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ABSTRACT

The subcellular distribution of the biosynthetic intermediates of catalase was studied in the
livers of rats receiving a mixture of [*H]leucine and [*C]é-aminolevulinic acid by intra-
portal injection. Postnuclear supernates were fractionated by a one-step gradient cen-
trifugation technique that separates the main subcellular organelles, partly on the basis of
size, and partly on the basis of density. Labeled catalase and its biosynthetic intermediates
were separated from the gradient fractions by immunoprecipitation, and the distributions
of radioactivity were compared with those of marker enzymes. The results show that
catalase protein is synthesized outside the peroxisomes, but rapidly appears in these
particles, mostly still in the form of the first hemeless biosynthetic intermediate. Addition
" of heme and completion of the catalase molecule take place within the peroxisomes. During
the first 15 min after [*H]leucine administration, more than half of the newly formed first
intermediate was recovered in the supernatant fraction, where it was found to exist as an

aposubunit of about 60,000 molecular weight.

INTRODUCTION

It has been shown in the preceding paper of this
series (22) that rat liver catalase is synthesized by
way of two distinct intermediates, one without
heme and having a turnover time of about 49
min, the other containing heme and having a
turnover time of about 17 min. The topology of
this process has been investigated in the present
experiments. To this end, rats were killed at
various times after the intraportal injection of a
mixture of [*H]leucine and [“C]é-aminolevulinic
acid (ALA),! their livers were homogenized and

1 Abbreviations used in this paper: ALA, 6-aminolevu-
linic acid; DAB, 3,3'-diaminobenzidine; ER, endo-
plasmic reticulum; PCI, purified catalase immuno-
precipitate; PNS, postnuclear supernate; TCA,
trichloroacetic acid; WFI, whole fraction immuno-
precipitate.
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fractionated by a single-step density gradient
centrifugation technique specially designed to
provide optimal analytical resolution of the main
subcellular organelles, and the distribution of the
radioactivity that could be recovered by precipita-
tion with anticatalase, without and after partial
purification of catalase, was determined and com-
pared with those of marker enzymes. The results
presented here form part of the Ph.D. thesis of one
of us (Lazarow [21]) and have been reported in a
preliminary communication (20).

MATERIALS AND METHODS
Ezperimental Design

Rats were given [3H]leucine, alone or in combina-
tion with ['*CJALA, by intraportal injection, as de-
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scribed in the preceding paper (22). The animals
were sacrificed at various times thereafter and their
livers rapidly removed and chilled.

Homogenization of the livers in 0.25 M sucrose
containing 0.19, ethanol was combined with the
separation of a nuclear fraction as described by de
Duve et al. (10), but using conditions such that the
resulting postnuclear supernate (PNS) contained the
equivalent of 0.2 g of liver/ml. The PNS was frac-
tionated as described below, and the fractions, as
well as the original PNS, were assayed for protein,
RNA, marker enzymes, TCA-precipitable radio-
activity, and immunoprecipitable radioactivity.
Immunoprecipitation was carried out exactly as de-
scribed in the preceding paper (22), both on the
whole fractions to yield whole fraction immunoprecipi-
tates (WFI), and after partial purification of catalase
to yield purified catalase immunoprecipitates (PCI). Only
goat globulins were used. The 3H and !*C content of
the precipitates was determined by differential scin-
tillation counting. The results were calculated and
plotted in histogram form, according to Leighton et
al. (24). All assays were performed also on the PNS
and on the nuclear fractions. Thus total distributions,
as well as recoveries, could be calculated.

Biochemical Assays

Catalase, protein, cytochrome oxidase, L-a-
hydroxyacid oxidase, acid phosphatase, and glucose-
6-phosphatase were assayed by the automated meth-
ods described by Leighton et al. (24). In some cases,
catalase was measured by the hand method of
Baudhuin et al. (2). RNA was determined as de-
scribed by Blobel and Potter (4). Esterase was meas-
ured by a method developed in our laboratory by M.
Baggiolini. In this assay, 0.1 ml of suitably diluted
enzyme is mixed with 1 ml of 0.4 mM e-naphthyl
acetate (Koch-Light Laboratories Ltd., Colnbrook,
Buckinghamshire, England) in 50 mM phosphate
buffer, pH 6.8, and incubated for 6 min at 25°C.
Addition of 1 ml of ice-cold 1.0 M citrate buffer, pH
4.0, containing 5 ul of diazotized aniline yellow dye
(44) serves both to stop the reaction and to couple the
liberated a-naphthol. The optical density is read at
487 nm 10 min later. Activity is expressed in micro-
moles of substrate hydrolyzed per minute.

One-Step Gradient Fractionation Technique

The automatic Beaufay rotor was used in the
manner described by Leighton et al. (24). 8 ml of
PNS (1.6 g liver) were layered over a 26 ml aqueous
sucrose gradient extending linearly with respect to
volume between densities 1.10 and 1.27, itself resting
on a 6 ml cushion of a sucrose solution of density 1.32.
The gradient solutions were prepared by dissolving
sucrose in water containing 5% (wt/wt) dextran-10
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(believed to protect the peroxisomes [24]) and 0.1%,
ethanol (to protect the catalase [6]); they were
buffered at pH 7.0 with 1 mM imidazole. Centrifuga-
tion was performed under control of the Integrator
Accessory (Beckman Instruments, Inc., Spinco Div.,
Palo Alto, Calif.), in such a way as to achieve a value
of 1.4 X 10'® s7! for W, the time integral of the
squared angular velocity (see Eq. 1).

