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PROPERTIES OF THE RADICALS FORMED BY
ONE-ELECTRON OXIDATION OF ACETAMINOPHEN—
A PULSE RADIOLYSIS STUDY
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Abstract—The semi-iminoquinone radical of acetaminophen, which has previously been proposed as a
possible hepatotoxic intermediate in the cytochrome P-450 catalysed oxidation of acetaminophen, has
been generated and studied by pulse radiolysis. In the absence of other reactive solutes, the radical
decays rapidly by second order kinetics with a rate constant (2k,) of (2.2 £ 0.4) x 10°M™! sec™!. In
alkaline solutions the radical deprotonates with a pK of 11.1 % (.1 to form a radical-anion, as confirmed
by the effect of ionic strength on the rate of radical decay. The acetaminophen radical-anion reacts with
resorcinol at high pH values, leading to the formation of a transient equilibrium from which the one-
electron reduction potential of the semi-iminoquinone radical of actaminophen is estimated to be
+0.707 £ 0.01 V at pH 7. This value predicts that acetaminophen should be oxidised by thiyl radicals.
This was confirmed by pulse radiolysis experiments for reaction of the cysteinyl radical, for which rate
constants of 7 x 10°M~'sec™ at pH 7 and 2.7 x 10 M~!sec™! at pH 11.3 were obtained. The reaction
of O, with the acetaminophen semi-iminoguinone radical could not be detected by pulse radiolysis, and
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alternative mechanisms for superoxide radical formation are discussed.

The widely used analgesic drug acetaminophen
(APAP, paracetamol)f causes severe hepatic toxicity
when ingested in large amounts [1]. De Vries 2] has
suggested that the hepatotoxicity of APAP might
be due to cytochrome P-450 mediated one-electron
oxidation to the semi-iminoquinone radical. This
radical species might then redox cycle through N-
acetyl-p-benzoquinone imine (NAPQI) leading to
the formation of reactive oxygen radicals (Scheme
1). In model experiments, oxidation of APAP by
horseradish peroxidase (HRP) led to the formation
of a reactive intermediate which could become cova-
lently bound to proteins [3}. In the same study, a
free radical species was detected by electron spin
resonance (ESR) spectroscopy. Covalent binding of
APAP metabolite(s) to proteins was also detected
by Dahlin et al. [4] in mouse liver microsomes. In
this case the reactive species were concluded to be
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Scheme 1. Proposed mechanism for acetaminophen oxi-

dation and generation of active oxygen species through

redox cycling between the APAP semiiminoquinone radical
and NAPQI. After references 2 and 6.
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NAPQI and hydroquinone. Kinetic studies of the
decomposition of NAPQI in aqueous solutions of
APAP [5] indicated a comproportionation reaction
leading to semi-iminoquinone radical formation.
Rauckman and Rosen [6] have also postulated a role
for the semi-iminoquinone radical in APAP-induced
hepatotoxicity. Rosen ef al. [7] reported that
superoxide radical, detected by spin-trapping, was
formed during comproportionation of NAPQI and
APAP in the presence of oxygen. Evidence was also
obtained for H,O, formation, through superoxide
disproportionation, on incubation of APAP in ham-
ster hepatic microsomes and an ESR signal indicative
of free radical formation was detected. The ESR
signal observed in microsomal incubations with
APAP [7] has been shown subsequently not to be
that of the semi-iminoquinone radical, but to be
that of an APAP-derived melanin-like polymer. The
semi-iminoquinone radical of APAP could only be
detected on the millisecond time scale, employing
fast-flow ESR spectroscopy [8] and HRP/H,0, or
lactoperoxidase/H,0, as the oxidants. Static ESR
spectroscopy of incubations of NAPQI with purified
NADPH-cytochrome P-450 reductase revealed only
the melanin-like free radical, although analogous
experiments with N-acetyl-3,5-dimethyl-p-benzo-
quinone imine showed the formation of the cor-
responding semi-iminoquinone radical [9] which had
previously been demonstrated to be relatively stable
[10]. In contrast to previous results [11], Fischer
et al. [9] were unable to detect the formation of
superoxide from the semi-iminoquinone radical of
APAP, using DMPO as a spin trap. Additionally,
the intensity of the semi-iminoquinone radical ESR
signal was independent of oxygen concentration [12],
showing the lack of reactivity with oxygen. The
results of Mason’s group using ESR spectroscopy for
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the study of APAP oxidation have recently been
summarized [13], and it is suggested that enzymic
deacylation of APAP and its metabolites, leading
to p-aminophenoxyl radicals and p-benzoquinone
imine may be a critical factor in accounting for the
hepatotoxicity of APAP.

