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1. Glycerol phosphate acyltransferase (GPAT) activities were measured in subcellular
fractions obtained from rat epididymal adipocytes. These contained both N-ethyl-
maleimide-sensitive and N-ethylmaleimide-insensitive forms of the enzyme. 2. As shown
by parallel measurements of marker enzymes, N-ethylmaleimide-insensitive GPAT is
most probably a mitochondrial activity, whereas N-ethylmaleimide-sensitive GPAT is
the microsomal enzyme. 3. Subcellular distributions are also reported for di-
hydroxyacetone phosphate acyltransferase (DHAPAT) (assayed with and without
N-ethylmaleimide), monoacylglycerol phosphate acyltransferase (MGPAT) and Mg2+-
dependent and Mg2+-independent forms of phosphatidate phosphohydrolase (PPH).

It is currently believed that the biosynthesis of
glycerolipids can be initiated by the acylation of
either glycerol phosphate or dihydroxyacetone phos-
phate. When glycerol phosphate is used as the
initiating molecule, the initial acyl transfer is
catalysed by GPAT. Studies, mainly with liver, have
shown that this activity is located in both mito-
chondrial and microsomal fractions (Stoffel &
Schiefer, 1968; Shephard & Hiibscher, 1969; Daae,
1973; Van Tol, 1974; Bjerve et al., 1976). The
GPAT activities in these two fractions of liver differ
in several important respects. The mitochondrial
form has a lower Km for glycerol phosphate
(Nimmo, 1979), and a higher affinity for acyl-CoA
substrates (Yamada & Okuyama, 1978; Bates &
Saggerson, 1979). Also the mitochondrial activity
has a higher preference for acylation at the 1-
position of glycerol phosphate (Daae, 1972; Mon-
roy et al., 1972) and preferentially uses saturated
fatty-acyl units (Monroy et al., 1972, 1973).
However, the most striking difference between the
two GPAT activities is their differing response to
thiol-group reagents. The microsomal GPAT from
rat liver is almost completely inhibited by reagents

Abbreviations used: DGAT, diacylglycerol acyltrans-
ferase (EC 2.3.1.20); DHAPAT, dihydroxyacetone phos-
phate acyltransferase (EC 2.3.1.42); GPAT, glycerol
phosphate acyltransferase (EC 2.3.1.15); MGPAT,
monoacylglycerol phosphate acyltransferase (EC
2.3.1.51); PPH, phosphatidate phosphohydrolase (EC
3.1.3.4).
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such as iodoacetamide and N-ethylmaleimide
(Lands & Hart, 1965; Monroy et al., 1972; Haldar
& Pullman, 1975; Yamada & Okuyama, 1978;
Nimmo, 1979; Bates & Saggerson, 1979), whereas
the mitochondrial activity is barely affected. It is
therefore inferred that there are two distinct forms of
GPAT with different intracellular locations (Nimmo,
1979). At present, the relative contributions of these
two activities to the total glycerol phosphate
acylation in any tissue is unknown. In rat liver the
mitochondrial activity represents about half of the
tissue total GPAT (Daae & Bremer, 1970; Sanchez
et al., 1973; Lloyd-Davies & Brindley, 1975), and it
is this form that alters in diabetes, with changes in
insulin status and after other changes in physio-
logical state (Bates & Saggerson, 1977, 1979; Bates
etal., 1977).

