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The influence of adsorption of doublestranded (ds) DNA. ds RNA and homopolymeric pairs at a mercury electrode on 
conformation of these potynucleotides was studied. Changes in the polarographic reducibility of polynucleotides, which 
were foBowed by means of normal pulse polaro_enphy and linear sweep peak voltammctry at the dropping mercury elec- 
trade tvereexploited to indicate conformational changes. it was found that, as 3 consequence of adsorption of ds polynucle- 
otide-s on the negatively chaiged electrode conformational changes similar to dcnatucation take place in a ~ZUT~W potentkl 

region around -1.2 V (the region U). After sufficiently long time of the contact with the electrode (under our conditions 
about 10 s) these changes reach limiting vdues. which can approach total denaturation. Upon adsorption of ds polynucle- 
otides on the electrode charged tcr more positive potentials than the region U either (1) no conformational changes occur 
or (2) only a small part of the poIynuclcotide (probably labile regions of the ds molecule) is very quickly denatured - the 
remainder of the molecule preserves its ds structure. Conformational changes of adsorbed ds polynucleotides are influenced 
by factors which change the stability of ds polynucleotides in solution. It is supposed that denaturation of ds polynucleotides 
in the region U might result from the strains connected with the repulsion of certain segnents of the molecuIe anchored on 
the electrode from the negatively charged surface. 

1. Introduction 

Over the past several years an increasing body of 
evidence has suggested that interaction of DNA with 
electrically charged membranes pIays an important 
role in many basic biological processes. However, for 
the present there exists little information on what con- 
formational changes take place as a consequence of 
these interactions, even though the conformation of 
DNA can exert a great influence on the course of pro- 
cesses in which it takes part. 

Certain information has been obtained by experi- 
ments investigating the influence of electric field on 
conformation of various polynucleotides in solution 
11-41. Electric fields in biological systems are limited 
to lengths of the order of 100 A, i.e. much shorter 
than is the length of a DNA molecule. In the vicinity 
of an electrode immersed into a solution of an electro- 

* Part 11 B. BaI~ek, Colkction Czech. Chem Commun. 39 
(1974) 3449. 

* On the OcG%iOfl of the 80th birthday of Professor 
Dr. V. hfor&ek. 

lyte an electric field is formed, which is also limited to 
distances of tens or hundreds A from the electrode. 
An electrode immersed into a solution of DNA could 
thus be a suitable model for studies of interactions of 
DNA with electrically charged surfaces. In 196 1 Miller 
[5,6] measured the differential capacity of the double 
layer of the dropping mercury electrode (DME) im- 
mersed into a solution of DNA. He concluded on the 
basis of his results that in the region of positive poten- 
tials 2 partial unwinding of double-stranded (ds) DNA 
took place on the electrode, whereas at negative poten- 
tials DNA preserved its ds structure. More recent studies 
of Flemming [7], who used a hanging mercury drop 
electrode (HMDE) did not confirm the original conclu- 
sion of Miller [5,6]. Flemming concluded that DNA 
preserves its ds structure over the whole range of poten- 
tials [7] and that an association of DNA molecules takes 
place on the surface of the electrode [8,9]. it has re- 
cently been found in our laboratory, on the basis of 
pulse-polarographic measurements ] IO], that conforma- 
tional changes in ds DNA occur in a relatively narrow 
range of negative potentials as a consequence of interac- 
tion of ds DNA with the electrode. Similar conclusions 
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have been reached independently by Valenta et al. 
[ II,12 1, who used a different experimental arrange- 
ment. 

in the present study the interaction of ds DNA, 
ds RNA and homopolymeric pairs with the electrode 
at neutral pH and various ionic strengths is investigated 
in a greater detail by means of different techniques. It 
follows from the results that the investigated poly- 
pucleotides are at least partially denatured as a con- 
sequence of the contact with the electrode. Denatura- 
<ion of these ds polynucleotides on the electrode is 
dependent on factors influencing the stability of DNA 
in soIution_ 

2. Experimental 

2. I. fifatcrials 

Calf thymus DNA was isolated and characterised as 
in previous papers [ 13,141. The content of denatured 
DNA estimated by pulse polarography [ 141 was lower 
than 0.3%. If not stated otherwise, denaturation was 
performed by heating DNA at the concentration of 
84 ~-(g ml-’ in 0.015 M NaCl with 1.5 mM sodium 
citrate, pH 7 (SSC/lO) at 100°C for 10 min and sub- 
sequent quick cooling in an ice bath. Sedimentation 
coefficients spa w of ds and denatured DNA (table 1) _ , 
were kindly estimated by Dr. J. gponar. ~20,~ were 

determined in 0.3 M ammonium formate with 0.1 M 
sodium phosphate, pH 7.0, and for denatured DNA 
also in 0.9 M NaCf with 0.1 M NaOH; concentration 
of both forms of DNA was 16 c(g ml-l. Molecular 
weights (m-w_) of both forms of DNA were calculated 
using empirical equations according to Studier [IS] 
and the corresponding diffusion coefficients D (table 1) 
determined from Svedberg’s equation [ 161. Ds DNA 
was X-irradiated in the presence of atmospheric oxy- 

