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Pterins are members of a family of heterocyclic compounds present in a wide variety of biological systems and
may exist in two forms, corresponding to an acid and a basic tautomer. In this work, the proton transfer reaction
between these tautomeric forms was investigated in the gas phase and in aqueous solution. In gas phase, the
intramolecular mechanism was carried out for the isolated pterin by quantum mechanical second-order
Mgller—Plesset perturbation theory (MP2/aug-cc-pVDZ) calculations and it indicates that the acid form is more
stable than the basic form by —1.4 kcal/mol with a barrier of 34.2 kcal/mol with respect to the basic form. In
aqueous solution, the role of the water molecules in the proton transfer reaction was analyzed in two separated
parts, the direct participation of one water molecule in the reaction path, called water-assisted mechanism, and the
complementary participation of the aqueous solvation. The water-assisted mechanism was carried out for one pterin-
water cluster by quantum mechanical calculations and it indicates that the acid form is still more stable by —3.3
kcal/mol with a drastic reduction of 70% of the barrier. The bulk solution effect on the intramolecular and water-
assisted mechanisms was included by free energy perturbation implemented on Monte Carlo simulations. The
bulk water effect is found to be substantial and decisive when the reaction path involves the water-assisted
mechanism. In this case, the free energy barrier is only 6.7 kcal/mol and the calculated relative Gibbs free energy
for the two tautomers is —11.2 kcal/mol. This value is used to calculate the pK, value of 8.2 £ 0.6 that is in

excellent agreement with the experimental result of 7.9.

1. Introduction

Solvents are important and necessary ingredients in chemistry
laboratories. As solvent changes molecular properties compared
to the isolated molecule it is important to understand the solvent
effects.! In recent years, much theoretical efforts have been
devoted in this direction. The theoretical developments to
understand and rationalize the role of solvents and of the liquid
environment on molecular properties have been substantial.>?
Spectral and structural problems have been largely studied.*
Some more development is still necessary to understand
chemical reaction in solution. This is crucial in molecular
biology, for instance, where several reactions necessary to create
and sustain living systems can only occur in aqueous environ-
ment. Some recent studies indicate that the solvent is a direct
participant® of the reaction process instead of a simple passive
dielectric. In these cases, water-assisted and hydrogen bond
wires> are essential for the efficiency of the reaction. This has
important consequences in acid-basic proton transfer.® Analyzing
chemical reaction in solution is a great theoretical effort
necessitating the detailed inclusion of the solvent molecules and
the accurate determination of the relative Gibbs free energies
along the reaction process. In this work, we focus on this
problem and study the proton transfer reaction for the acid—basic
equilibrium of pterin in aqueous environment (see Figure 1).
In addition, the accurate determination of the equilibrium
constant and the corresponding pK, value is also addressed to
corroborate the validity of the numerical results in two different
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Figure 1. Schematic representation of the 2-aminopteridin-4(3H)-one
pterin and the numerical labels.
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SCHEME 1: Intramolecular Mechanism
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mechanisms, the direct intramolecular proton transfer (see
Scheme 1) and water-assisted intermolecular proton transfer (see
Scheme 2).

Pterins are members of a family of heterocyclic compounds
present in biological systems and participating in important
biological functions’ including a primary role in photosynthetic
electron transport. Pterins are also involved in different photo-
chemical processes and have been found in photosensitive
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organs.® The absorption spectra of pterins were also studied to
determine the mechanisms of coloration of pierid wings.” Some
studies suggested that pterins might act as blue antennas in
superior plants'® and fungus.'' Recently it has also been shown
that it participates as sensitizers in photochemical reactions that
induce DNA damage.'” Thomas et al.!* have investigated the
efficiencies of 'O, production and the quenching of a class of
pterins in aqueous solution. They have also reported' the
fluorescence, absorption spectra, and the effects of substituents
and pH." For biological investigations, some pteridines have
been synthesized and elucidated.'® NMR spectrum of SN was
also used to characterize the dominant tautomer in the equilib-
rium in aqueous solution of quinonoid tetrahydropterin.'”

On the theoretical side, early studies have investigated
geometries,'® tautomeric, and protonation energy'® at the ab initio
level of dihydropterins. This latter also discussed the mechanism
of enzymatic reduction.'® Hartree—Fock calculations® were used
to study the relative stability of the tautomers of dihydropterins
and the interactions with the Moco cofactor. These studies
suggest that the stability of the different tautomers of pteridines
depend on the pH and solvation medium. Another work?' has
shown that the oxo form of pterin is more stable than the enol
form and analysis of this tautomeric reaction served to elucidate
a possible binding to dihydrofolate reductase, which is a target
for anticancer drugs.?' Docking methodology®* was used to study
the interactions with pteridine reductase of Trypanosoma cruzy.
The optical properties of pterins have been studied? in the gas
phase and solvent effects were included only at a simple level
using continuum models.

To understand most of the biological activities of pterins, it
is essential to have a better understanding of the tautomeric
proton transfer reaction. Pterin may exist in two tautomeric
forms (Scheme 1). Tautomeric reactions involve the intercon-
version between two chemical structures.? These structures can
be converted into one another by a proton transfer passing
through a transition state. Therefore, reliable quantum mechan-
ical calculations® are necessary to provide the relative energy,
or free energy, of the two stable forms and the transition state
and hence an insight into the proton transfer and the equilibrium
of the reaction. Normally, the equilibrium favors one form and
it depends on several factors such as molecular structure,
resonance, intramolecular hydrogen bonding with solvent
molecules, polarity, temperature, and so forth. These factors
should be considered in tautomeric equilibrium studies for
calculating equilibrium constants,>® tautomeric energies, '
stabilities of tautomers,?? solvent effects>?“¢ and so forth, as
in several studies of equilibrium forms of keto-enol,>*¢ thiol-
thione® and imino-amina.?’

