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Abstract: The pathogenesis of Alzheimer’s disease is strongly associated with the formation and deposition
of g-amyloid peptide (SAP) in the brain. This peptide contains a methionine (Met) residue in the C-terminal
domain, which is important for its neurotoxicity and its propensity to reduce transition metals and to form
reactive oxygen species. Theoretical studies have proposed the formation of SAP Met radical cations as
intermediates, but no experimental evidence with regard to formation and reactivity of these species in
BAP is available, largely due to the insolubility of the peptide. To define the potential reactions of Met
radical cations in SAP, we have performed time-resolved UV spectroscopic and conductivity studies with
small model peptides, which show for the first time that (i) Met radical cations in peptides can be stabilized
through bond formation with either the oxygen or the nitrogen atoms of adjacent peptide bonds; (ii) the
formation of sulfur—oxygen bonds is kinetically preferred, but on longer time scales, sulfur—oxygen bonds
convert into sulfur—nitrogen bonds in a pH-dependent manner; and (iii) ultimately, sulfur—nitrogen bonded
radicals may transform intramolecularly into carbon-centered radicals located on the *C moiety of the peptide

backbone.

Introduction

The deposition off-amyloid peptide #AP) into senile plaque
is an important factor in the pathogenesis of Alzheimer's
diseasé > A hallmark of AP is its pronounced tendency to
aggregate, ultimately forming fibrils in whicBAP adopts a
B-sheet conformatiofr. 12 For a long time3AP aggregation has
been considered the key parameter by whié&P formation
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influences the progression of Alzheimer’s disease. However,
increasing experimental evidence is mounting that aggregation
may not be the only mechanism AP actiort*22 but that
oxidative stress associated with metal-catalyzed transformations
of SAP represents an important pathway of the pathology.
BAP shows a high affinity to Zhand Ct, and binding of
these metals promot@AP aggregatio§:?12428 Moreover, the
peptide efficiently reduces (®uto Cu, a process which
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ultimately generates hydrogen peroxide in aerobic soldfiofd.
Importantly, CUl reduction is only observed with full length
BAP, which contains (i) Clrbinding His residues in the
N-terminal domain and (ii) M&® in the C-terminal domain.
Truncated congeners AP, which either lack the N-terminal
His residues, for examplBAP25-35, or the Met>-containing
C-terminus, for examplgAP1—-28, do not reduce Cp123
However, free Met can reduce Cif incubated together with
BAP1-28 and sodium dodecyl sulfate (SD%).

These data point to an important role for Kéh SAP as an
electron donor for Cl reduction and in the initiation of
oxidative stress. Stoichiometrically, the reduction of' @uCu
requires the one-electron oxidation of Met to a Met radical cation
(MetS**) (reaction 1):

Met(S") + Cu

Met(S)+ CUu' = 1)

Electrochemical experiments reveal tR&(Cu/Cu'SAP) ~ 0.5
V2! and Ey(Met/MetS™) = 1.3 V versus Ag/AgCP that is,
equilibrium 1 is located largely on the left-hand side. However,
equilibrium 1 may be shifted toward the right-hand side through
(i) the efficient removal of MetS (and/or Ct) via irreversible
follow-up reactions or (ii) a shift oEy(Met/MetS™) to less
positive values.

The one-electron oxidation of organic sulfides is catalyzed

by neighboring groups containing electron-rich heteroatoms,

which stabilize the forming sulfide radical catio#<! Our
recent molecular modeling calculations show that in the
C-terminal helical structure gfAP such stabilization is possible
between the sulfide radical cation of Meand the carbonyl
oxygen of the peptide bond C-terminal of 162 As evidence
for this type of stabilization, we have recently reported experi-
ments confirming sulfuroxygen bond formation between
MetS™ and an amide carbonyl group i-acetylmethionine
amide N-Ac-Met-NH,) (see specie5.1in Scheme 1§32 N-Ac-
Met-NH, represents a simple chemical model for the amino acid
Met incorporated in a peptide. The reaction pathway§-éfc-
Met-NH, oxidation were characterized at pH #.By monitoring
the time development of radicals and radical ions following pulse
radiolysis of aqueous solutions, coupled to time-resolved-UV
vis spectroscopy and conductivity detection. All reactions are
displayed in Scheme IN(= 1).

The formation of radical cations is initiated by the reaction
of *OH radicals with the thioether function dfAc-Met-NH,
that leads to the formation of four UV/vis-detectable intermedi-
ates: hydroxysulfuranyl radicall(1) (reaction 2.1), the two
o-(alkylthio)alkyl radicals3.1a and 3.1b (reaction 4.1), the
intermolecularly sulfur-sulfur three-electron bonded dimeric
radical catiord.1 (reaction 5.1), and thiatramolecular sulfur-
oxygen bonded radical catidnl (reaction 6.1§2 The formation
of radical cation#t.1and5.1is paralleled by a net decrease in
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In fact, this parallel decrease in net conductivity is an
important experimental detail supporting radical cation forma-
tion. Hence, even in the absence of amino acids with catalyti-
cally active side chains (such as Asp, Glu, Ser, or Thr) in the
C-terminal AP domain, RAIGLM 3VGGVV*, Met oxidation
to MetS™ may be assisted by the peptide bond in the backbone.

This mechanism also provides a convenient route to carbon-
centered radicals froffAP (a novel pathway will be character-
ized in this paper). Electron spin resonance (ESR) experiments
have shown the formation gfAP-derived radicals (possibly
peroxyl radicals) during the decomposition of natf¥&P1—

42 but not its Me®>-Nle mutant, suggesting that their formation
requires Met oxidatiod? Peroxyl radicals would form via
addition of molecular oxygen to initially generated carbon-
centered radicals. A simple Met-dependent route to carbon-
centered radicals would be the deprotonation of MetS
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(analogous to reaction 4.1 in Schemé3¥however, theoretical
calculations by Rauk and co-workéfgropose an alternative
pathway involving hydrogen transfer from an adjacent Gly
residue to Met$". In this paper, we will provide a complete
mechanistic study of the redox processes of Met in peptide
models relevant tBAP oxidation. We will characterize in detail

(i) the parameters controlling the anchimeric assistance of a
peptide bond in the one-electron oxidation of Met to MetS

(i) subsequent reactions of MetS and (iii) a novel pathway
for the formation of carbon-centered radicals att@eposition

of Met and (iv) examine the potential reactivity of MétS
toward the*C—H bond of adjacent Gly residues.

Experimental Section

Materials. N-acetylmethionine amidéN¢Ac-L-Met-NHy), N-acetyl-
methionine methyl esteNfAc-L-Met-OMe),N-acetylalanine amide\-
Ac-L-Ala-NH>) and the linear peptide-Ala-L-Ala were purchased from
Bachem (Torrance, CAN-Ac-Gly-L-Met-Gly (N-Ac-GMG) andN-Ac-
Gly-Gly-Gly-L-Met-Gly-Gly-Gly (N-Ac-GGGMGGG) were synthesized

Chemistry and Technology in Warsdatwvith typical pulse lengths of
2—10 ns and 8 ns, respectively. Absorbed doses were on the order of
3—6 Gy (1 Gy= 1 J/kg). For time-resolved measurements of optical
spectra, NO-saturated solutions of 1®M potassium thiocyanate were
used as the dosimeter, taking a radiation chemical yield ef @13
and a molar extinction coefficient for (SCN) of €47, = 7580 M
cm1.%3 For time-resolved conductivity measurements, the dosimetry
was achieved using aqueous solutions saturated witfCCHPulse
irradiation yields H and CI with G(H") = G(CI~) = 2.75, according
to reactions 8 and 10. The respective equivalent conductivities at 18
°C were taken ad (H") = 315 S cm equiv t andA(CI7) = 65 S cn?
equiv 44
€q T CHCl—CH; +CI™ (20)

All experiments were performed with a continuous flow of the
sample solutions at room temperature2Q °C).

