
[CANCER RESEARCH 34. 439 446, February 1974]

Differences in Distribution Pattern of Marker Enzymes among
Subcellular Fractions from Morris Hepatoma 161

P. J. Cornbleet,2 M. L. Vorbeck. F. V. Lucas, J. A. Esterly, H. P. Morris, and A. P. Martin3

Department of Pathology, University of Missouri, Columbia, Missouri 65201 [P. J. C., M. L. V., F. V. L., J. A. E., A. P. M.], and the Department
of Biochemistry, Cancer Research Unit. Howard University, Washington, D. C. 20001 [H. P. M.]

SUMMARY

The distribution of marker enzymes in subcellular frac
tions isolated by differential centrifugation was determined
in Morris hepatoma 16, host liver, and control rat liver.
Marker enzymes of cellular organdÃesthat were assayed in
cluded cytochrome oxidase, monoamine oxidase, ornithine
aminotransferase, D-amino acid oxidase, acid phosphatase,
glucose 6-phosphatase, ethylmorphine demethylase, and
lactic dehydrogenase. Comparison of host liver and hepa
toma revealed significant differences in the distribution
pattern of many of these enzymes, especially those asso
ciated with mitochondria. The hepatoma showed increased
amounts of mitochondria! enzyme activity in a subcellular
fraction requiring higher g forces than normal for sedimen
tation. This could mean that hepatoma 16contains a greater
proportion of mitochondria that are smaller in size and/or
less dense than those of host or normal liver. Electron micro
graphs of hepatoma and host liver tissue and subcellular
fractions also suggested that hepatoma 16 contains mito
chondria that are smaller in size. It is concluded, therefore,
that a greater proportion of mitochondria of hepatoma 16
are smaller in size than those of host liver.

INTRODUCTION

Many biochemical changes observed in tumors have been
attributed to alterations in mechanisms of cellular control
(21). The localization of enzymes in subcellular organelles
is of great importance in the control of metabolic pathways;
however, few investigations have been conducted concerning
enzyme compartmentation in tumor cells. Such an approach
can give useful information about differences in organelle
fragility and sedimentation properties, as well as actual
changes in the compartmentation of enzymes within cellular
organelles.
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In an early study with rapidly growing hepatoma HW,
Wattiaux and Wattiaux-De Coninck (26) investigated the
intracellular distribution and relative specific activity of
various subcellular marker enzymes after differential cen
trifugation. Differences from normal liver were noted in the
distribution pattern for all enzymes investigated, with the
exception of the lysosomal acid hydrolases. In more recent
studies, Wattiaux et al. investigated the distribution and
relative specific activity of peroxisomal (28) and lysosomal
(27) marker enzymes in a variety of hepatomas, including
the rapidly growing hepatoma HC and medium- to slow-
growing Morris hepatomas 5123A, 7316A, 7794A, 7794B,
and 16. With the exception of Morris hepatomas 7794A and
16, the lysosomal and peroxisomal enzymes were distrib
uted primarily between a heavy and a light mitochondria!
fraction, with the greatest percentage of activity in the
heavy mitochondria! fraction, but with the maximum rela
tive specific activity in the light mitochondria! fraction.
These results are similar to those described earlier for nor
mal rat liver (4). In hepatoma 7794A, the peroxisomal en
zymes catalase and D-amino acid oxidase were found pri
marily in the soluble fraction. For Morris hepatoma 16,
lysosomal enzymes showed a similar distribution pattern to
normal liver; however, the relative specific activity of the
light mitochondria! fraction had decreased and was approx
imately equal to that of the heavy mitochondria! fraction.
Wattiaux-De Coninck et al. (29) also investigated the dis
tribution of mitochondrial enzymes after isopyknic centrifu
gation. While the distribution pattern of enzymes was simi
lar to normal in intermediate-growing hepatomas, the mito
chondrial enzymes for slow-growing hepatoma 16 were
distributed over a narrower density range with a lower me
dian equilibrium density, suggesting that these mitochon
dria are less dense than normal and less heterogeneous with
regard to density.

