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Summary 

Analogs of adenosine 3',5'-diphosphate are described which aid in the char- 
acterization of the inhibition of estrone sulfurylation by 3'-phosphoadenosine 
5'-phosphosulfate as mediated by bovine adrenal estrogen sulfotransferase (3'- 
phosphoadenylylsulphate:estrone 3-sulphotransferase, EC 2.8.2.4). 

The facile conversion of ribonucleosides to 2',3'-cyclic phosphate 5'-phos- 
phate in neat  pyrophosphoryl  chloride is utilized to provide a reliable route to 
the requisite intermediates for enzymatic regiospecific conversion to ribonu- 
cleoside 3 ' ,5 ' -and 2',5'-diphosphates. 

The importance of the 3'-phosphate ester to inhibition of estrone sulfuryla- 
tion is confirmed by Ki measurements.  Replacement of the 6-amino group by 
hydrogen or oxygen leads to considerable loss in affinity for the enzyme as 
does also dimethylat ion of the exocyclic amino group. Alterations in the pyri- 
midine ring are not  well tolerated by the sulfotransferase but modifications in 

* See refs. 11 and 13 for preceding reports. 
** Present address: Department of Chemistry and Biochemistry, Illinois Benedictine College, Lisle, Ill. 

60532, U.S.A. 
~" Deceased. 

Abbreviations: 3'-AMP, adenosine 3'-phosphate; 2':3'PAdo5'P, adenosine 2',3'-cyclic phosphate 
5~-phosphate; 2':3'PGuo5'P, guanosine 2',3'-cyclic phosphate 5'-phosphatv; 3'PAdo5'P, adenosine 
3~,5'-diphosphate; 3'P2Ado5'P, adenosine 3'-diphosphate 5'-phosphate; 3~PAdo5'P2~ adenosine 
3'-phosphate 5*-diphosphate, Ado5'S. adenosine 5'osulfate; AdoS'PS, adenosine 5'-phosphosulfate; 
3'PAdoS'PS, 3'-phosphoadenosine 5'-phosphosulfate; 3*PGuoS'P, guanosine 3',5'-diphosphate; 3'PIno- 
5'P, inosine 3',5'-diphosphate; 3'P8-BrAdo5'P, 8-bromoadenosine 3'~5'-diphosphate; 3'PAdo(N 1 --, 
O)5'P, adenosine Nl-oxide 3',5'-diphosphate; 3'PPuo5'P, nebularine (9-~-D-ribofuranosylpurine) 
3',5~-diphosphate; 3'P(7-deaza-Ado)5'P, tubercidin (4-amino-7-(~oD-ribofuranosyl)-7H-pyrrolo-[2,3-d]- 
pyrimidine) (7-deazaadenosine) 3'05'-diphosphate; 2'P(7-deaza-Ado)5*P, tubercidin 2',5'-diphosphate; 
3'P(N6oMe2Ado)5'P, N6-dimethylaminoadenosine 3',5'-diphosphate; 3'PFoS'P, formycin (7-amino-3- 
(~-D-ribofuranosyl)-pyrazolo-[4,3,-d]pyrimidine) 3',5'-diphosphate~ 3'PCydS'P cytidine 3',5'-diphos- 
phate. 
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the imidazole ring as in tubercidin ~7-deazaadenosine) and 8-bromoadenosine 
3',5'-diphosphate lead to an enhanced affinity. The latter findings are discussed 
in terms of an hypothesis of stacking of the aromatic ring of the estrogen sub- 
strafe and the purine moiety and its analogs. 

Introduction 

Sulfuric acid esterification (sulfurylation), as mediated by an ~ppropriate 
sulfotransferase, is a principal synthetic adjunct to biotransformations such as 
hydroxylation and methylation [1,2] which together determine the metabolic 
fate of many endogenous and foreign substances. For example, the formation 
of sulfate conjugates is central to the metabolism and interconversion of 
steroids [3]. Similarly, important metabolic pathways for N-acetylarylamines 
include the intermediacy of corresponding N-hydroxy-O-sulfates [4]. 

