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The influence of adsorption of double-stranded (ds) DNA, ds RNA and homopolymeric pairs at 2 mercury electrode on
conformation of these polynucleotides was studied. Changes in the polarographic reducibility of polynucleotides, which
were followed by means of normal pulse polarography and linear sweep peak voltammetry at the dropping mercury elec-
trode were exploited to indicate conformational changes. It was found that, as a consequence of adsorption of ds polynucle-
otides cn the negatively chaiged electrode conformational changes similar to denaturation take place in a narrow potential
region around —1.2 V (the region U). After sufficiently lonig time of the contact with the electrode (under our conditions
about 10 s) these changes reach limiting values, which can approach totat denaturation. Upon adsorption of ds polynucle-
otides on the electrode charged to more positive potentials than the region U either (1) no conformational changes occur
or (2) only a small part of the polynucleotide (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 polynucteotides
in the region U might result from the strains connected with the repulsion of certain segments of the molecule anchored on

the electrode from the negatively charged surface.

1. Intraduction

Over the past several years an increasing body of
evidence has suggested that interaction of DNA with
electrically charged membranes plays 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
[1—4). 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 I: E. Palefek, Collection Czech. Chem. Commun. 39
(1974) 3449.

* On the occasion of the 80th birthday of Professor
Dr. V. Moravek.

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 1961 Mitler
{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 a 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 [10], 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.
[11,12], 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-
rucleotides are at [east partially denatured as a con-
sequence of the contact with the electrode. Denatura-
tion of these ds polynucleotides on the electrode is
dependent on factors influencing the stability of DNA
in solution.

2. Experimental
2. 1. Marerials

Calf thymus DNA was isolated and characterised as
in previous papers [13,14]. The content of denatured
DNA estimated by pulse polarography [14] was lower
than 0.3%. If not stated otherwise, denaturation was
performed by heating DNA at the conceniration of
84 yg ml—1 in 0.015 M NaCl with 1.5 mM sodium
citrate, pH 7 (S8SC/10) at 100°C for 10 min and sub-
sequent quick cooling in an ice bath. Sedimentation
coefficients s, , of ds and denatured DNA (table 1)
were kindly estimated by Dr. J. §ponar. S20,w 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 NaCl with 0.1 M NaOH; concentration
of both forms of DNA was 16 ug ml—1. Molecular
weights (m.w.) of both forms of DNA were calculated
using empirical equations according to Studier [15]
and the corresponding diffusion coefficients D (table 1)
determined from Svedberg’s equation {16]. Ds DNA
was X-irradiated in the presence of atmospheric oxy-

gen with a TUR T 250 apparatus [17] at a concentra-
tion of 840 ug mi—!. 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
[17]. 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

12 (the replicative form), which was kindly submitted
to us by Dr. J. Doskoc¢il, was prepared, characterised
and denatured in the same way as in the previous paper
[19]. The content of single-stranded (ss) RNA in the
sample of ds RNA estimated by means of differential
pulse polarography {14] was lower than 0.3%. Poly-
ribocytidylic (poly(:C)), polyriboinosinic (poly(zI))

and polyriboguanylic (poly(xG)) acids were purchased
from Schwarz, Orangeburg, N.Y. The double-helical
complexes poly(rI) - (1C) 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 electrochemical measure-
ments were all of analytical grade. pH values were meas-
ured with 2 Compensator E 388 Metrohm apparatus.

2.2. Methods of electrochemical analysis

Direct current (d.c.), differential pulse-, and alternat-
ing current (a.c.) polarographic measurements were car-
ried out as described earlier [13,21,22]. 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 (S2g w), molecuiar weights (m.w.) and diffusion coefficients (D) of DNA samples used in the present
study.

