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SUMMARY 

I. Tile enzymic formation of dehydroepiandrosterone sulphate (DItEAS) from 
dehydroepiandrosteronc (DHEA) and 3'-phosphoadenylylsulphate (PAPS), using the 
high speed supernatant from lmman adrenal glands, was found to exhibit unusual 
kinetic properties; multipeaks being observed in the velocity -substrate plots. 

2. A number of active enzyme species having different molecular weights were 
demonstrated by gel filtration and sucrose density-gradient centrifugation. The latter 
technique indicated the presence of monomer (mol.wt. 65 ooo), dimer, trimer and 
possibly higher associated states which existed in a slowly reversible association- 
dissociation equilibrium. Isolation of the individual species by density-gradient 
centrifugation was possible and changes in activity which accompanied the slow return 
to equilibrium showed that such activity was related to the state of association. 

3. Both substrates modified the position of equilibrium as shown by density- 
gradient centrifugation; PAPS in high concentration (o.15 raM) caused complete 
dissociation to monomer while DHEA favoured association. 

4. Mg 2+ and cysteine, both of which activated the enzyme in kinetic studies, 
were shown to favour association at the same concentrations by the centrifugation 
technique. 

5. The kinetic properties of the enzvme can be explained by the effects of sub- 
strate concentration on the position of equilibrium of associated structures which 
themselves possess varying catalytic activities. In addition to substrates, other 
environmental factors such as metal ion concentration and oxidation--reduction 
potential influenced the activity of the system, and their effects are discussed in terms 
of a possible control operating bv such changes in the equilibrium of the association- 
dissociation reaction. 

Abbreviations: DIIEA, dehydroepiandrosterone; I)HEAS, (lehydroepiandrostcrone sul- 
phate ; PAPS, 3"-phosphoadenylylsulphate; PCM B, p-chloromercuribenzoate. 
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INTRODUCTION 

Steroid sulphates have recently come into focus as possible intermediates in 
steroid biosynthesis and metabolismS. 2. Present interest has arisen, in particular, 
from the discovery of high concentrations of cholesteryl sulphate and dehydro- 
epiandrosterone sulphate (DHEAS) in the blood, the demonstration of the secretion 
of DHEAS by the human adrenal 2, and the further metabolism of steroid sulphates 
in reactions whereby the sulphate group remains intac0. The sulphates of 3fl-hydroxy- 
A'~-steroids secreted by the foetal adrenals in pregnancy, are now known to be the 
major sources of placental estrogens 3. However the significance of steroid sulphates in 
the normal state remains obscure at the present time. 

Recent papers in this series 4-6 have described some interesting features of a 
purified estrogen sulphotransferase (EC 2.8.2.4) derived from bovine adrenals. These 
features have prompted us to examine the sulphation of steroid alcohols in the human 
adrenal. Dehydroepiandrosterone (DHEA) was chosen as substrate since it was 
sulphated at a greater rate than other steroids previously tested with crude extracts 
of human glandsL Other 3fl-hydroxy-AS-steroids, such as pregnenolone, I7~-hydroxy- 
pregnenolone and possibly cholesterol, could also be likely substrates for the enzyme. 
These compounds occupy a central position in pathways leading to androgens, 
estrogens and corticosteroids in the adrenal gland. The sulphation reaction might then 
be of importance in controlling directions or rates of subsequent steps. 

The steroid alcohol sulphotransferase has in fact been shown to possess most 
unusual properties. It  exhibits complex kinetics which apparently reflect a system in 
which a number of active forms co-exist in proportions which are dependent on 
concentration of substrates and environmental factors. Enzyme forms of varying 
activity correspond to a series of states of association of a monomeric unit ' ,  present in 
a reversible association-dissociation equilibrium. These properties suggest that the 
sulphotransferase could function as a control point in steroid metabolism. 

MATERIALS 

Steroids 
DHEA was obtained from Sigma Chemical. Pregnenolone was a gift from Dr. 

R. LACK. Cholesterol (British Drug Houses, Lab. reagent) was recrystallised twice 
from ethanol. DHEAS was synthesised as described previou.~ly 7 and cholesteryl 
sulphate was a gift from Dr. A. B. RoY. Other steroids were obtained commercially. 

Labelled compounds, nucleotides, and other reagents, were as described pre- 
viously 4. Solutions of ascorbic acid and cysteine hydrochloride were prepared freshly 
each day and adjusted to pH 7.0 with NaOH. Ox-liver catalase (EC 1.11.1.6) (3000 
Units/rag) was purchased from the Nutritional Biochemical Corp. 

METHOI)S 

Paper chromatography 
Whatman No. I paper was employed in descending chromatography in a paper- 

lined tank. Solvent A : di-isopropylether-tert.-butanol<onc, ammonia-water  (6:4: 1:9, 
by vol.). This was prepared freshly each day. 

• Monomeric unit refers to the lowest molecular weight species showing enzyme activity. 

Biochirn. Biophys. ,4cta, 167 (1968) I22-14o 
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Radioactivi(v measurements 
Strip chromatograms were scanned with a Nuclear Chicago Actigraph (Model 

lO36) instrument, or where specific activity was low, chromatograms were cut into 
segments and counted by liquid scintillation. A Nuclear Chicago Unilux (Model 685o) 
instrument was used for liquid scintillation counting and the method, as applied to 
enzyme assays, was a previously described 4. 

Preparation of adrenal high ,speed sz@ernatants 
Human female adrenal glands, obtained from breast cancer patients undergoing 

adrenalectomy, were stored frozen. Glands stored for periods up to I year have been 
used in this study. The tissue was homogenised in the cold with 3 vols. of o.o8 M KCI 
in o.o5 M Tris-HC1 (pit 7.5) using an Ultra-Turrax homogeniser s. The homogenate 
was centrifuged at 2o ooo × g for 2o rain, lipid material removed and the supernatant 
respun at IOO ooo × g for I h. The supernatant, containing 2o-3o mg protein per ml, 
was divided into I-ml aliquots and stored at -2o °. 

