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ABSTRACT: Flavocytochrome c from the Gram-negative, food-spoiling bacterium Shewanella putrefaciens 
is a soluble, periplasmic fumarate reductase. We have isolated the gene encoding flavocytochrome c and 
determined the complete DNA sequence. The predicted amino acid sequence indicates that flavocytochrome 
cis synthesized with an N-terminal secretory signal sequence of 25 amino acid residues. The mature protein 
contains 571 amino acid residues and consists of an N-terminal cytochrome domain, of about 117 residues, 
with four heme attachment sites typical of C-type cytochromes and a C-terminal flavoprotein domain of 
about 454 residues that is clearly related to the flavoprotein subunits of fumarate reductases and succinate 
dehydrogenases from bacterial and other sources. A second reading frame that may be cotranscribed with 
the flavocytochrome c gene exhibits some similarity with the 13-kDa membrane anchor subunit of Escherichia 
coli fumarate reductase. The sequence of the flavoprotein domain demonstrates an even closer relationship 
with the product of the yeast OSMl gene, mutations in which result in sensitivity to high osmolarity. These 
findings are discussed in relation to the function of flavocytochrome c. 

Shewanella putrefaciens is a Gram-negative, facultative 
aerobe that is commonly associated with food spoilage. Under 
anaerobic conditions several C-type cytochromes are synthe- 
sized, the most abundant of which is flavocytochrome c (Morris 
et al., 1990). The protein has been purified and shown to 
catalyze fumarate reduction using artificial electron donors 
such as methyl viologen (Black, 1991). The physiological 
reductant is unknown, but evidence indicates that flavocy- 
tochrome c participates in electron transfer from formate to 
fumarate and possibly also to trimethylamine oxide (TMAO). 

Fumarate is a terminal electron acceptor in the anaerobic 
respiratory pathways of many facultative aerobes. The 
fumarate reductase of Escherichia coli and other bacteria is 
a membrane-bound enzyme with four subunits (Cole et al., 
1982) encoded by the frd operon. The largest of these, encoded 
by frdA, is a 69-kDa flavoprotein which provides the active 
site for fumarate reduction (Cole, 1982). The frdB gene 
product is a 27-kDa iron-sulfur protein. These two subunits 
form a membrane-extrinsic catalytic complex that is associated 
with two smaller polypeptides which serve as membrane 
anchors (Lemire et al., 1982) and are required for electron 
transfer from menaquinol to substrate (Cecchini et al., 1986; 
Weiner et al., 1986; Westenberg et al., 1990). The enzyme 
is structurally and functionally similar to the respiratory 
succinate dehydrogenase, and the interconversion of succinate 
and fumarate is readilyreversible in both enzymes. In contrast, 
the soluble fumarate reductase (flavocytochrome c) from S. 
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putrefaciens is essentially unidirectional (Black, 199 1). Sol- 
uble fumarate reductases have been identified in yeast (Rossi 
et al., 1964; Muratsubaki & Katsume, 1982; Muratsubaki & 
Katsume, 1985) and the sulfate-reducing bacterium De- 
sulfovibrio multispirans (He et al., 1986); these enzymes are 
also essentially unidirectional. The membrane-bound fuma- 
rate reductases and succinate dehydrogenases contain co- 
valently bound flavin [8a-(N-histidyl)FAD],l (Weiner & 
Dickie, 1979), whereas the soluble fumarate reductases contain 
noncovalently bound FAD. The biochemical evidence raises 
the possibility that S. putrefaciens flavocytochrome c is more 
closely related to the soluble fumarate reductases than to the 
membrane-bound enzymes. We have begun to examine the 
relationships between different fumarate 'reductases at the 
structural level by determining the sequence of the gene 
encoding flavocytochrome c. Our findings demonstrate a clear 
evolutionary relationship between the soluble and membrane- 
bound fumarate reductases, with residues identified at the 
activesiteof E. colifumaratereductase (Schrijder et al., 1991) 
conserved both in other membrane-bound enzymes and in 
flavocytochrome c. 

