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The acidity constants of protonated 7,9-dimethylguanine, 7-methylguanosine, 7,9-dimethylhypoxanthine,
7-methylinosine, 9-methyladenine, 1,9-dimethyladenine, 7,9-dimethyladenine and 1-methyladenosine were
determined in aqueous solution at 25 °C and 7 =0.1 M (NaNO;). In those instances where pK, > 2 potentiometric pH
titrations were used for the determinations; when pK, < 2, UV spectrophotometric and 'H-NMR shift measurements
were employed (25 °C). In these latter instances, where 7 is often larger than 0.1 M, the H, scale was applied to define
the H* activity of the strong acid (HCIO,; HNO;). A combination of the present results with values taken from our
earlier work allowed us to quantify the intrinsic acidic properties in aqueous solution of the (N1)H® " * and (N7)H"
sites via micro acidity constant schemes for seven purine derivatives and to calculate the tautomeric ratios regarding
the monoprotonated species, that is N7-N1-H versus H-N7-N1 meaning that in one isomer H* is at the N1 site and
in the other at N7. A plot of the micro acidity constants pkijy N1, Which quantify the acidity of the (N7)H site,
versus the macro acidity constants pK,1u, Which largely refer to the release of the proton from the (N1)H unit,
results in a straight line for the guanine and hypoxanthine derivatives. This fact allows estimation of the micro acidity
constant for any related derivative provided a value for pK,y is known. The presented results are also meaningful

NI

for nucleic acids because they quantify the acid—base properties of their individual sites.

1 Introduction

The predominant tautomeric structures of the common purine
nucleobases with their current atom numbering systems are
shown in Fig. 1. These structures and the proton binding sites
of the nucleobases were established nearly five decades ago
(see ref. 1), and (macro) acidity constants for the release of
protons, mostly determined by potentiometric pH titrations,
are known."™ However, the insight that the intrinsic proton
affinities in aqueous solution, as quantified by so-called micro
acidity constants, are needed to understand the chemistry of
nucleobases, e.g, their metal ion-binding properties, is of much
more recent date and mostly due to the work of Martin,* who
also provided the first listing of such data.*

Since the basicity of the ring nitrogens of N9-substituted
purines, and only these are considered here, decreases in the
order N1 > N7 > N3,*%7 the acidity of the (N7)H" site in an
adenine residue can only be measured under conditions where
the N1 site also carries a proton, and of course, the positive
charge of (N1)H™ facilitates the deprotonation of (N7)H™.
Clearly, for many sophisticated comparisons one would like to
know the (micro) acidity constant of (N7)H™ under conditions

T Electronic supplementary information (ESI) available: Figures S1
(UV absorption spectra of 9-methyladenine), S2 (spectra of 1,9-
dimethyladenine), S3 (plot of absorption versus Hy/pH for 1,9-dimethyl-
adenine), S4 (spectra of 1-methyladenosine), S5 (absorption versus
Hy/pH for 1-methyladenosine), S6 (spectra of 7,9-dimethyladenine),
S7 (absorption versus Hy/pH for 7,9-dimethyladenine), S8 (absorption
versus Hy/pH for N® ,N¢ N°-trimethyladenine), as well as S9, S10, S11
and S12 with the micro acidity constant schemes for 9-ethylguanine,
guanosine, 9-methylhypoxanthine, and inosine, respectively. See http://
www.rsc.org/suppdata/p2/b2/b202023h/
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Fig. 1 Chemical structures of representative purine derivatives
considered in this study: 9-methyladenine (9MeA) and adenosine
(Ado), 9-methylhypoxanthine (9MeHx) and inosine (Ino), as well as
9-methylguanine (9MeG) and guanosine (Guo).

where N1 is free. Of similar interest is the acidity of the
zwitterionic guanine residue, where N7 carries the proton and
N1 a negative charge. It is evident that these micro acidity con-
stants can be derived usually only by indirect procedures,' e.g.,
based on methylation® or metal ion binding* at certain sites.
We employ here purine derivatives which are methylated at
various sites. For example, in 7,9-dimethylguanine (7,9Di-
MeG™") the methyl group at N7 resembles the (N7)H™ site
and its effect on the release of the proton bound to (N1)".
Knowledge of the pK, of the (N1)H unit in 7,9DiMeG* and
application of the properties of a cyclic system, i.e., developing
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a so-called microconstant scheme,®!® allow calculation of the

micro acidity constant of the (N7)H" site of N7-protonated
and N1-deprotonated 9-methylguanine (9MeG?*). Analogously
the intrinsic proton affinity of N7 in neutral 9-methyladenine
(9MeA) may be quantified. In the present study the micro
acidity constants for seven purine derivatives are presented.

2 Experimental
2.1 Materials

The purine derivatives 7,9-dimethylhypoxanthine (7,9DiMeHx),
7-methylinosine (7Melno), 7,9-dimethylguanine (7,9DiMeG),
7-methylguanosine (7MeGuo), 1-methyladenosine [(IMeAdo
— H)* see the final paragraph in Section 2.2], and 7,9-
dimethyladenine perchlorate (7,9DiMeA™) were purchased
from Chemogen, Konstanz, Germany. 9-Methyladenine
(9MeA) and 1,9-dimethyladenine perchlorate (1,9DiMeA™)
were synthesized following known procedures.''? All the other
chemicals like HNO; or NaOH were from commercial sources
like those given in refs. 13 and 14. The solutions were also
prepared as described there.

2.2 Potentiometric pH titrations

The pH titrations were carried out with a Metrohm E536
potentiograph connected to an E535 dosimat and a 6.0222.100
macro glass electrode. The buffer solutions (pH = 4.00, 7.00,
and 9.00 based on the NBS scale; now NIST) used for cali-
bration were also from Metrohm AG, Herisau, Switzerland.
The acidity constants were calculated with a Pentium desk
computer connected to an Epson Stylus 1500 printer (data) as
well as a Hewlett-Packard Deskjet 1600CM printer (curves) by
a curve-fitting procedure using a Newton—-Gauss non-linear
least-squares fitting program. The direct pH meter readings
were used in the calculations; i.e., the acidity constants are so-
called practical, mixed or Brensted constants.” Their negative
logarithms given for aqueous solutions at 7 = 0.1 M (NaNQO,)
and 25 °C may be converted into the corresponding concen-
tration constants by subtracting 0.02 from the listed pK,
values;" for further details see ref. 14.

