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Structural genes for the VFe-protein (AclV) of the
vanadium nitrogenase from Azotobacter chroococcum
were cloned and sequenced. The VFe-protein contains
three subunit types with Mr of 53 793 (a), 52 724 (3)
and 13 274 (6). a and 1 subunits show 18 and 15%
sequence identity respectively, with a and 13 subunits
of the MoFe-protein of A.chroococcum molybdenum
nitrogenase. The genes for the three subunits vnJD (a),
vnfG (6) and vnfK (13) are contiguous and form an operon
whose transcription is repressed in response to ammonia.
The Fe-protein component of the V-nitrogenase (Ac2V)
is the product of nifH* that we have previously cloned
and sequenced. This gene was located 2.5 kb upstream
of vnJD. A deletion in the vnfD, G and K gene cluster
prevents V-dependent nitrogen fixation. A strain defective
in both V-nitrogenase and Mo-nitrogenase structural
genes showed no residual nitrogen fixing capacity arguing
against the presence of a third nitrogen fixation system
in this organism.
Key words: Azotobacter/nitrogen fixation/vanadium
nitrogenase/vnf genes

Introduction
The soil bacterium Azotobacter chroococcum can fix nitrogen
by two pathways. One route involves a molybdenum-
containing nitrogenase similar to that found in many other
nitrogen fixing organisms. The other, recently discovered,
route does not require molybdenum but depends on a
vanadium-containing nitrogenase. Many of the biochemical
properties of the two enzymes are similar yet they are
encoded by different sets of structural genes (Robson et al.,
1986a).
Mo-nitrogenases from different bacteria are highly

homologous and resolve into two essential components
known as the Fe-protein and the MoFe-protein. The
MoFe-protein is thought to contain the site of nitrogen
reduction and the Fe-protein serves as its highly specific
electron donor (reviewed in Eady, 1986). In A. chroococcum,
the MoFe-protein is typical and is a tetramer with a native
Mr of 227 000 which contains two atoms of Mo, 23 atoms
of Fe and 20 acid-labile S atoms. The protein has an a2132
subunit structure (Yates and Planque, 1975). All the Mo and
a part of the Fe can be extracted from MoFe-proteins in the
form of a co-factor called FeMo-co (Shah and Brill, 1977).
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The Fe-protein has a native Mr of 64 000 and is a
homodimer (Yates and Planque, 1975). Fe-proteins generally
contain four Fe atoms and four acid-labile S atoms probably
as a [4Fe-4S] cluster The nil-I gene encodes the subunit
of the Fe-protein and the nijD and nifK genes encode the
a and ,B subunits of the MoFe-protein.
The V-nitrogenase likewise resolves into two component

proteins. One is an Fe-protein so similar to the Mo system
that it can form a functional complex with the MoFe-protein
in vitro. The other component appears analogous to the
MoFe-protein but whereas it contains comparable amounts
of Fe and acid-labile S atoms, Mo is absent and two V atoms
are present instead. This protein, the VFe-protein, has a
native Mr of 220 000 composed of at least two subunit
types with apparent Mr of 50 000 and 55 000. A third small
polypeptide reproducibly co-purifies with the VFe-protein
though its significance is not known (Eady et al., 1987).
To simplify the description of the components of the

nitrogenase systems in A. chroococcum we propose to adapt
the nitrogenase nomenclature of Eady et al. (1972) by
incorporating a signifier indicating that the component is
normally a part of the V- or Mo-nitrogenases. Thus we will
refer to the Fe- and MoFe-proteins of the Mo system as
Ac2Mo and AclMo respectively and the Fe- and VFe-
proteins of the V system as Ac2v and Aclv.
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Fig. 1. Cloning and organization of structural genes for V-nitrogenase
of A.chroococcum. The upper part shows cloned genomic fragments
(represented as dark bars) used to construct a physical map for an
I1 kb region of the chromosome of A. chroococcum carrying the
structural genes for the V-nitrogenase. Plasmid pEFI carrying the 8 kb
EcoRI fragment (El) was isolated in this work. Fragments Xl and X2
in plasmids pXAl and pXCl were cloned and characterized previously
(Robson et al., 1986b). Restriction fragments shown in the map below
were generated with the following enzymes: E, EcoRI; X, XhoI; Ba,
BamHI; Bg, BglII; S, Sall. The relative positions of the ORFs
identified in the nucleotide sequence are shown below the restriction
map. The direction of transcription for the two operons is shown by
the arrows and the lower section shows the V-nitrogenase structural
gene/gene product relationships.
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5'-TCGACGTACGACACUCUCAAC CUCGTAUCTGACUGAACGAAAAACCTT
TTCGTATTCCGCCGOCCGTCGCCAOCGCTGCAAACGCGGAAAAAACGCCCGAAAACCCCGCGCGACGCCTTTCTGCAOCAGCAGAAGAAA
CCAACAAGTCATTATTCAAAAGAATTAATCATTTGCTCGGCGGGCGAACGAAATTCCGCAACGCCGCAAGGGCATqTGGCACGCATCCTO
_OTTTCCTCTTCGCCAACCGOTTTTTCCGOTCCCCOATCOATGCCOGTCACGGGTTCIATCAACGCATAGAGCCGA AGACTTCAACC
ATGCCAATGGTATTGCTGGAATGTGACAAGGACATACCCGAGCGCCAGAAACACATCTATCTOAAGGCGCCCAACGAOGACACCCGCGAG
M P M V L L E C D K D I P E R Q K H I Y L K A P N E D T R E
TTCCTWCCnATIftAArC(GIntCACCACftflACTtTC CAC fIAfl.T.TCnACCfCTrCCTTCTGCGGCCAArCTflTATC(TA1 Cr'raTvI

