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Abstract--Both N-hydroxy-2-acetamidofluorene (N-OH-AAF) and the heterocyclic analogue, 2-(N- 
hydroxyacetamido)carbazole (N-OH-AAC), were shown to be mechanism-based irreversible inhibitors 
(suicide inhibitors) of partially purified rat hepatic N-acetyltransferase (NAT) activity. Although N- 
OH-AAC exhibited an apparent first-order inactivation rate constant (ki) that was 7-fold lower than 
that of N-OH-AAF, their relative kl/Ko values indicate that N-OH-AAC was the more potent and 
efficient inactivator of transacetylase activity. Inactivation of NAT activity by these N-arylhydroxamic 
acids appeared to involve contributions by electrophiles that react with the enzyme subsequent to release 
from the active site and by electrophiles that remain complexed with the active site. The irreversible 
nature of the enzyme inactivation was demonstrated by the failure to recover transacetylase activity 
upon either extensive dialysis or gel filtration of preparations that had been subjected to incubation with 
N-OH-AAF or N-OH-AAC. The use of the nucleophile N-acetylmethionine to trap the electrophilic 
reactants formed in the transacetylase-catalyzed bioactivation process resulted in a lower rate and extent 
of formation of methylthio adducts with N-OH-AAC than with N-OH-AAF. The results of this study 
indicate that N-OH-AAF and N-OH-AAC have potential for use as tools in the investigation of rat 
hepatic transacetylases. 

N-Arylhydroxamic acid N,O-acyltransferase 
(AHAT)§  is a cytosolic mammalian enzyme that 
catalyzes the conversion of a variety of arylhy- 
droxamic acids, including several carcinogens, to 
reactive electrophiles [1-3]. The ability of A H A T  
to transform carcinogenic arylhydroxamic acids into 
reactants that become covalently bound to biological 
macromolecules and its identity with certain acetyl 
coenzyme A (CoASAc) dependent  arylamine N- 
acetyltransferases (NAT, EC 2.3.1.5) have stimu- 
lated investigations of its distribution, biochemical 
properties, and substrate specificity [4-8]. 

The sequence of events involved in the bioac- 
tivation of arylhydroxamic acids by A H A T  in vitro 
is illustrated in Fig. 1, pathway b. Studies conducted 
in this laboratory with partially purified hamster 
hepatic A H A T  demonstrated that the generation of 
electrophiles during the bioactivation of arylhy- 
droxamic acids is accompanied by irreversible inac- 
tivation of N-hydroxy-2-acetamidofluorene:4- 
aminoazobenzene ( N - O H - A A F : A A B )  transacetyl- 
ase activity (Fig. 1, pathway a) [9, 10]. A rat liver 
preparation that had been partially purified by 
ammonium sulfate precipitation in a similar fashion, 
however, underwent little inactivation of N-OH- 
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Fig. 1. Transacetylation (a) and bioactivation reactions (b) 
catalyzed by N-arylhydroxamic acid N,O-acyltransferasc 

(AHAT). 

A A F : A A B  transacetylase activity upon incubation 
with arylhydroxamic acids [9]. 

Kinetic analysis of the inactivation of hamster 
hepatic transacetylase activity showed that N-OH- 
A A F  (Fig. 2) is a mechanism-based inhibitor (suicide 
inhibitor) [9, 10]. Subsequently, a quantitative struc- 
ture-activity investigation revealed that those arylhy- 
droxamic acids whose physicochemical properties 
favor the formation of a positively charged inter- 

~t To whom correspondence should be addressed. 
§ Abbreviations: AHAT, N-arylhydroxamic acid N,O- 

acyltransferase; CoASAc, acetyl coenzyme A; NAT, N- 
acetyltransferase; N-OH-AAF, N-hydroxy-2-acetamido- 
fluorene; AAB, 4-aminoazobenzene; N-OH-AAC, 2-(N- 
hydroxyacetamido)carbazole; DTI', dithiothreitol; and 
DMSO, dimethyl sulfoxide. 
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Fig. 2. Structures of N-OH-AAF (X = CH2)  and N-OH- 

AAC (X --- NH). 
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mediate (resonance-stabilized nitrenium ion) upon 
bioactivation exhibit the highest rates of enzyme 
inactivation [11]. In contrast, the formation of 
methylthio adducts as a result of the reaction of the 
bioactivated arylhydroxamic acids with N-acetyl- 
methionine is not facilitated by the same physico- 
chemical properties that enhance the formation of 
positively charged intermediates [12]. 

