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Experimental and theoretical studies are carried out to determine the influence of thioketo substitution on the
properties of uracil and its noncovalent interactions with alkali metal ions. Bond dissociation energies of
alkali metal ion-thiouracil complexes, M+(SU), are determined using threshold collision-induced dissociation
techniques in a guided ion beam mass spectrometer, where M+ ) Li +, Na+, and K+ and SU) 2-thiouracil,
4-thiouracil, 2,4-dithiouracil, 5-methyl-2-thiouracil, and 6-methyl-2-thiouracil. Ab initio electronic structure
calculations are performed to determine the structures and theoretical bond dissociation energies of these
complexes and provide molecular constants necessary for thermodynamic analysis of the experimental data.
Theoretical calculations are also performed to examine the influence of thioketo substitution on the acidities,
proton affinities, and A::SU Watson-Crick base pairing energies. In general, thioketo substitution leads to
an increase in both the proton affinity and the acidity of uracil. 2-Thio substitution generally results in an
increase in the alkali metal ion binding affinities but has almost no affect on the stability of the A::SU base
pair. In contrast, 4-thio substitution results in a decrease in the alkali metal ion binding affinities and a significant
decrease in the stability of the A::SU base pair. In addition, alkali metal ion binding is expected to lead to an
increase in the stability of both single-stranded and double-stranded nucleic acids by reducing the charge on
the nucleic acid in a zwitterion effect as well as through additional noncovalent interactions between the
alkali metal ion and the nucleobases.

Introduction

The properties and chemical interactions of thiouracils are
of great interest as a result of their biological, pharmacological,
and spectroscopic activities. For example, a variety of thiouracils
including 2-thiouracil, 4-thiouracil, 2,4-dithiouracil, and 5-meth-
yl-2-thiouracil have been identified as minor components of
t-RNA and peptide nucleic acids.1-3 Studies have shown that
the inappropriate replacement of uracil by a thiouracil can be
responsible for misrecognition in m-RNA.4 Thiouracils and a
variety of their alkyl and amino derivatives have also demon-
strated pharmacological activities.1,5-20 For example, 2-thiouracil
and 4-thiouracil have been used as anticancer and antithyroid
drugs1,5,6 and for the treatment of heart disease.7,8 Similarly,
6-methyl-2-thiouracil has also been employed as an effective
antithyroid drug.9 In addition, a series of derivatives of
2-thiouracil and 4-thiouracil have demonstrated anticancer,10

antitumor,11,12 antithyroid,13,14 anti-HIV,15 anti-HBV,16 and
anestethic17 activities, as well as radioprotective effects against
chromosomal damage.18 Additionally, complexes of transition
metal ions with thiouracil derivatives have been shown to exhibit
anticancer and antimicrobial activity.19,20 Thus, the properties
and characteristics of thiouracils are of great interest in
pharmaceutical research and applications.

Thiouracils have also been employed in various analytical
applications, e.g., determination of metal ions such as copper,
silver, mercury, and platinum.21,22The thioketo groups are “soft”
and therefore act as very good ligands for transition metal ions,

exhibiting both strong and selective binding.23,24 In addition,
the thioketo group exhibits strong absorption bands in the visible
region that can be employed for the detection of thiouracils or
transition metal-thiouracil complexes. Thus, the properties and
characteristics of thiouracils are also of general chemical interest
and analytical utility.

In addition to the pharmaceutical and spectroscopic reasons
for examining metal ion interactions with thiouracils, participa-
tion of metal ions in biological processes is well known. The
presence of metal ions may influence the conformational
behavior and function of DNA and RNA. Metal ions are of
supreme importance in determining which structures nucleic
acids assume as well as the way in which they pack together.25

Alkali metal ions, and other hard metal ions, have a low
tendency to form covalent bonds and are therefore relatively
nonspecific binders. Their primary influence is to neutralize the
negative charges on the phosphate backbone, thereby stabilizing
the double helix.26-29 Their interaction with the nucleobases
also neutralizes the negative charges on the phosphate backbone
in a zwitterion effect.30 Metal ions that bind to the nucleobases
generally cause more profound effects on the conformation of
DNA and RNA31 than metal ions that bind to the phosphate
backbone. Thus, interaction of metal ions with the nucleobases
may provide supporting and fundamental information relevant
to biology, chemistry, and pharmacology.

A major focus of our recent work involves application of
quantitative threshold collision-induced dissociation (CID)
methods to obtain accurate thermodynamic information on
metal-ligand systems of biological and pharmaceutical rele-
vance.32-37 These data also provide absolute anchors for metal
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cation affinity scales over a broadening range of energies and
ligands. In the present paper we examine the interactions of
five thiouracils, 2-thiouracil (2SU), 5-methyl-2-thiouracil
(5Me2SU), 6-methyl-2-thiouracil (6Me2SU), 4-thiouracil (4SU),
and 2,4-dithiouracil (24SU), with the alkali metal ions Li+, Na+,
and K+. The structures of the neutral thiouracils are shown in
Figure 1 along with their calculated dipole moments and
estimated polarizabilities.38 Our study utilizes guided ion beam
mass spectrometry to measure the cross sections for CID of 15
alkali metal ion-thiouracil complexes with Xe. The kinetic-
energy-dependent CID cross sections are analyzed using meth-
ods developed previously39 that explicitly include the effects
of the internal and translational energy distributions of the
reactants, multiple collisions, and the lifetime for dissociation.
We derive absolute 0 and 298 K bond dissociation energies
(BDEs) for all alkali metal ion-thiouracil complexes and
compare these values to theoretical BDEs calculated here.
Comparison is also made to literature values for analogous
complexes of the alkali metal ions with uracil (U).32 The trends
in the measured and calculated BDEs are examined to determine
the effects of the position and extent of thioketo or thioketo
plus methyl substitution on the properties of uracil and its
noncovalent interactions with alkali metal ions. Theoretical
calculations are also performed to examine the influence of
thioketo or thioketo plus methyl substitution on the dipole
moments, polarizabilities, acidities, proton affinities, and Wat-
son-Crick base pairing energies as well as implications for the
stability of nucleic acids.

Experimental and Theoretical Section

Experimental Protocol. Cross sections for CID of M+(SU),
where M+ ) Li+, Na+, and K+ and SU) 2SU, 5Me2SU,
6Me2SU, 4SU, and 24SU, are measured using guided ion beam
mass spectrometers that have been described in detail previ-
ously.40,41The alkali metal ion-thiouracil complexes are formed
by condensation of the alkali metal ion and neutral thiouracil
in a flow tube ion source operating at a pressure in the range
from 0.5 to 0.7 Torr. The complexes are collisionally stabilized
and thermalized to room temperature by in excess of 105

collisions with the He and Ar bath gases such that ions
emanating from the source are well described by a 298 K
Maxwell-Boltzmann internal energy distribution. The ions are
effusively sampled, focused, accelerated, and focused into a
magnetic sector momentum analyzer for reactant ion selection.
Mass-selected ions are decelerated to a desired kinetic energy
and focused into an octopole ion guide. The octopole passes
through a static gas cell containing Xe42-44 at sufficiently low
pressure, 0.04-0.20 mTorr, that multiple ion-neutral collisions
are improbable. The octopole ion guide acts as an efficient radial
trap45 for ions such that scattered reactant and product ions are
not lost as they drift toward the end of the octopole. These ions
are focused into a quadrupole mass filter for mass analysis and
subsequently detected with a secondary electron scintillation
detector and standard pulse counting techniques.

In the present work, experiments for the Na+(SU) and K+(SU)
complexes were carried out in an instrument that employs a
880 kHz resonator for the quadrupole mass filter (QMF).
However, this set up exhibits significant mass discrimination
for detection of lowm/z product ions such as Li+. Therefore,
the Li+(SU) complexes were studied in another GIBMS
instrument41 that uses a 1.2 MHz resonator for the QMF to
improve the detection efficiency of Li+. It has previously been
show that this QMF oscillator does not suffer from the same
low mass discrimination encountered with the 880 kHz resona-
tor.46

Data Handling. Measured ion intensities are converted to
absolute CID cross sections using a Beer’s law analysis as
described previously.47 Errors in the pressure measurement and
uncertainties in the length of the interaction region lead to(20%
uncertainties in the cross-section magnitudes, while relative
uncertainties are approximately(5%.

Ion kinetic energies in the laboratory frame,Elab, are converted
to energies in the center-of-mass (CM) frame,ECM. All energies
reported below are in the CM frame unless otherwise noted.
The absolute zero and distribution of the ion kinetic energies
are determined using the octopole ion guide as a retarding
potential analyzer, as previously described.47 The distribution
of ion kinetic energies is nearly Gaussian with a fwhm in the
range from 0.2 to 0.5 eV (lab) for these experiments. The
uncertainty in the absolute energy scale is(0.05 eV (lab).