In rat adipose tissue, where GPAT activity
rapidly responds to hormonal treatment of the tissue
(Sooranna & Saggerson, 1976, 1978), a far higher
proportion of the total GPAT activity is reported to
be in the microsomal fraction (Schlossman & Bell,
1976). Therefore characterization and accurate
assessment of the amount of the mitochondrial form
of the enzyme in adipose tissue is extremely difficult
because of contamination of mitochondrial frac-
tions with this very extensive microsomal activity. In
the present work we have studied the subcellular
distributions of N-ethylmaleimide-sensitive and -in-
sensitive GPAT activities in rat adipocytes. It is
concluded that the insensitive activity is a satis-
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factory estimate of the mitochondrial form. By using
N-ethylmaleimide to eliminate extensive cross-con-
tamination of the mitochondrial enzyme by the
microsomal activity. it is then possible to investigate
some aspects of the acyl-CoA substrate concen-
tration-dependence and specificity of this mito-
chondrial enzyme and to compare these with the
N-ethylmaleimide-sensitive (microsomal) enzyme
(Saggerson et al., 1979). These studies are a
necessary preliminary before it can be ascertained
whether or not the mitochondrial and microsomal
GPAT activities in adipose tissue respond similarly
or differently to hormones and changes in physio-
logical state.

Materials and Methods

A nimals
Male Sprague-Dawley rats weighing 160-180g

were used throughout. These were bred in the animal
colony at University College London and had
constant access to water and GR3-EK cube diet (E.
Dixon and Sons, Ware, Herts., U.K.).

Chemicals
These were obtained and treated as described by

Sooranna & Saggerson (1978), Cheng & Saggerson
(1978) and Bates & Saggerson (1979). In addition,
1-palmitoyl-sn-glycerol 3-phosphate was obtained
from Miles Laboratories (Slough, Bucks., U.K).
Oleoyl-CoA, stearoyl-CoA and arachidoyl-CoA
were obtained from International Enzymes
(Windsor, Berks., U.K.). Bovine plasma albumin
from Sigma (London) Chemical Co. (Kingston-
upon-Thames, Surrey, U.K.) was subjected to a
defatting procedure before use (Chen, 1967) with
minor modifications (Saggerson, 1972).

Isolation ofadipocytes
These were obtained by collagenase treatment of

epididymal-fat-pad pieces (Rodbell, 1964) as des-
cribed by Saggerson & Tomassi (1971) and washed
twice with Krebs-Ringer bicarbonate medium
(Krebs & Henseleit, 1932) containing fatty acid-
poor albumin (10mg/ml).

Preparation ofsubcellularfractions
Adipocytes freshly isolated from six rats were

centrifuged for 30s at 200g., and the underlying
medium was removed by aspiration. The cells were
transferred to a glass tube in ice containing 20ml of
0.25 M-sucrose, lOmM-Tris/HCl buffer, pH 7.4,
1 mM-EDTA and 1 mM-dithiothreitol. This is referred
to as 'sucrose medium'. The tube contents were
agitated for min on a vortex mixer (Martin &
Denton, 1970) and then transferred to a plastic
centrifuge tube in ice. Centrifugations were per-
formed at 20C in an SS-34 rotor (raV. = 10.8 cm) of

a Sorvall Superspeed RC2-B centrifuge. The broken-
cell preparation was centrifuged by acceleration of
the centrifuge to 3000ga,v maintaining that field for
I min and then decelerating with the brake on
(integrated field-time = 4500g-min) to yield a top
layer of fat, which was discarded, an infranatant and
a pellet. The pellet was resuspended in 4.0ml of
sucrose medium to give fraction N. The infranatant
was re-centrifuged by accelerating to 20009aga,
maintaining that field for I min and then decelerat-
ing with the brake on (integrated field-time
30 200g-min). The resulting pellet was resuspended
in 10.Oml of sucrose medium and sedimented again
at 20000g,y for I min as described above. The pellet
was resuspended in 4.0 ml of sucrose medium to give
fraction M. The supernatant from this washing
procedure was also kept (fraction W). The super-
natant from the first 20000g., centrifugation was
centrifuged for 1 h at 105 000g., in a Beckman
model L ultracentrifuge fitted with a 50 Ti rotor. The
resulting pellet was resuspended in 5.0ml of sucrose
medium to give fraction E, and the supernatant
(approx. 19.5 ml) was also kept (fraction S).

