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The structural gene (nifHI) encoding the nitrogenase iron protein of Clostridium pasteurianum has been
cloned and sequenced. It is located on a 4-kilobase EcoRI fragment (cloned into pBR325) that also contains a
portion of nifD and another nifH-like sequence (nifH2). C. pasteurianum nifHI encodes a polypeptide (273
amino acids) identical to that of the isolated iron protein, indicating that the smaller size of the C. pasteurianum
iron protein does not result from posttranslational processing. The 5’ flanking region of nifHI or nifH2 does
not contain the nif promoter sequences found in several gram-negatlve bacteria. Instead, a sequence resembling
the Escherichia coli consensus promoter (TTGACA-N,;-TATAAT) is present before C. pasteurianum nifH2,
and a TATAAT sequence is present before C pasteurianum nifH1. Codon usage in nifH1, nifH2, and nifD
(partial) is very biased. A preference for A or U in the third position of the codons is seen. nifHZ could encode
a protein of 272 amino acid residues, which differs from the iron protein (nifH1 product) in 23 amino acid
residues (8%). Another nifH-like sequence (nifH3) is located on a nonadjacent EcoRI fragment and has been
partially sequenced. C. pasteummum nifH2 and nifH3 may encode proteins having several amino acids that are
conserved in other proteins but not in C. pasteurianum iron protein, suggestlng a possible role for the multiple

-like sequences of C. pasteurianum in the evolution of nifH. Among the nine sequenced iron proteins, only
the C. pasteurianum protein lacks a conserved lysine residue which is near the extended C terminus of the other
iron proteins. The absence of this positive charge in the C. pasteurianum iron protein might affect the
cross-reactivity of the protein in heterologous systems.

Biological nitrogen fixation is catalyzed by the enzyme
nitrogenase, which is composed of two separable protein
components: the iron protein (Fe protein, component II, or
dinitrogenase reductase) and the molybdenum-iron protein
(MoFe protein, component I, or dinitrogenase). Although
nitrogen fixation appears to be under different modes of
physiological control in different taxonomic groups (27, 39),
active nitrogenase isolated from these organisms shows a
remarkable similarity in component composition, enzymic
properties, and the ability to form active heterologous com-
plex (7, 14). Furthermore, a high degree of homology has
been observed among gram-negative bacteria in the struc-
tural genes encoding the three polypeptides of nitrogenase:
nifH for the iron protein and nifD and nifK for the a- and
B-subunits of the MoFe protein (33, 36, 41).

We have been interested in Clostridium pasteurianum
nitrogenase and its structural genes for several reasons. (i)
C. pasteurianum is a gram-positive anaerobic bacterium
with a low G+C content of 26 to 28% (11), which distin-
guishes C. pasteurianum from the rest of well-studied nitro-
gen-fixing organisms. (ii) The complete or partial amino acid
sequence has been determined from isolated proteins (20, 21,
52), which facilitates the identification of functional genes
and allows an examination for any posttranslational process-
ing involving peptide bonds. (iii) The primary structure of C.
pasteurianum nitrogenase components is significantly less
related to that of nitrogenases from other organisms (9, 21,
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23, 46, 54, 57, 59). (iv) C. pasteurianum nitrogenase has a
high activity, but its components are distinctly ineffective in
forming active heterologous complexes (14, 48, 55). (v) C.
pasteurianum nitrogenase is less sensitive to H, as an
inhibitor (19) and shows a higher specificity for nucleotides
(58). Because of these intrinsic characteristics, the structural
genes for C. pasteurianum nitrogenase are valuable for the
investigation of two important properties of nitrogenase. The
first concerns component interaction. By using distinct
structures of compatible and incompatible nifHDK products
as a clue, the cloned genes may be subjected to specific
modifications to allow identification of regions of the com-
ponent proteins that are crucial to the formation of an active
enzyme complex. The second concerns the expression of
nitrogenase genes in new host cells. By examining codon
usage and regulatory features of nitrogenase genes from this
gram-positive bacterium with a very low G+C content, we
may gain clues as to the extent to which the efficiency of
transcription and translation might limit the usefulness of
transferring nitrogenase genes between certain organisms.
The latter point is practically important because nitrogenase
needs to be an abundantly expressed enzyme.

In this paper, we report the cloning and nucleotide se-
quencing of nifH1, D (partial) as well as additional rnifH-
related structures (nifH2 and nifH3) from C. pasteurianum.
The study provides the complete nucleotide sequence of a
nifH-like structure (nifH2) and its exact genomic location in
relation to the iron protein gene (nifHI). It also provides the
first codon usage information for all 20 amino acids in a
Clostridium sp. with a low G+C content. A comparison of
the nifH2- and nifH3-encoded amino acid sequences with
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FIG. 1. Hybridization of 3?P-labeled K. pneumoniae nif fragment
A3 (containing nifDH; 41) to HindIII-digested lambda DNA (1.5 g,
lane 1), EcoRI-digested C. perfringens DNA (10 pg, lane 2), and
EcoRlI-digested C. pasteurianum DNA (10 pg, lane 3). The autora-
diogram was obtained after Southern transfer (49) of the fragments
from agarose to nitrocellulose, and hybridization was performed at
42°C in the presence of 25% formamide. A sample of 10’ cpm (in 0.24
ug) of K. pneumoniae fragment A3 DNA was used. Approximate
sizes of bands are given in kilobase pairs.

that of iron proteins of eight other organisms suggests an
evolutionary role for the multiple nifH-like sequences in C.
pasteurianum.

MATERIALS AND METHODS

Plasmid pSA30 (8), containing the Klebsiella pneumoniae
nif fragment A, was obtained from F. Ausubel. Subfragments
Al (nifYK), A2 (nifKD), and A3 (nifDH) (41) were cloned into
pBR322. Bulk plasmid DNA was isolated by a variation of the
alkaline lysing procedure of Birnboim and Doly (3). The
plasmid preparations were further purified by two buoyant
density centrifugations in ethidium bromide-CsCl. For the
preparation of probe DNA, the fragment or subfragments,
after appropriate restrictive digestion, were separated from
the vector DNA by preparative agarose gel electrophoresis.
The nif fragments were recovered by binding to NA 45
membrane (Schleicher & Schuell Co.). After the fragments
were eluted from the membrane, a second electrophoresis
and binding to NA 45 membrane were carried out.
Contaminating vector DNA could not be detected in these
probe preparations by ethidium bromide staining (4 png of
DNA), although some undoubtedly was present (but must be
less than 1%). The isolated fragments were labeled with
[32P]dATP with the Bethesda Research Laboratories, Inc.,
nick translation kit. ,

