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Abstract: The energetics of the ion—molecule interactions and structures of the clusters formed between
protonated nucleic acid bases (cytosine, uracil, thymine, and adenine) and ammonia have been studied
by pulsed ionization high-pressure mass spectrometry (HPMS) and ab initio calculations. For protonated
cytosine, uracil, thymine, and adenine with ammonia, the measured enthalpies of association with ammonia
are —21.7, —27.9, —22.1, and —17.5 kcal mol™%, respectively. Different isomers of the neutral and protonated
nucleic acid bases as well as their clusters with ammonia have been investigated at the B3LYP/6-31+G-
(d,p) level of theory, and the corresponding binding energetics have also been obtained. The potential
energy surfaces for proton transfer and interconversion of the clusters of protonated thymine and uracil
with ammonia have been constructed. For cytosine, the experimental binding energy is in agreement with
the computed binding energy for the most stable isomer, CN01-01, which is derived from the enol form of
protonated cytosine, CHO1, and ammonia. Although adenine has a proton affinity similar to that of cytosine,
the binding energy of protonated adenine to ammonia is much lower than that for protonated cytosine.
This is shown to be due to the differing types of hydrogen bonds being formed. Similarly, although uracil
and thymine have similar structures and proton affinities, the binding energies between the protonated
species and ammonia are different. Strikingly, the addition of a single methyl group, in going from uracil to
thymine, results in a significant structural change for the most stable isomers, UN01-01 and TN03-01,
respectively. This then leads to the difference in their measured binding energies with ammonia. Because
thymine is found only in DNA while uracil is found in RNA, this provides some potential insight into the
difference between uracil and thymine, especially their interactions with other molecules.

1. Introduction heterocyclic ring nitrogen to an exocyclic oxo- or imino- group
leads to the formation of either anrOH or an —NH,
functionality. These processes are keémol or imino-amino
tautomerism, respectively. In addition, in the protonated nucleic
acid bases, the mobility of the proton can result in different
isomers. Tautomerism thus makes the-iomolecule behavior

of these molecules complex because there can be several
different isomers for each species that can potentially coexist.

The surrounding environment also plays a determinant role
in proton transfer and the tautomerism of nucleic acid bases.
The interactions between nucleic acid bases and molecules or
(1) Portugal, L. H.; Cohen, J. 8. Cenutry of DNA, A History of the Discery ions in the gas phase have been the SUbJeCt of numerous

of the Structure and Function of the Genetic Substardél Press: studiest’~23 There are many reported studies of the clusters
Cambridge, MA, 1977.
(2) Goddard, J. D.; Mezey, P. G.; Csizmadia, |. Theor. Chim. Actal975

DNA is among the largest of the naturally occurring biological
macromolecules, containing many thousands of nucleic acid
bases, and it is of prime significance in genetic determindtion.
The five nucleic acid bases, cytosine, thymine, uracil, adenine,
and guanine, found in DNA and RNA govern the replication
of DNA, store information required to synthesize proteins, and
translate this information to the protein.

Tautomerism is a well-known phenomenon occurring in
nucleic acid base%,'® in which proton transfer from the

39 1. (9) Nir, E.; Muller, M.; Grace, L. |.; de Vries, M. SChem. Phys. Let2002
(3) Szczesniak, M.; Szczepaniak, K.; Kwiatkowski, J. S.; Kubulat, K.; Person, 355 59.
W. B. J. Am. Chem. S0d.988 110, 8319. (10) Rejnek, J.; Hanus, M.; Labelac, M.; Ryjacek, F.; HobzaRP®s. Chem.
(4) Brown, R. D.; Godfrey, P. D.; Mcnaughton, D.; Pierlot, AJPAm. Chem. Chem. Phy52005 7, 2006
Soc.1989 111, 2308. (11) Plutzer, C.; Kleinermanns, ®hys. Chem. Chem. Phy2002, 4, 4877.
(5) Katritzky, A. R.; Karelson, MJ. Am. Chem. S0d.99], 113 1561. (12) Kobayashi, RJ. Phys. Chem. A998 102 10813.
(6) Ha, T. K.; Gunthard, H. HJ. Am. Chem. S0d.993 115 11939. (13) Fogarasi, GJ. Phys. Chem. 2002 106, 1381.
(7) Ha, T. K.; Keller, H. J.; Gunde, R.; Gunthard, H. Bl. Phys. Chem. A (14) Piacenza, M.; Grimme, S. Comput. Chen004 25, 83.
1999 103 6612. (15) Yang, Z.; Rodgers, M. TPhys. Chem. Chem. PhyZ004 6, 2749.
(8) Nir, E.; Janzen, C.; Imhof, P.; Kleinermanns, K.; de Vries, MJ.SChem. (16) Tsolakidis, A.; Kaxiras, EJ. Phys. Chem. 2005 109, 2373.
Phys.2001, 115, 4604. (17) Sukhodub, L. FChem. Re. 1987, 87, 589.
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between nucleic acid bases and waté#:24 31 Water molecules

exchange all of their labile hydrogens plus the added proton

have significant effects on the structures, energetics, and kineticswhen interacting with NB: However, when protonated cytosine
of neutral and ionized nucleic acid bases, and the impact of reacts with CHOD, it undergoes only two H/D exchanges
hydration can be studied on a molecular level by investigating because of the lower gas-phase basicity oCH relative to
how the property of a molecule changes as it is hydrated by the basicity of ND.

stepwise addition of the individual water molecé#é3 The
interactions between nucleic acid bases and acetic 34cid,

Protonation of nucleic acid bases plays a crucial role in many
biochemical reactions such as, for example, enzymatic reactions,

alcohols?® and other species have also been reported. The stabilization of triplex and higher order structures, and mutagenic
interaction of metal ions with nucleic acid bases is important process$! There have been many studies of the protonation of

in biological processes, and several metal cations (such'as Li
K*, Na, Ca*, Mg?*t, etc.) have been studied extensivély'®

nucleic acid bases using both experimental and theoretical
approaches. The earliest theoretical study of the protonation

The bond energies, attachment sites, and conformational changegrocess of nucleic acid bases was performed using a molecular
of nucleic acid bases all have been investigated carefully. In electrostatic potential derived from ab initio wave functions in
comparison to studies involving water and metal ions, the the 1970$2 This study provided indications of protonation sites
interactions with ammonia or organic ions have seldom been but did not yield proton affinity values. A recent systematic
studied’>4° Electrospray ionization mass spectrometry has been theoretical study on the determination of proton affinities of

used to study nucleic acid bas¥s? Alkali and ammonium

nucleic acid bases has been performed by Russo et al. using

cations significantly increase self-aggregation of the nucleic acid density functional theor§® Comprehensive post-Hartre€ock
bases and lead to the formation of stable magic number calculations have also been performed to study protonation of

clusters** The addition of ammonium chloride to adenine and

nucleic acid base¥. In addition, Wollken et al. investigated

cytosine does not result in adduct formation. However, the the protonation of uracil by many computational methods

ammonium cation does form adducts with monomer, dimers,

ranging from density functional theory through MohePlesset

trimers, and tetramers of thymine, and clusters with five thymine theory up to quadratic configuration interactfrGreco et ap®

or uracil molecules to generate a magic number clddter.
Brodbelt et al® investigated the H/D exchange of adenine,
cytosine, and uracil with C¥OD and ND. These species

(18) Sponer, J.; Leszczynski, J.; Hobza,JPBiomol. Struct. Dyn1996 14,
117

(19) Sukhodub, L. FMass Spectrom. Re1995 14, 235.

(20) Sponer, J.; Leszczynski, J.; Hobza Bopolymers2001, 61, 3.

(21) Robertson, E. G.; Simons, J. Phys. Chem. Chem. Phy2001, 3, 1.

(22) Hunter, K. C.; Rutledge, L. R.; Wetmore, S. .Phys. Chem. 2005
109, 9554.

(23) Turecek, F.; Chen, X. HI. Am. Soc. Mass Spectro@005 16, 1713.

(24) Kim, S.; Wheeler, S. E.; Schaefer, H. F.Chem. Phys2006 124, Art.
No. 204310.

(25) Piuzzi, F.; Mons, M.; Dimicoli, I.; Tardivel, B.; Zhao, @hem. Phys.
2001, 270, 205.

(26) Hanus, M.; Kabelac, M.; Rejnek, J.; Ryjacek, F.; Hobzal, Phys. Chem.
A 2004 108 2087.

(27) Gu, J.; Leszczynski, J. Phys. Chem. A999 103 2744.

(28) Jalbout, A. F.; Adamowicz, LJ. Phys. Chem. 2001, 105 1033.

