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Although previous investigations have clearly shown that N-hydroxy arylamines and
N-hydroxy heterocyclic amines are substrates for sulfotransferases, relatively little is known
about which structural features of the N-hydroxy arylamines are important for sulfation to
occur. The purpose of this investigation was to determine the extent to which secondary N-alkyl-
N-hydroxy arylamines interact with aryl sulfotransferase (AST) IV (also known as tyrosine-
ester sulfotransferase or ST1A1) and to evaluate these interactions using molecular modeling
techniques. AST IV is a major cytosolic sulfotransferase in the rat, and it catalyzes the sulfation
of various phenols, benzylic alcohols, arylhydroxamic acids, oximes, and primary N-hydroxy
arylamines. In this study, three secondary N-hydroxy arylamines, N-hydroxy-N-methylaniline,
N-ethyl-N-hydroxyaniline, and N-hydroxy-N-n-propylaniline, were found to be substrates for
the purified rat hepatic AST IV. However, when the N-alkyl substituent was an n-butyl group
(i.e., N-n-butyl-N-hydroxyaniline), the interaction with the enzyme changed from that of a
substrate to competitive inhibition. This change in specificity was further explored through
the construction and use of a model for AST IV based on mouse estrogen sulfotransferase, an
enzyme whose crystal structure has been previously determined to high resolution. Molecular
modeling techniques were used to dock each of the above N-hydroxy arylamines into the active
site of the homology model of AST IV and determine optimum ligand geometries. The results
of these experiments indicated that steric constraints on the orientation of binding of secondary
N-alkyl-N-hydroxy arylamines at the active site of AST IV play a significant role in determining
the nature of the interaction of the enzyme with these compounds.

Introduction

N-Alkyl-N-hydroxy arylamines are most often encoun-
tered as intermediary metabolites formed through N-
oxidation of N-alkyl arylamines catalyzed by the flavin-
containing monooxygenases (1). Although relatively few
studies have been published on the sulfation of N-alkyl-
N-hydroxy arylamines, it has been reported that both
N-hydroxy-N-methyl-4-aminoazobenzene (N-OH-MAB)1

and N-ethyl-N-hydroxy-4-aminoazobenzene (N-OH-EAB)
were converted to reactive species by a sulfotransferase
enzyme in rat liver cytosol (2, 3). The limited number of
investigations on the sulfation of secondary N-hydroxy
arylamines may be due in part to the difficulty of
synthesis of these compounds and in part to the instabil-

ity of the sulfated metabolites. As in the sulfation of
primary N-hydroxy arylamines and N-hydroxy hetero-
cyclic amines, sulfation of N-alkyl-N-hydroxy arylamines
could constitute either detoxification or metabolic activa-
tion depending upon the properties of the product of the
reaction. In the case of N-OH-MAB, the sulfated metabo-
lite was more reactive than N-OH-MAB itself (2, 3).

Exposure to N-alkyl arylamines can occur either
directly from the environment or indirectly due to
intermediary metabolism of arylamines and nitroaro-
matic compounds. Primary, secondary, and tertiary aryl-
amines can be interconverted by enzymatic N-methyla-
tion and N-dealkylation reactions (4). Such N-methyla-
tion reactions are catalyzed by an S-adenosylmethionine-
dependent N-methyltransferase (4), while the N-dealkyla-
tion of secondary and tertiary arylamines may involve
either cytochrome P450 or flavin-containing monooxyge-
nases (5). The presence of these interconversion reactions
increases the possibility that an N-hydroxy arylamine can
be formed through metabolism of an arylamine.

While previously published investigations clearly show
that N-hydroxy arylamines and N-hydroxy heterocyclic
amines are substrates for sulfotransferases (2, 6, 7), as
reviewed in ref 8, none of these studies have attempted
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to determine which structural features of the N-hydroxy
arylamines may be important for sulfation. Furthermore,
only one report has addressed the sulfation of secondary
N-alkyl-N-hydroxy arylamines (2).

The purpose of this investigation was to explore the
potential for interactions of highly purified secondary
N-hydroxy arylamines with aryl sulfotransferase (AST)
IV2 through combination of kinetic studies on catalysis
and inhibition with homology modeling and ligand dock-
ing studies. AST IV is a major cytosolic sulfotransferase
in the livers of male rats and has been shown to be a
critical enzyme involved in 2-acetylaminofluorene-medi-
ated hepatocarcinogenesis (9). Recent studies also indi-
cate that the enzyme isolated from rat liver also catalyzes
sulfation of primary N-hydroxy arylamines (7). The
studies described in this paper begin to address the
hypothesis that structural features of secondary N-alkyl-
N-hydroxy arylamines can influence the type of interac-
tion that is observed. The N-alkyl-N-hydroxyaniline
derivatives that were chosen for this study are seen in
Figure 1. These compounds provide a systematic exten-
sion of the alkyl carbon chain on the N-hydroxy aryl-
amine for investigating the possibility for steric and/or
hydrophobic interactions at the active site of AST IV. The
docking of the secondary N-alkyl-N-hydroxy arylamines
into the active site of an AST IV homology model was
used to evaluate the role of the optimum ligand geometry
in the sulfation of these compounds catalyzed by AST IV.

