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lysophosphatidate (acylGro-3-P) whose solubility 

and chromatographic properties are similar to 
those of acylDHAP, is present in relatively larger 

amounts than acylDHAP in different tissues. The 

analysis and estimation of these polar phospholi- 
pids in different tissues are reported here. 

Materials 

Palmitoyl[32P]DHAP was chemically 
synthesized from 1-0-pahnitoyl 3-diazohydroxy- 

acetone and H,32P0, (Amersham Corp., Arlington 

Heights, IL) as described before [9]. NaB3H, and 

D-[l-3H]glucose were obtained from Amersham 
(Arlington Heights, IL) and New England Nuclear 

(Boston, MA), respectively; NaBH,, NADPH, 

hexokinase, D-glucose-6-phosphate dehydrogenase 
and DEAE-Sephacel were all purchased from 

Sigma Chemical Company (St. Louis, MO) and 

CL-Sepharose 6B was obtained from Pharmacia 
(Piscataway, NJ). E. Merck silica gel plates (VWR 

Scientific, Chicago, IL) were used for thin-layer 

chromatography. All solvents were of analytical 

grade. AG 5OW-X4, H + (100-200 mesh) was 

purchased from Bio-Rad Laboratories (Rockville 

Centre, NY) and washed with 2 M HCl before use. 

Rats (Sprague-Dawley) were obtained from Harlan 

Sprague Dawley (Indianapolis, IN) and guinea 

pigs were purchased from Buckberg Lab Animals, 
Inc. (Tomkins Cove, NY). 

Methods 

Extraction and partial purification of acylDHAP by 

solvent partition 

Lipids were extracted from tissues by an acidic 

solvent extraction method which was a modifica- 

tion of the method of Folch et al. [lo]. Adult rats 
or guinea pigs were anesthetized with diethyl ether, 
the tissues were removed and immediately frozen 
in an isopentane/solid CO, bath and, if necessary, 
stored at - 70°C. The frozen tissues were weighed, 

quickly ground into small pieces with a pre-chilled 
(- 2O’C) pestle and mortar and immediately ho- 
mogenized in CHCI,/ methanol/ H ,PO, 
(1 : 1 : 0.05) with a Polytron homogenizer as indi- 
cated in Scheme I. A trace amount (0.02-0.2 nmol, 
(0.5-1.4) . lo5 cpm/g of tissue) of carrier 
palmitoyl[32P]DHAP was added to the homo- 

genate to follow the recovery of acylDHAP at each 

stage of purification and also to verify the com- 
pleteness of the reduction of acylDHAP in the 
extract by the chemical or enzymatic method. De- 

tails of the method of purification are described in 
Scheme I. Basically, the lipids were extracted with 

acidic CHClJmethanol and then partitioned be- 
tween two phases under conditions where most of 

the acylDHAP went to the upper aqueous phase 

(pH 4.4) leaving most of the major tissue phos- 

pholipids in the lower phase [ll]. During the parti- 

tioning process, the phases were mixed by vigorous 

vortexing (three to four times) and were then 

separated from each other by low-speed centrifu- 

gation (1000 X g, 10 min). The acylDHAP was 

extracted back into another CHCl, phase under 

acidic (pH 1.5) conditions (Scheme I) and the 
amount present in the purified extract was esti- 

mated, either chemically or enzymatically as de- 
scribed below. 

Solubilization and partial purification of acyl/ 

alkylDHAP: NADPH reductase from guinea pig 

liver 

Partially purified soluble acyl/alkylDHAP : 
NADPH reductase was prepared from guinea pig 

liver light mitochondrial fraction by a method 

similar to that described previously for acyl/al- 

kylDHAP : NADPH reductase and DHAP 

acyltransferase [12,13]. Essentially, it was found 
that during the purification of DHAP 

acyltransferase the reductase was also solubilized 
and copurified with acyltransferase up to the am- 
monium sulfate fractionation stage. The reductase 
was partially separated from the acyltransferase by 

chromatography on CL-Sepharose 6B. The 

acyltransferase peak was at fraction No. 18 and 

the reductase peak was at fraction No. 20 (see Fig. 
1. of Ref 13). Fractions No. 19-22 were pooled 
together and used for the enzymatic reduction of 

acylDHAP (see later). A summary of the results of 

the purification method is shown in Table I. 

