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OH radical reactions with phenylalanine in free and peptide forms†

Annia Galano*a and Armando Cruz-Torresb

Received 18th October 2007, Accepted 14th December 2007
First published as an Advance Article on the web 11th January 2008
DOI: 10.1039/b716024k

Density functional theory has been used to model the reaction of OH with L-phenylalanine, as a free
molecule and in the Gly-Phe-Gly peptide. The influence of the environment has been investigated using
water and benzene as models for polar and non-polar surroundings, in addition to gas phase
calculations. Different paths of reaction have been considered, involving H abstractions and addition
reactions, with global contributions to the overall reaction around 10% and 90% respectively when Phe
is in its free form. The ortho-adducts (o-tyrosine) were found to be the major products of the Phe + OH
reaction, for all the modeled environments and especially in water solutions. The reactivity of
phenylalanine towards OH radical attacks is predicted to be higher in its peptidic form, compared to
the free molecule. The peptidic environment also changes the sites’ reactivity, and for the
Gly-Phe-Gly + OH reaction H abstraction becomes the major path of reaction. The good agreement
found between the calculated and the available experimental data supports the methodology used in
this work, as well as the data reported here for the first time.

Introduction

The reactions of biological molecules with free radicals, espe-
cially when the latter are reactive oxygen species (ROS), are
assumed to cause several diseases like cancer,1 cardiovascular
disorders,2 and atherosclerosis.3 In addition, most of the amino
acids and their derivative synthesis have been based on ionic
procedures in the past, but recently the realization that radical
reactions can be performed with a high degree of regio- and
stereocontrol4–6 has contributed to the increased interest in this
kind of reaction. The ROS (1O2, O2

−, H2O2
•, and •OH) are

formed in vast quantities in each cell, as a result of normal
oxygen metabolism. The most reactive ROS is the OH radical,
and it can be formed intracellularly by a Fenton-type reaction,
by Haber–Weiss recombination, via water radiolysis, or by other
radicals created from enzyme reactions.7–11 OH radicals can also
be produced by ultraviolet and ionizing radiation.12 Due to its
abundance and high reactivity the hydroxyl radical (•OH) was
chosen for this study. The exposure of proteins to hydroxyl radicals,
or to the combination of them with the superoxide anion radical,
causes gross structural modifications. Such modified proteins can
undergo spontaneous fragmentation or can exhibit a substantial
increase in their proteolytic susceptibility.13

Phenylalanine (F, Phe, C9H11NO2) is an essential a-amino acid.
As its name suggests it is a derivative of alanine with a phenyl
substituent on the b carbon, and has been classified as nonpolar
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because of the hydrophobic nature of the benzyl side chain.
Phenylalanine plays a key role in the biosynthesis of other amino
acids and some neurotransmitters. It is the most commonly found
aromatic amino acid in proteins and enzymes with a molar ratio
of 3.5 percent compared to the other amino acids, about double
the amount of any other aromatic amino acid. Accordingly, its
susceptibility to damage by ROS species is of great interest.
It has been proposed that Phe20 in b-amyloid (bA) plays a
role in the oxidative damage associated with Alzheimer’s disease
through long distance electron transfer (ET).14 Even though the
ET mechanism was recently refused, it has been proven that
when Phe20 is replaced by alanine, oxidation and mitochondrial
functions are affected to a lesser extent.15 This finding might
be explained by direct reactions of ROS with Phe in bA. As
a free molecule, Phe enters human bodies through the intake
of the widely used artificial sweetener aspartame, which releases
Phe when hydrolyzed.16 This process leads to a sharp increase
in plasma phenylalanine, which is assumed to be converted into
para-tyrosine by phenylalanine hydroxylase. However its reaction
with OH radicals can also lead to the non-natural isomers ortho-
and meta-tyrosine, which are considered biomarkers of oxidative
damage as free or protein-bounded amino acids.17