gen with a TUR T 250 apparatus [ 171 at a concentra- 
tion of 840 pg ml-‘. The radiation dose was 0.16 eV/P_ 
Irradiation of ds DNA with this dose did not cause 
formation of a detectable amount of denatured DNA 
[ 171. If we took into consideration the decrease of 
m-w. of ds DNA after the above dose of radiation [18], 
we calculated that the increase of D of ds DNA after 
the irradiation did not exceed 5%. Ds RNA of phage 
fz (the replicative form), which was kindly submitted 
to us by Dr. 5. Doskohl, was prepared, characterised 
and denatured in the same way as in the previous paper 
[ 191. The content of single-stranded (ss) RNA in the 
sample of ds RNA estimated by means of differential 
pulse polarography [ 141 was lower than 0.3%. Poly- 
ribocytidylic (poly(rC)), polyriboinosinic (poly(rI)) 
and polyriboguanylic (poly(rG)) acids were purchased 
from Schwarz, Orangeburg, N-Y_ The double-helical 
complexes poly(r1) - (rC) were prepared in the same 
way as in the previous paper [20]. The concentration 
of poly(rC) and of polynucleotide complexes (related 
to the phosphorus content), as well as DNA and RNA 
concentrations were estimated spectrophotometrically 
using a Zeiss VSU 2-P apparatus. Spermine was obtained 
from Calbiochem. Chemicals used for preparation of the 
background electrolytes for the eIectrochemical measure. 
ments were all of analytical grade. pH values were meas- 
ured with a Compensator E 388 Metrohm apparatus. 

2.2.5fethods of electrochemical atlaiysis 

Direct current (d.c.), differential pulse-, and altemat- 
ing current (a-c_) polarographic measurements were car- 
ried out as described earlier [13,21,221. In these meas- 
urements the d-c. ramp potential of DME (figs. la, 2a, b) 
WAS changed continuously (independent of the dislodge- 
ment of the drop) and linearly; the potential of the drop 
changed during the life of one drop maximally by 5 mV; 
the peaks (steps) on polarograms informed us thus only 

Table 1 
Sedimentation coefficients (~20,~)~ molecular weights (m.w.1 and diffusion coefficients (0) of DNA samples ud k tie present 
study. 

Sample ~29,~ CSvedberg) m-w. X IO6 R X LO9 (cm* I’) 
--__-- 

ds DNA 29.4 17.9 8.9 
denatured DNA, pH 7.0 40.2 3A -2) 63.0 

a) This m.w. W;IS calculated using ~20,~ determined for DNA in 0.9 hI Nail with 0.1 $1 NaOH. 
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Fig. 3, (a) NormJ pulse polruo~zms of ds DNA. DNA at the 
concentration of 420 pp, mT* in 0.1 M sodium phosphate. 
pH 7.0, cwit&Gng ammonium form&e in concentratians: 
0.1 M (curve t), 0.3 Xf lcurve 2), 0.6 bf (curve 31, 1.0 M 
(curve 4), and 4.9 Al [curve 5). Curve 5 was recorded with 
~5 times lower sensitivity than ot3vzr curves. Ei = - I.2 V. 
(b) Dependence of the h&g&t of the normal pulse-pofarogra- 
phic curve of ds DNA on &+ DNA at the concentration of 
420 kelp ml-’ in 0.1 &f sodium phosphate, pH 7.0, containing 
ammonjufn forma&e in concentrations: (o-cl) 0.1 hf, (a-n) 
0.3 hf, (o--a) 1.0 M. (c) Dependence of the hei@t of the nor- 
mal pulse-polzrographic curwe of denatured DNA on &p DNA 
at the concent~tion of 42 9~ mT' in 0.1 M sodium phosphtfe, 

pH 7.0, containing ammonium farmate in concentrations: 
(04) 0.1 hi, (44) 0.3 &I, (*-d 1.0 Me (d) A.c. polarograms 
of ds DNA_ DNA at the concentration of 4%) #g rnT’ in 0.1 Tiz 

sodium phosphate with LO bf ~mou~um formate, pH 7.0 

(- - -) background electrolyte. 

(fig. Zd), The resulting current was measured as a func- 
tion of this potential. Changes in the value of reduction 

0 -0.L -0.8 -12 
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Fig. 4. Normal pulse polarography of ds and denatured RNA. 
Medium: 0.6 hI ammonium formate with 0.1 M sodium pho+ 
pbte, pH 6.8. Ds RNA at the concentration of I80 P& mr’, 
denatured RNA in a concentration of IS g:: ml-‘. bf bower- 
OATHS Of& RNA;&f = -1.1 V (CllXVe I), Ei* -0.2 V (CUWe 2h 

6.b) Polarograms ofdenatured RNA;Ef f -1.1 V (curve II& 
= -0.2 V (curve 2). (c) Dependence of the height of the normal 
pub-polarographic cmves of the both forms of RNA on Ei- 

(o-f step WR of ds RNA, (64) peak IIR of ds RNA. C*-) 
step ICIR of denatured RNA. 

current measured either by normal pulse ~o~arography 
or by voltammetry thus yielded information on changes 
in the properties of t.ke inferfacial region in the depen- 
dence on El. Data giving evidence for appearance of 
conformational changes in a ds poIynucleotide as a 
consequence of its interaction with the electrode were 
provided by the appearance of the voltvnmetric peak IElI 
(fig. Sa) (Or normal pulse-polarographic step - fig- 4a) 
or by changes in its height (the voltammetric peak IIf 
appears at potentials about -1.42 V and is analogous 
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Fig 5_ Linear sweep peak voltammetry of ds and denatured DNA. Medium: 0.3 %I xnmonium formate with 0.1 11 sodium phos- 
phate, pH 7.0. Ds DNA at the concentration of 47-O pg ml-l and denatured DNi\ in 3 concentration of 12 ~g mT* _ Scan rate I V i’. 
(a) Voltammograms: Curve I: ds DNA, Ei = -0.1 V; curve 3,: ds DNA, Ei = -1.17; curve 3: denatured DNX. Ei= -0.7 V;curve 4: 
denatured DNA, Ei= - 1.17 V. (b) Dependence of the height of the peak III of denatured DNA on its concentration. Ei = -0.1 V. 
(cc) Dependence of the hei@ of the peak III of ds DNA on its concentration. (O--J) Ei = -0.2 V, (-4) Ej = - 1.17 V. (d) Depen- 
dence of the peak heights of the both forms of DNA on &,-. (-4) the peak III of ds DNA. <o--c) the peak II of ds DNA (estimated 
maimurn experimental err&in pmk height mesurement is indicated), (o- - -0) the peak III of denatured DNA. 

