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Abstract

Nucleobases play diverse structural and functional roles in biological systems. Under-
standing the fundamental properties of nucleobases is important for their applications as
chemical probes of nucleic acid function. As the nucleobases are modified to tune their
fluorescence or binding properties, their physical properties such as pK, may also change.
Unlike the canonical nucleobases, modified nucleobases are less well understood in terms
of their acid-base properties. Previously, theoretical pK, values of canonical, naturally
modified, and aza-/deaza-modified nucleobases were determined. In this study, the theo-
retical pK, values for 25 different fluorescent modified nucleobases (55 total pK, values)
were calculated by using an ab initio quantum mechanical method employing the B3LYP
density functional with 6-31+G(d,p) basis set along with an implicit-explicit solvation
model. The results of these computations are compared to known experimental pKj values.
The ability to estimate theoretical pK, values will be beneficial for further development
and applications of fluorescent nucleobases.

Keywords: pKj,; fluorescent nucleoside; nucleobase modification

1. Introduction

Nucleobases typically contain one or more proton donor and acceptor sites, which are
involved in the formation of hydrogen bonds with neighboring nucleobases (Figure 1) [1].
Hydrogen bonding plays a significant role in DNA and RNA, stabilizing base pairs and
ultimately impacting both local and global structure of the nucleic acid [2]. Understanding
the acid-base properties of the varying functional groups of modified nucleobases is crucial
for determining their ability to undergo hydrogen-bonding interactions and ultimately
assessing their impact on folded, biologically relevant nucleic acid structures [3].

The canonical nucleobases have emissive properties, but the emission quantum yields
are remarkably low compared to most fluorophores [4]. Decades of research have led to the
development of nucleosides with modified physical and chemical properties, including
nucleosides and nucleobases with enhanced emission capabilities [5-9]. The fluorescent
analogues often have altered base-pairing and base-stacking interactions within the folded
nucleic acid structure due to their modified structures [10-12]. One of the first reported
fluorescent nucleosides is 2-aminopurine (2AP) [5], which has been used in numerous
applications to study nucleic acid structure and/or small-molecule interactions [13-15].
This adenosine (A) analogue has the amino group at C2 instead of C6 (Figure 2) and
demonstrates a significant increase in the emission quantum yield compared to A in
aqueous conditions [16]. In addition, 2AP retains the ability to base pair with thymidine (T)
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and uridine (U), or form altered wobble pairs with cytidine (C) [17,18], making it useful for
various nucleic acid applications such as probing DNA or RNA conformational changes
or interactions with other molecules [14,17,19]. Other examples of purine fluorescent
nucleoside analogues are shown in Figures 2 and 3, with atom substitutions or scaffold
extensions with functional group additions, conjugations, and ring fusions.
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Figure 1. The four canonical nucleobase structures. The nucleobase structures of purines (A and G)
and pyrimidines (U and C) are shown with the corresponding numbering system. Proton donors and
acceptors are indicated in red and blue, respectively.
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Figure 2. Structures of adenosine-derived fluorescent nucleobases. Differences from the canonical
A structure are highlighted in red. The purine analogues employ the standard purine numbering
system, except for eA.
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Figure 3. Structures of guanosine-derived fluorescent nucleobases. Differences from the canonical G
structure are highlighted in red.

Another example of a fluorescent nucleobase is 5-methyl-2-pyrimidinone (m°K), which
is a pyrimidine analogue (Figure 4). Unlike canonical nucleobases, m°K does not readily
base pair and is useful for studying base-stacking interactions in single-stranded DNAs [7].
Thiophene-fused or thiophene-substituted U ("U or 5-thU, respectively, Figure 5) with
optimized emission quantum yields have been used in RNA oligonucleotides to monitor
mismatched base pairs with C [20,21]. There are fewer examples of pyrimidine fluorescent
nucleobase modifications compared to purines, but many involve ring expansions or
conjugations (Figures 4 and 5).
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Figure 4. Structures of cytidine-derived fluorescent nucleobases. Substitutions to the canonical
C structure are highlighted in red. The analogues shown employ the same numbering system as
the canonical pyrimidine, except for the ring-fused analogues, pC, tC°, and BPP, which follow the
numbering system indicated for C"PP.
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Figure 5. Structures of uridine-derived fluorescent nucleobases. Substitutions to the canonical U or T
are indicated in red.

