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Structural genes for the VFe-protein (Ac1Y) of the
vanadium nitrogenase from Azofobacter chroococcum
were cloned and sequenced. The VFe-protein contains
three subunit types with M, of 53 793 («), 52 724 (3)
and 13 274 (6). « and (8 subunits show 18 and 15%
sequence identity respectively, with o and 3 subunits
of the MoFe-protein of A.chroococcum molybdenum
nitrogenase. The genes for the three subunits vafD (o),
vafG (8) and vnfK () are contiguous and form an operon
whose transcription is repressed in response to ammonia.
The Fe-protein component of the V-nitrogenase (Ac2Y)
is the product of nifH* that we have previously cloned
and sequenced. This gene was located 2.5 kb upstream
of vnfD. 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.
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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
M, of 227 000 which contains two atoms of Mo, 23 atoms
of Fe and 20 acid-labile S atoms. The protein has an a3,
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 M; 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—48] cluster The nifH gene encodes the subunit
of the Fe-protein and the nifD and nifK genes encode the
o and 8 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 M, of 220 000 composed of at least two subunit
types with apparent M, of 50 000 and 55 000. A third small
polypeptide reproducibly co-purifies with the VFe-protein
though its significance is not known (Eady er 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
Ac2M° and AcIM® respectively and the Fe- and VFe-
proteins of the V system as Ac2" and Acl".
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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

11 kb region of the chromosome of A.chroococcum carrying the
structural genes for the V-nitrogenase. Plasmid pEF1 carrying the 8 kb
EcoRI fragment (E1) was isolated in this work. Fragments X1 and X2
in plasmids pXA1 and pXC1 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, Xhol; Ba,
BamHI; Bg, Bgl1l; 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’ -TCGACGTACAGACCCCGAACGCTCCGTACTTGGCCGAACGAAAAACCTT 49
TTCGTATTCCGCCGGCCGTCGCCAGCGCTGCAAACGCGGAAAAAACGCCCGAAAACCCCGCGCGACGCCTTTCTGCAGCAGCAGAAGAAA 139
CCMCMGTCATTATTCMAAGAATTAATCATTTGCTOGGCGGGCGMCGAAATTCCGCMCGCCGCAAGGGCAT@GGCACGCATCCTG 229
COATTTCCTCTTCGCCAACCGGTTTTTCCGGTCCCCGATCGATGCCGGTCACGGGTTCGATCAACGCATAGAGCCGAGGAGACTTCAACC 319
ATGCCAATGGTATTGCTGGAATGTGACAAGGACATACCCGAGCGCCAGAAACACATCTATCTGAAGGCGCCCAACGAGGACACCCGCGAG 409

