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ABSTRACT

In developing leaves of Pisum sativum the levels of ammonium
did not change during the light-dark photoperiod even though
asparaginase (EC 3.5.1.1) did; asparaginase activity in detached
leaves doubled during the first 2.5 hours in the light. When these
leaves were supplied with I millimolar methionine sulfoximine
(MSX, an inhibitor of glutamine synthetase, GS, activity) at the
beginning of the photoperiod, levels of ammonium increased 8-
to 10-fold, GS activity was inhibited 95%, and the light-stimulated
increase in asparaginase activity was completely prevented, and
declined to less than initial levels. When high concentrations of
ammonium were supplied to leaves, the light-stimulated increase
of asparaginase was partially prevented. However, it was also
possible to prevent asparaginase increase, in the absence of
ammonium accumulation, by the addition of MSX together with
aminooxyacetate (AOA, which inhibits transamination and some
other reactions of photorespiratory nitrogen cycling). AOA alone
did not prevent light-stimulated asparaginase increase; neither
MSX, AOA, or elevated ammonium levels inhibited the activity of
asparaginase in vitro. These resuits suggest that the effect of
MSX on asparaginase increase is not due solely to interference
with photorespiratory cycling (since AOA also prevents cycling,
but has no effect alone), nor to the production of high ammonium
concentration or its subsequent effect on photosynthetic mech-
anisms. MSX must have further inhibitory effects on metabolism.
It is concluded that accumulation of ammonium in the presence
of MSX may underestimate rates of ammonium tumover, since
liberation of ammonium from systems such as asparaginase is
reduced by the effects of MSX.

The degradation of asparagine is important in supplying
nitrogen for amino acid and protein synthesis in developing
leaves, and '5N-labeling studies have indicated that up to 75%
of the nitrogen required for growth in half-expanded pea
leaves was derived from the amide-nitrogen of asparagine
(25). The amide-nitrogen of asparagine can be liberated di-
rectly by asparaginase (EC 3.5.1.1.) (8), producing aspartate
and ammonium, or by deamidation of products (2-oxosucci-
namic acid [14] or hydroxysuccinamic [25, 26]) resulting from
asparagine transamination (asparagine: pyruvate transami-
nase, EC 2.6.1.14). In developing pea leaves, asparaginase
activity undergoes diurnal variation, increasing in the light
(20), a process dependent upon photosynthetic electron trans-
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port (21), and, asparaginase activity is also regulated by other
factors (22). Increased asparaginase activity should result in
increased production of aspartate and ammonium, which are
quickly metabolized (25).
The oxidation of glycine during photorespiration produces

appreciable amounts ofammonium in the light, and estimates
based on treatments with MSX3 (an irreversible inhibitor of
GS [24]), have suggested that release of photorespiratory
ammonium exceeds by 10-fold or more the rate ofproduction
from nitrate reduction (10). To demonstrate that nitrogen
enters the photorespiratory pathway through the reaction
catalyzed by serine-glyoxylate transaminase, AOA (an inhib-
itor of transamination reactions and glycine decarboxylation
[5]) has been used in conjunction with MSX, since when
supplied together, ammonium production resulting from pho-
torespiration was assumed to be abolished (13, 29). Similar
results were obtained in the presence of MSX together with
other inhibitors of glycine decarboxylation, isonicotinyl hy-
drazide (12, 13, 27) or aminoacetonitrile (1), and these results
supported the idea that most, if not all, of the ammonium
detected in vivo was derived from photorespiration.
However, photorespiratory ammonium production is not

the only source of ammonium detected within leaf tissues in
the presence of MSX. Increased levels of '5N[ammonium] in
the presence of MSX and 2% 02 were observed after the
addition of ['5N]KNO3 indicating active nitrate and nitrite
reductase activities (6). Furthermore, several reports have
demonstrated that protein degradation leads to significant
levels of ammonium production in the presence of MSX (4,
18), and similar levels ofammonium in the presence ofMSX
have been detected under conditions known either to support
(21% 02) or to limit (2% 02,) photorespiration (17).
One alternate source of ammonium could be release

through asparaginase activity. We therefore attempted to
measure changes in the rate ofammonium production before
and after a light-stimulated increase in asparaginase. MSX
was supplied to arrest the assimilation of ammonium, and (in
an attempt to reduce the background from photorespiratory
ammonium) the effect of AOA was also studied. In the
presence of MSX, the expected increase in asparaginase was
not found, and it was concluded that MSX has unexplained
inhibitory effects, and that measurements in the presence of
MSX may underestimate the rate of ammonium production
in a tissue.

