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ABSTRACT

A STUDY OF THE ENZYMES 1IN
LEAF PEROXISOMES

by Russell K. Yamazakil

Peroxisomes have been 1solated from leaf homogenates
by isopycnic centrifugation. An analysis of the enzymic
content of the leaf peroxisomes has revealed the presence
of a serine-pyruvate aminotransferase and 1sozymes of NAD=-
malate dehydrogenase, NADP-isocltrate dehydrogenase, and
-aspartate-a-ketoglutarate aminotransferase in addition to
catalase, glycolate oxidase, NAD-glycerate dehydrogenase
and glutamate-glyoxylate aminotransferase which have been
described in previous publications by our laboratory.

Characteristics of the NAD-malate dehydrogenase
activities of splnach leaves were studied. The peroxisomal
enzyme, which was assayed by following reduced pyridine
nucleotide oxidation, had a broad pH optimum from 6.4 to
7.4 and was specific for NADH., The peroxisomal and mito-
chondrial forms of NAD-malate dehydrogenase were differen-
tiated by thelr kinetic and electrophoretic behavior. The
mitochondrial form had a Km (oxalacetate) of 5.7 X 10-%u
and was inhiblted by oxalacetate concentrations above 7 x
10-5M, The peroxisomal form had a Km (oxalacetate) of 1.4

X 10'5M and was inhlbited by oxalacetate concentrations in
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'MM. The supernatant NAD-malate dehydrogen-

excess of 2 x 10
ase showed kinetic characteristics intermediate to those of
the peroxisomal and mitochondrial forms., Starch-gel elec-
trophoresis of the supernatant fraction showed the presence
of both the peroxisomal and mitochondrial forms together
with another isozyme.,

The serine-pyruvate aminotransferase was found to be
localized specifically in the peroxisomes. No activity was
detected in mitochondria or chloroplasts.

Low but significant levels of NADP-1socltrate dehyd-
rogenase were found in peroxisomes and mitochondria. Most
of the activity in leaf homogenates was associated with the
supernatant fractlon. Whether or not this supernatant
activity was due to leakage from particles could not be
assessed,

Aspartate aminotransferase activity was found in
chloroplasts, mitochondria, and peroxisomes., In the last
case, 1t 1s assumed that the enzyme operates in conjunctlon
with the NAD-malate dehydrogenase also present.

Other enzymes of the tricarboxylic acid cycle (NAD-
isocitrate dehydrogenase, fumarase, citrate synthetase,
and aconitase) were localized in the mitochondrial fraction
after separation of cellular organelles, Malic enzyme and
formate dehydrogenase were also found to be localized in
the mitochondrial fraction.

The diversity of enzymic content of the microbodiles

from various sources 1s suggested to be an indication of
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Russell K. Yamazakl - 3
diversity of function. In the case of the leaf peroxisomes,
this function is suggested to be the conversion of glyco-
late to glycerate, i.e., the glycolate pathway. All enzyme
activities necessary for this pathway, with the exception
of the converslion of glycine to serine, have been demon-
strated in the peroxisome. These peroxisomal activitiles
have been shown to be sufficient to convert glycolate to
glycerate. in the intact leaf, assuming 50% of the carbon
fixed during photosynthesls passes through glycolate.

A uniflied scheme for the function of leaf peroxi-
somes has been suggested., This scheme, which utilizes
known peroxisomal enzymes, assumes the peroxisomal membrane
to be impermeable to pyridine nucleotide. The consequences
of such a scheme are discussed in terms of metabolic con-

trol in the plant.
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INTRODUCTION

The study of the Iintracellular locallization of
enzymes has seen much progress within the last twenty
years. Before this perlod, it was felt necessary to
remove particulate materlal from extracts in order to
demonstrate enzyme action - thus the term "cell-free
extract." This removal effectively silenced the propo-
nents of vitalism who mailntained that the blochemical
reactions observed in extracts were due to the presence
of whole cells. In the early 1950!'s, it became'evident
that the enzyme activities of the Tricarboxylic Acid
Cycle were localized 1n particulate material. Work from
several laboratories established that the mitochondrion,
a distinct cellular organelle, was the site of TCA Cycle
activity and energy production. Later, photosynthetic
carbon dloxide fixation and ATP formation were demon-
strated to take place in another distinct cellular organ-
elle; the chloroplast of green plants., All enzyme activ-
1ties necesséry for photosynthetic carbon dioxide fixa-
tion have since been demonstrated to be present in the
chloroplast., Since many of the above activities were
originally thought to be "soluble," it became evident
that intracellular localization of enzyme activities

should be studied.
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Use of the differential centrifugation techniques
for cell fractionation as developed by Claude, Hogeboom,
and Schnelder led to the discovery of another organelle,
the lysosome. Through the work of de Duve and coworkers,
it was demonstrated that the lysosomes were the site of
hydrolase activity in liver cells, Application of the
technique of 1isopycnic centrifugation to rat liver homog-
enates revealed the presence in the cell of still another
organelle., Because of the presence of flavoprotelin
oxidases and catalase and the implied role in H202 metabo-
lism, these particles were termed "peroxisomes" by de Duve,
Peroxisomes were found to be limited to liver and kidney
tissue in the animal.

In the case of plant tissue, the issue of the intra-
cellular localizatlion of glycolate oxidase has been confused.
This flavoproteln oxidase, which catalyzes the oxldation of
glycolate to glyoxylate as the first step of the glycolate
pathway, was first assumed to be soluble. Later reports
located activity in chloroplasts and ih mitochondria.
Application of 1sopycnic centrifugation to particulate frac-
tions as done in our laboratory has now revealed that gly-
colate oxidase, NAD-glyoxylate reductase, and catalase are
localized in microbodies in leaf tissue (97). Because of
the similarity in enzyme content of the plant particles
With liver peroxisomes (24), these particles have been

termeq nleaf peroxisomes.,” Further work has demonstrated
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the presence of a glutamate-glyoxylate aminotransferase
activity in the leaf peroxisomes (47).

Concurrent work on microbodies from various sources
indicate that, although all the microbodies characterized
to date contailn an a-hydroxy acild oxidase and catalase,
diversity with respect to other enzyme activities exists,
The glyoxysomes as 1isolated from germinating castor bean
endosperm contain all the enzymes of the glyoxylate cycle
and p-oxidation (10, 18). Peroxisomes from rat liver con-
tain D-amino acid oxidase, urate oxidase, and NADP-1so-

citrate dehydrogenase (23). Peroxisomes from Tetrahymena

contain D-amino acid oxidase, isocitrate lyase, malate
synthetase, and NADP-isocltrate dehydrogenase (67).

The purpose of this thesis was to study the enzymic
composition of the leaf peroxisomes. Large parts of this
thesis have already been published (97, 98, 103) and will
only be summarized at this time. Comparisons with the
microbodies from other sources have been drawn where pos-
sible, A unified scheme for the functlion of leaf peroxi-
somes has been proposed on the basis of demonstrated enzyme

activities.
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LITERATURE REVIEW

General Comments About Enzymes of the
Tricarboxylic Acid Cycle

It 1s now generally assumed that the Tricarboxylic
Acid Cycle (TCA Cycle) is operative in the mltochondria of
plant cells Jjust as it is 1n animal mitochondrila where
most of the component enzymes have been studied in some-
what greater detall., A few of the enzymatic steps appear
to have different specificity than the corresponding
animal enzyme (21). For instance, the plant succinyl-CoA
synthetase utilizes ADP rather than IDP or GDP as the phos-
phate acceptor. Suggestions have been made that the plant
aconitase dehydrates citric acid differently than the
animal enzyme. But the functioning of the total TCA cycle
appears to be the same in plants and animals,

Plants have long been known to accumulate large
quantities of aclids (Ref. 79). Some plants are utilized
commercially for production of acids; in many cases these
aclds are acids of the TCA cycle., As Ranson (79) has
pointed out, the TCA cycle cannot be used for the accumula-
tion of any of its intermediates or metabolites thereof
wilthout arresting the action of the cycle. But, accumula-
tlion of any of the cycle acids may be accomplished if there

eéX1sts an enzymic mechanism for the synthesis of one of the

L



acl
it
rea
con
of

est

Ca

of

Cy



5
acids independent of the TCA cycle. PEP Carboxylase may be

cited as one such example., Followlng the same line of
reasoning, we might also expect to find enzZymes involved in
conversion of the cycle intermediates operating independently
of the TCA cycle. Putting this another way, we now have
established a rationale for the existence of extramitochon-
drial forms of TCA cycle enzymes,

In animal systems which have been studled, it 1is
assumed that the extramitochondrial forms of TCA cycle
enzymes exist to provide for the transporting of reducing
power into and out of the mitochondria (for example, see Ref,
78). Several roles can be postulated for the extramito-
chondrial TCA cycle enzymes in plants. They may be involved
in the storage of organic acids for reducing power and/or
carbon skeletons, Or they may be involved in the formation
of amino acids,

The existence of extramitochondrial forms of the TCA
cycle enzymes has been inferred in plants from the presence
of multiple isozymes of various enzymes (e.g., Ref, 84), but
the locations and properties of these 1sozymes have not been
studied extensively because of the problems involved in the
separation of plant cell organelles. Thus malate dehydro-
genase activity has been described as residing in chloro=-
plast fractions from differential centrifugation (109), but
actual proof of the existence of a chloroplast malate dehyd-

rogenase could not be obtained because of the presence of
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6
mitochondria and peroxisomes in these chloroplast fractlons.
It 18 only through the application of other techniques such
as nonaqueous isolation or density gradlent centrifugation
that satisfactory separation of organelles can be attained,

thus allowing further study.

NAD-Malate Dehydrogenase

In the following review, discussion will be limited
primarily to the enzymes as studled in plant sources, With
reference to specific enzymes, the case of malate dehydro-
genase stands out in confusion. Reference has been made
above to a few reports as to the intracellular location of
the extramitochondrial forms. A somewhat more complete 1list
is given in Reference 103. Many of these references
attribute malate dehydrogenase activity to the chloroplast,
but, as willl be discussed later, in all of these reports,
differential centrifugation was used for the chloroplast
preparations, Use of differential centrifugation alone has
been shown to be lnadequate for separation of cellular
organelles (98),

By use of DEAE chromatography, Davies (20) separated
two malate dehydrogenase activities from pea epicotyl
homogenates, One activity was attributed to mitochondrial
enzyme and the other, to a supernatant enzyme. Yue (104),
utilizing polyacrylamide gel electrophoresis, was able to

demonstrate the existence of three malate dehydrogenase
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isozymes from barley. Two of these were termed supernatant,

and the third was termed the mitochondrial activity.

Citrate Synthetase

Citrate synthetase or condensing enzyme has been
studlied 1n homogenates of peanut cotyledons by Marcus and
Velasco (61)., The enzyme was found to be associated with
the particulate fractions and was inhibited somewhat by Mg
ions. The enzyme was further shown to be specific with
respect to the CoA ester, reacting with only acetyl-CoA

ester, at a significant rate.
Aconitase

Aconlitase localization has been studied in tobacco
by Plerpoint (74) who concluded that although most of the
activity was found 1n supernatant fractions, some of this
activity could be attributed to leaching of the enzyme from
the mitochondria. The particulate activity was found in
the mitochondrial fraction.

NAD- and NADP-Isocitrate Dehydrogenases

The cases of the plant NAD- and NADP-linked iso-
citrate dehydrogenases appear to be similar to those found
in animal tissues., The NAD-specific 1socitrate dehydrogen-
ase activity is assoclated exclusively with the mitochondria

(21)., The NADP-linked activity has been found both in the



pite
par
Ini
pla

act

of

Qey
a1
Q-]
Wi
ch

wo.



8
mitochondria and in supernatant fractions, with the ma jor
part of the activity residing in the supernatant (21, 61).
In two cases (56, 71) it has been suggested that chloro-
plasts contain an NADP-specific 1lsoclitrate dehydrogenase
activity.

The NAD=-1linked isocltrate dehydrogenase has been
found to be irreversible (21), a situation also found with
the animal NAD-linked activity. As to NADP-specific activ-
ity, reversibility can be achieved in both the plant and
animal enzymes, Cleland (16) has suggested on the basis
of kinetic evidence that the NADP-specific 1socltrate
dehydrogenase of the cytoplasm in animal tissues may be
acting in the direction of the reductive carboxylation of
a=-ketoglutarate. Such studies have not been carried out
with the enzyme from plant sources, but comparative bio-
chemistry might lead one to suggest that the plant enzyme

works in a similar manner.
Fumarase

The distribution of fumarase in tobacco homogenates
was studied by Pierpoint (73) who found that 90% of the
total fumarase activity was assoclated with the mitochon-
dria. Plerpoint, however, was not able to state unequivo-
cally that all of the cellular fumarase activity was mito-
chondrial because of the presence of nuclear material in

his particulate fractions. He thought it possible that an
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enzyme such as fumarase might become bound to the nucleic
aclds upon homogenization, thus producing an artifactual
distribution of the activity.

Enzyme Activities Related to the
Tricarboxylic Acid Cycle

Malic Enzyme

In 1949, Conn, Vennesland, and Kraemer (17) studied
the occurrence of malic enzyme and found this activity to
be widespread among higher plants. More recently the intra-
cellular distribution of malic enzyme has been studied in
Opuntia phylloclades by Mukerji and Ting (65) and in maize
leaves by Slack and Hatch (87). In both cases the particu-
late activity was found to be localized in the chloroplasts,
suggesting that mallc enzyme in these plants 1s active in
the photosynthetic fixation of carbon dioxlde. The intra-
cellular localization of malic enzyme was also studled in
corn raot tips by Danner and Ting (19) who concluded that
the activity was nonparticulate, 1.e., nonmitochondrial,
In later work by Mukerji and Ting (66), three isozymes of
malic enzyme were found in Opuntia stem tissue. These were
designated as mitochondrial, chloroplastic, and soluble and
were separated by DEAE cellulose chromatography and electro-
phoresis, The three 1sozymes were found to differ with
respect to kinetic and physical properties. No conclusions

could be drawn, however, concerning the metabolic functions
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of each of the lsozymes,

Aspartate: a-Ketoglutarate Aminotransferase

Aspartate aminotransferase 1s an apparently ubiqui-
tous enzyme (for example, Ref, 8) which catalyzes the

reversible reaction shown in Equation I. The enzZyme 1is

L-aspartate” + a-ketoglutarate™ ———

L-glutamate™ + oxalacetate” (D
thought to function in transporting of oxalacetate and 1in
the blosynthetic formation of aspartate from oxalacetate,
As 1solated from all sources to date, the enzyme contains
pyridoxal phosphate and can be resolved in an apoenzyme
and the pyridoxal phosphate.

Aspartate aminotransferase activity as isolated in
animal systems has been found in both mitochondrial mem-
branes and in the cytosol (53). These two 1isozymes are
thought to mediate transport of the oxalacetate carbon
skeleton from inside the mitochondria to the cytosol.
Because of the high reactivity of the a-keto acid oxalace-
tate, aspartate 1s assumed to be a transport form along
with malic acid. Thus 1t might be expected that aspartate
aminotransferase activity would be assoclated with systems
involved in oxalacetate metabolism. This may be the case
with peroxisomes, mitochondria, and chloroplasts.

Aspartate aminotransferase and malate dehydrogenase
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are often found to be assoclated during purification proce-
dures (e.g., Bef. 20), and in fact the suggestion has been

put forth that in Neurospora these activities are assoclated

with the same protein (68). This suggestion was based upon
thelr physical properties, immunochemical behavior, amino
acld composition, tryptic maps, and genetlc behavlor.

Kisaki and Tolbert (47) found aspartate aminotrans-
ferase activity in leaf mitochondrla and peroxisomes. The
latter activity was attributed to nonspecificity of the
glutamate-glyoxylate aminotransferase. Investigation of
the amino group donor and acceptor specificity, however,
indicates that there is more aspartate aminotransferase
activity present than can be accounted for by the gluta-
mate-glyoxylate aminotransferase, Aspartate aminotrans-
ferase activity has also been reported in chloroplast
preparations from Triticum vulgare and Vicla faba by Heber
(40) and from Opuntia by Mukerji and Ting (65).

Formic Acid and Formate Dehydrogenase

The roles for formic acid and formate dehydrogenase
in plant metabolism are not completely understood.
Tolbert (94) has shown that when lYC-labeled formic acid
i1s fed to barley leaves, the distribution of labeled
products indicate entry of formic acid into both the C1
pool and intermedlates of the Photosynthetlc Carbon Reduc-

tion Cycle. The entry of formic acld into the C1 pool is
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probably mediated by the formate-actlivating enzyme, thus
leading to 1LI'C-la,bel in tetrahydrofolate derivatives, Thils
label in turn spreads into products of the glycolate path-
way via the p-carbon of serine through serine transhydroxy-
methylase action,

Badloactive formic acid was also found to label
malic, aspartic and glutamlc acids in the 1light but not in
the dark, This difference may be explained if both formate
dehydrogenase and one or more of the B-carboxylating enzymes
are present in the mitochondria. Labeled CO, released by
formate dehydrogenase might thus be preferentially utilized
by the B-carboxylating enzyme(s) of the mitochondria rather
than being fixed via the Photosynthetic Carbon Reduction
Cycle., The light-dependence may simply be a reflection of
the need of the B-carboxylating enzymes for PEP or pyruvate
which presumably would be in greater abundance during photo-
synthesls, It has been suggested that formic acid is an
intermedlate in the reductive fixation of carbon dloxide,
but the above observations tend to rule out such theories.,

Early work on plant formate dehydrogenase was
limited to seedlings. The enzyme was shown to be present
in pea (22) and bean (101) seedlings but was found to dis-
appear after the seventh day of germination. The pea
eplcotyl enzyme was shown by Davies (21) to be localized
in the mitochondrial fraction. Mazelis (63) later demon-

8trated the presence of NAD-formate dehydrogenase in leaf
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tissue from several plants including spinach, In all the
tissues studied, the activity was assoclated primarily with
the cytoplasmlic particles, i.e., mitochondria. No sugges-
tion has been brought forth as to the function of the
enzyme, but studies of the reaction show that the equillib-
rium lies far toward the direction of the oxidation of
formate, Thils suggests the function probably does not
reside in formate formation.,

The source in the plant of formic acid, if indeed
there i1s one, is unknown at present. In vitro studies of
glycolate oxidase (46) demonstrated that formate could be
produced by nonenzymatic oxlidation of glyoxylate by hydro-
gen peroxide (Equation II), but the in vivo significance of

Hy0, Hy0

%2 (1)
glycolate js_‘é?glyoxylaééﬁ-ZLa.formate + 002

this observation must be questioned in light of the finding
of Kisakil and Tolbert (47) that labeled CO, 18 not released

Yc-glycolate. For-

during the peroxisomal oxlidation of 1.1
mate might arise from aldehyde oxidase or dehydrogenase
action upon formaldehyde., Llittle knowledge 1a avallable

concerning the metabollism of formaldehyde in plants.,

Phosphoenolpyruvate Carboxylase

The enzyme PEP carboxylase was first described by
Bandurski and Greiner (6) in 1953 in spinach leaf homogen-
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ates. The enzyme irreversibly catalyzes the reaction shown

in Equation III. If -“C-labeled bicarbonate is used, all
ngt
PEP + HCOB’ —) oxalacetate + P, (ITII)

of the label incorporated is found in the g-carboxyl group
of the oxalacetate., The enzyme 1ls probably responsible for
the ma Jor part of the dark fixation in plants possessing
the Photosynthetic Carbon Reduction Cycle. In plants such
as sugarcane which possess the Cu-dlcarboxylic acid pathway,
PEP carboxylase 1s apparently the major photosynthetic
carbon-dioxide-fixing enzyme (87). In such plants the PEP
carboxylase actlivity is assoclated with the chloroplasts.

The location of PEP carboxylase in plants utilizing
the Photosynthetic Carbon Reduction Cycle has never been
rigorously determined. Rosenberg, Capindale and Whatley
(82) found activity in chloroplast extracts of spinach
leaves, Mukerji and Ting (65) found PEP carboxylase activ-
ity 1in chloroplasts of QOpuntia, a plant which probably
possesses Crassulacean Acid Metabolism.

PEP Carboxykinase activity has also been reported
in splnach leaf preparations, but anomallies with two differ-
ent assay procedures have cast some doubt as to whether or

not carboxykinase activity 1is present (64).
Glyoxysomes and Enzymes of the Glyoxylate Cycle

The glyoxylate cycle by which acetate 1s converted to
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carbohydrate was first elucidated in bacteria by Kornberg

and Krebs (50). In 1957 Kornberg and Beevers (49) demon-
strated the presence 1n castor bean endosperm extracts of
isocitrate lyase and malate synthase, two enzyme activities
exclusive to the glyoxylate cycle, as well as NADP-1iso-
cltrate dehydrogenase, NADP-glyoxylate reductase, cltrate
synthetase, and malate dehydrogenase. They were also able
to demonstrate the net conversion of exogenously-supplied
labeled acetate to labeled sucrose in the endosperm.

Later studies of the distribution of isocitrate
lyase and malate synthase showed that these key enzymes
were present only in those plant tissues actively convert-
ing 1lipid storage material into carbohydrate (7). Thus
these enzyme activities were found only 1n those germinat-
ing seeds which contain a high proportion of 1lipid. Marcus
and Velasco (61) studlied the intracellular localization of
the glyoxylate cycle enzyme activities in germinating
peanuts and castor beans and suggested that they were mito-
chondrial.

In 1963, Hogg and Kornberg (42) concluded that the
enzymes of the glyoxylate cycle in Tetrahymena pyriformis,
a protozoan, were localized 1n a specialized mitochondrial
fraction. More recent work of Mttller, Hogg and de Duve
(67) identified this special mitochondrial fraction as
actually being a peroxisomal fraction. Harrop and Kornberg

(36) have also demonstrated the presence of 1socltrate
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lyase in a dense particulate fraction from Chlorella with a
functional glyoxylate cycle.

In the case of higher plants, the assocliation of the
glyoxylate cycle activity with a subcellular particle dis-
tinct from the mitochondrion was first shown by Breidenbach
and Beevers (10). These particles, because of the presence
of the glyoxylate cycle, were termed glyoxysomes and were
shown to contaln 1socitrate lyase, malate synthetase, cltrate
synthetase, and malate dehydrogenase., They were devoid of
cytochromes, fumarase, NADH oxildase, and succinic dehydro-
genase which were localized in the mitochondrial fraction.
Further characterization of the glyoxysomes by this group
(11) indicated that glycolate oxidase and catalase were
also present in the particles. By using sulfhydryl-protect-
ing reagents in the gradients, the authors were also able
to demonstrate the presence of aconitase in the glyoxysomes,
thus completing the sequence of enzymatic activities required
in the glyoxylate cycle.

The problem of the source of the acetyl-CoA utilized
in the glyoxylate cycle has been clarified with the finding
of the presence of the complete B-oxidation system in the
glyoxysomes (18). More than 80% of the particulate p-oxida-
tion activity was found to be localized in the glyoxysomes.
Addition of palmityl-CoA to the glyoxysomes were shown to
produce oxygen uptake, NADH accumulation and acetyl-CoA
production in a %:1:1 stoichiometry. The addition of
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cyanide doubled the oxygen uptake, but had no effect on the
NADH accumulation. These data were interpreted as indicat-
ing the presence of an oxygen-requiring acyl-CoA dehydro-
genase which ylelds hydrogen peroxlde which in turn 1s
decomposed by catalase. One of the problems remaining to
be solved 1s the fate of the NADH generated during opera-
tion of the p-oxidation pathway and the action of the
malate dehydrogenase of the glyoxylate cycle. It may be
that NADH generated internally must pass outside of the
glyoxysome to be oxidized., Nothing i1s known at the present
concerning the permeabllity of the glyoxysomal membrane
with respect to organic acids, pyridine nucleotides and
cofactors, The presence of the p-oxidation system in these
dense particles from castor bean endosperm has been con-
firmed by Hutton and Stumpf (44). These authors found
ricinoleate to be oxidized most rapidly by the particles
from the maturing seeds whereas the particles from the
germinating seed were found to utlilize palmitate and
linoleate most rapidly.

Possible control mechanisms with respect to the gly-
oxylate cycle have been demonstrated by several workers,
One of the problems concerned with the operation of the
glyoxylate cycle 1s how is it that the isocitrate in the
tissue 1s metabolized primarlly by the isocitrate lyase
rather than being used by the mitochondrial isocltrate

oxidizing system. Tanner and Beevers (92) studied this
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competition and found that the 1socitrate lyase activity
was three=fold higher than the isocltrate oxidizing system,
thus providing a possible explanation for the low TCA cycle
oxidation activity in castor bean endosperm.,

Hock and Beevers (41) studied the development and
decline of the glyoxylate cycle enzymes and the effect of
Dactinomycin and cycloheximide in watermelon seedlings.
They concluded that the increase in activity of isocitrate
lyase and malate synthetase was due to reutilization of a
relatively stable m-RNA which 18 produced only during the
first day of germination. The later decline in activity
of the enzymes was attributed to the limited half-life
(2=-3 days) of the enzymes.

Control at the feedback inhibition level has been
suggested by Nagamachi, Fujil, and Honda (69) who found
that the isocitrate lyase of the germinating castor bean
endosperm was uncompetitively inhibited by glucose-6-
phosphate, Competitive inhibition has been demonstrated
by Kornberg (48) in the case of isocitrate lyase from
Escherichia coll upon the addition of PEP., Similarly
John and Syrett (45) have shown that oxalacetate and
pyruvate inhibited competitively the isocltrate lyase of
Chlorella pyrenoidosa grown on acetate.

Control of the glyoxylate cycle activity at the
hormonal level has been suggested by Penner and Ashton

(72) who found that benzyladenine and cytokinin promoted
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isocitrate lyase activity in squash and peanut cotyledons.
They also found that puromycin inhibited the formation of
the activity and so suggested that the activity arose from
de novo synthesis. Pinfield (75) found that the addition
of gibberellin increased the 1socitrate lyase activity in
hazel cotyledons.

Repression of isocltrate lyase synthesis in castor
bean seeds germinated in the presence of glucose has been
reported by Lado, Schwendimann and Marre (52). These data
taken with the reports of hormonal effects indicate that
the glyoxylate cycle activity is under metabolic control
similar to that found 1n the case of bacterial pyrimidine
blosynthesis., Feedback inhlbition of an early enzZyme in
the system 1s seen. Further control at the nucleic acid
level is evidenced in the hormonal responses and repression
by one of the products of the pathway.

Recent studies by Longo (58) and Gientka-Rychter and
Cherry (32) utilizing the technique of density labeling
have indicated unequivocally that isocitrate lyase and
malate synthetase are synthesized de novo in the germinat-
ing peanut cotyledon. The increases in buoyant densities

of the proteins upon germination in elther H218

0 or D,0
were larger than could be accounted for by the introduc-
tion of heavy isotopes due to hydrolysis of reserve pro-
tein. This suggests that the amino acids utilized in the

synthesls of these enzymes are derived from other sources
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than reserve protein.

Investigations of the development of glyoxysomes in
germinating peanut and castor bean have revealed that the
glyoxysomes as a whole are under the same type of control
as found in the cases of the indivlidual enzymes of the
cycle., Longo (59) was able to demonstrate that culturing
of isolated peanut cotyledons 1n a glucose solution reduced
both the 1socitrate lyase activity and the total amount of
glyoxysomes.

