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Abstract

Accumulation of proline in response to NH,CI was studied in detached leaves of rice (Oryza sativa cv. Taichung
Native 1). Increasing concentrations of NH,Cl from 50 to 200 mM progressively increased proline content and
this was correlated with the increase in ammonium content. Proline accumulation induced by NH,Cl was related
to proteolysis, an increase in ornithine-6-aminotransferase activity, a decrease in proline dehydrogenase activity,
and a decrease in proline utilisation and could not be explained by NH Cl-induced modification in A'-pyrroline-
5-carboxylate reductase activity. The content of glutamic acid was decreased by NH ,Cl, whereas the increase in
arginine and ornithine contents was found to be associated with the increase in proline content in NH ,Cl-treated

detached rice leaves.

Abbreviations: FW — fresh weight, GABA — +y-aminobutyric acid, OAT - ornithine-8-aminotransferase, P5SC —
A'-pyrroline-5-carboxylate, PSCR — A!-pyrroline-5-carboxylate reductase, PDH — proline dehydrogenase

Introduction

The ammonium ion is a central intermediate in the
metabolism of plants. Ammonium has been shown to
accumulate in leaves subjected to water stress, when
exposed to excess Cu or excess Cd, and during dark-
induced leaf senescence (Chen and Kao 1998; Chen
et al. 1997; Chien and Kao 2000; Lin and Kao 1998;
Postitus and Jacobi 1976; Thomas 1978). Proline has
been shown to accumulate in plants subjected to vari-
ous types of stress (Aziz et al. 1998; Bassi and
Sharma 1993; Charest and Phan 1990; Chen and Kao
1995; Guerrier 1995; Lutts et al. 1999; Madan et al.
1995; Mattioni et al. 1997; Savoure et al. 1997; Wu
et al. 1995; Yang et al. 1999, 2000) and during dark-
induced leaf senescence (Chou et al. 1990; Wang et
al. 1982). Proline accumulation is often considered to
be involved in stress resistance mechanisms, although
its precise role continues to be controversial (Hare et
al. 1999; Yoshiba et al. 1997). Based on data in the
literature, Rabe (1990) postulated that any stress con-

dition causing reduced growth or impaired plant
health will result in ammonium accumulation early in
the stress period and suggested that the detoxification
process in which excess ammonium in the cells is re-
moved results in the accumulation of nitrogen-con-
taining compounds, such as putrescine and proline. In
previous studies, we demonstrated that exogenous
NH,,Cl and methionine sulfoximine, which caused an
accumulation of ammonium in detached rice leaves,
increased proline content (Yang and Kao 1999).
Proline accumulation in plant tissues has been sug-
gested to be the result of (a) a decrease in proline
degradation, (b) an increase in proline biosynthesis,
(c) a decrease in protein synthesis or proline utilisa-
tion, and (d) hydrolysis of proteins (Charest and Phan
1990; Hare et al. 1999; Yoshiba et al. 1997). In plants,
proline is synthesised from glutamic acid via A'-pyr-
roline-5-carboxylate (P5C) by two enzymes, P5C
synthetase and P5C reductase (PSCR) (Yoshiba et al.
1997). It has been shown from labelling experiments
that ornithine can also serve as a precursor to proline



70

biosynthesis in higher plants (Brown and Fowden
1966; Chiang and Dandekar 1995; Coleman and He-
garty 1957). The isolation of cDNA encoding orni-
thine-6-aminotransferase (OAT) in higher plants (De-
launey and Verma 1993; Roosens et al. 1998) sug-
gests that OAT participates in proline biosynthesis by
producing P5C from ornithine and a-ketoglutarate.
Arginine can also contribute to proline biosynthesis,
and the pathway from arginine proceeds via ornithine
as a result of catalytic activity of arginase (Brown and
Fowden 1966; Lingnowski and Splittstoessor 1971).
Proline is metabolised to glutamic acid via P5C by
two enzymes, proline dehydrogenase (PDH) and P5C
dehydrogenase (Yoshiba et al. 1997).

