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ABSTRACT Rat liver peroxisomes were subjected to a variety of procedures intended to
partially disassemble or damage them; the effects were analyzed by recentrifugation into
sucrose gradients, enzyme analyses, electron microscopy, and SDS PAGE. Freezing and
thawing or mild sonication released some matrix proteins and produced apparently intact
peroxisomal “ghosts” with crystalloid cores and some fuzzy fibrillar content. Vigorous sonica-
tion broke open the peroxisomes but the membranes remained associated with cores and
fibrillar and amorphous matrix material. The density of both ghosts and more severely damaged
peroxisomes was ~1.23. Pyrophosphate (pH 9) treatment solubilized the fibrillar content,
yielding ghosts that were empty except for cores.

Some matrix proteins such as catalase and thiolase readily leak from peroxisomes. Other
proteins were identified that remain in mechanically damaged peroxisomes but are neither
core nor membrane proteins because they can be released by pyrophosphate treatment.
These constitute a class of poorly soluble matrix proteins that appear to correspond to the
fibrillar material observed morphologically.

All of the peroxisomal 8-oxidation enzymes are located in the matrix, but they vary greatly
in how easily they leak out. Palmitoyl coenzyme A synthetase is in the membrane, based on
its co-distribution with the 22-kilodalton integral membrane polypeptide.

Peroxisomes of rat liver have long appeared to be membrane-
bounded bags filled with homogeneous soluble contents, save
for a paracrystalline, urate oxidase-containing core. Evidence
in support of this view includes: (@) parallel release upon
freezing and thawing of catalase, L-a-hydroxyacid oxidase,
and D-amino acid oxidase (1); (b) similar distributions of these
enzymes in differential, equilibrium density, and zonal cen-
trifugations (2-4), including the presence of ~30% of each in
soluble form in homogenates—this soluble activity was
thought to be due to the breakage of ~30% of the peroxisomes
during homogenization; (¢) parallel behavior of newly synthe-
sized and older peroxisomal proteins in fractionation and
turnover experiments, suggestive of a single pool of proteins
4, 5).

In experiments with an antiserum raised against total rat
liver peroxisomes, we found that several peroxisomal poly-
peptides are not present in soluble form in homogenates
(Wong, L., and P. B. Lazarow, manuscript submitted for
publication). These proteins appear to be neither integral
membrane proteins (6) nor part of the core (7). What keeps
them inside damaged peroxisomes? Where within the perox-
isome are they located? One of these nonsoluble polypeptides
is identified (8, 9) as the bifunctional protein catalyzing two
reactions of the peroxisomal g-oxidation pathway (10). Sev-
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eral laboratories have studied the intraperoxisomal location
of the B-oxidation enzymes and other enzymes, but with
conflicting results (11-16).

We have investigated these questions by submitting purified
peroxisomes to a variety of procedures intended to partially
disassemble them. The effects were analyzed by analytical
centrifugation, by electron microscopy, and by SDS PAGE.
The enzymes selected for investigation include catalase, the
most abundant protein in normal rat liver peroxisomes (1, 6)
and urate oxidase, the major (if not only) constituent of the
crystalloid core (1, 7, 17-19). We also studied palmitoyl-
coenzyme A (CoA)' synthetase and enzymes of the $-oxida-
tion system: acyl-CoA oxidase, S-hydroxyacyl-CoA dehydro-
genase (which together with enoyl-CoA hydratase forms the
bifunctional protein) and thiolase. The proteins selected for
study include a set of polypeptides labeled a-4 that have been
the focus of other work (20) (Wong, L., and P. B. Lazarow,
submitted for publication) and two integral membrane poly-
peptides (IMPs) with masses of 22 and 15 kilodaltons (kD)
(6). The results of these investigations, some of which have
been communicated in abstract form (21), have considerably
changed our view of peroxisome structure.

! Abbreviations used in this paper: CoA, coenzyme A; IMP, integral
membrane polypeptide.
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MATERIALS AND METHODS

Purification of Peroxisomes in a Vertical Rotor

A light mitochondrial (lambda) fraction was prepared from the livers of four
normal, female Sprague-Dawley rats (injected with Triton WR-1339) according
to Leighton et al. (3). About 1.2 ml of lambda fraction (~100 mg protein/m})
was layered on each of two 14.5-ml linear sucrose gradients (density span from
1.15 to 1.27 g/ml) in Sorvall TV-865B rotor tubes (DuPont-Sorvall, Newtown,
CT). Each gradient rested on a 1-ml cushion of 1.32 g/ml sucrose and the
samples were overlaid with | ml of 0.25 M sucrose. All sucrose solutions
contained 3 mM imidazole/HCI, pH 7.2, 0.1% ethanol, and 1 mM EDTA.
Centrifugation was carried out at 50,000 rpm (200,000 g,,) for ~40 min at
10°C in a Sorvall OTD-75 centrifuge (DuPont-Sorvall) equipped with an
automatic rate controller for slow acceleration and deceleration below 1,000
rpm. Total centrifugation was controlled by an w?f integrator accessory to give
fw?dt = 6.66 x 10" s7'. This value was chosen to obtain the same effective
centrifugation used by Leighton et al. (3), after correcting for the difference in
rotor geometry, which is sufficient for the peroxisomes to reach their equilib-
rium density.

