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Abstract—The potential of amino-oxyacetate as an inhbitor of photorespiratory metabolism has been assessed In the
presence of mhibitor at 10 uM, assimilation of **CO, 1n Hordeum vulgare was decreased by 72 %, and in Zea mays by
429/, for ammo-oxyacetate at 100 uM the corresponding nhibitions were 909/ and 72 %/, respectively Labelling
patterns showed reduced incorporation into most metabolites, that into sucrose being notably depressed As a
percentage of total incorporation hexose monophosphate, glycollate and serine concentrations were increased
following tnhibitor treatment The increased incorporation into glycollate was particularly evident 1n maize, where a
marked increase 1n net assimulation into this compound was observed Enzymic studies on plant extracts treated in vitro
with amino-oxyacetate suggested that serine glyoxylate aminotransferase was the primary site of mhibition, and
glutamate glyoxylate aminotransferase and particularly serine hydroxymethyltransferase were apprectably less
sensitive to mmhibition

INTRODUCTION RESULTS

On the view that photorespiration is essentially a wasteful
process, one of the methods suggested for 1ts control has
been the use of inhibitors of glycollate metabolism [1] An equilibration period of at least 60 min 1llumination
The mhibitors investigated have included the aldehyde 1n the leaf chamber of the assimilation apparatus was
bisulphite addition compound, a-hydroxy-2-pyridine allowed before exposure to !*CO, to ensure that steady-
methanesulphonic acid [1-4], the acetylenic substrate state photosynthesis was attained m leaf sections Under
analogue 2-hydroxy-3-butynoic acid (HBA) [5-9], 1s0- these conditions the net assimilation rates for untreated
nicotmnic acid hydrazide (INH) [10, 11] and glycidate seedlings were 126 mg CO,/dm?/hr for maize and
[12] The first two mnhibitors act on glycollate oxidaseand 6 7mg CO,/dm?/hr for barley When experiments on
HBA 1n particular 1s specific for this enzyme The other long-term photosynthesis in '4CO,-air were carned out
mhibitors affect later reactions of the glycollate pathway  using AOA at 001 or 0 1 mM the total assimilation of
The site of action of glyadate 1s probably !*CO, into water-soluble material in barley and maize
glutamate glyoxylate aminotransferase [13], claims that  (Table 1) was substantially decreased, with barley appear-
use of this inhibitor stimulated photosynthests [12] have 1ng to be more susceptible than maize The considerable
since been questioned [6, 14] INH 1s an inhibitor of 1nhibition of '*C-assimilation that was observed follow-
enzymes which are pyrndoxal $§-phosphate (PLP)- ing treatment with the lower AOA concentration empha-
dependent, and 1n the glycollate pathway n plants it sizes the potency of this inhibitor
appears to inhibit preferentially the glycine to serine
conversion (see eg refs [3, 6]) More recently glycine  Effect on radioactiity in intermediates
hydroxamate [15] and amino-acetonitrile [16] have been
shown to mhibit glycine decarboxylation

We now report a study of the inhibition by the carbonyl
reagent amino-oxyacetate (AOA) of the glycollate path-
way 1n C,; (Hordeum vulgare) and C, (Zea mays) plant
types Our data suggest AOA may mhibit preferentially
serme glyoxylate ammotransferase and 1s thus a usefut
addition to the nhibitors currently used for investigating
photorespiratory metabolism

Effect on photosynthetic carbon dioxide assimilation

The pattern of !'*C-labelling 1n metabolites 1n the
water-soluble extracts following 30 min photosynthesis in
14CO,-air was examined (Table 2) The results for barley
indicated lowered incorporation into most metabolites
following AOA treatment, with that into sucrose being
markedly decreased

After treatment with 001 mM AOA an increased
mcorporation of *#C into glycollate occurred, and a large
decrease 1n glycine These data are consistent with in-
hibition of the transamination of glyoxylate to glycine,
though incorporation into serine as a percentage of total

* Present address C SIR O, Dwvision of Plant Industry, PO incorporation was increased The decreased incorpor-
Box 1600, Canberra City, ACT 2601, Australa ation into alanine and aspartate might be due to inhibition
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Table 1 Effects of AOA on the net '*C-assimilation into water-soluble material of
barley and maize leaf sections during photosynthesis in **CO,-air

Barley Maize
14C taken up 9 decrease '*C taken up ¢, decrease
(107 x dpm) (10~ ° x dpm)
No mhibitor 300 — 644 —
AOA 001mM 82 727 377 415
01 mM 30 900 178 724