Studying the effect of ammonium on enzyme ac-
tivities involved in proline biosynthesis and degrada-
tion could provide valuable information on the physi-
ological significance of its accumulation. However, to
our knowledge, no such study has been undertaken.
Neither do we know whether three amino acids
(glutamic acid, ornithine and arginine) involved in the
proline biosynthesis pathways are limiting factors for
proline induced by excess ammonium. This paper re-
ports the results of an investigation into the regula-
tion of proline accumulation in detached rice leaves
exposed to NH,CL

Materials and methods
Plant material

Rice (Oryza sativa L., cv. Taichung Native 1) was
culutured as described previously (Lin et al. 1999).
Briefly, rice seedlings were planted on a stainless net
floating on half-strength Johnson’s modified nutrient
solution (Johnson et al. 1957) in a 500 ml beaker. The
nutrient solution (pH 4.8) was replaced every three
days. Rice plants were grown for 12 days in a green-
house, where natural light was provided and the tem-
perature was controlled at 30 °C during the day and
at 25°C at night. The apical 3 cm of the third leaf
was used for the experiment. A group of 10 segments
was floated in a Petri dish containing 10 ml of test
solution. Incubation was at 27°C in the light (40
pwmolm™2s~"). All the experiments were repeated
four times and yielded results consistent with the data
presented here.

Determinations of proline and other amino acids

Proline was extracted and its concentration deter-
mined by the method of Bates et al. (1973). Leaf seg-
ments were homogenised with 3% sulfosalicylic acid
and the homogenate was centrifuged at 3,000 g for
20 min. The supernatant was treated with acetic acid
and acid ninhydrin, boiled for 1 h and then absor-
bance at 520 nm was determined. Contents of proline
are expressed as umol g=' FW. For determination of
glutamic acid, glutamine, arginine, ornithine, y-ami-
nobutyric acid (GABA), and total amino acids, leaf
samples were extracted with 2% sulfosalicylic acid
and the homogenate was centrifuged at 15,000 g for
20 min. The supernatant was used directly for amino
acid analysis. Amino acid analysis was done using an
amino acid analyzer (Beckman 6300, California,
USA) and contents of amino acids are expressed as
nmol g~! FW. For protein determination, leaf seg-
ments were homogenised in 50 mM sodium phos-
phate buffer (pH 6.8). The extracts were centrifuged
at 17,600 g for 20 min, and the supernatants were
used for determination of protein by the method of
Bradford (1976). Protein content is expressed as
mgg~! FW.

Enzyme assay

A similar extraction procedure was used for PSCR
and PDH, which is mainly based on the procedure
described by Lutts et al. (1999). Detached rice leaves
were homogenised in a prechilled mortar and pestle
with 50 mM Tris-HCI buffer (pH 7.4) containing 7
mM MgCl,, 0.6 M KCI and 3 mM EDTA. The ho-
mogenate was centrifuged at 15,000 g for 20 min. The
supernatant was desalted by Sephadex G-25 column
before the assay of PSCR and PDH. The solution used
for extraction of OAT was 100 mM potassium phos-
phate buffer (pH 7.4) containing 1 mM pyridoxal-5'-
phosphate, 1 mM EDTA and 10 mM 2-mercaptoetha-
nol. The extract was centrifuged at 12,000 g. The
supernatant was desalted by Sephadex G-25 column
before the assay of OAT. All the extraction procedures
were done at 4 °C.

P5CR was assayed by a NADH dependent PSCR
reaction (Madan et al. 1995). The assay mixture con-
tained 0.06 mM NADH, 0.15 mM P5C, 120 mM po-
tassium phosphate buffer, 2 mM dithiothreitol, and
the enzyme extract. The reaction was started by the
addition of P5C and the decrease in absorbance was
followed at 340 nm. P5CR is expressed as units g~