Experimentally, it is known that the acid form of pterin is
more stable in water and neutral pH.!” Previous theoretical
studies on the tautomeric stability obtained the same trend for
similar compounds.'”" In the present work, we study the proton
transfer reaction between the two tautomers of pterin (acid and
basic) in the gas phase and in water solution. Quantum
mechanical (QM) gas phase results are obtained at the second-
order MP2 level. Single point calculations using the high-level
CCSD(T) coupled-cluster method were also made to verify the
reliability of the results. Two possible reaction pathways were
studied and compared. One is the direct intramolecular proton
transfer where the hydrogen atom of the hydroxyl of the basic
form migrates to bond itself to the neighbor nitrogen, N3, (see
Figure 1). This mechanism takes place without explicit partici-
pation of solvent water in the process. The other reaction path
is the intermolecular water-assisted proton transfer where the
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Figure 2. Optimized structures of pterin in the intramolecular process
of tautomerization. B is the basic form, TS is the transition state, and
A is the acid form. The distances shown were obtained from the MP2/
aug-cc-pVDZ geometry optimization.

hydrogen atom of the hydroxyl of the basic form of pterin
migrates to bind on the water molecule and concomitantly a
hydrogen of this water molecule migrates to bind to the nitrogen
N3 of the pterin (see Scheme 2). For these two mechanisms,
additionally, the effects of the aqueous environment were
investigated. Using Monte Carlo (MC) simulation and thermo-
dynamic perturbation theory,?® as used before,’® the variations
of free energies, the equilibrium constant and the pK, for the
tautomeric reaction were calculated. Because of the close
proximity of the donor and acceptor of the hydrogen atom in
the transfer process, we will only consider the participation of
one explicit water molecule. To corroborate the results, these
are used in the calculation of the pK, value and excellent values
are obtained using different QM levels of calculation.

2. Computational Details

2.1. Quantum Mechanics Calculations. The geometrical
structures for 2-aminopteridin-4(3H)-one pterin in basic form
(B), in the acid form (A), and the transition state (TS) were
optimized using the density-functional theory (DFT) methods
B3LYP¥/6-31+G(d,p) and PBE?®/6-31+G(d,p) and the second-
order MP2%/aug-cc-pVDZ level of theory. The structures
obtained with MP2 are shown in Figure 2, and it describes the
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Figure 3. Optimized structures of pterin in the water-assisted process
of tautomerization. BW is the basic form, TSW is the transition state,
and AW is the acid form. All optimized with one water molecule. The
distances shown were obtained from the MP2/aug-cc-pVDZ geometry
optimization.

intramolecular mechanism of the proton transfer shown in
Scheme 1. The structures for the water-assisted mechanism of
the proton transfer shown in Scheme 2 were also optimized in
gas phase with the same level of calculations. These are shown
in Figure 3 and correspond to (i) the basic form (BW), (ii) the
acid form (AW), and (iii) the transition state (TSW) all bonded
with one water molecule.

The nature of the stationary points was confirmed by
calculating vibrational frequencies using the harmonic ap-
proximation. A true minimum was verified for the four
structures: A, B, AW and BW. The transition states, TS and
TSW, were also confirmed with only one imaginary frequency.
The frequency calculations also provided the free energy and
relevant contributions for the energy such as zero-point vibra-
tional and thermal corrections at room temperature.

The solvent effects on the geometrical properties were also
analyzed using geometry optimization of the corresponding
structures (shown in Figures 2 and 3) with the Onsager
continuum model*® for the aqueous solvent with B3LYP/6-
31+G(d,p) level of calculation as implemented in the Gaussian
03 program.’!

J. Phys. Chem. A, Vol. 113, No. 45, 2009 12487

TABLE 1: Lennard-Jones Parameter of the OPLS Force
Field*?

atoms ¢ in kcal/mol oin A

C2 0.066 3.500
Ceo, C7, C9 0.070 3.550

and C10
HI16 and H17 0.030 2.420
H12, H14 and H15 0.000 0.000
N1, N3, N5, N8 0.170 3.250

and N13

0.066 (basic) 3.500 (basic)

C4 0.105 (transition state) 3.705 (transition state)
0.105 (acid) 3.705 (acid)
0.170 (basic) 3.120 (basic)

Ol11 0.190 (transition state)* 3.040 (transition state)*
0.210 (acid) 2.960 (acid)

“The parameter of the O11 in the transition state was defined as
an average between the parameter of the same atom in the basic and
acid forms.

2.2. Monte Carlo Simulation. The MC simulations were
performed using standard procedure for Metropolis sampling
technique applied for liquid system of rigid molecules in the
NPT ensemble.?? In all simulations, one solute molecule (A, B,
TS, AW, BW, and TSW) was embedded in 500 water molecules
at a pressure of 1 atm and a temperature of 298.15 K. The
molecules were kept rigid during the simulation. For the
transition state structures (TS and TSW), the parameters of
the intramolecular potential are not available and to calculate
the differential free energy of solvation a comparative analysis
should be done for the three structures (B, TS and A or BW,
TW and AW). Thus we only use the intermolecular interactions
in the simulation but the intramolecular part of the interactions
is taken care by the quantum mechanical calculations. The
intermolecular interactions were described by the Lennard-Jones
(LJ) plus Coulomb potential with three parameters for each atom
i (¢; 0; and g;). For the water molecules the SPC/E*® potential
and geometry were used. For all solute molecules, the geom-
etries were optimized with B3LYP/6-31+G(d,p) and the
potential interaction was described by the Lennard-Jones
parameters of the OPLS force field** (see Table 1) and the
atomic charges were calculated using the fitting of the electro-
static potential with the CHELPG procedure implemented in
the Gaussian 03 program?! at the MP2/aug-cc-pVDZ level
including the solute polarization with the iterative QM/MM
procedure, as used before. In this iterative procedure, a set of
atomic charges of the solute is calculated in gas phase, then a
simulation is performed. In the equilibrium stage of 3.75 x 107
MC steps, an average solvent electrostatic configuration
(ASEC)*® is generated (with 100 statistically uncorrelated
configuration and 250 water molecules) and a QM MP2/aug-
cc-pVDZ calculation is performed to generate a new set of
atomic charges of the solute embedded in the electrostatic field
of the solvent. Using this new set of atomic charges, a new
simulation is performed and this procedure is repeated until a
convergence is obtained for the dipole moment of the solute. At
that point, the charge distribution of the solute is in electrostatic
equilibrium with the solvent distribution and vice versa.

