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ABSTRACT

Homogeneous nitrate reductase (EC 1.6.6.2) from Monoraphidium
braunii was obtained by means of affinity chromatography in blue-
Sepharose and gel filtration. After electrophoresis in polyacrylamide, gel
slices containing pure nitrate reductase were disrupted and injected into
previously unimmunized rabbits. The antiserum produced after several
weeks was found to inhibit the different activities of nitrate reductase to
a similar degree. Monospecificity of the antiserum was demonstrated by
Ouchterlony double diffusion and crossed immunoelectrophoresis. The
antibodies were purified by immunoabsorption to Sepharose-bound ni-
trate reductase.
The intracellular location of nitrate reductase in green algae was

examined by applying an immunocytochemical method to M. brauni'
cells. Ultrathin frozen sections were first treated with immunopurified
anti-nitrate reductase monospecific antibodies, followed by incubation
with colloidal gold-labeled goat antirabbit immunoglobulin G as a marker.
The enzyme was specifically located in the pyrenoid region of the chlo-
roplast.

The reduction of NO3- to NH4+ is catalyzed by two enzymes
working sequentially, NR2 and NiR. Plant-type NR catalyzes the
initial step of nitrate assimilation: the reduction of nitrate to
nitrite using pyridine nucleotides as electron donors ( 16). Besides
this physiological activity, the enzyme can act as an NAD(P)H
diaphorase, catalyzing the reduction of ferricyanide, Cyt c, and
other acceptors, and can also catalyze the reduction of nitrate
with reduced viologens or flavins as electron donors ( 16, 27).
Whereas a close relationship between CO2 assimilation and

the light reactions of photosynthesis has been traditionally ac-
cepted, the connection between these reactions and nitrate assim-
ilation has been a matter of controversy (2, 16). However, it has
been shown that the reducing power used in nitrate and nitrite
reduction is provided by the photosynthetic light reactions (16).
In order to substantiate these functional relationships, it would
be of primary interest to establish definitively the intracellular
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2 Abbreviations: NR, nitrate reductase; NiR, nitrite reductase; anti-
NR, antibodies against nitrate reductase; MV, methyl viologen; FMN,
flavin adenine mononucleotide.

location of both enzymes. So far, no attempts to localize NR in
green algae have been reported. However, NiR is widely accepted
as a chloroplastic enzyme in both green algae and higher plants
(4, 12, 16, 30). On the other hand, working with Chl deficient
mutants of barley, Sawhney (19) has suggested that NR is local-
ized in the chloroplast, although other reports indicate very
different locations for the enzyme in higher plants (4, 15, 30).
Recent experiments with soybean cotyledons suggest that NR is
located in the cytoplasm (25, 26).
By using immunocytochemical methods, NR from Neuro-

spora crassa has been located in the cell wall-plasmalemma
region and the tonoplast (18). Similar immunochemical ap-
proaches have been successfully applied to the localization of
other proteins (6, 28). In the present work, we have used a similar
direct approach to demonstrate the precise localization ofNR in
the green alga Monoraphidium braunii.

MATERIALS AND METHODS

Growth of Algae. Monoraphidium braunii (formerly Ankistro-
desmus braunii) strain 202-7d from Gottingen University's cul-
ture collection was grown at 25°C in the light on 5 mm KNO3 as
previously described (14), but AP 31 (Merck) was added as an
antifoaming agent. The cultures were bubbled with a stream of
5% (v/v) CO2 in air. After 3 to 4 days of growth, the cells were
harvested by centrifugation and stored frozen at -20°C until
used.
Enzyme Assays. NAD(P)H-NR, MVH-NR, FMNH-NR, and

NAD(P)H-Cyt c reductase assays were performed as previously
described (7). A unit of activity is the amount of enzyme which
catalyzes the formation of 1 ,umole of product per min.

Preparation of Crude Extracts and Purification of Nitrate
Reductase. Crude extracts were prepared and NR was purified
according to the method ofde la Rosa et al. (5) with the following
modifications: (a) the enzyme was eluted from the blue-Sepha-
rose column with 1 M KN03; (b) the fractions containing NR
activity were pooled and subjected to (NH4)2SO4 fractionation
between 25 to 50% saturation; and (c) the enzyme preparation
was applied to a Sephacryl S-300 column (90 x 1.6 cm).

