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ABSTRACT
LOCALIZATION OF ENZYMES OF PURINE DEGRADATION IN PLANTS AND ANIMALS
by
Joanna Frances Hanks

Compartmentation plays an essential role in purine degradation in
both animals and leguminous plants such as soybean (Glycine max L.
Merr.). Nitrogen fixed by symbiotic bacteria within the root nodules of
these plants is transported to the green shoot of the plant in the form
of allantoin and allantoic acid. These compounds are intermediates in
purine degradation.

Two enzymes required for purine degradation, uricase and catalase,
were localized within peroxisomes isolated from soybean nodules by iso-
pycnic sucrose density gradient centrifugation. Xanthine dehydrogenase
was found in the soluble fraction and allantoinase activity was associ-
ated with the endoplasmic reticulum. The purine synthesis pathway has
been localized in the plastid fraction from soybean nodules.

The metabolic conversion of symbiotically fixed nitrogen into
allantoin and allantoic acid is not only compartmented within several
intracellular organelles, but is also divided between two different cell
types. Uninfected cells from nodules were separated from cells infected
with bacteria on a sucrose step-gradient. The peroxisomal enzymes,
uricase and catalase, were associated only with the uninfected cell

fraction from soybean nodules. Allantoinase also had a greater specific



activity in the uninfected cell fraction, as did several enzymes whose
products are required for purine synthesis, including phosphoglycerate
dehydrogenase, aspartate aminotransferase, 6-phosphogluconate dehydro-
genase, and glucose-6-phosphate dehydrogenase. Although nitrogen fixa-
tion occurs only in the infected cells of the soybean nodule, these data
indicate that at least the final reactions occur in the peroxisomes and
endoplasmic reticulum of the uninfected cells.

Further degradation of allantoin and allantoic acid must take place
in soybean leaves where nitrogen 1is needed for growth of the shoot.
Allantoinase from soybean leaves and germinating seedlings was localized
in the endoplasmic reticulum. No allantoicase activity was found in
soybean leaves. Allantoin was degraded by seedlings in vivo.

Purine degradation was also investigated in fish liver. Allantoin-
ase activity was present only in the soluble fraction, while uricase and

allantoicase were localized in the peroxisomal fraction.
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INTRODUCTION

Peroxisomes and glyoxysomes, subcellular organelles enclosed by a
single lipid bilayer membrane, usually contain flavin oxidases, cata-
lase, and other enzymes participating in catabolic metabolism (l). The
term microbody has been previously used to des;ribe all uncharacterized
small organelles which contain catalase activity and are found in most
eucaryotic cells. The term peroxisome 1is now recognized to include
organelles which are characterized by the presence of catalase and/or
flavin oxidase activity, and the term glyoxysome may be used if any part
of the glyoxylate cycle is present (2). There are numerous examples of
induction of peroxisomal biogenesis, including yeast growth on methanol
(3) or alkanes (4), and rats treated with the drug clofibrate (5).

There are currently three recognized types of plant peroxisomes:
leaf peroxisomes, glyoxysomes, and unspecialized peroxisomes (6). Leaf
peroxisomes contain the glycolate pathway in which glycolate, a compo-
nent of photorespiration, 1is converted to glycine (1). The glycerate
pathway, also found in leaf peroxisomes, allows the reversible intercon-
version of serine and glycerate (1). Plants with higher levels of
photorespiration (C3 Plants) have greater numbers of leaf peroxisomes
than do the C, plants, in which the level of photorespiration is much
lower, and peroxisomes are observed primarily in the bundle sheath cells
(7).

Glyoxysomes, found in the fat-storing cells of germinating fatty
seeds, are responsible for the conversion of stored triglyceride to C,
acids, via the glyoxylate pathway (8). The reactions of the glyoxylate

Pathway found in glyoxysomes are not duplicated in the mitochondria, but

11
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represent a separate source of C; acids for energy and gluconeogene-
sis. Glyoxysomes are also the exclusive site of beta-oxidation of fatty
acids in seedling tissues (8). The question remains whether glyoxysomes
become leaf peroxisomes as the tissue greens, or if leaf peroxisomes
represent a new population of organelles.

Nonspecialized peroxisomes are found in many non-green plant tis-
sues, including roots (9) and potato tubers (10). The nonspecialized
peroxisomes contain high levels of catalase and low levels of other
peroxisomal enzymes such as glycolate oxidase and uricase (9, 10). The
number of nonspecialized peroxisomes per cell is generally low, and no
ma jor metabolic role has been characterized, other than the function of
catalase in detoxification of hydrogen peroxide. It is possible that
specialized peroxisomes arise from nonspeclalized precursors during
cellular differentiation.

Liver peroxisomes contain many of the same enzymes and metabolic
pathways present in plant peroxisomes (1). Beta oxidation occurs in
both peroxisomes and mitochondria of 1liver cells, but the two pathways
differ in many important aspects (1).

The various enzymes and pathways found in peroxisomes from differ-
ent tissues or developmental stages of the same organism indicate that
peroxisomes may be specialized for carrying out unique vital functions
in cellular differentiation or in response to environmental stimuli. As
outlined above, peroxisomes play an important role in such processes as
photorespiration, conversion of stored fats to sucrose (glyoxylate
cycle), beta oxidation, methanol oxidation, and detoxification of hydro-
gen peroxide. The enzymatic content or number of‘peroxISOmes per cell

may vary widely between tissues, for example, liver versus kidney in
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animals, or mesophyll versus bundle sheath cells in C, Plants (1).
The topic of this thesis is the role peroxisomes play in the degradation
of purines in both animals and plants, and the importance of this func-
tion to. nitrogen metabolism in many economically important nitrogen-

fixing legumes.

Purine Catabolism

The nitrogenous excretory products resulting from purine degrada-
tion differ between animal phyla due to the loss through evolution of
genes for enzymes catalyzing the latter steps of the pathway (11). The
respective intermediates in purine degradation are hypoxanthine, xan-
thine, uric acid, allantoin, allantoic acid, and finally, glyoxylate and
urea (Figure 1). The final enzyme of purine degradation present in
primates, birds, and some reptiles 1is xanthine oxidase, which oxidizes
both hypoxanthine and xanthine to uric acid, the excretory product.
Most mammals, reptiles, and mollusks excrete the next intermediate,
allantoin, the product of the uricase reaction. Allantoinase catalyzes
the hydrolysis of allantoin to allantoic acid, which is excreted by some
fishes. Allantoic acid is hydrolyzed to urea and glyoxylate by allan-
toicase, the final enzyme present in most fish and amphibians. The
aquatic invertebrates retain urease activity, and therefore excrete
ammonia.

Xanthine oxidase was found only in the soluble fraction in rat (12)
and fish liver (13), but avian xanthine dehydrogenase was reported to be

| peroxisomal (14). Xanthine dehydrogenase is reportedly the native form
of xanthine oxidase (15). VUricase has been found in peroxisomes from

mammals (16), fish (13), amphibians (14), and plants (17). Catalase,
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which degrades the Hy0, produced in the uricase reaction, 1is also
found in peroxisomes (l1). Allantoinase has been reported in amphibian
and fish liver peroxisomes (14, 13), and at low levels in glyoxysomes
from castor bean endosperm (17). However, an equal amount of activity
was associated with the proplastid fraction from castor bean endosperm,
and eighty percent of the originai activity was lost on the gradient
(17)« In another report on castor bean endosperm allantoinase, most of
the activity was found in fractions of density 1.21 g/cc or greater, but
the activity was very low, and the location of other organelle fractions
was not adequately characterized (18). Allantoicase has been localized
in fish liver peroxisomes (13).

Thus some of the enzymes in the pathway of purine degradation have
been reported in peroxisomes from a few tissues. This thesis contains a
more extensive investigation of purine degradation and the subcellular

distribution of the associated enzymes, especially in the plant tissues.

Ureide Metabolism

Two intermediates in purine degradation, allantoin and allantoic
acid, are found at high levels in certain nitrogen-fixing legumes (19,
20), and are collectively termed the ureides. Although the presence of
relatively high levels of ureides in some plants was reported in 1930
(21) and several workers had suggested purine catabolism resulted in
allantoin accumulation as reviewed by Mothes (22), the significance of
these compounds in relation to nitrogen fixation in the nodules of cer-
tain legumes has been recognized only in the last five years. Matsumoto
et al. (23) have reported that allantoin accumulated only in nodulated

soybean plants and [15r&] supplied to nodulated plants was recovered in

allantoin and allantoic acid (24).
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The majority (60-80%) of the nitrogen transported in the xylem sap
of both nitrogen-fixing cowpeas (19) and soybeans (20) was in the form
of ureides. Most of the species transporting ureides were members of
the tropical tribe Phaseoleae, of the family Leguminosae, which also
includes tribes of nitrogen-fixing plants transporting amides and amino
acids, especially glutamine and asparagine (25). Ureide production was
correlated with nitrogen fixation, and decreased dramatically in the
presence of added nitrate in the growth medium (26).

Low levels of uricase and catalase were associated with the peroxi-
somal fraction from roots of bean plants (27). Much higher levels of
xanthine dehydrogenase, uricase and allantoinase were found in cowpea
nodules (28). The addition of allopurinol, an inhibitor of xanthine
dehydrogenase, resulted in an accumulation of xanthine and a decrease in
ureide formation. Labeled glycine was incorporated into allantoin and
allantoic acid in nodule slices (28). A pathway for ureide synthesis
through xanthine dehydrogenase was also demonstrated in soybean nodules
(29). Ureide metabolism in higher plants has been recently reviewed
(30). All of the evidence to date indicates that nitrogen is first
assimilated into amino acids which are then incorporated into purines.
The purines are degraded to allantoin and allantoic acid, which are
exported from the nodule. The pathway of purine synthesis and degrada-
tion to allantoic acid appears essentially the same as the pathway pre-
viously elucidated in animals. Work is currently underway in several
other laboratories to purify the enzymes of purine metabolism from
nodules and to isolate the intermediates in this pathway.

The pathway of ureide degradation in soybean leaves is unknown. As

described above, low allantoinase activity has been reported in
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glyoxysomes from astor bean endosperm (17, 18). Allantoinase activity
has been characterized from several other plant tissues (31, 32),
including legumes (33, 34). Allantoicase activity was reported from
germinating peanuts (35) and leaves of non-nodulated bushbeans (36), and
was localized in peroxisomes from the skunk cabbage appendix (37).
Allanﬁoinase from skunk cabbage was not peroxisomal, but in the soluble
fraction (37). Allantoin induced an increase in glyoxylate in germina-
ting wheat seedlings and labeling studies suggested glycine was a pre-
cursor and glyoxylate a hydrolysis product of allantoin (38). Uricase
and allantoinase have recently been reported in peroxisomes from mustard
cotyledons (39). Much of the literature on this pathway is contradic-
tory, probably due to the very low levels of allantoinase and allantoi-
case in most plant tissues, and technical difficulties in the assays.
These enzymes have not been reported or localized in leaves of nitrogen-

fixing plants, in which high levels of activity might be expected.

Statement of the Problem

Since some of the enzymes of purine degradation had been reported
in peroxisomes of chicken and fish liver and castor bean endosperm (14,
13, 17) my initial hypothesis was that the enzymes involved in allantoin
and allantoic acid metabolism in nitrogen-fixing plants would also be
localized within peroxisomes. The presence of the purine degradation
pathway in soybean nodules had not been established at the time this
Project was undertaken, and nothing was known about ureide degradation
in soybean leaves. Therefore my task was twofold: first, to identify
the enzymes responsible for formation and degradation of ureides in

soybean nodules and leaves, and secondly, to determine if these enzymes
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were compartmented within peroxisomes. Xanthine dehydrogenase, uricase,
and allantoinase activities would be expected in soybean nodules 1if
ureides are produced by the known purine degradation pathway, previously
localized in animal peroxisomes (13,14). Allantoinase would catalyze
the final reaction taking place in the nodule, since primarily allantoic
acid, along with some allantoin, is transported in the xylem sap (20).
Allantoinase activity would also be expected in the leaves, since some
allantoin 1is transported. If allantoic acid in soybean leaves 1is
degraded by the same pathway reported in fish peroxisomes (13), glyoxy-
late and urea would be the products of the allantoicase reaction.
Ammonia could be released by urease activity (11). Reactions producing
glyoxylate are always found in peroxisomes, where this unstable molecule
may be protected from oxidation by H,0, by catalase, and aminotrans-
ferases are present to utilize the glyoxylate (1).

Since peroxisomes had never been previously isolated or described
from nodules, it was necessary to modify existing methodology for the
isolation of nodule peroxisomes. Nodule peroxisomes were isolated by
isopycnic sucrose density gradient centrifugation steps, as detailed in
Chapter I (40). Xanthine dehydrogenase activity was present in the
soluble fraction, uricase and catalase were localized in peroxisomes,
and allantoinase activity was found in the microsomal fraction, in con-
trast to reports from other tissues (13, 17). Marker enzyme data indi-
cated that the microsomes containing allantoinase activity originated
from the endoplasmic reticulum.

During the course of this work, we were in communication with Dr.

Eldon Newcomb, whose laboratory has been responsible for observation by



19

electron microscopy of the distribution and ultrastructural complexity
of plant peroxisomes and glyoxysomes. Newcomb and Tandon (41) proceeded
to examine cytologically the peroxisomal distribution in soybean root
nodule cells. They found that enlargement of the peroxisomes and pro-
liferation of smooth endoplasmic reticulum occurs only in the uninfected
cells of soybean nodules. This data was consistent with our initial
work (40) and further suggested that the uninfected cells might partici-
pate in ureide synthesis via the uricase and allantoinase reactions.

In order to investigate this hypothesis, I separated infected and
uninfected cell protoplasts on a sucrose step—gradient with a very brief
centrifugation, as detailed in Chapter II. Infected protoplasts were
much larger, irregular in shape, and more dense than uninfected proto-
plasts. The peroxisomal enzymes uricase and catalase were primarily
associated with the uninfected cell fraction. Allantoinase, previously
localized in the endoplasmic reticulum, also had a much greater specific
activity in the uninfected cell fraction. Several of the enzymes in-
volved in purine synthesis were present at higher levels in the uninfec-
ted cell fraction. These data suggest that at least the latter reac-
tions of ureide formation may take place primarily in the uninfected
cells of the soybean nodule.

I have also investigated localization of ureide degradation in soy-
bean leaf cells (Chapter III). Leaf allantoinase was localized within
microsomes originating from the endoplasmic reticulum, in agreement with
localization in the nodule. No significant allantoicase activity has
been found in the leaves, although many different assays were tried.
Soybean leaves have also been reported to be very low in urease activity

(42).
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Germinating seedlings also degrade purines, presumably utilizing
ureides stored in the cotyledon (Chapter III). While only traces of
uricase were found in seedling peroxisomes, high levels of allantoinase
occured in the microsomal fraction. [14C]allantoin was consumed in
an in vivo assay, indicating allantoicase activity, but this enzyme
could not be detected in vitro.

