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The tautomeric preferences of cytosine and its derivatives substituted at positiosr £, propynyl, Cl,

and Br) have been analyzed both in the gas phase and in agueous solution by using a combination of state-
of-the-art theoretical methods. It is found that 5- substitutions do not alter dramatically the tautomeric
preferences of cytosine in gas phase or aqueous solution. The Hoogsteen-type hydrogen-bonding and stacking
properties of the imino form of cytosine and its substituted derivatives are examined in light of the results
determined by using ab initio quantum mechanical and density functional calculations. It is found that imino
cytosines, and especially its 5-propynyl and 5-Br derivatives show very good stacking in triplexes. The impact
of the results in the design of new pyrimidines with ambiguous Hoogsteen pairing ability for the stabilization

of triple helices is discussed.
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presence of minor tautomers of the nucleobasésMinor
tautomeric forms have also been found experimentally in DNAs
containing modified nucleobases, such as isoguandsiiégh
exists in both enol and keto tautomeric forms, and N
methoxycytosine, which is found in the mutagenic imino form
in different DNA structure$-8 Mutagenicity induced by the
occurrence of minor tautomeric forms has also been investigated
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also opens interesting biotechnological applications. Because o \( - )
these molecules might display multiple recognition patterns ! Su | "\>
depending on the complementary base, efforts are made to ~, )\
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design bases with universal recognition propeffiéd/ell-known T N \
examples of molecules with tautomerization-induced dual " R

recognition patterns, which have been conceived as possible

“universal” bases, are isoguanosthii8-methoxyadeniné? or d(G-C-C);

Brown’s ngcleobase FLA direct biotgchnological aF’P”Cﬁ“O” Figure 1. Schematic representation of a d@-C) Hoogsteen trio

of the relationship between tautomerism and recognition pattersinyolving protonated (left) and imino (right) cytosine.

is the design of compounds able to stabilize anomalous forms

of DNAs, whose stability is modulated by the balance between

hydrogen-bonding and stacking properties between nucleobase@greement with the available experimental d&f&. Imino

and the modified compounds. For instance, it has been suggestetutomers of cytosine were also suggested to explain alternative
that the imino tautomer of cytositfe1’ exhibits DNA triplex pairing in i-DNA2° Finally, imino tautomers of cytosine and
stabilizing properties in motifs containing several consecutive adenine have been found in oligonucleotides in the presence of
d(G-C—C) trios (see Figure 1). The hypothesis, which was metalg~2

derived from theoretical calculations, seems to be in good Recently, Amosova and Freséexplored the stability and
specificity of different triplexes containing modified bases. They

; Corresponding authors. _ studied triplexes based on the pyrimidine motif, where cytosine
univzfsﬁ?:;:ac?;eg;?cee%ggmmaI Biologia Molecular. Facultat de Quica. was replaced by different derivatives substituted at position 5.
* Departament de Fisicoguica. Facultat de Farhoia. Universitat de 1N general, the d(€&C—X) trios were much more stable than

Barcelona. the d(AT—X) trios (with X being cytosine or 5-substituted
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\ (in black). The intra- and inter-strand components of the stacking are
noted.
d(A-C) d(A-C(imino)) predicted differences in stabili#§.In all cases the geometries
Figure 2. Structure of amino and (T-like) imino cytosine and their Of the N1-methyl derivatives were fully optimized and the
Hoogsteen pairings with adenine. minimum-energy nature of the stationary points found was

