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N-Hydroxy-2-acetylaminofluorene
(N-OH-2-AAF)
sulfotransferase is an enzyme that catalyzes the
sulfate transfer from the active sulfate, 3’.phosphoadenosine
5’.phosphosulfate
(PAPS), to N-OH-2-AAF
to form a highly reactive product acetylaminofluorene
N-sulfate. It has been purified about 2000-fold
with a yield of over 12% from adult Sprague-Dawley
male rat livers by an eight-step procedure. The final
preparation was homogeneous on analytical disc gel electrophoresis.
The purified enzyme had activity toward p-nitrophenol
with an approximately
1600.fold increase in
specific activity over the crude homogenate, but it had almost no detectable activity toward steroids such
as estrone, P-estradiol, testosterone, dehydroisoandrosterone,
and corticosterone. There was also very
little sulfation activity toward serotonin and L-tyrosine methyl ester. The optimal pH for the enzyme
activity is approximately
6.3 when measured in sodium phosphate buffer. Mg*+ at 6 to 9 mM could
increase the enzyme activity up to 30%. Mn2+ activated the enzyme only slightly at very low
concentrations.
Zn2+, Co’+, Cu*+, and Ni’+ were all strongly inhibitory, but Ca*+ had very little effect.
Thiol compounds were found to have a stabilizing
effect and thiol-blocking
reagents were potent
inhibitors
for this enzyme. The pure enzyme was very unstable especially in dilute solutions. The
isoelectric point (~1) of the enzyme is 5.66 =t 0.07. The molecular weight of the native enzyme was 68,000
=t 500 as estimated by Sephadex G-100 and G-200 gel filtrations. A single component with molecular
weight of 38,250 h 1,350 was observed on sodium dodecyl sulfate gel electrophoresis in the absence and
presence of 2-mercaptoethanol.
Comparison of the enzyme activity in male and female rat livers at each stage of purification revealed
that there was only a trace amount of N-OH-2-AAF
sulfotransferase present in the female rat liver.

2-Acetylaminofluorene
is one of the best understood chemical carcinogen among the carcinogenic aromatic amines and
amides in terms of its metabolic activation, interactions with
cellular macromolecules, and mechanism of action. This compound induces tumors especially in the liver, sebaceous ear
duct gland, small intestine and mammary gland in the rat and
a number of other species (1). Its carcinogenicity
varies from
species to species and among different strains and sex in a
given species. This carcinogen is activated by microsomal
N-hydroxylation
(2, 3) to a proximal
carcinogenic
form,
N-hydroxy-2-acetylaminofluorene,
which is a more potent
carcinogen than the parent compound (4-6). Extensive studies
indicate that further esterification
of this N-hydroxy compound is required for the carcinogenic action (7-10). In rat
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liver, N-OH-2-AAF’
is converted to a highly reactive sulfuric
acid ester, acetylaminofluorene-N-sulfate,
by a sulfotransferase which is present in the soluble fraction and utilizes PAPS
as the sulfate donor (11-13). Acetylaminofluorene-N-sulfate
is
considered to be one of the ultimate

N-hydroxy-2-acetyl
aminofluorene

carcinogenic forms; it reacts covalenty with DNA, RNA, and
proteins and thereby initiates the carcinogenic process (10, 14).
In vitro acetylaminofluorene-N-sulfate
reacts nonenzymatitally at neutral pH with a variety of tissue nucleophiles, including methionine, tyrosine, tryptophan, cysteine, and guanosine.
’ The abbreviations
used are: N-OH-2-AAF,
N-hydroxy-2.acetylaminofluorene;
PAPS, 3’-phosphoadenosine
5’.phosphosulfate;
SDS,
sodium dodecyl sulfate.
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The reaction with methionine gives l- and 3-methionyl acetylaminofluorene
isomers which are unstable and further converted to l- and 3-methylmercaptoacetylaminofluorene
isomers
(8, 15-17). Correlations
between the carcinogenicity
of NOH-2-AAF and the sulfotransferase
activity of the livers of
rodents indicated that the susceptibility
of the livers to the
carcinogenicity
of N-OH-2-AAF
was related to their liver
N-OH-P-AAF
sulfotransferase activities (11, 18, 19). Thus, the
liver of Sprague-Dawley
male rats is far more susceptible to the
carcinogenic activity of N-OH-2-AAF
than the liver of female
rats and the liver of male animals of a number of other species.
Similarly, the Sprague-Dawley
male rat liver has higher level
of N-OH-2-AAF
sulfotransferase
activity (11, 19). Levels of
N-OH-2-AAF
sulfotransferase
also correlate well with the
extent of release of l- and 3-methylmercaptoacetylaminofluorene isomers from liver protein isolated from the animals
which were administered N-OH-2-AAF
(11).
The soluble fraction of rat liver contains a variety of
sulfotransferases which transfer sulfate groups from PAPS to
various sulfate acceptors, i.e. steroids (20), phenolic compounds (21-24), and aromatic amines (25). The degree of
substrate specificity of these enzymes has not been clarified
because of the difficulties in purification
of these enzymes.
They are extremely unstable and their mixtures are difficult to
resolve, partly due to the similarity in their molecular weights.
Since N-OH-2-AAF
sulfotransferase plays an important role in
the metabolic activation of N-OH-2-AAF
and little is known
about its properties, this study is directed at purifying and
characterizing
the enzyme from the male Sprague-Dawley
rat
liver. In order to further investigate the sex differences in
suceptibility to carcinogenesis by N-OH-2-AAF
and the level of
N-OH-2-AAF
sulfotransferase,
the same purification
procedure was also conducted using the female Sprague-Dawley
rat
liver and a comparison of this enzyme in these two sexes was
carried out. N-OH-2-AAF
sulfotransferase is reported to have
the activity toward p-nitrophenol
(11). Therefore, the enzyme
was assayed with both N-OH-2-AAF
and p-nitrophenol
during
the purification.
EXPERIMENTAL

