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Summary. The binding properties of A, adenosine
receptors in brain membranes were compared in
two congeneric marine teleost fishes which differ
in their depths of distribution. Adenosine receptors
were labeled using the A, selective radioligand
[*H]cyclohexyladenosine ([*H]JCHA). The A, re-
ceptor agonist [*’H]JCHA bound saturably, reversi-
bly and with high affinity to brain membranes pre-
pared from Sebastolobus altivelis and S. alascanus;
however, the mean K, values differed significantly
(Figs. 1-3, Table 1). Saturation data fit to a one
site model indicated that the A receptorin S. alas-
canus exhibited a higher affinity (K =1.49 nM) for
[PH]JCHA whereas A, receptors in S. altivelis ex-
hibited a significantly lower affinity (Ky=3.1 nM).
Moreover, S. altivelis, but not S. alascanus, param-
eter estimates for [’HJCHA binding to two sites
of receptor were obtained (Fig. 3, Table 1). The
mean dissociation constant values for the high and
low affinity sites for [*H]JCHA in S. altivelis were
0.43 nM and 16.3 nM, respectively. In equilibrium
competition experiments the adenosine analogs R-
phenylisopropyladenosine (R-PIA), N-ethylcar-
boxamidoadenosine (NECA) and S-phenylisopro-
pyladenosine (S-PIA) all displayed higher affinities
for A, receptors in S. alascanus as compared to
S. altivelis brain membranes (Table 2, Fig. 6). The
specific binding of [PHJCHA was significantly in-
creased by 0.1 and 1.0 mM MgCl, in both fishes;
however, the sensitivity (95-131% increase) of S.
altivelis to this effect was significantly greater than
that of S. alascanus (48-91% increase) (Fig. 5).
The results of kinetic, equilibrium saturation and
equilibrium competition experiments all suggest

Abbreviations: CHA cyclohexyladenosine; R-PI4 R-phenyliso-
propyladenosine; S-PIA S-phenylisopropyladenosine; NECA
N-ethylcarboxamidoadenosine, NEM N-cthylmaleimide; 2-
ClAdo 2-chloroadenosine; GTP guanosine triphosphate; N pro-
tein guanine nucleotide binding protein; ny Hill slope

that A, adenosine receptors of S. altivelis and S.
alascanus brain membranes differ with respect to
their affinities for selected adenosine agonists.

Introduction

High hydrostatic pressure is an important compo-
nent of the marine environment which may disrupt
the biochemical functions of organisms colonizing
the deep ocean (Somero et al. 1983). Comparisons
of cytoplasmic proteins of deep- and shallow-living
fishes have identified some of the loci and types
of adaptations required for the deep-sea environ-
ment (e.g., Somero et al. 1983, 1987; Siebenaller
1986). Few studies (e.g., Moon 1975; Pfeiler 1978),
however, have examined membrane-associated
proteins, although the disruptive effects of pressure
on membranes are potentially of great consequence
(Chong and Cossins 1983; Macdonald 1984). We
have undertaken a comparison of the A, adenosine
receptor in brain membranes of two congeneric
teleost fishes which experience similar habitat tem-
peratures, but differ in their depths of distribution.
These two species have been used as a model sys-
tem with which to identify and study pressure-re-
lated adaptations (e.g., Siebenaller 1978, 1984a, b,
¢, 1987; Siebenaller and Somero 1978, 1979, 1982;
Somero and Siebenaller 1979; Somero et al. 1983,
1986). In the eastern North Pacific Sebastolobus
alascanus commonly occurs from 180-440 m and
S. altivelis from 550-1300 m (Siebenaller 1978).
The purpose of our comparison was to characterize
a membrane-associated system in a shallow- and
a deep-adapted species in order to identify possible
foci of adaptation to pressure.

Adenosine regulates numerous physiological
processes including platelet aggregation, lipolysis,
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coronary vasodilation, and neuronal function in
the central nervous system (Burnstock and Brown
1981; Phillis and Wu 1981; Snyder 1985). In the
brain the neurophysiologic actions of adenosine
are largely inhibitory and appear to involve both
presynaptic and postsynaptic sites of action (Fred-
holm and Hedqgvist 1980; Lee et al. 1984). Adeno-
sine influences adenylate cyclase activity via an in-
teraction with at least two distinct membrane-asso-
ciated receptors. The A, adenosine receptor me-
diates an inhibition of adenylate cyclase, while at
A, receptors adenosine stimulates adenylate cyc-
lase (Daly et al. 1981). These receptor subtypes
have been defined further by their structure-activi-
ty profiles of agonists (Daly 1983; Wolff et al.
1981; Stone 1985). At A; adenosine receptors the
rank order potency of adenosine analogs is N°-(R-
phenylisopropyladenosine (R-PIA)> N-ethylcar-
boxamidoadenosine (NECA) > 2-chloroadenosine
(2ClAdo) > S-PIA. In contrast at A, adenosine re-
ceptors the potency series for these agonists is
NECA>2ClAdo>R-PIA>S-PIA (Daly 1983;
Stone 1985). Adenosine analogs acting on A, re-
ceptors have been shown to inhibit adenylate cyc-
lase in brain tissue (Cooper et al. 1980), and the
adenosine-induced depression of neuronal activity
in the rat hippocampus has been shown to involve
an interaction with A, receptors (Reddington et al.
1982).