verified by frequency analysis. Zero point, thermal, and entropic

cytosine), which can be easily explained because the Hoogsteercorrections to the energy were introduced using the harmonic
A—C pair is very unstable (see Figure 2). However, both oscillator modellP = 1 atm andl = 298 K). To correct artifacts
5-CCCH; and 5-Br derivatives exhibited similar stabilities in  in the thermal and entropic analysis related to contributions from
d(A-T—X) and d(GC—X) trios. On the basis of these findings, very low modes corresponding to methyl rotations, vibrations
it can be hypothesized that the population of the imino tautomer under 100 cm? corresponding to methyl rotations were treated
might be significantly larger than for the unsubstituted cytosine, as classical rotations. Calculations were carried out using
thus contributing to the enhanced stability of the d{AX) Gaussian-949
trios (see Figure 2). To the best of our knowledge, there are, Hydrogen-Bonding Properties.The stability of the Hoogs-
however, no data concerning the effect of 5-substitutions on teen pairing between adenine and the imino tautomer of N1-
the tautomeric preference of cytosine, either in aqueous solutionmethylcytosine or its 5-substituted derivatives was determined
or in the DNA environment. It is clear that this information from B3LYP/6-31G(d,p) calculations, which reproduce with
might be valuable to clarify the validity of the preceding good accuracy results obtained at much higher levels of theory.
hypothesis. The starting models were generated from the geometry of the

In this paper we present a theoretical study combining severald(A-T—T) triplex,** which was then modified to generate a
state-of-the-art methods to analyze the effect of substitutions Hoogsteen d(A-C(i)) pair. Finally, this structure was used to
at position 5 (R= CHs;, CCCH, Cl, and Br) of cytosine onthe  generate all the dimers. In all cases the geometries of the dimers
amino/imino tautomerism. It is worth noting that the imino form and monomers were fully optimized in the gas phase and the
of cytosine mimics the hydrogen-bonding pattern of thymine. minimum-energy nature of the stationary points was verified
Therefore, a change in the population of amino/imino tautomers by frequency analysis. Basis set superposition error (BSSE) was
might have functional implications in biochemical and biotech- corrected (including distortion contribution) using the counter-
nological applications. To this end, we also examined the poise method (ref 42; eq 1). Calculations were performed using
changes in Hoogsteen hydrogen-bonding and stacking propertiegsaussian-94.
induced by the presence of those substituents. Potential implica-
tions for the design of molecules that exhibit DNA triple helix-  AE,; = EAS(AB) — EA(A) — ES(B) — (EX°(AB) +
stabilizing properties are discussed. E@B(AB) _ Eﬁ(AB) _ EE(AB)) (1)

Methods where the subindex means the system studied (dimer AB, or

Tautomerism in the Gas PhaseAb initio methods have monomers A, B), the superindex stands for the basis set used
proven to be very powerful for the study of the tautomerism of to describe the system, and the symbol in parentheses represents
nucleobases in the gas phas,as discussed in refs 10;2483725 the optimized geometry used.
and references therein. Following a well-established prottcol, Stacking Properties.The strength of the stacking interactions
we computed the difference in stability of amino and imino of the imino tautomer of cytosine and its 5-substituted deriva-
(thymine-like) tautomers of cytosine and its 5-§183-CCCH, tives in a poly d(AT—T) triplex was examined by using a short
5-Cl, and 5-Br derivatives in the gas phase by means of ab initio triplex where the central d(A—C(i)) step was surrounded by
calculations ranging from HF/6-31G(d) to MP4/6-31tG- two canonical d(AT—T) steps. The canonical geometry of the
(d,p)//IMP2/6-31G(d) levels of theory, and density functional triplex was used in calculatiort$ The contribution of the imino
theory (B3LYP functionaf). The MP4/6-31%++G(d,p)//MP2/ cytosine to the total stacking energy was computed as the
6-31G(d) level of calculation is considered accurate enough to addition of intra-strand (5C(i)—T-3' and 3-T—C(i)-3') and
discern tautomeric preferences and is expected to provide theinter-strand (5A—C(i)-3' and 3-C(i)—A-3") contributions (see
best resultd>36:37.39The inspection of results obtained at lower Figure 3). In all cases the geometry of the isolated monomers
level of theory allows us to assess the convergence of thewas optimized in the gas phase at the B3LYP/6-31G(d,p) level.
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TABLE 1: Imino —Amino Tautomerization Free Energy and
Energies (in parenthesis) for N1-Methylated Cytosine, and
Its 5-Me, -Propynyl, -Cl, -Br Derivatives. A: HF/6-31G(d)//
HF/6-31G(d); B: HF/6-311++G(d,p))//HF/6-31G(d); C:
MP2/6-311++G(d,p)//HF/6-31G(d); D: MP2/

