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The nifV gene products from Azotobacter vinelandii and Klebsiella pneumoniae share a high level of primary
sequence identity and are proposed to catalyze the synthesis of homocitrate. While searching for potential nif
(nitrogen fixation) genes within the genomic region located downstream from the nifN-B gene of Clostridium
pasteurianum, we observed two open reading frames (ORFs) whose deduced amino acid sequences exhibit
nonoverlapping sequence identity to different portions of the nifV gene products from A. vinelandii and K.
pneumoniae. Conserved regions were located between the C-terminal 195 amino acid residues of the first ORF
and the C-terminal portion of the nifV gene product and between the entire sequence of the second ORF (269
amino acid residues) and the N-terminal portion of the nifV gene product. We therefore designated the first
ORF nifVo and the second ORF nifVa. The deduced amino acid sequences of nifVw and nifVa were also found
to have sequence similarity when compared with the primary sequence of the leuA gene product from
Salmonella typhimurium, which encodes a-isopropylmalate synthase. Marker rescue experiments were
performed by recombining nifVw and nifVa from C. pasteurianum, singly and in combination, into the genome
of an A. vinelandii mutant strain which has an insertion and a deletion mutation located within its nifV gene.
A NifV* phenotype was obtained only when both the C. pasteurianum nifVw and nifVa genes were introduced
into the chromosome of this mutant strain. These results suggest that the nifVw and nifVa genes encode

separate domains, both of which are required for homocitrate synthesis in C. pasteurianum.

Biological nitrogen fixation is catalyzed by nitrogenase.
Molybdenum-containing nitrogenase consists of two separa-
ble component proteins called the MoFe protein and the Fe
protein. The Fe protein is a dimer of identical subunits, and
it serves as an ATP-dependent electron donor to the MoFe
protein. The MoFe protein has an a,B, tetrameric structure
and contains the site for N, binding and reduction. The
substrate reduction site on the MoFe protein is believed to
reside in or include an iron-molybdenum cofactor (FeMoco).
Isolated FeMoco contains five to eight Fe atoms, eight or
nine S atoms, and one homocitrate molecule per molybde-
num atom (5, 12-14, 17).

In Klebsiella pneumoniae and Azotobacter vinelandii,
at least six nitrogen fixation (nif) genes are required for
FeMoco biosynthesis (see, for example, reference 7). They
include nifH, nifE, nifN, nifB, nifQ, and nifV. Inactivation of
the K. pneumoniae nifV gene results in accumulation of a
nitrogenase having altered substrate specificity and inhibitor
susceptibility patterns (8, 10, 11). This alteration is associ-
ated with an altered form of FeMoco which contains citrate
rather than homocitrate as its organic constituent (5, 9).
Hoover et al. (6) have proposed that nifV encodes a homo-
citrate synthase.

The nifV gene products from both K. pneumoniae and A.
vinelandii share considerable sequence similarity between
their deduced polypeptide sequences (2). In the present
study, we show that in C. pasteurianum, the function
assigned to the nifV genes from K. pneumoniae and A.
vinelandii is split into two cistrons. We propose to call these
C. pasteurianum genes nifVo and nifVa, respectively.
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MATERIALS AND METHODS

DNA biochemistry and strain constructions. Cloning and
sequencing of the C. pasteurianum W5 chromosomal region
located downstream from nifN-B were performed as de-
scribed previously (21).

