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) > Abstraot
' Senescence, turion dormancy and germination were investigated in - ,
nitrate-deficient (1/20 Hoagland’s nitrate) and SP'fItO‘dOfICIOnt (1/200 Hoeglend’s sulfate).
Spiradela polyrhiza L. (Schleidenl grown in contmuous light at 25— 26°C. Aveilability of

[

substrates, i.e. nitrate or sulfate, or some amino acids normally derived from these

amons was shown to dlrectly affect frond senescence, turion dormancy and turion

germination. Cytokinins (benzyledenine or isopentenyladenine.at 0.5 or 5.0 mg/l} were

ineffective in delaying senescence induced by rutrient deficiency. However, at these

. concentratlons they prevented turion development overcame dormancy and induced
germmation in mature \tunons formed in nutrlent-deficient media These results indicate

 that a close relationship exists between nutrient availability {or utilization) and cytokinin

activity. P

Consequ‘snces of nitrate and sulfate deficiency were investigated et«thele\fél of .
amino acid metabolism. While the concentration of protein amino acids declined in both,
: nitrate— and sulfate— deficlent plants, a general decrease in free amino acids was detected
' ;only in mtrate-deficnent plants. The leCeIs of most free amino acids in sulfate—deficuent
: plants remained comparable to the controls, with the exception of sngnificantly higher
concentrations of asparagine and glutamlne The changes in the levels of amino amds in
deficient plants were not the result of decreased rates of synthesis, as judged by the in
wva incorporation of labeled precursors of the "aspartate pathway , i.e. aspartate, '
homoserine and cysteine, into product amino acids threonine, isoleucine and methionine.
In contrast, expressed on-a fresh weight basis, the /n vitro :étivity of homoserine
dehydrogenase lE.C. 1.1, 1-3;, L-homoserine: NAD(P)* oxidoreductase) declined in the
deficient cUltures to abglt 10% of the control, bfit‘apparently not below the rates needed ¢
to maintain /n vivo gmino acid synthesis in the deficient plants,
Although exogenously applied TmM asp, giu and gly.were capable of supporting
the growth of nltrate—defiment plants and O. 1mM cysteine and methionlne supported the
growth of sulfate—defncnent plants the controls responded to excess amino acids by
enhanced turion development (a characteristic stress response). Methlomne threonine and
lysine ( lmM) inhibited the growth of* control plants and turion development of defICient

plants Labeling experiments with radloactive sulfate in the presence of cold 1mM



thruonim plus lysine dornomtntld that whllo’o synthesis of methionine v?tho
upumto pathway is inhibited by these amino ncids, there may also be a more direct
offoct on protein synthesis. : R

Aminoacylation of tRNA and protoin * g l? control and deficient plants were
"also. invostigatod At the wholo plant ,M ROt EHANDN d-crmcd slightly by 13% and
the rate of protein synthesis decre e
mcrusod in the deficient fronds (7.4 f . u mrm— .

' tho rate of - protoolym ‘
fucront cutturos) Lower turnover
of labeled leucine in the tRNA pool of defcéuﬂt versus control or recovering plants
suggests that tRNA ammqacyhtion plays an wnportant role’ in metabolism and
davolopmnt of nutrient-deficient plants. . : ' o

it is concluded -that the wnthdrawal of macro—nutnents or conversely the
- application of exogenous ammo acids, represent methods which effectnvely dngrupt
cellular metabolism at a level ciosely linked to macromolecular synthes:s These methods
. may serve as a useful tool in elucidating regulatory/metabolic mechanisms underlying

plant development.
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1. Gnnrnl lntroduction
Studles of macro-nutrient defaqnency in plants have been limited in-number in the
last three decades perhaps as resuit of the finding that deficiency can be readily avonded
by fertnhzer applncat:ons in contrast nutrnent limitation has been employed as one of
several posssble treatments which disrupt normal bactenal growth, and as a result qan be
used to mvestlgate the regulation of bactenal metabohsm and development (Gallant,
g1;979 Szulmajster, 1979; Cozzone, 1981). This approach has been rarely considered by
plant sqne_n,tusts, perha‘ps because plant developmental phenomena are perceived to be
more complex and regulated by ‘énvironmental factors such as light and temperature
" interacting with plant growth régulators. Nevertheless, nutrient avaifability and/or nutrient
utilization are basic raguireznents of plant growth and development and are known to play
a role in apical dominance, fiowering, leaf senescence and dormancy (\Nareing ‘and
Phl"lpS _1970) The latter two davelopmental processes, partncularly foliar senescencs,
“will be the sub;ect of this lnvestngatlon
It'is clearv from Thimann's recently published book on plant senescence (Thimann,
1980) that our understanding of the metabolic regulation of this p;ocess is minimal. Leaf
senescence is charaéterised by chiorophyil loss, decrease in protein and nucleic acid
levels with atten.dant increases in the activity of hydrolytic enzymes, decreased
photosynthetic activity and structurél changes in‘organelies. The involvement of
e“anironmental factors such as light and temperature and of plant growth regulators such-
as auxins, Cgib‘beréllinds, cytokinins and abscisic acid has been established. However the 44
y‘aar-rold hypothesis of nutrient diverl'sio’n (Molisch, .1938) has hot'been eXtensiVely
: te_sted.Molisch"s hyp_othé_éis has been given little credence despite the.observatio‘ns that
some annuals, if given optimal cuIthal {including nutrient) c’oﬁditions, will lnot. senesce and
may grow for S‘everéllyears. Plant tissugs cultured in optimél nutrient media survive much
Io’rygeré, than the parent plant (Leopold, .1980). Nitrogen fertilizer applications are also ‘
known to delay sanescénce and onset of ido:;mancy in p@;ennial plants (Kozlowsk‘i,. 1964).
In the present work, the p_ossi»b\i'liiy will be examined that macronutrient deficiency
or inability tb uﬁli:;g fnutrients may be one of the primary causes of senescence; i.e. the
loss of chlo'rophyll,‘ other macromolecules and eventual loss of cellular structure.

" Throu'gh an investigation of the metabolic conseguences of macronutrient deficiency,



namely -nitrate and sulfate, the basis for investigation of other levels of senescence
regulation will be suggested. The immediate conseguences of decreased erimary
assimilation into giutamate or cysteine are unknown and one can only speculate about the
posslble sequence of metabolic events whnch eventually culmmate in defuc:ency—mduced
senescence. Presumably, the de novo synthesis of amino acids derived from glutamate
and cyeteine decreases, limiting ‘not onhly protein synthesis but eseentially all aspects of
rﬁetabolisrh that are dependent.on N and S containing compounds. This sequence cannot
proceed at’ random and must be tightly regulated, since sene‘scence is not a simple
random degradative process (Thimann, 1880). The exact regulatory [relationships may in
fact be difficult to establish. While it is lnkely that senescence at the cellular and
organellar level proceeds in an apparently linear ’fashl\on, ;regulat;on of metabohc events
occurs at several levels simultaneously. A small number of key metabolites or growth
regulators _(pieiotropic or m.ulfi—level regulatdrs) may be responsible.

The regulaﬁon of metabolic events associated with nutrient deprivation is much
better understood in :-grgkaryotic organisms. Bacteria such as £scherichia coli,
K/ebsiella aerogenes, Streptococcus faecalis, S. /actis,‘Pseudomohas-aerug/' nosa and" _

. particularly the soil bacterium Arthrobacter crystal /opoietes ‘ehter a state of "maintenance
metabolism” upon reduction in C or N availability' and remain.in this condition with _orxly a
gradual loss of viability (Dawes, 1976). Bacteria of the genus baci/ /us respond to
reduced C,N, or P nutrient‘availability b; spore formation (Sonnenshein and Carr\pbell,
1976' Szulmajster, 1979) At the metabolic level, the censeguence decreased
nitrogen nutrition are best understood in £. colj. Starvation of this orgamsm is usually
achieved by removing amino acids from prototrophne cells, by depriving auxotrophic
strains of required amino acids, by the use of amino acid analogs which interfere with
synthesis of eorrespondiné amino acids or by impairing synthesis of cenainjm_ino acids
by feedback inhibition (Gallant, 1 ‘979; Cozzone, _198,1 ). It was discovered that it is not the
shortage of the amino acid itself, but rather the decreased aminoacylation of tRNA, wﬁ\i'c:h"
triggers the so called "stringent response”. This Beponse is characterised by stimulation
of transcription of op_erons for amino acid synthesis and glycogen synthesis and by
inhiopition of stable RNA accumulation, glucose respiration, carbohydrate, lipid, |

phospholipid, cell wall and nucleotide synthesis, transport of glycosides and pelyamines.



In thé above reactions, the relative levels of charged vs. uncharged :tRNA act as metabolic
regulators while the rate of translation is affected directly by decreased substrate
avanlablllty The strmgent response can be elhcnted not only by starvatlon but also by
chem:cal_or genetic interference with the aminoacylation reactlon. Decreased rate of
protein synthesis is aecompanied- by an increase in protein degradation, resulting in a low
) basal level of protem turnaver. Overall, functional protems of lower molecular weight are
synthesized. However the mechanisms of maintaining transiational accuracy in the
-deficient state are not fully understood. '

The regulatory functions of the tRNA molecule have received much attention
“(Cortese, .1979). For exampie, unchar_cjed tRNA is the signal for ppGpp synthesis in the
idling reaction of protein synthesis. This nucleotide may interact directly with RNA ‘
polymerase or interact with DNA of the attenuatpr regions of his, trp, leu and ile—\)al
operons. The exact mechanisms 8f trahscripﬁonal regulation by uncharged tRNA remain
to be clarified. It was shc;w_n, that the relative concentrations of tRNA species are subject
to regulation, ie. the abundances of"tRNA are geared to the fregdency of amino acids
required in translation (Cortese, 1879). An extreme example of this "developmental or
functional adaptation of tRNA" is the synthesis of fibroin in the posterior silkk gland of
Bombyx mori larvae. Eibroin consists primarily of gly, ala, ser and tyr and the amounts of
the respective tRNAs mirror the frequencies of the amino acids (Garel et a/., 1970).
Similar correlation has been found between tRNA levels and protein composition in plant
seedllr?@s (Kedzierski, 198 1.

Before further dlSCUSSth of eukaryotlc organisms, it should be established,
whether their tRNA charging is decreased during nutrient starvation. For exampie, the |
above menfiened silkworm Ia'r_vae, when deprived of mulberry leaves prior to cocoon
spinning, show decreased amino acid content in the silk glands, decreased 1RNA charging
(lower enzyme activity and aminoacyl-tRNA levels) and decreased RNA synthesis |
(Chavancy and Fournier, 1979). Histidinol, a competitive inhibitor of the aminoacylation of
his—tRNA has been used to decrease the level of his—tRNA in cultured animal cells. This
cohditionl led to the so called "pleiotypic resp_ense" and specifically decreased rRNA
synthesis (Grummt and Grummt, 1976) and increased the rate of protein degradation

" (Scornik et a/., 1980). In contrast, Orlovskaya (1979) reported increased incorporation of



sH-leucine into the tRNA of muscle tissue in fasting rabbits. However, this effect may be
related to's_'pecific reversal of starvation in muscle by leucine and the associated increase
in protein synthesis (Tischler et a/., 1982) ‘

. Regulation of the cell cycle in eukaryotes may also involve tRNA charging.
,Starvation\ of wiid—type yeast for any of the essential elements prevents entry into the S
—phase and unbudded cells accurﬁulate. Unger and‘HartWell (_1976) reported that cells of

Saccharomyces cerevisiae will stop growéth in the G—1 phase following starvation for
sulfate of the prototroph, starvation for methionine of a met auxotroph or shift to the
restrictive condition (te&xperatufe) of a conditional met—-tRNA synthetase mutant Erom the
above observations it was concluded that if a signal exists for impending sulfate
starvation, it occurs bey?nd the met—tRNA synthetase reaction. Uncharged (met—~)tRNA is
a likely molecule io act as such a signal. In yeast an‘d'Neuros,bora, starvation for one
amino acid leads to de-repression of several other amino acid synthetic p_athways.
Spurgeon and Matchett (1 977) haVe ‘demonstrated that indoleacrylic acid, an inhjbitor
which causes accumulation of indoleglycerol, inhibits the histidine biosynthetic pathway
via inhibition of his—tRNA synthetase and decreased his—tRNA charging levels.
Eurthermore, the synthesis of histidine, tryptophan and arginine biosynthetic enzymes’
was de—-repressed under these circumstances. A feciprocal situation was observed with
-a tryptophan pathway inhibitor. The authors suggested that charging of tRNA is involved
in multiple pathway de—repression in this organism. ‘ |

No reports are available on the status of tRNA charging in nutrient—deficient
plants or cultured plant cells. Of some relevance in this regard may Ee the observation
that cells of dormant shoot apical meristems of ash were all arrested in the pre-synthetic
G- 1 phase (Cottignies, .1979). Evidence frompthereukary‘étic organisms indicates that
metabolic regulation by relative tRNA charging levels may be a general phenomenon also
applicable to"plénts Aspects of plant metabblism in which co-regulation has been -
suggested will be reviewed in the following paragraphs. A
The regulation of plant metabolic pathways is usually studied at the level of

enzyme activation and inhibition by pathway end—products. For examp‘le, the pathway

leading from aspartate to the synthesis of lysine, threonine, isoleucine and-methionine is

tho‘ught to be regulated by changing levels of its end—products (for detailed discussion,

/
/

L/
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see Section 3.1). However, significant ﬂuctuation#; in pathWay end-products experienced

by migro-organisms are rarely a factorin autotfsphic plant growth. In plants, it may be

rewarding to searph‘ for a higher level of regulation, particularly in respect to
inter—pathway regulation and }the co—ordination of autbtrophic, gfth—related
metabolism. Rather than an over—supply of a single metabolic product, \the availability of
substrates plays a basic role inJ plant metabolism and growth. Sevgral areas have been
investigated which suggest a close reiationship between two of several metabolic
pathways related to primary assimilation, namely: a) p_rirhary assimilé’gion of nitrate and
sulfate, b) photosynthesis and ‘N or S assimilation, c) brofein turnover during nutrient
Iimftation »énd d) RNA metabolism during car_bon starvation. Speéific éxamples are

discussed below.

~

The primary pathways of nitrate and sulfate assimilation in plants have been

“elucidated in recent years. Nitrate assimilation is catalysed by nitrate and nitrite

reductases, .glutamine synthetase and glutamate synthase (Miflin and Lea, 1876, 1980;
Beevers and Hageman, 1880), while sulfate assimilation occur‘s \)ia sulfate
adenylyltransferase, adenosine 5'—sulfatophosphate sulfotransferase, and cysteine

synthase (Giovanelli et a/., 1980). The relationship between these two pathways has been

- investigated in cultured tobacco cells (Reu\}eny et al/., 1980Q). Th\é“rat\e of development of

nitrate reductase, induced by nitrate in the media, was directly preport\i\énal\to the initial

sulfate concentration in the medium. Conversely, the de—-repression of sulfate

adenylyitransferase by low sulfate was dependent on the availability of nitrate. Such

- regulation would ensure a balanced supply of reduced N and S for tobacco protein, in

which these elements occur in a 25:1 ratio. Suggestions regarding the possible identity of
the regulatory molecules WBre not offered. Amino acids also play a role in the
(de-)repression of nitrate reductase in tobacco cells (Filner, 1966), a Vfinding that does
not exclude the possibility that amino acid metabolites‘ére the actual regulatory entities.
Decreasedvnitrat,e reauctase activity and élevated tiséué nitrate levels were detected in
sulfate~deprived maize seedlings (Friedrich and Schrader, 1978).

A close relationship also exists between rjitrogen availability and/relative rates of
carbon dioxidéffixétion into organic acidé o>carbohydrates. increased ay;lailability of

ammonia favors the photosynthetic production of amino acids at the expense of sucrose
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“in Chlorella pyfenoidosa (Kanazawa et a/., 1970), alfalfa leaf discs (Platt et a/., 1977) and -
isolated poppy meséphyll cells (Paul et a/., 1978). This effect appears to be'modulated w(by
increased activity of pyruvate kinase and phosphoenol pyruvate carboxylase. Similar

' observations were made in nsolated spmach Ieaf\ells although in this case, total CO,
fixation was increased by added ammonia (Woo and Canvin, 1880a). Additions of
glutamate, nitrite and inhibitors of the glutamine synthetase/glutamate synthase eniymes
inhibited this increased assimilation of CO, Only incorporation into the neutral sugar
fraction was affected. These observations led to the sug;asﬁon that not only ammonia,
but increased nitrogen assimilation was responsible for the ralatxve increase m amino acid
photosynthesis (Woo and Canvm _1980b) Hydroxylamine, an mtermedlate of nitrate
assxmnlatnon; has been reported to inhibit oxygenase activity and stimulate carboxylase -
activity of ribulosebiséhosphate carboxylase/ oxygenase in Anabaena cylindrica (Okabe
et al., 1979) and may play some role in the photorespiratory ﬁitrogen cycle, (Keys et a/.,
1978). In the reverse deficient condition,‘i.e. in CO, free air, sharply reduced
ir;corp_oration of N into aminosacids is observed in barley, _wheat,v corn and bean leaves
{Canvin and Atkins, .1974). Sulfate deficiency had Ioné term detrimental effec;tjs on
photosynthesis in whole leaves and isolated chloroplasts (Terry, .19786), although these
e,‘ffectsvmay be due to chioroplastic deterioration and therefore provide little insight into
the immediate relationship between sulfur assimilatioﬁ and carbon fixation.

Low nutrient availability has been dbservéd to, decrease the rate of protein
synthesis and to increase the rate of-proteih degradation in Lemna minor (T rewa~vas,
1972b Cooke et al 1979), although it is difficult to obtain absolut'e values for the rates
of protein turnover (Davies, 1979). The radioactive label apphed can be metabohsed into
non—protein compounds, enter non—synthenc pools and the label released by protein
degradation can be re—incorporated into'protein. The mechanism for increase'd protein
degradation has .been linked to the increased permeability of the tonoplést and increased
release of proteolytic enzymes (Cooke et a/., 1880). No relationship between tRNA
charging levels and the rate of protein turnover has be’en esta'blishad,'however. At the
‘Tevel of nucleic acids, rRNA precursor processing into mature rRNA is decreased in
carbon starved Sp/rode/a oligorhiza (Rosner et a/ 1877). The transcrlpt:on of new

rRNA precursors re—adjusted only siowly in relatlon to the rapidiy mhnb:ted processing.