PROCEDURE

Animals
Male adult Sprague-Dawley
rats from Carworth
(Charles
Rivers
Breeders,
Portage,
Mich.),
CFE strain, weighing 300 to 350 g, were
used for purification
of N-OH-2-AAF
sulfotransferase.
Female adult
Sprague-Dawley
rats, weighing
200 to 250 g, were used for sex
comparison
experiments.
The rats were housed in groups of three and
maintained
on Purina laboratory
chow and water without restriction.

N-OH-P-AAF
provided
by the National
Center for Toxicological
Research,
Jefferson,
Ark. PAPS was synthesized
enzymatically
as
described by Irving et al (26). All other compounds
were obtained from
commercial
sources.
Enzyme

Assays

Assay for N-OH-2-AAF
Sulfotransferase
Activity-The
enzyme
reaction product
is acetylaminofluorene-N-sulfate
which is unstable,
but can be trapped
by L-methionine
to give the end products
l- and
3-methylmercaptoacetylaminofluorene
isomers.
The composition
of the assay mixture
in 1 ml was: 30 mM Tris/HCl
buffer (pH 7.0), 9 mM MgCl,,
0.3 mM PAPS, 0.2 mM N-OH-P-AAF
(which was nredissolved
in 0.05 ml of dimethvl
sulfoxide),
and 15 mM
L-methionine
containing
0.75 &i of L- [methyl-SH]methionine.
As a
control. 0.05 ml of 0.1 M Tris/HCl.
DH 7.5. was used in nlace of PAPS.
The reaction was started by the addition of the enzyme-solution.
After
incubation
at 37” for 10 to 30 min indicated
in each experiment,
the
reaction was stopped by immersion
of the tubes in a boiling water bath
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for 2 min, and then the tubes were incubated
in a 90” water bath for 1 h
more to fully
convert
methionyl
acetylaminofluorene
isomers
to
isomers
and the incubation
methylmercaptoacetylaminofluorene
mixture
was assayed by the method of DeBaun et al. (11). Assays and
controls were performed
in duplicate.
One enzyme unit is defined as
the amount
of enzyme
required
to synthesize
1 nmol of l- or
3-methylmercaptoacetylaminofluorene
in 1 min. Specific activity
was
expressed as units/mg
of protein.
Assay for Sulfotransferase
Activity
toward
P-Nitrophenol-The
buffer
composition
of the assay mixture
in 1 ml was: 30 mM Tris/HCl
(pH 7.0), 50 pM p-nitrophenol,
9 mM MgCl,,
and 60 pM PAPS. The
reaction
was started
by the addition
of the enzyme
solution.
After
incubation
at 37” for 10 to 30 min, the reaction
was stopped
by
immersion
in a boiling water bath for 2 min, and the disappearance
of
p-nitrophenol
was determined
according to the method of Robbins and
Lipmann
(27). Assays and controls were performed
in duplicate.
One
enzyme unit is defined as the amount of enzyme required to synthesize
1 nmol of p-nitrophenyl
sulfate in 1 min.
Assay for Sulfotransferase
Activity
toward Steroids
and Phenolic
Compounds-The
incubation
medium was similar to that used for the
N-OH-2-AAF
sulfotransferase
assay except that methionine
was omitted. The steroids, i.e. estrone, j%estradiol,
testosterone,
dehydroisoandrosterone,
and corticosterone,
were dissolved
in dimethyl
sulfoxide
before addition
to the incubation
medium.
The phenolic
compounds,
i.e. p-nitrophenol,
Ltyrosine
methyl
ester, and 5hydroxytryptamine
were added to the incubation
medium
in aoueous solution.
The final
concentration
of all the substrates was 100 FM. In the blanks, water was
added in ulace of PAPS. After incubation
at 37” for 20 min, the reaction
was stopped by immersion
in boiling water bath for 2 min and cooled
and sulfate esters were assayed according to the method of Roy (28).
The amount of sulfate ester of esterone and @-estradiol was calculated
from a standard
curve of estrone sulfate after correction
for the blanks
(11). The amount of sulfate ester of dehydroisoandrosterone,
testosterone, and corticosterone
was calculated
from the standard
curve of
dehydroisoandrosterone
sulfate (11). The amount
of sulfate ester of
p-nitrophenol,
L-tyrosine
methyl ester, and 5-hydroxytryptamine
was
calculated
from the standard curve of p-nitrophenyl
sulfate, assuming
methylene
blue salts of sulfate esters of L-tyrosine
methyl ester and
5-hydroxytryptamine
have the same extinction
coefficient
as that of
p-nitrophenyl
sulfate.
Protein Determination
Protein concentrations
were determined
by the method
al. (29). Bovine serum albumin
was used as the standard.