7 f AG(taut)®® | A
gas phase )“\ | )"\ |
6-311H+G(d,p)/IMP2/6-31G(d); E: MP4/6-31G(d)//MP2/

|
6-31G(d); F: MP4/6-31H1+G(d,p)//MP2/6-31G(d) (computed
AG(solvy™io adding the MP4-MP2 correction at the 6-31G(d) Level to the
MP2/6-311++G(d,p) Energy); G: B3LYP/6-31G(d)//MP2/
6-31G(d); B3LYP/6-31H+G(d,p)//MP2/6-31G(d) (Positive
” numbers mean greater stability of amino forms. All values

AG(soly)2min

' “|/ are in kcal/mol.)
" AG(taut)™ . R
solution Ij/ ):j/ compounds
5 o N1-Me, N1-Me, N1-Me, N1-Me,

! ! method N1-Me 5-Me 5-propynyl  5-Cl 5-Br

AG(tauty® = AG(taut)¥™® + AG(s0lv) ™" - AG(solv)™ ™ A 1.3(1.0)  0.04(0.02)  2.3(2.0) 2.0(1.3) 2.1(1.5)
. . o B 1.3(1.1) —0.05¢0.1) 23(2.0) 2.0(1.3) 2.1(L5)

Figure 4. Thermodynamic cycle used to compute the tautomerization C 3.0(2.7) 2.0(2.0) 32(29) 3.1(24) 3.2(2.6)
free energy in solution for cytosine and the 5- derivatives. D 1.9(2.5) 1.6(1.8) 2.1(2.1)  2.4(26) 2.6(2.7)
E 0.6(1.2)  0.3(0.6) 1.6(1.6) 1.1(1.3) 1.4(1.5)

The optimized bases were then fitted into the geometry of the F 26(3.2) 2.3(2.5) 2.8(2.8) 3.1(3.3) 3.3(3.4)
canonical d(AT—T) triplex, and the stacking interaction energy G 15(2.1) 1114 31(31) 2.7(29) 2.9(3.0)
H 1.4(2.0) 0.9(1.2) 2.8(2.8) 2.6(2.7) 2.9(3.0)

was determined at the MP2 level using the diffuse 6-31G(d)
basis set developed by van Duijnevéfdind used extensively
by Hobza and co-worker8:#3-45 BSSE was corrected using
the counterpoise methdflCalculations were performed using
Gaussian-94.

Solvation Effects. The effect of solvation on the stability
between amino/imino tautomers was accounted for by means

of the standard thermodynamic cycle shown in Figure 4. . 2o
Accordingly, the tautomerization free energy in solution was YS€ an mte_grggf[(l)%rl] time step of 2 fs. The Tl SSPa d AMBER-
computed from the tautomerization free energy in the gas phase®8 force-fields?® supplemented with RESP charges and

and the difference in solvation free energy between amino and previously determined van der Waals parameters for brothine
imino tautomers. The later value was computed following self- Wereé used.

consistent reaction field methods (SCRF), as well as molecular All MD simulations were carried out using the AMBER-5.1
dynamics coupled to thermodynamic integration (MB7YI computer prograrf® SCRF calculations were performed using
calculations. AMSOL,% and locally modified versions of MonsterGaffss