: It is appsrent from the enumeration of metabolic pethw ys affected by substrate
hmimlon that little is known about their possible co-regulation.\Generally, it is essumed \
that co-regulation occurs by "cascading mechanisms”, i.e. chang in the levels of
products of one pathway regulate the activities of one or several\other pathways To
date, the rolenf putative plenotroplc reguletors particularly at the vel of enzyme
(de~)repression, has not been considered in plants. However the me\abohc responses to
nutrient limitation have been studied in a variety of plant species. This thesis, in an attempt
to unify the observations within one species, Spirode/a polyrhiza, inVestigates the
c¢onseguences of nutrient oeﬁciency at three levels: a) <:le‘velopmentral,l b) amino acid

. O R ’ “ . Q‘
biosynthesis and c) protein/aminoacyl-tRNA synthesis.



2. Senescence, Turion Development and Germination.

2.1 Introduction

Investigations of the complete plant dormancy cycle including éenestance
dormancy and germlnatlon are still lacking. This may be due to the long developmental
periods involved. Furthermore the developmental and matabohc hnks between
senescence of the parent plant and the resumptnon of growth or germination of the
| dormant organ have been rarely considered. Among the numerous environmental factors{
initiating and bromoting senescence, and/or subsequently breaking dormancy, nutrient
deficiency is the one factor most directly linked to the metabolism of the organism. in
this chapter, the dorméncy cycle of aseptically grown S. po/yrhiza is desc/ribed. The
dormancy cycle of this plant can be completed within one month and its devélopment can
be easily manipulated by the nutrient and/or growth regulator éontent of the growth and
ger&vination media. |

The turions, which are modified fronds lacking aerenchyma and filled with starch
(Hillman, 196.1), form on the senescing fronds in response to environmental stresses
such as low temperature (Shibazaki and b.da, 1878), to nitrate, potassium, calcium  *
d’e'ficienci'es (Newton et a/., 1978), to sulfate, phosphate, magnesium deficiencies (Malek,
unpublished observations), or following abscisic acid treatments (Perry and Byrne, 1969).
Conceivably, there are several pathyvays Ieadi'ng to the macromolecular events that are
uitimately responsible for turion development. In the present work, deficiencies of nitrate
~ and sulfate were chosen as turion—inducing treatments, since these anions participate in
the formation of key amino acids (Bénner and Varner, 19786; Datko et a/., 1978; Rhodes
et al. A1977). It is proposed that either amino acid deficiency or decreased involvement
of amino acids in macromoleculér synthesis leads to turion induction. In this regard, it is
sigﬁificani that amino acid deficiencies result in spore formation in Bacillus sp.
(Szulmajster, 1979) and in some fungi (Moore—Landecker, 1872).

In the germination phase of the cycle, the metabolic conseguences of the
deficient state have to be overcome. Turions respond to nutrient ap_p_l;catnon by
germinating, providing their dormancy has been broken. Again, amino acid metabolism

might be implicated in dormancy breaking and the germination stages of develépment

8

7~



Amino acid interconversions may be amorig the earliest reactions taking place in
germinating seeds (Collins and Wilson, 1975). \

Superimp’osed on the nutrient-regulated development of Spirodela are the
known effects of the plant growth regulator cytokinin. For example, exogenous
cytokinins Hava-been shown to induce turion germination in complete nutrient media
(Lacor, 1969). Furthermore, the well documented interaction between the nutrient status
and cytokinins in senescence and dormancy (Salama and Wareing, 1979; Horgan and
Wareing, 1980) suggests that cytokinins act as a signal of normal nutrient status, i.e.
normal vegetative pattern of development This chapter describes the development of
Spirode/a in response to nutrient deficiency and the application of cytokinins.
Subseguent investigations of amino acid and protein métabolism utilize cultures growing

under physiological conditions described in this chapter.

2.2 Materials and Methods

2.2.1 Growth conditions

The greater duckweed Spirodela polyrhiza L. (Schieiden) Strain O-381 (Shibazaki
and E)da, 1879) was érown aseptically in 250 mi wide neck Erlenmeyer flasks containing
40 ml full-strength Hoagland's medium (with FeEDTA as ifon sourcel under continuous
white light {(mixed fluorescent and ihcandescent source, 100 to 120 uEm-s-! at 25 to A
26°C. Macronutrient deficient media contained 1/20 nitrate (0.25 mM KNO, and Ca(NO,),)
or 1/200 sulfate (0.01 mM MgSO,). The resulting cation deficiency was adjusted to
control levels by adding the appropriate chloride salt(s). Expenmentat cultures were .
initiated by 3 to 4 frond colonies from stock cultures that had bee s ,plemented with
1% (w/v) sucrose to detect possible contamination by mncroorgamsms Stock exogenous
amino acids (9mM) and cytokinins (4mg/l, Sigma, St. Louis) were added in appropriate
volumes (5 or 0.5mi) through 0.22 um Millipore mef&nbrane f(ilters to give the desired final
concentrations. The cytokinins were dissolved in 1ml of 95%(v/v) ethanol during
preparation of the stock solution. Eronds were counted in continuously growing cultures
and turion production was determined by periodic harvesting of cultures and counting of

~ turions retained on a fine wire mesh (Malek ahd Oda, 1880). Total chliorophyll contents
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were determined according to Harborne (1973).

. 2.2.2 Germination t‘osts

On day 28 of culture, dormant turions were aseptically collected from several
flasks. To break dormancy the turions vxaré placed in 200 ml of autoclaved and aerated
(overnight) 20% (w/w) PEG 6000(Carbowax, Fisher Scientific, Edmonton) for four days
(Malek 1981). Samptes of 20 to 30 turions were then transferred into 10 mtof
germination medium (see Results) in 125 m! foam stoppered conical flasks. Germination in

the light at 25 to 26°C (as above) was then determined after 4 or 1] days.

2.2.3 Amino acid extraction and analysis

Seven or eleven day oid fronds (0.5 to 1.0g) were homogenised in a conical
ground glass grinder (Bellco, Vineland, N...) in 10 ml of hot 80% (v/v) ethano!l. The extract
was evaporated to dryness in vacuo at 50°C on a Buchler flash evaporator (Buchier
Instruments, Fort Lee, N.Y), the residue, washed with 10 m! of anhydrous diethyl ether,
was dissolved in 10 ml of water and applied to a column (8x1 cm) of Dowe; 50WxB
(200-400 mesh) H* ion exchange resin. The column was washed with 40 ml| of water and
the amino acids were eluted with 40 ml of 6N HC!. The acid eluate was dried /n vacuo and
taken up in 4 ml of 0.2N trisodium citraté buffer (pH 2.2). To estimate the amounts of
free glutamine and asparagine, aliquots of the extract were hydr.olysed in 6N HCI for 2
hours as described below and the data for glutamine and aspargine were corrected for
hydrolysis during the usual preparative procedure. |

The protein—bound amino acids were recovered from the insoluble cell residue by
overnight hydrolysis in 6N HCI under nitrogen at .110°C. The hydrolysate was filtered,
dried /n vacuo and prepared for analysi.s as above. Appropriately diluted extracts were

analysed on the Beckman 121 AutoAnalyser {Anonymous, 1970).

2.2.4 Microbiological assay of methionine
The low levels of free methionine, not readily measured by automated amino acid
analysis, were determined using the more sensitive microbiological assay. Free amino

acids were extracted as above, except that the dried.acid eluate was taken up in 2 m! of
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water. The assay was carried out according to the Difco manual (Anonymous, 1953),
using Difco media and cultures of actively growing Ped/ococcus cerevisiae Balcke ATCC
8042 Under these culture conditions, the microorganism responded to methionine and

meathionine sulfone.

2.3 Results

The growth of control, nitrate~ and sulfate— deficient plants is shown in Figure 1.
The concentrations of nitrate and sulfate were determined in preliminary experiments in
6rder to synchronize the initial growth rates (decreasing by day. 7) and the time of turion
appearance (day 11). The rates of frond senescence, however, differed in the two _
deficient conditions. Sulfate~deficient plants contained slightly more chlorophyll {Table 1)
and protein (T ablg 8) than nitrate—deficient plants at the time of turion appearance. The
contrbl plants ceased normal growth and small fronds and turions started to appear on
day 18. The low growth rate of 'the deficient plants could be increased by addition of -
sulfate or nitrate to control levels on days 5,7,9 and 11 (Table 2). These cultures
developed chlorophyll but turions, initiated by day S or 11, c&mp|eted their development.
Selected exogenous amino acids;, app‘lied on day 7 of culture, Were also capable of -
reversing the senescence and turion formation that was’ induced by nitrate deficiency and
sulfate deficiency (Tabie 3). Glutamate, aspartate and glycine at 1mM increased the
growth rate of nitrate—deficient plants to the control level, but were unable to prevent
turion development. Methionine and cysteine at 1mM inhibited growth of nitrate—deficient
plants but were largely without effect at 0.1 and 0.0.1mM. In contrast, sulfate-deficient
plants responded to methionine (0.1 mM)‘ and cysteine (1.0 and 0.1mM), but not to
aspartate, glutamate and élycine. Methionine at 1mM inhibited growth and turion
fc;rmation, while 0.0.1mM methionine or cysteine had only a slight effect on the
sulfate-deficient plants. Non-deficient plants were little affected by the exogenous
amino acids. Of these, aspartate, glutamate and glycine enhanced turion formation, While
1ImM methionine inhibited growth.

The rate of turion formation is shown in Figure 2. The sulfate—deficient plants had
a greater capacity for turion production, however the turions were smallier and dark in

color. The development of mature, abscising turions took about 6 days. For subsequent
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Figure 2. Turion production by nitrate-deficient (0) and“sulfate-

deficient (A) Spirodela. Total visible turions (0,4);
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sinking to flask bottom. (0,A). Each point is the value
obtained from single culture flask. : S e
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gerfnination studies, turions were collected on day 28 of culture, to avoid.ageing in the
spent “medium and associated changes m germination, capac:ty {Lacor, 1969; Shibasaki and
Oda, 1978; Malek and Oda, 1980)

- Germination results are shown in Tables 4,5 and 6. in early experiments,
dormancy’, was broken b_y a four day treatment in sterile, aerated PEG 6000 (Maiek,
1981). As shown previously for turionsvfor_'med in the presence of 1% sucrose, the PEG
6000 treatrﬁent resulted in rapid germination in nitrate (turions formed in N-deficiency)
and in sulfate (turions \fo;med in S—defiéiency) {Table 4). However, turions formed\ in
sulfate-deficient medium also germinated slowly (30% on day 1) in 1mM nitrate.
Exogenous salts were not necessary for germination and development, since both types
of turions germinated, albeit siowly. in the presence qf cytokinins (Tables 4 ‘and 6).
Furthermore, the cytokinins overc;éme the need for the dormancy breaking PEG 6000
treatment (Table 6). The germination of both types of turions in IRA, particularly at 5mg/l;
was lower than in BA. When cytokir?ins were combined“with the app_rovpriate, previously
lacking nutrient salts, rapid germination ensﬁed. Adding both, éulfate and nitrate together
with 0.5mg/! BA led to 100% germination of "nitrate—deficient” turions and 79%
germination of "éulfate—deficieng” turions on day 32 of culture, i.e. 4 daysuafter turion
harvest. (Table 6). ‘ ‘-

Ability of the products of primary assimilation, i.e. amino acids, to support
gerfninétion_is reported in Table 5. Germination in amino acids was slower than in salt
solutions. Turions forméd in nitrate deficiency germinated to 31 f57°/o by day 43 in
aspartate, glutamate and glycine, but not in sulfur amino acids. The turions formed;ig;
sullfz‘ate—defic'iénfc medium respbnde.d only to 1mM methionine (36% germination on day
43). Cyéteine at 1mM appeared detrimental to both'types of turions, leading to bleaching
and loss of 'viabilify. ;

In view of the promoting effect of the cytokinins on turion germination and fhe
docw;‘!ented effects of cytokinins on delaying plaﬁt senascence (Thimann, 1980), the
respohée of s'ene_séing Spirodela fronds to exogenous cytokinins was examined (Table
7). The cytokinins were apélied at the time of turion initiation (day 9). The most striking
effect was a complete iphibiﬁon of turion development. The growth rate of the deficient

plants increased slightly, but not signifiéantly in the presence of cytokinins, yet remained



Table 4. Germination of osmotzvally pre-treated turions formed in
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nitrate- or sulfate-deficient medta, in nttrate, -sulfate and

cytokinin solutions.

Turions formed in:

Nitrate Deficiency "Sulfate Deficiency

Germination Medium - ' : Days of germination
11

4 - 11 4

% germinatibn‘

luM Ca(NO), sax3l 2 0
2. .
1uM Mg SO, n o - 0 5344
lm Ca(NO,), and Mg Soa_ 42+7 - 7745
0.5 mg/1 BA 0 892 0
5.0 mg/1 BA 0 4444 0
0.5 mg/1 IPA | 0 9341 0
5.0 mg/1 IPA ’ o 4 8+3 0

30xg

4022

7312

Turions were harvested on day 28, treated with 20%Z (w/w) PEG 6000 for 4
days and germinated as described in Materials and Methods for 4 or 11

~days. A 4-day pre-treatment in water gave no germination after 11 days.

1Each number is an average of four flasks * S.E.M.

2Turions germinating on day 4 were not kept until day 11 of germination.
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*

Table 5. Germination of osmotically pre-treated turions in amino aeids.

Germinafioh Medium Turions formed in:
NigtateADeficiency _Sulfa;é Deficieﬂcy
‘

LmM ‘ % germination (on day 1l1)
Glutamate | 57+13% - 0’
Aspartate . 4011 \ . 0
Glycine 3112 \ 0
Methionine .0 | 3615
Cysteine _ | 0 ; o

)

Turions were harvested on day 28, treated with 20% (w/w) PEG 6000 for

4 days and germinated as described in Materials and Methods for 11 days
(no germination was detected on day 4). Only 5 ml of germination medium
were used. :

1As in Table 4.
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Table 6. Germination of untreated turions in nitrate, sulfate and
. cytokinin,

© Turions formed in:

Nitrate Deficiency - Sulfate Deficiency.

Germination \
Medium _ Days of Germination:

4" 11 4 ' 11

% germination

0.5 mg/1 BA 0 92:.31 - 78+3
5.0 mg[l BA 0 84+3 0 7912
0.5 mg/1 IPA 0 62+4 0 18+4
5.0 mg/1l IPA 0 3+1 0 7+1
0.5 mg/1 BA+ 98+1 - n.d. © n.d.
1mM Ca(N03)2
0.5 mg/1 IPA+  80%1 - n.d.  n.d.
1uM Ca(NO),
0.5 mg/1 1mM Mg SO, n.d. n.d. 404 -
0.5 mg/1 1mM Mg SO, n.d. n.d. 73+4 -
0.5 mg/1 BA+1mM
Ca(NO3)2+1mM i
MgSO, : 100+0 - 7942 -
0.5 mg/1 IPA+1mM
Ca(No3)2+1mM Mg 804 99+1 - 713 -

Turions were coliected, washed and placed directly into germination
medium as described in Materials and Methods. Ethanol (1% v/v) used
in cytokinin preparation did not induce germination within 11 days.

1As in Tab1274},'2As in Table 4; 3Not_ determined.
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waell below that of the controls. The deﬁcient‘cuftures treated with cytokinins had more
‘.fronds than control deficient plants, i.e. thin, small fronds were formed instead of turions.
| The fresh weights of these cytokinin treated, deficient cultures, were not significantly
grea{er than those of untreated deficient plants on day 1 5. IPA and BA at 0.5 mg/I
increased, although not significantly the final. fresh weights of control cultures. This.
increased growth was acé:o'mpanied by decreased levels of chlorophyli (Table 7). Neither
cytokinin at 5.0 mg/l had an effect on the chlorophyll content of the contro! plants. In the
nitrate—deficient cultures, exogenous cytokLinins did not maintain higher chlbrophyll
concentrations. This was in contrast to sulfate-deficient plants, in which cytokinins
maintained slightly higher chlorophyll leveis (except at 0.5 mg/l). However, the chlorophyll
concentrations of cytokinin treated sulfate—deficient cultures never approached the
control levels. The few turions that developed in the deficient cultures treated with 0.5
mg/| IPA had germinated in the culture medium by day 15.

Preliminary to biochemical inveétigations, the amino acid contents of the control,
nitraté- and sulfate-deficient plants were determined. Of special i‘nvterest were changes
in the amino acid pools, that might be linked to the development ofvsenescence and
dormancy. Although growth rates 6¥ control and deﬁéient plants only begah to diverge
on day 7 of culture, the Ievels, of free and protein—bound amino acids were markedly
different by this stage (Table 8 and Table 9). These trends were more pronouncgd on day
11, the time of turion appearance. Expressed on the basis of individual culture flasks, the
nitrate—deficient cultures.contained jower amounts -of free and protein—boimd amino
acids than the controls (Table 9). In contrast, the sulfate—deficient cultures contained
elevated levels of free ami_ho acids, but the protein—bound amino acid content was as
Jlow as that of the nitrate—deficient plants. In total, sulfate—deficie‘nt cultures contained
46% of the amino acids of the controls (Table 9). In the controls, amino acid contents
doubled between days 7 and 11, sulfat'e-_deficient cultures increased their amino acids by
.53% and nitrate—deficient plants by.onl.y 2% (Table 9). Expressed on a fresh weight basis,
the controf plants maintained relatively constant concentrations of free and |
Qrotein-bound' amino acids. With the exception of the free amino acids in
sulfate—deficient plants, there was a geheral decline in the concentration of amino acids

in the deficient plants. (Table 8).



Table 7. Growth and turion formation of
cytokining on day § of culture.

Treatment

Deficiency

»

(0.092 et#anol)
0.5 Tng/l IPA-
5.0 mg/1 IPA
0.5 mg/1 BA

5.0 mg/1 BA

/

Nitrate
Sulfate
None

Nitrate
Sul{gﬁ?
None <L
Sulfate
None

Nitrate
Sulfate
None

Nitrate
Sulfate

None

bl
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control and nutrient-deficient plants exposed to

Growth Turion ] Total
Rate Formation Growth Growth Chlorophyll
Day 9-11 Day 15 Dgy 15 Day 15 Day 15
fronds/ — turions/  fronds/ mg f.0t./ vg/g
2 days/ flask flask flasks fwt.
flask .
12411 2322 7442 487418 379435
1222 1843 9117 651156 412216
2542 0 >120 6821136 865149
1542 3+1 96+2 532431 371220
1543 3:1 10318 604244 486412
2742 0 © >120 1149£35 751261
1541 0 10023 499116 34313
141 0 10616 520238 466+30
1621 o 12043 612163 940110
1641 0 108+5 59419 310211
20%4 0 11648 694152 443131
31:2> o >120 111863 774441
1242 0 10343 482£10 353+17
1543 0 11615 604442 486222
22+2 0 >120 74842 887161

Cytokinins were added in 5 ml'aiiquots on day 9 as described

1

)

Each number represents the average of 3 treatments

S.E.M.

in Materials and Methods.
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Table 8. Endogenous amino acid oontents of control, nitrate- and sulfats-deficient Spirodela.