Experimental Procedures

Fresh peroxisomes (7-12 mg/ml in dense sucrose solution from the prepar-
ative isopycnic gradient) were diluted fivefold, treated in various ways described
below, and layered on top of a second sucrose gradient (density span, 1.06-
1.27 g/ml). The gradient solutions contained 3 mM imidazole, pH 7.2, 0.1%
ethanol, and 1 mM dithiothreitol (required to protect thiolase activity). The
centrifugation time was increased to 55 min at full speed, in order to insure
that free cores (if any) would sediment past the peroxisomes. After centrifuga-
tion, the gradients were divided into 18 fractions, which were weighed and
analyzed for protein. Samples of the peak of sedimentable protein were fixed
for electron microscopy and thiolase was assayed immediately. Other enzyme
activities were measured after storage at ~20°C. The following experiments
were each carried out at least twice.

EXPERIMENT 1: (a) Control: peroxisomes were slowly diluted by the
dropwise addition of 4 vol of ice-cold distilled water. () Freezing and thawing:
diluted peroxisomes were frozen rapidly in a dry ice/acetone bath and thawed
at room temperature. This process was repeated 10 times. (¢) Sonication: diluted
peroxisomes were sonicated 10 times for 30 s in a glass tube in an ice/water
bath by means of a Branson Sonifier W-350 (Branson Sonic Power Co.,
Danbury, CT) equipped with an ultramicro tip (output 2, 50% duty cycle).

EXPERIMENT 2: Pyrophosphate treatment: peroxisomes were diluted
with 4 vol of 12.5 mM sodium pyrophosphate, pH 9.0, and stirred gently at
4°C for 18 h as described by Leighton et al. (1). Control: peroxisomes were
similarly stirred with distilled water.

EXPERIMENT 3: Triton X-100 treatment: peroxisomes were diluted with
Triton X-100 to a final Triton concentration of 0.1%. Control: as in experiment
1, above.

Assays

Catalase (22), cytochrome oxidase (3), esterase (23), urate oxidase (3), acyl-
CoA oxidase (24), 8-hydroxybutyryl-CoA dehydrogenase (25), thiolase (25),
and palmitoyl-CoA synthetase (26) were assayed as described. Units used are
in micromoles per minute except that palmitoyl-CoA synthetase is in nano-
moles per minute and catalase and cytochrome oxidase, which have first-order
reaction kinetics, are expressed in the units defined previously (3). Protein was

determined with the Bio-Rad protein assay kit (Bio-Rad Laboratories, Rich-
mond, CA) with bovine serum albumin as standard. The densities of the sucrose
gradient fractions were calculated from their refractive indices, which were
measured with a Bausch & Lomb refractometer (Bausch & Lomb Inc., Roch-
ester, NY). SDS PAGE was performed as described (27).

Electron Microscopy of Fractions

Samples were fixed with 2% glutaraldehyde (final concentration) in 0.1 M
cacodylate buffer (pH 7.4) overnight and pelleted by centrifugation at 45,000
rpm for 30 min in a Beckman 50Ti rotor (Beckman Instruments, Inc., Fuller-
ton, CA). The pellets were postfixed with 1% OsO, in 0.1 M cacodylate buffer
(pH 7.4) for | h, stained with uranyl acetate for | h, dehydrated and embedded
in Epon 812. Thin sections were stained with uranyl acetate and lead citrate
(28) and examined in a Philips 300 electron microscope (Philips Electronic
Instruments, Inc., Mahway, NJ) operated at 80 kV (29).

Animals and Materials

Rats were from Charles River Breeding Laboratories (Wilmington, MA).
Acyl-CoAs were from Sigma Chemical Co., (St. Louis, MO) and {U-*C]-
palmitate was from New England Nuclear (Boston, MA).

RESULTS
Isolation of Peroxisomes in a Vertical Rotor

A light mitochondrial “lambda” fraction, prepared by dif-
ferential centrifugation (3) (Table I), was subjected to equilib-
rium-density centrifugation in a sucrose gradient in the ver-
tical TV-856B rotor. As shown in Fig. 1, the peroxisomes
(indicated by catalase) were well separated from the mito-
chondria (cytochrome oxidase). Of the few microsomes pres-
ent in the lamda fraction (1.8% of those in liver), most were
recovered at lower densities than the peroxisomes (Fig. 1).
The purity of the peroxisomal fraction was quantitated from
the relative specific activities of the marker enzymes (Table
I): mitochondria and microsomes each contributed ~3% of
the total protein in the peroxisomal fraction, consistent with
the purity of ~95% calculated from the catalase relative
specific activity.