FW (one unit is defined as a decrease in 1 A,,, per
min) or units mg~' protein (one unit is defined as a
decrease in 0.01 A,,, per min). OAT activity was as-
sayed according to Vogel and Kopac (1960). The as-
say mixture contained 0.2 ml enzyme extract and 0.8
ml 100 mM potassium phosphate buffer (pH 8.0) con-
taining 50 mM L-ornithine, 20 mM a-ketoglutarate
and 1 mM pyridoxal-5'-phosphate. The reaction me-
dium was incubated at 37 °C for 30 min. The reaction
was stopped by adding 0.5 ml trichloroacetic acid
(10%) and the colour was developed by incubating
the reaction mixture with 0.5 ml o-aminobenzalde-
hyde (0.5%) in ethanol (95%) for 1 h. After centri-
fugation at 12,000 g for 10 min, the clear supernatant
fraction was taken to measure the absorbance at 440
nm. OAT is expressed as units g=' FW (one unit is
defined as an increase in 1 A, per h) or units mg™'
protein (one unit is defined as an increase in 0.01 A ,,,
per h). PDH was assayed by following the NAD™* re-
duction at 340 nm in a 0.15 M Na,CO,-HCI buffer
(pH 10.3) containing 13 mM L-proline and 1.5 mM
NAD™ (Lutts et al. 1999). PDH is expressed as units
¢! FW (one unit is defined as an increase in 1 A,
per min) or units mg~! protein (one unit is defined as
an increase in 0.01 A,,, per min).

Determination of proline utilisation

For proline utilisation, detached rice leaves were pre-
treated with 50 mM ornithine for 3 h (since addition
of ornithine has been observed to be more effective
than that of glutamic acid or arginine in increasing
proline content in rice leaves (Yang et al. 1999)) to
increase the endogenous proline content and then
transferred to distilled water and 100 mM NH,Cl for
8 h in the light. Proline content was then determined.
The decline in proline content was considered as a
measure of proline is utilisation (Yang et al. 1999).

Determination of ammonium

Ammonium was extracted by homogenising leaf seg-
ments in 0.3 mM sulphuric acid (pH 3.5). The homo-
genate was centrifuged for 10 min at 39,000 g and
the supernatant was used for the determination of am-
monium as described previously (Lin and Kao 1998).
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Figure 1. Effect of NH,Cl on ammonium and proline contents in
detached rice leaves. All measurements were made 12 h after treat-
ment in the light. Vertical bars represent SE (n=4).

Results and discussion

Proline content in detached rice leaves increased with
the increase of NH,CI concentrations (Figure 1). Pro-
line content increased 4- to 5-fold in detached leaves
treated with 100 mM NH,Cl for 12 h (Figures 1 and
2). To be sure that the proline accumulation described
was related to leaf ammonium content, ammonium
concentrations were determined in detached rice
leaves treated with various concentrations of NH,Cl.
Ammonium content in NH,Cl-treated detached rice
leaves increased with increasing concentrations of
NH,CI (Figure 1). Since treatment of 100 mM KCI
only resulted in a slight increase in ammonium and
proline contents (Figure 2), it seemed that the in-
crease in proline content in NH,Cl-treated detached
rice leaves was mainly associated with the increase
in ammonium content rather than of Cl~.
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Figure 2. Effect of KCl and NH,Cl on ammonium and proline
contents in detached rice leaves. Detached rice leaves were treated
with distilled water, 100 mM KCI or 100 mM NH,CI for 12 h in
the light. Vertical bars represent SE (n=4).

It is well established that glutamic acid, ornithine
and arginine can all contribute to the accumulation of
proline in plant tissues (Chiang and Dandekar 1995).
In previous studies, we reported that exogenous ap-
plication of ornithine or arginine was effective in in-
creasing the proline content in detached rice leaves
(Yang et al. 1999). In contrast, proline content could
not be increased in detached rice leaves by the addi-
tion of glutamic acid up to 50 mM (Yang et al. 1999).
It seems that detached rice leaves contained sufficient
amounts of glutamic acid. Thus, it is of great interest
to know the effect of NH,CI on the content of orni-
thine, arginine and glutamic acid contents in detached
rice leaves. Table 1 shows that NH,Cl treatment re-
sulted in an increase in ornithine and arginine con-
tents in detached rice leaves and a decrease in
glutamic acid content. These observations suggest
that high contents of endogenous ornithine and argi-
nine are associated with NH,Cl-induced proline ac-

cumulation in detached rice leaves. Also shown in
Table 1 is that NH,Cl treatment increases glutamine
and GABA contents. It seems that the decreased con-
tent of glutamic acid by NH,Cl may result from it
being metabolised to GABA (Ireland and Lea 1999).
The increase in glutamine content and the decrease in
glutamic acid in NH,Cl-treated detached rice leaves
also suggest that NH,CI inhibits the conversion of
glutamine to glutamic acid, a step catalysed by
glutamic acid synthase (Ireland and Lea 1999). The
results of Table 1 show that protein content decreases
and total amino acids increases in NH,Cl-treated de-
tached rice leaves, indicating that hydrolysis of pro-
teins in NH,Cl-treated detached rice leaves is also
responsible for the accumulation of proline.