The acidity constant K5opive of 7,9DiMeG* was determined
by titrating 50 mL of aqueous 0.5 or 0.4 mM HNO, (25 °C; I =
0.1 M, NaNO;) in the presence and absence of 0.3 mM ligand
under N, with 1 mL 0.03 M NaOH. The experimental data, i.e.,
the differences between such a pair of titrations were evaluated
as previously ** within a pH range determined by about 2 and
98% neutralization for the equilibrium 7,9DiMeG™/(7,9DiMeG
— H)*. The final result given in Table 1 (Section 3.1) is the
average of 12 independent pairs of titrations.

The acidity constants Kiyegewo of 7MeGuo®, Kivemo Of
Melno*, and K'ypmenx of 7,9DiMeHx’ were determined
exactly as described above. The final results in Table 1 (Section
3.1) are the averages of 8, 6, and 12 independent pairs of
titrations, respectively.

The acidity constant Kg(gMeA) of H(9MeA)" was measured by
titrating 50 mL of aqueous 1 mM HNO; (25 °C; I = 0.1 M,
NaNQO,) in the presence and absence of 0.3 mM of the ligand
under N, with 2 mL 0.03 M NaOH. The experimental data, i.e.,
the differences between such a pair of titrations, were evaluated
within a pH range determined by about 13 and 98% neutraliz-
ation for the equilibrium H(9MeA)*/9MeA. The final result
listed in Table 1 (Section 3.1) is the average of 10 independent
pairs of titrations.

The acidity constant K8 oo of IMeAdo™ for the deproton-
ation of the exocyclic amino group (eqn. (8)) was determined by
titrating 25 mL of aqueous 0.6 mM HNO; (25 °C; I = 0.1 M,
NaNO;) in the presence and absence of 0.4 mM ligand under
N, with 1 mL 0.03 M NaOH. The differences between such a
pair of titrations were evaluated ' as described above in the pH

range corresponding to about 2 and 98% neutralization for the
equilibrium 1MeAdo*/(1MeAdo — H)*. The final result given
under entry 15 of Table 1 in column 6 (Section 3.1) is the aver-
age of 3 independent pairs of titrations (see also Section 3.2).

2.3 Spectrophotometric measurements

The acidity constants Kﬁx(gMeA) and KHHZ(gMeA, of Hy(9MeA)**,
KEZ(I.QDiMeA) and Kll:ll(l,‘)DiMeA) of Hy(1,9DiMeA)*, I<ll:llz(7,9DiMeA)
and  Kiizopimeay Of Hy(7.9DiMeA)*", and Kiijyeaass and
Kﬂ(lMeAdo) of H,(1MeAdo)** were determined by spectro-
photometry.'® The UV-spectra (sample beam: HCIO,, NaClO,
and [9MeA] = 0.031-0.036 mM, or [1,9DiMeA ] = 0.018-0.028
mM, or [7,9DiMeA*] = 0.035-0.039 mM, or [IMeAdo™] =
0.032-0.044 mM; reference beam: HCIO, and NaClO,) were
recorded with a Cary 3C spectrophotometer connected to a
Pentium desk computer using 2-cm quartz cells in aqueous
solution at 25 °C in dependence on pH. The ionic strength was
adjusted to 7 = 0.1 M (NaClO,) when [HCIO,] < 0.1 M; no
adjustment was made where [HCIO,] > 0.1 M. The pH was
adjusted with HCIO, and measured with a Metrohm 713 digital
pH meter using a Metrohm 60216100 (PC) glass electrode in the
pH range > 1; lower pH values (< 1) were obtained by calculat-
ing the H™ activity of the HCIO, (H, scale) in these solutions
as described in Section 2.5. Each solution was individually
prepared.

A typical example of an experimental series is shown in Fig.
S1 of the Supplementary Information for 9-methyladenine
(9MeA). Plots of the absorption at various wavelengths versus
Hy/pH give the expected ‘titration’ curves as seen in Fig. 2 of
Section 3.2, the evaluation of which (done as described for
'H-NMR shift measurements)'”!® with the aforementioned
computer equipment (Section 2.2) provides the acidity con-
stants of Hy(9MeA)** (pKEK(gMcA); eqn. (5)) and Hy(9MeA)**
(pKineA); eqn. (6)). The final result given in Table 1 in
Section 3.1 for pKHHZ(gMeA) is the average of 5 independent
experimental series; the final value for pKﬁl(gMeA) is the aver-
age of the evaluations at the various wavelengths of two
experiments (see also Fig. 2).

Figures S2 (spectra) and S3 (evaluation) in the Supple-
mentary Information provide the data of a typical experimental
series carried out with 1,9-dimethyladenine (1,9DiMeA ™) which
allowed measurement of the pK, values for H,(1,9DiMeA)**
and H(1,9DiMeA)**. The final results listed in Table 1 are the
averages of 2 and 5 series of experiments, respectively.

A representative example of an experimental series for
1-methyladenosine (IMeAdo™) is shown in Fig. S4 and its
evaluation in Fig. S5. From both figures it is evident that the
deprotonation of (N7)H* in H(1MeAdo)** (pKiiimeado) could
be determined with high precision, whereas pKEZUMcAdO) for
the release of H* from the (N3)H" site in H,(1MeAdo)** must
be considered as an estimate for two reasons: (i) the number of
data points at H, < —2 is relatively limited, and (ii) the spectra
at about 205 nm appear as somewhat blurred, if compared,
e.g., with the spectral series of 1,9DiMeA (Fig. S2). Possibly
H,(1MeAdo)** is slowly decomposing; in fact, for Hy(Ado)*" it
is known® that hydrolytic cleavage of the glycosidic bond
occurs. However, the estimate is still expected to provide the
correct order of magnitude for the (N3)H™ deprotonation in
H,(1MeAdo)** since the result was reproducible. The final
results in Table 1 are the averages of 4 independent experiments
for the two acidity constants.

