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Acetaminophen (4’-hydroxyacetanilide), a widely used analgesic/antipyretic drug, is hepa- 
totoxic in large doses, whereas the m-hydroxy isomer of acetaminophen, 3’-hydroxyacetanilide, 
is not hepatotoxic. Both are oxidized by mouse liver cytochromes P-450 to reactive metabolites 
that bind covalently to  hepatic proteins. Because previous studies have shown that peak levels 
of liver protein adducts formed after the administration of each of these compounds to mice 
are nearly equivalent, and because liver protein adduct formation correlates with hepatotoxicity 
caused by acetaminophen in mice, we investigated the abundance and patterns of protein 
adducts formed by acetaminophen and its regioisomer for significant differences. Hepatotoxic 
doses of acetaminophen to mice significantly altered the abundances of several liver proteins 
2 h after dosing as  revealed by densitometric analysis of two-dimensional electrophoretic 
patterns of these proteins. The same analysis after the administration to  mice of 3’- 
hydroxyacetanilide indicated that this nonhepatotoxic regioisomer of acetaminophen caused 
several similar changes in protein patterns, but also revealed some significant differences. 
Binding of radiolabeled acetaminophen and 3’-hydroxyacetanilide to hepatic proteins cor- 
roborated and extended these results. Two hours after the administration of 14C-labeled analogs 
of these two compounds to mice, a t  a time when their extent of total covalent binding to  hepatic 
proteins is approximately equivalent, there are many similarities but also some differences in 
selectivity of proteins that are adducted, as  revealed by both one-dimensional and two- 
dimensional gel electrophoresis followed by phosphorimage analysis of radiolabel bound to 
protein bands. Moreover, protein adducts formed from 3’-hydroxyacetanilide were found to 
be less stable than those formed from acetaminophen under the conditions of electrophoretic 
analysis. Furthermore, a comparison of radiodetection and immunodetection of protein adducts 
formed from acetaminophen with an antibody specific for acetaminophen protein adducts 
indicates that the antibody detects most of the same proteins that are radiolabeled and that 
the relative quantitative contribution of various adducts to the overall covalent binding of 
acetaminophen to proteins is approximately the same by both methods. Thus, 3‘-hydroxyacet- 
anilide should prove to be a useful tool to aid in the discrimination of hepatic acetaminophen 
protein adducts that may be critical or noncritical to  survival of hepatocytes. 

Introduction 
Acetaminophen (<-hydroxyacetanilide, paracetamol, 

APAP)l is a widely used analgesic/antipyretic that after 
large doses can cause severe centrilobular liver necrosis 
in animals and humans (1-5). There is substantial 
evidence that the hepatotoxicity is mediated primarily 
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by the cytochrome P-450 oxidative metabolite, N-acetyl- 
p-benzoquinone imine (NAPQI) (6-12). NAPQI both 
arylates and oxidizes cysteinyl thiol groups in small 
peptides and proteins (7, 13), and both mechanisms, as 
well as others, may be involved in the pathogenesis of 
hepatotoxicity caused by APAP (for recent reviews see 
refs 14-16). 

One long-standing hypothesis has been that the cova- 
lent binding of oxidative metabolites of APAP to proteins 
in the liver modifies their normal function and initiates 
processes that culminate in cell death (17, 18). Based 
on mass spectrometric analysis of hepatic proteins from 
mice, the cysteinyl thiol group is the major site of protein 
adduction by APAP metabolites (19). However, 3‘- 
hydroxyacetanilide (AMAP) is a nonhepatotoxic regioi- 
somer of APAP whose oxidative quinone and quinone 
imine metabolites bind to cysteinyl thiol groups of mouse 
liver to approximately the same extent as reactive 
metabolites of APAP (20). Therefore, if covalent binding 
plays a role in the pathogenesis of liver damage, there 
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must be some difference in the covalent binding of APAP 
and AMAP to hepatic proteins. In fact, on a subcellular 
level, reactive metabolites of MAP have been found to 
bind more extensively to mouse liver proteins in the 
mitochondrial and nuclear compartments than reactive 
metabolites of AMAP, whereas the reverse is the case 
for proteins in the cytosolic and microsomal compart- 
ments (21). Thus, an important objective is to  identify 
and characterize specific protein adducts. 

One method that has been successfully used to dem- 
onstrate that APAP binds to selective proteins in mouse 
liver aRer hepatotoxic doses is immunochemical detection 
with affinity-purified antibodies (22-28). Several pro- 
teins in each subcellular fraction of mouse liver and some 
human livers have been found to form immunodetectable 
adducts with acetaminophen. A few hepatic proteins that 
have recently been found to form adducts with MAP 
reactive metabolites after the administration of hepato- 
toxic doses of APAP to mice include a cytosolic selenium 
binding protein (29, 30), a microsomal subunit of 
glutamine synthetase (31)) the cytosolic protein N-10- 
formyltetrahydrofolate dehydrogenase (32), and the 
nuclear protein lamin A (33). 

Though the use of immunodetection techniques pro- 
vides a very useful approach to characterize protein 
adducts of MAP, there are some potential drawbacks. 
First, the antibodies used may not access and/or recognize 
some adducts. Second, immunoquantitation may not 
accurately reflect the amount of any given adduct because 
the extent of adduct recognition may vary from protein 
to protein. Finally, and irrespective of the methodology 
used, the detection and identification of a particular 
protein adduct do not necessarily implicate a role for the 
modification in a pathogenic process. 

In this report, we describe results of studies that 
utilized both one- and two-dimensional (1- and 2-D) gel 
electrophoresis and radiodetection of adducts for a more 
complete assessment of the spectrum of proteins arylated 
by APAP reactive metabolites. Furthermore, compari- 
sons are made between proteins that are arylated by 
reactive metabolites of APAP and AMAP to  provide an 
approach to  aid in the selection of proteins that may be 
critical targets in the pathogenesis of hepatotoxicity 
caused by APAP. 