Three continuum SCRF models were used to compute the 2Nd MOPAC
hydration free energy of amino and imino tautomers of cytosine
and their 5-substituted derivatives. Our AM1-optimized
versiorf®52 of the polarizable continuum model (PCi59) Tautomerism in the Gas PhaseThe amino tautomer is more
developed by Miertus, Scrocco, and Tomasi (AM1-MST), our stable that the imino (T-like) tautomer of the N1-methylated
6-31G(d) optimized version of the same SCRF mettfoef cytosine irrespective of the level of theory used in the geometry
and the SM2 version of the continuum model developed by optimization and energy calculations (see Table 1). In general,
Cramer and Truhlar (calculations performed using the “univer- the predicted difference in stability between amino and imino
sal” SM5.42R modéf provides results somehow different to  tautomers predicted at different levels is within 1 kcal/mol from
those derived by the other methodologies, and were removedthe MP4/6-31%++G(d,p)//MP2/6-31G(d) value, which indicates
from the analysis to avoid bias in the conclusions). These SCRFa good convergence in the results. The amino tautomer is
methods are among the most accurate continuum modelspreferred by 2.6 kcal/mol at the highest level of theory.
currently available for the treatment of solvation in small and Compared to the unsubstituted cytosine, the tautomeric prefer-
medium-sized moleculé?.55 Continuum calculations were ence of the amino species is slightly larger in the N1-methylated
carried out considering gas-phase optimized geometries com-base (previous calculations using the same level of tReory
puted at both the HF/6-31G(d) and MP2/6-31G(d) levels. Based reported a difference of 1.6 kcal/mol). Other studies performed
on our previous experience (ref 37, and references therein), nousing high-level calculations reported values ranging from 0.5
re-optimization of the gas-phase geometry in solution was to 1.8 kcal/moPR®27:6769 and the accepted experimental value
carried out. for the difference in stability between amino and imino

MDI/TI calculations were used to determine the difference in tautomers of cytosine is around 1.4 kcal/mlt is clear, then,
free energy of solvation between amino and imino tautomers that methylation at N1 introduces small but not negligible effects
of cytosine and its 5-substituted derivatives. The amino tautomerin the tautomeric preference of cytosine in the gas phase.
was placed in a cubic box (around 2222 x 22A3) containing The 5-substituted derivatives have similar differences in
around 470 TIP3®B water molecules. The systems were stability between their amino/imino tautomers than those
optimized for 2000 cycles and then thermalized and equilibrated mentioned above for the N1-methylated cytosine. At the highest
for 200 ps of MD. The equilibrated structure was then used in level of theory (see Table 1) the difference in free energy of
two independent MD/TI simulations where the amino tautomer tautomerization between N1-methylcytosine and the different
was transformed into the imino form in 21 windows, each 5-derivatives is always less than 0.7 kcal/mol. This result rules
window consisting of 10 or 20 ps of equilibration and 10 or 20 out the possibility that attachment of substituents at position 5
ps of averaging. The total lengths of the MD/TI simulations alters significantly the intrinsic tautomeric preference of cy-

were 420 and 840 ps. All simulations were done at constant
pressure (1 atm) and temperature (300 K) using periodic
boundary conditions, and a residue-based nonbonded cutoff of
9 A. Long-range effects, which are expected to be small for

neutral systems were neglected. SHAR®&as used to maintain

all bond lengths at the equilibrium value, which allowed us to

Results and Discussion
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TABLE 2: Imino —Amino Difference in Hydration Free Energy (positive numbers mean better solvation of amino forms) for
N1-Methylated Cytosine, and Its 5-Me, -Propynyl, -Cl, -Br Derivatives. A: MST/6-31G(d); B: AM1/MST; C: AM1/SM2. (All

values are in kcal/mol

N1-Me, N1-Me, N1-Me, N1-Me,
method geometry N1-Me cytosine  5-Me cytosine 5-propynyl cytosine 5-Cl cytosine 5-Br cytosine
A HF/6-31G(d) 4.3 4.6 3.7 3.54 a
A MP2/6-31G(d) 45 4.6 45 4.0 a
B HF/6-31G(d) 5.0 5.1 4.7 41 4.2
B MP2/6-31G(d) 5.2 5.1 4.9 4.4 45
C HF/6-31G(d) 3.8 3.4 3.2 3.3 3.6
C MP2/6-31G(d) 3.6 3.2 2.6 2.8 3.3
MD/TI b 4.76+ 0.02 4.05+ 0.05 c 3.85+ 0.05 4.23+0.13

aThis calculation cannot be done at the MST/6-31G(d) le¥&eometry fully relaxed during MD simulations in aqueous solution. Standard
deviation in the average reflects the difference between the 420 and 820 ps simufafisisscalculation cannot be properly done with the standard

AMBER package.

tosine. Therefore, the stability of d(A-X) triplexes experi-
mentally observed when X is the 5-Br or 5-CCgiterivatives

of cytosine cannot be ascribed to an increased stability of the
imino form.

