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ABSTRACT

The assimilation of nitrite leading to de novo synthesis of
amino nitrogen in a chloroplast-enriched fraction isolated
from freshly harvested young spinach (Spinacia oleracea L.)
leaves was demonstrated. The preparations showed approxi-
mately 559% intact chloroplasts as determined by light scatter-
ing properties and fixed CO: at rates of approximately 100
umoles hr* mg chlorophyll™.

The chloroplast-enriched fraction contained the enzymes,
nitrite reductase and NADPH-glutamate dehydrogenase, needed
for the reduction of nitrite and incorporation of ammonia into
glutamate. Kinetic studies showed that the reduction of nitrite
by the chloroplast-enriched fraction is light-dependent, and
the process proceeds at rates of 6 to 12 yumoles hr™* mg chloro-
phyll’. The addition of nitrite to the chloroplast preparation
caused a 3-fold increase in the production of x-amino nitrogen
when compared with the control without nitrite. There was a
stoichiometric relation between amino-nitrogen synthesis and
nitrite disappearance from the medium. The ratio of amino-
nitrogen:NO," ranged from 0.6 to 0.9. The initial rate of
amino-nitrogen production was faster when -ketoglutarate
was added to the nitrite reducing chloroplast medium than
when it was omitted. However, these high rates were not
sustained and the total amino-nitrogen production at the end
of a 30-minute period was only slightly higher. These data show
that chloroplasts are functionally able and contain the enzyme
complement necessary to utilize light energy for the reduction
of nitrite to amino nitrogen. Thus, chloroplasts should be
considered as a major site for in vivo amino-nitrogen synthesis
in green plants.

The in situ location of the enzymes involved in the assimila-
tion of nitrate to amino acids, especially nitrate and nitrite
reductases, has been a subject of controversy. The lack of
agreement as to their precise intracellular location arises, in
part, from inadequate cell fractionation techniques. This is
especially true for aqueous separation procedures, which per-
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mit, at best, only a relative approximation of the location of
enzymes within the cell.

Although several investigators have reported that nitrate
reductase is located in the cytoplasm (10, 13, 29, 30), other
workers have suggested that this enzyme is located in the
chloroplast (9, 11). The location of nitrite reductase in the
chloroplast, indicated by several workers (10, 11, 29), seems
most logical since its proposed electron donor, reduced fer-
redoxin, is found exclusively in the chloroplast. However,
Grant et al. (13) have reported that this enzyme is located
in the cytoplasm.

A number of investigations support the hypothesis that
chloroplasts play a major role in amino acid synthesis. In 1964,
Bassham and co-workers (4, 5) found from kinetic studies of
“CO, incorporation by intact Chlorella cells that glutamate is
the primary amination product and suggested that chloro-
plasts could be an important site of amino acid synthesis. Sub-
sequently, Kirk and Leech (21) and Tsukamoto (32) established
that isolated chloroplasts have the capability of amino acid
biosynthesis. They also found, in agreement with others (12,
30), that the addition of ammonia to isolated chloroplasts failed
to enhance the incorporation of “CO, into amino acids.
Further, the NADPH-dependent glutamate dehydrogenase,
considered to be involved with the anabolic production of
glutamate, is located in the chloroplasts (23, 25, 32).

The objectives of this work were: (a) to determine the
relative intracellular distribution of the enzymes involved with
the assimilation of nitrite to amino acids; (b) to investigate the
capability of chloroplast-enriched fractions to convert nitrite
to amino nitrogen.

MATERIAL AND METHODS

Plant Material. Freshly harvested, young (not fully ex-
panded) leaves of greenhouse-grown spinach (Spinacia oleracea
L. var. Early Hybrid 7, Asgrow Seeds, Il1l.) were used in all ex-
periments.

