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Abstract 

Qualitative and quantitative studies of the photo.oxidation of sulfur.containing amino acids and methionine-containing dipeptides and 
tripeptides in aqueous solution sensitized by 4ocarboxybenzophenone (CB) are reviewed. The mechanism of the photo-oxidation reaction 
was investigated using the techniques of flash photolysis, steady state photolysis and pulse radiolysis. The rate constants for quenching of the 
CB triplet by twelve sulfur-containing amino acids and six mei oionine-containing peptides were determined to be in the range 10s-10 9 M- 
s- J for both neutral and alkaline solutions. The amino acids v,ried in structure, having different numbers of COCH and NH2 terminal groups 
and their sulfur atom at different locations relative to the terminal groups. The methionine-containing peptides were Met-Gly, Giy-Met, Met- 
Met, Met-Gly-Giy, Giy.Met-Gly and Gly-Gly-Met. Time-resolved transient spectra accompanying the quenching events were assigned to the 
triplet states of CB, ketyl radicals of CB, radical anions of CB and radical cations derived from the amino acids and peptides. The radical 
cations identified were intermolecularly (S.'.S) + -bonded cations, intramolecularly (S.'.N) + -bonded cations and an i ntramolecularly (S.'.S) + - 
bonded radical cation that was observed in experiments with Met-Met. The quantum yields of the transients and their kinetics of formation 
and decay were measured by flash photolysis. The quantum yields of CO2 formation were determined by steady state photolysis. 

Electron transfer from the sulfur atom to the triplet state of the ketone was found to be a primary photochemical step. A detailed mechanism 
of the CB.,~ensitized photo-oxidation of sulfur-containing amino acids and methionine-containing peptides, including primary and secondary 
photoreactions, is proposed and discussed. Within the mechanism, contrasting behavior between the peptides and amino acids as quenchers 
is emphasized 
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1. Introduction 

Carbonyl triplets can be potent oxidizing agents in biolog- 
ical materials. These triplets have been produced in biological 
systems [1,2], by both enzymatic [3] and non-enzymatic 
[4] methods. Recently, the benzophenone molecule has been 
proposed as a photoprobe in proteins and other macromole- 
cules [5 ]. One of the components of biological systems most 
susceptible to oxidizing agents is the qt~Ifur atom in the side- 
chains of certain amino acid residues of proteins [6,7]. For 
instance, oxidation of methionine has been implicated in the 
pathogenesis of some diseased states [ 8,9], such as cataracts, 
in the biological inactivation of hormones [8-10] and in 
stabilization problems with proteins of pharmaceutical 
importance [ 11,12]. 

In an attempt to characterize how these mechanisms arise 
in biological systems, we have studied the simpler systems 
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of sulfur.containing amino acids [13-15] and methionine- 
containing dipeptides and tripeptides [16]. This paper 
reviews some of the most salient features of the primary 
photochemistry observed. In addition, it covers some of.the 
more unusual facets of the secondary reactions that follow 
quenching of the triplet states. 

2. Evidence for electron transfer; pr imary 
photoreaeflons 

The quenching rate constants of triplet 4.carboxybenzo- 
phenone (CB) by sulfur-containing amino acids and peptides 
were measured using nanosecond laser flash photolysis. 
These rate constants are summarized in Table 1. It can be 
seen that the rate constants generally approach a diffusion- 
controlled rate constant/or aqueous solutions. Comparison 
can be made with alanine ~ i~ce alanine is an amino acid that 
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Tsbl~ l 
constants for quenching of the CB triplet state by sulfur-containing 

amino acids, alanine ~ methionine-containing peptides 

( ~  ~ X  I0 -~  ( M - '  s - '  ) 

