%1##! &--($(*'&0! .1:)$&0!
)$1/.$/1#)!*+!E""N!%&4#!3##'!E/30()%#-5!)%*6('2!*'0:!&!)('20#!
7/!(*'!('!)($#!VAB@PC 

'
L&M!

!

!
L3M! L.M!

6+5"()' 78! L&M!G1(,#1(.!)$1/.$/1#!*+! $%#!E""N!L<]^TMB\C!6($%!,#$&0!)($#)!V87!

('-(.&$#-!L7/!(*')!('!:#00*65!U'!(*')!('!1#-W!S,*V5!S,*T!&'-!S,*7!)/3/'($)!

('! ,&2#'$&5! 21##'! &'-! .:&'5! 1#)E#.$(4#0:MA ^#*,#$1:! *+! 7/! )($#! V! ('!

E1*$*,#1)! @! L3M! &'-! I! L.M5! ('4*04('2! $%1##! %()$(-('#! 1#)(-/#)! &'-! $%#! &,('*!

$#1,('&0!21*/EA!7/! (*')!&1#!:#00*6!3&00)5!6%#1#&)!75![!&'-!N!&1#!)%*6'! ('!

.:&'5!30/#!&'-!1#-!)$(.>)5!1#)E#.$(4#0:A!

_'+*1$/'&$#0:5! $%#! .1:)$&0! )$1/.$/1#)! -(-! '*$! )#$$0#! $%#!
0*.&$(*'! &'-! .*,E*)($(*'! *+! $%#! E""N! &.$(4#! )($#A!
7*,E/$&$(*'&0!)$/-(#)!%&4#!)/EE*1$#-!)($#!V!&'-!%&4#!('-(.&$#-!
$%&$!3*$%!,*'*K!&'-!-('/.0#&1!7/!)($#)!&1#! 1#&.$(4#!#'*/2%! $*!
*H(-()#!79;AB<5@@C!N'! $%#!*$%#1!%&'-5!7%&'!&'-!.*6*1>#1)!%&4#!
&12/#-!$%&$!$%#!&.$(4#!)($#!(')$#&-!.*')()$)!*+!$%1##!7/!(*')5!'*$!
*3)#14#-! ('! $%#! .1:)$&0! )$1/.$/1#5! 3/$! .**1-('&$#-! 3:! 1#)(-/#)!
+1*,!S,*V!&'-!S,*7AB=C!N$%#1!21*/E)!%&4#! (')$#&-!)/22#)$#-!

B&C! `A!7&*5!NA!7&0-&1&1/5!S1*+A!_A!]:-#!!
a#E&1$,#'$!*+!G%#*1#$(.&0!7%#,()$1:!
`/'-!_'(4#1)($:!
7%#,(.&0!7#'$1#5!SA!NA!T*H!@I;5!YbKII@!PP!`/'-5!Y6#-#'!
bK,&(0c!_0+A]:-#d$#*>#,A0/A)#!

B3C! S1*+A!VA!7A!]*)#'F6#(2!!
a#E&1$,#'$)!*+!"*0#./0&1!T(*).(#'.#)!&'-!*+!7%#,()$1:!
[*1$%6#)$#1'!_'(4#1)($:!
b4&')$*'5!D00('*()!OPIPQ!

! Y/EE*1$('2!('+*1,&$(*'!+*1!$%()!&1$(.0#!()!2(4#'!4(&!&!0('>!&$!$%#!#'-!*+!
$%#!-*./,#'$A!



COMMUNICATION          

 
 
 
 

$%&$! )($#!75!6($%! ($)! .*')#14#-! 0(2&'-)5! ()! &!-('/.0#&1!J#!&.$(4#!
)($#5!)(,(0&1!$*!$%&$!('!$%#!)*0/30#!,#$%&'#!,*'**H:2#'&)#)ABOC!!