The protonation of 7,9-dimethyladenine (7,9DiMeA ™) is also
reflected in UV-spectral changes. A typical experimental
example is shown in Fig. S6 with its evaluation in Fig. S7.
These data provide the pK, values for the monoprotonated
H(7,9DiMeA)** and for the diprotonated H,(7,9DiMeA)**
species (see also Section 2.4). The average results of 2 and 3
independent experimental series are pKﬁﬂgDiMeA) = —(2.63 £
0.21) and ng(lgDiMcA) = 0.51 + 0.07, respectively. The final
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result in Table 1 for pK';,'”,gDiMeA) is the average of the spectro-
photometric and the NMR (see below) measurements.

2.4 'H-NMR shift measurements

During the spectrophotometric experiments with 7.9-
dimethyladenine (7,9DiMeA™) we also investigated the stability
of the compound in 10 M HCIO,, which appears to be stable
under these conditions; only after 6 hours is a small alteration
in the absorption observed which might be attributed to a
decomposition (< 5%). Therefore, and because we wanted to
determine one of the constants measured via UV spectro-
photometry also by another method, we carried out 'H-NMR
experiments in D,0 by measuring the chemical shift of the
various protons in dependence on pD (25 °C). The pD was
adjusted with DNO, and to the pH meter reading (pH*) (for
the instrument see Section 2.3) a value' of 0.40 was added to
obtain the final pD of the solution.  was adjusted to 0.1 M with
NaNOQO; at pD > 1 and the corrected pH-meter reading was used
in the evaluation; at pD < 0.4 the activity (D,) of DNO; was
calculated as described in Section 2.5. According to inform-
ation provided by Metrohm AG, which we gratefully acknow-
ledge, pH values in aqueous HNO; solutions may be measured
with the glass electrode until pH about 0.

The 'H-NMR shift spectra were recorded on a Bruker AC200
(200.13 MHz) instrument using [7,9DiMeA*] ~ 9 mM. The
center peak of the tetramethylammonium ion triplet was used
as internal reference. However, all measured chemical shifts
were converted to the sodium 3-(trimethylsilyl)propane-1-
sulfonate reference by adding 3.18 ppm (D,0).%

The experimental data were evaluated as described.'”® A
typical example of an experimental series is shown in Fig. 3 (see
Section 3.2). The handicap with these NMR experiments is that
a value for pKBZU,gDiMCA) could not be measured because in
ref. 21 H, values are listed only until —1.99 which corresponds
to [HNO,] = 7.0 M. Therefore, we used eqn. (1)

PKamo * 1.015=pK,po — 0.45 1)

to transfer? the spectrophotometric result pKEZ(7 ODIMeA) =
—2.63 (see Table 1), valid for H,O as solvent, into an amdlty
constant valid for D,0O as solvent, ie pKDZ(7 oDiMeA) =
—2.22. This value was then kept constant in the evaluations
(see Fig. 3) of 2 experimental series which gave on average the
result ng(ZngMeA) = 0.95 £ 0.07 for the deprotonation of
D(7,9DiMeA)**. Application of eqn. (1) gives then for H,O as
solvent pKE(wDiMcA) =0.49 £ 0.07 in excellent agreement with
the spectrophotometric measurements.

The final result in Table 1 in Section 3.1 for pKﬁ(wDiMeA) is the
average of five independent experimental series, ie. of three
spectrophotometric (see the last paragraph in Section 2.3) and
two NMR measurements.

2.5 Values of “pH” for solutions containing high concentrations
of HCIO, or DNO;,

To obtain well defined limiting UV absorptions (HCIO,;
Section 2.3) or limiting chemical shifts (DNOj; Section 2.4) for
certain protonation states of various ligands studied, it was
necessary to record spectra at pH < 1 or pD < 1, respectively.
Because the activity coefficients of perchloric acid and nitric
acid in higher concentrations differ significantly from 1, these
deviations have to be taken into account in the determination
of the “pH” values of the solutions used.

To circumvent the indicated difficulties we applied the H,
acidity function, originally conceived by Hammett and
Deyrup,* which provides a quantitative measure of the
acidity (H" activity) of a solution and which is derived from a
series of overlapping indicators. There is a convenient listing of
H,, values versus the molar concentration of several strong acids
in aqueous solution at 25 °C;* for HCIO, H, values are tab-
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ulated up to 10.0 M and for HNO; up to 7.0 M. We carried out
the necessary interpolations with the spline-function of proFit
5.1.2 from QuantumSoft, Ziirich, Switzerland. In the legends
of the various figures the calculated H, values are always given
in the pH range below 1 (at pH > 1 the pH-meter reading is
used) and in parentheses the concentration of HCIO, (or
DNO;) present in the solutions is added.

The same procedure was applied for the calculation of H,
values for HNO; and it was assumed that by adding 0.40 to the
H, scale (as was done with the pH-meter readings; see the first
paragraph of Section 2.4), D, values are obtained which hold
for the employed concentrations of DNO;. That this assump-
tion is reasonable is confirmed by the results obtained for the
pK, value of monoprotonated 7,9DiMeA ™ in H,0 (UV spectro-
photometry) and also via D,0 (‘"H-NMR), if transformed to
H,O:; the two results agree excellently (Sections 2.3 and 2.4).

3 Results and discussion

All experiments were carried out under conditions where the
self-association of the nucleobase derivatives considered in this
study (Fig. 1) is expected to be negligible.*** The potentio-
metric pH titrations for the determination of the macro acidity
constants of the various purines were made with approximately
0.3 mM solutions, which means that more than 99% of the
ligands are expected to be present in the monomeric form.?
For the spectrophotometric measurements even lower concen-
trations were employed. Of course, for charged species like
7,9-dimethyladenine, 7,9DiMeA”*, self-association is expected
to be further diminished due to charge repulsion; indeed, for
this ligand spectrophotometric (0.035-0.039 mM) and 'H-
NMR shift experiments, which had to be carried out with
higher concentrations (ca. 9 mM), gave within the error limits
the same result for the acidity constant of H(7,9DiMeA)*".

