
Cloning and Inactivation of Genes Encoding Ferredoxin- and
NADH-Dependent Glutamate Synthases in the Cyanobacterium

Plectonema boryanum. Imbalances in Nitrogen and
Carbon Assimilations Caused by Deficiency of the

Ferredoxin-Dependent Enzyme1

Hiroaki Okuhara, Tomohiro Matsumura2, Yuichi Fujita, and Toshiharu Hase*

Division of Enzymology, Institute for Protein Research, Osaka University, 3–2 Yamadaoka, Suita,
Osaka, 565–0871 Japan

Glutamate synthase (GOGAT) is a key enzyme in the assimilation
of inorganic nitrogen in photosynthetic organisms. We found that,
like higher plants, the facultative heterotrophic cyanobacterium
Plectonema boryanum had ferredoxin (Fd)- and NADH-dependent
GOGATs. The genes glsF, gltB, and gltD were cloned, and structural
analyses and target mutageneses demonstrated that glsF encoded
Fd-GOGAT and that gltB and gltD encoded the two subunits of
NADH-GOGAT. All three mutants lacking one of the GOGAT genes
were able to grow photosynthetically and heterotrophically. How-
ever, the Fd-GOGAT mutant exhibited a phenotype of marked
nitrogen deficiency when grown under conditions of saturating
illumination and CO2 supply. In these conditions the rate of the
ammonia uptake from the culture medium was slower in the Fd-
GOGAT mutant than in the wild type or in the NADH-GOGAT
mutant, but no significant differences were found in the rate of the
CO2 fixation-dependent O2 evolution among these strains. Our
results suggest that, although both Fd- and NADH-GOGATs were
operative in the cells growing in light, the contribution of Fd-
GOGAT, which directly utilizes photoreducing power for the cat-
alytic reaction, is essential for balancing photosynthetic nitrogen
and carbon assimilation.

Inorganic nitrogen in the form of ammonia is assimilated
into Gln and Glu through the combined actions of GS and
GOGAT in all oxygenic photosynthetic organisms from
cyanobacteria to higher plants (Lea et al., 1990; Flores and
Herrero, 1994). GS catalyzes the ATP-dependent amination
of Glu to yield Gln. GOGAT catalyzes the reductive trans-
fer of the amide group of Gln to the keto position of
2-oxoglutarate to yield two molecules of Glu. The resulting
Gln and Glu serve as nitrogen donors in the biosynthesis of
various nitrogen-containing compounds (Lea et al., 1989).

The GS/GOGAT pathway ultimately requires ATP and
reducing power generated by photosynthesis and catabo-
lism of carbohydrates and utilizes carbon skeletons pro-
vided from intermediates of the TCA cycle, together with
the downstream metabolism of Gln and Glu. This pathway
is thus involved in the integration of carbon and nitrogen
assimilations.

In higher plants GOGAT occurs as two distinct forms,
one that is Fd dependent (EC1.4.7.1) and one that is NADH
dependent (EC 1.4.1.14); the two forms differ in their spec-
ificity for an electron donor and in their molecular archi-
tecture. cDNAs for both types of GOGAT have been cloned
and characterized (Sakakibara et al., 1991; Gregerson et al.,
1993), and they were found to be homologous to Escherichia
coli NADPH-GOGAT (EC 1.4.1.13), which is composed of
two different polypeptides, large and small subunits en-
coded by gltB and gltD, respectively (Oliver et al., 1987).
Fd-GOGAT is an iron-sulfur flavoprotein composed of a
single polypeptide that has a molecular mass of 160 kD and
is similar to the large subunit of the E. coli enzyme (Sakak-
ibara et al., 1991). NADH-GOGAT is also a single polypep-
tide but with two domains, the N-terminal, 160-kD and the
C-terminal, 60-kD regions that are similar to the large and
small subunits of the E. coli enzymes, respectively (Greger-
son et al., 1993). Plant NADH-GOGAT contains the same
prosthetic groups as Fd-GOGAT in the N-terminal domain
and an additional iron-sulfur cluster and flavin in the
C-terminal domain, which is likely to be involved in elec-
tron acceptance from NADH (Curti et al., 1995).