Since localization of soybean allantoinase in the endoplasmic reti-
culum disagreed with previous reports that allantoinase was in peroxi-
somes from fish liver (13), I investigated the location of enzymes for
purine degradation in fish liver (Chapter 1V). I found allantoinase
only in the soluble fraction, while uricase and allantoicase were perox-
isomal. No allantoinase activity was associated with the microsomal
fraction. The unstable allantoicase activity in the peroxisomes was
increased ten-fold by addition of 10 mM MgCl,.

While many questions remain unanswered, it is the hope of the
author that the following chapters will demonstrate the ubiquitous role
played by peroxisomes in purine degradation in such diverse tiésues as
soybean nodules and fish liver and add to our understanding of the
importance of compartmentation in metabolic regulation in all 1living

cells.
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21



Plant Phivsiol (1981) 6% 65 69
0032 ORKY KT OR/0065, 05 -300 M -0

22

Localization of Enzymes of Ureide Biosynthesis in Peroxisomes
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ABSTRACT

Ihe iatracchular location of eazymes involved in the synthesis of the
weeides, allantoin and all ic acid. was in d in of Glycine
mav L. Merr. Cellular organelles were separated on isopycnic sucrose
density gradients. Xanthine dehydrogenase activity (270 nanomoles per
min per gram fresh weight) was totally soluble. whereas approximately 15%
of the total uricase and catalase activities (1 and 2000 micromoles per
minute per gram fresh weight, respectively) was in the fraction coataining
intact peroxi Al in activity (680 nanomoles per minute per
gram fresh weight) was associated with the microsomal fraction, which
apparently originates from the endoplasmic reticulum.

P

The ureides. allantoin and allantoic acid. are the predominant
form of nitrogen transported in the xylem of suybean and cowpea
plants growing symbiotically (10. 16). The synthesis of allantoic
acid presumably occurs via the degradation of purines (1. 24)
After differential centrifugation of extracts trom cowpea or soy-
bean nodules. the enzymes of purine catabolism were found in
the soluble fraction (1. 24). These results do not rule out the
possibility that these enzymes are located in fragile organelles.
such as peroxisomes. This possibility is supported by results after
careful fractionation of nodule extracts by differenual centnifu-
gation (19).

One enzyme in the purine degradation pathway. uricase. is
normally found in peroxisomes. along with catalase. which de-
grades the H.O. produced by uricase. Small amounts of uricase
have been reported to be present in glyoxysomes of germinating
fatty seeds (23) and in microbodies from potato tubers (18). Traces
of uricase are also present 1n peroxisomes from other plant tussues
(12. 13). In all of these reports. uricase was easily solubilized and
did not appear 10 be part of the crystaliine core of the peroxisome.
Xanthine dehydrogenase is generally found in the cytosolic trac-
tion. although reportedly it i1s present in peroxisomes from avian
livers (20). Allantoinase and allantoicase have been reported to be
present 1n peroxisomes from amphibian (20) and fish (17) livers.
Approximately one-half of the allantoinase activity in castor bean
endosperm was associated with glyoxysomes and the remainder
was in the proplasuid region. Eighty percent of the total activity
was lost on the gradient (23). In another report on castor bean

Quc

endosperm allantoinase. most of the activity was found in fracuons
of density 121 g/cc or greater. In this case. the allantoinase
acuvity, which was reported only as 4 units. appeared 0 be
extremely low and the location of other organclles was not ade-
quately characterized (22). At least part of the pathway of purnine
catabolism has been considered 10 be associsted with animal
peroxisomes and possibly with plant microbodies. This project
was initiated 10 examine the organelle distribution of the enzymes
associated with allantoin and allantoic acid formauon in nodules,
which form these compounds from recenily fixed nitrogen for
transport to the leaves and pods.

MATERIALS AND METHODS

Sceds of Glicine max L. Merr. cv. Amsoy 71 were inoculated
with Rhizobum japonicum sirain 311b 110 obtained trom D
Weber, United States Department of Agriculture, Beltsville. MD.
Plants were grown in a growth chamber in perlite and watered
daily with nitrogen-free nutrient solution. Nodules (1.2 g) were
harvested tfrom 30-day-old plants and very gently broken in a
mortar containing 10 ml medium (&) containing 0.4 M sucrose. U |
M Tricine (pH 7.8), 10 mm DTT. 10 mm KCL. | mm MgCl.. and 10
mm EDTA. plus 50 mg fauty acid-free BSA and 100 mg soluble
PVP. The entire extract was squeezed through six layers of cheese-
cloth and applied 10 a step gradient of 3 ml 2.3 M sucrose, Sml 1.9
M sucrose, 10 ml 1.8 m sucrose. 10 ml 1.75 M sucrose. 10 mi 1.7 M
sucrose, 6 ml 1.5 M sucrose. and 6 ml 1.3 M sucrose. To obtain a
better separation of microsomes, a gradient of 3 ml 2.3 m sucrose.
S ml 1.9 M sucrose. 7 ml 1.8 M sucrose. 7 ml 1.75 M sucrose. 7 ml
1.7 M sucrose. 7 ml 1.5 M sucrose. 6 ml 1.3 M sucrose. 4 ml 1L.O M
sucrose. and 4 ml 0.83 M sucrose. was used. All sucrose solutions
were prepared in 0.1 M Tricine (pH 7.8).

Gradients were centrifuged in a Beckman SW 25.2 swinging
bucket rotor at 4 C in a Beckman L-2 ultracentnifuge. The speed
was slowly accelerated by holding for 1S min each at 5.000. 10,000,
15.000, and 20.000 rpm. and then run for 5 h at 25.000 rpm
(106.900g). Fractions from 2 10 S ml were collecied from the op
of the gradient using an ISCO model 185 Density Gradient
Fractionator.

Catalase activity was determined by the decrease in A at 240
nm (14). Uricase activity was determined by the decrease in 4 at
293 nm in a |-ml assay mixture containing 0.1 mM uric acid in 0.1
M 2-N-cyclohexylaminoethanesulfonate (Sigma) buffer at pH 10
(19). Nodular uricase was inhibited by borate bufter and Triton
X-100. NADH-Cyt ¢ reductase activity was measured by the

' Research supported in part by grants trom the National
Foundauon to N E. T (PCM 78 15891) and United State> Depanmem of
Agriculture grant (5901-0410-9-0248-0) 10 K R. S ). F. H was supported
by a Graduate Professional Opportunity Program Fellowship from the
Nauonal Institutes of Health. Published as journal arucle 9047 of the
Michigan Agnicultural Experiment Stauion. A preliminary report has been
published (9).
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NADH-dependent increase in A4 at 550 nm (4). using an extinction
coefficient of 21 mM™' cm ' (15). Cyt ¢ oxidasc aclivity was
determined by the decrease in 4 of reduced Cyt ¢ at 550 nm (21).
afier the extract alone was incubated with 20 ul |5 digutonin for
| min before addition of buffer and substrate. Triosephosphate
isomerase activity was determined by coupling (0 a-glycerophos-
phate dehydrogenase (EC 1.1.99.5) (2). Potassium-stimulated
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Fie 1 Distnbution ot organelle marker enzyme activities (——) and specific activities (- - -) on a sucrose gradient afier centrifugation for 6 h of
a nindule homogenate which contained BSA in the grinding media and was apphied directly o the gradient. Units are nmol min ' ml ' except catalase

which 15 1n pmol min ' ml ' Peroxisomes banded at a density of 1.25 g/cc.

ATPase was assayed by measuring the Pi released (11). IDPase’
activity was measured 48 h after extraction of tissue by determin-
ing Pi released from IDP (4).

The xanthine dehydrogenase assay mixture contained 5 pmol
NAD. extract. and 0.1 M Tricine (pH 8.4), in a final volume of |
ml. The endogenous rate at 340 nm was measured and the reaction
was imtiated with the addition of 0.25 umol xanthine. Hydroxy-
butyrate dehydrogenase aclivity was m d after incubation of
extract with 50 ul 10% Triton X-100 for 2 min. and then addition
of 5 gmol NAD and 0.1 M Tricine (pH 7.8) 10 a volume of 1.0 ml.
The increase in A at 340 nm was measured. The reaction was
initiated by the addition of 50 umol B-v1.-hydroxybutyrate.

Allantoinase activity was measured by formation of the product.
allantoic acid. Allantoic acid was determined by boiling in dilute
acid and measuring the diphenylformazan derivative of the gly-
oxylate produced (26). A substrate concentration of 15 mm allan-
toin in 20 mm Tricine (pH 7.8) was used in the assay performed
on gradient fractions. It was necessary (0 use a concentration

2 Abh

1DPase.

b ocoh
dip

L4

slightly lower than the K., for allantoin (approximately 19 mm.
data not shown), because of the low solubility of allantoin and the
high background caused by nonenzymic breakdown of substrate.
A 30 mm allantoin reagent was used o esumate toial enzyme
activity in the homogenate. The assays were stopped after 20 min
with | ml 0.15 M HCl. Sucrose and other components of the
enzyme sample reacted with phenylhydrazine in this assay to give
an orange color. which in some cases obscured the diphenylifor-
mazan product at 520 nm. This antifact could be minimized by
boiling the samples and then briefly chilling in ice before adding
phenylhydrazine. The use of ultrapure density gradient grade
sucrose (Mann Research Laboratonies) also decreased the inter-
ference with the assay. Controls were run for nonenzymic break-
down of substrate. as well as for the presence of product at zero
time in the extract.

Protein was determined by a modified Lowry procedure (3).
Phosphate was determined by the method of Chen er al. ().

RESULTS AND DISCUSSION

roxisomes of animal

Catalase and uricase. enzymes found in
igh levels in soybean

and plant tissues (12, 17). were present at
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Separatton of Fncvmane Acinates i Fracuons Contamng
Perovnomes und Budieria
Gradient tractions trom 124 127 g o0 suctose, contaiming ¢ minture of
peruxisomes and baciena. were combined. diluted with two parts butler
vortexed | min. and centnituged 1 h at 145000 Solubilized peroxisomal
enzymes appeared 0 the supernatant. while the pellet contained the
bactena

Initial  After Breahage and

Com- Recentntugation
bined -
brac-  Super- Pellet
tons n4tant
Catalave
amol ‘min 56 53 0l
amol, nuin-myg protein Y 280 02s
Uricase
nmol/min 3o 32 008
amol, min-mg protein K9 164 02
Hydroaybutyrate dehydrogenase
nmol,/min 14 0 L]

nmol/min-mg protein e 0 (M)

nodules. Nodules contained approximately 2000 pmol min '

fresh weight ' catalase acuvity and | umol min ' g fresh weight §
urnicase acuvity. This level of uricase s at least 10 times that
detected in other plant ussues (12. 13, 18, 23) including potato
tubers and glyoxysomes, and 1s comparable to that found in rat
hiver on a protein basis. In iminial attempts at isolauing peroxisomes
all of the catalase and uricase was found in the soluble fracuon at
the tp of the gradient or in the bacteroid fraction. Varnous
methods of chopping the tissue, the use of different grinding
media and gradients, and low speed precentrifugation were tried
in order 10 polate a significant peroxisomal fraction. Separation
of peroxisomes from the large numbers of mature bacteroids and
vegelauve cells presented a major problem. because both peroxi-
somes and bacteria have nearly the same density. To isolate a
peroxisomal fraction very gentle breakage of the nodules was
necessary, and only voung nodules were used. It was necessary o
increase the centrifugation ime to 6 h and broaden the sucrose
gradient 1n the denser region in order to separate peroxisomes
from vegetative cells (Fig 1). Nodule peroxisomes appeared to be
extremely fragile. as judged from the large amounts of soluble
catalase and uricase with even very gentle homogenization. Tan-
don and Newcomb (manuscript in preparation) are also reporting,
based on observations by electron microscopy. that the peroxi-
somes in nodules appear broken and degenerated. particularly in
older tissue, and sometimes do not have a bounding membrane.

Results of enzyme assays afier fractionation of organelles on a
sucrose density gradient are presented in Figure 1. In the upper
fractions. which represent soluble enzymes. some sedimentation
occured into fraction 2. Xanthine dehydrogenase activity appeared
only in the soluble portion of the gradient. A large fraction of the
catalase and uricase activities. presumably from broken peroxi-
somes. was also at the top of the gradient. Intact peroxisomes,
localized by catalase and uricase activities. appeared at a sucrose
density of 1.25 g/cc and contained approximately 15% of the total
catalase and uricase activity. Allantoinase activity coincided with
the microsomal marker. Cyt ¢ reductase (Figs. | and 2). No
activity of glucose-6-phosphatase. another microsomal marker.
could be detected.

Two peaks of bacterial onigin were observed using the marker
enzyme, hydroxybutyrate dehydrogenase The band of lower den-
sity was presumed to be mature bacteroids. and the band of higher
density, which overlapped the peroxisomal band. 10 be vegetauve
cells (6). Other marker enzymes used were Cyt ¢ oxidase for
mitochondria and triosephosphate isomerase for proplastids (Fig.
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1)

Specific acuivities of the marker enzymes are shown as 4 dashed
hne 1n Figure | Specific acuvities for soluble ensymes in the
upper three or lour fractions were low because of the addinon ot
BSA 0 the grinding media. and as a result. the speaitic acuvity
peaks of the microsomal marker enszyme. (vt ¢ reductase. and
allantoinase were shified toward higher densities of sucrose than
the plotted peaks for towal acuvity The spedific activities ot
catalase 1n the peroxisomes was 160 umol min * mg protein ' and
for uricase 1t was 89 nmol min ‘' mg protein '

In order 10 assay hydroxybutyraie dehydrogenase. 1t was nec-
essary to break the bacteruids by sonication or treatment with
Truon X-100. No activity could be measured prior 1o such treat-
ment Catalase and uricase activity could be measured without
sonication or treatment with detergent. and actually decreased if
sonicated (data not shown) This suggested that these ensyme
actuvities 1n fractions of density 1.24 1o 127 g/cc were dernved
from two different organelles

To test the hypothesis that hydroxybutyrate dehydrogenase
activity in the peroxisomal band was due 1o contaminauing bac-
tena. fractions at approximately 1.24 10 1.27 g/cc sucrose were
combined. diluted with two parts buffer. and vortexed to break
the fragile peroxisomes. The sample was then ceninfuged | h at
145.000g 1n a Beckman TY 65 rotor. and the pellet and soluble
fracuon were assayed separately The pellet was washed with 0§
ml buffer. and resuspended in 1.0 ml. Catalase and uricase activity
were in the soluble fraction (Table I). while the hvdroxybutyrate
dehydrogenase activity remained in the pelleted bacieroids. The
specitic acuvily of catalase and uricase increased greatly in the
soluble fracuon. due to the removal of the large amount of
bacterial proten.