M P M VL L ECDIKUDTIUPEUZR G QK HTITYULI KA AUPNEUDTRE
TTCCTGCCGATCGCCAACGCGGCGACCATCCCCGGCACCCTGTCCGAACGCGGCTGCCTTCTGCGGCAGCAAGCTGGTAATCGGCGGCGTG 499
F L P I A NAATTIUPUGTULSEWRUGU CLIULU RRIKILUVTISGSGV
CTCAAAGACACCATCCAGATGATTCACGGCCCGCTCGGCTGTGCCTACGACACCTGGCACACCAAGCGATACCCGACCGACAACGGCCAC 589
L K DT I QM I H G PLGOCAYDTWHTI KT RYUPTUDNTGH
TTCAACATGAAGTACGTCTGGTCGACCGACATAAAGGAAAGCCATGTGGTGTTCGGCGGCGAGAAGCGCCTCGAGCAGCGCATGCACGAA 679
F N M K Y V W S8 TDMIEKE S HV VF GG EI KR RTILEUGQQSMHE
GCCTTCGACGAGATGCCCGACATCAAGCGGATGATCGTCTACACGACCTGCCCGACCGCGCTGATCGGCGACGACATCAAGGCCGTGGCC 769
A F D EMUPUDI K RMTIVYTTT CUPTALTIUGDT DTII KAV A
AAGAAGGTGATGAAGGAGCGTCCCGACGTGGACGTCTTCACCGTCGAATACCCCGGCTTCTCCGACGTGTCCCAGTCCAAGGGCCACCAC 859
K K VM K ERPDV DV FTVETCUPGT FS GV S Q8 K G H H
GTCCTGAACATCGGCTGGATCAACGAGAAAGTCGAGACGATGGAGAAGGAGATCACCAGCGAATACACGATGAACTTCATCGGTGACTTC 949
VL NIGUWTINTEITKT VETMMET KETITSETYTMNTFTIGTDF
AACATCCAGGGCGATACCCAGCTGCTGCAGACCTACTGGGACCGCCTGGGCATCCAGGTCGTCGCCCACTTCACCGGCAACGGCACCTAC 1039
N I Q G DT QL L QT Y WD RULGTIGQV YV A HFTGNGTY
GACGACCTGCGCTGCATGCACCAGGCCCAGCTCAACGTGGTGAACTGCGCGCGCTCCTCCGGCTACATCGCCAACGAACTGAAGAAGCGC 1129
D DL RCMUHEGQAUG QLNVVYVNTCA AR SS8SG6Y I A NETILIKIKR
TACGGCATCCCGCGCCTGGACATCGACTCCTGGAGGCTTCAGCTACATGGCCGAGGGCATCCGCAAGATCTGCGCCTTCTTCGGCATCGAG 1219
Y 6 I P RL DI D S8 WGV F S Y MAETGTIU RIEKTITCATFTFGTIE
GAGAAGGGCGAACGGCTAATCGCCGAGGAATACGCCAAGTGGAAGCCGAAGCTCGACTGGTACAAGGAGCGCCTGCAGGGCAAGAAGATG 1309
E K G ERL I A EZEZYATIKJUWEI KU PIKTLUDUWYZEKEUZRILUG QGT KIKNM
GCGATCTGGACCGGCAACCCACACCTGTGICACTGGACCAAGTCGGTCGAGGACGACCTAGGBCATCCAGGTGGTGGCCATGTCCTCCAAG 1399
A I W T GG PRULWHWTIEK SV EDDULGTIQV YV A M S S K
TTCGGCCATGAGGAAGACTTCGAGAAGGTCATCGCCCGCGGCAAGGAAGGCACCTACTACATCGACGACGGCAACGAGCTGGAGTTCTTC 1489
F GH E RERDVF E K VI ARG KEUGT Y YTIUDUDGNTELTETFTF
GAGATCATCGACCTGGTCAAGCCGGACATGATCTTCACAGGTCCCCACATCGGCGAGCTGGTCAAGAAGCTGCACATCCCCTACGTCAAC 1579
E I I DLV KPDV I FTGPUZRYVYGELVI KT KTLUHTIUPTYVN
GGCCACGACTACCACAACGGCCCGTACATGGGCTTCGAGGGCTTCGTCAACCTCGCCCACGACACCTACAACGCCGTGCACAACCCGCTG 1669
G H G Y H N GP Y M GF B G F V NLARUDTTYNAVHNTUPL
CGCCACCTGGCCACCGTAGACATCCGCGACAGCTCACAGACCACTCCGGTCATCGTGCGGGGGGCCGCCTGATGAGCCAGTCCCATCTCG 1759
R HL A AV DIURUDS S QTTUPV VI VR RGAAUZ=*MNMS QS HL
ACGACCTAGTTCGACTACACCGAGGAGCGCTACCTGTGACAGTTCTTCTCGCGCACCTGGGACCGCGAGGAAAACATCGAGGGCGTGCTCG 1849
D DL F D YTUZ R ERTCILUWGQPFUPFP S RTWDR RETENIIETGIVL
GCCAGGTCGCCCGCCTGCT ACCGGCCAGGAGCCACTACACAGCACCCCACAGGAGCGCCTGTTCTACGCCGACGCCCTGGCCATGGCCA 1939
G Q V A RL L TG QUEUPULUZRUGTUPGQERTULUF FYADATLAMA
ACGACGTTCGCGAGCACTTCCCCTGGACATCACAGATCAATCACGAGGAAATCCATTTCCTGATCGACGGCCTCAAGTCCCGCCTGGTCG 2029
N D VR ER P P W A S QI NHEZEETIHUPFULTIDGLI K SU RILUV
ACACCGTGATCCAAAGCTCGACCAACCGCGAACTCAACCACCACCTCTACTGAGTCACCGCTGCGGGAGUCGGCCCGAGGGCCGTCCCCTG 2119
