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ABSTRACT The hypothesis that amino acids act as
modifiers of phospholipid biosynthesis was tested in
renal cortical cells from normal rats. The rate of ["*C]-
choline incorporation into phospholipid in cortical
slices was enhanced by the addition of lysine or arginine
to the incubation medium, and reduced by phenylala-
nine, aspartic acid, or four other amino acids. Lysine
and aspartic acid appeared to modify the cholinephos-
photransterase reaction in which cytidine 5'-diphospho-
choline (CDP-choline) and 1,2-diacylglycerol react to
form phosphatidvlcholine, the major phospholipid of
renal membranes. Since this enzymatic reaction takes
place in the endoplasmic reticulum, the effect of single
amino acids on microsomal preparations was examined.
Lysine increased CDP-choline:1,2-diacylglycerol cho-
linephosphotransferase activity by 95%, whereas
aspartic acid reduced activity by 65%, in a concentra-
tion-dependent manner. For both substrates in the reac-
tion, amino acids modulated enzyme activity by altering
the maximum velocity without changing the appar-
ent K,,. These observations in intact renal cells and in
microsomal preparations indicate that changes in cel-
lular amino acid concentrations could modify the bio-
synthetic rate of phosphatidylcholine, and suggest a
mechanism that could coordinate the biosynthesis of
phospholipid and protein.

INTRODUCTION

The mechanisms by which phospholipid and protein
biosynthesis are coordinated for new membrane forma-
tion during cell growth are unknown. We have previ-
ously studied phospholipid biosynthesis in regenerating
kidney cells after mercuric chloride-induced tubular
necrosis (1-3). Phospholipid biosynthesis via the
Kennedy pathway was assessed using choline as a
precursor of phosphatidylcholine, the major choline-
containing phospholipid in renal membranes (4-8). In
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this pathway, choline is phosphorylated to form phos-
phorylcholine, which reacts with cytidine triphosphate
to form cytidine 5’-diphosphocholine (CDP-choline),!
the immediate precursor of phosphatidylcholine. The
rate of ['*C]choline incorporation into phosphatidyl-
choline in regenerating renal tissue was enhanced by
the provision of a mixture of 15 amino acids in vitro
and in vivo without a detectable increase in phospho-
lipid breakdown. Amino acid enhancement of phos-
phatidylcholine synthesis was also observed in renal
tissue from normal animals. Protein synthesis is also
stimulated by an increased amino acid supply in re-
generating kidney (9) and in normal liver and cardiac
muscle (10-13). These observations prompted us to
test the hypothesis that specific amino acids can act as
modulators of phospholipid biosynthesis via the Ken-
nedy pathway, and could thereby coordinate the syn-
thesis of phosphatidylcholine and protein for membrane
formation.

METHODS

Male Sprague-Dawley rats (Sprague-Dawley Farms, Madison,
Wis.) weighing 175-250 g were killed by decapitation and
their kidneys removed and decapsulated. Renal inner cortical
slices were cut and preincubated in 2 ml of Krebs-Ringer
bicarbonate medium for 10 min at 38°C in a shaking incubator
as described (14, 15). Slices were then transferred to flasks
containing 2 ml of 20 uM |methyl-*C]choline chloride (30
mCi/mmol sp act) in Krebs-Ringer bicarbonate medium and
one of the following amino acids: 20 mM L-lysine, 20 mM
L-arginine, 1 mM L-glutamic acid, 3 mM L-histidine, 3 mM
L-methionine, 20 mM L-leucine, 20 mM L-phenylalanine, or
5 mM L-aspartic acid. The amino acid concentration was set
so that the pH of the incubation medium was maintained
between 7.3 and 7.6. As a control for the amino acid under
study slices were incubated in isohydric equimolar glucose
solutions, because glucose concentrations up to 20 mM did not
change the rate of ["*C]choline incorporation into phospholipid.
Flasks were gassed for 30 s with 95% O, and 5% CO, and the
slices were then incubated for 10 min. After incubation radio-
activity in the trichloroacetic acid-soluble and -insoluble frac-

