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Abstract—1. Rate scdimentation and isopycnic centrifugation were used to analyse the subcellular
sites of enzymes in homogenates of goldfish intestinal mucosa.

2. The results allowed the following allocations to be made: carnitine acetyl transferase-mitochondrial
and peroxisomal, xanthine dehydrogenase and NAD: a-glycerophosphate dchydrogenase soluble phase,
NADP: isocitrate dehydrogenase soluble phase and mitochondrial, and 2-naphthyl laurate hydrolase

microsomal and/or brush border.

3. Histochemistry confirmed the usc of alkaline phosphatase and l-naphthyl acetate esterase as
brush border and microsome markers respectively.
4. Urate oxidase, allantoinase, allantoicasc, xanthine oxidase and glycollate/lactate oxidase, activities
were undetectable, and 1-naphthy] palmitate hydrolase was present only as a contaminant from pan-

creas.

INTRODUCTION

Many, possibly all, mammalian tissucs contain core-
frec catalase particles which arc smaller than the core
containing peroxisomes of liver and kidney (Hruban
et al, 1972; NovikofT et al,, 1973). Novikoil & Novik-
off (1972) have termed these organelles “microperoxi-
somes” because by electron microscopy they are
structurally  distinguishable from the originally
observed hepatic peroxisomes. Whether all these par-
ticles fulfill De Duve's definition of peroxisomes (De
Duve & Baudhuin, 1966) is not certain. To do so
they would have to be shown to contain, in addition
to catalase, at least one oxidase. In only a few tissues
have microperoxisomes been studied by biochemical
techniques, and in some of these tissues they have
been found 1o contain oxidase activity (Connock et
al,, 1974; Herzog & Fahimi, 1975; Goldenberg et al.,
1976; Peters, 1976) but in othcrs to possibly lack oxi-
dases (Bock et al., 1975; Goldenberg et al., 1978). To
discover the function(s) of microperoxisomes it will
be necessary to further elucidate their enzyme con-
tent.

Novikoff & Novikoff (1972) found that the guinea-
pig enterocyte is endowed with “huge numbers” of
microperoxisomes. Using guinea-pig small intestinal
mucosa . we examined the subcellular site(s) of
enzymes we suspected might have a microperoxiso-
mal localization (Temple et al., 1976; Martin et al,
1979; and unpublished observations). None of "the
enzymes we examined were detccted in microperoxi-
somes. Microperoxisomes of small size containing
catalase and D-amino acid oxidase are also present
in homogenates made from mucosa of the goldfish
intestine (Connock, 1973). We now report our exam-
ination of these particles for some of the enzymes
we previously examined in the guinea-pig. In contrast
to guinea-pig, goldfish intestinal microperoxisomes
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consistently exhibited carnitine acetyltransferase ac-
tivity. As far as we know the only other biochemical
studies of peroxisomes in lower vertebrates are those
of Scott et al. (1969) on frog (Rana pipiens) liver and
kidney, and of Kramar et al. (1974), Goldenberg
(1977) and Goldenberg et al. (1978) on liver of the
carp (Cyprinus carpio). ’

MATERIALS AND METHODS

Homogenate

Small goldfish were used (less than 7g weight) and
homogenates were prepared as described previously (Con-
nock, 1973). Homogenate from several animals was usually
pooled. (With larger fish, at least during the breeding sea-
son when the majority of our experiments were done, high
proportions of catalase and p-amino acid oxidase in homo-
genates were soluble rather than particulate.)

Centrifugation

Homogenate was loaded into an aluminium B XIV
zonal rotor and subcellular fractions separated as before
(Connock, 1973). In some cases samples were centrifuged
in tubes in a 6 x 38 m! M.S.E. swinging bucket rotor. The
tubes were unloaded by displacement with 60% w/w
sucrose. Fractions were equilibrated to the same sucrose
concentration before assays were done.

Microperoxisome enriched samples were prepared by
two methods: B

(1) Homogenate from 18 goldfish intestines was centri-
fuged in a zonal rotor as described in Fig. 1. Ninety per
cent of the volume of the microperoxisome-rich fractions
(checked by marker analyses and equivalent to region b
in Fig. 1) was pooled, centriluged (1.6 x 10° g,, min) and
the pellet resuspended in 6.5 ml of 25% (w/w) sucrose.

