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Abstract: Sulfur-centered radicals derived from dithiothreitol (DTT) have been generated radiolytically in aqueous
solution in the neutral to acid pH range. In the presencepft@se are eventually transformed by a chain reaction
into dihydroxydithiane (ox-DTT) and ¥D,. In acid solution, the chain character of the reaction becomes more
pronounced with decreasing pH. The radiolytic yield of the produgtealue) also depends on the DTT concentration
and the dose rate. The HQadical carries the chain, abstracting an H atom from the DTT molekute120 dn?

mol~! s71), while its conjugated base, the;O radical (Ky(HO,*) = 4.8), does not react with DTT. The chain is
continued when the DTT-derived radicals react with @elding ox-DTT and H@ radicals. The self-termination

of the HQ/Oy~ radicals breaks the chain.

Introduction given by its stereoisomer dithioerythritol but not by their
monothiolic subunit 2-mercaptoethanol.
Under these conditions, the free-radical oxidation of DTT

unfolds as expressed by reactions& Below the X, of ox-
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The radiolysis of thiols in oxygenated aqueous solution
proceeds with degradation yields that under many conditions
are well above 6< 107 mol J! and therefore indicative of a
chain process. The oxidation of some monothiols in acidic and o
neutral solution has been studied and found to be a fairly \CZH
complex process resulting in a variety of products, prominent o
among them the disulfide:® This process appears to involve

(@]

-2

3)
-3)

the hydroperoxyl H@ and/or the thiylperoxyl RSOQadicals; prrs: ox-DTT-H ox-PTr™
the involvement of the latter is indicated by the formation of
sulfinic and sulfonic acids. @4 0, ©) 0 <6>IoZ
The behavior of the dithiol dithiothreitol (DTT) contrasts with
that of the monothiols in that disulfide formation is strongly Ho S—0-0" Ho N HO s i
facilitated compared with the situation in the monothiols \CSH \Cé + HOy Cé + 0y
(intramolecular formation of the disulfide bond is favored over HO HO HO
the intermolecular linkage); the probability of thiylperoxyl DTT-S-0;* ox-DTT ox-DTT

radical formation is therefore correspondingly reduced. DTT
is known to undergo a chain oxidation reaction both in acidic
solution (preliminary results have shown a stoichiometry of DTT

DTT-H* which is near 5.2, DTT-Sand ox-DTT-H exist side
by side® the exact ratio is not known, but on the basis of the

+ O, — ox-DTT + H;0;)° (ox-DTT = dihydroxydithiane) as
well as in basic solution 0,(DTT) = 9.12,cf. equilibrium 1;

HO HO,
SH S
st s

HO HO
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HO SH HO, o
S
_— + H® /-1
SH . SH
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second [, value at 10.15) with an overall stoichiometry of
2DTT + O, — 20x-DTT + 2H,0.” This chain reaction is also
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data reported earlié? it is reasonable to assume that it is close
to unity. At pH above 6, the oxidation process is practically
exclusively determined by the ox-DTTspecies which reacts
rapidly with O,, thereby yielding ox-DTT and the superoxide
radical, @~ (reaction 6ks = 7.1 x 108 dm® mol-1s17 1.37

x 10° dm® mol~t s71,19). The superoxide radical is a very poor
H-abstractor and hence cannot induce a chain reaction by
abstracting an H-atom from DTT, in contrast to pi@here
H,0; is produced (reaction 7). In fact, the stoichiometry of

HO
HO; s*
—— + H202 (7)
A _sH
HO'

DTT-S*

HO
SH

SH
HO'
DTT

the “basic” chain reaction shows that another mechanism must
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prevail, since HO; is not a chain product. Moreover, the and HO,were determined immediately after irradiation. ox-DTT was
“basic” chain reaction materializes only when DTT is depro- determined by directly measuring the absorbance of irradiated solutions
tonated. It has been suggested that the first chain step consistdt 283 nm and confirmed by HPLC on a Nucleosil 5C-18 column by
of the addition of the superoxide radical to the DTT-anion OPtical detection at the same wavelength, with aqueousaEH29%)/
forming the three-electron bonded DTT® intermediate  <H2PQ: (5 x 107 mol dm™) as the eluent at a flow rate of 1 mL

