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at the 3’-end of the mRNA codons
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ABSTRACT

Modified nucleosides present in the wobble posi-
tion of the tRNA anticodons regulate protein trans-
lation through tuning the reading of mRNA codons.
Among 40 of such nucleosides, there are modified
uridines containing either a sulfur atom at the C2
position and/or a substituent at the C5 position of
the nucleobase ring. It is already evidenced that tR-
NAs with 2-thiouridines at the wobble position pref-
erentially read NNA codons, while the reading mode
of the NNG codons by R5U/R5S2U-containing anti-
codons is still elusive. For a series of 18 modified
uridines and 2-thiouridines, we determined the pKa
values and demonstrated that both modifying ele-
ments alter the electron density of the uracil ring and
modulate the acidity of their N3H proton. In aqueous
solutions at physiological pH the 2-thiouridines con-
taining aminoalkyl C5-substituents are ionized in ca.
50%. The results, confirmed also by theoretical cal-
culations, indicate that the preferential binding of the
modified units bearing non-ionizable 5-substituents
to guanosine in the NNG codons may obey the alter-
native C-G-like (Watson-Crick) mode, while binding
of those bearing aminoalkyl C5-substituents (proto-
nated under physiological conditions) and especially
those with a sulfur atom at the C2 position, adopt a

zwitterionic form and interact with guanosine via a
‘new wobble’ pattern.

INTRODUCTION

5-Substituted wuridines and 2-thiouridines are post-
transcriptionally modified nucleosides present in the
position 34 (wobble or first position of the anticodon)
in several transfer RNAs (tRNAs) in virtually all living
organisms, from bacteria to human. According to the
wobble hypothesis, their location is critical for the pre-
cise reading of genetic information (1). Some of them
can recognize both A and G in the third position of
the mRNA synonymous codons (Figure 1). The ther-
modynamic stability of the wobble base pair U-G is
comparable to that of the Watson-Crick U-A base pair,
although the RNA duplexes harboring this wobble base
pair are thermally less stable than their Watson-Crick
U-A counterparts (2-4). Replacement of the oxygen-2
of the uracil ring with a sulfur atom is observed for at
least 10 uridines of the tRNAs specific for lysine, glutamic
acid and glutamine (http://modomics.genesilico.pl (95),
http://mods.rna.albany.edu (6)). The corresponding RNA
duplexes containing a S2U-A base pair are thermodynam-
ically more stable than those with an U-A base pair due to
the preferential S2U C3’-endo sugar ring pucker, improved
base stacking in the RNA chains and an enhanced overall
A-type RNA duplex helical structure (4,7-17).
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non-favorable H,N

Watson-Crick base pair R5S2U-A classical wobble base pair R552U-G

Figure 1. (A) A classical Watson-Crick R5S2U-A base pair, favorable; (B)
a classical wobble R5S2U-G base pair, non-favorable.

Early data (14-17) suggested that 2-thiouridine is intro-
duced into the wobble position of tRNA to enhance hy-
bridization to adenosine in the NNA codons (where N
is any nucleoside), whereas the wobble base pairing with
guanosine in the NNG codons is restricted due to less ef-
fective hydrogen bonding between the N1H donor of gua-
nine and the sulfur acceptor of 2-thiouracil (18,19) (Figure
1). However, the results of the subsequent biological studies
contradicted this idea and suggested that the 3’-G-ending
codons are well recognized by anticodons containing the
S-substituted 2-thiouridines (20,21). The most notable
of these were the results demonstrating that anticodons
with 5-methylaminomethyl-2-thiouridine (mnm5S2U) or 5-
carboxymethylaminomethyl-2-thiouridine (cmnm5S2U) of
the cytosolic tRNAs and those with 5-taurinomethyl-2-
thiouridine (Tm5S2U) of the mitochondrial tRNAs, all
promote reading of both NNA and NNG codons. Other
studies have found a similar tendency for the A and G
recognition by the same 5-substituted, but not 2-thiolated,
uridines (22). These results suggest that the substituent
at the C5 position contributes to the electron density
within the m electron system of a nucleobase (through its
electron withdrawing/donating properties) and promotes
the binding of the tautomers of 5-substituted uridines/2-
thiouridines to the guanosine units.

Several of the 40 modified uridines/2-thiouridines found
in the wobble position of tRNAs contain -O-R or -CH;-R
substituents at the C5 position of the uracil residue. The -O-
R substituents (-OH, -OCH3; and -OCH,COOH, denoted
ho, mo and cmo, respectively) are expected to increase the
electron density of the uracil ring through a mesomeric ef-
fect originating from the overlapping of the p orbital of the
oxygen atom with the 7 orbital of the uracil ring (23). The
electron donating properties of the -CH,-R substituents,
e.g., -CHj (m) or -CH,COOCH; (mcm), are weak and their
contribution to the electron density of the pyrimidine ring
is limited. However, the substituents containing aminoalkyl
groups, e.g., -CH,NHCH; (mnm) or -CH,NHCH,COOH
(cmnm), significantly affect the electronic density of the nu-
cleobases because their nitrogen atoms at a physiological
pH (7.4) are substantially protonated (the pKa values of
secondary amines exceed 9 units (24)). The protonated 5-
aminoalkyl substituents exert strong electron-withdrawing
properties and promote deprotonation of the N3H func-
tion.

Takai and Yokoyama suggested that mnm5S2U might
recognize G in a non-canonical mode, in which the N3H
function of the 2-thiouracil ring is ionized and the neg-
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Figure 2. Structures of the compounds used in the pH-potentiometric
titration experiments.

ative charge is localized at the sulfur atom (25). In this
pre-structured ionic form, mnm5S2U may interact with the
NIH and N2H donors of guanosine using either the N3
and anionic S2 acceptors (according to the Watson-Crick
scheme), or the O4 and N3 acceptors (according to the wob-
ble mode), the latter with the movement of the uridine unit
toward the minor groove. Only recently, the mnm5S2U-
guanosine base pair has been found in the crystal struc-
ture of the tRNA-mRNA complex bound to the 70S ri-
bosome (26). The U34-G base pair found in the biologi-
cal context has the latter geometry predicted by Takai and
Yokoyama, that may be executed either by the keto-enol
form of mnm5S2U or by its zwitterionic form.

