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Abstract: We have characterized and quantified pathways by which sulfide radical cation complexes of
N-methionyl peptides (Met-Met, Met-Met-Ala, and Met-Leu) transform into various products through the reaction
with superoxide or oxygen. Sulfide radical cations were generated photolytically by the reaction of the peptides
with either triplet carboxybenzophenon®CB) or hydroxyl radicals (HE). Sulfide radical cations of Met-

Met and Met-Met-Ala, generated throug@B, formed intramolecularly sulfarsulfur three-electron-bonded
radical cation complexes, JBOSR,]*, which efficiently reacted with superoxide to yield the respective
disulfoxides Met(O)-Met(O) and Met(O)-Met(O)-Ala. Competitively, monomeric sulfide radical cations and
[R2SOSR;]™ converted intramolecularly into sulfanitrogen three-electron-bonded complexesJRN(R)-

H2]*, which reacted with both superoxide and molecular oxygen to yield azasulfonium derivatives. Among
these azasulfonium derivatives the C(S),S(R) diastereomers (AS Il) were generally formed in ab8u8-1.5

fold excess over the C(S),S(S) diastereomers (AS 1), indicating some diastereoselectivity in the reaction
mechanism. Representative quantum mechanical calculations for the azasulfonium diastereanhées of
showed that the energy difference between both diastereomers was small, 1.9 kcal/mol (electronic energy) or
1.3 kcal/mol (gas-phase free energy). In complementary experiments, comgBexNIRR)H,] ™ was generated
through the reaction of the peptides with HOHere, the azasulfonium diastereomers were generated
predominantly by the reaction of JRON(R)H,]™ with molecular oxygen. The diastereomeric ratios [AS
II]/JAS 1] were generally higher when the azasulfonium products were formed via the reaction$fl fR

(R)Hz]* with superoxide instead of with molecular oxygen. The reaction of superoxide with the sulfur radical
cation complexes most likely proceeded via an inner-sphere mechanism, i.e +aaliliedl combination where

the addition of superoxide to PBOSR;]" yielded an intermediary persulfoxide ,®")—0—00), and the
addition of superoxide to 8O N(R)H;]™ gave an intermediary hydroperoxysulfurane, R(HB{R,)OOH.

Introduction is located in a macromolecule, e.g. a methionine (Met) residue
. ) . . I in a peptide or protein, higher order structure may bring
Organic sulfides are highly susceptble toward oxidation, and ¢, yiona) groups into close proximity of the sulfide which
tion of small organic: model compounds. Such Studies have CTETWISE MINL be quite remote on the hasis of primary

. . gan ; pounas. . sequence only. Many peptides are sufficiently flexible to allow
provided important information on reactive intermediates as well

as steric and electronic effects of substituents on the reactivit contacts between otherwise remote functional groups on the
X ) 15 o " ) Y nano- to picosecond time scafe Therefore, mechanistic studies
of such intermediate’s:’®> When an oxidation-sensitive sulfide
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on the oxidation of the sulfide function of Met in peptides and 3). The product CB exists in the protonation equilibrium 4
proteins should always examine the possibility of effects of (pKas = 8.2?). In the presence of oxygen, CBldnd CB~
remote (on the basis of primary sequence) functional groups generate superoxide via reaction 5.

on reaction products and kinetics. As one- and two-electron

oxidation mechanisms of small organic sulfides are significantly CB+hv—°CB (1)
influenced by interaction of reaction intermediates with neigh- 3 o "
boring hydroxy, amino, carboxylate, and sulfide substi- CB+S<—CB +>5"(1) @)
tuents$9-11.13°15 similar effects may be expected for the " +
oxidation of Met in peptides and proteins. Here, such functional >SS+ S<=[>S1S<]" (2 ®3)
groups can be present through the amino acids Thr, Ser, Lys, o 4 .

CB~ +H"=CBH (4)

Asp, Glu, and a second Met.
The one-electron oxidation of Met to the Met sulfur radical CB/CBH + O.— CB+ O /H" O~ (5)

cation, Met¢St), may play an important role for protein 2 2 T2

oxidation during conditions of oxidative stress and biological A highly efficient reaction of superoxide wit8 yields the

aging as certain conditions promote the conversion of sulfur persulfoxide3, which can hydraféto the hydroperoxy sulfurane
radical cations into sulfoxid®'” In addition, methionine 4

oxidation presents a problem for the biotechnology industry in

its attempts of processing and stabilizing formulations of 2+0,” —>S+ >sM-0-07 (3) (6)
recombinant protein pharmaceuticéisHere, N-terminal Met
residues are of particular interest as many recombinant proteins 3+ H,0— HO—(H,C),S—0O0H (4) (7)

contain an N-terminal Met residue due to biotechnological
processing (e.gN-methionyl human growth hormone or brain-  Overall, specie8 will yield 2 equiv of sulfoxide per persul-
derived neurotrophic factor, BDNF). Thus, a mechanistic foxide either through reaction 8 or 9, respectively.
understanding of the processes which lead to the conversion of
peptide- or protein-bound Met@S™) into Met(O) is important. 3+ S<—2DMSO (8)

The present paper reports on the mechanisms of conversiory + S< — DMSO + (HsC),S(OH),— H,0 + 2DMSO (9)
of Met(>S*) into Met(O) in smallN-methionyl model peptides
as a function of pH, oxygen concentration, peptide sequence,Results
and the presence (.)f superoxide. For this, we haye subjgcted A. Structural Assignment of the AS Diastereomers. 1.
Met-containing peptides to o_ne-_electron photooxidation by t_rlplet 1H NMR Spectra of ASum |, ASww II, AS I, and ASull. Two
carboxybenzophenonédB) in air-saturated aqueous solution. major oxidation products of Met-Met CB are the azasul-
It \{vill be shown thqt Meté ST) gffic'ien.tly. reacts with SUPer-  tonium (AS) diastereomers Al and ASwll (for all AS
oxide under formation of a zwitterionic intermediate like the gnecies the subscripts denote the respective peptide/amino acid
one formed during the reaction of Met with singlet oxygen. Such (eactant and the roman numbers the elution order during
a sulfur radical cationrsuperoxide reaction had originally been  yeyersed-phase HPLC). ARGl and ASuu! are tentatively
proposed for small organic sulfidés?* and recently quantified  assigned to the schematic structuesds, respectively, where
by us for dimethyl sulfide (DMS) in aqueous solutibh.  the sulfur is ofR configuration in5 and ofS configuration in
However, an alternative mechanism involves the conversion of 6, Their absolute configurations were confirmed by comparison
Met(>S*) into sulfur—nitrogen bonded intermediates which  of their!H NMR spectra with those of Ag@ and ASyll obtained
convert into azasulfonium (AS) salts with different diastereo- through the oxidation of-Met. In the 2.4-4.6-ppm region,
meric excesses depending on the actual mechanism and théhe cyclic AS systems of Agl and ASumll show characteristic
peptide sequence. These AS derivatives can subsequenthpatterns which are slightly shifted with respect to each other
hydrolyze to Met(O). By investigating the model peptide Met- (see Figure 1S; Supporting Information). For example, the
Met, we were able to demonstrate competitive sulfoxide and eCHs—S"< methyl resonances appeaoa.85 ppm for A
AS derivative formation through the reaction of superoxide with and até 2.80 ppm for A@mll. More significantly, the
sulfur—sulfur or sulfur-nitrogen bonded radical intermediates, resonances fopCHa andyCHg are well-separated multiplets

respectively. for ASumll but merge for Afml. The eCH3—S"< methyl
The following reactions have been quantified with dimethyl co; o=

sulfide!” and are of importance for the design of the experiments | | 2

with the peptides presented in this paper. A type | photochemi- T s C

cal oxidation of dimethyl sulfide b§CB yields the sulfur radical o=c" H/ o=c" H/

cationl (reaction 2), which exists as a three-electron suifur

sulfur bonded compleR with a second molecule DMS (reaction | wimH SI JWH T
(16) Brooks, C. L., lll; Case, D. AChem. Re. 1993 93, 2487-2502. O/NH NH
(17) Miller, B. L.; Williams, T. D.; Schiaeich, Ch.J. Am. Chem. Soc. SOt S 6

1996 118 8, 11014-11025.