The variegated esterification reactions that comprise enzymic sulfurylation 
all indicate a common dependence upon 3'-phosphoadenosine 5'-phosphosulf- 
ate (3'PAdo5'PS) as the source of (active} sulfate [5]. This requirement had 
been the subject of extensive study in connection with bovine adrenal sulfoo 
transferase {3'-phosphoadenylylsulphate:estrone 3-sulphotransferase, EC 
2.8.2.4), which sulfurylates natural estrogens but not simple phenols or steroid 
alcohols [3,6--8]. The pure enzyme has been isolated, its chemical and physical 
properties described [3] and the structural features of the (estrogen) substrate, 
pertinent to sulfurylation of the phenolic (3-)OH group, have been delineated 
[9]. 

Studies with a partially purified preparation of bovine adrenal sulfotransfer- 
ase [6] indicated that certain nucleotides and in particular 3'PAdo5'P, block 
sulfyrylation of estrone. These findings have since been confirmed with highly 
purified enzyme [3]. 

Estrone sulfate, unlike 3'PAdo5'P, has little or no effect on the estrogen 
sulfotransferase reaction. In view of the sensitivity of the enzyme to 3'PAdo5'P, 
a coproduct incidentally, of all sulfotransferase reactions, attempts were made 
to identify the structural features essential to the reversible binding of this 
nucleotide to estrogen sulfotransferase. This approach in turn provided impor- 
tant guidelines in the design of appropriate analogs of 3'PAdo5'PS which serve 
to extend the characterization of the cosubstrate specificity of estrogen sulfo- 
transferase [10]. The present communication summarizes the results of step- 
wise modification of 3'PAdo5'P and the corresponding enzyme kinetic data 
generated in a study of the inhibition of estrone sulfurylation by analogs of the 
nucleotide coproduct. 

Materials and Methods 

Bovine spleen phosphodiesterase II (ortho-phosphoric acid diester phospho- 
hydrolase, EC 3.1.4.1) ribonuclease T2 (ribonucleate nucleotide-2'-transferase 
(cyclizing), EC 2.7.7.7) tubercidin (4-amino-7(fl.D-ribofuranosyl)-7H-pyrrolo- 
[2,3-d]pyrimidine) (7-deazaadenosine), nebularine {9-fi-D-ribofuranosylpurine), 
N6-dimethyladenosine, disodium 2'- and 3'PAdo5'P were purchased from 
Sigma Chemical Co. Formycin (7-amino-3-(fi-D-ribofuranosyl)-pyrazolo-[4,3-d]- 
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pyrimidine) was purchased from Meija Seika Kaisha, Tokyo,  Japan. Bovine 
adrenal estrogen sulfotransferase (EC 2.8.2.4) was isolated and purified as 
previously described [3]. [3sS] 3 'PAdo5'PS and [6,7-3H]estrone were purchased 
from New England Nuclear Corp. 

General. All evaporations were performed on a Buchi rotary evaporator at 
temperatures below 30°C. Thin-layer chromatography was carried out  as 
described earlier [11] in solvent Sl: saturated (NH4)2SO4/0.1 M ammonium 
acetate/2-propanol (79 : 19 : 2, v/v); solvent $2: 1-propanol/conc. NH4OH/ 
H20 (6 : 3 : 1, v/v) on precoated cellulose sheets (Polygram Cel 300 UV~s4 
Machery Nagel). 

Paper electrophoresis was performed in a Savant high voltage electrophoresis 
apparatus on Whatman No. 1 paper in solvent El: 0.02 M Na2HPO4 (pH 7) at 
30 V/cm for 1.5 h. Thin-layer electrophoresis was effected in a Brinkmann De- 
Saga apparatus on precoated cellulose F plates (E. Merck) in solvent E~: 
0.025 M sodium citrate (pH 5.4) at 15 V/cm for 2 h. R r  values and electropho- 
retic mobilities are summarized in Table I. 

Ultraviolet absorption spectra were measured in a Model 14 Cary recording 
spectrophotometer .  Phosphate content  of  the synthetic nucleotides was deter- 
mined according to the method of  Keleti and Lederer [12]. 

Estrogen sulfotransferase was isolated from the bovine adrenals and purified 
by ammonium sulfate fractionation and column chromatography on a DEAE- 
cellulose or DEAE-Sephadex A-50 [3,9]. 