Preparation and purification of [4B- 3H]NADPH by 
DEAE-Sephacel chromatography 

[4B-3H]NADPH was prepared from D-[l- 

3H]glucose [14] and purified by a modification of 
the method of Pastore and Friedkin [15]. The 
modification consists of using a high-pH buffer for 
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Scheme I. Extraction and purification of acylDHAP by solvent partitmn. 
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TABLE I 

PURIFICATION OF ACYL/ALKYL-DHAP : NADPH 

OXIDOREDUCTASE FROM GUINEA PIG LIVER 

The enzyme was purified from guinea pig liver light 

mitochondrial fraction by a method similar to that described 

previously 1131. To summarize: guinea pig liver light 

mitochondrial (peroxisomal) fraction was subjected to osmotic 

shock and the membrane-bound enzyme was solubilized with 

sodium-Cholate (0.2%) containing KC1 (1 M). The soluble 

enzyme, after fractionation with ammonium sulfate, was sub- 

jected to gel filtration and the fractions containing the re- 

ductase were pooled as described in the text. The final yield of 

the enzyme was 4.8% of the initial light mitochondrial fraction. 

Purification factors are shown in parentheses. 

Fraction Acyl/alkylDHAP reductase 

(nmol/min per mg protein) 

Light mitochondtia 30.2 (1) 

Membranes after osmotic shock 56.8 (1.9) 

KCl-cholate extract 62.4 (2.0) 

20-35% (NH4)*S04 fraction 90.4 (3.0) 

CL-Sepharose 6B chromatography 

(pooled fractions) 255.2 (8.4) 

Fig. 1. Purification of [4B-3H]NADPH by DEAE-Sephacel 

chromatography. Diluted incubation mixture was put on a 

DEAE-Sephacel column (7 X 1 cm) which was equilibrated with 

0.01 M triethanolamine-HCl buffer (pH 8.5) at 4°C. The 

column was eluted with a linear gradient of NaCl in the same 

buffer and S-ml fractions were collected. The radioactivity 

present in aliquots (10 al) of each fraction ( -) along with 

the absorbance at 260 nm (- - - - - -) and 340 mn (. . . .) were 

determined. 

the enzymatic synthesis of the labeled NADPH 
and using DEAE-Sephacel instead of DEAE-cel- 
lulose to purify the NADPH. It was found that the 
high pH stabilized the NADPH formed, thus in- 
creasing the yield. DEAE-Sephacel is superior to 
DEAE-cellulose with respect to the time needed 
for chromatography and the resolution of the vari- 
ous components. 

The incubation mixture contained D-[1-3H]glu- 
case (0.2 mM, 0.5 mCi), triethanolamine-HCl 
buffer (18 mM, pH 8.5), MgCl, (5 mM), ATP (10 
mM, pH 7), D-glucose-6-phosphate dehydrogenase 
(50 pg), hexokinase (35 pg) and NADP+ (1 mM) 
in a total volume of 1 ml. After incubation at 
room temperature (25°C) for 1 h, the mixture was 
diluted to 30 ml with H,O and loaded on to the 
DEAE-Sephacel column. Elution was done at 4 o C 
with a linear gradient of O-O.3 M NaCl as described 
in Fig. 1. The fractions containing [3H]NADPH, 
as monitored by the absorbance at 340 nm (frac- 
tions No. 40-43), were pooled together, divided 
into l-ml aliquots and lyophilyzed in a Speed Vat 
concentrator (Savant Instruments, Inc., Hicksville, 
NY, Model No. SVC lOOH-115). The dry 
[ 3H]NADPH was stored at - 70°C over desic- 
cants and, when needed, was dissolved in water 
and used immediately. 

