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SUMMARY 

The adsorption at the solutionlmercury electrode interface of guanosine, adenosine and 
cytidine alone and in guano&-adenosine and guanosine-cytidine mixtures was examined 
for pH 4.0 and 7.2 solutions at 25 and 40°C; the principal index used was the ax. polaro- 
graphic quadrature current component. All of the nucleosides are adsorbed at the 1.0 m&f 
and lower concentrations examined. There is evidence at 25’C for: 

(a) the self-association of uncharged adsorbed guanosine; 
(b) formation at pH 4 of a 2 : 1 guanosine-adenosine complex, which is at least partially 

positively charged, is more stable than the self-associated guanosine and associates in the 
adsorbed state; 

(c) formation at pH 7.2 of a similar 2 : 1 but uncharged guanosin&denosine complex; 
(d) formation of a probably positively charged 1 : 1 guanosine-cytidine complex, which 

adsorbs and associates at pH 4 and of a similar neutral complex at pH 7.2. 
Association of the adsorbed species is not seen at 40°C. The controlling factor in deter- 

mining the differen& capacitance .at the interface is generally the presence of the most sur- 
face-active species, guanosine. 

INTRODUCTION 

Numerous studies of the adsorption behavior of the individual nucleic acid 
bases and their nucleosides, as well as of more complex species, have been pub- 
lishGd in the.past decade; many of these have involved the use of alternating 
current (a-c-) polarography- Typical are the studies by Vetted, Vale&a, Niim- 
berg, Christian, Dryhurst and their collaborators. Most germane to the present 
study are those on adenosina [l-6], cytidine [1,2,7] and guanosine [ 1,2], and 
Vetted’s seminal examinations of nucleosides [1,2] ; the latter papers provide 
much of the .basisfor subsequent discussion of the pits or zuells in capacitive 
current--potential nlot&. Vetterl’s 1977 paper 181 provides. useful background 
and references. -. -. :-- - 

The present paper describes a study :of the complexes formed by guanosine 
with-adenosme and cytidine, which complexes are adsorbed at the aqueous 
solutionlmercuryWinterfacnterface -where they car? associate. The primary indicator 

_.. ~. _:-.:.. ._:.. . .:. . 
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used is the variation with potential of the quad&ure current cdrnponent seen 
on phase-selective u-c. polarography. In the absence of a faradaic process, the 
quadrature current component is proportional to the double-layer capacitance 
at the interface and, consequently, provides a readily obtainable index to the 
adsorption of species at the interface and to the variation in their nature. ‘. 

Guanosine and adenosine are 9$3-D-ribofuranosyl derivatives; cytidine is 3-e- 
ribosidocytosine. The generally seen order of surface activity is guanosine > 
adenosine > cytidine. 

In order to minimize complications associated with reorientation of the 
adsorbed species from the dilute adsorption layer - characterized by the spe- 
cies being oriented parallel to the electrode surface -to an orientation perpen- 
dicular to the surface, as the nucleoside concentration increases [4,8,9], the 
concentrations of the nucleosides were kept at or below 1 mlM_ A minor 
advantage of working at such concentrations is that these-are in the range 
involved in normal polarographic and voltammetric studies. 

The present study will hopefully provide an extension of the use of phase- 
selective (L.C. polarography for examining adsorption to the investigation of 
complexation, association and inter-facial film formation at low concentrations 
of nucleic acid and other biologically significant species. 

EXPERIMENTAL 

The pertinent theory of C.C. polarography and the isolation and measure- 
ment of the quadrature current component are described in the literature 
[lO-131. 

The p&Z, values for the compounds examined (where (b) indicates a basic 
pK,, i.e., one for proton addition,‘and (a) indicates acidic pK,, i.e., one for loss 
of a proton) are as follows: adenine, O-l (b), 4.1 (b), 9.8 (a); adenosine, 3.5 
(b), 12.5 (a); cytosine, 4.5 (b), 12.2 (a); cytidine, 4.2 (b), 12.5 (a); guanine < 0 
(b), 3.2 (b), 9.6 (a), 12.4 (a); guanosine, 1.6 (b), 9.2 (a), 12.4 (a). 