Because of the demonstrated usefulness of mech- 
anism-based inhibitors (suicide inhibitors) as mol- 
ecular probes for the study of transacetylases 
[10, 13], and because of the importance of rat tissues 
as sources of enzyme activities for studies of bioac- 
tivation processes [1, 2, 4, 5], a further examination 
of the possibility that N-OH-AAF would function 
as an inactivator of a partially purified rat hepatic 
preparation of A H A T  was undertaken. Addition- 
ally, experiments were conducted with a new car- 
bazole analog (N-OH-AAC, Fig. 2) of N-OH-AAF 
in order to gain information regarding structural 
influences on the inactivation process and on the 
reaction of the bioactivated forms of arylhydroxamic 
acids with N-acetylmethionine. The results presented 
herein provide conclusive evidence that N-OH-AAF 
is a mechanism-based inhibitor of rat hepatic trans- 
acetylase activity and demonstrate significant dif- 
ferences in the behavior of N-OH-AAF and N-OH- 
A A C  upon bioactivation by AHAT.  

EXPERIMENTAL PROCEDURES 

Materials and methods. N-OH-AAF was prepared 
as described previously [11]. All chemical reagents 
were of the highest grade available. 2-Nitrobiphenyl, 
2-nitrofluorene and acetyl chloride were purchased 
from the Aldrich Chemical Co., Milwaukee, WI. 
AAB was purchased from the Eastman Kodak Co., 
Rochester, NY. The following reagents were pur- 
chased from the Sigma Chemical Co., St. Louis, 
MO: dithiothreitol (DTr ) ,  cysteine, bovine serum 
albumin, grade III  NAD,  Sephadex G-100, cellulose 
dialysis tubing (10 in. x 0.62 in.) and L-methionine. 
PD-10 Columns packed with Sephadex G-25M were 
purchased from Pharmacia, Piscataway, NJ; the 
columns were washed with 50 ml of elution buffer 
prior to use. The dialysis tubing was rinsed in distilled 
water and in 0.05 M sodium pyrophosphate buffer 
(pH 7, 1 mM DTT) prior to use. N-Acetyl-L-[14C - 
CH3]methionine (0.2 to 0.3 mCi/mmol) was pre- 
pared from L-[14C-CHa]methionine and acetic anhy- 
dride according to the procedure of Wheeler and 
Ingersoll [14]. Protein concentrations were measured 
by the method of Lowry et al. [15] with bovine serum 
albumin as the standard. NMR spectra were obtained 
with a JEOL Fx-90Q spectrometer, and mass spectral 
(MS) data were obtained with an Associated Elec- 
tronic Industries MS-30 (electron impact) in the Uni- 
versity of Minnesota Mass Spectrometry Laboratory, 
Department of Chemistry; samples were introduced 
by direct inlet. Analytical TLC was carried out with 
Eastman plastic backed plates (13181 silica gel with 
fluorescent indicator, No. 6060); hydroxamic acids 
were visualized with UV light and with a 2.5% FeC13 
in 0.5 N HC1 spray reagent. Elemental analyses were 
performed by Midwest Microlab, Indianapolis, IN. 
All enzymatic reactions were performed at 37 ° in 

air with a Dubnoff metabolic shaking incubator; 
enzymatic activities were measured with a Beckman 
model 34 spectrophotometer. 

Synthesis of 2-(N-hydroxyacetamido )carbazole [N- 
9H-carbazol-2-yl-N-hydroxyacetamide]. The method 
of Westra [16] was used. A solution of 2-nitro- 
carbazole [17] (2.0 g, 0.009 tool) in tetrahydrofuran 
(460 ml) was cooled to - 1 0  ° under a nitrogen atmos- 
phere. Palladium (5% on carbon, 2.4 g) was added 
to the solution. Hydrazine hydrate (85%, 5 ml) was 
added slowly to ensure that the temperature did not 
rise above - 5  °. After 2.5 to 3 hr, TLC (ethanol) 
of the reaction mixture indicated that the starting 
material was no longer present. Triethylamine 
(2.8 ml) was added. Then, a solution of freshly distil- 
led acetyl chloride (13.8ml, 0.19mol) in tetra- 
hydrofuran (50 ml) was added at such a rate that the 
temperature did not rise above 0 °. The reaction 
mixture was allowed to warm to room temperature, 
and the reaction was monitored by TLC (ethyl 
acetate). After the reaction was complete (2 hr), the 
mixture was filtered and the solids were washed 
with diethyl ether. A saturated sodium bicarbonate 
solution (180 ml) was added to the filtrate, and the 
mixture was stirred for 30 min. The organic layer was 
separated and was extracted three times with 50- 
ml portions of 1% NaOH. The basic solution was 
acidified (pH <3) with concentrated HC1 and was 
extracted with 50-ml portions of ether which were 
combined and dried (MgSO4). Evaporation of the 
solvent afforded the crude hydroxamic acid, which, 
after six recrystallizations from ethyl acetate, yielded 
0.48 g (22%) of the desired product, m.p. 188-190 °. 
MS analysis (70 eV): m/e, 240 (M) ÷, 224 (M--O)  +. 
1H-NMR (MezSO-d6): 6 11.23 (S, 1H), 10.64 (S, 
1H), 7.64 (m, 7H), 2.23 (S, 3H). Elemental analysis: 
calc. (C14H12N202): C, 69.99; H, 5.03; N, 11.66. 
Found: C, 70.07; H, 4.93; N, 11.47. 

