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Three modified dinucleoside monophosphates containing naturally-occurring 1-methyladenosine residue,

m!ApA, Apm!A, and m'Apm'A, were prepared.

were studied quantitatively using two independent methods.

Intramolecular stacking association properties of these dimers

Thermal denaturation and acid-base titration

+ + R
experiments reached to the same conclusion that both m'ApA and Apm'A were less stacked than ApA. Acid-
base titration experiment also showed that the three modified dimers, in their ncutral forms, were stacked to al-
most the same extent as ApA. These results indicate the N-1 methylation of an adenine base does not enhance

stacking interaction of dimers, in sharp contrast to the N® methylation of the same base.

UV hypochromicity

and CD measurements were also made for the three dimers, and the results were found to be consistent with those

of the stacking quotient determination.

As a part of studies on the intramolecular stacking
interaction of modified base-containing dinucleoside
monophosphates,>~7) dimers containing 1-methyladeno-
sine (m!A) were studied in order to see the effect of
a methyl substitution at a ring nitrogen atom of an
adenine base on stacking association. In view of a
wide occurrence of m'A residue in eukaryotic tRNA
molecules,®) it is of interest to study the effect of this
residue on the stacking properties and compare it with
that of other methylated base residues.

It is well established that a variety of methylated
dinucleoside monophosphates exhibit stronger stacking
tendency as compared to the unmethylated correspond-
ing parent dimers. For example results from our la-
boratory and those from others have revealed that
N® methylation of an adenine base enhances stacking
interaction in dimers, as did so for m®Apm®A®
m$ApmiA,7”» méApU,®10 and miApU.%0 Little
i1s known, however, about the effect of a m!A residue
on stacking of dimers. Danyluk et al. first reported

that mlng and Upmlg were less stacked than un-
methylated ApU and UpA, respectively, as studied by
'H NMR spectroscopy.!V Their results are notewor-
thy in view of the general stacking-enhancing prop-
erties of a methyl substituent and the fact that the

N
m?G residue is known to exert such an effect as observ-

ed in our previous work for m7épU3) and m7épG.4)

We have undertaken a detailed study on the effect
of m!A residue on the stacking properties of dimers
using three dinucleoside monophosphates, m!ApA,
Apm'A, and m'Apm!A. Using two independent meth-
ods, thermal denaturation and acid-base titration ex-
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Fig. 1. Acid-base equilibrium in 1-methyladenosine,

periments, the stacking quotients were estimated for
these three dimers and compared with those for the
parent molecule, ApA. Because m'A exists in the
protonated form (Fig. 1) in neutral aqueous solutions
(basic pK of m!A is 8.76, see Table 2), the stacking
properties of the monoprotonated dimers were studied
together with those of the neutral forms. Optical prop-
erties (UV and CD spectra) of the three dimers were
also studied, and results were compared with those of
the stacking quotients determined.

Experimental

Materials. mApm'A, m*ApA, and Apm*A: To ApAp
(3’) (9 umol), dissolved in 5ml of 0.1 M NaOAc buffer
(pH 5.0, 1 M=1mol dm~%) was added 100 ul of dimecthyl
sulfate and the solution was kept under stirring for 3 h at
room temperature. During the reaction the solution was
maintained at pH 3—5 by gradual addition of 1 M NaOH
solution. Figure 2 shows chromatographic separation of the
products with a Dowex 1X2 anion exchanger (1.3 cm X 50 cm)
which afforded three modified dinucleotides and unreacted

ApAp(3’). m'Apm!Ap(3’), m'ApAp(3’), and Apm'Ap(3)
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Fig. 2.
(3") on a column of Dowex 1X2 (1.3 cmX 50 cm)
with linear gradients of NaCl in 5 mM NaOAc (pH
5,0) as indicated, Fraction volume was 10 ml.