Four primary leaf sections of barley or two of maize (total area ca 10cm?), from 2-
week-old seedlings, were arranged 1n frames with the cut bases in water or solution as
indicated, and illuminated (5 kix, temp 25°) and flushed with normal air for 60 min,
then with !*CO,-air containing 25 uC1'*C/1 for 30 min (both at 0 8 1/mun) before rapid

killing, extraction and estimation of '*C in water-soluble matenal

of the aminotransferases concerned or to inadequate
supply of keto-acid precursors from ‘respiratory’ inter-
medates, the latter would also account for the decreased
14C-incorporation into malate The severely reduced
incorporation of #C in glycerate could mdicate that its
formation, via hydroxypyruvate arising from transami-
nation of serine, was mhibited, and this would be
consistent with the higher percentage accumulation of
14C 1n serine Glycerate might also be formed from 3-
phosphoglyceric acid, incorporation of !*C into the latter
was also mhibited by AOA The data taken as a whole
mdicate that AOA may affect metabolism 1n a number of
ways, but in the pathway of glycollate metabolism a
preferential imnhibition of serine glyoxylate aminotrans-
ferase appears to occur

After treatment at the higher inhibitor concentration,

14C mcorporation 1nto several compounds was virtually
abolished In this case the radioactivity in the compounds
mvestigated accounted for only 559 of the total '4C
incorporated, while the remainder was associated with
two areas in the phosphate ester region of the developed
TLC plate Comparison with published R, values sug-
gests these compounds may be one or more of erythrose-
4-phosphate, xylulose-5-phosphate, ribulose-5-
phosphate, sedoheptulose-1,7-diphosphate and sedo-
heptulose-7-phosphate If phosphate ester intermediates
of the Calvin cycle are accumulated this might suggest a
direct blockage of photosynthesis by high concentrations
of AOA The incorporation of '*C into the hexose
monophosphate region also increased as a percentage of
the total '“C assimilated after AOA treatment The
possibility of direct interaction with sugar monophos-

Table 2 Effect of AOA on the '#C-assimilation into water-soluble products of barley or maize leaf sections following photosynthesis
n 4CO,-air

Barley

(*4C taken up as 10~ % x dpm)

Maize
(**C taken up as 10~ % x dpm)

Treatment No mhibitor 001 mM AOA 01 mM AOA  No inhibitor 001 mM AOA 01 mM AOA
Total '*C taken up 3000 822 302 6436 3769 1778
Intermediates
3-Phosphoglyceric
acd 66 (22)* 10 (12) Neg (<01) 268 (42) 85 (23) 38 (21
Hexose
monophosphates 93 (31 38 (46) 16 (53) 453 (70 382 (101) 200 (113)
Hexose diphosphates 06 (02) 05 (06) Neg (<01) 17 (03) 26 (07) 14 (08)
Sucrose 1347(450) 236 (287) 50 (164) 3410 (530) 1509 (400) 527 (296)
Glycollate 12 (04 19 (23) 04 (12) Neg (<01) 491 (130) 469 (264)
Glycine 268 (89) 42 (51 09 (28 66 (10 29 (08 Neg (<01)
Serine 202 (68) 178 (21 6) 39 (128) 103 (16) 94 (25 26 (14
Glycerate 57 (19) 01 (02) Neg (<01) 65 (10) Neg (<01) Neg (<01)
Alanine 42 (14) 13 (15) 03 (08) 163 (29 72 (19 Neg (<01}
Malate 97 33 23 (29 26 (85) 894 (139) 484 (129) 97 (54
Aspartate 158 (52) 26 (32 20 (68) 301 @47 92 (29 148 (83)

Experimental details were as for Table 1

Neg, Neghgible

Figures 1n parentheses are '*C present as a percentage of the total taken up

* Incorporations are the means of two experiments, 1n both cases total **C mcorporation was the same
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phates has also been suggested for INH [17] An -
hibition of photosynthesis in this way might contribute to
the rapid and severe effects of AOA on *C-assimilation
and this aspect 1s the subject of continuing investigations

A similar picture emerged when maize was treated with
AOA, though there were some differences These results
(Table 2) show that inhibition of photosynthetic '*C-
assimilation was less severe than 1n barley but was again
reflected 1n decreased incorporation of **C into phos-
phoglycerate and sucrose Incorporation into hexose
monophosphates and diphosphates increased as a per-
centage of the total '“C incorporated A small accumu-
lation of '“C 1nto the phosphate ester region was evident
1 autoradiograms, consistent with earher results with
barley again suggesting that there might be some direct
effect of AOA on operation of the Calvin cycle, 1n the
bundle sheath chloroplasts, but these effects were less
dramatic than 1n barley Incorporation of !C into malate,
the C,-acid playing a critical role 1n maize photosynthesss,
was decreased following AOA treatment, but at the lower
AOA concentration the incorporation mto this com-
pound was unaffected as a percentage of the total,
suggesting no direct effect of AOA on the C, pathway
Aspartate was also decreased at the lowest AOA concen-
tration, though after treatment with 0 1 mM AQOA m-
corporation of 'C in this compound increased as a
percentage of the total This was presumably due to AOA
inhibition of aminotransferase activity, but could possibly
indicate a greater importance of this acid in C, metabo-
lism under the conditions of the experiment Consistent
with these views, 1t has subsequently been shown { Jenkins,
C L D unpublished data] that in vitro AOA effectively
mhibrts maize leaf aspartate aminotransferase, but has
negligible effects on the enzymes of the C, pathway

