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ABSTRACT: A variety of synthetic modified nucleobases have been used to investigate the
structure and function of RNA and DNA or act as enzyme inhibitors. A set of these
modifications involves the addition or removal of a nitrogen atom in the ring. These aza and
deaza modifications have garnered interest as useful biochemical tools, but information on
some of their physical characteristics is lacking. In this study, the B3LYP density functional
with the 6-31+G(d,p) basis set and an implicit−explicit solvent model was used to perform ab
initio quantum mechanical studies to estimate pKa values of aza- and deaza-modified
nucleobases. A comparison between theoretical and known experimental pKa values was carried
out, and adjustment factors were applied to 57 pKa values in the purine and pyrimidine data
sets.

■ INTRODUCTION
An important characteristic of a nucleic acid is its acid−base
properties, which can dictate both intra- and intermolecular
interactions.1−3 Each nucleobase within RNA or DNA has
unique hydrogen-bond donor and acceptor capabilities due to
its chemical composition and influences of the neighboring
nucleotides.4−6 The pKa values of the acceptor and donor pairs
influence the hydrogen-bonding strength,7 which could impact
the stability of nucleotide pairs within RNA or DNA
structures.2,3,8 Naturally occurring modifications have been
reported to shift the pKa values of nucleobases by as much as 3
pKa units.

9 The use of RNA modifications as probes for higher-
order structures could therefore have unintended effects on
global or local RNA folding if the nucleobase pKa values are
altered.
To develop a greater understanding of RNA structure and

function relationships and the impact of RNA modifications, a
variety of techniques have been employed. Modified nucleo-
sides have been used to probe RNA interactions and the roles
of specific atoms within the nucleobase. Growing subsets of
modified nucleobases that are useful in the nucleic acid field
are aza- and deaza-modified bases (Figure 1). Deaza-modified
nucleosides have been found in nature as either hyper-
modification scaffolds or biosynthetic precursors;10−12 how-
ever, to the best of our knowledge, the deaza modifications
have not been found in naturally occurring RNAs.
Deazapurines and deazapyrimidines lack nitrogen atoms at
specific positions of the nucleobase. As such, the physical
properties of the nucleobase can be altered at the single-atom
level. Single-atom mutagenesis has been carried out with many
nucleic acids to gain a better understanding of their structure−
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Figure 1. Structures of the four canonical nucleosides/nucleobases.
The structures and numbering schemes of pyrimidines (uridine and
cytidine) and purines (adenosine and guanosine) are shown.
Positions with reported aza modifications are numbered in blue,
while deaza-modified positions are numbered in red.

Articlepubs.acs.org/JPCA

© 2023 The Authors. Published by
American Chemical Society

3526
https://doi.org/10.1021/acs.jpca.3c01358
J. Phys. Chem. A 2023, 127, 3526−3534

D
ow

nl
oa

de
d 

vi
a 

68
.4

9.
94

.1
32

 o
n 

A
pr

il 
23

, 2
02

3 
at

 0
1:

12
:0

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alan+J.+Mlotkowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="H.+Bernhard+Schlegel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christine+S.+Chow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.3c01358&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01358?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01358?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01358?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01358?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01358?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcafh/127/15?ref=pdf
https://pubs.acs.org/toc/jpcafh/127/15?ref=pdf
https://pubs.acs.org/toc/jpcafh/127/15?ref=pdf
https://pubs.acs.org/toc/jpcafh/127/15?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01358?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01358?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01358?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01358?fig=fig1&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpca.3c01358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


function relationships.13−18 In contrast, the addition of a
nitrogen atom to a purine nucleobase gives the azapurine class
of modification. The addition of a nitrogen atom has led to
unique pH-dependent fluorescent properties of the nucleobase
while maintaining Watson−Crick (WC) base-pairing capa-
bilities.19,20 Azapyrimidines (occasionally referred to as triazine
nucleosides) have demonstrated utility in probing immuno-
suppression and purine metabolism pathways.21,22 Aza nucleo-
sides also have reported anticancer,23,24 antiviral,25,26 and
antibacterial27 capabilities.
The aza and deaza sets of modifications are of high interest