tAbbreviations used in this paper: CDP-choline, cytidine
5'-diphosphocholine; ICF, intracellular fluid; Vp,,, maximum
velocity.
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FIGURE 1 Effect of specific amino acids on [**C]choline incorporation into phospholipid in renal
cortical slices. Choline incorporation was expressed as a percentage of the rate observed at
equimolar glucose concentrations (3.80+0.09 pmol/10 min per mg wet tissue wt). Values are
means+SE of at least eight determinations from no fewer than four rats.

tions was determined as described (14). More than 99.8% of
the radioactivity in the acid-insoluble fraction was in lipid
because it was extracted with chloroform: methanol (2:1, vol:
vol) (1-3). Thin-layer chromatography of the lipid extracts
indicated that 99% of the radioactivity was in phosphatidyl-
choline and the remainder in lysophosphatidylcholine and
sphingomyelin (16, 17).
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FIGURE 2 Incorporation of ['*C]choline into phospholipid in
renal cortical slices as a function of the intracellular ["*C]CDP-
choline concentration in the presence of lysine, glucose or
aspartic acid. The concentration of ['**CJCDP-choline reached
in the ICF was estimated from the known choline specific
activity and expressed as the number of micromoles formed
per liter ICF. Each value is the mean of independent deter-
minations on tissue from two different rats.
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To define the locus of amino acid action on the reactions
of the Kennedy pathway slices were preincubated as above
and then incubated for 10 min in the presence of either 20 mM
L-lysine, 20 mM glucose, or 5 mM L-aspartic acid at medium
[**C]choline concentrations between 5 and 40 uM. [*C]choline
metabolites in perchloric acid extracts of the slices and in
50% ethanol extracts of the medium were measured by paper
chromatography (1, 8). Values for each [*C]metabolite formed
were expressed as picomoles per 10 min per milligram wet
tissue weight. ["*C]choline uptake into the intracellular fluid
(ICF) was calculated as the difference between total tissue
[**C]choline and final [**C]choline in the extracellular fluid
space of the slice. The ICF space was calculated as the dif-
ference between tissue water and extracellular fluid space
estimated from the distribution of ["*Clinulin (18). The con-
centration of ["*C]choline, [**C]phosphorylcholine, and ['*C]-
CDP-choline reached in the ICF was estimated from the
known choline specific activity.

The capacity of amino acids to modulate CDP-choline:1,2-
diacylglycerol cholinephosphotransferase activity (EC2.7.8.2)
was measured in microsomal preparations (19, 20). Homogenates
of inner cortical tissue were prepared in 0.25 M sucrose, 10
mM Tris-HCI (pH 8.5), and 1 mM EGTA. After sedimenting
the nuclei and mitochondria by centrifugation at 9,000 g for
10 min, microsomes were collected from the supernate by
centrifugation at 100,000 g for 60 min. The microsomal pellet
was resuspended in the above solution at a protein concentra-
tion of 8—10 mg/ml and was used as an enzyme source. The
standard reaction mixture (0.2 ml) contained 25 mM MgCl,,
50 mM KCl, 0.1 M imidazole (pH 8.5), 25 mM DL-dithiothreitol,
2.5 mM [methyl-"*C]CDP-choline (0.1 mCi/mmol), 7 mM 1,2-
diacylglycerol from egg lecithin (Sedary Research Laboratories,
London, Ontario) dispersed in 0.01% Tween 20 by sonication,
and about 1 mg of enzyme protein. Enzyme activity at various
[1*C]CDP-choline (0.1-3.75 mM) and 1,2-diacylglycerol (1-7
mM) concentrations was assessed in the presence of each of
the following compounds: L-lysine, L-aspartic acid, L-trypto-
phan or glucose at 20 mM. The pH of the reaction mixture



was unchanged by the addition of these compounds. The reac-
tion was started by the addition of enzyme to the preincubated
reactants: After a 4-min incubation at 38°C the reaction was
stopped by the addition of chloroform: methanol (2:1, vol:vol)
and radioactivity in the lipid extract determined as described
(15). Values for boiled microsomal protein blanks were sub-
tracted from the observed activities. Microsomal protein con-
centrations were determined according to Lowry et al. (21).
Activity was expressed as nanomoles ["*C]JCDP-choline in-
corporated into lipid per min per milligram microsomal protein.