Enzyme preparation. Male Sprague-Dawley rats 
(175-200g) were obtained from Bio-Lab (White 
Bear Lake, MN). The N-acetyltransferase activities 
were purified 5-fold from hepatic cytosol by the 
following procedures. The rats were lightly anes- 
thetized with ether prior to decapitation. Livers were 
removed immediately, were rinsed with cold 0.05 M 
sodium pyrophosphate buffer (pH 7, 1 mM D T r ) ,  
and were minced and homogenized in 1 ml of buffer 
per gram of liver with a motor-driven glass and 
Teflon homogenizer. The homogenate was centri- 
fuged at 105,000g (7 °) for 60 min. A 5- to 6-fold 
purification of the arylhydroxamic acid:AAB trans- 
acetylation activity in the 105,000g supernatant 
fraction was achieved by gel filtration of an 
ammonium sulfate precipitate that was prepared as 
described by King [2]. The following procedures 
were performed at 4 ° . The ammonium sulfate pellets 
from the 45--65% fraction were dissolved in a suf- 
ficient amount of 0.05 M sodium pyrophosphate 
buffer (1 mM DT'F, pH 7.0) to bring the protein 
concentration to approximately 50 mg/ml. Five to 
six millilitres of this protein solution was applied to 
a 2.5 x 45 cm Sephadex G-100 column that had been 
equilibrated with degassed 0.05 M sodium pyro- 
phosphate buffer (pH7.0)  containing 1 mM DDT. 
Following sample application, the column was eluted 
with 200 ml of the buffer at a flow rate of approxi- 
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mately 30 ml/hr; 12-ml fractions were collected. A 
1.0-ml aliquot from each fraction was analyzed for 
N-OH-AAF:AAB transacetylation activity. The 
fractions containing the peak transacetylation 
activity were combined and concentrated to approxi- 
mately 30% of the original volume in an Amicon 
model 52 ultrafiltration cell with a PM10 membrane 
under a nitrogen atmosphere. To the concentrated 
NAT activity was added sufficient glycerol to achieve 
a 30% concentration. This preparation could be 
stored for several weeks at -70 ° without loss of N- 
acetyltransferase activities. 

Aminoazobenzene transacetylation assays. Incu- 
bation flasks (25 ml) contained either 0.3 to 0.5 ml 
of the partially purified enzyme preparation (2.5 mg 
protein) or 1.0 ml of column chromatography eluate, 
0.05 ml of substrate solution and enough 0.05 M 
sodium pyrophosphate buffer (1 mM DT'I', pH 7.0) 
to bring the final volume to 2.5 ml. The substrate 
solutions contained both AAB and the N-arylhy- 
droxamic acid dissolved in either 95% ETOH (N- 
OH-AAF) or DMSO/methoxyethanol (1:1) (N-OH- 
AAC). The final concentrations of N-OH-AAF and 
N-OH-AAC were 1.0 mM. The final concentration 
of AAB was 0.15 mM. Reactions were initiated by 
the addition of substrate and were carried out over a 
4-min (N-OH-AAF) or 6-min (N-OH-AAC) period. 
The reaction times were determined from the linear 
portions of graphs of the AAB transacetylation rate 
vs time. Hydroxamic acids were omitted from incu- 
bation mixtures that were used as reference 
standards. Reactions were terminated by the 
addition of 2.5 ml of cold 20% trichloroacetic acid 
(in ethanol/water, 1:1) and, after centrifugation to 
remove the precipitated protein, transacetylation 
rates were measured spectrophotometrically as 
described by Booth [18]. 

Inactivation of rat hepatic transacetylation activity. 
The incubation mixtures contained 0.3 to 0.5 ml of 
partially purified enzyme preparation (2.5 mg 
protein), arylhydroxamic acid dissolved in either 
0.05 ml of 95% EtOH (N-OH-AAF) or 0.05 ml of 
DMSO/methoxyethanol, 1:1 (NoOH-AAC), and 
sufficient 0.05M sodium pyrophosphate buffer 
(1 mM DTF, pH 7) to give a final volume of 2.45 ml. 
The final concentrations of the arylhydroxamic acids 
were 2-5 #M (N-OH-AAF) and 0.5-5 #M (N-OH- 
AAC). Control flasks contained 0.05 ml of the appro- 
priate solvent instead of the arylhydroxamic acid 
solution. The incubations were started by the 
addition of the arylhydroxamic acid solution and 
were continued for 1-8 rain. At the end of the incu- 
bation period, a substrate solution containing AAB 
and an arylhydroxamic acid was added in order to 
measure the amount of remaining transacetylation 
activity. The substrate solution contained AAB and 
the same arylhydroxamic acid that had been used in 
the incubation. The volume, solvents, and con- 
centrations of the substrate solutions, and the 
method of measurement of the transacetylation rates 
are described under "Aminoazobenzene trans- 
acetylation assays." 

