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ABSTRACT. Biotransformation of xenobiotics and hormones through sulfate conjugation is an important 
metabolic pathway in humans. The activation of minoxidil, an antihypertensive agent and hair growth stimu- 
lator, by sulfation (sulfonation) is carried out by more than one sulfotransferase. Initially only the thermostable 
form of phenol sulfotransferase was thought to catalyze minoxidil sulfation. We document in this report the new 
finding that human liver dehydroepiandrosterone sulfotransferase (DHEA ST), an hydroxysteroid sulfotransfer- 
ase distinct from phenol sulfotransferases, also catalyzes the reaction. To characterize more precisely the activity 
of DHEA ST toward minoxidil, we used COS-1 cells to express DHEA ST from a human liver cDNA clone. The 
apparent K, values for minoxidil and [35S]3’-phosphoadenosine-5’-phosphosulfate were 3.9 mM and 0.13 FM, 

respectively. The 50% inactivation temperature of the COS-expressed enzyme was 42”, and the lcso value for 
2,6-dichloro-4-nitrophenol was 1.4 x 1O-4 M. Both the thermal stability behavior and response to DCNP were 
similar when the cDNA encoded DHEA ST was assayed with DHEA or minoxidil as a substrate. NaCl led to 

a greater activation of the cDNA-expressed DHEA ST when assayed with DHEA (2.5-fold) than when the same 
preparation was assayed with minoxidil (l.+fold). Th ese data indicate that DHEA ST catalyzes the sulfate 
conjugation of minoxidil. DHEA ST activity present in the human gut and liver would be expected to add to 

the overall sulfate conjugation of orally administered minoxidil. Thus, DHEA ST activity must be considered 
when determining the human tissue sulfotransferase contribution to minoxidil sulfation. Copyright 0 1996 
Elsevier Science Inc. BIOCHEM PHARMACOL 53;2:215-221, 1997. 
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Sulfate conjugation is an important pathway in the bio- 

transformation of many xenobiotic compounds, catechol- 

amines, as well as steroid and thyroid hormones in humans 

[l-7]. Minoxidil [6-( l-piperidinyI)-2,4_pyrimidinediamine- 

3-oxide], a vasodilating agent and hair growth stimulator, is 

unusual because it is activated by sulfate conjugation 

[5-81. Minoxidil sulfate, the active metabolite, affects the 

arteriolar portions of the circulatory system and is required 

for the stimulation of hair growth [8-121. The sulfation of 

minoxidil is catalyzed by PSTsgl (EC 2.8.2.1). Both TL and 
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TS forms of PST catalyze the reaction [7, 13-151. Sulfo- 

transferase activity toward minoxidil has been immunolo- 

calized in the rat hair follicle [16]. During our initial inves- 
tigation of minoxidil sulfation by human skin PST, we 

found that TL PST contributed to the reaction [14-151. We 

also noted in platelet and skin preparations an apparent 

enzyme activity toward minoxidil with intermediate ther- 

mal stability and greater resistance to inhibitors, behavior 

similar to DHEA ST [17]. Therefore, we tested expressed 

human liver DHEA ST in preliminary experiments and 

found activity toward minoxidil. This was a surprising find- 

ing because DHEA ST, an hydroxysteroid sulfotransferase, 

represents a separate family of sulfotransferases distinct 

from TL and TS PST [ 181. 

DHEA ST, a cytosolic hydroxysteroid sulfotransferase, 

has been shown to catalyze the sulfate conjugation of 

DHEA and steroids such as testosterone and estrone [19, 
201. The enzyme does not sulfate dopamine or p- 
nitrophenol, model substrates for TL PST and TS PST 
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activities, respectively [ZO, 21). DHEA ST has been purified 
from human liver and recently cloned, expressed, and char- 

acterized [21, 221. To confirm our preliminary finding that 
DHEA ST sulfated minoxidil, we have expressed the hu- 

man liver DHEA ST cDNA in COS-1 cells and character- 
ized it with minoxidil as the substrate. The use of cDNA 

expressed enzyme allowed the study of DHEA ST separate 
from other sulfotransferases often present in tissue prepara- 
tions. The results confirmed the sulfation of minoxidil by 
human liver DHEA ST. Because individual variations in 

hepatic and gut levels of DHEA ST occur [23, 241, the 
different activities may contribute to variations in responses 

to orally administered minoxidil. Our finding with DHEA 

ST emphasized that other sulfotransferases should be con- 
sidered when evaluating the effects of sulfation on minox- 

idil metabolism. 