(equilibrium 8;cf. ref 7). Such a chain reaction is not given min~%; calibrations were done with authentic material ;G yields
q e ’ g were estimated spectrophotometrically at 410 nm as the titanium sulfate

complex, takinge(410) = 700 dn? mol~* cm 113 G values of ox-
HO <O 0,0 HO SSO~O® DTT _and HO. were obtained from the slopes of yield vs dose plots
—_— (cf. Figure 3).
\CSH (8/-8) SH Pulse radiolysis was done with a Van de Graaff accelerator delivering
R 2.8-MeV electron pulses of 0 4s duration. The most recent additions
DTT DTT-0," > to this setup have been reportéd.

HO"

Results and Discussion

1 The Radical-Generating System. Hydroxyl radicals, sol-
vated electrons, and H atoms are generated in the radiolysis of
HO dilute agueous solutions (reaction 14). Their radiation-chemical
s—o+ _-OH® sZo-on yields areG(*OH) ~ G(esg ) = 2.9 x 107 mol J* andG(*H)
. SH (10) SH = 0.6 x 107" mol J'1.15 Hydroxyl radicals abstract a hydrogen
HO atom from DTT (reaction 15). The solvated electrons undergo
dissociative capture (reaction 16). The H atoms react both by
an hydrogen abstraction and by,8 formation (reactions 17 and
18).

HO

HO |on|Z|ng .

HO
.. - oH® H,O——
COH ——— S

12)

HO™ HO HO
SH  *OH S
— + Hy0 as)
SH SH
(13)| DTT" HO' HO'
HO HO .
s s DTT DTT-S *

S SH

HO HO

0x-DTT DTT-S* \C _faq \[/ + HS®  (16)

by 2-mercaptoethanol which is “half’ of the DTT molecule.

The reason for this probably is that the presence of a suitably- DTT
disposed additional thiol group is required within the molecule

(only then might disulfide-bond formation be sufficiently fast) HO S-.

in order to allow the reaction sequence-11B to occur, which — . sy "M amn
we now think to culminate in the propagation step, reaction HO"

13. Disulfide radical cations are known to be fairly strong HO\C

OH, gq . H', H", OH, H, H,0, (14)

radiation

n—n
w—m

SH y- DTT-S *
SH

oxidantst! By considering the ensemble of reactionsl3 as
well as the K, of DTT (pKai(DTT) = 9.1) and HQ" (pKa- HO'
(HOy") = 4.8)12 one realizes that the conditions for the HOL _CHy*

occurrence of a chain reaction are only fulfilled in two disjoint DTT S (8)
pH regions: in the basic pH region wheBel'T~ and O°~

coexist and the acidic region wheldd' T and HQ® coexist. In HO

contrast, under near-neutral conditions, essenlly and Q*~

exist side by side and are mutually unreactive; thus no chain
reaction can develop. The aim of the present paper is to
characterize quantitatively the mechanism of the acidic chain

Some further reactions ot & and the H atom in this system
have to be taken into account. At low pH2), the solvated
electron reacts mostly with H(reaction 19). H atoms and
solvated electrons give rise directly to someO,*~ radicals

reaction. (reactions 20 and 21;
Experimental Section _ 4 .
N : : &q tH —H (19)
1,4-Dithiothreitol (DTT, Merck and Sigma) and 4,5-dihydroxy-1,2- q
dithiane (ox-DTT, Merck) were used as received. DTT solutions _ o
(concentrations up to 1.5 102 mol dnv3) were freshly made up in €q T0,—0, (20)
Millipore-Q-filtered water saturated with air corresponding to an O
concentration of 2.4< 1074 mol dm 3. The pH of the solution was H'+ 0,— HO, (21)

adjusted to the desired value with HGIOSamples were irradiated

ith a 6°Co - t the ch d te. Th duct: -DTT . .
WIth & ™0 y-soulrce &t e chosen dose rate © produicts ox pKo(HO*) = 4.8)12 Carbon-centered radicals are formed in
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5508.
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Figure 1. Pulse radiolysis of BD-saturated @) and NO/O; (4:1)-
saturated aqueous solutions (pH 3.6) of DTT (Lol dn3; O, 5us,
®, 1.5us, anda, 7 us after a 6-Gy pulse). In the absence of @e
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Figure 2. y-Radiolysis of air-saturated solutions of DTT (2amol
dm3) at pH 2.3 at a dose rate of 0.085 Gy .sFormation of ox-DTT
(corrected for an ox-DTT impurity in the DTT sample) is given as a

absorbance disappears very slowly by second-order kinetics and remaindunction of the dose; a break point can be defined which characterizes

essentially unchanged within 1 after the pulse.

the dose near which £has been completely consumed.

concentrations such as have been used in these experimentsn the order of 19s%, if the 2-mercaptoethanol systéris

these radicals are essentially quantitatively converted into DTT-
S radicals via reactions 22 and 23.

