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Susceptibilities to snake venom 5 '-nucleotidase (EC 3.1.3.5) have been evaluated for several 
8-substituted analogues o f 5'-GM P with varying populations o f  syn /an ti conformations about the 
glycosidic bond. Improved syntheses o f some o f these are described, including direct chlorination 
of 5'-GMP to give 8-chloro-5'-GMP, a procedure which should be applicable to other purine 
nucleotides. The conformations o f the various analogues were determined by means of 
'H N M R spectroscopy, with particular emphasis on the glycosidic bond conformations. All the 
8-substituted derivatives o f 5'-GM P were relatively poor substrates o f  5 '-nucleotidase. This was 
shown to result largely from steric effects and the nature o f the 8-substituent, and consistent with 
a requirement for the anti conformation. Although ribose-5-phosphate was not a substrate, it was 
a weak inhibitor, and its inhibitory properties account in part for the weak inhibitory properties 
of the 8-substituted 5'-GMP, and other, analogues. Attention is drawn to the hitherto largely 
neglected differences in properties o f 5 '-nucleotidases from different sources and their relevance 
to the present findings.

The ubiqu itous enzyme 5 '-nuc leo t idase  (5 ' - r ib o -  
nucleotide phosphohydro lase ,  EC 3.1.3.5), w h ich  
catalyzes the d eph osph o ry la t ion  o f  nucleos ide-5  
phosphates, was until recently co nsidered  rela tive ly  
non-specific with reference to the  he terocyclic  base, 
which appeared  to affect only the  ra te  o f  d e p h o s ­
phorylation. This concept m us t now be m o d i f i e d  in 
the light o f  the isolation from  b lood  cells o f  a 
5 '-NPase with a high pre fe rence  for p y r im id in e  
nucleotides [ 1], and an o the r  such enzym e, w idely  
dis tributed in m am m a l ia n  tissues, w h ich  a p p e a rs  to 
be specific for o ro t id ine -5 '-p ho sp ha te ,  an d  has b een  
denoted  as 5 '-O M P ase  [2]. F u r th e rm o re ,  5 ' -N P ase ,  
widely profited from as a p lasm a m e m b ra n e  
marker, has been found to be  associa ted  w ith  
immunodeficiency diseases [3], and  its level in

Abbreviations: 5'-NPase, 5'-nucleotide phosphohydrolase 
or 5'-nucleotidase (EC 3.1.3.5); 5'-OMPase, 5'-nucleotidase 
specific for orotidine-5'-phosphate; acycloG, acycloguano- 
sine or 9-(2-hydroxyethoxymethyl)guanine; acyclo-GM P, 
acycloG monophosphate; DSS, sodium 2,2-dimethyl-2- 
silapentane sulfonate; TMS, tetramethylsilane.

Reprint requests to Piotr Lassota.
0341-0382/84/0100-0055 $ 0 1 .3 0 /0

physiological fluids is considered  to be a p ro m is ing  
diagnostic  test for hepa tic  involvem ent in m a l ig n an t  
lym p ho m a patients [4],

Various studies have been carr ied  ou t  on  the 
m echanism  o f  action o f  5 '-nucleo tidase , inc lud ing  
the stereochemical course o f  hydrolysis [5], an d  the  
conform ation  o f  the  heterocyclic base a b o u t  the  
glycosidic bond  [6 - 8 ]. In the case o f  p u r in e  nu c leo ­
tides. it has been  proposed, with the  aid  o f  
5 '-A M P  analogues fixed in the  anti con fo rm at io n ,  
tha t snake venom 5 '-N P ase  requ ires  the  c o n fo rm a ­
tion anti, and the gauche-trans co n fo rm a t io n  o f  the  
exocyclic g rou p  [7, 8 ], This  aspect assum es a d d i ­
tional significance w hen  considered  in re la tion  to 
the newly repor ted  5 '-O M P ase ,  since 5 ' -O M P  is 
necessarily fixed in the  syn co n fo rm at io n  as a result 
o f  severe steric h indrance  be tw een  the  carboxyl 
g ro up  at C ( 6 ) and  the  ribose m oie ty  [9].

In the pu rine  nucleoside series, w hich  norm ally  
exhibit a dynam ic  equ il ib r ium  be tw een  the  syn and  
anti conform ations, this eq u il ib r iu m  m ay  be shifted  
in the d irection  syn by insertion o f  a bu lky  s u b ­
stituent at C ( 8 ), and we have show n elsew here  the  
applica tion  o f  ’H and  13C N M R  spectroscopy  to 
d e te rm ina tion  o f  the po pu la t ions  syn and  anti as a
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function o f  the  van der  W aals ’ rad ius  o f  the  C ( 8 ) 
substituent [ 1 0 ].

In the present study, we have p rep a red  a series 
o f  8 -substituted 5 ' -G M P  analogues, and  exam in ed  
their conform ations in solution, as well as the i r  
susceptibilities to snake venom 5 '-N P ase .  A d d i ­
tional interest attaches to such s tudies w hen  it is 
noted that 8 -am inoguanosine  is a po ten t in h ib i to r  o f  
purine nucleoside phosphory lase  [ 1 1 ], a nd  tha t  
8 -parasubst i tu ted  benzylth io  derivatives o f  5 ' -A M P  
and 5 '-IM P are inh ib ito rs  o f  IM P d e h y d r o ­
genase [ 1 2 ].

Materials and Methods

G uanosine  and 8 -b ro m o gu ano s in e  were from 
Sigma (St. Louis, MO., USA), 5 ' - G M P  from  
Calb iochem  (Lausanne, Switzer land) ,  and  r ibose- 
5-phosphate  from Reanal (Budapest ,  H ungary) .  
AcycloG was a kind gift o f  Dr. G. B. Elion 
o f  Burroughs-W ellcome, and  was converted  to 
acycloG M P by the m e th od  o f  Y oshikaw a et al. [ 13].