MATERIALS AND METHODS 
Materiats 

COS-1 cells were obtained from the American Type Cul- 

ture Collection (ATCC), Rockville, MD. [35S]PAPS (1.75 
to 2.5 Ci/mmol) was purchased from New England Nuclear 

(NEN) DuPont, Boston, MA. HEPES, BSA, DHEA, 

DHEA sulfate, and ammonium hydroxide were obtained 
from the Sigma Chemical Co., St. Louis, MO. DTT was 

purchased from Calbiochem, La Jolla, CA. Ethyl acetate 
was obtained from Mallinckrodt, Paris, KY. The human 

liver DHEA ST cDNA was a gift from D. M. Ottemess and 
R. M. Weinshilboum. Minoxidil and minoxidil sulfate were 

gifts from the Upjohn Co., Kalamazoo, MI. 

Expression in COS-1 Cells 

COS-1 cells (an SV40 transformed simian cell line) were 
maintained in Dulbecco’s Modified Eagle’s Medium con- 

taining 10% fetal bovine serum [25]. Cells were seeded in 
60 mm2 dishes at 1 x lo6 cells/dish, and the following 

morning the cells were transfected with the human liver 
DHEA ST cDNA cloned into the EcoRI site of plasmid 

p91023(B), by the calcium phosphate method [21, 26, 271. 
The transfected cells were maintained at 37” for 72 hr prior 

to harvesting. 

Processing Transfected COS- 1 Cells 

The growth medium was removed, and the cells were 
washed with PBS. The cells were removed with a rubber 
policeman, resuspended in PBS, and pelleted by centrifu- 
gation at 150 g for 10 min. The supernatant was removed, 
and the cells were resuspended in 2.0 mL of homogenate 
buffer (5 mM potassium phosphate, pH 7.5, 2.5 mM DTT, 
1.25 mM EDTA). The cell suspension was homogenized for 
15 set with a Polytron homogenizer and centrifuged at 
100,000 g for 1 hr at 4”. The resulting HSS was mixed 1:l 

(v/v) with a 5 mM potassium phosphate buffer, pH 7.5, that 

contained 2.5 mg/mL BSA, and aliquots of 700 p,L were 
stored at -75” until assay. 

Sulfotransferase and Protein Assays 

DHEA ST activity was assayed by the methods of Foldes 
and Meek [28] as modified by Hernandez et al. [17]. Ini- 
tially, the assay for the cDNA expressed DHEA ST was 

optimized with regard to protein concentration, reaction 
pH, and substrate concentrations. The HSS was diluted 
go-fold with 5 mM potassium phosphate buffer, pH 7.5, 

containing 0.625 mg/mL BSA. The final assay concentra- 

tion of DHEA was 2.5 FM in active samples, whereas blank 
samples contained no substrate. The cDNA expressed 

DHEA ST activity assayed with minoxidil was measured by 
the method of Johnson and Baker [29] as modified by Kud- 
lacek et al. [14]. Prior to assay, the HSS was diluted go-fold 
with 20 mM HEPES, pH 7.5, containing 5.0 mM DTT and 
0.625 mg/mL BSA. Minoxidil (14.6 mM final concentra- 

tion) was used in active samples, whereas blank samples 
contained the 0.82 N HCl vehicle, which was used to dis- 

solve the minoxidil. Two active samples were assayed at 
each test point, and [35S]PAPS at a final concentration of 

0.4 PM was used in both assays. Control cells transfected 

with the vector alone and mock transfected controls con- 
tained minimal DHEA ST activity (<1.8%), a finding simi- 

lar to nontransfected COS-1 cell preparations (Table 1). 
The mean activity detected in nontransfected control 
samples was subtracted from the corresponding mean activ- 

ity in transfected samples to provide a net activity per mil- 
ligram of protein devoid of endogenous sulfotransferase ac- 

tivity. Total protein in each sample was determined by the 
method of Bradford [30] with BSA as the standard. The net 
enzyme activity was expressed as units of activity per mil- 

ligram of protein. One unit of enzyme activity represent- 
ed 1 nmol of sulfated product formed in 1 hr of incubation 

at 37”. 

