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The role of ammonium in the regulation of nitrite uptake in Chlamydomonas reinhardtii has been 
investigated under conditions that prevented ammonium assimilation. Prolonged carbon-starvation or 
inhibition of glutamine synthesis with L-methionine-DL-sulfoximine partially relieved ammonium inhibition 
of nitrite uptake. However, nitrite uptake was inhibited in both methionine sulfoximine-treated and 
carbon-starved cells preincubated with ammonium, the inhibition extent in the two cases being directly 
dependent on the ammonium concentration in the preincubation media. Methionine sulfoximine treatment 
caused an increase of intraceilular ammonium levels. When methionine sulfoximine-treated cells were 
transferred to ammonium media there existed a linear correlation between intracellular and extracellular 
ammonium concentration. Addition of methionine sulfoximine to cells with their nitrite uptake system 
inhibited by ammonium counteracted the effect of ammonium and restored nitrite uptake rate. These results 
strongly suggest that ammonium itself and a (some) product(s) of its metabolism must act together to block 
completely nitrite uptake by C. reinhardtii cells. Partial inhibition of nitrite u~take by methylammonium, a 
structural analogue of ammonium incapable of being used for cell nutrition, supports the above conclusion. 

Introduction 

Nitrite asslrmlatlon by the umcellular green 
alga Chlamydomonas remhardtu includes two con- 
secutlve steps ion transport across the cyto- 
plasrmc membrane  vaa a tughly specific permease 
klnetlcally dlstmgmshable from the mtrate per- 
mease [1] and subsequent reducUon of internal 
mtrl te to a m m o m u m  catalyzed by mtrate re- 
ductase [2-4] Both mtrate  and mtrlte uptake rates 
are very sensmve to ammonium regulation and, 
ldce mtrate reductase, mtn te  reductase synthesis is 
repressed in the presence of a m m o m u m  [5-9] 
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However, mtn te  reductase is not inactivated when 
ammonium is added to culture media, whereas 
mtrate reductase actlvaty decreased immediately 
after addiuon of a m m o m u m  [4,5,10,11] 

At present it is still unresolved whether am- 
monium per se or a product of its metabohsm is 
the lnlubltor of the mtrate uptake Most data 
suggesting this latter posslblhty have been ob- 
tained f rom exper iments  carried out with 
methlomne sulfoxlmme, an lnlUbltor of glutarmne 
synthetase [12,13] or In carbon-deficient cells 
[14,15], whereas Florenclo and Vega [5,6] have 
proposed that mtrate uptake is regulated by am- 
monium per se and not by any of ItS assln'nlatlon 
products 

The effect of a m m o m u m  on mtrlte uptake has 
been poorly investigated in algae, although it has 
been suggested that some metabohc a m m o m u m  
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derivative is the true inhibitor of nitrite consump- 
tion [6] 

In the present work, we have studied the effect 
of a m m o m u m  on mtrlte uptake rate m C reln- 
hardtlt cells by using experimental condmons un- 
der whach a m m o m u m  ass~malauon is prevented 
Our data indicate that a m m o m u m  ~tself inhibits 
nitrite uptake rate but that thas mhlblhon ~s total 
only under cond~tlons that allow ammonium as- 
similation Thus, a m m o m u m  and one (or several) 
metabohte(s) derived from it must act together m 
the inhibition process 

Materials and Methods 

C remhardtu wild-type strain 6145c was grown 
with 8 mM NH4C1 and derepressed for 5 -6  h with 
3 mM K N O  2, as previously descnbed [16] When 
rndlcated, CO 2 was ehnunated by bubbhng air 
through saturated K O H  and BaC12 solutions In 
the m vwo experiments medm were buffered at 
pH 7 0 with 50 mM potassium phosphate solu- 
tions For the in wtro enzyme determmatlons,  
cells were harvested by centnfugatlon at 15 000 x g 
for 10 iron, and disrupted by freezing-thawing 
treatment [16] N~tnte reductase was extracted with 
0 5 M phosphate buffer (pH 7 5) and glutamane 
synthetase with 0 5 M Mops -KOH buffer (pH 
7 0) Suspensions of disrupted cells were centri- 
fuged at 30000 × g for 5 man, and the resulting 
supernatant was used as source of enzymes 