Production of Antisera. Purified NR was subjected to disc gel
electrophoresis in 5% polyacrylamide and localized on the gels
(22). Gel sections containing NR were pooled, disrupted and
emulsified in 4 ml of 1:1 mixture of sodium-buffered physiolog-
ical saline solution and Freund's complete adjuvant and injected
subcutaneously into unimmunized rabbits. The process was re-
peated three times, at 1 5-d intervals, but using incomplete adju-
vant. Whole blood was obtained from the ear 1 week after the
last injection. New boosting injections were given at 1-month
intervals, and the rabbits were bled 1 week after each injection,
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NITRATE REDUCTASE IMMUNOLOCALIZATION

which contained approximately 50 tig of homogeneous NR.
Anti-NR Purification. After centrifugation and inactivation of

complement, the serum was precipitated with 45% (NH4)2SO4
and the pellet resuspended in, and dialyzed against, 17.5 mm
phosphate (pH 6.3). The antiserum was then transferred to a
column of DEAE-Sephacel equilibrated with the same buffer.
The IgG fraction eluted with the washing buffer.

Immunoaffinity Purification of Anti-NR. Two ml of DEAE-
purified anti-NR serum were loaded on a NR-Sepharose column
(7 x 1.6 cm). A flow rate of 25 ml/h was used throughout the
procedure. After washing with sodium-buffered physiological
saline solution, the same buffer was supplemented with either 1
M NaCl or 3 M MgCl2 to elute nonspecifically absorbed proteins.
Specific anti-NR was eluted with 0.2 M glycine (pH 2.5). These
antibodies formed a single precipitate against NR crude extract
when subjected to Ouchterlony double diffusion test, and in-
hibited the different activities of the enzymic complex.
Gel Immunodiffusion and Immunoelectrophoresis. Double im-

munodiffusion experiments were performed according to the
method of Ouchterlony and Nilson (17). In order to estimate the
antibody titer, the Sewell method was followed (20). Crossed
immunoelectrophoresis (29) was carried out in 1% (w/v) agarose
plates using Tris barbital buffer (pH 8.6) for both the gel and
electrophoresis buffer. The process was conducted for 6 h at 10
v/cm and 4°C. NR activity was detected in gels by following the
nitrate-dependent oxidation of chemically reduced MV (5). In
all cases, immunoprecipitates were stained with Coomassie bril-
liant blue R 250.

Electron Microscopy. The procedure described by Tokuyasu
(24) was essentially followed. Cells from liquid cultures were
washed twice and fixed with 0.5% (v/v) glutaraldehyde, 3% (v/
v) paraformaldehyde on 0.1 M sodium phosphate buffer (pH 7.3)
for 2 h. After washing, they were infused with 0.8 M sucrose for
10 to 12 h. The cells were centrifuged and the pellet mounted
on a copper rod and frozen in liquid nitrogen. Ultrathin cryosec-
tions were made at -90°C in a Sorwall MT 2B ultramicrotome
equipped with a FTS attachment. The sections were collected
and transferred to Formvar carbon-coated grids, using the su-
crose droplet method (24).

Immunostaining consisted of sequential incubation of the
sections in solutions of anti-NR antibodies, buffer, gold-labeled
goat anti-rabbit antibodies (GAR 20-Janssens, Pharmaceutica),
buffer, uranyl acetate, and finally methylcellulose, with which
they were covered. For the nonimmune controls, the primary
antibody was replaced by a solution of nonimmune rabbit IgGs.
Sections were studied in a Jeol 100 B electron microscope.

RESULTS

NR, purified as described in "Materials and Methods" (47
units/mg), showed a single band when subjected to disc gel
electrophoresis. The purity of the antiserum was tested by using
Ouchterlony double diffusion test (Fig. 1). Figure IA shows the
reaction of increasing concentrations of partially purified NR
(Blue-Sepharose eluate; outer wells) with partially purified anti-
serum (center well). Figure lB shows the reaction of increasing
concentrations of antiserum (outer wells) with the partially pu-
rified NR preparation (center well). In both cases, a single
immunoprecipitate was found. No contaminants were detected
in any of the dilutions employed.