The free energy perturbation theory®® (FEP) was used to study
the solvent effect in the proton transfer reaction of pterin in
aqueous solution through the intramolecular and water-assisted
mechanisms. The variation of the Gibbs free energy between
two states I and J in solution is calculated by the equation

AG (I — J) = —ksT In(expl— (AH)/kyT1), (1)
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SCHEME 3: Thermodynamic Cycle
AG,1(B—TS)

B in solution _— TS in solution

AGL,®B)| |G, (B ->B*)

solv

AGY

solv

(Ts)

AG

Jaramillo et al.

AGSU A%k T S A . R
Z(—_”) A in solution

AGZL(A) | |AGin(A —>A™T)
o (TS > TSS™)

B* in solution ——3TS* in solution ———» AT in solution

AG,, (BT >TST

where AH is the variation of the enthalpy of the two states
sampled in the configurations of state / in solution. Although
the eq 1 is exact, the convergence of the relative free energy is
slow if I and J are very dissimilar. Therefore, it is usually
necessary to perform a series of intermediate simulations that
gradually mutate the state / into state J using a coupling
parameter A. This parameter varies between 0 and 1 and scales
the geometry, the coulomb charges, and the LJ parameters when
changing from / to J

H() = H, — A(H; — H)) (2)

In the case of the proton transfer reaction of pterin in solution,
the state / was considered as the basic form (B in the
intramolecular mechanism and BW in the water-assisted mech-
anism) and the state J was considered as the acid form (A and
AW), in AGy(B—A) and AG,,(BW—AW). A similar pro-
cedure is adopted when calculating the reaction barrier,
AGoy(B—TS) and AGyo(BW—TSW).

Therefore, the direct calculation of AG,,,(B—A) (shown in
Scheme 1) using FEP through a direct mutation of B into A
requires a very large series of simulation. However, using a
simple thermodynamic cycle the calculation of AG,,(B—A)
can be performed using the difference of the free energy of
solvation,” AG(B—A) = AGus(B—A) + AGn(A) —
AG,oy(B). Then, the free energy of solvation of each species,
AG,(X), is calculated using the vanishing approach,?” that is,
the solute is completely vanished from the solution and the free
energy of annihilation is calculated, AG,y(X) = —AGy(X—0).
In addition, this free energy of annihilation is calculated in two
parts. First, the Coulomb term of the potential interaction is
made to vanish. Next, the LJ term is made to vanish also.
Following these ideas, we propose here an alternative and
nonphysical thermodynamic cycle (see Scheme 3) to calculate
the variation of the Gibbs free energy of the basic—acid reaction
process, AG,,(B—A) using the vanishing approach.’’ But,
instead of completely vanishing the solute X in the solution
and calculate the free energy of solvation, here only the
Coulomb term of the interacting potential is made to vanish,
AG(X—X97%). After that, the remaining part is calculated
with a direct mutation between the species with non-Coulomb
term of interaction, X=°. This second part is proposed here,
because the geometries (Figures 2 and 3) and the LJ potential
parameters (Table 1) of the solvated molecule are similar
(essentially only three atoms change, N3, O11, and H12) and
the direct mutation from B~ to TS?™° and next to A9~ can be
done with a small series of simulations. Therefore, for the system
studied here, the thermodynamic cycle proposed in Scheme 3
involves fewer simulations than the traditional thermodynamic
cycle with the complete annihilation of the solute in the solvent
environment.

AG, (TSP 5ATY)

In Scheme 3, the mutation of the basic form B into the acid
form A of the pterin in solution was divided in two subcycles,
AGo(B—A) = AGoy(B—TS) — AGs(A—TS). Then

AG_, (X = TS) = AG, (X" — TS*™) +
AAGL, (X —TS) (3)

solv

where

AAG!

solv

X —TS) = AG!

solv

(TS) — AG!

solv

X @

is the differential electrostatic solvation between the TS and X
= B or A. This term is given by the difference of the Coulomb
term of the free energy of solvation that is calculated with the
vanishing approach AG%;(X) = —AG,,,(X—X97), where X
=B, TS, and A.

To calculate the electrostatic term of the free energy of
solvation, AGY%,;,(X), the Coulomb potential was made to vanish
by scaling to zero the atomic charges of each solute X. The
scale factors were A = 1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.3, and 0.0.
Using the double-wide sampling®’* in a simulation performed
with A; (example A; = 0.9), the charges of the solute were
perturbed simultaneously for 4,-; and A;+; (where 4,-; = 1.0
and A;41 = 0.8). Therefore, only four simulations were performed
with 4 = 0.9, 0.7, 0.5 and 0.3 to vanish the Coulomb potential
of the solute. After that, the solute molecules became nonphysi-
cal systems with the same geometries and LJ potential but
without Coulombic term. They were called as B9, TS¢=0, A4=0
(and BW4=°, TSW¢=" and AW9™). The next step was the
calculation of AG,(X7'—TS7"), where a direct mutation was
performed changing the Cartesian coordinates (x, y, z) and the
LJ parameters, ¢ and o, from the basic B¢~ and acid forms
A0 to the transition state TS9=°. The scale factors were 1 =
1.00, 0.75, 0.50, 0.25, and 0.00. Using the double-wide sampling
again, only two simulations were performed, with A = 0.75 and
0.25. Note that only the intermolecular part of the
AGyy(X97°—TS%=% is calculated in the simulation,
AGU(X9=0—TS9=%). Then, it is necessary to add the intramo-
lecular part, AGR#(X9=9—TS9=%) that was obtained from the
optimized geometries in the QM calculations for the isolated
solute molecules, AG2(X7="—TS7%) = AG(X—TS). Therefore

AG™T(X™0 — TS0 +
AG™*X —TS) (5)

solv

AG (XT" — TS =

These calculated values will be presented and discussed in the
next section.