D TV I TR S TNUZ RUELNUBUBHBILY * <€ >
TGCGAAGGAGCCATTTGATGAGCAATTGCGAGCTAACCGTGCTGAAGCCGACTGAAGTCAAGCTGGTCAAGCGGGAGCGCGAAGGCATCA 2209
© 4 8 N C E L T VL K P A BV KL V EKRIETRTETGTI
TCAACCCGATGTACGACTGCCAGCCCGCGGACGCCCAGTACGCCGGCATCGAGCATCAAGGACTGCATCCCGCTGGTCCACGGCGGCCAGG 2299
I NP MY D C QP A @G A QY A GI GV KD CTIUPLVHGSGAQ
GCTACACGATATTCATCCACCTGCTGTTCACCCAGCACTTCAAGGAAAACTTCGACGTCGCCTCGACCTCGCTGCACGAGGAGTCGGCGG 2389
G C T M P VRLLPF A QHUPFIEKTZERNTPFUDV A ST S L HETE S A
TGTTCGACAACACCAAGCACATCGAGGAAGGCGTGCTGGTGCTAGCCCGCCGCTACCCGGAACTACGACTGATCCCGATCATCACCACCT 24179
V F G G A KRV EEGV L VL ARUZRYU PELUZ RLTIU®PTITITT
GCTCCACCGAGGTCATCGACAACGACATCGAGGGCACCATCAACGTCTACAACCGGGCGCTCGCCAGCCAGAGTTCCCGGAGCGCAAGATCT 2569
C 8 T E V I G D D I B G T TINVCNUZ RALAAETFUPTETRTRITKTI
ACCTGGCGCCGATGCACACCCCGAGCTTCAAGAGCAGCCACGTCACCGGCTACGCCGAGTGCGTGAAGTCGATGTTCAAGACCATCACCG 2659
YL APV HTUP S F K GS HVTGYAETCVI K SMUZPFPI KTTIT
AGGTGCACGGCAAGGACCAGCCGAGCGGCAAGCTCAACGTCTTCCCGGGCTAGGTCAACCCCGGCGACGTGGTACTGCTCAAGCGCTACT 2749
E vVH G K G QP S8 G K L NV F P GWVNUPGD UV VLLI KT RY
TCAAGGAAATGGACGTCGACACCACGATATTCATAGACACCGAGGACTTCGACTCGCCGATGCTGCCRAACAAGAGCATCGAGACCCACG 2839
F K E M G V D ATV F M DTUBRDUF FD S P ML P NIK S I ETH
GCCAGCACCACGGTCGAGGACATCGCCGACAGCGCCAACGCCCTGGCCACCCTGGCCCTAACCCGCTACGAGGGCGCGACCACCGGCGAGT 2929
G R T TV ED I A DS A NALATULALARTYTUEREGATTGE
ACCTGGAGAAGACCTTCGCGGTGCCGAACAGCCTGGTCAACACCCCCTACGGCATCAAGAACACCGACGACATGCTGCGCAAGATCGCCG 3019
Y L E XK TPF AV PNSLVNTUPYGTII KNTDUDMTLTZRIEKTIA
AGATCACCGGCAAGGAGATCCCCGAGTCGCTGGTCCACGAGCCGCGCATCGCGTGGATCGCGCTAGCCGACCTGGCAGCACATGTTCTTCG 3109
E I T G K B I P EBE S8 L VREUPU RTIAUWTIALADTILAHMTEPF
CCAACAAGAAGGTGGCAATCTTCGGTCATCCGGACCTGGTGCTCGGCCTGGCGCAGTTCTGCCTGGAAGTGGAACTGGAACCGGTGCTGC 3199
AN KK V A I F GHZPUDULVULGLAAQFPFTCTULTETVETLTEUZPUVL
TGCTGATCGGCGACGACCAGGGCAGCAAGTACAAGAAGGACCCGCGCCTCCAGGAGCTCAAGGACGCCGCGCACTTCGACATGGAGATCG 3289
L L I @G DD QG 8 K Y K K DPRIUL U QETLIKUDAAMHRTFUDMEI
TCCACAACGCCGACCTCTGGGAGCTGGAGAAGCGCATCAACGACGGCCTGCAGCTCGACCTGATCATGGGTCACTCGAAGGGCCGCTACG 3379
V HN A DULWETLTZEI KT RTINDGL G QLUDTULTIMGUHS S KTGT R Y
TCGCCATCGAAGCCAACATCCCGATGATCCGCGTCGGCTTCCCGACCTTCGACCGCGCCGGCCTCTACCGCAAGCCGAGCATCGGCTACC 3469
V A I E A NI P M VRV GF PTTV FDUZ RAGLTYTZ RIEKUZPS STIGY
AGGGCGCCATGGAGCTCGGCAAGATGATCGCCAACGCCATGTTCGCCCACATGGAATACACCCGTAACAAGGAATGGATCCTCAATACGT 3559
Q G A M EL G E M I A NAMPF A HMETYT R RNIKTETUWTITLNT
?TAGWAMMNCCCTGCTCCGOCAGOGCCTCCGCCCCGTATTCCACTCCGGCCGCCATGCCGCCTTCGGGAGAGAGCCATGA 3649
AACAGCGACAGGAATGGTCGCCACTATCGCGCGTGCTTCGGCGAGCTGTGCGCCCGACCGGAACACCGCCCCATCGAACCCTACACCCGC 3739
CCGCGUCACCTGAGCTTCGCGAGCCGGAAACCGACGCCACCCGCCGCCTACCCGGCCGCCTGGTGCTGGCGC TGACCAGTGCCTACGCGC 3829
TCTTGACCGACTGCAGGAGTGCCGCGATCCGTCGCT-3" 3865