Enzyme assay 
The method was very similar to that used for assaying estrogen sulphotransfer- 

ase a, which was based on the method of \~,;ENGLE 9. Unless otherwise stated incubations 
contained o.o5 M Tris-HC1 buffer (pH 7.5), IO mM Mg 2+, [z~S~ 3'-phosphoadenvlyl- 
sulphate (PAPS) (IOO ooo counts/rain), DHEA in o.oo 5 ml propylene glycol, unlabelled 
PAPS and o.o5 ml enzyme in a final volume of O.lO-O.15 ml. Controls contained o.oo5 
ml of propylene glycol in place of the DHEA and counts obtained were subtracted 
from the counts recorded in the presence of steroid. Details as used in particular 
experinaents are noted in figure legends. In early experiments asS-labelled steroid 
sulphates were also estimated by chromatography (Solvent A) of o.o5 ml from the 
supernatant of the incubation inixture. The amount of [ass !PAPS in these experinaents 
was increased 5-fold, and the product was estimated from the area under the curve 
after scanning. 

Prolein assay 
Protein was determined by measurement of absorbances at 260 and 280 m/z 

(ref. 24). 

Gel filtration 
Gel filtration on Sephadex G-2oo (bead form) was carried out at 5 ~, initially on 

a small column (32 cm × I cm) and later on a larger column (95 cm × 1.5 cm). The 
columns were equilibrated with o.o5 M Tris-HCl buffer (pH 7-5) for 24 h. This buffer 
was also used as eluant. For tile small colunm, enzyme supernatant (-- o.5 g tissue) 
was concentrated to 0.5 ml by addition of dry Sephadex (;-25. For tile large column, 
enzyme supernatant (: : 3.o g tissue) was concentrated to 1 ml by dialysis against 2o% 
(w/v) polyethylene glycol 2o ooo (Carbowax 2o M, Union Carbide) in o.o 5 M Tris-HC1 
buffer (pH 7.5) at 5 ° for 5 h. Two-ml fractions were collected and these tested for 
DHEA sulphotransferase activity ms described above and under I~ESULTS. Column 
void w)lumes were measured using blue Dextran 2ooo. Flow rates were lO ml/h (small 
column) and 8 ml/h (large colunm). 

Biochim. Biophys..,lcla, 167 (t9~8) I22 14o 
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Sucrose gradient centrifugation 
The method of MARTIN AND AMES 1° was employed and the apparatus used for 

preparing the gradients was that  of BRITTEN AND RORERIS u, as modified by the 
former authors. After preparing the gradients from 5% and 2o% (w/v) sucrose 
solutions prepared in o.o5 M Tris-HC1 buffer (pH 7-5), high speed enzyme supernatant 
(O.l-O.2 ml) containing 2-3 mg protein was gently layered onto the gradient. Centri- 
fugation was conducted in the swing head of a Christ (Model .(2) preparative ultra- 
centrifuge. Speeds of 30 ooo rev./min were used which gave 97 ooo × g at the base of 
the tube. The chamber temperature was set at -5 ° and the head temperature rose to 
about IO ° over a 2o-h run. A trial run with standard proteins suggested that  centri- 
fugation for 2o h was required to give optimal separation of proteins with molecular 
weights from 5o ooo to 4oo ooo. This time was used in all subsequent runs. At the 
completion of a run the tube was placed in a supporting device and punctured by 
forcing it onto a clamped twin-pointed needle connected to I-ram internal diameter 
plastic tubing. Ten-drop fractions were collected and examined for DHEA sulpho- 
transferase activity as described under RESULTS. Gradient formation and fraction 
collection were carried out in the cold room. 

RESULTS 

Estimation of product formation by the WENGLE and chromatographic procedures 
Preliminary experiments were aimed at some degree of purification of the 

enzyme. Using (N Ha)2SO 4 fractionation no useful degree of purification was achieved 
and the fractionated enzyme rapidly lost activity when kept at 0 °. Due to the restricted 
amount of tissue available and to the uncertainty of supply, studies have been carried 
out in the main with high speed supernatants, without further purification. Sulpho- 
transferase preparations, even when partially purified, can contain bound substrate 
which will form labelled ester sulphates when incubated with r35S P A P S  of high 
specific activity 6. This can be readily demonstrated by paper chromatographic 
techniques 6. The WENGLE method of assay of sulphotransferases measures total 
• ~sSester sulphates remaining in solution after 35S042- and ~3'~SjPAPS have been 

precipitated as insoluble barium salts ~. Using relatively high substrate concentrations 
and low concentrations of enzyme, the problem of the formation of sulphate esters of 
endogenous acceptors is not serious. However when low concentrations of Vz~S IPAPS 
(0.05 raM) were used in the presence of propylene glycol in place of DHEA, appreciably 
high "blank" values were obtained by the WENGLE procedure'.  That  this radioactivity 
represented [asS ester  sulphates, probably formed from endogenous acceptors, was 
shown by (i) addition of Zn 2~, which completely inhibited DHEAS formation (see 
below) reduced the radioactivity (assayed by the ~,VENGLE method) to the very low 
levels obtained by following the assay procedure in the absence of the enzyme, and 
(ii) examination by paper chromatography and scanning showed the presence of minor 
peaks. Addition of DHEA resulted in the formation of [asSjDHEAS which was identi- 
fied on chromatograms by reference to authentic material. The WENGLE method of 
assaying the steroid sulphate, formed at low concentrations of DHEA, is compared to 
the formation of DHEAS, as shown by palter chromatography, in Fig. L 

• High b lanks  were not  due to su lpha t ion  of p ropylene  glycol  since r ep l acemen t  of the  
l a t t e r  wi th  wa te r  y ie lded a p p r o x i m a t e l y  the same n u m b e r  of counts .  