The acid-base properties of the fluorescent analogues generated for use in nucleic acid
applications have not been fully delineated. Even in cases with reported experimental pK,
values, the values are often limited to atoms on the Watson—Crick face of the nucleobase.
The other atoms of the nucleobases could be involved with interactions in noncanonical
DNA or RNA structures or with proteins or other biomolecules. As such, knowing the
pKa values of all the various interaction sites of the nucleobase could be useful for a
deeper understanding of the biological systems that employ these fluorescent analogues.
Experimental determinations of the pK, values are challenging, particularly when the
nucleosides have low solubility or overlapping pKj, values for the individual protonation
sites. Furthermore, extreme pH conditions needed to determine some pK, values may
damage the nucleoside. The use of computation overcomes some of these barriers and
allows for determination of pK, values in advance of time-consuming and costly syntheses
and purification of the desired nucleosides.

Several methods for computing theoretical pK, values have been employed [22-28].
In previous work on calculating the pK, values of nucleobases, we used an implicit-explicit
solvation model with the B3LYP density functional and the 6-31+G(d,p) basis set [25-27].
Small adjustments to the calculated pK, values were made using a two-parameter linear
regression fit to experimental pK, values from the literature. As in our earlier studies, the
ribose sugar was replaced by a methyl group to reduce the computational cost [25-27].
Previously, we examined natural and non-natural modified nucleobases, including aza-
/deaza-modified nucleobases, and found the theoretical pK, values closely matched the
corresponding experimental pK, values [25-27]. Using the same approach in this current
study, we calculated 55 pK, values for 25 different fluorescent nucleobase analogues.

2. Materials and Methods

The Gaussian 09 and 16 suite of programs [29,30] was used to determine the free
energies of fluorescent analogue nucleobases (G16 uses a finer integration grid for density
functional theory (DFT) than GO09, but this does not result in any significant differences
in the relative energies). The calculation method combined the B3LYP DFT [31,32] with
the 6-31+G(d,p) basis set [33-35] and a hybrid implicit-explicit solvation model [25,28].
Explicit water molecules were placed at each hydrogen donor or acceptor site [25-28,36-38]
of the fluorescent analogues and the SMD implicit solvation model [39] was used to mimic
the bulk water environment surrounding the molecule. An overall workflow scheme is
given in Figure S1. The water molecule positions for each nucleobase are provided in the
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Supplementary Materials (Figures 52-57). The ribose sugar was replaced by a methyl group
to decrease the computational cost [25-27].

The lowest energy structure of the neutral nucleobase was calculated from several
different explicit water molecule orientations. The selected neutral structure was either
protonated or deprotonated, maintaining the same water molecule hydrogen-bonding
relationship as the neutral species. The free energy difference between the neutral and
protonated /deprotonated structures was used with the estimated experimental free energy
of the proton in aqueous solution [40,41] (—270.297 kcal/mol) to determine the free energy
for acid dissociation (AGgissoc(ag)) for the nucleobase structure. The calculated AGyissoc(ag) Was
then used to determine the pK;, value of the given fluorescent analogue using Equation (1)
(Tables S1-S4) (R is the ideal gas constant (1.987 cal-mol~'-K~!), and T is the absolute
temperature in Kelvin (298.15 K)).

N AGdissac (aq) (1)

K =
PRa = 75 308RT

The experimental pK, values and the corresponding computationally determined
values were plotted for purines and pyrimidines, and linear regression was used to
obtain adjustments for the calculated values. The regression analysis included values
from previous work using both naturally occurring (canonical) and non-natural modifi-
cations [26,27,42]. The linear adjustments for purines and pyrimidines were determined
using Equations (2) and (3), respectively. The overall methodological scheme is shown in

Figure S1.
Iculated pK 7
adjusted K, — (calculated pK, + 0.70) 2
1.22
Icul K 94
adjusted pK, — (calculated pK, + 0.94) 3)
1.24
3. Results