pH neutral pH basic 

TMaploline 2.1" 2.6 t~ 
$.Mefltylgymtae 1.8" 
s .e thy~me 2.1 • 
S- ( CJat~x~tymethyl ) cysteine 0.81 * 0.75 b 
$-(2-Cmtboxy~hyl)cysteine 0.9?" 
~ o r . i n e  0.18 * 
~ n e  2,5 ¢ 2.3 c 
Bthlonlne 2.9 * 
DutldoatM 23 ' 
wlvl~hylmethloatne 2.6 ' 2.9 ~ 
N.Aoatylmetldonine !.6 ' 
Xomon~htonine 2,9 ' 2.6 e, 
Alu iM < 0.0005 ' 0.18 I, 
Oly-Mat 2.0 o 2,0 ~ 
Mtt431y 2,1 ~ 2.3 ~ 
L-Mat,t,-Mat 2,9 d !.8 d 
OlpOly,Mat !.8 ~ 1.9 ~ 
Met,Oly.¢31y 2.3 ~ 2.2 ~ 
Oly-Met-Gly 2. ! c 2.3 ~ 

*Ref  [13], 
~Ref [ 1 5 ]  
* Ref, [ 16]  
~Thb work. 

-.- Oemp~to I~ 
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• I~ta 

• [~ ' ] -¢a~,M 

0,06 ~ I C ~ - ] . ~ J ~  

0,04 ~ t. [~¢*]-U pM 

O, OO ~ ~ _  - -'-,,,o o 
' , ~ , " - ] . . . .  T . . . .  T . . . . .  I 

4OO 8OO 800 7OO 

Wavelength (nm) 
RS. t. S l ~  msolmAon of the tgandent specm,n ta~; 80 ns alter the 
flash at 33? rim, Aqueous ~otution of 2 mM CB and 5 mM L-Mete-Mat at 
!~1 to, 

contains no sulfur atoms, In neutral solution kq < 5 x l0 s M- i 
s -t  [ 13), and in basic solution kq - 1,8x IOSM "t s - '  [15]. 
This suggests that the sulfur atom is responsible for the mag- 
nitude of the quenching rate constants in Table I, 

The rapid quenching of the carbonyi triplets by sulfur- 
containing amino acids, which have no accessible energy 
levels to facilitate energy tra,~sfer quenching, leaves the pos- 
sibility of  electro, mmstor as a good candidate for the rapid 
quenching mechanism, One of the best ways of confirming 
an electron transfer mechanism is by observing transients or 

stable products that can plausibly arise from such a reaction. 
Fig. I shows the spectral resolution of the transient absorption 
taken at 80 ns after the flash of an aqueous solution of 2 mM 
CB and 5 mM L-Met-L-Met at pH 10. As a contrast, Fig. 2 
shows the spectral resolution (at 160 ns delay) of the same 
system as in Fig. 1 but at pH 6.3 and a lower (0.4 raM) 
concentration of L-Met-L-Met. The component spectra are 
either spectra taken on our nanosecond laser system (with 
molar absorption coefficients from Ref. [ 17]) or literature 
spectra [ 18] taken under conditions that allowed only the 
isolated transients in pulse radiolysis experiments. The tech- 
nique of resolving the spectra in this fashion involves a linear 
multiple regression [ 19] that has been described previously 
[ 15]. Many other similar resolutions have been performed 
on these systems with analogous results [ 14-16]. 

In alkaline solutions, it is relatively easy to detect the rad- 
ical anion (CB'-) of CB following triplet quenching by 
sulfur-containing amino acids and peptides. The ketyl radical 
(CBH) of CB has a pKa value of 8.2 [ 20], and CB'- is easily 
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Fig. 2. Spectral resolution of the transient spectrum taken 160 ns after the 
end of the 337 am flash, Aqueous solution of 2 mM CB and 0.4 mM L-Met- 
t,.Mat at pH 5,9, 
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Fig, 3, Spectral re~olution of the transient spectrum taken at the end of tl~ 
flash at 337 am. Aqueo.s solution of 2 mM CB and 20 mM L-mcthionine at 
pH 6,3. 
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R + I 0 

, s  s 

(S .'. N) ÷ Intramolecular 
(S .'. S) + 

Chart !. 