The pH values examined were selected on the basis that both adenosine and 
cytidine produce well-formed, diffusion-controlled dropping mercury electrode 
(d-m-e.) waves at pH 4.0, and that pH 7.2 is commonly used as a reference pH 
for biological phenomena and reactions. 

Appam tus 

Electrochemical measurements were made with a Princeton Applied 
Research (PA!R) Model 174 polarographic unit; a Model-174/50 a.~. polaro- 
graphic analyzer interface and a Model 122 lock&r amplifier, and were 
recorded on a Hewlett-Packard (HP) Model 7005B X-Y recorder. The d.m.e. 
drop time was controlled, when so’desired, by a PAR-Model 172 drop timer 
and knocker. Potentials were monitored with a HP-Model 3430A digital volt- 
meter_ 

The water-jacketed cell used &LS kept at 25 -or.40° C. ‘I’& working electrode 
was a d.m.e. The counter electrode was a platinum spin&The saturated 
calomel electrode .(s.c.e.),:to which all potentialscitedare referred; vvasaself- 
contained unit, whose bridge end contained a coarse glass frit and an ag&KCl 1 
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plug; its potentialwas periodically:checked. 
:. -.The dti.e;;.tihich Were.lengths of-Corning marine barometer tubing, had 
fI& -rates Ia,rid-drop times in:0 -1111 KC1 solution at open circmt &d a -mercury 
height of 60 cm of (a) 1.155~mg~s-’ and 6.0 s, and (b) 1.95 mg s-’ and 3.9 s. 

The experimental arrangement was periodically checked by running d-m-e. 
polarograrns for 0;5 x&f Cd(I1) in 0.1 M KC1 solution. Here, U,,, was always 
-0.599 + 0.001 V; the ratio of limiting current (II) to square root of corrected 
Hg head (hi;?&) -was constant. 

Test solutions 

The constant ionic strength McIlvaine buffers used were prepared from 
reagent grade chemicals [14] _ 

The reported analytical data and spectrophotometric assay for the bases and 
nucleosides used (Calbiochem; Nutritional Biochemicals; P-L Biochemicals) 
indicated sufficient purity for polarographic study. In order to minimize pos- 
sible base or nucleoside decomposition in the dissolved state, test solutions 
were freshly and individuaRy prepared by dissolving weighted amounts of the 
compounds in the buffer solution_ The test solutions were of pH 4.0 or 7.2,O.l 
M ionic strength, and 0.1-l .O m.M in base or nucleoside. 

Nitrogen used for deoxygenating was purified and equilibrated by bubbling 
it successively through acidic V(I1) kept over heavily amalgamated zinc, satur- 
ated Ca(OH)* and distilled water. 

Procedures 

Test solutions were deoxygenated by Nz purging and were then examined 
with Nz passing over the solutitin. 

D.c. polarograms were recorded in the usual manner, employing a natural 
drop time. 

For (z.c. polarography, a controlled 2 s drop time was used with a d-c. poten- 
tial scan rate of 2 mV s-l and a superimposed alternating voltage of 5 mV peak 
amplitude (3.54 mV rms) and 50 Hz frequency. The phase angle was deter- 
mined in accordance with the recommended procedure for the PAR apparatus- 
The phase angle selected for the in-phase current component measurement was 
that for which the noise, as indicated on the lock-in amplifier galvanometer, 
was at a minimum; the quadrature current component was recorded at a phase 
angle 90” from that used to measure the in-phase current component. Quadra- 
ture current measurements were made when solution/adsorbate equilibrium 
had been attained (cf. subsequent discussion on effect of time). 

GUANCkINE-ADENOSINE INTERACTION 

D.c, poiarography 

At pH 4.0&o differences are observable.in the d-c. polarogmphic curves for 
0.1+&5 I$V adenx@e alone and for mixtures of adenosine and guanosine Up 
ix_a’rati!, of-.l.~:.4 adenosjne. : ~guanosine, where-the adenosine is 0.1-0.5 mM. 

.,. : 

-- 
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In all cases, It, based on the maximum current for the adenosin@ reduction ..- 
wave, is diffusion-controlled (linear dependence on hi’dL,,).-The half-tiave-poten- 
tial (U,,,) at 25” C is constant at -1.32 2 0.01 V, in agreement-with a previ- -. 
ously observed VI,, of -1.32 V at 0.1 M ionic strength and 25°C -[15]. -The dif- 
fusion current constant [Id = II/c rr~*‘~t”~] is ca. 13.3 at-O.25 m.M adenosine- 
and 12.4 at 0.5 W, the decrease with increasing concentration is in accor- 
dance with previous reports for adenine species. 