Nitrite reductase was deterrmned colonmetn-  
cally according to the procedure of Ramirez et al 
[17], with modifications The reaction mtxture 
contarned, in a final volume of 1 ml 0 4  mM 
K N O  2, 0 2 M phosphate buffer (pH 7 5), 0 8 mM 
methyl viologen and the adequate amount  of en- 
zyme extract Reaction was carned out at 30 °C  
for 15 man and was started by adding 46 mM 
sodium dltluomte At 5-rrun intervals, 0 1-ml 
ahquots were taken out, dduted to 1 ml with 
distilled water and mtn te  deterrmned as described 
below The transferase acUvlty of glutarmne syn- 
thetase was deterrmned by measunng colorlmetrl- 
cally the 7-glutarnylhydroxamate formed accord- 
mg to the method of Shapiro and Stadtman [18] 1 
umt of enzyme actavlty ~s defrned as the amount  of 
enzyme which catalyzes the transformation or pro- 
duct~on of 1/~mol substrate or product per mln 

Nxtnte was estimated colortrnetncally by the 
dlazotizatlon method of Snell and Snell [19] Am- 
m o m u m  in the media was deterrmned after nes- 
slenzation according to the method of Fohn and 
Denis [20] For the lntracellular ammonium 
deterrmnatlon, cells were three times washed with 
ice-cold water, d~srupted by freezmg-thawrng m 
025 M tnethanolanune buffer (pH 8 6) and 
centrifuged at 20000 × g for 5 nun to ehrmnate 
cell debris The resulting cell-free extracts were 
heated m a boding water bath for 2 nun to prevent 
any uncontrolled alteration of mtracellular am- 
m o m u m  pools A m m o n m m  was estimated by 
measuring at 340 nm N A D H  oxldahon dependent 
on a m m o m u m  and 2-oxoglutarate in the presence 
of bovine hver glutamate dehydrogenase [21] Pro- 
tern was measured colonmetncally according to 
the method of Bailey [22], using bovine serum 
albunun as standard Chlorophyll was deterrnlned 
spectrophotometrlcally by the method of Arnon 
[23] Cell volume was calculated by measunng the 
packed cell volume as described by Gfeller and 
Gibbs  [24] 

Results 

Addmon  of a m m o n m m  to Chlamydomonas cells 
growing on mtnte,  under saturating hght and CO 2 
conditions, blocked suddenly the uptake of nitrite 
(Fig 1A) However, when ammomum-grown cells 
were kept for 12 h in the absence of carbon source 
or in the presence of methlomne sulfoxarmne, 
m tn t e  uptake rate was moderately lntublted by 
ammomurn (20-40%) (Fig 1B, C) In both CO E- 
depleted and methlomne sulfoxlrmne-treated cells 
premcubated w~th increasing concentrations of 
ammomurn,  an increasing rnhlb~t~on of mtn te  up- 
take was observed (Fig 2) Under these condi- 
tions, the maximal mhlblt~on found never exceeded 
80%, even at tugh ammonium concentrations 