The use of radioligands has recently permitted
the direct labeling of A; adenosine receptors in
brain (Bruns et al. 1980), testes (Murphy and
Snyder 1981), fat cells (Trost and Schwabe 1981)
and heart (Hosey et al. 1984). In these studies tri-
tiated agonist radioligands were demonstrated to
label a recognition site with A, adenosine receptor
selectively. Analogous to numerous other neu-
rotransmitter receptors which are coupled to ade-
nylate cyclase, A; adenosine receptors in rat brain
can exist in two affinity states for agonists (Lohse
et al. 1984). Using the adenosine agonist [*H]cyclo-
hexyladenosine ([PH]JCHA) as a radioligand, A,
adenosine receptors have been shown to have a
broad phylogenetic distribution in brains of both
primitive and advanced vertebrates (Siebenaller
and Murray 1986). The presence of substantial
amounts of specific [°H]JCHA binding in the brain
of primitive vertebrate species such as the hagfish
suggested a functional role for adenosine through-
out the course of vertebrate evolution.

In the present study we have compared the
binding properties of A; adenosine receptors in
brain membranes of two congeneric marine fishes
which experience similar habitat temperatures but
differ in their depths of abundance. Agonist inter-

action with A, adenosine receptors has been exam-
ined using radioligand binding techniques coupled
with computer-assisted data analysis. The ratio-
nale for the selection of [PH]JCHA as a radioligand
probe to characterize the binding properties of A
receptors in the two species was based on previous
demonstrations of the importance of membrane
fluidity in the modulation of agonist interaction
between guanine nucleotide binding proteins and
the beta-adrenergic receptor (Briggs and Lefkowitz
1980). In contrast, alterations of membrane flui-
dity had no effect on receptor concentration or
the affinity of beta-adrenergic receptors for antag-
onists such as [*H]dihydroalprenolol (Briggs and
Lefkowitz 1980). Thus, the binding of agonists to
A adenosine receptors may serve as a model for
investigating potential pressure-related adapta-
tions of membrane receptor interaction with guan-
ine nucleotide regulatory proteins and associated
effector elements. The results of our studies suggest
that agonist interactions with A; adenosine recep-
tors in the two species have different affinity char-
acteristics and sensitivities to Mg?* regulation.

Materials and methods

Specimens. Demersal adult Sebastolobus altivelis and S. alascan-
us (Scorpaenidae) were taken by otter trawl at their typical
depths of abundance on two cruises of the R/V Wecoma off
the coast of Oregon. Brains were dissected and frozen in liquid
nitrogen at sea and transported to the laboratory where they
were stored at — 80 °C until used.

Chemicals. The radiolabeled [adenine-2,8-*HJCHA (27 Ci/
mmol) was purchased from DuPont NEN (Boston, MA). Unla-
beled CHA, the r- and s-diastereomers of PIA and NECA
were obtained from Research Biochemicals, Inc. (Wayland,
MA). Adenosine deaminase (Sigma, Type VI), GTP, N-ethyl-
maleimide, 2-ClAdo and all other chemicals used were from
Sigma Chemical Company (St. Louis, MO).

Preparation of fish brain membranes. Each day’s experiment
used membranes from both species in parallel. On the day of
the experiment, frozen brains were thawed and homogenized
using a Tekmar Tissumizer (setting 70 for 20 sec) in 40 volumes
of 50 mM Tris-HCI buffer (pH 7.6 at 22 °C) containing 1 mAf
EDTA. The resulting homogenates were centrifuged at 48000 g
for 10 min at 4 °C and the supernatants discarded. The pellets
were resuspended in an identical volume of ice-cold 50 mM
Tris-HCl, 1 mM EDTA with a Tekmar Tissumizer as described
above. The homogenate was then recentrifuged at 48000 g for
10 min and the resultant pellet resuspended in 40 volumes of
50 mM Tris-HC), 1 mM EDTA buffer containing 2 IU of aden-
osine deaminase (Sigma Type VI) per ml. The homogenate was
then incubated at 22 °C for 30 min to remove endogenous aden-
osine (Bruns et al. 1980). Following this incubation, the homog-
enate was cooled on ice and then recentrifuged as described
above. The supernatant was discarded and the final pellet was
resuspended in 40 volumes of ice-cold 50 mM Tris-HC] buffer
with a Tekmar Tissumizer. This suspension was kept on ice
until used in the radioligand binding assay.