3.1 Acidity constants of 7,9DiMeG™*, TMeGuo™*, 7,9DiMeHx™*
and 7Melno*

These nucleobase derivatives carry a methyl group at N7
and are therefore positively charged as long as (N1)H is not
deprotonated. We did not attempt to measure the protonation
of N3, since this is possible only at very low pH,” but the release
of the proton from (N1)H was determined by potentiometric
pH titrations in aqueous solution (25 °C; I = 0.1 M, NaNO,).
This deprotonation is defined by equilibrium (2a) where G
represents the four mentioned guanine derivatives.

=(G-H?*+H" (2a)

Ki=[(G — HyH'YG"] (2b)

The results are given in entries 1-9 of Table 1 together with
the acidity constants of several common guanine and hypox-
anthine derivatives, in which N7 is without a substituent and
thus, may be protonated; the corresponding pK, values have
previously been measured by us?** under the conditions men-
tioned above. The first proton is here released from (N7)H*
[eqn. (3)] and the second one from (NI)H [eqn. (4)].* If one
defines GI = 9MeG, 9EtG, Guo, 9MeHx or Ino (see Table 1),
the following equilibria (3a) and (4a) apply:

H(GI)* = GI + H* (3a)
Kiian = [GI[HY[H(GI)"] (3b)
GI=(GI - H) + H" (4a)
K =[(Gl — H) [[H')[GI] (4b)



Table 1 Negative logarithms of the acidity constants of some purine-nucleobase derivatives in aqueous solution“”

No. Purine Protonated species pK, for (N3)H* pK, for (N7)H*™ pK, for (N1)H® " * Ref.
1 9-Methylguanine H(9MeG)* 3.11 £0.06 9.56 + 0.02 27
2 9-Ethylguanine H(9EtG)" 3.27 £0.03 9.57 £ 0.05 27
3 7,9-Dimethylguanine 7,9DiMeG* 7.22 +0.01 —
4 Guanosine H(Guo)" 2.11 £0.04 9.22 £ 0.01 26
5 7-Methylguanosine TMeGuo* 7.01 £0.01 —
6 9-Methylhypoxanthine H(9MeHx)" 1.87 £ 0.01 9.21 £0.01 27
7 7,9-Dimethylhypoxanthine 7,9DiMeHx* 6.46 = 0.01 —
8 Inosine H(Ino)" 1.06 £ 0.06¢ 8.76 £ 0.03 26
9 7-Methylinosine TMelno™ 6.20 £ 0.01 —

10 9-Methyladenine H;(9MeA)** —2.83+£0.30 —0.64 + 0.06¢ 4.10 £ 0.01 —

11 N¢,N® N°-Trimethyladenine Hy(TriMeA)** -2.7¢ —0.77 £ 0.13/ 4.18 £0.04 29

12 1,9-Dimethyladenine H,(1,9DiMeA)** —2.72+£0.38¢ —0.79 £ 0.10¢ 9.1)=" —

13 7,9-Dimethyladenine H,(7,9DiMeA)** —2.63+0.21¢ — 0.50 £ 0.08’ —

14 Adenosine H;(Ado)** —/ —1.50 £ 0.15% 3.61 £0.03' —

15 1-Methyladenosine H,(1MeAdo)** —4.02+0.284" —1.55+0.10¢ (8.69 +0.03)" —

16 Adenine H,(Ade)** —4.2 -0.4" 4.2 6

17 Purine H,(Pur)** <-6 -1.7" 2.4 6

“The error limits given, if nothing else is mentioned, are three times the standard error of the mean value or the sum of the probable systematic
errors, whichever is larger. ® So-called practical, mixed or Brensted constants are listed (see also Section 2.2). If nothing else is mentioned the
constants were determined by potentiometric pH titrations (25 °C; I=0.1 M, NaNO;). In those instances where the above pK, value carries a negative
sign I was considerably higher than 0.1 M (see Sections 2.3-2.5, the legends for the figures, and the text in Section 3.3).  Measured by NMR; ref. 28.
?Measured by UV spectrophotometry at 25 °C and 7 = 0.1 M (NaClO,) if [HCIO,] < 0.1 M (see Section 2.3). The values at pH > 1 were measured
with an electrode, lower ones were calculated based on the H, scale (see Section 2.5). ¢ Estimate based on the average of entries 10, 12 and 13./ In ref.
29 is published pKii rimer, = —0.75 % 0.20; reevaluation of the spectrophotometric data® (three experiments, one of which is shown in Fig. S8 of
the Supplementary Information) by taking into account the H, scale for HCIO, and by keeping pKﬁ(T,.iMeA) = —2.7 constant leads to the value
given above. ¢ This value is from ref. 30.” This value refers to the deprotonation of the (C6)NH, group [eqn. (8)]; see text in Section 3.2. " This value is
the average of the results from the spectrophotometric and NMR measurements (see Section 2.4; final paragraph).’ Ado decomposes under these
conditions.® “Average of the values given in refs. 5 (ngz(Ado) = —1.56) and 6a (—1.4); the error limit is estimated. ' From ref. 17. ™ Estimate; see the
second to the last paragraph in Section 2.3. " There is an N7,N9 dichotomy for H* binding.*’

3.2 Acidity constants of Hy(9MeA)**, H,(1,9DiMeA)**,
H,(7,9DiMeA)** and H,(IMeAdo)**

The acidity constants of all these acids were measured spectro-
photometrically with the exception of the acidity constant for
the (N1)H" site of H(9MeA)" which was determined by
potentiometric pH titrations. The species H;(9MeA)** is pro-
tonated at N3, N7 and N1. The protons are released in this

order® giving rise to the following three equilibria, where A 5
represents IMeA: a
o}
Hy(A)*" = Hy(AY*" + H' (5a) a
<
Kiia) = [Hy(AY H Y[Hy(A)*] (5b)
H,(A** =HA)" + H* (6a)
Kii g = [H(A) TH V[Hy(A)*'] (6b) i |
-6.0 -50 40 -30 -20 1.0 00 10 20
HA)" = A + H* 7a
( (7a) Hy/pH
Ks(A):[A][H*]/[H(A)*] (7b) Fig. 2 Evaluation of the dependence of the UV absorption of

9-methyladenine ([9MeA] = 0.034 mM) at 212, 218, 220, 223, 260 and

In Fig. 2 a representative example for the evaluation of one
series of spectrophotometric measurements for 9MeA is shown
in the Hy/pH range —6 to 2; these data allow an estimation
for Kii, [eqn. (5)] and the determination of Kii 4, [eqn. (6)].
The corresponding absorption spectra are shown in Fig. S1 of
the Supplementary Information and the final results for 9MeA
regarding eqns. (5)—(7) are given in entry 10 of Table 1.

