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A quantitative approach to sequence comparisons of nitrogenase

MoFe protein a- and f-subunits including the newly sequenced
nifK gene from Klebsiella pneumoniae
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Israel

The nucleotide sequence was determined for part of the Klebsiella pneumoniae nif gene cluster containing the
3’ end of the nifD gene and the entire length of the nifK gene (encoding the a- and g-subunits of the
nitrogenase MoFe protein respectively), as well as the putative start of the nifY gene, a gene of as yet
unknown function. A broad-based comparison of a number of MoFe protein a-subunits, -subunits and a-
versus f-subunits was carried out by the use of a computer program that simultaneously aligns three protein
sequences according to the mutation data matrix of Dayhoff. A new kind of quantitative statistical measure
of the similarity between the aligned sequences was obtained by calculating and plotting standardized
similarity scores for overlapping segments along the aligned proteins. This calculation determines if a test
sequence is similar to the consensus sequence of two other proteins that are known to be related to each
other. The different g-subunits compared were found to be significantly similar along most of their sequence,
with the exception of two relatively short regions centred around residues 225 and 300, which contain
insertions/deletions. The overall pattern of similarity between different a-subunits exhibits resemblance to
the overall pattern of similarity between different g-subunits, including regions of low similarity centred
around residues 225 and 340. Comparison of a-subunits with g-subunits showed that a region of significant
similarity between the two types of subunits was located approximately between residues 120 and 180 in both
subunits, but other parts of the proteins were only marginally similar. These results provide insights into
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likely tertiary structural features of the MoFe protein subunits.

INTRODUCTION

Biological nitrogen fixation is catalysed by nitrogenase,
a complex of the MoFe protein (component I) and the Fe
protein (component II). Component I, thought to be
responsible for substrate binding and reduction, is a
heterotetramer consisting of two pairs of a- and g-
subunits, encoded by nifD and nifK genes respectively
(Cannon et al., 1985). The apoprotein is associated with
several iron-sulphur clusters, and two copies of a
dissociable FeMo cofactor (Mortenson & Thorneley,
1979; Burgess, 1984). Comparison of available gene
nucleotide sequences and amino acid sequences of MoFe
protein subunits from different organisms indicates that
different z-subunits or B-subunits are highly conserved
(Lundell & Howard, 1981; Mazur & Chui, 1982;
Lammers & Haselkorn, 1983 ; Hase et al., 1984 ; Weinman
et al., 1984; Yun & Szalay, 1984; Kaluza & Hennecke,
1984; Thony et al., 1985). Five conserved cysteine
residues in a-subunits and three conserved cysteine
residues in p-subunits were proposed to function as
ligands for metal-sulphur clusters (Lammers & Hasel-
korn, 1983; Thony et al., 1985). Structural symmetry
between a- and S-subunits was suggested by low-
resolution X-ray-diffraction analysis of component I
from Clostridium pasteurianum (Yamane et al., 1982),
and, more recently, limited sequence homology between

a- and S-subunits was proposed for three regions located
in the N-terminal third of the proteins (Thony et al.,
1985).

All sequence comparisons of MoFe protein subunits
conducted to date relied on manual alignments and
mostly stressed sequence conservation. However, with
the accumulation of sequence data, a more objective and
quantitative approach to sequence comparison is desir-
able.

In the present study, we determined the nucleotide
sequence of the nifK gene from Klebsiella pneumoniae.
The sequences of nitrogenase-encoding genes from K.
pneumoniae are of particular interest in view of the
wealth of mutants available (MacNeil et al.,, 1978;
Merrick et al., 1980) and the relative ease of genetic
manipulation of K. pneumoniae. These features of K.
pneumoniae make it an ideal model system for site-
directed mutagenesis of the nifD and nifK genes. The
amino acid sequence deduced for the K. pneumoniae
nifK-gene product was included in a computer-assisted
comparison of different MoFe protein subunit sequences.
The program used (Murata er al., 1985) simultaneously
aligns three protein sequences according to amino acid
identities as well as similarities. Standardized similarity
scores, calculated for segments of the aligned sequences,
serve to measure quantitatively the similarity between
the different parts of the compared proteins. Applying
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Fig. 1. Restriction map and sequencing strategy for the nifK gene

Restriction map of the sequenced region of DNA: open bar, nifK coding sequence; hatched bar, nifK flanking regions.
Restriction sites: PV, Pvu; Ps, PstI; Sa, Sall; Hi, HindIll; Cl, Clal. Lines, sequenced fragments generated by digestion with the
enzymes indicated ; arrow heads, direction of sequencing; dashed arrows, site and direction of sequence obtained by using the
dideoxy chain-termination sequencing method. Strands are denoted as + and —.

this analysis to the sequences of nifK-gene and nifD-gene
products provided a detailed quantitative representation
of the relationships between different a- or p-subunit
sequences. The analysis also defined a region of significant
similarity between the two subunits that was difficult to
discern unambiguously by a more conventional approach
using pairwise sequence comparisons.

EXPERIMENTAL
DNA

A cloned 6.3 kb EcoRI fragment containing the K.
pneumoniae nifHDKY operon (Cannon et al., 1979),
served as the source of DNA for sequence analysis.

DNA sequence analysis

The analysis was performed essentially in accordance
with Maxam & Gilbert with some modifications (Smith
& Calvo, 1980). Sequence data were also obtained by
using the dideoxy chain-termination sequencing method
of Sanger et al. (1977) as described in Amersham’s
sequencing handbook. Four 17-mer synthetic primers
complementary to different nifK regions in the orientation
subcloned into M13mp13 vector were used.

