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Abstract: The tautomerism and protonation of 7-aminopyrazolopyrimidine in the gas phase are studied by means of
ab initio methods. The effect of the solvent on the tautomerization and protonation processes is accounted for by
using several high-level techniques including molecular dynamics—free energy perturbation (MD—FEP), an optimized
ab initio self-consistent reaction field (SCRF) method, and two different semiempirical SCRF methods. The results
not only provide a complete picture of the tautomerism and protonation of 7-aminopyrazolopyrimidine but also
allow us to compare different “state-of-the-art” techniques to represent solvation effects. The biochemical and
pharmacological importance of the tautomerism and protonation of 7-aminopyrazolopyrimidine is discussed.

Introduction

7-Aminopyrazolo[4,3-d]pyrimidine is an aromatic structure
present in a series of C-nucleosides (see Figure 1), among which
formycin A  (7-amino-38-D-ribofuranosylpyrazolo[4,3-d]-
pyrimidine) is of particular interest due to its biological and
pharmacological properties. Formycin A was first isolated from
cultures of Norcardia interforma,' and since then, a large
amount of research effort has been devoted to the study of its
properties. This nucleoside, whose structure closely resembles
that of adenosine, has a potential therapeutic interest in a wide
range of areas, which include antiviral, antitumoral,® anti-
biotic,!* immunossupressant,® and antimetabolic activities.?
Recent studies have demonstrated that the monophosphorylated
derivative of formycin can be incorporated into a growing RNA
as substitution of adenosine monophosphate.®> This finding
makes possible the expansion of the genetic code via incorpora-
tion of new hydrogen-bonding patterns.>6

Owing to its similarity with adenosine, formycin can interact
with physiological targets of adenosine like adenosine kinase,?®
purine nucleoside phosphorylase,* T7 RNA polymerase,> and
adenosine deaminase.” The interaction with adenosine deami-
nase (ADA, EC 3.54.4) is of particular relevance from

* Address correspondence to either author.

 Departament de Bioqufmica.

* Departament de Farmicia.

® Abstract published in Advance ACS Abstracts, January 1, 1995.

(1) Hori, M,; Ito, E.; Takita, T.; Koyama, T.; Takeuchi, T.; Umezawa,
A. J. Antibiot., Ser. A 1964, 17, 96.

(2) (a) Ishida, N.; Honiura, K.; Ksmegui, Y.; Schimizu, Y.; Matsumoto,
S.; [zawa, A. J. Antibiot., Ser. A 1967, 20, 49. (b) Takeuchi, T.; Iwanaga,
J.; Aogaiad, T.; Umezawa, H. J. Antibiot, Ser. A 1966, 19, 286. (c)
Giziewicz, J.; De Clerq, M.; Luczak, M.; Shugar, D. Biochem. Pharmacol.
1975, 24, 1813.

(3) (a) Odaka, T.; Takizawa, K.; Yamamura, K.; Yamamoto, T. Jpn. J.
Exp. Med. 1975, 39, 327. (b) Suhaldonik, R. J. In Nucloesides as Biological
Probes; Wiley: New York, 1979; Chapter 5.

(4) Bzowska, A.; Kulikowska, E.; Shugar, D. Biochim. Biophys. Acta
1992, 1120, 239.

(5) Piccirilli, J. A.; Moroney, S. E.; Benner, S. A. Biochemistry 1991,
30, 10350.

(6) (a) Piccirilli, J. A.; Krauch, T.; Moroeny, S. E.; Benner, S. A. Nature
1990, 343, 33. (b) Benner, S. A.; Ellington, A. D.; Tauer, A. Proc. Natl.
Acad. Sci. U.S.A. 1989, 86, 7054,

0002-7863/95/1517-1378$09.00/0

k " >

7-aminopyrazolopyrimidine formycin A adenosine

Figure 1. Schematic representation of 7-aminopyrazolopyrimidine,
formycin A, and adenosine. The regular IUPAC name for the
7-aminopyrazolopyrimidine is used. However, atorn numbering has been
indicated according to the purine nomenclature system. This is
preferable to using the specific IUPAC nomenclature for pyrazolo-
pyrimidine compounds in order to clarify the discussion.

biological and pharmacological points of view.8 ADA, which
plays a key role in purine metabolism, catalyzes the hydrolytic
conversion of adenosine to inosine.” The enzyme has a broad
specificity for substrates structurally related to adenosine.® The
action of ADA on formycin A (Figure 2) leads to the formation
of formycin B, whose pharmacological properties are generally
less important.10

The interaction mechanism of a nucleoside with ADA implies
the formation of hydrogen bonds between hydrogen bond donor
groups of the enzyme and the lone pairs at N3 and N7 of the
nucleoside.!! The presence of a hydrogen atom at N3 or N7
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Figure 2. Deamination reaction of adenosine and formycin A.
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Figure 3. Schematic representation of the N7H — N8H tautomerism
and N1 and N3 protonations of 7-aminopyrazolqpyrimidine.

leads to the inhibition of the enzyme,!'®!2 as shown by the
enzymatic behavior of 3- and 7-deazaadenosine,!? This finding,
in conjunction with the experimental evidence that formycin A
is mainly in the N7H tautomeric form (Figure 3),'* gives rise
to a paradox: If formycin exists in the N7H tautomeric form,
which is unable to interact with the enzyme, why is formycin
recognized and deaminated very efficiently by ADA?

A plausible explanation for the susceptibility of formycin to
ADA is based on the change of the tautomeric preference from
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the N7H to the N8H tautomer when it anchors to the active
site of the enzyme.!!»1* Previous studies within the quantum
mechanical SCF framework in the gas phase suggested a
possible relationship between the ionization state of the nucleo-
side and its tautomeric preference.!® Thus, data derived from
ab initio SCF calculations indicated that the protonation of
formycin leads to a change in its tautomeric preference to the
N8H tautomer, which can be recognized by the enzyme.
Unfortunately, since at neutral pH the nucleoside is likely to
be un-ionized, these ab initio results do not provide a fully
satisfactory explanation to the paradox of the recognition of
formycin by ADA under physiological conditions.