Sample Sa0,w (Svedbeig) mw. X 107° Dx 10° (cm2 s_l)

ds DNA 29.4 17.9 8.9

denatured DNA, pH 7.0 40.2 342) 63.0

) This m.w. was calculated using sz w determined for DNA in 0.9 M NaCl with 0.1 M N2OH.
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Fig 1, Differential puke pa!awgsaphyi{a} Signal applied. Ar-
rows on the fime axis indicate the drop fall. () Response ob-
tained: ds DNA at the concentration of 200 pz m™f (fower
curve) and denatured DNA at a concentration of 30 pg mi™t
(upper curve). Both forms of DNA in 0.3 M ammonium formate
with 0.1 M sodium phosphate, pH 7.0. The curve of ds DNA
was obtained at 3 times higher sensitivity of the apparatus,

about electrode processes occuring at the potentials of
the peak (step).

Ss polynucieotides containing adenine and cytosine
yield reduction currents at potentials about —1.4 V
{23] (fig. 1 — peak III). Ds DNA-like polynucleotides
in which the adenine and cytosine reduction sites are
hidden in the interior of the molecule {and form a part
of the system of hydrogenbond), are not reducible or
yield relatively low currents (in the case of DNA ap-
proximately hundred times lower) at more positive
potentials (fig. 1b — peak II) as compared with the
corresponding ss polynucleotides (fig. 1b — peak I}
{23].

The mearked difference in behaviour of s and ds
polynucleotides represents a basis for the exploitation
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Fig. 2. Summary of signals applied to the DME in this study.
Arrows on the time axis indicate the drop fall, (a) d.c. polaro-
graphy; (b) a.c. polarography; (¢} normal pulse polarography;
(d) lineas sweep peak voltammmetry,

of methods of electrochemical anatysis for studies of
conformational changes in ds polynucleotides. In the
present paper the differences in the values of reduction
currents served to indicate changes in ds polynucleo-
tides, which occured as a consequence of interaction

of the polynucleotide with the electrode. For this pur-
pose the linear sweep peak voliammetry at DME (34}
was used together with normal pulse polarography,
analogous to our previous study [10]. In these measure-
ments the DME was first held for a definite time #;
(several seconds) at an initial potential E; (figs. 2¢,d)},
the value of which was preselected so that £; was more
paositive thap potentials of polynucleotide reduction.
During the time #j polynucleotide was adsorbed at the
DME charged to E;. In the case of normal pulse polar-
ography, after the time £ one rectangular voltage pulse
was applied to the DME for 57 ms before the drop was
dislodged (fig. 2¢). The current was sampled for the
final 16.7 ms of the pulse. Afier the dislodgement of
the drop the cyele was repeated, but the height of the
pulse was increased (fig. 2c). Thus the pulse potential
hecame more negative. As soon as it reached values, at
which bases bound in the polynucieotide ware reduced
a peak (step) appeared on current-puise potential curves
in the vicinity of —1.4 V (figs. 33, 43, b}, which indica-
ted eventual changes in the accessibility of the bases

for the electroreduction induced by the several secouds
contact of the polynucleotide with the electrode charged
to E;. In the case of linear sweep voltammetry, after the
time £ a single negative vapid and linearly changing ramp
potential (scan rate 2 0.1 V s71) was applied to the DME
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Fig. 3. (2) Normal pulse polarograms of ds DNA. DNA at the
concentration of 420 pg mI*! in 0.1 M sodium phosphate,

pH 7,0, containing ammonium formate in concentrations:

0.1 M (curve 1), 0.3 M (curve 2), 0.6 M (curve 3), 1.OM
(curve 4), and 4.9 M (curve 5). Curve 5 was recorded with

2.5 times lower sensitivity than other curves. £; = -L2 V.,

(b) Dependence of the hejght of the normal pulse-polarogra-
phic curve of ds DNA on £, DNA at the concentration of
420 pg mI™? in 0.1 M sodium phosphate, pH 7.0, containing
ammonium formate in concentrations: (o—90) 0.1 M, (86—}
0.3 M, (0—0) 1.0 M, (c) Dependence of the height of the nor-
mal pulse-polarographic curve of denatured DNA on £;. DNA
at the concentration of 42 ug mi™! in 0,1 M sodium phosphate,
pH 7.0, containing ammonium formate in concentrations:
(o—) 0.1 M, (a—a) 0.3 M, (s—=) 1.0 M. (d) A.c. polarograms
of ds DNA. DNA at the concentration of 420 ugmi* in 0.1 M
sodium phosphate with 1.0 M ammonium formate, pH 7.0

(— ~ ~} backgsround electrolyte.