Computer procedures

Simultaneous three-sequence comparisons were
carried out by using a program developed by Murata
et al. (1985), an extension of the two-sequence align-
ment algorithm of Needleman & Wunsch (1970), using the
Dayhoff & Schwartz similarity matrix MDM,, (Dayhoff
et al., 1978). The score for each amino acid position was
obtained by summing up the three pairwise similarity
scores, with a gap penalty of —6 for each deletion
irrespective of its length. Owing to limitations of virtual
memory, even on a large mainframe IBM 3081 computer
(16 Mbytes), each run of the three-sequence comparison
program included no more than a length of 194 amino
acid residues per protein. The scanning was done on a
window of this length, and then moving over 30 amino
acid residues. The extensive overlaps between consecutive
runs (164 amino acid residues) allowed the unambiguous

joining of all the separate alignments. This method
assumes a co-linear relation between the three compared
sequences, and without modification would not be
suitable for the analysis of proteins with circularly
permuted sequences. The degree of similarity along the
aligned chains was estimated by calculating standardized
similarity scores for a window of 60 amino acid residues,
with one sequence as a frame of reference, and moving
the window 20 amino acid residues at a time. For graphic
presentation, standardized scores were plotted as a
function of the middle position of the 60-amino acid-
residue window.

Standardized similarity score = (similarity score
—mean of 100 random scores)/standard deviation of
random scores.

Similarity score: sum of scores of three pairwise
matches summed over each position in the window;
when there was a gap of any length in one or two of the
sequences, with respect to the reference sequence, a gap
penalty of 6 was subtracted.

Random score: similarity scores obtained for each
window, when one of the tested sequences was random-
ized, while the amino acid composition was kept constant.
When a test sequence was being compared against two
sequences already known to be related, then the test
sequence was also the one chosen to be randomized. If
three similar sequences were being compared, then
arbitrarily one was chosen to be randomized. Assuming
a normal distribution of scores for random sequences,
the random probability of any window having a
standardized similarity score of 3 standard deviations, or
larger, is less than 1%.

The VAX 11/780 VMS and IBM 3081 VM/CMS
computers were used in this analysis.

RESULTS

Sequence of the nifK gene and adjoining regions

The entire nifHDKY operon in K. pneumoniae is
situated within a 6.3 kb EcoRI fragment (Cannon et al.,
1979). Plasmid clones of this fragment were used for
DNA sequence analysis and for the generation of
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Fig. 2. Nucleotide sequence of the nifK gene and part of the nifD gene and the deduced amino acid sequence

The part of the open reading frame on top corresponds to the 3’ end of the nifD gene. Underlines, putative SD sequence of the
nifK gene and SD and ATG sequences of the nifY gene; heavy overline, sequence homology to the sequence upstream to the

