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The nucleotide sequence of a region located downstream of the nifB gene, both in the cyanobacterium
Anabaena sp. strain PCC 7120 and in Rhiizobium melloti, has been determined. This region contains a gene
(fdxN) whose predicted polypeptide product strongly resembles typical bacterial ferredoins. Cyanobacteria
have not previously been shown to contain bacterial-type ferredoxins. The presence of this gene suggests that
nitrogen-fixing cyanobacteria have at least four distinct ferredoxins.

The filamentous cyanobacterium Anabaena sp. strain
PCC 7120 will, if subjected to starvation for a source of fixed
nitrogen, undergo a developmental change in which approx-
imately every 10th cell differentiates to form a heterocyst
(12). The heterocyst provides an anaerobic environment in
which nitrogenase can function. Prior to expression of the
nitrogen fixation (nif) genes, at least two DNA rearrange-
ments must occur (10, 11). In one rearrangement, 11 kilobase
pairs of DNA is excised from within the 3' end of the nifD
gene, thereby restoring the nipD reading frame and allowing
expression of an intact nifHDK operon. The second rear-
rangement is now known to be the excision of approximately
55 kilobase pairs (J. W. Golden, C. D. Carrasco, M. E.
Mulligan, G. J. Schneider, and R. Haselkom, submitted for
publication). We have sequenced the DNA on both sides of
one of the breakpoints of the second rearrangement in the
heterocyst chromosome and found that a second group of nif
genes, consisting of the nijB, nifS, and nifi genes, is
juxtaposed as a result of the rearrangement. The detailed
description of this new group will be presented elsewhere.
Here, we report the sequence of a bacterial-type ferredoxin
which is found as part of this operon in Anabaena sp. strain
PCC 7120. The presence of a bacterial-type ferredoxin gene
adjacent to the nifB gene was first noted in Rhizobium
meliloti (3), and we report the sequence of that gene also.
Similar genes have recently been described in the same
location in Azotobacter vinelandii (16) and Bradyrhizobium
japonicum (7).

All manipulations described in this paper were performed
by standard techniques (18). The Anabaena sp. strain PCC
7120 gene was subcloned from pAnH20.1 (10). The R.
meliloti gene was subcloned from pRMB8.3R (3). Restriction
digests were carried out following the recommendations of
the manufacturer. DNA sequencing was performed both
chemically (19) and by the chain termination method with
both Escherichia coli DNA polymerase (24) and Sequenase
(U.S. Biochemical Corp.) (27).
The organization of genes in the Anabaena sp. strain PCC

7120 heterocyst chromosome (i.e., after rearrangement has
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occurred) is shown in Fig. 1. Six nif genes have been
identified. The genes for the major polypeptides of nitroge-
nase, nifH, niJD, and nifK, have been sequenced (17, 20, 21)
and are transcribed as an operon (13). The nilS gene was
originally identified on the basis of heteroduplex mapping as
either the nifV or the nilfS gene (23), and DNA sequence
analysis has revealed the existence of the nijB and nifU
genes (Fig. 1). Between the nilB gene and the nifS gene is a
short open reading frame (fdxN) that can code for a poly-
peptide of 116 amino acids (Mr, 13,177). The DNA sequence
of this reading frame is given in Fig. 2. The most remarkable
feature of the predicted product of this gene is its similarity
to bacterial ferredoxins, since bacterial-type ferredoxins in
cyanobacteria have not previously been described. This
similarity is reflected in the presence of the two cysteine
clusters. The first cluster is of the type CXXCXXCXXXCP.
This sequence is typically found in bacterial ferredoxins and
other redox proteins that contain 4Fe:4S clusters. The
second cluster is similar to the first except that it is split into
two parts, CXXC and CXXXCP, with the two parts sepa-
rated by nine amino acids. The split second cysteine cluster
is a feature found in a number of ferredoxins that have been
described in photosynthetic and nitrogen-fixing bacteria, and
it is not restricted to these nifB-linked gene products (2, 9).
The gene contains a directly repeated sequence in which 18
of 21 base pairs are identical; at the amino acid level, six of
seven residues are identical. This repeating sequence is not
found in other nilB-linked ferredoxins, and its significance is
not known.
The fdxN gene in Anabaena sp. strain PCC 7120 is also