To examine the organelle lucation of allantoinase further. the
sucrose density gradient was broadened shghtly to give better
separation in the area of the microsomes (Fig 2) DTT and soluble
PVP. which were found 10 inhibut allanioinase. were omitted 1n
this gradient. Allantoinase cosedimented with Cyt ¢ reductase. a
microsomal marker. As before. specific activities in the upper
fracuons were low. due 10 BSA 1n the gninding media. Veny few
units of allantoinase were 1n the wp fracuions. and this suggesis
that the enzyme may be membrane-bound as 1t was not solubihized
upon breakage of the ER. The acuvity of IDPase. a marker
enzyme for Golgi apparatus 1n plants (4). was mainhy n the
soluble fraction. The potassium-sumulated ATPase. a marker
enzyme for the plasma membrane in plants (11). was also in the
soluble fraction. Thus. it appeared that the allantoinase acin iy in
the microsomes did not onginate from either Golgi or plasma
membranes. Whereas allantoinase and Cvt ¢ reductase coseds-
ment. it is probable that alluntoinase 1s located 1n the LR The
possibility still exists that the microsomes 1o which allantoindgse s
bound arise from the broken fragments of peroxisomal membranes
or from some other source.

CONCLUSIONS

Based on the distribution of the enzymes ol punine catabolism
it is suggested that the intermediates in the urcide pathway are
metabolized in several locations in the cell (big M Nutrogenase
15 contained within the bacteroids. which release ammonia to the
host cell. We have pictured glulamate synthase and glutamune
synthetase in the proplastiids. inasmuch as these enzyme activities
have been localized in leaf chloroplasts (25) Anuno acids are then
used in the synthesis of purines (1). which are degraded to vanthine
(25) n the cytosol. Xanthine appears to be converted 1o uric acd
in the cytosol by xanthine dehydrogenase Unc acid is oxidized 10
allantin in the peroxisomes by uricase. producing H.O.. which s
degraded by catalase. also located in the peroxisomes. Allantoin
then appears in the xylem sap (16) or 1v hydrolyzed to allantowe
acid by allanioinase 1n the ER. and allantoie aad secreied into
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2 Instnbution of vrgancllc marker emymc uuvnm (—) and specific activities (- - -) from a nodule homogemle which contained BSA in

and centrifuged for 6 h Unuts are amol min ' ml ' except catalase which
1810 pMOl myn ' mi ' Note that microsomal enzymes banded at a dcnmy of 1.18 g/cc.
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Fi. 3 Schematie representation of the propased intracellular location
ot the enzymes of purine degradation GOGAT. glutamate synthase, GS.
glutanine synthetase

the xylem. where both ureides are translocated 10 the aenal parts
of the plant. In such @ model. the ER may be involved in the
release of the negatively charged allantow acid This hypothess 1s
consistent with the suggesuon that the ER may play a role in
secretion of both large and small molecules and in regulation (7)
The model requires also that uric acid and allantoin must cross
the single peroxisomal membranc by ditfusion.
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Additional Enzyme Activities in Nodule Peroxisomes

Nodule peroxisomes were also analyzed for activities of enzymes
found in leaf peroxisomes or glyoxysomes. A complete glyoxylate cycle
is present only in germinating seeds (8). An incomplete cycle, lacking
isocitrate lyase, is present in resting seeds (58). No isocitrate lyase
activity was found in nodule peroxisomes, and only traces of malate
synthetase were present. Glycolate oxidase was not present in nodule
peroxisomes. A low level of aspartate aminotransferase was found in the
peroxisomal fraction, but the majority of this enzyme was in the plastid
and soluble fractions (Table 2). Hydroxypyruvate reductase activity was
absent from the peroxisomes, although some soluble activity was present.
This activity may be attributed to lactate dehydrogenase, which was also
present at about the same level in the soluble fraction. Only traces of
activity were found for the glyoxylate:glutamate and glyoxylate:serine
aminotransferases, normally found at high levels in leaf peroxisomes.
Thus it appears that nodule peroxisomes do not contain the enzymes found
in leaf peroxisomes or glyoxysomes, but are specialized only to perform
the uricase and catalase reactions, which are essential for the produc-

tion of allantoin in soybean nodules.
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Table 2

Additional Enzyme Activities

in Nodule Peroxisomes

Enzyme Soluble Peroxisomal
Activity  Specific Activity Specific
(units) Activity (units) Activity
nmol units nmol units

min~lm1~1 mg prot:ein'1 nin~lm1~1 mg prot:e:[.n'1

Isocitrate lyase 0 0

Malate synthetase trace trace

Glycolate oxidase 0 0

Aspartate aminotransferase 890 120 100 220
Hydroxypyruvate reductase 92 12 0.7 1.6
Lactate dehydrogenase 56 7.4 0

Glyoxylate:glutamate
aminotransferase trace trace
Glyoxylate:serine

aminotransferase trace trace



CHAPTER II

UREIDE METABOLISM IN INFECTED AND UNINFECTED NODULE CELLS

29



30

INTRODUCTION

Allantoin and allantoic acid, the ureides, are the major nitro-
genous compounds transported in the xylem sap of soybeans (20). Label-
ing studies have indicated that the high levels of purines synthesized
in the nodule are subsequently degraded to ureides (28). The role of
both cellular and sub-cellular compartmentation in this process has been
implicated in several recent reports. Uricase and catalase were local-
ized in peroxisomes, allantoinase in the endoplasmic reticulum, and
xanthine dehydrogenase in the cytosol by fractionation of a total nodule
tissue extract on sucrose density gradients (40). By means of electron
microscopy, a marked enlargement of peroxisomes and proliferation of
smooth endoplasmic reticulum during nodule development was observed to
occur only in the uninfected cells of nodules, indicating an important
role of these cells in ureide production (41). In further cell frac-
tionation studies, several enzymes involved in ammonia assimilation into
amino acids and purine synthesis were localized in the plastid (Appendix
I, 59). These included asparagine synthetase, phosphoribosyl amido-
transferase, phosphoglycerate dehydrogenase, serine hydroxymethylase,
methylene tetrahydrofolate dehydrogenase, one 1isozyme of aspartate
aminotransferase, glutamate synthase, and triosephosphate isomerase.

Separation of infected and uninfected nodule cells is necessary to
determine the distribution of enzymes and organelles involved in ureide
production. I have separated protoplasts on a sucrose step—gradient and
assayed the uninfected and infected cell fractions for énzymes involved

in purine synthesis and degradation.
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MATERIALS AND METHODS

Seeds of Glycine max were inoculated with Rhizobium japonicum

strain 3Ilb 110 obtained from D. Weber, United States Department of
Agriculture, Beltsville, MD. Plants were grown in a growth chamber in
perlite and watered daily with nitrogen-free nutrient solution. For
protoplast isolation, 6 g of nodules from 50 day-old plants were finely
sliced with a razor blade in a petri dish containing about 5 ml of 1-B5
tissue culture medium of Gamborg (60). This medium was removed with a
pipet, and the tissue was rinsed four times with fresh 1-B5 medium to
remove broken cell contents. Then 11 ml of 1-B5 medium and an enzyme
solution containing 200 mg Cellulysin (Calbiochem), 100 mg Hemicellulase
(Sigma), and 0.2 ml Pectinase (Sigma), 1 g sorbitol, and 9 ml Hy0 were
added. The dish was shaken at 25 rpm for 1.5 to 2.5 h at 25°C. The
brei was passed through 100 um nylon mesh. Approximately 16 ml of the
protoplast suspension were very gently layered onto the following step
gradient, prepared immediately before use, in a 30 ml nitrocellulose
tube: 3 ml of 60% sucrose, 7 ml of 40% sucrose, and 10 ml of‘BS medium
(60). All sucrose solutions were prepared in B5 medium. The gradient
was centrifuged at low speed (about 30 x g) in a clinical swinging
bucket centrifuge for 3 to 5 minutes, when two layers of cells at the
interfaces could be seen. One ml fractions were collected from the top
of the gradient using an ISCO model 185 Density Gradient Fractionator.
It was not possible to perform cell counts due to the low yield of puri-
fied protoplasts, nor could bacteroids be separated from cellular mem-

branes of the infected cell fraction.
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Uricase, allantoinase and hydroxybutyrate dehydrogenase were assayed as
previously reported (Chapter I, 40). Catalase was determined by the
decrease in absorbance at 240 nm (53). Triosephosphate isomerase was
determined by coupling to a-glycerophosphate dehydrogenase (43). Aspar-
tate aminotransferase was assayed by coupling to malate dehydrogenase
(61) . Phosphoribosyl amidotransferase was assayed by 5-phospho-o~D-
ribose 1l-pyrophosphate (PRPP)-dependent deamidation of [14C]gluta-
mine (62), which was separated from labeled glutamate by ion exchange
(63) . Phosphoglycerate dehydrogenase was assayed by phosphohydroxypyru-
vate-dependent oxidation of NADH at 340 nm (59). The assay mixture for
glucoseb-phosphate dehydrogenase contained 2 mM glucose-6-phosphate, 0.2
mM NADP, and 20 mM tricine, pH 7.8. The increase in absorbance at 340
nm was measured. The assay for 6-phosphogluconate dehydrogenase was
identical, except for substitution of 2 mM 6-phosphogluconate for
glucose-6phosphate. Lactate dehydrogenase was assayed at 340 nm with
0.15 mM NADH, 2 mM pyruvate or hydroxypyruvate, and 50 mM phosphate
buffer, pH 7.5. The assay mixture for malate dehydrogenase contained
0.2 mM NADH, 3.3 mM oxaloacetate, and 20 mM tricine, pH 7.8. Decrease
in absorbance at 340 nm was measured. Native polyacrylamide gel elec-
trophoresis was performed according to Laemmli (64), omitting sodium
dodecyl sulfate. the gels were stained for aspartate aminotransferase
activity with Fast Violet B salt (Sigma) (65). Protein was determined

by a modified Lowry procedure (44).
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RESULTS AND DISCUSSION

Although protoplasts have been previously isolated from leguminous
nodules (66, 67), only infected cells were obtained. As 1illustrated in
Figure 5, the uninfected protoplasts we isolated were much smaller than
the infected protoplasts and were spherical, while the infected proto-
plasts were irregular in shape and had a granular surface. Staining
with Calcofluor white indicated no cell wall material remained. The
uninfected cells did not come from the cortex, since control experiments
using only infected tissue yielded both uninfected and infected proto-
plasts, and no protoplasts were obtained from cortex tissue in 3 hours
digestion. The uninfected protoplasts proved to be more fragile and
were often obtained in lower yield than the infected protoplasts (Table
3). The infected protoplasts had a very high density, probably due to
the large number of bacteroids per cell, and rapidly pelleted through
50% sucrose even at low centrifugal force. Attempts to separate the two
types of protoplasts by flotation were unsuccessful, and the density of
the dextran gradients of Edwards et al. (68) were not high enough to
separate the infected protoplasts. The sucrose step-gradient specified
above was designed to sediment the uninfected protoplasts at the upper
interface, and the infected protoplasts at the lower interface. It was
essential to minimize handling of the protoplasts, since the uninfected
cells were easily broken by contact with the larger infected cells and
the high sucrose concentration necessary for separation. Yields of each
protoplast type ranged from 0.5 to 3.0 mg protein, depending on the
amount of tissue used and incubation time. Longer periods of incubation

with the digestive enzymes yielded fewer uninfected cells but more



Figure 5. Protoplasts of infected and uninfected soybean nodule cells.
Light micrographs were of a crude protoplast suspension photographed
before separation on the step-gradient. Background debris from broken
cells was removed in the upper layer of the gradient. Magnification:
25X.

a) infected cell. Size ranged from 100-200 um in diameter.

b) uninfected cell. Size ranged from 20 to 50 um in diameter.
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Table 3

Total Enzyme Units and Specific Activity from a Representative

Step-Gradient

Uninfected Cell Fraction Infected Cell Fraction
nmol min~! Specific nmol min~} Specific
Activity Activity
Uricase 20 51 4.5 5.5
OH-butyrate 0.2 0.6 3.5 4.3
dehydrogenase
Phosphoglycerate 25 64 20 24
dehydrogenase |
Aspartate 20 51 18 22
aminotransferase
Protein (mg/ml) 0.39 0.82

Protoplasts were separated on a sucrose step-gradient as in Materials
and Methods. All fractions were 1.0 ml. Specific activity units are

nmol min~! mg protein’l.
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infected cells, and often resulted in higher levels of cross contamina-
tion. Only by using the 1-B5 and B5 media of Gamborg (60) were substan-
tial quantities of uninfected protoplasts obtained. More uninfected
protoplasts were obtained from nodules of 40-50 day old plants than from
nodules of younger plants.

Data from a representative separation of infected and uninfected
protoplasts is presented in Table 3. Uricase was the marker enzyme for
peroxisomes (40) and hydroxybutyrate dehydrogenase was the bacteroid
marker enzyme. The lower protoplast fraction at the 60% sucrose inter-
face contained most of the hydroxybutyrate dehydrogenase activity, and
was therefore designated the infected cell fraction. The upper proto-
plast fraction at the 40% sucrose interface was very low in hydroxybuty-
rate dehydrogenase activity and was designated the uninfected cell frac-
tion. Uricase activity was primarily found in the wuninfected cell
fraction. Data are also shown for phosphoglycerate dehydrogenase and
aspartate aminotransferase, two of the enzymes localized in plastids
which are probably involved in purine synthesis (Appendix, 59). The
specific activities of these two enzymes were 2 to 3 times higher in the
uninfected cell fraction, but about half of the total activity was also
present in the uninfected cell fraction, but about half of the total
activity was also present in the infected cell fraction. On the basis
of total mg protein, the yield of uninfected protoplasts was about half
that of infected cell protoplasts. Triton-X-100 was present only in the
assay mixture for hydroxybutyrate dehydrogenase, in order to break the
bacteroid membranes (40). Addition of low concentration of detergent
(.01%) did not increase any of the other enzyme activities, indicating
cellular membranes were probably broken during dilution into the assay

mixture, and were not a barrier to enzyme activity.
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Average specific activities from 25 different step-gradients are
presented in Table 4. Uricase and catalase, the peroxisomal enzymes
(40), were predominantly in the uninfected cell fraction. Allantoinase,
located in the endoplasmic reticulum (40), was also mostly in the unin-
fected cell fraction. These data confirm the hypothesis of Newcomb and
Tandon (41) that peroxisomes and the endoplasmic reticulum in the unin-
fected cells contain the enzymes which catalyze the final steps in
ureide formation.