AC GGC TAC GAT GGT TTC GOC AT1 TIC
GLY LEU ASP GLY PHE ALA ILE PHE
GOC OGC GAT ATG GAT ATG ACC CTG AAC AAC OOG GOG TGG AAC GAA CTG ACC GUT OOG TGG
ALA ARG ASP MET ASP MET THR LEU ASN ASN PRO ALA TRP ASN GLU LEU THR ALA PRO TRP
L _J
CTG AAG TCT GOG TGA TTGOOCACTCACTGTOOOGTCTGTTCACCGATTTGIGGOGOGGGAGGAGAACACC ATG
LEU LYS SER ALA END MET
AGC CAA ACG ATT GAT AAA ATT AAT AGC TGP TAT COG CTA TTC GAA CAG GAT GAA TAC CAG
SER GLN THR ILE ASP LYS ILE ASN SER CYS TYR PRO LEU PHE GLU GLN ASP GLU TYR GLN
GAG CTG TTC OGC AAT AAG OGG CAG CTG GAA GAG GOG CAC GAT GOG CAG OGC GI'G CAG GAG
GLU LEU PHE ARG ASN LYS ARG GLN LEU GLU GLU ALA HIS ASP ALA GLN ARG VAL GLN GLU
GIC TTT GOC TGG ACC ACC ACC GOC GAG TAT GAA GOG CTG AAT TTC CAG OGC GAG GOG €TG
VAL PHE ALA TRP THR THR THR ALA GLU TYR GLU ALA LEU ASN PHE GLN ARG GLU ALA LEU
ACC GI'T GAC O0G GOG AMAA GOC TGC CAG OOG CTT GGC GOG GTG CTT TGC TOG CTG GGA TTT
THR VAL ASP PRO ALA LYS ALA CYS GLN PRO LEU GLY ALA VAL LEU CYS SER LEU GLY PHE
GOC AAC ACC CTG OOG TAT GIG CAC GGC TCT CAG GGG TGC GI'G GOC TAC TTT OGC ACC TAT
ALA ASN THR LEU PRO TYR VAL HIS GLY SER GLN GLY CYS VAL ALA TYR PHE ARG THR TYR
TTT AAC OGC CAT TTC AAA GAG OOG ATC GOC TGC GIC TCC GAC TOG ATG ACC GAA GAC GOG
PHE ASN ARG HIS PHE LYS GLU PRO ILE ALA CYS VAL SER ASP SER MET THR GLU ASP ALA
GOG GIC TTC GGC GGC AAC AAC AAT ATG AAC TTG GGC CTG CAG AAC GOC AGC GOG CTG TAC
ALA VAL PHE GLY GLY ASN ASN ASN MET ASN LEU GLY LEU GLN ASN ALA SER ALA LEU TYR
AAA OOG GAG ATC ATT GOG GI'G TCC ACC ACC TGC ATG GOG GAA GIT ATC GGC GAT GAC CTG
LYS PRO GLU ILE [LE ALA VAL SER THR THR CYS MET ALA GLU VAL ILE GLY ASP ASP LEU
CAG GOG TTT ATC GOC AAC GCT AAA AAA GAT GGC TTC GIC GAC AGC AGC ATC GOC GIG OCC
GLN ALA PHE ILE ALA ASN ALA LYS LYS ASP GLY PHE VAL ASP SER SER ILE ALA VAL PRO
CAC GOC CAT ACG CCA AGC TTT ATC GGC AGC CAC GIC ACC GGC TGG GAT AAC ATG TTT GAA
HIS ALA HIS THR PRO SER PHE ILE GLY SER HIS VAL THR GLY TRP ASP ASN MET PHE GLU
GGC TTC GOC AAA ACC TTC ACT GOG GAC TAC CAG GGG CAG COG GGC AAA TTG COG
GLY PHE ALA LYS THR PHE THR ALA ASP TYR GLN GLY GLN PRO (LY LYS LEU PRO LYS LEU
AAT CTG GTG ACC GGC TTT GAA ACC TAT CTC GGC AAC TTC OGC GTA TTA AAG CGG ATG ATG
ASN LEU VAL THR GLY PHE GLU THR TYR LEU GLY ASN PHE ARG VAL LEU LYS ARG MET MET
GAA CAG ATG GOG GI'G OOG TGC AGC CTG CTC CC GAT COG TCG GAA GIT CTC GAC ACG OCC
GLU GLN MET ALA VAL PRO CYS SER LEU LEU SER ASP PRO SER GLU VAL LEU ASP THR PRO
GOC GAC GGC CAC TAT CGG ATG TAT TCC GGC GGC ACC ACG CAG CAG GAG ATG AAA GAG GOC
ALA ASP GLY HIS TYR ARG MET TYR SER GLY GLY THR THR GLN GLN GLU MET LYS GLU ALA
CCT GAC GOC ATC GAT GOC GCT COG CAG OOG TGG CAG CTG CTG AAG AGC AAA AAA GI'G GIG
PRO ASP ALA ILE ASP ALA ALA PRO GLN PRO TRP GLN LEU LEU LYS SER LYS LYS VAL VAL
CAG GAG ATG TGG AAC CAG OOC GOC ACC GAG GIC GOC ATT OCG CTG GGG CTG GOC GOC ACC
GLN GLU MET TRP ASN GLN PRO ALA THR GLU VAL ALA ILE PRO LEU GLY LEU ALA ALA THR
GAT GAA CTG CTG ATG ACC GIC AGC CAG CTT AGC GGC AAG CCG ATT GOC GAC GCC CTC ACC
ASP GLU LEU LEU MET THR VAL SER GLN LEU SER GLY LYS PRO ILE ALA ASP ALA LEU THR
CTT GAG OGC GGC CGG CTG GIT GAC ATA GI'G CTC GAC TCC CAC TGG CTG CAC GGC AAG AAG
LEU GLU ARG GLY ARG LEU VAL ASP ILE VAL LEU ASP SER HIS TRP LEU HIS GLY LYS LYS
TTT GGC CTG TAC GGC GAT COG GAC TTC GI'G ATG GGC CTC ACC OGC TTC CTG CTG GAG CTG
PHE GLY LEU TYR GLY ASP PRO ASP PHE VAL MET GLY LEU THR ARG PHE LEU LEU GLU LEU
GGC TGC GAG CCA ACG GI'G ATC CTG AGC CAT AAC GGT CAA CAA ACG CTG GAT AAA GCG ATG
GLY CYS GLU PRO THR VAL ILE LEU SER HIS ASN GLY GLN GLN THR LEU ASP LYS ALA MET
AAC AAA ATG CTC GAT GOC TCG CGA TAC GGG OGC GAT AGC GAA GI'G TTT ATC AAT OGC GAT
ASN LYS MET LEU ASP ALA SER ARG TYR GLY ARG ASP SER GLU VAL PHE ILE ASN ARG ASP
TTG TGG CAC TTT OGI TCG CTG ATG TTC ACC OGT TCA GOC GGA CIT ATG ATC GGC AAC TOC
LEU TRP HIS PHE ARG SER LEU MET PHE THR ARG SER ALA GLY LEU MET ILE GLY ASN SER
TAC GGC AAG TTT ATC CAG CGC GAT ACC TTG GOG AAG GGT AAA GOC TTC GAA GI'G CCG CTT
TYR GLY LYS PHE ILE GLN ARG ASP THR LEU ALA LYS GLY LYS ALA PHE GLU VAL PRO LEU
ATC OGC CTC GGC TTT OCG CTG TTC GAC OGC CAC CAT CTG CAC OGC CAG ACA ACC TCG GGT
ILE ARG LEU GLY PHE PRO LEU PHE ASP ARG HIS HIS LEU HIS ARG GLN THR THR SER GLY
TAT GAA GGG GOG ATG AAC ATT GI'G ACG ACG CTG GIG AAC GIC GIG CTG GAG AAA CTG GAT
TYR GLU GLY ALA MET ASN ILE VAL THR THR LEU VAL ASN VAL VAL LEU GLU LYS LEU ASP
AGC GAT AOC AGC OCA GCT GGC AAA ACC GAT TAC AGC TTC GAT CTC GIT OGT TAA CCATCAG
SER ASP THR SER PRO ALA GLY LYS THR ASP TYR SER PHE ASP LEU VAL ARG END
GI'GOOCCGOGTCATACTGGAGAGGGAGTATGOCCATOGTGATT T TOOGT GAGOGOGGOGOGGACCTGTACGCCTATATCG

nifH coding sequence (Scott et al., 1981):
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nifH: AGGAGAAGTCACC
nifK: AGGAGAA--CACC
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(a)
Kp:
An:
PR:

Kp:
An:
PR:

Kp:
An:
PR:

Kp:
An:
PR:

Kp:

PR:

Kp:
An:
PR:

Kp:
An:
PR:

(b)

1 59
MSQTIDKINSCYPLFEQDEYQELERNKRQ- LEEAHDAQRVQEVE AWTTTAEYEALNE QRE
-MPQNPERTVDHVDLEKQPEYTELE ENKRKNE EGAHPPEEVERVSEWTKSWDYREKNE ARE
MAQSADHVLDHLELERGPEYQQMLADKKM-EENPRDPAEVERTRAVIKTPEYREKNEA-E