(29) Casaes, R. N.; Paul, J. B.; McLaughlin, R. P.; Saykally, R. J.; van Mourik,
T. J. Phys. Chem. 2004 108 10989.

(30) Mackerell, A. D.; Wiorkiewiczkuczera, J.; Karplus, N1.Am. Chem. Soc.
1995 117, 11946.

(31) Kryachko, E. S.; Nguyen, M. T.; Zeegers-Huyskens].TPhys. Chem. A
2001, 105, 1934.

(32) Kim, S. K.; Lee, W.; Herschbach, D. R.Phys. Chem. A996 100, 7933.

(33) Kim, N. J,; Kim, Y. S.; Jeong, D.; Ahn, T. K.; Kim, S. Knt. J. Mass
Spectrom2002 219, 11.

(34) Janke, E. M. B.; Limbach, H. H.; Weisz, B. Am. Chem. So2004 126,
2135.

(35) Haranczyk, M.; Rak, J.; Gutowski, M.; Radisic, D.; Stokes, S. T.; Bowen,
K. H. J. Phys. Chem. B005 109, 13383.

(36) Cerda, B.; Wesdemiotis, @. Am. Chem. S0d.996 118 11884.

(37) Zhu, W. L.; Luo, X. M.; Puah, C. M.; Tan, X. J.; Shen, J. H.; Gu, J. D;
Chen, K. X.; Jiang, HJ. Phys. Chem. 2004 108 4008.

(38) Yang, Z.; Rodgers, M. TJ. Am. Chem. So@004 126, 16217.

(39) Russo, N.; Toscano, M.; Grand, A. Am. Chem. So2001, 123 10272.

(40) Guillaumont, S.; Tortajada, J.; Salpin, J. Y.; Lamsabhi, AIM. J. Mass
Spectrom2005 243 279.

(41) Rochut, S.; Pepe, C.; Paumard, J. P.; Tabet, Rapid Commun. Mass
Spectrom2004 18, 1686.

(42) Rodgers, M. T.; Armentrout, P. B. Am. Chem. So@00Q 122, 8548.

(43) Rodgers, M. T.; Armentrout, P. B. Am. Chem. So@002 124, 2678.

(44) Koch, K. J.; Aggerholm, T.; Nanita, S. C.; Cooks, RJGMass Spectrom.
2002 37, 676.

(45) Kabelac, M.; Hobza, Rl. Phys. Chem. B00§ 110, 14515.

(46) Di Laudo, M.; Whittleton, S. R.; Wetmore, S. D. Phys. Chem. 2003
107, 10406.

(47) Dimitrova, V.; llieva, S.; Galabov, Bl. Mol. Struct. (THEOCHEM2003

(48) Felix, T Reyzer, M.; Brodbelt, Jnt. J. Mass Spectroni.999 190191,
161.

(49) Jankowski, K.; Tabet, J. C.; Virelizier, IBpectrosc. Lett1992 25, 477.
(50) lkonomou, M. G.; Blades, A. T.; Kebarle, Rnal. Chem199Q 62, 957.
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determined proton affinities (PA) experimentally from the
kinetics of the gas-phase unimolecular dissociations of their
proton-bound hetero-complexes with amines of known proton
affinity. These clusters were formed by fast atom bombardment
and the unimolecular dissociations followed by tandem mass
spectrometry. High-pressure mass spectrometry (HPMS) has
also been used to measure the proton affinities of cytosine,
thymine, and adenin®.Thus, it is clear that an investigation

of the interactions between protonated nucleic acid bases and
small solvent molecules will certainly provide valuable insights
into nucleic acid base behavior.

HPMS is well known as a powerful technique for the study
of gas-phase ion thermochemistry. Equilibrium constants for
many processes can be determined by following the temporal
profiles of charged species of interest, formed via pulsed
ionization, and using the long time steady-state ratios of the
ion intensities involved in equilibrium reactions. Important
thermochemical data can be obtained, such as proton affinities,
gas-phase acidities, ionization energies, electron affinities,
hydrogen-bond energies, Lewis affinities, and metal cation
affinities®® HPMS is therefore an ideal tool to study ien
molecule association reactions leading to cluster formzaiiéh
and for the investigation of solvation of ionic speéie§® by

(51) Mirkin, S. M. Annu. Re. Biophys. Biomol. Structl995 24, 319.
(52) Bonaccorsi, B.; Pullman, A.; Scrocco, E.; TomasiTHeor. Chim. Acta

1972 24, 51.
(53) Russo, N.; Toscana, M.; Grand, A.; Jolibois JFComput. Cheml998
19, 989.

(54) Podolyan, Y.; Gorb, L.; Leszczynski,Jd.Phys. Chem. 200Q 104, 7346.

(55) Wolken, J. K.; Turecek, Rl. Am. Soc. Mass Spectro200Q 11, 1065.

(56) Greco, F.; Liguori, A.; Sindona, G.; Uccelle, Bl. Am. Chem. S0d.990Q
112 9092.

(57) Meot-Ner, M.J. Am. Chem. Sod.979 101, 2396.

(58) McMahon, T. B.Int. J. Mass Spectron200Q 200, 187.

(59) Meot-Ner, M.Acc. Chem. Red.984 17, 186.

(60) Caldwell, G.; Magnera, T. F.; Kebarle, £.Am. Chem. Sod.984 106
959.

(61) Li, C.; Ross, P.; Szulejko, J. E.; McMahon, T.BAm. Chem. Sod996
118 9360.

(62) Normann, K.; McMahon, T. BJ. Am. Chem. S0d.996 118 2449.

(63) Deakyne, C. D.; Meot-Ner, Ml. Am. Chem. S0d.999 121, 1546.

(64) Meot-Ner, M.; Hamlet, P.; Hunter, E. P.; Field, F. H.Am. Chem. Soc.
1980 102 6393.
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one or more solvent molecules. Quantitative enthalpy and subsequently lead to formation of the desired ions in the high-pressure
entropy changes for these processes can then be obtained direct|§0_ur06. The_differe_n_ce in proton affinities bet_ween_ ammonia and nucleic
by measuring equilibrium constants as a function of temperature. acid bases is sufficiently large that no Nsignal is detectable. The

The combination of such experiments with ab initio calculations cluster ions of ammonia with the protonated species of interest are

leads to a detailed understanding of both the energetics of theformed i_n the high-pressure source, and the equilibri_um ion_ intensities
are attained relatively early in the ion temporal profiles at ion source

potential energy surface for the reaction and the structural ) .
information for all of the key species on the potential energ pressures of several Torr. Mass selected ion temporal profiles were
y Y monitored using a PC-based multichannel scaler data acquisition system,
surface. typically configured between 10 and 28 per channel. A total of 1024
In the present study, the enthalpy and entropy changes forchannels were acquired, and more than 3000 electron gun pulses were
the formation of clusters of protonated nucleic acid bases accumulated.
(cytosine, uracil, thymine, and adenine) with ammonia have been  For the association reaction, eq 1, the corresponding equilibrium
measured by HPMS. Using ab initio calculations, the structures constant is given by eq 2. The equilibrium constants can be calculated
for the different isomers of the neutral and protonated cytosine, from the relative ionic abundancésgw,++/1e++) and partial pressure
uracil, thymine, and adenine, as well as their clusters with of ammonialgnnynt/lent may be measured directly from the HPMS
ammonia, have been optimized at the B3LYP/6-8&(d,p) level steady-state relative ionic abundances. The partial pressure of ammonia
of theory. At the same time, the potential energy surfaces for in the ion source is readily determined from the known partial pressure
proton transfer within the protonated nucleobases and theOf ammonia added to the gas .mixtur<_e in the gas sample reservoir and
interconversion of the various isomers of their clusters with the .measured total pressure in the ion source. This pressure can be
ammonia have also been obtained. The ab initio calculated easily changed over several orders of magnitude by simply changing
o . ’ - the partial pressure of ammonia in the gas sample reservoir.
binding energetics may also be compared to the experimental
values and used to infer the structures of the clusters formed

+ . + _
experimentally. In addition, the interaction between neutral BH + NH, = B(NHyH B = Cyt, Ura, Thy, or Adzal)
nucleic acid bases (cytosine, uracil, and thymine) and am-
monium ion has also been investigated and compared to their lsvHgHe 1
interactions with Na. The understanding gained of the interac- eq ™ ?WHS &)

tion between protonated nucleic acid bases and various small
solvent molecules, such as ammonia, will inevitably lead to a
deeper insight into the structures, reactions, and properties o
DNA and RNA and their interactions with the surrounding
medium.

£ As the temperature is changeKle, can be determined at each

temperature. Next, as given by the van't Hoff equation, eq 3, the

enthalpy changeAH) and the entropy changé®§) for the reaction

can be obtained from a plot &€, versus reciprocal temperature.