High-molecular-weight DNA was isolated from late-log-
phase cells of C. pasteurianum W5 by the Marmur proce-
dure (31). A 5- to 10-pg sample of restriction endonuclease-
digested DNA was electrophoresed in a 0.7% agarose gel.
The DNA in the gels was transferred to nitrocellulose
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(Schleicher & Schuell; type BA85) by the method of South-
ern (49). The hybridization reaction mixtures contained 5X
SSPE (0.9 M NaCl, 0.05 M phosphate buffer [pH 7.4], 5.0
mM EDTA), Sx Denhardt preincubation mixture (12), 0.1%
sodium dodecyl sulfate, 100 pg of denatured salmon sperm
DNA per ml, and 20 to 50% deionized formamide. The
hybridizations were carried out at 42°C for 16 to 24 h. The
50% formamide concentration represents an equivalent hy-
bridization temperature of 72°C (about 20°C below the melt-
ing point of K. pneumoniae DNA), whereas the 20% form-
amide concentration represents an equivalent hybridization
temperature of 54°C (about 38°C below the melting point of
K. pneumbniae DNA). The size of C. pasteurianum DNA
fragments likely containing nifH or nifD genes was estimated
by using subfragment A3 as a probe and HindlII-digested
lambda DNA fragments as molecular weight markers.

After preparative electrophoresis of an EcoRI digest of C.
pasteurianum DNA, fragments in the desirable size ranges
were isolated by using NA 45 membranes. The fragments
were ligated to EcoRI-digested and phosphatase-treated
vector DNA (pBR322 or pBR325) and used to transform
Escherichia coli HB101 (30). For direct hybridization
screening, transformants were isolated, and plasmid DNA
was isolated from small cultures (5 ml) as described above.
Each plasmid preparation was then digested with EcoRI
nuclease, electrophoresed on agarose gel, transferred to a
nitrocellulose membrane, afdd then probed with labeled
DNA fragment A3. '

‘The DNA fragments were sequenced by the dideoxy chain
termination method (42) and M13mpl8 and M13mpl9
phages. In addition, synthetic oligonucleotides were used as
a primer to allow overlapping sequencing in regions where
direct cloning was unsuccessful. The Bethesda Research
Laboratories sequencing kit was used, except that 100 mM
Tris—100 mM MgCl, (pH 8.5) was used as the 10X primer
hybridization buffer. The 3°S-labeled dATP was obtained
from either Amersham Corp. or New England Nuclear Corp.
Electrophoresis was in polyacrylamide gradient gels as de-
scribed by Biggin et al. (2). The sequences were analyzed
with the Pustell and Kafatos DNA sequencing program (37).
The similarity coefficient (S,5) between two protein se-
quences (A, B) is defined as S,p = (2 X number of identical
residues between A and B)/[(number of total residues in A) +
(number of total residues in B)].

RESULTS AND DISCUSSION

Cloning of C. pasteurianum nifH and nifD genes. The
cloned K. pneumoniae nifHDK genes have been a very
useful probe for the cloning of nitrogenase genes from
organisms in which genetic manipulations are not yet as
practical as in K. pneumoniae. The G+C content of the
DNA from C. pasteurianum and from K. pneumoniae differs
by about 30 mol%. Therefore, one would not expect to find
extensive sequence similarity between homologous genes
from the two organisms, if the G+C content of the genes
reflects the average G+C content for the genome. Indeed,
under more stringent hybridization conditions (50% forma-
mide, 42°C), EcoRlI-digested C. pasteurianum DNA showed
only one very faint band around 3.8 kilobases (kb) when K.
pneumoniae fragment A (nifHDK) was used as the probe.
Under less stringent conditions (25% formamide), K. pneu-
moniae fragment A2 (nifKD) detected a very faint band
around 7 kb, which might correspond to the 6.2-kb band
reported earlier (41). When K. pneumoniae fragment A was
used at 10% formamide or K. pneumoniae fragment A3
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FIG. 2. Maps of restriction sites and nif gene locations on the 4-kb EcoRI fragment of C. pasteurianum DNA (cloned in pCP114) and the
sequencing strategy. nifHI encodes the isolated iron protein, whereas nifH2 encodes an amino acid sequence very similar to that of the
isolated iron protein. nifD encodes the a-subunit of the MoFe protein. ORF, Open reading frame. Arrows in the boxes show directions of
transcription. Oligo, Synthetic oligonucleotides used as specific primers in the sequencing of particular regions. The arrows indicate the extent
of sequencing from each site and the strand on which the sequencing was performed. bp, Base pairs.

(nifDH) was used at 25% formamide, we detected six hy-
bridizing bands (~10, ~7, 3.8, 2.6, 2.1, and 1.7 kb) (Fig. 1).
Under the latter hybridization conditions, DNA from lambda
phage and the non-N,-fixing Clostridium perfringens each
gave a false-positive band (Fig. 1). Thus, all of those C.
pasteurianum bands could not be positively assigned as
having nifDH-homologous sequences without further analy-
ses. Because the 3.8-kb fragment was the strongest among
the weakly hybridizing C. pasteurianum bands, it was se-
lected for cloning.

Initial cloning experiments with colony hybridization as a
method for detecting positive clones did not work because
the nonspecific association between the G+C-rich probe
DNA and the G+C-rich vector and host DNAs was much
greater than any specific duplex. Low levels of contaminat-
ing vector DNA in the probe also contributed to the high
background. Therefore, fragments from the size range of
interest were cloned into pBR325 (for clear separation of the
vector and insert DNA) and the inserts (from isolated
plasmid DNA) probed with labeled fragment A3 DNA.
Several clones showed weak hybridization with the probe
DNA. Insert DNA from all of these clones hybridized
strongly with each other and weakly to fragment A3. Based
on this evidence, one of the clones (pCP114) was selected for
further study. The insert DNA (ca. 3.8 kb) was sequenced
with the sequencing strategy shown in Fig. 2. The complete
sequence of this ‘“3.8-kb’’ EcoRI fragment shows 3,987 base
pairs (Fig. 3 and 4), and it is hereafter referred to as the 4-kb
fragment. This 4-kb fragment hybridized to the ‘‘3.8-kb”’
band in EcoRI-digested C. pasteurianum DNA.

Identification of nifH in this fragment was based on a
perfect match between the deduced amino acid sequence
from an open reading frame (nifHI; Fig. 2 and 3; see below)
and the known amino acid sequence of C. pasteurianum iron
protein (52). We identified another sequence (nifH2; Fig. 2

and 3) very similar to nifHI and also located the N-terminal
portion of nifD in the fragment. The sizes and locations of
these genes are shown in Fig. 2. Another open reading frame
(>296 amino acid residues) upstream of nifH2 but in the
opposite direction of translation was also identified (Fig. 2
and 4).