These centrifugation conditions were chosen so as
to be just sufficient to bring the peroxisomes near
their equilibrium position in the lower part of the
gradient, leaving the more slowly sedimenting micro-
somes still some distance away from their own iso-
pycnic position. It was reasoned that in this manner
an optimal separation would be achieved between the
peroxisomes and the microsomes, including the dense
RNA-rich vesicles of rough-surfaced endoplasmic
reticulum (ER) which, at density equilibrium, over-
lap with the peroxisomes (1, 45). The required value
of W was determined by computer simulation (Fig. 1).

For the purpose of these calculations, the integrated
Svedberg equation for a spherical particle was re-
written as:

9 [*  pdx 9

¢
we [ wa=2 [ 1 e, 0
to 2 z9 (Pp - Prn)x 2

and appropriate functions were computed to express
the dependence on the radial distance x of the
density p» and viscosity 1 (9) of the medium (at 5°C),
and of the particle density pp, which is known to be a
linear function of p, (3). The assumption was made
that all peroxisomes have an equilibrium density of
1.23 in aqueous sucrose. The equations used are given
in the legend to Fig. 1. They allowed calculation of
the integral G(x), and thereby the radii 7 of the
peroxisomes at different positions in the rotor for
given values of W:

9G (x)
r= o 2

The corresponding distribution of catalase was ob-
tained from the measurements of Poole et al. (30).
Their data, replotted cumulatively, were fitted
mathematically as illustrated in Fig. 2.

As shown in Fig. 1, our calculations lead to the
prediction that most of the peroxisomes should reach
their equilibrium density when W = 1.2-1.8 X
1019 s~1 In Fig. 3 are shown the results of an experi-
ment performed with W = 1.4 X 10'° 571, Catalase
and r-a-hydroxyacid oxidase show identical distri-
butions, with about 30% of the activities remaining
in the sample layer, and the remainder distributed
around a density of 1.23 in a manner very similar to
that reported by Leighton et al. (24) for the equi-
librium distribution of peroxisomes. The observed
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Figure 1 Computer simulation of peroxisome sedimentation through a sucrose gradient in the Beanfay
rotor under conditions described in the text (radial limits of the gradient itself = 5.57 and 6.19 cm).
G(z) in Eq. 1 was computed from the following functions:

x — 5.57
om(z) = 110 + i1 =55 (127 — 1.10), ®)
Ll (-1
loge 7{z, 5°C) = Z C; | pml2) , (4)
=1

in which constants Cy to Cp are: —7.985, 14.47, —6.711, —4.827, 1.825, 10.06, —4.980, — 5.196, 3.728.
n is expressed here in centipoises (it i3 in poises in Eq. 1).

1.23 + 2.55 pm(z)

3.55 )

Pp(x) =
The catalase distributions shown were derived by converting r in Eq. 2 to ¢(r) on the basis of the data
shown in Fig. 2. W is the time integral of the squared angular velocity; it is expressed here in nanosec-

onds™ but is in seconds™ in Eq. 1.

* Due to a typographical error, the constant 1.23 in this equation is given as 1.251 by Poole et al. (30)
in their Eq. h. The correct value was used in their calculations.
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Figure 2 Cumulative size distribution of catalase. Circles are obtained from the size frequency dis-
tribution of catalase, as shown in Fig. 3 of Poole et al. (30), slightly truncated at either end. The fitted

curve represents the following equations:

r < 0.174 c(r) = 0.0
0.174 < r < 038186  c(r) = —0.5998 4 17.04 r — 161.9 r2 + 602.6 * — 693.5 +*
0.3136 < r < 0.434 e(r) = —11.12 + 87.72 r — 225.4 7% + 231.4 r® — 67.96 »*
r > 0.434 cr) = 1.0 (6)

in which r is expressed in microns (it is in centimeters in Eq. 1).

distributions are broader than that predicted in Fig.
1, but this is due to the heterogeneity of the peroxi-
somes with respect to density, which was not taken
into account in the computer-simulated experiment.
As anticipated, the microsomal marker esterase, and
even the ribosomal RNA, which tends to be asso-
ciated with the denser microsomal subfractions (1,
45), are incompletely sedimented and have hardly
entered the peroxisome-rich region of the gradient.
Glucose-6-phosphatase, not shown on the graph,
followed esterase very closely, as could be expected
(1, 37). The mitochondria, which occupy a narrow
band at density 1.18, indicated in Fig. 3 by a sharp
protein peak and confirmed by cytochrome oxidase
measurements, are clearly separated from the per-
oxisomes. They overlap with the microsomes, which,
however, are distributed much more broadly.