90:(%{89)11\éll<’;1nn|ng, M. C.; Patel, K.; Borchardt, R. Pharm. Res1989 6, ASym1I ASpml
(19) Erikson, J.; Foote, C. S.; Parker, T.1..Am. Chem. S0d977, 99,

6455-6456. resonances appear@R.74 ppm for Awyl andé 2.76 ppm for

(20) Ando, W.; Kabe, Y.; Kobayashi, S.; Takyu, C.; Yamagishi, A.;  ASyll, i.e. they show nearly identical chemical shifts for both
Inaba, H.J. Am. Chem. S0d.98Q 102 4526-4528.

(21) Inoue, K.; Matsuura, T.; Saito, Tetrahedron1985 41, 2177— (22) Inbar, S.; Linshitz, H.; Cohen, S. G. Am. Chem. S0d981, 103
2181. 7323-7328.
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Figure 1. (A) Inhibition of Met(O)-Met(O) (denoted as MOMO) by
(®) native and M) dematallated SOD. Experimental conditions:
photolysis (four 350-nm lamps) of air-saturated aqueous solutions
containing 2.0x 1073 M Met-Met, 2.0x 1074 M CB, and 1.0x 1072

M sodium phosphate, pH 8.0. (B) Plot of [MOMQJ)[MOMO] vs
f{SOD], wheref, represents the fraction of active SOD, ifg= 1.0

for native SOD @) andf, = 0.03 for dematallated SODM].
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Figure 2. Photolytic formation of sulfoxide products as a function of
[Met-Met] in air-saturated aqueous {8, D,O) solution containing 9.0
x 1075 M rose bengal and 5.8 104 M sodium phosphate, pL 7.4 (L
= H, D). Closed symbols, }D: ®, Met(O)-Met(O); a, Met(O)-Met-
(O) + 0.5 [Met(O)-Met+ Met-Met(O)]. Open symbols, £D: O, Met-
(O)-Met(0); A, Met(O)-Met(O)+ 0.5 [Met(O)-Met+ Met-Met(O)]

diastereomers (see Figure 2S; Supporting Information). When

the IH NMR spectra were recorded at pD 2%hoth eCHz—

(23) Samples were acidified with DCI. At pD 2.2, azasulfonium
derivatives undergo hydrolysis to the respective sulfoxides. However, NMR
spectra of the AS derivatives can be recorded within 5 min after acidification
to pD 2.2.
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St < methyl resonances were slightly shifted downfield with
2.79 ppm for A@ll and 6 2.80 ppm for ASl, respectively
(data, see the Experimental Section). Thus, partial protonation
of the carboxylate group (for AR pKacon = 2.52% has a
small effect on the chemical shift of th&CH;—S*< methyl
resonances with the larger pD-induced shift€ 0.06) observed

for ASyl (with a protonated carboxylate group, the WS
derivatives should be better comparable to thed8erivatives

in which the AS system does not contain a carboxylate
substituent but a neutraly charged amide).

For the G protons of the AS ring systems significant
differences are observed depending on whether they are located
in ASyl or ASull. For example, a clear separation of the
multiplets foryCHa andyCHpg is observed for Agll whereas
both multiplets merge for A@ (Figure 2S). The same tendency
was subsequently not only observed for\$ and ASymll
(Figure 1S) but for all the characterized AS diastereomers, i.e.
separated multiplets for Agll and ASumall and merging
multiplets for ASul and ASuval (see data in the Experimental
Section). This appears to be a general characteristic by which
AS | and AS Il diastereomers of all investigated peptides may
be differentiated and suggests (i) that the ring conformations
of the AS derivatives are identical for all AS | and identical for
all AS Il diastereomers and (ii) that the retention order during
reversed-phase HPLC of the AS diastereomers is a function of
ring conformation.

2. Polarimetry. Values for the specific rotation, of both
AS diastereomers af-Met as well as for the diastereomeric
Met sulfoxides resulting from the hydrolysis of the respective
AS diastereomers are know.2” By comparison of our
measured values for AS (+17 + 1°) and ASull (+86 £ 3°)
we assigned thexC(S),S(S) conformation to A8 and the
oC(S),S(R) conformation to A8l. The hydrolysis of Awl
and ASyll by 1 N HCI yielded the expected sulfoxide
diastereomers, i.e. theC(S),S(R) configured-Met(O) (—55
+ 4°) from ASul and the aC(S),S(S) configured-Met(O)
(+132 £+ 4°) from ASyll. That the hydrolysis of the A%
diastereomers by 1 N HCI gave optically pure sulfoxide products
attests to the fact that acid-catalyzed racemization of the
sulfoxide was not occurring over the time period of the
measurements.

On the basis of our NMR data (see above), we have concluded
that AS | derivatives of all investigated peptide substrates are
of the same configuration. Thus, we conclude that the sulfur
is of Sconfiguration in all AS | diastereomers and, consequently,
that the sulfur is oR configuration in all AS Il diastereomers
of the investigated peptides. This conclusion is in accord with
the assignment of Ayl to structureb and ASuml to structure
6.

B. Oxidation of Met-Met by 3CB. 1. Product Formation
as a Function of pH and Presence of Superoxide Dismutase.
Table 1 displays the loss of Met-Met and the formation of
products for the photolysis of air-saturated solutions containing
2.0x 104M CB, 2.0 x 1073 M Met-Met, and 1.0x 102 M
sodium phosphate at pH 6.5, 8.0, and 9.0, respectively. Several
features shall be noted. (i) Irradiation times were between 0
and 48 s, and the loss of Met-Met as well as the formation of
products was linearly dependent on the irradiation time. Even
at the maximum irradiation time of 48 s (eight lamps), the

(24) Gensch, K.-H.; Higuchi, TJ. Pharm. Scil967 56, 177—184.

(25) Lavine, T. F.J. Biol. Chem.1947, 169, 477-491.

(26) Christensen, B. W.; Kjeer, A. Chem. Soc., Chem. Comm@865
225-226.

(27) Lambeth, D. O.; Swank, D. Wl. Org. Chem1979 44, 2632~
2636.
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Table 1. Yields of Products and Loss of Substrate as a Function of pH and the Presence df SOD
yield, 10" M st
pH 6.5 pH 8.0 pH 9.0
compd —SOD +S0OD —SOD +SOD —-SOD +SOD
ASumll 5.6+0.2 7.2+0.4 5.1+ 0.3 10.8+ 0.8 48+0.2 11.9+ 0.2
ASyml 1.9+0.2 3.0+ 0.2 1.4+ 0.1 4.3+ 0.4 1.6+0.1 4.8+ 0.1
Met(O)-Met(O) 6.8+ 0.3 <0.2 11.9+ 0.1 0.9+ 0.1 10.8+ 1.0 0.5+ 0.1
Met(O)-Met 1.8+0.1 0.7+0.1 2.0+ 0.1 1.0+0.1 2.3+0.2 1.3+0.2
Met-Met(O) 2.2+0.1 0.4+ 0.1 1.2+0.1 0.6+ 0.1 1.6+0.1 1.0+0.1
thiols 3.0+ 0.1 0.2+ 0.1° 14+0.1 0.2+ 0.1° 2.3+ 0.6 0.2+ 0.1°
formaldehyde 3.5:0.2 3.3+0.3 2.0+ 0.1 2.1+ 0.1 2.3+ 0.2 nd
—[Met-Met] 27.0+£5.0 27.0£5.0 26.6+ 5.0 26.6+ 5.0 22.0+ 3.0 21.0+ 4.0

2 Conditions: photolysis (eight 350-nm lamps) of air-saturated aqueous solutions containind @.®M Met-Met, 2.0x 104 M CB, and 1.0
x 1072 M sodium phosphate in the abseneeSOD) or presence{SOD) of 7.8x 107% M SOD dimer (nd= not determined).