In agreement with these biochemical data, electron micro-
scopic examination of the peak catalase fraction revealed a
nearly homogeneous population of peroxisomes (Fig. 2).
Some appear less electron dense than peroxisomes in situ, as
if they have lost some of their contents during purification.
These results demonstrate that highly purified peroxisomes
can be prepared from normal rats in a vertical rotor by a
modification of the procedure of Leighton et al. (3). A similar
modification has been described by Neat and Osmundsen
(30) for the preparation of ~89% pure peroxisomes from the
livers of rats in which peroxisome proliferation was induced
by clofibrate treatment.

TaBLE I.  Peroxisome isolation in a Vertical Rotor
Peak peroxisome fraction from
isopycnic gradient
Light mitochon- % Purity*
Homogenate drial (lambda} {% Contamina-
Constituent Marker for activity fraction tion]*
Ufg liver % of homogenate Relative Sp act %
Protein 233+ 22 42+1.5
Catalase Peroxisomes 45+5 30£6 36.4+ 4.4 95 + 11
Cytochrome oxidase Mitochondria 24 %5 16 £ 10 0.160 £ 0.073 [3.2 £ 1.4]
Esterase Endoplasmic reticulum 221 £ 74 1.8+05 0.161 £ 0.065 [3.2+1.2]
Means + standard deviations (n = 3).

* Calculated from the relative specific activities as described (6), assuming that mitochondria and endoplasmic reticulum each represent 20% of liver protein.
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FiGURe 1 Peroxisome preparation in vertical rotor. Isopycnic cen-

trifugation in sucrose of a light mitochondrial (lambda) fraction (see
Table 1) from normal rat liver. The recoveries varied between 83
and 113%.
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Ficure 2 Electron micrograph of peroxisomes from the prepara-
tive gradient shown in Fig. 1 after a fivefold dilution. Bar, 1 um;
X 14,000.

Recentrifugation of Peroxisomes

Simply diluting the peroxisomes and then recentrifuging
them caused the release of some 35% of the protein (Fig. 3 4).
Morphologically, the particles appear more extracted (Fig. 4a)
than they did as first isolated (Fig. 2), but their membranes
are apparently intact and they equilibrate at their usual density
of 1.23.
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The peroxisomal enzymes were not released in parallel.
Thiolase, at one extreme, was 86% soluble, whereas §-hy-
droxyacyl-CoA dehydrogenase, palmitoyl-CoA synthetase
and urate oxidase were entirely retained within the peroxi-
somes (Fig. 3.4). Catalase and acyl-CoA oxidase showed in-
termediate distributions. Soluble catalase (molecular mass
~260 kD [31]) sedimented farther (Fig. 34, fractions 4 and
5) than did soluble thiolase {(~78-89 kD [32, 33], fractions 2-
4).

SDS PAGE analysis of the gradient fractions revealed sim-
ilar nonparallel release of peroxisomal polypeptides (Fig. 5A4).
Band /# was entirely soluble and found mainly in fractions 2
and 3. Bands d and e were largely soluble, and were concen-
trated in fractions 4 and 5. Bands a, b, and ¢ were entirely
retained within the peroxisomes (Fig. 54, fractions 14 and
15).

The location of the 22-kD peroxisomal integral membrane
polypeptide (6) (Fig. 5 4, 22 kD IMP) could not be ascertained
because of anomalously poor resolution in this mass region
of this gel (and those of Fig. 9), which caused the 22-kD IMP
to co-migrate with a slightly larger soluble protein. Upon
reanalysis (Fig. 6 B), the two proteins were separated normally
(6): as expected, the 22-kD IMP was found in the peroxisomes
(fraction 15, arrow), and the protein just above it was soluble
(fraction 4, arrowhead).

Many of the bands in Fig. 5 have been tentatively identified
with peroxisomal enzymes (8, 6, 34) (see also Fig. 6 4). Band
¢ is the bifunctional enoyl-CoA hydratase-g-hydroxyacyl-
CoA dehydrogenase (HD); the distribution of band ¢ by SDS
PAGE (Fig. 5A4) agrees with the distribution of hydratase-
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FiGure 3 Recentrifugation of diluted peroxisome after (A) no
treatment, (B) freezing and thawing 10 times, or (C) sonication (ten
30-s bursts). Normalized density distributions according to Leighton
et al. (3).