of Lowry

et

Gel Electrophoresis
Analytical
disc gel electrophoresis
was carried out at pH 9.5 and 8.0
by the method
of Ornstein
(30) and Davis (31) on 7 and 10%
acrvlamide
gels with bromphenol
blue as a tracking - dye. A current of 5
mA/gel was-applied
for approximately
1 h at room temperature.
The
gels were stained with 0.25% Coomassie
brilliant
blue R-250 in 45%
methanol
(v/v) and 9% acetic acid (v/v) and destained in a solution of
7.5% acetic acid (v/v) and 5% methanol
(v/v).
To localize the enzyme activity on the gel, the 7% gels at pH 9.5 were
employed.
2-Mercaptoethanol,
10 mM, was included
in the electrode
buffer.
A current
of 2 mA/gel
was applied
for 2 h at 4”. After
electrophoresis,
one gel was stained with Coomassie
brilliant
blue
R-250. The other parallel gel was sliced into 1.5-mm pieces and crushed
in 1 ml of cold medium
for assaying N-OH-2-AAF
sulfotransferase
activity.
For estimation
of subunit weight, sodium dodecyl sulfate (SDS) gel
electrophoresis
was performed
by the method of Weber and Osborn
(32). The protein solutions were treated with 1% SDS in the presence or
absence of 1% 2-mercaptoethanol.
The samples were then subjected to
electrophoresis
on 10% gels, pH 7.0, containing
0.1% SDS. The
molecular
weight of the unknown
protein was estimated
from the plot
of the electrophoretic
mobility
(R,) against the logarithm
of the known
molecular
weight. Ovalbumin,
chymotrypsinogen
A, and ribonuclease
A were used as standards.
Molecular

Weight

Determination

by Gel Filtration

Gel filtration
was carried out on a column (2.6 x 40 cm) of Sephadex
G-100 or G-200. The column was equilibrated
and eluted at 4’ with 40
mM Tris/HCl,
pH 7.4, containing
10 mM 2.mercaptoethanol
and 2 mM
EDTA,
at a flow rate of 10 ml/h. Aldolase,
bovine serum albumin,
and ribonuclease
A were used as standards.
The void volume (V.) was
determined
with blue dextran
2000. The molecular
weight of the
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unknown
protein was estimated
from the plot of K,, values against the
logarithm
of the known molecular
weight. K., was calculated
from the
formula K., = (V, - V,,)/(V, - V,) where V, is the elution volume of
the protein of interest and V, is the total volume of the gel bed.
Analytical

Ultracentrifugation

Sedimentation
velocity studies were carried out at 56,000 rpm in a
Beckman
model E analytical
ultracentrifuge
equipped
with photoelectric scanner accessory at 20” according
to Schachman
et al. (33). An
enzyme solution of 0.3 mg/ml in 0.1 M Tris/HCl
at pH 7.4 containing
5
mM 2.mercaptoethanol
was used. The rate of sedimentation
was
followed at 280 nm and the sedimentation
coefficient
was calculated
by
computer
using the method of least squares.
RESULTS

Purification
of N-OH-2-AAF
Sulfotransferase
All the purification
procedures were conducted at O-4”.
Preparation
of 100,000 x g Supernatant--Rat
livers, 190 g,
were homogenized with 3 volumes of 0.15 M KC1 in 20 mM
Tris/HCl, pH 7.2, containing 3 mM MgCl, and 10 mM 2-mercaptoethanol
in a Waring Blendor for 40 s. The homogenate
was centrifuged at 100,000 x g for 1 h. The floating fat layer
above the supernatant
was carefully removed by aspiration.
The supernatant
containing
90% of the total N-OH-2-AAF
sulfotransferase activity (Table I) was saved for further purification.

Purification
stage

VOIUIIX
ml

1.
2.
3.
4.
5.
6.
7.
8.

Homogenate
Supernatant,
100,000 x g
(NH,),SO,,
30 to 55%
DEAE-cellulose
Hydroxylapatite
First Sephadex
G-200
Isoelectric
focusing
Second Sephadex
G-ZOO