overall loss of Met-Met (e.g., at pH 6.5) ef 1.3 x 10* M
(=48 sx 2.7 x 107% M s71) is lower than 7% of the starting
material so that secondary reactions betwA&® and oxidation
products can be excluded. (ii) The products Met-Met(O), Met-
(O)-Met, Met(0)-Met(O), Amm!, and ASum!l mainly originate
from initial one-electron oxidation of Met-Met (see Discussion)
and account for a fraction of 0.670.96 (depending on pH) of
the chemical quenching ofCB by Met-Met. Thiols and
formaldehyde originate from the same precursorpa@lkyl-
thio)alkyl radical, which is mainly the product of initial hydrogen
transfer between Met-Met aR€B (see Discussion). Consider-

Sulfide radical cations such as®" are very strong one-
electron oxidantd® Therefore, we had to confirm that the
inhibition of Met(O)-Met(O) formation by SOD was not merely
caused by the competitive reaction oL, IR with easily
oxidizable amino acids X of the SOD protein skeleton (reaction
10), where X in bovine erythrocyte SOD could be Tyr or
Met_30,31

R,S" + SOD-(X)— R,S+ SOD-(X™) (10)

For this purpose, a demetalated des-Cu variant (apo-SOD) of

ing that hydrogen transfer should occur approximately equally SOp was prepared by partial unfolding of the enzyme, extrac-

well from theeCH; and theyCH, group of Met, and considering
that formaldehyde only forms after hydrogen transfer from the
€CHs or ¢C'Hs group from Met-Met, each equivalent of
formaldehyde is representative for approximately 2 equiv of
hydrogen transfer. Thus, representatively for pH 6.5 in the

tion of CL#" with EDTA, and refolding (see the Experimental
Section). Our preparation of apo-SOD showed ca. 3% of the
residual activity as compared to the native enzyme, most
probably caused by an incomplete removal of Cuwhen air-
saturated solutions containing 1x010-2 M sodium phosphate,

absence of SOD, we calculate the fraction of hydrogen transferpH 8.0, 2.0x 1074 M CB, and 2.0x 103 M Met-Met were

contributing to chemical quenching &EB by Met-Met as ca.
(2x35x 10" M s Y27 x 107 M s™1) = 0.26 (we did not
rely on the yields of thiols in these calculations due to their
instability in an oxidative environment). On the basis of the
combined fractions of electron and hydrogen transfer, 6:67
0.26=0.93, it is evident that the reaction products well account
for the loss of starting material through chemical quenching. It
must be noted that in particular the quantification of the loss of
starting material carries quite large error limits as we kept the
total conversion of substratee7% to minimize secondary

photolyzed in the presence of various concentrations of either
native SOD or apoenzyme, the apoenzyme was much less
effective in inhibiting the formation of Met(O)-Met(O) than was
native SOD, as shown in Figure 1a. These data suggest that it
is the dismutation of superoxide by SOD which causes the
observed inhibition of sulfoxide formation and not an unspecific
oxidation of amino acid residues of SOD by3R" according
to reaction 10.

The fact that the apoenzyme still inhibits sulfoxide formation,
though to a lesser extent, can be related to its residual SOD

reactions. None of the observed reaction products were obtainec®ctivity. This becomes evident from Figure 1b, which shows a

in the absence of oxygen (i.e. Naturated solutions; data not

plot of [Met(O)-Met(O)ha/[Met(O)-Met(O)] vsf{SOD], where

shown), indicating that the presence of molecular oxygen was [Met(O)-Met(O)}nax and [Met(O)-Met(O)] represent the yields

an important requirement for product formation.

(iii) When the oxidation of Met-Met was carried out in the
presence of 7.& 10 M superoxide dismutase (SOD) dintér,
there was a ca. 1334-fold pH-dependent reduction of the yields
of Met(O)-Met(O) and a ca.-23-fold decline of the yields of
Met(O)-Met and Met-Met(O). The remaining Met(O)-Met(O)
yields in the presence of SOD will be from here on referred to
as SOD-independengields, whereas subtraction of tf®0OD-
independeniet(O)-Met(O) yields from the total Met(O)-Met-
(O) yields will be referred to aSOD-dependeriilet(O)-Met(O)
yields. The yields of Agul and ASumll increased ca. 1:3
3-fold in the presence of SOD. In general, the ratios of\§S
I1):[AS mm1] were higher in the absence of SOD (2.3.6) than
in the presence of SOD (ca. 2.5).

(28) Earlier experiments with DMS had shown that such concentration
of SOD was sufficient for a complete inhibition of all superoxide-dependent
processed’

of Met(O)-Met(O) in the absence and presence of SOD,
respectivelyf, represents the fraction of active SOD, and [SOD]
represents the concentration of the SOD dimer. In this plot,
all the points fall on a line regardless of whether obtained with
native SOD or apoenzyme.

Thus, we have strong evidence that in the CB-photosensitized
system the majority (ca. 997%, depending on pH) of Met-
(O)-Met(0) is formed through the reaction of superoxide with
a Met-Met sulfide radical cation, [Met-Met], according to the
general reaction 11.

Met-Met™ + O, — Met(0)-Met(O) (11)

(29) Bonifag¢, M.; Weiss, J.; Chaudhri, S. A.; Asmus, K.-D. Phys.
Chem.1985 89, 9, 3910-3914.

(30) Keele, B. B., Jr.; McCord, J. M.; Fridovich,J. Biol. Chem1971,
246, 2875-2880.

(31) Forman, H. J.; Evans, H. J.; Hill, R. L.; Fridovich Biochemistry
1973 12, 823-827.
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Table 2. Efficiencies,f = [product]/[loss of Met-Met], of Product
Formation from Met-Met at pH 9.0 as a Function of Light Interity
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Table 3. Diastereomeric Ratios [AS Il)/[AS 1] as a Function of
Peptide Sequence, Peptide Concentration, and the Presence &f SOD

efficiency, f [AS II/[AS 1] ( £10%)

—SOD +SOD Met-Leu Met-Met Met-Met-Ala

product four lamps eightlamps four lamps eightlamps [peptide]l, M —SOD +SOD -SOD +SOD -SOD +SOD
ASumll 0.343 0.216 0.584 0.540 0.5x10°% 1.50 24 3.7 2.6 3.7 2.8
ASyml 0.117 0.073 0.220 0.216 1.0x 1073 1.6 24 35 2.6 3.8 2.7
Met(O)-Met(O) 0.348 0.490 0.020 0.024 20x10% 1.6 2.3 3.6 25 3.8 2.8
Met-Met(O) 0.090 0.074 0.054 0.046 N — X - — a
Met(O)-Met 0.077 0.098 0.053 0.059 Conditions: air-saturated aqueous solution containing21D~

aConditions: 2.0x 103 M Met-Met, 2.0x 104 M CB, and 1.0x
102 M sodium phosphate, pH 9.0, irradiated with either four lamps
(corresponding to an output of 16 10> M s~ photons) or eight
lamps (3.2x 1075 M s photons). The loss of Met-Met was 1.%7
10° M st for four lamps and 2.2x 10°% M s~ for eight lamps,
respectively.

However, only a smaller fraction of ca. 360% of the
monosulfoxides Met(O)-Met and Met-Met(O) appears to be
formed by the reaction of superoxide with an intermediate, most
likely also [Met-Met}*. A direct oxidation of Met-Met by
superoxide (reaction 12) can be excluded on the basis of
competition experiments with formate. When air-saturated
solutions, pH 10, containing 8 10~3 M phosphate, 2 104

M CB, and 2 x 102 M Met-Met were photolyzed in the
additional presence of 1.0 M sodium formate, there was a 70%
reduction of the Met(O)-Met(O) yields as compared to formate-
free systems. This result will be rationalized in more detail in
the Discussion.

Met-Met+ O,” — Met(O)-Met(O)+ products (12)
2. Influence of Radical Concentration. Table 2 displays

the efficiencied for product formation at pH 9.0 in the absence
and presence of SOD as a function of light intensity which

M CB, 8 x 1072 M sodium phosphate, pH 8.0, various concentrations
of peptide, and no or 7.& 1076 M SOD dimer.