Thermal Stability 

Thermal stability was tested by the methods of Reiter et al. 
[31] as modified by Anderson and Liebentritt [32]. Briefly, 
the thawed HSS preparations were diluted with an equal 

TABLE 1. Sulfotransferase activities in CO&l cells 

Activity (Ulmg protein) 

Procedure 
Substrate 

DHEA* MNx* 

Transfected cDNAt 2.86 2.54 
Nontransfected 0.125 (4.4%) 0.126 (5.0%) 
Vector alone transfected 0.003 (0.1%) 0.0002 (<O.l%) 
Mock transfected (no DNA) 0.048 (1.7%) 0.017 (0.7%) 

* Numbers m parentheses mdxate percentage of transfected actwity. 

t Data from Fig. 1A and the experiment using various DHEA concentrations 

described 1x1 Results. See text for details. 
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volume of the potassium phosphate dilution buffer and then 

were heated for 15 min at either 35”, 37”, 39”, 41”, 43”, 

45”, or 47” prior to assay with minoxidil or DHEA. Un- 

heated aliyuots were kept at 4” as controls. 

Reaction Product Identification by HPLC 

Minoxidil sulfate was identified by HPLC with a Cl8 

FBondapak reverse phase column by the methods of 

Johnson et al. [5, 61 as modified by Kudlacek et al. [14]. 

Blank and active assay samples were eluted at 1.0 mL/min 

with the mobile phase buffer that consisted of 1.0 mL/L 

trifluoroacetic acid and 30% acetonitrile, and were col- 

lected in 0.5.mL fractions. DHEA sulfate was identified by 

HPLC with the same conditions and elution parameters as 

the minoxidil sulfate except that the mobile phase buffer 

was 0.1 M ammonium acetate, pH 5.0, with 50% acetoni- 

trile. 

Data Analysis 

Apparent K,,, values were calculated by the direct linear 

plot method [33] with the Enzpack 3 program (Elsevier- 

Biosoft). Temperatures at which 50% of the net activities 

remained and ICKY values for DCNP and NaCl were deter- 

mined using a curve-fitting program (in Prism, Graphpad 

Software, San Diego, CA). 

RESULTS 
Effects of Varying the Substrate Concentrations 

The expressed human liver cDNA DHEA ST HSS was 

used to determine the apparent K,,, values. Final concen- 
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trations of minoxidil that were tested ranged from 0.014 to 

18.25 mM. Activity was detected only with minoxidil con- 

centrations from 0.91 to 18.25 mM. The apparent K, value 

for minoxidil was 3.9 mM (Fig. lA), and the value for 

DHEA was 0.7 FM (data not shown). The value for 

minoxidil was similar to the previously reported apparent 

K,,, values obtained with partially purified human platelet 

PST activities and expressed human liver TL PST activity 

assayed with minoxidil as shown in Table 2 [14, 151. The 

apparent K, value for DHEA was similar to a value of 2.6 

PM obtained by Aksoy et al. [34] with cDNA expressed 

human liver DHEA ST assayed with DHEA. The apparent 

K,,, values for [35S]PAPS determined with minoxidil and 

DHEA as the constant substrates were 0.13 and 0.01 p.M, 

respectively (panels B and C of Fig. 1). The former value 

was similar to apparent K,,, values reported for [35S]PAPS 

with human platelet and skin PST activities assayed with 

minoxidil (0.24 and 0.15 PM, respectively) [14]. The latter 

apparent K,,, for [35S]PAPS with DHEA as the constant 

substrate (Fig. 1C) was the same as the value reported 

by Wood et al. [35] with human liver cDNA expressed 

DHEA ST. 

When the expressed DHEA ST preparation was assayed 

with 60 FM dopamine, a model substrate for TL PST, no 

activity was observed. This finding indicated that no de- 

tectable endogenous TL PST activity was present. A small 

amount of endogenous TS PST activity that represented 

1.8% of the DHEA ST activity was observed when the 

expressed material was assayed with 4.0 PM p-nitrophenol. 