Nucleotide sequence of C. pasteurianum nifHI and the
flanking regions. The complete nucleotide sequence of C.
pasteurianum nifHI and its flanking regions is shown in Fig.
3. nifHI encodes 273 amino acids identical to that deter-
mined from the isolated Fe protein {(52). A putative ribo-
some-binding site (AGGAGGA, underlined) was present
between —14 and —8 nucleotides from the initiation codon
AUG. A similar site is present between —16 and —11
nucleotides of the C. pasteurianum ferredoxin gene (18) and
between —14 and —8 nucleotides of the Clostridium
thermocellum cellulase gene (1). This sequence is assigned
as the putative translational start signal (50), with the as-
sumption that the nucleotide sequence at the 3’ terminus of
the clostridial 16S rRNA is similar to that of E. coli.

Between —340 and —300 nucleotides, a potential stem-
and-loop structure with a stem of 15 base pairs might be
formed (Fig. 3, inverted repeats underlined by arrows).
Whether it serves as a transcription termination signal (40)
for the preceding operon is yet to be determined. Between
—300 and —14 nucleotides, no sequence similar to known
nif promoters, CTGG-N,;o-GC(A/T) (13), TCTAC (56), or
TGGCA-N4-GGTTGC (59), was found. However, a
TATAAT sequence (Fig. 3, underlined) (40) was present in
the —250 region, and the entire region was abundant in long
stretches of A and T (the noncoding region was 83% A + T,
whereas the coding region was 64% A + T).

Since the amino acid sequence deduced from the DNA
agreed completely with that of the isolated protein, there
must be no posttranslational processing involving peptide
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ORF <— 50 100
TATGGTGTAAAGGA-5"'
ATAOCACATTTOCMANATNAmATAmAACAﬂMTAATAGTTMTTAGTATAA'MCTTAAAACTTTAATA’I"I‘A‘I"NATA‘l‘!'GTMGTAATAT‘l‘TATTATACACATTATA

150 200
GATAAATAATATCATATAAATAATTATAAATATATTATGAATAAACTACAATAAGCTATAAATAAATTATATATCTTTATITATATTGAATTTTTATCATATACAATATTTCAGCTTTGT
250 300 350
AAGCTTTACHATTATAAACATTATATCATATAGAACTGAATAATCTATAAAAAATTAATCGTGTATCATAAATGGAGAAAATTTGATATATTGATATGTTATATAAATAAAAATTAATA
400 450
ATTTAATAGTAAATATGGTATATTTGTTGACAAGTACTAAATTAAGGAATATAATGAAAAACGAAGTATAAAGCATAGAGATGTGGAAAATAATCATTCCATGTTAGACATCAAAGGGA
500 ;iem2 530

OGTAA'I'H‘AABGAGGAATAT‘!‘M ATG AGA CAG TTG GCT ATT TAC GGA AAA GGT GGA ATA GCA AAA TCA ACT ACA ACA CAA AAC CTT ACA GCA GGT
Met Arg Gln Leu Ala Ile Tyr Gly Lys Gly Gly Ile Ala Lys Ser Thr Thr Thr Gln Asn Leu Thr Ala Gly

600 650

| |
TTA GTT GAA AGA GGA AAT AAA ATA ATG GTA GTT GGT TGT GAT CCT AAG GCA GAT TCA ACA AGA TTA TTG TTA GGA GGA CTT GCT CAA AAG
Leu Val Glu Arg Gly Asn Lys Ile Met Val Val Gly Cys Asp Pro Lys Ala Asp Ser Thr Arg Leu Leu Leu Gly Gly Leu Ala Gln Lys

700 750

] 1
ACA GTT CTT GAT ACC TTG AGA GAA GAG GGA GAA GAC GTT GAA TTA GAT TCG ATA TTA AAA ACT GGA TAT GCT GGA ATC AGA TGC GTC GAA
Thr Val Leu Asp Thr Leu Arg Glu Glu Gly Glu Asp Val Glu Leu Asp Ser Ile Leu Lys Thr Gly Tyr Ala Gly Ile Arg Cys Val Glu

800

|
TCC GGT GGC CCA GAA CCA GGA GTA GGG TGT GCA GGA AGA GGA ATA ATC ACT TCA ATA AAT ATG CTT GAA CAA CTT GGA GCT TAT ACA GAC
Ser Gly Gly Pro Glu Pro Gly Val Gly Cys Ala Gly Arg Gly Ile Ile Thr Ser Ile Asn Met Leu Glu Gln Leu Gly Ala Tyr Thr Asp

850 900
) ]
GATTTGGATTTTGTAT’NTACGATGTACTI‘GGAGACG‘ITGTTNTGGTGGATTTGCAANOCAANAGAGMGGAAMGCTCAGGMATA
Asp Leu Asp Phe Val Phe Tyr Asp Val Leu Gly Asp Val Val Cys Gly Gly Phe Ala Met Pro Ile Arg Glu Gly Lys Ala Gln Glu Ile
950 1000

]l 1
TAT ATA GTA GCA AGT GGA GAA ATG ATG GCA CTA TAT GCT GCT AAT AAC ATA TCA AAA GGT ATC CAA AAA TAT GCT AAG AGC GGT GGA GTT
Tyr Ile Val Ala Ser Gly Glu Met Met Ala Leu Tyr Ala Ala Asn Asn Ile Ser Lys Gly Ile Gln Lys Tyr Ala Lys Ser Gly Gly Val
1050 1100
[ 1

AGA CTT GGT GGT ATC ATC TGT AAC AGT AGA AAA GTT GCA AAT GAA TAT GAA TTA CTT GAT GCT TTC GCA AAA GAA TTA GGA AGT CAA TTA
Arg Leu Gly Gly Ile Ile Cys Asn Ser Arg Lys Val Ala Asn Glu Tyr Glu Leu Leu Asp Ala Phe Ala Lys Glu Leu Gly Ser Gln Leu

1150 1300
1
ATA CAC TTC GTA CCA AGA AGT CCA TCA GTA ACA AAG GCT GAA ATA AAT AAG AAA ACA GTT ATA GAA TAT GAT CCT ACT TGT GAA CAA GCT
Ile His Phe Val Pro Arg Ser Pro Ser Val Thr Lys Ala Glu Ile Asn Lys Lys Thr Val Ile Glu Tyr Asp Pro Thr Cys Glu Gln Ala
1250
1

AAT GAG TAC AGA GAA CTA GCT AGA AAA GTA GAG GAA AAT GAC ATG TTC GTT ATA CCA AAG CCA ATG ACT CAA GAA AGA TTA GAA CAA ATA
Asn Glu Tyr Arg Glu Leu Ala Arg Lys Val Glu Glu Asn Asp Met Phe Val Ile Pro Lys Pro Met Thr Gln Glu Arg Leu Glu Gln Ile

