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The continuous turnover of membrane phospholipids requires a steady supply of biosynthetic precursors. We
evaluated the effects of decreasing extracellular Na* concentration on phospholipid metabolism in cultured
neuroblastoma (N1E 115) cells. Incubating cultures with 145 to 0 mM NaCl caused a concentration-depen-
dent inhibition of |32P]phosphate uptake into the water-soluble intracellular pool and incorporation into
phospholipid. Phospholipid classes were differentially affected; [*2P]phosphate incorporated into phosphati-
dylethanolamine (PE) and phosphatidylcholine (PC) was consistently less than into phosphatidylinositol (PI)
and phosphatidylserine (PS). This could not be attributed to decreased phospholipid synthesis since under
identical conditions, there was no effect on arachidonic acid or ethanolamine incorporation, and choline
utilization for PC synthesis was increased. The effect of Na* was highly specific since reducing phosphate
uptake to a similar extent by incubating cultures in a phosphate-deficient medium containing Na* did not
alter the relative distribution of |32P]phosphate in phospholipid. Of several cations tested only Li* could
partially (50%) replace Na*. Incubation in the presence of ouabain or amiloride had no effect on
|32 P|phosphate incorporation into phospholipid. The differential effects of low Na* on [*2P]phosphate
incorporation into PI relative to PC and PE suggests preferential compartmentation of [*?P]phosphate into
ATP in pools used for phosphatidic acid synthesis and relatively less in ATP pools used for synthesis of
phosphocholine and phosphoethanolamine, precursors of PC and PE, respectively. This suggestion of
heterogeneous and distinct pools of ATP for phospholipid biosynthesis, and of potential modulation by Na™*
ion, has important implications for understanding intracellular regulation of metabolism.

Introduction ent across the plasma membrane. Since the in-
tracellular Na™ concentration is low relative to the
level in the extracellular fluid, Na* i1ons move
passively 1nto the cell. In electrically excitable
cells, Na* influx may also be attributed to activa-
tion of voltage-sensitive Na™ channels [1,2], occur

as part of Na*/H™ exchange [3], or be a compo-

The outward movement of Na* coupled with
the inward flux of K™ that is mediated by (Na™ +
K *)-ATPase maintains the electrochemical gradi-
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nent of anion transport [4]. In the latter, anions
coupled with Na™* enter the cell against a con-
centration gradient; for example, either H,PO,
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or HPO?  inorganic phosphate associates with
one or two Na* ions to form an electroneutral
complex which is translocated across the mem-
brane [4]. Thus, by maintaining the asymmetric
distnibution of Na* and K*, (Na™ + K*)-ATPase
generates the drniving force for mtracellular phos-
phate accumulation.

Following 1ncorporation into the ATP pool,
phosphate 1s utilized in a wide variety of regu-
latory and biosynthetic processes vital to cellular
funcuon. In phospholipid metabolism, phosphate
1s 1ncorporated by two distinctly different path-
ways. For phosphatidylcholine (PC) and phospha-
tidylethanolamine (PE), the phosphate is intro-
duced by phosphorylation of choline or ethanol-
amine by the respective kinases prior to activation
by cytidine triphosphate and transfer to diacylgly-
cerol to form the phospholipids. Phosphatidylse-
rine (PS) of eukaryotic cells seems to be derived
from PE by base exchange of serine with ethanol-
amine. In contrast, the phosphate in phosphatidyl-
mnositol (PI) 1s incorporated through phosphatidic
acid which is in turn derived from phosphorylated
intermediates of the glycolytic pathway.

In this study, the interaction between Na*-de-
pendent phosphate uptake and membrane phos-
pholipid metabolism was evaluated in cultured
neuroblastoma cells. Consistent with previous re-
ports [5-8], we observed a direct relationship be-
tween the Na* concentration of the medium and
both phosphate transport and incorporation into
phospholipid. However, we also noted a specific
compartmentation of the [**P]phosphate utilized
for phospholipid synthesis which resulted in less
[*?PJphosphate being incorporated into PC and
PE, relative to PI and PS, when Na*-dependent
phosphate transport was inhibited.