(2) Fiveml of homogenate from a single goldfish was
loaded on to a 28-ml linear sucrose gradient (20-35% w/w)
in a tube and centrifuged (7 x 10° g,. min) in a 6 x 38 ml
swing-out rotor. Equal aliquots of microperoxisome-rich
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fractions (indicated by assay for catalase) from the middle
of the gradient were pooled.

Estimations

Succinic dehydrogenase, p-amino acid oxidase, catalase,
alkaline and acid phosphatases and protein were assayed
as previously (Connock, 1973). Other assays were as fol-
lows: 1-naphthyl acetate esterase, 2-naphthyl laurate hy-
drolase (at pH 6.5 without triton X-100 but with 3 mg/ml
of BSA), 1-naphthyl palmitate hydrolase (at pH 5.8 with
no triton X-100), and FAD and NAD-dependent a-glycero-
phosphate dehydrogenases (Temple et al., 1976); carnitine
acetyltransferase (Markwell er al, 1973); NADH cyto-
chrome ¢ reductase (Donaldson et al., 1972); DNA (Bur-
ton, 1956); xanthine oxidase, L-z hydroxyacid oxidase (lac-
tate and glycollate as substrates) and urate oxidase were
assayed by methods dependent on measuring the produc-
tion of hydrogen peroxide (Guilbault et al,, 1966; Gaunt
& De Duve, 1976) but all three oxidases were undetectable
as also were allantoinase and allantoicase assayed by
methods dependent on the conversion of reaction product
to glyoxyllate (Vogels & Van der Drift, 1970). Xanthine
dehydrogenase and NADP: isocitrate dehydrogenase were
assayed by similar methods to that for NAD:a-glycero-
phosphate dehydrogenase, the media contained: (a) for iso-
citrate dehydrogenase (Leighton et al., 1968) 6.6 mM iso-
citrate, 68 mM K phosphate buffer (pH 74), 29 mM INT
(2-p-icdophenyl-3-p-nitrophenyl-24-tetrazolium  chloride),
0.59mM PMS (phenazine methosulphate), 0.16% triton
X-100, 0.11 mM NADP and 3.8 mM MgCl;; (b) for xan-
thine dehydrogenase (Cleer et al, 1976) 0.26 mM xanthine,
46 mM- K phosphate buffer (pH 7.7); 29mM INT,
0.58 mM PMS, 0.1% triton X-100, and 0.57 mM NAD,

Histochemistry

Unfixed cryostat sections were processed for the follow-
ing enzymes: (a) alkaline phosphatase according to Stutte
(1967), and also by the calcium salt method of Chayen
et al. (1969) except that 1-naphthyl phosphate was used
instead of B-glycerophosphate as substrate, (b) 1-naphthyl
phosphate method for acid phosphatase (Barka & Ander-
son, 1962), (c) 1-naphthyl acetate esterase (Davis & Ova-
stein, 1959), (d) An attempt was made to localize 2-naph-
thyl laurate hydrolase using esterase methods with the sub-
strate dissolved in acetone or N,N-dimethyl formamide
and the coupler being hexazitized pararosaniline or new
fuchsin. No activity could be detected. Similar methods
were used for 1-naphthyl palmitate hydrolase activity. The
successful medium was: 3.2 ml of hexazotised pararosani-
line (i.e. equal mixture of 4% pararosaniline in 2N NCl]
and 0.68 M NaNO;), plus 40ml of 0.1 M acetate buffer
pH 6, the pH readjusted to 6 (with 2N NaOH), volume
made to 70 m! with distilled water, and finally 7 ml of ace-
tone containing 10mg 1-naphthyl palmitate was added.
This medium was replaced every 30 min with {resh medium
over an incubation period of 4 hr. -

For all histochemical methods control sections were in-
cubated in complete media except that substrates were
omitted. Such sections failed to accumulate specific dye
product. .