60 . * + 117
ALTVDPAKACQPLGAVLCSLGEANTLPYVHGSQGCVAYERTYENRHEKEPIAC--VSDSM
ALTVNPAKGCQPVGAME AALGEEGTLPEVQGSQGCVAYFRTHLSRHYKEP - -CSAVSSSM
ALAVNPAKACQPLGAVEVSVGE EGTLPE VHGSQGCVAYYRSHLSRHEKEPSSC- -VSSSM

118 * 177
TEDAAVEGGNNNMNLGLQNASALYKPEIIAVSTTCMAEVIGDDLQAF IAQAKKDGE VDSS
TEDAAVEGGLNNMI EGMQVSYQLYKPKMIAVCTTCMAEVIGDDLGAE ITNSKNAGSIPQD
TEDAAVEGGLNNMIDg;ANSYNMZEBKMi-CSTTCMAEVIGDDLNAEIKTSEFKE?VRRS

178 227
IAVPHAHTPSE IGSHVTGWDNME EGE AKTE TADYQGQ - -PGKLPKLN- - - - - LV---TGF
EPVPEAHTPSEVGSHITGYDNMMKGILSNLT - - -EGKKKATSNGKIN----- FI---PGE

228 286
ETY-LGNERVLKRMMEQMAVPCSLLSDPSEVLDTPADGHYRMYSGGTTQQEMKEAPDAID
DTY-VGNNRELKRMMGVMGVDYTILSDSSDYEDSPNMGEYEMYPSGT - - -KLEDAADSIN
DGNTVGNL&EIEIRLAL!GIKHTILA2N§FVEETETDEEFR!ZPGGI:--HVEDTANAEﬁ

287 339
AAPQPWQLLK- - SKKVVQEMTNQP - -ATEVAI - - -PLGLAATDELLMTVSQLSGKPIADA
AKATV-ALQAYTTPKTREYIKTQWKQETQVLR - - -PEGVKGTDEELTAVSELTGKAIPEE
AKATI - SMQOWCTEKTLPEVSEH- - ~-GQDVVSENYPVGVSATDDLLVALSRISGKEIPEQ

340 398
LTLERGRLVDIVLDS -HWLHGKKE GLYGDPDE VMGLTRELLELGCEPTVILSHNGQQTLD
LEMERGRLVDAITDSYAWIHGKKEFAIYGDPDLIISITSELLEMGAEPVHILCNNGDDTEK
LARERGRLVDAIADSSAHIHGKKFAIYGDPDLCYGLAAF LLELGAEPTHVLSTNGNNV-A

399 458
KAMNKMLDASRYGRDSEVE INRDLWHE RSLME TRSAGLMIGNSYGKE IQRDTLAKGKAFE
KEMEAILAASPEGKEAKVWIQKDEFWHERSLLE TEPVDEE IGNSYGKYUWRDT---S§- - - -
GENATLFAGSPEG-ELPAYPGRDLWHMRSLLE TEPVDELIGNTHGKYLERDT - - -G-- - -

459 499
VPLIRLGEPLEDRHHLHRQTTSGYEGAMNIVTTLVNVVLE - - -K
IPMVRIGYPLEDRHHLHRYSTLGYQGGLNILNWVVNTLLDEMDR

104 117
Kp:  RHFKEPIAC--VSDSM
PR:  RHFKEPSSC--VSSSM
Av:  RHFREPVSC--VSDSM
Bj:  RHFKEPSSC--VSSSM

An: RHYKEP--CSAVSSSM

Fig. 3. Comparison of f-subunit sequences from different organisms

D. Holland and others

(a) The sequences were computer-aligned as described in the Experimental section, with the top sequence serving as the frame
of reference. Kp, K. pneumoniae; An, Anabaena 7120; PR, Rhizobium sp. Parasponia. Underlines, identical residues in the three
sequences ; asterisks, conserved cysteine residues. Because of computing limitations, the sequences shown are no longer than 499
amino acid residues, and do not include the C-terminal residues. () Amino acid sequence alignment around Cys-112.
Av, A. vinelandii; Bj, B. japonicum.
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Fig. 4. Statistical analysis of sequence similarities between different MoFe protein subunits

The statistical significance of the similarity between the aligned sequences of g-subunits (Fig. 3), a-subunits (Fig. 5) and a- versus
B-subunits (Fig. 6) was determined and plotted as described in the Experimental section. To align the two B-subunits (the same
as shown in Fig. 6) with the mouse transplantation antigen H-2D", the latter, 338-amino acid-residue long, sequence was
extended by adding a repeat of the 161 amino acid residues from the N-terminal on the protein. The resulting 499-amino acid-
residue-long sequence was aligned with and compared with the g-subunit sequences. In all cases, the third sequence was the one
randomized. g-Subunits: g1, K. pneumoniae; 2, Anabaena 7210; 83, Rhizobium sp. Parasponia. a-Subunits: a1, Rhizobium sp.
Parasponia; a2, Anabaena 7120; a3, C. pasteurianum. H, mouse transplantation antigen H-2D". Horizontal broken line at 3
standard deviation units describes the limit of statistical significance (see the Experimental section). Residue numbers refer to
the sequence serving, in each comparison, as the frame of reference.

subclones. From the partial sequence of the nifD gene
from K. pneumoniae (Scott et al., 1981) and the estimated
M, of the nifD-gene product (Roberts et al., 1978) it was
possible to deduce the approximate location of the nifK
gene. This region was subjected to DNA sequence
analysis. The restriction map of the sequenced DNA and
the strategy used to determine the 1823-nucleotide
sequence are summarized in Fig. 1, and the sequence is
shown in Fig. 2. Homology to the 3’ end of the nifD gene
from Rhizobium sp. cowpea (Yun & Szalay, 1984)
provided the basis for identification of the 3" end of the
nifD gene, and the nifK coding region was identified by
its homology to other nifK gene sequences (Lundell &
Howard, 1981; Mazur & Chui, 1982; Hase et al., 1984).
The sequence AGGAG, found in the nifD-nifK inter-
cistronic region at positions —7 to — 11 with respect to
the nifK coding sequence, is the most likely candidate for
the nifK gene Shine & Dalgarno (SD) sequence,
Interestingly, this sequence is part of a longer sequence
(from position —1 to —11) that is homologous to the
sequence between —1 to —13 relative to the K.
pneumoniae nifH coding sequence (Scott ez al., 1981). This
sequence is different from the corresponding region of
the nifD gene (Scott et al., 1981).