3.1. Determination of Nucleobase pK, Values

Each fluorescent analogue has a distinct number of hydrogen-bond donors and ac-
ceptors and thus the number of explicitly placed water molecules around the nucleobase
for hydrogen-bonding interactions varies. As with previous work, the theoretical pK,
values of the fluorescent analogues were adjusted using a linear correlation between the
experimental and computational pK, values of the nucleobases [26,27]. Different adjust-
ments were applied for purines and pyrimidines due to their differing chemical structures
(i.e., two versus one ring, respectively). A total of 55 pK, values were determined for
13 purine and 12 pyrimidine fluorescent analogues. The purine analogue adjustment fac-
tor was updated from a previous study [27] by adding 2 new pKj, values of non-natural
modifications (Table S5) [42] and 10 new pK, values for the fluorescent analogues to the
24 data points of unmodified /modified nucleobases from the literature (Table S6) [26,27].
The pyrimidine analogue adjustment included 4 new pK; values of non-natural modifi-
cations (Table S5) [42], 4 new experimental pK, values for the fluorescent analogues, and
17 data points of previously reported nucleobases (Table S6) [26,27]. The mean absolute
errors (MAEs) for purines and pyrimidines were 0.6 and 0.4, respectively. The pK, values
of the canonical nucleobases were calculated with Gaussian 16 in this study, resulting
in improved theoretical pK, values for the N7 of G and N3 of C compared to previous
reports [26,27].
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3.2. Purines

A total of 36 theoretical pK, values of 13 purine fluorescent nucleobases were cal-
culated. Most purine analogues have proton donor and acceptor sites at N1, N3, and
N7 (Figures 2 and 3). All the purine nucleobases retained conventional numbering sys-
tems (Figure 1) except for 1,N®-ethenoadenosine (¢A) as shown in Figure 2. The linear
regression between the computational and experimental pK, values was used to obtain
a two-parameter adjustment for these analogues. The linear fit was determined to be
1.22x — 0.70 with an R? value of 0.95 (Figure 6). After adjustment, the theoretical pK, val-
ues had a MAE of 0.6 pK, units for the A and G analogues (Tables 1 and 2). If the calculated
pKa values are listed as “unfavorable”, the resulting pKj, values were determined to be less
than —1.0, for which protonation would not be energetically favorable.
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Experimental pK,

Figure 6. Plot and linear regression fit for the experimental and theoretical pK, values of the
fluorescent purine analogues. The data points for the linear correlation include unmodified (orange
diamonds), naturally modified (black triangles), aza-/deaza-modified (blue squares), non-natural
modifications (x marks), and fluorescent nucleobases (green circles).

The trend in the adjusted pK, values for the N1 position of the fluorescent A ana-
logues is as follows: ¥A < 2AP ~ A < 8vA ~ 8-Furan-A < A < DAP « MPA (with
a range of 2.9-10.3) (Table 1). The pK, value of ¢A at the N6 position (equivalent
to the N1 position of A with respect to its location on the nucleobase) was not deter-
mined. The trend in pK, values for the N3 sites of the A-type nucleobases is as follows:
2AP < 8VA & A < 8-Furan-A < A < DAP < "A < MPA (range of 0.6-9.2). The trend for
the N7 site of the A analogues is: A < 8vA ~ 2AP = ¢A (N1) < DAP (range of 1.3-3.5). The
N1 position of ¢A is equivalent to the N7 position of A, and the pK, values for the two
species only differ by 1.3. The N4 position of €A is equivalent to the N3 position of A, but
with unfavorable protonation compared to that of A (pKj value of 1.3).
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Table 1. Experimental and Adjusted pK;, Values for Fluorescent Analogues Derived from Adenosine.

e ae . - . Adjusted Theoretical
a
Modification Abbreviation Position Experimental pK, Value pK, Value b
N1 3.8 [43] 34
2-aminopurine 2AP N3 0.6
N7 2.5
N1 3.5 [44] 34
adenosine A N3 1.3
N7 1.3
N1 5.6 [45] 53
2,6-diaminopurine DAP N3 3.4
N7 3.5
N1 (N7 ) 2.6
1,N®-ethenoadenosine eA N4 (N3 ©) unfavorable
N9 (N6 ©) 4.3 [46] 5.4
N1 3.9
8-furan-adenosine 8-Furan-A N3 2.0
N7 unfavorable
. N1 10.3
MD
methoxybenzodeazaadenosine A N3 9.2
N1 4.8
. . h
thieno[3,4,d]adenosine th A N3 50
N1 3.3 [47] 29
isothiazolo[4,3,d]adenosine tz A N3 3.0
N7 unfavorable
N1 4.6 [48] 3.9
8-vinyladenosine 8VA N3 1.3
N7 25

2 The experimental pK;, values were determined by UV titration [44,46], fluorescence spectroscopy [45,47], and
NMR spectroscopy [43,48]. P The pK; values lower than —1.0 are indicated as unfavorable. ¢ The corresponding
numbering system for adenosine.

