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Nucleotide sequence of the nifHDK operon in the aerobic
nitrogen-fixing unicellular Synechococcus RF-1
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Abstract. A 5 kb nucleotide sequence which included nifHDK operon was determined. The amino acid sequences
deduced from the nifH, nifD, and nifK of Synechococcus RF-1 and from Anabaena 7120 were compared. The start
site of transcription was located by primer extension analysis. A region of 405 bp just upstream from the 5' end of
nifH showed considerable sequence similarity to the nifU sequences of Anabaena 7120.
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Introduction

The nitrogenase which catalyzes the reduction of atmo-
spheric nitrogen to ammonia is a complex consisting of
three different kinds of polypeptide encoded by nifH, nifD,
and nifK, respectively. The molecular structure of nifHDK
operon has been analyzed in eubacteria, photobacteria, and
cyanobacteria. The nucleotide sequence for the coding
region of nif genes among different microorganisms is
highly conserved. However, the arrangement of nifH, nifD,
and nifK is either in a contiguous or noncontiguous array.
The nifH, nifD, and nifK in the eubacteria system such as
in Klebsiella pneumoniae (Roberts and Brill, 1981), or RAi-
zobium meliloti (Corbin et al., 1982), and in the non-
oxygenic photosynthetic bacteria, such as in
Rhodopseudomonas capsulata (currently, Rhodobacter
capsulatus), are linked in a single nifHDK operon (Avtges
et al., 1983). In the cyanobacteria, two types of arrange-
ment are found. Those in the nonheterocystous anaerobic
nitrogen-fixing cyanobacteria such as in the
Synechococcus 7335, Synechococcus 7425, or
Pseudoanabaena 7409 are linked in a contiguous array
(Kallas et al., 1985). However, those in heterocystous
cyanobacteria such as in Anabaena 7120, nifH is linked
to nifD, whereas nifK is separated from nifD by about 11
kb in the vegetative cells (Mazur et al., 1980). A rearrange-
ment of the nif genes takes place during the initiation of
heterocyst development (Golden et al., 1985).

Among the unicellular cyanobacteria, a few isolates are
able to fix nitrogen aerobically. They can be morphologi-
cally grouped into sheathed and sheathless forms (Water-
bury and Rippka, 1989). These aerobic nitrogen-fixing
cyanobacteria fix nitrogen almost exclusively during the
dark periods when grown in a diurnal 12 h/12 h light-dark
regimen. The properties of the nitrogenase activity in
Synechococcus RF-1, one of the sheathless aerobic nitro-
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gen-fixing unicellular cyanobacteria have been well char-
acterized. When the culture was exposed to a diurnal 12 h
light/12 h dark (L/D) regimen, the nitrogenase activity ex-
hibited a rhythmic pattern with the nitrogenase activity
peak occurring in the dark phase. This rhythmic pattern
persisted for several days after the culture was transferred
to continuous light (L/L) (Grobbelaar et al., 1986). The
nitrogenase activity thythm was also found to be tempera-
ture compensated when the temperature was changed
within the physiological range. These results indicate that
the nitrogenase activity in Synechococcus RF-1 is con-
trolled by a “circadian clock” (Huang et al., 1990), a phe-
nomenon which does not occur with other nitrogen-fixing
microorganisms.

The nucleotide sequence of the nifHDK operon in het-
erocystous cyanobacteria has been well characterized.
However, there have been no reports on the molecular
structure of the nif genes in unicellular cyanobacteria. In
this report, the nucleotide sequence of nifHDK operon in
Synechococcus RF-1 is examined.