In all of the studies cited above, distribution of enzymes
in the various hepatomas was compared to data from nor
mal rat liver obtained in previous studies (4); no attempt
was made to centrifuge preparations from normal or host
liver and hepatomas simultaneously. In the study reported
in this paper, we used differential centrifugation to investi
gate the subcellular distribution of a variety of subcellular
marker enzymes in slow-growing Morris hepatoma 16, con
ducting all experimental operations simultaneously with
tumors and host liver. Marker enzymes studied include: for
mitochondria, cytochrome oxidase, monoamine oxidase.
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and ornithine aminotransferase, which are associated, re
spectively, with the inner membrane, outer membrane, and
matrix of the mitochondria (6); for peroxisomes, D-amino
acid oxidase; for lysosomes, acid phosphatase; for endo-
plasmic reticulum, glucose 6-phosphatase and ethylmor-
phine demethylase; and for cytosol, lactic dehydrogenase.
Results suggest that the Morris hepatoma 16 contains a
greater proportion of mitochondria smaller in size and/or
less dense than those of host or normal liver. Electron micro
graphs show that mitochondria of hepatoma 16 appear
smaller in size.

MATERIALS AND METHODS

Chemicals. HEPES,4 p-nitrophenol phosphate, D-ala-
nine, cytochrome c, NADP, NADH, isocitric dehydrogen
ase, sodium isocitrate, glucose 6-phosphate, pyruvic acid,
benzylamine, a-ketoglutarate, L-ornithine, pyridoxal 5'-
phosphate, and o-aminobenzaldehyde were purchased from
Sigma Chemical Co. (St. Louis, Mo.). MBTH was pur
chased from Aldrich Chemical Co. (Milwaukee, Wis.);
TMPD was from Eastman Chemicals (Rochester, N. Y.);
Lubrol WX was from ICI America, Inc. (Stamford, Conn.);
and Triton X-100 was from Rohn and Haas (Philadelphia,
Pa.). Ascorbic acid and ethylmorphine were obtained from
Mallinckrodt Chemical Works (St. Louis, Mo.). All other
chemicals were of reagent grade.

Animals and Tumors. Male Buffalo rats bearing Morris
hepatoma 16 (Generation 6) and control animals were ob
tained from Dr. H. P. Morris. Animals were maintained on
a rat pellet diet and water ad libitum. Rats bearing Morris
hepatoma 16 were sacrificed 6 months after transplanta
tion, when tumors were of usable size but necrosis was mini
mal. The rats were fasted overnight and sacrificed by ex-
sanguination. Tumors and host (or control) livers were re
moved quickly, placed in 250 mM sucrose, and maintained
at 0 to 4Â°during all subsequent operations. Tissues were

trimmed free of visible connective tissue and necrosis. A
representative piece of liver and tumor was fixed in Bouin's

solution and processed for histological examination. Tumois
from 3 to 5 animals were pooled for each experiment; host
livers from 2 animals were homogenized separately, ini
tially. Subsequently, aliquots were pooled, while each nor
mal liver was treated separately.

Subcellular Fractionation. Twenty % homogenates of
tumors or livers were prepared in 250 mM sucrose, 10 mM
HEPES, and 1 mM EDTA, pH 7.4. Homogenization was
performed in an all-glass Dounce homogenizer by 6 passes
of a loose pestle, filtration through 2 layers of 1-mm cheese
cloth and a 1-mm stainless steel sieve, and 6 passes with a
tight pestle. The clearance of the loose and tight pestles of
the Dounce homogenizer were similar to that described by
Douncer et al. (5). Liver homogenates were diluted with
sucrose: HEPES: EDTA to 10%, while tumor homogenates
were diluted to 15% to aid in detection in the homogenates

'The abbreviations used are: HEPES, /v-2-hydroxyethylpiperazine-
Af'-2-ethanesulfonic acid; MBTH, 3-methyl-2-benzothiazolene hydrazone
hydrochloride; TMPD, N,N, W,/V'-tetramethyl-/Â»-phenylenediamine;

TCA, trichloroacetic acid.

and cytosol fractions of enzymes with low activities.
Homogenates were separated into nuclear (N), mitochon

dria! (Mt), intermediate (I), microsomal (Me), and cytosol
(C) fractions by differential centrifugation in an Interna
tional B-35 ultracentrifuge. The homogenate was centri-
fuged initially at 550 x g for 10 min to yield a pellet and a
supernatant fluid. The pellet was resuspended to one-half
the original volume of the homogenate and centrifuged at
550 x g for 10 min to sediment the N fraction. The super-
natants from these 2 centrifugations were combined and
centrifuged at 10,000 x g (15 min), 17,500 x g (15 min),
and 140,000 x g (60 min) to sediment successively the
Mt, I, and Me fractions. The remaining supernatant
fluid constituted the C fraction. Host liver and tumor prep
arations always were centrifuged simultaneously, and the g
values were computed to the bottom of the tube. Resuspen-
sion of all fractions was made with the sucrose:HEPES:
EDTA media. Subcellular fractions were stored at -20Â°

and assayed for enzyme activities within 1 week.

