Biochemistry1999,38, 8159-8166 8159

Protein and Nonprotein Cysteinyl Thiol Modification INtAcetyl-p-benzoquinone
Imine via a Novellpso Adduct'

Weigiao Chert, John P. ShockcdrRobert Tongé, Ann Huntert Carlos Gartnef,and Sidney D. Nelson*

Department of Medicinal Chemistry, Umirsity of Washington, Seattle, Washington 98195, and Drug Metabolism &
Pharmacokinetics Department, Dupont Pharmaceuticals, Newark, Delaware 19714

Receied January 20, 1999; Résed Manuscript Receed April 21, 1999

ABSTRACT. N-acetylp-benzoquinone imine (NAPQI), a reactive metabolite of acetaminophen (APAP),
can arylate and oxidize protein and nonprotein thiols in the pathogenesis of APAP-induced hepatotoxicity.
We report the first direct evidence for the formation of a laljigo adduct between glutathione (GSH)

and NAPQI using a combination of techniques including liquid chromatography/tandem mass spectrometry
and liquid chromatography/NMR spectroscopy. Decomposition kinetics of the-®BBPQI ipsoadduct

and product ratios suggested that ifhe adduct was readily reversible back to NAPQI under neutral and
basic conditions. The significance of tigsoadduct is that it may migrate from its site of formation to
other cell compartments where it can either oxidize protein thiols or covalently modify theaadduct
formation with protein thiols was demonstrated with a cysteine protease, papain, whose catalytic activity
relies on the presence of an active site cysteinyl thiol. The formation and reactions of cysteinigstiol
adducts of NAPQI provides significant new insights into possible reactions of quinone imines with cellular
peptides and proteins.

Although most reactions of quinones and quinone imines have been implicated in the pathogenesis of hepatotoxicity
with nucleophiles yield 1,4-conjugate addition produdfs (  caused by APAP.

some reactions yield 1,2 addition products such as quinone Early studies of APAP metabolism showed that cellular
monoketals Z) and quinone imine ketals3). Theseipso GSH played an essential role in protecting against liver
adducts of quinones and quinone imines are relatively stabletoxicity and that protein arylation by a reactive metabolite
and are useful intermediates in organic synthesis where theygf APAP in vitro was prevented by the addition of GSH
undergo a variety of addition, substitution, and elimination (12). The 3-position of the aromatic ring (C)3was
reactions 2, 3). However, the formation ofpsoadducts in determined byH and’3C NMR to be the site of conjugation
biochemical reactions has never been directly demonstratedyith GSH (L3). Cysteinyl thioether conjugates at the same
and little is known about their fate. position of the aromatic ring were characterized as protein-
~ N-acetylp-benzoquinone imine (NAPQH)is a quinone  pound residues of APAP14). This position has been
imine that is formed by cytochrome P450 oxidation of assumed to be the only site of conjugation, although the 1,
acetaminophen (APAP), a widely used analgesic and anti-2 and 4 positions of the aromatic ring also could be sites of

pyretic drug §). NAPQI is highly reactive ), and there is  conjugation based on their presumed chemical reactivity
substantial evidence that it is responsible for initiating events (Figure 1).

that lead to hepatotoxicity in humans when large doses of
APAP are taken§—8). NAPQI is not only an electrophile
that can form covalent adducts with nucleophiles such as
glutathione (GSH) and protein thiol8,(10), but it also is a
powerful chemical oxidant with a standard reduction poten-
tial, E° = 0.978 £ 0.001 V (@1). Thus, covalent binding
and oxidation of nonprotein and protein thiols by NAPQI

The formation of a labilépsoadduct (Meisenheimer-type
complex) of GSH with NAPQI was suggested based on
observations from different laboratorieks]. First, although
ascorbic acid rapidly reduces NAPQI back to APAP both
chemically and when formed in hepatic microsomes, it has
little effect in hepatocytes in vival( 16. Second, a thioether
ipso adduct of a dimethylated analogue of APAP has been
synthesized7), and its precursor quinone imine has several
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o 0 of NAPQI is 0.63). After 30 min, the suspension was vacuum
as :\_HJ\CHS HNJ\CHB filtered through Celite into a flask containing 5 mg of
oy - butylated hydroxytoluene. The volume of solution was
O + Rssa reduced to 10 mL on ice using an aspirator before placing