Materials and Methods

Isolation of DNA from Synechococcus RF-1

Axenic Synechococcus RF-1 were grown in BG-11,
according to the conditions described previously (Chou et
al., 1989). Since the surface of Synechococcus RF-1 con-
tained an unknown compound which will interact with ly-
sozyme, the cells collected by centrifugation were washed
twice in distilled H,O by vibration with Vortex (Model K-
550-G) at the maximum speed for 1 min at room tempera-
ture. The cells were transferred to 5 ml 6 M guanidine-HC1
and vibrated for 1 min (Votex) at room temperature. The
guanidine-HCI treatment was repeated once. The cells
were then washed with distilled H,O three times to remove
the guanidine-HCI and then suspended in 10 mM Tris-
EDTA buffer (TE), pH 8.0. Lysozyme was added to have
a final concentration of 10 mg/ml. The cells were then in-
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cubated at 37°C with gentle shaking (100 rpm/min) for 1
h. The cells were collected by centrifugation and then
resuspended in solution containing 2% SDS, 0.05 M
EDTA, and 20 ug/ml RNase A. The cell suspension was
incubated at 37°C for 1 h. Proteinase K was added after
the incubation to a final concentration of 100 xg/ml
followed by re-incubation at 60°C for 1 h. The final sus-
pension was extracted gently with phenol:chloroform (1:1
v/v). The phenol contaminated in the DNA containing
aqueous phase was removed by chloroform:
isoamylalcohol (24:1 v/v). DNA in the liquid phase was
precipitated with 2 times the volume of ethanol (-20°C)
in the presence of 0.2 M NaCl. The precipitated DNA was
collected with a glass stirring rod and then solubilized in
TE buffer.

Construction of a Genomic Library

A genomic DNA library was prepared using DNA from
Synechococcus RF-1. Genomic DNA was partially di-
gested with Sau3A, and the DNA fragments with sizes
from 10 to 23 kb were isolated from low melting-point
agarose (Sambrook et al., 1989). The size-fractionated
fragments were ligated into BamH1-digested EMBL4
according to the protocol provided by Stratagene Com-
pany, La Jolla, California, USA.

Cloning of the nif Genes

The genomic library of Synechococcus RF-1 prepared
in A EMBL4 from a partial Sau3A digest was used for the
nif gene cloning. Plasmids pBR322 containing nifH or nifK
cloned from Anabaena (Rice et al., 1982) were used as
probes for cloning the nif genes. The nifH or nifK probes
were labeled with the digoxigenin using the DIG lumines-
cent detection kit according to the instructions of the
manufacturer Boehringer Mannheim. About 3,000 recom-
binant plaques of the genomic library were immobilized
on nylon membranes (Micron Separations Inc.) and pre-
treated according to the procedures described by
Sambrook et al. (1989). The membranes were hybridized
with the digoxigenin (DIG)-labeled nifH or nifK probe ac-
cording to the instructions of the manufacturer Boehringer
Mannheim. Positive plaques were purified and amplified
for DNA extraction.

Nucleotide Sequencing

Restriction fragments containing the nif gene were
subcloned into pGEM7(-). The nucleotide sequence of
both strands of the plasmid DNA was determined by
dideoxy chain termination on an A.L.F. Pharmacia auto-
mated DNA sequencer according to the manufacturer’s
protocols. Sequencing of the double-stranded DNA was
first carried out with the universal sequencing primer us-
ing the Auto Read Sequencing Kit (Pharmacia-LKB) fol-
lowing the supplier’s instructions. Oligonucleotide primers
were utilized to complete sequencing of both strands. The
extent of identity of the derived amino acid sequence of
Synechococcus nif genes to those encoded by other nif
genes was searched for in the PC Gene, Intelli Genetics.
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Isolation of Total RNA

Exponentially growing cells (about 2x107 cells/ml) of
Synechococcus RF-1 were collected by centrifugation,
washed with 1 ml of distilled water, and then collected in
a 1.5 ml screw-top vial (about 6x108 cells per vial). Teflon-
coated sea-sand (0.1 g; 0.1~0.3 mm diameter; Merck), 0.5
ml solution D (4 M guanidine thiocyanate, 25 mM sodium
citrate, 0.5% sodium lauryl sarcosinate, and 0.72%
mercaptoethanol), 0.5 ml water saturated hot phenol
solution (80°C), 0.1 ml 2 M sodium acetate (pH 4.0), and
0.1 ml Chloroform-isoamyl alcohol (24:1) were added. The
cells were broken by vibration with a Mini-Beadbeater
(Biospec, USA) set at high speed for 50 sec followed by
300 sec at low speed. The broken cells were cooled in ice
water for 5 min and then centrifuged at 13,000 g for 5 min.
The supernatant was collected and an equal volume of ab-
solute ethanol was added. The total RNA was collected
after cooling at -70°C for more than 1 h, and then sus-
pended in 0.3 ml diethyl pyrocarbonate (DEPC)-pretreated
water in the presence of 10% (v/v) 3 M sodium acetate
(pH 4.8). The RNA solution was repeatedly extracted with
an equal volume of phenol-chloroform (1:1). The RNA
containing aqueous phase was collected and maintained
at -70°C after adding absolute ethanol (-20°C) in an
amount 2.5 times its volume.