3Abbreviations: AOA, aminooxyacetate; GDH, glutamate dehy-
drogenase; GOGAT, glutamate synthase; GS, glutamine synthetase;
MSX, methionine sulfoximine.
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MATERIALS AND METHODS

Nonnodulated Pisum sativum L. (cv Little Marvel No. 1;
McKenzie Steele Briggs, Brandon, Manitoba, Canada) plants
were grown with 16 h of light and 8 h of dark (1 8°C), as

reported earlier (21). Half-expanded fifth leaves were used for
all enzyme extractions and feeding studies (18-20 d after seed
imbibition).

All biochemicals were obtained from Sigma Chemical Co.,
(St. Louis, MO.).

Enzyme Assays

Asparaginase and glutamine synthetase (biosynthetic assay)
activities were assayed as reported earlier (20), except that 1

mM CaCl2 and 10% glycerol were added to the asparaginase
extraction and assay buffers.
The assay forNADH glutamate dehydrogenase was adapted

from Pahlich and Joy (16). Leaf tissue was extracted and
desalted (Sephadex G 25, equilibrated in the same buffer) in
50 mM Tris HCI (pH 7.8) containing 10 mM MgSO4, 1 mM

EDTA, and 1 mM DTT. For assaying reductive amination of
oxoglutarate, 0.1 mL aliquots of the extract were added to
mixtures to give final concentrations of 50 mm Tris HCI, 1

mM CaCl,, 13 mm oxoglutarate, and 60 mM (NH4)2SO4.
Reactions were started by the addition of 0.3 mM NADH
(total assay volume 1.2 mL), and the decreases in A340 were

followed over a 5 min period at 25°C. Controls, without
enzyme or substrates, were also run with both enzyme assays.

Analysis of Ammonium

The levels of ammonium in leaf extracts were analyzed by
either microdiffusion followed with nesslerization (19), or
with a Beckman 1 l9BL amino acid analyzer (physiological
mode).

Feeding Experiments

Just before the end of the dark period, or after 14 h of the
light period, whole shoots were excized above the cotyledon
and quickly transferred to distilled water. Petioles of half-
expanded leaves were then cut under water just above the
stipules and placed individually in small tubes containing 0.3
mL of distilled water or 8.0 mm asparagine, with 1 mM MSX
and/or 4 mM AOA, or 10 to 100 mm NH4C1 (all at pH 6.3).
Ten replicates were used per treatment. Control samples

were examined for ammonium levels, and/or asparaginase
and glutamine synthetase activities at the start of the feeding
experiment, and the remaining leaves were placed in growth
cabinets and illuminated with a combination of incandescent
and fluorescent sources (285 umol m-2 sec-' PAR, see above)
for 2.5 h.

RESULTS AND DISCUSSION

The deamidation of asparagine in developing pea leaves is
catalyzed by asparaginase, in a reaction producing aspartate
and ammonium. Other processes are also known to liberate
ammonium in leaf tissues: the oxidation of glycine results in
photorespiratory ammonium release; nitrate reductase and
NiR activities reduce inorganic nitrogen to the level of am-

monium; phenylalanine and tyrosine ammonia lyases, thre-
onine dehydratase, other deamidases (e.g. glutaminase, and
w-amidase), and urease produce ammonium; ammonium is
also liberated during protein turnover.

