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In recent years, acyl dihydroxyacetone phosphate (acyl-DHAPT{) has been
shown to be a precursor of glycerolipids and glycerol-ether lipids.? Acyl-DHAP
was discovered as a rapidly labeled lipid that was formed in crude mitochondrial
fraction from *Pi or v-**P[ATP).? This rapid labeling was due to the enzymatic
dephosphorylation and rephosphorylation of endogenous acyl-DHAP present in
the crude mitochondrial fraction {equation 1):

Pi
/.
Acyl-DHAP — Acyl-DHA (1)
ADP ATP

Acyl-DHAP was later shown to be biosynthesized by a direct acylation of
DHAP with acyl-CoA, catalyzed by DHAP acyltransferase (EC 2.3.1.42) (equation
2}t

Acyl-CoA + DHAP — Acyl-DHAP + CoA (2]

Subsequently it was shown that acyl-DHAP was enzymatically reduced by
NADPH (1-acyl, G-3-P:NADP* oxidoreductase EC 1.1.1.101) to 1-acyl-sn-glycer-
ol-3-phosphate or lysophosphatidate®® {equation 3):

Acyl-DHAP + NADPH — 1-acyl-sn-G-3-P + NADP* (3)
A further enzymatic acylation converts lysophosphatidate to phosphatidate:**
1-acyl,G-3-P + acyl-CoA — 1,2 diacyl G-3-P {4)

This set of above reactions (equations 2, 3, and 4) provides an alternate
pathway, i.e., other than diacylation of G-3-P", for the biosynthesis of phospha-
tidic acid which is shown to be the precursor of all glycerides and phosphoglycer-
ides™” {F1G. 1).

Acyl-DHAP is also shown to be the precursor of glycerol lipids containing an
ether bond {glycerol-ether lipids and plasmalogens). Acyl-DHAP reacts with
long-chain alcohols to form 1-O-alkyl dihydroxyacetone-3-phosphate (alkyl-
DHAP).*

Acyl-DHAP + ROH — Alkyl-DHAP + Fatty Acid (5)

*This work is supported by National Institute of Health Grants NS 08841 and NS 15747.

tAbbreviations used: DHAP—dihydroxyacetone phosphate; DHAPAT—dihydroxyace-
tone phosphate acyltransferase; GP- sn-glycerol-3-phosphate; GPAT—glycerophosphate
acyltransferase.
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Long-chain alcohols are formed by enzymatic reduction of acyl-CoA’s with
NADPH." Alkyl DHAP is enzymatically reduced and acylated by reactions
analogous to (3) and (4] above to form the ether analog of phosphatidic acid.’ This
phosphatidate analog is then converted to 1-alkyl, 2-acyl-sn-glycerol-3-phos-
phoethanolamine which, as described by different workers, is dehydrogenated to
form ethanolamine plasmalogens.** The reactions involving acyl-DHAP and its
conversion to different glycerolipids along with the other reactions for glyceroli-
pid biosynthesis are summarized in FIGURE 1.

The relative importance of acyl-DHAP pathway, compared to that of the
glycerol-3-P pathway (Fic. 1) has been a subject of study for a number of years. It
has been established that glycerol ether lipids in higher organisms are biosynthe-
sized solely via acyl-DHAP pathway."® However, the contribution of the acyl-
DHAP pathway for the biosynthesis of nonether glycerolipid is still not firmly
established, though a number of workers have indirectly shown that in a variety
of systems a major amount of glycerolipid is synthesized via acyl-DHAP."**

The key enzymes of the acyl-DHAP pathway, i.e, DHAPAT, alkyl-DHAP
synthase and acyl/alkyl DHAP:NADPH oxidoreductase have been shown to be
widely distributed in different mammalian tissues.*'*"” When initially checked,
these enzymes were shown to be present in a membrane-bound form in both the
mitochondrial and microsomal fractions of different tissues.*'®* However, the
distribution was somewhat unusual in that, in liver and kidney, these enzymes
were found to be enriched in the mitochondrial fraction whereas in other tissues
such as brain, lung, testis, and adipose tissue, these enzymes appeared to be
localized in the microsomal fraction. This anomalous distribution prompted us to
reinvestigate the subcellular distribution of these enzymes. A careful subcellular
fractionation of guinea pig liver according to the procedure of de Duve et al.*® and
assay of different enzymes in these fractions revealed that DHAPAT is enriched
neither in mitochondria nor in microsomes but in an intermediate “light
mitochondrial” fraction which mainly contains lysosomes and peroxisomes.’
Comparison with different subcellular marker enzymes showed that the distribu-
tion pattern of DHAPAT was very similar to the distribution of catalase and uric
acid oxidase, rather than to lysosomal marker enzymes, thus indicating that this
enzyme is probably localized in peroxisomes.” DHAPAT was also found to be
similarly enriched in the light mitochondrial fraction of rat liver.?’