Primer Extension Analysis

The RNA prepared according to the procedures de-
scribed under “Isolation of Total RNA” above was used
as template. An oligonucleotide with the sequence
5’GACTTACCGATACCGCCTTTTCCGTAA3', which is
complementary to the coding sequence from positions 44
to 18 of the nifH gene (Figure 1), was used as primer.
About 5 to 20 ug RNA dissolved in DEPC-pretreated wa-
ter was mixed with 2 ul primer (10 gg/ml) in a 1.5 ml
Eppendorf tube. The mixture was kept in a 65°C water
bath for 10 min and then reset at 42°C. After the tempera-
ture had decreased from 65°C to 42°C naturally (about 30
min), 1.5 ul of 10xRT buffer (reverse transcription buffer,
Stratagene), 2 ul of diluted ANTP mix (Sequenase Version
2.0 DNA sequencing kit, United States Biochemical), 2

BamHl/Sau3A EcoRI
BamHl/Sau3A Xbal Xbal
l ! niffl  niD niﬂf” '
P — v ——)
C NF-1{4.2kb) [
[ NF-2(4.7kb) |
| NF-3(3kb) |

Figure 1. Schematic representation of a 7.2 kb locus of the
Synechococcus RF-1 chromosome containing the nifHDK
operon. The locations of the DNA fragment from the subcloned
recombinants (NF-1, NF-2, and NF-3) used for the sequence
analysis are shown by open bars. The 5 kb region was sequenced
(Figure 2). The unsequenced downstream region (2.2 kb) is in-
dicated by the dashed line.
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Z GATCTEACCACA A A AT TACCAAC T A TETTAAAGCC GRTERACCATG TAGTTOT
A1 TaTC T T T GATATCCATGATA T TTTAGCCRATATTAC TCARGAMAMACLCACCRCSETC
121 ACAGCAGCCACCSAACT TETTCARAGTARAT TAAC TCOOCARAAACCC O TARATARC T
1l CAMRRAAATCACCCTCAT TCAACAAAT TCTCCACGARAGARATTAAACCAGCC TTGGOAAMR
211 GATGRAGGAGATGTAGAGTTAT T TGATCTCCAAGRAGAT TTHGTCAAAG TEATATTACAR
30 EEAGLCTGETGGT TCCTGTGCLAGCAGTACC CAAAC CT TARAAATGGEAATC GAAGCOCARA
36l TrTACGAGAGCOTGTTTCTICC T CACTTAACGGTTATT TC TG TGTAAAT T MECCTTATLT
4Z1 TGGTCGGCAAETC"ACCSGAEETATEﬂECCﬂﬁTTAAACACﬂﬂﬂﬁ&}E&AGﬂGCGGTEGCC
481 ACCATAAGCAT G T T A D AGACA N ARG ACAAAAA T AT TAA AR ACCOOGH
3]l ACTTTrTGTrECTTCAT T T TAAN T A TGEACS TA AN GG OED GEE T TOCACEESACS
601 TAATTTCOCACTCAA TTAAGCARAGAA GAAT AT C TTTACG T CAAA T TG AGAGAAAL