to the research community because of their ability to probe
RNA or DNA interactions and mimic canonical nucleotides.
Therefore, determining their physical and chemical character-
istics and understanding their specific roles in these processes
is important. One quantitative measure that is the focus of this
study is the pKa value. A few experiments have been conducted
on aza and deaza nucleobases to determine their pKa
values,16,17 but many of the synthetically available analogues
are lacking experimental pKa values, in particular, for the sites
on the non-WC faces.
Computational chemistry has been shown to give good

estimates of pKa values for alcohols, phenols, and nucleo-
bases.9,28−30 In this current study, the B3LYP density
functional with the 6-31+G(d,p) basis set was used in
conjunction with a hybrid implicit−explicit solvation method-
ology to determine the pKa values of 20 aza- and deaza-
modified nucleobases. Every hydrogen-bonding position on
the nucleobase was solvated with an explicit water molecule,
and the entire structure was then surrounded by implicit
continuum solvation. A two-parameter linear correction factor
was generated by comparing our calculated theoretical pKa
values to experimentally determined ones and used to obtain
adjusted pKa values for this set of modified nucleobases.

■ COMPUTATIONAL METHODS
The Gaussian suite of programs31 was utilized in the present
study to calculate the free energies of aza- and deaza-modified
nucleobases. The B3LYP density functional with the 6-
31+G(d,p) basis set was utilized for the series of calculations
along with the implicit−explicit solvation system previously
developed.28,29,32−34 For the aza- and deaza-modified nucleo-
bases, a water molecule was placed at every position that could
hydrogen bond, as done in previous studies with the natural
modifications.9 The bulk water in the environment was
modeled by the SMD implicit solvation method of Marenich,
Cramer, and Truhlar.35 The specific locations and orientations
of the water molecules surrounding each aza and deaza
nucleobase structure are given in the Supporting Information.
As with earlier reports, the sugar moiety was substituted with a
methyl group to reduce the computational cost.9,28

Computational methods to determine pKa values have been
widely used,36−38 and similar approaches were used here with
the aza and deaza nucleobases. The theoretical pKa values were
determined by first finding the lowest energy structure of the
neutral form of each modified nucleobase. Many different
combinations of water molecule placements along with any
varying structural conformations were examined, and the
lowest energy structure was selected. This structure was then
protonated or deprotonated, depending on the position of
interest while maintaining the same solvation orientation and
structural conformation as the neutral species. The calculated
difference in free energy of the structures along with the

experimental estimate of the free energy of the proton in
aqueous solution (−270.297 kcal/mol) was used to determine
the free energy for acid dissociation, ΔGdissoc(aq)

39,40 This value
was then used to determine the pKa values, as shown in eq 1.

=K
G

RT
p

2.303a
dissoc (aq)

(1)

A linear correlation factor was used to adjust the theoretical
pKa values. The adjustment is based on the line of best fit
between the calculated pKa values and nucleobases with
experimentally determined pKa values. Equations 2 and 3 were
used for the pKa value adjustment for purines and pyrimidines,
respectively. The plots of these linear regressions include
values for the unmodified nucleobases along with naturally
occurring modifications reported previously.9

=
+

K
K

adjusted p
(calculated p 0.06)

1.16a
a

(2)

= +
K

K
adjusted p

(calculated p 0.54)
1.19a

a

(3)

