
International Journal of Mass Spectrometry 241 (2005) 225–242

Influence of methylation on the properties of uracil and its noncovalent
interactions with alkali metal ions

Threshold collision-induced dissociation and theoretical studies

Zhibo Yang, M.T. Rodgers∗

Department Of Chemistry, Wayne State University, Detroit, MI 48202, USA

Received 16 November 2004; accepted 29 November 2004
Available online 30 December 2004

Abstract

The influence of methylation on the properties of uracil and its noncovalent interactions with alkali metal ions is investigated both ex-
perimentally and theoretically. Threshold collision-induced dissociation (CID) of M+(xMeU) with Xe is studied in a guided ion beam mass
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pectrometer. M+ include the following alkali metal ions: Li+, Na+, and K+. Five methylated uracils are examined,xMeU = 1-methyluracil
-methyluracil, 6-methyluracil, 1,3-dimethyluracil, and 5,6-dimethyluracil. In all cases endothermic loss of the intact nucleobase is

nant reaction pathway, while ligand exchange to produce MXe+ is observed as a minor reaction pathway. The threshold regions of the
ections are interpreted to extract 0 and 298 K bond dissociation energies (BDEs) for M+ xMeU after accounting for the effects of multip
on-neutral collisions, kinetic and internal energies of the reactants, and dissociation lifetimes. Ab initio calculations at the MP2(fullG*
evel of theory are used to determine the structures of these complexes and provide molecular constants required for the th
al analysis of the experimental data. Theoretical bond dissociation energies are determined from single point energy calcula
P2(full)/6–311+G(2d,2p) level using the MP2(full)/6–31G* geometries. Excellent agreement between theory and experiment is fou

he Na+ and K+ systems, while theory systematically underestimates the strength of binding in the Li+ systems. Theoretical calculations
lso performed to examine the influence of methylation on the acidities, proton affinities, and Watson–Crick base pairing energies.
esults are compared to earlier studies of uracil and 5-methyluracil to more fully elucidate the influence of methylation on the pro
racil, its noncovalent interactions with alkali metal ions, and nucleic acid stability.
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. Introduction

The structure and properties of nucleic acids are pro-
oundly influenced by their interactions with metal ions[1].
etal ions are crucial in determining which of numerous

tructures nucleic acids can assume and the ways in which
hey pack together[2]. Metal ions represent one of the many
actors that stabilize a conformer than does not require metal
ons. For example, alkali metal ions are known to stabilize
he B form of DNA. Binding of metal ions to the nucleobases
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generally leads to more profound effects on DNA confor
tion than binding to the phosphate backbone[3]. Metal ions
have also been observed to lead to the formation and
lization of rare or minor tautomers of the nucleobases[1].
Such modification of the nucleobases could, further, pr
gate into the formation of mispairs and lead to mistake
genetic information transfer. Rare, minor, or modified nu
obases occur in small amounts in some nucleic acids. M
fied nucleobases are particularly prominent in transfer RN
comprising up to 10% of the nucleobases present[4]. Methyl
derivatives are the most common, but other functionalitie
also observed, e.g., hydrogenation, thio-, or halo-substitu
Such modifications are particularly important in the st
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of drug interactions with nucleic acids[5–8]. Nucleobase
modifications, and in particular methylation, have been im-
plicated in many forms of mutagenesis and carcinogenesis
[9–12]. In addition, several methyl-substituted uracils have
exhibited potent inhibitory behavior towards thymidine phos-
phorylase that might allow such nucleobases to be employed
for anti-tumor[13], anti-cancer[14–17], anti-viral [18], and
anti-HIV [19] applications. Metal complexes of derivatives
of the naturally occurring nucleobases have also shown anti-
tumor and anti-viral activity[20,21]. In previous work, we
examined the influence of halogenation on the properties of
uracil, its noncovalent interactions with alkali metal ions, and
the implications for nucleic acid stability[22]. In the cur-
rent study, we extend this work to examine the effects of
methylation.

In this work, we use guided ion beam mass spectrometry
to collisionally excite complexes of the alkali metal ions: Li+,
Na+, and K+, bound to a variety of methyl-substituted uracils,
xMeU = 1-methyluracil (1-MeU), 3-methyluracil (3-MeU),
6-methyluracil (6-MeU), 1,3-dimethyluracil (1,3-diMeU),
and 5,6-dimethyluracil (5,6-diMeU). The analogous com-
plexes of the alkali metal ions with uracil (U) and thymine
(T, 5-methyluracil, 5-MeU) were examined in earlier work
[23,24]. The structure of uracil and the various methyl-
substituted uracils examined here are shown inFig. 1 along
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and 5-MeU[23,24]. The trends in the measured and calcu-
lated BDEs are examined to determine the effects of methy-
lation on the properties of uracil and its noncovalent inter-
actions with alkali metal ions. Theoretical calculations are
also performed to examine the influence of methylation on
the acidities, proton affinities, and Watson–Crick base pairing
energies, and of alkali metalation on the Watson–Crick base
pairing energies. The trends in these values are examined to
assess the effects of methylation and alkali metalation on the
stability of nucleic acids.

2. Experimental and theoretical

2.1. Experimental protocol

Cross sections for collision-induced dissociation (CID) of
M+(xMeU), where M+ = Li+, Na+, and K+, andxMeU = 1-
MeU, 3-MeU, 6-MeU, 1,3-diMeU, and 5,6-diMeU are mea-
sured using a guided ion beam tandem mass spectrometer
that has been described in detail previously[27]. The alkali
metal ion-nucleobase complexes are formed by condensa-
tion of the alkali metal ion and nucleobase in a flow tube ion
source operating at pressures in the range from 0.7 to 1.1 Torr.
The complexes are collisionally stabilized and thermalized to
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stimated polarizabilities[25]. The kinetic energy-depende
ross sections for the collision-induced dissociation (C
rocesses are analyzed using methods developed prev

26]. The analysis explicitly includes the effects of the
ernal and translational energy distributions of the react
ultiple ion-neutral collisions, and the lifetime for dissoc

ion. M+ xMeU bond dissociation energies (BDEs) are
racted for 15 complexes, and compared to theoretical B
alculated here. Comparison is also made to literature v
or the analogous complexes of the alkali metal ions wi

ig. 1. Structures of uracil (U) and the methyluracils (xMeU). Properly sc
oments are determined from theoretical calculations performed her
oom temperature by greater than 10collisions with the He
nd Ar bath gases such that ions emanating from the s
egion are well described by a Maxwell–Boltzmann dis
ution at 298 K. The ions are extracted from the source
used, accelerated, and focused into a magnetic secto
entum analyzer for mass analysis. Mass-selected ion
ecelerated to a desired kinetic energy and focused in
ctopole ion guide. The octopole passes through a stat
ell containing Xe at sufficiently low pressures that mu
le ion-neutral collisions are improbable, 0.05–0.20 mT
he octopole ion guide acts as an efficient trap for ion

d oriented dipole moments in Debye are shown for each as an arrow
estimated polarizability is also shown[25].
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the radial direction. Therefore, loss of scattered reactant and
product ions in the octopole region is almost entirely elimi-
nated[28]. Xe is used here, and in general for all of our CID
measurements, because it is heavy and polarizable and there-
fore leads to more efficient kinetic to internal energy transfer
in the CID process[29–31]. Product and unreacted beam ions
drift to the end of the octopole where they are focused into
a quadrupole mass filter for mass analysis and subsequently
detected with a secondary electron scintillation detector and
standard pulse counting techniques.

Two different quadrupole mass filters were employed in
the present work, an 880 kHz and a 1.7 MHz oscillator with
mass ranges that extend up to 1000 and 200 Da, respectively.
The latter oscillator was purchased for use in experiments
with very low mass product ions, e.g., Li+, to overcome low
mass discrimination problems encountered with the 880 kHz
oscillator. The use of this new resonator significantly im-
proved collection of low mass ions. To ensure that the use
of this new oscillator did not influence our thermochemical
measurements, several systems were examined using both
oscillators. The shapes (energy-dependence) of the measured
CID cross sections were preserved and the threshold values
determined using both resonators were consistent within ex-
perimental error for all systems tested. The magnitudes of
the measured CID cross sections for the systems having low
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2.3. Theoretical calculations

Stable structures, vibrational frequencies, and energetics
for the neutral, deprotonated, protonated, and alkali metalated
xMeU nucleobases, as well as the Watson–Crick base pairs
between adenine and uracil (A::U), Na+ bound A::U base
pairs, and the A::xMeU base pairs, were obtained from ab ini-
tio electronic structure calculations using Gaussian 98[34].
Geometry optimizations and vibrational analyses were per-
formed at the MP2(full)/6–31G* level for all systems except
the base pairs where the larger size of these systems required
the use of the B3LYP/6–31G* level of theory. When used
to model the data or to calculate thermal energy corrections,
the MP2(full)/6–31G* and B3LYP/6-31G* vibrational fre-
quencies are scaled by factors of 0.9646 and 0.9804, respec-
tively. The vibrational frequencies and rotational constants
of the M+(xMeU) complexes andxMeU neutral nucleobases
are listed inTables 1 and 2. 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* geometries. Zero
point energy (ZPE) and basis set superposition error (BSSE)
corrections were included in the determination of the BDEs.
In very limited cases, the complete basis set extrapolation
protocol (CBS-Q) was also employed to help further assess
the accuracy of the theoretical calculations.
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reserved within the reported uncertainties.