The potential effect of this activity was removed by sub- 
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FIG. 1. Doubledreciprocal 
plots of recombinant DHEA 
ST activity obtained with 
varying concentrations of co- 
substrates. (A) Plot with mi- 
noxidil as the variable sub- 
strate and [35S]PAPS as the 
constant substrate. Activity at 
V max was 2.54 Ulmg protein 
and the corresponding non- 
transfected control was 5.0% 
of the activity. (B) Plot with 
[35S]PAPS (PAPS) as the 
variable substrate and minox- 
idil (MNX) as the constant 
substrate. Activity at V,,, 
was 1.03 Ulmg protein, and 
the corresponding nontrans- 
fected control was 4.1%. (C) 
Plot with PAPS as the vari- 
able substrate and DHEA as 
the constant substrate. Activ- 
ity at V,,, was 0.94 Ulmg 
protein, and the correspond- 
ing nontransfected control 
was 0%. Apparent K, values 
are given at the top of each 
panel. Net activity was ex- 
pressed as Ulmg protein. Each 
point was assayed in dupli- 
cate. 
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TABLE 2. Apparent K, values for minoxidil with expressed 
human liver and partially purified human platelet sulfo- 
transferases 

Expressed liver cDNA 
DHEA ST 
TL PST 

Partially purified platelet 
TS PST 
TL PST 

3.9 
2.8* 

1.497 
2.961 

*Ref. 15. 
t Ref. 14 

traction of the control COS-1 cell activity measured with 
minoxidil. 

Effects of Temperature 

Thermal stability is an important indicator of a difference 
in protein structure, and is useful in differentiating many 
human sulfotransferases [14,31]. It was expected that if the 
same enzyme used DHEA and minoxidil as substrates, then 
similar thermal stability behaviors would be seen in assays 
with these two substrates. Thermal stability patterns of the 
cDNA expressed DHEA ST with minoxidil and DHEA as 
substrates were nearly identical, yielding 50% inactivation 
temperatures at 42” (Fig. 2). Thus, these results supported 
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FIG. 2. Thermal stability of recombinant human liver 
DHEA ST with minoxidil and DHEA as substrates. The 
DHEA ST activity for transfected COSel cells is expressed as 
a percentage of the basal (unheated) net activity. The 50% 
inactivation temperature was 42” with both substrates. The 
cpm/mg protein values at basal activity were 1850 with mi- 
noxidil and 1970 with DHEA. The basal activities of the 
nontransfected controls with minoxidil and DHEA were 6.4 
and 0% of the transfected samples, respectively. Each point 
was assayed in duplicate. 

the conclusions that human DHEA ST used minoxidil as a 
substrate, and indicated that the minoxidil assay did not 
alter thermal stability. 

Effects of DCNP 

DCNP has been shown to inhibit DHEA ST activity with 
an ICED value of 4.0 x 10m5 M when assayed with DHEA as 
the substrate [34]. Therefore, it was of interest to determine 
whether DCNP also had this effect on DHEA ST assayed 
with minoxidil. The cDNA expressed DHEA ST activity 
assayed with DHEA and minoxidil in the presence of 
DCNP yielded similar ICKY values for DCNP of 8.1 x 10e5 
and 1.4 x 10e4 M, respectively (Fig. 3). The fact that 
DCNP inhibition was similar with both substrates further 
supported the conclusions that human DHEA ST activity 
sulfated minoxidil and that a single enzyme catalyzed the 
reactions. 

Effects of NaCl 

NaCl at concentrations of 50 and 200 mM inhibits TS PST 
and TL PST activities, respectively [14, 151. These NaCl 
concentrations lead to activation of DHEA ST activity 
[34-361, with a 1.6-fold rise reported by Aksoy et al. [34]. 
NaCl activation of enzyme activities has been seen with 
other steroid sulfotransferases, and NaCl has been incorpo- 
rated into the assays of these enzymes to enhance their 
activities [36]. Therefore, to confirm that the activity tested 
was neither TS PST nor TL PST, and to determine whether 
a similar activation took place when DHEA ST sulfated 
minoxidil, the expressed DHEA ST material was assayed in 
the presence of various concentrations of NaCl. The cDNA 
expressed DHEA ST activity measured with both DHEA 
and minoxidil was activated by the addition of NaCl (Fig. 
4). The activity with DHEA rose 2.5fold with the addition 
of 200 mM NaCl, whereas activity with minoxidil rose 
approximately l.Cfold at 25 mM NaCl, and then was 50% 
inhibited at 173 mM NaCl (Fig. 4). There was no apparent 
inhibition of DHEA ST below basal activity when assayed 
with DHEA (Fig. 4). 