HO_ _CH,* HO. _CH;
I (22)
SH Se
HO' HO'
HO__ _CHjs DTT HO_ _CH; HO -
— + 23)
Se SH SH
HO' HO' HO

DTT-S*

The rate constant of hydrogen transfer from DTT to carbon-
centered radicals is on the order of’30.0® dm® mol~1 s71.15
Thus the first-order rate constant of the intramolecular hydrogen
transfer reaction 22 will be around &G (assuming an
“intramolecular thiol concentration” of 10 mol dré): the
2-mercaptoethanol-derived thiyl radical is reduced by DTT with
a rate constant of ¥@m® mol~* s71.8 The loss of DTT-Svia
thiylperoxyl radical formation (reaction 4) is negligible because
the reverse reaction is expected to be $d8tmoreover any
radical derived from DTT-SOQOn an irreversible reactiorcf.
ref 6) is expected eventually to be transformed into DTS
its reaction with DTT. Thus, at the typical DTT concentrations
of 1072 mol dn3 used in our experiments, all primary radicals
are converted into DTT+Sadicals.

Pulse Radiolysis. A strong optical absorption near 390 nm
is observed with DTT after OH-radical attack. This has been
attributed to ox-DTT-K, which exists in equilibrium with its
ring-opened isomer DTT=S(cf. equilibrium 2), since thiyl
radicals show no absorption at this wavelerfgtin the presence
of O, the 390 nm absorption decays very rapidly (Figure 1).
The rate of this decay increases with theddncentration, and
a value of 2x 1@ dm?® mol! s is estimated foks.

Thiylperoxyl radicals which are produced in the reaction of
thiyl radicals with Q (reaction 4) have a weak absorption in
the 536-560 nm regiorf:1617 This reaction is reversible
(equilibrium 4)%16 In the present system, only a small

absorption around 560 nm is observed during the decay of the

390-nm band. This is due to the rapid reverse reactidrfk—,

(15) von Sonntag, CThe Chemical Basis of Radiation Biolaghaylor
and Francis: London, 1987.

(16) Tamba, M.; Simone, G.; Quintiliani, Mnt. J. Radiat. Biol.1986
50, 595-600.

taken as a guide), as well as to the rapid attainment of the DTT-
S = ox-DTT-H* equilibrium ; = 1.5 x 10°s1).8

The reaction of ox-DTT-Mwith O, (reaction 5) is irreversible,
and most likely an H@ radical is formed in a dismutation
reaction where the weakly-bound H atom is detached by the
O, molecule. Thus in acid solutions the primary DTT-S
radicals are rapidly converted into ox-DTT and pi@adicals.
The latter are in equilibrium with their conjugated baseg; O
(PKa(HO2*) = 4.8, equilibrium 24).

HO, = O, + H"(24/-24)

It has been noted above thag*Ois not capable of abstracting
an H atom from DTT. On the other hand, (Gshows a
resemblance to alkylperoxyl radicals and can abstract H atoms
as these do. The low-dose-rate experiments reported in the
following will allow derivation of a rate constant for this
reaction.

Product Studies at Low Dose Rates.Under chain-reaction
conditions, i.e. at low pHG(ox-DTT) andG(H20,) practically
match. Moreover, the data indicate that there is no reaction of
any significance which leads to a consumption of @yond
that taken up by the chain reaction leading to ox-DTT ap@41
The consumption of @has been estimated by following the
formation of ox-DTT as a function of dose (Figure 2). Its rate
remains high as long as,@ present to sustain the chain reaction
but slows down to the rate in oxygen-free systems when the
mechanism changes and ox-DTT is formed in the dispropor-
tionation reaction (eq 25). The data in Figure 2 give a value
around 40x 1077 mol J! for G(ox-DTT)oxic under these
conditions;G(0X-DTT)anoxic & 3 x 10~7 mol J! conforms to
expectation.