Darco G 6 0  activated charcoal and  Celi te  501, 
used for desalting o f  nucleosides, w ere from Serva 
(Heidelberg, G F R )  and  P O C H  (Gliwice, P o land)  
respectively. C om m erc ia l  P O C l 3 was d is ti lled  u n d e r  
anhydrous conditions p r io r  to use. M etach lo ro -  
perbenzoic  acid, 85% (R a lph  E m m an ue l ,  W em bley ,  
UK) was purified  before use by w ash ing  w ith  
pH 7.5 phosphate  buffer, water, and dry ing  u n d e r  
vacuum  over P 2O 5 . D im e th y lfo rm am id e  was 
purified by d is ti lla tion  with w ater and  benzene ,  
followed by dis ti llation u nder  reduced  pressure, and  
then dried over 4 A m olecu la r  sieves. T r im e th y l-  
phosphate  was p urif ied  by d is ti l la t ion  u n d e r  
reduced pressure.

Dowex resins were from B ioR ad (R ic h m o n d ,  
C A ,  USA); Sephadex  from P h a rm ac ia  (U p p sa la ,  
Sweden); Tris buffer, analytical g rade ,  f rom  F lu k a  
(Switzerland); am m o n iu m  m olybdena te ,  analy t ica l  
grade, from P O C H  (Gliwice, Poland); and  l ( + ) -  
ascorbic acid, analytical grade, from M erck  ( D a r m ­
stadt. G F R ) .  O th e r  reagents were all analy t ica l 
grade.

Melting points (uncorrec ted) were m e asu red  on  a 
Boetius (Leipzig. G D R )  microscope ho t stage.

Thin-layer chromatography m ad e  use o f  M erck  
silica gel 60 F 25 4 , and  cellulose F 254 , plates, w ith  the  
following solvent systems: (A) isoprop ano l-w a te r-  
25%) N H 4 O H  (7 :1 :1 .  v/v) ; (B) isopropano l-w a te r-

25% NH4OH (4:4:1); (C) isopropanol-water-HCOOH 
(4 :4 :1 ) .

Column chromatography was with an LKB 2070 
Ultrorac II fraction collector with a u tom atic  reco rd ­
ing at 254 nm.

Enzymatic reactions w ere carried ou t with 
Sigma 5'-nucleotidase from Crotalus adamanteus in 
0 .1m  Tris-HCl buffe r  pH  7.5, as described  by 
Sulkowski et al. [14]. An enzym e unit was tha t  
which hydrolyzed 1 (.tmol 5 ' -A M P  per  m in  at 37 °C  
at pH  9. Inorganic  p h o sp h a te  was d e te rm ined  
according to Ames [15], the  abso rp t ion  o f  the 
molybdenate  com plex  being  m easu red  with a Zeiss 
(Jena, G D R )  V S U 2 P  ins trum ent.  All glassware, 
including micropipettes ,  was scrupulously  c leaned 
w ithout the use o f  detergents . U nd er  the assay 
conditions em ployed . 2 ' ( 3 ' ) - A M P  was not detect- 
ably hydrolyzed, thus excluding the presence o f  n o n ­
specific phosphatase.

UV absorption spectra w ere recorded on a Zeiss 
Specord UV-VIS spec tropho tom eter .

1H NMR spectra were run  on a JE O L -JN M - 
4 M  100 ins trum ent with 0.2 m solutions o f  5 ' -G M P  
and  its analogues in :H 20  at p H  7, and  on g u a n o ­
sine and its analogues in (C 2 H 3)SO, all at 40 °C. 
C hemical shifts were m easu red  vs. T M S  in 
(C 2H 3)2SO, to an  accuracy o f  0.01 ppm . C oup lin g  
constants are accura te  to 0.2 Hz.

Chemical syntheses

T he  various 8 - substi tu ted  nucleosides and 
nucleotides were p rep a red  according to pub lished  
procedures,  or  m odif ica tions  o f  these, as descr ibed  
below. T he  following points are  pertinent. T he  
previously repor ted  m e tho d  for the synthesis o f  
8 - (a -hydroxy isopropy l)guanosine  and its 5 '-phos-  
p hate  [6 ] has been  considerab ly  im proved  by 
app rop r ia te  m odif ica tion  o f  the  i r rad ia t ion  co n d i­
tions. The recent m e tho d  descr ibed  by R yu and  
MacCoss [16] for ch lo r ina t ion  o f  pu rine  nucleosides 
has been shown to be app licab le ,  with su i tab le  
modifications, for the d irect ch lo r ina t ion  o f  nuc leo ­
tides, such as 5 ' -G M P , following which the n uc leo ­
side may be o b ta in ed  by enzym atic  d e p h o sp h o ry la ­
t ion (see below). F u r th e rm o re ,  the difficulty  in 
purif ica tion  o f  8 -a m in og uan os in e  was c ircum vented  
by the synthesis o f  8 -am in o -5 '-G M P . followed by 
enzymatic d ep h osph o ry la t io n  o f  the latter. In the 
case o f  8 -m ethylguanosine . ph osphory la t ion  was
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carried out by two m ethods, enzym a tic  and  
chemical,  the products in bo th  cases be ing  identical .

The purity o f  all com p o u n d s  was checked  by 
chromatography, UV spectroscopy, an d  chem ica l 
a n d /o r  enzymatic in terconversion o f  nucleos ides 
and nucleotides. However,  the final c r i te r ia  for 
verification o f  structures were fu rn ished  by the  
‘H N M R  spectra (see below).

