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One-Electron Oxidation of Methionine in Peptide Environments: The Effect of
Three-Electron Bonding on the Reduction Potential of the Radical Cation
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The complexes between the radical cation of dimethyl suliédged models for eight biologically available
electron pair donors, : X (:X= H,O (2a), H,CO (2b), HC(O)NH, (2c), HC(O)NHCH; (2d), HCO,™ (2¢),

HCO;™ (2f), H.POy™ (29), and CHNH; (2h)), were optimized at the B3LYP/6-31G(d) level of theory]%

bond dissociation enthalpies (BDEs) were determined by single point calculations at theRBBHevel, a

method designed for quantitative thermochemistry of free radicals. The effect of solvation was determined
by application of a polarizable continuum model. Only the amine complex is predicted to be stable in water.
H,O and HPO,~ make transient complexes, and the remaining complexes are predicted to dissociate
spontaneously. The dissociation is driven by entropy and conformationally constrained complexes are predicted
to be stable in water. Reduction potentidts, accurate tat0.1 V were calculated for the complexes with
dimethyl sulfide and for the amino acid, methionine, both as an isolated amino acid and incorporated into a

polypeptide at the N- and C-terminals and midchain. Stabilization of the radical cation of Met by three-

electron bonding is predicted if ariJN bond can be formed to a free amino group, as in N-terminal Met or

a nearby Lys. Likewise, Met oxidation is facilitated by phosphodiesters, but not by carboxylate groups or
amide groups. No lowering d&° is predicted for C-terminal Met or for midchain Met. The implications of
the results for the redox chemistry associated with Alzheimer’s disease are discussed.

Introduction

Oxidation of methionine sulfur is an important feature of
“oxidative stress” in biological systends? and may be a key
step in the neurotoxicity of th@-amyloid peptide (4) in
Alzheimer’s diseas&:1! Two distinct in vitro experiments have
shown that a substitution of Met35 (the lone methionine i) A
by norleucine eliminated the neurotoxicity of fAtoward
hippocampal neurorié.13Bush and co-workers have shown that
Cu' and Fé&' are able to oxidize A(1—40)1*15However, A3-
(1—28) lacking Met35 was not able to reduce'Go Cu, but
with the addition of methionine (the amino acid), 'Cwas
reduced. This led to the speculation that' @uoxidizing Met35,
forming Cu and a radical cation on the sulfur of the methionine
(MetST).11

The proposed redox chemistry involving '@&j/Met is
problematic in two respects. First, the reduction potential of
the CU/A complex has been measuredss= 0.7 V (relative
to the standard hydrogen electrod&significantly higher than
E° of CU'/CU in aqueous solutionE® = 0.16 V17 While
reduction potentials for Cuin peptide complexes as high as
1.0 V have been reportédthe precise binding mode that gives
rise to the elevated value in the C@Aomplex is not known.
Second, on the face of it, the reduction potential of a typical
dialky! sulfide radical cation appears to be too high for it to be
oxidized by CU/AS (reaction 1) at a reasonable rate.

CU'/AB + R,S— CUIAB+ RS™ 1)

form, isE* = 1.48 V1°In the case where the reverse reductive
wave of the cyclic voltammogram is not seétt, is an upper
limit to the standard reduction potentidt®. Thus, E° of
zwitterionic Met is somewhat lower than that of a typical dialkyl
sulfide radical cation, e.g., dimethyl sulfide; = 1.66 V20 It
follows that if the reduction potential of the MetSresidue in

Ap (or any other polypeptide) were comparable to the amino
acid, the oxidation of Met by Cu/A by reaction 1 would be
endothermic by 0.78 V, or 75 kJ mdl

The radical cation of a dialkyl sulfide can make a two-center
three-electron bond with an electron pair donor, :X. We
designate such a bond a8l X. Both S70 and $IN bonds in
Met derivatives have been propodkdnd observed spectro-
scopically??>23in pulse-radiolysis and flash photolysis experi-
ments in aqueous solution. It has been implied that stabilization
of MetS™ by such three-electron bonding to accessible carbonyl
oxygen atoms can lower the reduction potential sufficiently for
reaction 1 to take plac¥.In the case of C-terminal Met, where
the carboxylate group is accessible to the S radical cation, the
stabilization is expected to be higher stl.

In connection with Alzheimer’s disease, it has been postulated
that the redox chemistry of Met35 a-helical Aj is facilitated
by an interaction with the oxygen atom of the nearest amide
group, that of lle32* An analogous interaction with a proximal
carbonyl group in g-sheet was found computationaf§/in
either case, three-electron bonding to a carbonyl group occurs
partially at the expense of an existingINl hydrogen bond to
the oxygen atom, and the stabilization due to theCsbonding

Oxidation of aqueous methionine is an irreversible process. Theis reduced by the partial loss of the H-bond. In fhsheet case,

peak anodic oxidation potentidt*, of Met in its zwitterionic

* To whom correspondence should be addressed: rauk@ucalgary.ca

the S10 -bonded complex was calculated to be stabilized by
only 10 kJ mot1.25 In neither study was it attempted to assess
guantitatively the extent to which such bonding lowers the
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reduction potential of the complexed sulfide radical cation in methods cannot account for cases where specific hydrogen
an aqueous environment. This study quantifies the effect of thisbonding is an important component of the free energy of
interaction on the reduction potential and compares it with the solvation. In such circumstances, inclusion of a first solvation
effect on the reduction potential of other potential complexing shell of H-bonded water molecules is desirable. In the present

species present in biological systems.

We have calculated reduction potentials of two dialkyl
sulfides, dimethyl sulfide and methionine. The reduction
potential of dimethyl sulfide is known experimentallg’(=
1.66 V)20 Peak anodic oxidation potentials of the amino acid
methionine (Met) have also been measured by cyclic voltam-
metry in aqueous solution at different pH%.The fully
protonated Met (pH= 2.1) hasE* = 1.72 V, the fully
deprotonated Met (pH= 12.2) hasE* = 1.40 V and the
zwitterionic Met,E* = 1.48 V (vs the hydrogen electrod®).

In addition, the reduction potential of oxidized MetGly, which
is known to possess an intramoleculdn I$ bond, has been
determined, 1.4 0.3 V28 These systems serve as benchmarks.