Experimental Procedures 
Materials. APAP and A M A P  were purchased from Aldrich 

Chemical Co. (Milwaukee, WI) and recrystallized before use 
(ethanovwater, 1: 1). Sigma Radiochemicals (St. Louis, MO) 
supplied [ring-U-14C3APAP (10.2 mCi/mmol) and [ring-U-l4C1- 
AMAP (16.2 mCi/mmol). The radiochemical purity of both 
compounds was greater than 97%, as determined by HPLC on 
a reverse phase 5 pm Ultrasphere ODS column (25 cm x 10 
mm; Rainin Instruments, Berkeley, CA) protected by a 5 pm 
Ultrasphere precolumn. Elution was isocratic with water/ 
acetonitrile/glacial acetic acid (800:180:20 v/v) a t  a flow rate of 
2 mL min-1. 

[a~etyl-l-~*C]APAP (1.76 mCi/mmol) was prepared from 
[l-14C]acetic acid (Sigma Radiochemicals) and p-aminophenol. 
[l-14C]Acetylimidazole was prepared by reacting a solution of 
[l-l4C1acetic acid (5 mg, 0.08 mmol, 10 mCi/mmol) in 400 pL of 
dry ether with N,N'-carbonyldiimidazole (10 mg, 0.12 mmol). 
After complete dissolution of N,N'-carbonyldiimidazole and 
effervescence had ceased, 1 mL of absolute ethanol was added 
followed by p-aminophenol (13 mg, 0.09 mmol) and stirring for 
30 min. Excess carbonyldiimidazole was destroyed by addition 
of 1 mL of 1 M HCl. The mixture was extracted with ethyl 
acetate, and ethyl acetate extracts were dried over Na~S04. The 
drying agent was removed by filtration, and remaining solvent 
was removed in vacuo. The product [a~etyl-l-~~ClAPAP was 
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purified by HPLC as described above. The overall yield of 
purified product was 30% with sp act. of 7.3 mCi/mmol. 
Caution: Care should be taken in the handling ofphenol which 
is toxic and corrosive, p-aminophenol which is toxic and an 
irritant, and N,N-carbonyldiimidazole which is corrosive. 

Animals. Both B6C3F1 and Swiss-Webster male mice 6 
weeks of age (20-30 g) were obtained from Charles River 
Laboratories (Wilmington, MA) and maintained on Purina 5001 
rodent chow. Food was withheld from all mice 12-16 h prior 
to the administration of drugs. B6C3F1 mice were used for the 
2-D comparative studies carried out by Large Scale Biology 
Corp. (LSB; Rockville, MD) using their proprietary ISO-DALT 
System that incorporates a master pattern of proteins for this 
inbred mouse strain which has less allelic variants than the 
outbred Swiss-Webster strain. Both APAP and AMAF' were 
given ip as saturated aqueous solutions a t  doses of 600 m a g  
to the B6C3F1 mice. Results of pilot studies showed that this 
dose of APAP was hepatotoxic whereas the same dose of AMAP 
was not, though both bound equivalently to hepatic proteins 2 
h after dosing. In studies with radiolabeled drugs, male Swiss- 
Webster mice were given phenobarbital as a 0.1% solution in 
their drinking water for 5 days prior to treatment. In this way 
lower doses of APAP could be administered to save on radiolabel. 
A toxic dose of APAP was determined to be 250 mgkg, the 
highest dose tolerated without observable mortality. The high- 
est tolerated dose of AMAP was 600 mgkg. Higher doses of 
AMAP caused fatal respiratory depression, but not hepatotox- 
icity. 

Subcellular Fractionation. Two hours after dosing, the 
animals were killed by cervical dislocation. Livers were excised 
surgically, weighed, and homogenized with a Potter-Elvehjem 
type homogenizer. A portion of the homogenate was retained, 
and the remainder was subjected to differential centrifugation 
according to a previously reported scheme (21). Supernatant 
fractions were immediately frozen to -70 "C. Pelleted fractions 
were resuspended in a small amount of buffer (final protein 
concentrations 20-30 mg/mL) before freezing to -70 "C. All 
samples were stored at -70 "C until further use. 

Covalent Binding. Gross covalent binding was determined 
as previously described (20). Protein concentrations were 
determined using the Micro-BCA assay from Pierce (Rockford, 
IL) and bovine serum albumin as standard. 

SDS-PAGE Electrophoresis. Sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) was conducted 
according to the method of Laemmli (34). The stacking gel was 
3% acrylamide, and the running gel was 10% acrylamide. All 
gels were run under reducing conditions with dithiothreitol 
(DTT) added to  the sample buffer. The gel dimensions were 
0.15 x 12 x 15 cm long (Hoefer SE600) and were run at 20 mA 
per gel, constant current, at room temperature. Typically, 10 
samples (100-600 pgllane) were loaded per gel. 

Protein fractions were solubilized in 62 mM Tris buffer (pH 
6.8), containing 1% SDS, 10 mg/mL DTT, and 10% glycerol. 
Before loading, the samples (in microfuge tubes) were heated 
in boiling water for 2-5 min and centrifuged, 14 000 rpm for 5 
min, to remove any insoluble matter. 

Protein Staining. Protein bands were made visible by 
staining the gels with Coomassie Blue R-250 (0.5% w/v) in 30% 
methanoVlO% acetic acidwater (v/v) overnight with shaking. 
Destaining involved several changes of 30% methanol/lO% acetic 
acidwater (v/v). 

Electrotransfer. When proteins were transferred to nitro- 
cellulose (Schleicher and Schuell, Inc., Keene, NH), the SDS- 
PAGE gels were immediately equilibrated in transfer buffer (35) 
(0.250 M Trizma base, 0.192 M glycine). Transfer was per- 
formed in chilled buffer using 1.2 A constant current (Hoefer 
TE42) for 4 h. Typically, the membrane was saturated to the 
extent that protein appeared on the distal side of the membrane. 

