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Abstract-Various adenosine analogues phosphorylated or not, modified at the purine ring level or in 
the carbohydrate moiety, have been tested for their ability to induce a vasoconstriction in the 
arterio-arterial vascular bed of the trout gill. The structural integrity of the purine ring and the N- 
glycosidic bond are required for activity. The anti conformation of the molecule is preferable to the syn 
conformation. The basic&y and/or the hydrogen bonding capabilities at the 6-position are important for 
the potency of the molecule. Substitutions which decrease the basicity of the l-position decrease the 
activity and substitutions which reinforce the basicity (2X1 adenosine) increase it. Alterations of the 
furanose ring conformation and the reduction of the hydrogen bonding capabilities of the 2’- and 3’- 
hydroxyls decrease the potency of the compound. Some substitutions in the 5’-position intensify the 
haemodynamic response. Thus, 5’-ethyl carboxamide adenosine is one order of magnitude more potent 
than adenosine. The addition of more than one phosphate in 5’-position (ADP, ATP) favours the 
effectiveness of the compound but a further elongation of the phosphate chain does not improve its 
potency. The cu-,!? configuration of the phosphate chain is essential for the physiological effect. IMP, 
adenylosuccinate and all cyclic necleotides are devoid of haemodynamic activity. These results sustain 
the hypothesis of the presence of specific vascular purinergic receptors in the trout gill. 

It has been recently demonstrated that adenosine 
produces a vasoconstriction in the systemic vascu- 
lature of the trout gill [1,2]. The site of action of 
adenosine (Ado) and phosphorylated derivatives has 
been located on the surface of the vascular cells of 
the trout gill [3]. 

The present experiments were performed to define 
the structure activity relationships of Ado in the 
vascular bed of the trout gill. Thus, the activities of 
various Ado derivatives were compared to the 
activity of Ado itself. A series of 78 Ado analogues 
substituted either on the purine ring or on the ribose 
moiety or both, was tested on the arterial vasculature 
of the trout gill. Preliminary reports of these studies 
have already been presented [4,5]. 

MATERIALS AND METHODS 

Rainbow trout (200-300g) were acquired and 
maintained as previously described [2]. Isolated trout 
heads were prepared and perfused as previously 
described [3]. Temperature was 13 2 0.5”. 

The Ado analogues were injected in 50 yl solutions 
during 3.6 sec. Solutions were tested at 3 x 10e6, 
3 x 10e5, 3 x low4 or 3 X 10e3 M according to the 
magnitude of the haemodynamic effect of each 
analogue. The responses of Ado and analogues were 
calculated as per cent of inhibition of the aortic 
outflow at the maximum of the effect [3] and then 
expressed as per cent of the response given by a 
solution of 3 x 10m5M Ado injected on the same 
preparation. Each solution was tested 3 times on 
each of 4 different perfused trout heads and the 
results are the means of the values obtained on the 

4 trout rounded into the whole numbers. 
Adenosine analogues. Adenosine (Ado), l-oxide 

Ado, l-methyl Ado, tubercidin, 2-Cl Ado, all 6- 
deamino nucleosides, 6-methylamino purine riboside 
(PR), 6-furfurylamino PR, 2’-methoxy Ado, 2’- 
deoxy Ado, 3’-deoxy Ado, arabinofuranosyl aden- 
ine, 5’-sulphate-5’-deoxy Ado, AMP, Ado-2’-phos- 
phate 5’-0-thio AMP, 5’-amido AMP, 2’-deoxy 
AMP, inosine-5’-phosphate (IMP), adenylosuccin- 
ate, 8-(6-aminohexyl)-amino AMP, diphospho-, 
triphospho- and cyclic nucleotides were purchased 
from Sigma Chemical Company (St. Louis, MO). 
Formycin B and 6-Cl PR-5’-phosphate were obtained 
from PL Biochemicals (Milwaukee), 6A2-isopenten- 
ylamino PR and 2’,3’-diacetyl from Aldrich-Europe 
Division (Belgium) and diAdo pentaphosphate from 
Boehringer Mannheim (France). 