Table 4. Diastereomeric Ratios [AS IIJ/[AS 1] as a Function of
Peptide Sequence, pH, and the Presence of<SOD

[AS IJAS 1] (£10%)

Met-Leu Met-Met Met-Met-Ala
pH —-SOD +SOD -SOD +SOD -SOD +SOD
. 2.1 1.9 2.9 2.4 3.2 2.8
8.0 1.6 2.3 3.6 25 3.8 2.8
9.0 1.7 2.6 3.0 2.5 3.7 2.9

aConditions: air-saturated aqueous solution containing2 D3
M peptide, 2.0x 104 M CB, 8 x 102 M sodium phosphate, various
concentrations of peptide, and no or %810°¢ M SOD dimer.

investigated compounds). Quantum mechanical calculations
(see the Supporting Information) revealed a small difference in
stability (ca. 1.9 kcal/mol electronic energy or 1.3 kcal/mol gas-
phase free energy) between the AS diastereomersNdét.
However, more likely it is the nature of the radical intermediates
and their interactions with superoxide and molecular oxygen
(see Discussion) which may be responsible for the diastereo-
selectivity. To investigate this possibility, we have compared
the diastereomeric ratios [AS I1]:[AS I] for Met-Met, Met-Leu,

controls the formation rate of radical species. The efficiencies 21d Met-Met-Ala as a function of peptide concentration (Table

f were calculated by dividing the rate of product formation by 3) @nd as a function of pH (Table 4). These sequences were
the rate of substrate loss. The reaction mixtures were exposediot selected randomly but on the basis of the following

to either four or eight lamps, corresponding to X605 and
3.2x 1075 M s~ photons, respectively. Under these conditions
the loss of Met-Met was (1.1F 0.07) x 1078 M s~ for four
lamps and (2.2- 0.3) x 107% M s~ for eight lamps, i.e. showed
the expected 2-fold increase for a 2-fold higher light intensity.
However, significant differences were observed for the
efficiencies of product formation in the absence of SOD. The
major product during the photolysis with eight lamps was Met-
(O)-Met(0), whereas its efficiency of formation significantly
dropped at the expense of the formation ofyi$and ASuml|
in the four-lamp setup. In contrast, there were no differences

between the experimental systems when the photolysis was,
carried out in the presence of SOD. As expected, higher steady-

state concentrations of [Met-M&t] and superoxide favor the
formation of Met(O)-Met(O). However, as they disfavor the
production of the AS diastereomers, it may be concluded that
at least a fraction of the latter requires the competitive
conversion of an initially formed [Met-Met} into a second
intermediate which constitutes a precursor fopfyBand ASyu-
Il. In the presence of SOD, the radieahdical reaction 11 is
inhibited and comparable product efficiencies are observed for
both light intensities.

3. Comparison of Met-Met with Met-Leu and Met-Met-
Ala. An important observation is th&CB oxidation of the

peptides shows some diastereoselectivity for the AS diastere-

omers whereas that is not the case for the oxidation by Ki
(which generally yielded 1:1 ratios of AS Il and AS | for all

considerations. An important characteristic of Met-Met is that
one-electron oxidation byCB leads to sulfur radical cations
7-N and7-C (where the suffix N and C denote the N-terminal
and the C-terminal Met residue) which can form an intramo-
lecular sulfur-sulfur three-electron bond as shown in structure
8.32 Alternatively, an oxygessulfur bond? (a sulfuranyl type
radical) could form via interaction between the C-terminal
carboxylate group and a radical cation on the C-terminal Met
residue (structur8), though pulse radiolytic studies with Met-
Met have shown that such sulfuoxygen bonds may at best
exist transiently* However, even as short-lived transients, such
intermediates may affect the overall product formation, and their
potential influence on the mechanism has to be tested. Sul-
furanyl radical€9 cannot form when the carboxylate group and
the Met residue are separated by a peptide 5&nd, in Met-
Met-Ala. Therefore, any difference in the product pattern
between Met-Met and Met-Met-Ala may indicate that the
sulfuranyl structuré® plays a role in product formation. Met-
Leu can neither form a sulfuranyl intermedi&eior form an
intramolecular sulfursulfur three-electron bond, and a com-

(32) Hug, G. L.; Marciniak, B.; Bobrowski, Kl. Photochem. Photobiol.
A 1996 95, 81—88.
(33) Bobrowski, K.; Holcman, Jnt. J. Radiat. Biol.1987, 52, 139~

(é4) Bobrowski, K.; Holcman, 1. Phys. Cheml989 93, 6381-6387.
(35) Bobrowski, K.; Schoeich, Ch. Unpublished results.
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parison of Met-Leu and Met-Met may demonstrate the impor-
tance of structur@ for product formation.

+ +
mN—q(O)NI—;— Co, mN—RC(O)NHg— co;
St s S %S
/ AN / N

7-N 7-C
+ — +
H3N C(O)NH CO, H,N C(O)NH
E ?=0
+ é/o
Se S S |
/ AN /
8 9

Miller et al.

Table 5. Yields of Products and Consumption of Met-Met by
Singlet Oxygeh

yields, 10" M s™*

1x10*MMet-Met, 1x 103M 1x 10°3M
1:1 (viv) H,0O/D,0, Met-Met, Met-Met,
compd pL 8.0 H>O, pH 7.0 DO, pD 7.0
—[Met-Met] 1.63+0.24 naé-e ngpc
Met(O)-Met(O) 1.62+ 0.04 7.5+ 0.4 36+ 2
Met-Met(O) 0.02+ 0.004 0.26+ 0.07 0.55+0.16
Met(O)-Met 0.02+ 0.04 0.23+ 0.07 0.47+0.26
ASumll 0.0 0.09+0.02 0.41+ 0.05
ASywml 0.0 <0.08 <0.4
aConditions: air-saturated agueous;@, L = H, D) solutions

containing 5.0x 10~* M phosphate buffer, 9.& 105 M rose bengal,
and various concentrations of Met-Méind = not determinedS Too
low conversion for satisfactory determination of loss of Met-Met.

photoprocess, we would have expected not only an effect of

For reactions in the absence of SOD, there was a significant SOD but also significant yields of Agll and ASuml, as in

difference between the ratios [AS 1l]:[AS 1] of Met-Leu and
Met-Met but not between Met-Met and Met-Met-Ala. However,

all three peptides showed comparable diastereomer ratios in the

presence of SOD at pH 8.0. Thus, it appears that in particular
the potential to form an intramolecular sulfusulfur three-

electron bond has some influence on the reaction of peptide

sulfur radical cations with superoxide. On the other hand, the
inhibition of potential oxygen sulfur bond formation (as in Met-
Met-Ala) showed little effect on the diastereomer ratio.

C. Oxidation of Met-Met by Singlet Oxygen. 1. Product
Formation and Rate Constant. Alternatively to the type |
photooxidation of organic sulfides (i.e., reaction Z}B may
be quenched by oxygen to yield singlet oxygen (reaction
13).36—38

*cB+°0,—~CB+'0, (A, '=')) (13)

We subjected Met-Met to oxidation by singlet oxygen to assess

whether the reaction products derived from 38 system were

caused by a type | or a type Il (via singlet oxygen) photoprocess.

The illumination of rose bengal (RB) with visible light produces
singlet oxygen according to the general reactions 14 and45.

RB + hy — RB* (14)

When air-saturated aqueous,(Mand BO) solutions, contain-

RB* +°0,—~RB+ 'O, (15)
ing 5.0 x 10~* M phosphate buffer and 9.0 10> M RB were
exposed to visible light in the presence of (01.0) x 103 M
Met-Met, there was almost exclusive formation of Met(O)-Met-
(O), as displayed in Table 5.

All other products accounted far10% of the product yields.
Moreover, the presence of additional &8.0-6 M SOD dimer
did not affect the yields of Met(O)-Met(O), indicating that Met-
(O)-Met(O) was not the product of a type | photoprocess
followed by a reaction of superoxide with [Met-M&t] Thus,
reactions 16 and 17, followed by reaction 11 were not
responsible for Met(O)-Met(O) formation in the RB system. If
Met(O)-Met(O) would have been the result of such a type |

(36) McLean, A. J.; Rodgers, M. A. J. Am. Chem. Sod992 114
3145-3147.