In this study, we explore the tautomerism of the aromatic
moiety of formycin A, 7-aminopyrazolopyrimidine. Ab initio
methods at the SCF, MP2, MP3, and MP4 levels are used to
examine the tautomeric preference in the gas phase (Figure 3).
Furthermore, ab initio self-consistent reaction field (SCRF),
semiempirical SCRF, and molecular dynamics—free energy
perturbation (MD—FEP) techniques are used to account for the
influence of water on the tautomeric equilibrium in aqueous
solution. In addition, due to the relevance of the ionization state
on the tautomerism of 7-aminopyrazolopyrimidine,!*!3 and on
the reaction mechanism of ADA >1161416 attention has also been
paid to the protonation at N1 and N3 of the N7H and N8H
tautomers of 7-aminopyrazolopyrimidine. The results provide
a detailed picture of the tautomerism of this molecule and
suggest interesting perspectives in the design of drugs related
structurally to formycin A but resistant to the action of ADA.

Methods

Gas Phase Calculations. Equilibrium geometries for N7H and N8H
tautomers of formycin in both neutral and protonated (at N1 or N3)
forms were optimized at the SCF-RHF level using the 3-21G!7 and the
6-31G*!® basis sets. Force constant analyses were carried out to verify
the minimum state nature of the final geometries. Single-point
calculations at the MP2, MP3, and MP4(SDTQ) levels using the 6-31G*
basis set were performed to incorporate electron correlation effects.
The energy obtained from SCF and Moller—Plesset calculations was
corrected to obtain the Gibbs free energy (at 298 K) by the addition of
thermal and entropic effects using standard procedures in Gaussian 90.1?
The free energy differences between the tautomers or the protonation
states were computed from the thermodynamic cycle shown in Figure
3.

Solvation Calculations. Free energy calculations in aqueous
solution were performed following the thermodynamic cycle shown in
Figure 4, where it is implicitly assumed that the free energy change
during a reaction can be computed as the addition of two independent
terms: (i) the change in internal free energy (AGg-#*), which is
determined at the quantum mechanical level, and (ii) the change in the
solute—solvent interaction (AAGg-4"9), which is estimated from either
SCRF or MD—FEP computations.

Self-Consistent Reaction Field Calculations. SCRF calculations
based on semiempirical AM1% and ab initio 6-31G* wave functions
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Figure 4. Thermodynamic cycle used to compute free energy
differences in aqueous solution.

were used. Semiempirical calculations were carried out following two
procedures: (i) the Generalized Born Model (GBM?! ) as implemented
in AMSOL using the AM1/SM2 parametrization® and (ii) the SCRF
model formulated by Miertus, Scrocco, and Tomasi (MST? ), which
has recently been adapted to semiempirical Hamiltonians in our
laboratory (AM1/MST).%* Ab initio SCRF calculations were performed
using a 6-31G*-optimized version® of the MST method.?

Both AMSOL and MST methods compute the hydration free energy
as the addition of an electrostatic component and a steric contribution.
The electrostatic term represents the interaction between the charge
distribution of the solute and the reaction field generated by the solute
in the solvent. The steric contribution includes several energy terms
like cavitation, dispersion, repulsion, and volume effects. The two
methods use a cavity adapted to the molecular shape to represent the
solute—solvent interface. AMSOL determines all the non-electrostatic
interactions by means of a simple relationship with the molecular surface
area? In contrast, the MST method computes separately the cavitation
component following Pierotti’s scaled particle theory,”® while the
remaining contributions are represented in our version of the method
by means of a relationship with the molecular surface area.?*?

Besides the difference in the procedure used to evaluate the steric
term, the main difference between AMSOL and MST lies in the
procedure used for the computation of the electrostatic contribution to
the free energy of hydration. AMSOL is based on the GBM model?!
and on the representation of the molecular charge distribution from
Mulliken charges.?’” The MST method computes the electrostatic
contribution by means of a set of imaginary charges, which are
determined by solving the Laplace equation at the solute—solvent
interface. In this case, the solute charge distribution is rigorously
represented at the SCF level by means of the molecular electrostatic
potential (MEP).?® These brief considerations suggest that the MST
formalism must provide a more accurate evaluation of the electrostatic
contribution to the free energy of hydration than GBM-based methods
(see refs 21—25 for a detailed description of the two methods).
Nevertheless, this formal superiority of MST methods might be
compensated by the empirical parametrization of AMSOL (six param-
eters fitted for each atom, as opposed to the limited set of parameters
fitted in MST calculations).

AMSOL-AM1/SM2 calculations were performed following the
standard protocol and using the optimized parameters.? The molecular
geometries optimized both in the gas phase and in agueous solution
were considered in the calculations. AMI/MST calculations were
carried out according to the standard protocol,* and the orthogonal
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procedure was used to calculate the semiempirical MEP.2* Computa-
tions were performed using the gas phase-optimized geometry, as well
as the AMSOL-optimized geometry in aqueous solution. Ab initio
SCREF calculations were performed using a 6-31G* optimized version
of the MST model.?*?5 Since the change of the molecular geometry
upon solvation has a negligible effect on the thermodynamic parameters
(see below), only the gas phase-optimized geometry was used.
Following our previous findings,* the cavity was uniformly reduced
by a factor of 92% in all the MST calculations of the protonated forms
of 7-aminopyrazolopyrimidine.

Free Energy Perturbation Simulations. FEP techniques® compute
AAGh,® directly (in contrast to SCRF methods, which determine
this magnitude as the difference of the hydration free energy for each
tautomer). This is done by the calculation of the work necessary to
mutate tautomer A into tautomer B along a reversible pathway. In
practice, this is achieved by changing the parameters defining the
solute—solvent interactions (charges and Lennard-Jones parameters)
from the values of tautomer A into those of tautomer B, as shown in
eq 1, where A is the coupling parameter varied from O to 1 during the
mutation.

VA. = ﬂ’Vi=l + (1 - A)VA,:O (1)

Two mutation procedures were used in this study: (i) the standard
windowing scheme and (ii) a finite difference thermodynamic integra-
tion (FDTI) method3? based on the Gaussian quadrature technique.’®
In the first case, the mutation A — B was performed in a large number
of small steps (windows), and the total free energy was determined as
the addition of the free energy in each window (eq 2).