Estimation of acyl/alkylDHAP using the chemical 

method 

A stock solution of NaB3H, (1 mCi/20 pmol) 
was prepared in 0.5 M NaOH by diluting NaB3H, 
(23 mCi/pmol) with non-radioactive NaBH, and 
stored at - 70°C. Before each chemical reduction, 
a small portion of the NaB3H, solution was di- 
luted to make the final alkali concentration 0.025 
M. Total radioactivity in NaB3H, was determined 
by incubating it with an excess of aqueous dihy- 
droxyacetone at room temperature for 2 h and 
then counting the resulting [3H]glycerol. The 
amount of acid-unstable radioactivity (actual 
amount of B3H;) was also determined by treating 
an aliquot of NaBH, with excess HCl [16]. The 
actual amount of labeled NaBH, present was 
calculated from these results. When the specific 
activity of NaB3H, was estimated by adding it to 
an excess of [ 32 P]DHAP of known (32P) specific 
activity and measuring the amount of [2- 
3H,32P]glyc p ero hosphate formed (by high-voltage 
electrophoresis [l]), it was found to be 36.3 
pCi/pmol. 

The reduction of the lipids with NaB3H, was 
carried out at pH 7.6 as follows. Known amounts 
of acyl or alkylDHAP (O-20 nmol) or aliquots of 
liver lipid extracts (containing unknown amounts 
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A Hewlett-Packard gas chromatograph, Model No. 
571 OA, with dual glass-lined stainless steel analyti- 
cal column (6’ x 0.125”, 15% Silar 1OC on gas 
chrom R) and flame ionization detection was used. 
The temperature was varied between 150-220°C 
(2”C/min) and the carrier gas was N, at a flow 
rate of 70 ml/min. The methyl esters of different 
fatty acids were identified by comparing the reten- 
tion times to that of a standard mixture of methyl 
esters of known composition and also by co-chro- 
matography with the standards. 

The concentration of a particular lipid (e.g., 
acylDHAP or lysophosphatidic acid) per g of tis- 
sue was calculated by measuring the amount of 
that lipid (or its hydrolytic product) present in an 
aliquot of the lipid extract and the fraction of the 
32P (added as a carrier 32P-labeled lipid to the 
tissue during initial homogenization, see Scheme I) 
recovered in that extract. Glycerophosphate was 
estimated using glycerophosphate dehydrogenase 
in hydrant-cont~ning buffer as described by 
Bublitz and Kennedy 1191. The total lipid phos- 
phates were estimated by the method of Ames and 
Dubin [20]. Protein was determined either by the 
method of Lowry et al. [21] or by a modified 
Lowry procedure [22] using bovine serum albumin 
as standard. 

Results 

Optimum conditions for the reduction of palmitoyl 
(acyl)- and hexadecyl (alkyi)DHA P by iVaB3Hd 

NaB3H, was employed to reduce the acylDHAP 
or alkylDHAP to the corresponding [2- 3H]glycerol 
3-phosphate derivatives. The reduction of carbonyl 
compounds by NaBH, is generally carried out at 
high pH but, in the present method, Tris-HQ 
buffer (pH 7.5) was included for the reduction of 
these keto-lipids because acylDHAP is extremely 
alkali labile [2]. Ethanoi was added to keep the 
lipids in solution. Under such conditions, the opti- 
mum concentration of NaB3H, was l-2 mM 
(20-40 molar excess over the substrates) (Fig. 2A) 
and the reaction was complete within 2 h at 37°C 
(Fig. 2B). 

Using the optimum conditions (2 mM NaB3H, 
at 37°C for 2 h), the amount of 3H-labeled lipids 
formed was found to be directly proportional to 
the amount of l-~-pal~toylDHAP or l-O- 

*o I 0.5 . 1.0 * 1.5 . 2.0 1 2.3 I 3.0 . 