1300 1350 1400

TTA ATG (‘BM CAT GGT CTT ATT GAT TAA GATAGTA‘!TAAAN‘I‘MAACTATMTTTTAAAMTAAATMTTTGGAMC'I'I‘TTATACATGMAT‘H‘TACTATAGMTAAAGGA
Leu Met Glu His Gly Leu Ile Asp *xx -_—

1450 1500
LIZBCTTMAMTTA'ICCT'I‘TATTCTAT'!‘TMTTTTTMATATMG(.!TATATATGAATTTA'ITMTAMTACTTNTGATTTTTTATAATTAATAT&'AATACAT‘MCTMATTA'ICMTA
e —— —
1550 1600

‘!‘ATTMTGOCNTA‘!CCATMATACT"I‘TGATAMAmATCNMATAMTTTNATTAAGC'!'I‘TTGATAMMA'}ACMAMAACTTTATGMATTATCAAATTTTCTATTGTATTA

1650 1700 nifHl 1750

ATTMAT‘I‘ATTG'MATATATTTNATTMGCTAAMAAACAACATAGCMMOGTAMTTACTTTTMT‘!TTTAGGAGGMNHTA ATG AGA CAG GTA GCT ATT TAT GGA

Met Arg Gln Val Ala Ile Tyr Gly

1800
1
AAA GGT GGA ATA GGA AAA TCA ACT ACA ACA CAA AAC TTA ACA TCA GGT CTT CAT GCA ATG GGT AAG ACT ATA ATG GTA GTA GGT TGT GAT
Lys Gly Gly Ile Gly Lys Ser Thr Thr Thr Gln Asn Leu Thr Ser Gly Leu His Ala Met Gly Lys Thr Ile Met Val Val Gly Cys Asp
CCT AAG (‘ECA GAT TCA ACA AGA TTA TTA CTT GGA GGT CTT GCA CAG AAA TCA GTT C'l'"l' GAT ACA TTA AGA GAA GAA GGA GAA GAC GTT GAA
Pro Lys Ala Asp Ser Thr Arg Leu Leu Leu Gly Gly Leu Ala Gln Lys Ser Val Leu Asp Thr Leu Arg Glu Glu Gly Glu Asp Val Glu
1950 2000

TTA GAT TCC ATA TTA AAA GAA GGA TAT GGC GGA ATT AGA TGT GTT GAA TCC GGT GGT CCA GAA CCA (|§GA GTA GGA TGT GCA GGA AGA GGA
Leu Asp Ser Ile Leu Lys Glu Gly Tyr Gly Gly Ile Arg Cys Val Glu Ser Gly Gly Pro Glu Pro Gly Val Gly Cys Ala Gly Arg Gly

2050
2100
1
ATA ATC ACT TCA ATA AAC ATG CTT GAA CAA TTA GGA GCT TAT ACA GAC GAT TTA GAC TAT GTA TTC TAC GAT GTA C‘i"l‘ GGA GAC GTT GTT
Ile Ile Thr Ser Ile Asn Met Leu Glu Gln Leu Gly Ala Tyr Thr Asp Asp Leu Asp Tyr Val Phe Tyr Asp Val Leu Gly Asp Val Val

2150 2200
TGT GGT GGA TTC GCA ATG CCA ATC AGA GAA GGA AAA écr CAG GAA ATA TAT ATA GTA GCA AGT GGA GAA ATG ATG GCA CTA TAT GC'i’ GCT
Cys Gly Gly Phe Ala Met Pro Ile Arg Glu Gly Lys Ala Gln Glu Ile Tyr Ile Val Ala Ser Gly Glu Met Met Ala Leu Tyr Ala Ala

2250

AAT AAC ATA TCA AAA GGT ATC CAA AAA TAT GCT AAG AGC GGT GGA G'|l"l‘ AGA CTT GGT GGT ATC ATC TGT AAC AGT AGA AAA GTT GCA AAT
Asn Asn Ile Ser Lys Gly Ile Gln Lys Tyr Ala Lys Ser Gly Gly Val Arg Leu Gly Gly Ile Ile Cys Asn Ser Arg Lys Val Ala Asn
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2300 2350
GAATAT('IMTTACTTGATMTMGCTMAGMCTAG!AABTCM'ITAATACATT'RIBGTAOCAAGAWOCAANGTTACAMAGCAGM
Glu Tyr Glu Leu Leu Asp Ala Phe Ala Lys Glu Leu Gly Ser Gln Leu Ile His Phe Val Pro Arg Ser Pro Met Val Thr Lys Ala Glu

2400 2450

A'l'CMTAMCMACTG‘i‘TA'I'I‘GMTATGATOCTACTNTGMCAGGCTGMGMTACAGAGMTTA(IQCTAGAAMGTAGATGCAAATGM
Ile Asn Lys Gln Thr Val Ile Glu Tyr Asp Pro Thr Cys Glu Gln Ala Glu Glu Tyr Arg Glu Leu Ala Arg Lys Val Asp Ala Asn Glu

2?00 2550

TTA TTC GTT ATA CCA AAG CCA ATG ACT CAA GAA AGA CTT GAA GAA ATA TTA ATG CAA TAT GGT TTA ATG GAT CTA TAA GATTTAATAAAAGT
Leu Phe Val Ile Pro Lys Pro Met Thr Gln Glu Arg Leu Glu Glu Ile Leu Met Gln Tyr Gly Leu Met Asp Leu **x

nifD 2600 2650

AMMWNMNMMGTGAGCG.AAMTTTAAMGACGAGATTHAGMMTATATAWTMMTWWMWAGTGGT
Met Ser Glu Asn Leu Lys Asp Glu Ile Leu Glu Lys Tyr Ile Pro Lys Thr Lys Lys Thr Arg Ser Gly

2700 2750
CAT ATA GTT ATA AAA ACT GAA GAA ACA CCA AAT CCT GA'A ATA GTT GCT AAC ACA AGA ACA GTG CCA GGA ATA ATC ACA GCT AGA GGT 'lé'!'
His Ile Val Ile Lys Thr Glu Glu Thr Pro Asn Pro Glu Ile Val Ala Asn Thr Arg Thr Val Pro Gly Ile Ile Thr Ala Arg Gly Cys

2800
GCT TAT GCA GGA TGT AAA GGT GTT GTT ATG GGA CCA ATA AAG GAT ATG ('i‘l'l‘ CAC ATC ACA CAC GGA CCT ATA GGA TGT TCA TTC TAT ACA
Ala Tyr Ala Gly Cys Lys Gly Val Val Met Gly Pro Ile Lys Asp Met Val His Ile Thr His Gly Pro Ile Gly Cys Ser Phe Tyr Thr

J. BACTERIOL.

2850

2900

MMT@AAGAAGATTTAABNTAMOCAGMAACGGTACTMATTAMTTTTMTGAATA‘I'G‘I'A'I'N‘NTACTGATATGCAGGMAGT
n

Trp Gly Gly Arg Arg Phe Lys Ser Lys Pro Glu Asn Gly Thr Gly Leu As:

2950

Phe Asn Glu Tyr Val Phe Ser Thr Asp Met Gln Glu Ser
3000

GACATAGTTTTTOGTGGA(‘!TTMTAMTTAMAGATGCTATACATGMGCATATGAAA‘MTNCATGCAGCAGCTATAGGTGTTTATGCA
Asp Ile Val Phe Gly Gly Val Asn Lys Leu Lys Asp Ala Ile His Glu Ala Tyr Glu Met Phe His Pro Ala Ala Ile Gly Val Tyr Ala

3950

ACA TGT CCA GTT GGT CTT ATC GGT GAT GAT ATA CTA GCA GTT GCT GCA ACA GCA AGC AAA GAA ATT GGA ATT C
Thr Cys Pro Val Gly Leu Ile Gly Asp Asp Ile Leu Ala Val Ala Ala Thr Ala Ser Lys Glu Ile Gly Ile

FIG. 3. Nucleotide sequence of the region containing nifH2, nifH1, and nifD (partial) of C. pasteurianum. The DNA strand shown is that
identical to mRNA. Sequences discussed in the text are underlined. The inverted repeats are indicated by arrows. ORF, Open reading frame.

bonds of the iron protein in C. pasteurianum. In K. pneu-
moniae (22, 44, 51) and Azotobacter vinelandii (6, 23), the
mature iron protein lacks the N-terminal methionine found in
the deduced sequence.

Nucleotide sequence and the encoded amino acid sequence

of C. pasteurianum nifH2. The presence of multiple nif
sequences in C. pasteurianum was suggested by the number
of EcoRI fragments detected by K. pneumoniae nifHD (Fig.
1). The existence of multiple nifH-like sequences was con-
clusively shown by nucleotide sequence data. nifH2 had an
open reading frame of 816 nucleotides and a potential
ribosome-binding site (AGGAGGA) between —14 and -8
nucleotides from the putative initiation codon AUG (Fig. 3).
In the 272 amino acids possibly encoded by nifH2 (Fig.
5), only 23 amino acids differed from those of the nifHI-
encoded Fe protein. This gave a similarity coefficient (545)
of 0.92 between the putative nifH2 product and the iron
protein (nifHI product). At the nucleotide level, the homol-
ogy was only slightly lower (S45 = 0.90) between nifHI and
nifH2.
For the 23 different residues between C. pasteurianum
nifH1- and H2-encoded proteins, 13 occur in regions where
either conserved secondary structures among iron proteins
are predicted or the C. pasteurianum iron protein contains
distinct features. Four of them (residues 13, 23, 222, and 263
of the putative nifH2-encoded protein) may cause some
changes in the secondary structure based on predictions by
the Chou and Fasman methods (10).

Additional nifH-related sequences were also obtained in
separate clones from C. pasteurianum. One of them (desig-
nated nifH3) was located on a 2.6-kb EcoRI fragment and
was cloned into pBR322 as pCP3. The cloned portion of
nifH3 was sequenced. Nucleotide sequence data (not shown)
indicate that nifH3 is not in proximity to nifH! and nifH2. Of
the 194 deduced amino acid residues of C. pasteurianum

nifH3 (Fig. 5), 64 were different from the nifH1-encoded iron
protein.

Unexpectedly, a sequence resembling the E. coli consen-
sus promoter (TTGACA-N;,-TATAAT) (40) was found be-
tween —116 and —88 nucleotides from the initiation codon of
nifH2 (Fig. 3, underlined; Fig. 4 shows a similar sequence
before the open reading frame).

Partial nucleotide and amino acid sequences of C.
pasteurianum nifD. The portion of nifD cloned in pCP114 has
been sequenced. The deduced amino acid sequence (166
residues) matches that of the a-subunit of the C. pas-
teurianum MoFe protein (21), except that residue 94 was
asparagine according to the nucleotide sequence instead of
aspartate as reported from the protein analysis. In addition,
residue 41 was arginine (21) instead of lysine (20). The
initiation codon for C. pasteurianum nifD was assigned to
the GUG (N-formylmethionine) which preceded the N-
terminal residue (Ser) of the isolated protein, indicating
posttranslational processing of the polypeptide. C.
pasteurianum nifHI and nifD were separated by 41 nucleo-
tides (Fig. 3); a potential ribosome-binding site (GAGG,
underlined) was located between —14 and —11 nucleotides
from the putative initiation codon (GUG) of nifD.

Open reading frame upstream of nifH2 in the 4-kb EcoRI
fragment. Figures 2 and 4 show the open reading frame
located upstream of nifH2 but on the complimentary strand
of DNA. The general location of this open reading frame and
its opposite direction of transcription in relation to nifH!
made it similar to nifJ in K. pneumoniae (13, 47). However,
it is not known whether C. pasteurianum has a nif-regulated
pyruvate:ferredoxin/flavodoxin oxidoreductase. This open
reading frame had a potential ribosome-binding site (AGGA;
Fig. 4, underlined) at —14 to —11 nucleotides from the
postulated translation start. There were two other nearby
in-phase AUG codons up- and downstream, but the putative
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nifH? €— 50 100
“AATTATAAGGAGGAATTTAATGCAGGGAAA. . . . .5' ?
TTAATATTCCTCCTTAAATTACGTCCCTTTGATGTCTAACATGGANTGATTATTTICCACATCTCTATGCTTTATACTICGTTTTICATTATATICCTTAATTTAGTACTIGTCAACAAA

150 200
TATAOCATA‘I‘TTACTATTAM‘I‘TAT‘I.‘MT*TTTA‘!’H‘ATATAACATA‘NAATA'I.'ATCAMT’I"I'TCNCATTTANATMAOOATTM‘H'H‘TTATAGATTATNAB‘!'ICTATATGAM
2?0 3(:0 3?0
ApTTTATM'!CGTMAGCTTACMAGCNAMTAm'l'A'l'A'K!ATAAAAA'l'lCM'l'ATMATMABATA‘l‘A‘l‘AA'l'I'TATTTATAGCTTAEG_TAB‘ITTATNATMTATATHATMT
4(}0 45'0
TATTTATA‘!’GATATTAT’!‘TATCTATAA‘I‘GTGTATM‘I'MA‘I‘A‘I‘TAC‘!‘TACAATATGM‘I‘MTATTAMBTT‘H‘AMATTATAC‘I‘MTTAACTATTACTMTGTTMMMTATAMTC
500 550

AATCATGGAAGGMA‘NMTAT A'I'G GAT ATG GAT ACA GCT CTC ACT CCT CAA GAG GTT GCG GAT ATA TTA AAA ATT TCA AAA AGT ACC GTA TAT
Met Asp Met Asp Thr Ala Leu Thr Pro Gln Glu Val Ala Asp Ile Leu Lys Ile Ser Lys Ser Thr Val Tyr