The following nucleosides and nucleotides were 
generous gifts: l-ethyl Ado, 8-Br Ado, 2’,3’-isopro- 
pylidene Ado, 5’-Cl-5’-deoxy Ado, 5’-S-isobutyl 
Ado, 5’-deoxy Ado, S adenosyl homocysteine, S 
adenosyl methionine, 5’-tosyl Ado, 2-hydroxy- 
methylene, 6-(9-adenyl) dioxane, 2-hydroxy,l-(9- 
adenyl)ethoxy, and 2-C1,2’-hydroxy isopropane from 
Dr. M. Gero, C.N.R.S. (Gif-sur-Yvette, France); 
formycin from Dr. J. J. Fox, Sloan-Kettering Insti- 
tute for Cancer Research (New York, NY); 2-azido 
Ado from Dr. N. J. Cusack, University of Cambridge 
(Cambridge, U.K.); 6-benzylamino PR and 6-ben- 
zylamino arabinofuranosyl adenine from Dr. J. L. 
Barascut, Laboratoire de Chimie bio-organique 
(Montpellier, France); 6-diphenylphosphoamino 
PR, 6-methyl, diphenylphosphoamino PR, and 5’- 
diphenyl AMP from Dr. W. Pfleiderer, University 
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Fig. 1. Structure of ATP, illustrated in the anti confor- 
mation, showing the positions numbering utilized to char- 

acterise adenosine analogues. 

of Konstanz (Konstanz, West Germany); 5’,8-cycle 
Ado and 4’,5’-dehydro Ado from Dr. J. Zylber, 
C.N.R.S. (Thiais, France); 2’-Cl Ado, 3’-Cl Ado, 
3’-amino Ado, 2’-azido Ado and 3’-azido Ado from 
Dr. H. Wiedner, Max-Planck Institute (Giittingen, 
West Germany); 5’-amino-5’-deoxy Ado and 5’- 
azido5’-deoxy Ado from Dr. M. J. Robins, Uni- 
versity of Alberta (Alberta, Canada); 5’-carboxylic 
acid methyl ester Ado, 5’-ethyl carboxamide Ado 
and 2’,3’-nitro, 5’-ethyl carboxamide Ado from Drs. 
Schick and Dittman, Byk Gulden Pharmazeutica 
(Konstanz, West Germany); 5’-carboxylic acid ethyl 
ester Ado from Dr. A. 0. Geiszler (Abbot, IL). 

2-(9 Adeny1)formyl methoxy, 3-hydroxy propion- 
aldehyde was synthesized according to Khym 
et al. [6]. 

RESULTS 

Adenosine (Ado) analogues modified in either the 
purine ring or the sugar moiety (Fig. 1) were exam- 
ined for their haemodynamic activities on gill 
arterio-arterial circulation in the trout. Figure 2 
shows an example of original registration curve. The 
transient effects of microinjections of Ado on the 

aortic outflow are identical to the effects previously 
described [3]. The responses to the analogues 2’- 
methoxy Ado and NAD taken as examples are com- 
pared to the Ado response. Although the amplitudes 
of the analogue responses are different and related 
to their concentrations, they exhibit the same type 
of agonist activity than Ado. 

Modifications of the purine moiety (Table 1) at 
the l-position (l-oxide Ado, l-methyl Ado, l-ethyl 
Ado) decrease the agonist activity. Tubercidin (Fig. 
3) had a very slight agonist activity and formycin 
(Fig. 3) was an order of magnitude less active than 
Ado. Deamination of this latter analogue (formycin 
B) greatly reduced its agonist activity. The substi- 
tution of a Cl or an azido group at the 2-position of 
Ado either increased or did not affect the vasomotor 
action of the molecule. 

Analogues in which a single H on the amino nitro- 
gen was substituted retained agonist activity and 
were in some cases even more effective than Ado 
at the same concentration. The activity of these 
analogues was similar whether the substituent was 
aliphatic (methyl, ethyl, isopentenyl) or aromatic 
(furfuryl, benzyl, diphenyl-phospho). In contrast, 
6-methyl, diphenylphosphoamino PR had an agonist 
action when it was tested at ten times the concen- 
tration of Ado. Replacement of the 6-amino group 
with a H, Cl, methoxy, thio, or methylthio group 
rendered the compound practicallv inactive since at 
a concentration of 3 x 10e3 M they were equipotent 
to Ado at 3 X lo-‘M. The replacement of the 6- 
amino group by a hydroxyl group (inosine or guan- 
osine) rendered the compound practically inactive. 