T.F. Murray and J.F. Siebenaller: Comparison of the binding properties of A, adenosine receptors 269

Binding assay for membrane bound A; adenosine receptors. The
specific binding of the A;-selective ligand [*HJCHA to brain
membranes was determined using a previously described rapid
filtration assay with minor modifications (Bruns et al. 1980;
Murray and Cheney 1982). Aliquots (900 pl) of the brain mem-
brane preparations (300-600 ug of protein) were incubated with
50 ul of [PH]CHA and 50 ul of Tris buffer or competing com-
pounds, as indicated in the text, in a total volume of 1 ml
Samples were routinely incubated for 60 min at 22 °C in a water
bath as this time was found to be sufficient for the binding
reaction to reach equilibrium. The selection of this incubation
temperature was dictated by previous demonstrations that ago-
nist binding to A, adenosine receptors is entropy-driven and
[*H]CHA has a higher affinity at higher temperatures (Murphy
and Snyder 1982). The binding reactions were terminated by
filtration of the assay tube contents over Whatman GF/B glass
fiber filter strips using a Brandel cell harvester (model M-24R;
Brandel Instruments, Gaithersburg, MD) under vacuum.
Filters were then rinsed with four x 4 -ml washes of ice-cold
Tris-HCI buffer to remove unbound radioactivity. Filter disks
were placed into counting vials to which was added 8 ml of
ACS II (Amersham, Arlington Heights, IL). Filter-bound ra-
dioactivity was determined by liquid scintillation spectrometry
(Beckman model LS8000) at an efficiency of 53% following
overnight extraction at room temperature. The amount of ra-
dioligand bound was less than 10% of the total added ligand
in all experiments. Specific binding was defined as total binding
minus binding occurring in the presence of 30 pM R-PIA, and
represented 85 to 90% of the total binding at the K, values
for [*'H]CHA in both species.

Analysis of binding data. The estimates for the kinetic parame-
ters for the time course of association and dissociation of
[PHICHA specific binding were obtained using the equations
described by Weiland and Molinoff (1981). The association rate
constants for [PH]JCHA were calculated using linear least-
squares regression analyses of pseudo first-order transforma-
tions of the binding data as described in the text. The PH]JCHA
dissociation rate constants were calculated by linear least-
squares regression analysis of the logarithmic tranformation
of binding data as described in the text. In saturation experi-
ments [*HJCHA was used in concentrations ranging from 0.08
to 24 nM. Analysis of agonist interactions with A, adenosine
receptors have demonstrated that the A; recepior can exist
in two affinity states for agonists (Lohse et al. 1984; Ukena
et al. 1984). The saturation binding of the adenosine agomnist
[SH]CHA was therefore analyzed using the iterative public pro-
cedure FITFUN on the PROPHET system assuming both a
one-site and a two-site model. Individual saturation isotherms
were analyzed by nonlinear regression analysis assuming either
ligand binding to a single receptor site or binding to two inde-
pendent species of receptor. These analyses assume that the
ligand interactions with one or two species of receptor conform
to mass action principles as follows:

One site:

_[RI[L]
LI+ Kp

Two sites:

[Rul [L] |, [Ry] (L]

TIL]+ Ky [LI+KL

where B (fmol/mg protein) is the amount of specifically bound
[*H]CHA; R, Ry and R (fmol/mg protein) are the maximum
number of binding sites in either the one- or two-side model;
[L] is the concentration of free radioligand; and Kp, Ky and

K, are the respective equilibrium dissociation constants for in-
dividual receptor species in the two models. It is assumed in
the two-site model that Ky is the equilibrium dissociation con-~
stant for the formation of the high-affinity complex and K
is the equilibrium constant for the formation of the low-affinity
complex. Binding to a single site was assumed unless the more
complex two-site model better accounted for the experimental
data. Data are described as better fit by one model of ligand
binding than another when a partial F-test comparing the two
models indicated significant improvement in residual sum of
squares (P <0.01) as described by Hoyer et al. (1984). The F-
value for comparing the two models are calculated from an
analysis of residuals according to the following equation:

_ (S8, —SS,)/(df,~df,)
SS,/df,

F

where SS, and SS, are residual sums of squares with corre-
sponding degrees of freedom df, and df, associated with the
simpler and more complex model respectively. F-values were
calculated using (df;—df,) degrees of freedom in the numerator
and df, degrees of freedom in the denominator (Hoyer et al.
1984). Although a ternary complex model provides a mechanist-
ically more correct quantitative description of agonist-receptor-
N protein interactions, the two-independent-site model de-
scribed above can be used to make tentative conclusions con-
cerning multiple agonist affinity states of a receptor (e.g., Con-
treras et al. 1986). Parameter estimates for one- and two-site
models derived using the Lundon-1 iterative curve-fitting pro-
gram (Lundeen and Gordon 1985) provided virtually identical
results to those obtained using FITFUN on the PROPHET
system.

In [*H]CHA competition experiments the ICs, values and
slope factors were determined using the nonlinear least squares
curve-fitting program LIGAND (Munson and Rodbard 1980),
and the corresponding dissociation constants (K;) for inhibitors
were calculated using the Cheng and Prusoff equation (1973):

_ IC50

"1+ (L/Ks)
where [L] is the total radioligand concentration employed in
the competition experiment, Ky is the apparent dissociation
constant of [PH]JCHA, and the ICs, is the concentration of
the inhibitor producing 50% inhibition of the specific binding.

Where appropriate, data were compared using a two-tailed

Student’s z-test on paired data.

Protein determination. Membrane protein content was assayed
by the method of Lowry et al. (1951) following solubilization
of the samples in 0.5 N NaOH. Crystalline bovine serum albu-
min was used as the standard.