8-Methylguanosine was p repa red  from  g uanos ine  
as described by Kawazoe el al. [17], It was desa l ted  
on actived charcoal with  Celite  [18] and  crystall ized 
from water. A lthough co n tam ina ted  w ith  traces o f  
guanosine, it was em ployed  for p h o sp h o ry la t io n  as 
such. A small sample, 100 mg, was fu r th e r  p u r i f ied  
by elution with a formic acid g rad ien t  on  a 2 0 0 - 4 0 0  
mesh Dowex 1 x 4 ( H C O O - ) co lum n, a n d  recrys ta l­
lized from water, m.p. 1 8 8 - 1 9 0 ° C ,  as co m p a re d  to 
a literature value o f  185 ° C  [17]. O n  silica gel w ith  
solvent system A, Rf =  0.48 as co m p a re d  to 0.32 for 
guanosine.

8-Methyl-5'-GMP was ob ta in ed  by the  fo llow ing 
two procedures: (a) E nzym atic  p h osph o ry la t ion .  
This was carried ou t  by p h o sp h o ry la t io n  o f  
8 -methylguanosine with the w hea t shoo t p h o s p h o ­
transferase system as descr ibed  by G iz iew icz  and  
Shugar [19]. the p roduct being  iso lated  on a D ow ex  
1x4  (H C O O - ) colum n, free o f  g uan os ine  and  
5 '-G M P; (b) Chemical phosphory la tion .  T h is  was 
performed as described by Y osh ikaw a et al. [13] 
The reaction mixture was then n eu tra lized  w ith  
saturated N a H C 0 3 and  deposi ted  on a co lu m n  o f  
DEAE Sephadex A 25 ( H C O j ) ,  w hich  was w ashed  
with water. Elution was with a l inear  g rad ien t  o f
0 - 0 .6  m  N H 4 H C O 3 . T races o f  5 ' - G M P  w ere  e lu ted  
at 0.2 m  solvent, followed by 8 -m e th y l -5 '-G M P . T h e  
pooled eluates o f the la t te r  were freed  o f  solvent by 
evaporation under reduced  pressure  w ith  w ater,  
aqueous tr ie thylam ine and  e thanol,  and  ethanol .  
The product was converted  to the  a m m o n iu m  salt 
on a column o f  Dowex 50 W x 8  ( N H 4), p rec ip i ta te d  
with acetone and d ried  under  v acu um  o ver  P 2 0 5 

(yield 33%). It was ch rom a to g rap h ic a l ly  h o m o ­
geneous, with R{=  0.62 and 0.52 with solvents B 
and C on cellulose plates. UV abso rp t io n :  p H  2, 
''•max 260 nm (£max 13.5 x 103); pH  7, ;.max 254 nm  
(£max 13.5 x 103): pH  12, Amax261 nm  (emax 13.7x 103). 
On treatment with 5 '-nucleotidase, it was slowly 
converted to 8 -methylguanosine.

8-Bromo-5'-GMP was p rep a red  by b ro m in a t io n  o f  
5 ' -G M P  as reported by Ikehara  et al. [18], w ith

som e modifications. Brom ination  was con du c te d  in
1 m  acetate buffer p H  4 for 2 h, with a d d i t io n  o f  
b rom ine  in two portions. Following rem oval o f  
inorganic salts on a co lum n  o f  charcoal with Celite , 
the product was sepa ra ted  from unreac ted  5 ' - G M P  
on a co lum n o f  D EA E S ephadex  A 25 ( H C O j ) ,  
converted to the sod ium  salt on a co lu m n  o f  
Dowex 50 W x 8 , p rec ip ita ted  with ace tone  and  d ried  
under vacuum  over P 2O 5 . The  w hite  p ro d u c t  was 
chrom atographically  ho m ogeneous  (yield 37%), 
with Rf■ =  0.62 and 0.51 with solvents B and  C on 
cellulose plates. UV absorption: pH  2, /.max2 6 4 n rn  
( « m a x  15.6 X 103); pH  7, ;.max2 6 4 n m  (£max 15.5 x 103); 
pH  12, /.max272 nrn (£max 13.9 x 103). O n  t r ea tm en t  
with an excess o f  5 '-nucleotidase, it was slowly 
converted to 8 -brom oguanosine .

8-Chloroguanosine. This was p re p a red  by t r e a t ­
ment o f  guanosine with anhydrous  HC1 in d im e thy l-  
fo rm am ide  (D M F ),  essentially accord ing  to Ryu 
and  MacCoss [16], sl ightly m odif ied ,  as follows: 
m -chloroperbenzoic  acid was a d d ed  as a so lu tion  in 
D M F  (0.013 mol in 5 ml D M F )  dropw ise  for one 
hour, and mixing continued  for 30 m in  at room  
tem pera ture .  The clear solution was b ro u g h t  to a 
brow nish  oil. The la t ter  was t rea ted  w ith  w ater,  the  
m -chlorobenzoic  acid filtered off, the  fi ltrate d i lu ted  
with w ater and b rou gh t  to ab ou t  pH  6  w ith d i lu te  
N aO H . and  extracted several tim es with ethyl ether. 
T he aqueous phase was then b rou gh t  to dryness  and  
the p roduct crystall ized from water. T h e  c ream - 
colored crystals were ch rom ato g raph ica l ly  h o m o ­
geneous on cellulose plates with  solvents B 
(/?f = 0 .6 9 )  and C (/?f =  0.73) and  on silica gel w ith  
the solvent system ace ton itr i le -0 .1 n  N H 4 C1 ( 7 : 3 ,  

v/v, /?f =  0.78). Yield 36%. R ecrystall ization  gave 
white needles,  w hich  tu rned  yellow at 200 °C , bu t  
did not melt at 275 °C.