Similar results can be obtained in the SW-39
swinging-bucket rotor, with 0.5 ml of PNS layered
over a 4.6 ml linear gradient (1.10-1.27 density
limits), itself resting on 0.3 ml of a 1.32 density
cushion, centrifugation being performed with W =
1.5 X 101
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RESULTS
General Biochemical Results

In Fig. 4 are shown the averaged distributions
observed for catalase, esterase, protein, and RNA.
These distributions were very reproducible from
one experiment to another, and the recoveries
were satisfactory.

Fig. 5 illustrates the distributions found for
TCA-precipitable radioactivity at various times
after the injection of labeled leucine. At 3 min, the
distribution of label follows approximately that
of RNA. By 8 min the pattern has changed, becom-
ing similar to that of the microsomal esterase,
except for an unexplained excess of radioactivity
in the fourth fraction from the top. Early labeling
of the soluble proteins (top 2-3 fractions) also
occurs. At later times, all that is seen is a slow
shift of radioactivity from the microsomal to the
soluble fractions, while the label associated with
mitochondrial proteins begins to emerge as a peak
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Ficure 8 Distributions of biochemical markers after density gradient fractionation of PNS with W =
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Ficure 4 Averaged distributions of biochemical markers observed in 12 density gradient fractionations
(three for RNA). Means + standard deviation. Percentage values refer to recoveries in gradient frac-

tions.

(fraction 6 from the bottom). It must be re-
membered that during the period between 10 and
60 min little new incorporation as well as little
loss of label is seen (22). The observed shift of
radioactivity could reflect synthesis of some cytosol
proteins by microsome-bound ribosomes, or the
passage of some labeled proteins into the plasma
since the livers were not perfused.
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The distribution of TCA-precipitable radio-
activity from [PH]JALA (Fig. 6) shows an initial
mitochondrial peak, in agreement with the fact
that the last enzyme in heme synthesis, ferro-
chelatase, is mitochondrial (25, 26, 36). With
time there is a redistribution of label toward
microsomes, probably reflecting the incorporation
of new heme into cytochromes b5 and P 450. The
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Figure 5 Distributions of TCA-precipitable radioactivities from labeled leucine at various times
after injection of precursor. Means =+ standard deviation. Between parentheses, number of experiments.
Percentage values refer to recoveries in gradient fractions.
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Ficure 6 Distributions of TCA-precipitable radioactivities from labeled ALA at various times after
injection of precursor. Means + standard deviation. Between parentheses, number of experiments. Per-
centage values refer to recoveries in gradient fractions. The ALA was labeled with H or 1C as indicated.

distributions observed after injection of [*C]JALA
show the same trend. As pointed out in the pre-
ceding paper (22), they are not directly com-
parable on a kinetic basis with those obtained
with [BHJALA, because the chemical dosages were
much greater.

Distribution of
Immunoprecipitable Radioactivity

Rats were double labeled with [*H]leucine and
[“C]ALA, at the dosages shown in Table I, and

sacrificed 8, 15, 30, and 60 min after labeling.
General incorporation kinetics for these animals

512

Tue JournaL or Cern BrorLoey - VOLUME 59,

have been reported in the preceding paper (22).
As indicated in Table I, their weights and hepatic
levels of marker enzymes were closely comparable.
So were the enzyme distributions and recoveries
after density gradient fractionation, which are
included in Fig. 4. Recoveries of immunopre-
cipitable radioactivities are listed in Table II.
Table III shows the extent of the corrections
that were made for nonspecific radioactivity in
the immunoprecipitates from the gradient frac-
tions. These were determined with control goat
globulins as described previously (22). The cor-
rections were generally small, indicating that our
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TasLe 1
Characteristics of Double-Labeled Rats

Liver
Body
Time weight Weight  Protein Catalase Esterase

min g g mg /g Ulg Ulg

8 220 9.0 162 52 147
15 250 8.1 180 57 173
30 235 7.8 185 53 163
60 240 8.8 195 56 153

TasLe II

Recoveries of Immunoprecipitable Radioactivities in
the Gradients

WFI PCI
Time  [3H]leucine [MCJALA [#H]leucine [MCJALA
min % % % %
15 98 50 84 60
30 111 66 111 77
60 130 99 86 86

Recoveries were not determined at 8 min.

immunopfecipitation technique could be reliably
applied to the gradient fractions.

The corrected distributions of immunopre-
cipitable radioactivity are shown in Figs. 7 and 8.
The leucine graphs were normalized to the same
total surface area for the WFI, since we know
from the kinetic data reported in the preceding
paper (22) that leucine incorporation into the
WEFT is more than 959%, completed at 8 min, and
therefore that differences in leucine incorporation
between the animals must be due mostly to
individual variability. The surface area of the
ALA graphs is proportional to the total amount
of label incorporated.