In a preliminary publication [14], we have shown
that the APAP semi-iminoquinone radical may be
generated and studied by pulse radiolysis. The rad-
ical was rapidly repaired by both ascorbate and a
vitamin E analogue. We now report a more extensive
pulse radiolysis study of the APAP semi-imino-
quinone radical.

MATERIALS AND METHODS

Acetaminophen was obtained from Sigma (St
Louis, MO). All other chemicals were AnalaR grade
when available. Solutions were prepared in baked
glassware, using water from a Millipore Milli Q
system.

Pulse radiolysis experiments were undertaken
using the Febetron 705B electron accelerator at the
University of Salford as described previously [14]. A
2cm optical pathlength cell was used for all the
experiments. Dosimetry was performed using air
saturated solutions of KSCN (10mM), taking
G((SCN); ) = 0.29 uM/Gy and &{(SCN);) at 480
nm to be 7600 M~ cm ™!, Transient spectra of radical
intermediates are presented as plots of extinction
coefficient (M~! cm™!) versus wavelength, using an
assumed G-value for the oxidising radicals of
0.62 uM/Gy in N,O-saturated solution. The pH of
the solutions was adjusted by addition of NaOH. All
experiments were performed at room temperature.

Prior to irradiation, solutions were saturated with
N,O in a syringe system [15], in order that radio-
lytically produced hydrated electrons be converted
to hydroxyl radicals:

H,O~—"OH, 'H, e, H,0,,H, e8;
e +N;O>OH+OH™ +N,  (2)

In N,O-saturated solutions the resulting radical
species produced following irradiation are the "OH
radical (G = 0.62 uM/Gy) and 'H (G = 0.057 uM/
Gy) [16]. For experiments at high pH values, the
solutions were initially deoxygenated by bubbling
with N,O before addition of alkaline buffer.

RESULTS AND DISCUSSION

(1) Spectra of radicals formed by one-electron oxi-
dation of acetaminophen

Transient spectra of the radical products formed
on pulse radiolysis of N,O-saturated solutions of
acetaminophen solutions are shown in Fig. 1. In
N,O-saturated solutions containing acetaminophen
alone (Fig. 1A), the hydroxyl radical is the pre-
dominant (>90%) species reacting with the
acetaminophen. Reaction of "OH leads to an initial
product observed immediately (1 usec) after the
pulse with a single absorption maximum at 330 nm.
The spectrum measured 20 usec after the pulse shows
that an additional peak of 450 nm has appeared. The
rate of formation of the species with an absorption
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Fig. 1. Transient absorption spectra from one-electron oxi-
dation of acetaminophen by inorganic radicals, measured
by pulse radiolysis in N,O-saturated solutions. A G-value
of 0.62 tM/Gy was assumed for each oxidising radical. (A)
Oxidation by "OH radicals in a solution containing APAP
(0.5mM) and phosphate (0.5mM, pH7.7). Spectra
measured 1 usec (O) and 20 ysec (M) after the pulse. (B)
Oxidation by Br; radicals in a solution containing APAP
(5mM), phosphate (10mM, pH 8.1} and KBr (0.5M).
Measured 15 pusec after the pulse. {(C) Ogxidation by
{SCN); radicals in a solution containing APAP (5mM),
phosphate (10 mM, pH 8.2) and KSCN (0.5 M). Measured
15 usec after the pulse. (D) Oxidation by N; radicals in
solutions containing APAP (4 mM), phosphate (10 mM)
and NaN; (0.2M). Measured 2 usec after the pulse at
pH 8.5 (O) and pH 12.1 (H).

at 450 nm was found to be increased by both increas-
ing the pH and phosphate buffer concentration in
the solution, as shown in Fig. 2. It is apparent from
comparison of these results with previous inves-
tigations of the reaction of "OH with phenols [17],
that the initial product is a dihydroxycyclohexadienyl
radical (A), which subsequently dehydrates to a
semi-iminoquinone radical (B) (equation (3)) in a
reaction that is base catalysed.