Only Fd-GOGAT has been reported thus far in the cya-
nobacteria (Rai et al., 1982; Marques et al., 1992; Navarro et
al., 1995). In Synechococcus sp. PCC 6301 (Marques et al.,
1992) and Synechocystis sp. PCC 6803 (Navarro et al., 1995),
no pyridine nucleotide-dependent GOGAT activity was
found. Two different genes for GOGAT were cloned in
Synechocystis sp. PCC 6803, and both genes were found to
encode Fd-dependent enzymes by using biochemical and
genetic studies (Navarro et al., 1995). However, an open
reading frame similar to the small subunit of E. coli
NADPH-GOGAT was found in the recently published
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complete genomic sequence of Synechocystis sp. PCC 6803
(Kaneko et al., 1996), which suggests the presence of a gene
for pyridine nucleotide-dependent GOGAT.

Different physiological roles are proposed for the two
types of GOGAT in higher plants (Lam et al., 1996). Plant
mutants defective in Fd-GOGAT have been identified for
photorespiratory mutants in Arabidopsis (Somerville and
Ogren, 1980) and barley (Kendall et al., 1986). In these
mutants ammonia derived from photorespiration cannot
be recaptured efficiently, and NADH-GOGAT expressed
constitutively at a low level in leaves seems to have no
compensatory function in photorespiration. Under condi-
tions in which photorespiration was suppressed (high CO2

or low O2), the Fd-GOGAT mutants grew normally, which
suggests that the assimilation of the primary ammonia
derived from nitrate reduction can be achieved only by
NADH-GOGAT. The second gene for Fd-GOGAT has been
cloned in Arabidopsis and is expressed preferentially in
roots. This isoenzyme of Fd-GOGAT was proposed to be
mainly involved in nitrogen assimilation in roots (Coshi-
gano et al., 1998). Recently, NADH-GOGAT was shown to
be localized in the vascular parenchyma in rice, which is
indicative of a role for mobilization of nitrogen compounds
through the vascular system (Hayakawa et al., 1994). No
mutants lacking NADH-GOGAT have been obtained;
therefore, the real physiological role of NADH-GOGAT
remains conjectural.

In the course of our study of GOGATs from the filamen-
tous cyanobacterium Plectonema boryanum, which is able to
grow under photoautotrophic and heterotrophic condi-
tions, we detected significant activities of Fd- and NADH-
GOGATs in contrast to reports for another species of cya-
nobacterium. The purpose of this work was to investigate
the GOGAT genes and their mutants with the expectation
of clarifying the structures and physiological functions of
these two distinct GOGATs in a single species.

MATERIALS AND METHODS

Culture Conditions and Growth Measurements

Plectonema boryanum IAM-M101 strain dg5 (Fujita et al.,
1996) and its derivative strains obtained in this study were
cultivated in BG11 medium (Rippka et al., 1979) with 20
mm Hepes-NaOH, pH 7.5; 10 mm NH4Cl was added to the
medium instead of 17.6 mm NaNO3 when necessary. For
gene-disrupted mutants with a kanamycin-resistant cas-
sette, the above media were supplemented with 15 mg/mL
kanamycin. Liquid cultures were bubbled with 2% (v/v)
CO2 in air under continuous illumination provided by
fluorescent lamps; photon flux densities were controlled in
the range of about 30 to 170 mE m22 s21 for experimental
purposes. Growth was monitored by turbidity with a Klett-
Summerson photoelectric calorimeter equipped with KS66
filter (640–700 nm; Manostat, New York) or by wet weight
of cells. To weigh cells, 10-mL aliquots were removed from
the bottles and filtered onto 0.45-mm membrane filters by
centrifugation. For plate cultures the liquid media were
added with 1.5% (w/v) agar.

Enzyme Extraction, Chromatography, and Assay

P. boryanum cells were harvested by centrifugation at
5,000g for 10 min and suspended in 50 mm potassium
phosphate buffer, pH 7.5, 1 mm EDTA, and 10 mm
b-mercaptoethanol (buffer A) at a ratio of 2.5 mL g21. The
suspended cells were thoroughly disrupted by sonication
(model 350 sonifier, Branson Ultrasonics, Danbury, CT)
with the addition of 1 mm PMSF and centrifuged at
100,000g for 1 h at 4°C. The supernatant was applied onto
a Resource-Q column (1 mL) and eluted with a linear
gradient of NaCl from 0 to 0.5 m in buffer A with a fast
protein liquid chromatography system (Pharmacia).