600
550
102
19
5.1
19.5
35.0
27.5

Protein

w
46,400
17,600
5,200
627
145
31.5
4.2
3.05

of N-OH-2-AAF

x IO-8

47
42
40
26
17
9.6
6.9
6.0
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Ammonium
Sulfate
Fractionation-The
high speed supernatant was diluted with the homogenizing
buffer to give a
protein concentration of 15 mg/ml and brought to 30% saturation by the slow addition, with stirring, of solid ammonium
sulfate. After equilibration
for i h, the mixture was centrifuged
at 20,000 x g for 30 min and the precipitate was discarded. The
supernatant
was brought to 55% saturation
in ammonium
sulfate and, after equilibration,
centrifuged. The pellet was
dissolved in Buffer A (5 mM sodium phosphate, pH 6.55,
containing 3 mM MgCl,, 1 IUM EDTA, and 10 KIM 2-mercaptoethanol) and dialyzed against a large excess of the same buffer
for 2 days with several buffer changes. The protein precipitated
upon dialysis was removed by centrifugation
at 20,000 x g for
20 min and the resultant supernatant
(5.2 g of protein) was
saved.
DEAE-cellulose
Column
Chromatography-The
DEAE-cellulose column (2.6 x 40 cm) was equilibrated
with Buffer A.
The ammonium
sulfate fraction was then applied to the
column and eluted with 1 liter of the same buffer, followed by a
continuous linear salt gradient formed from 1.2 liters of the
Buffer A and 1.2 liters of the same buffer containing 150 mM
KCl. The enzyme activity toward N-OH-2-AAF
was eluted in
three continuous peaks of which the central peak had the
highest specific activity (Fig. 1). The activity toward p-nitro-

TABLE I
sulfotransferase

Total”
activity
units

Sulfotransferase

Specificb
activity
unitslmg

1.01
2.39
7.65
41.3
117
304
1,640
1,980

from

male rat liver
Specifif
activity
of pNP'

ReCOWy

9%
100.00
89.7
84.9
55.3
36.3
20.4
14.7
12.9

Specific activity
of N-OH-P-AAFI
specific activity
of p-NP

unitslmg

1.00
2.37
7.57
40.9
116
301
1,620
1,960

0.21
0.63
2.51
9.15
23.0
60.7
290
336

4.81
3.79
3.05
4.52
5.09
5.01
5.66
5.90

a Total activity
for N-OH-2-AAF.
*Specific
activity
for N-OH-P-AAF.
‘pNP, p-nitrophenol.

*I.5
I1.0 -

0.5 I

. . . . w.e.r.-?---

FRACTION

NUMBER

FIG. 1. DEAE-cellulose
column
chromatography
of the 30 to 55% ammonium
sulfate fraction. The sample was applied
to the column and eluted with 1 liter of
Buffer A. It was followed
by a linear
gradient formed from 1.2 liters of Buffer
A and 1.2 liters of the same buffer
containing
150 mM KCl. The flow rate
was 1 ml/min.
Fractions
of 20 ml were
collected and assayed for enzyme activity with both N-OH-2-AAF
and p-nitrophenol (-PNP)
at 37” for 30 min. The
fractions between the marks were pooled
for further
purification.
y,
absorbance at 280 nm; 04,
KC1 gradient;
----, activity
toward N-OH-2-AAF;
---,
activity
toward p-nitrophenol.

6532

Rat Liver N-Hydroxy-2-acetylaminofluorene

phenol had a similar profile hut became diffusely distributed in
the later fractions. All of the three peaks were pooled and
concentrated by precipitating
the enzyme with solid ammonium sulfate to 65% saturation. The precipitate was collected
by centrifugation
at 20,000 x g for 20 min. The pellet was
dissolved in a minimal volume of Buffer B (10 mM potassium
phosphate, pH 6.8, containing 3 mM MgC12, 1 mM EDTA, and
and dialyzed against a large excess
10 mM 2-mercaptoethanol)
of the same buffer overnight. A small amount of precipitate
formed upon dialysis was removed by centrifugation.
The
supernatant containing 55% of the total activity (Table I) was
saved.
Hydroxylapatite
Column Chromatography-The
concentrated enzyme solution from the DEAE-cellulose
column (627
mg of protein) was applied to an equilibrated
hydroxylapatite
column (1.5 x 28 cm) and washed with 110 ml of Buffer B. The
column was then eluted with a linear gradient formed from 220
ml of Buffer B and 220 ml of 200 mM potassium phosphate, pH
6.8, containing
1 mM EDTA, 3 mM MgCl,, and 10 mM
2-mercaptoethanol.
The elution profile had a broad peak with
enzyme activity toward both N-OH-2-AAF
and p-nitrophenol.
The fractions with appreciable activity (48 to 95 mM phosphate) were combined and made 65% saturated with neutralized saturated
ammonium
sulfate solution. The resulting
precipitate was dissolved in a minimal volume of Buffer C (40
mM Tris/HCl,
pH 7.4, containing 2 mM EDTA and 10 mM
2-mercaptoethanol)
and dialyzed overnight against a large
excess of the same buffer. The precipitate
formed during
dialysis was removed by centrifugation.
First Sephadex G-200 Gel Filtration-The
concentrated
enzyme solution from hydroxylapatite
column (145 mg of
protein) was applied to an equilibrated
Sephadex G-200
column (2.6 x 90 cm) and eluted with Buffer C. The elution
gave a single enzymatically
active peak. The active fractions
eluted between 265 and 290 ml were pooled and subjected to
isoelectric focusing. The dialysis of the enzyme solution was
not necessary since its total salt content was tolerable for
isoelectric focusing.
Isoelectric Focusing-Isoelectric
focusing was carried out in
a 440-ml isoelectric focusing column as described by Vesterberg (34). The column was set up with a stabilizing gradient of
0 to 50% sucrose (w/v) containing Ampholine carrier ampholyte at a concentration
of 1% in the pH range 5 to 7. The
enzyme solution (31.5 mg) was mixed with the dense solution
of the sucrose gradient. 2-Mereaptoethanol,
4 mM, was added
to the gradient as a protecting reagent. The column was run at
700 volts for 44 h at 3.5” with a circulating water bath. At the
end of the run, fractions of 3 ml were collected and the enzyme
activity was measured. A single enzymatically active peak was
observed. The fractions comprising 12 ml (four tubes) centered
about pH 5.7 were combined and passed through a Sephadex
G-50 column (2 x 50 cm) equilibrated
with Buffer C in order to
remove ampholytes and sucrose. The enzyme solution was then
concentrated by dialysis against 40% Ficoll 400 (w/v) in 40 mM
Tris/HCl, pH 7.4, containing 5 mM EDTA and 10 mM 2-mercaptoethanol at 0’. Using the pH of this fraction containing
maximal activity in isoelectric focusing the average p1 in four
separate preparations was 5.66 f 0.07.
Second Sephader G-200 Gel Filtration-The
concentrated
enzyme from isoelectric focusing (4.2 mg of protein) was
rechromatographed
on the Sephadex G-200 column (2.6 x 90
cm) for the final purification.
The elution condition was the
same as that for the first Sephadex G-200 column. The enzyme
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was eluted in a peak with small amount of impurities in the
very early and late fractions. The fractions between elution
volume 263 and 291 ml were pooled (3.05 mg of protein). A
summary of the purification of this enzyme is given in Table I.
The data shown are from a typical experiment. On the average,
about 1800- to 2200-fold increase in specific activity over the
crude homogenate could be obtained with more than 12% total
recovery.
Criteria for Homogeneity
The final enzyme preparation was a clear, colorless solution.
An investigation of homogeneity was conducted by analytical
disc gel electrophoresis at various pH values and gel compositions. The enzyme migrates as a single protein band under all
these conditions.
Localization

