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Abstract-When adequate concentrations of phosphmothrlcm (a potent mhlbltor of glutamme synthetase) are added 
to Anacystzs n&&zns cells suspended m nitrate medium, ammonia excretion mto the medium takes place Snmlarly, 
when phosphmothrlcm 1s added to nitrogen fixing cultures of Anabaena ATCC 33047, ammonia IS also released at high 
rates Methlomne sulphoxlmme, phosphmothrlcm and its 2-oxo-derivative (1 mM) stimulate ammonia production and 
cause a sharp drop m glutamme and asparagme concentrations, when fed to leaves of Tntlcum, Pzsum and Zfelzanthus 
Less pronounced effects were detected with the leaves of a C4 plant Zea 

INTRODUCTION 

L-Methlomne-S-sulphoxlmlne (MSO) has been examined 
extensively by Melster and his colleagues [l] as an 
mhlbltor of mammalian glutamme synthetase (GS) [L- 
glutamate ammonia hgase (ADP-forming), EC 6 3 1 21, 
and was later shown to be a potent inhibitor of bacterial 
[2, 31 and plant [3, 43 GS MS0 has been used as an 
mhlbltor of ammonia asslmllatlon m cyanobacterla [S, 61, 
Chlamydomonas remhardu [7], Lemna manor [8], rice [9], 
Datura [lo] and spinach [l l] Such observations have 
been taken as one piece of evidence to show that the 
GS/glutamate synthase pathway [12] operates in green 
plants [13, 141 

The addition of mlcromolar concentrations of MS0 to 
lllummated cell suspensions of nitrate-reducing Anacystls 
ntduluns [ 151 and nitrogen-fixing Anabaena ATCC 33047 
[16] caused the excretion of ammonia mto the surround- 
mg medium at a high rate The levels of GS activity m the 
two types ofcyanobacterlal cells fell rapidly, but there was 
no evidence of any detrimental effect on the cells [17], 
thus suggesting that a blologlcal system for the contmu- 
ous production of ammonia using solely light energy 
could be devised [18] 

Phosphmothrlcm (PPT) [2-ammo-4-(methylphos- 
phmyl)-butanolc acid] was first isolated as a dlalanyl 
derivative from Streptomyces vtrrdochromogenes and was 
shown to be a potent inhibitor of GS from E cob [19] 
Subsequently the compound was shown to have strong 
herblcldal properties [20, 211 and was also active as an 
mhlbltor of plant GS at lower concentrations than that 
required for MS0 [4] The 2-oxo-analogue of phos- 
phmothncm (PPO) [2-oxo-4-(methylphosphmyl)-buta- 
noic acid] also acts as a herbicide [22], but no reports 
have been published as to its ability to inhibit GS 

The aim of this work was (a) to identify the mode of 
action of the potential herbicides PPT and PPO by 
exammmg their effect on ammo aad metabolism m a 

number of different higher plant species, and (b) to 
ascertain whether PPT and PPO are able to act m a 
similar manner to MS0 on nitrate-reducmg or mtrogen- 
fixing cyanobactena 

RESULTS 

Anacystls mdulans 

The effect of varying concentrations of PPT on mtrate- 
grown cells of A nzdulans can be readily seen in Table 1 
For a cell density value of 5 pg chlorophyll per ml, PPT 
concentrations above 100 PM strongly inhibited cell 
growth and decreased the levels of both nitrate reductase 
and GS Growth was also inhibited, although only 
moderately, by PPT concentrations between 25 and 
100 PM, without significant effect on nitrate reductase or 
GS Ammonia production was observed at concentrations 
above 25 PM, with a maximum at 50-1OOpM The 
duration of effective ammonia production was, however, 
dependent on the concentration of PPT employed (Fig 1), 
being shorter at the high concentration of 1 mM After 
24 hr m 50 PM PPT, the carbohydrate content of the cells 
increased over 3-fold, but the levels of chlorophyll and 
protein decreased slightly (Table 2) Ultimately the C/N 
ratio of the cells changed from 4 2 to 6 5 after 24 hr 