Asload ~Viear — V)
AAG, B A= —RTIn\le—m—] (2)
byd Z{, RT A

FDTI calculations were done following eq 3. The numerical
derivative of the free energy with regard to A was evaluated by using
eq 2, with a very small A/, and the definition of the potential functions
were those shown in eq 1. The points (1) selected to evaluate the free
energy derivative were determined according to a Gaussian quadrature
procedure.

1AG(A,AR) Qi

AAG, ™= [ ©)

The simulation system was a cube of ~18.000 A? containing 1 solute
plus around 550 TIP3P34 water molecules. Periodic boundary condi-
tions were used in conjunction with a 10 A cutoff for nonbonded
interactions. Simulations were performed at the isothermic—isobaric
(NPT) ensemble (1 atm; 298 K) using MD algorithms.>* All the bonds
were fixed at their equilibrium values using SHAKE,?® which allows
the use of a 2 fs integration step. The system was initially optimized
for 500 cycles of the steepest descent and then heated and equilibrated
for 20 ps. Simulations were typically performed for 200—-210 ps, but
in some cases, 420 ps simulations were carried out. The perturbation
was usually done starting from the N7H tautomer. However, in other
cases, the N8H tautomer was used as the starting structure in order to
assess whether the FEP calculation provided a zero value for the futile
process A— B — A,

Simulations were carried out using 10 ps windows, which were
divided into two parts: 4 ps of equilibration plus 6 ps of averaging.
The 420 ps perturbation was done starting from equilibrated samplings
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of the N8H tautomer of the neutral 7-aminopyrazolopyrimidine. The
simulation was divided into two parts. First, charges for the N§H
tautomer were mutated in 210 ps to those corresponding to the N7H
tautomer. Then, a hydrogen atom was annihilated at N8, and
simultaneously generated at N7, in the remaining 210 ps. In both
simulations, 21 windows were considered (10 ps window). The 210
ps simulation was done starting from the N7H tautomer, which was
obtained from the previous FEP plus 20 ps of additional MD for
equilibration. In this simulation, charges and van der Waals parameters
were changed simultaneously considering 21 windows (10 ps each
window),

FDTI simulations were done by dividing the total perturbation into
two parts: A = 1—0.5 and A = 0.5—0.0. This was done to achieve a
better representation of the extremes (4 = 0 and 4 = 1) and of the
maximum in the free energy profile, which was found to be around A
= 0.5 from windowing simulations. A 10-point Gaussian quadrature
method was used to select representative points and weighting values
for integration in the two parts of the perturbation (abcises and weights
are available upon request), which yields a total of 20 points. Numerical
derivatives (AG/AA) were determined using eq 2, with A4 = 0.001.
The total length of the perturbation was 200 ps. Evaluation of AG/AA
at every A was performed for 5 ps, after 5 ps of equilibration. The
double-wide sampling protocol was used in both windowing and FDTI
calculations.

Atomic charges were determined (charges are available upon request)
by fitting SCF and Coulombic MEPs in four Connolly’s layers placed
at 1.4, 1.6, 1.8, and 2.0 times the van der Waals radii of atoms. A
density of 10 points/A? was used to guarantee the quality of the fitting 36
It is worth noting that reasonable estimates of hydration free energies
for neutral molecules are obtained when 6-31G* electrostatic charges
are used in MD—FEP and Monte Carlo—FEP techniques.’” The rest
of the force field parameters were taken from the AMBER all atom
force field.*®

Ab initio calculations in the gas phase were performed using Gaussian
90.1° Ab initio SCRF calculations were carried out with a modified
version of MonsterGauss,* which includes the MST method. AM1/
MST calculations were performed with MOPAC93, Revision 2,5
which incorporates the optimized AM1 version of the MST model.
AMSOL-AM1/SM2 calculations were done with the standard code
developed by Cramer and Thrular.? MEP calculations and charge
fittings were carried out using the MOPETE/MOPFIT computer
programs.*® Finally, MD—FEP simulations were performed with the
AMBER 4.0 computer program.’® All the calculations were done on
the Cray  Y-MP of the Centre de Supercomputacié de Catalunya
(CESCA) and on workstations in our laboratory.

RESULTS

Gas Phase Simulations. The energy, enthalpy, and free
energy differences between the N7H and N8H tautomers of the
neutral and N1- and N3-protonated species of 7-aminopyrazolo-
pyrimidine calculated at different levels of theory are shown in
Table 1. Comparison of the results allows us to examine the
dependence of the tautomeric equilibrium on the quality of the
quantum mechanical calculation.
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Table 1. Energy, Enthalpy, and Free Energy Differences (in
kecal/mol) between the N7H and N8H Tautomers of
7-Aminopyrazolopyrimidine®

method AE AH —TAS AG
Neutral Form
3-21G/3-21G —2.1 —-2.6 -0.2 —-2.8
6-31G*/3-21G —-0.4 -09 -0.2 —1.1
6-31G*/6-31G* -1.1 -14 0.1 -1.3
MP2/6-31G* 1.6 1.3 0.1 14
MP4/6-31G* 1.2 0.9 0.1 1.0
N1-Protonated
3-21G/3-21G 8.3 7.8 -0.2 7.6
6-31G*/3-21G 8.1 7.6 -0.2 7.4
6-31G*/6-31G* 8.2 7.5 -0.4 7.1
MP2/6-31G* 9.3 8.6 -0.4 8.2
MP4/6-31G* 8.8 8.1 -0.4 7.7
N3-Protonated
3-21G/3-21G 48 4.4 -0.1 4.3
6-31G*/3-21G 53 49 -0.1 4.8
6-31G*/6-31G* 52 4.7 -0.2 4.5
MP2/6-31G* 5.6 5.1 -0.2 49
MP4/6-31G* 5.4 49 -0.2 4.7

4 Thermal and entropic corrections to the energy were determined
at 298 K. Values are computed as [N7H] — [N8H].

For the neutral species, all the SCF results suggest that the
N7H tautomer is the preferred form in the gas phase both in
terms of energy and free energy. The difference shrinks slightly
as the basis set is enlarged from 3-21G to 6-31G*, but even at
the 6-31G* level, the N7H tautomer is favored by around 1
kcal/mol. Geometry reoptimization at the 6-31G* level leads
to negligible changes in the final results with respect to the
values obtained using the geometry optimized at the 3-21G level.
In contrast, electron correlation effects (computed using 6-31G*
wave functions and 3-21G-optimized geometries) have a
dramatic influence on the tautomeric preference, since the N8H
tautomer is stabilized by 1.2 kcal/mol in energy at the highest
level of theory, which is reduced to 1.0 kcal/mol when thermal
and entropic corrections are considered. This result, which
agrees with previous findings on the tautomerism of similar
compounds,*¥2 demonstrates the need to account for the
correlation effects to obtain reliable representations of tautomeric
processes.