Standard enzyme assay: The incubation mixtures contained in a total 
volume of 0.2 ml: 0.1 mM estrone, 2--23 pM 3'PAdo5'PS; 5 • l 0  s dpm [6,7- 
~H2]estrone, 0.19 M Tris • HC1 buffer {pH 7.5 at 37°C), 5 pg enzyme and 200 
pM dithiothreitol.  Following a 10 min incubation (in the presence of a constant 
amount  of inhibitor and a variable amount  of  3 'PAdo5'PS),  the assay followed 
a previously published procedure [13].  When non-substrate nucleotides were 
used as inhibitors, the procedure for the enzyme assay was performed as 
described earlier [9],  utilizing 5 pg enzyme, [~sS]3'PAdo5'PS, unlabeled 
estrone and the corresponding inhibitor. 

Data processing: The initial velocity analysis was carried out  maintaining the 
concentrat ion of  estrone at saturation level, varying the 3 'PAdo5'PS,  concen- 
tration bu t  maintaining the concentration of inhibitor at a fixed level. Expres- 
sion of  results in terms of  Fractional Inhibition (FI) [13,14] provided a conven- 
ient screen of  3 'PAdo5 'P  analogs as potential inhibitors of sulfurylation. For 
more detailed information, complete  kinetic analysis was carried out. Plots of 
the data were made in the double reciprocal form (1Iv vs. 1/[S]) ,  and in the 
form of replots of  slopes (and intercepts) vs. inhibitor concentration. On the 
basis of  these plots, the proper inhibition pattern was chosen for each experi- 
ment.  In addition, K i can be derived from FI using the equations: 

1 
FIc - 0.02Ki + 1 (1) 

for competit ive inhibition, and 

1 
Fine - 0.01Ki + 1 (2) 
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for noncompet i t ive  inhibition as shown earlier [13]. 
Synthetic. The ribonucleoside 3',5'- and 2',5'-diphosphates listed in Table II 

with the exceptions noted below, were prepared by the action of pyrophos- 
phoryl chloride on the corresponding nucleoside according to the previously 
described methods [11,15,16]. Thus, the reactions of la,  b, c, d, e, g, h, i and j 
with pyrophosphoryl  chloride gave the corresponding 2':3'-phosphate ribo- 
nucleoside 5'-phosphate (2) in yields of 52--83% following column chromatog- 
raphy and removal of the buffer as described in earlier work [11,15,16] (see 
Scheme 1). 

B ,0, B 
C ~  HO- P~ - O- CH~..~ HO I) PlO~Cl4 

2) ~M TEAB • OH 
HO OH pH 7.5 0 0 -, / 
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o ~ 
HO-~-O-CHI 0 B HO-~-O-CH~ 0 ~ 

HO ~ HO ~ 

O OH HO 0 ~ $ 
0=P~OH O=P-0H 

~ I 
OH O~ 

3 4 

Series B 

o adenine 
b adenine N' ----~oxide 

c 8-brornoodenine 

d N s_ dimethyladenine 
e purine (nebulorine} 

f hypoxonthlne 
g guanine 

h cytosine 
i 4-omJnopyrrolo [2,~-d] pyrimidine 

(tubercidin) 
j 7- ominopyrozolopyrimidine (formycin) 

S c h e m e  1. R e a c t i o n  s e q u e n c e  l e ad ing  t o  a n a l o g s  o f  3 ' P A d o 5 ' P .  

All cyclic nucleotides (2), except 2g (see below), on treatment with ribo- 
nuclease T2 gave the ribonucleoside 3',5'-diphosphate (3) in near quantitative 
yields, after purification by column chromatography on DEAE-Sephadex A-25. 
The following example is considered typical. 