2. Experimental and Computational Methods
P P AH | AS

IN(Keg = — S + 25 ©)

2.1. Experiment. All experiments were carried out on a high- RT R

pressure mass spectrometer constructed at the University of Waterloo
and whose general design has been described in detail elseWHére. 2.2. Ab Initio Calculations. Ab initio calculations have been carried
The instrument used in the present work is configured around a double gt with the Gaussian 03 program packdy@he structures of the
focusing reversed geometry (B-E) magnetic sector mass spectrometeieytral and protonated nucleic acid bases and their clusters with
(VG ZAB-2F) mated to the home-built high-pressure ion source. ammonia were calculated at the density functional theory (DFT) level,
Experiments were performed in positive ion mode with an ion energy employing the B3LYP exchange-correlation functional and the-6631
of 4 keV. (d,p) basis set. The potential energy surfaces for proton transfer and
Gas mixtures were prepared in a 2.54 L reservoir using methane asthe interconversion of the ammonia clusters have also been obtained
bath gas at a pressure of 500200 Torr. The partial pressure of  at the same level of theory. Vibrational frequencies were calculated
ammonia was typically in the range of 6:10 Torr, depending onthe  for all structures to verify that no negative frequencies were present
ions desired in the equilibrium to be investigated. A small amount of for local and global minimum structures on the potential energy surface.
CCly was typically also added to the reservoir to promote ion pair For transition states, only one imaginary frequency is found, and by
diffusion as the dominant diffusion mode, effectively leading to an examination of these imaginary frequencies every transition state could
increase in ion source residence times by slowing the rate of ion pe confirmed to be directly related to the corresponding reactants and
diffusion to the source walls. Gas mixtures were flowed into the ion products. To obtain more accurate interaction energetics, single point
source to a total pressure of-8 Torr. A solid sample of the nucleic energies have been calculated using a MP2(full)/643%G(2d,2p)//
acid base of interest was introduced directly inside the high-pressure B3| YP/6-31+G(d,p) protocol. Zero-point energy and thermal energy
source such that, when the high-pressure source is heated, gaseougprrections at 298 K were also included. Basis set superposition error
nUC|e|C aC|d base iS pl’eseﬂt at |tS equ”lbnum VapOI’ pressure. |OnI2atI0n (BSSE) was Computed fo”ov\nng geometry Opt|m|zat|0n u5|ng the
is initiated by a beam of energetic (2 kV) electrons, from an electron counterpoise correction method at the MP2(full)/6-33#1G(2d,2p)
gun external to the ion source, focused onto the G0 electron level® The entropies of the association reaction were obtained from
entrance aperture of the ion source. Chemical ionization processesg3| YP/6-31G(d,p) geometries and harmonic vibrational frequencies.

Gas-phase proton affinity (PA) is defined as the negative of the
enthalpy change for the addition of a gaseous proton to a gaseous neutral

(66) Klassen, J. S.; Blades, A. T.; Kebarle JPPhys. Cheml995 99, 15509. molecule. For example, the protonation of cytosine, eq 4, leads to a
(67) Wu, R. H.; McMahon, T. BCan. J. Chem2005 83, 1978.
(68) Bogdanov, B.; McMahon, T. Bnt. J. Mass Spectron2005 241, 205.

(65) Klassen, J. S.; Blades, A. T.; Kebarle, PAm. Chem. Sod994 116,
12075

(69) Szulejko, J. E.; Fisher, J. J.; McMahon, T. B.; Wronkalnd. J. Mass (71) Raspapov, S. A.; McMahon, T. B. Mass Spectron2005 40, 1536.
Spectrom. lon Processd988 83, 147. (72) Frisch, M. J.; et alGaussian 03revision B.03; Gaussian, Inc.: Pittsburgh,
(70) Szulejko, J. E.; McMahon, T. Bat. J. Mass Spectrom. lon Procesd€91], PA, 2003.
109, 279. (73) Boys, S. F.; Bernardi, iMol. Phys.197Q 19, 553.
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Table 1. Experimental Values of Enthalpy and Entropy Changes

of the Association Reactions Measured by HPMS

AH (kcal mol~1) AS (cal mol=t K~1)b

CytH* + NHz = Cyt(NHa)H* —21.7 —28.4
UraH" + NH3 = Ura(NHg)H* —-27.9 —-29.6
ThyH* + NHg = Thy(NHz)H* -22.3 231
—-21.8 -225

AdeH* + NHz = Ade(NH)H* -17.5 —27.2

Ln K

%%/w
Xk/ Ade

23

21

212 2:4
1/T*1000

Figure 1. van't Hoff plots for the association reactions, BH- NHz =
B(NH3)H™, B = Cyt, Thy, Ura, Ade.

25

proton affinity of cytosine given by eq 5,

Cyt+ H" — CytH" (4)

PA(Cyt) = —AHod4) = —(H298(CytH+) — HaedCyt)) + 5/2R('Ié)

where the enthalpy functionsl.gs include the electronic energy and
zero-point energy and temperature corrections to the vibrational enthalpy
of the reactant Cyt and product Cyttat 298 K. The’/,RTterm is the

sum of the transitional energy of the proton and the work te&xnRT,

for the addition of a proton.

aMaximum uncertainty inAH values is 1.0 kcal motl. This
uncertainty is greater than that which is obtained from the van't Hoff plot

due to assumed additional maximum uncertainties in temperature and

pressure measuremerfidvlaximum uncertainty imAS values is+3.0 cal
mol~1 K~1, This uncertainty is greater than that which is obtained from the

van't Hoff plot due to assumed additional maximum uncertainties in
temperature and pressure measurements.

.J . ¥ . I’
3 133
P N 2 & ) ~
e &9
PN S ) B o o 9 g
Soe e T e e S gte
J|I 9 2 4
CHO1 UHO3 AHO
,\. &
il B [}
J\II 47 , )
4 4
b4 .I 26 4 °
‘ & .'.‘ = %'I'--‘J | .06 ‘
a4 ‘_, ° & [ 4 4 P ? @
) 3 121 -2
A e - -
JJ @' ¥ - L ] ‘J‘J o
J\I-I N
CNO1-01 UNO1-01 ANO01-01

Figure 2. The structures of the most stable isomers of the protonated
cytosine CHO1), uracil (UHO01), and adenineAHO01) and their clusters

Similarly, the enthalpy change for the association reaction, for with ammonia CN01-01, UNO1-01 andAN01-01) calculated by B3LYP/

example, eq 1, is given by eq 6. Here, the enthalpy change is simply

6-31+G(d,p).

the difference in the enthalpy functions of product and reactants because

the work term is inherently included in the enthalpy terms.

AH,g= Haod CYt(NH)H ) — (Ha0d CytH") + Hoeg(NHy)) ©)

In the present work, the binding enthalpy of the clusters denotes the
enthalpy changes calculated using the single point energy determina-
tions. For entropies and the potential energy surfaces, the values
obtained at B3LYP/6-3tG(d,p) are employed. In addition, for many
species, several possible rotatamers exist, and, in these cases, only th
value for the most stable rotatamer is reported.

3. Results

3.1. Equilibrium Measurements. The experimental van't
Hoff plots for the association reactions investigated are shown
in Figure 1. The thermochemical data extracted from these van't
Hoff plots are summarized in Table 1. For the association

often underestimates the binding energies when the basis set
used is not sufficiently large and when the structure computed
is sufficiently loose such as those previously repofted The
calculated entropy change 6N01-01is —27.3 cal mot! K1,

in excellent agreement with the experimentally determined

value. For thymine, uracil, and adenine, the results of the MP2-

(full) calculations are reported without BSSE correction.
e The measured enthalpy and entropy changes for the clustering
reaction of protonated uracil with ammonia ar€7.9 kcal
mol~1 and—29.6 cal mot! K1, respectively. The correspond-
ing computed enthalpy change for the most stable isomer,
UNO01-01, is —29.2 kcal mof?, which is close to the experi-
mental value.

