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Abstract—Following incubation with the B-adrenergic agonist isoproterenol (ISO) and the alkylating
agent N-ethylmaleimide (NEM), the number of B-adrenergic receptors measured on human mononuclear
leukocyte (MNL) membranes decreased. Pretreatment induced an approximately 40% loss of measur-
able receptors. The proportion of receptors lost was that which formed the ternary complex of agonist—
receptor-G, protein (H-R-G,) and exhibited high affinity for agonists. In comparison studies, the loss
of receptors was found to be similar to the proportion of receptors that form the high affinity state of
the receptor (%Ry) for agonist in agonist competition binding studies. Acute exposure to agonist
induced a similar reduction in ISO/NEM “sensitive” receptors and the %Ry These experiments indicate
that pretreatment of MNL membranes with ISO/NEM is a powerful tool with which to directly determine
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the percentage of receptors able to form an agonist high affinity state.

Recent studies have shown that stimulation of
adenylate cyclase by catecholamines or -adrenergic
agonists involves the interaction of at least three
separate proteins: the S-adrenergic receptor itself, a
stimulatory guanine nucleotide-sensitive regulatory
protein, and the catalytic enzyme [1-3]. It has been
proposed that, in the sequence of molecular events,
the binding of agonist (H) to the receptor (R) pro-
motes the coupling of this agonist-receptor complex
(HR) to the stimulatory regulatory guanine nucleo-
tide binding protein (G,) to form a ternary complex
of H-R-G;, [4-7]. Binding of guanine nucleotides to
G, dissociates the ternary complex and results in the
stimulation of the catalytic protein by activated G,
and the subsequent formation of cAMP [8, 9].

The formation of the ternary complex is a nec-
essary intermediate in the stimulation of adenylate
cyclase [7-9]. The ternary complex displays high
affinity for agonists [4, 6], and we and others have
measured previously the proportion of receptors in
the high affinity state indirectly by computer model-
ing of agonist binding in competition with a radio-
labeled antagonist [10-12]. In the absence of guanine
nucleotides, the competition curves are “shallow,”
with slopes of less than one, and can be resolved into
both high and low affinity states of the receptor for
agonist [13, 14]. The addition of guanine nucleotides
shifts the competition curve to the right and reduces
the affinity of the receptors for agonist which results
in a homogeneous population of low affinity recep-
tors and a slope of “normal” steepness [8, 13].

It has been recognized recently that a proportion
of the B-adrenergic receptor population is lost fol-
lowing incubation with agonists and an alkylating
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agent, such as N-ethylmaleimide [15-23]. It is sug-
gested that the coupling of the HR complex to G,
to form the H-R-G, complex, exposes sulfhydryl
groups which are attacked by the alkylating agent to
cause a “locking-in” of the agonist into a slowly-
dissociating ternary complex. These studies, there-
fore, suggested that the population of receptors “sen-
sitive” to attack with an agonist and an alkylating
agent shall be those that form the high affinity com-
plex for agonist in competition binding studies.

We have shown recently, using computer analysis
of agonist competition binding curves, that there
is a loss of high affinity receptors for the agonist
isoproterenol (ISO) in hypertensives and the elderly
on mononuclear leukocyte (MNL) membranes
[24, 25]. Although this approach has provided impor-
tant insights into the mechanisms responsible for
altered B-receptor responsiveness it is both time con-
suming and expensive. The purpose of this present
study was to determine (1) if loss of S-adrenergic
receptors on human mononuclear leukocytes
occurred when they were incubated with agonist and
the alkylating agent NEM, (2) whether the loss of
receptors matched those exhibiting high affinity for
agonist, and (3) whether this procedure could be
used as a simpler alternative to agonist competition
binding to quantify directly the proportion of recep-
tors exhibiting high affinity for agonists.

MATERIALS AND METHODS

Materials. (—)-Isoproterenol-(+)-bitartrate, N-
ethylmaleimide, 5’-guanylimidodiphosphate
(GppNHp) and N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid (HEPES) were purchased from
the Sigma Chemical Co. (St Louis, MO). (-)-
[*%I]lodopindolol (2200 Ci/mmol) was purchased
from the New England Nuclear Corp. (Boston, MA).
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All other chemicals were of analytical grade.