V! E1(,#! E1*30#,! 6($%! $%#! ,#.%&'()$(.! )$/-(#)! *+! E""N! ()!
$%#! E**1! 1#)*0/$(*'! *+! $%#! .1:)$&0! )$1/.$/1#)5! 2(4('2! ,#$&0! )($#)!
6($%! /'.0#&1! .*,E*)($(*'! &'-! /'/)/&0! 2#*,#$1(#)! LJ(2/1#)! @3!
&'-!.MA!G%#)#!())/#)!,&:!3#!&--1#))#-!3:!/)('2!.*,E/$&$(*'&0!
,#$%*-)A! e/&'$/,! 1#+('#,#'$! ()! &'! &EE1*&.%! $*! )/EE0#,#'$!
.1:)$&00*21&E%(.! 1#+('#,#'$! 6($%! Z/&'$/,! ,#.%&'(.&0! Le"M!
.&0./0&$(*')!+*1!&!),&00!3/$!('$#1#)$('2!E&1$!*+!$%#!E1*$#('AB@IC!D$!()!
)$&'-&1-! .1:)$&00*21&E%(.! 1#+('#,#'$5! ('! 6%(.%! $%#! #,E(1(.&0!
E*$#'$(&05! /)#-! $*! #')/1#! .%#,(.&00:! 1#&)*'&30#! 3*'-! 0#'2$%)!
&'-! &'20#)! ('! $%#! )$1/.$/1#5! ()! 1#E0&.#-! 3:! ,*1#! &../1&$#! e"!
.&0./0&$(*')A! e/&'$/,! 1#+('#,#'$! %&)! 3##'! )%*6'! $*! 0*.&00:!
(,E1*4#! .1:)$&0! )$1/.$/1#)! &'-! $*! 3#! &30#! $*! -#$#1,('#!
E1*$*'&$(*'! &'-! *H(-&$(*'! )$&$#)! *+! ,#$&0! )($#)AB@<5@;C! 9#1#! 6#!
&EE0:! Z/&'$/,! 1#+('#,#'$! $*! $6*! .1:)$&0! )$1/.$/1#)! *+! E""NB\C!
6($%! $%#! &(,! *+! (,E1*4('2! $%#! )$1/.$/1#! *+! $%#! 7/! )($#! V! &'-!
-#$#1,('('2! $%#! '/,3#1! *+! .*EE#1! (*')! *3)#14#-!
.1:)$&00*21&E%(.&00:A!

f#! )$&1$#-! 3:! E#1+*1,('2! Z/&'$/,! 1#+('#,#'$! *+! )($#! V! ('!
$%#! +(1)$!E1*$*,#1!*+! $%#!<]^T!)$1/.$/1#B\C!/)('2!&!-('/.0#&1!7/!
)($#A! G%()! 2&4#! &! $*E*0*2:! )(,(0&1! $*! $%&$! ('! $%#! )$&1$('2! .1:)$&0!
)$1/.$/1#!LJ(2/1#!@3M5!3/$!6($%!&!,*1#!1#&)*'&30#!2#*,#$1:A!G%#!
$6*! 7/! (*')! &1#! *'! $*E! *+! #&.%! *$%#15! 6($%! &00! $%1##! (,(-&F*0#!
21*/E)! -(1#.$#-! $*6&1-)! $%#! 7/! (*')A! N'#! *+! $%#! 7/! (*')! ()!
.**1-('&$#-!3:!&00!+*/1![!&$*,)5!6%#1#&)!$%#!*$%#1!3('-)!$*!*'0:!
*'#! *1! $6*! [! &$*,)! LJ(2/1#! IMA! G%#! -()$&'.#! $*! $%#! &,('*K
$#1,('&0! [! &$*,! ()! $:E(.&00:! 0*'2#1! $%&'! $%&$! $*! $%#! (,(-&F*0#!
21*/E)A!G%#!-#$&(0#-!-()$&'.#)!-#E#'-!*'!$%#!*H(-&$(*'!)$&$#)!*+!
$%#! $6*!7/! (*')5!&)! ()!)%*6'! ('!G&30#!Y@!&'-!-()./))#-! ('! $%#!
)/EE0#,#'$&1:!,&$#1(&0A!!

G%#! #0#.$1*'K-#')($:! ,&E)! ('! J(2/1#! I! )%*6! $%&$! $%#!
-('/.0#&1!)($#!+($)!$%#!.1:)$&00*21&E%(.!1&6!-&$&B\C!1&$%#1!E**10:A!D'!
E&1$(./0&15!$%#1#!()!'#2&$(4#!-(++#1#'.#!-#')($:!&1*/'-!$%#!/EE#1!
7/!(*'5!('-(.&$('2!$%&$!($! ()!'*$!.*11#.$0:!,*-#00#-!*1!$%&$!($!-*#)!
'*$!%&4#!+/00!*../E&'.:A!G%()!()!&0)*!Z/&'$(+(#-!3:!$%#!1#&0K)E&.#!
-(++#1#'.#!-#')($:!UK).*1#!L]YUaMB@=C!6%(.%!()!@A\8IA@!L7IfP!('!
G&30#! @MA! Y$(005! $%#! )$1/.$/1#)! &1#! &EE1#.(&30:! 3#$$#1! $%&'! $%#!
)$&1$('2!)$1/.$/1#5!+*1!6%(.%!]YUa!6&)!;AXA!