For the association reaction of protonated thymine and
ammonia, the experimentally measured enthalpy and entropy

reaction of protonated cytosine and ammonia, the measuredvalues are—22.3 kcal mof! and —23.1 cal mot! K1,

enthalpy and entropy changes ar21.7 kcal moft and—28.4
cal molt K71, respectively. The calculated enthalpy change
for the formation of the most stable isom@N01-01 (shown
in Figure 2), is—24.6 kcal mot? at the B3LYP/6-3%+G(d,p)
level, which is a little greater than the measured value. When
the enthalpy change is taken from the single point energies
determined at the MP2(full)/6-3#1+G(2d,2p)//B3LYP/6-
314+G(d,p) level, this value is reduced te23.4 kcal mot™.

respectively. The enthalpy change can be seen to be substantially
different from that of uracil, and, to confirm this, replicate
determinations were carried out, with the most different value
obtained being-21.8 kcal mot? for the enthalpy change. The
average enthalpy value obtained-i®2.1 kcal mot! with a
corresponding entropy change 22.8 cal mot! K=1. Thus,
although uracil and thymine have similar structures and proton
affinities, the binding energies of the protonated species with

When BSSE is taken into account, the calculated enthalpy
change of —20.8 kcal mol! is slightly lower than the
experimental value. It is well known that the BSSE correction

572 J. AM. CHEM. SOC. = VOL. 129, NO. 3, 2007

(74) Tarakeshwar, P.; Kim, K. §. Phys. Chem. A999 103 9116.
(75) Wu, R. H.; Vaupel, S.; Nachtigall, P.; Brutschy,B Phys. Chem. 2004
108 3338.
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ammonia are quite different. This difference is discussed in sometautomers of both neutral and protonated cytosine were explored

detail below. by B3LYP/6-3H-G(d,p), and the most stable tautomers are
The measured enthalpy and entropy changes for the associasummarized in Figure S1, with their calculated relative energet-
tion reaction of protonated adenine with ammonia at7.5 ics summarized in Table S1 in the Supporting Information. The

kcal molt and—27.2 cal mot® K1, respectively. These two ~ Most stable tautomer 801 at the B3LYP/6-3%+G(d,p) level,

values agree well with the computed enthalpy and entropy in Which a hydrogen is located at the N1 position giving a cyclic
changes of—18.3 kcal mot! and —27.1 cal mof! K1 secondary amine functionality. The corresponding enol forms,
respectively, for the most stable isomaN01-01 C02, with a hydroxyl hydrogen cis to N1, an@d03, with a

Kebarlé®77 and Meot-Nefé et al. have previously carried hydroxyl hydrogen trans to N1, are the second and third most
out numerous investigations of proton-bound dimers of the form Stable forms. Protonated cytosine has been generally assumed
BH*-A and have demonstrated an excellent qualitative trend 0 occur only na kete-amino tautomeric form. According to
between the binding energy and the proton affinity difference, diffraction daté® and ab initio calculations (HF/STO-3G),
APA, between the A and B species. This trend shows that CYtoSine protonation should occur at the N3 position giving rise
binding energy decreases as the difference between the protort® StUCtUréCHO2. In the present studf;HO1, the enot-amino
affinities of A and B increases. This may be understood in terms form. is found to be the most stable isom€H02, the keto-
of the hydrogen-bond formation in BHA being viewed as ~ @mino form, is only 0.3 kcal mot higher in energy than that

_ \ d . L

partial proton transfer from BH to A in the association ©f CHOL, and the energy o€HO3 is 8.5 kcal mof™ higher.
complex. Partial proton transfer is facilitated either whenrBH ~ HOwever, thelsmgle point energy calculation givesi01 as
becomes a more efficient proton donor, that is, when the proton 1-5 kcal mof™ more stable tharCHO2. These findings are
affinity of neutral B decreases, or when A becomes a more consistent with the literature data8488but it still must be
efficient proton acceptor, that is, when the proton affinity of A €Onsidered to be undetermined which of the ison@91 or
increases. This trend has also been confirmed in many sfgdies, ~ CHO2is actually the more stable. The calculated proton affinity,
Desmeules et & have analyzed this relationship between the Pased on cytosine protonation 602 at N1 leading taCHO1,
binding energy and the difference of proton affinities compu- 1S 2257 kcal mot?, which is in good agreement with the value
tationally and have verified the occurrence of partial proton oM the NIST database of 227.0 kcal mbl

transfer in the proton-bound dimers as measured by the Because the energy aHO3 is sufficiently higher than that
elongation of the B-H* bond. of eitherCHO1 or CHO2, only clusters of protonated cytosine

and ammonia derived fronCHO1 and CHO2 have been
considered. The four most stable isomers obtained from each
of CHO1 andCHO2 are displayed in Figure S1. Among these
isomers,CNO1-01is the most stable (also shown in Figure 2),
in which ammonia forms a hydrogen bond with the hydroxyl
proton at O2 and partial proton transfer occurs from O2 to
ammonia with N-H and O-H distances of 1.23 and 1.27 A,
respectively. The calculated enthalpy change-i23.4 kcal
mol~!, and —20.8 kcal mot! when BSSE is considered. In
CNO01-02 ammonia forms a hydrogen bond with the ring
nitrogen, N1. FOrCN01-03and CNO1-04 ammonia binds to
one or the other of the two exocyclic amino hydrogen€BD1.

In comparison tdCN01-01, the binding energies of these other
three isomers are about 4 kcal mblower at 298 K, and their
H-bond lengths of 1.68, 1.85, and 1.80 A are obviously longer
than that inCNO1-01 From the order of the H-bond strengths,
the order of acidities of the different sites @H01 may be
inferred with the acidity of the-OH group as the strongest,
and the amino hydrogens weaker than that at the aromatic
nitrogen.

The proton affinities, taken from the NIST database, of
cytosine, uracil, thymine, and adenine are 227.0, 208.6, 210.5,
and 225.3 kcal mol, respectively, while that of ammonia is
204.0 kcal mot1.84 Thus, according to the relationship between
the binding energy and the PA difference, the binding energy
of protonated cytosine to ammonia should be the lowest and
the binding energies of protonated uracil and thymine to
ammonia should be similar. Contrary to this expectation,
however, the experimental binding energy of protonated adenine
to ammonia is the lowest of the four association reactions, those
of cytosine and thymine are similar, and that of uracil is much
greater than that of thymine. Several possibilities exist to explain
these inconsistencies, most notably potential differences in the
nature of the functionalities participating in hydrogen-bond
formation as well as isomerization of the clusters. These
possibilities are discussed below in light of more detailed
computational investigations.

3.2. Computational Energetics and Structures. 3.2.1.
Cytosine. There are extensive computational calculation and

experimental data concerning the tautomers of neutral and From CHO2, the other four most stable isomers obtained for

H H i ili 2-14,85-87 . . . . .
protonated cytosine and their relative stabilifies: adduct formation with ammonia are shown in Figure S1, among

Based on these previous results, the various possible stablg - cN0O2-01is the most stable. The calculated binding
energy obtained is 19.8 kcal mé] which decreases to 17.9

(76) Davidson, W. R.; Suner, J.; Kebarle J’Am. Chem. So¢979 101, 1675.

(77) Lau, Y. K.; Nishizawa, K.; Tse, A.; Brown, R. S.: Kebarle JPAm. Chem. kcal mol~t with the inclusion of the BSSE correction. However
78) f/loc t1?\l8l 1'393 6£91-Ch 500984 106 1257 the relative energy is still 5.6 kcal mdl higher than that of
eot-Ner, M.J. Am. em. S0 .

(79) Yamdagni, R.; Kebarle, B. Am. Chem. Sod.973 95, 3504. CNO1-01at the B3LYP/6-3}G(d,p) level of theory and 2.9

(80) Lau, Y. K.; Kebarle, PCan. J. Chem1981, 59, 151. 1 i i ion.

(81) Meot-Ner, M.J. Am. Chem. S0d.984 106, 1265. keal mol at. Slngle p0|nt energy CalCUIat.lon .

(82) Meot-Ner, M.J. Phys. Chem1987, 91, 417. The experimental enthalpy value for this association energy

(83) Desmeules, P. J.; Allen, L. . Chem. Phys198Q 72, 4731. ic — 1 i i

(84) NIST webbook website, NIST standard reference database (http://web- IS_ .21'7 keal mot”, which agrees t.)eSt with the cor_npgted
book.nist.gov). binding energy ofCN01-01, clearly higher than the binding

(85) Colominas, C.; Luque, F. J.; Orozco, B Am. Chem. Sod99§ 118 energy ofCN02-01 Thus, the dominant species should be the

(86) Taylor, R.; Kennard, QJ. Mol. Struct.1982 78, 1.