Of note, crystallographic data obtained for codon-
anticodon models in the ribosome context demonstrate that
the keto-enol pre-structured forms of other 5-substituted
uridines and 2-thiouridines may bind to the guanosine unit
according to the C-G-like or the bifurcated model (27-30).

An abundance of the pre-structured form of a nucleo-
side in solution at a given pH is related to the pKa value of
N3H in a nucleobase, which in turn depends on the electron
withdrawing/donating properties of the substituent present
at position C5. In the present study, we aimed to investigate
an influence of the sulfur atom in position 2 and that of vari-
ous substituents at position 5 on electronic properties of the
modified uridines and to learn on their ability to read the
guanosine unit at the 3’-end of the mRNA codons. Because
the reported pKa values of the N3H group of 5-substituted
2-thiouridines and uridines (nucleosides 1 and 2, respec-
tively, Figure 2) had been previously obtained by different
methods, their direct comparison was not meaningful. Ad-
ditionally, some values were missing or were given as rough
approximations. To this end, we prepared a series of com-
pounds (Figure 2), which, for the first time, were used for
the determination of pKa values in a series of uniform pH-
potentiometric titration experiments. In the measurements,
we also included 5-substituted 4-pyrimidinone nucleosides
and S-alkylated derivatives of 2-thiouridine (3). Addition-



ally, the results were verified by theoretical DFT (density
functional theory) calculations.

MATERIALS AND METHODS

All of the chemicals were Aldrich products of puriss grade.

Preparation of the S-substituted 2-thiouridines 1, uridines 2
and 4-pyrimidinone nucleosides 3

All nucleosides used in experiments (Figure 2) are known
compounds and were prepared in our laboratory accord-
ing to reported procedures. The 2-thiouridines la-c,i and
the 5-substituted uridines 2b,c,i were prepared by the N-
glycosidic bond formation (13,16,31-38), while the nu-
cleosides 1f-h and 2f-h were prepared by the introduc-
tion of a CS5-substituent into the appropriate derivatives
of 2-thiouridine/uridine according to published methods
(39-42), in some cases using recently improved proce-
dures (43,44). The nucleosides 1d,e and 2d,e were pre-
pared from the appropriate S-substituted precursors as de-
scribed elsewhere (39,45). The 4-pyrimidinone ribonucleo-
sides (R5H2U, 3a-f,i) were prepared by the desulfuration of
the parent 2-thionucleosides (46,47), while the derivatives
3j,k were obtained by the S-methylation or S-geranylation
of 1a (48-50).

Potentiometric measurements

The acidity constants of the ligands (pKa) were determined
by the pH-potentiometric titration of 2.0-ml samples. The
concentration of the nucleoside in solution was 1 x 1073 M.
Measurements were carried out at 298 K and at a constant
ionic strength of 0.1 M NaCl using a MOLSPIN pH meter
(Molspin Ltd., Newcastle-upon-Tyne, UK) equipped with a
digitally operated syringe (the Molspin DSI 0.250 ml) con-
trolled by a computer. For the titrations, a carbonate-free
NaOH solution of known concentration (0.1 M) was used
and measurements were made using a Russel CMAWL/S7
semi-micro combined electrode, calibrated for hydrogen ion
concentration using the method of Irving et al. (51). The
accepted fit for the titration curves was always less than
0.01 ml. The number of experimental points was 100-150
for each titration curve. The titration points included in the
evaluation could be reproduced within 0.005 pH units in
the whole pH range examined (pH from 2 to 12). The pro-
tonation constants of the ligands were evaluated by per-
forming iterative non-linear least squares fit of the poten-
tiometric equilibrium curves through mass balance equa-
tions using the computer program SUPERQUAD (52). The
sigma value (the root mean squared weighted residual) ob-
tained after the refinement of the stability constants was 1,
which suggested that the data were fitted within experimen-
tal error. The equilibrium constants reported in this work
were obtained from a fitting performed using three titration
curves simultaneously.

Computational methods

All quantum mechanical calculations were performed us-
ing the Gaussian 09 suite of programs (53). Geometries
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of the bases and base pair model systems were optimized
using the hybrid B3LYP density functional (54) corrected
for dispersion interactions using Grimme GD3 empirical
term (55), with 6-31G(d) basis set in the gas phase and 6—
31+G(d) basis set in aqueous solution. All stationary points
were identified as stable minima by frequency calculations.
The vibrational analysis provided thermal enthalpy and en-
tropy corrections at 298 K within the rigid rotor/harmonic
oscillator/ideal gas approximation (53). Thermochemical
corrections were scaled by a factor of 0.98. More accu-
rate electronic energies were obtained using the B3LYP
functional, including the Grimme GD3 dispersion correc-
tions (55), with the larger 6-311++G(3df,2p) basis set for
the B3LYP/6-31G(d) (or B3LYP/6-31+G(d)) optimized ge-
ometries. Integration grid was set to ultrafine. All base pair
interaction energies were corrected for the basis set super-
position error (BSSE) using the counterpoise procedure
(CP) of Boys and Bernardi (56). The BSSE’s at B3LYP/6-
311++G(3df,2p) level of theory were in the range of 0.27-
0.45 kcal/mol for all complexes studied.

Geometries of nucleic bases and base pairs models in
aqueous solution were optimized at the B3LYP-GD3/6-
31+G(d) level within the Conductor-like Polarizable Con-
tinuum Model (CPCM) (57), assuming UFF cavities as im-
plemented in Gaussian 09 (53). No restrains on geometries
were applied. All minima were identified based on vibra-
tional analysis, as above. The free energy differences be-
tween the tautomers of uracil derivatives were calculated
using the simple thermodynamic cycle as AG,q)(T2-T1) =
G)(T2) + AGnyar)(T2) - (G)(T1) + AGnyar(T1)), where
T1, T2 - nucleic base tautomers, G - Gibbs free energy
of tautomer in the gas phase, Guq = G + AGhydn-
tautomer free energy in a water solution, AGyar) - tau-
tomer free energy of hydration (see Supplementary Fig-
ure S2) (58). Free energy of hydration (AGpnydr) of nu-
cleic base tautomers were estimated by a procedure imple-
mented in Gaussian 09 at the CPCM-B3LYP/6-31+G(d)
level for solution-optimized geometries. Atomic charges
fitted to the electrostatic potential were calculated at the
B3LYP/6-311++G(3df,2p) level according to the Merz-
Singh-Kollman scheme (59). Electrostatic potential maps
on the 0.002 au molecular electron density isosurfaces were
plotted using Wavefunction Spartan’08 program (60). More
methodological details are given in Supplementary Data.