Gerhardt and Beevers (31) have reported that the
denslty of the glyoxysomes from castor bean endosperm
remains at 1.25 g/cm3 at all stages of germination. They
also reported the puzzling observatlion that, at the earlier
stages of germination, only 20-30% of the 1socltrate lyase
activity was assoclilated with the particulate fractions.
After day 4 of germination, 70-80% of the isocitrate lyase
was assoclated with the particulate fractions., They were
able to rule out breakage of the glyoxysomes as the cause
for the soluble isocitrate lyase by showing that other
enzymes of the glyoxysome remained in the particulate frac-
tions. The process by which the 1socltrate lyase activity
becomes particle-bound 1is not known at present. This situ-
ation of the anomalous behavior of 1socitrate lyase 1is
similar to that found by Harrop and Kornberg (36). They

found the Brannon No. 1 strain of Chlorella vulgaris to be

constitutive for 1socitrate lyase activity but also found
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that the glyoxylate cycle was not functional as a whole
unless the isoclitrate lyase was incorporated into a dense

particle.

The Glycolate Pathway

During photosynthesis with 1h

coz. glycolic acid
becomes labeled at early times. Feeding experiments have
established that glycolate may be metabolized in plants
via glycine, serine and glycerate to glve sucrose in the
light. This series of reactions has been termed the gly-
colate pathway (95). The glycolate formed during photo-
synthesis 1s uniformly labeled and the same has been found
to be true of the intermediates of the glycolate pathway,
thus establishing evidence for operation of the pathway in
the plant. Estimates of the magnitude of the pathway have
indicated that 50% or more of the carbon fixed during
photosynthesis may be passing through this route. The
origin of the glycolate 1s unknown at present, but 1t has
been suggested that 1t arlses from the oxidation of sugar
phosphates 1n the chloroplast. The initial product of
this oxidatlion is presumed to be P-glycolate, which 1is
then dephosphorylated by a specific phosphatase to give
glycolate (81).

Glycolate oxldase, the first enzyme 1in the pathway
starting from glycolate, was first described by Claggett,

Tolbert and Burris (15). The enzyme as isolated from
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tobacco and barley was characterized as an a-hydroxy acid
oxidase which was specific for the L-isomers, Glycolate
was found to be the best substrate. Glycolate oxidase was
later shown by Kenton and Mann (46) and Zelitch and Ochoa
(113) to be a flavoprotein. The enzyme was crystallized
from spinach by Frigerio and Harbury (30). These workers
found that the enzyme had a minimum molecular weight of
70,000, but showed enzyme activity only with the components
of molecular weights 140,000 and 270,000, It was also
noted that the 270,000 molecular weilght component did not
require the addition of FMN for maximal activity whereas
the 140,000 molecular welght component did. These findings
suggest that the enzyme exlists as a tetramer when flavin 1is
firmly bound and as a dimer when the flavin 1s loosely
bound or becomes free.,

Tolbert and Cohan (96) found glycolate oxidase activ-
ity to be low in etiolated material and to increase upon
greening. These observatlions and those of Kuczmak and
Tolbert (51) established that the glycolate oxidase activity
in etlolated wheat could not be detected unless the material
was homogenlized in the presence of elther glycolate or FMN. This
substrate-protected or alternate form of glycolate oxidase was
isolated and purified by Baker and Tolbert (5) who found the
spectrum of the enzyme to be different from typical flavo-
proteins, Similarities of the spectrum with and stimulation

of the enzymic reaction by ferredoxin led the authors to
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speculate that the enzyme might have ferredoxin or non-heme
iron bound to 1it.

NAD-glyoxylate reductase, first isolated and charac-
terized by Zelitch and Ochoa (105), should be included
among the enzymes of the glycolate pathway, but the signifi-
cance of this activity is uncertain., The suggestion has
been made by Zelitch (106) that the combination of NAD-
glyoxylate reductase and glycolate oxidase in the plant may
function as an NADH-oxidizing system, thus getting rid of
excess reducing power, Such a system might work in conjunc-
tion with the chloroplast NADP-glyoxylate reductase described
by Zelitch and Gotto (112) to reoxidize the pyridine
nucleotides of the chloroplast during perlods of over-
reduction. The acidic pH optimum (6.2) of the NAD-glyoxy-
late reductase activity in comparison to that of glycolate
oxidase (pHopt = 8,7) make the possibilities of the two
activities acting as an NADH-ox1dlzing system somewhat
remote. A more probable functlion of this enzyme may be
found in its D-glycerate dehydrogenase activity. Zelitch
found the enzymic rate to be four times greater with
hydroxypyruvate as substrate than with glyoxylate. Holzer
and Holldorf (43) and Laudahn (55) have concluded that the
same enzyme 1s responsible for both activities and have
preferred the name NAD-D-glycerate dehydrogenase for the
enzyme in view of the lower Km for hydroxypyruvate (ca.

10'“M vs. 10'2M) and the larger Vy,y (4 times greater with
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hydroxypyruvate).

The enzymatic reaction involved in the conversion of
glyoxylate to glycine has been elucldated by Kisaki and
Tolbert (47). An aminotransferase activity utilizing gly-
oxylate as the amino acceptor and glutamate and alanine as
the amino donors was shown to be located specifically in
leaf peroxisomes. The high degree of substrate specificity
and sharp pH optimum at pH 7.3 led these authors to con-
clude that a single enzyme was responsible for the conver-
sion of glyoxylate to glycine,

The next step in the glycolate pathway involves the
conversion of two molecules of glycine to one molecule each
of serine, COz, and NH3. Because Kisakl and Tolbert (47)
could find no evidence of glycine decarboxylation or con-
version to serine in the peroxisomes, it was concluded that
these steps occur elsewhere in the cell, The site of this
conversion appears to be the mitochondria (W. J. Bruin and
N. E. Tolbert, unpublished results). |

The conversion of L-serine to hydroxypyruvate is
accomplished by means of an aminotransferase activity.
Sallach (14) has described an L-alanine:hydroxypyruvate
aminotransferase activity as being present in a number of
plant tissues and has implicated this activity in the
gluconeogenic flux of the glycolate pathway. This amino-
transferase activity was found to have a distribution

similar to that of the D-glycerate dehydrogenase (99).
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Sallach was able to demonstrate the formation of D-glycerate
and L-alanine from L-serine and pyruvate through the use of
the isolated enzymes D-glycerate dehydrogenase and alanine:
hydroxypyruvate aminotransferase. In this case the amlno-
transferase activity was reversed, 1l.e., serlne and pyruvate
were used as substrates,

The last reaction unique to the glycolate pathway 1is
the phosphorylation of D-glycerate to give 3-P-glycerate,
Such an enzyme activity has been described recently in
higher plant extracts by Cheung, Rosenblum, and Sallach
(14) and Hatch and Slack (38). Both preparations were
specific for D-glycerate and ATP and required Mg lons for
activity.

The enzymes of the glycolate pathway as described
above act as a system for the conversion of 2 molecules of
glycolic acid to 1 molecule of the sugar precursor 3-P-
glyceric acid. In this conversion one carbon 18 lost as
C02. The system also requires the net input of amino
groups in the form of L-glutamate, the net input of reduc-
‘Ing power in the form of NADH, and one ATP is required for

the conversion of D-glycerate to 3-P-glycerate,
Peroxisomes

Peroxisomes were first recognized as distinct cel-
lular organelles through the work of de Duve and coworkers

(24), During isolation of lysosomes from rat liver, it was
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found that the enzymes catalase and urate oxidase showed
similar distributions to the lysosomal marker acid phospha-
tase upon differential centrifugation. Application of 1so-
pycnic centrifugation established that catalase and urate
oxidase were present in a particle distinct from the lyso-
somes, Further characterization of these particles indil-
cated that several flavoprotein oxldases such as D-amilno
acld oxidase and a-hydroxy acid oxidase were also present.
Becaﬁse of the presence of these H;0z~producing oxidases and
catalase, these particles were given the name peroxlsomes
to indicate thelir role in H202 metabolism.

The assoclation of flavoprotein oxidases and catalase
in peroxisomes has been found to hold for liver and kidney
from a number of sources, two protozoans (23), germinating
castor bean endosperm (reviewed in the preceding section
under the term glyoxysomes), and leaf tissue (97). The
glyoxysomes have been found to contain the complete f-oxi-
dation system and the complete glyoxylate cycle in addition
to the oxldases and catalase, Mttller, Hogg and de Duve
(67) have demonstrated the presence of isocitrate lyase and
malate synthetase as well as NADP-1socltrate dehydrogenase
in the Tetrahymena peroxisomes but were unable to find the
other enzymes of the glyoxylate cycle.

Leaf peroxisomes have been found to contain the
enzymes glycolate oxldase, NAD-glyoxylate reductase, catalase

(97), glutamate:glyoxylate aminotransferase (47), and NAD=-



27

malate dehydrogenase (103). A summary of the enzymes known
to date to be present in peroxisomes and glyoxysomes 1s
given in the Results and Discussion Section.

Morphologically the peroxisomes from the varlous
sources and the glyoxysomes appear similar., They are all
bound by a single membrane, show a dense granular matrix or
stroma, and band in sucrose gradlients at an equilibrium
density of 1.24-1.25 g/cc. Electron micrographs indicate
the peroxisomes to be roughly spherical in shape with a
diameter of 0.5-1.0 pu. Rlbosomes have been consplcuously
absent 1n all preparations to date. In the case of leaf
tissue, a close assoclation of the peroxisomes with the
chloroplasts has been noted by Frederick and Newcomb (29).

Because of the presence of the peroxisomes in those
animal tissues which are active in gluconeogenesis, de Duve
(24) has speculated that the peroxisomal function may be
related to gluconeogenesis. No direct correlation has been
shown to date, however, with the possible exception that
the a-hydroxy acid oxidase of the liver peroxisomes can
oxldize lactate to pyruvate, thus initlating gluconeogenesis
from lactate. A definite gluconeogenic function has been
shown for the glyoxysomes which can convert long-chain
fatty acyl CoA esters to succinate through B-oxidation and
the glyoxylate cycle (18). The succinate thus formed is
then avallable for conversion to carbohydrates elsewhere in

the cell., The leaf peroxisomes have also been shown to



tontein
carried

to the



28
contain some of the enzymes of the glycolate pathway which
carriled out conversion of the two carbon compound glycolate

to the sugar precursor 3-P-glycerate,



MATERIALS AND METHODS

Plants

Spinach (Spinacla oleracea L.) leaves were the prime
matexrial used in this study. The spinach was purchased
locally or grown in a growth chamber on a 16-hour day, 8-
hour night regime. Other plant material was grown in a
greenhouse with double-strength Hoagland's medium applied

once a week. Genus, specles and variety, where known, are

listed with the results.

Preparation of Fractlions by
Differential Centrifugation
In typical splnach preparations leaf tissue was

washed, deribbed and cut into small strips. Subsequent
orerations were carried out at 0-4°. eilther in a cold room
Or in 1ice buckets, The tissue was homogenized in a Waring
blendor at maximum speed for 10 sec with one volume by
Welght of grinding medium (0.5 M sucrose, 0,02 M potassium
Slycylglycine, PH 7.5). The resulting slurry was squeezed
througn 8 layers of cheesecloth, and the pH (approximately
7) Was readjusted to 7.5 with KOH, The sap was then centri-
fuged at 100 g for 20 min, and the resulting pellet was
Tésuspended in the grinding medium. This was designated

the wynole Chloroplast® fraction. The sap was further

29
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centrifuged at 6000 g for 20 minutes., This pellet after
resuspension was designated the "Broken Chloroplast" frac-
tion. A "Mitochondrial" fraction was prepared by centrifu-
gation of the sap at 37000 g for 20 min and resuspension of
the pellet in the grinding medium. The supernatant fluid
after the last centrifugation was designated the "Superna-
tant" fraction. Preparations were made with other plants
using substantially the same procedure, although in some
cases the volume of the grinding medium and the length of

blendor time were increased to facilitate homogenization,
Sucrose Density Gradient Centrifugation

In typlcal experiments a discontinuous sucrose den-
sity gradient was prepared in the cold by pipetting succes-
sively 4 ml of 2,5 M, 8 ml of 2,3 M, 10 ml1 of 1.8 M, 15 ml
of 1.5 M, and 13.5 ml of 1.3 M sucrose into a cellulose
nitrate tube designed for the Spinco SW 25,2 swinging-bucket
rotor. All sucrose solutions were made up at room tempera-
ture in 0.02 M potassium glycylglycine, pH 7.5. For studies
of the intracellular location of enzymes, a 4 ml portion of
the "Peroxisome and Broken Chloroplast" fractlon was layered
on top of the gradient; and the sample was centrifuged in a
Spinco Model L centrifuge at 25,000 rev/min for 3 hours at
4°, Fractions were then collected from the bottom of the
tube after puncturing and were numbered in the order of

collection. Fraction contents and volumes are given in the
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Results and Discussion Section.
Assay Methods

Enzyme assays were run on & Gilford automatic record-
ing spectrophotometer at 25° except where noted. A unit of
activity 1s defined as that amount of enzyme catalyzing the

disappearance of 1 umole of substrate per min at 25°,

Malate Dehydrogenase

gL-MalatexNAD Oxidoreductase. EC 1.1, 1.222

Malate dehydrogenase was assayed spectrophotometrically
by following the oxidation of NADH at 340 mu (103). The
assay mixture contained 0,67 ml of 0.1 M HEPES (pH 7.4),
0.03 ml of 0.5% Triton X-100, 0.04 ml of 0.01 M oxalacetic
acid (neutralized to pH 7.4 with KOH), 0.02 ml of 2.8 x
10=3m NADH, and enzyme plus water to give a total volume of
1 ml in the cuvette (d = 1 cm). The reaction was initiated
by the additlon of oxalacetate, after measurement of the
rate of endogenous oxidation of NADH. The recorder chart
speed was set at 1 in/min, and readings on each cuvette were
for a duration of 1.5 seconds. Full scale (250 mm) on the
recorder was 0.5A., Under these conditions 1 mm/min = 0,482
nmole/min at saturating oxalacetate concentrations.

Glycolate Oxidase
(Glycolate:OZ;Oxidoreductase, EC 1.1.3.1)

Glycolate oxidase was assayed anaerobically by follow-
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ing the rate of DCPIP reduction at 600 mu (97). The assay
mixture in a Thunberg tube contained 2 ml of 0.1 M pyro=-
phosphate (pH 8.5) containing 1.5 x 10 M DCPIP, 0.05 ml of
enzyme plus water, and 0.1 ml of 0.125 M potassium glyco=-
late in the side arm. The total volume was 2,5 ml., The
cuvette was evacuated with a water aspirator and then
flushed with pre-purified nitrogen which had been bubbled
successively through Flesert!s solution to remove traces of
0, and then saturated lead acetate to remove traces of H,S
formed through the breakdown of the dithlonite in the
Fleser's solution. Complete removal of O, was found to be
essential for obtalning linear assays due to the presence
of peroxidative reoxidation of the DCPIP (97). The reac-
tion was initiated by tipping the substrate from the side
arm into the main compartment. The recorder chart speed
was 0.2 in/min, and full scale was set at 2,5 A (250 mm).
Under these conditions 1 mm/5 min = 0.770 nmole/min at
saturating substrate and DCPIP concentrations.,

Cytochrome ¢ Oxidase
(Cytochrome c:10, Oxidoreductase, EC 1.9.3.1)

Cytochrome oxidase was used as a mitochondrial marker
and was assayed by following the oxidation of reduced cyto-
chrome ¢ at 550 mu (97). Enzyme (0.5-10 ul) was placed in
the bottom corner of a microcuvette (vol = 0.5 ml) with a

syringe and 5 ul of 4% digitonen added. After mixing and a
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1 min incubation period, 200 ul of 0.1 M phosphate buffer
(pH 7) was added. The reaction was then initiated by the
addition of 50 nl of 1.5 mM cytochrome ¢ reduced with
dithionite. Care must be taken that the cytochrome c¢ 1is
not over=reduced by the addition of excess dithionite since
lag periods in the assay would result. A sample without
enzyme must be also used in order to measure the rate of
nonenzymatic oxldatlon of reduced cytochrome c, For this
assay a recorder chart speed of 1 in/min was used, each
cuvette being read for a duration of 1.5 sec., Full scale
(250 mm) on the recorder was 1.0 A, Under these conditions,
1 mm/min = 48,8 picomole/min,

Aspartate Aminotransferase
(Aspartate:;2-0xoglutarate Aminotransferase, EC 2,6,1,1)

Aspartate aminotransferase activity was measured by
linking oxalacetate formation with exogenous malate dehydro-
genase, thus giving NADH oxidation followed at 340 mu., The
reaction mixture contained 0.5 ml of 0.1 M TES (pH 7.4),
0.03 ml of 0.,5% Triton X-100, 0.05 ml of stabilized malate
dehydrogenase (1,000 units), 0.30 ml of enzyme plus water,
0.03 ml of 0,1 M a-ketoglutarate (pH 7), 0.02 ml of 5 X
10~3M pyridoxal phosphate (pH 7), and 0.02 ml of 3.8 x
10=3M NADH, The reaction was initiated by the addition of
0.05 ml of 0.4 M L-aspartate (pH 7). A recorder chart
speed of 0,2 in/min and full scale of 0.5 A were employed.
Under these conditions 1 mm/5 min = 64.4 picomole/min.,
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Isocitrate Dehydrogenase, NAD and NADP
(threo-Dg~Isocitrate:NAD Oxidoreductase (EC 1.1.1.41)
and threo-Dg -Isocitrate:NADP Oxidoreductase (EC 1.1.1.42))

The assay for the isoc;trate dehydrogenases was modi-
fied from that employed by Leighton et al. (57). The forma-
tion of reduced pyridine nucleotide 1s followed spectrophoto-
metrically at 340 mu, The assay mixture for the NADP-iso-
citrate dehydrogenase contained 0.67 ml of 0.1 M TES (pH 7.4),
0.03 ml of 0.,5% Triton-X-100, 0,03 ml of 0.1 M MgClp, 0,04 ml
of 2,5 x 10=3M NADP+, and 0.13 ml of enzyme plus water, The
reaction was initlated by the addition of 0.1 ml of 0.2 M
DL-1socitrate, tri-sodium salt, allo-free. For the assay of.
the NAD-isocitrate dehydrogenase, NADY was used in place of
NADP*, and 1 mM citrate was included in the assay mixture
(25). The recorder chart speed was 0.2 in/min, and full
scale (250 mm) was set at 0,5 A. Under these conditions,

1 mm/10 min = 32.2 picomole/min.
Mallic Enzyme

(L-Malate:NADP Oxidoreductase (Decarboxylating)
EC 1.,1.1.40)

Mallc enzyme was measured using a modification of the
procedure of Ochoa (70). The reaction mixture contained
0.67 ml of 0,1 M TES (pH 7.4), 0.01 ml of 0.1 M MnCl,, 0.03
ml of 0.5% Triton X-100, 0.04 ml of 2.5 x 10~>M NADP*, and
0.23 ml of enzyme plus water, The reaction was initiated by
the addition of 0.02 ml of 1 M DL-malate (pH 7.4). Full

scale was set at 0.5 A with a chart speed of 0.2 in/min,
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Under these conditions 1 mm/10 min = 32.2 picomole/min,

PEP_Carboxylase (EC 4,1.1,31)

PEP Carboxylase was measured using a modification of
the method of Slack and Hatch (87). The reaction mixture
contained 0.3 ml of 0.1 M TES (pH 7.4), 0.01 ml of 0.5%
Triton X-100, 0.03 ml of 0.1 M MgSOy,, 0.01 ml of 0.01 M
dithiothreital (pH 7), 0.05 ml of 10-2M L-glutamate (pH 7),
0.20 ml enzyme plus water, and 0,05 ml of 0,01 M PEP. The
reaction was initiated by the addition of 1 uC (0.2 umole)
NaH]'L"CO3 contained in a 0,02 ml volume., The assay mixtures
were then mixed and incubated at 30° in stoppered test tubes.
The reaction was stopped after either 15 or 20 min by the
addition of 0.5 ml EtOH followed by 0.1 ml of glacial acetic
acld. The tubes were then flushed with unlabeled COp for
20 min, and 0.1 ml aliquots were removed and counted., Con-
trol tubes contalned all ingredients listed above with the
exception of PEP, A sample without enzyme was also run to
determine the rate of nonenzymatlic oxalacetate formation.

Radloactivity was determined with a TriCarb scin-
tillation counter using 15 ml of counting solution. The
counting solution contained 10 g PPO, 0.1 g a=NPO, 160 g
naphthalene, 770 ml xylene, 770 ml p-dioxane, and 462 ml

absolute ethanol.,

Citrate Synthetase (EC 4.1.3.7)

Citrate synthetase was measured by a modification of
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the method of Srere, Brazil and Gonen (88). The buffer com-
ponent (0.5 ml) in the assay was either 0.1 M potassium
HEPES (pH 7.4) or 0.4 M potassium tricine (pH 8.1). Other
components were 0,03 ml of 0.5% Triton X-100, 0.10 ml of
10=3M of 5,5'=-dithiobis-(2-nitrobenzoic acid) (DINB),
(pH 8), 0,05 ml of 10™M acetyl-CoA, and 0,27 ml of enzyme
plus water, The reaction was initiated by the addition of
0.025 ml of 10-3M potassium oxalacetate (pH 8); and the
increase in absorbance at 412 mu was measured. Full scale
on the recorder was 0.5 A and the chart speed was 0.2 in/
min. This assay makes use of the reaction of DINB (Ellman's
reagent) with the free sulfhydryl group of CoA, released by
citrate synthetase action. This assay 1s much more sensi-
tive than the 0ld methods of using malate dehydrogenase or
following disappearance of the thilol-ester bond at 232 mu
and 18 less subject to troubles caused by high background
readings, Under these assay conditions, 1 mm/5 min = 30

plcomole/min.

Malate Synthetase (EC 4.1.3.2)

The assay used for malate synthetase was modified
from the assay for citrate synthetase. The basic reaction
mixture contained 0.5 ml of 0.1 M potassium HEPES (pH 7.4),
0.03 ml of 0.5% Triton X-100, 0.10 ml of 10~3M DTNB (pH 7),
0.05 ml of 10~ acetyl-CoA, 0.01 ml of 0.1 M MgCly, and
0.26 ml of enzyme plus water. The reactlion was initiated

by the addition of 0.025 ml of 0.1 M sodium glyoxylate,
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The recorder chart speed was 0.2 in/min, and full scale
(250 mm) was 0.25 A, Under these conditions 1 mm/5 min =

15 picomole/min.

Isocitrate Lyase (EC 4,1.3.1)

The assay method for lsocitrate lyase was modified
from that of Dixon and Kornberg (26). The reaction is
followed through formation of the glyoxylate phenylhydra-
zone which absorbs at 324 mu. The assay mixture contained
0.5 ml of 0.1 M HEPES (pH 7.4), 0.03 ml of 0.5% Triton X-100,
0.025 ml of 0.1 M MgCl,, 0.05 ml of 4 x 1.0"2 M dithiothreitol,
0.03 ml of 0.1 M phenylhydrazine*HCl (neutralized to pH 7
Just before use), and 0.32 ml enzyme plus water. The reac-
tion was initiated by the addition of 0.05 ml of 0.2 M
sodium DL-1socitrate (g;;g-free). An extinction coefficient
of 1.7 x 104 M-l cm~! was used for the glyoxylate phenyl-
hydrazone at 324 mu.

Aconitase (EC 4,2,1.,3) and
Fumarase (EC 4.2.1.2)

Aconltase was determined by the method of Anderson
(1), and fumarase was determined by substituting fumarate
in the same assay system. The assay utilized absorption of
240 mu light by the double bond in both cis-aconitate and
fumarate, and disappearance of the double bond was measured.
The reaction mixture contained 0.40 ml of 0.1 M TES (pH
7.5), 0,03 ml of 0.5% Triton X-100, 0.240 ml of 0.1 M
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(NHu)zsoh. 0.400 ml of enzyme plus water, and 0.030 ml of
elther 1072 M potassium cis-aconitate or 102 M potassium fum-
arate (both pH 7.5), depending on which enzyme was being
measured., The recorder chart speed was 0.2 in/min, and
full scale was 1,0 A. Using an extinction coefficlent for
cis-aconitate at 240 mu of 3.55 x 10° ¥°! en~l, 1 mm/10
min = 0.135 nmole/min.

Formate Dehydrogenase (EC 1.2.1,2)

For the assay of formate dehydrogenase, the method
of Quayle (77) was used wherein the formation of reduced
NAD is followed at 340 mu., The assay mixture contained
0.67 ml of 0.1 M potassium phosphate (pH 7.0), 0.03 ml of
0.5% Triton X-100, 0.10 ml of 10=2 M NAD*, and 0.20 ml of
enzyme plus water, The reaction was initlated by the addi-
tion of 0.025 ml of 0.2 M potassium formate (pH 7). The
recorder chart speed was 0.2 in/min, and full scale was
1.0 A, Under these conditions, 1 mm/10 min = 64.4 picomole/

min,

Serine-Pyruvate Aminotransferase
(EC 2,6,1.=)

Serine-pyruvate aminotransferase activity in spinach
preparations was assayed by linking hydroxypyruvate forma-
tion to D-glycerate dehydrogenase activity, thus giving
NADH oxidatlon which was followed at 340 mu in the Gilford

spectrophotometer. The assay mixture for gradient fractions
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contained 0.5 ml of 0.1 M HEPES (pH 7.3), 0.03 ml of 0.5%
Triton X-100, 0.02 ml of crystalline glyoxylate reductase
(D-glycerate dehydrogenase), 0.35 ml of enzyme plus water,
0.02 ml of 5 mM pyridoxal phosphate, 0.03 ml of 0.1 M
potassium pyruvate, and 0.02 ml of 3.8 mM NADH., The reac-
tion was initlated by the addition of 0.05 ml of O.4 M DL-
serine (pH 7). No pyruvate-dependent oxidation of NADH was
noted in the gradient fractions. This follows the observa-
tion of Zelitch that pyruvate does not serve as a substrate

for plant D-glycerate dehydrogenase,
Starch Gel Electrophoresis

The procedure of Fine and QOstello (27) was used for
the separation of 1sozZymes of malate dehydrogenase by
starch gel electrophoresis. For preparation of the gel,
3.5 ml of 0.2 M eitric acid, 21.5 ml of 0.2 M NayHPO, and
475 m1 of distilled water were mixed together., This solu-
tion was then slowly added with stirring to 70 g of hydro-
lyzed starch. The resulting suspension was then heated
with stirring until bubbles appeared (ca. 65°). The slurry
was then quickly poured into a 2 1 vacuum flask (heated in
a water bath to the same temperature) and the mixture was
boiled under reduced pressure from a water aspirator for 1
min, The starch was next poured into forms for electro-
phoresis, with filter-paper wicks being used for contact
with the electrode solutlions; and a slot former was placed

in the gel to allow easy sample introduction. The gel was
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hydrated overnight before use,

The tank buffer used contalned 30 ml of 0.2 M oitric
acid, 240 ml of 0.2 M NayHPO, , and 1230 ml of distilled
water. For the preparation of the enzyme samples, 0.3 ml
fractions from the differential and sucrose gradlent cen-
trifugation of spinach leaf homogenates were incubated at
ice temperature with 0.03 ml of 0.5% Triton X-100 in order
to solublilize enzymatic activity., After 10 min, the samples
were centrifuged for 15 min at 39,000 g and the resulting
pellet was discarded. For the electrophoresis, 0,2 ml
fractions were applied to the gel; these were subjected to
27 mA (210 V) for eight hours at 49,

For locallization of the malate dehydrogenase activ-
ity, the method of Fine and Costello (27) was used. The
staining solution contalned 35 ml of 0.1 M potassium bicine
(pH 8.5), 2,25 ml of 2 M potassium L-malate, 0.9 ml of
NAD* (30 mg/ml), 0.18 ml of phenazine methosulfate (5 mg/ml),
and 1.5 ml of p-nitro blue tetrazolium (10 mg/ml). The gel
was incubated in the dark for 30 min at 35° with this solu-
tion, activity of the malate dehydrogenase appearing as a
purple-colored spot.

