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Abstract-A rat liver cytosol preparation fortified with a PAPS regenerating system has been used to 
study enzymically mediated sulpha conjugation of several phenols. In agreement with previous findings 
with isolated intestinal epithelial cells and hepatocytes from rats 2-hydroxybiphenyl was poorly sulphated 
compared with 4-hydroxybiphenyl and 7-hydroxycoumarin. The results are attributed to the involvement 
of different sulphotransferases in the conjugation of these substrates. Examination of the effects of 
changing pH and substrate concentration indicated that at least two sulphotransferases are probably 
involved in the sulphation of 2-hydroxybiphenyl and four sulphotransferases participate in the sulphation 
of 4-hydroxybiphenyl. 

In general, sulphation of a xenobiotic will render it 
less toxic, more water soluble and thus more readily 
excreted. However, sulphation can also produce 
reactive intermediates (e.g. N-hydroxy-N- 
acetylaminofluorene-sulphate, N-hydroxy-phenace- 
tin sulphate) which are more reactive than the parent 
compound and can bind covalently to cell constitu- 
ents [ 11. 

There is evidence in the liver of both rats 12-41 
and guinea-pigs [5-71 for more than one sulphotrans- 
ferase. At least three sulphotransferases have been 
found in guinea-pig liver [5-71. One is specifically 
a phenol sulphotransferase, and the others are an 
androstenolone sulphotransferase (also catalysing 
cholesterol sulphation), and an oesterone sulpho- 
transferase, both of which have some phenol sul- 
photransferase activity as well, either due to incom- 
plete purification or overlapping substrate specificity 
of the individual enzymes. 

The small intestine, which is the main site of 
absorption of xenobiotics ingested orally, has con- 
siderable capacity for conjugating xenobiotics [8- 
111. It has been shown using guinea-pig isolated 
intestinal cells that considerable sulphate conjuga- 
tion can occur in the intestine [12]. In the latter study 
the two structural analogues 2- and 4-hydroxybi- 
phenyl gave quite different patterns of sulphation. 
A similar lack of sulphation of 2-hydroxybiphenyl 
has been observed using rat hepatocytes [13]. Sul- 
photransferase(s) is located in the soluble fraction 
of the cell (cytosol), as are the enzymes involved in 
generating ‘active sulphate’ (PAPS). To determine 
whether the low level of 2-hydroxybiphenyl sulphate 
formed by guinea-pig intestinal cells [12] was due to 
poor access of this substrate, to the sulphotransfer- 
ases, the cytosol fraction is used in the present report 
for a further investigation of guinea-pig intestinal 
sulphotransferase(s). Evidence for more than one 
phenol sulphotransferase in guinea-pig intestine is 
also presented. 

MATJZRL4LSANDMETHODS 

Chemicals. Adenosine triphosphate (sodium salt) 
was purchased from Sigma Chemical Co. (Poole, 
U.K.). All other chemicals and reagents were of 
laboratory or Analar grade. 

Animals. Male Gordon Hartley guinea-pigs were 
used (3OWOO g). Housing conditions etc. were as 
described previously [ 121. 

Preparation of cytosol fraction. Intestinal cells 
were removed from the submucosal tissue by vibra- 
tion of three lengths of everted intestine and homo- 
genates prepared as described previously [14,15]. 

The homogenate was immediately readjusted to 
isotonicity (by addition of 0.25 M Tris-KCl, pH 7.4) 
and centrifuged at 1OOO,OOOg,, for an hour (MSE 
superspeed 50, 8 X 25 ml fixed angle rotor), to sedi- 
ment all particles. The resultant supernatant was 
called the ‘cytosol fraction’, it was diluted with 
0.25M Tris-HCl buffer pH 7.4 and used as the 
enzyme source in subsequent assays. 