As expected, no faradaic reduction peak is seen in pH 7.2 solutions of adeno- 
sine and guanosine alone or in the mixture, since the guanosine moiety is not 
reducible within the available potential range in aqueous media and the adenine 
moiety is reducible only when protonated at N(1) [lS] . 

In solutions containing adenosine, the background decomposition potential 
is shifted positively owing to the effect of the adenine moiety in lowering the 
hydrogen reduction overpotential. 

A.c. polarography 

The height of the adenosine in-phase current component faradaic peak seen 
at pH 4 is greatest at a phase angle of -7” to -15O ; the s umrnit potential (US ) 
of -1.37 V at 25” C is unaffected by the presence of guanosine. 

Over most of the available potential range there is a pronounced difference 
in the quadrature current component between the buffer background solution 
alone and such solutions containing adenosine or guanosine alone, or mixtures 
of the two (Figs. 1,2); the difference is greatest in the potential region cen- 
tered at -0.6 V, which is near the elcctrocapillary maximum (e-c-m.) or point 
of zero charge (p.z.c.). The maximum deviation is observed at a complementary 
phase angle of +75” to 83” (cf. the in-phase current component phase angle of 

I I I I I , I I 

-1.6 -1.2 - 0.8 -0.4 0 

Fig. 1. Alternating current quadrature current polarograms at pH 4.0 and 25O for: (1) ?..50 

mM adenosine; (2) 0.50 m&f guanosine; (3) 0.50 m&f adenosine plus 0.50 m&f guanosine; (4) 
background buffer solution alone; (5) 0.25 r&f adenosine plus 0.50 m&f guanosine; (6) 0.25 
n&f adenosine and 0.75 mb2 guanosine. Some slight difference between the group of curves 
l-3 and that of curves 4 and 5.may be-due to .a difference in instrument sensitivity.~Baclc- .. 
ground curve (4) refers to curves (5) and (6). 
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Fig. 2. Alternating current quadrature current polarograms at pH 7.2 for: (1) background 
buffer solution alone; (2) 0.50 mM guanosine; (3) 0.50 m&Z guanosine plus 0.25 rr&Z adeno- 
sine; (4) 0.75 mM guauosine; (5) 0.75 m&Z guanosine plus 0.25 mM adenosine. Upper group 
of curves is at 4O*C; lower group is at 25%, 

-7O to -&” mentioned in the previous paragraph), and is about the same in 
O-1 mM adenosine and 0.1 mM guanosine, observed separately; the deviation 
for adenine is less than one-half of that for a similar adenosine concentration. 
The difference does not increase linearly with guanosine concentration, for 
example, it is about -0.4 PA at 0.1 mM and -0.8 PA at 0.5 m&Z. 

At pH 4.0 and 40’ C, adenosine has a ET,,, of -133 V, an m-phase US of 
-1.38 V and a corresponding quadrature U4 of -1.41 V. Addition of guauo- 
sine does ‘not significantly alter. these potentials or the corresponding currents. 
Guanosine alone does not produce zrrent steps at the potentials indicated_ 

Capacitive current pit or well 

Adsorption of a compound at a solutionlelectrode interface generally 
lowers the magnitude of the differential capacitance of the electrical double 
layer at the in&face and, correspondingly, the intensity of the alternating cur- 
rent which is involved in the charging of the double layer and which, in the 
absence of a faradaic process, is reflected in the ax; polarograpbic quadrature 
current component. The potential at which the differential capacitance IS most 
reduced, compared to that in the absence of the adsorbate or surface-active 
species, defines the potential range in which the ,greatest portion of the latter 
species is ‘adsorbed. Potentials, at which capacitance or current maxima appear, 
are those where the most rapid adsorption zmd/or desorption processes occur; 
where the current following the peak is below the response for backgronnd 
alone, such current ?mxima might also indicate a reorientation of the adsor- 
bate. Appearance.of a more or.less sharply defined well or pit on the current- 
potential or Cap&citance-potential curve& generally identified with the occur- 
rence of ‘association between adsorbed mole&es to f6rm a-surface film fl,l?j . 
For, example, in-Fig.-.3, ac&orp$on is greatest in the potential range around UO, 
where the decrease in the alternating current (I=,, !.re”ative to that for the hack- 
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ground electrolyte so&ion alone, is greatest; peaks at u’ aud U- reflect a& 
increase in I=, across the interface due to adsorption-desorption with the pit in 
curve c resulting from the association of the adsorbed solute molqztiek. The 
walls of the pit are at the potentials at which the surface film for& and breaks. 