The H,(1,9DiMeA)** species carries protons only at the N3
and N7 sites since N1 is methylated; consequently, in this case
only eqns. (5) and (6) apply. An example of the spectrophoto-
metric determination of the two acidity constants is given in
Figs. S2 and S3 of the Supplementary Information. Similarly,
N3 and N7 in Hy(1MeAdo)*" are protonated and N1 is also
methylated; hence again, eqns. (5) and (6) are the relevant
reactions (for an experiment and its evaluation see Figs. S4
and S5 of the Supplementary Information). The results for

279 nm on the activity of H* in aqueous solution (see Fig. S1) by
plotting the absorption versus H,/pH (see Section 2.5). The evaluation
of this experiment led to the weighted mean pK’;‘(gMeA, = -285 ¢t
0.36 (30) and to the following individual acidity constants at the
mentioned wavelengths: 212 nm, pKEz(gMeA, = —(0.59 £ 0.04); 218 nm,
—(0.66 £0.03); 220 nm, —(0.67 £ 0.03); 223 nm, —(0.68 + 0.04); 260 nm,
—(0.41 £ 0.14); 279 nm, —(0.60 £ 0.19) (1o), which gives the weighted
mean pKﬁz(gMeA, = —(0.65 * 0.09) (30) for this experiment. The solid
curves shown are the computer-calculated best fits at the mentioned
wavelengths through the experimental data points obtained at H, —5.96
([HC10,] = 10.23 M), —5.50 (9.61 M), —5.07 (9.03 M), —4.70 (8.51 M),
—4.23 (7.86 M), —3.78 (7.22 M), —3.29 (6.59 M), —2.99 (6.20 M),
—2.76 (5.88 M), —2.47 (5.42 M), —2.21 (4.97 M), —2.01 (4.58 M),
—1.52 (3.61 M), —1.08 (2.65 M), —0.86 (2.17 M), —0.63 (1.69 M),
—0.36 (1.20 M), —0.10 (0.84 M), 0.05 (0.60 M), 0.25 (0.36 M), 0.46
(0.24 M), 0.79 (0.12 M), and pH 1.20, 1.54, 1.88, 1.93 and 1.97
(from left to right; see Section 2.5) by using the mentioned average
results (25 °C; I = 0.1 M, NaNO,, except in those solutions where
[HCIO,] > 0.1 M).
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Fig. 3 Variation of the chemical shifts of the aromatic and aliphatic
protons of 7,9-dimethyladenine ([7,9DiMeA] ~ 9 mM) in D,O in
dependence on Dy/pD (Section 2.4). The evaluation of this experiment
led to the following acidity constants for the various protons: HS,
PKBopiven) = 1.05 £ 0.05; H2, 0.97 * 0.04; N7-CH;, 0.94 + 0.04;
N9-CHys, 0.89 + 0.03 (1¢) which gives the weighted mean pKB(igDiMeA) =
0.94 + 0.10 (30). The value pKBopivesy = —(2.22 = 0.21), taken
from the spectrophotometric measurements (see Section 2.4), was kept
constant in this evaluation. The solid curves shown are the computer-
calculated best fits through the experimental data points measured for
the various protons at D, —1.28 ((IDNO;] = 5.47 M), —0.59 (2.90 M),
—0.10 (1.61 M), and pD 0.37, 0.51, 0.64, 0.84, 0.95, 1.03, 1.25, 1.38,
1.52,1.78,2.17, 2.48 and 2.78 (left to right; see Section 2.5) by using the
mentioned average pK, values (25 °C; I=0.1 M, NaNO;, except in those
solutions where [DNO;] > 0.1 M).

these two adenine derivatives are given in entries 12 and 15 of
Table 1, respectively.

Finally, the acidity constants of H,(7,9DiMeA)** refer
chargewise to the deprotonation reactions (5) and (6), but it
needs to be emphasized that in reaction (6) the (N1)H™ site is
deprotonated because N7 is methylated; reaction (7) does, of
course, not occur. These two acidity constants for the depro-
tonation of the (N3)H" and (N1)H™ units were determined
not only spectrophotometrically (see Figs. S6 and S7 of the
Supplementary Information) but the one for (N1)H™ also by
'"H-NMR shift measurements. An example of the latter is
shown in Fig. 3 and the averaged results are listed in entry 13 of
Table 1. To conclude, the acidity constants, in part taken from
the literature,> " for the protonated adenine derivatives are
listed in entries 1016 of Table 1. Entry 17 contains the values®’
for threefold protonated purine.

Compounds like 1,9DiMeA™ and 1MeAdo™ are known to be
able to lose a proton from the (C6)NH, group.*”*! The resulting
zwitterionic species tautomerizes then to the uncharged imino
form.*® For 1MeAdo® we have measured this deprotonation
equilibrium by potentiometric pH titration [eqn. (8)] because
the pK, values given in the literature span the wide range from
8.25 (ref. 30) to 9.3 (ref. 32) with several intermediate values
around 8.55 (ref. 33).

IMeAdo™ = (IMeAdo — H) + H* (8a)
Ki\eado = [(IMeAdo — H)[H'J/[IMeAdo*]  (8b)
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Our result, which we consider as reliable, is given in
parentheses in the sixth column of Table 1 under entry 15.
Application of this value (pK{\eado = 8.69) to the evaluation
procedure described in ref. 30 for the calculation of Ky, i.e. the
dimensionless constant quantifying the tautomeric equilibrium
between the imino and amino forms, together with pKﬂ(Ado) =
3.61 (entry 14), gives for (IMeAdo — H)® Ky = 10> showing
that the imino form is strongly favored; a result in agreement
with previous conclusions,* and also with K; = 10%° obtained
for (1,9DiMeA — H)° from pKiopives = 9.1 (Table 1, entry 12)*
and pKlI:l[(gMeA) =4.10 (entry 10)

3.3 Comparison of the acidity constants of some purine
derivatives

The acidity constants given in Table 1 for the common nucleo-
base derivatives are in the expected order and agree well with
previous listings.** An early determination* for the release of
the proton from 7-methyl-9-ethylguanine™ (pK, = 7.3; 20 °C;
Iclose to 0.1 M) is also in fair agreement with the present value
for 7,9DiMeG™ (pK, = 7.22; Table 1, entry 3). Since many
acid-base properties of nucleobase residues were discussed
previously,*?” only some new aspects are considered below.

