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Short Communication

Phosphoserine Aminotransferase in Soybean Root Nodules'
DEMONSTRATION AND LOCALIZATION

Received for publication November 1, 1985 and in revised form February 3, 1986

PAUL H. S. REYNOLDS*2 AND DALE G. BLEVINS
Applied Biochemistry Division, DSIR, Palmerston North, New Zealand (P.H.S.R.), and Department of
Agronomy, University ofMissouri, Columbia, Missouri 65211 (D.G.B.)

ABSTRACI

Phosphoserine aminotransferase activity was detected in the plant and
bacteroid fractions from soybean (Glycine max) root nodules. Both total
and specific activities increased in the plant fraction during nodule
development. Serine-pyruvate aminotransferase activity was not detect-
able in the plant or bacteroid fractions of these nodules. Sucrose density
gradient fractionation indicated a proplastid localization for phosphoser-
ine aminotransferase. The data presented support a role for this enzyme
in carbon supply to purine biosynthesis in the pathway of ureide bio-
genesis in soybean nodules.

The synthesis of ureides in soybean root nodules requires
ammonia assimilatory enzymes, purine biosynthetic and purine
oxidative enzymes. As well as having a requirement for assimi-
lated nitrogen, the purine biosynthetic pathway demands a sig-
nificant carbon input (i.e. five carbons for every four nitrogens)
in the forms of methenyl-FH4H, formyl . FH4, glycine, and
HCO3 . Phosphoglycerate dehydrogenase (2) and serine hydrox-
ymethyltransferase (7) have been purified from soybean nodules
and their kinetic properties studied. These enzymes have been
localized in the proplastid fraction of soybean nodules (1). The
presence of these two activities, together with the existence of a
phosphoserine pool in ureide-transporting nodules (10), has led
to the proposal that the source ofcarbon for purine biosynthesis
is in a pathway via phosphohydroxypyruvate and phosphoserine
with the production of glycine and FH4 from seine (1, 10, 11).
This pathway (the 'phosphorylated' pathway) requires the pres-
ence of a phosphoserine aminotransferase activity:
Glutamate + phosphohydroxypyruvate = 2-oxoglutarate +

phosphoserine
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Another route for serine biosynthesis in plants uses serine-pyru-
vate aminotransferase in the glycerate pathway (9):

Alanine + hydroxypyruvate= serine + pyruvate

This paper reports on the activity of these enzymes in soybean
root nodules and demonstrates the localization ofphosphoserine
aminotransferase in these nodules.

MATERIALS AND METHODS

Materials. [3-`4C]Serine was obtained from Amersham and
3a20 counting cocktail was purchased from Research Products
International, Prospect, IL. All other chemicals and enzyme
preparations were obtained from Sigma.
Methods. Soybean (Glycine max [L.] Merr. cv Williams) seeds

were germinated for 48 h on wet paper towels. The seeds were
then planted, radicle down, and inoculated with Rhizobium
japonicum (31bl43). The plants were grown in the absence ofN
and maintained as described previously (12). Nodules were har-
vested at appropriate times and the bacteroid and plant fraction
prepared (14), using an extraction buffer which consisted of 50
mM Tricine (pH 8.0), 0.4 M sucrose, 5 mM DTE, 50 gg ml1'
pyridoxal-P. The plant fraction was centrifuged through Sepha-
dex G-25 (8), and aliquots used for enzyme assay. Spinach leaves
were extracted and used as a positive control for the detection of
SPAT activity. Fresh spinach leaves were homogenized for 25 s
in a Waring Blendor in a buffer containing 40 mM Tricine (pH
7.8), 2 mM MgCl2, 1 mM EDTA, 14 mM 2-mercaptoethanol, 1
mM benzamidine, 1 mM Z-aminocaproic acid, and 5 Mm leupep-
tin (1:1 grinding medium to g fresh weight of leaves). The
homogenate was squeezed through a layer of microcloth and
four layers of cheesecloth. The final protein concentration was
3.23 mg protein/ml of homogenate after centrifugation.
PSAT (EC 2.6.1.52) was assayed using a method based on that