Enzyme Assays. The activity of the various marker en
zymes was determined in the homogenates and in each of the
5 subcellular fractions. The presence of HEPES and EDTA
did not inhibit the activity of any of the enzymes assayed.
All assays were performed in duplicate and were conducted
under conditions whereby the enzyme activity was directly
proportional to the amount of enzyme. Relative specific ac
tivity of the enzymes in each subcellular fraction was cal
culated as the ratio of the percentage of recovered activity
to the percentage of recovered protein. Protein was deter
mined by a modification of the colorimetrie micro-Folin
procedure of Heidelberger and MacPherson (9, 10), with
bovine serum albumin as the standard.

Acid phosphatase was assayed by a modification of the
method of Bosman and Hemsworth (1). The assay mixture
contained 6 mM p-nitrophenol phosphate; 50 mM citrate
buffer, pH 4.3; 0.1% Triton X-100; and enzyme (or sucrose:
HEPES:EDTA for blank) to a final volume of 0.5 ml.
After incubation at 37Â°for 20 min, the reaction was stopped

with 2.0 ml of 200 mM glycine :NaOH buffer, pH 10.5.
Tubes were centrifuged and the absorbance of the super
natant fluid was measured at 420 nm. Results are expressed
as AmÃ³lesof p-nitrophenol liberated per hr per mg protein.

D-Amino acid oxidase was determined by a modification
of the method of Soda (25). The incubation mixture con
tained 10 mM D-alanine (or water for blank); 25 mM so
dium pyrophosphate, pH 8.3; and enzyme in a total volume
of 1.0 ml. The reaction proceeded at 30Â°for 30 min and was

stopped with 0.2 ml of 20% TCA. Tubes were centrifuged
and the supernatant fluid was assayed for pyruvate by reac
tion with MBTH. To an aliquot of 0.5 ml supernatant fluid
were added 0.05 ml 2.5 N NaOH; 1.0 ml 1.0 M acetate
buffer, pH 5.0; and 0.4 ml of freshly prepared 0.1% MBTH.
Tubes were mixed and placed at 50Â°for 30 min. After cool

ing for 15 min at room temperature, the absorbance was
measured at 335 nm. Results are expressed as nmoles pyru
vate formed per hr per mg protein.

Cytochrome oxidase was assayed polarographically by
the method of Schnaitman et al. (23), except that Lubrol
WX was not used. A 1.5-ml assay mixture consisting of 75

440 CANCER RESEARCH VOL. 34

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2391757/cr0340020439.pdf by guest on 19 M

ay 2023



mM potassium phosphate buffer, pH 7.2; 3.75 mM sodium
ascorbate; 300 /IM TMPD; 30 ^M cytochrome c; and en
zyme (or sucrose :H EPES: EDTA for blank) was added to
the reaction chamber and oxygen utilization was measured
at 30Â°with a Clark-type oxygen electrode (Yellow Springs

Instrument, Co., Yellow Springs, Ohio). Enzyme activity is
expressed as nmoles O2 consumed per min per mg protein.

Ethylmorphine demethylase was determined by a modifi
cation of the procedure described by Castro and Gillette
(2). The assay system contained 2 mM ethylmorphine (or
water for blanks); 50 mMTris buffer, pH 7.4; 5 mM MgCl2;
8 mM sodium isocitrate; 330 jtM NADP; 0.15 unit iso-
citric dehydrogenase; and enzyme in a total volume of 1.5
ml. The reaction mixture was preincubated at 37Â°for 10

min in the absence of enzyme. Enzyme then was added, and
the reaction was stopped with 0.5 ml 20% TCA after 10 min
of incubation at 37Â°.Tubes were centrifuged, and 1.0 ml of

the supernatant fluid was assayed for formaldehyde by add
ing an equal volume of Nash Reagent B (17) and placing
at 58Â°for 5 min. Absorbance was measured at 415 nm, and

results were expressed as nmoles formaldehyde formed per
min per mg protein.

Glucose 6-phosphatase was assayed by the procedure de
scribed by Harper (8). Results are expressed as nmoles in
organic phosphate formed per min per mg protein.