Chromatogram of a partially methylated ApAp
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thus obtained were treated with E. coli alkaline phosphatase
(Boehringer, Mannheim) at 39 °C and pH 7 for 4 h to give
m!'Apm'A, m'ApA, and Apm!l!A, respectively. The dimers
were susceptible to degradation by ribonuclease T, and gave
a mixture of the corresponding nucleoside 3’-phosphate and
nucleoside. Desalting of the dimer preparations was effect-
ed by gel filtration using Sephadex G-10.

m'd, m*Ap-OCH,, and CH30-pm'*4: A, Ap-OCH,,'» and
CH;O-pA®™ were treated with dimethyl sulfate in a manner
similar to that described for ApAp(3’).

Methods. Thermal Denaturation of m1A+[JA and Apml;—iz
In the present work, methods and calculations followed close-
ly those described previously.®1%  3,3-Dimethylglutarate buff-
er (10 mM; pH 5.5) was used. The dimer concentrations
were about 5x 10-5mol/l. For each dimer solution, 6 re-
peated denaturation cycles were performed in the temper-
ature range 0—70 °C, and changes of the difference in ab-
sorbance (dimer vs. constituent monomers) at 262 nm with
temperature were recorded using a recording millivolt meter
(Watanabe Sokki MC642).

pK Determinations of Nucleosides, Nucleoside Methyl Phosphates,
and Dinucleoside Monophosphates: All ionization constants were
determined spectrophotometrically at 25 °C and ionic strength
0.1, by the method described previously.'®

Optical Measurements: UV spectra were recorded with a
Hitachi 124 recording spectrophotometer. CD spectra were
taken with a JASCO J40 spectropolarimeter with a l-cm
quartz cell at 25 °C and ionic strength 0.1 (We thank Dr.
T. Oshima, Mitsubishi-Kasei Institute of Life Sciences, for
making the apparatus available to us). Spectra of the
neutral dimers were not measured directly because of the
lability of m!A residues in high pH region (t;/, for Dimroth
rearrangement of m!A is about 5h at pH 11 and 25°). In-
stead, spectra at several different pH values (as indicated
in caption for Fig. 3) were measured and employed to com-
pute the spectra of the neutral species with the knowledge
of pK values of the dimers (Table 2).

Results and Discussion

Thermal Denaturation Experiments to Obtain Intramolecu-

lar Stacking Equilibrium Quotient, sy, of m*ApA and Apmlj.
The thermal denaturation experiments were performed
at pH 5.5 to obtain the stacking quotients for the
monoprotonated form in which the dimers existed under
the physiological conditions (see Table 2). Both di-
mers showed hyperchromism at 262 nm on heating
their solutions. The thermal denaturation profiles
were analyzed based on the two-state equilibrium model

shown below for a specific case of mIApA.

+ S1 +
(m]ApA)unstacked ~ (mlApA)stacked
Here the equilibrium quotient, s,, for the reversible
+
association of an unstacked conformer, (MApA), iuexods

"
to give the stacked conformer, (M'ApA) ...xeq> 1S
defined as

+
[(mlApA)smcked]
+ P
[(mlApA)unstacked]

§ =

The stacking quotient, sy, at a given temperature and
thermodynamic functions, AH° and AS°, were then
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TaBLE 1. THERMODYNAMIC PARAMETERS AND INTRAMOLE-
CULAR STACKING EQUILIBRIUM QUOTIENTS (s; OR 5q)*

or m'ApA, Apm!A, anp ApAD (25°, 1=0.1)

. AH® ()2 AS(a)° 0
Dimer K] mol1 T mol-* deg—= 5 or so(0)
m11+8pA —18.5(0.5) —64.9(1.4) 0.70(0.02)
Apml}i —23.0(0.5) -—81.0(1.6) 0.62(0.02)
ApA —21.1(0.3) --70.1(0.9) 1.10(0.01)

a) s for mIApA and Apmlg (at pH 5.5). s, for ApA
(at pH 7.0). s, and s, standing for the stacking quotients
for monoprotonated and neutral speceis, respectively.
b) Taken from our previous paper.”? c¢) The standard
deviations (o) were computed from the root mean
square (rms) values between experimental and calcu-
lated melting profiles as described in a previous paper.!®)

calculated according to Eq. 1 with the assumption
that the parameters, ¢,, &, AH®, and AS° are all
temperature-independent.