The mtracellular content of ammonium m 
mtrlte-grown cells was more than doubled when 1 
mM a m m o m u m  was added to culture media (Ta- 
ble I) However, m the presence of mettuonme 
sulfoxmune the lntracellular a m m o m u m  con- 
centratlon was raised ten times over control value 
whereas mtn te  uptake rate decreased by only 18% 
and a m m o m u m  was excreted into the medium 
(Table I) Addition of ammomurn to mettuonme 
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Fig 1 Effect of metluonme sulfoxtmane-treatment and CO 2 
depletion on mtnte uptake mlubmon by ammomum in C 
remhardtu Ammomum grown cells were washed, transferred 
to and kept for 12 h m medm contauung 3 mM KNO2 (A), 3 
mM KNO 2 -CO2  (B) or 3 mM KNO 2 + 1 mM metluomne 
sulfoxtmane (C) At zero ttme, 1 mM ammomum was added ( l )  
to control cultures w~thout ammomum (O), and mtnte was 
measured m the medm at the mdmated ttmes 100% corre- 
sponded to 0 19 (A), 0 14 (B) and 0 16 (C) mM mtnte The 
chlorophyll content of cells was 17 5 (A), 27 1 (B), and 16 7 (C) 
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AMMONIUM IN THE MEDIUM (raM) 
F~g 2 Relataonslup between mtnte  uptake rate and extracellu- 
iar ammomum concentrauon m metluomne sulfoxarmne-treated 
(A) and carbon-starved (B) cells of C remhardm Cells were 
subjected to metluomne sulforarmne treatment (A) or kept m 
CO2-depleted medm (B) m the presence of 3 mM KNO 2 After 
12 h, cells were harvested and transferred to medm contmmng 
0 5-20 mM ammomum and, after 2 h treatment, the mtnte 
uptake rate was deterrmned by measunng penodmally mtnte 
content m the medm 100% of mtnte uptake rate corresponded 

to 8 6 (A) and 4 3 (B) #mo l /mg  Chl per h 

TABLE I 

AMMONIUM A N D / O R  METHIONINE SULFOXIMINE 
EFFECTS ON THE NITRITE UPTAKE BY C REIN- 
HARDTll  

Nitrite-grown cells were harvested m the mad-phase of growth 
and transferred to media contatmng 1 mM KNO2, 1 mM 
NH4C1 or 5 mM mettuomne sulfoxamane (MSX), as mdmated 
After 1 h treatment mtnte and ammomum uptake ($) or 
excretion (1') rates were determined by measuring penodmally 
their concentrations m the media, and mtraceUular ammomum 
concentration was measured enzymaucally as described m 
Matenals and Methods 100% of uptake or excretmn rate 
corresponded to 9 2 /~mol /mg Chl per h and 100% of mtracell- 
ular ammomum concentratmn corresponded to 0 08 mM 

Treatment Uptake or excretion rate (%) Intra- 
cellular 

N 0 2 ( $  ) NH~'( ; )  NH~'(I ' )  [NH~](%) 

KNO 2 100 
NH4C1 + KNO2 3 
metluomne 

sulfoxarrane 
+ KNO 2 82 

NH4CI 
mettuonme 

sulfoxumne 
+NH4C1 

metbaonme 
sulfoxumne 
+ NH4CI 
+ KNO 2 51 
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Fig 3 Linear correlation between extra- and lntracellular 
ammonmm concentration m metluonme sulfoxamlne-treated 
cells of C remhardtn 0 5-20 mM ammomum was added to 
cells treated with metluomne sulfoxamme for 12 h, as m the 
legend to Fig 2 After 2 h in the presence of ammomum, its 
lntracellular and extracellular concentratxons were deterrmned 

as described m Materials and Methods 
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sulfoxlrmne-treated cells did not alter mtracellular 
ammonium levels, but caused a 50% mbabltlOn of 
nitrite uptake rate (Methaomne sulfoxlrmne+ 
N H 4 C I +  KNO 2, Table I) Besides, ammonium 
concentraUon in the media was linearly correlated 
with mtracellular ammonium concentrauon m 
metluomne sulfoxlmme-treated cells (Fig 3) 

Metluomne sulfoxamlne partmlly reheved mtnte  
uptake lnhabmon by ammomum (Fig 4A) The 
rehef was accompamed by ammonium excretion 
to the medm (Fig 4B) and a slgmflcant increase of 
mtracellular ammomum levels (Fig 4C) About 
75% of the ammomum excreted was due to en- 
zymatic reduction of rutnte and the rernalmng 
25% probably came from catabohc or photo- 
respiratory reactions (Table I and Fig 4) 

