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Abstract-The potenttal of ammo-oxyacetate as an tnhtbttor of photoresptratory metabohsm has been assessed In the 
presence of mhlbltor at 10 PM, asslmdatlon of 14C02 m Hordeum uulgare was decreased by 72 %, and m Zea mays by 
42 %, for ammo-oxyacetate at 1OOpM the correspondmg mhtblttons were 90 % and 72 %, respecttvely Labelhng 
patterns showed reduced mcorporatton mto most metabolttes, that mto sucrose bemg notably depressed As a 
percentage of total mcorporatlon hexose monophosphate, glycollate and serme concentrations were increased 
followmg mhlbltor treatment The increased mcorporatton mto glycollate was particularly evident in maize, where a 
marked increase m net asslmdatlon mto this compound was observed Enzymlc studies on plant extracts treated m uztro 
with ammo-oxyacetate suggested that serme glyoxylate ammotransferase was the prunary site of mhlbltlon, and 
glutamate glyoxylate ammotransferase and particularly serme hydroxymethyltransferase were appreciably less 
sensltlve to mhlbltlon 

INTRODUCTION 

On the view that photoresptratton IS essentially a wasteful 
process, one of the methods suggested for tts control has 
been the use of mhlbltors of glycollate metabohsm [l] 
The mhlbltors investigated have included the aldehyde 
blsulphlte addition compound, a-hydroxy_Zpyndme 
methanesulphomc acid [ 141, the acetylemc substrate 
analogue 2-hydroxy-3-butynolc acid (HBA) [S-9], lso- 
mcotmlc acid hydrazlde (INH) [lo, 1 l] and glycldate 
[ 123 The first two mhlbltors act on glycollate oxldase and 
HBA m particular IS specific for this enzyme The other 
mhlbltors affect later reactions of the glycollate pathway 
The site of a&on of glycldate 1s probably 
glutamate glyoxylate ammotransferase [13], claims that 
use of this mhlbltor stimulated photosynthesis [12] have 
since been questloned [6, 141 INH 1s an mhlbltor of 
enzymes which are pyrldoxal Y-phosphate (PLP)- 
dependent, and m the glycollate pathway m plants It 
appears to mhlblt preferentially the glycme to serme 
converslon (see e g refs [3, 61) More recently glycme 
hydroxamate [ 151 and ammo-acetomtrde [ 163 have been 
shown to mhlblt glycme decarboxylatlon 

We now report a study of the mhlbltlon by the carbonyl 
reagent ammo-oxyacetate (AOA) of the glycollate path- 
way m C3 (Hordeum uulgare) and C4 (Zea mays) plant 
types Our data suggest AOA may mhlblt preferentially 
serme glyoxylate ammotransferase and IS thus a useful 
addltlon to the mhlbltors currently used for mvestlgatmg 
photoresplratory metabohsm 

* Present address C S I R 0, J&vlslon of Plant Industry, P 0 
Box 1600, Canberra City, A CT 2601, Australia 

RESULTS 

Effect on photosynthetzc carbon dzoxzde asszmzlatzon 

An equlhbratlon period of at least 60 mm dlummatlon 
m the leaf chamber of the asslmdatlon apparatus was 
allowed before exposure to 14C02 to ensure that steady- 
state photosynthesls was attained m leaf sections Under 
these condltlons the net asslmdatlon rates for untreated 
seedlings were 12 6mgCO,/dm’/hr for maize and 
6 7 mg C02/dm2/hr for barley When experiments on 
long-term photosynthesis m 14C02-alr were carried out 
usmg AOA at 001 or 0 1 mM the total asslmdatlon of 
14C01 mto water-soluble material m barley and maize 
(Table 1) was substantially decreased, with barley appear- 
ing to be more susceptible than maize The considerable 
inhibition of “C-asslmJatlon that was observed follow- 
ing treatment with the lower AOA concentration empha- 
sizes the potency of this mhlbltor 