Anabaena ATCC 33047 

For this filamentous cyanobactenum, PPT behaved as 
a very potent mhlhtor of cell growth, with 2 5yM 
preventing growth almost completely and promoting 
maximum ammonia production (Table 3) Nltrogenase 
levels were increased almost 3-fold at this PPT concentra- 
tion PPT above 5 PM provoked a decrease m mtrogenase 
activity Nevertheless, GS actlvlty apparently was not 
affected at all by PPT m the concentration range assayed 
The time course of the appearance of mtrogenase activity 
can be seen m Fig 2 with maximum ammoma production 

1 



P J LEAFS al 

Table 1 Effect of different concentrations of phosphmothrlcm (PPT) on cell growth, mtrate reductase 
and glutamme synthetase actlwties and ammonia productlon by Anacystls nufulans cells 

Cell growth 
( y0 of control) 

Nitrate reductase 
(pmol/mg Chl per mm) 

Glutamme synthetase NH, produced 
(fimol/mg Chl per mm) (mM) 

0 100 33 216 0 
5 100 34 20 8 0 

25 59 35 22 1 02 
50 22 40 18 1 19 

100 17 38 162 23 
250 2 15 95 12 
500 0 13 82 08 

1000 0 09 65 06 

Suspensions of 4 mdulans contammg 5 fig chlorophyll per ml culture medium were treated for 16 hr 
with PPT at the m&cated concentration Cell growth m the control suspension was from 5 to 18 6 pg 
chlorophyll per ml culture m&urn 

r 

. 

/ / 
0 

,_md?_” t-. 
6 12 18 24 

Tlme (hrl 

Fig 1 Time course of phosphmothncm-promoted ammoma 
productIon by Anacystm mdulans A n~dulans cell suspensions 
contammg 6pg chlorophyll per ml culture medium were m- 
cubated under standard culture con&ions m the absence (0) or 
presence of 50 PM (0) or 1 mM (A) phosplunothrxm Ammoma 

m medium was estimated at the times mdxated 

Table 2 Effect of phosphmothrzm (PPT) on the levels of 
different cell components m Anacystls mdulans 

t=24hr 

t = 0 No ad&on 50 PM PPT added 

&sI&s0 11 12 11 
Chlorophyll* 60 59 52 
Protein* 1204 1241 105 4 
Carbohydrates* 6 2 60 215 
Nitrogen? 99 102 77 
Carbont 422 410 50 1 

A suspension of A mdulans cells contammg 1 ~1 cells per ml 
culture medium was dlvlded mto two halves, to one of which PPT 
was added at t = 0 to reach a final concentrahon of 50 PM After 
24 hr of mcubatlon under standard culture conditions the cell 
density values reached were 4 0 and 14 ~1 cells per ml for the 
PPT-free and PFT-contammg suspensions, respectively 

* pg//Il cells 
txofdrywt 

Table 3 Effect of different concentrations of phosphmothncln (PPT) on 
cell growth, mtrogenase activity and ammoma production by Anabaena 

ATCC 33047 cells 

cpml 
(PM) 

0 
1 
25 
5 
75 

10 

Cell growth Nitrogenase NH, produced 
(% of control) (pmol C,H,/mg Chl per hr) (mM) 

100 514 0 
63 900 03 

5 1445 22 
5 565 18 
2 134 10 
0 75 07 

Suspensions of Anabaena ATCC 33047 contammg 7 1 pg chlorophyll per 
ml culture medium were treated for 8 hr with PPT at the mchcated 
concentrations Cell growth m the control suspension was from 7 1 to 
13 9 pg chlorophyll per ml culture medium 
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Fig 2 Effect of phosplunothrxm on the activity level of 
mtrogenase and on the productIon of ammonra by Anabaena 
ATCC 33047 cells At t = 0, PPT (2 5 FM final concentration) 
was added to a cell suspension of Anabaena ATCC 33047 
containing 8 pg chlorophyll per ml culture medium Ahquots 
were withdrawn at the times rndxated and mtrogenase m the cells 