of Enzyme Activity

on Analytical

Gel

It was necessary to prove that the heavy protein band
revealed on the analytical gel at later stages of purification was
the enzyme. The enzyme prepared from isoelectric focusing
was subjected to analytical disc gel electrophoresis under the
conditions described under “Experimental
Procedure”
and
was assayed for the enzyme activity. Fig. 2 indicates the
enzyme activity is present in the two gel slices which correspond to the fast migrating heavy band; thus the identity of
this particular band as the enzyme was established.

of Purified

Enzyme with Various Peaks of
DEAE-cellulose
Column
To correlate the purified enzyme with the three original
enzymatically active peaks of the DEAE-cellulose
column (Fig.
Comparison

--+

5 IO 15 20 25 30 35
SLICE NUMBER

FIG. 2. Assay for N-OH-2-AAF
sulfotransferase
activity
on the
analytical
disc gel. Samples (25 pg each) from isoelectric
focusing were
applied to 7% gels and electrophoresis
was performed
at pH 9.5 as
described
in the text. The gel shown was stained with Coomassie
brilliant
blue. A parallel
gel was sliced and assayed for enzyme
activity.

Rat Liver N-Hydroxy-2-acetylaminofluorene
l), the protein patterns of the three peak fractions (Fractions
‘71, 81, and 90) were examined on analytical
gels under
conditions which allowed identification
of enzyme location on
this gel. It can be seen in Fig. 3 that the band corresponding to
the purified enzyme was principally
present in the central
peak. The other two peak fractions revealed rnl-rh lower
enzyme content.
It is possible that the three active peaks represent different
aggregated forms of the enzyme with different specific activity.
If aggregation occurs, it should be observed in the purified
enzyme preparation.
To test this possibility, rechromatography of the purified enzyme on the DEAE-cellulose
column (0.9
x 4.2 cm) which had the same cross section area: length ratio
as that used in Fig. 1 was performed under the identical
conditions. A relatively similar amount of the enzyme protein
(500 enzyme units) was used. A single enzymatically
active
peak was observed. This result implies that the enzyme
behaves like a single species in the DEAE-cellulose
column and
aggregationdoes not occur under this condition.
Properties
Effect of Thiol
gents-N-OH-2-AAF

of N-OH-Z-AAF

Sulfotransferase
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thiol compounds during storage at 0” for 24 h. For example,
over 30% greater activity was observed when 0.5 mg/ml of
enzyme from isoelectric focusing was held with 10 mM cysteine
or mercaptoethanol
or with 0.5 mM dithiothreitol.
The sensitivity of enzyme activity to thiol-blocking
reagents is summarized in Table II. N-Ethylmaleimide
and p-mercuribenzoate at 0.05 mM were very potent inhibitors
(about 95%
inhibition);
iodoacetic acid and iodoacetamide
were much less
efficient.
Effect of pH-The
enzyme activity was studied in four
different buffers which covered the pH range from 3.5 to 11
(Fig. 4). The enzyme was active over a broad range of pH but
inactivated
rapidly at pH values below 5.6. The enzyme
appeared more active in Tris/HCl
buffer than in sodium
phosphate or glycine/NaOH
buffer of the corresponding
pH.
An optimal pH of 6.3 was indicated in sodium phosphate
buffer.
Effect of Divalent Cations-Of all the divalent cations tested,
only Mg2+ was a significant activator (30% at 6 to 9 mM). Mn2+
activated the enzyme slightly only at very low concentrations
but inhibited at concentrations higher than 1 mM. Coz+, Nia+,