Deconvolution of Time-Resolved Optical SpectraOptical spectra,
monitored at various time points after pulse irradiation, were decon-
voluted into specific components (representing individual transients)

using standard solid-phase chemistry. The synthetic peptides werep |inear regression according to equatiorlI.

purified by reversed-phase HPLC, and their identity was controlled by
mass spectrometry.

Radiation-Induced Chemical Processes in Water.The pulse
irradiation of water leads to the formation of the primary reactive species
and protons shown in reaction®8.

o H."OH, H'

H,O0— e, (8)
In N,O-saturated solutions (f®]sar ~ 2 x 1072 M), the hydrated
electrons, g, are converted inttOH radicals according to eq 8s(=
9.1x 1 Mtgs})38

€q T N,O+H,0—~"0OH+ OH+N, 9)
Reaction 9 nearly doubles the amount*OH radicals available for
reaction with substrates. The effective radiation chemical yi€sf
the primary species available for the reaction with a substrate depend
on the concentration of the added substrate. FRQ-Bhaturated solutions,
the effective radiation chemical yield oOH converting a given

G x €(4) = ZG; x (%) (1
Here,G x ¢(4;) is equal to the observed absorbance chakggl;) of

the composite spectrum multiplied by the factey from the dosimetry.

F = €472 x G((SCNY")/AAs72, Where es72 is the molar extinction
coefficient of (SCN)™ at 472 nmG((SCN)'") is the radiation chemical
yield of the (SCNy~ radicals, andAA47, represents the observed
absorbance change at 472 nm in the thiocyanate dosin@&@tesr.the
linear regression coefficient of theth species, andi(4;) is the molar
extinction coefficient of thei-th species at thg-th wavelength of
observation. Further details of this method have been described
elsewheré?® Several criteria were applied to validate the deconvolutions
and eliminate unreasonable fits. (1) Withit15%, the combined yields

of the transient species derived from their respective extinction
coefficients cannot exceed the initial radiation chemical yield of primary
radical species, that i§i(H* + *OH) = 5.95. The error limit o&:15%
allows for a+5% variation in the experimental data and+d.0%

substrate into substrate-derived radicals can be calculated on the basigomblned error in the reported extinction coefficients for the UV spectra

of formula I given by Schuler et ai?,whereG refers to the number of
species generated/reacted per 100 eV absorbed en€rgy (.0
corresponds to 0.1036M generated/reacted species el ofabsorbed
energy;G\:° refers toG in N O-saturated solution).

[k[S/(4.7 x 10%)]*2
1+ [kJSV(4.7 x 102

G'P(OH) =5.2+ 3.0 0}

The initial radiation chemical yields of ‘Hare on the order of
Gi(H*) ~ 0.6. For practical purposes, the G unit rather than S| unit for
radiation chemical yields is used.

In this paper, the added substrate(s) are tvacetylmethionine
derivatives and twoN-acetylated model oligopeptides, containing
methionyl and glycyl residues, at concentrations of 2074 M. Taking
a representative value & = k("OH + N-Ac-Met) = 6.7 x 1° M~
s71,%0 we calculated the initial yields oOH reacting with our Met-
containing model peptides &(*OH) = 5.35 and, thereforeGi(*OH
+ H*) = 5.95.

Pulse Radiolysis.Pulse radiolysis experiments were performed on
two different linear electron accelerators, the 8 MeV Titan Beta model
TBS-8/16-1 electron accelerator at the Radiation Laboré&tamnyd the
10 MeV LAE10 electron accelerator at the Institute of Nuclear

(41) Hug, G. L.; Wang, Y.; Schwich, Ch.; Jiang, P.-Y.; Fessenden, R. W.
Radiat. Phys. Chenl999 54, 559-566.
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of the components under consideration. (2) Wherever experimentally
measurable, the formation of (radical) ions must be accompanied by
the correct change in equivalent conductivity. (3) Based on the known
formation and decomposition kinetics, an initial adduct*OH to
organic sulfides as well as the Met side chain completely decomposes
within ca. 6us 3547 Therefore, deconvolutions for spectra monitored at
>6 us after pulse irradiation did not include the specific spectrum of
such*OH adducts (see below). The radiation chemical yields of the
respective species in the optical spectra were calculated taking the
following representative extinction coefficientsgs(1.N) = 3400 M*

cm 147 e290(3.Na/3.NH = 3000 Mt cm 1,36 ¢4544.N) = 6900 Mt

cm 1,48 €400(5.N) = 3250 M cm 1,49 e535¢(6.N) = 3150 Mt cm ! (vide
infra), eso(7.Na/7.N = 4500 M cm™ (vide infra)® eyq(8)

(42) Mirkowski, J.; Wisniowski, P.; Bobrowski, KNCT Annual Repor200Q

(43) .]anate{, E.; Schuler, R. H. Phys. Chem1982 86, 2078-2084.

(44) (a) Asmus, K.-DInt. J. Radiat. Phys. Cheri972 4, 417-437. (b) Landolt-
BornsteinZahlenwerte und FunktiongBpringer-Verlag: Berlin, 1960; Vol.

7 1.

(45) Bevington, P. RData Reduction and Error Analysis for the Physical
SciencesMcGraw-Hill: New York, 1969.

(46) Marciniak, B.; Bobrowski, K.; Hug, G. L1. Phys. Chent993 97, 11937
11943.

(47) Schmeich, Ch.; Bobrowski, KJ. Am. Chem. Sod993 115 6538-6547.

(48) Wisniowski, P. Influence of neighboring groups on radiation-induced radical
processes in thioethers. Ph.D. Thesis, Institute of Nuclear Chemistry and
Technology, Warsaw, 2001.

(49) Schimeich, Ch.; Zhao, F.; Madden, K. P.; Bobrowski, K. Am. Chem.
Soc 1994 116, 4641-4652.
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Figure 1. Resolution of the spectral components in the transient absorption
spectra following theOH-induced oxidation oN-acetylmethionine amide

(2 x 1074 M) in N2O saturated aqueous solutions at pH 4.0 taken (A3 2
and (B) 4us after the pulse.

= 13000 Mt cm™ (vide infra) andesso(8) = 3700 M~ cm* (vide
infra).

Results

N-Acetylmethionine Amide (N-Ac-Met-NH ;). We extended
our previous optical and conductivity pulse radiolysis studies
at pH 4.3%to additional time points and expanded the pH region
up to pH 5.40 (conductivity experiments at pH values much
larger than 5.4 are difficult to interpret due to the slow rate for
neutralization reaction 7 at such pH values).

Spectrophotometric and Conductivity Detection at pH 4.
Figure 1 parts A and B display the experimental optical spectra
(closed circles) recorded at 2 angid after pulse irradiation of
N,O-saturated aqueous solutions, pH 4.0, of 2074 M N-Ac-
Met-NH,. They can be deconvoluted into contributions from
the following components (see SchemeNL= 1): hydroxy-
sulfuranyl radicall.1, the twoa-(alkylthio)alkyl radicals3.1a
and 3.1b, the intermolecularly sulfursulfur three-electron
bonded dimeric radical catiod.1l, and the intramolecular
sulfur—oxygen bonded radical catidhl

At 2 us after the pulse, the sum over all component spectra
with their respective yields (Table S1, entry 1; Tables-S#
are available as Supporting Information) results in an excellent
fit (open circles) of the experimental spectra (Figure 1A).
Radical cationgt.1 and5.1 are present with yields dBs1 =
1.5andGs1=1.2 Gs1+51=2.7), confirmed by time-resolved
conductivity experiments, which yield(ions)= 2.7 according
to the following calculation: the net decrease in equivalent
conductivity results from stoichiometric neutralization of highly
conducting protons A = 315 S cm equiv144 by OH~

(50) Pogocki, D. Ph.D. Thesis, Institute of Nuclear Chemistry and Technology,
Warsaw, Poland, 1996.