To establish firmly that DHAPAT is indeed localized in peroxisomes, it was
necessary to isolate peroxisomes free of lysosomal contamination. For this
purpose the method developed by Leighton et al* was followed. Rats were
injected intraperitoneally with Triton-WR 1339; and after 3-5 days the liver
subcellular fractions were isolated. The distribution pattern of DHAPAT and
various marker enzymes was found to be very similar to that of normal rats.”® The
light mitochondrial fraction obtained from these rats was subjected to linear
sucrose density gradient (density 1.05 to 1.25 g/ml] centrifugation. The results
showed that DHAPAT followed the pattern of the peroxisomal marker enzymes,
uric acid oxidase and catalase (high density) rather than the lysosomal marker
enzyme, acid phosphatase (low density).” These results established that most of
DHAPAT is indeed localized in peroxisomes. A small amount (5-10%) of
DHAPAT in rat liver seemed to be present in the microsomes.

The other key enzymes of the acyl-DHAP pathway, ie. acyl/alkyl
DHAP:NADPH oxidoreductase and alkyl-DHAP synthase also seemed to be
enriched in the peroxisomal fraction” (Fic. 2). However, a large fraction of
acyl-DHAP oxidoreductase was also found to be present in the microsomal
fraction.® The alkyl-DHAP synthase of rat liver seemed to have a similar
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bimodal distribution; however, this enzymé has very low activity in rat liver
making it difficult to quantify. In guinea pig liver this ether bond synthesizing
enzyme has a higher activity and was shown to be predominantly localized in the
light mitochondrial fraction (Fic. 2)."%*

The above results obtained from Triton-WR 1339-treated rats established that
the key enzymes of the acyl-DHAP pathway are localized in peroxisomes.
However, the in vivo use of the Triton WR 1339 to artificially lower the density of
lysosomes poses a number of problems. The detergent has been shown to change
the properties and enzyme profile of lysosomes.?® Though the detergent does not
enter the peroxisomes, it has been reported that the activity of a number of
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FIGURE 2, Distribution pattern of different acyl-DHAP pathway enzymes in the guinea
pig liver subcellular fractions. Abscissa: fractions are represented by their relative protein
content in the order in which they were isolated, i.e., from left to right nuclear fraction (20%
of the homogenate protein), mitochondrial fraction (15% protein), light mitochondrial
fraction (2.5% protein), microsomal fraction (13% protein), and cytosol (49% protein).

peroxisomal enzymes changes in the Triton-treated rats.” Therefore, the enzyme
distribution profile in these rats cannot be accepted as normal. Moreover, the
Triton treatment to lower the density of lysosomes works only for liver, but not
for other organs such as kidney.” This method also may not work for the
preparative isolation of peroxisomes from species other than rats. Our effort to
purify peroxisomes from guinea pig liver using this detergent administration to
animals was not successful, (Kroll & Hajra, unpublished experiments] probably
because of the high susceptibility of guinea pig liver peroxisomes to rupture by
(endogenous) detergents.

For these reasons, a method was sought to isolate peroxisomes from normal
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animal organs uncontaminated with any other organelles. With the usual isola-
tion method using differential centrifugation, the peroxisomes are heavily
contaminated with lysosomes and mitochondria because of the similarity of their
sizes. These organelles from normal rats cannot be separated from each other by
density gradient centrifugation in sucrose solution because of their similarity in
densities in this medium.” However, a recent report by Wattiaux et al.?® indicated
that densities of peroxisomes, lysosomes, and mitochondria are different from
one another in Metrizamide solution. These workers utilized this difference to
develop a method for the purification of lysosomes and pointed out the feasibility
of using the Metrizamide gradient to isolate peroxisomes.”® We recently adopted
and modified this density gradient centrifugation method in Metrizamide
medium to isolate peroxisomes which are found to be virtually free of mitochon-
dria and lysosomes.