In metbaonme sulfoxamlne-treated cells gluta- 
mane synthetase acuvaty was absent In contrast, 
mtnte  reductase was only partmlly mlublted 
(10-20%) in mettuomne sulfoxxmane-treated and 
CO2-starved cells (results not shown) 
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Fig 4 Revers,on by metluomne sulfoxarmne (MSX) of the 
ammomurn mtubltory effect on the mtnte uptake m C rein- 
hardin cells 1 mM ammomum or 5 mM metluon,ne sulfoxa- 
mane was added to mtnte-grown cells when md,cated by 
arrows, and mtnte in the me(ha (A), ammomum m the medm 
(B) and mtracellular ammomum (C) concentratmns de- 

tenmned at the md,cated t,mes 
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F,g 5 N,tnte uptake mbabmon by methylammomum m C 
remhardm 2 5 65) or 5 mM (11) methylammomum was added 
to mtnte-grown cells, and mtnte m the rne, cha determined at 
the rod*eared tunes Control without methylammomum is ex- 

pressed by (@) 

Methylammomum partially inhabited mtrlte 
uptake by mtnte  growing cells (2 5 and 5 mM 
methylammomum rahab:ted mtnte uptake by 50 
and 70%, respectively) (Fig 5) However, mtnte 
reductase was pracUcally unaffected by methylam- 
momum addmon (results not shown) 

D i s c u s s i o n  

Our results show that mtnte uptake mhabxtlon 
by ammomum m Chlamydomonas xs complete 
when ammomum is ass,rmlated wathout any re- 
stncuons, wluch mxght lead up to conclude that a 
product derived from ammomum metabohsm is 
the true mtubxtor of mtrlte uptake m thas alga 
Thts conclusion has been prevaously reached for 
mtrate uptake inhibition by ammomum in 
C h l a m y d o m o n a s  and other  photosynthe t ic  
orgamsms [13-15, 25-27] On the other hand, 
when ammomum asslmalatlon is blocked, by in- 
hibiting glutamme synthetase act~wty with 
mettuomne sulforarmne or by subjecting the cells 
to carbon starvation condmons, an enhancement 
of the lntracellular ammomum accompanied by 
nitrite uptake mlubltlon takes place The conclu- 
sion now would be that ammomum per se is the 
true mlubltor of mtnte uptake, as proposed by 
Florencxo and Vega [5,6] for mtrate uptake m C 
remhard t .  Therefore, a rmxed interpretation of 
our results can be elaborated mtnte uptake m 
Chlamydomonas is probably regulated xaa a dou- 
ble mechanism that involves ammomum per se 



and a metabohte  derived from its assmulatlon In 
tlus respect, Bagclu et al [28] have recently re- 
ported,  by  using glutamlne auxotrophs  of 
Anabaena cycadeae, that m ad&tmn to a m m o m u m  
~tself a product of a m m o m u m  assmulatlon vm 
glutanune synthetase may also be  revolved in the 
regulatxon of mtrate  uptake 