to the differential pulse-potarographic peak [II, which 
is yielded only by ss DNA (fig. I b)). Background elec- 
trolytes contained ammonium formate, which enables 
measurement of the reduction currents of polynucleo- 
tides even in the vicinity of neutral pH [ 13 1. 

Normal pulse-polarographic and bear sweep voltam- 
metric measurements at the DME were car-ied out with 
a Mode1 174 Polarographic Analyzer in connection with 
Linear Sweep ModuIe Accessory Model 174/S 1, sup-- 
plied by Princeton Applied Research Corporation. if 
not stated otherwise a three electrode system was used 
including a DME, P&counter electrode of appreciable 
area, and a saturated calomel electrode (SCE). Normal 
pulse-polarographic measurements were performed at 
the following settings: scan rate 1 mV s-l, negative 
scan, scan range 1.5 V, drop time 2.0 s, and low pass 
filter off. Voltammetric measurements: Model 174 - 
negative scan, scan range 1.5 V or 3.0 V and low pass 

filter off; Mode1 17415 f - IR compensation set below 
the point of oscillation of the system, current range 
multiplier I, presweep delay was (if not stated other- 
wise) 10.0 s at Ei = - 1.45 V; if Ei was more positive, 
presweep delay was decreased by subtracting (Ej + 

1.45)/scan rate. Voltammograms were recorded with 
a OG 2-2 1 SpeicherosziIloskop, VEB Messelektronik 
Berlin, GDR in the X-Y mode. Heights of voltam- 
metric peaks were measured by the method proposed 
by Valenta and Niirnberg 1251. The mercury flow rate, 
m, of the capillary used for ax. and pulse-polarographic 
measurements was 1.70 mg s- L at a mercury column 
height (11) of 40 cm; m of the capillary used for voltam- 
metry at the DME and d-c. polarography was 0.27 mg s-r 
at h = 65 cm. The value of m was measured in distilled 
water at open circuit. If not stated otherwise, all elec- 
trochemical measurements were carried out at 25°C. 



3. Results 

Normal pulse polarography of DNA in neutral 
media containing various concentrations of am- 
monium formate yielded results which were quaii- 
tativeiy identical with our previous measurements 
in the medium of 0.6 M ammonium formate, pH 6.8 
[ IO] : (1) The height of the curve of ds DNA depen- 

ded OII Ei (fig. 3b). (2) The height of the curve of 
denatured DNA was nearly independent of Ei (fig.3c). 
(3) Same values of half-step potential (EId2) were ob- 
set-red far ds and denatured DNA’s_ 

Depending on the concentration of ammonium 
formate the height* and shape of the normal pulse- 
polarographic curve of both forms of DNA were 
changed (fig. 3a) in a similar way to the changes of 
the height and shape of the d-c. polarographic step of 
denatured RNA in the vicinity of - 1.4 V [26] _ At 
pH 7.0 Eljt_ of ds DNA was shifted to more negative 
potentials with increasing concentration of ammonium 
formate up to the concentration of 0.5 M (fig. 3a); at 
higher ammonium formate concentrations El/z did 
not change any more. A similar shift of E,iz was ob- 
served with denatured DNA (not shown). In the re- 
gion of potentials of the a.c. polarographic peak I a 
maximum appeared on the curve of the dependence of 
the pulse-polarographic cute height of ds DNA on Ei 

(at Ei = Ems, ) (fig. 3b, d), which was shifted to more 
posiiive potentials with increasing ammonium formate 
~on~e~trat~on (table 2). The potently of *&is m~~rnurn 
was &vays identical with the summit potential of a-c, 

polarographic peak i (.Ea,_~) (table 2). At potentials 
of the a.~. polarographic peak 1 evidently a segmental de- 
sorption of the ds DNA from the DME surface takes 

* In those cases when a double-step appeared on the normal 
pulse pokiro~rams {fig. 3a, curves 3-S), analogous results 
were obtained if the height of the more positive or more ne- 
gative steps or even the sum of the heights of both steps 
were measured. In the present study the height of the more 
positive step was taken as a measure of the reduction of both 
forms of DNA. This way of measurement is justified by our 
preliminary results on the study of the electrode process 
which is responsible for the appearance of the normaI pulse- 
polarographic reduction peak <step), exhibiting certain 
nnaIogy between the shapes of curves ofss polynucleotides 
obtained by means of normal pulse and d.c. polarography [ 26 1. 

place; an evidence for this process is given by the foL 
towing two resul tsr (1) Ds DNA yields lower or no re- 
duction current measurable with normal pulse pdar- 
ography at Et more negative than potentials of the a.c. 
polarographic peak 1 (fig. 3b). (2) A.c. poiarographic 
curves of ds DNA and background electrolyte merged 
at potentials more negative than the potential of the 

a.c. polarographic peak 1 (fig. 36). 
Numerous irregularities appeared on normal puIse 

po~arograms of ds DNA recorded at Ei more positive 
than -0.8 V. Therefore it was impossible to decide by 
means of normal pulse polarography whether the cur- 
rent of ss DNA (peak III) or ds DNA (peak II) was 
measured, as it is possible when using differentia1 (deri- 
vative) pulse poiarography (fig. I bf. 