W I & the sample on a vacuum-dried silica gel column. NAPQI
0 = pso adduct APAP was eluted by flash chromatography with diethyl ether as a
N)J\CHS He 0 bright yellow band. The band was collected and reduced in
e Az n \ HNJJ\CH volume to 2-3 mL in an ice-cooled flask using an aspirator.
’ ez sa The final amount of ether was removed by high vacuum
METTM esn i (0.05 mmHg) before subliming (0.01 mmHg) the NAPQI at
\ N" T GH, HS™Y 8™ room temperature onto a cold finger cooled in dry-ice
NAPQ! I o aoap acetone. NAPQI was recovered as bright yellow crystals,
e mp 73-74.5°C (literature 7475 °C, ref5) and stored at
HO™ “gg \ o —70 °C desiccated under argon until used. All procedures
HNJ\CHS were carried out in oven-dried, acid-washed glassware and,
Thichomiketal H§ A2 H where possible, under a dry argon atmosphere.
N 2'-GlutathionSyl—APAP (2-GS—APAP) and 3-GS—
o APAP were synthesized and purified as follows. NAPQI was
3-GS-APAP synthesized as described above except that dry acetonitrile

Ficure 1: Proposed mechanisms for the formation of the three was use_d |nst.ead of chloroform. Sllver OX',de was removed
GSH conjugates of APAP. The thiohemiketaso adduct, shown by centrifugation. To the NAPQI in acetonitrile was added
in brackets, is only a postulated intermediate that has not beenan equivalent amount of GSH dissolved in water with
characterized;'3GS—APAP may be formed by direct 1,4-addition vigorous stirring. A white precipitate formed and was
at C-3. removed by centrifugation. Acetonitrile was removed by
rotary evaporation, and the remaining dark brown solution

compartments other than the endoplasmic reticulum where ?
P P was added to 20 mL of 50 mM potassium phosphate buffer,

NAPQI is formed R0—24) and even to extracellular proteins - 0 o
such as hemoglobir2b). On the basis of the results presented pPH 7.4, containing 5% ac_e_tonltrlle.-QSS—AEAP and &
in this paper, thépso adduct may migrate from its site of CG>_APAP were then purified by HPLC with a Beckman

formation to other cell compartments and serve as a IatentODS_ Ultrasphere column (19 mm 25 cm, 5/4“)- The :
form of NAPQI. mobile phase was 5% acetonitrile and 0.05% trifluoroacetic

We propose that one or moipso adducts, formed by acid in water, and the retention times for@S—APAP and

reaction of protein and nonprotein thiols (such as GSH) with 3 “GS~APAP were 21 and 33 min, respectively.

NAPQI, are quasi-stable intermediates that have sufficient Instrumentation and Analytical Methad®roton NMR
stability to react with thiols (and possibly other nucleophilic spectra of 2GS-APAP and 3-GS—-APAP were recorded
groups) at sites distant from the formation of NAPQI. We at 200 MHz on a Bruker AMX 200 spectrometer. The
report here direct physicochemical evidence for the formation samples, which were purified by the preparative HPLC
of anipsoadduct of NAPQI with GSH using a combination method described above, were dissolved i®Pand a trace

of techniques including liquid chromatography/tandem mass amount of HOD was used as the chemical shift reference.

spectrometry (LC/MS/MS) and liquid chromatography/NMR  Mass spectrometry and LC/MS/MS were carried out on a
spectroscopy (LC/NMR). Reactions of tipsoadduct were  Micromass Quattro Il triple quadrupole mass spectrometer
then investigated under a variety of conditions. equipped with an atmospheric pressure ion source and an