Average specific activities for several of the metabolic enzymes
which are involved in purine biosynthesis are given in Table 5. Since
none of these assays contained detergent, it may be assumed that the
bacteroids made no contribution to the activities as measured. Phospho-
glycerate dehydrogenase is a plastid enzyme, probably involved in syn-
thesis of serine, which is required for purine biosynthesis (59). The
specific activity of phosphoglycerate dehydrogenase was twice as high in
the uninfected cell fraction as in the infected cell fraction.

Specific activity of aspartate aminotransferase (Table 5) was 2-3
times higher in the uninfected cell fraction. One isozyme of aspartate
aminotransferase in the soybean nodule has been localized in the plastid
(59), and aspartate is required for purine synthesis. The presence of
different 1sozymes of aspartate aminotransferase in peroxisomes,
mitochondria and chloroplasts of leaves has been previously reported
(65) .

Protoplast fractions were subjected to native polyacrylamide gel
electrophoreis and stained for aspartate aminotransferase activity
(Figure 6). Band 1 is the soluble isozyme, and band 2 is the plastid

isozyme (59). The wuninfected cell fraction was applied to gel A,
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Table 4

Specific Activity of Enzymes Involved in Ureide Formation

Uninfected Cell Fraction Infected Cell Fraction

nmol mg'l mg protein'l
Uricase 65 4.1
Catalase 35 x 103 5.0 x 103
Allantoinase 9.0 3.6
OH-butyrate dehydrogenase 1.5 6.0

Triton X-100 was present only in the assay for hydroxybutyrate

dehydrogenase.



Table 5

Specific Activity of Enzymes Involved in Purine Synthesis

and Energy Metabolism

Uninfected Cell Fraction Infected Cell Fraction

nmol min~! ng prot:e.in'1

Phosphoglycerate

dehydrogenase 58 27
Aspartate

Aminotransferase 79 30
6-Phosphogluconate

Dehydrogenase 4.4 1.1
Glucose-6—Phosphate

Dehydrogenase 3.7 1.1
Triose-P Isomerase 150 140
Malate Dehydrogenase 7.2 3.5
Lactate Dehydrogenase 7.0 5.4

Triton X-100 was not present during the assay.

40



Figure 6. Isozymes of aspartate aminotransferase. Proteins were
separated by native polyacrylamide gel electrophoresis and stained for
aspartate aminotransferase activity with Fast Violet B. Band 1 is the
soluble isozyme; band 2 is the plastid isozyme (59). A = uninfected

cell fraction, B = infected cell fraction.
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which contained much more activity in Band 1, the soluble isozyme. The
infected cell fraction was applied to gel B. Both gels showed essen-
tially equal amounts of the plastid isozyme (band 2). The amount of
activity of the soluble isozyme in the infected cell fraction (B) was
due at least in part to contamination by uninfected cells (indicated by
uricase activity).

Glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydro-
genase are enzymes of the oxidative pentose phosphate pathway, one
product of which is ribulose-5-phosphate, which is converted to ribose-
5-phosphate by ribose-phosphate isomerase (69). Ribose-5-phosphate 1is
one of the substrates of 5-phospho-a-D-ribose l-pyrophosphate (PRPP)
synthetase, in the first step leading to purine biosynthesis. There-
fore, high levels of glucose-6-phosphate dehydrogenase and 6-phosphoglu-
conate dehydrogenase would be expected in cells synthesizing large
amounts of purines. The specific activity of both of these enzymes in
the uninfected cell fraction was about four times the specific activity
in the infected cell fraction (Table 5). Starch is the major source of
glucose-6-phosphate in most plant cells (70). I have noted starch gran-
uales in the plastids of only the uninfected cells in the electron
micrographs of Newcomb and Tandon (41).

Triosephosphate isomerase activity is present in both the cytosol
and plastid fractions (59). The specific activity of this enzyme was
essentially equal in both uninfected and infected cell fractions. The
specific activity of malate dehydrogenase in the uninfected cell
fraction was about twice that in the infected cell fraétion (Table 5).
While nodule peroxisomes contained no hydroxypyruvate dehydrogenase,

lactate dehydrogenase was present in the cytosol, and wutilized
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pyruvate, hydroxypyruvate, or glyoxylate as a substrate (Chapter I).
The specific activity of lactate dehydrogenase was only slightly higher
in the uninfected cell fraction (Table 5).

Results of assays for phosphoribosyl amidotransferase activity were
inconclusive. Both uninfected and infected cell fractions contained
very low levels of this enzyme activity. While this enzyme has been
measured in nodule extracts, the specific activity was low compared with
uricase (71), for example, and one would not expect to detect activity
in the low yields of pure protoplasts obtained in our experiments. PRPP
synthetase was also not detectable. It will probably only be possible
to localize these enzymes in protoplasts by labeling studies. Phos-
phoribosyl amidotransferase has been localized intracellularly in the

plastid (59).
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SUMMARY

Several intracellular compartments of nodule cells participate in
purine synthesis and degradation to ureides, including plastids, peroxi-
somes, the endoplasmic reticulum, and the cytosol (59, 40). Most of the
activity of the peroxisomal enzymes uricase and catalase was associated
with the uninfected cell fraction. Allantoinase, which has been local-
ized in the endoplasmic reticulum (40), also had a much greater specific
activity in the uninfected cell fraction. All of these data support the
previous report (41), based on electron micrographs, that peroxisomes
are found predominantly in the uninfected cells, where smooth endoplas-
mic reticulum also proliferates.

Purine synthesis has been localized in the plastids (59), which are
observed in both cell types in the soybean nodule (41). Purine synthe-
sis might therefore occur primarily in only infected cells, only in
uninfected cells, or in both cell types. Several of the enzymes whose
products are required for purine synthesis, inlcuding phosphoglycerate
dehydrogenase, aspartate aminotransferase, 6-phosphogluconate dehydro-
genase and glucose 6-phosphate dehydrogenase, were present at much
higher levels in uninfected cells, and the soluble isozyme of aspartate
aminotransferase was predominantly found in the uninfected cell frac-
tion. However, the possibility of purine synthesis also occurring in
the infected cells cannot be excluded on the basis of enzyme distribu-
tion alone. I1f purine synthesis does occur primarily in the uninfected
cells, amino acids are probably transported from the infected cells to
the uninfected. But if purine synthesis occurs in the infected cells, a
purine intermediate might be transported. These anﬁ other questions may

be resolved by labeling studies using purified protoplasts.
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METABOLISM OF UREIDES IN SOYBEAN LEAVES AND SEEDLINGS
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Allantoin and allantoic acid, the major transport forms of nitrogen
in soybean xylem sap, must be hydrolyzed in the leaves in order for the
nitrogen to be useful in the growth of the shoot. Our knowledge con-
cerning allantoinase, allantoicase, and urease, the enzymes likely to be
responsible for the hydrolysis of the ureides in soybean leaves, is

fragmentary, as indicated in the introduction.
METHODS

1. Sorbitol gradients of leaf organelles.

Soybean plants were grown as described in Chapter I. Ninety grams
of leaves were homogenized in a Waring blendor with 450 ml of 15% sorbi-
tol in 0.1 M Tricine (pH 7.8) with 40 g buffer-saturated insoluble poly-
vinylpolypyrrolidone. To remove debri, the homogenate was filtered
through four layers of cheesecloth and one layer Miracloth, then centri-
fuged at 300 g for 15 minutes. The supernatent was centrifuged at
20,000 g for 30 minutes. The pellet was resuspended in 10 ml of the
above medium and layered on a step gradient of 10 ml of 85% (w/v) sorbi-
tol, 10 ml of 70% sorbitol, 10 ml of 60% sorbitol, 10 ml of 50% sorbi-
tol, and 10 ml of 30% sorbitol. All sorbitol solutions were prepared in
0.1 M Tricine (pH 7.8). The gradient was slowly accelerated for one

hour to 106,900 g and centrifuged for 4 hours at this speed.

2. Sucrose gradients of leaf organelles.
Soybean leaves (100 g) were homogenized in a Waring blendor with 50
g buffer-saturated insoluble PVP and 475 ml of medium containing 15%

sorbitol, 0.1 M tricine (pH 7.8), 10 mM KCl1, 1 mwM MgCly, and 10 mM



EDTA. The homogenate was centrifuged as above. The 20,000 g pellet
was applied to the microsomal sucrose gradient given in Chapter 1, and

centrifuged at 106,900 g as above.

3. Sucrose gradients of seedling organelles

Eighty g of shoots from 6 day old seedlings were homogenized in 175
ml of the medium used for sucrose gradients (above) with 38 g buffer-
saturated 1insoluble polyvinylpolypyrralidone. The homogenate was
filtered and centrifuged as for the above leaf gradients. The 20,000 g
pellet was applied to the microsomal sucrose gradient given in Chapter

I, and centrifuged at 106,900 g as above.

4. Enzyme assays
Marker enzymes were assayed as in Chapter 1. Chlorophyll was deter-
mined in 80% acetone at 663 nm.

Allantoinase was determined by the diphenylformazan method (72), as
in Chapter I. Glyoxylate production by allantoicase was measured by
coupling to lactate dehydrogenase (73) or by the diphenylformazan method
(72) . The substrate was 10 mM allantoic acid in either 25 mM phosphate
buffer (pH 7.4) or 20 mM Tricine (pH 7.8). Reactions were incubated 30
minutes at 30°C and stopped with the phenylhydrazine reagent for the
diphenylformazan determination. Urea production was measured by ammonia
formation coupled to urease (Sigma) added in excess to reactions carried
out in Conway microdiffusion dishes (74). The reactions were stopped
with saturated K;CO3 and ammonia determined (74) with Nessler's

reagent (Sigma) after diffusion for 2 hours at 30°C.
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Thin layer chromatography was done on glass cellulose plates con-
taining fluorescent indicator in 7 ether:2 formic acid:1 water. Ureide
groups were stained with p-dimethylaminobenzaldehyde (75).

For the radioactive assay for allantoicase, 0.8 ml 2—[14C]ur1c
acid in 0.1 M CHES (pH 9.0, Sigma) was incubated with 2 units uricase
(Sigma) for 30 minutes at 25°C. The plant or enzyme sample was then
added and the reaction was brought to a volume of 1.0 ml in a small
vessel containing 0.4 ml 807 hyamine hydroxide in the center well. The
reaction was incubated at 25°C, stopped with 0.2 ml1 2 N HCl, and allowed
to diffuse for 12 hours before counting the [14C]C02 absorbed by

the hyamine hydroxide.

RESULTS AND DISCUSSION

1. Isolation of Organelles

Isolation of intact peroxisomes from soybean leaves proved to be a
difficult task. Good yields of peroxisomes have been previously obtain-
ed only from spinach and sunflower leaves, and only poor yields from
other species (76). A comparison of catalase activity, the marker
enzyme for peroxisomes, in soybean leaf extracts with the levels of
activity previously found in spinach leaves (76) is presented in Table
6. Fewer total units of activity were measured in the soybean homogen-
ate, and the specific activity was much lower than that in the spinach
homogenate, indicating fewer units were extracted from soybean leaves
than from an equivalent amount of spinach leaves. The pércentage of the
original catalase activity found in the 6000 g pellet, which was applied

to the sucrose density gradient, was only 4% for soybean leaves, versus
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TABLE 6

Comparison of Soybean and Spinach Leaf Extracts

For Catalase and Peroxisomal Isolation

Catalase Activity

Fraction 53 g Soybean leaves 50 g Spinach leaves
Homogenate, units 41,000 583,000
Total protein, mg 715 2,200
Specific activity 58 265
600 g pellet units 700 -
6000 g pellet units 1,600 175,000
% yield of previous step 4 30
total protein, mg 62 460
specific activity 26 380
Peroxisomal peak, units 800 96,800

Leaves were ground in a Waring blendor and the homogenate was
filtered and centrifuged at 600 g. The supernatant was centrifuged at
6000 g. This pellet was resuspended and applied to a sucrose density
gradient. Spinach data are taken from Tolbert et al. (1969) Plant

Physiology 44:135-147 (76). Units are umol *min~1.
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30%Z for spinach leaves, as if a major part of the peroxisomes were broken
during the centrifugation steps. The specific activity of catalase in
the soybean leaf extract was less than one-tenth that of the spinach ex-
tract at this point. The yleld of catalase activity in the peroxisomal
fraction of the soybean leaf gradient was less than 1% of the yield on
the spinach leaf gradient. Thus fewer peroxisomes were extracted from
soybean leaves, and many more peroxisomes broke in the steps prior to
the sucrose gradient. While adequate amounts of soybean leaf peroxi-
somes could be isolated for localization of the major enzyme components,
those enzymes present at low levels might not be detectable.

Organelles from cowpea leaf extracts were also separated on sucrose
density gradients. Even fewer intact peroxisomes were obtained from
cowpea leaves than from soybean. Cowpea organelles were also separated
on a zonal gradient, but the yield of peroxisomes was very low. Almost
all of the catalase activity appeared in the soluble fraction, apparent-
ly from broken peroxisomes.

Different methods of grinding or chopping the leaves were tried, as
well as the addition of 2.5% w/v Ficoll to the medium. None of these
methods gave any improvement in the yield of intact peroxisomes. It was
necessary to add at least 1 g insoluble polyvinylpolypyrrolidine per 10
g of leaves to prevent browning of the extracts due to oxidation of
phenolic compounds in the leaves. Much better yields of peroxisomes
were obtained from growth chamber-grown plants than from greenhouse

plants.

2. Localization of soybean leaf allantoinase
Sorbitol density gradients were used in order to avoid the possible

interference by sucrose in the diphenylformazan assay for allantoinase
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(Chapter I). The organelle fractions were broader on the sorbitol gra-
dients and much of the activity of the peroxisomal marker enzyme, cata-
lase, overlapped the mitochondrial marker activity of cytochrome ¢
oxidase, as seen in fraction 8, Figure 7. Intact peroxisomes of higher
purity appeared at a density of 1.25 g/cc in fraction 12, in which the
specific activity of catalase was 700 umol min~} mg protein'l.
Traces of uricase were also found in the peroxisomal fraction, but the
levels were very low, as expected in the leaves.

Allantoinase activity co-sedimented with cytochrome c¢ reductase,
the microsomal marker enzyme. Allantoinase specific activity in the

microsomal fraction was 120 nmol min~! mg protein'l. Total

allantoinase activity was 320 nmol min~! gram fresh weight-l,
about half the level found in nodules per gram fresh weight (Chapter I).
The specific activity of allantoinase in a total leaf extract was 30

nmol min~!

mg protein~!, The K; for allantoin was about 30
mM. The pH optimum of the enzyme reaction was 7.8 to 8.0. Allantoin
rapidly hydrolyzed nonenzymatically above pH 8.5.