The GOGAT activities were determined by Glu forma-
tion according to the method of Martin et al. (1982). For the
enzyme assay the total cell extracts were pretreated by
being passed through a Nap-10 column (Pharmacia) equil-
ibrated with buffer A, and the fractions obtained in the ion
chromatography were used directly. The assay mixture for
Fd-GOGAT contained in a final volume of 180 mL: 10 mmol
of potassium phosphate buffer (pH 7.4), 1 mmol of l-Glu, 1
mmol 2-oxoglutarate, 8 nmol or 2 nmol of P. boryanum Fd,
and an appropriate amount of enzyme. The reaction was
started by adding 20 mL of 100 mm sodium dithionite and,
after incubation for an appropriate time at 30°C, was
stopped by boiling for 3 min. For NADPH- and NADH-
GOGATs, 20 mL of 10 mm NADPH and NADH, respec-
tively, was added in place of sodium dithionite to the same
assay mixture as above except Fd was omitted.

Construction and Screening of a Genomic Library of
P. boryanum, Subcloning, and Sequencing

Genomic DNA was prepared from P. boryanum cells as
described previously (Fujita et al., 1998) and was partially
digested with Sau3AI. DNA fragments were size-
fractionated, and those ranging from 9 to 22 kb were li-
gated into l-DASH II vector (Stratagene). Recombinant
phage DNAs were packaged with Gigapack II Gold pack-
aging extract (Stratagene).

A pair of degenerated primers, 59-CC(ACGT)CA(TC)-
CA(TC)GA(TC)AT(TC)TA-39and59-CC(ACGT)CC(AGCT)-
AT(AG)TA(CT)TC(AG)CA-39, was used for amplification
of a certain region of the GOGAT gene in P. boryanum.
These sequences were derived from the two conserved
regions among known GOGATs: Pro-1097 to Tyr-1102 and
Cys-1494 to Gly-1500, according to the numbering in the
amino acid sequence of maize Fd-GOGAT (Sakakibara et
al., 1991). The total genomic DNA was digested with BglII
and used as a template for PCR. PCR amplification was
carried out with the following programs: one cycle of 95°C
for 2 min, 55°C for 1 min, and 72°C for 2 min; and then 24
cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 2 min.
The amplified DNA fragments were subcloned into pUC19
and sequenced. The fragment was labeled with a random-
prime kit (Amersham) with [a-32P]dCTP and used as a
probe for the screening of the genomic library. Insert DNAs
of positive plaques were mapped, and appropriate restric-
tion fragments were subcloned into pBluescript II SK1

(Stratagene). A set of nested deletion clones was made for

34 Okuhara et al. Plant Physiol. Vol. 120, 1999



DNA sequencing. The nucleotide sequences of these frag-
ments were determined using the dye-terminator method
with a DNA sequencer (model 373A, Applied Biosystems).

Genetyx software (version 8.0, Software DC, Tokyo, Ja-
pan) was used for computer analysis of nucleotide and
deduced amino acid sequences. Phylogenetic trees were
inferred using the UPGMA program included in this
package.

Insertional Inactivation of Genes and Southern Analysis

To disrupt gltB, gltD, and glsF, the three GOGAT genes
cloned in this study, both ends of a kanamycin-resistant
(neo) gene were connected with the 59 and 39 regions of the
GOGAT genes, which served as platforms for homologous
recombination with the chromosomal region of each
GOGAT gene. The neo gene cartridge was excised from
pUCK121, pUCK122 (Fujita et al., 1996), and pYFC10 (Fu-
jita et al., 1992) by digestion with SmaI, EcoRI, and XbaI,
respectively. The cartridges with three different restriction
sites were conveniently used for insertion into the GOGAT
genes, the EcoRV site of gltB, the EcoRI site of gltD, and the
NheI site of glsF (for details, see Figs. 2 and 3). Plasmids
carrying these chimeric genes were linearized and intro-
duced into P. boryanum cells by electroporation as de-
scribed previously (Fujita et al., 1992), and transformants
were selected on a kanamycin-containing BG11 plate. The
gene disruptions were confirmed by Southern analysis ac-
cording to a method described previously (Fujita et al.,
1996).

Determination of Phycobiliprotein and
Chlorophyll Content

Contents of phycobiliproteins and chlorophyll were de-
termined according to a previously published method
(Tandeau de Marsac and Houmand, 1988). P. boryanum
cells were suspended in 20 mm sodium acetate buffer, pH
5.5, and were disrupted by sonication. The extracts were
treated with 1% (w/v) streptomycin for 30 min at 4°C, and
the membrane fractions and insoluble materials were re-
moved by centrifugation at 10,000g for 10 min. The
amounts of phycocyanin and allophycocyanin in the super-
natant were calculated from A620 and A650. Methanolic
extracts of cells were measured at A665 to determine the
chlorophyll content.