Since NAPQI also may react with protein thiols to form glectrospray interface. Analyses were performed with an
ipso adducts in biological systems, the possible formation jonizing voltage of 3.8 kV, and nitrogen was used as the
and reaction ofpsoadducts of NAPQI with a model protein,  nebulizing gas. Cone voltage was set at 23 V, and collision
papain, was investigated. Papain is a member of a family of energy was set at 19 V. Collision-induced dissociation (CID)
cysteine proteases that have been isolated from a largeqgf the precursor ion atvz 457 was performed in the rf-only
number of biological sources including bacteria, plants, and quadrupole region and employed argon as target gas at a
animals 6). Papain has an active site that is relatively gas pressure of 1.9 10-3 mbar. Separation was performed
accessible to small molecular weight chemical),(and its on a 3.5um Zorbax SB-C18 column (4.6 mm 15 cm)
catalytic activity, which relies on an active site thiolate anion, \ith a Shimadzu LC-10AD pumping system. A SPD-1AV
can be easily and very sensitively assay2g).(Therefore,  yariaple dual wavelength UV instrument was used for UV
papain was used to study the reaction of NAPQI with getection. 5% CKCN in 20 mM ammonium acetate buffer,
cysteinyl thiols in a protein, to provide insights into the pH 6.0, was used for the mobile phase. The flow rate was 1
adduct formed. mL/min, and 50uL/min of the flow entered the mass

spectrometer via a splitter. The retention times of the GSH

EXPERIMENTAL PROCEDURES conjugates of APAP were 2.0 min for tlygso adduct, 3.0

Synthesis.NAPQI was synthesized using previously min for 2-GS—APAP, and 3.8 min for 3GS—APAP based
described methods$). APAP (2 g) was oxidized with 4 g on HPLC-UV detection. The retention time on the LC/MS/
of freshly prepared dry silver oxide in 100 mL of dry MS system was delayed about 0.5 min due to dead volume
chloroform with sonication. The reaction was monitored by in the connecting tube between the UV detector and MS ion
thin-layer chromatography (diethyl ether mobile phaRe,  source.
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Ficure 2: (A) LC/MS/MS chromatogram of the reaction products of equimolar concentration of NAPQI and GSH at pH 6.0 using 20 mM
ammonium acetate as the mobile phase. (B) Product ions spectra obtained by collision-induced dissociation of a precunsardidn at
in the LC/MS/MS chromatogram.

GSH in water was mixed with equimolar NAPQI dissolved lyophilizing. The remaining sample was then analyzed by
in CH3CN at room temperature. The reaction mixture was LC/MS/MS.
immediately injected onto the LC/MS/MS system for analy-  The LC conditions used for LC/NMR were identical to
sis. Three peaks with an identical mass-to-charge ratio atthose used in the LC/MS/MS experiments except that
m/z 457 (M + HT of a GSH conjugate of APAP) were deuterium oxide (BO) was used in place of water. A Bruker
observed (Figure 2). The first peak (approximately 1 mL) LC22 pump delivered the mobile phase. The eluent from
was collected into a microcentrifuge tube containing £00 the column was monitored at 254 nm using a Bischoff
of 10 mM cysteine, and the volume was reduced by Lambda 1010 UV detectotH NMR spectra were obtained
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in stop-flow mode using a Bruker Avance 500 NMR and washed onto the column with 1@Q of buffer. This
spectrometer equipped with'al/*C LC/NMR flow probe was incubated for 30 s before washing the column with 2.5
with a cell volume of 12QuL. Suppression of the residual mL of buffer. Finally, 17umol of DTT in 200uL was added
water and acetonitrile signals was carried out using the WET to the column and was washed through the column with 2.5
solvent suppression method8j. Data were acquired with  mL of buffer. Throughout, 0.5-mL fractions were collected
256 transients in 16K data points with a pulse repetition time and assayed for APAP and-GS—APAP by an electro-
of 2.8 s. Chemical shifts were referenced to acetonitril at chemical HPLC method as described previoug)(
2.0 ppm.

Decomposition of the Ipso Adducthe stability and ~ RESULTS

decomposition kinetics of thipso adduct were examined —\, ideation of Nael Glutathione Adducts of APAP.

under acidic, neutral, and basic conditions. Teo adduct . .
: ' A L - When NAPQI was reacted with equimolar amounts of GSH,
was isolated by HPLC using the conditions already described, three peaks with identical mass-to-charge ratiosyat457