Soybean leaf organelles were also separated on sucrose density
gradients (Figure 8). Part of the catalase activity was found in frac-
tion 7, where the mitochondrial fraction was located, as marked by cyto-
chrome c¢ oxidase, but the highest specific activity of catalase, 900
umol min~1 mg protein'l, was found in fraction 12, at a density
of 1.25 g/cc. This density is typical for a peroxisomal fraction (1).
Allantoinase again co-sedimented with the microsomal marker cytochrome c¢
reductase at 1.18 g/cc. Allantoinase maximum specific activity was 70

nmol min~1 mg protein‘l. Sucrose gave only a slight reaction in

the diphenylformazan assay for allantoinase when performed as specified



Figure 7. Separation of Soybean Leaf Organelles on a Sorbitol Density
Gradient.

Organelles were first pelleted by differential centrifugation, resuspen-

ded, and applied to the sorbitol gradient. The gradient was fraction-

ated from the top (fraction 1 has the lowest density).
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Figure 8. Separation of Soybean Leaf Organelles on a Sucrose Density

Gradient.
Organelles were first pelleted by differential centrifugation, resuspen-
ded, and applied to the sucrose gradient. The gradient was fractionated

from the top (fraction 1 has the lowest density).
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in the Methods section. The sucrose reaction was subtracted by running
zero time controls.

Germinating soybean seedlings also degrade purines, presumably
utilizing ureides stored in the cotyledon. While only traces of uricase
were found in seedling peroxisomes, high levels of allantoinase occurred
in the microsomal fraction (Figure 9).

In all of the soybean leaf or seedling gradients, allantoinase was
found in the microsomal fraction, probably originating from the endo-
plasmic reticulum. These results contrast with previous reports of
peroxisomal allantoinase (13, 14), but agree with localization of allan-

toinase in soybean nodules (Chapter I, 40).

3. Soybean Allantoicase
Allantoicase activity may be determined by measuring either glyoxy-
late or urea, the products of the reaction. I chose first to look for
glyoxylate, since enzymes involved in the metabolism of this compound
are always found within peroxisomes (l1). Several colorimetric or enzy-
matic methods for determination of glyoxylate are available.
Noguchi et al. (13) assayed allantoicase by the method of Gregory
(73) and localized fish 1liver allantoicase in peroxisomes. In this
assay (73), oxidation of NADH by lactate dehydrogenase 1is coupled to
glyoxylate production by allantoicase (Chapter IV). However, allantoi-
case activity could not be detected in peroxisomal fractions or crude
extracts of soybean leaves by this assay. Low endogenous rates were
present that were not dependent on either allantoin or‘allantoic acid.
Low levels of glyoxylate may be present in most leaf extracts and in the

substrates, allantoin and allantoic acid, which decompose slowly to



Figure 9. Separation of Organelles From Soybean Seedling on a Sucrose
Density Gradient.

Organelles were first pelleted by differential centrifugation,

resuspended, and applied to the sucrose gradient. The gradient was

fractionated from the top. Data in Figure 9a, b, and c are all from the

same gradient.
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glyoxylate nonenzymatically. The addition of 0.1% Triton X-100 deter-
gent and variations in pH from 7.0 to 8.5 did not reveal allantoicase
activity in either cowpea or soybean leaves. The addition of 0.8%
sodium deoxycholate or 0.2% digitonin did not effect allantoicase activ-
ity. The sensitivity of the coupled lactate dehydrogenase assay was
tested by addition of glyoxylate. A pulse of 10 nmol of glyoxylate was
the minimum amount required for a measurable activity. It is not known
whether the expected allantoicase activity would be great enough to per-
mit an accumulation of glyoxylate sufficient for detection by this
assay.

Allantoicase activity might also be measured by coupling to the
serine:glyoxylate aminotransferase already present in the peroxisomes.
The products would be glycine and hydroxypyruvate, the latter of which
could be coupled to hydroxypyruvate reductase monitored in turn by oxi-
dation of NADH at 340 nm. This method is attractive because the two
coupling enzymes should already be present in the peroxisomes. However,
no allantoic acid-dependent activity was found in organelle fractions by
this assay. The coupling enzymes were present in the peroxisomal frac-
tion at a level sensitive enough to detect a pulse of 20 nmol of glyoxy-
late.

The most sensitive method for determining glyoxylate is the
diphenyl formazan colorimetric method (72). When using this assay for
allantoicase, I stopped the reactions with the phenylhydrazine reagent
on ice, and proceeded with the color determination. High concentrations
of chlorophyll, as in the chloroplasts, interfered slightly with the
peak absorbance at 520 nm. Sucrose did not interfere with this assay

for allantoicase, since the reactions did not havé to be boiled. As
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described earlier (Chapter I), sucrose is a problem in the allantoinase
reaction which must be boiled in order to hydrolyze allantoic acid to
glyoxylate.

No allantoicase activity could be detected in total leaf extracts
or peroxisomal fractions with the diphenylformazan assay for glyoxylate.
Both allantoin and allantoic acid were tried as substrates, as well as
various detergents and buffers. A spectrophotometric assay for allan-
toicase was also attempted, measuring the phenylhydrazone of glyoxylate
at 324 nm, but no allantoicase activity was detected. Low rates of
activity (30 nmol min~! ml'l) were occasionally found in the
chloroplast fraction, but this activity was not substrate dependent, and
was probably due to an artifact caused by the high concentration of
chlorophyll. Allantoicase activity did not occur in chloroplasts of
seedlings, which were shown to hydrolyze allantoin in vivo (see Section
4). The above diphenylformazan assay for soybean allantoicase was per-
formed under the same conditions, including the addition of magnesium
chloride, which were successfully used to measure allantoicase from fish
liver (Chapter IV). Since this endpoint assay 1is sensitive enough to
detect low levels of activity, the lack of activity in soybean leaves
may indicate that the pathway or the enzymes in soybean tissues are
different from those in fish liver.

Allantoicase activity has been reported in extracts of leaves of
nitrate grown bushbeans (36). The assay was unusual in that a small
amount of phenylhydrazine was present during the reaction to trap
glyoxylate produced. The diphenylformazan determinatioﬁ was performed
after the reaction was stopped on ice. I found no allantoic acid-depen-
dent activity in soybean leaf or seedling extracts with this assay,

although artifactual rates in the absence of substrate were observed.
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Another possible method of detecting allantoicase would be to mea-
sure the urea produced by the reaction. The urea production could be
coupled to urease, and the ammonia determined by Nessler's reagent. It
was necessary to microdiffuse the ammonia from the reaction chamber
before carrying out the color reaction, which 1is sensitive to inter-
ference by many compounds (74). The reaction was stopped with strong
base, driving off the ammonia, which was absorbed by acid in an inner
compartment of the reaction chamber. Using this procedure, no allantoi-
case activity was detected in peroxisomal fractions or total extracts
from soybean leaves, with uric acid, allantoin, or allantoic acid as
substrates. In fact, the peroxisomal extracts incorporated part of the
background ammonia present in the reagents. No urease activity was
found in leaf extracts by this method.

Alternate pathways for allantoin metabolism exist in micro-organ-

isms. Allantoin 1is fermented by Streptococcus allantoicus through a

series of intermediates including allantoic acid, glyoxylurea, and carb-
amyloxamic acid, yielding oxamic acid, ammonia, ATP, and NADH as pro-
ducts (77). This pathway occurs only in the presence of NAD, MgSO,,
and phosphate or arsenate. In the absence of these cofactors, allantoic
acid is degraded to glyoxylate and urea. Activity of the enzymes of
this pathway could be determined by measurement of oxamate (78) or
reduction of NAD at 340 nm. Although detectable levels of oxamate were
present in soybean leaf extracts, no allantoic acid-dependent production
of oxamate was found, nor was NAD reduced in the presence of allantoic

acid and the above cofactors.
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4. Radioactive Assay for Allantoicase

Ureides were separated by thin layer chromatography or high voltage
electrophoresis and stained with p-dimethylaminobenzaldehyde (75), which
gives a yellow color for allantoin, allantoic acid, or urea. Uric acid
was detected by fluorescence. Soybean leaf extracts contained high
levels of allantoic acid and urea when separated by either method. This
accumulation may indicate that the allantoicase and urease reactions are
limiting steps in the pathway, allowing a build-up in the pools of
allantoic acid and urea.

A radioactive in vivo assay was employed for allantoinase and
allantoicase. [Z-IAC]Uric acid was converted to [Z-IAC]all-
antoin using excess uricase purchased from Sigma. The conversion reac-
tion, monitored at 293 nm for absorption by uric acid, was essentially
complete, since the radioactive allantoin was free of uric acid when
analyzed by thin layer chromatography. Any remaining uric acid would
not have interfered with the assay, although the specific activity of
the allantoin would have been 1lower than expected. Soybean pods,
leaves, or seedlings were incubated with the [2-14C]allantoin in
closed vials containing a small center cup filled with 80%Z hyamine
hydroxide. [14C]C02 from completely hydrolyzed allantoin was
trapped in the base. When extracts were assayed, the reaction was
stopped with acid, driving off the [14c]c02. This assay requires
the action of all three enzymes in the pathway; allantoinase, allantoi-
case, and urease. Since the [2-14C]uric acid contained a small
amount of [14C]urea, control reactions of substrate plus purchased
uricase and urease were always run as well as nonenzymatic controls, and

any background counts found were subtracted from the enzyme reactions.
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Since several hours were necessary for uptake of substrate in the in
vivo assay, and the uptake was not quantitative, it is not possible to
determine enzyme rates from these data, and many factors such as differ-
ences in rate of uptake may have affected the results. However, the
data does indicate that a pathway for degradation of allantoin does
exist in these plants, although it has not been possible to demonstrate
activity of the pathway in vitro.

With extracts of soybean pods only very low levels of allantoin
degradation in the radioactive assay were observed. When samples of
these reactions were separated by high voltage electrophoresis, the
majority of the label was in urea. In view of the recent report (42)
that urease is not present in the shoot, it may be concluded that the
final step in the pathway did not occur in these reactions. However,
the presence of label in urea indicates possible activity of allantoi-
nase and allantoicase. Whole pods also showed very low activity for the
whole pathway in vivo (Table 7).

Earlier work suggested allantoin was hydrolyzed to glyoxylate in
wheat seedlings (38). Wheat seedlings should contain the allantoin
pathway, since ureides are stored in many seeds (22), even though mature
wheat plants do not contain detectable ureides. Seedlings were also
very useful for these experiments because of their small size and high
rate of uptake of substrate through the roots. Using the radioactive
assay procedure, wheat seedlings degraded 4 to 9% of the labeled allan-
toin to [14C]COZ (Table 7).

Soybean seedlings had much higher levels of allantoin hydrolysis in
Vivo, degrading 60% of the allantoin in either light or dark (Table 7).

The seedlings probably did not take up all of the (14¢] allantoin
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surrounding the roots. An extract of soybean seedlings degraded only a
small fraction of the [14C]a11antoin, in agreement with earlier
failures to detect the final steps of this pathway in soybeans in vitro
(Section 3).

All attempts to measure the production of either glyoxylate or
urea as a result of allantoicase activity in vitro have met with little
or no success. Results of in vivo experiments indicate that some path-
way for degradation of allantoin does exist in soybean plants, but the
identity of the intermediates and products, the level of activity of the
latter enzymes in the pathway, and the intracellular 1location of the
pathway remain to be determined. Allantoinase activity was present in
all soybean tissues examined, including nodules, leaves, and seedlings,

and was always associated with the endoplasmic reticulum.
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Table 7

Allantoicase Activity in Soybean Seedlings

[2-14C]allantoin [l4c]co
supplied released Degradation
cpm cpm %
Soybean seedlings
24 hours light 174,000 98,600 57
4 hours light 380,000 209,000 55
4 hours dark 380,000 226,000 60
extract 380,000 10,000 2.6
Soybean pods 828,000 6,000 0.7
225,000 7,850 3.5
Wheat seedlings 440,000 16,400 3.7
225,000 20,000 8.9

Allantoicase was assayed in vivo by the radioactive method.
Controls were run to determine the amount of [laclurea contaminating the
[1AC]a11antoin, as well as any nonenzymatic breakdown, and these low
background levels were subtracted. In vivo reactions were incubated for
24 hours to allow uptake, degradation, and absorption of [14C]COZ,
except where otherwise specified. A soybean seedling extract containing
2 mg protein was incubated for 2 hours and stopped with HCl. Specific

acitivity of the [2-14CJallantoin was 1000 cpm‘nmol'l.
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INTRACELLULAR LOCALIZATION OF PURINE DEGRADATION IN FISH LIVER
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INTRODUCTION

Previous reports disagree as to the intracellular location of some
of the enzymes of purine degradation in the lower vertebrates, including
fish, amphibians, and birds. Xanthine oxidase was reported only in the
soluble fraction from fish liver (13), although no data was shown, while
xanthine dehydrogenase from chicken liver and kidney was peroxisomal
(14), but could not be detected in frogs (l4). Enzyme activities in
this latter paper (14) were given as a percent of the total activity or
as relative units to the mean activity of all the fractions, with no
data on activity or specific activity. Xanthine oxidase and xanthine
dehydrogenase appear to be two forms of the same protein (15). Uricase
is always in the peroxisomal fraction from all tissues (13,14), and is
the final enzyme of the pathway present in chickens (14).

Allantoinase was reported to be present in liver peroxisomes from
frogs, but was 1in the soluble fraction in frog kidney (14). It was
necessary to include MgCly in the grinding media in order to keep
allantoinase in the peroxisomal fraction of frog liver (l4). In another
report (13), uricase and allantoinase appeared to be located in the per-
oxisomal matrix and allantoicase in the peroxisomal membrane from fish
liver. While uricase and allantoinase were present also in the soluble
fraction as a result of peroxisomal breakage, allantoicase was located
only in the peroxisomes (13). Allantoicase was reported to be soluble
in frog liver and kidney, although no assay or data were given (14).

In view of the fact that my results with plant‘tissues located

allantoinase in the endoplasmic reticulum (Chapter III), I have reexamined
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previous work on this enzyme. The allantoinase assay of Noguchi et al.
(13) was dependent on glyoxylate reduction by excess lactate dehydrogen-
ase. When allantoin was the substrate, the activities of both allantoi-
nase and allantoicase would be required to produce glyoxylate in this
coupled assay. Soluble allantoinase should not have been detected,
since allantoicase was present in the peroxisomal fraction only. The
authors gave no explanation for the reported allantoinase activity shown
in the soluble fraction and did not mention any other assay method.
Obviously such discrepancies between the data and the assay cast doubt
on the conclusions reached by these authors. Indeed, such a coupled
assay, dependent on the presence of both enzymes, is not appropriate for
a localization experiment for either enzyme. In my studies on allantoin
metabolism, I have used a direct diphenylformazan assay for the separate
catalytic products, allantoic acid and glyoxylate (72). Thus allantoin-
ase and allantoicase activity can be measured independently.