!
6+5"()'98!e"K1#+('#-!)$1/.$/1#!*+!)($#!V!('!E1*$*,#1!@!*+!$%#!<]^T!)$1/.$/1#5!

,*-#00#-!3:!$6*!7/!(*')!('!$%#!+/00:!1#-/.#-!)$&$#5! ('.0/-('2!#0#.$1*'K-#')($:!

,&E)B\C! LI3I*!8NI.!,&E5!.*'$*/1#-!&$!@AP!$5!21#:5!&'-! $%#!3I*!8!NI.!,&E)5!

.*'$*/1#-!&$!g<AP!$5!21##'5!&'-!8<AP!$5!1#-MA!V$*,!.*0*/1)!&1#!$%#!)&,#!&)!('!

J(2/1#!@!L&'-!9!&)!6%($#!)$(.>)MA!

:#;1)'78!]YUa!&'-!)$1&('!#'#12(#)!LhO)$15!>?!,*08@M!+*1!$%#!4&1(*/)!e"K1#+('#-!
)$1/.$/1#)!('!$%#!$%1##!E1*$*,#1)!L@8<MA!!

SaTB&C! Y$1/.$/1#B3C! Y$&$#B.C! ]YUa! hO7-0!
! ! ! @! I! <! @! I! <!
<]^T! 7IfP! ]#-! IA@! IAQ! IAP! @X\! @\=! @XO!
! ! "i! @A\! IA\! IAO! II;! @XQ! @OP!
! ! NH! IA@! IA\! IAQ! <PP! I;X! II;!
! jIfI! ]#-! <AI! IAI! <AP! @=<! @;;! @OP!
! ! "i! @A=! @A\! <AI! @;\! @@P! @P;!
! ! NH! @A=! IA@! IA\! @=Q! @IO! @P;!
! jIfP! ]#-! IAX! IA=! @AQ! IIP! IIO! IIX!
! ! "i! 78<' IAX! IA@! @XP! @<O! @I;!
! ! NH! 78<' IAQ! IAI! I@;! @X\! @OX!
! 7@fP! ]#-! @AX! 787' 78=' Q=! OI! XO!
! ! NH! @AO! @AX! @AO! X=! >?' <?'
! 7@f@! ]#-! @AX! ! ! \P! ! !
! ! NH! @A=! IA;! IAP! @>' =<! =I!
<]J]! 7IfP! ]#-! IAX! ! ! <@@! ! !
! ! "i! @AO! ! ! I\I! ! !
! ! NH! @A\! ! ! <=X! ! !
! 7@fP! ]#-! @A;! A8>' A8B' QQ! @P@! Q\!
! ! NH! 78<' A8>' A8B' <9' >?' <?'
! 7@f@! ]#-! IAO! ! ! QI! ! !
! ! NH! IA<! @A<! @AP! ;I! OQ! =Q!

B&C! SaT! .*-#A! B3C! [/,3#1! *+! 7/! (*')! L7I! *1! 7@W! jI! 1#E1#)#'$! E0&'&1!
)$1/.$/1#)5!.+A!J(2/1#!<M!&'-!'/,3#1!*+!6&$#1!,*0#./0#)5!fP8fIA!B.C!NH(-&$(*'!
)$&$#! *+! $%#! 7/! (*'L)M5! +/00:! 1#-/.#-! L]#-M5! *H(-()#-! LNHM! *1! ,(H#-! 4&0#'.#!
L"iW!7/Dg7/DDMA!

G%#! )$1&('! #'#12:! L(A#A! $%#! -(++#1#'.#! ('! e"! #'#12:! *+! $%#!
e"! 1#2(*'!6%#'!*E$(,()#-! ('! 4&.//,!*1! ('! $%#!.1:)$&0M5B@IC! ()!&!
,#&)/1#!*+!%*6!6#00!$%#!,#$&0!)($#!+($)!('$*!$%#!.1:)$&0!)$1/.$/1#A!
D$! ()! %(2%! +*1! &00! $%1##! )$1/.$/1#)5! @X\8<PP! >?! ,*08@! LG&30#! @MA!
G%/)5! e"! 1#+('#,#'$! .&'! (,E1*4#! $%#! )$1/.$/1#! *+! )($#! V! ('!
E""N5! 2(4('2! 1#&)*'&30#! 2#*,#$1(#)! *+! $%#! 0(2&'-)5! 3/$! $%#!
1#)/0$)!('-(.&$#!$%&$!$%#!)($#!()!'*$!6#00!,*-#00#-!3:!$6*!7/!(*')A!
D'! E&1$(./0&15! $%#! 0(2&'-)! &1#! $**! +#6! +*1! $%#! %(2%#1! *H(-&$(*'!
)$&$#)A!