Intracellular a m m o m u m  deterrmnat~ons were 
performed in order to ascertam whether or not use 
of tlus parameter  is vahd to pre&ct the mlubltxon 
degree of mtn te  uptake Actually, it has been 
reported that an mtracellular threshold level of 
a m m o m u m  exasts above wluch tlus compound be- 
haves as a co-repressor of mtrate reductase m C 
remhardm [8] Besides, mtn te  reductase synthesis 
m the same organism is reversely related to m- 
traceUular a m m o m u m  levels in cells transferred 
from a m m o m u m  to mtn te  media [9] Our data 
show that the mtn te  uptake system ~s httle senst- 
t~ve to a m m o m u m  alone since m metluomne 
sulfoxarmne-treated cells w~thout external am- 
m o m u m  added and &spla2ang lugh lntracellular 
a m m o m u m  levels of ammomum,  mtn te  was taken 
up at rates smular to those in control ceils. How- 
ever, a strong lnhlbmon of mtn te  uptake m 
met luomne sulfoxarmne-treated cells resulting from 
increasing extracellular a m m o m u m  levels was ob- 
served and &rectly correlated with the mtracellu- 
lar levels of  tlus compound Thus, we conclude 
that an increase of mtracellular a m m o n m m  con- 
centratmn ~s a necessary but not sufficient con&- 
tlon to explain the mtn te  uptake mlubltmn by 
ammomum,  and that product(s) of a m m o m u m  
assmulaUon can act together with a m m o m u m  
(probably synergistically) m the regulatmn of 
nitrite uptake Possibly, the mtrogen status of 
cells, wluch depends on experimental con&tlons, 
and the particular ratio external /mternal  con- 
centraUons of a m m o m u m  and mtn te  are deceswe 
factors to account for the particular contnbutmn 
of a m m o m u m  ~tself and the product of its 
metabohsm to the lnlubmon of nltnte uptake In 
tills connection, Deane-Drummond [29,30] has 
proposed a model for the mtrate  uptake system m 
whach, basically, the metabohc state of cells ~s 
responsible for the ratio lnflux/eff lux of mtrate 
Other lnterpretauons based on a m m o m u m  asslnu- 
latlon vaa pathways alternative to glutarmne syn- 
thetase (e g ,  vm glutamate dehydrogenase) do not 
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seem probable since a m m o m u m  from photo- 
respiratory or catabohc ongm is excreted to media 
m metluomne sulfoxamme-treated cells 

The a m m o m u m  analogue methy lammomum 
nurmcs all the effects of a m m o m u m  on mtrate 
assmulatlon [31-33] In C remhardm, a m m o m u m  
and methy lammomum uuhze the same transport 
system [34] Besides, methylammonlum cannot be 
used as mtrogen source for growth, and acts as a 
substrate of glutarmne synthetase, rendenng as a 
umque product y-N-methylglutamme [8] We have 
shown that, depending on its concentratmn, meth- 
y l ammomum mlublts mtn te  uptake by C rein- 
hardin Methylammomum ~tself must be the m- 
lub~tor of the mtn te  uptake If  v-N-methylgluta- 
nune were the true mlub~tor of the mtn te  uptake, 
it an lnlublUon lugher than that observed would 
be expected, in keeping w~th the rate at whach that 
compound accumulates ms,de the cells Our re- 
suits show that methy lammomum mlubmon pat-  
tern is hnear dunng 1 h, wluch rules out the 
preceding mterpre ta tmn Tlus hnear pattern can 
be the result of  the rap~d accumulation of methyl- 
a m m o m u m  inside the cells and of its slow trans- 
formatmn rate by glutanune synthetase [8] In 
Phaeodactylum trwornutum, a partial mlubltlOn of 
mtrate and mtrlte uptake by methy lammonmm 
has been also found, but took a longer t~me to 
develop as result of a slow rate of methylam- 
m o m u m  accumulatmn reside the ceils [35] The 
lower sensitivity of nitrite uptake to methylam- 
m o n m m  with respect to that exlub~ted toward 
ammonium under the same condltmns can be due 
to the absence of the metabohte(s) derived from 
a m m o m u m  asslmllatmn, which further supports 
our conclusmn that both a m m o m u m  itself and a 
product of Its metabohsm act synergistically to 
mlublt  mtn te  uptake Besides, methy lammomum 
may be not recogmzed as efficiently as a m m o m u m  
by the regulatory sites or proteins m the mem- 
brane 

Acknowledgements 

Tlus work has been supported by Cormsl6n 
Asesora de Investlgacl6n Clentifica y T6cmca 
(grant 1834-82) One of us (F C ) thanks Mlmsterlo 
de Educac16n y Clencla (Spam) for a Formacl6n 
Personal Investlgador fellowslup 



292 

References 

1 C6rdoba, F ,  Cfirdenas, J and Femkndez, E (1986) Plant 
Physiol 82, 904-908 

2 Barea, J L and Ckrdenas, J (1985) Arch Mlcrobiol 105, 
21-25 

3 Barea, J L ,  Sosa, F and C~rdenas, J (1976) Z Pflan- 
zenphystol 79, 237-245 

4 C6rdoba, F (1985) Doctoral Thesis, Umversity of C6rdoba 
5 Florenclo, F J and Vega, J M (1982) Phytochermstry 21, 

1195-1200 
6 Florenclo, F J and Vega, J M (1983) Planta 158, 288-293 
7 Florenclo, F J and Vega, J M (1983) Z Pflanzenphyslol 