seen in absorption at 660 nm where there is little interference 
from other possible intermediates in these systems (see Fig. 
1). At pH values in the neutral range, the ketyl radical of CB 
is also clearly seen, although there is more interference from 
other products and the triplet absorption itself (see Figs. 2 
and 3). In addition, following triplet quenching evenls with 
methionine in basic solution [ 15 ] or with peptides hawug N- 
terminal methionines [16], the three-electron-bonded 
(S.'.N) + radical ions have been observed; an example is 
presented in Fig. 1. A small amount of intramolecular 
(S.'.S) + radical cations can be seen in Fig. 2. This assignment 
is based on the relatively low concentration of 
L-Met-L-Met which might inhibit the formation of intermo- 
lecular (S.'.S) + radical cations. Howe~er, these intermole- 
cular (S.'.S) +, three-electron-bonded species [21] have 
been observed in other quenching events involving sulfur- 
containing amino acids (see, for example, Fig. 3) and methi- 
onine-~ontaining peptides [ 13-16]. These three- 
electron-bonded species (see Chart 1 ) have been character- 
ized in many systems [22]. 

This long list of intermediates (carbonyl radical anions, 
carbonyl ketyl radicals, (S.'.S) + radical cations and (S.'.N) + 
radical cations), identified following the quenching of triplet 
CB by sulfur-containing amino acids and peptides, provides 
strong evidence that electron transfer from the sulfur atom to 
the CB triplet state is the dominant quenching mechanism. 

Other indirect evidence for electron transfer was observed 
in correlations between the quenching rate constants and the 
free energy of electron transfer. Plots of log kq vs. AG©I were 
made where 

AGet ffi Ae(Eo,, - E~)  - ET 4" A W ( 1 ) 

is the Rehm-Weller equation [23]. In Eq. (1), AGe1 is the 
free energy of the reaction 

~CB* + )S ~ CB'-  + )S'* (2) 

Ae is the charge transferred, Eo,, is the oxidation potential of 
)S, £ ~  is the reduction potential of CB, F-,r is the triplet 
excitation energy of CB and A w is the interaction energy of 
CB'- and )S "+. These correlations have an extensive basis 
in the theoretical literature. The classical basis of the theo- 
retical models is to relate an activation flee energy & Get* to 
the free energy of the overall reaction AGet, given in Eq. ( 1 ). 
For example, this relationship in classical Marcus theory 
[24,25 ] is expressed as 

AGet* = (AGe1 + A)/4A (3) 

where A is the reorganization energy of the medium (external 
and internal) associated with electron transfer. This and other 
electron transfer models for the activated process can be com- 
bined with either phenomenological kinetic schemes or dif- 
fusional hnetic schemes to ac,'ount for the observed log kq 
vs. AGet correlations. 

Several of the combinations of the theoretical electron 
transfer models and kinetic schemes were applied to triplets 
of substituted benzophenones quenched by methionine, $- 
methylcysteine and S-carboxymethylcysteine in the mixed 
solvent water-acetonitrile (3:2) at pH 6.8 [ 14]. The data for 
Somethylcysteine are displayed in Fig. 4. Certain physical 
parameters in each theory of electron transfer were used as 
fitting parameters in non-linear, least-squares fits to the data. 
The fitted values for these physical parameters gave physi- 
caUy reasonable numbers [ 14]. 

In parallel work [26] on fluorescence quenching by elec- 
tron transfer, some of these same combinations of electron 
transfer for the activated step and kinetics were used in fitting 
the original data from the Rehm-Weller study. In fitting the 
work to the Rehm-Weller data, however, one of the most 
powerful techniques was a variant of the two-parameter fit 
with a semiclassical Marcus electron transfer model [27] 

k.ct = K=tv, exp( - A G=t*/kaT) (4) 

and Tachiya-Murata diffusion kinetics [ 28 ], which allows 
naturally for a distance-dependent activated step. The dis- 
tance dependence arises from the solvent reorganization 
energy 

