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ABSTRACT

The photorespiratory mutant of Nicotiana sylvestris, NS 349, lacking
serine:glyoxylate aminotransferase (SGAT) grows in 1% CO; but not in
normal air (NA McHale, EA Havir, I Zelitch 1988 Theor Appl Genet.
In press). Alanine:hydroxypyruvate and asparagine:hydroxypyruvate
aminotransferase activities were also lacking in the mutant, and plants
heterozygous with respect to SGAT which grow in normal air had 50%
of the activities present in homozygous plants. Therefore, all these
activities are associated with the same enzyme. On feeding [2-**C]glyco-
late to leaf discs in the light, NS 349 showed reduced incorporation of
radioactivity into the neutral and organic acid fractions and increased
incorporation into the amino acid fraction, principally into serine. The
effect of reducing SGAT by 50% in heterozygous plants produced little
change in the metabolism of [2-'“Clglycolate, showing there is a large
excess of this enzyme in wild-type plants.

The isolation and preliminary characterization of a photores-
piratory mutant of Nicotiana sylvestris, NS 349, incapable of
surviving in air and deficient in SGAT' has been described (8).
The deficiency was due to a single recessive mutation. Callus
cultures of the mutant were regenerated into plantlets which did
not contain SGAT activity and could not survive in air. Mutants
lacking SGAT activity have also been described in Arabidopsis
(15) and barley (9), both of which accumulate serine under
photorespiratory conditions. The inability of these mutants to
survive in air has been attributed to the block in recycling of
carbon to carbohydrate and starch (9, 15). Although attempts to
employ the Arabidopsis mutant as a vehicle for whole-plant
selection of low photorespiration mutants were unsuccessful (15),
the SGAT mutant of tobacco offers the first opportunity to apply
the techniques of somatic cell genetics in schemes designed to
recover chloroplast mutations affecting ribulose bisphosphate
carboxylase/oxygenase (8).

In addition, SGAT mutants of tobacco are potentially useful
in two other ways. First, the substrate specificities of the amino-
transferases are complex and a survey of activities in the mutant
allows a conclusion to be reached about the activities associated

! Abbreviations: SGAT, serine:glyoxylate aminotransferase; AT, ami-
notransferase; GGAT, glutamate:glyoxylate aminotransferase.

with a single protein. These deductions would supplement those
derived from studies of purified proteins (5, 11) and other
methods (10). Second, mutations producing specific biochemical
lesions permit direct examination of the interaction of the pho-
torespiratory cycle with other metabolic pathways. The availa-
bility in this study of plant material which is heterozygous for
the mutation (sat*/sat™) (8) provides an opportunity to study
the effect on metabolism of reducing the enzyme level by 50%.

MATERIALS AND METHODS

Plant Material. The techniques of mutagenesis and screening
have been described (8). Mutant plants (NS 349) of Nicotiana
sylvestris and wild-type controls (not exposed to ethyl methane
sulfonate) were grown and maintained under an atmosphere of
1% C0O2/21% O, for 3 to 4 weeks. Normal M siblings of the
mutant were grown to maturity in the greenhouse and identified
as homozygous (sat*/sat*) or heterozygous (sat*/sat™) by analy-
sis of selfed M progeny (8).

Enzyme Assays. Leaf tissue (0.75 g) was ground in a glass
homogenizer with 5 ml cold 0.05 M K-phosphate (pH 7.4),
containing 1.5 mg mi™' DTT. After centrifuging the suspension
for 10 min at 27,000 g, the clear supernatant was decanted and
passed through a column (2.5 X 8.0 cm) of G-25 Sephadex which
had been equilibrated with 0.05 M K-phosphate (pH 7.4). The
enzyme was eluted from the column with the same buffer.
Aspartate:a-ketoglutarate AT was assayed spectrophotometri-
cally (13). All other ATs were assayed by an HPLC method (4)
by incubating 10 gmol amino donor, 1.5 ug pyridoxal 5-P, 0.10
ml G-25 eluate, and 2.5 umol a-keto acid (total volume 0.25 ml)
for 30 to 60 min. The reaction was stopped by heating the
mixture in a boiling water bath for 2 min. Determination of the
a-keto acid produced enzymically (i.e. hydroxypyruvate, a-ke-
toglutarate, or pyruvate) was by HPLC under conditions de-
scribed previously (2). The amino acid produced in the reaction
(i.e. glycine, alanine, or serine) was derivatized according to the
general procedures of Jones ef al. (7). A portion (15 ul) of the
reaction mixture (after deproteinization) was reacted with 15 ul
o-phthaldialdehyde reagent solution (Sigma Chemical Co.) for 1
min, and then 20 ul of the derivatized sample was separated by
HPLC on a Spherisorb column (LDC/Milton Roy). The elution
buffer was 80% solvent A (1% tetrahydrofuran, 19% methanol,
80% 0.05 M Na acetate, pH 5.9) and 20% solvent B (80%
methanol, 20% 0.05 M Na acetate, pH 5.9). Peak areas of the
derivatized amino acids were proportional to concentration.
Controls with boiled enzyme were used to correct for nonen-
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Table 1. Aminotransferase Activities in NS 349 and Its Heterozygous
(sat*/sat™) Siblings