NaEW, (mM) 

0 
E 

? 
,I 

TIME (h) 

Fig. 2. Effect of increasing NaB3H, concentration and the 
time-course of the reduction of acyl- and alkylDHAP. 20 nmol 
of palmitoyl DHAP (A- - -A) or hexadecylDHAP (0 - 0) 
were reduced either with varying concentrations of NaB3H, for 
2 h at 37T (A) or with 2 mM NaB3H, for different periods of 
time at 37°C (3) (see text for detailed procedure). 

hexadecylDHAP used for the reduction within a 
range of O-30 nmol (Fig. 3). Using palmitoyl[32P] 
DHAP, the reduction was shown to be complete 

ACY L /ALKYL DHAP (nmol 1 

Fig. 3. Stoichiomctry of the reduction of substrates with 
NaB3H,. Increasing amounts of synthetic palmitoyIDHAP 
(A- - -A) or hexadecylDHAP (0 - 0) were reduced witb 
NaB3H, and the amounts of labeled lipids formed were 
determined as described in Methods. 
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amount of [3H]Gro-3-P obtained as described 
above) was calculated to be 10.6 nmol/g of guinea 
pig liver. 

Enzymatic estimation of acylDHAP 

The chemical method (NaB3H, reduction) of 
estimation of acylDHAP as described above is a 
lengthy procedure because of extensive purifica- 
tion necessary to re$ove other labeled contami- 
nants. Therefore, an alternative method, using 
specific enzymatic reduction of acylDHAP, was 
developed for the rapid estimation of this lipid in 
tissue samples. The enzymatic reduction method is 
similar to that described for the assay of the 
enzyme [14] but, to ensure complete reduction of 
the substrate (acyl- or alkylDHAP), excess enzyme 
and excess [4B-3H]NADPH were used with limit- 
ing amounts of acylDHAP. Under such conditions 
palmitoyl- or hexadecylDHAP (up to 20 nmol) 
was found to be completely reduced to the corre- 
sponding [2- 3 H]Gro-3-P derivatives and the 
labeled lipid formed is directly proportional (cor- 
relation coefficient 0.99) to the amount of acyl- or 
alkylDHAP used in the incubation mixture. The 
specific activity of the labeled lipid formed was, 
however, about 85% of the calculated specific ac- 
tivity of the labeled NADPH used for the reduc- 
tion. 

Applying this enzymatic reduction method to 
rat and guinea pig liver lipid extract, it was 
observed that 3H-labeled lipid formed is propor- 
tional (correlation coefficient 0.99) to the amount 
of lipid extracts used. Also, when examined by 
thin-layer chromatography, 3H-labeled lipid 
migrated as a single spot in two different chro- 
matographic systems (CHCl,/ methanol/ acetic 
acid/ H,O, 100 : 40 : 12 : 4, and CHClJ 
methanol/ acetic acid/ 5% aqueous NaHSO,, 
100: 40: 12 : 4) with the same migration rate as 
lysophosphatidic acid (Fig. 5). The reduced 3H- 
labeled product also comigrated with the NaBH,- 
reduced product of palmitoyl[ 32P]DHAP, added 
as a carrier. When the labeled (32P, 3H) lipid was 
subjected to alkaline methanolysis, all of the 32P 
and 75% of the 3H became water-soluble and, on 
high-voltage paper electrophoresis, comigrated 
with authentic glycerol 3-phosphate. These results 
indicate that only acylDHAP and alkylDHAP (al- 
kali stable) present in the lipid extracts are specifi- 

Fig. 5. Radioautogram of the TLC-separated products obtained 

by both enzymatic reduction using [4B-3H]NADPH and the 

chemical reduction using NaB3H, (shown side by side for 

comparison). No carrier palmitoyl[32P]DHAP was added dur- 

ing lipid extraction. The chromatographic procedure was the 

same as described in Fig. 4 (0, origin; S.F. solvent front). A. 

Partially purified guinea pig liver lipid (stage 4 of Scheme I) 

after enzymatic reduction with [4B-3H]NADPH. B. Same as A, 

except that rat liver was used. C. Enzymatically reduced 

palmitoylDHAP (standard) with [4B-3H]NADPH. D. Same as 

A in Fig. 4. E. Same as B in Fig. 4. 

tally reduced by NADPH, catalyzed by the 
acyl/alkylDHAP reductase. 