3
Daficiency L
None ' Witrate Sulfate
Day of Culture
Anino acid 7 n 7 1 Y 1n
umole/flask free protein free protein free protein free protein free protein free protein
lysine 0.09! 1.70 0.04 2,09 0.05 0.07 0.03 0.62 0.05 0.70 0.07 1.19
histidine n.d.? 2.16. n.d. 4,82 n.d. 1.58 n.d, 0.68 n.d. : 1.40 4 n.di 1.45
arginine 0.11 2.13 n.d. ‘6.10 n.d. 1.25 n.d. 0.53 n.d. 1.06 0.08 1.23
ssparagine 0.18 n.d. 0.27 n.d. 0.02 n.d, 0.03 n.d. 0.81 n.d. 4.84 n.d.
‘.'P‘Itl(l 0.25 2.80 0.66 5.99 0.07 1.32 0.06 1.57 0.44 1.63 0.51 1.95
threonine 0.04 1.82 0.10 3.%2 0.03 0.79 0.03 0.91 0.06 0.99 0.07 1.15 '
serine 0.13 1.88 O.ZJV‘ 4,02 0.09 0.96 0.10 1.13 7 0.13 1.16 0.36 1.48
glutamate 0.29 3.10 0.79 6.98 \Jb.IS 1.50 0.14 1.69 0.37 1.77 0.60 2.09
slutsmine 0.18 nd.  0.37 nd.  0.06 md. 0.05 n.d. 028  n.d.  1.87 n.d.
proline n.d. 1.69 n.d. 3.63 n.d. 0.79 n.d, 0.92 n.d. -1,02 n.d, 1.18
"glycine 0.03 3.14 0.07 6.60 0.03 ‘ 1.52 0.04 1.67 0.06 1.81 0.15 2.17
alsnine 0.13 3.0l 0.33 6.39 0.05 1.47 0.06 1.66 0.10 1.77 0.55 2.04
cystine n.d. 0.15 . n.d. 0.26 n.é. 0.04 n.d. 0.02 n.d. . 0.0} n.d. 0.03
valine 0.03 .1.90 0.07 = 4.39  0.07 0.98. 0.04 1.16 0.04' 1.48 0.07 1.36
methionine 0.0028 0,32 0.0078 0.63 0.0032 0.14 0.003 0.06 0.003s 0.15 0.0051 0.04
isoleucine 0.01 1.29 0.030 2.69 0.03 . 0.63 0.03 0.71 0.02 0.73 ) 0.03 0.93
leucine 0.01 .2.31 0.01 4,64 0.01 1.11 0.01 1,28 0,02 1.29 0.02 1.72
tyrosine n.d. 0.44 n.d, 0.93 n.d. 0.19 n.d. 0.22 n.d. 0.28 n.;. 0.30
phenylalaine n.d. 0.07 n.d. 0.19 n.d. 0.04 n.d, 0.06‘ n.d. 0.07 n.d. 0.06

To(ui
(umoles/flask) 1.47 31.17 2.96 61.86 0.64 14.84 0.61 15.17 2,34 17.09 9.30 20.39

Fresh weight
(g/flask) 0.313 0.645 ’ 0.293 0.371 0.265 0.414

Total
(umoles/g R . :
f-we-) 4,70 99.58 4.59 95.91 2.18 50.63% 1.64 40.09 8.83 64.48 22.46 49.25

Azino acids and amides were extracted snd analysed as described in Materials and Methods.

! Each number represents the average of three extracts. S.E.M., did not exceed 10X.

2 Not detectable.

-3 Free wethionine vas deterained by microbiological assay as described i{n Materials and Methods {sversge of four extracts,
maximum S.E.M. recorded was 163%),

;



Table 9. Percentage change in total (free and proteim-bound) amino acids
per flask with time and in.comparigon with the control (data from

Table 8).
Amino ’ Deficiency
acid 2
None Nitrate ) Sulfate
% change % change X of control % change % of control

(day 7 to11) (day 7 to 11) (on day 11) (day ? to 11) (on day 11)

1ys 1y 80 ' 31 168 26
his 223 50 14 104 30
arg 183 42 13 Co124 32
asn 150 150 1 598 v 1793
asp 218 ’ 117 25 119 37
thr 195 115 26 116 34
ser 211 . 117 29 143 43
glu 229 111 24 T 126, 35
gln 206 125 14 ’ 704 T 532
pro 215 117 ‘25 116" 33
gly 210 110 26 124 35
ala 214 113 26 139 39
cys 173 50 8 100 12
val 231 114 27 i 94 32
met 191 43 10 27 7
ile 227 112 25 128 .33
lew 200 115 28 133 37
tyr 211 116 24 107 32
phe 271 150. 31 114 42
Average

change 199 102 24 153 46
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The changes in total amino acids shown in Table 9 mainly reflect changes in
protein concentration and composition, since free amino acids represented only a small
fraction of these totals. An exception was the increase in free glutamine and asparagine
in the sulfate-deficient plants, which accounted for a large portion of the amino acid
content. Also notable was the decline in protein cysteine and methionine in the deficient '
plants. Other detectable protein—bound amino acids remained in relatively constant
proportions in the control and deficient plants. In the free pools, the major, metabolically
important amino acids such as asp, glu, gly, ser and ala varied most dramatically. Free

methionine concentration, however, remained relatively constant.

2.4 Discussion

Autotrophic growth of Spirode/a in nitrate— and sulfate—deficient media ciearly
resuited in senescence and turion developmént The time of turion appearance in both
types of deficient culture was synchroni;ed. Hc?w/ever, the rates of senescence of the
parent fronds differed, indicating that turion initiation depends on specific celiular
components rather than overall protein and chlorophyll degradation (Table 1). Earliest.
turions were initiated on about day 9 of culture, and the development of such
' "committed” turions could not be reversed by subsequent addition of the lacking anion
{Table 2). During such recovery, frond brimordia hot committed to turion formation
initiated new fronds and the parent fronds re—greened. When applied prior to turion
initiation (day 7), certain amino acids were also capable of partially reversing the nitrate
deficiency. For example, the growth rates of nitrate-deficient plants returned to the
control rate in the presence of .1 mM glutamate, aspartate and glycine b'ut turion
formation was not prevented, only decreased (Table 3). This could be due to an
insufficient concentration of these amino acids. However, the response of control plants
to these exogenous amino acids (accelerated turion appearance) and of sulfate—deficient
plants (further depressed growth énd increased turion formation) may indicate that
imbalance in amino acid or protein metabolism enhances turion initiation. Free exogenous
amino acids may not be metabolized rapidly enough as a nitrogen source and suf ficient
free amino acid may remain to support developmental pathways which maintain turion

formation.



Sulfate deficiency was reversed by 1.0 and 0.1mM cysteine and by 0.1mM
methionine. Methionine at 1mM inhibited growth and turion development in all cultures.
This response may be attributed to the inhibition of enzymes of the "aspartate pathway"
and will be investigated in the following chapter. The lowest concentration (0.0 1mM) of
the sulfur amino acids examined was insufficient to elicit a significant response. It
appears that amino acids at .1 or 0.1 mM concentrations can support growth of nitrate-
and sulfate~deficient Spirode/a, although the metabolic and developmental consequences
of unbalanced (in relation to protein metabolism) amino acid supply remain to be clarified
Variable growth responses in a related species Lemna minor to nutrient salts and amino
acids was reported by Joy (1969). The work of Fukunaga and King (1982) with cultured
plant cells indicates that exogenous amino acid effects are not likely mediated by only
one enzyme, namely the inhibition of nitrate reductase, but have a more general effect on
plant cell metabolism.

Ut:lxzatlon of nutnents in senescing tnssues appears to be promoted by cytokinins

(Galsterf and Dav:es 1870; Naito et a/., 1979; Skoog and Schmitz, 1879; Kao, 1980;

) Thimann, 1980). It was of interest to determine if senescence could be delayed by

cytokinins in nutrient-deficient plants, which presumably lack the substrates necessary
for the reversal of senescence Judg:ng by the Iow chiorophyll levels the progress of
senescence, induced by nitrate def;cnency was apparently not arrested by the exogenous
cytokinins. ln_contrast, the sulfate—deficient plants treated with cytokinins had more -.
chlorophyll than thek untreated plants, although‘ senescence was not prevented. These
plants had greater pools of free amino acids, some of which may act as amino~donors in
chlorophyll synthesis. The control cultures treated with 0.5 mg/l cytokinins, which
stimulated growth, contained significantly less chlorophyll than the untreated controls. In
this case, the rapid growth rate may have decreased the availability 1of hitrogenous
compounds for chlorophyll syntnesis. The most striking effect of c“ytokinins on the
deficient plants was the complete reversal of turion initiation and de\velopment_ This
effect could be achieved by both c/;)kmms tested, BA and IPA at 5 !or 0.5 mg/I, applied
as late as day 9 of cuilture (Table 7). Thin, anthocyanin rich fronds developed instead,

suggesting that cytokinins may be inducing qualitative rather than guantitative changes in

genome expression. Cytokinins may arrest the developmental pathway leading to turion
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formation by acting as a sighal associated with normal nutrient status The endogenous
levels of cytokining are known to decrease in nitrate—deficient plants (Salama and
Wareing, 1879; Horgan and Wareing, 1980), yet it is not clear, if decreased nutrient
utilization is responsible for decreased cytokinin synthesis or vice versa

As a prerequsite to studies of amino acid and protein matabolism, the levels of
free and protein bound amino acids were investigated in the control and deficient plants.
The patterns of change of the free and protein amino acids were not surprizing (Tables 8
and 9) in view of the early observations of Crane and Steward (1962) and Steward
(1963). A dramatic increase in free organic nitrogen in sulfate—deficient tomatoas was
noted by Nightingale et a/. (1932) and later in other species by/ Eaton (195 1) and by
Adams and Sheard (1966). The overall decline in free amino acids of nitrate—deficient
plants is also well established (Ergle, 1953). Assimilation of nitrate and sulfate into amino
acids characteristically declines as deficiency progresses (Bor{ner and Varner, 1876;
Datko et a/.13878; Rhodes et a/., 1977). However, a direct relationship between
decréased aminé acid availability and decreased macromolecular levels has been dif ficult
to demonstrate. The decreasing protein concentration of deficient plants (Steward,
1963), detached leaves or senescing plant organs (Woolhouse, 1978) suggests that
bgﬁlanced protein turnover becpmes disrupted. In deficient Spirode/a fronds, protein
concentration declined between days 7 and 1.1 (on per g f. wt basis),yet, the total protein
content of deficient cultures (on per flask basis) increased slightly {Table 8). The amino
acids were apparently re-distributed into new fronds. Free amino acids in the medium
were measured to contribute only 30 to 50 nmoles of the total per flask, i.e. Ieakagé of
amino acids into the medium was not a factor in this re—distribution.-

Any re—distribution of amino acids into new fronds or turions requires net loss of
protein in the parent fronds. 'Ilhe question than arises, which proteins in the older fronds
are sacrificed? in the cellular senescénce process, the quality and numbers of
chloroplasts and free ribosomes are observed to decline first, followed by mitochondria,

-plasmalemma and the nucleus (Butier and Simon, .1970). The degradation of chloroplastic
protein, particularly RuBP carboxylase/oxygenase, is a major contributor to the increase
in free amino acids in senescing tissue (Peterson and Huffaker, 1975; Morita, 1380).

Therefore, chioroplastic proteihs may be the ones sacrificed during young frond
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development under nutrient strass Also related to protein turnover may be the increasing
levels of glutamine and asparagine. which were detected not only in the sulfate - deficient
plants, but also iny the nitrate - deficient plants between days 7 and 11 (Table S) The
striking increases in free giutamine and asparagine have siso been linked to sufficient
activities of enzymes involved in secondary amide synthesis (Thomas, 1978). The most
interesting change, however, was the decrease in protein cysteine and methionine of
both types of deficient cultures This loss might be attributed to loss of a specific,
sulfur-rich protsin Such protein may have importance in maintenance of function of the
chioroplast and possibly the re—establishment of autotrophic growth during turion
germination. It is possible that putative sulfur-rich protein(s) may be more severely
affected in the later stages of nutrient deficiency and senescence In contrast, Hanson et
a/.(194 1) have observed that the N/S ratio of chioroplastic protein decreased rapidly
during early senescence of Sudan grass. A specific lupin seed storage protein rich in
sulfur (ga(qma conglutin}, 1s known to specifically decrease when the seeds develop in i
sulfate—deficiency (Gilespie et a/., 1978, Randall et a/., 1979} It may be appropriate to
mention at the conclusion of the discussion of nutrient deficiency induced senescence.
that frond senescence and turion development may be unique in their direct relationship
In other higher plants, the relationship between nutrient status, leaf senescence and
dormant organ development are generally more complex due to transiocation phenomena
(Sesay and Shibles, 1980) or monocarpic senescence (Nooden et a/., 1978).

The consequences of nutrient deficiency during turion development have to be
overcome during germination, yet, simple addition of the previously limiting anion did not
support germination. Rapid loss of this type turion-dormancy was achieved by a four day
treatment with 20% PEG 6000 (Maiek, 1981). It is possible that osmotic shock m‘odifies
amino acid metabolism in such a manner as to allow germination {Hanower and

'Brzozowska, 1975). Aeration of the sterile, de—gassed PEG solution was found to be
necessary for the osmotic treatment to be effective. The role of Qas regimes and
osmotic shock in the breaking of turion dormancy remains to be resolved.

The nutrient deficiency experienced during turion development still had some

. effect durihg germination, since the addition of nitrate or glutamate, aspartate and glycine

at ImM concentration allowed germination of pre—treated turions formad in
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nitrate—-deficient media and conversely, sulfate and methionine supportéd germination of
turions from sul‘fage'—defilc’ient cultures (Tables 4 and 5). (fysteine {1mM)} bleached and
killed both types o} turions, possibly by interference with oxido-reduction reactions.
Eree !anions and amino acids may.have supported germination simply by initiating de novo
syn/thetic reactions. i;litrate; however, also supported low germination of turions formed

in sulfate—deficient medium. Stimulatory effects of nitrate on electron transport, similar

-to those suggested by work on germinating seeds may be responsible (Hendrix and

Taylorson, 1874; Esashi et a/., 18979). However, exogenous salts were not needed to
support germination of tufiéns {Tables 4 and 6). BA and IPA stimulated slow but high final ‘
germination,. and the turions were presumably utilizing storéd endogenous nutrients.
_Euggher‘more, the cytokinin treatment had overcome the need for a dormancy bre;king
treatment. The proposal can be made, that the dormancy breaking treatments (cold or
PEG 6000} allowed endogenous cytokinin production and attendant nutrient utilization.
Cytokinins at 5 mg/I, possibly at supraoptimal levels, were less effective than at
0.5 mg/l in stimulaﬁng germination. The most ra#id and complete germination was
achieved when the cytokinin and appropriate salt were provid.ed simultaneously (Table 65.
This compares favorabiy with the observations made by Lacor (1969). The present data,
however, stréss the relationship between the cytokinin action and specific nutrient
utilization by the d_orm.ant turions. Exogenous cytokinins were also found effﬂectivé in the
breakin’g.of dormanéy of birch trees subjected to nitrate deficiency (Horgan and

Wareing, 1880), in allawing the re—gr’owfh of nutrient deficient grass tiller buds (Sharif

~and Dale, 1380) and are occasionally reported to affect seed germination (Khén, 18868} It

is possible that cytokinin action is linked to the utilization of nutrients (amino acids) at the

level of aminoacylation of tRNA, in view of the presence of cytokinin moieties next to

1

. the anti-codon of some tRNA molecules (Weil, 1979). Observations reported here can be

used in further investigations of the action of cytokinins on tRNA metabolism during

senescence and germination.

{



3. Activity of the Aspartate Pathway in Deficient Duckweed

4 3

3.1 Introduction

The so called aspartate pathway for synthesis of lysine,- threonine, isoleucine and
methionine has been well characterised in plants (Fig. 3). Interest in this metabolic
seguence is due to the relative deficiency of these amino acids in rﬁany staple seeds
which are of dietary importance to man and other monogastric animals. The pathway is
also of interest due to thev complexity of its regulatory mechanisﬁ'\s as elucidated by

.
studies of microorganisms. (Umbarger, 1978). The end-product, allosteric inhibition of

enzymes catalysing the early or branch point steps of ‘the pathway, the presence of
isoenzymes sensitive to the various end—products and the enzyme repression

mechanisms present in bacteria and lower eukaryotes gave impetus to much of the

research on this pathway in plants (Miflin et a/., 1979; Bryan, 1980Q). /
) To.summarise, lysine and threonine, individually or in combination (usually-at™1 to

10 mM) inhibit the in vitro activity of aspartate kinase, the first enzyme of the pathway
({Enzyme number 2 in Figure 3). In Lemna minor, lysine at 0.3mM inhibited the enzyme by
37% but threonine at O.5mM was without effect. In combination, these two amino acids
inhibited aspartokinase by 63% (Wong and Dennis, 1 9‘73). The presence of two

' aspartokinases, each sensitive to a differ_ent effector was demonstrated in carrot robts
(Davies and Miflin, 1978). Multiple enzyme forms have been aiéo '_r'éibértéd for the second
most widely studied enzyme of the pathway, homoserine deh_ydrogenéée. Thé lovs)
molecular weight form (designated I} was found to be insensitive to threonine iinhibition.
However, the. enzyme lacking form |, from older tissues of maize, was also noi sensitive
to threonine (DiCamelli and Bryan, 1875). ‘ ; .

The /n vitro activity of homoserine dehydrog:rase can be aiso iinhibited by
aspartate, serine and cysteine {Bryan, 1980). The physiological significance of this is not
clear. Of special interest is the activation of threonine synthetase by S—adenosy!
methionineg (§'AM) and its inhibition by cysteine (Madison and Thompson, 1378). These

. authérs sugéested that if cysteine were pfesent (or SAM lacking) the \deg(eésed activity
Aof threonine synthetase would make more phosphohomoserine available for methionine

synthesis; once adequate levels of methionine and SAM were present, more threonine

30



could be formed. Presumably, the increased th}aonine Ievelé then inhibit aspartokinase
and homoserine dehydrogena.se, shutting off the entire pathv;ray. ltA is however unlikely
that concentration changes of tI:\is magnitude occur in plant tissues. However, the rate of |
product utilization could be crucial in the régulation of this pathWay. )n this case,
consumptioﬁ of amino acids in macromolecular synthesis may be expected to have a
regulatory role.