Measurements of O2 Evolution and Ammonia Uptake

Cells growing in a log phase were harvested and sus-
pended in BG11 without NaNO3. After NaHCO3 was
added to the cell suspension to a final concentration of 10
mm, the rates of oxygen evolution were determined with
an oxygen electrode (DWI, Hansatech, King’s Lynn, UK) at
30°C under light intensities from 10 to 210 mE m22 s21. For
the measurement of ammonia uptake, the cells were cul-
tured in a new BG11 medium containing 4 mm NH4Cl, and
the concentrations of ammonia in the culture medium were
monitored using an ammonia-selected ion electrode
(5002A-10C, Horiba, Tokyo, Japan).

RESULTS

Two Different GOGATs in P. boryanum Cells

To examine which type(s) of GOGAT is present in P.
boryanum, we measured GOGAT activities in the crude
extract of the cyanobacterial cells using Fd, NADH, and
NADPH as electron donors (Table I). Activities of Fd- and
NADH-GOGATs were detected at comparable levels. No
significant activity of NADPH-GOGAT was found. The
total proteins in the cell extract were separated by an
anion-exchange chromatography, and the activities of Fd-
and NADH-GOGATs were eluted in different fractions
(Fig. 1), which suggests that the two activities are attribut-
able to distinct enzymes.

Cloning and Targeted Mutagenesis of gltB and gltD Genes
Encoding Two Subunits of NADH-GOGAT

A 1.2-kb DNA fragment (probe 1) was amplified from
the genomic DNA of P. boryanum by PCR with a pair of
mixed primers as described in “Materials and Methods.”
The nucleotide sequence of the amplified fragment was
homologous to the expected region of the GOGAT genes. A
genomic library of P. boryanum was then screened by
plaque hybridization with the 32P-labeled probe 1, and six
positive clones (l-N1–l-N6) were selected. Insert DNAs of
the clones were mapped by digestion with various restric-
tion enzymes, followed by Southern analysis with the same
probe. All clones overlapped each other and contained a
common 1.4-kb EcoRI fragment hybridized with the probe
(data not shown). Because the region of the genomic DNA
covered by l-N1 and l-N4 was the longest among various
combinations of the six clones, two clones were chosen for
further analyses. Four EcoRI fragments (NE1–NE4) from
l-N4 and a SalI/HindIII fragment (NSH1) from l-N1 were
subcloned and sequenced (Fig. 2). The complete nucleotide
sequence of a 9036-bp region from the EcoRI to the HindIII
site was determined, and two open reading frames encod-
ing polypeptides of 1530 amino acids (ORF 1, 530, gltB) and
492 amino acids (ORF 492, gltD) 106 bp apart were found.
Two genes, gltB and gltD, which showed significant ho-
mologies to the genes for the large and small subunits of
Escherichia coli NADPH-GOGAT (Oliver et al., 1987),
respectively, seemed to encode the NADH-GOGAT of
P. boryanum.

Table I. Fd (40 mM)-, NADH (1 mM)-, and NADPH (1 mM)-depen-
dent GOGAT activities in crude extracts of the control strain and
GOGAT-disrupted strains of P. boryanum

Strain Fd NADH NADPH

nmol Glu min21 mg21 protein

YFD1 (control)a 45 6 15 42 6 11 ,1b

HOF12 (glsF mutant) ,1 48 6 10 ,1
HOB12 (gltB mutant) 44 6 7 ,1 ,1
HOD12 (gltD mutant) 44 6 5 ,1 ,1
a Control strain with the kanamycin cartridge inserted in a neutral

site of the genome. b ,1, Negligible values (below the detection
limit).
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We tried to isolate gltB- and gltD-disrupted mutants to
confirm the above assignment of the genes. As shown in
Figure 2, gltB was disrupted by replacing its internal 3.6-kb
EcoRV region with a neo cassette, and two mutant strains,
HOB11 and HOB12, were selected. A gltD-disrupted mu-
tant, HOD12, was also obtained by the insertion of the neo
cassette into the EcoRI site located downstream of the
putative initiation codon of gltD. The insertions of the
cassette into the expected regions were confirmed by
Southern analyses of genomic DNAs of each mutant (Fig.
2). Neither HOB12 nor HOD12 had significant NADH-
GOGAT activity in their total cell extracts, whereas both
mutants retained the original activity of Fd-GOGAT (Table
I). Furthermore, when the total cell extracts of HOB12 and
HOD12 were chromatographed, only the peak for Fd-
GOGAT activity was observed in the fraction correspond-
ing to that of the wild-type strain (Fig. 1). These results
showed that two polypeptides encoded by gltB and gltD
are the large and small subunits of NADH-GOGAT,
respectively.