13iochim. Biophys.  Acta, i67 (t968) x22- I4o 
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Fig. i. Comparison of a sS ' I ) I IEAS formation at low concentrat ions of DI IEA bv means of chrn- 
m~tography (a) and the WEXC, LI~ method (b). PAPS, o. xo mM; incubation time, 15 min. Aliquots 
(o.o 5 ml) were clmmxatographed on paper  in Solvent :\ and the I )HEAS zones cut out  and counted 
by liquid scintillation. The remaining incubation samples were then anah, sed by the \VE.~C, LE 
procedure. Results obtained by the latter method are expressed as radioactivity in i ml of super- 
na t an t  after addition of 13a(OH)~ and llaS() 4 and have been corrected by subtract ion of counts  
obtained with a control employing propylene glycol in place of steroid (see ~IETHOOS). 

Formation of labelled products in the absence of added steroid was most signi- 
ficant when [.asS[PAPS of very high specific activity, i.e. prepared from carrier-free 
a'~SO4 2-, was used which again suggests that such compounds arise from endogenous 
acceptors present in limiting concentration. In general their formation was a major 
source of interference only at low concentrations of substrates (DHEA < o.o2 mM ; 
PAPS < o.o5 raM). The \VF.,xGI.b." method was used in initial kinetic experiments and 
due to the very pronounced alterations which occurred in initial velocity--substrate 
curves under the influence of various additives, it was felt justifed in retaining this 
method rather than employ the tedious and time-consuming alternative method of 
paper chromatography. The WV;XCI.E method itself was shown to give a reproducibility 
of about -- 1o% by assav of IO individual, but ide.ntical, incubation mixtures. 

pH optimum 
Using both D H EA and pregnenolone as substrates, the pH optimum employing 

Tris-HC1 buffers, was 7.7 (Fig. 2). This differs slightly from the wdue reported pre- 
viously ~ using phosphate buffers (pH 7-4), but is much higher than the value of about 
6 reported by BosT~0.xt .~.xo WENGI.F. 12 using citrate-phosphate buffer. BAXERJEE 
A,XD ROY is have reported the pH optinmm as 7-5 for the sulphation of DHEA by 
guinea-pig liver preparations. 

Effect of time of i~,cubation 
Fig. 3 shows the effect of time of incubation on product fi~rmation at different 

concentrations of steroid and PAPS. 

.b'idphation of other steroids 
While tile number and specificity of individual sulphotransferases in tile Imman 

adrenal must await tmrification studies, 13ANERJEI-: AND ROY la, using guinea-pig liver, 

Bmchi~n. Biophys. Acta, 167 (1,968) I-z.-14o 
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Fig. 2. p l l  optima using D H E A  (a) anti pregnenolone (b) as substrates. Concentrations of sub- 
strates were: PAl'S,  o.o 5 mM; steroid, o.o56mM. Incubation time, 15 min. Tris IICI buffers 
(o.t M) employed throughout. 

have indicated that tile number of  individual enzymes may be limited since constant 
relative activity upon progressive purification was obtained with D H E A ,  cholesterol, 
androsterone and testosterone as substrates. Some results pertaining to the sulphation 
of  3fl-hydroxy-AS-steroids by human adrenal extracts are shown in Table I. 

In Expts.  I and 2 of Table I, paper chromatography in Solvent A of tubes con- 
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Fig. 3. Effect of time of incubation, a. PAPS, o.r 5 raM; DHEA,  o.oi mM (O), 0.07 mM (O).  
b. PAPS, o. lo mM; DHEA,  o.07 mM. c. PAPS, o.o 5 mM; DHEA,  0.o 7 raM. d. PAPS, o.2o raM; 
DHEA,  o. lo mM using an (NHa)2SO 4 fraction (0.35-0.55 satn.), in Expts. a-c, a high speed 
supernatant enzyme was used. 

taining pregnenolone showed the appearance of a new zone with an Re slightly greater 
than DHEAS.  In the case of cholesterol, formation of  cholesteryl sulphate was not 
significant in Expts. i and 2, but was significant in Expt.  3 where E D T A  was substi- 
tuted for Mg 2+. The WENGI.E method of  assay was used in these experiments. Paper 
chromatography of aliquots from tubes of Expt.  3 showed the formation, in the 
presence of  cholesterol, of a new zone with a high RF which corresponded to authentic 

Biochim. Biophys. Acta, I67 (i968) 122-I4O 
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Fig.  8. Effect  of  Mg z* on e n z y m e  activity. High speed s u p e r n a t a n t  e n z y m e .  I~:\PS, 0.0 5 mM. 
D I t E A ,  o .o l  mM (&) ,  o.o~ mM (A). I n c u b a t i o n  t ime ,  15 min .  