Membrane preparation. A modification of the
method of Feldman er al. [10] was used to prepare
MNL membranes. Briefly, whole blood was drawn
from normal healthy individuals and added to pre-
chilled polypropylene tubes containing 0.14% (w/v)
EDTA. After removal of the platelet-rich plasma,
the MNL (80-90% lymphocytes) were isolated
according to the method of Boyum [26]. Following
washing and centrifugation, the MNL pellet was
resuspended in ice-cold 2mM Tris-HCl (pH7.4)
containing 3mM EDTA, homogenized for 10sec
(Brinkmann Polytron; setting 7) and centrifuged for
10 min at 38,000 g at 4°. The final membrane pellet
was resuspended in Buffer A containing 20 mM
HEPES (pH 7.4), 100 mM NaCl, 25 mM MgCl, and
3mM EDTA.

Pretreatment of MNL membranes with isopro-
terenol and N-ethylmaleimide. Membranes (0.8 ml)
were prewarmed for 5 min at 30° then incubated with
0.5 uM ISO for 10 min and then for another 10 min
following the addition of 0.5 mM NEM in a final
volume of 1 ml of Buffer A. Membranes were incu-
bated in Buffer A alone as a control. The pre-
treatment phase was terminated by the addition of
4 ml of ice-cold buffer containing 20 mM HEPES,
100 mM NaCl and 3 mM EDTA (Buffer B), followed
by centrifugation at 38,000 g at 4° for 10 min. The
membranes were washed another two times before
resuspension in Buffer B.

(*»TYlodopindolo! (I-PIN) binding assay. The
binding of I-PIN was to a single population of binding
sites of high affinity and was saturable. The binding
of I-PIN was displaced by other ligands stereo-
specifically and with the potency appropriate for a
Br-adrenergic receptor. The washed membranes
were incubated in triplicate, with 100 pM I-PIN for
10 min in Buffer B, containing 4 ug/ml bovine serum
albumin and 0.5 mM ascorbic acid, at 37° in a total
volume of 250 ul. The binding reaction was stopped
by the addition of 10 ml Buffer B and rapidly filtered
through pre-soaked Whatman GF/C filters. Filters
were then washed with an additional 10 mi buffer,
and the radioactivity retained on the filters was deter-
mined in a Beckman Gamma counter model 5500 at
70% efficiency. Specific binding was calculated as
the difference in the amount of I-PIN bound in the
absence and presence of ISO (0.1 mM) and was
routinely 75-95% of total binding.

Agonist competition binding studies. In the agonist
competition binding studies, control and ISO/NEM
pretreated membranes were incubated with I-PIN
and ISO (0.1 nM to 0.1 mM) in the absence and
presence of GppNHp as previously described {10].
Competition curves were analyzed by non-linear
weighted regression analysis, using the computer
program LIGAND [27]. Binding curves were fitted
to a one or a two affinity state model with points
weighted to the inverse of the square of the variance.
Total and non-specific binding were determined by
the overall plateaus of the binding curves and did
not differ significantly from the values obtained
empirically. The fit of the data to a one or two affinity
state model was compared by F test, and the two
state affinity model was accepted with P < 0.05. For
the two affinity state model, estimates were provided
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Fig. 1. Loss of I-PIN f-adrenergic receptor binding after
ISO/NEM pretreatment. MNL membranes were incubated
with ISO (0.5uM) and NEM (0.5mM) at 30° for the
indicated periods of time, washed three times, and assayed
for I-PIN binding. Incubation with buffer alone (control
binding) was constant throughout the duration of the exper-

iment. Values are means + SE, N = 0.

by the computer of the association constants for
the high (Kjy) and low (K;) affinity states and the
percentage of receptors in the high affinity state
(%Ry). The ICs,, defined as the concentration of
agonist required to reduce binding by 50%, and slope
values were determined using the four-parameter
logistic equation as described by DeLean et al. [28].

Protein concentration was determined by the
method of Lowry et al. [29], using bovine serum
albumin as a standard.

Data in the figures and tables refer to the mean *
SE of the specific binding of I-PIN.