In total, 16 simulations were performed using FEP with
double-wide sampling: three times four simulations to vanish



Pterin in Aqueous Environment

J. Phys. Chem. A, Vol. 113, No. 45, 2009 12489

TABLE 2: Geometric Parameters for the Tautomers and the Transition State Optimized for the Proton Transfer of Pterin in
the Intramolecular and Water-Assisted Mechanisms, Using MP2/aug-cc-pVdz Level (in Parentheses the B3LYP/6-31+G(d,p)
Results with the Onsager Continuum Solvent Model); Distances in Angstroms and Angles in Degrees

geometric parameters basic transition acid
intramolecular mechanism B TS A
dihedral C4-C10-C9-N1 0.0 (0.0) 1.5 (0.0) 1.6 (0.0)
angle O11-C4-N3 119.4 (119.2) 107.0 (106.4) 121.0 (120.6)
angle C4-N3-C2 116.5 (117.1) 122.0 (121.8) 124.6 (124.4)[123.0]°
bond C2-N3 1.383 (1.373) 1.369 (1.366) 1.382 (1.382) [1.400]°
bond N1-C2 1.328 (1.329) 1.320 (1.327) 1.308 (1.312) [1.340]°
bond N3-C4 1.315 (1.308) 1.348 (1.349) 1.408 (1.404) [1.340]°
bond C4-011 1.346 (1.335) 1.285 (1.281) 1.226 (1.220)
bond C4-C10 1.442 (1.440) 1.438 (1.436) 1.485 (1.478) [1.420]"
geometric parameters basic transition acid
water-assisted mechanism BW TSW AW
dihedral C4-C10-C9-N1 -0.1(0.2) -1.9(0.1) 2.0 (-0.2)
dihedral C2-N3-C4-011 —-180.0 (-179.7) -180.0 (-179.3) -174.9 (-179.3)
angle O11-C4-N3 120.7 (120.7) 119.6 (119.4) 121.3 (120.7)
angle C4-N3-C2 117.0 (117.4) 120.4 (120.3) 123.9 (123.9)

bond C2-N3 1.381 (1.373)
bond N1-C2 1.326 (1.328)
bond N3-C4 1.325 (1.320)
bond C4-0O11 1.332 (1.319)
bond C4-C10 1.446 (1.447)

1.372 (1.370)
1.315 (1.324)
1.355 (1.358)
1.284 (1.276)
1.453 (1.456)

1.377 (1.376)
1.305 (1.311)
1.392 (1.395)
1.237 (1.229)
1.474 (1.474)

@ Experimental value taken from ref 39a. ” Experimental values taken from ref 39b.

the Coulomb term of the solute—solvent interaction and in
addition two times two simulations for the direct mutation of
the transition state to the basic and acid tautomers with only
the LJ term of the solute—solvent interaction. Each simulation
starts with the last configuration of the previous simulation, and
it consists of a thermalization stage of 15.0 x 10° MC steps,
followed by an equilibrium stage of 75.0 x 10° MC step. The
statistical error of the free energy calculated by FEP was
estimated for each simulation considering half of the minimum-
maximum difference of the accumulative values of the free
energy in the last 50.0 x 10% MC step of the simulation. These
were all summed to have the final total value. All the
simulations, using standard MC and double-wide FEP, were
performed with the DICE program.*®

After calculating the variation of the Gibbs free energy in
the tautomeric proton transfer process in solution, the equilib-
rium constant (or tautomerization constant) Kt can be obtained
by

AG,,,(B — A) = —kzT In(Ky) 6)
From this, the pK, value can be obtained simply by

—AG,,(B— A)

pK, = log(Ky) = 23k, T

(N

The calculated pK, for this tautomeric reaction in both
mechanisms considered in this work, intramolecular and water-
assisted, will be reported and discussed.

3. Results and Discussions

3.1. Geometry and Free Energy of Reaction for Isolated
Molecules. The structures optimized with MP2/aug-cc-pVDZ
for the isolated solutes for both intramolecular and water-assisted
proton transfer mechanisms are shown in Figures 2 and 3. Only
the structural parameters with appreciable changes in the proton

transfer reaction are summarized in Table 2. For comparison,
in Table 2 the values for the geometry optimized using the
Onsager continuum model for the water solvent are shown in
parentheses. Experimentally only the X-ray diffraction®® of the
principal ring of pterin is known. These experimental values
are also shown in Table 2. The experimental C2—N3 distance
of 1.400 A and the calculated values of 1.383 and 1.382 A for
the basic and acid tautomer respectively are in good agreement.
In the solvent, the distance slightly changes to 1.373 A for the
basic form and is unchanged in the acid form. The experimental
angle C4—N3—C2 is 123° and the calculated value for the acid
tautomer is 125° both for the isolated molecule and with the
solvent model. Also, in agreement with experimental information
obtained from X-ray the ring is calculated to be planar. The
tautomeric reaction induces changes in the bond lengths and
bond angles and these are involved in the formation of the N—H
and C=0 bonds of the acid tautomer (see Figure 2). When the
reaction goes from B, passing in TS to reach A, the angle
0O11—C4—N3 in the intramolecular mechanism changes from
119° in B to 107° in TS and 121° in A both for the isolated
molecule and in the solvent. The bond length C4—011 decreases
from 1.346 A in B to 1.285 A in TS to 1.226 A in A for the
isolated molecule and 1.335 A in B, 1.281 A in TS, and 1.220
A in A in the solvent. This intramolecular mechanism proceeds
through a three-center transition state with an imaginary
frequency of 1841i cm™!, computed at the MP2/aug-cc-pVDZ.
The nuclear displacement associated with this normal mode
displays a concerted mechanism in which the O—H bond (in
B) is broken and the N—H (in A) is formed.

