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Intramolecular Addition of Cysteine Thiyl Radical to Phenylalanine and Tyrosine in Model
Peptides, Phe (CysS’) and Tyr(CysS’): A Computational Study
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Density Functional Theory (DFT) calculations were carried out to evaluate the potential for inframolecular
addition of peptide cysteine (Cys) thiyl radicals (CysS®) to aromatic amino acids (Phe and Tyr) in water.
These calculations yielded cyclic conformations, in which st-complexes were more stable than cyclohexadienyl
radicals in water. In these st-complexes, the C,—S distances were significantly shorter compared to the C;—S
and C;—S distances. Comparable results on the relative stabilities were obtained for model calculations for
the addition of HS"/CH3S" to toluene and p-hydroxytoluene. The adduct of thiyl radicals with Phe was more
stable than that with Tyr, and the stabilization energies depended on the C-terminal substituents.

Introduction

Cysteine thiyl radicals (CysS®) are important intermediates
in the one-electron oxidation of cysteine (Cys) and one-electron
reduction of protein disulfide bonds (reactions 1 and 2).' In
general, Cys oxidation has been considered a biologic “sink”
for redox processes of proteins, where ultimately CysS® radicals
will be reduced back to Cys through reaction with endogenous
antioxidants, e.g., ascorbate (reaction 3; k3 =6 x 108 M~ s71).!

CysSH + Ox — CysS"+ Ox"~ + H' (1)
CysSSCys + e~ + H" — CysS' + CysSH  (2)
CysS" + H" + Asc” — CysSH + Asc’ 3)

Various biological processes depend on the generation of
CysS' radicals. For example, a number of enzymes require CysS®
radicals for turnover, such as the ribonucleotide reductases,> *
pyruvate-formate lyase,>>~® and benzylsuccinate synthase.”!* In
addition, a mechanism for S-nitrosocysteine generation has been
suggested, which involves a radical—radical reaction between
CysS® and nitric oxide ("NO)."' For the most part, the CysS’
radical has been considered to be chemically inert toward other
amino acids within a protein.!? However, this paradigm needs
to be reevaluated!? in view of recent results, which indicate that
the CysS’ radical can efficiently abstract hydrogen atoms from
%C—H and/or #C—H bonds of amino acid residues.'*~'® In fact,
rate constants as high as 10°*—10° s~! have been measured for
the intramolecular hydrogen atom abstraction by CysS® from
Ala and Gly residues in model peptides.!” These hydrogen
transfer reactions are reversible, leading to covalent H/D
exchange when reactions are performed in D,0."

By means of covalent H/D exchange, we obtained experi-
mental evidence that CysS® radicals reversibly abstract hydrogen
atoms from the #C—H bond of Phe,'> which was not unexpected
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based on the C—H bond dissociation energies of benzylic C—H
bonds. We then designed time-resolved pulse radiolysis experi-
ments to measure absolute rate constants for such reversible
hydrogen atom transfer in a CysS’ radical-containing dipeptide,
Phe-(CysS®), generated through one-electron reduction of the
disulfide-containing precursor, (PheCys),. To our surprise, these
time-resolved experiments'® did not lead to the observation of
an intermediary Phe benzyl radical. Instead, within 1—4 us after
one-electron reduction of (PheCys),, the transient spectra were
more reminiscent of a cyclohexadienyl-type radical. Similar
observations were made upon one-electron reduction of a
slightly larger disulfide-containing model peptide, (PheGlyCys-
Gly),. On the basis of the absorbance coefficients of various
known cyclohexadienyl radicals, we concluded that in these
model peptides CysS® radicals 1 may exist in a reversible
intramolecular addition—elimination equilibrium with thioether-
substituted cyclohexadienyl-type radicals 2 (equilibrium 4).
Quantitative considerations revealed that within 4 us after thiyl
radical generation, thioether-substituted cyclohexadienyl radicals
could account for ca. 20% of the total available thiyl radicals.
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Earlier, radical addition processes to aromatic substrates have
been a subject of great interest as part of mechanistic investiga-
tions of homolytic aromatic substitutions. Evidence for the
bimolecular addition of silyl and germyl radicals to benzene
and other aromatic substrates, generating cyclohexadienyl
radicals, was obtained by UV and electron spin resonance (EPR)
techniques.'”~?' However, no cyclohexadienyl radical was
detected during the bimolecular reaction of several thiyl radicals
with benzene,!® rationalized by the possibility that the addition
reaction is substantially slower compared to the reverse,
elimination, reaction. This is consistent with the trend observed
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Figure 1. Acyclic structure 3 and cyclic structures 4 and 5 formed via the addition of the Cys thiyl radical to the aromatic ring of either Phe (R,

