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Enthalpies of Formation of DNA and RNA Nucleobases from G3X Theory

Olga V. Dorofeeva®™' and Natalja Vogt

Chemieinformationssysteme, Universitdt Ulm, 89069 Ulm, Germany

The Gaussian-3X (G3X) method has been used to calculate accurate values of the gas-phase enthalpies of
formation of all five DNA and RNA nucleobases: thymine, adenine, cytosine, guanine, and uracil, whose
experimental gas-phase study is a difficult problem because of the low vapor pressures. Only for uracil, the
published experimental value agrees well with the theoretical one. However, the revision of available
experimental data on enthalpies of formation for compounds in the solid phase and enthalpies of sublimation
allowed us to recommend a set of self-consistent thermochemical data for thymine, adenine, and cytosine,
which lead to good agreement between experimental and theoretical gas-phase enthalpies of formation. To
obtain more reliable values of enthalpy of sublimation at 298.15 K, the heat capacity values of gaseous
compounds were calculated by standard statistical thermodynamics formulas using molecular parameters
determined from B3LYP/6-31G(2df,p) calculations. The following values are recommended based on G3X
calculations and a revision of published experimental data: AHSg(uracil, g, 298.15 K) = (—301.5 £ 2.5)
kJ+mol™!, AiHSg(thymine, g, 298.15 K) = (—338.0 £ 2.5) kl-mol ™!, AHSos(cytosine, g, 298.15 K) =
(—69.5 £ 3.5) kJ*mol !, and AH5os(adenine, g, 298.15 K) = (225.7 £ 3.5) kJ-mol'. Because of a lack
of reliable experimental data for guanine, the theoretical G3X value is recommended for this compound:

A¢HSg(guanine, g, 298.15 K) = (16.0 £ 5.0) kJ-mol .

Introduction

It is a fundamental task to study the thermochemical
properties of nucleic acid bases to understand their behavior in
various biochemical processes. This paper deals with the study
of five DNA and RNA nucleobases (thymine, adenine, cytosine,
guanine, and uracil) by theoretical determination of the gas-
phase formation enthalpy. These calculations allow us to check
the reliability of not only the enthalpy of formation of the
compound in the gaseous phase, AfH50s(g), but also the enthalpy
of formation in the solid state, AH5og(cr), and the enthalpy of
sublimation, A§H,gs, used to determine the AgH39s(g) values.
Besides, the values of the enthalpy of sublimation together with
the enthalpy of solution allow the determination of the enthalpy
corresponding to the transfer of the solute molecules from the
gas state to solution (solvation enthalpy), which is important to
investigate the behavior of DNA and RNA nucleobases in
solution.

Over the past decade, with the improvements in both hardware
performance and the development of new theoretical methods
such as Gaussian-3 theory, the accurate thermochemical predic-
tions became available even for large molecules.' For the 222
enthalpies of formation of small and moderate sized molecules
with 2 to 10 non-hydrogen atoms, one of the latest versions,
Gaussian-3X (G3X) theory, achieves the so-called thermo-
chemical accuracy of about 4 kJ+mol~".? In this study, the G3X
method has been used to calculate the accurate values of the
gas-phase enthalpies of formation of thymine, adenine, cytosine,
guanine, and uracil—molecules with 8 to 11 non-hydrogen
atoms.
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Although the enthalpies of formation and sublimation were
determined for these compounds, there is a substantial disagree-
ment in the measured values. These compounds are solids with
high melting points (above 300 °C) and low vapor pressures,
and consequently, they are elusive to gas-phase studies. One
way of tackling the problem is to address it theoretically.
Recently, we have calculated the enthalpies of formation of
gaseous urea (H,N—CO—NH,) and two amino acids, glycine
(H,N—CH,—COOH) and L-alanine (H,N—CH(CH3)—COOH)
by the G3X method.? For urea and glycine, the calculated values
were in good agreement with the experimental ones, whereas a
large discrepancy was observed for L-alanine. One experimental
value for L-alanine was 13 kJ-mol~! more positive than the G3X
value, and another was 38 kJ-mol™' more negative. It was
shown that in the former case the difference resulted from the
incorrect value of enthalpy of formation in the solid state, and
in the latter case the difference was determined by inaccurate
adjustment of enthalpy of sublimation to the reference temper-
ature. Thus, based on theoretical enthalpy of formation of
gaseous L-alanine, we could recommend the reliable values of
enthalpy of formation in the solid state and enthalpy of
sublimation for this compound. In this work, the same procedure
was applied to other species of biochemical interest.