Protonation at N1 or N3 leads to a great stabilization of the
N8H tautomer in the gas phase. The effect is larger for the
N1-protonated form, where all the calculations estimate the free
energy difference of tautomerization to be around 7.1—8.2 kcal/
mol (7.7 kcal/mol at the highest level). Such a difference
amounts to 4.3—4.9 kcal/mol (4.7 kcal/mol at MP4/6-31G*)
for the N3-protonated species. As noted before, geometry
reoptimization has a negligible effect on the results. Further-
more, the introduction of correlation effects, which are essential
for the neutral form, has a very small effect on the protonated
species.

The ability of the N7H and N8H tautomers of 7-amino-
pyrazolopyrimidine to be protonated in the gas phase at N1 and
N3 can be examined from data in Table 2.- All the methods
suggest that the N3-protonated form is clearly favored in the
gas phase. The preference for the protonation at N3 is around
3 kcal/mol smaller for the N8H tautomer with respect to the
N7H tautomer, but even in this case, the N3-protonated species
is preferred by more than 4 kcal/mol.

SCREF Calculations in Water. SCRF values of the hydration
free energy difference (AAGnyq) between the N7H and N8H

(41) Cieplak, P.; Bash, P.; Singh, U. C.; Kollman, P. A. J. Am. Chem.
Soc. 1987, 109, 683.

(42) Tomas, F.; Cataldn, J.; Pérez, P.; Elguero, J. J. Org. Chem. 1994,
59, 2799.
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Table 2. Energy, Enthalpy, and Free Energy Differences (in
kecal/mol) between the N1- and N3-Protonated Species of the N7H
and N8H Tautomers of 7-Aminopyrazolopyrimidine®

Orozco and Luque

Table 4. . SCRF Values of the Hydration Free Energy Differences
(AAGyyq) between the N1- and N3-Protonated Species of
7-Aminopyrazolopyrimidine?

method AE AH —~TAS AG method geometry AAGyya AGP
N7H Tautomer N7H Tautomer
3-21G/3-21G 9.3 8.8 -0.1 8.7 AMSOL/SM2 gas -3.6 42
3-21G/6-31G* 9.2 8.7 -0.1 8.6 AMSOL/SM2 solution -5.1 2.7
6-31G*/6-31G* 9.1 8.7 -0.2 8.5 AMI/MST gas —6.3 1.5
6-31G*-MP2 8.6 8.2 -0.2 8.0 AMI/MST solution -7.3 0.5
6-31G*-MP4 8.5 8.1 -0.2 7.9 6-31G*/MST gas —6.0 1.8
NS8H Tautomer N8H Tautomer
3-21G/3-21G 5.4 5.1 0.0 5.1 AMSOL/SM2 gas -2.0 2.8
3-21G/6-31G* 6.4 6.1 0.0 6.1 AMSOL/SM2 solution -3.0 1.8
6-31G*/6-31G* 6.1 5.9 0.0 59 AMI/MST gas —4.4 04
6-31G*-MP2 49 47 0.0 4.7 AMI/MST solution -5.4 -0.6
6-31G*-MP4 5.0 4.8 0.0 48 6-31G*/MST gas -3.7 1.1

¢ Thermal and entropic corrections to the energy were determined
at 298 K. Values are computed as [N1-protonated] — [N3-protonated].

Table 3. SCRF Values of the Hydration Free Energy Differences
(AAGyya) between the N7H and N8H Tautomers of
7- Aminopyrazolopyrimidine?

method geometry AAGyye AGa™
Neutral Form
AMSOL/SM2¢ gas 3.6 4.6
AMSOL/SM2 solution 3.7 4.7
AMI/MST? gas 0.4 1.4
AMI/MST solution 0.3 1.3
6-31G*/MST gas -0.3 0.7
N1-Protonated
AMSOL/SM2 gas —-2.5 52
AMSOL/SM2 solution -3.1 4.6
AMI/MST gas —6.0 1.7
AMI1/MST solution —6.6 1.1
6-31G*/MST gas —-6.4 1.3
N3-Protonated
AMSOL/SM2 gas -1.0 3.7
AMSOL/SM2 solution -1.0 3.7
AMI/MST gas —-4.2 0.5
AMI/MST solution —4.6 0.1
6-31G*/MST gas —-4.1 0.6

2 The free energy of tautomerization (AG™™) in aqueous solution
was determined using the MP4/6-31G* results in gas phase (see text).
Values (in kcal/mol) are computed as [N7H] — [N8H]. * See ref 43.

tautomers of neutral and protonated 7-aminopyrazolopyrimidine
are shown in Table 3, which also gives the free energy difference
of tautomerization (AG*") at 298 K in aqueous solution (Figure
3.

The results in Table 3 are evidence for the reduced effect of
the molecular geometrical changes induced by water on the
AAGhyq between the tautomers of the neutral form. Thus, both
AMSOL and mixed AM1/MST//AMSOL calculations** suggest
that the changes in AAGyyq due to the geometry relaxation upon
solvation are very small (£0.1 kcal/mol). For the N3-protonated
molecule, the solvent-induced geometry relaxation also has a
negligible influence on the ratio between tautomers, and for the
Nl-protonated form, such an effect is around 0.6 kcal/mol,
which is a small fraction compared to the total hydration free
energy of the protonated tautomers (around —70 kcal/mol). The
changes in geometry induced by water are slightly more
important when the relative stability of the N1- and N3-
protonated forms is discussed (see below and Table 4), but even
in this case, such a contribution is only around 1 kcal/mol.

