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The complete amino acid sequence of the larger (a-) subunit and about 70% of the total sequence of the
smaller (G-) subunit of the MoFe protein from Clostridium pasteurianum was determined by analyses of
peptides derived from BrCN cleavage and by digestions with trypsin, staphylococcal protease and
lysylendo-peptidase of the separated subunits. The a-subunit has 529 amino acid residues, giving an M;
value of 58774. This is the first complete sequence for the a-subunit of an isolated MoFe protein. In
comparing the sequences of both subunits to those from other sources, 5 out of 9 cysteines in the a-subunit
and 3 out of 6 in the #-subunit are invariant, thus suggesting a function as ligands to FeS and MoFeS
clusters in the MoFe protein. All of these cysteines are located in the amino terminal halves of both
subunits.

Amino acid sequence Nitrogenase

1. INTRODUCTION

Biological nitrogen fixation, found in a wide
variety of prokaryotes, is catalyzed by an enzyme
complex composed of the MoFe protein (dinitro-
genase) and the Fe protein (dinitrogenase reduc-
tase). The MoFe protein is an a8, tetramer of M,
220000-245 000, and contains 30-32 Fe atoms, 2
Mo atoms and inorganic sulfur [1]. Genetic ana-
lysis of nitrogenase in Klebsiella pneumoniae has
revealed that nifH, nifD, and nifK are the struc-
tural genes for the Fe protein and the two subunits
of the MoFe protein, respectively [2]. We have

Abbreviations: N-, amino-: C-, carboxyl-: Cm-, S-
carboxymethyl-: HPLC, high performance liquid
chromatography; TLC, thin-layer chromatography
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MoFe protein

Sequence homology Clostridium

been studying the amino acid sequences of both
subunits, the larger (a-) and the smaller (3-) one of
the MoFe protein from Clostridium pasteurianum
and have reported that the N-terminal 179 amino
acid sequence of the a-subunit is homologous with
those of the nifD gene products of other organisms
[3]. Recently, the amino acid sequence of the Ana-
baena (F-subunit was deduced by sequencing the
Anabaena nifK gene [4]. Those of Anabaena [5]
and Rhizobium Parasponia [6] a-subunits were
also derived from nifD genes, while no complete
amino acid sequence has been determined by direct
analysis of the isolated proteins.

We report here the complete sequence of the -
subunit of clostridial MoFe protein together with
the partial structure of the #-subunit, and discuss
structural characteristics found by the comparison
with other MoFe proteins.
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2. MATERIALS AND METHODS

The MoFe protein from C. pasteurianum WS
was purified as in [7]. The S-carboxymethylated
(Cm-) MoFe protein was separated into the two
subunits on a DE-52 column after maleylation or
succinylation [3], or without any modification [8].

The Cm- and maleylated or succinylated «- and
B-subunits were cleaved separately with BrCN,
trypsin and staphylococcal protease and the
resulting peptides were fractionated as in [3]. The
Cm-w-subunit was digested with lysylendopep-
tidase at substrate:enzyme=100:1 (w/w)in 0.1 M

SENLKDEILEKYIPKTKKTRSGH IVIKTEETPNPE IVANTRTVPGTIT

Tris-HCl (pH 8.0) at 40°C overnight and the
digest was separated by HPLC under the condi-
tions in [9]. The amino acid compositions of pep-
tides were determined as usual and the sequences
were obtained by automatic solid-phase Edman
degradation [10] and/or a manual procedure [11].
Phenylthiohydantoin derivatives were identified by
HPLC and TLC as in [3,9].

