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late 1950s, Emil Paleček: DNA polarographylate 1950s, Emil Paleček: DNA polarography  



nucleic acids are electroactive 

• at mercury electrodes, bases A,C and G 

undergo redox processes 

• at carbon electrodes, purine bases can be 

oxidized 

• sugar residues in nucleic acids can be oxidized 

at copper electrode Singhal, P.; Kuhr, W. G.: Anal. Chem. 

1997, 69, 3552-3557; Anal. Chem. 1997, 69, 4828-4832. 



Adenine and Cytosine are Reduced  

at the Mercury Electrode 

CA 



Guanine is reduced at the mercury 

electrode at highly negative potentials... 



…and its reduction product yields anodic 

peak in cyclic voltammetry 
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Guanine and adenine residues yield specific 

oxidation peaks at carbon electrodes 
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111 134 99 544 18 113 20 20 chemdict begin SP /bs[[1 1 2120 11980 2120 12580][2 0 2120 12580 2640 12880 2228 12518 2640 12756 ][1 1 2640 12880 3160 12580][2 0 3160 12580 3160 11980 3052 12518 3052 12042 ][1 1 3160 11980 2640 11680][2 0 2120 11980 2640 11680 2228 12042 2640 11804 ][1 1 3160 12580 3731 12765][1 1 3731 12765 4083 12279][2 0 4083 12279 3731 11794 3950 12279 3690 11921 ][1 1 3160 11980 3731 11794][1 1 2640 11680 2640 11080][1 1 3731 12765 3731 13365]]d [0 5 4 9 8 7 11 I 1 2 6 3731 12765 DSt [3 I 3160 11980 DSt [10 I 2640 11080 DSt Db gr end 
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Reduction DNA signals at the mercury electrodes 