At 38 bp downstream to the nifK gene, an ATG
preceded by a putative SD sequence is likely to represent
the start of the nifY gene (Puhler & Klipp, 1981).

Deduced amino acid sequence of nifK-gene product and
comparison with other f-subunit sequences

As deduced from the nucleotide sequence, the g-
subunit of the MoFe protein from K. pneumoniae is 518
amino acid residues long and of M, 57751.

The sequence of the nifK-gene product from K.
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pneumoniae was simultaneously compared with two
other nifK-gene-product sequences from Rhizobium sp.
Parasponia (Weinman et al., 1984) and Anabaena 7120
(Mazur & Chui, 1982). These three organisms belong to
phylogenetically separated organisms (Hennecke et al.,
1985). The alignment (Fig. 3a) shows that conserved
amino acid residues occur in 1-12-residue clusters along
the entire length of the proteins and account for approx.
40 % of the total amino acid residues. In addition to the
three conserved cysteine residues (69, 94 and 152,
numbering as in the sequence from K. pneumoniae) noted
in previous comparisons (Mazur & Chui, 1982 ; Weinman
et al., 1984), the present alignment indicates the presence
of a fourth conserved cysteine residue, at position 112. A
corresponding cysteine residue is also found in S-subunits
from Azotobacter vinelandii (Lundell & Howard, 1981)
and Bradyrhizobium japonicum (Thony et al., 1985) (Fig.
3b). Examination of the alignment of all five sequences
shows that, except for the sequence from Anabaena 7120,
all the cysteine residues corresponding to Cys-112 in the
K. pneumoniae sequence can be matched without intro-
duction of gaps, and are flanked by conserved residues
on one side and by mostly conservatively replaced amino
acid residues on the other side.

The three-sequence alignment also shows that gaps,
introduced to optimize the alignment of the three g-
subunit sequences, are not distributed randomly, but are
clustered mostly in two regions: 208-230 and 273-305.

To assess quantitatively the structural variation along
the A-subunits, standardized similarity scores were
calculated for segments along the aligned sequences. The
results (Fig. 4) indicate that the degree of similarity
varies between different parts of the S-subunits. The N-
terminal third is the most structurally conserved region.
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1 56
PR: MSLATTQSIAEIRARNK---ELIEEVLKVY-PEKTAKRRAKHLNVHQAGKSDCGVKSNIK
An: MTP------ PENKNLVDENKELIQEVLKAY-PEKSRKKREKHLNVHEENKSDCGVKSNIK
Cp: --------- SE--------- NLKDEILEKYIP-KTKKTRSGHIVIKTEETPNPEIVANTR
57 * * 111
PR: SIPGVMTIRGCAYAGSKGVVWGPIKDMVHISHGPVGCGQY-SWGSRRNYYV----GTTGV
An: SVPGVMTARGCAYAGSKGVVWGPIKDMIHISHGPVGCG-YWSWSGRRNYYV----GVTGI
Cp: TVPGIITARGCAYAGCKGVVMGPIKDMVHITHGPIGCSFY-TWGGRR-FKSKPEDG-TGL
112 * 171
PR: DSEVTLQFTSDEQEKDIVEGGDKKLIKVLDEIQELEPLNNGITIQSECPIGLIGDDIEAV
An: NSEGTMHFETSDFQERDIVEGGDKKLTKLIEELDVLEPLNRGVSIQSECPIGSIGDDIEAV
Cp: N-ENEYVESTDMQESDIVEGGVNKLKDATHEAYEMEHPA-ATIGVYATCPVGLIGDDILAV
172 * 224
PR SRSKSKEYGGKTIVPVRCEGFRGVSQSLGHHEANDAVRDWIE - - -DKLEPEG- - - -EPKF
An: AKKTSKQ-IGKPVVPLRCEGFRGVSQSLGHHIANDAIRDWIFPEYDKLKKETRLDEEPSP
Cp: AATASKE-IGIPVHAFSCEGYKGVSQSAGHHIANNTVMTDII---GKGNKE----- EKK-
225 284
*
PR: QPTPYDVAIIGDYNIGGDAWSSRILLEEMGLRVIAQWSGDGSLAELEATPKAKLNILHCY
An: ----YDVALIGDYNIGGDAWASRMLLEEMGLRVVAQWSGDGTLNELIQGPAAKLVLIHCY
Cp: ----YSINVLGEYNIGGDAWEMDRVLEKIGYHVNATLTGDATYE KVQNADKADLNLVQCH
285 343
PR: RSMNYISRHMEEKFGIPWCEYNFEGPSKIAESLRKIAGYEDD-KIKEGAERVIEKYQPLV
An: RSMNYICRSLEEQYGMPWMEENEEGPTKIAASLREIAAKEDS-KIQENAEKVIAKYTPVM
Cp: RSMIYIEAMMETKYGIPWIKCNEI ‘GVNGIVETLRDMAKCPDDPELTKRTEEVIAEEIAIQ
344 401
PR: DAVIAKYRPRLEGKTVMLYVGGLRPRHVIGAYEDLGMEVVGTGYEEGHNDDYQ-RTAQHY
An: NAVLDKYRPRLEGNTVMLYVGGLRPRHVVPAFEDLGIKVVGTGYEFAHNDDYK-RTT-HY
Cp: DD-LDYFKEKLQGKTACLYVGGSRSHTYM-- LKSEGVDSLVAEEEEA_}{RDDYEGEEVI PT
402 419
PR: VK---DSTLIYD-DVNG------==--=---=-=-=--=------ Y----- EFER---FV--
An: I----DNTIIYD-DVTA-----=--=-=--=--=--=--=----- Y----- EFEE---FVK-
Cp: IKIDADSKNIPEITVTPDEQKYRVVIPEDKVE ELKKAGVPLSSYGGMMKEMHDGTILIDD
420 474
PR: -------- EKVQPDLVGSGIKEKYVE QKMGVPEPEMHSWDYSGPYHGYDGF AIEARDMDM
An: -------- AK-KPDLIASGIKEKYVE QKMGLPERQMHSWDYSGPYHGYDGFATFARDMDL
Cp: MNHMEVVLE KLKPDMEFAGI KELEVIQKGGV! LSKQLHSYDYNGPYAGE RGVVNEGHE - - -
475 499
PR: AVNSPIWKKTKAPWKEAAKPKLLAA
An: SLNSPTWS------=--=--- LIGA
cP: ---emmmmeeee-meco---- LVNG