Determination ofprotein content offractions
The method of Lowry et al. (1951) was used, with

fatty acid-poor albumin as a standard. The mean
(±S.E.M.) protein contents of each fraction were:
fraction N, 4.08 + 0.28 mg (8 experiments); fraction
M, 3.72+0.16mg (19 experiments); fraction W,
3.0 + 0.20mg (8 experiments); fraction E,
5.05 + 0.30mg (15 experiments); fraction S,
33.3 + 1.6 mg (8 experiments). The mean (± S.E.M.)
percentage distributions of protein between these
fractions were: N, 8.2+0.6%; M, 7.4+0.2%; W,
6.1 + 0.5%; E, 9.3 ± 0.3%; S,69.0+ 1.2%.

Enzyme assays
Glutamate dehydrogenase (EC 1.4.1.2) and lac-

tate dehydrogenase (EC 1.1.1.27) were assayed
spectrophotometrically at 250C and 340nm as
described by Martin & Denton (1970) and by
Saggerson (1974) respectively, except that Triton
X-100 (1 mg/ml) was included in the assay of
glutamate dehydrogenase. NADP+-cytochrome c
reductase (EC 1.6.2.4) and succinate-cytochrome c
reductase (EC 1.3.99.1) were assayed spectro-
photometrically at 25 0C and 550nm by the methods
of Phillips & Langdon (1962) and Sottacasa et al.
(1967) respectively. MGPAT (EC 2.3.1.51) was
assayed at 250C by observing the transfer of CoA
from oleoyl-CoA to 5,5'-dithiobis-(2-nitrobenzoic
acid) at 420nm (Okuyama et al., 1971). The assay
contained, in a volume of 1.0ml, 50mM-Tris/HCI
buffer, pH 7.4, 120mM-KCI, fatty acid-poor albumin
(2 mg/ml), 100I M- 5,5' -dithiobis -(2 -nitrobenzoic
acid) and 1 20,uM-oleoyl-CoA. The reaction was
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started by addition of 65nmol of I-palmitoyl-sn-
glycerol 3-phosphate dispersed in 0.04 ml of
33 mM-Tris/HCI buffer, pH 8.0. PPH (EC
3.1.3.4) was assayed for 10min at 370C in the
presence and absence of 2.5 mM-MgCl2 as described
by Cheng & Saggerson (1978). Monoamine oxidase
(EC 1.4.3.4) was assayed radiochemically at 300C
by the method of Aas (1971) with [side-chain-
2-'4Cltyramine hydrochloride as substrate. CTP-
phosphatidate cytidylyltransferase (EC 2.7.7.41)
was assayed radiochemically at 370C by the method
of Carter & Kennedy (1966) followed by extraction
of the product by the method of Hajra (1974).
DHAPAT (EC 2.3.1.42) was assayed radiochemic-
ally at 300C by using dihydroxy['4C]acetone phos-
phate generated in situ from [U-'4Clfructose 1,6-
bisphosphate as described by Bates & Saggerson
(1979). DGAT (EC 2.3.1.20) was assayed radio-
chemically at 300C by the method of Coleman &
Bell (1976) by measurement of the dioleoylgly-
cerol-dependent incorporation of [14CIpalmitoyl-
CoA into hexane-soluble products. GPAT (EC
2.3.1.15) was assayed radiochemically at 300C
essentially as described by Sooranna & Saggerson
(1976), except that the reaction was terminated by
addition of 2 ml of butan-1 -ol saturated with 0.1 M-
HCl. After mixing and centrifugation (5 min at
2000g., ), the butanol layer was washed twice with
butanol-saturated 0.1 M-HCI containing 10mM-rac-
glycerol phosphate, and a 1.0ml portion of the
butanol layer taken for liquid-scintillation counting
in 10 ml of toluene containing 2,5-bis-(5-t-butyl-
benzoxazol-2-yl)thiophen (4 g/litre). Unless stated
otherwise, GPAT assays contained, in a 1 ml
volume, 50mM-Tris/HCI buffer, pH 7.4, 120mM-