RESULTS
Chemistry

The nucleoside analogs prepared for the studies are
shown in Figure 2. A series of 5-substituted 2-thiouridines
(R5S2U, 1a-h) and the 2-thio analog (1i) of the naturally oc-
curring mo5U (2i), as well as their 2-oxo congeners (R5U,
2a-i) were prepared either by the N-glycosidic bond forma-
tion (the nucleosides with R = H, m, mcm or mo) (13,16,31—
37) or by the introduction of a C5-substituent into the
appropriate derivatives of 2-thiouridine/uridine (the nu-
cleosides with R = mnm, cmnm, tm) (39-42) using re-
ported (in some cases improved) procedures (43,44). The
4-pyrimidinone ribonucleosides (RSH2U, 3a-f,i) were pre-
pared by the desulfuration of the parent 2-thionucleosides
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(46,47), while the derivatives 3j,k were obtained by the S-
alkylation of S2U (48-50). The synthetic procedures as well
as the spectral and conformational characteristics of 1a,c-
g.i, 2a,c-g,i and 3a,c-g.,i have been described in our recent
paper (47).

Potentiometric titrations and pKa determination

The pKa values for the nucleosides (Table 1) were calculated
from the respective pH-potentiometric titration curves (see
Supplementary Data, Supplementary Figure S1) using an
improved SUPERQUAD program (52). For the d-h series of
compounds, the pKa values were determined for the addi-
tional carboxyl, carbamoyl, aminoalkyl and sulfonic groups
that were present as part of the 5-substituents. Because of
insufficient stability of 3g and 3h, their pKa values could not
be determined.

Asshown in Table 1, for the majority of the 2-thiouridines
1, the pKa values of N3H were lower than that for the par-
ent uridines 2 by 1 unit, with the exception of 1h, whose pKa
differed only by 0.4 unit from that of 2h. The pKa values of
8.09 and 9.15 obtained for 2-thiouridine (1a) and uridine
(2a), respectively, were in good agreement with the previ-
ously reported values of 8.05 (61) and 9.18 (62). Addition-
ally, the recently reported pKa values 8.0 and 9.3 of these
compounds, where the titrations were monitored by ultra-
violet (UV) and nuclear magnetic resonance methods (7),
confirm our results.

The ionization properties of the remaining nucleobases
in both the 2-thiouridine and uridine series depended on
the type of the C5 substituent. The pKa values for the dis-
sociation of the N3H proton in 1f-h and 2f-h (bearing an
mnm, cmnm or Tm substituent) were lower than those for
their corresponding parent, non-substituted units 1a or 2a.
At the physiological pH, the aminoalkyl groups in 1f-h and
2f-h would be substantially protonated (pKa values of their
aminoalkyl groups are >9) to become electron-withdrawing
groups; thus, the acidities of the corresponding N3H hy-
drogen atoms should be higher. Accordingly, pKa values
of 7.28, 7.36 and 7.10 were found for 1f,g and h, respec-
tively, compared to the pKa value of 8.45 for m5S2U (1b).
The pKa values of the uridines 2f-h were higher than that
of their thio-analogs 1f-h, but were lower than that of the
aminoalkyl-free uridines 2a-e. Interestingly, the pKa value
of rm5U (2h) was significantly lower (7.51) than that of the
remaining uridines and was close to the pKa values of the
aminoalkyl-substituted 2-thiouridines.

The pKa values of the nucleosides 1i and 2i contain-
ing the -OCH; group were one unit lower than that
for their 5-methyl-S2U and 5-methyl-U (1b and 2b) con-
geners. This indicated that the -OMe substituent ex-
erted electron-withdrawing effects because the postulated
electron-donating properties would have decreased the
N3H acidity and resulted in higher pKa values (23). Other
investigated substituents were not critical for the ionization
properties of the uracil and 2-thiouracil ribosides. As de-
scribed earlier, the 5-methyl substitution of uridine lead to
an increase in the pKa value, by ca. 0.4 unit (63). This effect
was observed for m5S2U (1b) and m5U (2b), for which the
respective pKa values were 8.45 and 9.54. Decreased acid-
ity was found for 1d and 2d (the pKa values were 8.69 and

9.79, respectively; an increase by ca. 0.6 unit in comparison
with the values for 1a and 2a, respectively) bearing a nega-
tively charged carboxymethyl (-CH,COO™) side chain. This
electron-donating effect was abolished by the conversion of
the carboxymethyl substituent into neutral species such as
methyl ester (1c and 2¢) or amide (1e and 2e).

The pKa values for the conjugated acids (protonated at
the N3 function) of 4-pyrimidinone nucleosides 3a-e and 3i
ranged from 2.0 to 2.8, and the values were still lower for 3f
bearing the methylaminomethyl substituent at C5 and for
3j, the S-methyl derivative of S2U (1.63 and 1.78, respec-
tively). Due to their limited stability under the present ex-
perimental conditions, the pKa values for 3g and 3h could
not be determined.

The next proton-releasing sites are the acidic groups
present in the derivatives of the d, g, and h series of com-
pounds. The pKa values of the -CH,COOH group in 1d
and 2d were virtually identical (3.74 and 3.80, respec-
tively), while a higher value of 4.31 was observed for the 4-
pyrimidinone nucleoside 3d (Table 1) (64,65). The pKa val-
ues determined for cnnm5S2U (1g) and cmnm5U (2g) were
slightly higher than those reported in the literature, likely re-
flecting the different conditions under which the measure-
ments were made. Although the sulfonic acid residues in 1h
and 2h were the most acidic, their pKa values (2.50 and 2.41,
respectively) were higher than that for taurine itself (1.5)
(66).