Estimation of acyl/alkylDHAP in other different 

tissues 

The enzymatic method, described above, was 
used to measure the concentration of acylDHAP 
present in different tissues of rat. The same proce- 
dure as described for guinea pig liver, i.e., lipid 
extraction with acidic CHCl,/methanol and puri- 
fication of acylDHAP by solvent partition (moni- 
tored by the added palmitoyl[32P]DHAP) followed 
by enzymatic reduction with 3H-labeled NADPH, 
was used for different tissues and the results are 
presented in Table II. It is seen that small but 
reproducible amounts of acylDHAP are present in 
every tissue examined (Table II). Guinea pig liver 
contained the highest amount of acylDHAP 
(0.018% of total phospholipid, 1.32% of the puri- 
fied lipid extract) followed by rat liver (0.01% of 
total phospholipid, 0.65% of lipid extract). 



a Average of five experiments using livers from different 

animds on different days f S.D. 

b Results of two experiments. 

of acyl~~A~, it became apparent that a 
~~~b~r of other acidic p~osp~o~~~~d$ were present 
in tissues whose solubilities and c~~omatogr 
properties are similar to acylh)IIAP. Mono- 

ycerol 3-phosphate, i.e., lysophosp 
one such lipid whose presence in th 

liver lipid extract was inferred when r~~at~ve~y 

er amounts of glycerol 3-p~o§~~ate were found 
to be present in the alkaline meth~oly~ate of the 

,treated lipid extract than co 
sated for by the joint of acyID 

sent iffi the liver. experiments were under 
usify and measure the ly$ophosphati~~t~ in guinea 
ig liver. The method as outlined is basi- 

cally the same as described for acyl . A trace 
amount of carrier l-acyl-(rac)-[32PJCro-3-P (0.1 
mn(31, 0.7 - lo5 cpm/g of 
liver homogenate in C 
and the lipids were extr 
scribed in Scheme I. The total recovery of the 
labeled lipid was 95.0%. The Iipid was f~rtb~r 
purifies by preparative tab-layer chromatography 

Q J methanol/ acetic acid/ 5% sodium bi- 
sulfite, 100 : 40: 12 : 4) and the 32P-baad was 



187 

TABLE III 

FATTY ACID COMPOSITIONS OF GUINEA PIG LIVER 

LYSOPHOSPHATIDIC ACID 

The methyl esters were prepared from the purified guinea pig 

liver lysophosphatidic acid (with the addition of methyl 

heptadecanoate as the internal standard) and were subjected to 

gas chromatographic analysis as described in the text. The 

average values of three gas chromatographic analyses are given 

here. 

Fatty acid mol% 

14:o 3.1 

16:0 9.2 

18:O 65.9 

18:l 5.7 

18:2 14.3 

22 : 0 (?) 1.8 

acylDHAP present in guinea pig liver. The 
lysophosphatidate concentrations in different tis- 

sues of the rat were determined by measuring the 

amount of sn-glycerol 3-phosphate liberated after 

alkaline methanolysis of the partially purified lipid 
extract (Stage 4 of Scheme I). The amount found 

was (in nmol/g tissue) 58.0 for liver, 53.2 for 

kidney and 91.6 for brain. 

Discussion 

The results presented above show that 
acylDHAP is present in all tissues examined, al- 

beit in extremely small quantities. Among the tis- 
sues, this lipid is present in highest amounts in 

guinea pig liver, where it was originally discovered 

[l]. The concentration of acylDHAP in guinea pig 

liver and in rat liver was found to be fairly con- 

stant in different animals at different periods of 

time (Table II). However, it is possible that the 
concentration may change under physiological 
conditions, such as during fasting and feeding or 
chronic administration of hypolipidemic drugs 
where the activity of DHAP acyltransferase is 
changed [25,26]. The steady-state concentration of 

acylDHAP, however, is very low in tissues such as 
in developing rat brain (Das and Hajra, unpub- 
lished data) and kidney, where DHAP 
acyltransferase activity is high [27,28]. This indi- 
cates that acylDHAP is quickly reduced by the 
reductase (acylDHAP : NADPH reductase) whose 

activity in tissues is much higher than that of 

DHAP acyltransferase [14]. The concentration of 

acylDHAP in different tissues is comparable to 
CDPdiacylglycerol, another active lipid metabolite 