HNAc

HNAc HNAc

- H,0
@ OH ——s @—OH —2 @ 3)
OH OH o
{A) (8}

Spectra almost identical to that of the final product
in this reaction were also obtained on pulse radiolysis
of N,O-saturated solutions containing either Br~,
SCN~ or N7 in neutral or slightly alkaline solution
(Fig. 1 B-D). Under these conditions the acetamino-
phen is oxidised by Br7 , (SCN)J or N; respectively.

Reactions of these radicals appear to lead directly
to formation of the semi-iminoquinone radical. At
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Fig. 2. Effect of pH and phosphate concentration (O, SmM and @, 1 mM) on the first order rate

constant for dehydration of the APAP-"'OH adduct (equation (3)), measured by formation of the

transient absorption at 445 nm. Inset: oscillograms showing the formation of the 445 nm transient

absorption after pulse radiolysis of N,O-saturated solutions containing APAP (0.5 mM) and phosphate
buffer (pH 7.4, 1 mM and 5 mM as indicated). Dose = 2.7 Gy/pulse.

neutral pH the rates of oxidation of APAP by these
inorganic radicals (Table 1) follow the order
expected from previous studies [18, 19]. In alkaline
solutions the rates of reaction of these radicals with
acetaminophen increase due to ionization of the
phenolic group. We have previously shown [14] that
the increase in reactivity of Br; with acetaminophen
with increasing pH corresponds directly to this ion-
ization with pK =9.9 = 0.1, corresponding to the
published value of pK = 9.82 for deprotonation of
the phenolic group of APAP [20]. On one-electron
oxidation of acetaminophen with N3 at pH 12.1 the
transient absorption spectrum of the resulting radical
is displaced to longer wavelengths (Fig. 1D) cor-
responding to deprotonation of the semi-imino-
quinone radical for which a pK of 11.1 £ 0.1 has
been determined [14]. The transient spectrum from
pulse radiolysis of acetaminophen solutions con-
taining sodium carbonate at pH 12.6, where the
CO3 radical is the oxidising species, also cor-
responds to that of the acetaminophen radical-anion
(Fig. 5A, see below).

(2) Decay of the semi-iminoquinone radical

The semi-iminoquinone radical of acetaminophen
is unstable. Under the conditions of the pulse radi-
olysis experiments, the radical decays over a period
of several hundred microseconds. At pH8.3 the

Table 1. Second order rate constants for reaction of inor-
ganic radicals with acetaminophen

Second order rate constant

Radical pH (M 'sec™)
"OH 7.0 (9.8 + 0.4) x 10°
N; 7.1 (3.8 +0.2) x 10°
11.1 (5.8 % 0.3) x 10°
Br; 8.3 (2.5+0.1) x 107
11.7 (5.7+0.2) x 108
(SCN); 6.9 (7.5 £0.2) x 10°
11.0 (5.1 = 0.3) x 108
coj3 12.7 (1.9 % 0.2) x 10°

