Biochemical Pharmacology, Vol. 36, No. 24, pp. 42574262, 1987.
Printed in Great Britain.

CHARACTERIZATION OF [*H]Ro 5-4864 BINDING TO
CALMODULIN USING A RAPID FILTRATION TECHNIQUE

PHILIP F. MORGAN, JITENDRA PATEL and PAUL J. MARANGOS*

Unit on Neurochemistry, Biological Psychiatry Branch, National Institute of Mental Health, Bethesda,
MD 20892, U.S.A.

(Received 17 January 1987; accepted 14 May 1987)

Abstract—The benzodiazepine [*HjRo 5-4864 bound specifically and saturably to an apparently homo-
genous, univalent species of binding site on the calmodulin molecule with an associated equilibrium
dissociation rate constant (K;) of 644 + 121 nM. The rates of association (K,) and dissociation (K_,)
governing this interaction were estimated to be 7.66 x 10°M ™! sec™! and 2.9 X 107 sec™, respectively,
yielding a non-equilibrium determination of the K, to be 379 nM. Such binding of [*H]Ro 5-4864
was protein-, pH-, and temperature-dependent and demonstrated pharmacological selectivity. Only
benzodiazepine compounds (chlordiazepoxide, diazepam and Ro 5-4864) inhibited [°H]Ro 5-4864
binding to calmodulin with inhibitory equilibrium dissociation constants (K;) <10 uM. The benzo-
diazepine compounds Ro 15-1788 and flunitrazepam did not displace [°H]Ro 5-4864 binding to calmodulin
nor did a number of pharmacologically active non-benzodiazepine compounds (K; values >10 uM).
Consideration of the stoichiometry yielded an approximte mole ratio of 0.90:1.0 (Ro 5-4864:cal-
modulin), suggesting that there is one binding site for Ro 5-4864 per molecule of calmodulin. The data
reveal that the binding of [*H]Ro 5-4864 to calmodulin fulfills the major criteria of a ligand binding to
a receptor. Such an interaction may underliec some of the pharmacological actions of Ro 5-4864-like
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compounds.

The role of calcium as an intracellular messenger of
paramount importance is now widely recognized [1].
The ubiquitous Ca?*-binding protein, calmodulin, is
thought to play a major role in several of the Ca?*-
dependent biological phenomena thus far delin-
eated. These include such diverse and important
functions as phosphodiesterase activity [2], activity
of adenyl cyclase |3, 4], transmembrane ion transport
[5, 6], activity of myosin light chain kinase [7] and
the activation of a number of other protein kinases
and phosphorylases [8-12]. Calmodulin is also
thought to play both a modulatory [13-15] and a
direct [14, 16] role in synaptic neurotransmission.
Calmodulin thus represents a potentially key target
for pharmacological intervention.

Studied of the calmodulin-induced activation of
calcium-sensitive phosphodiesterase and other
enzymes have revealed that several classes of phar-
macological compounds can inhibit calmodulin
activity including phenothiazine major tranquilizers
[17-22] and benzodiazepine minor tranquilizers
[20,23,24].

In accord with studies concerning indirect assess-
ment of drug reaction with calmodulin via kinetic
studies of enzyme activity, direct dialysis ligand bind-
ing studies of tritiated phenothiazine binding to cal-
modulin have been reported [25-28]. Such binding
studies reveal that the phenothiazine major tran-
quilizer, [*H]trifluoperazine, specifically binds to cal-
modulin with an affinity constant (K} of arcund 1~
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2 uM [25-27]. A large number of clinically effective
major tranquilizers, including phenothiazine (e.g.
chlorpromazine), butyrophenone (e.g. haloperidol),
and diphenylbutylpiperidine (e.g. pimozide) com-
pounds, compete with [*H}trifluoroperazine binding
to calmodulin with inhibitory dissociation constants
(K;) in the range 1-100 uM [25, 26]. Indeed, on the
basis of the rank order of potency of a number of
compounds in inhibiting specific [*H]trifluoperazine
binding to calmodulin, it has been postulated that
interactions with calmodulin may underlie much of
the pharmacological profile of action of major tran-
quilizers {25,26]. Several other classes of phar-
macologically active compounds, including anti-
depressants (e.g. imipramine), opioid peptides
{e.g. P-endorphin) and minor tranquilizers {e.g.
diazepam), have also been reported to displace
specific [*H]trifluoperazine binding to calmodulin
{23, 26, 29]. However, a key problem associated with
the assessment of inhibitory dissociation constants
as described above using [*H]trifluoperazine is that
accurate estimations of these constants are difficult
to obtain as a result of the very low signal/noise ratio
inherent in the dialysis method employed.