Separation of Cellular Organelles. Leaves were washed, de-
ribbed, and rapidly minced, immediately prior to homogeni-
zation. The material was ground with a semimicro water-
jacketed Waring Blendor for 10 sec at 60 v, in a breaking
medium A containing: 0.33 M sorbitol, 2 mM isoascorbate, 2
mM disodium EDTA, 1 mm MgCl,, 1 mM MnCl,, 10 mM NaCl,
0.5 mm K,HPO,, 0.05 M MES buffer, pH 6.2, 5 mmM dithiothrei-
tol, 0.1% (w/v) bovine serum albumin, and 1% (w/v) insoluble
Polyclar AT. The ratio of medium to leaves was 3:1 by
weight. The homogenate was filtered through two layers of
Miracloth, and the filtrate was centrifuged at 500g for 1 min.
The pellet (P) was carefully resuspended with 5 ml of medium
B. Medium B was identical to medium A, except that 0.05 M
HEPES buffer, pH 7.2 was used instead of MES, and isoascor-
bate was omitted. The resuspended pellet (P) was centrifuged at
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Fic. 1. Light absorption patterns and estimated degree of intact-
ness of the chloroplast-enriched (P.) fraction from spinach leaves.
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500g for 1 min to give pellet (P,). The supernatants S (from P)
and S, (from P,) were recombined. The combined supernatants
were then subjected to successive differential centrifugation
steps as follows: 1,500g for 5 min, 3,000g for 10 min and
20,000g for 20 min to give pellets P, P;, and P, respectively.
Each successive pellet was treated as described for P,. The wash-
ing (resuspension) medium was always combined with the
original supernatant.

For the enzyme assays, each pellet (P, through P,) was hand-
ground in a TenBroeck glass homogenizer with 3 ml of
medium appropriate for each enzyme. In each case the
homogenate was centrifuged at 30,000g for 15 min, and the
resultant supernatant was used for enzyme assay and protein
determination.

For measurement of chloroplast intactness (P,, P, and Py),
CO.-fixation (P;) and NO,™ assimilation (P.), the washed pellets
were carefully resuspended in 4 ml of medium B.

Assays. Nitrate reductase was extracted and assayed as
described by Hageman and Hucklesby (16), except that 5
mMm dithiothreitol was substituted for cysteine. Nitrite re-
ductase was extracted and assayed by a modification of the
method described by Beevers et al. (6), using a dithionite-
methyl viologen system. NADH- and NADPH-dependent
glutamate dehydrogenases were assayed according to the proce-
dure described by Joy (18) by recording the decrease in ab-
sorbance at 340 nm for 3 min. EDTA was omitted from the
extraction medium since it inhibits the enzyme (19). Fumarase
was assayed in a total volume of 3 ml, and the reaction was
recorded at 240 nm for 3 min at room temperature (8). Catalase
activity was determined by the rate of H,O, disappearance as
described by Luck (27). Protein content of the extracts was
measured by the method of Lowry et al. (26) using bovine
serum albumin as standard. Chl concentrations were de-
termined, as described by Arnon (1), on aliquots taken from
the uncentrifuged homogenates used for the enzyme assays or
the resuspended pellets.

Measurement of Chloroplast Intactness. The estimation of
the relative amount of intact (class I) chloroplast present in
P,, P., and P, fractions was carried out by the spectrophoto-
metric method of Karlstam and Albertsson (20) in the dark
at 25 C. Chl concentration was 150 ug ml™.

Carbon Dioxide Fixation. Aliquots (0.5 ml) of the P, frac-
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tion, which contained maximum amounts of intact chloro-
plasts, were immediately incubated with 0.3 ml of 50 mm
sodium bicarbonate-“C (1.5 X 10° dpm) and made to a final
volume of 1.0 ml with resuspension medium with or without
appropriate amounts of KNO,. Light from incandescent bulbs,
after passage through a layer of water, provided 2000 ft-c in-
cident light at the surface of the 25-ml reaction flask. Tempera-
ture was 20 C. The reaction was stopped after 5 min by adding
1 N HC], and the determination of the radioactivity incorporated
into acid-stable products was carried out in a modified Bray’s
scintillation fluid, as described by Bjorkman and Gauhl (7).
The ability of the chloroplasts to fix CO, was found to be a
function of the time of preparation or standing prior to assay.