Figure 4 Electron micrographs of the dense protein peaks from the experiment of Fig. 3. {a) Control, fraction 15; (b} frozen and
thawed, fraction 15; (c) sonicated, fraction 16. Bar, 1 um; X 14,000. (Asterisks indicate peroxisomes shown in insets: bar, 200 nm;
X 51,000.)

dehydrogenase by enzyme assay (Fig. 3 4). Similar agreement
between SDS PAGE and enzyme assay is observed for catalase
{band e), urate oxidase (band g), acyl-CoA oxidase subunit b
and probably thiolase (a faint band at ~41 kD [33]). Peroxi-
some band d contains an unrelated protein in addition to
acyl-CoA oxidase subunit a (35), preventing comparison in
this case.

These results demonstrate that the 35% of peroxisomal
protein found in soluble form after dilution and recentrifu-
gation of peroxisomes does not result from the rupture of
35% of the peroxisomes with concomitant total loss of their
contents. Rather, this is a specific and differential loss of
certain enzymes and polypeptides from essentially all the
peroxisomes, without discernible membrane damage.

Freezing and Thawing

The purified peroxisomes from the preparative gradient
(Figs. 1 and 2) were subjected to 10 cycles of freezing and
thawing and then recentrifuged (Fig 3B). This treatment
increased modestly the release of protein compared to the
control (from 35 to 50%). It aiso increased the soluble per-
centage of thiolase, catalase, and acyl-CoA oxidase; nonethe-
less, these three enzymes retained the previously observed
hierarchy of solubilization: thiolase > catalase > acyl-CoA
oxidase.

Freezing and thawing did not solubilize the dehydrogenase,
the synthetase, or the urate oxidase, all of which were found
in a sharp peak at a density of 1.226. The treatment substan-
tially inactivated the palmitoyl-CoA synthetase (by 86%, Ta-
ble II), which was the only serious enzyme inactivation ob-
served in this work. All remaining synthetase activity was
found in the dense peak (Fig. 3 B).

Electron microscopy of this peak (Fig. 4 b) revealed exten-
sively aggregated peroxisomes that appeared to have less fuzzy

fibrillar content than the controls (Fig. 4 4), but retained cores
and apparently intact membranes.

Sonication

Peroxisomes were sonicated vigorously (10 30-s bursts) in
order to disrupt their membranes. Remarkably, this did not
much affect the distribution of peroxisomal enzymes upon
recentrifugation (Fig. 3C). Thiolase and catalase were almost
completely released from the particles, but acyl-CoA oxidase
was much less soluble than without sonication. Acyl-CoA
oxidase retained 82% of its activity after sonication (Table
II), excluding inactivation of soluble enzyme as the explana-
tion for the shift in the normalized distribution.

SDS PAGE analysis demonstrated that sonication did not
greatly change the pattern of soluble and sedimentable poly-
peptides (Fig. 5 B). It confirmed the more complete solubili-
zation of catalase (band ¢) and the greater sedimentability of
acyl-CoA oxidase subunit . Band f, and to a lesser extent,
band # also shifted from soluble to sedimentable upon soni-
cation.

The surprising morphologic appearance of the sedimentable
peak is illustrated in Fig. 4c. It consisted of debris and
numerous unsealed, apparently everted, membrane fragments
covered on one side by abundant amorphous and fibrillar
material, sometimes with associated cores. The debris con-
sisted of the same material and cores, in contact. These results
demonstrate that the retention of numerous enzymes and
polypeptides by peroxisomes after freezing and thawing is not
due to their being retained by the membrane. Rather, inter-
molecular associations attach these proteins to each other and
to the membrane, and these bonds persist after the membrane
is broken open.

The percentage of soluble protein (38%) was similar to the
control (35%), and distinctly less than after freezing and
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FiGure 5 SDS PAGE analysis of fractions from recentrifugation of Fig. 3. (A) Control. (B) Sonicated. Equal amounts of protein
{50 pg) from each fraction were analyzed. Fractions identified by numbers as in Fig. 3. Lanes common to this and subsequent
gels: (Perox) 50 ug normal rat liver peroxisomes (Fig. 1, peak catalase fraction); (Memb) membrane prepared by the carbonate
procedure (27) from 80-100 ug of peroxisomal protein; (Stds) molecular mass standards: bovine serum albumin (68 kD), ovalbumin
(45 kD), trypsinogen (24 kD), soybean trypsin inhibitor (21.5 kD), 8-lactoglobulin (18.4 kD), lysozyme (14.3 kD), and bovine lung
trypsin inhibitor (aprotinin) (6.5 kD). Some peroxisomal bands identified at left by letters a-h. Positions of peroxisomal enzymes
indicated in the center (6, 8): HD, bifunctional enoyl-CoA hydratase--hydroxyacyl-CoA dehydrogenase; Cat, catalase: AOxb,
acyl-CoA oxidase, subunit b (45); Thiol, thiolase; UOx, urate oxidase. Anomalous migrations were observed in the 20-23-kD mass
region in this gel and in Fig. 9; two peroxisomal proteins migrate together slightly faster than the 21.5-kD standard—normally (6)

both migrate more slowly and are resolved—see Fig. 6.

thawing (50%). The density of the sedimentable peak was
unaffected by the sonication (Fig. 3). No hint of a lighter
membrane fraction was observed, nor were denser, free urate
oxidase-containing cores found.