The cyclisation of the molecule (5’,8-cycle-Ado) 
reduced the agonist activity of Ado and the substi- 
tution of a Br group at the 8-position produced a 
very large loss in the agonist activity. 

Modifications of the ribose moiety (Table 2) 
involving the 2’- and 3’-positions were associated 
with substantial loss of activity. Both 2’- and 3’- 
deoxyadenosine were only slightly active at milli- 
molar concentrations. Substitution at the 2’-position 
by a Cl, methoxy or azido group rendered the com- 
pound only active at 3 x 10e4 M. The action of Ado 
was more affected by the substitution at the 3’-pos- 

Ado Z-methoxy Ado NAD ANALOGUES 

3 x10-5 M 3X104M 3 x lo-4M 3x10-5M CONCENTRATION 

ml /min t 100 % og 60 96 81 % EFFECT 

1 mi I 

0 10 20 30 40 min 

Fig. 2. Original registration curve of the aortic outflow of an isolated trout head preparation. The mean 
effect of 3 microinjections of 2’-methoxy Ado and NAD are compared to the mean effect of 3 
microinjections of Ado taken as 100%. The mean effect of Ado, in this example, represents an inhibition 

of 48% of the aortic outflow. 
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ribose ribose 

Fig. 3. Structure of some adenosine analogues modified either in the adenine ring (1:tubercidin; 
II:formycin) or in the ribose moiety III:2-(9-adeny1)formyl methoxy, 3-hydroxy propionalde- 
hyde; IV:2-hydroxy,l-(9-adenyl)ethoxy,2-C1,2’-hydroxy isopropane; V:2-hydroxy-methylene,6-(9- 

adenyl)dioxane. 

ition by a Cl or an azido group than by an amino 
group. The compound 2’,3’-diacetyl Ado was devoid 

nearly equipotent to Ado (Cl, azido or S-isobutyl 

of any activity, and 2’,3’-isopropylidene Ado had a 
substitutions) while some others were only active at 

very small agonist activity, as did the two 2’-epimers 
the millimolar level (sulphate, amino, homocysteine 
or methionine substitutions). 

tested, arabinofuranosyl adenine and its 6-benzyl 
derivative. 

Substitution of Ado in 5’-position by an esterified 

Among the 5’-deoxy derivatives tested, some were 
COOH group led to an obvious decrease in potency. 
On the contrary, substitution by a carboxamide 

Table 1. Haemodynamic effect of adenosine analogues substituted on the 
purine ring tested in microinjections on perfused trout gill (results are 

given in per cent of the adenosine response tested at 3 x 10e5 M) 

6-methylamino PR 

6-ethylamlno PR 

6-A2-lsopentenylamino PR 

6-furfurylamino PR 

6-benzylami”o PR 

6-dlphenylphosphoami”o PR 

6-methyl, dlphenylphoaphoamlno PR 

8%Br Ado 

164 

106 

122 

121 

154 

77 

33 

29 
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Table 2. Haemodynamic effect of adenosine analogues substituted on the ribose moiety 
tested in microinjections on perfused trout gill (results are given in per cent of the 

adenosine response tested at 3 x 10m5 M) 

group greatly enhanced the agonist activity. Thus, 
5’-ethyl carboxamide Ado was the most effective 
analogue tested on the isolated trout head prep- 
aration. With additional NOz substitutions in 2’- and 
3’-positions a 100 fold increase in concentration was 
needed to detect an agonist activity. 

The presence of a tosyl group in 5’-position 
resulted in a very slight activity (millimolar level). 
The modification of the ribose ring configuration 
(Fig. 3) rendered the compound either slightly active 
(4’,.5’-dehydro Ado, 2-hydroxymethylene,6-(9- 
adenyl) dioxane) or completely inactive (2-hydroxy, 
1-(9-adenyl) ethoxy, 2-C], 2’-hydroxy isopropane 
and 2(9-adenyl) formyl methoxy, 3-hydroxy 
propionaldehyde). 