The possibility ‘of a higher ievel of metabc;lic controls operating in autotrophic
plants has been discussed by Mifiin {(1877). Nutrient availability has the most direct effect
on plant growth and metabolism, i.e. higher nutrient levels are known to positively affect

ory enzymes. Light, temperature and ionic conditions provide additional leveis of

regulation. However, the positive effect of available nutrients (or conversely, negative
effects of nutrient defﬁéiency) on the overall rate of amino acid synthesis and utilization
in macromolecular synthesis, have so far been rarely consi.dered at the molecular level
Aspartate derived amino acids should not be an éxception to regulation at this. Ievel..
Consegdently, the following were investigated: 1) the /n vivo activity of the aspartate
pathway ‘using radiolabeléd precursors, and 2) the effects of exogenous eh,d—-product

amino acids on this pathway and on protein synthesis.

3.2 Materials and Methods

3.2.1 Piant material and growth in exogenous amino acids

Spirodela polyrhiza was grown as described in Section 2.2.1.

4

3.2.2 Labeling experiments

Carrier free L~[U-*C] homoserine (40 mCi/mmole, 1uCi), L-{U-*C] aspartic acid

ol

(229 mCi/mmole, 5uCi), or sodium [*$S] &

Ifate (45 mCi/mmol, 16uCi. purchaséd from
Amersham, Hlinois) were suppiied in 10 ml of 11 day old medium {with added ar;wlino acids
where applicable) to about 0.6 g of 11 déy—old Spirodela polyrhiza plants. The length of
inqubation with these substrates is given in the appropriate Tables. Excess Eadioactivity ‘
was removed by washing 3x with 30 to 50 ml of water. Amino acids were extracted and

analysed as described in Section 2.2‘.'3. The Beckman AutoAnalyser was used without the
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ninhydrin reaction. Two ml fractions were collected using an LKB Fraction Collector
(Bronna, Sweden) and .1 m| aliquots were dissolved in 10 ml of Bray's solution (i.e. 4 g of
2,5-diphenyloxazol, 0.2 9 1.4~ d| [2-(5~phenyloxazolyl)] benzene, 60 g naphtalene 100
mi methanol, 20 ml ethylene glycol and dimethoxyethane to make 1 ). Radnoactlwty was
determined.in a Tracor Analytic Mark 1ll Scintillation Spectrophotometer Radioactive
peaks were identified by co—chromatography with authentic amino acids in the analyser
system or after de—salting (on H* EOWxB, 200-400 mesh Dowex resin, using 40 ml
‘ water wash followed by 20 ml of 2N ammonium hydroxide) by cellulose (MN 300,
g Macherey Nagel & Co., W. Germany) thin layer chromatography using 80% phenol as
- solvent system.
3.2.3 Homoserine dehydrogenase extraction and assay
The method of Mathews et a/ (1975) was employed with minor modification.
Eleven day old control (8 g) or deficient (16 g) plants were homogenized by three, 30
second bursts in a Warihg Blendor (af circa 0°C in 30 or 60 m! (resoectively) of 0.2 M
Tris HCI buffer, pH 8.5, containing .10%(w/v) PVP, 20%(v/v) glycerol, 0.1 5‘M KCl, 0.5 mMm
EDTA and Q.7 mM 2-mercaptoethanol. Cell debris was removed by centrifugation at
20,000x g for 30 minutes and the supernatant brought to 55% saturation with ammonium
sulfate (with constant stirrihg, near 0°C). The precipitate was collected after 30 minutos'
by centrifuging the extract at ZO,COOx g for 20 minutes Precipitated protein was
dissolved in' 2 mi of the above buffer (lacking PVP and glycerol) and passed through I1x8
cm column of Sephadex G-15 (Sigma, St. Louis). One ml fractions were collected. This
procedure effectl\gly separated salts and anthocyanins from the protein, which was
located in fractions 2-6. All steps were carriod out at circa 0°C. Protein cc'anoentration.c
was estimated by the method of Lowry et a/. (.155]), with BSA Fraction V {Sigma, St.
Louis) as a standard. The reaction rhixture {1 ml) for the reverse assay (homoserine
oxidation) contained: 20h0 umoles TrisHCI pH8.5, 150 umoles KCI, 0.7 umoles
2-mercaptoethanol, 0.5 umoles EDTA, 0.6 umoles NADP+, 20 umoles L—homoserine and
circa 450 ug or 600 ug of protein from deficient or control plants, respectively. Assays
were run at 25°C and changes in absorbance at 340 nm were monitored on a Pye Unicam

Recording Spectrophotometér (Cambridge, UK.) over 10 minutes. The reaction rate was
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found to be the same in the forward direction at pH 7, using NADPH and D L-asparty!
semialdehyds, prepared by ozonolysis of al.lylglycine HCI according to Black and Wright
(1955). Neutralization of the semialdehyde removed a strong oxidizing agent, possibly
residual ozone, which oxidized NADPH non—enzymatically. Reaction rate was dependentr’
on enzyme concentration. Protein from deficient plants did not appear to contain enzyme
inhibitors, since mixing protein from control and deficient blants gave the expected levels

of enzyme activity.

3.2.4 incorporation of tritiated leucine into‘ TCA insoluble protein.

Ten uCi of carrier free L—{4,5-°H] leucine (Amersham, lllinois, 170 Ci/mmole)
were added’ to 2 gof 10 day—old tissue in 10 mi of sterile medium of the same age.
After 15, 30 or 60 minutes, excess radioactivity was remeved by washing the plants 3x
with 30 to 50 ml of water. Tissue was homogenized in a Ten Broeck grinder {(Corning, -
Ontario) at circa 0°C in 15 ml of 0.1M TrisHCI buffer (pH 8.5} and centrifuged at 20,0009
for 10 minutes. An aiiguot of 0.1 m! was withdrawn for estimation of total leucine uptake
and 5 ml of 40%(w/v) TCA were added to the remaining super_ﬁatant The precipitate Was 4
collected after 30 minutes by centrifugation at S,OOOX g for 10 minutes, resuspended in
B%I(w/v) TCA and collected again. The pellet was dissolved overnight in .10 ml of 2N NaOH
and 0.1 ml aliquot was cdunte_d as described in Section 3.2.2. Protein concentration was
determined according to Lowry et a/., 1951, using BSA fraction V (Sigma, St Louis), as a
standard. The fraction of label associated with insoluble cell debris was determined by
extraction of the 20,000x g pellet 2x with 10 ml of hot ethanol (80%,v/v), collecting the
cooled insoluble material by centrifugation at 20,000x g.for 10 minutes and redissolving '
the pellet overnight in 10 mi of 2N NaOH. Insoluble wall material was removed by
centrifugation at 20,000x g for 10 minutes and prbiein and radioactivity ware
determined as above. These procedures are essentially those empioyed by Kemp and

Sutton (1971).
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3.3 Results

The large ditferences in the free amino acid contents of control, nitrate—deficient
and sulfate—-deficient cultures (Table 8) were also e‘v'ident when the data were expressed
on a fresh weight basis (Table 10). In the contro! fronds, the free aspartic acid
concentration increased slightly between ‘;day"s 7 and 11. Sulfate-deficient plants had
greater levels of aspartate than the controis, while nitrate—deficient plants contained
significantly less aspartate (Table .10). The congcentrations of amino acids derived from
aspartate varied less dramatically in the deficient blants. For example, the levels of free
methionine and lysine brem.ained relatively constant and comparéble‘ to the controls. Free
isoleucine increased two-fold in the deficient plants, while threonine concentfation |
decreased in nitrate deficiency and increased in sulfate deficiency (Table 10) »

Carbon flow in the aspartate pathway was examined by supplying **C-homoserine
(Table 1.1). Deficient cuttures absorbed and métabolised 2-4 times as much labeled
homoserihe as the controls, depending on the feeding period. At any one time, the
radioactivity in the free amino acid fraction remained at a comparable level (47 to 69% of
total) in all three types of culture. The proportion of Homoserine—dérived amino acids
entering protein was less in the deficient plants, and greater amounts of the label were
recovered in non—-amino cbmpounds. Analysis of individual amin;) acids (Table 12) showed'
that *C~homoserine was rapidly incorporated into threonine. The amount of labeled
homoserine not metabolized remained greater in the deficient plants than in the control.
However, the amount of label in homoserine declined rapidly between 30 and .60 minutes
in both deficient cultures. Small amounts of label appeared in methionine and isoleucine:
Free methionine labeling in the sulfate-deficient plants and controls decreased hetween
30 and 60 minutes, although this change was not significant in the sulfate—deficient
plants. Radioactive threonine, isoleucine and methionine accumulated in the protein of the
control plants but at é lower rate in the protein of deficient plants. )

The data for homoserine feeding implies that steps in the aspartate pathway
linking this substrate to isoleucine; threonine and methionine are not significantly impéired
by nitrate or sulfate deficiencies. However, the two main regulatory steps - aspartaté
kinase and homoserine dehydrogenase are essentially by—~passed when homoserine is

_supplied (Miflin et a/., 1979; Bryan, 1980Q). Feeding labeled aspartate overcomes this



Table 10. Lévels of amino geids metabolically related to aspartate.

Deficfency
Amino .
acid Fraction . None Nitrate Sulfate
Day 7 Day 11 Day 7 "‘nay 11 Day 7 Day 11
3 .
wmoles.g fowt. !
asp _ free 0.81 (17)!  1.02 (22) 0.24 (11) 0.17 (10) 1.65 (19) 1.22 (5)
protein 8.96 (9) 9.29 (10) 4.52 (9) 4.24 (11) 6.15 (10) | 4.72 (10)
lys free 0.28 (6) 0.06 (1) 0.17 (B) 0.09 (6) 0.17 (2) 0.16 (1)
protein 5.42 (6) 3.24 (3) 2.59 (5) 1.67 (4) 2.65 (4) - 2.88 (6)
thr free 0.146 (3) 0.15 (3) 0.10 (5) 0.07 (&) 0.23 (3) 0.18 (1)
protein 5.81 (6) 5.45 (6) 2.70 (5) 2.45 (6) C 375 (6) 2.77 (6)
ile free 0.03 (1) 0.04 (1) 0.10 (5) 0.08 (5) 0.07 (1) 0.08 (0)
protein 4.12 (4) 4.17 (4) 2.15 (4) 1.90 (5) 2.76 (&) 2.24 (5)
met free? 0.009 0.012 0.011 0.009 0.013 0.012
\ ‘
" protein 1.02 (1) 0.94 (1) 0.48 (}‘o 0.16 (0) 0.57, (1) 0.10 (0)
i .
Total amino acids - 104,28 100.50 52.83 41.73 73,31 71,71

Amino acids were extracted and analyzed as described in Materials and Methods. Each number represents the

average of three extracts. The S.E.M. did not exceed 10%.

! Numbers -in brackets indicate 1 of total free and 2 of total protein amino acids, respectively.

! From microblological assay. S.E.M. did not exceed 16x.
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Table 11. Distribution of '“C-homoserine label in control, nitrate-

and sulfate-deficient plants.

-Radioactivityl. |
Labeling Organic acids Free Protein
Deficiency period and sugars amino acids amino acids Total
minutes (DPM x g f.wt. ') x 107°
None
10 171#11 (34)°2 283t 2 (57) 41+ 2 (8) 495
30 403184 (33) 572+ 32 (47) 236%45 (20) 1211
60 “ 314155 (20) 6871 89 (45) 543%#48 (35) 1544
Nitrate - .
10 667+41 (32) 1380+ 9 (66) 33t 2 (2) 2080
30 : 993#£11 (39) 1377+ 50 (54) 164+30 (7) 2534
60 1284+43 (42) 1394+ 81 (48) 315+#24 (10) 2993
Sulfate |
10 608£58 (29) 14332116 (69) 43 1 (2) 2084
30 826165 (35)  1416£131 (58) 159¢12 (7) 2436
60 1110£39 (37) 1494#158 (50) 393#£35 (13) 2997

' 1 pci of ll'C—homoseriné was given to about 0.6g of 11 day-old plants

in 10 ml of medium. Each number is an average of three extracts # S.E.M.

Percent of total.



Table 12. Distribution of '*C-homoserine label in the aspartate-

derived amino acids.

Free amino acids

Labeling o
Deficiency period thr hse met ile
Minutes (DPM x g fowt.”t) x 1077
None v
10 153: 30 33t 3 131 41
30 " 421429 43 6 28¢5 5% ]
60 557459 40t 3 10¢ 1 10¢ 1
Nitrate
10 125¢ 2 43113 18¢ 1 7t 1
30 424135 431#58 35¢18 4 7t 3
60 69088 257+12 37+ 8 8+ 2
Sulfate
10 238+15° 349411 2411 7t 1
30 ‘ 631127 248+27 85237 9t 4
60 998480 161214 59£20 12¢ 4
Protein amino acids
None
30 151#13 8+ 32 53%18 17+ 7
60 399#28 2t 1 85£11 79424
Nitrate
30 79¢ 4 91 4 32415 21
60 243%23 621 48210 4t 2
Sulfate
30 99211 8t 3 I8¢ 4 3t 2
60 280436 8+ 1 83+ 7 13+ 4

Each number is an average of three extracts # S.E.M.

2 Two washes of the protein pellet were insufficient to remove_all

free homoserine.

4

£

39
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difficulty. Unfortunately, aspartate readily enters intermediary metabolism'in Spirodela
and a variety of products become labeled (Table 13). It should also be noted that
aspartate was capable of reversing the nitrate deficiency (Table 7) and for this reason
only the results obtained with control and sulfate—deficient plants are presented and
discussed. Despite differences in specific activity and amounts of 4C supplied,
1C-aspartate was taken up less readily than homoserine. (Table 13). A significant

. proportion of the aspartate label was recovered in giutamate and other amino acids not
directly related to the aspartate pathway. The fraction of total label appearing in
threonine, isoleucine and methionine was small and did not differ significantly in the free
pools or protein of control versus sulfate-deficient plants (Table 13). 'lihe possibility that
- methionine synthesis was impaired in the nitrate—deficient cultures was examined u‘sing
”S—cystéine‘ Label was applied for short periods, to avoid saturation of the endogenous
pools and to facilitate better evaluation of the initial rate of methionine synthesis (Table
14). The fraction of cysteine sulfur (% of total) entering free methionine was similar in J
both, control and nitrate-deficient' plants although uptake of the labe! was greater in the
latter.

The labeling experiments indicated comparable activity of the aspartate pathway in
the deficient plants and the controls. To evaluate wheather in vitro enzyme activities
correspond to this apparent situation /7 vivo, homoserine dehydrogenase was extracted
and assayed. Specific activities were found to be lower in the deficient plants than in the
control (Table .15). Taking into consideration the low protein content of the deficient
planfs {about 40% of controf), their capacity to synthesize homoserine on a fresh weight
basis appeared to be an order of magnbitude lower than that of the controls.

Exogenous, aspartate-derived amino acids are well known to inhibit growth of
non-deficient plants. However, éxogenous threonine or lysine may be expected to
support growth of nitrate-deficient plants. This was not the case, since these amino
acids (at 1m) inhibited growth of both, control and deficient Spirodg/a (Table 16).
Inhibition was sufficient “to completely arrest turion development of nitrate—deficient
plants and to partially inhibit and delay turion formation of 5ulfaté~deficient plants. In
contrast, 1mM threonine and homoserine accelerated turion development in control

cultures. This response was similar to that obtained with other amino acids (Table 6). At
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Table 13. Distribution of '“C-aspartic acid label in control and

sulfate-deficient plants.

Non-deficient

Amino
acid Free Protein Sugars and
amino acids amino acids organic acids
DPM x g fowt. !
| ~asp 112,300£13,000 10,100%800 318,600£25,900
glu 38,800t 7,100 2,800+£500
thr ) 7,100+ 2,300 2,900+£300
., met 1,360t 530 500+ 90
ile : 1,440¢ 420 780£620
T otal ' 147,000 8,400 30,500£2,200
Sulfate~-deficient
asp 164,400t13,800 19,800£2,900 ' 327,900+22,300
glu 83,4004£10,900 9,200+1,900
thr 11,1004 1,800 4,00041,300
met " . 320t 150 1,030¢ 390
ile : 1,390¢ 100 3,0004 530

Total 279,100£17,200  49,300211,000

5 uCi were supplied to about 0.6 g of 11 day-old plants in 10 ml of medium

for 1 hr. Each number is an average of four extracts * S.E.M.
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Table 15. Homoserine dehydrogenase activity extracted from control.

and deficient plants.

Deficiency-

& ‘ - None Nitrate . Sulfate

-3

(DOD3y o/min/mg prote=nyy .

4.3#0.6 } 1.9#0.2 ' 1.1:0.1

'Assay.based on that of Matthews et al. 1975.
}n 1 ml reaction of mixture: 200 umoleé Tris HCl, pH 8.5
150 umoles Kgl
0.7 Umoles 2-mercaptoethanol

0.5 pymoles EDTA

. ’ 0.6 umoles NADP"

20 pmoles homoserine

about 600 Ug protein from control plants
(from 8 g f. wt.).

about 450 ug prdtein from deficient plants.
(16 g £. wt.)

A

! Each value is an average of duplicate determinations from three

, different extracts.
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0.1mM, aspartate—derived amino acids had no, or only slight effect on frond growth and
turion development, with the exception of methionine, which at this concentration
restored vegetat;ve growth of sulfate-deficient plants Comblnatlons of ImM threonme
and lysine (or together with 1mM methionine) inhibited growth of control cultures more
effectively than each amino acid alone. Turion formation was prevented under these
conditions. These combinations of amino aci;s also prevented turion formation and
lowered further the aiready low growth rate of the deficient-plants (Table 16). Methionine
at 0.1 mM concentration partially r‘elieved the Iys}ne plus threoning inhibition of growth in
" the control cultures. The initial growth rate remained depressed (days 9-11), however,
large numbers of small, curled fronds developed by day 15. This combination of amino
acids was not effective in increasing the growth rate of deficient plants to contrél rates
" and prevented turion development. Arginine, which has been repbrted to act additively
with methionine in reversing threonine plus lysine inhibition of Arabidopsis callus growth
(Cattoir-Reynaerts et a/., 1981) was not effective in Spirodela‘(Table 16) Applied alone,
0.5 mm arginiﬁe had no .effect on control and sulfate—deficient cultures, but partially
reversed the nitrate—deficient c':on'dition as judged by frond production.