Results

Time course of association and dissociation

[PH]JCHA bound specifically and reversibly to Se-
bastolobus altivelis and S. alascanus brain mem-
branes. At 22 °C the specific binding of 3.8 nM
[*H]CHA reached equilibrium within 30 min and
remained constant for an additional 90 min
(Fig. 1a and 2a). Because bound [*H]JCHA did not
exceed 1.0% of the total free concentration of the
radioligand, it can be assumed that the free concen-
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Fig. 1. a Time course of associaiion of specific [PHJCHA bind-
ing to Sebastolobus altivelis brain membranes. [PHJCHA
(3.8 nM) was incubated at 22 °C with membranes prepared as
described under “Methods™. Nonspecific binding was mea-
sured in the presence of 30 uM R-PIA and was constant
throughout the association reaction. Inset shows the pseudo-
first order replot of [PHJCHA association data as explained
in text. Data shown are from a single representative experiment.
b Time course of R-PIA-induced dissociation of specific
[*HICHA binding in Sebastolobus altivelis brain membranes.
Membranes were first incubated at 22 °C with 3.8 nM [*H]CHA
for 60 min to allow binding to reach equilibrium. After 60 min
30 uM R-PIA was added in a negligible volume (1% of total
incubation volume) to initiate the dissociation reaction. The
nonspecific binding, which has been subtracted from each ex-
perimental point, was determined throughout the time course
in a parallel batch incubation in the presence of 30 uM R-PIA
added at the beginning of the incubation. Inset depicts the first-
order replot of dissociation data and represents the best least-
squares regression line. Data shown are from a single represen-
tative experiment

tration of [*PHJCHA remained constant over time.
Therefore, the association reaction data can be an-
alyzed as a pseudo-first order reaction as described
by the following equation:

[B.o
([Begl-[BI)

where [B,] is the amount of [PHJCHA bound at
equilibrium, [B] is the amount bound at a given
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Fig. 2. a Time course of association of specific [P HJCHA bind-
ing to Sebastolobus alascanus brain membranes. Conditions as
in Fig. 1a. Inset shows the pseudo-first order replot of
[*HICHA association data as explained in text. Data shown
are from a single representative experiment. b Time course of
R-PIA-induced dissociation of specific [P’H]JCHA binding in Se-
bastolobus alascanus brain membranes. Conditions as in
Fig. 1b. Inset depicts the first-order replot of dissociation data
and represents the best least-squares regression line. Data
shown are from a single representative experiment

time, ¢, [L] is the concentration of ligand, k., is
the association rate constant, and k_, is the disso-
ciation rate constant. When In [B,,]/([B.oJ-B]) is
plotted as a function of time (Figs. 1a and 2a in-
sets), the pseudo-first order rate constant, &y, may
be determined from the slope of the line (Weiland
and Molinoff 1981 ; Kitabgi et al. 1977). The mean
ks value for S. altivelis was 0.19040.005 min ™!
while the corresponding value for S. alascanus was
0.2284-0.038 min~*. The first order dissociation
rate (k_,) was determined directly by allowing
[*H]CHA specific binding to reach equilibrium and
then monitoring the dissociation of the radioligand
after the addition of an excess of cold R-PIA
(30 uM). As shown in Figs. 1b and 2b, [PHJCHA
binding was readily dissociable in the presence of
excess R-PIA. The dissociation data were plotted
according to the equation In[B]/[B,J=k_¢, in
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which [B,] is the concentration of bound radioli-
gand at time 0 (Figs. 1b and 2b insets). The disso-
clation rate constant, k_,, determined from the
slope of this plot was 0.033940.009 min~* for S.
altivelis and 0.0208 +0.005 min~* for S. alascanus.
The ratio of the rate constants (k_,/k ) provides
an estimate of the equilibrium dissociation con-
stant (K,) for [’HJCHA binding. Using the data
cited above, the kinetically derived K, values were
calculated to be 0.82 nM and 0.38 nM, respectively
for S. altivelis and S. alascanus. These results sug-
gest that [PH]CHA binds with somewhat greater
affinity to the A, receptor of S. alascanus as com-
pared to that of S. altivelis.

Equilibrium saturation analysis

The specific binding of [PHJCHA was found to
be saturable in brain membranes from S. altivelis
and S. alascanus. As shown in Fig. 3a and 3b,
over the range of 0.08 to approximately 24 nM
specific binding saturated, while nonspecific bind-
ing increased linearly as a function of [PHJCHA
concentration. When these data were analyzed us-
ing equations based on mass action principles, it
was found that the [PH]JCHA saturation isotherm
in S. alascanus membranes was described ade-
quately by an interaction with a single high-affinity
state of the receptor in 6 of 6 experiments. Com-
puter-modeling of these data yielded a mean+
SEM K, value of 1.49+0.18 nM with a density
of 116 +26.3 fmol/mg protein in S. alascanus mem-
branes (Table 1). Similarly, in S. altivelis the one-
site model adequately described the saturation data
in 4 of 6experiments with a mean K, value of
3.104+0.60 nM and a density of 120.4 +12.5 fmol/
mg protein. This K, value was significantly (P<
0.05) greater than the corresponding one-site K4
value for S. alascanus. In contrast to the results
with S. alascanus membranes, computer-derived
parameters for a two-site model could be obtained
from [*H]CHA saturation data in S. altivelis (Ta-
ble 1). However, the two-site model did not con-
sistently provide a significant improvement in the
fit compared to that obtained from the one-site
fit (two-site fits were significantly better in 2 of
6 experiments, P<0.001). The saturation isotherm
depicted in Fig. 3a is representative of the experi-
ments in S. altivelis brain membranes that were
better described by an interaction of [*H]JCHA
with two-sites rather than one site (P<0.001).
These data indicate that [PH]JCHA distinguished
between two agonist affinity states in this species
with a high affinity dissociation constant (Ky) of
0.4340.09 nM and a low affinity dissociation con-

200

160 |- two- site ~—

—

~

one-site

[ 4] CHA BOUND (fmol/mg protein)

J
0 12 24
a [*H] CHA (nM)
%
200 | one-site.