Basically, the method consisted of first isolating an enriched preparation of
rat liver peroxisomes (i.e. “light mitochondrial” fraction), then subjecting the
“LM"” fraction to an isopycnic centrifugation in a linear Metrizamide density
gradient medium {p = 1.11 to 1.33; 20-60% aqueous Metrizamide]}. For the density
gradient centrifugation, a vertical rotor {Beckman VTi 50) at a speed of 40,000
rpm (g,, = 130,000} for 60 min was used. FIGURE 3 shows the separation achieved
between peroxisomes and other organelles employing this method. The peroxiso-
mal marker enzymes (catalase and uric acid oxidase) are localized mostly in a
band of mean density p = 1.23 near the bottom of the gradient, well separated
from that of mitochondrial marker enzyme (succinate-cyt. ¢ reductase, p = 1.13)
and lysosomal marker enzyme (acid phosphatase, p = 1.12). The microsomal
marker enzyme {glc-6-Pase, p = 1.19) is also separated from the peroxisomal band
(F1c. 3}. From these data it is evident that a fairly pure normal liver peroxisomal
fraction can be isolated using this Metrizamide density gradient centrifugation
technique. Following this procedure it was found that, as is the case with
Triton-WR-1339 injected rats, DHAPAT in normal rat liver is mainly localized in
peroxisomes [FIG. 3). A similar enzyme glycerol-3-P acyl transferase, which in
microsomes has been postulated to be the same enzyme as DHAPAT,” is seen to
be virtually absent from the peroxisomal fraction (FiG. 3). Acyl/alkyl DHAP:
NADPH oxidoreductase was found to have a bimodal distribution in the sense
that only part of this total liver enzyme activity is in peroxisomes and the rest is in
microsomes {data not shown). Preliminary experiments indicate that rat liver
alkyl-DHAP synthase has a similar bimodal distribution pattern between peroxi-
somes and microsomes.

A better separation of peroxisomes and microsomes can be achieved using a
more shallow (20-50% Metrizamide) density gradient medium during the centrif-
ugal separation. This is illustrated in FIGURE 4 where normal guinea pig liver
“light mitochondrial” fraction is subjected to centrifugal separation in the
Metrizamide density gradient medium. As in the rat liver (FiG. 3}, it is seen that
the peroxisomes {marker enzyme catalase) are well separated from lysosomes
(marker enzyme acid phosphatase) and mitochondria (marker enzyme succinate-
cytochrome ¢ reductase) in this gradient. Peroxisomes are also separated from
microsomes (marker enzymes glucose-6-phosphatase and NADPH-cytochrome ¢
reductase] by this method (Fic. 4). When the distribution of acyl-DHAP pathway
enzymes in this gradient was checked, it was found that, as in the rat liver,
DHAPAT is localized mostly in peroxisomes (Fic. 4). Acyl-DHAP:NADPH
oxidoreductase is present in both the peroxisomal and microsomal fractions (Fic.
4). However, in contrast to the rat, alkyl-DHAP synthase in the guinea pig liver is
present mostly in the peroxisomal fraction (FiG. 4). These results established that
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Ficure 3. Distribution pattern of different enzymes after centrifugation in a linear
Metrizamide density gradient {20-60% Metrizamide density 1.11 g/ml to 1.33 g/ml) of a rat
liver light mitochondrial fraction. The rat liver fraction, suspended in 0.25M sucrose was
layered on the top of the gradient tube, which was spun in a vertical rotor {Beckman VTi 50}
at 40,000 rpm (130,000 g,,) for 60 min. Following centrifugation, 2 ml of fractions were
collected from the bottom, and each fraction was assayed for different enzyme activity as
shown in the figure. The enzyme activity is expressed as percent of total activity recovered
from the gradient.

the acyl-DHAP pathway enzymes of normal guinea pig liver are localized in
peroxisomes.