of Walsh and Sallach (16), in which glutamate dehydrogenase is
used to determine 2-oxoglutarate production in the reaction. The
reaction mixture contained in a volume of 550 Ml, 3.2 mm
phosphohydroxypyruvate, 20 mm glutamate, 50 Mg ml-' pyri-
doxal-P, 40 mM K-phosphate (pH 7.6), 10 mm NaF, and enzyme
solution. Reactions were stopped at various times by the addition
of 50 Ml of 3 N HC104. After centrifuging the supernatant was
decanted, neutralized by the addition of 100 Ml of 2 N KOH, and
the insoluble KHC103 removed by centrifuging. An aliquot (600
Ml) was then put into a 1 ml cuvette along with 150 ul of a
mixture of400 mm NH4C1 and 2 mM NADH, and 200,ul of 1 M
K-phosphate (pH 7.6). Lactate dehydrogenase (27 U) was added
to remove any hydroxypyruvate present in the reaction mixture
as this keto acid can also serve as a substrate for glutamate
dehydrogenase. When the absorbance change at 340 nm was
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zero, the 2-oxoglutarate concentration was determined by the
absorbance change on the addition of 25 U of glutamate dehy-
drogenase. Provided phosphoglycerate dehydrogenase was quan-
titatively removed from the crude extract using affi-gel blue, the
reaction could be stopped using aminooxyacetic acid and the 2-
oxoglutarate concentration then determined. However, this
method tended to underestimate activity due to some association
of PSAT activity with the gel.
SPAT (EC 2.6.1.51) was assayed using a method based on that

ofCheung et al. (4). The reaction mixture contained in a volume
of 500 ul, 60 mM sodium borate (pH 8.2), 50 ,ug ml-' pyridoxal-
P, 7.5 mM alanine, 4.4 mm fi-hydroxypyruvate, and enzyme
solution. Reactions were stopped at various times by the addition
of50 ul 4.5 N HCl04. Following centrifuging, 125 ,l of 1 N KOH
was added to a 350 Ml aliquot of the supernatant. This was then
centrifuged and 300 Ml of this supernatant was diluted 1:1 with
1 M K-phosphate (pH 7.6); 500 ul of this was then used to
estimate the pyruvate concentration (4).

Phosphoglycerate dehydrogenase (EC 1.1.1.95) was assayed
according to Boland and Schubert (2); fumarase (EC 4.2.1.2) was
measured by following fumarate production at 240 nm in the
presence of 50 mm malate; 3-hydroxybutyrate dehydrogenase
(EC 1.1.1.30) activity in the bacteroids was measured by 3-
hydroxybutyrate-dependent NADH+ reduction (5). Serine hy-
droxymethyltransferase (EC 2.1.2.1) was assayed by the method
of Taylor and Weissbach (15). TCA precipitated protein was
resuspended in 0.5 N NaOH and its concentration determined
by the method of Bradford (3).

Extracts from 1.6 g of nodules from 2 1-d-old plants were
fractionated on sucrose density gradients as described by Hanks
et al. (5). The grinding medium contained 0.4 M sucrose, 0.1 M
Tricine (pH 7.8), 10 mm KCG, 10 mM EDTA, 1 mM MgC92, 25
Mig ml-' pyridoxal-P, 2.5 mM DTE, and 10 mg ml-' fatty acid-
free BSA. The nodule extract (in 5 ml) was layered on a 30 ml
linear gradient of 0.75 to 2.0 M sucrose in 20 mM tricine (pH
7.8), 2.5 mm DTE, 25 Mg ml-' pyridoxal phosphate over a 1.5
ml bottom layer of2.3 M sucrose. The gradients were centrifuged
in a Beckman model 13-50 centrifuge with a SW 28 rotor at
24,300 rpm (106,609g at rmu) for 3 h after slow acceleration
consisting of 5 min at 5,000 rpm, 10 min at 10,000 rpm, 10 min
at 15,000 rpm, and 5 min-at 20,000 rpm. The gradient was
collected in 1.5 ml fractions by upwards displacement using an
Isco gradient fractionator and the density of the fractions deter-
mined using a Bausch-Lomb refractometer.