F ig .  9. Gel  t i l t r a t i o n  on c o l u m n s  of  S e p h a d e x  G-zoo.  a. S m a l l  c o l u m n  (see .~It~TUODS). A s s a y  con-  
d i t i o n s  were :  o . t - m l  c o l u m n  fract ion;  P A P S ,  O. t l  m M ;  Mg'-", l z  m M ;  D H E A ,  o .o l  mM (O) and 
o. l I mM ([=). T o t a l  vol. ,  o. r- '5 ml .  I n c u b a t i o n  t ime ,  4 ° n tm.  Prote in  was  monitorecl  a u t o m a t i c a l l y  
b y  absorpt ion  at  z55 m/* a n d  t he  c o n c e n t r a t i o n  in each fract ion d e t e r m i n e d  by  absorbance  
m e a s u r e m e n t s  at  280 and 200 mtt  (ref. 24). b. Large c o l u m n  (see ,~ErHODS). Assay  condi t ions  w e r e  : 
o . i - m l  c o l u m n  fract ion:  P A P S ,  o . ~ o m M ;  Mg~-L t o m M ;  D I I E A ,  o.or mM. T o t a l  vol . ,  o. I 3 5 m l .  
Incubat ion  t ime,  4 ° rain.  

inhibited by 20% and Co 2+ had no effect at the substrate concentrations quoted above. 
At concentrations of 3o mM, Na ~ had no effect, whereas K ~- exhibited some activation 
(2o %). Effects of increasing concentrations of Mg 2-, at two levels of DHEA, are shown 
in Fig. 8. The unusual shape of the "activation" curves suggest an indirect effect on 
activity rather than direct participation at the active site. Some support for the 
concept that sulphation at different substrate levels may be predominately due to 
distinct enzyme species is provided by the differential effects of Mg 2+ at the two DHEA 
levels. 

Possible effects on sulphydrvl groups of the enzyme 
The effects of cysteine and ascorbate on the kinetics under defined conditions 

have already been described (Figs. 4 and 6). These reagents, together with p-chloro- 
mercuribenzoate (PCMB), were then examined in the one experiment at low PAPS 
concentration and two alternative concentrations of DHEA (Table II). Cysteine and 
ascorbate exhibited similar effects; activating more markedly at low steroid concen- 
tration. PCMB had the reverse effect in showing stronger inhibition at the low steroid 
level. Because of the similar behaviour of cysteine and ascorbate, a specific chemical 
(i.e. allosteric) combination of ascorbate* with enzyme seems unlikely. One obvious, 

" A s c o r b i c  ac id  occurs  in bov ine  adrenal  g lands  at  a concentra t ion  of  T.z m g / g  (ref. 14). 
Concentra t ions  usect in the  a b o v e  e x p e r i m e n t s  would  be of  this order. 

Biochim. I~ophys. Acta, x6 7 ([9~8) le2-- I , to  
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but possibly erroneous interpretation, is that a free SH group(s), maintained by the 
reducing environment and blocked by PCMB, is required for maximum activity. 
Again these results show close similarity with those described for estrogen sulpho- 
transferasO,S. 

Other effects on activity 
In considering possible roles of steroid alcohol sulphotransferase as a control 

enzyme, one mechanism could be by way of feed back control by the end products of 
biosynthetic pathways. The effects of low concentrations (o.oi and o.o2 raM) of a 
number of steroid hormones on enzyme activity (PAPS, o.o5 mM; DHEA, o.o6 raM) 

T A B L E  I I  

EFFVzc'rs OF REDUCING AGI.:Nrs AND - S H  BLOCKING AGENTS 

P A P S  0.0 5 raM. C h a n g e  in a c t i v i t y  was  d e t e r m i n e d  f r o m  th e  to t a l  r a d i o a c t i v e  e s t e r  sulpha,  tes  
p r o d u c e d ,  i.e. D H E A S  a n d  e s t e r  s u l p h a t e s  forme.d f r o m  e n d o g e n o u s  a c c c p t o r s .  

Addit ion Conch. % Change in activity 

o .ol  m3 l  DHI-A  0 . o 6 m 3 I D l l F . A  

C y s t c m c  5 + t8  -{- x9 
io  =- 24 -:- 18 
20 - -3  ° .-20 

A s c o r b a t e  .5 + 16 -{- 12 
io  + 3 7  -b x4 
2o - -  t- 7 

P C M B  x - - I o  i :  o 
io  - - 8 3  - 5 8  

were examined. Of the steroids tested (corticosterone, cortisol, cortisone, progesterone, 
estrone, I7fl-estradiol, estriol and estrone sulphate), only estrone and progesterone had 
significant effects. They were slightly inhibitory ( <  2o%). The adenine nucleotides 
AMP, ADP and ATP were also examined at low concentrations (o.oi and o.o2 mM) 
with substrate concentrations: PAPS, o.o5 mM ; 1)HEA, o.oi and o.o6 raM. At o.oi mM 
DHEA, AMP inhibited slightly and ATP activated slightly (<2o°,o), but all other 
effects observed were < lO%. 

Physico-chemical studies 
Gel filtration 
Because of (a) the existence of at least two forms of estrogen sulphotransferase 

separable by column chromatography 5 and (b) the likelihood that the kinetic results 
could possibly be explained by the presence of discrete enzyme species exhibiting 
different activities, effort was then made to demonstrate the presence of more than 
one enzyme form. Fig. 9 shows the results obtained using high speed supernatant 
enzyme and Sephadex G-2oo columns. If  separate molecular weight species did in 
fact possess differing kinetic properties, it was considered that improved resolution 
may  have been possible by assaying effluent fractions at two substrate levels, e.g. 

Biochim. Biophys.  Acta, 16 7 (1968) 122-1, t0  
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T A B I . E  I I I  

RELATIVE ACTIVITIES OF PFAK FRACTIONS FROM SMALL SEPHADEX G-2OO COLUMX 

F r a c t i o n s  6, 8 a n d  io  f r o m  t h e  gel  f i l t r a t i o n  s h o w n  in F ig .  9 a  w e r e  c o m p a r e d  a t  f o u r  c o n c e n t r a -  
t i o n s  o f  D I I E A .  T h e  v o l u m e  o f  e n z y m e  u s e d  w a s  o .o  5 ml  in a f ina l  v o l u m e  o f  0 .o9  ml .  P A P S ,  
o. 3 raM.  A s s a y  a f t e r  f r a c t i o n s  h a d  s t o o d  30  h a t  o °. 