= H) or Tyr (R, = OH).

under our unimolecular reaction conditions with Phe(CysS"), '8
where k_4 > ky; however, for Phe(CysS®) the ratio k—4/k4 appears
sufficiently small that the cyclohexadienyl-type radical is
experimentally detectable.

The addition of CysS® radicals to aromatic amino acids in
proteins may have significant biological consequences. For
example, suitable electron acceptors could oxidize cyclohexa-
dienyl-type radicals, which would rearomatize via subsequent
deprotonation, generating a stable Cys-Phe cross-link. Analogous
cross-links have been detected between Cys and Tyr in proteins,
for example, galactose oxidase,”? where mechanisms of forma-
tion are still under investigation. In addition, a reaction of CysS®
radicals with Phe was recently postulated as part of the NO-
mediated guanine nucleotide dissociation of the Ras oncogene.?
Therefore, because of the potential significance of our experi-
mental results on CysS’ radical addition to Phe (and eventually
to other aromatic amino acids), we felt that a theoretical analysis
of such an addition reaction was warranted. Such calculations
are described in the present paper, which will show that indeed
cyclic adducts of CysS® to Phe in Phe(CysS®) and of CysS® to
Tyr in Tyr(CysS®) are energetically slightly more stable
compared to the acyclic, free CysS® radicals, specifically in an
aqueous environment.

Computational Methods

Quantum chemical calculations were carried out on thiyl
radical 3 (Figure 1) by using different Density Functional Theory
(DFT) methods, namely B3LYP,>** BH&HLYP,”* MPW1K,”’
and X3LYP? with standard 6-311+G** basis set, as imple-
mented in the Jaguar (version 7.0) program.?* The BH&HLYP
method leads?® to stronger localization of the unpaired electron
than B3LYP. The MPW1K method is optimized against a
database of 20 forward barrier heights, 20 reverse barrier heights,
and 20 energies of reaction. It reduces the mean unsigned error
in the reaction barrier height by a factor of 3 compared to the

B3LYP method. The X3LYP method improves the accuracy in
heats of formation, ionization potential, electron affinities, and
total atomic energies compared relative to the B3LYP method.
The interactions between the molecule and the solvent were
evaluated by Jaguar’s Poisson—Boltzmann solver, which fits
the field produced by the solvent dielectric continuum to another
set of point charges.*® The molecular geometries, energies, and
frequencies were calculated both in the gas phase and in water
at the same B3LYP/6-3114+G** level of theory. The frequency
analysis was used to obtain thermochemical parameters such
as zero point energy (ZP), entropy (S), and Gibbs free energy
(AG) at 298 K. The comparison of the calculated relative
stabilities obtained with different DFT methods (given in Table
1) revealed very similar results. We note that a stable cyclo-
hexadienyl radical could not be located with the B3ALYP method.

Results

1. Peptide Structures. By geometry optimization of the
cysteine thiyl radical 3, different stable structures were obtained
in water (Figure 1). Here, the m-complex 4 is more stable
compared with the open structure 3 and, with one exception
(see below), also than cyclohexadienyl radical 5, where the Cys
sulfur is connected to C; of the aromatic moiety. For PheCysS®,
a stable cyclohexadienyl radical with the Cys sulfur connected
to C, of the aromatic moiety could not be located at the
BH&HLYP/6-3114+G(d,p)/PBF level of theory; such structure
being easily converted into the ;r-complex 4, likely because of
conformational restrictions of the peptide. However, model
calculations for the addition of HS"/CH;S"® to toluol located a
stable cyclohexadienyl radical with bond formation between
sulfur and C,.