Fig. 2. Nucleotide sequence for the structural genes of the VFe-protein (Ac1Y) from A.chroococcum. The DNA sequence for 3865 bases extending
to the right of the Sa/l 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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A.chroococcum vanadium nitrogenase structural genes

Ac vnfD MPMVLLECDKDIPERQIHIYLKAPNEDTREF-PI T LS

RJ MSLATTNSVAEIRARNKELIEEVLKVYPEK[TAKRR NVHQAGKSDCG-~-VKSNIKSIPGQVMTI

cR MSLASTQSIAEIRARNKELIQEVLKVYPEKTAKRR NVHQAGKSDCG--VKSNIKSIPGVMT

Pr MSLATTQSIAEIRARNKELIEEVLKVYP AKRR NVHQAGKSDCG--VK KSI MTI

Cp SENLKDEILEKYIPKTKKTRSGHIVIKTEETPNPE--IVANTRT IT

An MTPPENKNLVDENKELIQEVLKAYPEKSRXKR NVHEENKSDCG~~-VKSNIKS MT.

Av MTRMSREEVESLIQEVLEVYP| RKD AVNDPAVTQSKKCII K MT

Ac vnfD :g YDTWH-=~~~ TKRYPTDNGHFNMKY VWS TIDM! FDEMPDIKRMIVYT

RJ ;‘: GQYSWGSRR--NYYVGTTGIDSFVTLQFTSOF QELFPLNNGITIQS

cR ; QELFPLNNGITIQS

Pr QELFPLNNGITIQS

Cp YEMF-HPAAIGVYA

An IF DVLFPLNRGVSIQS

Av F ETLFPLNKGISVQS

Ac vnfD

RJ

cR

Pr

Cp

An

Av

Ac vnfD HF TYDDLRCMN-QA LDIDS RSYMAEGIRKICAFFG--1EEK EEYAKWKPKLD
Rj Qw LAELEATP-KA| CEYNFRGPSKIADSLRRIAQYFDD-KIKE KYQPLVDAVIA
CcR Qw SLAELEANV-E ICEYNF SKIAESLRRIAGYFDD-KIKE KYQPLVNAVIA
Pr QW SLAELEATP-KA EYNF SKIAESLRKIAGYFDD-KIKE KYQPLVDAVIA
Cp TL ATY-EKVQNADKA IKCNF NGIVETLROMAKCPDDPELTKR EEIAAIQODLD
An QW TLNEL IQGP-AA EFNFRGPTKIAASLREIAAKFDS-KIQEN KYTPVMNAVLD
Av Qw GYISQIELTP-KV EYNF TKTIESLRAIAAKFDE-SIQKK AKYKPEWEAVAL
Ac vnfD E0F EKVIARGK