Assay of sulphotransferase. The reaction mixture 
contained 20mM NazSOd (0.2ml), 50mM MgCIr 
(0.2ml), 50mM ATP (0.2ml), 0.2ml of diluted 
cytosol fraction (0.45-0.55 mg protein), substrate 
was added in 2~1 dimethylformamide (DMF) and 
the volume made up to 2 ml by addition of 0.25 M 
Tris-HCl(l.2 ml), pH 7.4. The reaction was started 
by addition of the ATP. The incubations were carried 
out in open 25 ml conical flasks in a shaking water 
bath (55 c/min) at 37”. The reaction was stopped at 
the times specified by removal of the flasks from the 
water bath and addition of 7 ml of the appropriate 
solvent (ether for 7-hydroxycoumarin, or n-heptane 
containing 1.5 per cent iso-amyl alcohol for 2- and 
4-hydroxybiphenyl). The unreacted substrate was 
extracted into the solvent, the aqueous solution 
deconjugated overnight with sulphatase, and the 
substrate released determined fluorimetrically, as 
described by Dawson and Bridges [12]. 
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When the assay was carried out at varying pH 
values, @-dimethyl glutaric acid-NaOH buffer 
(0.25 M) was used at pH 5-7.5 and the Tris-HCl 
buffer (0.25 M) was used at pH 7.0-9.5. There was 
no significant difference in enzyme activity between 
these two buffers at identical pH values. Samples 
were incubated for 10min before stopping the 
reaction. 

RESULTS 

The sulphation of 7-hydroxycoumarin (100 PM) by 
the cytosol fraction of guinea-pig intestinal cells was 
linear with time between 5 and 60min, however, 
there was an apparently quicker phase over the first 
3-5 min. Almost 200 nmoles of substrate was sul- 
phated per mg of cytosolic protein in an hour at this 
substrate concentration. 

The sulphation of 2-hydrbxybiphenyl (100 clM> 
was linear with time (Fig. 1) from zero time to 60 min 
but the rate was only 5% of that for 7- 
hydroxycoumarin. 

The sulphation of 4-hydroxybiphenyl (100 ,uM) in 
common with 7-hydroxycoumarin occurred in two 
linear phases, in the first 10 min period the rate was 
most rapid. (Fig. 1) The amount of suiphate formed 
in this instance was intermediate between that 
formed with the other two substrates, being approx- 
imately 48 nmoles sulphate formed per mg of cyto- 
solic protein in an hour. At 5 PM 4-hydroxybiphenyl 
sulphation was linear from zero time until 10min 
after which virtually all of the substrate had been 
sulphated. 

At a substrate concentration of 100 ,uM formation 
of 2-hydroxybiphenyl and 4-hydroxybiphenyl sul- 
phate was linear with protein concentrations over 
the range studied i.e. between 0.2 and 1 mg of protein 
per 2 ml incubation with time. However, when sub- 
strate concentrations were varied, unexpected pat- 

Incubation time, min 

Fig. 1. Sulphation of 2- and 4.hydroxybiphenyl by cytosol 
fraction of guinea-pig intestinal cells. 2-Hydroxybiphenyl 
(0 - 0) or 4-hydroxybiphenyl (0 - 0) (100 PM) was 
incubated with a PAPS generating system and 0.3.5-0.45 ,ug 
cytosolic protein in Tris-HCI buffer (025 M, pH 7.4) at 
37”. At the times indicated the reaction was stopped and 
the unreacted phenol removed by extraction with n-hep- 
tane. The aqueous fraction remaining was deconjugated 
and the 2-hydroxybiphenyl or I-hydroxybiphenyl released 
determined fluorimetrically. Results represent the mean of 

three duplicate determinations. 

terns of sulphation emerged. For 7-hydroxycouma~n 
a maximal sulphation rate of 2.55 nmoieslmg pro- 
tein/min was observed at 150 @vf substrate (Fig. 2). 
At higher substrate concentrations the rate of sul- 
phate formed decreased gradually to 
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Fig. 2. Sulphation of 7-hydroxycoumarin by cytosol fraction of guinea-pig intestinal cells-variation 
with substrate concentration. 7-Hydroxycouma~n (S-500 MM) was incubated with a PAPS generating 
system and 0.35-0.45 mg cytosolic protein in Tris-HCl buffer (0.25 M, pH 7.4) at 37”. After 10 min the 
reaction was stopped and the unreacted 7-hydroxycoumarin removed by extraction with ether. The 
aqueous fraction remaining was deconjugated and the 7-hydroxycoumarin released determined fluor- 

imetrically. Results represent the mean of four duplicate determinations. 
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Fig. 3. Sulphation of 2- and 4-hydroxybiphenyl by cytosol fraction of guinea-pig intestinal cells- 
variation with substrate concentration. 2-Hydroxybiphenyl (0 - 0) or 4-hydroxybiphenyl (0 - 0) 
(5-500 w) was incubated with a PAPS generating system and 0.35-0.45 mg cytosolic protein in 
Tris-HCl buffer (0.25 M, pH 7.4) at 37”. After 10 min the reaction was stopped and the unreacted 
phenol removed by extraction by n-heptane. The aqueous fraction remaining was deconjugated, and 
the 2- or 4-hydroxybiphenyl released determined fluorimetrically. Results represent the mean of three 

duplicate determinations. 

