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Identification of Na*/K*-ATPase inhibitors in bovine plasma
as fatty acids and hydrocarbons
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A preparative purification of endogenom mhlbltors of the Na*/ K*—ATPase has been carried out from bovine blood.
Dried plasma was d and desalted, followed by further purification through a series of
reverse-phase HPLC fmnonan(ms. Fractions active in inhibiting Na* /K *-ATPase activity and displacing ouabain
were collected and purified further. By comparison with ouabain, the final extract was found to have a steeper
concentration-effect curve in the inhibition of Na* /K *-ATPase. In displacement of | *Hjouabain, the extract had again

a steeper concenmnon-eﬁect curve than does bain, and in addition it enk d ouabain binding at high dilutions.
These p are i ive of ific ions with the Na* /K *-ATPase. The active fraction was identified
by TLC, HI’LC NMR, GLC and GC-MS to be a mixture of three unesterified fatty auds, malnly oleic acid (72% of
the total) and three y The assi of was parison with
authentic samples.

Introduction Materials and Methods

A large body of experimental and clinical evid: .

(revieweg in RZf 13), Phear;n;ead to the prt;posal lot’e rt.l:: General, .'ljhm-layer chromatography was performed
existence of an endogenous Na /K*-ATPase inhibi- on Merck silica gel 60 Fys, plates (5 7.5 cm, 0.2 mm
tox(s), impli in the p of ial hyper- thickness) and spots were visualized with iodine vapour.
tensno’n a‘nd regulation of extracellular fluid volume. Prqlon magnetic fesonance spectra were ob.lam.ed on
This might be similar in structure or effect, to the a Varian FT-80A, 80 MHz instrument operating in the
cardiac glycosides — leading to the term ‘end FT mode with the solvent deuterium used as internal
ouabain-like compound’ (OLC). Many laboratories have lock. Sp data are rep in § (ppm) downficld

M . N from internal tetramethylsilane, for CDCl, solutions.
a_ttemp\ed to nso!a(e such_ a factor from a ynde variety of Gas-chromatography analyses were performed on a
tissues and species, but its structure remains unknown. N N L
In an earlier publication [3] we described dure to Spectra Physics SP7100GC with a flame-ionization de-
detect and 1000-fold a putative Na*-pump tector on a 10% SE-30 on Chromosorb DMCS column

at 220°C. For mass spectral analyses of the methylated
inhibitor from bovine plasma. We report in this paper rany acid samplcs we used a GC-MS Finnigan gas

results of the purification of i
from bovine plasma, m sufflcwm quanmy for structural SBPS ca |lla column (30 m) an'::lmgzl :‘5,234':‘;::“3
and This search lead pitiary 2

program from 150° C to 220°C at 15 C°/min and then
holding at the final temperature. The electron source of
the spectrometer was set at 70 eV.

The separation of lipid classes was achieved with a
Vac-Elut processing station and 3 ml-capacity NH,

inopropyl Bond-Elut coll (20 gm porosity, up-
Correspont D.M. Tal, D of Bi istry, The Weiz- per and lower stainless steel frits, from Analytichem
mann Institute of Science, Rehovot 76100, Israel. International, CA, U.S.A.).

only to isolation of fatty acids and hydrocarbons, i.e.
molecules which are unlikely to play the physiological
role of an end Na*-pump inhit
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Chemu‘al: [21,22-3H]Ouabain and [y-2PJATP were
d from A ham International (U.K.), ATP
(disodium salt, by phosphorylation of adenosine,
vanadium-free), ouabain and other chemicals were ob-
tained from Sigma (St. Louis, MO, U.S.A)) or local
sources as reagent grade. Solvents were of analytical
purity or ‘all-glass grease-free apparatus’ redistilled.
Eluents for HPLC were purchased from Bio-Lab
Laboratories (Jerusalem, Isracl) and were of HPLC
grade f:ltered through 0. 2 pm

from bovine
pla.vma 250 Iuters of fresh bovme blood were collected
in four batches from a slaughter-house, mixed im-
mediately with an EDTA solution (pH 7.4, final con-
centration 8 mM) and centrifuged on the same day at
3500 X g for 10 min (yielding 124 liters of plasma). The
plasma was dried in a bulk lyophilizer in two batches of
62 liters each (using the facilities of Bio-Yeda, Rehovot,
Israel) to give 13 kg of a tan light powder which was
kept at —18°C until use. All the remaining steps were
p ded by a industrial scale p in order
to become acquainted with the problems arising from
the increased scale of starting material.