Attempts to complement the A. vinelandii NifV™ pheno-
type by using C. pasteurianum DNA were performed in two
steps. In step 1, purified DNA fragments with known se-
quences from C. pasteurianum which contain the rifVeo and
nifVa genes, singly or in combination, were ligated to the A.
vinelandii nifF gene contained within a hybrid plasmid. To
accomplish this, blunt-ended C. pasteurianum DNA frag-
ments (see below) were ligated with HinclI-digested pDB93,
which contains the A. vinelandii nifF gene and some flanking
sequences cloned into pUC7 (1). There are three HinclI sites
within the A. vinelandii nifF coding region. When ligated in
the proper orientation, such constructions place nifVw and
nifVa singly, or in combination, under the control of the nifF
promoter. In step 2, each DNA ligation mixture was used to
transform a mutant A. vinelandii strain which has a deletion
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FIG. 1. Organization of nif genes and ORFs of C. pasteurianum
located on the SstI-BamHI fragment cloned in pCP154. The boxes
mark the coding regions of the nif genes and ORFs. The arrows
indicate the direction of translation.
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FIG. 2. A diagram of DNA fragments used to complement an A.
vinelandii mutant (strain DJ388; AnifV::Km) having a deletion and
an insertion in its nifV gene. Boxes mark the coding regions of the
nif genes and ORFs. The arrows indicate the direction of translation.
On the left are the construct numbers. The region covered by each
construct is indicated by a line.

and a Km"™encoding gene cassette placed within its nifV
gene. This strain, designated DJ388, bears the same deletion
as described for strain DJ71 (7). Procedures for such strain
constructions are described in detail elsewhere (7). Appro-
priate reciprocal recombination events which can occur
during transformation permit incorporation of C. pasteur-
ianum sequences into the A. vinelandii chromosome at the

Start of NifVe
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nifF locus. An intact nifF allele is not required for nitrogen
fixation in A. vinelandii (1). Transformations were per-
formed as described by Page and von Tigerstrom (15).
Immediately following transformation, cells were plated on
Burk’s minimal medium containing 0.5 pg of kanamycin per
ml. Strain DJ388 is capable of only very slow diazotrophic
growth, owing primarily to inactivation of the nifV gene but
also, possibly, to polar effects upon nifW and nifZ gene
expression (7). Thus, DJ388 transformants which have the
NifV~ phenotype corrected by incorporation of C. pasteur-
ianum DNA can be detected by their larger colony size.
Inclusion of kanamycin in the growth medium ensured that
the original nifV deletion-Km" insertion remained intact.
Blunt-ended C. pasteurianum DNA fragments were pre-
pared as follows. A HindIII-Clal fragment including both
nifVo and nifVa (construct 1) was obtained from pCP154
(Fig. 1). DNA fragments having portions of nifVa (con-
structs 45, 49, 16, and 35 in Fig. 2) or nifVe (constructs 38,
39, 47, and 42 in Fig. 2) deleted were generated by Exolll
and ExoVII nuclease digestion of construct 1 from the
appropriate end (23). DNA fragments obtained as described
above (Fig. 2) were blunt ended with the Klenow fragment of
Escherichia coli DNA polymerase in the presence of deoxy-
nucleoside triphosphates as previously described (23).
High-molecular-weight DNAs isolated from both wild-
type A. vinelandii and the complementation-positive strain,
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FIG. 3. Nucleotide sequence of and amino acids encoded by nifVw and nifVa and the flanking reglons of C. pasteurianum. Amino acids

are indicated below the nucleotide sequence by the single-letter code.
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AvV 32 RALALGVPELBIGIPSHGEEEREVHHA

CpVa 31 KIIS|E|M|GVIHQI|EIAIGIPAMG|GDEKISVSK

Kpv 32 EALYAA|GIITAME|[V/GTPAMGIDE|EIARIQLVR
AAARST|GVITMV
DTS IEC|GVIDIV
RQSADL|GI|DWV

Avv 62 GSRLL C|R|L C D VID
CpVa 61 A P{S|IK I A N|R|M S T K|D|I
KpVv 62 RQLPDATLMT|WCRMNALE|I
Avv 92 DL LPVSDLHLHHKLNRD A LR
CpVa 91 H S|PVSDL|QIKT|KLIEK[DR|KWVA
Kpv 92 D I|P/A|SDIKLRQYKLIREPLAVLL
AvV 122 G E R M GLEVCLGCEDASRADLEVV@VG
CpVa 121 I Y LE D C|E V|T V|IG|L|{E D|S|S R A D L|N|F|L I LC
Kpv 122 HL/AJHT LG L K|V[C I|GICIED|A|SRAISGQTLRATIA