Materials and Methods

Materials

All chemicals and reagents used were of the
finest available grade obtained from various com-
mercial supphlers. Carrier free [*?Plorthophos-
phoric acid, [methyi->H]choline chloride (80 Ci/
mmol), [1,2-'*CJethanolamine hydrochloride (4
mCi/mmol), and [5,6,8,9,11,12,14,15-3H]arachi~
donic acid (83 Ci/ mmol) were from New England
Nuclear (Lachine, Quebec, Canada). Ouabain oc-
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tahydrate and amiloride hydrochloride were from
Sigma Chemical Co. (St. Louis, MO, U.S.A)).

Methods

Tissue culture. N1E-115 neuroblastoma cell lines
were maintamed in 150 cm? flask (Corning Glass
Works, Corning, NY, U.S.A.) in Dulbecco’s mod-
ified Eagles medium containing 5% fetal and 5%
newborn calf serum (Gibco Canada Ltd., Burling-
ton, ON, Canada) and penicillin: streptomycin
(100 units and 100 pg/ml, respectively). Cells
were grown at 37°C 1n a humidified atmosphere
of 95% air, 5% CO,. Three or four days prior to
each experiment, cells were subcultured (passage
number 30 to 50) into 60 mm plastic petri dishes
at a density of 8 - 10° cells/dish.

Experimental procedures. Cells were pulse-
labeled for 1 h 1n 2 ml of a balanced salt solution
which contained 5.4 mM KCl, 1.0 mM MgCl,, 1.8
mM CaCl,, 01 mM KH,PO,, 20 mM glucose
and 20 mM Hepes (pH 7.4). Medium osmolarity
was maintained by adding NaCl and choline chlo-
nde to a final total concentration of 145 mM. In
some experiments, NaCl was replaced with 145
mM of either choline chloride, LiCl, KCl, tetra-
ethylammonium chloride or 220 mM sucrose. To
examine the effect of phosphate depletion, NaCl
and choline chloride were held constant at 20 mM
and 125 mM, respectively, while KH,PO, was
varied from 0.01 mM to 3 mM (KCI was reduced
appropriately). At the end of each incubation, the
medium was removed and the cells were washed
three times with 2 ml of phosphate-buffered saline.
More than 99% of medium radioactivity was re-
moved with the medium and the first wash, and
<0.2% of the medium radioactivity was 1n the
final wash. Cell activity was terminated im-
mediately by adding 2.6 ml of methanol/H,0
(1.6:1, v/v).

Phospholipid analysis Total lipids 1n the cell
were extracted by adding 3.4 ml of chloroform
and the resulting lower phase was washed twice
with 1 ml of chloroform/methanol /0.1 M KCl
(3:48:47, v/v) [9]. Radioactivity was determined
on an aliquot of both the upper and lower phases
using a Beckman LS7800 liquid scintillation coun-
ter. Lower phase lipids were resolved by thin-layer
chromatography on Silica gel G plates using the
solvent system chloroform/ ethanol/ water/
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triethylamune (4:5:1.4, v/v) [10]. Appropriate
standards were used for 1dentification and lipids
were visualized by spraying with phosphomolyb-
date reagent. Spots corresponding to known
standards were scraped from the plates and the gel
added to vials containing 5 ml of Beckman HP
hquid scintillation fluid.

Other methods. Protein was determined using
an aliquot of the methanol/H,O cell suspension
according to the method of Lowry et al. [11].

Results

Effect of Na™ availability on [*P]phosphate incor-
poration into phospholyprd

When expressed relative to the control cultures
(145 mM NaCl), removing Na™* from the medium
caused a concentration dependent mhibition of
[*P]phosphate uptake and incorporation 1nto
phospholipid (Fig. 1). While incorporation of
[**Plphosphate into all phospholipids was altered,
the rate of change and the maximum suppression
varied with phospholipid type. Relative to con-