(fig. 2d). The resulting current was measured as a func-
tion of this potential. Changes in the value of reduction

c14 F
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Fig. 4. Normal pulse polarography of ds and denatured RNA.
Medium: 0.6 M ammonium formate with 0.1 M sodivm phos-
phate, pH 6.8. Ds RNA at the concentration of 180 gg mi™,
depatured RNA in a concentration of 18 pgmi™, (@) Polar-
ograms of ds RNA; £;= — LI V (cuzwe 1), £;= —0.2'V (curve 2},
(b) Polarograms of denatured RNA; £; = —1,1 V (curve 1), E;
= —0.2 V (curve 2). (¢) Depandence of the height of the normal
pulse-polarographic curves of the both forms of RNA on £;.
(oo} step IR of ds RNA, (8—6) peak IR of ds RNA, (e—s)
step IR of denatured RNA,

current mesasured either by normal pulse polarography
or by voltammetry thus vielded information on changes
in the properties of the interfacial region in the depen-
dence on E;. Data giving evidence for appearance of
conformational changes in a ds polynucleotide as a
consequence of its interaction with the clectrode were
provided by the appearance of the voltammetric peak I
(fig. 5a) (or normal pulse-polarographic step — fig. 42)
or by changes in its height (the voltammetric peak I1I
appears at patentials 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 M ammonium formate with 0.1 M sodium phos-
phate, pH 7.0. Ds DNA at the concentration of 420 gg mI"* and denatured DNA in a concentration of 42 pg mi™! . Scan rate 1 Vs,
(a) Voltammograms: Curve 1: ds DNA, E; = —0.1 V; curve 2: ds DNA, E;= —1.17; curve 3: denatured DNA, E; = —0.7 V; curve 4:
denatured DNA, E; = —1.17 V. (b) Dependence of the height of the peak LIl of denatured DNA on its concentration. E; = —0.2 V.
(c) Dependence of the height of the peak 11 of ds DNA on its concentration. (—2) E; = —0.2 V, (s—s) E;=—-1.17 V. (d) Depen-
dence of the peak heights of the both forms of DNA on Ej. (#—#) the peak I of ds DNA, (o—c) the peak I of ds DNA (estimated
maximum experimental errorin peak height measurement is indicated), (e~ — - @) the peak Il of denatured DNA.

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

Normal pulse-polarographic and linear sweep voltam-
metric measurements at the DME were caried out with
a Model 174 Polarographic Analyzer in connection with
Linear Sweep Module Accessory Model 174/51, sup-
plied by Princeton Applied Research Corporation. If
not stated otherwise a three electrode system was used
including a DME, Pt-counter electrode of appreciable
area, and a saturated calomel electrode (SCE). Normal
pulse-polarographic measurements were performed at
the following seitings: scan rate 1 mV s~1, 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; Model [74/51 — 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 £; = —1.45 V; if E; was more positive,
presweep defay was decreased by subtracting (£; +
1.45)/scan rate. Voltammograms were recorded with

a OG 2-21 Speicheroszilloskop, VEB Messelektronik
Berlin, GDR in the X—Y maode. Heighis of voltam-
metric peaks were measured by the method proposed
by Valenta and Niirnberg [25]. The mercury flow rate,
m, of the capillary used for a.c. and pulse-polarographic
measurements was 1.70 mgs—! at a mercury column
height (#1) of 40 cm; m of the capillary used for voltam-
metry at the DME and d.c. polarography was 0.27 mgs—!
at t = 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.
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3. Resuits