Nitrite Assimilation. An aliquot (2.0 ml) of the P, fraction
was combined with KNO,, KNO, and neutralized (pH 7) a-
ketoglutarate, or water (control) to give 3 ml of final volume in
a 25-ml Erlenmeyer flask. The reaction mixtures were in-
cubated at 30 C in a water bath with continuous shaking.
Light was provided by a 500-w flood lamp which gave an inci-
dent energy of approximately 1.5 X 10° ergs cm™ sec™. Nitrite
loss was followed by removing 0.1-ml aliquots of the reaction
mixture at zero and subsequent time intervals. Nitrite was
assayed as described by Hewitt and Nicholas (17), except that
the solutions were clarified by centrifugation (1000g for 10
min) before reading at 540 nm.

Amino Nitrogen Determination. The measurements were
made with the same reaction mixture used to follow NO,
assimilation, including zero time. The residual reaction mixture,
after removal of the aliquot(s) for determination of NO,", was
immediately frozen with liquid nitrogen and stored at —20
C. The solutions were thawed at room temperature and centri-
fuged at 1000g for 10 min. Aliquots (0.05 ml) of the super-
natant were used directly for amino-N determinations as
described by Yemm and Cocking (33) with L-isoleucine as
standard. Alternatively, 10 ml of 70% ethanol were added to
the thawed solution, and the mixture was agitated vigorously
for 5 min. The suspension was centrifuged (20,000g for 10
min), and the supernatant was washed with petroleum ether,
concentrated by evaporation and made up to to 2.0 ml with
water. The sample was then passed through a Dowex 50 W
(200-400 mesh, H* form) column (6 X 0.5 cm), and the amino
acids were eluted with 20 ml of 4 N NH,OH. The eluate was
evaporated to dryness and suspended in 1.0 ml of 10% isopro-
panol. Aliquots (0.2 ml) were used for amino-N determinations
as previously described.

RESULTS AND DISCUSSION

Chloroplast Intactness. Although 55% of the chloroplasts in
the P, fraction were judged intact when measured immediately
after resuspension, the number of intact chloroplasts de-
creased rapidly (44% intact after 1 hr) upon standing at 25 C
(Fig. 1). Smaller amounts of intact chloroplasts were found
in the P, fraction than in the P, fraction. These estimates of
intactness were also verified by observations made with a phase
contrast microscope. This degree of intactness was also sup-
ported by the ability of the P, fraction to fix CO.. Fixation rates
of approximately 100 pmoles hr* mg Chl™ were observed,
when measurements were made within 5 min after isolation
of the chloroplasts.

Enzyme Distribution. The distribution of nitrate and nitrite
reductases, and NADPH- and NADH-dependent glutamate
dehydrogenases among the several cellular fractions separated
by differential centrifugation is presented in Table I. Although
the highest level of nitrate reductase on a per fraction or per
mg protein basis was in the P, (mitochondrial) fraction, this is
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possibly due to indiscriminate binding to membranous material
(10) rather than in vivo association with the mitochondria. Since
approximately 90% of the activity was in the supernatant, this
datam is in agreement with the contention that nitrate reductase
is a cytoplasmic enzyme.

The distribution of nitrite reductase shows that this enzyme
is associated with the chloroplast-enriched fractions. Approxi-
mately 10% of the total activity was associated with the P,
fraction which had the highest percentage of whole chloro-
plasts. The P, fraction (mostly broken chloroplast) had the
highest specific nitrite reductase activity and retained 7% of
the total activity. Thus, it would appear that nitrite reductase
binds, to some degree, to cellular components. However, it does
not appear to be bound tenaciously, since 70% of the activity
appeared in the supernatant. Data obtained with tobacco and
wheat suggested that nitrite reductase is located in the stroma
of the chloroplasts (10). No detectable catalase activity was
found in the P, fraction, showing that this fraction was es-
sentially free of peroxisomes.