5.0, 7.0, and 5.0 wre addd t the collcted sampe (1 i)™ + H- of 8 GSH conlugate of APAP) were detected by
Lo LC/MS/MS (Figure 2A). The third peak coeluted with

that was in 20 mM ammonium acetate buffer, pH 6.0, . . . .
containing 5% CHCN. Addition of 0.5% (v/v) glacial acetic ~ SYNthetic 3GS—APAP. This conjugate has previously been
acid into 20 mM ammonium acetate buffer, pH 6.0, brought characterized by proton NMR1§), and the spectrum
down the pH to 4.0. Samples were added into a quartz obtained of our sample was essentially the same. In
cuvette, and the decomposition was followed on a Beckman particular, the aromatic resonance signals constitute an ABX
UV —Vis spectrophotometer. The absorption at 255 nm for gattglrnt with tlh% ?-‘:Stuydrotg:]en (?t66§ ppm apfeé';\r;ng as a
the ipso adduct was greater than the absorption at this 03 tetEOUpet g,medor 0 -_yzrgg:n ¢ it ;])
wavelength for the aromatic product§@S—APAP, 3-GS— and to the meta C*znydrogen { e z) and wi e
APAP, and APAP. Therefore, the absorption at 255 nm was C-2 hydrogen at 7.5 ppm appearing as a doublet coupled to
monitored over time up to 60 min after which no change the meta C'Bhydroge” 4=2.7Hz).
could be observed. The half-life of tigsoadduct at different The compound in the second peak from the HPLC
pH values was calculated based on the decompositionchromatogram was obtained in miligram amounts by
kinetics. The products of decomposition were analyzed on Preparative HPLC. lIts structure is proposed to be 2
a Hewlett-Packard 1090 II/L system with the UV detector 9lutathionSyl—APAP (2-GS-APAP) based on a compari-
set at 254 nm. son of its proton NMR spectrum with that 0FGS—APAP.
Papain Inactvation by NAPQIPapain activity assays were The spectrum also showed aromatic resonance signals of an
carried out as described by otheBS) A slurry of papain ABX spin system with little change in the chemical shifts
(50 uL) immobilized on a beaded agarose matrix (Calbio- Of the hydrogens at C-5and C-6 (6.8 and 7.2 ppm,
chem, LaJolla, CA) containing approximately 2 nmol of respectively). As would be expected, their splitting patterns
enzyme was added to 2 mL of 50 mM Tris/HCI (pH 7.5) &€ different than those in-&S—APAP since the hydrogen
containing 2 mM EDTA and 1% (v/v) DMSO in a 4.5-mL at C-B8 now appears as a doublet of doublets coupled to the
fluorescence cuvette. A stir bar was placed in the cuvette, rtho C-6 hydrogen § = 8.7 Hz) a”fj to the meta C-3
and the enzyme was equilibrated at 7 with stirring for hydrogen § = 2.5 Hz) and since the C-@ydrogen appears
5 min inside a SLM Aminco series 2 luminescence spec- &S @ doublet coupled to the ortho Cydrogen § = 8.7
trophotometer (SLM Instruments, Rochester, NY). The assay H2)- A new resonance signal appears at 7.0 ppm for the C-3
was started by addition of the substrikbenzoyl:-arginine-  hydrogen that appears as a doublet coupled to the meta C-5
7-amido-4-methyl coumarin hydrochloride (BzArg-MCA) hydrogen § = 2.5 Hz). The resonance signal for the C-2
(Sigma, St. Louis, MO) to a final concentration of 0.05 mm. hydrogen is no longer observed as it is the site of GSH
The activity of the papain was determined by the change in conjugatlon. As in the structure of AI?AP itself, the che_mlcal
fluorescence at 440 nm with time (excitation wavelength 280 Shifts of protons ortho to the phenolic hydroxy group in the
nm, 8 nm band-pass, 1 nm step, 670 V). Once the rate of GSH conjugates appear upfield of those ortho to the amide
reaction was linear, 85 nmol of NAPQI was added (freshly 9roup, presumably due to the deshielding effect of the
dissolved in 1QuL acetonitrile). While the catalytic activity N-acetyll group. _
was continuously monitored, 850 nmol of ascorbate in 10 ~ The first peak in the chromatogram showed two unique
uL of water, 850 nmol of GSH in 1@L of water, and 1700  productions atvz306 and 177 in the CID spectrum (Figure
nmol of dithiothreitol (DTT) in 20uL of water were added ~ 2B). These product ions were not observed in the mass

in a sequential manner at 2-min intervals. spectra of either'’2GS—APAP or 3-GS—APAP. The ion at
To assess whether APAP or GBPAP was released from /2306 is suggestive of a Gation, which could possibly
papain in the above reaction procedure, a small (85bed be formed by anpso adduct structure due to a rearomati-

volume) column was prepared in a Pasteur pipet. The columnzation driving force (Figure 3). The ion aWz 177 is a
was equilibrated with 10 column volumes of 50 mM Tris/ Characteristic neutral loss of mass 129 from the’ @&ion