Methods

Ab initio calculations were performed with the Gaussian 98
suite of quantum chemistry prografisGeometry optimization
and harmonic frequency analysis for all species except zwitter-
ionic Met (3-7)) were carried out at the B3LYP/6-31G(d) level
of theory. Zwitterionic amino acids are unstable at this level of

cases, these are expected to be most important for the cationic
—NH3z* group, and the anionic-CO,~ group. To avoid
convergence problems and problems associated with multiple
minima, we have opted instead to make empirical corrections
to minimize errors that ensue from the treatment of the first
solvation shell as a continuum. For acidic species in solution,
experimentally determined Kp values provide a sensitive
measure of relative free energies in aqueous solution against
which computed free energies can be compared. TKgeop
methylammonium (CkNH3™) and formic acid (HC@H) can
be calculated from the data in Table S1, yielding values of 14.45
and 8.05, respectively, as compared to the experimental values,
10.64 and 3.75, respectively. For such small species, it may be
assumed that errors in the free energy changes in the gaseous
phase are negligible. The discrepancies k&, palues, which
correspond to 22 and 25 kJ méifor the cationic and anionic
reactions are most likely the result of errors in the calculation
of the relative free energy of solvatioAAGsy, Of reactions 2

d 3.

(CHaNH;"),4— (CHNH,) ;g + (H),, 2)

theory in the gaseous phase and revert by proton transfer to

species with neutral, but H-bondedNH, and—COOH groups.
Structure3(*—) was optimized in the presence of the solvent
reaction field, SCRFCPCM, and also at the HF/6-31G(d) level
for the purpose of obtaining harmonic frequencies. A thorough

®3)

Free energies of solvationGs,, Of the neutral species, GH
NH;, and HCQH, are small in absolute magnitude .6 and

(HCOH),q— (HCO, )0+ (HM)y,

_)aq

investigation of the geometries of related three-electron bonded —22-6 ki mot*, respectively), Compallred to the ionic SpelCieS,
systems in the gaseous phase and in solution found only minorCHsNHs" and HCQ™ (—318.6 kJ mot* and—286.9 kJ mot?,

differences in the two geometriésZero point energies, entropy,
and temperature correction to the enthalplyst® — Ho®) were
obtained from frequencies scaled by a factor of 0.9806, with
the exception oB(*) for which a scale factor of 0.8929 was
applied to the HF frequenci@3No attempt was made to locate
all conformers of all species. The contribution of conformational
flexibility to the entropy of each species, i.e., the entropy of
mixing, was approximated &in n, wheren is an estimate of
the number of significantly populated conformétg! Improved
enthalpy differences were obtained by the CB8\D method?
applied to the B3LYP/6-31G(d)-optimized geometries. GBS
RAD is a high-level theoretical procedure for obtaining ther-
mochemical values for radicals to experimental accuracy. The
CBS—RAD(B3LYP) combination employed here has been
found to yield good reaction enthalpies and barriers for the
addition of C-centered radicals to alkerféand thes-scission
reactions of alkoxy radicaf¥.

The COSMO procedure, implemented in G98 as SERF
CPCM3536was used to model solvation effects. The cavity of
the solute was defined by its 0.001 electrons bélyaseous-
phase isodensity surfaéé3 and it was fitted by overlapping

atom-centered spheres as required by the G98 CPCM imple-

mentation. It is anticipated that calculation of the free energy
of solvation in this manner will render the inevitable errors to

respectively). The calculated and experimental values may be
reconciled if one assumes that the systematic procedure we have
adopted for the evaluation &G, Overestimates the solvation

of the ammonium group by 22 kJ md| andundeestimates

the solvation of the carboxylate group by 25 kJ molndeed,
addition of very similar amountst23 kJ moi™ to the CPCM-
derived AGgq, Of protonated methionined* (Figure 3), and
—26 kJ mof! to deprotonated methioning~ (Figure 3),
reproduces the experimentally determined solution free energy
difference of the two species, as determined from the sum of
the (Kzs of eqs 4 and 5, whe@* ) is the zwitterionic form of
methionine.

(3)aq B g+ (H )4 (4)

(%)

As many of the species of concern to this study involve either
a —NH3z" group or a—CQO, group, their calculated\Gsoy
values may be improved by the application of these corrections.
The AGsq values for these species listed in Table S1 include
the empirical corrections. The zwitterionic form of methionine,
3(+7), having both groups, is a unique case. Simple additivity
of the corrections would imply that the CPCM-derivAGso

(= —98.1 kJ mot?) should be lowered by only 3 kJ ndl

BT ag™ 3 )ag+ (H g

be more systematic and hence amenable to correction byHowever, a somewhat larger correctionl0 kJ mot?, is

reference to experiment. Values derived from experiment were
adopted for the free energy of solvation of wat&Gg(H20)

= —26.4 kJ mot1)3? and of the protonAGso(H) = —1107

kJ mol1).40

required to reproduce the experimentally determinkgspof
egs 4 and 5, 2.1 and 9.3, respectively. Th@s, value for
3(+7) that appears in Table S1 and is used in subsequent
calculations of reduction potentials includes th&0 kJ mot?

Primary energy data and geometries of all species are listedcorrection.

in Tables S1 and S2 of the Supporting Information.
Empirical Correction of Systematic Errors in Free Ener-
gies of Solvation AGso. It is known that continuum solvation

The solvation of the most important charged species, the
sulfide radical cation, may be assessed by comparing the
calculated [, of (CH3),S" (eq 6)
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((CH3)ZS.+)aq_) (CHSSCFE.)aq + (H+)aq (6)

to the value estimated from experimenk o~ —1.82° The
calculated value, 9, = 0.3, is in reasonable agreement, given
the uncertainty in the experimental estimate, and represents an
overestimatenf AGso, by about 12 kJ mott if the experimental
value were precise. However, no adjustments are applied to
AGsq), Of any of the S-oxidized species or their complexes unless
they contain—NH3z" or —CO,™~ groups.