3. RESULTS AND DISCUSSION

A summary of the sequence studies of the a-
subunit is given in fig.1. Peptides were named ac-

RR GCAY&GCKGWMGP TKDMVH [THGP I 6C SFYWGGRRF KSKPEDGTEL NF

Nl e s 2 e T e 3T T T
t ST-1 i bosr-2 s ST-3— — f S T4 T
FK -1 A=K - 2t k- 5t K-6 +—x-7— —x-8

F S-1 —

'____”__-5'2:2 ___________________ ST-6 — b ST-7 —+
whs t K-14 { K-15% - L K-16 4 —K-17—A
Fs-4— f—§-5—

8T8 oo §'§:2 ______________ -
- } ¥-19 -
—k-18 K~19 | il(_-ﬁ‘
—8-5—i — s

t.___-..-i?:l‘:lz _____ - bomST-13——
+—K=25—tg fr—————K~27 ————+-K 28— FK=29-
—=S-7—i t——=8-8——wC ———§ -9 b—s-10—d
525 529

G ! YTPAWKM [ TPPWKKASSE SKVVVGGEA

b-K~30-4 FK~31—

Fig.1. A summary of the sequence studies of the a-subunit. Nomenclature of peptides is explained in the text. Dashed
lines below the sequences of peptides show the residues that were identified.
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cording to the cleavage method used for their
generation: CN- (BrCN peptides of Cm-maleylated
protein), ST- and S- (tryptic and staphylococcal
protease peptides of Cm-succinylated protein,
respectively), and K- (lysylendopeptidase peptides
of Cm-protein). Sequence analyses were perform-
ed mainly on CN- and ST-peptides. Long peptides,
CN-1, CN-3, CN-5, CN-7, CN-9, CN-10 and
CN-15, and ST-4, ST-9, ST-11 and ST-13 were fur-
ther digested with staphylococcal protease or tryp-
sin in order to obtain subfragments which were us-
ed for completing the sequences of the original
peptides, Peptides CN-1 to CN-5, CN-6 to CN-9
and CN-15 to CN-16 could be easily linked by
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comparing the sequences of these peptides with
ST-peptides. The N-terminal sequence of CN-1
was identical with the previously reported N-
terminal sequence of the a-subunit [12]. The car-
boxyl(C-) terminus of CN-16 was alanine, sug-
gesting from the specificity of the cleavage method
that this peptide should be located at the C-
terminus of the original protein. This agreed with
the fact that one of the C-termini of the two
subunits of clostridial MoFe protein had to be
alanine [13]. S- and K-peptides provided informa-
tion on non-overlapping regions of CN- and ST-
peptides and also supplemental sequences for
unidentified residues of these peptides. K-12 pro-