12 kg of dried plasma were deproteinated by mixing
for 4 h with 95 liters of redistilled methanol in an
industrial mixer equipped with a 11

quent fractions were collected. Results of an ouabain
displacement assay of these samples depict a peak of
activity, which coincides with the inhibitory activity
found on the Na*/K*-ATPase inhibition assay. These
active samples were combined, an aliquot equivalent to
5 1 plasma was put aside for further studiec {see Results
and Discussion) and the rest was separated on HPLC
on a semipreparative scale. The instrument was a Waters
Liquid Chromatograph equipped with two model 6000A
pumps, a model 660 solvent programmer and a model
440 absorbance detector set at 254 nm. The column
used was LiChrosorb RP-18, 10 pm particles in a stain-
less-steel 9 X 250 mm column and the elution was done
at a flow of 4 ml/min with a linear gradient from 30 to
60% methanol/water in 30 min, holding at 60% for 23
min and then increasing linearly from 60% to 100%
methanol in 10 min.

Based on Na* /K *-ATPase inhibition one single large
peak was detected and it was collected in three sep-
arated groups: I, fractions 32-49 (7.3 mg); II, fractions
50-60 (24.1 mg); 111, fractions 61-72 (72.9 mg).

Aliquots of these fractions were further fractionated
and studied, as detailed in Results.

Fractionation into lipid classes. This fractionation was
done according to the procedure of Kaluzny et al. [5).

(Bio-Yeda). The suspension obtained was ﬁltered
through cheese-cloth and then Whatman’s filter paper
No. 1. The | lution thus obtained was
evaporated to yield 1150 g of a dry paste. At this stage
aliquots of the residue were treated with different
solvents or combiaations of them to extract lipids;
hexane was found to be the most effecuve Thus, the
d d paste was d with 5 1 of hexane
and 5 1 of water. The aqueous layer, rich in salts, was
applied to a large flash-chromatography column with
250 g of LiChroprep RP-18 (40-63 pm from Merck,
F.R.G)) and eluted with a step-gradient of increasing
concentrations of acetonitrile in water at a constant
pressure of 1.5-10° Pa.

The majority of the salts were eluted at the beginning
and these fracti were di 1. The fracti e]ut-
ing with acetonitrile/water (1:4, v/v) were

1ly, the method utilizes aminopropyl bonded phase
columns under pressure, eluted with various solvents, to
separate, isolate and purify individual polar and neutral
lipid classes, rapidly and in high yields (> 96%) and
purity (> 98%).

HPLC separation of lipids. Fraction II and fraction
IIT were HPLC-separated by a common method used
for free fatty acids on octadecyl bonded phase columns.
The conditions of separation were: column, Radial-PAK
Cyg, 10 pm particle size, 8 mm X 10 cm; elution, iso-
cratic, acetonitrile/ water (79: 21, v/v) at a flow rate of
1 ml/min, on a Waters 600 pump system; detection,
absorbance at 210 nm, 0.080 AUFS measured with a
Waters 490 prc ble multi leng
and recorded on a Omniscribe recorder. Five main
peaks were detected and collected.