■ RESULTS AND DISCUSSION
Determination of Nucleobase pKa Values. Applying the

B3LYP/6-31+G(d,p) level of theory with a combined
implicit−explicit solvation method has been shown previously
to give accurate pKa values of methyl-substituted nucleo-
bases.28 This method was also used to determine the pKa
values of a series of naturally occurring modified nucleobases
with good agreement between computed and experimental
values.9 Consistent methodologies were used for each aza or
deaza nucleobase, with substitution of a methyl group for the
ribose or deoxyribose sugar and varying the number of
associating water molecules with each nucleobase. Each aza or
deaza nucleobase had a unique number of potential hydrogen-
bonding interactions because of the atom substitutions.
Therefore, when each position of the nucleobase was explicitly
solvated, the numbers of water molecules varied. A few of the
modified nucleobases could not accommodate explicit water
molecules at all possible hydrogen-bonding positions within
the structure. During geometry optimization, some of the
water molecules would occasionally drift away from the
expected positions. Such events occurred more often with
structures that had water molecules “crowding” each other. To
overcome this challenge, problematic water molecules were
removed, and the structures were reoptimized. The optimized
structures with the explicit water molecule orientations and
locations are provided in the Supporting Information.
As with a previous study,9 the known experimental and

theoretical pKa values were compared to obtain a linear
adjustment factor for the calculated results. This adjustment
was done to reduce the systematic errors that arise from using
a combination of theoretical methods. The applied adjustment
factors are different for the purine and pyrimidine data sets,
which accounts for the larger variations in their chemical and
electronic structures. The adjustment employed values from
unnatural modified nucleobases in the present work and
natural modifications in prior work.9 The previous work had 12
and 14 experimental data points for purines and pyrimidines,
respectively, that were used to obtain the adjustment
parameters. The present study includes 12 and 3 additional
experimental values for purines and pyrimidines, respectively,
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for a total of 24 and 17 data points used for the adjustments.
As observed previously, the adjusted theoretical data show a
similar trend to that of the experimental pKa values. The mean
absolute error (MAE) obtained for both the purine and
pyrimidine data sets is 0.6. From 24 different unmodified and
modified methyl-substituted nucleobases, 57 pKa values are
reported, of which only 20 had previously known experimental
values.
For the linear adjustments, the deaza and aza pKa values

were added to previously reported linear adjustments to
strengthen the correlations. The additional values in the plots
lead to slight changes in the slopes and y-intercepts. As such,
the pKa values for the unmodified nucleobases differ from the
values reported previously.9 The adenosine N1 pKa value is
now closer and the guanosine value is further from the
experiment values (both by 0.3 units). The uridine and
cytidine pKa values are comparable to the previous report.9

Although these differences in the values are small, they do
indicate limitations of the applied method. Despite these
limitations, our reported pKa values fall within the MAEs, and
the changes in the pKa values resulting from modifications can
be still elucidated with confidence.

Purines. A total of 13 different methyl-substituted purine
deaza/aza modifications were examined. Many previous pKa
studies on nucleobases focused on the WC face (N1 position),
but tertiary structures of RNA include other interactions (e.g.,
N3 and N7 positions). Therefore, we studied all three
positions of interest in these modified purines (N1, N3, and
N7). Additionally, the pKa values of position 8 were
determined for six of the purines that had a nitrogen
substitution (i.e., N8) and can therefore be protonated at
this site. By plotting the experimental pKa data against the
calculated values (Figure 2), a small systematic 0.06 pKa unit

shift for the theoretical data is observed. A two-parameter
adjustment for the purine modifications was used, and a linear
fit of 1.16x − 0.06 with an R2 value of 0.95 was obtained.
Applying the adjustment to the theoretical values, a MAE of

0.6 pKa units was obtained for the data shown in Figure 2,
indicating good agreement between the experimental and
calculated pKa values (Tables 1 and 2) for the modified purine
nucleobases (structures are shown in the Supporting
Information). The pKa values that were calculated to be less
than −1.0 are labeled as “unfavorable” because protonation at

those positions would not be energetically favorable. The trend
in the adjusted pKa values for the N1 position of adenosine
modifications is as follows: a8A ≪ formycin A < A < a8c7A ≪
c7A ≪ c3A (in the range of 1.5−7.0) (Table 1). The
corresponding pKa trend for the N1 position of guanosine
modifications is as follows: a5c7G ≪ a8G ≪ formycin B ≈
a8c7G < G < c7G < c3G (in the range of 2.5−11.5) (Table 2).