The values of the geometrical properties shown in Table 2
clearly suggest that the solvent effect in the geometry is very
small and is negligible using the Onsager continuum model for
this reaction process. The changes in the geometry presented
by the solvent are small and essentially the same as the changes
obtained when these isolated molecules are optimized with
different DFT methods (B3LYP and PBE with 6-31+G(d,p)).
Therefore, it seems that the structures obtained for the proton
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TABLE 3: The Electronic and Total Energies, AE®¢(X) and AE™%(X), and the Gibbs Free Energy G(X) of the Solute X
Computed for the Proton Transfer of Pterin in the Intramolecular Mechanisms®

energy basic transition state acid
intramolecular mechanism X=B X =TS X=A
B3LYP/6-31 + G(d,p)
AEF*(X) —580.683494 —580.624766 —580.686212
AE™%(X) —580.553178 —580.499777 —580.555438
G(X) —580.596575 —580.542684 —580.598997
AEF*(B—X) 0.00 36.85 (36.68) —1.71 (=3.97)
AE™%(B—X) 0.00 33.51 —1.42
AG(B—X) 0.00 33.82 —1.52
—1.73
AG(X—TS) 33.82 0.00 35.34
29.99%
MP2/aug-cc-pVDZ
AEPe(X) —579.158360 —579.098500 —579.160362
AET(X) —579.028319 —578.972922 —579.030184
G(X) —579.071194 —579.016713 —579.073389
AEP(B—X) 0.00 37.56 —1.26
38.60¢ —1.26¢
AET™@(B—X) 0.00 34.76 —-1.17
AG(B—X) 0.00 34.19 —1.38
AG(X—TS) 34.19 0.00 35.57

“ Absolute values are in au and relative values in kcal/mol. In parentheses, the electronic energy obtained with geometry optimized with the
Onsager continuum solvent model. ? Values obtained with PBE/6-31+G(d,p). ¢ Values obtained with CCSD(T)/aug-cc-pVDZ.

transfer reaction of the pterin in the intramolecular mechanism
are insensitive to the particular theoretical or solvent model.

In the same way, the water-assisted mechanism does not
change appreciably the structure of the pterin ring. But the
presence of one explicit water molecule induces small changes
in the planarity of AW. BW is planar but AW presents a small
deviation from the planarity. The dihedral angle C2—N3—C4—011
in BW is —180° and in AW it is —175° for the isolated molecule
and —180° for both BW and AW in the solvent. The formation
of the C=0 bond is evident in the AW form with a bond length
C4—011 of 1.237 A for the isolated molecule and 1.229 A in
the solvent. In this mechanism, the water molecule initially
forms a hydrogen bond with the basic form (BW) (see Figure
3) with the water molecule acting as an acceptor of hydrogen.
Further interaction leads to the transition state with an imaginary
frequency of 1534i cm™' in which a concerted motion of the
hydrogen of the O—H group and the hydrogen of the water
molecule takes place. The acid form, AW, is then generated as
a hydrogen-bonded complex. Similar to the direct mechanism,
in this water-assisted mechanism the changes in the geometry
presented by the solvent are small and essentially the same as
the changes obtained when these isolated molecules are
optimized with different DFT methods (B3LYP and PBE with
6-314+G(d,p)). For both mechanisms, the equilibrium and
transition state structures are relatively rigid and have only a
small dependence with the theoretical level of calculation or
the solvent model.

The relative and absolute energies and Gibbs free energies
are listed in Tables 3 and 4 for the intramolecular and water-
assisted mechanisms, respectively. For comparison, in these
tables are also presented the values for the relative electronic
energy using the Onsager continuum model for the water solvent
and also the values for the relative Gibbs free energy for
different DFT methods. The acid tautomers are more stable than
the basic tautomers in all levels of theory considered (see Tables
3 and 4). Thus the tautomeric reaction was considered from
the basic to the acid forms. For the intramolecular mechanism,
we calculated a barrier of AG(B—TS) = 33.82 kcal/mol after
correcting for zero-point energy vibrations and thermal correc-

tion for the energy, enthalpy, and Gibbs free energy with the
B3LYP/6-31+G(d,p) level. The acid—base relative free energy
was calculated as AG(B—A) = —1.52 and —1.73 kcal/mol with
B3LYP/6-31+G(d,p) and PBE/6-31+G(d,p), respectively. Aim-
ing at obtaining more reliable results we reoptimized the three
structures and calculated the energies and free energies with
more systematic electron correlation effects using MP2/aug-
cc-pVDZ level. The results now show a free energy barrier of
34.19 kcal/mol and an acid—base difference of —1.26 kcal/mol.
Although the barrier is now slightly higher than at the B3ALYP
level, the sign and the magnitude of the relative free energy
did not change, showing that the acid tautomer is still more
stable than the basic form.

To verify the role of higher-order electron correlation effects,
single point calculations were also made at the CCSD(T)/aug-
cc-pVDZ levels. Comparing the relative electronic energies with
respect to the basic form, AEE®(B—X), it can be noted that the
energy, 38.60 kcal/mol, of the TS is now slightly increased by
~1 kcal/mol and for the acid form it is the same, —1.26 kcal/
mol, as that obtained using the MP2 level. This clearly suggests
that the contribution of high-order electron correlation terms
essentially cancel and the MP2 and CCSD(T) models give the
same value for the electronic energy in gas phase. The MP2
results will then be taken as our reference value in the gas phase
both in the direct and in the water-assisted mechanisms. In the
water-assisted mechanisms with the inclusion of one water
molecule, the calculated free energy barrier at the MP2 level is
10.37 kcal/mol and the acid—base difference is —3.25 kcal/
mol. Figure 4 summarizes these results.

The water-assisted mechanism decreases the free energy
barrier by 23.82 kcal/mol leading to a value of 10.37 kcal/mol
instead of 34.19 kcal/mol in the intramolecular mechanism. Thus
the presence of one explicit solvent water molecule favors the
acid—base proton transfer and the free energy calculated for
this process is —3.25 kcal/mol (Table 4). Both mechanisms
indicate that for the isolated molecule with or without explicit
water the acid tautomers (A and AW) are favored and the
tautomeric equilibrium is shifted to the acid form, in agreement
with experiment.
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TABLE 4: The Electronic and Total Energies, AE®¢(X) and AE™%(X), and the Gibbs Free Energy G(X) of the Solute X
Computed for the Proton Transfer of Pterin in the Water-Assisted Mechanisms*

energy basic transition state acid
water-assisted mechanism X =BW X =TSW X =AW
B3LYP/6-31+G(d,p)
AEF(X) —657.133423 —657.114338 —657.139298
AE™@(X) —656.975184 —656.963029 —656.981007
G(X) —657.024152 —657.009680 —657.030583
AEF¥(BW—X) 0.00 11.98 (11.70) —3.69 (—3.63)
AET™Y(BW—X) 0.00 7.63 —3.65
AGBW—X) 0.00 9.08 —4.04
—3.57
AG(X—TSW) 9.08 0.00 13.12
8.25°
MP2/aug-cc-pVDZ
AEE(X) —655.436499 —655.414542 —655.441000
AE™9(X) —655.278533 —655.263183 —655.282910
G(X) —655.327634 —655.311101 —655.332815
AEEE(BW—X) 0.00 13.78 —2.82
AE™Y(BW—X) 0.00 9.63 =275
AGBW—X) 0.00 10.37 —3.25
AG(X—TSW) 10.37 0.00 13.62

“ Absolute values are in au and relative values in kcal/mol. In parentheses, the electronic energy obtained with the geometry optimized with
Onsager continuum solvent model. * Values obtained with PBE/6-31+G(d,p).
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Figure 4. Schematic free energy profile for both tautomerization
processes, intramolecular (isolated pterin) and water-assisted (one pterin
and one water). All values were obtained with MP2/aug-cc-pVDZ level
of calculation (see Tables 3 and 4).

