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Abstract A mechanism for the oxidation of a dimeric β-
amyloid copper ion complex is proposed based on DFT
calculations. It involves the Met35 residue, which is
believed to be important in the neurotoxicity causing
Alzheimer’s disease. Oxidation of Met35 is found to
proceed readily with dioxygen when two Met35 residues
are close to each other and the copper ion. This indicates
that oxidants, such as hydrogen peroxide, are not necessary
for oxidation of β-amyloid copper ion complexes. Under-
standing these processes could be pivotal in gaining more
knowledge of this complex disease and for the development
of therapeutic treatments.
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Introduction

Alzheimer’s disease (AD) is an incurable degenerative
brain disease. It is characterized by impaired cognitive
functions that are caused by extensive neuronal loss, and
the presence of numerous polypeptide aggregates forming
senile plaques in the brain. These are composed of a 39–43
amino acid polypeptide called β-amyloid (Aβ) [1, 2].
While plaques are the most obvious pathological feature of
AD it is believed that it is soluble oligomeric forms of Aβ
rather than the deposited material that are the toxic species
responsible for the neurodegeneration [3, 4]. The first row
transition metals Zn, Cu, and Fe are highly enriched in β-
amyloid deposits (plaque) in AD [5]. Increasing evidence
has implicated oxidative stress in the pathogenesis of AD.
Since Cu and Fe are redox-active elements they may
contribute to the oxidative insults that are observed in the
AD-affected brain [6]. In vitro it has been shown that the
Aβ copper complex (Aβ/Cu) catalyzes the formation of
hydrogen peroxide (H2O2) from dioxygen (O2) and
substrates, such as ascorbic acid and cholesterol [7], which
has been suggested to be one route to the oxidative stress
observed in AD [8]. Both Tyr10 and Met35 have been
demonstrated to be of pivotal importance for the redox-
chemistry of Aβ-Cu [9, 10]. We propose herein a
mechanism (see Fig. 1) based on density functional tTheory
(DFT) calculations showing how Met35 is oxidized to its
corresponding sulfoxide when Aβ forms a dimeric complex
with Cu2+, using O2 as oxidant. The mechanism requires
the simultaneous oxidation of two Met35 residues to their
corresponding sulfoxides. A recent experimental study
showed how the two Met35 residues may be brought close
to each other prior oxidation by forming a β-amyloid dimer,
held together by two copper ions [11]. The sulfoxide is more
soluble than the corresponding thioether and the oxidation
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of Met35 may be a driving force for the solubilization and
increased neurotoxicity of β-amyloid [12].

Computational methods

Geometry optimizations were performed with the non-
local gradient-corrected B3LYP density functional and
the LANL2DZ basis set using the Gaussian 03 program
[13]. All optimized stationary points were checked by
means of frequency calculations at the level they were
geometry optimized. Unscaled frequencies were used to
obtain zero-point energies. Single-point energy calcula-
tions were performed on all optimized geometries using
the larger 6-311+G** basis set. Solvation calculations
were carried out with the Poisson-Boltzmann solvation
model implemented in the Jaguar program [14]. The
dielectric constant was set to ε=4 to simulate a hydro-
phobic environment around the reaction site of the Aβ/Cu
complex and ε=80 to simulate an aqueous environment.
The non-local gradient-corrected B3LYP functional and
the LACVP basis set were used in these calculations. The
presented energies were computed as:

E ¼EelectronicþEZero�pointþESolvation:

For two of the studied complexes (C and D in Fig. 2) we
were not able to obtain fully optimized geometries, i.e.,
only the RMS force and not the maximum force were below
the default thresholds of Gaussian 03. Further optimization

lead to dissociation of the molecular complexes. This is not
surprising considering that both these structures have a total
charge of two and consists of two positively charged
monomers. The dissociation is most likely an artifact of the
truncated model systems, since in the real system these
complexes are likely to be held together by the protein
environment.

Results and discussion

Discussed below are the results of the DFT-calculations
carried out on the suggested oxidation mechanism of
Met35. A detailed mechanism with its stationary points A
through F referred to below is shown in Fig. 2.