G%#1#+*1#5! 6#! $1(#-! $*! #'%&'.#! $%#! )($#! 6($%! $6*! 6&$#1!
,*0#./0#)A! V+$#1! ,&':! &$$#,E$)5! 6#! 6#1#! &30#! $*! *3$&('! )*,#!
1#&)*'&30#! )$1/.$/1#)! &'-! $%#! 3#)$! &1#! )%*6'! ('! G&30#! @!
LjIfIMA!G%#!]YUa!).*1#)!&1#!(,E1*4#-!+*1!$%#!%(2%#1!*H(-&$(*'!
)$&$#)!L@A=M!&'-! $%#!)$1&('!#'#12(#)!&1#!&0)*!&EE1#.(&30:!3#$$#15!
@;\8@=\! >?! ,*08@A! 9*6#4#15! $%#! ,&E)! ('! J(2/1#! <&! )%*6! $%&$!
$%#1#! ()! '*! #0#.$1*'! -#')($:! &1*/'-! $%#! 6&$#1! ,*0#./0#)A!
7*')#Z/#'$0:5! 6#! &0)*! *E$(,()#-! $%#! .*11#)E*'-('2! )$1/.$/1#)!
6($%*/$! $%#! 6&$#1! ,*0#./0#)! LjIfP! ('! G&30#! @! &'-! J(2/1#! <35!
(A#A!7/!(*')!('!$%#!)&,#!E0&'#!&'-!'*$!*'!$*E!*+!#&.%!*$%#1!&)!('!
J(2/1#!IMA!G%#:!2&4#!)0(2%$0:!3#$$#1!]YUa!).*1#)!L-*6'!$*!@A<M5!
3/$!)*,#6%&$!%(2%#1!)$1&('!#'#12(#)!L@XP8IIP!>?!,*08@MA!!

f#!%&4#!&0)*! $1(#-! $*!#'%&'.#! $%#!e"!):)$#,!6($%!'#&13:!
E*$#'$(&00:! .**1-('&$('2! 21*/E)5! &)! )/22#)$#-! 3:! )*,#! e"!
)$/-(#)AB@OC! 9*6#4#15! &)! -#$&(0#-! ('! $%#! )/EE0#,#'$&1:! ,&$#1(&0!
*'0:!$%#!.&13*':0!21*/E!*+!9()K@<X!6&)!+*/'-!$*!.**1-('&$#!&'-!
)/.%! )$1/.$/1#)! 1#E1*-/.#-! $%#! .1:)$&00*21&E%(.! 1&6! -&$&! Z/($#!
E**10:A!!

J('&00:5!6#!(')$#&-!$1(#-!$*!,*-#0!)($#!V!6($%!&!)('20#!7/!(*'!
L7@fP! ('! G&30#! @MA! G%()! 2&4#! .%#,(.&00:! ,*1#! 1#&)*'&30#!
)$1/.$/1#)!&'-!$%#!#0#.$1*'!-#')($:!,&E)!('!J(2/1#!;&!)%*6!$%&$!
$%()! )$&$#! +($)! $%#! .1:)$&00*21&E%(.! 1&6! -&$&B\C! &0,*)$! &)! 6#00! &)!
$%#! 3#)$! -('/.0#&1! )$1/.$/1#)! 6($%! ]YUa! k! @AO8@AXA! "*1#*4#15!
$%#!)$1&('!#'#12(#)!6#1#!,/.%!0*6#15!X=8Q=!>?!,*08@5!1#+0#.$('2!
&!,('(,&0!-()$*1$(*'!3:!$%#!E1*$#('A!!

!



COMMUNICATION          

 
 
 
 

'
L&M!

!
L3M!

6+5"()'<8!e"K1#+('#-!)$1/.$/1#)!*+!)($#!V!('!E1*$*,#1!@!*+!$%#!<]^T!)$1/.$/1#!

6($%! $6*! L&M! *1! '*! L3M! #H$1&! 6&$#1! ,*0#./0#)! L"i! )$&$#MA! V$*,! .*0*/1)! &'-!

#0#.$1*'K-#')($:!,&E)B\C!&1#!$%#!)&,#!&)!('!J(2/1#!IA!