3.1. Normal pulse and a.c. polarography of DNA
and RNA

Normal pulse polarography of DNA in neutral
media containing various concentrations of am-
monium formate yielded results whizh were quali-
tatively identical with our previous measurements
in the medium of 0.6 M ammonium formate, pH 6.8
[10]: (1) The heighi of the curve of ds DNA depen-
ded on £; (fig. 3b). (2) The height of the curve of
denatured DNA was nearly independent of £; (fig. 3¢).
(3) Same values of half-step potential (£y;,) were ob-
served for 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 DNA in the vicinity of —1.4 V [26]. At
pH 7.0 £1;; 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 £, did
not change any more. A similar shift of £ j2 was ob-
served with denatured DNA (not shown). In the re-
gion of potentials of the a.c. polarographic peak 1 a
maximum appeared on the curve of the dependence of
the pulse-polarographic curve height of ds DNA on E;
(at £; = E,,,) (fig. 3b, d), which was shifted to more
posiiive potentials with increasing ammonium formate
concertration {table 2). The potential of this maximum
was always identical with the summit potential of a.c.
polarographic peak 1 (E, . ;) (table 2). At potentials
of the a.c. 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 polarograms (fig. 3a, curves 3—35), 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 normat pulse-
polarographic reduction peak (step), exhibiting certain
analogy between the shapes of curves of ss polynucleotides
obiained by means of normal pulse and d.<. polarography [261.

place; an evidence for this process is given by the fol-
lowing two results: (1) Ds DNA yields lower or no re-
duction current measurable with normal pulse polar-
ography at E; more negative than potentials of the a.c.
polarographic peak 1 (fig. 3b). (2) A.c. polarographic
curves of ds DNA and background electrolyte merged
at potentials more negative than the potential of the
a.c. polarographic peak 1 (fig. 3d).

Numerous irregularities appeared on normal pulse
polarograms of ds DNA recorded at E; more positive
than —(.8 V. Therefore it was impossible to decide by
means of normal pulse polarography whether the cur-
rent of ss DNA (peak IT) or ds DNA (peak IT) was
measured, as it is possible when using differential (deri-
vative) pulse polarography (fig. 1b).

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 [19] so that the peaks of ss and ds RNA can
be well distinguished. We tried to exploit this fact in
the normal pulse-polarographic measurements and to
find out whether the curves of ds RNA of phage 72
(which is more stable to thermal denaturation than calf
thymus DNA [19] and exists in solution in the form A,
in contrast to the B form of DNA) will exhibit similar
dependence on £} as the curves of DNA. We ascertained
that in the medium of 0.6 M ammonium formate, pH 6.8
the curve IR of ds RNA can be well distinguished from
the curve IIIR 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 £; was followed (fig. 4c). The
step [HIR yielded by denatured RNA alone almost did
not depend on £; (fig. 4c). The heights of the peak
IR and the step HIR yielded by ds RNA did not change
to any significant extent on varying E; from —0.1 to
—0.9 V. A further negative shift of £; caused a marked
increase of the height of the step IIIR accompanied by
a decrease of the peak iIR (fig. 4¢), which gives evidence
for a qualitative change of the properties of ds RNA,
most p-obably 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 [10]. The
range of £, at which our pulse-polarographic measure-
ments could be carried out was between 0.44-4.94 s,

In this range of £; the dependences describing the kine-
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Table 2

Summit potentials of the a.c, polaragraphic peak I of ds DNA (Ea ¢ 1) and potentials of maximum on the curve of dependence of

normal pulse-polarographic curve on Ej (Eqyax) at different concentrations of HCOONH,.

Cancentration of HCOONH (M) 0.1 0.3

a.6 1.0 2.0 4.9

Eae1 (V) —1.21 ~1.17 ~1.16 ~1.13 ~1.12 -1.10
Emax V) -1.21 ~1.17 ~L.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 [10]: at £; =
—1.1 V the extent of the changes increased with in-
creasing fz, but did not reach the limiting value; at

£E; =--0.2 V virtually no dependence on 7 was ob-
served. Thus at #z = 4.94 s the above mentioned chan-
ges in ds DNA or ds RNA adsorbed in the vicinity of
£ 2« did not take place to the maximally possible ex-
tent.