(37) McLean, A. J.; Rodgers, M. A. J. Am. Chem. Sod993 115
9874-9875.

(38) Grewer, C.; Brauer, H. Dl. Phys. Chem1994 98, 4230-4235.

(39) Gollnick, K.; Franken, T.; Schade, G.; hdfer, G.Ann. N. Y. Acad.
Sci.197Q 171, 89-107.

the 3CB system.

RB* + Met-Met— RB"~ + [Met-Met]"* (16)

RB" +0O,—RB+ 0O, a7

Further confirmation that singlet oxygen was the actual
oxidant in the RB system but not in tREB system was derived
from solvent isotope effects. Inspection of the third and fourth
column in Table 5 reveals that ca. 5-fold higher yields of Met-
(0)-Met(O) were formed in the RB system when the experi-
ments were carried out in 0 as compared to . This
finding is rationalized on the basis of the -106-fold longer
lifetime of 10, in D20 2241 promoting Met-Met oxidation at the
expense of quenching by the solvent (reaction 18; H, D).

'0,+ L,0—°0,+L,0 (18)
In contrast, theSOD-dependenitiet(O)-Met(O) formation via
one-electron oxidation in th&B system (type | photoprocess)
showed only a 1.2-fold increase upon changing the solvent from
H20 to DO (see below).

The key processes for the reactionl@f, with Met-Met in
aqueous solution are displayed in Scheme 1, based on analogous
reactions oflO, with organic sulfides in protic solvents.” It
should be noted that in structuré8and11 the persulfoxide or
the hydroperoxysulfurane may be formed at either the N- or
the C-terminal Met residue. It is also important to understand
that persulfoxidelO represents only one possible structure
initially formed through the addition ofO, to a sulfide. An
alternative structure such as a cyclic thiadioxirane has been
suggested in particular in view of the presence of both a
nucleophilic (likely the persulfoxide) and an electrophilic
intermediate (likely the thiadioxirane) during the reactiod@f
with sulfides in aprotic solvents.

Stoichiometrically, every chemical reaction@, with Met-

Met yields 1 equiv of Met(O)-Met(O) or 2 equiv of the
monosulfoxides. The total amount &D, reacting with Met-
Met is equal taX = [Met(O)-Met(O)] + 0.5 ([Met-Met(O)]+
[Met(O)-Met]). Figure 2 displays the yields of Met(O)-Met-
(O) andX obtained as a function of [Met-Met] inO (L = H,

(40) Merkel, P. B.; Kearns, D. Rl. Am. Chem. S0d.972 94, 1029~
1030.

(41) Gorman, A. A.; Rodgers, M. A. J. IBRC Handbook of Organic
PhotochemistryVol. Il; Scaiano, J. C., Ed.; CRC Press: Boca Raton, FL,
1989; pp 229-247.
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Scheme 1
» Met(O)-Met(O)
@
1 Met-Met + L,0 | -L,0
0, — > Met-Met (>5-0-07) ———» Met-Met (LO-S—OOL)
(19) 0) ! @)
10 11
L20 | a8 @ ©4) | MetMet
%0, Met-Met + >0, Met(0)-Met / Met-Met(O) Met(0)-Met(O)
Table 6. Solvent Isotope Effects on the Efficiendy= [Product]/ efficiency of Met(O)-Met(O) formation is somewhat higher than
[SLOStS Of_M?;-MAekt)], during t?je OX'dat'OFf\ Sg“éet}“ﬁ:ef gy@tm‘:BD the ca. 3-fold increase in absolute Met(O)-Met(O) yields
ystem In the Absence or Fresence o a & ®, D) observed for a change in solvent from@®ito D;O in the RB
—SOD +S0D system for 2x 103 M Met-Met (see Figure 2). However, as
H,O D,O H,O D,O we do not know whether a change from®ito D,O has an
ASumll 0.216 0207 0.540 0.483 effect on the energy transf(_ar reaction 13, we prefer to compare
ASuml 0.073 0.059 0.216 0.188 these absolute values qualitatively rather than quantitatively. In
Met(O)-Met(O) 0.490 0.580 0.024 0.141 the absence of SOD, the total yields of Met(O)-Met(O) are ca.
Met-Met(O) 0.074 0.079 0.046 0.082 18% higher in RO as compared to #. We know that one-
Met(O)-Met 0.098 0.082 0.059 0.067 electron oxidation of sulfides to sulfide radical cations3aB

can be less efficient in D as compared to # (though the
D) during the photolysis of air-saturated aqueous solutions, pL Magnitude of such a solvent isotope effect depends on various

= 7.4, containing 5x 104 M sodium phosphate and 99 factors such as the structure of the charge-transfer complex,

10-5 M RB. subsequent transition states/intermediates, and the substituents
In D0, = reaches a platealimay for [Met-Met] = 1072 M, on the sulfide.”? Thus, the 18% increase of the total Met-

whereas in HO, we observe increasing values Dfor [Met- (O)-Met(O) yields is likely the result of an overall lower

Met] > 102 M. At Smax 1O, reacts exclusively with Met-Met efficienc_y of the _S_ODelependentormation offset by a_signifi-
(reaction 19) at the expense of solvent quenching (reaction 18),cantly higher efficiency of the SOndependenformation. In

and the absolute value & is determined by the branching ~ the presence of SOD, a change fromCHto DO has only a
ratios among reactions 2@2. For sufficiently low concentra- ~ Small effect on the formation of Afu! and ASywll. This is

tions of Met-Met, the branching ratios of reactions-Z2 should ~ NOt unexpected as we have shown that both AS diastereomers
remain constant (i.e., we do not have to include a direct reaction € not formed through the interaction of singlet oxygen with
of 10 with a second molecule of Met-Met as the hydration Met-Met. The slight isotope effect likely results from a_sol\{ent
reaction 20 is expected to be very fast). Thus, the absolute'SOtOPe ef_fect_on the format|o_n pathway_s of the AS derivatives.
values ofS and S in H,O can be used to compute the rate _ D-  Oxidation of N-Methionyl Peptides by Hydroxyl
constant for reaction 19 in 4 according to egs | and 1,  Radicals. During the photooxidation of Met-Met byCB,
assuming thaEmaxis similar in HO and BO. A plot of dSmay significantly higher yields of AS_ dla_stereom(_ers were forr_ned in
Smax — S)/d[Met-Met] gave a straight line with a slope of 126 the presence of SOD, though with different diastereomeric ratios
+ 14 (intercept 1.0). Takingzs =5 x 10° s~1in H,0,% we as compared to the absence of SOD. These results suggest that

obtainkye = (6.3+ 0.7) x 10/ M1 1, the AS diastereomers may form via at least two different
pathways, a superoxidiependenénd a superoxidexdependent
o k,{Met-Met] mechanism. As will be shown in the discussion, one key
max _ — 19 ) intermediate for AS formation is an intramolecularly sutfur
DIND> Kig nitrogen three-electron-bonded radical cationHpNO S<]™,

displayed in structure 12. Such suluritrogen bonded radical
N Zmax — 2) _ k_19 an cations can be conveniently generated and monitored by pulse
d[Met-Met] Kig radiolysis coupled to time-resolved UV spectroscébgnd their
structures have been confirmed by ESRind theoretical

2. Potential Contribution of Type Il Photooxidation in calculationsi*#°
the 3CB System. We can now estimate any potential contribu- R
tion of type Il photooxidation to the product yields observed in a: R = C(O)-Met
the 3CB system. Table 6 diplays product yields obtained with '
2 x 103 M Met-Met in L,O, pL 9.0 (L= H, D), in the absence + b : R = C(O)-Met-Ala
and presence of SOD. NS
In H2O, pH 9.0, the addition of SOD reduces the yields of H H/ \ c: R=C(0)-Leu
Met(O)-Met(O) by ca. 95%, indicating that the majority of Met- 12
(0)-Met(O) derives from the reaction of Met-Metwith The reaction oN-methionyl peptides with hydroxyl radicals,

superoxide. When, in the presence of SOD, the solvent is HO", provides a convenient means for the generation of

changed to BO, there is a ca. 5.9-fold increase in the SOD- 42 Bobrowski K- Fiup. G L Marcnak, B MilerB. L Smsich
i i _ i obrowskl, K.; Aug, G. L.; Marciniak, b.; Miller, b. L.; SCIm@Iicn,
independentyields of Met(0)-Met(O), suggesting that they o "%, 0 oo 654 997 114 '8000-8011.

derive from the reaction of singlet oxygen, formed via reaction ~ 43y asmus, K.-D.; Gbl, M. Hiller, K.-O.; Mahling, S.; Manig, J.J.