As well as other biological molecules,18,19 Phe is vulnerable to
oxidative damage. Since the site of the initial attack can determine
the outcoming products, it is relevant to know what are the
most reactive sites and in what proportion the initial oxidation
products are expected to be formed. It has been reported that a-
carbon-centered radicals are most likely to occur for the aliphatic
amino acids and their derivatives.20 For aromatic amino acids, on
the other hand, adduct formation is expected to contribute to
the overall reaction to a significant extent.21–27 However, to our
best knowledge, there are no previous studies providing detailed
comparisons of the contributions of the different pathways to the
overall Phe + OH reaction. There is also a lack of knowledge
about the transition structures and the mechanism, and about the
influence of the polarity of the environment on the rate coefficients.
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Therefore, the objective of this work is to provide quantitative
information about the mechanism and kinetics of this reaction,
which can be considered as the very first step in the oxidative
damage of Phe. It is also our purpose to propose branching ratios
for the different channels of reaction. In addition the OH reaction
with phenylalanine in the peptide Gly-Phe-Gly has also been
studied to mimic the peptidic environment, as well as the influence
of the solvent polarity using water and benzene as models for polar
and non-polar surroundings.

Computational details

Electronic structure calculations have been performed with the
Gaussian 0328 program. Full geometry optimizations and fre-
quency calculations were carried out for all the stationary points
using the B3LYP hybrid HF-density functional and the 6-
311G(d,p) basis set. The energies of all the stationary points
were improved by single point calculations at the B3LYP/Aug-
cc-pvTZ level of theory. This functional has been chosen based on
its previously described success to study systems of similar size and
structures to those modeled in the present work.29 Thermodynamic
corrections at 298 K were included in the calculation of relative
energies. Restricted calculations were used for closed shell systems
and unrestricted ones for open shell systems. Local minima and
transition states were identified by the number of imaginary
frequencies (NIMAG = 0 or 1, respectively). In addition, the vibra-
tional modes with imaginary frequencies were inspected using the
GaussView30 program, and it was confirmed that they do connect
the corresponding reactants and products. For selected paths of
reaction, involving free Phe, Intrinsic Reaction Coordinate (IRC)
calculations were carried out at the B3LYP/6-311G(d,p) level of
theory and it was corroborated that the transition states properly
connect reactants and products. Two of these IRCs, one for an
addition channel and another one for an abstraction channel,
have been provided as supplementary information (Figures S1
and S2†).

The stationary points were first modeled in gas phase (vacuum),
and solvent effects were included a posteriori by single point cal-
culations using the polarizable continuum model, specifically the
integral-equation-formalism (IEF-PCM)31 at the B3LYP/Aug-cc-
pvTZ level of theory, with water and benzene as solvents for polar
and non-polar environments, respectively. In PCM calculations,
the choice of the solute cavity is important because the computed
energies and properties strongly depend on the cavity size. For
the addition reaction channels the cavity was computed using the
simple united atom topological model (UA0), which is the default
option in Gaussian 03. In this model hydrogen atoms have no
individual sphere but are included in the same sphere of the heavy
atom they are bonded to, which rules out its use for H abstraction
reactions. Therefore, for the abstraction channels atomic radii from
the universal force field were used (RADII = UFF), in which case
hydrogens are assigned individual spheres (explicit hydrogens).
Radii for extra spheres added to smooth the cavity were set to
have a minimum value of 0.5 Å (RMIN = 0.5), and the overlap
index between interlocking spheres was set to 0.8 (OFAC = 0.8).
A similar approach, using different solute cavities for addition and
abstraction reactions involving OH radicals, has been previously
used with success.32

The rate constants (k) were calculated using Conventional
Transition State Theory (TST)33–35 and 1 M standard state as:

k = r
kBT

h
e−DG �=/RT (1)

where kB and h are the Boltzman and Planck constants, DG�= is
the Gibbs free energy of activation, and r represents the reaction
path degeneracy, accounting for the number of equivalent reaction
paths. Tunneling factors are not included since they were found to
be negligible in all cases.

Results and discussion

The different reactive sites that have been studied in the present
work are schematically represented in Fig. 1. The letters a, b, i, o,
m, and p stand for •OH attacks on alpha, beta, ipso, ortho, meta and
para sites, respectively. The two first correspond to H abstraction
reactions and all the rest to •OH additions to the ring. For the
addition channels, and due to the internal rotation around the
Ci–Cb axis, the sites o and o′ (m and m′) are equivalent and there
are four different sites for the addition to take place. However,
if we take the phenyl ring as a reference plane, the transition
states (TS) involved in the OH radical attack to any of these sites
can show syn or anti structures with respect to the amino acid
end. Since the energies of these two forms can significantly differ,
eight transition structures have been considered in this work, and
the reaction paths have been named accordingly (Fig. 1). It also
should be noted that for ortho and meta additions, the anti and
syn transition states lead to different products since a new chiral
center is formed. Accordingly, and since phenylalanine has been
modeled in its S form which correspond to the biologically-active
enantiomer (L species), the syn–ortho TS leads to an RS product,
while an SS adduct is formed through the anti–ortho TS. In the
same way paths Rms and Rma are involved the formation of SS
and RS meta adducts, respectively.