HCI buffer, pH 7.5, containing 2 mM EDTA and 1% DMSO  (m/z 306).

before adding 0.8amol of NAPQI in 100uL of acetonitrile. Additional structural information of the compound eluting
This was washed into the column with 100 of Tris buffer in the first peak was then obtained by LC/NMR. NMR data
and incubated for 30 s. The reaction was then quenched byclearly indicated that the structure of the compound eluting
the addition of 8.5umol of ascorbate in 10QL of buffer, in the first peak was aipso adduct. The two doublets at
and the column was washed with 2.5 mL of buffer. GSH 6.25 and 7.05 ppm have a coupling constant of 8.7 Hz and
(8.5umol) in 100uL of buffer was then added to the column integrate for two protons. This is consistent with the' XX’
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Ficure 3: Mechanisms for the formation of fragment ionsnalz 306 and 177 from aipso adduct of NAPQI and GSH.

spin system of thepso adduct (Figure 4). The aromatic 15% of the decomposition products at pH 8.0. On the other
protons of the 2 and 3-GS—APAP show, in contrast, typical  hand, 3GS—APAP increased to 30% of the total decom-
ABX spin systems consistent with a 1,2,4-trisubstituted position products at pH 8.0 from 12% at pH 4.0.
aromatic ring. Furthermore, the marked upfield shift of the  Reactiity of the Ipso AdduciNo change in the concentra-
3 and B protons are a result of vinyl conjugation in the tion of theipsoadduct was observed in the presence of the
ipsoadduct as compared to the benzenoid aromaticity in the antioxidant (reductant) ascorbic acid, but in the presence of
2'- and 3-adducts. The "2and 6 protons are not shifted as the thiol reductant, DTT, thépso adduct was converted
much presumably because of deshielding by hacetyl exclusively to APAP. The reaction products of tigso
group. Finally, the cysteiny#-protons are shifted upfield in  adduct with cysteine were examined by LC/MS. It was found
theipsoadduct because they are not affected by paramagnetichat major products were the mixed disulfide of cysteine and
deshielding with the absence of the aromatic ring. These GSH, and the reduced product, APAP, whereas only trace
effects have been observed in the NMR spectra of dffser amounts of 3Cys—APAP were formed (data not shown).
adducts 8, 17). Ipso Adduct Formation with PapairThe possibility of
Decomposition of the Ipso Adduct. Ipadduct decom-  ipsoadduct formation in a protein was investigated with the
position was monitored by a decrease in UV absorption at cysteine protease, papain, whose catalytic activity relies on
255 nm. At pH 4.0, thépsoadduct rapidly decomposed with  the presence of an active site cysteinyl thiol. NAPQI was
a half-life of 0.5 min (Figure 5), whereas at pH 6.0 the half- found to markedly inhibit papain activity (Figure 6). The
life increased to 33 min. As pH increased above pH 6, the inhibition was unaffected by sequential addition of ascorbate

half-life again decreased. followed by GSH, but after the addition of DTT, the activity
The decomposition products were monitored by HPLC was completely restored. Addition of acetonitrile, ascorbate,
with a UV detector. The formation of'Z3S—APAP in- GSH, or DTT alone did not affect enzyme activity.

creased as pH decreased, while the formation of b6th 3 A small column of immobilized papain was prepared to
GS—APAP and APAP increased as pH increased (Table 1). determine products released from the NAPQ&painipso

At pH 4.0, 2-GS—APAP accounted for 78% of the decom- adduct. After papain was reacted with NAPQI and excess
position products, whereas@&S—APAP only accounted for ~ NAPQI removed by reduction with ascorbate, subsequent
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FiGure 4: Spectra of the three GSH conjugates obtained by LC/NMR as described in Experimental Procedures. The middle spectrum for
2'-GS—APAP contains some additional resonance peaks in the aromatic region (denoted by an asterisk, *) that are from APAP itself, which

coelutes under the conditions used for the HPLC separation.

addition of excess GSH resulted almost exclusively in the
elution of APAP from the column with only a traceQ.3%)
of 3-GS—APAP detected.