These overloaded gels were run at room temperature and did 
not give perfectly linear plots of log (MW) vs Rf for MW 
standards obtained from Sigma (myosin, 205 kDa; P-galactosi- 
dase, 116 kDa; phosphorylase-b, 97.4 kDa; bovine serum 
albumin, 66 kDa; egg albumin, 45 kDa; carbonic anhydrase, 29 
kDa; trypsinogen-phenylmethanesulfonyl fluoride (PMSF), 24 
kDa; soybean trypsin inhibitor, 20.1 kDa; P-lactoglobin, 18.4 
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Figure 1. A schematic figure showing the locations of spots significantly changed by AMAP or APAP in B6C3F1 mouse liver. Each 
liver protein is plotted as an ellipse. Proteins showing significant change (p < 0.001 or presencelabsence difference) are shown as 
filled ellipses with associated spot numbers. Major spot 10 is serum albumin, spot 78 is cytochrome b5, and the row of large spots 
a t  the upper right is carbamyl phosphate synthase. Two groups of labeled spots have members so close as to partially overlap (a 
group consisting of spots 957,413,955, and 958 in the upper left quadrant, and a group consisting of spots 778,952,953,687, and 
100 nearer the center of the pattern). The pattern shows proteins ranging in mass from about 14 (bottom) to 180 kDa (top), and 
isoelectric point about 4.5 (left) to 7 (right). 

kDa; a-lactalbumin, 14.2 kDa). Therefore, the following strat- 
egy was adopted for estimating the dalton size (molecular mass) 
of the bands and spots of interest. Three standard curves were 
used: one for bands of Rf of 0.2 or less; one for bands of Rf 0.2- 
0.8; and one for those of 0.8 or greater. We have the greatest 
confidence in the protein size estimates for bands where the Rf 
is between 0.2 and 0.8 (20-80% migration). 

Electroelution from SDS-PAGE Gels. SDS-PAGE was 
conducted using 5 mm diameter tube gels and carried out 
essentially the same as with the slab gels. Power was applied 
a t  a constant current of 2.5 &gel tube. Gels were isolated by 
extrusion and cut into 1 cm long sections. Sections were placed 
in individual Centricon-10 units (Amicon, 10 000 MW cutoff) 
and eluted for 4 h using SDS-PAGE tank buffer. Eluted 
proteins were repetitively washed and isolated by ultrafiltration 
using the same Centricon-10 units and 50 mM potassium 
phosphate buffer (pH 7.41, until the radioactivity in the filtrate 
was the same as background. 

Two-Dimensional Gel Electrophoresis. Two-dimensional 
[isoelectric focusing (IEF) SDS-PAGE] electrophoresis was 
performed essentially as described by O'Farrell(36). 

Sample Preparation. The sample preparation protocol 
described by Anderson et al. (37) was used. Approximately 200 
mg of tissue from the left lobe of the liver was homogenized in 
1.6 mL of a solubulizing solution of 9 M urea, 2% Nonidet P-40 
detergent, 0.5% dithiotheitol, and 2% pH 9-11 ampholytes 
(LIB). The solubulized protein was centrifuged a t  lOOOOOg for 
30 min, and the supernatant was removed and stored frozen in 
1.5 mL microfuge tubes for shipment to LSB. Detailed methods 
used by LSB for 2-D gel electrophoresis, staining, and computer 
analysis of the gels have been reported previously (37-40). 

Sample preparation for 2-D electrophoresis of radiolabeled 
proteins was essentially the same with slight modifications. To 
1 mL of protein fraction (10-25 mg of proteidml of buffer) were 
added 25 pL of 10% Emulgen 911,250 pL of 10% Nonidet P-40, 
40 mg of DTT and 1.3 g of urea. The sample was vortexed after 
each addition. The sample was then allowed to sit a t  room 
temperature for 2-4 h for complete solublization before cen- 
trifugation at 16000g for 5 min prior to loading to remove 
insoluble matter. 

Isoelectric Focusing Gels. The IEF gels (5 mm diameter) 
were 9 M urea, 4% acrylamide, 2% Nonidet P-40, and 1% 
ampholytes (Bio-Rad 3-1O:Bio-Rad 5-7, 1:l). Final volume of 
each gel was 2.5 mL. The cathode buffer was 10 mM NaOH, 
and the anode buffer was 10 mM phosphoric acid. After 
prefocusing the gels for 1 h (200 V for 15 min, 400 V for 15 min, 
and 800 V for 30 min), the samples (40 pL, 1 mg of protein) 
were underlaid at the (unrinsed) cathode surface. An 800 V 
potential was maintained overnight and increased to 1000 V 
for 1 h before extruding the gels. The volt-hour total was 12- 
13 kV h for the 12 cm long gels. Tube gels that were not used 
immediately were extruded and then frozen in capped tubes to 
-20 "C. 
Sizing Gel. The SDS-PAGE gel used for the separation by 

molecular weight was 10% acrylamide, as above, poured to the 
top of the glass cassette. A 1% agarose solution (1% agarose, 
0.1% SDS, 0.125 M Tris, pH 6.8) at 70 "C was used to join the 
IEF tube gel to the top of the SDS-PAGE gel. Before use, the 
IEF gel containing the focused sample was equilibrated in 50- 
100 gel volumes of SDS-PAGE sample buffer (2% SDS, 62 mM 
Tris, pH 6.8, 30 mM DTT) for 1 h at room temperature. SDS- 
PAGE was run a t  20 mA per gel, constant current. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

V
IC

T
O

R
IA

 o
n 

O
ct

ob
er

 1
9,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
1,

 1
99

5 
| d

oi
: 1

0.
10

21
/tx

00
04

5a
01

2



406 Chem. Res. Toxicol., Vol. 8, No. 3, 1995 Myers et al. 

44 
7-03 

475 

ylll 
9 s  

1-1 1 

3o 4F 1 
226 

1 
9% 

1- 

78 

320 

952 

1-1 

J 
Figure 2. A series of bar-graph panels, one for each of the 27 mouse liver proteins indicated in Figure 1 that showed significant 
changes in intensity ( p  < 0.001). Each bar represents the abundance on one gel of the protein whose number is shown in the panel's 
upper left corner. The bars are grouped into three sets, corresponding to the groups in the experiment (controls, AMAP, and APAP 
treated, respectively, from left to right). Complete statistical analysis of these results is available in table form from the corresponding 
author as are original panels of the 2-D gel images. For each protein, the results are normalized so that the maximum observed 
abundance results in a bar of the same height. 