The following discussion pertainé to Tables 17, 18 and 19. Tl;weseﬂ_':tab_les contain
data dealing witmtwo aspects of sulfate metabolism: a) the effects of threonine plus
lysine on methionine synthesis and b) the consequence of nitrate— or sUlfate-deﬁciency
in sulfate assimilation. In respect to the latter, nitrate—deficient plants may be expected to
have reduced reguirerr}_ent for sulfate assimilation, in order to maintain balanced cellular
N/S ratio. The limited requirement for sulfa}e was reflected in the decreased uptake of
labeled sulfate by nitrate—deficient plants, presumably due to cellular pools already
N saturateq with cold sglfate (TaBIe 17). Reduced incocporation of 3’55 into amino acids of
nitrate-deficient plants (Tablé 1 8) was due toc lowered uptake of the precursor sulfate. In
contrast, sulfate~ depleted plants absorbed large guantities of labeled sulfate and
appeared to syrﬂﬁessze cys.teme and methionine at rates characteristic of recovering,

.~ rather than sulf‘éte deficient plants. ‘
'gn reference to point a) above, exogenous threonine plus lysine are thought to
inhibit r;wethfonine biosynthesis via allosteric inhibition of aspartokinase the first enzyme

of the aspartate pathway (Henke and Wilson, 1974; Milis and d Wilson, 1878; Br:ght

«1 ;.%
X
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Table 19. Incorporation of 35S—sulf‘dte label in protein amino acids

of sulfate-deficient plants, in the absence or presence

of 1 mM threonine plus lysine.

i

» Amino acid no addition

plus 1 mM
thr and lys

i

Cysteine’ 47,810+1,443
Cystine 175,570+£7,140
Methionine 127,656+14,382

DPM x g f.wt. ™!

16,044+3,823
(33)!

91,517+16,027

(52)

16,64413,960

(13)

! Ppercent of incorporation in plants not treated with threonine plus

lysine.
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Shewry and Miflin, 1978). In keeping with this hypothesis, *S~sulfate incorporation into
free and protein methionine was reduced in control and deficient plants (Table 18 and
19). The overall decrease in **S—sulfate incorporation into protein of contro! and
deficient plants iﬁ the presence of threonine plus lysine (Table 17) may have resulted
from decreased methionine availability, or rr"ma_y Have been &ue to a direct effect of

’ ihreonine and lysine on prbtein syntheéis. The latter possibility has not been consideréd in
published reports. To investigate this poir)t, incorporation of *H-leucine into soluble
protein was studied in the presence of these amino acids.at 1mM concentration and also
in 0.1 mM methionine, which partially reversed growth inhibition by threonine plus Iysme
(T able 16). Threonine plus lysine inhibited incorporation into soluble protein very rapidly in
the deficient plants and somewhat slower in the controls (Table 20). Although uptake of
the labeled precursor was also inhibited, the inhibition of incorporation exceeded the
inhjbition of uptake in all cases. Methionine did not overcome the inhibition of protein
synthesis. Surprisingly, after 72 hours of exposure, when the plants tr'eated with
threonine, lysine and methionine were already recovering (Table 18), their apparent
protein synthesis was more inhibited than that of the rapidly deteriorating lysine plus

threonine treated plants (Table 20).

3.4 Discussion

The concentrations of aspartate-derived amino acids lysine, threonine, isoleucine
and methionine remained at relatively constant levels during nitrate and sulfate deficiency.
This observation may suggest the presence of a regulatory mechanism in the deficient
plants which prevents wide fluctuations in these amino acids. In view of the presumed
decreased availability of giutamate and cysteine during nitrate or. sulfate deficiencies,
respe;:tively,‘a decreased capacity for the‘ de;) novo synthesis of all other amino acids may
be expected. In regard to aspartate—derived‘;amino acids, the feeding experir;wents
provided little evidence to support this contention. Radiocactive aspartate, homoserine and
cysteine were all incorporatéd into the other amino acids, irrespective of the nutrient
status of the cultures. Although amino acid: 2 generated by protein degradation
during senescence, it is likely that biosynthetic ;. - \ways remain aﬁtive to assure the -

synthesis of balanced amounts of amino acids needed in de novo protsin synthesis. The
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appérent decrease in homoserineAdehydrogenase'activity in vitro may not be sufficient
to limit flow through the pathway /n vivo. The in vitro activity of homoserine
dehydfogenase can be calculated to be 8.8, 1.6 and 1.0 nmoles/g f.wt/minute for
control, nitrate~ and sulfate—deficient plants, respectively, while the in vivo rates of
homoserine conversion to threonine determined during the first 10 minutes of feeding
were only about 0.17, 0.14 and 0.27 nmoles/g f.wt/minute for control, nitrate— and
sulfate—deficient plants, respectively. This §uggests that indeed there is sufficient
enzymatic activity present in the deficient plants to fulfill the requirements of the plant

in vitro activity of the enzyme from deficient plants may indicate

Alternatively, the
that partial dendturation took place during extraction in the presence of secondary
metabolites gresent in increasing amounts during senescence. Rerhaps the only pathways
whose activfty declines due to substrate limitation are the primary assimilation pathways:
in the chlordplast. In Spirode/a, only uptake, but not assimilation of 3S-sulfate into
cysteine and methionine, was inhibited by nitrate—deficiency. Under these circumstances,
the synthesis of sulfate assimilatory enzymes may be limited (repressed by high sulfate
and prevented by lowered amino acid availability), yet the enzyme activity may be at a
sufficient level to maintain metabolic flow through the pathway (Reuveny et a/., 1980).
Sakano (1879,188 1)detected changes in aspartokinase isoenzyme activity in vitro during
the growth of cultured catrot discs and of Vinca rosea suspension cells. Low levels of -

.v lysine in the cells correlated with increased lysine~sensitive aspartokinase activity. This
was interpreted as evidence of de-repression. It would be of interest to determine if the
cultures wifh de-repressed enzyme lévels have a greater in vivo capacity for amino acid

synthesis. i
Exogenous aspartate-—d!érived amino acids were inhibitory to growth of control
Sp/rode/a'cyltures at 1mM but not at 0.1mM concentration. Also the response to
combinations of these amino acids was in keeping with observations made with other
species (Dunham and Bryan, 197.1; Wong and Dennis, 1973; Henke and Wilson, 1974
Green and Phillips, 1974; Bright, Wood and Miflipn, 1878). Methionine at Q.1mM reversed
the threonine plus lysine growth inhibition of the control'plants, but this was only partial
and after a lag period. Even though 0.1mM maethionine alone was able to serve as sulfur

source for the sulfate-deficient plants, the presence of added threonine and lysine
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inhibited growth and turion development Conversely, nitrate-deficient plants were unable
to use threonine and lysine as a nitrogen source, even in the presence of 0.1 mM
methionine. These observatidns suggest a mor‘e direct effect of threonine and tysine on
metabolism and growth than the usually evoked secondary response to decreaﬁed
methionine biosynthesis due to allosteric inhibition (Henke and Wilson, 1974: Mills and
Wilson, 1878; Bright, Shewry and Miflinf 1978).

As expected, metabolism and incorporation into protein of labeled sulfate was
negatively affected by exogenous threonine plus lysine. Both, methionine synthesis and
protein synthesis as measured by 35S—-sulfate incorpbrat_ion were inhibited by 2mM
threonine pius lysine in wheat plants (Bright, Shewry and Mifiin, 1878) and 0.5 or 0. 1mM
threonine plus lysine inhibited incorporation of aspartate, leucine and tyrosine, but not
methionine, into protein of isoiated pea chloroplasts (Mills and Wilson, 1878). The above
data, while apparently supporting the interpretation that decreased methionin'e synthesis
leads to the limitation of protein synthesis and growth, do not exclude the possibility of a
more direct role of excess threonine and lysine in protein synthesis.

As shown in Table 20, exogenous methionine was not abie to relieve the apparent
inhibition of protein synthesis by threonine plus lysine. After 72 hour exposure to
threonine plus lysine, inhibition of protein synthesis was almost overcome, yst the: plants
were deteriorating. In contrast, the plants providea with methionine in addition to
threonine and lysine had their protein synthesis inhibited by 55%, while recovering. From
this paradox, it appears that exogenous aspartate—derived amino acids may regulate not
onlvy the quantity but also quality of the proteins synthesized. Thus, the proteins
synthesized in the presence of thrgonine plus lysine may be l:ydrolytic enzymes involved
in the acceleration of senescence. Excessive amounts of one amino acid may disrupt the

editing mechanisms involved in tRNA aminoacylation by outcompeting the cogn:éte amino
acids at the active site of the synthetase (Fersht, 1981), or possibly by disrupting the
co-ordination of amino acid and protein exchange between tHe chloroplast and
cytoplasm.

Genetic studies have provided some evidence regarding the regulation of
aspartate pathway in plants. Organs or tissues less sensitive to aspartate pathway

end—-products have been characterized in several reports, however only the work of
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Hibberd et a/. (1980) indicated an alteration in the regulatory properties (higher Ki for
lysine) of lysine—sensitive aspartokinase from a lysine insensitive mutant isolated in tissue
. culture. This trait was inheritable in maize plants regenerated from the cailus {(Hibberd and
Green, 1982). Aspartokinase from S (2-aminoethyl)—L-cysteihe (a lysine analog) resistant
carrot cell suspension cultures was only slightly less inhibited by lysine or threonine than
-the enzyme from normal cells (Matthews et al/., 1980), suggestmg another regulatory site.
The possibility of genenc alteration of the tRNA or the synthetase in response to the
analogue has not been considered. Future genetic and physiological studies may have to
take into consideration the possible role of protein turnover and tRNA charging in the
regulation of plant biosynthetic pathways. Unfortunately, nothing is known about the role .
af:r1ino acid availability and tRNA charging play in the régulation of' protein turnover. This

aspsect of plant metabolism is examined in the following chapter. "

~3

3,



4. Aminoacylation of tRNA and Protein Synthesis.

4.1 Introduction

Amino acid starvation in bacteria initiates the so calied stringent response. The
primary effect of the decreased amino acid availability is the decreased aminoacylation of
tRNAs, resulting in a decreased rate of protein synthesis and increased rate of protein
degradation (Yegian, et a/., 1966, Gallant, 1979; Cozzone, 198 1). Bacteria of the genus
Bacillus initiate sporulation in deficient media (Szulmajster, 1979). This deveiopmental
process also appears to be dependent on the stringent response (Lopez et a/., 1981).

A relationship Iietweeh tRNA acylation and protein metabolism also exists in
mammalian tissues, but seems to be more complex (Grummt and Grummt, 1976). Studies
utmzmg histidinol, a competitive inhibitor of his— tRNA synthetase, indicate that decreased
his— tRNA charging results in decreased protein synthetic capacuty including polysome
dlsaggreganon, and increased protein degradation in cultured normal and mutant Chinese
hamster ovary cells (Stanners et a/., 1878; Scornik et a/., 1980) '~ the same system
decreased amlnoacylatnon of several tRNAs resulted in de—rep- of asparagine
synthetase activity, suggesting the existence of intermediary reguiators (Andrulis et a/.,
1979). Charging of rat liver tRNAs was not affected by fasting, only by feeding
imbalanced, single amino acid-deficient diet (Allen et a/., 1969). However, at a 25%
ile-tRNA charging level, protein synthesis decreased to only 66% of the control rate
{Shenoy and Rogers, 1978). Formation of the 40-S initiation complex appears to be only
indirectly regulated by uncharged tRNA (Austin, et a/., 1982). Moderate decreases in
~ amino acid availability influenced the rate of translational elongation, while less than 50%
charging was needed to affect initiation and polysome distribution in Ehrlich ascites cells
{Ogiwvie et al., 1879, Apparently protem synthesis and tRNA charging are protected from
extreme substrate fluctuations in mammalian systems. i

Charging of plant tRNAs with amino acids has not been investigated in relation to
~nutrient availability. Improved capacity for tRNA a[ninoacylation has been reported during
breaking of dormancy by chilling of pear embryos (Tao and Khan, 1974} and in
germinating lupin seed cotyledons (Kedzierski et a/., 1380). Changes in the tRNA

complement were detected in senescing plant organs (Wright et a/., 1972/73; Pillay and
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Cherry, 1974) and the ability of tRNAs to accept amino acids decreased with age of
soybean cotyledons (Pillay and Gowda, 1981). The validity of this conclusion is difficult to
assess since Tris buffer, which stimulates deacylation, was employed. Furthermorae, the
possibility of sub—optimal enzyme to tRNA ratios was not tested (Gusseck, 1974)

The consequences of decreased nutrient availability have been'investigated in
Lemna minor at the level of protein metaholism. Decreased rates of protein synthesis
and increased rates of protein degradation were reported following transfer of actively
growing plants into water or nitrate—, sulfate-, phosphate-, or magnesium-deficient
media (Trewavas, 1972b; Cooke et a/., 1979). The following section attempts to establish
the status of tRNA aminoacylation and of in vivo protein synthesis in growing versus

senescing, nitrate— or sulfate-deficient plants. X

4.2 Materials and Methods

4.2.1 Protein synthesis

Ten uCi of carrier free L-[4,5-*H) leucine (Amersham, lllinois, 170 Ci/mmoie) or
L-[**S] cysteine hydrochioride (Amersham, lllinois, 58mCi/rﬁmoIe) were added to 2 g of
10 day-old tissue in 10 ml of sterile medium of the same age. After 15, 30 or 60

minutes, excess radnoactlvny was removed by washing the plants 3x with 30 to 50 ml of

water. Tissue was then homogenized and the protein extracted and estlmated as '

described in Section 3.2.4. A IR

4.2.2 tRNA charging with labeled exogenous leucine. _
Followmg 30 minute feedings of tritiated leucine (as in Secnon 4.2 1) the nssue

was homogemzed in 15 mi of sodium acetate buffer (0.2 M, pH 5, cdmammg J rnM !

MgCl, and 1% w/v SDS) followed by addition of 20 ml of buffer- satUratpg phenol (Wenl

1979). The tubes were shaken vigorously for 60 minutes at room tempef’i‘ture The two
EHEE :

phases were separated by centrifugation at 200x g for 5 minutes. The upper phases

were then collected. The remaining phenol layers were washed wrth 10 ml ‘of the above

buffer (without SDS) for an additional 30 minutes and the agueous gﬁase: Eollected as

above. The combined aqueous phases were re~extracted once mor

or‘ 30 minutes with .



20 ml of buffer saturated phenol. The aqueous fraction was treated with two volumes
(50 mi) of 95% (v/v) ethano!l and the nucleic acids precipitated at -20°C overnight and
collected by centrifugation at 6,000x g for 10 minutes at b'C The pellet was dissolved in
5 ml of sodium acetate buffer (0.2 M, pH5, fcontammg 10 mM MgCl,) and treated for 30 .
minutes at room. temperature with DNase (P-L Biochemicals, Wisconsin, RNase free,

from bovine pancreas, 5 ug/ml final concentration). Remaining nucleic acids were
precipitated with 10 ml of 95% ethano! at - 20°C overnight The 6,000x g pellet was
dissolved in 10 mi of sodium acetate buffer (0 2 M. pH 5, 1 mM MgCl,) and large

molecular weight RNAs precipitated with 10 ml of 4 N NaCl (2 N final concentration) for
30 minutes. Transfer RNA remaining in the 6,000x g supernatant was precipitated as
above. The resulting peliet was dissolved in 2 mi of 2 N TrisHCI buffer (pH 8.5) and

heated to 37°C for 60 minutes to de-acylate the tRNA, precipitated overnlght with 4 mi

of cold ethanol and collected at 20,000x g for 10 minutes at >O°C (Andrulis and Arfin,
1979) Radioactivity of amino acids in the supernatant was determi;led as in Section 322
and the amount'of tRNA (dissolved in water) estimated by absorbance at 260 nm (1 OD =
40 ug/mi). The purity of the extract was tested on 10% PAGE electrophoresis tube gel
(Maxam and Gilbert, 1980; thanks are accorded to Mrs D Mcintyre of the Microbiology
Department for performing this analysis). Extracted plant tRNA co-migrated with

authentic £. co/i tRNA (Boehringer~Mannheim, Dorval). Some large nucleic acids remained

at the origin and one unidentified band was.present in the plant tRNA preparation -
" ’ o 2

7%

K4

,4-2'3 Endogenous aminoacylation level of plant tRNA
The procedure for tRNA isolation was esséntja“y as above, except 20 g of tissue

were used and the reagent volumes were increased ten fold, Deacylation was achieved in
2N ammonium hydroxide at 50°C for 30 minutes and the excess ammonia was
evaporated to dryness under vacuum (on a Buchler flash evaporator, Buchler Instruments,
Fort Lee, New York) within further 10 to 20 minutes at 50°C. The residue was,
redissolved in 2 ml of sodium citrate buffer (0.2 N, pH 2.2) and precipitated overnight
with 4 ml of 95% ethanol. Insoluble tRNA was collected by centrifugation at 20,000x g

,for 10 minutes and the supernatant was dried under vacuum and re-dissolved in 1 mi of

the above citrate buffer for amino acid anélysis (Section 2.2.3).
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4.3 Results _

With the exceptnon of glycine, amino acid chargmg of thIA was found to be
slightly, but not significantly, decreased in the mtrate—defncnent plants (T able 2.1). The large
standard errors were due té analysis of amino .acid concentrations at the dete;:tion limit
of tle arino acid analyzer's spectrophotometer. The trace'amants o} methionine f
sugge\sted charging levels comparable to those determined /n vivo by’a'n isotopé dilution
method in a related species, Lemna rminor (Trewavas, 1972a) - 200 to 400 pmoles '
methionine per mg nucleic acid. The absoluteyamounts of tRNA per grém tissue were
lower in the nitrate— and sulfate—deficient plants (Table 22). Within 14 hours of addiné
the lacking aniéﬁ, tRNA levels remained statistically unchanged in both typés of cultures
recovering from deficiency. v’

Radiolabeled leucine was U;ed to estimate the rate of tRNA charging /n vivo.
Increased uptake of label by deficient plants increased the labeling of tRNA, expressed
on a fresh weight or tRNA content basis. However, the fraction of DPM in tRNA versus
’total.taken up was less in the deficient plants (Table 22, see %. 6f up_take).'Th'rs may
p.artially be due to decreased availability of tRNA in deficient plants. The increased labeling
per r}wg tRNA from deficient plants may have bee’r"{,dme to slow rémoval of label by
protein synthesis. That this may be the case was indicated by the decreased specific
labeling {to control level) by recovering plants which took up amounts of label eguivalent
to the deficient plants (Table 22). Furthermore, as indicated in Table 23, relatlvely more
label remamed in the tRNA from deficient plants than from control plants. folrowmg ohe
hour “chase” in water. The opposite was the case.in the recovering plants, in which the
tritiated leucyl-tRNA label was lost more rapidly than in the controls (Table 23). This was
in agreement with the rapid incérporation of labeled leucine into soluble protein of
recovering plants (Fig. .4)'. ‘

Protein content based on fresh weight was significantly lower in ter;'day—oild

* deficient plants compared with coni-ols of thhe same age, although after only .14 hours of
wrovery, protein content of the deficient plants increased significantly (Table 24). The
sling in fhé 20,0009 p_ellet protein was comparable to that in the soluble protein and

will not be considered further.
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Table 21. The level of tRNA ghgh ycg by endogenous amino

acids in 10 day-olgii8irol and nitrate-deficient

plants. ‘
Deficiency
None * » : © Nitrate
nmoles x mg tRNA !
Aspartate | | 5.24 ;v1.641 | B 5.21 ¥ 0.99°
Threonine 0.74 + 0.24 0.46 +0.21
Serine? 3.05 + 0.88 " 2.57 *.0.68
Glutamate 1.51 £ 0.49 B 0.2 2015
Glycine 3,94 £ 1.16 | 4.25 * 1.23
. \
Alanine 1.27 +0.42 0.94 * 0.24
Valine 0.71 + 0527 ’ 0.32 #.0.11
Méfhioniné tracq§ o - / ' trace
Iséleucine 0.48 = 6.18 ' - 0.27 +0.08
Lewcine  © 0.48 0.20 | ~ 0.29 t0.10
Tyros AE o .graée | trace
Ph ylai;nine trd;e - trace

Total 17.42 +5.25 15.10 + 2.,05.