Presentation of results )

Data for distribution of enzymes in subcellular fractions
are presented in the form of histograms as described by
De Duve (1967). The ordinates (Figs 1, 2 and 4) represent
the relative concentration of the enzyme in the fraction;
this is defined as: the concentration of the. biochemical
in the fraction divided by the concentration of the bio-
chemical if it were distributed uniformly throughout the
total analysed volume unloaded from the rotor (or tube).
The abscissae are divided according to the percentage
volume of the [ractions.
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Fig. 1. Distribution of markers and enzymes after rate sedi-
mentation. 10.5 ml of homogenate from 19 goldfish intes-
tines was loaded onto 350ml of 20-35% (w/w) linear
sucrose gradient resting on 100 ml of 40-60% (w/w) linear
sucrose gradient. Centrifugation was for 45min at
18,500 rpm in a BXIV zonal rotor. Discontinuous vertical
lines divide gradient into zones (a, b and ¢) which are
discussed in text. (A) Acetyl-CoA hydrolase; (B) Xanthine
dehydrogenase; (C) I-naphthyl palmitate hydrolase; (D)
DNA; (E) protein; (F) alkaline phosphatase; (G) NADH
cytochrome ¢ reductase; (H) 2-naphthyl laurate hydrolase;
(I) 1-naphthyl acetate . csterase (J) density, (ordinate—
gem™?); (K) catalase; (L) D-amino acid oxidase; (M) Car-
nitine acetyltransferase; (N) succinic dehydrogenase; (O)
a-glycerophosphate dehydrogenase (FAD); (P) a-glycero-
phosphate dehydrogenase (NAD + FAD); (Q) isocitrate
- dehydrogenase; (R) acid phosphatase.

RESULTS .

Brief centrifugation of homogenate into a shallow
sucrose gradient gave a rate-dependent separation of
organelles (Fig. 1). Markers used were: succinic de-
hydrogenase and FAD linked a-glycerophosphate de-
hydrogenase for mitochondria, alkaline phosphatase
for brush borders, acid phosphatase for lysosomes,
1-naphthyl acetate esterase and NADH cytochrome
¢ reductase for microsomes (ER component), DNA
for nuclei and catalase and p-amino acid oxidase for
microperoxisomes. Microperoxisomes are found in
the middle of the gradient {region b, Fig. 1) well
separated from microsomes and brush border frag-
ments (region a), and from the mitochondria and
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most of the lysosomes (region ¢). Xanthine dehydro-

enasc, acetyl-CoA hydrolase (the “control” in the car-
nitine acetyltransferase assay) and some of the NAD
dependent a-glycerophosphate dehydrogena§e aqd
jsocitrate dehydrogenase activities have remained in
ihe sample layer indicating the presence of soluble
phase enzymes. The latter two enzymes are also found
in the mitochondrion rich region of the gradient
(region ¢). This a-glycerophosphate dehydrogenase ac-
tivity however can be wholly explained by the in-
fluence of the. FAD-dependent enzyme on the assay
system employed. Carnitine acetyltransferase has a
peak corresponding to mitochondrial enzyme but also
shows considerable activity in the microperoxisome-
rich region (b) of the gradient. 2-Naphthyl laurate hy-
drolase distribution is similar to that of microsomal
and brush border markers, but that of 1-naphthyl pal-
mitate hydrolase bears only a partial resemblance to
DNA and acid phosphatase. In a repeat of this experi-
ment the distribution of markers was the same but
1-naphthyl palmitate hydrolase was mainly found in
fraction 1 corresponding to the sample layer.

Figure 2 depicts the distribution of enzymes after
isopycnic fractionation of homogenate in a sucrose
gradient. The non-marker enzymes, other than
1-naphthyl palmitate hydrolase, have distributions
consistent with those observed in rate sedimentation
cxperiments. 2-Naphthyl laurate hydrolase distribu-
tion again resembles microsomal and brush border
markers, isocitrate dehydrogenase mostly remained in
the sample layer (soluble activity) but has a distinct
peak of activity corresponding to the mitochondria.
“Apparent” NAD-linked «-glycerophosphate de-
hydrogenase activity in this gradient was almost all
contributed by the influence of the FAD enzyme on
the assay system but a small amount of genuine
NAD-dependent enzyme remained in the sample
layer. Xanthine dehydrogenase and most of the ace-
tyl-CoA hydrolase remained in the sample layer (sol-
uble enzyme) but some of the latter enzyme must also
reside in the microsomes or brush border fragments.
Carnitine acetyltransferase distribution is
mainly mitochondrial but there is distinct activity in
the microperoxisome-rich region of the gradient.
1-Naphthyl palmitate hydrolase was found in the den-
sest region of the gradient with a distribution unlike
any of the markers. The distribution of DNA in
several zonal rotor experiments indicated that a vari-
able proportion (range 30-70%) of the nuclei were
damaged. The released DNA from these nuclei was
contained in material with a lower density and slower
sedimentation rate than intact nuclei. There was no
other cvidence of damaged organelles and it is
assumed that the nuclei may be especially susceptible
to damage.