Kinetic constants. Semilog plots of percent remain- 
ing transacetylation activity versus incubation time 
were generated for at least four concentrations of 
each arylhydroxamic acid, and kob s values were cal- 

culated from the slopes of the apparent first-order 
lines. The kinetic parameters, ki and Ko, were deter- 
mined from the vertical and horizontal intercepts, 
respectively, of the double-reciprocal plots of kobs vs 
arylhydroxamic acid concentration according to the 
method of Kitz and Wilson [19]. All plots were 
determined by least squares linear regression analy- 
sis. The correlation coefficients for the fit of the 
points to the lines generated in the double-reciprocal 
plots were 0.97 (N-OH-AAF) and 0.98 (N-OH- 
AAC). 

Inactivation and dialysis .of enzyme. Incubation 
mixtures contained 1.5 to 2.5 ml of the partially 
purified and concentrated enzyme preparation to 
which glycerol had been added (see "Enzyme prep- 
aration"). The arylhydroxamic acids were dissolved 
in either 0.20 ml of 95% ethanol (N-OH-AAF) or 
0.32ml of DMSO/methoxyethanol (1:1) (N-OH- 
AAC). A sufficient volume of sodium pyrophosphate 
buffer (0.05 M, pH 7, I mM D'I'T) was added to give 
a final volume of 10 ml for experiments with N-OH- 
AAF and 16 ml for experiments with N-OH-AAC. 
The final concentration of N-OH-AAF was 
0.0175 mM and the final concentration of N-OH- 
AAC was 0.25mM. Protein concentrations were 
1.75 mg/ml in the experiments with N-OH-AAF and 
1.0mg/ml in the experiments with N-OH-AAC; 
incubation time was 15 min for both compounds. At 
the end of the incubation period, 1.429- and 2.45-ml 
samples (2.5 mg protein) were removed for analysis 
of the N-OH-AAF:AAB and the N-OH-AAC:AAB 
transacetylation activities respectively. The remain- 
ing incubation mixture was dialyzed for 4 hr with two 
300-500 ml portions of cold sodium pyrophosphate 
buffer (0.05 M, pH 7, i mM DDT) containing 3-7% 
glycerol and either 2% ethanol (N-OH-AAF) or 2% 
DMSO/methoxyethanol, 1:1 (N-OH-AAC). Nitro- 
gen was passed through the buffer during the dialysis 
period. At the end of the dialysis period, samples of 
the dialysate were removed and assayed for trans- 
acetylation activity as described under "Amino- 
azobenzene transacetylation assays." 

Inactivation and gel filtration of enzyme. Incu- 
bation mixtures contained sodium pyrophosphate 
buffer (0.05M, pH7, lmM DTI'),  0.058ml of 
arylhydroxamic acid dissolved in ethanol or DMSO/ 
methoxyethanol (1:1), and sufficient partially puri- 
fied enzyme preparation to give a protein con- 
centration of 1.75 mg/ml in a final volume of 2.9 ml. 
The final concentrations of N-OH-AAF and N-OH- 
AAC were the same as in the dialysis experiments 
(0.0175 and 0.25 mM respectively). Incubation time 
was 15 min. At the end of the incubation period, 
0.286-ml samples (0.5mg protein) were removed 
for analysis of the N-OH-AAF:AAB and N-OH- 
AAC:AAB transacetylation activities. A 1.75-ml 
portion of the remaining incubation mixture was 
applied to a PD-10 column prepacked with Sephadex 
G-25M. The column was then eluted with two por- 
tions (1.2 and 1.8 ml) of buffer [0.05 M sodium pyro- 
phosphate, 1 mM DTT, pH7, 7.5% glycerol, and 
2% ethanol or DMSO/methoxyethanol (1:1)]. The 
majority of the arylhydroxamic acid:AAB trans- 
acetylation activity was collected during the second 
elution (1.8 ml). Protein concentrations were deter- 
mined and adjusted to 1.0 mg/ml for assay of N- 
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Table 1.4-Aminoazobenzene transacetylation rates, kinetic constants for arylhydroxamic acid:AAB trans- 
acetylase inactivation, and rates of methylthio adduct formation 