Data were compared by Student’s t test (22); P values <0.05
were accepted as significant. Values for apparent K, and
maximum velocity (Vyayx) were determined by Eadie-Hofstee
analysis (23, 24).

All chemicals were purchased from Sigma Chemical Co.,
St. Louis, Mo., and radioactive isotopes from New England
Nuclear, Boston, Mass., unless otherwise stated.

RESULTS

Phosphatidylcholine metabolism in renal slices.
The rate of |"*C]choline incorporation into renal cortical
phospholipid was significantly modified by the addition
of any one of eight amino acids to the medium (Fig. 1).
Amino acid modulation of the rate of |"*C]choline in-
corporation into phospholipid appeared to be concen-
tration-dependent because lysine enhanced the rate by
38% (P < 0.01) at 10 mM and by 152% (P < 0.001) at
20 mM, whereas aspartic acid reduced the rate by 33%
(P < 0.01) at 1 mM and by 53% (P < 0.001) at 5 mM.
To evaluate the biochemical locus of amino acid action,
slices were incubated at various ['*C]choline concentra-
tions and the formation of the intermediate compounds
in the phosphatidylcholine biosynthetic pathway were
measured. The presence of lysine compared to glucose
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FIGURE 3 Characterization of renal microsomal CDP-choline:
1,2-diacylglycerol cholinephosphotransferase activity. The
effect of time. and the concentration of protein, potassium,
magnesium, or calcium was assessed as described in Methods.
Each value is the mean for at least five determinations on
renal cortical tissue pooled from three to six rats.
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FIGURE 4 Effect of different concentrations of lysine and
aspartic acid on microsomal CDP-choline:1,2-diacylglycerol
cholinephosphotransferase activity. Enzyme activity was ex-
pressed as a percentage of the rate observed at equimolar
glucose concentrations. Values are means+SE for at least five
determinations on renal cortical tissue pooled from six rats.

enhanced the rate of |"*C]choline incorporation into
phospholipid when expressed as a function of the [*C]-
CDP-choline concentration achieved in the tissue (Fig.
2). In contrast, the rate was decreased by the presence
of aspartic acid. The pattern exhibited by lysine as a
positive modifier and by aspartic acid as a negative
modifier was not observed for ['*C]choline uptake,
["*Clphosphorylcholine formation when expressed as a
function of the [*C]choline concentration in the ICF,
or for ["*C]CDP-choline formation expressed as a func-
tion of the ICF [“C]phosphorylcholine concentration at-
tained in the slice. These results suggested a direct
action of amino acids on the CDP-choline:1,2-diacyl-
glycerol cholinephosphotransferase reaction, in which
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FIGURE 5 The effect of lysine, glucose or aspartic acid on
microsomal CDP-choline:1,2-diacylglycerol cholinephospho-
transferase activity at various CDP-choline concentrations.
Values are means+SE for at least three determinations on
renal cortical tissue pooled from six rats. Values for apparent
K., and V., were determined by Eadie-Hofstee analysis.
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FIGURE 6 The effect of lysine, glucose or aspartic acid on
microsomal CDP-choline:1,2-diacylglycerol cholinephospho-
transferase activity at various 1,2-diacylglycerol concentra-
tions. Values are means=SE for at least three determinations
on renal cortical tissue pooled from six rats. Values for
apparent K, and V... were determined by Eadie-Hofstee
analysis.

CDP-choline and 1,2-diacylglycerol are incorporated
into phosphatidylcholine.