Fig. 3. Dependence of the alternating current, laC, on the electrode potential, U. Alternating 
current polarograms of: (a) background electrolyte in the absence of specific adsorption; (b) 
the same solution containing some surface-active substance; (c) the same solution when 
intermolecular association of adsorbed species occurs on the electrode surface. Taken from 
Vetted [I], with some modification_ 

Quadratic current component phenomena 

As expected from Vetterl’s studies, the nucleosides examined adsorb at the 
solutionlmercury interface in the region of the e-cm. Pits (cf. previous para- 
graph)areobservedona.c.'quadraturec~entcomponentpolarogramsof 

guanosine and guanosineadenosine mixtures (Fig. 1). Adenosine by itself pro- 
duces no quadrature pi@ at concentrations of 1 m&f or less at either pH 4.0 or 
7.2 at both 25 and 40°C; the general negative displacement from the background 
curve testifies to the adsorption of the adenosine- 

The results seen at pH 4 can be summarized as follows (the items are num- 
bered to .facilitate subsequent reference): 

(1) At 25* C and guanosine concentration of 0.2 m&f or greater, a sharply 
defined minimum corresponding to a pit is seen m-the potential region of the 
e.c.m. (Fig. 1). 

The width of the pit in potential increases with increasing guanosine.concen- 
tration with eventual diminution in effect (Fig. 4); the-midpoint of the pit 
remains constant at -0.51 V. The depth- of the pit in current and.its area (cur-. 
rent depth X potential &c&h) increase with gu&osine concentration m’the . 

exponential mmer characteristic of an adsorption.isotherm (Figs:4 and &I). _ 
The tendency of-the area+onc&zation relation to level off-at big&r.donceti--- 
t&ions, presumably. due:to.interfacial saturation&th the species bemg-. - : 
adsorhed, ismore.eviden$ in the log-Jog--plot:-of the-d&S (Pig, ES);:.‘- ' I 1 I : '- .-;, 

(2).The pit seen-wi_~:~osine.at,25”G_‘is greatly-dimiiiishedIon:addition of 
adenosine, nearlyvanishing at a 2 : 1 -rnolar-gu~osine-adeno;si~~;-~~~,- at-the. ‘~ 

. . : ._. 
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0.4 - . . 0.3 -‘: -- 0.2. b.1 : 0 
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Quadratbre kurrent component ($0 A = 

I U(V) 
I t I t I 

-1.0 -0.0 -0.6 -0.4 -0.2O 

Fig. 4. Variation of the quadrature current pit characteristics with guanosine concentration 
at pH 4.0 and 25OC: (A) potentials at which the pit begins and ends; (B) mean depth of the 
pit between its initial and final potentials. 

Fig. 5. Variation of the quadrature current pit area (current depth X potential width) at co. 
-6.6 V with guanosine concentration at pH 4.0 and 25’Cr (A) linear plot of data; (B) log- 
log plot of data. 

same time, a pit develops at more negative potential (pit midpoint is at -0.83 
V) (Fig. 1). On subsequent addition.of guanosine in excess of the 2 : 1 r&i0 the 
original pit at -0.51 V redevelops (Fig. 1). 

The marked cabacitive current excursion seen at ca. -1.4 V for both adeno- 
sine alone and-adenosineqanosine mixtures is associated with faradaic reduc- 
tion of -the adenine.moiety. 

(3) At 4OO.C neither of the two pits described in the preceding paragraphs 
are seen on U.C. quadrature current polarograms of guanosine or of guanosine- 
adenosine mixtures. 