The results of our zonal rotor experiments raise
several questions:

(@) Is it justified to use alkaline phosphatase and
l-naphthyl acctate esterase as markers for brush
borders and microsomes (ER component) respectively
when these enzymes give .almost identical distribu-
tions in both rate and isopycnic separations?

(b) What is the origin of 1-naphthyl palmitate hy-

drolase in the homogenates? Its distribution in frac-
tionation experiments is inconsistent and does not
correspond with any of the markers employed.

again

Fig. 2. Distribution of markers and enzymes after isopycnic
centrifugation. 13.5 ml of homogenate from 20 goldfish in-
testines was loaded onto 100 ml of 30-52% (w/w) lincar
sucrose gradient. Centrifugation was at 29,000 rpm for 3 hr
in a B XIV zonal rotor. The discontinuous vertical line
marks a density of 1.19gcm™? which separates the mito-
chondrial and peroxisomal peaks. (A) Alkaline phospha-
tase; (B) NADH cytochrome ¢ reductase; (C) 2-naphthyl
laurate hydrolase; (D) 1-naphthyl acetate hydrolase; (E)
acetyl-CoA hydrolase; (F) DNA; (G) acid phosphatase; (H)
1-naphthyl palmitate hydrolase; (I) succinic dehydrogen-
ase; (J) a-glycerophosphate dehydrogenase (FAD); (K)
a-glycerophosphate dehydrogenase (NAD + FAD); (L)
isocitrate dehydrogenase; (M) xanthine dehydrogenase; (N)
catalase; (O) p-amino acid oxidase; (P) carnitine acetyl-
transferase; (Q) protein; (R) density (ordinate—g cm™3).

(c) Is 2-naphthyl laurate hydrolase localized in
microsomes and/or brush borders?

(d) Can the localization of carnitine acetyltransfer-
ase in microperoxisomes be confirmed by fraction-
ation experiments using samples with a greater ratio
of microperoxisomes to mitochondria than is found
in whole homogenate?

In an attempt {o answer the first three of these
questions we employed histochemistry. Staining cryo-
stat sections for alkaline phosphatase using two
methods clearly demonstrated the genuine brush
border localization of this enzyme (Fig. 3b,c,d). In
contrast l-naphthyl acetate esterase staining is found
in the entcrocyte cytoplasm between the brush border
and nucleus (Fig. 3e,f). The dye deposit is diffuse and
consistent with an ER localization. In addition a
strong reaction for esterase is found in tissue (pre-
sumed to be pancreas) closcly applied to the outer
wall of the intestine. Unfortunately no positive reac-
tion could be obtained in histochemical tests for
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Fig. 3. Histochemical localization of enzyme activities in tissue sections. Arrows point to sites of activity.
A = absorptive cell layer; B = brush border. F = food in intestinal lamen; L = liver; M = muscular
wall of intestine; P = presumed pancreas; (a) 1-naphthyl pamitate hydrolase—notz reaction in pancreas;
(b) alkaline phosphatase (method of Chayen, 1969); (c} and (d) alkaline phosphatase (method of Stutte,
1967)—note reaction in liver and brush border of absorptive cells; (e) and (f) 1-Naphthy! acetate hydro-
lase—-note strong reaction in pancreas and absorptive cells of intestine; (g) and (h) acid l-naphthyl
phosphatase-—note reaction in cells in core of mucosal folds and diffuse reaction in absorptive cells.
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2-naphthyl laurate hydrolase. After prolonged incuba-
tion for 1-naphthyl palmitate hydrolase the only
giazo dye deposited was in tissue (presumed to be
ancreas) closely applied to the outer wall of the in-
testine. We suspect therefore that traces of this tissue
may contaminate our homogenates. The mucosal tis-
sue for homogenization was obtained by scraping the
length of intestine along the outside with a micro-
scope stide and collecting the material expelled from
the lumen. To test the possibility of contamination
we compared 1-naphthyl palmitate hydrolase activity
in a sample obtained by scraping the outer wall of
the intestine with that of a sample obtained by lightly
scraping the inside of the slit open intestine. Ninety-
six per cent of the activity was detected in the former
sample. We conclude that the .source of 1-naphthyl
palmitate hydrolase activity is not. the intestinal
mucosa but probably pancreas, or some other tissue,
closely applied to the outer wall of the intestine.