Efect on radzoactzvzty zn zntermedzates 

The pattern of “C-labellmg m metabohtes m the 
water-soluble extracts followmg 30 mm photosynthesis m 
“C02-alr was examined (Table 2) The results for barley 
indicated lowered mcorporatlon mto most metabohtes 
followmg AOA treatment, with that mto sucrose being 
markedly decreased 

After treatment with 001 mM AOA an increased 
incorporation of 14C mto glycollate occurred, and a large 
decrease m glycme These data are consistent with m- 
hlbltlon of the transammatlon of glyoxylate to glycme, 
though mcorporatlon mto serme as a percentage of total 
incorporation was increased The decreased mcorpor- 
ation into alanme and aspartate might be due to mhlbltlon 
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Table 1 Effects of AOA on the net “C-asslmdatlon mto water-soluble material of 
barley and maize leaf sections during photosynthesls m ‘%ZO,-air 

Barley Matte 

14C taken up % decrease l“C taken up “/, decrease 
(lo-’ x dpm) (10e5 x dpm) 

No inhIbItor 
AOA 001 mM 

01 mM 

300 - 644 
82 72 7 377 41 5 
30 900 178 724 

Four primary leaf sections of barley or two of maze. (total area ca lOcm*), from 2- 
week-old seedhngs, were arranged m frames with the cut bases m water or solution as 
indicated, and dlummated (5 klx, temp 25”) and flushed wrth normal air for 60mm. 
then with WO,-air containing 25 /&“‘C/l for 30 mm (both at 0 8 l/mm) before rapid 
kdhng, extractjon and estnnatlon of 14C m water-soluble material 

of the ammotransferases concerned or to inadequate 
supply of keto-acid precursors from ‘respiratory’ mter- 
mediates, the latter would also account for the decreased 
14C-mcorporatlon mto malate The severely reduced 
mcorporatlon of 14C in glycerate could indicate that its 
formation, via hydroxypyruvate ansmg from transaml- 
natlon of serme, was mhlblted, and this would be 
consistent with the higher percentage accumulation of 
14C m serme Glycerate might also be formed from 3- 
phosphoglycerlc acid, mcorporatlon of 14C mto the latter 
was also InhibIted by AOA The data taken as a whole 
indicate that AOA may affect metabohsm in a number of 
ways, but m the pathway of glycollate metabohsm a 
preferential mhlbltlon of serme glyoxylate ammotrans- 
ferase appears to occur 

After treatment at the higher mhlbltor concentration, 

14C mcorporatlon mto several compounds was virtually 
abolished In this case the radloactlvlty m the compounds 
investigated accounted for only 55 “/, of the total 14C 
incorporated, while the remainder was associated with 
two areas m 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-S-phosphate, nbulose-5- 
phosphate, sedoheptulose-1,7-dlphosphate 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 mcorporatlon of 14C mto the hexose 
monophosphate region also increased as a percentage of 
the total 14C asslmdated after AOA treatment The 
posslblhty of direct interaction with sugar monophos- 

Table 2 Effect of AOA on the 14C-assmulatlon mto water-soluble products of barley or maze leaf se-ctlons following photosynthesls 
m 14C0,-air 

Treatment 

Barley Maize 
(14C taken up as 10-s x dpm) (14C taken up as lo- ’ x dpm) 

No mhlbttor OOlmMAOA OlmMAOA No inhibitor OOlmMAOA OlmMAOA 

Total 14C taken up 3000 822 302 6436 376 9 
Intermediates 

3-Phosphoglycenc 
acid 66 (22)’ 10 (12) Neg(<Ol) 268 (42) 85 (23) 
Hexose 
monophosphates 93 (3 1) 3 8 (46) 16 (53) 453 (70) 382 (101) 
Hexose dlphosphates 06 (02) OS (06) Neg (~0 1) 17 (03) 2 6 (0 7) 
Sucrose 1347(450) 23 6 (28 7) 50 (164) 3410 (53 0) 1509 (400) 

1778 

38 (21) 

200 (113) 
14 (0 8) 

527 (296) 

Glycollate 
Glycme 
Se.rme 
Glycerate 

12 (04) 
268 (89) 
202 (68) 

57 (19) 

19 (2 3) 
42 (51) 