decay of the APAP semi-iminoquinone radical fol-
lows second order kinetics. The value of the second
order rate constant (2k,) for the decay of the radical,
defined according to equation (4), is (2.2
0.4) x10°M !sec”!. A value of (5.9+0.5)x
10°M~!cm~! was obtained for the extinction coef-
ficient of the semi-iminoquinone radical at 445 nm
under optimal conditions, which is slightly higher
than that previously reported [14].
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As the pH of the solution is increased, the rate of
decay decreases (Fig. 3), the pH region of the
decrease corresponding approximately to the pK of
the radical. Full analysis of the effect of pH on the
radical decay the neutral semi-iminoquinone radical
and the radical anion in terms of the three possible
reactions:
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Fig. 3. Effect of pH on the second order rate of decay (2k,)
of the APAP semi-iminoquinone radical. Transient decays
were recorded at 462 nm (the isobestic point of the neutral-
and anion-radical spectra, assuming an extinction coef-
ficient of 4.33 X 10*M™'cm™!) on pulse radiolysis (17 Gy/
pulse) of N,O-saturated solutions of APAP (0.2 mM),
phosphate (10 mM) and NaN, (0.2 M). The arrow indicates
the pK, of the semi-iminoquinone radical.
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is prevented by ionic strength effects at the higher
pH values (see below). However, the results appear
to show that the rates of reactions (5) and (6) are
similar and both rather higher than for reaction (7).
Reaction (7) would be expected to be slower because
only in this case are there two negatively charged
species reacting together. The kinetic results fail to
distinguish  between dimerisation and dis-
proportionation as possible alternatives for reactions
(5)-(7). In the HRP/H,0, catalysed oxidation of
APAP, Potter et al. [21, 22] observed the formation
of six acetaminophen polymers which were proposed
to be formed by reactions of the semi-iminoquinone
radical.

The effect of ionic strength on the decay of the
radical species at both pH 8.3 and pH 12.0 was
further investigated to confirm the radical charge
under these conditions. The acetaminophen radicals
were generated by oxidation with Nj in pulse radi-
olysis experiments. The ionic strength was changed
by addition of increasing concentrations of sodium
azide. Due to requirement for ‘OH radicals to be
scavenged by N3 the lowest concentration of NaN,
used was 2 mM. The results of these experiments are
shown in Fig. 4, plotting the logarithm of the slope
of second order plots versus VI VI + 1) according
to the Debye~Huckel equation [23]. At pH 8.3 there
is little, if any, effect of ionic strength on the rate of
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Fig. 4. Effect of ionic strength on the second order rate
(2k,) for decay of acetaminophen radicals formed on oxi-
dation with N; radicals at pH 8.3 = 0.1 (@, measured at
445nm, taking an  extinction  coefficient of
5.9 X 10°M~'¢m™") and at pH 12.0 = 0.1 (O, measured at
520nm, taking an  extinction coefficient of
6.7 x 10°M~*cm™!). The ionic strength was varied by
addition of increasing concentrations of NaN,; (2-200 mM)
to solutions of APAP (0.2 mM),
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decay of the acetaminophen radical. This indicates
that at this pH the radical has zero charge and
corresponds to the assignment of the species as a
neutral radical at this pH. At pH 12.0, the rate of
decay of the radical increases with increasing ionic
strength and the plot gives a maximum slope at the
lower ionic strengths of 0.7. The primary salt effect
predicts that reaction of species with unit charge of
the same sign should give a plot with umit positive
slope. Therefore the results indicate that at pH 12.0
the radicals have unit charge, and since they are
derived from a neutral radical by deprotonation they
must be radical anions. That the slope of the plot at
pH 12 is less than the value of unity may be due to
the experiment being carried out at a pH only 0.9
units higher than the radical pK, and the relatively
high ionic strengths required for the experiment.
Measurements at higher pH would have further
restricted the ionic strength range available.

(3) Reaction of the hydrated electron with
acetaminophen

The second order rate constant for reaction of the
hydrated electron with APAP was measured from
the rate of decay of the e, absorption at 700 nm,
following pulse radiolysis of N,-purged solutions con-
taining APAP (100-500 uM) buffered to pH 7.0 with
phosphate (2 mM). A second order rate constant of
(2.5 £ 0.3) x 108 M~ ! sec™ ! was obtained. This result
shows that APAP concentrations of up to 40 mM
may be used in pulse radiolysis of N,O-saturated
solutions with insignificant (>>5%) reduction in the
yield of 'OH radicals from competition between
APAP and N;O for scavenging of e .