Several of the above processes produce more ammonium
during the light (e.g. asparaginase, photorespiration, phenyl-
alanine ammonia lyase, nitrate reductase, nitrite reductase)
than in the dark, yet when the levels of ammonium in half-
expanded pea leaves were monitored over a 24 h photoperiod,
they remained low (0.8-1.5 ,mol NH3 g fresh weight-'), with
only a slight increase in the light (Fig. 1). The importance of
GS-GOGAT in the assimilation for ammonium into organic
form in plant tissues has received much support over the past
few years, and it has been suggested that preference of this
pathway over the assimilation of ammonium by GDH de-
pends on the relative affinities of GS and GDH for ammo-
nium (24). The levels ofGS and GDH were followed through-
out the photoperiod. The activity of GS remained high,
although it displayed an ultradian rhythm, similar to that
found in sunflower roots (1 1), while GDH activity decreased
to quite low levels in the light (Fig. 1) as found in some other
tissues (23). These results support the role ofGS as the primary
scavenger of cellular ammonium, and suggest that GS has
excess capacity for the maintenance of low ammonium levels
within the cell.

Concentrations of MSX from 1 to 10 mm have been used
to demonstrate the involvement of GS in the assimilation of
ammonium derived from photorespiration in C3 and C4 leaf
tissues (1, 10, 13), and 1 to 4 mM AOA (in the presence of
MSX) to indicate that transamination is important in intro-
ducing nitrogen into the photorespiratory pathway (13, 29).
Similar concentrations of MSX and AOA have been used to
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Figure 1. Variations in glutamine synthetase and glutamate dehydro-
genase activities, and ammonium levels in pea leaves. Half-expanded
leaves were obtained at the indicated times throughout the photo-
period and assayed for ammonium levels (O), and glutamine synthe-
tase (0, A from two separate experiments) and glutamate dehydro-
genase activities (0).
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indicate that transamination precedes deamidation in the
liberation of ammonium from asparagine in pea leaves (8,
25).

Since asparaginase activity increased substantially in ex-
tracts of light-harvested leaves (20, 21), we wished to deter-
mine whether this resulted in a more rapid rate of deamida-
tion, in vivo, of asparagine. Half-expanded leaves were fed
with water or asparagine solutions containing MSX to inhibit
GS activity and thus prevent the assimilation of asparaginase-
derived ammonium. Other treatments included feeding AOA
(with or without MSX) to reduce the production of photores-
piratory ammonium.

Patterns of ammonium accumulation observed in MSX,
AOA, or MSX+AOA feeding treatments were similar for
leaves treated with or without addition ofasparagine, although
levels were higher in the presence of asparagine (Table I).
Half-expanded leaves obtained at the beginning or end of the
light period displayed increased ammonium levels when sup-
plied with MSX and this result is consistent with the role of
glutamine synthetase in the assimilation of ammonium in
leaf tissues. The addition of AOA alone to feeding solutions
did not greatly alter the levels of ammonium within leaves,
yet when AOA was added together with MSX, the high values
ofammonium observed in the presence ofMSX were reduced
and were only slightly higher than those of the control treat-
ments (Table I). These results suggest that AOA-sensitive
reactions (presumably transamination, involved in photores-
piration) are responsible for production of most, if not all, of
the ammonium which accumulates in the leaf when GS is
inhibited. Yamaya and Matsumoto (29) and Martin et al.

(13) have also observed similar trends in the levels ofammo-
nium in the presence ofMSX and AOA.

Since asparaginase levels are three- to fivefold higher after
14 h of light (21), much higher ammonium levels were

expected in the leaves fed MSX or MSX+AOA at the end of
the light period compared with those fed at the end of the
dark. This was not observed (Table I) and suggested that
either the production ofammonium by asparaginase is insig-
nificant in comparison with the release from photorespiration,
or that the inhibitor used interfered with asparaginase activity.
Since increased asparaginase activity in the light requires

Table I. Effects of MSX and AOA on Ammonium Accumulation in
Half-Expanded Pea Leaves

Leaves were detached at end of dark (0 h) and light periods (14 h)
and supplied with water or asparagine (8 mM) for 2.5 h in the light,
after which the levels of ammonium were determined. Concentrations
of MSX and AOA were 1 and 4 mm, respectively (n = 4).