Results and Discussion

An orbital interaction diagram that describes a two-center 4o S - O/ O/
three-electron (@10*) bond, S1X, is shown in Figure 1. The S / h
singly occupied molecular orbital (SOMO) of the sulfur radical / '
and the highest occupied molecular orbital (HOMO) of an Figure 1. Orbital interaction diagram showing"5X bond formation
electron-pair donor interact to form a bonding) @nd anti- petween a dialkyl sulfide radical cation and an electron-pair donor,
bonding ¢*) pair of orbitals*! The stabilization is greater if
the orbital energies are closer together. This may be achieved
by substituting a negatively charged O atom for a neutral one,
or an N atom for an O atom. Such bonding has been shown to
lower the peak anodic oxidation potenti&*, in a series of
conformationally constrained 2-substituted 6-(methylthio)-
bicyclo[2.2.1]heptanes in acetonitrité.

Structures of Three-Electron-Bonded Systems (Figure 2).
The structures of all of the dimethyl sulfide-derived systems in
the present study, are shown in Figure 2. TheCsbond lengths
range from 2.35 to 2.57 A. The three-electron bonds are
substantially longer than typical -2 single bonds, as in
sulfoxides (RSO, rso = 1.47 A). Similarly, the SIN three-
electron bondrsy = 2.61 A, is half again as long as a typical
S—N single bond (RSNRy, rsy = 1.77 A). In each case, the
“ligand”, :X, is positioned almost perpendicular to the twe- &
bonds Jcsx ~ 90°). This is an indication that it is the singly
occupied 3p orbital on the S atom that makes up half of the
bond. The orientation of the ligand is that expected for
involvement of the doubly occupied lone pair orbital of that
species (nonplanar in the case afMHandOsoc~ 120 in the
case of the carbonyl ligands) as the other orbital involved in
the bond.

The spin distribution about the[8D (or STN) linkage is
given in italics in Figure 2. As required by the interaction
diagram (Figure 1), the spin density is partially localized to the
O (or N) atom. The spin delocalization is least in the case of
the complex with HO, and greatest in the case of the negatively
charged ligands. In the case of theHcomplex Ra), 82% of
the spin remains on the S atom, while just over half remains in
the case of bicarbonat@fj (55%) and dihydrogen phosphate
(29) (56%). Formate anior2€), a model for carboxylate groups,
is extensively oxidized with only 40% of the spin residing on
the S atom. The neutral carbonyl compounds show an inter-
mediate level of spin delocalization: formaldehy@b); 76%
on S; formamideZc), 73% on SN-methylformamide2d), 71% N N
on S.N-Methyl formamide is a model for the amide group in (CHy),SUX™ — (CHy),S™ +:X (7)
polypeptides. The most stable conformation of the radical
cationic complex2d, has the S atom situated in the plane of The most accurate estimates for the BDEs of thed&and $IN
the amide group, a geometry that would compete with H- three-electron bonds are given in columnAMH(298K)(g)) of

2) (rso= 2.57 A). The geometry oa was also optimized at
the QCISD/6-31G(d) and MP2/6-31G(d)levels, both of which
yielded longer S1O distancesfso = 2.70 A andrso = 2.67
A, respectively. Single-point energy evaluations at the €BS
RAD level on the B3LYP-, QCISD-, and MP2-optimized
geometries yielded relative energies of 3.3, 0.2, and 0.0 kJ
mol~1, respectively, indicating that the intermediate MP2 value
is closest to being correct. Thus, contrary to previous reports,
the B3LYP value isshorterby about 0.1 A in this case. As the
effect of solvation has been shown computationally to shorten
SO O bonds by about 0.1 2 we judge the B3LYP/6-31G(d)
geometries to be adequate for the present study which is
primarily concerned with redox behavior in solution. The
B3LYP method has also been shown to yield bond dissociation
enthalpies (BDEs) that are too high. Discrepancies from 3 to
30 kJ mot! compared to MP4 calculations were found for
symmetrical three-electron bontfsAs we show below, BDEs
of SO and $IN bonds calculated from B3LYP/6-331G-
(3df,2p) energies of B3LYP/6-31G(d) structures are within a
few kilojoules per mole of, and in generalwer than, CBS-
RAD energies. Therefore, for efficiency, we have adopted the
B3LYP/6-31G(d) procedure for the geometry optimization and
frequency determination, and employ the CBEAD procedure
to obtain accurate enthalpy differences. The assumption is that
small errors in the long [SX bonds will affect the energies by
only a few kilojoules per mole because of the flatness of the
potentials associated with such long bonds.

SO X Complexation Energies for (CHs),SOX* (Table 1).
The primary computed energies, enthalpies, temperature cor-
rections, entropies, and free energies of solvation for all species
are listed in Table S1 of the Supporting Information. The
gaseous phase enthalpy and free energy changes for the
dissociation reaction, eq 7, are shown in Table 1.

bonding in protein secondary structure. Table 1. The weakest bond, 46.4 kJ migls to H,O. A similar
Accurate ab initio description of three-electron bonds/(2  value is expected for the OH group of Ser and Thr residues in
10*) is problematic. As shown by Bfda and co-workefg-47 proteins. Formamide arfd-methyl formamide serve as models

and otherg848-52 no single broadly applicable theoretical for the amide carbonyl group of peptides. The bonds between
method yields an accurate and reliable description in all cases.the amide carbonyl oxygen and the S radical cation are

In particular, B3LYP has been reported to yield bonds that are considerably stronger, 101 and 109 kJ mptespectively, than

up to 0.1 A too long in the case of symmetrical systéaiBhis the divalent oxygen of water, or a simple carbonyl, represented
appears not to be the case in the complex with warKigure by formaldehyde. Bonds to the negatively charged species are
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Figure 2. Representative B3LYP/6-31G(d)-optimized structures of complexes between the dimethyl sulfide radical catie® &2a),HH,CO
(2b), HC(O)NH; (2¢), HC(O)NHCH; (2d), HCO,™ (2€), HCO;™ (2f), H.POs~ (2g), and CHNH, (2h).