Table 2. Experimental and Adjusted pK, Values for Fluorescent Analogues Derived from Guanosine.

o e .. -, . Adjusted Theoretical
a

Modification Abbreviation Position Experimental pK, Value pK, Value b

N1 9.2 [49] 10.1

guanosine G N3 1.0

N7 1.9 [49] 1.9

N1 9.4

8-phenol-guanosine 8-Phenol-G N3 0.2
N7 unfavorable

. . N1 10.2 [50] 10.7

h

thieno[3,4,d]guanosine thg N3 4.4 [50] 37

N1 8.5 [47] 8.3

isothiazolo[4,3,d]guanosine tz@g N3 3.6[47] ¢ 2.3
N7 unfavorable

N1 9.3 [47] 8.3

isothiazolo[4,3,d]inosine tzy N3 —-0.1
N7 unfavorable

N1 9.2

8-vinylguanosine 8vG N3 0.03

N7 3.2

2 The experimental pK, values were determined by fluorescence spectroscopy [47,50] and NMR spectroscopy [49].
b The pK, values lower than —1.0 are indicated as unfavorable. ¢ The experimental pK, value in the literature was
assigned to N7 [47], but the theoretical calculations suggest that assignment to N3 is more appropriate.
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The G analogues have the following pK, value trend for the N1 site: ¥G ~ %I < 8vG
~ 8-Phenol-G < G < "G (range of 8.3-10.7) (Table 2). The trend for the N3 position of the
G nucleobases is as follows: I < 8vG < 8-Phenol-G < G < G < G (range of —0.1-3.7).
For all G analogues examined, protonation at the N7 site is unfavorable, except for 8vG
(pKa value of 3.2).

3.3. Adenosine Fluorescent Analogues

The A nucleobase modifications have a wide range of pK, values, and several val-
ues differ significantly from those of the canonical, unmodified nucleobase. The N1 pK,
value of 2AP is equivalent to that of A, but the N3 and N7 sites have comparatively lower
(ApK; — 0.7) or higher (ApK, + 1.2) pKj values, respectively. The 2AP analogue has been
reported to base pair with U or T in a standard geometry or with C in a wobble config-
uration [17,18,51,52]. Another widely used fluorescent analogue diaminopurine (DAP)
has higher pK, values compared to those of A at all three protonation sites (ApK, + 1.9,
+2.1, and +2.2 for N1, N3, and N7, respectively). The DAP nucleobase has the potential for
an additional hydrogen bond with U or T in comparison to canonical A-U/T base pairs
because of the extra amine group, which increases base-pair stability [53,54] and decreases
flexibility of nucleic acid structures [55]. The altered pK, values of DAP could further
impact the stability of U/T pairing.

The 8vA analogue has a vinyl group at position 8 that provides an extended pi-system
and improves the fluorescence quantum yield [56]. This analogue has only slightly higher
N1 and N7 pK, values (ApK, + 0.5 and ApK, + 1.2, respectively) and an equivalent N3
pKa value compared to those of A. As such, 8vA is an ideal fluorescent replacement of
A residues in canonical DNA or RNA duplexes. Indeed, when 8vA was incorporated
into DNA duplexes, the resulting DNAs displayed greater thermodynamic stability than
duplexes with 2AP and the oligonucleotides were detected with greater sensitivity [57]. In
contrast, the N7 pKj, value of 8vA is impacted by the presence of the vinyl group, which
could alter the thermodynamic stability of noncanonical DNA structures that involve
the N7 group [58,59]. The 8-Furan-A analogue could also serve as a good fluorescent
replacement of A because the N1 and N3 sites have only slight perturbations to the pKj,
values (ApK, of +0.5 and +0.7, respectively).

Ring-substituted or ring-fused A analogues also exhibit a range of pK, differences
in comparison to the parent A. Thiophene-attached A ('A) has higher pK, values for
both the N1 and N3 positions (ApK; + 1.4 and +3.7, respectively). The pK, values for
isothiazole-substituted A (*A) also display small differences from A (ApK, of —0.5 for N1
and ApK, of +1.7 for N3). The A and ™' A analogues retain the ability to pair with the
complementary bases (T or U) in a canonical manner [50].