Activity in wild-type plantlets grown in 1% CO, (0.79, 0.19, 0.11,
0.21, 0.82, 0.43 umol min~! g~! fresh weight for the activities listed in
order below) served as control for NS 349. Activity in homozygous plants
(mature leaves, greenhouse grown) (1.6, 0.45, 0.18, 0.42, 1.2, 0.82 pmol
min~' g™! fresh weight for the activities listed in order below) served as
control for heterozygous (sat*/sat™) plants. Results are the averages of 3
to 5 determinations.

Aminotransferase Activity NS 349 sat*[sat™
% of control
Serine:glyoxylate 0 57
Alanine:hydroxypyruvate 0 40
Asparagine:hydroxypyruvate 0 55
Alanine:glyoxylate 95 85
Glutamate:glyoxylate 105 80
Aspartate:a-ketoglutarate 120 92

zymic reactions. In no instance was the correction greater than
10% of the measured activity.

[2-'“C]Glycolate Feeding Experiments. The exposure of six leaf
discs (1.2 cm) of NS 349, wild-type, or (sar*/sat*) and (sat*/
sat™) plants to 10 mm [2-'*Clglycolate (ICN Radiochemicals,
Irvine, CA) (4.13 x 10° dpm pmol™") was carried out in air in
the light at 350 uE m™2 s~! for 60 min at 30°C as previously
described (8). After homogenization of each sample in 20%
ethanol the samples were separated into neutral, organic acid,
amino acid, and strong acid fractions by the procedure of Redg-
well (12). The neutral compounds and organic acids were ana-
lyzed by HPLC (2, 3), and amino acids were determined as
described above.

RESULTS AND DISCUSSION

Aminotransferase Activities in Wild-Type N. sylvestris. The
most active ATs in both mature greenhouse-grown leaves and
plantlets grown in 1% CO, are SGAT and GGAT. Values for
these activities (umol min~' g~' fresh weight) were 1.1 to 2.1
and 0.6 to 1.6, respectively, for the normal homozygous (sat*/
sat™) plants, and 0.68 to 0.86 and 0.68 to 0.97, respectively, for
wild-type plantlets grown in 1% CO.. Levels of AT activities for
wild type were similar whether plants were grown in 1% CO, or
air. Other activities measured as percentages of the average SGAT
values (for both plantlets and mature plants) were asparate:a-
ketoglutarate AT, 51 to 55; alanine:hydroxypyruvate AT and
alanine:glyoxylate AT, 23 to 30; asparagine:hydroxypyruvate
AT, 10 to 15. In the tobacco extracts, serine:pyruvate AT was
not detected although its activity is at least 30% of SGAT in
barley leaf extracts (9) and 8% in pea leaves (6). Aspara-
gine:glyoxylate AT also was not detected although its activity is
38% of SGAT activity in pea leaf preparations (6).
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Aminotransferase Activities Associated with SGAT. We have
shown that SGAT is absent in NS 349, and plants heterozygous
for the mutation possess half the normal activity of the enzyme,
although four other peroxisomal enzymes are present at normal
levels in the mutant (8). Other workers have concluded that
activities associated with SGAT in other species are
serine:pyruvate (14), asparagine:glyoxylate or pyruvate (6), ala-
nine:hydroxypyruvate (1), and alanine:glyoxylate (5, 11) ATs. In
Table I the change in activities of a number of ATs are summa-
rized for NS 349 and (sat*/sat™) plants. Those activities associ-
ated with SGAT are asparagine:hydroxypyruvate and ala-
nine:hydroxypyruvate ATs since both are absent in NS 349 and
are decreased about 50% in (sat*/sat™) plants. Preparations of
SGAT purified to electrophoretic homogeneity from spinach
leaves (11) and cucumber cotyledons (5) catalyzed an ala-
nine:glyoxylate AT reaction, leading to the conclusion that both
activities reside on the same protein. However, mutants of barley
(9), Arabidopsis (15), and tobacco (Table I) lacking SGAT have
normal activities of alanine:glyoxylate AT. Identifical results
associated with SGAT mutations recovered independently in
three plant species constitute strong evidence that these enzyme
activities are coded by separate genes.