[ *HJCHA BOUND (fmol/mg protein)

b [*HICHA (nM)

Fig. 3a, b. Equilibrium saturation binding of [PHJCHA to Se-
bastolobus altivelis and S. alascanus brain membranes. Mem-
branes from both species were incubated with 11 concentrations
of PHJCHA ranging from 0.08 to 23.3 nM in this experiment.
The specific binding (square) is defined as the total binding
minus nonspecific binding (circle) determined in the presence
of 30 uM R-PIA. Values shown are from single experiments
which were replicated five times. a Saturation isotherms in S.
altivelis for both the one-site and two-site models generated
by computer-assisted analysis as described under ‘Methods’.
In this experiment the two-site fit described the data significant-
ly better than the one-site fit (F, ¢ =82, P <0.001). b Saturation
isotherm in S. alascanus. The curve drawn is for a one-site
model which adequately described the data in this and five
additional experiments

stant (K ) of 16.3 +-7.76 nM. Although the two-site
model did not significantly improve the fit in 4
of 6 experiments in S. altivelis membranes, in each
case the calculated F-values for the comparison
between the one- and two-site models were always
greater than the corresponding F-values in the S.
alascanus isotherms. In addition, in the two experi-
ments in which the data for S. alfivelis were best
fit by a two-site model, the majority of the recep-
tors were in the low-affinity state (%R, =75). It
is noteworthy that the K values for the one-site
model in . alascanus and Ky value for the two-site
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Table 1. Binding parameters derived from computer-assisted analysis of [PHJCHA saturation isotherms in Sebastolobus altivelis
and S. alascanus brain membrane. Membranes were incubated with 8 to 12 concentrations of [*H]JCHA ranging from 0.08 to
24 nM in six experiments. Values given are the mean+standard error of the mean for both the 1-site (n=6) and 2-site (n=2)
analyses. K4 is the dissociation constant for the one-site model, while the high-affinity and low-affinity dissociation constants
in the two-site model are designated Ky and K, respectively. Ry is the maximum number of binding sites for the one-site
model, and Ry and R, are the corresponding densities for the high- and low-affinity states in the two-site model. The percentage
of the total receptor population present in the high affinity state in the two-site model is %Ry

Species 1-site 2-site®
Ky Ry Ky Ry K Ry %Ry
(nM) (fmol/mg (mM) (fmol/mg nM) (fmol/mg
protein) protein) protein)
S. altivelis 3.10+0.60 120.4+12.5 0.43+0.09 453419 16.34+7.76 150.1+52.0 248+59
S. alascanus 1.494+0.18*%  116.0+26.5 _ —_ — —_— —

* In membranes derived from S. altivelis brains, the 2-site model significantly improved the fit compared to the 1-site model

in 2 of 6 experiments (F, g values of 77 and 82, each with P <0.001)

* significantly different from the corresponding Ky value of S. altivelis, P<0.05

model in S. altivelis are in reasonable agreement
with the kinetically determined K, values.

Effects of GTP, Mg?" and N-ethylmaleimide on
[PH]CHA binding

Guanine nucleotides have been demonstrated to
regulate agonist-receptor interactions in a variety
of systems which modulate adenylate cyclase activ-
ity (Rodbell 1980). Given the ability of A; adeno-
sine receptors to mediate an inhibition of adenylate
cyclase (Wolff et al. 1981; Cooper et al. 1980), we
assessed the influence of GTP on [*H]CHA bind-
ing in S. altivelis and S. alascanus membranes. As
shown in Fig. 4, GTP inhibited [PH]JCHA binding
in a concentration-dependent manner in both spe-
cies. The maximum degree of inhibition of specific
[*H]CHA binding was identical in both species
(70-75% inhibition). Similarly, the potencies of
GTP were not significantly different, although
the IC;, value for GTP in S. alascanus
(8.73+2.46 pM) was somewhat lower than the
1Cso value in S. altivelis (15.51+4.91 uM).