Further Cloning and Targeted Mutagenesis of the glsF
Gene, Which Encodes Fd-GOGAT

As described above, the gltB-disrupted mutant retained
the activity of Fd-GOGAT at the wild-type level, and this
led us to clone further the gene encoding Fd-GOGAT. In
the above PCR with the genomic DNA from the wild-type
cells as a template, the 1.2-kb fragment corresponding to
gltB was predominantly amplified. Therefore, we carried
out PCR using the genomic DNA from HOB12, in which
the annealing sites of the primers within gltB had been lost,
as a template. A 1.2-kb DNA fragment (probe 2) was ob-
tained and used to screen the genomic library. Three pos-
itive clones (l-F1–l-F3) were selected; all of them had

Figure 2. Physical map of NADH-GOGAT gene (A) and Southern
analysis of the genome of gltB- and gltD-disrupted mutants (B). A,
The two open reading frames ORF 1530 and ORF 492, named gltB
and gltD, respectively, are contained in a 9036-bp DNA fragment
cloned from the P. boryanum genome. Various subcloned fragments
(NE1–NE4 and NSH1) indicated with double-headed arrows were
used for the sequence determination. The position of the amplified
fragment (probe 1) by PCR using a pair of degenerated primers as
described in “Materials and Methods” is shown with a heavy bar. The
SalI site at the end of NSH1 was derived from a linker sequence of the
cloning vector. The position and direction of the neo gene cassette
inserted between two EcoRV sites of gltB or into EcoRI site of gltD are
shown below the physical map. The accession number for this
genomic sequence is D85230. B, Genomic DNAs (1 mg of each) from
the wild type (lanes 1), gltB-disrupted mutants (HOB11, lanes 2;
HOB12, lanes 3), and the gltD-disrupted mutant (HOD12, lanes 4)
were digested with the restriction enzymes indicated, size-
fractionated by agarose gel electrophoresis, and probed with NE4 (a)
and NE1 (b). Sizes of marker DNA fragments are shown on the left of
each panel.

Figure 1. Separation of Fd- and NADH-GOGAT by anion-exchange
column chromatography. The crude extracts of wild-type, HOF12,
HOB12, and HOD12 strains of P. boryanum were applied to a
Resource-Q column (0.64 3 3 cm) and eluted with a linear gradient
of NaCl at a flow rate of 1.0 mL/min as described in “Materials and
Methods.” Elution profiles of Fd- and NADH-GOGAT were moni-
tored by assay of their activities using 10 mM Fd and 1 mM NADH as
electron donors, respectively.
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common restriction fragments hybridizable with probe 2, a
4.1-kb EcoRI fragment (FE1), and 1.5- and 3.5-kb HindIII
fragments (FH1 and FH2, respectively) (data not shown).
Multiple sequence analysis of these subfragments and in-
spection of overlapping regions revealed the complete nu-
cleotide sequence of a 6063-bp region from the XbaI to the
HindIII site (Fig. 3). There was an open reading frame
encoding 1551 amino acids (ORF 1551), which shared sig-
nificant homology with maize glsF encoding Fd-GOGAT
(Sakakibara et al., 1991). ORF 1551 was disrupted by inser-
tion of the neo cassette into the NheI site within its coding
region (Fig. 3). The disrupted mutant, HOF12, lost its Fd-
GOGAT activity completely (Table I); only the peak for the
activity of NADH-GOGAT was detected on a chromato-
gram of the total cell extract (Fig. 1). These results con-
firmed the identification of ORF 1551 as glsF, which en-
codes Fd-GOGAT.

Growth Experiments on NADH-GOGAT- and Fd-GOGAT-
Deficient Mutant Cells

Growth analysis was undertaken using gltB-, gltD-, and
glsF-disrupted mutants (HOB12, HOD12, and HOF12, re-
spectively) and the control strain (YFD1). All were culti-
vated photoautotrophically in a medium containing 10 mm
NH4Cl as a nitrogen source with aeration of 2% CO2 in air
under two different light intensities of 25 and 160 mE m22

s21. Under the more intense light condition, the cells of
HOF12 developed a yellow color markedly different from
those of HOB12, HOD12, and YFD1, and their growth
curve, based on turbidity of the culture, showed a sigmoi-
dal shape, whereas those of HOB12, HOD12, and YFD1
showed normal hyperbolic shapes (Fig. 4A). The sigmoidal
growth curve was due to the yellow coloration, because the