HO HO HO
S* SH S
2 _ + [ (25)
SH SH S
HO' HO' HO'

DTT-S' DTT ox-DTT
The linearity of the yield of ox-DTT with dose even as i®

being consumed shows that the chain length does not depend

(17) Jayson, G. G.; Stirling, D. A.; Swallow, A. lht. J. Radiat. Biol.
1971, 19, 143-156.
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Figure 3. y-Radiolysis of air-saturated solutions of DTD,(1.5 x PH
1072 mol dnT3; @, 3 x 1073 mol dn13) at pH 2 at a dose rate of 0.085  Figure 6. y-Radiolysis of air-saturated solutions of DTT (Zamol

Gy st The intercepts are due to an ox-DTT impurity in the DTT ~dm™°) as a function of pH at a dose rate of 0.085 G¥. &ormation of
samples. ox-DTT (@, Milheim data;O, Trombay data) and D, (a, Mulheim

data; A, Trombay data). The dashed line indicates the nonchain
contribution toG(ox-DTT). The solid line is computed on the basis of
the overall rate constant (pH-depend&hof the self-termination of
HO,*/O,~ radicals and; = 130 dnf mol~* s,

3

reaction, i.e. under conditions where the rate of reaction 7 is
much smaller than the rate of HQadical termination (reaction
27; see below). The slope is proportional to the chain
propagation rate constant (see below).

The mechanistically most important feature is the strong pH
dependence of the chain length. As shown in Figure 6, no chain
reaction is observed in close to neutral solutions (the dotted
line in Figure 6 represents the nonchain yield of ox-DTT). Upon

| ‘ | . | lowering the pHG(0ox-DTT) increases and levels out to a value

5 10 15 of above 40 at about pH 2.
— [DTT}/103 mol dnv® —~ Mechanistic Considerations. The pulse radiolytic data prove
that ox-DTT-H reacts rapidly with @ yielding HO,® (reaction
5). The fast reversibility of the reaction of,Qvith DTT-S
radical (equilibrium 4) and the fast equilibrium between DTT-
S and ox-DTT-H (equilibrium 2) do not allow the buildup of
high steady-state concentrations of DTT-8-@adicals; es-
sentially all ox-DTT-H/DTT-S is very rapidly converted by
® O, into ox-DTT and HQ®*. This conclusion remains unaffected,
should there exist a direct conversion of DTT-3-@to ox-
DTT and HQ* which is not ruled out. The apparent rate
constant, taken from the decay of the absorption of ox-DTFT-H
at 390 nm, is 2x 10° dm® mol~1 s™L. This high value indicates
that none of the DTT-derived radicals reach sufficiently high
steady-state concentrations to play a role in the termination
o® reaction. Hence this is left to the HQadical. In acid solution,
/ the production of the chain-reaction products ox-DTT an®H
|

— GoxDTN)/107 mol J* =
8 &

Figure 4. y-Radiolysis of air-saturated solutions of DTT at pH 2 at a
dose rate of 0.085 Gy §(®; the value represented layis the nonchain
yield of ox-DTT; see text).

3

3

is ensured by the sequence of the steps 5 and 7.
| . | The HG® radical is in equilibrium with its conjugated base,
7 4 6 8 10 12 02~ (equilibrium 24, X, = 4.8). Its termination with @~ is
— (Doserate)™/Gy'2s2 _,. faster (reaction 26kys = 9.7 x 107 dm?® mol~! s71) than its
self-termination (reaction 27,

— G(ox-DTN/10" mol J' —

Figure 5. y-Radiolysis of air-saturated solutions of DTT (20mol
dm™3) at pH 2.3.G(0ox-DTT) is shown as a function of the inverse of _ .
the s)quarpe root of(the dos)e ra®; the value represented lwy is the O, +HO; + H"— H,0, + O, (26)
nonchain yield of ox-DTT which is 6< 1077 mol J%).