Compounds
and Thiol-blocking
Reasulfotransferase
can be stabilized
by

TABLE

II

Effect of various thiol-blocking

reagents
activity

sulfotransferase

on N-OH-2-AAF

The enzyme
preparation
(0.5 mg/ml)
obtained
from isoelectric
focusing
was passed through
a Sephadex
G-25 column
to remove
2-mercaptoethanol
and was preincubated
with each reagent (0.5 mM,
pH 7.4) at 37” for 10 min before assay for N-OH-2-AAF
sulfotransferase activity.
The final concentration
of the reagent
in the assay
mixture
was 0.05 mM. The results are expressed relative to the control
without addition
of these thiol-blocking
reagents.
Addition

Relative

enzyme

activity

90
None
N-Ethylmaleimide
p-Mercuribenzoate
Icdoacetamide
Iodoacetic acid

I

Id

4.0

100.0
4.6
5.6
57.5
68.9

I

5.6

I

6.4

I

I

7.2

0.0

I

6.6

I

9.6

I

10.4

I

11.2

PH

3. Analytical
AAF sulfotransferase
9.5), 10% acrylamide;
25 pg of protein (pH
FIG.

C

disc gel electrophoresis
of the purified
N-OH-Zunder various conditions.
A, 20 fig of protein (pH
B, 35 pg of protein (pH 8.0), 7% acrylamide;
C,
9.5), 7% acrylamide.

4. Effect of pH on N-OH-P-AAF
sulfotransferase
enzyme preparation
obtained
from the hydroxylapatite
used for the measurement
of enzyme activity
various pH
final buffer concentration
in the reaction
mixture
was
incubation
was at 37” for 20 min. A, O--O,
succinic
buffer; B, O-----O,
sodium phosphate
buffer;
C, O---O,
huffer: D. D---m.
buffer.
> alvcine/NaOH
--*
FIG.

activity.
The
column was
values. The
30 mM. The
acid/NaOH
Tris/I-ICl

I
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Cu2+, and Zn2+ were all strongly
inhibitory
at very
low concentrations,
while Cal+ did not give a significant
effect (Fig. 5).
Substate
Specificity-Table
1 shows
that
the purified
N-OH-2-AAF
sulfotransferase
is fully
active
toward
p-nitrophenol.
The ratio of activity
toward
N-OH-2-AAF
and p-nitrophenol
was fairly constant
at later purification
stages. In order
to investigate
the natural
sulfate
acceptor
for this enzyme,
steroid
hormones
and phenolic
compounds
that are present
in
uiuo and known
to be converted
to sulfate
esters in the liver
were tested.
The results
are expressed
relative
to p-nitrophenol
instead
of N-OH-2-AAF
since the unstable
acetylaminofluorene-N-sulfate
cannot
be assayed
by the methylene
blue
method.
The enzyme
showed
very low activity
toward
all the
biological
sulfate acceptors
tested.
Thus there was less than 3%
activity
toward
estrone,
,f3-estradiol,
dehydroisoandrosterone,
testosterone,
and corticosterone
at 100 mM concentration
when
compared
to p-nitrophenol
at the same concentration,
and less
than 7% activity
toward
L-tyrosine
methyl
ester and 5-hydroxytryptamine
under
these
same
conditions.
Therefore,
the
natural
substrate
for this enzyme
is still not clear at present.
Effect
of Temperature
and Storage-For
this study,
10 mM
2-mercaptoethanol
was always
present
in the enzyme
preparation. The enzyme
lost all activity
after incubation
at 50” for 10
min. Addition
of substrate
could not protect
the enzyme
from
heat denaturation.
The stability
of the enzyme
at each stage of
purification
was studied
by storage
at 0 and - 10’ for different
time periods.
The results
are summarized
in Table
III. The
enzyme
of stages 3, 4, and 5 was much
more stable at -10”
than at 0”. As the enzyme
became
more purified
(stages 6, 7,
and 8), it became
less stable at -10”.
Storage
of the enzyme
preparations
of the last two stages at - 10” for 2 weeks resulted
in almost
complete
loss of enzyme
activity.
Glycerol
in the
enzyme
solution
(25%) did not show any significant
stabilizing
effect at 0”.
Molecular
Weight
and Subunit
Weight
Determination-The
molecular
weight
of N-OH-2-AAF
sulfotransferase
was estimated
from the data obtained
from both Sephadex
G-100 and
Sephadex
G-200
gel filtration.
The enzyme
was eluted
at the
same position
as bovine
serum albumin
which served as one of
against
log molecular
weight
the standards.
Plots
of K,,
1
G-.
-2

1

a:-.-.-.-.\

1

1

.-.-.-.-.-.-.-._.-._.-.-.