Protein and Chlorophyll Determinations

Protein was estimated by the method of Lowry, using
powdered bovine serum albumin as the standard. Chlorophyll

was estimated at 652 mu by the method of Arnon,



RESULTS AND DISCUSSION

The detection, i1solation, and partial characteriza-
tion of leaf peroxlisomes has been accomplished as a group
effort in our laboratory during the course of research for
this thesis. Some of these results have been published
and constlitute a portion of this thesis., Ieaf peroxisomes
were first 1solated from spinach (97). Later survey work
established that peroxisomes can be isolated from a variety
of plants (98). In thils survey work my major contribution
was the study of the intracellular distribution of NAD-
malate dehydrogenase. The NAD-malate dehydrogenase from
spinach leaf peroxisomes was characterized in detail, and
this work constitutes a major portion of this thesis (103).
The work on NAD-malate dehydrogenase activity 1s summar-
1zed in thls section. Studies of other activities are

given in full.

NAD-Malate Dehydrogenase

My data on the distribution and properties of
spinach leaf NAD-malate dehydrogenase have been published
(Ref, 103). Consequently these findings will be presented
in summary form in this section.,

The same technique of organelle separation was used

to determine particulate distribution for NAD-malate dehyd-

L1
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regenase and all other enzymes described in later sectlons.
Detalls are given in the Materials and Methods Sectlon.
The basic procedure involved homogenization of leaf tlssue
for short times in a Waring blendor. Buffered 0.5 M sucrose
was used as the grinding medium. A fraction enriched in
peroxisomes and mitochondria was then obtalned by centrifu-
gation at 100-6,000 g. This fraction was then layered on a
sucrose density gradlient ranging from 2.3 to 0.5 M sucrose.
Isopycnic centrifugation allowed a separation of chloro-
plasts, mitochondria, and peroxisomes according to theilr
respective densities. Chlorophyll, cytochrome oxidase, and
glycolate oxlidase, respectively, were used as markers for
these organelles.

Figures 1 and 2 present the sucrose density gradient
distribution of NAD-malate dehydrogenase activity., Clear
peaks of activity can be seen to be assoclated with the
peroxlsomes and mitochondria. The two peaks of mitochondrilal
activity are probably an artifact of the non-continuous
gradient used. The peroxlsomal enzyme as assayed by fol-
lowing NADH oxidation exhibited a broad pH optimum from
6.4 to 7.4. The ratio of the rates with the two pyridine
nucleotides (%D% = 0.006) indicated that the activity
was specific for NADH. The kinetic properties of the malate
dehydrogenase activities from the gradient are summarized
in Table 1. It can readlly be seen that the mitochondrial
1sozyme 1s more sensitive to oxalacetate inhibition than 1is

the peroxisomal form.,
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Flgure 1

Distribution of NAD-=Malate Dehydrogenase and Marker
Activitles After Sucrose Density Gradient Centrifu-
gation of Spinach Broken Chloroplast Fraction.

NAD-Malate dehydrogenase, glycolate oxidase, and
cytochrome oxidase units expressed as umole sub-

strate transformed per min per ml at 25°, e—o,

malate dehydrogenase; ws---m , glycolate oxidase;

A+e+4 cytochrome oxidase.
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Figure 2

Distribution of NAD-Malate Dehydrogenase and Marker
Activities After Sucrose Density Gradient Centrifu-
gation of Spinach Broken Chloroplast Fraction (Cont'd).
NAD-Malate dehydrogenase units expressed as umole
substrate transformed per min per ml at 25°, Protein
and chlorophyll expressed as mg per ml, e—e, malate
dehydrogenase; a—e<s—a , protein (1/5 scale); @—ec—u ,

chlorophyll.
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TABLE 1
Kinetic Properties of Malate Dehydrogenase Forms

Peroxisomal and mitochondrial fractions taken from
sucrose density gradients and used without further purifi-
cation. The supernatant is from the differential centrifu-
gatlion.

Location K, (CAA) OAA Conc. That Be= Inhibition at
gins to Inhibit 2 x 10-3M OAA
Peroxisomal 1.4 x 10-5M 2 x 10~ 24%
Mitochondrial 5.7 x 10-6M 7 x 10~ 50%

Supernatant 1.3 x 10=5M 1 x 10-ln 23%
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The peroxisomal and mitochondrial forms of NAD=-
malate dehydrogenase were easlly separated by starch gel
electrophoresis. This is shown in Fig. 3. A third dis-
tinct activity was seen in the supernatant fraction, but
this could not be investigated further because of the
large amount of the mitochondrial and peroxisomal forms
present in this fraction.

NAD-Malate dehydrogenase activity has been reported
by several workers (see Ref, 103) to be present in chloro-
plasts, but these reports could not be confirmed in the
case of splnach leaves. No evidence could be found for
NAD-malate dehydrogenase activity in either whole chloro-
plasts or in chloroplast fragments. Hatch and Slack (38)
have recently reported the presence of an NADP-malate
dehydrogenase activity in malze chloroplasts., No such
activity was detected in preliminary experiments with
splnach chloroplast preparations, but a difference between
maize and splnach chloroplasts could easily be possible.,

In Ref. 103, it was stated that oxidation of L-
malate could not be observed at pH 7.4, probably because
of the unfavorable equilibrium of the reaction. Since
this statement was made, an aspartate-a-ketoglutarate
aminotransferase has been found in the peroxisomes. By
the addition of L-glutamate to the assay mixture, it 1is
now possible to demonstrate L-malate oxidation as measured

by following NAD* reduction. In this case the unfavorable



Figure 2

Schematic Representation of Starch-Gel Electro-
phoresis of the Various NAD-Malate Dehydrogenases.

Separation and staining techniques are

described in the Materials and Methods Section.
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equilibrium position is shifted toward malate oxidation
through removal of the product, oxalacetate by transamina-
tion,

Because of a report by Munkres (68) that NAD-malate
dehydrogenase and aspartate aminotransferase activities are
apparently associated with the same protein in Neurospora,
amino acids and pyridoxal phosphate were added to the
standard NAD-malate dehydrogenase assay using leaf peroxi-
somes., No effect was observed with 4 mM L-aspartate, L-
glutamate, DlL-serine, or 0.1 mM pyridoxal phosphate. The
fact that L-glutamate had no effect may seem surprising in
view of the fact that aspartate-a-ketoglutarate aminotrans-
ferase activity i1s present in leaf peroxlsomes (discussed
in the next section), but Kisaki and Tolbert (47) have
shown that this reverse (glutamate-oxalacetate) aminotrans-
ferase activity of peroxisomes 1s very low., One may also
conclude from these data that serine-oxalacetate amino-
transferase activity in the peroxisomes is low relative to

the NAD-malate dehydrogenase activity.
Ahiﬁotransferase Activitles

In preliminary experiments on other transaminase
activity of the peroxisomal fractions, it was found that
serine plus pyruvate exhibited a relatively high rate of
activity. This transaminase was measured by linking
hydroxypyruvate formation to the D-glycerate dehydrogenase

activity present in these peroxisomal fractions. This can
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be done with peroxisomal fractions, utilizing L-serine,
L-aspartate, or glycine as amino donor since dehydrogenase
or reductase activity 1s present for each of the corres-
ponding keto acids. In this study it was found that no
NADH oxidation was observed with peroxisomal fractions in
the presence of either pyruvate or a-ketoglutarate,
Alanine and glutamic dehydrogenase activities likewise
could not be detected in peroxisomal fractions. The num-
ber of possible combinations of amino donors and acceptors
which can be studied with such a system is extremely
limited (6 combinations exist), but several activities
which are believed to be highly speciflc were detected.

In Table 2 are summarized the data on the six amino-
transferase comblnations which could be tested. Signifi-
cant activity was detected only with the combinations
serine + pyruvate and aspartate + a-ketoglutarate, Addi-
tion of glyoxylate, oxalacetate, and hydroxypyruvate (all
at a final concentration of 10 mM) to separate control
cuvettes established that the respective dehydrogenase
and reductase activities were not limiting. The two amino-
transferase activities appear to be quite specific with
respect to substrates. This was also found to be the case
with the glutamate-glyoxylate aminotransferase of the
peroxisomes (47). Using a different assay procedure,
Klsakl and Tolbert were able to test a number of amino

donors and acceptors 1n reaching this conclusion.
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TABLE 2

Aminotransferase Activity of Leaf Peroxisomes
as Measured by Coupling to Endogenous Dehydro-
genases,

The assay mixture contained 0.5 ml of 0.1 M HEPES
(pE 7.3), 0.05 ml of Fraction 3 from a sucrose density
gradient, 0,35 ml of distilled water, 0,03 ml of the
potassium salt of a-keto acid, and 0.02 ml of 3.8 mM
NADH. The reaction was initiated by the addition of
0,05 ml of 0.4 M amino acid (pH 7). No rate was observed
in the presence of a-keto acids alone or amino acids
alone, Dehydrogenase or reductase activities were in
excess as measured by addition of appropriate a-keto
acids. The rate of serine-pyruvate aminotransferase
activity was set at 100,

Amino Aclid a-Keto Acid Relative Rate
Pyruvate 100
DL=-Serine
a-Ketoglutarate 3
Pyruvate 0
Glycine
a=Ketoglutarate 0
Pyruvate 18
L-Aspartate

a=-Ketoglutarate 179
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The lack of reactlon using glycine as the amino
donor is not surprising when one takes into account the
unfavorable amino-group-transfer potential, i.e., the
highly unfavorable free energy change in converting gly-
cine to glyoxylate. Kisaki and Tolbert (47) also found
the glutamate-glyoxylate aminotransferase to be "irrever-
sible" and have discussed thlis point in some detaill.

In order to determine whether the aspartate amino-
transferase activity found in Fraction 3 could be attrib-
uted to peroxisomes, the distribution of this activity
throughout differential and isopycnic centrifugation was
studied (Fig. 4). Marker activities for the peroxisomes
and mitochondria are included for comparison. PEP Car-
boxylase activity is also included since it appears that
a component of this activity is located in the chloroplasts
as 18 evidenced by the relatively high rate/ml in both the
Whole Chloroplast fraction and Fractions 7 and 8 of the
gradient (broken chloroplast fragments). Some of the
activity in Fraction 5 may be attributed to chloroplasts
since 1t has been observed that intact chloroplasts are
present along with mitochondria in Fraction 5. The dis-
tribution of PEP carboxylase will be discussed further in
a later section.

The aspartate aminotransferase activity exhibits a
peak coinciding with the cytochrome oxlidase peak, thus

indicating mitochondria contain aspartate aminotransferase
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Figure 4
Distribution of Aspartate Aminotransferase and PEP
Carboxylase Activities Among Differential and
Sucrose Density Gradient Centrifugation Fractions.
Abbreviations used: W-CHL, Whole Chloroplast
FPraction; B-CHL, Broken Chloroplast Fraction; MIT,
Mitochondrial Fraction; SUP, Supernatant Fraction
as described in the Materials and Methods Section.,
0O , Percent of total activity; &, Rate/ml,

expressed as nmole per min per mg protein,
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activity. A portion of the animal aspartate aminotransfer-
ase activity has been demonstrated by Lardy (53) to be
mitochondrial., The relatively high rate/ml of the Whole
Chloroplast Fraction is taken to be an indication of the
presence of aspartate aminotransferase activity in chloro-
plasts. PEP Carboxylase can be seen to show a similar
high relative rate in the Whole Spinach Chloroplast Frac-
tion. Rosenberg, Capindale, and Whatley (82) have pre-
sented evidence for PEP carboxylase activity in spinach
chloroplasts. The low percentage of both aspartate amino-
transferase and PEP carboxylase activities in the Whole
Chloroplast Fraction may be a reflection of solubilization
of these enzymes upon homogenization. Heber (40) and
Muker j1 and Ting (65) have reported the presence of aspar-
tate aminotransferase activity in chloroplast preparations
from Vicla faba and Opuntia respectively.

In comparison of the rate/ml for cytochrome oxidase
and aspartate aminotransferase, more aspartate aminotrans-
ferase activity 1s found in Fraction 3 than can be accounted
for by mitochondrial activity. Kisaki and Tolbert (47)
also found a large amount of aspartate aminotransferase
activity coinciding with the peroxisomal fraction., Close
examination of the substrate specificity of the glutamate-
glyoxylate aminotransferase studied by these authors indi-
cates that the aspartate-a-ketoglutarate activity cannot
be attributed to substrate non-specificity of the glycine-
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forming enzyme. Investigations of the specific activity
of the aspartate aminotransferase actlivity as detalled in
the Summary and Conclusions Sectlon indicate this activity
to be 40 times greater than the glutamate-glyoxylate amino-
transferase activity. From all these considerations, it
1s concluded that peroxisomes, mitochondria, and chloro-
plasts all contain aspartate aminotransferase activity.

Aspartate 1s thought to be an intracellular trans-
port form of oxalacetate (53). Thus it is not surprising
to find aspartate aminotransferase activity in peroxisomes,
mitochondria, and chloroplasts since all three organelles
apparently contain enzymes involved in oxalacetate metabo-
lism,

Data for the distribution of serine-pyruvate amirio-
transferase activity on a sucrose density gradient are
presented in Fig. 5. Clear correspondence of the amino-
transferase activity with that of the peroxisomal marker,
NAD-glyoxylate reductase, indicates that the serine-pyruvate
aminotransferase activity is peroxisomal., This aminotrans-
ferase activity has been previously described by Sallach
(14) and implicated in the operation of the glycolate path-
way, but the intracellular localization was not determined.
With respect to various plant sources, Willis and Sallach
(99) were able to demonstrate that the aminotransferase
activity closely paralleled the activity of the D-glycerate
dehydrogenase described by Stafford, Magaldi, and Vennes-

land (90). That is, plants with high glycerate dehydrogenase
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Fi e

Distribution of Serine-Pyruvate Aminotransferase,
NADP-Isocitrate Dehydrogenase, NAD-Isocitrate Dehyd-
rogenase, Fumarase, Citrate Synthetase, Aconitase,
Malic Enzyme, and Marker Activities After Sucrose
Density Gradlent Centrifugation of Spinach Broken
Chloroplast Fraction,

D. Percent of total activity; . Specific
activity, expressed as nmole per min per mg protein
at 250, Data for NAD- and NADP-glyoxylate reduc-
tase activities from A, Oeser and N, E, Tolbert.

Activity

Percent of Total
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activity had high aminotransferase activity, and conversely
plants with low glycerate dehydrogenase activity had low
serine-pyruvate aminotransferase activity. This parallel-
ism can now be interpreted in terms of high peroxisomal
activity versus low peroxisomal activity.

This demonstration in the peroxisome of serine-
pyruvate aminotransferase activity coupled to D-glycerate
dehydrogenase activity establishes the ability of the
peroxisome to convert serine to glycerate. Thus all reac-
tions of the glycolate pathway leading to the conversion
of glycolate to glycerate have been demonstrated to be
present in the peroxisome with the exception of the conver-
slon of glycine to serine.,

The serine-pyruvate and aspartate-a-ketoaminotrans-
ferase activitles of the peroxisome have been found to
exhibit several common properties. Neither of the activ-
itles 18 stimulated by the inclusion of 0.1 mM pyridoxal
phosphate in the assay mixture. This was also found to be
true of the glutamate-glyoxylate aminotransferase (unpub-
lished results of T. Kisaki and N. E, Tolbert). Likewise,
both of the aminotransferase activities studied here were
inhibited 10-20f by the addition of 0.01% Triton X-100 to
the assay. Thlis observation contrasts strikingly with the
observations that the glycolate oxidase, NAD-glyoxylate
reductase, and malate dehydrogenase activities of the
peroxisome are stimulated 30% by the addition of the non-
ionic detergent Triton X-100,
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NADP-Isocitrate Dehydrogenase

As was found in the case of the NAD-malate dehydro-
genase, two 1sozymes with respect to particle localization
were found. The distribution of the NADP-isocitrate dehyd-
rogenase 1s given in Filg. 5. NAD-glyoxylate reductase has
been used here as a peroxisomal marker., It can be clearly
seen that the peak specific activity (Fraction 3) for the
NADP-1socitrate dehydrogenase colincides with that of the
peroxisomal marker in a sucrose density gradlent of spinach
particulate material, BRelative to the specific activity of
the NAD-glyoxylate-reductase, Fractions 5, 6 and 7 can be
seen to have a high specific activity for NADP-isocltrate
dehydrog?nase. This activity parallels that found for the
mitochondrial marker cytochrome oxidase., Thus NADP-1so-
citrate dehydrogenase activity is located in both peroxi-
somes and mitochondria,

The large amount (50%) and high specific activity of
the NADP-1soclitrate dehydrogenase found in the supernatant
of the gradient (Fraction 9) may be an indication of leak-
age of this actlivity from the peroxisomes and/or mitochon-
dria, Such was not found in the case of NAD-malate dehyd-
rogenase, however, Upon fractionation of the original
leaf homogenate, 90% of the NADP-1socitrate dehydrogenase
was found in the supernatant fraction from a 39,000 g
centrifugation (data not given)., In contrast NAD-malate

dehydrogenase which is also localized in peroxisomes and
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and mitochondria showed only 40% of its activity in super-
natant fractions, It is difficult to conceive of one
enzyme (NAD-malate dehydrogenase) being rather tightly
bound to cellular organelles while another 1s easily lost
unless the second enzyme (NADP-1socltrate dehydrogenase)
is located on the membrane(s). No evidence to support
this membrane locallzation exists to date. It is thus
inviting to ascribe the supernatant NADP-isocltrate dehyd-
rogenase activity to a cytoplasmic or soluble 1isozyme,
Some of the gradlient supernatant activity might be attrib-
uted to contamination from this cytoplasmic activity.

NADP-Isocitrate dehydrogenase has been found in all
peroxisomes tested to date. This includes peroxisomes
from rat liver, Tetrahymena, and spinach leaves., The
specific function of this peroxisomal activity, however,
18 unknown. In the case of the spinach leaf peroxisomal
NADP-isocitrate dehydrogenase, the relatively low specific
activity may preclude its playing a major role in the per-
oxisomal metabolism. This point will be discussed further
in later sections.

M#tller, Hogg and de Duve (67) found a somewhat
similar distribution for NADP-isocltrate dehydrogenase in
Tetrahymena. They found about 50% of the activity in the
peroxisomes, 5% in the mitochondria, and the rest was found
to be soluble. The distribution of activity from spinach
leaves agrees in localization, but the quantitative aspects

differ considerably,
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NAD-Isocitrate Dehydrogenase, Fumarase,
Citrate Synthetase, and Aconitase

As 1s seen in Figure 5, NAD-isocitrate dehydrogenase,
fumarase, citrate gynthetase and aconlitase activities paral-
lel that of the mitochondrial marker cytochrome oxidase,
This 1s true both of the specific activities and percentage
distributions., It i1s thus concluded that these activities
are exclusively mitochondrial with respect to organelle
distribution. No conclusions as to occurrence of cytoplas-
mic isozymes can be drawn from the data,

The NAD~-1socltrate dehydrogeanse activity was mea-
sured in the presence of 1 mM citrate. This was in keep-
ing with the report that the enzyme from Brassica napis is
stimulated by citrate (25). The enzyme from Brassica was
reported to be unaffected by AMP. This is in contrast to
reports from animal systems where the enzyme 1s activated
by AMP. No effort was made in the present study to opti-
mize assay conditions with respect to activators. Thus
higher specific activities might be obtalned by the addi-
tion of activator(s) other than citrate, Specific activ-
ity figures should be regarded as being minimal,

Fumarase was assayed in the presence of 20 mM
ammonium sulfate., Once again no effort was made to opti-
mize activator and assay conditions. These results must
also be regarded as being minimal with respect to specific
activity.
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Citrate synthetase was assayed at pH 7.4, utilizing
the disulfide interchange reaction between CoA-SH and
Ellman's reagent., Early reports utilizing thils assay had
reported the disulfide interchange reaction to be base-
catalyzed. A pH of 8.1 was used in these reports., In this
study the rate of reaction in the citrate synthetase assay
at pH 7.4 was found to be 1.44 times that at pH 8.1, If
the interchange reaction 1s base-catalyzed, 1t must be that
the increased enzymilc activity at pH 7.4 more than compen-
sates for the lower rate of disulfide interchange. Similar
results must have been found by Hock and Beevers (41) who
used a simllar assay for malate synthetase, These authors
used a pH of 7.1 in thelr assay procedure.

In assaying the sucrose density gradients for pos-
sible malate synthetase activity, it was found that the
mitochondrial citrate synthetase exhibited a low rate when
glyoxylate was used as substrate in place of oxalacetate.
The rate with saturating glyoxylate was found to be about
58 of that with oxalacetate. These data are presented in
Table 3. No reaction was observed with pyruvate as sub-
strate, It can be seen that the combinatlon of oxalacetate
and glyoxylate resulted in 20% inhibition over the control.
The addition of 10 uM palmityl-CoA was found to give 25%
inhibition (Table 4)., ATP and ADP to a lesser extent were
also found to give inhibition. These findings are in

agreement with those found by Hathaway and Atkinson (39)
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TABLE 3
a-Keto Aclid Specificity of Citrate Synthetase

Assay conditions as described in Methods and Mater-
1als for citrate synthetase except for the substrate used.
Al]l a-keto acids used at a final concentration of 2.5 mM,.

e —

a=-Keto Acid Rate Relative Rate
(Arbitrary units) (0AA = 100)

Oxalacetate 252 100
Glyoxylate 12 5
Pyruvate 0 0

Oxalacetate + glyoxylate 204 80
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TABLE 4
Effects of Adenine Nucleotides and Palmityl-CoA
on "Malate Synthetase® Activity of
Citrate Synthetase

Assay conditions as described in Materials and

Methods.
Additions Relative Rate

Control 1 | 100
2 100
+ AMP, 1 mM 100
10 mM 81
+ ADP, 1 mM 75
10 mM 50
+ ATP, 1 mM 56
10 mM 47

+ Palmityl-CoA, 10 uM 75
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in the case of yeast cltrate synthetase., The differential
effects produced by the degree of phosphorylation of the
adenine nucleosldes probably reflects control of ciltrate
synthetase activity by the energy charge of the cell as
advocated by Atkinson (4).

This activity of clitrate synthetase with glyoxylate
was found to be stimulated by the addition of Mg++, with
maximal stimulation (30%) occurring at a concentration of
1 mM Mg++. To my knowledge no reports exist in the litera-
ture concerning eilther utilization of glyoxylate by citrate
synthetase or stimulation of citrate synthetase by metal
ions., The significance of this "malate synthetase" activity
of cltrate synthetase 1s unknown,

It should be noted that neither fumarase nor citrate
synthetase activities were found in the peroxisome fractions.
These two activitles were checked because of the presence of
NAD-malate dehydrogenase activity in peroxisomes. With
respect to TCA enzymes involved 1n malate or oxalacetate
metabollism, the peroxisomal NAD-malate dehydrogenase appears
to be 1isolated.,

The fact that aconiltase activity was not found in
the peroxisomes may indicate an isolated role for the NADP=-
isocitrate dehydrogenase, No attempt was made to determine
if any a-keto acld dehydrogenase activity was present in
peroxisomes, but this possibility seems remote in view of

the mitochondrial localization in animal tissue.
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Mallic EnZyme

The distribution of the malic enzyme is given in
Fig. 5. In the particulate fractions the mallc enzyme
activity i1s clearly associated with the mitochondria. To
my knowledge a mitochondrial localization has not been
reported previously from plant leaf tissue. Several
reports have located malic enzyme activity in chloroplast
fractions, but these reports have been limited to cactus
(65) and maize (87). In the case of the bovine adrenal
cortex, Simpson and Estabrook (86) have reported the occur-
rence of two forms of malic enzZyme. The mltochondrial form
1s thought to function in the d;rect;on of malate oxidation,
thus providing NADPH for the 11 B-hydroxylation system.
The cytoplasmic form is thought to function in the direc-
tion of the reductive carboxylation of pyruvate to regen-
erate L-malate. The two enzymes thus may mediate the trans-
port of NADPH reducing equivalents from the cytosol into the
mitochondrion for use in steroid hydroxylation. Because
malic enzyme activity has not been measured in spinach leaf
homogenates, no conclusions can yet be drawn concerning the
function of the mitochondrial mallc enzyme activity, but it
may be that the NADPH-shuttle mechanism proposed by Simpson
and Estabrook for bovine adrenal cortex will find more

general application.
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PEP Carboxylase

DATA for the distribution of PEP carboxylase actliv-
ity in a sucrose density gradient are glven in Fig. 5. The
enzyme activity does not closely parallel any of the marker
activities, There does appear to be a chloroplasf component
of this activity as evidenced by the relatively high rates
obtained in the Whole Chloroplast Fraction and Fractions 7
and 8 of the gradient. The significance of the high rate
of the Mitochondrial Fractlon 1s not clear at this time
since the activity does not follow the distribution of the
cytochrome oxidase., Consideration of this rate plus the
high rate of Fraction 5 from the gradlient have led to the
tentative conclusion that mitochondria glso contain PEP
carboxylase activity.

Rosenberg, Capindale, and Whatley (82) reported the
occurrence of PEP carboxylase activity in chloroplast
extracts from spinach leaves but a rigorous test of the
intracellular locallzation of the enzyme was not undertaken.
Mazellis and Vennesland (64) found some PEP carboxylase
activity in chloroplast fractlons from spinach leaves, but
they found higher activity in the small particulate frac-
tion, which presumedly would correspond to a mitochondrial
fraction. PEP Carboxykinase actlvity was also indicated to
be present in thls fractlon.

Because no correlation could be drawn between the

PEP carboxylase and glycolate oxidase activity, it was con-
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cluded that peroxisomes do not contain PEP carboxylase
activity., Activity was found in fractions containing mito-
chondria and chloroplasts, but, because of the anomalous
behavior of the PEP carboxylase activity with respect to
the marker activites, conclusions as to chloroplast and/or »
mitochondrial localization can only be regarded as tenta- ?

tive at best., !

Formate Dehydrogenase ’ ?