3.2. Single-sweep peak voltammetry of DNA

It follows from the results of the preceding para-
graph that it would be desirable to measure at longer
1y, 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 value
of E; during the presweep time by 2 jump and to change
the voltage sweep rate. Voltammograms of DNA in
0.3 M ammmonium formate, pH 7.0, at a scan rate of
I Vs~ are shown in fig. 53. A process simifar to that
which is responsible for the a.c. polarographic peak 1
can be probably considered as the cause of the voltam-
meiric peak I; the voltammetric as well as a.c. polar-
ographic peak I are yielded by ds and denatured
DNA’s at approximately identical potentials. The
voltammetric peak 1 was not however used to follow
the properties of adsorbed DNA in the present study.
The voltammetric peak Il is yiclded only by ds DNA,
whereas denatured DNA yields only the more negative
peak II{. The peaks I, II, and 111 were yielded by DNA
on voltammograms at scan rates of 0.1-5.0 Vs—1,
The dependence of the heights of the voltammetric
peaks I and 111 of ds and denatured DNA’s on E; cor-
responded qualitatively to the analogous dependences
obtained by means of normal pulse polarography with
DNA as well as RNA (fig. 5d).

We attempied to find out whether the changes in
ds DNA caused by its adsorption on the DME charged
to £, are reversible, The mercury drop was im-
mersed into the ds DNA solution continuously for
10 5. After this time the voltammogram was recorded
(scan rate 2 V s~ 1) and the height of the peak Il meas-
ured in the dependence on potentials applied to the
electrode during preceding 10 s. If the DME was kept
for the whole time (10s) only at £; =—1.4 V, ds DNA
did not yield any peak (fig. 5d). However, if the DME
was first kept 5 s at £, and then the potential of
~1.4 V was applied to the same drop for another 5 s,
ds DNA yielded the peak I (not shown). A high peak HI
was observed in a similar experiment (fig. 6), when DME
was first charged to £, for S s and then for further
S s to the potential of the region T (fig. 5d). The appear-
ance of the peak HI as well as its height indicated thatat
least a part of the changes resulting from ds DNA inter-
action with the electrode surface charged to £, 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 £; in the vicinity of £,,,,, (the region
U — fig. 5d) are at least partially {rreversibie.

In standard voltammeiric analysis the peak height
is proportional to the concentration of a depolariser
in the bulk of solution. In our case (fig. 5a) the peak IlI
was formed even though the concentration of the de-
potariser responsible for its appearance was virtually
zero in the solution. The depolariser (denatured DNA)
was transported to the electrade in its inactive form
(ds DNA), the diffusion coefficient of which was lower
than that of the active form, which was formed 2s a
contsequence of the interaction of DNA with the electrode
We characterised the height of the peak IIT of ds DNA by
the concentration of denatured DNA in the solution, 4,
which was necessary for the appearance of the peak [l
of the given height, in order o be able to compare the
heights of the peaks Il yielded by ds DNA of the same
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Fig, 6. Influence ot a change of E; before the application of
voltage sweep on the course of voltammograms of ds DNA.
DNA at the concentration of 420 ug mIt in 0.3 M ammonium
formate with 0.1 M sodium phosphate, pH 7.0 Scan rate

2V 57!, The curves were recorded from —0.2 V. Presweep
time 10 s. Curve 1: the DME charged for 10 s to potential
~0.2 V; curve 2: the DME first kept for 5sat —1.15 Vand
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 (Dgepa,) were accounted for: the slope of
the linear dependence of the height of the peak IH
was divided by the ratio (Dgenat/Dpae)t/? and the con-
centration A read from thus corrected dependence.
We foliowed A in a dependence on scan rate at var-
ious £; values. Whereas at E; = E;,,, A4 was practically
independent of the scan rate, at £; more positive than
the region U, i.e. in the potential region T (fig. 5d) A
decreased with increasing scan rate up to the scan rate
I V s~} (fig. 7). Further increase of the scan rate did
not [ead to any appreciable change of 4. 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 can lead to conformational changes
in DNA. If the time for the voltage to sweep through
tire region U (of the width of approximately 0.4 V),
is shortened to 0.4 s, the resuits of measurements are
no [onger 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