49
139
229
319
409

AQQ
F L P I A N A A T I P G T L S E R G C L L R R K L V I G G V

CTCAAAGACACCATCCAGATOATTCACGOCCCGCTCGGCTGTGCCTACGACACCTGOCACACCAAGCOATACCCGACCGACAACGGCCAC 589
L K D T I Q M I H G P L G C A Y D T W H T K R Y P T D N G H

TTCAACATGAAGTACGTCTGGTCGACCGACATGAGGAAAGCCATGTGOTOTTCGGCGGCGAAAGCOCCTCGAOCAGCOCATGCACGAA 679
F N M K Y V W 8 T D M K E S H V V F G G E K R L E Q S M H E

GCCTTCGACGAOATcCCCOACATCAAOCOGATGATCOTCTACACGACCTGCCCGACCGCOCTGATCGaCGACGACATCAAGGCCGTGGCC 769
A F D E M P D I K R N I V Y T T C P T A L I O DD I K A V A

AAGAAGGT¶ATOAAGGAGCOTCCCGACGTGGACOTCTTCACCGTCOAATOCCCCGGCTTCTCCOGCGTGTCCCAGTCCAAGGGCCACCAC 859
K K V N K E R P D V D V F T V 9 C P G F 8 G V 8 Q 8 K G H H

GTCCTOAACATCOGCTGGATCAACGAGAAAGTCGAGACGATGGAGAAOGAOATCACCAGCGAATACACGATGAACTTCATCOGTGACTTC 949
V L N I G W I N E K V E T M E K E I T S E Y T M N F I G D F

AACATCCAGaOCGATACCCAGCTGCTOCAGACCTACTOGGACCGCCTOGGCATCCAOOTCGTCOCCCACTTCACCOGCAACGGCACCTAC 1039
N I Q G D T Q L L Q T Y W D R L G I Q V V A H F T G N G T Y

GACGACCTGCOCTGCATOCACCAGGCCCAGCTCAACGTOGTOAACTGCGCGCGCTCCTCCGGCTACATCGCCAACOAACTGAAGAAGCGC 1129
D D L R C N H Q A Q L N V V N C A R S 8 Y I A N E L K K R

TACOGCATCCCGCOCCTGaACATCOACTCCTGooGCTTCAOCTACATOGCCOAOOOCATCCOCAAGATCTGCOCCTTCTTCGGCATCGAG 1219
Y G I P R L D I D 8 W G F S Y M A E G I R K I C A F F O I E

OAGAAOGGCOAACOGCTOATCGCCGAGOAATACGCCAAOTOGAAGCCOAAGCTCOACTOGTACAAGGAGCOCCTOCAOCAAGAAGATG 1309
E K GO R L I A E E Y A K W K P K L D W Y K E R L Q G K K M

GCGATCTOGACCGOCOOCCCOCOCCTOTOsCACTOGACCAAGTCGGTCGAGGACGACCTAGOCATCCAGGTOGTGGCCATGTCCTCCAAG 1399
A I W T G a P R L W H W T K S V E D D L O I Q V V A M S S K

TTCOOCCATGAOOAAGACTTCGAGAAGOTCATCOCCCOCOOCAAOOAAGOCACCTACTACATCGACGACGGCAACGAOCTGGAGTTCTTC 1489
F G H ER D F E K V I A R G K F a T Y Y I D D G N 3 L E F F

GAOATCATCGACCTOOTCAAOCCOGACOTGATCTTCACAOGTCCCCGCOTCOGCGAGCTGGTCAAGAAGCTOCACATCCCCTACGTCAAC 1579
9 I I D L V K P D V I F T G P R V G E L V K K L H I P Y V N

aOCCACOOCTACCACAACoGCCCOTACATGoGGCTTCGAOOcTTCGTCAACCTCOCCCOCOACACCTACAACOCCGTGCACAACCCoCTG 1669
G H G Y H N G P Y M a F Z G F v N L A R D T Y N A V H N P L

COCCACCTGOCCOCCGTOGACATCCOCOACAOC?COCAOACCACTCCGGTCATCOTOCOGGGGGCCOCCTOATGAOCCAGTCCCATCTCG 1759
R H L -A A V D I R D S S Q T T P V I V R G A A * M S Q S H L