Experimental Data

The enthalpy of formation of the compound in the gaseous
phase can be obtained experimentally from the enthalpy of
formation in the solid state and the enthalpy of sublimation

AHj0g(g) = AiHaog(cr) + AL Hooq (1

For all five compounds, the AH50g(cr) and A§Hr values were
measured experimentally by different authors (see Table 1) and,
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Table 1. Enthalpies of Formation (A¢°) and Heat Capacities (Cp) in Both Crystalline and Gaseous Phases and Enthalpies of Sublimation
(A%H) of Uracil, Thymine, Cytosine, Adenine, and Guanine from Experiment and Theory”

AdHC(cr, 298.15 K) ALH(Ty) C3(er, 298.15 K) C3(g, 298.15 K) ALH(298.15 K) AH®(g, 298.15 K), kI -mol ™!
kJ+mol™! kJ+mol™! J-K '*mol™! J-K~'+mol™! kJemol™! exptl caled (G3X) this work A ref
Uracil, C4H4N20
—429.6 + 0.6 122.9 (440 K) 119.6 126,54 2.2 —303.14+23 —303.6 0.5 4
120.5 5
—424.4 425 6
—429.4 4+0.8 126.5 —302.9+23 0.7 7
120.5 £+ 5.2 (426 K) 8
121.7 (425 K) 9
130.6 £ 4.0 (520 K) 131.04+ 5.0 10
120.5 £ 1.3 (403 K) 11
127.0 £ 2.0 (439 K) 128.04+ 2.0 12
129.4 + 4.0 (405 K) 130.8 13
130.84+ 1.4 14
125.3 + 0.2 (425 K) 15
—429.6 + 0.6 125.0 (422 K)¢ 131.8¢ 107.2 £ 2.0 128.1 —-301.54+25 2.1 this work
Thymine, CsHgN,O,
—462.8 + 1.1 120.7 (440 K) 153.6 134.1+ 4.2 —328.74+43 —342.5 13.8 4
151.4 17
—462.8 +0.8 134.1 —328.74+4.2 13.8 7
138.0+10.0 18
124.4 £+ 1.3 (403 K) 9, 11
125.7 + 3.6 (411 K) 131.3+ 4.0 19
135.8 £+ 0.4 (330 K) 15
—462.8 + 1.1¢ 122.6 (422 K)f 150.2¢ 1322 +2.0 124.8 —338.0+2.5 4.5 this work
Cytosine, C4HsN;O
—23544+0.9 149.9 (458 K) 176.0410.0 —59.4 4+ 10.0 =715 12.1 21
—2213+23 6
—221.34+2.0 176.0 —45.3 +10.0 26.2 7
150.6 8,9
167.0410.0 19
147.2 £+ 2.6 (453 K) 155.0+ 3.0 20
151.7 + 0.7 (515 K) 22
167.7 £ 0.5 (365 K) 15
—2213+£2.3" 149.6 (475 K)' 132.6/ 120.4 +£2.0 151.8 —69.5+3.5 2.0 this work
Adenine, CsHsNs
91.0 24
143.1 25
96.0 +£ 0.9 24, 26
147.0 27
969+ 1.3 28
96.9 £ 1.2 108.8 205.7 £8.5 2253 —19.6 7
108.7 £+ 8.0 29, 26, 30
126.4 8,9
127.2 £ 1.9 (420 K) 31
140.4 (420 K) 32
130.0 £ 2.0 (330 K) 15
96.9 + 1.3 127.2 + 1.9 (420 K)’ 142.7" 1299+ 4.0 128.8 2257+3.5 0.4 this work
Guanine, CsHsNsO
—188.7 24
156.9 25
—183.8 £ 0.9 24, 26
160.7 34
186.2 8,9
168.3 £ 0.6 (365 K) 15
150.8 &£ 4.0 16.0 this work

“ Uncertainties for experimental data are those given by the authors of the original works. ? Difference between experimental and calculated values.
¢ Ref 4. ¢ For A&H(422 K), the average value from refs 4 and 11—13 is recommended. ¢ Ref 16./ For A&H,(422 K), the average value from refs 4 and
11 is recommended. ¢ Ref 20. " Ref 6. ' For ALH,,(475 K), the average value from refs 20—22 is recommended. / Ref 23. K Ref 28. ! Ref 30. ™ Ref 33.

as is seen from Table 1, there is an appreciable difference in
the results of these measurements, especially for the enthalpy
of sublimation (up to 20 kJ *mol~!). Because of this, it is difficult
to obtain the unambiguous AH50g(g) values for these species.
The goal of this work is to recommend the reliable A H5(g)
values based on the results of theoretical calculations and
analysis of experimental AH5gg(cr) and A§Hr values available
in the literature.