(generated via reactions 3.1a/b), and parallel formation of sulfide
radical cations A ~ 45 S cn? equiv'! 9. Thus, the overall
loss of equivalent conductivity is calculated A& = +45 —
315= —270 S cm equiv L. Division of the experimental change
of equivalent conductivityG x AA = —730 S cm (Figure

2A) (corrected for small contributions 0,0%) by AA = —270

S cn? equiv! yields G = 2.7 for sulfide radical cationd.1
and/or5.1 at 2 us after the pulse.

At this point, it is important to note that the higher yields of
4.1 compared tb.1 are solely due to the experimentdlAc-
Met-NH, concentration of 2 10~4 M. Lower, physiologically
relevant, concentrations of the peptide would certainly favor
the intramolecular speciésl over the intermolecular intermedi-
ate4.1 However, the experimental concentration ok210~4
M represents the lower practical limit, as otherwise the formation
rate of 1.1 would significantly overlap with its decomposition.

At 4 us after the pulse (Figure 1B), the combined yield of
4.1 and5.1, Gy1451 = 2.9 (Table S1, entry 2), shows some
deviation fromG(ions). Division of the experimental change
in equivalent conductivityG x AA = — 650 S ¢ (corrected
for small contributions of @52 by AA = — 270 S c equiv?
yields G(ions) = 2.4. This important observation will be
discussed later (vide infr&-acetylmethionine methyl estey.

At 8 us (Table S1, entry 4) and 15 (Table S1, entry 5) after
the pulse, the fits of the experimental spectra require only
contributions from two components.1a/3.1band the radical
cation 4.1 (with Gg1 2.1 and 1.8 at 8us and 15us,
respectively). At these times after the pulse, the corréeted
negative conductivity signals react (x AA)cor = — 540 S
cm? and—460 S cm at 8us and 15us, respectively, yielding
G(ions)= 2.0 and 1.7, which are in very good agreement with
the respectives, ; quantified by optical spectroscopy.

Conductivity Detection at pH 4.0—5.4. Figure 2 displays
conductivity versus time plots recorded for pH 4.0, 4.6, 5.0,
and 5.4. They show decreasing amplitudes of negative conduc-
tivity with increasing pH with the following pH-dependent
maximal losses of net conductivity observed at the following
times after pulse irradiation: for pH 4.3 x AA=—730S
cn? at 2.0us (Figure 2A); for pH 4.6G x AA = —520S
cn¥ at 3.0us (Figure 2B); for pH 5.0G x AA = — 350 S
cn¥ at 6us (Figure 2C); and for pH 5.45 x AA =—270S
cn? at 10us after the pulse (Figure 2D). The different times to
reach the maximal net loss are caused by the different proton
concentrations available for reactions 3.1a/7 and 3.1b (Scheme
1). Correction for some superoxide formafidryields the
following (G x AA)cor: — 730 S cm (pH 4.0),— 570 S cm
(pH 4.6),—420 S cm (pH 5.0), and—375 S cm (pH 5.40).
The different maximal net losses of equivalent conductivity

(51) steffen, L. K.; Glass, R. S.; Sabahi, M.; Wilson, G. S.; 3dich, Ch;
Mahling, S.; Asmus, K.-DJ. Am. Chem. S0d.991, 113 2141-2145.

(52) N;O-saturated aqueous solutions contain micromolar concentrations of
residual Q. Based on the rate constants for the reaction ofddlicals
with Met (k =3.5x 1® M~1s ) and Q (k= 2.1 x 100 M~1 571),40
representative concentration ofi®1 residual Q, and a 2.0x 104 M
Met-containing peptide, we calculate that ca. 60% of theddicals G =
0.36) will react with Q to yield HO* which exists in equilibrium HQ =
H* + Oy~ with pK, = 4.853 Taking A(H") = 315 S cm equiv ! 44 and
A(Or7) = 60 S cn? equiv 1,5 this process yields a maximum positive
change of equivalent conductivity & x AA = 0.36 x 380 Scm = 137
Scnt for full dissociation of HQ® into H* and Q*~. The extent of H@
dissociation is pH dependent so that the actual radiation chemical yield
G(H*/Oz~) = 0.36(1+ 10°%aPH)~1, Therefore, especially the low changes
of equivalent conductivity at p& 5.0 have to be corrected for the reaction
of H* radicals with Q while this process has a negligible effect on the
yields at pH 4.0. We have validated this correction experimentally through
pulse irradiation of NO-saturated water at defined pH values.
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profile following theOH-induced oxidation oN-acetylmethionine amide (2

x 1074 M) in N,O saturated aqueous solutions at the following pH's: (A) 4.0, (B) 4.6, (C) 5.0, and (D) 5.4.

indicate a pH-dependent change in the yields of radical cations present after &s following the pulse (Figure 3A) may indicate

4.1 and5.1 Division of (G x AA)er by AA =—270S cm
equiv!yieldsG(ions)= 2.7, 2.1, 1.6, and 1.4 for pH 4.0, 4.6,
5.0, and 5.4, respectively (Table S1, entries £8622, and
23).

Spectrophotometric Detection at pH 4.6-5.4. For better
clarity, we will present our data in the following sequence: pH
5.4, 5.0, and 4.6.

A. pH 5.4. Figure 3A shows a yield versus time plot for the
intermediated.1, 3.1a 3.1b, 4.1, and5.1together with the total
yield of all species. The total yield of all radical intermediates,
G = 6.0 (open circles), agrees well the initial yield of primary
radicals,Gj(HO*+H*) = 5.95. The apparent biphasic decay of

the presence of the &entered radical of the Met residue in
N-Ac-Met-NH; (radical6.1with R = CH,CH,SCHs, X = CHg,
and Y = H). For quantitative analysis, we generated reference
spectra for alkyl-substituted &adicals by pulse radiolysis of
N-Ac-L-Ala-NH; and L-Ala-L-Ala which show a clean absor-
bance peaking atmax = 350 nm withezso = 3150 Mt cm?
(vide infra: N-Ac-L-Ala-NH» and L-Ala-L-Ala). This spectrum
was used instead of that frorh.1 in deconvolutions of
absorbance spectra at time§ us after pulse irradiation. From
here on, thes-type radicals will be referred to &N (N =
1—4) for the following substratesN-Ac-Met-NH, (N = 1),
N-Ac-Met-OMe (N = 2), N-Ac-Gly-Met-Gly (N = 3), and

1.1 (closed squares) needs some discussion. HydroxysulfuranyIN-Ac-(Gly)sMet(Gly)s (N = 4).
radicals usually decompose with rate constants on the order of  Figure 3B shows the optical spectrum recorded gtd @fter
>10° s 14755 Therefore, the second part of the biphasic decay, pulse irradiation (time point of maximal loss of equivalent

present after G:s, cannot be due to specigsl but indicates

conductivity at pH 5.4; see Figure 2D) of an®Otsaturated

the presence of an additional species with similar absorbanceaqueous solution of % 104 M N-Ac-Met-NH, at pH 5.4,

characteristics. The Lradicals of amino acids or peptides of
the general structure XCO—NH—C*(R)—-CO—NH-Y (6)
display an absorption in the 36350 nm. regiort® Therefore,
we hypothesized that the slower decay of th& component

(53) Bielski, B. H. J.; Cabelli, D. Elnt. J. Radiat. Biol.1991, 59, 291-319.

(54) Schuchmann, M. N.; Schuchmann, H.-P.; von Sonntad, @m. Chem.
So0c.199Q 112 403-407.

(55) Bobrowski, K.; Pogocki, D.; S¢imeich, Ch.J. Phys. Chem. A998 102
10512-10521.
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together with a spectral deconvolution into the contributions of
the individual intermediates.