8-Chloro-5'-GMP was ob ta in ed  (a) by p h o s ­
phoryla tion  o f  8 -ch loroguanosine  as descr ibed  
above for 8 -m ethylguanosine , and  (b) by direc t  
ch lorina tion o f  5 ' -G M P  as follows: T o  a so lu tion  o f
1.46 g (4 m m ol)  o f  carefully d r ied  5 ' -G M P  in 80 ml 
anhydrous D M F  was add ed  2 ml o f  D M F  sa tu ra ted  
with HC1 (4.4 mmol). To this solution, w ith  constan t 
stirring at room  tem p era tu re ,  was ad ded ,  d ropw ise ,  
over a period o f  1V 2 h, a so lu tion o f  700 mg 
(4 m m ol) o f  /??-chloroperbenzoic acid in 10 ml D M F .  
The mixture was stirred for an additional hour,  and  
then b rought to an oil under reduced  p ressure  (at a 
tem p era tu re  not exceeding 35 °C). This  was
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neutralized with d ilu te  N a O H .  the resulting  p re ­
cipitate fi ltered off, and the fi ltrate extrac ted  th ree  
times with ether. T he  aq ueo us  phase  was b ro u g h t  to 
pH 7, filtered, and the filtrate b rou gh t  to dryness 
below 35 °C. T he  p roduc t  was dissolved in 50 ml 
water and deposi ted  on a 1 5 x 3 .5  cm co lum n  o f  
DEAE Sephadex  A25 ( H C O 3 ). T he  c o lum n  was 
washed with 1 1 water, and  elution then  con du c te d  
with a linear grad ien t o f  0 - 0 . 6  m  N H 4 H C 0 3. T he  
pooled  fractions contain ing 8 -c h lo ro -5 '-G M P  
(eluted at 0.2 m  N H 4 H C 0 3) were b ro u g h t  to d ry ­
ness, the product converted  to the po tass ium  salt on 
a column o f  Dowex 50 W  x 12 (K+), and prec ip ita ted  
with ethanol-acetone, to yield, following drying over 
P 2 O 5 ,  980 mg (52%) o f  an am o rp h o u s  w h ite  pow der,  
chrom atographically  h om ogeneous  with solvents B 
and C (R (=  0.64 and 0.52, as com p ared  to 0.50 and  
0.48 for 5 '-G M P ).  UV absorption: pH  2, /.max261 nm  
(£max 15.6 x 103); pH  7, /.max261 nm  (emax 15.3 x 103); 
pH  12 ,/.max271 nm (emax 14.1 x 103).

8-Aminoguanosine and 8-amino-5'-GMP w ere 
synthesized according to published  p rocedures  [2 0 ], 
starting from 8 -b rom oguanosine .  T h e  nuc leo t ide  
was readily converted to the nucleoside  by 5'- 
nucleotidase.

8-(y-Hydroxyisopropyl)-5'-GMP  was p re p a re d  
essentially as described by Pless et al. [6 ], w ith  som e  
modifications. A closed Pyrex U V -reac to r  was 
employed, so tha t  ir rad ia t ion  was l im i ted  to w ave­
lengths to the red o f  300 nm. and the i r rad ia ted  
solution was kept free o f  oxygen by purg ing  w ith  
argon. This led to an apprec iab le  reduc t ion  in 
formation  o f  tarry s ide-products ,  thus fac i li ta t ing  
isolation, and increasing the yield, o f  the  des ired  
product. The  latter was isolated by ch ro m a to g ra p h y  
on a colum n o f  D EA E Sephadex  A25 ( H C 0 3), 
converted to the sodium salt with Dowex 50 W x 12 
( N a +), and p rec ip ita ted  by add it ion  o f  e thano l as a 
white pow der (yield 61% following d ry ing  o ver  
P 2 O 5 ) .  It was fur ther purified  by ch rom atography  on 
DEAE Sephadex A25 ( H C O j ) ,  and  was c h ro m a to g ­
raphically hom ogeneous  on cellulose plates w ith  
solvents B and C ( ^ f =  0.68 and 0.56). UV a b s o r p ­
tion: pH 2, /.max 261 nm  (emax 13.9 x 1 0 3); pH  7, 
''-max 259 nm (emax 14.8 x 103); pH  12, /.max2 6 1 n rn  
(firnax 13.9 X 103).

8-( y.-Hydroxy isopropyl)guanosine was ob ta in ed  by 
quantita tive d ephosphory la t ion  o f  the 5 ' -p h o sp h a te  
with alkaline phospha tase ,  and crystallized from 
w ater as described by Pless el al. [6 ].

Results and Discussion

Conformational features

Table  1 exhibits  the  p ro ton  chem ical shifts and 
the coupling constants for the sugar  protons o f  
5 '-G M P , its 8 -substi tu ted  analogues, and the 
corresponding paren t  nucleosides. T h e  resulting 
calculated conform ations o f  the bases abou t the 
glycosidic bonds, and  o f  the sugar  rings and exo- 
cyclic groups, are  listed in T able  II.

Conformation about glycosidic bond. It was p re ­
viously shown [ 1 0 , 2 1 ] tha t  in troduc tion  o f  a 
bulky substituent at C ( 8 ) o f  p u r ine  nucleos ides and 
nucleotides leads to character is t ic  changes in 
chemical shifts o f  the  sugar p rotons, par ticularly  
H (2 ')  and. to a lesser extent. H ( l ' )  (see Table  I). 
These changes are  d ue  to a shift in the  dynam ic  
.9177 ■<-*• anti equ i l ib r iu m , which exists for the paren t  
nucleosides and nucleotides, in the  d irec tion  syn for 
the 8 -substituted analogues  because  o f  un favourab le  
steric h indrance betw een  the 8 -substi tuents  and the 
sugar ring in the confo rm at io n  anti (see Schem e 1). 
With an increase in the van der  W aals '  rad ius o f  the 
8 -substituent, there  is an increase in the  value o f  the  
chemical shift o f  H (2 ') ,  from 4.72 p p m  in 5 ' -G M P  
and 4.40 ppm  in guanosine to 5.24 p p m  and 4.95 ppm  
for the 8 -(oc-hydroxyisopropyl) analogues, respec­
tively. The b eh av iou r  o f  the chem ica l shifts o f  
H ( l ' )  is not as c lear-cut, and  dep en d s  to a large 
extent on the na tu re  o f  the 8 -substi tuent.  This is 
readily explicable by the fact that , with a m ark ed  
preference for the con fo rm at io n  syn, the C ( 8 ) 
substituent is located in the vicinity o f  H ( l ' )  and  
therefore affects its chem ical shift via inductive and 
electrostatic effects, dep en d en t  on  the  type o f  s u b ­
stituent. M odifications o f  chem ical shifts o f  H (2 ')  
are due to s imilar  effects o r ig inat ing  from  the pyri-