The standard purine numbering system is not applied for ¢ A (Figure 2). The pK, value
for the N1 position of €A is 1.3 units higher than the corresponding N7 of A. The N9 position
of ¢ A, which is unique to this analogue, has a pK, value of 5.4. The corresponding amine
(N6 position) of A has a pK, value of 16.9 (Table S1). The pK, value at the N6 position of
eA was not determined because the explicit water molecule was observed to drift away
from the expected position during the geometry optimization. The attached ring impedes
DNA base pairing [60] but maintains similar binding properties as A to contractile proteins
such as actin [61] and myosin [62,63]. As such, the fluorescent ¢A analogue is useful for
probing nucleotide binding sites on proteins [64—66].

The MPA analogue with a methoxybenzene moiety, an electron-rich functional group,
displays the largest differences in pK, values compared to A (ApK, + 6.9 and +7.9 for
N1 and N3, respectively). The MPA nucleoside can form stable base pairs with both T
and C. No difference in base-pair stability between A-T and MPA-T pairs was observed;
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whereas the melting temperature of an MPA-C wobble base pair was shown to be 11 °C
higher than that of an A-C pair at pH 7 [67]. This difference in stability is supported
by the pK, values determined for MPA in this study. A typical A-C mismatch has one
hydrogen bond between the N6 amine of A and N3 of C. The standard A N1 would only be
protonated at low pH (pKj, 3.4), which would facilitate hydrogen bonding with the O2 of C
and stabilize the A-C pair. The calculated pKj, value of the N1 site of MPA is significantly
higher (pKj 10.3), indicating that the N1 site would be protonated at pH 7. Therefore, our
results are consistent with thermodynamic stabilization of the MPA-C pair relative to the
A-C pair, due to additional hydrogen-bond formation at neutral pH.

3.4. Guanosine Fluorescent Analogues

Modification at the C8 position of G with vinyl or phenol moieties leads to altered
pKa values compared to the unmodified counterpart. The 8vG analogue, which has been
used to study nucleic acid quadruplex structures [68], has slightly lower N1 and N3 pK,
values (ApK; of —0.9 and —1.0, respectively) and a higher N7 pK, value (ApK, of +1.3).
The 8vG has similar ApKa values as 8vA, in which presence of the vinyl group decreases
acidity of the N7 site compared to that of the corresponding unmodified nucleobase. The
phenol moiety at the C8 position of 8-Phenol-G alters resonance stabilization of the purine
structure, leading to changes in the pK, values. Overall, the 8-Phenol-G analogue displays
a similar pK, trend as 8vG (ApK, of —0.7 for N1 and ApK, of —0.8 for N3).

The ring-substituted G analogues also have altered pK, values compared to the parent
G. The isothiazole-modified G (*G) and inosine (*I) analogues have the same pK, value
(8.3) for the N1 site, which differs from that of G (ApK, of —1.8). In contrast, the pK,
values for N3 show opposite trends when compared to G (ApK, of +1.3 for G and ApK,
of —1.1 for I). Of note, the experimental pK, value of G (3.6) was reported for the N7
position [47]. This experimental value was obtained using fluorescence spectroscopy, from
which it is not possible to distinguish the specific protonation sites, N3 and N7. In the
present study, the pKj, value for N3 of G is 2.3 and protonation of the N7 is unfavorable.
Therefore, the experimental value for N7 was reassigned to N3 (Table 2).

The "G nucleoside can exist in two ground-state tautomeric forms with protonation
at N1 or N3 (referred to as "'G-H1 and "G-H3, respectively) [69]. The "G-H1 tautomer is
favored over the "G-H3 tautomer in duplexes because the H1 form preserves canonical
base pairing with C [50]. In the present study, the pK, values for N1 and N3 of "G-H1
were determined and observed to be higher than the corresponding values of G (ApKj, of
+0.6 and +2.7, respectively). The slightly higher stability of a "G-C base pair compared to
canonical G-C pair in a duplex DNA model system is consistent with the altered pK, value
for the N1 position of "G [20]. Perhaps somewhat surprisingly, only a small alteration
in the N1 pK, value is observed for G with the thiophene modification, supporting its
usefulness as a fluorescent analogue for duplex DNA or RNA systems.