3.2. Proton Transfer Reaction in Aqueous Solution. Now
we consider the solvent effects of the bulk in the proton transfer
reaction. These are made using MC simulations of pterin in
aqueous environment. An important aspect to be considered is
the solute polarization by the solvent. Solute polarization is a
topic of central concern and has been included using different
procedures.*’ The solute polarization here is the change in the
electrostatic moments of a reference molecule as a consequence
of the electric field provided by the solvent. To account for this,
we used an iterative procedure that electrostatically equilibrates
the solute in the solvent environment.’> In the water-assisted
mechanism, we consider one additional water molecule as part
of the solute, as shown in Scheme 2 and Figure 3. The
polarizations of these “solute” molecules A, TS, B, AW, TSW,
and BW are given in Table 5. The gas phase dipole moment of
the acid tautomer, considered here as A, at the MP2/aug-cc-
pVDZ level is 3.68 D, increasing to 5.50 D in the water
environment, an increase of ca. 50%. The acid tautomers A and
AW show greater dipole moments than the basic tautomers, thus
showing that in aqueous solution the acid form interacts more
strongly with water and the solvent plays an important role in
the increase of the stabilization of the acid form. Differently

TABLE 5: Computed Dipole Moment (z in Debye) in the
Isolated Gas Phase and after Solute Polarization in Aqueous
Solution (See Text)”

basic transition state acid
intramolecular mechanism B TS A
u (gas phase) 1.53 2.21 3.68
u (in water) 2.83 3.14 5.50
basic transition state acid
water-assisted mechanism BW TSW AW
u (gas phase) 1.59 1.91 2.40
u (in water) 2.92 3.04 4.16

@ All results were obtained at the MP2/aug-cc-pVDZ level.

from the direct mechanism, in the water-assisted mechanism
an additional water molecule is included in the process along
with the bare pterin solute, so that the dipole moments shown
in the Table 5 for the AW, TSW, and BW are for the pterin-
water complex.

The variation of the free energy of the tautomeric process
was calculated using the thermodynamic cycle described in
Scheme 3. Initially, the Coulomb term of the potential of the
solute molecule is annihilated (meaning that the Coulomb term
of the intermolecular potential of the solute X goes to zero:
X—X9=9% in solution, computing the AG,,(X— X7=°) using
FEP described in eq 1. For each solute (B, TS, and A in the
intramolecular mechanism and BW, TSW, and AW in the water-
assisted mechanism), four simulations using the double-wide
sampling were performed to make the Coulomb term of the
solute X gradually disappear. The results of the AG,(X— X9=0)
are summarized in Table 6. For the intramolecular mechanism,
the electrostatic contribution for the free energy of solvation
for the basic form (AG%;,(B)) is —26.81 kcal/mol, for the
transition state (AG%,,(TS)) it is —29.13 kcal/mol and for the
acid form (AG%;(A)) it is —42.36 kcal/mol. Therefore the
electrostatic interaction with the solvent stabilizes these three
structures differently. Comparing to the basic form, the aqueous
environment stabilizes the transition state by —2.32 kcal/mol
and the acid form by —15.55 kcal/mol. These reflect the large
difference in the dipole moments of the structures (see Table
5). After calculating this electrostatic term of the differential



12492 J. Phys. Chem. A, Vol. 113, No. 45, 2009

TABLE 6: Coulomb Contribution for the Gibbs Free
Energy of Solvation of the Two Tautomers and the
Transition State Computed for the Proton Transfer of Pterin
in the Intramolecular and Water-Assisted Mechanisms in
Aqueous Solution at 298 K and 1 atm”

intramolecular mechanism  relative Gibbs free energy (kcal/mol)

Aiin g Ajin q X =B X =TS X=A
1.0 0.9 6.35 6.75 9.32
0.9 0.8 5.28 5.61 8.12
0.8 0.7 441 4.72 6.99
0.7 0.6 3.59 3.717 5.72
0.6 0.5 2.57 3.11 4.38
0.5 0.3 3.10 3.68 5.32
0.3 0.0 1.51 1.49 2.51
AG o (X—X770) 26.81 29.13 42.36
AGLL(X) —26.81 —29.13 —42.36
AAG%,(B—X) 0.00 —2.32 —15.55
AAG%(X—TS) —2.32 0.00 13.23
water-assisted mechanism  relative Gibbs free energy (kcal/mol)

Aiin g Ajin q X=BW X=TSW X=AW
1.0 0.9 6.85 7.55 8.69
0.9 0.8 6.00 6.41 7.41
0.8 0.7 4.87 522 6.03
0.7 0.6 3.99 422 4.98
0.6 0.5 2.92 3.34 3.68
0.5 0.3 3.71 4.29 5.00
0.3 0.0 1.95 1.90 1.84
AGo,(X—X9=0) 30.35 32.93 37.63
AG%(X) —30.35 —32.93 —37.63
AAGLL(BW—X) 0.00 —2.58 —7.28
AAGL,(X—TSW) —2.58 0.00 4.70

“ Results obtained from thermodynamic perturbation. See text.