G%#1#! 1#,&('#-! )*,#! E*)($(4#! -(++#1#'.#! -#')($:! *'! $*E! *+!
$%#!7/!(*'!L21##'!,#)%!('!J(2/1#!;&M5!6%(.%!.*11#)E*'-)!$*!$%#!
&--($(*'&0!7/! (*'! ('! $%#!*1(2('&0!)$1/.$/1#A!j#$5! ($! ()! $**!.0*)#! $*!
$%#! 7/! (*'! &'-! 6($%! &! $**! 0*6! -#')($:! $*! 3#! &'*$%#1! ,#$&0A!
G%#1#+*1#5! 6#! $1(#-! $*! ,*-#0! ($! &)! &! 6&$#1! ,*0#./0#! (')$#&-!
L7@f@!('!G&30#!@M5!2(4('2!1#&)*'&30#!)$1/.$/1#)!+*1!$%#!*H(-()#-!
)$&$#A! G%#! #0#.$1*'! -#')($:! ,&E)! ('! J(2/1#! ;3! )%*6! $%&$! $%()!
)$&$#!+($)!$%#!.1:)$&00*21&E%(.!1&6!-&$&B\C!#4#'!3#$$#1!$%&'!6($%*/$!
$%#! 6&$#1! ,*0#./0#5! 6($%! &! ]YUa! ).*1#! *+! @A=! &'-! &! )$1&('!
#'#12:!*+!*'0:!O;!>?!,*08@A!!

f#! %&4#! &0)*! )$/-(#-! )($#! V! ('! $%#! *$%#1! $6*! E1*$*,#1)! *+!
$%#!<]^T!)$1/.$/1#5!6%(.%!%&4#!)*,#6%&$!-(++#1#'$!)$1/.$/1#)!*+!
)($#!V!('!$%#!*1(2('&0!)$1/.$/1#5!&)!.&'!3#!)##'!('!J(2/1#!@.A!G%#!
Z/&'$/,!1#+('#,#'$!&0)*!2&4#!&!,*1#!E0&'&1!)$1/.$/1#5!)%*6'!('!
J(2/1#!=&!L-#$&(0)! ('! $%#!)/EE0#,#'$&1:!,&$#1(&0MA!9*6#4#15! $%#!
)&,#! $:E#)! *+! )$1/.$/1#)! .*/0-! 3#! +*/'-! &0)*! ('! $%#)#! $6*!
E1*$*,#1)!LJ(2/1#)!=3!&'-!=.M!&'-! $%#!1#)/0$)! ('!G&30#!@!)%*6!
$%&$! &! ,*'*'/.0#&1! )($#! )$(00! 2(4#)! $%#! 3#)$! ]YUa! ).*1#)! &'-!
)$1&('!#'#12(#)!('!3*$%!E1*$*,#1)A!!

'
L&M!

!
L3M!

6+5"()'>8!e"K1#+('#-!)$1/.$/1#)!*+!)($#!V!('!E1*$*,#1!@!*+!$%#!<]^T!)$1/.$/1#5!

,*-#00#-!6($%!&!)('20#!7/!(*'!6($%*/$!L&M!*1!6($%!L3M!&'!#H$1&!6&$#1!,*0#./0#!

L*H(-()#-!)$&$#MA!V$*,!.*0*/1)!&'-!#0#.$1*'K-#')($:!,&E)B\C!&1#!$%#!)&,#!&)!('!

J(2/1#!IA!

J('&00:5! 6#! .*')(-#1#-! &0)*! $%#! <]J]! .1:)$&0! )$1/.$/1#5B\C!
6%(.%!.*'$&(')!&!-('/.0#&1!)($#!V!*'0:!('!E1*$*,#1!@A!V2&('5!$%#!
1#)/0$)!('!G&30#!@!)%*6!$%&$!$%#!3#)$!1#)/0$)!6#1#!*3$&('#-!6($%!
&! ,*'*'/.0#&1! )($#! ('! &00! $%1##! E1*$*,#1)! L-#$&(0)! ('! $%#!
)/EE0#,#'$&1:!,&$#1(&0MA!'

G%/)5!Z/&'$/,!1#+('#,#'$!*+!$6*!.1:)$&0!)$1/.$/1#)!*+!E""N!
2(4#)!Z/($#!.*'.0/)(4#!1#)/0$)!+*1!$%#!'&$/1#!*+!$%#!7/!)($#!Vc!G%#!
,*'*'/.0#&1!,*-#0)!&06&:)!:(#0-!0*6#1!)$1&('!#'#12(#)!$%&'!$%#!
-('/.0#&1!,*-#0)!L<X8Q=!>?!,*08@5!.*,E&1#-!$*!@P;8<PP!>?!,*08
@MA!G%/)5!$%#!-('/.0#&1!)$1/.$/1#)!&1#!'*$!.%#,(.&00:!1#&)*'&30#!
#4#'!&+$#1!Z/&'$/,!1#+('#,#'$A'