Lactic dehydrogenase activity was determined spectro-
photometrically by a modification of the method of
Schwartz and Bodansky (24). Enzyme was diluted with
Lubrol WX in sucrose: H EPES: EOT A. The detergent
served to clarify the various fractions as well as to inhibit
membrane-associated enzymes that utilize NADH (unpub
lished observation). The assay mixture contained 333 fiM
sodium pyruvate, pH 7.4 (or water for blanks); 50 mM so
dium phosphate buffer, pH 7.4; 100 UM NADH; 0.03%
Lubrol WX, and enzyme in a total volume of 3.0 ml. The
mixture was incubated at 37Â°in the absence of pyruvate for

at least 20 min. After the addition of pyruvate, the decrease
in absorbance at 340 nm was followed by means of a Gil
ford spectrophotometer. Activity is expressed as AmÃ³les
NADH oxidized per min per mg protein.

Monoamine oxidase was assayed spectrophotometrically
by a modification of the procedure described by Schnaitman
et al. (23). Subcellular fractions were clarified by adding
an equal volume of 1.0% Lubrol WX in sucrose: H EPES:
EDTA and centrifuging at low speed. The supernatant fluid
was removed and assayed. The pellet obtained by centrifu-
gation of the various fractions had negligible enzyme activ
ity. The assay mixture consisted of 50 mM sodium phos
phate buffer, pH 7.6; 2.5 mM benzylamine, pH 7.6 (water
for blanks); and enzyme in a final volume of 3.0 ml. The in
crease in absorbance was monitored at 250 nm, and activity
was expressed as nmoles benzaldehyde formed per min per
mg protein.

The activity of ornithine aminotransferase was measured
colorimetrically by a modification of the method of Peraino
and Pilot (20). The reaction mixture contained 250 mMpo
tassium phosphate, pH 7.4; 100 mM L-ornithine; 20 mM
a-ketoglutarate (water for enzyme blanks); 150 /ig pyri-
doxal 5'-phosphate; 10 mM o-aminobenzaldehyde (freshly

prepared); and enzyme in a volume of 1.55 ml. Additional

Subcellular Distribution of Enzymes in Morris Hepatoma 16

substrate blanks were prepared to correct for the absorbance
of a-ketoglutarate by substituting sucrose: HEPES: EDTA
for the enzyme in the presence and absence of a-ketoglu
tarate. After incubation for 1 hr at 37Â°,the reaction was
stopped with 1.0 ml of 10% TCA. Tubes were placed at 37Â°

for an additional 10 min. After centrifugation, the absorb
ance of the supernatant fluid was measured at 440 nm. Re
sults are expressed as nmoles pyrroline-5-carboxylate
formed per hr per mg protein.

Histology. Hematoxylin and eosin-stained sections of
liver and tumor tissue were examined by light microscopy.
The hepatomas were characterized histologically according
to the classification of Reuber (22).

Electron Microscopy. A small aliquot (0.1 to 0.3 ml) of
the subcellular fractions was sedimented at 18,000 x g for
15 min, and the thin pellet was fixed with 1% osmium te-
troxide in 0.12 Msodium phosphate buffer, pH 7.3, for 1 hr
at 04Â°. Pellets were loosened from the centrifuge tubes and

fixed with buffered osmium tetroxide for an additional 1
hr at 04Â°.

Tissues were fixed with 2% glutaraldehyde in 0.05 M
sodium cacodylate buffer, pH 7.2, for 2 to 7 days at 0-4Â°.

Tissues were washed twice with this buffer and postfixed for
2 hr in buffered osmium tetroxide solution.

After fixation in osmium tetroxide, all samples were
washed once with cacodylate buffer and dehydrated with
ethanol and propylene oxide. Samples were embedded in
Epon 812, and thick sections of approximately 0.5 Â¿tmwere
viewed after staining with toluidine blue. Ultrathin (600 to
900 A) sections were cut with an MT-2 Porter-Blum ultra-
microtome and stained with lead citrate and uranyl acetate.
The sections were examined with a Hitachi HS7S electron
microscope with an accelerating voltage of 50 kV.

The morphological appearance of the mitochondria in the
electron micrographs is described as "condensed,"
"twisted," and "orthodox," as defined by Myron and Con

nelly (16).

RESULTS

Histology. Slow-growing hepatoma 16 appeared well
differentiated, in agreement with previous observations ( 12).
No necrosis was noted in histological sections of this tumor,
and host livers appeared normal.