Scheme 1. Showing conformations syn (at left) and anti (at 
right) about the glycosidic bond o f 5'-GM P and some 
8-substituted analogues: R l and R  ̂=  H, or Cl. or Br, or 
NH : , or CH3. With R ] =  COH(CH3)2, only the syn 
conformation is possible.
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Table I. Chemical shifts o f the sugar protons (in ppm vs. internal DSS) o f  5'-GM P and its 8-substituted analogues in 
:H:0 , and of guanosine and its 8-substituted analogues (in ppm vs. internal TM S) in (CH3)2SO, and the corresponding 
proton-proton vicinal coupling constants (in Hz).

Nucleotide or 
Nucleoside

H (l') H (2') H (3 ') H (4 ') H (5 ')a 7 (1 ', 2') 7 (2 ',3 ') 7 (3 ',4 ') 7 ( 4 ' ,5 ' ) b

5'-GMP 5.90 4.72 4.49 4.32 4.02 5.3 5.1 3.9 3.5
8-NH->-5'-GMP 5.88 4.78 4.48 4.31 4.11 7.3 5.8 2.5 2.8
8-CH,-5'-GMP 5.83 5.10 4.53 4.26 4.15 6.1 5.5 3.5 4.4
8-Cl-5'-GMP 5.94 5.16 4.58 4.25 4.13 5.9 5.6 3.8 5.2
8-Br-5'-GMP 5.94 5.22 4.60 4.24 4.15 6.0 5.3 3.2 4.8
8-(x-Hvdroxy isopropyl )- 

5'-GMP
6.64 5.24 4.68 4 .20c 4.20c 5.3 5.9 4.0 C

Guanosine 5.70 4.40 4.09 3.89 3.57 5.8 4.9 3.4 3.6
8-NH: -guanosine 5.76 4.59 4.14 3.91 3.66 7.1 5.6 2.2 3.0
8-CHr guanosine 5.68 4.70 4.08 3.85 3.59 6.7 5.7 3.0 3.9
8-Cl-guanosine 5.71 4.93 4.13 3.86 3.57 6.5 5.6 3.0 4.9
8-Br-guanosine 5.69 4.98 4.15 3.87 3.57 6.1 5.2 3.1 4.9
8-(a-Hydroxyisopropyl)

guanosine
6.58 4.95 4.19 3.87 3.60 5.9 5.8 3.1 4.3

a Centre o f bands H (5') and H (5"). 
b Mean value for J{4', 5') and 7 (4 ', 5"). 
c Overlapping of signals H (4'), H (5'), H (5 ").

Table II. Calculated conformational parameters for the 
sugar ring, exocyclic group, and the base for guanosine and 
5'-GMP and their 8-substituted analogues in aqueous 
medium and DMSO.

Nucleoside or 
Nucleotide

Populations [%]a

svn C (2 ')endo gauche-
gauche

5'-GMP 30 58 63
8-NH-.-5'-GMP 30 74 80
8-CHr5'-GMP 80 64 41
8-Cl-5'-GMP 90 61 22
8-Br-5'-GMP > 9 0 66 32
8-(a-Hydroxyisopropyl)-

5'-GMP
100 58 b

Guanosine 40 64 63
8-NH2-guanosine 40 76 75
8-CHr guanosine 70 69 54
8-Cl-guanosine 90 68 29
8-Br-guanosine > 9 0 67 29
8-(x-Hydroxyisopropyl)-

guanosine
100 68 45

a Estimated errors o f sugar ring and exocyclic group 
conformations are 5%, and for conformations about the 
glycosidic bond 10%.
 ̂ Not calculated, because overlapping o f appropriate 

signals of H(4'), H(5') and H (5") did not permit o f  
determination o f coupling constants.

midine ring and the lone p a i r  on N (3 ) ,  and  are  
therefore dependent solely on the degree  o f  p r e ­
ference for the confo rm ation  syn. O n e  a p p a re n t  
exception to this is 8 -am ino gu ano s in e  an d  8 -am in o -  
5 '-G M P, for which the changes in chem ica l shifts o f

H (2 ')  and H ( l ' )  are relatively small co m p a re d  to 
the o ther analogues.

The procedure  for d e te rm in a tion  o f  the p o p u la ­
tions syn and anti in pu r in e  nucleosides and  nu c leo ­
tides, from an analysis o f  the chem ical shifts o f  
H (2 ') ,  has been  described  in detail e lsewhere 
[7, 22], F o r  nucleosides this is based on a c o m p a r ­
ison o f  these values with the  co rrespond ing  ones in 
model analogues constra ined to the c o n fo rm a ­
tion anti by m eans o f  an in t ram o lecu la r  b on d  
C ( 5 ' ) - 0 - C ( 8 ) ,  or to the co n m fo rm a t io n  syn 
by a sufficiently bulky C ( 8 ) substituent, such as 
8 - (a-hydroxyisopropyl)  or 8 - rm -bu ty l .  In the case o f  
the corresponding nucleotides, the  syn an d  anti 
popula t ions are  derived  from those eva lua ted  for 
the parent nucleosides, and  analysis o f  the  chem ica l  
shifts o f  H (2 ')  for the nucleot ides and  th e i r  m od e l  
syn analogues.

