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ABSTRACT: Modified nucleobases are found in functionally important regions of .’J K OJ, K
RNA and are often responsible for essential structural roles. Many of these : ® . : J’.
nucleobase modifications are dynamically regulated in nature, with each J: :J B H ': : K
modification having a different biological role in RNA. Despite the high abundance TeTe e e

of modifications, many of their characteristics are still poorly understood. One e A
important property of a nucleobase is its pK, value, which has been widely studied U modification U

for unmodified nucleobases, but not for the modified versions. In this study, the pK, ¢

values of modified nucleobases were determined by performing ab initio quantum 2 e e 0

mechanical calculations using a B3LYP density functional with the 6-31+G(d,p) 1@‘ 2 JQJ ?Jz P
basis set and a combination of implicit—explicit solvation systems. This method, <3 ’ b :' ” o783 3 : ,9,
which was previously employed to determine the pK, values of unmodified Te%e T ’ : ®
nucleobases, is applicable to a variety of modified nucleobases. Comparisons of the hJ ;{j 0 hJSG °
pK, values of modified nucleobases give insight into their structural and energetic
impacts within nucleic acids.
B INTRODUCTION Canonical Noncanonical
RNA serves a myriad of cellular roles, which rely on complex ; 0
higher-order structures and biomolecular interactions.' > RNA . _
secondary and tertiary structures are mainly governed by ; b Ny
electrostatic forces, specifically hydrogen bonding.* The /K ; NG
determination of RNA structure by experimental means, such N7 o E o o
as X-ray crystallography and cryogenic electron microscopy, is FLbcse Ribose E Ribose
challenging and has not kept pace with emerging sequence Uridine (U) !
information, particularly in cases of RNAs with varying E
modification states. Obtaining accurate values for the N |
thermodynamic stabilities of individual hydrogen bonds L E
would aid in the ability to predict secondary and tertiary Y/ ’ ;
structures of a given RNA by computational methods. Such L :
approaches would enhance our understanding of how various ’ | ;
modified RNAs function.”~’ Ribose Ribose R o fbose

There are currently over 150 known RNA modifications.® Adenosine (A) Guanosine (G) ' Inosine (1)
There is a wide range of nucleoside modifications that alter the Ry = H, Chy, OH, OCHg; Ry = H, GHg; Ry = H, Gy Ry = H, CHa, CHOH, GHO; Ry = H, CHa,
sugar or base moieties, from simple methylations to more COCHa; Rg = H, CHg; Ry = H, CH,

complex additions or isomerizations. Some modifications to
the nucleobases are illustrated in Figure 1. While most studies
over the past 70 years have focused on characterizing the
chemical compositions and locations of these RNA mod-
ifications, less effort has been made to understand the physical
contributions of protonation state and pK, values within RNA
systems and structures. By determining the effects of
modification on the physical characteristics of the nucleobase,
one can infer the impact on downstream folding and three-
dimensional structures of RNAs.

Because of the challenges of site-specific incorporation of
modifications into RNA,” determining their impacts within

Figure 1. Structures of four canonical and two noncanonical
nucleosides. The structures of pyrimidines (uridine, cytidine, and
pseudouridine) and purines (adenosine, guanosine, and inosine) with
nucleobase numbering schemes are shown. The modification
positions are indicated with the R1 to R7 functional groups.
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varying sequence and structural contexts is even more
daunting. In the absence of experimentally determined
thermodynamic parameters, it has been shown that by using
the pK, value of an acceptor and donor pair, it is possible to
estimate the hydrogen bond strength.”'°~"* This principle has
been applied to nucleosides, which base pair through hydrogen
bonding in nucleic acids. In certain cases, greater differences in
pK, values correlated with weaker base pairing between
complementary nucleosides.""

Modifications to the nucleobase have been observed to
cause shifts in the pK, values (i.e., protonation/deprotonation
states of the nucleobases),'” which then affects base-pairing
preferences. For example, deamination of adenosine to form
inosine results in a base-pair preference for cytidine rather than
the canonical uridine."®> Any modifications to RNA bases that
result in changes in pK, values will impact RNA—RNA
interactions. Therefore, our goal was to determine how various
modifications alter the pK, values of the nucleobase portions of
the nucleosides, which can then be applied to studies with
higher-order RNA structures.

Protonated nucleobases occur at important locations in
RNA tertiary structures, including regions containing non-
canonical base pairs. Protonated nucleobases have roles in
ribozyme catalysis,'#'> peptide-bond formation in ribo-
somes,’® and tRNA structure formation.'” Adenine is one of
the most well-studied protonated nucleobases and has been
observed in the protonated form when mismatched with
cytosine in both DNA and RNA,"*™*" as well as in A-G base
pairs.”> Cytosines are protonated in the four-stranded i-motif
structure, which involves two C—C" base pairs.23

Modifications in RNA (i.e, tRNA, rRNA, and mRNA) are
highly prevalent.”*** Such chemical alterations to the nucleo-
sides have been shown to induce pK, shifts, either directly or
indirectly. For example, purine methylation at N1 or N7 leads
to a direct change in the nucleoside pK, values to favor the
protonated forms of both 1-methyladenosine (m1A) and 7-
methylguanosine (m7G; please note that all abbreviations used
follow the short name convention from MODOMICS?®).>**
tRNA contains many examples of nucleoside modifications
with altered pK, values such as protonated m7G46, which
participates in a triple-base interaction, and m1AS8, which
plays a role in T-loop interactions."””* In mRNA, mlA
modifications have been suggested to play roles in stabilizing
alternative translation start sites.”” ™"

Indirect effects may occur when nucleobase modifications
enhance protonation of an unmodified base-pairing partner.
Examples include methylation of U2552 in rRNA, which
promotes protonation of C2556 and formation of a more
stable base pair compared to the unmodified, neutral
counterpart.”> Methylation of O6 in guanosine enhances
base-pair formation with protonated cytidine in duplex
DNA.**** Beyond these few examples, there is a multitude
of modifications in nucleic acids with enigmatic functions.