Fraction No. Relative activities of fractions 
(counts/rain per 2o-min incubation) 

o.ol m M  o.ol 5 m M o . o 2 m b l  0.05 mb l  
D H E A  I )HE A  D H E A  D I t E A  

0 483  3 8 6 o  318  334  
8 121o 133o 389  ° 1o6o 

l o  279o  2780  337  ° 291o  

high and low concentrations of ])HEA. As can be seen, the assay at high DHEA gave 
a symmetrical peak, whereas assays at o.oi mM DHEA gave, as well, two smaller 
peaks corresponding to higher molecular weight species. 

The relative activities of three peak fractions from the smaller column (Fig. 9 a) 
were compared at four DHEA concentrations. Results are shown in Table I I I .  

The larger column (Fig. 9 b) gave two well-defined peaks and rough calibration 
of this column with protein standards showed that  these peaks corresponded to 
molecular weights of about 7 ° ooo (Peak A) and 13o ooo (Peak B). 

Sucrose gradient cengrifugation 
Sucrose gradient centrifugation in the preparative ultracentrifuge provided an 

alternative means of examining for enzyme forms of different molecular weight and 
for establishing any possible relationship between these forms. Experiments using this 
technique were confined to the use of high speed supernatant enzyme. Results of a 
2o-h centrifugation in 0.05 M Tris-HC1 buffer (pH 7.5) are shown in Fig. IO. DHEA 
sulphotransferase activity was distributed through many fractions in contrast to 
haemoglobin (also present in the crude enzyme) which was confined to a fairly narrow 
region of the tube. The enzyme sedimentation behaviour, then, suggested a mixture 
of different molecular weight species. Although separation was incomplete, it was 
possible to identify three major regions of activity (A', B'  and C'). Utilising haemo- 
globin (mol.wt. 64 500) as a reference, molecular weights corresponding to each of 
these regions were calculated using the expression 

"¥2 ~. tool .  w t .  2 t 

where XI/X2 is the ratio of distances moved from the meniscus by Proteins i and 2 
(ref. IO). NOLL 16 has warned that  application of Eqn. I other than in the exact con- 
ditions used by MARTIN AND A M E S  1°, may lead to significant errors in calculated 
molecular weights. Conditions used in this study were almost identical except that  
the speed used (3 o 000 rev./min) was less than the 38 ooo of MARTIN AYl) AMES 1°. 
I t  was therefore desirable to check the validity of Eqn. I by centrifuging a second 
protein of known molecular weight. Catalase was chosen, and its distribution under 
identical conditions as used with the sulphotransferase, is shown in Fig. IO. Excellent 

Biochim. Biophys. Acta, 167 (1968) I 2 " - 1 4 o  



134 j .  B. ADAMS, A. M. El)WARD'; 

1C o Standing 
~} time: 

24 h 

o 2 t_ 
~20 I 32n 

b ~ : , - ~  
x 0 

3°r ~ r l  
~I I\ n 

10 " rb Lffl 2 o O~ c ,', , ,72h ]30~,E 
/ h',. A: L / ~  

o ~ .'11"~ ~ " '.q t ~ ° ~ ,  

r l  ~ l  i '~, ' t **,~, Q '  ' A '  ' ~ I O g 
~ I  L r ' - J  ~ ' , ~  " . . a , . L~  . t  . . . . . .  • . . . . . . .  - 10  U ~  

~se ~I~ Top of tube 
Mean position of Hb bond 

2~000 1 3 0 0 0 0  65000 MOI w t ,  : 2 7 0 0 0 0  

° 5  

on 4 

m 

o I. D,mer 

g 2[ Trimer 

~ . ~ . . - - ~  

I 2 0  ' ~10 ' 6AO | 
Time stonding ot 0 ° (h) 

Fig. to. Sucrose g rad ien t  cen t r i fuga t ion  of high speed s u p e r n a t a n t  enzyme. Condi t ions  of cen- 
t r i fugat ion  and fraction collection are described in ~IF.THODS. The t imes of s t and ing  a t  o ° be tween 
fract ion collect ion and assay are shown. Assay condi t ions :  in a and d, 0.05 ml of each f ract ion 
was incuba ted  for 4 ° min with I 'APS (o.o 5 mM) and D I t E A  (o.ol raM) in a tinal vo lume of 
o.i  5 ml. In b and c, o.2 ml of each fract ion was incuba ted  for 4 ° min with PAPS (o.o6 raM) and 
I ) H E A  (o.oi mM) in a final vo lume of o.z 3 ml. Because of va r ia t ion  in a m o u n t  of enzyme and 
specific ac t iv i t i e s  of ~SI1)A PS solutions,  the re la t ive  o rd ina te  scales have  no significance. The 
d i s t r ibu t ion  of catalase,  run as a s t anda rd  protein under  identicM condit ions,  is also indicated.  
( ' a t a lase  ac t i v i t y  was measured spectrot)hotometrically2S, l ib ,  haemoglobin  (present  in the 
adrenal  enzyme).  