Adenosine Modifications. The deazaadenosine modifica-
tions examined in this study have higher pKa values than the
parent adenosine (Table 1). The biggest difference in the pKa
value is observed for the N1 position of c3A (ΔpKa +3.9; ΔpKa
= N1 pKa of c3A−N1 pKa of A), which will exist in the
protonated state at neutral pH. The c7A modification has a
smaller effect at N1 (ΔpKa +2.1). RNA melting studies showed
that both c3A and c7A have destabilizing effects on base
pairing with U, but with c7A being less destabilizing than
c3A,16 mirroring the trend in the ΔpKa values. For the N3
position, the largest difference in the pKa value is observed for
the c1A modification (ΔpKa +4.1), with a smaller difference
for c7A (ΔpKa +2.4). The pKa values for the N7 position of
c3A and c1A are also higher compared to A (ΔpKa +2.0 and
+2.6, respectively). With its higher N7 pKa value along with a
lack of hydrogen-bonding capabilities at position 1, changes in
RNA stability and/or structure could result from A to c1A
substitutions. For example, preferences could shift from WC to
Hoogsteen pairing, along with impacts on Hoogsteen pairing
strength.
The 8-azaadenosine (a8A) nucleobase (Figure 3) has a

nitrogen atom at position 8. This modification has been used
as a probe to study the catalytic roles of A residues in
ribozymes, with focus on general acid/base mechanisms.45 The
computed pKa values for the N1 and N3 positions are 1.5 and
−0.5, respectively. Compared to A, the N1 pKa value is lower
by 1.6 units. The pKa values for N7 and N8 are less than −1.0;
therefore, protonation of these positions is unfavorable. The
pKa values for the a8A modification are useful to know because
this nucleobase has been reported to exhibit moderate
fluorescence when in the protonated state and comparatively
weaker fluorescence in the neutral state.46 Also of note are
thermal melting studies that revealed that a8A destabilizes WC
base pairs within the context of a DNA duplex.47 This result
with a8A supports the “ΔpKa rule” in biological systems, in
which a larger difference in the pKa values of a donor and
acceptor correlates with weaker hydrogen bonding.7 In the
case of a8A, the decrease in the N1 pKa value compared to A
would be expected to destabilize the duplex. However, factors
other than pKa (e.g., changes in hydration) also need to be
considered when examining impacts of base modification on
DNA or RNA stabilities.16

For the combined modification a8c7A with both aza and
deaza substitutions (Figure 3), the N1 and N3 pKa values are
close to those of A (ΔpKa +0.3 and 0, respectively).
Protonation of the N8 position of a8c7A is possible but only
under highly acidic conditions (pKa value of −0.5). Because
the pKa values of A and a8c7A are found to be similar, these
results suggest that a8c7A could serve as a good substitute for
A in nucleic acids. Indeed, thermal melting studies with DNAs
containing either a8c7A or A at the same locations revealed
similar stabilities.48

Formycin A, a purine analogue with antibacterial properties,
also contains aza (C8) and deaza (N9) substitutions (i.e.,
a8c9A) (Figure 3). Despite having the aza and deaza
substitutions, the N1 pKa value of formycin A is close to

Figure 2. Plot and linear regression fit for the theoretical and
experimental pKa values of the purine aza/deaza modifications. The
symbols indicate unmodified nucleobases (orange squares), natural
modifications (red diamonds),9 and aza/deaza modifications (blue
circles). The MAE for this set of data is 0.6.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.3c01358
J. Phys. Chem. A 2023, 127, 3526−3534