are strongly influenced by DNA structure  

• this is due to location of the A and C electroactive sites 

within the Watson-Crick hydrogen bonding system 

% ChemDraw Laser Prep% CopyRight 1986, 1987, Cambridge Scientific Computing, Inc.userdict/chemdict 145 dict put chemdict begin/version 24 def/b{bind def}bind def/L{load def}b/d/def L/a/add L/al/aload L/at/atan L/cp/closepath L/cv/curveto L/cw/currentlinewidth L/cpt/currentpoint L/dv/div L/dp/dup L/e/exch L/g/get L/gi/getintervalL/gr/grestore L/gs/gsave L/ie/ifelse L/ix/index L/l/lineto L/mt/matrix L/mv/moveto L/m/mul L/n/neg L/np/newpath L/pp/pop L/r/roll L/ro/rotate L/sc/scale L/sg/setgray L/sl/setlinewidth L/sm/setmatrix L/st/stroke L/sp/s trokepath L/s/subL/tr/transform L/xl/trans late L/S{s f m}b/dA{[3 S]}b/dL{dA dp 0 3 lW m put 0 s etdash}d/cR 12 d/wF 1.5 d/aF 10 d/aR 0.25 d/aA 45 d/nH 6 d/o{1 ix}b/rot{3 -1 r}b/x{e d}b/cm mt currentmatrix d/p{tr round e round e itransform}b/Ha{gs np 3 1 rxl dp sc -.6 1.2 p mv 0.6 1.2 p l -.6 2.2 p mv 0.6 2.2 p l cm sm st gr}b/OB{/bS x 3 ix 3 ix xl 3 -1 r s  3 1 r e s  o o at ro dp m e dp m a sqrt dp bS dv dp lW 2 m lt{pp lW 2 m}if/bd x}b/DA{np 0 0 mv aL 0 aR aL m 180 aA s 180 aA a arc cp fill}b/OA{np0 cw -2 dv mv aL 0 aR aL m 180 aA s 180 arc 0 cw -2 dv rlineto cp fill}b/SA{aF m lW m/aL x aL 1 aR s  m np 0 p mv rad 0 p l gs cm sm st gr}b/CA{aF lW m/aL x aL 1 aR s  m 2 dv rad dp m o dp m s dp 0 le{pppp pp}{sqrt at 2 m np rad 0 rad 180 6 -1 r s  180 6 -1 r s arc gs cm sm st gr cpt e at ro}ie}b/AA{np rad 0 rad 180 180 6 -1 r a arc gs  cm sm s t gr}b/RA{lW m/w x np rad w p mv w w p l rad w n p mv w w n p l w 2 m dp p mv 0 0 pl w 2 m dp n p l st}b/HA{lW m/w x np 0 0 p mv w 2 m dp p l w 2 m w p l rad w p l rad w n p l w 2 m w n p l w 2 m dp n p l cp st}b/Ar1{gs 5 1 r 3 ix 3 ix xl 3 -1 r s 3 1 r e s o o at ro dp m e dp m a sqrt/rad x[{2.25 SA DA}{1.5 SA DA}{1SA DA}{cw 5 m sl 3.375 SA DA}{cw 5 m sl 2.25 SA DA}{cw 5 m s l 1.5 SA DA}{270 CA DA}{180 CA DA}{120 CA DA}{90 CA DA}{3 RA}{3 HA}{1 -1 sc 270 CA DA}{1 -1 sc 180 CA DA}{1 -1 sc 120 CA DA}{1 -1 sc 90 CA DA}{6RA}{6 HA}{dL 2.25 SA DA}{dL 1.5 SA DA}{dL 1 SA DA}{2.25 SA OA}{1.5 SA OA}{1 SA OA}{1 -1 sc 2.25 SA OA}{1 -1 sc 1.5 SA OA}{1 -1 sc 1 SA OA}{270 CA OA}{180 CA OA}{120 CA OA}{90 CA OA}{1 -1 sc 270 CA OA}{1-1 sc 180 CA OA}{1 -1 sc 120 CA OA}{1 -1 sc 90 CA OA}{1 -1 sc 270 AA}{1 -1 sc 180 AA}{1 -1 sc 120 AA}{1 -1 sc 90 AA}]e g exec gr}b/ac{arcto 4{pp}repeat}b/pA 32 d/rO{4 lW m}b/Ac{0 0 px dp m py dp m a sqrt 0 360 arc cm sm gs sg fill grst}b/OrA{py px at ro px dp m py dp m a sqrt dp rev{neg}if s c}b/Ov{OrA 1 0.4 sc 0 0 1 0 360 arc cm sm gs  sg fill gr st}b/Asc{OrA 1 27 dv dp sc}b/LB{9 -6 mv 21 -10 27 -8 27 0 cv 27 8 21 10 9 6 cv -3 2 -3 -2 9 -6 cv cp}b/DLB{0 0 mv -4.8 4.8 l-8 8 -9.6 12 -9.6 16.8 cv -9.6 21.6 -8 24.6 -4.8 25.8 cv -1.6 27 1.6 27 4.8 25.8 cv 8 24.6 9.6 21.6 9.6 16.8 cv 9.6 12 8 8 4.8 4.8 cv cp}b/ZLB{LB}b/Ar{dp 39 lt{Ar1}{gs  5 1 r o o xl 3 -1 r e s 3 1 r s e o 0 lt o  0 lt ne/rev xdp 0 lt{1 -1 sc neg}if/py x dp 0 lt{-1 1 s c neg}if/px x np[{py 16 div dup 2 S lt{pp 2 S}if/lp x lp 0 p mv 0 0 p l 0 py p l lp py p l px lp s 0 p mv px 0 p l px py p l px lp s  py p l cm sm st}{py 16 div dup 2 S lt{pp 2 S}if/lp x lp 0 p mv 0 0 0 py lp ac0 py 2 dv lp neg o lp ac 0 py 2 dv 0 py lp ac 0 py lp py lp ac px lp s 0 p mv px 0 px py lp ac px py 2 dv px lp a o lp ac px py 2 dv px py lp ac px py px lp s py lp ac cm sm s t}{py dp 2 dv py 180 pA s 180 pA a arc st np px py s py 2 dvpy pA dp neg arcn s t}{0 0 p mv 0 py p l px py p l px 0 p l cp cm sm st}{px lW 2 dv a lW -2 dv p mv rO dp rlineto px lW 2 dv a rO a py lW 2 dv a rO a p l rO lW -2 dv a py lW 2 dv a rO a p l lW -2 dv py lW 2 dv a p l 0 py p l px py p l px 0 p l cp fill0 0 p mv 0 py p l px py p l px 0 p l cp cm sm st}{0 rO p mv 0 py px py rO ac px py px 0 rO ac px 0 0 0 rO ac 0 0 0 py rO ac cp cm sm st}{rO py p mv rO rO xl 0 py px py rO ac px py px 0 rO ac px 0 0 0 rO ac rO neg dp xl px py 0 py rO accp fill 0 rO p mv 0 py px py rO ac px py px 0 rO ac px 0 0 0 rO ac 0 0 0 py rO ac cp st}{1.0 Ac}{0.5 Ac}{1.0 Ov}{0.5 Ov}{Asc LB gs 1 sg fill gr cm sm st}{Asc LB gs 0.5 sg fill gr cm sm st}{Asc LB gs  0.5 sg fill gr gs  cm sm s t grnp -1 -1 sc LB gs 1 sg fill gr cm sm s t}{Asc LB gs 0.5 sg fill gr gs cm sm st gr np -0.4 -0.4 sc LB gs  1 sg fill gr cm sm st}{Asc LB gs 1 sg fill gr gs cm sm st gr np -0.4 -0.4 dp sc LB gs 0.5 sg fill gr cm sm st}{Asc DLB -1 -1 s c DLB gs 1 sg fill grgs  cm sm st gr np 90 ro DLB -1 -1 sc DLB gs  0.5 sg fill gr cm sm st}{Asc gs -1 -1 sc ZLB gs  1 sg fill gr cm sm st gr gs 0.3 1 sc 0 0 12 0 360 arc gs 0.5 sg fill gr cm sm st gr ZLB gs 1 sg fill gr cm sm st}{Asc gs  -1 -1 s c ZLB gs 0.5 sgfill gr cm sm st gr gs 0.3 1 sc 0 0 12 0 360 arc gs 1 sg fill gr cm sm s t gr ZLB gs 0.5 sg fill gr cm sm st}{0 0 p mv px py p l cm sm st}{gs  bW 0 ne{bW}{5 lW m}ie sl 0 0 p mv px py p l cm sm st gr}{gs dL 0 0 p mv px py p l cm sm st gr}{OrA 1 16 dv dp sc0 1 p mv 0 0 1 0 1 ac 8 0 8 -1 1 ac 8 0 16 0 1 ac 16 0 16 1 1 ac cm sm st}]e 39 s g exec gr}ie}b/Cr{0 360 np arc s t}b/DS{np p mv p l st}b/DD{gs dL DS gr}b/DB{gs  12 OB bW 0 ne{bW}{2 bd m}ie sl np 0 0 p mv 0 p l s t gr}b/ap{e 3 ix ae 2 ix a}b/PT{8 OB 1 sc 0 bd p 0 0 p 3 -1 r s 3 1 r e s  e 0 0 p mv 1 0 p l 0 0 p ap mv 1 0 p ap l e n e n 0 0 p ap mv 1 0 p ap l pp pp}b/DT{gs np PT cm sm st gr}b/Bd{[{pp}{[{DS}{DD}{gs  12 OB np bW 0 ne{bW 2 dv/bd x}if dp nH dv dp 3 -1 ro 2 dv s{dp bd p mv bd n p l}for st gr}{gs  12 OB 1 sc np bW 0 ne{bW 2 dv/bd x}if 1 1 nH 1 s{nH dv dp bd m wF m o o p mv n p l}for cm sm s t gr}{pp}{DB}{gs  12 OB np 0 lW 2 dv o o n p mv p l bW 0 ne{bW 2 dv}{bd}ie wF m o o p l n p lcp fill gr}{pp}{gs 12 OB/bL x bW 0 ne{bW 2 dv/bd x}if np 0 0 p mv bL bd 4 m dv round 2 o o lt{e}if pp cvi/nSq x bL nSq 2 m dv dp sc nSq{.135  .667 .865  .667 1 0 rcurveto .135 -.667 .865 -.667 1 0 rcurveto}repeat cm sm st gr}]o 1 g 1 s g e 2 4 gi al pp5 -1 r exec}{al pp 8 ix 1 eq{DD}{DS}ie 5 -1 r 2 eq{DB}{DS}ie pp}{2 4 gi al pp DT}]o 0 g g exec}b/CS{p mv p l cw lW cW 2 m a sl sp s l}b/cB{12 OB 0 0 p mv 0 p l cm sm cw bW 0 ne{bW}{bd 2 m}ie cW 2 m a sl sp s l}b/CW{12 OB 1 sc cW lW 2 dva 0 o p mv 0 e n p l bW 0 ne{bW 2 dv}{bd}ie wF m cW a 1 o n p l 1 e p l cp cm sm}b/CB{np[{[{CS}{CS}{cB}{CW}{pp}{cB}{CW}{pp}{cB}]o 1 g 1 s g e 2 4 gi al pp 5 -1 r exec}{al pp p mv p l CS pp pp}{2 4 gi al pp PT cm sm cw cW 2 m sl sp s l}]o0 g 1 s g exec clip}b/Ct{bs rot g bs rot g gs o CB CB 1 setgray clippath fill 0 s etgray Bd gr}b/wD 18 dict d/WI{wx dx ne{wy dy s wx dx s dv/m1 x wy m1 wx m s/b1 x}if lx ex ne{ly ey s lx ex s dv/m2 x ly m2 lx m s/b2 x wx dx ne{b2 b1 s m1 m2 s dv}{wx}iedp m2 m b2 a}{ex n dp m1 m b1 a}ie}b/WW{gs wD begin bs  e g 2 4 gi al pp o o xl 4 -1 r 3 -1 r s/wx x s/wy x bs e g 2 4 gi al pp 4 -1 r 3 -1 r s/lx x s /ly x 0 bW 2 dv wF m o o wy wx at mt ro tr/dy x/dx x ly lx at mt ro tr n/ey x n/ex x np wxwy p mv WI p l ex n/ex x ey n/ey x dx n/dx x dy n/dy x lx ly p l WI p l cp fill end gr}b/In{px dx ne{py dy s  px dx s dv/m1 x py m1 px m s/b1 x}if lx 0 ne{ly lx dv/m2 x ly ey s m2 lx ex s m s/b2 x px dx ne{b2 b1 s m1 m2 s dv}{px}iedp m2 m b2 a}{ex n dp m1 m b1 a}ie}b/BW{wD begin bs e g/wb x bs  e g/bb x wb 4 g/cX x wb 5 g/cY x bb 4 g cX eq bb 5 g cY eq and{bb 2 g bb 3 g}{bb 4 g bb 5 g}ie cY s/ly x cX s /lx x/wx wb 2 g cX s d/wy wb 3 g cY s d 0 bW 2 dv ly lx at mt ro tr/ey x/ex x0 bW 2 dv wF m wy wx at mt ro tr/dy x/dx x 0 lW 2 dv wy wx at mt ro tr wy a/py x wx a/px x gs cX cY xl np px py p mv In p l lx ex s ly ey s  p l ex n/ex x ey n/ey x dx n/dx x dy n/dy x wx 2 m px s/px x wy 2 m py s/py x lx ex s ly ey s  p lIn p l px py p l cp fill gr end}b/Db{bs{dp type[]type eq{dp 0 g 2 eq{gs  dp 1 g 1 eq{dL}if 6 4 gi al pp DS gr}{dp 0 g 3 eq{2 4 gi al pp DT}{pp}ie}ie}{pp}ie}forall}b/I{counttomark dp 1 gt{2 1 rot{-1 r}for}{pp}ie}b/DSt{o/iX x dp/iY x o/cXx dp/cY x np p mv counttomark{bs e g 2 4 gi al pp o cX ne o cY ne or{4 1 r 4 1 r}if pp pp o/cX x dp/cY x o iX eq o iY eq and{pp pp cp}{p l}ie}repeat pp s t}b/SP{gs/sf x/lW x/bW x/cW x count 9 ge 7 ix 192837465 eq and{ 7 -1 r pp6 -2 r o o xl 7 -1 r s e 7 -1 r s e 5 -1 r dv neg e 5 -1 r dv neg e sc neg e neg e xl}{xl pp pp}ifelse 1 1 S dv dp sc cm currentmatrix pp lW s l 4.0 setmiterlimit np}b end
260 175 118 251 18 113 20 20 chemdict begin SP /bs[[1 1 3320 6240 2720 6240][2 0 2720 6240 2420 6760 2782 6348 2544 6760 ][1 1 2420 6760 2720 7280][1 1 2720 7280 3320 7280][1 1 3320 7280 3620 6760][2 0 3320 6240 3620 6760 3258 6348 3496 6760 ][1 1 3320 6240 3664 5748][1 1 2720 7280 2478 7829][2 0 3320 7280 3588 7817 3442 7283 3654 7708 ][1 1 3664 5748 3554 5158][1 1 5240 6800 5485 7348][1 1 3664 5748 4264 5720][2 0 5485 7348 6083 7410 5558 7247 6033 7296 ][1 1 6083 7410 6436 6923][2 0 6436 6923 6191 6374 6312 6911 6118 6475 ][1 1 6191 6374 5594 6312][1 1 5240 6800 5594 6312][1 1 6436 6923 7034 6860][1 1 7034 6860 7159 6272][2 0 7159 6272 6639 5971 7038 6326 6652 6103 ][1 1 6191 6374 6639 5971][2 0 5594 6312 5334 5771 5469 6301 5265 5875 ][1 1 5116 6800 4520 6728][1 1 5165 7856 4567 7792][1 1 7034 6860 7422 7318][1 1 5485 7348 5165 7856][1 1 5165 7856 5457 8382][1 2 4264 5720 5334 5771][1 2 3620 6760 4520 6728][1 2 3588 7817 4567 7792]]d gs dL [27 I 5334 5771 DSt [28 I 4520 6728 DSt [29 I 4567 7792 DSt gr [0 6 9 I 1 2 7 2478 7829 DSt [3 I 4 5 3320 6240 DSt [8 I 3588 7817 DSt [10 16 15 20 19 18 24 I 25 26 5457 8382 DSt [11 I 4264 5720 DSt [12 I 13 17 7034 6860 DSt [14 I 6191 6374 DSt [21 I 5334 5771 DSt [22 I 4520 6728 DSt [23 I 4567 7792 DSt Db gr end 