Because of the presence in the leaf peroxisomes of
varlious organic acid dehydrogenases, and because of the
implication by Zelitch (108) that formate 1s one of the
products of the in vivo oxidatlion of glycolate, an inves-
tigation of the intracellular localization of formate
dehydrogenase was made. The distribution 6f the activity
as shown in Fig. 6 indicates that the particulate formate
dehydrogenase activity 1s mitochondrial., Mazelis (63) had
previously '‘indicated a particulate localization for the
enzyme from leaf tissue, but the exact nature of these
particles was not determined. The specific activity
figures for the formate dehydrogenase should be taken as
minimal since optimum conditions were not determined for
the assay. The assay pH used in this study was the same
as that determined to be optimal for the cabbage leaf
enzyme by Mazells, Formate was determined to be saturat-

ing under the conditions used.
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Figure 6
Distribution of Formate Dehydrogenase and Marker

Activities After Sucrose Density Gradient Cen-
trifugation

E], Percent of total activity; EE, specific

activity expressed as nmole per min per mg pro-

tein.,
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Preliminary experiments on the properties of the
formate dehydrogenase indicated that the activity was mem-
brane-bound since the addition of the non-lonic detergent
Triton X-100 gave a 20% stimulation in the rate (Triton
X-100 was routinely added in the assays). The addition of
dithiothreitol gave a small (10%) stimulation of rate.
Mazelis (63) observed similar stimulation by sulfhydryl-
reducing agents with the preparation from cabbage leaves.}

Considerations of the equilibrium indicate the reac-
tion probably proceeds in the direction of formate oxlda-
tion. Certalnly a role of the enzyme in the reductive-
fixatlon of CO, during photosynthesis may be ruled out by
energetic and locational factors. But the function of the
formate dehydrogenase in the mitochondrial metabolism can-

not be determined at this time.

Glyoxylate Oxidase

An enzyme activity catalyzing the oxidation of gly-
oxylate has been reported by Mfiller, Hogg and de Duve (67)
to be present in Tetrahymena peroxisomes. The activity
was shown to be a true oxidase producing hydrogen peroxide,
but the question as to whether the enzyme involved was the
same as the a-hydroxy-acild oxidase present in these peroxi-
somes was not resolved. No evidence has been presented for
the existence of a separate enzyme for the oxldation of

glyoxylate in leaves of higher plants, However, Richardson

o g

‘o
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and Tolbert (80) have reported that plant glycolate oxidase
will utilize glyoxylate as a substrate. The product of
this oxidation was shown to be oxallc acid., When added to
the assay, oxalate was shown to inhibit severely sugar beet
glycolate oxidase activity with glyoxylate, but activity
with glycolate was almost unimpalred.

In experiments on the oxldative activity of spinach
leaf peroxisome fractions, certain anomalous results were
obtained which may indicate the presence in the peroxisomes
of a unlique glyoxylate oxidase activity. Assays were:per-
formed on peroxisome fractions with both an anaerobic DCPIP
spectrophotometric technique and a standard Warburg oxygen
uptake method. In both cases the assay mixture contalned
0.067 M TES (pH 7.4), 0.55 M sucrose, 0.01 M MgCl,, and
enzyme plus water to give a total volume of 3 ml after the
addition of substrate. The spectrophotometric assay con-
tained 0.005 M DCPIP., The final concentration of glyoxy-
late was 10=3M 1n the spectrophotometric assay and 6.25 x
10‘3M in the Warburg assay. In both cases the reaction was
initlated by the addition of glyoxylate.,

In both the spectrophotometric and Warburg assays,
the addition of 10~"M NAD* was found to inhibit the rate of
oxldation of glyoxylate about 30%. This inhibition cannot
be due to diversion of reducing equivalents to NAD' from
dye or oxygen, as evlidenced by the fact that the addition
of phenazine methosulfate did not alter the results.,

Phenazine methosulfate willl medlate oxygen or dye reduction
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in the presence of NADH. The effect of NAD+ on glycolate
oxidation was not tested. In the Warbrug assay the addi-
tion of 103N 2-pyridine-hydroxymethanesulfonate (PHMS), a
known inhibitor of glycolate oxidase (107), was found to
inhibit the rate of glyoxylate oxidation 27% whereas the

A

rate of oxidation of glycolate (at a final concentration

PEE

of 5 X IO'ZM) was inhibited 97%. The effects of PHMS
could not be tested in the spectrophotometric assay since .
PHMS reacts with 2,6-dichlorophenolindophenol. None of [
the above experiments taken separately show the presence

of glyoxylate oxidase, but taken together they may impli-

cate the presence of a unique activity for the oxidation:

of glyoxylate in the peroxisome.

Malate Synthetase and Isocitrate Lyase

These two enzymes which are unique to the glyoxy-
late cycle were tested in leaf peroxisomes because of thelr

occurrence in Tetrahymena peroxisomes (67) and glyoxysomes

from castor bean endosperm (10, 11). Assay procedures are
detalled in the Maﬁerlals and Methods Section. Results of
assays for both enzymes were negative with leaf peroxi-
somes although a malate synthetase activity was found to
coincide with citrate synthetase activity in gradients,
These data have already been dlscussed under the heading
Citrate Synthetase, Yamamoto and Beevers (102) found iso-

citrate lyase activity only in homogenates of those tissues
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containing an active glyoxylate cycle. Traces of malate
synthetase activity were found in leaf tissue by Carpenter
and Beevers (12), but large amounts were found assoclated
with an active glyoxylate cycle. The traces of activity
found in leaf tissue may be a reflection of the "malate
synthetase®" activity of citrate synthetase as described

in this thesis,

B-Oxidation

B~Oxlidation 1s the process by which long-chaln fatty
acyl-CoA derivatives are oxildized to acetyl-CoA fragments
with the concurrent reduction of pyridine nucleotide. This
process has been shown by Cooper and Beevers (18) and
Hutton and Stumpf (44) to occur 1in the glyoxysomes of ger-
minating castor bean endosperm. The acetyl-CoA generated
by this process is then utllized in the glyoxylate cycle
to produce succinate which is eventually converted to car-
bohydrate. The presence of the B-oxidation system plus
the glyoxylate cycle thus glves a clear gluconeogenic func-
tion to the glyoxysome.

B-Oxldation activity of leaf peroxisomes was checked
using a modification of the method of Yamada and Stumpf
(100). The reaction mixture contained 12 nmole of palmityl-
CoA, 0.2 umole of NAD* and NADPY*, 1 pmole ATP, 1 umole
MnCiz. 100 umole phosphate buffer (pH 7.3), 1 umole MgCl,,
5 umole dithiothreitol, 0.02 umole FAD, and 0.1 ml of a
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concentrated peroxisomal fractlion in a total volume of 1.0
ml., This mixture was checked for oxygen uptake with a
Clark oxygen electrode., A similar mixture without MnClZ
was checked for pyridine nucleotide reduction in a spectro-
photometer., 1In all cases no evidence for B-oxldation activ-
ity was found in the peroxisome fraction. Additlons of
Triton X-100, CoA-SH, or cyanide did not alter these
results, It was thus concluded that B-oxidation activity

was not present 1n leaf peroxisomes.
a-0Oxidation

The process of a-oxidation has been reviewed by
Stumpf (91). The first step in the process is thought to
be a peroxidation of a long-chain free fatty acid to gilve
a D-a=-hydroxy-fatty acid. The hydroxy acld 1s then oxilda-
tively decarboxylated to give the corresponding aldehyde and
CO,. Early experiments by Castelfranco, Stumpf, and
Coutopoulou (13) indicated that glycolic acid activated
a=-oxidation in homogenates from peanut cotyledon. This
activation was presumed to take place via the production
of hydrogen peroxide by glycolate oxldase. Because of the
presence of both a-hydroxy acld oxidase activity and hydro-
gen peroxide formatlon in the peroxisomes, a-oxidation
activity of a peroxisome fraction was checked.,

The assay was done in collaboration with A, Oeser.

Activity was determined in two ways: stimulation of gly-
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colate-dependent oxygen uptake on the Warburg respirometer,
and trapping of 1L’COZ released from palmitic-l-luc acld
incubated with intact peroxisomes and glycolate., With
both of these methods, no evidence was obtalned for a-

oxidation activity in leaf peroxisomes.

Other Enzyme Activities Not Found in Peroxisomes

The following enzyme activities could not be
detected in preliminary experiments with spinach leaf per-
oxisomal fractions. Results are summarized in Table 5.

Glutamic and alanine dehydrogenase activities could
not be detected as measured by following NADH oxidation by
enzyme samples upon the addition of elther a-ketoglutarate
or pyruvate and ammonium lons, Significant activity with
pyruvate was detected in mitochondrial fractions using the
same procedure, Nelther was activity found in peroxisomal
fractions using NADPH and a-ketoglutarate. Aspartate
dehydrogenase activity was checked through the addition of
ammonium chloride in the standard NAD-malate dehydrogenase
assay. No stimulation above a nonspecific salt effect was
seen, indlcating no detectable aspartate dehydrogenase
activity in peroxisomal fractions.

Kornberg (48) has reported that Micrococcus denitri-

ficans catabolizes glyoxylate by transamination to glycine
and condensation of glycine and glyoxylate to glve erythro-

B-hydroxyaspartate., This compound then undergoes a
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dehydratase reaction to give ammonia and oxalacetate, A
similar set of reactlons might be postulated to take place
in the peroxisomes because of the presence of glycine,
glyoxylate and presumably oxalacetate. However, addition
of DL-erythro-hydroxyaspartate to the"standard NAD-malate
dehydrogenase assay gave no rate of reaction. If a dehyd-
ratase actlvity were present, the oxalacetate formed would
be reduced due to the presence of NAD-malate dehydrogenase
in the peroxisomes,

Glyoxylate dehydrogenase activity of peroxisomes
was assayed by the method of Quayle (76). The enzyme from

Pseudomonas reversibly catalyzes the conversion of glyoxy-

Jdate and free CoA-SH to oxalyl-CoA wilth the concomitant
reduction of NADPY¥, This activity could not be detected
in spinach leaf peroxisome fractions.
Oxalate oxidase has been reported by Flnkle and
Arnon (28) to be a particulate enzyme in sugar beet
1l eaves, As described by these authors, the enzyme produces
hydrogen peroxide and coz. Using the Warburg respirometer,
no oxalate-dependent oxygen uptake could be detected in any
fractions from a sucrose density gradient preparation of
SP inach particulates.
Catechol oxidase (polyphenol oxidase) activity as
de termined by Warburg manometry on sucrose density gradient
fractions coilncided with the chlorophyll content of the

fractions (data not shown). Little or no activity could
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be detected in peroxisome fractions. It was concluded that
catechol oxldase activity was located 1n the chloroplast as
found by Arnon (2) and Mayer (62).
PEP Carboxykinase activity of peroxisomal fractions

was checked by looking for stimulation of fixation of radio-

v\s u!' l,’

active bicarbonate into organic acids by the addition of

ADP (64). The addition of 0.9 mM ADP to the PEP carboxylase
assay (see Materials and Methods) was found to inhibit fix- o
ation 25% in peroxisomal fractions. The fixation initially [
present in the peroxisomal fractions has been attributed

to other particles (see discussion of PEP carboxylase).
Thus PEP carboxykinase activity was not detected in peroxi-
sSomal fractions.

Phenylalanine ammonlia-lyase activity of a peroximal
fraction was determined by the method Qf Zucker (116). The
Procedure follows the formation of trans-cinnamate, which
absorbs at 290 mu. No activity was detected in the peroxi-

somnal fraction.



GENERAL DISCUSSION

In trying to determine the function of a new organ-
elle such as the leaf peroxisome, two approaches may be
used. The first 1nvolves supplylng the organelle with
starting material(s), allowing metabolism to take place,
and isolating intermediates and end product(s). From the
nature of the end product(s) found, one can then attempt
to deduce the nature of the individual reactions and the
function of the organelle as a whole. The second approach
involves searching for the individual reactions of the
organelle and then trying to deduce the function as a sum-
mation of the individual reactions.

Large limitations are inherent in both approaches.
The first suffers from the fact that the 1ln vivo starting
material(s) and cofactor and other substrate requirements

may not be known, In the case of the second approach, one
can only guess as to which enzyme actlvities to try. Nega-
E 1ve results may be obtained because of the use of sub-
OP timal assay conditions., It would thus appear that a
combination of both approaches might yield the most infor-
n= tion.

Kisakl and Tolbert (47) supplied the isolated leaf

PST oxisomes with 1¥C-labeled glycolate and glyoxylate and

foung only glycine to be labeled. Glyclne was thus indi-

82
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cated to be an end product of the peroxisomal metabolism
of glycolate, Investigation of other enzyme activities of
the peroxisome, however, showed the presence of NAD-malate
dehydrogenase as detalled in this thesls., Because an ade-
quate explanation could not be glven for the presence of
.thls enzyme in the peroxisome, a study of other possible
activities was initiated. In this study of the intracel-
lular distribution of various enzyme activities, four were
found in the peroxisome. The other activities could not
be detected in the peroxisome. The divisions in this
general discussion are based on this peroxisomal or extra-
peroxisomal localization. The results of these intracel-

Jular distribution studies are summarized in Table 5.

Activities Not Found in Leaf Peroxisomes

NAD-Isocitrate dehydrogenase, fumarase, clitrate syn-
thetase, and aconitase activities appear to be localized
exclusively in the mitochondrial fraction after isopycnic
centrifugation of spilnach leaf particulate fractions. While
the finding of TCA cycle enzyme activities in mitochondria
does not constitute an increase in knowledge of the role
oL the mitochondrion, the absence of detectable activities
O citrate synthetase and aconitase from the leaf peroxi-
SOmes infers a basic difference between glyoxysomes and

lear peroxisomes.

Citrate synthetase and aconitase have been shown by
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TABLE 5

Summary of Intracellular Localization in
Spinach Leaves of Enzymes Studied

Symbols: <+, activity present; 0, activity not
detected; -, activity not searched for; tr, trace activity.

Peroxi- Mitochon- Chloro-
Enzyme or activity some drion plast

NAD-Malate dehydrogenase
NADP-Isocitrate dehydrogenase
Aspartate aminotransferase
Serine-pyruvate aminotrans-
ferase
Glyoxylate oxidase
NAD-Isocltrate dehydrogenase
Fumarase
Citrate synthetase
Aconitase
Malate synthetase
Isocitrate lyase
Malic enzyme
Formate dehydrogenase
NAD-glutamate dehydrogenase
NAD-alanine dehydrogenase
NAD-aspartate dehydrogenase
PEP Carboxylase
P EP carboxykinase
Hydroxyaspartate dehydratase
@ -0xldation
B -0xidation
Oxalate oxidase
Catechol oxidase
P henylalanine ammonia-lyase

+4++

lOOllll-Oll+++I§f++++lO + + 4+
t+ot1 111 +1 11001 1 0OOOCOt1 O + 00
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Breidenbach, Kahn, and Beevers (11) to be present in the
castor bean endosperm glyoxysomes. Similarly, malate syn-
thetase and isocltrate lyase, which are present in the
glyoxysomes, could not be detected in leaf peroxisomes,
From these results it 1s concluded that leaf peroxisomes
do not contailn a functional glyoxylate cycle. This con-
clusion can be inferred from the lack of isocitrate lyase
and malate synthetase activities in crude homogenates of
mature leaf tissue (7). Glyoxysomes, on the other hand,
contain all the enzyme activities of the glyoxylate cycle
(10, 11). Inability to detect B-oxidation activity in
peroxisomes 1s taken as another indication of the differ-
ence between leaf peroxisomes and glyoxysomes which have
been shown to contain B-oxidation activity (18).

The reaction of glyoxylate with acetyl-CoA as
catalyzed by citrate synthetase appears not to have been
Teported previously in the case of the plant enzyme. The
oOccurrence of such a reaction may explain formation of
malate from glyoxylate as proposed by Asada et al. (3) in
Spinach leaves,

The finding of NADP-isocitrate dehydrogenase activ-
1ty in p.er'oxisomes, mitochondria, and supernatant fractions
Suggests a transport or shuttle function for these locatlonal
1802ymes. Since mitochondria do not readlily oxidize exo-
&enous citrate (78), one or both of the extra-mitochondrial

Torms may be active in the oxidation of externally-supplied
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citrate to a-ketoglutarate. This i1s perhaps more of a pos-
sibility in the case of the supernatant activity, since
large amounts of aconitase activity have also been found
in supernatant fractions from tobacco (74). In elther
case the extra-mitochondrial oxidation of 1socitrate would
supply the cytoplasm or peroxisome with NADPH which could
then be utilized in biosynthetic sequences., Cleland (16)
has also suggested that the extra-mitochondrial NADP-1so-
citrate dehydrogenase(s) may be carrying out the reductive
carboxylation of a-ketoglutarate,

The presence of malic enzyme in spinach leaf mito-
chondria may also be an indication of a shuttle mechanism
for reducing equivalents. Simpson and Estabrook (86) have
suggested the operation of a malate-pyruvate shuttle in the
transport of NADPH reducing equivalents into the mitochon-
dria of bovine adrenal cortex, The possibillity of similar
shuttle mechanisms operating in plant tissue has not yet
been fully explored. The mitochondrial localizatlon of

malic enzyme activity may argue against a significant con-
Eribution of this activity to the total photosynthetic COz
fixation of spinach. The localization in spinach mitochon-
dria differs from that found in maize by Slack and Hatch
(87). These authors found malic enzyme activity to be

&S soclated with the chloroplasts after nonagueous isola-
tion,

The presence of formate dehydrogenase and serine
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transhydroxymethylase (unpublished results of W. J. Bruln
and N. E. Tolbert) in the mitochondria is suggestive of an
active role of the mitochondrion 1in C1 metabolism., An
interrelation of C; metabollism and TCA cycle activity is
suggested by the finding of Magar and Homi (60) that folate
is an allosteric inhibitor of NADP-1socltrate dehydrogenase
activity,

Inabllity to detect NAD-glutamate dehydrogenase,
alanine dehydrogenase, and aspartate dehydrogenase activ-
itlies in peroxisomal fractions is taken as an indication
that peroxisomes are not able to carry out the reductive
amination of a-keto acids., This implies that amino groups
must be supplied from an external source for the aminotrans-
ferase activites found in the peroxisomes. A close rela-
tionship must therefore exist between the peroxisomes and
mitochondria and/or chloroplasts with respect to amino acid
metabolism, The close spatial association of peroxisomes,
<hloroplasts, and mitochondria as described by Frederick
Z=and Newcomb (29) 1s of special significance in this respect.

The absence of significant PEP carboxylase and PEP

carboxykinase activities as well as malic enzyme in peroxl-
Somal fractlions may indicate lnablility of the peroxisome to
convert Cy compounds to C3 compounds and vice versa., Gluco-
ne ogenesis from Cy acids thus appears unlikely in the peroxi-
somes,

An unusual pathway for glyoxylate metabolism has
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been demonstrated in Micrococcus denitrificans by Kornberg
(48). Glyoxylate is first transaminated to glycine. The
glycine 1s then condensed with another glyoxylate to give
erythro-hydroxyaspartate., Finally the hydroxyaspartate
undergoes a dehydratase reaction to give oxalacetate.
Because of the presence of glyoxylate and glycine in the
peroxisome, hydroxyaspartate dehydratase activity of per-
oxisomal fractions was assayed. No activity was detected.
This finding, plus the fact that Kisaki and Tolbert (47)
did not find any other amino acids beside glycine in per-
oxisomal experiments with l14C-labeled glycolate and glyoxy-
late, indicate that peroxisomes do not metabolize glyoxy-
late by the B-hydroxyaspartate pathway.

Glycolate and glycolate oxidase have been implicated
in the generation of Hz02 needed for a-oxidation (13), but
the fallure to find a-oxidation activity in leaf peroxisomes
may indicate that sources of H20, other than the peroxisomal
&8lycolate oxidase must be utilized in this process. Such 1is

Probably also true of peroxidase activities since no peroxi-
dase activity was detected in leaf peroxisomes (97).

The inablility to demonstrate oxalate oxidase in
8pinach leaf particulate fractions 1s probably a reflection
of" the inertness of oxalic acid in this plant. Oxalic acid
1= known to make up about 80% of the total titratable acid
conttent of spinach leaf (79). Finkle and Arnon (28) have

inA 1cated localization of oxalate oxidase in "cytoplasmic
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particles" from sugar beet leaves, Further lnvestigatlon
of this localization in sugar beet leaf seems merited,
especially with respect to the possibility of a peroxisomal
localization,

The enzyme phenylalanine ammonia-lyase catalyzes the
deamination of phenylalanine to trans-cinnamic acld, the
first step in the transformation of phenylalanine to chloro-
genic acid (115). This activity was checked in peroxisomal
fractions in an attempt to determine if the peroxisomes
were involved 1ln phenolic metabolism. The absence of detect-
able activity is taken to be an indication of the nonparti-

cipation of the peroxisomes in phenolic metabolism.

Peroxisomal Activities

Comparison of the enzymic content of the peroxisomes
from various sources and the glyoxysomes reveals that only
the presence of catalase and a flavoprotein oxldase is com-
mon to all these microbodies (Table 6), The word "micro-

"body" is used here as a generic term including all cellu-
dar organelles containing catalase and one or more H202-
PTroducing oxldases and bounded by a single membrane, This

Irncludes peroxisomes and glyoxysomes. If Acanthamoeba is

excluded from this listing (the data from Acanthamoeba has

been published in abstract form only), it 1is apparent that,
no re specifically, only catalase and an a-hydroxy acid
0X 1 dase are common to all these microbodies. This diver-

81ty with respect to other enzyme actlivities has been
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interpreted by de Duve (23) as being a reflection of selec-
tive enzyme loss during the course of evolution. Whether
or not this 1s true 1s beyond the scope of this thesis.,
My interpretation of this enzymic diversity of microbodies
is that the differences in enzyme content must be viewed
as reflecting differences in particle metabolic function.

Since catalase and H;0,-producling oxldases are
found in all the microbodies (by definition), it is appar-
ent that H,0, detoxification is a function common to all.
Certainly the oxidative activities of the peroxisomes from
various sources are expressed because of the ready avail-
abllity of substrates (glycolate in the case of leaf tis-
sue and lactate, D= and L-amino aclds in the case of the
other tissues)., Likewlse, Cooper and Beevers (18) have
demonstrated that the acyl-CoA dehydrogenase activity in
the B-oxidation sequence of the glyoxysomes produces Hz05.

With respect to carbon metabolism, however, gross
differences in the microbodies can be inferred. In the
case of the rat liver and kidney, the presence of the
large number of oxldative activites is taken to indicate
that the main function of the animal peroxisomes lies in
the oxidation of a-hydroxy acids and amino acids to the
corresponding a-keto acids, In the case of L-lactate and
several of the amino acids, such an oxidation may repre-
sent the first step in a gluconeogenic sequence, A non-

phosphorylating electron transport pathway to oxygen such
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as thils might also be important in controlling the degree
of reductlion of the pyridine nucleotide pool, especially in
the presence of excess reducing power and concentrations of
molecular oxygen in excess of that which can be utilized by
the mitochondria. This theory has been expressed by de
Duve (23) in terms of oxygen detoxification by the peroxi-

somes, Regardless of the use or raison d!étre of these

oxldative activitiles, theilr relative abundance plus lack
of evlidence for other pathways of carbon metabollsm are
suggestive of a solely oxidative function for the animal
peroxisomes,

The presence of malate synthetase and isocitrate

lyase in the peroxisomes from Tetrahymena indicate a gluco-

neogenic function for these particles. As pointed out by
M#ller, Hogg, and de Duve (67), the apparent absence of

the other glyoxylate cycle activitlies makes a close rela-
tionshlp with these peroxisomes and the mitochondria imper-
ative for expression of the complete glyoxylate cycle.

In the case of the castor bean endosperm glyoxysomes,
the presence of all the enzymes of the glyoxylate cycle
plus the complete B-oxidation sequence strongly suggest
that the functlion of the glyoxysomes lies in the conversion
of 1lipid to succinate, a carbohydrate precursor. Mito-
chondrlia are required only for the conversion of succinate
to oxalacetate in the gluconeogenic sequence. Further
evidence for this gluconeogenic function of the glyoxy-

somes is found in the fact that the appearance and dis-
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appearance of the glyoxysomes during germination parallel
the increase and decline of gluconeogenesis from lipid (31),

The presence of glycolate oxidase and glyoxylate
reductase is certainly an indicatlion of the central role
of the leaf peroxisomes in glycolate metabolism. The per-
oxisomes may perhaps play a central role in the metabolism
of the photosynthesizing leaf as a whole since Zelitch
(107) has indicated that as much as 50% of the carbon
being fixed in photosynthesis may pass through glycolate,
Recent studies (33, 108, 109) of the process of photores-
piration (the light-dependent oxygen uptake and CO, release
seen in plants) have indicated that the oxygen uptake of
photorespiration . is due to the action of glycolate oxidase
and that the CO, release 18 due to further metabolism of
glycolate., Since the peroxisome 1s assumed to be the sole
site of glycolate oxidase, 1t 1s evident that the peroxi-
somal function must be intimately associated with photo-
respiration.

The process of photorespiration is assumed to be
detrimental to the plant in the sense that newly-fixed
carbon 1s lost again to the atmosphere. Thus maize, which
is reported to lack photorespiration (108, 109), is known
to be a more efficient plant with respect to net photosyn-
thesis., Such comparisons must, however, also take into
account the apparent differences in pathways of CO, fixa-

tion in plants such as splnach and tobacco as compared with
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plants such as malze and sugarcane (87). A correlation
has been shown by our laboratory between the amount of
peroxisomal material isolated and the presence of photo-
respiration in various plants (98). Those plants exhib-
iting photorespiration were found to contain larger
amounts of isolatable peroxisomes than those plants lack-
ing photorespiration. This finding is indicative of a
direct relatlonship between the leaf peroxisomes and the
process of photorespiration,

As indicated above, the oxygen uptake component of
photorespiration 1s probably due to the action of the
peroxisomal glycolate oxldase, Thus the peroxisomes are
thought to be the site of oxygen uptake, 2Zelitch (108)
has implied that the CO, released by photorespiration
arises from the non-enzymatic oxidation of glyoxylate by
the hydrogen peroxide produced by glycolate oxidase,
Kisaki and Tolbert (47), however, were not able to detect
significant amounts of 14Coz-release from peroxisomal
preparations actively oxidizing glycolate-l-luc. In addi-
tion, the large amount of catalase activity present in the
peroxisomes would seem to preclude the use of H202 in
other reactlons., Glyoxylate thus appears to be a poor
candldate as a substrate for the CO, release of photores-
piration.

Kisaki and Tolbert (47) demonstrated that the end

product of glycolate metabolism 1n isolated peroxisomes 1is
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glycine, No other amino aclds were formed, and no CO, was
released in the conversion of glycolate to glycine, These
authors were further able to demonstrate that a specific
aminotransferase activity in the peroxisome was responsible
for the conversion of glyoxylate to glycine., Only gluta-
mate and alanine were found to give appreclable rates of
reaction when tested with glyoxylate. The leaf peroxisomes
are thus able to convert glycolate to glycine.

The data of Kisaki and Tolbert (47) indicated that
the converslon of glycine to serine did not occur in the
peroxisomes., Data of W, J. Bruin and N. E, Tolbert (unpub-
lished results) now indicate that this conversion may take
place in the mitochondria., Serine hydroxymethylase activ-
ity has been located in the mitochondrial fraction from
sucrose density gradient centrifugation.

It has been demonstrated in this thesis that the
leaf peroxisomes contain a serine-pyruvate aminotransfer-
ase activity. This was accomplished by coupling hydroxy-
pyruvate formatlion to the hydroxypyruvate reductase (D=-
glycerate dehydrogenase) activity of the peroxisomes.,
Localization of these activities in the peroxisome allows
conversion of serine to D-glycerate in the particles.