10W

087
067

044

RELATIVE SPECIFIC ACTIVITY

145 45 20 10 5 2 0
Na* CONCENTRATION ( mM )
Fig 1 Effect of Na* availability on [*?P}phosphate incorpora-
tion into phospholipids Cultured neuroblastoma cells were
pulse-labeled with 8-10 pCt [*?*Plphosphate (80-100 pCi/
pmol)/ml for 1 h 1n the balanced salt solution contaning
different concentrations of NaCl Medium osmolanty was
maintained by adding choline chloride such that the sum of
choline chloride and NaCl equalled 145 mM. Results are
expressed relative to the 145 mM NaCl group (relative specific
activity) Control values expressed as pmol phosphate incorpo-
rated/mg protein were PC, 206 9+608; PS, 169+6.0, PI.
236+522, PE, 3839+385, mean+SD (n=6) @ o,
PC,0-- -O0.PE, O---0,PS, a— -a,P1

trols both PE and PC displayed lower incorpo-
ratin of [*?P]phosphate at higher extracellular Na™*
levels and a greater maximal decrease in a medium
without added Na™ than either PS or PIL

Effect of different monovalent cations and sucrose
on [*P]phosphate incorporation into phospholipid

The alternate monovalent cations differed in
their capacity to substitute for Na* (Table I).
Total [*?P]phosphate incorporation remained
markedly suppressed when KCI, tetraethylam-
monium chlonide, choline chloride or sucrose re-
placed NaCl in the incubation medium. Li* was
the most effective substitute as total radioactivity
recovered 1n phospholipid was 50% of the control
value compared to 24% for K* and 8-10% for the
other cations and sucrose. K* increased incorpo-
ration of [*?P]phosphate into PI. Under all condi-
tions, the relative specific activity of PS and PI
exceeded that of PC and PE.

Effect of Na* availability on [*H]arachidonic acid
tncorporation mnto phospholipid

Incorporation of [*HJarachidonic acid was rela-
tively msensitive to the Na™ concentration of the
medium (Fig. 2). When neuroblastoma cells were
dual-labeled with [*HJarachidonic acid and
[**P]phosphate, the pattern of [**PJphosphate n-
corporation was similar to that of Fig. 1 (data not
shown).

Effect of Na* availability on [!*C]ethanolarune,
[’H]choline and [*’P]phosphate incorporation nto
cellular aqueous phase and phospholipids

Uptake and incorporation of ['“CJethanol-
amine was not influenced by the Na* concentra-
tion of the medium while [*H]chohne transport
and utihization for PC synthesis were enhanced
(Fig. 3). The latter observation 1s consistent with
reports by McGee [12] that choline uptake 1s
stimulated 1n neuroblastoma X glioma (NG 108-
15) cells by mncubation 1n a Na” free medium
containing sucrose. In contrast, uptake and incor-
poration of [*’P]phosphate was reduced to ap-
prox. 3% of the control value.

Effect of Na™* and phosphate availability on
[32P]phosphate incorporation into phospholipid
Incorporation of phosphate into phosphohpid
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EFFECT OF ALTERNATE MONOVALENT CATIONS AND SUCROSE ON [3P]JPHOSPHATE INCORPORATION INTO

PHOSPHOLIPID

Cultured neuroblastoma cells were pulse-labeled with 8-10 p.C1 [*2P]phosphate (80-100 pC1/pmol)/ml for 1 h 1n the balanced salt
solution containing 145 mM of the respective cations (except sucrose, 220 mM) Results are expressed relative to the 145 mM NaCl
group Control values expressed as dpm/mg protein were PC, 48500 + 8204, PS, 4136 4+ 493, PI. 46663 + 1828, PE, 151000 4 15056,

mean +range (n = 2)

% of control

PC PS P1 PE
NacCl 100 100 100 100
LiCl 286+02 960+253 528423 219+44
KCl 20101 283+ 01 641+07 35402
TEA C1? 15+01 189+ 64 237409 17401
Choline chlonde 39402 116+ 30 152417 18401
Sucrose 17406 125+ 43 137450 13405