Such studies with model N-hydroxy arylamines begin
to provide some of the fundamental structure-activity
relationships necessary for improving prediction of the
relative rates of formation of sulfuric acid esters from this
class of xenobiotics. These investigations on the specifi-
city of a major rat hepatic sulfotransferase are particu-
larly relevant in light of the extensive use of the rat in
studies on hepatocarcinogenesis of arylamines, N-hy-
droxy arylamines, and related compounds.

Experimental Procedures

General. NMR spectra were obtained on a Bruker WM-360
spectrometer with tetramethylsilane as the internal standard.
HPLC analyses were carried out with an Econosphere C18
column (5 µm, 4.6 mm × 250 mm) obtained from Alltech
Associates (Deerfield, IL). Analyses by thin-layer chromatog-
raphy (TLC) were conducted on silica gel (Chromagram sheets,
2 mm, with a fluorescence indicator, Eastman Kodak Co.,
Rochester, NY). Preparative chromatography was conducted

either with a Chromatotron apparatus (Harrison Research)
utilizing Silica gel 60 PF-254 (EM Science, Gibbstown, NJ) or
with flash column chromatography using Davisil silica gel
(grade 633, 200-425 mesh, Aldrich Chemical Co., Milwaukee,
WI).

Reagents and Chemicals. 2-Naphthol, 1-naphthalenemeth-
anol, N-ethyl-N-methylaniline, N,N-diethylaniline, N,N-di-n-
butylaniline, ethyl iodide, 1-iodopropane, m-chloroperoxybenzoic
acid, sodium cyanoborohydride, iron(III)nitrate nonahydrate,
methanol-d4 (99.8 at. % D), and 4,7-diphenyl-1,10-phenanthro-
line were purchased from Aldrich Chemical Co. Aniline was
obtained from Mallinckrodt Inc. (Paris, KY). L-Ascorbic acid, zinc
metal dust, 37% aqueous formaldehyde, and sodium borohydride
were from Fisher Scientific (Pittsburgh, PA). 2-Mercaptoethanol
was obtained from Sigma Chemical Co. (St. Louis, MO). Amber
Reacti-Vials (total volume of 0.1 or 0.3 mL, fitted with Teflon/
silicone disks) were obtained from Pierce Chemical Co. (Rock-
ford, IL). N,N-Di-n-propylaniline was prepared by alkylation of
aniline with 1-iodopropane (10). All other assay reagents and
buffer components were from commercial sources. Caution:
N-Alkyl-N-hydroxy arylamines should be handled with ap-
propriate safety precautions to avoid exposure.

Synthesis of N-Alkyl-N-hydroxyanilines. All of the N-
alkyl-N-hydroxyanilines shown in Figure 1 were synthesized by
Cope elimination (11) of the corresponding tertiary arylamine
N-oxides under argon at 12-15 mmHg. N-Methyl-N-hydroxy-
aniline (1) and N-ethyl-N-hydroxyaniline (2) were isolated
according to an extraction procedure described previously (12).
N-Alkyl-N-hydroxy arylamines 3 and 4 were obtained directly
from the condensate collected from the pyrolysis reaction. All
four N-alkyl-N-hydroxyanilines were isolated as their oxalic acid
salts (13) and were stable to storage under argon at -20 °C for
up to 1 month. Compounds 1-4 were characterized by 1H NMR
spectroscopy as well as by their ability to reduce iron(III) to iron-
(II). The high concentration of oxalate in the oxalate salts made
1H NMR the most desirable analytical method for characteriza-
tion. In addition, it was clear from UV and NMR spectra that
compounds 1-4 contained none of the potential oxidation
products or other reaction byproducts that can be derived from
N-hydroxy arylamines. The characterization of compounds 1-4
by 1H NMR is summarized as follows. N-Hydroxy-N-methyl-
aniline (1) oxalate (80 MHz, CD3OD): δ 3.05 (3H, d, J ) 3.75
Hz), 7.28 [5H, m, (d,d,s)]. N-Ethyl-N-hydroxyaniline (2) oxalate
(360 MHz, CD3OD): δ 1.23 (3H, t, J ) 7.08 Hz), 3.45 (2H, q, J
) 7.02 Hz), 7.10 (1H, t, J ) 7.2 Hz), 7.28 (2H, d, J ) 7.6 Hz),
7.34 (2H, d, J ) 7.1 Hz). N-Hydroxy-N-n-propylaniline (3)
oxalate (360 MHz, CD3OD): δ 1.27 (3H, t, J ) 7.45 Hz), 1.99
(2H, sextet, J ) 7.46 Hz), 3.64 (2H, t, J ) 7.46 Hz), 7.40 (1H, t,
J ) 7.13 Hz), 7.58 (2H, d, J ) 7.48 Hz), 7.63 (2H, d, J ) 7.14
Hz). N-n-Butyl-N-hydroxyaniline (4) oxalate (360 MHz, CD3-
OD): δ 1.17 (3H, t, J ) 7.04 Hz), 1.29 (2H, m), 3.60 (4H, m),
7.14 (1H, t, J ) 7.4 Hz), 7.12 (2H, d, J ) 7.2 Hz), 7.15 (2H, d,
J ) 7.5 Hz).