Methylthio 
AAB transacetylation rate* adduct formation rate§ 

[nmol • (mg kit Ko~t kJKo [nmol • (mg 
protein) - 1. min- l] (min- t) (#M) (sec- 1 M- t) protein) - l. (30 min)- l] 

N-OH-AAF 10.7 --- 0.2 2.33 115.6 335 9.1 
N-OH-AAC 4.6 --- 0.4 0.32 0.7 7571 0.5 

* Activities are expressed as AAB transacetylation rates (mean --- SD, N = 4). 
t Apparent limiting first-order rate constant for inactivation of AAB transacetylation activity. 
~: Apparent dissociation constant for inactivation of AAB transacetylation activity. 
§ Activity is expressed as the mean of the rate of methylthio adduct formation catalyzed by the partially 

purified rat hepatic enzyme (N = 2). 

O H - A A F : A A B  and N - O H - A A C : A A B  activities as 
described under "Aminoazobenzene transacetyl- 
ation assays." 

Electrophile generation assay. The production of 
electrophiles was measured by the method of Bartsch 
et al. [1]. Incubation flasks contained sodium phos- 
phate buffer (41#tool,  pH6.8) ,  0 .8#mol  N A D  ÷, 
10#mol N-acetyl-L-[14C-CHa]methionine (0.2 to 
0.3 mCi/mmol) ,  1.0 mg of partially purified enzyme 
preparation,  hydroxamic acid dissolved in either 
0.05 ml of 95% ethanol ( N - O H - A A F )  or 0.05 ml 
of DMSO/methoxyethanol ,  1:1 (N-OH-AAC) ,  and 
sufficient distilled water to give a final volume of 
I ml. The final concentrations of hydroxamic acids 
were 0.075 mM ( N - O H - A A F )  and 0.25 mM (N-OH- 
AAC).  A 2-min temperature equilibration period 
was initiated by addition of the enzyme solution 
to 25-ml Erlenmeyer flasks, containing the buffer, 
NAD +, N-acetylmethionine and distilled water in a 
37 ° shaker bath. Reactions were started by addition 
of substrates and were carried out in air at 37 ° for 
30 min. At  the end of the incubation period, the 
flasks were placed on ice and 2.5 ml of Et20 was 
added. Within 2-5 rain of terminating the reaction, 
the contents of the flasks were transferred to test 
tubes and mixed thoroughly with a vortex mixer. 
The test tubes were then immediately immersed in 
a dry ice-acetone bath until the aqueous layer was 
frozen. The ether layer was decanted and the aque- 
ous layer was allowed to melt and then was placed 
in a 80-90 ° water bath for 45 min. The aqueous layer 
was extracted with benzene-heptane (5 ml, 3:7). The 
organic extract was washed two times with 2 ml of 
distilled water and was dried for I hr (MgSO4). One 
milliliter of the organic extract was placed in a scin- 
tillation counting vial containing 10 ml of Econofluor 
scintillation fluid. The disintegrations per minute of 
14C present in each sample were counted in a Beck- 
man LS 250 scintillation counter for 20 min (pre  set 
error = 0.02%). Control experiments were carried 
out with heat-denatured enzyme, and all results were 
adjusted for any nonenzymatic adduct formation. 

RESULTS 

Previous investigations have shown that gel fil- 
tration chromatography of rat hepatic cytosol [1], 
the 45-65 % ammonium sulfate fraction of rat hepatic 
cytosol [2], or the 35-50% ammonium sulfate pre- 

cipitate obtained from hamster hepatic cytosol [13] 
results in the coelution of A H A T  and N-OH- 
A A F : A A B  transacetylase activities. Also, in the 
present study, the two activities coeluted when an 
ammonium sulfate precipitate obtained from rat hep- 
atic cytosol was subjected to gel filtration on a Sepha- 
dex G-100 column. The addition of glycerol to the 
product obtained by gel filtration enhanced the stab- 
ility of the preparation. 

The N-OH-AAF:AAB and N-OH-AAC:AAB 
transacetylation rates were proportional to protein 
concentration up to at least 1 mg protein/ml of incu- 
bation mixture and were linear with time for at least 
4 min with N - O H - A A F  and for at least 6 min with 
N - O H - A A C  (data not presented). The A A B  trans- 
acetylation rate for N - O H - A A F  was approximately 
twice that of N - O H - A A C  (Table 1). The relatively 
small difference in transacetylation rates indicates 
that the structural differences between N - O H - A A F  
and N - O H - A A C  have little influence on their abili- 
ties to function as acetyl donors and is consistent 
with previous results obtained with analogues of N- 
O H - A A F  and hamster hepatic transacetylases [11]. 