Quantitative Analysis of ISO-DALT Gels (LSB). The 
Kepler software system was used to analyze digitized images 
of three groups of 2-D gels: group 1 consists of duplicate gels of 
each of 3 samples from 3 control animals (total 6 gels), group 2 
consists of 1 sample from one animal and triplicate gels of each 
of 2 other AMAF' treated animals (total 7 gels), and group 3 
consists of duplicate gels of one and triplicate gels of another 
APAP treated animal (total 5 gels of 2 animals). In the three 
groups thus defined, there were (after matching to the B6C3F1 
mouse liver 2-D master pattern B6C3FlMST2) 231, 282, and 
244 spots, respectively, with CV (SD/mean) less than 15%. The 
gels were scaled together (to eliminate loading differences) using 
a linear approach prior to statistical analysis using the Student 
t-test. 

Autoradiography Using the Phosphorlmager. Autora- 
diograms were obtained with a Molecular Dynamics Phosphor- 
Imager. Nitrocellulose blots and dried gels were exposed for 
2-4 days after which the phosphor storage screen was scanned 
at  88 pm resolution. SDS-PAGE (1-D) lane images were 
intensity-averaged over the width of the lane using Molecular 
Dyanmics software. The intensity values along the remaining 
dimension were transferred to a Microsoft Excel spreadsheet. 
A value for the background intensity was subtracted from the 
spreadsheet cells before printing the graph in bar-chart format. 

Results 
Comparisons of Proteins in the ISO-DALT Sys- 

tem. Quantitative analysis of Coomassie Blue stained 
2-D gels of liver proteins obtained 2 h after treatment of 
B6C3F1 mice with a hepatotoxic dose of APAP or with 
AMAP revealed 27 protein spots that differed signifi- 
cantly (t-test p 10.001) from controls (Figure 1). Inter- 

estingly, most of the significant changes caused by AMAP 
occurred in a subset of proteins modified by APAP (Figure 
2). A detailed comparison of the two compound's effects 
indicates that 6 of the 9 proteins affected by AMAP are 
also affected by APAP atp <0.001 and that the remain- 
ing 3 proteins also show changes in APAP at lower levels 
of significance (0.008-0.0011). Eight of the 9 proteins 
change in the same direction (increase or decrease) with 
both compounds. APAP caused quantitative alterations 
in 20 protein spots and, in addition, caused the appear- 
ance of 4 spots not seen either in controls or in AMAP 
treated animals (spots numbered 950,952,957,958). The 
combined total for the two compounds is thus 27 spots, 
of which more than one-fourth (778, 687, 952, 953, 100, 
426,320) occur in a molecular weight band between the 
FlATPase ,B subunit (MW = 52K) and HSPGO (MW = 
58K). 

Only a few of these protein spots have been identified: 
78 is cytochrome b5 (which is decreased approximately 
20% by both compounds) while 10 and 30 are isoforms 
of circulating serum albumin. The changes in albumin 
probably represent differences in blood content of the 
liver, consistent with increases (at lower than p <0.001 
significance) in spots tentatively identified as apo A-1 
lipoprotein and a-1-antiprotease (other major plasma 
proteins). The intensities of other identified proteins 
(e.g., actin, tubulin, protein disulfide isomerase, HSP 90, 
ornithine decarboxylase, and epoxide hydrolase) did not 
significantly change. 
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Table 1. Covalent Binding to Mouse Liver Homogenate 
Protein Two Hours Post-Injection 

dose sp act. covalent binding 
label-compd (mg/kg) (mCi/mmol) (nmoVmg) 
ring-AMAP 600 3.21 1.25 
ring-" 250 3.57 1.82 
acetyl-NAP 250 1.76 1.79 
ring-NAP 125 8.39 0.25 

Covalent Binding to Mouse Liver Homogenate 
Proteins. The 2 h time point was chosen based on the 
results of earlier experiments (20,21). Phenobarbital- 
induced mice administered 250 mgkg doses of APAP 
develop extensive centrilobular necrosis by 24 h that is 
preceded by binding of radiolabel that peaked between 
1 and 3 h post-injection. Phenobarbital-induced mice 
administered AMAP (600 mgkg) had comparable levels 
of covalent binding, but hepatotoxicity did not develop. 
Covalent binding of radiolabel from AMAP peaked be- 
tween l and 2 h. Therefore, we chose to isolate livers 
from mice 2 h post-injection, a time when both com- 
pounds would have nearly peak binding. 

Ring-labeled and acetyl-labeled APAP were adminis- 
tered to different mice in toxic doses to determine the 
extent to which electrophoretically isolable protein ad- 
ducts retained the N-acetyl group. A third treatment 
consisted of a nontoxic dose of APAP (125 mgkg). 
Submaximal doses of APAP have been shown to cause 
detectable covalent binding without complete depletion 
of glutathione (18). 

Covalent binding levels to liver homogenate proteins 
of ring-labeled APAP and AMAP (Table 1) were compa- 
rable to those observed in our earlier experiments with 
mice (20,21). The acetyl group apparently was retained 
in most of the protein adducts, though it must be borne 
in mind that the data were obtained from individual 
mice. Binding after the lower dose of APAP was only 
15% of that following a toxic dose. On the basis of 
previous studies (1 7), hepatic necrosis is not observed in 
mice after receiving doses of acetaminophen that gener- 
ate these low levels of protein adducts. 