N
N

N

R O

H

N

H

N
N

NO

H
R

NH
H

% ChemDraw Laser Prep% CopyRight 1986, 1987, Cambridge Scientific Computing, Inc.userdict/chemdict 145 dict put chemdict begin/version 24 def/b{bind def}bind def/L{load def}b/d/def L/a/add L/al/aload L/at/atan L/cp/closepath L/cv/curveto L/cw/currentlinewidth L/cpt/currentpoint L/dv/div L/dp/dup L/e/exch L/g/get L/gi/getintervalL/gr/grestore L/gs/gsave L/ie/ifelse L/ix/index L/l/lineto L/mt/matrix L/mv/moveto L/m/mul L/n/neg L/np/newpath L/pp/pop L/r/roll L/ro/rotate L/sc/s cale L/sg/setgray L/sl/setlinewidth L/sm/setmatrix L/st/s troke L/sp/s trokepath L/s/subL/tr/transform L/xl/trans late L/S{s f m}b/dA{[3 S]}b/dL{dA dp 0 3 lW m put 0 setdash}d/cR 12 d/wF 1.5 d/aF 10 d/aR 0.25 d/aA 45 d/nH 6 d/o{1 ix}b/rot{3 -1 r}b/x{e d}b/cm mt currentmatrix d/p{tr round e round e itransform}b/Ha{gs np 3 1 rxl dp sc -.6 1.2 p mv 0.6 1.2 p l -.6 2.2 p mv 0.6 2.2 p l cm sm st gr}b/OB{/bS x 3 ix 3 ix xl 3 -1 r s  3 1 r e s  o o at ro dp m e dp m a sqrt dp bS dv dp lW 2 m lt{pp lW 2 m}if/bd x}b/DA{np 0 0 mv aL 0 aR aL m 180 aA s 180 aA a arc cp fill}b/OA{np0 cw -2 dv mv aL 0 aR aL m 180 aA s 180 arc 0 cw -2 dv rlineto cp fill}b/SA{aF m lW m/aL x aL 1 aR s  m np 0 p mv rad 0 p l gs cm sm st gr}b/CA{aF lW m/aL x aL 1 aR s  m 2 dv rad dp m o dp m s dp 0 le{pppp pp}{sqrt at 2 m np rad 0 rad 180 6 -1 r s  180 6 -1 r s arc gs cm sm st gr cpt e at ro}ie}b/AA{np rad 0 rad 180 180 6 -1 r a arc gs  cm sm s t gr}b/RA{lW m/w x np rad w p mv w w p l rad w n p mv w w n p l w 2 m dp p mv 0 0 pl w 2 m dp n p l st}b/HA{lW m/w x np 0 0 p mv w 2 m dp p l w 2 m w p l rad w p l rad w n p l w 2 m w n p l w 2 m dp n p l cp st}b/Ar1{gs 5 1 r 3 ix 3 ix xl 3 -1 r s 3 1 r e s o o at ro dp m e dp m a sqrt/rad x[{2.25 SA DA}{1.5 SA DA}{1SA DA}{cw 5 m sl 3.375 SA DA}{cw 5 m sl 2.25 SA DA}{cw 5 m s l 1.5 SA DA}{270 CA DA}{180 CA DA}{120 CA DA}{90 CA DA}{3 RA}{3 HA}{1 -1 s c 270 CA DA}{1 -1 sc 180 CA DA}{1 -1 s c 120 CA DA}{1 -1 sc 90 CA DA}{6RA}{6 HA}{dL 2.25 SA DA}{dL 1.5 SA DA}{dL 1 SA DA}{2.25 SA OA}{1.5 SA OA}{1 SA OA}{1 -1 s c 2.25 SA OA}{1 -1 sc 1.5 SA OA}{1 -1 sc 1 SA OA}{270 CA OA}{180 CA OA}{120 CA OA}{90 CA OA}{1 -1 sc 270 CA OA}{1-1 sc 180 CA OA}{1 -1 sc 120 CA OA}{1 -1 sc 90 CA OA}{1 -1 sc 270 AA}{1 -1 s c 180 AA}{1 -1 s c 120 AA}{1 -1 sc 90 AA}]e g exec gr}b/ac{arcto 4{pp}repeat}b/pA 32 d/rO{4 lW m}b/Ac{0 0 px dp m py dp m a sqrt 0 360 arc cm sm gs sg fill grst}b/OrA{py px at ro px dp m py dp m a sqrt dp rev{neg}if s c}b/Ov{OrA 1 0.4 s c 0 0 1 0 360 arc cm sm gs  sg fill gr st}b/Asc{OrA 1 27 dv dp s c}b/LB{9 -6 mv 21 -10 27 -8 27 0 cv 27 8 21 10 9 6 cv -3 2 -3 -2 9 -6 cv cp}b/DLB{0 0 mv -4.8 4.8 l-8 8 -9.6 12 -9.6 16.8 cv -9.6 21.6 -8 24.6 -4.8 25.8 cv -1.6 27 1.6 27 4.8 25.8 cv 8 24.6 9.6 21.6 9.6 16.8 cv 9.6 12 8 8 4.8 4.8 cv cp}b/ZLB{LB}b/Ar{dp 39 lt{Ar1}{gs  5 1 r o  o xl 3 -1 r e s 3 1 r s e o 0 lt o  0 lt ne/rev xdp 0 lt{1 -1 sc neg}if/py x dp 0 lt{-1 1 s c neg}if/px x np[{py 16 div dup 2 S lt{pp 2 S}if/lp x lp 0 p mv 0 0 p l 0 py p l lp py p l px lp s 0 p mv px 0 p l px py p l px lp s  py p l cm sm st}{py 16 div dup 2 S lt{pp 2 S}if/lp x lp 0 p mv 0 0 0 py lp ac0 py 2 dv lp neg o lp ac 0 py 2 dv 0 py lp ac 0 py lp py lp ac px lp s 0 p mv px 0 px py lp ac px py 2 dv px lp a o lp ac px py 2 dv px py lp ac px py px lp s py lp ac cm sm s t}{py dp 2 dv py 180 pA s 180 pA a arc st np px py s py 2 dvpy pA dp neg arcn s t}{0 0 p mv 0 py p l px py p l px 0 p l cp cm sm st}{px lW 2 dv a lW -2 dv p mv rO dp rlineto px lW 2 dv a rO a py lW 2 dv a rO a p l rO lW -2 dv a py lW 2 dv a rO a p l lW -2 dv py lW 2 dv a p l 0 py p l px py p l px 0 p l cp fill0 0 p mv 0 py p l px py p l px 0 p l cp cm sm st}{0 rO p mv 0 py px py rO ac px py px 0 rO ac px 0 0 0 rO ac 0 0 0 py rO ac cp cm sm st}{rO py p mv rO rO xl 0 py px py rO ac px py px 0 rO ac px 0 0 0 rO ac rO neg dp xl px py 0 py rO accp fill 0 rO p mv 0 py px py rO ac px py px 0 rO ac px 0 0 0 rO ac 0 0 0 py rO ac cp st}{1.0 Ac}{0.5 Ac}{1.0 Ov}{0.5 Ov}{Asc LB gs  1 sg fill gr cm sm st}{Asc LB gs 0.5 sg fill gr cm sm st}{Asc LB gs  0.5 sg fill gr gs  cm sm st grnp -1 -1 sc LB gs 1 sg fill gr cm sm s t}{Asc LB gs 0.5 sg fill gr gs cm sm st gr np -0.4 -0.4 sc LB gs  1 sg fill gr cm sm st}{Asc LB gs 1 sg fill gr gs cm sm st gr np -0.4 -0.4 dp sc LB gs 0.5 sg fill gr cm sm st}{Asc DLB -1 -1 s c DLB gs 1 sg fill grgs  cm sm st gr np 90 ro DLB -1 -1 sc DLB gs  0.5 sg fill gr cm sm st}{Asc gs -1 -1 sc ZLB gs  1 sg fill gr cm sm st gr gs 0.3 1 sc 0 0 12 0 360 arc gs 0.5 sg fill gr cm sm st gr ZLB gs 1 sg fill gr cm sm st}{Asc gs  -1 -1 s c ZLB gs 0.5 sgfill gr cm sm s t gr gs 0.3 1 sc 0 0 12 0 360 arc gs 1 sg fill gr cm sm s t gr ZLB gs 0.5 sg fill gr cm sm st}{0 0 p mv px py p l cm sm st}{gs  bW 0 ne{bW}{5 lW m}ie sl 0 0 p mv px py p l cm sm st gr}{gs dL 0 0 p mv px py p l cm sm st gr}{OrA 1 16 dv dp sc0 1 p mv 0 0 1 0 1 ac 8 0 8 -1 1 ac 8 0 16 0 1 ac 16 0 16 1 1 ac cm sm st}]e 39 s g exec gr}ie}b/Cr{0 360 np arc s t}b/DS{np p mv p l st}b/DD{gs dL DS gr}b/DB{gs  12 OB bW 0 ne{bW}{2 bd m}ie sl np 0 0 p mv 0 p l s t gr}b/ap{e 3 ix ae 2 ix a}b/PT{8 OB 1 s c 0 bd p 0 0 p 3 -1 r s 3 1 r e s  e 0 0 p mv 1 0 p l 0 0 p ap mv 1 0 p ap l e n e n 0 0 p ap mv 1 0 p ap l pp pp}b/DT{gs np PT cm sm st gr}b/Bd{[{pp}{[{DS}{DD}{gs  12 OB np bW 0 ne{bW 2 dv/bd x}if dp nH dv dp 3 -1 ro 2 dv s{dp bd p mv bd n p l}for st gr}{gs  12 OB 1 s c np bW 0 ne{bW 2 dv/bd x}if 1 1 nH 1 s{nH dv dp bd m wF m o o p mv n p l}for cm sm s t gr}{pp}{DB}{gs  12 OB np 0 lW 2 dv o o n p mv p l bW 0 ne{bW 2 dv}{bd}ie wF m o o p l n p lcp fill gr}{pp}{gs 12 OB/bL x bW 0 ne{bW 2 dv/bd x}if np 0 0 p mv