Identification of Reaction Products by HPLC 

Reverse-phase HPLC was used to identify the reaction 
product of DHEA ST HSS measured with DHEA and 
minoxidil. The net radioactivities that co-eluted with 
known DHEA sulfate and minoxidil sulfate were 99 and 
94%, respectively. The patterns of elution and the longer 
retention of minoxidil sulfate compared with minoxidil 
were similar to results reported by Johnson et al. [5]. The 
results indicated that DHEA ST was expressed in the 
COS-1 cells, and they supported our data that demon- 
strated that DHEA ST was able to catalyze the sulfation of 
minoxidil. 

DISCUSSION 

Initially, minoxidil was thought to be sulfated only by TS 
PST [13], but our recent studies have shown that TL PST 
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also sulfates minoxidil [14, 151. We now report the unique 
observation that DHEA ST is also capable of sulfating 
minoxidil. This is an important finding because it docu- 
ments the ability of an hydroxysteroid sulfotransferase to 
contribute to the sulfation of minoxidil, a reaction previ- 
ously attributed only to PSTs. Because the levels of hepatic 
DHEA ST are substantial and jejunal DHEA ST is present, 
the enzyme may have an important impact on activation of 
orally administered minoxidil through sulfation. The avail- 
ability of cDNAs for this enzyme has made possible detailed 
studies of DHEA ST with minoxidil as the substrate. 
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FIG. 4. Effects of NaCl on recombinant DHEA ST activity 
assayed with minoxidil and DHEA. The graph shows the 
enzyme activity in transfected COS+l cells expressed as a 
percentage of the basal net activity (sample containing no 
NaCl). Activation with both substrates occurred with NaCl. 
There was no inhibition below basal level when activity was 
assayed with DHEA beyond 25 mM NaCl. The q0 of NaCl 
with minoxidil as the substrate was 173 mM. The cpmlmg 
protein values at baseline with minoxidil and DHEA were 
1400 and 2890, respectively. The basal nontransfected con- 
trols with minoxidil and DHEA were 9.0 and 1.7% of the 
transfected activities, respectively. Each point was assayed 
in duplicate. 

FIG. 3. Effects of DCNI? on recombinant DHEA ST activity 
assayed with minoxidil and DHEA. The graph shows the 
enzyme activity in COS.1 transfected cells expressed as a 
percentage of the basal net activity (sample containing no 
inhibitor). The lcsO values for DCNP were 8.1 Y 10e5 and 
1.4 x 10e4 M with DHEA and minoxidil, respectively. The 
cpmlmg protein values at basal activity for minoxidil and 
DHEA were 930 and 1510, respectively. The basal non- 
transfected controls were 5.8 and 0% of the transfected ac- 
tivities with minoxidil and DHEA, respectively. Each point 
was assayed in duplicate. 

In these studies, we have characterized the sulfation of 

minoxidil by DHEA ST that was expressed from a human 

liver DHEA ST cDNA clone in COS-1 cells. This ap- 
proach has allowed us to investigate a DHEA ST prepara- 

tion essentially devoid of other sulfotransferases. The be- 
havior of the recombinant DHEA ST assayed with either 

minoxidil or DHEA as substrate was essentially the same 
with respect to thermal stability and inhibition by DCNP. 

Furthermore, the HPLC results indicated that the recom- 
binant DHEA ST produced authentic minoxidil sulfate. Of 
interest was the finding that the results were quite different 

when the activity of the expressed DHEA ST was assayed 
with either DHEA or minoxidil as the substrate in the 
presence of increasing concentrations of NaCl. The NaCl 

activation of DHEA ST with DHEA as the substrate and 

the attenuated activation at higher NaCl concentrations 
were typical of behaviors of cDNA expressed DHEA ST 

[34]. Conversely, when the DHEA ST preparation was as- 

sayed with minoxidil in the presence of increasing NaCl 
concentrations, the activity continued to he activated at 50 
mM NaCl, but then decreased with higher amounts of 
NaCl (Fig. 4). The decrease in activity represented not only 
attenuation, but also extensive inhibition below baseline 
activity. This inhibition might have been an effect of the 
minoxidil assay with its different buffers and assay condi- 
tions, or minoxidil sulfate itself might have induced non- 
enzymatic covalent protein sulfation that altered DHEA 
ST behavior [37]. 