Treatment Oh ± SD 14 h ± SD

gmol NH3.g
fresh wht-

H20 1.61 ± 0.2 1.29 ± 0.3
+MSX 8.44 ± 0.8 8.60 ± 1.0
+ AOA 1.04 ± 0.2 0.91 ± 0.1
+ MSX + AOA 1.78 ± 0.4 1.98 ± 0.2

Asn 0.97 ± 0.3 0.83 ± 0.2
+MSX 14.09 ± 0.7 10.70 ± 0.3
+AOA 1.33±0.3 0.75±0.5
+ MSX + AOA 1.76 ± 0.3 1.60 ± 0.2

photosynthetic electron transport (21), and MSX has been
reported to inhibit photosynthesis (see below), the effect of
MSX on asparaginase activity was investigated.

Neither MSX nor AOA had any direct inhibitory effect on
asparaginase activity in vitro (Table II). The in vivo effect was
investigated by supplying asparagine together with a range of
MSX concentrations to detached half-expanded leaves for 2.5
h in light followed by the assay of GS and asparaginase
activities, and ammonium levels. As expected, GS activity
was reduced by over 90% and an eight- to ninefold increase
in the levels of ammonium was also observed (Fig. 2a),
confirming that GS was inhibited in the presence of MSX.
Over the 2.5 h feeding period in the light, increased asparag-

inase activity (twofold) was observed in the leaves supplied
with asparagine, but asparaginase activity in extracts obtained
from the MSX treated leaves decreased below that of the 0 h
control (Fig. 2a). The loss of asparaginase activity in detached
leaves supplied with MSX was similar to the decrease in
activity noted when detached leaves were fed asparagine alone
in the dark for 2.5 h (21). Since MSX had no effect on

asparaginase in vitro, and asparaginase is affected by photo-
synthetic electron transport (21, 22), decreased asparaginase
levels in the light during MSX treatment may be a result of
secondary effects ofMSX on photosynthetic activity.

Increased ammonium levels caused by the presence ofMSX
could account for prevention of the increase in asparaginase
activity, although asparaginase activity in vitro was not inhib-
ited by the addition of high (up to 0.1 M) concentrations of
NH4C1 (Table II). When detached, half-expanded leaves were
supplied with ammonium the increase in asparaginase was

unaffected at low ammonium concentrations, with some pro-
gressive effect noted at higher concentrations (Fig. 2b). How-
ever, the increase in asparaginase was completely abolished
only with the supply of 50 mM ammonium, producing inter-
nal concentrations much higher than that caused by MSX

Table II. Effects of MSX, AOA, and Ammonium on in Vitro and in
Vivo Asparaginase Activity

Asparaginase activity in extracts obtained from half-expanded
leaves was assayed in the presence of asparagine (20 mM), MSX,
AOA, or ammonium for 30 min (in vitro activity). Asparaginase activity
was also estimated in half-expanded leaves that were detached at
the end of the dark period (O h) and fed asparagine (8 mM), asparagine
+ MSX, or asparagine + AOA for 2.5 h in the light (in vivo activity).
Where standard deviations are presented n = 3, otherwise the
experiments were repeated with similar results.