A
K
L
Avv 152 V A Q(A|A|G(A R|R|L|R [
MIF L[G|V K|R|V
VAQNAPAAR|L

Cpva 151
Kpv 152

AvV 182

L RLDMEL|E|VIHA|R[D|D F G|LJA|T A[N|T L VMG
CpVa 181 I|(RD|KV PID|IEIHVHNDFGMA|IS|IN|ISF F K
KpV 182 L|RD|VW S GE|I E/[MHA|HND|LIGMA|T AIN[TL Vs
AvV 212 THINTTVNGLGERAGNAALEECLALKN
CpVa 211 KFADCITIITIGIMGERAGN|CDFLKF[VIKVIQ
Kpv 212 TSVNTTIVLIGILIGERAGNAAAWKPSALGL

AvV 242 H IDTGIDTRGIPAISALVERASGRQVA
CpVe 241 [LIT(GIEKIYTGD|IFIEDIIEKENEIKKILRLNW
KoV 242 RCLGVETGVHFISALPALCQRVAEAAQRAI

FIG. 4. Comparison of the amino acid sequences encoded by
nifVa from C. pasteurianum (CpVa) and nifV from A. vinelandii
(AvV) and K. pneumoniae (KpV). The entire deduced sequence
encoded by nifVa (CpVa) is shown here, whereas only the N-ter-
minal 270 residues of AvV (of 385 residues) and KpV (of 381
residues) are shown. Conserved residues are boxed.

designated DJ391 (AnifV::Km nifF::nifVoc, nifVac,, where
Cp indicates a C. pasteurianum gene) were digested with
Xhol and individually separated by agarose gel electropho-
resis. Southern analysis was performed by using peroxidase-
labeled nifVw and nifVa as probes. The ECL Gene Detecting
System (RPN 2101; Amersham, Arlington Heights, Ill.) was
used as described by the manufacturer.

RESULTS

Cloning and sequencing. A 7.4-kb SstI-BamHI fragment
located downstream from the C. pasteurianum nifN-B locus
was cloned into pUC19 and designated pCP154. DNA se-
quence analysis revealed five potential complete open read-
ing frames (ORFs) and another incomplete one in this region
(Fig. 1). A description of the organization and genotypic
assignments of the ORFs within this region was previously
reported (21). In Fig. 3, the nucleotide sequence for the
genes labeled nifVo (encoding 352 amino acid residues; M,,
41,574; pl, 5.5) and nifVa (encoding 269 amino acid residues;
M, 29,862; pl, 5.28) is presented.

Similarities between C. pasteurianum sequences and nifV of
A. vinelandii and K. pneumoniae. The deduced amino acid
sequence encoded by nifVa has sequence similarity to the
deduced amino acid sequence of the nifV products from both
A. vinelandii and K. pneumoniae (Fig. 4). Identical amino
acids account for 38 and 32% of the 269 residues of NifVa in
comparison with the first 270 amino acid residues of the NifV
proteins of A. vinelandii and K. pneumoniae, respectively.
The conserved region extends throughout the sequence of
NifVa, except for the C-terminal 41 residues, in which no
extensive similarity is observed. The deduced amino acid
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v Y VVY VYVYVYVYVY v
Avv 1 MASVIIDDTT LRDGEQSAGV
Yo eeecescccce cocccceco-
KpV 1