(43) The molecule is forced to be planar in the AM1 gas phase
optimization to avoid artefactual deformations of the aromatic ring. For
comparison, the AAGrya values obtained for the real AM1 minima are +5.8
keal/mol (AMSOL) and +1.6 kcal/mol (AM1/MST). When the 6-31G*-
optimized geometries are used, the values are +4.4 kcal/mol (AMSOL)
and +1.2 kcal/mol (AM1/MST).

4 The free energy of protonation (AG™) in aqueous solution was
determined using the MP4/6-31G* results in gas phase (see text).
Values (in kcal/mol) are computed as [Nl-protonated] — [N3-
protonated].

Therefore, keeping in mind the expensiveness of the geometry
optimization in aqueous solution, the fact that MST methods
were parametrized to fit experimental data considering gas phase
geometries, and the reduced effect of the geometry relaxation
by water to determine the AAGyyq (within the expected limits
of accuracy of the models), the use of gas phase-optimized
geometries in ab initio MST calculations seems fully justified.

Inspection of the results in Table 3 shows that in general the
AMI and 6-31G* versions of the MST method are in good
agreement (differences in AAGyyq in the range 0.1—0.7 kcal/
mol). In contrast, there are notable discrepancies with AMSOL,
which gives a larger AAGyyq for the neutral species and a smaller
value for the protonated forms with regard to the 6-31G*/MST
results. All the SCRF methods predict a preferential hydration
of the N7H tautomer for protonated forms of the molecule.
Inspection of Table 3 shows that the AAGnyq values between
the N7H and N8H tautomers are 1.5—2.3 kcal/mol larger for
the N1-protonated species than for the N3-protonated species.
Discrepancies exist about the hydration of the two tautomers
of the neutral molecule since AMSOL predicts the hydration
of the N8H tautomer to be 3.6—3.7 kcal/mol more favored,
AMI1/MST reduces such a difference to only 0.4 kcal/mol, and
the 6-31G*/MST method predicts that the N7H tautomer is
slightly better hydrated than the N8H tautomer.

Combination of the MP4/6-31G* gas phase free energy
difference with the AAGyyq values allowed us to compute the
N7H < N8H tautomerization free energies of the neutral and
protonated forms. For the neutral species, AMSOL predicts
the N8H tautomer to be favored in water by more than 4 kcal/
mol with respect to the N7H tautomer. This difference decreases
to around 1.3 kcal/mol at the AMI/MST level, while the
6-31G*/MST method suggests a difference of only 0.7 kcal/
mol favoring the N8H tautomer. All the SCRF calculations
point out a reduction in the free energy difference between the
N7H and N8H tautomers for the protonated 7-aminopyrazolo-
pyrimidine upon solvation, but the N8H form is still the
preferred tautomer in aqueous solution by 1—2 kcal/mol (N1-
protonated) and around 0.5 kcal/mol (N3-protonated), this
preference being larger (around 4 kcal/mol for the N3- and N1-
protonated forms, respectively) according to AMSOL values.

The effect of water on the protonation of 7-aminopyrazolo-
pyrimidine is shown in Table 4. All the methods predict that
the N1-protonated form is better hydrated for both tautomers.
Inspection of the free energy difference between the N1- and
N3-protonated species shows no qualitative change in the
preferential protonation of the N7H tautomer upon solvation,
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Figure S. Electrostatic and van der Waals free energy profiles for the
mutation N8H(A = 1) > N7H(A = 0). Simulation was done using the
windowing scheme. Simulation time was 420 ps.

for which around 95% of the molecules are protonated at N3
in water, according to the 6-31G*/MST value. In contrast, the
results derived from MST calculations suggest that the proto-
nation at N1 can be important for the N8H tautomer. Thus,
for this tautomer, the population of the N1-protonated species
is -around 15% of the N3-protonated form according to the
6-31G*/MST results. The AMI/MST value suggests similar
stability for the two protonated species, while AMSOL calcula-
tions clearly favor the N3-protonated form.

From the results in Tables 3 and 4, the MST method provides
the following ordering (determined from values computed using
gas phase geometries) of stability in water for the protonated
7-aminopyrazolopyrimidine species: N3-protonated (N8H) >
N3-protonated (N7H) = N1-protonated (N8H) > N1-protonated
(N7H). The AMSOL-predicted ordering is N3-protonated
(N8H) > N1l-protonated (N8H) > N3-protonated (N7H) > N1-
protonated (N7H). The use of AMSOL geometry in AMI/MST
calculations gives a different ordering, since the N1-protonated
(N8H) form is suggested to be the most stable protonated form.

Free Energy Perturbation Calculations. MD—FEP tech-
niques were used to gain further insight into the solvent effect
on the tautomerism and protonation of 7-aminopyrazolopyri-
midine. For this purpose, N7H <> N8H mutations were done
for the neutral and protonated forms of the molecule. In
addition, for the two tautomers (N7H and N8H), the N1-
protonated species was mutated into the N3-protonated ones to
examine the protonation process.

Prior to the systematic computation of the free energy
differences between tautomers and protonated species, an
analysis of the optimum mutation protocol was performed. For
this purpose, the N8H <> N7H mutation of the neutral molecule
was studied by using different simulation protocols. First, a
windowing scheme with electrostatic decoupling was used in a
420 ps simulation, where the starting samplings were those of
the N8H tautomer (see Methods). The free energy profiles (see
Figure 5) were smooth, and no discontinuity was observed.
Indeed, hysteresis was negligible, as noted in the agreement
between “forward” and “backward” values obtained using the
double-wide sampling protocol. The total AG for the NSH —
N7H perturbation was —1.88(30.06) kcal/mol, which indicates
that the N7H tautomer is better solvated than the N8H tautomer.