In another experiment with milder sonication, the results
closely resembled those of freezing and thawing. Catalase was
completely released, acyl-CoA oxidase was 50% soluble, and
the synthetase, dehydrogenase, and urate oxidase were quan-
titatively retained in particles of density 1.23 (not illustrated).
Upon observation by electron microscopy, these particles
were apparently intact ghosts with fibrillar content. Thus two
mechanical treatments (freeze-thaw and mild sonication) have
similar effects, and rebinding of acyl-CoA oxidase to the
particles only occurs when sonication is vigorous enough to
crack the ghosts open.

Pyrophosphate Treatment
Peroxisomes were stirred overnight at 4°C with 10 mM
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sodium pyrophosphate, pH 9, a procedure shown by Leighton
et al. (1) to solubilize most peroxisomal proteins. As a control,
peroxisomes were similarly stirred with distilled water.
Stirring alone caused three unexpected results (compare
Figs. 74 and 3A4). The median density of the particles de-
creased from 1.223 to 1.205. 8-Hydroxyacyl-CoA dehydro-
genase was partially solubilized, accompanied by an increase
in soluble protein from 35 to 46%. Some urate oxidase
appeared at the bottom of the gradient in fraction 18. Mor-
phologically, stirring alone had no effect except perhaps for
some further loss of matrix content (Fig. 8a vs. 4a). SDS
PAGE analysis (Fig. 94) indicated little appreciable change,
save for the shift in the bifunctional HD (band ¢) and in
another unidentified band at ~29 kD (arrowheads).
Recentrifugation analysis revealed striking changes caused
by pyrophosphate (Fig. 7 B). Four of the six enzymes, includ-
ing the dehydrogenase, are essentially completely soluble. The
sedimentable protein is much less dense, and forms a broad



A B

C D E F

x = =< | Cont |Triton PPi Stir | @
s 2 ° 2 7 1l |Cont | E &
o HD a AOxTh a |4 154 17|14 2 14|14 I5|= »

22kD IMP i i
h—--- — v -

kD

) A '/f- 21.5
- |84

A = A - A W, 43
6.5

FIGURe 6 SDS PAGE reanalysis with better resolution of the 22-kD region. All lanes contain 50 ug of protein except as indicated.
(A) Peroxisomes (as in Fig. 5) and purified g-oxidation enzymes (as in reference 8). (8) Control: Fig. 3A, fractions 4 and 15 (C)
Triton X-100 experiment: Fig. 108, fractions 2-4 pooled and fraction 17). (D) Pyrophosphate experiment: Fig. 7 B, fractions 4, 7-
9 pooled (14 ug) and 11-14 pooled (35 ug). (E) Stirring control: Fig. 7A, fractions 4 and 15. (F) Membrane and standards as in Fig.
5. Arrows in B-D indicate the 22-kD integral membrane protein (IMP); open arrowheads mark the 15-kD IMP; filled arrowheads
indicate a soluble protein that co-migrated with the 22-kD IMP in Figs. 5 and 9. Th, thiolase.

peak running through the middle of the gradient. Palmitoyl-
CoA synthetase and urate oxidase are both shifted to lighter
densities; they form overlapping but noncoincidental peaks
in the middle of the gradient.

The SDS PAGE patterns showed equally striking alterations
(Fig. 9 B). Most bands were soluble after the pyrophosphate
treatment. Band g had a broad distribution through the
middle of the gradient, skewed toward the dense side like that
of urate oxidase activity. A band that co-migrated with the
22-kD IMP (arrow) was present in the middle of the gradient,
but skewed toward the light side. Reanalysis (Fig. 6 D) verified
that this was the integral membrane polypeptide, not the
soluble protein with a similar mass. The 15 kD band that was
found in several endomembranes (6) was also present in the
center of the gradient, apparently skewed to still lighter den-
sities (Fig. 9 B). Reanalysis of pooled fractions (Fig. 6 D)
clearly showed that the 15 kD IMP was more abundant in
the light side of the peak, whereas the core protein (band g)

was more abundant in the dense side. The 22 kD IMP was in
between, as seen before in Fig. 9 B.