3.5. Pyrimidines

A total of 19 theoretical pK, values of 12 pyrimidine-based fluorescent analogues
were determined. The major protonation or deprotonation site of pyrimidines is N3, but
additional sites of protonation/deprotonation are available for the modified nucleobases
shown in Figures 4 and 5. A two-parameter adjustment was employed for the pyrimidine
analogues with a regression of 1.24x — 0.94 with an R? value of 0.97 (Figure 7). The MAE
for the adjusted pKj, values was 0.4 pK, units (Tables 3 and 4).
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Figure 7. Plot and linear regression fit for the experimental and theoretical pK, values of the

fluorescent pyrimidine analogues. The data points for the linear correlation include unmodified

(orange diamonds), naturally modified (black triangles), aza-/deaza-modified (blue squares), non-

natural modifications (x marks), and fluorescent nucleobases (green circles).

Table 3. Experimental and Adjusted pK, Values for Fluorescent Analogues Derived from Cytidine.

Experimental pK Adjusted
Modification Abbreviation Position P a PRa Theoretical pK,
Value b
Value
. L N3 0.9
benzopyridopyrimidine BPP N7 9.4
cytidine C N3 4.2 [70] 4.0
5-furan-cytidine CFU N3 21
locked bicyclic N3 0.6
4-N-carbamoylcytidine Chep N7 57
N9 11.4
5-methyl-2-pyrimidinone m°K N3 35
pyrrolocytidine pC E? 331711 12362
1,3-diaza-2- co N3 2.1
oxophenoxazine t N7 11.6
thieno[3,4,d]cytidine the N3 42
o . N3 2.5[47] 2.2
t
isothiazolo[4,3,d]cytidine ZC N7 unfavorable

2 The experimental pK;, values were determined by UV titration [70] and fluorescence spectroscopy [47,71]. b The
pK, values lower than —1.0 are indicated as unfavorable.
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Table 4. Experimental and Adjusted pK; Values for Fluorescent Analogues Derived from Uridine.

Experimental pK Adjusted
Modification Abbreviation Position P a PRa Theoretical pK,
Value b
Value
N ’I\é’ dimethylaniline-2- DMAT N3 9.5[72] 10.6
eoxythymidine
5-(thien-2-yl)uridine 5-thU N3 9.3
thieno[3,4,dJuridine thyy N3 9.8
. . . N3 8.9 [47] 7.9
t
isothiazolo[4,3,d]uridine zy N7 unfavorable
uridine U N3 9.2 [73] 9.6

2 The experimental pK, values were determined by UV titration [73] and fluorescence spectroscopy [47,72]. ® The
pK, values lower than —1.0 are indicated as unfavorable.

The adjusted theoretical pK, values at the N3 site for the fluorescent C analogues
have the following trend: C'PP ~ BPP < CV ~ tC° ~ C < pC < m°K < C &~ "C (range
of 0.6-4.2). For the ring-fused analogues, the trend in pK, values for the N7 position are
as follows: C'PP < BPP < tC° < pC (range of 5.7-13.2). The N3 site of the modified U
fluorescent analogues has the following pK, trend: ?U < 5-thU < U ~ thU < PMAT (range
of 7.9-10.6).

3.6. Cytidine Fluorescent Analogues

Many fluorescent C analogues that have been reported in the literature have ring-
fused modifications, although some have functional group additions or deletions (e.g.,
CFU and m°K) (Figure 4). Analogues such as m5K have been used to study protein-DNA
complex interactions [74]. The pK, value for the N3 position of m°K is only slightly lower
than that of C (ApK, of —0.5), so interactions of N3 in the absence of the amine group
of C can be examined. Another modification with addition of a furan moiety at position
5 of C (CFY) increases the acidity of N3 compared to C (ApK, of —1.9). Thiophene- and
isothiazole-modified C nucleobases show a similar trend as the purine analogues in which
N3 has a negligible difference in pK, for "C and C (ApK, of +0.2) but is more acidic for *C
(ApK, of —1.8).

Four ring-fused C analogues that were examined in this study display decreased pK,
values at the N3 position compared to C (ApK, of —3.4, —3.1, —1.9, and —1.4 for Chpp, BPP,
tC°, and pC, respectively). The N7 position of these ring-fused analogues is equivalent
to the N4 amine of C. The N7 pK, value of C'PP is considerably more acidic than that of
the other ring-fused modified analogues. In contrast, the N9 pK, value of C"PP is more
basic compared to the N7 position, with more similarity to the N7 of tC°. Derivatives
of CP'PP have been reported in the literature [75], which could be the focus of future pK,
calculations. For example, it may be of interest to seek ring-fused analogues with N3 pK,
values closer to the parent C.