DISCUSSION

The nucleophilic reaction of GSH with NAPQI has
primarily been viewed as a 1,4-conjugate addition reaction
(Michael-type addition reaction) followed by aromatization
to form 3-GS—APAP. However, two new GSH conjugates
were detected by LC/MS when NAPQI was reacted with
GSH. These two novel compounds were identified apso
adduct and 2GS—APAP using a combination of techniques
including LC/MS/MS and LC/NMR (Figures 2 and 4).
Presumably, thepso adduct was formed by nucleophilic
addition of GSH to the imine double bond, based on the
previous characterization of msoadduct of 2,6-dimethyl-
NAPQI (17). Additional evidence that the addition occurred
at the imine carbon is that decomposition of theoadduct
primarily yielded 2-GS—APAP under acidic conditions
(Table 1).

Intramolecular rearrangement by a 1,2-shift of the glu-
tathionyl moiety of anN-acyl-thiohemiaminalpso adduct

would be favored under acidic conditions (Figure 1), a
reaction that has been observed with the addition of other
sulfur nucleophiles tN-acylated imines30). Under more
basic conditions, both base-catalyzed elimination of GSH
to reform NAPQI and nucleophilic attack of the thiolate anion
of GSH to form APAP and GSSG would be favored (Figure
1). This appears to be the case, based on a decrease in the
amounts of 2GS—APAP formed as basicity increases, with
concomitant increases in the formation 6{GS—APAP and
APAP (Table 1). We assume that-GS—APAP is not
formed directly from théN-acyl-thiohemiaminaipsoadduct
since direct reaction of thigpso adduct with either excess
GSH or cysteine produced only small amounts of the 3
adduct, the major reaction being the formation of APAP and
the corresponding disulfide.

An analysis of the pH rate profiles for the decomposition
of theipsoadduct (Figure 5) also is consistent with the view
that 2-GS—APAP formation is an acid-catalyzed intramo-
lecular reaction, whereas-@S—APAP is primarily formed
in a reaction that involves a separate intermediate or
intermediates. At pH 4, the half-life of thipso adduct is
short (0.5 min), and the decomposition rate curve shows a
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Ficure 5: Ipsoadduct decomposition rate profiles at different pH values. The change in UV absorption at 255 nmigepteiduct was
monitored as described in Experimental Procedures. The halffiifg 6f the ipsoadduct at different pH values was calculated based on
the decomposition kinetics.

e . H
Decomposition as a Function of pH Papain-S ;N

pH  2-GS-APAP (%)  3-GS-APAP (%)  APAP (%) Q excess

Table 1: Percentages of Products Formed fipso Adduct j\
CH,

APAP

+ NAPQI
4.0 78 12 10

6.0 35 21 44 NAPQI 0 wxe
7.0 19 28 53 / Papain ipso adduct

0
8.0 15 30 55
Papain-SH HJ\CHS

Papain-$ _.:N

steady decline. At pH 5, the half-life is considerably longer
(~11 min), and a small delay in the rate of decompaosition oTT
was observed. At higher pH values the rate of decomposition \ GsH 0
was slower, and at pH 7.0 and 8.0 the absorption actually

increased prior to decreasing (Figure 5). We attribute this Papain-S-SG + APAP

increase to the buildup of NAPQI, which also absorbs at
255 nm in aqueous media, with a peak absorption at 266
nm (10). The kinetics of the reactions are complicated by
the formation and hydrolysis of a carbinolamigeoadduct

of NAPQI at pH < 6.0 (10, 1) and by the reduction of
NAPQI to APAP at higher pH value$( 11).