Identification by GLC and GC-MS. Prior to analyzing

and stored, at —18°C. The 40% acetonitrile/water
fractions were collected and evaporated to dryness,
yielding 5.78 g of material, which represent a 0.05% of
the dried plasma. By flame photometry this powder was
found to contain a high Na™ content. Therefore the
mixture was loaded onto a preparative HPLC reverse-
phase column for further desalting. The conditions were
as follows: column, PrepPAK-500/C,; cartridge with a
radial pneumatic-drive pressure of 42.5 - 10* Pa; solvent
flow, 150 ml/min; fractions collected, 50 X 250 mi each;
eluent, wash with 5 1 of water, 4 1 of 20% acetonitrile/
water, 4 1 of 35% and 5 1 of 50%. The first water wash
lowered the content of salts by a factor of 300; subse-

the les by gas ch hy they were methyl
esterified by dissolving them in methanol and adding a
catalytic amount of concentrated HCI. After two hours,
the esters were extracted with hexane. By GLC six
peaks were detected, which were then analyzed by GC<
MS. The pectra of these p
three fatty acids and three hydrocarbons: saturated
fatty acids palmitic (5% of the material) and stearic
(3%) and mono-unsaturated oleic acid (72%); the hydro-
carbons being CyHys (7%), Cy3Hyg (8%) and CyyHsy
(5%).

Na* /K *-ATPase preparation. Na* /K *-ATPase was
purified from pig kidney red outer medulla, according
to the simpler of the two procedures of Jergensen [1]




and stored at —80°C until use. Its specific activity
varied between 12 and 18 pmol of hydrolyzed ATP per
min per mg protein, depending on the batch. Ouabain-
insensitive ATPase activity was not detected.

Na* /K *-ATPase inhibition assay. Inhibition of the
Na*/K*-ATPase activity was tested using a modifica-
tion of the sensitive assay which estimates the release of
[**PJP, by hydrolysis of [y-**PJATP [2,3).

[’H]Ouabain binding assay. This assay was modified
during the course of the present work. Initially, ouabain
binding was measured on microsomes from pig kidneys
[1] but subsequently partially purified renal Na*/K*-
ATPase was used.

A typical p the displ of
ouabain from its binding site at equilibrium, in 100 pl
final volume. The assay mixture contains 40 pl of
cocktail (50 mM Tris-HCl buffer (pH 7.4), 80 mM
NaCl, 4 mM MgCl,, 2 mM ATP (Tris, vanadium-free)
and 11.2 nM [*H]ouabain (5-10* cpm/tube), 40 pl
Na*/K*-ATPase suspension from one of the sources
mentioned above in 25 mM histidine and 1 mM EDTA
and 20 pl of inhibitor solution. The tubes were in-
cubated at 37°C for 60 min with 100 shakes per min,
the reaction stopped with 3 ml ice-cold 50 mM Tris-HC1
and tubes transferred to an ice bath. The suspensions
were filtered through Whatman GF/B filters, washed
twice with 3 ml of the same buffer and dried at 100°C.
The filters were counted in minivials with 3 ml scintilla-
tion fluid, after 24 h equilibrium extraction. The specific
binding was calculated by subtracting the binding ob-
served in the presence of 1 mM unlabelled ouabain
(nonspecific) from the total binding. Nonspecific bind-
ing represented up to 5% of the total binding under
control iti The total radioactivity counts were
measured by adding 40 gl cocktail to a dry filter, drying
it at 100°C and counting as the samples.

Results and Discussion

Much experimental ewdence has lead to suggestions
that an ends like pound(s) exists in
plasma of healthy subjects, and is present in higher
amounts in patients or animals with essential hyper-
tension [6,7]. In an attempt to isolate this compound(s)
we have sought to develop effe purification sch
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Fig. 1. Inhibition of Na'/K “-ATPase activity by HPLC fractions.
The deproteinized. delipidized and desalted dried bovine plasma was
fractionated by a preparative Prep-PAK-500/C,, cartridge using a
water-acetonitrile step gradient. as shown by the straight lines at a
flow rate of 150 ml/min. 50 fractions of 250 ml were collected and
monitored for inhibition of Na /K *-ATPase activity ( +).