# Tetraethylammonmum chlornde

was similar in cells incubated in a medium con-
taming 20 mM Na* and 0.01 mM phosphate
(0.03 £ 0.005 nmol phosphate/mg protein) and
one containing no added Na* and 0.1 mM phos-
phate (0.05 + 0.01 nmol phosphate/mg protein).
Despite the quantitative similarity in phosphate
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Fig 2 Effect of Na* availability on [*H]arachidomic acid
incorporation into phosphohpids Cultured neuroblastoma cells
were pulse-labeled with 2 pmol {*Hlarachidonic acid (0 25
pCi1/pmol) for 1 h 1n the balanced salt solution containing
different concentrations of NaCl Medium osmolanty was
maintained by adding choline chloride such that the sum of
choline chlonnde and NaCl equalled 145 mM Results are
mean +range (n = 2) expressed relative to the 145 mM NaCl
group (relative specific activity) Control values expressed as
dpm/mg protein were PC, 22244, PS, 1177, PI, 13135, PE,
17039 Replicate experiments gave similar results @— -@, PC,
Oo- -0O,PE, O---0O,P§; 2 a, PI
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Fig 3 Effect of Na* availability on [ *H]chohne, ['*CJethanol-
amine and [>2P]phosphate mcorporation mto cellular aqueous
phase and phospholipid Cultured neuroblastoma cells were
pulse-labeled with 100 nmol [*Hjcholme (75 pCi/pmol) or
{**Clethanolamine (75 pCi/pmol) and 8-10 pCi [>2Plphos-
phate (80-100 uCi/pmol)/ml for 1 h in the balanced salt
solution containing different concentrations of NaCl. Medium
osmolarity was maintaimned by adding sucrose Results are
expressed relative to the 145 mM NaCl group (relative specific
activity) Control values expressed as dpm/mg protein were
(aqueous phase followed by phospholipid) choline, 108776 +
3191, 11334 +452, ethanolamine, 52582+ 2629, 31219 + 398,
phosphate 11361373 1264238, 146298 + 11673, mean + range
(n =2) Replicate experiments gave simular results ® o,
[3H]choline, a— —a, [*Clethanolamine, O- - —O, [* P]phos -
phate
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uptake by the cells under the two experimental
conditions, the relative distribution of radioactiv-
ity recovered 1n each phospholipid class differed
markedly. When the Na™ content of the medium
was reduced (at a constant (0.1 mM) phosphate
concentration) [*?P]phosphate incorporation nto
PE and PC was suppressed while uptake into PI
was enhanced (Fig. 4A). This response was most
apparent when the medium contained less than 20
mM Na™. In the converse situation, when the
phosphate content of the medium was depleted at
a constant Na* concentration (20 mM), the rela-
tive distribution of radioactivity in the phos-
pholipid classes was unchanged (Fig. 4B).
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Fig 4 Effect of Na* and phosphate availability on the relative
mncorporation of [*3Plphosphate mto phospholipids Cultured
neuroblastoma cells were pulse-labeled with 8-10 pCi
[*Plphosphate (80-100 pCi/pmol)/ml for 1 h in the bal-
anced salt solution In panel A, the NaCl concentration was
varied from O to 145 mM while the phosphate concentration
was held constant at 01 mM (as KH,PO,) In panel B, the
NaCl concentration was held constant at 20 mM while the
phosphate concentration was varied from 0 01 mM to 3.0 mM
(KH, PO, replaced the approprate amount of KCl) In each
case, medium osmolarity was mamtamned by adding choline
chloride such that the sum of choline chloride and NaCl
equalled 145 mM Values are expressed as the mean (n =2)
with variability less than 2% Replicate experiments gave simi-
lar results. ® ® PC.O- -0O,PE, O---0O,PS. 2~ -a,
PI

Effect of sequential incubation in either high Na ™ or
Na*-free media on [*’P]phosphate incorporation
into cellular aqueous phase and phospholipid