.2. Data handling

Measured ion intensities are converted to absolute
ections using a Beer’s law analysis as described previ
32]. Errors in the pressure measurement and uncertaint
he length of the interaction region result in±20% uncertain
ies in the absolute cross section magnitudes, while re
ncertainties are approximately±5%.

Ion kinetic energies in the laboratory frame,Elab, are con
erted to energies in the center-of-mass frame,ECM. All en-
rgies reported below are in the CM frame unless other
oted. The absolute zero and distribution of the ion kin
nergies are determined using the octopole ion guide as

arding potential analyzer as previously described[32]. The
istribution of ion kinetic energies are nearly Gaussian w

whm in the range from 0.2 to 0.4 (lab) for these experime
he uncertainty in the absolute energy scale is±0.05 eV

lab).
Because multiple ion-neutral collisions can influence

hape of CID cross sections and the threshold region
ost sensitive to these effects, each CID cross section
easured twice at three nominal pressures (0.05, 0.10
.20 mTorr). Data free from pressure effects are obtaine
xtrapolating to zero reactant pressure, as described
usly[33]. Thus, cross sections subjected to thermochem
nalysis are due to single bimolecular encounters.
.4. Thermochemical analysis

The threshold regions of the reaction cross section
odeled using Eq.(1)

(E) =
σ0

∑

i

gi(E + Ei − E0)n

E
(1)

hereσ0 is an energy independent scaling factor;E, the rel-
tive translational energy of the reactants;E0, the threshol

or reaction of the ground electronic and ro-vibrational st
ndn is an adjustable parameter that describes the effic
f kinetic to internal energy transfer[35]. The summation i
ver the ro-vibrational states of the reactant ions,i, whereEi

s the excitation energy of each ro-vibrational state angi ,
he population of those states (�gi = 1). The populations o
xcited ro-vibrational levels are not negligible even at 29
s a result of the many low-frequency modes present in

ons. The relative reactivity of all ro-vibrational states, as
ected byσ0 andn, is assumed to be equivalent.

The Beyer-Swinehart algorithm[36] is used to evalua
he density of the ro-vibrational states, and the relative
lations,gi , are calculated for a Maxwell–Boltzmann dis
ution at the 298 K temperature appropriate for the react
he vibrational frequencies of the reactant complexes ar

ermined from ab initio theory calculations as discussed i
heoretical Calculations section. The average vibrationa
rgy at 298 K of the M+(xMeU) complexes is given inTable 1.
o account for the inaccuracies in the computed frequen
e have increased and decreased the prescaled frequ
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Table 1
Vibrational frequencies and average vibrational energies at 298 Ka

Species Evib (eV)b Frequencies (cm−1)

1-MeU 0.18 (0.02) 61, 104, 152, 215, 324, 373, 377, 453, 525, 608, 661, 692, 704, 745, 764, 781, 891, 959, 1035, 1141, 1155, 1197,
1229, 1335, 1368, 1393, 1452, 1466, 1479, 1519, 1651, 1761, 1772, 3020, 3109, 3127, 3141, 3186, 3483

Li+(1-MeU) 0.22 (0.02) 74, 83, 100, 128, 171, 266, 320, 369, 399, 413, 517, 610, 628, 673, 691, 723, 752, 755, 824, 922, 995, 1051, 1139,
1148, 1182, 1224, 1343, 1368, 1394, 1460, 1475, 1498, 1527, 1632, 1683, 1799, 3032, 3131, 3145, 3153, 3192,
3457

Na+(1-MeU) 0.24 (0.02) 47, 49, 94, 123, 165, 244, 257, 320, 372, 395, 477, 546, 610, 671, 692, 716, 752 (2), 796, 917, 985, 1048, 1139,
1152, 1183, 1229, 1343, 1364, 1393, 1459, 1476, 1493, 1521, 1637, 1698, 1794, 3031, 3128, 3142, 3151, 3190,
3466

K+(1-MeU) 0.24 (0.02) 40, 43, 89, 123, 161, 170, 250, 321, 374, 393, 469, 540, 611, 671, 693, 711, 751, 753, 791, 913, 979, 1046, 1140,
1155, 1184, 1232, 1343, 1363, 1393, 1459, 1477, 1488, 1519, 1641, 1711, 1790, 3030, 3126, 3140, 3150, 3188,
3473

3-MeU 0.18 (0.02) 79, 126, 151, 210, 342, 386, 390, 490, 527, 556, 571, 676, 695, 705, 762, 845, 887, 978, 1071, 1126, 1146, 1159,
1225, 1286, 1383, 1406, 1440, 1490, 1498, 1509, 1654, 1731, 1775, 3030, 3113, 3150, 3158, 3188, 3525

Li+(3-MeU) 0.22 (0.02) 71, 89, 117, 140, 180, 239, 344, 392, 420, 444, 523, 568, 630, 646, 685, 712, 729, 751, 859, 918, 998, 1090, 1123,
1141, 1163, 1234, 1274, 1383, 1418, 1454, 1499 (2), 1534, 1612, 1671, 1803, 3032, 3123, 3162, 3163, 3192, 3478

Na+(3-MeU) 0.23 (0.02) 47, 51, 108, 140, 173, 232, 244, 352, 393, 414, 513, 547, 571, 633, 683, 709 (2), 748, 850, 913, 990, 1087, 1125,
1142, 1163, 1233, 1280, 1382, 1415, 1449, 1500, 1502, 1524, 1625, 1681, 1798, 3029, 3118, 3160, 3161, 3190,
3486

K+(3-MeU) 0.23 (0.02) 40, 41, 107, 141, 170 (2), 228, 350, 395, 410, 508, 539, 572, 623, 685, 707, 709, 751, 849, 909, 987, 1085, 1126,
1143, 1163, 1232, 1283, 1381, 1413, 1446, 1501, 1504, 1517, 1634, 1690, 1795, 3026, 3112, 3159 (2), 3189, 3493

6-MeU 0.18 (0.02) 124, 126, 153, 195, 289, 368, 466, 485, 510, 554, 561, 619, 667, 696, 709, 778, 933, 964, 1020, 1048, 1052, 1177,
1231, 1326, 1365, 1403, 1419, 1479, 1485, 1508, 1671, 1761, 1799, 2996, 3071, 3111, 3177, 3489, 3510

Li+(6-MeU) 0.23 (0.02) 81, 82, 107, 149, 190, 197, 292, 363, 451, 500, 523, 558, 577, 638, 671, 704, 719, 720, 761, 942, 997, 1029, 1049,
1059, 1192, 1218, 1330, 1365, 1420, 1441, 1480, 1482, 1543, 1626, 1682, 1826, 3003, 3081, 3120, 3185, 3464,
3467

Na+(6-MeU) 0.24 (0.02) 48, 52, 113, 146, 186, 191, 243, 298, 368, 497, 516, 535, 561, 623, 646, 669, 701, 715, 759, 942, 987, 1027, 1049,
1055, 1188, 1227, 1328, 1365, 1420, 1432, 1481, 1482, 1532, 1638, 1698, 1821, 3002, 3080, 3118, 3183, 3473,
3475

K+(6-MeU) 0.24 (0.02) 42, 44, 117, 143, 170, 181, 192, 295, 370, 495, 510, 527, 563, 612, 637, 667, 703, 712, 760, 942, 982, 1026, 1050,
1053, 1186, 1231, 1328, 1365, 1420, 1425, 1481, 1482, 1526, 1646, 1710, 1818, 3002, 3079, 3117, 3181, 3479,
3481

1,3-diMeU 0.23 (0.02) 67, 91, 109, 128, 195, 238, 314, 358, 396, 399, 470, 501, 610, 670, 674, 699, 757, 787, 884, 936, 1009, 1079,
1139, 1140, 1145, 1166, 1244, 1286, 1352, 1389, 1429, 1460, 1472, 1478, 1498, 1508, 1520, 1652, 1727, 1748,
3020, 3030, 3110, 3113, 3126, 3141, 3160, 3184

Li+(1,3-diMeU) 0.27 (0.02) 66, 88, 97, 121, 126, 156, 223, 278, 313, 355, 397, 425, 427, 499, 606, 634, 678, 691, 696, 747, 823, 913, 938,
1023, 1067, 1137, 1142, 1148, 1175, 1225, 1271, 1358, 1394, 1430, 1461, 1475, 1498, 1500 (2), 1529, 1615,
1671, 1770, 3032 (2), 3123, 3131, 3144, 3153, 3164, 3189

Na+(1,3-diMeU) 0.28 (0.02) 42, 50, 95, 115, 121, 151, 218, 242, 270, 315, 361, 401, 420, 488, 521, 614, 678, 687, 696, 744, 798, 908, 939,
1017, 1071, 1138, 1143, 1147, 1173, 1230, 1277, 1356, 1391, 1429, 1461, 1475, 1497, 1500, 1501, 1524, 1626,
1680, 1765, 3029, 3030, 3117, 3128, 3142, 3152, 3162, 3187

K+(1,3-diMeU) 0.28 (0.02) 35, 39, 94, 114, 117, 149, 170, 213, 264, 314, 361, 401, 416, 483, 513, 615, 681, 685, 697, 746, 795, 905, 939,
1015, 1072, 1138, 1143, 1146, 1173, 1233, 1280, 1355, 1389, 1429, 1461, 1476, 1493, 1501, 1504, 1521, 1634,
1689, 1762, 3026, 3030, 3112, 3127, 3140, 3150, 3160, 3185