The accuracy of the experimental AtH%s(g) values is often
devaluated by the approximate adjustment of the enthalpy of

sublimation to 298.15 K. If the heat capacities of the solid and
gas phase, C,9g(cr) and Cp,95(g), are known, the enthalpies of
sublimation measured at high temperatures can be adjusted to
T = 298.15 K according to the equation

AL H,o5 = ALH; + [Cpag5(ct) = Cpaog()I(T — 298.15) (2)

If the Cp03(g) values are unknown, the empirical corrections
are often used to adjust the enthalpy of sublimation to 298.15
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Figure 1. Structure of the most stable gas-phase tautomers of DNA and
RNA nucleobases.

K.3° In this work, the Cp203(g) values were determined by
quantum-chemical calculations that let us improve the A&Hyog
values in a number of cases.

Theoretical Calculations

The enthalpies of formation of uracil, thymine, cytosine,
adenine, and guanine in the gaseous phase were calculated from
the G3X energies using the atomization energy method.*® This
method involves the use of experimental enthalpies of formation
of gaseous atoms at 0 K and thermal corrections for elements
in their standard states; the corresponding values were taken
from ref 36. All quantum-chemical calculations were performed
with the Gaussian 03 suite of programs.’’ The G3X energy
calculations were performed for the most stable conformers
shown in Figure 1. Cytosine and guanine exist in various low-
energy tautomeric forms. A correction for the mixture of these
forms to the enthalpy of formation was estimated from the
conformational energy differences obtained from CCSD(T)/aug-
cc-pVDZ calculations.*®* Its value is equal to 1.3 kJ+mol™!
for cytosine and 1.4 kJ-mol~! for guanine.

It is known that direct calculation of enthalpies of formation
from quantum chemical atomization energies is often the subject
of systematic errors arising from insufficient treatment of
electron correlation and incompleteness of the basis sets.
Application of G2 theory to larger molecules indicated a
tendency for accumulation of these errors, whereas the moderate
level of theory combined with isodesmic bond reaction energies
yielded more accurate thermochemistry for larger molecules.***!
However, more recently it was shown that the accumulation of
errors has been markedly reduced in the G3 theory.** Thus, one
would expect that the uncertainty of AgH5qg(g) values calculated
in this work does not far exceed that observed for the enthalpies
of formation of molecules with 2 to 10 non-hydrogen atoms.”

The systematic errors can be significantly reduced by using
the isodesmic reactions,** in which the number of bonds of each
type is conserved on both sides of the reaction. An isodesmic
reaction leads to more accurate results if the enthalpies of
formation of reference compounds are determined with high
accuracy and if it is possible to chose the reaction with good
group balance, where the next nearest neighbor interactions are
also conserved. In this work, the method of isodesmic reactions
was used to check the reliability of the G3X enthalpy formation
of thymine since only for this molecule it is possible to chose
a well-balanced reaction. The electronic energies for all species
in this reaction were calculated at the B3LYP/6-311+G(3df,2p)/

B3LYP/6-31G(d,p) level. These energies corrected by the
B3LYP/6-31G(d,p) zero-point energies, and the changes in
enthalpy from (0 to 298) K were used to calculate the enthalpy
of formation from isodesmic reactions.

The heat capacities of gaseous species were calculated using
a rigid-rotor harmonic-oscillator model and geometrical param-
eters and vibrational frequencies (scaled by 0.9854) of the
B3LYP/6-31G(2df,p) optimized structures. The calculated
Cpa0s(g) values are (107.2, 132.2, 120.4, 129.8, and 150.8)
J-K~!*mol™! for uracil, thymine, cytosine, adenine, and guanine,
respectively. The uncertainty of calculated values is estimated
to be 2 J*K~!+mol~! for uracil, thymine, and adenine and 4
J-K~'~mol~! for cytosine and guanine. Note that such accuracy
is quite sufficient for reliable estimation of A&Hyeg values by
eq 2 since it introduces the error of (0.3 to 0.6) kJ-mol~! into
the enthalpy of sublimation value.