Both the total uptake of [*?P]phosphate and the
pattern of incorporation into phosphohpid varied
with the sequence of the incubation conditions
(Fig. 5). When cells were incubated in a medium
without added Na* for 2 h, [**P]phosphate uptake
into the aqueous phase was reduced to 2% of the
control value. The relative specific activity of
phospholipids 1solated from these cultures was
stmilar to that of cells incubated for 1 h (Fig. 1).
That 1s, incorporation of [**P]phosphate into PE,
PC, PS and PI was 2.0 + 0.4%, 52+ 0.1%. 11.3 +
1.8% and 12.4 £+ 0.9%, respectively, of the control
value. Changing cells mutially incubated 1n the
Na*-free medium to one contaiming 145 mM Na*
reversed the inhibitory effects of Na™ depletion on
phospholiptd metabolism. Uptake of [**P]phos-
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Fig 5 Effect of sequential incubation 1n either mgh Na* or
Na* free media on [*’P]phosphate incorporation into phos-
pholiptd Cultured neuroblastoma cells were pulse-labeled with
8-10 pC1 [*P)phosphate (80-100 pC1/pmol)/ml in the bal-
anced salt solution containing 0 mM or 145 mM NaCl for 2 h
or for 1 h in one medwm followed by 1 h in the alternate
medium Medium osmolarity was mamtained by adding choline
chlonde such that the sum of choline chloride and NaCl
equalled 145 mM Results were expressed relative to the 145
mM NaCl group (relative specific activity) Control values
expressed as dpm/mg protein were aqueous phase 11927000
+ 109000, PC, 51168 + 3077, PS, 3386 + 593, PI, 53918 + 1557,
PE, 78148 + 3117, mean + range (n = 2) Replicate experiments
gave similar results In order aqueous phase, open bars, PC,
bars with large dots, PS, bars with small dots, PI, cross-hatched
bars; PE, solid bars



phate into the aqueous phase was approx. 60% of
the control value while mcorporation into phos-
pholipid was 50% of that exhibited by cultures
incubated continuously in the high Na* medium
for 2 h. When cells were changed from the 145
mM Na* medim to one containing no added
Na™*, [*’P]phosphate recovered in the aqueous
phase was 40% of the control value. In addition,
although total radioactivity recovered in phos-
pholipid was simmlar to that of control cultures,
there was a specific enrichment of [*Plphosphate
in PI and suppressed incorporation into PE.

Effect of ouabain and amiloride on [*°P]phosphate
incorporation nto cellular aqueous phase and phos-
pholipid

Including ouabain, to reduce (Na*+ K*)-
ATPase activity, and amuloride, to inhibit the
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Fig 6 Effect of ouabain and amilonide on [*2Plphosphate
mcorporation 1nto cellular aqueous phase and phospholipid
Cultured neuroblastoma cells were pulse-labeled with 8-10
#C1 [*?Plphosphate (80-100 pCi/umol)/ml for 1 h in the
balanced salt solution containing different concentrations of
NaCl, and ouabain (5 mM) or amiloride (1 mM) Medium
osmolarity was mamntained by adding chohne chlonde and
NaCl such that the sum of choline chloride and NaCl equalled
145 mM Values are expressed as the mean+range (n = 2)
Replicate experiments gave simular results Control, open bars,
ouabain, cross-hatched bars, amilonde, solid bars
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Na*/H™" antiport, did not appreciably alter the
effect of Na* on phosphate transport and incor-
poration into phospholipid (Fig. 6). The relative
specific activity of [**P]phosphate incorporated
nto PC, PE, PS and PI was similar to that de-
scribed in Fig. 1 (data not shown).

Discussion

Maintenance of the continuous turnover of
membrane phospholipid components 1s dependent
on a steady supply of biosynthetic precursors
This study demonstrated a direct relationship be-
tween the Na™ concentration of the medium and
phosphate transport and utilization for phos-
pholipid synthesis. Moreover, a medium without
added Na* decreased incorporation of [**P]phos-
phate into PE and PC to a greater extent than PI
or PS.

Phosphate is utilhized for phospholipid synthesis
1n several ways. Fatty acids undergo an ATP-de-
pendent activation to the respective acyl-CoA
thioesters prior to esterification to either diacyl-
glycerol or phosphatidic acid; the ATP phosphate
in this step does not form part of the phospholipid
molecule. For PC and PE, phosphate is incor-
porated at the choline or ethanolamine kinase
step, and this phosphate group 1s eventually incor-
porated into the final phospholipid molecule. For
PI, phosphate 1s incorporated into glycolytic pre-
cursors prior to formation of the triose phos-
phates. An alternative pathway, direct phosphory-
lation of glycerol by a kinase cannot be entirely
excluded but seems unlikely to be a major route m
our experiments since neuroblastoma cells incor-
porate less than 0.01% of labeled glycerol nto
phospolipids [13].