X s ( r ~ ) -  4'rr~ + 2rQ - (5) 

and the semiclassical transmission coefficient [ 27,29] 
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Fig, 4. Correlation of  log kq vs, AGe=: fit to the S.methyleysteine quenching 
of some substituted benzophenone triplets in water-acetonitrile (3:2) solu- 
tion at pH 6.8. Semiclassical (Marcus) model of  electron transfer with 
Tachiya-Murata kinetics. Mutual diffusion coefficient and electronic matrix 
element at r ~  ~, 7 )~ are the only two fitting parameters, fl ~' I ,~, = ~ and radii 
of quencher and triplet taken to be 3.5 )~. 
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3(CO)~l' + /~S-----.~ [CB*-.... >0" ] 

x-  
CB*- + 

Scheme I. 

2~r IV~exp{--/3(rDq--rD--rq)/2}l 2 (6) 

In F, qs, (4)-(6) ,  va-ksTIh, ks is Boltzmann's constant, 
T is the absolute temperature, Ae is the charge transferred, 
rD, rq and r ~  are the radii of the triplet molecule and the 
quencher and the distance between the charge transfer centers 
resi~.ctively, n and e, are the refractive index and dielectric 
constant of the solvent, Vt~ ° is the electronic interaction of 
the reactants at the nearest approach distance a,d ~ is the 
reciprocal distance that characterizes the distance dependence 
of the exchange interaction. In the fitting procedure which is 
a variant of those in Ref. [ 14], the two parameters are the 
diffusion coefficient and Vno °. For the fluorescence de~ta 
[26], this fitting scheme gave excellent fits but electronic 
matrix elements that were unreasonable. When applied to $- 
methylcysteine quenching of the triplet carbonyls in Fig. 4, 
the mutual diffusion c~fficient of the reactants is 2.3 × 10- ~o 
m 2 s-  ~ and the electronic matrix element is 390 cm- t. This 
fit gives roughly the same goodness.of.fit [ 19] as the method 
in Ref. [ 14] which had the diffusion coefficient fixed, but 
which artificially varied the charge Ae that was transferred. 
Furthermore, the calculation behind Fig. 4 validates the meth- 
odology of the fitting to the fluorescence data [26]. 

In summary, the quenching of the aromatic carbonyl trip- 
lets appears to have a significant electron transfer component 
as recognized by the large rate constants of quenching and, 
in particular, by the observation of many electron transfer 

intermediates in the absorption spectra following the quench- 
ing events. In addition, the correlation of log kq vs. AGa also 
follows that expected from an electron transfer mechanism. 
By fitting the data to combined electron transfer models/ 
diffusion models, molecular parameters associated with the 
electron transfer process can be estimated. 

With the nature of the quenching process established as 
electron transfer, it is of interest to inquire further into the 
type and amount of chemical intermediates that appear imme- 
diately after the triplet quenching events. One way to quantify 
this investigation is to measure the primary photochemical 
quantum yields, namely the quantum yields immediately fol- 
lowing the decay of the triplet state. The probable processes 
leading to the electron transfer intermediates, that have been 
observed and discussed above, are illustrated in Scheme 1. 
The three processes are back electron transfer (kb,), escape 
of the radical ions (k,e,,) and escape of the radicals formed 
by proton transfer within the charge transfer complex (k.).  
Some of the primary quantum yields that characterize differ- 
ent quenchers and pH values are given in Table 2. Primary 
quantum yields are marked with a ,single prime. The results 
indicate that electron transfer quenching in aqueous systems 
of CB and sulfur.containing am;no acids (or peptides) is 
followed mainly by charge separation (k~p), resulting i ,  
efficient formation of radical anions CB'-,  aad by back elec- 
tron transfer within the charge transfer complex (k~). 

3. Kinetics of secondary reactions 

Some of the more interesting aspects ofthe photochemistry 
come in the aftermath of the quenching events [ 15,16]. A 
few of these aspects will be discussed in this section of the 
paper. Since the electron transfer intermediate products can 
be observed by overlapping absorptions which can be 
resolved by the multiple linear regression technique, the sec- 
ondary reactions can be followed in some detail. 