Remembering that the peroxisomes band in
the lower part of the gradient with a peak in the
third fraction from the bottom, we see immediately
from Fig. 7 that the actual incorporation of leucine
into catalase does not take place in the peroxisomes
themselves. We see further that the newly syn-
thesized protein is quickly transferred to peroxi-
somes, and that this transfer occurs largely, if not
totally, in the form of nonpurifiable intermediates.
As early as 15 min after injection of the precursor
amino acid, a substantial fraction of the total
label is already found in the peroxisome region,
mainly in nonpurifiable form. As time progresses,
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TaBLE III

Reliability of the Immunoprecipitation Technique as
Applied to the Gradient Fractions (WFI)

Radioactivity in control precipitate, as percentage
of radioactivity in immunoprecipitate*

Time From [#H]leucine From [MC]JALA
min

8 50 &£ 20 37 £ 11
15 13 &+ 8 16 &+ 8
30 28 &= 8 19 & 12
60 27 £+ 12 14 + 14

Means = standard deviation.

* Since the distributions of nonspecific label in the
gradients are quite flat, these means reflect both
larger values in those parts of the gradient where
there is little labeled antigen, as well as much
smaller values where the labeled antigen is concen-
trated. Thus at 8 min the correction to the leucine
values is 28 + 79, in fractions 1-4 but 63 & 129,
elsewhere (see Fig. 7). Similarly at 60 min the cor-
rection to the ALA values is 5 + 3%, in fractions 1-3
and 8-11, but 31 & 7% in the center of the gradient
(see Fig. 8). Obviously, if there were no labeled
catalase species in a fraction the nonspecific label
would be 100%.

both the size of this peak and its relative content
in purifiable labeled catalase increase.

With ALA as precursor (Fig. 8), incorporation
is delayed as seen before (22), but as it becomes
evident, much of the incorporated label seems
to appear immediately in the peroxisome region,
and a considerable proportion of it is purifiable.

The distribution of the leucine label that does
not sediment down to the peroxisome region is
peculiar, especially at early times. It spans the
starting layer in a strange “descending staircase”
fashion, penetrating deeply into the gradient
itself. As time goes on, this shape changes pro-
gressively to the distribution pattern of catalase
enzyme activity (see Fig. 4). After 60 min, the
distribution profiles of labeled material pre-
cipitated by anticatalase, whether derived from
whole fractions or after partial purification of the
enzyme, and with either leucine or ALA as pre-
cursor, are almost indistinguishable from that of
catalase activity. By that time, therefore, the
newly made catalase and the bulk of its bio-
synthetic intermediates are distributed like pre-
existing catalase, with about two-thirds associated
with the peroxisome-rich fractions, and the re-
mainder with the starting layer. Purifiable im-
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munoprecipitable label seems to adopt this kind  refined immunochemical methods, and in experi-
of distribution right from the start. ments in which the animals were double labeled

The main features of Figs. 7 and 8 were seen with ALA and leucine, but with the isotopes
also in earlier experiments performed with less reversed. Therefore, the results described here

H

30 min 60 min

Relative radioactivity

0 05 10 05 10
Relative volume

Fieure 7 Distributions of immunoprecipitable radioactivities from [*H]leucine. Entire surface areas
of diagrams represent radioactivities found in WFI, normalized to the same total surface area of 1. Cross-
hatched parts are radioactivities of PCI. Difference between the two (white parts) represents radio-
activity associated with nonpurifiable biosynthetic intermediates.
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Figure 8 Distributions of immunoprecipitable radicactivities from [¥C]JALA. Same representation as
in Fig. 7, except that total surface areas of diagrams are proportional to incorporation, as shown in Fig.
7 of preceding paper (22).
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activities at 8 min after injection of 5 mCi of [*H]leucine. Regular gradient replaced by shallow gradient

extending between densities 1.05 and 1.10.

may be taken as truly representative of the events
of normal catalase biosynthesis.

In order to investigate the possibility that the
descending staircase might reflect the equilibrium
distribution of a polydisperse population of
particles of low median density, a rat was labeled
for 8 min with [®*H]leucine, and the liver PNS was
fractionated on a shallow gradient extending
between density limits of 1.05 and 1.10. This
gradient replaced the usual gradient, all other
conditions being unchanged. The results are
shown in Fig. 9. As could be predicted, mito-
chondria and peroxisomes have sedimented com-
pletely against the cushion, whereas microsomes
are incompletely sedimented. Confirming the
correlation shown in Fig. 5, TCA-precipitable
radioactivity follows the microsomal esterase
closely, except for some excess in the top fractions,
also seen before. As to the immunoprecipitable
radioactivity, it retains its characteristic descend-
ing staircase pattern, in spite of the considerable
decrease in medium density and viscosity. Thus
we cannot be dealing with low density particles.
On the other hand, much of the radioactivity
that is found in the body of the gradient under our
standard conditions has moved down against
the cushion. This part, therefore, is carried by
particles, resembling microsomes in their sedi-
mentation properties.