(A) and ammoma (0) m the medmm were estnnated 

after 24 hr After this time the mtrogenase activity de- 
creased and ammoma productlon ceased Re-addltlon of 
2 5 PM PPT, however, restored ammoma production and 
increased the mtrogenase level Sumlar changes m carbo- 
hydrate, protein and chlorophyll levels and m mtrogen 
and carbon content of the cells after mcubatlon for 20 hr 
m 2 5 PM PPT to that determmed for Anucystrs were also 
observed The C/N ratio increased from 4 4 to 6 8 after 
20 hr m the presence of PPT Contrary to the sltuatron m 
Anacystzs, a strong decrease (90%) m the phycocyanm 
level was observed for Anabaena PPO exerted no effect 
on either Anabaena or Anacystzs at a concentration of 
1mM 

Hzgher plants 

Table 4 shows the changes m the amounts of ammo 
aclds and ammonia caused by MSO, PFT and PPO, when 
fed to shoots via the xylem stream at a concentration of 
1 mM There was a considerable increase in ammoma m 
all plants tested, although the mcrease in Zeu was not 
readily apparent after 1 5 hr feeding. There was no major 
difference between the three compounds tested m their 
effect Levels of glutamme and asparagme tended to fall m 
Pzsum, Trztzcum and Helzanthus but not m Zea S~rmlarly 
levels of glycme, serme and alanme all decreased m Pzsum, 
Trztzcum and Helzanthus but tended to increase m Zea 

DISCUSSION 

The ad&ion of PPT to nitrate-reducmg cells of A 
nzduluns causes ammoma evolutton in a slmdar manner to 
MSO, although concentrations of 50-1OOpM are re- 
quired for optimal ammoma production as compared to 
5-10 PM MS0 [15] The higher the PPT concentration 
the shorter the lag penod to start the ammoma evolution, 
but also the shorter the period of effectlve production 
(Fig 1) It can be seen m Table 1 that there is httle decrease 
zn GS actlvlty at the time of maximum ammoma evol- 

ution However, the assay employed involved toluene 
permeablhzed cells that had been washed twice m buffer 
and any free PPT would have been washed out of the cells 
Studies with GS isolated from Pzsum satzvum mdlcate that 
at low concentrations PPT acts as a compe.titlve mhlbltor 
with glutamate, but at high concentrations as a non- 
competltlve mhlbltor [4] and it then becomes lrreverslbly 
bound to the enzyme Slmllar studies on GS isolated from 
a cyanobactenum have not been carned out but it must be 
assumed from Table 1 that external concentrations of 
25-1OOpM inhibit GS reversibly, and above 1OOpM 
lrreverslbly 

PPT concentrations above 100 PM also inhibited mt- 
rate uptake m A nzdulans [Ramos, J L and Guerrero, 
M G , unpublished results], which probably accounts for 
the drop m nitrate reductase activity and ammonia 
production The slight decrease m protem level but large 
increase m the carbohydrate level caused by 50 PM PPT 
(Table 2) was also seen m MSO-treated A nzdulans [15], 
and suggests that whdst ammo acid synthesis 1s blocked 
due to unavallablhty of ammonia, CO1 fixation can still 
continue 

The optimum level of PPT required to stimulate 
maximum ammoma production m Anabaena ATCC 
33047 was 2 >5 PM as compared to a concentration of 
35 PM required for MS0 Once again when GS was 
assayed m permeablhzed cells of Anabaena ATCC 33047, 
there was little evidence of mhlbltlon even at 10 PM PPT, 
suggesting that PPT 1s readily removed from the active 
site of the enzyme There was an almost 3-fold increase m 
the mtrogenase level at 2 5 PM PPT (Table 3), confirming 
the previously reported data that ammonia needs to be 
incorporated into an organic form before it 1s able to 
repress mtrogenase synthesis [S, 161 The reason for the 
marked decrease m mtrogenase activity at concentrations 
of PPT above 2 5 PM 1s not clear, but may suggest that 
either the cells do not have sufficient ammo acids to 
synthesize the mtrogenase protein, or that PPT 1s exerting 
a second mhlbltory effect The evolution of ammonia 
caused by 2 5 PM PPT was only maintained for 24 hr 
(Fig 2), but could be restored by the re-addrtlon of 2 5 PM 
PPT, suggesting that the mhlbltor was being slowly 
metabolized m the cells 

Perhaps the most striking feature about the data shown 
m Table 4 IS that the changes m ammoma and ammo acid 
levels for each plant species were very similar for all three 
compounds tested The only maJor difference was the 
particularly sharp decline of the glutamme level m 
Helzanthus caused by PPT 