The optimized geometries of the transition states (TS) involved
in all the modeled reaction paths are shown in Fig. 2 (and Cartesian
coordinates are reported as supplementary information in Table
S1†). As this figure shows, for the addition channels the anti-TSs
were found to be earlier than the syn-TSs. Among the anti-TSs,
leading to ortho •OH addition was found to be the earliest one,
while among the syn-TSs the earliest one is that corresponding
to the ipso addition. However, all the O · · · C distances are very
similar, around 2.0 Å, suggesting that all the addition channels
should have similar heats of reaction. For H abstraction channels,
the alpha TS was found to be significantly earlier than the beta
TS, with the O · · · H (C · · · H) distance larger (shorter) by 0.23 Å
(0.07 Å), suggesting that alpha abstraction products should be
lower in energy compared to beta abstraction products.

The values of the Gibbs free energies of reaction (DGgas) and
barriers (DGgas

�=) at 298.15 K for the different reaction paths
involved in the Phe + OH gas phase reaction are reported
in Table 1. As the values in this table show, all the channels
are predicted to be exergonic. In addition, the energy releases
associated with the adduct formation are smaller, with Gibbs free
energies of reaction more than 20 kcal mol−1 higher, than those of
the abstraction paths. The largest exergonicity was found for the
alpha abstraction. The reaction barriers range from 7.5 to 13.8 kcal
mol−1. As the geometries of the transition states suggested
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Fig. 1 Schematic representation of the studied paths of reaction, based on the transition state structures.

Table 1 Gibbs free energies of reaction (DGgas) and barriers (DGgas
�=) at

298.15 K, all in kcal mol−1, for the modeled channels of the Phe + OH gas
phase reaction

DGgas
�= DGgas

Ra 7.90 −44.67
Rb 9.92 −29.80
Ria 9.81 −1.63
Ris 13.84 −1.63
Roa 7.67 −3.96
Ros 10.29 −3.04
Rma 8.48 −2.80
Rms 8.50 −2.71
Rpa 8.41 −3.59
Rps 7.50 −3.59

the barrier for channel Ra is lower than that of channel Rb, by
about 2 kcal mol−1, indicating that OH hydrogen abstractions
mainly occur from alpha sites, in the gas phase. For the ortho
addition the barrier corresponding to the anti-TS is lower than
that of syn channel by 2.6 kcal mol−1, suggesting that ortho adducts
should be formed almost exclusively as SS isomers. For the meta
additions, on the other hand, the syn and anti barriers are of similar
magnitude and the RS and SS adducts are expected to occur in
similar proportions.

Up to this point, all the reported energies correspond to the
gas phase, using a standard state of 1 atm, as calculated from
the Gaussian program outputs. However, for reactions in solution
the reference state has been changed from 1 atm to 1 M and
the solvent cage effects have been included according to the
corrections proposed by Okuno,36 taking into account the free
volume theory.37 These corrections are in good agreement with
those independently obtained by Ardura et al.38 and have been

successfully used by other authors.39,40 The expression used to
correct the Gibbs free energy is:

DGsol ∼= DGgas − RT{ln[n10(2n−2)] − (n − 1)} (2)

where n represents the total of reactant moles. According to eqn
(2), the cage effects in solution cause DGsol to decrease by 2.54 kcal
mol−1 for bimolecular reactions, at 298 K, with respect to DGgas.
This lowering is expected since the cage effects of the solvent reduce
the entropy loss associated with any addition reaction or transition
state formation, in reactions with molecularity equal to or larger
than two. Therefore, if the translational degrees of freedom in
solution are treated as in the gas phase, the cost associated with
their loss when two or more molecules form a complex system
in solution is overestimated, and consequently these processes are
kinetically over-penalized in solution leading to rate constants that
are artificially underestimated.