The difference between the potentials of the dif- 
ferential pulse-polarographic peaks of a ds and the cor- 
responding ss polynucleotide is higher for RNA than 
for DNA [ 191 so that the peaks of ss and ds RNA can 
be well distinguished, We tried to exploit this fact in 
the normal puIse-polarographic measurements and to 
find out whether the curves of ds RNA of phage f 2 
(which is more stable to thermal denaturation than calf 
thymus DNA [ 191 and exists in solution in the form A, 
in contrast to the B form of DNA) wifl exhibit similar 
dependence on Ei as the curves of DNA. We ascertained 
that in the medium of 0.6 M ~monium formate, pH 6.8 
the curve IIR of ds RNA can be well distinguished from 
the curve EIIR of denatured RNA even by means of nor- 
mal pulse polarography (figs. 4a, b). Similarly as for 
DNA the dependence of the heights of the normal pulse- 
polarographic curves on Ei was followed (fig_ 4~). The 
step IfIR yielded by denatured RNA alone almost did 
not depend on Ei (fig. 4~). The heights of the peak 
IIR and the step IIIR yielded by ds RNA did not change 
to any significant extent on varying Ej from -0.1 to 
-0.9 V. A further negative shift Of Ei caused a marked 
increase of the height of the step IIIR accompanied by 
a decrease of the peak IltR (fig. 4c), which gives evidence 
for a qualitative change of the properties of ds RNA, 
most F robably for its denaturation on the electrode 
surface. Approximate data on the influence of the time 
of contact of ds RNA with the electrode on the above 
mentioned changes in ds RNA were obtained in a simi- 
lar way as in the previous study for DNA [lo]. The 
range of fk at which our pulse-pokirographic measure- 
ments could be carried out was between 0.444.94 s. 
In this range of fk the dependences describing the kine- 



Table 2 
Summit potentials of the ax. pokopphic p&z t of ds DNA (E zc_l) Etnd pMentiais of m&snum on the cusve of dependence of 
normat pulse-polarogcaphic curve on Ei CEmax) at different concentrations of HCOONH~. 

----....--_-.-~.- -. . .._ _.___- --_. --_-__- _--- _ -- .- ._~ 
Concentration ofHCUONHJ@¶) 0.1 0.3 0.6 I.0 2.0 4.9 

I__ ___I- 
J%C.L IV) -1.21 -1.17 -1.16 -1.15 -1.12 -1.10 
Emav N) -1.21 -1.17 -1.17 -1.15 -1.13 -1.09 
-_--_-- 

tics of changes of properties of RNA adsorbed on the 
DME had a course qualitatively identical to that of 
the dependences measured for DNA [ICI]: at Ei = 
--I,1 V the extent of the changes increased with in- 
creasing t&, but did not reach the limiting value; at 

E, = -0.2 V virtuafly no dependence on rk was ob- 
served. Thus at fk = 4.94 s the above mentioned chan- 
ges in ds DNA or ds RNA adsorbed in the vicinity of 
E max did not take place to the maximally possible ex- 
tent. 

It follows from the results OF the preceding para- 
graph that it would be desirable: to measure at longer 
tk values, at which the changes in ds polynucleotides 
could reach a limit. Such measurements were made 
possible by using the single-sweep peak voltammetry. 
In addition, it was also possible to change the v&e 
of Ef during the presweep time by a jump and to change 
the voltage sweep rate_ Vo~ta~ograms of DNA in 
03 M ammonium formate. pH 7.0, at a scan rate of 
I V s-1 are shown in fig. 5a. A process similar to that 
which is responsible far the ac. polarogrzphic peak 1 

can be probably considered as the cause of tie voltam- 
metric peak I; the vol&ammetric as well as a.c_ polar- 
ographic peak I are yielded by ds and denatured 
DNA’s at approtimateiy identical potentials. The 
voltammetric peak I was not however used to follow 
the properties of adsorbed DNA in the present study. 
The vo~tamrn~r~~ peak IC is yielded only by ds DNA, 
whereas denatured DNA yields only the more negative 
peak Ifl. The peaks I, II, and III were yielded by DNA 
on voltammograms at scan rates of 0.1-5.0 V set. 
The dependence of the heights of the voltammetric 
peaks If and 111 of ds and denatured DNA’s on Es car- 
responded qu~itatively to the analogous dependences 
obtained by means of normal pulse pol~ograp~y with 
DNA as well as RNA (f3g. 5d), 

Vie attempted to Gnd out whether the changes in 
ds DNA caused by its adsorption on the DME charged 

to j%l,,Y are reversible. The mercury drop was im- 
mersed into the ds DNA solution continuously for 
10 s. After this time the voltammogram was recorded 
(scan rate 2 V s-l) and the height of the peak LII meas* 
ured in the dependence on potentials applied to the 
e&trade during preceding 10 s. If the DME w;1s kept 
for the whole time (10 S) only at Ei = - L .4 V, ds DNA 
did not yield any peak (fig. Sd). However, if the DME 
was first kept 5 s at E,, and then the potential of 
-1.4 V was applied to the same drop for another 5 s, 
d.s DNA yielded the peak [iI (not shown). A high peak III 
was observed in a similar experiment (fig. 6), when DME 
was first charged to E,n;Ly for 5 s and then for further 
S s to Lhe potenthl or the region T (fig. 5d). The appear- 
ance of the peak iill as well as its height indicated that at 
least a part of the changes resulting from ds DNA inter- 
action with the electrode surface charged to EmzLx re- 
maind preserved even after removal of the changes- 