Experimental methods to determine the pK, values for
organic compounds,35 such as nucleobases and nucleosides,>
include potentiometry and nuclear magnetic resonance
(NMR), fluorescence, and UV-—visible spectroscopies.’”
Contemporary pK, measurements of modifications in varying
contexts (nucleobases, nucleosides, nucleotides, oligomers,
etc.) have employed NMR spectroscopy, in which peaks for
the HA and A~ species are used to determine the pK,
values.”” The experimental detection methods rely on
precise pH titrations to determine the ratio of protonated
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and deprotonated species, which can be challenging.”> UV—
visible spectroscopy has also been used for pK, determinations
of nucleobases, with differing spectra for the protonated and
deprotonated forms.” The four canonical nucleobases and
nucleosides of RNA have unique spectra, and the extent of
change in their UV spectra as a function of pH (i.e., changes in
the ratio of HA and A~ species) is also unique.”” The pK,
values of the four canonical nucleosides have been studied
extensively under various experimental conditions with good
agreement of the values.®® In contrast, less than 25% of the
known modified nucleosides have experimentally determined
pK, values, mainly because of the limitations in isolation
methods or challenges in synthesizing authentic modified
nucleoside samples. Many of the modifications require
specialized isolation or synthetic procedures because of their
varying functional groups and physical properties.*®

Computational chemistry allows for investigation of pK,
values at the molecular level, with good accuracy.” ™"
Previous theoretical studies to determine pK, values used
continuum solvation to account for the effects of the aqueous
environment. More recent work demonstrated that adding
explicit water molecules to a continuum solvation model
yielded better approximations to experimental pK, calcula-
tions.**~** Thapa et al. applied a combination of explicit water
molecules with continuum solvation to model the pK, values of
methyl-substituted nucleobases and found that by using four
water molecules located in hydrogen-bonding positions around
the methyl-substituted nucleobase, one could obtain good
agreement with experimental pK, values."” Thapa’s work also
showed that using a B3LYP density functional with a 6-
31+G(d,p) basis set gave good agreement with experimentally
determined pK, values of nucleosides.*’ In this current study,
we used a B3LYP density functional with a 6-31+G(d,p) basis
set to determine pK, values for the modified nucleobases. In
addition, we used a set of explicit waters at all of the hydrogen-
bonding positions in the first solvation shell along with
continuum solvation to avoid bias when selecting the locations
of water molecules for differing nucleobases such as guanine
and uracil. By comparing our calculated theoretical pK, values
to experimentally determined pK, values, we were able to
generate a linear, two-parameter adjustment to the data and
obtain previously undetermined pK, values for a range of
modified nucleobases.

B COMPUTATIONAL METHODS

The free energies of nucleobases were calculated using the
Gaussian suite of programs.”” The method used was based on
a previous study by Thapa et al.* in which the B3LYP density
functional with the 6-31+G(d,p) basis set was used for pK,
calculations. Our primary goal was to determine the pK, values
of modified nucleosides using theoretical approaches; however,
it is difficult to model nucleosides or nucleotides with high
accuracy in complex biological environments. Previous work
has shown that reliable pK, values can be obtained by
substituting the sugar moiety with a methyl group. This
approach was used in the current study to minimize the
computational cost.

Modified nucleobases exist in a solvated environment,
therefore a physiological environment must be replicated as
best as possible to obtain biologically relevant results. To
balance accuracy with computational costs, an implicit—explicit
solvation system was used. An implicit solvation method uses a
polarizable continuum surrounding the molecule to model the

https://doi.org/10.1021/acs.jpca.1c10905
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effects of solvation. In the implicit—explicit approach,
individual waters were placed at specified positions around
the molecular structure, and the entire system was surrounded
by an implicit solvation model. Previous work showed that
increasing the number of explicit waters in the first solvation
shell improved the agreement with experimentally determined
pK, values.” The implicit—explicit solvation approach was
used for methyl-substituted nucleosides, and better agreement
was found as the number of explicit waters increased from one
to four.*’

In this study, we recognize the importance of using an
appropriate number of water molecules in the first solvation
shell of the various unmodified and modified nucleobases.
Explicit water molecules were placed at every hydrogen-
bonding position,**~* and the SMD implicit solvation method
of Marenich, Cramer, and Truhlar®' was used to model the
bulk water in the environment. Because the number of
hydrogen-bonding positions depended on the nature of the
modified nucleobases, the number of explicit water molecules
varied. For example, 1,N4-dimethyl cytidine (N4-methyl
cytidine for the corresponding nucleoside) allowed for four
explicit water molecules (Figure 2). The specific locations and
orientations of the waters used for each nucleobase structure
are given in the Supporting Information (SI).

Figure 2. Example of the implicit—explicit solvation system that was
used in the computational study of 1,N4-dimethyl cytidine. The blue
field represents the implicit solvation field with explicit waters placed
where hydrogen bonds can occur with the structure.