Cholinephosphotransferase activity in renal micro-
somes. Enzyme activity was constant for 4 min, and
between 1 and 5 mg of microsomal protein per milliliter
of reaction mixture (Fig. 3). Maximal rates were ob-
tained by reducing the potassium concentration from
150 to 50 mM and by raising the magnesium concentra-
tion to 25 mM. The inhibitory effect of calcium was
minimized by the addition of EGTA during microsomal
isolation. The addition of 2% sodium deoxycholate to
the homogenizing medium inhibited enzyme activity
by 95%. Microsomal enzyme activity was about 50-fold
higher than that observed in tissue homogenates.

As in the intact cells lysine increased and aspartic
acid decreased enzyme activity in a concentration-
dependent manner (Fig. 4). These amino acids modified
enzyme activity by altering the V., but not the appar-
ent K, for both CDP-choline and 1,2-diacylglycerol
(Figs. 5 and 6). The K, for CDP-choline was 0.4 mM
with amino acids or glucose, whereas the V., in the
presence of lysine was 2.6-fold higher than with aspartic
acid (Fig. 5). These amino acids did not change the
apparent K, of 1.6 mM for 1,2-diacylglycerol, however,
the addition of lysine resulted in a V,, that was 1.9-
fold higher than with aspartic acid (Fig. 6). The capacity
of these amino acids to modify enzyme activity was not
a strict function of their electrical charge since trypto-
phan, which is uncharged, increased activity by 73%
(P < 0.001) compared to glucose.

DISCUSSION

During renal growth increased phospholipid biosynthe-
sis is required for new membrane and organelle forma-
tion. We previously demonstrated that renal cortical
cells from normal rats used the Kennedy pathway for
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the biosynthesis of phosphatidylcholine, the major renal
membrane phospholipid (8). Increased rates of biosyn-
thesis via this pathway have been reported during
renal regeneration after acute tubular necrosis (1), potas-
sium depletion nephropathy (8, 15, 17), and compensa-
tory growth after uninephrectomy (14, 25). Phosphatidyl-
choline biosynthesis during renal regeneration after
acute tubular necrosis is augmented by the provision of
amino acids in vivo and in vitro (2, 3). Amino acids
appear to act by increasing choline uptake and the rates
of the choline kinase and cholinephosphotransferase
reactions. Enhanced phosphatidylcholine biosynthesis
during potassium depletion nephropathy, which is
mediated by increments in choline uptake and in the
rate of the cholinephosphotransferase reaction, is also
associated with marked alterations in amino acid metab-
olism. In these growing renal cells the uptake and con-
centration of lysine and arginine are increased (15, 26—
28), whereas the uptake of aspartic acid and glutamic
acid are reduced (15).

In this study amino acids stimulated phosphatidyl-
choline biosynthesis in vitro in renal tissue from nor-
mal rats (Fig. 1). The locus of amino acid action appeared
to be at the cholinephosphotransferase reaction in both
intact cells (Fig. 2) and in microsomal preparations
(Figs. 4-6). The capacity of amino acids to modulate
enzyme activity by altering the V,,,, without changing
the apparent K, suggests that they can modify the
number of active enzymatic sites. Amino acids could
exert their effect on the enzyme protein or on the
phospholipid or glycoprotein environment of this mem-
brane-bound enzyme.

These observations suggest that the relative concen-
tration of amino acids in the cell could determine the
rate of phosphatidylcholine biosynthesis, since specific
amino acids can modulate cholinephosphotransferase
activity. The results also suggest a mechanism that
integrates phosphatidylcholine and protein biosynthe-
sis for cell membrane formation. Under metabolic,
hormonal, or therapeutic conditions that increase amino
acid supply protein synthesis can be augmented (9-13),
and if the balance between amino acids favors an in-
crease in cholinephosphotransferase activity, phos-
phatidylcholine biosynthesis could be increased as
well so that new membrane formation could be enhanced.
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