It has been suggested in a diagram in Ref. 47 that
the comblned actlion of glycolate oxidase and the glyoxylate
reductase activity of D-glycerate dehydrogenase would pro-
vide the peroxlisome with a system for oxidizing NADH or

malate through the action of NAD-malate dehydrogenase,
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This possiblility, however, appears unlikely in view of the
high Km for glyoxylate (ca. 10'2M) and the low rate of
reaction at pH 7 for the glyoxylate reductase activity
(43, 54, and unpublished results with A, Oeser and N. E,
Tolbert). In view of the more favorable Km and pH behav-
ior, it seems reasonable to assume that the glycerate
dehydrogenase activity of the glyoxylate reductase-glycer-
ate dehydrogenase protein 1s the one actually expressed in
the peroxisome in vivo.

We have now established that peroxisomes, in con-
cert with mitochondria, can carry out the conversion of
glycolate to glycerate, It should be noted that the glycer-
ate dehydrogenase action requires a source of NADH. This
requirement for NADH might be met in two different ways:
diffusion of NADH into the peroxlsome, or generation of
NADH within the peroxisome., Although the first possibil-
ity 1s simple and direct, the possibility of internal gen-
eration of NADH is attractive in several respects. First,
control could be exerted within the peroxisome as to how
the reducing power is used. Thus the NADH-generating sys-
tem might be turned off within the peroxisome when glycer-
ate dehydrogenase activity 1s not needed but glycine syn-
thesls i1s required. Second, control of NADH-generation
can be exerted outside the peroxisome. Thus, if organic
aclds are utilized in the shuttle for NADH-generation,

control at the extra-peroxisomal reduction step is possible.
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Although the permeability of the peroxisomal mem-
brane has not been tested directly, 1t may be possible to
infer certain propertles from existing data. The fact that
glycolate oxidase (when assayed by following dye reductlon),'
NAD-glyoxylate reductase, and NAD-malate dehydrogenase all
show 35% more activity in the presence of the non-ionic
detergent TritonX-100 strongly suggests non-permeation of
at least one of the substrates, Evidence that small mole-
cules such as organic acids and oxygen can easlly pass into
the peroxisome 1s 1lndicated ;n the observation that no stim-
ulation by Triton X-100 is observed in the cases of cata-
lase (assayed by following H>0, dlsappearance spectrophoto-
metrically) and glycolate oxidase when assayed on the
Warburg respirometer (unpublished results of A, Oeser and
N. E. Tolbert). . In such cases there is no need for a
"large™ molecule to enter the peroxisome for assay purposes,
A further indication of selective membrane permeation 1is
found in the case of the glutamate-glyoxylate aminotrans-
ferase activity of the peroxisome. Kisakl and Tolbert (47)
found isonlcotinyl hydrazide to be much less effective as
an inhibitor in the absence of Triton X-100. This suggests
difficulty in permeation of isonicotinyl hydrazide which
can be considered to be an analogue of NAD., The addition
of Triton X-100 has no effect on the usual assay for this
aminotransferase (unpublished results of W. J. Bruin and

N. E. Tolbert)., It this appears that a case can be made
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for the non-permeablility of the peroxisomal membrane to
specific or relatively large molecules such as pyridine
nucleotides.,

Evidence for the presence of a pyridine nucleotide
pool within the peroxisome is also indirect. Experiments
on malate oxldatlion by the peroxisomal NAD-malate dehydro-
genase in the presence of DCPIP and dilaphorase indicated
that an absolute requirement for added NADY could not be
demonstrated. Addition of NADY gave a 5-fold stimulation
of the low rate in the absence of exogenous NAD+. A zero
rate would be expected in the absence of exogenous NAD*,
The presence of this low rate may indicate the presence of
endogenous NAD in the peroxlsomes,

It 1s suggested here that the NADH required for the
reduction of hydroxypyruvate to D-glycerate 1s generated
by the action of either NAD-malate dehydrogenase or an
unknown dehydrogenase which is NAD-linked. A unified
scheme utilizing the NAD-malate dehydrogenase for genera-
tion of NADH 1s presented in Figure 7. Thils scheme 1is
based on demonstrated enzyme activities of the peroxisome.
The heavy arrows of the flgure indicate the path of carbon
in the glycolate pathway. 1In this scheme 1t 1is assumed
that the peroxisomal membrane is freely permeable to the
organic and amino acids but 1s impermeable (or semipermeable
at best) to pyridine nucleotide. Explanations for the
individual steps are given in the text below. The circled

numbers refer to the enzymatic activities of Figure 7.
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Figure 7

Enzyme Reactlions of Spinach Leaf Peroxisomes

Heavy arrows indicate the flow of carbon in

the glycolate pathway,

Number

1
2

Enzyme
Catalase (EC 1.11.1.6)

Glycolate oxidase (EC 1,1.3.1)

NAD-Glycerate dehydrogenase (EC 1.1,1.29)
(NAD=-Glyoxylate reductase)

Glutamate-glyoxylate aminotransferase
(EC 2.6010-)
(Alanine-glyoxylate aminotransferase)

Serine-pyruvate aminotransferase
(EC 206010-)

NAD-Malate dehydrogenase (EC 1.1.1.37)
Aspartate aminotransferase (EC 2,6.1.1)

NADP-Isocitrate dehydrogenase (EC 1.,1.1.42)
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Glycolate from an external source, presumably the
chloroplast, enters the peroxisome., By the actlon of gly-
colate oxidase (). the glycolate 1s converted to glyoxy-
late with concomitant H202 production. The hydrogen per-
oxilde 1s immediately broken down to molecular oxygen and
water by the actlion of catalase @® . Under conditions
where glutamate is 1limiting, glyoxylate may be further
oxidized by glycolate oxidase to yleld oxalate (dotted
arrow of Figure 7). If the concentration of glyoxylate
inside the peroxisome approaches 10-2M, glyoxylate reduo~
tase activity (3 may be expressed in the presence of
NADH, This reductase activity would yleld glycolate which
could agaln be oxidized to glyoxylate. The net effect of
such a cycle would be the oxidation of NADH. It must be
emphasized agaln that such an NADH-oxlidase activity would
be expressed only in the presence of very high concentra-
tions of glyoxylate, .

Under normal conditions glyoxylate would be trans-
aminated to glycine., Thlis glutamate-glyoxylate aminotrans-
ferase activity @ requires glutamate to be supplied by
an extra-peroxisomal source since reductive amination activ-
ity is apparently absent from the peroxisomes. Glycine
then presumably passes out of the peroxisome and into the
mitochondrion where 1t is converted to serine. This con-
verslon of glycine to serine probably requires two glycine

molecules for the formation of one serine molecule. One
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amino group is lost as ammonia, and one carbon 18 lost as
002. This CO, released 1s presumably that observed in
measurements of photorespiration. The mitochondrion is
thus lmplled as the site of CO, release during photorespilr-
ation.

Serine formed in the mitochondrion then passes back
into the peroxisome. Here it loses its amino group by
aminotransferase activity with pyruvate (3). Notice that
the alanine formed in this reaction can now be utilized by
the glyoxylate system for further formation of glycilne,
With the operation of such a cyclic system, the input of
only one glutamate i1s required for the conversion of two
glyoxylates to one hydroxypyruvate (one amino group 1is
lost in the conversion of two glycines to one serine),

Hydroxypyruvate 1s next reduced to D-glycerate by
the action of D-glycerate dehydrogenase CD. The NADH
requlred for this step is generated by the action of NAD-
malate dehydrogenase-(). L-Malate, which must be
supplied from an.extra-peroxisomal source, 1s the actual
carrier of the NADH equivalents into the peroxisome.
Oxalacetate produced by the action of the NAD-malate
dehydrogenase 1s then converted to aspartate by aspartate
aminotransferase activity CD.. Aspartate then passes out
of the peroxisome and undergoes transaminatlion and subse-
quent reduction to L-malate., The a-ketoglutarate produced

by the actlon of the glutamate-glyoxylate aminotransferase



104
and aspartate aminotransferase can either pass out of the
peroxisome or undergo reductive carboxylation by the action
of NADP-isocitrate dehydrogenase ‘ « If a=ketoglutarate
1s assumed to pass out of the peroxisome, then the sum

total of these reactions is as follows:

2 glycolate + L-malate + 2 L-glutamate ———>

D=-glycerate + L-aspartate + 2 a-ketoglutarate

If a-ketoglutarate undergoes reductive carboxylation by
NADP-1socltrate dehydrogenase, a source of NADPH in the
peroxisome would also be required, In this case "2 1so-
citrate" would replace "2 a-ketoglutarate" as products,

An alternate scheme utlilizing an as yet unknown NAD-
linked dehydrogenase to generate NADH within the peroxi-
some can also be envlisioned., Hydroxypyruvate and oxalace=-
tate might then compete for NADH., In thls case the flow
of carbon in the malate-aspartate and isocitrate-glutamate
pathways as shown 1n Figure 7 might be reversed from that
in the first scheme, The flow of carbon from glycolate to
glycerate would remain unchanged in thils alternate scheme,
but more NADH would be required as a consequence of the
conversion of aspartate to malate., If the substrate of
this unknown dehydrogenase i1s designated as AH, and the
product as A, then the sum of the reactions would be as

follows:
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2 glycolate + L-aspartate + Isocitrate + NADPt + AHy e

D-glycerate + L-malate + L-glutamate + NADPH + A

One feature of this alternate scheme 1s that the glycolate-
glycerate and malate-aspartate pathways might conceivably
operate independently.

The specific activitles of the leaf peroxisomal
enzyme activities are given in Table 7. Using a figure
of 250 umole CO, fixed per hr per mg chlorophyll in intact
spinach leaves and assuming that 50% of the carbon fixed
is goilng through glycolate (107), it 1s possible to calcu-
late a rate of 30 nmole glycolate synthesized per min per
mg protein in crude homogenates (assuming 30 mg protein
per mg chlorophyll - Ref, 103)., It has been estimated
that the leaf peroxisomes may account for 1.5% of the total
leaf protein (98). Using this figure, a rate of 2 umole
rer min per mg peroxisomal protein can be calculated for
glycolate synthesis in the intact leaf, Thus, in order to
account for glycolate metabolism without accumulation of
intermediates in the peroxisome, all enzyme specific activ-
ities based on mg peroxisomal protein must exceed the
critical value of 2 umole per min per mg protein, From
Table 7 it can be seen that all the peroxisomal enzymes
except the NADP-isocitrate dehydrogenase and the NADP-gly-
oxylate reductase activity have specific activitles which
exceed thils critical 1imit., This implies that all the

enzyme activities plctured in Figure 7 are active enough
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to account for the conversion of glycolate (which may
represent 50% of the total carbon fixed) to glycerate.
This assumes that the rate of conversion of glycine to
serine is not limiting and that L-malate and L-glutamate
do not become limiting.

Regardless of the source of NADH in the leaf per-
oxlisome, certain characteristics of the peroxisome are
evident from this thesis. The main function of the per-
oxisome lies in the conversion of glycolate to glycerate,
l.e., the glycolate pathway. The speclfic activities of
all the peroxisomal enzymes involved in the glycolate
pathway are large enough to account for the complete con-
version of glycolate to glycerate in the intact leaf,
even if it 1s assumed that 50% of the carbon fixed during
photosynthesis 1s passing through this pathway. Amino
acid metabolism is intimately involved in this process,

A close relationship must exist between the peroxisome,
chloroplast, and mitochondrion with respect to generation
of amino groups and reducing power (and the conversion of

glycine to serine). It is also implied that the peroxi-

some i1s the site of oxygen uptake and that the mitochondrion

1s the site of CO, release during photorespiration.

If it 1s assumed that the peroxisomal membrane 1is
impermeable to pyridine nucleotide, 1t follows that the
reductlion of hydroxypyruvate is linked in a compulsory

manner to the NAD-specific oxidation of malate (or unknown
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compound). Such a theory 1s attractive as an explanation
of the inhibition of dark respiration which apparently
takes place during photosynthesis (33, 35). If we
rephrase the compulsory linking described above, 1t can
be stated that oxalacetate formation iIn the peroxisome
depends immedliately upon glycerate formation and ulti-
mately upon photosynthetic glycolate formation., Hence,
during photosynthesls and accompanying glycolate forma-
tion, the peroxlsomes can produce glyoxylate and oxalace-
tate. This combination of keto acids has been found to
produce a concerted inhibition of NADP-isocitrate dehydro-

genase from Baclllus subtilis, Escherichia coll, and pig

heart (85). Ruffo and coworkers (83) have demonstrated
that non-enzymatic condensation of glyoxylate and oxal-
acetate at neutral pH produces a six carbon acld, oxalo-
malate., Thls compound has been demonstrated to be a
highly-effective inhibitor of NADP-isocitrate dehydrogen-
ase, aconlitase, and a-ketoglutarate dehydrogenase from pig
heart. Latles (54) has demonstrated the inhibition of
citrate isoclitrate, and a-ketoglutarate oxidation in
potato slices by the additlion of y-hydroxy-a-ketoglutarate,
a product of decarboxylation of oxalomalate., All these
reports are suggestive of the fact that a combination of
glyoxylate and oxalacetate may be utilized to inhibit TCA
cycle activity. It 1is possible that such a control mech-
anism for mitochondrial oxidation may operate in the

rlant leaf, Certainly mitochondrial oxidation would seem
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to be unnecessary during photosynthesis,

The observation of Asada et al. (3) that glycolate
is not metabolized beyond serine in the dark suggests
that the source of reducing power for the peroxlisome is
related to photosynthetlic production of reducing power,

If malate 1s utilized as the shuttle for reducing power,
it may be that the ultimate source of the peroxisomal

NADH equivalents 1s the chloroplast. Hatch and Slack (38)
have reported the presence of an NADP-malate dehydrogenase
activity in spinach and other plants. 1In the case of
malze, this activity was found to be localized in the
chloroplast. A shuttle mechanism utilizing the chloro-
plastic NADP-malate déhydrogenase and the peroxisomal NAD-
malate dehydrogenase might provide the peroxisome with
NADH equivalents. Thls shuttle would not operate in the
dark since NADPH formation would cease in the chloroplast.
Thus the peroxisome would not be suppllied with malate, and
glycolate metabolism would stop at serine.

Little 1s known concerning the development of the
leaf peroxisomes. The observation (95, 96) that glycolate
oxldase activity of wheat increases greatly upon greening
1s suggestive of an increase in either the number of
peroxisomes or the activity of pre-existing peroxisomes,
Coordinate control of all the activities of the peroxisome
is suggested by the observation of Zucker (114) that gly-

colate oxidase, glyoxylate reductase, and malate dehydro-
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genase activities of tobacco plants grown in full sunlight
were higher than of those tobacco plants grown in shade.
The fact that the specific activities of these enzymes
also were somewhat higher in sun-grown plants may indi-
cate an lncrease of peroxisomal activity over the general

increase in leaf protein.



SUMMARY AND CONCLUSIONS

The enzymic content of leaf peroxlisomes has been
surveyed with respect to a number of activities, The leaf
peroxisomes have been found to differ from other peroxi-
somes and glyoxysomes in enzyme content., The differences
among these microbodies with respect to enzyme content are
suggested to reflect differences in function of these vari-
our particles.

The presence of all the enzyme activities necessary
for the conversion of glycolate to glycerate (except for
the conversion of glycine to serine) strongly suggests
that the function of the leaf peroxisomes lies in the gly-
colate pathway., Evidence has been presented which indi-
cates that the peroxisomal enzyme activities are sufficlent
to account for this gluconeogenic conversion of glycolate
to glycerate., Amino acid metabolism has been found to be
intimately assoclated with this process, Close coopera-
tion with the chloroplasts and mitochondria 1is necessi-
tated.

A scheme, assuming impermeabllity of the peroxisomal
membrane to pyridine nucleotide, has been formulated from
demonstrated enzyme activities. A shuttle mechanism
Involving malate transport has been invoked to explain

Internal generation of NADH, Consequences of such a shuttle

112
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mechanlsm have been discussed.
Enzyme actlvitlies found to be external to the per-
oxisome have been discussed iIn terms of known organelle

function.
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SUMMARY

The technique of isopycnic centrifugation of leaf homogenates has allowed a
separation of chloroplasts, mitochondria, and peroxisomes according to their respec-
tive densities. Chlorophyll, cytochrome ¢ oxidase, and glycolate oxidase, respectively,
were used as markers for these organelles. Malate dehydrogenase (L-malate:NAD
oxidoreductase, EC 1.1.1.37) showed peaks of activity in the mitochondrial and
peroxisomal fractions. The peroxisomal enzyme as assayed by following reduced
pyridine nucleotide oxidation had a broad pH optimum from 6.4 to 7.4 and was
specific for NADH. The peroxisomal and mitochondrial forms of malate dehydro-
genase were differentiated by their kinetic and electrophoretic behavior. The mito-
chondrial form had a K, (oxalacetate) of 5.7 - 10-¢ M and was inhibited by oxalacetate
concentrations above 7-10-5 M. The peroxisomal form had a K, (oxalacetate) of
1.4:10"°* M and was inhibited by oxalacetate concentrations in excess of 2- IO". M.
The supernatant malate dehydrogenase showed kinetic characteristics intermeQIate
to those of the peroxisomal and mitochondrial forms. Starch-gel electrophoresx§ of
the supernatant fraction showed the presence of both the peroxisomal and mito-
chondrial forms together with another isozyme.

INTRODUCTION

Although the presence of multiple forms of malate dehydrogenase (L-malate:
NAD oxidoreductase, EC 1.1.1.37) in leaf tissue is a well-established fact, there are
conflicting reports concerning the location(s) of the nonmitochondrial t.’orm(s). Early
reports!.? excluded the possibility of malate dehydrogenase activity in the chloro-
Plast, whereas later reports3—® have localized activity in the chloroplasts or plastid
fraction. In addition several workers have characterized ‘soluble’ malate dehydro-
genases from leaf tissue and have shown these forms to be kinetically and electro-
Phoretically distinct from the mitochondrial form10-12.

—_—_— . . S N-
' Abbreviations: HEPES, N-2-hydroxyethylpiperazine- 7’-2-ethanesulfonic acid; TES,
trls(h_\'droxymethyl)meth_vl-z-aminoethanesulfonic acid.

Biochim. Biophvs. Acta, 178 (1969) 11-20
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Our laboratory has recently reported the isolation and partial characterization
of peroxisomes from various leaf tissues!3-15. The peroxisomes were shown to contain
the enzymes glycolate oxidase, NAD glyoxylate reductase, and catalase. This report
describes the presence and some of the properties of the particulate malate dehydro-
genase in leaf peroxisomes.

MATERIALS AND METHODS

Spinach (Spinacia oleracea L.) was purchased locally. The leaf tissue was
washed, deribbed, and cut into small strips. Subsequent operations were carried out
at 0—4° either in a cold room or in ice buckets. The tissue (100 g) was homogenized
in a Waring blender for 10 sec with 1 vol. by weight of grinding medium (0.5 M
sucrose, 0.02 M potassium glycyl-glycine, pH 7.5). The resulting slurry was squeezed
through twelve layers of cheesecloth, and the pH (about 7) was readjusted to 7.5
with KOH. The sap was then centrifuged at 100 X g for 20 min, and the resulting
pellet resuspended in the grinding medium and designated the ‘Chloroplast’ fraction.
The sap was further centrifuged at 6000 X g for 20 min, and this pellet, after resus-
pension in the grinding medium, was designated the ‘Peroxisome and broken chloro-
plast’ fraction, for it contained besides the peroxisomes large amounts of chloroplast
fragments and some mitochondria. A ‘Mitochondrial’ fraction was prepared by
centrifugation at 37 ooo X g for 20 min and resuspension of the pellet. The supei-
natant fluid after the last centrifugation was designated the ‘Supernatant’ fraction.
Preparations were made with other plants using substantially the same procedure,
although in some cases the volume of the grinding medium was increased to facilitate
homogenization.

A discontinuous sucrose density gradient was prepared in the cold by pipetting
successively 4 ml of 2.5 M, 8 ml of 2.3 M, toml of 1.8 M, 15 ml of 1.5 M, and 13.5 ml
of 1.3 M sucrose in a cellulose nitrate tube designed for the Spinco SW 25.2 swinging-
bucket rotor (all sucrose solutions were 0.02 M in potassium glycyl-glycine, pH 7.5..
A portion of the ‘Peroxisomal and broken chloroplast’ fraction (4 ml) was then
layered on top of the gradient, and the sample was centrifuged in a Spinco Model L
centrifuge at 25 000 rev./min for 3 h at 4°. Fractions were collected from the bottom
of the tube after puncturing and are numbered in the order of collection.

Malate dehydrogenase (L-malate:NAD oxidoreductase, EC 1.1.1.37) was as-
sayed spectrophotometrically by following the oxidation of NADH at 340 my using
a Gilford automatic recording spectrophotometer. The assay mixture contained
0.67 ml of 0.1 M N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES!
(pH 7.4), 0.03 ml of 0.5%, Triton X-100,0.04 ml of 0.01 M oxalacetic acid, neutralized
to pH 7.4 with KOH, 0.02 ml of 2.81-10-* M NADH, and enzyme plus water to give
a total volume of 1 ml in the cuvette. The reaction was initiated by the addition of
oxalacetate. A unit of activity has been defined as the oxidation of 1 gumole NADH
per min at 25°.

Glycolate oxidase (EC 1.1.3.1) was used as a marker for peroxisomes and was
assayed by following the anaerobic reduction of 2,6-dichlorophenolindophenol as
described previously!. Cytochrome ¢ oxidase (EC 1.9.3.1) was used as a marker for
mitochondria and was assayed by following the oxidation of reduced cytochrome ¢
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(ref. 14). Chlorophyll was estimated by the method of ARNON!® and protein by the
method of Lowry?!7.

Starch-gel electrophoresis was carried out following the method of FINE AND
CosTELLO' using Triton X-100 extracts of the fractions. Clear separation of the
isozymes was noted after electrophoresis at 27 mA for 18 h at 4°. Enzymatic activity
on the gel was detected by dark incubation in a buffer containing malate, NAD+,
phenazine methosulfate, and Nitro Blue Tetrazolium for 30 min at 37° as described
by FINE AND COSTELLO?.

Crystalline glyoxylate reductase (glycolate:NAD oxidoreductase, EC 1.1.1.26)
was purchased from C. F. Boehringer and Sohne, Mannheim, Germany and was used
without further purification. Cytochrome ¢ and pyridine nucleotides were purchased
from Sigma, (St. Louis, Mo., U.S.A.). Other reagents were purchased from Calbiochem
(Los Angeles, Calif., U.S.A.).

RESULTS

Distribution of malate dehydrogenase among the particles

In Table I are shown data from a typical experiment, giving the volumes of
the fractions collected as well as the approximate sucrose concentrations and ap-
pearance of the fractions collected by differential and isopvcnic gradient centrifu-
gation. It should be noted here that Fractions 3, 5, and 7 included the interface
between layers of different sucrose concentration. At these interfaces were concen-
trated particles whose density was less than that of the next sucrose layer.

The distribution of malate dehydrogenase among the 4 fractions of the original

TABLE I

FRACTIONS FROM DIFFERENTIAL AND SUCROSE DENSITY GRADIENT CENTRIFUGATION

Volumes for the whole chloroplast, broken chloroplast, and mitochondrial fractions are those
after resuspension of the pellets in the grinding medium.

Fraction Sucrose  Vol. Comments
(M) (ml)
leferential centrifugation
Original 125 118 ml used for centrifugation
(‘hloroplast 8.1
Peroxisome and broken 10.0 4.0 ml used for gradient
chloroplast
Mitochondrial 7.8
Supernatant 104

Isopvemic gradient centrifugation

2.5 3.4 Clear
2.5-2. 6. Clear
3-;—1-3 3.Z Peroxisomes at interface, vellow-brown band
1.8 5. Clear . 4 . ]
1.8-1.5 4.2 Whole chloroplasts and mitochondria at inter
face, green band

X 1.5 9.6 Clear . band

: 1.5-1.3 7-3 Chloroplast fragments at interface, green

; 1-3‘} 9.9 Chloroplast fragments, green band

2 1.3-0.5 4.2 Supernatant, clear yellow
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TABLE II

MALATE DEHYDROGENASE AND OTHER ASSAYS FOR FROM
CENTRIFUGATION

Specific activity as nmoles - min~1mg-! protein.

Original W hole Peroxisome  Mito-  Supernatant
chioroplast  and broken  chondria
chloroplast

Malate dehydrogenase

Percent 6.9 413 37 481

Specific activity 560 326 1216 521 540
Glycolate oxidase

Percent 47 312 2.5 61.3

Specific activity 21 107 s 16.9 332
Cytochrome ¢ oxidase

Percent 8.0 46.2 16.5 28.4

Specific activity 25 153 54.9 93.9 133
Chiorophyll

Percent 25.6 63.6 55 53

mg-ml-t 0.58 23 40 05 0.0
Protein

Percent 140 224 47 58.5

mg-ml-1 19.5 33.5 43.6 1y .o

homogenate after differential centrifugation is compared in Table II with other
characteristics used to distinguish the various particles. Three points should be noted.
(1) Although malate dehydrogenase is a known constituent of the tricarboxylic acid
cycle of the mitochondrion, among the particulate fractions, malate dehydrogenase
showed the highest specific activity in the peroxisome fraction. In contrast, cyto-
chrome ¢ oxidase, a mitochondrial marker, showed the highest specific activity in the
mitochondrial fraction. This indicates that there must be another source of malate
dehydrogenase activity beside the mitochondria in the particulate fractions. (2)
Although 25% of the chlorophyll was found in the whole chloroplast fraction, less
than 79% of the malate dehydrogenase activity was found in this fraction. This low
activity can be attributed to the presence of peroxisomes and mitochondria in this
fraction, as indicated by the percentages of glycolate oxidase and cytochrome ¢
oxidase. Further it should be noted that the specific activity of the malate dehydro-
genase was greater in the original sap than in the chloroplast fraction. (3) The
percentage of malate dehydrogenase in each fraction ranged between those of the
marker enzymes glycolate oxidase and cytochrome ¢ oxidase. If an enzyme is located
in two different organelles, the percentage of this enzyme in each fraction should be
close to an average of the percentages for the other organelle markers
similar specific activities for the isozymes of the particular enzyme.

Fig. 1 shows the distribution of the enzyme activities, chlorophyll and protein
in the isopycnic sucrose density gradient. Glycolate oxidase served as the marker
enzyme for peroxisomes which were mainly in Fraction 3. Cytochrome ¢ oxidase, the
marker enzyme for mitochondria, was mainly in Fraction 5 and partly in Fraction ;.

assuming

Biochim. Biophys. Acta, 178 (1969) 11-20



PEROXISOMAL MALATE DEHYDROGENASE 15

Units per mi

6513 28 N I A By 1 Y
. 15 18 23 raction Number
Sucrose Molarity Fract

Fig. 1. Distribution of malate dehydrogenase and other marker enzymes among fractions from
Isopycnic sucrose gradient centrifugation. Malate dehydrogenase, glycolate oxidase and cyto-
chrome ¢ oxidase units expressed as umoles substrate transformed per min per ml at 25°. Protein
and chlorophyll expressed as mg/ml. @—@, malate dehydrogenase; @— — —@, glycolate oxi-
dase; g+« --- A, cytochrome ¢ oxidase; A—- -—A, protein (!/; scale); B—-—, chlorophyll.