Inosine 3',5'-diphosphate (3f): A 2 m l  aliquot (pH6)  containing 470 
A24snm units of 2f and 20 units of ribonuclease T2 was maintained at room 
temperature overnight (18 h), at which time thin-layer chromatography in sol- 
vents Sl and S~ indicated complete conversion to 3f. Chromatography on 
DEAE-Sephadex A-25 with a linear gradient of 2 1 each of 0.05 and 1 M 
tr iethylammonium bicarbonate (pH 7.5) yielded 3f in quantitative yield which 
was homogeneous in $1, S2, E~ and E2 and exhibited ultraviolet spectrum 
(xH~°~ 248 nm) characteristic of hypoxanthine.  The product  was dissolved in 
1 ml 50% ethanol and stored at --15°C. 
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Guanosine 3',5'<liphosphate (3g): To a 1 ml aqueous solution (500 A252nm 
units) of guanosine 2',3'-cyclic phosphate 5'-phosphate containing 200 units 
ribonuclease T1 was added 1 ml 0.2 M triethylammonium bicarbonate and the 
buffered (pH 7.5) solution was incubated at 37°C for 28 h. Complete Conver- 
sion to 3g was indicated by thin-layer chromatography in S~ and $2. The 
enzyme was denatured by heating the reaction mixture in a boiling water bath 
for 1 min, and the product, which was homogeneous in S~, S:, E1 and E:, 
exhibited a typical ultraviolet spectrum for guanine (knm~°x 252 nm). The 
nucleotide was stored in 1 ml 50% ethanol at --15 ° C. 

Tubercidin 2',5'-diphosphate (4i): Bovine spleen phosphodiesterase (9 units) 
contained in 0.15 ml of water was added to a solution of 2i (740 A270nm units) 
in 2 ml of water, pH 6.5. The reaction mixture was maintained at ambient tem- 
perature for 72 h after which thin-layer chromatography in S, and $2 indicated 
complete conversion to 4i. The enzyme was denatured and the product char- 
acterized as described above for 3f. 

The exceptions to these general synthetic procedures are outlined below. 
Adenosine N'<)xide 3',5'-diphosphate (3b): The oxidation of 3a with 

m-chloroperbenzoic acid in sodium acetate/acetic acid followed the procedure 
described by Uno et al. [18]. Chromatography of the reaction mixture on 
DEAE-Sephadex A-25 using a linear gradient of triethylammonium bicarbonate 
gave 3b in 89% yield. 

Alternative preparation of 8-bromoadenosine 3',5'-diphosphate (3c). Bromi- 
nation of 3a (0.19 mmol) in sodium acetate (pH 4) according to the method 
described by Ikehara and Uesugi [19] afforded 3c in 81% yield after chroma- 
tography on DEAE-Sephadex A-25. The product was identical in all respects 
with a sample of 3c obtained by treatment of 2c with ribonuclease T:. 

Adenosine 3'-phosphate 5'-diphosphate was prepared as described [17] by 
displacement of diphenyl phosphate with inorganic orthophosphate from 
adenosine 2',3'-cyclic phosphate 5'-diphenylpyrophosphate followed by spe- 
cific cleavage of the cyclic phosphate moiety with ribonuclease T:. 

Results and Discussion 

The facile conversion of certain ribonucleosides to corresponding 2',3'- 
cyclic phosphate 5'-phosphates (2) in pyrophosphoryl chloride [15,16], which 
was applied to the development of a practical (chemical) synthesis of 3'PAdo5'- 
PS [11], has been extended to include the 2',3'~yclic nucleotide 5'-phos- 
phates of 8-bromoadenosine (2c), N~-dimethyladenosine (2d), nebularine {2e), 
inosine (2f), guanosine (2g), tubercidin (2i), cytidine (2h) and formycin (2j). 
Purification was achieved in each case via column chromatography on DEAE- 
Sephadex A-25 at 4°C following neutralization of the reaction mixture. Elu- 
tion of products was carried out with a linear gradient of triethylammonium 
bicarbonate (0.05--1.0 M) to provide the intermediates (2) in yields of 
52--83%. 