of Na* /K *-ATPase activity by 1: 21 diluted samples of
these fractions is illustrated in Fig. 1. The diluted sam-
ple of fraction 42 displaces ouabain only partially and
the diluted sample of fraction 6 actually enhanced bind-
ing (250% of control), while the fractions from the main
peak both inhibit the ATPase activity and the binding
of [*H]ouabzin. Therefore we concentrated our efforts
on this band (C). An aliquot of these combined frac-
tions (14-27), equivalent to S 1 plasma. was studied
P ly. It was d, applied to a Sep-PAK
Cg cartridge, washed with water and eluted with 40%
and 50% acetonitrile/water (v/v). The 40% and 50%
acetonitrile samples were applied separately to ana-
lytical reverse phase HPLC columns and the resulting
fractions were assayed for ‘ouabain-like’ activity. While
the fractions from the 40% eluant samples revealed a
region of inhibitory activity in the Na*/K*-ATPase
assay no ouabain-displacemeni activity was observed.
The analyucal samp]es from the 50% acetonitrile eluant
diffe bel 3 they i

the ATPase activity but actually enhanced the binding

hikited

to obtain a pure ‘ouabain-like’ substance from bovine
plasma.

The initial steps in the purification procedure in-
volved the deproteinization of the bovine plasma by
methanol extractions of the dried plasma, followed by
the removal of neutral lipids by hexane extractions and
desalting by successive water washings on C,g reverse-
phase flash- and high-performance liquid-chromatogra-
phies. The desalted residue was fracnonalcd by eluuon
from the HPLC column, wnh

of |*Hlouabain. The active fi from this latter
separation were combined and concentrated S50-fold.
This concentrated sample now did displace [*HJouabain
but a curve led a rel ly steep
shape with respect to the ouabain titration curve (Fig.
2).

The latter result, as well as the enhancement of
displacement by the diluted samples, suggested that the
extract is interacting nonspecifically with the
Na*/K*-ATPase. In the light of publications stating

of itrile as described in the Methods. Inhibiti

that ‘ouabain-like’ 1 in other sources are in fact

of lipidic compounds [8-11], the original ac-
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Fig. 2. [*H]Ouabain displacement by ouabain and a *ouabain-like'

fraction. A dose-response curve of this activity was determined for a

50-fold concentrated active combined fractions from an analytical

chromatography (X) in comparison to ocuabain (+). The values

shown are the means+S.E. of duplicate determinations and are

expressed as the percentage of [*Hjouabain bound to the Na*/K*-
ATPase.

tive fraction C was investigated for the presence of
lipids. In order to concentrate and reduce the amount of
material, a ip ive HPLC ion was per-
formed first, using octadecylsilane bonded phase col-
umns and elution with a methanol / water gradient. One
single peak inhibited the Na*/K*-ATPase activity and
it was collected in three fractions: I, II and IIL Dilution
of 1:20 of the samples showed no inhibition in I, while
II and HII fully inhibited the enzyme’s activity. Thin-
layer chromatography with hexane/ether/acetic acid
(70:30:1, v/v/v) revealed an identical R, value (0.35)
for these fractions and for a standard fatty acid (oleic).
TH-NMR spectrum of the fractions was very similar to
those of unsaturatea fatty acids (not shown). An aliquot
of fraction III was then fractionated into lipid classes
according to the procedure of Kaluzny et al. [5]. The
eluates were checked by thin-layer chromatography as
before, and one major spot was revealed in the fatty
acid fraction (R, = 0.37) and minute traces in the phos-
pholipid fraction (R,=0.0). By gravimetry, the free
fatty acid accounted for nearly 100% of the material,
and inhibited the enzyme. A proton NMR of this fatty
acid fraction showed clearly an unsaturated free fatty
acid profile (or mixture of them): § 0.88 ppm (triplet,
-CH;), 1.25 (singlet, -CH,-), 2.02 (multiplet, -CH,-
C=0), 2.34 (triplet, J = 7 Hz, -CH,-C=C), 5.34 (triplet,
J=3-4 Hz, -CH=CH-) and 11.00 (broad singlet,
-COOH). Fractions 11 and III were separately divided
into individual compounds by a HPLC free-fatty acid
method in isocratic conditions. Five main peaks were

detected and collected from both fractions, each inhibit-
ing the ATPase activity and having a similar concentra-
tion-effect curve. Only the most concentrated com-
pound (fraction 5, about 70% of the total) could dis-
place [*Hjouabain from its binding site. This major
component was compared at different dilutions with
ouabain, both for the ATPase inhibition and the dis-
placement of bound [*HJouabain. The curve for the
Na*/K*-ATPase inhibition by ouabain has a hyper-
bolic shape, but HPLC fraction 5 showed a sigmoidal
and steeper curve (Figs. 3 and 4). Between 80% to 20%
inhibition of Na*/K*-ATPase it requires a 26-fold
dilution of ouabain, but only a 5-fold dilution of frac-
tion 5.