free energy of solvation, the remaining term of the differential
solvation was calculated by the direct mutation of the geometry
and the van der Waals interactions of the structures without
electrostatic  interactions but only LJ  parameters
(AGo(TST='—B7%) and AG,,(TST™"—A%=%)). These results
are given in Table 7. The direct mutation from the nonelectro-
static transition state (TSY=°) to the nonelectrostatic basic form
(B9=%) gives a variation of free energy of 34.87 kcal/mol. Out
of this, 0.68 kcal/mol is obtained from the intermolecular
interaction calculated with the FEP simulations and 34.19 kcal/
mol from the intramolecular interaction calculated with QM at
the MP2/aug-cc-pVDZ level. For the direct mutation from TS7=°
to the nonelectrostatic acid form (A9=") the calculated value is
35.68 kcal/mol, where 0.11 kcal/mol is obtained from the
intermolecular interaction and 35.57 kcal/mol form the intramo-
lecular interaction calculated with the same QM level. Therefore,
the mutation from B7° to A that is given by
A(;solv(Bq=0_>lAq=0) = _AGSOIV(TS‘I:O_»Bq:O) +
AG o (TST'—A%) is —0.81 kcal/mol. To verify possible
dependence on the QM approximation adopted, we have also
used DFT methods and noted that these results are stable. For
instance, changing the QM level of calculations to B3LYP and
PBE with 6-31+G(d,p) basis set, this last value changes to
—0.95 and —1.16 kcal/mol, respectively. Additionally, using
the values of Tables 6 and 7 and the eqs 3, 4, and , the total
differential free energy of solvation from the basic to the
transition state and to the acid forms, (AGg,(B—TS) and
AG,(B—A)), were calculated as 32.55 and —16.36 kcal/mol,
respectively. All these values are summarized in Table 8. The
final values show that the water environment stabilizes the
transition state by —1.64 kcal/mol, changing the barrier free
energy from 34.19 kcal/mol for the isolated molecules to 32.55
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kcal/mol for the solvated situation. As for the acid tautomer it
is stabilized by —14.98 kcal/mol, changing the relative free
energy from —1.38 to —16.36 kcal/mol.

For the water-assisted mechanism, the situation is similar but
the water environment stabilizes more the transition state by
—3.70 kcal/mol, changing the barrier free energy from 10.37
kcal/mol for the isolated molecules to 6.67 kcal/mol for the
solvated situation. The acid tautomer is stabilized by —7.96 kcal/
mol, changing the relative free energy from —3.25 to —11.21
kcal/mol. Therefore, the differential free energy of solvation
between the basic—acid tautomers is —11.21 kcal/mol, where
—7.28 kcal/mol originates in the electrostatic term and —3.93
kcal/mol is from the remaining terms due to geometry change
and van der Waals interaction.

Figure 5 summarizes the results including the effect of the
aqueous environment in the proton transfer in both mechanisms.
It also shows that the activation free energy is considerably
lower in the water-assisted mechanism. The free energy barrier
of 32.55 kcal/mol in the intramolecular mechanism is reduced
to only 6.67 kcal/mol in the water-assisted mechanism in
aqueous solution. It shows that the direct participation of the
water molecule in the reaction and the water bulk effect
decreases the barrier of 25.88 kcal/mol, increasing the reaction
velocity. An opposite effect of the water was observed in the
stabilization of the acid tautomer. It is more stable than the basic
tautomer by 16.36 kcal/mol in the intramolecular mechanism
and it is reduced to 11.21 kcal/mol in the water-assisted
mechanism in solution; it is a destabilization of 5.15 kcal/mol.

Table 8 summarizes the free energy barrier and the variation
of the Gibbs free energy between the basic—acid form of pterin
in the intramolecular and water-assisted mechanisms, using QM
calculations for the isolated solutes and free energy perturbation
in Monte Carlo simulations for the solute in aqueous solution.
The two effects of the solvent in the tautomeric reaction can be
separately analyzed, the direct participation of one water
molecule in the proton transfer reaction, comparing the results
AG(B—X) of isolated solutes in both mechanisms, and the bulk
effect of water in the proton transfer, comparing the AG(B—X)
with AG,(B—X) in both mechanisms. The most important
effect of the direct participation of water in the reaction is
observed in the decreasing of ca. 24 kcal/mol in the barrier
(changing the barrier from 34.19 kcal/mol in the intramolecular
mechanism to 10.37 kcal/mol in the water-assisted mechanism).
In turn, the most important effect of the aqueous environment
is observed in the increase of ca. 15 kcal/mol in the stabilization
of the acid form (changing the relative stabilization of —1.38
kcal/mol in the intramolecular mechanism in gas phase to
—16.36 kcal/mol in the same mechanism in aqueous solution).
Adding these two effects of water in the reaction, our best results
show a free energy barrier of 6.67 kcal/mol with a relative Gibbs
free energy of —11.21 kcal/mol stabilizing the acid tautomer
of the pterin in aqueous solution.

3.3. Determination of pK,. An important verification to
properly corroborate the reliability of the theoretical results for
the proton transfer considered here is provided by the determi-
nation of pK,. As seen in eqs 6 and 7 the pK, value can be
obtained directly from the free energy of tautomerization. It can
be obtained as the difference of the free energy of the
tautomerization process in solution, AGg,(B—A) for both
mechanisms considered here using the electrostatic term of the
free energy of solvation of the two tautomeric forms (AG%,,(B)
and AGY,(A) or AAGY(B—A)), given in Table 6 and the
direct mutation of the fictitious tautomeric form without
electrostatic but only LJ interactions, (AGy,(B¢=%—A9=0)), given
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TABLE 7: Lennard-Jones Contribution for the Gibbs Free Energy of Interconversion of the Two Tautomers of Pterin into the
Transition State Computed for the Intramolecular and Water-Assisted Mechanisms of Proton Transfer in Aqueous Solution at

298 K and 1 atm*

intramolecular mechanism

Aiin €, 0 and Ajin &, 0 and

relative Gibbs free energy (kcal/mol)

(x, y,z) withg =0 (x, y, 2) withg =0 X =B X=A

1.00 0.75 0.17 0.02

0.75 0.50 0.16 0.02

0.50 0.25 0.18 0.03

0.25 0.00 0.17 0.04
AGHF(X—TS7™) 0.68 0.11
AGRR(X—TS) 34.19 (33.82) 35.57 (35.34)