Procedures are described in Materials and Methods .
' N f" .
lEach number represents the average of five extracts * S.E.M,

2includés glutamine and asparagine. |,
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‘Figure 4,

Incorporation of‘sH—Zeucine into cold TCA precipitated protein.
For procedures see Materials and Methods. Control @), :
nitrate-deficient (0)and sulfate-deficient (A): solid symbols
(0,4) - plants recovering in the prescence of nitrate or
sulfate, respectively. Each point is an average of two
extracts, bars represent S.E.M.

-
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As was the case for tRNA labeling, the incorporation cﬁ tritiated leucine into
soluble protein appeared to.be higher in the deficient plants than the controls (Fig. 4). This
was accompanied by increased uptake by the deficient cultures. Relating incorporation to
uptake (Fig. B), it became clear that in the deficient plants, protein synthesis was either
comparable to, or less than, occured in the controls. Recovéring plants incprporated
more label than the controls {Fig. 5). The non—linear kinetics of incorporation into protein
were due to rapid (parabolic) uptake. | '

To »cémp’are the capacity of non—deficient, nitrate-deficient and recovering plants
further, a method for evaluating the rates of protein synthesis and degradation proposed
by Trewavas (1872a), and Reiner (1853) was employéd. To use the nomenciature of

Trewavas, this relationship hoids during labsling:

g—i—P=(st—sp)x %S

Where: \

Sp = gpecific activity in p:otein, Sy = specific activity in tRNA,
Vg = rate of prétein synthesis, P = amount of proée;n, t = time,
Vs

7 - Ks or rate constant of synthesis.

The rate of protein accumulation in the culture is determined experimentally and since:

L4
dp '
g - s Ky x P

-where:
Kd = rate constant of protein degradation

the term Kg; - K4 can be determined from the slope of:

logP = (Kg - Kg) x t +C

Assumptions necessary for the application of this expression are that synthesi&fﬂ;
degradation of protein are (pseudo) first order reactions and that the system is in a

steady state. The Iatte} does not hold for the recovering culture and Ks is only given as a
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Table 23. Rate of L-[3,4 - 3H] leucine turnover
in the, leucyl tRNA pool.

tRNA charging Chargihg at 90 minutes
at 90 minutes! as 7 charging at 30 minutes
(From Table 22)

DPM x mg tRNA™! 7
Deficiency
None 2,549 + 1302 30
Nitrate 10,318 + 1,314 52 - ¢
Nitrate-recovering? 2,300 * 68 | | 22
Sulfate 7,200 + 198 38
Sulfate-recovering3 2,330 + 43 27

Procedures are described in Mate)ials and Methods.

lafter 30 minutes of feeding, samples were Yashed off 3 x with
30 - 50 ml of sterile distilled water, further 10 ml were added
and the samples were kept for additional 60 minutes. tRNA was
extracted following this '"chase' period. -

g .

2Each number represents the average of two extracts % S.E.M.

3 ‘ .

Nitrate~-deficient cultures were aseptically given 5 ml of 40 mM Ca(NO3),
and KNO3 (final 5 mM each) and sulfate-deficient cultures were provided
with 5 mwl of 16 mM MgSO4 (final 2 mM) for 14 hours.



Table 24. Protein content of 10 day old control,
deficient and recovering plants.

Deficienc& R o Protein

mg - g fat. -

None ©14.30 * 0.50!
Nitrate ‘ | 5.38 * 0.28
Nitrate-recovering? 6.01 + 0.26
Sulfate - 5.75 + 0.31
.Sulfate—recoveringz 7.30 * 0.24

Procedures are described in Materials and Methods.

1Rach number is an average of at least six
extracts * S.E.M.

2As in Table 2, after 14 hours.

64
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.

range of possible values. Furthermore, the slopes of logP vs. time were only
approximations, since insufficient data were collected. Additional limitations of this
method are the non—uniform rates of frond senescence and the possible differential loss
of protein synthetic capacity within celiular compartments. The rate constants represent
only average values characteristic of the culture as a whole. The approximate rate
constants calculated in Table 25 are presented for comparative purposes, since they
correlate the specific labeling of tRNA and protein and deal with the problem of
dissimilar precursor uptake. The synthetic rate constants indicate that the capacity of
nitrate—deficient plants to synthesize protein was less than that of the controls, while the
recovering plants exceeded the synthetic rates of the controls. The rate of degradation
of protein was several fold greater in the deficignt plants than in the controls. Small
differences between Ks and Kd reflected the lack of protein accumulation between day 7
ana 11 in the nitrate—deficient plants.

The incorporation of 3S—cysteine into soluble protein was also investigated in
view of the negative effects of exogenous cysteine on growth (T;ble 3}, decreased
cysteine content in protein of deficient plants (Table B} and the importance of cysteine in
chloroplastic protein (Hanson et a/., 194 1). Incorporation of Iabeled cysteine was also
non-linear over 60 minutes, possibly due to rapid catabolism, in addition to fapid,
non—-linear uptake (Figure 6). Incorporation relative to uptake was limited in the deficient

plants (Fig. 7) and comparable to the control in the recovering piants. in the latter, the

specific incorporation was less than in the controls (Fig. 6).

4.4 Discussion

- The ability of nutrient~deprived bacteria to regulate the slow—down of their
metabolism to "maintenance levels” by the relative amino acid charging of tRNA (Gallant,
1979; Cozzone, 1981) poses the possibility that similar regulatory mechanisms may exist
in eukaryotic organisms, including plants. In the absence of plant mutants, deficient in the
aminoacylation reactions, one has to rely oh evidence obtained with nutrient deficient
organi‘.s.ms or cells.

Dramatic decrease in tRNA charging} to 25% from the usual 75 to 80%, can be

expected in amino acid starving £. co// (Yegian et a/., 1966). Clearly, changes of this



67

Table 25. Calculation of rate constants for protein synthesis
(Kg) and degradation (Kj) in control, nitrate-
-deficient and recovering plants.!

Deficiency
None Nitrate Nitrate-recovering?

Chénge in protein specific activity
dSp at 30 minutes
dt
DPM x hr~! pmole~! ' 0.06 0.20 0.25
Specific activity in leu tRNA
DPM x pmole~! 17 68 35
Rate constant of synthesis (KS)§
hrml 10.0035  0.0029 0.007 to 0.010
day ™1 ~ - 0.084 0.070 0.168 to 0.240
Slope of log P vs. time (Kg - Ky)
day™1 "~ 0.075 0.003
Rate constant of degradation (Ky)
day™! 0.009 0.067

.

petermined according to Trewavas (1972a), at 30 minutes of leucine feeding.

Nitrate-deficient cultures were aseptically given 5 ml of 40 mM Ca(NO3)»
and KNOj; (final 5 mM each) and sulfate-deficient cultures were provided
with 5 ml of 16 mM MgSO; (final 2 mM) for 14 hours.

Determined from dSp = S; x KS, since Sp (specific activity in protein) was
- dt
negligible.
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magnitude were not observed in nitrate-deficient Sp/rode/a, m%ich average charging
decreasad by only 13%, a change which was statistically not significant (Table 21) The
decreased charging by exog:neus tritiated Ieucnnz“;nay have resulted from decreased
availability of tRNA rather than the rate of charging (Table 22) Furthermore, the lower
turnover of label in the tRNA p60| of the deficient Spirode/a (Table 23) may be either the
cause, or the result @f the slightly decreased rate of protein synthesis (Table 25),
aithough the latter is not likely in view of the dependence of protein synthesis on
_ available substrate - aminoacylated tRNA. The response of plants recovering from nitrate
deficiency indicates that despite lower tRINA levels, these plants were capable of
sincreasing the rate of amino acid flux through tRNA (Tables 22 and 23) and the rate of

protein synthesis (Table 25). Thus, substrate availability may be the main faetor limiting
protein synthesis in nitrate- and sulfate—deficient plants.

The role of tRNA in plants appears to be as compiex as in animal tissues. Firstly,

liver tRNA crLarging during fasting {amino acid starvation) was not decreased {Allen et ‘a/.A
18689, sécondlly, inhibition of the initiation and elongation steps of protemn synthesis
required substantial decreases in tRNA charging (Ogilvie et a/., 1973; Austin et a/., 1982)
and thirdly, pfqtein ;egradation was greatly stimulated by decreased tRNA charging levels
(Stanners et a/., 1978, Scornik et a/.; 1980 Austin et a/., 1982). It was suggested by the
'above studies that decreased tRNA charging in muscle tissue and the resulting
degradation of muscle protsein may provide”amino acids for the synthesis of proteins in
other tnssues in whnch tRNA amlnoaCylatxon must be ‘buffered” from fluctuations.

- In Sp/rode/a nutrient deficiency appeared to have more effect on protein
degljadatnon than on protein synthesns (Table 25). However, the possible relationship
bﬂétrw'é'en tRNA charging and pr;ﬁein degradation remains to be resolved. In particular, the
qqgs:t}pn femains. which proteins can a plant sacrifice without compromising its ability to
recbver from the deficiency? A secondary function of chloroplastic protéins particuiarly
RuBP carboxylase/oxygenase appears to be that of a leaf storage protein, which is
readrly mobilised during senescence (Eilam et a/., 1971; Callow et al., 1972; Peterson et
al., 1973; Callow, 1974; Peterson dnd Huffaker, 1975; Peoples et a/., 1980;' Morita,
1980; Miller and Huffaker, 1882). It seems reasonable to assume, that the same proteinl(s)

islare) degraded in response to nutrient deficiéncy, particularly since the chloroplast is
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‘the first organelle to deteriorate structurally during senescence (Butler and Simon, 1970)

“and during nutrient deficiency (Vesk et a/., 19686).. The funvction of the chloroplast in

primary nitrate and sulfate assimilation may cause it to be more sensitive to deficiency of
these anions. EVen though the chlorop_lasts contain about 50% of the cellular protein, only

a small fraction of this protein is a'étually syntheslzed in the chloroplast, (Cifferi, 1978).

. Thus the primary decrease in glutamate or cysteine availability may initiate regulatory

events similar to the stringent response of bacteria, and this possibly significant decrease

in chloroplas'uc tRNA charging- and protein synthes:s would ' not be detectable due to the

“dilution effect by active cytoplasmic and/or 4m1‘tochondrlal protein synthesis. The relative
contribution of organelles to overall cellular protein syntnesisat dif ferent stages of
development remains to be evaluated. |

Two additional poivnfts deserve mention. Firstly, the different rate consvtants of
protein accumulation obtained in this s'tl:ldy.o.075 day, ‘?jn Lernna minor Q.39 day-!
(Trewavas, 1972b), 0.33 d.ay'1 (Cooke et a/., 1979) and in tobacco callus, 0.17 day- S
(Kemp and Sutton, 187.1) may reflect the actual potential for growth of these tissues
under the culture condn;nons used by Ehe respectlve investigators (for example the
presence ‘of' sugars in the medium)“Secondly, although the rate constants of protsin
synthesis and degradation were not de.t'ermined for the -s(xlfate-deficient plants, uptake
and mcorppratxon into the TCA lnsoluble fractlon followed similar patterns to those
observeé for nitrate— deficient plants. For \example the app;rent rates of mcorporatlon
into protein on day 10 indicated that sulfate- deficient plants were not as severely
affected as the nitra{e-—deﬁcient plants. Tne recovering plants utilized labeled teucine and |

cysteine to differing extents. Cysteme may be swthesnzed de novo more rapidly than

“leucine in the recovermg plants dllutlng the exogenous Iabeled cysteme more than the

exogenous‘feucme would be diluted by endogenous leucme Another posgb:hty is that

cysteme is used preferehtxally in the synthes:s of S nch thoroplastlc protem(s) ‘which '

“may be expected to exceed the’ cytop\lasmlc protem synthes:s during recovery.

In conclusion, it was demonstrated that tRNA charglng decreased durmg

-~

: mtrate deficiency and mcreased during recovery “from this stress. As expected, the

1

ammoacylatxon reactlon represents ‘a link between ammo ac:d avaxlablllty and protem

turnover, although the possible 'regulatory role of tRNA remains to be established. Protein
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degradation, rather than synthesis, was found to be affected by decreased nitrate’

[N

availability.



5. General Conclusions

Although conclusmns reached in this study were already stated in the foregoing

‘chapters the purpose of thls section is firstly to summarize these contiusions in the

general context of macro-nutrient deficiency and secondly to identify and discuss some
areas for future research. ) ‘ g
. 1) Nitrate and sulfate defnc»encnes 1nmated frond senescence (i.e. chiorophyll and
protem degradation) and turion development in Spirodela. Applications of the lacking
anions, or amino acids that are known to be products of assimilation, reversed these
dévelopmental processes and supported vegetative growth. .
- 2) Turions which formed in nitrate- or sulfate-deficient media were dormant, ie.
did not germinate in water or nutrient media under otherwise favorable eny/tronmehtal
/

{

condmons
3) Osmotnc treatment in 20%(w/wFPEG 8000 broke the turion dormancy, only to
permit germmatnon in the anion which was Iackmg durmg turion development or in an
amino acid which would be synthesized from that anion, but not in water.
4) Cytokinins appeared to break turion dormancy compiletely, stlmulatmg
germmatnon in the absence of exogenous nutrients!

5) Exogenous cytokinins also reversed turion development in nutrient— deficient ~

media and stimulated vegetatlve frond development, although senescence, measured by

chlorophyll content, wee not re‘versedt

6) The overall concentretioh of pretein declined in both, nitrate— and
sUIfete—deficient plants, although total protein content per culture remained nearly
constaht between 7 to 11 days of culture, suggesting that re—distribution of
protein—bound amino acids from older fronds inte meristems wastakinQ place. The

approximate rate constant of proteolysis was calculated to be O.OOS-day‘1 in the

- controls, compared to 0.067 day-! in the nitrate—deficient plants.

7) The concentrations of detectable free amino acids were much lower in the

e

nitrate—deficient plants than in controls. Sulfate—deficient plants maintained levels of free

~amino acids cemparable to the controls, with the exception of markedly increased levels

of asparagine and glutamine.
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8) Sulfate—deficient plants did not contain significantly less free ;n;{llionine than

control or mtrate def:cnent plants.
- )

9) Activity of the aspartate pathway, measured by in vivo conversion of Iabeled
aspartate, homosenrle and cysteine into threonine, isoleucine and methionine did not
appear to be significantly impaired by deficiency of either anion, even though the
assimilatory pathways of both anions are linked at the step of homocysteine synthesis
{Figure 3).

A0} /n vitro activity of homoserine dehydrogenase extracted from defi‘cient
plants was about 10 fold lower than that from control plants, yet it was sufficient to
maintain synthesis in the deficient plants. |

1.1) Exogenous threonine plus lysine inhibited methionine synthesis and also
affected pr_otein' synthesis. Exogenous glutamate, aspartaté: and'glycine supplied to -
control plants enhanced turion development, apparently lnterfering with normal

metabolism.

12) Aminoacy! v vel of total cellular tRNA frorv mtrate deficient plants was
13% less than in the coryfr Is statistically not significant crﬂange
138) ,'[he rate ¢ /n tant of overall cellular protein synthesis was:only 12% lower in
the nitrate— def:cnentfplants than in the controls, whlle the rate constant of protein
~ synthesis in plant recovermg from nitrate deficiency for 14 hours was 100% higher than
" that in the contfols. Protein synthes:s of sulfate— deflment plants did not appaar to be
significantly %panred
14} P oteln and tRNA concentrations were s:gmflcantly lower in both types of
deficient plan s than in the controls after 10 to 1.1 days'in culture. A s;atlstncally
_ significant increase in protein content was detected only after 14 hours of recovery in
‘the appropriate anion. The tRNA level increased significantly after 14 hours inArecov‘ering
sulfate—deficlent‘plantsi but not in recovering nitrate ~deficient plants. |

15) In companson with the controls, the turnover of *H-leucine in the tRNA pool

was slower in the def:cnent plants and more rapid in the recovering plants.
~

Rl

It was proposed in the General Introduction, that macro—nutrient deficiency, or

the inability to utilize nutrients, may be the undenfying cause of senescence under normal



m N o , 75
environmental conditions. The two molecular events characteristic of foliar senescence,
ie. proteolysis and chlorophyll degradation, were also observed in leaves senescing in
response to both, nitrate and sulfate deficiencies. Conseguently, elucidation of the
metabolic and regulatory e;ents occurring in deficient plants may p_roVide knowledge
applicable to studies of senescence under ncrmal environmental conditions.