The fact that an hydroxysteroid sulfotransferase catalyzes 
minoxidil sulfation is intriguing. Studies of the common 
molecular domains of these sulfotransferase cDNAs may 
help to explain the ability of diverse enzymes to utilize 
minoxidil as a substrate. There are large individual varia- 
tions in the levels of human liver DHEA ST activity, and 
the amount of this hepatic enzyme activity is substantial 
[23]. Variable levels of the quantity of immunoreactive 
DHEA ST protein also have been found in human jejunum 



220 

[24]. The levels of activity and the degree of variability may 
be factors that contribute to variations in individual re- 
sponses to orally administered and circulating minoxidil. 

An apparent K,,, value of 3.9 mM for minoxidil with 
expressed DHEA ST was similar to values of 1.49 and 2.96 

mM obtained with partially purified platelet TS PST and 
TL PST [14], respectively, and 2.8 mM with expressed hu- 

man liver TL PST [15] (Table 2). Similar values were found 

with HSS preparations of human skin TL and TS PST [14]. 
Whether these higher apparent K,,, values accurately reflect 

the potential physiologic function of the enzyme is not 
known. Broken-cell preparations alter the intracellular mi- 

croenvironment of the enzyme, and this may affect accurate 
measurement of activity. Expressed sulfotransferases assayed 

in vitro suffer from a similar distortion of the physiologic 
conditions for optimal enzyme activity. Our studies of par- 
tially purified and expressed sulfotransferases with minoxi- 

dil concentrations as low as 12 FM did not reveal an en- 
zyme activity with a higher affinity for minoxidil. The find- 

ings suggest that DHEA ST activity, as well as TL PST and 
TS PST activities, should be taken into account when at- 

tempting to determine the regulation of minoxidil sulfa- 

tion. The presence of both TL and TS PST activities in 

human scalp skin is known, as are the correlations of these 
activities with their respective platelet levels [14]. The im- 
portance of inter-individual variations in human skin phe- 

nol sulfotransferases and their potential effects on indi- 
vidual hair growth responses to topical minoxidil remain to 
be shown. Preliminary studies of human scalp skin HSS 

pools with an assay that has not been optimized have shown 
low levels of DHEA ST activity (Kudlacek PE and Ander- 

son RJ, unpublished data). It is premature to predict a con- 

tribution of putative skin DHEA ST activity to the me- 
tabolism of topical minoxidil. 

In summary, we have confirmed that human liver DHEA 

ST activity sulfate conjugates minoxidil. The finding con- 
curs with the observations that multiple sulfotransferases 

with different kinetic and biochemical properties will cata- 
lyze the sulfation of a single substrate, whether the substrate 
is a xenobiotic, catecholamine, or steroid or thyroid hor- 

mone. The results point out the complex, overlapping en- 
zymatic mechanisms that contribute to the sulfate conju- 
gation of substrates. The situation is similar to the sulfate 
conjugation of triiodothyronine, a hormone that is sulfated 

by at least three sulfotransferases with different kinetic 
properties: TS PST [38, 391; TL PST [38]; and DHEA ST 
[39, 401. To begin to understand the individual contribu- 
tion and regulation of each sulfotransferase, careful bio- 
chemical characterization of each enzyme with the sub- 

strates of interest is essential. 

We thank D. M. Otterness and R. M. Weinshilboum for the human 
liver DHEA ST cDNA, and the Upjohn Co. fm the minoxidil and 
minoxidil sulfate. This work was supported, in part, by Creighton 
University (R.J.A.), the Nebraska Educational BiomedicaE Research 
Association (R.J.A.), the VA Medical Research Service (D.L.C., 
R.J.A.) and by a grant from the Fraternal Or&r of Eagles (R.J.A.). 