120 +

Alpgml'lL
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40 F

[
b

i 1 1 L] 3.
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SCAN RATE (Vgs1)

Fig. 7. Dependence of A on scan rate. Ds DNA at the concen-
tration of 420 ug mI™! in 0.3 M ammenium formate with 0.1 M
sodium phosphate, pH 7.0. (e—8) £; = —0.7 V, (c—o0) E,- =
LIS V.

solution. In the vicinity of pH 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 {28]. On the contrary damage to the DNA double
helix by X-rays leads to a decrease of its stability [17,29].
We followed the influence 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 #;. The
ratio X first grew with ;. and then reached a timiting
value (fig. 8). The value of r;, at which X just reached
the limiting value (7, ) was taken as a measure of the
rate of changes. It follows from fig. 8 and table 3 that
changes for native DNA at £; = £, took place more
rapidly the lower the concentration of CsCl (in the
range 0.3—1.0 M) or the higher the dose of X-radiation.
It is evident that f;. value of approximately 8 s was suf-
ficient for the changes in the structure of ds DNA (ad-
sorbed on the DME at £, ) to reach the limit at pH 7.0
(table 3). We determined the extent of these changes
from the values 4. As follows from table 3, 4 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 7z under conditions of our
measurement (fig. 8). The concentration A measured at
these potentials was changed in the dependence on fac-
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Table 3
Influence of factors determining the stability of DNA in solution on the extent and rate of conformation changes in ds DNA ad-
sorbed at the DME.
Sample of DNA 2 Adsosbed at Eqax Adsorbed at ~0.2V
in
Az mr?) Him ) Alpg mi™) oX 1039
at & 2 Nim atfp > 13
0.6 M HCOONH,, pH 7.0 103 8 16 1.1
0.6 M HCQONH,, with 8 oM spermine, pH 7.0 61 8 16 1.1
0.6 M HCOONH,, pH 7.0} 128 5 24 1.6
1.0 M CsC1, pH 6.8 121 5 18 1.1
0.3 M CsC1, pH 6.8 163 3 20 1.3

a) Ds DNA 2t the concentration of 420 zg mi™; all samples were buffered by 0.1 M sodium phosphate.
b} ¢ is the number of dissociated nucleotide pairs in ds DNA of m.w. 1.8 X 107 adsorbed at the DME (o = 2.8 X 10? for 4 =

420 pg mi),
€} Dis DNA X-irradiated with a dose of 40080 rads.

tors influencing the stability of DNA in the same man-
ner as if measured at E,_. (table 3),

It follows from our results that even for denatured
DNA a slighe increase of the reduction current takes
place in the region U (figs. 3¢, 5d). This increase might
be connected with the presence of short helical regions
which were formed owing to aggregation and partial
renaturation. Measurements of samples of denatured

PRESWEEP TIME {s)

Fig. 8. Dependence of X on presweep time, (X is 2 ratio of
the heights of the peaks I of native and denatused DNA'w)
(o8} E; = Epyayi (0-- - »0)} Ef = ~0,75 V. Ds DNA at the
concentzation of 420 pg mI'?, denatured DINA at the cone
centration of 42 gg mit. Medium: 0.6 M mmimonium for-
mate w;:ith 0.1 M sodium phosphate, pH 7.0. Scan wte
SV s,

DNA differing in the content of helical regions (the
content of the helical regions was checked spectro.
photometrically [30,31] confirmed this assumption.
Whereas in the case of denatured DNA obtained under
conditions that stimulate aggregation and renaturation
the increase of the reduction current was maximal
(fig. 9), this increase disappeared in denatured DNA
which was free of helical regions {(conditions minimiz-
ing the aggregation, measured at 79°C).