The specific binding of [PHJCHA has been
demonstrated to be enhanced in guinea pig and
bovine brain membranes by divalent cations such
as Mg?* (Goodman et al. 1982). Using a fixed
concentration of the radioligand (2.3 nM) we ex-
amined the sensitivities of specific [*HJCHA bind-
ing in S. altivelis and S. alascanus membranes to
varying concentration of MgCl,. The results
shown in Fig. 5 indicate that MgCl, elicited large
increases in specific binding of [*H]JCHA in both
species, with S. altivelis displaying a greater sensi-
tivity to this effect. The enhancement of [*H]JCHA
binding in membranes exposed to 0.1 and 1 mM
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Fig. 4. GTP inhibition of the specific binding of [*H]JCHA to
Sebastolobus altivelis (square) and S. alascanus (circle) brain
membranes. Membranes were incubated with [PHJCHA
(3.1 nM) and various concentrations of GTP for 60 min at
22 °C. Data shown are from a representative experiment that
was repeated twice. [*HJCHA binding is expressed as a percent
of the specific binding observed in the absence of GTP. The
mean 1C;, values for GTP were 15.5+4.91 uM in S. altivelis
(ny=0.72+0.17), and 8.734+246 uM in S. alascanus (ng=
0.76+0.16)

MgCl, was significantly greater (P<0.05) in S. al-
tivelis as compared to S. alascanus membranes. In
S. altivelis the 0.1 and 1.0 mM concentrations of
MgCl, produced 94.0+5.6% and 131.4 £3.2% in-
creases in specific binding, while the corresponding
values in S. alascanus were 47.8+3.2% and
91.4+6.6%.

The sulfhydryl alkylating reagent N-ethylma-
leimide has been reported to reduce [PH|CHA
binding to rat brain membranes (Yeung and Green
1983). We therefore determined the effect of the
addition of N-ethylmaleimide to the incubation
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Fig. 5. Effects of MgCl, and N-ethylmaleimide (NEM) on the
specific binding of [*HICHA to Sebastolobus altivelis (open col-
umns) and S. alascanus (filled columns) brain membranes.
Membranes were incubated with [*H]JCHA (3.1 nM) and var-
ious concentrations of either MgCl, or NEM for 60 min at
pH 7.6, 22 °C. Data shown are means +SEM of three separate
determinations of each. [PH]JCHA binding is expressed as a
percent of the specific binding observed in the absence of added
MgCl, or NEM. [*H]CHA binding in the presence of 0.1 and
1.0 mM MgCl, was enhanced to a significantly greater extent
in S. altivelis than in S. alascanus (P<0.05; paired two-tailed
t-test)

medium (pH 7.6) on [°H]CHA binding in S. altive-
lis and S. alascanus membranes. The results shown
in Fig. 5 indicate that approximately 60-70% of
the specific binding was susceptible to inhibition
by N-ethylmaleimide in the two species. However,
in contrast to the effects of MgCl,, there were no
significant differences in the sensitivities of the two
species to the N-ethylmaleimide-induced inactiva-
tion of [*HJCHA binding sites.

Equilibrium competition profiles
of [PH]CHA binding

To determine whether the pharmacological profiles
of [PHJCHA binding sites in the two species were
similar, we compared the potencies of four selected
adenosine analogs as inhibitors of [*H]JCHA bind-
ing in S. altivelis and S. alascanus membranes. The
competition curves for the adenosine receptor ago-
nists R-PIA, S-PIA, NECA and 2ClAdo are shown
in Fig. 6a and 6b. In both species the adenosine
analog-inhibition pattern of [PH]JCHA binding is
comnsistent with the labeling of A, adenosine recep-
tors. The absolute affinities, rank order potencies,
and ability to discriminate between the diaster-
comers of PIA are consistent with the expected

mo%
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Fig. 6. Inhibition of specific [*H]CHA binding in a Sebastolobus
altivelis and b S. alascanus brain membranes by adenosine ana-
logs: R-PIA (filled triangles), NECA (open circles), 2ClAdo
(filled circles), and S-PIA (filled squares). Nine concentrations
of each analog were incubated with membranes and [*H]CHA
(3.8 nM) for 60 min at 22 °C. Values shown are from a single
experiment for each analog which was repeated with results
varying less than 15%. The curves drawn are the best fits to
the data as determined by nonlinear least-squares repression
analysis as described under Methods. The K; values and Hill
slopes for each analog in both species are given in Table 2

characteristics of the A, adenosine receptor (Bruns
et al. 1980; Daly 1983). Thus, the rank order of
agonist affinities in both S. altivelis and S. alascan-
us was R-PIA>NECA>2ClAdo>S-PIA (Ta-
ble 2). This order of potency is characteristic for
A, but not A, adenosine receptors (Daly 1983).
Of particular interest, a comparison of the affinity
values (K;) for the adenosine analogs summarized
in Table 2 shows that R-PIA, NECA and S-PIA
were significantly (P <0.05) more potent as inhibi-
tors of [PHJCHA binding in S. alascanus than in
S. altivelis membranes. The K| value of R-PIA was
1.37 nM in S. alascanus which is approximately
3.5 times lower than its K; value in S. altivelis.
These findings corroborate the results of the
[P*H]JCHA saturation analysis in which the



274 T.F. Murray and J.F. Siebenaller: Comparison of the binding properties of A, adenosine receptors

Table 2. Relative potencies of adenosine analogs as inhibitors
of specific [P'H]JCHA binding in Sebastolobus altivelis and S.
alascanus brain membranes. The K values were calculated using
the 1C,, values derived from logit-log plots of competition ex-
periments using the Cheng-Prusoff equation as described under
‘Methods’. Values presented are means tstandard errors of
two experiments which differed by less than 15%. Nonspecific
binding was determined in the presence of 30 pM R-PIA