1.76 nmoles/protein/min formed at 400 PmM sub- 
strate then plateaued. 

Sulphation of 2-hydroxybiphenyl reached a max- 
imum at 75 PM substrate, then gradually decreased 
with further increase in substrate concentration (Fig. 
3). The maximum value was 0.43 nmoles sulphate 
formed/mg cytosolic protein/min which decreased to 
under 0.20 nmoles formed/mg protein/min at 500 PM 
2-hydroxybiphenyl. 

The situation which arose by varying 4-hydroxy- 
biphenyl concentration was more complex than with 
the other substrates. Four peak values of sulphate 
formation were evident over the hundred-fold range 
of substrate concentration investigated (5-500 PM) 
(Fig. 3). The first peak was at 5 PM 4-hydroxybi- 
phenyl, and as substrate concentration was 
increased, there was a gradual decline in the amount 
of sulphate formed to a minimum of approximately 
1.1 nmoles sulphate formed/mg protein/min at 
150 PM 4-hydroxybiphenyl. The second peak 
occurred at 20 @4 substrate, falling to approximately 
1.2 nmoles/mg protein, formed in 1 min at 250 PM 
4-hydroxybiphenyl. Another peak was present at 
300 @I substrate, and at 400 PM 4-hydroxybiphenyl 
a smaller amount of sulphate was formed. At 500 @I 
4-hydroxybiphenyl the maximum value of 6.5 nmoles 
product formed/mg protein/min was found. 

The ‘kinetics’ of 4-hydroxybiphenyl sulphation by 
the guinea-pig intestinal cytosol fraction raised the 
possibility that more than one sulphotransferase was 
involved. This possibility was further investigated by 
using the two extremes of substrate concentration 
(5 and 500 ,uM), to investigate the pH optima of the 
enzyme(s) involved [Figs. 4(A) and (B)]. When 5 @I 
cl-hydroxybiphenyl was used, and a 10min incuba- 
tion, the pH optimum appeared at pH7.5, with 
negligible sulphate conjugation produced below pH 6 
[Fig. 4(A)]. In contrast, when 500 PM rl-hydroxy- 

biphenyl was used, two pH optima appeared, at 7.0 
and pH8.5 [Fig. 4(B)]. Significant amounts of sul- 
phate were produced at all pH values studied (pH 
5-9.5). 

DISCUSSION 

In contrast to the liver [2,3,16-201 and brain sul- 
photransferases [19,21-231 intestinal sulphotrans- 
ferases have received relatively little attention 
[10,24]. The present study demonstrates that con- 
siderable phenol sulphating activity is present in the 
cytosol of intestinal epithelia. 

The use of a crude preparation of PAPS to inves- 
tigate the properties of sulphation enzymes could be 
criticised on the grounds that PAP and ADP (strong 
inhibitors of sulphotransferases), might be present 
as contaminants [25]. An additional possible problem 
with the use of a PAPS generating system (ATP, 
Sot-, Me, plus cytosol fraction as enzyme source) 
in kinetic studies is that with more than one reaction 
taking place, the rate-limiting step may not be the 
sulphotransferase. However, the results indicate that 
formation of PAPS was not rate-limiting in our stud- 
ies, since the rate of the reaction was linear with K,,, 
even at high concentrations of a rapidly sulphated 
substrate such as 7-hydroxycoumarin. The rate of 
7-hydroxycoumarin and 4-hydroxybiphenyl sulphate 
formation agrees well with the rates observed when 
intact cells are used. This supports the contention 
that PAPS levels are not normally rate limiting for 
sulphation in the intact guinea pig intestine [12,26]. 