661 CTCCEECCTTGTATTC&CACT&%AEIETCﬂﬂCﬂﬂCﬂﬁGCGﬂGﬁﬂﬂICAACCEEEGGTCAA
T21 ATTGCATTITACGGAAAAGGE GG TATCAGTAAGTC TACCACTTCTLAAMACACCTTAGCC
THl  GGAATGGCTCAAGCTGECAACCGCATCATGATTGT TGS TTGTEACCCUARAMGC TERACTLT
gl ACCOCGTTTGATCC TCARCTETAAAGC TCAGGTAACGGTATTACAC T TAGC TRCCRAACET
201 CETGU TG T IGARGATC TCGAAC TC TCACA T G TA T TAL TCA TESGET T TGARBACE TCAN
261 TGTGTTGAATCTGGTGETCCORAACCTREGETTEGT TETGC TGEACSTGGTAT TATCACC
1027 TCCATCAALTTCCTTGARAGRAAGAAGETECT TATEAA A TCTAGAC TTOG TATCC TATGAD
1087 GTATTAGRAGACGTTGT TTGTGGETGET T TCEC TATGCC TATC DG TR ACGAMAASGTACHY
1121 GAAATCTACATCGTTACC TETGEGHEAAATGA TEGCEATE TAT R AT TAACAACATOSOT
1231 CoeTGC A T T TAAMATATGCCCACAC TGET R TETTCE T TTAGE TGS T T TAATT TGS TAAD
1261 AGCCGTAACGTTAACARAGAGA TCEAATTEATCEAAGAG TTAGT TGAALGC TTAAMCACT
13271 CAAATCATCCAC T TG TACCCOG TTCCARACACGTA A AGRACC TEAATTACGTCS TCAS
1381 ACCGTTATTCAATACTCCOCTGAGCACCCCCAAGT TCARGAATACCGTGATTTAGGTEAL
1441 AAGATCGTTARCRACACCAAACTCACCATCCCCACTCCTATCGACAACGALZAASTCGAR
1501 GRACTGTTGATCRACTACGGTTTACT TGECTCAGAAGRAAGAGTACARGANNGT TATGGAMN
1561 GCTGACATGGCTHECCCARGCTTTAACCASAGGCGCGAASG TAA TG ANGGETTAATTACE

Tezl Traa s T TG AA A I A ST T T AN GRAGCCARA N o AL AGCASAAS
a8l oA A LG A AL T AT T A T L AAS T oA T T TAL S oS TAA OO TAACT O

1741 A AT T AT AR AT T T TAC TG TCA T T A I N A ARGGEGERETEOGTOCRA

1321 TCGIEHTCGCCﬁﬁTTCHTCACTGAGEHACACTEEETCAAEAETAGA&GACAGEAAGCAGC
18687 TTATCCAAGACGTTCTT GATACC TATCC TERAGAAGT TARCCARGAAACSSTO TARACACT
1521 TCAATGTTTACGAAGAMGRCAMNGACGATTGTGGACTAMATC TAACAT TARG TC TGCAC
138l CTGGTGIAATGACCOCT CoTGET TG TGO TTATGCASGATCTAARAGGRGTGET T TREEGTE
Z04] CTATCRAACATATCAT CATATC TCCCACGRACC T RTTGET TECGETTACTAC TCTTGET
2101 CTeGETCGTCGTARC TAT TACATCGGARACCAC TGGEET TRAT ACC TT TG TACGATGAMCT
2187 TTACCTOTGACT TCCARGARARAGACATCRT TTT TG TEGAGACAREARAC TCCTCARRS
22727 TCACOGARAGAMATCGARGAATTATTCCCCC TCCACAATGGGATTTCCAT TCAGTCTEAAT
2281 GTCCTGTTGGATTAAT TGGGGATGACA TCERAAGGTAT TECCARAMAAMCGCCCAARF FATTA
Z234] CTGELAAACCCETATTOCCGTTCCG T IGTEGAASGATTCCETERCGTT TCCCAATCC T TAL
Z2ev]l GACACCACATCCC TAACGACGCASTECGTGACTEEETATT TAGCCETEATZATEC TCAMS
cbl ARATCCAAACCACTCCCTATGA TG T T GCCATCATTERAGAC TACAACATCGETESMGATS
521 CTTGGTCTAGCLGTATTC T T TCGAAGAM A TGEGTC TRCZCETCGTTECTCAATGETCTG
281 GAGACGOAACCATCAACGAMA TGATGCAAACCCCCAAASTCAAACTCANCCTGATTCACT
21 GTTACCETTCCATGARCTACA TCASTIGTCACATGEAMGALALATACGETAT TCCCTEST
701 TTGAGTACAACTTCTTTGETCC TACCAAGAT TEC TAAATCCT TACGLCCEATCGC TGCTE
&1l TOTTTGATEACACCATCAAAGAAMAT GLAGAGAAAGTAAT TGC TAMG TACCARCARIAMA