The possibility that the top rung of the descend-
ing staircase may reflect the partial flotation of
the intermediate by virtue of an attachment to
lipid was tested by boundary centrifugation of a
postmicrosomal supernate from a rat labeled with
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[*H]leucine for 8 min. At this time 899 of the
label is in the first biosynthetic intermediate and
only 9% in the second, as calculated from Egs.
9, 10, and 12 in the preceding paper (22). As
shown in Fig. 10 the label did not float; on the
contrary it sedimented, but much more slowly
than catalase itself. The sedimentation coefficient
estimated from the midpoint of the boundary was
2.0S, corresponding to an s’e, of 4.35 (7), in
agreement with the values of 3.8-4.5S expected
for a catalase subunit of molecular weight 60,000.2
Furthermore, the sedimentation boundary of
hemoglobin (mol wt 68,000), determined by visual
inspection of the redness of the fractions, was in the
same fraction as was that of the label. Therefore the
first biosynthetic intermediate is a soluble aposub-
unit. Thus the descending staircase must be com-
posed of several independent components. Part of
the label is genuinely soluble. Part of it sediments,
although slowly. The excess label seen in the top
fraction is likely to be an artifact.

The kinetics with which immunoprecipitable
label appears in soluble form in homogenates was
examined in detail in rats given [*H]leucine by
intraportal injection and killed at various times
afterwards. Liver homogenates were prepared in
the usual manner, and were then centrifuged for
2 h at 40,000 rpm. Pellet and supernate were
assayed for marker enzymes and for total immuno-

23.88 was measured on formate-treated catalase in
the presence of SDS (39). 4.58 was calculated from
the sJy , of native tetrameric catalase (39) according
to 4.58 = 11.3 $/4%/3,
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precipitable radioactivity. As seen in Fig. 11,
label first appears in sedimentable form, and pre-
sumably represents nascent chains still bound to
ribosomes. Immediately thereafter the label in
the high-speed supernate rises rapidly, and by 5

0.80

WFI dpm

0.201 Catalase enzymatic

activity

1
7

Radial position, cm

1
8

Fiaure 10 Sedimentation behavior of catalase and
its biosynthetic intermediates. A high-speed supernate
(38 min at 50,000 rpm, W = 6.3 X 10 §71; 031 g
liver/ml) was prepared from the liver of a rat labeled
for 8 min with 5§ mCi of [*H]leucine. The supernate
was centrifuged in an SW-39 rotor for 14 h at 39,000
rpm (W = 8.4 X 10" §71), fractionated, and assayed
for catalase enzymatic activity (0) and immunopre-
cipitable radioactivity, WFI (@). The ordinate is the
ratio of concentration C to average concentration C;
(sum of the activities of the fractions divided by total
volume). For further experimental details and methods
of computation of results, see reference 7.

0.006

0.004

0.002 1

Percent of dose per g liver

min is equal to or greater than that in the sedi-
ment. With time there is a progressive redistribu-
tion of label until at 60 min two-thirds of the label
are sedimentable (presumably in the intact per-
oxisomes), in agreement with the gradient results.

DISCUSSION
The Peroxisomal Pool

For a number of years, work from our labora-
tories has underscored the remarkable biochemical
homogeneity of hepatic peroxisomes in female
rats. If appropriate allowance is made for the
presence of free cores bearing urate oxidase, all
four peroxisomal markers, catalase, p-amino acid
oxidase, L-a-hydroxyacid oxidase, and wurate
oxidase, show identical distributions in particulate
preparations subfractionated on the basis of either
density (3, 24) or sedimentation coefficient (30).
About 709, of the activity of each enzyme can be
accounted for in this way. The remainder is found
either in soluble form (catalase, p-amino acid
oxidase, L-o-hydroxyacid oxidase) or associated
with free cores (urate oxidase), presumably
arising from similarly homogeneous peroxisomes
ruptured upon homogenization. The implication
of these findings is that the distribution of catalase,
as determined, for instance, in our gradient experi-
ments, may be taken as representative of all other
soluble peroxisomal components that do not
significantly bind to sedimentable particles through
adsorption artifacts. This point is illustrated by
the similarity of the catalase and r-a-hydroxyacid
oxidase distributions in Fig. 3.

In an earlier paper of this series, Poole et al. (30)
have reported that newly made catalase is dis-
tributed between peroxisomes of different sizes

Sediment

e I
Supernate °
¢
P
]
b
1 1 1 | -
15 30 45 60
Minutes

Figure 11 Kineties of appearance of [*Hlleucine in immunoprecipitates (WFI) from high-speed super-
nate and sediment (2 h, 40,000 rpm). Dose was 1 mCi.
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exactly like the soluble enzyme activities, as early
as 3 h after injection of labeled leucine. They
mention less complete observations indicating this
to be true already 1 h after administration of the
precursor. Our own results at 60 min agree en-
tirely with these findings, and show in addition
that the parallelism extends to the manner in
which labeled material and enzymes are par-
titioned between the soluble and the particulate
fractions. They make it highly probable that I h
after injection of labeled leucine or ALA, both
purifiable labeled catalase and its nonpurifiable
biosynthetic intermediates are homogeneously
distributed throughout the peroxisome population.
Furthermore, they suggest that purifiable labeled
catalase is distributed in this manner as soon as it
appears.