The N7 pK, value of pC is highly basic compared to other sites in the fluorescent C
analogues examined in this study. The pC hydrogen-bond donor and acceptor pattern
matches that of C with favorable pairing to G residues. The presence of pC has been shown
to have a modest stabilizing effect on a DNA duplex compared to C [76]. The steady-state
fluorescence of pC is only quenched when it pairs with G, making pC a useful probe for
examining distortions in DNA /RNA hybrids such as those in the human immunodeficiency
virus type-1 [77].

The adjusted pK, value at the N7 position of tC° is 11.6. This tC° analogue can base
pair with G [78] but has also been shown to pair with protonated C to form an intercalated
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motif (i-motif) as shown in Figure 8 [79,80]. Due to a lower N3 pK, value, tC° is not
protonated at pH 5, which is necessary for i-motif formation with C, and the structure is
better controlled [80]. Furthermore, tC° can be utilized to monitor the i-motif formation
because of differing fluorescence emission of the folded and unfolded states [79,80]. The
unique pH dependence of the stability and quenching of tC° in the i-motif allows it to be a
useful probe for monitoring i-motif formation inside cells [80].
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Figure 8. Hemiprotonated C-C or tC° pairing that contributes to i-motif formation by C-rich strands.
The i-motif structure consists of C-C* base pairs in an anti-parallel orientation. The canonical C
nucleobase can be replaced with tC° for fluorescent monitoring of i-motif structure formation. The
i-motif structure was created with Biorender.com.

3.7. Uridine Fluorescent Analogues

Addition of a thiophene functional group at position 5 of U (5-thU) leads to a slightly
lower pK, value (N3 position) compared to that of the canonical nucleobase (ApK; of —0.3),
and a ring-conjugated thiophene had little impact on the pK, ("U, ApK, of +0.2). As such,
5-thU and U serve as ideal fluorescent analogues of U. As with other fluorescent analogues,
5-thU exhibits altered fluorescence depending on its position and neighboring sequences
in DNA and can be used to monitor DNA hybridization [81]. Similarly, fluorescence is
significantly decreased when ™'U base pairs with A compared to mismatched pairs [21].
Due to these characteristics, "'U is utilized as a fluorescent probe for single nucleotide
polymorphism (SNP) detection.

The *U analogue has a similar ApK, trend as the isothiazole-fused nucleobases men-
tioned earlier (purines and C) (at N3, the ApK, is —1.7 compared to U). Finally, the fluores-
cent nucleobase PMAT has the highest pK, value at the N3 position among the U analogues
examined (ApKj, of +1.0), but this change in pK, is not likely to have much impact on its
ability to pair with A. In studies with DNA model systems, only a slight thermal destabi-
lization of duplexes containing A-°MAT base pairs was observed compared to A-T pairs,
supporting the use of PMAT as a fluorescent probe [72].

4. Discussion

The theoretical pK, values of 25 fluorescent analogues were determined by using
a previously established ab initio quantum chemical protocol with an implicit-explicit
solvation model, B3LYP density functional, and 6-31+G(d,p) basis set [25-28,31-39]. An
adjustment factor for the theoretical pK, values of purine and pyrimidine analogues
was applied by comparing calculated and known experimental values. The differences
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between the theoretical and experimental pK, values of the fluorescent analogues are
within 1.0 pK, unit, except for the N9 position of eA and N3 of *G and PMAT. The adjusted
theoretical pK, values for the fluorescent analogues show good agreement, with MAEs of
0.6 and 0.4 pK, units for the purines and pyrimidines, respectively. This study expands
the nucleoside/nucleobase database for natural [26] and non-natural [27] (e.g., aza/deaza)
modifications with 55 values for the fluorescent analogues. The combined databases now
include over 75 different nucleobases and more than 150 pK, values.