Solvent Effects.As expected from previous results for the
amino/imino tautomerism of cytosiHe?627.71.72the results
determined with the different methods point out a marked
stabilization of the amino tautomer of the N1-methylated
cytosine upon hydration. The difference in hydration free energy
between amino and imino forms is so large that no significant
population of the imino tautomer is expected in aqueous
solution. The water-induced stabilization of the amino tautomer
(obtained by averaging the different theoretical estimates in
Table 2) is 4.5 kcal/mol. This matches the value reported
previously for cytosine by our group using a previous version
of the MST method and Monte Carlo/FEP calculati&rass well
as MD/FEP estimates by Kollman’s grotijpComparison of

TABLE 3: Free Energy of Tautomerization (imino—amino)
for N1-Methyl Cytosine and Different 5- Derivatives in
Aqueous Solution. Values Were Determined by Combining
the MP4/6-311+G(d,p)//MP2/6-31G(d) Estimate of the Free
Energy of Tautomerization in the Gas Phase and an Average
of the Different Estimates of the Solvation Effect. (The
standard deviations (in parentheses) refer to the difference

in free energy of solvation determined by different methods.
All the values are in kcal/mol.)

molecule AG(taut) aqueous solution
N1-Me cytosine 7.1(0.5)
N1-Me, 5-Me cytosine 6.6(0.7)
N1-Me, 5-propynyl cytosine 6.7(0.8)
N1-Me, 5-Cl cytosine 6.8(0.5)
N1-Me, 5-Br cytosine 7.3(0.4)

TABLE 4: Energy of Dimerization of a Hoogsteen H-bond
Pair between Adenine and 5- Derivatives of Cytosine
Calculated at the B3LYP/6-31G(d,p) Level (Values are in
kcal/mol.)

results obtained with two different gas-phase geometries, and
those obtained from unrestrained molecular dynamics simulation

molecule AE Hoogsteen H-bond AC(i)

in solution confirms the small influence of geometry in the m:mg C5y-t|?/|semc§/tosine :ig'g
differential hydration of tautomers. N1-Me. 5-propynyl cytosine 136

The introduction of 5- substituents onto cytosine does not N1-Me, 5-Cl cytosine —13.8
alter significantly the differential free energy of hydration  N1-Me,5-Brcytosine —136

between amino and imino tautomers. In general, there is a small Hydrogen-Bonding Properties.B3LYP/6-31G(d,p) calcula-
decrease in the preferential hydration of the amino tautomer. ;4o suggest that the dimer between adenine and the imino

Again, the agreement between the results obtained from they, 1omer of cytosine is energetically stablel@.6 kcal/mol:
different computational procedures is excellent, which supports 1opje 4), and in fact is predicted to be around 1 kcal/mol more
the quality of the methods considered here to reproduce solvationg;,p|e than the Hoogsteen-A pair at the same level of theory.