—&; AH® AS°

&
Insy, = In 2% = _ 29 1
1 91 n E;— &g RT; + R ( )

where ¢;, ¢, and ¢, are the observed molar absorp-
tion coefficients at the ith of n temperature readings,
and those for the extreme stacked and unstacked con-
formers, respectively. In this case, the parameters ¢,
e, AH°, and AS° were found by an iterative non-
linear least-squares approximation on a HITAC M-
200H computer at the Computer Center of the Uni-
versity of Tokyo. The formalism and further details
are available in Ref. 18

Table 1 lists the values of AH°, AS°, and stacking
equilibrium quotient thus determined at 25 °C for

mIApA and Apmlli, together with those for ApA (at
pH 7.0)? for comparison. From s values in Table 1

it is concluded that mIApA and Apmlg are stacked
to a similar extent, and considerably less stacked than
the parent molecule, ApA. The same stacking-dimin-

ishing effect by m!A has been observed by Danyluk

et al'® in m11+\pU and Upmh&. The present con-
clusion is rather surprising because the methyl
group, when introduced to a nitrogen atom, has
almost invariably been found stacking-enhancing in
dimers.?4:6:7:9,10)  To substantiate the above conclusion
the acid-base titration experiments were performed.

Acid-base Titration Experiments to Obtain Stacking Equi-
librium Quotients, s, and s, of m*ApA, Apm*A, and m* Apm*A.
We have developed a procedure that can give an es-
timate of stacking equilibrium quotients of homodimers
for both neutral and monoprotonated (or monoionized)
species from their ionization constants and those of
constituent monomers.»%15:16  We now extend the
method to heterodimers (XpY) in which X and Y
are both acids or bases. For a diacidic base one can
write the following schemes.

+ 7+ K + Xy
(XpY)uts == (XpY)u+s = (XpY)u+s
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+ o+ K2 Kq1

(XpY)s == (XpY); == (XpY);

[I- [T [J-

+  + Ky + Ky

XpY)u = (XpY)y == (XpY)u
where subscripts, u and s, denote unstacked and stack-
ed conformations, respectively, and u-+s denotes com-
posite of unstacked and stacked conformations. From
these schemes the following equations can be derived
which relate ionization constants of a dimer to its
stacking equilibrium quotients at various stages of pro-
tonation.

pK; = pKyp — log (1+s1)/(1+5,) 2
pKy = pKuy — log(1+50)/(1-+51) @)
Since s, is considered to be very small because of the

electrostatic repulsion between two positively charged
bases,!5:17:18) Eq. 2 can be simplified to

pK; = pKyy — log(1+5,) *)
K, and K,, are the intrinsic ionization constants for
the unstacked residues which must be estimated in
some way to solve Eqs. 3 and 4 for 5; and s, For
homodimers (X=Y), K, and K, have been approxi-
mated in the following way using ionization constants
of the constituent monomers.1%

1
Kul = ”Z‘Ko, Kyp = 2Ko (5)

pKo = %[sz'-nucleot.ide + PKE’-nucleot.ide + 2pKnucleoslde]
(6)
For heterodimers in which X and Y have similar bas-
icity, estimation of the intrinsic K’s is a complicated
matter. However, if they differ markedly in their ba-
sicity (say, |pKy—pKy|>4), the intrinsic K’s can be
approximated in the same way as those of homodimers.

That is, if pKy>pKy, it follows that [(SipY)u}})

[(Xi)'ﬁ?)u]. Consequently, K,; and K,, are regarded
as the intrinsic K’s of X and Y residues, respectively,
which can be approximated by K, in Eq. 6 for X
and Y, respectively.