An excellent spectral deconvolution is achieved using the
intermediates3.1a3.1b, 4.1, 5.1, and 6.1 with the respective
yields given in Table S1, entry 22. However, in contrast to pH
4.0, the yield of sulfur radical cation€y 1 + 51 = 2.6, does not
matchG(ions)= 1.4, determined by conductivity measurements.
A similar picture is obtained at 1bs after the pulse, where
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Gs1 + 51 = 2.4 andG(ions) = 1.4 (Table S1, entry 24).
Although, at both time points34; andGs 1 (Table S1, entries
22 and 24) are separately very clos&(@ns), it is not possible
to eliminate 4.1 from the spectral mix without adversely
effecting the quality of the fit in the long-wavelength region of

the transient spectrum. On the other hand, alternative species
exist that could contribute to the optical absorption in the spectral
region whereb.1 absorbs; yet these species do not contribute

further to conductivity changes. In particular, sutfunitrogen

bonded species have been observed for radical cations of a

variety of amino-substituted organic sulfidésncluding N-
methionyl peptide885° A representative spectrum taken from
the pulse radiolysis data of methionine amide (MetJN¥H
shows a broad absorption witlax ca. 390 nm andsgp = 4500
M~1 cm~150 Therefore, we believe that the absorption around
390-400 nm at=10 us after pulse irradiation in Figure 3B
may indicate the formation of a new, sulfunitrogen bonded
intermediate ofN-Ac-Met-NH,, speciesr.1d7.1hb.

o
H
e \N—C—C\
oo NH,  7.4a
S
/
i
0 NH C
N
N cn” ww
| o 7.1b
CH, S
\

Based on the conductivity results, the sulfaitrogen bonded
speciesr.1d7.1b cannot be a radical cation, and we conclude
that it is formed after the deprotonation of one of the amide
functions in2.1 (reaction 11) (for more details, see Discussion).

21—H"+7.147.1b (12)
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Figure 3. (A) Radiation chemical yield vs time profile for intermediates
obtained after pulse radiolysis of an,®tsaturated aqueous solution,
containing 2x 1074 M N-acetyl-methionine amide at pH 5.4; (B and C)
resolution of the spectral components in the transient absorption spectrum
following the *OH-induced oxidation oN-acetyl-methionine amide (&

1074 M) in NpO-saturated aqueous solutions at pH 5.4 takemd @fter

the pulse (explanation in the text).

volutions using the wrong intermediate may lead to significant

The proton generated in reaction 11 replaces the protondeviations of the experimentaBi, from the theoretical
consumed in reaction sequence 3.1a/3.1b and 7, and, thereforeGi(HO® + H°).

the formation of7.1d7.1bis not associated with any net change
in conductivity. An excellent spectral deconvolution is now
achieved when sulfuroxygen bonded intermediatb.1 is
replaced by the sulfarnitrogen bonded intermediatela/7.1b

B. pH 5.0. The optical spectrum recorded au§ after pulse
irradiation (time point of maximal loss of equivalent conductivity
at pH 5.0; see Figure 2C) is best deconvoluted into contributions
from speciesl.l, 3.1a/3.1h 4.1, and both5.1 and 7.1a/7.1b

At 10 us after the pulse, the deconvoluted experimental spectrum (Figure 4; Table S1, entry 16). Neither the omission of species

contains speciel3.1a/3.1h 4.1, 6.1, and7.1a/7.1b(Figure 3C;
Table S1, entry 23). This deconvolution is validated by satisfying
the requirement thab, ; = G(ions) = 1.4, consistent with the
neutral character of speciésla/7.1b(vide supra) (we note that,
at 10us after the pulse, the total yield of all species is usually
already smaller thaGi(HO* + H*) due to the progression of
radicat-radical reactions). A similar deconvolution is obtained
at 15us after the pulse (Table S1, entry 25).

Even thouglb.1and7.1a/7.1bhave similar spectral shapes,
we must note that two features allow for the discrimination
between them, (i) the conductivity results and (ii) the overall
yield of radical intermediates, especially at early time points
after pulse irradiation: speciéslis a radical cation, whereas
7.1a/7.1bis not; the molar extinction coefficient &.1 is ca.
33% smaller compared to that @éfla/7.1b Therefore, decon-

7.1d7.1b (Table S1, entry 14) nor the omission of spedgebk
(Table S1, entry 15) results in a satisfactory agreement between
the optically and conductometrically determined yields of radical
cations. On the other hand, inclusion of both spe&idsand
7.1d7.1b(Table S1, entry 16) provides a perfect match between
G(ions) = 1.6 andG4.1+51 = 1.6 while significant yields of
7.1d7.1b are formed.

A similarly satisfactory deconvolution is obtained at 1$&
after the pulse taking into account the simultaneous formation
of 5.1and7.1a/7.1b(Table S1, entry 19).

C. pH 4.6. The optical spectrum recordedu3 after pulse
irradiation (time point of maximal loss of equivalent conductivity
at pH 4.6; see Figure 2B) is well deconvoluted into contributions
from speciedl.], 3.1a/3.1h 4.1, 5.1, and7.1a/7.1b(Table S1,
entry 8; Figure 5A). Importantly, at this pH value, the yields of
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Figure 4. Resolution of the spectral components in the transient absorption spectrum followit@Hkaduced oxidation oN-acetyl-methionine amide
(2 x 104 M) in NyO-saturated aqueous solutions at pH 5.0 takess @fter the pulse.
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Figure 5. Resolution of the spectral components in the transient absorption spectra followir@tthiaduced oxidation oN-acetyl-methionine amide (2
x 1074 M) in N;O-saturated aqueous solutions at pH 4.6 taken (A5 &nd (B) 4us after the pulse.

7.1d7.1bare quite small but parallel conductivity experiments exists (for N-Ac-Met-OMe, structure7.2g. The reactions of
require significant yields of speciéslin addition to4.1 Similar N-Ac-Met-OMe are shown in Scheme N & 2).
characteristics are observed aud after the pulse (Table S1,

entry 11). (”) o
N-Acetylmethionine Methyl Ester (N-Ac-Met-OMe). In PG a |
structures7.1la and 7.1b, the sulfide radical cation oN-Ac- H;C I.\T—C—C\
Met-NH, associates with the deprotonated amide nitrogen S.. OCH; 7.2a
localized either N- or C-terminally to Met. Mechanistically, the e
association with the C-terminal amide nitrogefil(p) would
be easy to rationalize by a stepwise process involving firSDS Conductivity Detection at pH 4.0-5.7. Time-resolved

bond formation, followed by amide deprotonation and O-to-N conductivity experiments wittN-Ac-Met-OMe show the fol-
migration of the sulfide radical cation (see Discussion, Scheme |owing maximal pH-dependent net loss of equivalent conductiv-
4). Both the initial S-O and the final SN bonds represent ity at the following times after pulse irradiation of an®k
thermodynamically favorable six-membered rings. In contrast, saturated aqueous solution 0&k210~4 M N-Ac-Met-OMe: for

an initial N-terminal S-O bond would involve a seven- pH4.0,G x AA = —630 S cm at 2.0us (Figure 6A); pH 4.6,
membered ring (see Discussion, Scheme 5) prior to the G x AA = —460 S cm at 3.0us (Figure 6B); for pH 5.0G
formation of a five-membered-S\ bond (7.13). The feasibility x AA = —350 S cm at 6 us (Figure 6C); and for pH 5.G

of this reaction that leads te.1awas tested wittiN-Ac-Met- x AA = =70 S cnf at 40us after the pulse (Figure 6D).
OMe, that is, a Met derivative lacking the C-terminal amide, Correction for some superoxide formation by the reaction of
where only the possibility for N-terminal-S\N bond formation H-atoms with Q%2 yields the following values for G x
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Figure 6. Equivalent conductivity changes represented@s<(AA) vs time profile following the'lOH-induced oxidation oN-acetylmethionine methyl
ester (2x 1074 M) in N,O saturated aqueous solutions at the following pH's: (A) 4.0, (B) 4.6, (C) 5.0, and (D) 5.7.