1-10mM-N-ethylmaleimide only abolished 50% of
the activity in fraction M. Inhibition of adipocyte
microsomal GPAT by N-ethylmaleimide has been
shown previously by Schlossman & Bell. (1976).
For further experiments 10mM-N-ethylmaleimide
was chosen as a suitable concentration, and N-
ethylmaleimide-sensitivity or -insensitivity refers to
the response of GPAT activities to this concen-
tration of thiol-group reagent. A similar concen-
tration of N-ethylmaleimide is sufficient to abolish
91-92% of the GPAT activity in liver microsomal
fraction under similar assay conditions (Bates &
Saggerson, 1979).

Table 1 shows that the percentage distribution of
N-ethylmaleimide-sensitive GPAT between the
various fractions was similar to that of the micro-
somal marker enzyme NADP+-cytochrome c
reductase. N-Ethylmaleimide-insensitive GPAT,
however, showed a distribution pattern quite similar
to that of any of the three mitochondrial marker
enzymes, namely glutamate dehydrogenase (matrix),
succinate-cytochrome c reductase (inner membrane)
and monoamine oxidase (outer membrane). The 50%
of fraction-M GPAT that was inhibited by N-ethyl-
maleimide (see above) almost certainly represents
microsomal GPAT contaminating the mitochon-
drial fraction. Even if this contamination is a small
percentage of the microsomal activity, it is relatively
large in absolute terms, since the specific activity of
the microsomal GPAT is very high (15-20 times
that found in liver microsomal fraction under similar
assay conditions; Bates & Saggerson, 1979). The
'true' mitochondrial GPAT activity may be ob-
tained by subtraction of the calculated microsomal
contamination as follows:

'True' mitochondrial GPAT = GPAT in fraction E x NADP+-cytochrome c reductase in fraction M
total GPAT in fraction M -

NADP+-cytochrome c reductase in fraction E

KCI, fatty acid-poor albumin (1.75 mg/ml), I mM-
[U-_4C]glycerol phosphate (0.5-2.0,uCi/,umol) and
65,uM-palmitoyl-CoA.

All reaction rates were proportional to the amount
of tissue extract added and were linear with time.

Results and Discussion

Distribution of N-ethylmaleimide-sensitive and -in-
sensitive GPAT activities between centrifugation
fractions

In preliminary experiments (Saggerson et al.,
1979) it was found that the uncorrected specific
activity of GPAT in fraction E was approx. 21 times
that of fraction M: 10mM-N-ethylmaleimide
abolished 96% of the activity in fraction E, whereas

This calculation is feasible, since the mitochondrial
contamination of fraction E is only approx. 20%
(Table 1) and the GPAT activity in fraction M is
small compared with that in fraction E. This cal-
culated 'true' mitochondrial GPAT activity was in
good agreement with the N-ethylmaleimide-insensi-
tive activity that was directly measured (Saggerson
et al., 1979). It is concluded therefore that, as in the
liver, N-ethylmaleimide-insensitive GPAT represents
the mitochondrial form of the enzyme and that
assay with and without the thiol-group reagent is a
suitable way of investigating differences in the
properties of the mitochondrial and microsomal
forms of the enzyme.-Throughout the present study
the specific activity per mg of protein of N-ethyl-
maleimide-insensitive GPAT in fraction M had
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values 2-3 times that of liver mitochondrial GPAT
assayed under similar conditions (Bates &
Saggerson, 1979).
The distributions referred to in the present study

are expressed as percentages of the sum of activities
in the five fractions rather than as percentages of the
activity in the starting homogenate, which con-
tained many pieces of fat and was therefore
heterogeneous. A quite significant proportion of the
aqueous part of the homogenate is entrained in this
fatty mass. The first centrifugation is sufficient to
compact the fat, so that at least 95% of the aqueous
portion is recovered, but at the same time sediments
fraction N. Two subsidiary experiments were per-
formed which gave reassurance that the sum of
activities in fractions N + M +W + E + S related to
the activity in the starting homogenate. Homo-
genates were filtered through glass wool to yield a
reasonably homogenous milky suspension. A sample
of this was saved and the rest was subjected to the
usual centrifugation procedures. On summing the
activities in the fractions, the mean recoveries of
protein and of the three marker enzymes, lactate
dehydrogenase, glutamate dehydrogenase and
NADP+-cytochrome c reductase, were 109%, 95%,
85% and 115% respectively. It was concluded that
the means of expression employed here was sound,
was more convenient and avoided the problems
inherent in attempting to assay enzymes in a fatty
homogenate.