Another fact that does not fit the assumption that
the isolated compound is ‘ouabain-like’ is that
Na*/K*-ATPase inhibition requires 100-fold lower
concentration than for [*Hjouabain binding.

These results clearly indicate that the isolated com-
pound is interacting nonspecifically with the Na*/K*-
ATPase to induce a positive cooperative inhibition ef-
fect, rather than acting at a specific site on the enzyme
and acting in a competitive fashion with the [*H]oua-
bain.

A final identification of the isolated material was
obtained by a GC-MS fragmentation study. First, all
the samples were methy! esterified and analyzed on
TLC and GLC to verify that all the compounds reacted
quantitatively and that a satisfactory separation was
achieved. Then they were injected on the GC-MS ap-
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Fig. 3. Inhibition of Na*/K*-ATPase activity by ouabain and a
‘ouabain-like’ fraction. A dose-response curve of this activity de-
termined for ouabain (X) and for fraction 5 (+) from HPLC-sep-
aration of lipids on a C,g reverse phase column eluted isocratically
with acetoniltrile/water (79:21, v/v) at a flow rate of 1 ml/min. The
values expressed as percentage of inhibition of Na*/K*-ATPase are
the means + S.E. of duplicate determinations.
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Fig. 4. [*H]Ouabain displacement by ouabain and a purified inhibitor

fraction. A dose-response curve of the [>H]ouabain displacing activity

for ouabain (+) and peak 5 (x) from HPLC separation of lipids on a

octadecy] bonded phase column, with isocratic elution, acetonitrile/

water (79:21, v/v) at 1 ml/min. The values presented are the

means +S.E. of duplicate determinations. Inset: a Scatchard plot for
the titration of ouabain.

paratus and from the pectra it was

that the compounds are: palmitic acid (5% of the total
isolated fraction), stearic acid (3%), oleic acid (72%) and
three saturated hydrocarbons C,,, C;; and C,, in 7%,
8% and 5%, respectively. The formula assi; were
confirmed by comparison with spectra of original stan-
dards.

Possible explanations of the results of our search are:
(1) there is no end “ouat like’ d, (2)
there is a potent inhibitor of the Na*/K'<ATPase with
‘ouabain-like’ properties, but because of its minute con-
centration it is ‘masked” by other inhibitors, such as
fatty acids, or (3) the current approaches for searching
and ch izing such a p d are missing the
target. It is important to bear in mind that Na*/K*-
ATPase is readily inhibited by a large number of com-
pounds, differing greatly in chemlcal structure [15]. The

covers idal such as proges-
temne derivatives [15), bile salts [16], bufotoxins [17], or
corisone [18], up to lignans [19], ascorbic acid [20], or
dopamine [21), just to mention a few. Our search de-
tected none of these compounds in the isolated active
fractions.

In considering our results and those of previous
studies reporting that unsaturated nonesterified fatty
acids have Na*/K*-ATPase inhibitory activity as well
as ouabain displacing activity [8,12] we should ask
ourselves whether the nonesterified fatty acids could be
the long sought physiologicaily relevant it of
cellular sodium transport? The most likely answer is

59

‘no’, despite two reports of a 10-fold concentration
increase in humans [11] and animals [9] with hyper-
volemia. Indeed inkibitory effects of oleic acid on
Na”/K*-ATPase have been known for many years [14].

Thus, it is evident that thirty years of effort to isolate
and identify such a compound, have not yet thrown
light on the question whether this compound exists or
not, and if it does, its chemical structure remains ob-
scure.
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