In the present study, because of the large differ-
ence in basicity of m'A and A residues in the dimers,
values of s; and s, were obtained by acid-base titration
of the dimers and the corresponding constituent mono-
mers. The pK,; and pK, values of m'!ApA, Apm!A,
and m!Apm!A determined by spectrophotometric titra-
tion are given in Table 2 together with the basic pK
values of the constituent monomers [The latter values
were used to estimate pK,, and pK,, values in Table
2]. For comparison, relevant values for ApA? are
also included in the table. A

Values of s; and s, for three dimers were calculated
from the pK values in Table 2 using Egs. 3 and 4,
and listed in Table 3 together with those for ApA.
From the numerical data in Table 3 we can draw
the following conclusion:

(1) s, values of mlApA (0.87) and Apm!A (1.11)
are similar to each other and they are smaller than

so of ApA (1.51). This result substantiates a conclu-
sion reached from the thermal denaturation experi-
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TABLE 2. IONIZATION CONSTANTS (As pK) OoF m'ApA,
Apm'A, m!Apm'A, ApA, AND THE CONSTITUENT
NUCLEOSIDES, NUCLEOSIDE MONOPHOSPHATES, AND
NUCLEOSIDE METHYL PHOSPHATES (25°, I=0.1),

AND CALCULATED INTRINSIC pK’s®:b)

Dimer pK, Pk, PKu, L
mlApA 8.66(0.02) 3.41(0.03) 8.80(0.01) 3.68(0.01)
Apm'A 8.73(0.01) 3.36(0.02) 8.80(0.01) 3.68(0.01)
m'Apm!A 8.91(0.03) 8.29(0.04) 9.10(0.01) 8.50(0.01)
ApA® 3.91(0.03) 3.05(0.07) 3.98(0.01) 3.38(0.01)
Monomer pPK Monomer pK
mlAd 8.76(0.01) A9 3.61(0.02)
m!*Ap-OCH,» 8.79(0.02) Ap® 3.66(0.01)
CH,O-pm!Ad  8.90(0.01) pA® 3.85(0.02)

a) Standard deviations of experimental values are shown
in parentheses. b) For homodimers pKy, and pKy,
were calculated by Egs. 5 and 6. For heterodimers
Eq. 6 was used, K, representing either K,; or Ky,.
¢) Revised values from those given in our previous
paper.® d) Methyl esters of 3’- and 5’-nucleotides
were used to avoid an influence of an additional nega-
tive charge on the phosphate group in pH region near
the pK values.

TaBLE 3. ESTIMATED STACKING EQUILIBRIUM QUOTIENTS
FROM THE DATA BASED ON TITRATION STUDIES
(25°, I=0.1)»

Dimer 53 So

m'ApA 0.87+0.15 1.62+0.23
Apm'A 1.11+0.17 1.48+0.21
m!Apm!A 0.63+0.13 1.56+0.28
ApAD) 1.14+0.35 1.51£0.43

a) The probable errors given for s; and s, values are
based on errors in pKy;, pKus pK;, and pK,. b)
Revised values from those given in our previous paper.1®

ments, and shows that N-1 methylation of an adenine
residue decreases the extent of intramolecular stacking
interaction.

(2) s, values of mIApA (0.87) and Apm11+& (1.11)
are not significantly different from that of (ApA)¢
(1.14). This suggests that the presence of the methyl
group itself does not influence the stacking interaction
in these monoprotonated dimers.

(3) Al four dimers have similar s, values. This
suggests that in neutral form introduction of a methyl
group neither enhances nor diminishes the extent of
the stacking interaction of ApA.

Optical Studies of m Apd, Apm*d, and m Apm'A.
UV absorption and hypochromicity data of the four
dimers are shown in Table 4. In agreement with
the conclusion from the stacking quotient measurements

hypochromicity data indicate the stacking in mlr‘pr
and Apmlzi being a little bit weaker than in ApA.

The value for mljkpmlli was found to be negligibly
small, and this is also in line with the previous as-
sumption of 5s,=0.