17 8 (21 6) 
01 (02) 

04 (12) 
09 (28) 
39 (128) 

Neg(<Ol) 

Neg (10 1) 
66 (10) 
103 (16) 
65 (10) 

491 (130) 469 (264) 
29 (08) Neg (~01) 
94 (25) 26 (14) 

Neg (~0 1) Neg (~0 I) 

Alanme 42 (14) 13 (15) 03 (08) 163 (25) 72 (19) 
Malate 9 7 (3 3) 23 (28) 26 (8 5) 894 (139) 484 (129) 
Aspartate 15 8 (52) 26 (3 2) 20 (68) 30 1 (47) 9 2 (2 4) 

Experimental detads were as for Table 1 
Neg, Neghglble 
Figures m parentheses are l“C present as a percentage of the total taken up 
* IncorporatIons are the means of two expenments, m both cases total 14C mcorporatlon was the same 

Neg (to 1) 
97 (54) 

148 (83) 
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phates has also been suggested for INH [17] An m- 
hlbltlon of photosynthesis m this way might contrlbute to 
the rapid and severe effects of AOA on 14C-assimilation 
and this aspect IS the subject of continuing investigations 

A slmllar picture emerged when maize was treated with 
AOA, though there were some differences These results 
(Table 2) show that mhlbltlon of photosynthetic 14C- 
asslmllatlon was less severe than m barley but was again 
reflected m decreased mcorporatlon of 14C into phos- 
phoglycerate and sucrose Incorporation mto hexose 
monophosphates and dlphosphates increased as a per- 
centage of the total 14C incorporated A small accumu- 
lation of 14C mto the phosphate ester region was evident 
m autoradlograms, consistent with earlier results with 
barley again suggesting that there might be some direct 
effect of AOA on operation of the Calvin cycle, in the 
bundle sheath chloroplasts, but these effects were less 
dramatic than m barley Incorporation of 14C mto malate, 
the C,-acid playing a crltlcal role m maize photosynthesa, 
was decreased followmg AOA treatment, but at the lower 
AOA concentration the mcorporatlon mto this com- 
pound was unaffected as a percentage of the total, 
suggesting no direct effect of AOA on the C4 pathway 
Aspartate was also decreased at the lowest AOA concen- 
trdtlon, though after treatment with 0 1 mM AOA m- 
corporation of 14C m this compound increased as a 
percentage of the total This was presumably due to AOA 
mhlbltlon of ammotransferase actmty, but could possibly 
indicate a greater importance of this acid m C4 metabo- 
lism under the condltlons of the experiment Consistent 
with these views, It has subsequently been shown [Jenkins, 
C L D unpublished data] that in ~ttro AOA effectively 
mhlblts maize leaf aspartate ammotransferase, but has 
neghglble effects on the enzymes of the C4 pathway 

effects of AOA on other transammases might have 
lmphcatlons for carbon droxlde fixation It was of obvious 
interest to assess the effect of AOA on enzymes of the 
glycollate pathway For the present tn u~tro studies of the 
effects of AOA on mdlvldual enzymes PLP was not added 
to the assays The mhlbltlons of PLP-dependent glycol- 
late pathway enzymes produced zn txtro by a range of 
AOA concentrations IS shown m Fig 1 Serme hydro- 
xymethyltransferase 1s the least affected by the mhlbltor, 
activities being only decreased by some 50 % at 1 mM 
concentration of mhlbltor AOA was considerably more 
potent with the two ammotransferases with glutamate 
glyoxylate ammotransferase being 80 % mhlblted by 
0 01 mM AOA, while senne glyoxylate ammotransferase 
activity was abolished at only 0 1 PM and was ca 50% 
mhlblted by 001 PM inhibitor AOA also inhibited 
hydroxypyruvate reductase m vitro by 30 % at 10 mM, but 
glycollate oxldase was unaffected even at this high 
concentration 