Several lines of evidence suggest that benzo-
diazepines such as diazepam and particularly the
peripheral-type benzodiazepine binding site ligand,
Ro 5-4864 [30], may pharmacologically modulate
some Ca®*-mediated cellular events such as
transmembrane calcium transport {31] and hormone
release [32]. In the light of the above lines of evidence
suggesting tentative links between benzodiazepines
and calmodulin and in view of the key physiological
role of calmodulin, we examined the binding of
[*H]Ro 5-4864 to calmodulin, using a rapid filtration
method.
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MATERIALS AND METHODS

[*H}Ro 5-4864 binding assay. Calmodulin was

incubated (1 hr at 2°) in vitro with increasing con-
centrations of [’H}JRo 5-4864 diluted 1:10 with cold
Ro 5-4864 to a specific activity of 8.64 Ci/mmol,
and unlabeled ligands in a 50 mM Tris—HCI buffer
medium containing 1 mM CaCl,. Non-specific bind-
ing was assessed using 10~ M unlabeled Ro 5-4864.
At equilibrium, bound ligand was separated from
unbound ligand by rapid vacuum filtration of the
incubation mixture through Whatman GF/B glass
fiber filters pre-soaked in 10% (v/v) polyethyl-
enimine in 50 mM Tris—HC]. Efficiency of the fil-
tration system with respect to calmodulin entrapment
was assessed using '»’I-calmodulin diluted with cal-
modulin to the final calmodulin concentration
employed in the assays. Radioactivity of tritium
samples was counted in 10 ml of scintillation fluid
(Beckman Redi-Solv) bg scintillation spectroscopy
(Beckman LS-2800). %I-Labeled samples were
counted directly by y-detection (Beckman gamma
4000).
Dialysis of calmodulin. Calmodulin was dialyzed
using seamless cellulose dialysis tubing (Fisher, MD)
having a molecular weight cut-off of 12,000 daltons
as previously described [25]. Calmodulin preparation
(4 ml) suspended in 10 mM Tris—HCI, pH 7.0, buffer
was dialyzed three times against 4 liters of 10 mM
Tris—HCI, pH 7.0, buffer for 8 hr, once in the pres-
ence of 1 mM ethyleneglycolbis(amino-ethylether)
tetra-acetate (EGTA) and then twice in the absence
of EGTA.

Drugs and reagents. [°'H]Ro 5-4864 (sp. act. = 86.4
Ci/mmol, 1-methyl*H) and *I-calmodulin (sp.
act. = 50-150 uCi/ug) were purchased from New
England Nuclear, Boston, MA. Calmodulin (bovine
derived) was purchased from Calbiochem, LaJolla,
CA. Homogeneity of the calmodulin preparation
was confirmed by analytical gel electrophoresis. All
benzodiazepines including Ro 5-4864 (7-chloro-
1, 3-dihydro-1-methyl-5-[p-chlorophenyl]-2H-1, 4-
benzodiazepine-2 one) and Ro 15-1788 (ethyl-
8-fluoro-5,6-dihydro-5-methyl-6-oxo-4 H-imidazo-
1,5a-1,4-benzodiazepine-3-carboxylate) were do-
nated by Hoffmann-La Roche, Nutley, NJ. Ver-
apamil and PK11195 (1,2-chlorophenyl)-N-methyl-
N(1-methyl-propyl)-3-isoquinoline  carboxamide)
were obtained from Knoll Pharmaceuticals, Lud-
wigshafen, F.R.G., and Pharmuka Laboratories,
Gennevilleirs, France, respectively. All other drugs
were obtained from Sigma, St. Louis, MO, and
reagents were purchased from standard commercial
sources.

RESULTS

Employing ZI-calmodulin to monitor efficiency,
the total loss of calmodulin throughout the assay
(principally by filtration but also by tube adsorption,
etc.) was 16.2 = 0.2% (mean + SEM). Estimates of
efficiency always varied in the range 81-86%, and
such estimates were used to correct for system
efficiency.