In rat liver, mitochondrial GPAT has been
assigned to the outer membrane (Stoffel & Schiefer,
1968; Zborowski & Wojtczak, 1969; Daae &
Bremer, 1970; Monroy et al., 1972). It is therefore
noteworthy that, in the experiments summarized in
Table 1, the percentage distributions of N-ethyl-
maleimide-insensitive GPAT and monoamine oxid-
ase were at variance with each other. Fraction M
contained 48.4 + 1.7% of the total N-ethylmale-
imide-insensitive GPAT, but only 38.9 + 1.8% of the
monoamine oxidase (means + S.E.M.). These were
significantly different (P <0.01). The reason for this
difference is unknown at present.

In preliminary experiments it was established that
the rate of [l4Clglycerol phosphate incorporation
was constant between 1 and 10min when mito-
chondrial fractions were assayed for GPAT. For
microsomal fractions, the chosen assay conditions
did not sustain a linear rate of incorporation after
7 min. For this reason, assays were limited to 7 min.
In these assays zero-time values were always
determined and subtracted from all other values.
Despite this, none of the time courses could be
extrapolated back to pass through the origin, but
gave a small intercept on the ordinate (activity axis).
The reason for this is unknown, but the implication
is that there is an initial burst of glycerol phosphate
acylation which diminishes to a steady rate within

lmin. These experiments also showed that the
inhibitory effect of N-ethylmaleimide on micro-
somal GPAT contaminating the mitochondrial
fraction is fully established within I min.

Distributioni qf enz'i,nes qf gi'cerolipid synthesis
betiveeni cenirifugaiioii fractionis.

In three cases the subcellular fractions generated
in the course of the above experiments were also
assayed for other enzymes associated with gly-
cerolipid synthesis. We are unaware of any previous
measurements of MGPAT and CTP-phosphatidate
cytidylyltransferase activities in adipose tissue. The
subcellular distributions of Mg2+-independent and
Mg2+-dependent PPH activities have been examined
in whole adipose tissue by Jamdar & Fallon (1973).
but we are unaware of any such measurements in
adipocytes. Since PPH has a fairly wide distribution
in various tissues and cell types, and adipocytes may
represent as little as 50% of adipose-tissue cells
(Rodbell, 1964), we decided to make these measure-
ments in adipocytes. The results of these experi-
ments are also presented in Table 1.
DHA PAT. The subcellular distribution of this

activity has been studied in adipocytes by Schloss-
man & Bell (1976). who used different techniques
for fractionation and assay. That previous study
found a greater proportion of activity in the
microsomal fraction (92%). The most noteworthy
finding here is that the distribution of the residual
activity in the presence of 10mM-N-ethylmaleimide
is not greatly different from that of the total activity.
It is unlikely therefore that there is an appreciable
N-ethylmaleimide-insensitive adipocyte DHAPAT
activity in the mitochondria, or perhaps in the
peroxisomes as in the liver (Jones & Hajra, 1977;
Bates & Saggerson, 1979).
MGPA T. The percentage distribution of MGPAT