Synthesis of Tertiary Amine N-Oxides. The tertiary
arylamine N-oxides utilized for the above preparations of
secondary N-hydroxy arylamines were synthesized from the
corresponding tertiary arylamines by oxidation with m-chlo-
roperoxybenzoic acid in chloroform (14, 15). These reactions
were complete in 1-3 h at 4 °C, and the isolated yields were
60-88%. N-Ethyl-N-methylaniline N-oxide and N,N-diethyl-
aniline N-oxide were extracted from the reaction mixture
according to the procedure described in ref 15, thus forming the
hydrochloride salts. Since N,N-di-n-propylaniline N-oxide and
N,N-di-n-butylaniline N-oxide did not partition into aqueous
hydrochloric acid, the N-oxide products were isolated after
repetitive washing with aqueous 1.0 M sodium bicarbonate to
remove the benzoic acid coproduct. The chloroform layer was
dried with anhydrous magnesium sulfate and filtered and the
solvent removed by rotary evaporation. In the case of N,N-di-
n-propylaniline N-oxide, the product was then isolated as the
hydrochloride by adding ethereal HCl to an ether solution of
the N-oxide. N,N-Di-n-butylaniline N-oxide was used as the

2 Although the Human Genome Organization has adopted nomen-
clature for the human sulfotransferases, a systematic extension of that
nomenclature to sulfotransferases in the rat as well as other species
has not yet been accomplished.

Figure 1. Summary of structures and nomenclature of the
N-alkyl-N-hydroxy arylamines that have been investigated.
N-Hydroxy-N-methylaniline (1), N-ethyl-N-hydroxyaniline (2),
N-hydroxy-N-n-propylaniline (3), and N-n-butyl-N-hydroxy-
aniline (4) are shown.
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crystalline solid isolated directly after removal of the chloroform
by rotary evaporation. The characterization of the N-oxide
precursors of compounds 1-4 by 1H NMR is summarized as
follows. N-Ethyl-N-methylaniline N-oxide HCl (80 MHz, CD3-
OD): δ 1.25 (3H, t, J ) 7.1 Hz), 3.07 (3H, s), 4.21 (2H, q, J )
7.1 Hz), 4.95 (1H, broad s), 7.69 (3H, m), 7.95 (2H, d, J ) 7.41
Hz). N,N-Diethylaniline N-oxide HCl (360 MHz, CD3OD): δ 1.20
(6H, t, J ) 7.08 Hz), 4.15 (2H, sextet, J ) 6.93 Hz), 4.27 (2H,
sextet, J ) 6.90 Hz), 4.84 (1H, s), 7.68 (3H, m), 7.83 (2H, d, J )
7.53). N,N-Di-n-propylaniline N-oxide HCl (360 MHz, CD3OD):
δ 0.94 (6H, t, J ) 4.46 Hz), 1.35 (2H, m), 1.82 (2H, m), 4.05
(2H, m), 4.19 (2H, m), 7.65 (3H, m), 7.86 (2H, d, J ) 7.47 Hz).
N,N-Di-n-butylaniline N-oxide (360 MHz, CD3OD): δ 0.89 (6H,
t, J ) 7.23 Hz), 1.31 (6H, m), 1.80 (2H, m), 4.09 (2H, m), 4.24
(2H, m), 7.65 (3H, m), 7.88 (2H, d, J ) 7.51 Hz).

Quantitation of N-Alkyl-N-hydroxyanilines by Iron(III)-
Reducing Equivalents. Before use in the kinetic assays
described below, the concentrations of N-alkyl-N-hydroxyaniline
derivatives in solution were determined by a colorimetric assay
that was previously developed for quantitation of p-chloro-N-
methyl-N-hydroxyaniline (5). The following reagents were mixed
in a glass test tube: 600 µL of 4,7-diphenyl-1,10-phenanthroline
(0.5 mg/mL in ethanol), 100 µL of 1.0 M sodium acetate (pH
5.6), 20 µL of 0.1 M iron(III) nitrate, a N-hydroxyarylamine
solution, and water to make a final volume of 800 µL. The
reaction was started by addition of either N-hydroxy arylamine
or iron reagent, and after 1 min, the reaction was stopped by
adding 25 µL of 0.02 M phosphoric acid. The phosphate ions
stopped the reaction by complexing with the unreacted ferric
ions (16), thereby preventing further color formation. After the
reaction was terminated, the concentration of the N-hydroxy
arylamine in the sample was determined from the absorbance
at 535 nm after subtraction of the absorbance for a blank sample
containing all reagents except the N-hydroxy arylamine. An
extinction coefficient of 19 250 M-1 cm-1 per reducing equivalent
(5) was used, and calculations of concentrations of N-hydroxy
arylamines were based on two reducing equivalents per mol-
ecule of N-hydroxy arylamine.