5,6-diMeU 0.24 (0.02) 46, 69, 101, 129, 169, 291, 301, 315, 378, 449, 461, 504, 556, 606, 609, 664, 696, 717, 756, 938, 960, 1039, 1045,
1056, 1122, 1184, 1232, 1302, 1366, 1408, 1413, 1418, 1486, 1488, 1489, 1514 (2), 1671, 1735, 1799, 2994,
2997, 3064, 3071, 3109, 3125, 3488, 3508

Li+(5,6-diMeU) 0.28 (0.02) 38, 78, 80, 100, 116, 166, 198, 286, 299, 314, 365, 435, 489, 515, 554, 605, 644, 667, 706, 720, 721, 761, 953,
977, 1030, 1036, 1048, 1137, 1221, 1227, 1285, 1365, 1418, 1424, 1446, 1472, 1486, 1493, 1504, 1550, 1625,
1656, 1824, 3001, 3008, 3072, 3094, 3103, 3120, 3464, 3473

Na+(5,6-diMeU) 0.29 (0.02) 18, 46, 51, 93, 112, 161, 190, 239, 284, 304, 318, 372, 461, 508, 524, 606, 629, 641, 666, 703, 718, 760, 948, 974,
1030, 1036, 1048, 1133, 1215, 1235, 1286, 1365, 1417, 1423, 1439, 1474, 1487, 1493, 1504, 1539, 1638, 1670,
1820, 2999, 3008, 3069, 3094, 3102, 3118, 3472, 3482

K+(5,6-diMeU) 0.30 (0.02) 34, 36, 42, 80, 108, 156, 168, 183, 285, 312, 334, 376, 457, 502, 521, 607, 616, 629, 667, 705, 719, 759, 942, 968,
1035, 1042, 1053, 1129, 1210, 1236, 1291, 1366, 1414, 1424, 1432, 1477, 1485, 1495, 1510, 1528, 1648, 1684,
1817, 2999, 3006, 3068, 3085, 3113, 3124, 3478, 3485

a Vibrational frequencies (scaled by 0.9646) are obtained from a vibrational analysis of the geometry optimized structures for these species obtained from
ab initio calculations performed at the MP2(full)/6–31G* level, degeneracies are listed in parentheses.

b Uncertainties listed in parentheses are determined as described in the text.



Z. Yang, M.T. Rodgers / International Journal of Mass Spectrometry 241 (2005) 225–242 229

Table 2
Rotational constants of M+(xMeU) in cm−1

Reactant Energized molecule Transition state

Da 2Db IDa 2Dc 2Db,d

Li+(1-MeU) 0.11 0.030 0.11 0.040 0.068
Na+(1-MeU) 0.11 0.019 0.11 0.040 0.0095
K+(1-MeU) 0.11 0.013 0.11 0.040 0.0047
Li+(3-MeU) 0.078 0.037 0.079 0.049 0.053
Na+(3-MeU) 0.078 0.023 0.079 0.049 0.0076
K+(3-MeU) 0.078 0.016 0.079 0.049 0.0028
Li+(6-MeU) 0.065 0.033 0.067 0.044 0.059
Na+(6-MeU) 0.065 0.020 0.067 0.044 0.0082
K+(6-MeU) 0.065 0.014 0.067 0.044 0.0043
Li+(1,3-diMeU) 0.074 0.027 0.075 0.035 0.057
Na+(1,3-diMeU) 0.074 0.018 0.075 0.035 0.0076
K+(1,3-diMeU) 0.074 0.013 0.075 0.035 0.0027
Li+(5,6-diMeU) 0.049 0.029 0.060 0.034 0.068
Na+(5,6-diMeU) 0.048 0.019 0.060 0.034 0.0065
K+(5,6-diMeU) 0.048 0.014 0.060 0.034 0.0034

a Active external.
b Inactive external.
c Rotational constants of the transition state treated as free internal rotors.
d Two-dimensional rotational constant of the transition state at the thresh-

old energy for dissociation, treated variationally and statistically.

by 10%. This encompasses the range of scale factors needed
to bring calculated frequencies into agreement with experi-
mentally determined frequencies found by Pople et al.[37]
The corresponding change in the average vibrational energy
is taken to be an estimate of one standard deviation of the
uncertainty in the vibrational energy (Table 1).

Statistical theories for unimolecular dissociation (Rice-
Ramsperger-Kassel-Marcus (RRKM) theory) of the colli-
sionally activated ions are also included in Eq.(1) to account
for the possibility that these ions may not have undergone dis-
sociation prior to arriving at the detector (∼10−4 s) [26,38].
In our analysis, we assume that the transition states (TSs) are
loose and product-like because the interaction between the
alkali metal ion and the nucleobase is largely electrostatic.
The best model for the TS of such electrostatically bound
complexes is a loose phase space limit (PSL) model located
at the centrifugal barrier for the interaction of M+ with xMeU
as described in detail elsewhere[26]. The parameters appro-
priate for the PSL model TS are the frequencies and rotational
constants of the products. Ro-vibrational frequencies appro-
priate for the energized molecules and the transition states
leading to dissociation are given inTables 1 and 2.

The model represented by Eq.(1) is expected to be appro-
priate for translationally driven reactions[39] and has been
found to reproduce CID cross sections well. The model is
c the
r on-
l give
o
r
t ero-
p ith un
c ssed

above), and the error in the absolute energy scale, 0.05 eV
(lab). For analyses that include the RRKM lifetime analysis,
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.

Eq. (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 ion upon collision with Xe. 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[40,41].

3. Results

3.1. Cross sections for collision-induced dissociation

Experimental cross sections were obtained for the interac-
tion of Xe with 15 M+(xMeU) complexes, where M+ = Li+,
Na+, and K+, and xMeU = 1-MeU, 3-MeU, 6-MeU, 1,3-
diMeU, and 5,6-diMeU.Fig. 2shows representative data for
the M+(1-MeU) complexes. Analogous behavior is observed
for all other M+(xMeU) complexes. As shown inFig. 2for the
M+(1-MeU) complexes, the dominant process for all com-
p CID
r
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or associated with the measurement ofE0 is estimated from
he range of threshold values determined for the eight z
ressure-extrapolated data sets, variations associated w
ertainties in the vibrational frequencies (scaling as discu
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lexes is the loss of the intact nucleobase base in the
eaction(2):

+(xMeU) + Xe → M+ + xMeU + Xe (2)

The magnitudes of the cross sections increase wit
reasing size of the alkali metal ion, primarily because
trength of the noncovalent interaction between the a
etal ion and the nucleobase decreases in this same
igand exchange processes to form MXe+ are also observe
s very minor reaction pathways in several of the sys
xamined here, reaction(3):

+(xMeU) + Xe → MXe+ + xMeU (3)

However, the cross sections for ligand exchange are
han two orders of magnitude smaller than those for the
ary CID pathway. It is likely that this ligand exchange p

ess occurs for all complexes, but that the signal to noi
he other experiments was not sufficient to differentiate

+Xe product from background noise. Because little sys
tic information can be extracted from these ligand exch
roducts, they will not be discussed further.

.2. Threshold analysis

The model of Eq.(1) was used to analyze the thresho
or reactions(2) in 15 M+(xMeU) systems. The results
hese analyses are provided inTable 3. Representative resu
re shown inFig. 3 for the M+(1-MeU) complexes. Ana
gous behavior is observed for all other M+(xMeU) com-
lexes. In every case, the experimental cross sections f
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Fig. 2. Cross sections for the collision-induced dissociation of the M+(1-
MeU) complexes with Xe as a function of collision energy in the center-
of-mass frame (lowerx-axis) and laboratory frame (upperx-axis), where
M+ = Li+, Na+, K+, parts a-c, respectively. Data for M+ product channel are
shown for a Xe pressure of 0.2 mTorr (�) and extrapolated to zero (©). The
cross section for the ligand exchange process to form M+Xe is also shown
when observed (�).

actions(2) are accurately reproduced using a loose PSL TS
model.26 Previous work has shown that this model provides
the most accurate assessment of the kinetic shifts for CID
processes for noncovalently bound ion-molecule complexes
[22,23,26,27,42–57]Good reproduction of the data is ob-

Fig. 3. Zero pressure extrapolated cross section for collision-induced dis-
sociation of M+(1-MeU) 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), where M+ = Li+, Na+, K+, parts a-c, respec-
tively. The solid line shows the best fit to the data using Eq.(1) convoluted
over the neutral and ion kinetic and internal energy distributions. The dotted
line shows the model cross sections in the absence of experimental kinetic
energy broadening for reactants with an internal energy corresponding to
0 K.

tained over energy ranges exceeding 2 eV and cross section
magnitudes of at least a factor of 100.Table 3also includes
threshold values obtained without including the RRKM life-
time analysis. The difference between these values and those
obtained including the lifetime analysis shows that the kinetic
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Table 3
Threshold dissociation energies at 0 k and entropies of activation at 1000 K of M+La

M+L σ0
b nb E0

c (eV) E0(PSL) (eV) Kinetic shiftd (eV) 	S†(PSL) (J mol−1 K−1)