Previously, several pK, values for the deprotonation of posi-
tively charged (N)H" sites have been measured at 25 °C and an
ionic strength of 7 = 1.0 M (NaClO,); i.e., pKiiGu) = 2.33,%
pK:(Ino) = 1.39,35 ng@MeA) = 4.45,36 and pK:(Ado) = 3.86.37 These
values are larger by ApK, = 0.22, 0.33, 0.35, and 0.25, respect-
ively, compared to the corresponding ones listed in entries 4, 8§,
10, and 14 of Table 1, which refer to 25 °C and 7 = 0.1 M
(NaNO;,). This means, the release of the proton from an (N)H*
site is retarded on average by about 0.3 pK unit [exactly 0.29 £
0.09 (30)] at the higher ionic strength. This observation is mean-
ingful because it allows the transfer of a given result to another
ionic strength. For example, for the deprotonation of 7Melno*
we measured now at 25 °C and /= 0.1 M (NaNO,) pK?Me[no =
6.20 = 0.01 (Table 1, entry 9); hence, for the conditions of
I=1.0 M and 25 °C one estimates pKiyermo = (6.20 = 0.01) +
(0.29 + 0.09) = 6.49 £ 0.09 and indeed, this result is in fair
agreement with pKimo = 6.57 measured previously® at I =
1.0 M (NaClO,) but at a temperature of only 21 °C.

The release of the first proton from H,(TriMeA)**, i.e., from
the (N7)H" site, has been determined previously and the
corresponding acidity constant was expressed by using the con-
centration of H"; the result® pKii pamen) = —0.75 £ 0.20 is
in surprisingly good agreement with the present recalculation
(pKﬂzmMeA) = —0.77 £ 0.13; Table 1, entry 11) employing
the H, scale (see Fig. S8 of the Supplementary Information).
This result should not distract from the existing caveat if
very low pK, values are compared; reliable comparisons are
only possible with values obtained by the same evaluation
method.

In the above context it is satisfying to see that pKﬂZ(AdO) =
—1.50 £ 0.15 (Table 1, entry 14) and pKﬂUMcAdo, =—-1.55%+0.10
(entry 15) are identical; indeed, in both instances the proton is
released from the (N7)H™ site in species which have overall the
same charge but in one instance the hydrogen at (NI)H™ is
replaced by a methyl group. This exchange without altering
significantly the acid-base properties at another nearby site is
possible because of the close similarity of the electronegativity
of H and CH;. This fact is also meaningful regarding the
evaluation of micro acidity constants as described in Sections
3.4 and 3.5.

Considering the above it is not astonishing that depro-
tonation of (N3)H" in the equally charged H;(9MeA)**,
H,(1,9DiMeA)*" and H,(7,9DiMeA)*" species occurs within
the error limits with the same pK, (Table 1, column 4 of entries
10, 12, 13). Replacement of a methyl by the ribose residue at N9
leads to an acidification for all corresponding purine derivatives
listed in Table 1. This is especially evident if the pK,nsu and



pK,nnu Vvalues are compared for Hy( 1,9DiMeA)**  with
H,(1MeAdo)** (entries 12 and 15); i.e., ApK,nau = —(4.02 =
0.28) — (—2.72 £ 0.38) = —1.3 £ 0.5 and ApK,(n7yu = —(1.55
0.10) — (—=0.79 £ 0.10) = —0.76 £ 0.14. The two acidifications
are significant and possibly even of a similar order (see the error
limits).

Substitution of a hydrogen by an amino group at C6 in
purine to give adenine enhances the basicity of all N sites (Table
1, entries 16, 17), yet the additional replacement of a hydrogen
by a methyl group at C9 to give 9-methyladenine has little effect
on the basicity of N1 (entry 10). The comparison of the acidity
constants of the same two compounds (entries 10, 16) for their
H,(A)** and H,(A)** species (columns 4, 5) indicates that N9
methylation only slightly (if at all) reduces the basicity of N7
but enhances that of N3 significantly.***

3.4 Intrinsic acid-base properties of guanine and hypoxanthine
derivatives

The acidity constants (Table 1) discussed in the preceding
section are macro constants which apply to the overall proper-
ties of a compound. Now we attempt to quantify the intrinsic
acid-base properties of a given site by applying micro acidity
constants. Fig. 4 summarizes the equilibrium scheme for

.
PRERT N IE NT-NIH +H PkNINEH
=3.11£0.06 wiooz

H H
NN PaHoMe0 YRR o o
=(3.11 £0.06) + (9.56 + 0.02)

HNT- =12.67+0.06 g
pkH-E;-II\\III{H m}\n
=7.2240.01 =5.45+0.06

*HN7-N1"+ H*
Kll-ll(QMeG) = ko + kNN @
R SR ®)
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H H  _ NZNIH NN
KioMeG) * KomeG = kHN7-N1H * AN7.N1H

— . HN7-N1 _kN7-N1
— "HN7-N1H " "H-N7-N1

(©)

Fig. 4 Equilibrium scheme for 9-methylguanine (9MeG) (Table 1,
entry 1) defining the micro acidity constants (k) and showing their
interrelation with the measured macro acidity constants (K) and the
connection between N7-N1-H and "H-N7-N1~ and the other species
present. In N7-N1-H and "H-N7-N1" the proton is bound to N1 or to
N7, respectively; "H-N7-N1-H is also often written as H(9MeG)*. The
arrows indicate the direction for which the acidity constants are
defined. Use of the value measured for 7,9DiMeG*, pK¥opineq = 7.22 +

0.01 (Table 1, entry 3), for the microconstant pkjiNsNi.i permits

calculation of the other microconstants with equations (a), (b) and (c).
The error limits of the various constants were calculated according to
the error propagation after Gauss; they correspond to three times the
standard error (see Table 1; footnote a).