ACGACCTGTTCOACTACACCOAOGAGCOCTOCTGTGGCAGTTCTTCTCOCOCACCTOGGACCOCGAGOAAAACATCOAGGGCGTGCTCG 1849
D D L F D Y T F F 2 C L W Q F F S R T W D R E 9 N I 9 G V L
OCCAOGTCGCCCOCCTOCT'rqACCOOCCAOOAOcCOCTOcOCGGCACCCCOCAOGAOCOCCTOTTCTACOCCGACOCCCTOOCCATOGCCA 1939
G Q V A R L L T G Q B P L 2 0 T P Q Z R L F Y A D A L A M A
ACGACGTTCGCOAGCOCTTCCCCTOOOCATCOCAGATCAATCACGAOOAAATCCATTTCCTGATCGACOGCCTCAAGTCCCGCCTOGTCG 2029
N D V R I R F P w A 8 Q I NHIB I I H F L I D O L K S R L V
ACACCGTOATCCAAAOCTCOACCAACCOCOAACTCAACCACCAOCTCTACTOAOTCACCOCTGCOGGAOCGOCCCGAGGOCCOTCCCCTO 2119
D T V I T R 8 T N R I L N 5 B L Y * < -->
TCOAAGGAOCCATTTGATOAGCAATTOCGOAOCTAACCGTOCTOAAOCCOGCTGAAGTCAAOCTOGTCAAGCOGGAOCOCGAAOGCATCA 2209

* S N C I L T V L K P A Z V K L V K R K R 3 G I
TCAACcoOTGTACOACTOCCAGCCCOCOGOCOCCCAOTACOCCOGCATCOOCOTCAAOOACTOCATCCCOCTOGTCCACOGCOGCCAGO 2299
I N P N Y D C Q P A 0 A Q Y A G I G v K D C I P L V H G G Q
OCTGCACOATGTTCOTCCOCCTOCTOTTCOCCCAGOACTTCAAGGAAAACTTCOACGTCOCCTCOACCTCGCTOCACOAGGAOTCOGCGG 2389
G C T N F V R L L F A Q 9 F K 9 N F D V A S T S L H E 9 8 A
TOTTCGOCOOCOCCAAOOGCOTCGAGGAAOOCOTOCTOGTOCTOGCCCGCCGCTACCCOGAACTGCOGCTGATCCCOATCATCACCACCT 2479
V F G G A KV 3v ZZ V L V L A R R Y P K L R L I P I I T T
OC2OACCOAOOTCATCOOGACOACATCOAAOaCACCATCAACGTCTCAACCGGCOGCTCGCCOCCGAGTTCCCGGAGCGCAAOATCT 2569
C S T E V I O D D I I 0 T I N V C N R A L A A E F P Z R K I
ACCTOOCOCCGGTOCACACCCCOAGCTTCAAOGOCAOCCACOTCACCOOCTACOCCOAOTGCGTGAAGTCOATOTTCAAGACCATCACCO 2659
Y L A P V H T P S F K G SS V T 0 Y A E C V K S M F K T I T
AOGTOCACOOCAAGOOCCAOCCOAOCOOCAAGCTCAACOTCTTCCCGOOCTOGGTCAACCCCOGCGACOTGOTOCTOCTCAAOCGCTACT 2749
R v H G K G Q P 8 G K L N V F P G W V N P G D V V L L K R Y
TCAAGOAAATGGGCOTCGACOCCACOGTWYCATOGACACCOAGOACTTCGACTCOCCGATGCTGCC(IAACAAGAOCATCOAGACCCACG 2839
F K I N G V D A T V F N D T R D F D 8 P M L P N K S I 9 T H
OCCOCACCACOGTCOIAGGACATCOCCGACAOCOCCAACGCCCTOOCCACCCTOGCCCTOO=CGCTACGAGGCGC OGACCACCOGCOAGT 2929
a R T T V 9 D I A D 8 A N A L A T L A L A R Y 2 G A T T G E
ACCTGOAGAAGACCTTCOCOGTOCCOAACAOCCTOGTCAACACCCCCTACGOCATCAAOAACACCGACGACATOCTOCOCAAGATCOCCO 3019
Y L Z K T F A V P N 8 L V N T P Y 0 I K N T D D M L R K I A
AGATCACCOGCAAOOAGAIOTcCOAOTCOCTGGTCCOCOAOCCOCOCATCGCGTOGATCOCOCTOGCCGACCTGGCOCACATOTTCTTCO 3109
Z I T a K 2 I P S8 L V R K P R I A W I A L A D L A HU F F
CCAACAAOAAOGTOOcoATCTTCGGTCATCCOGACCTOOTOcTCOGCCTOGCOCAGTTCTGCCTGGAAGTGGAACTGGAACCGGTOCToC 3199
A N K K V A I F O H P D L V L G L A Q F C L E V E L E P V L
TOCTOATCOGCOACGACCAGGGCAGCAAGTACAAGAAOGACCCGCGCCTCCAGGAGCTCAAGGACGCCGCGCACTTCGACATGGAGATCO 3289
L L I 0 D D Q O 8 K Y K K D P R L Q E L K D A A H F D M E I
TCCACAACOCCGACCTCToGGAOCTGGAGAAGCGCATCAACOACGGCCTGCAGCTCGACCTOATCAToGGTCACTCGAAGGGCCGCTACG 3379
V H N A D L W E L K K R I N D O L Q L D L I M G H S K G R Y
TCOCCATCGAAOCCAACATCCCGATGOTCCGCGTCGOCTTCCCOACCTTCGACCGCGCCGGCCTCTACCGCAAOCCGAQCATCGGCTACC 3469
V A I I A N I P M V R V G F P T F D R A O L Y R K P S I G Y
AGGGCGCCATOGAGCTCGGCGAGATGATCGCCAACGCCATGTTCGCCCACATGAvATACACCCGTAACAAGGAAT WATCCTCAATACGT 3559
Q G A KN L G E M I A N A H F A H M E Y T R N K E W I L N T
GWTGAGTTOCTAOGCOGTCCCCTGCTCCGOCAGOOCCTCCGCCCCGTATTCCACTCCGGCCGCCATGCCGCCTTCaGGAGAGAOCCATGA 3649
W *