To find the lowest energy structures for the neutral form of
each modified nucleobase, various combinations of hydrogen-
bonding patterns were optimized and the lowest energy
structures were selected for protonation/deprotonation. For
instances in which modifications could impede the number of
interacting water molecules, multiple combinations of
molecular arrangements were tested. The maximum number
of waters that could fit into the hydrogen-bonding positions in
the first solvation shell were used. If multiple conformers were
present, the structure containing the lowest total energy was
selected (i.e., the syn over the anti conformation of m6A).
Once the lowest energy neutral species was determined,
protonated or deprotonated species were fully optimized with
the same locations and hydrogen-bonding patterns of the
explicit water molecules.

Theoretical methods for determining fKa values have been
extensively reviewed and studied.”””" The free energy
difference of the neutral and ionic species can be used to
determine the pK, for protonation or deprotonation. For
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deprotonation of a neutral, AH — A~ + H", the free energy for
the acid dissociation is determined by using eq 1.

AGdissoc(aq) = Ganion(aq) + Gproton(aq) - Gneutral(aq) (1)

For protonation of a neutral, the corresponding free energy for
the acid dissociation, AH" — A + HY, is determined by using
eq 2.

G,

cation(aq)

AGdissoc(aq) = Gneutral(aq) + Gproton(aq) - (2)

The experimental estimate of the standard Gibbs free energy of
a proton in water is —270.297 kcal/mol (Gyoton(ag)), Which is
the Gibbs free energy of a gas phase proton, plus the change in
standard state from 1 atm to 1 M, and the aqueous solvation
free energy of a proton (—265.9 kcal/mol).”* The pK, value
is obtained from the free energy for acid dissociation,
AGgissoc(agy 28 shown in eq 3.

A Gdissoc(aq)
2.303RT

pK,

)

After the theoretical pK, values were determined, a linear
adjustment factor based on the line of best fit was derived for
pyrimidines and purines by comparing the calculated values to
those that had experimentally determined pK, values. The
adjusted pK,values for pyrimidines and purines were
determined by factoring calculated pK, values into eqs 4 and
S, respectively.

adjusted pK, = (calculated pK, + 0.05)/1.15 (4)

adjusted pK, = (calculated pK, — 0.25)/1.16 (3)

B RESULTS AND DISCUSSION

Determination of Nucleobase pK, Values. Previous
work demonstrated that applying the B3LYP/6-31+G(d,p)
level of theory in conjunction with an implicit—explicit
solvation method provided pK, values of methyl-substituted
nucleobases® that corresponded well with the experimental
values for complete nucleosides. Although the calculations in
the present study were done on methylated nucleobases, the
names of the nucleosides are used in our comparisons to the
experimental values. Because of structural differences of
modifications, differing numbers of water molecules were
used for each nucleobase, and each structure had a unique
number of potential hydrogen-bonding interactions. The
maximum number of water molecules for each structure was
used, placing each water at potential hydrogen-bonding
locations. By applying these methods to the methyl-substituted
versions of the modified nucleosides, the pK, values were
calculated for 33 modified methyl-substituted nucleobases, 22
of which have known pK, values for the corresponding
nucleosides.

By comparing the experimental and theoretical pK, values of
the known modified pyrimidines and purines, a linear
adjustment for the calculated results was applied to account
for possible biases that arise from using the combination of
theoretical parameters. All experimental pK, values were
obtained from the literature for nucleosides, except for three
deoxynucleosides (mSC, hmSC, and fSC). Because of their
different chemical and electronic structures (e.g,, one vs two
rings), different adjustment parameters were applied for
pyrimidines and purines. In our pyrimidine and purine data
sets, the mean absolute errors (MAEs) obtained were 0.4 and

https://doi.org/10.1021/acs.jpca.1c10905
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0.6 pK, units, respectively. The typical observed standard
deviation in the theoretical pK, calculations was 1.2 pK, units
before adjustment. We note that there are a combination of
challenges in obtaining accurate experimental pK, values, such
as obtaining pure samples, and low accuracy of instrumenta-
tion,®® which can negatively impact the correlation between
experimental and theoretical pK, values. In addition, there are
small, intrinsic errors in the calculation because of the use of a
limited number of stationary, explicit water molecules, the
particular basis set, the density functional theory, or the
polarizable continuum model (PCM) employed.

Comparisons of our adjusted theoretical data to the
experimental values of the modified nucleosides from the
literature show similar trends in changes to the pK, values as a
result of modification. For a few of the studied purines, we did
not observe the expected number of explicit waters after
protonation/deprotonation. This issue became evident during
geometry optimization when water molecules were observed to
drift from the expected positions. For example, if conventional
hydrogen-bonding principles are followed, we would expect
m2G to coordinate six water molecules; however, during
optimization one water would often drift away. In order to
maintain consistency in our focus of only the first solvation
sphere, one water molecule was removed and the structures
were reoptimized (optimized structure of m2G is shown in the
SI).

Pyrimidines. A total of 16 different methyl-substituted
pyrimidine nucleobases were examined, of which four lack
experimentally determined pK, values. The N3 position is the
primary physiological site of deprotonation in uridine
modifications and the protonation site in cytidine modifica-
tions. One uridine modification, pseudouridine (Y), contains
two sites of deprotonation at the N1 and N3 positions (Figure
1). By plotting the experimental against the calculated values
(Figure 3), we found a small systematic 0.05 pK, unit shift for

14 -
~"eD
§ 121 mSlii"'\'("(‘Ns)
T 10 - m3C A%y (N1)
> ho5U 4% m3y
X 8 - -*"mo5U
o
© i m5C
£ 6 ch-
o
8 4 - ic " Ahm5C
c ac v . -
2 1 4: y =1.15x- 0.05
— Af5C R2=0.97
0 T T T T T T 1
0 2 4 6 8 10 12 14