TABLE 1: Energy Changes (kJ mol?) for (CH 3),SO0X* — (CH3),S* (2) + :X (reaction 7)2
:X (species)  AH(OK)(g) BBLYP® AH(OK)(g) CBS-RAD AH(298K)(g) —TASg) AG(g) AAGsy AG(ag) —TASS AG(aq)S

H>0 (28) 42.0 44.2 46.4 —28.4 180 -353 73

OCH, (2b) 61.8 60.4 60.8 —32.7 28.2 —58.0 —29.8

OCHNH; (20) 97.5 99.9 101.3 —41.1 60.2 —79.1 -—18.9 16.4 38.6
OCHNHCH; (2d) 108.4 111.2 109.3 —29.5 79.8 —96.4 -—16.7 28.1 41.0
HCO, (2¢) 552.1 556.1 558.9 —40.8 518.1 —554.6 -—-36.5 14.7 18.9
HCGO;™ (2f) 530.7 547.3 547.7 —36.7 511.1 —544.1 -33.0 21.3 25.0
HPO,™ (20) 504.7 523.3 523.4 —39.9 4835 —488.6 51 30.6 65.4
CHsNH, (2h) 104.7 104.0 104.3 —33.6 70.8 —63.7 7.0 19.9 60.5

aThe standard state for all entropies and free energi@sM at 298 K. Toconvert the gaseous-phase results to a standard state of 1 atm at 298
K, 7.9 kJ mot! must be subtracted fromTASg) and AG(g). Free energy changes are derived from the €R&D enthalpies® B3LYP/6-
311+G(3df,2p) energies of B3LYP/6-31G(d)-optimized structufeBanslational and rotational components of the entropy remosged text for
an explanation.

much higher still €500 kJ mot?), as they entail heterolysis  are solvated more strongly than the complex and solvation favors
into oppositely charged species. Bicarbonate is a ubiquitousthe dissociation processAAGsoy < 0). Indeed, with the
species in biological systems. The formate anion is a model for exception of the amine complex, all of the complexes are
the carboxylate group of Asp and Glu residues and the predicted to dissociate spontaneousyG(aq) < 0). It is
C-terminal end of proteins. Dihydrogen phosphate is a model apparent that it is the entropy change associated with the
for phosphodiesters as occur in nucleic acids, in the headgroupslissociation that leads to this result. The bindiegthalpies
of phospholipids, and elsewhere. Methylamine, a model for the calculated in the gaseous phase for all of the complexes are
amino group of Lys residues and the N-terminal end of greater in magnitude thahAGgqy |, but thefree energieof
polypeptides, has a gaseous-phase binding energy (104 kdissociation, with the exception of that for the amine complex
mol™?1) that is comparable to the amide carbonyl group. 2h, are less. The calculated results are consistent with experi-
The second and third columns of Table 1, labedddi(0K)- ments involving photochemical oxidation of thiaalcoh8I3he
(g), compare the BDEs at the B3LYP/6-32G(3df,2p) level presence of an intramolecularlyd®-bonded species was
with the more accurate CBSRAD-level values. Contrary to  detected spectroscopically, but only in the case of a five-
the previously noted trend, the B3LYP values for the most part membered ring.
are within 3 kJ mot?! of the most accurate values in the case  Perhaps most surprising is the result that the catamon

of the neutral ligands, oiower by up to 19 kJ moait in the pairs,2e, 2f and2g, are also predicted to dissociate in water. In

case of the negatively charged ligands. these cases also, the large binding enthalpy in the gaseous phase
Stability of Three-Electron-Bonded Complexes in Water. is greater than the difference in combin&., of the ionic

The effect of agueous solvation on the dissociation of the products and the relatively lowGs, Of the neutral complexes.

complexes according to eq 7, is given in columnAAGson) It is the entropic component that tips the balance in the direction

and 8 AG(aq)) of Table 1. In each case, the separated productsof dissociation.
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TABLE 2: Energy Changes (kJ moi~1) and Reduction Potentials (V) for [(CHs),SOX*](aq) + Y2H2(g) — (CH3).S(aq) + :X(aq)
+ H*(aq) (Reaction 8%

X AH(298K)(@)  -TAS(@)  AG(Q) AAGey  AG(aq) E° —TAS?  AG(ag)®  E°P
no ligand(2) 692.5 2.8 689.7 8436  —153.9  1.60

H,0 (2a) 738.9 —25.5 7134  —8789  -1555 161

OCH, (2b) 753.4 —29.8 7235  —901.6 —178.1 185

OCHNH, (20) 793.6 ~36.1 7575  —9259  -1684 175 17.9 1144 119
OCHNHCH; (2d) 801.8 —26.7 7752  —940.1  —164.9  1.71 29.3 -108.9 1.3
HCO, (2¢) 1257.1 —37.9 1219.2  —1396.2  —179.0  1.86 15.9 1252  1.30
HCO5~ (2f) 1240.3 -33.9 1206.4 —13857 —181.5  1.88 225 -1248  1.29
HPO,~ (29) 1215.8 —34.8 1181.0 13307 —149.7 155 31.8 -83.1 0.86
CHaNH, (2h) 796.9 -30.7 766.1  —907.3  —141.2  1.46 21.1 —89.3 0.93

a2 The standard state for all entropies and free energiésM at 298 K. Toconvert the tabulated gaseous-phase results to a standard state of 1
atm at 298 K,—7.9 kJ mol! must be added te TAS(g) andAG(g). Free energy changes are derived from the €BAD enthalpies® Translational
and rotational components of the entropy removsee text for an explanation.

In the case of dihydrogen phosphate, the free energy for The computed data for reaction 8 are collected in Table 2.
dissociation of the complexgis close to zeroAG(aq)= —5.1 The first two rows compare the effect of continuum solvation
kJ mol1). This result is consistent with the observation that for dimethyl sulfide radical cation without and with explicit
high concentrations of added phosphate effectively prolonged solvation of the cation by one water molecule. The predicted
the lifetime of oxidized Met speciés. E° values, 1.60 and 1.61 V, respectively, are close to the

The nature of the sulfide radical catia2) {n water is of some experimental valueE® = 1.66 V20 The similar values of°
interest. As the first row of Table 1 indicates, a discrete 1:1 with and without explicit complexation with water suggest at

complex betweer2 and a water molecule, namel3a, is least partial complexation, consistent with the observation of a
predicted to have transient existence at best. We return to thissolvent isotope effect in the photochemical oxidation of dimethyl
point below in the discussion of the reduction potentials. sulfide??