The Gibbs free energies of reaction (DGsol) and barriers (DGsol
�=)

at 298.15 K, for the modeled channels of the Phe + OH reaction
in solution, with water and benzene as solvents, are shown in
Table 2. Comparing the values in this table with those in Table 1, it
is evident that the presence of a solvent increases the exergonicity
of all the reaction paths. The reaction barriers were found to be
systematically higher in the gas phase than in solution and the
lowest barriers for all the studied paths were those modeled with
benzene as solvent. For the abstraction channels the presence of
the polar solvent inverts the site reactivity, i.e. the barriers for
abstractions from the beta site become lower than those for alpha
abstractions. For the addition channels, on the other hand, the
relative barrier heights involving anti and syn TSs in solution retain
the same order as in gas phase. However, for meta adducts the
difference between DGsol

�=(Rma) and DGsol
�=(Rms) is significantly
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Fig. 2 Fully optimized geometries of the Phe + OH transition states.

Table 2 Gibbs free energies of reaction (DGsol) and barriers (DGsol
�=) at

298.15 K, all in kcal mol−1, for the modeled channels of Phe + OH reaction
in water and benzene solutions

Water Benzene

DGsol
�= DGsol DGsol

�= DGsol

Ra 6.95 −44.72 5.25 −45.03
Rb 5.72 −30.80 5.65 −30.18
Ria 7.73 −2.96 6.71 −4.23
Ris 12.23 −2.96 10.27 −4.23
Roa 4.73 −5.11 4.23 −6.71
Ros 9.19 −1.83 6.78 −5.28
Rma 6.07 −4.38 5.21 −6.26
Rms 7.12 −4.06 5.59 −5.89
Rpa 5.36 −5.87 4.94 −7.22
Rps 5.28 −5.87 4.21 −7.22

larger in solution than in gas phase, especially in water, which
suggests that in this solvent a larger proportion of the RS adduct
should be present.

In order to illustrate the relevance of the entropy for the studied
paths, values of the −TDS term have also been included as
supplementary information (Tabla S2)† for reactions in solution
and in the gas phase. As these values show, the entropy changes
involved in the studied addition products and in all transition

Table 3 Overall rate constants (L mol−1 s−1) at 298.15 K, and branching
ratios (C) for the modeled channels of the Phe + OH reaction

Gas Water Benzene

k298 1.96 × 109 7.14 × 109 2.13 × 1010

CRa 0.125 0.007 0.041
CRb 0.008 0.111 0.042
CRia 0.005 0.002 0.004
CRis 0.000 0.000 0.000
CRoa 0.372 0.589 0.464
CRos 0.004 0.000 0.006
CRma 0.094 0.062 0.089
CRms 0.091 0.010 0.047
CRpa 0.053 0.102 0.070
CRps 0.248 0.117 0.238

states are relatively large and they must be taken into account. In
addition it seems relevant to notice that entropy loss in the gas
phase is larger than in solution, as expected.

The branching ratios (C) of the different modeled paths of
reaction are reported in Table 3, together with the values of
the overall rate constants at 298 K. The branching ratios were
calculated as:

Cpath = kpath

koverall

(3)

in such way that the rate constant for each path can be easily
obtained from the values in Table 3 by multiplying the overall
rate constant by the corresponding C value. The rate constant for
the Phe + OH reaction in aqueous solution has been previously
reported by different authors,41–44 with an average value of 6.7 ×
109 L mol−1 s−1 and the individual values ranging from 6.5 to 6.9 ×
109 L mol−1 s−1. The agreement of the rate constant calculated in
this work with these previous reports is excellent, with only about
7% error. In addition, Solar43 estimated that, in water solution,
50%, 14% and 30% of the reaction products correspond to ortho,
meta and para adducts (tyrosines), respectively. The calculated
values are 59%, 7% and 22%, which are also in line with the
experimental data. The agreement between the calculated and the
available experimental data supports the methodology used in this
work, as well as the data reported here for the first time.