To determine the role of biosynthetic pathways for
proline accumulation caused by NH,Cl, the effect of
NH,Cl on OAT and P5CR activities was examined.
The results are shown in Figure 1. OAT activity, ex-
pressed either on per g FW or per mg protein basis,
increased with increase of concentrations of NH,Cl.
However, NH,CI had no effect on P5CR activity in
detached rice leaves. Thus, the increase in OAT ac-
tivity may have contributed, to some extent, to the el-
evated content of proline by NH,CI. Increase in OAT
activity, along with an increase in the content of pro-
line has also been reported in wheat under cold stress
(Charest and Phan 1990), and in Brassica juncea un-
der salt stress (Madan et al. 1995). NH ,CI could also
have an effect on the bifunctional enzyme P5C syn-
thetase involved in the synthesis of P5C from
glutamic acid (Hare et al. 1999; Yoshiba et al. 1997).
However, for unknown reasons, we were unable to
detect any P5C synthetase activity in crude extracts.
Therefore, this enzyme was not considered in the
present work.

The enzyme PDH is reported to catalyse proline
oxidation (Hare et al. 1999; Yoshiba et al. 1997). In
the present investigation, NH,CI treatment resulted in
a decrease in PDH activity in detached rice leaves
(Figure 3). This result suggests that proline oxidation
(or degradation) contributes to proline accumulation
in detached rice leaves exposed to NH,CI.

Recently, we demonstrated that proline in detached
rice leaves exposed to water stress is less utilised than
in the water controls (Yang et al. 2000). It is possible
that less utilisation of proline may also contribute to
the accumulation of proline in detached rice leaves
caused by NH,CI. The results reported in Table 2
demonstrated that this is, in fact, correct.
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Table 1. Contents of glutamate, ornithine, arginine, GABA, protein and total amino acids in detached rice leaves incubated in distilled water

or NH,CL
Treatment Protein (mgg~' FW) Amino acids (nmol g=! FW)
Total amino acids Glutamine Glutamate Ornithine Arginine GABA
H,0 60.55+1.05 20120+ 775 1383 £ 88 6898 £215 17+1 287 +50 382+ 142
NH,C1 50.29+0.74 78533 £ 1169 328771183 3179+110 55«8 1088 + 149 2653+933
Detached rice leaves were treated with distilled water or NH,Cl (100 mM). All measurements were made 12 h after treatment. Means + SE
(n=4).
LI B e p— T T T Table 2. Proline content in ornithine-pretreated detached rice
22 | oat | L oar Jeo leaves incubated in distilled water and NH,Cl
20t §/§_ | 150 Treatment Proline, umol g=! FW
[]
s} / {1t s a0 H,0, 3 h 0.77£0.17
Y i 11 ./ 130 Ornithine, 3 h 27.13+0.68
L ./ Ornithine, 3 h — H,0, 8 h 13.78+0.45
“r §/ 171 12° Ornithine, 3 h — NH,CI, 8 h 19.1220.66
12 ]— —I i 1° % Detached rice leaves were pretreated with 50 mM ornithine for 3 h
o H——t —t———0 3 in the light and then incubated in distilled water or NH,CI (100
T L T T T T T T T e mM) for 8 h in the light. Means +SE (n=4).
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Figure 3. Effect of NH,Cl on the activities of OAT, PSCR and
PDH in detached rice leaves. All measurements were made 12 h
after treatment in the light. Vertical bars represent SE (n=4).

In conclusion, proline accumulation, in detached
leaves, caused by ammonium is related to protein hy-
drolysis, an increase in ornithine and arginine con-
tents, an increase in OAT activity, a decrease in PDH
activity, and a decrease in proline utilisation. In the
present investigation, the regulation of proline accu-
mulation caused by ammonium was studied using de-
tached rice leaves. It is not known whether similar
mechanism is operated in intact rice leaves. Thus,
ammonium-regulated proline accumulation in intact
leaves of rice plants merits future investigation.
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