Experimental pK, Values

Figure 3. Plot and linear regression fit for the theoretical and
experimental pK, values of the pyrimidines are shown. Uridine and its
modifications are indicated with blue diamonds, and cytidine and its
modifications are marked by red triangles.

the theoretical data. A two-parameter adjustment for
pyrimidine modifications was used and a linear fit of 1.15x —
0.05 with an R? value of 0.97 was obtained with a MAE of 0.4
pK, units, indicating good agreement between the exper-
imental and adjusted values (Figure 3). As an example, the
calculated pK, value for 1-methyluracil (the methylated
nucleobase representing uridine) is 10.98, but a value of 9.6
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was obtained after applying the adjustment factor, which is
comparable to the literature value of 9.25 for the parent
nucleoside uridine.*

After the adjustment is applied, there is good agreement
between the experimental and calculated pK, values (Table 1)
for modified uridines (structures are shown in Figure 1 and
SI). A MAE of 0.2 pK, units is observed for the uridines. Due
to our model constraints, the structures used for the pK,
calculations for m5U and m1Y are the same. Methylation at C§
(e.g, mSU) has the smallest effect on the pK, value for uridine
deprotonation at the N3 position, whereas oxidation or
hydrogenation results in larger shifts in the pK, values with
the following trend: hoSU < moSU < mSU (m1Y) < Y& U <
D < mSD (range 7.8—11.6). The greatest difference observed
between the adjusted and experimental pK, values is 0.6 pK,
units for the N3 position of dihydrouridine (D).

Of the studied modified pyrimidine nucleobases, the
addition of a hydroxyl group at position CS (hoSU) leads to
the largest decrease in pK, value (ApK, 1.8 compared to Uj all
ApK, values are reported as absolute values) for the uridine
series. The moSU nucleobase, which has been studied
primarily in the context of anticodon loops in tRNA, forms
from enzymatic conversion of the hydroxyl at the CS position
(hoSU) to a methoxy group (mo5U).”” This methylation of
the OH group slightly increases the pK, value (8.3). Consistent
with experimental observations, methylation at the CS position
(mSU) results in only a small decrease in the N3 pK, value
compared to the parent uridine (ApK, 0.4). In contrast,
saturation of the C5—C6 double bond to give D leads to a
significantly higher pK, value for the N3 position when
compared to uridine (ApK, 1.5). Absence of the double bond
and loss of aromaticity may contribute to the increased pK,
value, and good agreement is observed between the
experimental and adjusted values.”” Methylation of D (mSD)
further increases the pK, value (ApK, 0.5 compared to D).

Pseudouridine (Y) is unique compared to the other uridine
modifications because it contains two deprotonatable sites (N1
and N3) as a result of the isomerization reaction of U,
replacing the N1—-C1’ linkage with a C5—C1’ glycosidic bond
to generate the C-glycoside.’ This modification allows for
formation of an additional hydrogen bond at the N1 position.
The pK, value of the N3 position in Y is similar to that of U.
Experimental observations showed that the N1 position of Y
has a lower pK, value (9.1) than N3 (9.6). The adjusted pK,
values from our computations follow the same trend with the
N3 value being higher (9.5) than the N1 (9.2). Methylation of
Y at the N1 or N3 position produces 1-methylpseudouridine
(m1Y) or 3-methylpseudouridine (m3Y), respectively. Both
methylation events have minimal effects on the adjusted pK,
values (N3 of m1Y and N1 of m3Y).

Modifications on U were shown to cause both increases and
decreases in the pK, values. These altered pK, values due to
modifications could alter the pairing interactions with
adenosine.'”” Two oxygen-containing modified nucleobases
(moSU and hoSU) have lower pK, values for N3 relative to U.
These altered values may impact the nucleotide roles as
wobble-pairing partners in tRNA.”

A modest change in the N3 pK, value of Y compared to U is
unlikely to impact the stability of Y-A pairs. However, the
additional N1H of Y has been observed to form a water bridge
with the phosphate backbone in several RNAs.”"°° The
presence of these water bridges correlates with increased
stability of certain pseudouridylated RNAs when the

https://doi.org/10.1021/acs.jpca.1c10905
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Table 1. Experimental and Theoretical pK, Values for Modified Uridines and 1-Methyluracils

name abbreviation measured position experimental pK,* adjusted theoretical pK,

S-hydroxyuridine hoSU N3 7.8 7.8
5-methoxyuridine moSU N3 8.54%° 8.3
3-methylpseudouridine m3Y N1 9.05% 9.0
S-methyluridine mSU N3 9% 9.2
1-methylpseudouridine mlY N3 9.2
pseudouridine Y N1 9.1% 9.2

N3 9.6% 9.5
uridine U N3 9.25% 9.6
dihydrouridine D N3 11.7%¢ 11.1
S-methyldihydrouridine mSD N3 11.6

36,58

“The pK, values were determined by NMR spectroscopy

and UV titration.

36,54,57

Table 2. Experimental and Theoretical pK, Values for Modified Cytidines and 1-Methylcytosines

name abbreviation
S-formylcytidine f5C
N4-acetylcytidine ac4C
S-hydroxymethylcytidine hmSC
N4,N4-dimethylcytidine m4,4C
N4-methylcytidine m4C
cytidine C
S-methylcytidine mSC
3-methylcytidine m3C

“The pK, values were determined by NMR spectroscopy’' and UV titration.

measured position

N3
N3
N3
N3
N3
N3
N3
N4

experimental pK,” adjusted theoretical pK,

247" L5
1.5 2.0
47 32

4.1

4.4
427 4.6
437 4.9
8.7° 9.3

73=75

modification is in duplex regions.””*® Methylation of the N3
position on pseudouridine has minimal impact on the N1 pK,
value, but reduces the number of protonatable sites on Y. In
one known example of Y methylation, the N3 modification has
been shown to stabilize RNA structures when present in
hairpin loops, but the added stability is not correlated with a
change in the pK, value.”” Stabilization from the methyl group
could be important for long-range interactions in the ribosome.