The theoretical pK, values complement existing experimental data by providing un-
known or ambiguous pK, values for fluorescent nucleotide analogues. Many studies
employ pH titrations of nucleosides and monitor changes in the UV or fluorescence spec-
tra [44-47,70,71,73]. However, those experiments are sometimes unable to identify the
specific protonation/deprotonation sites if multiple proton donor/acceptors are present in
a molecule, particularly when the pK, values are overlapping. For example, experimen-
tal pK, values of G were determined by fluorescence spectroscopy with two titration
curves [47]. The experimental and adjusted theoretical pK, values for N1 of G are compa-
rable (8.5 and 8.3, respectively). In contrast, the second experiment pK, value of G was
assigned to N7, but the N7 and N3 sites are both potential proton acceptors. Our study
reveals that assignment of the second experimental pK, value to N3 is more appropriate
because protonation of the N7 position of G was observed to be energetically unfavorable.

The present study highlights how nucleobases can be tuned for both fluorescent
properties and pKj, values, particularly at key positions that are involved with canonical and
noncanonical pairing interactions without significantly perturbing the overall structures of
the nucleic acids. The wide range of pK, values for the purine and pyrimidine fluorescent
nucleobases (varying by 2.4 to 7.3 pK, units for each site) is consistent with the range for
the natural modifications. For comparison, the N1 of A displayed a range of 3.3 pK, units
for methylation at different sites [26], 5.5 pK, units for aza/deaza substitutions [27], and
7.3 pK, units for the fluorescent analogues examined (Table 1).

The broad range of acid-base properties of the fluorescent analogues is valuable
for their applications in nucleic acid systems under differing pH conditions in cellular
environments or other biological milieu. For example, a stable i-motif structure requires
hemiprotonated C-C+ base pairs, which can exist in the pH range of 4.5 to 6.5 [82]. Replacing
C with tC® within the i-motif structure allows monitoring of the conformational states in
cells through fluorescence changes, while also contributing to preservation of the i-motif
structure in a broader range of pH environments [80]. The wide range of pK, values
of the fluorescent analogues could also be utilized for developing pH-dependent DNA
sensors that display different conformational states in acidic or basic conditions and can be
monitored in live cells [83].

While many different types of fluorescent nucleobase analogues have been designed
and synthesized [60], isothiazole- and thiophene-substituted variants of all four canonical
nucleosides have been generated [20,47], allowing for comparison of the pK; trends. The
fused-ring thiophene substitutions ('U and !'C) do not significantly impact the N3 pK,
values of the pyrimidine analogues. Similarly, the N1 pK, value of "G is shifted by only
0.6 units, and the A analogue exhibits a slightly increased pK, value (ApK, of +1.4)
compared to A. In contrast, the fused-ring isothiazole substitutions on the pyrimidine rings
display larger changes in the N3 pK, values (ApK, values of —1.9 for "U vs. #U and
—2.0 for 'C vs. C) as well as for the N1 of purine analogues (ApK, values of —2.4 for
thG vs. G and —1.9 for A vs. #A). These examples illustrate how the nucleobases can
be tuned with multiple or single atom changes for optimizing the fluorescent properties
and pK, values, including positions that are involved with canonical and noncanonical
pairing interactions.
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As with our prior studies [26,27], the model systems using the first explicit solvation
shell in combination with the B3LYP/6-31+G(d,p) level of theory provided reliable pK,
values that matched well with the reported experimental values, regardless of the ring
size or type of modification. One of the more challenging modifications was ¢ A, which
is a three-ring system with multiple sites of protonation. The pK, value of the N6 (N1*)
position of ¢A could not be determined because water placement at that position was
not energetically favorable for geometry optimization. However, the larger size of the
nucleobase did not impact our ability to determine pKj, values for the other positions of ¢A.
Similarly, the expanded ring systems for the pyrimidines have additional (de)protonation
sites but behaved like the purine systems.

The present study only focused on 25 analogues among hundreds of fluorescent
nucleobases that have been reported in the literature [4,60]. Determining the pK, values
for those additional fluorescent analogues could reveal wider ranges of values that could
facilitate future design and biological or biotechnology applications. Theoretical pK,
computations in advance of carrying out synthetic procedures to generate the fluorescent
analogues could also be advantageous.
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DNA  Deoxyribonucleic acid

G Guanosine

i-motif Intercalated motif

MAE Mean absolute error

pKa Negative logarithm of the acid dissociation constant
ApKa Difference in pK, values

RNA Ribonucleic acid

SNP Single nucleotide polymorphism

T Thymidine
th Thiophene
tz Isothiazole
U Uridine
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