Because multiple ion-neutral collisions can influence the
shape of CID cross sections and the threshold regions are most
sensitive to these effects, each CID cross section was measured
twice at three nominal Xe pressures (0.05, 0.10, and 0.20
mTorr). Data free from pressure effects are obtained by
extrapolating to zero pressure of the Xe reactant, as described
previously.42,48Results reported below are due to single bimo-
lecular encounters.

Theoretical Calculations. Stable structures, vibrational
frequencies, and energetics for the neutral, deprotonated, pro-
tonated, and alkali metal ion-thiouracil complexes, as well as
the Watson-Crick base pairs between adenine and uracil (A::U)
and between adenine and the thiouracils (A::SU), and Na+-

Figure 1. Structures of uracil (U) and the thiouracils (SU). Properly
scaled and oriented dipole moments in Debye are shown for each as
an arrow. Values for dipole moments are determined from theoretical
calculations performed here. The estimated polarizabilities are also
shown.38
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bound A::SU base pairs, were obtained from theoretical
electronic structure calculations using Gaussian 98.49 Geometry
optimizations and vibrational analyses were performed at the
MP2(full)/6-31G* level for all systems except the A::U and
A::SU base pairs and the Na+(A::SU) base pair complexes,
where the larger size of these systems required use of the
B3LYP/6-31G* level of theory. When used to model the data
or calculate thermal energy corrections, the MP2(full)/6-31G*
and B3LYP/6-31G* vibrational frequencies are scaled by a
factors 0.9646 and 0.9804, respectively.50 The vibrational
frequencies and rotational constants of the ground state M+(SU)
complexes and neutral SU nucleobases are listed in Tables 1S
and 2S of the Supporting Information. Single point energy
calculations were performed at the MP2(full)/6-311+G(2d,2p)
level using the MP2(full)/6-31G* and B3LYP/6-31G* optimized
geometries. Zero point energy (ZPE) and basis set superposition
error (BSSE) corrections were included in determination of the
BDEs.51,52

In the present work, we only considered binding to these
thiouracils at the most favorable binding sites, the keto and
thioketo groups: O2 (S2) and O4 (S4). Stable minima were
found for all three alkali metal ions binding at both the O2 (S2)
and O4 (S4) positions for all five thiouracils. Binding to N1,
N3, or theπ electrons was not considered because these sites
have previously been shown to be much less favorable.32

To more clearly visualize the influence of thioketo and
thioketo plus methyl substitution on the electronic properties
of uracil, we also calculated electrostatic potential maps for the
ground state geometries of uracil and the thiouracils. The process
involves calculation of the interaction between a+1 probe
charge and every part of the electron density cloud of these
species. The electrostatic potential is then mapped onto an
isosurface of the total SCF electron density (0.04 au for the
maps generated in this work) of the species of interest. The
electrostatic potential maps generated via this procedure are then
color-coded according to their potential with the regions of
greatest electrostatic potential shown in red and those with the
least shown in blue.

Thermochemical Analysis.The threshold regions of the CID
cross sections are modeled using eq 1

where σ0 is an energy-independent scaling factor,E is the
relative translational energy of the reactants,E0 is the threshold
for reaction of the ground electronic and ro-vibrational state,
andn is an adjustable parameter that describes the efficiency
of kinetic to internal energy transfer.41 The summation is over
the ro-vibrational states of the reactant ions,i, whereEi is the
excitation energy of each state andgi is the relative population
of each state (Σgi ) 1).

The Beyer-Swinehart algorithm53 is used to evaluate the
density of the ro-vibrational states,i, and the relative populations
of those states,gi, are calculated from the 298 K Maxwell-
Boltzmann distribution appropriate for the reactants. Vibrational
frequencies and rotational constants of the reactant complexes
are determined as described in the Theoretical Calculations
section and listed in the Supporting Information in Tables 1S
and 2S, respectively. The average vibrational energies at 298
K of the thiouracils and alkali metal ion-thiouracil complexes
are also given in Table 1S. We estimated the sensitivity of our
analysis to the deviations from the true frequencies by scaling
the calculated frequencies by(10% as suggested by Pople et
al.54 The corresponding change in the average vibrational energy

is taken to be an estimate of one standard deviation of the
uncertainty in vibrational energy (Table 1S) and is included in
the uncertainties listed with theE0 values.

As described in detail elsewhere,39,55 statistical theories for
unimolecular dissociation are included in eq 1 to account for
the possibility that collisionally activated M+(SU) complex ions
do not dissociate on the time scale of our experiment (∼10-4

s). This requires sets of ro-vibrational frequencies appropriate
for the energized molecules and the transition states (TSs)
leading to dissociation. The former are given in Tables 1S and

Figure 2. Cross sections for the collision-induced dissociation of
M+(2SU) complexes with Xe as a function of collision energy in the
center-of-mass frame (lowerx-axis) and laboratory frame (upperx-axis).
Data for the M+ product channel are shown for a Xe pressure of 0.2
mTorr (b) and extrapolated to zero (O).

σ(E) ) σ0∑
i

gi (E + Ei - E0)
n/E (1)
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2S, while we assume that the TSs are loose and product-like
because the interaction between the alkali metal ion and
thiouracil is largely electrostatic, a treatment that corresponds
to a phase space limit (PSL), as described in detail elsewhere.39

In the present work the adiabatic 2-D rotational energy is treated
using a statistical distribution with explicit summation over the
possible values of the rotational quantum number.39

The model represented by eq 1 is appropriate for transla-
tionally driven reactions56 and has been found to reproduce CID
cross sections well. The model is convoluted with the kinetic
and internal energy distributions of both reactants, and a
nonlinear least-squares analysis of the data is performed to give
optimized values for the parametersσ0, E0, andn. The error
associated with the measurement ofE0 is estimated from the
range of threshold values determined for eight zero-pressure-
extrapolated data sets, variations associated with uncertainties
in the vibrational frequencies, and the error in the absolute
energy scale, 0.05 eV (lab). For analyses that include the RRKM
lifetime effect, the uncertainties in the reportedE0(PSL) values
also include the effects of increasing and decreasing the time
assumed available for dissociation by a factor of 2.

Equation 1 explicitly includes the internal energy of the ion,
Ei. All energy available is treated statistically because the
internal energy of the reactants is redistributed throughout the
M+(SU) complex upon collision with the Xe atom. Because
the CID processes examined here are simple noncovalent bond
fission reactions, theE0(PSL) values determined by analysis
with eq 1 can be equated to 0 K BDEs.57,58

Results

Cross Sections for Collision-Induced Dissociation.Experi-
mental cross sections were obtained for the interaction of Xe
with 15 M+(SU) complexes, where M+ ) Li+, Na+, and K+

and SU) 2SU, 4SU, 24SU, 5Me2SU, and 6Me2SU. Figure 2
shows representative data for the M+(2SU) complexes. All other
M+(SU) complexes exhibit similar behavior, and analogous
results for these systems are shown in Figure 1S in the
Supporting Information. The dominant process for all complexes
is loss of the intact neutral thiouracil in the CID reactions 2.

The magnitudes of the CID cross sections generally increase in
size from Li+ to Na+ to K+, largely because the thresholds
decrease in this same order. In several systems ligand-exchange

processes to form M+Xe are also observed as minor reaction
pathways, eq 3

The cross sections for these products are more than 2 orders of
magnitude smaller than those for the primary M+ product. It is
likely that such ligand-exchange processes occur for all com-
plexes but that the signal-to-noise in the other experiments was
not sufficient to differentiate the M+Xe product from back-
ground noise. These M+Xe cross sections will not be discussed
further as little systematic information can be extracted from
these products.

Threshold Analyses.The model of eq 1 was used to analyze
the thresholds for reactions 2 in 15 M+(SU) systems. The results
of these analyses are provided in Table 1, and representative
results are shown in Figure 3 for the M+(2SU) complexes.
Results for all other complexes are shown in Figure 2S of the
Supporting Information. In all cases the experimental CID cross
sections for reactions 2 are accurately reproduced using a loose
PSL TS model.39 Previous work has shown that this model
provides the most accurate assessment of the kinetic shifts for
CID processes for electrostatic ion-molecule complexes. Good
reproduction of the data is obtained over energy ranges
exceeding 2 eV and cross-section magnitudes of at least a factor
of 100. Table 1 also includes values ofE0 obtained without
including the RRKM lifetime analysis. Comparison of these
values with theE0 (PSL) values shows that the kinetic shifts
vary with the strength of the alkali metal ion-thiouracil
interaction such that the kinetic shifts are smallest for the K+

complexes, increase for the Na+ complexes, and are largest for
the Li+ complexes. This trend is expected because the kinetic
shift is correlated to the density of states of the activated
complex at the threshold, which increases with energy.

The entropy of activation,∆S†, is a measure of the looseness
of the TS and also a reflection of the complexity of the system.
It is largely determined by the molecular parameters used to
model the energized molecule and the TS but also depends on
the threshold energy. The∆S†(PSL) values at 1000 K are listed
in Table 1 and vary between 3 and 26 J/K mol across these
systems. The values are largest for the Li+(SU) complexes and
decrease with increasing size of the alkali metal ion in accord
with the threshold energies for these systems.

