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A&A 

Using the basic ionization constants for a pair of isomers, tn’ApA and Apm’A. and the measured values for the overlapping 
pK values of ApA. the microscopic ionization constants and intramdecular stacking quotients for the monoprotonated ApA 
were estimated. The results indicate that, in contrast to the case of GpG, ApA did not exhibit preferential promnation on 

either site of 3’- and S-linked nucleoside bases and neither enhaxed nor diminished stacking u’as observed for ApA and ApA 
as wtnpared to ApA. 

1. Introduction 

This extension of earlier work [ 1.21 on the mi- 
croscopic ionization of adenylyl(3’ - 5’)adenosine 
(ApA) and on the microscopic intramolecular 
stacking pssociation 0s monoprotonated adenylyl 
dimers (ApA and ApA) was undertaken in order 
to ascertain the influence of the protonation effect 
on stacking association. Among dinucleoside 
monophosphates known as the shortest chain- 
length oligomers having the ability of intramolecu- 
lar base-base stacking interactions, ApA has been 
most extensively studied and there have been al- 
ready a number of experimental determinations 
[2-lo] of the enthalpy and entropy for the confor- 
mational equilibrium (ApA), == (ApA),. In a pre- 
vious 123 and a recent paper [l 11, we determined 

Abbreviations: nucleosides are specified by the usual symbols, 
A (adenositx) or G (guanosine). ApA, adenylyl(3’- 
5’)adenosine; ApA and ApA. mocoprotonated_Ap_A 51 either a 
5’ or 3’ terminal base; (ApA)+. ApA plus ApA; ApA, doubly 
protonated ApA, m’ApA, N,-methyladenylyl(3’-S@denosine; 
Apt$A, adenylylyl(3’-53_N,-methyladenosine. In (ApA), and 
(APA),. s and u denote stacked and unstacked wnfortnations, 
respect&ly_ 
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the most reliable [ 121 stacking association quotient 
for ApA. We have also shown that homo- 
ribodinucleoside monophosphates including ApA 

undergo stepwise protonation and determined the 
macroscopic ionization constants. However, no in- 
formation was available on microscopic ionization 
and miscropic stacking equilibrium quotients for 
homodimers until we reported those values for 
GpG [1,2]. It is the intention of this communica- 
tion to report the corresponding results of studies 
that were designed to extend the characterization 
of mofloprotonated ApA molecules by preparation 
of mApA and Apm% and by determination of the 
stacking quotients using ultraviolet thermal de- 
naturation spectral measurements and titrations_ 

2. Experimental section 

2.2. Marerials 

m’ApA and Apm’A were prepared by partial 
methylation of ApAp with dimethyl sulfate, fol- 
lowed by column chromatographic separation with 
Dowex 1x2, and enzymatic dephosphorylation of 
mApAp and Apm’Ap with alkaline phosphatase 



[ 1 I]. ApAp is believed to undergo protonation and 
methylation on the same nitrogen atom under the 
conditions used, and ApAp is thus methylated 
simultaneously at nuclear-nitrogen atoms of the 5’ 
and 3’ terrnini, the end product being m’Apm’Ap 
as depicted in scheme 1. The purity of m’ApA and 

a3 

+ (cH3)2S04 - 

R 

R = ribosyl residue 

m’ApAp 

Scheme 1. 

Apm’A thus obtained was checked by paper chro- 
matography and thin-layer chromatography and 
ascertained by the formation of rn’Ap and A, and 
Ap and m’A both in a 1: 1 ratio when treated with 
RNase T2_ The m_olar extinction coefficients of 
m’ApA and Apm’A (at pH 5.5) were determined 
from hypochromicity measurements at 258 nm 
upon the above hydrolysis (hypochromicities at 
258 run are 10% at 25°C and pH 5.5 for both 
compounds) to be 2.61 X 104 M- * cm-‘_ The 
extinction coefficients of m’A and A re$dues were 
taken from the literature [13]. For m’Aprr& cZ8 
was also determined to be 2.70 X lo4 M-r cm-‘. 

2.2. Methods 

In the present work, methods and calculations 
followed closely those described previously 
[1,2,14-161. 

3. Results and discussion 

In a previous paper [I I], we took two ap- 
proaches to determine stac)ting equilibeum quo- 
tients for the equilibria, (m’ApA), * (rr?ApA), and 
(Apm’A ), = (Apm’A ),, one involving measure- 
ments of the temperature dependence of an inten- 
sive property and the other, measurements of the 
stepwise basic ionization constants of the dimers 
and pK values of the component monomers. In 
this paper, we present the results of the determina- 
tion of microscopic ionization constants and rni- 
croscopic stacking equilibrium quotients for ApA. 