MERVLINDTT LRDGEQSPGV
v

v vy v vV vy
Avv 20 AFNADEKIAIARALAELGVPELEIGIPSMG
CpVw 1 MAVVMDG KKNIIDRTIPNLVEKKFQNFNND
KpVv 22 AFRTSEK|VAIAEALYAAGITAMEVGTPAMG
v v v
AVvV 51 EEEREVMHAIAGLGLSSRLLAWCRLCDVDL
CpWww 31 IAYFLKLLIHETGIDLFEINRDSMDEKIKKTF
Kpv 51 EEIARIQILIVRRQLPDATLMTWCRMNALEI
v v v v v v v
AvV 81 AAARSTGVTMVDLSLPVSDLMLHHKLNRDR R
CpWw 61 PLNL|IDIYIYRIEN EDYNYLNNYNF|K[YIILN
Kpv 81 RQSA LGIDWVD SIPASDKLROQY|KILREPL
v v v v v v
AvV 111 DWALREVARLVGEARHAGLVCLGCBDASR
CpVw 91 YKTIY FLLEDEKIQKNLKIEHN ILIEJIDIE
KpVv 111 AV LLE LAMFIHLAHTLGLEKVC|I|IGC|E[DASR
v v v v vYYvvy
AvV 141 ADLFVVQVGEVAQAAGARRLRFADTVGVH
CpWw 121 D LD LYLSEDNKIFCIFNIVCLRINNLSK|L
KpV 141 ASGQTLRAIAEVAQNAPAARLRYADTVGL|L
v v v v v v
AvV 171 EPFGHLDFRFLSRRLDHZLBVH HDDFGL
CpWw 151 FIDEDF KDI[LIKSKFNVLVDFC s KYN
Kpv 171 PFTTAAQ SAILIRDVWSGEIEMH H DLG
v vy v v v v Yvvvvy
AvV 201 TAINT LA|AIVMGIGIATH|IINIT|ITV GLGERAGN L
Cp¥w 181 |ATA|I I IN|AIFLN|GISDI T|IT|E F NDY M
KpV 201 |[ATA|NTLA|A|VSA|GIATS V N|T|T V L GLGERAGN AWK
AVV 235 CVL NLHGIDTGITRG PAISALVRA
CpWw 211 VII S IRN|IIEIIRG LKL|I|SKILITRIY KI
Kpv 235 PSA LG ERCLGVIEITGVHFSALPA CQRVAEA
AvV 265 GRQAHQSVV AGV|F|ITH AGIHVLL
CpVw 241 T S E R|V|]Y S M IL DI KY S|G I H|A IA
KpV 266 QRAIDPQQ Lv L VIF|ITH S|G|V|HIVAALLR
AvV 295 R R G L DELIGIRS HS VLIGKHSGIAHMV
CpVw 271 N P K PF E{L|I T NRK|L|Y I|G KHS G|KA L
KpVv 296 DS ES QS IA S|L[M RS Y R|L|IV L|G KH S GR Q|A|V
Av 325 RNTYRD|ILIGIELADWQS A L|ILIG R A FISITRT
CpVw 301 VVKFKE NLNC[NINIDM L F|L|Q D E K IQE
KpV 326 NGVFDQMGYHLINAAQTI Q LIL|P A RFAENW
AvV 355 [KRIRSPQPAELQDFYROQLCEQ G NPELAAGGGA
CpWw 331 |K R|N V L[D|N IIEM|Y|KIEfYNKSYQR
KpVv 356 |[K R|S P K Y LVATI D L CGE S A LRARG-

FIG. 5. Comparison of the amino acid sequences encoded by
nifVo from C. pasteurianum (CpVw) and nifV from A. vinelandii
(AvV) and K. pneumoniae (KpV). Conserved amino acid residues
are boxed. Positions where conservation is observed among CpVa,
AvV, and KpV are indicated by inverted triangles.

