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SUMMARY

Monophosphoinositide chromatographically purified from bovine brain extract shows

in in vitro experiments a high capacity to bind noradrenaline. Using a simplified two-phase
model consisting of an aqueous phase with noradrenaline and a lipophilic organic phase

with monophosphoinositide, thermodynamic variables are calculated for the binding
reaction. The binding capacity and the partition of lipid was strongly influenced by the
presence of bivalent cations. From the results obtained a possible receptor function of

monophosphoinositide for noradrenaline in synaptosoines is discussed.

INTRODUCTION

In previous work, phosphatidylserine

(PS) was demonstrated to possess a
capacity of binding uncharged noradrena-

line (NA) in a simplified two-phase model

(1) . In continuation of these studies, the
present work gives data for the ability of
monophosphoinositide (PT) to bind NA.

The partition of NA is described as a

function of concentration and of bivalent
cations. The change in standard free energy,
entropy, and enthalpy for the formation of

the binding complex is estimated. The
binding of NA to P1 is discussed in relation
to a possible function of this lipid in syn-
aptic vesicles and synaptosomes as receptor
for NA during storage and transmitter

function of this catecholamine.

MATERIALS AND METHODS

Chemicals of highest commercially avail-
able purity from British Drug House were
used for all studies. L-Noradrenahne was
obtained from Sigma (USA).

Characterization of Lipid Receptor

Lipid material. Phosphatidylinositol was
obtained from Koch-Light Laboratories,

England (ex bovine brain, Folch fraction I,

batch No. 23056) and further purified by
column chromatography (see below).

Thin-layer chromatography (TLC) . The
purity of the lipids was determined by as-
cending thin-layer chromatography (2) . An

alkaline chloroform-methanol-25% NH3
mixture (70:30:5 v/v) was used as the

solvent system. The spots were identified
by s�)raying the developed chromatogram
with: (a) ammonium heptamolybdate in

0.1 N HC1, 70% HC1O4; (b) ninhydrin in
acetone; (c) 2% resorcinol in 0.1 M CuSO4
in concentrated HC1 (3) , followed by dry-

ing and heating to 100#{176}.

Colwnn chromatography. P1 was isolated
by chromatography on acetylated diethyl-
aminoethyl (DEAE) -cellulose � 4, 5) . P1,
250 mg, was dissolved in 8 ml of chloroform

and was applied to a 25 X 2.5 cm DEAE-
cellulose column. Discontinuous elution
with mixed solvents gave rise to the follow-

ing fractions: 210 ml of glacial acetic acid
eluted free fatty acids + PS ; 200 ml of
methanol washed out glacial acetic acid;
and 200 ml of chloroform-methanol-25%
NH3(4:10:0.5 v/v) eluted PT. The corn-
position of the fractions was visualized by
TLC as described above. The glacial acetic
acid fraction revealed one spot when

stained with ammonium heptamolybdate or
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ninhydrin, detecting the presence of PS.

Stained with ammonium heptamolybdate,

the PT fraction similarly revealed only one
spot, and no color appeared when it was

sprayed with ninhydrin. Resorcinol did not
reveal carbohydrate components in any
fraction.

Determinaticm of lipid phosphorus. This

was performed according to the methods of
Bartlett (6) and Parker (7) . The purified
P1 showed a phosphate content of 2.7%, in

agreement with the identity of the fraction
with the monophosphate derivatives.

Determinaticm of protein. The method of

Lowry et at. (8) could not detect any pro-
tein in the lipid fractions used.

Infrared analysis. The PT fraction was

analyzed in a Unicam SP-200 infrared
spectrophotometer using a 100 mg KBr disk
as reference. The spectrum obtained was
analyzed in accordance with the law of
group frequencies (9) , and the result con-

firmed the material isolated to be PT.
Determination of NA. NA was fluoromet-

rically determined by the slightly modified

trihydroxyindole method as previously

described (1, 10).