HO,” + HO,” — H,0, + O, 27)
on the Q concentration (Figures 2 and 3). It does depend,
however, on the DTT concentration (Figure 4). ko7 = 8.3 x 10P dm? mol~! s73).22 This must be taken into

This observation implies that the slow propagation step must account when calculating the steady-state concentrations of the

involve DTT. As is the case with chain reactions, there is a HO," radical as a function of dose rate and pH.
pronounced dose rate effect. In Figuré®px-DTT), measured In near to neutral solutions, no chain reaction is observed, in
at pH 2.3 and a DTT concentration of Zamol dn3, is plotted agreement with earlier observatiohshe reason for this is the
as a function of the inverse of the square root of the dose rate.fact that superoxide £ which dominates under these condi-
The intercept reflects the ox-DTT yield in the absence of a chain tions is not capable of abstracting an H atom from DTT; it
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eventually disappears through reaction 26. As the pH is lowered
the ratio HQ*/Oy*~ increases. At pH 4.8 it reaches unity;
however at that pH the overall decay rate of #0O,~

J. Am. Chem. Soc., Vol. 119, No. 24, 19839

these values have recently been revised downward, and for the
reaction of DNA with glutathione, a value af4 x 107 dm?
mol~1 s1 has been determine@. In the light of the foregoing,

according to reactions 26 and 27 is about 25 times faster thanthis indicates that in cases where considerably higher rate

at pH 2 and below? and it can be shown that the steady-state
concentration of H®, and therefore the chain length, at pH

constants thah; are found this may be due to a contribution
of the much more reactive thiolate form present in a low but

4.8 should not be one-half but only about one-tenth that observedsignificant proportion.

at pH 2 and below. The data shown in Figure 6 bear this out.
The rate constank; for the propagating step 7 can be
calculated from the slope of Figure 5, on the basis of eq 28.

G(OX-DT Mgy = {KADTTI}H(Gri D)kl ¥?  (28)

init
Chain termination is by reaction 2D(dose rateGi, radiation-
chemical yield of free radicals). Upon substitution, eq 28 yields
k; = 110 dn? mol~1 s™1. The fit of the data in Figure 6 was
obtained usindg; = 130 dn¥ mol~! s™1. A value of 120 dr#
mol~1 s71 for k; is therefore reported.

The Reaction HO,* + DTT as a Model for RO»* + RSH.
Hydroperoxyl HQ* may be considered as model of the type of
peroxyl radical R@ that is devoid of electron-withdrawing
groups. The present system allows to extract the rate constan
k(HO» + RSH) (here, RSH= DTT) under experimental
conditions that preclude any interference by the thiolate ion form
RS-, which is known to react much faster with a given peroxyl
radical than its protonated form RSE.Now it is by no means
uncommon that rate constants are repdftédr the reaction
RO;* + RSH which have been determined under pH conditions
that are much closer to thékp of the thiol than in the present
case, e.g. peroxyl radicals derived from polynucleotides and
DNA are reporteéf to react with thiols with rate constants
ranging from 8x 10 to 1.5 x 10° dm® mol~! s™ (however,

(18) Simic, M. G.; Hunter, E. P. L1. Free Radicals Biol. Med.986 2,
227-230.

(19) Neta, P.; Huie, R. E.; Ross, A. B. Phys. Chem. Ref. Date89Q
19, 413-513.

(20) Schulte-Frohlinde, D.; Behrens, G.; Oenal,lAt J. Radiat. Biol.
1986 50, 103-110.

In the living cell, the reaction R+ RSH is of considerable
importance. The thiol glutathione is present in high concentra-
tions (on the order of 5« 10-3 mol dm3),22 and it plays a
major role in the repair of radiation-induced DNA damage on
the free-radical stag€ 2> This repair process exists in
competition with the addition of ©to these (carbon-centered)
DNA radicals (“fixation of damage”).In-vitro model studies,
i.e. radiolysis of DNA in aqueous solutidh26 suggest that a
major pathway for the disappearance of these DNA-peroxyl
radicals is by free-radical termination. Owing to the macro-
molecular nature of these radicals, these termination reactions
are relatively slowt?7 In the light of the present study the
guestion arises, especially with regard to the living cell, to what
extent the DNA-peroxyl radicals are reduced by glutathione.
This reaction would lead to DNA hydroperoxides whose
hoxiousness is not yet known but may be considerable.
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