Although the mechanism or mechanisms of formation of
3-GS—-APAP, the major GSH adduct of APAP that is
detectable at physiological pH, is unknown, the results of
this study suggest that it is formed by rapid intramolecular
rearrangement of a C-ghiohemiketalipso adduct (Figure 00089
1). This mechanism is consistent with thiolate addition via
a “charge-controlled” reaction dictated by the high positive
net atomic charge 40.30) at C-4 of NAPQI, with a
somewhat lower positive net atomic charged(18) at C-1 + + + +
(31), the position of attack to form thpsoadduct character- Initial NAPQL  Ascorbate GSH DT

ized herein. FiIGURE 6: Papain inactivation and reactivation after sequential (2
How NAPQI interacts with proteins is another unanswered min) additions of NAPQI, ascorbate, reduced glutathione (GSH),
question. Results of our studies with papain (Figure 6) and dithiothreitol (DTT). Papain activity was measured by the

. h change in fluorescence at 440 nm with time as described in
strongly suggest that dpso adduct, formed by reaction of Experimental Procedures. Note: The addition of ascorbate after

NAPQI with the active site cysteinyl thiol of this enzyme,  the addition of NAPQI does not affect the pap#iso adduct but
inactivates it. Although ascorbic acid rapidly reduced excess does reduce excess NAPQI to APAP.

Ipso adduct

0.028

0.024 1

0.024

0.016

Mean Papain Activity
(mean + SD n=3)

0.012

0.004
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NAPQI to APAP, it had no effect on either the activity of
papain modified by NAPQI or on the synthetic glutathionyl
ipsoadduct characterized herein. These results are consistent
with previously published observations that NAPQI formed
chemically or by cytochrome P450 is rapidly reduced by
ascorbate to APAP4j, but that NAPQI generated in more
complex matrixes in cells reacts quickly with peptides and
proteins to form adducts that are not reduced by ascorbate
(16).

Interestingly, the addition of GSH to papain inactivated
by NAPQI did not reactivate the enzyme but did release
APAP from it. Presumably, GSH reacted with an enzyme-
boundipsoadduct to form the reduced product, APAP, and
generated an oxidized mixed disulfide of GSH and the
protein cysteinyl thiol (Figure 6). Subsequent reduction of
the Sthiolated protein with DTT completely reactivated the
enzyme. These results are consistent with the effects of DTT
on restoring protein thiols in livers of mice treated with
hepatotoxic doses of APARY). Under these conditions only
a small fraction £1/15) of the protein thiols are covalently
modified irreversibly by reactive metabolites of APAP. The
remainder could be either in the form ipo adducts or be
Sthiolated. Additional work is required to conclusively
demonstratgsoadduct formation in APAP-modified hepatic
proteins, though indirect evidence exists for two of these
targets 82, 33.

The formation ofipso adducts of NAPQI provides a
possible explanation for reaction of NAPQI at sites distant
from its formation. Thdpso adduct that was characterized
appears to act as a latent form of NAPQI (Figures 1 and 5),
i.e., it reversibly forms NAPQI in the physiological pH range.
Thus, proteins and other macromolecules in the cytosol,
mitochondria, cell nuclei, and cell membrane may form
adducts with NAPQI originally formed from APAP in the
endoplasmic reticulum. We have previously shown that
mitochondria are a hepatocellular target for APAP reactive
metabolites that can lead to mitochondriafCdysregulation
(9, 20. In part, close contacts between the endoplasmic
reticulum and mitochondria in cell84) may be responsible
for targeting this organelle by APAP reactive metabolites.
However, we believe thapsoadducts of NAPQI also play
a role, inasmuch as depletion of GSH in the mitochondria
and protein adduct formation precedes GSSG formation by
several hours20) suggesting that aipsoadduct of NAPQI
may be formed in the initial phase of GSH depletion; then,
as GSH is resynthesized, it reacts with theo adducts to
form GSSG and mixed disulfides with protein thiols, which
may in turn be reduced to form GSSG.

In summary, anmpsoadduct of NAPQI has been identified
and characterized by LC/MS/MS, LC/NMR, and UV spec-
troscopy. Thepsoadduct forms reversibly and may deliver
NAPQI from its site of formation in the smooth endoplasmic
reticulum to other subcellular compartments to cause damage.
Finally, the formation and reactions @pso adducts of
NAPQI with proteins may provide additional insights into
reactions of quinones and quinone imines with proteins and
into mechanisms of APAP hepatotoxicity.
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