The percentage contributions of the different channels (100 ×
C) to the overall rate constant have been plotted in Fig. 3
to help visualizing the abundant data obtained. Analyzing the
results reported in Table 3 or Fig. 2, it can be easily seen that
regardless of the polarity of the environment the formation of
ipso-adducts can be neglected since the corresponding paths of
reaction contribute to the overall rate constant by less than 1%
in all the cases. This result is in line with previous calculations
on toluene + OH reaction. For this system 3% ipso addition
has been reported,29b which is very similar to our result for Phe.
For xylenes + OH reactions, on the other hand, the calculated
barriers associated with ipso additions are similar in height to
those involving additions to other sites of the ring.45 However,
for p-xylene branching ratios of 80% and 20% have been recently
proposed for ortho and ipso additions, respectively.46 The main
products of the OH + Phe reaction are the ortho-adducts (o-
tyrosine) in all the modeled media, and as the polarity of the
environment increases, so does the extent to which the ortho-
adduct are formed: 38%, 47% and 59% in gas phase, benzene
and water solution, respectively. In addition the ortho-adducts
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Fig. 3 Percentage contribution of the different channels to the Phe + OH
overall reaction.

are expected to be formed almost exclusively as SS enantiomers
since more than 98% of these products are predicted to be formed
through the anti-TS structure. On the other hand the extent to
which meta adducts are formed decreases from gas phase (18%)
to benzene (13%) to water solution (7%). The environment also
seems to influence the proportion of RS and SS meta adducts;
while in the gas phase both are predicted to be formed to similar
extent, in water the RS enantiomer is expected to be much more
likely to occur. The finding that the extent of OH adduct formation
in the Phe reaction follows the order ortho > para > meta > ipso is
in line with what has been reported for toluene + OH reactions.29b

The contribution of H abstractions to the overall reaction does
not significantly vary with the environment, ranging from 8%
to 13%. On the other hand the site reactivity of H abstraction
channels seems to be very sensitive to the environment. In the gas
phase about 94% of the total H abstractions are predicted to occur
from alpha sites, in benzene solution alpha and beta abstractions
are predicted to be equally likely to occur, and in water solution
only 6% of the H abstractions are predicted to involve alpha H.

In addition to the •OH reaction with phenylalanine as a free
molecule, the OH reaction with the peptide glycine-phenylalanine-
glycine (GFG) has also been modeled to mimic the influence
of the peptidic environment on the reactivity of phenylalanine
towards the OH radical. The peptide has been modeled in b-sheet
conformation, since it corresponds to the structure of b-amyloid,
obviously in solution.47 It should be noticed that the same structure
has been used in gas phase and solvent-based calculations, since
geometry optimizations were performed only in the gas phase. This
also means that the b-sheet structure is, at least, a local minimum
in the gas phase. According to the fully optimized geometry of
the peptide, the accessibility to one of the ring faces is highly
hindered by the backbone. Therefore, additions through anti-TSs
are the only ones that have been considered and based on the
results discussed above for free Phe the formation of ipso-adducts
has been ignored. The structures of the transition states are shown

in Fig. 4, where the most relevant geometrical parameters have
been explicitly included. The Cartesian coordinates are reported
as supplementary information in Table S3.†

Fig. 4 Fully optimized geometries of GFG + OH transition states.

The Gibbs free energies of reaction (DGsol) and barriers (DGsol
�=)

at 298.15 K, for the modeled channels of the GFG + •OH reaction
in gas phase and in solution, with water and benzene as solvents,
are shown in Table 4. All the reaction channels were found
to be exergonic with DG values similar to those involving free
phenylalanine. On the other hand the reaction barriers of •OH +
GFG are smaller than those of •OH + Phe for abstraction channels
and para additions, while for the ortho additions they increase
by more than 3 kcal mol−1. Changes in entropy have also been
reported as supplementary information (Table S4)†, and similar
trends to those previously discussed for the free form of Phe are
found.

The overall rate constants at 298 K and the branching ratios
(C) of the different modeled paths of the GFG + OH reaction are
reported in Table 5. Comparing the values in this table with those
in Table 3, it can be easily seen that the presence of the peptidic
environment significantly increases the overall rate constants. The
reaction of Phe with OH becomes about 2 and 9 times faster in
water and benzene, respectively, with this amino acid in a peptidic
environment. In addition, and analogously to what was found
for free phenylalanine, the presence of solvents also causes an

Table 4 Gibbs free energies of reaction (DG) and barriers (DG�=) in kcal
mol−1, for the modeled channels of the GFG + OH reaction in gas phase
and in water and benzene solutions