3. I. Protonation of ApA and model compounds 

The specific site of protonation on nucleic acid 
bases differs for various nucleosides. The most 
basic position in adenosine is N,. Protonation 
may be expected to occur at the same sites in the 
dinucleoside monophosphate (ApA); however, 
equilibria may exist involving nonprotonated, 
monoprotonated, and diprotonated forms in ApA. 
The course of ionization of the two bases in ApA 
can be illustrated as in scheme 2. 

* +K& APA+.+< 

ApAK> Ap~+H+~ApArZHi 
Scheme 2. 

Protonation to adenosine shifts the longest 
wavelength band at 259.5 run slightly (by = 2.5 
nm) to shorter wavelength_ Replacement of the N, 
proton by a methyl group causes a similar shift by 
almost the same amount. Based on these fin_dings 
and the structural similarities *between m’A and 
protona:ed adenosine @due (A), it was expected 
that m*ApA and Apm’A would be useful as model 
compounds for the specifically monoprotonated 
species of ApA involved in the equilibria (scheme 
2 and fig. 1). 



rnamrotonsted ADA model comoound 

&,A ---------- ,-&,A at pHS_5( pKa=8.66) 

A$ ---------- Ap,,?; at ~‘15.5( pK,=8.73 1 

Fig. 1. Model compounds for monbprotonated ApA and ioni- 
zation of the m’A residue. R, ribosyl residue. 

3.2. Detemzination of nticroscopic ionization con= 

stants an< tautonteric equilibriunz quotient, K, = [A 

P4AAP4 

The macroscopic ionization constants for ApA 
may be defined [ 11,141 as 

(1) 

and 

By applying the least-squares computer method to 
the spectroscopic pH-titration data, we estimated 
[ II] the apparent constants, K, and Kz (as pK), to 
be pK, = 3.91 5 0.02 and pK2 = 3.05 * 0.07. These 
values are obviously composite, and the overall 
constants, K, and K,, can be related to the indi- 
vidual, or microscopic, ionization constants de- 
fined in scheme 2 by the expression 

L=L+’ 
Kl K: K:' 

K,=KI’+K;’ (4) 

The tautomeric equilibrium quotient, K,, being 
constant regardless of the pH, is also given by 

K,--K,::_K~ 
Kl K;- (5) 

From+ the structural simil?rities of m’ipA and 
Apm’A to ApA and ApA, respectively, it was 

e_xpected that+ the basic ionization constants of 
ApA and ApA (K:’ ar.d K:‘) would be apprpxi- 
mated by t_he second ionization constants of m’ApA 
and Apm’A, respectively, as was the case for GpG 

[Il. 
Using a spectrophotopetric method, t_he ap- 

parent pK values for _m’ApA and Apm’A were 
determine9 [ 11 J: for m’ApA, pK= 3.41 2 0.03, and 
for Apm’A, pK= 3.36 * 0.03. With these values, 
the equilibrium quotient, K,, and the microscopic 
ionization constants could then be calculated by 
means of the above equations. The results are 
included in table 1. The K, value of 0.89 suggests 
that the monoprotonated form with a proton on 
the base at a 3’ terminus only slightly pre- 
ponderates over that with a proton on the adenine 
base at a 5’ terminus. In contrast to the present 
results, from circular dichroic spectral and basic 
pK comparisons with met_hylated derivatives 111, 
the predominant form is GpG an! we estimated 
the degree of predominance as [GpG/[GpG] = 
l-7-2.0 at 25°C. 

3.3. Deternzination of nticrosopic stacking equi- 

libriunr quotients and intrinsic tautonteric quotients 

The site of protonation in a given homodimer, 
XpX, is of course expected to influence the stack- 
ing of monoprotonated dimers. The degree to 
which +monoprotonated XpX would exist in XpX 
or XpX is now known for (ApA)’ and (GpG)‘. 
The present work, together with the thermal de- 
naturation data reported previously [I 1, I6] for 
ApA, has enabled an estimation of various micro- 
scopic constants involved in stacking and protona- 
tion equilibrium scheme. The results can be com- 
pared with the corresponding values for the known 
specific case of GpG. 