Theoretical Results.Theoretical structures for the neutral,
deprotonated, protonated, and alkali metalated SU nucleobases,

TABLE 1: Threshold Dissociation Energies at 0 K, and Entropies of Activation at 1000 Ka

M+L σ0
b nb E0

c (eV) E0(PSL) (eV) kinetic shift (eV) ∆S†(PSL) (J mol-1 K-1)d

Li +(2SU) 18.0 (1.0) 1.5 (0.1) 2.49 (0.05) 2.24 (0.06) 0.25 25 (2)
Na+(2SU) 10.3 (0.3) 1.2 (0.1) 1.57 (0.03) 1.45 (0.04) 0.12 22 (2)
K+(2SU) 28.8 (0.9) 1.2 (0.1) 1.10 (0.03) 1.07 (0.03) 0.03 19 (2)
Li +(5Me2SU) 11.5 (0.3) 1.7 (0.1) 2.71 (0.03) 2.21 (0.06) 0.50 26 (2)
Na+(5Me2SU) 3.9 (0.1) 1.0 (0.1) 1.70 (0.07) 1.47 (0.06) 0.23 25 (2)
K+(5Me2SU) 5.4 (0.9) 1.3 (0.1) 1.12 (0.04) 1.05 (0.03) 0.07 21 (2)
Li +(6Me2SU) 12.1 (1.0) 1.7 (0.1) 2.87 (0.05) 2.30 (0.06) 0.57 25 (2)
Na+(6Me2SU) 11.1 (0.4) 1.3 (0.1) 1.73 (0.03) 1.49 (0.04) 0.24 23 (2)
Na+(6Me2SU) 32.4 (1.9) 1.0 (0.1) 1.19 (0.05) 1.02 (0.04) 0.17 21 (2)
Li +(4SU) 9.1 (0.5) 1.7 (0.1) 2.50 (0.04) 2.21 (0.05) 0.29 24 (2)
Na+(4SU) 13.7 (1.0) 1.4 (0.1) 1.38 (0.06) 1.30 (0.05) 0.08 22 (2)
K+(4SU) 31.9 (2.6) 1.1 (0.1) 1.03 (0.08) 1.01 (0.06) 0.02 17 (2)
Li +(24SU) 11.4 (0.8) 1.6 (0.1) 2.00 (0.04) 1.82 (0.05) 0.18 20 (2)
Na+(24SU) 2.2 (1.4) 1.7 (0.3) 1.07 (0.07) 1.04 (0.06) 0.03 19 (2)
K+(24SU) 42.6 (1.7) 1.0 (0.1) 0.86 (0.03) 0.84 (0.03) 0.02 3 (2)

a Uncertainties are listed in parentheses.b Average values for loose PSL transition state.c No RRKM analysis.d Difference betweenE0 and
E0(PSL).

M+(SU) + Xe f M+ + SU + Xe (2)

M+(SU) + Xe f M+Xe + SU (3)
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as well as the A::U and A::SU Watson-Crick base pairs, were
calculated as described in the Theoretical Calculations section.
Details of the optimized geometries for the ground state
conformations of the neutral SU nucleobases, M+(SU) com-
plexes, and A::U and A::SU Watson-Crick base pairs are
provided in the Supporting Information, Table 3S. Results for
the most stable conformations of the Na+(SU) complexes are

shown in Figure 4 for each thiouracil.59 Structures for the
Li+(SU) and K+(SU) complexes are very similar to those for
Na+(SU) except for the M+-SU bond distance. The 0 K
calculated proton and alkali metal ion binding energies are listed
in Table 2. Independent ZPE and BSSE corrections are made
for all conformers listed. Geometrical parameters of the ground
state-optimized structures of the neutral, protonated, and alkali-
metalated SU nucleobases are summarized in Table 3. The
electrostatic potential maps of uracil and the thiouracils are
shown in Figure 5. The 0 K calculated acidities of the SU
nucleobases are listed in Table 4. The 0 K calculated base
pairing energies of the A::SU and Na+(A::SU) Watson-Crick
base pair complexes are listed in Table 5. The optimized
structures of the A::SU base pairs are shown in Figure 6, while
those for Na+(A::SU) base pair complexes are shown in Figure
7 and Figure 3S of the Supporting Information.

Electronic Properties.Thioketo substitution of uracil alters
its electronic properties (e.g., dipole moments, polarizabilities,
and electrostatic potential), which in turn alter the acidity, proton
affinity, and alkali metal ion binding affinities of uracil. Thus,
it is useful to examine changes in these electronic properties of
uracil upon thioketo substitution in order to understand how
these changes might alter the reactivity and stability of uracil
and nucleic acids. The calculated dipole moments and estimated

Figure 3. Zero-pressure-extrapolated cross sections for collision-
induced dissociation of the M+(2SU) complexes with Xe in the
threshold region as a function of kinetic energy in the center-of-mass
frame (lowerx-axis) and laboratory frame (upperx-axis). The solid
lines show the best fits to the data using eq 1 convoluted over the
neutral and ion kinetic-energy distributions. The dashed lines show the
model cross sections in the absence of experimental kinetic-energy
broadening for reactants with an internal energy corresponding to 0 K.

Figure 4. MP2(full)/6-31G* optimized geometries of Na+(U) and
Na+(SU), where SU) 2SU, 5Me2SU, 6Me2SU, 4SU, and 24SU.
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polarizabilities38 of uracil and the thiouracils are summarized
in Figure 1. In all cases, the center-of-mass and electron density
distribution of uracil is altered upon thioketo or thioketo and
methyl substitution, thereby enhancing both the dipole moment
and the polarizability of uracil. Thioketo substitution of uracil
at the 4-position leads to a larger increase in the dipole moment
than does substitution at the 2-position. Similarly, methylation
at the 6-position produces a larger increase in the dipole moment
than when substitution occurs at the 5-position. In contrast,
enhancement in the polarizability varies with the nature of the
substituent and extent of substitution but is insensitive to the
position(s) of substitution. Thioketo substitution results in a
larger increase in the polarizability than does methylation. The
estimated polarizability increases upon thioketo substitution from
9.69Å3 for U to 12.68 Å3 for 2SU and 4SU and to 15.77 Å3 for
24SU. Similarly, the polarizability increases upon methylation
from 12.68 Å3 for 2SU to 15.50 Å3 for 5Me2SU and 6Me2SU.
In the absence of other effects enhancements in the dipole
moments and polarizabilities of the thiouracils relative to uracil
should result in stronger binding in the M+(SU) complexes as
compared to the corresponding M+(U) complex.

The electrostatic potential maps of uracil and the thiouracils
were calculated as described in the Theoretical Calculations
section and are shown in Figure 5. As can be seen in the figure,
the regions of greatest electron density in uracil occur at the
keto oxygen atoms, O2 and O4, while significant electron
density also exists at N1, N3, and between the C5 and C6 atoms.
The electron density about the keto oxygen atoms is fairly
isotropic. Thioketo substitution significantly alters the local

TABLE 2: Calculated and Experimental Enthalpies of
Proton and Alkali Metal Ion Binding to Uracil and
Thiouracils at 0 K in kJ/mol

experiment theory

complex TCIDa binding site De
b D0

c D0,BSSE
d

H+(U) 866.6e O4 879.5 846.7 837.5
868 (13)f 867.6 835.5 826.4
835 (13)f O2 845.2 815.1 805.8