AA)eor:. —650 S crd (pH 4.0),—510 S cr (pH 4.6),—430 S

cn? (pH 5.0), and-190 S cm (pH 5.7). The different maximum

AA)corr by AA = —270 S cm equiv?! yields G(ions) = 2.4,
1.9, 1.6, and 0.7 for sulfide radical catioh® and/or5.2 at pH
4.0, 4.6, 5.0, and 5.7, respectively. These yields are very = 2.1 (Table S2, entry 5). With this in mind, we can now

comparable to those fromM-Ac-Met-NHs.

bond N-terminal of the Met residue. This was confirmed by

time-resolved optical spectroscopy (see below).
Spectrophotometric Detection at pH 4.6-5.7. A. pH 4.0

The optical spectrum recorded:2 after pulse irradiation (time

6A) is well deconvoluted into contributions from specieg,

3.2a/3.2h 4.2, and5.2 (Table S2, entry 1). The total yield of
radical cationsG42152 = 2.6, is in a fairly good agreement

with G(ions)= 2.4. On the other hand, omission of spe&e®
yields a significant discrepancy betwe@(ions)= 2.4 andGs »

= 1.8 (Table S2, entry 2). Best results are obtained when jragiation (time point of maximal loss of equivalent conductiv-
deconvolutions take into account the simultaneous formation

of 5.2and7.2a(Table S2, entry 3), yielding a perfect match
betweerG(ions)= G4 2152 = 2.4. In this respect, it is important

to note that generally the absorption characteristics -00S

bonds are rather insensitive to the origin of the oxygen; that is
the spectra are similarly independent of the oxygen being

provided by a hydroxy, carboxylate, or amide functigf®60
Hence, we expect that the absorption characteristi€s2dre
loss of equivalent conductivity indicates a pH-dependent changesimilar to those ob.1

in the yields of radical cationg}(2 and5.2). Division of (G x

Importantly, at 4us after the pulse species,2 is replaced
by speciesr.2a which is evident from the deconvolution in
Figure 7A and the agreement betweg(ions) = 2.1 andG,»

rationalize also the deconvolutions fdrAc-Met-NH, obtained
This pH-dependent change in the yields of radical cations at 4 us after pulse irradiation (Table S1, entry 3; Figure 7B).

from N-Ac-Met-OMe would suggest that deprotonation followed Here, a fraction of speciés1is replaced byr.1a/7.1h resulting

by S—N bond formation is generally possible with the peptide in a good agreement betwe@gions) = G451 = 2.4.

B. pH 4.6. An excellent deconvolution of the experimental

spectrum recorded @s after the pulse (time point of maximal
loss of equivalent conductivity; see Figure 6B) requires the
inclusion of speciest.2, 5.2, and 7.2a (Table 2, entry 10).
point of maximal loss of equivalent conductivity; see Figure Species7.2acannot be omitted (Table S2, entry 8) since this
results inGy 2452 > G(ions). On the other hand, omission of
5.2 still yields acceptable results (Table S2, entry 9). Similar
considerations apply to spectra recorded at 4 ansd &fter the
pulse (see Table S2).

C. pH 5.0. The optical spectrum recordedi& after pulse

(56) Simic, M.; Neta, P.; Hayon, B. Am. Chem. Sod.97Q 92, 4763-4768.

(57) Asmus, K.-D.; Gbl, M.; Hiller, K.-O.; Mahling, S.; Mig, J.J. Chem.
Soc., Perkin Trans. 2985 641—-646.
(58) Bobrowski, K.; Holcman, Jnt. J. Radiat. Biol.1987, 52, 139-144.

(59)
’ (60)

Bobrowski, K.; Holcman, 1. Phys. Chem1989 93, 6381-6387.
Bobrowski, K.; Hug, G. L.; Marciniak, B.; Miller, B.; S¢meich, Ch.J.
Am. Chem. Sod997, 119 8000-8011.
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Figure 8. (A and B) Resolution of the spectral components in the transient
absorption spectrum following th®H-induced oxidation oN-acetylme-
200 300 400, [nm]500 600 700 thionine methyl ester (% 1074 M) in N,O-saturated aqueous solutions at
pH 5.7 taken 4Qus after the pulse (explanation in the text).
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Figure 7. Resolution of the spectral components in the transient absorption
spectra following theOH-induced oxidation in BD-saturated aqueous For a quantitative analysis, we need to consider that ca. 10%

solutions at pH 4.0 taken 4s after the pulse in (AN-acetylmethionine o : T _
methyl ester (2x 10~ M) and (B) N-acetylmethionine amide (2 10-* of the initial HO radicals will directly abstract H-atoms from

M). Gly to yield the glycyl radicaB (reaction 12).
ity, see Figure 6C) requires the presence of both spekties HO® +  wwwHN—CHy—COvw»
and7.2a(Table S2, entry 16) while replacement®Raby 5.2
would lead to an unacceptable mismatch betw€gp;s, = 1 12)
2.5 andG(ions) = 1.6 (Table S2, entry 14).

D. pH 5.7. Figure 8 shows excellent deconvolution of the H0 WWHN_C'H_COW

optical spectra recorded at 46 after pulse irradiation of an
N.O-saturated aqueous solution, pH 5.7, containing 20~
M N-Ac-Met-OMe. However, to obtain the agreement between  The calculated value of 10% is based on parallel reactions
G(ions) and G (Table S2, entry 19) deconvolution requires jth k("*OH + N-Ac-Gly-Gly) = 7.8 x 108 M~ s 140 and
the presence of.2a(Figure 8B) instead 0b.2a (Figure 8A). k(*OH + N-Ac-Met) = 6.7 x 10° M~1 57140 The spectrum of
A preliminary conclusion can be drawn from our data on the resultant glycyl radical is characterized by two absorption
N-Ac-Met-NH, and N-Ac-Met-OMe. It is that there is a  pands peaking at 260 and 320 nm, respectively & 13 000
progressive replacement of specigdN by 7.Na/7.Nb with M~1 cmL; €330 = 3700 M1 cm™1).56 By analogy with the
increasing times after pulse irradiation and increasing pH. This sulfur—nitrogen bonded transients derived frodAc-Met-NH,
observation suggests that spectell is kinetically preferred,  (7.1a/7.18, the respective transients formed frotPAc-GMG
followed by a pH-dependent, slower conversion intida/7.Nh (N = 3) are depicted as structuré8a7.3b (Scheme 3). Figure
N-Acetylglycyl-methionyl-glycine (N-Ac-Gly-Met-Gly). 9A displays a conductivity versus time plot for pulse irradiation
Scheme 2N = 3, n=1) displays the hydroxysulfuranyl radical  of N,O-saturated aqueous solutions, pH 5.45, containing 2
of N-Ac-Gly-Met-Gly (1.3) and its decomposition into the 104 M N-Ac-Gly-Met-Gly. A maximal loss of equivalent
intermediary sulfide radical catioR.3, while Scheme 3 sum-  conductivity G x AA = —80 S cm) is observed at 2(s
marizes the potential reactions 213, after the pulse. Correction for a small fraction of superoxide