21 CCECAGRAGTCTTAGCCAAATACCHETCCTCG T TTGRAAAACAANACCG TCATGATEA TGS
2835 TGGEETEGACTACGTCOTLGTCACGTTGTTCC TGO T TTCACAGAC T TACCCATCAMMATGR
2541 TCGEAACCGOATATGAGTTCGCTCACGETGACGAC TATAMACGTACCAC TEASTATET T
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3002 ATGATGCAACCCTCATCTATGATCACGTAACTGCCTACGAGTTCGAGAAATTCGT TCARG
3061 AACTGAAACCCEACTTAGTTGC TTCTGRCS TTAAAGACAAGTATGTC TTCCAGAARATCE
3121 GACTACCTTTCCGTCAMATCCACTCTTIGEGATTACTCTGETCCTTACCACGGT TATGATS
3181 GETTCECTATCT T IGCACGGGATATGRAC TTAGCTOTCAATAACCCGACC TGEEGATTAM
3241 TCAAATCTCCTTGGAATAAGTAASAGGGANTTAGGGAA TAGGGAACAGGGAACAGSGAAT

3301 AGTEAA T GAAG T CTTCAC TAAC T T TACTTACGAAGCCACCCCCTCACC DT T

iiaL CCOCCoTCA TCTL’JCTCF{C?C'I’%ETCCCCCTTTCTCGACAACTGCA TCATTAATCCTTZACT
i
2421 GAACAACCGAGrATCACGAATGTCTCAGAAAATTGATAAAL TCCAAGACCACGTTGAGTT

2281 ATTCCACCAACCAGAGTACCAAGAGCTATTTGAAAACAAGAAAGC TCTCCAAGGAATESC
3541 TTCTGATGAGAARAGTCGCTGAAATAGCCGAATGGACCAAAACC TGGGAATATCGGEAMAA
3601 GAACTTCGCTCGTEAAGCTCTGACCATCAACCCCGCTAAAGCTTATCAACCTTTGEGTGE
3661 TATCTTAGCTGCGGTTGGTTTTGAAGGAACCCTCCCCTTTGTGCATGGATCACAAGGT TG
37121 TGTGGCTTACTTCCCTACCCACTTTACCCGTCACTTCAAAGARCCTTTCAGTGGTETTTC
3781 TTCTTCCATGAC TGAAGATGCASCCETCTICGETGRACTGARARAACATCATCCAAGGGTT
3841 ACAGAATGCTTATAGTCTCTATCAACCCARAATGATTGCTGTCTGTACAACTTGTATEGE
3901 AGAAGTTATTGGGGATGACTTAGCT TCCTTCATTGGCAATGCTAAGGC TGACGETTCTGT
35961 TCCTAAAGATTTCCCCGTTCCCTTTGCTCACAC TCCTTCTTTCGTGGGTTC TCATATCAC
1021 GGGATATGACAACATGATGAAMGCCATCCTGTTGAACTTAACCCALGECAAGAARCCTAC
4081 CACCAGCAACGGTAAAGTTAACTTTATTCCTGGGTTTEAAACCTATGTTGETAACC TACSE
4141 CGAACTGAMGCATTTAACCAGTGCTATEGEGETTCGATGCTACCATTTTAGGAGACAACGA
4201 ACTCTATTTAGATTCTCCTAACGATGGCEAGT TCAAMATGTACCAAGGTGGTACTACTCT
1261 AGARAGAAGGTGCTGATGUTATCAATGCAACCAAMACCATCCCACTGCABACCTATCCCAL
4321 CGTTAAAACCCTCGAATACATCRAGARACGAATGGECAGCAACCCACCCGCTACCTATCGTC
4381 CTTGGGGGGTATTARAGGAACGGATGAGTTCGTCATGGL TTTATCTGAACT CAC TEGGEAA
4241 TCCTGTTCCTCCCGAATTGGAAC TAGAACGGGGACGCGCAGTOGATGC TATGACCGATAG
4501 TCATGCTTGGT TACATGGTAAMAAGCGEL TATC TATGGCGACCCTGACTTAGTCATGSG
d561 AATGCTGCAATTCATGTTAGAGATGGGTGTTGAACCTGTTCACSTTTTGGTTCACALCTC
1621 TACCACTGAATTTGAAGAAGAAGCCAAAGC TCTCTTAGCTTCTAGTCCT TATGGTCARAR
1681 AGCCACCGTTITGGGGCOCETAAATACCTCTGGCACCTCCGTTCCTTACTETTTAS TGAACT
4741 TETTEACTTCTTAATCGGGAATTCCTACGETAMATACCTCTGECETGATACCAASATTCC
4801 TTTAATCCGCATCGGGTATCCTATCTTTGATCGCCACCACTTACATCGCTATTCTACCAT
186] TGGTTACAATGECCGCGAT TAACCTGCTCAATTGGAT TG T TAATGGTC TGT TTGAAGARAT
4921 CCGACCGCAMACACCAATATCCCCTORAAGACCGACATTTCCTTCGATTTAGTTCGTTAATE
4981 AAAGGTACACAARGANSTAR