RESULTS

Pretreatment of MNL membranes with ISO
(0.5 uM) and NEM (0.5 mM) resulted in the rapid
loss of approximately 40% of identifiable S-adren-
ergic receptors after 5 min. No further loss of recep-
tors occurred if the pretreatment step was prolonged
for up to 40 min (Fig. 1). Over this same time period
control and non-specific binding was constant. Since
maximal loss of receptors was evident within 10 min,
this time period was used in subsequent experiments
to determine the percentage of ISO/NEM *“sensi-
tive” receptors (see Materials and Methods).

The specificity of this receptor loss with ISO/NEM
pretreatment is shown in Fig. 2. Loss of receptors
only occurred when membranes were incubated in
the presence of both ISO and NEM. No significant
change in f-adrenergic receptor density occurred
when membranes were incubated with ISO or NEM
alone which was 103 and 94% of control binding
respectively. Figure 2 also shows that the addition
of (—)-pindolol (1 uM) to the incubation, before
addition of NEM, prevented the loss of receptors
induced by ISO/NEM pretreatment. Thus, loss of
p-adrenergic receptors on MNL membranes only
occurred when both isoproterenol and NEM were
present, did not occur in response to either of these
when added alone, and was blocked by preincubation
with the B-receptor antagonist pindolol.

An alternative explanation for the loss of B-
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Fig. 2. Effect of pretreatment with ISO and/or NEM on I-
PIN binding to MNL membranes. Membranes were incu-
bated with ISO (0.5 uM), and/or NEM (0.5 mM) and/or
(=)-pindolol (1 uM), as indicated for 10 min at 30°, washed,
and assayed for I-PIN binding. Control binding (100%)
was in the presence of buffer alone. Data are means + SE
of three experiments.
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Fig. 3. Scatchard plot of specific I-PIN binding to human
MNL membranes. Membranes were incubated with ISO
(0.5 uM)/NEM (0.5 mM) or buffer alone as a control for
10 min at 30°. Following washing, membranes were incu-
bated with I-PIN (5-300 pM) for 10 min at 37°. Binding was
analyzed by non-linear regression analysis and I-PIN bound
to a single high affinity binding site. Control membranes
(A): By = 25.4 fmol/mg protein, K, = 33.6pM); ISO/
NEM pretreated membranes (@) (B,.. = 15.2 fmol/mg
protein, K, = 37.0 pM). Data are from one of four separate
experiments which gave similar results.

adrenergic receptors, identifiable with a single con-
centration of I-PIN, might have been that the incu-
bation with ISO/NEM altered the affinity of the
receptors for I-PIN. To exclude this possibility, con-
trol and pretreated membranes were incubated with
a range of I-PIN concentrations (5-300 pM) as pre-
viously described (see Materials and Methods). As
shown in Fig. 3, ISO/NEM pretreatment resulted in
a marked reduction in receptor density but did not
alter the affinity of the receptors for I-PIN.

To determine which f-adrenergic receptors on
MNL membranes were “sensitive” to ISO/NEM pre-
treatment, control and ISO/NEM pretreated mem-
branes were resuspended in Buffer A and incubated
with I-PIN (100 pM) and ISO (0.1 nM to 0.1 mM)
for 10 min at 37°. In the absence of GppNHp, the
binding of ISO to f-adrenergic receptors in control
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Fig. 4. ISO/I-PIN competition curves on MNL membranes.
Membranes were pretreated with ISO (0.5 uM)/NEM
(0.5 mM) for 10 min at 30°. Control membranes were incu-
bated in buffer alone. Membranes were resuspended in
Buffer A and incubated with 100 pM I-PIN and increasing
concentrations of ISO for 10min at 37°. Control
membranes, no GppNHp: (K = 2.50M, K, = 131 nM and
%Ry = 39.0) (O); with GppNHp (0.1 mM): (one site fit
K, =145nM) () ISO/NEM pretreated membranes:
(K =3.00M, K, =155nM, and %R, = 15.2) (X). Data
are from one of three separate experiments. In this exper-
iment, 49% of the receptors were lost after ISO/NEM
pretreatment.