RJ QRTAQHYVK

cR & QRTAQHYVK

Pr RPRHVIGAYED- QRTAQHYVK -
Cp ¥ISHTYMLKSF-- DSLVAGF DOYEGREVIPTIKIDADSKNIPEITVTPDEQKYRVVIPEDKVEELK
An LRPR VVPAFED- KVVGTGQY ODYKRTT-HYAD~~=--

Av RHVIGAYED-LGMEVVGTGY DRTMKEMG

Ac vnfD FEIIDLVKPDVIF VGELVKLHIPYVN GFEGFVNLARDTYNAVHN
RJ ERFVERL LV KEKYVF SVPFRQM GYDGFAIFARDMDMAVNS
cR ERFVEKLQPDLV KEKYVF! PFRQM DYDGFAIFARDMDMAINS
Pr ERFVEKVGPDLVGSQAIKEKYVF VPFPEM GYDGFAIFARDMDMAVNS
Cp KAGVPLSSYGGMMKEMH -=-VLEKL| FFAGIKELFVI VLSKQL GFRGVVNFGHELVNGIYT
An EEFVKAKKPDLIASGIKEKYVF LPFRQH GYDGFAIFARDMDLSLNS
AV EEFVKRI LIG KEKFIF IPFRQM GFDGFAIFARDMDMTLNN
Ac vnfD |[PFLRHLAAVDIRDSSQTTPVIVRGA

RJ INKRTKAPWKDAERQDSRLQNNATRLALRESPGIPI

cR WKKTKAPWKEASRAKLLAAE

Pr IWKKTKAPWKEAAKPKLLAAE

Cp WKMITPPWKKASSESKVVVGGEA

An WSLIGAPWKKAAAKAKAAS

Av WKKLQAPWEASEGAEKVAASA

Fig. 3. Comparison of predicted amino acid sequences for ORF1 with a subunits of Mo-nitrogenases. The predicted amino acid sequence of ORF1
(vnfD) is compared with o subunits of Mo-nitrogenases from different bacteria. Apparent sequence identities are boxed. o 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 er al., 1984); Cp, Clostridium pasteurianum (Hase et al.. 1984); An, Anabaena 7120
(Lammers and Haselkorn, 1983) but modified by the gene rearrangement (Golden er 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 (nifH, nifD and nifK) 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 nifH- and nifK-like sequences in
the genome of this organism might be associated with a
second nitrogenase system (Jones et al., 1984; Robson,
1986). A second nifH gene (nifH*) 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 nifH* 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 nifK-like sequence
in the genome (on an 8 kb EcoRI genomic fragment) of
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Ac vnfkK MSNCELTVLKPAEVKLVKRERE-GI D G
Pr MAQSADHVLDHLELFRGPEYQQMAL -DKKMFENPRDPAE-VERIRAVTKTPEYREKNFA-EALA KACQPLG
RJ MPQSAEHVLDHVELFRGPEYQQMLA-KKKIFENPRDPAE-VERIKEWTKTAEYREKNFA| LA K G
An MPQNPERTVDHVDLFKQPEYTELFENKRKNFEGAHPPEE-VERSEWTKSWDYREKNFAR LT KQCQPVG
Av MSQQVDKIKASYPLFLDQDYKDMLA~-KKRDGFEEKYPQDKIDEVFQWTTTKEYQELNF LT K L
Cp MLDATPKEIVER G
Ac vnfK YAGI LFA SIS S GGAKRVEEGVLVLARRYPELRLIPII