Regiospecific opening of the cyclic phosphate moiety in 2 to the ribonucleo- 
side 3',5'-diphosphate (3) was effected in all cases, save guanosine 2',3'-cyclic 
phosphate (2g), with ribonuclease T2 at pH 5.5--6.0. The same transformation 
with 2g required ribonuclease T, at pH 7.5 to afford 3g. Adenosine Nl-oxide 
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T A B L E  I 

P H Y S I C A L  C O N S T A N T S  O F  S O M E  R I B O N U C L E O S I D E  3 ' , 5 ' -  A N D  2 ' , 5 ' - D I P H O S P H A T E S  

R i b o n u c l e o t i d e  S t ruc -  KpH 7 P h o s p h a t e /  R F  c 
t u r e  m a x  n u c l e o s i d e  b 
(r im) 

E l e c t r o p h o r e t i c  
m o b i l i t y  c 

S1 $2 E1 d E2 e 

3 ' P A d o 5 ' P  a G~_a) 2 5 9  - -  0 . 5 0  0 . 1 5  1 .47  0 . 7 5  
2 ' P A d o 5 ' P  a (_~a) 2 5 9  - -  0 . 5 9  0 . 1 5  1 .47  0 .79  
3 ' P A d o ( N I  -* O ) 5 ' P  (~b)  2 3 1  2 .00  -+ 0 . 0 4  0 . 7 7  0 . 1 5  1 .62  0 . 8 7  
3 ' P 8 - B r A d o 5 ' P  (~c) 2 6 5  1 .90  ± 0 .01  0 . 3 6  0 . 2 4  1 .45  0 . 6 5  
3 ' P ( N 6 - M e 2 A d o ) 5 ' P  G~d) 2 7 5  2 . 0 3  + 0 . 2 6  0 . 4 4  0 . 3 4  1 .59  0 .67  
3 ' P P u o 5 ' P  G~e) 2 6 2  2 .08  -+ 0 . 0 4  0 . 6 8  0 . 2 6  1 . 6 6  0 . 7 7  
3 ' P I n o S ' P  (_3f) 2 4 8  2 .11  + 0 . 1 7  0 . 7 5  0 . 1 6  1 .74  0 .79  
3 ' , P G u o 5 ' P  ~_~g) 2 5 3  2 .17  ± 0 . 0 2  0 . 6 8  0 . 1 5  1 .56  0 . 7 6  
3 ' P C y d 5 ' P  f ~_~h) 2 7 1  1 . 9 6  ± 0 . 0 8  0 . 8 5  0 . 1 8  1 .66  0 , 7 3  
3 'P (7n teaza -Ac ._ -5 'P  (~3i) 2 7 0  2 .00  ± 0 . 0 4  0 . 6 0  0 . 1 8  1 .45  0 .57  
2 ' P ( 7 - d e a z a - A d o ) 5 ' P  (_4i) 2 7 0  2 . 0 2  ± 0 . 0 6  0 . 7 0  0 . 1 8  1 .51  0 . 6 3  
3 ' P F o S ' P  (..~3j) 2 9 5  1 .93  ± 0 .01  0 . 6 3  0 . 1 3  1 .65  0 . 6 2  

a S i g m a  C h e m i c a l  Co.  
b P h o s p h a t e  a s s a y e d  a c c o r d i n g  to  a p u b l i s h e d  p r o c e d u r e  [ 1 2 ] .  I n o r g a n i c  p h o s p h a t e  w a s  in  e a c h  case  

< <5%. 
c See Mater ia l s  a n d  M e t h o d s  for  a d e s c r i p t i o n  o f  so lven t  s y s t e m s ,  e tc .  
d Re la t ive  t o  5 ' A M P  = 1 .00 .  
e Re la t ive  t o  3 ' P A d o S ' P S  = 1 .00 .  
f I d e n t i f i c a t i o n  ach i eved  b y  h y d r o l y s i s  w i t h  3 ' - r i b o n u c l e o t i d e  p h o s p h o h y d r o l a s e  ( rye  g~ass 3 ' - n u c l e o -  

t idase ,  EC 3 . 1 . 3 . 6 )  to  c y t i d i n e  5 ' - m o n o p h o s p h a t e  [ 1 6 ] .  

3',5'-diphosphate (3b) was derived directly from 3a by oxidation with m-chlo- 
roperbenzoic acid according to the method of Uno et al. [18]. Bromination of 
3a in acetate buffer [19] provided an alternate route to 3c. 