Since questions remained regarding the location of purine degrada-
tion in animal cells, and allantoicase activity could not be detected in
soybean leaf peroxisomes, 1 investigated purine degradation in fish
liver. 1 hoped to clarify the localization of allantoinase, which was
microsomal in all soybean tissues, and to learn more about optimum con-
ditions for assaying allantoicase. Data and experience with the fish
allantoicase would be useful in searching for this enzyme in soybean

leaves, if indeed the same enzyme were present.

MATERIALS AND METHODS

Bluegill-green sunfish hybrids were the gift of Jay Gouch of the

Fisheries and Wildlife Department. Rainbow trout were provided by Dr.
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J. Hoffert from the Physiology Department. Madagascar mouth breeders
were purchased from a local pet shop.

Grinding media, tissue, and gradient varied between experiments as
detailed below. Minced liver was extracted once with a Tektron homogen-
izer, filtered through six layers of cheesecloth or Miracloth, and cen-
trifuged at 300 g for five minutes. The supernatant was applied to the
. gradient described below, centrifuged for three hours at 106,900 g, and
then fractionated from the top of the gradient.

Gradient 1: Six g liver from two bluegill-green sunfish hybrids
was homogenized in 10% sucrose in 0.1 M Tricine, (pH 7.5) and applied to
a step gradient of 3 ml of 2.3 M sucrose, 5 ml of 1.9 M sucrose, 7 ml of
1.8 M sucrose, 7 ml of 1.75 M sucrose, 7 ml of 1.7 M sucrose, 7 ml of
1.5 M sucrose, 6 ml of 1.3 M sucrose, 4 ml of 1.0 M sucrose, and 4 ml of
0.83 M sucrose; all prepared in 0.1 M Tricine (pH 7.8).

Gradient 2: 1.6 g liver (bluegill-green sunfish) was homogenized
in 8.5% sucrose in 1 mM phosphate (pH 7.5) and applied to the above
sucroge gradient, prepared in 1 mM phosphate (pH 7.5).

Gradient 3: 1.6 g liver from the same fish as gradient 2 was homo-
genized in 15% sorbitol, 0.1 M Tricine (pH 7.8), 10 mM KCl, 1 mM
MgCly, and 10 mM EDTA (Beever media, 79) and applied to a gradient
identical to gradient 2.

Gradient 4: 1.1 g liver from two Madagascar mouth breeders was
homogenized in 8.5% sucrose in 1 mM phosphate (pH 7.5) and applied to a
gradient identical to gradient 2.

Gradient 5 and 6: 4.4 g liver from two rainbow trout was homogen-
ized in 10 ml Beever media and divided between two gradients as above.
Gradient 5 contained 0.1 M tricine (pH 7.8); gradient 6 contained 1 mM

phosphate (pH 7.5).
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Gradients 7 and 8: 2.9 g of rainbow trout liver was homogenized in
0.25 M sucrose, 20 mM Tricine (pH 7.8), 20 mM KCl, 1 mM MgCly, and 20
mM EDTA (medium 7) and divided between two gradients. Gradient 7 was a
48 ml linear gradient of 0.75 M to 2.0 M sucrose on top of a 3 ml pad of
2.3 M sucrose, all prepared in 20 mM Tricine (pH 7.5). Gradient 8 was
identical, except for the addition of 1 mM MgCl,.

Gradients 9, 10 and 11: 3.0 g of rainbow trout liver was homogen-
ized in 10 ml medium 7 and divided between three linear gradients of 1.0
M sucrose to 2.1 M sucrose, over a 3 ml 2.3 M sucrose pad. Gradient 9
was prepared in 20 mM Tricine (pH 7.5). Gradient 10 was prepared in 5
oM Tricine (pH 7.5) plus 1 mM MgCly. Gradient 11 was prepared in 20
mM Tricine (pH 7.5) plus 2 mM dithiothreitol.

Catalase, uricase, NADH-cytochrome c¢ reductase, cytochrome c¢ oxi-
dase, xanthine dehydrogenase, and allantoinase were assayed as described
in Chapter I (40).

Allantoicase activity was measured in the presence of 10 mM allan-
toic acid in 25 mM phosphate (pH 7.0) or 20 mM Tricine, (pH 7.5) at 30°C
for 10 to 30 minutes. The reaction was stopped by the addition of the
phenylhydrazine reagent (0.8 ml) for the diphenylformazan determination
of glyoxylate (72). This determination differs from the allantoinase
assay, in which the reactions must be boiled to hydrolyze the product
allantoic acid to glyoxylate, which is then measured in the diphenylfor-

mazan determination.

RESULTS AND DISCUSSION

Organelles from the liver of three species of fishes were separated

on sucrose density gradients by essentially the same methods used in
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Table 8

Total Activity of Enzymes Involved in Purine Degredation in Fish Liver

Soluble Peroxisomal Fraction
Allantoinase Uricase Catalase Allantoicase
gradient units S.A. units S.A. units S.A. units S.A.
1% 150 - 60 - 700 - 15 -
2 510 92 30 140 220 1120 5 28
3 830 240 31 100 250 920 5 20
b* 400 106 12 45 770 6380 5 2.5
5% 2300 240 250 43 9470 1610 162 28
6 2100 230 74 74 2650 4260 9 7
7 1620 260 29 100 1870 7190 40 80
8% 2090 250 150 32 5470 1200 415 91
9 1150 - 21 - 1160 - 25 -
10 1400 212 34 34 1490 1490 33 33

Peroxisomes were purified on sucrose density gradients as specified
in Methods. Approximately 1.5 to 2.0 g liver was used per gradient.
Enzyme units are nmol min'l, except catalase which is in umol
min'l, and S.A. are units °mg protein'l. Allantoinase data is from the
soluble fraction; no activity was present in the peroxisomal fraction.
Uricase, catalase, and allantoicase data are from the peroxisomal frac-

tion, except where an asterick (*) indicates the organelles aggregated

into a single band.
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isolation of plant organelles. In several cases, especially in the
presence of high concentrations of buffer (0.1 M Tricine) or 1 mM
MgCl,, all of the organelles aggregated into a single fraction (Table
8, gradients 1, 4, 5), or the mitochondria and peroxisomes failed to
separate (gradient 8). Better separation was obtained on gradients con-
taining only 1 mM phosphate buffer, and no MgCl, (gradients 2, 3, 6).
However, more allantoicase activity was found when higher concentrations
of buffer or MgCl, were used (gradients 1, 5, 8). In all the gra-
dients, including those 1in which organelles aggregated, allantoinase
activity was only in the soluble fraction (Table 8, Figure 10).

Enzyme units and specific activities in the soluble or organelle
fractions of several of the enzymes involved in purine degradation are
given in Table 8. The enzyme activities given are from the peroxisomal
fraction, except for allantoinase. Uricase, catalase, and allantoicase
activities were highest in the peroxisomal fraction, while allantoinase
was found only in the soluble fraction (Figure 10). Levels of uricase
and allantoicase varied widely betwen experiments, and were highest in
those cases in which the organelles aggregated (gradients 1, 5, 8).
Levels of uricase and allaantoicase appeared to fluctuate in parallel,
while the level of allantoinase was 1independent of the other purine
oxidizing enzymes.

Allantoicase was difficult to localize since the conditions yield-
ing the highest enzyme activity and stability caused all the organelles
to aggregate into a single fraction. While allantoicase activity was
very stable at high buffer concentration (0.1 M Tficine, gradient 1, 5)
or in the presence of MgCl, (gradient 8, 10), very little activity was

found on 1 mM phosphate gradients (gradients 2, 3, 4, 6). Although the



Figure 10. Isolation of Fish Liver Peroxisomes on a Sucrose Density

Gradient.
The 300 g supernatent from a liver homogenate was applied to a
sucrose gradient prepared in 20 mM tricine. The gradient was fraction-

ated from the top. Figure 10a to 10d data are all from the same gra-

dient.
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same homogenate was applied to gradients 5 and 6, only gradient 5 (0.1 M
Tricine) contained a high level of allantoicase in the organelle frac-
tion, even though much better separation of organelles was achieved on
gradient 6 with 1 mM phosphate. Gradients 7 and 8 are identical, except
for the addition of 1 mM MgCl, to gradient 8. While both gradients
contained equal amounts of allantoicase in the soluble fraction, gra-
dient 8 contained 10 times as much activity on the gradient, in which
the organelles unfortunately aggregated. Data from gradient 7 is pre-
sented in Figure 10. Gradients 9 and 10 received equal portions of the
same homogenate, but differ in their composition, gradient 10 containing
less buffer (5 mM Tricine) with the addition of 1 mM MgClpe In this
case, both gradients contained about the same level of allantoicase
activity and reasonable separation was obtained on gradient 10
(MgClZ). Allantoicase again peaked in the peroxisomal fraction.

All the allantoicase data presented were obtained by the direct
diphenylformazan assay for glyoxylate (72). All of the peroxisomal
fractions were also assayed by the coupled lactate dehydrogenase assay
of Noguchi et al. (13), but little or no activity was found. This assay
is not as sensitive as the diphenylformazan assay, since the K, of
lactate dehydrogenase for glyoxylate 1is quite high (80). Maximum
allantoicase activity was found between 10 to 20 mM allantoic acid with
the diphenylformazan assay.

Since high allantoicase activity had been found when organelles
aggregated into a single fraction, samples of all the organelle fractions
from gradients 2 and 3 were pooled and assayed to see if some kind of
interaction or synergism between different organelles were necessary for
allantoicase activity. However, no activity was fodnd in either mixture

of organelles.



82

Allantoinase activity appeared only in the soluble fraction from
all ten gradients, and was not present in the microsomal fraction, indi-
cated by the marker enzyme NADH-cytochrome ¢ reductase. This was
surprising, since this enzyme was in the microsomal fraction from all
soybean tissues, and had been reported in the peroxisomal fraction from
fish liver (13). The hypothesis was considered that allantoinase might
be contained in very light microsomes which did not sediment into the
gradients. To test this, 1.0 ml of the soluble fraction of gradients 2
and 3 was diluted with 2 ml 25 mM phosphate buffer, pH 7.5, and centri-
fuged at 145,000 g for 1 hour. The supernatent of both samples appeared
biphasic, with an upper cloudy layer and a clear lower layer. These
were removed separately, and the pellet was resuspended in 1.0 ml buf-
fer. These three fractions from each tube, as well as the original
soluble fraction from each gradient were assayed for allantoinase acti-
vity (Table 9). Almost all of the allantoinase activity remained in the
supernatent fractions, consistent with the probability that this enzyme
was not contained in microsomes. The possibility remains that allan-
toinase 18 only loosely bound to fish microsomes and was released under
the homogenization conditions for these experiments. It 1is not con-
sidered likely that the soluble allantoinase came from broken peroxi-
somes, since no allantoinase activity was found in intact peroxisomes,
which were recovered in good yield on several of the gradients (Figure
10).

Gradients 5 and 6 were used for characterization of allantoicase.
Phsophate buffer (25 mM) was not inhibitory in the assay, and gave
values equal to those obtained using 25 mM Tricine. In several instan-

ces samples lost all allantoicase activty when diluted 1:10 with 1 mM
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Table 9
Tests for the Localization of Allantoinase in the Soluble

Fraction by Centrifugation

gradient 2 Allantoinase units

nmol *min~!
soluble fraction from gradient 309
upper supernatent 130
lower supernatent 168
pellet 6.6
% recovery in supernatents 987%

gradient 3

soluble fraction from gradient 696
upper supernatent 242
lower supernatent 334
pellet 5.0
% recovery in supernatents 837

One ml of the soluble fraction from the gradient was diluted with 2
ml of 25 mM phosphate buffer (pH 7.5) and centrifuged at 145,000 g for 1
hour. The supernatent was divided about equally into upper and lower

fractions, and the pellet was resuspencded in 1 ml buffer.
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phosphate buffer and incubated for one hour. Higher rates of activity
were found using smaller samples of enzyme, as shown in Table 10. It is
not likely that lower rates with increasing enzyme samples were caused
by substrate depletion, since 10 mM allantoic acid or 10 umol of sub-
strate was present in the assay, and fewer than 100 nmol of product were
produced. The nonlinearity of activity versus enzyme concentration may
have been caused by product inhibition or 1limiting amounts of some
cofactor.

Addition of MgCl, to the reaction caused a dramatic increase in
allantoicase activity (Table 11). The gradient fractions containing the
highest allantoicase activity were chosen for this experiment, since the
soluble fraction contained MgCl, from the homogenization media. As
mentioned above, greater initial activity was present in the aggregated
organelle fraction from gradient 5, which contained 0.1 M tricine, than
in the peroxisomal fraction of gradient 6, which contained only 1 mM
phosphate. In fact, the allantoicase activity initially present in the
peroxisomal fraction of gradient 6 (9 nmol min~] ml'l) was
almost completely gone (0.4 nmol min~! ml'l) when this experi-
ment was performed, but activity was restored by the addition of
MgClyge Maximum stimulation by MgCly occured at a concentration of 5
mM or greater, which was included in all further experiments with this
enzyme. These results provide a possible explanation for the instabil-
ity of this enzyme in dilute buffer, and low activity on 1 mM phosphate
gradients.

The pH optimum for allantoicase was approximately 7.0 (Table 12).
This experiment was complicated by the instability of allantoic acid at

lower pH values. The nmol of product formed by substrate incubated



Table 10

Non-linearity of Allantoicase Assay

Enzyme Aliquot Activity

nmol min~! m1~1

10 ul 102
20 ul 54
30 ul 51
40 ul 33

Aliquots of the soluble fraction of gradient 5 were assayed for 5
minutes by the diphenylformazan assay (72). The enzyme samples con-
tained 1 mM MgCl, from the grinding medium, but MgCly was not added

to the assay.



Table 11

Stimulation of Allantoicase by Magnesium Chloride

Allantoicase activity

MgCl, gradient 5 gradient 6

nmol *min~} *m1~1

none 114 0.4
0.1 mM 142 2.6
1.0 mM 190 2.6
5.0 mM 311 10.2
10.0 mM 270 9.7
10.0 mM 289 10.6

10 ul of the organelle fraction from gradient 5 or 20 ul of the
peroxisomal fraction of gradient 6, along with the indicated addition of

MgCl, to the substrate, were assayed for allantoicase activity.
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Table 12

Effect of Buffer and pH on Allantoicase Activity

Buffer pH Nonenzymatic Total
Reaction Reaction Enzyme rate
nmol product *20 min~] nmol min~! m1~!