Decreased incorporation of [**Plphosphate by
cells incubated in a medium without added Na*
was not due to inhibition of phospholipid synthe-
sts. The mcorporation of [*HJarachidonic acid into
phospholipid and of ['*Clethanolamine into PE
was normal, while mcorporation of [*H]choline
mnto PC was actually enhanced. Accordingly, of
the steps 1in phospholipid synthesis that we mea-
sured, only [**P]phosphate incorporation was af-
fected. Since utilization of fatty acid, ethanol-
amine and choline was either normal or increased.,
this suggests that the total mass of phosphate, as
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opposed to [3?P]phosphate, mncorporated 1nto
phospholipid was not altered. Thus, the effect of
Na™ was not generalized to all intracellular pools
of phosphate-containing precursors utilized for
phospholipid synthesis, but was quite specific to
those containing [*?P]phosphate.

The incorporation of [*?P]phosphate into the
individual phospholipids was acutely and differen-
tially sensitive to the Na™ concentration of the
medium. The most marked effect was noted when
the medium contamned less than 20 mM Na*,
Since the normal intracellular Na™ level 1s main-
tained at approx. 20 mM by (Na* + K*)-ATPase,
this extracellular Na* concentration may repre-
sent the point at which the electroneutral trans-
port of phosphate coupled with Na™ 1s maximally
inhibited. Li* partially replaced Na*, Cellular
transport of Li* is similar to Na™ as this cation is
an effective substrate for the voltage-sensitive Na*
channel {14}, for the Na*/H" antiport [15]. and
for (Na*+ K*)-ATPase [16]. Enhanced radio-
labeling of phospholipid when Li* replaced Na™
in the incubation medium probably reflects a sub-
stitution of Li* for Na* in the electroneutral
transport of phosphate. Although Li* increased
the amount of [**P]phosphate 1n phospholipid, the
relative specific activity of PS and PI was still
greater than PE or PC. Further, differential label-
ing of phospholipids was not observed when phos-
phate uptake was decreased to an equivalent ex-
tent by incubating cells in a low phosphate medium
containing Na™*. Overall, this suggests that the
effect of Na* on [**P]phosphate utilization for
phospholipid synthesis was highly specific.

Of the [**P]phosphate utilized for phospholipid
synthesis at lower Na* concentrations, relatively
more (as compared to controls) was incorporated
into PI through phosphatidic acid than into PE
and PC by phosphorylation of ethanolamine and
choline, respectively. The relative specific activity
of PS consistently approximated that of PI. In
other cell systems, PS 1s dertved from PE by base
exchange of ethanolamine with serine. If PE were
the only source of PS, mcorporation of [*?P]phos-
phate would be expected to parallel that of the
parent molecule. This was not the case however,
suggesting the possibility of alternate pathways for
PS synthesis in neuroblastoma cells. For example,
while not substantiated by experimental evidence,

the data 1n this study are consistent with PS being
derived from PI by base exchange of mositol with
serine.

The dniving force for the Na* gradient, and
hence for Na*-dependent phosphate uptake, 1s
provided by (Na* + K*)-ATPase. A possible role
for this enzyme was investigated by incubating
cells in the presence of ouabain We reasoned that
the inhibition of [*?P]phosphate uptake caused by
Na*-depletion might be mimicked in the 145 mM
Na* medium by including ouabain. In support of
this possibility, Abdel-Latif [S] noted a linear de-
crease in [*?P]phosphate incorporation into PC 1n
the rabbit ins smooth muscle preparation when
mncubated 1n the presence of ouabain and 125 mM
NaCl. Incorporation was decreased to 35% of the
control value suggesting that 65% of the (Na* +
K*)-ATPase 1s ouabain sensitive. Our 1n vitro
estimates also indicate a 60% inhibition of (Na™ +
K*)-ATPase by ouabain in neuroblastoma cells
(unpublished observations). Thus. the nability of
ouabain to influence [*?P]phosphate transport 1n
the present study is difficult to explain. Possibly
the in vitro estimates of the ouabain sensitivity of
(Na* + K*)-ATPase do not directly reflect the
actual 1 vivo capacity. Alternatively, in contrast
to the ir1s smooth muscle, residual enzyme activity
may be sufficient to maintain secondary active
transport of phosphate in neuroblastoma cells.