3528

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c01358/suppl_file/jp3c01358_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c01358/suppl_file/jp3c01358_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01358?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01358?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01358?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c01358?fig=fig2&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c01358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that of A (ΔpKa −0.2). In contrast, the N7 position of
formycin A contains a unique imino proton with a pKa value of
10.7. This feature may be important for formycin A activity, as
it has been reported that tautomerization resulting in
protonation of the N8 position rather than N7 is favored
when the nucleoside is bound in the Escherichia coli purine
nucleoside phosphorylase binding pocket.49 While the modest
shift in the N1 pKa value would have minimal impact on WC
interactions within nucleic acids, the difference at N7 could

alter interactions on the Hoogsteen edge. As such, the
incorporation of a8c9A into RNA structures might be useful
for probing noncanonical interactions. Impacts on RNA
tertiary interactions would need to be considered when using
a8c9A as a tool for structure analysis.

Guanosine Modifications. The calculated pKa shifts for the
deazaguanosine modifications are variable, displaying both
higher and lower values compared to the unmodified
guanosine (Table 2). Each pKa value of the modified

Table 1. Experimental and Theoretical pKa Values for Modified Deaza/Azaadenosines

modification abbreviation position experimental pKa value
a adjusted theoretical pKa value

b

8-azaadenosine a8A N1 2.219 1.5
N3 −0.5
N7 unfavorable
N8 unfavorable

formycin A a8c9A N1 2.9
N3 4.441 4.0
N7 9.741 10.7
N8 0.4

adenosine A N1 3.542 3.1
N3 0.8
N7 0.9

8-aza-7-deazaadenosine a8c7A N1 3.4
N3 0.8
N8 −0.5

7-deazaadenosine c7A N1 5.316 5.2
N3 3.2

3-deazaadenosine c3A N1 6.816 7.0
N7 2.9

1-deazaadenosine c1A N3 4.9
N7 3.5

aThe pKa values were determined by UV titration19,42 and NMR spectroscopy16,41 with typical errors of 0.1−0.2 pKa units.
bThe pKa values less

than −1.0 are denoted as unfavorable.

Table 2. Experimental and Theoretical pKa Values for Modified Deaza/Azaguanosines

modification abbreviation position experimental pKa value
a adjusted theoretical pKa value

b

5-aza-7-deazaguanosine a5c7G N1 2.5
N3 unfavorable

8-azaguanosine a8G N1 819 7.6
N3 unfavorable
N7 unfavorable
N8 unfavorable

formycin B a8c9I N1 8.843 8.8
N3 1.343 1.0
N7 10.443 8.9
N8 −0.5

8-aza-7-deazaguanosine a8c7G N1 8.9
N3 0.7
N8 −0.2

guanosine G N1 9.244 9.7
N3 −0.6
N7 1.944 3.5

7-deazaguanosine c7G N1 10.316 10.6
N3 0.7

3-deazaguanosine c3G N1 12.316 11.5
N7 3.9

1-deazaguanosine c1G N3 0.5
N7 3.9317 3.0

aThe pKa values were determined by UV titration17,19 and NMR spectroscopy16,43,44 with typical errors of 0.1−0.2 pKa units.
bThe pKa values less

than −1.0 are denoted as unfavorable.
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nucleobases was compared to that of the parent G. Both c3G
and c7G have larger pKa values at the N1 position (ΔpKa +1.8
and +0.9, respectively). The N3 position pKa value is also
greater for c1G and c7G (ΔpKa +1.1 and +1.3, respectively).
The N7 pKa value for c3G is slightly higher (ΔpKa +0.4),
whereas the value for c1G is slightly lower (ΔpKa −0.5).
Changes in pKa values can influence base-pairing preferences,
resulting in downstream structural changes of nucleic acids.
With its modest increase in the pKa value at the N1 position
compared to G, c7G is a good mimic for WC interactions. This
modification slightly destabilizes canonical base pairing,16 thus
providing another example that is consistent with the ΔpKa
rule.7 The c7G nucleobase may also be a useful mimic for non-
WC pairing such as sugar-edge interactions at the N3 position,
although the N3 pKa value varies by 1.3 units. In contrast, c3G
would be expected to have similar behavior as G at the N7
position, whereas the altered pKa value at the N1 position is
predicted to impact canonical base pairing. Indeed, melting
studies showed that c3G is more destabilizing than c7G in
RNA duplexes.16,50