1 2 3 4 5 6 7
1 0 ¢ 0 0 a g
ta) SE ILEKYIPKT RSGHIVIKTEETPNPE ~——==m~—— v RT IIEMRGCAYAG GV:EE
(b) TGMSREEVES[JIQENLEVY CIIg
(¢} MSLATTQSIAEIRARNKENIEENLKVYPEKTAKRVRKHLNVHEQAAGKSDOG-=—=m==m VKSMNIKS IPQVMTIIIRGCAYA GV
(a) MTPPENKNLVDENKELI LXAYPEKS RE NVH-EENKSDCG-——-m-——- VKSNIKSVPGVM GCAYA GV¥
(e) MMTNATGERNLAIQEN LEVFPETA RR MVSDPKMKSVGK-~--~~~- CIISNRKSQP VMgaiGCAYA SKGV
(£f) MSLDYENDGDLHARLIDEV LSQYPDKTAKRRKKHLGVAKGREALEQGSDALCETGVKSNIKS I[PQVMIVIRGCAYA xGVdWGPIKD
(g} MSLDYENDNALHEKIIEER IAL-SRQGAKRRKKHLSVAKNKQETAEEGQVVSECDVKSNI
1 1 1 1 1 1 1 1
8 9 0 2 3 4 5 6 7
0 o o o] 2] [¢] o]
(a) N-FNEYY PIVFGGVMKLKDAIHERYEMF-HPAAIGVYA GDDIL ATASKEIG-IPVHAF
(b) GISVQSE HGDDIESN|SK
(c) DSFNTLQ) DIVFGED IKVLDEIQELFIPLNNGITIQS LGDDIE RSKSKEYGGKTIVPV
(a) TGII NSFIGTMY DIVFGGEDK] KLIEELDV LNRGVSIQS IGDDIEAVAKKTSKQIG-KPVVPL
(e) DSFGTLHN] DIVFGGED SKLIEEMELIFPLTKGITIQSH I GDDISAVANASISKALD-KPVIDPY
(£) D TMQ DIVFGEDKKLL
2 2 2 2 2 2
[+] 1 3 4 5 [
o] 0 0 ¢] 0 o]
(a) AIGHHIANNTVMTDI IGKGNKEE[KK ~ = = =~~~ S INV K I/GY L TY~BKVQNAD LV
(b) jAY
(c) IGHRIANDAVRLIFDKLEPEGPK-~~~~ FQPTRYDVAILL EMGL W 5] SLABLEATP~ INIL
(4) GHHIANIDAIRDWIFPEYDKL TRLDFEPSPYDVALIEY EMQL WS TLNELIQGP- LI
(e) GHHIANDVVRDWI
2 3 3 3 3 3 3
7 8 0 1 2 3 5 6
0 0 0 0 o} 0 o} 0
(a) [SEpyiheMqErcviGIPWIkCNFL CFDpPPELTKR REEIAAIQDDLDYFREXIOEKAC HTYM--LKSFGNDSLV
(b} AK
(c) |SMNYISRHMEEKFET E FiGiP S K YFDD-KIKEG EXYQPLVDAVIAKYRPRUEGKTVM RHVIGAYED EVVG
(d) ISMNYLCRSLEEQY] ME FDS-KIQEN AKYTPVMNAVLDKYRP jvw RHVVPAFEDLGIIKVVG
3 3 4 4 4 4 4
7 8 [¢] 1 2 3 4 5
0 Q 0 0 0 0 0 o Q
(a) RDODYEGREVIPTIKIDADSKNIPEITVTIPDEQKYRVVIPEDKVEELKKAGVPLSSYGGMMXEMHDANI LY Ng --YLEKLKPOMFF
{c} RTAQHYVK ——————————————————————————————————————————————————— DSIMLI NGY] BRFVEKV VG
(d) ﬁsgggﬁwnmwm\ ——————————————————————————————————————————————————— 11 TAYEFEEFVKAKKPOLIA
4 4 4 4 5 5 5 S
& 7 8 4 2] 1 2 2
i 0 o} 0 0 0 ] 9
(a) IKEEFVI LSKQL) PYNGPY RGVVNFGHELVNGIYTPAWKMITPP AS| VVVGGEA.
{c} {IKEKYVF pFREMSGPY§DGFMFARDMDMAVNSPWKKTK@:ngz.gmmHWFHNRAINPALCGELGATSFR.
{d) {IXERYV PFROMHSMWDYISELG QMSDEVRFFCEGRKKSLFLA.

Fig.2. A comparison of sequences of the a-subunits of MoFe proteins. (a) @-Subunit from C. pasteurianum (here), (b)
tryptic peptides containing cysteine residues of A. vinelandii MoFe protein [18], {c-g) the a-subunits predicted from
nifD genes from Rhizobium Parasponia [6), Anabaena [5], Klebsiella pneumoniae [19], Rhizobium trifolii [20] and R.
meliloti [21], respectively. Numbering refers to the sequence of clostridial sequence. Residues identical in all sequences
are enclosed in boxes, and invariant cysteines are marked with arrows.
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Fig.3. A comparison of sequences of the #-subunits of MoFe proteins. (a) The #-subunit predicted from nifK gene of
Anabaena [4], (b) the G-subunit from C. pasteurianym (here) (c¢) tryptic peptides containing cysteine residues of A.
vinelandii MoFe protein [18). Numbering refers to the sequence of Anabaena protein. Peptides in (b) and (c) were
tentatively aligned to obtain a high homology with Anabaena sequence. Invariant cysteines are marked with arrows.

vided the overlap between CN-5 and CN-6, and
S-8, S-9, S-10, K-27 and K-28 overlaps from CN-10
to CN-15. Although K-21 provided only 3 overlap-
ping residues to link peptides CN-9 and CN-10, the
correctness of this alignment was confirmed by the
partial sequence and amino acid composition of
S-6. Thus, all CN-peptides could be aligned cor-
rectly from CN-1 to CN-16, completing the total
sequence of the a-subunit as shown in fig.1. In [3],
the residue at position 41 was not identified by
direct analysis of its phenylthiohydantoin
derivative of amino acid and was tentatively
assigned as lysine. The sequence of S-1, however,
clearly showed this residue to be arginine.