TeMe2 
Qumtlv~ yield, of Irmuleat, lfl the qu ,~h i~  of CB triplets by representative amino acids and sulfur.containing peptides 

TMapmline 6 ' 0,SS 0.25 0 0 
! 1 b 0,63 0.10 0 0 

~ n e  6 '~ 0,27 0,I I 0,23 0 
i ! b 0,66 0,05 0.10 0.38 

Alaltlne II b 0,96~ _ _ _ 

Met,,Gly 6* I 0 , | 3  w0,25 =0,04 0.18 r 
I I * 0,57 0,05 < 0.04 0.49 

GIy-M~ 6"  0,22 0,15 0.22 0 
I I * 0,32 0.10 0.24 0 

• 

_ 

' l~m Ref, [13l, 
~ l~m Ret [151, 
*'IMt wedt, 
' s i n  of~h,- ~ , t . ~ ,  
q:mm Ref. [16]. 

' Fenmlioa o f  ($.'.N) + is due to an additional america not present in Scheme 1. see Ref. [ 161. 
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One of the unusual features was a secondary growth of the 
radical anions of CB in basic solutions of some of the sulfur- 
containing amino acids, i.e. thiaproline [ 15 ], or the second- 
ary growth of ~e CB ketyl radical in neutral solution [ 13]. 
Thes~ growths occurred after triplet CB had decayed and 
depended on the concentration of CB. The only reactive spe- 
cies left in this time range were radicals. With the hypothesis 
that the sulfur radical cations are decarboxylating agents and 
produce a-amino alkyl radicals 

H3N- C02" 

_ H  ÷ 

*4, 

+ c% (7) 

CO= was looked for and found in steady stale photolysis 
experiments with gas chromatography detection [ 13,15 ]. To 
make this scheme more plausible, a-amino alkyl radicals 
were produced by pulse radiolysis methods and were seen to 
react with CB. The rate constants of this process 

4, 

+ ----'O ~ + --O- (8) 

were measured [ 13]. 
The quantum yields of CO:~ formation are listed in Table 

3. There are several points of note. First, the quantum yields 
of a-amino alkyl radical formation O,, (at neutral pH) were 
computed [ 13 ] on the basis of the measured quantum yields 
of secondary ketyl radical formation, the rate constants for 
o~-amino alkyl radicals reacting with CB from pulse radiolysis 
and the lifetime of a-amino alkyl radicals from pulse radi- 
olysis. From Table 3 it can be seen that many of the O,~ values 
are equal to the Oco= values as expected for the hypothesis 
that a-amino alkyl radicals (a-N) are responsible for the 
secondary growth ofCB'-. Recently [ 30], it was shown that 
G(CO=) is larger than G(a-N) for $-methylcysteine, S-ethyl- 
cysteine and S-carboxymethylcysteine (mea,,:ared as the G 
value of the p-nitroacetophenone radical anion); this may be 
rationalized by/ /C-S bond scission [31,32] in the a-amino 
alkyl radicals derived from these compounds. Second, there 
is virtually no COz formation in methionine.containing pep- 
tides [ 16]. It has been suggested [33] that decarboxylation 
in methionine takes place through a resonance structure in 
which the positive charge is localized on the nitrogen atom. 
Such a resonance structure would be destabilized by the 
neighboring carbonyl group of the amide bond for peptides 
with C-terminal methionines. 

In addition to being the source of a-amino alkyl radicals, 
the sulfur-centered radical cations play other roles in the 
secondm'y reactions following the quenching of triplet car- 
bonyls by sulfur-containing amino acids and methionine-con- 
taining peptides. At sufficiently high concentrations of the 

sulfur-containing compound, it is possible to form intermo- 
lecularly bonded (S.'.S) + radical cations 

• + + /S - -  + / 

? ...+\ 
(9) 

The intramolecularly (S.'.S)+-bonded species appea, + to 
be formed in neutral aqueous solutions of low concentration 
in L-Met-L-Met (see Fig. 2) 

+÷ 

HaNx ~1 / C O l  O 

"'\ :'\ 
(to) 

The suilhr-centered radical cations also appear to form 
intramolecular (S.'.N) + radical cations (see Fig. 1 ) at high 
pH in some mnino acids and peptides with N-terminal methi- 
onine residues [ 16]. 