sequence encoded by nifVw also has sequence similarity to
the deduced amino acid sequences of the nifV products from
both A. vinelandii and K. pneumoniae (Fig. 5). This similar-
ity is, however, restricted to the C-terminal portions of the
corresponding sequences. A discrete boundary between the
nonconserved N-terminal portion and the conserved C-ter-
minal portion is difficult to identify because the transition is
gradual. As aresult, we arbitrarily designated position 158 of
NifVw as the start of the conserved portion. The conserved
region from NifVw bears 27% identity to the A. vinelandii
NifV sequence (residues 178 to 385) and 23% identity to the
K. pneumoniae NifV sequence (residues 178 to 381).
Sequence similarities between NifVw-NifVa of C. pasteur-
ianum and a-isopropylmalate synthase of S. typhimurium. The
nifV gene is proposed to encode a homocitrate synthase (6).
A homocitrate synthase also catalyzes the first step in the
lysine biosynthetic pathway in Saccharomyces cerevisiae, in
which acetyl coenzyme A and a-ketoglutarate are condensed
to form homocitrate (3, 19). An analogous reaction exists in
the leucine biosynthetic pathway, in which a-isopropyl-
malate synthase (the leuA gene product) condenses acetyl
coenzyme A and a-ketoisovalerate to form a-isopropyl-
malate (18, 20). Collett and Orme-Johnson (4) previously
recognized a low level of primary sequence identity between
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v Y YYYY YYYVYY Vv v v vYy vy
CpVa 1 MGINIVDTTL RDGEQKAGIA LSVQDKV'BIA xnsmvua I!AGIPAHGG DBKISVSKIA
PRI
LeuA 1 MSQQVIIFDTTL RDGEQALQAS :sumxmn IAL!RHGVDV HBVGPPVSSP GDFESVQTIA
vy v v vv vy
CpVa 61 AIGLPSKIAA WNRHSTKDID T----SIECG VDIVBISSPV SDIQIK‘PKLB KDRKWVAENL
* wn * %
LeuA 63 RTII(NSRVCA LARCV!RDID VAAQALKVAD A!'RIHT!'IAT smn'rm RTLDEVIERA

LY v oYY wve vV oYY ¥ v
CpVa 120 KRTVIYALBK DCEVTVGLBD SmDLl(!LI encnunw VKRVRYAD‘I’V GIHEPIGL‘IS

LeuA 123 VYHVRRARNY TDDVEFSCED AGR'.[‘PVDDIA RWHAINAG ARTINIPD‘I'V GYTHPFEFAG
v vy Y v vevvey

Cpva 177 QIKKIRDRVP -IDIEI-HVH --NDmA!S NSPM?KAGA KFADCTITG MGERAGNCDFL
PR DRI R TR TN * ARRRREN

LeuA 183 IISGLYERVP NIDKAIISVH THDDLGIAVG NSLAAVHAGA RQVEGAMNG IGERAGNCALE

CpVe 233 KFVKVIQELT GEKIYTGDFE DIIEKENEIK KILRLNW
*
LeuA 243 EVIMAIKVRK DIMNVHTNIN HHETGAPARP SVQICNI

FIG. 6. Comparison of the amino acid sequence encoded by
nifVa from C. pasteurianum (CpVa) with that encoded by lexA from
S. typhimurium (LeuA). Identical amino acids are indicated by
asterisks. Inverted triangles mark the positions where conservation
among CpVa, AvV, and KpV (Fig. 5, legend) was observed. leuA
has a coding capacity of 522 amino acid residues, and only part of it
is shown here.

a-isopropylmalate synthase from S. cerevisiae and the nifV
gene product from K. pneumoniae. In Fig. 6 and 7, the
primary sequence of a-isopropylmalate synthase from Sal-
monella typhimurium (16) is compared with the deduced
nifVo and nifVa gene product sequences, respectively. The
conservation between NifVa and a-isopropylmalate syn-
thase (indicated by asterisks in Fig. 6) generally correlates
with the conservation among NifVa of C. pasteurianum and
NifV of A. vinelandii and K. pneumoniae (indicated by
inverted triangles in Fig. 6). These sequence conservations
support the hypothesis that the nifV product catalyzes
condensation of acetyl coenzyme A and a-ketoglutarate to
form homocitrate in a reaction similar to a-isopropylmalate
synthesis.