ZHydroxybiphenyl was sulphated at only one 
third of the rate observed with 4-hydroxybiphenyl. 
It has been postulated that the specificity of in uiuo 
sulpho-conjugation, in rabbit, is governed to some 
extent by the nature of the substituent groups, on the 
benzene ring of phenols [27], electrophilic ortho 
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Fig. 4. Sulphation of 4-hydro~bipheny~ by cytosol fraction 
of guinea-pig intestinal cells-variation with pH at two 
substrate concentrations. 4-Hydroxybiphenyl [(A), 5 ,uM 
and (B) SOOpM] was incubated with a PAPS generating 
system and 0.35-0.45 mg cytosolic protein in dimethylglu- 
taric acid-NaQH buffer (0.25 M, pH 5-7.5) or Tris-HCl 
buffer (0.25 M. DH 7.0-9.51 at 37”. After 1Omin the reaction 
was stopped adi the unreaited 4-hydroxybiphenyl removed 
by extraction with n-heptane. The aqueous fraction remain- 
ing was deconjugated, and the 4-hydroxybiphenyl reieased 
determined fluorimetrically. Results represent the mean of 

three duplicate determinations. 

substituent groups tending to depress and nucleo- 
philic ortho substituent groups to enhance sulpha- 
tion. Meta substitutent groups had a similar, but 
lower effect while para substituents had relatively 
little effect. On these grounds it would be expected 
that 2-hydrobiphenyl would be less well sulphated 
than 4-hydroxybiphenyl. Alternatively, the poorer 
sulphation of 2-hydroxybiphenyl could be due to 
steric factors. The hydroxyl group of 2-hydroxybi- 
phenyl, being angled towards the centre of the mol- 
ecule, is in a fairly lipophilic environment, compared 
with the hydroxyl groups of the other two substrates. 
This could result in the hydroxyl group of 2- 
hydroxybiphenyl being less accessible to the 
suIphotransferase(s). 

The amount of 2-hydroxybipheny~ sulphate 
formed, although low, was considerably higher 
(approx 16 fold) than would have been anticipated 
from results obtained using whole cells [12]. This 
indicates that the poor sulphation of 2-hydroxybi- 
phenyl in intact cells, both of guinea-pig intestine 
[12] and rat liver [13] is probably at least partly due 
to factors other than the inherent activity of the 
appropriate sulphotransferase for 2-hydroxybi- 
phenyl. Possibly the sulphotransferase(s) responsible 
for the sulphation of 2-hydroxybiphenyl but not that 
concerned with the s~phation of 4-hydroxybiphenyl 
and 7-hydroxy~oum~n becomes activated or sep- 
arated from relatively specific endogenous inhibitors 
on prepartion of the cytosol. 

Determination of the rates of 2-hydroxybiphenyl 
and 7-hydroxycoumarin sulphation over a range of 
substrate concentrations indicates that more than 
one enzyme is probably involved for each substrate 
(Figs. 2 and 3). 

The kinetics of 4-hydroxybiphenyl sulphation is 
even more complex. There appeared, in this 
instance, to be at least four rate maxima, followed 
in three of the cases, by a decrease in the amount 
of sulphate formed with increase in substrate con- 
centration. These maxima occurred at 5, 200, 300 
and 500 mM 4-hydroxybiphenyl. Such complex 
kinetics are most likely to occur if a multienzyme 
system is present, each enzyme showing substrate 
inhibition. Comparison of the pH profile for the 
sulphation of 4-hydroxybiphenyl at low and high 
substrate concentrations also supports the contention 
of several sulphotransferases acting on this substrate. 
At the lowest substrate concentration studied (5 PM) 
only one peak of activity was observed at pH7.5, 
whilst at 50O@~l Chydroxybiphenyl two peaks of 
activity, at pH6.5 and 8.5 were found. Substrate 
inhibition has been reported for rat brain phenol 
sulphotransferase 1271. Sekura and Jakoby [4] stud- 
ied a wide range of substrates for their rat liver 
sulphotransferase and found that marked substrate 
inhibition was evident with those compounds for 
which a low &was observed. From the limited data 
available it appears that substrate inhibition of the 
hepatic enzymes occurs mainly where the sulpho- 
transferases have not been completely separated and 
with substrates having a low Km. Banerjee and Roy 
f7] purified a phenol sulphotransferase from 
guinea-pig liver and reported no unusual kinetics 
(~nitrophenol as substrate). Thus it would appear 
that substrate inhibition may become less dramatic 
as the sulphotransferases are separated and purified. 
However many sulphotransferases are very unstable 
during and after purification [2-5,17,20,27], and it 
is therefore quite possible that significant alterations 
in the in uivo characteristics of these enzymes may 
occur on purification. Four or more sulphotransfer- 
ases appear to be involved in 4-hydroxybiphenyl 
sulphation (see Fig. 3). Such a system of sulpho- 
transferases in the intestine would enable the body 
to quickly and effectively sulphate a wide range of 
concentrations of dietary phenolic compounds. Since 
each enzyme would have a different spectrum of 
substrate affinities, kinetics would be very complex. 