(87) DelBene, J. EJ. Phys. Chem1983 87, 367. (88) Florian, J.; Baumruk, V.; Leszczynski,Jl.Phys. Chenil996 100, 5578.
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Table 2. Calculated Values of Relative Energies, Enthalpy (298 K), and Entropy Changes of the Different Isomers of the Clusters of
Protonated Cytosine and Ammonia (CN), Protonated Uracil and Ammonia (UN), and Protonated Adenine and Ammonia (AN)

MP2(full)/6-311-++G(2d, 2p)l/

B3LYP/6-31+G(d,p) B3LYP/6-31+G(d,p)
relative energy? AH AS AH AH with BSSE?
(kcal mol~t) (kcal mol—1) (cal mol~t K1) (kcal mol—1) (kcal mol~t)
CNO1-01 0 —24.6 —27.3 —23.4 —20.8
CNO01-02 5.8 —18.8 —27.7 —-19.2 —-17.4
CNO01-03 10.3 —14.3 —25.7 —14.3 —-12.9
CNO1-04 11.0 —13.6 —25.7 —13.6 —12.2
CNO02-01 5.6 —19.3 —29.1 —19.8 —-17.9
CNO02-02 6.3 -18.7 —28.1 —18.6 —-16.7
CNO02-03 7.6 —17.3 —24.8 —-17.2 —15.8
CNO02-04 8.3 —16.3 —26.5 —16.5 —15.1
UNO01-01 0 —29.7 —24.9 —29.2
UNO01-02 7.7 —-21.9 —28.8 —22.4
UNO01-03 9.1 —20.6 —28.6 —20.6
UNO03-01 1.2 —27.1 —26.3 —26.4
UNO03-02 4.0 —24.3 —-23.7 —23.2
UNO03-03 7.6 —20.8 —28.0 —21.2
ANO01-01 0 —-17.9 —27.1 —18.3
ANO01-02 1.7 —-16.2 —26.4 -16.7
ANO01-03 1.7 —16.2 —30.9 —16.6
ANO01-04 2.3 —15.6 —26.1 —15.5
ANO04-01 -0.6 —18.4 —27.4 —-19.2
ANO04-02 1.4 —16.5 —26.0 -17.2
ANO04-03 4.0 —13.9 —26.1 —-14.0

awith ZPE and thermal energy correction at 298°KISSE calculated by MP2(full)/6-331+G(2d,2p).

most stable isome6;N01-01, under the experimental conditions  ion hydrogen to a carbonyl oxygen of 1.47 A. The enthalpy

used here. The experimental entropy change28.4 cal mot? change thus calculated for formation of this adduct-29.2
K~1, which also corresponds well with the calculated value for kcal molt, which is nearly 7 kcal moft more favorable than
CNO01-01of —27.3 cal moft K1, that for formation of the next most stable specig$/01-02

3.2.2. Uracil.In agreement with several previous studies? Three more stable isomergN03-01, UN03-02 and UNO3-
the most stable form of neutral uracil01, is found to arise 03, derived fromUHO3, are also displayed in Figure S2 and
from the structure with two hydrogen atoms bound to the two have binding energies of 26.4, 23.2, and 21.2 kcal "ol
ring nitrogens, as shown in Figure S2. The energy of each of respectively. Comparison of the relative energetics of all six of
the other possible isomers is at least 10 kcalThhigher than these isomers would seemingly give rise to the prediction that
that ofUOL With such large energy differences, the abundance the most stable isometJNO1-01, is the dominant species

of any of these isomers will be much less than thatU6fl formed under the experimental conditions. The calculated
within the experimental temperature range. binding energy of 29.2 kcal mot is in reasonably good

The four most stable tautomers of protonated uracil can be agreement with the experimentally measured value-87.9
considered to be derived from protonationffl—UO04 at their kcal mol2,

respective most basic sites. These structures are shown in Figure 3.2.3. Thymine.The structure of thymine is similar to that
S2, and their relative energies are given in Table S2. Alterna- of uracil with only one more methyl group adjacent to the ring
tively, UHO1 andUHO2 could be considered to be derived from carbonyl group in thymine. By analogy to uracil, the most stable
UO01 by protonation at either of the two carbonyl oxygens, with neutral isomer has two hydrogen atoms bound to the two ring
UHO1 seen to be more stable thaiH02. Even thoughJHO3 nitrogen atoms. This specieB)1, is more than 10 kcal mot

is the most stable isomer, it cannot form directly froil, the lower in energy than any other possible tautomer and is thus
only tautomer expected to be present in any abundance. Thepredicted to be the only species present in measurable abundance
calculated barrier for intramolecular proton transfer fidi01 under the experimental conditions here. The structures and

to UHO3 is in excess of 35 kcal mot at 298 K, which is too relative energetics are given in Figure 3 and Table 3, respec-
high to lead to any appreciable formation of this most stable tively.
tautomer. It has therefore previously been concluded that under The four most stable protonated thymine species have also
thermal conditions in the gas phaddei03 will not be formed® been determined. Again, by analogy to uracil, the most stable
even though it is the most stable protonated species. tautomer isTHO3 with an energy 2.7 kcal mot lower than
BecauseUH02 and UHO04 are high in energy, the only that of THO1. The energies cfTHO2 andTHO4 are more than
clusters of protonated uracil and ammonia considered in the 10 kcal mot* higher than that oTHO3, the most stable isomer.
present work were based on association of ammoniaWtal The three most stable adduct species with ammonia derived
andUHO03. The three most stable isomers derived froiH01 from THO1, shown in Figure 3, ar&N01-01, TN01-02 and
obtained, designatedN01-01, UNO1-02 and UNO1-03 are TNO1-03 The relative binding energetics given in Table 3 show
shown in Figure S2, and their relative energetics are given in thatTNO1-01is the most stable of these with a binding energy
Table 2. INUN01-01, it can be seen that an endothermic proton of 27.6 kcal mot™. This is sufficiently greater than that of the
transfer has effectively occurred from protonated uracil to other two structures that it should be the dominant species
ammonia, giving a hydrogen-bond length from an ammonium possible to form fromTHO1. From the most stable, but
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Figure 3. The structures of the different isomers of neutr@) @nd
protonated thymine TH) and the cluster of protonated thymine and
ammonia TN) obtained by B3LYP/6-3:G(d,p).

apparently inaccessible, protonated thymiRdQ3, three other
species,TN03-01, TN03-02 and TN03-03 may be derived.
These are also shown in Figure 3 with their relative energetics
also given in Table 3. From these relative energetics for all six
possible specie§,N03-01is seen to be the most stable isomer
with an energy 0.8 kcal mol lower than that forTN01-01
However, the enthalpy change for formationTdi03-01 from
THO3 of —24.8 kcal mot?! is smaller than that for formation

of TNO1-01from THO1, and thus might be predicted not to be

present in any appreciable amount due to the failure to generate

THO3. In TN03-01, as in TNO1-01, an endothermic proton

transfer can also be seen to occur from protonated thymine to

ammonia. As compared to the corresponding isomer of uracil,
the hydrogen-bond length is slightly shorter at 1.35 ATi03-

01 relative to 1.38 A for UN0O3-01 This is most easily
rationalized by the relative proton affinities @03 and TO3
where the lower proton affinity of uracil facilitates a slightly

Table 3. Calculated Values of Relative Energies, Enthalpy (298
K), and Entropy Changes of the Different Isomers of the Neutral,
Protonated Thymine, and Its Clusters with Ammonia

MP2(full/6-311++G(2d,2p)//

B3LYP/6-31+G(d,p) B3LYP/6-31+G(d,p)

relative energy? AH AS AH

(kcal/mol) (kcal/mol)  (cal/mol-K) (kcal/mol)
TO1l 0 0
T02 10.7 —-0.7
TO3 12.6 1.0
TO4 22.5 —0.6
THO1 2.7 —207.1 0.3 —205.4
THO2 10.0 —199.8 1.3 —199.4
THO3 0 —222.4 0.1 —220.8
THO4 22.5 —198.0 3.2 —196.9
TNO1-01 0.8 —27.6 —245 —27.6
TNO1-02 7.5 —-209 —29.1 —215
TNO1-03 8.7 —19.7 —28.6 —19.7
TNO03-01 0 —25.7 =270 —24.8
TNO03-02 2.9 —228 —27.6 —-21.9
TNO03-03 5.8 —-199 —-259 —20.5

aWith ZPE and thermal energy correction at 298 K.

(29.2 kcal mot!) and thymine (27.6 kcal mol), with a
difference is only 1.6 kcal mot. Such a slight difference could
normally readily be rationalized on the basis of the small
difference (1.8 kcal mot) in the proton affinities of what are
expected to be the only species present. However, the experi-
mental values for the energetics of ammonia adduct formation
are markedly more dissimilar with measured values-@7.9
kcal mol® for uracil and only—22.1 kcal mot? for thymine
for a difference of 5.8 kcal mot. As noted above, the measured
binding enthalpy between protonated uracil with ammonia is
in good agreement with the largest calculated value leading to
UNO1-01 However, the experimentally measured value for the
cluster of protonated thymine and ammonia is 5.5 kcal ™ol
less than that calculated for the formation of what was
considered to be the only possible speci€sl01-01 This
difference is much too large to be due to experimental
uncertainties. This thus leads to the possibility that consideration
must be given to formation of ionic species in the present
experiments other than those which can be derived straightfor-
wardly from the presumed dominant neutral tautomer in the
gas phase. This possibility is considered in more detail below.
3.2.4. Adenine Adenine is one of the two purine nucleobases
used in forming nucleotides of the nucleic acids DNA and RNA.
In DNA, adenine binds to thymine to assist in stabilizing the
nucleic acid structures, and binds to uracil in RNA. Four
different tautomers of neutral adenine have been calculated in

more complete proton transfer to ammonia than is the case forthe present work, as illustrated in Figure S3, and their relative

the more basic thymine.