SDS-PAGE of Proteins from Liver Cytosol. Liver 
cytosol was subjected to SDS-PAGE, and then the 

D 
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ld0 1 i 1  9; 8b $4 52 4b 36 
A A 

43 36 180 131 91 80 

Figure 3. Protein adducts in mouse liver cytosol. Radioactivity profiles obtained by storage phosphorimage analysis of proteins 
separated by denaturing SDS-PAGE and transferred to nitrocellulose. Samples contained -700 pg of protein from mice treated 
with the compounds in Table 1. (A) Ring-"; (B) acetyl-NAP, (C) W; (D) low-dose NAP. Hash marks below the profiles 
indicate the positions of molecular mass standards, 180,131,91,80,64,43, and 36 kDa, that were run in a parallel lane. Peaks are 
annotated with the corresponding molecular mass estimates (in kDa units). 
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Figure 4. Protein adducts in mouse liver mitochondria. Radioactivity profiles obtained by storage phosphor analysis of proteins 
separated by denaturing SDS-PAGE and transferred to nitrocellulose. Samples contained -300 pg of protein from mice treated 
with the compounds in Table 1. (A) Ring-NAP; (B) acetyl-NAP; (C) AMAP; (D) low-dose APAP. Hash marks below the profiles 
indicate the positions of molecular mass standards, 180,131,91,80,64,43, and 36 kDa, that were run in a parallel lane. Peaks are 
annotated with the corresponding molecular mass estimates (in kDa units). 

proteins were transferred from the gel to nitrocellulose 
membranes for autoradiography. Although some protein 
is lost in the process of transfer, the accumulation of 
protein on the surface of the membrane increases the 
sensitivity to autoradiography that utilized a storage 
phosphor screen which was “read” by a laser. This 
technique differs from traditional autoradiography with 
X-ray film in that the response is linear throughout the 
dynamic range and is more sensitive (41). Radioactivity 
profiles could be obtained in this manner in less than 4 
days. Similar results by traditional autoradiography/ 
fluorography took up to 4 months. One disadvantage to 
the PhosphorImager is that exposures longer than 4 days 
did not increase the signal-to-background ratio. 

Histograms of radioactivity as a function of migration 
distance are shown in Figure 3. The major APAP adduct 
was to a protein (proteins) in the 52-58 kDa range 
(Figure 3A). This band contains about 40% of the 
radioactivity as determined by integration of the trace. 
Acetyl-labeled APAP had an almost identical spectrum 
(Figure 3B). 

The major adduct formed from AMAP apparently has 
the same M, as that of APAP (Figure 3C). However, an 
adduct of -27 kDa was more abundant in the APAP 
sample than in the AMAP sample, whereas an adduct of 
-140 kDa was more abundant in the AMAP sample than 

. 

in the APAP sample. In general, however, the adducts 
found in the cytosolic fraction are similar for both APAP 
and AMAP although the intensity of AMAP adduct peaks 
is lower. This decreased signal-to-noise of AMAP samples 
relative to the APAP samples may be due to a decreased 
specificity in the formation of adducts, or it may be due 
to degradation of the adducts during sample workup and 
electrophoresis. The former possibility was addressed by 
2-D electrophoresis, and the latter possibility was ad- 
dressed by a determination of the amount of AMAP- 
protein adducts that could be recovered from SDS-PAGE 
gels (forthcoming Discussion). 

The low dose of APAP apparently produced fewer 
adducts. Conspicuously absent from the trace (Figure 
3D) are adducts at -31 and -99 kDa which are present 
after a toxic dose of APAP (Figure 3A). The signal-to- 
noise ratio, and therefore apparent resolution of peaks, 
are greater for protein adducts after this low dose of 
APAP compared to AMAP because the specific activity 
of the radiolabeled compound used was more than double 
that of the ring-labeled AMAP. 
SDS-PAGE of Proteins from the Mitochondrial 

Fraction. The mitochondrial fraction is of interest 
because of the reports of mitochondrial damage during 
APAP toxicity (21,42-46). AMAP, on the other hand, 
does not cause mitochondrial damage or hepatotoxicity 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

V
IC

T
O

R
IA

 o
n 

O
ct

ob
er

 1
9,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
1,

 1
99

5 
| d

oi
: 1

0.
10

21
/tx

00
04

5a
01

2



Protein Arylation by Acetaminophen Chem. Res. Toxicol., Vol. 8, No. 3, 1995 409 

Figure 5. Comparison of NAP and AMAP adducts in mouse liver cytosol by 2-D gel electrophoresis. (A) Autoradiogram of NAP 
gel; (B) Coomassie Blue stain of NN gel; (C) autoradiogram of AMAP gel; (D) Coomassie Blue stain of AMAP gel. Protein samples 
were focused (x-axis, cathode on the right) and then separated by SDS-PAGE (y-axis, dye front at the bottom). Arrows indicate 
correspondences between gels A and B and between gels C and D. 

until glutathione is severely depleted in the mitochondria 
(47). Relative to the cytosol, less protein from this 
fraction could be loaded without a severe decrease in 
resolution. Thus, the amount of radioactivity is low, but 
peaks are discernible. Binding of radiolabel from both 
[ring-U-14C]APAP (Figure 4A) and [a~etyl-l-~~ClAPAP 
(Figure 4B) was similar and is characterized by a triad 
of peaks at 54, 51, and 48 kDa, as well as peaks at 69, 
42, 37, 33, 31, and 29 kDa. The intensity of AMAP 
binding (Figure 4C) was so low as to preclude any 
meaningful resolution of identifiable protein adducts, 
consistent with results of previous studies which showed 
that reactive metabolites of AMAP bound to mitochon- 
drial proteins to a significantly lesser extent than reactive 
metabolites of APAP (21). 

The low-dose APAP profile shows the greatest selectiv- 
ity in binding to the mitochondrial fraction (Figure 4D). 
A large peak at 53 kDa is evident, as are peaks at 74, 
67,63,33, and 30 kDa. These results are consistent with 
those of the cytosolic sample in which the low dose of 
APAP yields fewer adducts. Again, it should be noted 
that the specific activity of APAP used in the low-dose 
study was more than double that of the APAP used in 
the high-dose study. 