600 650
1 . 1
GAT TTA ATT AAG AAA AAA GAA ATA AAC TCT TAC AGA GTA GGT AAA AAA GTT CGA GTT GAC TTA AAG GAT GTA GAA GCC TAC AAA AAT AAA
Asp Leu Ile Lys Lys Lys Glu Ile Asn Ser Tyr Arg Val Gly Lys Lys Val Arg Val Asp Leu Lys Asp Val Glu Ala Tyr Lys Asn Lys
7q0 75‘0
ACC AAA AAT ATA AAA TCT AAT ATT TTT GTT CCT AGT AAT TCA GTA GTT ATT AAT TCT TCA TCT TTA TAT GAT GGA ATG ACA CCA AAG GAA
Thr Lys Asn Ile Lys Ser Asn Ile Phe Val Pro Ser Asn Ser Val Val Ile Asn Ser Ser Ser Leu Tyr Asp Gly Met Thr Pro Lys Glu
800

1
GAG GTG TTA GAG GAT AGC TTT GTT ATA TCT GGT CAA GAT ACA ATT TTA GAT ATT TTA TGC CGT TAT CTC GAT TCC TAC CCT CAT GGT TCT
Glu Val Leu Glu Asp Ser Phe Val Ile Ser Gly Gln Asp Thr Ile Leu Asp Ile Leu Cys Arg Tyr Leu Asp Ser Tyr Pro His Gly Ser

850 990

1
ANOGAG’I‘TTTGAGA'!OCTATGAAGGCAGT'!'A‘l'AATNTA‘I‘ATATGAATTATATNTGGAAMGﬂCMATAGCTACAGCACéTATTM
Met Arg Val Leu Arg Ser Tyr Glu Gly Ser Tyr Asn Gly Ile Tyr Glu Leu Tyr Cys Gly Lys Val Gln Ile Ala Thr Ala His Ile Trp

950 1000

1 1
GAT GGA AAA ACT GGT GAA TAT AAT GTT CCT TAT ATT GAA AGA ATG CTC CCT GGG ACA TCT GCA GTT ATA GTC CGT TTT GTT GGA AGA ATG
Asp Gly Lys Thr Gly Glu Tyr Asn Val Pro Tyr Ile Glu Arg Met Leu Pro Gly Thr Ser Ala Val Ile Val Arg Phe Val Gly Arg Met

1050 1100
] i
CAG GGA TTC TAT GTT GCA AAG GGG AAT CCA AAG GGA ATA AAA GAT TGG AAT GAT CTT TCA AGA TCT GAC ATA GTT ATT GTA AAT AGA GAG
Gln Gly Phe Tyr Val Ala Lys Gly Asn Pro Lys Gly Ile Lys Asp Trp Asn Asp Leu Ser Arg Ser Asp Ile Val Ile Val Asn Arg Glu
1150 1200
AMGGTMTMAACTOGAATTTTAT‘!'GGATGMCATTTAOGCCTAM’GAA‘!’AT!‘TTAMCMAGATATAAMGGTTAC AATAAGGMTGT
Lys Gly Ser Gly Thr Arg Ile Leu Leu Asp Glu His Leu Arg Leu Met Asn Ile Leu Gly Lys Asp Ile Lys Gly Tyr Asn Lys Glu Cys
1250
1
ACC TCT CAT TTA GCA ACT GCC AGT GTG ATT GCC CGC GGT AAT GCC GAC CTA GGT ATA GGA AAT GAA AAA GCA TGT TCT CAA GTA CAA GGT
Thr Ser His Leu Ala Thr Ala Ser Val Ile Ala Arg Gly Asn Ala Asp Leu Gly Ile Gly Asn Glu Lys Ala Cys Ser Gln Val Gln Gly
1300 1350
|

|
GTT GAC TTT ATA CCT ATA CAA CAA GAA AAA TAT GAT TTA GTC ATA AAA AAG GAA GAT ATA AAT CAT CCT ACT ACA AGA GCT ATT TTA GAT
Val Asp Phe Ile Pro Ile Gln Gln Glu Lys Tyr Asp Leu Val Ile Lys Lys Glu Asp Ile Asn His Pro Thr Thr Arg Ala Ile Leu Asp

ATT CTG AAT TC
Ile Leu Asn

FIG. 4. Nucleotide and amino acid sequences of the open reading frame upstream of C. pasteurianum nifH2 (see Fig. 2 for map position).
An overlapping region of the complementary strand is shown to complete (with Fig. 3) the sequence of the 4-kb (3,987-base-pair) EcoRI

fragment. Sequences discussed in the text are underlined.

start codon was assigned because it would show a similar
relative position to the potential ribosome-binding site as
seen in the other clostridial genes. There were five TATAAT
(Fig. 4, underlined) sequences upstream of the open reading
frame. One of them had a sequence of TTG-Ny-TATAAT
(—171 to —143 nucleotides), which is similar to the sequence
of TTGACA-N;,-TATAAT before nifH2 (Fig. 3). However,
the function of these sequences remains to be determined.

The amino acid sequence of the open reading frame has
one interesting feature. Between residues 17 and 59, one-
third (14 of 43) of the residues were either Arg or Lys, which
outnumber Asp plus Glu (5 residues) and would make this
region highly positive in charge. Codon usage (53 being used)
in this open reading frame is not as biased as in nitrogenase
genes (see below).

Comparison of amino acid sequences encoded by nifHI,
nifH2, and nifH3 of C. pasteurianum and nifH of other
organisms. An intriguing feature was noticed when the amino
acid sequence encoded by C. pasteurianum nifH2 and nifH3

was compared with that of iron proteins from C.
pasteurianum and eight other organisms (Fig. 5). Among the
23 differences between C. pasteurianum nifH2 and nifHI, 11
(circled or boxed) of the nifH2 residues matched the corre-
sponding residues in at least one of the other eight Fe
proteins. For residues 23 and 55 (circled), C. pasteurianum
nifH2 actually matched all of the other eight Fe proteins;
residues 23, 34, 55, and 187 (circled) of C. pasteurianum
nifH3 showed a similar phenomenon. Thus, amino acid
residues 23, 34, 55, and 187 are conserved in all other eight
sequenced iron proteins plus C. pasteurianum nifH2 or
nifH3 or both. Only the C. pasteurianum iron protein (nifH1
product) is different. In the sequenced portion, nifH3 en-
coded 14 residues (boxed or circled) that differed from both
nifHI and nifH2 (these residues were conserved between
nifHI and nifH2) but matched the corresponding residue in
at least one of the other eight iron proteins. The evolutionary
implication of the highly conserved amino acid residues
found in C. pasteurianum nifH2 and nifH3 (but not in nifHI),
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FIG. 5. Comparison of amino acid sequences encoded by nifH!
(isolated iron protein), nifH2, and nifH3 of C. pasteurianum (this
work; 52) with those of iron proteins (determined or deduced) of
Anabaena sp. 7120 (An; 34), Rhizobium meliloti (Rm; 54), R. trifolii
(Rt; 46), R. japonicum (Rj; 15), R. phaseoli (Rp; 38), Parasponia
rhizobium (PR; 45), K. pneumoniae (Kp; 22, 44, 51), and A.
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amino acid residues found in C. pasteurianum nifH2 or nifH3 or
both (but not in nifHI) and in some or all of the other eight iron
proteins. The conserved lysine residue in the C-terminal region
extending beyond the C. pasteurianum iron protein is marked by a

marked by dots above them. Boxes and circles indicate conserved
@ above.