Figure 3. Physical map of the Fd-GOGAT gene (A) and Southern
analysis of the genome of the glsF-disrupted mutant (B). A, The open
reading frame ORF 1551 (glsF) is contained in a 8.5-kb DNA region
of the P. boryanum genome. The position of the amplified fragment
(probe 2) by PCR is shown with a heavy bar. Various subcloned
fragments (FH1, FH2, FSH1, and FE1) indicated with double-headed
arrows were used for the sequence analysis, and a region of 6063 bp
from XbaI to HindIII was determined. The region indicated by the
dotted line was not sequenced. The SalI site at the end of FSH1 was
derived from a linker sequence of the l-cloning vector. The position
and direction of neo gene cassette inserted into NheI site of glsF is
shown below the physical map. The accession number for this
genomic sequence is D85735. B, Genomic DNAs (1 mg of each) from
wild type (lanes 1) and glsF disruptants (HOF11, lanes 2; HOF12,
lanes 3) were digested separately with EcoRI and HindIII, size-
fractionated by agarose gel electrophoresis, and probed with the FH2
fragment.

Figure 4. Growth curves and tonalities of the control (YFD1), Fd-
GOGAT-deficient (HOF12), and NADH-GOGAT-deficient (HOB12
and HOD12) strains of P. boryanum under different photoautotro-
phic conditions. The four strains were cultivated in a modified BG11
medium containing 10 mM NH4Cl under high light (165 mE m22 s21)
(A) and low light (25 mE m22 s21) (B) with aeration with a supplement
of 2% CO2 or under high light (165 mE m22 s21) with aeration
without the CO2 supplement (C). Growth was monitored by turbidity
in Klett units. Culture bottles of the four strains were photographed at
different growth stages as indicated by arrows labeled a, b, and c in
A and d, e, and f in B.
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actual growth rate of HOF12 (doubling time, 9 h), which
was measured on a cell-fresh-weight basis, was not se-
verely reduced compared with that of the control strain
(doubling time, 7 h) (data not shown). When these strains
were grown under the lower light intensity (Fig. 4B) or
under conditons in which the 2% CO2 supplement was
omitted from the aeration gas (Fig. 4C), all of them grew in
the same manner (doubling times of 17 or 32 h, respective-
ly). Therefore, the yellow coloration of HOF12 appeared
when this mutant was grown under conditions for efficient
carbon assimilation (high CO2 and high light). The same
phenotype of HOF12 was also observed when the cells
were grown in culture medium containing nitrate instead
of ammonia (data not shown). Under heterotrophic condi-
tions in the dark, no remarkable phenotype was observed
in any mutant strain (data not shown).

Imbalance of Nitrogen and Carbon Assimilation in the
Fd-GOGAT-Deficient Mutant

The results described above suggested that considerable
changes in the contents of the cellular pigments and pro-
teins were induced by the deficiency of Fd-GOGAT. This is
clearly demonstrated in Table II. The contents of chloro-
phyll and phycobiliproteins were decreased in HOF12 by
2.5- to 3.3-fold from those in HOB12 and YFD1.

The capacities for carbon and nitrogen assimilation were
compared between HOF12 and YFD1 by measuring the
rates of the O2 evolution and ammonium uptake from the

culture medium. As shown in Figure 5, the rates of O2

evolution increased similarly up to saturating levels of
approximately 2.5 nmol mg21 chlorophyll min21 with in-
creasing light intensities in both strains. On the other hand,
the two strains differed significantly in their capacity for
ammonia utilization (Fig. 6): The rate of ammonia uptake
in the control strain increased in response to the increasing
light intensities, whereas no such increase in response was

Figure 5. The rate of CO2-dependent oxygen evolution as a function
of light intensity in the control (YFD1) and Fd-GOGAT-deficient
(HOF12) strains of P. boryanum. The cyanobacterial cells were
suspended in nitrate-free BG11 medium. After addition of 10 mM

NaHCO3 to the medium, oxygen evolution was measured under
increasing light intensities from 10 to 210 mE m22 s21.