Two-Dimensional Electrophoresis of Cytosolic 
Protein. Cytosolic fractions from APAP treated and 
AMAP treated animals were subjected to isoelectric 

focusing followed by SDS-PAGE. In general, a large 
number of adducts could be observed in the 2-D image 
(Figure 5A) that contribute to the complexity of the SDS- 
PAGE (1-D) profiles (Figure 3A). A rough calibration of 
molecular size indicates that the -52 kDa adduct ap- 
parent on the SDS-PAGE (1-D) profile is made up of more 
than one adduct. From the 2-D image in Figure 5A it is 
apparent that the “noise” in the 1-D samples is largely a 
result of the complexity of the sample. A comparison of 
the Coomassie Blue staining of the same gel (Figure 5B) 
attests to the selectivity of APAP binding. 

A comparison of APAP and AMAP binding to cytosolic 
protein was facilitated by running these two samples 
under identical condtions. The resulting radiograms and 
protein staining images after AMAP treatment are shown 
in Figure 5C,D. As was demonstrated by SDS-PAGE, 
the pattern of adducts formed from AMAP is comparable 
to that formed fiom NAP; however, there are some spots 
corresponding to APAP adducts that are not observed in 
the AMAP sample. 

Recovery of Radioactivity from APAP and AMAP 
SDS-PAGE Gels. Although similar amounts of radio- 
labeled homogenate and cytosolic proteins from livers of 
mice treated with APAP and AMAP were loaded onto 
gels, the radiolabel associated with electrophoretically 
resolved bands of proteins was always greater for APAP 
than AMAP. One possible explanation is that AMAP 
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Table 2. Covalent Binding of APAP and AMAP to 
Cytosolic Proteins Determined before and after 

Electrophoresis 
nmol of adducvmg of protein 

120 T 

100 -c 

80 4 

40 

20;,_c 
0 

1 2 3  4 5 6 7  

electroeluted section 

8 9  

Figure 6. Recovery of radioactivity from SDS-PAGE gels of 
mouse liver cytosol. Protein was obtained from liver cytosols 
of mice 2 h after treatment with either APAP or AMAP. A 
sample of protein from each treatment (200 ,ug representing 
-600 pmol equivalents of APAP adduct and -800 pmol equiva- 
lents of AMAP adduct) was subjected to denaturing SDS-PAGE. 
The tube gels were cut into 1 cm segments. "he first two lanes 
of the x-axis correspond to the stacking gel, and lanes 3-9 are 
the separating gel. Radiolabeled protein was recovered by 
electroelution and counted by liquid scintillation counting. Total 
recovery of radiolabel was 66% for APAP and 32% for AMAP. 

binding was less selective for individual protein targets 
such that the pattern of binding observed in SDS-PAGE 
gels was more diffuse. Alternatively, radioactivity may 
have been lost during sample preparation and/or elec- 
trophoresis owing to instability of the protein adducts. 

To find out whether or not AMAP adducts were 
actually lost from protein during the process of electro- 
phoretic analysis, we undertook a quantitative measure- 
ment of the radioactivity present in the SDS-PAGE gels 
of APAP and AMAP cytosolic protein. The application 
of a modest amount of protein (200 pgllane) ensured that 
all of the sample would enter the gel. Then, using 
electrophoretic extraction (electroelution) on gel slices, 
quantitative recovery of protein from the gel was facili- 
tated. The size of the gel slices was relatively large due 
t o  the limiting sensitivity of liquid scintillation counting 
(LSC). The profiles of radioactivity are presented in 
Figure 6. They reflect the radioactivity obtained from 
gels that are otherwise blotted to  give radioactivity traces 
(as in Figures 3-5). Given the decrease in resolution, 
the profiles obtained by electroelutiofiSC compare 
favorably to  those obtained by autoradiography. 

Previous studies have demonstrated that covalent 
binding to the cytosol fraction is greater for AMAP than 
for APAP (21 1, and therefore, we expected the binding 
in Figure 6 to be generally higher for AMAP than for 
MAP. Apparently, AMAP protein adducts are degraded 
during the sample preparation or electrophoresis. 

To examine this possibility, the total amount of adducts 
bound to the cytosol was determined by three different 
methods: (1) the traditional method of TCA precipitation 
and organic solvent extraction; (2) repeated washing of 
the protein with phosphate buffer and isolation by 
ultrafiltration; (3) recovery of adducts after SDS-PAGE. 
The specific content of APAP radiolabel bound to the 
protein fraction did not markedly change from one 
method of workup to another. In contrast, the specific 
content of AMAP radiolabel bound to the protein fraction 
was greatly reduced after ultrafiltration or when recov- 
ered from SDS-PAGE gels. The results are presented 

methoda APAP AMAP 
TCA prepn 2.13 3.64 
ultrafiltration 2.31 1.52 
recovery from SDS-PAGE gels 2.04 1.30 

used. 
a See Experimental Procedures for a description of the methods 

in Table 2. It appears that AMAP adducts were degraded 
either by proteolysis or by chemical degradation to 
compounds that passed through the Centricon-10 ultra- 
filtration membrane. The results also indicate that 
AMAP adducts are lost during either sample preparation 
or electrophoresis. Our experience with the diphenolic 
GSH conjugates of AMAP has shown that they are not 
as stable as the APAP-GSH conjugate.2 Therefore, it 
appears that the decreased intensity on the gels observed 
for AMAP-protein adducts compared to  APAP-protein 
adducts is primarily a result of greater liability of the 
AMAP-protein adducts under conditions of denaturation. 
In fact, the results of both the 1-D and 2-D electrophoresis 
indicate that APAP and AMAP have many common 
protein targets. Whether or not the apparent chemical 
instability of AMAP adducts has toxicological ramifica- 
tions is not presently known. 