Li+(1-MeU) 0.5 (0.1) 1.4 (0.1) 3.12 (0.05) 2.43 (0.07) 0.69 29 (2)
Na+(1-MeU) 15.0 (0.5) 1.1 (0.1) 1.83 (0.03) 1.56 (0.04) 0.27 26 (2)
K+(1-MeU) 32.8 (1.0) 1.2 (0.1) 1.24 (0.03) 1.15 (0.03) 0.09 22 (2)

Li+(3-MeU) 0.4 (0.1) 1.5 (0.1) 2.89 (0.06) 2.29 (0.07) 0.60 31 (2)
Na+(3-MeU) 14.7 (0.3) 1.2 (0.1) 1.71 (0.03) 1.49 (0.04) 0.22 28 (2)
K+(3-MeU) 28.6 (1.2) 1.2 (0.1) 1.17(0.05) 1.11 (0.03) 0.06 36 (2)

Li+(6-MeU) 0.2 (0.1) 1.6 (0.1) 2.97 (0.04) 2.30 (0.07) 0.67 26 (2)
Na+(6-MeU) 15.4 (1.7) 1.5 (0.1) 1.62 (0.08) 1.42 (0.06) 0.20 24 (2)
K+(6-MeU) 32.3 (2.5) 1.1 (0.1) 1.22 (0.08) 1.13 (0.06) 0.09 20 (2)

Li+(1,3-diMeU) 0.5 (0.1) 1.4 (0.1) 3.48 (0.06) 2.49 (0.08) 0.99 32 (2)
Na+(1,3-diMeU) 15.8 (0.6) 1.2 (0.1) 2.00 (0.04) 1.59(0.05) 0.41 29 (2)
K+(1,3-diMeU) 23.4 (1.6) 1.2 (0.1) 1.40 (0.04) 1.23 (0.03) 0.17 38 (2)

Li+(5,6-diMeU) 0.5 (0.1) 1.2 (0.1) 3.45 (0.07) 2.42 (0.07) 1.03 29 (2)
Na+(5,6-diMeU) 10.5 (1.2) 1.5 (0.1) 1.79 (0.06) 1.42 (0.05) 0.37 22 (2)
K+(5,6-diMeU) 40.8 (0.9) 0.9 (0.1) 1.38 (0.03) 1.17 (0.03) 0.21 21 (2)

a Uncertainties are listed in parentheses.
b Average values for loose PSL transition state.
c No RRKM analysis.
d Difference betweenE0 andE0(PSL).

shifts observed for these systems are largest for the com-
plexes to Li+ (0.60–1.03 eV), decrease for the complexes to
Na+ (0.20–0.41 eV), and are the smallest for the complexes to
K+ (0.06–0.21 eV). The observed kinetic shifts should cor-
relate directly with the density of states of the complex at
threshold, which depends on the measure BDE, as observed
(Table 3). The total number of vibrational modes varies for
these M+(xMeU) complexes: 42 for methyluracils (1-MeU,
3-MeU, and 6-MeU), and 51 for the dimethyluracils (1,3-
dimeu and 5,6-diMeU). The increased number of modes
available in the complexes to the dimethyluracils leads to
a greater density of states and, thus, larger kinetic shifts than
observed for the complexes to the methyluracils.

The entropy of activation,	S†, is a measure of the loose-
ness 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. Listed inTable 3,	S†(PSL)
values at 1000 K show modest variations, as expected based
on the similarity of these systems. The	S†(PSL) values typ-
ically decrease with increasing size of the alkali metal ion,
and vary between 21 and 38 J K−1 mol−1 across these sys-
tems. These entropies of activation compare favorably to a
wide variety of noncovalently bound complexes previously
measured in our laboratory[22,23,26,27,42–57].

3

pro-
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t
b ne,
w most

stable conformations of the Na+ xMeU complexes are
shown in Fig. 4 for each base. Structures for the com-
plexes to the other alkali metal ions are very similar ex-
cept for the M+ xMeU bond distance. The 0 K calcu-
lated proton and metal ion binding energies, performed at
the MP2(full)/6–311+G(2d,2p)//MP2(full)/6–31G* level are
listed in Table 4 . Independent ZPE and BSSE correc-
tions are made for all complexes. Values for H+, Li+, and
Na+ binding to U determined at the CBS-Q level are also
given inTable 4. Geometrical parameters of the ground state
MP2(full)/6–31G* geometry optimized structures of the neu-
tral, protonated, and alkali metalatedxMeU nucleobases are
summarized inTable 5. The 0 K calculated acidities of the
xMeU nucleobases are listed inTable 6. The 0 K calculated
base pairing energies of the A::xMeU and the Na+(A::xMeU)
Watson–Crick base pair complexes are listed inTable 7,
while the optimized structures of these species are shown
in Figs. 5 and 6, respectively.

3.4. Dipole moments

The calculated dipole moments of uracil and its methy-
lated analogs are summarized inFig. 1. As shown in the
figure, the dipole moment of uracil is relatively large, 5.11
D, and is oriented nearly parallel to the N3-C6 direction but
s the
m s
a their
o n at
t ment
o osi-
t and
0 reat-
.3. Theoretical results

Theoretical structures for the neutral, deprotonated,
onated, and alkali metalatedxMeU nucleobases, as well
he A::U, Na+ bound A::U, and A::xMeU Watson–Crick
ase pairs between thexMeU nucleobases and adeni
ere calculated as described above. Structures of the
lightly offset toward C4. As can be seen in the figure,
agnitudes of the dipole moments of thexMeU nucleobase
re sensitive to the position(s) of methylation, whereas
rientations are relatively unaffected. Methyl substitutio

he 3- or 5- positions leads to a decrease in the dipole mo
f 0.65 and 0.13 D, whereas substitution at the 1- or 6- p

ions leads to an increase in the dipole moment of 0.38
.75 D, respectively. As expected, the effects are the g
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Table 4
Calculated enthalpies of proton and alkali metal ion binding to methylated uracils at 0 K in kJ/mol

Complex Experiment Binding site Theory

TCIDa Literature MP2(full) CBS-Q

Adjusted De
b D0

b,c D0,BSSE
b,d D0

H+(U) 866.6e O4 879.5 846.7 837.5 851.2
868 (13)f O4 867.6 835.5 826.4
835 (13)f O2 845.2 815.1 805.8

O2 840.2 810.4 801.0
Li+(U) 211.5 (6.1)g 209.4 (4)h 197 (20)h O4 207.5 201.2 194.9 200.9

O2 192.0 186.7 180.5
� 68.3 65.0 56.5

Na+(U) 134.6 (3.4)g 140 (4)h 129 (25)h O4 146.2 142.5 134.5 142.9
O2 132.6 129.7 122.8

K+(U) 104.3 (2.8)g 100 (4)h 96 (12)h O4 110.8 107.8 103.8
O2 98.4 96.1 92.2

H+(1-MeU) O4 899.5 867.1 857.8
O4 887.6 855.8 846.1
O2 859.8 829.6 820.3
O2 855.4 825.3 815.8

Li+(1-MeU) 234.0 (7.2) O4 219.1 212.9 206.6
O2 195.5 190.1 183.9

Na+(1-MeU) 150.7 (4.1) O4 155.5 151.9 144.9
O2 134.4 131.5 124.4

K+(1-MeU) 110.9 (2.7) O4 118.8 115.9 111.9
O2 99.5 97.2 93.2

H+(3-MeU) O4 899.0 866.2 856.8
O4 889.2 856.6 847.1
O2 867.2 836.6 827.1
O2 858.8 829.4 820.0

Li+(3-MeU) 220.9 (6.7) O4 214.0 207.7 201.4
O2 198.3 193.0 186.7

Na+(3-MeU) 143.6 (3.8) O4 150.4 146.6 139.5
O2 136.6 133.7 126.6

K+(3-MeU) 107.5 (3.3) O4 114.0 111.0 106.8
O2 99.5 97.8 93.7

H+(5-MeU)f 874.8e O4 886.8 854.4 844.9
O4 875.5 843.6 834.5
O2 860.0 830.2 820.9
O2 855.5 825.9 816.6

Li+(5-MeU) 210.1 (7.0)g 213 (4)h 200 (20)h O4 208.3 202.2 195.8
O2 201.0 195.8 189.6
� 79.0 75.6 66.6

Na+(5-MeU) 135.3 (3.8)g 143 (4)h 136 (25)h O4 146.0 142.4 135.2
O2 140.0 137.2 130.2

K+(5-MeU) 104.0 (3.8)g 101 (4)h 97 (12)h O4 110.4 107.6 103.4
O2 104.7 102.6 98.6

H+(6-MeU) O4 897.2 865.3 856.0
O4 885.4 854.1 845.0
O2 858.8 828.9 819.6
O2 853.3 823.7 814.4

Li+(6-MeU) 222.3 (6.6) O4 217.1 211.2 204.8
O2 199.4 194.3 188.0

Na+(6-MeU) 136.6 (5.8) O4 153.8 150.4 143.3
O2 138.7 136.0 128.9

K+(6-MeU) 108.8 (5.4) O4 117.3 114.5 110.5
O2 103.6 101.5 97.4

H+(1,3-diMeU) O4 918.2 885.6 876.3
O4 907.7 875.4 865.9
O2 880.7 849.9 840.3
O2 872.3 842.5 832.9