affected by the DNA rearrangements that occur during
heterocyst differentiation. In the vegetative cell chromo-
some, the 5' and 3' ends of the gene are separated by
approximately 55 kilobase pairs of DNA (Golden et al.,
submitted). Under aerobic or anaerobic inducing conditions,
this DNA is excised, thereby completing thelfdxN gene. It is
also probable that fdxN is transcribed as part of an operon
comprising nilB, fdxN, nifS, and nifU. A complete transcrip-
tional analysis of this operon will be presented elsewhere.
However, the TaqI-ThaI fragment shown in Fig. 1 was used
to analyze transcription through the rearrangement break-
point that is located within fdxN (10). Transcription of this
fragment occurs only after rearrangement has taken place
(10).
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FIG. 1. Restriction map of the Anabaena sp. strain PCC 7120 heterocyst genome in the vicinity of the fdxN gene. The upper part of the
figure shows the nifgenes that are found next tofdxN. All are transcribed from right to left. The solid vertical arrow indicates the breakpoint
of the large (55-kilobase excision) rearrangement. The restriction sites shown are for Hindlll (H) and EcoRI (R). The lower part of the figure
shows the strategy used to determine the sequence of the Taql-ThaI fragment containing the fdxN gene. kb, Kilobase pair; bp, base pair.

We have also sequenced the corresponding region in R.
meliloti. This region (Fig. 3) comprises four fix genes and
two nifgenes in'addition to,fdxN. The DNA sequence of the
fix and nifgenes has been determined previously (3, 4, 6); the

-10 10 20
AGGGAATAATC ATG GCT TAC ACT ATC ACC AGC

Met Ala Tyr Thr Ile Thr Sex

sequence of the fdxN gene is given in Fig. 4. The gene can
code for a small polypeptide of 64 amino acids (Mr, 6,821).
The predicted polypeptide contains two cysteine clusters
similar to those in Anabaena sp. strain PCC 7120. The first is

30 40
CAA TGT ATT TCC TGC AAG CTC TGT TCG

r Gln 5 Ile Ser Sy Lys Leu Cys Ser

50 60
TCT GTA TGC CCC
Ser Val =C Pro

110
TCC GAA CTG TGT
Ser Glu Leu Cys

170
GGT TGT CCT ACT
Gly C= Pro Thr

220 230
TTT GCT AAC TAC
Phe Ala Aan Tyr

70
ACT GGT GCA ATT
Thr Gly Ala Ile

120
ACA AAT
Thr Asn

180
TGC GAT GGT
Cys Asp Gly

240
AAC CGA GTT
Asn Arg Val

80
AAA ATC GCT
Lys Ile Ala

90
GAA AAC GGA CAG
Glu Asn Gly Gln

130 140 150
TGC GTT GAT ACC GTC TAC ACA GTC CCA
= Val Asp Thr Val Tyr Thr Val Pro

100
CAC TGG ATT GAC
His Trp Ile Asp

160
CAA TGT AAA GCT
Gln S Lys Ala

190 200 210
TGC GTT AAA GTA CCT AGC GAT TAT TGG GAA GGC TGG
Cys Val Lys Val Pro Ser Amp 2= lzW 91u Gly 2=

250
ATA GCG AAA TTG ACA
Ile Ala Lys Leu Thr

260 270
AAA AAA CAA GAC TAT TGG GAA
Lys Lys Gln Aa= 2y 2x= O1u

280
CGT TGG

340
GAA ATC
Glu Ile

290 300 310 320
TTT AAT TGT TAT TCT CAG AAA TTT TCC GAA CAG CTA CAA AAG
PRha Asn Cys Tyr Ser Gln Lys Phe Ser Glu Gln Leu Gln Lys

330
CAT CAG GGT
His Gln Gly

350 360 370TZaaI
TTA GGG GTA TAA AG ATG AGT GTT ATT TAT CTC GAT
Leu Gly Val * Met Ser Val Ile Tyr Leu Asp

FIG. 2. Nucleotide sequence and translation product of the Anabaena sp. strain PCC 7120fdxN gene. The DNA sequence is numbered
from the initiation codon of the gene. A possible ribosome-binding-site (26) sequence is underlined. The 5-base-pair core sequence (double
underlined) of the large rearrangement (10) is located from residues 293 to 297. The conserved amino acids of the two cysteine clusters are
double underlined. Two directly repeating sections of the predicted amino acid sequence are underlined. The stop codon is indicated by an
asterisk. The first seven codons and corresponding amino acids of the nifS gene are also listed.
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FIG. 3. Restriction map of R. meliloti in the vicinity of the fdxN gene. The upper part of the figure shows that fourfix genes and two nif
genes that are found next to fdxN. All are transcribed from right to left. This map has been adapted from maps in references 3 and 6.
Restriction sites shown are for HindIll (H), EcoRI (R), PstI (P), and BamHI (B). The lower part of the figure shows the strategy used to
determine the sequence of the gene. kb, Kilobase pair; bp, base pair.

a typical bacterial 4Fe:4S cluster; the second is also a split
cluster in which the two parts are separated by eight amino
acids.