Subcellular Distribution of Enzymes. Data for subcellular
distribution of enzymes in hepatoma 16 and host liver are
presented in Table 1. Most striking is the increased mito
chondria! enzyme activity and protein in the hepatoma I
fraction. In the hepatoma, 38 to 47% of the total activity of
the 3 mitochondrial enzymes was present in the I fraction,
as compared to only 1to 5% for the host liver. Similarly, the
hepatoma I fraction contained 23 to 24% of the total pro
tein, compared to 7% in the I fraction of host liver. The in
crease in mitochondrial enzyme activity and protein in the
hepatoma 16 I fraction paralleled a decrease in the N frac
tion. The percentage of recovered enzyme activity in the N
fraction for the 3 mitochondrial enzymes ranged from 2 to
9% for the hepatoma, in contrast to 31 to 45% for the host.
Only 7 to 14% of the total protein was present in the hepa-
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Table 1
Subcellular distribution of enzymes in Morris hepatoma 16 and host liver

Subcellular fractions were prepared by differential centrifugaron. All fractions were stored at -20Â°and assayed for enzyme activities within I week.

EnzymeCytochrome

oxidaseMonoamine

oxidaseOrnithine

aminotrans-
feraseD-Amino

acid
oxidaseAcid

phosphateGlucose

6-phosphataseEthylmorphine

demethylaseLactic

dehydrogenaseProteinTis

sue"HL

THL

THL

THLTHLTHL

THL

THL

THL

TSpecific

activity
homogenate*132

(121-143)
75

(75-75)4.68

(4.35-5.00)
7.52

(7.20-7.85)450(413-487)

41
(27-55)166

(155-176)
1649

(1618-1680)2.09

(1.97-2.21)
1.83

(1.79-1.87)55.2

(44.2-66.1)
44.0

(43.8-44.3)0.13

(0.12-1.14)
00.96(0.88-1.04)

0.59
(0.59-0.59)130.9

(122.7 139. ir
132.5

(130.3-134.7)%

of recoveredactivity'N41.5

(37.7-45.3)
6.3

(4.3-8.3)35.7

(33.4-38.0)
5.7

(3.4-8.0)33.0

(30.7-35.2)
5.1

(1.7-8.5)3.4

(1.5-5.2)
3.1

(1.5-4.8)8.8

(8.3-9.2)
7.0

(5.0-9.1)22.0

(17.0-27.0)
6.7

(4.3-9.0)5.6

(4.3-6.8)6.3

(5.7 6.3)
5.7

(5.16.6)21.7

(21.1-22.2)
10.3
(7.0-13.7)Mt56.9

(52.9-60.9)
52.7)

(52.3-53.1)52.4

(50.3-54.5)
47.4

(43.1-51.7)65.1

(62.2-68.0)
45.7

(44.1-47.2)52.2

(49.5-55.0)
42.9

(41.2-44.7)48.6

(47.6-49.6)
27.3

(24.9-29.7)25.6

(23.1-28.1)
28.3

(25.5-31.1)8.6

(8.0-9.2)3.2

(3.0-3.5)4.4

(4.2-4.5)19.5

(17.2-21.7)
18.1

(17.8-18.4)11.4(1.3-1.5)