Purification of Hepatic Aryl Sulfotransferase IV. AST
IV was purified to apparent homogeneity from the livers of male
Sprague-Dawley rats (300-350 g) by a published procedure (17).
The activity of the enzyme at pH 5.5 with 2-naphthol as a
substrate (18) was used to follow the purification, and the
specific activity of the homogeneous enzyme was 800-1000 nmol
of 2-naphthyl sulfate formed min-1 (mg of protein)-1. The
homogeneity of the enzyme was initially assessed with SDS-
PAGE (19), whereby the preparation exhibited one band of
protein with an Mr of 33 500 (Coomassie blue staining). How-
ever, SDS-PAGE by itself will not clearly distinguish AST IV
from two other sulfotransferases that have been previously
characterized with the arylhydroxamic acid N-hydroxy-2-acetyl-
aminofluorene and named N-hydroxy arylamine sulfotrans-
ferases (20-23). Despite significant differences in amino acid
sequences and the masses of subunits, these enzymes are often
not well separated on SDS-PAGE (20, 21, 23). Therefore, we
confirmed the identity of the enzyme in these studies by using
a previously described procedure (7) to compare HPLC tryptic
peptide maps of the highly purified native AST IV with a
recombinant form of the enzyme (24). The peptide maps (data
not shown) conclusively indicated that the enzyme isolated from
liver was AST IV. Protein concentrations were determined (25)
with bovine serum albumin as the standard, and typical
purifications from the liver tissue of four rats yielded 1-1.5 mg
of homogeneous AST IV.

Kinetic Assay Procedure. Enzyme assays were conducted
essentially as described previously for primary N-hydroxy
arylamines (7). This included bubbling each component of the
reaction mixture with argon and conducting the enzymatic
reactions in sealed, argon-filled, amber-colored reaction vials.
Reaction mixtures with a total volume of 0.03 mL contained 0.2
mM PAPS, 8.3 mM 2-mercaptoethanol, 1-2 µg of AST IV,
varying concentrations of the N-hydroxy arylamine, and 0.25

M potassium phosphate at pH 7.0. Following incubation for 2
min at 37 °C for temperature equilibration, the reaction was
initiated by addition of enzyme and conducted for 10 min at 37
°C. Because the sulfuric acid esters of the N-hydroxy arylamines
were expected to be unstable (2, 3), an assay that measures the
level of formation of the coproduct, PAP, was utilized for
determination of the progress of the AST IV-catalyzed reaction
(26). Control assays were carried out with all assay components
except the N-hydroxy arylamine to ensure that only N-hydroxy
arylamine-dependent formation of PAP was assessed. PAPS was
synthesized and purified as described previously (7).

Calculation of Kinetic Constants. Apparent Km and Vmax

values were calculated from a nonlinear least-squares fit of the
kinetic data to the Michaelis-Menten equation (27). At least
four substrate concentrations with two or three repetitions at
each concentration were utilized over a range of substrate
concentrations 2-3-fold above and below the Km. The Ki value
for N-n-butyl-N-hydroxyaniline was calculated by a nonlinear
least-squares fit of the data to equations modeling reversible
inhibition (27); the best fit of the data was to the equation for
competitive inhibition.

Construction of the AST IV Homology Model. The
structure of AST IV was modeled using the structure of mouse
estrogen sulfotransferase (EST) (28) as a template by fitting the
AST IV sequence into the electron density map of EST. This
AST IV model was refined using XPLOR 3.85 (29) by an initial
positional refinement followed by simulated annealing using the
structure factors originally obtained from the X-ray diffraction
data collected on EST. The homology model also contained the
coordinates of PAP and estradiol. Subsequent structural ma-
nipulations on the homology model were performed using
molecular modeling package SYBYL 6.4 (Tripos Associates, St.
Louis, MO). The structure of a proposed mimic of the transition
state intermediate of the sulfotransferase reaction, PAP-
vanadate (30), was extracted from PDB file 1BO6 containing
coordinates of the EST-PAP-vanadate complex, and the PAP-
vanadate structure was modified by replacing the vanadate with
a sulfuryl group. This resulted in a PAPS molecule that retained
the geometry of the adenosine 3′,5′-diphosphate present in the
homology model derived from the EST-PAP complex. The PAPS
molecule was then fit into the position occupied by PAP in the
active site of the AST IV homology model using the Multifit
option in SYBYL 6.4. The enzyme was given Kollman all-atom
charges, and Gasteiger-Hückel charges were used for the
ligands. The AST IV homology model with PAPS in its active
site was used as the receptor in the docking studies.