‘inducing potential. Thus it can be concluded that the 
changes in ds DNA appearing upon its interaction with 
DME charged to Ei in the vicinity of~5~n, (the region 
U - fig- Sd) are at tea& partially irrev~rsib~e~ 

In standard voltammeiric arlalysis the peak height 
is proportional to the concentration of a depolariser 
in the bulk of solution. In our case (fig. Sa) the Feak IfI 
was formed even though the concentration of the de- 
polariset responsible far its appearance was virtually 
zero in the solution. The depoiariser (denatured DNA) 
was trauspotted to the electrode in its inactive form 
(ds DNA), the diffusion coefficient of which was lower 
than that of the active form, which was formed a~ a 
consequence of the interaction of DNA with the electrode 
We characterised the height of the peak Iff of ds DNA by 
the concentration of denatured DNA in the solution, A, 
Hthich was necessary For the appearance of the peak ICL 
of the given height, in order to be able to compare the 
heights of the peaks III yielded by ds DNA of the same 
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fig. 6. Influence of a change of Et before the application of 
voltage sweep on the course of voltammograms of ds DNA. 
DNA at the concentration of 420 pg ml-’ in 0.3 M ammonium 
formate with 0.1 Sf sodium phosphate. pH 7.0 Scan rate 
2 V it. The curves were recorded from -0.2 V. Presweep 
time 10 s. Curve 1: the DM& charged for 10 s to potential 
-0.2 V; curve 2: the DSIE first kept for 5 sat -1.15 V and 
then for the same time at -0.2 V. 

concentrations under different conditions. Differences 
in diffusion coefficients of ds DNA (D& and dena- 
tured DNA (Ddenat) were accounted For: the slope of 
the linear dependence of the heigh: of the peak III 
was divided by the ratio (D&,at/D,&1’2 and the con- 
centration A read from thus corrected dependence. 

We followed A in a dependence on scan rate at var- 
ious Ei values. Whereas at Ei = Em, A ws practically 

independent of the scan rate, at Ei more positive than 
the region U, i.e. in the potential region T (fig. Sd) A 
decreased with increasing scan rate up to ?he scan rate 
I V s-t (fig. 7). Further increase of the scan rate did 
not tead to any appreciable change of A. Thus, it fol- 
lows from the preceding dependences that a longer con- 
tact of ds DNA with the electrode charged to poten- 
tials corresponding to the region U even in the course 
of voltage sweep zsn lead to conformational changes 
in DNA. If the time for the voltage to sweep through 
the region U (of the width of approximatety 0.4 V), 
is shortened to 0.4 s, the resuits of measurements are 

no longer influenced by changes in scan rate (fig. 7). 
We further investigated how the properties of ad- 

sorbed DNA were changed by action of factors which 
influence the stability of the double helix of DNA in 

80 - 

40-?--y-_ 
0 08 1.6 
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Fig. 7. Dependence of A 011 scan rate. Ds DNA at the concen- 
tration of 420 fig ml-’ in 0.3 $1 ammonium formate with 0.1 M 
sodium phosphate. pH 7.0. (04) Ei = -0.7 V, (C--O) Ei = 
-1.15 v. 

solution. In the vicinity of pfi 7 the stability of the 
double helix is increased, if the ionic strength [27] or 
the concentration of a polyamine in the solution are 
raised 1281. On the contrary damage to the DNA double 
helh by X-rays leads to a decrease of its stability [17,29]. 
We followed the infIuence of these factors on the de- 
pendence of the ratio X (i.e. the ratio of the heights of 
the peaks III of ds and denatured DNA’s) on rk. The 
ratio X first grew with rk and then reached a Iimiting 
value (fig. 8). The value of rk at which X just reached 
the limiting value (rtim) was taken as a measure of the 
rate of changes. It follows from fig. 8 and table 3 that 
changes for native DNA at Ei = Ema. took place more 

rapidly the lower the concentration of CsCl (ii the 
range 0.3-1.0 M) or the higher the dose of X-radiation. 
It is evident that rk value of approximately 8 s was suf- 
ficient for the changes in the structure of ds DNA (ad- 
sorbed on the DME at En,,) to reach the limit at pH 7.0 
(table 3!. We determined the extent of these changes 
from the values A. As follows from table 3, A decreased 
if the stability of ds DNA in solution increased and vice 

Versa. 

At potentials corresponding to the region T the ratio 
X almost did not depend on tk under conditions of our 

measurement (fig. 8). The concentration A measured at 
these potentials was changed in the dependence on fac- 



Table 3 
Influence of factors determining ?&the stabity aF DNA in solution on the extent and race of conformation chqges in ds DNA ad- 
sorbed at the MIEL 