39.6
(38.0-41.2)5.1

(4.9-5.4)
42.1

(40.443.9)1.6

(1.3 2.0)
46.6

(45.8-47.4)28.7

(23.1-34.3)
52.1

(52.1-52.1)17.4

(16.5-18.3)
38.9

(34.5-43.2)20.3

(19.9 20.7)
37.4

(34.7-40.1)22.4

(21.4-23.5)6.9

(5.7-8.1)
11.0

(10.6-11.5)7.4

(7.3-7.6)
23.5

(22.6-24.4)Me0.2

(0.2-0.3)1.4

(1.4-1.4)6.8

(6.7-6.8)
4.8

(4.7-5.0)0.3

(0-0.6)
2.6

(0-5.2)3.7

(1.9-5.6)
1.3

(1.3-1.3)8.2

(8.1-8.3)
7.2

(6.3-8.2)29.4

(26.1-32.7)
26.3

(24.0-28.6)60.0(59.7-60.3)6.2

(6.2-6.3)
3.2

(2.8-3.7)8.6

(8.0-9.3)8.2

(8.1-8.3)C0

00

00

012.0

(9.2-14.9)
0.6

(0.5-0.6)17.0

(16.3-17.7)
19.6

(16.5-22.6)2.7

(2.4-3.0)
1.3

(1.1-1.5)3.4

(0.8-6.1)77.4

(75.8-79.0)
75.5

(75.2-75.8)42.8

(40.7-45.0)
39.9

(37.7-42.1)7orecovery*96.2

(87.7-104.6)
100.4
(87.5-113.2)98.0

(95.3-100.8)
106.4

(100.9-111.9)84.3

(80.0-88.6)
78.7

(48.5-108.8)84.4

(82.6-86.3)
83.7

(81.6-85.8)97.2

(93.6-100.8)
96.7

(95.499.0)100.5

(99.1-101.9)
90.4

(80.3-100.4)99.9

(93.0-106.8)95.1

(89.5-100.7)
95.6

(92.5-98.6)94.2

(91.0-97.3)
93.2

(91.3-95.0)

Â°HL, host liver; T, tumor.
*Units for specific activity are indicated in "Materials and Methods." The values are the average of 2 experiments; numbers in parentheses, range.
' Where 2(N + Mt + I + Me + C) = 100%.
d % recovery = 100 x S(N + Mt+ I + Me + C)/homogenate.
'' mg/g tissue.

toma N fraction, compared to 21 to 22% for the host liver.
i>-amino acid oxidase, acid phosphatase, and glucose 6-

phosphatase also showed an increase in percentage activity
in the I fraction, but to a lesser extent than for the mitochon
dria! enzymes. The distribution of D-amino acid oxidase in
the hepatoma subcellular fractions also differed from host
liver in that little activity was found in the cytosol, suggest
ing that the peroxisomes of hepatoma 16 may be more
resistant to disruption than those of host liver. The similar
ity in distribution of lactic dehydrogenase, a cytosol en
zyme, among the various fractions from hepatoma and host
liver is evidence that there was little difference in the extent

of cellular breakage. Thus, the decrease in the hepatoma N
fraction of protein and enzyme activities cannot be attrib
uted to increased cell lability. Furthermore, increased
breakage of tumor cells would lead to an increase in protein
in all of the post-N fractions, but the percentage of re
covered protein in the Me and C fractions of the hepatoma
was not increased over host liver.

Protein in the homogenate per g tissue was similar for
hepatoma 16 and host liver; however, the specific activity
of many enzymes in the hepatoma homogenate differed.
Ornithine aminotransferase activity was markedly de
creased, and ethylmorphine demethylase activity was not
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detectable. More modest decreases in cytochrome oxidase
and lactic dehydrogenase also were noted. On the other
hand, an increase in the specific activity of monoamine
oxidase and a 10-fold increase in D-amino acid oxidase ac
tivity was observed. High D-amino acid oxidase activity has
been reported previously for hepatoma 16 (14). However,
the increase in monoamine oxidase activity was surprising,
as this enzyme has been reported to have low activity in
mitochondria! preparations from Morris hepatomas9618A,
7800, and 3924A (19).

Recovery of enzyme activity was 80% or greater for all
experiments, with the exception of hepatoma ornithine
aminotransferase. In 1 case, the specific activity of this en
zyme in the homogenate was extremely low and could ac
count for the poor recovery in this instance.

The distribution pattern of marker enzymes for hepatoma
16 and host liver (Chart 1) was determined by the method
described by de Duve (3). The relative specific activity of
the mitochondrial enzymes for both host liver and hepa
toma is greater in the Mt fraction than in the 1 fraction, al
though a pronounced increase in relative specific activity in
the hepatoma I fraction is apparent. The changes are not so
apparent for the nonmitochondrial enzyme markers of the
hepatoma. The relative specific activity of D-amino acid
oxidase and acid phosphatase in the I fraction of the hepa
toma is actually less than that observed in the host liver.
This perhaps is due to the presence of increased mitochon
drial protein in the I fraction of the hepatoma. Wattiaux
et al. (27) also observed a decrease in the relative specific
activity of lysosomal marker enzymes in a light Mt fraction
(sedimenting between 33,000 and 250,000 g min) of hepa
toma 16 and suggested this was due to an increased recovery
of mitochondrial protein in this fraction.