membranes was best described by a two affinity state
model of high and low affinity state receptors for
agonist and a %Ry of 36.3 + 2.4%. Addition of
GppNHp shifted the agonist competition curve to
the right and resulted in the curve being best
described by a one-affinity state model having a
single low affinity for agonist (Fig. 4). The change in
affinity induced by GppNHp resulted in an increase
in 1C5y from 0.34 to 0.84 uM (Table 1) and in the
slope from —0.75 to —0.96. When compared with
control membranes, pretreatment with ISO/NEM
resulted in a shift of the isoproterenol competition
curve to the right, increasing the 1Csy to 0.55 uM, and
areduction in the measurable %R t0 11.45 = 5.8%.
In addition, ISO/NEM decreased the number of
measurable S-adrenergic receptors by 51.6%. When
the reduction of receptors was taken into consider-
ation, the concentration of high affinity receptors
remaining after pretreatment was 1.44 * 0.77 fmol/
mg protein which, when compared with the con-
centration of high affinity receptors in the control
membranes of 9.13 = 1,13 fmol/mg protein, was
equivalent to an 85% loss of receptors able to bind
agonist with high affinity. Thus, pretreatment of
MNL membranes with ISO/NEM results in the selec-
tive loss of those receptors that form the high affinity
ternary complex.

Since B-adrenergic receptors “sensitive” to 1SO/
NEM pretreatment are those that form a high affinity
complex with agonist, we assessed whether pre-
treatment with ISO/NEM could be used as a simpler
alternative to agonist competition binding studies to
determine the % Ry. Membranes were either pre-
treated with ISO/NEM and assayed with a single
concentration of I-PIN, as described in Materials and
Methods, or incubated with I-PIN (20 pM) and ISO
(0.1 nM to 0.1 mM) for 60 min at 37° in the presence
and absence of GppNHp as previously described
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Table 1. Effect of ISO/NEM pretreatment on ISO/I-PIN competition binding

Concentration
high affinity
ICsp Ky K; receptors
(uM) (nM) (mM) %Ry {fmol/mg protein)
Control
—GppNHp 0.34 = 0.07 6.20+1.73 145 = 11 36.3+24 9.13x1.13
+GppNHp 0.84 = 0.04 140 =3
Treated 0.55 = 0.08 2.67 = 0.33* 146 = 9* 114538 1.44 £ 0.77

After incubation with ISO/NEM or buffer alone as a control for 10 min at 30°, membranes were
incubated with 100 pM I-PIN and increasing concentrations of ISO for 10 min at 37° (see Fig. 4).
Pretreatment resulted in a 51.6% decrease in I-PIN binding. GppNHp = 5’-guanylimidodiphosphate.
Values are means + SE of three separate experiments, except where noted.

* Average of two experiments. One experiment was best described by one affinity state model.

[8]. In these parallel experiments, the percentage of
receptors “sensitive” to ISO/NEM pretreatment was
43 = 2.9% which was not significantly different from
the %Ry of 46 £ 2.5% determined from agonist
competition binding studies. Therefore, these pre-
liminary experiments suggested that ISO/NEM pre-
treatment was a good predictor of the %Ry
determined in competition binding studies.

To extend these findings, we assessed the effects
of prior incubation with ISO on both the percentage
of receptors “sensitive” to ISO/NEM pretreatment
and the %Ry, Whole blood was incubated with
either ISO (10 uM) in ascorbic acid (1 mM) or in
ascorbic acid alone, as a control, before membrane
preparation. This procedure did not alter the affinity
of I-PIN for the receptor or significantly affect recep-
tor density. As expected, preincubation with ISO
resulted in a shift to the right of the subsequent
isoproterenol competition binding curve, increasing
the 1C5q from 103 + 8 to 142 + 12 nM and the slope
from —0.74 + 0.02 to —0.82 = 0.04 but did not alter
the estimates for the high and low affinity states of
the B-adrenergic receptor (Fig. SA). The %Ry was
reduced from 35.9 + 2.3 to 19.1 £ 5.1% which was
similar to the reduction in the proportion of receptors
“sensitive” to ISO/NEM which decreased from
39.3+4.2 to 14.9 + 4.6% (Fig. 5B). The relation-
ship between the estimates of %Ry and proportion
of receptors “sensitive” to ISO/NEM determined in
control and ISO pretreated membranes is shown in
Fig. 6.

DISCUSSION

The stimulation of adenylate cyclase by S-adren-
ergic agonists to produce cAMP involves a number
of molecular events within the membrane. Crucial
in this process of transmembrane signaling is the
formation of a ternary complex of H-R-G; protein.
This complex displays high affinity for agonists, and
we have previously indirectly quantified the per-
centage of receptors exhibiting the high affinity state
for agonist (% Ry) on MNL membranes using agonist
competition for a radiolabeled antagonist [8, 21, 22].