This preparative method of isolation of fairly pure peroxisomes will be useful
in mapping the distribution of different enzymes in peroxisomes. Our main goal
is to firmly establish the nature of all the lipid-metabolizing enzymes present in
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FIGURE 4. Distribution pattern of different enzymes of guinea pig liver light mitochon-
drial fraction after centrifugation in a Metrizamide density gradient (20-50% Metrimazide
1.11 g/ml to 1.28 g/ml). The method is similar to that described under FIGURE 3.

peroxisomes, from which a possible role of peroxisomes in cellular lipid me-
tabolism can be determined. Preliminary experiments show that the key enzymes
which catalyze the biosynthesis of triglyceride or membrane phosphoglycerides,
such as diacylglycerol acyl transferase (EC 2.3.1.20) choline phosphotransferase
(EC 2.7.8.2), CDP diglyceride:inositol phosphatidyl transferase (EC 2.7.8.11), etc.,
are virtually absent in the isolated liver peroxisomes.

The presence of acyl-DHAP pathway enzymes in tissues other than liver and
kidney raises the interesting question about the possible site of localization of
these enzymes in such tissues. Strictly speaking, peroxisomes as defined, i.e.,
“cytoplasmic organelles characterized by the association of catalase and one or
more H,0,-producing oxidases,”” are present only in liver and kidney. The
particles in liver and kidney are comparable in size (0.5 um — 1.0 um)] to that of
mitochondria and lysosomes.”® However, it has been shown that smaller catalase-
containing particles (0.1 um — 0.25 um diameter), which have been termed
“microperoxisomes” by Novikoff and coworkers,®* are ubiquitous in animal
tissues. It is possible that in tissues other than liver and kidney, acyl-DHAP
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pathway enzymes are localized in microperoxisomes. This would explain the
previously discussed anomalous distribution pattern of the acyl-DHAP pathway
enzymes obtained in different tissues, i.e. present in crude mitochondrial fraction
from liver and kidney, but enriched in microsomal fractions of other organs.*®
On differential centrifugation, the larger peroxisomes of liver and kidney tend to
sediment with the mitochondria whereas the smaller microperoxisomes sedi-
ment down in the microsomal fraction.® Though microperixosomes are wide-
spread in different tissues, a general method for preparative isolation of micro-
peroxisomes has not yet been developed. We have attempted to purify microper-
oxisomes from young rat brain. Holtzman and coworkers® have shown by
cytochemical techniques that numerous microperoxisomes are present in devel-
oping rat brain in cytoplasm and in presynaptic terminals. A method was
developed in our laboratory to concentrate catalase-containing particles from
12-day-old rat brain particulate fraction. This fraction was repeatedly frozen and
thawed to release microperoxisomes from synaptosomes, then separated using a
Metrizamide-saline density gradient centrifugation. The results are shown in
FIGURE 5, where it is seen that catalase-containing particles are partially
separated from microsomes (marker enzyme estrone sulfatase and also NADPH-
cytochrome ¢ reductase) after density gradient centrifugation. The distribution
pattern of two of the acyl-DHAP pathway enzymes, i.e., DHAPAT and alkyl-
DHAP reductase, are similar to that of catalase, indicating that in brain these
enzymes are localized in microperoxisomes. As in liver, a portion of the
reductase activity seemed to be associated with microsomes. Our recent findings
also indicate that two other enzymes of the acyl DHAP pathway, i.e., alkyl-DHAP
synthase and acyl-CoA:NADPH oxidoreductase (long-chain alcohol-forming)™
are also localized in brain microperoxisomes. It may be a general phenomenon

FIGURE 5. Distribution pattern of
different enzymes of young (12-day-
old) rat brain cerebrum particulate
fraction after centrifugation in a
0.9% saline-Metrizamide gradient
(8.5-36.5% Metrizamide). The total
particulate fraction of cerebrum (se-

dimenting between 5 x 10° g-min 20 DHAP Acyl-

and 84 x 10° g-min) was frozen - transferase

{—-70°) and thawed (37°C) seven 16

times in 0.32M sucrose and then L

layered on the gradient and centri- 12 -

fuged at 40,000 rpm (g,, = 201,000} in Acyl DHAP

a Beckman SW40.1 rotor for 30 min. 8 B /nseducmse

From the bottom, 0.75 ml of fractions
were collected and different enzyme
activities (as shown) were measured 4
in each fraction.
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that in organs other than liver and kidney the acyl-DHAP pathway enzymes are
localized in microperoxisomes.