Fig. 5. Comparison of x-subunit sequences from different organisms

D. Holland and others

The sequences were aligned as described in the Experimental section and in the legend of Fig. 3. PR, Rhizobium sp. Parasponia;
An, Anabaena 7120; Cp, C. pasteurianum. Underlines, identical residues in the three sequences; asterisks, conserved cysteine

residues.

Two minima, around residues 220 and 320, represent
regions where insertions/deletions are clustered and
conserved residues are relatively scarce.

Comparison of a-subunit sequences

The same method was used to align and assess the
similarity of a subunit sequences from Rhizobium sp.
Parasponia (Weinman et al., 1984), Anabaena 7120
heterocysts (Golden et al., 1985) and C. pasteurianum
(Hase et al., 1984). Similarly to g subunits, this group of
sequences was derived from phylogenetically separated
organisms (Hennecke et al., 1985). Two other sequences
available at the time of the comparison, from Rhizobium

sp. cowpea (Yun & Szalay, 1984) and B. japonicum
(Kaluza & Hennecke, 1984), were nearly identical with
the Rhizobium sp. Parasponia sequence analysed. The
sequence alignment (Fig. 5) shows approx. 30 % amino
acid residue conservation, including the five cysteine
residues observed in previous comparisons (Lammers &
Haselkorn, 1983; Weinman et al., 1984). As in the g-
subunits, insertions/deletions are clustered in several
regions: the N-terminus and around residues 240 and
420. In the last-mentioned region, the sequence from C.
pasteurianum contains an extensive insertion with respect
to the other two sequences.

The plot of the standardized scores for the aligned
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1 I 47

Kp: MS-QTIDK-INSCY----PLFEQ--DEYQELERNKH- -QLEEAH- - - DAQRVQEVEAWTT
An: MP-QNPERTVDHV----{DLEKQ- - PEYTELFENKRK-NEEGAHPPEEVERVSE - - -WTK
PR: MSLATTQS-IAEIRARNKELIEEVLKVYPEKT. LN-VH- - -QAGKS -DC- -GVK
48 * I . 106

Kp: TAEYEALNEQREALTVDPAKACQPLGAVLCSLG-EANTLPYVHGSQGCVAYERTYENRHE
An: SWDYREKNFAREALTVNPAKGCQPVGAMEAALG-EEGTLPEVQGSQGCVAYERTHLSRHY
PR: S-NIK--SI-P - - ~RGCAYAGSKGVVWGP 1 KDMVHI SHGPVGCGQYSWGS - RRNY

I

107 + 157

Kp: ---KEPIAC-VS----DSMTEDAAVEGGNNNMNLGLQNASALYK-PEIIAVSTTCMAEVI
An: ---KEPCSA-VS----SSMTEDAAVEGGLNNMIEGMQVSYQLYK-PKMIAVCTTCMAEVI
PR: YV DSE VTLQF TSDE QEKDIVEGGDKKLIKVLDEIQELEPLNNGITIQSECPIGLL
210

Kp+ VDSSIAVPHAHTPSE - -- - - - IGSHVTGWDNMEE -GEAKTE TAD
An: IPQDEPVPEAHTPSE -~ ---- VGSHITGYDNMMKGILSN-LT- -
PR: GDDIEA-VSRSKSKEYGGKTI - VP - VRCEGERGVSQSLGHHIAN-DAVRDWIEDK-LEP-
211 265

Kp: YQGQPGK---LP--KLNLVTGEETYLGNERVLKRMMEQMAVPCSLLSDPSEVLDTPADGH
An: -EGKK-KA--TSNGKINEIPGEDTYVGNNRELKRMMGVMGVDYTILSDSSDYEDSPNMGE
PR: -EGEP-KEQPTPY-DVAIIGDYN-IGGDAWSSRILLEEMGL--RVIAQWSG--DGS-LAE
266 315

Kp: YRMYSGGTTQQEMKEAPDAIDAA- - - -PQPWQLLKSKKVVQEMTINQPATEVAIP-- -~~~
An: YEMYPSGT- --KLEDAADSINAKATVALQAYTTPKTREYIKTQWKQ-ETQVLRP------
PR: LEATPKA----KLN----- 3 AEEEEEE LHCY- - -RSMNYIS - -RHM- EEKEGIPWCEYNE
316 367