Acetate 4.7 17 .2 12.4 -16
MES 6.2 4.3 16.0 39
Phosphate 6.8 4.2 19.5 51
MOPS 7.2 0.8 17 .6 47
TES 7.5 2.5 15.8 45
Tricine 8.2 3.6 13.3 32
CHES 9.3 1.8 5.5 12

Allantoic acid (15 mM) was prepared in the various buffers with
20 mM MgCl,, and incubated both with and without 15 ul enzyme for 20
minutes at 30°C. The reaction was terminated by the addition of the
phenylhydrazine reagent and nmol glyoxylate determined by the diphenyl-
formazan reaction. The net enzyme rate was calculated by the difference
between (nmol from the enzyme reaction minus nmol from the nonenzymatic
reaction) divided by (20 minutes X 15 ul enzyme). Control reactions
indicated the various buffers had little intrinsic effect on the reac-

tion rate.
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alone or with the addition of enzyme is shown in Table 12, along with
the net enzyme rate calculated by subtraction of the non-enzymatic
reaction.

The addition of pyridoxal phosphate had no effect on the allantoi-
case reaction. Dithiothreitol had a slightly inhibitory effect on the
enzyme reaction.

Xanthine dehydrogenase or oxidase were not detectable in any of the
fish liver extracts or gradients. This enzyme is known to be unstable,
but sometimes may be stabilized by dithiothreitol (81). However, no
activity was found in any of the fractions from a gradient containing 2
mM dithiothreitol, or in a sample of the homogenate to which dithio-
threitol was added. These assays were performed immediately after
fractionating the gradient, but the activity was apparently rapidly lost
or there was very low activity in the species of fish used for these
experiments. The assays were done at both 293 nm and 340 nm for
xanthine oxidase and dehydrogenase, respectively, and were quite sensi-
tive when checked with purchased xanthine oxidase. Since previous
workers (13) provide no actual data for this enzyme, little can be con-
cluded at this point regarding the localization of xanthine dehydrogen-
ase. Xanthine dehydrogenase was in the soluble fraction 1in soybean

nodules (40).
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SUMMARY

Purine degradation serves very different functions in plants and
animals. Animals degrade purines to a form which is convenient for
excretion, since animals have no further use for these compounds. In the
plant world, purine degradation products are used by many legumes as an
efficient form in which to transport nitrogen from the nodule for
utilization in other portions of the plant. As different as these pur-
poses are, many similarities exist between the pathways of purine degra-
dation in plants and animals. The most important of these 1is the com-
partmentation of at least part of the pathway in peroxisomes. The uri-
case reaction always takes place within peroxisomes, where catalase is
also present to destroy the hydrogen peroxide produced by uricase.
Allantoicase has been localized in peroxisomes of animals such as fish,
which excrete urea. This enzyme is not present in nodule peroxisomes,
since the pathway ends with the allantoinase reaction in soybean
nodules. Nodule peroxisomes appear to function only in purine degrada-
tion, since they do not contain many of the enzymes normally found in
glyoxysomes or leaf peroxisomes. The nature of the final reactions of
purine degradation in soybean leaves has not been elucidated, but an
enzyme such as allantoicase may be involved, and might be expected to be
compartmented within leaf peroxisomes if glyoxylate is a product of the
reaction.

The allantoinase reaction 1is unusual in that it is localized in
different compartments in plants and animals. Allantoinase 1s associ-
ated with the endoplasmic reticulum in soybean nodules, leaves and seed-

lings. The enzyme in fish liver is found in the soluble fraction. This
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result remains an enigma, since the enzymes preceding and following
allantoinase, uricase and allantoicase, are localized in peroxisomes,
and it is not clear why allantoinase should not also be localized in
peroxisomes. It is not considered likely that allantoinase was released
from the peroxisomal fraction during these experiments, since none of
the peroxisomal enzymes, uricase, catalase, and allantoicase followed a
distribution similar to that of allantoinase. The association of the
plant allantoinase with the endoplasmic reticulum may play a role in the
excretion of allantoic acid from the nodule cells in which it is pro-
duced.

Compartmentation in the soybean nodule 1is further complicated by
separation of nitrogen metabolism between two cell types, the uninfected
cells and those infected with bacteria. It is well known that nitrogen
is symbiotically fixed into ammonia in the infected cells. The peroxi-
somal reactions uricase and catalase, as well as allantoinase from the
endoplasmic reticulum, were found only in the uninfected cell fraction.
It may be concluded that ureide production 1is the exclusive function of
the uninfected cells, and these cells are also the exclusive location of
nodule peroxisomes. The cellular location of the reactions preceding
uricase has not been resolved. Purine synthesis has been localized in
the plastid (Appendix). Some of the enzymes associated with plastids,
as well as several others whose products are required for purine synthe-
sis, were present at a greater specific activity in the uninfected cell
fraction. However, further work is necessary to establish the hypothe-
sis that purine synthesis leading to ureide formation takes place in the
uninfected cell fraction, and to determine what metabolite(s) is trans-

ported between infected and uninfected nodule cells.
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Subcellular organization of ureide biogenesis from glycolytic intermediates
and ammonium in nitrogen-fixing soybean nodules
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Abstract. Subcellular organcelle fractionation of nitro-
gen-tixing nodules of soybean (Glyveme mav (L))
Merr) mdicates that & number of enzymes involved
in the assimilavion of ammonia Into ammo acids and
purmes are located in the proplastids. These include
asparagme synthetase (EC 6.3.1.1). phosphoribosyl
amidotransferase (FC 2 4.2.14). phosphoglycerate de-
hydrogenase (FC F 11 95). senne hydroaymethy lase
(EC 212 1. and methylene-tetrahydrofolate dehy-
drogenase (EC 1.3.1.5) Of the two isoenzymes of as-
parate ammotransterase (EC 2.6.1.1) in the nodule,
only one was located in the proplasud fraction. Both
glutamate synthase (FC 1.31.14) and tnosephosphate
somerase (EC S 3 1) were associated at leastin pant
with the proplastids. Glutanune synthetase (£C 6.3.1.2)
and santhine debydrogenase (FC 1.2.1.37) were found
m sigmiticant quanuties only i the soluble tracuon.
Phosphoribosy Ipyrophosphate synthetase (EC 2.7.6.1)
wis found mostly in the soluble tracuon, although
small amounts of it were detected in other organclle
fractions. These results together with recent organelle
fractionation and electron microscopic studies form
the basis tor a model of the subcellular distribution
ol ammonium assinlation, anide synthesis and ure-
ide bogenesis in the nodule.

Key words. Ammonmum assimilation  Glveme  Ni-
trogen fixation — Proplasud  Purine synthesis - Root
nodule  Uraide

Introduction

Itis now well established that a number of legume
species. including soy bean, assimilate most ol the am-

Ahhicinatnmy FH - tetrahvdiotobe aod . PREPP . Sophospho-x
D-nibose  I-pyrophosphate PRIPP synthetase tibosephosphate
M rophosphokinase (phosphonbosy ipyrophosphiate synthetase)

monium produced by mitrogen Nxation mto the “ute-
ides 7, allantoin and alluntowe acid (Herndee et al
1978 McClure and Isracl 1979). The uraides are pro-
duced in a pathway involving de novo punine biosyn-
thesis followed by oxidation of the purine ning (Athins
et al. 1980: Schubert 1981: Bolund and Schubert
1982, The subcellular location in peroxisomes, endo-
plasmic reticulum. and cytoplasm of the enzymes of
purine oxidation has recently been presented (Hanks
ctal. 1981). Studies on the enzymology of purine bio-
synthesis and s ancillary processes in sovbean no-
dules have demonstrated the presence of ribosephos-
phate  pyrophosphokiase  (Phosphonbosyipyro-
phosphate synthetase. PRPP synthetase: FC 276 1)
and phosphoribosyl anudotransterase (1 ¢ 24.2.14).
which catalyze two of the imnal steps of purine bio-
genests (Schubert 1981 Reynolds et al 198200 as well
as phosphoglycerate dehydrogenase (FC 11T 9S). se-
rnne hydroxymethyliase (EC 2.1 2.1) and methylene
FH, (tetrahydrofolicacidydehydrogenase (1 C 1S 1.5),
which function in the production of ghyeme and
N*.N'°-methenyl FH,. precursors for purine synthe-
sis. The levels of these enzymes are much greater
in so0y bean nodules than in nodules of lupin, a legume
in which the main products of ammonium assinula-
uon are amino acid amides rather than ureides (Rey-
noldsctal. 1982 b). All these enzy mes have been shown
N recent experiments to nercase dramatically i spe-
cific activity 1in soybean nodules during the onset ot
nitrogen fixaton and ureide production (Schubert
1981 ; Reynolds et al. 19824).

The intracellular location of these enzvimes has
been investigated in view of the complesity and un-
usual structural nature of the nodule cell. and the
compirtmentation in ditferent organclles of the pu-
nine-oxidizing enzymes (Hanks ctal. 1981 Our ex-
perimental approach has been o fractionate nodule
organclles on sucrose density gradients and measure
levels of the key enzymes i all organclle tractions.

OO32-0935, 82,01 S3/0043, 301 40
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mcluding all the cozvmes heretotore mentioned and
also those iInvolved i assimilation ot ammonium into
amino acds and anides

Materials and methods

4O ISennc 2 1S Glig mmob |3 70 lspariatc th 8y Glig mmoh
and [V glutanine (8 ST G By ammoly were obtained trom the
Radionbemieat Centre. Amershame U K Phosphohydioaypyruvate
was pencrated trom the dimctby lhetal devvative which was oh-
tamed from Sigma € hemieal Co oSt Tous, Mo USA - Tetrahy -
drofolate. $ phospho-z- 1) nihose 1-pyiophosphate (PRPP). malate
delivdiogetiase (porcine heat ey toplasin y-ghvectophosphate de
hydrogenase (hype 1oand 1T ml vals o NADEL NAD T and
NADE were obtamed trom Sigma - Al other reagents were ol
anghvbical punity
Three separale experiments wete warned out. n which the
condions were vanad according W the avalability of sovhean
phints aied attempts to stabilize dillerent cnzynes Soybean plants
(home mav (1) Merr oy Amsoy 71 were grown from seeds
(drom Michizan Foundation Seed Corp . Fast Lansing. Mich |
USA) inovulated with Rluzobaum japonicim steam b 110 (LS
Department of Agnculture, Beltville, Md . USA) and grown
4 prowth chamber under cool-white fluorescent and tungsien
lamps at an energy Nuenee rate of 120 W om 4 with a 12-h photope-
Hond and g temperatune of 382 C day and 200 C mght. experments
1 and 2) ot greenhouse tdunng the months of August and Scep-
tember wath addinonal hight supphied tor g 16-h photopaiod trom
paired Giro-lua and cool-white Nuorescent lamps gt fluence of 50W
mSand o temperature of 387 C day and 25 C night.expeniment
B Perhine (heat-treated volcame rock. Therm -o-Rock. New
Fagle, Pa . USA) and watered datly with mtrogen-tree nutnent
solution (1 sshbeck et gl 1973 Threc-week-old plants were used
Extiacts trom 3 3 ¢ of nodules were tractionated on sucrose density
gradients s desciibed by Hanks et al (19811 The grindmg media
contamed 03 M sucrose. O 1M Nansthydrovymethyhnethy gy -
ane Chncine) at phl 7%, 10mM KCL 10 mM cthylenediamine te-
traacetic acid (FDTA). 1| mM MgCly, 28 g ml ' pyridoral phos-
phatc and 10 mp ml ' Lauy-aad-free bovine serum albumin D
thiothrentol w as alse mctuded i all ginding media at a conventra-
Hon o 25 M for eapernment Foand 20 mM lor subsequent experi-
ments Reduced glutathione (S mM) was added 10 the medium
for experimeni 2. 1o protect phosphonbosy L anidotransterase Ho-
mogenates were kiyered on a 48-ml lincar gradient of 0 78 20M
suctose e 20 M Tiome. pH 7.8 and 25 pgmil ' pynidoxal phos-
Phate. over o 3aml bottom pad of 23 M sucrose Dithiothrenol
was abho mcluded moall gradients at 2 SmM o eaperiment 1o
SIM o other expenmients. and the gradient m expeniment 2 albso
contained 2 mM reducad glutathione.
Al gradhients were contnfuged moa Beckman SW 28 2 ot
a FCm w12 uliracentniuge (Bechman Instruments, Palo Ao,
Cal USAY e 25,000 rpm (106,900 ¢) for 4 S hoor Shon the case
ob expetimient 1. atter slow aceeleration as described by Hanks
ctal (9% Alter the run. 2 1o Ssmil tracuons were collecied
from the top of the gradient

Enzume asvavs. Glutanine synthetase (£C 6.3 1.2) was assayed us
g the ghutamy | by droxamate synthenic assay according o Farnden
and Robertson (1980) Glutamate syathase (FC 14114) was as-
sayed by measuning oxoglutarate and glutamine-dependent NADIH
disappearance as described by Boland and Benny (1977), and aspas -
tate ammotransterase 11 C 2.6, 1.1 with the malate dehydrogenase-
Iinked assay of Bergmeyer and Bernt (1963) Asparagine synthetase
(EC6 31 1) was issayed by the synthesis of [4-*Clasparagine trom
labeled aspartate. followed by separation by paper electrophoresis
according to Farnden and Robertson (1980)

Phosphonbosyipyrophosphaic ssnthetase was avsayed us de
scribed by Schubert (1981) . phosphonhosd amidotransierase was
assaved using the PRPP-dependent deanndation ol [ Jelutamane,
with subsequent separation of labeled glutamate by papes clectio:
phoresis according to Holmes ¢t al (1973 Nanthine achydroge:
Nase was assaved s described by Boland (198 1)

Phosphoghcurate debydrogenase was assayed by measuring
the phosphohydroay pyrusate-dependent oxidation of NADH .t
340 nm Reaction mixtures contamed 01 M potassium phosphate
bulfer. pHi 75, 60 uM NADH and 25 ! of 4 gradicnt fraction
n 4 volume of 09S mi The reaction was statted by the additon
ot S0 pl of 20 mM phosphohydroas pyruvate Senine hydroxymeth-
viase was ssved by o modiication o the method of Tavlor
and Wersshadch (1965) The reaction mixture contamed X0 mM po-
tassium phosphate butter, pH 7.5 10 pg:ml pyridunal phosphate,
0 2% (vv) f-mercaptoethanol. | mg:ml FH, and 23l of a pre-
dient fraction Atter premncubation for 10 mun. the reaction was
started by the additon of senne 1o 0.8 mM. 20 kBy [3-1*CJserine
per reaction n a total volume of 04 ml Atter 20 nun incubation,
derivatization and extraction were carnied out as doscnibed by Tay-
lor and Wensbach (1965). Methylene FH, dehydrogenase was as-
sayed by monnonng the increase in absorbance at 330 nm due
o formation ot NADPH and methenyl FH, A combined extine-
Lon coetlicient of 30,000 M ' cm ' was used to walculate rates
Reaction mixtures contamed S0 mM tiis-thydrovymethyhanuno-
methane (Tris)-HOL pH 75 2 S mM dihiothrenol, $00 uM- o
maldchyde. 400 uM FH, und 25 ul of a gradient traction Alter
10 mm premcubation. the 1eaction way started by the addinon
of NADP ' 1o give a final concentration of S0 p™M

Muarker enzymes were assayed as follows  Triosephosphate
omerase (EC 3.1 1) a proplasud marker. was determined by
couphizg with 2-glycerophosphate dehydiogenase accordmg to Ber
seithers (1955), fumarase (£C 4 2 1.2), a marker enzyme tor the
mitochond i, was assayed i 01 M potassium phosphate. pH 7 5.
by the production of fumarate. measured at 240 nm.in the presence
of S0 mM malate (Biochenica Information' ). and 3-hydroay butyr-
ate dehydrogenase (FC 1 1.1.30) i the bacteronds was measured
by 3-hvdrovybutyrate dependent NAD ™ reduction as duesenbed by
Hanks ctal (1981).