8

13708 J. AM. CHEM. SOC. = VOL. 125, NO. 45, 2003



Free Radical Reactions of Methionine in Peptides ARTICLES

Scheme 3
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formatior? yields G x AA)cor = —190 S crd. Division of 1000 A L———
(G x AA)corr by AA = =270 S cm equiv ! yields G(ions) = - F ]
0.7, representing sulfide radical catioh8 and/or5.3. S 500
Figures 9B shows the optical spectrum and its deconvolution 6
taking into account speci&s3d3.3b, 4.3 5.3 6.3 and8 (Table i ]
S3, entry 5). OF.~. . . .
While the deconvolution results in a good fit of the 1.0x10° ' 0.0 ' 10x10° ' 2.0x10° ' 3.0x10°  4.0x10°
experimental spectrum, the discrepancy betw@gons)= 0.7 10000 s e e———
(see above) an®, 3:53 = 1.2 is unacceptable. This mismatch o 8000 [ B 8’2 ;I;perimental -
is corrected by the additional inclusion @f3a/7.3bin the = 6000 |- ',',83/—/‘ ay
deconvolution (Figure 9C; Table S3, entry 6). In this case, the  © 0L 9 Cog, e e ]
agreement betwee@(ions) andG,»+53 is significantly im- 2000 L > > ®3) ]
proved. Without any doubt, the existence of the sutftitrogen oL s TV ]
transient {.3a/7.3H) is confirmed by applying complementary . . . " .
time-resolved conductivity and spectrophotometric measure- 200 300 400, [nm) 500 600 700
ments. At earlier time points after the pulse at this pH, con- 10000 ¢ c /T
ductivity measurements are more difficult to interpret quanti- w 8000 oa’g:. S s sar3.3b)
tatively due to the slower neutralization reaction betweén H x 8000 e ]
and HO', formed in reactions 8 and 9. Hence, at these time O 4000 | (7.3a7.30)
points, a clear distinction between spedie3and7.3a/7.3bis 2000 |- (©)
impossible (Table S3, entries-1). Y IIR  coon RS SIN OO ]
N-AC-(GIy)3Met(GIy)3 (N-AC'GGGMGGG) Taklng the 200 I 300 I 400 ‘ 500 ’ 600 I 700
published rate constark(*OH + N-AcGGG)= 2.4 x 10° M1 A [nm]
s1,%0 as a representative value for the reactiorr@H with Figure 9. (A) Equivalent conductivity changes represented@s<(AA)

N-Ac-GGGGGGE! andk(*OH + N-Ac-Met) = 6.7 x 10° M1 vs time profile following the*OH-induced oxidation oiN-acetylglycyl-

140 0 - - methionyl-glycine (2x 1074 M) in N,O-saturated aqueous solutions at pH
S. **we would expect that ca. 25% of the initr&H .radlcals 5.45 (units of thex-axis: seconds); (B and C) resolution of the spectral
directly abstract H-atoms frofN-Ac-GGGMGGG. Figure 10 components in the transient absorption spectrum following@heinduced

shows the optical spectrum recordediafter pulse irradiation oxidation of N-acetylglycyl-methionyl-glycine (2x 1074 M) in N,O-
of an NyO-saturated aqueous solution 0fx2104 M N-Ac- saturated aqueous solutions at pH 5.45 takenu80after the pulse
GGGMGGG at pH 5.3, together with the spectral deconvolution (explanation in the text).

into contributions from specie3.4a/3.4h 4.4, 5.4, 6.4 7.4a/

(61) By analogy to identical rate constants for the reaction of td@icals with

N-Ac-(Ala); and N-Ac-(Ala)s.*° . 7.4b, and8 (Table 4, entry 3). Based da(ions)= G44 = 0.5,
(62) Hawkins, C. L.; Davies, M. 3. Chem. Soc., Perkin Trans1298 2617 we conclude that the only species absorbing around 390 nm is
(63) Hiller, K.-O.; Asmus, K.-D.J. Phys. Chem1983 87, 3682-3688. 7.4a/7.4band that5.4 is not formed at this pH.
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14000 T T T T for the quantification o®-type radicals in the deconvolutions
° of the optical data derived froml-Ac-Met-NH,, N-Ac-Met-
12000 = e :;pen_memm T OMe, N-AcGMG, andN-Ac-GGGMGGG.
000
10000 | oe . Discussion
: 8000 I i Several observations are important for the interpretation of

° (3.4a/3.4b)

8 (4.4)

(6.4)
o (7.4a17.4b)
6000

4000

2000

200 600 700

Figure 10. Resolution of the spectral components in the transient absorption
spectrum following theOH-induced oxidation ofN-acetylglycyl-glycyl-
glycyl-methionyl-glycyl-glycyl-glycine (2x 1074 M) in NO-saturated
aqueous solutions at pH 5.3 taken 29 after the pulse.

The following features of these yields are important: we
observe (i) substantially higher yields of glycyl radica8} ih
N-Ac-GGGMGGG compared tiN-Ac-GMG; (i) generally
lower yields of8 as predicted from the rate constants of ‘HO
and H with Gly and Met, respectively (vide supra); (iii) a
preference for the intramolecular sulfumitrogen bonded
transient 7.Na/7.Nb over the intermolecular sulfursulfur
transient 4.N) in N-Ac-GMG andN-AcGGGMGGG as the size
of the model peptide increases (G na/Gan = 0.6 for N-Ac-
GMG and 1.8 forN-Ac-GGGMGGG at pH 5.35.4 at 20us
after the pulse), and (iv) higher yields of€entered radicals
6.N for the peptidedN-Ac-GMG (6.3) and N-AcGGGMGGG
(6.4) in comparison tiN-Ac-Met-NH, (6.1) andN-Ac-Met-OMe
(6.2.

N-Acetylalanine Amide and Alanyl-alanine (N-Ac—Ala-
NH, and Ala-Ala). To obtain a reference spectrum for thg-C
substituted radicdd, we pulse-irradiated dD-saturated aqueous
solutions, pH 5.0, containing 2 1074 M N-Ac-Ala-NH; or
Ala-Ala. Both experiments gave transient spectra with an
absorption peak atmax = 350 nm. For Ala-Ala, ESR experi-
ments have yielded quantitative information about the relative
reactivity of *OH radicals toward the individual -€H bonds,
that is, ca. 67% with g-H and the remainder with CbH.62
Of the 67%'OH attacking G—H, ca. half (i.e., a total of 33.5%)
will react with the N-terminal and a second half with the
C-terminal Ala residue. Reaction with the N-terminal Ala residue
yields a radical of the type #l—C*(CH3)—CO—NH—R (9).
Sucha-amino-substituted radicals usually show structureless
optical spectra with absorption maxinta300 nm¢®3 Therefore,
the 350 nm absorbance derived from Ala-Ala is assigned to
the C-terminal radical R-CO—NH—C*(CH3)—CO,~ (10),

the results: (i) the yields of conductometrically quantified radical
cations correspond well to the combined yields efSSand S-O
bonded intermediate$.N and 5.N, respectively, whereas the
S—N bonded species7(Na/7.Nb are not radical cations; (ii)
ultimately, for all peptides most of the intermediates convert
into a-(alkylthio)alkyl radicals 3.Na/3.Nb; (i) we do not
observe any time-dependent formation of glycyl radic&)ddgr
N-Ac-GMG andN-Ac-GGGMGGG beyond yields, which are
expected due to a direct attack of ©O&hd°H radicals at Gly
residues.

Mechanism for the Formation of the S—N Bonded Species
7.Na/7.Nb.The reaction ofOH radicals with Met in peptides
initially yields the hydroxysulfuranyl radicdl.N which, at low
peptide concentrations, decomposes via either direct elimination
of OH™ (reaction 3.Na; Schemes 1 and 2) or a proton-assisted
elimination of water (reaction 3.Nb; Schemes 1 and 2). While
significant yields ofl.N are detectable at 2s after the pulse,
the decomposition 0f.N is essentially completed within &s
after the pulse. This process leads to a very short-lived
monomeric radical catio@.N which deprotonates irreversibly
to 3.Na/3.Nb (reaction 4.N) or associates eitlietermolecularly
with a second peptide molecule (reaction 5.Njrdramolecu-
larly with the amide or ester function within the peptide (reaction
6.N). In a neutral amide{CO—NH-), the carbonyl oxygen
represents the better nucleophile compared to the nitréfgén,
so that the formation of an-80 bonded radical cation (reaction
6.N) is kinetically favorable compared to that of an!$ bonded
radical. Our results corroborate this fact, showing mainhCs
but not S-N bonded intermediates foN-Ac-Met-NH, and
N-Ac-Met-OMe at pH 4.0 and 4.6 and short time delays 82
us after the pulse). Separate theoretical calculations show that
these SO bonds are electronically best described as two-center,
three-electron (2s,1s*) boné%.