With this 420 ps MD—FEP simulation as a reference, a 210
ps simulation was performed within the windowing scheme,
but without electrostatic decoupling. In this case, the starting
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Figure 7. AG/AA and free energy profile for the mutation N7H(A =
1) <= N8H(A = 0). Simulation was done using the FDTI procedure.
Simulation time was 200 ps.

samplings were those of the neutral N7H tautomer. The free
energy profile for the N7H <> N8H mutation (see Figure 6)
was also smooth, without major discontinuities, and showed
negligible hysteresis. This demonstrates that the electrostatic
decoupling was unnecessary in this case. The value of the N7TH
— N8H mutation was +1.56(£0.07) kcal/mol, and accordingly,
the cycle N8H — N7H — N8H was closed with a moderate
error of £0.3 kcal/mol.

FDTI calculations on the neutral form (see Methods) were
done during 200 ps without electrostatic decoupling. The
starting samplings were those of the N7H tautomer. Owing to
the existence of a maximum in the middle of the perturbation
profile (see Figures 5 and 6), the perturbation was divided into
two parts (A = 1—0.5; A = 0.5—0.0) to increase the statistical
significance of the 4 values selected by the Gaussian quadrature
method. The AG/AA profile and the integrated free energy
profile are shown in Figure 7. The total AG for the N7H —
N8H mutation was +1.74(%0.03) kcal/mol. This value yields
to a minimum error in the cycle N8H — N7H — N8H of only
+0.14 kcal/mol and improves the free energy difference
estimated from the standard 210 ps windowing protocol.
Indeed, the FDTI simulations have additional advantages: (i)
the values of A with an inadequate sampling can be detected
easily in FDTI computations, (ii) the Gaussian quadrature
method guarantees that the computational effort is mainly
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Table 5. FEP Values of the Hydration Free Energy Differences
(AAGuya) between the N7H and N8H Tautomers of Neutral and
Protonated Species of 7-Aminopyrazolopyrimidine®

form AAGhya AG™
neutral -1.7 -0.7
N1-protonated -5.0 27
N3-protonated —4.5 0.2

4 The free energy of tautomerization (AG*) in aqueous solution
was determined using the MP4/6-31G* results in gas phase (see text).
Values (in kcal/mol) are computed as [N7H] — [N8H].

Table 6. FEP Values of the Hydration Free Energy Differences
(AAGyyq) between the N1- and N3-Protonated Species of
7-Aminopyrazolopyrimidine®

form AAGryq AGP
N7H tautomer —4.6 32
N8H tautomer —-3.7 1.1

? The free energy of protonation (AGP™) in aqueous solution was
determined using MP4/6-31G* results in gas phase (see text). Values
(in kcal/mol) are computed as [N1-protonated] — [N3-protonated].

focused on the key part of the simulation, and (iii) calculations
at a given A are independent with respect to calculations at
previous values of 4, which avoids problems due to the error
accumulation arising from incomplete equilibrations in succes-
sive windows. Therefore, considering the apparent superiority
of the FDTI protocol with respect to the standard windowing
scheme, all the remaining FEP simulations were performed using
the FDTI protocol.

The results for the N7H <> N8H mutations are summarized
in Table 5 (for the neutral form, the AAGyyq value in the table
is the average of the three simulations noted above). FEP
simulations suggest that the N7H tautomer is better solvated
than the N8H tautomer when the neutral species is considered,
in qualitative agreement with the 6-31G*/MST result and in
disagreement with AM1/MST and especially with AMSOL
calculations. The MD—FEP AAGyyq estimate for the neutral
form, which is larger (in absolute value) than the 6-31G*/MST
result, causes a change in the predicted tautomeric preference
of 7-aminopyrazolopyrimidine. Thus, combination of the MP4/
6-31G* gas phase free energy difference and the MD—FEP
AAGhyq value points out that for the neutral species, the N7H
tautomer is around 0.7 kcal/mol more stable than the N8H
tautomer in aqueous solution (0.9 kcal/mol more stable if the
420 ps perturbation is considered).

FEP simulations agree well with SCRF calculations in the
description of the stabilizing effect of water on the N7H
tautomer of both N1-protonated and N3-protonated forms. The
AAGyyg values are —5.0 and —4.5 kcal/mol for the N1- and
N3-protonated forms, respectively, which compare well with
the 6-31G*/MST results (—6.4 and —4.1 kcal/mol, respectively)
and with the AMI/MST values (—6.0 and —4.2 kcal/mol,
respectively). Combination of gas phase MP4/6-31G* tau-
tomerization free energies with MD—FEP values shows that
the N8H tautomer is the most stable tautomer for the N1-
protonated species in water. In contrast, for the N3-protonated
molecule, the N7H tautomer is only 0.2 kcal/mol less stable
than the N8H tautomer when the effect of hydration is
considered.

The effect of solvation on the protonation of 7-aminopyra-
zolopyrimidine was explored from mutations between the N1-
and N3-protonated forms for both N7H and N8H tautomers
(Figure 3). The results (see Table 6) confirm the SCRF-based
suggestion that the N1-protonated species are better hydrated
than the N3-protonated ones. The solvent effect is around 1
kcal/mol larger for the N7H tautomer than for the N8H tautomer,
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N1-protonated N§SH »  Nl-protonated N7H

N3-protonated N8H a  N3-protonated N7TH

Figure 8. Thermodynamic cycle used to determine possible errors in
FEP calculations of differences in hydration free energies (see text).

in reasonable agreement with SCRF results (Table 4). FEP
simulations do not predict a change in the preference for the
protonation at N3 of the N7H and N8H tautomers. However,
it should be noted that solvation leads to a notable reduction in
the difference of stability between the N1- and N3-protonated
forms. The FEP estimate for AGP™ (1.1 kcal/mol) is in
agreement with the 6-31G*/MST result.