13, with Met-Met. We note that this 5.9-fold increase in the Chem. Soc., Perkin Trans.1085 641—646.
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Table 7. Yields of Products and Loss of Substrate and during the molecular oxygen is required for their formation. Representa-

Eegpticl)n c:j Paeptides with Photolytically Produced Hydroxyl tively for Met-Leu at pH 6.5 (1x 104 M Met-Leu, 1 x 1074
adicals (HO) _ M H,0,, 5 x 107%> M sodium phosphate), we determined that
yield, 108 M s™* hydrogen peroxide was consumed at a rate of (Z&28.7) x
peptide compd pH 6.5 pH 8.0 108 M s~ (this particular experiment was carried out ig-N
Met-Met —[Met-Met] 143+ 36 12.0£ 1.0 saturated aqueous solution in order to avoid any hydrogen
ASymll 6.1+0.2 4.4+ 05 peroxide formation through secondary processes). As every
ASuwml 24+01 1.6+0.2 photolytic conversion of kD, into free hydroxyl radicals yields
Met(O)-Met(O) <0.2 <0.2 2 equiv of HO, we expect a consumption of Met-Leu at a rate
Met(O)-Met <0.2 <0.2 7 —1 : :
of 1.45x 10" M s, in good agreement with our experimental
Met-Met(O) <0.2 <0.2 1 . .
Met-Met-Ala —[Met-Met-Ala] 17.0+ 6.0 14.4+ 35 value of (1.524 0.16) x 10~ M s™1. Any potential reaction
ASymall 6.6+ 0.4 5.7+ 0.4 of HO* with H;O, (reaction 26) can be excluded for our
ASwmal 2.84+0.2 2.2+0.2 experimental systems based lag = 2.7 x 10/ M1 s7147as
Met(0)-Met(0)-Ala < 0.2 <02 compared tdo7 = 1.2 x 1000 M1 57134
Met(O)-Met-Ala <0.2 <0.2
Met-Met(O)-Ala <0.2 <0.2 N ~
Met-Leu —[Met-Leu] 15.2+ 1.6 12.1+1.0 HO + H,0,— H,0+H" + O, (26)
ASwlI 45404 4.5+ 0.2
ASwLI 22+03 1.8+0.1 o
Met(O)-Leu 014002 0.1+ 0.02 HO" + Met-Met— products @7)
In control experiments we confirmed that the additional presence
ratio of 1 x 104 M H,0; had no influence on the conversion of
peptide ratios pH 6.5 pH 8.0 reactive intermediate(s) into Al and ASumll, respectively.
; 3 g . )
Met-Met [ASITAS ] 25 28 For this, 2x 10~ M Met-Met was OXIdlied byCB (four 3;50
Met-Met-Ala [ASunall1/[AS vwal] 24 26 nm lamps, air-saturated solution,210™*M CB, 1 x 107*M
Met-Leu [ASWI)/AS w 1] 2.0 25 sodium phosphate, pH 7.4) in the presence of no and—(0.1
— - - 1.0) x 1073 M H,0,. There was no change in the absolute
aConditions: photolysis (253.7 nm) of air-saturated aqueous solu- _. ds of A land A I Il as the diast . Hi
tions containing 1.0« 1074 M H;0,, 1.0 x 1074 M peptide, and 5.« yields of ASuml an 35“'“" as well as the diastereomeric ratio
105 M sodium phosphate. for [H207] < 1 x 1073 M.

The oxidation products listed in Table 7 account for ca-50
structures12 without the parallel formation of superoxide 60% of lost substrate for Met-Met and Met-Met-Ala and ca.
anior?* to assess whether the reaction t®a—c with O, 50% of lost substrate for Met-Leu. Mechanistically, the forma-
produces AS diastereomers. Hydroxyl radicals were generatedtion of the AS diastereomers requires an initial one-electron
by photolytic cleavage of hydrogen peroxide at 254 nm oxidation of the peptides. However, it has been shown that at

according to reaction 2. least 20% of hydroxyl radical attack at M&and Met-containing
peptided* proceeds via hydrogen transfer directly yielding
H,0, + hv — 2HO (25) o-(alkylthio)alkyl radicals so that only ca. 80% of the available

hydroxyl radicals actually form one-electron oxidation products.

In a standard experiment, air-saturated solutions contained 1 Considering this additional pathway, the AS diastereomers
1074 M H,0,, 1 x 104 M peptide, and 5x 105 M sodium account for 63-75% of the products derived from one-electron
phosphate of desired pH. There was no pH shift during the ©xidation of Met-Met and Met-Met-Ala. Any reaction of HO
experiment. Photolysis conditions were adjusted such as toWith the Ala residue in Met-Met-Ala may be neglected based
convert less than 20% of the substrate in order to minimize O the low rate constant for the reaction of Hi@th Ala (k =
reactions of hydroxyl radicals with primary oxidation products. 7-7 x 10’ M~!s714%) as compared to Met-Mek( 1.2 x 10

All product yields are reported in Table 7. Control experiments M~* s7139). However, on the basis of the rate constants for
confirmed that there was only negligible direct oxidation of the the reaction of HOwith Leu k = 1.7 x 10° M~* s71%) and
peptides (to sulfoxides) by the added hydrogen peroxide during Met (k = 8.3 x 10° M~* s7147), we expect that in the case of
the time of photolysis. Photolysis in the absence oDH Met-Leu 17% of the hydroxyl radicals directly react with the
showed only trace amounts of oxidation products. Two Leu residue. Of the remaining 83% reacting with the Met
characteristic features are apparent. (i) At both pH values, theresidue, a fraction of 0.2 will react via hydrogen transfer (see
yields of the AS diastereomers are significantly higher than those above). Thus, overall only 66% of the total amount of hydroxyl
of the sulfoxides. Such a product pattern is similar to that found radicals will react with Met-Leu under formation of sulfide
for the 3CB system in the presence of SOD. (ii) The diaster- radical cations so that Al and ASy_ Il represent 75% of the
eomeric ratios [AS IIJ:[AS 1] for all three peptides are close to one-electron oxidation products of Met-Leu.

the ratios of théCB system in the presence of SOD. Thus, it

appears that product formation in the hydroxyl radical system Discussion

and in the’CB/SOD system involves similar pathways. When

the photolysis was carried out inNaturated solutions, peptide Formation of the Intermediates. The primary steps of the
consumption was identical to that in air-saturated solutions but reaction of3CB with organic sulfide¥ and Met-containing
none of the oxidation products was formed, indicating that

(47) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, AJB.
(44) Champagne, M. H.; Mullins, M. W.; Colson, A.-O.; Sevilla, M. D.  Phys. Chem. Ref. Dath988 17, 513-886.

J. Phys. Chem1991, 95, 6487-6493. (48) Hiller, K.-O.; Masloch, B.; Gbl, M.; Asmus, K.-D.J. Am. Chem.
(45) Carmichael, 1Acta Chem. Scand.997, 51, 567—571. Soc.1981 103 3, 2734-2743.
(46) Milas, N. A.; Kurz, P. F.; Anslow, W. P., Jd&. Am. Chem. Soc. (49) Bobrowski, K.; Marciniak, B.; Hug, G. L1. Photochem. Photobiol.