Upon observation by electron microscopy, the particles in
the middle of the gradient were sealed peroxisomal membrane
ghosts, devoid of content, save for frequent cores and occa-
sional traces of fibrillar material on the inside face of the
membrane (Fig. 8 ). Often the cores were present in a narrow
outpouching from the ghosts (insets) suggestive of a tug-of-
war between a light vesicle and the dense core during centrif-
ugation,

Triton X-100 Treatment

Triton X-100 caused the disappearance of the peroxisomes
at density 1.23; protein and urate oxidase shifted to greater
densities (1.264) (Fig. 10 B). No peroxisomes remained upon
observation by electron microscopy; what was observed was
cores in association with membrane fragments (Fig. 11). The
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TasLe |l Effect of Treatments on Absolute Activities; Recoveries in Gradients
Experiment 1 Experiment 2
Control Frozen/thawed Sonicated Stirring control Pyrophosphate
Load Rec % Rec Load Rec % Rec Load Rec % Rec Load Rec % Rec Load Rec % Rec

Protein 2.59 2.38 92 1.91 1.68 88 1.86 1.82 98 2.01 1.69 84 2.92 1.95 67
Thiolase 1.44 2.82 196 1.46 1.57 108 1.63 2.13 131 1.12 1.29 115 1.72 1.18 69
Catalase 270 20.3 75 254 20.2 80 246 21.2 86 20.6 19.3 94 345 243 70
Acyl-CoA oxidase 0.49 0.40 82 0.25 0.33 131 0.40 0.31 78 0.29 0.30 103 0.41 0.46 112
B-Hydroxyacyl- 1.78 217 122 1.78 1.95 110 1.41 0.74 53 2.82 2.78 98 324 2,27 70

CoA dehydrogenase
Palmitoyl-CoA 22.4 30.3 135 317 4.88 154 224 12.1 54 299 294 98 31.4 26.4 84

synthetase
Urate oxidase 1.64 1.44 88 0.76 1.08 142 1.12 1.17 104 1.52 0.96 63 1.70 1.20 71
Rec, recovery.
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FiGURe 7 (A) Control peroxisomes were stirred as in B but with
distilled water. (B) Recentrifugation of peroxisomes after pyrophos-
phate treatment. Peroxisomes were stirred in 10 mM sodium py-
rophosphate, pH 9, for 18 h at 4°C.

dense fraction and the soluble material were compared by
SDS PAGE under conditions of optimal resolution in the 22-
kD region (Fig. 6 C). The 22-kD integral membrane polypep-
tide (arrow) was found entirely in the dense fraction 17 with
band g (the core protein) in agreement with the electron
microscopic results. Several other proteins were likewise not
solubilized by Triton X-100, including bands a and b and the
15-kD IMP (arrowhead). These results demonstrate that Tri-
ton X-100 fragments, but does not solubilize, the peroxisomal
membrane.

A 10-fold lower concentration of Triton X-100 (0.01%)
released ~34% of the urate oxidase which sedimented to the
bottom of the gradient (not shown). The cores were not
accompanied by 8-hydroxyacyl-CoA dehydrogenase activity,
which was found entirely in peroxisomes (density 1.225).
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Intraperoxisomal Locations of the Enzymes

The release of the enzymes by the various treatments is
summarized in Fig. 12.

MATRIX: Thiolase and catalase largely leak out of perox-
isomes even in the controls; the treatments increase their
release to nearly 100%. We infer that they are soluble within
the peroxisomal matrix (Table III}). Acyl-CoA oxidase tends
to follow catalase: both are ~65% soluble in the control and
~90% released after pyrophosphate treatment. However, the
mechanical treatments that promote catalase leakage cause
acyl-CoA oxidase retention (or readsorption). This is not due
to binding to the cores because in the stirring control (Fig.
7A) acyl-CoA oxidase is not associated with urate oxidase in
the bottom fraction. Sonication causes the oxidase to become
reassociated with the damaged peroxisomes, perhaps adsorb-
ing on the exposed amorphous material seen in Fig. 4c. No
loss of activity is associated with this change in location. One
possibility is that the acyl-CoA oxidase is amphipathic and
has two states (both active) with different affinities for the
other peroxisomal proteins. Alternatively, there might be two
acyl-CoA oxidases, one of which never leaks out of peroxi-
somes except when pyrophosphate-treated, and the other
which always leaks out but can be readsorbed upon sonica-
tion. In any case, we assign acyl-CoA oxidase to the peroxi-
some matrix, but note its variable association with the insol-
uble structure. Some Coomassie Blue-stained polypeptides
(bands d, f, and h) likewise qualify as matrix proteins on the
basis of their distributions after the several treatments.