Pr FVS HLS! GALNNMIDGLANSYNMYKPK-MI-CS

RJ FAS LS GALNNMTDGLANSYKMYKPK-MIAV

An FAA HLS! GALNNMIEGMQVSYQLYKPK-MIAVC

Av LCA YFNI S GGRANMKDGLQANCKATYKPD-MIAVS

Cp LCA S G KDGLQNCKATYKPD-MIAVS

Ac vnfK  GTINVCNRALAAEFPERKIYLAP AECVKSMFKTITEVHGKGQPSGKLNVFPGWVN---PGEDVV---LLKRYFKEMG
Pr AFIKTSKEKGSV----RRSSTPF DNALKGILEHFWN--GKAGTAPKLERKPNEAINII DGNTVGNLREIKRIL
RJ AFIKTSKEKGSV---PADFDVPF, DNALKGILEHFWD--GKAGTAPKLERKPNGAINII DGYTVGNLRE IL
An AFITNSKNAGSI---PQDFPVPF DNMMKGILSNLTE--QKKKATS====== NGKINFI DTY-VGNNRELKM--
Av AF INNSKKEGFI---PDQFPVPF DNMFEGIARYFTL~--KSMDDKW---~GSNKKIKIVPG-ETY-LGNFRV IKRML
Cp AFINNSK QGIVNYLSENTGAK-=====c=e= NGKINVI VGP--ADMRE LF
Ac vnfK  VDA----TVFMD-TEDFSPMLPNKSIETH VEDIADSANAL LARYEGATTGEYLEKTFAVPNSLVYN KNTDDMLRKIA
Pr AIMGIKHTILADNSEVFOTPDT-GEFRMY VEDTANAIHAI SMQQW-CTEKTLPFVSEHGQDVVSFN SA[TODLLVALS
Rj ELMGIQHTVL. EVFOTPTD-GEFRMY LKDAANAIHAKATISMQQW-CTEKTLSFAAEHGQDVLSFN SATDDFIVALS
An GVMGVDYTILSDSSOYFISPNM-GEYEMYPS LEDAADSINA ALQAY-TTPKTREYIKTQWKQETQVLI K FLTAVS
Av SEMGVGYSLLSDPEEVLOTPAD-GQFRMYA QEEMKDAPNALNTVLLQPWHLEKTKKFVEGTWKHEVPKLN FLMKVS
Cp EAMDIPYIMFPDITSGY TT-GEYKM S, FIMALS
Ac vnfK  EI ETFAESLVREPRIAWIALADL-AHMFFAI FGHPDLVLGLAQFCLEVELHAVLLLIGDDQGSKYKKDPRLQELKDAAHFDME
Pr RI EIAEQLARERRGLVDAI SAH--IH YGDPDLGYGLAAF LGAEFTHVLSTNGNNVAGE-NATLFAGSPFG-ELPA
RJ RI EJAEQLARERGRLVDAI SAH--VH! YGDPDLGYGLAAF LGAEATHVLSTNGNKAWQEKMQAL LASSPFGQGCQV
An EL ELEIERGRLVDAI YAW=--IH FYGDPLIISITSFLLEMGAGAVHILCNNGDOTFKKEMEAILAASPFGKEAKY
Av EI SLTKERGRLVDMM TW-~LH WGDPDFVMGLVKF LGCEAVHILCHNGNKRWKKAVDAILAASPYGKNATY
Cp EA EVIBASIEEERGQILDLMIDAQQY--L LGDPDEAILK LGAIIPKYVVTQTPGMKFEKEIDAMLAEAGI-EGSKY
Ac vnfK IVHNADLWEL EKRINDGLQLUDY. IMGHSKGRYVAIEANI ~=~~~~ GLYRKPS ELGEMIANAMFAHMEYTR
Pr YPGR-DILWHMRSLLFTE-PVDF LIGNTRGKYLERDTQT~~~-~~ HHHRFPV LNVLVKILOKIFDEIDKKT
Rj YPGR-OLWHMRSLLFTE-PVDOFLIGNTYGKYLERDTAT~=~~~~ L HHHRFPI LNVLVKILOKIFDEIDNKT
An WIQK-OLWHFRSLLFTE-PVDF FIGNSYGKYLWRDTSI~~-~-~ R HLHRYST LNILNWVVNTLLDEMDRST
Av YIGK-DLWHLRSLVFTD-KADFMIGNSYGKF IQRDTLHKGKEFEVFLIR HLHRSTT ILTTLVNSILERLDEET
Cp KVEG-DFFOVHQWIKNE-GVDLLISNTYGKFIA EEN R GHYYNPK' IRLVEEITNVILDKIER
Ac vnfK  NKEWILNTW