The addition of a phosphate group (Table 3) at 
the 5’-position (AMP) did not affect the Ado activity 
but its addition at the 2’- or 3’-position decreased 
the agonist activity. 

The tested substitutions at the 5’-position of Ado 
induced decreasing potencies according to the fol- 
lowing order: AMP 2 5’-0-thio AMP > Ado 5’- 

monophosphoramidate > 5’-diphenyl AMP. The 
removal of the 2’-OH group resulted in a smaller 
decrease in potency for AMP than for Ado. Some 
substitutions on the purine ring of AMP either com- 
pletely (IMP, 8-(6-aminohexyl)-amino 5’-AMP) or 
nearly completely (adenylosuccinate) destroyed the 
activity while the replacement of the 6-amino group 
by Cl induced a smaller inhibition. ADP and ATP 
were slightly more potent than Ado. The introduc- 
tion of a methylene or an imido group between the 
/3 and y phosphate groups of ATP decreased slightly 
its agonist activity whereas the introduction of a 
methylene group between the (Y and /3 phosphate 
groups of ADP or ATP resulted in a marked decrease 
in their activity. When a pyrophosphate group linked 
two Ado moieties (diAdo diphosphate), the activity 
was slightly enhanced while the prolongation of the 
phosphate chain (diAdo pentaphosphate) did not 
affect the activity. NAD and 5’-diphosphoribose 
Ado were practically equipotent to Ado, while 
NADP as Ado-2’-phosphate had the same effect at 
a ten-fold greater concentration. 
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Table 3. Haemodynamic effect of phosphorylated adenosine analogues tested 
in microinjections on perfused trout gill (results are given in per cent of the 

adenosine response tested at 3 x 10ys M) 

Test concentration 

RX&XJ”fS 

Adenoslne (Ado, 

Monophosphates 

AMP 

&do-*‘-phosphate 

Ado-3’-phosphate 

5’4 ttlio AMP 

!s’-anldo AMP 

5’-dLphenyi AMP 

P’-deoxy AMP 

6-01 PR-5’-phosphate 

i”osi”e-5’-phosphate (IMP) 

ade”ylOSUCCl”ate 

8- ~6-aminohexyl~ -amino RMP 

Enphosphates 

ADP 

a,6methylene RDP 

diAda diphosphate 

5’-dlphosphoribose Ado 

rim 

Triphosphates 

ATP 

u, 8-methylene ATP 

@,y-methyle”e ATP 

B,v-imdo ATP 

NADP 

Pentaphasphate 

diAdo pentaphosphate 

cyclx nucleotides 

Ado-3 ’ , 5’-monophosphate (CAMP) 

Ark-2 m , 3’-monophosphate 

t46, 2’-O-dibutyryl CAMP 

3 x 10% 3 x lo-LIM 3 x lo-3M 

Effect rn percent 

100 

loo 

103 

134 

76 

62 

57 

52 

93 

0 

12 

0 

112 

86 

123 

95 

77 

122 

55 

95 

96 

79 

93 

0 

0 

0 
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All the cyclic nucleotides tested (Ado-3’,5’-mono- 
phosphate, Ado-2’,3’-monophosphate, N6,2’-O- 
dibutyryl CAMP) were devoid of any activity. 

DISCUSSION 

Earlier studies [l] revealed that Ado and some of 
its natural derivatives had similar haemodynamic 
properties on trout gill. The present paper shows 
that besides natural compounds, various Ado ana- 
logues (nucleosides and nucleotides) also have vaso- 
constrictor effects on the arterial system of trout gill. 

These results show that there is a wide range of 
vasomotor potencies among the 78 compounds 
tested. While only one is much more active than 
Ado, 21 are more or less equipotent to Ado, 19 have 
the same effect but at a ten-fold concentration, 29 
are more or less active at a hundred-fold concentra- 
tion and 8 compounds are completely devoid of 
activity. With regard to the less active analogues, 
the presence of trace amounts of active contaminants 
in the injected solutions cannot be ruled out since 

the purity of the analogues was not checked before 
use. 