It has been shown in various tissues and cell types
that exposure of B-adrenergic receptors to agonists
in the presence of alkylating agents [i.e. N-ethyl-

maleimide, 2,2'-dinitro-5,5'-dithiodibenzoic acid
(DTNB)] results in the loss of a proportion of the
receptor population [15-23]. The loss is agonist
specific since it is not induced by antagonists and it
involves other membrane components as well as the
receptor since loss of receptors is absent in those cell
types lacking a G,-protein [17] and can be prevented
by solubilization of the receptor or by addition of
guanine nucleotides [17,20,23]. These studies,
therefore, infer that the loss of receptors is the result
of an agonist-induced conformational change in a
proportion of the receptors which “sensitizes” them
to attack by alkylating agents. It is likely that this
induced change involves the formation of the ternary
complex with the Gg-protein. Several mechanistic
models have been proposed to account for the loss
in identifiable receptors. A common feature of these
models is that sulfhydryl groups are exposed fol-
lowing the formation of the ternary complex.
Although the exact site of these groups is not known,
recent evidence indicates that the sulfhydryl groups
are present on the Gy-protein itself [23]. It is thought
that the formation of the ternary complex (H-R-Gy)
exposes previously hidden sulfhydryl groups within
the G,-protein which are then covalently modified
by the alkylating agent to form a stable agonist—
receptor complex, and thus subsequent binding of
other ligands to the receptor is prevented.

Pretreatment of human MNL membranes with
ISO/NEM resuited in a rapid but incomplete loss of
approximately 40% of the measurable 3,-adrenergic
population. This finding is consistent with previous
studies in other tissues which have shown that only
a proportion of the S-adrenergic receptor population
was lost following incubation with agonist and alkyl-
ating agents. The loss of $-adrenergic receptors from
MNL membranes was agonist specific since no recep-
tor loss was observed in the presence of NEM alone
and was prevented by the simultaneous presence of
an antagonist. Also, a change in the affinity of the
receptor for the radioligand could not explain the
reduction in receptor number.

A subsequent experiment indicated to us that the
measured loss of f-adrenergic receptors was the
result of the formation of a “persistent” ternary
complex. Binding of ISO to control MNL
membranes, in the absence of GppNHp, was best
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Fig. 5. Effect of prior exposure to ISO (10 uM) on iso-
proterenol competition curves (A) and on the estimates of
%Ry, and the percentage of ISO/NEM “sensitive” recep-
tors. (B). Aliquots of blood were incubated with ISO
(10 uM) for 15 min at 37° before MNL membrane prep-
aration. Blood was incubated with ascorbic acid as a con-
trol. (A) ISO/I-PIN competition curves on MNL
membranes. Control and ISO treated membranes were
incubated with 20 pM I-PIN and increasing concentrations
of ISO for 60 min at 37° in Tris buffer as previously
described [10]. Control. (O0—): no GppNHp (Ky=
4.8nM, K, = 122 nM %Ry = 36.0); with 0.1 mM GppNHp
(X- - -X) (one site fit K, = 127 nM); ISO treated mem-
branes (A—A): no GppNHp (K, =2.0nM, K, =
106 nM, %R, = 19.0). Binding in the presence of GppNHp
after ISO pretreatment was superimpossible with control
GppNHp; therefore it is not shown (one site fit K, =
121 nM). Data are from a typical experiment (N = 8). (B)
Comparison of the %Ry measured by competition binding
(left-hand columns) and percentage of receptors sensitive
to ISO/NEM pretreatment (right-hand columns) pre and
post preincubation with ISO (10 uM).

described by a two.affinity state model of high and
low affinity state receptors, confirming the results of
previous studies [10, 24, 25]. Addition of GppNHp
resulted in a decrease in affinity for ISO through the
conversion to low affinity and a reduction in the
percentage of high affinity receptors. ISO/NEM pre-
treatment also resulted in a decrease in the affinity
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Fig. 6. Comparison of %R}, obtained from competition

binding experiments and the percent of receptors “sensi-

tive” to ISO/NEM pretreatment. Points used are from the

ISO pretreatment experiments and represent the individual

data obtained in control membranes and in membranes
with ISO (10 uM).

of the agonist ISO for B-adrenergic receptors. This
decrease in the percentage of high affinity state
receptors and reduction in receptor affinity for agon-
ist suggest that the receptor population which is lost
to the I-PIN binding after ISO/NEM incubation
is that population of the receptors exhibiting high
affinity for agonist (R;;) and which is represented by
the high affinity ternary complex.