Binding of [°H]Ro 5-4864 to calmodulin exhibited
a saturable specific component and an approximately
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Fig. 1. Saturation of [*H]Ro 5-4864 binding to calmodulin.
(A) Calmodulin (80 ug/ml) was incubated with increasing
concentrations of [*H]JRo 5-4864 as described in the text.
[’H]Ro 5-4864, bound in the presence of 10~ M Ro 5-4864
(non-specific binding, @), was subtracted from total binding
(in the absence of 107*M Ro 5-4864) to determine specific
binding (O). (B) Specific binding replotted according to
the method of Scatchard [33]. Data points represent the
mean of triplicate determinations from a single experiment.

linear non-specific component (Fig. 1A). Plotting
saturation isotherms according to the method of
Scatchard [33] yielded a linear plot consistent with
the binding of a univalent species of ligand to a
univalent species of binding site (Fig. 1B). Binding
parameters derived from the Scatchard plot were
K, =442nM and B,,,, = 28.3 pmol/ug calmodulin.
Analysis of a total of six Scatchard plots yielded
estimates of (1) 644 = 121 nM for the equilibrium
dissociation rate constant (K,) describing the affinity
of calmodulin for [°H]Ro 5-4864, and (2) 28.0 £ 3.5
pmol/ug calmodulin for the maximum number of



[*H]JRo 5-4864 binding to calmodulin

binding sites for [*H]Ro 5-4864 (Fig. 1B). Since the
study employed a purified calmodulin lyophilisate,
the value of 28 pmol [*H]Ro 5-4864/ug calmodulin
can be employed to estimate approximately the num-
ber of drug binding sites per molecule of calmodulin.
The extent of impurities ( principally salts and buffer)
in the purified calmodulin lyphilisate is reported to
be 52% by weight (Calbiochem. Co.). Taking this
estimate, and using an M, for calmodulin of 16,700,
then 1pug lyophilized calmodulin extract = 3.1 X
10~ mol calmodulin. Therefore, there are 28 pmol
[*HJRo 5-4864/3.1 X 107! mol calmodulin, which
yields an approximate mole ratio of 0.90:1.0 (Ro 5-
4864 : calmodulin).

Time-course studies confirmed reversibility of
binding as well as the appropriateness of employing a
1-hr incubation time, since equilibrium was achieved
well prior to this time period (Fig. 2). Analysis of
the data on the assumption that association can be
described by a pseudo-first-order reaction and dis-
sociation by a first-order reaction yielded an estimate
of the association rate constant (K;) of 7.66 x 103
M1 sec™! and of the dissociation rate constant (K_,)
of 2.9 x1073sec™’. Thus, the equilibrium dis-
sociation rate constant (K;) can be indirectly esti-
mated under non-equilibrium conditions from the
ratio K_;/K; to be 379 nM for Ro 5-4864 binding
to calmodulin. From the dissociation rate constant
estimated above, a T, of 239 sec can be computed.
Since the time period required to filter and wash
each sample was in the order of 5 sec, or in terms of
Typ units, 0.02 Ty, it can be estimated that the
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Fig. 2. Association and dissociation of [°’H]JRo 5-4864 bind-
ing to calmodulin. Calmodulin (80 ug/ml) was incubated
with 100 nM [*H]Ro 5-4864, and the amount of total [°’H]Ro
5-4864 binding was determined as a function of incubation
time by sampling aliquots of a pooled sample after different
periods of incubation. At 60-min incubation time, 107*M
Ro 5-4864 was added to the incubation mixture, and the
decline in total binding with time was determined as above.
Non-specific binding was estimated by processing identical
incubates in the presence of 10™*M Ro 5-4864. Specific
binding was estimated from the difference (total minus
non-specific binding). Data points represent the mean of
triplicate determinations from a single experiment. Two
further experiments yielded similar results.
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Fig. 3. Specific [’H]Ro 5-4864 binding to calmodulin as

a function of protein concentration. [PHJRo 5-4864 was

incubated with calmodulin at different protein con-

centrations as described in the text. Non-specific binding

was assessed using 10~* M Ro 5-4864. Data points represent

the mean + SEM of three experiments performed in
duplicate.

binding loss due to filtration (i.e. percentage of initial
steady-state binding) is less than 2% (see Ref. 34).