R 

. .  / s . . . . . . /  
(ll) 

The five-membered structure shown in Chart 1 seems to be 
particularly favored 

There are some additional features of the secondary kinet- 
ics that at first sight appear to be anomalous: ( 1 ) the yield of 
secondary CB'- is pH dependent [ 15 j : it appears to decrease 
above pH 11, (2) the secondary growth rate constat~t ofCB'= 
with methionine (and alanine) as quencher is nr~t linearly 
dependent on the CB concentration [ 15]; (3) the deca~,,s of 
(S.'.N) + radical cations of methionine-containing peptides 
are biexponentiai and depend on the pH [ 16]. 

Detailed mechanistic schemes have been given for the sec- 
ondary reactions following the quenching events for triplet 
CB with sulfur-containing amino acids [ 13,15] and methi- 
onine-containing peptides [ 16] as quenchers. Rather than 
repeat these here, we will introduce some simplified schemes 
in order to explain the anomalies (listed above) in the see. 
ondary reactions. 

Some quantitative insight can be obtained by considering 
alanine [ 15], which she ¢,,s some of the features of the sulfur- 
containing amino acids in alkaline solution, but which cannot 
undergo the reactions connected with the sulfur atom in the 
lower part of scheme 1 of Ref. [ 15]. For instance, the sec- 
ondary growth of CB'- with alanine as electron donor shows 
a less dramatic decrease in CB'- yield with increasing pH. 
The kinetic mechanism in Scheme 2 is designed to rationalize 
anomalies (1) and (2) above. This mechanism leaves out 
some of the features of scheme I of Ref. [ 15 ], but uses only 
processes that should be relevant to alanine. An attempt is 



86 G.L Hug et al. / Journal of Photochemistry and Photobiology A: Chemistry 95 (1996) 81-88 

made to explain the sublinear kob, vs. [CB] dependence of 
curves b. c and • in Fig. 2 of  Ref. [ 15 ] an~ the correct alanine 
curve in Fig. 7 of  Ref. [ 15]. It should be noted that the top 
curve (for  alanine) in Fig. 7 (open squares) was incorrectly 

labeled in our original figure caption [15].  In Scheme 2, 
a -N is the a-amino alkyl radical formed from the decarbox- 
ylation o f  alanine, N "+ is the radical cation of  alanine and N'- 
OH is the neutralized O H -  adduct o f  the radical cation. The 

kinetic equations for Scheme 2 are 

d[CB'- ] ~kd[ a N] [CB] (12) 
dt 

d[ a N__]. k+[N.+ ] -to[ a N] [CB] (13) 
dr 

d[N'+]  (14) 
dr 

d[N'oOH] ~k,[N.+][OH o ] _ (kb+ke)[N%OH] (15) 
dt 

Using the steady state approximation only for [W-OH], the 
solution is 

• ÷ /C02 ka [OH'] 
H2N-"~ k"--~" 

H2N--~ 

1 ,~ ice] 

c . ' - +  

OH 
I H2N,,,~CO; 

I ke 

products 

Scheme 2, 

k c [ N . ~ ] o ( l _  k d [ C B ]  
[CB'+ ] - [CB'+ ]°~+ k' kdlCBl-k' 

X¢xp(-k't) - kd[C9] + k '  exp(-kd{CB]f) (16) 

where 

k' =k, + [OH+ ] (17) 

An equation for the secondary yield of the ketyl radical 
anion can be deri~,~d by first letting t -~  iafinity in F..q. (16) 