S. alascanus

K; (nM)

S. altivelis

K; (nM)

Analog

Hill slope Hill slope

R-PIA  485+1.19 0.84+021 1.37+0.32*% 0.7310.06
NECA  9.24+0.55 0.80+0.15 6.00+1.02*% 0.79+0.11
2Cl1Ado  11.2+1.32 1.00+0.04 12.6+1.40 0.6940.11
S-P1A 3294400 1054043 21.24125% 0.6610.18

* indicates K; values which differ significantly from the corre-
sponding values of S. altivelis, P<0.05

[PH]JCHA disssociation constant for the one-site
mode! was 2.1 times lower in S. alascanus than in
S. altivelis. Thus, the results of both saturation
and competition experiments suggest that selected
adenosine analogs have higher affinities for A, re-
ceptors in S. alascanus brain membranes compared
to those in S. altivelis brain.

The Hill slopes for the least potent analogs,
2-ClAdo and S-PIA were lower in S. alascanus than
in S. altivelis competition curves. Although the ex-
planation for this observation at the molecular lev-
el is presently unclear, it is unlikely that this char-
acteristic of 2-ClAdo and S-PIA is related to the
formation of the high affinity agonist receptor
complex observed in [*HJCHA saturation analysis
in S. alascanus membranes. The finding that the
competition curves for R-PIA and NECA dis-
played similar Hill slopes in both species suggests
that the effects of 2-ClAdo and S-PIA are indepen-
dent phenomena. Possible mechanisms that could
account for the shallow nature of the 2-ClAdo and
S-PIA competition curves include interactions with
A, recognition sites in S. alascanus membranes or
reduced efficacies of these compounds with respect
to the formation of the high affinity agonist-A;,
receptor complex. If either of these two possible
interactions between 2ClAdo or S-PIA and adeno-
sine recognition sites in S. altivelis were character-
ized by a lower affinity than that of S. alascanus
sites, it is possible that such binding would not
be detectable with our filtration assay which would
result in Hill slopes approaching unity.

Discussion

The effects of hydrostatic pressure on membrane
lipid order may have a significant influence on

membrane function (¢.g., Chong and Cossins
1983), although the magnitude of such effects in
marine organisms has not been evaluated. The
present study has focused on whether there are
differences in the characteristics of adenosine re-
ceptor recognition properties which may be indica-
tive of adaptation to hydrostatic pressure. The two
scorpaenid congeners which were chosen for this
study are closely related phylogenetically (Sieben-
aller 1978), and thus may not have accumulated
many random genetic differences. Because of the
similarities in the life histories of these species, their
similar habitat temperatures, but different depths
of occurrence, the Sebastolobus species are a sensi-
tive system with which to detect pressure-related
differences (Siebenaller and Somero 1978, 1982;
Siebenaller 1978, 1983, 1984a, b, c, 1987).

The results of the present investigation indicate
that the A, selective radioligand [PH]JCHA binds
saturably, reversibly and with high affinity to brain
membranes prepared from S. altivelis and S. alas-
canus. Computer-assisted analysis of [PH]JCHA
saturation data in the two species revealed that
when these data were fit to a one-site model, the
mean K, values differed significantly. These results
indicated that the A, receptor of S. alascanus
(K4=1.49+0.18 nM) possesses a higher affinity
for [*'HJCHA than does the A, receptor of S. alti-
velis (K3=3.1010.60 nM). In S. alascanus brain
membranes the results of computer-modeling dem-
onstrated that this one-site model adequately de-
scribed saturation data in 6 of 6 experiments. In
contrast, in S. altivelis membranes parameter esti-
mates for [P’H]JCHA binding to two sites of recep-
tor could be obtained. Moreover, in 2 of 6 experi-
ments in S. altivelis brain membranes the two-site
model gave a significantly better fit than the one-
site model. The mean dissociation constant values
for the high (Ky) and low (K}) affinity sites for
PHICHA in S. altivelis were 0.43nM and
16.3 nM, respectively. These values compare favor-
ably with those obtained for [PH]PIA binding to
rat cerebral cortical membranes where the corre-
sponding values for Ky and K; were reported to
be 0.40 nM and 13.68 nM, respectively (Green and
Stiles 1986), as well as the values for [PHJCHA
binding to rat cerebral cortical membranes with
Ky and K values of 0.96 nM and 16.8 nM, respec-
tively (Szot et al. 1987). Similarly, A, adenosine
receptors of rat fat cell membranes displayed two
binding sites for [PH]PIA with a Ky of 0.3 nM and
a K; of 11 nM (Ukena et al. 1984). In these pre-
vious reports the results were interpreted as repre-
senting high- and low-affinity agonist states of the
A, adenosine receptor. By analogy with other
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neurotransmitter receptors which are coupled to
adenylate cyclase, adenosine agonists are thought
to be capable of inducing a high affinity form of
the receptor (Lohse et al. 1984; Ukena et al. 1984;
Stiles 1985). These high-affinity states for agonist
binding have been demonstrated to represent a ter-
nary complex consisting of the hormone or neu-
rotransmitter, the receptor and a guanine nucleo-
tide binding protein (N protein) (for a review see
Limbird 1981). In this ternary complex model
guanine nucleotides are thought to bind to the
N protein and destabilize the complex yielding a
low affinity agonist-receptor complex. Stiles (1985)
has reported that the A, receptor differs from f
and o, adrenergic as well as D, dopaminergic re-
ceptors in that it is tightly coupled to the inhibitory
N protein even in the absence of agonists. Given
these findings it was proposed that the apparent
affinity of agonists for the A; receptor will be a
function of the extent of A, receptor-N protein as-
sociation (i.e., precoupling) and the tightness of
this coupling (Stiles 1985). Thus, it is conceivable
that under the conditions of our assay the A re-
ceptors of S. alascanus brain membranes differ
from those of S. altivelis in that a higher propor-
tion of the total receptor pool exists associated
(precoupled) with the N protein even in the ab-
sence of agonist occupation. Alternatively, the ago-
nist-induced interconversion of the A; receptors
from the low- to the high-affinity state may be
enhanced in S. alascanus membranes. Either of
these possibilities represent potential explanations
for our observations of a lower affinity for
[*H]CHA in the one-site model in S. altivelis and
the propensity for the saturation data to fit a two-
site model in this species. It is noteworthy that
investigation of the specific binding of [*H]diethyl-
phenylxanthine and [3H]quinuclidinyl benzilate,
antagonists of adenosine and muscarinic receptors,
respectively, revealed no significant differences in
receptor density or the affinity of these ligands in
the two species (data not shown).