Results and Discussion

Available from the literature, experimental A¢H°(cr, 298.15
K), A&H, Cy(cr, 298.15 K), and AH°(g, 298.15 K) values are
compiled in Table 1 together with AgH°(g, 298.15 K) and Cp(g,
298.15 K) values obtained in this work from theoretical
calculations. Only for uracil the calculated enthalpy of formation
agrees well with the experimental one. However, as seen from
Table 1, for all compounds there is a substantial discrepancy in
the experimental values of A&H, which is why the different
values of AH°(g, 298.15 K) may be obtained from data listed
in Table 1. In this work from analysis of experimental data given
in Table 1, those AiH°(cr, 298.15 K) and A&H(T,,) values were
chosen, which lead to good agreement between experimental
and calculated AfH°(g, 298.15 K) values. These recommended
data are given in Table 1 with reference “this work”. On the
basis of these experimental values of AgH°(cr, 298.15 K) and
A&H(T,,), new experimental AgH°(g, 298.15 K) values were
determined in this work. The necessary A&H,g values were
calculated from eq 2 using recommended values of A§H(T,,)
and available experimental values of C,?fzgg(cr) and C;fzgg(g)
values calculated in this work.

Uracil. For uracil, the AiH595(g) value calculated by the G3X
method is in excellent agreement with that determined by
Nabavian et al.* from experimental measurements and recom-
mended in the reference book by Pedley.” Another experimental
A¢HSos(cr) value,® as well as the ALHy values of about 130
kJ-mol™','%"3 lead to worse agreement between experimental
and calculated values. The value of AH5g(cr) = —424.4
kJ-mol~'® yields a good agreement with the G3X enthalpy of
formation only for A&Hry values below 122 kJ+mol~!. The value
of enthalpy of formation of gaseous uracil recommended in
Table 1 is based on the experimental enthalpy of formation of
solid uracil* and enthalpy of sublimation at 422 K, which is
the mean of values in refs 4 and 11 to 13. The A&H,og value is
determined from eq 2 using experimental heat capacity of solid
uracil'® and the Cpa9s(g) value calculated in this work. Note
that disagreement between experimental and calculated
AtH505(g) values falls to 0.7 kJ+mol ™", if the value of C, os(cr)
=120.5J*K~'*mol ™" is used in the adjustment of enthalpy of
sublimation to 298.15 K.

Thymine. For thymine, the theoretical AgH3g(g) value is 13.8
kJ-mol~! more negative than the experimental one.*” It should
be noted that the difference between enthalpy of sublimation at
440 K (120.7 kJ-mol™!) and 298.15 K (134.1 kJ-mol™})
obtained by Nabavian et al.* is too large. It corresponds to the
value of Cpios(g) ~ 60 kJ-mol ! if eq 2 is used to adjust the
enthalpy of sublimation to 298.15 K. As is seen, this value is



nearly twice as large as that obtained by theoretical calculation.
The readjustment of the enthalpy of sublimation* to 298.15 K
using eq 2 and the C} »3(g) value calculated in this work leads
to much better agreement between experiment and theory.

The value of enthalpy of formation of gaseous thymine
recommended in Table 1 is based on the experimental enthalpy
of formation of solid compound* and the enthalpy of sublimation
at 422 K, which is the mean of values in refs 4 and 11. The
A& Hyg value is obtained from eq 2 using experimental heat
capacity of solid thymine® and the Cj05(g) value calculated
in this work.

As noted above, the method of isodesmic reactions gives
reliable estimations of AgHS50g(g) values if it is possible to choose
the reaction with structurally close species on both sides of the
reaction and if the accurate enthalpy of formation values are
determined experimentally for all reference compounds occur-
ring in the reaction. Of all the compounds considered in this
work, only for thymine the appropriate reaction may be
designated. Thus the enthalpy of formation of thymine has been
also calculated by the method of isodesmic reactions using the
following reaction

I I
C CH Cc CH
HT/ \lc/ s @ HT/ \l(l:H O/ 3
+ — +
O/C\N/CH O/C\N/CH
H H
Thymine Uracil

This reaction has good group balance (the enthalpy of reaction,
AHSgs, is 4.1 kI-mol™!), and the enthalpies of formation of
reference compounds are determined experimentally with high
accuracy. Therefore, one might expect a reliable value of the
enthalpy of formation of thymine calculated from this reaction.
This calculation was used not only to check the reliability of
the G3X result but also to provide a double-check on the
reasonableness of the recommended AgH%g(g) value for thy-
mine. The calculated value of A¢H5qg(thymine, g, 298.15 K) =
—339.1 kJ-mol~! is in excellent agreement with that recom-
mended in Table 1 [(—338.0 & 2.5) kJ*mol~'] and agrees within
its uncertainty with the G3X value (—342.5 kJ*mol™"). Thus,
the results for uracil and thymine suggest a high accuracy of
the G3X calculations for the remaining three compounds.