Complementation between nifVw-nifVa of C. pasteurianum
and nifV of A. vinelandii. Fragments of DNA covering both
nifVe and nifVa or with deletions in one of them (Fig. 2)
were placed under the control of the A. vinelandii nifF
promoter and then used to transform a nifV deletion mutant
of A. vinelandii (strain DJ388, AnifV::Km). The NifV*

CpVw 1 MAVVMDGVKK NIIDRTIPNL VKKFQNFNND DIAYFLKLLH ETGIDLFEIN RDSHDI(IKI:F
) * - *
LeuA 35 LERMGVDVME VGFPVSSPGD FESVQTIART IKNSRVCALA RCVEKDIDVA AQALKVADAF

v v
CpVw 61 PLNLDYIYRI ENIEDYNYLN NYNFKYIILN YKTIYRFLLE DEKIQKNLKE HNIILEIDIE
* * *

LeuA 95 RIHTFIATSP MHIATKLRRT LDEVIERAVY RTP ARV

v v

CpVw 121 DLDELYLSED NKIFCIFNIV CLRINNLSKL DFIDEDFRIK DLKSKFNVLV DPCASNKYI:H
* * *

LeuA 155 VEAAINAGAR TINIPDTVGY TMPFEFAGII SGLYERVPNI DKAIISVHTH DDLGIAVGN-

vy
CpVw 181 NI‘AIIINAPL NGSDIIm!‘ NSND‘!MH!E VIIALKSIRII IBIRGDLKLI SKLTRIYEKI
R

LeuA 214 SIA rn VIMATKVRKD IHNVHTNINH HETGAPARPSVQI

v v v vvvvy

CpVw 241 TSBRVYSH!P Imsnrms SGIHANIAK NPKNYEPFNP BLIGTNRKLY IGKHSGKAAL
RRAR RR A R AR Rk A

LeuA 277 CIIIADPSQQS DCRQRRFRHE SGIHQDGVLK NRENYEIMTP ESIGSEPDTA EPDLPLWPCR

v vy ve

CpVw 301 VVKFKELNLN CNNIDMNLFL QDIREKSIQE KRNVLDNEII EMYKEYNKSY QR
. %

LeuA 337 RETSHGRDGL QGHRLQHGPP VRRVPEAGDK KGQVFDYDLE ALAFINKQQE EP

FIG. 7. Comparison of the amino acid sequence encoded by
nifVo from C. pasteurianum (CpVw) with that encoded by leuA
from S. typhimurium (LeuA). Identical amino acids are indicated by
asterisks. Inverted triangles mark the positions where conservation
among CpVw, AvV, and KpV (Fig. 5, legend) was observed. leuA
has a coding capacity of 522 amino acid residues, and only part of it
is shown here.
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FIG. 8. (a) Restoration of the Nif phenotype of a mutant strain of
A. vinelandii (having a deletion and an insertion in nifV) by nifVe
and nifVa from C. pasteurianum. Shown here are growth curves of
the wild type (@), nifV deletion strain DJ388 (A), and rescued strain
DJ391 (@) of A. vinelandii in nitrogen-fixing medium containing 10
uM Na,MoO,. (b) Southern hybridization analysis of DNAs from
the wild type (WT) and rescued strain DJ391 of A. vinelandii. The
hybridization probe was peroxidase-labeled C. pasteurianum DNA
containing nifVe and nifVa. A 6.6-kb hybridization-positive DNA
band was identified only in strain DJ391, illustrating the presence of
C. pasteurianum DNA in DJ391.

phenotype was observed only when DNA containing both
nifVe and nifVa (construct 1) was introduced into DJ388.
Constructs having portions of nifVe or nifVa deleted yielded
no Nif* colonies on NH,-free plates, indicating an inability
of nifVe or nifVa to complement the A. vinelandii NifV~-
producing mutation individually. We compared the diaz-
otrophic growth rates of wild-type A. vinelandii, mutant
strain DJ388 (AnifV::Km), and rescued strain DJ391
(Ame :Km nifF: memcpmeac ) of A. vinelandii (Fig. 8a)
in mtrogen-ﬁxmg medium contamlng 10 pM Na,MoO, for
suppression of the alternative nitrogen fixation system.
Whether the slower growth rate of strain DJ391 than that of
the wild type reflects incomplete complementation of the
NifV™ phenotype or polarity upon nifW and nifZ gene
expression in the mutant construct is not known. The
presence of C. pasteurianum nifVe and nifVa DNAs in
strain DJ391 was verified by Southern hybridization analysis
as shown in Fig. 8b.