----w-_--M-~ ._I_ _ I~-_-__-_-~~ 
Zkmpte of DNA 3) Adsorbed at Em, Adsorbed 3t -0.2 V 
in -- 

zllotg mP f &s&I A 019 mi-’ ) D x 10-3 b) 
at fk 3 &m at rk 3 ‘I s 

---G 
---*-. .- - -- -1_ ..- -_- 
hf HCOQNN~. ptl7.0 103 8 I6 1.1 

0.6 M MXQN& with 8 ~$1 swrmine, pi3 7.0 8 K6 l.i 
0.6 nr ~C~~~~~~ PH 7.0 cl Sri s 24 1.6 
1.0 M C&l, pH 6.8 t?,t s 16 1.1 
0.3 Xf &scI, ptt 6.8 t&? 3 20 1.3 1__P--- -- __.__~ 

a) Ils DNA at the canc~~trat~~~ of420 ~8 ml- i ; all samples were buffered by 0.1 hl sodium phosphate. 
b) o is the number of dissociated nudeatide pairs in ds DNA ofmw. t.8 X 10’ adsorbed clt the DLtE ((F = 7.8 x 10’ for n = 

420 gg ml+ )_ 
C) Ds DNA Gtradiated with a dose of4000 radr 

tars i~fIuencing the stahi3ity of DNA in the same man- 

ner as if measured at Em, (table 3). 
It follows from uuf results that even for denatured 

DNA a riighr increase of the reduction current takes 
place in the region U (figs. 3c, Sd). This increase migt-tt 
be connected with the presence of short he&at regions 
which Were formed owing to a~r~gat~o~ and partial 
renaturation, Meastirements of samples af denatured 

DNA differing in the content of helical regions (the 

cantent of the heiicd regions was checked spectroa- 
photometrically [30,3 11 confirmed this assumption. 
N%ere~s in the case of denatured DNA obtained under 
conditions that stimulate a~regat~~n and ren~turatjon 
the increase of the reduction current was maximal 
(fig. 9), this increase disappeared in denatured DNA 
which was free of helical regions (conditions minimiz- 

regation, measured at 7Q’C). 
Further the consequences of interaction of 

poly (rG) l (rC) and poly(rl) * (rC) with the mercury 
electrade were investigated. The measurements were 
carried out in a medium of 0.15 &I arnrno~~un~ formate 
with 0.1 M NaCl and Ml6 M sodium phosphate, pH 7.0, 
under conditions when the surface of the DME was 
fully cove;ced by adsorbed po~ynuc~eot~d~ rno~~cu~~s: 
it was thus possible to exclude the ~n~~uenee of unequal 
diffusion coefficients of the ds ~o~ynuc~eotid~s on the 
height of the voltammetric peak appearing at -1.45 V 
(Gg. I&). The height of this pertk was changed v&h 
&i (fig. lob) in an analogous manner to changes of the 
peak Iif of DNA. in the case of the thermally more 
stable poiy(~)~(rC)~ however, th$ peak was very small 
even at E;- = E,,. On the contrary For the less stable 
poIy(ri)* (KC) the height of the peak at Et 3 E,, car- 
responded to the reduction of all posy bound in the 
complex. 
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Fig- 9. Influence of a_egregation of denatured DNA on depen- 
dence of the height of the voltammetric peak III on Ei- De- 
natured DNA in 0.3 hi ammonium formate with 0.1 $1 sodium 
phosphate, pH 7.0. Scan rate 2 V 8. The peak height at Ei = 
-0.2 V was taken as 100%. (A-A) denatured DNA at the con- 
centration of 42 fig ml-t ; the denaturation was carried out un- 
der conditions, when the aggregation of DNA was minimal, 
ie. at the DNA concentration of 84 ~g mr’ in tbe manner 
described in sect. 2.1; measured at 25OC. (n--p) denatured 
DNA at the concentration of 42 ~g ml-’ ; the denaturation 
was carried out at the DNA concentration of 84 pg ml-’ in 
the manner described in sect- 2.1.; measured at 70°C (0-c) 
denatured DNA in a concentration of 126 ng ml-‘. The de- 
naturation was carried out under conditions stimulating ag- 
gregation of DNA, ie. at the DNA concentration of 756 ~3 
ml-t For 10 min in SSC at 100°C and then left for 2 hr at 
37°C [ 30,3 11; measured at 2S°C_ 

T and U) because of a different experimental arrange- 
ment. in an effort to correlate their voltammetric 
measurements carried out with the HMDE with the 
d-c. polarographic inactivity of ds DNA [13,23] they 
put forward an assumption that this inactivity was 
caused by too short a contact of DNA with the elec- 
trode (ii standard d-c. polarographic experiments ap- 
proximately 3 s). They concluded that for the detec- 
table denaturation at least 10 s contact of ds DNA 
with the electrode was necessary- We have carried out 
d-c. polarographic measurements with the DME having 
a drop time of 15 s. A scan rate was chosen so that the 
change of potential during the lifetime of one drop 
was about 5 mV, i.e. that this change should be roughly 
identical titb the change in standard d-c. polarographic 
measurements_ Ds and denatured DNA at the concen- 
tration of 420 pg ml-’ in 0.5 M ammonium formate 
with 0.1 M sodium phosphate, pH 7-O were measured- 
Denatured DNA under theseconditions produced usual 

d-c. polarographic step [26]. The extension of the drop 
time had no effect on the d.c. polarographic behaviour 
of ds DNA: no reduction step appeared_ 

4. Discussion 

4. I. Denanlration of ds poiynucleoniles in a narrow 
region of negiltive potentials (the region U) 

Adsorption of ds polynucleotides on the surface of 
the mercury electrode charged to potentials which cor- 
respond to the region U leads to an appearance of con- 
formational changes in these polynucleotides. The results 
reported in the present study indicate that these changes 

have the character of denaturation. An evidence for this 
is given by the growth of the peak III (step IIIR) in the 
region U (figs. 4c, Sd) and the parallel decrease of the 
peak II (RR), which is yielded only by ds DNA (ds RNA) 
As long as the conformation changes have the character 
of premelting changes [32-361, an increase of the 
peak II would be expected on the basis of the analogy 
with measurements carried out by means of differential 