A pplica t ion  o f  the foregoing p ro ced u re  to 
5 ' -G M P  and guanosine  po in ted  to a p reference  for the  
form anti o f  1 0 0 % and 80% in aq u eou s  m e d iu m  and  
in D M S O -d 6, respectively. F u r th e r  re f inem en t o f  
this approach ,  based on s im ul taneous  m easu rem en ts  
o f  l3C chemical shifts, including C (2 ') ,  po in t  to 
preferences for the forms anti o f  70% for 5 ' - G M P  
and 60u/o for guanosine, to an accuracy o f  1 0 % 
(in prepara tion).  A m a jo r  difficulty  in a ss ignm en t o f  
accurate  values is due  to the fact that , in the  
conform ation  anti, the 8 -substi tuen t m ay  be close to 
H (2 ')  and thus add it iona l ly  m odify  its chem ica l
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shift. On the o ther  hand , w hen  there  is a m a rk e d  
preference for the form syn, this effect is small 
(see Table  II).

The com pounds  exam ined  in this s tudy m a y  be 
assigned to three groups. T h e  first includes g uan o -  
sine. 5 ' -G M P  and the ir  8 -am in o  derivatives,  w h ich  
exhibit a preference for the co n fo rm at io n  anti. 
Because o f  the effect o f  the 8 -am in o  subs t i tuen t  on 
the chemical shift o f  H ( 2 ') with the  c o n fo rm a t io n  
anti, it is not feasible to evalua te  the po p u la t io n s  as 
accurately as for the the p a ren t  nuc leos ide  and  
nucleotide. The differences be tw een  the ch em ica l  
shifts o f  H (2 ')  in the 8 -am in o  analogues, and  for the  
parent nucleoside and nucleotide . 0.19 p p m  and
0.06 ppm, are due  to the 8 -am in o  substi tuen t.  In the  
8 -am ino analogues the confo rm at ion  anti is also 
partially stabilized via an in tram o lecu la r  h y d ro g en  
bond between the a m in o  g rou p  and  the exocyclic 
5 ' -C H 2O H  or 5 ' -C H 20 P 0 3 2 [23], w hich  part ia l ly  
counteracts the unfavourab le  steric in te rac t io n  
between the am ino  substituent and  the sugar  ring. It 
may, nonetheless, be concluded  tha t  8 -a m in o -  
guanosine and its nucleotide  exhib i t  a p re fe rence  
for the conform ation  anti o f  ab o u t  60%.

The second g roup  includes the  8 -m ethyl,  8 -ch lo ro  
and 8 -b rom o derivatives, for w hich  p re fe rence  for 
the form syn is qu ite  m arked ,  from  70% to m o re  
than  90%, respectively. T he  a lm ost 30% p o p u la t io n  
o f  the form anti for the 8 -methyl analogues  derives  
from the fact that, a l though  the  van der  W aals '  
radius o f  the methyl g roup  is s im i la r  to th a t  o f  
brom ine, its non-spherical shape  perm its  o f  c loser 
interaction with the sugar ring, sup po r ted  also by 
the results o f  theoretical ca lculations [22]. Even in 
the case o f  the 8 -b rom o analogues, the  presence o f  a 
small propor tion  o f  the form anti ( <  1 0 %) can no t  
be excluded, the m ore  so in that , in the solid sta te  
complex o f  8 -b rom o-A D P -r ibo se  with a d eh y ro -  
genase, the adenine  m oiety  is in the anti c o n fo r m a ­
tion [24]. Bearing in m ind  the van de r  W aa ls ’ r ad iu s  
o f  Cl is 1.75 A, co m pared  to 1.94 A for Br [25], it is 
som ewhat surpris ing that the 8 -chloro an a lo gu es  
exhibit syn popula t ions so close to those o f  th e  
8 -b rom o derivatives (Table  II). T h is  suggests th a t  
factors other than  steric may also play  som e role.

The third group  includes 8 - ( 3c-hydroxyisopropyl)-  
5 ' -G M P  and its nucleoside, as well as 8-/e/7-butyl-  
5 ' -G M P  (see ref. 6 ). w here  the large bu lk  o f  the  
8 -substituent excludes possible existence o f  the  anti 
conform er.

Conformation o f sugar rings. These  were d e te r ­
mined essentially according to Altona and Sunda- 
ra lingam [26], and  G u sc h lb a u e r  [27], It will be seen 
from Table 2 tha t  all the nucleosides exh ib i t  a 
preference for the C ( 2 ')endo confo rm at ion  ( 5 8 -  
6 8 %) which, in the case o f  the 8 -am in o  derivatives, 
increases to 75%, because  o f  in t ram olecu la r  hydrogen  
bonding  (see above).

Conformation o f exocyclic groups. As norm ally  
encountered w'ith o th e r  nucleosides, the exocyclic 
5 ' -C H 2O H  exists as a d yn am ic  equ il ib r ium  o f  three  
classical rotamers. gauche-gauche, gauclie-trans and 
trans-gauche [28]. Since, in most instances, it was 
possible to de te rm in e  only the sum  o f  J (4 \5 ')  and 
J ( 4 ' .5 " ) .  only the gauche-gauche po pu la t ions  were 
evaluated (Table  II). These varied  from 63% for 
5 ' -G M P  and guanosine  to 7 5 -8 0 %  for the 8 -am in o  
derivatives, clearly because  o f  in tram o lecu la r  
hydrogen bonding  in the latter . It should , how ever,  
be noted that for the deriva tives which are exclu­
sively syn, the  gauche-gauche p op u la t ion  decreased 
to 30%.