840.2 810.4 801.0
Li +(U)g 211.5 (6.1) O4 207.5 201.2 194.9

O2 192.0 186.7 180.5
π 68.3 65.0 56.5

Na+(U)g 134.6 (3.4) O4 146.2 142.5 134.5
O2 132.6 129.7 122.8

K+(U)g 104.3 (2.8) O4 110.8 107.8 103.8
O2 98.4 96.1 92.2

H+(2SU) 879.5 (8.8)h O4 879.5 846.9 837.6
867.8 836.4 827.2

S2 862.2 839.2 826.7
860.2 837.3 824.6

Li +(2SU) 216.2 (5.7) O4 205.0 199.2 192.8
S2 149.4 145.1 138.5

Na+(2SU) 139.8 (3.3) O4 143.5 140.2 133.1
S2 102.8 100.3 94.2

K+(2SU) 103.2 (2.6) O4 108.1 105.5 101.4
S2 72.2 70.6 67.4

H+(5Me2SU) O4 885.1 853.5 844.0
874.4 843.1 834.0

S2 876.5 853.6 841.0
874.5 851.8 839.2

Li +(5Me2SU) 213.3 (5.5) O4 205.0 199.4 193.0
S2 158.9 154.8 148.3

Na+(5Me2SU) 142.3 (5.5) O4 142.7 139.5 132.2
S2 110.8 108.4 102.4

K+(5Me2SU) 101.2 (2.8) O4 107.2 104.7 100.5
S2 78.8 77.4 74.2

H+(6Me2SU) O4 895.7 864.5 855.2
884.2 853.6 844.5

S2 874.2 851.5 839.1
872.1 849.9 836.8

Li +(6Me2SU) 222.0 (6.2) O4 214.0 208.5 202.1
S2 157.2 153.1 146.6

Na+(6Me2SU) 143.6 (3.8) O4 150.6 147.6 140.5
S2 109.5 107.1 101.1

K+(6Me2SU) 106.6 (3.5) O4 114.2 111.9 107.8
S2 77.8 76.4 73.2

H+(4SU) 882.8 (8.8)h S4 888.9 862.0 852.1
886.9 863.9 850.3

O2 846.9 817.2 807.9
842.6 813.4 804.0

Li +(4SU) 213.1 (5.0) O2 191.5 186.6 180.1
S4 158.6 153.8 147.3

153.7 148.8 142.3
Na+(4SU) 125.8 (4.7) O2 131.8 129.2 122.1

S4 109.7 107.3 101.3
106.7 103.6 97.6

K+(4SU) 97.3 (5.5) O2 97.2 95.8 91.7
S4 77.4 75.5 72.3

76.0 73.9 70.9
H+(24SU) 886.6 (11.7)h S4 888.4 863.6 851.7

886.6 861.7 850.0
S2 863.7 840.3 827.7

862.0 838.7 825.9
Li +(24SU) 175.1 (4.5) S4 156.5 151.6 144.9

152.4 147.3 140.6
S2 149.6 145.0 138.2

Na+(24SU) 100.2 (5.8) S4 107.7 104.6 98.4
105.3 102.2 95.8

S2 102.7 99.8 93.5
K+(24SU) 80.8 (2.8) S4 75.0 72.8 69.7

74.5 72.1 69.0
S2 71.9 69.9 66.6

a Threshold collision-induced dissociation except as noted.b Calcu-
lated at the MP2(full)/6-311+G(2d,2p) level of theory using MP2(full)/
6-31G* optimized geometries.c Including ZPE corrrections with fre-
quencies scaled by 0.9646.d Also includes BSSE corrections.e Ref 61.
f Ref 64.g Ref 32.h Ref 63.

Figure 5. Electrostatic potential maps of uracil and the thiouracils at
an isosurface of 0.04 au of the total SCF electron density.
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electrostatic potential but only minimally impacts the electro-
static potential of the remainder of the molecule. Clearly, the
sulfur atom is larger than the oxygen atom. This leads to the
electron density being distributed over a greater volume. Sulfur
is also less electronegative than oxygen, and therefore, less
electron density is localized around the sulfur nuclei. In addition,
the electron density around the sulfur nuclei is not nearly as
isotropic as it is around the oxygen nuclei and is slightly less
isotropic for thioketo substitution at the 4-position than at the
2-position. In either case, the electron density is greatest on the
sides of the sulfur atom, indicating sp2 hybridization. Thus, both
the strength and the geometry of noncovalent binding of protons
or metal ions to uracil as well as hydrogen bonding interactions
with uracil are likely to be altered upon thioketo substitution.
The effects of methylation on the electrostatic potential are less
significant in terms of its influence on the binding of protons
or metal ions or hydrogen bonding interactions with uracil,
primarily because the methyl group is not directly involved in
the binding. Clearly, the methyl group is much larger than the
hydrogen atom. However, the methyl group does not interfere
with binding at the O2 (S2) or O4 (S4) position. 5-Methylation

leads to a slight increase whereas 6-methylation leads to a
decrease in the electron density at S2. More importantly,
methylation at either position does not noticeably affect the
electron density at O4. Thus, the strength and geometry of
noncovalent binding of protons or metal ions to uracil as well
as hydrogen bonding interactions with uracil are unlikely to be
significantly influenced upon methylation at these sites.

Alkali Metal Ion Binding. The optimized structures obtained
for the isolated SU nucleobases and the M+(SU) complexes are
summarized in Tables 3 and 3S. Changes in the structure of
uracil and the thiouracils upon alkali metal ion complexation
are minor (Table 3). Similar to that found for uracil,32 the
calculations find that the preferred binding site for all three
alkali metal ions to 2SU, 5Me2SU, and 6Me2SU is at the O4
position. In all cases 2-thioketo substitution has very little effect
on the O4 binding affinities and results in a small decrease (∼3
kJ/mol) as compared to U, 5MeU, and 6MeU.32,34The CdO-
M+ bond angle is very nearly linear but shifted slightlyaway
from the adjacent N3H group and the direction of the global
dipole moment, Figure 1. Apart from the methyl hydrogen
atoms, all of these complexes are planar. In previous work on

TABLE 3: Geometrical Parameters of MP2(full)/6-31G* Geometry Optimized Structures of Protonated and Alkali Metalated
Uracil and Thiouracils

X4 bonding X2 bonding

bond length (Å) bond angle (deg) bond length (Å) bond angle (deg)

species C4dX M +-X N3-H ∠C4XM+ ∠N3C4XM+ C2dX M +-X N3-H ∠C2XM+ ∠N1C2XM+

Ua 1.226 1.017 1.223 1.017
H+(U)a 1.310 0.970 1.020 112.4 180.0 1.316 0.970 1.020 114.1 180.0

1.310 0.980 1.020 114.8 0.1 1.310 0.097 1.020 114.7 0.5
Li +(U)a 1.263 1.750 1.019 171.9 180.0 1.262 1.755 1.018 173.4 180.0
Na+(U)a 1.255 2.109 1.019 173.2 180.0 1.253 2.116 1.018 173.0 180.0
K+(U)a 1.249 2.482 1.018 174.7 180.0 1.247 2.493 1.018 173.1 180.0

2SU 1.220 1.018 1.648 1.018
H+(2SU) 1.310 0.970 1.020 112.3 180.0 1.730 1.341 1.020 95.5 (156.8

1.315 0.980 1.020 114.8 0.0 1.730 1.341 1.020 95.8 (27.4
Li +(2SU) 1.255 1.740 1.010 172.3 180.0 1.705 2.310 1.010 109.5 ( 58.9
Na+(2SU) 1.255 2.100 1.010 174.0 180.0 1.693 2.658 1.010 113.7 (52.3
K+(2SU) 1.249 2.480 1.019 175.6 180.0 1.678 3.097 1.010 134.4 (35.6

5Me2SU 1.220 1.010 1.650 1.010
H+(5Me2SU) 1.310 0.970 1.020 117.8 180.0 1.740 1.340 1.020 94.9 (149.3

1.319 0.980 1.020 114.6 0.0 1.740 1.340 1.020 95.0 (32.8
Li +(5Me2SU) 1.260 1.746 1.020 175.8 178.7 1.708 2.300 1.010 109.0 (57.2
Na+(5Me2SU) 1.250 2.100 1.010 177.3 179.9 1.696 2.651 1.010 113.2 (54.0
K+(5Me2SU) 1.252 2.483 1.010 177.3 178.0 1.682 3.080 1.010 133.3 (41.6

6Me2SU 1.227 1.010 1.650 1.010
H+(6Me2SU) 1.310 0.979 1.020 112.0 180.0 1.742 1.340 1.020 95.1 (155.9

1.310 0.970 1.020 114.5 0.0 1.742 1.340 1.020 95.1 (28.6
Li +(6Me2SU) 1.260 1.740 1.010 172.6 178.7 1.707 2.307 1.010 109.0 (54.4
Na+(6Me2SU ) 1.250 2.100 1.010 174.0 177.8 1.690 2.653 1.010 113.0 (51.2
K+(6Me2SU) 1.250 2.477 1.010 176.2 178.0 1.681 3.091 1.010 133.6 (33.5

4SU 1.645 1.010 1.222 1.010
H+(4SU) 1.724 1.340 1.020 95.3 180.0 1.317 0.970 1.020 114.6 0.0

1.720 1.340 1.020 96.9 0.0 1.310 0.970 1.020 114.1 180.0
Li +(4SU) 1.690 2.306 1.020 110.7 (146.8 1.263 1.750 1.020 173.8 180.0

1.696 2.300 1.020 112.9 (52.8
Na+(4SU) 1.680 2.657 1.020 116.2 (146.7 1.254 2.110 1.010 173.2 180.0

1.684 2.650 1.010 118.0 (49.4
K+(4SU) 1.670 3.070 1.020 138.2 180.0 1.249 2.490 1.010 173.0 180.0

1.660 3.070 1.020 145.4 0.0

24SU 1.646 1.010 1.222 1.010
H+(24SU) 1.726 1.340 1.020 95.2 180.0 1.740 1.340 1.020 94.9 (34.3

1.720 1.340 1.020 96.9 0.0 1.742 1.340 1.020 95.0 (151.8
Li +(24SU) 1.690 2.306 1.020 110.3 (144.5 1.700 2.311 1.020 109.1 (56.3

1.690 2.300 1.020 112.6 (53.1
Na+(24SU) 1.680 2.651 1.020 115.6 (145.2 1.254 2.659 1.010 113.2 (52.6