Gel choctrophorests. Gel clectrophoresis and actinity stainimg ol
aspartate aminotransicrase was carried out in tube pels according
10 Reynolds and Farnden (1979)

Results and discussion

The gradient centrifugation effected separation of mi-
tochondria, proplastid and bacteroid fractions as indi-
cated by the marker enszymes. fumarase. triosephos-
phate isomerase and B-hydroxybutyrate dehydroge-
nase. respectively (Fig. 1). These organelles were
found at densitics of 1.18, 1.21 and 1.23 g ml ™', re-
spectively. A value of 1.21 g ml " has been reported
for proplastids from spinach and pea roots by Miflin
(1974). The presence of triosephosphate isomerase at
the top of the gradient in the soluble fraction is due.
at least in part. to proplastid breakage.

Enzvmes svnthesizing dicarboxylic anuno acids and
amides. Glutamine synthetase, the first enzyme re-
sponsible for assimilation of ammonia produced by

' Vol. 11 p 71: Boehringer. Mannhaim. b R G
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big. 2. Discabution ot sy bean nodule cnzvmes responsible tor
the sy ithesas of amme acids and amides after suctos density pra-
dient ventrugation  Toosephosphate sonierase and  glutamate
Mhase results are from expt 3. glutamine synthetase and wspar-
Lt amineostransterase results from eapt |

bauclcriud: m the nodule, was found almost entirely
n the soluble fraction of the nodule (Fig. 2). This
result is in agreement with the distribution of this
enzyme i nodules of Phaseolus vulgaris reported by
Awonaike et al. (1981) and in roots of maize, rice,
bean, pea, and barley reported by Suzuki ct al. (1981).
Bccausc of the unique role of glutamine synthetase
n assimilating ammonium produced by the bacte-

roids, a cytosolic location seems a logical way of

preventing a toxic buildup of ammonium.
The location of glutamate synthase in the cell was

2]

Fgi. X Gelelectophoresis of soluble e and proplasind ¢hy Tractions
from sovbean nodules. stamimg Tor aspartate ammotiansterase -
NI

not clear-cut: however, there was a definite peak of
enzyme activity associated with the proplastid frac-
tion. A proplastid location has been reported for glu-
tamate synthase in Phascolus vulgarss nodules (Awon-
athe ot al. 1981) and soy bean root tissue (Suzuks et al
1981). and our results support this localizauon, al-
though the possibility of an additonal location in the
cytosol can not be excluded.

Aspartate aminotransferise activity was tound in
both soluble and proplasud fracuons (Fig. 2). n
agreement with the results of Miflin (1974). The ex-
istence of two isuenzymes of aspartate aminotransier-
ase has been reported for lupin nodules by Revnolds
and Farnden (1979) and for soybean nodules by Ryan
etal. (1972). The faster-moving lupin ¢nzyme in gel
clectrophoresis is produced in the nodule concurrenthy
with other ammonium assimilating enzymes during
nodule development, and i1s presumably the priman
enzyme responsible for aspartate synthesis i ammo-
nia assimilation (Reynolds and Farnden 1979)

Following scparation by gradient centnfugation,
soluble and proplasud fractions were subjected 10
electrophoresis on tube gels and stained for aspartate
aminotransferase activity (Fig. 3). The proplastds
contained only one isoenzyme. while the soluble frac-
tion contained two, the mgjor one of which had a
lower relative mobility than the proplastid isoenzyme
The second isoenzyme in the soluble fraction co-nu-
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Table 1. Dastiibution of v i actinaiies henweon soluble and pwak
mtochendiial and proplastid Baciions trom sovbean noduales?

PrRIP

syuthotase

| racthion Asparagme I'hosphoribosyd

synthotase amdottgnsierase

Sulubl 02l v 2N
Miton houtal ND [[IRTY \ND
Proplistids [[R]] 0N 40

< Vadues are Bom eapernent Noo 20 AT values are exprossed

nhat ml ! gradicent achion ND - none deieaied

prated with the proplasud isoenzyme and was probab-
ly the result of proplasid breakage. 11w comparison
with lupins is valid. then the faster-migrating. proplas-
td noenzyme is specitically involved in aspartate syn-
thesis during ammonia assimilation. Scans of the gels
indicated that in the soluble fraction, the slower-mos-
ing xoenzyme accounted for approvimately 70%0 of
the total activity.

Asparagine synthetase, although not involved n
urcide synthests, 1s an important enzyme in anide-
synthesizing legume nodules, and appears to be im-
portant in soybean nodules during a developmental
phase prior to urcide production (Reynolds et al
19824) Because of the low levels of this enzyme i
the soybean nodule and the difficulties of assay. only
the peak fraction from cach organclle band was as-
suyed. The results are presented in Table 1. The en-
2yme wans clearly located in the proplastids.

The overall distnibution of this group ol enzymes
suggests that glutamine is synthesized in the cytosol.
while synthesis of glutamate, aspartate and asparagine
oceurs in the proplastids, and possibly lso in the
cytosol.

Purinc-synthesizing enzvmes. Only two enzymes -
volved directly in purine synthesis have been success-
fully assayed in cell-tfree nodule extracts. PRPP syn-
thetase catalyses the reaction immediately prior o
the first committed step of the purine synthesis path-
wity. The majority of the enzame activity was i the
soluble fraction. although small amounts were asso-
ciated with muiochondrial, proplastid and bacterod
fractions (Table 1). possibly because of nonspecific
binding 1o these organclles. This occurrence in all
organclle fractions is distinet from the case of proplis-
ud enzymes. which were not found in signilicant
quantities in other organclle fractions. The enzyme.
howc\gr. is highly labile and a large proportion of

the activity was lost during the centrifugation.
N Phosphoribosy | amidotransferase  catalyzes  the
:‘;'r-:&l.:ommilllcd step off purine biosynthesis. As with
! agine synthetase. this enzyme was assayed in
":::lk\ :\rgnlwllc ‘I‘r;lcp.ons only. It was cllcurly located
¢ proplastids (Table 1), and also in the soluble
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Fig. 4. Distnibution of sovbean nodule cnzymcs of the ghame G
pathway ona sucrose density gradient Results Tor methylene H,
dehydrogenase were taken from eapt Loall other activities are
from expt. 3 PG4 = d-phosphoglycerare

fruction. although the activity in the soluble fraction
is probably from broken proplastids

Enzvmes of ghvcine and methenyl-FH, synthesis  In
plants. there are several alternative pathways for the
synthesis of gheine. Recent studies with nodules
(Revnolds et al. 1982a. b) indicate that gheine. along
with metheny - FH,. s synthesized from serine which
in turn is synthesized from the glycolyue micrmednate.
phosphoglycerate, by a series of reactions mtiated
by phosphoglycerate dehydrogenase The gradient
profile of this enzyme 1s presented in big 4 There
wits a large proportion of activity in the proplasud
fraction and lesser amounts of activity i the soluble
fraction. The fatter activity was attributed to proplas-
tid breakage.

A similar distribution in proplastids was found
for serine hydronymethy lase and methylene- FH, de-
hydrogenase (Fig. 4). Thus. it seems likely that the
entire pathway from 3-phosphoglycerate to ghyome
plus methenyl- FHy oceurs 1n the proplastids. where
the products. glycine and N*.N'"%mcthenyl FHy. are
conveniently available for a proplastid-based purine
biosynthesis. The presence of serine hydroxymethy-
Jase in plastids contrasts with the location of this
enzyme in leaves (Woo 1979: Tolbert 1981) where
serine hydroxymethylase is in the mitochondria.

Recorerios of enzymes in proplastid fractions The pro-
portions of enzymes recovered in proplastid (ractions
from three different gradients are presented in
Table 2. In the calculation of recoveries of phosphori-
bosyl amidotransterase and asparagine synthetase.
only the two main fractions of the proplastd band
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Buble 2 Kooovery of ez < the proplasiid Bractions of sovbean

nodubes Trom thiee ayponmonts

Pz ! N {
Friosephosphute isoemicras il X2 26
Glutonme ssathetase 0 |

\anthine dehydrogenase 0
Phosphoghernate debivdiogcnase [N 24 40
Scnne vdionvmah bise S 41
Mathniene HH, debvdiogenase 24
Asparagine ssothetase A7
Phosphotbos b amidotansicnesg 1|

Aspartate annotiansiciase 21 U]

Plistid isocnzvme " 0

PRPE swnthetase N
Glutamate ssnthase (] v 4 n

* Lot methods of calculanion see tewt
"OLparLate atinotranstonise

were Gthen anto account for the proplastid traction.
and ot was assumed that the actvities in the two
soluble fractions were the same. although only one
winy assayed. All other trachons were treated as hav-
mg no activaty. For all other enzymes, all fractions
were tuhen into account and the four peak fractions
of the proplastid band were considered 1o constitute
that bund. (Each proplastid fruction contained 2 ml
of a S8-ml gradient.) 1t is clear that xanthine dehy-
drogenase and glutamime synthetase were not located
m the proplastids. The location of PRPP synthetase
i uncertam. OF the enzymes found m the proplastids,
there appear to be two classes: those which were
probubly located exclusively in the proplastids, for
which relatively high and comparable recoveries were
obtained in each experiment. and those for which
a lower proportion of the total activity was found
in the proplastid fraction.

The enzymes which are probably found only in
the proplastids include those of the glyeine-C, path-
way. the proplastid isoenzyme of aspartate amino-
transferase, asparagine synthetase and phosphoribo-
syl amidotransterase. To the group with lower reco-
veries in the proplustid fraction belong triosephos-
phate isomerase. total aspartate aminotransferase and
glutamate synthase. Mitlin (1974) has reported a simi-
lgxr result for triosephosphate isomerase in pea root
Ussue. and has suggested the possibility of both solu-
ble and proplastid Tforms of the enzyme. Our results
for the distribution of total aspartate aminotransfer-
A€ activity are consistent with this explanation. An-
other possibility is that there might be a second. more
castly broken class of proplastids, or an outer mem-
brung on the proplastids which is more easily broken.
>cl‘-“‘-'ll\cly releasing these enzymes from the plastids.
I view of the evidence in Table 2. phosphoglycerate
d"hydrogenasc is a better marker enzyme for proplas-

uds from soybean nodules than tiosephosphate
1SONICTIN,

Proposed madel of collular organization of nitrogen
assuntlation m .\u‘r/u'uu nodules In l”lg S we present
a model for the subeellular distribution of the en-
symes of ammonium assinlation and urerde biogenc-
sis based on these results and the work of Hanks
etal (1981 In this model, ammomum produced by
the bacterowds is incorporated into glutanune in the
cytosol surrounding the penbacterond sac. Further
metabolism, at least as tar as a purine ribonucleonde.
then oceurs in the proplastids The occurrence of the
purine brosynthetic pathway in the proplastids is 1m-
plied by the presence of the enzyme catalyzing the
first committed step of the pathway. plus ready
sources 1n the proplasud of glutamine. glycine, aspar-
tate. methenyl. FH, and presumably CO,. the other
precursors for purine biosynthesis. A proplastid loca-
tion tor this pathway could explain why corporation
of purine precursors into ureides by nodule shees has
been low (Atkins et al. 1980).

Rowe et al. (1978) have reported the solation of

the enzymes of purine svinthesis from pigeon hiver
as a muluenzy me complex which includes phosphori-
bosyl anudotransferase and all of the enzymes lead-
ing 1o the synthesis of IMP. The localization of purine
biosynthesis ind reactions of glycine and €, metabo-
lism in the proplastid presents an alternative mecha-
nism for substrate channeling or possible stubilization
of a multienzyme complen. There is some question
as to the nature of the final product of punine synthe-
sis in nodules, or how 1t 1s converted to xanthine
(Boland 1981 : Bolund and Schubert 1982): howerer.,
the pathway almost certainly leads to a purine mono-
phosphate. Economy would dictate that hydrolysis
of the purine monophosphate should occur in the
cytoplasm so that the ribose (or ribose-S-phosphate)
can be re-used for PRPP synthesis, assuming this oc-
curs only in the cytosol. Xanthine dehydrogenase has
been shown by Hanks et al. (1981) to occur in the
cytosol of nodule cells. and subsequent oxidation and
hydrolysis then oceurs in the peroxisomes and endo-
plasmic reticulum. )

Soybean nodules contain two different types of
cells - larger. bacteroid-containing cells and smaller.
uninfected cells. Newcomb and Tandon (1981) have
reported that during cell development. the mfected
cells contain greatly increased numbers of mitochon-
dria and proplastids which become crowded around
the peniphery of the cell. In contrast. 0 unmiected
cells i large number of peroxisomes are present. to-
gether with increased smooth endoplasmic reticulum.
Since uricase exists in the peroaisomes and allantom-
ase in the microsomal fraction resulting from the en-
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doplasmic reticulum (Hanks et al. 1981 it has been
proposed by Newcomb and Tandon (1981) that at
least the two steps of purine breahdown cataly zed
by these enzymes are carnied out n the uninfected
cells. Since a farge proportion of the proplastids are
m the peripheral portion of the infected cells, it 1s
possible that purine biosynthesis oceurs in these cells.
Future experiments will address the question ol the
distribution of the enzymes and organelles of ureide
biosynthesis between ifected and uninfected cells of
lhc nodule, and further clanfication of the function
ol nodule proplastids.
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