bL bd 4 m dv round 2 o o lt{e}if pp cvi/nSq x bL nSq 2 m dv dp sc nSq{.135  .667 .865  .667 1 0 rcurveto .135 -.667 .865 -.667 1 0 rcurveto}repeat cm sm st gr}]o 1 g 1 s g e 2 4 gi al pp5 -1 r exec}{al pp 8 ix 1 eq{DD}{DS}ie 5 -1 r 2 eq{DB}{DS}ie pp}{2 4 gi al pp DT}]o 0 g g exec}b/CS{p mv p l cw lW cW 2 m a sl sp s l}b/cB{12 OB 0 0 p mv 0 p l cm sm cw bW 0 ne{bW}{bd 2 m}ie cW 2 m a sl sp s l}b/CW{12 OB 1 s c cW lW 2 dva 0 o p mv 0 e n p l bW 0 ne{bW 2 dv}{bd}ie wF m cW a 1 o n p l 1 e p l cp cm sm}b/CB{np[{[{CS}{CS}{cB}{CW}{pp}{cB}{CW}{pp}{cB}]o 1 g 1 s g e 2 4 gi al pp 5 -1 r exec}{al pp p mv p l CS pp pp}{2 4 gi al pp PT cm sm cw cW 2 m sl sp s l}]o0 g 1 s g exec clip}b/Ct{bs rot g bs rot g gs o CB CB 1 s etgray clippath fill 0 s etgray Bd gr}b/wD 18 dict d/WI{wx dx ne{wy dy s wx dx s dv/m1 x wy m1 wx m s/b1 x}if lx ex ne{ly ey s lx ex s dv/m2 x ly m2 lx m s/b2 x wx dx ne{b2 b1 s m1 m2 s  dv}{wx}iedp m2 m b2 a}{ex n dp m1 m b1 a}ie}b/WW{gs wD begin bs  e g 2 4 gi al pp o o xl 4 -1 r 3 -1 r s/wx x s/wy x bs e g 2 4 gi al pp 4 -1 r 3 -1 r s/lx x s /ly x 0 bW 2 dv wF m o o wy wx at mt ro tr/dy x/dx x ly lx at mt ro tr n/ey x n/ex x np wxwy p mv WI p l ex n/ex x ey n/ey x dx n/dx x dy n/dy x lx ly p l WI p l cp fill end gr}b/In{px dx ne{py dy s  px dx s dv/m1 x py m1 px m s/b1 x}if lx 0 ne{ly lx dv/m2 x ly ey s m2 lx ex s m s/b2 x px dx ne{b2 b1 s m1 m2 s dv}{px}iedp m2 m b2 a}{ex n dp m1 m b1 a}ie}b/BW{wD begin bs e g/wb x bs  e g/bb x wb 4 g/cX x wb 5 g/cY x bb 4 g cX eq bb 5 g cY eq and{bb 2 g bb 3 g}{bb 4 g bb 5 g}ie cY s/ly x cX s /lx x/wx wb 2 g cX s d/wy wb 3 g cY s d 0 bW 2 dv ly lx at mt ro tr/ey x/ex x0 bW 2 dv wF m wy wx at mt ro tr/dy x/dx x 0 lW 2 dv wy wx at mt ro tr wy a/py x wx a/px x gs cX cY xl np px py p mv In p l lx ex s ly ey s  p l ex n/ex x ey n/ey x dx n/dx x dy n/dy x wx 2 m px s/px x wy 2 m py s /py x lx ex s ly ey s  p lIn p l px py p l cp fill gr end}b/Db{bs{dp type[]type eq{dp 0 g 2 eq{gs dp 1 g 1 eq{dL}if 6 4 gi al pp DS gr}{dp 0 g 3 eq{2 4 gi al pp DT}{pp}ie}ie}{pp}ie}forall}b/I{counttomark dp 1 gt{2 1 rot{-1 r}for}{pp}ie}b/DSt{o/iX x dp/iY x o/cXx dp/cY x np p mv counttomark{bs e g 2 4 gi al pp o cX ne o cY ne or{4 1 r 4 1 r}if pp pp o/cX x dp/cY x o iX eq o iY eq and{pp pp cp}{p l}ie}repeat pp s t}b/SP{gs/sf x/lW x/bW x/cW x count 9 ge 7 ix 192837465 eq and{ 7 -1 r pp6 -2 r o o xl 7 -1 r s e 7 -1 r s e 5 -1 r dv neg e 5 -1 r dv neg e sc neg e neg e xl}{xl pp pp}ifels e 1 1 S dv dp s c cm currentmatrix pp lW s l 4.0 setmiterlimit np}b end
259 143 117 67 18 113 20 20 chemdict begin SP /bs[[1 1 3340 2480 2740 2480][2 0 2740 2480 2440 3000 2802 2588 2564 3000 ][1 1 2440 3000 2740 3520][1 1 2740 3520 3340 3520][1 1 3340 3520 3640 3000][1 1 3340 2480 3640 3000][1 1 2740 2480 2457 1951][1 1 2740 3520 2498 4069][2 0 3372 3465 3656 4033 3281 3520 3560 4081 ][2 0 3340 2480 3623 1951 3463 2478 3691 2051 ][1 1 3640 3000 4240 3000][1 1 5200 3040 5445 3588][2 0 5445 3588 6043 3650 5518 3487 5993 3536 ][1 1 6043 3650 6396 3163][2 0 6396 3163 6151 2614 6272 3151 6078 2715 ][1 1 6151 2614 5554 2552][2 0 5200 3040 5554 2552 5324 3052 5604 2665 ][1 1 6396 3163 6994 3100][1 1 6994 3100 7119 2512][2 0 7119 2512 6599 2211 6998 2566 6612 2343 ][1 1 6151 2614 6599 2211][1 1 5554 2552 5334 1993][1 1 5334 1993 5652 1483][1 1 5334 1993 4759 1818][1 1 6994 3100 7382 3558][1 2 3623 1951 4759 1818][1 2 4240 3000 5200 3040]]d gs dL [25 I 4759 1818 DSt [26 I 5200 3040 DSt gr [0 5 4 3 2 1 6 I 2740 2480 DSt [7 I 2498 4069 DSt [9 I 3623 1951 DSt [10 I 4240 3000 DSt [11 16 21 23 I 12 13 17 24 7382 3558 DSt [14 I 15 5554 2552 DSt [18 I 19 20 6151 2614 DSt [22 I 5652 1483 DSt 8 1{bs e g Bd}repeat Db gr end 
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% ChemDraw Laser Prep% CopyRight 1986, 1987, Cambridge Scientific Computing, Inc.userdict/chemdict 145 dict put chemdict begin/vers ion 24 def/b{bind def}bind def/L{load def}b/d/def L/a/add L/al/aload L/at/atan L/cp/clos epath L/cv/curveto L/cw/currentlinewidth L/cpt/currentpoint L/dv/div  L/dp/dup L/e/exch L/g/get L/gi/getin tervalL/gr/grestore L/gs /gs ave L/ie/ifelse L/ix/index L/l/lineto L/mt/matrix L/mv/moveto L/m/mul L/n/neg L/np/newpath  L/pp/pop L/r/ro ll L/ro/rotate L/s c/scale L/sg/setgray L/sl/setlinewidth L/sm/setmatrix L/st/stroke L/s p/strokepath L/s /subL/tr/transform L/xl/translate L/S{sf m}b/dA{[3 S]}b/dL{dA dp 0 3 lW m put 0 s etdash}d/cR 12 d/wF 1.5 d/aF 10 d/aR 0.25 d/aA 45 d/nH 6 d/o{1 ix}b/rot{3 -1 r}b/x{e d}b/cm mt currentmatrix d/p{tr round e round e itransform}b/Ha{gs np 3 1 rxl dp sc -.6 1.2 p mv 0.6 1.2 p l -.6 2.2 p mv 0.6 2.2 p l cm s m st gr}b/OB{/bS x 3 ix 3 ix xl 3 -1 r s 3 1 r e s o o at ro dp m e dp m a sqrt dp bS dv dp lW 2 m lt{pp lW 2 m}if/bd x}b/DA{np 0 0 mv aL 0 aR aL m 180 aA s  180 aA a arc cp fill}b/OA{np0 cw -2 dv mv aL 0 aR aL m 180 aA s  180 arc 0 cw -2 dv rlineto cp fill}b/SA{aF m lW m/aL x aL 1 aR s  m np 0 p mv rad 0 p l gs  cm s m st gr}b/CA{aF lW m/aL x aL 1 aR s  m 2 dv rad dp m o dp m s dp 0 le{pppp pp}{sqrt at 2 m np rad 0 rad 180 6 -1 r s 180 6 -1 r s arc gs cm sm st gr cpt e at ro}ie}b/AA{np rad 0 rad 180 180 6 -1 r a arc gs cm sm st gr}b/RA{lW m/w x np rad w p mv w w p l rad w n p  mv w w n p l w 2 m dp p  mv 0 0 pl w 2 m dp n p  l s t}b/HA{lW m/w x np 0 0 p  mv w 2 m dp p l w 2 m w p l rad w p l rad w n p l w 2 m w n p l w 2 m dp n p l cp st}b/Ar1{gs 5 1 r 3 ix 3 ix xl 3 -1 r s 3 1 r e s o o at ro dp m e dp m a sqrt/rad  x[{2.25 SA DA}{1.5 SA DA}{1SA DA}{cw 5 m sl 3.375 SA DA}{cw 5 m s l 2.25 SA DA}{cw 5 m sl 1.5 SA DA}{270 CA DA}{180 CA DA}{120 CA DA}{90 CA DA}{3 RA}{3 HA}{1 -1 s c 270 CA DA}{1 -1 sc 180 CA DA}{1 -1 sc 120 CA DA}{1 -1 sc 90 CA DA}{6RA}{6 HA}{dL 2.25 SA DA}{dL 1.5 SA DA}{dL 1 SA DA}{2.25 SA OA}{1.5 SA OA}{1 SA OA}{1 -1 sc 2.25 SA OA}{1 -1 sc 1.5 SA OA}{1 -1 sc 1 SA OA}{270 CA OA}{180 CA OA}{120 CA OA}{90 CA OA}{1 -1 s c 270 CA OA}{1-1 s c 180 CA OA}{1 -1 sc 120 CA OA}{1 -1 sc 90 CA OA}{1 -1 sc 270 AA}{1 -1 s c 180 AA}{1 -1 sc 120 AA}{1 -1 sc 90 AA}]e g exec gr}b/ac{arcto 4{pp}repeat}b/pA 32 d/rO{4 lW m}b/Ac{0 0 px dp m py dp m a sqrt 0 360 arc cm sm gs sg fill grst}b/OrA{py px at ro px dp m py dp m a sqrt dp rev{neg}if sc}b/Ov{OrA 1 0.4 sc 0 0 1 0 360 arc cm sm gs sg fill gr st}b/As c{OrA 1 27 dv dp s c}b/LB{9 -6 mv 21 -10 27 -8 27 0 cv 27 8 21 10 9 6 cv -3 2 -3 -2 9 -6 cv cp}b/DLB{0 0 mv -4.8 4.8 l-8 8 -9.6 12 -9.6 16.8 cv -9.6 21.6 -8 24.6 -4.8 25.8 cv -1.6 27 1.6 27 4.8 25.8 cv 8 24.6 9.6 21.6 9.6 16.8 cv 9.6 12 8 8 4.8 4.8 cv cp}b/ZLB{LB}b/Ar{dp 39 lt{Ar1}{gs  5 1 r o  o xl 3 -1 r e s  3 1 r s  e o 0 lt o 0 lt ne/rev xdp 0 lt{1 -1 sc neg}if/py x dp 0 lt{-1 1 sc neg}if/px x np[{py 16 div dup 2 S lt{pp 2 S}if/lp x lp 0 p mv 0 0 p l 0 py p l lp py p  l px lp  s  0 p mv px 0 p l px py p l px lp s  py p  l cm s m s t}{py 16 div dup 2 S lt{pp 2 S}if/lp x lp 0 p mv 0 0 0 py lp ac0 py 2 dv lp neg o lp ac 0 py 2 dv 0 py lp ac 0 py lp py lp ac px lp s 0 p mv px 0 px py lp ac px py 2 dv px lp a o lp  ac px py 2 dv px py lp ac px py px lp s py lp  ac cm s m s t}{py dp 2 dv py 180 pA s 180 pA a arc st np px py s py 2 dvpy pA dp neg arcn st}{0 0 p  mv 0 py p l px py p  l px 0 p l cp cm sm st}{px lW 2 dv a lW -2 dv p mv rO dp rlineto  px lW 2 dv a rO a py lW 2 dv a rO a p l rO lW -2 dv a py lW 2 dv a rO a p l lW -2 dv py lW 2 dv a p l 0 py p l px py p  l px 0 p l cp fill0 0 p mv 0 py p l px py p l px 0 p  l cp cm sm s t}{0 rO p mv 0 py px py rO ac px py px 0 rO ac px 0 0 0 rO ac 0 0 0 py rO ac cp cm sm st}{rO py p mv rO rO xl 0 py px py rO ac px py px 0 rO ac px 0 0 0 rO ac rO neg dp xl px py 0 py rO accp fill 0 rO p mv 0 py px py rO ac px py px 0 rO ac px 0 0 0 rO ac 0 0 0 py rO ac cp st}{1.0 Ac}{0.5 Ac}{1.0 Ov}{0.5 Ov}{Asc LB gs 1 sg fill gr cm s m s t}{Asc LB gs 0.5 sg fill gr cm s m s t}{Asc LB gs 0.5 sg fill gr gs cm sm s t grnp -1 -1 sc LB gs  1 s g fill gr cm sm st}{Asc LB gs  0.5 s g fill gr gs cm sm st gr np -0.4 -0.4 sc LB gs 1 sg fill gr cm sm s t}{Asc LB gs 1 sg  fill gr gs cm sm st gr np -0.4 -0.4 dp s c LB gs 0.5 sg fill gr cm s m st}{As c DLB -1 -1 sc DLB gs 1 sg fill grgs cm sm st gr np 90 ro DLB -1 -1 s c DLB gs 0.5 sg fill gr cm sm st}{As c gs -1 -1 sc ZLB gs 1 sg  fill gr cm sm st gr gs 0.3 1 s c 0 0 12 0 360 arc gs  0.5 s g fill gr cm sm st gr ZLB gs 1 sg fill gr cm s m st}{As c gs -1 -1 sc ZLB gs  0.5 sgfill gr cm s m s t gr gs  0.3 1 s c 0 0 12 0 360 arc gs 1 sg  fill gr cm sm st gr ZLB gs 0.5 s g fill gr cm sm st}{0 0 p mv px py p l cm s m st}{gs bW 0 ne{bW}{5 lW m}ie sl 0 0 p mv px py p l cm s m st gr}{gs dL 0 0 p mv px py p l cm sm st gr}{OrA 1 16 dv dp sc0 1 p mv 0 0 1 0 1 ac 8 0 8 -1 1 ac 8 0 16 0 1 ac 16 0 16 1 1 ac cm sm st}]e 39 s g exec gr}ie}b/Cr{0 360 np arc st}b/DS{np p mv p l st}b/DD{gs  dL DS gr}b/DB{gs  12 OB bW 0 ne{bW}{2 bd m}ie s l np 0 0 p mv 0 p l st gr}b/ap{e 3 ix ae 2 ix a}b/PT{8 OB 1 sc 0 bd p  0 0 p 3 -1 r s 3 1 r e s e 0 0 p  mv 1 0 p l 0 0 p ap mv 1 0 p ap l e n e n 0 0 p ap mv 1 0 p ap l pp pp}b/DT{gs  np PT cm s m st gr}b/Bd{[{pp}{[{DS}{DD}{gs 12 OB np bW 0 ne{bW 2 dv/bd x}if dp nH dv dp 3 -1 ro 2 dv s{dp bd p  mv bd n p l}for st gr}{gs 12 OB 1 sc np bW 0 ne{bW 2 dv/bd x}if 1 1 nH 1 s {nH dv dp bd m wF m o o p mv n p l}for cm sm st gr}{pp}{DB}{gs 12 OB np 0 lW 2 dv o o n p  mv p l bW 0 ne{bW 2 dv}{bd}ie wF m o o p l n p lcp fill gr}{pp}{gs 12 OB/bL x bW 0 ne{bW 2 dv/bd x}if np 0 0 p  mv bL bd 4 m dv round 2 o o  lt{e}if pp cvi/nSq x bL nSq 2 m dv dp sc nSq{.135  .667 .865  .667 1 0 rcurveto .135 -.667 .865 -.667 1 0 rcurveto}repeat cm s m s t gr}]o  1 g 1 s g e 2 4 gi al pp5 -1 r exec}{al pp 8 ix 1 eq{DD}{DS}ie 5 -1 r 2 eq{DB}{DS}ie pp}{2 4 gi al pp DT}]o 0 g g exec}b/CS{p mv p l cw lW cW 2 m a sl sp sl}b/cB{12 OB 0 0 p mv 0 p l cm sm cw bW 0 ne{bW}{bd 2 m}ie cW 2 m a sl sp sl}b/CW{12 OB 1 s c cW lW 2 dva 0 o p mv 0 e n p l bW 0 ne{bW 2 dv}{bd}ie wF m cW a 1 o n p  l 1 e p  l cp cm sm}b/CB{np[{[{CS}{CS}{cB}{CW}{pp}{cB}{CW}{pp}{cB}]o 1 g  1 s  g e 2 4 gi al pp 5 -1 r exec}{al pp p mv p l CS pp pp}{2 4 gi al pp PT cm sm cw cW 2 m sl s p s l}]o0 g 1 s g exec clip}b/Ct{bs  rot g  bs  rot g gs  o CB CB 1 setgray clippath  fill 0 s etgray Bd gr}b/wD 18 dict d/WI{wx dx ne{wy dy s wx dx s  dv/m1 x wy m1 wx m s/b1 x}if lx ex ne{ly ey s lx ex s dv/m2 x ly m2 lx m s /b2 x wx dx ne{b2 b1 s m1 m2 s dv}{wx}iedp m2 m b2 a}{ex n dp m1 m b1 a}ie}b/WW{gs wD begin  bs  e g  2 4 gi al pp o o xl 4 -1 r 3 -1 r s/wx x s/wy x bs e g 2 4 gi al pp 4 -1 r 3 -1 r s/lx x s /ly x 0 bW 2 dv wF m o o  wy wx at mt ro tr/dy x/dx x ly lx at mt ro  tr n/ey x n/ex x np wxwy p mv WI p l ex n/ex x ey n/ey x dx n/dx x dy n/dy x lx ly  p l WI p l cp fill end gr}b/In{px dx ne{py dy s px dx s  dv/m1 x py m1 px m s/b1 x}if lx 0 ne{ly lx dv/m2 x ly ey s m2 lx ex s m s /b2 x px dx ne{b2 b1 s m1 m2 s dv}{px}iedp m2 m b2 a}{ex n dp m1 m b1 a}ie}b/BW{wD begin bs e g/wb x bs e g /bb x wb 4 g/cX x wb 5 g/cY x bb 4 g  cX eq bb 5 g cY eq and{bb 2 g bb 3 g}{bb 4 g bb 5 g}ie cY s/ly x cX s/lx x/wx wb 2 g  cX s d/wy wb 3 g  cY s  d 0 bW 2 dv ly lx at mt ro tr/ey  x/ex x0 bW 2 dv wF m wy wx at mt ro tr/dy x/dx x 0 lW 2 dv wy wx at mt ro tr wy a/py x wx a/px x gs cX cY xl np px py p mv In p l lx ex s ly ey s p l ex n/ex x ey n/ey x dx n/dx x dy n/dy x wx 2 m px s /px x wy 2 m py s/py x lx ex s ly ey s p lIn p  l px py p l cp fill gr end}b/Db{bs{dp type[]type eq{dp 0 g 2 eq{gs  dp 1 g 1 eq{dL}if 6 4 gi al pp DS gr}{dp 0 g 3 eq{2 4 gi al pp DT}{pp}ie}ie}{pp}ie}forall}b/I{counttomark dp 1 gt{2 1 rot{-1 r}for}{pp}ie}b/DSt{o/iX x dp/iY x o/cXx dp/cY x np p mv counttomark{bs  e g  2 4 gi al pp o cX ne o cY ne or{4 1 r 4 1 r}if pp pp o/cX x dp/cY x o iX eq o iY eq and{pp pp cp}{p l}ie}repeat pp s t}b/SP{gs/sf x/lW x/bW x/cW x count 9 ge 7 ix 192837465 eq and{ 7 -1 r pp6 -2 r o o  xl 7 -1 r s e 7 -1 r s  e 5 -1 r dv neg e 5 -1 r dv neg e sc neg e neg e xl}{xl pp pp}ifelse 1 1 S dv dp sc cm currentmatrix pp lW sl 4.0 s etmiterlimit np}b end