In P satzvum, T vulgare and H annuus the levels of 
glutamme, asparagme and glutamate fell markedly after 
treatment with the three compounds This would be 
predicted if the compounds were acting as mhlbltors of 
glutamme synthesis, as asparagme and glutamate receive 
nitrogen directly from glutamme [12] and are rapidly 
turned over in the leaf m the light [23] The levels of 
serme, glycme and alanme decreased to a lesser extent 
suggesting that transammatlon reactions could stdl pro- 
ceed and equlhbratlon of ammo groups could take place 
In Z muys there was a decrease m glutamme levels caused 
by MS0 and PPO but the concentration of all the other 
ammo acids tended to me, suggesting that there was no 
block m their rate of synthesis 

Levels of ammonia rose m all the plants followmg 
treatment with the three compounds, although m Z muys 
there was little effect unttl after 6 hr The highest levels of 
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Table 4 The effect of methlomne sulphoxlmme (MSO), phosphmothrlcm (PPT) and Its 
2-0~0 derlvatlve (PPO) on the levels of ammo acids and ammonia m the leaves of four plant 

species 

Compound 

Time (hr) 

None MS0 PPT PPO 

15 60 15 60 15 60 15 60 

(a) P~sum satwum 
Asp + /%A 
Thr 
Ser 
Asn 
Ghl 
Gin* 
Hse* 
GUY 
Ala 
Ammonia 

(b) Trmcum vulgare 
Asp 
Thr 
Ser 
Asn 
Glu 
Gln 
GUY 
Ala 
Val 
Ammoma 

(c) Hel~anthus annuus 
Asp 
Thr 
Ser 
Asn 
Glu 
Gln 
GUY 
Ala 
Val 
Ammonia 

(d) Zea mays 
Asp 
Thr 
Ser 
Asn 
Glu 
Gln 
GUY 
Ala 
Val 
Ammoma 

298 289 316 249 372 330 363 316 
025 034 031 043 038 033 035 033 
103 107 055 051 067 046 067 067 
414 362 7 52 3 20 445 151 363 113 
235 141 160 075 116 047 101 047 
135 093 094 060 060 046 060 045 
098 265 131 116 172 139 232 150 
007 019 013 008 012 004 010 007 
019 027 022 015 014 008 014 007 
122 133 23 908 360 875 300 730 

114 128 051 069 099 072 053 089 
057 047 048 073 057 075 043 083 
093 072 052 050 079 056 048 074 
324 245 146 110 268 136 115 193 
210 216 101 118 184 I22 102 141 
104 087 018 007 057 003 012 021 
021 010 016 009 018 009 012 013 
091 094 041 041 069 046 040 064 
099 061 067 105 089 108 050 129 
103 055 283 541 203 553 208 524 

070 089 040 024 071 018 023 032 
048 048 025 027 044 019 032 044 
108 085 049 023 080 013 055 064 
336 291 2 30 110 533 069 103 146 
073 073 049 025 048 023 038 029 
641 544 271 147 281 0065 196 234 
040 034 039 009 069 <005 018 018 
061 035 020 008 041 <005 032 034 
060 044 020 023 044 020 034 053 
065 060 150 301 296 330 154 310 

071 065 093 058 102 098 102 057 
041 052 059 115 121 095 089 101 
294 285 436 503 563 504 431 419 
872 688 1328 12 15 209 1180 1306 1015 
108 157 139 114 174 203 138 098 
307 247 389 152 406 618 380 165 
366 394 516 605 547 540 598 455 
323 273 646 523 718 574 640 419 
030 037 066 093 097 075 085 092 
163 2 10 185 504 208 551 246 496 