Determina tion of Thermodynamic

Constants

Binding assay. As mentioned earlier (1)

this consisted of an organic phase (phase
II) containing 400 p.l of chloroform-
methanol (2: 1 v/v) with purified PT (75
�g/ml) and 400 �l aqueous phase (phase I)
with NA in 2.5 mM Tris-HC1 buffer pH

7.2. The total amount of NA in the two
phases varied from 10 �g to 70 jig. In each
run two tubes without. lipid were used as

controls, while two others containing lipid

served as the experimental system. Each
mixture was shaken 1 mm in N2 atmo-

sphere to avoid oxidation of PT and NA;
after 5 mm to clear the phases, these were

further separated by centrifugation in a
Sorvall RC-2 superspeed centrifuge at
10,000 g for 5 mm. Two aliquot portions

from phase I were removed from each tube

for NA determination. All values were thus
measured four times with a standard devi-

ation of ±2.4%. The binding experiments

were performed at three different tempera-

tures: 305#{176}K,293#{176}K, and 281#{176}K (±0.1#{176}).

Influence of inorganic Ions on Binding

In the two-phase system with P1 as re-

ceptor lipid, the binding of NA was studied

in the presence of Ca2� and Mg2� in varying
concentrations and at constant temperature

(293#{176}K) . The two-phase system was

brought to equilibrium with the total

amount of NA to be bound, and 10 j.d of

aqueous phase I was replaced by 10 p.l of
buffered solution of CaC1, or MgC12, yield-

ing final concentrations as indicated in the

text. The two-phase system was again

mixed to equilibrium, and 100 jd phase (I)
was removed for NA determination.

RESULTS

The two phases used here, with P1 as the
receptor lipid in the nonpolar phase II and
NA in the aqueous phase I, have been

described in detail (1) . Thus a certain
amount of nonionized NA ( NA11) is dis-

solved in phase IT, and in this nonpolar
state the binding to PT takes place:

NA,5 + I�I �:± NA,,PI

The corresponding equilibrium constant is

K - (XA11PI)
- (NA11)(PI)

According to this equilibrium and assuming

a monomolecular binding, there exits at a
given pH value and P1 concentration a

certain maximum number of NA molecules
that can be bound. If the equivalent num-

ber of P1 molecules is called n�, and the
number of PT molecules bound to NA11 at

a given total NA concentration is called n,

then the Langmuir isotherm a c/(c + K)
applies, where c is the concentration of NA
in phase I, K is equilibrium constant and

c� the degree of saturation (n/ne).

Figure 1 shows a typical plot of a

against c at pH 7.2 and 293#{176}K.Volumes of
phase I and II were kept constant, while
concentrations of NA were varied. The
curve follows the Langmuir isotherm.

With molecular weight 850 for PT, the

molar binding ratio between total NA and

total PT in the assay system used at satura-
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FIG. 1. Saturation degree

at pH 72

a n/n0 against c

:iII - _______
- � �(1/T) 1�

- 7’2.�/�1 - TlL�P�!

- i’2-T1

- -4.52 X 281 + 293 X 4.39

-12

= - 1346 cal/mole

TABLE 1
Calculation of thermodynam#{252}. variables for lipid binding of noradrenaline

at larying temperatures and constant pressure (1 atm)

( omplex

.�l,. (293#{176}Ki

( k(al/IuIe�

(281#{176}K)

( keal/mole)
.�F (305#{176}K)
(keal/mole)

�S

(e.s.u.)

.�H

(cal/mole)

PS-NA -4.(;7� - - - -

P1-NA -4:�2 -4:l� -1’�2 #{149} +lO.S -1346

(‘ Data of Formby (1).
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Here n is equivalent to NA11 bound to PT at
a given total NA concentration, and n, the max-

imum equivalent of NA1, that can be bound ; c

is concentration of NA in phase I at a given total

NA concentration.

tiori was calculated to be 0.588 (Table 2)
suggesting some P1 molecules dispersed in

the aqueous phase I.
From Fig. 1 the concentration of NA

required to half-saturate PT can be cal-

culated. This is 27.5 1ig/0.4 ml and a K

value of 2458 (293#{176}K) is indicated

h�P = -J?TliiK

= - I .98 X 293 X 2.3 X log 2458

= -4.52 k(al/mole

This value agrees with that found for the
electrostatic bond between NA and phos-
phatidylserine (Table 1).

Temperature Dependence of Free Energy

When binding experiments were per-
formed at the same constant pressure, but

with varying temperatures (T = 281#{176}K,
305#{176}K) the values for �F were slightly

affected, as shown in Table 1. Stating the

approximate linearity between A.F and re-
ciprocal temperature as observed, the
change in enthalpy �H and entropy
.�S can be calculated by using the Gibbs-
Helmholz equation.

Calculation of �H

Calculation of �S

--ks = (�#)�
- -

-

- -4.52 + 4.39

12

= +10.8 e.s.u.