259 143 117 67 18 113 20 20 chemdict begin SP /bs[[1 1 3340 2480 2740 2480][2 0 2740 2480 2440 3000 2802 2588 2564 3000 ][1 1 2440 3000 2740 3520][1 1 2740 3520 3340 3520][1 1 3340 3520 3640 3000][1 1 3340 2480 3640 3000][1 1 2740 2480 2457 1951][1 1 2740 3520 2498 4069][2 0 3372 3465 3656 4033 3281 3520 3560 4081 ][2 0 3340 2480 3623 1951 3463 2478 3691 2051 ][1 1 3640 3000 4240 3000][1 1 5200 3040 5445 3588][2 0 5445 3588 6043 3650 5518 3487 5993 3536 ][1 1 6043 3650 6396 3163][2 0 6396 3163 6151 2614 6272 3151 6078 2715 ][1 1 6151 2614 5554 2552][2 0 5200 3040 5554 2552 5324 3052 5604 2665 ][1 1 6396 3163 6994 3100][1 1 6994 3100 7119 2512][2 0 7119 2512 6599 2211 6998 2566 6612 2343 ][1 1 6151 2614 6599 2211][1 1 5554 2552 5334 1993][1 1 5334 1993 5652 1483][1 1 5334 1993 4759 1818][1 1 6994 3100 7382 3558][1 2 3623 1951 4759 1818][1 2 4240 3000 5200 3040]]d gs dL [25 I 4759 1818 DSt [26 I 5200 3040 DSt gr [0 5 4 3 2 1 6 I 2740 2480 DSt [7 I 2498 4069 DSt [9 I 3623 1951 DSt [10 I 4240 3000 DSt [11 16 21 23 I 12 13 17 24 7382 3558 DSt [14 I 15 5554 2552 DSt [18 I 19 20 6151 2614 DSt [22 I 5652 1483 DSt 8 1{bs  e g  Bd}repeat Db gr end 
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% ChemDraw Laser Prep% CopyRight 1986, 1987, Cambridge Scientific Computing, Inc.userdict/chemdict 145 dict put chemdict begin/version 24 def/b{bind def}bind def/L{load def}b/d/def L/a/add L/al/aload L/at/atan L/cp/closepath L/cv/curveto L/cw/currentlinewidth L/cpt/currentpoint L/dv/div L/dp/dup L/e/exch L/g/get L/gi/getintervalL/gr/grestore L/gs/gsave L/ie/ifelse L/ix/index L/l/lineto L/mt/matrix L/mv/moveto L/m/mul L/n/neg L/np/newpath L/pp/pop L/r/roll L/ro/rotate L/sc/scale L/sg/setgray L/s l/setlinewidth L/sm/setmatrix L/st/s troke L/sp/strokepath L/s/subL/tr/transform L/xl/trans late L/S{s f m}b/dA{[3 S]}b/dL{dA dp 0 3 lW m put 0 setdash}d/cR 12 d/wF 1.5 d/aF 10 d/aR 0.25 d/aA 45 d/nH 6 d/o{1 ix}b/rot{3 -1 r}b/x{e d}b/cm mt currentmatrix d/p{tr round e round e itrans form}b/Ha{gs np 3 1 rxl dp sc -.6 1.2 p mv 0.6 1.2 p l -.6 2.2 p mv 0.6 2.2 p l cm sm st gr}b/OB{/bS x 3 ix 3 ix xl 3 -1 r s 3 1 r e s o o at ro dp m e dp m a sqrt dp bS dv dp lW 2 m lt{pp lW 2 m}if/bd x}b/DA{np 0 0 mv aL 0 aR aL m 180 aA s 180 aA a arc cp fill}b/OA{np0 cw -2 dv mv aL 0 aR aL m 180 aA s 180 arc 0 cw -2 dv rlineto cp fill}b/SA{aF m lW m/aL x aL 1 aR s m np 0 p mv rad 0 p l gs  cm sm s t gr}b/CA{aF lW m/aL x aL 1 aR s m 2 dv rad dp m o dp m s dp 0 le{pppp pp}{sqrt at 2 m np rad 0 rad 180 6 -1 r s 180 6 -1 r s arc gs cm sm st gr cpt e at ro}ie}b/AA{np rad 0 rad 180 180 6 -1 r a arc gs cm sm st gr}b/RA{lW m/w x np rad w p mv w w p l rad w n p mv w w n p l w 2 m dp p mv 0 0 pl w 2 m dp n p l st}b/HA{lW m/w x np 0 0 p mv w 2 m dp p l w 2 m w p l rad w p l rad w n p l w 2 m w n p l w 2 m dp n p l cp st}b/Ar1{gs  5 1 r 3 ix 3 ix xl 3 -1 r s  3 1 r e s o o at ro dp m e dp m a sqrt/rad x[{2.25 SA DA}{1.5 SA DA}{1SA DA}{cw 5 m sl 3.375 SA DA}{cw 5 m sl 2.25 SA DA}{cw 5 m sl 1.5 SA DA}{270 CA DA}{180 CA DA}{120 CA DA}{90 CA DA}{3 RA}{3 HA}{1 -1 sc 270 CA DA}{1 -1 sc 180 CA DA}{1 -1 sc 120 CA DA}{1 -1 sc 90 CA DA}{6RA}{6 HA}{dL 2.25 SA DA}{dL 1.5 SA DA}{dL 1 SA DA}{2.25 SA OA}{1.5 SA OA}{1 SA OA}{1 -1 sc 2.25 SA OA}{1 -1 s c 1.5 SA OA}{1 -1 s c 1 SA OA}{270 CA OA}{180 CA OA}{120 CA OA}{90 CA OA}{1 -1 sc 270 CA OA}{1-1 sc 180 CA OA}{1 -1 sc 120 CA OA}{1 -1 sc 90 CA OA}{1 -1 sc 270 AA}{1 -1 sc 180 AA}{1 -1 sc 120 AA}{1 -1 sc 90 AA}]e g exec gr}b/ac{arcto 4{pp}repeat}b/pA 32 d/rO{4 lW m}b/Ac{0 0 px dp m py dp m a sqrt 0 360 arc cm sm gs sg fill grst}b/OrA{py px at ro px dp m py dp m a sqrt dp rev{neg}if sc}b/Ov{OrA 1 0.4 sc 0 0 1 0 360 arc cm sm gs sg fill gr st}b/Asc{OrA 1 27 dv dp sc}b/LB{9 -6 mv 21 -10 27 -8 27 0 cv 27 8 21 10 9 6 cv -3 2 -3 -2 9 -6 cv cp}b/DLB{0 0 mv -4.8 4.8 l-8 8 -9.6 12 -9.6 16.8 cv -9.6 21.6 -8 24.6 -4.8 25.8 cv -1.6 27 1.6 27 4.8 25.8 cv 8 24.6 9.6 21.6 9.6 16.8 cv 9.6 12 8 8 4.8 4.8 cv cp}b/ZLB{LB}b/Ar{dp 39 lt{Ar1}{gs 5 1 r o o xl 3 -1 r e s  3 1 r s  e o 0 lt o 0 lt ne/rev xdp 0 lt{1 -1 sc neg}if/py x dp 0 lt{-1 1 sc neg}if/px x np[{py 16 div dup 2 S lt{pp 2 S}if/lp x lp 0 p mv 0 0 p l 0 py p l lp py p l px lp s 0 p mv px 0 p l px py p l px lp s py p l cm sm s t}{py 16 div dup 2 S lt{pp 2 S}if/lp x lp 0 p mv 0 0 0 py lp ac0 py 2 dv lp neg o lp ac 0 py 2 dv 0 py lp ac 0 py lp py lp ac px lp s  0 p mv px 0 px py lp ac px py 2 dv px lp a o lp ac px py 2 dv px py lp ac px py px lp s  py lp ac cm sm st}{py dp 2 dv py 180 pA s  180 pA a arc st np px py s py 2 dvpy pA dp neg arcn s t}{0 0 p mv 0 py p l px py p l px 0 p l cp cm sm st}{px lW 2 dv a lW -2 dv p mv rO dp rlineto px lW 2 dv a rO a py lW 2 dv a rO a p l rO lW -2 dv a py lW 2 dv a rO a p l lW -2 dv py lW 2 dv a p l 0 py p l px py p l px 0 p l cp fill0 0 p mv 0 py p l px py p l px 0 p l cp cm sm st}{0 rO p mv 0 py px py rO ac px py px 0 rO ac px 0 0 0 rO ac 0 0 0 py rO ac cp cm sm st}{rO py p mv rO rO xl 0 py px py rO ac