Among the isomers of the cluster of protonated uracil with
ammonia, the most stable isomerd®01-01, with an energy
1.2 kcal mot™ lower than that of the second most stable isomer,
UNO03-01 In contrast, in the corresponding isomers of thymine,
the relative energy oTN03-01is 0.8 kcal mof! lower than
that of TNO1-01 This may be the result of the smaller difference
in proton affinities ofUO1 relative toU03 as compared to that
of TO1 relative toT03, and/or there may be a contribution from

energetics are summarized in Table S3. It is clearly evident that
A01 is the most stable tautomer, whi#®2 and A03 have the
same energy, 8.2 kcal nidl higher than that oAOL.

Three different protonated adenine speciékl01, AHO2,
and AHO3, can be considered to be derived from simple
protonation ofAO1 at different sites. The energy &HO02 is
only 1.5 kcal mot? higher than that of the most stable tautomer,
AHO1. In addition,AHO4, which can be thought of as being
derived from protonation of eithex02 or AO3, has nearly the

a methyl group steric effect depressing the interaction energy same energy a8HO1 determined at the B3LYP/6-31G(d,p)

with ammonia inTN0O1-01
According to the calculated values in Tables 2 and 3, the
strongest binding energies are similar for the clusters of uracil

level of theory, but it is 1 kcal mol higher in energy than
AHO1 when single point energies are calculated. The calculated
proton affinity of adenine based @01 giving AHO1 is 222.8
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kcal mol?, a value which is similar to that given in the NIST THTS02 (38.0)
tables (225.3 kcal moh). . '

The four most stable clusters derived from association of
AHO1 with ammonia as well as a further three clusters obtained
from association oAH04 with ammonia are shown in Figure
S3. From the corresponding energetic data given in Table 2, it
is evident that those structures involving hydrogen bonding of
the nitrogen of ammonia to a hydrogen of the exocylic amino
group are inherently less strongly bound than those species in
which ammonia binds to a hydrogen bound to one of the ring
imino functions. For example, botkiN01-03andANO1-04are
less favorable than eithéiNO01-01or AN01-02 andAN04-03 _
is less favorable than eith&iN04-01or AN04-02 In the former ‘e ¢
case, this is true even though there are two hydrogen bonds ,3 g 3 s j‘ e
formed in ANO1-03 The most stable adduct isomer found is ; |
ANO04-01at the B3LYP/6-3%+G(d,p) level of theory; however, s t "
ANO1-01is 0.6 kcal mol* more stable tha®N04-01 at the ’
MP2(full)/6-311++G(2d,2p)//B3LYP/6-3%G(d,p) level. If the
binding energy to ammonia foANO1-01 is calculated from
AHO1 and that forAN04-01is calculated fronAHO4, the final
binding energy to ammonia f#&xN04-01of 19.2 kcal mott is
found to be a little higher than the corresponding value for S
ANO01-01 of 18.3 kcal mot™. The experimental value of 17.5 ’
kcal mol™® for the binding of ammonia to protonated adenine TH-TS02 THO3 (b

is in good agreement with this latter calculated binding energy Figure 4. (a) Potential energy surface for unimolecular proton transfer in

for ANO1-01 protonated thymine including ZPC and thermal energies at 298 K; the
relative enthalpies of each stationary point are given in the associated
parentheses; and (b) the structures of each stationary point.

TH-TS01 (7.4)

O\

THO1-02 (2.6
THO1 (0.0) (@6)

Energies (kcal/moal)

-
THO3 (-2.7)

(a)

TH-TS01

e

4. Discussion

4.1. Potential Energy Surface Intramolecular Proton
Transfer in Protonated Thymine. The most stable isomer of
protonated thymine i¥HO03, which can, in principle, be formed
either by direct protonation of the neutral tautoni&3 or,

support of this finding, it can be noted that the measured proton
affinity of uracil is consistent with the formation afH01.55

4.2. Ammonia-Catalyzed Proton Transport Isomerization
in Protonated Thymine. The measured binding energy of
alternatively, fromlHO1 via an intramolecular proton-transfer  protonated thymine to ammonia is close to the value calculated
reaction. Becaus€03 has a much higher energy th@f1l, the on the basis of formation of the most stable isonTéip3-01,
only species of significant abundance present in the gas phasdrom THO3 and ammonia. However, because, as demonstrated

in these experiments should 61, leading to the conclusion
that in the present experimenitsl03 cannot be formed by direct
protonation. This leads to the question of whethEI03 might

be formed fromTHO1 via a unimolecular proton-transfer

above, THO3 cannot be generated by either direct protonation
or unimolecular isomerization @HO01, thus it might have been
expected that the experimental value should actually correspond
to that calculated for the addition of ammonialid01. Because

process. The calculated unimolecular potential energy surfacethe experimental data differ so dramatically from this precon-

for transformation offHO1 to THO3 is shown in Figure 4. The

ception, it became necessary to seek other explanations whereby

lowest energy pathway found involves a two-step process in THO3 and TH03-01 might be formed and the possibility of

which first a rotation occurs about the exocyclie:OH bond,
followed by a 1,3 proton transfer from a ring nitrogen to the
second exocyclic oxygen. The—<©OH rotation occurs via a
relatively low lying transition statée[H-TS01, to give another
local minimum, THO1-02, whose energy is 2.6 kcal mdl
higher than that oTHO1. The subsequent proton transfer from
the ring nitrogen inTHO1-02 to the second carbonyl oxygen to
yield THO3 must pass through a transition structurel-TS02,
lying 38.0 kcal mof! aboveTHO1 in energy. The four-center

proton transport isomerization suggested itself. A potential
energy surface for isomerization frofN01-01to TN03-01in

the presence of ammonia was thus explored with the results
shown in Figure 5. Figure 5a represents the electronic potential
energy surfacetad K with no zero-point energy correction,
while Figure 5b includes both zero-point energy and thermal
energy corrections at 298 K, which more closely resembles true
experimental conditions. Interestingly, while the electronic
potential energy surface shows actual minima and transition

transition state, in which a hydrogen atom bridges the nitrogen states, when the thermal and zero-point energy corrections are
and oxygen atoms, is thus clearly inaccessible energeticallyadded some energies of the transition states become lower than

under the experimental conditions involved. Therefdnd03
cannot be formed fronTHO1 via this pathway. A similar

the energies of the nearby local minima. Significantly, all
minima and transition states are much lower in energy than the

argument applies to protonated uracil where the more stableseparated reactanf®BH01 and NH;, indicating that the tau-
UHO03 cannot be readily accessed from the dominant tautomer tomerization toTHO3 can occur unimpeded under thermal

UO1 either by direct proton transfer or by unimolecular
isomerization olJHO1. The situation for uracil is analogous to
that of thymine, although/HO3 is the most stable tautomer. In
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energy conditions. The strong hydrogen bonding present in the
ammonia adduct thus allows for this catalyzed tautomerization
to occur. The first step involves an effective rotation about the
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Figure 5. (a) Vibrationless potential energy surfade0aK for the isomerization of protonated thymine and ammonia with the relative energies of each
stationary point given in the associated parentheses; (b) potential energy surface including ZPC and thermal energies at 298 K; and (c)<lué stcleture
stationary point.