Table 3 
Quantum yields * of CO~ formation from the quenching of triplet CB by amino acids and p~ptldes and quanlum yields of tmnsienls formed in secondary 

reactions 

Amino acid or peptide pH 6.8 pH~ I I 

Thlaprollne 0,64 b 0,60 + 
$+Methyleystelne 0,45 ~ O, I I + 
$.~hyleymine 0,51 ~' 0,09 + 
$, ( Cm~o~methyl)¢ysteine 0,$9 ~' < 0,06 ~ 
$ + ( 2 , ~ I t y l ) c y m l n e  0,49 ~ O, 10 ~ 
Melhton|ne ( ~ )  0,28 + 0.25 + 
~h|ol~|+le O, 16 ~' O, 19 c 

~Meth,ylmetldontM 0,12 ~' = 0, ! 3 c 
N.A~ilylnmhtonim~ 0.05 *' < 0.20 c 
Homomethtoniae 0,03 h < 0,07 ~ 
Alulae * * 
Gly+GIpMet 0,02 ' < 0.03 
GI,y-Met 0.02 ' < 0.03 
GIy.M~.Gly 0.02 ' < 0.03 
Met-Gly 0,01 ~ < 0,03 
M~-Gly,,Gly 0.0! k < 0,03 

0,60 
0,15 
0,15 

<0,07 
0,13 
0,27 
0,21 

=0,13 
<0,06 
<0,O7 

| 

0.45 + 0.59 r 

<0.03 

0.55 8 0.66 + 

0,63 J 

0.59 + 

0.10 t 
0.85 r 

<0.03 
<0.03 
< 0.03 
<0.03 
<0.03 

* Prom steady stMe photolysls wilh ~ h  vMue being an avc~e of at least three independent measuremenls. 
*' This work, :1:20%, 
+ Ref.  [ I M .  

~ilcleacy of ~ format|on, cMculated {~m the lifetime of the ¢~-amlno Mkyl radicM and the rate constants of reaction with CB [ 13 ]. 
+ Ref. [ IS1, ± I0%. 
'It+t tls], 
* Ref. t l$l, i I+%. 
~ 'Ods wod¢, ±Pd~. 
~ I~  ~ otCa triplet. 
, R. .  tls).  ± t++. 
kRef .  t 1 6 ] ,  :I:50%. 
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Fig. 5. Concentration profiles of (S.'.N)" of Met-Gly at two different pH 
values, Concentration~ of (S,'.N)" were determined at each llme petnt by 
a Sela~nge spectral ro~olutlon oflhe Iraoslenl spectra following the qn~mching 
of Iho CB ti'lplet by MetoGly, 

and then dividing by [N' + ]o. This gives ¢i~,,yl = k~/k °, or the 
reciprocal is 

k & [  OH = ] 
I1¢/~,y1 = I + kc(kb+k©) (18) 

This should be related to :he top curve in Fig. 7 of Ref. 
[ 15 ]. It shows the fall off in the secondary yield of the ketyl 
radical anion as the pH increases, and thus accounts for anom- 
aly ( i ) above. For the kinetics when k' :~ kd[CB], Eq. (16) 
becomes 

[ c n ' -  ] -  [CB ' -  ]o (19)  

k¢ 
--- k'; [N'+ ]o{ I - e x p ( - k d [ C B ] t )  } 

indicating that the secondary growth should be pseudo-lirst- 
order and linear in ICB]. However, when kdlCBI ~ k', Eq. 
(16) becomes 

k¢ [N. +]o{1 exp( k't)} (20) I C E -  ] - [ C B ' -  ]o = k-- - - 

indicating that the growth rate constant becomes independen~ 
of [CB], and from the definition of k' in Eq. (17), dependent 
on [OH- 1. 