effects in heterocycles (refs 33, 73, and references therein). Therefore, the formation of the Hoogsteen H-bonds between
Combination of the free energies of tautomerization in the jmino cytosine (and derivatives) with adenine is possible, and
gas phase with the differential hydration free energy allows us js expected to stabilize the imino (T-like) form of cytosine (and
to estimate the free energy of tautomerization in aqueous derivatives). However, results in Table 4 show that the interac-
solution (see Figure 4). It is clear that the amino tautomer of tion energies between adenine and the 5-substituted derivatives
N1-Me cytosine is more stable than the imino form in aqueous range between-13.2 and—13.8 kcal/mol. Therefore, none of
solution. The difference in stability amounts to around 7 kcal/ the substituents considered here introduce relevant changes in
mol (see Table 3), which agrees well with previous theoréfical the hydrogen-bonding properties. Accordingly, even if the
and experimentét estimates for the free energy of tautomer- existence of stable Hoogsteen—&(i) interactions stabilize
ization of cytosine in aqueous solution. The effect of the N1- imino tautomers, the larger stability of triplexes containing 5-Br
methyl group does not introduce any dramatic shift in the and 5-CCCH cytosines cannot be attributed to better Hoogsteen
tautomeric preferences of cytosine, which suggests that conclu-hydrogen-bonding to adenine induced by the presence of the
sions derived from the analysis of cytosine tautomerism in group at position 5.
aqueous solution are transferable to cytidine. Stacking. The stacking of an imino cytosine in an d(A:T
Inspection of Table 3 shows that no significant change in T) triplex is estimated to be stabilized by 9.5 kcal/mol due to
the tautomeric preference in water of N1-methylated cytosine strong intra- and inter-strand contributions (see Table 5). This
is expected upon attachment at position 5 of the substituentenergy is quite large compared to values found for DNA
considered here. In all cases, the population of the imino is duplexes at the same level of thedfy?76and suggests that
predicted to be very small (less than~2pin pure aqueous the structure of the triplex favors the presence of imino cytosines
solution, with tautomerization free energies between 6.6 and at the Hoogsteen position. This finding is in agreement with
7.3 kcal/mol. previous calculatiori§1” performed considering a full piece of
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TABLE 5: Intramolecular, Intermolecular and Total
Stacking Energy Involving Imino Cytosine and 5-
Derivatives in a D(A-T—T) Triplex @ (See Methods Section
for the Definition of the Stacked Systems)

AE(stack) AE(stack)  AE(stack)
molecule intramolecular intermolecular  total
N1-Me cytosine —-55 —4.0 —-95
N1-Me, 5-Me cytosine -5.9 —4.1 -10.0
N1-Me, 5-propynyl cytosine =7.7 —4.3 —-12.0
N1-Me, 5-Cl cytosine -7.2 —4.4 -11.6
N1-Me, 5-Br cytosine -75 —4.4 -11.9

a Energies were derived from MP2/6-31G(d-diffuse) calculations (see
Methods Section). All values are in kcal/mol.

triplex DNA under physiological conditions, where we found
that the trio d(GC—C) based on Hoogsteen iminoc-& pairing

J. Phys. Chem. A, Vol. 105, No. 26, 2008579

rules out the possibility that the stability of triplexes d{A-

X, where X= 5-Br or 5-propynyl cytosine) is due to an increase
in the stability of the imino tautomer because of the presence
of the 5- substitution.

e The Hoogsteen pair d(AX) is quite stable. In fact, it is
more stable than the normal Hoogsteen-d{A pair. This result
combined with the excellent stacking of Hoogsteen imino
cytosines, suggests that the triplex can help to stabilize the imino
tautomer. Substitutions at position 5- do not alter the hydrogen-
bonding properties of the imino cytosine, but improve its
stacking properties. This effect is especially important for 5-Br
and 5-propynyl derivatives.

o It is possible that excellent stacking interactions upon
formation of Hoogsteen pairing between adenine and the imino
tautomer of 5-Br or 5-propynyl cytosine is responsible for the

was more stable (due to stacking effects) than trios based onlarge stability of triplexes containing d¢A—X), when X is 5-Br

wobble G-C pairs.
Dispersion is expected to be mainly responsible for the
favorable stacking interactiod®’> 77 With the exception of the

and 5-propynyl cytosine. However, it does not escape us that
stranger possibilities, such as intercalative complexes, or
anomalous wobble pairs with a single H-bond cannot be

methyl groups, the substituents attached at position 5 clearly completely ruled out as alternative mechanisms to explain the
improve the stacking interaction owing to a reinforcement of Stability of these triplexes.

the intramolecular contributions. For CI the stabilization is
around 1.5 kcal/mol, and for Br and propynyl derivatives the
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