Most of the chloroplasts, as indicated by chlorophyll, were in Fractions 7 and 8.
Similar results were obtained with sunflower, morning glory, wheat, tobacco and
perilla. Some of these data have been presented elsewherels. The trimodal nature of
the malate dehydrogenase distribution is evident. The two particulate malate
dehydrogenases were in the peroxisomes and mitochondria and not in the chloro-
plasts. Two mitochondrial peaks, as measured by cytochrome ¢ oxidase activity,
uceur because of the presence of interfaces in the gradient. A significant portion of the

. - total malate dehydrogenase activity on the gradient was found in Fraction g, the

gradient supernatant fraction. Whether this activity arose from leakage of the
pgroxisomes and/or mitochondria or from actual soluble enzyme could npt be ascer-
tained. In earlier work with glycolate oxidase and glyoxylate reductase, it was noted

© . that the ratio of the percent activity found in particulate fractions to that found in

the supernatant fraction was similar for all three enzymes!4. This suggested that the

. enzymes were present initially in the same particle and were released to the same
~ . extent upon isopycnic centrifugation. Thus, at least part of the malate dehydrogenase

- activity in the gradient supernatant fraction may be accounted for by leakage from
o the peroxisomes,

Peroxisomal malate dehydrogenase properties

Since spinach leaves are readily available and give high vields of peroxisomes,

- this tissue was used to study the characteristics of the peroxisomal malate dehydro-

Senase. Peroxisomes isolated by isopycnic centrifugation were used for these experi-

ments without further purification. 14 th
Latency. As in the cases of glycolate oxidase and glyoxylate reductase’, the

" peroxisomal malate dehydrogenase activity was somewhat latent when the particle

|

‘- membrane was intact. When the nonionic detergent Triton X-100 Was added to the

R
[

Biochim. Biophys. Acta, 178 (1969) 11-20




16 R. K. YAMAZAKI, N. E. TOLBERT

assay mixture, an increase in activity of about 30%, was noted. To insure that all
malate dehydrogenase activity would be measured, 0.01%, Triton X-100 was routinely
added in all assays.

pH dependence. Two zwitterionic buffers were used to minimize changes in ionic
strength with variation of the pH. The pH curve (Fig. 2) is very similar to that shown
for a malate dehydrogenase preparation made from acetone powders of spinach
leaves by HiaTt AND Evans!®. These authors found a rather broad pH optimum,
with activity slightly increasing from pH 6.4 to 7.4. The use of sodium phosphate
buffer in their study may account for this increase in activity with increasing pH,
since the ionic strength of the medium would increase as the pH ‘was raised and
malate dehydrogenase activity is affected by ionic concentration.

Pyridine nucleotide specificity. The peroxisomal malate dehydrogenase is specific
for NADH. At a reduced pyridine nucleotide concentration of 6 mM, the rate of
NADPH oxidation was only 0.6%, that of NADH.

Malate dehydrogenase activity in purified glyoxylate reductase. Since the enzyme
NAD-glyoxylate reductase (EC 1.1.1.26) has been shown to be present in spinach
peroxisomes, it was of importance to determine whether or not any of the malate
dehydrogenase activity of the peroxisomes could be attributed to this enzyme.
Consequently a crystalline preparation of glyoxylate reductase was tested in the
normal assay for malate dehydrogenase activity. The rate of oxalacetate reduction
in the preparation was 2.6%, of that of glyoxylate. This low level might be attributed
to the presence of contaminating amounts of malate dehydrogenase which has a verv
high turn-over number.

e —
54 P
[

J i
1o} Q0
K
3 3 ) o
10* = [Oxclocetate) (M)

./‘—'—:

F g

Rote (102 x& Azeq(5 min)
3

~~

[ =
Og 3 ] 8 O 2 4 6 8 10 12 14 16 8 2¢

pH 109 x [Oxalocetate] (M)

Fig. 2. pH dependency of peroxisomal malate dehydrogenase. Buffer pH adjusted by additin
of KOH. Buffers: @—@, 0.2 M N-tris (hydroxymethyl) methyl-2-aminoethanesulfonic acid (TE=
A—A, 0.6 M HEPES. Other additions as described in the MATERIALS AND METHODS section.

Fig. 3. Effect of oxalacetate concentration on peroxisomal malate dehydrogenase activity. Tx
standard assay procedure was used except that the oxalacetate concentration was varied as o
dicated. Peroxisomes purified by isopycnic centrifugation were used.

Kinetic behavior. In order to differentiate the various forms of malate dehydr:-
genase in the cell and to ascertain possible functions, the kinetic properties of ti-
major malate dehydrogenase fractions were compared. The dependence of the reacticr
rate of the peroxisomal fraction (sucrose density gradient Fraction 3) on the oxa-
acetate concentration is given in Fig. 3. At oxalacetate concentrations greater th.un
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3-107* M, some substrate inhibition was observed. From a Lineweaver-Burk plot
the K (oxalacetate) was 1.4 10-5 M, which is similar to that of 1.8 - 10-5 M obtained
by HIATT AND EvANs™. This suggests that the form isolated from acetone powders
of spinach leaves was in fact the peroxisomal form.

A plot of the rate as a function of the substrate concentration for the mito-
chondrial fraction (sucrose density gradient Fraction 5) is shown in Fig. 4. Substrate
inhibition began at an oxalacetate concentration of 7-10-* M and reached 50%, at
2:10* M. A Lineweaver-Burk plot gave a K,, (oxalacetate) of 5.7-10-¢ M for the
mitochondrial malate dehydrogenase. The rate dependence of the supernatant
fraction on the substrate concentration is shown in Fig. 5. A comparison of Figs. 3
and 4 with Fig. 5 gives the impression that the kinetic properties of the supernatant
enzyme may be composite of the properties of the peroxisomal and mitochondrial
forms, with the peroxisomes making the larger contribution.

Malate oxidation. Oxidation of L-malate by peroxisomal fractions could not be
observed by following NAD* reduction at pH 7.4, probably because of the unfavorable

.-~ equilibrium of the reaction. It was possible, however, to observe malate oxidation at

PH 7.4, using 2,6-dichlorophenolindophenol and NAD* if diaphorase was added to
the assay.
Salt effects. The eftects of added salts in the assay were not studied extensively.

- Because of the similarities in properties of the peroxisomal malate dehydrogenase to

/

the preparation described by HIATT AND Evans!®, care was taken to exclude the
addition of extraneous cations and anions in the assay medium. It was observed that
the addition of 0.05 M NH,CI to the medium increased the rate of the reaction
approx. 33%,. It is interesting to note that another peroxisomal enzyme, glyoxylate
reductase, also shows pronounced salt effects when hydroxypyruvate is utilized as
the substrate20,

Starch-gel electrophoresss. In Fig. 6 is shown a schematic representation of the

—-~ Patterns obtained upon starch-gel electrophoresis of the major malate dehydrogenase-

AV

containing fractions. The peroxisomal and mitochondrial forms were clearl)" diff.er-
entiated by their mobility during electrophoresis, the mitochondrial form migrating
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el ig,' 4- Effect of oxalacetate concentration on mitochondrial malate dehydrogenase activity. Con-

i+ -tions as in Fig, 3 except that mitochondria purified by isopycnic centrifugation were used.

.+ '8 5. Effect of oxalacetate concentration on supernatant malate dehydrogenase. Conditions as
s Fig. 3 €xcept that the supernatant from 37 0oo X g centrifugation was used.
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Fig. 6. Schematic representation of starch-gel electrophoresis patterns of the various malate
dehydrogenases. Separation and staining techniques are described in the MATERIALS AND METHODS
section.

the faster of the two. The supernatant fraction contained the peroxisomal and mito-
chondrial forms, with the peroxisomal form being the major component. In addition
the supernatant contained a minor component which was not observed in particles.
This component was not investigated further.

Comparison of specific activity of peroxisomal enzymes. Malate dehvdrogenase,
when measured in the direction of oxalacetate reduction, had a specific activity
approx. 30 times greater than that of glycolate oxidase or glyoxylate reductase
(Table III). Catalase had a still higher level of activity, which was about 25-fcld
greater than malate dehydrogenase.

TABLE I11

SPECIFIC ACTIVITY OF PEROXISOMAL ENZYMES
Spinach peroxisomes isolated by isopycnic centrifugation were used without further purification.

Enzyme Specific activity
(pumoles - min=1 -
mg~! protein)

Glycolate oxidase 0.3-1.0
Glyoxylate reductase 0.3-1.0
Malate dehydrogenase 25 -39

Catalase 500 -600
DISCUSSION

In reports which locate malate dehydrogenase activity in chloroplasts. :
common feature is the use of differential centrifugation for the isolation of chlar-
plast-enriched fractions. This use of only the sedimentation velocity properties of t}:
cellular organelles for their purification has been shown by us to be unsatisfactory ir
the separation of chloroplasts and peroxisomes™. Thus with differential centrifugat: -
of leaf homogenates at 1000 X g, one obtains a fraction enriched in both chloroplas:
and peroxisomes. When this fraction is subjected to sucrose density gradient centri’:
gation at 1000 X g for short times, resolution of chloroplasts from peroxisomes

Biochim. Biophys. Acta, 178 (1969) 11-20

o




tv: PEROXISOMAL MALATE DEHYDROGENASE 9

still not possible, because the parameter used for separation is again sedimentation
velocity. Apparently the sedimentation coefficients of the peroxisomes and chloro-
plasts are very similar. It is only through the use of another, distinct, physical
property, such as buoyant density, that satisfactory separation of these particles can
be achieved.

After differential centrifugation we have used isopycnic or equilibrium density
centrifugation to obtain a separation of the chloroplasts, mitochondria and peroxi-
somes. A clear separation upon sucrose density gradient centrifugation resulted from
the differences in the densities of the organelles. After equilibrium was attained
(centrifugation at 100 000 X g for 3 h), the three types of particles were found in
-7 distinct bands centering about their own respective buoyant densities. Of the three
“4=- organelles, the peroxisomes were the most dense, banding in the 1.95 M sucrose
layer (¢ © 1.25). The mitochondria banded in the 1.5 M sucrose (9 £ 1.20) and the
chloroplasts or chloroplast fragments banded in the 1.3 M layer (o0 2 1.17). Collection
..~ of fractions of the appropriate volumes thus separated the organelles.

: By these techniques malate dehydrogenase activity was found in the peroxi-
.- somal and mitochondrial fractions, whereas no malate dehydrogenase activity could
be attributed to the chloroplasts. Chloroplasts which had been washed three times
.. by differential centrifugation lacked malate dehydrogenase activity, although phos-
. .- Phoglycolate phosphatase, a chloroplast enzyme!3.21, remains with the chloroplasts
.. (unpublished results of R. K. YaMmazakl, S. L. VANDOR AND N. E. ToLBERT). We
¢ conclude that chloroplasts do not contain any malate dehydrogenase activity.
| Similarities in pH behavior, pyridine nucleotide specificity, kinetic behavior
and the effect of salts all suggest that the malate dehydrogenase activity isolated
from acetone powders of spinach leaves by HIATT AND EvaNs!® was the peroxisoxpal
torm. This fact, together with the intracellular malate dehydrogenase distribution

(Table IT) and the comparison of the activities of the isozymes of the leaf homogenate
.. after electrophoresis, suggests that the peroxisomal form contributes a major part

of the total cellular malate dehydrogenase activity in the leaf.

The enzymes which have been found to date in leaf peroxisomes are glyqolate
oxidase, NAD-glyoxylate reductase, catalase, glutamate-glyoxylate transaminase
lunpublished results of T. Kisakt AND N. E. ToLBERT) and malate dehydrogenase.
All of these enzymes except malate dehydrogenase are associated with the direct
metabolism of glycolate to glycine, 1.e., the glycolate pathway. Malate dehydrogcnase
s the only enzyme so far detected in the leaf peroxisomes which is not directly
associated with glycolate metabolism. )

As shown in F ig. 4, the spinach leaf mitochondrial malate dcllydrogenfise was
hoticeably inhibited by oxalacetate concentrations higher than 7-107° M: This resglt
s In accord with those found by other workers, using the mammaliar? mitochondrial
BQZ)'nle, and has been interpreted as indicating that the physiologlcal role of the

i - itochondrial enzyme is to provide for the oxidation of L-malate. On thf? _other hand,
e he peroxisomal malate dehydrogenase was found to be much less sensitive to oxz}l—
i \cetate concentration. Similar differences in kinetic behavior between mitochondrial
Cx l.nd ‘soluble’ malate dehydrogenases have been found in beef heart?? and corn root
7/~ D% In both cases, the nonmitochondrial form was thought to be catalyzing the
w7 eduction of oxalacetate to L-malate. Because of the similarities between these ‘soluble

ol
KR
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the peroxisomal enzyme may likewise be utilized in the reduction of oxalactite
Definite conclusions as to the function of the peroxisomal enzyme, however, must
await further studies.
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A Survey of Plants for Leaf Peroxisomes'
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Received September 30, 1968.

Abstract. Leaves of 10 plant species, 7 with photorespiration (spinach, sunflower, tobacco,
pea, wheat, bean, and Swiss chard) and 3 without photorespiration (corn, sugarcane, and
pigweed), were surveyed for peroxisomes. The distribution pattern for glycolate oxidase,
glyoxylate reductase, catalase, and part of the malate dehydrogenase indicated that these
enzymes exist together in this organelle. The peroxisomes were isolated at the interface
between layers of 1.8 to 23 M sucrose by isopycnic nonlinear sucrose density gradient oen-
trifugation or in 195 M sucrose on a linear gradient. Chloroplasts, located by chlorophyll, and
mitochondria by cytochrome ¢ oxidase, were in 1.3 to 1.8 M sucrose.

In leaf homogenates from the first 7 species with photorespiration, glycolate oxidase activity
ranged from 0.5 to 1.5 umoles X min! X g! wet weight or a specific activity of 0.02 to
0.05 pmole X min! X mg™ protein. Glyoxylate reductase activity was comparable with
glycolate oxidase. Catalase activity in the homogenates ranged from 4000 to 12,000 umoles X
min~1 X g1 wet weight or 90 to 300 umoles X mint X mg™ protein. Specitic activities of
malate dehydrogenase and cytochrome oxidase are also reported. In contrast, homogenates of
corn and sugarcane leaves, without photorespiration, had 2 to 5% as much glycolate oxidase,
glyoxylate reductase, and catalase activity. These amounts of activity, though lower than in
plants with photorespiration, are, nevertheless, substantial.

Peroxisomes were detected in leaf homogenates of all plants tested; however, significant
yields were obtained only from the first 5 species mentioned above. From spinach and
sunflower leaves, a maximum of about 50 ¢ of the marker enzyme activities was found to be
in these microbodies after homogenization. The specific activity for peroxisomal glycolate
oxidase and glyoxylate reductase was about 1 umole X min! X mg ! protein; for catalase,
8000 umoles X min X mg™! protein,and for malate dehydrogenase, 40 umoles X min1 X
mg! protein. Only small to trace amounts of marker enzymes for leaf peroxisomes were
recovered on the sucrose gradients from the last 5 species of plants. Bean leaves, with
photorespiration, had large amounts of these enzymes (0.57 umole of glycolate oxidase X
min~! X g1 tissue) in the soluble fraction, but only traces of activity in the peroxisomal
fraction. Low peroxisome recovery from certain plants was attributed to particle fragility or
loss of protein as well as to small numbers of particles in such plants as corn and sugarcane.

Homogenates of pigweed leaves (no photorespiration) contained from one-third to one-half
the activity of the glycolate pathway enzymes as found in comparable preparations from
spinach leaves which exhibit photorespiration. However, only traces of peroxisomal enzymes
were separated by sucrose gradient centrifugation of particles from pigweed. Data from
pigweed on the absence of photorespiration yet abundance of enzymes associated with glycolate
metabolism is inconsistent with current hypotheses about the mechanism of photorespiration.

Most of the catalase and part of the malate dehydrogenase activity was located in the
peroxisomes. Contrary to previous reports, the chloroplast fractions from plants with photo-
respiration did not contain a concentration of these 2 enzymes, after removal of peroxisomes
by isopycnic sucrose gradient centrifugation.

Many plants exhibit photorespiration, which is the balance achieved by these 2 competing processes
ibuted to the oxidation of glycolate as it is formed of CO, fixation by photosynthesis and CO. produc-
dly during photosynthesis (6,13,26). Such tion by photorespiration (4, 23).
its apparently produce glycolate from sugar phos- Another group of plants characterized by corn.
tes of reductive photosynthetic CO. fixation and sugarcane, and pigweed, do not exhibit photorespira-
ibolize it by the glycolate pathway (15,18). A tion. These plants fix CO, in the light into C,-
1 CO, compensation point in these plants reflects dicarboxylic acids. and this pathway seems to be
superimposed upon the photosynthetic carbon cycle
involving the production of 3-P-glycerate (7,8, 17).

Supported in part by NSF Grant GB 4154 and pub- Plants without photorespiration have a very low
d as journal article No, 4521 of the Michigan Agri-  compensation point (5), and do not convert added
iral Experiment Station, glycolate at a significant rate to CO, (12,22,27),

135



136 PLANT PHYSIOLOGY

Consequently, it might be predicted that such plants
would contain little or no glvcolate oxidase. Al-
though 1 investigation failed to observe significant
glycolate oxidase activity in corn (22), the enzyme
has been reported in this plant by other workers
(10,19,20). The metabolism of added glycolate-1*C
by corn leaves to glycine and serine also suggests
the existence of an active glycolate pathway in this
species (15,27). Further evidence that glvcolate
metabolism occurs in corn leaves is the accumulation
of glycolate after the application of a specific glvco-
late oxidase inhibitor to the tissue (26) and the
stimulation of respiration by addition of glvcolate to
the leaves (2).

The discovery in spinach leaves of the micro-
bodies, peroxisomes, which contain the enzymes of
the glycolate pathway and catalase (21) suggested
there should be a correlation between the presence
of peroxisomes in leaves and the phenomenon of
photorespiration. We have now surveyed 10 plants.
representative of those with and without photores-
piration, for quantitative amounts of certain enzymes
of the glycolate pathway and for the presence of
peroxisomes.

Materials and Methods

Plant Species. The plants used for experimental
material, their source, and their classification with
respect to photorespiration are given in table T.
Most material was grown in greenhouse or growth
chamber environments. The growth medium was a
soil-peat mixture supplemented twice weekly with
Hoagland nutrient solution and watered as needed.
Only mature leaves were used. Similar results were
obtained with sugarcane leaves from voung plants
and from older leaves of more mature plants.  Sugar-
cane leaves were processed within 36 hr of harvest
after being shipped to us in ice by air freight.
Similar results were obtained with spinach leaves
freshly harvested from the growth chamber. leaves
from the grocery store, or after storage for 10 days
at 4°. With spinach leaves that had been stored. a
slightly lower percentage of the enzyvmes of the
glveolate pathway were found in the particulate

Table T.

fraction. Leaves from all the other plants were used
immediately after harvesting.

Preparation of Fractions by Differential Cen-
trifugation. Fresh leaves were washed with distilled
water, excess water removed by blotting. the midribs
cut out, weighed, and chilled on ice. From 75 to
100 ml of grinding medium and 50 g of leaf tissue.
cut into small pieces, were ground for 10 sec in a
Waring Blendor at maximum speed. For corn and
sugarcane leaves, cut into smaller pieces, it was
necessary to use the grinder at low speed for 2 min
and then for 10 sec at high speed. The grinding
niedium contained 0.5 M sucrose in 0.02 M glveyl-
glycine buffer at pH 7.5. Homogenates were
squeezed through 9 layers of cheesecloth and the pH
adjusted to 7.5. All operations were conducted in
the cold room at 2 to 4° or in ice baths.

A known portion of the original extract. generally
75 ml, was subjected to differential centrifugation.
Whole chloroplasts were removed at 100g for 30 min,
broken chloroplasts and peroxisomes at 60Mg for
20 min, and ‘mitochondria at 39.000g for 20 min,
leaving the supernate. The nomenclature for the
pelleted fraction is only for convenience and is based
upon the presence of a major component in each
fraction. All fractions were mixtures of the various
particles as was shown by subsequent sucrose density
gradient centrifugation. Each pellet was resuspended
in the grinding medium and the final volume (3-%
ml) of each recorded. FEnzymatic assays were run
with the original extract after filtration through
cheesecloth. and with subsequent fractions obtained
by differential centrifugation. The yield of the
activities in the fractions was equal within 10 ¢ or
better of activities in the original extract. In table
I1. the percent of total activity in the particulate
fractions was calculated on the basis of the sum of
the activities in the 4 fractions obtained by differen-
tial centrifugation.

Sucrose Density Gradient Centrifugation. A
known volume (2.0-2.5 ml) of the peroxisomal and
broken chloroplast fraction (6000g pellet) was lay-
ered on a non-continuous sucrose gradient in glveyl-
glvcine buffer, pH 7.5. This fraction was selected
because previous work (21) had shown that it con-

Plants Surveyved

Source

Spinach, Spinacia oleracea 1.

Sunflower, Helianthus annuus 1.
Tobacco, Nicotiana tabacium 1..

Wheat, T'riticum wulgare 1., var. thatcher
Pea, Piswm sativum 1., var. little marvel
Bean, Phaseolus wulgaris, var. sanilac
Swiss chard, Beta vulgaris, var. cicla
Corn, Zea mavs 1., W64A X 01,43
Sugarcane, Saccharum, CI. 41-223
Pigweed, Amaranthus hyvbridus L.

Cireenhouse
Greenhouse

Greenhouse
Greenhouse

Greenhouse

Growth chamber or store bought

Gireenhouse or growth chamber
Growth chamber

Greenhouse and growth chamber
Field grown?

Photorespiration
Present (24)
Present (11)
Present (8,11,23)
Present (5,8.9)
Unknown
Present (4.8)
Unknown?
Absent (2,3,5,8.11,17)
Absent (17)

Absent (3,24)

' Swiss chard probably has photorespiration since it is a species related to beets which exhibit photorespiration (24).
2 Courtesy of 1. P. Hebert, United States Sugarcane Field Station, Canal Point, Florida.
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mned the bulk of the peroxisomes. The gradient
5 layers was prepared at 4° by pipetting 4 ml of
5 M sucrose (859 w/v), 8 ml 23 M sucrose
(689 w/v), 10 ml of 1.8 M sucrose (619 w/v).
15 ml of 1.5 M sucrose (51 9% w/v) and 15 ml of
1.3 M sucrose (449 w/v). These percent values
for w/v are based upon g sucrose per 100 ml final
volume at room temperature. The M sucrose had
been prepared in 0.02 M glycylglycine and it was
diluted with 002 M glycylglycine for the other
sucrose concentrations. The gradient was centri-
fuged for 3 hr at 4° at 25000 rpm (446009 to
106,900g) in a swinging bucket rotor SW 25.2 of
the Spinco centrifuge, Model L. TIn this time, the
particles had sedimented to a sucrose molarity which
had high enough specific gravity to stop the particles,
and longer periods of centrifugation could not alter
their distribution. In recent literature citations con-
cerning the location of glycolate oxidase (14) and
malate dehydrogenase (16) in chloroplast prepara-
tions, investigators have used non-isopycnic sucrose
gradient centrifugation procedures which, when
checked by us, did not separate the peroxisomes from
the chloroplast fractions.

The gradient was divided into aliquots of 3 to
12 ml by draining from the bottom of the centrifuge
tube through a needle, and fractions 1 (at the
bottom) to 9 (at the top) were collected as indicated
in figure 2. This procedure w selected on the
basis of an investigation with spinach leaves (21)
The 0.5 M sucrose fraction which had been layered
on the gradient (fraction 9) retained the soluble
enzyn.es. In the upper portion of the 1.3 M sucrose
layer and at the interface region between 1.3 M and
1.5 M sucrose were bands of chloroy
microscopically and by chlorophyll anal
7 and 8). The interface region between the 1.5 and
1.8 M sucrose layers (fraction 5) contained the
mitochondria and some whole chloroplasts. At the
interface between 1.8 and 2.3 M sucrose (fraction 3)
were located the peroxisomes. Although a contin-
uous gradient has produced a cleaner separation of
peroxisomes completely free of chlorophyll, a dis-
continuous gradient was more convenient and faster
for this survey because of the viscosity of 18 to
2.5 M sucrose. A 23 M sucrose layer was used
rather than one of 20 M in order to stop the peroxi-
somes in a sharper band. No significant amount of
enzymatic activity other than peroxisomal activity
has been found below the 1.8 M sucrose layer.

The percent activity among the sucrose gradient
fractions in figure 2 was calculated on the basis of
the total activity recovered from the gradient. In
general, nearly 100 % recovery on the gradient of
the activity from the 6000g pellet fraction was
achieved, except for cytochrome ¢ oxidase and malate
dehydrogenase, for which an increase in total ac-
tivity was observed. This increase suggests that
the values obtained with the initial homogenates for
these 2 enzymes are too low.

Glycolate  Oxidase  (EC1.1.3.1). Glycolate:O,
n\u!nroductm- was assayed anaerobically by follow-
2.6-dichlorophenolindophenol reduction (21, 28).
ions were made to a Thunberg cuvette (d =
10 mm) in the following order: 2 ml 0.1 M pyro-
phosphate, pH 8.5, containing 1.5 X 1074 M dye;
005 ml 5 % 10 v FMN (final concentration,
1O X 107 M) : 0.05 ml 0.5 ¢ Triton X-100 (001 ¢
final) : 001 to 0.2 ml of enzyme, and in the side arm,
0.1 ml of 0.125 m sodium glycolate (final concentra-
tion, 5 > 10* m). The final volume was 2.5 ml.
The cuvette evacuated and flushed 10 times
with N, which had passed through Fieser's solution
to remove traces of O.. Dye reduction at 25° was
measured at 600 mu by an automatic recording
Gilford spectrophotometer. A unit of activity was
expressed as 1 OD change per min. which was
equivalent to 4.78 nmoles of dye reduced per min

The use of Triton X-100, which probably solu-
bilizes the particulate membranes, increased glycolate
ate reductase, and malate dehydroge-
a ty in the peroxisomal fraction by 30 to
409, A final concentration of 0.01 % Triton X-100
was found to be sufficient, even with the high sucrose
concentration from the gradient. Catalase activity
was not increased by Triton X-100, although catala:
is the only enzyme whose activity is increased in
liver peroxisomes by use of Triton X-100 (

All attempts to run the glycolate nwhsc a
aerobically with a high concentration of cyanide to
inhibit peroxidase reoxidation of the reduced dye
were unsuccessful. as discussed previously (21). In
the aerobic the peroxidase in the soluble frac-
tions resulted in lower total enzyme units. The
peroxisome fraction (No. 3) from the sucrose
gradient contained so little peroxidase that the
aerobic as could be used with this fraction.
However, acrobic assays gave incorrect overall re-
coveries because of low values in fractions with
peroxidase activity such as the supernate. Only by
the anaerobic assay could a quantitative recovery of
the enzyme from the various fractions be obtained.
) late Reductase (EC 1.1.1.26). The assay
for this enzyme involved following the oxidation of
NADH at 340 mp (25). Additions were made to
a 1-ml Beckman cuvette (d 10 mm) in the fol-
lowing order; 0.4 ml of 0.02 M glycylglycine buffer,
pH 7.5; 005 ml NADH containing 0.2 mmole;
Triton X-100 (final 0.01 %) enzyme. water. and
substrate to make a final volume of 1.0 ml. After
determining the endogenous rate for 1 to 3 min,
0.04 ml 0.125 M sodium glyoxylate (final concen-
tration, 5 X 107 M) was added. A unit of activity
was expressed as 1 OD change per min, which was
equivalent to 161 nmoles of NADH oxidized per min.