The relative stabilities, AE, of 4 and 5 in water are
summarized in Table 1, which displays reasonably good
agreements between various density functional methods. The
stabilization energies AE of 4 vary depending on the nature of



3562 J. Phys. Chem. A, Vol. 113, No. 15, 2009

TABLE 1: Stabilities AE (kcal mol ') of the Cyclic
Structures 4 and 5 (Displayed in Figure 1) Relative to the
Acyclic Conformers 3 As a Function of Substituents R; and
R,, Calculated in Water (B3LYP/6-311+G**/PBF, Jaguar
7.0 program), Spin Delocalization AS from the Sulfur Atom
to the Phenyl Ring through Cyclization, and Intramolecular
Bond Lengths L between Sulfur and the C Atoms of the
Aromatic Ring (A)

R CH; CH; O% 09 NH, NH,
R, H OH H OH H OH
AE(3—4) -22 —-16 —-77 =32 =56 =35

—2.8¢ —1.9¢ =7.6¢ —4.0¢ —4.7¢ =3.0¢
—2.0° —1.9> 8.8 —1.6° —3.8° —2.9
—8.9¢ —4.4° —9.1° —-0.5° —6.1° —4.0°

AE(3—-5) +2.5¢ +3.3¢ 0.0  +1.4° +7.7¢ +3.2¢
AEW(E + ZP), 3—4 -14 —-12 —11.8 —45 —-40 -21
AGo(Ey — T*S), 3—4 —1.8 —1.8 —10.1 —48 —47 —2.6
AS, 4 0.048 0.046 0.027 0.049 0.032 0.038
L(S—C) @) 3.551 4.033 3.156 3.862 3.719 3.732
L(S—Cy) ) 3.186 3.327 3.097 3.218 3.556 3.441
L(S—C3) 4) 3515 3.444 3.637 3.480 3.888 3.754

@ Calculated in water with X3LYP/6-311+G**/PBF. ® Calculated
in water with MPW1K/6-311+G**/PBF. ¢ Calculated in water with
BH&HLYP/6-311+G**/PBF DFT methods.
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Figure 2. SOMO and 7-HOMO of thiyl radicals 3 from PheCys and
TyrCys derivatives.
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the substituents R; and R,. For Phe (R, = H), the relative
stability of 4 increases in the order (R; = H) < (R; = NH,) <
(R; = O7). The combination R; = O7/R, = H represent the
model peptide for which our time-resolved pulse radiolysis
experiments have demonstrated the association of CysS® with
Phe.!® Importantly, this peptide (R, = O7/R, = H) shows the
most stable cyclohexadienyl radical 5§, which is isoenergetic with
the open structure 3.

The st-complex 4 is less stable for Tyr (R, = OH) compared
to Phe, and displays a smaller effect of R; on AE. This lower
stability of 4 for Tyr can be rationalized by the lower sr-electron
density on the aromatic ring, which is displayed in Figure 2 for
the open structure 3 (R; = NH,, R,= H, OH).

In the 7-complex 4, the S—C distance to the C, carbon of
the aromatic ring is shorter than distances of the sulfur to C,

Naumov and Schoneich

and C;. The C—S distances are given in Table 1. Except for
the combinations R; = CH3/R, = H and R; = NH,/R, = OH,
there are significant differences in the distances S—C; and S—C;,
so that the sulfur atom appears to complex to the aromatic
moiety in a bridged structure (a 77,—m complex, representatively
shown for C, and C; in structure 4).

For all thiyl radicals 3, the formation of the z-complex 4
appears thermodynamically possible, because of a negative
change of total Gibbs free energy (AG,y) at 298 K. Due to the
rather weak interactions between the sulfur atoms and the phenyl
rings only small delocalizations of the spin densities, AS, were
calculated (Table 1), which in structures 4 are localized largely
on the sulfur atom. Figure 3 displays the spin densities
representatively for structures 3, 4, and 5 from the model peptide
with R1: CH3 and R2 = H.