Intracellular pH 1s regulated in part by the
Na*/H™ antiport. Inhibiting proton exchange by
incubating cells 1n a low Na* medium decreases
intracellular pH [17,18]. This might contribute to
the differential labeling of phospholipids since
both choline and ethanolamine kinase exhibit an
alkaline pH optimum [19]. If intracellular pH were
a factor, incorporation of [3?Plphosphate into
phospholipid would be similar in cells incubated
in the 145 mM Na* medium with amilonde, an
mhibitor of the Na®/H™* anuport, and a medium
without added Na™*. However, uptake and ncor-
poration of [*’P]phosphate were not altered by
amiloride over the range of Na™ levels tested
suggesting that intracellular pH was not a major
factor.

As two ATP-requiring processes that donate
[v-3?P]phosphate to phospholipid, namely, phos-
phorylation of choline and ethanolamine on the
one hand, and phosphatidic acid synthesis on the



other, were affected so differently, the ATP pools
available to these pathways must have different
specific activities. Thus, the differential labeling of
phospholipid may be related to a functional com-
partmentation of the ATP pools utilized for phos-
pholipid synthesis. Alternative explanations such
as base exchange and differences in metabolic
turnover rate seem less likely. While base ex-
change could contribute to decrease incorporation
of [*2P]phosphate relative to choline or ethanol-
amine, one would expect that fatty acid incorpora-
tion would also be reduced, particularly 1if the
entire backbone were being conserved. Further,
base exchange is not a major pathway of PC
synthesis nor has Na*-sensitivity been reported
[19,20]. The marked specificity of Na* argues
against the possibility that differential labeling of
phospholipids is due to variations in metabolic
turnover rate during nonequilibrium conditions.
For example, when [*’P]phosphate incorporation
was suppressed to a simular extent by mcubating
cells for 1 h in media depleted 1n either Na* or
phosphate, only the case of limited Na™* availabil-
ity caused differential labeling of phospholipids.
In addition, when the ATP pools were prelabeled
with [32P]phosphate by incubating cells in a high
Na™ medium, subsequent incubation in a medium
without added Na* caused a specific enrichment
of [**P]phosphate in PI and suppressed incorpora-
tion into PE. This partitioning occurred even
though the total amount of radioactivity recovered
in phospholipid was comparable to that of control
cultures incubated continuously in the high Na™
medium.

While differences in ATP pools within cells are
intuttively plausible, direct proof is difficult to
obtain and, to our knowledge, this 1s the first
suggestion of such compartmentation that is based
on evidence from lipid biosynthetic pathways.
Further, the observation that these pools become
functionally differentiated as the Na™ concentra-
tion is varied has important implications for our
understanding of intracelluiar regulation.

In conclusion, we have evaluated the effect of
Na™ depletion on phospholipid metabolism 1n cul-
tured neuroblastoma cells. During short term in-
cubations, removing Na* from the medium 1n-
hibited [**P]phosphate, but not fatty actd, choline
or ethanolamine, incorporation into phospholipid.
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Of the [*’P]phosphate incorporated, there ap-
peared to be preferential compartmentation into
an ATP pool utilized for PI synthesis with rela-
tively less incorporation into ATP pools used 1n
the synthesis of phosphocholine and phosphoeth-
anolamine, precursors for PC and PE, respec-
tively. This differential labeling pattern observed
when Na* was removed from the incubation
medium suggests that ATP pools available to
phospholipid biosynthetic processes may be het-
erogeneous and distinct. The significance of in-
tracellular compartmentation of ATP pools for
control of phospholipid metabolism remains to be
determined.
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