The distribution pattern in host liver of microsomal en
zymes glucose 6-phosphatase and ethylmorphine demethyl-
ase was of interest in that microsomal heterogeneity was
indicated. While relative specific activity of ethylmorphine
demethylase was highest in the Me and I fractions, an ap
preciable amount of the activity of glucose 6-phosphatase
also was associated with the N and Me fractions. The mild
homogenization procedure used in these studies may have
left some endoplasmic reticulum attached to nuclei and
broken cell membranes, and this endoplasmic reticulum
may contain little ethylmorphine demethylase activity.

Comparison of Normal Rat Liver and Host Liver. The
various marker enzymes of normal Buffalo rat liver showed
specific activities and distribution patterns similar to that
of host liver 16.

Electron Microscopy. Electron micrographs of hepatoma
16 and host liver N, Mt, and I fractions support the bio
chemical evidence for a change in sedimentation pattern of
the mitochondria. The host N fraction (Fig. 1) contained
many mitochondria in the condensed conformation, in addi
tion to nuclei, while sections of the host Mt fraction (Fig. 2)
were packed with condensed mitochondria of similar size to
those of the host N fraction. Only a few mitochondria of
smaller size were observed in the host I fraction (Fig. 3),
which consisted primarily of vesicular organdÃes. On the
other hand, hepatoma 16 N fraction (Fig. 5) contained only

HOST LIVER MORRIS HEPATOMA 16

9 2Q4p60q01pO 9 20406080100

CYTOCHROME

.2 OXIDASE

MONOAMINE

.2 OXIDASE

ORNITHINE
.2 AMINOTRANSFERASE

D-AMINO ACID

.2 OXIDASE

ACID
PHOSPHATASE

GLUCOSE-6

PHOSPHATASE

ETHYLMORPHINE

DEMETHYLASE

LACTIC

.2 DEHYDROGENASE

Lo
Ã“20406080100 Ã“20406080 100

% OF RECOVERED PROTEIN

Chart 1. Distribution pattern of enzymes in Morris hepatoma 16 and
host liver. Ordinale, relative specific activity equals percentage recovered
enzyme activity per percentage recovered protein; abscissa, relative pro
tein content of subcellular fractions in the order in which they were isolated,
i.e., left to right, N, Mt, I, Me, and C. The area of each block equals the
percentage of recovered enzyme activity in the fraction. Distribution pat
tern is shown for I of 2 similar experiments.

a few small mitochondria, which appeared to have been
trapped between the sedimenting nuclei. The hepatoma Mt
fraction (Fig. 6) was densely populated with mitochondria
of the twisted as well as the condensed conformation. The
average size of the tumor mitochondria appeared smaller
than that of the host Mt fraction. The I fraction of the
hepatoma (Fig. 7) contained many small mitochondria
(primarily in the twisted configuration), in contrast to the
few mitochondria in the host I fraction (Fig. 3). The mito
chondria in the host I fraction (Fig. 3). The mitochondria
in the hepatoma I fraction contained intact inner and outer
membranes.

Thick as well as thin sections of both host liver and hepa
toma N fractions showed no evidence of unbroken cells,
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again implying that differences in enzyme distribution could
not be due to differences in cell breakage. Electron micro
graphs of tissue from host liver and hepatoma 16 are seen in
Figs. 4 and 8. Both contain mitochondria in the orthodox
conformation. As was seen in the subcellular fractions, the
tissue from the hepatoma contained mitochondria that ap
peared smaller in size than the host. In addition, the tumor
tissue appeared to be more densely populated with mito
chondria than the host liver.

DISCUSSION

With Morris hepatomas 16, data have been presented
indicating increased mitochondria! enzyme activity associ
ated with a subcellular fraction requiring higher g forces
than normal for sedimentation. This difference in mito-
chondrial enzyme distribution between hepatoma and host
liver could be the result of (a) changes in the subcellular lo
cation of the enzyme in vivo, (b) increased fragility of hepa
toma mitochondria resulting in the formation of membrane
fragments requiring higher g forces for sedimentation, (c)
increased tumor cell breakage during homogenization, re
sulting in less unbroken cells present in the N fraction and
thus less mitochondria present, or (d) a decrease in size
and/or density of hepatoma mitochondria. The 1st possi
bility seems unlikely; one would not expect 3 mitochondrial
enzymes of diverse metabolic function and intramitochon-
drial location to be displaced to a different organelle. The
2nd possibility, that the mitochondria present in the hepa
toma I fraction are smaller because they are damaged, can
also be refuted. If the tumor mitochondria were damaged,
one would expect some separation of the inner and outer
mitochondrial membranes. Since the outer membrane re
quires high g forces for sedimentation (7), a significant
amount of outer mitochondrial membranes and monoamine
oxidase activity should be found in the microsomal frac
tion. However, the percentage of monoamine oxidase ac
tivity in this fraction was similar to that of host liver. Fur
thermore, the ratio of percentage cytochrome oxidase
contained in the I fraction to percentage monoamine oxi
dase contained in the I fraction is 1.02 for the hepatoma,
implying an equal ratio of inner mitochondrial membranes
in this fraction. In addition, electron micrographs of the I
fraction of hepatoma 16 show the presence of mitochondria
with intact outer membranes. The evidence that increased
cell breakage is not responsible for the change in distribu
tion of hepatoma mitochondrial enzymes has been dis
cussed in "Results." Thus we conclude that the 4th possi