Docking of Ligands. The automated docking package
Flexidock, a module of SYBYL 6.4, was used in the docking
studies. Individual N-hydroxy arylamine ligands were con-
structed, given Gasteiger-Hückel charges, and optimized by
energy minimization using the Powel algorithm. These ligands
were fit into the position occupied by estradiol in the AST IV
homology model using the Multifit option in SYBYL 6.4. The
oxygen atom and the aromatic carbon atoms of the ligand were
overlapped on the 3R oxygen and aromatic ring of estradiol,
respectively. The resultant ligand structure was used as the
initial conformation for the docking experiments. These experi-
ments provided a set of solutions that represented the optimum
ligand geometry in the active site of the homology model.
Representations of these optimum ligand geometries in Figures
3 and 4 were obtained through the use of MOLSCRIPT (31) and
RASTER3D (32).

Results

Stability of N-Alkyl-N-hydroxyanilines under As-
say Conditions. We have previously reported (7) that
primary N-hydroxy arylamines are susceptible to oxida-
tive degradation during sulfotransferase assays unless
steps are taken to remove dissolved oxygen from the
reaction solution. Therefore, we examined the stability
of a representative N-alkyl-N-hydroxyaniline under the
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conditions used for enzymatic assays. Accordingly, ul-
traviolet spectroscopy (data not shown) revealed that
N-n-butyl-N-hydroxyaniline was chemically stable under
the conditions of argon saturation used in the assays for
sulfotransferase activity with these compounds. There-
fore, the anaerobic conditions previously developed for
primary N-hydroxy arylamines were suitable for main-
tenance of N-alkyl-N-hydroxyanilines during enzymatic
assays with AST IV.

Interaction of N-Alkyl-N-hydroxyanilines with
AST IV. Each N-alkyl-N-hydroxyaniline was examined
for its ability to serve as either a substrate for or an
inhibitor of aryl sulfotransferase IV. N-Hydroxy-N-me-
thylaniline (1), N-ethyl-N-hydroxyaniline (2), and N-
hydroxy-N-n-propylaniline (3) were found to be sub-
strates for the purified enzyme (Table 1 and Figure 2).
The catalytic efficiency of the enzyme with these sub-
strates, as judged by the values of kcat/Km, varied by less
than 2-fold for the compounds with N-methyl, N-ethyl,
and N-propyl substituents on N-hydroxyaniline. How-
ever, a dramatic change occurred upon lengthening the
N-alkyl substituent from N-propyl to N-butyl. N-n-Butyl-
N-hydroxyaniline (4) was not a substrate for aryl sul-
fotransferase IV, but it was instead a reversible com-
petitive inhibitor of the AST IV-catalyzed sulfation of
1-naphthalenemethanol.

Assessment of the Potential for Irreversible In-
hibition of AST IV by a Secondary N-Hydroxy
Arylamine. Previous reports have indicated a time-
dependent irreversible inactivation of AST IV with N-hy-
droxy-2-acetylaminofluorene (33) and N-hydroxyaniline
(7). Therefore, we examined the potential for one of the
secondary N-hydroxy arylamines to irreversibly inhibit
the enzyme. AST IV (10 µg) was incubated at 37 °C in
0.25 M potassium phosphate at pH 7.0 either without or
with 1 mM N-ethyl-N-hydroxyaniline and 0.2 mM PAPS
for up to 21 min. At 7 min intervals, aliquots were diluted
into a standard assay for sulfation of 2-naphthol at pH
5.5 (34). The specific activities of the aliquots of the
enzyme remained within 10% of the control value through-
out the preincubation, regardless of the presence or
absence of PAPS (data not shown). This result indicated
that neither N-ethyl-N-hydroxyaniline nor the sulfuric
acid ester of N-ethyl-N-hydroxyaniline covalently inac-
tivated the purified protein. The sulfuric acid ester of
N-ethyl-N-hydroxyaniline failed to act as an irreversible
inhibitor of the enzyme, yet it was nevertheless an
unstable reaction product. Attempts to isolate and/or
quantitate this product only led to mixtures of degrada-
tion products. Therefore, although the reaction product

was unstable in our attempts at its isolation, it did not
react with the AST IV in such a way as to impair the
catalytic function of the enzyme.

Modeling AST IV by Homology to Mouse Estro-
gen Sulfotransferase (EST). The dramatic change in
the interaction of N-n-alkyl-N-hydroxyarylamines with
AST IV as the n-alkyl group was extended could not be
explained on the basis of changes in hydrophobic char-
acteristics, and it suggested that steric and/or electro-
static interactions at the active site of the enzyme were
critical. In the absence of a crystal structure for AST IV,
we developed a model for the enzyme based upon its
strong homology to EST. As described in detail in
Experimental Procedures, the homology model was pro-
duced by manual alignment of the amino acid sequence
of AST IV with the electron density map of EST-PAP,
followed by structural refinement and energy minimiza-
tion of the model. The structure of a proposed transition
state mimic, an EST-PAP-vanadate complex, was used
as a template for construction of PAPS and its placement
at the active site of the AST IV homology model.