Figure 6. Time course of ammonia consumption in control (YFD1)
and Fd-GOGAT-deficient (HOF12) strains of P. boryanum under
different photoautotrophic conditions. Cyanobacterial cells at the
exponential growth stage were inoculated into a BG11 medium
containing 4 mM NH4Cl at a density of 200 Klett and cultured for an
additional 6 h under one of four conditions: 165 mE m22 s21 (F), 75
mE m22 s21 (M), 25 mE m22 s21 with aeration with 2% CO2 supple-
ment (ƒ), or 165 mE m22 s21 with aeration without the CO2 supple-
ment (E). The concentrations of ammonium ion in the medium were
measured at the indicated culture times.

Table II. Chlorophyll and phycobiliprotein content in the control strain and GOGAT disruptants of
P. boryanum cultured under the high light condition (165 mE m22 s21) with aeration by 2% CO2

Strain Chlorophyll Phycocyanin Allophycocyanin

mg mg21 protein

YFD1 (control) 73 265 6 20 275 6 16
HOF12 (glsF mutant) 28 80 6 7 111 6 9
HOB12 (gltB mutant) 71 273 6 9 285 6 12
HOD12 (gltD mutant) 67 277 6 14 289 6 13
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found in HOF12. The increase in the rate of the ammonium
uptake was dependent on the availability of CO2, because
removal of the supplemental CO2 from the aeration gas
resulted in a decrease in the rate.

DISCUSSION

We present definitive evidence that, like higher plants,
the filamentous cyanobacterium P. boryanum has both Fd-
and NADH-GOGATs. Fd-GOGAT is encoded by glsF and
NADH-GOGAT is encoded by gltB and gltD. The overall
structures of P. boryanum Fd- and NADH-GOGATs are
similar to those of higher-plant GOGATs, except that P.
boryanum NADH-GOGAT consists of two subunits with
molecular masses of 160 and 60 kD. NADH-GOGATs from
alfalfa (Gregerson et al., 1993) and rice (accession no.
AB001916) are known to be single polypeptides with mo-
lecular masses of approximately 220 kD. The large and
small subunits of P. boryanum NADH-GOGAT correspond
to the N- and C-terminal domains of the higher-plant
NADH-GOGAT, respectively.

In a previous report of gltB and gltS, the GOGAT genes
of the unicellular cyanobacterium Synechocystis sp. PCC
6803 (Navarro et al., 1995), the authors postulated that the

two genes encoded distinct Fd-GOGATs because mutant
strains with either gltB or gltS inactivated still retained a
significant activity of Fd-GOGAT. However, the complete
genomic sequence of this cyanobacterium contained an
open reading frame, sll1027, which was homologous to
gltD of P. boryanum NADH-GOGAT, at a site far from gltB
(Kaneko et al., 1996). We constructed phylogenetic trees of
GOGATs from representative organisms (Fig. 7). Synecho-
cystis sp. PCC 6803 GltS and GltB proteins are closely
related to P. boryanum GlsF protein in the branch for Fd-
GOGAT and GltB protein in the branch of NADH-GOGAT,
respectively. The protein encoded by sll1027 fits into the
group of small subunits of NAD(P)H-GOGATs. Therefore,
the previous assignment of gltB of Synechocystis sp. PCC6083
as the gene for Fd-GOGAT needs to be reexamined.

For the first time to our knowledge, we were able to
inactivate each of the P. boryanum Fd- and NADH-GOGAT
genes in a single species, and the analysis of the resultant
mutants has enabled us to examine the physiological roles
of the two distinct GOGATs. In higher plants Fd-GOGAT is
widely known to function in photorespiratory metabolism.
In the Fd-GOGAT-deficient mutants of Arabidopsis (Som-
erville and Ogren, 1980) and barley (Kendall et al., 1986),
NADH-GOGAT present at the normal wild-type level con-
tributes to the primary nitrogen assimilation sufficient for
growth of the plants under nonphotorespiratory condi-
tions. In their metabolism of photorespiration, cyanobacte-
ria differ from higher terrestrial plants. It is questionable
whether the photorespiratory glycolate pathway operates
actively in cyanobacteria (Colman, 1989), because cya-
nobacterial cells have the capacity to accumulate inorganic
carbon inside the cell by actively taking up CO2 and
HCO3

2 from their environment (Aizawa and Miyachi,
1986) and because Rubisco may be protected from O2 in-
hibition by sequestration in carboxysomes (McKay et al.,
1992).