RESULTS AND DISCUSSION

Demonstration of Phosphoserine Aminotransferase Activity in
Soybean Nodules. PSAT activity was detected in the plant frac-
tion of soybean root nodules (Table I). The specific activity
increased 2.5-fold between 11 and 25 d after inoculation. This
increase was similar in magnitude to that already reported for
phosphoglycerate dehydrogenase and serine hydroxymethyl-
transferase (12), the other enzymes in the proposed phosphoryl-
ated pathway for glycine synthesis in nodules. PSAT activity also
appeared to be associated with the bacteroid fraction of the
nodule (Table I), and represented 21% ofthe total activity present

in 18 d-old nodules.
The glycerate pathway enzyme SPAT, was not detected in

either the plant or the bacteroid fraction of d 18 nodules, nor
was the enzyme demonstrated in the plant fraction of d 11 or d
25 nodules. SPAT is present in the leaves of higher plants (4)
and so an extract of spinach leaves was assayed for this activity
as a positive control to check the efficacy of the assay system.
SPAT activity was detected in spinach leaves at levels comparable
to those already reported (4). The data are consistent with there
being either none, or extremely low levels, ofSPAT in the nodule
and serine synthesis occurring via the phosphorylated pathway.

Loalization of Phosphosernne Aminotransferase in Soybean
Nodules. The gradient centrifugation separated mitochondria,
proplastid, and bacteroid enzymes as indicated by the marker
enzymes, fumarase, phosphoglycerate dehydrogenase, and 3-
hydroxybutyrate dehydrogenase, respectively (Fig. 1). Phospho-
glycerate dehydrogenase was used as a marker for the proplastid
fraction in preference to triose P isomerase (1). The presence of
this activity at the top of the gradient is probably due to plastid
breakage.
PSAT activity was located, together with serine hydroxy-

methyltransferase activity, with the marker for the proplastid
fraction (Fig. 1). Both phosphoglycerate dehydrogenase and
serine hydroxymethyltransferase have previously been reported
to have a proplastid localization (1). The recoveries from the
gradient of PSAT (52%) and serine hydroxymethyltransferase
(42%) were similar to that of the marker, phosphoglycerate
dehydrogenase (46%). SPAT activity was not detectable in any
of the gradient fractions.
There is an apparent anomaly between the presence of PSAT

activity in the bacteroid fraction prepared by differential centrif-
ugation (Table I) and the absence of an activity peak with the
bacteroids isolated by sucrose density gradient centrifugation
(Fig. 1). This can be explained by proplastid contamination of
bacteroids prepared by differential centrifugation, or by associa-
tion of the enzyme from lysed proplastids with the peribacteroid
membrane. Contamination ofbacteroids by a proplastid enzyme
has been reported previously with detection of the proplastid
isoenzyme ofaspartate aminotransferase (AAT-P2) in a bacteroid
fraction from lupin nodules (13). Bacteroids prepared from these
nodules were shown by EM to be largely enclosed by peribacter-
oid membranes and to be still contaminated by some proplastids
(13). Osmotic shock procedures which removed the peribacteroid
membrane, and which would also lyse any contaminating and
osmotically sensitive proplastids, removed all traces of the AAT-
P2 isoenzyme from this bacteroid fraction (13).