In this regard it is worth noting that humans can 
ingest and detoxify up to 600 mg of phenolic material 
per day, mainly of plant origin 19, lo], and of a very 
wide variety of structures 1281. 

Acknowledgement-One of us, JRD, was the recipient of 
a Beecham Research Studentship. 

REFERENCES 

1. K. W. Bock, Arch. Toxicol. 39, 77-86 (1977). 
2. D. J. Barford and J. G. Jones. B&hem. J. 1X3.427- 

434 (1971). 
3. P. Mattock and J. G. Jones, Biochem. 1. 116,797-803 

(1970). 
4. R. D. Sekura and W. 3. Jakoby, J. biot. Chem. 254, 

5658-5664 (1979). 



Guinea-pig intestinal sulphotransferases 2413 

5. R. K. Banerjee and A. B. Roy, Molec. Pharmac. 2, . 16. H. Koster, E. Schottens and G. J. Mulder, Med. Biol. 
56-66 (1966). 57, 340-344 (1979). 

6. R. K. Banerjee and A. B. Roy, Biochim. biephys. 
Acta. 137, 211-213 (1967). 

7. R. K. Banerjee and A. B. Roy, Biochim biophys. Acta. 
151, 573-586 (1968). 

17. F. A. McEvoy and J. Carroll, Biochem. J. 123, 901- 
906 (1971). 

18. G. J. Mulder and A. H. Hagedoorn, Biochem. Phar- 
mat. 23, 2101-2109 (1974). 

8. C. F. George, E. W. Blackwell and D. S. Davies, J. 19. K. P. Wong, J. Neuiochek 24, 105%1063 (1975). 
20. A.-C. G. Wu and K. D. Straub. J. biol. Chem. 251. 

6529-6536 (1976). 
21. A. Foldes and J. C. Meek, Biochim. biophys. Acta. 

327, 365-373 (1973). 

Pharm. Ph&&tac. 26, 265-267 (1974). 
9. G. M. Powell. J. J. Miller. A. H. Olavesen and C. G. 

Curtis, Nature, Lond. 252; 234-235 (1974). 
10. G. M. Powell and C. G. Curtis, in Conjugation Reac- 

tions in Drug Biotransformation (Ed. A. Aitio), pp. 
409-416. Elsevier/North Holland Biomedical Press, 
Amsterdam (1978). 

11. R. J. Shirkey, J. Kao, J. R. Fry and J. W. Bridges, 
Biochem. Pharmac. 28, 1461-1466 (1979A). 

12. J. R. Dawson and J. W. Bridges, Biochem. Pharmac. 
28, 3299-3305 (1979). 

13. P. Wiebkin, J. R. Fry, C. A. Jones, R. Lowing and J. 
W. Bridges, Biochem. Pharmac. 27,189%1907 (1978). 

14. R. J. Shirkey, J. Chakraborty and J. W. Bridges, Ana- 
lyt. Biochem. 93, 73-81 (1979B). 

15. J. R. Dawson and J. W. Bridges, Biochem. Pharmac. 
30, 2415-2419 (1981). 

22. J. L. Meek and N. H. Neff, J. Neurochem. 21, l-9 
(1973). 

23. E. J. M. Pennings, R. Vrielink and G. M. J. Van 
Kempen, Biochem. J. 173, 299-307 (1978). 

24. H. Bostrom, D. Briimster, H. Nordenstam and B. 
Wengle. &and. J. Gastroenterol. 3, 369-375 (1968). 

25. R. H. De Meio, in Metabolic Pathways (Ed. D. M. 
Greenberg), Vol. 7, pp. 287-358. Academic Press, New 
York (1975). 

26. E. J. M. Pennings, R. Vrielink, W. L. Walters and G. 
M. J. Van Kempen, J. Neurochem. 27,915-920 (1976). 

27. R. T. Williams, Biochem. J. 32, 878-887 (1938). 
28. J. B. Harbourne, Biochemistry ofphenolic compounds. 

Academic Press, New York (1964). 