1937, 59, 543-544. A. 1994 81, 159-168.
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Scheme 2
3CB +  Met-Met
(28)
+ _ +
H;N C(O)NH CO; H;N C(O)NH coy ll’ ll’
: j [ $H2 cI:H2
d- o+ 65— (36) .
CB---$ s + S ¥ §---cB —» CH: CH
AN / N - CBH® | +
(29) T T
~ *CH, CH,3
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13-N 14-N
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Met-Met ‘
32
52 » 12a
y +B/-BH*
H\+ ,H
H/N\CH—C(O)NH coy / C(O)NH co;
%) ) ; =, "M e
. + o
N s - CBH® \"S S
/ I 4

/

peptided>>Chave been established and are, representatively for
Met-Met, displayed in Scheme 2. Initially, a charge-transfer
complex forms (reaction 28) which decomposes either into
ground-state CB and Met-Met (reaction 29; physical quenching)
or via chemical quenching into various products (reactions 29
36). Electron-transfer yields CBand the monomeric radical
cations7-N and7-C which can subsequently form the sulfur
sulfur bonded comple® Recently, it has been established with
y-hydroxyalkyl sulfide4? (and a similar mechanism appears to
operate withiN-methionyl peptide®) that intramolecular proton
transfer to the developing CB from the charge-transfer
complex can promote the one-electron transfer pathway as it
directly leads to the neutral product CBg species less prone
to back electron transfer within the charge-transfer complex or
solvated ion pair as compared to CB For Met-Met, a
potential pathway is shown in reactions-33. An important
feature of this reaction sequence is that it simultaneously
produces a sulfur radical cation and a deprotonated N-terminal
amino group which can rapidly cyclize to form the subur
nitrogen bonded intermediafi?a We note that reactions 34
and 35 do not necessarily have to occur stepwiselBatmay
form in a concerted process as well. Cyclization is not possible
for structure/-N, 7-C, or 8 unless base-catalyzed deprotonation
of the N-terminus permits ring closure (reaction 32). In fact,
on a longer time scale, reaction 32 is likely responsible for a
conversion oBinto 12a Finally, a fraction of the initial charge-
transfer complex will also decompose via hydrogen transfer
(reaction 36), yieldingx-(alkylthio)alkyl radicals13-N/C and
14-N/C, where the suffixes N and C symbolize that the radical
center is located on the N- or C-terminal Met residue and P
denotes the skeleton of the residual peptide molecule. It is
important to note that in phosphate-buffered solution any proton
transfer between CB and7-N or 7-C to yield 13-N/C or 14

N/C is precluded due to the rapid pH-dependent protonation of
CB*~ by the buffer?®51 Usually, in oxygenated solutions,
o-(alkylthio)alkyl radicals convert into peroxyl radicals and

(50) Marciniak, B.; Hug, G. L.; Bobrowski, K.; Kozubek, H. Phys.
Chem.1995 99 (9), 13566-13568.

ultimately into thiols and aldehydes (S-dealkylation pathway).
These intermediary peroxyl radicals may contribute to a small
(SOD4independent part of the observed monosulfoxides as
peroxyl radicals are known to oxidize sulfides to sulfoxiéfes.
However, for kinetic and mechanistic reasons (i.e., the effect
of SOD), alkylperoxyl radicals are not involved in the formation
of the AS diastereomers, Met(O)-Met(O), and the majority of
the monosulfoxides (see also below). The fact that the yields
of both thiols and formaldehyde are relatively low in #@B
system (cf. Table 2) indicates that the hydrogen transfer pathway
plays a less important role than the electron-transfer pathway
in Scheme 2. In general, chemical quenching@B by Met

and Met-containing peptides (i.e., reactions 30, 33, and 36)
occurs with quantum yields ab ~ 0.3—0.732:5051depending

on the structure with the residual fraction ¥B reacting via
physical quenching (reaction 29). In summary, the electron-
transfer pathway leads to the formation of sutfsulfur and
sulfur—nitrogen bonded intermediates which are precursors for
the sulfoxides and AS diastereomers, and the hydrogen transfer
pathway leads too-(alkylthio)alkyl radicals which mainly
convert into thiols and aldehyde.

Laser flash experiments have confirmed and quantified the
formation of8 during the reaction ofCB with Met-Met at pH
5.932 The published spectrum also suggests the formation of
12a at pH 5.9, but this species was not quantified. As the
formation of12ais likely paralleled by the formation of CBF°
(reactions 33-35), an exact quantification of the electron-
transfer and the hydrogen-transfer pathway based on the
formation of CB~ and CBH, respectively, is not possible. That
the direct formation ofl2a is possible was demonstrated by
analogous laser flash experiments with Met-Gly and Met-Gly-
Gly in the absence of buffer at pH 6.0 and 6.2, respectively,
where the sulfurnitrogen bonded intermediate H,NO S<]+

(51) Jensen, J. L.; Miller, B. L.; Zhang, X.; Hug, G. L.; Scteich, Ch.
J. Am. Chem. S0d.997, 119, 4749-4757.

(52) Schmeich, Ch.; Aced, A.; Asmus, K.-Dl. Am. Chem. S0d.991
113 375-376.
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Scheme 3

(38)
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was the predominant one-electron oxidation product paralleled On the basis oksg = 3.5 x 10’ M1 st 7andkyg = 2.9 x 10°
by the formation of CBI+50 M~1 s7132we expect that the photoconversion 0k210-3 M

The Mechanism of Met(O)-Met(O) Formation. The ma- Met-Met by 3CB should decrease by ca. 86% when additional
jority of Met(O)-Met(O) is formed through the reaction 8f 1.0 M formate is present. Experimentally, we find a decrease
with superoxide. The underlying reactions are displayed in of 70%. However, every reaction ¢CB with formate in
Scheme 3. oxygenated solution produces 2 equiv of superoxide3g&

Essentially,10-N and 10-C (where the suffices N and C  whereas every chemical reaction’@B with Met-Met generates
represent a transformation at the N- or C-terminal Met, only 1 equiv of superoxide p€CB (reactions 28 36, followed
respectively) can be generated by a direct addition of @ 8 by reaction 5). Thus, in a first approximation, the formation
(reaction 37) or through electron transfer (reaction 38), followed rate of superoxide in the formate-containing solution (1.0 M
by addition of the productO, to Met-Met (reaction 19). formate, 2x 103 M Met-Met, pH 10) should be at least 1.86
Subsequently, Met(O)-Met(O) is formed through reactions 20, times higher as compared to the formate-deficient solution. The
21, and 23. The SOIdependenyields of the monosulfoxides  experimental fact that increased formation rates of superoxide
will form via reactions 37 and 24 whereas the S@Dependent are paralleled by a decreased formation rate of Met(O)-Met(O)
yields are the result of peroxyl radical reactions (see above) clearly argues against a direct oxidation of Met-Met to Met-
and reactions 38, 19, 20, and 24. On the basis of the yields of (O)-Met(O) by superoxide.
Met(O)-Met(O) in HO and DO (see Table 7), we may Formation of ASyw! and ASumll. Several features are
conclude that reaction 38 is of minor importance as comparedimportant for the formation of AGul and ASumll. (i) An
to the radical addition pathway (reaction 37). By comparison efficient reaction of superoxide witt8 at higher radical
with the rose bengal system, we would have expected the yieldsformation rates favors the formation of Met(O)-Met(O) at the
of Met(O)-Met(O) to increase ca. 3-fold upon changing the expense of the AS diastereomers. However, at lower radical
solvent from HO to DO if singlet oxygen were the major  formation rates, higher yields of the AS diastereomers are
oxidant leading to Met(O)-Met(O) even in the SQIependent  formed at the expense of Met(O)-Met(O). (ii) In the presence
reaction pathway. In reality, we only observe a ca. 18% increase of SOD, increased yields of the AS diastereomers are formed
of the Met(O)-Met(O) yields and most of it appears to originate at the expense of Met(O)-Met(O). (iii) The AS products do
from a higher efficiency of the SOvdependenpathway, i.e.  not form through reaction of Met-Met with singlet oxygen, but
from the reaction of singlet oxygen which had been generated they do form when the sulftmitrogen bonded intermediates

by the reaction ofCB with oxygen.
Exclusion of a Direct Oxidation of Met-Met by Superox-

ide. A direct oxidation of Met-Met by superoxide (reaction

12 are generated in the presence ef & shown in the hydroxyl
radical system. The diastereomeric excessy[AH:[AS uwml]
is similar for the hydroxyl radical-system and tF@B system

