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ABSTRACT The ability of adenosine to stimulate adenylate
cyclase IATP pyrophosphate-lyase (cyclizing), EC 4.6.1.11 and
increase adenosine 3':5'-cyclic monophosphate (cAMP) levels
has important biochemical consequences. These include the
suppression of immune responses and cardiovascular effects.
Recent investigations involving the ability of adenosine and
adenosine analogs to stimulate adenylate cyclase provided ex-
perimental data that appear to be correlated with the ability of
adenosine and analogs of adenosine to exist in the glycosidic
high anti conformation. 9-3-D-Arabinofuranosyladenine, which
is not stable in the high anti conformation, is inactive as a
stimulator of adenylate cyclase. 2'-Deoxyadenosine is also not
stable in the high anti conformation but its instability may be
significantly decreased by intramolecular adjustments pro-
moted by receptor or active site interactions. 2'-Deoxyadenosine
does not activate adenylate cyclase in lymphocytes when ATP
is the substrate but is able to activate adenylate cyclase when
2-fluoro ATP is the substrate. The inability of certain analogs
of adenosine, with bulky groups substituted for hydrogen at the
8 position of the adenine base, to activate adenylate cyclase and
increase either lymphocyte or cardiac cell cAMP levels is con-
sistent with the designation of the high anti conformation as
being the conformation required for the activation of adenylate
cyclase. An understanding of the glycosidic conformation re-
quired by the extracellular adenosine receptor of the adenosine
molecule provides the basis for designing nucleoside analogs
of adenosine that will exert a desired effect on cAMP levels. The
avoidance of unwanted immunosuppressive or cardiotoxic ef-
fects can be arranged by structural changes that prohibit the
high anti conformation.

There are several aspects to the toxicity associated with an excess
of adenosine (1-11). The enzymes adenosine deaminase
(adenosine aminohydrolase, EC 3.5.4.4) and adenosine kinase
(ATP:adenosine-5'-phosphotransferase, EC 2.7.1.20) compete
for adenosine. At higher concentrations of adenosine, adenosine
deaminase dominates (11-14) and protects the body from the
effects of an excess of adenosine. One of these effects is the
suppression of immune responses associated with the activation
by adenosine of adenylate cyclase ATP pyrophosphate-lyase
(cyclizing), EC 4.6.1.11 which increases cAMP levels (15, 16).
Adenosine stimulation of adenosine 3':5'-cyclic monophosphate
(cAMP) production is attributed to the interaction of adenosine
with a receptor for adenosine on the external cell surface (15,
17-24). Immunodeficiency diseases have been associated with
the loss of adenosine deaminase activity (5, 25-32).
The coronary vasodilator activity of adenosine has recently

been reviewed (33, 34). The cardiovascular effects of adenosine
are potentiated by inhibitors of either adenosine deaminase or
the uptake of adenosine by the heart (35-42), both of which
increase extracellular adenosine concentrations which stimu-
lates adenylate cyclase.

Factors, such as the loss of adenosine deaminase activity, that

increase adenosine levels result in increased cAMP levels which
are responsible for the immunosuppressive (5, 15) and cardio-
vascular (33-42) effects of adenosine. In both situations the
action of adenosine at a receptor on the external cell surface (15,
17-24) appears to require that adenosine be oriented in the
glvcosidic high anti conformation. This conclusion is suggested
by the correlation between the conformational properties of
adenosine and adenosine analogs and their capacities to stim-
ulate adenylate cyclase.

CALCULATIONS
In order to calculate the conformational differences among
adenosine, 2'-deoxyadenosine, and 9-1-D-arabinofuranosyl-
adenine (Ara-adenine) we used the iterative extended Huckel
theory (IEHT) method (43). The starting coordinates for the
calculations were taken from the crystal structures of these
molecules (44-46). The conformational definitions that we will
use are shown in Fig. 1. The high anti conformation corre-
sponds to dihedral angles between 750 and 1650. Fig. 2 shows
the variation in total energy of adenosine with rotation about
the glycosidic (C1'-N9) bond. The entire high anti confor-
mation range is energetically accessible to adenosine. Calcu-
lations that we have done with other crystal forms of adenosine
indicate that the conformational energy profile obtained by
theoretical calculations on a rigid molecule are modified by the
starting coordinates or crystal structure chosen for the calcu-
lation. A dramatic example of this has been illustrated by cal-
culations on the two crystal forms of ribavirin (47, 48). In gen-
eral, the high anti conformation in adenosine can be considered
as being slightly higher in energy than the anti conformation
for most of the probable arrangements of atomic coordi-
nates.