We have tested the degree to which the above

conclusion is verified in individual experiments by
the following calculation. Summing up the per-
centages of label and of catalase activity found
in the four next to bottom gradient fractions, which
contain a major part of the peroxisomes largely
uncontaminated by other subcellular components,
we first calculate the average ratio of immuno-
precipitable radioactivity (total or purifiable) to
catalase activity in intact peroxisomes for each
experiment. Multiplying the catalase content of
each fraction by this value, we then obtain the
distribution that would be observed for the labeled
catalase antigen, should it coincide with that of
catalase. In Figs. 12 and 13 are shown the residual
distributions remaining after subtraction of the
distributions calculated in this manner. With
leucine as precursor, this residue is negligible at
all times for purifiable label, and it decreases with
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Figure 12 Distributions of nonperoxisomal immunoprecipitable radioactivities from [*H]leucine. These
are the data of Fig. 7 after subtraction of peroxisomal label, assuming biochemical homogeneity, as de-
scribed in the text. The three columns represent WFI, PCI, and the difference, WFI-PCI, respectively.
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time to become practically negligible after 60 min
for nonpurifiable label. With ALA as precursor,
there is very little left at all times of either puri-
fiable or nonpurifiable label. These facts provide
strong additional evidence in support of the
homogeneity hypothesis, and validate the use of
the ratio of immunoprecipitable radioactivity to
catalase activity in the peroxisome-rich gradient
fractions as a measure of the proportion of im-
munoprecipitable label associated with peroxi-
somes in the intact cells (see below).

It would appear from the above considerations
that the homogeneity of the peroxisomal pool is
such as to cause newly made catalase to invade the
whole pool uniformly almost immediately after
entering it. One view compatible with such
behavior (30) and with a number of morphological
observations (11, 16, 28, 31, 35, 40, 41, 43) is that

which pictures many peroxisomes in a given cell
as being interconnected with each other to form a
single membrane-bounded space of homogeneous
content. The alternative, also considered before
(30), is that the newly synthesized catalase is
confined to a small number of newly made par-
ticles that cannot be distinguished from the bulk
of the peroxisome population on the basis of either
size or density.

Kinetics of Transfer of Label
to Peroxisomes

In Figs. 14 and 15 is shown the manner in which
nonpurifiable and purifiable immunoprecipitable
radioactivities are distributed between the extra-
and intraperoxisomal compartments at various
times after the intraportal injection of the labeled
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Ficure 13 Distributions of nonperoxisomal immunoprecipitable radioactivities from [*CJALA. These
are the data of Fig. 8 after subtraction of peroxisomal label, assuming biochemical homogeneity, as de-
scribed in the text. The three columns represent WFI, PCI, and the difference, WFI-PCI, respectively.
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precursors. The amounts associated with the per-
oxisomes were calculated on the basis of the
homogeneity hypothesis as explained above. This
is equivalent to taking the areas in Figs. 12 and 13
as measuring the amount of label present outside
the peroxisomes.

The leucine data (Fig. 14) indicate that the
protein part of catalase is synthesized outside the
peroxisomes and is delivered into an extraperoxi-
somal pool of nonpurifiable intermediate, which
empties rapidly into the peroxisomes where the
catalase molecule is completed. There is a sug-
gestion from the ALA results (Fig. 15) that some
heme addition may occur outside the peroxisomes.
But this possibility rests on small differences in
radioactivity between the two precipitates (see
Fig. 8), obtained in experiments where the kinetics
of heme metabolism were seriously disturbed by
the administration of large amounts of ALA. The
rapid transfer of leucine-labeled intermediate to
the peroxisomes (Fig. 14), together with what is
known of the kinetics of the overall process of
catalase biosynthesis (22), makes it likely that the
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Ficure 14 Subcellular compartmentation of biosyn-
thetic intermediates labeled with *H]leucine. The upper
half of the figure shows the WFI (@) and PCI (0)
radioactivities in the peroxisomes, calculated from the
data of Fig. 7, assuming biochemical homogeneity as
described in the text. The lower half of the figure shows
the nonperoxisomal label; the ordinate values equal
the areas under the histograms of Fig. 12, left (®) and
center (O) columns.
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Figure 15 Subcellular compartmentation of biosyn-
thetic intermediates with label from {*CJALA. Same
representation as in Fig. 14 but based on the data of
Figs. 8 and 13.

bulk of heme addition takes place inside the
peroxisome.

To account for the above results, we must
amend the kinetic model proposed in the preced-
ing paper (22), by introducing in it two distinct
pools of hemeless intermediate, one extra- and the
other intraperoxisomal. The kinetics of filling and
emptying of the extraperoxisomal pool are de-
picted clearly in Fig. 14, and the data are easily
fitted to the system of equations examined pre-
viously (22). We find for the turnover time of the
extraperoxisomal pool of intermediate a value of
the order of 20 min, corresponding to a pool size
of 0.65%, of the total catalase or 5 pg/g liver.

Due to the disturbance introduced by the in-
jection of large amounts of ALA, the results
obtained with this precursor cannot bé used for
the purpose of kinetic analysis. But the results
of Fig. 14 can be fitted to a simplified model
assuming a single intraperoxisomal pool of inter-
mediates, having a turnover time of the order of
25 min, corresponding to a pool size of 0.8%, of
the total catalase or 6.5 ug/g liver. Since at least
two pools are involved, one of hemeless and the
other of heme-containing intermediate, these
estimates are upper limits. They suggest that in the
present experiments, the total amount of non-

519



purifiable intermediates was of the order of 1.5%
of the total catalase content or less. This estimate
is lower than the value of 2.19, obtained in the
preceding paper (22). As briefly commented upon
in that paper, this difference, if significant, could
be another aspect of the kinetic disturbance
caused by ALA.