MATERIALS AND METHODS 
Strains and Vectors. Shewanellaputrefaciens NCMB400 

was used as a source of DNA and protein. E. coli strains 
MM294 and TG1 were used as hosts for recombinant plasmids. 
The expression vector pEX3 (Stanley & Luzio, 1984) was 
used to construct a library of S. putrefaciens genomic DNA 
fragments. Subclones were constructed in pTZ18R and 
pTZ19R (Rokeach et al., 1988). The plasmid pCI857 directs 

I Abbreviations: FAD, flavin adenine dinucleotide; Fcc, flavocyto- 
chrome c; Ecf, Pvf, and Wsf, the flavoprotein subunits of fumarate 
reductase from Escherichia coli, Proteus vulgaris, and Wolinella 
succinogenes, respectively; Ecs, Scs, and Bss, the flavoprotein subunits 
of succinate dehydrogenase from E. coli, Saccharomyces cerevisiae, and 
Bacillus subtilis, respectively. 
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FIGURE 1 : Immunochemical detection of flavocytochrome c after 
gel electrophoresis. Total cell protein (1 00 pg) from S. putrefaciens 
grown aerobically (lane 1 ), anaerobically (lane 2), aerobically with 
the addition of fumarate (lane 3), anaerobically with fumarate (lane 
4). or anaerobically with fumarate plus lactate (lane 5 )  was subjected 
to SDS-PAGE alongside molecular mass markers (lane 6) and 
purified flavocytochrome c (lane 7). After electrophoresis, the gel 
was subjected to Western blotting,and flavocytochromecwasdetected 
with a sheep antiserum. The positions and molecular masses, in 
kilodaltons, of the markers (which do not show up well in the 
photograph) are indicated at the right. 

expression of the temperature-sensitive XCI repressor and was 
used to repress unwanted synthesis of proteins encoded by 
recombinant pEX3 (Remaut et al., 1983). 

DNA Isolation. Chromosomal DNA was isolated from a 
1 00-mL culture of stationary-phase, aerobically grown S. 
putrefaciens essentially as described for the isolation of E. 
coli DNA by Sambrook et al. (1989). Plasmid DNA and 
single-stranded plasmid DNA were isolated from E. coli 
transformants as described (Sambrook et al., 1989; Vieira & 
Messing, 1987). M 13K07 was used as helper phage for single- 
stranded DNA production. 

Construction of S. putrefaciens DNA Libraries. A library 
of S. putrefaciens chromosomal DNA fragments was con- 
structed in the expression vector pEX3. Plasmid DNA was 
cut with BamHI and treated with calf intestinal alkaline 
phosphatase. S. putrefaciens DNA was partially digested 
with Sau3AI and fractionated by centrifugation on 1040% 
(w/v) sucrose density gradients. Fragments of 0.5-4 kb were 
ligated with vector DNA and used to transform E. coli MM294 
containing pCI857, selecting for resistance to ampicillin and 
kanamycin. A total of 2 X lo4 independent transformants 
were obtained. 

A second library was constructed in pTZ19R that had been 
cut with BamHI. S. putrefaciens DNA was cut to completion 
with BglII, and fragments were ligated with thevector without 
size fractionation. 

DNA Library Screening. The expression library was 
screened using a sheep antiserum directed against purified 
flavocytochrome c. Twenty plates containing ampicillin and 
kanamycin to maintain selection for both pEX3 recombinants 
and pCI857 were each inoculated with 2 X lo3 transformants. 
After growth at 30 OC for 20 h, colonies were replica plated 
onto nylon filters (Amersham Hybond-N). The replica filters 
were incubated at 42 OC for 2 h to allow expression of 
recombinant proteins and were then treated as in Sambrook 
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FIGURE 2: Physical map of the cloned flavocytochrome c gene. The 
solid bars in (a) and (b) represent the cloned fragments in pACBl 
and pSP1, respectively. Cleavage sites for the restriction endonu- 
cleases EcoRI (R), BgZII (B), and Hind111 (H) are indicated, and 
the distance from the left border is shown in kilobases. (c) The 
major reading frames and their orientations are indicated by the 
arrows: fcc, flavocytochrome c; orfl, upstream reading frame; orf2, 
downstream reading frame. (d) The arrows indicate the direction 
and length of sequences read from DNA sequencing gels. 

et al. (1 989) for immunochemical screening. After incubation 
with anti-flavocytochrome c antibodies, the filters were 
thoroughly washed and developed with horseradish peroxidase- 
conjugated donkey anti-sheep IgG antibodies. After further 
washing, enzyme activity was visualized using o-dianisidine 
as substrate. 