(4) Determination of the one-electron reduction
potential of the acetaminophen semi-iminoquine
radical

Our previous results have shown that the semi-
iminoquinone radical of acetaminophen is rapidly
repaired by ascorbate and by Trolox C (a vitamin
E analogue) at neutral pH. The radical-anion of
acetaminophen was also found to be repairable by
hydroquinone at pH 12.6 with a second order rate
constant of (1.4 +0.1) x 108M~!sec™!. In these
reactions there was no indication of reversibility.
This implies that the one-electron reduction potential
of the APAP radical is substantially (>100 mV)
higher than that of Trolox C (E; =480 mV) [24].
Further experiments to measure the repair of the
acetaminophen radical anion by resorcinol (RES) at
pH>12 showed that a transient equilibrium
(equation (8)) was established in the reaction from
which a one electron reduction potential (E') for the
acetaminophen semi-iminoquinone radical could be
estimated

APAP + RES = APAP + RES (8)

Figure SA shows the transient spectra recorded
from pulse radiolysis of separate N,O-saturated solu-
tions of acetaminophen and of resorcinol, both con-
taining sodium carbonate (0.1M, pH 12.6). The
spectrum of the radical formed by one-electron oxi-
dation of resorcinol under these conditions is similar
to that previously reported [24], with a peak at
approximately 450 nm. Figure 5B shows the transient
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Fig. 5. Demonstration of a transient equilibrium between
the APAP radical-anion and resorcinol at high pH. A G-
value for the radical species of 0.62 uM/Gy was assumed.
(A) Transient absorption spectra from pulse radiolysis of
N,O-saturated solutions containing APAP (18 mM, O) or
recorcinol (2mM, @) and Na,CO, (0.1 M) at pH12.6.
Both spectra measured 20 usec after the pulse. Note the
difference in absorbance (&) scale for the two spectra. (B)
Transient absorption spectra measured after 2 usec (@) and
30 usec (O) following pulse radiolysis of an N,O-saturated
solution containing APAP (37mM) and resorcinol
(3.7mM) and Na,CO; (0.1 M) at pH 12.4. Inset: oscillo-
gram showing the decay of the APAP radical-anion absorp-
tion at 380 nm in a solution of APAP (37 mM), resorcinol
(11.1 mM) and Na,CO; (0.1 M) at pH 12.4. Dose = 1.6 Gy/
pulse.

absorption spectra recorded 2 usec and 30 psec after
pulse radiolysis of an N,O-saturated solution con-
taining APAP (37 mm), recorcinol (3.7mM) and
sodium carbonate (0.1 M) at pH 12.4. The spectrum
observed 2 usec after the pulse is clearly that of the
acetaminophen radical-anion, which at 30 usec after
the pulse has partially decayed, except in the region
of the resorcinol radical absorption between 440 and
460 nm. The inset to Fig. 5B shows a typical decay
at 380 nm of the acetaminophen radical-anion in a
similar solution containing both acetaminophen and
resorcinol. This illustrates the initial decay of the
acetaminophen radical-anion followed by the estab-
lishment of a transient equilibrium.

The equilibrium constant (K.q) for the transient
equilibrium was determined by two methods.
Initially measurements of the APAP radical anion
concentration at the equilibrium were made from
the transient absorption values, from which K, was
determined according to equation (10) [24, 25]

K., = ((APAP]. [RES']/([APAP'] - [RES])

- [APAP] (Asps — Aapar)
[RES] {Ages ~ Aobs)

®

(10
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where A, is the observed absorbance at equilibrium
in solutions containing both APAP and RES, and
Aggs and A ppap- are the absorbance values in solu-
tions of only RES or APAP respectively. Values of
(Aobs = Aapar )/(Ares: — Aqps) Were measured at
520 nm for ratios of [RES]/[APAP] of up to 0.3 at
pH 12.8, giving K, = 8.13 £ 0.2,

An alternative method of determination of K. is
to measure the first order rate of approach to the
transient equilibrium (K, [25], for which

Kovs = kg [RES] + k_g [APAP] (11)

and
Keq zks/k_g. (12)