Li+(1,3-diMeU) 239.8 (7.8) O4 225.1 218.9 212.6
O2 201.5 196.1 189.7

Na+(1,3-diMeU) 153.6 (4.7) O4 159.3 155.7 148.5
O2 138.3 135.3 127.9
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Table 4 (Continued)

Complex Experiment Binding site Theory

TCIDa Literature MP2(full) CBS-Q

Adjusted De
b D0

b,c D0,BSSE
b,d D0

K+(1,3-diMeU) 118.9 (3.3) O4 121.8 118.9 114.7
O2 102.8 100.4 96.1

H+(5,6-diMeU) O4 906.4 873.4 864.4
O4 895.0 863.4 854.1
O2 873.0 843.3 834.0
O2 868.2 838.8 829.5

Li+(5,6-diMeU) 233.8 (6.5) O4 218.5 212.4 206.0
O2 207.8 202.8 196.5

Na+(5,6-diMeU) 136.8 (5.1) O4 153.9 150.5 143.2
O2 145.6 143.0 135.9

K+(5,6-diMeU) 113.2 (3.2) O4 117.3 113.9 109.6
O2 109.5 107.6 103.5

a Threshold collision-induced dissociation. Present results except as noted.
b Calculated at the MP2(full)/6–311+G(2d,2p) level of theory using MP2(full)/6–31G* ground state optimized geometries.
c Including zero-point energy corrections with frequencies scaled by 0.9646.
d Also includes basis set superposition error corrections.
e Hunter and Lias, Proton affinity evaluation NIST Chemistry WebBook, adjusted to 0 K[60].
f Kurinovich et al., adjusted to 0 K[61].
g Rodgers and Armentrout[23].
h Cerda and Wesdemiotis (adjusted to 0 K as described in[23]) [24].

Fig. 4. MP2(full)/6–31G* optimized geometries of Na+(xMeU), wherexMeU = U, 1-MeU, 3-MeU, 1,3-diMeU, 5-MeU, 6-MeU, and 5,6-diMeU.
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Table 5
Geometrical parameters of MP2(full)/6–31G* geometry optimized structures of neutral, protonated, and alkali metalated methyluracils

Species O4 Binding O2 binding

Bond distance (̊A) Bond angle (◦) Bond distance (̊A) Bond angle (◦)

C O M+ O N3 H ∠COM+ C O M+ O N3 H ∠COM+

Ua 1.226 – 1.017 – 1.223 – 1.017 –
H+(U)a 1.315 0.980 1.024 112.4 1.315 0.979 1.025 114.8
Li+(U)a 1.263 1.750 1.019 171.9 1.262 1.755 1.018 173.4
Na+(U)a 1.255 2.109 1.019 173.2 1.253 2.116 1.018 173.0
K+(U)a 1.249 2.482 1.018 174.7 1.247 2.493 1.018 173.1

1-MeU 1.228 – 1.017 – 1.226 – 1.017 –
H+(1-MeU) 1.319 0.979 1.023 112.0 1.321 0.979 1.022 113.5
Li+(1-MeU) 1.265 1.744 1.020 171.4 1.266 1.751 1.019 170.9
Na+(1-MeU) 1.257 2.102 1.109 172.6 1.257 2.113 1.018 170.9
K+(1-MeU) 1.251 2.473 1.018 174.3 1.251 2.488 1.017 171.6

3-MeU 1.230 – – – 1.226 – – –
H+(3-MeU) 1.321 0.979 – 111.5 1.319 0.979 - 113.2
Li+(3-MeU) 1.267 1.746 – 169.2 1.266 1.749 - 174.6
Na+(3-MeU) 1.259 2.104 – 170.9 1.257 2.110 - 173.9
K+(3-MeU) 1.252 2.477 – 173.6 1.251 2.486 - 176.8

5-MeUa 1.229 – 1.017 – 1.224 – 1.017 –
H+(5-MeU)a 1.317 0.980 1.024 111.9 1.318 0.979 1.022 114.0
Li+(5-MeU)a 1.266 1.747 1.019 174.7 1.264 1.750 1.019 173.9
Na+(5-MeU)a 1.257 2.107 1.019 175.9 1.255 2.110 1.018 173.5
K+(5-MeU)a 1.249 2.500 1.018 180.0 1.249 2.485 1.017 173.6

6-MeU 1.227 - 1.017 – 1.224 – 1.017 –
H+(6-MeU) 1.318 0.979 1.023 112.1 1.317 0.979 1.022 113.9
Li+(6-MeU) 1.265 1.743 1.020 172.4 1.263 1.753 1.018 172.6
Na+(6-MeU) 1.256 2.102 1.018 173.7 1.254 2.112 1.017 172.5
K+(6-MeU) 1.251 2.474 1.017 175.2 1.249 2.486 1.017 172.5

1,3-diMeU 1.231 – – – 1.230 – – –
H+(1,3-diMeU) 1.324 0.979 – 111.4 1.323 0.979 – 112.7
Li+(1,3-diMeU) 1.270 1.739 – 168.7 1.268 1.747 – 170.9
Na+(1,3-diMeU) 1.261 2.098 – 170.3 1.259 2.108 – 170.8
K+(1,3-diMeU) 1.254 2.467 – 173.2 1.253 2.482 – 169.5

5,6-diMeU 1.231 – 1.016 – 1.225 – 1.016 –
H+(5,6-diMeU) 1.320 0.979 1.023 111.8 1.319 0.979 1.021 113.7
Li+(5,6-diMeU) 1.268 1.740 1.019 175.7 1.265 1.746 1.018 173.0
Na+(5,6-diMeU) 1.259 2.100 1.017 176.7 1.257 2.105 1.018 172.7
K+(5,6-diMeU) 1.253 2.471 1.017 176.1 1.250 2.480 1.017 172.8

a Rodgers and Armentrout[23].

est for substitution along the direction of the dipole moment,
i.e., at the 3- and 6- positions. The effects of dimethylation
are roughly additive such that the change in the dipole mo-
ments for 1,3-diMeU and 5,6-diMeU are nearly equal to the
sum of the differences observed for the two corresponding
methyluracils.

3.5. Alkali metal ion binding

In previous work[23] the preferred binding site for the
alkali metal ions to U was found to be at the O4 position.
The C O M+ bond angle is very nearly linear but shifted
slightly away from the adjacent NH group and the direction
of the permanent dipole moment,Fig. 1. Changes in the struc-
ture of the nucleobase upon alkali metal ion complexation are
minor (Table 5). An alternative binding site at the O2 posi-

tion is found to be slightly less favorable by 14.4 kJ/mol for
Li+, 11.7 kJ/mol for Na+, and 11.6 kJ/mol for K+. In contrast,
complexation of Li+ to the� electrons of U was found to be
138 kJ/mol less favorable than binding at the O4 position[23].
Because methyl substituents are electron donating, methyla-
tion of uracil should slightly increase the� electron density of
the aromatic ring making the�-complexes slightly more sta-
ble. However, this effect is expected to be very small. There-
fore, calculations for other�-complexes were not pursued in
the present work. The results for binding of alkali metal ions
to thexMeU nucleobases are very similar to that found for U.
The methyl groups are oriented to minimize steric repulsion
within the molecule or complex. Based upon the ground state
geometries found for the neutral and M+(xMeU) complexes,
it is clear that the repulsive interactions of the methyl group
H atoms are greatest for interaction with M+ O C groups,
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Table 6
Calculated enthalpies of deprotonation of methylated uracils at 0 K in kJ/mola

Species Deprotonation site Theory (MP2(full)) CBS-Q Literature

De D0
b D0,BSSE

c Experimentd B3LYPd

U N1 1422.5 1387.0 1377.0 1390.7 1393 (17)e 1391f

1377g

3-MeU N1 1431.2 1395.0 1384.9 1393 (8)g 1386g

5-MeU N1 1429.6 1393.8 1383.8
6-MeU N1 1428.1 1392.2 1382.1 1385 (2)g 1383g

5,6-diMeU N1 1433.2 1397.4 1387.3 1393 (8)g 1388g

U N3 1475.3 1436.5 1426.4 1440.2 1452 (17)e 1447f

1433g

1-MeU N3 1479.5 1441.1 1430.9 1456 (13)g 1438g

5-MeU N3 1477.3 1438.7 1428.6
6-MeU N3 1480.8 1442.1 1432.1 1473 (21)g 1440g

5,6-diMeU N3 1484.3 1445.3 1435.2 1460 (13)g 1442g

a MP2(full)/6–311+G(2d,2p)//MP2(full)/6–31G*.
b Also includes ZPE corrections.
c Also includes BSSE corrections.
d Measured values from ion-molecule reaction bracketing, calculated values determined at the B3LYP/6–31+G* level of theory.
e Kurinovich and Lee[64].
f Chandra et al.[63].
g Kurinovich and Lee[62].

less for N H groups, still less for CO groups, and least for
adjacent CH groups. Alkali metal ion binding to thexMeU
nucleobases at the O4 position is again preferred over the
O2 position. The absolute binding affinity is found to depend
strongly upon the alkali metal ion and to a much lesser extent
upon the position(s) of methyl substitution. In contrast, the
relative stability of the O4 and O2 conformers is found to de-
pend slightly upon the alkali metal ion and to a much greater
extent upon the position(s) of methyl substitution. Methyla-
tion at the N1 position (1-MeU and 1,3-diMeU) enhances
the absolute binding affinity at O4 to a much greater extent
than for binding at O2, resulting in the largest differences in
the stability of the O2 and O4 conformers, 18.6–22.9 kJ/mol.
Methylation at the C5 position (5-MeU and 5,6-diMeU) en-
hances the binding affinity at O2 to a much greater extent
than to O4, resulting in the smallest differences in stability of

the O2 and O4 conformers, 4.8–9.5 kJ/mol. Methylation at
the N3 and C6 (3-MeU and 6-MeU) positions enhances the
binding affinities of the O2 and O4 positions by nearly equal
amounts such that the difference in stability of the O2 and
O4 conformers is similar to that of U, 12.9–16.8 kJ/mol.