Modeling Intramolecular Stabilization of Sulfur Radical The reduction potentials for all three-electron-bonded com-

Cations. In the systems discussed above, the sulfur radical cation plexes are given in column 7 of Table 2. As anticipated from
and the ligand, :X, are independent species in solution. Dis- the aqueous dissociation data in Table 1, a modest lowering of
sociation is favored by entropy, as seen in column 5 of Table E° s seen only in the case of the amine and the phosphate
1. However, the situation may be radically different in a |igands. As the data up to column 7 represent the situation where
biological system where the sulfide radical cation (of Met) and the ligand and cation radical are freetto associate, a reduction
the ligand may be constrained into close proximity by the tertiary potential higher than that of the aquated radical cafigsnot
structure of the protein, protein/membrane, or protein/nucleic expected for a solution containirggand any of carboxylate or
acid Complex. The last two columns of Table 1 model the case bicarbonate Sa|[3, or amide groups. By ex[ension, one must
where the sulfur radical cation and the ligand, :X, ac¢free conclude that the mere presence of electron-pair donors in the
to drift apart. We simulate this situation by removing all the vjcinity of a Met residue is not a sufficient condition for
translational and rotational contributions to the entropies of all acilitating its oxidation.

species in eq 7 (except,B, H,CO, and HC@") and retaining The Reduction Potential, E°, of (CH3),S* in Close

only the vibrational and elgctronic.compor)ents. T_hus., the Proximity to Intramolecular E'Iect'ron Pair Donors, :X. The
entropy change for eq ASY' Is negative and its contribution situation discussed in connection with the complexation data
to the free energy change is positive. The last column of Table in the last two columns of Table 1 is repeated in the last three
1 gives the free energy chang&G(aq),, of reaction 7 with the columns of Table 2. If the Met (modeled by (@h5) and

“|ntr$molecgl?r’l’lcqns;[;amts For:&gf;?e Ilgﬁnqrsr?(aqx IS electron-pair donor are constrained into close proximity by the
positive and 1afls In the range, - mot= 1his range secondary structure of the protein or protein/membrane or
represents the amount of stablllzatlor_l of_the S radical cation protein/nucleic acid complex, then a substantial reduction of
by ngarby electron pair donors.anq) it will be reflected in a E° is predicted due to the reversal of the sign of the entropic
lowering of the reduction potential&’, for such systems, as components of the free energy changevalues (last column
Segf‘ belr:)vlv.s ifide Oxidati Th ducti aE° of Table 2) are predicted to fall into the narrow range-01-8

f ('_:T_'et g.Jr >u Ihe X atlon.f Ie re uctlc_)ndpotentmll)l,(:_ ' V. The largest effects are predicted for alkylamino groups
of (CHg)oS™ in the presence of electron pair donors, : (modeled by CHNH,) and for phosphodiesters (modeled by

h The reductlofnd_;;fotenn?l of d'"_“e(;hy' sulﬂdle rad|ca|hcat|on(;n OIH2PO4‘). It must be emphasized that modeling of constrained
the presence of different lone pair donors, relative to the standar systems by the devise of removing translational and rotational

hydrogen electrode, is calculated from the free energy changenyipytions to the entropy is a very crude approximation. A

of reaction 8 more realistic treatment is described below in the case of Met
N L derivatives.
[(CH),STX ](aq) + 7;H,(9) — Oxidation of Methionine Derivatives. The modeling of
(CHy),S(ag)+ :X(aq) + H*(aq) (8) various $1X systems discussed above has indicated that the
reduction potential, and therefore the barrier for the reverse
oxidation, may be lowered significantly (cf. columns 7 and 10
of Table 2) if one removes all conformational flexibility from
. n the oxidized and reduced forms. This represents a limiting case.
E°((CHy),SO X /(CH,),S) = —AG(ag)F 9) We consider below the more realistic case of the redox chemistry
of a Met residue in isolation, or in a polypeptide environment,
whereF is the Faraday constarf, = 96.485 kJ moi! V1, while taking into account the conformational flexibility of the

by the relation (eq 9)
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Reduced f

36 . 36+ 3

Oxidized

Figure 3. Species involved in redox chemistry of aqueous methionine.

Met and its immediate environmeri?’ for each of the cases the sulfur radical cation and either theNH, or COO(H) group,
listed in Table 3 and shown in Figures-B is calculated (using  as verified by a parallel experiment on a Co(lll)-coordination
eq 9) from the free energy change for reaction 10 or 11, as complex in which both groups (but not S) were coordinated to

appropriate. the metal and therefore not available for cation radical stabiliza-
tion. In this case, the peak anodic potential was greater than
S X]ag + VeHyg —— > S Xlag + Hag 10 1.82V.
J .
The corresponding three-electron bonded complexes of
S\ j( Jagy + %2 Hag > S XH ] oq) an oxidized3 are shown in Figure 3. Five distinct modes may be

— considered for intramolecular coordination of the S radical
cation: (1) to the carboxylic acid group vid1® bonding to
the carbonyl oxygen 3g); (2) via S10 bonding to the
carboxylate group in its deprotonated state with the amino group
protonated 3b); (3) to the deprotonated amino group via 8§
bonding with the carboxylate group protonatet)( (4) via
S0 bonding to the carboxylate group in its deprotonated state
with the amino group also deprotonated@d); (5) to the
deprotonated amino group vial® bonding with the carboxy-
— + e late group also deprotonate8d. B3LYP/6-31G(d)-optimized
SiX+e +H Si_XH (12) structures were located f8a—d. Attempts to optimize structure
the measured reduction potenti&t;!, will be dependenton pH  3e were difficult due to a tendency toward spontaneous
by eq 13 decarboxylation to CEBCH,CH,C-HNH, + CO,. We were,
however, unable to obtain the CBRAD energy since some
E =E° + (RT/F) In(H"] + K 2 (13) of the intermediate steps converged to an oxy-centered radical.
In 33, the S10 bond distance is the longest of the present study,
where K, is the acid ionization constant of S;_XH and the fso = 2.72 A, and only 9% of the spin is transferred to the
stoichiometric quantities of oxidized and reduced species are 0Xygen end of the three-electron bond. TteSbond distance
equal. At pH= 7, if K5 < 1077, thenE* = E° — 0.41 V. The in 3d, rso=2.47 A, is 0.04 A longer than found in the formate
potential,E*’, is a more meaningful measure of redox activity complex (Figure 2) discussed above. As in that case, substantial
in biological systems. In the few cases where eq 11 applies, weoxidation of the carboxylate group is evident, as only 42% of
will give both the calculatedE® and E° values. the spin remains on the S atom.