The Spirodela system offers opportunities for mnumerable studies of nutrient
def:c:enc;es intermediary metabolism and macromolecular metabolism. However in the

- following paragraphs, only those experiments will be suggested, which seem to be a
logical continuation of experiments reported in this study. The initial experiments dealing
with developmental consequences of nitrate and sulfate deficiency and the effects of

anion, amino acid or cytokinin supplements ha\@eﬁned a broad range of events which

require characterisation at the organellar and molecular levels. - »

} @ ¢ Several lines of evidence suggest that chloroplast function is an early target (or
- cause) of ffeli,ar senesc,ence. Chioroplast structure and numbers are affected early in
senescence (Butler and Slmon 1870) or nutrient deficiency (Vesk et a/., _1966)
Chlorophyll loss is one of the cidarest measures of foliar senescence (Thnmann 1880)
and chloroplastic proteins, particularly RuBP carboxylase/oxygenase are the major
source of free amino acids in senescing Ieaves (Morita, 1980; Paeples et al., 1980). .
Furthermore both, the assimilation of nitrate into glutamine and sulfate mtowcysteme are
‘chioroplastic events (Miflin and Lea, 1976; Giovanelli et a/., 1980), suggesting that
deficiencies of these anions may initially affect metabolism of the chloroplast. For these
reasons, it may be most rewarding to focus future investigations on the chloroplast, } 2
although the close relationship between cytoplasmic and chloroplastic metabolism should
be kept in mind. | | ’

- A detailed electron—-microscopic study of'the key developmental stages in
senescing and recovering chioroplasts may be a pre‘-'-re_quis‘ite necessary for subsequent
‘biochemical studies. Following this, the problem of primary interest will be a direct
demonstration of decreased capacity for de novo synthesis of glutamate' and cysteine by
chloroplasts in early stages of deficiency Such a study may be difficult, since _ *

apphcatnons of Iabeled precursors effectlvely reverse the def:cnent condition. Perhaps .

studles using recxprocal feedmgs i.e. labeled suifate to mtrate -deficient plants or labeled

~
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nitrate to sulfate—deficient plants ;v;/ill provide sorge answers, in view of the close link
between the pathways at the level of cysteihe synthesis. Difficulties with uptake of the
isotepic species into already saturated pools may be encouhtei'ed. Eurthermore, thﬁ;ﬂse
of inhibiters‘of the assimilatory steps (for example methionihe sulfoximine) ma‘y help in
further elucidation of the role of assimilatory pathways in senescence. ‘
Macromolecular metabolism in deficient Spirode/a may be investigated even ie
the absence of evidence f&.limited amino acid availability. Electrophoresis and isoelectric
focusing methods could be employed to identify chldroplaetic proteine involved in

senescence, by virtue of the:r stability or mstabahty Su hprotd?qs or other Iarge or

Y
chioroplastic tRNA could be” mea ured using the penodate oxidation of non-acylated

tRNA (Yegian et a/., 1 966_; Andrulis and Arfin, 1878) concentrating for simplicity on key

- tRNAs and corresponding synthetases. This approach weuld give some indication of not

only the rates of seecific‘ protein turnover, gamls\o the possible role of tRNA
aminoacylation and tRNA availability in its regulation.

The possibility that the prfmary effec?s of decreased.amino acid synthesis by the
chioroplast take place in the cytopfésm cannot be excluded especially in view of the
observation that many chioroplastic proteins are synthesized in this compartment

inclading the chioroplastic aminoacyl-tRNA synthetases (Cifferi, 1978). It may be difficult

€3

_ to analyse the total cytoplasmic protein complement, and stress could be placed on

chloroplastic proteins originating in the cytoplasm. These can be identified using inhibitors

of protem synthesxs Specmc for 70S or BOS ribosomes, or in the light driven, in vitro

v

chioroplastic protein synthesxzmg system (Blaxr and Ellis, 1873; Eaglesham and Eliis,

1974). - %

Cytokinin effects. on S,b/'rode/a may be elso speculatively linked to chloroplast

function, in view of ac_cumelating evidence for cytokinin involvement in chloroplast
= -

i
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. development (Feierabend, 1981; Parthier et a/., 1981; Peaud-Lenoel and Axelos, 1981).

A better understanding of tRNA function in plant protein synthesis may facilitate studies
on the link between the -function of tRNA and the occurrence of a cytokinin moiety on
the 3' side of the anticodon of tRNAs respeonding to codons starting with uridine, i.e.4th'e
termination codons UAA, UAG, UGA and those coding for leu, cys, ser and aromatic

amino acids (Skoog and Schmitz, 1979). Alfhough the cytokinin moiety appears to be

ubiquitous to tRNAs of many organisms, green plants may have evolved a system capable -

of modulating activity of these tR[&s (via free cytokinins?) in relation to plastid
development. Unfortunate!y, the 2nly study which demonstrates a functional’role of the
cytokinin moiety in tRNA comes from a triple mutant of yeast {Laten et a/., 1978). In this
organism, the first mutetion generates the UAA termination codon, the second mutation
suppresses the termination codon by insertion of t;yrosine carried by an_isop.entenyl
adenine containing tRNA which responds to thejaU‘AA codon and the third mutation lowers
the isopentenyl content of all tRNAs to 1.5% of &uld type resulting in reduced
suppressor activity. In other words the presence of- rsopentenyl adenine in the
anti-codon reglon of the suppressor tRNA was needed to de~code the UAA codon' as

specifying tyrosine. It is possible that in plants, under certain circ metances, tRNAs
o1 : b3

containing cytokinins insert some of the abiove amino acids into thé¥ites specified by

termination codons, allowing synthesis of larger, functional proteins. Free cytokinins may

compete with such tRNAs for binding sites on the rihosome. it should be stressed here,
that decreased avallabxhty of charged tRNA in deficiency will have exactly opposite

effect on codon usage, ie. codons normally translated as specifying an amino acid will be

~ read as translation termination codons. Initially, analysis of the quality of translation

‘products from deficient or cytekinin treated plants may be possible using RuBP
carboxylase/oxygenase as a model, although only some "senescence specitic’ proteins
may be regulated in this manner.

Inhibitory effects of exogenously applied amino acids on growth observed in th:s

. study and by others (Fukunaga and King, 1982) can be also investigated further using

Spirodela. It is likely that excessive availability of one or a few amino acids will increase
the frequency of errors in tRNA charging (Fersht, 1981),. resulting in the synthesis of

faulty proteins. Analyses of tRNA charging and the rate and quality of proteins made
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under these conditions are needed. ?
in conclusion, the withdrawal of macro-nutrients, or convelrsely, the application
of exogenous amﬁno acids to cultures of Sp/fode/a, represent methods which
effectively disrupt metabolism at a level closely linked to macromolecular synthesis. As
such, these methods may serve as useful taols in ‘o?lb(:idat'ing the metabolic and regulatory
mechanisms unde‘rlying plant development. Nutrient deficiency investigations in Spirodela
can be expanded to include studies of plant growth regulators and other developmental
phenomena such as turibn dormancy and turion germihation, in addition to frond

senescence.



Bibliography

ADAMS CA, RW SHEARD 1966 Alterations in the nitrogen metabolism of Med/cago
sativa and Dactylis glomerata as influenced by potassium and sulfur nutrition. Can J
Plant Sci 46: 671-680

~ ALLEN RE, PL RAINES, DM REGEN 1969 Regulatory significance of transfar.' RNA
charging levels. Biochim Biophys Acta 190: 323-336

ANDRULIS IL, SM ARFIN 1979 Methods or determining the extent of tRNA aminoacylation
in vivo in cultured mammalian cells. in K Moldave, L Grossman, eds, Methods in

E;rézymzology, Vol. 59G. Academic Press, London, New York and San Francisco, pp
B-271

ANDRULIS IL, GW HATFIELD, SM ARFIN 1979 Asparginyl-tRNA aminoacylation levels and
asparagine synthetase expression in cultured Chineese hamster ovary celfs. J Biol
Chem 254 10629-10633 :

ANONYMOUS 1953 Difco Manual, Ninth Edition, Difco Laboratories, Detroit

ANONYMOUS 1970 Preparation of proteiné and peptides (acid hydrolysis). in Beckman
Mode! 121 automatic amino acid analyser Instructional manual. Beckman Instruments,
Palo ‘Alto, CA

€ ]
AUSTIN SA. VM PAIN, JA LEWIS, MJ CLEMENS 1882 investigation of the role of
uncharged tRNA in the regulation of polypeptide chain initiation by amino acid
starvation in cultured mammalian cells, a reappraisal. Eur J Bioch 122: 519-526

L
BEEVERS L, RH HAGEMAN 1980 Nitrate and nitrite reduction, in PK Stumpf, EE Conn,
eds, The biochemistry of plants, a comprehensive treatise, vol. 5 Academic Press,
London, New York, San Francisco pp 115-167 ' '

BLACK S, NG WRIGHT 1955 Aspartic beta-semialdehyde dehydrogenase and aspartic
beta-semialdahyde. J Biol Chem 213: 38-50 :

BLAIR GE, RJ ELLIS 1873 Protein synthesis in ch!oerlasts 1. Light—driven synthesis of
the large subunit of fraction 1 protein by isolated pea chloroplasts. Biochim Biophys
Acta 319:223-234 ’

BONNER J, JE VARNER 1876 Plant Biochemistry, 3rd Edition, Academic Press, New York,
San Francisco, London

BRIGHT SWJ, PR SHEWRY, BJ MIFLIN 1978 Aspartate kinase and the sy . of
aspartate—derived amino acids in wheat. Planta 139: 118-125

BRIGHT SWJ, EA WOOD, BJ MIFLIN 1878 The effect of aspartate—derived amino acids
(lysine, thrgonine, methionine) on the growth of excised embryos of wheat and
barley.*Planta 139 113-117

BRYAN JK 1980 Synthesis of the aspartate family and branched—chain amino acids. /n PK
Stumpf, EE Conn, eds, The biochemistry of plants, a comprehensive treatise, vol.5.
Academic Press, London, New York, San Francisco pp 403-451 ’ :

BURDGE EL, KG WILSON 1981 Regulation of the aspartate pathway in isolated pea .
chloroplasts. Effects of S—2-aminoethyl c?;steine and threonine.on the metabolism
of labeled aspartate. FEBS Lett. 136: 322-324 :

BUTLER RD, EW SIMON 1870 Ultrastructural aspects of senescence in plants. Adv
Geront Res 3: 73-129 - v

.79

bt



g
Ve

80

CANVIN DT, CA ATKINIS 1974 Nitrate, nitrite and ammonia assimilation by leaves: Effect
of light, carbon dioxide and oxygen. Planta 116: 207-224

CALLOW JA, ME CALLOW, HW WOOLHOUSE 1972 /n vitro protein synthesis,
ribosomal RNA synthesis and polyribosomes in senescing leaves of Peri//a Cell
Different 1. 79-92 \

¥
CALLOW JA 1974 Ribosomal RNA, fraction | protein synthesis, and ribulose diphosphate

carboxylase activity in developing and senescing leaves of cucumber. New Phytol
73 13-20 -

CATTOIR-REYNAERTS A, E DEGRYSE, | NEGRUTIU, M AERTS, M JACOBS 1981 Effects
of aspartate—derived amino acids on growth of barley and Arabidopsis plants and
callus. Z Pflanzenphysiol 101: 67-74 '

CHAVANCY G, A FOURNIER 18789 Effect of starvation on tRNA synthesis, amino acid
pool, tRNA charging levels and aminoacyl-tRNA synthetase activities in the
posterior silk gland of Bombyx mori L. Biochimie 61: 229-243

CIFFERI O 1978 The chloroplast DNA mystery. Trends Biochem Sci 3: 256-258

COLLINS DM, AT WILSON 1875 Embryo and endosperm metabolism of barley seeds
during early germination. J Expt Bot 26: 737-740 .

~ COOKE RJ, J OLIVER, DD DAVIES 1979 Stress and protein turnover in Lemna minor.

Plant Physiol 64: 1109-1113

COOKE RJ, K ROBERJS, DD DAVIES 1980 Mode! for stress-induced protein degradation

in Lemna minor. Plant Physiol 66: 1119-1122

CORTESE R 1879 The role of tRNA in regulation. /n RF Goldberger, ed, Biological
regulation and development, Vol 1: Gene expression. Plenum Press, New York and
London, pp 401-432

COTTIGNIES A 1979 The blockage in the G1 phase of the cell cycle in the dormant shoot
apex of ash. Planta 147. 15-19 , :

COZZONE AJ 1881 How do bacteria synthesize proteins during amino acid starvation?
Trends Biochem Sci 6: 108-110 - '

CRANE FA, FC STEWARD 1862 Growth, nutrition and metabolism of Mentha piperita L.
Part V. Memoir 378, Cornell Univ. Agric. Expt. St Ithaca, N.Y. pp 81-121

DAVIES DD 1879 Factors affecting protein turnover in plants. /7 EJ Hewitt, CW Cutting,
eds, Nitrogen assimilation of plants. Academic Press, London, N.Y., San Francisco pp
369-386 '

DAVIES HM, BJ MIFLIN 1978 Regulatory isoeﬁzymes of aspartate kinase and the control
of lysine and threonine biosynthesis in carrot cell suspension culture. Plant Physiol
62: 536-541 : :

DATKO AH, SH MUDD, J GIOVANELLI, PK MACNICOL 1978 Sulfur containing compounds
in Lemna perpusi//a 6746 grown at a range of sulfate concentrations. Plant Physiol
62: 629-635

DAWES EA 1976 Endogenqus metabolism and the survival of starved prokaryotes. /n
TRG Gray, JR Postgate, eds, The survival of vegetative microbes. Cambridge
University Press, Cambridge, London, New York, Melbourne, pp 19-53

L3 -

DICAMELLI CA, JK BRYAN 1875 Changes in enz§me regulation during growth of maize Ii.
Relationships among multiple molecular forris of homoserine dehydrogenase. Plant
Physiol §5: 999-1005



81

\

DUNHAM VL, JK BRYAN 1971 Synergistic effects of metabolically related amino acids on
the growth of a multicellular plant. ll. Studies of 1*C~amino acid mcorporatnon Piant
Physiol 47: 91-97 .

EAGLESHAM ARJ, RJ ELLIS 1874 Protein synthesis in chioroplasts 2. nght driven
synthesis ofomembrane proteins by isolated pea chioroplasts. Biochim Biophys Acta
335: 396-407

EATON SV 1951 Effects of sulfur deficiency on growth and metabolism of tomato. Bot
Gazette 112: 300-307

EILAM Y, RD BUTLER, EW SIMON 1971 Ribosomes and polysomes in cucumber Iegves
during growth and senescence. Plant Physiol 47: 317-323

ERGLE DR 1953 Effect of low nitrogen and sulfur supply on their accumulation in the
cotton plant. Bot Gazette 1.14: 417-426
ﬁ:@f}
ESASHI Y, Y OHARA, M OKAZAKI, K HISHINUMA 1979 Contro! of cocklebur seed
germination by nitrogenous compounds: nitrite, nitrate, hydroxylamine, thiourea,
azide and‘yanide. Plant Cell Physiol 20: 349-361 ‘

FEIERABEND J 1981 !nflug@fe of cytokinin on plastid biogenesis in rye leaves. /n J
" Guern, C Peaud—-Lencsl, eds, Metabolism and molecular activities of cytokinins,
Springer-Verlag, Berlin, Heidelberg, New York, pp 252-260

FERSHT AR 1881 Enzymic editing mechanisms in protein synthasns and DNA replication.
Trends Biochem Sci 6: 262 265

FILNER P 1966 Regulation of nitrate reductase in cultured
Acta 118 288-310

FRIEDRICH JW, LE SCHRADER 1878 Sulfur deprlvatlon and
seedlings. Plant Physiol 61: 900~ 903

cells. Biochim Biophys

n metabolism in maize

FUKUNAGA Y, JKING 1882 The effect of i—amino acids on the growth and nitrate
reductase activity in cultured cells of Datura /noxia Plant Sci Lett 24: 45-54

GALLANT JA 1878 Stringent-control in £. co//. Ann Rev Genet 13: 393-415

GALSTON AW, PJ DAVIES 1870 Control mechanisms in plant development. Chapter 5,
Prentice—Hall, Englewood Ciiffs, N.J, pp 115-134

GAREL JP, P MANDEL, G CHAVANCY, J DALLIE 1970 Functional adaptation of tRNAs to
fibroin biosynthesis in the silk-gland of Bombyx mori. FEBS Lett 7. 327-331

GILESPIE JM, RJ BLAGROVE, PJ RANDALL 1978 Effect of sulphur supply on the seed
gitobulin composition of various species of lupin. Aust J Piant Physiol 5: 64 1~850

GIOVANELLI J, SH MUDD, AH DATKO 1880 Sulfur amino acids in plants. /7 PK Stumpf,
EE Conn, eds, The biochemistry of plants, a comprehensive treatise, vol. 5: Amino
acids and derivatives. Academic Press, London New York and San Francisco, pp
454-505

GREEN CE, RL PHILLIPS 1974 Potential selection system for mutants with increased
lysine, threonine and methionine in cereal crops. Crop Sci 14: 827-830

GRUMMT E, | GRUMM 1976 >tudies on the role of uncharged tRNA in the pisiotypic
responses of animal celis. Eur J Biochem 64: 307-312

GUSSECK, DJ 1974 Anomalies in the tRNA—aminoacylation reaction which could lead to
misinterpretation of evidence for tRNA changes during development and aging.
Mech Age Dev 3: 301-3089



82

L Y
HABER JE, HO HALVORSON 1975 Methods in sporulation and germination of yeasts. /n
DM Prescott, ed, Methods in cell biology, Vol. 11: Yeast cells. Academic Press, New
York, San Francisco, London pp 45-69 : :

HANOWER P, J BRZOZOWSKA 1975 Influence dun choc osmotique sur la composition
des feuilles de cotonnier en acides amines libres. (in French with English abstract).
Phytochem 14. 1691-1694 :

HANSON EA, BS BARRIEN, JG WOOD 1941 Relations between protein-nitrogen,
protein:;sulfur and chlorophyll in leaves of sudan grass. Aust J Expt Bot 19
231-234 .

HARBORNE JB 1973 Phytochemical methods. Chapman and Hall, London

HENDRIX SB, RB TAYLORSON 1974 Promotion of seed germination by nitrate, nitrite,
hydroxylamine and ammonium saits. Plant Physiol 54: 304-309

HENKE RR, KG WILSON 1974 /n vivo evidence for metabolic control of amino acid and
protein synthesis by exogenous lysine and threonine in Mimu/lus cardinalis. Planta
121: 155-166

HIBBERD KA, T WALTER, EE GREEN, B GENGENBACH 1980 Selection and _
characterization of a feedback-insensitive tissue culture of maize. Planta 148:
183-187 .

HIBBERD KA, EE GREEN 1882 Inheritance and expression of lysine plus threonine -
resistance selected in maize tissue culture. Proc Nat Acad Sci USA 79: 559-563

HILLMAN WS 1961 The Lemnaceae, or duckweeds. Bot Rev. 27: 221-287 -“

HORGAN JM, PF WAREING 1980 Cytokinins and the growth responses of Betu/a \

pendula Roth. and Acer pseudop/atanus L. to nitrogen and phosphorus deficiency. J |
Expt Bot 31: 525-532

JOY KW 1868 Nitrogen metabolism in Lemna minor |. Growth, nitrogen sources and
amino acid inhibition. Plant Physiol 44: 845-848

KANAZAWA T, MR KIRK, JA BASSHAM 1970 Regulatory effects of ammonia on carbon
metaboligm in photosynthesizing Ch/orel/a pyrenoidosa. Biochim Biophys Acta 205:
401-40 :

KAO CH 1880 Senescence of rice leaves: IV. Influence of benzylaﬁdenine on chlorophyil
degradation. Plant Cell Physiol 2.1: 1255- 1262 w .