The possible role of acyl-DHAP pathway enzymes in peroxisomes is still not
clear. The apparent lack of other lipid biosynthesizing enzymes in peroxisomes
raises the possibility that the acyl-DHAP pathway enzymes may have roles other
than for the biosynthesis of glycerolipids. In recent years, peroxisomes have been
shown to contain an active long-chain acyl-CoA g-oxidation enzyme system.”
However, an efficient transport system of long-chain acyl-CoA’s across the
peroxisomal membrane has not yet been reported. Peroxisomes contain short-
chain (up to G,) but no long-chain carnitine acyl transferase.”’ It is possible that
acyl-DHAP, like acyl! carnitines in mitochondria,® may participate in transport-
ing long-chain acyl groups across peroxisomal membranes. Similar to that of the
biosynthesis of acyl-carnitines, the reaction catalyzed by DHAPAT has been
shown to be reversible so that acyl-CoA is formed when acyl-DHAP is incubated
with CoA in the presence of DHAPAT.* DHAPAT is probably localized on the
inside face of peroxisomal membrane as most of it was shown to be resistant to
trypsin digestion in the absence of any detergent.*® However, a part of liver
DHAPAT (20-30%) is labile towards trypsin (Bishop, Salem & Hajra, this
volume]. Though it is not yet established whether this portion of proteolytic
enzyme-labile DHAPAT is due to the presence of damaged peroxisomes, it is
possible that a portion of DHAPAT is also localized on the outer side of the
peroxisomal membrane. A scheme may be proposed with the analogy to the acyl
carnitine-mediated transport of the acyl group in mitochondria, where acyl-
DHAP is formed at the outside of peroxisomes, i.e.:

acyl-CoA + DHAP — acyl-DHAP + CoA

Acyl DHAP is then transported across the membrane to the inside of peroxi-
somes where it reacts with CoA to regenerate acyl-CoA:

acyl-DHAP + CoA — acyl-CoA + DHAP

This latter reaction may be facilitated by the removal of DHAP when it is
reduced to G-3-P inside the peroxisomes by NADH, catalyzed by the peroxi-
somal glycerol-3-phosphate dehydrogenase® (FIc. 6). This scheme also provides a
mechanism by which the reducing equivalent from NADH could be carried
across peroxisomal and mitochondrial membranes via glycerol-3-phosphate
(glycerophosphate shuttle), which is oxidized in mitochondria to DHAP (FIc. 6).
The reducing equivalent of NADPH generated inside the peroxisomes may also
be carried from peroxisomes to mitochondria via 1-acyl-G-3-P, as shown in FiG.
6. It should be emphasized here that the scheme put forward in FiG. 6 is purely
hypothetical as there is no experimental evidence to support this model.

The above scheme does not explain the role of all of the lipid-metabolizing
enzymes (e.g. alkyl-DHAP synthase) present in peroxisomes. Peroxisomes may
be involved in cellular membrane lipid biogenesis. From a number of other
observations, peroxisomes have also been postulated to have a role in lipid
metabolism. For example, Novikoff and coworkers have shown that in a number
of histological preparations peroxisomes are always closely associated with lipid
droplets.** Tissues that are very active in lipid metabolism such as intestinal
mucosa, liver, adrenal gland, testis, brown adipose tissue, etc. have been shown
to contain a large number of microperoxisomes.?® Recently, Arnold and Holtz-
man® demonstrated that microperoxisomes are numerous in developing rat brain
during the period of active myelination and synaptogenesis. The most convincing
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evidence for the role of peroxisomes in lipid metabolism is the finding that a
number of hypolipidemic agents induce a proliferation of peroxisomes in liver.?
This was first observed by Hess et al® with the drug Clofibrate (ethyl p-
chlorophenoxy isobutyric acid}, which is clinically used to lower serum triglycer-
ide and cholesterol levels. Following this report a number of other hypolipidemic
agents (Clofenapate, Tibric acid, WY 14643, etc.), some of which are structurally
unrelated to clofibrate,**' were shown to induce a similar proliferation of
peroxisomes in rat liver. This phenomenon has been extensively studied in the
last few years by different workers, and it has been reported that this prolifera-
tion of peroxisomes by drugs is generally accompanied by an increase in liver
weight (hepatomegaly)”® and also by an increase in the peroxisomal enzymes of
fatty acid B-oxidation cycle®” and in the peroxisomal carnitine acetyl transfer-
ase.* We have previously reported that chronic administration of clofibrate to
rats resulted in an increase in the specific activity and total activity of liver
DHAPAT and G-3-PAT.* Recently we found a similar increase in the activity of
these lipid metabolizing enzymes with two other hypolipedemic drugs, Bezafi-
brate (Boehringer-Mannheim) and Wy-14,643 (Wyeth Lab.) (Aquilina & Hajra,
unpublished works). [However, Gemfibrozil (Warner-Lambert), another hypoli-
pidemic drug, or phenacbarbital, a microsome proliferator, did not elicit such
increases in liver DHAPAT and GPAT.] This paradoxical effect, i.e., increase in
lipid biosynthetic enzymes by hypolipidemic drugs, may be explained as a
compensatory mechanism because these drugs have been shown to inhibit these
enzymes in vitro.*® This increase in DHAPAT and GPAT may not be specifically
related to the hypolipidemic action of these drugs, however, but may be
associated with the proliferation of liver tissue induced by these drugs® in that
this hepatomegaly would entail an increased rate of membrane lipid biosynthe-
sis.