Measurement of kg, in N,O-saturated solutions of
APAP (37mM), sodium carbonate (0.2M) and
resorcinol (1.85-11.1mM) at pH12.4 led to the
results in Fig. 6. Values of =(1.7%
0.12) x 10"M~lsec™® and k_g=(2.3+0.22)x
106 M~ ! sec™ ! were obtained, giving K, = 7.4 £ 0.7.
Taking the more accurate value of K, =
8.13 + 0.2 from the transient absorbance measure-
ments, the difference in one-electron reduction
potential {AE?) between the APAP and resorcinol
radicals was calculated from AE! = 0.059 log(K.,),
giving AE'=53.7%3mV. The one-electron
reduction potential (E') of the resorcinol radical has
been measured to be +385 mV at pH 13.5{24]. Using
the ground state and radical pX values for resorcinol
quoted by Steenken and Neta {26], E}, 4 is calculated
to be virtually unchanged at +386 mV. Hence at
pH 12.8 + 0.1 the one electron reduction potential
for the APAP radical-anionis +440 = 10 mV, uncor-
rected for the effect of ionic strength. E? at other pH
values may be calculated from equation (13) [26, 27].

Ely = EL +0.059 log ({K, K, + K,[H"]
+ [HPIAK, +[H*]D (13)

where K, and K, are the first and second acid dis-
sociation constants for APAP, and K, is the acid
dissociation constant of the APAP semi-imino-
quinone radical (pK, = 11.1[14}). pK, is given in the
literature as 9.82 [20], and we estimate pK,= 15
from the lack of any change in the absorption spec-
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Fig. 6. Determination of the equilibrium constant for the
transient equilibrium between the APAP radical-anion and
resorcinol at pH12.4 = 0.1, using the kinetics of the
approach to equilibrium (equation (11)). The observed first
order decay (k) of the APAP radical-anion at 380 nm and
520 nm was measured by pulse radiolysis of N,O-saturated
solutions containing APAP (37 mM), resorcinol (1.85-
11.1 mM) and Na,CO; (0.1 M).
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trum of APAP on increasing pH from 12 to 14.
The value of the one-electron reduction potential at
pH 7.0 (E}) is calculated to be +707 = 10 mV, and
E} to be +1.12+0.01V. Using a value for the
Hammett constant (g ) of —0.6 for the CH;CONH-
group and a comparison with published potentials
and Hammett substituent constants for other
phenols, a value for El; 5 of +0.43 V is predicted for
the acetaminophen radical-anion (P. Wardman, per-
sonal communication). This is in reasonable agree-
ment with the value obtained in the present work.

with

(5) Reaction of acetaminophen radicals

sulphydryl compounds

The hepatotoxicity of acetaminophen is only
expressed when intracellular levels of glutathione
have been depressed [1]. Administration of thiol
compounds and their precursors, especially methio-
nine, has been proposed as a treatment for
acetaminophen poisoning [28-31]. It is therefore
important to consider the reactivity of thiol com-
pounds, and glutathione in particular, with the
acetaminophen semi-iminoquinone radical. The one-
electron reduction potential of the sulphur radical,
RS’, derived from the one-electron reduction of the
peptide (Cys-Gly), has recently been estimated at
approximately +0.73V at pH 13 [32]. Using a pK
value of 8.3 for the thiol group of cysteine [33], a
reduction potential of +0.81 V at pH 7 is calculated.
This is approximately 100 mV greater than that for
the APAP semi-iminoquinone radical at pH7.
Assuming this value, then reaction (14).

RSH + APAP' = RS’ + APAP (14)

has an equilibrium lying to the left-hand side with an
equilibrium constant of ~2 x 1072, This accounts for
our observation that the decay of the APAP semi-
iminoquinone radical appears to be unaffected in
pulse radiolysis experiments by the presence of thiols
such as cysteine. We have attempted to study the
reverse of reaction (14) by pulse radiolysis of
deaerated solvents of cystine (RSSR) with t-butanol
as an "OH radical scavenger, in which the cysteinyl
radical is generated [34]:

RSSR + e, — RSSR~ (15)
RSSR™— RS’ + RS~ (16)

Under these conditions, thiol (other than the
approximately micromolar amount produced by
reaction (16) is absent) and the reverse reaction (14)
is expected to be observed.