AACAGCOACAGGATGGTCGCCACTATCGCGCGTGCTTCGGCGAGCTGTGCGCCCGACCGGAACACCGCCCCATCGAACCCTACACCCGC 3739
CCGCOGCOCCTOAGCTTCOCOAOCCOGAAACCOACGCCACCCGCCGCCTOCCCGCCOCCTGGTGCTGCGC'GACCAGTGCCTACGCG 3829
TCTTGOCCGACTGCAGGAGTGCCGCGATCCGTCGCT-3' 3865

Fig. 2. Nucleotide sequence for the structural genes of the VFe-protein (AclV) from A.chroococcum. The DNA sequence for 3865 bases extending
to the right of the Sall restriction site between fragments S3 and S4 (Figure 1) is shown together with the deduced amino acid sequences (in single
letter code) of the three ORFs discussed in the text. Features in the sequence also discussed are marked as follows: the possible -12 to -24
sequence (ntrA binding site) is boxed; potential ribosome binding sites are underlined; the inverted repeat between ORF2 and 3 is marked by arrows.
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Fig. 3. Comparison of predicted amino acid sequences for ORFI with a subunits of Mo-nitrogenases. The predicted amino acid sequence of ORFI
(O'nfJD) is compared with a subunits of Mo-nitrogenases from different bacteria. Apparent sequence identities are boxed. at subunits (nifD gene

products) are from the following organisms: Rj, Rhizobium japonicum (Kaluza and Hennecke, 1984); cR, Cowpea Rhizobium (Yun and Szalay,
1984); Pr, Parasponia rhizobium ANU289 (Weinmann et al., 1984); Cp, Clostridium pasteurianum (Hase et al., 1984); An, Anabaena 7120
(Lammers and Haselkorn, 1983) but modified by the gene rearrangement (Golden et al.. 1985); Av, Azotobacter vinelandii (Dean and Brigle, 1985).

The objective of this work was to isolate and characterize
the structural genes for the V-nitrogenase. Previously we

cloned the structural gene operon (nifI, nijD and niJK) for
the Mo-nitrogenase from A. chroococcum (Jones et al.,
1984). Their deletion prevents Mo-dependent but not V-
dependent nitrogen fixation showing that the V-nitrogenase
is genetically distinct (Robson et al., 1986a). We previously
suggested that additional niJf- and nijK-like sequences in
the genome of this organism might be associated with a

second nitrogenase system (Jones et al., 1984; Robson,
1986). A second niJ1 gene (nijH*) was cloned and sequenced
though its role was not determined (Robson et al., 1986b).

Here we describe the cloning and sequencing of the genes
for the VFe-protein. We show that this protein contains three
subunit types encoded by three contiguous genes organized
into an operon. We also show that nifl-I* is the structural
gene for the Fe-protein of the V-nitrogenase and that it is
closely linked to the genes for the VFe-protein.

Results

Similarity between the two enzyme systems at the bio-
chemical level suggested that the second nijK-like sequence
in the genome (on an 8 kb EcoRI genomic fragment) of
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AIMGIKHTILAP8SEV TPDT-GEFRMY VEDTANAIHAKAl SMQQW-CTEKTLPFVSEHGQDVVSFNYV10GS
ELMGIQHTVL SEV FTPTD-GEFRMYD0 TLKDAANAIHAKA4l SMQQW-CTEKTLSFAAEHGQDVLSFN'vM4 SA
GVMOYDYTILSpSDY PNM-GIEYEMYPSG (LEDAADSINAKAIlLQAY-TTPKTREYIKTQWKQETQVLIjIF KG
SEMGVGYSLLS DEEV LTPAD-GQFRMYAG 1TQEEMKDAPNALNT LLQPWHLEKTKKFVEGTWKHEVPKLN IIj0DW
EAMDIPYIMF TT-GEYKMNI SA

DMLRKIA
WC LLVALS
T FIVALS
rT fLTAVS
T EFLMKVS

FIMALS

Ac vnfK EI E IESLVREPRIAWIAL AL-AHMFFA * JIFGHPDLVL0LAQF VELE*LLLIDODDQSKYKKDPRLQELKDAAHFDME
Pr RI EF1EQLARERRGLVDAI SAH--IH- YGDPDLGYGLAAFLLLGA FTHVLSTNGNNVAGE-NATLFAGSPFG-ELPA
Rj RISKE 1EQLARERGRLVDAI PSSAH--VHqKF1IYQDPDL0YQLAAF LGLQA THVLSTNGNKAWQEKMQALLASSPFGQQCQV
An EL INEELEIERGRLVDAI 11YAW--IH KKFAIFYGDPLIISITSFLLMGA"PVHILCNNGDDTFKKEMEAILAASPFGKEAKV
Av EI QP1IASLTKERGRLVDMM1 SHTW--LH KRFALWGDPDFVMGLVKFLLLGCqVHILCHNGNKRWKKAVDAILAASPYGKNATV
Cp EAT (E ASIEEERGQILDLMI --L LGUDLGAELO KYVVTGTPGMKFEKEIDAMLAEAGI-EGSKV