Inactivation of rat hepatic A A B  transacetylation 
activity by hydroxamic acids. Earlier attempts to 
demonstrate the inactivation of rat hepatic tran- 
sacetylase activity by arylhydroxamic acids were con- 
ducted with an enzyme preparation that was obtained 
by ammonium sulfate precipitation [9]. Because it 
was believed that a more purified enzyme prep- 
aration might be more susceptible to this type of 
inactivation, the ammonium sulfate fraction was 
purified further by gel filtration. Incubation of either 
N - O H - A A F  or N - O H - A A C  with the partially puri- 
fied rat liver preparation resulted in a time-depen- 
dent loss of A A B  transacetylation activity. The 
inactivation process with each hydroxamic acid 
exhibited apparent first-order kinetics, as indicated 
by the linear semilog plots that were obtained when 
the percent remaining activity was plotted versus 
incubation time; the process was saturable at higher 
concentrations of the hydroxamic acids. First-order 
inactivation rate constants (kobs) were determined 
for several concentrations of each hydroxamic acid, 
and limiting rates of inactivation (ki) and apparent 
dissociation constants (Ko) were obtained from 
double-reciprocal plots of kobs versus inhibitor con- 
centration. The k i and KD values for N - O H - A A F  
and N - O H - A A C  are presented in Table 1. These 
data indicate that N - O H - A A F  and N-OH-AAC are 
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Table 2. Effect of cysteine on the rate of inactivation of 
transacetylation by hydroxamic acids 

Cysteine ko~* 
Inhibitor (10 mM) (min)-1 rt 

N-OH-AAF - 0.13 0.99 
(0.075 mM) + 0.07 0.99 

N-OH-AAC - 0.10 0.99 
(0.25 mM) + 0.06 0.99 

* Pseudo first-order rate constants for the inactivation 
of AAB transacetylation activity at the indicated con- 
centrations of inhibitors in the presence and absence of the 
nucleophile cysteine. 

? Correlation coefficients for the fit of the points to the 
lines generated in the semilog plots of percent remaining 
AAB transacetylation activity versus time. 

mechanism-based inhibitors of rat hepatic AAB 
transacetylase activity. 

In previous studies with hamster hepatic enzyme 
preparations, it was shown that the inclusion of 
nncleophiles in the incubation mixture reduced the 
rate of transacetylase inactivation by N-OH-AAF 
and related hydroxamic acids [5,10,11] The 
reduction in the rate of inactivation is attributable to 
the ability of the nucleophiles to scavenge those 
electrophilic reactants that are released from the 
enzyme active site subsequent to bioactivation, 
thereby preventing the released electrophiles from 
participating in the enzyme inactivation process. In 
the present study, the presence of cysteine in the 
incubation mixture with N-OH-AAF and the par- 
tially purified transacetylase preparation caused a 
reduction of approximately 50% in the apparent first- 
order inactivation rate constant (Table 2). Similarly, 
the ]Cob s for N - O H - A A C  was lowered by cysteine. 
The effect of cysteine on the inactivation rates sug- 
gests that the inactivation process includes con- 
tributions both from reactive intermediates that 
remain complexed with the enzyme active site and 
from reactive intermediates that are released from 
the active site prior to reaction with the enzyme. 

The irreversible nature of the inactivation of the 
AAB transacetylation activities was established both 
by dialysis and by gel filtration of samples of the 
enzyme preparations that had been incubated with 

either N-OH-AAF or N-OH-AAC. Neither exten- 
sive dialysis nor gel filtration of the inactivated 
enzyme preparations resulted in the recovery of 
AAB transacetylase activity (Tables 3 and 4). 

Reaction o f  bioactivated hydroxamic acids with N- 
acetylmethionine. The relative abilities of N-OH- 
AAF and N-OH-AAC to undergo AHAT-catalyzed 
conversion to electrophilic species that react with N- 
acetylmethionine were determined according to the 
method of Bartsch et al. [1]. The arylhydroxamic 
acids were incubated with the partially purified rat 
hepatic preparation in the presence of radiolabeled 
N-acetylmethionine. The methylthio adducts were 
extracted and quantified by liquid scintillation count- 
ing, as described under Experimental Procedures. 
The rate of formation of methylthio adducts sub- 
sequent to the bioactivation of N - O H - A A F  was 18- 
fold greater than that which occurred with N-OH- 
AAC (Table 1). Thus, the replacement of the CH2 
in the 9-position of the fluorene ring of N-OH-AAF 
with NH not only results in a reduction of the appar- 
ent inactivation rate constant, ki, but also decreases 
the extent of methylthio adduct formation. 