vinelandii (Av; 6, 23). The numbering refers to C. pasteurianum iron
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-like

sequence found in the photosynthetic gene cluster of

Rhodopseudomonas capsulata (24) is interesting because it
implicates either a current or a past electron transfer func-

tion, other than that in nitrogen-fixation, for the putative

like sequences found in C. pasteurianum. The ni

Multiple copies of nifH or nifH-related sequences have

C. pasteurianum nifH2 and nifH3 function under certain
also been found in other organisms (24, 35, 43). The nucle-

and nifH of other organisms merits further studies. Whether
specific growth conditions will be investigated.

a nucleotide sequence similar to the E. coli consensus
promoter before C. pasteurianum nifH2 also raises the

protein encoded by the nifH-like sequence. The presence of

otide sequence of those found in Rhizobium phaseoli is
identical in their coding regions (38), which would have
different implications as compared with the different nifH-
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TABLE 1. Comparison of codon usage ip nifHI and nifH2 of C.
pasteurianum in S. cerevisiae mitochondna (mt; 4), and in nifH of
K. pneumoniae (44)

Amino No. of times codon appears in gene(s)

acid Codon nifHI nifH2 mt nifH
Arg CGA 0 0 0 0
C 0 0 0 9

G 0 0 0 0

U 0 0 0 4

AGA 12 13 28 0

G 0 0 0 0

Leu CUA 3 2 12 0
C 0 0 0 7

G 0 0 0 11

U 9 9 2 1

UUA 14 10 164 0

G 0 4 2 0

Ser UCA 6 5 46 1
C 2 1 0 6

G 0 1 0 2

9) 0 0 23 0

AGC 2 1 0 1

U 3 4 12 0

Thr ACA 7 8 34 0
C 0 1 1 12

G 0 0 0 4

U 6 5 27 0

Pro CCA 7 7 24 1
C 0 0 1 3

G 0 0 0 4

U 2 2 26 0

Ala GCA 10 9 32 1
C 0 0 2 14

G 0 0 1 13

U 10 12 47 1

Gly GGA 18 18 15 1
C 1 1 0 20

G 0 1 3 1

U 13 10 64 5

Val GUA 9 9 54 0
C 0 1 1 8
G 0 0 3 12

U 10 9 38 2

Lys AAA 11 11 23 11
G 5 6 1 S
Asn AAC 4 3 4 11
) 4 7 49 1

Gln CAA 7 8 22 2
G 4 2 3 8

His CAC 0 1 0 2
U 2 1 36 0

Glu GAA 24 21 31 18
G 0 3 2 11

Asp GAC 4 4 1 1
U 10 10 31 5

Tyr UAC 2 3 6 8
U 10 7 56 1

Continued
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TABLE 1—Continued

No. of times codon appears in gene(s)

Amino

acid Codon nifH1 nifH2 mt nifH
Cys UGC 0 1 1 7
U 6 5 11 2
Phe uucC 4 4 38 4
U 1 2 34 2
Ile AUA 11 13 6 0
C 6 6 21 17
U 3 2 108 7
Met AUG 11 9 45 15
Total 273 272 1,191 292

possibility that nifH2 is not under nif control and that its
protein product might be an electron carrier or reductase
which serves or once served functions other than as a
component of nitrogenase. It should be interesting to find out
whether the putative nifH2 product is synthesized in NH;-
grown cells.

Codon usage in C. pasteurianum nifH1 and nifH2. Codon
usage in Cp nifHI and nifH?2 is very biased, which is most
prominent ih amino acids with four to six synonymous
codons (Table 1). Among the six codons for arginine, only
AGA was used. Five amino acids were coded by single
codons: AGA (Arg), GAA (Glu), UGU (Cys), CAU (His),
and AUG (Met) (tryptophan is absent in C. pasteurianum
iron protein). In total, 38 of the 61 codons were used in C.
pasteurianum nifHI. The codon usage pattern is clearly
different between C. pasteurianum and K. pneumoniae iron
proteins (Table 1). Such a difference was also observed
between the sequenced portion of C. pasteurianum nifD and
K. pneumoniae nifD. Because nitrogenase components are
abundantly expressed proteins in C. pasteurianum (60), it
may be assumed that the codon usage pattern of C.
pasteurianum nifHI reflects the distribution of isoaccepting
tRNA species in this gram-positive anaerobe (25).

In nifHI, A and U were used more frequently at the third
position of all codons. For codons of the (C/G)(C/G)(X) type,
the third position was always A or U; the only exception was
GGC, which was used once. However, GCC is used in the C.
pasteurianum ferredoxin gene (18). Also, CAC and GAG
were used in C. pasteurianum nifD, although not in nifH].
There is a homology of 67% between C. pasteurianum and
K. pneumoniae iron proteins. At the triplet codon level, the
homology was only 20% between C. pasteurianum nifHI
and K. pneumoniae nifH. The low homology in nucleotide
sequence affected the efficiency of K. pneumoniae fragment
A3 (see reference 44 for its nucleotide sequence) as a probe
for C. pasteurianum nifH1, especially because most of these
homologous triplets were scattered throughout the gene.
There was only one stretch each of 11, 10, and 9 nucleotides
that were homologous between the C. pasteurianum nifH1
and K. pneumoniae nifH genes. One stretch each of 14 and
10 homologous nucleotides was found between the pertinent
portions of C. pasteurianum and K. pneumoniae nifD genes.
However, there were stretches of triplets in which the first
two bases matched between the C. pasteurianum and K.
pneumoniae genes. The lack of longer homologous se-
quences between the nif genes of the two species explained
the difficulties we encountered during the cloning of the
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clostridial genes. The presence of nifH2, which contained
another set of short homologous nucleotides, on the same
4-kb EcoRI fragment may have enhanced hybridization
between this fragment and K. pneumoniae nifH and facili-
tated detection of pCP114.