Fig. 11. Changes in a c t i v i t y  of t r anspor ted  species dur ing  re turn  to cqml ibr ium.  Samples  (o.2 ml) 
of high speed s u p e r n a t a n t  enzyme  were subjec ted  to sucrose dens i ty -g rad i en t  cen t r i fuga t ion  in 
3 separa te  tubes.  Al iquots  from fract ions  corresponding to monomer  (A'), d imer  (B') and  t r imer  
(C') (see Fig. xo) were pooled and al lowed to s tand  a t  o ~. E n z y m e  a c t i v i t y  was then de te rmined  
on these pooled f ract ions  af ter  var ious t ime intervals .  : \ssav condi t ions :  t)APS, o.05 mM; D H E A ,  
o.ol mM (O), o . o s m M  (' . ' ) .  E n z y m e  o.o 5 ml, in a final vo lume of o.15 ml. Incuba t ion  t ime,  
i o min. 

agreement between published data 17 for the molecular weight of catalase (248 ooo) 
and that calculated by reference to haemoglobin was obtained (Fig. IO). The calculated 
molecular weights for the main DHEA sulphotransferase species were then : A', 65 ooo ; 
B', 13o ooo; C', 2oo ooo. A fourth peak D', corresponded to a molecular weight of 
about 27 ° ooo. Thus ultracentrifugation confirmed and extended the results of gel 
filtration by providing evidence for a number of enzyme species of differing molecular 
weight. Values for the latter were consistent with the idea that these species represented 
aggregates of a similar monomeric unit, related as monomer, dimer, trimer, etc. The 
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existence of estrogen sulphotransferase in two or inore different states of association a 
provided a precedent for this finding. 

The "qualitative" distribution of enzyme activity in the sedimentation patterns 
in Fig. zo was similar in all cases but the quantitative agreement was rather poor, i.e. 
the relative activities in A', B', C' (and D') regions differed from experiment to 
experiment. Consideration of the procedures used suggested that these differences in 
activity might be explained by the different times of standing employed in each 
experiment, i .e. the different intervals between collection of fractions after centri- 
fugation and the time these were assayed for enzyme activity. In turn, such a de- 
pendence of activity in the ultracentrifuge fractions upon their time of standing, could 
be explained if various enzyme forms with different activities existed in a slowly 
reversible association-dissociation equilibrium. As a result of the partial separation of 
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Fig. 12. Ev idence  for the ex is tence  of a revers ible  assoc ia t ion- t t i s soc ia t ion  equi l ibr ium.  Data  were 
ob ta ined  from the  cen t r i fuga l  run descr ibed in Fig. l ~. The comple te  s ed imen ta t i on  pa t t e rn  was 
determined af ter  24 h and is shown a t  the  top  of Fig. l 2. The pooled monomer ,  d imer  and t r imer  
f rac t ions  (see Fig. T x) were al lowed to s t and  for 72 h and then d ia lysed  aga ins t  repeated  changes  
of o.o 5 M Tr i s -HCl  buffer (pH 7-5) for 4 h. Concen t ra t ion  was then  achieved by d ia lys is  aga ins t  
2o% (w/v) po lye thy lene  glycol  for 6 h. Monomer and t r imer  f ract ions  were then  reccntr i fuged and 
the resulting sedimentat ion  p a t t e r n s  were de t e rmined  af ter  s t and ing  for 24 h. Assay condi t ions  
as in Fig. ion. 

Fig. 13. Effect  of P A P S  on s e d i m e n t a t i o n  pa t t e rn .  [n b-d ,  PAPS was added  to enzyme  sample  
and sucrose so lu t ions  to give the concen t ra t ions  shown. In  d. the enzyme  was incuba ted  for 
15 rain a t  37 ° in the presence of o. l  5 mM PAPS,  pr ior  to sed imen ta t ion .  Assay condi t ions  as in 
Fig. roe which is also inc luded for compar i son  (a). Re la t ive  o rd ina te  scales have  no signif icance 
(see Fig. io). 
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species in the centrifuge, tile proportion of monomer, dimer, etc. in any fraction 
immediately after sedimentation would not be identical to the normal equilibrium 
distribution. If the various forms were interconvertible the enzyme would revert to 
the normal equilibrium on standing and changes in activity with time could thus be 
related to changes in the proportions of monomer, dimer, etc. Results of an experiment 
designed to test this hypothesis are shown in Figs. I I  and I2. From an initial run, 
fractions corresponding to monomer, dimer and trimer were assayed at two different 
steroid levels after various times of standing at 0 °. After 7 2 h, the monomer and trimer 
fractions were subjected to a second run. It was found (Fig. II)  that the activities of 
the three fractions did vary with time of standing in a way which correlated reasonably 
well with the changes in sedimentation pattern observed in Fig. I0. The recentrifugation 
of monomer and trimer showed (Fig. 12) that, in both cases, re-equilibration had 
occurred to give a distribution of enzylne similar to the original sedimentation pattern, 
which was assayed after 24 h standing. Evidence was then provided for the existence 
of a slowly reversible association-dissociation equilibrium and for a relationship 
between state of association and activity. 

From the complex kinetics exhibited by DHEA sulphotransferase, it was 
possible that either, or both, substrates could modify the activity of the enzyme. Such 
effects may have been paralleled by changes in the position of the association- 
dissociation equilibrium. The sedimentation patterns formed in the presence of various 
concentrations of one or other substrate are shown in Figs. 13 and 14. High concen- 
trations of PAPS (o.15 raM) caused marked dissociation--nearly all of the enzyme 
existing as monomer (Fig. I3C). When the enzyme was incubated at 37 ° for 15 min in 
o.15 mM PAPS prior to centrifugation, the sedimentation pattern was essentially the 
same (Fig. I3d). The equilibrium position was displaced only slightly towards dis- 
sociation by o.o5 mM PAPS (Fig. I3b). Unlike PAPS, DHEA favoured association. 
Although its effects were less dramatic, there was a definite trend in sedimentation 
patterns towards association with increasing concentrations of steroid (Fig. 14). 
At o.o 5 and o.o 7 mM DHEA, there was a marked increase in the relative activity in 
fractions corresponding to molecular weights >3oo ooo, suggesting the formation of 
higher states of association. 