Comparison of MAP-Protein Adducts Observed 
by Radiolabel Detection or Immunological Detec- 
tion with Antibodies. In a broad sense, results of 
APAP-protein adduct detection by radiolabel detection 
and by immunological detection are similar inasmuch as 
specific protein targets are observed by both methods. 
Moreover, both methods detect dominant adducts be- 
tween 50 and 60 kDa in the cytosol. However, the 
percentage of the total adducts represented by this peak 
is only 40% of the cytosolic fraction, based on radiometric 
detection, whereas Bartolone et al. (22) reported that this 
adduct comprised up to  85% of the total adducts. As 
stated previously, immunological methods may not detect 
all adducts. 

In order to make a direct comparison between the two 
methods, blots of liver cytosolic proteins from APAP 
treated mice were subjected to both autoradiography and 
antibody staining using an antibody raised to an APAP- 
protein conjugate (22). In this direct comparison the 
antibody recognized all of the major APAP-but not 
W - b o u n d  cytosolic protein adducts (Figure 7). More- 
over, the two methods compared reasonably well quan- 
titatively, though there were some differences observed 
(Figure 8). For example, the major adduct(s) at  a 
molecular mass of ~ 5 0 - 5 5  kDa (Figure 7) or R f  %0.6- 
0.7 (Figure 8) accounted for approximately 40-50% of 
the total radiolabel by phosphorimage analysis, whereas 
it accounted for 60-65% by densitometric analysis of the 
Western blots. 

Discussion 
It is clear from 2-D electrophoretic studies of liver 

proteins from B6C3F1 mice administered unlabeled 
APAP and AMAP that APAP treatment caused signifi- 
cant increases and decreases in the intensities of more 
protein spots than AMAP and that the AMAP changes 
generally occurred in a subset of those proteins modified 
by APAP (Figures 1 and 2). The same conclusion can be 

* Unpublished results. 
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1 2 3  4 5 6  1 2 3  4 5  6 kDa 
I > - 2 0 0  

- 1 1 6  - 97 .4  

- 6 6  

- 4 5  

Figure 7. Comparison of immunodetection (left panel) and 
phosphorimage analysis (right panel) of APAP and AMAP 
adducts to proteins in mouse liver cytosol. The lanes in each 
panel are as follows: lane 1, 100 pg of liver cytosolic protein 
from naive mice taken 2 h after the administration of 600 mg/ 
kg of unlabeled NAP; lane 2, 100 pg of liver cytosolic protein 
from naive mice taken 2 h after the administration of saline; 
lane 3, 100 pg of liver cytosolic protein from phenobarbital 
treated mice taken 2 h after the administration of 250 mgkg 
[14C]APAP; lane 4, 100 pg of liver cytosolic protein from 
phenobarbital treated mice taken 2 h after the administration 
of 600 mgkg [l4C1AMAP; lanes 5 and 6 are the same as lanes 
3 and 4, respectively, except that only 50 pg of protein was 
applied to each lane. Immunodetection was accomplished by 
Western blotting as previously described (22). Phosphorimage 
analysis was carried out as described in Figure 3. 

60- A 

50 - 
40 - 
30 - 

a > .- 
E? 60 - 

2 5 0 1  

40[ 30 

20 1 
c, 
I '  

I '  r '  

0.1 0.2  0.3 0.4 O 5 O 6 0.7 0.8 0.9 1.0 

Rf 
Figure 8. Relative percent of APAP protein adducts in mouse 
liver cytosol vs migration distance on SDS-PAGE gels based on 
(A) densitometric analysis of immunodetectable proteins in lane 
3 of the left panel of Figure 7, and (B) phosphorimage analysis 
of radiolabeled proteins in lane 3 of the right panel of Figure 7. 

drawn from phosphorimage analysis of radiolabeled 
protein adducts separated by 2-D gel electrophoresis from 
livers of mice treated with radiolabeled APAP and AMAP 
(Figure 5). However, the results of these latter studies 
cannot be compared directly on a one-to-one adduct basis 

with the studies in the ISO-DALT system because the 
latter system requires samples from several individual 
animals and is optimized for computer quantitation of 
protein stain, whereas we could only use a couple of mice 
in the radiolabel studies because of limitations on amount 
of label available, and the 2-D system used was not 
optimized for computer quantitation but rather for heavy 
protein loading to obtain enough counts per adduct for 
reasonable detection. A series of 7 proteins in the 
molecular mass range 52-58 kDa showed changes in the 
2-D gels used in the ISO-DALT system, the same range 
where 40% of the adducted APAP was bound. Due to 
the short time between treatment and collection of tissue 
(2 h), it is unlikely that these changes represent de nouo 
protein synthesis, but rather that they represent shifts 
of material between locations on the 2-D gel due to 
adduction, cleavage, or other modification processes. In 
cases such as that of spot 952, which appeared only after 
NAP treatment, we searched for, but were unable to 
locate, a correspondingly diminished protein spot at  a 
similar MW and nearby isoelectric point, as would be 
expected if spot 952 were an adducted version of another 
protein and a majority of that protein were altered by 
adduct binding. Unfortunately, spot 952 is close in MW 
and isoelectric point to a series of major proteins (includ- 
ing cytokeratins) that could obscure such a "parent" spot. 
An alternative possibility is that spots such as 952 are 
adducts of an abundant nearby spot, only a small part 
of which is altered. This alternative, if correct, would 
seem to argue that formation of such a spot is of minor 
biochemical importance, since a majority of the protein 
remains unaffected. 

At this stage, only a limited number of proteins have 
been identified in the ISO-DALT 2-D maps: of those seen 
to change with APAP or AMAP, only serum albumin and 
cytochrome b5 are known. The changes in albumin are 
likely to reflect alterations in the amount of blood in the 
organ and thus probably do not represent direct evidence 
of interesting biochemical effects, though they may point 
to important physiology. The remaining changes, how- 
ever, appear to represent increases or decreases in 
authentic liver proteins that may or may not be caused 
by stable adduct formation and indicate that many more 
proteins are modified in some way by APAP treatment 
than can presently be accounted for by adduct formation 
as detected either radiochemically or immunochemically. 