We also stained tissue sections for acid 1-naphthyl
phosphatase activity (Fig. 3g,h). Most diazo dye was
deposited at particulate sites, below the enterocytes,
in cells in the core of the mucosal folds. Some diffuse
stain'was observed in the enterocytes. Thus most of
the lysosomal activity with this substrate was in non-
absorptive cells. The staining in absorptive cells is
consistent with an ER localization or may possibly
originate from damaged lysosomes. Gauthier &
Landis (1972), using f-glycerophosphate as substrate,
observed lysosomal particulate localization in both
enterocytes and non-absorptive cells. Thus acid f-gly-
cerophosphatase would appear to be the better
marker for lysosomes, a conclusion in agreement with
our previous work on this tissue (Connock, 1973).

To examine the microperoxisomal localization of
carnitine acetyltransferase we submitted microperoxi-
some enriched samples to isopyenic centrifugation in
sucrose gradients. In the first experiment a rate separ-
.ation of whole homogenate in a zonal rotor was car-
ried out and the microperoxisome rich fractions from

the middle of the gradient were pooled (equivalent.

to region b of Fig. 1). The particles in these pooled
fractions were concentrated by centrifugation and
resuspension, and were then submitted to isopycnic
centrifugation. From the similar distributions of pro-
tein and succinic dehydrogenase in this gradient it
can be seen (Fig. 4a) that mitochondria are the most
abundant particles in the sample. Despite this the car-
nitine acetyl-transferase activity has a distribution far
more similar to catalase than to succinic dehydrogen-
ase. These results clearly demonstrate microperoxiso-
mal carnitine acetyltransferase activity. However, this
Isopycnic separation of microperoxisomes from mito-
chondria was not as great as expected. This was prob-
ably due to agglutination of particles resulting from
the concentration step in the experimental pro-
cedure, A second experiment was done in which a
Tate separation in a swing-out rotor was used to yield
a microperoxisome enriched sample. This sample
(which was not as enriched as that-in the previous
experiment) was submitted to isopycnic centrifugation
\\_!ithout a preliminary concentration step. The agglu-
tination of particles was avoided and as expected a
better separation of mitochondria and microperoxi-
somes was achieved. Protein distribution in this gra-
dient shows that microperoxisomes were a minor con-

stituent of the sample. Carnitine acetyl-transferase
distribution is again consistent with its localization
in microperoxisomes as well as mitochondria
(Fig. 4b,c).