It is interesting to note that the codon usage pattern of C.
pasteurianum nifHI is most similar to that in Saccharomy-
ces cerevisiae mitochondria (4) (Table 1). The G+C content
(18 t0 21%) of S. cerevisiae mitochondria DNA (5) is close to
that of C. pasteurianum (26 to 28%), which may explain the
similar codon usage pattern. In addition, these mitochondrial
genes may also be highly expressed.

The codon usage information derived from C. pas-
teurianum nifH| is so far the most complete for a Clostrid-
ium species with a G+C content below 30% (the C.
pasteurianum ferredoxin gene [18] is much smaller in size
and lacks several amino acids). The codon usage information
could facilitate the use of more probable synthetic oligonu-
cleotides as a probe for the cloning of genes which encode
abundantly expressed proteins in C. pasteurianum or other
clostridia of a similarly low G+C content. Organisms in the
latter category include a number of industrially and medi-
cally important anaerobes such as the solvent-producing
Clostridium acetobutylicum and C. beijerinckii (C. butyl-
icum) and the toxin-producing C. botulinum, C. difficile, C.
perfringens, and C. tetani (16, 17).

Distinct structural features of C. pasteurianum nitrogenase.
The amino acid sequences either deduced from nifH (6, 15,
34, 38, 4446, 51, 54) or determined from the iron protein (23,
52) of different organisms show a significant degree of
homology, particularly in the N-terminal region (based on
the C. pasteurianum sequence) and in the region spanning
the five conserved cysteines (marked by dots, Fig. 5).
Extensive regions of conserved secondary structure are
predicted from the amino acid sequence of iron proteins (23).
Nevertheless, the C. pasteurianum iron protein is uniquely
inactive in heterologous combinations. A close examination
of its structure may reveal regions pertinent to component
interaction in nitrogenase.

- The significantly different cross-reactivity between C.
pasteurianum and other nitrogenase components (14, 48, 55)
must reside in those unique amino acid sequences which give
species-dependent secondary structure or surface charges or
both that affect component interaction. (However, this does
not exclude certain homologous sequences from being a part
of the interacting regions.) Some clues were obtained by
comparing the A. vinelandii, K. pneumoniae, and C.
pasteurianum iron proteins. Although the A. vinelandii and
K. pneumoniae iron proteins are highly homologous, they
are not equivalent in terms of their interaction with the C.
pasteurianum MoFe protein because the K. pneumoniae
iron protein has some activity, whereas the A. vinelandii iron
protein has no activity, with C. pasteurianum MoFe protein
(14, 48).

Between the A. vinelandii and K. pneumoniae iron pro-
teins, the main differences are (i) the N-terminal residue (Ala
versus Thr); (ii) the sequence between residues 75 and 82,
where a B-turn was predicted for the A. vinelandii (but also
in C. pasteurianum) protein (23); and (iii) the sequence of the
C-terminal region. The difference in the C-terminal region is
by far more extensive, where the chain length, helical
content, and charge locations are different between A.
vinelandii and K. pneumoniae iron proteins. In this regard,
the polypeptide chain of the C. pasteurianum iron protein is
the shortest (shorter by 16 to 26 residues or about 6 to 10%
of the total length) among the nine iron proteins sequenced
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so far (Fig. 5). Whether the mature iron proteins retain this
size difference is yet to be shown by further protein se-
quence analyses, but it is now known that the C-terminal
region of the A. vinelandii iron protein is not processed (6,
23). This study shows that the shorter polypeptide of the C.
pasteurianum iron protein does not result from posttransla-
tional processing. The apparent size difference among iron
proteins is mainly in the C-terminal region. We thus postu-
late that size and charge differences in the C-terminal region
have a major influence on the interaction between Fe and
MoFe proteins.

Although the C-terminal region extending beyond the C.
pasteurianum iron protein is not highly homologous, we
have noticed a conserved lysine residue (Fig. 5) near the C
terminus of all eight ‘‘elongated’’ Fe proteins. This region
also contains an a-helix of various lengths in Azotobacter,
Klebsiella, and Rhizobium species (23). The C. pas-
teurianum iron protein is thus unique in its lack of any
positive residue within ten residues from its C terminus.
(However, the Arg at position 260 is unique to C.
pasteurianum and is in an a-helical region followed by a
B-turn, which might serve a similar but not equivalent
function as the Lys residue in the other iron proteins.)

It was postulated (51) that the GAA codon (for the Glu
residue of the K. pneumoniae and A. vinelandii proteins
immediately beyond the C terminus of the C. pasteurianum
protein) in K. pneumoniae nifH might have been changed to
TAA (stop codon) in C. pasteurianum to terminate transla-
tion and result in a shortened C. pasteurianum iron protein.
The stop codon for C. pasteurianum nifHI is indeed TAA
(Fig. 3); interestingly, there could be an Asp residue (con-
served in K. pneumoniae and A. vinelandii) following TAA
in C. pasteurianum. However, the remaining nucleotides
between nifH1 and nifD are not sufficiently long, and there is
no homology beyond Asp between the speculated C.
pasteurianum sequence (data not shown) and the K. pneu-
moniae and A. vinelandii sequences. Therefore, the distinct
difference in the C-terminal region of the C. pasteurianum
and the K. pneumoniae and A. vinelandii iron proteins is not
caused by processing or by a simple conversion of a GAA
into TAA.

Interestingly, the length of the N-terminal region of the a-
and B-subunits (nifD and nifK products) of MoFe proteins
seems proportional to that of the C-terminal region of the
iron proteins in Anabaena sp. 7120 (28, 32, 34), Rhizobium
meliloti (54), Rhizobium japonicum (26, 53), Rhizobium
trifolii (46), Parasponia Rhizobium (45, 57), K. pneumoniae
(44), A. vinelandii (6, 29), and C. pasteurianum (21; this
work). The C. pasteurianum nifD and nifK proteins are the
shortest in the N-terminal region, whereas the C-terminal
region of the C. pasteurianum iron protein is also the
shortest. Because of the seemingly correlated size and
charge differences in the C-terminal regions of iron proteins
and in the N-terminal regions of the a- and B-subunits of
MoFe proteins, these regions may be examined to see
whether they are sterically and electrostatically important to
component interaction. Other investigators (22, 51) also
postulated the involvement of the C-terminal region of the
iron proteins in component interaction. At present, the C.
pasteurianum MoFe protein shows the highest specificity for
a compatible iron protein, for which the C. pasteurianum
iron protein uniquely fits. Unique amino acid sequences,
which might contribute to the specificity of the MoFe
protein, have also been identified in the internal regions of
the a-subunit of the C. pasteurianum MoFe protein (21).
Through a comparison of nitrogenase proteins from C.
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pasteurianum and other organisms and with the availability
of their genes, it should be possible to carry out site-specific
modifications to allow conclusive identification of regions of
nitrogenase that are critical to component interaction and
other functions.
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