1.680 2.650 1.010 117.8 (48.2
K+(24SU) 1.671 3.070 1.020 139.1 180.0 1.249 3.104 1.010 133.4 (36.7

1.660 3.080 1.010 145.3 0.0

a Reference 32.
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uracil the O2 binding site was found to be less favorable than
O4 by 14.4, 11.7, and 11.6 kJ/mol for Li+, Na+, and K+,
respectively.32 In contrast, the calculations find two equivalent
and significantly less favorable binding sites at S2. The Cd
S-M+ bond angle varies from approximately 109° to 135° as
the metal ion changes from Li+ to K+ with the metal ion directed
toward the adjacent N3H group. In addition, the complexes are
no longer planar. The N-CdS-M+ dihedral angle varies from
approximately(59° to (34° as the metal ion changes from
Li+ to K+. The electrostatic potential maps of 2SU, 5Me2SU,
and 6Me2SU suggest that binding in the plane would be more
favorable as the electrostatic potential is greatest near the plane
of the molecule. However, repulsive interactions with the H

atom on the adjacent N3 atom make it more favorable for the
metal ion to bind out of the plane of the molecule. The dihedral
angle decreases as the size of the alkali metal ion increases
because the distance between the alkali metal ion and the
hydrogen atom is longer and therefore experiences reduced steric
repulsion. The dihedral angles are slightly larger for 5Me2SU
than 2SU and 6Me2SU because the 5-methyl substituent leads
to greater electron density out of the plane near S2. Analogous
starting structures in which the alkali metal ion binds at S2 but
is directed toward the N1H group always converged to one of
the two above structures in which the alkali metal ion is directed
toward the N3H group. The larger size of the sulfur atom and
therefore longer M+-S2 bond (Table 3) as well as the decreased
electrostatic potential around the sulfur atom make the S2

TABLE 4: Calculated Enthalpies of Deprotonation of Uracil and Thiouracils at 0 K in kJ/mola

theory (MP2(full)) literature

species
deprotonation

site De D0
b D0,BSSE

c experimentd theorye CBS-Qf

U N1 1422.5 1387.0 1377.0 1393 (17) 1391.0g 1390.7
1393 (21)h

1377d

1400h

1398i

2SU N1 1394.1 1360.3 1350.0 1364.2g

5Me2SU N1 1399.8 1365.7 1355.3
6Me2SU N1 1399.8 1365.6 1355.1
4SU N1 1388.5 1354.8 1344.9 1359.6g

24SU N1 1366.6 1333.7 1323.5 1338.8g

U N3 1475.3 1436.5 1426.4 1452 (17) 1447.1g 1440.7
1433d

1450h

1450i

2SU N3 1441.0 1404.9 1394.6 1401.0g

5Me2SU N3 1443.6 1407.7 1397.3
6Me2SU N3 1447.1 1411.1 1400.8
4SU N3 1447.3 1411.0 1400.6 1418.2g

24SU N3 1421.5 1386.4 1375.7 1392.4g

a MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G*.b Includes ZPE corrections.c Also includes BSSE corrections.d Ion-molecule reaction bracketing.
Reference 68.e Calculated at the B3LYP/6-31+G(d,p) level of theory, expect as noted.f Reference 34.g Reference 62.h Reference 69. Ion-molecule
reaction bracketing, calculated at the G3 level of theory.i Reference 71. Calculated at the B3LYP/aug-cc-pVTZ//B3LYP/6-31G(d) level of theory.

TABLE 5: Calculated Hydrogen Bond Lengths (Å) and
Enthalpies (kJ/mol) of Base Pairing of A::U, A::(SU),
Na+(A::U), and Na+(A::SU) at 0 Ka

hydrogen-bond
lengths

enthalpies
(MP2(full))

species N‚‚‚HN NH‚‚‚O (S) De D0
b D0,BSSE

c

A::Ud 1.830 1.929 69.9 63.9 51.0
A::2SU 1.896 1.895 71.3 65.6 51.2
A::4SU 1.902 2.462 65.4 60.6 47.0
A::5Me2SU 1.897 1.897 71.3 65.5 51.3
A::6Me2SU 1.897 1.890 71.0 65.4 50.9
A::24SU 2.075 2.393 58.5 54.0 40.3
Na+N3(A::U)d 1.831 1.927 88.0 82.1 68.4
Na+N3(A::2SU) 1.878 1.915 95.7 90.1 74.8
Na+N3(A::4SU) 1.884 2.626 92.4 88.1 72.4
Na+N3(A::24SU) 2.023 2.751 90.2 86.3 70.2
Na+(N7/NH2(A::U)d 1.950 1.815 86.6 81.2 68.0
Na+(N7/NH2(A::2SU) 1.998 1.820 87.8 84.6 70.7
Na+(N7/NH2(A::4SU) 1.972 2.377 82.8 80.3 66.4
Na+(N7/NH2(A::24SU) 2.105 2.332 80.6 78.6 64.2
Na+O2(A::U)d 1.894 2.240 124.9 117.5 99.9
Na+S2(A::2SU) 1.984 2.034 138.1 111.1 91.6
Na+O2(A::4SU) 1.973 2.794 123.1 117.9 100.4
Na+S2(A::24SU) 1.975 2.566 128.5 123.8 104.4
Na+O4(A::U)d 1.986 114.4 105.8 91.4
Na+O4(A::2SU) 2.055 114.9 108.6 93.7
Na+S4(A::4SU) 2.161 135.3 128.8 112.6
Na+S4(A::24SU) 2.283 135.3 129.8 111.6

a MP2(full)/6-311+G(2d,2p)//B3LYP/6-31G*.b Includes ZPE cor-
rections. corrections.c Also includes BSSE.d Reference 34.

Figure 6. B3LYP/6-31G* optimized geometries of A::U and A::SU
base pairs, where SU) 2SU, 5Me2SU, 6Me2SU, 4SU, and 24SU.40
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binding sites of 2SU less favorable than O4 by 54.3, 36.9, and
34.0 kJ/mol for Li+, Na+, and K+, respectively. Similar results
are found for 5Me2SU and 6Me2SU. However, the differences
in the O4 and S2 binding affinities of 5Me2SU are smaller
because the methyl group enhances the binding affinity at S2
more than it does at O4, as expected based upon the electrostatic
potential maps (Figure 5).

In contrast to that found for U,32 2SU, 5Me2SU, and
6Me2SU, the preferred binding site for all three alkali metal
ions to 4SU is at the O2 position. In all cases 4-thioketo
substitution has very little effect on the O2 binding affinities
and results in a small decrease (<1 kJ/mol) as compared to
U.32 This change in the preferred binding site clearly establishes
that oxygen is a better donor than sulfur. The CdO-M+ bond
angle is again very nearly linear and shifted slightlytoward
the adjacent N3H group and the direction of the global dipole
moment, Figure 1. All of these complexes are planar. In contrast,
the calculations find four, two equivalent pairs, considerably
less favorable binding sites at S4 for Li+ and Na+, while only
two, an equivalent pair, considerably less favorable binding sites
at S4 are found for K+. The CdS-M+ bond angle varies from
∼110° to 140° as the alkali metal ion varies from Li+ to K+,
where the structures with the metal ion directed toward the
adjacent C5H group are slightly more energetically favorable
than those directed toward the adjacent N3H group. The
complexes to Li+ and Na+ are nonplanar, whereas the K+

complexes are essentially planar. The N-CdS-M+ dihedral
angle varies from approximately(53° to (49° to 0° as the
alkali metal ion changes from Li+ to Na+ to K+. The dihedral
angle decreases as the size of the alkali metal ion increases
because the alkali metal ion is further from the adjacent
hydrogen atom and therefore experiences reduced steric repul-
sion. Again, the electrostatic potential map of 4SU suggests that
binding in the plane would be more favorable. However,
repulsive interactions with the hydrogen atom on the adjacent
C5 (or N3) atom make it more favorable for the alkali metal
ion to bind out of the plane of the molecule for Li+ and Na+,
whereas K+ is far enough from the hydrogen atom that it is
able to bind in plane. Again, the larger size of the sulfur atom
and therefore longer M+-S4 bond (Table 3) as well as the
decreased electrostatic potential around the sulfur atom make
the S4 binding sites of 4SU less favorable than O2 by 32.8,
20.8, and 19.4 kJ/mol for Li+, Na+, and K+, respectively.
Compared to the O4 site of U, binding at S4 is less favorable
by 47.6, 33.2, and 31.5 kJ/mol for Li+, Na+, and K+,

respectively, clearly indicating that oxygen binding is favored
over binding to sulfur.

In contrast to that found for uracil and all of the other
thiouracils examined here, the preferred binding site for all three
alkali metal ions to 24SU is at the S4 position. The lack of
oxygen binding sites reestablishes the 4-position as the most
favorable for cation binding. In all cases 2,4-dithioketo substitu-
tion results in a significant decrease in the alkali metal ion
binding affinities as compared to uracil and all of the other
thiouracils examined here, primarily because no oxygen donor
is available. This decrease in the binding affinities again clearly
establishes that oxygen is a better donor than sulfur. As might
be expected, the binding of alkali metal ions to 24SU parallels
that found for S4 binding to 4SU and S2 binding to 2SU both
in terms of the number and geometry of the stable conformers
and the strength of alkali metal ion binding.