Site of Biosynthesis of Catalase

The theory that catalase is made by bound
ribosomes has rested for more than 10 yr on the
kinetic data of Higashi and Peters (15), which,
except for an unexplained early peak in the super-
natant fraction, appeared to illustrate the existence
of a sequence leading from rough-surfaced
microsomes to particles which the authors at that
time called “mitochondria” and we now know to
be peroxisomes. In the original paper, the results
were plotted in the form of the specific radio-
activities of the fractions. We have replotted them
in Fig. 16 in terms of disintegrations per minute
per milligram liver, calculated from the specific
radioactivities and the catalase antigen distribu-
tion data given by the authors (14).

This representation brings to light two important
features of the results of Higashi and Peters (15)
that were not clearly apparent in their original
publication. It shows first that the early peak in
the supernatant fraction is in fact quite sub-
stantial, in agreement with the results reported
here and with those of Redman et al. (33). It
reveals further that almost 409, of the labeled
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Ficure 16 Data of Higashi and Peters (15) replotted
ag disintegrations per minute per milligram liver. Cal-
culated from the specific radioactivities and the cata-
lase antigen distribution data given by the authors (14).
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material precipitated by anticatalase disappeared
from the liver between the 20th and 60th min after
injection of the precursor leucine. Partial intra-
cellular destruction of an unstable intermediate
could conceivably account for this phenomenon,
which, however, was observed neither by Redman
etal. (33) nor by us (22). A more likely explanation
is that the early immunoprecipitates contained a
highly labeled contaminant. This could be a
protein of very high turnover, or, more probably,
a secretory protein such as serum albumin, which
is known to be discharged some 20 min after its
formation (12, 29, 33). Indeed, the authors men-
tion that their antisera “gave a few weak lines
against undiluted rat serum” but that they re-
moved the contaminating antibodies by adsorption
with “a slight excess of combined a; and y-globulin
fraction” (14). Whatever the explanation, we feel
that the disappearance of a significant portion of
the label throws some doubt on the significance of
the early labeling of a rough microsomal fraction
observed by Higashi and Peters (15). Since all
authors agree on the high degree of labeling of
the supernatant fraction, the material lost from
the liver more likely originated from the micro-
somes (see Fig. 16), which happens to be the frac-
tion in which the newly synthesized plasma pro-
teins would be found.

The presence of a contaminant in the catalase
immunoprecipitates isolated from rough micro-
somes has in fact been reported by Higashi and
Peters (14), who found in such precipitates 2.3
times more apparent antigen than there was
enzymatically active catalase in the fraction. The
authors suggest that the enzymatically inactive
antigen might be a precursor of the enzyme. But
this is very unlikely. As shown in this paper, the
nonperoxisomal enzyme precursor is largely
in the supernatant fraction. Furthermore, the
microsomal material detected by Higashi and
Peters (14) amounts to as much as 90 ug/g liver,
more than 5 times the total amount made up by
the two biosynthetic intermediates, and almost 20
times the amount present in the extraperoxisomal
pool, according to our estimates.

In more recent publications, Higashi and co-
workers (13, 19) have reported the immuno-
chemical precipitation of ribosome-bound nascent
catalase from preparations of both bound and
free polysomes. They conclude that both types of
ribosomes participate in the synthesis of catalase,
but that the membrane-bound ribosomes play the
major role. Here again, however, the crucial ques-

Tue JourNaL oF Cern Brorogy - VoruMeE 59, 1973



tion of specificity must be raised since the authors
recover as much as 5%, of the total liver ribosomes
by their immunoprecipitation technique. This con-
trasts with the fact that catalase synthesis repre-
sents only 0.59, of the total protein synthesizing
activity of the liver (22).

Other workers who have tried to identify the
site of catalase synthesis have had little or no
success. Takagi et al. (42) have obtained some
evidence of in vitro synthesis of catalase by both
free and bound polysomes, but the observed levels
of incorporation were very low and the authors do
not consider their results conclusive. Redman et
al. (33) have attempted to detect nascent chains
after puromycin release, but they obtained nega-
tive results with both free and bound polysomes.

Our own efforts to look for nascent catalase
chains after either in vivo or in vitro labeling have
been similarly unsuccessful. We did obtain labeled
immunoprecipitates from both bound and free
ribosomes treated with puromycin, but in our
experience, puromycin-released chains, especially
those from free polysomes (see also reference 32),
have very high levels of nonspecific precipitation,
and the adequacy of immunoprecipitation for
quantitative analysis of nascent chains of minor
proteins is not clear. The variety of physical
properties to be found in a population of grow-
ing chains precludes any simple physico-chemical
tests of immunochemical specificity. For the
moment we feel that there is no adequate direct
evidence as to whether free or bound polysomes or
both synthesize catalase.