H(9MeG)" defining the microconstants (k) and giving their
interrelation with the macro acidity constants (K) according to
the definitions provided in the lower part of Fig. 4 by following
known routes.® H(9MeG)" may release one proton from
(N7)H* and one from (N1)H and therefore we rewrite
H(9MeG)" as "H-N7-N1-H; since deprotonation may occur at
either site, we define the monoprotonated forms as N7-N1-H
and "H-N7-N1". Fig. 4 shows that there are four unknown
micro acidity constants but only three independent equations
interrelating them with the macroconstants; this means, one of
the microconstants needs to be obtained independently.

Fig. 4 reveals that the micro acidity constants in the upper
pathway are identical with the measured acidity constants
because the release of the proton from (N7)H™ is complete
before deprotonation at (N1)H begins. If we apply the justified

assumption (see Section 3.3) that the release of the proton from
the (N1)H site in 7,9DiMeG" (Table 1, entry 3) represents well
the corresponding situation for the deprotonation of *H-N7-
N1-H/9MeG it holds pkiing N-tomes = PKFomec = 7.22 £ 0.01.
Use of this value in the lower pathway at the left in Fig. 4 allows
us now to calculate according to the properties of a cyclic
system the microconstant for the release of the proton from
(N7)H™ with N1~ being unprotonated, i.e. pkﬂ?{ﬁ'}m =545+
0.06.

The acidity constants for the release of the proton from
(N1)H in 9MeG and 9EtG are identical within their error limits
(Table 1; entries 1, 2) and therefore one may assume that a
positive charge at N7 also has the same effect on the (N1)H site
in both compounds. Hence, by following the procedure
described above and by using pkpng Ni-toeG = PKiomes = 7.22 =
0.01 as well as the macroconstants given in Table 1 (entry 2) one
obtains for pkﬂ?{f}llNWElG = 5.62 £ 0.06. The complete micro-
constant scheme is given in Fig. S9 of the Supplementary
Information.

By combining the macro acidity constants measured for
H(Guo)* and 7MeGuo* (Table 1, entries 4 and 5) and by apply-
ing the described procedure, one calculates for the intrinsic
micro acidity constants of the (N7)H™ site with N1~ being
free, pkﬁ?ﬁfm/c,uo =4.32 £ 0.04. Similarly, from the values for
H(9MeHx)" and 7,9DiMeHx" (entries 6 and 7) one obtains
PR N NoMerx = 4.62 % 0.02. The corresponding micro-
constant schemes are provided in Figs. S10 and S11 of the
Supplementary Information, respectively.

For obtaining the micro acidity constant for the (N7)H" site
of Ino* the acidity constant of 7-methylinosine (7Melno®) is
employed’ Le. pk::Iﬁ;fEi-H/lno = pKi;lMeIno =6.20 £ 0.01 (Table la
entry 9). As seen in Fig. S12 of the Supplementary Information,
for the release of the proton from the "H-N7-N~ species of
inosine pkh o Numo = 3.62 = 0.07 follows from the cyclic system.
Overall it is evident that all the various protonated inosine sites
are more acidic than their guanosine counterparts (¢f- Figs. S10
and S12 or in Table 1, entries 4, 5, 8, 9).

3.5 Micro acidity constants for 9-methyladenine

At first sight one may proceed as described in Section 3.4 for
9-methylguanine; i.e., one may employ the value measured for
7,9-dimethyladenine, pKf.opimea) = 0.50 = 0.08 (Table 1, entry
13) as an estimate for pkinj~i-momea, Which quantifies the
release of the proton from (N1)H*, N7 being still protonated.
This reasoning is used in the lower pathway of the micro-
constant scheme shown in Fig. 5 giving the result pkfin =
2.96 + 0.10.

KNZNLH N7-N1H*+ H* KNI

PKHN7-N1H PAN7-N1H
=-0.61+0.06 \407 +0.08

K +pKH
FHNTNLH POH2OMeA) TRTHOMeN gy oy

=(-0.64 £ 0.06) + (4.10 £ 0.01)
N7- =3.46 £ 0.06 5
PR /
=0.50%0.08 =2.9610.10

*HN7-N1 + H*

Fig. 5 Micro acidity constant scheme for 9-methyladenine (9MeA),
where "H-N7-N1-H" represents H,(9MeA)*" (Table 1, entry 10). The
micro acidity constants (k) and their interrelation with the measured
macro acidity constants (K) are defined as described in the legend for
Fig. 4. Use of the value measured for H(7,9DiMeA)**, pKii¢opimen) =
0.50 + 0.08 (Table 1, entry 13), for the microconstant pkijnj~i.; permits
calculation of the other microconstants in the scheme (see text in
Section 3.5).

However, in developing the upper pathway in Fig. 5 one
cannot simply use the macroconstant pKﬂzQMeA) = —0.64 £
0.06 because it is relatively close to the microconstant
pkﬂﬁm’m.ﬂ = 0.50 £ 0.08; i.e, the buffer regions of the two
deprotonation reactions overlap somewhat. Therefore, the
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Table 2 Calculated micro acidity constants for the (N1)H and (N7)H sites of several purine derivatives together with the ratio quantifying the
formation of the isomers. The measured macro acidity constants pKyiyu, Which mainly characterize the deprotonation of (N1)H are given for

comparison. The values apply to 25 °C and 7=0.1 M (NaNO,)“

[N7-N1-H]¢
Purine PKuovyn” PANT N1 Pkt N1 [H-N7-NI]
9MeG 9.56 + 0.02 9.56 + 0.02 5.45 % 0.06 12900 + 1 900
9E(G 9.57 +0.05 9.57 +0.05 5.62 % 0.06 8900 *+ 1 600
Guo 9.22 +0.01 9.22 +0.01 432+0.04 79 400 + 7 500
9MeHx 9.21 +0.01 9.21 +0.01 4.62%0.02 38900 + 2 000
Ino 8.76 £ 0.03 8.76 £ 0.03 3.62 % 0.07 138 000 + 24 200
H(OMeA)* 4.10 +0.01 4.07 +0.08 2.96 % 0.10 129+ 38
H(Ado)" 3.61 £0.03 3.59 +0.14¢ 2.20+0.17¢ 245+ 124