Proton Affinities. The preferred site of protonation to U is
at the O4 position but results in greater structural perturbations
than alkali metalation. The CdO-H+ bond angle is 112.4° with
the proton directed away from the adjacent N3H group and the
direction of the permanent dipole moment. This indicates sp2

hybridization, in contrast to the CdO-M+ bond angles which
are nearly linear and more akin to binding to the thioketo group.
Three alternate and less stable proton binding sites are found
with similar CdO-H+ bond angles (Table 2). The second most
favorable binding site is also at the O4 position with the proton
directed toward the adjacent N3H group. Proton binding at this
site is less favorable by 9.7 kJ/mol. The other two favorable
binding sites are at the O2 position with the proton directed
toward N3H being more favorable than toward N1H. Proton
binding at these sites is less favorable than in the ground state
O4 binding conformation by 29.9 and 34.7 kJ/mol, respectively.
The results found for proton binding to the thiouracils are very
similar to that found for U. In all cases thioketo or thioketo
plus methyl substitution increases the proton affinity (PA) of
all four sites by 0.1-38.2 kJ/mol. In contrast to alkali metal
ion binding, the preferred site of protonation is always at the
4-position regardless of whether that corresponds to an oxygen
or sulfur atom. In 2SU, 2-thioketo substitution results in only a
small increase in the O4 PAs (<1 kJ/mol) and a much larger
increase in the S2 PAs (21-24 kJ/mol) as compared to uracil.
Methylation further enhances the PAs at all four sites. 5-Meth-
ylation enhances the O4 PAs by∼7 kJ/mol and the S2 PAs by
∼15 kJ/mol, whereas 6-methylation enhances the O4 PAs by
∼18 kJ/mol and the S2 PAs by∼12 kJ/mol as compared to
2SU. In contrast, 4-thioketo substitution results in only a small
increase in the O2 PAs (<3 kJ/mol) and a much larger increase
in the S4 PAs (15-24 kJ/mol) as compared to uracil. In 24SU
the increase in the S2 and S4 PAs is fairly similar,∼22-25
and 14-24 kJ/mol, respectively. These results clearly indicate
that binding of protons by sulfur is more favorable than oxygen
in contrast to that found for the alkali metal ions. This trend
parallels that found for the isolated atoms, where sulfur is known
to have a greater PA (664.3 kJ/mol) than oxygen (485.2 kJ/
mol).60,61 These trends also parallel those found in previous
theoretical studies.62-67

Acidities. As one of the five commonly occurring nucleo-
bases, uracil is often thought of in terms of its basic character;
however, uracil exhibits acidic character as well. Substituents
can alter the acidity of the N1-H and N3-H bonds and thereby
affect its hydrogen bonding capabilities as well as the activities
of enzymes for which uracil is a substrate.1 To examine the
influence of thioketo and thioketo plus methyl substitution on
the acidity of uracil, theoretical computations were carried out

Figure 7. B3LYP/6-31G* optimized geometries of Na+X(A::2SU) base
pairs, where X) N3, N7/NH2, S2, and O4.
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as described in the Theoretical Calculations section. The
calculated gas-phase acidities of uracil and the thiouracils are
summarized in Table 4. Also listed in Table 4 are literature
values for the measured68,69 and calculated acidities62,68-71 of
U, 2SU, 4SU, and 24SU. Our calculations find that the N1
position of uracil is considerably more acidic than the N3
position, by 49.4 kJ/mol. In previous work we also calculated
the acidities of uracil at the CBS-Q level of theory.34 Those
calculations suggested that MP2 overestimates the N1 and N3
acidities of U but showed that the relative acidities were
accurately reproduced. Thus, the trend in the MP2 acidities
should be a good descriptor of the influence of thioketo or
thioketo plus methyl substitution on the acidity of the N1 and
N3 sites. The measured acidities of uracil also confirm that the
N1 site is more acidic than the N3 site but by a greater difference
than suggested by theory, 59 kJ/mol. Thioketo substitution leads
to an increase in the acidity of both sites. 2-Thioketo substitution
increases the acidity of the N3 site (25.6-31.8 kJ/mol) slightly
more than that of the N1 site (21.7-27.0 kJ/mol). In contrast,
4-thioketo substitution increases the acidity of the N1 site (32.1
kJ/mol) slightly more than the N3 site (25.8 kJ/mol). Thioketo
substitution at both the 2- and 4-positions produces a much
greater increase in the N1 and N3 acidities, 53.5 and 50.7 kJ/
mol, respectively.

Base Pairing.In nucleic acids uracil and thymine base pair
with adenine via two hydrogen bonds in which the O4 and N3H
atoms of U (T) 5MeU) interact with one of the amino H atoms
and N1 of adenine (A), respectively. In the calculations
performed here we only consider such Watson-Crick base
pairing. The optimized structures of the A::U and A::SU base
pairs are shown in Figure 6, while the hydrogen bond lengths
and base pairing energies are summarized in Table 5. The base
pairing energy of the A::U base pair is calculated to be 51.0
kJ/mol. Only a very small change in the base pairing energy is
observed for the base pairs involving 2-thioketo substitution,
A::2SU, A::5Me2SU, and 6Me2SU. The pairing energy in-
creases by 0.2 and 0.3 kJ/mol for A::2SU and A::5Me2SU,
respectively, and decreases by 0.1 kJ/mol for A::6Me2SU, as
compared to the unsubstituted A::U base pair. This small change
is not surprising because the sulfur substituent is not directly
involved in the hydrogen bonding interactions, and therefore,
only small changes in the geometry of these base pairs are found.
The NH‚‚‚O hydrogen bonds decrease in length from 0.032 to
0.039 Å while the N‚‚‚HN hydrogen bonds increase in length
from 0.066 to 0.067 Å in the A::2SU, A::5Me2SU, and
A::6Me2SU base pairs as compared to the unsubstituted A::U
base pair. In contrast, a significant decrease in the base pairing
energy is observed for the base pairs involving 4-thioketo
substitution. The pairing energy decreases by 4.0 and 10.7 kJ/
mol for A::4SU and A::24SU, respectively, as compared to the
unsubstituted A::U base pair. The large decrease in the pairing
energy arises primarily because the CdS bonds in 4SU and
24SU are∼0.4 Å longer than the CdO bonds. This difference
leads to a significant change in the geometry of the base pair
and a lengthening of both hydrogen bonds. The NH‚‚‚S
hydrogen bonds are 0.533 and 0.464 Å longer while the N‚‚‚HN
hydrogen bonds are 0.072 and 0.245 Å longer in the A::4SU
and A::24SU base pairs, respectively, as compared to the
corresponding hydrogen bonds in the unsubstituted A::U base
pair. Similar trends, but less accurate energetics, for 2SU and
4SU were found in earlier theoretical studies.72,73

Alkali Metalated Base Pairing. Alkali metal ion binding to
the A::2SU, A::4SU, and A::24SU base pairs was also examined.
Four Na+ binding sites were considered, binding at N3 or N7/

NH2 to A and O2 (S2) or O4(S4) binding to 2SU, 4SU, and
24SU. The N1 site of A was not considered as this is expected
to be much less favorable because both hydrogen bonding
interactions in the base pair would be disrupted by the metal-
ion binding at this site. In addition, binding at this site would
also result in significant puckering of the nucleotide backbone.
Such puckering would lead to further losses in stability
associated with disruption of the hydrogen bonding interactions
in neighboring base pairs. Other alternative Na+(A::SU) struc-
tures were not considered because the backbone of the nucle-
otide would not allow the bases to freely rotate to maximize
the binding interactions with the sodium ion. In previous work
the analogous Na+(A::U) base pairs were also calculated.34

Alkali metal ion binding is found to increase the stability of
the A::U and A::SU base pairs regardless of the binding site.
Binding to A at N3 increases the pairing energy by 17.4 kJ/
mol for the A::U base pair and by 23.6-29.9 kJ/mol for the
A::SU base pairs. The increase in stability of the base pair likely
arises as a result of the shortening of the N‚‚‚HN hydrogen bond.
Binding to A at the N7/NH2 chelation site increases the pairing
energy by 17.0 kJ/mol for the A::U base pair and by 19.5-
23.9 kJ/mol for the A::SU base pairs. The increase in stability
of the base pair upon binding at the N7/NH2 site arises from
the increased acidity of the amino hydrogen atom upon Na+

binding. This is clearly seen as a shortening of the NH‚‚‚O(S)
hydrogen-bond length. Binding to U or SU at the O2(S2)
position increases the pairing energy by 48.9 kJ/mol for the
A::U base pair and by 40.4-64.1 kJ/mol for the A::SU base
pairs. At first glance this is somewhat surprising as the length
of both hydrogen bonds are observed to increase upon Na+

binding. However, an additional metal chelation interaction with
the N3 site of A occurs leading to stronger binding. Binding to
U or SU at the O4(S4) position increases the pairing energy by
40.4 kJ/mol for the A::U base pair and by 42.5-71.3 kJ/mol
for the A::SU base pairs. Again, this is somewhat surprising as
Na+ binding at this site disrupts the NH‚‚‚O(S) hydrogen bond.
However, additional chelation interactions with the amino
nitrogen of A occur, leading to stronger binding. The effects
are much larger for the A::4SU and A::24SU base pairs because
Na+ also gets close enough to N1 to achieve additional
stabilization (Figure 3S).