Pr SVLGKTDYSFDIIR

RJ NILGKTDYSFDIIR

An NITGKTDISFDLIR

Av RGMQATDYNHDLVR

Cp ECTEEDFEVVR

Fig. 4. Comparison of predicted amino acid sequence for ORF3 (vafK) with 8 subunits of Mo-nitrogenases. The predicted amino acid sequence of
ORF3 (vnfK) is compared with 8 subunits of Mo-nitrogenases. Apparent sequence identities are boxed. 8 subunits (nifK 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 AclV
(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 nifK specific DNA fragment, a 1.4 kb
HindlII 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 Sall
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 M, of 53 793, 13275 and 52 724,
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respectively. ORF1 and 3, though not ORF2, are preceded
by good potential ribosome binding sites. The translation
initiation codon of ORF2 overlaps the translation termination
codon of ORF1 and suggests that the translation of ORF1
and ORF2 could be tightly coupled.

The deduced amino acid sequences of ORF1 and ORF3
show homology to nifD and nifK 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 AclY as
shown by comparing the predicted amino acid sequences of
the ORFs to the NH,-terminal amino acid sequences of
the polypeptides isolated from the protein. The o and S
polypeptides are the products of ORF1 and ORF3. The third
small polypeptide which co-purifies with Ac1 corresponds
to ORF2 (Figure 5). The ORF2 () subunit is likely to be
a third subunit type in the VFe-protein because it co-purifies
reproducibly with Ac1¥ and appears to be present in
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Fig. 5. Assignment of polypeptides of the VFe-protein (Acl1Y) as the
gene products of ORF1, 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 determination 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.

Kb 173—

Fig. 6. Transcription of VFe-protein (AclV) structural genes. RNA
prepared from A.chroococcum MCD1155 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 5 h following the addition of NH,CI to
10 mM was loaded in lane 3. Size markers loaded in lane 1 were
32p_end-labelled denatured DNA fragments generated by HindIII
digestion of bacteriophage lambda.

equivalent proportions to the other subunits based on laser
scanning of Coomassie Blue stained gels and NH,-terminal
amino acid ratio analysis of the native protein. Furthermore,
ORF?2 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
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Fig. 7. Chromosomal deletion of VFe-protein structural genes. A
deletion in the A.chroococcum MCDI1155 chromosome of the 1.4 kb
Bgl11 fragment internal to the VFe-protein structural genes was made
by a gene replacement technique. The Bg/II fragment in pEF1 (Bg2.
Figure 1) was first replaced by a spectinomycin gene resistant cassette
in vitro. The mutagenized insert DNA was recloned into the suicide
vector pCU101 which was introduced into MCDI1155 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. MCD1155 and MCD1301, digested
with BglIl, Southern blotted and probed with radioactively labelled
1.4 kb Bgl1l fragment. The expected fragment was detected in MCD1
(lane 2) and MCD1155 (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 ¥?P-end-labelled HindIII 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
ORF1 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 ORF1, 2 and 3 was
required for V-dependent nitrogen fixation by constructing
a chromosomal deletion of the 1.4 kb Bg!/II fragment (Bg2;
Figure 1) which spans all of ORF2 and the C-terminal and
NH,-terminal portions of ORF1 and 3, respectively. The
Bgl1I 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 MCD1155 which lacks the
structural genes for the Mo-nitrogenase and can therefore
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Fig. 8. Comparison of the predicted amino acid sequences of  and 8 subunits of the VFe-protein (Ac1Y) from A.chroococcum. Predicted amino acid
sequences for the o subunit (vafD gene product) and the 8 subunit (vafK 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 (MCD1301) by hybridization using the Bg2 fragment
as a probe (Figure 4). MCD1301 was completely incapable
of growth in N, 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 nifH-like sequence
(nifH*) 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- mtrogenase we determined
the NH,-terminal sequence of the Ac2¥ which matched
exactly that predicted from the DNA sequence of nifH*.