Assessment of ionized fractions of nucleosides 1 and 2

Based on the pKa values for the dissociation of the N3H
proton, we calculated the fractions of ionized 1 and 2 under
physiological pH (7.4) using the Henderson-Hasselbalch
equation: pKa-pH = log [BH]/[B], where BH and B~ are
the neutral and ionized (deprotonated) forms, respectively
(67). The results showed (Table 2) that the 2-thionucleoside
units bearing the substituents that contain a positively
charged aminomethyl group, as in 1f-h, preferentially ex-
ist in the N3-deprotonated (ionized) form. Thus, at phys-
iological pH 1f-h predominantly adopt the zwitterionic
form (Z1), being positively charged at the aminoalkyl side
chain and deprotonated at the N3-function. In the uridine
series 2, the most abundant zwitterion was found for 5-
taurinomethyluridine 2h (43%). 2-Thiouridines 1¢ and le,
with RS substituents incapable of protonation were ionized
only in 18 and 24%, respectively, similarly to 2-thiouridine
(1a, 17%). Interestingly, the ionized fraction of the mo5S2U
thio-nucleoside (1i) was relatively high, at 42%, although
only ca. 7% of its 2-oxo analog (mo5U) was ionized. The
uridines 2a-e exist predominantly in their canonical, un-
charged forms.

Since the pKa values for the N3H functions in pyrimi-
dine nucleosides are lower by ca. 0.4 unit than in the cor-
responding nucleotides (bearing a negative charge on the
phosphate group (25)), we recalculated the content of the
ionized fraction of the corresponding nucleotides using the
measured pKa values increased by 0.4 unit (Table 2, data
given in brackets).
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Table 1. The pKa (SD = 4 0.01) values (determined at 25°C) for the dissociation of the N3H proton and for the deprotonation of other functional groups
(underlined or double-underlined) present in the C5-side chains. For compound 3, the proton-conjugated structure is given. The pKa values already reported

in the literature are given in brackets. Nd — not determined

Nucleoside
(o] O O
Compound R (abbreviated name R R .
of the substituent) fﬁt‘ fkr | /l'\ﬂ"
N S N o] N X
HO. HO. HO
O (e]
OH OH OH OH OH OH
3
1 2

a H (N3) 8.09 (N3)9.15 X=H (N3) 2.07
b CH5(m) (N3) 8.45 (N3)9.51 (9.7 (63)) H (N3)2.20
c CH,COOCH; (mcm) (N3) 8.05 (N3)9.15 H (N3)2.38
d CH,COOH (cm) (N3) 8.69 (8.55 (64)) | (N3)9.79 (9.58 (61)) H (N3) 2.80

3.74 (3.64 (64)) 3.80(3.76 (61)) 4.31
e CH,CONH, (ncm) (N3)7.91 (N3)9.10 H (N3) 2.75

11.02 11.68 11.30

f CH,NH,"CH; (mnm) 9.51 10.02 H 8.66
(N3) 7.28 (N3) 8.15 (N3) 1.63

g CHZN_HgCHz% 9.10(8.93 (61)) 10.13 (10.18 (65)) H Nd

(cmnm) (N3)7.36 (7.28 (61)) | (N3)8.24 (8.15 (65))
2.50 (2.33 (61)) 3.05 (2.13 (65))
h CH,NH,"(CH,),S0;H 9.04 9.71 H Nd
(tm) (N3) 7.10 (N3) 7.51
2.50 2.41
i OCH; (mo) (N3) 7.56 (N3) 8.54 H (N3)2.10
i H - - S-CH; (N3)1.78
Kk H - - S-CioH1y (N3) 2.01
Table 2. The fraction of nucleosides 1a-i and 2a-i with ionized N3H at pH A
K E2 E4 zl

7.4, as calculated according to the Henderson—Hasselbalch equation

Tonized nucleoside fraction

Cmpd. R [70]

for1 for 2
a H 17 2
b CH3 8 0.7
[ CH,COOCHj3 18 1.7
d CH,COOH 7 0.4
e CH,CONH, 24 2
f CH;NHCH3; 57 (34) 15
g CH;NHCH,COOH 52 (30) 13
h CH,;NH(CH,),SOsH 67 (44) 43 (24)
i OCHj3 42 (22) 7

The pKa values of the nucleosides used are listed in Table 1.

Theoretical calculations

Gibbs free energies of tautomers of I-methyl-uracil and
1-methyl-2-thiouracil and their C5-substituted derivatives.
For Gibbs free energy computations, 1-methyl 5-substituted
uracils (ml1R5Ura) 4a,f,i and 1-methyl S-substituted 2-
thiouracils (m1R5S2Ura) 5a.f,i (Figure 3A) were used as
models of nucleosides, in which the ribose moieties were ‘re-
duced’ to methyl groups to lower the computational cost.
The Gibbs energies (G) of the diketo (K) and two keto-enol
tautomeric forms (E2 and E4) were calculated for the gas
phase and for an aqueous solution. In all cases, the K forms
of the mIR5Ura and mIR5S2Ura series show the lowest

OH
Rﬁ"
T/kx

Me

(o] ® (o))
e
Rm\)‘\lN HR\(\N“
T*XH T*x
Me Me

H (m1Ura, 4a), CH3;NHCH, (m1mnm5Ura, 4f) CH30 (m1mo5SUra, 4i)
R =H (m1S2Ura, 5a), CH;NHCH, (m1mnm5S2Ura, 5f) CH;0 (m1mo5S2Ura, 5i)

B mlmnm5Ura (4f)

C m1mnm5S2Ura (5f)

Figure 3. (A) The possible tautomeric diketo (K), and E2 and E4 keto-enol
structures of 5-substituted 1-methyl uracils 4a,f,i and their 2-thio analogs
5a,f,i, for R = H (a); mnm (f) or mo (i) and zwitterionic forms (ZI) of 4f
and 5f (R = mnm); (B) the electrostatic potential map of 4f in K, E2, E4
and ZI form (C) the electrostatic potential map of 5f in K, E2, E4 and ZI
form; the blue and red colors indicate the most positive (electron-deficient)
and the most negative (electron-rich) regions in the molecule, respectively.
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free energy values, and were taken as the references (Gg).
For the E2 and E4 tautomers of each compound, as well as
for the corresponding zwitterions (ZI, Figure 3A), the AGye
values were calculated using the expression: AGy = G-Gg.
The results thus obtained, presented in Table 3, confirm the
earlier conclusions (obtained for 4a and 5a) on the higher
relative stability of the diketo-tautomer compared to that
of the E2 and E4 tautomers (68-70). Among the E2 and E4
tautomers, the former was the least stable (the highest val-
ues of AGy)). Similar data were obtained for the remaining
R5-substituted models 4f,i and 5f,i (R = mnm, mo). The
corresponding relative electronic energies of tautomers at
25°C (298 K) are given in Supplementary Table S1.