In contrast to uridine, cytidines generally undergo
protonation at N3, and the modifications, except mSC, display
decreases in the calculated pK, values for this position (Table
2). A MAE of 0.6 pK, units is observed for the cytidines.
Methylation on the CS position (mSC) is observed in both
DNA and RNA, and both hmSC and f5C are intermediates in
the demethylation of m5C.” Experimental pK, values for the
RNA nucleosides are lacking for hmSC and fSC, thus the
deoxynucleoside pK, values for these two modifications and
mSC were used for the linear regression and general
comparison. The adjusted pK, values for the cytidine
modifications examined range from 1.5 to 4.9 with the
following trend: fSC < ac4C < hm5C < m4,4C < m4C < C <
mSC. The largest error is observed for f5C, which required
more explicit water molecules in the first solvation shell leading
to more water orientations.

For cytidine-based modifications, most contribute to a
decrease in the pK, value for N3. The largest decrease in pK,
value (ApK, 3.1 compared to C) is attributed to the addition
of a formyl group at C5 to generate f5C. Nucleobases m4,4C
and ac4C containing an N4 dimethyl or acetyl, respectively,
also display increased acidity at the N3 position. The
hydroxymethyl group at CS (hmSC) has a similar effect of
decreasing the pK, value (ApK, 1.4 compared to C) at N3. In
contrast, single methylation at the N4 position has a negligible
impact on the pK, value, with a decrease of 0.2 pK, units
compared to C. Consistent with a similar modification in U
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(mSU), there is no significant change in the pK, value at the
N3 of C upon methylation at C5 (mSC). Methylation at the
N3 position (m3C), which has been shown to favor the imino
tautomer, is protonated at the N4 position rather than N3
(Figure 4).”

Y "Jv

Figure 4. Structure of m3C. Protonation at the N4 position of m3C
results in a delocalized positive charge.

Acetylation of the N4 of cytidine (ac4C) has been observed
to increase translation efficiency when present in the wobble
position of mRNA codons,”” as well as increase the thermal
stability of G-ac4C base pairs in DNA.”® Methylation at the N3
position (m3C) results in an electronic rearrangement of the
nucleobase upon protonation. This modification leads to a
delocalized positive charge, following protonation at N4
(Figure 4). As a result, m3C can no longer participate in
canonical Watson—Crick (WC) interactions. Similarly, dime-
thylation at the N4 position (m4,4C) would disrupt conven-
tional WC base pairs. Despite a loss of WC pairing ability,
these modifications still have the potential to impact
noncanonical pairing within RNA tertiary structures.

Demethylation of mSC to C occurs through two oxidized
intermediates, hm5C and f5C, in which the N3 pK, values are
lower compared to C. The decrease in pK, value for f5C is

https://doi.org/10.1021/acs.jpca.1c10905
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https://pubs.acs.org/doi/10.1021/acs.jpca.1c10905?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10905?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10905?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c10905?fig=fig4&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c10905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

likely due to its ability to hydrogen bond with the N4 amino
proton.”” We would predict that these changes in pK, values
would result in altered base-pairing interactions with G. In fact,
this has been observed with both hmSC and f5C, in which
these modifications increase the melting temperatures of RNA
sequences when participating in base pairing.so’81

Purines. Of the 17 purines studied (with 35 protonation/
deprotonation sites), only nine (specifically 12 protonation/
deprotonation sites) had previously reported pK, values. For
purine nucleobases, the primary sites of protonation and
deprotonation are the N1 and N7 positions. Adenosines are
protonated at N1, whereas guanosines are deprotonated at N1.
Both purines can be protonated at the N7 position. Similar to
our pyrimidine data set, application of the adjustment factor
results in good agreement with the experimental pK, values.
The known experimental pK, values were plotted against the
calculated values of purines to give a linear fit of 1.16x + 0.25,
with an R? value of 0.94 (Figure 5). The high correlation value

14 -
m2,2G (N1)
812 A B m2g (N1)
3 A PG (N1)
© B
> 10 o m1A
< g
o " m7G
S 6 -
5 m22G (N7) 160
S 4 ann" Le, omesa
a
= 24 " m2G (N7) y=1.16x+0.25
Rz=0.94
0 T T T T T T 1
0 2 4 6 8 10 12 14

Experimental pK, Values

Figure 5. Plot and linear regression fit for the theoretical and
experimental values of purines are shown. Values for adenosine and its
modifications are shown using red circles; guanosine and its
modifications are shown using blue squares. A green triangle is used
for inosine.

indicates that our purine data set is in good agreement with
available experimental values (MAE of 0.6). There are two
ranges of adjusted pK, values at the N1 position observed in
the purine set, —1.7—5.3 for adenosines (Table 3) and 3.0—
10.2 for guanosines (Table 4), with the latter having a higher
degree of agreement with the experimental values.

Of all the nucleobases studied here, adenosine modifications
have the poorest agreement between the adjusted theoretical
and experimental pK, values; however, only four experimental
pK, values for adenosines were found in the literature.
Adenosine has a diversity of modifications with a wide range
of pK, values (Table 3). Adenosine and its modifications are
primarily protonated at the N1 position, with the following
increasing order of pK, values: f6A < m8A ~ hmo6A < A <
m6,6A < m6A < m2,8A < m2A (range of —1.7 to 5.3). The pK,
values for the N7 position of adenosine follow the trend of:
hm6A < A < f6A < mlA < m6,6A < m2A ~ mb6A < m8A <K
m2,8A (range of 0.3—4.1).