PIA, /3-(Isoxazohn-5-on-2-yl) alanme, Hse, homoserme 
*Approximate valu& due to poorly resolved peaks of Gln and Hse 
All values quoted as pmol/g fresh wt 

ammonia were produced in Pzsum with a maxunal rate of The major source of ammonia produced m the leaf of a 
16 pmol ammoma/hr per g fresh wt being obtained, rates &-plant 1s thought to be that released during the 
m the other plants vaned between 0 4 and 15 pmol/hr per converslon of glycme to serme tn photoresplratlon [ 123 
g fresh wt Platt and Anthon [ 1 l] examined the effect of In C,-plants levels of photoresplratlon are much lower 
8 mM MS0 on isolated spinach leaf discs and showed that [24] and It would be predicted that the rate of ammoma 
ammoma was produced at a rate of 4 8 pmol/hr per g production m Z mays would be less than m the other 
fresh wt for a period of 150 mm three plants The experiments reported here were not 
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designed to yteld an accurate time course of ammoma 
evolution, but it can be seen m Table 4 that after 15 hr 
there IS little ammonia evolution m Z muys compared 
with the other three plants However, after 6 hr the 
ammonia concentration in Z muys 1s in the same range as 
that found m H annuus and T vulgare 

It 1s clear that the rates of ammonia production 
measured here and by Platt and Anthon [l l] are not of the 
same order as the magmtude of normal CO2 fixation 
(200 pmol/hr per g fresh wt) The reason for this 1s that the 
ad&tlon of MS0 severely mhlblts CO? fixation [ll, 
Lea, P J, unpublished results] and hence the photo- 
respiratory source of ammoma 1s removed It must be 
assumed that if ammoma is not assimilated by GS it 
diffuses mto the chloroplast where it inhibits electron 
transport [25-281 and thus the production of ATP and 
NADPH required for COz fixation The levels of am- 
monia detected m the four plants do not reflect the rates of 
photoresplratlon, but the ability of the chloroplast to 
tolerate high ammonia levels within the cell before 
photosynthetic reactions are curtailed A paper published 
durmg the production of this manuscript [29] mdlcates 
that concentrations of ammonia produced by 8 mM MS0 
m Zea, Sorghum and Datura were 13 4,17 2 and 10 0 mM, 
respectively 

In the present paper we have demonstrated two uses of 
the glutamme synthetase mhlbltors MS0 and PPT (a) to 
produce ammonia photosynthetically from either nitrate 
or mtrogen gas using cyanobactena, and (b) to inhibit the 
growth of plants by increasing the level of ammonia inside 
the cell to a point where normal metabolism IS prevented 

The precise role of PPO 1s not clear as It does not mhlblt 
GS by itself [Lea, P J, unpublished results] In the 
cyanobactena the compound had no effect, suggesting 
that either It does not enter the cell or it 1s not converted to 
the active form of the mhlbltor In the higher plant PPO 
exerts a very sumlar effect to PPT suggesting that It 1s 
converted enzymlcally after entering The precise mechan- 
ism of this conversion IS presently being studied 

EXPERIMENTAL 

Cyanobacterra Anacystls mdulans and Anabaena ATCC 33047 
were cultured as described m refs [lS] and [16], respectively 
Expts mvolvmg PPT were carried out m the same manner as 
those ongmally described for MS0 Glutamme synthetase (GS), 
nitrate reductase and mtrogenase were assayed again as described 
m refs [ 151 and [ 163 Care was taken to wash out PPT prior to 
the m sttu assay of GS C and N were determined with a Carlo 
Erba 1106/R elemental analyser 

Htgher plants All seedlmgs were grown at 22” with 16 hr light 
Shoots of the following ages were used for the expts P~sum (15 
days), Ifebanthus (18 days), Z’rztrcum (9 days), and Zea (9 days) 
Roots were cut under Hz0 and placed m tubes contammg 3 ml of 
the compound under test at 1 mM, and left at 20” and a light 
intensity of l-l 2 mEmstems/m’ per sec. for the periods stated 

Approxunately 2 g of tissue was used for each feeding, shoots 
were ground m a pestle and mortar with sand and mltmlly 3 ml 
Hz0 per g tissue, followed by an additional 3 ml 5-sulphosahcyhc 
acid to yield a final concn of 50 mg/ml 5-sulphosahcyhc acid 
Extracts were centrifuged and the supematants brought to pH 2 
with NaOH 

Ahquots of the extracts were analysed for NH3 and ammo 
acids on a Beckman Model 119 BL automatic analyser as 
described m ref [30] Glutamme was not denatured durmg the 
extractlon and analysis procedure 

PPT was synthesized as described m ref [19] and PPG by the 
method of ref [22] 
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