The binding of [*H]Ro 5-4864 to calmodulin was
found to be both temperature and pH dependent
with optimal binding observed at 2° and pH 7 (data
not shown). The binding was also dependent upon
protein concentration with the amount of specific
binding varying linearly as a function of calmodulin
concentration up to a calmodulin concentration of
approximately 120 ug/ml (Fig. 3).

Commercial calmodulin is supplied in a medium
containing calcium ions. The addition of further cal-
cium ions (up to a concentration of 100 mM in the
form of CaCl,) caused only small (<10%) increases
in specific [’H]Ro 5-4864 binding (data not shown).
However, after dialyzing calmodulin against an
EGTA buffer to obtain Ca**-free calmodulin, poten-
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Fig. 4. Calcium potentiation of [*H]Ro 5-4864 binding to
calmodulin. Dialyzed calmodulin (80 ug/ml) was incubated
with [*H]Ro 5-4864 as described in the text with increasing
concentrations of CaCl, in the absence (O) and presence
(®) of 10 mM EDTA. Non-specific binding was assessed
using 107*Ro 5-4864. Data points represent the
mean = SEM of four experiments performed in triplicate.
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tiation of specific [’H]Ro 5-4864 binding to cal- Displacement studies revealed that the binding of
modulin was demonstrated; the potentiation was [*H]Ro 5-4864 to calmodulin showed ligand sel-
prevented by EGTA (Fig. 4). Non-specific binding  ectivity (Table 1). Of the compounds studied, only
of [*H]Ro 5-4864 was not altered by either Ca>* or  benzodiazepine compounds inhibited [SH]Ro 5-4864
EGTA (data not shown). binding with K; values < 10 yM. These were chlor-

Table 1. Inhibition of [*H]Ro 5-4864 binding to calmodulin

INHIBITORY
EQUILIBRIUM
PHARMACOLOGICAL DISSCCIATION
COMPOUND STRUCTURE DESCRIPTION CONSTANT, K; inM)
RQ 5-4864 Peripheral-type benzodiazepine 681 + 158
RO 15-1788 g:g;zl;\tivs?e benzodiazepine >10,000
Flunitrazepam Central-type benzodiazepine >10,000
. Mixed central/peripheral type
Diazepam benzodiazepine 1600 = 100
Chiordiazepoxide Mixed f;:;%?g;g’i‘:f' tvee 3200 + 190
Tii yridazi iohersi-ty
PK11195 benzodiazepine binding site igand >10,000
H,c\ /cn,
OCH,
Veraparil . ch cH, CHy Calcium channel blocking agent 10000
cHo G~ CHg~ CHy— CHy — —CHy ~ CHy OCH, {non-dihydropyridine) ’
N Q!{
NGy
. Tu @ . .
. . CH;CH,0— Q- CH Calcium channel blocking agent
Nitrendipine Q/g{ : {dihydropyridine) >10.000
HCTNT ek,
H
CHO CH,
. N\
Dilazep CHyf COO(CH,l,—NvN—(cn,),ooc QCH, Nucleoside uptake inhibitar >10,000
CHO OCH,

CHCHCH,N NCH,
CH CHy s

Trifluoperazing Phenothiazine major tranquili >10,000

Test compound and [*H]Ro 5-4864 were incubated with calmodulin (80 ug/ml) as described in the
text. K; values were determined from the concentration of inhibitor which caused 50% inhibition of
specific binding (ICs) (obtained by linear regression analysis of log probit plots of at least six concen-
trations) using the equation of Cheng and Prusoff [35], employing the previcusly determined K, of
644 nM obtained by Scatchard analysis (Fig. 1). Data represent the mean = SEM of at least three
experiments.
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diazepoxide, diazepam and Ro 5-4864. However, the
benzodiazepine compounds Ro 15-1788 and flu-
nitrazepam did not displace [°’H]Ro 5-4864 binding,
nor did the peripheral-type benzodiazepine binding
site ligand, PK11195 (K values > 10 uM). Several
other classes of compounds including calcium chan-
nel blocking agents (verapamil and nitrendipine), a
nucleoside uptake inhibitor (dilazep), and a major
tranquilizer (trifluoperazine) were also found not to
displace [*H]Ro 5-4864 binding to calmodulin (X;
values > 10 uM) (Table 1).