Cytosine. For cytosine, the AiH5%sg(g) value obtained from
calorimetric measurements by Sabbah?" is 12.1 kJ+mol ™' more
positive than the theoretical one. The discrepancy is still more
for the value recommended by Pedly,” who has used the other
value of AiH3g(cr) to determine the enthalpy of formation of
gaseous cytosine (Table 1). The main reason of so large a
difference between G3X and experimental’?' values of
AtH%5(g) is an inaccurate adjustment of enthalpy of sublimation
from T = 458 K to T = 298.15 K. As for thymine, a large
difference between the enthalpy of sublimation at (458 and
298.15) K is observed here, and that corresponds to an
unreasonable value of gas-phase heat capacity of cytosine. The
value of enthalpy of formation of gaseous cytosine recom-
mended in Table 1 is based on the experimental enthalpy of
formation of solid cytosine® and enthalpy of sublimation at 475
K, which is the mean of the values in refs 20 to 22. The A& H»os
value is determined from eq 2 using experimental heat capacity
of solid cytosine23 and the C; »4(g) value calculated in this work.
As is seen from Table 1, the value of A§H,ys obtained by
Sabbah?' is overestimated by 24 kJ+mol~' compared to that
determined in this work.
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Adenine. The only experimental AH505(g) value of adenine
recommended in the reference book by Pedley” is 19.6 kJmol ™'
less than that calculated by the G3X method (Table 1). As is
seen from Table 1, the experimental value’ is based on the
underestimated value of A§H,os which was not confirmed in
subsequent investigations and so cannot be considered as
reliable. The recommended experimental data, which lead to
agreement between theoretical and experimental AHS505(g)
values, are given in Table 1. The used AH%os(cr) value®® seems
to be accurate, and it does not differ so much from the earlier
value.>*?® For readjustment of enthalpy of sublimation to 298.15
K, the value of Cpe(cr) = 142.7 J-K~'~mol~'** is used, which
is close to those obtained earler.?>?” Note that the accepted
enthalpy of sublimation of 127.2 kJ-mol~! (420 K)*' agrees
with the experimental determinations by other authors®'> but
is substantially lower than that of 140.4 kJ-mol™! (420 K)
obtained later by the same authors.>? The last value of enthalpy
of sublimation results in a AgH5g(g) value which is 13.6
kJ+mol~! larger than the theoretical one.

Guanine. Experimental data on guanine are few in number.
To our knowledge, there is an old measurement of AgH3og(cr),*°
two determinations of enthalpy of sublimation,”'> and heat
capacity measurements.”>>* The use of these data together with
the Cp105(g) value calculated in this work give a discrepancy
between the theoretical and experimental enthalpies of formation
A¢HS05(g) from (17 to 36) kJ-mol~!. Assuming experimental
values of AHSos(cr),>**° a good agreement between calculated
and experimental AtH%g(g) values can result from the A&H,og
values of about 200 kJ+mol~'. Thus, we cannot recommend the
reliable experimental data for this compound. New measure-
ments of the enthalpies of formation and sublimation would be
extremely valuable to check the accuracy of the theoretical
calculation.

Conclusion

In conclusion, we have presented here a set of self-consistent
thermochemical data for uracil, thymine, cytosine, and adenine
and an accurate value of the enthalpy of formation for gaseous
guanine. It has been shown that theoretical calculations could
help to choose more reliable enthalpies of formation for
compounds in the solid phase and enthalpies of sublimation. In
some cases, the enthalpies of sublimation at 298.15 K were
improved using the calculated values of Cjp,93(g). The deter-
mined enthalpies of formation A H5(g) of uracil, thymine,
cytosine, adenine, and guanine can be used as the key values
in the calculations of the enthalpies of formation of their
derivatives by the method of isodesmic reactions because the
G3X calculations are not yet feasible for all of these compounds.
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