`(>#6()#5!$%#!]YUa!).*1#!()!&0)*!0*6#)$!+*1!$%#!,*'*'/.0#&1!
)($#)!('!$%#!<]J]!)$1/.$/1#!&'-!E1*$*,#1)!I!&'-!<!*+!<]^T!L3:!
PA<8PAQMA! 9*6#4#15! +*1! E1*$*,#1! @! ('! <]^T5! $%#! 0*6#)$! ).*1#!
6&)! &.$/&00:! *3$&('#-! +*1! $%#! )$1/.$/1#! ('! J(2/1#! <35! 3/$! *'0:!
,&12('&00:! L@A<5!.*,E&1#-! $*!@A=! +*1! $%#!3#)$!,*'*'/.0#&1!)($#W!
%*6#4#15! &)! -()./))#-! ('! $%#! )/EE0#,#'$&1:! ,&$#1(&05! $%()!
-#E#'-)!*'!%*6!$%#!).*1#!()!.&0./0&$#-MA!!

'



COMMUNICATION          

 
 
 
 

'
L&M!

!
L3M!

!
L.M!

6+5"()'=8!e"K1#+('#-!)$1/.$/1#)!*+!)($#!V!('!E1*$*,#1!I!*+!$%#!<]^T!)$1/.$/1#!

6($%!L&M!$6*!7/!(*')5!L3M!$6*!7/!(*')!&'-!$6*!6&$#1)!*1!L.M!*'#!7/!(*'!('!$%#!

1#-/.#-!)$&$#)A!V$*,!.*0*/1)!&'-!#0#.$1*'K-#')($:!,&E)B\C!&1#!$%#!)&,#!&)!('!

J(2/1#!IA'

G*! +/1$%#1! ('4#)$(2&$#! $%#! .&$&0:$(.! 1#0#4&'.#! *+! &!
,*'*'/.0#&1! .*EE#1! )($#5! 6#! %&4#! )$/-(#-! &! E/$&$(4#! 1#&.$(*'!
,#.%&'(),! *+! E""N! /)('2! $%#! ,*'*'/.0#&1! )($#! ('! J(2/1#! ;A!
J*00*6('2! $%#!)$/-(#)!3:!j*)%(F&6&!&'-!Y%(*$&5B@@C!6%*!)$/-(#-!
3*$%! -('/.0#&1! &'-! ,*'*'/.0#&1! 7/! )($#)5! 3/$! /)#-! )($#! T!
LJ(2/1#!@M!&)!$%#!,*'*'/.0#&1!)($#!L)##!)/EE0#,#'$&1:!,&$#1(&0!
+*1!&--($(*'&0!-()./))(*'M5!6#!)$&1$#-!+1*,!&!7/LDDDM8*H*!)E#.(#)A!

G%()! .*,E0#H! .&'! 3('-! ,#$%&'#! &'-! #H$1&.$! &! %:-1*2#'! &$*,!
6($%!&!3&11(#1!*+!*'0:!II!>?!,*08@5!2(4('2!&'! ('$#1,#-(&$#!6($%!&!
,#$%:0! 1&-(.&0! &'-! &! N9! 21*/E! LJ(2/1#! OMA! J('&00:5! $%#! 0&$$#1!
1#3*/'-)!$*!$%#!1&-(.&05!+*1,('2!,#$%&'*0!6($%!&!3&11(#1!*+!=<!>?!
,*08@A! G%#! '#$! 1#&.$(*'! ()! )$1*'20:! #H*$%#1,(.A! G%#! +(1)$! %&0+!
$&>#)!E0&.#!*'!$%#!$1(E0#$!)E('!)/1+&.#5!3/$!&$!$%#!('$#1,#-(&$#5!($!
)%(+$)!*4#1!$*!)('20#$!)E('5!&)!6&)!&0)*!*3)#14#-!('!$%#!E1#4(*/)!
)$/-:AB@@C!G%#)#!1#)/0$)!)%*6!$%&$!&!,*'*'/.0#&1!)($#!.&'!*H(-()#!
,#$%&'#!&'-!$%&$!$%#!&.$(4&$(*'!3&11(#1)!&.$/&00:!&1#! 0*6#1!$%&'!
$%*)#!*3$&('#-!('!$%#!E1#4(*/)!)$/-:!LX\!&'-!@PX!>?!,*08@!+*1!$%#!
,*'*K!&'-!-('/.0#&1!)($#)5!1#)E#.$(4#0:MAB@@C!