DISCUSSION 

One objective of this study was to determine 
whether or not N-OH-AAF is a mechanism-based 
inactivator (suicide inhibitor) of rat hepatic trans- 
acetylase activity. Previously it was shown that N- 
OH-AAF was an efficient irreversible inactivator of 
hamster hepatic transacetylase activities that had 
been purified 2- to 3-fold by ammonium sulfate 
precipitation, but that a similarly purified rat liver 
preparation was resistant to inactivation by N-OH- 
AAF [9, 10]. In the present study, passage of the rat 
liver preparation that was obtained by ammonium 
sulfate fractionation through a gel filtration column 
and stabilization of the latter product with glycerol 
resulted in a transacetylase preparation that was 
readily susceptible to inactivation by N-OH-AAF.  

Since N-OH-AAF lacks inherent electrophilic 
properties, it must undergo activation prior to caus- 
ing irreversible inhibition of N - O H - A A F : A A B  
transacetylation activity. Such activation may be 
catalyzed either by the transacetylase that undergoes 
inactivation or by another enzyme that is present in 
the preparation. The inclusion of a nucleophile, such 

Table 3. Effect of dialysis on rat hepatic transacetylation activity following inactivation 
with hydroxamic acids 

Transacetylation rate* 
[nmol • (mg protein)- 1. min- 1] 

Before dialysis After dialysis 

Inhibitor Control Inhibited Control Inhibited 

N-OH-AAF 10.5, 10.9 0.68, 0.88 10.4, 11.6 0.31, 0.51 
N-OH-AAC 4.5, 4.5 0.09, 0.29 4.2, 4.8 0.22, 0.82 

* Activities are expressed as the AAB transacetylation rates (N = 2) following incu- 
bation of the partially purified rat hepatic preparation in the absence (control) or 
presence (inhibited) of either N-OH-AAF or N-OH-AAC, as described under Exper- 
imental Procedures. 
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Table 4. Effect of gel filtration on rat hepatic transacetylation activity 
following inactivation with hydroxamic acids 

Transacetylation rate* 
[nmol • (mg protein)- 1. min- 1] 

Before gel filtration After gel filtration 

Inhibitor Control Inhibited Control Inhibited 

N-OH-AAF 12.58, 12.62 2.61, 3.41 13.3, 13.5 3.2, 4.0 
N-OH-AAC 5.68, 5.72 0.06, 0.46 6.0, 6.8 0.6, 0.8 

* Activities are expressed as the AAB transacetylation rates (N = 2) 
following incubation of the partially purified rat hepatic preparation in 
the absence (control) or presence (inhibited) of either N-OH-AAF or N- 
OH-AAC, as described under Experimental Procedures. 

as cysteine, in the incubation mixture is useful for 
determining whether or not electrophiles that are 
released from the active site of the bioactivating 
enzyme contribute to the inactivation process. If 
cysteine either prevents the inactivation or retards 
the inactivation rate, it can be concluded that at least 
a portion of the electrophiles that participate in the 
inactivation are being trapped by cysteine and are 
thereby prevented from participating in the inac- 
tivation process. The presence of cysteine caused a 
significant reduction in the pseudo first-order rate of 
inactivation of rat hepatic transacetylase activity by 
N-OH-AAF,  but the inactivation was not prevented 
completely (Table 2). That the effect of cysteine was 
due to its nucleophilic properties, rather than to 
its ability to prevent oxidation of critical sulfhydryl 
groups on the enzyme, is indicated by the extensive 
inactivation caused by the hydroxamic acids in the 
presence of the reducing agent, DTT, which was 
included in all incubation mixtures. Also, methio- 
nine, which is a nucleophile that does not have 
reducing properties, provides substantial protection 
of the enzyme from inactivation by N-OH-AAF [20]. 
These results indicate that there is a contribution to 
the inactivation process both by electrophiles that 
are released from the active site of the bioactivating 
enzyme (AHAT)  and by electrophiles that remain 
complexed with the enzyme active site. Thus, both 
the pseudo first-order kinetic properties of the N- 
OH-AAF-mediated inactivation of N-OH- 
A A F : A A B  transacetylation activity and the results 
of the experiments with cysteine are consistent with 
the involvement of a mechanism-based inhibition 
process, and the results are analogous to those 
obtained with the partially purified hamster hepatic 
preparation [10]. Additionally, the results support 
the previously suggested association of N-OH- 
A A F : A A B  transacetylation activity with A H A T  
activity in rat liver [1, 2]. The results, however, do 
not strictly preclude the possibility that the portion 
of electrophiles that are released into the medium 
prior to their reaction with the transacetylase enzyme 
may be produced, at least in part, by an N,O- 
acyltransferase other than that which catalyzes the 
N-OH-AAF:AAB transacetylation reaction. 