We have computed the trends in relative energies of structures
3, 4, and 5 from PheCysS® (representatively for R; = CHj3 and
R, = H) with an ab initio method, UHF/6-311++G(3df,3dp)/
PBF. At this level of theory, 4 is 6 kcal/mol more stable than
3, while 3 is 9.2 kcal/mol more stable than 5, i.e., the stability
decreases in the order of 4 > 3 > 5, which is qualitatively in
agreement with the results derived with density functional theory
for the structure with Ry = CH; and R, = H.

To assess the potential influence of peptide conformation
alone on the formation of the cyclic structures 4 and 5, we
optimized species 6 (*H;N-CH(CH3)-CONH-CH(CH,S")-CH3)
at the BH&HLYP/6-3114+G**/PBF level of theory. Species 6
is derived from 3 (R; = CHj, R, = H) by replacement of the
benzyl side chain of Phe through a methyl side chain (of Ala).
The two most stable conformers of 6, an open (6-0) and a closed
(6-¢) structure (Figure 4), have a frame analogous to the acyclic
and cyclic structures 3 and 4 where structure 6-c¢ is merely 0.9
kcal mol ™! more stable in water compared to 6-0 (0.5 kcal mol ™!
less stable in the gas phase). This value is significantly lower
compared to the stabilization of 4 (R; = CHj3, R, = H), which
amounts to 8.9 kcal/mol at the same level of theory. In addition,
the spin density on the sulfur does not change upon going from
6-0 to 6-c, supporting the absence of any interaction between
the thiyl radical and the side chain methyl group of the Ala
residue.

2. Calculations of Model Systems. To eliminate any con-
formational restrictions imposed by the peptide skeleton on the
addition of the thiyl radical to the aromatic residue, we
calculated the adduct of HS/CH;S® to both toluene (PhCHj3)
and p-hydroxytoluene (HO-Ph-CH;) (Figure 5). For the Cs-
cyclohexadienyl radical and the ;-complex, initial conformers
were selected, in which the coordinates of the aromatic residues
and thiyl radicals were identical with those for which stable
structures had been calculated for PheCysS® and TyrCysS’,
respectively. Subsequently, full translational and rotational
freedom was given to all adducts during the optimization of
the respective conformations. The results are summarized in
Table 2.

For HS/CH3S® adducts to toluene (R, = H), we derive
qualitatively the same picture as for the intramolecular addition
within PheCysS’, i.e., a more stable s7-complex compared to a
Cs-cyclohexadienyl radical. However, formation of the C,-
cyclohexadienyl radical is more favorable (by 2.4 kcal/mol for
HS") than formation of a Cs-cyclohexadienyl radical, which is
expected based on the presence of a methyl substituent in the
ortho position. This result underlines that the absence of a C,-
cyclohexadienyl radical for PheCysS® is best rationalized by
conformational restrictions of the peptide skeleton. This picture
changes for cyclohexadienyl radical formation from p-hydroxy-
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Figure 3. Distribution of spin densities in 3, 4, and 5 (R; = CH3, R, = H).

s
f 6
N\\\\‘\“
N
NH;* e}
S
S
H
" N
N
I o
o .
HaN HaN o
6-0

6-¢

Figure 4. The two most stable conformations of 6 calculated at the
BH&HLYP/6-311+G**/PBF level of theory.
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Figure 5. Reaction of HS'/CH;S® with toluene (R, = H) and
p-hydroxytoluene (R, = OH).

toluene (R, = OH). Here, the ortho position of the hydroxyl
substituent leads to a more favorable addition of the thiyl radical
to the C; position. Interestingly, the addition of HS' to the Cs
position of p-hydroxytoluene in water to form a cyclohexadienyl
radical is slightly more favorable compared to s-complex
formation, whereas the opposite is true for the addition of CH;S"
to p-hydroxytoluene.