P. E. Kudlacek et al. 

References 
1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

Roy AB, Sulphate conjugation enzymes. In: Handbook of Ex- 
perimental Pharmacology (Eds. Brodie BB and Gillette JR), 
Vol. 28, pp. 536-548. Springer, New York, 1971. 
Anderson RJ, Weinshilboum RM, Phillips SE and Broughton 
DD, Human platelet phenol sulfotransferase: Assay proce- 
dure, substrate and tissue correlations. Clin Chim Acta 110: 
157-167, 1981. 
Butler PR, Anderson RJ and Venton DL, Human platelet 
phenol sulfotransferase: Partial purification and detection of 
two forms of the enzyme. J Neurochem 41: 630-639, 1983. 
Reiter C and Weinshilboum R, Acetaminophen and phenol: 
Substrates for both a thermostable and a thermolabile form of 
human platelet phenol sulfotransferase. J Pharmacol Ext, Ther 
221: 43-51, 1982. 
Johnson GA, Barsuhn KJ and McCall JM, Sulfation of 
minoxidil by liver sulfotransferase. Biochem Pharmacol 31: 
2949-2954, 1982. 
Johnson GA, Barsuhn KJ and McCall JM, Minoxidil sulfate, 
a metabolite of minoxidil. Drug Metab Dispos 11: 507-509, 
1983. 
Hirshey SJ and Falany C, Purification and characterization of 
rat liver minoxidil sulphotransferase. Biochem J’ 270: 721- 
728, 1990. 
Buhl AE, Waldon DJ, Baker CA and Johnson GA, Minoxidil 
sulfate is the active metabolite that stimulates hair follicles. J 
Invest Dermatol 95: 553-557, 1990. 
Pettinger WA, Drug therapy: Minoxidil and the treatment of 
severe hypertension. N Engl J Med 303: 922-926, 1980. 
McCall JM, Aiken JW, Chidester CG, DuCharme DW and 
Wendling MG, Pyrimidine and triazine 3-oxide sulfates: A 
new family of vasodilators.] MedChem 26: 1791-1793, 1983. 
Earhart RN, Ball J, Nuss DC and Aeling JL, Minoxidil- 
induced hypertrichosis: Treatment with calcium thioglycolate 
depilatory. South Med J 70: 442-443, 1977. 
Jacomb RC and Brunnberg FJ, The use of minoxidil in the 
treatment of severe essential hypertension: A report on 100 
patients. Clin Sci Mel Med 51: 579s-581s, 1976. 
Falany CN and Kerl EA, Sulfation of minoxidil by human 
liver phenol sulfotransferase. Biochem Pharmacol 40: 1027- 
1032, 1990. 
Kudlacek PE, Anderson RJ, Liebentritt DK, Johnson GA and 
Huerter CJ, Human skin and platelet minoxidil sulfotransfer- 
ase activities: Biochemical properties, correlations and con- 
tribution of thermolabile phenol sulfotransferase. J Phartnacol 
Exp Ther 273: 582-590, 1995. 
Kudlacek PE, Clemens DL and Anderson RJ, Characteriza- 
tion of recombinant human liver thermolabile phenol sulfo- 
transferase with minoxidil as the substrate. Biochem Biophys 
Res Commun 210: 363-369, 1995. 
Dooley TP, Walker CJ, Hirshey SJ, Falany CN and Diani AR, 
Localization of minoxidil sulfotransferase in rat liver and the 
outer rooth sheath of anagen pelage and vibrissa follicles. J 
Invest Dermatol96: 65-70, 1991. 
Hernandez JS, Watson RWG, Wood TC and Weinshilboum 
RM, Sulfation of estrone and 17@estradiol in human liver: 
Catalysis by thermostable phenol sulfotransferase and by de- 
hydroepiandrosterone sulfotransferase. Drug Metab Dispos 20: 
413422, 1992. 
Weinshilboum RM and Otterness DM, Conjugation- 
deconjugation reactions in drug metabolism and toxicity. In: 
Handbook of Experimental Pharmacology (Ed. Kauffman FC), 
pp. 44-78. Springer, New York, 1994. 
Gugler R, Rao GS and Breuer H, Reinigung und charakte- 
risierung einer 3’-phosphoadenlylsulfat: Steroid-sulfo- 
transferase aus der leber des menschen. Biochim Biophys Acta 
220: 69-84, 1970. 
Falany CN, Vasquez ME and Kalb JM, Purification and char- 



DHEA ST and Minoxidil Sulfation 

acterization of human liver dehydroepiandrosterone sul- 
photransferase. Biochem J 260: 641-646, 1989. 

21. Otterness DM, Wieben ED, Wood TC, Watson WG, Madden 
BJ, McCormick DJ and Weinshilboum RM, Human liver de- 
hydroepiandrosterone sulfotransferase: Molecular cloning and 
expression of cDNA. Mel Pharmacol41: 865-872, 1992. 

22. Comer KA and Falany CN, Cloning and expression of human 
liver dehydroepiandrosterone sulphotransferase. Biochem J 
289: 233-240, 1993. 