MATRIX—POORLY SOLUBLE: B-Hydroxyacyl-CoA de-
hydrogenase remains tightly bound to the particles in the
control, freeze-thawing, and sonication experiments (Fig. 12),
but it is neither a core protein nor firmly anchored in the
membrane because it is released from both these structures
by stirring, pyrophosphate, and Triton X-100. It appears to
be a poorly soluble matrix protein. Its lack of solubility may
be due to aggregation with itself (or other matrix proteins) to
form large oligomers, or to binding to the core or to the
membrane, or more than one of the above. By electron
microscopic immunocytochemistry, it is found throughout
the peroxisomal matrix (15, 16). It appears likely that the
dehydrogenase is in the fibrillar or amorphous material ob-
served morphologically in Fig. 4, a-c, which seems to be
attached to both cores and membrane. Indeed, in the soni-
cation-broken peroxisomes (Fig. 4 ¢), this material may be the
only thing connecting cores and membranes; were the cores



TaBLE Il (continued)

Experiment 3

Control Triton X-100
Load Rec % Rec Load Rec % Rec
1.64 1.68 102 2.1 2.0 95
11.0 11.1 101 ' 15.2 14.8 97
1.71 1.36 80 1.57 0.94 60
0.80 0.56 70 0.82 0.64 78

completely free, they would be expected to sediment to the
bottom of the gradient. Whether this material was fibrillar in
vivo or its appearance is an artefact of preparation for mi-
croscopy is unknown.

Other polypeptides, notably bands @ and b and the 29-kD
band follow the dehydrogenase (band ¢) in most of these
experiments. These are likewise not integral membrane pro-
teins (6).

Of the 50% of the protein retained in peroxisomes after
freezing and thawing, the core constitutes 10% (1) and the
integral membrane proteins 12% (6). The balance (28%) is
presumably the “poorly soluble matrix proteins” and periph-
eral membrane proteins. Of this, a third to a half (9-15% of
total peroxisomal protein) was solubilized by pyrophosphate
or Triton X-100.

MEMBRANE AND CORE: Urate oxidase (the major, if not
only, core protein) (1, 7, 17-19) and palmitoyl-CoA synthe-
tase (reportedly a membrane protein) {(36) were not released
in soluble form in any of these experiments (Fig. 12). Cores
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and membranes (or membrane fragments) were found to-
gether in all the fractions examined by electron microscopy
(even those treated with Triton X-100). Urate oxidase and
palmitoyl-CoA synthetase were partially separated after py-
rophosphate treatment: the two activities exhibited broad
overlapping peaks (Fig. 7 B). The location of the membrane
in this experiment may be inferred from the position of the
22-kD integral peroxisomal membrane polypeptide, which is
concentrated in fractions 8-11, with a maximum in fractions
10 and 11 (arrows) (Fig. 9 B). The distribution of the 22-kD
IMP was quantitated by scanning the gel (Fig. 13, 4 and B).
It resembles that of palmitoyl-CoA synthetase (median den-
sities 1.167 and 1.166). The similarly was confirmed by linear
combination analysis according to Krisans et al. (26) (Fig.
13 C). This demonstrates that the synthetase is a membrane
protein, in agreement with the conclusion of Mannaerts et al.
(36), which was inferred from different evidence.

As expected, the band g (core protein) distribution closely
resembles the urate oxidase activity distribution (1.184 vs.
1.187 median densities). We suspect that the increase in core
protein relative to membrane protein with increasing equilib-
rium density reflects the fractionation of peroxisomal ghosts
according to the size of their core.

Biogenesis

The existence of a sizable class of poorly soluble peroxiso-
mal matrix proteins lends some support to the suggestion that
self-assembly could contribute to peroxisome biogenesis (37).
If the newly made proteins can permeate through the perox-
isomal membrane, retention within by oligomerization would
be sufficient to explain posttranslational import.

After a variety of treatments that released from 35 to 55%

Y7 . )
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Ficure 8 Electron microscopy of dense protein peaks from the experiment of Fig. 7 {a) Control stirring, pooled fractions 14 and
15. (b) Pyrophosphate-treated, pooled fractions 9-12. Bar, 1 um; X 14,000. ([Inset] Bar, 200 nm; X 43,000.)
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Ficure 9 SDS PAGE analyses of (B) pyrophosphate treatment and (A) stirring control. Fraction numbers as in Fig. 7. A 350-ul
sample of each fraction was analyzed after trichloroacetic acid precipitation, except for fractions 3 and 4 from which only 100 or

120 ul (50 ug of protein) was taken.

A B
TRITON
CONTROL %-100
50
25 24 '!7 Protein
50
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& 501 . B-Hydroxyacyl-CoA
25 . I Dehydrogenase
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25 . I Oxidase

o212
Density

Ficure 10 ({A) Control peroxisomes were diluted with water. (B)
Recentrifugation of peroxisomes after 0.1% Triton X-100 treatment.

of the total proteins, the membranes still appeared to be
intact. Probably the membranes rupture and then reseal. Less
likely, but worth considering, is the egress of soluble proteins
through intact membranes. After a change in internal milieu
after isolation in sucrose gradients (or pyrophosphate treat-
ment), peroxisomal proteins could disaggregate and leave the
way they came. Newly made proteins are known to enter
peroxisomes posttranslationally through apparently intact
membranes (5, 20, 35, 38, 39). The presumed unidirection-
ality of transport is not experimentally documented.
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FIGURE 11

Electron microscopy of dense protein peak from the
experiment of Fig. 10, fraction 17. Bar, 1 um; X 14,000. ([Inset] Bar,
500 nm; X 48,000.)
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FiGure 12 Summary of solubilization of enzymes by various treat-
ments. The soluble activity (leftmost six fractions in Figs. 3, 7, and
10) is expressed as a fraction of the total recovered activity.