3.6. Proton affinities

The preferred site of protonation to U is also at the O4
position, but results in greater structural perturbations than
alkali metalation. The CO H+ bond angle is 112.4◦ with
the proton again directed away from the adjacent NH group.
This indicates sp2 hybridization, in contrast to the CO M+

bond angles which are nearly linear. Three alternate and less
stable proton binding sites are found with similar CO H+

bond angles (Table 4). The second most favorable binding site

Table 7
Calculated hydrogen bond lengths and enthalpies of base pairing A::xMeU and Na+(A::xMeU) at 0 K in kJ/mola

Species Hydrogen bond lengths (Å) Enthalpies of base pairing (kJ/mol)

N· · ·HN NH· · ·O De D0
b D0,BSSE

c

A::U 1.830 1.929 69.9 63.9 51.0
Na+N3(A::U) 1.831 1.927 88.0 82.1 68.4
Na+N7/NH2(A::U) 1.950 1.815 86.6 81.2 68.0
Na+O2(A::U) 1.894 2.240 124.9 117.5 99.9
N
A
A
A
A
A
A

a+O4(A::U) 1.986 –
::1-MeU 1.836 1.917
::3-MeU – 1.953
::5-MeU 1.834 1.929
::6-MeU 1.835 1.920
::1,3-diMeU – 1.943
::5,6-diMeU 1.835 1.925

a MP2(full)/6–311+G(2d,2p)//B3LYP/6–31G*.
b Also includes ZPE corrections.
c Also includes BSSE corrections.
114.4 105.8 91.4
71.2 65.1 52.0
37.6 31.5 23.5
69.9 63.7 50.6
70.5 64.6 51.6
38.5 32.7 24.6
69.8 63.6 51.0
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Fig. 5. MP2(full)/6–31G* optimized geometries of A::xMeU base pairs, wherexMeU = U, 1-MeU, 3-MeU, 5-MeU, 6-MeU, 1,3-diMeU, and 5,6-diMeU.

is also at the O4 position with the proton directed toward the
adjacent NH group. Proton binding at this site is less favor-
able by 9.7 kJ/mol. The other two favorable binding sites are
at the O2 position with the proton directed toward N1H be-
ing more favorable than toward N3H. Proton binding at these
sites is less favorable than in the ground state O4 binding con-
formation by 29.9 and 34.7 kJ/mol, respectively. The results
for proton binding to thexMeU nucleobases are very similar
to those found for U. In all cases, methylation increases the
proton affinity of all four binding sites, by 8.5–40.6 kJ/mol de-
pending upon the position(s) and extent of methylation. The
O4 sites are stabilized to a greater extent than the O2 sites
in 1-MeU, 6-MeU and 1,3-diMeU, resulting in the largest
differences between the proton affinities (PAs) of the O2 and
O4 sites. Both sites are stabilized by an approximately equal
extent in 3-MeU and 5,6-diMe. In contrast, proton binding at
O2 is stabilized to a greater extent than the O4 site in 5-MeU,

resulting in the smallest differences in the PAs of the O2 and
O4 sites of all of thexMeU nucleobases. These differences
in the stabilization of the O2 and O4 sites result in different
relative PA orderings for binding at these sites.

3.7. Acidities

The gas phase acidities of uracil and its methy-
lated analogs calculated at the MP2(full)/6–311+G(2d,2p)//
MP2(full)/6–31G* and CBS-Q levels of theory are summa-
rized inTable 6. The N1 position of uracil is found to be con-
siderably more acidic than the N3 position, by 49.4 kJ/mol.
The CBS-Q calculations suggest that MP2 overestimates the
N1 and N3 acidities of U, but finds that the relative acidities
are accurately reproduced. Thus, the trends in the MP2 acidi-
ties should be a good descriptor of the influence of methy-
lation on the acidity of the N1 and N3 sites. Methyl substi-
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Fig. 6. MP2(full)/6–31G* optimized geometries of Na+X (A::U) base pairs, whereX= N3, N7/NH2, O2, and O4.

tution leads to a small decrease in the acidity of both sites,
by 7.9, 6.8, and 5.1 kJ/mol at the N1 position for 3-MeU,
5-MeU, and 6-MeU, and by 4.5, 2.2, and 5.7 kJ/mol at the
N3 position for 1-MeU, 5-MeU, and 6-MeU, respectively.
Dimethylation, 5,6-diMeU, decreases the acidity, even fur-
ther, by 10.3 kJ/mol for N1 and 8.8 kJ/mol for N3 as com-
pared to uracil.

3.8. Effects of methylation on base pairing

In nucleic acids, uracil and thymine base pair with ade-
nine via two hydrogen bonds in which the O4 and N3H
atoms of U (T = 5-MeU) interact with one of the amino H
atoms and N1 of adenine (A), respectively. In the calcula-
tions performed here, we only consider such Watson–Crick
base pairing. The geometry optimized structures of the A::U
and A::xMeU Watson–Crick base pairs are shown inFig. 5.
The base pairing energy of the A::U base pair is calculated
to be 51.0 kJ/mol. In general, methylation is found to have
very little impact on the hydrogen bonding interactions in
these base pairs except for when methylation occurs at the
N3 position. Methylation at N1 and N6 increases the pairing
energy by 1.0 and 0.6 kJ/mol, respectively, whereas methy-
lation at C5 decreases the pairing energy by 0.4 kJ/mol. The
effects of dimethylation at the C5 and C6 positions appear
t com-
p t the
N nd-
i sible
f er
c th the
N lane

such that the dihedral angle between the planes of A and 3-
MeU or 1,3-diMeU is nearly 25◦. This leads to base pairing
interactions that are weaker than in the A::U base pair by 27.5
and 26.4 kJ/mol, respectively.

3.9. Effects of alkali metalation on base pairing

Alkali metal ion binding to the A::U base pair was also
examined. Four Na+ binding sites were considered, binding
at N3 or N7/NH2 to A and O2 or O4 binding to U. 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 metal ion binding at this site.
In addition, binding at this site would also result in significant
distortion of the alignment of the bases, and would cause
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::U) structures were not considered
because the backbone of the nucleotide would not allow the
bases to freely rotate to maximize the binding interaction with
the sodium ion.

Alkali metal ion binding is found to increase the stability
of the A::U base pair regardless of the binding site. Bind-
ing to A at N3 or the N7/NH2 chelation site increases the
b ively.
T the
i
i
g
b e
a the
o cancel and do not alter the base pairing energy as
ared to the A::U base pair. In contrast, methylation a
3 position obviously disrupts the normal hydrogen bo

ng interactions such that only one hydrogen bond is pos
or the A::3MeU and A::1,3-diMeU base pairs. In all oth
ases, the base pairs are planar, but steric repulsion wi
3 methyl group causes the base to rotate out of the p
ase pairing energy by 17.4 and 17.0 kJ/mol, respect
his increase in the stability of the base pair arises from

ncreased acidity of the amino hydrogen atom upon Na+ bind-
ng. This is clearly seen as a shortening of the NH· · ·O hydro-
en bond length. The effect is smaller in the Na+N3(A::U)
ase pair than the Na+N7/NH2(A::U) base pair where th
mino group is directly involved in the binding. Overall,
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increase in stability is very similar for both of these base
pairs because a lengthening of the N...HN hydrogen bond
in the Na+N7/NH2(A::U) accompanies the shortening of the
NH· · ·O hydrogen bond length. Binding to U at O2 or O4 in-
creases the pairing energy to an even greater extent, by 48.9
and 40.4 kJ/mol, respectively. At first glance this is somewhat
surprising because the NH· · ·O hydrogen bond is disrupted
by the binding of the Na+ ion in both of these base pairs. The
enhancement in the pairing energy arises partly from the ef-
fects of metal ion binding on the acidity of the N3H and basic-
ity of the O4 positions, but is mainly derived from additional
metal chelation interactions with the second nucleobase.