.At-pH 7.2 i .tlie foll&in~ iit phenomena are observed: 
_: -(+) Thcz .c$.+i$aty&& -po.&rogiar&_ for .0.25 m.M guanosine and 0.25 m&f adeno- 

.-smcYalon&+uc n~~l~;th’~-~~~.~~:25°.C_~~~,,~),-inciicating ah&& id&&d 
1 adsorpti,~n.~~~~:~~~~.t~~~~~~~~.~~~~un~sojer the:p&nm range. 
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(5) At higher guanosine concentration & 25OC, e.g., 0.50 m.M,_the qu@ra- : 

ture polarograms have two more or less-well-defined pits covering the potential 
ranges of -0.20 to -0.40 V (Fig. 6). At still higher contienl&ion (>0_75.mM), 
the two pits merge into a single large pit: since the more negative pit, whose 
depth increases with increasing guanosine concentration, is the deeper at the 
concentration of merging, the merged pit shows a two-step depression consist- 
ing of a shallow portion centering at -0.30 V and a deeper region centering at 
-0.62 V with a transition at -0.52 V which is quite close to the e.c.m. poten- 
tial (Fig. 6). The pit magnitudes increase with increasing guanosine concentra- 
tion in the exponential shape characteristic of parameters related to adsorption 
isotherms (Figs. 6,7). 

(6) The guanosine pits at 25°C are diminished on addition of adenosine and 
disappear as such at a 2 : 1 guanosine : adenosine ratio (Figs. 2,6). Increase in 
guanosine above the 2 : 1 ratio causes a reappearance of the second pit (Fig. 2). 
A pit at more negative potential similar to that centered at.--O.83 V, which 
appeared for guanosine-adenosine mixtures at pH 4 at 25O C, is not seen at pH 
7.2 at 25OC. 

In the cases of both guanosine alone and guanosine-adenosine mixtures, 
there is a marked capacitive Current excursion starting at about -0.9 to -1.0 V 
and becoming identical with the background quadrature current component at 
about -1.4 to -1.5 V (Figs. 2,6). The peak, whose height increases exponen- 
tially with increasing solution concentration of guanosine (Fig. 7), is due to 
desorption of guanosine from the interface, which also produces an in-phase 
current component; although adenosine itself produces a peak in this-location, 
the peak heights for guanosine--adenosine mixtures are essentially identical 
with those for the same concentrations of guanosine alone. As previously 
noted, adenosine does not produce a faradaic reduction peak at pH 7.2. 

(7) At pH 7 -2 and 40” C, no quadrature current pits are seen in the -0.2 to 
-0.7 V range, although adsorption of guanosine and adenosine species in that 
potential range is evident (Fig. 2). The current peak centered at ca. -1.1 V 
behaves the same as at 25O C. 

, 1 I 

-1.6 -1.2 -0.8 - -0.4 cl 

Fig. 6. Alternating current quadrature &rent pola~ograins at pH 7.2 and.i5OC fori (1) back- 
ground buffer solution alone; (2) 0.25 mill-guanosine; (3) 0.50 miW’gu&dsi&e; (4).0_75 mM 
guanosine; (5 j 1.00 mM guanosine; (6) 0.50 mMguanosine and 0.25%niM adetitisifie. i- ._ -. -1 



Fig. 7. Variation of the quadrature current and pit depths with guanosine concentration for 
guanosine alone and in mixture with adenosine at pH 7.2 and 25OC: (I) pit centered at cn. 
-0.3 V; (II) pit centered at ca. -0.6 V; (P) peak at co. -1.1 to -1.2 V; (0) guanosine alone; 
(A) 0.25 mM adenosine ailone; (0) guanosine in admixture with 0.25 m&f adenosine. 

Guanosine self-association 

Result (1) indicates that at pH 4 and 25” C adsorbed guanosine molecules 
associate. The potential range of the resulting pit being centered at -0.51 V, 
i.e. in the e.c.m. range, suggests that the association complex has an overall 
uncharged structure and that the associated guanosine is less polar than guano- 
sine itself. At pH 4.0, guanosine is expected to be unprotonated on the basis of 
its pK, values. 