Because of the potential relevance for transitions between
cyclohexadienyl radicals and sr-complexes in PheCysS", we have
representatively calculated the activation energy for the transition

between the 7-complex of HS® and toluene and the Cs-cyclohexa-
dienyl radical. This activation energy is rather low, 0.9 kcal/mol,
and associated with an S—C5 bond length of 2.182 A.

Discussion

The calculations presented in this paper suggest that peptide/
protein Cys thiyl radicals can associate with aromatic residues.
Our time-resolved experimental data obtained with PheCysS™'8
(Ry = O™, R, = H for the structures shown in Table 1) were
initially rationalized by the formation of a cyclohexadienyl-type
radical (o-like complex®') based on the similarity of the transient
spectra to analogous spectra of known cyclohexadienyl radicals.
The present calculations show that the Cs-cyclohexadienyl
radical 5 of PheCysS® (Table 1; Ry = O, R, = H) is
isoelectronic with the open conformation 3, suggesting that an
equilibrium between 3 and 5 may be experimentally observable.
However, the 7-complex 4 of PheCysS® (Table 1; R, = 07, R,
= H) is energetically significantly more favorable, being
7.7—9,1 kcal/mol more stable than 3 and 5, depending on the
level of theory. Qualitatively, these results agree with model
calculations on infermolecular reactions of small thiyl radicals,
HS*/CH5S", with toluene and p-hydroxytoluene (displayed in
Table 2). These calculations also demonstrate that the activation
energy for interconversion between a Cs-cyclohexadienyl radical
and a s-complex (of HS® and toluene) is very low, 0.9 kcal/
mol.

In contrast to PheCysS® with R; = O™ and R, = H, the Cs-
cyclohexadienyl radicals 5 of all other PheCysS® and TyrCysS®
derivatives are 1.4—7.7 kcal/mol higher in energy compared to
the open conformations 3. All PheCysS® and TyrCysS® deriva-
tives show -complexes 4, which are more stable than the open
conformations 3 and the cyclohexadienyl radicals 5.

In all --complexes, the shortest S—C distance is that between
S and C, compared to the S—C; and S—C; distances. On the
basis of the inequality of the distances for S—C,; and S—C; for
four out of six combinations in Table 1, the ;7-complexes 4 may
be well described as bridged 7,— complexes, where the thiyl
radical preferentially associates with two carbon atoms of the
aromatic ring. Comparable structures have been described for
the addition of Br® and CI' to ethylene (though it was debated
whether to describe them as symmetrically bridged or rapidly
interconverting asymmetric [-halogen-substituted alkyl radi-
cals*>*), and for the addition of CI" radicals to benzene.**
Interestingly, the latter reaction seems far from being completely
understood with recent DFT calculations favoring the formation
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TABLE 2: Reaction Enthalpies AH (kcal mol™!) for the Formation of C,/Cs-Cyclohexadienyl Radical and 7-Complex during
the Reaction of HS/CH;S® with the Aromatic Ring (Displayed in Figure 5) As a Function of Substituents R; and R;, Calculated
in Vacuum and Water (BH&HLYP/6-311+G**/PBF, Jaguar 7.0 program), and the Shortest Bond L between Sulfur and the C

Atom of the Aromatic Ring (10&)

/ | .
“l‘ --§—Ra
AN
Ry
cyclohexadienyl radical T-complex

R, R,=H R,=H R,=OH R,=OH R,=H R,=H R,=OH R,=OH
R; Rs=H R;=CH; R;=H Rs=CH; R;=H R;=CHj, R;=H R;=CH;
ALI(C3) 04 2.9 2.7 1.6 -5.2 -4.4 -2.9 -8.6
vacuum
AH(C3) 0.3 0.4 -3.9 2.6 -4.9 -5.7 -3.7 -5.5
water
AH(C;) 2.1 -0.5 0.9 3.9
water
L(S-C3) 1.876 1.868 1.891 1.880 3.018 3.224 3.048 3.074
L(S-C,) 1.884 1.880 1.888 1.878

of an 57,—x complex.®! Experimental results for charge-transfer
complexes between CI' and aromatic substrates®>-® have also
been rationalized by formation of a 7s—s complex? and further
consideration has been given to such intermediates as lying
somewhere inbetween the two extremes, centrosymmetric charge
transfer complex and cyclohexadienyl radical (o-like complex).’