To delineate further the differences in the bind-
ing properties of A; adenosine receptors in the two
species, we have assessed the effects of various
agents known to regulate the binding of agonists
to A; receptors. As expected for a recognition site
coupled to an N protein, GTP exerted an inhibi-
tion of specific [*’HJCHA binding in S. altivelis and
S. alascanus brain membranes. These results are
in accordance with previous reports of the effects
of guanyl nucleotides on agonist interaction with
A, adenosine receptors (Murphy and Snyder 1982;
Lohse et al. 1984). Although the 1Cs, values for
GTP did not differ significantly in the two species,

there was a tendency for GTP to be somewhat
more potent in S. alascanus. This would be consis-
tent with a higher proportion of A; receptors ex-
isting in a high-affinity state in S. alascanus and
GTP destabilizing this complex. The inclusion of
Mg?* in the binding assay produced a dramatic
stimulation of specific [*'H]JCHA binding with a
maximal enhancement occurring at a concentra-
tion of 1 mM in both species. This effect of Mg?*
on [°H]CHA binding has been reported previously
in guinea pig and bovine brain membranes (Good-
man et al. 1982). The sensitivity of S. altivelis to
this effect was significantly greater than that of
S. alascanus. In the beta adrenergic receptor system
Mg?™ has been proposed to enhance the agonist-
induced association of the receptor and N protein
by binding to a site on the N protein (Bird and
Maguire 1978). It is therefore tempting to speculate
that the increased sensitivity of S. altivelis to Mg?*
is the result of a higher proportion of A, receptors
existing in the low-affinity agonist state in this spe-
cies and therefore the greater enhancement in bind-
ing is a result of the proportionately larger Mg?*-
induced interconversion of the low- to high-affinity
state of the receptor. In contrast to the differential
sensitivities to the effects of Mg?*, both species
displayed equivalent susceptibilities to the N-ethyl-
maleimide-induced receptor inactivation. These re-
sults suggest that the accessibility of the sulfhydryl
group(s) to N-ethylmaleimide is similar in the two
species. At present we have no information as to
whether the sulfhydryl group(s) is on or near the
receptor or N protein (for examples of other recep-
tors see Strauss [1984]).

In equilibrium competition experiments adeno-
sine analogs competed for [*H]JCHA specific bind-
ing with a rank order potency and stereoselectivity
expected for the labeling of an A, adenosine recep-
tor in both species membranes. The rank order
potency in both species was R-PIA>NECA >
2ClAdo > S-PIA, which is characteristic of A, but
not A, receptors (Daly 1983). Consonant with our
results from the [*’H]JCHA saturation experiments,
the affinity constants for R-PIA, NECA and S-
PIA were 1.5- to 3.5-fold lower (P<0.05) in S.
alascanus as compared to S. altivelis. These differ-
ences in affinities appeared to be most pronounced
for the adenosine agonists possessing the greatest
potency and selectivity for A; receptors, namely,
R-PIA (3.5-fold) and CHA (2.1-fold). Thus, the
results of kinetic, equilibrium saturation and equi-
librium competition experiments are all consistent
with the notion that A, adenosine receptors of S.
altivelis and S. alascanus differ with respect to their
affinities for selected adenosine agonists. The pos-
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sible mechanisms underlying this difference in af-
finity constants in the two species include differ-
ences in the proportions of total receptors existing
precoupled to the N protein, and differences in the
efficiency of agonist-induced formation of the ter-
nary complex. Further biochemical characteriza-
tion of A, adenosine receptor-N protein interac-
tions in these two congeneric fishes will be required
to understand more fully the nature of this differ-
ence in affinities. It may tentatively be proposed
that membrane receptor coupling and transduction
mechanisms have been involved in adaptation to
pressure.
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