Ac vnfK IVHN LWELEKRINDGLQ IMGHSKGRYVAIEANI-----'sa
Pr YPGRDLWHMRSLLFTE-P 4D LIGNTR0KYLERDTQT- ---

Rj YPGR- LWHMRSLLFTE-P 4DFLIGNTYGKYLERDTAT---- LR-
An WIQK DLWI4FRSLLFTE-PM4DFIGNSYGKYLWRDTSI-8I- -fF~4'4

Av YIGK- LWHLRSLVFTD-KF D MIGNSYGKFIQRDTLHKGKEFEVL
Cp KVEG FFDVHQWIKNE-G LISNTYGKFIA EENItF4 idFk bR flif

bGLYRKPSI NELGEMIANAMFAHMEYTR
IHHHRFPV TYLNVLVKILDKIFDEIDKKT

IHHHRFPIWG4QvBLNVLVKILDKIFDEIDNKT
IHLHRYSTLIYQBLNILNWVVNTLLDEMDRST
IHLHRSTT LI0,1MQILTTLVNSILERLDEET
NGHYYNPKV JKFIRLVEEITNVILDKIER

Ac vnfK NKEWILNTW
Pr SVLGKTDYSFDIIR
Rj NILGKTDYSFDIIR
An NITQKTDISFDLIR
Av RGMQATDYNHDLVR
Cp ECTEEDFEVVR

Fig. 4. Comparison of predicted amino acid sequence for ORF3 (vnfK) with ,B subunits of Mo-nitrogenases. The predicted amino acid sequence of
ORF3 (vn]K) is compared with subunits of Mo-nitrogenases. Apparent sequence identities are boxed. ,B subunits (nijK gene products) are from the
following organisms: Pr, Parasponia rhizobium (Weinmann et al., 1984); Rj, Rhizobium japonicum (Thony et al., 1985); An, Anabaena 7120
(Mazur and Chui, 1982); Av, Azotobacter vinelandii (Dean and Brigle, 1985); Cp, Clostridium pasteurianum cysteinyl-containing tryptic peptides
(Hase et al., 1984).

A. chroococcum might correspond to a gene for Ac 1v
(Robson, 1986). We cloned this reiterated sequence by first
constructing a gene library of EcoRI genomic fragments in
the size range 7-9 kb in the plasmid pEMBL18+. An
A. chroococcum nijK specific DNA fragment, a 1.4 kb
HindLi fragment (Robson, 1986), was used to probe the gene
library and hybridizing clones contained apparently similar
plasmids (represented by pEF1) containing 8 kb inserts.
After mapping the restriction sites within the insert we

localized the nifK hybridizing sequence on a 990 bp SalI
fragment (S8) within the insert DNA (Figure 1).
The nucleotide sequence for almost 4 kb around the region

of homology to nifK was determined (Figure 2). Three open

reading frames (ORFs) with codon preferences similar to
other Azotobacter genes were identified in the sequence. The
position of the ORFs with respect to the physical map is
shown in Figure 1. ORF1, 2 and 3 potentially encode
polypeptides with Mr of 53 793, 13 275 and 52 724,

respectively. ORFI and 3, though not ORF2, are preceded
by good potential ribosome binding sites. The translation
initiation codon ofORF2 overlaps the translation termination
codon of ORFI and suggests that the translation of ORFI
and ORF2 could be tightly coupled.
The deduced amino acid sequences of ORFI and ORF3

show homology to niJD and niJK gene products of Mo-
nitrogenases (Figures 3 and 4). ORF2 does not appear to
be closely related to any protein previously described.
ORF1, 2 and 3 encode the structural genes for Ac 1v as

shown by comparing the predicted amino acid sequences of
the ORFs to the NH2-terminal amino acid sequences of
the polypeptides isolated from the protein. The ae and ,B
polypeptides are the products of ORF1 and ORF3. The third
small polypeptide which co-purifies with Aclv corresponds
to ORF2 (Figure 5). The ORF2 (6) subunit is likely to be
a third subunit type in the VFe-protein because it co-purifies
reproducibly with Aclv and appears to be present in
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SUBUNIT

TYPE Mr

55,000

50,000

14,000

H2-TERMINAL SEQUENCE

SNCELTVLKP.
SNCELTVLKP...... tORF 3)

PMVLLECDKD.
PMVLLECDKD...... (ORF 1)

SQS-LDDLFDYEER..
SQSHLDDLFDYEER.. (ORF 2)

Fig. 5. Assignment of polypeptides of the VFe-protein (Ac IV) as the
gene products of ORFI, 2 and 3. The polypeptides of purified
VFe-protein were blotted onto an Immobilon filter (Millipore Corp.)
according to the manufacturers' instructions. The Coomassie Blue
stained blot is shown on the left. Mol. wts were interpolated from a
standard curve obtained from protein standards (Biorad, low mol. wt
markers). For the determriination of NH,-terminal amino acid sequences
the 55 and 50 kd polypeptides were electroeluted from Coomassie Blue
stained gels and the 14 kd protein electroblotted onto trifluoroacetic
acid-activated glass paper.