Gas phase Water Benzene

DG �= DG DG �= DG DG �= DG

Alpha 5.20 −34.92 4.18 −35.71 2.32 −21.82
Beta 6.29 −29.42 4.50 −32.02 3.24 −30.30
ortho 10.74 −1.09 8.62 −2.76 7.45 −3.81
meta 9.36 −3.10 6.99 −3.85 5.73 −6.14
para 8.06 −3.66 4.40 −5.40 3.41 −7.12
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Table 5 Overall rate constants (L mol−1 s−1) at 298.15 K, and branching
ratios (C) for the modeled channels of the GFG + OH reaction in gas
phase, and in water and benzene solutions

Gas phase Water Benzene

k298 3.09 × 1010 1.54 × 1010 1.96 × 1011

CRa 0.752 0.347 0.627
CRb 0.240 0.405 0.268
CRo 0.000 0.000 0.000
CRm 0.001 0.006 0.004
CRp 0.006 0.242 0.101

increment of the GFG + OH rate constant and the fastest process
occurs in benzene, i.e. in non-polar solution. It could be important
to notice that the values in Table 5 represent upper limits of k298,
since TST is expected to overestimate these values. Due to the
size of the studied system, variational TST would be extremely
expensive and we have decided to use conventional TST instead,
since this approach is expected to reproduce correctly the trends
on sites’ reactivity.

The increase in the overall rate coefficient caused by the
peptidic environment is essentially caused by the significant
increment of the alpha site reactivity. Analyzing the structure of
the corresponding transition states it can be seen that in both cases
there is a stabilizing intra-molecular hydrogen bond interaction,
between the H atom in the OH radical and one of the oxygen
atoms in the other reactant. For free Phe this interaction involves
the hydroxylic oxygen in the carboxylic group, while in the GFG
peptide it involves a carbonyl oxygen from the backbone. The
H · · · O distances for these H bonds are 1.99 and 2.31 Å for GFG
and Phe, respectively, indicating that there is a stronger interaction
in the peptide, leading to a lower barrier. To find an explanation
for this higher strength the atomic charges on both O atoms were
analyzed in the reactants, and it was found that the charge on the
O in the peptide is significantly more negative (−0.92) than in the
free molecule (−0.48), which explains the stronger interaction with
the H atom in the OH radical (+0.24). While these intra-molecular
H bond interactions are viable in the TSs of the Phe + OH reaction
for both abstraction and addition channels, they only seem to be
viable in GFG for the abstraction channels. This implies lower
barriers for the abstraction paths (in GFG) and might explain
why they become the main channels in the peptide.

The presence of the peptidic environment does not only increase
the overall reactivity of phenylalanine toward OH radicals, but also
changes the relative reactivity of the different sites of reaction.
When phenylalanine is modeled in the GFG tri-peptide the
contributions of ortho additions to the overall reaction become
negligible. The percentage contribution of H abstractions to the
overall reaction is predicted to be around 88% and 74% in benzene
and water solutions, respectively, when phenylalanine is in the
GFG peptide. In addition alpha abstractions are the processes
most likely to occur, in non-polar environments, while in water
beta H abstraction is predicted to be slightly favored. Since the
difference in reactivity for H abstractions from alpha and beta
sites was found to be rather small in water it is expected that both
kinds of products are formed to significant extent. Among the
addition reactions, only those leading to para-adduct formation
are predicted to significantly contribute to the overall reaction. In
general the obtained data for GFG suggest that the higher the
polarity of the solvent the wider the product distribution.

Conclusions

Different paths of reaction have been considered, involving H
abstractions from and OH additions to phenylalanine in its free
form and as part of the GFG peptide. The global contributions of
H abstractions to the overall reaction were found to be around 10%
and 80% when F is in its free form and in GFG, respectively. The
ortho-adducts (o-tyrosine) were found to be the major products
of the F + OH reaction, for all the modeled environments and
especially in water solutions. The reactivity of phenylalanine
towards OH radical attacks is predicted to be higher in its
peptidic form, compared to the free molecule. The presence of the
peptidic environment was found to strongly influence the relative
site reactivity of phenylalanine, and H abstraction reactions are
predicted to be the main channels of reaction for F in the GFG
peptide. The good agreement found between the calculated and
the available experimental data supports the methodology used in
this work, as well as the data reported here for the first time.
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