KEDZIERSKI W, H AUGUSTYNIAK, J PAWELKIEWICZ 1880 Aminoacylation of four tRNA
~species in lupin (Lupinus /uteus) cotyledons. Planta 147: 439-443

KEDZIERSKI W 1981 Correlation between tRNA population and amino acid composition.
of proteins in plants. Plant Sci Lett 21: 16-21 -

KEMP JD, DW SUTTON 1971 Protein metabolism in cultured plant tissues. Calculation of
an absolute rate of protein synthesis, accumulation and degradation in tobacco
callus /in vivo. Bioohemistry 10: 81-88"'

KEYS AJ, IF BIRD, MJ CORNELIUS, PJ LEA, RM WALLSGROVE, BJ MIELIN 1978 The
photorespiratory nitrogen cycle. Nature 275: 741~-743

KHAN AA 18968 Inhibition of gibberelic acid-induced germination by abscisic acid ang B ol 03
reversal by cytokinins. Plant Physiol 43: 7—1465 ) : R

KOZLOWSKI TT 1964 Shoot growth in woodyplants. Bot Rev 30: 335-392

e
N

4



83

LACOR MAM 1969 On the influence of gibberelic acid and kinetin on the germination of
turions of Spirode/a polyrhiza (L) Schieiden. Acta Bot Neerl 18 550-557

LATEM H, J GORMAN, RM BOCK 1978 Isopentenyladenosine deficient tRNA from an
anti2~suppressor mutant of Saccharomyces cerevisiae Nucleic Acid Res &:
4328-4343

LEOPOLD AC 1980 Aging and senescence in plant development. /n KV Thimann, ed, i
Senescence in plants. CRC Press, Boca Raton, Florida, pp 1-:12 s

LOPEZ JM, K OCHI, E FREESE 1981 Initiation of Baci/lus subtilis s_ﬁorulation caused §
the stringent response. /n HS Lewinson, AL Sonnenshein, DJ Tipper, eds,
Sporulation and germination, Proceedings of the Eight international Spore
Conference, Woods Hole, Massachusetts, 1980. American Society for
Microbiology, Washington, D.C. pp 128-133

LOWRY OH, NJ ROSEBROUGH, AJ FARR. RJ RANDALL 1951 Protein measurement with
the Folin reagent. J Biol Chem 193. 265-275
-

MADISON JT, JF THOMPSON 1978 Threonine synthetase from higher plants: stimulation
by S-adenosyl methionine and inhibition by cysteine. Biochem Biophys Res-Comm
71:. 684-691 o

MALEK L, Y ODA 1980 Germination of Spirodela polyrhiza turions: the role of culture
conditions during turion development. Plant Cell Physiol 21: 357-361

MALEK L 1981 The effect of drying on Spirode/a polyrhiza turion germination. Can J
Bot 59: 104-105% -

MARTIN AF, M RABINOWITZ, R BLOUGH, G PRIOR, R ZAK 1977 Measurement of half-life
of rat cardiac myosin heavy chain with leucyl-tRNA used as precursor pool. J Biol
Chem 252: 3422-3429

MATTHEWS BF, AW GURMAN, JK BRYAN 1975 Changes in enzyfne regulation during
growth of maize. | Progressive desensitization of homoserine dehydrogenase
during seedling growth. Plant Physiol 5§5: 99 1-898

MATTHEWS BF, SCH SHYE, JM WIDHOLM 1980 Mechanism of resistance of a selected
caréot cell suspension culture to S—-2-aminoethyl-I-cysteine. Z Pflanzenphysiol S6:
453-463 ’ o : ‘

MAXAM AM, W GILBERT 1980 Sequencing of end-Iabeled DNA with base-specific
chemical cleavages. /n K Moldave, L Grosmann, eds, Methods in enzymology, Vol.
65, Part|. pp 499-560

MIELIN BJ 1977 Modification controls in time and space. /n H Smith, ed, Regulation of
enzyme synthesis and activity in higher plants. Academic Press, London. pp 5-40

MIELIN BJ, SWJ BRIGHT, HM DAVIES, PR SHEWRY, PJ LEA 1878 Amino acids derived
from aspartate: their biosynthesis and its regulation in plants. /n EJ Hewitt, CV
Cutting, eds, Nitrogen assimilation of plants. Academic Press, London, New York,
San Francisco, pp 335-358

MIFLIN BJ, PJ LEA 1976 The pathway of nitrogen assimilation in plants. Phytochem 15:
873-885 3 '

MIFLIN BJ, PJ LEA 1880 Ammonia assimilation. /n PK Stumpf, EE Conn, eds, The
biochemistry of plants, a comprehensive treatise, Vol 5 Amino acids and
derivatives. Academic Press, London, New York, San Francisco, pp 169-202

MILLER RL, RC HUFFAKER 1982 Hydrolysis of ribulose-1,5-bisphosphate carboxylase by.-
endoproteinases from senescing barley leaves. Plant Physiol 63: 58-62



84

MILLS WR, KG WILLSON 1978.Amino acid biosynthesis in isolated goa chioroplasts.
metabolism of labeled aspartate and sulfate. FEBS Lett 92 129- 132

MOLISCH H 1938 Die Lebensdauer der Pfianzen /n H Fulling. Engl transl., The longevity
of plants. Science Press, Lancaster ‘ :

MOOT\‘E—LANDECKER E 1872 Fundamentiais of the fungi. Prentice-Hall, Englewood Cliffs,
.J. .

MORITA K 1980 Release of nitrogen from chioroplasts during leaf senescence of rice
(Oryza sativa L). Ann Bot 46: 297-302 ,

NAITO K, A lIDA, H SUZUKI, H TSUJI 1979 The effect of benzyladenine on changes in
nuciease and protease activities in intact bean leaves during ageing. Physiol Piant 46:
50-53 '

NEIDHARDT FC 1966 Roles of amino acid activating enzymes in cellular physiology.
Bacteriol Rev 30: 701-719 ;

NEWTON RJ, DR SHELTON, S DISHAROON, JE DUFFEY 1978 Turion formation and
’ germination in Spirodel/a polyrhiza. Amer J Bot 65: 42 1-428 :
\ y
NIGHTINGALE GT, LG SHERMERHORN, WR ROBBINS 1932 Effects of sulfur defficiency
_on metabolism in tomato. Plant Physiol 7. 565-595

NOODEN LD, DC RUPP, BD DERMAN 1978 Separation of seed development from
monocarpic senescence in soybean. Nature 27 1: 354-357

“OGILVIE A, U HAUSCHKA, W KERSTEN 1979 Control of protein synthesis in mammalian
Sells by aminoacylation of transfer ribonucleic acid. Biochim Biophys Acta 565:
93-304 ' .

OKABE K, GA CODD, WDP STEWART 1979 Hydroxylamine stimulates carboxylase
activity agd inhibits oxygenase activity of cyanobacterial RuBP carboxylase/
oxygenase. Nature 279 525-527

ORLOVSKAYA NN 18979 Effect of fasting on aminoacylation of tRNA from rabbit

muscles (In Russian with English abstract). Ukrainskii Biochimicheskii Zhurnal

{(Ukrainian Biochemical Journal) 51: 285-288 ‘

PALMITER RD 1975 Quantitation of parameters that determine the rate of oyalbuh’win -
synthesis. Cell 4: 189-197 ‘ /

PARDEE AB 1974 A restriction point for control of normal animal cell proliferation. Proc
Nat Acad Sci USA 71: 1286-1290 :

PARTHIER B, S LERBS, NL KLYACHKO 1981 Plastogenesis and cytokinin agtion. Cytokinin
o and light interactions in plastid enzyme formation of detached Cucutbita cotyledons.
} /n Guern J, C Peaud-Lenoel, eds, Metabolism and molecular activities of cytokinins,
‘ Springer-Verlag, Berlin, Heidelberg, New York, pp 275-286 Lo

PAUL JS, KL CORNWELL, JA BASSHAM 1978 Effects of ammonia on carbon metabolism
in photosynthesizing isolated mesophyll cells from Papaver somniferum L. Planta
142: 49-54 : ' o ’ ’

PEAUD-LENOEL C, M AXELOS 1 981 Plastid proteins of cytoplasmic origin as molecular
markers of cytokinin activity. /71 J Guern, C Peaud-Lenoe!, eds, Metabolism and —_
molecular activities of cytokinins, Springer-Verlag, Berlin, Heidelberg, New York, pp ™
308-316 ” ,

" PEOPLES MB, VC BEILHARZ, SP WATERS, RJ SIMPSON, M.J DALLING 1880 Nitrogen
redistribution during growth in wheat (Triticum aestivum L). Ii. Chloroplast .
senescence and the degradation of ribulose-1,5-bisphosphate carbgxylase. Planta



\7\ B i | ‘ P » 'V . " > . ‘4 . ‘;, 85

149:241-251 7

~—

PERRY TO, OR BYRNE 1969 Tunon mductxon in Sp/rodela polyrrh/za by absc;suc acid.
~ Plant Physlol a4: 784—785 -

. PETERSON LW, GE KLEINKQPE RC HUEEAKER 19873 Evidence for lack of turnover of
rlgulczzse 6 S—dtphosphate carboxylase in barley leaves Plant Physnol 51
1042-1045,

PETERSON LW RC HUEFAKER 1975 Loss of nbulose 1.5-diphosphate carboxylase and
increase in proteolytic activit durmg senescence of detached pnmary barley
leaves. Plant Physiol 55: 1609-101 -

PILLAY DTN, JH CHERRY 1974 Changes in leucyl, seryl, and tyrosyl tRNAs in aging
' soybean cotyledons Can J Bot 52: 2499 2504 3

PILLAY DTN, S GOWDA 1981 Age—related changes in transfer RNAs and synthetases in
- germinating soybean (G/ycme max) cotyledons. Gerontology 27: 194-204

—PLATT SG, Z PLAUT, JA BASSHAM 1977 Ammonia regulation of carbon. metabohsm in
' photosyntheslzmg leaf discs. Plant Physiol 60: 739-742 . :

‘ RANDALL RJ, JA THDMSON HE SCHROEDER 1879 Cetyledonary storage proteins in
Pisum sativum. V. Effects of sulfur, phosphorus, potassnum and magnesium
deﬁcnencnes Aust J Plant Physiol 6: 11-24

: RElNER JM 1953/ The study of metabolic turnover rates using lsotopnc tracers Arch
Bnochem BlOphyS 46:53-79

' REUVENY Z, P FILNER 1975 Regulation of adenosine trlphosphate sulfurylase in cultured -
tobacco cells. J Bnol Chem 252; 1858 1 864 .

REUVENY Z DK DOUGALL PM TRINITY 1980 Regulatory couplmg of nitrate and sulfate
gsﬁsurg:latgm pathways in cultured tobacco cells. Proc Nat Acad Sci USA 77
70-6672 . ;

RHODES D ‘AP SIMS GR STEWART _1977 Glutamme synthetase and the control of
itrogen assimilation in Lemna-minor L. / n EJ Hewitt, CV Cutting, ads, Nntrogen
ssnmllatlon of plants. Academic Press, London and New York, pp 501520

o ROSNER A, ‘J GRESSEL Km JACDB 1877 Dlscoordmatlon of ribosomal RNA metabolism
‘ during metabohc shifts in Sp/rode/a plants: Biochim Blophys Acta 47¢4: 386- 397

SAKANO K 1979 Derepressnon and repressnon of lysine—sensitive a gartokmase durnng
invitro. culture of carrot root tissue. Plant Physiql.63: 583-58

SAKANO K 1981 Regulatlon of. aspartokmase 1soenzyme levels in cultured cells of V/nca
_ rosea. Plant Cell Phys;ol 22: 1343~ 1353

SALAMA AMSEA, PE WAREING 1979 Effects of mineral nutrmon on endogenous
cytokmms in plants of sunflower (He/fanthus annuus L). J Exp Bot 3Q: 971 ~981

SCORNIK OA, M—LS LEDBETTER, JS MALTER 1980 Role of ammoacylatlon of
histidinyl~tRNAin the regulation of protein degradatlon in Chinese hamster ovary
celis. J Biol-Chem 255: 6322 6328 :

SESAY A, R SHIBBLES _1980 Mineral depletion and leaf senescence in soybean as
influenced by foliar nutnent apphcatlon during seed filling. Ann Bot 45: 47~ 55

' SHARIF R, JE DALE 1980 Growth—regulatmg substances and the growth of ’uller buds in
_barley; effects of cytokinins. J ExprBot 31: 921-930

T

SHENOY ST, QR ROGERS 1978 Effect of distary amino acids on transfer RNA charging

¢



" UMBAR?ER HE 1978 Amino acid blosynthGSIS and its regulation. Ann Rev Biochem 47:
‘ e _

tevels in rat liver. JNutr 108 1412-1421 - ,

SHIBAZAKI T, Y QDA 1978 The heterogeneity of dormancy in tunons of Sp/rode/a
< polyrrhiza. Plant Cell Physiol 20: 563~ 571

'SKOOG E, RY-SCHMITZ 1978 Biochemistry and physnology of cytokinms /n G Litwack,
g% l5Buor:t;?‘emu:al actions of hormones yol B.-Academic Press, New York Londoh pp
-41 oo : o

SDNNENSHEIN AL, HV CAMPBELL 1976 Control of gene expressnon durin sporulatlon
~InP Gerhardt, RN Costilow,-HL Sadoff eds, Spores.Vil. Amer. Soc. xcrobnol
~ Washingtan, D.C. pp 179~ .194 , !

‘ SPURGEON SL, WH MATCHETT _1977 Inhibition oﬁ amlnoacyl—transfer ribonucleic acid
synthetases_and the reguldtion of amino—-acid biosynthetic enzymes in Neurospora
£rassa. J Bacteriol 129: 1303-1312 . .

'STANNERS CP TN WIGHTMAN, JL HARKINS ‘1878 Effect of extreme amino acid
¥ stgrvatnon on 'the protein synthetuc machmery of CHO celis. J Cell Physvol 95
125-138

©

STE\A[AFFF FC 1963 Plant physnology"f treatxse Vol. 3 lnorgamc nutrmon of plants n
R Academtc Press New York, London‘ ,

Q_ SUSSEX |, M CLUTTER W WALBOT 1975 BenZylademne reversal of absc:snc acid
- mhnbntlnson of growth and RNA syn}hesns in germmatmg bean axes. Plant Physnol 56:
575~ 78 o

SZULMAJSTER J1979 s sporulatnon a s:mple model for studymg dnfferentxm Trends
Blochem Sci (Ref. Ed).4: 18- 22 )

TAO KL, AA KHAN 1874 lncreases in actsvmes of ammoacyl-—tRNA synthetases durlng
cold treatment’ of dormant pear embryos. Biochem Bnophys Res Comm §9:
764-770+ o

TERRY N 1976 Effects of sulfur on the photosynthesns of mtact leaves and 1solated
 chioroplasts of sugar beets Pfant Physiol 57: 477-479

THIMANN KV 1980 The senescence of-leaves. /n KV Thnmann ed, Senescence in plants
-+ CRC Press Boca Raton, Flonda pp 85-116 - ,

THOMAS H 1978 Enzymes of nitrogen mobilization in detaohed leaves of Lo/ium
: temu/entum during senescence Planta 142: 161— ~-169 .

TISCHLER ME, M DESAUTELS AL GOLDBERG 1982 Does Ieu, Ieu—tRNA or some
metaholite of leucine regulate protein synthesis and degradation in skeletal and
. cardigc muscle7 J Biol Chem 257 1613-1621 .

TREWAVAS A JQ72a Determmat»on of the rates of protein synthesns and degradatlon in
Lemna minor. Plant Physiol 48: 40-'46

~ TREWAVAS A JS72b Control of the protein turnover rates in Lemna minor. Plant Physiol

49 47-6

UNGER Mw, LH HARTWELL 1978 Control of cell dnvnsnon in Saccharomyces cerevisiae by
- methuonyl tRNA. Proc Nat Acad Sci-USA 73: 1664-166S

606

VESK ‘M, IV POSSINGHAM FV MERCER 1956 The effect of mineral nutrient def;cnencues
on the structure of the leaf cells of tomato, spinach and maize. Aust J Bot 14:
1= 18 ’

»

<
R



87

. WAREING PE, IDJ PHILLIPS 1970 The control of growth and differentiation inplants. |
Eqrgat‘vwon Prass, Oxford, New York, Toronto, Sydney, Braunschweig EEE

* WATANABE N, T YOKOTA, N, TAKAHASH! 1982 Transfer RNA, a possible supplier of
: free cytokinins, ribosyl-cis—zeatin and ribosyl-2-methyithiozeatin: Quantitative
comparison between free and transfer cytokinins in various tissues of the hop

* plant Plant Cell Physiol 23: 479-488 =~ = . R :

. WATSON MD 1981 Attenuation: trafisiational control of ftranscription termination. Trends
Biochem Sci 6:180-182 ' - S .

WEIL JH 1 979.Cyfoplasmic.and organellar tRNAs in plants. /n TC Hall, JW Davies, eds,
BNucleic acids in plants, Vol 1..CRC Press, London, pp 143-182 -+ Lo

WEINBAUM SA, J GRESSEL, A REISEELD, M EDELMAN 1979 Characterisation of the
. 32,000 daiton chioroplast membrane protein Plant Physiol 84: B828-832 ;
WONG KE, DT DENNIS 1 973 Aspén;tokjnaée m Lemns minok L. Studies on the in vivo and

in vitro regulation of the enzyme. Plant Physiol 51: 327-331
- WODO KC, DT CAl‘;iVlN‘J 9802 Effept of ar;wmbn‘ia’ on hotésyn'th'etic carbon fixation in

isolated spinach'leaf cells. Can J Bot 58; 505-510

WOD KC, DT CANVIN 1880b Effect of ammania, nitrite, glutamate and inhibitors of N
- metabsolism on photosynthetic: carbon fixation in isolated spinach leaf cells. Can J
Bot 5§ 511-518 ‘ : S ’

' WOOLHOUSE HW 1978 Senescence processes in the life cyc_I}'of fiowering. plants.

- Bioscience 28: 25-33 -+ Soo e : T ,

WRIGHT RD, DTN PILLAY, JH CHERRY 1972/73 Changes in leucyl-tRNA species of ped
. leaves during senescence and 'a_fter zeatin treatment. Mech Age Dev 1:403-412

YEGIAN CD, GS STENT, EM MARTIN 1956 Intracellularcondition of £scherichia coli

- transfer RNA. Proc Nat Acad Sci USA 55: 839-846. -

YU SM, CH KAD_198.1 Retardation of leaf senescence by inhibitors of RNA and protein
’ synthesis. Physiol Plant 52: 207-210 : C o

i