Metabolism of [2-*C]Glycolate. In Table II the distribution of
radioactivity in leaf discs of NS 349, wild-type, homozygous
(sat*/sat*), and heterozygous (sat*/sat™) siblings after exposure
to [2-"“Clglycolate is shown. The reduction of SGAT by 50% in
the heterozygous plants or its absence in NS 349 had no effect
on the uptake or metabolism of glycolate compared to wild type
or homozygous controls. However, the absence of SGAT activity
in NS 349 altered the distribution of radioactivity considerably.
There was a decrease in radioactivity into the neutral fraction
from 33% (wild type) to 2% (NS 349). Radioactivity in organic
acids also decreased in the mutant to 9%, whereas it was 30% of
the total in wild type. Glyoxylate was the only organic acid
labeled in leaf discs of NS 349, but malate and glycerate con-
tained about 4 times as much radioactivity as glyoxylate in wild
type. In tobacco leaf discs in light, malate is quickly labeled from
[**Cloxalate and *CO; (3), and [1-'*C]- and [2-'*C]glyoxylate
(our unpublished results). The lack of ['*C]malate formation and
the reduction of label in the neutral fraction indicate that carbon
from glycolate is not readily recycled into other metabolic path-
ways in this mutant. The increase in radioactivity into the amino
acid fraction in NS 349 was primarily caused by an increase in
serine labeling. At the same time the mutant showed an eightfold
increase in the pool size of serine compared to the wild type (7.7
versus 0.98 umol g~! fresh weight) when both were grown in 1%
CO,. Leaf discs from the heterozygous plant had a fourfold
increase in serine over the homozygous plants (2.2 versus 0.5
umol g~! fresh weight), but it was not matched by a larger
proportion of the incorporated radioactivity. There were no
significant differences in the pool size of glycine in any of these

Table II. Metabolism and Distribution of Radioactivity from [2-**C]Glycolate Supplied to Leaf Discs of Wild-Type, NS 349, and Its Heterozygous
(sat*/sat™) and Homozygous Normal (sat*/sat*) Siblings

Wild-type and NS 349 plantlets were grown in 1% CO,; homozygous (sat*/sat*) and heterozygous (sat*/sat ™) plants were grown in the greenhouse.

Exposure to 1.2 ml [2-"*Clglycolate (4.13 X 10° dpm gmol™') was for 1 h in the light (350 xE m™ s™) in air. Total radioactivity incorporated by

wild-type, NS 349, sat*/sat*, and sat*/sat™ leaf discs was 1.04, 1.02, 1.18, 1.00 X 10° dpm, respectively. Results shown are the average of two

experiments.
Plant [2-“C]Glycolate Neutral Fraction Organic Acids Amino Acids Strong
Material Metabolized Sucrose  Glucose Fructose Glyoxylate Malate  Glycerate  Glycine Serine  Acids
umol/g fresh wt % of total radioactivity incorporated

Wild type 0.251 24.0 4.8 4.1 6.3 13.8 9.9 7.7 16.3 12.0

NS 349 0.247 1.4 0.4 0.3 9.1 0 0.1 9.1 73.9 5.4

sat*/sat* 0.285 26.9 34 2.7 8.4 16.7 59 5.5 8.0 15.0

sat*/sat™ 0.242 234 3.0 24 10.7 174 8.9 29 11.3 12.0
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plants (~0.3 umol g™' fresh weight for the mutant and wild-type
plantlets grown in 1% CO; and ~0.2 umol g~' fresh weight for
greenhouse-grown and heterozygous plants).