In Fig. 3 is the result of a calculation on Ara-adenine. Ara-
adenine is unstable in the high anti conformation (unpublished
data), which accounts for its inactivity as a substrate for both
adenosine kinase and purine-nucleoside phosphorylase
(purine-nucleoside:orthophosphate ribosyltransferase, EC
2.4.2.1).

Fig. 4, from a calculation on 2'-deoxyadenosine, indicates
that this molecule is unstable throughout the high anti con-
formation range. This instability is caused by the conforma-
tional adjustments produced by removal of the 2'-OH group
that increase destabilizing interactions between C2' or H2' and
H8. The high anti conformation is denied to arabinosyl purines
(unpublished data) because adjustments of sugar puckering or
the attitude of the base relative to the ribose moiety are unable
to decrease significantly the steric interactions between the
2'-OH group and the base moiety that occur in the high anti
conformation range. Optimizing intramolecular or intermo-
lecular adjustments are unable to stabilize the high anti con-
formation in Ara-adenine. Adjustment of ribose puckering and
the degree of tilt between the base and ribose moieties by en-
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FIG. 1. Definition of glycosidic conformational ranges. A dihedral

angle of 00 corresponds to a cis planar arrangement of 01'-C 1'-N9-Y.
The atom Y in this diagram corresponds to C8 of the base moiety of
Ara-adenine, 2'-deoxyadenosine, and adenosine. A positive rotation
about the glycosidic C1'-N9 bond is a clockwise rotation of the far part
of the molecule when looking along the C1'-N9 bond.

zyme or receptor interactions with 2'-deoxyadenosine have the
potential of decreasing the instability of the high anti confor-
mation. Calculations using the coordinates of Ara-adenine (46)
with the 2'-OH group replaced by a hydrogen result in a dra-
matic decrease of the high anti barrier (unpublished data).
Certain structural modifications of 2'-deoxyadenosine are ap-
parently able to counteract the conformational effects of re-

moval of the 2'-OH group that increase the instability of the
high anti conformation.

DISCUSSION
The correlation between the calculated glycosidic properties
of adenosine and adenosine analogs and their experimentally
established propensities to activate adenylate cyclase is sug-

gested by the following.
1. Ara-adenine, 2'-deoxyadenosine, and 8-bromoadenosine

are unable (15, 49) to increase lymphocyte cAMP levels. These
molecules are unstable in the high anti conformation. However,
2'-deoxyadenosine may be stabilized in the high anti confor-
mation through other structural changes or through enzyme-
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FIG. 2. Variation in total energy plotted against dihedral angle
(x) for adenosine.
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FIG. 3. Variation in total energy plotted against dihedral angle
for Ara-adenine.

substrate or receptor-substrate interactions with some enzymes
or receptors. The activity of 2'-deoxyinosine as a substrate for
purine nucleoside phosphorylase and the inactivity of 2'-
deoxyadenosine as a substrate for adenosine kinase, both of
which require a high anti conformation of the substrate (un-
published data), is evidence that stabilizing interactions occur
between 2'-deoxyinosine and purine nucleoside phosphoryl-
ase.
The adenylate cyclase receptor is apparently modified by

the binding of 2-fluoro ATP so that 2'-deoxyadenosine is able
to activate adenylate cyclase when 2-fluoro ATP is the substrate
but not when ATP is the substrate (15). In contrast, Ara-adenine
remains unstable in the high anti conformation in spite of the
conformational effects of either modification of the substrate
at other locations in the molecule or interactions of Ara-adenine
with enzyme active sites or membrane surface receptors. Ara-
adenine is unable to act as a substrate for purine nucleoside
phosphorylase that can accept 2'-deoxyadenosine as a substrate.
Ara-adenine is unable to activate adenylate cyclase when 2-
fluoro ATP is the substrate but 2'-deoxyadenosine is able to do
so. The removal of the 2'-OH group in adenosine destabilizes
the high anti conformation and this decreases the probability
of the proper alignment of the substrate at the active site of
either an enzyme or a receptor that requires a molecule bound
in the high anti conformation. That this instability of the high
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FIG. 4. Variation in total energy plotted against dihedral angle
for 2'-deoxyadenosine.
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anti conformation in 2'-deoxyadenosine can be overcome by
interactions between the adenosine receptor and 2'-deoxy-
adenosine is demonstrated by the ability of 2'-deoxyadenosine
to activate adenylate cyclase when 2-fluoro ATP is the substrate
but not when ATP is the substrate. This implies that the con-
formational adjustments that occur at the adenylate cyclase
active site between the active site and a bound substrate influ-
ence the conformative response between the adenosine receptor
and 2'-deoxyadenosine.