The inset to Fig. 7 shows an oscillogram recorded
at 520 nm from pulse radiolysis of a deaerated solu-
tion of cystine (CysSSCys, 2 mM), t-butanol (0.85 M)
and APAP (0.2 mM) at pH 11.3. The initial very
rapid formation and decay is due to the CysSSCys™
radical-anion which has a broad absorption centered
at 410 nm, and which decomposes into CysS’ (trans-
parent at 520 nm) and CysS~ with a first order rate
of =3 x 10° sec™! [34]. The subsequent increase in
absorbance represents the formation of the APAP
radical-anion, as confirmed by the transient spectrum
(data not shown). The pseudo-first order rate of
growth of the absorbance was proportional to APAP
concentration (Fig. 7), giving a second order rate
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Fig. 7. Effect of acetaminophen concentration on the first
order rate constant for reaction of the cysteinyl radical
(CysS’), measured by the rate of formation of the
acetaminophen radical absorption at 450 or 520 nm on pulse
radiolysis of deaerated (N,-purged) solutions containing
cystine (2mM), APAP (0.2-1.2 mM), t-butanol (0.85 M)
and phosphate (10 mM) at pH 11.3 = 0.1. Inset: oscillo-
gram showing the transient absorption changes at 520 nm
on pulse radiolysis of a deaerated solution containing cys-
tine (2mM), APAP (0.2mM), t-butanol (0.85M) and
phosphate (10 mM) at pH 11.3. Dose = 3.1 Gy/pulse.

constant (k_;;) of (2.7=0.1) X 108M~!sec™! at
pH 11.3. Similar pulse radiolysis experiments at
pH 10.5 showed that the intensity of the transient
absorption due to the APAP radicals corresponded
to quantitative oxidation of APAP by CysS'. The
value of k_y, was also measured at pH 7.0 and was
found to be (7 £ 1) x 10M~!sec™!. A lower rate
at smaller pH values is expected from analogous
results on the oxidation of tyrosine by RS’ [32] and
is due to protonation reactions [35] accompanying
electron transfer at pH 7. At pH 11.3 the reaction is
expected to proceed purely by electron transfer. An
increased rate for k_;, at high pH values is also
expected from the increase in AE! between the
cysteinyl radical and the acetaminophen radical due
to the combined effects of radical and ground state
pKs. Further work is in progress to investigate
whether this value of AE! may be determined by
pulse radiolysis methods.

Experiments such as those described here allow
the reaction of RSH/RS’ with APAP to be studied
only under pulse radiolysis conditions. It has been
suggested [35,36] that under physiological con-
ditions thermodynamically unfavourable reactions
such as reaction (14) may still proceed in the forward
direction if RS’ is removed by a series of coupled
reactions such as

RS + RS~ = RSSR~ (17)

RSSR™ + O, — RSSR + O3 (18)
SOD/2H +

205 ——H,0, (19)

RS  + O, — RSO; (20)
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At present we have not been able to investigate the
role of these additional reactions, due to the rapid
decay of the APAP semi-iminoquinone radical at
the relatively high initial radical concentrations
(~1-5uM) generated in pulse radiolysis
experiments.

Using pulse radiolysis we have not been able to
observe the reaction between O, and the APAP
semi-iminoquinone radical (equation (21)), as orig-
inally proposed for a mechanism of superoxide gen-
eration [2, 6].

HNAc NAc
Do Qe @
o 0

Our experiments now place an upper limit of
~10°M~!sec™! for the rate of this reaction. This
agrees well with the measurements of Mason and co-
workers [9, 12, 13] who were also unable to detect
this reaction using ESR spectroscopy. Coupled reac-
tions such as those represented by equations (17)—
(20) may provide a mechanism for O; and H,0,
formation for which evidence has been claimed in
microsomal incubations with APAP [7].
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