Recently, genes coding for ferredoxinlike proteins have
been described in A. vinelandii (orj2) (16) and B. japonicum
(frxA) (7). The genes are located immediately downstream of

the nifB gene in both of these organisms. The similarity
between thefdxN gene products ofAnabaena sp. strain PCC
7120 and R. meliloti and the other nifB-linked ferredoxins is
shown in Fig. 5. All four genes are approximately 55%
similar at both the DNA and protein levels. The R. meliloti
and B. japonicum genes and their products are the most

-10 Dral
AACa&GTTTAAA ATG

Met

10
GCC TTC AAG ATT ATT

Ala Phe Lys Ile Ile

20
GCA TCT
Ala Ser

30
CAA TGC ACT
Gln Cys Thr

40
CAG TGC GGC GCC TGC
Gln Sys Gly Ala Sys

70
CCG CGG GGG GCG GTC
Pro Arg Gly Ala Val

80
AAT TTC
I.sn Phe

90 100
AAA GGC GAG AAA TAC GTG ATT GAC
Lys Gly Glu Lys Tyr Val Ile Asp

120
AAA TGC AAC GAA TGC
Lys v Asn Glu Us

130
AAG GGA
Lys Gly

140
GGA TTC GAC ACA CAG
Gly Phe Asp Thr Gln

150 160
CAA TGC GCA TCG GTC
Gln Cys Ala Ser Val

170
TGT CCG GTG TCG
Cys Pro Val Ser

18Q
AAC ACC TGC
Asn Thr Cys

190 200 210 220
GTC CCT GCC TGA GCTCCTACCA ATATGTTCCG ACAGAACTTC
Val Pro Ala *

230 PstZIL
GATTTTAAGG TCCTGCAG

FIG. 4. Nucleotide sequence and translation product of the R. meliloti fdxN gene. The DNA sequence given is that of the DraI-PstI
fragment shown in Fig. 3, along with 6 base pairs upstream of the DraI site, which was determined on one strand. The DNA sequence is
numbered from the initiation codon. A possible ribosome-binding-site (26) sequence is underlined. The DNA sequence up to position 21
(double underlined) is identical to that already published (3). The conserved amino acids of the two cysteine clusters are double underlined.
The stop codon is indicated by an asterisk.

50
GAG TTT
Glu Phe

60
GAA TGT
Glu =

110
CCG ACC
Pro Thr

X.
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A. sp.

R.m.

B.j.

A.v.

N.t.

MAY-TITSQCISCKLCSSVCPTGAIKIAENGQHW--- IDS----ELCTNCVDTVYTVPQCKAGCPTCDGCVKVPSDYWEGWFANYNRV...
1 111 I 11111 II II I I I 11 11

MAFKIIASQCTQCGACEFECPRGAINFKGEKYV----IDP----TKCNECKGGFDT-QQCASVCPVSNTCVPA
1I1I11111 I I II 11 11 11 1: 11 1 :1 11 III III III

MPFKIIASQCTSCSACEPLCPNVAISEKGGNFV----IEA----AKCSELRGHFDE-PQCAAACPVDQTCVVDRALPRYQAPV
11: 11111 11I 1111 11111 1ii 1 111 111: :

MALKIVES-CVNCWACVDVCPSEAISLAGPHFE---- ISA----SKCTECDGDYAE-KQCASICPVEGAILLADGTPANPPGSLTGIPPE...
11:M1:1T11u11::1 1 -l :KI FIE11:*:

MSHSVKIYDT-CIGCTQCVRACPTDVLEMIPWDGCKAXQIASAPRTEDCVGC----KRCESACPTDFLSVRVYLWHETTRSMGLAY

a KIi SqC C aC CP AI g I kC eC g qCas CPv cV

FIG. 5. Comparison of the predicted amino acid sequences of four nifB-linked ferredoxin genes and a chloroplast ferredoxin gene. The
niuB-linked gene products are from Anabaena sp. strain PCC 7120 (A.sp.), R. meliloti (R.m.), B.japonicum (B.j.) (7), and A. vinelandii (A.v.)
(16). The chloroplast gene product is that of the psaC gene of tobacco (N.t.) (14). The amino-terminal methionyl residues are included even
though this residue is absent in many bacterial ferredoxins. The Anabaena sp. strain PCC 7120 and A. vinelandii sequences are truncated;
there are no significant similarities in the unlisted regions. Identical residues are indicated by vertical lines between the sequences;
conservative replacements are indicated by colons. Not all matches are marked. Alignments were based on the cysteinyl residues, and gaps
were inserted as necessary. The conserved cysteinyl residues are in boldface. A consensus of all five sequences is given below the
comparison.