I

Sulfotransferase

yielded
very good straight
lines for the standards.
An average
molecular
weight
of 68,000
f 500 was calculated
for the
N-OH-2-AAF
sulfotransferase.
The subunit
structure
of the enzyme
was studied
by SDS gel
electrophoresis.
The denatured
enzyme
moved
as a single
component
in the presence
and absence of 2-mercaptoethanol.
The molecular
weight
of this component
was determined
by
comparing
its electrophoretic
mobility
with that of the standard protein.
An average
subunit
weight
of 38,250 & 1350 was
calculated.
Based
upon the data of molecular
weight
determined
by gel filtration,
the enzyme
is deduced
to be a dimer
composed
of two subunits
of equal size. These two subunits
are
linked
by noncovalent
bonds since this 38,250-dalton
band was
also present
when 2-mercaptoethanol
was absent.
The sedimentation
velocity
studies
show that the sedimentation coefficent
soZO+ for the purified
enzyme
is 4.37 f 0.07.
Comparison

of N-OH-2-AAF
Female

Sulfotransferase
Rat Livers

Effect

of storage

TABLE III
at 0” and -10” on N-OH-2-AAF
actioity
Activity

stage

I
I

I
2

mM

I
3

I
4

1
5

FIG. 5. Effect of divalent
cations on N-OH-2.AAF
sulfotransferase
activity.
The experimental
conditions
were the same as in Fig. 4. The
results are expressed
relative
to the control without
addition
of the
cations. O---O,
Zn*+; W---m,
Cu’+; A-A,
Ni”;
O-O,
Co’+;
O---O,
Ca2+.

and

Since the male Sprague-Dawley
rat liver is found to be much
more susceptible
to carcinogenesis
by N-OH-2-AAF
than the
female
rat liver and has considerably
more protein-bound
and
nucleic
acid-bound
acetylaminofluorene
derivatives
formed
after administration
of N-OH-2-AAF
(II),
it is of interest
to
compare
the sex differences
concerning
N-OH-2-AAF
sulfotransferase
activity.
For this purpose,
115 g of livers
from
female
rats of the same strain
and age as male rats were
submitted
to the same purification
to the stage of hydroxylapatite column
chromatography.
The results
are summarized
in
Table
IV. The activity
ratio
of the male
over
the female
increased
as the enzyme
was further
purified.
After
hydroxylapatite
column
chromatography,
the specific
enzyme
activity
in the male is 63 times as great as that of the female
with much
higher recovery.
Most of the enzyme
activity
in the female
was
lost during
ammonium
sulfate
fractionation
and hydroxylapatite column
chromatography,
indicating
that
most
of the
N-OH-2-AAF
sulfotransferase
activity
in the female
is due to
other
sulfotransferases
with
broad
specificities,
allowing
a
weak activity
toward
N-OH-2-AAF.
When
the enzyme
preparation
after
the hydroxylapatite
column
was subjected
to analytical
disc gel electrophoresis,
a
very faint band corresponding
to the enzyme
band in the male

CO*
0

,

in Male

1.
2.
3.
4.
5.
6.
7.

Homogenate
Supernatant,
100,000 x g
(NH,),SO,,
30 to 55%
DEAE-cellulose
Hydroxylapatite
First Sephadex G-ZOO
Isoelectric
focusing

8. Second

Sephadex

G-200

n-, not measured.
b Storage for 2 weeks.
’ Storage for 1 week.

sulfotransferase

retained

after

storage

0”

-10”

B

9%
-0

-a

159
70
60’
52b
750
76c
33*
42’
30*

70*
105”
102*
94b
32*
41’
Ob
12’
6b

at
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TABLE
Comparison

of N-OH-2-AAF

sulfotransferase
N-OH-2.AAF

stage

Male

Sulfotransferase
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IV

in male and
sulfotransferase

female

rat livers

purification

Male

unitslmg
Supernatant,
100,000
(NH,),SO,30to55%
DEAE-cellulose
Hydroxylapatite

x g

2.39
7.65
41.3
117

0.38
0.64
3.90
1.85

was revealed
in the female
preparation.
This
observation
suggests
that
only
a trace
amount
of the highest
specific
activity
N-OH-2-AAF
sulfotransferase
is present
in the adult
female
rat liver.
DISCUSSION