It is likely that the 6-amino group is essential for 
haemodynamic activity. This requirement might be 
explained by the high basicity and/or the hydrogen 
bonding capabilities of this group [7-91. When one 
of the two 6-amino hydrogens is substituted by a 
methyl, an ethyl, an isopentenyl, a furfuryl or a 
benzyl, the hydrogen bonding capabilities are 
decreased while the basicity is increased at this pos- 
ition. Simultaneously, the activity of the compound 
is reinforced. The 6-methylation of diphenylphos- 
phoamino PR which suppresses all hydrogen bonding 
possibilities but not all the basicity of this position 
reduces the activity. On the other hand, the 6-car- 
boxy1 groups of adenylosuccinate render the com- 
pound completely inactive. 

A certain degree of basicity of the l-position seems 
to be required for interaction of adenosine with gill 
vascular smooth muscles. Some additions on the l- 
position (oxygen, methyl, ethyl) reduce its basicity 
and, concurrently, the activity. According to the 
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electrophilic substitution rules [lo], the addition of 
Cl on the 2-position increases the basicity of the l- 
position and potentiates the compound. The ana- 
logue 2-Cl Ado is also a more potent agonist than 
Ado on mammalian smooth muscles [ll, 121. The 
presence of an azide on the 2-position has no par- 
ticular consequence on the activity. 

The requirement of the N-glycosidic bond and the 
structural integrity of the purine ring is demonstrated 
by the low activities of formycin and 7-deaza Ado, 
respectively. 

The capacity of Ado to interact with the gill vas- 
cular system of the trout may depend not only on 
the presence and the configuration of its different 
functional groups but on its conformation as well. 
Thus, although 5’-8-cycle Ado which has a high anti 
conformation was not a very potent agonist, the very 
low biological activity of 8-Br Ado which has a syn 
conformation seems to demonstrate that the anti 
conformation is preferable for agonist activity. This 
stereochemical interpretation has already been pro- 
posed by Hampton, Harper and Sasaki [12] for Ado 
utilizing enzymes and by Olsson, Gentry and Snow 
[13] for Ado transport requirements. 

This study shows that any alteration of the sugar 
moiety involving either the furanose ring confor- 
mation or the presence of the 2’- and 3’-hydroxyls 
is associated with a decrease or a complete loss of 
vasomotor activity. The erythro configuration of the 
2’- and 3’-hydroxyls and concurrently their hydrogen 
bonding capabilities are also of great importance for 
the vasomotor activity of Ado. Considering the 
results obtained with different 2’- and 3’-substitu- 
tions, the 3’-hydroxyl appears as important for 
agonist activity as the 2’-hydroxyl, although some 
substitutions are more tolerable in the 2’-position. 

Although 5’-deoxy Ado was not available, the 
results obtained with different 5’-substituted nucleo- 
tides suggest that the 5’-hydroxyl is relatively less 
important than the secondary hydroxyls for agonist 
activity. The presence of carboxyl groups in 5’-pos- 
ition considerably alters the potentiality of the com- 
pound. This alteration is less severe when the car- 
boxy1 group is esterified, but an additional 
substitution in 2’- and 3’-positions which increases 
the activity of the compound in dog coronaries [14] 
decreases its activity in the trout gill. Conversely, 
5’-ethyl carboxamide Ado is the most effective of 
the analogues tested as it is in mammals [14]. 

If the addition of a phosphate group in the 5’- 
position does not alter the agonist activity of the 
Ado molecule, the addition of a phosphate group 
in 2’- or 3’-positions induces a decrease of activity 
as any other addition in these positions. The addition 
of a phosphate group in the 2’-position of NAD or 
Ado results in the same decrease of agonist activity. 
However, the weak activities of some Ado analogues 
(2’-deoxy Ado, 6-Cl PR) are reinforced by a further 
phosphorylation in 5’-position. 

Among natural nucleotides, AMP, ADP, ATP 
and NAD are at least as potent as Ado but IMP and 
adenylosuccinate are inactive even at the millimolar 
concentration. 