3.3-I. Ionization constants, K,,. KU*, KS, and KS”_, 

Prototropic and intramolecular stacking equi- 
libria of ApA can be depicted by scheme 3 pro- 
vided that doubly protonated ApA is unstacked, 
i.e., s,, s, z+ s, = 0. By definition, pK,, = pK, + log 
2; pK,, = pK, - log 2; PK,, = PK”, - log(s,/s, ); 

and PL, = PK, - log s,; where K, is the intrin- 
sic ionization constant for each site of the two 
bases in the fully unstacked ApA. Since the values 



3c 

SO 

(ApA)” . . @PA), 

Sl 
II 

(APA): \ (APA): 

Scheme 3. 

of so (= l-10 * O-01), pK, and pK, are all known 
for ApA, the following equations may be used to 
afford the values of S, and pK,_ 

I+50 
PKI =(pK,+log2)--log= t (6) 

pK, =(pK,-log 2)-10&l +- s,) (7) 

With thesr values the pK values of completely 
unstacked and stacked species were determined for 
ApA as follows: pK,, = 3.94 + 0.04; pK,, = 3.34 
* 0.04; pK,, = 3.88 f 0.08; pKSU2 = 3.36 * 0.08. 

3.3.2. Microscopic stacking equilibrium quotients (s;’ 

and s,‘j of ApA 

The empirical stacking equilibrium quotient (st) 
of ApA is composite, and it is related to the true 
constants of the ApA (s:‘) and ApA (sz’) by the 
expressions: 

~:.=[(AP&]/[(APA)~]=(I-KK,+2&‘(l+K,) (8) 

and 

s:*=[(i~A)&[(ipA),,]= (2s,K, + K, - lV(l+ K,) (9) 

From the K, and s, values of ApA, the micro- 
scopic stacking quotients can be calculated to be 
S f’ = 1.07 2 0.38 and s:’ = 0.84 3 0.34, both being 
more or less identical within the experimental er- 
rors. This point is also distinctly in contrast to the 
case of GpG 121. 

3.3.3. Microscopic ionization constants and 

tautomeric quotients of ApA 

P& and PJL are now seen to be composite 
constants determined under experimental condi- 
tions where it is likely that (ApA), and (ApA), are 

Table 1 

Summay of ionization constants and stacking and tautomeric 
quotients of ApA and GpG at 25°C and ionic strength. 0.1 

(data for GpG from ref. 2) 

APA GPG 

(A) Overall constants 

(a) Ionization constants 
(composite: stu; 3’+ 5’) 

PK, 3.91 -L 0.02 

PK, 3.05 - 0.07 

(b) Ionization constants 
(composite: 3’tY) 

PK,, 3.88 r 0.08 

PK,,, 3.36r0.08 

PK,, 3.94’0.04 

PK, 3.34r0.04 

(c) Stacking quotient 
(composite: 3’+ 5’) 

SI 0.95’0.16 

(d) Tautomeric quotient 
(composite: s+u) 

K, 0.89r0.10 

2.51 r0.03 

l-49== 0.03 

2.70r0.12 
1.80*0_08 
2.38= 0.04 
1.78 2 0.04 

0.95=0.13 

1.7 20.3 

(B) Microscopic constants 
(a) Ionization constants 

(composi1e: s+u) 

PK: 3.63-0.10 Lo’= 0.07 

PK: 3.58~0.10 2.30*0.10 

PK,~ 3.38=0_07 1.68’-0.09 

PK: 3.3320.07 1.91 *o_c% 

Q) Ioniiztion constants 

PK,:: 3.62-O-16 206~0.18 

PK.:: 351=0.18 2.58=0_12 

PK& 3.73-cO.18 1.91r0.13 

PK& 3.62-0.16 2.43r0.19 

PKO 3.64’0.04 2.08 * 0.04 

(c) Stacking quotients 

50 1.10=0.01 0_45~0.10 

s: 1.07-c0_38 0.44~0.15 

s:’ 0.84 -c 0.34 1.45~0.21 

(d) Tautomeric quotients 

K, 0.79 * 0.43 3.3 21.8 

K,, 1.0 1.0 
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in rapid e@ibrium. The true pK of species (ApA), 
and (ApA), can be obtained from the following 
relationships: 

pK;:‘=pH--log [;z;i =pK,--log(sO/s:‘) 

pEi;.=pH-*og /;z:;:; =pK,-log(s,/s:~) 

PK:;z = 
EG4sl 

pH--log [(ApA)ul =pK,--Fgs:’ 

(‘0) 

(11) 

(12) 

and 

pK:i2 =pH-log l(ApAjul =pK, -logs: 

and 

Previously [2]. we arrived at the conclusion that 
GpG undergoes preferred 3’4inked nucleoside base 
protonation, and at present we have concluded 
that this is not the case with ApA. 
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