The modification with the lowest pK, value, f6A, forms from
the oxidation of m6A by fat mass and obesity-associated
protein (FTO) using hm6A as an intermediate.** (Figure 6)
The f6A nucleobase shows the greatest decrease in pK, at the
N1 position (ApK, of 4.5 compared to A). Additionally, the
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N6 position, which contains the carboxamide group, has a
considerably lower pK, value (8.7) compared to that of A
(17.0). In contrast, the N7 position of f6A displays a modest
increase in pK, value (ApK, of 0.2). The intermediate, hm6A,
has a lower pK, value at N1 (2.1), without a large change in
pK, value at N6 (17.5).

Methylation of adenosine at the C8 position (m8A) leads to
changes in the pK, values at the N1 and N7 positions
(decreased by 0.8 and increased by 1.7 units, respectively). In
contrast, methylation at the N6 (m6A) results in a pK, increase
at both N1 (ApK, 0.8) and N7 (ApK, 1.4). Dimethylation at
the N6 position (m6,6A) leads to a modest increase in the pK,
value (ApK, 0.3 compared to A) at N1 and a larger increase at
N7 (ApK, 0.8). Methylation at the C2 position (m2A) has the
largest increase in pK, for the N1 position (ApK, 2.5) and an
increase at the N7 position (ApK, 1.3). Additional methylation
of either m2A or m8A to form dimethylated m2,8A, decreases
the acidity at N7 to give a relatively high pK, value (4.1), while
the N1 position showed a similar increase as was observed in
m2A (ApK, 2.0 compared to A). Methylation at N1 in
adenosine (m1A) results in an electronic configuration that has
been shown to favor protonation at N6 of the nucleobase
under physiological conditions (pK, 7.9).%° The electronic
rearrangement in mlA also slightly impacts the pK, value of
the neighboring N7 position, which is 0.5 units higher than
that of A.

As discussed above, methylation on adenosine generally
results in an increase in the pK, values, with one exception, the
N1 position of m8A. In contrast, the N1 position becomes
more acidic when converted from hm6A to f6A and is
therefore unlikely to be protonated. This conversion process of
hmo6A to f6A is important for demethylation at N6. The N6-
methyl group is removed through oxidation by FTO to form
adenosine (Figure 6). In the m6A binding pocket of FTO,
both the N1 and N6 of m6A are within hydrogen-bonding
distance of active site amino acids.*> Since the pK, values
distinctly change at both the N1 and N6 positions between the
different modifications in the demethylation pathway they
could potentially serve a specific mechanistic role in the
demethylation of m6A.*%

Adenosine methylated at the N6 position (m6A) exists in
both anti and syn conformations, in which only the anti
conformer can form WC base pairs. We found that the syn
conformer has a lower total energy and an N1 pK, value of 3.6
(Table 3). A unique situation arises for this modification in
which the N1 pK, value of 4.1 for the anti conformer has better
agreement with the experimental value of 4.01 (SI). For the
anti conformer of m6A, the increased N1 pK, value could lead
to altered m6A-U base-pair stability (compared to an A-U
pair). It has been shown experimentally that there are
variations in stability for sequences containing m6A,* "%
perhaps a reflection of this conformational flexibility.

The mlA nucleobase is unique in that it required a
modification in the placement of explicit waters for the
calculation. The m1A is one of two systems studied here that is
positively charged at physiological pH. Attempts to place a
water molecule at the N6 position in the neutral structure of
mlA failed because of poor hydrogen bonding. Therefore, a
water bridge was introduced to properly coordinate the
positions of the remaining water molecules to the nucleobase
under neutral conditions (Figure 7). Protonation occurs at the
N6 position as shown in Figure 7. The error on the adjusted
pK, value for mlA is in line with the MAE for purines.

https://doi.org/10.1021/acs.jpca.1c10905
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Table 3. Experimental and Theoretical pK, Values for Modified Adenosine and 9-Methyladenines

name abbreviation
N6-formyladenosine f6A
8-methyladenosine m8A
N6-hydroxymethyladenosine hm6A
adenosine A
N6,N6-dimethyladenosine m6,6A
N6-methyladenosine m6A
2,8-dimethyladenosine m2,8A
2-methyladenosine m2A
1-methyladenosine mlA

“The pK, values of were determined by UV titration®” and potentiometric titrations.®

measured position

N1
N6
N7
N1
N7
N1
N6
N7
N1
N6
N7
N1
N7
N1
N6
N7
N1
N7
N1
N7
N6
N7

experimental pK,” adjusted theoretical pK,
—-1.7
8.7
0.8
2.0
2.3
2.1
17.5
0.3
2.8
17.0
0.6
3.1
14
3.6
183
2.0
4.8
4.1
5.3
1.9
7.9
1.1

3.5%

4.50%

4.01%

8 326

3

Table 4. Experimental and Theoretical pK, Values for Modified Guanosine and 9-Methylguanosines

name abbreviation

06-methylguanosine m6G
N7-methylguanosine m7G
inosine 1
guanosine G
N2,N2-dimethylguanosine m2,2G
N2-methylguanosine m2G
1-methylinosine mll
1-methylguanosine mlG

“The pK, values were determined by electrophoretic mobility”* and UV titration.

measured position

N1
N7
N1
N1
N7
N1
N7
N1
N7
N1
N7
N7
N7

experimental pK,” adjusted theoretical pK,

3.0
2.9
7.2%° 6.5
8.8%! 9.2
0.5
9.2 9.4
1.90%* 3.3
9.7% 10.2
2.5% 3.3
9.7% 10.2
2.3% 22
0.8
3.0