Monospecificity of the antiserum was further demonstrated by
the formation of a single immunoprecipitate when partially
purified NR was subjected to crossed immunoelectrophoresis
and the gels were stained for protein (Fig. 2). The immunopre-
cipitate also stained positively for MVH-NR activity (not shown)
indicating that immunoprecipitates were formed by the specific
reaction of antibodies with NR. Similar results were obtained
when using homogeneous NR.

A ~~r

FiG. 1. Ouchterlony double immunodiffusion. A, The center well
contained 16.ul ofDEAE-purified anti-NR, and the outer wells contained
16,gl of serial dilutions of partially purified NR; B, NR in center well,
antiserum in surrounding wells. NR activity was 17 units/ml.

Anti-NR from different sources such as Chiorella vulgaris (9),
Neurospora crassa (1), squash (21), and barley (23) inhibit their
respective NR activities. Figure 3 shows the inactivation of
Monoraphidium NR when increasing amounts ofantiserum were
incubated with a constant amount of blue-Sepharose purified
enzyme. The inhibition was very strong, since small amounts of
antiserum inactivated completely the nitrate reductase. All the
activities of the enzymic complex were inhibited. However,
MVH-NR and FMNH-NR activities were more sensitive to the
antiserum than NADH-NR and NADH-Cyt c reductase. Preim-
mune control serum did not inhibit any enzymic activity ofNR.
The possible protective effect of different enzyme ligands,

against inactivation ofNR by anti-NR antiserum was tested. No
protection was found when the inactivation was carried out in
the presence of NAD(P)', NAD(P)H, FAD, FMN, ADP, NO-3
KCN, or azide under a wide range of conditions. These results
suggest that there are not antigenic determinants, at least to a
significant extent, at the ligand binding sites of NR.
The main interest of the work reported here was to determine

the intracellular location ofNR in M. braunii cells. To perform
the EM immunolocalization, the monospecific antiserum was
further purified by immunoaffinity chromatography in a purified
NR-Sepharose CL 4B column as indicated in "Materials and
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FIG. 2. Crossed immunoelectrophoresis of blue-Sepharose purified
M. braunii NR (0.59 units). The gel contained 0.13% (v/v) of DEAE-
purified antiserum. Protein was stained as described in "Materials and
Methods."
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FIG. 3. Inhibition of NR activity by anti-NR antiserum. The desig-
nated amount of serum was mixed with blue-Sepharose purified NR (0.1
unit), and sodium phosphate-buffered physiological saline solution in a

final volume of 0.1 ml. After 15-min incubation at 30C, aliquots were

taken to assay the different activities. (0), NADH-NR; (A) NADH-Cyt c

reductase; (0), MVH-NR; (M), FMNH-NR.

Methods."
Ultrathin sections ofMonoraphidium cells were incubated first

with the immunopurified anti-NR IgG, and subsequently treated
with goat anti-rabbit IgG marked with colloidal gold. The im-
munoelectron microscopy of such sections is shown in Figure 4.
In this immunocytochemical procedure, positive staining is seen
as electron-dense and very defined spots. In the sections, most
of the cellular structures could be clearly recognized. Although

resolution in frozen sections is generally lower than in plastic
sections, membrane resolution was found in nearly all cell sec-
tions. Plasmalemma could be clearly discerned, but membrane
resolution was most obvious in the chloroplast, where the pyr-
enoid matrix is traversed by thylakoid membranes. No shell of
starch inclusions is present, surrounding the pyrenoid matrix of
M. braunii. In control sections, only negligible gold staining was
found (Fig. 4A). Specific nitrate reductase label was found only
in the chloroplast (Fig. 4B). The pyrenoid was clearly the site of
preferential NR location. In the sections, it was totally covered
with the colloidal gold particles. A few label particles occurred,
also on the Chl-containing regions. This latter signal, however,
was very weak when compared to the nonimmune controls. No
specific label at all could be found at the nucleus, cytoplasm,
and plasmalemma.

Sewell titration of anti-NR (Fig. 5) showed the equivalence
point for 3.50 Atg of anti-NR IgG and 2.23 jig of pure NR.
Assuming a mol wt of 160 kD for IgG and 460 kD for the
enzyme of M. braunii (5), 4.5 mol of IgG are required to
precipitate one mol of enzyme under the described conditions.