Reduction Potentials of Simple Met Derivatives. As The relative free energies 8f, 3b + H, 3c + H*, and3d
discussed in the Introduction, the redox chemistry of the amino + 2H", derived from the data in Table S1 and given in Table
acid, methionine, has been studied under acidic, neutral, and 3, are (in kJ mot!) 39.5, 45.3, 0.0, and 86.9, respectively. Thus,
alkaline conditions by cyclic voltammetry. The measured peak the most stable structure for oxidized Met in aqueous solution
anodic potentiald:*, cannot be equated directly witf values is 3c (Figure 3), which has an intramolecular]8l bond. The
but provide a measure of the change expected as a function ofenergy of the other SN-bonded specie8e + H' relative to
pH or substitution pattern. For Met, they are as follows: $H 3cis estimated to be 17 kJ mdlbased on the assumption that
21,E* =173V, pH=7,E* =148 V; pH= 12.2,E* = pKa ~ 3 for 3¢, i.e., intermediate to that &" (pKa = 2.1, eq
1.40 V1° The variation ofE*, and presumablhE®’, with pH 4) and HCQH (pK, = 3.74, eq 3). Thus, at pH 3 the dominant
was attributed to the possibility of complex formation between form of the oxidized Met i3c, while at pH> 3, structure3e

Here the “S” represents the S atom of the Met side chain, and
X represents an O or N atom of an amide group, or-tiNH>
and —CO,~ groups of the N and C terminals, respectively.
Charges are understood.

The reduction potential derived from eq 10 (or eq 8) does
not depend on pH. However, in the case of eq 11, for which
the half-reaction is of the form of eq 12
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TABLE 3: Energy Changes (kJ mol~1) and Reduction Potentials (V) of Met Derivatives for [(CHs),SO X ](aq) + Y.Hx(g) —

(CH3),S(aq) + :X(aq) + H*(aqg) (Reaction 8}

reaction AH(298K)(g) TAS(Q) AG(g) AAGsoly AG(aq) Ka E° (E*")
Methionine Amino Acid3?

3r— 3+ HT 991.9 —24.9 967.0 —954.1 12.8 2.25

) =3+ H" 1336.4 —22.3 1314.0 —1259.5 54.6 9.56

3a—3b+H*t 572.2 -17.7 554.5 —546.3 8.3 1.45

3b—3c 73.4 1.6 75.0 —27.7 47.3

3c—3d+H*f 1037.9 —29.3 1008.6 —919.2 89.4 15.66

Low pH (pH= 2)

3a+ YH,— 3T + HT 378.2 —-11.4 366.8 —563.1 —196.3 2.03

3b + YH,— 3 —-1915 6.2 —185.3 —16.8 —202.1 2.09 (1.87)

3c+ YH,— 3 —-118.1 7.8 —110.3 —44.5 —154.8 1.60 (1.50)
Neutral pH (pH= 7)

3b + YH,— 30+ HF 800.3 —18.6 781.7 —-971.0 —189.3 1.96

3c+ YoHy— 3+ HF 873.7 —17.0 856.7 —998.7 —142.0 1.47

3d + Y,H,— 30) —164.2 12.3 —151.9 —79.5 —231.4 2.40 (1.99)

3e+ YpH,— 304+ 1.66(1.25)
High pH (pH= 12)

3c+ YHy— 37+ 2HF 2210.1 —39.3 2170.7 —2258.2 —87.4 0.91

3d+ YoH,— 3+ HF 1172.2 —10.0 1162.1 —1336.9 —176.8 1.83

3e+ 1/2H2—> 3 +H*F 1.09
N-Terminal Met4°

4t — 4+ H 947.5 —23.7 923.8 —892.1 31.7 5.55

da+ Y,H,— 4+ HF 824.0 -17.3 806.8 —-922.1 —115.3 1.20

da+ YHy— 4 —123.5 6.5 —117.0 —30.0 —147.0 1.52 (1.112)
C-Terminal Met5¢

5a+ Y,H,— 5+ H* 1135.0 -10.5 1124.5 —1316.4 —191.9 1.99

Midchain Met6?®

600-D— 600 7.2 -0.3 6.9 -1.8 5.1

600~ — gN®O 9.3 -0.6 8.6 —6.1 2.5

600-1)— gN(+D) 52.4 —4.4 48.0 —-30.7 17.3

600+ 1/,H,— 6 + H* 784.5 —18.8 765.6 —933.4 —169.8 1.74

60@ +YHy,—~ 6+ HT 777.3 —185 758.8 —931.6 —172.8 1.79

6NO + YoH,— 6 + HT 775.2 —18.2 757.0 —927.3 —170.3 1.76

6N 4 1/,H,— 6 + Ht 732.1 —14.4 717.7 —902.7 —185.0 1.92

a2 The standard state for all entropies and free energiésM at 298 K. Toconvert the tabulated gaseous-phase results to a standard state of 1
atm at 298 K,—7.9 kJ mot! must be added te- TASg) andAG(g). Free energy changes are derived from the €BSD enthalpies® Refer to
Figure 3 for structures. Refer to Figure 4 for structure$Refer to Figure 5 for structuregRefer to Figure 6 for structureSDerived from reduction

of 3c by eq 14, assumingia = 3.

dominates. Structure3e is very prone to decarboxylation

of the oxidized Met is the SN species,3e The calculated

computationally and probably is the precursor species that is reduction potential of this formz°(3¢/3(¥7)), may be derived

responsible for the experimentally observed rapid decarboxy-

lation of Met upon one-electron oxidatiGh2®

Low pH. At sufficiently low pH, both the amino and
carboxylate groups of the parent Met are protonad&dFigure
3). However, at pH= 2.1, at which the peak of the anodic

from E°(3¢/3(+7)) in a manner analogous to eq 12. From Table
3, E°(3¢/3t+7)) = 1.47 V, from which one obtaing®(3e+H"/
3(+7)) &~ 1.66 V ande®' (3et+H/3(+7)) ~ 1.25 V. TheE® value
is somewhat lower thak* observed, 1.48 ¥ as expected.