Susceptibility to 5'-nucleotidase

Since 5 ' -G M P  possesses a dissociable  p ro ton  at 
the ring N ( l )  o f  the aglycone. with a pK  o f  ab o u t  
9.3. enzymatic hydrolysis was conducted  at pH  7.5, 
where it is present, toge ther  with  its analogues, 
predom inantly  in the neutral form. Following the 
observation that the 8 -substi tu ted  analogues were 
very slowly hydrolyzed, rates o f  hydrolysis were 
com pared  quanti ta t ive ly  at a concentra tion  o f  
2 x  10~3 m in the presence o f  1 .4 U /m l  o f  5 ' -N P ase ,  
with uncubation  for 45 m in  at 37 °C . and rem oval 
o f  a liquots at 3-m in intervals for assay o f  l ibera ted  
P\. F rom  Table III which gives the initial rates o f  
hydrolysis for each c om po un d ,  it will be seen tha t  
an  8 -subtituent has a decisive effect in reducing  the 
rate o f  dephosphory la tion .  U n d e r  these condit ions , 
an Eadie-Hofstee plot [29] yielded, for 5 ' -G M P .  a 
K m =  0.8 x 10- 4  m . and a Fmax =  3.6 x 10- 5  M/min.

Several trials dem on s tra ted  tha t ribose-5-phos- 
phate  itself was not a substrate ,  in ag reem en t with 
most, but not all (see below) previously repor ted  
observations. A cycloG M P . w hich  has been show n to 
undergo hydrolysis very slowly in the presence o f  an 
excess o f  the enzym e [30], was resistant u nd er  the 
present conditions.

Each o f  the analogues, and  two o f  the n uc leo ­
sides. were then tested for poten t ia l  inh ib it ion  o f
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Table III. Rates of dephosphorylation o f 8-substituted 
analogues of 5'-GMP. relative to that for 5'-GMP, and 
% inhibition o f 5'-GMP dephosphorylation in the 
presence of various concentrations o f 8-substituted 
analogues.

Analogue Rate of 
dephos­
phory­
lation 
(%)

% Inhibition

Inhibitor

2 x 10~3

concentration [m]

1 x 10-2 2 x l 0 - 2

5'-GMP 100 _ _ _

8-methvl-5'-GMP 0.4 31 75 90
8-bromo-5'-GMP 1.5 28 — 75
8-chloro-5'-GMP 1.7 23 - 85
8-amino-5'-GMP 6.0 22 35 55
8-(a-hydroxyiso-

propyl)-5'-GMP
8-?fr/-butyl-5'-GMP

0 23 - 35

0 a _ _ _
Guanosine — 5 - —

8-chloroguanosine — 7 — —

Acvclo GMP o b 34 - —

Ribose-5-phosphate 0 32 — —

a From ref. [6].
b At much higher enzyme concentrations, this compound 
is very slowly dephosphorylated [30],

dephosphory la tion  o f  5 '-G M P. At concentra tions  
eq u im o la r  with tha t  o f  substrate, the  8 - substi tu ted  
nucleotides exhibited  only m odera te ,  and c o m p a r ­
able, inhibitory properties. Only at 10-fold h igh e r  
concentrations d id  several o f  them  give app rec iab le  
inhibition, particularly 8 -m ethyl-5 '-G M P (Table  III). 
Especially interesting was the f ind ing  tha t  acyclo- 
G M P  and ribose-5-phosphate .  w hich  were not s u b ­
strates under these conditions, ap p a ren t ly  in h ib i te d  
to the same extent as the nuc leo t ide  analogues, at 
concentrations eq u im o la r  with th a t  o f  subs tra te  
(Table  III).

Because o f  the tediousness o f  the  s tep-by-s tep  
assay o f  liberated Px for 5 '-nucleo tidase , we have  
begun  the developm ent o f a p roce d u re  for co n t i ­
nuous assay o f  enzyme activity, b ased  on  the chan ge  
in fluorescence o f  fo rm yc in -5 '-phospha te  a c c o m ­
panying its dephosphory la tion  (J. W ierzchow ski et 
a /., in preparation).  W ith  the a id  o f  this system, 
which is part icularly  well su i ted  for s tud ies  on 
inhibitors which are  not themselves fluorescent, we 
have found that the K t o f  r ibo se -5 -ph osph a te  for 
inhibit ion o f  dephosphory la tion  o f  fo rm ycin -5 '-  
phospha te  is 0.2 m M at pH 7, and  increases to a b o u t
2 m \ i  at pH  9.1.

T he appreciab le  increase in K j for r ibose-5- 
phosphate  at a lkaline pH probab ly  accounts  for the

claim that  this c o m p o u n d  is ne i the r  a substra te ,  no r  
an inhibitor, at the  p H  9 frequently  e m p loy ed  for 
assay o f  this enzyme. It is, consequently ,  o f  in terest 
that, during  p rep a ra t io n  o f  this  m anuscr ip t ,  a rep o r t  
appeared  by Sorensen and  Butler [31] to the  effect 
that r ibose-5-phosphate  is hydro lyzed  by intestinal 
mucosa 5 '-nucleo tidase  at pH  6.5 with a  Fmax 
com parab le  to tha t for 5 '-A M P, bu t  with  a m u ch  
lower A'm. F u r th e rm o re ,  the  Fmax for 5 ' -A M P  
increased 2 V2 -fold, w hile  the K m increased 3-fold, 
when the pH  was raised  from 6.5 to 8 . U n fo r tu ­
nately, these p a ram ete rs  were not d e te rm in ed  for 
r ibose-5-phosphate  at pH  8 . N onetheless ,  the  fo re ­
going observations, and  o u r  own (see above),  a p p e a r  
to indicate tha t  ioniza tion  o f  the r ib o se -5 -ph osph a te  
secondary hydroxyl (pK  ~  6 .2 ) increases its b ind ing  
to the enzyme, and  its inh ib i to ry  properties .  H o w ­
ever. this p rob lem  requ ires  m ore  d e ta i led  inves tiga­
tion. since little a tten tion  has h i therto  been  devo ted  
to a com par ison  o f  the p roper tie s  o f  5 '-nucleo-  
tidases from different sources, e.g. the  snake v enom  
enzyme has been repor ted  to slowly hydro lyze  
nucleoside 5 '-m e th y lp h o sp h o n a te s  [32, 33], w h ich  
are c la im ed to be resistant to the intestinal m uco sa  
enzyme [31].