2. 8-Aminoadenosine and 8-bromoadenosine are unable to
stimulate cAMP accumulation in guinea pig ventricular slice
preparations (14). The inactivity of ribavirin derivatives with
methyl, amino, or chloro substituents at the 5 position (50) has
been attributed to the destabilization of the high anti confor-
mation required for the inhibition of IMP dehydrogenase
(IMP:NAD+ oxidoreductase, EC 1.2.1.14) by these purine an-
alogs (48; unpublished data). Similar structural modifications
in adenosine that rule out the high anti conformation required
for activity, but not the anti conformation (51; unpublished
data), are inactive as stimulators of adenylate cyclase (37) be-
cause these analogs are unstable in the high anti conformation.
The adenosine analogs 8-aminoadenosine and 8-methylami-
noadenosine monophosphates have recently been shown to be
stable in the anti conformation in solution (51).

3. GTP in the presence of hormones activates adenylate cy-
clase (52-54). Analogs of GTP such as 3'-deoxy GTP and 5'-
guanylyl imidadodiphosphate [Gpp(NH)pJ stimulate adenylate
cyclase with or without the intervention of a hormone binding
to the membrane (55-57). This suggests that a conformation
readily accessible to either of these analogs requires the inter-
vention of a hormone-cell surface interaction to stabilize the
same conformation in GTP that is necessary for the activation
by GTP of adenylate cyclase. The activation of adenylate cy-
clase at either the GTP receptor or the adenosine-receptor re-
quires a properly oriented nucleoside or nucleotide. The inac-
tivity of certain adenosine analogs such as Ara-adenine as
stimulators of adenylate cyclase is simply related to their in-
ability to assume the conformation or orientation specified by
the receptor.
The lack of immunosuppressive properties in Ara-adenine

(58-62) may be attributed to its failure to stimulate adenylate
cyclase (15). The character and intensity of immune responses
are mediated by cAMP (63-67). The failure of Ara-adenine to
depress immune responses (58-62) is due to the instability of
Ara-adenine in the high anti conformation required for stim-
ulation of adenylate cyclase. The synergistic relationship be-
tween Ara-adenine and interferon (62) is possible only because
Ara-adenine is incapable of activating adenylate cyclase. Ri-
bavirin, which is stable in the high anti conformation (48), does
not induce interferon production (68). High levels of cAMP
block the production of interferon by sensitized thymus-derived
cells (63-67, 69). Interactions between thymus-independent
and thymus-derived cells (70) or thymus-derived cell popula-
tions (71, 72) that affect immune suppression may be an indi-
cation that such interactions affect adenosine levels. The inhi-
bition of rat liver 5'-nucleotidase (5'-ribonucleotide phos-
phohydrolase, EC 3.1.3.5) in rapidly proliferating tissue such
as Yoshida sarcoma (73), of lymphocyte 5'-nucleotidase in
chronic lymphocytic leukemia patients (74), and of 5'-nu-
cleotidase in rat brain by methylxanthines (75) will act to de-
crease cAMP levels by decreasing the concentration of adeno-
sine. There is an increased incidence of de novo tumors in in-
dividuals with primary immune deficiency diseases (76) and
in patients whose immune system has been deliberately sup-
pressed (77). The variations in adenosine deaminase activity,

which disposes of adenosine and blocks the stimulation of
adenylate cyclase by adenosine to increase cAMP levels and
modify immune responses, seems to be correlated in leukemias
(78, 79) with the formation of adenosine by 5'-nucleotidase. The
loss of 5'-nucleotidase activity in chronic lymphocytic leukemia
(74) is associated with low or normal levels of adenosine
deaminase activity (80). The ability to selectively modify either
cell-mediated or humoral immunity may be of benefit in the
treatment of tumors (65). An increase in cAMP is detrimental
to cell-mediated immune responses but may stimulate antibody
formation (66) which can interfere and enhance tumor growth
(67).
The immunosuppressive activity of arabinosyl-6-mercap-

topurine (Ara-HSR), which is not converted to the nucleotide
form (81; unpublished data), has been attributed to the ability
of this nucleoside to block DNA synthesis through inhibition
of the conversion of cytidine diphosphate to deoxycytidine
diphosphate by NADH (82).