When binding occurs at the N3 site, the base pairs remain
planar and no additional chelation interactions occur. In all other
cases Na+ binding distorts the base pair from planarity. In the
case of binding at N7, the base pairs distort only slightly from
planarity to allow Na+ to bind at the N7/NH2 chelation site
without loss of the hydrogen bonding interaction between the
amino group and the O4(S4) positions. When binding occurs
to U or SU at the O2(S2) or O4(S4) positions, the base pairs
distort from planarity to allow Na+ to interact with sites on both
nucleobases, thereby stabilizing the base pairs through additional
noncovalent interactions with the metal ion. Clearly the ad-
ditional noncovalent interactions with the metal ion overcome
the loss of stability associated with the nonideal hydrogen
bonding geometries in these complexes.

Discussion

Comparison between Theory and Experiment.The alkali
metal ion affinities of the thiouracils at 0 K measured by guided
ion beam mass spectrometry and calculated here are summarized
in Table 2. The agreement between theory and experiment is
illustrated in Figure 8. It can be seen that the agreement is quite
good for the Na+(SU) and K+(SU) complexes but less satisfac-
tory for the Li+(SU) complexes. The mean absolute deviations
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(MAD) between experiment and theory for the Na+(SU) and
K+(SU) systems are 4.0( 3.5 and 4.1 ( 4.4 kJ/mol,
respectively, comparable to the average experimental uncertainty
of 4.4 ( 1.3 kJ/mol. In contrast, the MAD for the Li+(SU)
complexes is much larger, 22.6( 6.3 kJ/mol. Theory systemati-
cally underestimates the BDEs for the Li+(SU) complexes. This
disparity may be a result of the higher degree of covalency in
the Li+-thiouracil interaction and suggests that this level of
theory is inadequate for an accurate description of complexes
to Li+. Similar results have been found for a variety of ligands
binding to Li+.32-34 Because such disparities have been observed
for a wide variety of Li+(ligand) complexes (including other
nucleobases) previously investigated, this issue is the subject
of another study being conducted in our laboratory. Preliminary
results of this latter study suggest that the basis sets typically
employed for Li+ (including those employed in the present
work) do not allow effective core polarization in the Li+(ligand)
complexes. Such core polarization appears to be very important
for an accurate description of Li+-ligand interactions, producing
an enhancement in the binding interaction of approximately
10%, a value fairly similar to the underestimation of the Li+-
thiouracil BDEs measured here.

Conversion from 0 to 298 K. The 0 K BDEs determined
here are converted to 298 K bond enthalpies and free energies.
The enthalpy and entropy conversions are calculated using
standard formulas and the vibrational and rotational constants
determined for the MP2(full)/6-31G*-optimized geometries,
which are given in Tables 1S and 2S. Table 4S lists 0 and 298
K enthalpy, free energy, and enthalpic and entropic corrections
for all systems experimentally determined along with the
corresponding theoretical values (Tables 1 and 2).

Trends in the Binding of Alkali Metal Ions to the Thio-
uracils. In all of the M+(SU) systems the measured BDE varies
with the metal ion such that Li+ binds ∼60% more strongly
than Na+, which in turn binds∼33% more strongly than K+.
Because these complexes are largely electrostatic in nature, this
is easily understood based upon the size of the alkali metal ion.
The smaller the ion, the shorter the metal-ligand distance and,
therefore, the greater the strength of the ion-dipole and ion-
induced dipole interactions. Simple correlations between the
measured M+-SU BDEs and the dipole moments or polariz-

abilities of these bases are not useful because the BDEs are
also influenced by the alignment of the metal ion with the dipole
moment and the nature of the donor atom (O versus S).

Theoretical examination of the Mulliken charges retained by
the alkali metal ion shows that for the M+(SU) complexes Li+

retains less charge (0.60-0.73 e) than Na+, which in turn retains
less charge (0.74-0.97 e) than K+ (0.87-0.99 e). These results
confirm the electrostatic nature of the binding but also dem-
onstrate that there is some covalency in the alkali metal ion-
thiouracil interaction. The degree of covalency increases as the
size of the alkali metal ion decreases such that Li+ > Na+ >
K+. The shorter the M+-ligand bond distance, the more
effectively the alkali metal ion is able to withdraw electron
density from the neutral thiouracil and thus the charge retained
by the alkali metal ion decreases. In addition, the charge retained
by all three alkali metal ions is lower when the alkali metal ion
binds to sulfur than when binding occurs to oxygen, indicating
that the degree of covalency is greater for M+-S than the
corresponding M+-O interactions. At first this result appears
counterintuitive. However, sulfur is softer, more polarizable,
and less electronegative than oxygen and thus more willing to
donate electron density to the alkali metal ion, thereby resulting
in more covalency in the M+-S bonds.

Influence of Thioketo Substitution on the Alkali Metal
Ion Binding Affinities of Uracil. As discussed above, variation
in the M+-SU BDEs with the alkali metal ion indicates that
binding in these complexes is largely electrostatic. Therefore,
the strength of the binding should be controlled by ion-dipole
and ion-induced dipole interactions. The effect that thioketo or
thioketo plus methyl substitution has upon binding can be
examined by comparing these M+(SU) systems to the corre-
sponding M+(U) systems. The strength of the ion-dipole
interactions should correlate with the magnitude of the dipole
moments of U and the SU nucleobases and the alignment of
the alkali metal ion with the dipole moment vector in the M+(U)
and M+(SU) complexes. As discussed above, in all cases
thioketo or thioketo plus methyl substitution leads to an increase
in the dipole moment of uracil. This would suggest that binding
in all of the M+(SU) complexes should be stronger than that in
the M+(U) complexes, which is clearly not the case. However,
this conclusion ignores the alignment of the alkali metal ion
with the dipole moment of the nucleobase, which becomes
slightly poorer for all of the thiouracil complexes as compared
to the uracil complexes, and other effects such as the polariz-
ability and/or the position and nature of the donor atom. Thus,
it is difficult to quantify whether the effects of the larger dipole
moment or the poorer alignment with the dipole moment should
dominate or if these essentially cancel each other. In any event,
the relative alkali metal ion affinities of the thiouracils should
follow the order U< 2SU ≈ 5Me2SU < 24SU < 4SU <
6Me2SU if the ion-dipole interactions are the dominant
interaction in determining these trends. The strength of the ion-
induced dipole interactions should correlate with the polariz-
ability of the neutral thiouracil. The polarizability is not expect
to vary significantly with the position of substitution, and the
additivity method we used to estimate these polarizabilities is
not sensitive to such structural differences. As summarized in
Figure 1, the polarizability of uracil and the thiouracils follows
the order U< 2SU ≈ 4SU < 5Me2SU≈ 6Me2SU< 24SU.
This suggests that if the ion-induced dipole interactions dominate
the binding in these complexes, the M+(U) and M+(SU) BDEs
should follow that same order. Clearly, this is not the case,
suggesting that other factors dominate the binding. Careful
examination of the trends in the alkali metal ion affinities of

Figure 8. Theoretical versus experimental 0 K bond dissociation
energies (in kJ/mol) of M+(SU), where M+ ) Li + (O,b), Na+ (4,2),
and K+ (3,1) and SU) 2SU, 4SU, 24SU, 5Me2SU, and 6Me2SU.
Previously measured values for U are shown as open symbols,32 whereas
values measured here for SU are shown as closed symbols.
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the thiouracils shows that the nature of the donor atom cannot
be ignored. Oxygen is clearly a better donor than sulfur, and of
somewhat less importance, the 4-position is a better site for
binding when the 2- and 4-positions are occupied by the same
donor (both oxygen or sulfur). Taking these preferences into
account and the relative dipole moments of the thiouracils
provides a means by which the relative alkali metal ion BDEs
can be understood. 24SU is the weakest binder because it only
has sulfur donors. 4SU is the next weakest binder because
binding must occur at O2. The binding to U, 2SU, and 5Me2SU
is of very similar strength because the dipole moments do not
vary significantly, while binding to 6Me2SU is the strongest
because this ligand has the largest dipole moment.