Met35 radical cation formation drives the reduction of Cu(II)

The first step of the Met35 oxidation, as depicted in Fig. 2,
involves the reduction of one of the Aβ bound copper ions.
We assumed that one electron is transferred from one of the
two Met35 residues via electron transfer to one of the
copper ions, which previously has been suggested by
Pogocki et al. [15]. It has been demonstrated that Cu2+

coordinates the His6, His13, and His14, whereas the exact
nature of the fourth ligand has been the subject of several
conflicting studies [16]. Recent data suggest an oxygen
atom ligand donated by an Asp, Gln, or the Tyr10 (in its
deprotonated tyrosinate form) residue, rapidly equilibrating
between several square-planar complexes [17, 18]. Here we
chose Tyr10 as the fourth ligand. The reduced Cu+ ion
prefers a trigonal coordination comprising the His residues.
Previously it was demonstrated how the reduction of Aβ/
Cu2+ involves the protonation and departure of Tyr10 from
the first coordination shell around the copper ion [9]. We
reasoned that for the reduction to be energetically favorable
Tyr10 either does not bind to the metal or it must depart
from it in an uncharged form prior to metal ion reduction.
Computations were carried out to simulate such a proton
exchange reaction by geometry optimization of A and B
(Fig. 2). Awas modeled by one Cu2+ ion coordinating three
imines (modeling His6, His13 and His14), one phenolate
(modeling the tyrosinate of Tyr10), and one Met35 residue
was represented by the truncated amino acid CH3NH-
(C=O)CH2CH2CH2SCH3 coordinating the copper ion in an
apical position. The complex was solvated by three explicit
water molecules positioned around the tyrosinate side-chain
oxygen. Going from A to B involves the transfer of a
proton from an oxonium ion in aqueous solution to A. The
oxonium ion and the resulting water molecule were
solvated in a dielectric continuum with ε=80. A and B
were solvated by a low and high dielectric continuum using
a dielectric constant value of 4 and 80. The free energy of

(Aβ(Met35)/Cu2+)(Aβ(Met35)/Cu2+)

β-amyloid copper ion dimeric complex

(Aβ(Met35
+*)/Cu+)(Aβ(Met35)/Cu2+)

O2

O2

(Aβ(Met35O)/Cu2+)(Aβ(Met35O)/Cu2+)

Cu2+

Cu+

Cu+

Cu2+
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Met35

Fig. 1 Suggestedmechanism of howbothMet35 residues in the (Aβ-Cu)
(Aβ-Cu) dimer are oxidized by one O2 molecule
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this proton exchange process (after taking into account the
large difference in concentration when replacing the water
molecule with an oxonium ion [19]) turned out to be
endergonic by 13.3 kcal mol−1 in the low dielectric medium
calculations but exergonic by 9.2 kcal mol−1 with a
dielectric continuum modeling aqueous solution. These
results suggest that the tyrosinate side-chain oxygen is
protonated in water and that Tyr10 does not coordinate to
the metal ion, in agreement with previous studies [16].
Selected bond lengths and spin density values of the
geometry optimized structure B are presented in Fig. 3.
No attempts were made to estimate the activation barrier of
this electron transfer process. The reduced state of the
copper complex was geometry optimized with a trigonal
planar geometry around the metal ion and with the sulfur
moved away from the copper center and instead coordinat-
ing one face of the aromatic ring of Tyr10. Subsequent

spin-density analysis showed that one electron had escaped
Met35 and had moved to the copper center reducing it to
Cu+. The results indicate that the positively charged sulfur
atom interacts with the negatively charged π-system of the
aromatic ring. Similarly, it is known that alkali metal
cations form complexes with aromatic systems [20]. The
energy difference in aqueous solution going from B to C
was computed to 12.4 kcal mol−1. In a hydrophobic
environment (ε=4.0) this energy difference was, however,
reduced to 6.4 kcal mol−1. In gas phase the process is
thermodynamically favored by −6.9 kcal mol−1. Unfortu-
nately, it is difficult to estimate the local dielectric
constant around the copper ion since no structural data
exist. However, the results agree with experimental data,
which show that methionine is a poor reducing agent for
copper in solution [21, 22]. The positively charged sulfur
has been suggested to be stabilized by its backbone
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Fig. 2 Suggested mechanism of the oxidation of Met35 in the Aβ/Cu dimeric complex
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carbonyl oxygen [23]. As can be seen in Fig. 4 the
carbonyl oxygen - sulfur distance has decreased from
3.65 Å in B to 2.85 Å in C.

Pogocki et al. argued that Met35 is not in close
proximity to Cu2+ during the electron transfer due to the
distance in amino acid residue sequence and the presumed
α-helical secondary structure in which environment the
reduction is taking place. However, if such a process occurs
with the Met35 far from the copper ion the sulfoxide would
not form since Rauk et al. [24] and Albini et al. [25] have
demonstrated that dioxygen does not bind covalently to the
radical cation. Instead, the acidity of the formed Met35
radical cation would make it deprotonate. The formed
neutral radical would then add O2 to a carbon neighboring
the sulfur producing a carbon-centered peroxy radical.
Egnaczyk et al. demonstrated that Met35, which is located
near the C-terminal, can be in close proximity to Phe4
located near the N-terminal (thus probably close to His6,
Tyr10, His13, and His14) by using a photo-affinity cross-
linking technique to insert L-p-benzoylphenylalanine
(replacing Phe4) into the δ-methyl group of Met35 [26].
In addition, Murakami et al. demonstrated, using electron
spin resonance, that Met35 and Tyr10 are close in space
[27, 28]. Hence, we argue that Met35 must come close to
Cu2+ during the electron transfer process, taking active part
in the redox chemistry with the metal ion.