Kp: LGLAATDELLMTVSQ-LSGKPIADALT--LER-GRLVDIVLDSH--WLHGKKEGLY-GD-
An: EGVKGTDEELTAVSE-LTGKAIPEELE - -MER-GRLVDAITDSYA-WIHGKKFAIY-GD-
PR: EGPSKIAESLRKIAGYFDDK-1KEGAERVIEKYQPLVDAVIAKYRPRLEGKTVMLYVGGL
368 423

Kp: -P-DEVMGLTRELLELGCEPTVILSHNGQQTLDKAMNKMLDASRYGRDSEVE INRDL--W
An: -P-DLIISITSFLLEMGAEPVHILCNNGDDTEKKEMEAILAASPEGKEAKVWIQKDE --W
PR: RPRHVIGAYEDLGMEVV-GTGYEEGHNDD--YQRTAQ- - -~~~ HYVKDSTL- 1 YDDVNGY
424 464

Kp: HEF-RSL------ ME TRSAGLMIGNSY -GKE I QRDTLAKGKAFEVPLIRL - - - --=-===-=~
An: HE-RSL------ LETEPVDFE IGNSY-GKYLWRDT- - -§----IPMVRI - ---=-=-----

PR: EEFREVEKVQPDLVCSGPDL—VGSGIKEKYVEQKM-—-G----YEFPEMHSWDYSGPYHG

465 499
Kp: --GEPLEDRH-HLH------ RQTTSGYEGAMNIVT- - - -TLVNVVLEK
An: --GYPLEDRH-HLH------ RYSTLGYQGGLNILNWVVNTL- - - -LDE
PR: YDQFAIEAEPMDMAVNSPIWKKTKAPWKEAAKP ------ KE-‘-:EAA

Fig. 6. Comparison between a-subunit and f-subunit sequences

The sequences were aligned as described in the Experimental section and the legend to Fig. 3. Kp, #-subunit of K. pneumoniae;
An, g-subunit of Anabaena 7120; PR, a-subunit of Rhizobium sp. Parasponia. Underlines, identical residues in the three
sequences; asterisks, conserved cysteine residues; bracketed and boxed sequences with Roman numerals, previously proposed
regions of homology (Thony et al., 1985); box, sequences showing statistically significant similarity according to the analysis

shown in Fig. 4.

sequences (Fig. 4) shows a pattern of similarities
resembling that of the #-subunits; the N-terminal third is
the most highly similar, a region of relatively low
similarity (partly due to insertions/deletions) extends
from residue 220, and another minimum is evident
around residue 340.

Comparison of «- and f-subunit sequences

The relationship between the two subunits of the
MoFe protein was studied by comparing one «-subunit
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sequence with two g-subunit sequences. This type of
matching is expected to emphasize conserved, rather
than accidental, similarities between the a- and fg-
subunits.

One alignment included A-subunits from K. pneu-
monige and Anabaena 7120 and the a-subunit from
Rhizobium sp. Parasponia (Fig. 6). The same g-subunits
were also aligned with the a-subunit from Anabaena 7120
(alignment not shown). It is evident from these alignments
that, although the a-subunits share, in general, very little
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sequence homology with the #-subunits, some conserved
features are apparent. These include two tetrapeptide
sequences (also present in all other sequenced a- and -
subunits), and three cysteine residues, with a glycine
residue always preceding Cys-92. These represent the
three conserved cysteine residues originally found in g-
subunits (Thony et al., 1985) and three out of the five
conserved cysteine residues in a-subunits (Lammers &
Haselkorn, 1983). The plot of the standardized similarity
scores (Fig. 4) shows statistically significant similarity
between the regions extending approximately between
residues 120 and 180 in both a- and A-subunits. This
region includes the two identical tetrapeptides and one of
the conserved cysteine residues in a- and g-subunits
(Fig. 6). Lower, but still greater than 3o, standardized
similarity scores (see the Experimental section for
definition) are seen for several other regions. In the
absence of additional data, it is difficult for us to assess
the significance of similarities just above the 3¢ level (1 %
probability of occurring by chance) in view of the fact
that these are the regions that are not highly conserved
between different a-subunits or S-subunits (Fig. 4). It is
also evident that the alignment of 1 and 2 is somewhat
different in the f182«1 (Fig. 6) and $15283 (Fig. 3)
comparisons, especially in regions that are not highly
conserved between the g-subunits. However, the align-
ments are identical in the regions of the highest similarity
between a- and S-subunits.

One concern about the statistical significance analysis
of the similarity between a- and g-subunits was that it
could be strongly biased by the inclusion of two g-
subunit sequences. To eliminate this possibility, the
two B-subunits were compared, not just to computer-
generated random sequences, but to several natural,
presumably non-related, proteins. As an illustration, we
show the analysis of the mouse transplantation antigen
H-2D" (Reyes et al., 1982). The standardized scores for
this alignment, as well as other proteins tested, do not
exceed 30, and hence we conclude that the inclusion of
two S-subunits does not have a dominating effect on the
statistical analysis, and that the similarity patterns are
specific for the proteins tested. Thus this approach
provides an objective criterion for determining if a test
sequence is similar to the consensus of two other related
proteins.

DISCUSSION

In this study we determined the sequence of part of the
nifHDKY operon from K. pneumoniae that includes the
3’ end of the nifD gene, the nifD-nifK intercistronic
region, the nifK coding region and the sequence
downstream to the nifK gene, possibly including the
start of the nifY gene.

Sequences of different nifD genes exhibit considerable
length and sequence variation at their 3’ end; for
example, the sequence of the nifD gene from K.
pneumoniae shows similarity to sequences from Rhizo-
bium sp. cowpea and Rhizobium sp. Parasponia, but
differs from that of C. pasteurianum and Anabaena 7120
vegetative cells. When Anabaena cells differentiate into
heterocysts, recombination within the nifD gene sequence
(Golden et al., 1985) generates a 3’ end that matches
more closely the sequences from the Rhizobium strains
and, as shown here, also the sequence from K.
pneumoniae. .

