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c-552 and split-alpha c-555 cytochromes from Bacillus azotoformans are classified on the basis of partial sequence 
information. The haem-containing polypeptides are postulated to be structurally equivalent to small IC and ID subclass 
cytochromes found in purple bacteria. 

Introduction 

Bacillus azotoformans (ATCC 29788 (DSM 1046)) is 
a Gram-positive soil bacterium capable of denitrifying 
as well as aerobic respiration [1]. It produces an abun- 
dance of c-type cytochromes, several of which have 
been isolated and are currently under study in labora- 
tory. In this paper are presented partial sequences of 
two c-type cytochromes from B. azotoformans with 
distinctly different spectral and structural character- 
istics; one a c-552 cytochrome, the other a cytochrome 
c-555 with a split alpha band [2]. Their structural char- 
acteristics and evolutionary significance are discussed in 
the context of other relevant sequence information from 
the phylum of Gram-positive bacteria. 

The aerobic respiration chain in the genus Bacillus is 
similar in general characteristics to its counterpart in 
Gram-negative bacteria. Components of the same or 
similar biochemical and biophysical characteristics are 
found in both pathways. Thus c-type and b-type cyto- 
chromes as well as a- and o-type cytochrome oxidases 
have been reported from Bacillus species [3-7]. How- 
ever, the evolutionary significance of the observed simi- 
larities has still to be assessed and this is feasible only 
on the basis of primary sequence information. Relation- 
ships ascertained by the sequencing of electron trans- 
port proteins provide a necessary counterpoint to 16S 
rRNA analysis, which for the Gram-positive phylum 
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has raised as many interesting questions as it has 
answered. 

Cytochromes with spectral characteristics similar to 
those of the c-555 cytochrome from B. azotoformans 
have been reported in low yields from B. subtilis [8] and 
B. licheniformis [4,9] grown under conditions of low 
aeration. Both have a characteristic cytochrome c-554 
with a split alpha band but so far no sequence informa- 
tion has been available. Cytochromes c-551 and c-552 
from B. licheniformis have also been reported [4,9] and 
the latter has been partially sequenced (Ref. 9; Van 
Beeumen, personal communication). A complete gene 
sequence for a c-550 cytochrome from B. subtilis has 
also been reported [10]. The only other electron-transfer 
protein sequence reported from the genus is the b-558 
cytochrome from B. subtilis [2]. 

Apart from the genus Bacillus, c-type cytochromes 
have been reported only from Gram-positive bacteria, 
to the best of my knowledge, in the aerobic genus 
Staphylococcus [11] which clusters phylogeneticatly 
within the Bacillus subline in the Clostridial (low G + C) 
subdivision, and in Mycobacterium phlei [12] Micro- 
bacterium thermospactum [13] and Rhodococcus equi [ 14], 
all of which are aerobic and belong to the Actionmycetal 
(high G + C) subdivision. 

Results and Discussion 

The c-552 and c-555 cytochromes from B. azotofor- 
mans are membrane-bound. They are constitutive and 
the amount synthesized is approximately the same per 
unit membrane weight from aerobic and denitrifying 
cultures. This is in contrast to that reported for the 
c-554 cytochromes from B. subtilis and B. licheniformis 
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( 1 ) ALE-ASGCLNCHGTDLTG-?PA-?P . . . . .  ATMPPGMFKGSN~QL_KALS EF I HGL SAK 

( 2 ) AGDAAAGKTLYDAS CAS CHGMQAQGQGM- -FPKLAGLT S ER I KTTLVAFKSGDTATLKKEGLGG P--NS AIMAPNAAGLSEQDMDNL SAYIATLK 

(3a) . . TLYRGGKLADGMPACTGCHS PNGEGNTPAAYPRLS~Q}{AQYVAKQLTDFR ......... EGARTNDGDNMIMRS IAAKLSNKD IAAI S SY IQGLH 

(3b) AGDAAAGQGK-AAVCGACHGPDGNSAAPN-FPKLAG~GERYLLKQMQDIKAGTKPGAPEGSGRKV .... LEMTGMLDNFSDQDLADLAAYFTSQKP . . 