DISCUSSION

There are several distinct features in the organization of
genes found within the major nif cluster of C. pasteurianum
compared with nif gene clusters from other organisms. For
example, homologs to the nifN and nifB genes present in
other organisms are fused to form a single cistron in C.
pasteurianum (22). The existence of nifVw and nifVa in C.
pasteurianum represents the opposite situation. Namely,
these two separate genes from C. pasteurianum are both
required to supply the functionality provided by a single
gene product (the nifV product) from other organisms. To
rule out the possibility that this finding reflects a cloning
artifact, C. pasteurianum W5 genomic DNA was digested
with a variety of restriction enzymes and analyzed by
Southern hybridization using nifVw- and nifVa-specific
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FIG. 9. Schematic illustration of regions of NifVw and NifVa of
C. pasteurianum corresponding to NifV of A. vinelandii.

probes. This analysis (data not shown) indicated that the
organization of nifVe and nifVa recognized by DNA se-
quence analysis of the cloned DNA fragment is the same as
for the C. pasteurianum genome. The requirement of both
nifVo and nifVa for complementation of an A. vinelandii
nifV mutation provides additional evidence that the struc-
tural arrangement of nifVw and nifVa is functional.

CO-sensitive H, evolution and a high ratio of acetylene-
reducing to nitrogen-fixing activities are characteristics of
nitrogenase produced in nifV mutants of K. pneumoniae. It
has been shown that in K. pneumoniae, these properties can
be attributed to incorporation of citrate in place of homoci-
trate within FeMoco (9, 11). Thus, it might be predicted that
nitrogenase in extracts of DJ388 would exhibit CO-sensitive
H, evolution activity while nitrogenase in extracts from the
rescued strain, DJ391, would exhibit CO-insensitive H,
evolution activity. However, in the present study, such
experiments would not be conclusive for several reasons. (i)
Crude extracts of A. vinelandii contain a very active hydrog-
enase activity which is also CO sensitive. (ii) It is not known
whether citrate is the organic acid which replaces homoci-
trate in nifV-deficient strains of the obligate aerobe A.
vinelandii. (iii)) The nifV insertion mutation within DJ388
could have a polar effect upon nifW and nifZ gene expres-
sion, and the products of both of these genes are known to be
required for full MoFe protein activity (7).

Comparison of the deduced amino acid sequences for
NifVa and NifVe reveals no obvious sequence similarity
between them. This includes regions in both genes that have
limited sequence similarities to NifV from A. vinelandii and
K. pneumoniae. The correspondence of NifVw and NifVa
from C. pasteurianum to NifV from A. vinelandii is shown
schematically in Fig. 9. Therefore, it does not appear likely
that nifVw and nifVa emerged as the consequence of a gene
duplication event.

The ability of nifVw-nifVa to complement a nifV deletion
mutation of A. vinelandii is remarkable. The DNA G+C
contents of these two organisms represent the extremes
among bacteria, with C. pasteurianum at 28 to 30% and A.
vinelandii at 68 to 70%. The positive result also shows that,
together, the products of nifVe and nifVa are functionally
similar to the product of nifV. Thus, the NifV proteins from
A. vinelandii and K. pneumoniae appear to have at least two
separate functional domains. Sequence similarities among
the nifV gene products and a-isopropylmalate synthase also
indicate that these separate domains are likely to include
acetyl coenzyme A- and a-keto acid-binding regions.
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