Figure 2. The 5 kb nucleatide sequence containing the nifHDK operon of the Synechococcus RF-1 Chromosome (Gen Bank U
22146). The open reading frame is represented by bold characters, and the non-coding region is shown in italics. The start point
(underlinded G) of transcription determined by primer extension analysis is marked by an arrow. The start codon for each open
reading frame is underlined. The segment from position 729 to 755 selected for primer extension analysis is also underlined.

11 [a-**S]-dATP (10 uCi/ul), 1 41 RNase inhibitor (RNase
Block, 25,000-40,000 U/ml, Stratagene), and 1 ul RNase
H-reverse transcriptase (MMLV-RT, 50,000 U/ml,
Stratagene) were added. Autoclaved water was added up
to a final volume of 14 ul. After 10 min of incubation at
42°C, 1 ul of 25 mM dNTP was added and incubated at
42°C for 1 to 2 h. The reaction was terminated by adding
an equal volume of sequencing loading dye (United States
Biochemical). For the control experiment, the same syn-
thetic oligonucleotide was used as a primer in dideoxy
chain termination DNA sequencing reactions with the nifH
ORF as a template. The final reaction mixtures were
analysed by 6% DNA sequencing gel.
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Results and Discussion

Among the nif gene positive recombinants subcloned
from the A EMBL4 genomic library, recombinant NF-1,
NF-2, and NF-3 were selected for DNA analysis (Figure
1). The NF-1 and NF-2, both hybridized with probe nifH
and nifK, contained a 4.2 kb and 4.7 kb EcoRI fragment
respectively. The NF-3 contained a 3 kb Xbal fragment,
which hybridized only with probe nifK. Results of DNA
sequencing revealed that the 4.7 kb fragment overlaps with
the 4.2 kb fragment, and the 4.7 kb fragment has 555 base
pairs longer than the 4.2 kb at the 5'-end (Figure 1). The
5'-end of the 3 kb Xbal fragment has 507 base pairs that