DISCUSSION

The enzymes we examined have previously been
reported to reside in peroxisomes of one tissue or
another. Peroxisomal carnitine acetyltransferase has
been found in mammalian liver (Markwell et al.,, 1973)
and cold-adapted brown adipose tissue (Pavelka et
al,, 1976), and in carp liver (Goldenberg et al., 1978).
Goldfish intestine is thus, as far as we know, only
the sccond extra hepatic microperoxisomal site
reported for this enzyme. Xanthine dehydrogenase
has been found in liver and kidney peroxisomes of
chicken (Scott et al., 1969), but in goldfish intestine
we found that it was totally soluble phase as is xan-
thine oxidase in carp liver (Goldenberg, 1977). Our
results agree with those of Krenitsky et al. (1974) in
that NAD was found to be a more efficient electron
acceptor than O, for xanthine oxidation. The uricoly-
tic enzymes urate oxidase and allantoinase were
found in frog liver peroxisomes by Scott et al. (1969)
and also in carp liver peroxisomes (Goldenberg, 1977)
but in the latter tissue most of the allantoinase was
soluble as also was allantoicase. These enzymes seem
to be absent from goldfish intestine as also is glyco-
late/lactate oxidase activity which is widely found in
reno-hepatic peroxisomes (Masters & Holmes, 1977).
NADP-dependent isocitrate dehydrogenase has been
found in peroxisomes of rat and carp liver (Leighton
et al,, 1968; Goldenberg et al., 1978) together with
mitochondrial and soluble phase activities, only the
latter two localizations could be identified in goldfish
intestine. NAD-dependent a-glycerophosphate de-
hydrogenase has been found in avian and mammalian
liver and kidney peroxisomes (Gee et al, 1974) but
in carp liver (Goldenberg et al, 1978} as in goldfish
intestine only soluble enzyme was detected.

Although hydrolysis of 1-naphthyl palmitate and
2-naphthyl laurate has not previously been reported
in peroxisomes, these substrates might be expected
to be attacked by lipases such as monoglyceride acyl
hydrolase. The latter enzyme is found in peroxisomes
of fatty seeds where it provides fatty acids for oxi-
dation. Recently rat liver peroxisomes were found to
be capable of f-oxidation of fatty acids (Lazarow,
1978) and to contain fatty acid activating enzyme
(Krisans & Lazarow, 1978) and thus might be
expected to have monoglyceride acyl hydrolase ac-
tivity. Guinea-pig enterocyte microperoxisomes lack
palmitoyl-CoA ligase activity (Martin et al, 1979)
while 2-naphthyl laurate and 1-naphthyl palmitate
hydrolases arc localized in microsomes and lysosomes
respectively (Temple et al., 1976). In the goldfish intes-
tine the latter enzyme appears to be absent while the
former is a microsomal andfor a brush border
enzyme.

- The physiological function of peroxisomess
especially of microperoxisomes in extra reno-hepatic
tissues of vertebrates, awaits further investigation.
While agreeing with Masters & Holmes (1977) who,
in a recent review, point out the virtue of varied
approaches in these investigations we would stress the
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Fig. 4. Isopycnic centrifugation of microperoxisome enriched samples. Column a—Sample prepared
by method 1. Centrifugation (1.6 x 10%¢,, min) was in a tube containing 25 ml of linear sucrose gradient
(30-52%); distributions shown are (A) Succinic dehydrogenase (solid) and carnitine acetyl-transferase
(dotted); (B) carnitine acetyltransferase; (C) catalase (solid) and carnitine acetyltransferase (dotted);
(D) protein; (E) density (ordinate—g cm ™ 3). Columns b and c—Sample prepared by method 2. Centrifu-
gation (21 x 10%,, min) into an 18 ml gradient (30-52%,). Distributions shown are (F) succinic dehydro-
genase; (G) carnitine acetyltransferase; (H) catalase; (I) I-naphthyl acetate esterase; (J) 2-naphthyl laur-
ate hydrolase; (K) alkaline phosphatase; (L) acetyl CoA hydrolase; (M) protein; (N) density
- (ordinate—gcm™3).

central importance of fractionation experiments
which can establish the enzyme complement of these
organelles. This appears especially important in view

of the differential partition of many peroxisomal .

enzymes between multiple subcellular compartments.

SUMMARY

- Histochemistry and subcellular fractionation have
been used to allocate, in the goldfish intestine, the

subcellular sites of enzymes reported to be present
in peroxisomes of various tissues. Xanthine oxidase,
L-a-hydroxyl acid oxidase and uricolytic enzymes
were not detectable. Xanthine dehydrogenase and
NAD a-glycerophosphate dehydrogenase were loca-
lized exclusively in the soluble phase, while NADP
isocitrate dehydrogenase was predominantly soluble
but also localized in mitochondria. Carnitine acetyl-
transferase was mainly mitochondrial but 10-20%
was microperoxisomal, 2-Naphthyl laurate hydrolase
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was in microsomes and/or brush borders but 1-naph-
hy palmitate hydrolase was probably absent from
intestinal mucosa.
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