111,223-232 
8 Franco, A R,  Chrdenas, J and Fernkndez. E (1984) FEBS 

Left 176, 453-456 
9 C6rdoba, F and Fernkndez, E (1986) XIII Congreso SEB, 

Abstract No 7 1 
10 Hlpkm, C R,  A1-Bassam, B A and Syrett, P J (1980) Planta 

150, 13-18 
11 C6rdoba, F ,  Ckrdenas, J and Fernknde~ E (1985) Blo- 

chtm Blophys Acta 827, 8-13 
12 Ragano, C V, I~ Martmo l~gano, V and Fuggl, A (1979) 

Arch Mlcrobiol 121, 117-120 
13 Cullunore, J V and Sims, A P (1981) Phytochermstry 20, 

933-940 
14 Syrett, P J and Morns, I (1963) Blochtm Btophys Acta 

67, 566-575 
15 Thacker, A and Syrett, P J (1972) New Phytol 71,423-433 
16 Fernfindez, E and C~denas, J (1982) Mol Gen Genet 

186, 164-169 
17 Ramlrez, J M,  Del Campo, F F ,  Paneque A and Losada, 

M (1966) BlochLrn Blophys Acta 118, 58-71 
18 Shapiro, B M and Stadtman, E R (1970) Methods En- 

zymol 97, 910-936 

19 Snell, F D and Snell, C T (1949) m Colomnetnc Methods 
of Analysis, Vol 2, p 804, Van Nostrand, New York 

20 Fohn, D and Dems, W (1916)J Blol Chem 26, 473 
21 Da Fonseca-Woilhexm, F ,  Bergmeyer, H U and Gutman, 

I (1974) m Methodan der Enzymatlschem Analyse, 2nd 
Edn (Bergmeyer, H U ,  ed ), pp 1850-1853 Vedag Cherme, 
Wemhelm 

22 BaJley, J L (1967) m Techmques m Protein Chermstry, 2nd 
Edn, p 340, Elsevlor, Amsterdam 

23 Arnon, D I (1949) Plant Physlol 24, 1-15 
24 Gfeller, R P and Cnbbs, M (1984) Plant Physiol 75, 

212-218 
25 Syrett, P J and Leffley, J W (1976) m Perspectives m 

Experimental Biology, Vol 2 (Sunderland, N,  ed ), pp 
221-234, Pergamon Press, Oxford 

26 Ray, A K and Smgh, S (1982) FEMS Mlcrobiol Lett 14, 
303-306 

27 Flores, E,  Guerrero, M G and Losada, M (1983) Blocbam 
Blophys Acta 722, 406-416 

28 Bagclu, S N ,  Ral, U N ,  Rat, A N and Smgh, H N (1985) 
Physlol Plant 63, 322-326 

29 Deane-Drummond, C E (1984)J Exp Bot 35, 1299-1308 
30 Dearie-Drummond, C E (1984) Plant Cell Enwronm 7, 

317-323 
31 Arst, H N Jr and Cove, D J (1969)J Bactenol 98, 

1284-1293 
32 Barea, J L,  Sosa, F M and Ortega, T (1974) Anal Edaf 

Agrobiol 33, 1045-1054 
33 Chaparro, A ,  Maldonado, J M, Diez, J ,  Relunplo, A M 

and Losada, M (1976) Plant Sci Lett 6, 335-342 
34 Franc.o, A R,  Chrdenas, J and Fem~mdez, E (1986) Ad- 

vanced Course on Inorgamc Nitrogen Metabohsm, Jaran- 
dllla, Abstracts, No W13 

35 CressweU, R C and Syrett, P J (1984) Arch Mlcrobiol 
139, 67-71 