The identity and purity of the ribonucleoside 3',5'-diphosphates were 
established from phosphate: nucleoside ratios, ultraviolet spectra, chromatog- 
raphic and electrophoretic data (see Table I). The purity of 3 was confirmed in 
each case by conversion of the precursory cyclic nucleotides (2) to the isomeric 
nucleoside 2',5'-diphosphates (4) with bovine spleen phosphodiesterase II 
(PDase II). 

T A B L E  II 

I N H I B I T I O N  O F  E S T R O G E N  S U L F O T R A N S F E R A S E  B Y  S O M E  A D E N I N E  N U C L E O T I D E S  

See Mate r i a l s  a n d  M e t h o d s  f o r  e x p e r i m e n t a l  de ta i l s .  

Nucleotide K i (~M) 

3 ' - A M P  3 3 7 0  
A M P  > 5 0 0 0  
3 ' P A d o 5 ' P  7 
2 ' P A d o 5 ' P  ~ 
2 '  : 3 ' P A d o 5 ' P  ~ 
3 'P2  A d o S ' P  4 6  * 
3'PAdo5'P 2 116 
AdoS'PS 1490 
Ado 5'S >5000 

* Calculated i~om Eqn. 1 (Materials and Methods, data processing). 
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In their kinetic studies of partially purified enzyme, Adams and Poulos [6] 
observed an inhibition of estrogen sulfurylation ranging from 14 to 84% with 
certain nucleotides at 100-fold excess. Subsequent work [3] with highly puri- 
fied enzyme confirmed a prior result that ADP was a non-competitive inhibitor 
of  3'PAdo5'PS; the K i being 2.8 mM. By contrast, ATP exhibited mixed 
inhibition whereas 3'PAdo5'P was a competitive inhibitor ( K  i 0.056 mM). 
Their observations suggested that binding of the enzyme involved the 3'-phos- 
phate group based upon the competitive inhibition shown by 3'-AMP (Ki 
1.9 mM). 

The findings with 3'-AMP and 3'PAdo5'P were confirmed in the present 
study (cf. Table II) in which it was also noted that AMP, Ado5'S and Ado5'PS, 
a biochemical precursor of active sulfate, all essentially fail to inhibit estrogen 
sulfotransferase. The importance of the 3'-phosphate ester of 3a to inhibition 
of estrone sulfurylation is further indicated by the fact that  much like AMP, 
2'PAdo5'P, a positional isomer of 3a, is devoid of inhibitory activity. In fact, of 
the several ribonucleoside 2',5'odiphosphates (4) examined, only 4i, as noted 
previously, shows any inhibition of the sulfurylation of estrone. Moreover, 
2 ' :3 'PAdo5'P,  the synthetic precursor of 3a (and its 2'-isomer) also lacks activ- 
ity. It is no tewor thy  in this same connection that where the 3'-phosphate ester 
of  3a is replaced by a pyrophosphate moiety,  as in 3'P2Ado5'P, the consequent 
increase in Ki (loss of activity) is greater than that observed for the correspond- 
ing interchange at the 5'-position, i.e. 3'PAdo5'P2. 

The results of  the inhibition of estrogen sulfotransferase reaction by analogs 
of 3a are summarized in Table III. The data indicate that  the replacement of 
the 6-amino group in 3a by hydrogen in 3'PPuo5'P (3e), and in particular by 
oxygen as in 3'PIno5'P (3f) or 3 'PGuo5'P (3g) leads to a considerable loss of 
affinity for the enzyme. Similarly, dimethylation of the 6-amino group as in 
3d causes a substantial reduction in enzyme affinity. Indeed, the results 
suggest that the exocyclic amino function comprises a point of  binding in the 
formation of the ternary complex. 

3 'PCyd5'P (3h) showed no inhiSition of sulfurylation at 100 ~M concentra  

T A B L E  III  

E F F E C T  OF SOME R I B O N U C L E O S I D E  3 ' ,5 ' -  AND 2 ' , 5 ' - D I P H O S P H A T E S  ON E S T R O G E N  SULFO-  
T R A N S F E R A S E  

See Mater ia ls  a ad  M e t h o d s  for  e x p e r h n e n t a l  detai ls .  