Further information on the tautomerism and protonation of
7-aminopyrazolopyrimidine can be derived from combination
of data in Tables 5 and 6. First, an estimate of the errors in
FEP results due to the simulation protocol can be obtained from
the cycle shown in Figure 8. Following this cycle, AAGyyq-
(IN7H] — [N8H] for the N1-protonated form) — AAGy(IN7H]
— [N8H] for the N3-protonated form) should be equal to
AAGhyy([N1-protonated] — [N3-protonated] for the N7H tau-
tomer) — AAGyya([N1-protonated] — [N3-protonated] for the
N8H tautomer). According to the results in Tables 5 and 6, an
error of (—5.0 + 4.5 + 4.6 — 3.7) = 0.4 kcal/mol is found.
This error, which only amounts to 2% of the total free energy
changes in the cycle (17.8 kcal/mol), confirms the goodness of
the FEP simulation protocol. In addition, the use of this
thermodynamic cycle allows us to determine the stability
ordering for the protonated forms in water, which is as follows
according to FEP calculations: N3-protonated (N8H) > N3-
protonated (N7H) = Nl-protonated (N8H) > Nl-protonated
(N7H). This ordering agrees with the results derived from the
6-31G*/MST calculations.

Discussion

The study of the tautomerism and protonation of formycin
A is essential for gaining insight into the biological activity of
this molecule. Since the ribosyl group at position 9 (position
3, following the IUPAC nomenclature for pyrazole structures)
could influence the tautomeric and protonation preferences of
the 7-aminopyrazolopyrimidine moiety, extrapolation of results
to formycin A should be done with caution. Fortunately,
experimental data by Chenon et al.!’ strongly suggest that
substituents at position 9 have an almost negligible influence
on the tautomeric equilibrium of 7-aminopyrazolopyrimidine
derivatives, which allows us to extend with some confidence
the discussion of present results to formycin A and other
9-ribosyl derivatives. On the other hand, inspection of the pK,
values of purines and N9-riboderivatives indicates* that the
ribose at position 9 promotes a moderate decrease in the basicity
of the purine ring. This finding could be extrapolated to
7-aminopyrazolo and formycin A, but in this case the decrease
of the basicity at N3 due to the ribosyl group at position 9 might
be a little bit larger if formycin exists in the syn conformation
(with an O5’—N3 hydrogen bond). Therefore, our results are
expected to enhance slightly the relative basicity of N3 with
regard to N1 when they are extrapolated to formycin A.

(44) Izatt, R. M,; Christensen, J. I.; Rytting, J. H. Chem. Rev. 1971, 71,
439,
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Gas Phase. Ab-initio MP4/6-31G* calculations suggest that
the most stable tautomer of 7-aminopyrazolopyrimidine in the
gas phase is the N8H form, but an amount (around 15%) of the
NTH tautomer exists as well. Comparison of the results shows
a moderate effect of the basis set on the determination of the
ratic between tautomers and a very small influence of the
geometry. In contrast, the addition of correlation effects is very
important for the proper representation of the tautomerism of
the neutral 7-aminopyrazolopyrimidine derivatives. In this
respect, comparison between 3-21G and 6-31G* data, and
between SCF, MP2, MP3 (data not shown, but available upon
request), and-MP4 results, shows a progressive convergence of
the results as the quality of the calculation is increased, which
suggests that dramati¢ changes in the results cannot be expected.
However, and considering all the potential source of errors
(geometry, basis set, and level of accuracy in the representation
of correlation effects), caution is necessary since the range of
error of the calculation can be larger than the value of AGy
found ‘at the highest level of computation.

Protonation of 7- a:mnopyrazolopyrumdme derivatives ta.kes
place at the pyrimidine ring rather than at the pyrazolo ring.!3
The results presented here indicate that protonation largely raises
the population of the N8H tautomer in the gas phase. Proto-
nation at. N3 is-clearly favored, especially for the N7H tautomer.
Accordingly, the N8H tautomer of the N3-protonated species
is the most stable species of the protonated 7-aminopyrazolo-
pyrimidine in the gas phase, followed by the N3-protonated N7H
tautomer and the N1-protonated N8H tautomer. The protonation
energies at the MP4/6-31G* level (—228 kcal/mol (N7H) and
—236 kcal/mol (N8H) for N1 protonation, —237 kcal/mol (N7H)
and —241 kcal/mol (N8H) for the N3 protonation) suggest that
a notable increase in the basicity of the nitrogens occurs (around
4—8 kcal/mol), especially at N1 (8 kcal/mol), when the neutral
molecule is forced to be in the N8H tautomeric form. Unfor-
tunately, to our knowledge, there are no experimental data on
the tautomerism of 7-aminopyrazolopyrimidine derivatives in
the gas phase available for comparison. Previous ab initio SCF
results in the gas phase!® calculated using mixed basis sets*’
agree well, in general, with the present results, but they were
unable to describe the tautomerism for the neutral form due to
the neglect of correlation effects.

Solvent Effect. Due to the relevance of solvent effects on
the tautomeric equilibrium, the analysis of the results determined
for 7-aminopyrazolopyrimidine merits a detailed discussion. In
this respect, reasonable agreement between the different methods
used to describe solvation effects is found for protonated forms
of the molecule. However, a somewhat disappointing discrep-
ancy is found for the neutral molecule. AMSOL clearly favors
the N8H tautomer. The AM1/MST favors slightly the N8H
tautomer, but the 6-31G*/MST and FEP results indicate that
the N7H tautomer is better hydrated. All the experimental
evidence derived from luminescence spectra,!’ NMR,130-9
temperature jump studies,'3¢ and magnetic circular dichroism!*
demonstrates that for the neutral molecule, the N7H form is
the major tautomer in water, although some population of the
N8H tautomer has also been detected. Only the FEP calcula-
tions are able to reproduce the preference for the N7H tautomer
in water. To our knowledge, only two quantitative measures
of the tautomerization free energy (AG®%") of neutral 7-ami-
nopyrazolopyrimidine have been reported: —1.0 kcal/mol from
temperature jump experiments in water!* and —1.6 kcal/mol
from NMR data in D,0Q.!13d Considering the source of errors in
both MD—FEP and gas phase calculations, the agreement
between MP4/6-31G* and MD—FEP (—0.7 kcal/mol; —0.9 kcal/

(45) Orozco, M.; Luque, F. J. Chem. Phys. Lett. 1989, 160, 305.
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mol from the 420 ps simulation) and the experimental data is
quite reasonable. This agreement supports the goodness of these
calculations and also gives confidence to the suitability of the
6-31G*/MST calculations, which provide AAGyya for the neutral
species close to the FEP values.