C; t-I --.

4. Z-'48
34&

:.J
171.I.,

1. { L-

9.)8

0.813

Fig. 6. Transcription of VFe-protein (Ac IV) structural genes. RNA
prepared from A. chroococcum MCD 1 155 was fractionated by
electrophoresis on a denaturing agarose gel and a Northern blot
prepared. The blot was probed with an internal VFe-protein structural
gene probe (fragment Bg2, Figure 1). RNA isolated from a culture
growing under nitrogen fixing conditions was loaded in lane 2. RNA
isolated from the same culture S h following the addition of NH4CI to

10 mM was loaded in lane 3. Size markers loaded in lane 1 were

32P-end-labelled denatured DNA fragments generated by HindIll
digestion of bacteriophage lambda.

equivalent proportions to the other subunits based on laser

scanning of Coomassie Blue stained gels and NH2-terminal
amino acid ratio analysis of the native protein. Furthermore,
ORF2 should be expressed at equimolar levels with ORF1
and ORF3 considering the organization of the three genes.
The three ORFs are probably co-transcribed. Northern

blots of RNA isolated from cultures of A. chroococcum fixing

Fig. 7. Chromosomal deletion of VFe-protein structural genes. A

deletion in the A. chroococcumn MCD 1 155 chromosome of the 1.4 kb
BglII fragment internal to the VFe-protein structural genes was made
by a gene replacement technique. The BglII fragment in pEFI (Bg2,
Figure 1) was first replaced by a spectinomycin gene resistant cassette

in vitro. The mutagenized insert DNA was recloned into the suicide
vector pCU 101 which was introduced into MCD1 155 by conjugation
from E.coli. Strain MCD1301 was selected originally as a

spectinomycin-resistant clone arising after the conjugation. Genomic
DNA was prepared from MCD1. MCD1 155 and MCD1301, digested
with BglII, Southern blotted and probed with radioactively labelled
1.4 kb BglII fragment. The expected fragment was detected in MCD1
(lane 2) and MCD1 155 (lane 3) but was missing from MCD1301
(lane 4). The ethidium bromide stained gel used to make the blot is
shown on the left and the hybridization data on the right. Lane 1

contains 32P-end-labelled HioidIlI fragments of bacteriophage lambda.

nitrogen with V were probed with an internal structural gene

probe (fragment Bg2, Figure 1). The largest and most
abundant species was 3.4 kb in length (Figure 6, lane 2)
corresponding in size to a transcript originating just 5' to

ORFI and terminating just 3' to ORF3. Less abundant
species at 1.9 and 1.7 kb could arise from premature
termination or from processing of the largest transcript. An
inverted repeat in the intergenic region between ORF2 and
3 (Figure 2) may be a potential site for transcript termination
or processing. All the transcripts were repressed in response
to ammonia (Figure 6, lane 3) as expected since the
V-nitrogenase activity cannot be detected when the organism
is supplied with this nitrogen source.

We showed that the region containing ORF 1, 2 and 3 was
required for V-dependent nitrogen fixation by constructing
a chromosomal deletion of the 1.4 kb BglIl fragment (Bg2;
Figure 1) which spans all of ORF2 and the C-terminal and

NH2-terminal portions of ORF1 and 3, respectively. The

BglII fragment in pEF1 was first replaced with a spectino-
mycin resistance gene cassette in vitro. The mutagenized
EcoRI fragment was recloned into the conjugatable suicide

vector pCU101 which was then used as suicide vehicle to

introduce the mutation into A. chroococcum. The deletion was

constructed in A. chroococcum MCD 1155 which lacks the

structural genes for the Mo-nitrogenase and can therefore
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vnfD MPMVLLECDKDIPERQKHIYLKAPNEDT*FITATIPGTLSERQMLLRRKLVI YDTWHTK YPTDNS4HF
vnfK MSNCELTVLKVCVKREREGIINPMYV AGAQYAM MF---- %tNLLFAQHFK

vnfD
vnfK

NMK S H F RIEMEAHFDE TVAKKV*|EFpV VDVFTVECFI*SVQVSQENFON 8 F*RVEEVLVLARREI IGDDTINVC EPERKIYLVHTPS

vnfD LNIGWI El1---.--SEYT I DFNI'I----------LR-QVVAHFt----- RCMH
vnfK ---TOYA K8KWVNlFg!* KEVMVDTEDFDSPMLPNKSIET ADSA

vnfD PWQLP4c4VNCAR*RRYQ*IPIDI8RdRtYMAA
vnfK ILAJALARY Yqr FAV NT NTT9IA*I LM0AH HP

vnfD P I---LAKSW AGD EKPDAElK -------

vnfK D14tLA L Vp ,lQ KD: KKR DOLQL *IEANIPMX

vnfD NNHRH'NtGFEIRDNIQTTDVIVTAA
vnfK TRFIFAAYRYTRNK TW

Fig. 8. Comparison of the predicted amino acid sequences of a and ,B subunits of the VFe-protein (AclV) from A.chroococcum. Predicted amino acid
sequences for the a subunit (vnffD gene product) and the jB subunit (vnpK gene product) of the VFe-protein were aligned using the University of
Wisconsin Genetics computer group program GAP. The boxed areas mark sequence identities or conservative replacements. The asterisks mark
conserved cysteinyl residues.