In these experiments it was also observed that
ISO/NEM pretreatment did not remove completely
the population of B-adrenergic receptors that could
form a high affinity complex since only 85% of the
original high affinity receptor population was lost.
This incomplete loss may be the result of receptor
reactivation occurring during the short incubation
period to determine the %Ry Receptor “reacti-
vation” following membrane pretreatment has been
shown in previous studies which have shown that
receptors are reactivated when pretreated mem-
branes are exposed to magnesium ions, guanine
nucleotides, and high pH [20, 23]. However, it is well
documented that magnesium ions are an absolute
requirement for f-adrenergic receptors to express
high affinity state for agonists [21, 30]. Thus, it is
likely that the small percentage of receptors display-
ing high affinity for agonist after ISO/NEM pre-
treatment is the result of receptor reactivation. This
finding lends support to the evidence indicating that
the site of action of NEM is on the G,-protein and
not on the receptor recognition site itself.

The finding that B-adrenergic receptors on MNL
membranes were “sensitive” to ISO/NEM pre-
treatment and that it was selective for those receptors
that could form a high affinity state complex led us
to hypothesize that the ISO/NEM procedure might
be utilized as a direct assay for the proportion of
high affinity state receptors for agonist on human
MNL membranes. To evaluate this hypothesis we
performed parallel studies comparing the proportion
of receptors “sensitive” to ISO/NEM pretreatment
and the %Ry determined from agonist competition
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binding studies. These studies showed that the pro-
portion of receptors no longer measured after ISO/
NEM incubation of leukocytes from humans was
similar to the %Ry determined on leukocyte mem-
branes from the same individuals. This finding
prompted us to assess the applicability of the method
of quantify changes in the proportion of high affinity
state receptors following in vitro modulation of the
%Ry with ISO. Studies have shown that acute
exposure of B-adrenergic receptors on MNL mem-
branes to agonists results in the loss of high affinity
receptors and a functional uncoupling from adenyl-
ate cyclase both in vitro and in vivo [10, 31, 32].
Thus, we proposed that short exposure of the MNL
membranes to ISO ir vitro should cause a reduction
in receptors exhibiting high affinity for agonists. The
loss in %Ry would be paralleled by a similar
reduction in receptors “sensitive” to ISO/NEM pre-
treatment. Comparing individual values revealed a
significant positive correlation between the % Ry and
the proportion of ISO/NEM “sensitive” receptors
(Fig. 6), implying that the proportion of receptors
exhibiting high affinity for agonist was modulated
similarly to those lost by exposure to ISO/NEM. It
is of interest to note that the proportion of receptors
binding agonist with high affinity and those sensitive
to ISO/NEM pretreatment was substantially less
than 100%:; this is in keeping with previous findings
[10, 24, 25] and presumably reflects the rate of reas-
sociation of receptor-G-protein complexes.

In conclusion, f,-adrenergic receptors on human
MNL membranes have been shown to be “sensitive”
to pretreatment with an agonist and alkylating
agents. It is evident that the population of receptors
lost during this procedure are those receptors that
can form the high affinity ternary complex of H-
R-G,. Several recent studies have alluded to the
importance of the high affinity receptor state in
humans, and a reduction in the percentage of these
receptors has been shown in the elderly and in hyper-
tensives {24, 25]. Pretreatment with ISO/NEM has
obvious advantages over the conventionally used
agonist competition binding assays to measure
changes in the % Ry. First, it provides a direct meas-
ure of the percentage of high affinity state receptors
for agonist. Second, it is a simpler procedure and
lends itself to the measurement of a large number of
samples simultanecously. Finally, it is a direct meas-
ure not subject to the interpretative difficulties of
computer curve fitting. Mechanisms involved in the
regulation of B-adrenergic receptors in humans are
still under investigation, and the use of pretreatment
with ISO/NEM is an additional tool which will assist
in determining the factors altering B-receptor respon-
siveness in humans.
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