12) can be excluded on the basis of the experiments performedin the presence of SOD. However, it is different for @B

in the presence of formate. Formate scaverf@&’ to yield

CBH* and*CO,~ (reaction 39), both of which generate,O

(reactions 5, 40, and 4%y; = 4 x 10° M~1 57159,

%CB -+ HCO,” — CBH +"CO,~ (39)
CB/CBH + O,—~ CB+ 0, /H", 0, (5)
‘CO,” + CB+ H"— CBH + CO, (40)
‘CO,” + 0,—~ CO,+ 0O, (41)

system in the absence of SOD, suggesting the operation of a
superoxidedependentnd a superoxidexdependenpathway

of AS diastereomer formation. All of these facts are accounted
for by the general reactions displayed representatively for Met-
Met in Scheme 4. The one-electron oxidation of Met-Met by
3CB vyields 8 and 12a The sulfur-sulfur bonded specie8
reacts with superoxide to form a precursor for the generation
of Met(O)-Met(O), Met-Met(O), and Met(O)-Met (see Scheme
3). However8 can convert intd 2aafter deprotonation of the
N-terminal amino group (reaction 32; Scheme 2). Both
pathways are competitive, and at a given pH and buffer

(53) Simic, M. G.Methods Enzymoll99Q 186, 89—100.
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Scheme 4
3cB. + Met-Met
- CBH'
(30a/b) l -CB*
(3335
7N + 1-C
(31a/b) [
®2) '
8 » 12a
+B,-BH™*
o - 0~ 0,
37 “42)
2 (- SOD) @sopy | ¥
y
10-N + 10-C ASypq1l ASypm 11
ASWI . _ ASWI
0 )
Scheme 5
R
3 O—H
N—s—0” <2 m o
@ H 7/ N / N
15 H 16
05~ @6) | +BH*-B

concentration, an increased concentration of primary photo- structurel6 resembles a cyclic sulfurane intermediate which
products, i.e8 and Q*~, would favor reaction 37 at the expense has been proposed for the oxidation of Met by®l Alterna-

of reaction 32, rationalizing the higher efficiency of Met(O)- tively, 12amay transfer an electron to superoxide to generate
Met(O) formation at higher light intensities (higher production the intermediary dicatiod7 (reaction 47), which subsequently
rates of radical intermediates). On the other hand, the elimina- deprotonates (reaction 48). We can exclude a possible reduction
tion of superoxide by SOD inhibits reaction 37 which leads to of 12aby superoxide (reaction 49) as such reaction is expected
a significant increase in the formation of products originating to produce singlet oxygen which only yields negligible amounts
from speciedl2a Structurel2arepresents a precursor for the of ASywl and ASumll in its reaction with Met-Met (cf. Table

formation of ASum! and ASumll by reaction with Q*~ or O,, 5).

respectively (reactions 42 and 43). Preliminary pulse radiolysis We propose that the reaction &Ra with O, proceeds via

experiments indicate thégi, ~ 5 x 10° M1 s71 %4 and thatkss addition, followed by elimination of superoxide (reactions 50

is on the order of 10M~1 571,55 and 51; Scheme 5). The lifetime of a peroxyl radit@kcannot
There are several possibilities for a reaction of superoxide be specified, i.e. it is unclear whether it would represent a

with 12a summarized in Scheme 5. relatively stable intermediate or only a transition state. How-

The addition of superoxide ttRawould lead to the sulfurane  ever, earlier we had found kinetic evidence for a relatively stable
intermediatesl5 and 16 (reactions 44 and 45) which could analogous sulfur-based structdr@®’ suggesting that8 might
eliminate hydrogen peroxide (reaction 46). In particular, exist as an intermediate. We note that reaction 51 generates

(54) Schaeich, Ch.; Hug, G. L.; Bonifacic, M. Unpublished results. (56) Young, P. R.; Hsieh, L.-Sl. Am. Chem. Sod.978 100, 7121~
(55) Bonifd@¢, M.; Glass, R. S.; Asmus, K.-D. Unpublished results. 7122.
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For a rationalization of the diastereoselectivity in the forma-

1]
Cle—C—OCHs tion of the AS diastereomers, several facts need to be considered.
HO—S—0_ An inherent higher stability of Agull over ASyml may be
C|H o* discarded as a rationale: The oxidation of EHmethionyl
3

peptides and-Met by I3~ generates both diastereomers in a
1:1ratio. Therefore, it appears more likely that not the stability
per se but the mechanism of formation, i.e. one-electron
oxidation of Met-Met followed by the reaction with molecular
oxygen or superoxide, has some influence on the extent of
diastereoselectivity.

A comparison of the diastereomeric ratios [AS II]:[AS 1] of
Met-Met, Met-Met-Ala, and Met-Leu shows a significantly
higher excess of AS Il over AS | for the peptides containing
the Met-Met sequence in the absence but not the presence of
SOD. Thus, the propensity to form intramolecular sutfsulfur
bonded complexes may play an important role for product
formation and diastereoselectivity particularly when the radical
cationic intermediates react with superoxide. At present we
cannot specify the exact nature of the parameters contributing
to the observed diastereoselectivity. However, it is important
to realize that intramolecular complex formation of radical
intermediates in peptides can determine the nature and config-
uration of the ultimate molecular products. The efficient
formation of Met(O)-Met(O) through the reaction of sulur
sulfur bonded radical cation complexes with superoxide is
particularly interesting with regard to our observations with the
protein calmodulin. Calmodulin isolated from the brains of aged
rats contains high levels of Met sulfoxife. Considering the
spatial proximity of some of the Met residues in calmodulin,
mechanisms such as that characterized in this paper may

example, the rate constant for the reactiorf©B with a free K/(I);ttrilr?ti/ti(\e/ ;0 tl;(:tiiﬁlcgrmﬂgnsol:] g];c?x?g;?g/t:g r:::fgé?,g?gj ?rf
amino group (of Ala) was determined &sx~ 2 x 108 M1 . P y P

s 15 whereasos =29 x 10° M1 g132 aged tissué?

The reaction otO, with Met-Met yielded almost exclusively ~ Experimental Section
Met(O)-Met(O), which is in interesting contrast to the reaction See Supporting Information.
of 10, with Met which, at pH 711, produced significant yields
of ASy.%0 For Met, an initially formed persulfoxide intermediate
was proposed to undergo cyclization to W\Svith parallel
elimination of hydrogen peroxid®. In Met-Met, such cycliza-
tion has to compete with intramolecular oxygen transfer to the
second unoxidized Met residue, and the nearly exclusive
formation of Met(O)-Met(O) suggests that the oxygen transfer ~ Supporting Information Available: Experimental section,
process is significantly faster than the cyclization. guantum mechanical calculations, and Figures 1S and 2S with
legends (17 pages, print/PDF). See any current masthead page
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superoxide which may subsequently contribute to the formation
of AS derivatives via reactions 4418. However, as superoxide
formation requires the initial reaction @Rawith oxygen, this
would be in support of reaction sequence—5a, which is
further supported by the fact that high yields of AS diastereo-
mers are formed in th&CB/SOD system, i.e. in the absence of
any superoxide available for reaction witRa

It is interesting to note that the pH has only a negligible effect
over a range which covers thé&pof the N-terminal amino
group of Met-Met (K, = 7.4°%). This fact indicates that the
radical cation comple8 must live long enough to react with
superoxide even in the presence of the free N-terminal amino
group available for cyclization th2a Supporting this hypoth-
esis, significant yields d8 were observed during laser photolysis
of a CB/Met-Met system at pH 1. Alternatively, it may be
possible that initially higher yields af5 or 16 are formed at
higher pH but that a fraction of those species is converted to
11-N by reaction with hydroxide (reaction 52).

1516+ HO — 11-N (52)

It must be noted that, even under conditions where the
N-terminal amino group is fully deprotonatedCB reacts
predominantly with the sulfide functions of Met-Met. For
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