Table 1. Specificity of Aryl Sulfotransferase IV for
N-Alkyl-N-hydroxyanilinesa

N-alkyl-N-
hydroxyaniline

Km(app)
(µM)

Vmax [nmol min-1

(mg of protein)-1]
kcat/Km

(mM-1 min-1)
Ki

(µM)

1 119 ( 15 85 ( 5 24.2 ( 3.4 -
2 650 ( 75 273 ( 12 14.2 ( 1.8 -
3 161 ( 35 98 ( 6 20.6 ( 4.7 -
4 - - - 66 ( 11

a The structures of the compounds examined are shown in
Figure 1. Kinetic constants were determined in argon-saturated
reaction mixtures at pH 7.0 in 0.25 M potassium phosphate with
varying concentrations of the N-alkyl-N-hydroxyaniline, 0.2 mM
PAPS, 8.3 mM 2-mercaptoethanol, and 1.5 µg of AST IV in a total
volume of 30 µL. Reaction mixtures were incubated at 37 °C for
10 min and analyzed by HPLC as indicated in Experimental
Procedures.

Figure 2. Initial velocity data for AST IV-catalyzed sulfation
of N-hydroxy-N-methylaniline, N-ethyl-N-hydroxyaniline, and
N-hydroxy-N-n-propylaniline. Assays were carried out as de-
scribed in Table 1. Data points are observed values, and the
lines represent the results of nonlinear curve fitting as described
in Experimental Procedures.
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Likewise, the crystal structure of the EST-PAP-vana-
date complex and an EST-PAP-estradiol complex were
utilized to assign a starting orientation of the oxygen
atom and the aromatic ring of each N-hydroxy arylamine
for ligand docking computations. These calculations,
carried out with Flexidock as described below, were then
used to determine an optimum ligand geometry for the
N-hydroxy arylamine in relation to the amino acid
residues at the active site of the homology model of AST
IV. A representation of the active site region of the model
of AST IV based on the crystal structure of EST is seen
in Figure 3.

Orientation of Docked Ligands in the Active Site
Model. The optimum geometry for the binding of each
of the four N-alkyl-N-hydroxy arylamines to the homol-
ogy model of AST IV was determined. The algorithm that
was used for this optimization, Flexidock, took into

account van der Waals, electrostatic, and torsional energy
terms to calculate a single energy term describing the
ligand-receptor interaction. The bond lengths and bond
angles were kept constant during the docking procedure.
As seen in Figure 4A, the orientations of the N-hy-
droxyarylamine molecules that served as substrates were
similar. Namely, the alkyl substituent groups occupied
a pocket formed by Pro 43, His 104, Phe 138, and Tyr
165 in the homology model. However, in the case of N-n-
butyl-N-hydroxyaniline (Figure 4B), this pocket was
unable to accommodate the n-butyl substituent, and the
orientation of the inhibitor changed so that the aromatic
ring of the inhibitor was accommodated in this region
rather than the N-alkyl substituent. As noted below, one
result of this dramatic change in orientation was to place
the oxygen of the N-OH group a much greater distance
from both the sulfuryl group and the critical His 104.

Figure 3. Active site region of a model of AST IV constructed by homology to EST. (A) The homology model of AST with estradiol
coordinates removed and a sulfuryl group replacing the PAP-vanadate complex as described in Experimental Procedures. (B) Starting
conformation of N-methyl-N-hydroxyaniline for energy minimization with Flexidock. The oxygen atom and aromatic carbons of
N-methyl-N-hydroxyaniline were aligned with coordinates corresponding to the positions of the 3R oxygen and aromatic carbons of
estradiol in the crystal structure of the EST-PAP complex.

Figure 4. Optimum geometries of N-alkyl-N-hydroxyanilines calculated for ligand docking within the active site of the homology
model for AST IV. (A) N-Hydroxy-N-methylaniline, N-ethyl-N-hydroxyaniline, and N-hydroxy-N-n-propylaniline are shown. (B) N-n-
Butyl-N-hydroxyaniline is shown.
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The calculated values of the binding energy for each
of the Flexidock solutions and of the corresponding
distances between the oxygen atom of the docked ligand
and both the sulfur atom of PAPS and the nitrogen atom
of His 104 are shown in Table 2. The binding energy
terms calculated for compounds 1-3 were lower in energy
(-1447 ( 240 kcal/mol) than that calculated for N-n-
butyl-N-hydroxyaniline (-944 kcal/mol). Although this
represents a difference between substrates 1-3 and the
inhibitor, 4, the distances from the oxygen atom of the
N-hydroxy arylamine to the sulfur atom of PAPS and the
closest nitrogen of the key histidine residue are also
critical parameters for use of the model in predicting
catalytic function. The oxygen-sulfur distance is 2.006
( 0.118 Å for the calculated geometries of N-methyl-,
N-ethyl-, and N-n-propyl-N-hydroxyaniline (compounds
1-3). In contrast, the distance from the oxygen of N-n-
butyl-N-hydroxyaniline to the sulfur of PAPS (2.710 Å)
is significantly greater than that observed for the three
substrates. Likewise, the distance between the nitrogen
of His 104 and the oxygen of the N-alkyl-N-hydroxy-
aniline is much greater for the inhibitor (5.089 Å) than
for substrates 1-3 (2.803 ( 0.612 Å).