The Na+N3(A::U) base pair is the only metalated base
pair that remains planar. The Na+N7(A::U) base pair distorts
slightly from planarity to allow Na+ to bind at the N7/NH2
chelation site without loss of the hydrogen bonding interac-
tion between the amino group and the O4 position of uracil.
The Na+O2(A::U) base pair also deviates from planarity to
allow Na+ to simultaneously interact with the O2 site in U
and the N3 site in A. Both hydrogen bonds are maintained,
but are obviously somewhat compromised by the nonplanar
arrangement of the two bases. The Na+O4(A::U) base pair de-
viates from planarity to allow Na+ to simultaneously interact
with the O4 site in U and to chelate with the amino group of
A. Optimization of this chelation interaction disrupts the hy-
d . The
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Fig. 7. Theoretical versus experimental 0 K bond dissociation energies
of M+−xMeU (in kJ/mol), where M+ = Li+ (�,�,♦), Na+(�,©,�), and
K+(�,�) andxMeU = U, 1-MeU, 3-MeU, 1,3-diMeU, 5-MeU, 6-MeU, and
5,6-diMeU. All theoretical values are from MP2(full)/6–311+G(2d,2p) cal-
culations except for the Li+(xMeU) complexes where CBS-Q values are
shown (♦,�), Values for uracil are shown as open symbols[23].

for the measured BDEs to Li+ being too large would arise if
low mass discrimination in the quadrupole mass filter made
if difficult to detect Li+ near threshold. This possibility was
eliminated in the present work using our new 1.7 MHz oscil-
lator, which does not suffer from the low mass discrimination
observed with our alternative 880 kHz oscillator as discussed
in the Section2. Thus, the disparity between theory and ex-
periment for the Li+ systems is not the result of instrumental
artifacts. This disparity may be the result of the higher de-
gree of covalency in the Li+-nucleobase interaction. The ad-
ditional covalency of the metal-nucleobase interaction in the
Li+ systems compared to those for Na+ and K+ suggests that
this level of theory may be inadequate for a complete descrip-
tion of the former systems. To examine this possibility further,
we compare to BDEs using the complete basis set extrapola-
tion protocol, CBS-Q, which in principle should lead to more
accurate binding energies. Unfortunately, these calculations
were beyond the computational resources available to us for
all of the M+(xMeU) complexes, but were possible for the
M+(U) complexes. The Li+–U BDE increases by 6.0 kJ/mol
from MP2 to CBS-Q, bringing the measured value into much
better agreement with theory. However, the reliability of this
calculation is brought into question when the Na+–U and
K+–U BDEs are examined. The Na+–U BDE increases by
8.4 kJ/mol from MP2 to CBS-Q resulting in poorer agree-
m +

i
c and
n e
c om-
p BS-
Q s in
t bil-
i nted
[ de-
rogen bond between O4 and the amino hydrogen atom
nhancements in the metal ion binding interactions cle
vercome the loss of stability associated with the non-i
ydrogen bonding geometries in these complexes.

. Discussion

.1. Comparison between theory and experiment

The measured alkali metal ion affinities of U and
ethylated uracils measured by guided ion beam mass

rometry and calculated here are summarized inTable 4. The
greement between theory and experiment is illustrat
ig. 7. It can be seen that agreement is reasonable ov
early 150 kJ/mol variation in the binding affinities m
ured here. For the 15 systems examined here, the
bsolute deviation (MAD) between theory and experim

s 10.6± 10.2 kJ/mol. This MAD is slightly greater than t
stimated computational accuracy (∼8 kJ/mol as determine

or complexes to Na+ [58]) and approximately twice as lar
s the average experimental error, 5.1± 1.6 kJ/mol. Carefu

nspection of the data makes it clear than the principal con
tors to the deviations are the Li+ systems. For the Li+ com-
lexes, the MAD is 23.9± 5.0 kJ/mol, while the Na+ and K+

ystems have a MAD of 3.9± 2.2 kJ/mol. The results are ve
imilar in all respects when U and 5-MeU are also include
he comparison, but the MADs decrease by 0.2 to 2.4 kJ
he large disparity between theory and experiment fo
i+ complexes suggests that either theory underestima
xperiment overestimates the BDEs to Li+. A possible reaso
ent with the measured value. The comparison for K–U
s even worse. The CBS-Q method predicts that the K+(U)
omplex is less stable than the isolated alkali metal ion
ucleobase, (i.e., K+(U) is not bound). This is clearly not th
ase, or we would not observe the formation of this c
lex under our experimental conditions. Therefore, the C
protocol is clearly unreliable for determining the BDE

he M+(U) systems. Similar results with regard to the relia
ty of the CBS-Q protocol have previously been docume
56]. Thus, the level of theory required for an accurate
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scription of the binding in the Li+(xMeU) complexes is still
unresolved. Because such disparities have been observed for
other Li+(ligand) complexes previously investigated, we are
currently investigating this issue in another study for a whole
host of Li+(ligand) complexes[59]. Although we have not
completely resolved this issue yet, preliminary results sug-
gest that strongly binding ligands (i.e., those with large dipole
moments or polarizabilities) are able to penetrate the core of
the Li+ as a result of its small size. Therefore, accurate theo-
retical BDEs for Li+(ligand) complexes can only be obtained
by using basis sets that allow more effective core penetra-
tion than the 6–31G* and 6–311+G(2d,2p) basis sets or the
CBS-Q protocol allow.

4.2. Conversion from 0 to 298K

To allow comparison to previous literature values and stan-
dard experimental conditions, we convert the 0 K BDEs de-
termined here to 298 K BDEs and free energies. The enthalpy
and entropy conversions are calculated using standard formu-
las and the vibrational frequencies and rotational constants
determined for the MP2(full)/6–31G* optimized geometries,
which are given inTables 1 and 2.Table 8lists the 0 and 298 K
enthalpy, free energy, and enthalpic and entropic corrections
for all of the M+(xMeU) systems.

4
m

ries
w

strongly than Na+, which in turn binds∼30% more strongly
than K+. This trend confirms that the binding in these com-
plexes is largely electrostatic. The smaller alkali metal ions
bind more strongly because the alkali metal ion-nucleobase
bond distance is shorter resulting in stronger ion-dipole and
ion-induced dipole interactions.

Theoretical examination of the charge retained on the al-
kali metal ion in these M+(xMeU) complexes shows that
Li+ retains less charge (0.70–0.74 e) than Na+ (0.96–0.98 e),
which retains less charge than K+ (0.98–0.99 e). This trend
again confirms the electrostatic nature of the bonding, but also
demonstrates that there is a moderate degree of covalent char-
acter in the metal-nucleobase interaction for the Li+(xMeU)
complexes as discussed above. The shorter Li+ O bond dis-
tance allows Li+ to more effectively withdraw electron den-
sity from the neutral nucleobase, thus, reducing the charge
retained on the alkali metal ion.

4.4. Influence of methylation on the alkali metal ion
binding affinities of uracil

As discussed above, the variation in the M+ xMeU BDEs
with M+ indicates that the binding in these complexes is
largely electrostatic. Therefore, the strength of the bind-
ing in these complexes should be controlled by ion-dipole
a the
m xam-
i uracil
m be
8 d
t
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P2(fu
.3. Trends in the binding of alkali metal ions to the
ethylated uracils

In all of the M+(xMeU) systems, the measured BDE va
ith the alkali metal ion such that Li+ binds∼60% more

able 8
nthalpies and free energies of metal ion binding to methylated uraci

ystem 	H0 	H0
b 	H298-	H0

b 	

i +(U)c 211.5 (6.1) 194.9 2.3 (0.2) 21
a+(U)c 134.6 (3.4) 135.5 1.1 (0.1) 13
+(U)c 104.3 (2.8) 103.8 0.7 (0.1) 10
i+(1-MeU) 234.0 (7.2) 206.6 2.4 (0.2) 23
a+(1-MeU) 150.7 (4.1) 144.9 1.2 (0.2) 15
+(1-MeU) 110.9 (2.7) 111.9 0.7 (0.1) 11
i+(3-MeU) 220.9 (6.7) 201.4 2.5 (0.2) 22
a+(3-MeU) 143.6 (3.8) 139.5 1.2 (0.2) 14
+(3-MeU) 107.5 (3.3) 106.8 0.8 (0.1) 10
i+(5-MeU)c 210.1 (7.0) 195.8 2.3 (0.2) 21
a+(5-MeU)c 135.3 (3.8) 135.2 1.1 (0.1) 13
+(5-MeU)c 104.0 (3.8) 103.4 0.6 (0.1) 10
i+(6-MeU) 222.3 (6.6) 204.8 2.2 (0.2) 22
a+(6-MeU) 136.6 (5.8) 143.3 1.0 (0.1) 13
+(6-MeU) 108.8 (5.4) 110.5 0.6 (0.1) 10
i+(1,3-diMeU) 239.8 (6.6) 212.6 2.5 (0.2) 24
a+(1,3-diMeU) 153.6 (4.7) 148.5 1.3 (0.2) 15
+(1,3-diMeU) 118.9 (3.3) 114.7 0.8 (0.1) 11
i+(5,6-diMeU) 233.8 (6.5) 206.0 2.4 (0.2) 23
a+(5,6-diMeU) 136.8 (5.1) 143.2 1.1 (0.1) 13
+(5,6-diMeU) 113.2 (3.2) 109.6 0.6 (0.1) 11
a Uncertainties are listed in parentheses.
b Ab initio values from calculations at the MP2(full)/6–311+G(2d,2p)//M
c Rodgers and Armentrout[23].
nd ion-induced dipole interactions. The effect that
ethyl substituent(s) have upon the binding can be e

ned by comparing these systems to the unsubstituted
olecule. The polarizability of uracil is estimated to
.69Å3 and increases to 11.48̊A3 upon methylation an