For longer time delays and for pH 4.6, this picture changes.
For example, pulse irradiation df-Ac-Met-NH, at pH 5.0
shows both SO and S-N bonded species at 1t after the
pulse. At pH 5.4, only the SN but no S-O bonded intermedi-
ates were detected at 18 after the pulse. Hence, we propose
that an initially formed SO bonded radical cation can undergo
an O-to-N migration following deprotonation of the amide
nitrogen. Reactions 13dl5a (Scheme 4) and 13ti5b (Scheme
5) show these mechanisms representatively for C- and N-
terminal amides oN-Ac-Met-NH,, respectively.

Analogous processes have been reported for metal cations
complexed to amide%. Initially, the sulfide radical catio2.N

which does not contain a free amino group. This assignment isWill form a bond with the amide carbonyl oxygen. Such

supported by a similar spectrum obtained by pulse irradiation
of N-Ac-Ala-NHa.

Hence, the experimental spectrum derived from Ala-Ala is
composed of contribution from radica® and 10 with the
spectrum ofL0 being identical to that 08. Based on the known
guantities ofOH forming 9 and 10, and the known extinction
coefficient for spectrum oB-type radicals, we extracted the
spectrum for radical 0 with the following characteristicsi max
= 350 nm andkzso = 3150 M~ cm~L. This spectrum is used
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complexation with a cation will change th&pof the amide
nitrogen in structures.N. For the complexation of divalent
metals, amide ¥, values on the order of-34 (Pd') or 4-6

(64) Bruice, T. C.; Benkovic, Bioorganic Mechanisms Vol; W. A. Benjamin,
Inc.: New York, 1966; p 187.

(65) Rauk, A.Orbital Interaction Theory of Organic Chemistryohn Wiley &
Sons: New York, 1994; p 148.

(66) Pogocki, D.; Serdiuk, K.; S¢heich, Ch.J. Phys. Chem. 2003 107,
7032-7042.

(67) Margerum, D. W.; Dukes, G. R. Metal lons in Biological SystemSigel,
H., Ed.; Marecl Dekker: New York, 1974; Vol. 1, pp 15212.
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(Cu") have been observédsuggesting that the “softer” metal
ion causes the more acidicp Based on the trends in their
association constants with several Lewis bases (€Br~ <

Formation of the C,-Radical 6.N. For all substrates, we
detected the formation of &radicals6.N. Importantly, they are
observed specifically at higher pH arguing against a direct

17),%8 organic sulfide radical cations can be considered “soft” reaction of HO and H with the ®C—H bond of Met as the
Lewis acids and, therefore, through complexation, should be source of6.N. We suggest that reactions -169 (Scheme 6)

able to lower the K, of amides quite significantly. Therefore,
we propose that the initial formation o~ bonded species

provide a facile route to radic&élN. In Scheme 6, ring opening
of 7.Nato the aminyl-type radical2 (reaction 16), followed

5.N may promote the deprotonation of the amide and subsequenty an intramolecular 1,2-H-shift (reaction 17) represents an

reorientation into an SN bonded overall neutral radical
intermediate. In Schemes 4 and 5, the C-terminal0DSbond
5.1converts into7.1b, and the N-terminal SO bonded species

energetically less favorable pathway but has been included for
completeness. Aminyl-type radicals react comparably to the
isoelectronic alkoxyl radicals, for which solvent-assisted 1,2-

11.1, into 7.1a Such a sequence of events is corroborated by H-shifts ando-f C—C fragmentation are common mecha-

our conductivity results, demonstrating that spediegld’7.1b
are not radical cations.

nisms: experimental evidence for a 1,2-H-shifica. 16 s™1)
ando- C—C fragmentationk ca. 1¢—10° s 1) was obtained

Three peptides in this study possess both a C- and anfor aminyl radicals from simple amino acif%.’* Hence, the

N-terminal amide,N-Ac-Met-NH,, N-Ac-GMG, and N-Ac-
GGGMGGG, whereadl-Ac-Met-OMe only possesses an N-
terminal amide. The observation of-8l bonded specieg.2a
for N-Ac-Met-OMe confirms the possibility of reactions 1:3b
15b (Scheme 5) also fa¥-Ac-Met-NH,.

(68) Bonifacic, M.; Asmus, K.-DJ. Chem. Soc., Perkin Trans.1®8Q 758—
762.

protonation/deprotonation mechanism depicted in reactions 18b/
19 provides an alternative to the intramolecular reaction 17 if

(69) Bonifacic, M.; Stefanic, I.; Hug, G. L.; Armstrong, D. A.; Asmus, K.-D.
Am. Chem. Sod 998 120, 9930-9940.

(70) Bonifacic, M.; Armstrong, D. A.; Carmichael, I.; Asmus, K.-D. Phys.
Chem. B200Q 104, 643—-649.

(71) Wisniowski, P.; Carmichael, I.; Fessenden, R. W.; Hug, GJ.LPhys.
Chem. A2002 106, 4573-4580.
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Scheme 6 radical intermediate at the Met residue with one of the
ﬁ o neighboring and highly flexible Gly residues during the lifetime
/c\ g of the radical intermediate. Experimentally, we do not observe
IQI—C—C\ . any significant yields of glycyl radical8 beyond the yields
. +H expected from a direct reaction &®H and*H with the Gly
~ Na (18a) residues. Hence, the formation of glycyl radicals from any

potential reaction of Met sulfide radical cations with neighboring
Gly residues in linear peptides is of minor importance. This
result underlines the importance of secondary structure for any

|c|) 0 . potential H-transfer between Met sulfide radical cations and Gly.
/C\N_g_|c| +H Unrestricted access of the reaction partners may not be suf-
. o~ (18b) ficient: secondary structure, which not only allows collision
/S 0 of the reactants but also permits the maximal capto-dative
12 g H ? stabilization of the forming radicd in the transition state will
- e \IL_EI_é\ likely be an important parameter. An alternative route for the
Q a7 ot formation of glycyl radicals is H-transfer between Gly and the
v /S o-(alkylthio)alkyl radicals3.Na/3.Nb (or the peroxyl radical
g o therefrom, formed after addition of molecular oxygen). These
~ \NH_E_Q (19) reactions are too slow to be followed on the pulse radiolysis
S ™~ H time scale and need to be investigated by other experimental

- N techniques.