In the early 1970s, Mitchell et al. (2) put forth the 
hypothesis that a reactive, oxidative metabolite of APAP 
was generated in hepatocytes by cytochromes P-450 and 
bound to hepatocellular proteins, thereby initiating events 
that caused lethal injury to the hepatocytes. Several 
lines of evidence are consistent with this hypothesis. 
Among them are that both autoradiographical (1 7) and 
immunochemical (22,28) detection methods have local- 
ized the protein-bound adducts to hepatocytes in the 
centrilobular region of the liver, wherein cells suffer acute 
lethal injury after APAP administration. Moreover, 
pretreatments of animals with agents that either increase 
or decrease APAP reactive metabolite formation increase 
and decrease in parallel the binding to proteins in 
hepatocytes and hepatocellular damage (1 7). 

However, one criticism of the hypothesis that covalent 
protein binding of APAP metabolites is necessary for cell 
death has arisen because metabolites of the regioisomer, 
AMAP, bind extensively to hepatocytes without causing 
hepatocellular injury (21, 48). Therefore, the covalent 
binding of radiolabeled APAP and AMAP to hepatocel- 
lular proteins was examined by electrophoresis in order 
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to  determine whether or not there were observable 
differences in covalent binding to protein targets. 

Results of our studies clearly demonstrate that al- 
though several proteins appear to  be common targets for 
APAP and AMAP reactive metabolites, there are both 
qualitative and quantitative differences in binding be- 
tween the two regioisomers, and in addition, AMAP- 
derived protein adducts appear to  be less stable than 
APAP-derived protein adducts. In cytosolic fractions of 
livers taken 2 h after treatment of mice with hepatotoxic 
doses of APAP and doses of the nonhepatotoxic AMAP 
that gave approximately the same total levels of protein 
adducts, major proteins of estimated molecular mass = 
50-56 kDa were observed that accounted for approxi- 
mately 25% of the total adducts in whole homogenate 
(data not shown) and 40% of the cytosolic protein adducts 
(Figure 3). 

A major protein in this fraction that forms adducts with 
APAP reactive metabolites has been identified as a 
selenium binding protein (29, 30). The major cytosolic 
protein adducts formed with reactive metabolites of 
AMAP also are in the molecular mass = 50-56 kDa 
range (Figure 3C) and likely include the same selenium 
binding protein (49). If this is the case, either binding 
to this protein is not important in the pathogenesis of 
toxicity or factors other than binding are important. One 
possibility is that APAP reactive metabolites cause more 
damage by protein thiol oxidation as has been observed 
on a gross scale (50, 51). In fact, evidence has been 
presented that the major cytosolic protein arylated by 
APAP also is S-thiolated (52). Alternatively, this protein 
may simply serve as a detoxifying nucleophilic scavenger 
of reactive electrophilic metabolites of MAP, as sug- 
gested by extensive arylation of proteins of this ap- 
proximate molecular weight after low, nontoxic doses of 
APAP in mice (Figure 3D). Another possibility recently 
set forth (49)  is that more than one protein is present in 
this gel region and that the major protein is adducted 
by both AF'AP and AMAP, but that the other protein is 
not adducted significantly by AMAP. It also has been 
suggested that this protein may play a role in toxicity 
inasmuch as it translocates to the nucleus after adduction 
by APAF' (33). Unfortunately, results of phosphorimage 
analysis of our 2-D gels did not clearly resolve these 
proteins, and as mentioned above, some AMAP adducts 
in this region of the gel were found to be less stable to  
the conditions of isolation and analysis. 

Although there are a few marked differences in mouse 
liver cytosolic proteins arylated by NAP and AMAP (e.g., 
significantly more binding of APAP reactive metabolites 
to proteins of molecular mass x 27 and 195 kDa, Figure 
3, and differences noted in 2-D chromatograms, Figure 
51, the most pronounced quantitative differences were 
observed in the proteins of the mitochondrial fraction 
(Figure 4). This was anticipated since overall binding 
of AMAP reactive metabolites to mitochondrial proteins 
had previously been found to be 50-75% less than that 
of APAP reactive metabolites (21 1. MAP is known to 
cause lowered rates of mitochondrial respiration, de- 
creased activities of mitochondrial electron transport 
enzymes, changes in mitochondrial electron transport 
enzymes, and changes in mitochondrial calcium homeo- 
stasis prior to cell death (21, 42-46). In contrast, AMAP 
does not cause mitochondrial damage and cell death 
unless mitochondrial glutathione is depleted (47). How- 
ever, when reactive metabolites of AMAP are incubated 
directly with mouse liver mitochondria, they are as 
effective at  inhibiting mitochondrial respiration as reac- 

Myers et al. 

tive metabolites of APAP (531, and when incubated with 
mouse hepatocytes are as cytotoxic as well (54). Thus, 
identification of the specific proteins in the hepatic 
mitochondrial fraction that become arylated by APAP 
reactive metabolites is of interest. It should be noted that 
we also attempted to compare the binding of APAP and 
AMAP reactive metabolites to microsomal proteins. 
However, background levels of binding of both compounds 
to  proteins in this fraction was high enough to obscure 
any meaningful interpretation of the data. 

In summary, several radiolabeled protein adducts of 
MAP in mouse liver have been separated and character- 
ized electrophoretically. Many of these adducts have 
been detected immunochemically by other investigators. 
The results of our studies that compared radiometric 
detection and immunodetection with one of these anti- 
bodies showed generally good agreement in detecting 
various adducts with some minor quantitative differ- 
ences. Therefore, the immunochemical approach is very 
useful in characterizing adducts because it is more 
economical and easier to  use. Also, it is not dependent 
upon the administration of radiolabeled APAP, which is 
an important consideration for human studies. In the 
final analysis, a combination of approaches will be needed 
to identify and characterize the many proteins that are 
apparently modified by APAP reactive metabolites, and 
to assess their role in MAP-mediated hepatotoxicity. 
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