All these above findings point towards a strong association of peroxisomes
with cellular lipid metabolism. Peroxisomes may supply lipid precursors such as
acyl-DHAP or alkyl-DHAP or lysophosphatidic acid to endoplasmic reticulum
for lipid synthesis and thus may provide some kind of substrate level control
system for cellular membrane biogenesis. However, our present knowledge
about the enzymes in peroxisomes permits only speculative proposals to be
advanced regarding their role in the metabolic activity of the cell.
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DISCUSSION OF THE PAPER

F. LEIGHTON (Universidad Catélica de Chile, Santiago): It has been observed

that the activity of some enzymes from the plasmalogen biosynthetic pathway is
enhanced by clofibrate administration: dihydroxyacetone phosphate acyl trans-
ferase (Burke & Hajra, Biochem. Int. 1: 312-318, 1980) and dihydroxyacetone
phosphate alkyl transferase (Shinojima, Ono & Imai, shown at the XI Int.
Congress Biochem. Toronto, 1979). Using this information and considering the
possibility that one of these enzymes might be rate limiting for plasmalogen
biosynthesis, with E. Brandan we have explored in our laboratory the effect of
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ciprofibrate—a clofibrate analogue—on the plasmalogen content of various rat
tissues. After one to two weeks of administration (30 mg/kg food) the drug had no
effect on the phosphatidyl choline, P.C.; phosphatidyl ethanolamine, P.E.; phos-
phatidal choline, P1.C; or phosphatidal ethanolamine, PLE., content in liver, brain
and harderian gland. In plasma, P.C. decreased from 61.7 + 2.3 to 54.4 + 0.9
percent of total lipid phosphorus. In red cell membranes, P.E. increased from
8.4 £ 0.8t014.9 + 0.9 and PLE. from 9.2 + 0.6 to 16.4 = 1.8. The increase detected
in red cell membrane plasmalogens, PLE., is paralleled by the increase in P.E.,
suggesting that ciprofibrate acts at a different level, presumably common to both
forms of the ethanolamine phospholipid, and not on the enzymes mentioned. The
change in plasma P.C. content constitutes another effect of the drug apparently
also independent from the changes described for the plasmalogen biosynthesis
enzymes.

A. K. HaJrA (University of Michigan, Ann Arbor): We know that clofibrate
increases not only dihydroxyacetone phosphate acyl transferase but also glycerol
phosphate transferase. I suggest that this has nothing to do with the hypolipi-
demic action of these drugs but rather that the stimulation of lipid enzymes
accounts for hepatomegaly in that there is an increased synthesis of membranes
in liver cells.

E. HortzmAN (Columbia University, New York): Working with the develop-
ing brain, I have shown a very interesting localization of microperoxisomes in
close association with myelin sheets in the oligodendrocytes during the stages of
myelination. At this stage the brain peroxisomes were made. Details can be seen
in my poster presentation in this volume.