D. Holland and others

The 55 bp intercistronic distance between the nifD and
nifK genes is longer than the region separating the coding
sequences of the nifH and nifD genes (Scott et al., 1981).
It is possible that the nifD-nifK intercistronic region may
possess some regulatory function. For example, the
sequence may provide for highly efficient ribosome
binding that, by partly counteracting natural polarity,
may allow for the synthesis of comparable amounts of
MoFe protein a- and #-subunits. In this respect, it is of
interest to note the sequence homology between the
regions immediately upstream to the coding sequence of
the nifH gene, a highly expressed gene (Cannon et al.,
1985), and the nifK gene.

On the basis of qualitative assessments, the MoFe
protein subunits from different organisms were shown to
be closely related. However, with the growth in the
number of known sequences, we considered that a
systematic quantitative analysis was timely. The advan-
tages of simultaneous comparison over the con-
ventional pairwise comparison in aligning three sequen-
ces, as demonstrated by Murata et al. (1985), are: a
consistent alignment between the three sequences is
obtained without manual adjustment, and it can reveal
homologies that might be missed by the pairwise
comparisons.

Comparison of the three different #-subunits indicates
that they may share a fourth conserved cysteine residue
in addition to the previously identified three cysteine
residues (Thony et al., 1985). Although it initially
appeared that insertions/deletions were common in the
vicinity of this cysteine residue, examination of two
additional #-subunit sequences showed that continuous
alignment was in fact possible for four of the five
sequences compared (Fig. 3b). In the four fully aligned
sequences, Cys-112 (residue numbers in the sequence
from K. pneumoniae) was flanked by conserved, or
mostly conservatively replaced, amino acid residues. The
exceptional sequence is that from Anabaena 7120, in
which the order of the amino acid residues between the
conserved Pro-109 and Val-113 might have been inverted.
This deviation may not exclude a function for Cys-112 in
iron-sulphur clusters or FeMo-cofactor liganding, as has
been proposed for the other three conserved cysteine
residues. Thus a total of 18 conserved cysteine residues
may be present in the a,8, MoFe protein.

The alignment of the three g-subunits or three a-
subunits required the introduction of gaps, presumably
representing insertions/deletions introduced in the
course of evolution. The most extensive gaps were
introduced to accommodate the alignment of the. C-
terminus of the a-subunit from C. pasteurianum with the
two more closely related sequences from Rhizobium sp.
Parasponia and Anabaena 7120. Clusters of shorter
insertions/deletions are evident in other regions of the
aligned a-subunits, as well as in g-subunits. It is
particularly intriguing to note the presence of such
clusters in comparable positions (approximately between
residues 210 and 230) in both a- and g-subunits. Another
cluster is evident in S-subunits, approximately between
residues 290 and 315.

Surprisingly, there is a general resemblance between
the plots of standardized similarity scores obtained for a-
subunits and g-subunits. For both groups of sequences,
the highest scores are obtained for regions included
between the N-terminus and the region of insertions/
deletions around residue 220. In g-subunits this region
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contains all four conserved cysteine residues. In a-
subunits, it contains four out of the five conserved
cysteine residues. Although the relatively high conser-
vation of the N-terminal parts of the two MoFe protein
subunits was previously noted (Weinman et al., 1984),
the graphical presentation indicates that the remaining
parts of the proteins also exhibit a parallel pattern of
conservation. Although the full significance of this
resemblance remains to be clarified, it might suggest that
a- and p-subunits are similarly subdivided along their
length. It might further suggest that the two subunits
are related in their three-dimensional domain structure.

Several lines of evidence suggested that «- and g-
subunits may share a common evolutionary origin and
some structural similarity (Lundell & Howard, 1981;
Yamane et al., 1982). In a recent comparison (Thony
et al., 1985), sequence homologies between a- and g-
subunits were noted in three separate regions (I, I and
III; Fig. 6) located in the N-terminal part of the proteins.
In agreement with these conclusions, the computer-
assisted alignment of a- and S-subunits matched three of
the conserved cysteine residues in each of the subunits, as
well as the two identical tetrapeptides, and several other
identical residues. However, examination of the stan-
dardized similarity scores showed that only one of the
previously proposed regions of homology, III, exhibited
a highly significant similarity. Some similarity could also
exist in the C-terminal part of region II. However, the
similarity in region I and in most of region II fails to
reach statistical significance.

The regions of similarity between the two subunits,
roughly bounded by the two homologous tetrapeptides,
are also highly conserved in each subunit. This region in
a-subunits was also identified, in a search of a library of
2372 protein sequences (not shown), as the only sequence
similar to the g-subunit from K. pneumoniae. (This
search also showed that there was no circular permuta-
tion in S-subunit sequences.)

It is likely that the sequence relationships revealed in
these analyses reflect some features in the tertiary folding
of the proteins. According to the simplest interpretation,
the more highly conserved regions in a-subunits or g-
subunits are responsible for the major folding properties
of the polypeptides. The relatively divergent sequences
may be present in looped-out regions or perhaps link
separate domains in the proteins. It is of interest to note
here a possible analogy with the influenza-virus neur-
aminidase, where amino acid residues that change during
antigenic drift are observed to cluster preferentially on
the surface loops (Colman et al., 1983). Similarly, in
immunoglobulins, the walls of the antigen-binding site
consist exclusively of hypervariable regions (Segal et al.,
1974; Wu & Kabat, 1970). In both these cases, the
variable amino acid residues play a role in the recognition,
or in the function of the proteins, but not in their basic
architecture.

A possible role of the relatively variable regions could
be to optimize the interaction between homologous a-
and g-subunits in tetramer formation, or in the inter-
action of MoFe proteins with the corresponding Fe
proteins during nitrogenase action.
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