Previous experiments with a series of 7-sub- 
stituted-2- (N-hydroxyacet amido)fluorenes provided 
evidence that electronic effects of the substituents 

play a significant role in determining the rate of 
inactivation of hamster hepatic transacetylases and in 
the extent of reaction of the bioactivated compounds 
with N-acetylmethionine [11, 12]. In the present 
work, N-OH-AAC was selected for study because 
its steric properties are virtually identical to those 
of N-OH-AAF and because the presence of the 
electron-donating 9-NH group in the position meta 
to the hydroxamic acid substituent would be 
expected to facilitate the formation of the positively 
charged intermediates believed to be generated in 
AHAT-catalyzed bioactivation reactions (Fig. 1, 
pathway b). In addition, the interaction of N-OH- 
AAC with mammalian bioactivation enzymes is of 
interest because the compound is a potential active 
metabolite of 2-aminocarbazole, a mutagenic com- 
ponent of tobacco [21]. 

Both N-OH-AAC and N-OH-AAF served as 
acetyl donors in the AAB transacetylation reaction 
(Table 1). In the previous study with the hamster 
liver enzyme preparation, it was shown that the steric 
bulk of substituents in the 7-position of N-OH-AAF 
influenced the ability of the compounds to function 
as acetyl donors, but that the electronic or lipophilic 
properties of the molecules had little influence on 
the rate of the transacetylation reactions [11]. Simi- 
larly, the differences in the electronic and lipophilic 
characteristics of N-OH-AAF and N-OH-AAC 
caused little difference in their abilities to serve as 
acetyl donors in the transacetylase reaction catalyzed 
by the partially purified rat liver preparation (Table 
1). In contrast, there were more substantial dif- 
ferences in the effectiveness of the two compounds 
as inactivators of rat hepatic AAB transacetylase 
activity and in the extent of the formation of methyl- 
thio adducts subsequent to bioactivation in the pres- 
ence of radiolabeled N-acetylmethionine. Whereas 
the presence of electron donating substituents in the 
7-position of N-OH-AAF enhanced the apparent 
first-order rate of inactivation of hamster hepatic 
transacetylase activity [11], the replacement of the 
9-CH2 of N-OH-AAF with the stronger electron 
releasing 9-NH group caused a 7-fold reduction in 
the ki value obtained with the rat liver preparation 
(Table 1). There was a much greater difference in 
the apparent dissociation constants (Ko) of the two 
hydroxamic acids, with that of N-OH-AAC being 
165 times smaller than that of N-OH-AAF. Because 
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the experiments were conducted with a partially 
purified enzyme preparation,  it cannot be stated with 
certainty that the differences in the Ko values are 
due exclusively to differences in the interaction of 
the two hydroxamic acids with the active site of the 
enzyme. However,  the bimolecular rate constants 
for the inactivation process, as reflected by the ki/  
Ko  ratios (Table 1), clearly illustrate that, under 
the conditions of these experiments, N - O H - A A C  
functions as a more potent and efficient inactivator 
of rat hepatic transacetylase activity than does N- 
OH-AAF.  

The extent of formation of methylthio adducts 
upon the reaction of the bioactivated arylhydroxamic 
acids with N-acetylmethionine was 18-fold greater 
with N - O H - A A F  than with N - O H - A A C  (Table 1). 
The very low rate of methylthio adduct formation 
exhibited by N - O H - A A C  is consistent with the 
results of the previous study in which it was observed 
that arylhydroxamic acids in which the physico- 
chemical properties favor the formation of positively 
charged intermediates react to a very limited extent 
with N-acetylmethionine after activation by A H A T  
[12]. The latter result may be due to a low level of 
electrophile generation, to the ineffectiveness of N- 
acetylmethionine as a scavenging agent for elec- 
trophiles produced from such compounds, or to a 
combination of these factors. It was observed pre- 
viously that N-acetylmethionine was a much less 
effective trapping agent than the thiol, 2-mer- 
captoethanol, for the electrophilic reactants pro- 
duced during the bioactivation of N-hydroxy-N-(4- 
cyclohexylphenyl)acetamide [3]. The significant 
decrease in the rate of transacetylase inactivation by 
N - O H - A A C  in the presence of cysteine (Table 2) 
indicates that thiol compounds may be better  scav- 
enging agents than N-acetylmethionine for the bioac- 
tivated forms of this N-arylhydroxamic acid. Coles 
[22] has discussed the importance of the chemical 
and physicochemical properties of both bioactivated 
electrophiles and biological nucleophiles as deter- 
minants of reaction rate and selectivity. 

The findings that N - O H - A A F  and N - O H - A A C  
are mechanism-based inactivators of partially puri- 
fied rat hepatic N-arylhydroxamic ac id :AAB N-ace- 
tyltransferase activity, and that differences in the 
physiochemical properties of the two compounds 

influence their abilities to serve as substrates and 
inactivators of the enzyme, indicate their potential 
utility as molecular probes of rat hepatic trans- 
acetylase multiplicity [23]. Such studies are currently 
in progress. 
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