Aberrations in cyclic nucleotide metabolism appear to
characterize a wide range of disease states (83). The immuno-
suppressive effects found in various infections may facilitate
proliferation and metastasis of neoplastic cells or predispose to
other infections (84). The removal of unwanted immunosup-
pressive effects from anticancer agents, as well as improvement
in their selectivity, may be done on a common conformational
rationale. The preclusion of the high anti conformation in
Ara-adenine is the basis for its antiviral selectivity (unpublished
data) and has been shown here also to be an explanation, con-
sistent with experimental data, for its lack of immunosup-
pressive properties. The use of cytotoxic agents as anticancer
agents (85) has several disadvantages. These disadvantages are
based on a failure of the agent to discriminate between tumor
cells and normal cells. Adverse mutagenic, carcinogenic, ter-
atogenic, and immunosuppressive effects are associated with
most nucleoside analogs considered for use as antitumor agents.
These unwanted effects are generally realized after the nontoxic
nucleoside is converted to a toxic nucleotide. The minimal
toxicity associated with Ara-adenine (58-62) has been attributed
to its inability to act as a substrate for either adenosine kinase
or purine nucleoside phosphorylase because of the instability
of Ara-adenine in the high anti conformations required by these
enzymes (unpublished data). These enzymes represent the
primary mechanisms for converting nontoxic purine nucleoside
analogs to a toxic nucleotide form. The residual toxicity to KB
cells (86) associated with Ara-adenine may be attributed to its
ability to act as a substrate (87) for deoxycytidine kinase
(NTP:deoxycytidine 5'-phosphotransferase, EC 2.7.1.74).
Ara-HSR, which is an inhibitor of deoxycytidine kinase (87),
is not toxic to KB cells (86), presumably because it is not con-
verted to the toxic nucleotide form (88) by either purine (81)
or pyrimidine (87) enzymes. Ara-HSR is also unstable in the
high anti conformation and consequently is not a substrate for
adenosine kinase or purine nucleoside phosphorylase. The es-
sentially equal abilities of ara-HSR, which is not toxic to KB
cells, and 2'-deoxy-6-mercaptopurine ribonucleoside, which
is toxic to KB cells, to increase the life-span of mice infected
with L1210 leukemia cells (86) indicates that the desirable
separation of cytotoxicity and antitumor properties can be ef-
fected. This separation requires that all pathways leading to the
conversion of a nontoxic nucleoside analog to a toxic nucleotide
analog be either structurally or conformationally prohibited
in the body as a whole but that the conversion be allowed in the
disease state.
The absence of immunosuppressive properties in adenosine

analogs depends on structural changes that will maintain in-
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stability in the high anti conformation and prevent the-anakog
from assuming the high anti conformation required in an
adenosine analog for adenylate cyclase activation. Immuno-
suppressive effects associated with cytotoxicity (82) are avoided
when general cellular toxicity is eliminated.
The cardiotoxicitv (33-42) of adenosine and adenosine an-

alogs may also be avoided by preventing stability of these an-
alogs in the high anti conformation. The 2-chloro and 2-f luoro
adenosines decrease both blood pressure and heart rate whereas
2-thioalkyl analogs of adenosine decrease blood pressure but
increase the heart rate of anesthetized dogs (42). The cardio-
toxicity of analogs of adenosine that is attributable to their re-
sistance to deamination or phosphorylation may be avoided by
structural changes that destabilize the high anti conformation.
The reason for the separation of vasodilatory and negative
chronotropic actions of adenosine analogs is not known but it
may have a conformational basis. Interactions between aden-
osine analogs having bulky substituents at the 2 position of the
adenine base and the adenosine receptor site may disallow the
high anti conformation at the postulated cardiac receptor (42)
but still allow the high anti conformation at the postulated
vascular smooth muscle receptor (42).
The increase in cAMP levels and their wide ranging effects

(83) induced by adenosine depends on the stimulation of
adenylate cyclase by adenosine acting at an extracellular site
which requires that adenosine is bound to the receptor in the
high anti conformation. The inability of Ara-adenine to stim-
ulate adenylate cyclase and the transformation of 2'-deoxy-
adenosine from an inactive to a moderately active stimulator
of this enzyme, when it occurs, appears to be correlated with
their glycosidic conformational properties. The instability of
the high anti conformation in 2'-deoxyadenosine may be suf-
ficiently decreased by structural modifications or by intermo-
lecular interactions to enable some population of the high anti
conformation. This is not the case for Ara-adenine, which re-
mains ineffective as a stimulator of adenylate cyclase.
We have examined the necessity of the high anti confor-

mation at the adenosine receptor for lymphocytes and cardiac
cells. Further investigation of the diverse effects of adenosine
and adenosine analogs will define more accurately the structural
and conformational requirements for adenylate cyclase stim-
ulation at these and other cell surfaces. The importance of an
understanding of the conformational basis of the biological
effects of nucleoside analogs is difficult to overemphasize. The
utilization of this information will result in the elimination of
unwanted immunosuppressive, cytotoxic, and cardiotoxic ef-
fects associated with many nucleoside analogs. The creation of
nucleoside analogs that are selectively toxic to the modified
metabolism of a target disease or that may selectively modify
either cell-mediated or humoral immunity is facilitated by a
knowledge of the nucleoside conformations specified by en-
zyme active sites or cell surface receptors.
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