DISCUSSION

Ouchterlony double diffusion analysis showed that the antise-
rum against M. braunii NR was apparently monospecific. This
was confirmed by crossed immunoelectrophoresis, a much more
sensitive method. Monospecific antisera have previously been
prepared against NR from different sources, such as N. crassa
(1), C. vulgaris (9), squash cotyledons (21), barley (23), and
spinach (8).
The antibodies raised against NR from M. braunii inhibited

all the activities of the NAD(P)H-NR complex from this orga-
nism, the inhibition being stronger for MVH-NR and FMNH-
NR than for the pyridine nucleotide depending activities. These
results differ from those reported for C. vulgaris (9) and barley
(23), where a similar inhibition pattern of the different NR
activities have been shown. However, the activities of the NR
complex from N. crassa (1) and squash (21) were affected in a
different way by incubation with their corresponding antisera.
The results obtained in Sewell titration indicate that immu-

noprecipitates contain 4.5 molecules of anti-NR IgG per mole-
cule of NR. On the other hand, the protection by pyridine
nucleotides against antiserum inhibition of several dehydrogen-
ases has been reported (3, 13) and used as an indication of the
existence of antigenic determinants in the nucleotide binding
domain. However, no such protection was found with M. braunii
NR, suggesting that none of the antigenic determinants of NR is
in the nucleotide domain of the enzyme.
On the basis of different experimental approaches, NiR is

widely accepted as a chloroplastic enzyme (12, 27, 30). In higher
plants, NR location has been generally studied by differential
isolation of subcellular fractions followed by detection of the
enzyme activity. The results obtained have led some authors to
claim that NR is located in the chloroplast (10, 16), whereas
others have reported NR is a cytoplasmic enzyme (2, 4, 30).
Recently, by using a histochemical approach, Vaughn and Duke
(25) have proposed that NR of soybean cotyledons is located in
small cytoplasmic vesicles.

In the last years, localization studies have been approached by
more precise methods involving specific antibodies labeled for
use in light and EM. This approach has demonstrated the loca-
tion of assimilatory NR in cytoplasm of soybean cotyledons (26)
and its association with the cell-wall plasmalemma and the
tonoplast in N. crassa (18). No evidence of NR localization in
green algae has been reported, to date. Our results clearly dem-
onstrate the association ofNR with the chloroplast in M. braunii.
Thepyrenoid isproposed as the specific site of NR location.
Therefore, the cellular location of NR differs in green algae and
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A
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FIG. 4. Immunoelectron-microscopic localization of NR in M. braunii cells. Bar is 1 pm. A, Control section incubated with preimmune serum;

B, cell section treated with specific anti-NR antibodies. C, cytoplasm; CT, chloroplast thylakoids; N, nucleus; NM, nuclear membrane; P, pyrenoid.

617

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lp

h
y
s
/a

rtic
le

/7
8
/3

/6
1
4
/6

0
8
1
8
8
2
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

7
 A

u
g
u
s
t 2

0
2
2



Plant Physiol. Vol. 78, 1985

FIG. 5. Sewell titration of immunopurified anti-NR. Upper wells
contained the supernatants of purified NR and anti-NR mixtures. The
figures on the wells indicate the antibody:antigen ratio. All these wells
contained 3.5 Mg of antibody. The outer right well contained 13.4 Mgg of
NR. Below are alternating 6.7 Mg of antigen and 3.5 Mg of antibodies.
The arrow marks the equivalence point.

higher plants.
Traditionally, the pyrenoid has been considered as a special-

ized chloroplastic structure closely related with starch synthesis
(1 1). A similar relationship between nitrate reduction and pyr-

enoid is supported by the results shown in this work. Such a

conclusion would be consistent with the fact that both processes

are dependent, in green algae, on photosynthetic reducing power.

Besides, the presence of NR in the pyrenoid is supported by the
reports indicating that proteins are the main component of the
pyrenoid matrix (1 1).

If NiR, a chloroplastic enzyme, were also located in the pyr-

enoid of green algae, the reduction of NO-3 to NH+4 would not
require NO-2 translocation, increasing the efficiency of the pro-

cess. Experiments are in progress to determine the exact location
of NiR within the chloroplast of M. braunii.
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