px py px 0 rO ac px 0 0 0 rO ac rO neg dp xl px py 0 py rO accp fill 0 rO p mv 0 py px py rO ac px py px 0 rO ac px 0 0 0 rO ac 0 0 0 py rO ac cp st}{1.0 Ac}{0.5 Ac}{1.0 Ov}{0.5 Ov}{Asc LB gs 1 sg fill gr cm sm st}{Asc LB gs 0.5 sg fill gr cm sm s t}{Asc LB gs  0.5 sg fill gr gs  cm sm st grnp -1 -1 sc LB gs 1 sg fill gr cm sm s t}{Asc LB gs  0.5 sg fill gr gs  cm sm st gr np -0.4 -0.4 s c LB gs 1 sg fill gr cm sm s t}{Asc LB gs  1 sg fill gr gs  cm sm s t gr np -0.4 -0.4 dp sc LB gs 0.5 sg fill gr cm sm st}{Asc DLB -1 -1 s c DLB gs 1 sg fill grgs  cm sm st gr np 90 ro DLB -1 -1 sc DLB gs  0.5 sg fill gr cm sm st}{Asc gs -1 -1 sc ZLB gs 1 sg fill gr cm sm s t gr gs 0.3 1 s c 0 0 12 0 360 arc gs 0.5 sg fill gr cm sm s t gr ZLB gs 1 sg fill gr cm sm s t}{Asc gs  -1 -1 s c ZLB gs 0.5 sgfill gr cm sm st gr gs 0.3 1 sc 0 0 12 0 360 arc gs 1 sg fill gr cm sm st gr ZLB gs 0.5 sg fill gr cm sm st}{0 0 p mv px py p l cm sm s t}{gs bW 0 ne{bW}{5 lW m}ie s l 0 0 p mv px py p l cm sm s t gr}{gs  dL 0 0 p mv px py p l cm sm st gr}{OrA 1 16 dv dp sc0 1 p mv 0 0 1 0 1 ac 8 0 8 -1 1 ac 8 0 16 0 1 ac 16 0 16 1 1 ac cm sm st}]e 39 s g exec gr}ie}b/Cr{0 360 np arc st}b/DS{np p mv p l s t}b/DD{gs dL DS gr}b/DB{gs 12 OB bW 0 ne{bW}{2 bd m}ie sl np 0 0 p mv 0 p l s t gr}b/ap{e 3 ix ae 2 ix a}b/PT{8 OB 1 sc 0 bd p 0 0 p 3 -1 r s  3 1 r e s  e 0 0 p mv 1 0 p l 0 0 p ap mv 1 0 p ap l e n e n 0 0 p ap mv 1 0 p ap l pp pp}b/DT{gs np PT cm sm st gr}b/Bd{[{pp}{[{DS}{DD}{gs 12 OB np bW 0 ne{bW 2 dv/bd x}if dp nH dv dp 3 -1 ro 2 dv s{dp bd p mv bd n p l}for s t gr}{gs  12 OB 1 sc np bW 0 ne{bW 2 dv/bd x}if 1 1 nH 1 s{nH dv dp bd m wF m o o p mv n p l}for cm sm st gr}{pp}{DB}{gs 12 OB np 0 lW 2 dv o o n p mv p l bW 0 ne{bW 2 dv}{bd}ie wF m o o p l n p lcp fill gr}{pp}{gs 12 OB/bL x bW 0 ne{bW 2 dv/bd x}if np 0 0 p mv bL bd 4 m dv round 2 o o lt{e}if pp cvi/nSq x bL nSq 2 m dv dp sc nSq{.135  .667 .865  .667 1 0 rcurveto .135 -.667 .865 -.667 1 0 rcurveto}repeat cm sm st gr}]o 1 g 1 s g e 2 4 gi al pp5 -1 r exec}{al pp 8 ix 1 eq{DD}{DS}ie 5 -1 r 2 eq{DB}{DS}ie pp}{2 4 gi al pp DT}]o 0 g g exec}b/CS{p mv p l cw lW cW 2 m a s l sp sl}b/cB{12 OB 0 0 p mv 0 p l cm sm cw bW 0 ne{bW}{bd 2 m}ie cW 2 m a s l sp s l}b/CW{12 OB 1 sc cW lW 2 dva 0 o p mv 0 e n p l bW 0 ne{bW 2 dv}{bd}ie wF m cW a 1 o n p l 1 e p l cp cm sm}b/CB{np[{[{CS}{CS}{cB}{CW}{pp}{cB}{CW}{pp}{cB}]o 1 g 1 s g e 2 4 gi al pp 5 -1 r exec}{al pp p mv p l CS pp pp}{2 4 gi al pp PT cm sm cw cW 2 m sl sp s l}]o0 g 1 s g exec clip}b/Ct{bs rot g bs rot g gs o CB CB 1 setgray clippath fill 0 setgray Bd gr}b/wD 18 dict d/WI{wx dx ne{wy dy s  wx dx s dv/m1 x wy m1 wx m s /b1 x}if lx ex ne{ly ey s lx ex s dv/m2 x ly m2 lx m s/b2 x wx dx ne{b2 b1 s m1 m2 s dv}{wx}iedp m2 m b2 a}{ex n dp m1 m b1 a}ie}b/WW{gs  wD begin bs  e g 2 4 gi al pp o o xl 4 -1 r 3 -1 r s /wx x s/wy x bs e g 2 4 gi al pp 4 -1 r 3 -1 r s/lx x s/ly x 0 bW 2 dv wF m o o wy wx at mt ro tr/dy x/dx x ly lx at mt ro tr n/ey x n/ex x np wxwy p mv WI p l ex n/ex x ey n/ey x dx n/dx x dy n/dy x lx ly p l WI p l cp fill end gr}b/In{px dx ne{py dy s px dx s  dv/m1 x py m1 px m s /b1 x}if lx 0 ne{ly lx dv/m2 x ly ey s m2 lx ex s m s /b2 x px dx ne{b2 b1 s m1 m2 s  dv}{px}iedp m2 m b2 a}{ex n dp m1 m b1 a}ie}b/BW{wD begin bs e g/wb x bs e g/bb x wb 4 g/cX x wb 5 g/cY x bb 4 g cX eq bb 5 g cY eq and{bb 2 g bb 3 g}{bb 4 g bb 5 g}ie cY s/ly x cX s/lx x/wx wb 2 g cX s  d/wy wb 3 g cY s d 0 bW 2 dv ly lx at mt ro tr/ey x/ex x0 bW 2 dv wF m wy wx at mt ro tr/dy x/dx x 0 lW 2 dv wy wx at mt ro tr wy a/py x wx a/px x gs  cX cY xl np px py p mv In p l lx ex s  ly ey s p l ex n/ex x ey n/ey x dx n/dx x dy n/dy x wx 2 m px s/px x wy 2 m py s /py x lx ex s ly ey s  p lIn p l px py p l cp fill gr end}b/Db{bs{dp type[]type eq{dp 0 g 2 eq{gs  dp 1 g 1 eq{dL}if 6 4 gi al pp DS gr}{dp 0 g 3 eq{2 4 gi al pp DT}{pp}ie}ie}{pp}ie}forall}b/I{counttomark dp 1 gt{2 1 rot{-1 r}for}{pp}ie}b/DSt{o/iX x dp/iY x o/cXx dp/cY x np p mv counttomark{bs e g 2 4 gi al pp o cX ne o cY ne or{4 1 r 4 1 r}if pp pp o/cX x dp/cY x o iX eq o iY eq and{pp pp cp}{p l}ie}repeat pp st}b/SP{gs/sf x/lW x/bW x/cW x count 9 ge 7 ix 192837465 eq and{ 7 -1 r pp6 -2 r o o xl 7 -1 r s e 7 -1 r s e 5 -1 r dv neg e 5 -1 r dv neg e sc neg e neg e xl}{xl pp pp}ifelse 1 1 S dv dp sc cm currentmatrix pp lW sl 4.0 setmiterlimit np}b end
260 175 118 251 18 113 20 20 chemdict begin SP /bs[[1 1 3320 6240 2720 6240][2 0 2720 6240 2420 6760 2782 6348 2544 6760 ][1 1 2420 6760 2720 7280][1 1 2720 7280 3320 7280][1 1 3320 7280 3620 6760][2 0 3320 6240 3620 6760 3258 6348 3496 6760 ][1 1 3320 6240 3664 5748][1 1 2720 7280 2478 7829][2 0 3320 7280 3588 7817 3442 7283 3654 7708 ][1 1 3664 5748 3554 5158][1 1 5240 6800 5485 7348][1 1 3664 5748 4264 5720][2 0 5485 7348 6083 7410 5558 7247 6033 7296 ][1 1 6083 7410 6436 6923][2 0 6436 6923 6191 6374 6312 6911 6118 6475 ][1 1 6191 6374 5594 6312][1 1 5240 6800 5594 6312][1 1 6436 6923 7034 6860][1 1 7034 6860 7159 6272][2 0 7159 6272 6639 5971 7038 6326 6652 6103 ][1 1 6191 6374 6639 5971][2 0 5594 6312 5334 5771 5469 6301 5265 5875 ][1 1 5116 6800 4520 6728][1 1 5165 7856 4567 7792][1 1 7034 6860 7422 7318][1 1 5485 7348 5165 7856][1 1 5165 7856 5457 8382][1 2 4264 5720 5334 5771][1 2 3620 6760 4520 6728][1 2 3588 7817 4567 7792]]d gs dL [27 I 5334 5771 DSt [28 I 4520 6728 DSt [29 I 4567 7792 DSt gr [0 6 9 I 1 2 7 2478 7829 DSt [3 I 4 5 3320 6240 DSt [8 I 3588 7817 DSt [10 16 15 20 19 18 24 I 25 26 5457 8382 DSt [11 I 4264 5720 DSt [12 I 13 17 7034 6860 DSt [14 I 6191 6374 DSt [21 I 5334 5771 DSt [22 I 4520 6728 DSt [23 I 4567 7792 DSt Db gr end 