%

After completing this survey, it was found that
glyoxylate reductase, as obtained from the peroxi-
some fraction of spinach leaves by Triton X-100
treatment, was not assayed at optimal conditions.
The pH optimum was found to be 5.8 as compared
to 7.5 with the soluble enzyme or 6.3 to 6.6 for the
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crystalline enzyme (23). For optimal conditions, a
final substrate concentration of 5 > 1072 M was indi-
cated, which is comparable to previous values of
9.1 X 10® m (25). Thus, the specific activities
for glyoxylate reductase reported here (except for
wheat which was assayved at pH 5.8 with 5 X 1072
substrate) are estimated to be about 40 ¢ of maxi-
mum values. Sufficient reevaluation of the data
were completed to verifv that the reported results
did not alter the conclusions concerning the distri-
bution of this enzyme among the various fractions.

Other Assays. These procedures have been de-
tailed in a paper on the characterization of peroxi-
somes from spinach leaves (21). Catalase (EC
1.11.1.6) was assaved by the disappearance of H.O.
as measured spectrophotometrically at 240 mpu. A
unit of activity was a change of 1 OD in 1 min at
25°, and was equal to 2.76 umoles of 11,0,. In the
cvtochrome ¢ oxidase (EC 1.9.3.1) assay. the rate
of oxidation of reduced cytochrome was measured at
550 myu. Malate dehydrogenase (EC 1.1.1.37) was
measured by the spectrophotometric rate of NADH
oxidation with 4 X 107 M oxalacetate as substrate.
A more detailed characterization of malate dehy-
drogenase in leaf peroxisomes will he published else-
where. Protein was determined by the Lowry pro-
cedure and chlorophyll by its absorption at 652 mp
according to Arnon’s procedure.

Results

Activity in Homogenates and Fractions From
Differential Centrifugation. TIn table 1I, the specific
activity of each enzyme in nmoles X min™ X g7
wet weight or mg™' protein in the different leaf
homogenates and the percentage of this activity in
the combined particulate fractions have been recorded.
The distribution of these enzymic activities in the
whole homogenate among the 4 cellular fractions
obtained by differential centrifugation of the leaf
homogenates is plotted in figure 1. The fractions
have been designated by the centrifugational proce-
dure (Methods) after their major component.
Thus the 100g pellet contained whole chloroplasts
(W-Chl). The bulk of the protein in the 6000g
pellet was associated with broken chloroplasts
(B-Chl), vet this fraction contained in addition most
of the peroxisomal activity and a substantial part
of the mitochondrial cytochrome ¢ oxidase activity.
The percent distribution of the different enzymatic
activities (open bars), and the specific activity
(hatched bars) of cach enzvme showed a significant
difference among the plants.

The amount and specific activity of glvcolate
oxidase and glvoxylate reductase were of the same
order of magnitude. Glycolate oxidase values ranged
from 1450 pmoles > min? > g' wet weight for
sunflower to 0.030 for corn leaves, and glyoxylate
reductase from 1.3 for wheat to 0.039 for sugarcane.
Due to its high turnover number. the specific activity
of cataluse was immense. and catalase activity, like
glveolate oxidase activity, varied among the plants

from 11.800 pmoles X min™? X g we
pea to 500 for corn leaves. Total mal
genase also varied among the plants.
of cyvtochrome ¢ oxidase was more ne:
among the plants and reflects the ubiquit
of mitochondria.

Sucrose Density Gradient Centiri]
Peroxisomes. Figure 2 shows the di
the various enzymes among the 9 fracti
from the isopyenic non-linear sucrose den
separation of the 6000g or broken chlo
tion. The whole chloroplast and mitoc]
tions from the differential centrifugatic
subjected to the sucrose gradient separa
thev contained less of the enzymes ass
peroxisomes. However, from a previo
tion (21), the small amount of glvcolat
peroxisomal activity in the whole chlo
mitochondrial fractions had banded
sucrose gradients to that in the broker
fraction.

As indicated by the chlorophyll
analysis (fig 2). most of the chlorop
sucrose gradient were found in fractio
which consisted of 1.3 M to 1.5 M suc
fractions were visible as 3 distinct green
the upper part of the 1.3 M sucrose lay
at the interface with the 1.5 M sucrose
small one at the interface between 1.
sucrose (fraction §5). The chlorophy
particles in fraction S appeared to b
observed with the light microscope, wi
fractions 7 and 8 appeared broken. \Wh
chloroplast fraction from the differentia
tion was used instead of the broken chlc
tion, more chlorophyll was present ir
(data not shown).

Mitochondria were predominantly loc
tion 5, as illustrated by the location of «
oxidase and 1 of the malate dehydrog
(fig 2).

Peroxisomes were found in fractic
sucrose gradient which represented t
between 1.8 and 2.3 M sucrose (fig
particles in fraction 3 from spinach
examined by electron microscopy. th
spheroid, 0.5 to 1.0 u in diameter, and
dense granular matrix or stroma surr
single membrane which was ruptured 1
(21). In this survey, the peroxisomes
terized by their location on the sucr
and by their enzymic content of glyco
glyoxylate reductase, catalase, and part
dehvdrogenase activity. The presence
cach of these enzymes at the top of the
fraction 9, which corresponds to the
particulate region of the gradient. may
of the fragility of these particles. Since
were not washed. some activity from
enzymes of the original homogenate w«
pear in fraction 9 of the gradient.
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To estimate the rclative distribution of each
zyvme between the peroxisomes and the cytoplasm,
> sum of the particulate activities obtained by dif-
ential centrifugation can be compared to the
tivity in the supernate (fig 1). This estimation
es not account for breakage of the particles during
mding which is undoubtedly severe. A maximum
about 30 % of the glvcolate oxidase in homogenate
spinach and sunflower leaves was found in the
mhined particulate fractions. whole chloroplasts.
roxisomes plus broken chloroplasts. and mitochon-
ia. FExamination of these 3 fractions indicated
it the same particle, peroxisomes, moving to the
ne place on the sucrose gradient. contained this
‘colate oxidase activity. In subsequent handling
the particles during gradient development, more
the enzymatic activity was solubilized and ap-
ared in the soluble fraction, No. 9, of the sucrose
wdient.  Movement across houndaries of different
crose molarities has a shearing effect upon par-
les. How much of the activity in the top soluble
iction 9 of the sucrose gradient is from disruption
the particles or from removal of supernatant
zvmes occluded with the particle cannot be re-
ved.  This degree of apparent breakage varied
tween 20 to 30 9, for sunflower and spinach and
to 90 9 for pigweed. corn, and sugarcane. Ex-
ination of the spinach peroxisomes by electron
croscopy showed that nearly all of them had a
hken membrane or were more severely ruptured
1).

The small amount of peroxisomal activity which
s found in fraction 2 of 2.3 M sucrose is an arti-
't of the procedure. Removal of the fractions
ym the gradient was based upon visual observations.
1 attempt was made to stop the collection of
iction 2, after this very light green solution had
uined from the delivery tubing. This slight color
‘med to be due to traces of chlorophyll-containing
iterial.  Under the best of conditions, fraction 3
s faintly yellow in color. It was never possible
completely separate fractions 2 and 3 after 1
wdient run which started with a concentrated mix-
‘e of particles. Some contamination of fraction 3
o fraction 2 resulted in enzyme activity in fraction
f lower specific activity, probably due to the green
terial seen in it. Contamination of fraction 3
o occurred. and the enzymatic specific activities
rorted for it are not maximum.

Isopycnic Linear Gradiemt. Fractions 2 and 3
m a spinach preparation were combined and rerun
a second isopycnic linear gradient between 2.3
1 1.7 M sucrose. The peroxisomal activity banded
ween an estimated sucrose molarity of 1.95 to
0. and the peroxisomes were completely devoid
chlorophyll and cytochrome oxidase activity which
nained at the top of the gradient. No activity
s found below 2.1 M sucrose. In this experiment.
peroxisomes in about 2.0 M sucrose of fraction 3
re diluted only to 1.5 M sucrose before rerunning
the linear gradient. During this recentrifugation,

about 30 ¢ of the glvcolate oxidase activity was
solubilized and was found at the top of the second
gradient. This result gives some measure of the
loss of enzymatic activity from the spinach particles.
In the original grinding medium, more severe rup-
ture of the particles could be expected.

Fraction of Total Protein as Peroxisomes. From
the data only a limited approximation can be made
concerning the total amount of cellular protein which
may be in the peroxisomes from spinach and sun-
flower leaves. About 1.5 to 2.0 ¢ of the protein of
the 6000g pellet was found in the peroxisomal frac-
tion, No. 3. after sucrose density gradient centrifuga-
tion. According to the marker enzymes this fraction
was reasonably pure, but its actual purity on the
basis of protein from other particulate material was
not known. This value should be corrected to 3 to
4 9% of the total protein of the 6000g pellet on the
basis of the amount of marker enzymic activity which
was found in other fractions on the gradient, par-
ticularly the solubilized top fraction. About 20 9,
of the total protein of the homogenate was generally
in the 6000¢g or broken chloroplast pellet. Thus
0.6 to 0.8 9. of the total protein of the homogenate
appeared to be in the peroxisomes. This value may
be twice as large on the basis of an estimated 50 9
rupture of the peroxisomes during grinding. Thus
about 1 to 1.59% of the protein of the spinach
homogenate may be peroxisomal.

Grouping of Plants by Photorespiration, Enzyme
Activity, and Peroxisomes. In the plants surveved.
the activity of the enzymes associated with the per-
oxisomes varied over a wide range. In an attempt
to categorize the data, the plants have been grouped
with respect to photorespiration (table I). total
glycolate oxidase activity (table II), and the relative
amount of this enzyme which remained in peroxi-
somes during the isolation procedure (figs 1 and 2).

Sunflower and spinach leaves, which exhibit
photorespiration, contained a high level of glvcolate
oxidase (1450 and 514 nmoles X min? X g1 wet
tissue or 49 and 21 nmoles X min'~ X mg™ protein)
in the crude extract. Likewise, values for the spe-
cific activity of glyoxylate reductase, catalase, and
malate dehydrogenase activity were high in these
plants. In the original extract, 40 to 50 9% of the
activity of these enzymes was found in particulate
fractions and 50 to 60 9% in the supernate. On the
sucrose gradient of the broken chloroplast fraction,
a single peroxisome fraction (No. 3) contained most
of these enzymatic activities. These plants, then, are
characterized by the presence of the most stable
peroxisomal fraction. active enzymes for glycolate
metabolism, and photorespiration. As such, these
plants provide a basis for comparison with the other
plants.

Corn and sugarcane leaves contained onlv 2 to
59% as much total glycolate oxidase, glvoxvlate
reductase, or catalase as spinach or sunflower leaves.
and only traces of these enzymic activity were found
in the area on the sucrose gradient where peroxi-
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somes should be located. These 2 plants represent
the best example of plants without photorespiration
and the least amount of peroxisomal enzymes. It is
noteworthy that the total activity of each of the
peroxisomal enzymes was similarly low in these
plants compared to sunflower and spinach. In figure
1 for the fractions from the crude extract, the specific
activity scale for glvcolate oxidase is one-seventh
that used for plants with photorespiration. The
specific activity of glycolate oxidase in the supernate
from corn and sugarcane leaf extracts was ahout
2 nmoles X min'" X mg? protein as compared to
values between 40 and 8 for plants with photo-
respiration. On a wet weight basis, corn oxidized
29 nmoles glycolate X min™' X g7 and sugarcane
48. which is to be compared with values of 300 to
1500 for other plants. These low values are not
due to poor homogenation of these fibrous tissues
since amounts of protein and chlorophyll in the ex-
tracts were comparable with amounts found in other
leaves (fig 1). However. it must be emphasized
that the activity of glvcolate oxidase and catalase
from corn and sugarcane leaves was still sufficiently
great to be measured easily and reliably. Signifi-
cant amounts of these enzymes are present in corn
and sugarcane, whereas very large amounts of these
enzymes are present in spinach and sunflower.

For corn. sugarcane, and pigweed, there were
only trace amounts of marker enzvmes on the sucrose
gradient at the location for peroxisomes Again.
note the scale change for specific activity in figure
2 when comparing these plants with sunflower or
spinach.  The smaller amount of enzyme activity
which was first separated with the 6000g pellet or
broken chloroplast fraction by differential centrifuga-
tion was not stable to repeated centrifugation and
after sucrose gradient centrifugation was located at
the top of the sucrose gradient. The presence of
trace amounts of activity in fraction 3 from all the
plants indicate that there are some peroxisomes in
these plants. The results are qualified because of
the difficulty in grinding corn and sugarcane leaves
which might have resulted in greater rupture of the
particles. For this reason. preparations were made
with old leaves as well as very young leaves, but
similar results were obtained. Although the neces-
sary longer grinding period could have ruptured
most of the peroxisomes, it should not have destroved
such enzymes as glycolate oxidase and catalase and
the values for total activity should not be in serious
error.

Although pigweed, like corn and sugarcane. does
not exhibit photorespiration. its complement of glvco-
late pathway enzymes was greater. The crude
pigweed homogenate oxidized glycolate at the rate
of 266 nmoles X min™ X g!' wet weight. or 7
nmoles X min™ X mg' protein.  This amount of
activity was half that found in spinach leaves.
Similar results were obtained with leaves from green
house-grown plants that were flowering or from
vegetative or florally induced plants grown in growth

chambers. It was hoped that pigweed leaves. with-
out photorespiration, would be easy material from
which to extract enzymes. However. the leaf
homogenate from greenhouse leaves was so gelatinous
that only part of it could be squeezed through
cheesecloth, and from plants in the growth chamber.
the homogenates were rich with saponifiers and
extremely foamy. The total amount of enzyvme ac-
tivity on a leaf weight basis is thus minimal and
true values are probably similar to those from
spinach leaves.

From the pigweed broken chloroplast fraction.
only traces of peroxisome activity were ohserved.
and of this small amount. most of it was found in
the soluble protein fraction of the sucrose gradient.
In this respect, the pigweed preparations gave gradi-
ent distribution patterns similar to that from corn
and sugarcane and differed from those obtained with
spinach and sunflower preparations.

Tobacco. pea, and wheat leaves, plants with pho-
torespiration, contained relatively high levels of
glycolate oxidase. glyoxylate reductase, catalase. and
malate dehydrogenase activity. However, from these
species, more of the enzyme activity was found in
the supernate (65-80 %) rather than in the particu-
late fractions of the original extracts. Thus. either
there were fewer peroxisomes in these leaves or else
the vield of peroxisomes by the isolation procedure
emploved was poor. The activity in the broken
chloroplasts was located on the sucrose density
gradient in 2 bands, 1 in fraction 3 as for spinach
and sunflower peroxisomes and 1 in fraction 3 at
the interface of the 1.5 to 1.8 M sucrose laver.
Peroxisomes in fraction 5 could be accounted for by
more broken particles, by less dense whole particles.
or by 2 species of peroxisomes. Further study is
needed to delineate between these possibilities or
other explanations of the results. Currently. it is
assumed that fraction S contained broken peroxi-
somes to account for its glvcolate oxidase activity.

Homogenates of bean leaves, a plant which has
photorespiration, and Swiss chard leaves contained
high levels of glycolate oxidase and glyoxyvlate re-
ductase. However, 80 9, or more of these activities
were found in the supernate after differential cen-
trifugation. Of the amount of activity in the
broken chloroplast fraction. only traces were found
in the peroxisome fraction 3 as well as in fraction 3
after sucrose gradient centrifugation. and most of
the activity was recovered in the top layer which is
assumed to be soluble protein. Note that the specific
activity scale for these for the plots in figure 2 were
magnified 25-fold. Again, these low yields of per-
oxisomes could be due to rupture of the particles
during grinding.

These results seem to be inconsistent with the
concept that peroxisomes are characteristic of plants
with photorespiration. In fact, bean leaves are
particularly active for glycine synthesis. In previous
studies, the leaves of the same bean variety incor-
porated 50 % of the total *CO, fixed in the f
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10 to 30 sec of photosynthesis into glvcine by the
glycolate pathway (unpublished). Thus, bean and
Swiss chard may be characterized as having an
active glycolate metabolizing system and active
enzymes of the glycolate pathway which mainly ap-
pear in the soluble fraction after grinding the leaves.

The results with the last 2 groups of plants could
be reconciled by the assumption that the differences
reflect the degree of rupture of the peroxisomes or
the inefficiency of isolating the peroxisomes by the
single procedure developed for spinach leaves and
used for all the plants. All 3 groups of plants with
photorespiration contained active enzymes of the
glvcolate pathway. The major difference was in the
distribution of the enzymes between peroxisomes and
the supernate.

Similar Distribution Pattern for Glycolate O.xi-
duse and Glyorylate Reductase. Glycolate oxidase
and glvoxylate reductase in the isolated peroxisomes
had about equal total and specific activities and the
saime distribution on the sucrose gradient. A some-
what similar percentage of hoth enzymes was found
in the broken chloroplast fraction from each plant.
Each of these activities in the broken chloroplast
fraction, when put on a sucrose gradient, was found
to distribute similarly between a peroxisome fraction
(No. 3 or No. 5) and the soluble or non-particulate
fraction (No. 9). TIn all cases. a substantial part
of the activity was in the soluble fraction even though
this part of the activity had originally sedimented
with the broken chloroplasts. Electron microscopic
examination of spinach peroxisomes had indicated
that they were nearly all sheared or ruptured, and.
thus, partial solubilization of activity is to be ex-
pected. The data suggest that the 2 enzymes are
associated in the cell in the same organelle; 1.e., the
peroxisomes. From the data. it is not possible to
ascertain whether there are 2 pools of each of these
enzymes, 1 soluble and 1 particulate.

Distribution of Catalase and Malate Dehydro-
genase. Distribution of catalase activity was similar
to that for glycolate oxidase and glyoxylate reduc-
tase. We wish to emphasize that catalase did not
follow the chlorophyll-containing bands on the
sucrose gradient. With sunflower, spinach, and
tobacco, it was present mainly in peroxisomes and
it was nearly absent in chloroplasts. The data sug-
gest that for sunflower and spinach leaves, at least,
peroxisomes may be the only site of catalase activity.
A similar distribution of glycolate oxidase and
catalase is consistent with the concept that. during
the oxidation of glycolate by peroxisomes. the H.O.,
produced is immediately decomposed by the catalase.
For sugarcane, corn, Swiss chard. and bean, from
which poor yields of peroxisomes were obtained, a
higher percent of the catalase activity was found
with the soluble fractions, as was true for glvcolate
oxidase. From corn and sugarcane leaves, only
one-tenth as much total catalase activity was found
as in other plants, and this fact was also true for
glvcolate oxidase.

Characterization of malate dehydrogenase of the
peroxisomes is being  published elsewhere. There
are different malate dehydrogenase isozymes, in
leaves (16), so that the percentage of the total malate
dehydrogenase activity found in the peroxisome
fraction is affected by the recovery of the peroxi-
somes as well as that fraction of the total cell activity
attributed to the peroxisomes. The present data
clearly indicate that in all the plants, malate dehy-
drogenase activity is in both peroxisomes and mito-
chondria.  Like catalase. the specific activity of
malate dehydrogenase in the peroxisomes was high.

Discussion

Peroxisomes containing glvcolate oxidase. glv-
oxvlate reductase, catalase, and malate dehydrogenase
were isolated in good vields from 5 of the 10 plant
species analvzed.  Spinach and sunflower leaves were
the best plants so far examined from which to isolate
peroxisomes, and about half of these enzymatic
activities remained with the peroxisomal particles
after grinding in 0.5 M sucrose.  Only small to trace
amounts of peroxisomes. as indicated by total enzy-
matic activity for glvcolate oxidation, were isolated
from the other 5 species. As discussed later, the
low yield of peroxisomes from some of these species
may be due to the fragility or loss of protein from
these particles under the isolation techniques used.
The results establish that peroxisomes are widely
distributed in plant leaves.

Our data support the concept that plant species
with relatively high levels of glycolate pathway
enzymes are obligate photorespiring plants. with the
exception of pigweed. Of the plant species which
have been stated to exhibit photorespiration (refer-
ences in table 1), all contained a relatively high but
variable level (500-1500 nmoles ¥ min™' X g wet
weight) of glyveolate oxidase. Swiss chard might be
included in this group. but no published literature
was found with respect to its photorespiration. The
data from corn and sugarcane also supports this
view as they have but 2 to 59 of the glvcolate
oxidase and glyoxylate reductase activity of plants
that exhibit photorespiration. Both of these species
do not photorespire. Pigweed is an exception as it
does not exhibit photorespiration (24), vet its leaves
had 25 to 50 9% of the level (266 nmoles min™ X g
wet weight) of glycolate oxidase as had photore-
spiring plants such as spinach, bean, and wheat.
Even this specific activity value for pigweed is too
low because of difficulty in filtering the leaf homog-
enate. Obviously, data from pigweed on the absence
of photorespiration vet abundance of enzymes asso-
ciated with glycolate metabolism necessitates con-
tinuing the search for a better understanding of
photorespiration.

As a corollary, it can be proposed that in wizo
all the glycolate pathway enzymes are functionally
organized and exclusively contained in the peroxi-
somes. This proposition is based on the supposition
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that the stability of the peroxisomes is a function of
the plant species and the isolation techniques. The
isolation procedure used was developed for spinach
and used without change for all other species. Elec-
tron micrograph observations have indicated that the
membranes of the isolated peroxisomes or the peroxi-
somes themselves were nearly all broken. Thus, the
peroxisome yields, as measured by enzymatic activity,
are at best very minimal. Tt is easy to visualize that
the observed relative distribution for glycolate oxi-
dase between the supernate and the peroxisomes may
not represent the actual in vivo distribution. Thus.
the results may be considered quantitative for the
amount of total enzyme present in each plant, but
only indicative of the presence of peroxisomes.

The grouping of plants by peroxisome stability
used in the results should not be considered as any
type of botanical classification. The results empha-
size the great range of total activity for glvcolate
oxidation and variability in the amount and stability
of the peroxisomes. If more plants were surveved,
other groups may become evident. Before any clas-
sification can be done on the basis of peroxisomes,
it would be necessary to work out isolation proce-
dures for maximum yield of active peroxisomes from
each plant. The magnitude of this task is suggested
by the fact that procedures to isolate active whole
chloroplasts from many different plants is still not
available. It is interesting to note that spinach
provides a good yield of both chloroplasts and per-
oxisomes. At best, our present results indicated the
diversity that exists among plants for glycolate oxi-
dation. In no case were peroxisomes entirely absent,
and it is possible that the enzymes of the glycolate
pathway are present in peroxisomes in all plants.
Plants such as bean and Swiss chard. which had
much total glycolate oxidase, yielded no more peroxi-
somes than corn or sugarcane. For bean and Swiss
chard, particular effort should he made to improve
the isolation procedure for the peroxisomes.

The function of the peroxisomes and its relation-
ship to photosynthetic efficiency is of interest. These
data prove that photosynthesis and photorespiration.
as measured by glvcolate oxidation, occur in distinct
and separate entities in the cell. The data obtained
with those plant species that have photorespiration
indicates a great diversity in the level of glvcolate
pathway enzymes (peroxisomes). This enzymatic
data indicates that there should be a wide variation
in the magnitude of photorespiration among plants.
Such has been the case for compensation point
analyses. However. any attempt to correlate the
compensation point as CO. production with the
amount of glvcolate oxidase activity in different
leaves would also have to consider the efficiency of
CO, fixation.

Although corn and sugarcane leaves do not ex-
hibit photorespiration. the presence of 2 to 59 as
much glycolate oxidase. as in sunflower or spinach,
is still a substantial amount of activity which could
catalyze a rapid flow of carbon through the glycolate

pathway. Homogenates of sugarcane leaves oxidized
glyvcolate at the rate of 48 nmoles X min™ X g!
wet weight of tissue or 3 nmoles X min™? X mg?
protein. Previous results cited in the introduction
for glvcolate-1*C metabolism by corn leaves can be
accommodated by this level of enzyme activity. The
complete absence of photorespiration in corn and
sugarcane and the failure to release '*CO. during
glveolate-'*C metabolism in the light cannot be due
to the absence of these enzymes. The absence of
photorespiration in these leaves may be accounted
for by a combination of a lower rate of glycolate
metabolism and the highly efficient CO. fixation
process catalvzed by P-enolpyruvate carboxylase
(7.8.17).

We would interpret our data to indicate that
peroxisomes and chloroplasts are separate entities.
It seems unlikely that the peroxisomes are in whole
chloroplasts and break out of the chloroplasts during
centrifugation as do starch grains. In all the plants
tested, the ratio of amount of chlorophyll or protein
to amount of glycolate oxidase or glvoxylate reduc-
tase in the “whole” chloroplast fraction was small
compared to the ratio in the “broken” chloroplasts.
If the peroxisomes were inside the chloroplasts, this
ratio ought to be largest for the whole chloroplasts.
However, a large part of the starch grains from
inside the chloroplasts are pelleted by themselves.
even by centrifugation at a low gravitation field to
remove whole chloroplasts. Thus, the more dense
bodies readily escape from chloroplasts during iso-
lation. and the peroxisomes become much denser
than the chloroplasts in a sucrose solution.

In previous discussions about the enzymes of the
glycolate pathway (15, 18), catalase usually was not
included because of the assumption that the universal
presence of catalase would easily dispense with H.0.
produced by glycolate oxidase. In this survey. a
similar distribution pattern between peroxisomes and
supernate for all the plants was found for glyvcolate
oxidase, glyoxylate reductase, and catalase. This
data emphasizes that these 3 enzymes appear to be
closely associated in the same organelle. The possi-
bility of several catalases in the cell is not excluded.
but little catalase activity was found with the mito-
chondria or chloroplasts from sunflower or spinach
leaves. Soluble cytoplasmic catalase may also not
exist because, in plants with the most stable peroxi-
somes, catalase activity in the supernate of the
original leaf homogenate was no greater on a percent
hasis than glyvcolate oxidase.
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SUMMARY

Microbodies, designated as peroxisomes because of their
enzyme complement, have been isolated from spinach leaves.
After grinding leaves in 0.5 M sucrose, the peroxisomes were
removed with the broken chloroplast fraction by differential
centrifugation. During sucrose density gradient centrifuga-
tion, the peroxisomes banded in about 1.9 M sucrose and were
separated from mitochondria and chloroplasts. The particles,
0.5 to 1.0 p in diameter, contained a dense granular stroma
surrounded by a single membrane.

The leaf peroxisomes contained glycolate oxidase, DPNH-
glyoxylate reductase, and catalase. Up to 55% of the activity
for these enzymes in spinach leaves have been found in the
particulate fractions after the initial centrifugation. The
leaf peroxisomes are probably the site of oxygen uptake
during photorespiration. No catalase activity was present
in chloroplasts after removal of the peroxisomes by density
gradient centrifugation. P-Glycolate phosphatase, TPNH-
glyoxylate reductase, p-amino acid oxidase, urate oxidase,
and peroxidase were not present in leaf peroxisomes.