AG o (XIO—TS4=0)¢ 34.87 (34.50) 35.68 (35.45)
AG,(BI=—X=0) 0.00 —0.81 (—0.95, —1.16%

water-assisted mechanism

Aiin €, 0 and A in &, o and

relative Gibbs free energy (kcal/mol)

(x,y,z) withg =10 (x, y,2) withg =0 X =BW X =AW

1.00 0.75 —0.32 —0.14

0.75 0.50 -0.32 —-0.16

0.50 0.25 —0.24 —0.07

0.25 0.00 —0.24 —0.07
AGIEr(X4=0—TSW4=0) —1.12 —0.44
AGM(X—TSW)* 10.37 (9.08) 13.62 (13.12)

AG o (XITO—TSW4=0)¢ 9.25 (7.96) 13.18 (12.68)
AG,,,(BWI=0—X170) 0.00 —3.93 (—4.72, —4.25%

“Results obtained from thermodynamic perturbation theory and quantum mechanics calculations with MP2/aug-cc-pVDZ (in parentheses
results obtained with B3LYP/6-314+G(d,p)). See text. ” Values obtained from Table 3: AGIAX—TS) = G(X—TS). ¢ AGy,=AG,+AGI,
see eq 5. ¢ Values obtained with PBE/6-314+G(d,p). ¢ Values obtained from Table 4: AG,4(X—TSW) = G(X—TSW).

TABLE 8: Summary for the Gibbs Free Energy for the
Intramolecular and Water-Assisted Mechanisms of Proton
Transfer in Aqueous Solution at 298 K and 1 atm Used
Thermodynamic Perturbation and Quantum Calculations
with MP2/aug-cc-pVDZ (In Parentheses Results Obtained
with B3LYP/6-31+G(d,p))

relative Gibbs free energy (kcal/mol)

intramolecular
mechanism X =TS X=A
Isolated Molecules
AG(B—X) 34.19 (33.82) —1.38 (—1.52, —1.73%)
pKa 1.0 (1.1, 1.39)
In Aqueous Solution
AAGY,(B—X) —2.32 —15.55
AG4(BI70—X4=0) 34.87 (34.50) —0.81 (—0.95, —1.16%
AGg(B—X) 32.55(32.18) —16.36 £ 0.80 (—16.50,
—16.71%)

pK, 12.0 £ 0.6 (12.1, 12.3%)

water-assisted relative Gibbs free energy (kcal/mol)

mechanism X =TSW X =AW
Isolated Molecules
AG(B—X) 10.37 (9.08) —3.25 (—4.04, —3.57%)
pK, 2.4 (3.0, 2.6%
In Aqueous Solution
AAGY, (BW—X) —2.58 —7.28
AG o (BWI=0—X=0) 9.25 (7.96) —3.93 (—4.72, —4.25%)
AG(BW—X) 6.67 (5.38) —11.21 £0.70 (—12.00,
—11.53%)

pK, 8.2 £ 0.6 (8.8, 8.5%
experimental'® pK, 7.9

“ Values obtained with PBE/6-31+G(d,p).

in Table 7. The quantities involved in eqs 3, 4, and 5 were
calculated and were discussed in the previous two subsections
(see Table 8 for the summary). The difference in Gibbs free
energy for the gas phase in the direct mechanism obtained at
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Figure 5. Schematic free energy profile for both tautomerization
processes in solution, intramolecular and water-assisted. All values were
obtained with MP2/aug-cc-pVDZ level of calculation (see Tables 6
and 7).

the MP2/aug-cc-pVDZ level is AG(B—A) = —1.38 kcal/mol.
The corresponding value of pK,, using eq 7, calculated for this
mechanism is pK, = 1.0. This is quite underestimated compared
with the experimental result'* of pK, = 7.9 showing that the
water environment plays a very important role in the tautomeric
reaction of pterin. The calculated pK,, values using the two
reaction mechanisms in the gas phase and in aqueous environ-
ment are all presented in Table 8. Considering now the
participation of one water molecule in the water-assisted
mechanism added to the bulk effect of the aqueous solution,
the difference in the Gibbs free energy is AGy,y(BW—AW) =
—11.21 kecal/mol and the value of pK, is calculated to be 8.2
(with an statistical error estimated as 0.6) in very good
agreement with the experimental value. We thus verify that the
water-assisted mechanism represents very well the qualitative
and quantitative chemical process of the tautomeric equilibrium
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of the pterin molecule in water. Changing the QM method, other
values of the pK, were calculated; we obtained pK, = 8.8 with
B3LYP/6-31+G(d,p) and 8.5 with PBE/6-31+G(d,p). These
values are also in good agreement with experiment and with
our best value of the pK, (8.2 £ 0.6 kcal/mol) obtained with
MP2/aug-cc-pVDZ.

4. Conclusions

The proton transfer reaction involved in the two tautomeric
forms of pterin was studied in the gas phase and in aqueous
solution using ab initio quantum mechanics and free energy
perturbation implemented in Monte Carlo simulations. For this,
a convenient nonphysical thermodynamic cycle is used. Two
distinct reaction mechanisms were considered in this work, a
direct intramolecular proton transfer and a solvent-assisted
mechanism. In the gas phase, the intramolecular reaction
mechanism at the MP2/aug-cc-pVDZ level leads to an energy
barrier of 34.19 kcal/mol, passing through a three-center
transition state. The tautomeric reaction assisted with one water
molecule decreased the energy barrier to 10.37 kcal/mol, an
impressive reduction of nearly 70% in comparison with the
direct mechanism. Thus the water-assisted mechanism is crucial
for obtaining a realistic barrier even not considering the bulk
effect of the water environment. The situation is even clearer
when considering the aqueous environment in room temperature.
In this case using the direct mechanism the calculated free
energy of solvation of ca. —16.4 kcal/mol is not sufficient to
accurately determine the equilibrium constant and pK,, even
though it includes solvent effect. The result is a high value of
pK, of 12.0. The calculation of the free energy considering the
water-assisted mechanism in the aqueous environment gives
instead the result of 8.2 4 0.6, which is in excellent agreement
with the experimental result of 7.9. The theoretical results for
the Gibbs free energy obtained here properly obtain the relative
stability of the acid tautomer in agreement with the experimental
results and quantitatively represent very well the experimental
data.
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