C—0 bond viaT-TS1 to yield a second minimum only slightly  the uracil and thymine surfaces is that in the case of uracil the
higher in energy,TN01-04. Proton transfer from ammonium  most stable ammonia adduct corresponds to the interaction of
ion back to the carbonyl oxygen then occurs accompanied by UHO1 with ammonia. Thus, the dominant ionic species par-
translation of the NBlmoiety via a bifurcated transition state, ticipating in this equilibrium will beUH03 andUNO01-01 The
T-TS2, to form a new hydrogen-bonded adduct between calculated value for the enthalpy change for this association
ammonia and an imino hydrogefiN01-05 This species then  reaction is then—27.9 kcal mot?, in exact agreement with
passes via another bifurcated hydrogen-bonding transition stategxperiment. It should be noted, however, that significant
T-TS3, to give the global minimum on the adduct surface, amounts of bottJHO1 and UNO3-01will also be present in a
TNO3-01 It can then smoothly dissociate to yield the lower statistical mixture at the experimental temperatures.
energy protonated thymindH03, and ammonia. This bimo- 4.4. Correlation of the Strength of Interactions between
lecular association process leads overall to the exothermicProtonated Nucleic Acid Bases and Ammonia with Proton
tautomerization, which was not possible on a unimolecular Affinity. Given the structural similarities of uracil and thymine
surface. The fact that this isomerization is so facile would then and the general observation that within a homologous series of
dictate that the measured equilibrium for the association reactioncompounds the binding energies of the protonated species with
observed actually involve$HO3 and a statistical mixture of  a given reference base should be proportional to the difference
TNO1-01 and TNO03-01, which are close in free energy in proton affinities of the parent compound and the reference
throughout the experimental temperature range. The calculatedbase, it might have been expected that protonated uracil and
association enthalpy is still greater than the experimentally thymine would exhibit similar binding energies with ammonia.
observed value by2.5 kcal mof!; however, it should be noted ~ However, as noted above, experimental values are markedly
that calculated binding energies are often overestimated whendifferent.
the basis set size is insufficient. For uracil, the experimentally measured enthalpy of associa-
4.3. Ammonia-Catalyzed Proton Transport Isomerization tion corresponds to the interaction of the most stable protonated
in Protonated Uracil. In view of the structural similarity of isomer,UHO3, with ammonia to yield the most stable adduct,
uracil and thymine, an analogous exploration of the potential UNO1-01 Although the most stable protonated isomedi$03,
energy surface for interaction of protonated uracil and ammonia it differs in energy by only 1.3 kcal mot from UHO1 in the
was undertaken. The resulting surface, shown in Figure 6, gas phase. All previous experiments used to determine the proton
exhibits a shape similar to that of thymine with analogous affinity of uracil will have effectively probed the enthalpy
minima and transition states as depicted in Figure 5. The netchange for addition of a proton 1d01 to yield UH01.5% The
result is once again that the interactionifi01, as the only dominant cluster observed in the present waikl01-01, thus
species initially formed by protonation of the dominant neutral, involves a proton shared betwedf®1 and ammonia, and the
U01, with ammonia can lead to the exothermic tautomerization similar proton affinities 0fU01 and ammonia give rise to the
to UHO3 via proton transport. The major difference between fairly strong enthalpy of interaction of 27.9 kcal mél
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Figure 6. (a) Vibrationless potential energy surfaceCaK for the isomerization of protonated uracil and ammonia with the relative energies of each
stationary point given in the associated parentheses; (b) potential energy surface including ZPC and thermal energies at 298 K; and (c)<lué stcleture
stationary point.

For thymine, as for uracil, experimental determinations of that of TO3. Therefore, it would be predicted that the binding
the proton affinity will have resulted in exclusive formation of energy of protonated cytosine to ammonia should be the lowest
THO1, and thus the reported proton affinity corresponds to the of these three nucleic acid bases, and this is indeed observed
enthalpy change for addition of a protonT01 to yield TH01.54 with the measured enthalpy of interaction between protonated
However, for the cluster of protonated thymine with ammonia, cytosine and ammonia of 21.7 kcal mal
the experimental binding energy is the value of the enthalpy  Finally, it should be noted that the enthalpy of interaction
change for the formation of the most stable isonTéi03-01, between protonated adenine and ammonia is the lowest of those
from THO3 and ammonia. Therefore, in this cluster, a proton for the four nucleic acid bases examined here, even though the
is actually being shared betwedi®3 and ammonia, and the  measured and calculated proton affinitiesA0fL are intermedi-
binding energy of ammonia tBH03 will actually be related to ate between those of cytosine and thymine. This can be readily
the proton affinity difference between03 and ammonia. As understood, however, from the fact that a different type of
shown from the calculations reported in Table 3, the proton hydrogen bond is formed because it involves a'NHN linkage
affinity of TO3 is 220.8 kcal moil, and the proton affinity between two nitrogen atoms rather than tke@@H*--+N linkage
difference between the two bases participating in this cluster is formed in the proton-bound dimers involving the other three
thus substantially larger than that in the corresponding proton- nucleic acid bases. MeetNer’® has previously proposed an
bound dimer of uracil and ammonia. This then gives rise to the empirical correlation for proton-bound dimer bond strengths
significantly lower enthalpy of interaction experimentally based on difference in proton affinithPA, for both NH"--N

observed here of 22.0 kcal mdl and OH---N species, as given in eq 7,
In addition, it should be noted that the most stable structures
for the interactions of protonated cytosine, uracil, and thymine AH =a— b-APA @)

with ammonia all involve a hydrogen bond between a protonated

carbonyl oxygen and the nitrogen of ammonia. As such, it might where the constantsandb are 23.2 and 0.25, respectively, for
again be expected that the correlation of hydrogen-bond strengththe NH™-+-N bond and 28.3 and 0.23, respectively, for the'©H
with proton affinity difference for the two bases participating N bond. Using these constants and the proton affinity values
in the hydrogen bond should apply. The measured proton affinity calculated in the present work allows a prediction of the enthalpy
of cytosine corresponds to addition of a protor0@l leading of interaction between protonated adenine and ammonia of 18.5
to CHO1, and, as shown by the calculations presented here, thesekcal mol? and values of 23.3, 24.4, and 28.0 kcal midlor
should be the dominant, although not exclusive, species presentytosine, thymine, and uracil, respectively. These four empiri-
in the gas phase experimentally. The calculations also predictcally predicted values are in fair quantitative agreement with

that the only adduct present in significant abundai@s01- the present experimental data and exactly reproduce the qualita-
01, is a proton-bound dimer of201 and ammonia. The tive order of binding energies observed.
calculated proton affinity ofCO1 of 225.7 kcal mot! is 4.5. Interactions between Neutral Nucleic Acid Bases and

substantially greater than thatld01 and somewhat greater than NH4t and Comparison with Na*. Noncovalent interactions
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Table 4. Comparison of the Binding Energy between NH4* and UNO01-01, dissociating to give Nk and the most stable neutral
Na with Cytosine, Thymine, and Uracil nucleic acid base€01, TO1, andUOL The enthalpy changes
NH.* Na* for the dissociation reactions thus obtained are 44.8, 28.9, and
exp. (kcal mol—1) cal.2 (keal mol?) exp. (kcal mol—1) 29.2 kcal mot?, respectively. It can be seen that the experi-
cytosine 44.7 44.8 4293 mental values are in reasonable agreement with the calculated
thymine 28.6 28.9 34.832.3 values, particularly for cytosine and thymine. If these binding
uracil 32.8 29.2 337322 energies to Nt are compared to the corresponding values
2 Calculated by MP2(full/6-314+G(2d,2p)/B3LYPI6-32 G(d,pywith  determined for Ng, the interaction energies with cytosine and
ZPC and thermal energy correction by B3LYP/6+33(d,p).? From ref uracil are indeed similar, whereas the interaction energy of NH
36.¢From ref 42. with thymine is found to be somewhat lower than that between

o o ~Na' and thymine. This is discussed below in light of the fact
between neutral nucleic acid bases and organic or inorganic ionsthat the structures of their most stable isomers are different.
are |mpo_rtgnt|n biological systems. To date_, alt_hough t_here has Although the binding energies between nucleic acid bases
been a limited number of reports concerning interaction with with NH,* and N& are similar, the Nk adduct structures

1 i 42,89-91 i i i L L i X
metal.lo.ns in the gas phade, the interaction with . exhibit some subtle but significant differences relative to those
organic ions has almost completely absent. Protonated amino ¢« N& clusters as described by Russo e¥dfor cytosine,

groups are ubiquit_ous in biolpgical systems, such as protonatedthe Na interacts not only with O2 of cytosine, but also with
amlnlo acids, pep_tldes, proteins, as \;]vell as DNA and RSI'Al"fThe N3, where the distances between the metal ion and O2 and N3
simp est ammonium fon, NH, may t_ uS Serve as a modelior - 5.0 cjose, 2.208 and 2.472 A, respectively, at the B3LYP/6-
the interaction between nucleic acid bases and organic '0n5'311+G(2df2p) level of theory® However, inCNO1-01 NH,*
leading to a more fundamental understanding of the character-¢) .o str(;ng H-bond with O2. with a hgldrogen-bond distance
istics and strengths of these kinds of interactions. of only 1.27 A, and the distance between the two heavy atoms