Charge analysis of the zwitterionic forms of 4f and 5f
revealed that the negative charge was delocalized over the
electronegative centers O2/S2, N3 and O4 (Supplementary
Figure S3). The ZI forms of 4f and 5f had very high AG
energy in the gas phase, but the calculations performed for
the aqueous solutions showed that ZI were effectively sta-
bilized by solvation and therefore are energetically much
less demanding (Table 3). The dipole moments of zwitte-
rionic structures are significantly larger than those in other
tautomers (Supplementary Table S1). Therefore, the zwit-
terions are much more effectively stabilized by hydration.
Taking into account that due to the deficiency of the con-
tinuum solvation method the free energies of solvation of
these forms may be underestimated, their existence in solu-
tion may be more favored than it is suggested by the AG
calculations. Certainly, the content of individual tautomers
as well as the free energies of the protonated complex forma-
tion could change depending on the pH and temperature.

The other ionic forms likely to exist in solution in consid-
erable concentrations are the protonated mlmnm5UraH*
and mImnm5S2UraH*. Taking the Gibbs free energy of
proton hydration AGyya,(H") = —265.9 kcal/mol (58), the
Gibbs free energies of protonation of mImnm5UraH* and
mImnm35S2UraH" in water were estimated as —1.9 and
—0.4 kcal/mol, respectively.

The electrostatic potential maps for the K, E2, E4 and
ZI forms of mImnm5Ura 4f and mlmnm5S2Ura 5f, are
shown in Figure 3B and C, respectively. The forms K have
electron-rich regions in the vicinity to both 02/S2 and O4
atoms, while N3 is shielded by the hydrogen atom. In the
forms E2 and E4 the electron-rich regions are O4...N and
02/82...N, respectively. Notably, the zwitterionic forms of
4f and 5f clearly have different charge distribution. The
electron-deficient region is located in the vicinity to the am-
monium cation while the electron-rich region is dispersed
over the 02/S2...N3...04 edge. The electrostatic potential
maps are consistent with atomic charge distributions of the
corresponding tautomers (Supplementary Figure S3).

Stability of base pairs of tautomeric/zwitterionic forms of

S-substituted 1-methyl-uracil and 1-methyl-2-thiouracil with
9-methyl-guanine. The structure of nucleic acids is de-
termined by several forces such as hydrogen bonding be-
tween nucleobases, aromatic w-stacking, base-backbone
and backbone-backbone interactions as well as interac-
tions with solvent molecules, metal ions, and other co-
solutes. Among them, hydrogen-bonded base pairs sub-
stantially affect the overall structure and are decisive for

thermal stability of nucleic acids (71). It should be men-
tioned that the stacking arrangement between consecu-
tive bases in DNA and RNA/DNA double helices can
enhance their hydrogen bonding ability, compared to the
gas phase optimized complexes (72). In search of energeti-
cally favored structures displaying base pairing between the
R5U/R5S2U nucleosides and guanosine, the enthalpies of
hydrogen-bonded complex formation by the K, E2 and E4
tautomers of 4a,f,i and 5a,fi as well as by the zwitterions of
4f and 5f shown in Figure 3, with 9-methyl-guanine (in the
most stable keto form) were calculated (see Figure 4 and Ta-
ble 4). The total interaction enthalpies at 25°C (AH?>*%) were
calculated relative to the fully optimized bases. Geometries
of the base pairs were optimized without any constrains, ac-
cording to the standard approach (71). For a given base pair,
AH?? was calculated according to the following equation:

AH?® = H®(U — G) — (H®¥(U) + H®¥(G)) + BSSE

where H??8(U-G) is the enthalpy of the optimized U-G base
pair, H*!(U) and H?*®(G) are the enthalpies of the iso-
lated and optimized U and G bases used in these studies,
that is U = m1R5Ura/m1S2Ura and G = m9Gua in their
most stable (‘canonical’) tautomeric forms. Thus, for the
Uk-G complex, the given AH value is simply the enthalpy
of binding of the K tautomer of m1R5Ura/m1R5S2U with
9-methyl-guanine, while for the Ug,;-G, Ugy-G and Uz-G
complexes, the given AH values include also the enthalpy
of pre-structurization of the corresponding most stable K-
tautomer into the higher energy E2, E4 or ZI forms. In some
cases this procedure results in positive interaction enthalpy
(when the tautomerization energy is higher than the hydro-
gen bonding energy). However, it allows the direct compar-
ison of the stabilities of various complexes of a particular
uracil/2-thiouracil derivatives with 9-methyl-guanine. The
obtained AH?*® values of these complexes are shown in Ta-
ble 4. The ESP atomic charge distributions in the example
base pairs of UH* -G and Ugy,3)-G for 4f and 5f are given
in Supplementary Figure S4a and b, respectively.

The deformation enthalpy (which is the enthalpy re-
quired to adjust the isolated and relaxed bases to the ge-
ometry they adopt in the base pair) is ignored. However,
for most base pairs the optimization led to the structures
which are fairly close to planarity. Some non-standard pair-
ings (Ug2G, Ugs-G and Uzy2,3)-G) tended to adopt twisted
geometries. The Uzy,3)-G forms are twisted by ca. 30° be-
cause of repulsive interactions between O4 of mImnm5Ura
and O6 of m9Gua. These base pairs showed also con-
siderably reduced interaction enthalpies. Due to the base
stacking and steric reasons, the base pairs in the duplexes
are probably ‘pushed’ toward more planar conformations,
which result in the additional reduction of interaction en-
ergy (73). Interestingly, for 2-thiouracil derivatives (5a,f,i)
the base pairs of their E2 and E4 tautomers with m9Gua
were twisted, due to non-planarity of the NH; group in 9-
methyl-guanine, while the same complexes of uracil deriva-
tives (4a,f,i) are almost perfectly planar (the geometries of
tautomers and base pair complexes studied are available
from the authors upon request). At this level of approxima-
tion, we did not study the effects of base stacking nor other
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Table 3. The Gibbs free energies (AGy) for the lowest-energy E2 and E4 tautomers of m1Ura (4a), mlmnm5Ura (4f) and mImo5Ura (4i) and their
2-thioanalogs (5a,f,i), as well as for the zwitterions of 4f and 5f at 25°C (298 K), in a gas phase and in water, relative to the energies of the respective
references, the diketo forms (K) of S-substituted 1-methyl uracils and 2-thiouracils