(4) AGDAAAGEDK- IGTCVACHGTDGQGI,API-YPNLTGQSATYLE S S I KAYR ......... DGQRKG-GNAALMrFMAQGL S DED IADIAAYYS SQE 

Fig. 1. Alignment of sequence Bacillus azotoformans cytochrome c-555 with sequences of other bacterial cytochromes c. (1) B. azotoformans 
split-alpha cytochrome c-555; (2) Thiobacillus neapolitanus cytochrome c-554(547) [16]; (3a) and (3b) C-terminal and N-terminal halves of 
Azotobacter vinelandii cytochrome c a [17]; (4) Paracoccus halodenitrificans cytochrome c-554(548) [17]. Residues that are identical between 
sequences are joined by a vertical bar (I) and those that are structurally similar by a colon ( : ) in what are proposed as signature positions for the 

class IC sequence class. Residues that are identical in the B. azotoformans sequence to any of the other sequences in this figure are underlined. 

[3,8,9] which seem to be expressed mainly under condi- 
tions of low aeration. 

The cytochromes were obtained by tryptic proteoly- 
sis from the washed membrane  fraction. They were 
purified by stepwise ammonium sulphate precipitation 
followed by gel-filtration on Sephadex G-50 and sep- 
arated by FPLC on a Mono Q column. 

Each cytochrome has only two cysteine residues and 
as deduced from the amino-acid composition the ap- 
proximate sizes of the cytochromes c-552 and c-555 are 
respectively 8700 and 9800. This is consistent with 
these proteins being small functional haem domains 
cleaved by trypsin treatment f rom their N-terminal  
membrane anchors. Such an anchorage is expected to 
be a likely feature of cytochromes c from Gram-posit ive 
bacteria, as they do not have periplasmic space and this 
has recently been confirmed for c-550 from B. subtilis 
by gene sequencing [10]. 

The haem was removed by treatment with HgC12 in 
0.1 M H C I / 8  M urea. The apoproteins were desalted 
and digested with trypsin. The peptides were separated 
by G-25 gel filtration followed by high-voltage paper  
electrophoresis. Peptides were sequenced by standard 
manual and automated techniques [26]. 

By aligning the partial sequence of c-555 from B. 
azotoformans with sequences of well-characterized cyto- 
chromes, a marked similarity was found to cytochromes 
of the IC subclass [15] (Fig. 1). This subclass includes 

the split-alpha monohaem cytochromes of Thiobacillus 
,eapolitus [16] and Paracoccus halodenitrificans [17] and 
both domains of the dihaem cytochrome c 4, which is 
found in Azotobacter vinelandii [17] and various other 
purple bacteria of the beta and gamma subgroups. The 
B. azotoformans c-555 partial sequence shares approx. 
25% identity with comparable regions of each of the set 
of IC beta  purple sequences shown in Fig. 1. However, 
more notable is the retention of the highly conserved 
pair of prolines following the haem site and the dis- 
cernible IC signature, with identical or structurally 
equivalent residues in key positions. 

The c-552 cytochrome from B. azotoformans and the 
cytochromes c-552 and c-550 from B. licheniformis and 
B. subtilis are clearly homologous (Fig. 2). A significant 
similarity is between these cytochromes and the ID  
subclass (Pseudomonas c-551 cytochromes) [15]; approx. 
30% to each of the set of I D  sequences shown in Fig. 2. 
Also noteworthy is the sixth ligand I D  signature 
Met Pro . . . . .  Val and the conserved tryptophan close to 
the C-terminus. In  addition, most  of the substitutions 
amongst  the consensus of conserved residues of purple 
bacteria I D  cytochromes are conservative. The most  
notable difference is a deletion of 11 amino acids which 
seems to correspond to the region at the distal tip of the 
loop covering the haem crevice [18]. The preceding 
region (43-54), shows the greatest divergence to the 
purple bacteria cytochromes. Interestingly, the tryp- 