In th? clusters O.f the pr;)tﬁnated Lél‘aC” e;)nd c;hgl{mine with of 2.50 A. In contrast to the situation for Nathe NH;+ forms
ammonia, an examination of the-Bi and N-H bond distances a weak H-bond with N3, with the distance between N3 and a

involved in the strong hydrogen bond reveals that, in effect, a proton in NH;* of 3.20 A. In the most stable structures of the
proton transfer has occurred from either the protonated uracil clusters of uracil with Ni* and N&., the ions each bind to the

or the thymine to ammonia, even though the proton affinities same position, 04 of uracil: howe\’/er the MaO=C bond is

of both uracil and thyr_nine are gregter than that of am”?O“‘a linear, whereas the corresponding N#0=C bond angle in the
(204 keal mot). A similar _exammatlon o_f the gorrespoqdmg NH4" adduct is 143 For thymine, the two ions exhibit different
hydrqgen-bond distances in the clusters mvolvu_wg cytosine and interaction energies, and this has been explained above. A
adenine shows that no proton tra_nsfer oceurs in the.cluster Ofcomparison of their most stable structures reveals substantial
protonated adenine with ammonia, whereas a partlal Proton yiterences with the most stable structure of the"Nadduct
transfer_s from the protonated cytosine to ammonia in the mostbeing comparable to that for uracil where Niteracts with
stable isomer,CN01-01, where the GH and_ N-H bond 04 of thymine. However, the corresponding NHadduct
distances are close at 1.27 and 1.23 A, respectively, even thougl]somer,TNOl-Ol is the second most stable structure. In the
the proton affinity of cytosine is greater than that of adenine. |\t <iapje isomeTN03-01 NH4* forms a hydrogen bond
The difference between the extent of proton transfer involving with O2 of thymine with a H-bond length of 1.35 A, which is
adenine relative to that for the other three nucleic acid bases ismuch shorter than that iNO1-01 (1.46 A) The.se dif,ferences
likely due to the electrostatic interactions possible between the may be attributed to a fundamentz;ll différence betweenNH
resulting ammonium ion and these three neutral carbonyl- and N& interactions with nucleic acid bases, where, for

containing species, which will have appreciable local dipole example, the interaction betweenNand cytosine is mainly

moments, thus favoring the endothermic proton transfer. electrostatic, while the interaction between Ntand cytosine

Because, in the cases of uracil and thymine, and to a IesseriS via hydrogen bond.

extent cytosine, the proton-bound dimer species can be regarded

as interactions of the neutral nucleic acid bases with, N it 5. Conclusions
is of interest to compare these interactions with those of these o
nucleic acid bases with the sodium ion, NaUsing the High-pressure mass spectrometry (HPMS) and ab initio

experimentally measured enthalpy changes from the presentcalculation have been used to probe the interaction and structure
work, as well as the proton affinity differences of 23, 6.5, and Of the various possible clusters formed between ammonia and
4.9 kcal mot? for cytosine, thymine, and uracil, respectively, the protonated nucleic acid bases, cytosine, uracil, thymine, and
from the NIST databas¥,values for the interaction energies adenine. Various isomers of both the neutral and the protonated
of the neutral nucleic acid bases with hiHcan be obtained as ~ hucleic acid species as well as their clusters with ammonia have
44.7, 28.6, and 32.8 kcal md| respectively. These data are been computed by B3LYP/6-315(d,p), and the binding
summarized in Table 4 together with the corresponding com- energies have also been obtained. The potential energy surfaces
putational values as well as experimental literature data for the for proton transfer and proton transport tautomerism in proto-
binding energies of Nato these same species. The computations nated thymine and in the clusters of protonated thymine and
are carried out at the same level as those described above an#racil with ammonia have been investigated.

are based on the most stable isoméidp1-01 TN03-01, and For the cluster between protonated cytosine and ammonia,
the experimental binding energy of 21.7 kcal molis in

89) Russo, N.; Toscano, M.; Grand, A. Phys. Chem. 2003 107, 11533. ; indi

Egog Martinez, A.J. Chem. Phys2005 123 A3r’t_ No. 024311, excellent agr_eement with the computed binding energy for the

(91) Sychrovsky, V.; Sponer, J.; Hobza,J> Am. Chem. So2004 122, 663. most stable isomeIiCN01-01, which can be formed directly
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from addition of ammonia to the most stable protonated species,an N—H*---N moiety, while in cytosine, the hydrogen bond
CHO1. From the calculated energetics, it is clear that this will involves an G-H*--+N linkage. This demonstrates the inherently
be the only cytosine adduct species present in any significantweaker nature of NH*---N hydrogen bonds relative to their
amount under the experimental conditions employed. The O—H*--N counterparts.
computational data also suggest that there will be two protonated For the clusters of protonated cytosine, uracil, and thymine
cytosine species present in comparable amounts; however, eaclwith ammonia, the most stable isomers each closely resemble
of these can easily lead @NO1-01without barrier in reaction the structure of a neutral nucleic acid base interacting with
with ammonia. NH4*, even though the proton affinities of cytosine, uracil, and
For uracil and thymine, the most stable protonated isomers, thymine are each higher than that of ammonia. Using the
UHO03 and THO3, cannot be readily formed from protonation experimentally measured enthalpy changes and the proton
of the most stable neutral speciéf)1 and TO1. The experi- affinity differences, the interaction energies of the neutral nucleic
mentally measured proton affinities are presumably those acid bases with Nkt can be obtained as 44.7, 28.6, and 32.8
derived from protonation o801 and TO1 to give the second  kcal mol™, respectively. These experimental values are in
most stable tautomerglHO1 and THO1, respectively*55 For reasonable agreement with the calculated values of 44.8, 28.9,
the adduct formed between protonated uracil and ammonia, theand 29.2 kcal molt. Although the binding energies of the
experimental enthalpy data correspond well with the calculated nucleic acid bases with Nfi and Na are similar, the Nig*
binding energy leading to the most stable isonuM01-01 In adduct structures exhibit some subtle but significant differences
contrast, the experimental value obtained for the cluster of relative to those of the Naclusters as described by Russo et
protonated thymine and ammonia is not in good agreement with al.3® These differences may be attributed to a fundamental
the computational data calculated presuming fd01 adds difference between NH and Na interactions with nucleic acid
ammonia to yieldTNO1-01 The experimental data do agree, bases. For example, the interaction between Alad cytosine
however, with a value calculated, presuming thel03 reacts is mainly electrostatic, while the interaction with NHis via
with ammonia to yieldTNO3-01 In the absence of ammonia, hydrogen bonding.
the barrier for intramolecular proton transfer isomerization from  Significantly, the present work demonstrates that measure-
THO1 to the most stable protonated isomBH03, is 38.0 kcal ment of the energetics of clustering of protonated nucleic acid
mol~%. In the presence of ammonia, however, it can be bases with ammonia can be used as a probe to investigate the
demonstrated that the barrier frofkl01-01 to the most stable structure of the protonated nucleic acid base. At the same time,
isomer,TH03-01, is only 9.5 kcal mat! at 298 K. This is well ammonia may also serve as an important model compound to
below the energy of the separated reactants, and thus thestudy the interaction of important functional groups with
transformation of different isomers of protonated thymine protonated nucleic acid bases. In particular, the study of
becomes facile through the proton transport isomerization actionisomerization on the potential energy surface for these important
of the added ammonia. Interestingly, despite their structural species may serve as an aid to the understanding of biological
similarity, the most stable clusters of uracil and thymldil01- structure and function. Finally, if a single ammonia molecule
01 and TN03-01, are different. is taken as a model for solvent, it can be seen that solvent-
Although uracil and thymine have similar structures and assisted proton transfer is a facile process. Thus, in polar solvent
proton affinities, the binding energies between the protonated solutions, solvent assistance can lead to the transformation of
species with ammonia are quite different. On the surface, this structure where the most stable protonated species does not
would appear to be a contradiction to the generally expected necessarily correspond to the structure of the most stable neutral
trend within a homologous series of compounds of decreasingtautomer.
binding energy with increasing difference in proton affinity of
the two species participating in proton-bound dimer formation.
This has been demonstrated to be due to the fact that the reporte
proton affinity of thymine does not correspond to formation of

the more stable protonated thymine isomer formed by proton  Note Added after ASAP Publication. Due to a production
transport isomerization in the present work. Thus, the literature error, panels a and b were incorrect in Figure 5 in the version
data for the proton affinity of thymine and the measured binding of this paper published ASAP on December 29, 2006. The

energy of protonated thymine to ammonia in the present work corrected version was published ASAP on January 5, 2007.
involve different isomers. The reported proton affinity is that

leading toTHO1, while the measured binding energy of the
cluster with ammonia involve$HO3.

Adenine also has a proton affinity similar to that of cytosine;
however, the relative values of the binding energies of their
protonated species to ammonia are contrary to that expecte
on the basis of the order of their proton affinities. This is due
to the formation of two distinctly different kinds of H-bond. In
the case of adenine, a proton-bound dimer is formed exhibiting JA065088G
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