Mode of Transfer of Catalase
to Peroxisomes

We find that the newly synthesized catalase
antigen appears rapidly in the supernatant frac-
tion. The data of Higashi and Peters are com-
patible with this (see Fig. 16) and Redman et al.
(33) have recently published similar results. Qur
results demonstrate further that the labeled
material at that stage consists of aposubunits of
about 60,000 molecular weight. The distribution
of this material in the gradient does not parallel
that of the soluble proteins, but rather shows a
characteristic descending staircase pattern. The
peak in the top fraction is probably an artifact
but the penetration of part of the label into the
gradient region occupied by the microsomes re-
quires an explanation. It could conceivably be
due to an adsorption artifact, or it could reflect
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the specific association of labeled material with
small particles. Arguing in favor of the second
explanation is the fact that the amount of label
found in the microsomal region of the gradient
does not decrease together with the amount
present in soluble form.

The simplest interpretation of our results is
that catalase is synthesized by free polysomes,
which could well be concentrated in the third,
fourth, and fifth fractions from the top, thereby
accounting for the lower part of the staircase. The
newly synthesized catalase would be released
directly into the cell sap, explaining the rapid
appearance of soluble labeled antigen.

However, we cannot exclude other possibilities.
Catalase could be synthesized by bound ribo-
somes, but delivered into the cytosol rather than
into the cisternal lumen, as suggested by Legg
and Wood (23). Or it could be made by both free
and bound ribosomes, as proposed by Higashi
and co-workers (13, 19). Or it could be synthe-
sized in, or rapidly transferred to, a fragile
cytoplasmic particle, which is largely destroyed
by homogenization. Such a particle could account
for the lower part of the staircase. Functionally, it
could serve as a vehicle in the transport of the
newly made catalase to the peroxisomes. Or it
could even be a peroxisome precursor, the elusive
growth form searched for unsuccessfully in earlier
experiments (30). The identification of such a
structure by biochemical isolation is probably
hopeless, because it would constitute only a very
small fraction of the microsomes. A cytochemical
identification seems equally improbable, since the
modified 3,3’-diaminobenzidine (DAB) staining
reaction for catalase (27), being dependent on a
peroxidatic activity, is unlikely to give a positive
result with a hemeless precursor of the enzyme.
For this reason, we are inclined to attribute to
experimental artifact the staining patterns that
have led Legg and Wood (23) to suggest that
catalase is made by ribosomes attached to the ER,
but is delivered on the cytosol side of the ER
membranes, where it subsequently diffuses into
adjacent peroxisomes through the membrane of
these particles.

Conclusion

According to the “classical” theory of peroxi-
some biogenesis, these particles arise as budding
outgrowths of the smooth ER; their enzymes are
believed to be synthesized by bound ribosomes,
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discharged intracisternally as they are made,
and conveyed into the growing peroxisomes
through ER channels. This theory, in addition to
borrowing some concepts from findings made on
very different systems (5, 17, 18, 34, 38), has rested
mainly on morphological observations of wide-
spread connections between peroxisomes and the
ER (11, 16, 28, 31, 35, 40, 41, 43) and on the
biochemical results of Higashi and Peters (15), as
they were interpreted by de Duve and Baudhuin
(8) to fit newly acquired knowledge on the struc-
tural and functional properties of peroxisomes.
The results described in the present paper provide
no support to this theory and all earlier attempts
made in this laboratory to verify some of its
implications have been unsuccessful.

Our results taken at their face value suggest
that the newly made apomonomer of catalase is
discharged mainly into the cytosol, appears partly,
either simultaneously or perhaps subsequently, in
a small particulate component, and is then finally
transferred to peroxisomes where heme addition
and completion of the catalase molecule take
place (Fig. 17). One could visualize the small
particulate component either as a vehicle for the
transfer of the protein to the peroxisomes or as a
precursor transforming into a new peroxisome.
In either case, the process must be such as to
lead to a distribution pattern indistinguishable
from that of preexisting peroxisomal enzymes. The
whole process is very rapid, with a half-time for
appearance of labeled intermediates in the per-
oxisomes of about 14 min. As we have seen, except
for a possible difference of opinion concerning the
site of catalase biosynthesis, all published bio-
chemical data would be in substantial agreement
with a view of this sort.

We should not, however, disregard the mor-
phological evidence for attachment of peroxisomes
to the ER, nor accept too lightly the possibility
that a protein of molecular weight 60,000 could
be taken up selectively from the cytosol into a
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membrane-bounded structure. There is, of
course, an alternative interpretation to our results
that is consistent with the classical theory. If
peroxisomes form some sort of continuum, directly
connected with a specialized subset of ER involved
in the synthesis and transport of their constituents,
fragmentation of this structure by homogenization
could cause a greater release of contents from the
ER and connecting elements than from the per-
oxisomes themselves. Realizing this possibility,
we have made a number of attempts, using the
gentlest possible homogenization procedures, to
obtain a hint of the existence of such fragile ele-
ments, so far unsuccessfully.

The authors are indebted to Brian Poole for valuable
discussions and to Willenor Eaton, Fred Davidson,
Armando Pelaschier, Barbara Blanchard, and Sara
Gottlieb for skillful assistance.
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