(i) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

TEQAAFAADDPEGMVKA-SC_~ASCHGQNLEGGVGPALADVGSR. . .  , . . . . . . . . . . . . . . . . . . . . . . . . . .  N_AM---PAGMVDFAK . . . . . . . . . . . .  
: I I ~  ~ ' ,I  I : I  : 1 I l 

SAEKKDANAS PEEIYKA-NC IACHGENYEGVSGP S LKGVGDKKDVAEIKTKIEK ................ GGNGM---P SGLVPADKLDDMAEWVS KI K 

NTGGQATATDGEE IYQQ -NCTGCHGKDLAGGSAP S LKEVGG KYKE S EI KDIWN ................ GRGGM-- -PGNLVDEKEAEAVAKWL S EK 

AS-GEELFKSKPCGACHSVQAK-LVGPALKDVAAKNAGVDGAADVLAGHIKNG STGVW ..... GAMPM---PPNPVTEEEAKTLAEWVLTLK 

ET-GEELYKTKGCTVCI{AID S K-LVGP S FKEVTAKYAGQAGIADTLAAKI KAGG SGNW ..... GQI pM ---P PNPV SEAEAKTLAEWVLTHK 

AT-PAELATKAGCAVCHQPTAK-GLG P SYQEIAKKYKGQAGAPALMAERVRKGSVGI F ..... GKLPMTPTPPARI S DADLKLV IDW ILKTP 

AD- E SALAQTKGCLACHNP EKK-VVGPAYGWVAKKYAGQAGAEAKLVAKVMAGGQGVWAKQLGAEI PM- - - PANNVTKEEATRLVKWVLS LK 

Fig. 2. Alignment of sequence Bacillus azotoformans cytochrome c-552 with sequences of other bacterial cytochromes c. (1) B. azotoformans 
cytochrome c-552; (2) Bacillus subtilis cytochrome c-550 [10]; (3) Bacillus licheniformans cytochrome c-552 (ReL 4 and Van Beeumen, J, personal 
communication; (4) Pseudomonus mendocina cytochrome c-551 [26]; (5) Azotobacter oinelandii cytochrome c-551 [27]; (6) Rhodocyclus tenuis 
cytochrome c-551 [28]; (7) Rhodocyclus gelatinosus cytochrome c-551 [28]. Residues that are identical between sequences are joined by vertical bars 
(I) and those that are structurally similar by a colon ( : ) in what are proposed as signature positions for the ID sequence. Residues that are identical 

in the B. azotoformans sequence and any of the other sequences in this figure are underlined. 
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tophan residue - 6 2  is not present. This tryptophan is 
highly conserved in ID cytochromes and an analogous 
one is found in different subclasses. The tryptophan is 
thought to influence the orientation of the haem in the 
crevice towards the solvent [18] and accords with the 
observation that the deletion apparently results in the 
haem being more exposed to the solvent than hitherto 
encountered in cytochromes c of class I. 

The occurrence of the IC and ID subclasses in the 
Gram-positive phylum is unexpected. These subclasses 
have, so far, been found only in the beta and gamma 
subgroups of the purple bacteria. Considering the 
phylogenetic distance between the phyla and the variety 
of cytochromes c of class I, c-type cytochromes more 
specific to the phylum would have been expected. 

Oligonucleotide catalogue analysis of 16S rRNA in- 
dicates that the ancestral phenotype for gram-positive 
bacteria was fermentative, similar to the '  true anaerobes' 
with the deepest branches in the phylum: Bifidobacteria 
of the Actinomyceatal division and the clostridia which 
are found in most sublines of the Clostridial subdivision 
[19]. The occurrence of c-type cytochromes in the 
phylum suggests, however, a much more fully developed 
respiration mechanism than such an ancestral state 
would allow for; otherwise, the pathway would be 
without antecedents in the phylum and would have 
closer relatives in other phyla. An electron transport 
pathway of this type and complexity seems either to 
necessitate a preadapted ancestral system or the acquisi- 
tion of the cytochromes by lateral gene transfer. In this 
context it is interesting to note that the species which 
have been shown to contain cytochromes c all belong to 
phylogenetic clusters which are not particularly deep, 
which indicates that these groups are not very ancient. 