7*')#Z/#'$0:5! 6#! +('-! '*! .*'.0/)(4#! #4(-#'.#! $%&$! $%#!
.1:)$&0! )$1/.$/1#)! *+! E""N! ('4*04#! &! -('/.0#&1! 7/! )($#! VA!
D')$#&-5!&!,*'*'/.0#&1!)($#!+($)!$%#!.1:)$&00*21&E%(.!1&6!-&$&!&$!
0#&)$! &)! 6#00A! "*1#*4#15! ($! 2(4#)! .%#,(.&00:! ,/.%! ,*1#!
1#&)*'&30#!)$1/.$/1#)5!6%(.%!&1#!)(,(0&1! ('!3*$%!.1:)$&0)!&'-!&00!
E1*$*,#1)A!G%()! +('-('25! (+!&EE0(.&30#! $*! +/'.$(*'&0!E""N! ('! $%#!
.#005!%&)!)$1*'2!(,E0(.&$(*')!+*1!($)!E*))(30#!1#&.$(*'!,#.%&'(),)A!

C)%3-,.'

Y$1/.$/1#)!6#1#!*3$&('#-!6($%!Z/&'$/,!1#+('#,#'$B@I5@<C!/)('2! $%#!<]^T!
&'-!<]J]!.1:)$&0!)$1/.$/1#)!&$!IAQ!&'-!IAOQ!R!1#)*0/$(*'5!1#)E#.$(4#0:AB\C!
e"!.&0./0&$(*')!6#1#!E#1+*1,#-!6($%!$%#!GSYYB@XC!,#$%*-!&'-!$%#!-#+IK
YiLSMB@QC!3&)()!)#$A!e"!1#2(*')!&1#!)%*6'!('!J(2/1#)!I8=A!!

D0E$-F1),5)&)$%.''

G%()! ('4#)$(2&$(*'! %&)! 3##'! )/EE*1$#-! 3:! 21&'$)! +1*,! $%#!
Y6#-()%! 1#)#&1.%! .*/'.(0! E1*l#.$! IP@;K==;P! L_]M5! +1*,! 7NYG!
$%1*/2%! V.$(*'! 7"@<P=! L_]M5! 3:! [D9! 21&'$! ^"@@QP<=! LV7]M!
&'-!3:!&!).%*0&1)%(E!$*!`7!+1*,!$%#!7%('&!Y.%*0&1)%(E!7*/'.(0A!
G%#! .*,E/$&$(*')! 6#1#! E#1+*1,#-! *'! .*,E/$#1! 1#)*/1.#)!
E1*4(-#-! 3:! $%#! Y6#-()%! [&$(*'&0! D'+1&)$1/.$/1#! +*1! 7*,E/$('2!
LY[D7M! &$! `/'&1.! &$! `/'-! _'(4#1)($:! &'-! 9S7I[! &$! _,#m!
_'(4#1)($:A!

G)2F-(,.H!S&1$(./0&$#!,#$%&'#!,*'**H:2#'&)#!n!Z/&'$/,!
1#+('#,#'$!n!-#')($:!+/'.$(*'&0!$%#*1:!n!.*EE#1!

B@C! "A!VA!7/0E#EE#15!VA!7A!]*)#'F6#(25!%0"-5$68.5$P"',B835$F'#5$P"'#5!

9A795!QR5!;Q<8;\IA!

BIC! "A!9A!Y&F(')>:5!YA!?A!`(EE&1-5!F8-B&98$F'9''C4<89&78S$

I19,-"'9&#":"9<$F8-B&98$&-$M0'9$&9/$%'EE805!9A7=A!

B<C! bA!DA!Y*0*,*'5!aA!bA!9#EE'#15!bA!"A!?*%')$*'5!?A!fA!^(')3&.%5!?A!

7(1#1&5!"A!e&::/,5!"A!GA!o(#3#1Kb,,*')5!7A!9A!ol&#12&&1-5!]A!^A!

9&-$5!`A!G(&'5!%B835$68.5!9A7>5!TTQ5!<O=\8<Q=<A!

B;C! ]A!`A!`(#3#1,&'5!aA!TA!Y%1#)$%&5!SA!bA!a*&'5!TA!"A!9*++,&'5!GA!`A!

Y$#,,0#15!VA!7A!]*)#'F6#(25!A0',5$U&-#5$2,&/5$V,"5$>5$V5$25!9AA<5!

TWW5!<QIP8<QI=A!

B=C! iA!7AK7A!f&'25!YA!"&l(5!SA!SAKjA!7%#'5!9A!oA!`##5!YA!YAKJA!j/5!YA!DA!

7%&'5!%B835$68.5!9A7?5!TTR5!Q=X;8QOI@A!

BOC! "A!"&1$('%*5!aA!fA!7%*(5!VA!VA!a(YE(1($*5!fA!bA!V'$%*0('#5!?A!aA!

Y#,1&/5!bA!"p'.>5!X5$235$%B835$V',5!9AA?5!TYZ5!@=XQ<8@=XQ=A!