Further the consequences of interaction of
poly (rG)* (zC) and poly{rl) - (:C) with the mercury
electrade were investigated. The measurements were
carried out in a2 medium of 0.15 M ammonium formate
with 0.1 M NaCl and 0.06 M saodium phosphate, pH 7.0,
under conditions when the surface of the DME was
fully covered by adsorbed polynucleotide molecules;
it was thus possible to exclude the influence of unequal
diffusion coefficients of the ds polynucleotides on the
height of the voltammetric peak appearing at —145V
(fig. 10a). The height of this peak was changed with
E; (fig. 10D} in an analogous manner to changes of the
peak HI of DNA. In the case of the thermally more
stable poly(rG)+(xC), however, the peak was very small
even at E; = E,,.. On the contrary for the less stable
poly(zl) - (C) the height of the peak at £; = £, cor-
responded to the reduction of all poly(xC) bound in the
complex.

Valenta et al. [11,12], who also followed the con-
formational changes of ds DNA on the surface of the
mercury elecirode, did not observe the marked depen-
dence of the conformational changes on E; (the regions
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Fig. 9. Influence of aggregation of denatured DNA on depen-
dence of the height of the voltammetric peak III on Ej. De-
natured DNA in 0.3 M ammonium formate with 0.1 M sodium
phosphate, pH 7.0. Scan rate 2 V s™). The peak height at ;=
—0.2 V was taken as 100%. (8—2) denatured DNA at the con-
centration of 42 ug mI'!; the denaturation was carried out un-
der conditions, when the aggrezation of DNA was minimal,
iLe, at the DNA concentration of 84 ug mI! in the manner
described in sect. 2.1.; measured at 25°C, (o—=) denatured
DNA at the concentration of 42 ug ml™! ; the denaturation
was carried out at the DNA concentration of 84 ug mI™! in
the manner described in sect. 2.1.; measured at 70°C, (o—-0)
denatured DNA in a concentration of 126 ug mi™. The de-
naturation was carried out under conditions stimulating ag-
gregation of DNA, ie. at the DNA concentration of 756 pg
mI? for 10 min in SSC at 100°C and then left for 2 hr at
37°C [30,31]: measured at 25°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 (in 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 with the change in standard d.c. polarographic
measurements. Ds and denatured DNA at the concen-
tration of 420 ug mi—! in 0.5 M ammonium formate
with 0.1 M sodium phosphate, pH 7.0 were measured.
Denatured DNA under these conditions 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

4,1, Denaturation of ds polynucleotides in a narrow
region of negative 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, 5d) and the parallel decrease of the
peak II (IIR), which is yielded only by ds DNA (ds RNA)
As long as the conformation changes have the character
of premelting changes [32—36], an increase of the
peak II would be expected on the basis of ine 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 U
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
IIL. Thus, for the appearance of the faradaic 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 electrode poten-
tial 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. 5a) 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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Fiz. 10. Voltammetric behaviour of polyribonucleotide complexes and poly(tC) in 0.15 M ammonium formate with 0.06 M sodium
phosphate and 0.1 M NaCl, pH 7.0, The complexes were at the concentration of 1 X 1073 M, poly(zC) at the concentration of

5 %X 107 M. Scan rate 2 V 571, All potentials are given against mercury on the bottom of polarographic vessel. (a) Voltammograms:
Curve I: poly(rl) = :C), Ej = —0.4 V; curve 2: poly ) - iC), Ej = —1.25 V;curve 3: poly6G) - ¢ C), E; = —0.4 V:curve 4:
poly(1G) = (), £j = —1.05 V; cuive 5: poly:C), £ = —~0.4 V. (b} Dependence of the height of the voltammetric peak vielded by

the complexes and poly(£C) at potentials about —~1.45 V (fizg. 10a) on £j. (0—0) poly(rG) = (xC), (#—e) poly(rl) - (rC), (a—=) poly (C}.

Flemming [8,9].) The surface denaturation of ds
polynucleotides in the region U proceeds relatively
slowly (in units of seconds) fig. 8). In some cases the
complete or nearly complete denaturation can take
place; in other words, after sufficiently long contact
of a ds polynucleotide with the electrode the poly-
nucleotide can yield the signal corresponding to the
reduction of a ss polynucleotide in an equimolar con-
centration (poly(rI)- (xC) — fig. 10).