It can be seen from scheme 1 of Ref. [ 15 ] that there may 
be an [OH- ] dependence for the decay of (S.'.N) +. This is 
illustrated by the two decay curves for (S.'.N) + of Met-Gly, 
one at pH 10 and one at pH 11 in Fig. 5. These curves were 
constructed by resolving the transient spectra at each time 
point after quenching events with triplet CB and Met-Gly. 
The decay at the lower pH appears to be biexponential, 
whereas at the higher pH the decay appears to be mostly 
single exponential. In order to simulate this behavior, we took 
the simple kinetics of Scheme 3 which selects out some fea- 
tures of the more complete scheme 1 of Ref. [15]. The 
pseudo-first-order rate constant in the forward direction in 
the equilibrium of Scheme 3 is kr[ OH- ], and the reverse rate 

kt IO8- I 
(S. ' .N)*  = L O H  / kg 

1 ~, 

producls 

Scheme 3. 

constant is kg. For simplicity, the top part c,f scheme I of Ref. 
[ J 5 ] is reduced to a single irreversible channel characterized 
by the rate constant kh in Scheme 3. For this simplified 
scheme, the general case would be a two-exponential decay 
of (S.'.N) + because of the approach to equilibrium. Hey,- 
ever, at low pH, only the reaction with rate constant kh is 
operational, leading to a single exponential; at very high pH, 
the pseudo-first-order rate constant kr[ OH = ] drives the equi- 
librium to the right, also making the decay of (S.'.N) + look 
first order. This behavior has been simulated qualitatively 
with tile rate constants kl, = 2 × 104 s-  I, k,.= 5 × 109 M- i s-  I 
and k~ ~ 5 x I 0 s s~° i. The value of kh was chosen to agree 
with the rate constants of (S.'.N) + decay at pH 6 [ 16]. 

4. Conclusions 

The dominant mechanism for quenching of carbonyl trip- 
lets by sulfur-containing amino acids a,d methionine-con- 
taining peptides appears to be electron transfer. This is 
consistent with the high rate constants and is confirmed by 
the observation of the intermediates following the quenching 
events which are electron transfer products. The electron 
transfer appears to involve initially the sulfur atom, and not 
the nitrogen atom. With theoretical models of electron trans- 
fcr and diffusion kinctics, it is possible to obtain reasonable 
estimates for the molecular parameters associated with tile 
transition state. The primary photochemical quantum yields 
of some of the main radicals and radical ions were deter- 
mined. They vary with the pH, which affects the balance 
between the ketyl radical and its anion and the availability of 
lone pairs of electrons to form three-electron bonds in the 
sulfur-centered radical cations. 

The secondary reactions of the electron transfer products 
are very rich and varied. One prominent reaction is the decar- 
boxylation of the amino acids. This reaction is significant 
because the a-amino alkyl radicals are good reducing agents 
which have been observed to reduce the ground state of CB. 
Decarboxylation of the methionine-eontaining peptides was 
not observed. A resonance structure with the radical cation 
site on the nitrogen atom in amino acids appears to be the 
precursor to decarboxylation. The electron-withdrawing sub- 
stituents on the analogous nitrogen in the C-terminal ofmethi- 
onine-containing peptides may adversely affect the stability 
of this resonance structure of the radical cation, leading to 
little or no decarboxylation in these pcptides. There arc a 
multitude of reactions in alkaline solution due to the reaction 
of the various radical cations with OH'°. Certain aspects of 
these complicated kinetics can be simplified and explained 
by more elementary kinetics, e.g. the variation in the observed 



88 G.L. Hug et aL I Journal of Photochemistry and Photobiology A: Chemistry 95 (1996) 81-88 

growth rate constants of CB radical anions after triplet 
quenching by alanine (and methionine) and the secondary 
yields of these anions. An additional example and a similar 
simplification involves the switching between single and 
biexponential decay of the (S.'.N) + radical cations of Met- 
Gly as a function of pH. 

The biological implications are that sulfur-containing 
amino acids and methionine-containing peptides are very sus- 
ceptible to attack at the sulfur atom by carbonyl triplets. The 
potential fog decarboxylation and the formation of good 
reducing a-amino alkyl radicals was demonstrated with the 
amino acids, However, this migration of damage through the 
formation of secondary radicals appears to be mitigated in 
methionine-conlaining dipeptides and tripeptides, Migration 
ofdamage in larger peptides and proteins is still possible with 
sulfur radical cation sites interacting with the tertiary structure 
of these biological systems, 
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