Discussion

Drugs, carcinogens, and other xenobiotics containing
various organic functional groups are known to interact
with aryl (phenol) sulfotransferases such as AST IV, yet
within each class of similar substrates or inhibitors,
enzyme activity is affected to varying degrees by elec-
tronic, steric, and lipophilic characteristics (35-39). For
example, the sulfation of phenols and aryl oximes cata-
lyzed by AST IV is affected by the electronic contribution
of aromatic ring substituents; however, the magnitude
and direction of this effect are not consistent between the
two different structural classes (35, 38). The AST IV-
catalyzed sulfation of benzylic alcohols is affected by the
lipophilicity of the substrate (37) and by steric effects
related to the configurations of chiral benzylic alcohols
(39). In addition, aldehydes and carboxylic acids corre-
sponding to the higher oxidation states of benzylic
alcohols act as inhibitors of the enzyme (39).

In the studies presented here, AST IV was found to
catalyze the sulfation of secondary N-hydroxy aryl-
amines. N-Alkyl-N-hydroxy arylamines 1-4 were chosen
for investigation of the possibility of steric and hydro-
phobic interactions at the active site of AST IV. On the
basis of previous work with other substrate classes, one

might expect a consistent increase in the catalytic ef-
ficiency of the enzyme as the alkyl chain length on the
N-hydroxy nitrogen was increased. However, this was not
observed. The N-methyl, N-ethyl, and N-n-propyl deriva-
tives of N-hydroxyaniline (compounds 1-3 in Table 1)
were substrates for AST IV, while the N-butyl derivative
was found to be a reversible competitive inhibitor of the
purified enzyme. It is also noteworthy that previously
published kinetic constants (7) for N-hydroxyaniline [i.e.,
Km ) 230 ( 18 µM, Vmax ) 43 ( 1 nmol min-1 (mg of
protein)-1, and kcat/Km ) 6.3 mM-1 min-1] are also
consistent with the results in Table 1. That is, AST IV
can catalyze sulfation of an unsubstituted N-hydroxy
arylamine as well as an N-hydroxy arylamine bearing a
methyl, ethyl, or n-propyl substituent on the nitrogen
with relatively small effects on the overall catalytic
efficiency of the reaction. The similarities in catalytic
efficiencies observed for the enzyme with these substrates
may in part be due to the ability of the active site to
accommodate multiple binding orientations of these
N-hydroxy arylamines, of which some orientations are
not catalytically productive. Nevertheless, for those N-
hydroxy arylamines that are substrates, these noncata-
lytic orientations are in equilibrium with an orientation
that is suitable for sulfuryl transfer.

While compounds 1-3 are capable of binding to the
active site of AST IV in an orientation that is appropriate
for catalysis, the n-butyl substituent seen in compound
4 imparts a specificity of binding that precludes any
orientation of the molecule at the active site that is
favorable for sulfuryl transfer to the oxygen of the
N-hydroxy arylamine. The fact that the Ki of 4 (66 µM)
is 2-10-fold lower than the Km’s of 1-3 (119-650 µM)
suggests that the steric effects primarily involve orienta-
tion of the molecule in relation to catalysis rather than
simply the hydrophobic characteristics of substrate bind-
ing. Thus, the lack of a strong trend in kinetic parameters
among compounds 1-3 as substrates, as well as the
observation that the n-butyl derivative became an inhibi-
tor of the enzyme, points to a complex relationship
between steric and hydrophobic factors in this class of
molecules.

The increased hydrophobicity of 4 relative to those of
1-3 most likely enhances the ability of the xenobiotic to
bind to the active site of AST IV, while steric effects of
the longer alkyl substituent alter the orientation of the
binding so that catalysis does not occur. Molecular
docking studies also support this hypothesis. It is seen
that in the case of AST IV substrates 1-3, the alkyl chain
on the N-hydroxy nitrogen of the docked ligands is
accommodated in a pocket of four amino acids comprising
Pro 43, His 104, Phe 138, and Tyr 165. Due to the steric
constraints on this pocket, it is unable to accommodate
the n-butyl chain of the N-n-butyl-N-hydroxyaniline.