only fix nitrogen when provided with V. Deletion mutants
were first selected as spectinomycin resistant colonies since
the acquisition of stable resistance to spectinomycin only
occurs after the recombinational exchange of the marker into
the chromosome. The deletion was confirmed in the resultant
strain (MCD 1301) by hybridization using the Bg2 fragment
as a probe (Figure 4). MCD 1301 was completely incapable
of growth in N2 irrespective of the presence or absence of
Mo or V although growth was normal when the strain was
supplied with a source of combined nitrogen such as
ammonium (Figure 7).
We previously cloned the second nijH-like sequence

(nipf*) from A. chroococcum and suggested that it might be
part of a second nitrogenase system in this organism (Robson
et al., 1986b). In order to demonstrate whether this sequence
encodes the Fe-protein of the V-nitrogenase we determined
the NH2-terminal sequence of the Ac2V which matched
exactly that predicted from the DNA sequence of nifH*.
The restriction map for the 8 kb EcoRI fragment in pEFI

overlaps that for one of the XhoI fragments (X2; see Figure
1) we had previously isolated in the cloning of niJfl*. The
overlap was confirmed by hybridization and the combined
map shows that the structural genes for the two V-nitrogenase
components are separated by -2.5 kb.

Discussion
We propose the genotype vnf(V-dependent nitrogen fixation)
for genes uniquely required for the V-nitrogenase system
to distinguish them from nifgenes as originally defined for
the Mo-nitrogenase in Klebsiella pneumoniae. We assign the
a and ( subunits of Ac 1v as the products of vnJD and vnJK
respectively and the small subunit (6) as the product of vnfG.
NiJfH*, which encodes the Fe-protein component of the
V-nitrogenase, we redesignated as vnfH. At present it is not
known whether the putative ferredoxin gene which is co-
transcribed with vnJH is required for expression of the V
system though it seems likely that it is a specific electron
donor to the V enzyme (Robson et al., 1986b).
The V- and Mo-nitrogenases show significant homology.

This is greatest in the case of the Fe-proteins (Ac2V and

Ac2MO) which are 89% homologous at the amino acid level
(Robson et al., 1986b). The ca and : subunits of Ac1V and
MoFe-proteins are much less homologous. They are both
significantly shorter at their NH2-terminal ends than all
examples of their nif gene homologues; 85 residues (18%)
of vnJD are conserved in nifJ gene products and 71 residues
(15 %) of the vnJK are conserved in nifK gene products. This
includes five cysteinyl residues in the at subunits and three
in the 3 subunits which probably provide ligands to
comparable metal centres in these proteins. Biochemical
evidence suggests that the two protein types probably contain
similar numbers and types of clusters. First estimates of the
Fe content of AclV fall within the range reported for
MoFe-proteins (Eady et al., 1987). Furthermore, it is known
that V in Ac Iv is present in an environment similar to that
of Mo in MoFe-proteins (Arber et al., 1987) such that it
can be extracted in a co-factor (FeVa-co) analogous to
FeMo-co (Smith et al., 1988). Glycine residues which might
be important in the secondary structure constitute 22 of the
85 conserved residues amongst vnf/niJD gene products and
13 of the 71 conserved amongst vnf/nifK gene products.

In view of the similarity between the oa and 3 subunits
of the VFe- and MoFe-proteins the finding of a third subunit
type in the VFe-protein is unexpected. The role of this
subunit is not known at present but it would be surprising
if it were essential for activity at least in vitro. The ca and
, polypeptides of the MoFe-protein do not contain a region
homologous to the vnfG product indicating that vnfG has not
been incorporated into nifDK. However, small proteins
which co-purify with Mo-nitrogenases are known. The
Mo-nitrogenase in Azotobacter can be isolated as a complex
containing the Fe-protein, the MoFe-protein and a third
Fe-S protein having a Mr of 14 500. This protein, though
not essential for activity, protects the enzyme from damage
by 02 ('conformational protection') and may also regulate
activity in vitro (Scherings et al., 1977; Robson, 1979). The
vnfG gene product may play a similar role but, whilst its
size (13 275) is comparable, it contains only one cysteine
residue and is therefore unlikely to be an Fe-S protein.
Also, in crude extracts the V-nitrogenase, unlike the
Mo-enzyme, is highly sensitive to inactivation by 02 and
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therefore does not appear 'conformationally protected' (Eady
et al., 1987).

It has been suggested that the a and a subunits of the
MoFe-protein evolved from a common ancestral gene since
they show sequence homology (Lammers and Haselkorn,
1983; Thony et al., 1985) and overall structural similarity
(Yamane et al., 1982). The similarity is more marked in
the case of the Aclv subunits (Figure 8). In this, 89
residues are conserved and the two polypeptides differ in
size by only two residues. This suggests that if the genes
for these subunits have arisen from a common ancestor, their
divergence may have occurred more recently than those in
the Mo-nitrogenase. We conclude that the two nitrogenases
have probably arisen from a common ancestral gene.