Relevance to Redox Processes of Métin SAP. Several
aminyl radicall2 was formed. The most probable pathway to experiments document that Mein SAP is the source of the
radical 6.N involves N-protonation of7.Na followed by electron for the reduction g§AP-bound Cll to Cu (reaction
deprotonation at théC-carbon (reactions 18a and 19). Reactions 1). The ca. 1.0 V difference in the reduction and peak potentials
16—19 provide an irreversible entry to carbon-centered radicals of SAP-bound Cli and free Met, respectivef};2°suggest that
from Met in addition to reaction 4.N yielding the (alkylthio)- equilibrium 1 is located far on the left-hand side. However,
alkyl radicals3.Na/3.Nb. Together3.Na/3.Nb and6.N represent endergonic electron transfer processes are quite common when
the majority of carbon-centered radicals originating from the followed by strongly exergonic stepé.For example, the
initial one-electron oxidation of the Met residue. reduction of C& by p-xylene (reaction 22) occurs despite a

Met Sulfide Radical Cations Do Not Abstract H-Atoms potential difference of 1.0 V because the prodpetylene
from Gly in Linear Peptides. In a theoretical paper, Rauk et radical cation rapidly deprotonates witliKgArCHs") ~ —6
al3” have forwarded the hypothesis that Met sulfide radical (reaction 23577
cations inSAP, in the form of S-O bonded complexes formed

with a neighboring carbonyl group, may abstract H-atoms from ArCH, + CéV — ArCH,™ + cé" (22)
adjacent Gly residues in antiparall&kheet structures (reaction
20; Scheme 7), followed by deprotonation (reaction 21). ArCH,"™ + B — ArCH," + BH" (23)

This hypothesis was based on the relatively lowHCbond
dissociation energy (BDE) of Gly in antiparalfgisheets (BDE  Theoretical calculations predict thakKg2.N — 3.Nb) ~ —6
ca. 361 kJ mol') compared to other secondary structures, that gng Ka(2.N— 3.Ng) ~ —237 suggesting that the deprotonation
is, BDE = 402 kJ mot™* in the a-helix and BDE= 404 k] of Met(S*) alone (reaction 4.N) may drive equilibrium 1 toward
mol™*in the parallej3-sheet? If this hypothesis is correct, Met  the right-hand side comparable to the situation ingthe/lene/
sulfide radical cations should abstract H-atoms from Gly cgV redox couple. In fact, our experiments indicate that carbon-
residues in linear, relaxed peptide structures where the G4 C  centered radical3.Na/3.Nb represent the predominant product
bond has a BDE of 336370 kJ mof?,72 which is similar or radicals after the decay of-SS, S-O, and S-N bonded
lower compared to the BDE of the Gly-@1 bond in antiparallel intermediates over longer time scales.
p-sheets. One prerequisite for H-atom abstraction in both the | addition, conformational properties BAP promoting the
antiparallel-sheet and the linear peptides would be that the stapjlization of Mets radical cations will play an important role
Met sulfide radical cation has access to thekbond in Gly i driving the one-electron reduction of tun aqueous micelle
during its lifetime. While at present no experimental data on  so|ytions, NMR results indicate that the C-terminugaP1—
antiparallels-sheets exist, our data with linear peptides show 40 js predominantly-helical, that is, between residues @in
that Met sulfide radical cations in their various-© and S-N and VaP® with a kink or hinge around residues GhAsr?7.78

bonded complexes exist over sevemitrosecondsifter pulse  The NMR studies on a truncated peptide in aqueous solution,
radiolytic formation. Moreover, our earlier experimental and

computational studies show that even a short-lived € 1 (73) Pogocki, D.; Ghezzo-Stheich, E.; Schoeich, ChJ. Phys. Chem. B0OY,

; ; ; ; 105 1250-1259.
,uS) S-0 bonded Sum_”anyl radical Of_ Met in a_“near pep?'de (74) Eberson, LElectron-Transfer Reactions in Organic Chemist®pringer-
Thr-(Gly)»-Met does interact unrestrictedly with up to five Verlag: Heidelberg, 1987.
neighboring amino acid residues (i.e= 4) on thenanosecond (7% Esagéoc‘:h" E.; Rol, C.; Mandolini, L. Am. Chem. S098Q 102, 7597~
time scale’? Hence, in the linear peptided-Ac-GMG and (76) Palombari, R.; Rol, C.; Sebastiani, Gazz. Chim. Ital1986 116, 87.
N-Ac-GGGMGGG, we expect nearly unhindered access of any (77) Schiesener, C. J.; Armatore, C.; Kochi, JJKAm. Chem. S0a984 106

(78) Coles, M.;'Bicknell, W.; Watson, A. A.; Fairlie, D. P.; Craik, D. J.

(72) Rauk, A.; Armstrong, D. AJ. Am. Chem. So@00Q 122, 4185-4192. Biochemistry1998 37, 11064-11077.

13712 J. AM. CHEM. SOC. = VOL. 125, NO. 45, 2003



Free Radical Reactions of Methionine in Peptides

ARTICLES

Scheme 7

BAP10-35, indicate a collapsed coil structufgdowever, CD
studies on full lengthlBAP1—-42 document that the binding of

(|',‘ONH—
+
€ \S—H + *CH
4 |
NHCO—

intermediate may suffer ring opening to yield a nitrogen-centered
radical, which converts into agacarbon radical (reactions 16

Cu' promotes a transition from low (8%) to high (57%3helix 19). Additional yields of carbon-centered radicals are formed
content?! Therefore, under conditions of electron transfer from through reaction 4.N. Carbon-centered radicals are precursors
Met to CU', we can reasonably assume that the C-terminus of for peroxyl radicals, which have been proposed as intermediates
BAP is a-helical. In thisa-helical conformation, the sulfur of  during the incubation gfAP in aqueous buffers based on ESR
Met3 is located at an average distance of ca. 3.6 A from the studies®2 Our current experiments identify two possible struc-
carbonyl oxygen of the peptide bond C-terminal fron#4[& tures of carbon-centered precursor radicals, which may be useful
This distance is close to the sum of the van der Waals radii of for the interpretation of ESR data obtained witAP.

sulfur and oxygen and suggests a preexistirgd3nteraction. We find no experimental evidence for an H-transfer reaction
Such preexisting SO interactions have been shown to promote between sulfide radical cations and Gly residues in linear model
the one-electron oxidation of sulfides in various model com- peptides. These findings do not exclude such H-transfer reactions

pounds®® and we hypothesize that the $leMet®®> association
will promote the one-electron oxidation of Met PAP. The
following support for this hypothesis has now been obtained.
First, in molecular modeling calculations, we have shown that
the one-electron oxidation of M&tin SAP leads to SO bond
formation with the peptide bond C-terminal to ¥ein an
a-helical conformatior?? If lle3! is substituted by the helix-
breaking residue P?§ the probability of S-O bond formation

is significantly (ca. 90%) reduced.Experimentally, we have
then quantified the reduction of &tdor the mutani3AP1—42
(le3t — Pro?l), which is ca. 80% less effective compared to
nativeJAP1—4281 Hence, the experimentally quantified reduc-
tion of CU' correlates well with the propensity of the Met
sulfur to associate with the peptide bond C-terminal of amino
acid residue 31.

In the current paper, we provide further experimental proof
for the formation of SO bonded radical cations after one-
electron oxidation of Met in small peptides. Moreover, we show
that such SO bonded intermediates can deprotonate, followed
by O-to-N migration of the sulfur, ultimately forming a neutral
S—N bonded intermediate. Importantly, the ratio of such

in antiparallel3-sheet¥ but rather underline the importance
for secondary structure for these reactions.

Undoubtedly,SAP ultimately aggregates to forj+sheets.
However, recent experiments indicate ti$#&P reduces Cl
most efficiently immediately after dissolution while the pro-
pensity to reduce Cudecreases significantly with prolonged
incubation times (i.e., 24 K. These data suggest that 'Cu
reduction may not take place in large insolulflesheets but
more likely in low molecular weight aggregates. The actual
solution conformation(s) of the latter are unknown, but the CD
data of Curtain et ! suggest that they may initially contain a
large proportion ofx-helical structure. In an-helical structure,
the ®*C—H BDEs of amino acids are high due to lower capto-
dative stabilization of the product radicdlAs a consequence,
the formation of G-radical 6.N could be slower imnt-helices
compared with random linear peptide sequences. On the other
hand, the formation of Gradical6.N according to reaction 19
does not involve homolytic but heterolytic-@ bond breakage,
for which no theoretical calculations are available.
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S—S bonded species increases with increasing peptide size
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