Influence of Thioketo Substitution on the Proton Affinity
of Uracil. The calculated PAs of uracil and the thiouracils are
summarized in Table 2. In all cases thioketo and/or thioketo
plus methyl substitution results in an increase in the PA of uracil.
The relative PAs follow the order U≈ 2SU< 5Me2SU< 4SU
≈ 24SU< 6Me2SU. The increase in the PA upon 2-thioketo
substitution is very small (∼0.1 kJ/mol), whereas a much larger
increase is found for 4-thioketo substitution (∼14-15 kJ/mol).
This parallels the PAs of the binding site donor atoms, sulfur
and oxygen as noted above. Methylation of 2SU leads to a
further enhancement in the PA by 6.5 kJ/mol for 5Me2SU and
17.7 kJ/mol for 6Me2SU in accord with its affect on the dipole
moments of these nucleobases. Also given in Table 2 are the
measured PAs of U, 2SU, 4SU, and 24SU.61,63,64In contrast to
theory, the measured PAs follow the order U< 2SU< 4SU<
24SU. The experimental results agree with theory in that
2-thioketo substitution has a smaller effect on the PA than
4-thioketo substitution but suggest that thioketo substitution
significantly impacts the PA even when the proton is not bound
to that site.

Influence of Thioketo Substitution on the Acidity of
Uracil. The calculated acidities of uracil and the thiouracils are
summarized in Table 4. Also given in Table 4 are literature
values for the measured68,69and calculated34,62,68-71 acidities of
U as well as the calculated acidities of 2SU, 4SU, and 24SU.62

In all cases thioketo substitution results in an increase in the
acidity of uracil that is only mildly dependent upon the position
of substitution, but strongly dependent upon the extent of
substitution. 2-Thioketo substitution increases the acidity of
uracil by 27.0 kJ/mol, whereas the effect of 4-thioketo substitu-
tion is somewhat greater and results in a 32.1 kJ/mol increase
in the acidity. The effects of dithioketo substitution are nearly
additive such that the acidity of 24SU increases by 53.5 kJ/mol
as compared to U. Methylation of 2SU leads to a small decrease
(∼3-6 kJ/mol) in the acidity regardless of the position of
substitution. Because sulfur is larger and more polarizable than
oxygen, the deprotonated anions of the thiouracils will be more
stable than those for uracil because the negative charge is spread
over a larger volume. This simple explanation suggests that the
position of substitution is not very important in determining
the acidity. Dithioketo substitution increases the volume or
decreases the charge density of the deprotonated anion even
further and thus leads to an even greater enhancement in the
acidity. Methylation decreases the acidity because the methyl
substituents are electron donating. Methylation therefore leads
to greater electron density in the aromatic ring, thereby
destabilizing the deprotonated anion and reducing the acidity.

Implications for Nucleic Acid Stability. The present results
allow predictions for metal-induced and thioketo-substitution-
induced stability changes in nucleic acids. In previous work we
examined the metal-induced stability changes by examining the

influence of binding Na+ to the A::U base pair.32 We extend
that work to include Na+ binding to the A::2SU, A::4SU, and
A::24SU base pairs. Binding of Na+ to the O2(S2) and O4(S4)
sites of the base pairs is found to be more favorable than binding
to the N7/NH2 and N3 sites of A. In addition, binding of Na+

to the base pairs is found to increase the pairing energy by 17.0-
71.3 kJ/mol and therefore suggests that alkali metal cationization
should increase the stability of nucleic acids. However, alkali
metal cationization causes the base pairs to distort from planarity
and could weaken hydrogen bonding interactions between
nearby base pairs. This would reduce the stabilization gained
from the additional chelation interactions with the alkali metal
ion and impact the stability of the nucleic acid to a lesser extent
than for the isolated base pair. These effects are slightly larger
for 2SU and even larger for 4SU and 24SU, which contrast the
trends in the alkali metal ion binding affinities for the isolated
nucleobases. The presence of the alkali metal ion would also
tend to increase the strength of base stacking interactions via
cation-π interaction of the alkali metal ion with the adjacent
nucleobases. Thioketo substitution at either the 2- or 4-position
should lead to a small increase in the strength of the stacking
interactions as a result of the enhanced polarizability. Thus,
alkali metal ion binding to thiouracil nucleobases should increase
the stability of nucleic acids by reducing the charge on the
nucleic acid via a zwitterion effect as well as through additional
noncovalent interactions between the alkali metal ion and the
nucleobases and stacking interactions between the bases.

As discussed above, thioketo substitution alters many proper-
ties of uracil, e.g., dipole moment, polarizability, acidity,
basicity, and its interactions with alkali metal ions. The enhanced
acidity of the N1H position would tend to decrease the stability
of thioketo-substituted nucleic acids, making the base more
susceptible to cleavage of the glycosidic bond. The N1 hydrogen
is also lost during RNA formation, and therefore, the enhanced
N1H acidity might facilitate this process and also affect the
dynamics of DNA transcription. During the transcription of
DNA U and A comprise the base pairs. It is known that the
stability of DNA is controlled by the strength of hydrogen
bonding in the base pairs as well as stacking interactions
between adjacent base pairs. In double-stranded DNA thymine
base pairs with adenine via two hydrogen bonds in which the
O4 and N3H atoms of T interact with one of the amino H atoms
and N1 of A, respectively. The strength of hydrogen bonding
in the A::U (A::T) base pairs is controlled by the acidity of
N3H and the PA of the less favorable O4 (S4) binding site.
The increase in the PA of this site upon thioketo substitution
would tend to strengthen the hydrogen bonding interactions in
the A::SU base pairs. Likewise, the greater acidity of the N3H
position would tend to make this site a better proton donor,
resulting in stronger hydrogen bonding interactions. Overall
these effects might be expected to stabilize base pairing for the
2-thioketo-substituted uracils and lead to a small increase in
the stability of the A::SU base pairs. However, this effect is
quite small as the calculated enhancement in the base pairing
energy for the 2-thioketo-substituted uracils is<1 kJ/mol. These
effects might also be expected to stabilize base pairing for the
4-thioketo-substituted uracils. However, the longer CdS bond
leads to significant distortion of the A::SU base pair and a
decrease in the pairing energy.

Theoretical studies74,75have shown that in DNA the stacking
interaction between the nucleobases is mainly controlled by
dispersion energy, which is proportional to the polarizabilities
of the interacting molecules. These studies74,75 also concluded
that the nucleobases stack in the antiparallel direction of the
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dipole moments as a result of dipole-dipole interactions
between nucleobase pairs. Because thioketo substitution alters
the magnitude and direction of the dipole moment as well as
the polarizability of U, these changes might induce minor
conformational changes in DNA and alter the strength of the
stacking interactions, both of which are likely to produce
additional effects upon their functions as suggested by previous
studies. These effects are expected to be somewhat smaller for
2-thioketo-substituted uracils than 4-thioketo-substituted uracils
because the sulfur substituent is directly involved in the
hydrogen bonding interactions and the changes in the magnitude
and direction of the dipole moment are more significant in the
latter species.

Conclusions

The kinetic-energy dependence of the collision-induced
dissociation of M+(SU), where M+ ) Li+, Na+, and K+ and
SU ) 2-thiouracil, 4-thiouracil, 2,4-dithiouracil, 5-methyl-2-
thiouracil, and 6-methyl-2-thiouracil, with Xe are examined in
a guided ion beam mass spectrometer. The dominant dissociation
process is loss of the intact neutral thiouracil. Thresholds for
these processes are determined after consideration of the effects
of reactant internal energy, multiple collisions with Xe, and
dissociation lifetime. Insight into the structures and binding of
alkali metal ions to the thiouracils as well as the effects of
thioketo substitution on the proton affinities, acidities, and base
pairing energies is provided by ab initio calculations. Very good
agreement between the experimentally determined and theoreti-
cally calculated alkali metal ion affinities is obtained for the
Na+(SU) and K+(SU) complexes, suggesting that these ligands
can act as reliable anchors for the alkali metal ion affinity scales
and broaden the range of ligands available as absolute thermo-
chemical anchors. The calculated BDEs for the Li+(SU)
complexes are found to be systematically lower than the values
measured here. These discrepancies are not completely under-
stood but appear to be a result of several subtle electronic effects
that require the use of basis sets that allow core penetration to
accurately predict the BDEs in the Li+(SU) systems. Further,
the combined experimental and theoretical results provide an
understanding of the influence of alkali metal ion binding and
thioketo substitution on the structure and stability of nucleic
acids. Alkali metal ion binding is expected to increase the
stability of both single-stranded and double-stranded nucleic
acids by reducing the charge on the nucleic acid in a zwitterion
effect as well as through additional noncovalent interactions
between the alkali metal ion and the nucleobases. Thioketo
substitution is found to further influence the stability of nucleic
acids by increasing the proton affinity and acidity of uracil. The
effect of thioketo substitution on the alkali metal ion binding
affinity as well as the stability of the A::U base pair is dependent
upon the position of substitution. 2-Thioketo substitution leads
to an increase in both the alkali metal ion binding affinity and
the base pairing energy, whereas 4-thioketo substitution leads
to a decrease in both. The latter differences in the effects of 2-
versus 4-thioketo substitution may explain why 2-thioketo-
substituted uracils are found more often in nature than 4-thioketo-
substituted uracils.
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(74) Hobza, P.; Sˇponer, J.; Pola´šek, M. J. Am. Chem. Soc. 1995, 117,

792.
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