Result (5) indicates formation of an uncharged guanosine association com- 
plex at pH 7.2 and 25O C similar to that at pH 4.0 _ 

The guanosine association complex can be formulated as a dimeric species as 
a result of hydrogen bonding involving the oxygens at C(6) and the hydrogens 
of the amino groups at C(2), as shown for structure I of Fig. 8. Such intermole- 
cular bonding might stabilize the system against proton addition or loss. While 
the intermolecular interaction must be strong enough to cause association 
resulting in a surface film, the relatively low degree of stability of the complex 
is evident from its failure to be formed at 40” C (results 3 and 7). Analogously, 
2 m,M adenosine at pH 7 forms a deep pit at room temperature, but the pit dis- 
appears at 35°C (Fig. 3 of ref. 2);. 

Guanosine-adenosine hi terac tion 

The IiR,v~u~~.fo,-s;a,,sine: &&cat&d that adenosine is partially protonated 
at pH 4.O.and & _uxicharged at pH-7.2: 

: 
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The effects resulting from adenosine addition to a pH 4 solution of guario~ 
sine (result 2) are explicable on the basis that the associated adsorbed guano: 
sine species is dissociated due to the formation of a more’stable guanosine- .: 
adenosine complex, whose stoichiometry is that of two. &uanosine~molecules 
per adenosine molecule. The adsorption and subsequent association’of the 
latter complex produces a pit at a more negative potential than the pit due to 
the guanosine complex; more importantly, while the guanosine complex is 
adsorbed in the e.c.m. potential region, as shown by the pit due to it being cen- 
tered in that region, the guanosineadenosine complex is adsorbed at poten- 
tials negative to the e.c.m., as expected for a positively charged species. 

The failure of the adsorbed guanosineadenosine complex to produce a pit 
at more negative potential at pH 7.2 (result 5) as it does at pH 4, could be 
related to the unprotonated structure present at pH 7.2. 

The hydrogen bonding in the complex at pH 7.2 could involve electron-pair 
donation from the oxygen atoms at C(6) in guanosine and from N(1) and N(7) 
in adenosine, as shown in structure II in Fig. 8. At pH 4.0, the proton which 
would normally reside mostly on N(l) of about one-fourth of the adenosine 
molecules could also reside on N(3) of the adenosine and/or the amino groups 
at C(2) of the guanosines. 

The formation of a guanosineadenosine complex had been inferred from an 
apparent capacitive wave which appeared on d.m.e. polarography at ca. -1.0 to 
-1.2 V [ 151; such a wave was also seen in the present studies.. As previously 
noted, desorption of guanosine and guanosine-adenosine complexes produces 
in-phase and quadrature current components in this potential region. 

It should be noted that, as a result of electronic shifts due to the intermole- 
cular hydrogen bonds formed, the basicity (pK,) of the association complexes 
may differ from those of the individual nucleosides. 

H A\ 
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Fig. 8. Possible hydrogee-bonded structures for the association cqmpfexes formed by: (I) 

two gutiosine mblecules; (IX) tie guanosine molecllles with one.adenosine: niolecule; (m) 
one giianosine molecule and one cytidine~molecule. R represents the ribose moiety. 
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Effect .of. time 

Individually deoxygenated buffer and stock guanosine and adenosine solu- 
tions Were mixed to prepare the test solution. Quadrature current polarograms 
were then obtained at frequent intervals over a period of up to 10-h. The 
increase in’depth of the pit at ca. -0.9 V (cf. Fig. 1) with time for 2 : 1 and 
.3 : 1 guanosineadenosine mixtures is evident from Fig. 9. For the 2 : 1 mix- 
ture, an induction period of ca. 2 h was followed by a growth which levelled 
off after ca. 2 h more. For the 3 : 1 mixture, the induction period was shorter, 
with a steady state being reached in ca. 3 h. The current peak corresponding to 
the adenosine faradaic process and the depth of the first pit were constant over 
the time periods involved. 

The data would seem to indicate rapid formation of the associated species 
involving two guano&e molecules (Fig. 8: species I), followed by the much 
slower formation of the more bulky species involving two guanosine molecules 
and one adenosine molecule (fig. 8: species II), as a result of adenosine react- 
ing with monomeric guanosine in equilibrium with associated guanosine and/or, 
less likely, directly with the dimeric guanosine. 

In any event, irrespective of the mechanistic paths involved, it is advisable to 
allow the test solution to stand for about 5 h before recording the quadrature 
polarogram for. the equilibrium state. This was done for all solutions for which 
adsorption and association of complex species were measured_ 

The change in the double-layer capacitance with time may possibly involve 
reorientation and/or consolidation, e.g. association, of adsorbed species. Such a 
process may also account for the slight decrease after 5 h for the 3 : 1 mixture 
(Fig. 9B). 