(derivative) pulse polarography. In addition the irreversi- 
bility of the observed changes (fig. 6) is in agreement with 

the assumption on the denaturation of ds polynucleotides, 
The possibility that the changes observed in the region LJ 
could be conditioned only by a higher surface concentra- 
tion and re-orientation of the ds molecules in the elec- 
trode surface can be excluded on the basis of our results. 
The electroreduction of the adenine and cytosine residues 
which were liberated from the double helix and became 
accessible for the electrode process, is responsible for 
the appearance of the pulse-polarographic faradaic peak 
III. Thus, for the appearance of the farad& peak III 
neither the increase of the surface concentration of the 
dS molecules nor their re-orientation are sufficient. Be- 
sides, our measurements were carried out under condi- 
tions when the rate of polynucleotide adsorption was 
diffusion controlled, under an incomplete coverage of 
the electrode surface. A change in the eiectrode poten- 
tiai could thus cause a re-orientation of the molecules, 
but could not increase their surface concentration so 
substantially, that the current increase observed in the 
region U (fig- Sa) might be explained by it. (On the 
other hand, our results do not exclude the possibility 
of a change of the surface concentration of DNA at full 
coverage of the electrode in the arrangement used by 
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Fis 10. Voltammetic behaviour of polyribonucteotide complexes and poly(rC) in 0.15 M ammonium formate with 0.06 M sodium 
phosphate and 0.1 M NaCI, pH 7.0. The complexes were at the concentration of 1 X 10q3 k(, poly(rC) at the concentration of 
5 X 104 $1. Scan rate 2 V 8’. All potentials are given aginst mercury on the bottom of polrrographic vessel. (a) Voltsmmogams: 
Curve I ; poly(rI)- (rC), Ei = -0.4 V; CUrVc 2: poiy(ri) * (rC), Ei = -1.25 V; CUW~ 3: paly(rC) - (ICI. Ei = -0.4 V: CUN~ 4: 

poly(rG) l (rC), Ei = -1.05 V; cusve 5: poly(tc), Ei = -0.4 V. (b) Dependence of the height of the voltammetric p-k yielded by 
the complexes and poly(rC) at potentials about - 1.45 V (fig. Lois) on Ej. (0-q poly(rG) - (rC), ( -4) poly(r1) - (IQ, (p-4 poly (rc). 

Flemming [8,9] .) The surface denaturation of ds 

poIynucleotides in the region U proceeds reIatively 
slowly (in units of seconds) fig. 8). In some cases the 
complete or nearly complete den2turation can take 
place; in other words, after sufficiently long contact 
of a ds polynucleotide with the electrode the poly- 
nudeotide can yield the signal corresponding to the 
reduction of 2 ss polynucleotide in an equimolar con- 
centration (poly(rI)= (rC) - fig. 10). 

4.2 Imeraction of ds polynucleorides with rhe elec- 
trode in the regim from -0. I up to -I. 0 V (the 
region T) 

In the region T, in which the electrode can bear 2 

positive (at potentitis more positive than the potential 

of the electrocapillary maximum (ECM)*, i.e. at rough- 

* The charge on the etzctrode is zero at the potential of the 
ECM [24). 

ly -0.5 V) or negative charge, the value of the meas- 
ured current (characterking the amount of reducible 
groups reieased from the double helix) depended 
neither on the time of contact of the ds poIynucleo- 
tide with the electrode (fig. 8) nor on the electrode 
potential (figs. 3,4,5). This fact could be explained 
in two ways: (1) in the region T the interaction of the 
ds polynucleotide with the electrode leads to none or 
only to very slow @ 10 s) structural changes, or (2) the 
changes take place very quickly (< 0.5 s), affect only a 
sm2ll part of the adsorbed molecule 2nd do not proceed 
further. The explanation (2) is supported by the fact that 

the peak III (step IIIR), which is characteristic for 2 ss 
polynucleotide, was present on normal pulse-polarogrzms 
of ds RNA (fig. 4a) 2nd on voltammograms of ds DNA 
(fig. 52). The ds polynucleotides did not yield the peak 
ELI in diferential (derivative) pulse polarography (where 
the electrode is charged to a potential close to that of 
the reduction potential, i.e. more negative than the 
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region U, in the time preceding the measurement); 
therefore it is improbable that the presence of the 
peak III on voltammograms (fig. Sa) and normal 
pulse-polarograms (fig. 3a, 4a) could be caused by 
a contamination of a ds polynucleotide by zzz material. 
The height of the peak III of ds DNA corresponds to 
the presence of approximately 1.3% of thermally de- 
natured DNA, i.e. it is approximateIy 2 times as high 
as the height of the peak II estimated in the same 

sampIes by means of differential (derivative) pulse 
pofarography. It is thus possible that in the region T 
primarily labile regions of the double-stranded mole- 
cule (e.g. the vicinity of a single-strand break, adenine- 
thymins rich regions, etc. [33-361) and their closest 
neighbourhood are denatured, whiie the major part of 
the molecule preserves its ds structure under these con- 
ditions, 

4.3. Mechanic of fotmatiorl of the c0rlfornlatiottal 

chmges 

In the vicinity of DME there exists a nonhomogen- 
eous electric field, which has its highest strength (up 
to IO6 V cm-l) in the so-called inner or compact 
double-layer (its width corresponds to a few atomic 
diameters) adhering to the metal phase. In the di:ec- 
tion from the electrode the eIectric fieId strength 

sharpIy decreases: on the boundary of inner and dif- 
fuse double-layer it has only roughly& of its original. 
value, which then decreases in the diffuse double- 
layer nearly to zero (the depth of diffuse doubIe- 
layer depends on ionic strength [37] ; in the medium 

of ionic strength 0.1 it cad amount to approximately 
90 A). Previous theoretical calculations have suggested 
that an electric field strength of the order of magnitude 
lOJ V cm-t and higher can cause denaturation of 
DNA 1381. However, experiments carried out later [I] 
gave evidence for structural changes (strength of the 
field of the order of magnitude i@ V cm-‘, concen- 
tration of Tris buffer, pH 7 1 X 10d4 - 1 X JOm3 M) 
different from the DNA denaturation (only a change 
in the angle of the bases to the longitudinal axis of the 
double helix was supposed). 