The calculated amino acid composition of the a-
subunit from the complete sequence (numbers in
parentheses) agreed well with that obtained from a
direct analysis of the original protein: Asx
56.8(54), Thr 29.3(30), Ser 24.7(24), Glx 55.3((51),
Pro 21.4(22), Gly 50.9(51), Ala 37.0(36), Cys
8.39(9), Val 42.1(42), Met 16.6(17), lle 40.8(44),
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Leu 28.9(26), Tyr 21.8(23), Phe 18.4(18), Lys
41.9(46), His 15.4(16), Arg 14.9(14) and Trp
2.79(5).

A comparison of the sequence of the clostridial
a-subunit with those of other organisms is shown
in fig.2. All sequences except those of Clostridium
and Azofobacter proteins are deduced from DNA
sequences of nifD genes. Three long deletions or
insertions are introduced to obtain high homology:
deletions between residues 35 and 36, according to
the numbering of the clostridial sequence and be-
tween residues 206 and 207, and an insertion from
residues 382 to 432. The overall homology was
calculated among the a-subunits whose complete
sequences were available. The clostridial sequence
is identical by 40 and 41% with that of Rhizobium
Parasponia and Anabaena, respectively, whereas
the latter two are identical to each other by 68%.
The clostridial a-subunit also shows relatively low
homology to the a-subunits from other organisms.
This sequence divergence is also found among the
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Fe proteins of Clostridium and other organisms
[14,15]. At present, we have obtained about 70%
of the total sequence of the #-subunit of clostridial
MoFe protein and a comparison of this sequence
with that of Anabaena and Azotobacter is shown
in fig.3. The N-terminus of the F-subunit of the
clostridial MoFe protein corresponds to residue 31
in the sequence of Anabaena $-subunit. Therefore,
the difference in the molecular mass of the &-
subunit from these two organisms is mainly at-
tributed to this N-terminal extension in Anabaena
G-subunit.

The MoFe protein contains four [4Fe-4S]
clusters, possibly two MoFe cofactors and a
minor, unidentified species of iron [1]. In the a-
subunit of the clostridial MoFe protein, 5 out of a
total of 9 cysteine residues at positions 52, 78, 144,
183 and 261 are invariant as shown in fig.2, and
the sequences surrounding these cysteines show
more than 70% conservation. Thus, several or all
of these residues are expected to function as thiol
ligands to the clusters. In the #-subunit, 3 cysteine
residues are invariant as shown in fig.3. Therefore,
16 cysteine residues per a»@» are conservative
among all MoFe proteins so far studied and they
are distributed in the N-terminal regions of both
subunits. The possibility that nucleophiles other
than thiolate group function as ligands has been
suggested [16]. In the a-subunit, there are several
invariant amino acids with a nucleophilic side
chain, such as tyrosine, phenyl-alanine, glutamine
or asparagine. It is notable that Tyr-54, Phe-105,
GIn-110, Phe-116, Asn-189, Tyr-215 and Tyr-342
are found in highly conserved regions.

In vitro complementation experiments of the
nitrogenase components show limited cross-
reactivity for the clostridial MoFe protein with
almost all Fe proteins from other organisms [17].
We find several characteristic structures in the
clostridial a-subunit as shown in fig.2: a long in-
sertion from residues 382 to 432 and unique se-
quences from residues 88 to 95 and residues 134 to
143. These features may provide the structural
basis for explaining the weak cross-reactivity of the
clostridial MoFe protein.
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