Mg 2+ was observed to favour association as is shown in Fig. 15. This provides 
a basis for explaining the. effects of Mg 2+ in Fig. 8. The fall, followed by a rise in activity 
at low steroid concentration, for instance, could be due to progressive changes in the 
degree of association of the enzyme--initially to a less active, then further to a more 
active species. It is important to note that the assay conditions used for estimating 
sedimentation patterns were: o.o 5 mM PAPS, o.oI mM DHEA and IO mM Mg 2~-. At 
these levels only Mg 2+ has a very significant effect on sedimentation pattern. The 
associative effect of Mg 2+ would be offset to solne degree by the dissociative effect of 
PAPS. Since changes in activity could be detected afte.r the separated species were 
allowed to stand (Fig. I I) ,  this itself indicates that the assay conditions did not impose 
a fixed equilibrium condition and that the pre-existing state of association was altered 
only slightly during the assay procedure.. 

The effect of cysteine on sedimentation behaviour was also examined since it 
activated the enzyme (Table II) and was known to favour association with estrogen 
sulphotransferase "~. As shown in Fig. 15,3o mM cysteine caused considerable associat ion 
of the enzyme, and states of association higher than tetramer were evident. 
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Fig.  14. E f fec t  o f  I ) H E A  on  s e d i m e n t a t i o n  p a t t e r n .  In  b -e ,  D I I E A  (in a c o n s t a n t  v o l u m e  of  
p r o p y l e n e  g lyco l )  was  a d d e d  to  e n z y m e  s a m p l e  a n d  suc ro se  s o l u t i o n s  to  g i v e  t he  c o n c e n t r a t i o n s  
s h o w n .  A s s a y  c o n d i t i o n s :  b a n d  c as  in Fig.  t o a ;  d, as  in l ' ig ,  l o a  b u t  t he  f r a c t i o n s  were  d i l u t e d  
to  g i v e  t h e  clesired f inal  D H E A  c o n c e n t r a t i o n ;  e, t h e  a s s a y  w a s  p e r f o r m e d  a f t e r  t he  s e p a r a t e d  
f r a c t i o n s  h a d  s t o o d  for ,t 8 h a t  o ~: a n d  c o n t a i n e d  0.0-, 5 ml  of  c e n t r i f l l g e  f r ac t ion ,  0.0 5 mM P A P S  
a n d  o .o l  2 mM D H E A  in a f inal  v o l u m e  of  o.r  5 tnl ( i n c u b a t i o n  t ime ,  .io min) .  Fig. i o a  is inc lude . l  
for c o m p a r i s o n .  R e l a t i v e  o r d i n a t e  sca les  h a v e  no  s ign i f i c ance  (see Fig. io) .  

Fig.  t 5. E f fec t  of  c y s t e i n e  a n d  of  Mg 2~ on  s e d i m e n t a t i o n  p a t t e r n .  T h e s e  a g e n t s  were  a d d e d  to  t h e  
e n z y m e  s a m p l e  a n d  suc ro se  s o l u t i o n s  to  g i v e  t he  c o n c e n t r a t i o n s  shown .  A s s a y  c o n d i t i o n s :  a as  
in Fig.  1oa. b, as  in Fig.  rob,  e x c e p t  t h a t  a s s a y s  were  p e r f o r m e d  a f t e r  t he  s e p a r a t e d  f r a c t i o n s  
had  s t o o d  for 3 ° h a t  o °. T h e  r e l a t i v e  o r d i n a t e  sca l e s  haw'. no  s i gn i f i c ance  (see Fig.  ~o). 

DISCUSSION 

Despite tile limitations imposed on the results obtained in tile kinetic experi- 
ments, which would preclude any a t tempt  at interpretation by rigorous kinetic theory, 
the gross departure from Michaelis-Menten behaviour must be considered as reflecting 
real properties of the enzyme system. It  was previously suggested that  the kinetic 
results nfight be explained by the presence of a mixture of enzyme forms of varying 
activities, and furthermore that the proportion of these forms might be dependent on 
substrate concentrations and other "environmental" factors. This interpretation 
received good support from the physicochemical studies whereby the presence of such 
forms, which existed in a reversible association-dissociation equilibrium, was es- 
tablished. The very pronounced differences which occur in the kinetics at low (o.o5 mM) 
and high (o.I5 mM) PAPS concentrations can be correlated with the change in the 
position of the normal equilibrium to favour the dissociated state (Fig. I3). The 
undulating nature of the kinetic curves may be due, in part, to altered proportions of 
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tile various fl~rms of tile enzyme occurring during tile I5-min incubation period. Such 
proportions would be governed by the differing ratios of PAPS and DHEA-- the  latter, 
at increasing concentration tending to shift the equilibrium towards tile associated 
state. A relationship between activity and state of association would then be indicated. 

The fact that Fraction A, obtained by gel filtration and examined after I -2  
weeks standing at o °, did not behave kinetically as a single enzyme species (Fig. 7) 
could be explained by the restoration of the normal equilibrium. When monomer and 
trimer fractions, obtained by transport in the centrifugal field, were allowed to stand 
and recentrifuged then the new sedimentation patterns were somewhat different; the 
monomer fraction had re-equilibrated to yield a greater proportion of associated 
species than had the trimer fraction (Fig. 12). These differences, after equilibration, 
may indicate that the association-dissociation equilibrium is dependent on protein 
concentration since the transported monomer fraction contained about 5 times as 
much enzyme protein as the trimer (see below). Re-formation of the A form which 
occurred when the isolated B form of estrogen sulphotransferase was rechromatog- 
raphed on DEAE-cellulose 5, would also be explained on the basis of an equilibrium 
governing an association-dissociation reaction in this enzyme system. 