bility is most likely, i.e., that hepatoma 16 contains a much
greater proportion of mitochondria that are smaller in size
and/or less dense than normal.

Electron micrographs are shown in this paper in which
both isolated mitochondria and mitochondria in situ appear
smaller for the hepatoma. Hruban et al. (11) measured the
diameter of mitochondria in thin sections of tissue from
hepatoma 16 and reported a decreased size range over that
of the hepatocyte. Using isopyknic density gradient cen-
trifugation, Wattiaux-De Coninck et al. (29) reported that
hepatoma 16 mitochondria is less dense than normal. Thus

mitochondria of hepatoma 16 may be both smaller in size
and less dense than those of liver.

The activity of peroxisomal (D-amino acid oxidase) and
lysosomal (acid phosphatase) marker enzymes in hepatoma
16 also was associated with a subcellular fraction requiring
higher g forces than normal for sedimentation, i.e., the I
fraction. Thus, peroxisomes and lysosomes also may be less
dense and/or smaller in size in this hepatoma. However, it
is possible also that these organdÃeshave been nonspecifi-
cally entrapped by the larger number of mitochondria shift
ing from the Mt to the I fraction, as the specific activity of
lysosomal and peroxisomal marker enzymes in the I fraction
was actually lower than that of host liver.

One problem arising in the interpretation of fractionation
studies is the cellular heterogeneity of the tissues involved.
Hepatocytes or parenchyma! cells constitute 60 to 65% of
the total liver population, with the remaining 35% consist
ing primarily of Kupffer cells (13). Connective tissue, bile
duct, and blood vessel wall cells constitute only a small per
centage ( < 5%) of total liver cells. On the other hand, Mor
ris hepatomas, particularly the more poorly differentiated
variety, may contain few if any Kupffer cells (22). Isolated
Kupffer cell suspensions have been found to contain few mi
tochondria and very low mitochondrial enzyme activity (13).
Thus, at least with regard to mitochondria, the changes ob
served in the distribution pattern of marker enzymes among
subcellular fractions reflect differences between mitochon
dria of hepatocytes and hepatocyte-derived tumor cells.

Previous investigators have observed that many fast-
growing hepatomas contain smaller mitochondria than nor
mal, thus subcellular fractionation procedures yield a mito
chondrial fraction that differs in composition from that of
liver (15, 18). The results described in this paper suggest
that this too is true in the case of the well-differentiated,
slow-growing hepatoma 16. The varying composition of sub-
cellular fractions between liver and hepatoma may pose a
problem to investigators of mitochondrial function or en
zyme activities. Typically, an arbitrary Mt fraction is iso
lated by differential centrifugation for analysis. Such a frac
tion obtained from the hepatoma may contain a different
percentage of protein that is mitochondrial as well as a
different proportion of the total mitochondrial population of
the cell than liver. Therefore, differences between hepatoma
and liver with respect to enzyme activity expressed per mg
mitochondrial protein may be a reflection of differences in
the composition of the Mt fraction rather than a difference
in activity per mitochondrion.
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Figs. I to 3. Electron micrographs of freshly isolated N (Fig. 1), Mt (Fig. 2), and I (Fig. 3) fraclions from host liver, x 10,000.
Fig. 4. Electron micrograph of tissue from host liver, x 5,600.
Figs. 5 to 7. Electron micrographs of freshly isolated N (Fig. 5), Mt (Fig. 6), and I (Fig. 7) fractions from Morris hepatoma 16. x 10.000.
Fig. 8. Electron micrograph of tissue from Morris hepatoma 16. x 5,600.
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