R i b o n u c l e o t i d e  K i (~M) 

3 'PAdo 5'P ~_~a) 7.0 
3 ' P A d o ( N  1 -->0)5'P (__3b) 350 * 
3 'PS-BrAdoS 'P  (~c) 1.7 
3 'PNS-Me2 Ado  5'P (.~d) 125 * 
3 'PPuo5 'P  (__3e) 68 * 
3 ' P I n o S ' P  (.~f) 800  * 
3 ' P G u o 5 ' P  (~3g) 84 * 
3 'PCydS 'P  (_~h) ~ 
3 'P(7-deaza-Ado)5~P ~_i) 0 .6  
2 'P (7 -deaza -Ado)5 'P  (~i) 5.3 * 
3 ' P F o S ' P  ( ~ )  43 * 

* Calcu la ted  f rom Eqn.  1, Mater ia ls  and  Methods .  
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tion which lends additional support to the conclusion [6] that the enzyme is 
specific for purine ribonucleoside 3',5'-diphosphates. However, 3'PAdo(N 1-~ 
O)5'P {3b) is also a very weak inhibitor (Ki 350) which indicates that altera- 
tions in the pyrimidine ring of 3a are not well tolerated by the enzyme. On the 
other hand, certain modifications in the imidazole ring of 3 may, in some 
instances, lead to an enhanced affinity for the enzyme. Thus, 3'P8-BrAdo5'P 
(3c) shows a 4-fold increase in affinity over 3a as estimated from Ki values. 
Moreover, the (7-) carbon isosteric analog of 3a [3'P(7-deaza-Ado)5'P], {3i) 
affords a Ki nearly one order of magnitude lower than that of 3a, and is, in 
fact, the most potent inhibitor of estrone sulfurylation among the analogs of 3a 
synthesized to date. By contrast, the C-nucleotide, 3'PFo5'P (3j) shows a 6-fold 
decline in affinity for the enzyme relative to 3a. 

NMR studies indicate that, whereas AMP exists predominantly in the anti 
{glycosyl-base) conformation, the preferred conformation of 8-bromoadenosine 
5'-monophosphate is syn [20]. By analogy, the glycosyl-base torsion angles of 
3a and 3c are presumed to approximate those of the corresponding AMP, i.e. 
anti and syn, respectively. Accordingly, the findings with 3c are viewed with 
surprise in light of the fact that conformationally abnormal syn-nucleosides do 
not, in general, substitute for their anti-counterpart in enzyme-catalyzed reac- 
tions. It is, however, possible that the conformation of the bound ligand, i.e. 
3c as suggested by Burgen et al. [21], is oriented by the macromolecule inde- 
pendently of its initial state. Alternatively, the enzyme selects the most favor- 
able conformation of the free ligand for bonding. 

Recently, Rozhin et al. [13] proposed that the transitibn state leading to 
estrone sulfurylation is achieved via enzyme-induced folding of the substrates 
into a stacked structure in which the adenine moiety of active sulfate is aligned 
to ring-A of the estrogen juxtaposed to the 18-(B) methyl group. Examination 
of space-filling models indicates that the proposed "B-stack" accommodates 
both anti and syn forms of the nucleotide equally well. Accordingly, when 
extended to the matter of product inhibition, the concept of the B-stack recon- 
ciles the presumed sharp conformational differences between 3a and 3c with 
the much less disparate kinetic data. 

It remains unclear just how the stacking arrangement would facilitate the dis- 
position of the 3'-phosphate for binding. A CPK model * of the stacked arrange- 
ment for the proposed transition state 6f estrone sulfurylation fails to indicate 
any restriction to the accessibility of the 3'-phosphate. However, the hypothe- 
sis must provide, in addition, some insight as to reason for the effective inhibi- 
tion of 2P'(7-deaza-Ado)5'P, which is unique among the ribonucleoside 2',5'- 
diphosphates and must be regarded for the present as an anomaly. It is worthy 
of note that 2'P- and 3'P(7-deaza-Ado)5'P, by analogy with tubercidin 5'-phos- 
phate, which shows no definite preference for anti or syn conformation [22], 
can perhaps be accommodated with equal facility in the proposed stacked 
structure. 
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