More direct evidence for a relationship between activity and degree of association 
is the fact that components other than substrate can affect association and also cause 
significant changes in enzyme activity. Both cysteine and Mg 2+ cause association 
(Fig. 15), and both activated the enzyme ('Fable II, Fig. 8). It is perhaps also significant 
that these and other modifiers of enzyme activity exert differential effects on activity, 
i.e. they activate or inhibit to a significantly different extent at different substrate 
levels--supporting the concept that distinct enzyme species are responsible for sul- 
phatton at various substrate levels. One other explanation of the results could be due 
to the existence of a number of individual steroid sulphokinases with overlapping 
specificities and thus varying activities as regards the substrate DHEA. Perhaps the 
most important piece of evidence that this is not the case--and indeed lends strong 
support to the ideas presented above for a relationship between activity and state of 
association within a single enzyme system, is presented in Fig. Ir. Independent of any 
modifying agent, which could cause conformational changes and possible changes in 
activity--with association following as a secondary and non-obligatory consequence, 
an alteration in the activity of the separated species was observed on standing. The 
only known variable to account for such alteration in activity is the change in pro- 
portion of the molecular species as the association-dissociation equilibrium, disturbed 
by transport of the species in the centrifugal field, is restored. Some information con- 
cerning the relative proportions of monomer, dimer and trimer existing in the original 
enzyme supernatant can also be gained from this experiment (Fig. 11). Assuming that 
all three fractions reach the same equilibrium" after 7 ° h standing, then the relative 
amounts of enzyme protein in each fraction is proportional to the final activity. This 
leads to the following ratios : monomer :dimer:trimer = 5:4 : I. 

The interconversion of the enzyme species at o ° and in the absence of substrates 
etc. is evidently very slow, requiring some 7 ° h. Although such equilibria in polymerising 
systems have been dealt with theoretically ~8, it is believed that this is the first example 
of an enzyme system governed by such a low rate constant. This raises the question as 

* This is only approximately true as can be seen from the data in Fig. i2 concerning the 
reeentrifuging of the monomer and trimer fractions. 
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to whether the changes in association caused by such agents as PAPS and cysteine are 
essentially instantaneous. To achieve the sedimentation pattern in Fig. I3C, the PAPS, 
added to the enzyme immediately before centrifuging, must cause complete dissociation 
in less than about 5 h of the 2o-h run. However tile marked alterations in activity at 
high PAPS concentrations in kinetic experiments (Fig. 6) might be construed as 
indicating "forced" changes in association during the incubation time of ~5 min. 
Substrate inhibition effects, or conformational changes, are other possible expla- 
nations, but since cysteine and PAPS which cause association and dissociation, 
respectively, are also opposed in their effects on tile kinetics, this would support tile 
former explanation. 

A stud,,: of tile influences of cysteine, a~scorbate and PCMB on activity (Table I I) 
could suggest that a free SH group(s) is (are) necessary for maximum activity, especially 
at low steroid concentrations. The presence of cysteine evidently favours association, 
both with this enzyme system and with estrogen sulphotransferase s. Since monomer 
was observed to re-associate without addition of cysteine or ascorbate (Fig. 12), the 
monomer does not evidently represent a species which has undergone complete 
oxidation of SH groups which might prevent re-association. Rather, it would seem that 
the presence of a reducing environment shifts the equilibrium towards the associated 
state. 

Substrates and modifiers, in terms of allosteric theory, combine with one or 
other of two possible conformations of a protein thus altering the normal equilibrium 
between them. Such conformations could also differ in their ability to undergo as- 
sociation. Thus changes in association might be considered to arise as secondary effects 
and by themselves would not govern enzyme activity. Evidence is presented here, 
however, which indicates an obligatory link between state of association and activity. 
Tile combination of substrates, or modifiers, at allosteric sites in this case could influence 
the direction of the final association dissociation equilibrium. Protein-protein inter- 
actions could also modify catalytic activity due to conformational changes at, or near. 
tile active site. In this regard NICOL, JACKSON AND WINZOR 1~ have provided a theo- 
retical explanation of allosteric effects in terms of binding of small molecules to different 
polymeric species co-existing in equilibrium. Tile experiments of BENESCH, BENESCH 
AND MACDUFF 2°, which reinstates a dissociation step in explaining the signloidicity 
of the oxygen saturation curve of haemoglobin, and the work of GERHART AND SCHACH- 
.~IA~ "1 on aspartate transcarbamylase, which implicates the binding of tile regulatory 
subunit to the catalytic subunit as an allosteric effect, were quoted as examples by 
NlCoL, JACKSON AND WINZOR 19. A further example of protein-protein interaction is 
provided by insect myosin ATPase in which actin acts essentially as an allosteric 
activator 2~. However in a number of studies with other allosteric enzymes where 
there is an apparent correlation between activity and state of association, it is difficult 
to determine whether conformational changes in the protein chain induced by the 
binding of effectors, are the direct cause of altered activity, or whether the change in 
degree of association accompanying binding, may be responsible. The classical examph.' 
is that of glutamate dehydrogenase (EC 1.4.1.3) (ref. 23). Other examples are phospho- 
fructokinase (EC 2.7.1.11 ), phosphorylase a (EC 2.4.1.1 ) and acetyl-CoA carboxylase 
(EC 6.4.1.2 ). 

The possible biological significance of the results described is difficult to evaluate 
since the true physiological substrate for the enzyme is not known with certainty. 
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However the enzyme possesses many features which would place it in the class of a 
"control" enzyme. The existence of associated enzyme structures whose proportion 
and properties are changed by substrate and environmental factors would certainly 
provide the basis for such control. Preliminary studies on possible feed back effects 
of various steroid hormones, themselves considered as end products of multienzyme 
biosynthetic pathways, were not very rewarding. However more exhaustive studies 
over wide ranges of substrate and effector concentrations will need to be carried out 
before definite conclusions can be drawn. 

Thus while the present work provides considerable evidence that steroid alcohol 
sulphotransferase may be a site of cellular control, the value of such control may not 
become obvious until the significance of steroid sulphate fi}rmation and secretion by 
the adrenals is better understood. 
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