On the basis of studies performed on mouse estrogen
sulfotransferase, it has been suggested that after the
proton on the oxygen atom of a substrate has been
abstracted by catalytic His 108, there is an in-line attack
by this oxygen on the sulfur atom of PAPS (30). The
residue corresponding to His 108 of mouse estrogen
sulfotransferase is His 104 in AST IV, and the sequence
of catalytic events outlined for mouse estrogen sul-
fotransferase based on its crystal structure (30) is
consistent with the kinetic mechanism proposed earlier
for AST IV based on initial velocity studies in solution
(35). From the crystal structure of a PAP-vanadate-

Table 2. Calculated Energies and Bond Distances for
N-Alkyl-N-hydroxyanilines Docked into the Active Site

Model for AST IV

N-alkyl-N-
hydroxyaniline

binding
energy
terma

(kcal/mol)

distance from
the oxygen of

the ligand to the
sulfur of PAPS (Å)

distance from
the oxygen of

the ligand to the
nitrogen of His 104 (Å)

1 -1636.7 1.886 3.204
-1636.3 1.886 3.205

2 -1441.0 2.142 1.911
-1434.0 2.021 2.414

3 -1237.0 2.095 3.282
4 -944.0 2.710 5.089

a All binding energies and bond distances for binding of N-alkyl-
N-hydroxyanilines to the homology model for AST IV were
calculated as described in Experimental Procedures. Two very
similar docking positions were found for compounds 1 and 2, while
single solutions to the docking procedure were obtained for
compounds 3 and 4.
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estrogen sulfotransferase complex, the distance from the
position of the oxygen of estradiol to the vanadium atom
in the PAP-vanadate complex (analogous to the sulfur
atom in PAPS) is 2.3 Å, and the distance from the oxygen
to the nitrogen of His 108 is 2.9 Å (30). In the AST IV
homology model (Table 2), the computed distances be-
tween the oxygen atom of the docked ligand and both the
sulfur atom of PAPS (1.9-2.1 Å) and the nitrogen atom
of His 104 (1.9-3.3 Å) are consistent with a catalytic role
for His 104, and they also suggest distinctions between
favorable and unfavorable binding orientations for ca-
talysis, with a calculated O-S distance of 2.7 Å and an
O-N distance of 5.1 Å for the inhibitor N-n-butyl-N-
hydroxyaniline (Table 2). According to this model, the
change in the docked ligand geometry of N-n-butyl-N-
hydroxyaniline results in an unfavorable orientation for
catalysis. Therefore, although N-n-butyl-N-hydroxy-
aniline binds well to the active site of AST IV as seen by
the Ki value, its inability to accept a sulfuryl group from
PAPS is predicted by the homology model and docking
experiments.

Our experimental data on sulfation of secondary N-
hydroxyanilines are explained well by a model of the
active site of AST IV based upon homology to the crystal
structure of mouse estrogen sulfotransferase. The se-
quences of the two enzymes are 50% identical, and as
noted above, there is evidence suggesting that the
catalytic mechanisms of sulfuryl transfer are essentially
the same in the mouse estrogen sulfotransferase and the
rat hepatic AST IV. â-Estradiol serves as a substrate for
both enzymes, although the apparent Km with mouse
estrogen sulfotransferase (40) is approximately 100-fold
less than the apparent Km obtained with AST IV under
similar reaction conditions (J. Sheng and M. Duffel,
unpublished results); maximal velocities for sulfation of
â-estradiol catalyzed by the two enzymes are comparable
under the same conditions of buffer, pH, and tempera-
ture. These similarities provide a degree of confidence
that the homology model is relevant to catalytic function.
Nonetheless, there are differences between the two
enzymes that warrant further investigation with respect
to their potential role in catalytic function. For example,
the mouse estrogen sulfotransferase exists as a monomer
in solution, while AST IV is a dimer. The potential for
this structural difference to be manifested in alterations
in catalytic specificity remains to be determined. Thus,
even though this homology model predicts the complex
behavior of the secondary N-hydroxy arylamines pre-
sented here, it may undergo further refinement as other
substrate classes and structural aspects of the enzyme
are explored. Such investigations are in progress.

In conclusion, our finding that AST IV is able to
catalyze the sulfation of N-alkyl-N-hydroxy arylamines
contributes to a more complete understanding of the
metabolic pathways available to these intermediary
metabolites. Moreover, these results provide an indica-
tion that steric factors relating to the substituent on the
N-hydroxy nitrogen can dramatically influence the na-
ture of the interaction with the aryl sulfotransferase.
Although these observations provide the first quantita-
tive exploration of the role of these structural character-
istics in the sulfation of secondary N-hydroxy arylamines,
further studies with larger sets of compounds and other
hepatic sulfotransferases will undoubtedly be necessary
to provide a more complete understanding of the catalytic
process and more detailed predictions of the specificity

of aryl sulfotransferases for this class of xenobiotic
metabolites.
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