The protonation of 7-aminopyrazolopyrimidine is likely to
occur at N3, but some fraction (around 15% of the N3-
protonated molecules from FEP results) is expected to exist as
the N1-protonated form in aqueous solution. In any case, it
seems that protonation favors the change from the N7H tautomer
to the N8H tautomer, both in the gas phase and in aqueous
solution. Extrapolation of these results to formycin, where the
N3 can be hindered sterically, must be done with some caution.
Experimental data on the relationship between tautomerization
and protonation, which would be extremely useful, are scarce
and have only qualitative value. Very recent NMR measure-
ments in D,03 are consistent with our suggestion that N3 is
the most basic point of the molecule. Temperature jump
experiments!'®® agree with the larger basicity of the N8H
tautomer predicted in our calculations. Furthermore, the change
of tautomeric preference from N7H to N8H, which is suggested
to occur upon protonation, seems to be consistent with recent
NMR data in aqueous solution.!?d

'At this point, some consideration about the FEP and SCRF
techniques is appropriate. The FEP method is a suitable
technique for the determination of AAGyyq between tautomers,
since (i) AAGhyq is computed directly, which largely reduces
errors, and (ii) it is easy to define a reversible pathway for the
interchange of tautomers. In contrast, the determination of
AAGyyq is a challenging task for SCRF methods since AAGhyd
is computed as the difference between the total free energies of
hydration of the two tautomers; i.e. a difference of 4—5 kcal/
mol is to be obtained from the difference between AGyyq values
in the range of 60—70 kcal/mol. Therefore, in general, for the
study of tautomerism, SCRF methods are more susceptible to
technical problems than FEP techniques, and it is not surprising
that the best agreement with the scarce available experimental
data is obtained by using this latter method.

The agreement between FEP- and MST-based SCRF calcula-
tions is good, especially when the 6-31G*/MST values are dealt
with, Thus, for the five processes studied, the RMS difference
between MST and FEP results is 1.1 (6-31G*), 1.3 (AM1/MST
with gas phase geometry), and 1.8 (AM1/MST with AMSOL
geometry) kcal/mol. Larger RMS deviations are found for
AMSOL (3.2 kcal/mol with gas phase geometry; 3.0 kcal/mol
with AMSOL-optimized geometry). It is interesting to note that
the agreement between AMI1/MST and FEP values slightly
decreases when the AMSOL-optimized geometry is used, while
the goodness of AMSOL results slightly increases when the
geometry is fully optimized in water. This is not surprising,
because AMSOL was parametrized considering the optimized
geometry in solution, while gas phase geometries were used to
parametrize non-electrostatic interactions in the MST method.

The results in Tables 3 and 5 show that the main failure of
the SCRF methods lies in the determination of solvent effects
on the N7H + N8H tautomerism of the neutral molecule. In
this respect, the 6-31G*/MST method gives the correct sign for
the AAGhyq4, Which indicates that the shortcoming of the AM1-
based SCRF methods cannot be fully attributed to intrinsic
deficiencies of the SCRF method. However, comparison of
AMI1/MST and AMSOL values suggests that this latter method
has some intrinsic limitations for the representation of these
systems.

Biological Relevance. The understanding of the tautomeric
equilibrium of 7-aminopyrazolopyrimidine is essential for
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gaining insight into the biological and pharmaceutical properties
of formycin A and its derivatives. For instance, the N7H <
N8H tautomerism of formycin derivatives can be very important
in the determination of the mechanism that allows formycin A
to inhibit the bacterial purine nucleoside phosphorylase, while
it is not an inhibitor of the mammalian enzyme.* Another case
where a detailed knowledge of the tautomerism of formycin is
necessary corresponds to the use of formycin as a surrogate of
adenosine in the nucleotidic sequence of nucleic acids.>6 The
manipulation of the tautomeric ratio of formycin might change
the hydrogen bond pattern in the major groove while preserving
identical Watson—Crick pairing with a thymine. It is suggested
that in the polar medium surrounding the nucleic acid, formycin
(or 2’-deoxyformycin) might exist as the N7H tautomer, which
would alter the hydrogen bond pattern along the major groove
with respect to that of adenosine. However, changes of the
environment polarity, like those originated from the interaction
of DNA with a protein, could modify the tautomeric preference.
In this context, the identification of the factors modulating the
tautomerism of formycin in water are of the greatest importance.
Moreover, the study of the tautomeric preferences of enzymes
like RNA polymerases can be also relevant in understanding
the mechanism of action of formycin. Experiments of incor-
poration of 7-deazaadenosine and ribosyl derivatives of 4-ami-
nopirazolopyrimidine in the nucleic acids would be very helpful.

The interaction mechanism of formycin with ADA is another
example that emphasizes the relevance of the N7H < N8H
tautomerism. Theoretical (this work) and experimental studies!?
suggested that neutral formycin should exist in the N7H
tautomeric form. Present results indicate that in aqueous
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solution, the N8H tautomer will be a minor species, in agreement
with the available experimental data. However, gas phase
calculations support the hypothesis that the N8H form can be a
stable tautomer for neutral formycin in the gas phase (perhaps
the most stable one). Inspection of the tridimensional structure
of ADA!PC shows that the active pocket is absolutely buried
at the bottom of a S-barrel, surrounded by an environment in
which the solvent is excluded. These conditions are not very
different from the vacuum and, accordingly, can lead to the a
relative stabilization of the N8H tautomer. As noted previously,
the existence of formycin in the N8H tautomeric form leads to
a notable increase in the basicity of the N1, which will make
the protonation at this atom by a nonionized aspartic acid
easier,!1%¢ the resulting species being markedly stable. All these
findings might justify the surprisingly large V™2 of deamination
of formycin (10 times greater than that of adenosine”), especially
if the protonation at N1 is involved in the rate-limiting step of
the enzymatic reaction, as previously suggested.!1%1446 It can
be expected that a modification of the tautomeric preference of
formycin A in the gas phase toward an increased population of
the N7H tautomer may yield a new drug with most of the
properties of formycin A, but resistant to the action of ADA.
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