For the interpretation of our experimental results with
PheCysS® (R; = O7, R, = H), our calculations have the
following implications: the Cs-cyclohexadienyl radical § (R; =
O~, R, = H) is energetically possible relative to the open
conformation 3. Our transient spectra'® suggest that cyclohexa-
dienyl radical 5 (R; = O™, R, = H) forms in water to an extent
of ca. 20%. The remainder may exist in the open conformation
3 or the -complex 4. The latter cannot have a strong absorbance
between 350 and 500 nm as our time-resolved absorbance data'®
do not indicate any significant absorbance in this spectral region.
This fact could argue against significant experimental yields of
such s-complexes, as experimental data on s-complexes
between toluene and CI°, Br", and I' show broad charge-transfer
bands with absorption maxima in the visible UV region between
479 and 535 nm.*® On the other hand, we do not know the
absorption characteristics of analogous charge-transfer bands
of thiyl radical s7-complexes. To this end, we do not discount
the experimental formation of 4 (which is energetically most
favorable by our applied levels of theory), but simply note that
our time-resolved experiments'® seem not to indicate signifi-
cant experimental yields of mz-complexes. Therefore, it is
probably best to assume that PheCysS® can exist in a rapid
equilibrium between all three species, 3, 4, and 5 (supported
by the low activation energy for interconversion between
cyclohexadienyl radical and z-complex). The important aspect
is that the association of the thiyl radical with the aromatic
residue, no matter whether cyclohexadienyl radical or s7-com-
plex, may have significant biological consequences.

Our calculations suggest that t-complex formation with Phe
is more efficient compared to that with Tyr, though the values
for AE and AG suggest that also the inframolecular addition
of thiyl radicals to Tyr may be experimentally observable (of
course, there is the possibility of competitive intramolecular
hydrogen abstraction from the Tyr phenol group, but recent data
with Cys- and Tyr-containing model peptides indicate that the
reverse reaction, intramolecular hydrogen/electron transfer from
Cys to tyrosyl radicals, appears significantly more efficient®®).
The latter would be of interest, as thiyl radical addition to Tyr,
followed by oxidation and rearomatization, could theoretically
represent the first step in an alternative mechanism for the
formation of cysteinyltyrosine cross-links, such as observed in
the enzyme galactose oxidase.”> Hence, thiyl radical addition
to aromatic rings could represent a more general mechanism
for the irreversible formation of cross-links in proteins under
biologic conditions of oxidative stress. In this respect, we
recently detected cysteinyltyrosine cross-links during the pho-
tolysis of insulin.*

Another example for the chemically important weak interac-
tion of a radical with an aromatic ring was recently presented
for the intermolecular addition of peroxyl radicals to benzene
en route to the formation of benzene oxide.** Here, cyclohexa-
dienyl radicals were theoretically and experimentally supported
(through products) even though associated with a positive AG
= 20.6 kcal/mol.

Theoretically, the s7-complex between CysS® and Phe could
undergo intramolecular electron transfer to yield CysS™ and
Phe™, followed by rapid deprotonation of Phe** to benzyl radical
and protonation of CysS~ to CysSH. Subsequently, benzyl
radicals will abstract a hydrogen atom from CysSH*! so that
they may not accumulate to a significant extent, consistent with
our time-resolved experimental data.'® However, kinetic NMR
experiments with cysteamine thiyl radicals and either Phe or
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PheNH, in D,O indicate covalent exchange of /C—H to /C—D
in the amino acid.”® This is consistent with the formation of
benzyl radicals and thiol, where thiol H/D-exchange in D,O
(RSH — RSD) precedes deuterium transfer from RSD to the
benzyl radical.
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