Approximately 38% of the total NADPH-glutamate dehy-
drogenase was associated with the P, and P, fractions, but un-
like nitrite reductase very little activity was found in the P,
fraction. Although no direct evidence was obtained, it is con-
ceivable that the enzyme was inhibited by some component
of the P, fraction. The high specific activity and retention of
20% of the NADPH-glutamate dehydrogenase by the P; frac-
tion suggest that this enzyme is more tightly bound to the
broken chlorolplasts than nitrite reductase. From this and
other data (25), it was concluded that NADPH-glutamate de-
hydrogenase is located in the chloroplasts.

The highest specific activity of NADH-glutamate dehydro-
genase was found with the P, (mitochondrial) fraction, al-
though among the pellets, the P, fraction retained the highest
percentage of total activity. The amount (8% of total) of
NADH-glutamate dehydrogenase in the P. fraction is con-
sidered to be due to mitochondrial contamination as 10% of the
total fumarase activity was also recovered in the same fraction.
As observed previously with the NADPH-glutamate dehy-
drogenase, little NADH activity was found in the P, fraction.
The presence of 80% of the total NADH activity in the super-
natant may be attributed to the rupture of the mitochondria
during isolation (25).

The distribution pattern of NADH-glutamate dehydrogenase
among the various fractions illustrates again the problems en-
countered in attempting to deduce in situ localization of en-
zymes by differential centrifugation with aqueous media. In
spite of the fact that NADH-glutamate dehydrogenase is con-
sidered to be located in or with the mitochondria, 80% of the
total activity was found in the supernatant.

The data (Table I and Fig. 1) show that the P, fraction con-
tains approximately 50% intact chloroplasts and adequate
levels of the two enzymes, nitrite reductase and NADPH-
glutamate dehydrogenase needed in the assimilation of nitrite
to amino nitrogen.

Nitrite Assimilation. The effect of increasing NO,™ concen-
tration in the reaction mixture from 0.1 to 0.6 mM on NO."
assimilation and CO, fixation by the P, fraction (chloroplast-
enriched) is shown in Figure 2. Concentrations of NO,™ above
0.25 mM in the reaction medium did not produce linear in-
creases in the rates of NO,™ assimilation. On the other hand,
the same order of increase in NO, concentrations caused a
gradual decrease in the rates of CO. fixation. Whether the
inhibition of CO, fixation is due to a direct toxic effect of NO."
on the chloroplasts or results from a competition for light
energy cannot be determined from these data.

The kinetics of NO,” assimilation is shown in Figure 3.
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Table 1. Distribution of Enzyme Activities among the Cellular
Fractions Separated from Spinach Leaf Homogenate by
Differential Centrifugation

i Nitrate Reductase! Nitrite Reductase
Frac- | Protein 3
: Chl Content |
tion Content Total Specific Total Specific
1 activity activity activity! activity
- moles —1 | mmoles
! | wmoles hr-1 1 B0 umoles hr et
me/m Sraction pr’omtzgl fraction™ »:ou;':ﬁ,
P, | 2.88 (5) 1 0.229 (20) 0.14 (0.2)] 0.02 11.88 (8) 1.38
P: | 2.30 (4) | 0.556 (47) 0.98 (1) 0.14 13.86 (10)| 2.0l
P 1.42 (3) | 0.146 (12) 1.94 (3) 0.45 10.91 (7) 2.56
Py 1.16 (2) | 0.097 (8) 4.39 (6) 1.26 7.08 (5) | 2.03
S 1.84 (86) 0.006 (12) | 65.87 (90) | 0.49 101.47 (70)] 0.76
NADPH-glutamate NADH-glutamate
dehydrogenase dehydrogenase
Py | 2.56 (5) | 0.243 (25) | 0.72 (2) 0.09 0.57 (1) | 0.07
P: | 2.18 (4) | 0.487 (50) | 6.54 (18) 1.01 3.06 8) | 0.47
P 1.30 (3) | 0.106 (11) 7.68 (20) 1.97 1.89 (5) | 0.48
P4 1.04 (3) | 0.064 (7) 0.93 (2) 0.30 2.19 (6) | 0.70
S 1.68 (85)| 0.003 (8) | 22.63 (58) | 0.18 32.12 (81)| 0.26

1 Total volume of the fractions; Pi, P2, P3, P4:3 ml; S:73 ml.
2 Number in parenthesis indicate percentage of total component or activity for
each fraction.
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Fi1G. 2. Effect of nitrite concentration on nitrite assimilation and
CO:; fixation in a chloroplast-enriched (P:) fraction from spinach
leaves. These were separate experiments conducted with the same
preparation. Chl concentration in the reaction flasks was 125 to
150 ug ml™.