Reduction Potentials of N- and C-Terminal Met Residues.

oxidation potential was measured, Met exists as a 1:1 mixture N-Terminal Methionine. An N-terminal Met residue is mod-

of 3t*7) and 3*. As mentioned above, the dominant form of
the oxidized Met is the SN species,3c. The calculated
reduction potentials from this form at(3c+H*/3") = 1.60
V (E*(8ct+H*/3t) = 1.50 V at pH= 2.1) andE°(3d/3(+7)) =
1.47 V, both of which are somewhat lower thBh observed,
1.70 v1°

High pH. At high pH, pH > 10, both the amino and
carboxylate groups of the parent Met are deprotond&edAs
discussed above, the dominant form of the oxidized Met is the
deprotonated SN species3e, a structure for which we were
unable to obtain the CBSRAD energy. The reduction potential
of 3¢ E°(3€/37), is related td=°(3¢/37) and the acid ionization
constant of3c, K, by the relation 14

E°(3e¢37) = E°(3d3") — RTIn K/F (14)

whereE°(3¢/37) = 0.91 V from Table 3, and we have assumed
the valueK, = 1073. Thus,E°(3€/37) ~ 1.1 V, which is lower
thanE* observed, 1.40 V at pH= 12.21°

Neutral pH. At pH = 7, the parent Met is in its zwitterionic
form, 3(-7) (Figure 3). As mentioned above, the dominant form

eled by theN-methylamide of methionine in its deprotonated
form, 4, and in its protonated formy* (Figure 4). The acid
ionization of4™ — 4 + H* is calculated asko, = 5.55 (Table

3). Interestingly, without the empirical correction for thé&Hs™
group mentioned above, one find§= 9.49, i.e., in the range
expected for a free amino group. This suggests that the empirical
correction may not be warranted in this case.

The structure of its intramolecularly coordinated radical cation
4ahas a short 8N separationfsy = 2.55 A. Coordination of
the N to thepro-Sface of the S atom is shown in Figure 4. The
structure of the diastereomeric form with coordination to the
pro-Rface was not located. It is assumed to have similar energy
to 4aand its influence on the free energy4# is estimated as
an entropy of mixing RIn 2). Structures analogous #a were
proposed as intermediates in the formation of azasulfonium salts
through the reaction of photooxidiz&imethionyl peptides with
oXygen or superoxide®

Table 3 collects the data associated with the calculation of
the reduction potential&°(4a/4) = 1.20 V andE°(4at+H"/
4%) = 1.52 V [E*(4atHt/4T) = 1.11 V at pH= 7). In the
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Figure 4. Models for the reduction of N-terminal Met.
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Figure 5. Models for the reduction of C-terminal Met.

case ofE°(4a/4), a single factor is mainly responsible for the
low value namely the large difference in solvation of the radical
cation compared to the neutral product. The difference is
substantially decreased in the cas&dfdat+H"/41), and even
more so if one uses the “uncorrectefiGsq, value, in which
caseE°(4atH"/4%) = 1.74 V andE® (4at+H"/4") = 1.33 V.
Both the corrected and uncorrected values fall within the
error bars of the experimental value determined for MetGly
which differs from4* only by the presence of a carboxylate
group, E* (MetGlyt+H*/MetGly) = 1.42+ 0.3 V26
C-Terminal Methionine. A C-terminal Met residue is
modeled by N-acetylmethionine anionb (Figure 5). The
structure of one of its intramolecularly coordinated oxidized
forms, 54, is also shown in Figure 5. The diastereomeric form,
involving the pro-R face of the S atom was not located. It is

J. Phys. Chem. A, Vol. 108, No. 50, 20041039

of thepro-Sform. Table 3 collects the data associated with the
calculation of the reduction potentidt®(5a/5) = 1.99 V. A
value,E°(5a/5) = 1.75 V, is obtained if the empirical correction
for the carboxylate group @ is not included. The high value

of the reduction potential is remarkable but not unexpected based
on the model data presented in Tables 1 and 2. The high
neurotoxicity of the 11-residue fragment, GSNKGAIIGLMAA
(25—35)), has been attributed to the ready oxidation of the
C-terminal Met due to the CO-group stabilization of the
oxidized form (although the nature of the oxidizing species was
not identified)!? The present results suggest that this unlikely
to be the explanation. However, as the extensive amount of spin
delocalization (Figure 5) suggests is also prone to irreversible
decarboxylation, and this factor may be responsible for the
apparent ease of oxidation.

It is evident from the calculations that the intrinsic stabiliza-
tion due to the 81O bond formation (see data in Table 1) is
more than balanced by lower solvation of the neutral oxidized
species5a (AGsoy = —30 kJ mot!), compared to the reduced
parent,5 (AGsoy = —239 kJ mof?), with the result that the
reduction potential is actually raised. In reality, as in the case
of the carboxylate compleXe (Figure 2 and Tables 1 and 2),
the intramolecularly bonded three-electron spesasould not
be stable in solution relative to a ring-opened form, and the
observed reduction potential would be that of the solvent-
separated Met S radical cation, nam&fy~ 1.6 V.

Reduction Potentials of Midchain Met ResiduesA Met
residue in the middle of a polypeptide chain is modeled by
N-acetylmethioninamid® (Figure 6). The side chain is long
enough to permit the S radical cation to make intramolecular
three-electron bonds to the amide group on either side.
Coordination may be to either thgo-R or pro-Sface of the
—CH,—S—CHjs plane, and each amide group may be either a
donor through the carbonyl O atom, octradonor, principally
through the amide N atom. We find that oxygen-coordinated
structures are similar in stability to the amide N-coordinated
ones. Examples of the B3LYP-optimized structures of all four
coordination motifs of the radical cation are shown in Figure
6.