mlR5Ura/mIR5S2Ura

AGy in gas phase (kcal/mol)*

E2 E4 z1d
02 @) S2(5) 02(4) S2(5) 02(4) S2(5)
R=H (a) 20.1(19.2 (68)) 17.0 (21.0 (69)), 11.7 (12.5 (68)) 122 (12.5 (69)), (11.6°
(16.3 (70)) (70))
R = CH,NHCHj (f) 19.2 16.1 13.0 13.8 42.0 42.1
R = OCHj (i) 18.0 14.7 13.6 13.8
AGy, in water (kcal/mol)®
02 S2 02 S2 02 S2
R = H(a) 16.2 (16.0 (68)) 14.4 (14.8 (69)), 10.8 (8.8 (68)) 10.2 (10.6 (69)), (10.15(70))
(18.6° (70))
R = CH,NHCHj;(f) 15.7 12.1 6.3 4.3 6.3 4.8
R = OCHj3 (i) 14.7 11.2 12.1 11.2

acalculated with B3LYP-GD3/6-311++G(3df,2p)//B3LYP/6-31G(d).

bcalculated with CPCM-B3LYP-GD3/6-311++G(3df,2p)//B3LYP/6-31+G(d).

¢Electronic energy differences (AE) were reported; these values can slightly differ from the corresponding differences of Gibbs free energy.

dNotably, the continuum solvent model used in this study does not account for specific interactions, such as individual hydrogen bonds, between the solute and solvent molecules.
For those instances, where such interactions are important (for example, in the case of ionic solutes), explicit solvent methods are better suited, where a cage of solvent molecules
is constructed around the solute molecule. These methods can more accurately describe the solvent-solute interactions. However, construction of the realistic solvent cages would
be difficult and time consuming.
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Figure 4. General scheme of the possible complexes between tautomers/zwitterions of m1R5Ura/m1R5S2Ura and m9Gua assembled according to wobble,
Watson-Crick (C-G-like) and ‘new wobble’ base pairing mode. The numbering of the acceptor and donor ligands is shown in a Watson—Crick-like complex.
X=0orS.

factors contributing to the structure and stability of nucleic
acid duplexes.

The obtained data confirm that the typical Ux—G wob-
ble base pairs with the stable keto form are thermodynam-
ically the most favored among all investigated models. Evi-

tematically more negative by ca. 0.3 and 0.5 kcal/mol for 2-
oxo and 2-thiouracil, respectively) than the corresponding
uncharged Ug-G complexes, because the positive charge in
mlmnmH*5Ura and mImnmH*5S2U is better stabilized
in the complex. The formation of Ug;-G complexes by E2

dently, replacement of the C2 oxygen atom in 4a,f,i by a sul-
fur atom renders the S2... HN1 hydrogen bond weaker, as
indicated by the finding that the corresponding enthalpies
of formation of Ug—G complexes with 2-thiouracil deriva-
tives 5a,f,i are by 1.1-1.9 kcal/mol higher (less negative)
(74-76). The protonated complexes of 4f and 5f (the UH* k-
G-type) seem to be slightly stronger (the enthalpies are sys-

tautomers of 4a and 5a lead to enthalpy values that were
12-17 kcal/mol higher than that for the reference wobble
Uk-G complexes. This is the result of high energy of E2 tau-
tomers (see Table 3) which is included in the overall energy
of the Ugy-G complex formation. In contrast, the E4 tau-
tomers, capable to form three hydrogen bonds with gua-
nine (Ugy-G type) produce stable Watson-Crick C-G like
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Table 4. Enthalpies of formation (in kcal/mol) for the complexes of guanine and modified uracil in water as calculated using the CPCM-B3LYP-GD3/6-
311++G(3df,2p)//B3LYP/6-31+G(d) method

Numbers of

H-bond

donor/acceptor
Base pair mode  atoms AH?3 (kcal/mol) of a base pair of m9Gua with m1R5Ura/m1R5S2Ura

mlmnm5Ura mlmnm5S2Ura  mlmo5-Ura
mlUra (4a) ml1S2Ura (5a) (4f) (5f) (4i) mlmo5S2Ura (5i)

Uk-G 3-6/2-1 —10.0 —-8.1 —10.2 -84 —11.2 —10.1
UH*¢-G 3-6/2-1 —10.5 -89
Ug2-G 4-1/3-2 7.2 4.1 5.4 2.8 5.7 2.6
Ugs—G 4-6/3-1/2-2 -78 —-6.6 -17.6 —6.4 —-8.0 -17.7
Uzi2,3-G 3-1/2-2 -53 —-5.6
Uzi34)-G 4-1/3-2 -59 -73

The schemes of the corresponding base pairs are shown in Figure 4 and the numbering of the H-bond acceptor and donor atoms is adapted from the
UE4-G base pair. The enthalpies of the most plausible alternative structures of the U-G base pairs are given in bold.

complexes with enthalpy gain by ca. 2-3 kcal/mol lower
than that of the Ug-G reference. Here, 2-thiouracils were
slightly worse partners than uracils (by ca. 1.2 kcal/mol),
except for 5-methoxy-substituted models where the differ-
ence between AH of Ugy-G complexes for 4i and 5i occurred
negligible (0.3 kcal/mol). This is because the S...HN hy-
drogen bond is weaker than the O...HN one (18,19). The
most notable were the ‘new wobble’ complexes of ZI forms
of mImnm5Ura (4f) and mlmnm5S2Ura (5f). Here, the
enthalpy of formation of the Ugzz4)-G-type complex for
5f, was —7.3 kcal/mol, which was close to the AH value
for the same pair in the protonated UH*k-G-type com-
plex (AAH = 1.6 kcal/mol), whereas for the Ugzy34)-G-
type complex for 4f the enthalpy gap was bigger (—5.9 ver-
sus —10.5 kcal/mol). Notably, the enthalpy gains for the
Uzi(2,3)-G-type complexes of the zwitterionic 4f and 5f were
found to be smaller.