2001/4/17, AM 11:22



bot 372- 02. P65

Chen et al. — Nucleotide sequence of the nifHDK operon

overlap with the 3'-end of the 4.7 kb EcoRI fragment.
Based on the nucleotide sequence for fragment 4.2 kb, 4.7
kb, and 3.0 kb, and the sequence overlapping between
them, a 5 kb segment containing nif gene was constructed
(Figure 1).
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KkkRRERE KB AR L P P R S
RF-1 VPFAHTPSFVGSIITGYDNMMKA ILLNLTDGKKPTTSNGKVNF IPGFETYVGNLRELKIIL 239
7120 VPFAHTPSFVi GSHITGYDNM\{KGILSNLTEGKKKATQNGK I\FIPG}*DTYVGNNRELRRM 240
T Y T e #r gwrEr T4
RE-1 TSAMGVDAT ELGDNELYLDSPNDGEFEMYQGGTTLEEGADA INATET IALQTYPTVKTLE 299
7120 MGVNGVDYTILSDSSDYFDSPNHGEYEMYPSGTKLEDAADSINAKATVALQAYTTPRTRE 300
HAEE RKE K R REEE KK KR bR BX 2k RRE B 6B B ok bk &

RF-1  YIEKEWAATHRY].SSLGGIKGTDEFVMALSELTGNPYPPELELERGRAVDAMTDSHAWLH 359

7120 Y[KTQWKQFTQVIRPFG ‘vKGTDEFLHVQFLTGK—\IPEELEIERGRL\'DA[TDQVr\WIH 359
* HEE RERA kAk Aok

RF-1  GKKAATYGDPDLVMGMLQFMLENMGYEPYHVLVHNSTTEFEEEAKALLASSPYGQKATVRG 419

7120 GKKFAIYGDPDLI ISITSTLLEM(n\EPVHILCNI\GDDTFKKEMEA Il MQPFGKEAKVWI 418

Aodck ol ke

RF-1  GKYLWHLRSLLFTEPVDFLICNSYGKYLWRDTK [PLIRIGYPIFDRHHLHRYSTIGYNGA 479
7120 QKDLWHP RSLLETEPVDFF IGNSYGKYLWRDTS [PMV RiGYPLFDRH LIIRYSTLGYQGG 479

LR T L T PR T Rk EREERRTRFRE KK

RF-1 INLLNWIVNGLFEE IDRNTNIPSKTDISFDLVR 312
71206 LNILNWV\- VTLLDF‘{DRSTN{TG]&IBIgFDLIR 512
e

Figure 3. Comparison of the deduced amino acid sequences of
the nifH genes (A), the nifD genes (B), and the nifK genes (C),
from Synechococcus RF-1 and Anabaena 7120. The character
to show that two aligned residues are identical is “*”. Gaps
(shown as dashes) have been introduced in the sequences where
necessary to give better alignment.
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The nucleotide sequence of the nif genes containing
fragment along with its 5'-flanking sequence is given in
Figure 2. Putative open reading frame (ORF) in the se-
quenced region was searched in all three possible transla-
tion frames with ATG as the initial codon. Three complete
ORFs are present in the constructed nif gene locus. As
shown in Figure 2, the first ORF beginning from the po-
sition 712 consists of 891 base pairs (bp). It encodes a
polypeptide consisting of 296 amino acids (Figure 3A).
The predicted amino acid sequence exhibits a high degree
of similarity (76.7%) to that of the polypeptide encoded
by the nifH from Anabaena 7120 (Mevarech et al., 1980).
Therefore, we concluded that the ORF is the nifH from
Synechococcus RF-1.

The second ORF is present 230 bp downstream from
the termination codon of the nifH (from position 1833 to
3263). The ORF encodes a polypeptide of 476 amino ac-
ids (Figure 3B). As shown in Figure 3B, the predicted

Figure 4. Primer extension analysis of the 5' end of nifH gene.
Lane a: A 27 oligonucleotide was annealed with total RNA and
extended as described under “Materials and Methods”. Lanes
T,G,C,A: Electrophoretic separation of the products of
dideoxynucleotide sequencing.

nifU
E% 2(1] KWDYTDKVLELFYDPKNQGVIEENGEPGVKVATGEVGSIACGDALRLAIKVEVESDKIVD 60
- 0

7120 SRFQTFGCTSATASSSALTEMIKGLTEDEALKVSNKD IADYLGGLPEAKMHCSVMGQEAL 120
RF-1 0

7120  EAATYNYRGIPLAAHDEDDEGALVCTCFGVSENKVRRIVIENDLTDAEQVINYIKAGGGC 180
RF-1 DLTTAEQVINYVKAGGGC 18
Rk RkRkkRk Rk

7120  GSCLAKTDDITKDVKENKA-A-TNLNNKGGSKPTNIPNSGQKRPLTNVQKTALIQKVLDE 238
RF-1  SSCLSDIDDILADITQEKATAVTAATELVQSKLTP--wmmw QK-PLNNLQKITLIQQILDE 72
LES I 23 C S S kK ok %k KK K kKR ok okik ok kokk