“The error limits (30) (see footnote a of Table 1) of the derived data were calculated according to the error propagation after Gauss. * From
column 6 of Table 1. ¢ See eqn. (9). “ Calculated with pKE(AdO, =3.61 £ 0.03 and by assuming that ng,<Ado> = pKll:ll(lMeAdo) =—1.55%0.10 (see Table 1,

entries 14 and 15, and the terminating paragraph of Section 3.5).

equation analogous to eqn. (a) given in the lower part of
Fig. 4 has to be used for obtaining a value for pkyay aitomes
(= —0.61 = 0.06) which appears at the left in the upper pathway
of Fig. 5. This result allows us now to complete the upper cycle
in the scheme of Fig. 5.

Tentatively, one may also use the above results for IMeA to
estimate a value for the adenosine system, i.e., for pkﬁ?{#}m JAdo-
The effect of the replacement of the methyl by the ribose
residue at N9 on the deprotonation of (N7)H" is estimated
by ApK,n; = pKE(ISDiMeA) - ng(lMeAdo) = —(0.79 £ 0.10) —
(—=1.55 £0.10) = 0.76 = 0.14 (from entries 12 and 15 of Table
1).* Hence, one obtains for pkiiay nyade = PANNG NIOMeA —
ApK,n7 = (2.96 £ 0.10) — (0.76 = 0.14) = 2.20 £ 0.17. This
estimate involves negative pK, values and these are difficult to
measure with lower error limits. On the other hand, as discussed
in Section 3.3, it is comforting that the pK, values for the mono-
deprotonation of H(1IMeAdo)*" and H,(Ado)*" agree so well
with each other. Furthermore, the value estimated here for the
H-N7-N1/Ado species also fits nicely into the overall picture as
discussed in Section 4 in the terminating paragraph.

4 Conclusions

The micro acidity constants derived in this study for the (N1)H
and (N7)H sites of purine derivatives are useful and significant
quantities (Table 2; columns 3, 4). For example, they define
the intrinsic acid-base properties in aqueous solution of the
individual sites of nucleic acids (at least in a relative sense).
Furthermore, we intend to use such values in comparisons with
the acidity constants of Pt?* complexes involving these nucleo-
base derivatives as ligands.*!

In addition, based on these micro acidity constants one may
calculate the ratio R* which quantifies the formation degree of
the isomeric species having the proton in one tautomer at N1
and in the other at N7 [eqn. (9)]:

R* = [N7_N1 H] = szNllNl (9)
[H-N7-NI1  kjNin

The corresponding results are listed in the final column of
Table 2. Though R* is rather sensitive to relatively small
changes in the pk values involved, it is evident that for the
guanine and hypoxanthine derivatives the isomer with the
proton at N1 strongly dominates, with a formation degree of
practically 100% allowing only the formation of traces of
the zwitterionic species "H-N7-N1". For the adenine deriv-
atives the situation is somewhat less one-sided; here both
tautomers are formed in appreciable amounts, e.g, mono-
protonated 9-methyladenine occurs to about 93% as the
N7-N1-H* isomer and to about 7% in the "H-N7-N1 form.
The corresponding isomeric distribution for adenosine is 96%
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versus 4%. However, for the guanine, hypoxanthine and adenine
derivatives it always holds that replacement of the N9 methyl
group by a ribose residue favors further the isomer with the
proton at N1.

The previously* estimated isomeric ratios for guanosine,
inosine and adenosine are larger, ie. the N7-N1-H isomer
appears as even more favored. The reason for the discrepancy is
that the previously employed pK, values referred to different
ionic strengths (mainly to 7= 0.1 and 1 M). Now the complete
evaluations are based on values valid for 7=0.1 M (and 25 °C).
However, the trends are identical in both studies; the domin-
ance of the N7-NI1-H isomer decreases in the order Ino >
Guo > Ado. Furthermore, from the results in Table 2 it is
evident that the given order is of a more general nature because
hypoxanthine > guanine > adenine holds for the N7-N1-H
isomer of all the derivatives studied.

A further interesting point is to be noted. If one plots the
micro acidity constants, pkjyay 1, Which quantify the intrinsic
acidic properties of the (N7)H site, in dependence on the macro
acidity constants, pK, iy, Which quantify largely the release
of the proton from the (N1)H site, one obtains a straight
line based on the data of the first five entries of Table 2 as
seen in Fig. 6. This means, the values for the guanine and

6.0
9EtG
9MeG
5.0 -

- 9MeHx
,_’Z{ Guo
ZZ 40

I

Ino

a

3.0 H(9MeA)*
+
201 H(Ado)
30 40 50 60 70 80 90 100
PN 1)H

Fig. 6 Plot of the micro acidity constant, pkyy i, Which defines the
intrinsic acidity of the (N7)H site of purine derivatives, in dependence
on the macro acidity constant pKnyu, Which quantifies largely the
release of the proton from the (N1)H site. The plotted values are taken
from columns 2 and 4 of Table 2. The parameters of the straight line
seen at the right hand side, the data points being due to the guanine and
hypoxanthine derivatives, are given in eqn. (10). For the meaning of the
line at the left see the terminating paragraph in Section 4.

hypoxanthine derivatives fall on a straight line (correlation
coefficient R = 0.976) which is defined in eqn. (10):

PN 1 = (243 + 0.31) pKyom — (17.77 £ 2.87)  (10)



This relation allows us to obtain estimates for the micro acidity
constants of guanine and hypoxanthine derivatives if values for
PKn1ym are known.

From the data points due to 9-methyladenine and adenosine
it is evident that adenine derivatives behave differently. At pres-
ent not enough data are yet available to define well a straight
line. However, it is interesting to see that the values for
H(9MeA)™ and H(Ado)* fall close to the line drawn through
these two data points with the slope of eqn. (10). This may be
taken as a further indication that the micro acidity constant
estimated in Section 3.5 for "H-N7-N1/Ado is of a reasonable
order.
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