As with the aza modification a8A, incorporation of a
nitrogen atom at the C8 position in guanosine (a8G) (Figure
3) leads to different pH-dependent fluorescence properties. In
this case, the a8G nucleobase exhibits higher fluorescence in
the deprotonated state compared to the neutral state.46 The
pKa value for the N1 position of a8G is lower by 2.1 units
compared to G. Since the N1 pKa value for a8G is close to
physiological pH, this modified nucleobase is a useful probe to
determine the roles of protonated states of guanosine residues
in enzyme and ribozyme catalysis.51 As with a8A, protonation
of the N3, N7, and N8 positions of a8G is unfavorable.
Previous studies showed that oligonucleotides containing a8G

form more stable base pairs with C compared to the parent G,
while G quartet formation with a8G is disfavored.52 The
observed lower N1 pKa value of a8G compared to G is
consistent with the more stable pairing with C, whereas the
altered N7 pKa value would disfavor tertiary structures such as
G quartets.
The pKa values of mixed aza and deazaguanosine

modifications display the biggest variability. The N1 of
a5c7G has a ΔpKa of −7.2 when compared to G. The N1
position of a5c7G is deprotonated at physiological pH, a major
difference from the unmodified nucleobase (Figure 4). In

contrast, the N1 pKa value of a8c7G (Figure 3) is closer to that
of G (ΔpKa −0.8). The N3 pKa value of a8c7G is higher
compared to that of G (ΔpKa +1.3). The modest decrease of
the N1 pKa value is consistent with the small increase in duplex
DNA base-pair stability that was reported.48 Formycin B
(a8c9I; I is inosine) is structurally similar to a8G (Figure 3),
but this nucleobase lacks the amine at the N2 position and
contains a carbon at position 9 rather than nitrogen. The pKa
changes for a8c9I mirror those observed with formycin A; the
N1 pKa is lower (ΔpKa −0.9), and the N7 value is higher
(ΔpKa +5.4). As with formycin A, the N7 position of formycin
B follows a similar trend with the pKa value being significantly
more basic than that of G.

Pyrimidines. A total of seven different methyl-substituted
pyrimidine aza modifications were examined. Of the 13
positions studied, only three had previously reported pKa
values. The primary site of interest in the pyrimidine series
is the N3 position, although certain modifications result in
additional N-containing sites such as N5 and N6. The
experimental pKa data were plotted against the calculated
values (Figure 5). A two-parameter adjustment for the
pyrimidine modifications was used, and a linear fit of 1.19x
− 0.54 with an R2 value of 0.97 was obtained.
The adjusted theoretical pKa values resulted in a MAE of 0.6

for the data shown in Figure 5. The individual errors are larger
at the extreme ends of the pKa range, possibly due to the lack
of experimental pKa values less than 4 and greater than 10.
Positions that highly disfavor protonation were determined to
have negative adjusted theoretical pKa values (pKa values less
than −1.0 are listed as unfavorable in Table 3). The trend in
the pKa values for the N3 position for uridine modification is as
follows: a6U < a6T < a5U ≪ U ≪ DHaU ≈ DHaT (in the
range of 6.6−11.9) and the trend for cytidine is as follows: a5C
≪ C ≪ DHaC (in the range of 1.4−6.4) (Table 3).
Both azauridine modifications (Figure 6) have lower pKa

values for the N3 position compared to U (ΔpKas −1.8 for
a5U and −3.1 for a6U). Protonation of the N5 and N6
positions in a5U and a6U, respectively, is unfavorable. The
a6T modification also has a lower pKa value at the N3 position
compared to U (ΔpKa −2.1) and unfavorable protonation at

Figure 3. Structures of aza-modified nucleobases. The modified
positions are highlighted in blue. The deaza/aza nomenclature is
given for the purine analogues formycin A and B (a8c9A and a8c9I,
respectively).