There was no loss of NO,™ as long as the flasks were kept in
the dark, but upon illumination the rate of disappearance of
NO.,™ ranged from 6 to 8 umoles hr* mg Chl™. The observed
transients indicate that NO,™ reduction is completely dependent
on light.

Nitrite Assimilation and Concurrent Amino-N Production.
The production of amino-N coupled with the assimilation of
NO,™ by the chloroplast-enriched fraction (P,) with and without
the addition of 0.4 mM a-ketoglutarate in the light is shown
in Figure 4. Although the control (minus NO,") exhibited a
steady increase in amino-N throughout, the addition of NO,"
to the system caused a 3-fold increase in amino-N production
over the control during the 30-min period. The addition of a-
ketoglutarate plus NO,” further enhanced the amino-N pro-
duction, especially during the first 10 min. This enhanced
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production of amino-N, in response to added a-ketoglutarate,
did not appear to affect the rate of NO;™ reduction. That the
a-ketoglutarate was being aminated from an endogenous
source, would have been a logical explanation for the observed
results, except that the two controls (minus NO,” with or
without a-ketoglutarate) exhibited identical increases in amino-
N. Net losses of NO,” were 1.26 and 1.59 pmoles/30 min™
and net increases in amino-N were 1.16 and 1.38 umoles/30
min™ for the +NO,™ and +NO,™ + a-ketoglutarate treatments,
respectively. The stoichiometric ratios between amino-N:NO,”
were 0.92 and 0.86, respectively.

A subsequent experiment, identical to those described in
Figure 4, was conducted except that the amino-N was extracted
with ethanol and column separated prior to assay. The results
again show that the addition of a-ketoglutarate without NO,”
did not increase the production of amino-N over that of the
minus ae-ketoglutarate control. The net increases in amino-N
in the control (—NOy;"), a-ketoglutarate control (—NO,” 4+ a-
ketoglutarate) and complete (+NO;" 4 a-ketoglutarate) were
0.71, 0.72 and 1.92 pmoles mg Chl™/30 min™ respectively.
The increase in amino-N in the controls can be attributed to
endogenous levels of a-ketoglutarate in the chloroplasts (12)
that could be aminated, or to the hydrolysis of protein under
the experimental conditions. The net increase in amino-N was
1.20 umoles compared with a net loss of NO,™ of 2.02 pmoles,
giving a stoichiometric relationship between amino-N:NO,
of 0.6.

These results show that a chloroplast-enriched preparation,
having a capability of fixing CO, at high rates (100 umoles
hr* mg Chl™), is capable of reducing NO, and synthesizing
amino-nitrogen de novo, when supplied with NO,” and light.
The rates of NO,™ reduction (612 pmoles hr* mg Chl™) ob-
served with the isolated chloroplasts are sufficiently high to ac-
commodate the rates of nitrate assimilation in situ. This as-
sumes that nitrate reductase is the rate-limiting step.

Grant et al. (13) ruled out the involvement of chloroplasts
in NO,™ assimilation and amino acid synthesis and proposed
that the enzymatic reduction of NO,;” and NO,™ occurs in the
cytosol. In subsequent studies, Grant et al. (15) and Winken-
back et al. (34) concluded that with spinach chloroplasts,
nitrite inhibits photosynthesis because the chloroplasts cannot
carry out nitrite detoxification by reducing it to ammonia and
amino acids. However, Winkenback et al. (34) have suggested

LIGHT ON

DARK CONTROL(+NO} )

LIGHT
ON

i
T

umoles-mg Chi™'
=
\J
B’
p

-

N COQCENTRATION-
>
T

[
LIGHT CONTROU-
1 1 1
o 10 20 30

TIME (minutes)

F1G. 3. Absolute dependence on light for the assimilation of
nitrite by the chloroplast-enriched (P:) fraction from spinach leaves.