DISCUSSION

The main conclusion of the present study is that
the binding of [*H]Ro 5-4864 to calmodulin fulfilled
the major criteria of ligand binding to a receptor.
That is to say, it was saturable, reversible, pH-,
protein- and temperature-dependent, and exhibited
ligand selectivity. The data, therefore, demonstrate
direct binding of a benzodiazepine ligand to cal-
modulin.  Since  stoichiometric  consideration
revealed an approximate mole ratio of 0.90:1.0, this
suggests that there is one binding site for Ro 5-4864
per molecule of calmodulin.

Despite the relatively low affinity of this inter-
action, separation by rapid filtration was technically
very feasible in view of the relatively slow dis-
sociation rate. The maximum allowable separation
time for a ligand binding assay is widely accepted to
be around 0.15 Ty, [34] in order to allow a loss of
not more than 10% bound ligand during separation.
In the present study, this corresponds to an upper
limit for separation of approximately 36 sec—a con-
siderably longer time period than was actually
required (viz. approximately 5 sec). In fact, taking
the separation time to be 5sec, the binding loss
due to filtration was <2%. The presently described
method, therefore, may be viewed as an alternative
to the widely used trifluoperazine/dialysis method in
analytical protocols. Furthermore, in view of the
inherent disadvantages of a very low signal/noise
ratio and extremely lengthy procedures of protocols
involving ligand (phenothiazine) binding to cal-
modulin by dialysis, the present method involving a
60-min incubation/rapid filtration technique of
studying ligand binding to calmodulin can be viewed
as a considerable advance over previous methods of
studying ligand binding to calmodulin.

One of the salient features of the pharmacological
specificity of the binding site presently studied is that
the central-type benzodiazepine receptor ligands,
flunitrazepam and Ro 15-1788, are not active in
displacing [*H]Ro 5-4864 binding to calmodulin. This
would suggest that inhibition of calmodulin activity
does not play a major role in underlying the phar-
macological action of the minor tranquilizer, flu-
nitrazepam, or the central-type benzodiazepine
antagonist, Ro 15-1788. Despite the potency of the
peripheral-type ligand, Ro 5-4864, and the mixed
(peripheral/central)-type benzodiazepine binding
site ligands (diazepam, chlordiazepoxide) in inhi-
biting [*H]Ro 5-4864 binding to calmodulin, the
pharmacological specificity of the calmodulin binding
site for Ro 5-4864 is not similar to the phar-
macological specificity of the peripheral-type benzo-
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diazepine binding site since the peripheral-type
benzodiazepine binding site antagonist ligand,
PK11195, was not active in displacing specific ["H]Ro
5-4864 binding to calmodulin. Such an observation
would tend to preclude a common identity between
the peripheral-type benzodiazepine binding site and
the calmodulin binding site for Ro 5-4864. The lack
of potency of PK11195 also suggests that modulation
of calmodulin activity is only a tenable hypothesis to
explain the pharmacological effects of Ro 5-4864 that
are insensitive to PK11195.

Itis widely considered that pharmacological modu-
lation of calmodulin function is achieved by inducing
changes in the tertiary structure of calmodulin. Since
Ro 5-4864 is a detectable displacer of [*Hjtri-
fluoperazine binding to calmodulin and yet tri-
fluoperazine did not detectably displace [*H]Ro 5-
4864 binding to calmodulin at a concentration con-
siderably above the reported K, for [*H]trifluo-
perazine binding to calmodulin [25-27], Ro 5-4864
may well bind to a different loci on the calmodulin
molecule to trifluoperazine and displace [*H]tri-
fluoperazine binding to calmodulin by (non-recipro-
cal) allosteric hindrance. The possibility of two or
more modulatory sites on the calmodulin molecule
is of considerable pharmacological interest because
it is already known that there are two regions on
calmodulin which are capable of interacting with
target proteins (kinases and phosphorylases), one on
the N-terminal moiety and another on the C-terminal
moiety [36]. Pharmacological intervention at dispa-
rate modulatory sites, therefore, may very well elicit
different biochemical profiles of action of
calmodulin.
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