With these concerns in mind, we measured the growth,
ammonia uptake, and CO2-dependent O2 evolution of the
P. boryanum GOGAT mutants under different CO2 and
light conditions. The remarkable phenotype of nitrogen
deficiency was observed only in the Fd-GOGAT mutant
grown under high CO2 and high light intensity (Fig. 4;
Table II). This defective phenotype is caused by the inabil-
ity to assimilate inorganic nitrogen and carbon in a coor-
dinated fashion. In the control strain, the rate of ammonia
uptake increased in response to increasing light intensity,
and this light-driven uptake of ammonia was suppressed
by removal of the supplemental CO2 in the culture medium
(Fig. 6). The suppression of the nitrate utilization by low
availability of CO2 was also previously reported with Syn-
echococcus sp. strain PCC6301 (Flores et al., 1983). These
data suggest that the nitrogen and carbon metabolisms
interact with each other to balance these elements in cya-
nobacterial cells. In contrast, the Fd-GOGAT mutant shows
no significant increase in the rate of the light-driven am-
monia uptake under high CO2 (Fig. 6), whereas O2 evolu-
tion increases in a light-dependent manner similar to that
of the control strain (Fig. 5).

Figure 7. Phylogenetic trees of Fd- and NAD(P)H-GOGATs. A, Tree
for Fd-GOGAT and the large subunit (or the N-terminal domain) of
NAD(P)H-GOGAT; B, tree for the small subunit (or the C-terminal
domain) of NAD(P)H-GOGAT. The trees were constructed with the
UPGMA program as described in “Materials and Methods.” Included
sequences are from Antithamnion sp. Fd-GOGAT (Valentin et al.,
1993), maize Fd-GOGAT (Sakakibara et al., 1991), P. boryanum
Fd-GOGAT (GlsF) and NADH-GOGAT (GltB and GltD) (this study),
alfalfa NADH-GOGAT (Gregerson et al., 1993), Synechocystis sp.
PCC 6803 Fd-GOGATs (GltS and GltB) (Navarro et al., 1995), Syn-
echocystis sp. PCC 6803 sll1027 (Kaneko et al., 1996), Azospirillum
brasilense NADPH-GOGAT (GltB and GltD) (Pelanda et al., 1993),
and E. coli NADPH-GOGAT (GltB and GltD) (Oliver et al., 1987).
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Under the lower light condition, where photosynthetic
carbon assimilation is limited, all strains grew similarly
and the Fd-GOGAT mutant did not suffer from nitrogen
deficiency (Fig. 4). It is noteworthy that when the Fd-
GOGAT mutant was grown photomixotrophically with a
supplement of 2% Glc in the culture medium, the mutant
showed the nitrogen-deficiency phenotype even under the
lower light condition (data not shown). These phenotypic
characteristics indicate that NADH-GOGAT present at the
wild-type level (Table I) is able to support nitrogen assim-
ilation to a certain extent, but this contribution is not suf-
ficient for the great demand for nitrogen assimilation by
the cells growing rapidly with sufficient recent photosyn-
thate of CO2 or exogeneously added carbohydrate.

We have not yet found any defective phenotype for the
NADH-GOGAT mutant. The mutant grows normally in
darkness and under conditions of anaerobic nitrogen fixa-
tion (data not shown). Therefore, nitrogen assimilation can
be supported solely by Fd-GOGAT under conditions in
which photoreducing power is not available, suggesting
that a system for the donation of electrons from NADPH to
Fd is operative, as it is in the roots of higher plants (Mat-
sumura et al., 1997). We have not succeeded in generating
a double mutant with both genes inactivated.

In conclusion, Fd- and NADH-GOGATs are not essential
in P. boryanum and have some overlapping roles in primary
nitrogen assimilation under growth conditions irrespective
of photoautotrophy and heterotrophy. The contribution by
Fd-GOGAT to the photoassimilation of nitrogen becomes
dominant to that by NADH-GOGAT with increasing avail-
ability of carbohydrates. The Fd-GOGAT mutant thus be-
comes unable to maintain the cellular contents of nitroge-
nous compounds at the wild-type level in response to
carbohydrate sufficiency. In Arabidopsis two Fd-GOGAT
genes, Glu1 and Glu2, were recently identified, and the
mutants lacking Glu1 fail to increase chlorophyll accumu-
lation when exposed to high CO2 and inorganic nitrogen
concentrations (Coshigano et al., 1998). It is probable that
higher-plant Fd-GOGAT, which is essential for photorespi-
ration, also plays a role in the primary nitrogen assimila-
tion in leaves. The Fd-GOGAT mutant of P. boryanum with
the phenotype of conditional nitrogen deficiency will be
useful for further study of the in vivo roles of the GOGATs
in balancing nitrogen demands in cells grown under vari-
ous physiological conditions.
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