7120  EVRPVLIADGGDVELYDVDGDIVKVVLQGACGSCSSSTATLK IAIESRLRDRINPSLVVE 298
RF-1  EIKPALAKDGGDVELFDVEGDLVKVILQGACGSCASSTQTLKMGIEARLRERYSPELTVI 132
% ok kiolkiokk ok ok ok okksokiokk dekk okl bk kelok ko X k%

7120 AV 300
RF-1 SV 134
*

Figure 5. Alignment of amino acid sequences deduced from
the nifU gene of Anabaena 7120 and the partial sequence of
the nifU of Synechococcus RF-1.
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amino acid sequence exhibits a high degree of similarity
(77.3%) to that of the polypeptide encoded by the nifD
from Anabaerna 7120 (Lammers and Haselkorn, 1983;
Golden et al., 1985). The third ORF is present 176 bp
downstream from the termination codon of the nifD (from
position 3440 to 4978). As shown in Figure 3C, the amino
acid sequence deduced from the third ORF has a 69% simi-
larity with the polypeptide encoded by the nifK from
Anabaena 7120 (Mazur and Chui, 1982). Therefore, we
concluded the second and the third ORF correspond to the
nifD and nifK of Synechococcus RF-1, respectively.

Transcription of the nifHDK operon of Synechococcus
RF-1 was examined previously by Northern analysis
(Huang and Chow, 1990). When mRNA from
Synechococcus RF-1 was hybridized with nifK probe, a
transcript of about 4.5 kb was detected. The size of the
transcript corresponds to the size that includes the nifH,
nifD, and nifK sequences. When the mRNA was probed
with nifH, three bands of the sizes 1.3, 2.8, and 4.5 kb
were detected, with the 1.3 kb as the most abundant band.
These results indicate that nifH is the first gene of the
operon. Primer extension analysis was used to locate the
start site of transcription. As shown in Figure 4, a single
transcript was detected. The transcription start site lies 247
bp upstream from the start codon of nifH gene (Figure 2).

A nifU gene was shown to be located upstream from
the 5' end of the nifH gene from Nostoc muscorum
(DeFrancesco and Potts, 1988), Anabaena 7120 (Mulligan
and Haselkorn, 1989), and Plectonema boryanum (Fujita
et al., 1991). The nifU gene has been suggested to be re-
quired for maturation of the MoFe protein of nitrogenase
(Orme-Johnson, 1985). A partial ORF (405 bp) located 5'
to the nifH gene of Synechococcus RF-1 (Figure 2) was
sequenced. As shown in Figure 5, the deduced amino acid
sequence (294 residues) of the partial ORF has consider-
able homology (higher than 64%) to the C-terminal region
of the nifU product from Anabaena 7120 (Mulligan and
Haselkorn, 1989). The results indicate that the same nifU-
nifH order probably occurs in Synechococcus RF-1.
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AR E QR R B A H R RS

RREARM SRAEE MARR?
' R FEBEAE I SRR
* BSL S AT AR A VT FE R

BIREE RF-1 &55% (Synechococcus RF-1) Fy— B A M ZAIIRRRAVELGNEE A SCHH nifHDK LK
ARSI S - —EREfY 5,000 EERGEI K FFYIE 47 - BHEEME (Anabaena 7120) Z[E %2
RIERHERH nifHDK MU RS IF5 LEEIRE - 8915 75% ZARIUE o nifHDK 2 eKiELaa A A EREEEah .2 /i
247 THEREENE - 7F nifHDK Z 11 (5" ) SR nifv 3K -

PRSREER : HEHGO  BAUEIN ¢ B ML HTREFFYT BRI RF-1 -
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