Taste lll. Intraperoxisomal Localization of Enzymes and
Polypeptides
Intraorganellar
site Enzyme or polypeptide band
Matrix
Soluble Thiolase, catalase, band h

Acyl-CoA oxidase, bands d, f
Hydratase-dehydrogenase, bands a, b, 29
kD

Intermediate
Poorly soluble

Membrane Palmitoyl-CoA synthetase, 22- and 15-kD in-
tegral membrane polypeptides
Core Urate oxidase

Analytical Cell Fractionations

Catalase is a convenient marker enzyme for peroxisomes.
The observation that it escapes readily from peroxisomes
supports previous conclusions that, at least in rat liver, soluble
catalase escaped from peroxisomes at homogenization (3, 5).
Future calculations of peroxisomal activities must take into
consideration the differential leakiness of peroxisomal en-
Zymes.

Comparison with Other Reports

A number of investigators have studied the intraperoxiso-
mal location of enzymes by a variety of techniques. All
workers agree that urate oxidase is located in the core (1, 3,
7, 17-19) and that catalase is soluble in the matrix (1, 11, 13,
40). Our finding that thiolase is also soluble is consistent with
similar findings by Hayashi et al. (14) with LK-903-treated
rats and Huttinger et al. (13) with clofibrate-treated rats. Other
members of the class of soluble matrix proteins include L-a-
hydroxyacid oxidase (1, 5, 11, 40), carnitine acetyltransferase
(41), and carnitine octanoyltransferase (41). D-amino acid
oxidase appears to follow catalase closely in some (3, 42) but
not all (22) cell fractionation experiments and upon freezing
and thawing (1), but was not fully solubilized in other disrup-
tion experiments (11, 14).

The intraperoxisomal localization of g-hydroxyacyl-CoA
dehydrogenase has been more controversial, probably because
of its unusual behavior. The conclusions that it is soluble (13)
or firmly bound to the core (14) appear to reflect the different
approaches that were used. The data themselves are in reason-
able agreement with those reported here, and are consistent

with the conclusion that the dehydrogenase is a poorly soluble
matrix protein.

Acyl-CoA oxidase has been reported to be soluble (13) or
to be weakly associated with the core (14). The entire 8-
oxidation system has also been reported to be soluble (12),
(which probably reflects the rate-limiting oxidase). A matrix
localization is supported by the results of Inestrosa et al. (43),
who found similar proportions of soluble and sedimentable
acyl-CoA oxidase and catalase when a liver homogenate from
a nafenopin-treated rat was centrifuged into a metrizamide
gradient. The present results also imply a matrix localization;
although a portion of the enzyme is poorly soluble, it does
not bind to cores.

The retention by castor bean glyoxysome ghosts of 60% of
the 8-hydroxyacyl-CoA dehydrogenase but only 10% of the
thiolase (44) is similar to what we observe with rat liver
peroxisomes. Also similar is the solubilization of the glyoxy-
somal dehydrogenase by a modest increase in ionic strength
(44). Although these data were interpreted in terms of a loose
membrane association, they are not inconsistent with a local-
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FiGURE 13 Comparison of distributions of polypeptides and en-
zymes after pyrophosphate treatment. (A) A photograph of the SDS
PAGE data of Fig. 9 was scanned with a Bio-Rad model 1650
densitometer and the peaks were integrated by triangulation. The
scan of fraction 12 is illustrated. {B) Distributions of the polypeptides
in fractions 6-15 determined by scanning and the distributions of
palmitoyl-CoA synthetase and urate oxidase activity in the same
region of the gradient (from Fig. 7B). (C) Calculation of the poly-
peptide distributions as linear combinations of the enzyme distri-
butions. Left: 22-kD integral membrane polypeptide. Right: core
protein {band g). Lower panels: linear combinations of paimitoyl-
CoA synthetase activity (no shading) and of urate oxidase activity
(hatched). Upper panels: the sums of the calculated optimal linear
combinations are represented as circles on the measured polypep-
tide band distributions. The calculated coefficients were: 22-kD
IMP—79% synthetase + 12% urate oxidase; core protein—18%
synthetase + 78% urate oxidase. See Krisans et al. (26) for further
details about the linear combinations.
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ization in the fibrillar material that is seen in the glyoxysome
ghosts just as we see it in peroxisome ghosts.
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