The results presented here for tobacco leaf discs supplied [2-
14Clglycolate are similar to those obtained with a barley mutant
lacking SGAT which was supplied [2-'“C]gloxylate (9). In barley
there was also a decrease in labeling of the neutral fraction and
an increase in the amino acid fraction. However, the barley
mutant displayed increased incorporation of radioactivity into
the organic acid fraction and specifically into a compound which
was tentatively identified as citric or malic acid. As discussed
above, malate was readily labeled in leaf discs of wild-type
tobacco but not in NS 349.

In general, there were only minor differences in the distribution
of radioactivity from [2-'“Clglycolate in the homozygous and
heterozygous plants. The similarity in metabolism of [2-'“C]
glycolate by wild-type and heterozygous plants which have 50%
of the normal SGAT activity, as well as the ability of the
heterozygous plants to grow in normal air, demonstrates that
there is a large excess of SGAT activity in wild-type plants.

LITERATURE CITED

1. CarPE Al, IK SMITH 1974 Serine-glyoxylate aminotransferase from kidney
bean (Phaseolus vulgaris). 11. The reverse reaction. Biochim Biophys Acta
370: 96-101

2. Havir EA 1983 Evidence for the presence in tobacco leaves of multiple
enzymes for the oxidation of glycolate and glyoxylate. Plant Physiol 71: 874-
878

HAVIR AND McHALE

Plant Physiol. Vol. 87, 1988

. HAVIR EA 1984 Oxalate metabolism by tobacco leaf discs. Plant Physiol 75:

505-507

. HAvIR EA 1986 Inactivation of serine:glyoxylate and glutamate:glyoxylate

aminotransferases from tobacco leaves by glyoxylate in the presence of
ammonium ion. Plant Physiol 80: 473-478

. HONDRED D, J MCC HUNTER, R KEITH, DE Titus, WM BECKER 1985 Isolation

of serine:glyoxylate aminotransferase from cucumber cotyledons. Plant Phys-
iol 79: 95-102

. IRELAND RJ, KW Joy 1983 Purification and properties of an asparagine

aminotransferase from Pisum sativum leaves. Arch Biochem Biophys 223:
291-296

. JoNEs BN, S PAABO, S STEIN 1981 Amino acid analysis and enzymatic sequence

determinations of peptides by an improved o-phthaldialdehyde precolumn
labeling procedure. J Liq Chromatogr 4: 565-586

. MCHALE NA, EA HAVIR, I ZELITCH 1988 A mutant of Nicotiana sylvestris

deficient in serine:glyoxylate aminotransferase activity: callus induction and
photorespiratory toxicity in regenerated plants. Theor Appl Genet. In press

. MURRAY AJS, RD BLACKWELL, KW Joy, PJ LEAa 1987 Photorespiratory N

donors, aminotransferase specificity and photosynthesis in a mutant of barley
deficient in serine:glyoxylate aminotransferase activity. Planta 172: 106-113

. NoGucHI T, S FusiwARA 1988 Identification of mammalian aminotransferases

utilizing glyoxylate or pyruvate as amino acceptor. J Biol Chem 263: 182-
186

. NoGucHl T, S HavasH1 1980 Peroxisomal localization and properties of

tryptophan aminotransferases in plant leaves. J Biol Chem 255: 2267-2269

. REDGWELL RJ 1980 Fractionation of plant extracts using ion-exchange seph-

adex. Anal Biochem 107: 44-50

. REHFELD DW, NE TOLBERT 1972 Aminotransferases in peroxisomes from

spinach leaves. J Biol Chem 247: 4803-4811

. SmiTH IK 1973 Purification and characterization of serine-glyoxylate amino-

transferase from kidney bean (Phaseolus vulgaris). Biochim Biophys Acta
321: 156-164

. SOMERVILLE CR, WL OGREN 1980 Photorespiration mutants of Arabidopsis

thaliana deficient in serine-glyoxylate aminotransferase activity. Proc Natl
Acad Sci USA 77: 2684-2687