There were marked effects on '*C-incorporation into
termediates of the glycollate pathway following AOA
treatment of maize, with large incorporations of 1*C into
glycollate With 0 01 mM AOA incorporation of *C into
glycine was somewhat depressed These observations
suggest, as for barley, a partial inhibition of glyoxylate
aminotransferases mnvolved i the conversion of glycollate
mnto glycine though here incorporation into serine was
comparable to the control At 0 1mM AOA neghgible
[**C]glycine was formed, and the amount of [ **C]serine
was also markedly decreased Incorporation of '*C into
glycerate was neghgible at both inhibitor concentrations,
suggesting that in maize '*C mcorporated into glycerate
comes predominantly from serine rather than from
phosphoglycerate, which was still formed to some extent
Accumulation of '*C in alanmme was also markedly
decreased by 0 01 mM AOA treatment, and was negligible
with 0 1 mM AOA, again presumably owing to inhibition
of aminotransferases In maize too, therefore, the data
indicate that AOA mmhibition of metabolism may be
complex

Effect on enzymes of the glycollate pathway

Although at higher concentrations other effects on
photosynthesis are likely, 1t 1s apparent that AOA 1s an
mhibitor of photorespiratory metabolism 1n both C, and
C, plant types The increased incorporation of radioac-
tivity 1n glycollate, observed particularly in maize, accom-
panied by the decreased incorporation into glycine would
be consistent with inhibition of the PLP-dependent
glyoxylate aminotransferases While recognizing that the

effects of AOA on other transaminases might have
implications for carbon dioxide fixation 1t was of obvious
interest to assess the effect of AOA on enzymes of the
glycollate pathway For the present in vitro studies of the
effects of AOA on individual enzymes PLP was not added
to the assays The inhibitions of PLP-dependent glycol-
late pathway enzymes produced in vitro by a range of
AOA concentrations 1s shown m Fig 1 Serine hydro-
xymethyltransferase 1s the least affected by the inhibitor,
activities being only decreased by some 509, at 1 mM
concentration of inhibitor AOA was considerably more
potent with the two aminotransferases with glutamate

glyoxylate aminotransferase being 80°; mhibited by
001 mM AOA, while sermne glyoxylate aminotransferase
activity was abolished at only 01 uM and was ca 509,
mnhibited by 001 uM mhibitor AOA also 1nhibited
hydroxypyruvate reductase in vitro by 30 9/ at 10 mM, but
glycollate oxidase was unaffected even at this high
concentration
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Fig 1 Inlbition of PLP-dependent giycollate pathway en-
zymes 1n barley by AOA Activities 1n extracts of
glutamate glyoxylate aminotransferase (O), serine glyoxylate
aminotransferase (A ) and serine hydroxymethyltransferase (O)
were assayed in the presence of AOA added at the concentration
indicated before initiation of the reactions by substrate addition
Enzyme activities in uminhibited controls, 1n the absence of
supplemented PLP, were 58, 56 and 7 7 nmol/min/mg proten,
respectively

In these experiments AOA was added to enzyme before
the enzymic reactions were iitiated When AOA, to a final
concentration 01 uM, was added to assays during the
course of the reaction serine glyoxylate aminotransferase
activity was abolished within 60sec It 1s, therefore, likely
that 1n the in vitro studies maximum inhibition at each
AOA concentration had been attained before imtiation of
the reactions Tight binding of AOA via enzyme-bound
PLP 1s indicated for serine glyoxylate aminotransferase
even n the presence of considerably higher concen-
trations of serine and glyoxylate

As well as direct consequences for glycollate metab-
olism there 1s the possibility of further disturbances 1n
metabolism as a result of inhibition of other PLP-
dependent enzymes Of particular interest are the trans-
aminases mnvolved 1n the regeneration of 2-oxoglutarate 1n
the photorespiratory mitrogen cycle [18] for reassimi-
lation of the ammonmnia released on conversion of glycine to
serine If these were inhibited as a result of AOA treatment



22 C L D JENKINS et al

the accumulation of ammonia might cause suppression of
carbon dioxide asstmilation [19] However, even at the
highest inhibitor concentration there was no evidence to
suggest that amounts of glutamate or glutamine 1n AOA-
treated plants were signtficantly different to the controls