A N-OH-2-AAF
sulfotransferase
has been purified
about
2000-fold
over the whole liver
homogenate
by the eight-step
procedure.
Occasionally,
a purity
higher
than 2200-fold
has
been obtained.
The purified
enzyme
appears
to be homogenous
according
to the criteria
for purity
based on analytical
disc gel
electrophoresis.
Chromatography
of an ammonium
sulfate
fraction
containing N-OH-2-AAF
sulfotransferase
activity
on the DEAE-cellulose column
shows three enzymatically
active peaks (Fig. 1).
One possibility
is that
these
three
active
peaks
represent
different
aggregate
forms
of the enzyme.
This situation
has
been observed
for the rat liver
phenol
sulfotransferase
by
Carroll
and McEvoy
(35), in which the enzyme
exists in various
molecular
forms and the state of aggregation
depends
on the
thiol
content
in the enzyme
solution
and the conditions
of
storage.
However,
rechromatography
of the significantly
purified N-OH-2-AAF
sulfotransferase
on the small
DEAE-cellulose column
under the identical
conditions
revealed
only one
enzymatically
active peak, suggesting
that N-OH-2-AAF
sulfotransferase
does not undergo
association
or dissociation
under
the conditions
used for DEAE-cellulose
column
chromatography. Further
investigation
comparing
the purified
enzyme
with
the three peak fractions
on analytical
gels demonstrated
that
the bulk of the enzyme
was located
in the central
peak, with
only very
low amounts
seen in the other two peaks (Fig.
3).
Therefore,
some of the apparent
activity
exhibited
by the two
side peaks may be attributed
to other
liver sulfotransferases
with
broad
specificities
including
activity
toward
N-OH-2AAF.
Thus
there
are at least three separate
enzymes
which
have N-OH-2-AAF
sulfotransferase
activity.
The enzyme
reported
in this paper
has the highest
activity
of the three
and
makes
up over 50% of the total activity
of the liver homogenate.
Likewise,
the trailing
activity
toward
p-nitrophenol
in
the later fractions
in Fig. 1 is possibly
due to other less specific
sulfotransferases.
There
is no evidence
for the presence
of
isoenzymes
since the enzyme
revealed
only one active band on
the analytical
gel. This represents
a difference
from the bovine
adrenal
gland
and bovine
placenta
estrogen
sulfotransferases
(36, 37), which are composed
of four isoenzymes
with a single
polypeptide
chain and can be resolved
into four bands on the
analytical
gels.
The enzyme
was stabilized
by thiol compounds.
2-Mercaptoethanol
was employed
as a protective
reagent
during
the entire
purification
and exhibited
remarkable
stabilizing
effect,
especially
during
dialysis,
concentration,
and isoelectric
focusing.

stages
Recovery

Activity
ratio
(male/female)

Ft%l&!

at various

activity

Female

9%
6.29
12.0
10.6
63.4

100.0

94.6
61.6
40.4

100.0

55.0
31.3
3.7

These
observations,
together
with the inhibition
by the thiol
blocking
reagents,
indicate
the enzyme
is dependent
on an
essential
sulfhydryl
group(s)
for its activity.
The sulfhydryl
group(s)
could
be involved
directly
in the active
sites or in
maintaining
the intact
active
molecular
conformation.
The
purified
enzyme
did not show an absolute
requirement
for
metal
ions; however,
Mg2+
at 6 to 9 mM could
increase
the
enzyme
activity
up to 30%. Unlike
Mg’+,
Mn2+
activated
the
enzyme
only slightly
at very low concentrations.
These findings
are different
from the observations
by DeBaun
et al. (11) that
Mg2+ or Mn2+
at 5 mM increased
enzyme
activity
in the liver
homogenate
by about
1.7 and 2.5 times,
respectively.
The
discrepancy
may be ascribed
to other sulfotransferases
which
are capable
of catalyzing
the sulfation
of N-OH-2-AAF
but
have different
cation requirements.
The purified
enzyme
was very unstable.
It lost activity
more
rapidly
on freezing
at -10”
than at 0”. Freezing
and thawing
may cause a critical
change
in enzyme
conformation,
aggregation or dissociation
into inactive
subunits.
Addition
of cryoprotective
compounds
such as dimethyl
sulfoxide,
glycerol,
or
combination
of dimethyl
sulfoxide
and glycerol
may be able to
preserve
the enzyme
activity
in the frozen
state (38).
The purified
enzyme
has full activity
toward
p-nitrophenol.
This raises a question
concerning
the identity
of N-OH-2-AAF
sulfotransferase
with
phenol
sulfotransferase
which
has been
purified
from rat liver and exhibited
one heavily
stained
and
two weakly
stained
protein
bands
on the analytical
gels (22).
Comparison
of these two enzymes
reveals
significant
differand Mn*+
at concentration
in the
ences, however.
Thus Mg’+
range
0 to 10 mM had no effect
on phenol
sulfotransferase
activity
while N-OH-2-AAF
sulfotransferase
was activated
by
these ions to some extent;
thiol compounds
such as glutathione
inhibit
phenol
sulfotransferase
activity
by 50% at 3 mM while
N-OH-2-AAF
sulfotransferase
is protected
by thiols;
thiolblocking
reagent
N-ethylmaleimide
and iodoacetamide
gave
slight
activation
of phenol
sulfotransferase
while they greatly
inhibited
N-OH-2-AAF
sulfotransferase
at similar
concentrations;
and p-mercuribenzoate
at 0.1 mM inhibited
only 55% of
phenol
sulfotransferase
activity
whereas
at 0.05 mM p-mercuribenzoate,
the N-OH-2-AAF
sulfotransferase
was completely
inhibited.
These differences
indicate
that phenol
sulfotransferase
isolated
by Carroll
and McEvoy
(35) is a separate
enzyme
from N-OH-2-AFF
sulfotransferase
isolated
and purified in the present
study.
Table
IV established
that there
is only a trace amount
of
high specific
activity
N-OH-2-AAF
sulfotransferase
present
in
the female
rat liver and the apparent
N-OH-2-AAF
sulfotransferase activity
exhibited
in the female
rat liver can be largely
ascribed
to other sulfotransferases.
In light of the fact that the
enzyme
has a low activity
towards
androgens,
there
is no
apparent
reason
for the increased
amount
of the enzyme
in

6536
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male animals.
Further
needed
to explain
this

studies
on the
sex difference.

natural

substrates

are
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