Figure 4. Structures of G and a5c7G with different protonation status
at N1.
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the N6 position. In this case, oligonucleotides containing a6T
have decreased stability.57

Saturation of a5U at the N5−C6 position leads to
generation of a second imino group (DHaU, Figure 6). As
such, the N5 of a5U is acidic, whereas the corresponding N5 of
DHaU is basic with a concomitant higher pKa value for the N3
imino group compared to that of U (ΔpKa +2.1). Saturation of
the analogous a6T leads to DHaT. The N3 position of DHaT
is also observed to be more basic with a pKa value of 11.9.
The DHaU nucleobase can participate in nonstandard

interactions. Structurally related to pseudouridine, DHaU has
an imino group on the Hoogsteen face (N5) that can
participate in unique interactions such as water-mediated
hydrogen bonding observed with the N1 in pseudouridine-
containing RNAs.58−60 Such interactions are predicted to
stabilize RNA duplexes. The N5 position of DHaU has a
significantly higher pKa value (12.6) than the corresponding
N1 position of pseudouridine (9.2), which could further
stabilize interactions with water molecules.
As with the aza modifications on U, the 5-aza modification

of C and the corresponding saturated nucleobase have shifted
pKa values. The pKa value of the N3 position of a5C is lower

by 3.4 units compared to that of C. The added nitrogen at
position 5 is more acidic than the N3. This acidic pKa is
reminiscent of the shifted N3 pKa values of several purines
mentioned earlier.
Saturation of the N5−C6 double bond of a5C (DHaC,

Figure 6) leads to a higher N3 pKa value compared to that of C

Figure 5. Plot and linear regression fit for the theoretical and
experimental pKa values of the aza modifications of the pyrimidine
data set. The symbols indicate unmodified nucleobases (orange
squares), natural modifications (red diamonds),9 and aza modifica-
tions (blue circles). The MAE for this set of data is 0.6.

Table 3. Experimental and Theoretical pKa Values for Modified Deaza/Azapyrimidines

modification abbreviation position experimental pKa value
a adjusted theoretical pKa value

b

6-azauridine a6U N3 6.9953 6.6
N6 unfavorable

6-azathymidine a6T N3 7.6
N6 unfavorable

5-azauridine a5U N3 8.1553 7.9
N5 unfavorable

uridine U N3 9.2554 9.7
5,6-dihydroazauridine DHaU N3 11.8

N5 12.6
5,6-dihydro-5-azathymidine DHaT N3 11.9
5-azacytidine a5C N3 2.6455 1.4

N5 −0.7
cytidine C N3 4.256 4.8
5,6-dihydroazacytidine DHaC N3 6.4

N5 11.8

aThe pKa values were determined by UV titration53−56 with typical errors of 0.1−0.2 pKa units.
bThe pKa values less than −1.0 are denoted as

unfavorable.

Figure 6. Structures of aza-modified pyrimidines. Saturation of the
N5−C6 double bond of a5U and a5C results in a change in N5
protonation.
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(ΔpKa +1.6). The N5 imino is basic with a pKa value of 11.8.
In contrast to the N3 pKa value of unsaturated a5C, the DHaC
N3 position is partially protonated at physiological pH. The
aza-C series of modifications has been used to probe various
enzymatic activities and cellular processes. For example, DNA
methylase activity is lower in cells treated with a5C, whereas
hypomethylation in cells treated with DHaC is less apparent.61

Additionally, the N5 of DHaC was observed to participate in a
water-mediated hydrogen bond, which could play a role in its
inhibition of the DNA (cytosine C5)-methyltransferase
enzyme.62 In contrast, the protonated N3 of DHaC was
reported to have a weaker interaction with a glutamic acid
chain62 compared to the unmodified counterpart. This
observation supports the ΔpKa rule,

7 in which the greater
pKa value of N3 of DHaC compared to that of C would
correspond to a weaker interaction with the amino acid side
chain.