The integrity of the hydroxyl groups of the 5’- 
phosphate seems to be required for activity since the 
substitution of both hydroxyls (5’-diphenyl AMP) 

produces a greater reduc.ion than when only one 
hydroxyl is substituted (5’-amido AMP). 

The potencies of natural adenylic compounds 
observed in this study are in the order previously 
described [3]. These results suggest that the elon- 
gation to three phosphates of the phosphate chain 
favours the vasomotor response. A further prolon- 
gation of the chain (diAdo pentaphosphate) does 
not enhance the vasomotor activity as it can be 
expected according to the results of Raberger, Schlitz 
and Kraupp [14] on diAdo derivatives with poly- 
methylene chains. The configuration of the phos- 
phate chain seems important, mainly in the (Y- and 
@-locations. It seems likely that the lengthening of 
the distance between the LY and /l phosphorus by 
introduction of a -CHx-bridge (o&3-methylene ADP, 
cu,@-methylene ATP) accounts for the observed 
decrease of activity. The same lengthening (/l,r- 
methylene ATP) in the /3- and y-locations does not 
alter significantly the agonist activity. This effect was 
already observed on synaptic transmission in the 
cerebral cortex [15]. Furthermore the y-phosphate 
can be replaced by Ado, a ribose or a nicotinamide 
ribose group since diAdo diphosphate, 5’-diphos- 
phoribose Ado and NAD are approximately equi- 
potent to ADP. 

As the 3 cyclic nucleotides tested are completely 
inactive, it can be assumed that the 3’, 5’- or the 2’, 
3’-cyclisation prevents the access of the compound 
to the site of action and that no active metabolites 
are released by hydrolysing enzymes. As a matter 
of fact, neither tissue uptake nor degradation of ‘H 
CAMP could be detected in the trout perfused head 
preparation (unpublished results). The dibutyryl 
derivative of CAMP is also inactive in the isolated 
perfused guinea pig heart [16]. 

The higher potency of some Ado analogues, com- 
pared to that of Ado, can be interpreted as an 
increase of affinity for the site of action, a reduction 
of uptake and/or enzymic catabolism [17]. Taking 
into account the coronary dilator potencies of a series 
of Ado analogues, Angus et al. [ll] suggested that 
enzymic inhibition was probably not the sole mode 
of action, although being a contributing factor. It 
seems likely that the strong activity of 5’-ethyl car- 
boxamide Ado is mainly due to an increase of affin- 
ity. On the other hand, a part of the activity of 2-Cl 
Ado might be assigned to an inhibition of Ado 
deaminase [18]. The potency of some analogues 
(AMP, ADP, ATP, NAD, 5’-diphosphoribose) may 
result from either an intrinsic action of these mol- 
ecules or a rapid enzymic hydrolysis into Ado. Ear- 
lier studies about haemodynamic effect of AMP on 
gill trout have shown that dephosphorylation was 
not a necessary prerequisite to agonist activity [3]. 

The weak agonist potency of some tested ana- 
logues and the inactivity of some others might result 
from large alterations of the basic features of the 
compound such that the molecule no longer fits the 
site of action and/or an increase of steric hindrance. 

The present work shows that a number of Ado 
analogues with structural modifications have a con- 
strictor activity on the gill vascular bed of trout. The 
necessary molecular features for Ado activity 
revealed by this study: integrity of purine and fur- 
anose rings, basicity of l- and 6-positions, hydrogen 
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bonding at 6-, 2- and 3-positions, N-glycosidic bond 
and anti conformation are generally involved in other 
systems where steric requirements for Ado activity 
have been studied: coronary dilation [l!, 171, intes- 
tinal smooth muscle relaxation [8,9], ADP induced 
platelet aggregation [19], Ado membrane carrier in 
the dog heart [13], CAMP accumulation in the myo- 
cardium [7], in the brain or in human fibroblasts [21] 
and depression of synaptic transmission in the cer- 
ebral cortex [15]. 

The hypothesis of specific ‘purinergic receptors’ 
in the gill vascular system of rainbow trout formu- 
lated on the grounds of physiological experiments 
[3] is strongly supported by the findings of the present 
study. Whether the origin of the mediator is vascular 
cells themselves or purinergic nerves [22] is not yet 
elucidated. 
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