N
N

N

R O

H

N

H

N
N

NO

H
R

NH
H

major groove

DNA oxidation at carbon electrodes is  

less influenced by DNA structure 

• oxidation sites of guanine and adenine in dsDNA are located closer to the 

double helix surface and are accessible via the double helix grooves 



DNA oxidation at carbon electrodes is  

less influenced by DNA structure 



At mercury electrodes in weakly alkaline media, 

adsorption-desorption (tensammetric) signals   

of nucleic acids can be detected  
(e.g., using AC polarography, voltammetry, AC Z) 

• depending on the conditions and on DNA structureDNA structure, 

individual components of the polynucleotide chains may be 

involved in adsorption/desorption processes 
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-at moderate ionic strenght, double-stranded DNA yields peak 1 

due to desorption/reorientation of DNA segments adsorbed via 

the  sugar-phosphate backbone  

1 



-distorted or regions of double-stranded DNA yield peak 2 
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background 
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single-stranded (denatured) DNA yields  

peak 1 (due to the sugar-phosphate backbone) and peak 3peak 3 due to 

desorption/reorientation of DNA segments adsorbed via 

freely accessible bases  

3 



adsorption/desorption behavior of DNA at electrodes is strongly 

related to negative charge of its sugar-phosphate backbone 
(together with a strong adsorption of nucleobases via hydrophobic forces) 

peptide nucleic acid: DNA analogue with neutral backbone 

DNA 

PNA 

(decamers, 

identical base 

sequence) 

AC Z at HMDE 



differential pulse polarography 

•used in nucleic acid studies in the 60-70´s 

•discrimination between ss and dsDNA 

III

E (V)
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differential pulse polarography 

•peak II: high sensitivity to subtle changes of dsDNA structure subtle changes of dsDNA structure 

((&d&dynamics)ynamics)  

  

••DNA premeltingDNA premelting  

DPP peak II 

A260 



differential pulse polarography 

••polymorphy of DNA double helix: polymorphy of DNA double helix: its structure depends on its structure depends on 

the nucleotide sequencethe nucleotide sequence  

  

B. sublilis and B. brevis DNAs have the same  

G+C content and different nucleotide sequence  

B. subtilis 

B. brevis 

poly(dA).poly(dT)        poly d(A-T).d(A-T)



differential pulse polarography 

••strand breaksstrand breaks  
  

  



differential pulse polarography 

double helix distortions due to nucleobase photoadductsdouble helix distortions due to nucleobase photoadducts  

  



differential pulse polarography 

  

chemical modification of DNA: chemical modification of DNA: 

platinum adductsplatinum adducts  

  
distinction of the kind of structural change caused 

by modification with different Pt complexes 

peak II: conformation distortion, base pairing preserved 

 

peak III: base unpairing 

(Brabec et al.) 



Changes of DNA structure  

at electrically charged surface 



HMDE 

1 
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intensities of ssDNA-specific signals 

prolonged exposure to 

(accumulation at)  

potential given on x-axis 

pH close to neutral (bases not ionized): 

 
region T: – negligible structural changes 

due to adsorption 

 

region U: surface denaturation 

dsDNA 

dsDNA 

ssDNA 



positive or neutral 

base 

sugar 

phosphate 

• close to the duplex ends (or   

  single-strand breaks), some 

  bases can be unpaired and   

  make contact with the mercury   

  surface 

• phosphates repelled from     

  negatively charged surface 

• randomly adsorbed bases    

  represent relatively firm anchor sites 

• constraints in the double helix cause  

  its (slow) unwinding 

• more (unpaired) bases are coming    

  into contact with the electrode 

(in real situation the strand must rotate 

around one another; the process requires 

repeated adsorption/desorption events) 





effects of initial potential and scan direction 



alternative models 
• not double helix unwinding but conformation transition of 

dsDNA 

• potential induced „ -state“ of dsDNA involving B-A 

transition at the surface (Berg) 

• „ladder DNA“ structure (Nurnberg) 

 

• these models do not accord with numerous experimental 

data that support the unwinding model: 

covalently closed 

circular DNAs: 

limited unwinding  

duplex with covalently 

cross-linked   

strands:  

limited unwinding 



DNA with or without ends 

detection of DNA strand breaks using supercoiled DNA and mercury electrodes 

supercoiled open (nicked) circular linear 



supercoiled DNA 

 

structural transitions induced by 

DNA supercoiling 



sc 

oc 

Vinograd, 1960‘s: two forms 

of circular viral DNA 

(sedimentation velocity or 

sedimentation equilibrium 

studies) 

ribbon model:  

 
upon introducing torsional 

and/or bending stress,  

DNA behaves like  

an elastic ribbon 



relaxed covalently closed 

circular DNA 

negatively 

supercoiled (sc) 

DNA 

open 

circular  

(oc) DNA 

18 turns 

20 turns 

20 turns 

(constraint due  to the twist deficit causes 

formation of the superhelix) 

negative superhelicty is absorbed by local 

opening of the double helix 

cruciform      triplex 

no constraint – free rotation at the strand break 



DNA topoisomers differ in the superhelicity level 

agarose gel elfo 





peak 1 

peak 3* 

overall shape of the molecules 

C around pzc 

peak 1 

peak CA 

peak G 

peak 3* is due to local helix opening  

(base unpairing) 

transition 1 transition 2 

peak CA (similar dependence on –  as peak 3*) 

is known to be sensitive to DNA denaturation 

 

peak G (no transition 2) is less sensitive to DNA 

structure 



1 
1 

3 

2 

2 

3* 3* 
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3 

Studies with DME: peak 3* is due to helix opening in solution (in difference to 

peak 3 produced by oc or linear dsDNA that is observed only at the HMDE 

DME 
HMDE 



circular and linear DNAs 
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pUC19 DNA 
four different plasmids (3-6 kbp) 



peak 3 

peak 1 

nicked circular (sb accumulation) 

linearization upon adsorption 

fragmentation upon adsorption 

agarose gel elfo shows ocDNA as 

the only product of DNA cleavage 

during the experiment  

sc 

oc lin 

monitoring of DNA cleavage in solution using electrochemistry 

 
•DNase I introduces single strand 

breaks 

•DNA treated with the enzyme, 

then adsorbed at HMDE 



different cleavage mechanisms in solution and at the surface?  

correlation between peak 3 and peak 1 peak heights 

E/V -0.8 -1.6 

3 1 

cleavage time 
„solution“: as previous 

slide 

 

„surface“: DNA 

adsorbed at HMDE, then 

treated with the enzyme 



sc, 3 kbp 

lin, 3 kbp 

lin, ≤500 bp 

HMDE GC/MFE 

•at the GC/MFE: more pronounced effects 

of the DNA molecule length 

•poor responses of long dsDNAs 

•steeper dependence of peak heights on 

DNA cleavage extent (from the second 

phase) 

GC/MFE: not a smooth 

surface like HMDE 

long rigid ds DNA: poor contact 

with the electrode surface 

shorter DNA fragments can 

fit better the surface shape   peak 1 

peak 3 



DNA structural changes due 

to intercalation 



12
3

a

b
c

a

b

c

-0.8-1.2-1.6

100 nA

ICQ conc.: a-0, b-10 M, c-50 M 

Due to intercalation (e.g., of chloroquine) in 

solution/during DNA immobilization 



intDNA is more resistant to surface 

denaturation within the region U  DNA containing numerous strand 

breaks, adsorbed in the presence 

of an intercalator, does not yield 

responses characteristi for intDNA   

strand breaks abundance 

peak 3 

peak 2 

no intercalator 

int DNA 

-1.2 V 

-0.4 V 

-1.2 V 

-0.4 V 

time of exposure to the potential 



DNA in the absence of intercalator: B-form, bases hidden in the 

double-helix interior, relatively far from the electrode surface 

DNA saturated with the intecalator (intDNA): untwisted and lengthened 

double helix, less deep grooves – bases closer to the surface, contacts 

between the surface and the base pair edges 



after removal of the intercalator, the intDNA conformation is preserved 

 

the adsorbed untwisted regions of intDNA yield the AV voltammetric peak 2 



X 
break 

X 
break 

intDNA with intercalator 

intDNA after intecalator removal 
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dsDNA without intercalator 



with intercalator 

intDNA after intecalator removal 

dsDNA without intercalator 
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single-stranded oligonucleotides: 

 

effects of nucleobase 

composition and/or nucleotide 

sequence 



• Dračka, Trnková 

• current measured in voltammetry 

is a sum (linear combination) of 

partial current components 

(diffusion, capacitive, kinetic…) 

• these componets depend 

diversely on scan rate 

• possibility of numerical  

elimination of any component 

based on measurements at 

several different scan rates 

• studies of electrode processes 

• separation of overlapped signals 



• different EVLS responses for 

ODNs with identical base content 

but differing in their sequence  



2D condensation of 

homopyrimidine oligos at 

mercury-based electrodes 



 capacitance pits indicate formation of condesed films 

NA bases, nucleosides, nucleotides for decades known to form 

such 2D-condensed layers (V. Vetterl) 

up to recently, no observations with DNA, polynucleotides or ODNs 

S. Hason: homopyrimidine ODNs (30 to 90-mers studied) can form 

such condensed films at negatively charged mercury or amalgam 

surfaces 



transfer (ex-situ) experiment:  

the condensed film is formed of 

reoriented ODN molecules already 

adsorbed (not due thickening the 

adsorbed layer by extra molecules 

form the bulk) 

mixed A+G or C+T ODNs  

silver amalgam electrode HMDE 



around pzc: random 

orientation of the ODN chain 

negatively charged surface: 

sugar-phosphate backbone 

repelled 

pyrimidine bases udergo self-

assembly  

these phenomena may affect 

behavior of ODNs anchored 

via terminal thiol group 