0 

s 40 
B 
f 
= 60 

There were marked effects on 14C-mcorporatlon mto 
intermediates of the glycollate pathway followmg AOA 
treatment of maize, with large mcorporatlons of 14C mto 
glycollate With 0 01 mM AOA mcorporatron of 14C mto 
glycme was somewhat depressed These observations 
suggest, as for barley, a partial mhlbltlon of glyoxylate 
ammotransferases involved m the conversion of glycollate 
mto glycme though here mcorporatlon into serme was 
comparable to the control At 0 1 mM AOA negligible 
[14C]g1ycme was formed, and the amount of [14C]serme 
was also markedly decreased Incorporation of 14C mto 
glycerate was neghglble at both inhibitor concentrations, 
suggesting that m maize 14C mcorporated mto glycerate 
comes predommantly from serme rather than from 
phosphoglycerate, which was still formed to some extent 
Accumulation of 14C m alanme was also markedly 
decreased by 0 01 mM AOA treatment, and was neghglble 
with 0 1 mM AOA, again presumably owmg to mhlbltlon 
of ammotransferases In maize too, therefore, the data 
indicate that AOA mhlbltlon of metabohsm may be 
complex 

Amino- oxyocetate, M 

Fig 1 InhibItion of PLP-dependent glycollate pathway en- 
zymes m barley by AOA Actlvltles m extracts of 
glutamate glyoxylate ammotransferase (0), serme glyoxylate 
ammotransferase (A) and senne hydroxymethyltransferase (0) 
were assayed In the presence of AOA added at the concentration 
indicated before mltlatlon of the reactlons by substrate addltlon 
Enzyme actwltles m unmhlblted controls, m the absence of 
supplemented PLP, were 58, 56 and 7 7 nmol/mm/mg protem, 

respectively 

Effect on enzymes of the glycollate pathway 

In these expenments AOA was added to enzyme before 
the enzymlc reactions were mltlated When AOA, to a final 
concentration 0 1 PM, was added to assays during the 
course of the reaction serme glyoxylate ammotransferase 
activity was abolished wthm 6Osec It IS, therefore, likely 
that m the m oztro studies maximum mhlbltlon at each 
AOA concentration had been attained before nutlatlon of 
the reactions Tight bmdmg of AOA via enzyme-bound 
PLP 1s indicated for serme glyoxylate ammotransferase 
even m the presence of considerably higher concen- 
trations of serme and glyoxylate 

Although at higher concentrations other effects on 
photosynthesis are likely, it 1s apparent that AOA IS an 

As well as direct consequences for glycollate metab- 

inhibitor of photoresplratory metabohsm m both C3 and 
olism there 1s the posslblhty of further disturbances m 
metabolism as a result of mhlbltlon of other PLP- 

C4 plant types The increased mcorporatlon of radloac- 
tlvlty m glycollate, observed particularly m maize, accom- 

dependent enzymes Of particular interest are the trans- 

pamed by the decreased mcorporatlon mto glycme would 
ammases involved m the regeneration of 2-oxoglutarate m 

be consistent with mhlbltlon of the PLP-dependent 
the photorespiratory nitrogen cycle [18] for reasslml- 

glyoxylate ammotransferases While recogmzmg that the 
latlon of the ammonia released on conversion of glycme to 
serme If these were mhlblted as a result of AOA treatment 
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the accumulation ofammoma might cause suppression of 
carbon dioxide asslmllatlon [19] However, even at the 
highest inhibitor concentration there was no evidence to 
suggest that amounts of glutamate or glutamme m AOA- 
treated plants were slgmficantly different to the controls 

DISCUSSION 

In interpreting the effects of AOA on carbon dloxlde 
assimllatlon the data obtained with photorespiratory 
mutants of Arabdopsts thalzana [XI] are of particular 
interest In mutants totally lacking serme glyoxylate 
ammotransferase, serme and glycme 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 serme, and the decrease m 
phosphoglycerate, are comparable to data for the 
mutants However, in the studies with the mhlbltor there 
was some decrease in glycme m contrast to data for the 
Arabrdopm mutants Together with the accumulation of 
glycollate seen followmg treatment with AOA this sug- 
gests partial mhlbltlon of the formation of glycme These 
additional effects of AOA comphcate the changes m 
metabolic patterns seen after mhrbltor treatment The 
Arabdopszs mutants exhibited normal photosynthesls 
under condltlons which suppressed photoresplratlon and 
It would be of interest m subsequent studies with AOA to 
investigate Its effect on carbon dioxide asslmdatlon m 
maize under non-photorespiratory condltlons 