The production of sulfoxide involves formation
of a persulfoxide intermediate

Foote et al. suggested a mechanism how sulfoxides form
from thioethers in sensitized photooxidations [29]. Here
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singlet dioxygen reacts with the thioether producing a
persulfoxide intermediate, being an R2-S

+-OO− zwitter ion,
or possibly the biradical R2-S*-OO* or the cyclic thiadiox-
irane of R2-SOO. This high-energy intermediate then reacts
with another thioether forming two sulfoxides (R2-S=O).
The reaction is very slow in diethyl ether, benzene and dry
acetonitrile, however, it is accelerated when adding small
amounts of water to the solution. Correa et al. reported that
the same reaction gives a high yield without sensitizers, but
with a 40 atm O2-pressure in polar solvents and elevated
temperatures [30]. The same group reported catalytic
conversion of dialkylsulfides to their corresponding
sulfoxides when mixed with O2 and Ce(IV)/Ce(III)
ammonium nitrate salts. No catalysis could be achieved
with salts formed from metal ions such as Fe3+, Ru3+,
Ag+, and Mo5+. The fact that Met35 is a weak, but still
sufficient reducing agent, that converts Cu(II) to Cu(I) has
been attributed to its ability to stabilize the formed sulfur
radical cation via the lone-pairs of the backbone carbonyl
oxygen (see Fig. 4). Thus, the oxidation of Met35 likely
proceeds through the stationary points A, B, and C.
Therefore, it seems feasible that dioxygen adds to the
reduced copper center and forms a superoxide radical
anion which then rapidly reacts with the Met35 radical
cation. The change in free energy upon coordination of
O2 to Cu+ should not be very unfavorable since an X-ray
structure has been reported where O2 binds to a Cu center
coordinating His and Met residues [31]. By taking this is
into account the formation of D (see Fig. 4) from C
and free dioxygen should be energetically accessible.
Baciowcchi et al. demonstrated by using the ab initio
method G3 that the dimethyl persulfoxide zwitter ion and
the corresponding thiadioxirane are almost isoenergetic
[32]. Hence, dioxygen adds to Cu+ (D), gets reduced, and
reacts with the radical cation of the Met35 model forming
a zwitter ion. Then, it reacts with a second Met35 residue
(modeled by dimethylsulfide) forming E. This process
turned out to be thermodynamically favored in both the
low and high dielectric medium by −9.2 kcal mol−1

and −12.2 kcal mol−1 respectively. A transition state F
(see Fig. 5) and product complex G were located and
geometry optimized. The results of these calculations show
that the reaction is highly exothermic (−54.4 kcal mol−1, F to
G in water solution) and the computed activation energy
barrier is 15.2 kcal mol−1 (E to F) in aqueous solution. Thus,
the oxidation of Met35 requires two methionine residues in
close proximity, which is supported by the dimeric Aβ
recently observed [11]

Oxidation of β-amyloid peptide in the presence of H2O2

Chu and Trout recently suggested a mechanism, based on
ab initio calculations, of the dimethylsulfide oxidation to

dimethyl sulfoxide. The reaction was modeled in water
solution and H2O2 was used as oxidant [33]. They
computed an activation barrier of 12.7 kcal mol−1 (using
MP4//B3LYP/6-31++G(d,p) level of theory), which is in
agreement with experiments. This suggests that oxidation
of Met35 in an environment rich on H2O2 should be rapid.
Hence, in an environment rich on dioxygen and reducing
substrates, Aβ-Cu2+ may first catalyze the formation of
H2O2, which then quickly oxidizes Met35. However, in an
environment where efficient enzymatic degradation of
H2O2 occurs the suggested mechanism shows how Met35
can be oxidized by molecular oxygen when present in a
dimeric Aβ-Cu2+ complex.

Summary

On the basis of density functional theory calculations we
suggest a molecular mechanism for the oxidation of
Met35 in a β -amyloid copper complex by molecular
oxygen. The mechanism requires that β-amyloid forms a
dimeric complex with Cu2+. The two neighboring Met35
residues are simultaneously oxidized by oxygen to their
corresponding sulfoxides, which results in increased water
solubility. These findings may be important for understand-
ing the neurotoxicity of solubilized β-amyloid and its
involvement in the Alzheimer’s disease.
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