Glyeolate oxidase was first isolated from clartfied extracts of
tobaceo leaves (1, 2). Subsequent investigations (3, 4) sup-
ported the concept that the oxidase, ax well as DPNH-glyoxylate
reductase (5) were soluble cytoplasmic enzymes.  Chloroplast
(6, 7) and mitochondrial fractions (8, 9) have been reported to
contain only a small portion of the total glveolate oxidase ac-
tivity. Upon examination by sucrose gradient centrifugation,
Pierpoint (10) and, most recently, Thompson and Whittingham
(11) have concluded that there was no glyeolate oxidase in the
particulate fractions. A reinvestigation of the intracellular
localization of glycolate oxidase in leaves was prompted by our
own observations of large amounts of glveolate oxidase in
broken chloroplast preparations.

* This research was supported in part by Grant GB 4151 from
the National Science Foundation. This is journal article 4307
of the Michigan Agricultural Experiment Station. Parts of this
work were abstracted in the Fed. Proc., 27, 34 (19681,

t To whom all inquiries should be addressed.

(o1

De Duve and Baudhuin (12) have designated the microbodies
from liver and kidney, which contain a-hydroxy acid oxidase
and catalase, as peroxisomes. The metabolie function of per-
oxisomes is unknown. Particles of unknown composition have
been reported in plants and designated as cytosomes (13), but
there are no reports of particles from leaves with enzymic activity
characteristic of peroxisomes. Particles containing enzymes of
the glyoxylate cyele have been isolated from germinating caster
bean cotyledons (14) and from Tetrahymena (15). A similarity
between these microbodies and peroxisomes is suggested by the
fact that microbodies from Tetrahymena contain enzymes which
are also characteristic of liver and kidney peroxisomes (16).

EXPERIMENTAL PROCEDURE

Preparation  of Fractions—Spinach  (Spinacia oleracea L)
leaves were purchased locally. Leaves have been stored at
4° for up to 1 month before use.  The chilled leaves were washed
and deribbed, and then 40 g of tissue were chopped into small
segments before grinding at maximum speed for 10 see in a
Waring Blendor with 80 ml of grinding medium. All work wus
done at about 4°. The standard grinding medium was 0.5 M
sucrose in 0.02 M glyevlglveine, pH 7.5.  The homogenate was
hand squeezed through six layers of cheesecloth, and the pH
of the sap immediately readjusted to 7.5.  Particles from 70 ml
of this sap were then precipitated by differential centrifugation
at 0° for 20 min at each step.  The first pellet (120 X g) con-
tuined mostly whole chloroplasts, starch grains, and large cell
fragments.  The second pellet (3,000 X g) was designated as
“broken chloroplasts,” although it also contained some mito-
chondria and a large part of the peroxisomes. The third pellet
(35,000 X g), designated as “mitochondria” contained the re-
maining microbodies and broken chloroplasts.  The remaining
solution wus designated *“‘supernatant.””  EFach pellet was re-
suspended in grinding medium by stirring, and the final volume
of about 4 ml for the first and second pellet and about 2 ml
for the third pellet was recorded.

Sucrose Density  Gradvent Centrifugation—A  noncontinuous
sucrose density gradient of five layers was prepared at 4° by
pipetting 4 ml of 2.5 a sucrose (85.57;), 10 ml of 2.0 M sucrose
(68.497), 10 ml of 1.8 M sucrose (61.64,), 10 ml of 1.5 M sucrose
(™13, and 20 ml of 1.3 M sucrose (44.57). All sucrose
fractions contained 0.02 M glyevlglyeine at pIl 7.5. After

5=
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Tante 1
Sucrose density gradient centrifugation
Experimentally, fractions were numbered as removed from the
bottom of the gradient.

o] surve | e | A R EEpR
u mt ]
9 0.5 4.3 | Supernatant
s 1.3 8.6 | Broken chloroplasts
7 | 1.3-1.5 | 11.9 | Broken chloroplasts
6 1.5 5.4 | None
5 | 1518 3 8 | Whole chloroplasts; mitochondria
4 | 18 6.4 | None
3 | 1.82.0 | 4.0  Peroxisomes
2 2.0 7.6 | None
1 2.5 3.6 | None

layering 2.0 to 2.5 ml of the appropriate pellet fraction on top
of the gradient, the samples were centrifuged for 3 hours at 4°
at 25,000 rpm (44,700 X g to 106,900 X g) in a swinging bucket
rotor SW 25.2 of the Spinco centrifuge, model L. Samples of
3 to 12 ml were removed from the bottom of the centrifuge tube
through a needle. The approximate location of the various
particles after development of the gradient are illustrated in
Table 1

Electron Microscopy—The peak fraction containing the per-
oxisomes was withdrawn from the gradient and fixed for 1 hour
in 307 glutaraldehyde. The sucrose concentration was then
lowered to 1 m and the particles were pelleted. The sediment
vas rinsed in 0.5 » mcroxe buffered at |1II h 10 mm N-2-
3 ine-N’-2-ethanesull , and
p(hlﬁ\\‘(] for 2 hours with 19 0s04. All fixation steps were
carried out in the cold. The pellet was then dehydrated in a
grade 1 series of ethanol and embedded in Epon. Sections were
stained with uranyl acetate and lead citrate.

Glycolate Oridase—Gly A)rl'(lm tise (EC1.1.3.1)
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(4) for an aerobic assay, did not give maximum rates. Per-
oxidases were so active in sap and supernatant that no aerobic
reduction of dichloroindophenol could be detected if KON were
omitted. Consequently, anaerobic assays were the only reli-
able method, and KCN was left in the assay to ensure against
peroxidase activity in case of incomplete anaerobiosis

Cytochrome ¢ Oxidase—From 5 to 25 ul of enzyme was pipetted
into a bottom corner of a 0.3-ml spectrophotometer cuvette
(diameter, 10 mm) and 5 ul of 4.0% digitonin were added, mised,
and allowed to stand for 1 min. Then 200 ul of 0.1 3 phosphate
buffer (pH 7.0) and 50 ul of 1.5 my cytochrome ¢ reduced with
dithionite were added successively and mixed (17). Readings of
optical density at 5350 myu were obtained with the Gilford re-
cording spectrophotometer. The first order rate consmnt for
the d of reduced h ¢ was cal ac-
cording to the method of Smith (18).

Other Enzymes—Glyoxylate reductases were assayed by the
rate of oxidation of either DPNH or TPNH in the presence of
0.005 M substrate (19, 20). Catalase was assayed by the dis-
appearance of H;0. as measured spectrophotometrically at 240
my (21). A unit of activity was a change of 1 0.D. in 1 min,
and based on the extinction coefficient was equal to 2.76 gmoles
of H.0.. Peroxidase was assayed by the method of Gregory
which was based upon the length of time to oxidize a standard
amount of ascorbic acid (22). The assay for P-glycolate phos-
phatase has been described (23).

Protein and Chlorophyll—Protein was determined by  the
Lowry procedure. Although the green color in aliquots from
the chloroplast fractions interfered, the recovery of protein in
the various fractions indicated that the method gave a valid
estimate of protein content. Chlorophyll was determined by
its absorption at 652 mu (24). Aliquots from 1 ul to 1 ml were
diluted to 5 ml with water and acetone to make a final concen-
tration of 809 acetone. They were allowed to stand in the
dark at 0° with occasional stirring for several hours to com-
pletely solubilize the chlorophyll. In samples with high sucrose

was assayed s bically 1 reduction
(4).  Additions were made to a 3-ml Thunberg Beckman cuvette
(10 mm in diameter) in the following order: 2 ml of 0.3 M pyro-
phosphate, pH 8.3, containing 1.5 X 10~ m dichloroindophenol;
0.05 ml of 0.1 M KCN in 0.01 » NH,OH (final concentration of
KCN, 2 X 107% M), at times 0.1 ml of 2 X 10~ m FMN (final
concentration, 0.8 x 1074 m); water so that the final volume
with enzyme would be 2.5 ml; in the side arm, 0.1 ml of 0.125 m
sodium glycolate (final concentration, 5 % 107 m). Between
0.05 to 0.2 ml of enzyme was also placed in |!n~ cuvette before it
«d and flushed three times with N; which had passed
solution to remove traces of 0. Dye reduction
was measured at 600 mp by an automatic recording Gilford
A unit of activity was expressed as 1 0.D.
¢ per min, which was equivalent to 4.78 nmoles of reduced

spectrophot
ch:

meter

Pyrophosphate buffer with dichloroindophenol should be
prepared fresh weekly to avoid an initial lag in the
Since the FMN muum FAN

soluble glycolate oxidase is 2

s used in the assays.  Aerobie < were unreliable since
the O, generated by the glycolate oidase could be used by
conteminating peroxidases to oxidize any reduced dichloro-
b h was generated. Competin then
AT ichloroindophenol reduction, and

production, d

onceent

ion, the acetone extracted so much of the water that
the sucrose and chlorophyll formed a second phase. Since
sucrose is more soluble in cold acetone, it was necessary to let
these samples stand overnight at —18° in order to obtain effective
chlorophyll extraction. Samples were centrifuged or filtered
before reading the extinction at room temperatures.

LTS

Distribution of Glycolate Ozidase among Particles—Spi
leaves were ground in the sucrose grinding medium and sepa
by centrifugation into whole chloroplasts, broken chloroplasts,
nnltnhundrm, and supernatant fra is as described under
perimental  Procedur The distribution of certain en-
zymes among these fractions is shown in Table 11 In this type
of experiment, the broken chloroplast fraction contained 29 to
349 of the total oxidase activity and had the highest specific
activity.  About 40 to 7 of all the oxidase activi in the
total particle fractions. Most of our m\omg.nnm have been
done with the broken chloroplast fraction, because glycolate
oxidase from spinach leaves was greatest in this fraction on the
basis of amount and speci ty. Removal of the whole
chloroplast for reducing the load put on

the subsequent sucrose gradient.
The broken chloroplast and were
subjected separately to sucrose density gradient centrifugation

mitochondrial fractions
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Distribution of enzymes among fractio
Data, from a typical experiment, are as
shown toillustrate the maximum activity found in the pellet fract
protein.
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ns oblained by differential centrifugation

A. The percentage of distribution from a second experiment, B, is

fons. Specific activity is expressed as micromoles per min per mg of

‘ Glycolate oxidase ‘ Catalase ‘ DPNIEglyoylate reductase
| S RS — PEEC
Fraction | | | Diibution | | | piibuton | |
| protein | i 5 | o e | Specific | Distri-
PN —— N e | et alliiy | bution
\ o | b | |

me | ymri’ﬂ min e @ | . | ‘u | %

Whole chloroplasts 360 5.5 0.015 5.5 5.6 34,50 26 5.9 6.6 0.023 6.8
Broken chloroplasts 618 | 289 | 0.047 28.9 345 184,800 209 31.3 30.7 ‘ 0.033 15.3
Mitochondria 208 5.2 0.025 5.2 15.0 | 20,700 @ 143 5.0 15.5 0.022 2.2
Supernatant | 2,730 60.5 [ 0.022 60.4 | 4.9 ‘ 341,000 | 125 57.8 47.3 i 0.026 5.7

Tane 111

Distribution of enzymes upon sucrose density gr

Fractions were numbered in the order in which they were drai
bottom and 9 is the top supernatant.  For approximate sucrose m
of Table 11 Specific activity is expressed as micromoles per min p

adient centrifugation of broken chloroplast fraction

ned from the bottom of the centrifuge tube. Fraction 1 was in the
olarity see Fig. 1. The broken chloroplasts were from Experiment A
er mg of protein.

Fraction

Catalase DPNH-glyoxylate reductase

Total protein

umoles/min | wmotes /min | ‘ % umoles/min J
9 3.39 [XUTI 27,200 | | 3.74
8 0.77 0.007 ‘ 5,310 I 4.8 0.83
7 0.47 0.013 3,680 3 1.05
6 031 0.021 1,570 0.43
3 078 0.035 0.81
4 1.80 11,450 10. 2.48
3 5.07 37,400 33 6.57
2 1.53 3 19,300 17.3 1.96
1 0.07 0.030 130 1:2 o |

(Table TIT and Fig. 1). The glycolate oxidase activity was
found in a band (No. 3) sedimenting in about 1.9 M sucrose.
Activity, also present at the top of the gradient (No. 9)
attributed to soluble protein from the supernatant and from
broken particles. The specific activity of the oxidase in the
particles was about 92-fold greater than the specific activity
in the top fraction. The oxidase activity in the 1.9 M sucrose
band wus distinetly separated from both the chloroplast bands,
indicated by chlorophyll analyses, and from the mitochondri
fraction, as indicated by eytochrome ¢ oxidase activity (Fig. 1).

The particulate fraction containing the plant glycolate oxidase
has been designated as peroxisomes after the terminology of De
Duve and Baudhuin (12).  These plant peroxisomes sedimented
similarly in the sucrose gradient and contained similar types of
enzymes as those found in peroxisomes from liver or kiduey.

The a-hydroxy
designated glyec
glycolate 1 lactate or « -hydroxybuty
substrate for maximum activity, the relative
lactate, and e-hydroxybutyrate oxid: at
peroxisomes were about 100:40:20
with the three substrates was the same in each fraction from the
sucrose gradient, it is assumed that their oxidation was catalyzed
by the same enzyme.

, was

more active with
With sufficient

ite

5

pH 8.3 by
Since thix

ion

activity ratio

This ratio of activity is similar to that

Specific activity| Specific activity|

reported earlier for the soluble spinach glycolate oxidase (25
es is much more
Peroxisomes from

but the oxidase from tobacco le; specific
glycolate than for a-hydroxybutyrate (1).
rat liver have a similar specificity for glycolate, the shortest
wbon chain of the a-hydroxy acid series, while peroxisomes
from rat kidney contained acid oxidase which
oxidizes the longer chain substrates (e-hydroxybutyrate) faster
than glycolate (12). The reason for these substrate differences
is not apparent.

The prosthetic group of glycol
soluble extracts of spinach leaves, is FNID
excess (1074 w) FMN generally increases the
oxidase in erude extracts or u fraction precipy

Nimilarly, the oxidation of glycolate by peroxisomes
Iy was stimulated ax much as 509 by added FMN.

( tivity had nearly the identical distri-

\ a-hydroxy

te oxidase, prepared from
@, 4. Addition of
wetivity of glycolate
ed by ammonium

sulfate
gener:
Catalase

e

bution among the particulate fractions as did glycolate oxic
(Table 11 and Fig. 1)
the

About 40 to 507 of the ¢
Upon subsequent sucrose

lase activity
particulate fractions.
lient centrifugation of the broken chloroplast or
ctivity in these frac
The presence of

was in

density g
mitochondria fraction, about 709 of the

fions was present in the perosisome particles.
(e oxidase and cataluse together in ley

nt with data on liver peroxisomes and with the concept

glyeol peroxisomes is

con
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Sucrose Molarity

Fia. 1. Distribution of enzymic activities from broken chloro-
plast fraction of spinach leaves after sucrose gradient centrifuga-
tion.  The range of suerose molarity is proportional to the volume
of each molarity used to prepare the gradient.  The width of the
coliumns is proportional to the volime of the fraction removed
from the gradient for assay.

that the catalase is present to destroy the H.0. formed by the
FMN oxidase.
greater than the activity of glveolate oxidaxe or glvoxylate
reductase (Tnble 111).

Catnlise has often been recorded as present in chloroplasts

Total eatalase activity was at least 10 times

Little eatalase activity was present in the

ot

and in

iroctions from the suerose gradient, but rather

~ as~oviated with the peroxisome fraction (Fig. 1.
Sinee tie balko of the peroxisomes was removed initially from

the sap o he broken chloroplast fraction, previous reports on
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chloroplast catalase could be due to peroxisome particles in the
chloroplast preparations. If so, the unknown role for catalase
in the photosynthetic apparatus need not be of concern. While
isolating plant mitochondria by sucrose density gradient cen-
trifugation, Plesnicar, Bonner, and Storey observed, but did
not comment on, catalase activity at a location on the gradient,
which would be characteristic of peroxisomes (see Table 111 of
Reference 26).

DPN H-Glyorylate Reductase—This enzyme was located in
the peroxisomes similarly to glycolate oxidase and catalase
(Tables II, III, and Fig. 1). On the basis of total or specific
activity in the peroxisomes (Table III), glyoxylate reductase
activity was the same order of magnitude as glveolate oxidase.
Glyoxylate reductase has not been reported to be a constituent
of liver peroxisomes (12), and Zelitch, when isolating this enzyme
from plants, believed that it was a cytoplasmic component (3).

Enzymes Not Delected in Peroxisomes—The leaf peroxisomies
were tested for other enzymes associated with the glycolate
pathway (27), or with liver peroxisomes (12). p-Amino acid
oxidase and urate oxidase, which have been found in liver
peroxisomes, were absent in leaf peroxisomes. P-Glycolate
phosphatase and TPNH-glvoxylate reductase were absent in
the peroxisomes, but some activity for each was associated with
the whole chloroplasts. The activity of P-glycolate phosphatase
was found on the sucrose gradient in the same area as evtochrome
¢ oxidase. This area contained the mitochondria as well as a
small band of whole chloroplasts. The broken chloroplast
bands containing the bulk of the chlorophyll did not contain
P-glycolate phosphatase.

Peroxidases are extremely active and abundant in leaves.
Both chloroplast and mitochondria fractions contained some
peroxidase activity; however, the bulk of this activity was found
in the supernatant. When the particulate fractions were
further separated on sucrose gradient, no peroxidase activity
by the ascorbate assay was detected in the peroxisome fraction.
The catalase activity of the peroxisomes did not show peroxidase
activity by the assay employed. Recently, Plesnicar et al.
(26) with the use of sucrose gradient centrifugation, also con-
cluded that peroxidase from mung bean hypocotyls was mostly
soluble, although some activity was apparently located in
microbodies.

Perorisome Morphology—An electron micrograph of spinach
leaf peroxisomes is shown in Fig. 2. The particles are churac-
terized as containing a dense granular stroma surrounded by 1
single membrane. In some cases, a denser area was visible
within the particles. The shape of the peroxisomes varied, but
most often they appeared spherical and about 0.5 to 1.0 u in
diameter.  The fact that the membranes of the particles were
often broken is attributed to shearing forces as they passed
through the discontinuous sucrose gradient. Thus, it was ot
surprising that a portion of the enzymic activity attributed to
the peroxisomes was found at the top of the gradients. The
preparation also contained chromatin material, broken chloro-
plasts, and other particles, presumably mitochoundria. The
amount of chlorophyll and eytochrome ¢ oxidase (Fig. 1) paral-
lels these visual observations.

(irinding Medium and Particle Stability—The grinding medium
of 0.5 M sucrose in 0.02 M glyevlglyeine at pH 7.5 has heen
changed, but so far no variation has altered the primary cou-
clusions or improved significantly the yield of perovxisones.
Without sucrose to prevent osmotic shock, much more of the

R —
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glycolate oxidase activity was in the supernatant fraction, sug-
gesting that the particles were labile. This also provides an
explanation for previous literature citations that glyeolate
oxidase was a soluble enzyme.  Substitution of NaCl or mannitol
in the grinding medium for sucrose resulted in poorer recovery
of peroxisomes, and shifted their location on the sucrose gradient

to 1.8 M sucrose as if they were somewhat lighter in weight.
arbowax 4000 for sucrose or addition of poly
vinylpyrrolidone with sucrose was not beneficial.

Substitution of

The final concentration of sucrose in the leaf homogenate
after grinding was lowered by the dilution from the leaf sap,
and an unknown amount of peroxisome destruction may have
occurred.  Best results were obtained when the particles were
removed as rapidly as possible by centrifugation and further

Tolbert, Oeser, Kisaki, Hageman, and Yamazaki
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separated on the sucrose gradient. If the leaf h or
the resuspended broken chloroplasts stood at 0° for several hours
before the sucrose gradient centrifugation, a large part of the
enzyme activity was found in the supernatant or top fraction.

Stability of the particles was estimated by resuspending them
in media with different concentrations of sucrose, and then
removing them again at different time periods (Fig. 3). If
resuspended in buffer without sucrose, 609 of the activit)
immediately found in the supernatant, and it is assumed that
the osmotic shock ruptured the particles. When resuspended
in 0.5 u sucrose, the peroxisomes appear stable for 2 hours and
in 1.0 M sucrose, most of the glycolate oxidase activity remained
with the microbody pellet for about 8 hou inzyme activity
lost from the pellet fraction was found in the supernatant or
suspending medium. We do not understand why a constant
level of about 409 of the glycolate oxidase activity remained in
the microbody fraction even after 21 hours in buffer without

was

sucrose.
fiasd

2 4 8 16
Hours after Preparation of Particles

Fia. 3. Stability of peroxisomes in grinding media of different
sucrose concentration. Equal aliquots of the chloroplast fraction
were sedimented by centrifugation from sap prepared in
the standard grinding medium of 0.5 s sucrose and buffer. The
broken chloroplast fractions were resuspended and stored in
different grinding media which contained 0, 0.5, and 1.0 m sucrose
and buffer. At designated times, aliquots of these suspensions
were recentrifuged at 39,000 X ¢ for 20 min before measuring
glycolate oxidase activity in the pellet or peroxisomes and in the
soluble supernatant grinding media. For assay purposes, the
particles were resuspended in the corresponding grinding medium
in which they had been stored. Both the supernatant and the
resuspended microbodies were ed for glycolate oxidase with
added FMN and KC There was little decrease in total activity
during the experiment; decrease in activity in the microbody
fraction was balanced by a corresponding increase in activity of
the supernatant.

Mitochondria  Fraction—The designation, n ia or
broken chloroplasts fraction, was arbitrary, as the initial cen-
trifugal technique did not clearly separate these fractions. In
the examples shown in Table II, 5 to 15 of the total enzymic

Fic. 2. Electron micrograph of a peroxisome-rich fraction.
X 26,000,

activity as d with the was initially sey
with the mitochondria fraction. The mitochondria fraction also
contained broken chloroplasts (about 209, of the total chloro-
phyll). The fraction designated as broken chloroplast also
contained eytochrome ¢ oxidase activity, which is attributed to
Thus, the initial separation of the particles into
fractions, designated as whole chloroplasts, broken chloroplasts,

mitochondria

and mitochondria, as has generally been done, is arbitrary and
for convenience. When using sucrose gradient centrifugation,
the initial particle separation would not be necessary except to
prevent overloading of the gradient.

When the mit:
gradient, the peroxisomes also banded in 1.9 M sucrose as they
did from the broken chloroplast fraction. There was no gly
alase, or DPNH-glyoxylate reductase in the 1.5
M sucrose region of the gradient where mitochondria were located,
Previous re-

hondria fraction was in the sucrose

late oxidase

as indicated by eytochrome ¢ oxidase activity
ports have indicated that a particulate fraction typical of plant
mitochondria contained part of the leaf glycolate oxidase ac-
tivity (8, 28). However, the investigators were unable to couple
glycolate The
peroxisomes in these mitochondria preparations undoubtedly

oxidation to  phosphorylation presence  of

accounted for the glycolate oxidase activity

DISCUSSION

The
Kidney are unknown, but have been carefully considered by De
Duve and Baudhuin (12)
microbodies function as a site to dispose of cell excesses by the

significance and function of peroxisomes in liver and

One possibility has been that these
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combined action of oxidases and catalase.  This description of
peroxisomes from spinach leaves establishes a wider distribution
for these microbodies. A current survey indicated that per-
oxisomes are present in many different plants, although spinach
has so far yielded the highest percentage of the glyeolate oxidase
activity in peroxizomes.!

In considering the function of leaf peroxisomes, two facets of
the photosynthetic system provide clues which could not be
studied with the liver and kidney. Glycolate is a major and
universal product of ('O, photosynthesis (for review see Refer-
ence 27). In the light, many leaves have an enhanced rate of
respiration, which is ealled photorespiration and is attributed to
glveolate oxidation (29-32). Thus, in contrast to the liver and
kidney, in the leaf a major substrate for the peroxisomes is known.
Further, in the leaf, photorespiration may be attributable to the
peroxisomes, and photorespiration can be differentiated in vivo
from mitochondria respiration. The present state of knowledge
does not assign a clear function to the glycolate pathway and the
peroxisomes. A working hypothesis is that during CO; photo-
synthesis, P-glycolate is synthesized by the chloroplasts and
excreted as glveolate (27) by the aid of the specific P-glycolate
phosphatase (25). Excess glycolate would be oxidized by the
peroxisomes and account for photorespiration.

When glycolate-4C has been fed to leaves, it is rapidly con-
verted into sugars via glycine, serine, and glyceric acid, t.e. via
the glycolate pathway (33). The glycolate-*C was not con-
verted into CO, and refixed photosynthetically. If all the initial
oxidation of added glycolate-C' were occurring in the peroxi-
somes, then the peroxisome function is not to destroy the glyco-
late by complete oxidation to CO,.

H,0; production from glycolate oxidase has been considered as
a potential source of H0, for peroxidase metabolism. However,
the absence of peroxidases in the peroxisomes suggest that gly-
colate oxidase and the peroxisomes do not function for synthesis
or metabolism via peroxidases. The presence of 7000-fold more
catalase activity in the peroxisomes than glycolate oxidase ac-
tivity indicates that the H,0, produced there is not used.

Zelitch has emphasized that the glycolate system could serve
as a terminal oxidase for any pyridine nucleotide-linked dehy-
drogenase (5). Glyoxylate reductase would catalyze the oxida-
tion of DPNH and the resynthesis of glyeolate, which, in turn,
would be reoxidized by oxygen as eatalyzed by glycolate oxidase.
The packaging of the DPNH-specific glvoxylate reductase in
the peroxisomes, along with glveolate oxidase and catalase, is
certainly convincing evidence that such a terminal oxidase syvs-
tem could function to dispose of excess DPNH.  Oxidation of
excess DPNH, then, is a possible funetion for peroxisomes.

In this paper, glveolate oxidase, glyoxvlate reductase, and
catalase are designated as constituents of the peroxizomes.  Pre-
viously, these enzyines have been considered to be associated
with the soluble fraction of the leaf homogenate. This error
seems to have heen caused by the fragility of the peroxisomes.
Investizators isolating enzyvmes from leaves did not grind in 0.5
M osnerose, ared even if they did so, when ixolating chloroplusts,
the perasicones were stable for only a few hours and were broken
it the clprons were diluted.
e sheen shown that 50¢; of the total glveolate oxidase
We do
“wwhether the other hali of the oxidase activity in the

By use of technigues deseribed
< deaves ennbe xolated in particulate fractions.

st renresents o soluble glvealate oxidase or whether it

U hed data
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arose from fragmentation of the labile peroxisomes during their
isolation.

Pierpoint (10) and Thompson and Whittingham (11), with the
use of sucrose density gradient centrifugation to separate parti-
cles, concluded that glyeolate oxidase activity was only in the
soluble fraction from tobacco leaves. Pierpoint’s data indicate
that there was activity which moved into the sucrose gradient,
but it was ignored. Thompson and Whittingham probably did
not detect the peroxisomes because they ground the leaves in
too dilute a solution of NaCl or sucrose and used only the whole
chloroplast fraction. On the basis of the present work, glyeo-
late oxidase can be found in peroxisome particles when a simple
isolation procedure is followed.
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