■ CONCLUSIONS
In this study, a computational method was employed to
provide pKa values for a series of 20 nucleobases with aza and
deaza modifications. The list of computationally determined
pKa values for modified nucleobases was expanded using an
implicit−explicit hybrid solvation system with the B3LYP
density functional and the 6-31+G(d,p) basis set. A
comparison between theoretical and known experimental pKa
values was carried out, and adjustment factors for purine and
pyrimidine data sets were derived. The comparison yielded R2
values of 0.95 (MAE of 0.6) and 0.97 (MAE of 0.6) for purines
and pyrimidines, respectively. A total of 57 adjusted theoretical
pKa values were obtained. This method provides reliable pKa
values, although we observe larger discrepancies between the
experimental and theoretical values at lower (pKa < 4) and
higher (pKa > 10) ranges. The larger availability of
experimental pKa values in the 4−10 range correlates with
higher accuracy with the adjusted theoretical pKa values. More
experimentally determined values at lower and higher ranges
would strengthen the calculations and reduce discrepancies
between the two methods.
Aza and deaza modifications are highly useful for probing

interactions and functions of specific atoms in DNA and RNA
systems.16−18 Not surprisingly, the impact of the modification
on the nucleobase pKa value is dictated by its location.
Furthermore, when specific aza/deaza substitutions are made,
the pKa values of multiple functional groups within the
nucleobase can be impacted. In this study, the observed trend
is that deaza modifications increase nucleobase pKa values
compared to those of the unmodified counterparts, whereas
aza modifications decrease the pKa values. In contrast, although
mixed aza and deaza modifications deviate structurally from
their unmodified counterparts, the pKa values of these
modified nucleobases tend to be closer to those of the parent
nucleosides. This feature makes the mixed modifications ideal
mimics for canonical nucleosides.
Application of the “ΔpKa rule” in the aza/deaza series of

modifications was often consistent with base-pair stabilities in
studies with duplex DNAs or RNAs. However, these
observations do not take into account other factors such as
base stacking, solvation effects, or interactions with metal ions
that may impact base-pair stability.63 Water-mediated back-
bone interactions may also impact stability as observed with
pseudouridylated RNAs.64,65 Similar interactions are likely to
occur with DHaC and DHaU, thus impacting stabilities of

nucleic acids containing these modifications. While qualitative
correlations between base-pair stabilities and the differences of
the pKa values for aza and deaza nucleobases have been
observed, more in depth studies are needed to understand the
physical and chemical contributions that impact the nucleic
acid structure.
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(8) Šponer, J.; Leszczynski, J.; Hobza, P. Electronic Properties,
Hydrogen Bonding, Stacking, and Cation Binding of DNA and RNA
Bases. Biopolymers 2001, 61, 3−31.
(9) Jones, E. L.; Mlotkowski, A. J.; Hebert, S. P.; Schlegel, H. B.;
Chow, C. S. Calculations of pKa Values for a Series of Naturally
Occurring Modified Nucleobases. J. Phys. Chem. A 2022, 126, 1518−
1529.
(10) Morris, R. C.; Elliot, M. S. Queuosine Modification of tRNA: A
Case for Convergent Evolution. Mol. Genet. Metab. 2001, 74, 147−
159.
(11) McCarty, R. M.; Somogyi, Á.; Lin, G.; Jacobsen, N. E.;
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