The restriction map for the 8 kb EcoRI fragment in pEF1
overlaps that for one of the Xhol fragments (X2; see Figure
1) we had previously isolated in the cloning of nifH*. 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 nif genes as originally defined for
the Mo-nitrogenase in Klebsiella pneumoniae. We assign the
o and @ subunits of Ac1V as the products of vifD and vnfK
respectively and the small subunit (8) as the product of vnfG.
NifH*, which encodes the Fe-protein component of the
V-nitrogenase, we redesignated as vafH. At present it is not
known whether the putative ferredoxin gene which is co-
transcribed with vnfH 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
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Ac2M°) which are 89% homologous at the amino acid level
(Robson et al., 1986b). The « and B8 subunits of Ac1Y and
MoFe-proteins are much less homologous. They are both
significantly shorter at their NH,-terminal ends than all
examples of their nif gene homologues; 85 residues (18 %)
of vnfD are conserved in nifD gene products and 71 residues
(15%) of the vafK are conserved in nifK gene products. This
includes five cysteinyl residues in the o subunits and three
in the @ 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- protems (Eady et al., 1987). Furthermore, it is known
that V in Ac1V is present in an environment similar to that
of Mo in MoFe-proteins (Arber er al., 1987) such that it
can be extracted in a co-factor (FeVa-co) analogous to
FeMo-co (Smith ef al., 1988). Glycine residues which might
be important in the secondary structure constitute 22 of the
85 conserved residues amongst vaf/nifD gene products and
13 of the 71 conserved amongst vnf/nifK gene products.
In view of the similarity between the o and 8 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 « and
8 polypeptides of the MoFe-protein do not contain a region
homologous to the vafG 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 M, of 14 500. This protein, though
not essential for activity, protects the enzyme from damage
by O, (‘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 O, and



therefore does not appear ‘conformationally protected’ (Eady
et al., 1987).

It has been suggested that the o and 3 subunits of the
MoFe-protein evolved from a common ancestral gene since
they show sequence homology (Lammers and Haselkorn,
1983; Thony er al., 1985) and overall structural similarity
(Yamane et al., 1982). The similarity is more marked in
the case of the Acl 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 Ac2¥ 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 nif genes in Gram-negative organisms is
well understood and requires the products of the nirA gene
(which encodes the alternative sigma factor ¢>*, Hirschman
et al., 1985; Hunt and Magasanik, 1985) and that of nif4,
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’-CTGGPyAPyPuUNNNNTTGCA-3’ lies 26 bp upstream
of the transcription initiation site (Beynon et al., 1983) and
is recognized by core RNA polymerase containing o>*
(Gussin et al., 1986). The consensus upstream activator
sequence (UAS) 5'-TGT-N,o-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 ORF1. This suggests that ex-
pression of this operon requires ¢>* and that if it requires
an activator analogous to NIFA, this activator has a different
DNA recognition sequence. Comparison of the promoter
regions of vnfH (Robson ez al., 1986b) and vafD do not show
significant homology other than the potential binding site for
a o*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 er 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 MCD1155
(deleted for nifHDK)) (Robson, 1986) were routinely grown and maintained
on RM thedium (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 uM) was used. Spectinomycin and
kanamycin were added to media at 2 and 0.25 pug/ml when required.
Escherichia coli strains HB101 (Boyer and Roulland-Dussoix, 1969), 5K
(Jones et al., 1984) and 71/18 (Messing et al., 1977) were routinely grown

A.chroococcum vanadium nitrogenase structural genes

in Luria Bertani agar or broth. Carbenicillin, spectinomycin and kanamycin
were added when required at 50, 20 and 25 ug/ml, 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 pPEMBL18+ was described by
Dente er 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 er al. (1984)
and RNA was prepared as described in Krol er al. (1982). General
recombinant DNA techniques and radioactive labelling of DNA were as
given in Jones er al. (1984). DNA sequencing was done by the chain
termination method (Sanger et al., 1977) using [*3S]dATP (Biggin er al.,
1983) with templates produced from inserts cloned in pPEMBL19+ or
pTZ18R. 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 er 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

AclY and Ac2V were purified as described previously (Robson et al.,
1986a: Eady er al., 1987). Polypeptides were separated by SDS —PAGE,
stained with Coomassie Blue and extracted by electroelution. The & subunit
was recovered by electroblotting into trifluoroacetic acid-activated glass paper
(Aebersold er al., 1986). NH,-terminal analysis was performed using an
Applied Biosystems 470A gas phase sequenator equipped with a 120A on-line
analyser.
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