Effect of Ca2� and Mg2�

The distribution of P1, determined as
orthophosphate (P1) in the two phases in

the presence of varying amounts of Ca2� or
Mg2� is shown in Table 2. Both metals in-
creased the solubility of P1 in the organic
phase II. The optimal effect is encountered
at 2 mEq of Ca2� in the system, which at

the PT concentration used caused a com-

l)lete solution of PT in phase II. The
amount of NA bound in phase II was sim-
ilarly increased as shown in Table 2. Na�,

K�, or Zn2� did not induce any change in
distribution of NA or PT in the two phases.
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TABLE 2

Effect of Ca2� and Mg2� on binding capacity and partition of lipid in the two-phase

system at constant temperature and pressure (�93#{176}K,1 atm)

Added cation
(mEq/l)

NA hound

(pg)

j�moles NA

/2moles P1

pmoles P� phase I

pmoles P phase 11

Ca2� O.5 3. �2 ± 0. 12 0. 63S 0.3080

Ca’� (1.0) 4 .49 ± 0 09 0. 75() 0.2780

(�a2� l.5 6� ± 0.11 0.949 0.0650

Ca2’ )2.0) 7. D) ± 0 16 1. 157 0000

Mg2� (1.01 3.94) ± 0 (N 0.648 0.2981

Mg2� (2.0) 4.7(4 ± (4 05 0.759 0.2214

None 3 50 0 14 0.588 0.3352

Election Spin Resonance’

Using a magnetic field of 8 kgauss the
Ca2-lipid-NA complex in the organic
phase II was studied. However, no un-
paire(l elections could be detected.

DISCUSSION

In previous work using a simplified two-

phase model system a high capacity of
phosphatidylserine to bind NA was shown.

In the present studies using the same ex-

perirnental conditions, evidence is provided
for a strong binding of NA to P1.

Calculation of �F for the formation of
the complex PT-NA at three different tern-
perature� reveals the binding to be electro-
static. The experimental measurements

show that �S accompanying the binding
reaction is a positive number, indicating a

total increase in the freedom of motion of
the system and possibly explained by an
interaction of molecular components with

the solvents before mixing. The negative

change in �H indicates the binding reaction
to he an exergonic proce�s at constant
pressure.

Using the two-phase system with the or-
ganic phase IT saturated with NA, a further

increase in the solubility of NA in the
organic phase IT was caused by Ca2� and

Mg2�. These results can be interpreted by
supposing that PT molecules dispersed in
aqueous systems are oriented with their
polar heads toward the aqueous phase. In

I Kindly performed by Dr. S. 0. Nielsen.

Danish Atomic Energy Centre, Rico.

the presence of Ca2� or �1g2�, coordination

complexes are formed, causing the P1 dis-
persion to assume a water-in-oil configura-
tion and thus explaining the observed in-

crease in solubility in the organic phase

II of the P1-metal complex (11, 12). The
net results are shown to be an increase in

solubility of NA in the organic phase II
where a ternary metal-PT-NA complex

could be formed (13) . The extra uptake of
NA in the presence of Mg2� or Ca2� could

also be due to inclusion of NA in water

solution trapped in lipid micelles in the

lipid phase. However, the amount of water

solubilized in the micelles of phospholipids
barely increases above 0.3 g per grain of

lipid (14, 15) . Thus, the amount. of NA
taken up in bulk water is only 1-3% of

the total uptake.

PT is a constituent of cell membranes in

general and has been reported to be pres-

.ent in the membranes of synaptosoines
and synaptic vesicles (16, 17) . In earlier
investigations it was suggested that NA

could be liberated from the diffusible PS-
NA complex by some kind of ionic cx-
change (18, 19) , after diffusion through the
membrane. Thus a similar function of PT
could he possible (20. 21) although the

present data may also indicate a possible
presence of metal-PI-NA complexes in
granules in which the transmitter is syn-

thesized and stored (22) . The liberation of
chemically bound NA into the cytoplasmic

pool containing free NA could be connected

to the metabolism of the membrane polar
lipids in storage particles (23-25) . Al-
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ternatively, it could proceed as suggested

by Maas and Colburn (1�) ; here the pres-
ence of ATP in an aqueous phase strongly

reduced metal incorporation into an organic
phase, so that a reversible mechanism could
release complex-bound NA from membrane.
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