DISCUSSION

Modified nucleosides present in the tRNA regulate protein
translation in a highly dynamic manner (77-79). Forty of
these nucleosides are modified uridines located in the wob-
ble position of tRNA anticodon. Their function is to tune
mRNA codons reading through enhanced specificity of in-
teractions between the modified unit in the tRNA wobble
position and the third letter of the codon. The modified U34
base pairings are supported by interactions created within
ribosome, involving modifying elements like the hydrogen
bonds with the U34 side-chain functions, w-stacking, sugar
conformational effects and rearrangement of the donor—
acceptor sites within the uracil ring. It has been suggested
that the binding of hypermodified 5-substituted uridines/2-
thiouridines to adenosine (recognition of the 5'-NNA-3’
codons by the Watson-Crick base pairing) or to guanosine
(recognition of the 5-NNG-3’ codons by the wobble type
base pairing) is regulated by the presence of two modify-
ing elements: (i) a sulfur atom at the C2 position and (ii) a
substituent at the C5 position of uracil. The 2-thiouridines
exhibit enhanced hybridization with adenosine while their
pairings with guanosine are much weaker due to the less ef-
fective hydrogen bonding between the N1H donor of gua-
nine and the sulfur acceptor of 2-thiouracil (18,19) (Fig-

ure 1). Moreover, accommodation of such the U34-G wob-
ble base pair (employing the most stable keto tautomers of
U and G) on the ribosome is disadvantageous, and would
require a shift of modified U toward the major groove of
the codon-anticodon mini-helix (Figure 5A). This displace-
ment is not plausible due to the steric constraints of the
‘wobble’ site with the third codon letter fixed at the A-
site of the ribosome (80-82). In contrast, when guanosine
is located in the wobble position of the tRNA anticodon,
the respective G34-U wobble base pair (Figure 5B) (non-
isosteric to U34-G) (3,82) is well accommodated at the ri-
bosome, with the nucleoside 34 shifted toward the minor
groove. Thus, as confirmed by experimental data, the bind-
ing of R5U34 / R5S2U34 with G in the third codon position
can be realized rather by alternative, pre-structured uracil-
guanine base pairing employing the tautomeric or zwiteri-
onic form of modified units (Figure 4). Formation of such
pre-structured forms of modified nucleosides is determined
by influence of their modified elements on the electronic
density of the uracil ring that results in changes of the acid-
ity of their N3H proton.

We used a series of modified/hypermodified uridines (2)
and 2-thiouridines (1) and analyzed their pKa values (Ta-
ble 1) and the relative abundance of their ionized fractions
in aqueous solutions at the physiological pH (Table 2). For
majority of 2-thiouridines 1, the pKa values of the N3H
function are found to be lower by one unit than that of
the parent uridines 2, indicating the key involvement of
the sulfur atom on the increase of the N3H proton acid-
ity (easier formation of an anionic form, facilitated tau-
tomeric rearrangement). Furthermore, for 1f-h and 2f-h,
with mnm, cmnm and Tm C5-substituents, the pKa values
of their aminoalkyl groups exceed 9. Thus, at physiologi-
cal pH, these substituents are quantitatively protonated to
become the electron-withdrawing groups and further facil-
itate the departure of the N3H proton. The results of our
calculations (based on the measured pKa values) show that
at pH 7.4, the fraction of the N3-ionized forms of the 5-
aminoalkyl-modified 2-thiouridines 1f, 1g and 1h was 55,
52 and 67%, respectively. Since the pKa values of N3H in
uridines located in an RNA chain are higher by ca. 0.4
unit (25), the content of their ionized forms might be de-
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Figure 5. The spatial arrangement of the classical wobble U34-G (A) and G34-U (B), new wobble U34-G (C) (representing mnm5S2U-G base pair) and
H2U-G or geS2U-G (R = (¢) mnm) (D) in a mode analogous to the new wobble base pairs. The pyrimidine residue in (C) and 4-pyrimidinone residue
in (D) are shifted toward the minor groove of the codon-anticodon mini-helix, allowing to accommodate at the ribosome in the G34 cavity. For (C) R =
substituent with an aminoalkyl group (as in 1f-h, Table 1), for (D) R = mnm or cmnm.

creased by ca. 20%, but is still significant (Table 2, data in
brackets). Importantly, Tm5U (2h) bearing the 2-oxo func-
tion was also substantially ionized (43%). Thus, the tauri-
nomethyl side chain appears to be the main determinant of
the electronic structure of 1h and 2h units in mitochondrial
tRNAs. Incorrect maturation of the mt-tRNA often results
in the absence of taurine modification in the U34/S2U34,
leading to the impaired reading of the G unit at the 3’-end of
the codon and ultimate development of mitochondrial dis-
orders (78). These severe biological alterations might be re-
lated to the loss of ability of the modified uridine 34 to adopt
the alternative pre-structured/tautomeric form allowing for
the non-standard base pairing (29). This hypothesis, based
on the contribution of the alternative tautomeric forms of
U34 in efficient reading of guanosine in the third position
of the codon, gets some support from our theoretical cal-
culations (Table 4), in which we assessed the stability of se-
lected model base pairs formed between various forms of
mlR5Ura and m9Gua. Although the classical Ug-G wob-
ble base pairs (Figure 4 and Table 4) are the most stable
among all investigated base pairs, their accommodation at
the ribosome, as mentioned above, is not allowed due to
the controlled size and shape of the wobble base pair cav-
ity (compare Figure SA and B) (3,26,80-82). Regardless the
presence of modification at the position 5 of the hetero-
cyclic ring, the E4 tautomers of the wobble R5U/R5S2U
units offer the energetically advantageous base pairing with
G (Ugs-G type, Figure 4, Table 4, data in bold), possible
for all kinds of the analyzed modifications. This happens
due to a lower energy cost of the formation of E4 versus
E2 (Table 3), further supported by creation of three hydro-
gen bonds in the C-G-like base pair. The exception is 5-
methylaminomethyl substituted m1S2U (5f), for which the
zwitterionic form is almost as stable as its E4 form (AGy
in water = 4.8 versus 4.3 kcal/mol, respectively, Table 3)
and this ZI form gives with m9Gua energetically more sta-
ble Uzi3,4)-G base pair (AH = —7.3 kcal/mol) than the E4
form (AH = —6.4 kcal/mol for Ugs-G base pair). These
data indicate the highest stability of this Uzj;34)-G model
base pair (corresponding to the mnmS5S2U-G base pair)
in a new wobble arrangement (called also ‘reverse wob-
ble’ (26)), which was previously suggested (4,25,83), and re-
cently found at the ribosome context (Supplementary Fig-
ure S5) (26).