In ds DNA sample with the m-w. above 3 X IO5 
cerFain degree of flexibility is presumed [39] _ It can 
be th_us expected that our ds DNA sample (m.w. 1.8 
X IO7 - see sect, 2.13 was adsorbed as a flexible 
poIymer i.e. throu& twedimensional trains of seg- 

ments alternating with three-dimensional loops [40, 
41]_ If we thus consider the influence of the electric 
field on the DNA molecule adsorbed at the electrode 
surface, it is necessary to realise that probably only a 
small part of the ds DNA molecule is located in the 

inner part of double-layer and that long segments of 
the molecule extend beyond the diffuse double-layer 
and protrude into the bulk of solution. Fixation of 
the molecules on the electrode surface as we11 as the 
inhomogeneity OP the electric field makes the orienta- 
tion of molecules in the direction of the field difficult 
and thus reduces the abiIity of the field to iause a polar- 
isation of the ionic atmosphere of the polynucleotide, 
which is proposed to be responsible for the appearance 
of conformational changes [2]. Consequently, a simple 
application of the conclusions on the effects of electric 
fields on DNA in the bulk of solution [l--4,38] does 
not suffice for explaining the conformational changes 
of a polynucleotide adsorbed on an electrode [ 11,12]. 

In our previous communication [ 101 we formulated 
a hypothesis chat the conformational changes of DNA 
in the region U are connected with a desorption of the 
polynucleotide. A good correspondence between the 
potentials of the desorption a.c. polarographic peak 1 
(fig. 3) of ds DNA as well as ds RNA with the poten- 
tials of the region U under various conditions (table 2) 
is in agreement with this hypothesis. 

In order to explain the mechanism of DNA denatura- 

tion on the electrode surface further progress in the ex- 
perimental and theoretical investigation of polymer ad- 

sorption will be necessary. For the present we can sug- 

gest only a rough tentative scheme of this process under 
our experimental conditions: In the vicinity of the po- 
tential of the ECM, segments of ds DNA are anchored 

on the etectrode surface by the sugar-phosphate back- 
bone as well as by sporadic bases located in the labile 
regions of DNA [43]. As the electrode potential is 

made more negative a weakening of the adsorption of 
DNA by the sugar-phosphate backbone occurs and 
eventually desorption of some segments. On the con- 
trary the regions anchored on the surface by means of 
the bases can remain adsorbed even at potentials cor- 
responding to the region U. At these potentials a situa- 
tion can arise, whert DNA molecule is anchored on the 
surface by one segment S, while the adjacent segments 
are strongly repelled from the electrode; consequently 
an unwinding of the molecule takes place. In the seg- 
ment S, which is specifically adsorbed by means of the 



bases, hydrogen bonds have to be ruptured and rhe 
sofvation sheet is probably disturbed; this segment 
has thus ss character. From the segment S the surface 
denaturation proceeds to further regions of the aole- 
cufe, the main part of the unwinding taking place in 
the outer doubie-layer and in the bdk of solution. 
This way of umviding is supported by the fact that 
the rate as well as the extent of denaturation are de- 
pendent on ionic strength and on the presence of a 
polyamine (table 3), i.e. on factors which influence 

the stability of DNA in solution. It is highly probable 
that ss regions formed in the vicinity of the segment 
S are immediately adsorbed via bases and their adsorp- 
tion may stimulate further DNA unending. 

If we thus carry out the whole me~urements on 
single drop (either with HMDE or a DME of a reta- 
tively long drop life in combination with a single- 
sweep technique) and proceed from potentials of 
the region T or U to more negative values, both ds 
and thennatty denatured DNA’s yield qu.zIitatively 

a 

identical signals, whether we follow the reduction of 
polynucleotides [ 1 O- 121 (figs. 3,s) or their adsorp- 
tion/desorption behaviour .@,9]. This is connected 
with the fact that the ds DNA is at least partiaIIy de- 
natured due to its contact with the electrode charged 
to potentials of the region U (and possibly region T), 
even though it was transported to the electrode from 
the bulk of solution in the ds form. The degree of sur- 
face denaturation is strongly dependent on the time, 
for which ds DNA was in the contact with the elec- 
trode in the region U (fig. 8) as welt as on further con- 
ditions (table 3, fig. 10). On the contrary, if we work 
with the DME under conditions usuaJ in d.c. polaro- 
graphy (fig. 2a), a possible slight surface denatu~~on 
which may occur in the region U (and T) cannot be 
manifested by the appearance of the d-c. redrtction 
step even in the case when the drop time is prolonged 
several times. This is caused by the fact that ihe intact 
DNA transported from the bulk of soWion dues not 
adsorb on fresh mercury drops charged to the poten- 
tiais at which the reduction of the denatured DNA 
occurs (fig. 3d). 
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