o 13.30Å3 upon dimethylation[25]. The polarizability is

8 K in kJ/mola

	H298
b T	S298

b 	G298 	G298
b

) 197.2 27.6 (0.4) 186.2 (6.1) 169.6
) 136.6 27.4 (0.5) 108.3 (3.7) 109.2
) 104.5 26.8 (0.6) 78.2 (2.9) 77.7
) 209.0 28.6 (0.4) 207.8 (7.2) 180.4
) 146.1 28.3 (0.5) 123.6 (4.1) 117.8
) 112.6 27.6 (0.6) 84.0 (2.8) 85.0
) 203.9 28.3 (0.4) 195.1 (6.7) 175.6
) 140.7 28.1 (0.5) 116.7 (3.8) 112.6
) 107.6 27.3 (0.5) 81.0 (3.3) 80.3
) 198.1 27.6 (0.4) 184.8 (7.0) 170.5
) 136.3 27.6 (0.5) 108.8 (3.8) 108.7
) 104.0 26.8 (0.6) 77.8 (3.8) 77.2
) 207.0 27.3 (0.4) 197.2 (6.6) 179.7
) 144.3 27.3 (0.5) 110.3 (5.8) 117.0
) 111.1 26.8 (0.6) 82.6 (5.4) 84.3
) 251.1 29.0 (0.4) 213.3 (6.6) 186.1
) 149.8 28.8 (0.5) 126.1 (4.7) 121.0
) 115.5 27.9 (0.5) 91.8 (3.3) 87.6
) 208.4 28.2 (0.4) 208.0 (6.5) 180.2
) 144.3 26.3 (0.5) 111.6 (5.1) 118.0
) 110.2 26.6 (0.6) 87.2 (3.3) 83.6

ll)/6–31G* level of theory with frequencies scaled by 0.9646.
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not expected to vary significantly with the position(s) of the
methyl substituent(s), and the additivity method we used to
estimate these polarizabilities is not sensitive to such struc-
tural differences. Therefore, the ion-induced dipole attrac-
tions should roughly correlate with the extent of methyla-
tion. This suggests that if the ion-induced dipole interactions
dominate the binding, the M+ xMeU BDEs should follow
the order: 1,3-diMeU≈ 5,6-diMeU > 1-MeU≈ 3-MeU≈ 5-
MeU≈ 6–MeU > U. Indeed, the binding affinity of U is ob-
served to increase upon methyl substitution in all cases ex-
cept for the 5-MeU complexes, where the interactions are
essentially unaffected,Table 4. Similarly, the increase in
the M+ xMeU BDE is generally larger for the dimethylu-
racils than the methyluracils. However, ion-dipole interac-
tions should also be important in determining the strength
of binding in these complexes. The ion-dipole attractions
should correlate with the dipole moments of these nucle-
obases. This suggest that if the ion-dipole interactions dom-
inate the binding, the M+ xMeU BDEs should follow the
order: 6-MeU≈ 5,6-diMeU > 1-MeU > U≈ 5-MeU≈ 1,3-
diMeU > 3-MeU. Examination of the experimental and theo-
retical data shows that neither of these relative binding orders
are entirely preserved. In fact, no systematic relative ordering
in the M+ xMeU BDEs is preserved for all of the alkali metal
ions. However, the relative ordering most consistent with the
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6–31G* and CBS-Q levels of theory are summarized in
Table 6. Also given in Table 6 are literature values for
these acidities calculated at the B3LYP/6–31+G* [62] and
B3LYP/6–31++G** levels of theory [63] and values mea-
sured by ion molecule reaction bracketing studies[62,64].
The MP2 values calculated here for the acidity of the N1
position are all within 1 kJ/mol of those calculated at the
B3LYP/6–31+G* level of theory. In contrast, our calcula-
tions find that the N3 position is more acidic by 7–8 kJ/mol
than determined at the B3LYP/6–31+G* level of theory. Cal-
culations at the B3LYP/6–31++G** level of theory suggests
that the N1 and N3 positions of U are 14 kJ/mol less acidic
than found at the B3LYP/6–31+G* level of theory. No calcu-
lations at the B3LYP/6–31++G** level of theory were carried
out for thexMeU nucleobases. The use of a much larger basis
set should lead to more accurate results, suggesting that the
MP2 and B3LYP calculations with the smaller basis set for the
otherxMeU nucleobases are also overestimated. Indeed, the
B3LYP/6–31++G** calculations are in better agreement with
the experimental values determined from ion-molecule reac-
tion bracketing studies. The CBS-Q calculations also confirm
that the N1 and N3 sites are less acidic. However, the CBS-Q
calculations suggest that the N1 site is less acid by 14 kJ/mol,
whereas the N3 site is less acidic by only 7 kJ/mol. The trends
in the calculated values combined with the decrease in acidity
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xperimental data is: 1,3-diMeU > 1–MeU > 5,6-diMeU >
eU > 3-MeU > 5-MeU≈ U. The observed trend does n

orrelate directly with either the polarizabilities or dip
oments of thesexMeU nucleobases and indicates thaN-
ethylation leads to a greater increase in the binding i
ction than doesC-methylation. The trend in the BDEs c
e reconciled however, when a balance of all three of t

actors are considered.

.5. Influence of methylation on the proton affinity of ur

The proton affinities of uracil and its methylated ana
alculated at the MP2(full)/6–311+G(2d,2p)//MP2(full)/
–31G* and CBS-Q levels of theory are summarized
able 4. Also given inTable 4, are literature values for the pr
on affinities of U and 5-MeU measured by ion molecule r
ion bracketing studies[60,61]. The relative theoretical PA
f thexMeU nucleobases follow the order: 1,3-dimeU > 5
iMeU > 1-MeU > 3-MeU > 6-MeU > 5-MeU > U for bind

ng at O4. A different relative ordering is found for bin
ng at O2: 1,3-dimeU > 5,6-diMeU > 3-MeU > 5-MeU >

eU > 6-MeU > U. These trends parallel that expected b
pon the polarizabilities of these ligands for proton bind
t either site. As found for the binding of alkali metal ion

hese nucleobases,N-methylation results in a greater incre
n the O4 proton affinity than observed forC-methylation.

.6. Influence of methylation on the acidity of uracil

The gas phase acidities of uracil and its methylated an
alculated at the MP2(full)/6–311+G(2d,2p)//MP2(full)/
xpected based on the CBS-Q results suggest that the N
f thexMeU nucleobases should be 2–11 kJ/mol less a

han measured in the ion-molecule reaction bracketing
es, whereas the N3 site should be less acidic by 4–27 kJ
owever, it should be noted that the experimental and the

cal trends are consistent within the measured experim
rrors.

.7. Implications for nucleic acid stability

The present results allow predictions for metal-indu
nd methylation-induced stability changes in nucleic a
he preferred alkali metal ion binding sites to isolate
nd U are the N7/NH2 chelation site and O4, respecti
owever, we previously noted that binding of alkali me

ons to either of these sites might tend to disrupt hydro
onding interactions in A:U (A:T) base pairs[23]. Disrup-

ion of a single hydrogen bond in an A::U base pair c
bout 27 kJ/mol, more than the calculated difference in b

ng affinities of the N3 and N7/NH2 sites in A or the O
nd O4 sites in U. Thus, alkali metal ions may preferent
ind at the N3 or O2 sites of the A::U base pair, such
ydrogen bonding between the bases is not disrupted
tructures and relative stability of the Na+(A::U) complexes
ndicate that binding to U is preferred over A. Binding
4 with the alkali metal ion chelating to the amino gro

s found to be the most favorable even though this disr
ne of the hydrogen bonds. Binding to U at O2 and with
lkali metal ion chelating to N3 is only 1.1 kJ/mol less fav
ble, while binding to A at the N7/NH2 and N3 sites are 28
nd 45.5 kJ/mol less favorable than binding at O4. Bin
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of an alkali metal ion is also found to increase the pairing en-
ergy by 17.0 to 48.9 kJ/mol and, thus, is expected to increase
the stability of the nucleic acid. However, the most favorable
binding modes of the alkali metal ion to the A::U base pair
require that it distort from planarity. Such distortions may
weaken hydrogen-bonding interactions between nearby base
pairs. This would reduce the stabilization gained from the ad-
ditional 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. The presence of the alkali metal
ion would also tend to increase the strength of base stacking
interactions via cation-� interaction of the alkali metal ion
with the adjacent nucleobases. Thus, alkali metal ion bind-
ing to the bases 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.

Methylation at any site except N3 is expected to influence
the stability of nucleic acids to a much lesser extent than al-
kali metal ion binding. Methylation at N1, C5, or C6 has very
little impact on the strength of hydrogen bonding interactions
between A and U (<1 kJ/mol). In contrast, methylation at N3
decreases the stability of the A::U base pair by∼27 kJ/mol.
Methylation at any site increases the polarizability of the nu-
cleobase and would therefore tend to slightly increase the
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chemical anchors for other studies. In addition, parallel stud-
ies of a variety of Li+(ligand) complexes suggest that the level
of theory employed in the present work does not adequately
describe the Li+-ligand interaction such that we believe that
the experimental Li+ xMeU BDEs are more reliable than the
corresponding calculated values. Further, the combined ex-
perimental and theoretical results provide an understanding
of the effects of alkali metal ion binding and methylation on
the structure and stability of nucleic acids. The present results
suggest that alkali metal ion binding should tend to increase
the stability of nucleic acids by reducing the charge on the
nucleic acid in a zwitterion effect as well as through addi-
tional noncovalent interactions between the alkali metal ion
and the nucleobases. In contrast, methylation is expected to
almost negligibly impact the stability except when methyla-
tion occurs at N3 where a significant destabilization of the
nucleic acid is anticipated.
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