NO,

MAGALHAES, NEYRA, AND HAGEMAN

Plant Physiol. Vol. 53, 1974

T T
< <
8 8
o

€ - €
$ 29 ‘e ko -121) £
o

g £
2 1
o 5 5 (Z)
o o
S 5
S 0 o =
@ 1 @
o g
z o]
S o
S os —Has
3 =
3

‘|‘ =
1 -4

) s 10 15 20 25 30 !

i

TIME (minutes)

Fic. 4. Time course of amino-N synthesis and nitrite as-
similation by the chloroplast-enriched (P.) fraction from spinach
leaves. The two control treatments (* a-ketoglutarate — NO.~ gave
identical results and are shown as one. Chl concentration in the re-
action flasks was 150 ug ml™. Amino-N determinations were made
directly on the cleared reaction mixture.

co,

CYTOPLASM CHLOROPLAST
1,3DPGA @ 3PGAId 3PGAId
fUGHT NADP:
=3 NADPH
NADH  NAD 3PGA  aKetoglutarate
Fd., NADPH NADP Py!%monine
NO3 @ :X-ZGlutumute g

Aspartate

I-NITRATE REDUCTASE
2-NITR I TE REDUCTASE
3-NADPH-GLUTAMATE DEHYDROGENASE
4-AMINO TRANSFERASES
5-TRIOSE PHOSPHATE DEHYDROGENASE

a Ketoglutarate

FiG. 5. Proposal for intracellular localization of the enzymes of
nitrate assimilation. The scheme emphasizes that the chloroplast
is a major site of nitrite reduction and amino nitrogen synthesis in
leaf tissue.

that technical difficulties of chloroplast isolation might prevent
the demonstration of their potential capability for amino acid
synthesis. Support for this view might be deduced from pre-
vious work of Atkins and Canvin (2).

The finding that NO,” is converted into amino-N in the
chloroplasts permits the development of the metabolic pathway
of NO;™ assimilation shown in Figure 5. The work of Klepper
et al. (22) suggests that NO,~ is reduced to NO,™ in the cyto-
plasm via the 3-P-glyceraldehyde dehydrogenase-nitrate reduc-
tase coupled system. To minimize accumulation of free NO,™ in
the cytoplasm, it would seem logical for the nitrate reductase
and nitrite reductase to be juxtaposed but separated by the chlo-
roplast membranes and associated proteins. The NO,~ would
then have only to traverse a minimal distance to its site of re-
duction and incorporation into amino-N. The toxicity of free
NH; to the normal functioning of the chloroplasts would sug-
gest a very tight coupling between nitrite reductase and
NADPH-glutamate dehydrogenase. The amino group from
glutamate can be transferred to keto acids or amino acids
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forming other amino acids or amides for transport through-
out the cell.

The contention that ammonia should be converted to the
amino form in the chloroplasts immediately after its production
is substantiated by the following lines of evidence. The chloro-
plast membranes are relatively impermeable to ammonia (31),
which would retard transference to other parts of the cell and as
a consequence ammonia would accumulate inside the chloro-
plasts. Such accumulation would be toxic to the chloroplasts
as ammonia has been shown to inhibit photosynthesis by un-
coupling electron transport (3), to block ATP formation (24),
and to induce structural changes (28).

Addendum. We have recently been informed by personal
communication with Dr. B. J. Miflin, Department of Bio-
chemistry, Rothamsted Experimental Station, Harpenden,
Herts, England that he and this co-workers have independently
and concurrently completed experiments that support the con-
clusions presented in this paper.

Acknowledgment—The authors are indebted to D. B. Dickinson for his
assistance in assuring a continuous supply of spinach plants utilized during the
experiments.
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