The CD spectra of ml;\pA, Apm11+\, and their un-
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Fig. 3. Difference CD spectra of m'ApA, Apm'A, m'Apm!A, and ApA (25 °C,

I=0.1).
those of dimers.

Spectra of the constituent monomers have ‘been subtracted from
Ellipticity is expressed per mole of monomer residues.

(A) —, mIApA at pH 6.0; ———, m'ApA calculated from spectra at pH 6.0

and 8.9; (B) —, Apml.zs at pH 6.0; ———-, Apm!A calculated from spectra at

pH 6.0 and 9.1;
and 10.1; (D) ApA at pH 7.0.

TaBrE 4. UV SPEGTRAL AND HYPOCHROMICITY DATA
oF DIMERS (25°, I=0.1)

Dimer pH innfn%i i;)—)
m!ApA 5.5 258 10
ApmiA 5.5 258 10
mlz&pmllg 5.5 258 1
ApA 7.0 258 12

a) Hypochromicity is measured at the Ay,; of mono-
mers.

protonated species at 25° are shown in Figs. 3A and
3B together with that of ApA for comparison (Fig.
3D). Cation formation of m'ApA produces only mi-
nor changes in the CD spectrum (Fig. 3A) while de-

protonation of Apmlz& considerably enhances the in-
tensity of the CD spectrum (Fig. 3B). Another feature
of interest in the CD spectra shown in Fig. 3 is that

the CD spectrum of mlz&pA is almost quantitatively

+
similar to that of Apm!A and the intensities of the
CD spectra for this pair of sequence isomers are con-
siderably smaller than that for ApA. These observa-
tions may be taken as prima facie evidence for weaker

base-base stacking interactions in mljgpA and Apmlg
than ApA. Thus the correlation with the stacking
quotient data listed in Tables 1 and 3 is striking. It
should be noted on comparing the vastly different CD

+
spectra® of a pair of sequence isomers m’GpG and

+ . .
Gpm’G that m!A-containing dimers differ considerably
from other methylated dimers in the molecular con-
formations.

(C) m*Apm!A calculated from spectra at pH 5.0, 8.1, 9.2,

‘Concerning the stacking association of m!Apm!A,
titrations gave an s, value of 1.56 at 25 °C.  Although
acid-base titrations are seen to overestimate the stack-
ing quotient 54,54 the value for m'Apm!A is by no
means greater than that for the parent unmethylated
ApA. Supporting evidence for this comes from the
comparison of the CD spectrum extracted for mApm!A
(Fig. 3C) and that of ApA (Fig. 3D). The presently
observed effect for m'A is thus in contrast to the gen-
eral pattern of the stacking-enhancing effect of methyl
substitution as previously observed in methyl-substitut-
ed dinucleoside monophosphates.?:4,6:7,9,10)

In consequence, m!'A-containing dinucleoside mono-
phosphates stack intramolecularly less extensively than
the corresponding parent unmethylated dimers, and
differ from other methyl-substituted dimers in the stack-
ing equilibrium ratios. Such differences can be ac-
counted empirically for by the fact that m!A possesses
an amidine structure with a quasi-ortho-quinonoid form
unfavoring the stacking-enhancing effect of the methyl
group. Incidentally, the CD spectrum of m!Apm!'A
is quite similar in shape to that of IpI'®29 which
has the quasi-ortho-quinonoid amide structure.

Finally, it should be noted that the methylation
of N® position of an adenine base increased stacking
interaction in dimers.%7:9:10  Considering the wide ex-
istence of these methylated adenine residues in nucleic
acid molecules (m'A in tRNA;®» mfA in tRNA® and
mRNA;2) m,%A in rRNA2), it is of interest to note
that a methyl group can exert various effects on the
stacking of dimers depending on the site of its intro-
duction. Thus, the present study has shown that meth-
ylation of a nucleic acid base is one of effective means
for the fine controll of a nucleic acid conformation.
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