The fact that guanosine itself reaches interaction equilibrium relatively 
rapidly may indicate that the guanosine moiecules have interacted even in the 

Fig. 9. Variation with time at pH 4,O_and 25W of the depth of- the pit corresponding to 
adsorptioli of the gnanosinvdenosine complex for: (A) a mixture of 0.25 m&f adenosine 
and 0.50 &g&&sine; (B) a mixtuz& of’Q.25 mM:adenosinL and O-75 mM guanosine. In 
&ch case; the uppekcur& i&for t.G.ik~ial depth of the pit corresponding to adsorption of 
the complex %nd the lower &n-ve k for dekption of the complex. 
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solid state. Unfortunately, experiments which might have shown whether an : 
induction period o&rs similar to those of Fig. 9 .were not carried out. -. 

GUGNOSINE-CYTI&NE INTERACTION 

D.c. polarogmphy 

At both pH 4.0 and- 7.2 (O’.l M ionic strength), the cytikne reduction wave 
at the d-m-e_ is ‘diffusion-controlled (linear variation of -II with hizm) alone 
and in mixture with guanosine; 1, values are those expected for a faradaic n .. 
between 2 and 3; U,,, is -1.31 to -1.35 V,at pH 4-O and 25?C, -1.53 Vat pH 

7.2 and 25°C and -1.50 V at pH 7.2 and 40”C’These result% are in conformity 
with those previously reported for cytidine ]16] _ 

Ax. polarogmphy 

The in-phase a-c. polarograms for cytidine and cytidine-guanosine mixtures 
show a peak whose height is proportional to cytidine concentration and 
independent of added guanosine.. At both 25 ahd 40" C Us is ca. -1.40 V at pH 
4.0 and ca. -1.60 V at pH 7.2; 

With respect to the quadrature ax. polarograms, cytidine itself shows no pit 
although it is adsorbed (Fig. 10). Addition at 25°C of cytidine to a pH.4.0 solu- 

. tion of guanosine at a 1 : 1 molar ratio reduces the potential range covered by 
the guanosine pit centered at -0;51 V from ca. 370 mV to ca. 200 mV and 
slightly reduces its depth (Fig. 10). At-40°C there is no difference between the 
quadrature patterns for guanosine alone and in mixture with cytidine, except-m 
the potential region beyond -1-3 V where cytidine is reduced; 

At pH 7.2 and 25°C addition of cytidiue to a guanosine solution to a 1 -: l- 
molar ratio causes the two pits seen in the quadrature curve for guanosine afone 
to diminish to barely perceptible arcs in the curve. At 40°C the quadrature 
curves for guanosine alone and for its mixtures with cytidine are the same 
except in the potential region beyond -1.5 V where the cytidme is reduced. 

Fig. 10; +ltemating.tiurrent.q~zxdrature cur&t polhograms at pHi4.0 and :25?C_fdr:’ (1). -_ 
bhkground buffer-solutiod alone; (2)‘0:50 mM,tiytidi&; (3).0;50 $Wguan&ihe; (4) ?.$G. . . 
m&f cytidine pl& 0.50 m&f guanosine::. 
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The data support formation of a l- : 1 molar association cdmplex between 
~guanosine and cytidine. Based on its pK, values; about half of the cytidine 
would be protonated at pH.4.0, but none would be a,tpH 7.ZSince the guano- 
sine-cytidine complex seems to be more stable at pH 72 than at pH 4.0, based 
on the felative changes in the guanosine pit patterns at these pH dn cytidine 
addition, the complex formed at pH 7.2 could have a structure (III in Fig. 8) 
similar to that~postulated for the guanosine-cytidine pair on double-helix for- 
mation in the nucleic acids in respect to hydrogen-bonding and bridging site& 
At pH 4-0, bonding in the complex would be weakened owing to competition 
for bonding with N(3)-in cytidine betieen the hydrogen on N(1) in guanosine 
and solution protons whose activity at pH 4.0 is normally sufficient, as noted, 
to bond to N(3) in about half of the cytidine molecules present. 
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