similar, particularly at the 5' and amino-terminal ends. All
the proteins contain 17 or 18 amino acid residues between
the first and second cysteine clusters, and all have a split
second cysteine cluster with either eight or nine residues
separating the two parts. The lengths of the nifB-linked gene
products are variable; the R. meliloti product is the most
typical of bacterial ferredoxins. The net charge, which is
usually highly negative for bacterial ferredoxins, is +1 for
the Anabaena sp. strain PCC 7120 gene product and 0 for the
R. meliloti and B. japonicum gene products. Only the A.
vinelandii gene product, with a net charge of -7, is typical of
bacterial ferredoxins. The structure and evolution of bacte-
rial ferredoxins is discussed extensively in some recent
papers (2, 8, 9).

Figure 5 also indicates the similarities between the nifB-
linked ferredoxins and a component of photosystem I in
chloroplasts which is the product of the psaC (also called
frxA) gene (14, 15, 28). The chloroplast protein has 25
residues separating the two cysteine clusters, and the second
cluster is not split. Of the five gene products listed in Fig. 5,
only the chloroplast protein has been purified. It has been
isolated from a membrane fraction of chloroplasts (15, 28).
Hydropathy profiles of the four nijB-linked ferredoxins are
consistent with the possibility that they are also membrane
associated (data not shown).
The function of the nijB-linked fdxN gene products is not

known. The location of the genes among nif genes is sugges-
tive of a role in nitrogen fixation. However, no role for the
corresponding gene could be defined genetically in B. japo-
nicum (7). Any proposed function in Anabaena spp. is
complicated by the presence of two well-characterized sol-
uble plant-type ferredoxins in Anabaena variabilis ATCC
29413. One of these is synthesized only in heterocysts and
has been shown to transport reducing equivalents to nitro-
genase in vitro, whereas the other is synthesized both in
vegetative cells and in heterocysts but does not function in
vitro in a nitrogenase assay (25). The gene coding for the
former ferredoxin, fdxH, has recently been cloned and
characterized in Anabaena sp. strain PCC 7120. It is located
approximately 5 kilobase pairs downstream of the nifK gene;
it is transcribed only under nitrogen-fixing conditions and in
the same direction as nifK (H. Bohme and R. Haselkorn,
Mol. Gen. Genet., in press).

It is likely that Anabaena sp. strain PCC 7120, as well as
other nitrogen-fixing cyanobacteria, contains a minimum of
four ferredoxins. Two are of the plant type, and two are of
the bacterial type. The plant-type ferredoxins are encoded

by the petF gene (1) and by the fdxH gene (Bohme and
Haselkorn, in press). One of the bacterial ferredoxins is the
nijB-linked ferredoxin that is encoded by thefdxN gene. The
other is the 9-kilodalton component of photosystem I, which
is encoded by the psaC gene. Neither this gene nor its
product has yet been described in cyanobacteria, but since
there is a great deal of similarity between cyanobacterial and
chloroplast photosystems, the gene and its product probably
exist. In view of this diversity of genes and gene products,
we propose that ferredoxin genes, at least in cyanobacteria,
be described by a dual system of nomenclature. We have
adopted the prefix fdx to describe ferredoxins of both the
plant and bacterial types. (The prefix frx has been used to
describe only the genes for 4Fe:4S gene products in the
chloroplast (5, 22) and the nijB-linked ferredoxin gene, frxA,
in B. japonicum (7). In view of the likely presence in
Anabaena sp. strain PCC 7120 of a psaC gene, which has
also been called frxA, this name is not suitable for the
nifl-linked ferredoxin.) Each locus is then named for the
general function of its gene product in cellular metabolism.
In addition, each is identified by an alternative name that
indicates the specific function of its product in the cell and its
relationship to other genes required for the same function.
Hence, fdxV is another name for petF, the gene for the
vegetative cell ferredoxin, and fdxP is another name for
psaC, the gene for the 9-kilodalton component of photosy-
stem I. NeitherfdxN (for nifB linked) norfdxH (for hetero-
cyst specific) have had any specific name assigned to them
yet.
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the Monsanto Company. W.J.B. was supported by a postdoctoral
fellowship from the American Cancer Society.
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