Structural genes for Ac2V and Aclv are organized into
separate operons, whereas their counterparts from the
Mo-nitrogenase of A.chroococcum form a single operon
(Jones et al., 1984). This indicates a potential for independent
modulation of the levels of the V-nitrogenase components.

Transcription of nifgenes in Gram-negative organisms is
well understood and requires the products of the ntrA gene
(which encodes the alternative sigma factor a54, Hirschman
et al., 1985; Hunt and Magasanik, 1985) and that of nifA,
which encodes a nif specific positive regulator (see Gussin
et al., 1987 for review). Two conserved sequences have
been recognized in nif promoters. The sequence
5'-CTGGPyAPyPuNNNNTTGCA-3' lies 26 bp upstream
of the transcription initiation site (Beynon et al., 1983) and
is recognized by core RNA polymerase containing &54
(Gussin et al., 1986). The consensus upstream activator
sequence (UAS) 5'-TGT-N1O-ACA-3', probably a binding
site for NIFA, usually lies between 120 and 140 bp further
upstream (Buck et al., 1986). Though the sequence
5'-CTGGCACGCATCCTGCA-3' (Figure 2; boxed) located
104 bp upstream of ORF1 conforms well to a consensus
-24,-12 sequence we can find no evidence for a UAS
immediately upstream of ORFI. This suggests that ex-
pression of this operon requires a54 and that if it requires
an activator analogous to NIFA, this activator has a different
DNA recognition sequence. Comparison of the promoter
regions of vnJH (Robson et al., 1986b) and vnJD do not show
significant homology other than the potential binding site for
a o54-like transcription factor (Kustu et al., 1986).

Inactivation of both sets of nitrogenase structural genes
by deletion renders our strain of A. chroococcum incapable
of nitrogen fixation and seems to rule out the existence of
a third system in this organism. This situation may be
contrasted with that in the closely related organism A.
vinelandii which contains three different nitrogenase systems.
Two correspond with the Mo- and V-nitrogenases in A.
chroococcum and the third is a system requiring neither Mo
nor V (Chisnell et al., 1988; Pau et al., 1989).

Materials and methods
Bacterial strains, plasmids, bacteriophage and media
A.chroococcum MCD1 (Robson et al., 1984) and its derivative MCD I 155
(deleted for niflDK) (Robson, 1986) were routinely grown and maintained
on RM hedium (Robson et al., 1984) or, when growth on N, was

required, a simple defined medium (Nil medium, Robson, 1986) supple-
mented with either V or Mo (to 0.1 AM) was used. Spectinomycin and
kanamycin were added to media at 2 and 0.25 jig/ml when required.
Escherichia coli strains HB1I1 (Boyer and Roulland-Dussoix, 1969), 5K
(Jones et al., 1984) and 71/18 (Messing et al., 1977) were routinely grown

in Luria Bertani agar or broth. Carbenicillin, spectinomycin and kanamycin
were added when required at 50, 20 and 25 jig/m1, respectively.
Bacteriophage M13K07 used to raise single-stranded templates for DNA
sequencing was obtained from Pharmacia and propagated according to the
manufacturers' instructions. Cloning vector pEMBL18+ was described by
Dente et al. (1983) and pTZ18R and pTZ19R were described by Mead
et al. (1986). pCU101 was described by Thatte and Tyler (1983) and its
use as a suicide vector for A. chroococcum was demonstrated earlier (Robson,
1986). The plasmid pHP45Q was the source of the spectinomycin resistance
cassette (Prentki and Krisch, 1984).

Genetic techniques
The procedure for construction of chromosomal deletions in A. chroococcum
is decribed in the text and in an earlier report (Robson, 1986). Conjugations
between E. coli and A. chroococcum were performed as described by Jones
et al. (1984) and transformation of E. coli was done as described in Kushner
(1987).

Molecular biology techniques
Preparation of Azotobacter chromosomal DNA was as in Robson et al. (1984)
and RNA was prepared as described in Krol et al. (1982). General
recombinant DNA techniques and radioactive labelling of DNA were as
given in Jones et al. (1984). DNA sequencing was done by the chain
termination method (Sanger et al., 1977) using [35S]dATP (Biggin et al.,
1983) with templates produced from inserts cloned in pEMBLl9+ or
pTZ 1 8R. Both strands were sequenced using an ordered deletion strategy.
Gaps were filled and uncertainties resolved using synthetic oligonucleotide
primers. The sequence was assembled using the DB system of Staden (1982).
The likely validity of ORFs was tested using the computer program
CODONPREFERENCE from the University of Wisconsin Computer Group
(Deveraux et al., 1985) using data for codon usage compiled from other
Azotobacter genes. Protein comparisons were made using the UWCG
program GAP.

Protein and polypeptide analysis
Aclv and Ac2v were purified as described previously (Robson et al.,
1986a; Eady et al., 1987). Polypeptides were separated by SDS -PAGE,
stained with Coomassie Blue and extracted by electroelution. The 6 subunit
was recovered by electroblotting into trifluoroacetic acid-activated glass paper
(Aebersold et al., 1986). NH2-terminal analysis was performed using an
Applied Biosystems 470A gas phase sequenator equipped with a 120A on-line
analyser.
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