Treatment In Vitro Activity In Vivo Activity

% control % 2.5 h
activity activity ± SD

Control (no additions) 100 100
Oh 49 ± 5

+MSX 0.5 mM 102 26
1.0 96 23 ± 4
5.0 98 21

+ AOA 1.0 mM 101 98
4.0 99 85±5

+ MSX + AOAa 100 30 ± 7

+ NH3 0.01 M 102 99
0.1 100 48

a MSX and AOA concentrations were 1.0 and 4.0 mm, respectively.
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Figure 2. a, Responses of glutamine synthetase and asparaginase
activities, as well as the levels of ammonium in pea leaves fed MSX.
Half-expanded leaves were detached at the end of the dark period
and fed asparagine (8 mM), or asparagine with varying concentrations
of MSX, and placed into the light for 2.5 h. Activities of glutamine
synthetase (A, A) asparaginase (0, 0), and levels of ammonium
(-, 0) were determined before (closed symbols, I) and after the 2.5
h feeding (open symbols). b, Response of asparaginase activity and
ammonium levels in half-expanded leaves supplied ammonium. Half-
expanded leaves were detached at the end of the dark period and
supplied asparagine (8 mM) together with increasing concentrations
of ammonium for 2.5 h in the light. Asparaginase activity (0, 0) and
ammonium levels (O, 0, where 'x' is maximum detectable limit for
assay conditions) were determined before (initial values closed sym-
bols,) and after the 2.5 h feeding (open symbols). Enzyme activities
are expressed as a percent of values obtained in the control treat-
ments. The experiments were repeated with similar results.

treatment (Fig. 2a). Even at these high concentrations, aspa-
raginase did not decrease below the initial level, in contrast
to the decrease seen in the presence of MSX (Fig. 2a), and
this may reflect localized ammonium production duringMSX
feedings. A discrepancy between effects of ammonium result-
ing from MSX inhibition and from external supply has been
noted elsewhere (7, 9, 27, 28, see below).

Initially then, it seemed that the effect ofMSX on asparag-
inase might be due to the accumulation of ammonium,
possibly through an effect on photosynthetic electron trans-
port. It has been suggested that the effect of MSX on CO2
fixation results from uncoupling of electron transport by
increased ammonium (1, 15, 17). Since directly supplied
ammonium has a lesser effect on photosynthesis (7, 27), an

alternate mechanism explaining the effect ofMSX inhibition
might be the reduction of recycling of carbon skeletons from
photorespiration to the Calvin cycle (2, 7, 27). Reduced rates
of photosynthesis (measured as net CO2 fixation) have also
been observed in the presence of aminoacetonitrile (3), and
AOA (9), supporting the idea that reduced carbon-cycling
inhibits photosynthesis. Decreased rates of net CO2 fixation
are not a result of stomatal closure in the presence of MSX

(17, 27), nor does MSX inhibit photosynthesis in isolated
chloroplasts (15). However, other mechanisms for the inhi-
bition of photosynthesis by MSX may exist.
AOA reduces the flux ofphotorespiratory intermediates (9),

yet in the presence of AOA the increase of asparaginase was
only slightly less than in the control (Table II). Furthermore,
in the presence ofAOA and MSX together, ammonium levels
were not elevated (Table I), yet the light-stimulated increase
of asparaginase was prevented (Table II). This suggests that
neither inhibition of carbon recycling, nor the increased am-
monium concentration are the principle cause of the MSX
effect on asparaginase increase, and thus MSX must be sus-
pected of an additional, unidentified inhibitory effect on
metabolism.

Results obtained by using MSX + AOA (13, 29), MSX +
isonicotinyl hydrazide (12, 13, 27), or MSX + amino-
acetonitrile (1) have been presented as support for the idea
that the major source of ammonium in leaves (an order of
magnitude higher than primary assimilation [10]) is from
photorespiration. Similar conclusions have also been reported
from studies using onlyMSX (2, 7, 10, 17). However, decrease
ofasparaginase activity in vivo by MSX suggests that estimates
of ammonium levels in leaves fed with MSX are not repre-
sentative ofammonium production from all sources, although
photorespiratory ammonium production appears to be unaf-
fected by MSX (10; however, see Ref. 27). If there is a similar
effect on other light-requiring ammonia-liberating enzymes,
the discrepancy could even be greater.
The addition of MSX and AOA have also been used to

demonstrate that flow of nitrogen from asparagine in half-
expanded pea leaves is through the deamidation of 2-oxosuc-
cinamic acid, the transamination product of asparagine, or its
subsequent reduction product, hydroxysuccinamic acid,
rather than through the deamidation ofasparagine (8, 25, 26).
In view of the decrease in asparaginase activity during MSX
feeding experiments, these results may underestimate the
contribution of asparaginase in vivo.
The results lend further support to the observations of

others on the secondary effects of MSX on cellular metabo-
lism (1, 7, 9, 17, 27), and indicate that MSX is not a reliable
inhibitor for the estimation ofammonium production in vivo
as had been widely assumed.
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