The most stable structur6Qi—1, has a three-electron bond
between the S and the carbonyl oxygen atom of the preceding
(i—1) residue, forming a seven-membered ring. THeC5
distancerso = 2.47 A, is only slightly longer than found for
the amide complexes discussed abofe, @d in Figure 2).
Extensive spin delocalization is evident with 67% of the spin
on S and 31% on O. The othefl® structure 600, is 5 kJ
mol~! higher in energy thafOl(~1). The six-membered ring of
600 permits a shorter SO separationfso = 2.40 A. The
principal difference between the structure @® and all of
the others shown in Figure 6, is that the backbone has folded
away from the extended structure (with an internal H bond
between the=O and H-N of the same residue) into one with
an H bond between theeO and H-N of thei—1 andi+1
residues, respectively. Structures analogo&Qh 1 and60®
have been discussed previously by Pogocki, Serdiuk, and
Schmeict® who found the six-membered ring structure to be
more stable than the seven-membered-ring structure, contrary
to the present results. However, their structures were diastere-
omeric to, and less stable than, both6@® and 600D,

One of the §IN coordinated structureN®, is only 2.5 kJ
mol~! less stable thaBOQ(~1, The other,6N(*D, is the least
stable of the four, 17.3 kJ mol higher thar600-1). The amide-

assumed to have similar energy and, as above, its presence isncorporated N atom is not as good an electron pair donor as

accommodated through a contribution to the entropy of mixing

that of a free amino group. In the more stable form, theNs
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(0.31)"

6N
Figure 6. Models for the reduction of midchain Met.

distancersy = 2.68 A, is somewhat longer thagy = 2.61 A predicted to be stable in water in the model systefisialues

in 2h andrsy = 2.55 A in 4a. N-deprotonated forms dN® as low as 0.9 V may arise as a result of stabilization by amines

and6N(*1) have been observed through time-resolved conduc- (e.g., the side chain of Lys) or phosphodiesters (nucleic acids,

tivity measurement&® Such structures and the mechanism of phospholipid bilayers).

their formation are beyond the scope of the present investigation. The pH dependence of the electrochemistry of methionine
The predicted reduction potentials are as followE&(600~2/ in water is well reproduced: pk 2, E°(3c+H*/3") = 1.63

6) = 1.74 V; E°(600/6) = 1.79 V; E°(6NV/6) = 1.76 V; E°- V, E(3ct+H/3Y) = 1.51 V; pH= 7, E°(3e+H"/3()) = 1.64

(6N(*1/6) = 1.92 V. Thus, in an aqueous environment, no V, E(3e+H*/3(+7)) = 1.23 V; pH= 12,E°(3¢/37) = 1.12 V.

reduction in theE® of Met is expected by its incorporation into At neutral and high pH, the stable form of the oxidized Met,

a protein strand if the only electron pair donors available for 3¢ has an intramolecular (BN bond and a deprotonated

SO0 or 1N bond formation were nearby amide groups. This carboxylic acid group.

conclusion is expected to extend to the case discussed by The product radical catioa of one-electron-oxidized

Pogocki and Scheeich in which stabilization of the radical  N-terminal Met4 is predicted to be strongly stabilized by an

cation by the carbonyl of the lle31 residue of helicg was  intramolecular §N bond and to have a low reduction potential,
deemed responsible for the neurotoxicity q8.A E°(4atH*/4) = 1.54 V, E”(4atHt/4+) = 1.13 V (1.35 V
) uncorrected) at pH= 7. Similarly, a one-electron-oxidized
Conclusions C-terminal Met forms a strong intramoleculad ® bond with
Three-electron bonding between sulfide radical cafi@amd the free carboxylate group. However, the neutral comBiax

various biologically available oxygen and nitrogen electron- is predicted not to be stable in water. Thus, in an agueous
pair donors was studied in aqueous solution with a view to e€nvironment, no stabilization of the oxidized sulfur by the
quantifying its effect on the reduction potential of dialkyl carboxylate group is expected. If the gaseous-phase geometry
sulfides and methionine. The gaseous-phase&X$ond dis- of 5ais maintained in solutiork°(5a/5) = 1.99 V. In the case
sociation enthalpy (BDE) between dimethyl sulfide radical of a midchain Met6, the most stable oxidized isomer in the
cation and water is weak, 46 kJ mal less than half of the  present study6O(~b, has an intramolecular(80 bond with
value for amines, 104 kJ mdl (:X = CHsNH,), or amide the carbonyl group of the — 1 residue in the gaseous phase.
carbonyl, 109 kJ mof (:X = OCHNHCH;). The gaseous-phase  However, the predicted high reduction potentti(60(~/6)
BDE of cation—anion complexes is much higher (:X, kJ mbt = 1.76 V, suggests that the cyclic structure is unlikely to be
HCO,, 559; HCQ, 548; PO, ~, 523. With the exception stable in solution. The possible involvement of experimentally
of the amine complex, and possibly the water and dihydrogen observed SN species involving a deprotonated backbone
phosphate complexes, the three-electron bond is predicted toamidé? are not part of the present study but are under
dissociate spontaneously in water. In every case, the BDE isinvestigation.
higher than the free energy of solvation of the dissociated In summary, we find no three-electron bond assistance for
products but the difference is small and overwhelmed by the the oxidation of a C-terminal or midchain Met residue. Likewise,
entropy-derived part of the free energy of dissociation. For neither the carboxylate groups of Glu or Asp side chains, nor
oxidized dimethyl sulfid&, the standard reduction potential is the amide groups of GIn or Asn side chains, will facilitate
accurately predicted by the CPCM continuum model em- oxidation of the S atom in an aqueous environment. However,
ployed: E°(calc) = 1.60 V; E°(exptl) = 1.66 V. We estimate accessibility to an amino group, either intramolecularly as in
that the uncertainty ife°(calc) in the present study #50.1 V. an N-terminal Met, or intermolecularly by, e.g., a lysine side
In a conformationally constrained environment, where the chain, can result in substantial lowering of the reduction
entropic driving force for dissociation is less, thié % bond is potential. Similarly, proximity of a phosphodiester group as in



One-Electron Oxidation of Methionine

a protein-nucleic acid complex, or a phospholipid membrane-

embedded protein, may facilitate the oxidation of the Met.
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