The potency of AOA 1s clearly evident when these data 
are compared with those obtained with the widely used 
PLP-dependent enzyme mhlbltor INH, where connder- 
ably higher concentrations are needed to mhlblt photo- 
respiratory metabolism to the same extent as AOA (see 
e g refs [3, 63) 

Inhlbltlon of glutamate glyoxylate ammotransferase m 
tobacco callus [21] and mhlbltlon of this enzyme and 
serme glyoxylate ammotransferase m leaf discs [13] 
occurred with the photorespiratory mhlbltor glycldate 
This mhlbltor was suggested to inhibit glycollate forma- 
tion by some unrecogmzed means through the accumu- 
lation m the tissue of glyoxylate and glutamate [22], 
which apparently inhibited glycollate synthesis and 
photoresplratlon [23-251 It IS, therefore, of interest that 
m the present mvestlgatlons AOA, which also mhlblted 
the ammotransferases, did not result m slgmficant ac- 
cumulation of giycollate m barley, m contrast to the 
accumulation observed m AOA-treated maize This ob- 
servation perhaps indicates a slmdar mhlbltlon of glycol- 
late formation m barley as a result of glyoxylate ammo- 
transferase mhlbltlon In this case, however, the (possible) 
mhlbltlon of glycollate synthesis did not result in an 
increased net carbon dioxide asslmllatlon, m contrast to 
the results with glycldate [12, 21, 25, 261 Rather, AOA 
was a rapld and potent mhlbltor of net photosynthesis 
(Table 1) 14C0, asslmdatlon 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 radloactlvlty mto umdentlfied compounds, 
possibly phosphate esters Although this may be due to 
mhlbltlon of other enzyme(s) m the cycle, the posslblhty 
that accumulated glyoxyiate and/or glutamate were re- 
sponslble, as suggested elsewhere [22], should be consld- 
ered In barley this mhlbltlon of photosynthesis might 
have been the cause of the decreased mcorporatlon of 

radloactlvlty m glycollate, rather than vice versa 
Further analogies of the effects of AOA and glycldate 

can be drawn from expenments where glycldate was 
administered to wheat leaf sections [6] m similar expen- 
ments to those reported here for AOA These showed, m 
agreement with theeffects noted for AOA (but cf refs [12, 
21, 261) that glycldate strongly inhibited photosynthesis 
Concomitant with this was a slightly increased mcorpor- 
ation of 14C0, into glycollate, a large accumulation of 
phosphate esters and substantial decreases m glycme and 
serme Incorporation mto sucrose was not, however, 
significantly affected These changes were interpreted as 
indicating an mhlbltlon of glycollate formation and hence 
its converslon mto subsequent metabohtes, possibly due 
to effects on either rlbulose blsphosphate carboxylase or 
phosphoglycollate phosphatase Nevertheless, the slml- 
larlty of the effects caused by glycldate and AOA, 
combined with the knowledge that both compounds can 
mhlblt ammotransferase reactions of the glycollate path- 
way, are compelling 

EXPERIMENTAL 

Growth ofseedltngs Seeds of Hordeum uulgare, var Mazurka, 
were obtained from The Welsh Plant Breeding Statzon, 
Aberystwyth, U K , and seeds of Zeu mays, var Dekalb 202, were 
supphed by Mdn Masters Ltd , Chester, UK Seedhngs were 
grown m verzmculzte or sod man envzronmental growth chamber 
under a 14 hr regzme (day temp 26”, night temp 20”) wzth 
fluorescent and tungsten lights provzdmg 8 klx at the leaf surface 

z4C02 asszmzhzt~on studzes As described zn refs [8, 93 and 
based on refs [6, 27-291 

Other methods Sources of chemzcals and detazls of enzyme 
assays are given m the accompanying paper [30] 
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