90,91

Although the N1 methylation on A prevents canonical WC
base pairing, its prevalence in mRNA and tRNA may enhance
tertiary interactions (e.g, Hoogsteen pairing with the N6 and
N7 positions) within the folded RNA.*

The calculated guanosine pK, values are in good agreement
with the experimental values. Fewer guanosine modifications
were studied here because of the higher nature of complexity
of guanosine modifications (e.g., wyosine, which contains a
tricyclic core structure). We limited our study to various sites
of methylation on guanosine (Table 4). Inosine, the
deaminated form of guanosine, was also studied. The observed
trend is that the position of methylation has a bigger effect on
the N1 pK, than the N7 value. The trends in the pK, values of
the N1 position (deprotonation) are m6G < m7G <1< G <
m2,2G = m2G (range of 3.0 to 10.2). Modifications result in
changes to the N7 pK, values with the following trend: I < m1I
< m2G < m6G ~ m1G < G = m2,2G (range of 0.5 to 3.3).
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The biggest change in the N1 pK, value (ApK, 6.4) is
observed for the nucleobase methylated at the O6 position
(m6G). The modified base exists in the enol form, which has a
ketimine functionality through N1, similar to A (the N1 pK,
values are 3.0 and 2.8 for m6G and A, respectively). However,
the N7 pK, value of m6G is similar to that of G (2.9 vs 3.3,
respectively).

Methylation at O6 (m6G) has been observed as DNA
damage.” Under physiological conditions, this modified
nucleobase is unable to form canonical WC base pairs with
C due to the presence of the ketimine. At low pH, protonation
of the ketimine promotes m6G—C interactions.”” This base
pair is similar to previously observed A—C mismatches in RNA
in which the pair is stabilized by protonation at low pH.”> In
DNA systems, m6G has been observed to pair with thymine
(T) at pH 7.%° This dual ability of m6G to pair with C or T
could have varying biological consequences such as errors in

https://doi.org/10.1021/acs.jpca.1c10905
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Figure 6. Pathway for the demethylation cycle of m6A. Once hm6A is
converted to f6A the formyl group is released as formic acid following
further oxidation. Each modification’s relevant pK, value is listed
below the structure.

7-methylguanosine

Figure 7. Two nucleobases have been reported to be protonated
under physiological conditions: 1-methyladenosine (top) and 7-
methylguanosine (bottom). The neutral structures are shown on the
left, while the protonated structures are shown on the right.

replication or, in the case of RNA, alternative structure
formation.
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Methylation at the N1 position to give m1G has minimal
impact on the N7 pK, value (pK, value of 3.0) compared to
the parent G. In contrast, methylation at the N2 position forms
m2G, which displays an increased pK, value at N1 (ApK, 0.8)
and a decreased value at N7 (ApK, 1.1). Further methylation
of m2G (m2,2G) leads to an increase in the pK, value at the
N7 position (ApK, 1.1 for singly vs doubly methylated G). If
the N7 position is methylated (m7G), even more substantial
changes are observed for the N1 pK, value (ApK, 2.9
compared to G). As a consequence, m7G is one of a few
nucleobases that is protonated at physiological pH (structures
of neutral and protonated m7G are shown in Figure 7).”°

The N7-methylguanosine (m7G) has several interesting
roles such as participating in a triple-base interaction (e.g.,
position 46 in tRNA) with protonation at N1 under
physiological conditions.”® The protonation of the m7G
nucleobase also enhances stacking with aromatic residues in
proteins.”” For other methylated nucleobases such as m2G, the
modification can lead to a conformational change as
mentioned earlier with m6A (here the rotamers are referred
to as cis/trans; see structures in SI). Minimum energy
calculations were performed on both rotamers, with the trans
having lower energy.

Consistent with experimental values, an increase in the pK,
of m2G is observed. Despite the addition of a methyl group
and increase in the N1 pK, value, m2G has been reported to
have a negligible effect on the stability of RNA duplexes with
noncanonical secondary structures (adjacent mismatches).”®
Unlike N-methylation of A (m6A) in RNA duplexes, the cis
versus trans positioning of the m2G methyl group within
mismatch sites has been shown to be iso-energetic.”>”” Further
methylation at the N2 position to form m2,2G was shown to
have a destabilizing effect on RNA duplexes when studied in
the context of sheared m2,2G-A base pairs; however, this trend
was not observed in larger, more complex RNA structures.' %
Dimethylation of N2 has been shown in tRNA to prevent
alternative folding by restricting WC pairing with C.""'

Inosine (I) is derived from adenosine in biological systems,
but more closely resembles guanosine in structure. Inosine is
formed from the deamination of adenosine. The adjusted pK,
for deprotonation of the N1 position of I (9.2) closely aligns
with that of G (9.4). In contrast, the pK, value of the N7
position of I (0.5) aligns more closely with the parent
nucleoside A (0.6) than with G (3.3). Methylation of I at the
N1 position results in 1-methylinosine (m1I). Because of the
keto group at the C6 position, m1ll does not undergo
tautomerization and is, therefore, unable to rearrange
electronically for protonation at the O6 position. The pK,
value of the N7 position (0.8) of mlI is slightly increased
compared to L