[29]. It should also be pointed out here that part of 

the acylDHAP found in tissues is alkylDHAP, 
which could be measured as the amount of alkali- 

stable 3H-labeled formed after enzymatic reduc- 
tion by [ 3 HJNADPH. Further work in this labora- 

tory is directed towards measuring the amount of 

acylDHAP and alkylDHAP in different tissues 

under different physiological conditions. 
NaB3H, quantitatively reduced acylDHAP and 

it is shown here that this reduction can be utilized 

as a sensitive method for the estimation of 

acyl/alkylDHAP. However, the stoichiometry of 

radioactive precursor to product is not as theoreti- 

cally predicted, which is probably due to the iso- 

tope effect (3H vs. ‘H), especially because NaB3H, 
of high specific activity is diluted with non-radio- 

active NaBH, before use. This non-stoichiometric 

incorporation of radioactivity is seen when DHAP 

is used as described above or with D-glucose as 

reported by McLean et al. [16]. Under the condi- 
tions of the reduction, the ester bond of acylDHAP 

remained intact, as evidenced by the complete 
conversion of the carrier acyl[32P]DHAP to acyl 

[2-3H]Gro32P. However, it is possible that some 

active esters, other than the acyl groups in 
acylDHAP or acylglycerophosphate, are reduced 

to long-chain alcohols by NaB3H,, as described 
by Nichols and Safford [30]. 

It is surprising to find that many 3H-labeled 

lipids were formed when the partially purified 

acidic lipid extract was reduced with NaB3H,. The 

identities of most of these lipids are unknown at 

present. However, one of these spots is probably 
due to long-chain acyl CoAs which formed labeled 

long-chain alcohols after reduction [31,32]. Others 
could be ketosteroids (glucouronide or sulfate 

derivatives?) which behaved like acidic lipids in 
this extraction process. The properties of some of 
these lipids are, however, very similar to acylDHAP 
(e.g., migrating on TLC with acylDHAP before 
reduction and with acylGro-3-P after reduction), 
which even formed a 3H-labeled water-soluble 
product after reduction with NaB3H, and alkaline 
methanolysis. It is possible that some derivatives 
of acyl- or alkylDHAP or other minor keto-lipids 
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However, the dev of the 
alternative enzymatic ethod made it rdatively 

simple to estimate acyl 
The main drawback of 
commercial sQurce of labeled NAD 

wever, the enzyme c 
w steps and is stable 

when stored at 4°C. 

mixture contaiuin 
from D-[1-3H]glucose 

on-radioactive NAD 
d stored at 4’C (p 

be run each time 

zymatic reduction whit 

interesting finding 
at tissues contain 

than acylDWAP. Though the 
hosphatidic acid in tissues has be 

not been reported before. This is probably be- 
cause, during the extraction of tissue ii 
lipid is lost because acidic traction, as employe 

ere, is generally not us The estimation, by 
measuring sn-&0-3-P 
methanolysis, is specific b 
the only other lipid whit 
under such conditions, is not extract 
procedure described above [Ill. The position Qf 
the fatty acid at the glycerol moiety in this tissue 
kysopbosphatidate is presently not known, but in 

stearate is foaand to be the major 
very aittle palmikate, presenr 
sphatidate from guinea pig 

la- fatty acid distribrntior; 
also observed an the 

ed from rat liter (Das 
ata). This is quite in 

contrast to the fatty acid CQ positam 0: liver 

re the fatty acid at C-1 is mestiy 

h a smaller fraction of stearake 

haaidate in tissues is bit- 

dria and ticruscames bj 

and in peroxasoir,es by 

~yso~bosphat~~ate to 

c cQnversso2 of 

about 72% of liver s 

w stearate because the C-i psi- 

inositides in different tissues have 

been shown to contain mostly (80%) stearic acid 
[39]. It dy whether or 
not the Be in tissues 2i 

increase or neuroaa% stirdatlon 

imulate the ‘phssphati- 

ture investigations shodd be 

‘nation of the amount and 

nature of ~ys~~~Qs~~at~~~t~ present in tissues era- 

der different physiological cxmditions. 
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