The recent discovery of the Gram-positive photo- 
synthetic species Heliobacter chlorum [20], may provide 
a key to the evolutionary history of the phylum. The 
available 16S rRNA data for the species [21-23] shows 
a strong clostridial character and it clusters with Bacil- 
lus and its relatives [23]. The organism is strictly 
anaerobic, and cytochromes c have been detected on 
haem-stained SDS gels [20]. On the basis of its dis- 
covery, a photosynthetic origin for the Gram-positive 
bacteria has been proposed [21-23]. However, by the 
criteria of 16S RNA phylogenetic analysis, it seems that 
deeper branches must be found to substantiate this 
claim. 

Analysis based on complete sequences of 16S RNA 
indicates that the Gram-positive bacteria share more 
recent ancestry with cyanobacteria than with Gram- 
negative purple bacteria [22]. This does not seem to be 
supported by the alignment analysis of the Bacillus 
cytochromes above. They have the closest homologues 
in purple bacteria cytochromes, to the extent of falling 
into well-defined subclasses from that phylum. 

The IC subclass is more closely related to the c 6 

subclass (soluble cytochromes f )  of cyanobacteria than 
any other, but homology is found only at the C-terminus 
following the sixth ligand methionine. The c 6 subclass 
cytochromes show a very high degree of conservation 
across the great phylogenetic distance between fila- 
mentous and unicellular species which have been pos- 
tulated to have diverged (1.7-2.0)-109 years ago [24] 
and this argues for very ancient sequence character- 
istics. However, it is possible that the f cytochromes 
may have undergone a major structural change follow- 
ing some fundamental adaption and therefore not re- 
tained the N-terminal sequence characteristics seen in 
the cytochromes from the other two phyla. Therefore, 
the difference between the Gram-positive and the 
cyanobacterial cytochromes does not necessarily pre- 
clude a special phylogenetic relatedness. 

Meyer et al. [25] have proposed that functional and 
structural restraints limit the number of effective sub- 
stitutions that can occur in a sequence without drasti- 
cally altering the physiochemical properties of the pro- 
tein. Thus, with time there should be increasing inci- 
dences of convergent mutations until an equilibrium of 
dissimilarity is reached. Proteins from a range of dis- 
tantly related species would then remain sequentially 
equidistant from one another with fundamental charac- 
teristics intact. This interpretation would suggest that 
genes for both the ID and IC cytochromes were present 
in the ancestor of both the Gram-positive and -negative 
bacteria and a conservation of functional mode has 
preserved these specific solutions to the cytochrome 
fold. However, the alternative explanation, a more re- 
cent vertical transmission of the purple bacteria cyto- 
chromes by lateral gene transfer into the ancestral 
species to the genus Bacillus mad its close relatives, the 
genus Staphylococcus and H. chlorum, must also be 
considered. Such an event may be indicated by the 
seemingly sporadic occurrence of cytochromes c in 
species in the top branches of the 16S rRNA tree, the 
genealogical fermentative substructure of the phylum 
and resultant difficulties of accommodating the photo- 
synthetic species 11. chlorum. In theory, it should be 
possible to find evidence for such an event by affinity 
analysis of the cytochromes from the different purple 
bacteria subgroups. However, happening at an early 
stage in the evolutionary history of Gram-positive 
bacteria, an equilibrium of dissimilarity may still be 
manifested and obscure specific relationships. 

It may seem that, as more sequence information 
becomes available, the evolutionary history of the 
Gram-positive bacteria is becoming more elusive and at 
this stage there is no want of speculative hypotheses. 
However, complete sequences of 16S rRNA and elec- 
tron carrier proteins are sparse and with representatives 
covering the whole metabolic spectrum of Gram-posi- 
tive bacteria, possibly some, if not all, of the apparent 
contradictions will be resolved. 
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