(assayed with oleoyl-CoA as acyl substrate) clearly
paralleled that of NADP+-cytochrome c reductase.
Its distribution also was not dissimilar from that of
DGAT (which has been suggested as a suitable
microsomal marker by Sarzala et al., 1970), except
that MGPAT activity had an appreciably higher
percentage of its activity in fraction S. In these
experiments the specific activities of MGPAT and
N-ethylmaleimide-sensitive GPAT in fraction E were
384 and 54.6 nmol/min per *mg of protein res-
pectively. In this respect it is noteworthy that
MGPAT specific activity in rat liver microsomal
fraction has been reported as being 12 (Yamashita et
al., 1973) or 6 (Lamb & Fallon, 1974) times that of
GPAT. -The MGPAT specific activity found here in
adipocyte microsomal fraction is 10-15 times the
activity reported for liver microsomal fraction
(Yamashita et al., 1973; Lamb & Fallon, 1974). It is
not possible to establish from the data of Table 1
whether adipocyte mitochondria contain any in-
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trinsic MGPAT activity. However, t.l.c. of the
products of a GPAT assay on fraction M per-
formed with 10 mM-N-ethylmaleimide present
showed these to be 64% monoacylglycerol phos-
phate and 36% phosphatidate+neutral lipids Ithe
chromatography solvent system was chloroform/
methanol/acetic acid/water (65 :25 :8:4, by vol.)l.
An almost identical distribution of products was
found in a parallel assay of GPAT in liver
mitochondria. It is therefore likely that adipocyte
mitochondria do have some intrinsic MGPAT
activity.

CTP-phosphatidate c'tidylyl transferase. This
activity was essentially confined to particulate
fractions, the majority being microsomal. Fractions
N and M contained a higher percentage of this
activity than of NADP+-cytochrome c reductase or
DGAT. It is likely therefore that this enzyme is also
found in the nuclei and/or the mitochondria. In rat
liver the subcellular-distribution pattern of this is not
totally agreed on, but the consensus would appear to
be that it has a bimodal distribution between the
mitochondrial inner membrane and the microsomal
fraction (Van den Bosch, 1974).
PPH. The Mg2+-independent activity showed a

general distribution between all fractions. The
majority of the Mg2+-dependent activity was in the
soluble fraction, although an appreciable micro-
somal activity was apparent. The distribution of
lactate dehydrogenase precluded this microsomal
activity being due to contamination of the micro-
somal fraction by cytosol. The mitochondrial frac-
tion contained essentially no Mg2+-dependent PPH.
These findings are in general agreement with those
obtained with whole adipose tissue by Jamdar &
Fallon (1973).

Concluding remarks
This study demonstrates the presence of N-

ethylmaleimide-sensitive and N-ethylmaleimide-in-
sensitive forms of GPAT in the rat adipocyte. It is
likely that the N-ethylmaleimide-insensitive activity
shows a strong preference for palmitoyl-CoA as
acyl substrate and has little activity, compared with
the N-ethylmaleimide-sensitive microsomal enzyme
for unsaturated substrates (Saggerson et al., 1979).
Furthermore, as in the liver (Yamada & Okuyama,
1978; Bates & Saggerson, 1979) the mitochondrial
GPAT has a higher affinity for palmitoyl-CoA than
does the microsomal enzyme (Saggerson et al.,
1979). Although it is quite obvious that the intact
adipocyte esterifies a spectrum of fatty acids rather
than just palmitate, and also that the selectivity of
the mitochondrial GPAT for palmitoyl-CoA is
greater than the microsomal enzyme, these findings
are of interest. A lowering of fatty-acyl-CoA
concentration in the cell may favour the use of the
mitochondrial GPAT to initiate glycerol phosphate

acylation. Addition to incubated rat epididymal
fat-pads of insulin to produce a lipogenic metabolic
profile is accompanied by decreases in the total
tissue content of long-chain fatty-acyl-CoA (Den-
ton & Halperin, 1968; Saggerson & Greenbaum,
1970). At present, however, the relative contri-
butions of the two forms of GPAT to the initiation
of adipocyte glycerolipid synthesis and their relative
roles in the control of this process remain to be
established.

The British Diabetic Association and the Shell Com-
pany of Hong Kong are thanked for their financial
support.
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