With the foregoing in m ind ,  it is o f  interest to 
revert to the results listed in T ab le  III. N o t  only are  
the rates o f  hydrolysis o f  8 -m ethyl- ,  8 -chloro- and  
8 -b ro m o-5 '-G M P  com p arab le ,  bu t  the i r  w eak  in ­
hibitory properties  (at concentra tions  e q u im o la r  
with substrate) are  also s im ila r  and  c o m p a ra b le  to 
that for ribose-5-phosphate .  It the re fo re  a p p e a rs  
reasonable  to assum e that,  in these analogues, one  
o f  the sites o f  recognit ion  by the enzym e is the  
r ibose-5 '-phospha te  m oiety ; w hereas  for the  p a re n t  
5 ' -G M P  in the co n fo rm at io n  anti, it is the  base  
which makes the m ore  im p ortan t ,  bu t  not exclusive, 
contr ibu t ion  to subs tra te  recognition. A para l le l 
si tuation prevails for the  8 -am in o  ana logue ,  w h ich  
readily adopts  the anti co n fo rm a t io n  (T able  II), b u t  
is hydrolyzed at a m u ch  low er rate  because  o f  the  
8 -am ino  substituent. Finally ,  it should  be n o ted  tha t  
the nucleosides themselves, like g uanos ine  and  
8 -chloroguanosine, a re  even w eak er  inh ib i to rs  
(Table  HI), i f  at all.

Concluding remarks

A comparison o f  the susceptibili ties to 5 '-N M P ase  
o f  the various 8 -substi tu ted  5 ' - G M P  an a logues
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(Table III) with the ir  confo rm at ion a l  p a ra m e te r s  
(Table II) indicates tha t enzym atic  d e p h o s p h o r y la ­
tion proceeds, a lbeit slowly, only for those  c o m ­
pounds capable  o f  adop ting ,  to som e extent, the  anti 
conformation abo u t  the glycosidic bon d ,  the  rates o f  
hydrolysis varying from one to two o rders  o f  m a g n i ­
tude  below tha t for the paren t 5 ' -G M P .  A s im ­
ilar si tuation prevails for 8 -substi tu ted  5 ' -A M P  
analogues, e.g. 8 -b ro m o -5 '-A M P  w hich, like 
8 -b rom o-5 '-G M P . exhibits  a very low p o p u la t io n  o f  
the anti conform ation  [ 1 0 ], is a very w eak  subs tra te ,  
whereas 8 -(a -hydroxy isopropy l)-5 '-A M P , w h ich  is 
incapable o f  adopting  the  anti co n fo rm at ion ,  is fully 
resistant. It has also been  noted  th a t  8-te/7-butyl- 
5 '-G M P. also exclusively in the syn co n fo rm at ion ,  is 
not a substrate [6 ], It is, therefore ,  r a th e r  str ik ing  
that 2 -m ethy lfo rm ycin -5 '-phospha te ,  a st ructura l  
analogue o f  8 -m e th y laden os ine -5 '-ph osph a te ,  is, 
like the latter, hydrolyzed by the sam e  enzym e at 
only about 2 % of  the rate  for the  p a re n t  fo rm ycin-  
5 '-phosphate  (J. Wierzchowski et al., in p r e p a r a ­
tion).

The poor substrate  p roper tie s  o f  the  8 -subs t i tu ted  
analogues ( including the 8 -am ino ,  w hich  is p r e ­
ferentially anti, see T ab le  II) m us t th e re fo re  be d u e  
to steric and o ther  effects o f  the 8 -substi tuents .  T h e  
differences in rates o f  hydrolysis o f  these  w eak  s u b ­
strates are also related in part  to the  n a tu re  o f  the  
substituent,  ra ther  than  the  p o p u la t io n  o f  the  anti 
conformer o f  the free nucleotide , since 8 -b ro m o -  
5 '-G M P  ( > 9 0 %  syn) is hydro lyzed  m o re  read i ly  
than 8 -m ethy l-5 '-G M P (80% syn).

One conceivable in te rp re ta tion  o f  the d ifferences 
in rates o f  hydrolysis o f  the 8 -methyl. 8 -b rom o. 
8 -chloro and 8 -am ino  analogues is the hydro- 
phobicity  o f  the 8 -substi tuent. Hydrolysis o f  the 
0 ( 5 ' ) - P  linkage ap pears  to involve an  “ in line" 
mechanism, with part ic ipa tion  o f  a w ate r  m olecule  
[5]. W ith the 8 -substi tuent located at the  active 
centre o f  the enzyme, and  in the confo rm at ion  anti, 
the substituent is in the vicinity o f  the ph o sp h a te  
group and. the greater  its hydrophobic ity ,  the  m ore  
effectively it will prevent access o f a w ater  molecu le  
from the m edium . Hence the slowest rate o f  
hydrolysis o f  the 8 -m ethyl analogue, the methyl 
group being the most h yd rop ho b ic  o f  these subs ti­
tuents. Even with the most hydrophilic  substi tuen t.  
N H i ,  the rate o f  hydrolysis is very low relative to 
the parent 5 ' -G M P  because  o f  steric effects.

On the o ther hand, it appears  tha t  forced 
constrainment, by an 8 -substi tuent as bu lky  as 
x-hydroxyisopropyl, to an  exclusively syn c o n fo rm a ­
tion leads to extreme steric h indrance  by the  six- 
m em bered  pyrim id ine  ring o f  the p ur ine  base, 
which is then  located in the  vicinity o f  the p ho s­
phate  group, thus effectively h inder ing  d e p h o s ­
phorylation.
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