23. Aksoy IA, Sochorova V and Weinshilboum RM, Human liver 
dehydroepiandrosterone sulfotransferase: Nature and extent 
of individual variation. Clin Pharmacol Ther 54: 498-506, 
1994. 

24. Her C, Aksoy IA, Szumlanski CL and Weinshilboum RM, 
Dehydroepiandrosterone sulfotransferase and estrogen sulfo- 
transferase in human jejunum: Immunochemical character- 
ization of individual variation. J Invest Med 44: 303A, 1996. 

25. Gluzman Y, SV40-transformed simian cells support the rep- 
lication of early SV40 mutants. Cell 23: 175-182, 1981. 

26. Graham FL and van der Eb AJ, A new technique for the assay 
of infectivity of human adenovirus 5 DNA. Virology 52: 456 
467, 1973. 

27. Wong GG, Witek JS, Temple PA, Wilkins KM, Leary AC, 
Luxemberg DP, Jones SS, Brown EL, Kay RM, Orr EC, Shoe- 
maker C, Golde DW, Kaufman RJ, Hewick RM, Wang EA 
and Clark SC, Human GM-CSF: Molecular cloning of the 
complementary DNA and purification of the natural and re- 
combinant proteins. Science 228: 810-815, 1985. 

28. Foldes A and Meek JL, Rat brain phenolsulfotransferase- 
Partial purification and some properties. Biochim Biophys Acta 
327: 365-374, 1973. 

29. Johnson GA and Baker CA, Sulfation of minoxidil by human 
platelet sulfotransferase. Clin Chim Acta 169: 217-228, 1987. 

30. Bradford MM, A rapid and sensitive method for quantitation 
of microgram quantities of protein utilizing the principle of 
protein-dye binding. Anal Biochem 72: 248-254, 1976. 

31. Reiter C, Mwaluko G, Dunnette J, Van Loon J and Wein- 

221 

shilboum R, Thermolabile and thermostable human platelet 
phenol sulfotransferase: Substrate specificity and physical 
separation. Naunyn Schmiedebergs Arch Pharmacol 324: 140- 
147, 1983. 

32. Anderson RJ and Liebentritt DK, Human platelet thermo- 
stable phenol sulfotransferase: Assay of frozen samples and 
correlation between frozen and fresh activities. Clin Chim 
Acta 189: 221-229, 1990. 

33. Eisenthal R and Cornish-Bowden A, The direct linear plot. A 
new graphical procedure for estimating enzyme kinetic pa- 
rameters. Biochem J 139: 715-720, 1974. 

34. Aksoy IA, Wood TC and Weinshilboum RM, Human liver 
estrogen sulfotransferase: Identification by cDNA cloning and 
expression. Biochem Biophys Res Commun 200: 1621-1629, 
1994. 

35. Wood TC, Otterness DM and Weinshilboum RM, Human 
dehydroepiandrosterone sulfotransferase pharmacogenetics: 
Restriction fragment length polymorphisms and gene se- 
quence polymorphisms. ISSX Proc 8: 111, 1995. 

36. Rearick ]I, Albro PW and Jetten AM, Increase in cholesterol 
sulfotransferase activity during in vitro squamous differentia- 
tion of rabbit tracheal epithelial cells and its inhibition by 
retinoic acid. J Biol Chem 262: 13069-13074, 1987. 

37. Meisheri KD, Johnson GA and Puddington L, Enzymatic and 
non-enzymatic sulfation mechanisms in the biological actions 
of minoxidil. Biochem Pharmacol 45: 271-279, 1993. 

38. Young WF, Gorman CA and Weinshilboum RM, Triiodo- 
thyronine: A substrate for the thermostable and thermolabile 
forms of human phenol sulfotransferase. Endocrinology 122: 
1816-1824, 1988. 

39. Anderson RJ, Babbitt LL and Liebentritt DK, Human liver 
triiodothyronine sulfotransferase: Copurification with ther- 
mostable phenol sulfotransferase. Thyroid 5: 61-65, 1995. 

40. Anderson RJ, Biochemical characterization of triiodothyros 
nine sulfotransferase (T,-ST). In: Thyroid Hormone Metabo- 
lism: Mokcular Biology and Alternate Pathways (Eds. Wu S-Y 
and Visser TJ), pp. 155-174. CRC Press, Boca Raton, 1994. 