Inosine plays an important role when present at the wobble
position in tRNA anticodons by allowing interactions with
more than one codon.'”” The modified nucleobase’s ability to
pair with U, C, or A expands the possible number of
anticodon—codon interactions. In contrast, the canonical
nucleobase A only pairs with U at the same position.'”> The
differences in pK, values of the three I pairs are similar to the
nonmodified counterparts, that is, I-A (6.4) vs A—U (6.8), I—
C (46) vs G—C (4.8), and I-U (0.4) vs G-=U (0.2).
Consistent with this observation, the presence of I in DNA can
cause U to C mutations in the complementary strand.'”® The
I—C base-pair interaction has been shown in RNA systems to
have a similar stability as G—C pairs.'**
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Similar to m2,2G, m1G is unable to participate in canonical
WC pairing. Methylation at the N1 position exists as a post-
transcriptional modification in RNA or as damage to DNA at
specific sites.'”® At G37 in tRNA, N1-methylation was found
to cause base flipping, therefore preventing a frameshifting
event.'””'”” The formation of the tertiary amine in mlG
disfavors protonation at the N1 position. In contrast to other
examples presented in which methylation impacted pK, values
and base-pair stabilities, methylation at the N1 position has
little impact on the nucleobase pK, value, providing an
example in which modification predominantly has a structural
effect on the nucleic acid.

Previous reports have shown that the difference in pK,
values between an acceptor and donor pair can be used to
estimate the strength of a hydrogen bond, referred to as the
ApK, rule.”” This rule has been applied to predict stabilities in
model nucleic acid systems,'" in which a decrease in the ApK,
indicated stronger base pairing. We used the ApK, rule with
adjusted theoretical pK, values and compared to published
stability data. In one report of duplex RNAs containing m4C,
there was a slight decrease in duplex stability when the
modification was present.'”® This decrease in stability for G-
m4C correlated with an observed increased ApK, compared to
G—C. In contrast, other studies showed an opposite
correlation between oligonucleotide stabilities and ApK,
between donor and acceptor pairs. More specifically, duplexes
containing hmSC and f5C modifications resulted in higher
meltin§ temperatures compared to C despite having a larger
ApK,*®" Because of these different observed correlations,
more work needs to be done to understand the relationship
between ApK, and nucleic acid stabilities, which are affected
by the presence of multiple hydrogen bonds, base stacking, and
nearest-neighbor effects.

Bl CONCLUSIONS

Previous theoretical calculations established a reliable method-
ology using a combined implicit—explicit solvation system to
determine the pK, values for nucleobases. Here, we built on
that method by using an expanded first solvation shell to
calculate the pK, values of 33 modified nucleobases. A total of
52 pK, values were calculated, half of which have never been
reported, with R* values of 0.97 and 0.94 for pyrimidines and
purines, respectively. This marks the largest study of pK, values
of modified nucleobases, with a compilation of available
experimental and theoretical pK, data for the modifications. By
applying an adjustment to our purine and pyrimidine pK, data
sets based on comparison of theoretical and experimental
values of nucleosides, closer approximations to the exper-
imental data were generated. The MAEs were 0.4 and 0.6 for
pyrimidines and purines, respectively.

The model system using the first explicit solvation shell in
combination with the B3LYP/6-31+G(d,p) level of theory
provides reliable pK, values, but with larger deviations between
experimental and theoretical values at acidic compared to basic
sites. Certain modifications were more challenging than others.
For example, the waters weakly associated with the N6H of
mlA in the neutral form, but formed stronger interactions after
protonation. Additionally, larger and more complex structures
required more computation time and optimizations would fail
more frequently. Despite these challenges, the overall trends
for relative pK, values of the modified nucleobases are
consistent with those from experiment, except in the cases of
m6A/m6,6A and ac4C/f5C. Methylation of m6A to m6,6A
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was reported previously to increase the experimental pK, value,
but this is contradicted by our adjusted theoretical data.
Reevaluation of the pK, values of these nucleobases using
identical experimental methods may lead to better correlations.
Future work to determine theoretical pK, values of more
complex nucleobases using a combined explicit-implicit
solvation system may have to account for more water
molecules at strategic placements. Many of these complex
nucleobases are lacking experimental values, therefore
computation done in conjunction with experiment would
provide more reliable adjusted pK, values.

Modifications perturb the nucleobase pK, values. Both the
type and position of the modification influence the pK, values
compared to those of the unmodified counterparts. For
example, monomethylations of G result in a large range in
pK, values depending on the modification sites. Similarly, our
calculated values for the intermediates of the mo6A
demethylation process (i.e, hm6A and f6A) show a wide
range of pK, values. These results reveal that the N6 position
of f6A (pK, 8.7) can be deprotonated under physiological
conditions, as observed experimentally for moSU (pK, 8.54).>
The ApK, value has been used to correlate helix stabilities and
base-pairing preferences, but caution is needed when applying
this rule. For example, we observe poor correlation with ApK,
and stability in several cases that we examined (e.g, N4-
acetylation of C in G—C pairs; ® N6-methylation of A in A—U
pairs™®).

To fully understand how modifications affect the stability of
complex structures, other factors need to be considered in
addition to the pK, values. Some modifications, such as m2,2G,
block WC base-pairing ability. As such, those modified
nucleobases may participate in noncanonical interactions
within larger structural contexts. Because of our decision to
use methyl substitution in place of (deoxy)ribose on our
nucleobase models, some methylated systems could not be
studied such as Nl-methylpseudouridine (ml1Y) (ie., the
simplified structure used to model m1Y would be the same as
mSU). Future work may therefore involve expanding the
methyl substituent to differentiate the (deoxy)ribose attach-
ment site from a modification. Subsequent studies on the
effects of pK, changes on structure will need to account for the
nearest-neighbor effects in order to obtain a deeper under-
standing of how the pK, values impact nucleic acid structure.
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