4.2, Interaction of ds polynucleotides with the elec-
trode in the region from —0.1 up to -1.0 V (the
region T}

In the region T, in which the electrode can bear a
positive (at potentials more positive than the potential
of the electrocapillary maximum (ECM)¥, i.e. at rough-

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

ly —0.5 V) or negative charge, the value of the meas-
ured current (characterising the amount of reducible
groups released from the double helix) depended

neither on the time of contact of the ds polynucleo-

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
small part of the adsorbed molecule and do not proceed
further. The explanation (2) is supported by the fact that
the peak Ul (step IIIR), which is characteristic for a ss
polynucleotide, was present on normal pulse-polarograms
of ds RNA (fig. 4a) and on voltammograms of ds DNA
(fig. 5a). The ds polynucleotides did not yield the peak
HI 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 I on voltammograms (fig. 5a) and normal
pulse-polarograms (fig. 3a, 4a) could be caused by

a contamination of a ds polynucleotide by ss 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 approximately 2 times as high
as the height of the peak II estimated in the same
samples by means of differential (derivative) pulse
polarography. 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—
thymine rich regions, etc. [33—36]) and their closest
neighbourhood are denatured, while the major part of
the molecule preserves its ds structure under these con-
ditions,

4.3. Mechanism of formation of the conformational
changes

In the vicinity of DME there exists a nonhomogen-
eous electric field, which has its highest strength (up
to 106 V cm—1) in the so-called inner or compact
double-layer (its width corresponds to a few atomic
diameters) adhering to the metal phase. In the direc-
tion from the electrode the electric field strength
sharply decreases; on the boundary of inner and dif-
fuse double-layer it has only roughly 15 of its original-
value, which then decreases in the diffuse double-
layer nearly to zero (the depth of diffuse double-
layer depends on ionic strength [37]; in the medium
of ionic strength 0.1 it can amount to approximately
90 A). Previous theoretical calculations have suggested
that an electric field strength of the order of magnitude
10* V ¢cm~! and higher can cause denaturation of
DNA [38]. However, experiments carried out later {1]
gave evidence for structural changes (strength of the
field of the order of magnitude 10* Vcm—1, concen-
tration of Tris buffer, pH7 1 X 10~% — 1 X 10—3 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 107
certain degree of flexibility is presumed [39]. It can
be thus expected that our ds DNA sample (m.w. 1.8
X 107 — see sect. 2.1) was adsorbed as a flexible
polymer i.e. through two-dimensional 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 buik of solution. Fixation of

the molecules on the electrode surface as well as the
inhomogeneity o7 the electric field makes the orienta-
tion of molecules in the direction of the field difficult
and thus reduces the ability of the field to cause 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 {1—4,38] does
not suffice for explaining the conformational changes
of a polynucleotide adsorbed on an electrode [11,12].

In our previous communication [10] we formulated
a hypothesis that 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 electrode surface by the sugar-phosphate back-
bone as well as by sporadic bases located in the labile
regions of DNA [42]. 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, when 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
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bases, hydrogen bonds have to be ruptured and the
solvation sheet is probably disturbed; this segment
has thus ss character. From the segment S the surface
denaturation proceeds to further regions of the mole-
cule, the main part of the unwinding taking place in
the outer double-layer and in the bulk of solution.
This way of unwiding 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 unwinding.

If we thus carry out the whole measurements on a
single drop (either with HMDE or a DME of a rela-
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 thermally denatured DNA’s vield qualitatively
identical signals, whether we follow the reduction of
polynucleotides [10—12} (figs. 3,5) or their adsorp-
tion/desorption behaviour [8,9]. This is connected
with the fact that the ds DNA is at least partiaily 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 well as on further con-
ditions (table 3, fig. 10). On the contrary, if we work
with the DME under conditions usual in d.c. polaro-
graphy (fig. 2a), a possible slight surface denaturation
which may occur in the region U (and T) cannot be
manifested by the appearance of the d.c. reduction
step even in the case when the drop time is profonged
several times. This is caused by the fact that the intact
DNA transported fro:mn the bulk of solution does not
adsorb on fresh mercury drops charged to the poten-
tials at which the reduction of the denatured DNA
occurs (fig. 3d).
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