Role for Phosphoserine Aminotransferase in Ureid Biogenesis.
A role for PSAT in ureide biogenesis has been suggested by
earlier work using both comparative (10) and time course (12)
studied. Comparative studies have correlated the presence of a
nodule phosphoserine pool with ureide production. Time course
studies utilized cabinet-grown soybeans, allowing measurement
of enzyme and metabolite changes concomitant with ureide
production over a 21 d period. Allantoic acid has been measured
in the nodules and stems of such plants following induction of
the purine oxidative enzymes involved in ureide production (12);

Table I. Phosphoserine Aminotransferase Activity in Soybean Nodules
Plant Age Fraction Phosphoserine Aminotransferase

(Time after Inoculation) Activity
d nmol min-' mg-' protein nmol min-'
11 Plant cytosol 5.0 21
18 Plant cytosol 11.7 219

Bacteroid 8.0 59
25 Plant cytosol 12.3 225
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FIG. 1. A, Distribution of marker enzymes for mitochondria, pro-
plastids, and bacteroids of soybean nodules following sucrose density
gradient centrifugation. Phosphoglycerate dehydrogenase x 0.1 (proplas-
tid marker) (0); fumerase (mitochondrial marker) (A); and 3-hydroxy-
butyrate dehydrogenase (bacteroid marker) (U). B, Phosphoserine ami-
notransferase (0) and serine hydroxymethyltransferase (U) distribution
on the sucrose density gradient.
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FIG. 2. Scheme showing nitrogen and carbon supply routes to purine
biosynthesis in soybean nodules.

these enzyme activities are established by about 17 d after
inoculation in this system (see Fig. 2B, Ref. 12).
The demonstration of PSAT activity in nodules at a specific

activity similar to other enzymes of ureide biogenesis, including
glutamate synthase, 5-phosphoribosylpyrophosphate amido-

transferase, and xanthine dehydrogenase (12), together with its
localization in the proplastid fraction argue strongly for a role
for this enzyme in ureide biogenesis in soybean nodules (Fig. 2),
and underlines the importance of the phosphorylated route for
serine/glycine production in the nodule.
Enzymes proposed to be involved in carbon supply to purine

synthesis (12) include two enzymes of the phosphorylated path-
way leading to glycine production-serine hydroxymethyltrans-
ferase and phosphoglycerate dehydrogenase. These enzymes fall
into a separate group which are not so strongly induced as other
enzymes involved in ureide synthesis (see Fig. 2C, Ref. 12). Their
levels are already established and may not increase until the
glycine and one-carbon demand increase as ureide biogenesis
commences (Fig. 2). PSAT falls neatly into this grouping of
enzymes, showing a similar pattern of increase to the other
activities of the phosphorylated pathway. This further supports
a role for PSAT and a phosphorylated route to serine as it fits
into the metabolic pattern already established for enzymes in-
volved in carbon supply to purine biosynthesis (12).
The phosphorylated route for serine synthesis is reportedly

associated with meristematic or rapidly proliferating plant tissues
(4). For example, in pea seeds only PSAT activity is detectable
and in the apical meristem the PSAT activity is 50% higher than
SPAT activity (4). The developing soybean nodule is certainly a
rapidly proliferating tissue and so fits into this model. Because
of our inability to demonstrate SPAT activity, it seems unlikely
that the glycerate pathway (9) makes a significant contribution
to the synthesis of serine and glycine in the soybean root nodule.
The possibility exists that PSAT may have an important

regulatory role in this pathway moving carbon from glycolysis
to purine biosynthesis. In spinach chloroplasts (6) PSAT is
strongly inhibited by serine and shows nonlinear reaction kinetics
in the presence of this inhibitor. This is of particular interest
because of the high serine levels in soybean nodules (10) and the
fact that kinetic studies of phosphoglycerate dehydrogenase (2)
and serine hydroxymethyltransferase (7) did not show regulatory
properties for these enzymes.

It will be of interest to investigate further the properties of
PSAT and ofthe enzymes of one-carbon metabolism in soybean
nodules with a view to understanding the regulation of carbon
supply to purine biosynthesis in ureide biogenesis.
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