DISCUSSION

In interpreting the effects of AOA on carbon dioxide
assimilation the data obtained with photorespiratory
mutants of Arabidopsis thahana [20] are of particular
interest In mutants totally lacking serine glyoxylate
aminotransferase, serine and glycine increased as a per-
centage of total carbon dioxide assimilated, mostly at the
expense of starch and sucrose, though 3-phosphoglycerate
was also decreased In the studies with 001 M AOA
(Table 2) the accumulation of serine, and the decrease 1n
phosphoglycerate, are comparable to data for the

mutants However, in the studies with the inhibitor there

iawaliies 10 i, il C STulailS Windl b HURUROL LIVIv

was some decrease 1n glycine 1n contrast to data for the
Arabidopsis mutants Together with the accumulation of
glycollate seen following treatment with AOA this sug-
gests partial inhibition of the formation of glycine These
additional effects of AOA complicate the changes in
metabolic patterns seen after inhibitor treatment The
Arabidopsis mutants exhibited normal photosynthesis
under conditions which suppressed photorespiration and
1t would be of interest in subsequent studies with AOA to
investigate 1ts effect on carbon dioxide assimilation 1n
maize under non-photorespiratory conditions

The potency of AOA 1s clearly evident when these data
are compared with those obtained with the widely used
PLP-dependent enzyme inhibitor INH, where consider-
ably higher concentrations are needed to inhibit photo-
respiratory metabolism to the same extent as AOA (see
eg refs [3,6])

Inhibition of glutamate glyoxylate ammotransferase in
tobacco callus [21] and inhibition of this enzyme and
serine glyoxylate amunotransferase m leaf discs [13]
occurred with the photorespiratory mhibitor glycidate
This inhibitor was suggested to inhibit glycollate forma-
tion by some unrecogmzed means through the accumu-
lation n the tissue of glyoxylate and glutamate [22],
which apparently 1nhibited glycollate synthesis and
photorespiration [23-25] It 1s, therefore, of interest that
in the present imvestigations AQOA, which also inhibited
the aminotransferases, did not result in significant ac-
cumulation of glycollate in barley, in contrast to the
accumulation observed in AOA-treated maize This ob-
servation perhaps indicates a similar inhibition of glycol-
late formation in barley as a result of glyoxylate amino-
transferase inhibition In this case, however, the (possible)
inhibition of glycollate synthesis did not result 1n an
increased net carbon dioxide assimilation, 1n contrast to
the results with glycidate [12, 21, 25, 26] Rather, AOA
was a rapid and potent inhibitor of net photosynthests
(Table 1) **CO, assimilation experiments suggested that
at the highest AOA concentration there might be a direct
effect of AOA on the Calvin cycle, leading to an accumu-
lation of radioactivity into umdentified compounds,
possibly phosphate esters Although this may be due to
inhibition of other enzyme(s) in the cycle, the possibility
that accumulated glyoxylate and/or glutamate were re-
sponsible, as suggested elsewhere [22], should be consid-
ered In barley this inhibition of photosynthesis might
have been the cause of the decreased incorporation of

radioactivity 1n glycollate, rather than vice versa
Further analogies of the effects of AOA and glycidate
can be drawn from experiments where glycidate was
admimnistered to wheat leaf sections [6] in similar experi-
ments to those reported here for AOA These showed, 1in
agreement with the effects noted for AOA (but cf refs [12,
21, 26]) that glycidate strongly inhibited photosynthesis
Concomitant with this was a shghtly increased incorpor-
ation of *CO, nto glycollate, a large accumulation of
phosphate esters and substantial decreases 1n glycine and
serine Incorporation into sucrose was not, however,
significantly affected These changes were nterpreted as
mdicating an inhibition of glycollate formation and hence
1ts conversion into subsequent metabolites, possibly due
to effects on either ribulose bisphosphate carboxylase or
phosphoglycollate phosphatase Nevertheless, the simi-
lanty of the effects caused by glycidate and AOA,

combined with the knowledge that both compounds can
mhibit aminotransferase reactions of the olvnnllmp nafh-
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way, are compelling

EXPERIMENTAL

Growth of seedlings Seeds of Hordeum vulgare, var Mazurka,
were obtamned from The Welsh Plant Breeding Station,
Aberystwyth, U K , and seeds of Zea mays, var Dekalb 202, were
supplied by Miln Masters Ltd, Chester, UK Seedlings were
grown 1n vermiculite or so1l in an environmental growth chamber
under a 14 hr regime (day temp 26°, mght temp 20°) with
fluorescent and tungsten lights providing 8 klx at the leaf surface

14CO, assimilation studies As described 1n refs [8, 9] and
based on refs [6, 27-29]

Other methods Sources of chemicals and details of enzyme
assays are given in the accompanying paper [30]
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