Notably, in the pre-structured form of mnm5S2U (as in
Uzi3,4)-G base pair, Figure 5C) the nucleobase resembles a
4-pyrimidinone residue (Figure 5D). In our earlier studies
on the oxidative desulfuration of 2-thiouridine, we analyzed
such 4-pyrimidinone models at the nucleoside (H2U, Figure
5D, X = H, R = H) and RNA oligonucleotide (H2U-RNA)
levels (84). With the help of UV-melting and DSC (dif-
ferential scanning calorimetry) experiments, and theoreti-
cal modeling we have earlier demonstrated that the isolated
H2U-G base pair is thermally as stable as the isolated U-G
wobble base pair (AH = 10.0 versus 9.5 kcal/mol) (4,84).
The H2U-type uridines, analogous to those present in the
Uzi34)-G base pair, assure efficient binding (and recogni-
tion) of the complementary guanosines within the RNA du-
plex. The H2U model has identical donor/acceptor pattern
as the S-geranyl-2-thiouridine (49) discovered in vivo (Fig-
ure 5D, X = geS, R = (¢c)mnm), whose binding mode with
G is the same as that in H2U-G and in mnm5S2U-G new
wobble base pairs (84-86). Moreover, translation efficiency
of the glutamate 5'-GAG-3' over 5-GAA-3' codon with ger-
anylated tRNA was shown to be increased (49).

As proposed earlier (4,25,77-78,83), the ZI form of
mnm5S2U interacting with a guanosine residue has been
found recently in the crystal structure of Escherichia coli
tRNAD complexed with 70S ribosome and a short mRNA
fragment (26) (Supplementary Figure S5A). The presence
of a 2-thio modification together with a C5-aminoalkyl sub-
stituent appears to be essential for the formation of this
novel type wobble U34-G base pair. This conclusion is sup-
ported by other studies (30) demonstrating that the lack
of a sulfur atom in mnm5U evidently changes its pairing
with G. Thus, in the crystal of the anticodon stem-loop
tRNA fragment bound to the 30S ribosomal subunit with
a short mRNA fragment, the mnm5U-G base pair is pro-
posed to be bifurcated (Supplementary Figure S5B), with
two hydrogen bonds from N1H and N2H of G directed
toward the oxygen O2 of mnm5U. Although both these
base pairs (of mnmSU or mnm5S2U with G) differ only
by the heteroatom at position 2, their geometries are dif-
ferent; mnm5U adopts rather the Watson-Crick C-G like
geometry (as in Ugy-G, Figure 4), while the pre-structured
mnm5S2U preferentially interacts with G in the Uzi;34)-G
mode and the pyrimidine unit is shifted toward the minor
groove (Figures 4 and 5). Our theoretical calculations have
shown that the Ugy-G base pair for 4f (an oxo-analog) is
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more stable than of 5f (a thio-analog) (AH = —7.6 ver-
sus —6.4 kcal/mol), mostly because the H-bond with sul-
fur atom as a proton acceptor is weaker than the bond in-
volving oxygen. In turn, in zwitterionic 5f the charge dis-
tribution along the O4...N3...S2 edge is shifted toward O4,
due to higher electronegativity of the oxygen atom com-
pared to the sulfur atom (Supplementary Figure S3), while
its electrostatic potential map shows potential distribution
over bigger, more polarizable sulfur atom compared to O2
in the zwitterionic form of 4f (Figure 3). Despite of this, the
preferred mode of hydrogen bonding between ZI of 5f and
mIG is ascribed as Uzya4)-G base pair and not Ugzy2,3)-G,
for which the complex formation enthalpy is smaller (AH
= —5.6 versus —7.3 kcal/mol, Table 4).

Crystallographic studies of other examples of modi-
fied U34-G base pairs (identified in the crystal struc-
tures of tRNA/mRNA at the ribosomal environment)
confirm their preferred C-G like alignment for mem5SU
(CH,COOCH3) (28), cmo (OCH,COOH) (27) and Tm5U
(CH,NHCH,CH,SO3H) (29), modified units, except for
the mentioned above mnm5S2U-G base pair found in the
new wobble (reversed) mode (26). It should be pointed out
that the resolution of these structures was not higher than
2.5 A, so was not conclusive as to the conformation of the
sugar ring in the modified units found in the wobble posi-
tion. One may assume that the ribose in the E4 forms of
uridine units (bound according to the C-G like mode) will
adopt the C3’-endo sugar ring puckering, similar to their
diketo (47) and 4-O-methyl-uridine forms (87). However,
the zwitterionic forms in Uzy34)-G base pairs will probably
adopt preferentially the C2’-endo sugar ring conformation.
Our earlier studies have shown that both sugar rings of 4-
pyrimidinone models, that is of H2U and geS2U indeed in
solution adopt C2’-endo puckering to a higher extent that
their parent 2-thiouridine (47,88). Therefore, it seems that
the ‘wobble cavity’ at the ribosome exhibits some spatial tol-
erance for accommodation of diverse U34-G base pairs.

CONCLUSIONS

In the present study, we analyzed the importance of the elec-
tron density/ionization features of wobble uridines to un-
derstand their biological properties. Our results suggest that
the ionization features of the modified uridines U34 crit-
ical for the precise reading of genetic information are de-
termined by the electronic character of the C5-substituents
and by the presence of sulfur at C2 position. Our data offer
an explanation for the biological and crystallographic ob-
servations regarding the presence of pre-structured forms of
modified uridines and their contribution to the recognition
of purines at the 3’-ends of the NNA and NNG codons.
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