BXC! ]A!`A!`(#3#1,&'5!VA!7A!]*)#'F6#(25!U&-108!9AA=5!Q[Q5!@XX8@QIA!



COMMUNICATION          

 
 
 
 

BQC! SA!9A!f&0$*'5!^A!?A!a&4(#)5!%1005$+E"95$%B835$P"'#5!9A7@5![T5!@\=8

IPXA!

B\C! YA!"A!Y,($%5!YA!]&6&$5!?A!G#0)#15!TA!"A!9*++,&'5!GA!`A!Y$#,,0#15!VA!

7A!]*)#'F6#(25!P"',B83"7-04!9A775!Y\Z5!IO<;;8IO<;QA!

B@PC! YA!Y(1&l/--('5!aA!T&1/E&0&5!YA!9#00('25!oA!"&1./)5!GA!`A!Y$#,,0#15!VA!

7A!]*)#'F6#(25!X5$P"'#5$%B835!9A7>5!Y]Z5!I@XQI8I@X\;A!

B@@C! oA!j*)%(F&6&5!jA!Y%(*$&5!X5$235$%B835$V',5!9AA@5!TY]5!\QX<8\QQ@A!

B@IC! _A!]:-#5!`A!N0)#'5!oA![(0))*'5!X5$%'3E1-5$%B835!9AA95!Y[5!@P=Q8

@PXPA!

B@<C! _A!]:-#5!N&#-'9$H0&975!9AA?5!OPX8OI=A!

B@;C! oA![(0))*'5!_A!]:-#5!X5$M9'0<5$P"',B835!9AA>5!Z]5!@=<\8@=;OA!

B@=C! DA!?A!G(.>0#5!2,-&$%047-&##'<05$V8,-5$N$P"'#5$%047-&##'<05!9A795!\]5!

;=;8;OXA!

B@OC! jA!Y%(*$&5!oA!j*)%(F&6&5!M9'0<5$%B835!9AAB5!Q]5!Q<Q8Q;=A!

B@XC! ?A!G&*5!?A!SA!S#1-#65!iA![A!Y$&1*4#1*45!^A!bA!Y./)#1(&5!AB475$68.5$

!8--5!9AA<5!ZT5!@;O;P@A!

B@QC! VA!Y.%q+#15!9A!9*1'5!]A!V%01(.%)5!X5$%B835$AB475!7BB95!ZR5!I=X@8

I=XXA!

 

 
 
6+5"()'@8!S/$&$(4#!,#.%&'(),!+*1!$%#!1#&.$(*'!*+!,*'*'/.0#&1!)($#!6($%!,#$%&'#A!N'!$%#!$*E5!1#&.$(*'!#'#12(#)!('!>?!,*08@!&1#!)%*6'5!6%#1#&)!$%#!0*6#1!E&1$!

)%*6)!)$1/.$/1#)!*+!$%#!4&1(*/)!)$&$#)5!6($%!>#:!-()$&'.#)!('-(.&$#-!('!RA!V00!)$&$#)!6#1#!)$/-(#-!3*$%!('!$%#!)('20#$!&'-!$1(E0#$!)$&$#)5!('-(.&$#-!3:!)/E#1).1(E$!@!

&'-!<5!1#)E#.$(4#0:A'



COMMUNICATION          

 
 
 
 

 
Entry for the Table of Contents (Please choose one layout) 
 
Layout 2: 

7N""_[D7VGDN[!

f#!%&4#!)$/-(#-!$6*!.1:)$&0!)$1/.$/1#)!*+!E&1$(./0&$#!,#$%&'#!,*'**H:2#'&)#!6($%!
Z/&'$/,!1#+('#,#'$A!J*1!$%#!E/$&$(4#!&.$(4#!)($#5!6#!%&4#!.*,E&1#-!)#4#1&0!
-(++#1#'$!,*'*K!&'-!-('/.0#&1!2#*,#$1(#)5!('!)*,#!.&)#)!#'%&'.#-!6($%!,*1#!
E1*$#('!0(2&'-)!*1!*'#!*1!$6*!6&$#1!,*0#./0#)!$*!-#$#1,('#!6%(.%!)$1/.$/1#!+($)!$%#!
.1:)$&00*21&E%(.!1&6!-&$&!3#)$A!N/1!1#)/0$)!('-(.&$#!$%&$!$%#1#!()!'*!.1:)$&00*21&E%(.!
)/EE*1$!+*1!&!-('/.0#&1!7/!)($#!('!E""NA!

 21-B'0D7G($%'0087E'9/"9<$21-B'0D7G@$

)&*+,-./,0,)&*+,-./,

:+%1)'
 

 

 
 

 