The BgZII fragment library was screened by hybridization 
with the 32P-labeled 1.4-kb insert from pACBl (see Results 
and Figure 2a). The procedure for colony hybridization and 
fragment labeling by the random-priming method are de- 
scribed in Sambrook et al. (1989). 

DNA Sequence Determination. The DNA sequence of the 
entire cloned 3.3-kb BglII fragment was determined on both 
strands using the dideoxy chain termination method (Sanger 
et al., 1977) with the Sequenase (U.S. Biochemical Corp.) T7 
polymerase. Individual clones and subclones were sequenced 
using either the universal reverse sequencing primer or primers 
designed specifically to extend the sequence already deter- 
mined. 

Sequence Analysis. DNA sequence information was 
analyzed using the UWGCG (University of Wisconsin 
Genetics Computer Group) programs (Devereux et al., 1984) 
mounted on the SEQNET VAX at Daresbury and on 
ERCVAX at Edinburgh. Exhaustive database searches were 
performed on the Edinburgh distributed array processor using 
the program prosrch (Coulson et al., 1987; Collins et al., 1988). 

Amino Acid Sequencing. The N-terminal sequence of 
purified flavocytochrome c was determined with a Waters 
743 automated, gas-phase sequenator. PTH-amino acid 
derivatives were detected in an on-line analyzer by reverse- 
phase HPLC. 

Western Blotting. Proteins were separated by SDS- 
polyacrylamide gel electrophoresis and electrophoretically 
transferred to a nylon membrane (Amersham Hybond-N) as 
described previously (Haid & Suissa, 1984). Flavocytochrome 
c was detected using antibodies as described above for DNA 
library screening. 

RESULTS 

Isolation of Flavocytochrome c Coding Sequences from an 
Expression Library. An antiserum raised in sheep against 
purified flavocytochrome c was shown to precipitate fumarate 
reductase activity and flavocytochrome c protein (Black, 199 1 ; 
A. C. Black, S. L. Pealing, S. K. Chapman, F. B. Ward, and 
G. A. Reid, unpublished experiments). Western blotting 
demonstrated that these antibodies specifically recognize 
flavocytochrome c in cell extracts from S. putrefaciens. The 
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agatctgcccaattgtttattaacgccttaccctgcaaggtataagctttagcgtgggttgcatatataggatcagattgcgctaactta 
d a w n n i l a k g q l t y a k a h t a y i p d s q a l k  

cgatccatgttcaccgggctaaccacagcaatcacatcgatatcgctgtcaggatcatgaacatcttttaccaattgttgaaaactcttt 
r d m n v p s v v a i v d i d s d p d h v d k v l q q f s k  

cgacgtacaataatgcgcttattggtcagctggccaattctatccatcaactcgatattaaagccttgatcaacgccgttattccgccac 
r r v i i r k n t l q g i r d m l e i n f g q d v g n n r w  

Pealing et al. 

tctaatggcgctgtttttgaatgtacgccaaagacaatgctgtcttgcgcgagcacaggcatagtgatgatgataagtaataacaataga 
e l p a t k s h v g f v i s d q a l v p m t i i i l l l l l  

gttttcatgccgcgatgttacccattttttccacttgaaactgtgcagcattacccgaattagcaaatcattatgtacgttttcttatga 
t k m  

tgttaactcgatgtgatctatctccacataagctatgcaaaattgcatatacctctttataactatgcatgtttgcatagcgcattttta 

ggcttgtgattgagttgtcatttctgccctctattctggttatctggttgttgattgcgcccccttaggcaaagattacattgagcgaaa 

ataatagctgatcaactcgatgctaatttggaccgtatttttaaagtgaagtgaagtcagtttcacttcagcctaactaaaacaataaga 

ggcttctatagttaatgaataaaccgtcattacgtatagaagggggagcaaaaatgaaaaagatgaatcttgcagtctgtattgctacat 
M K K M N L A V C I A T L  

taatgggcacagcaggcctaatgggcactgctgttgcggctgataacttagctgaattccatgtacaaaaccaagaatgtgatagctgcc 
M G T A G L M G T A V A A D N L A E F H V Q N Q E C D S C H  

atacaccagatggtgaactgtcaaacgacagcttaacctatgaaaatacccaatgcgtatcttgccatggcacacttgctgaagtagctg 
T P D G E L S N D S L T Y E N T Q C V S C H G T L A E V A E  

aaaccacaaaacatgaacattataatgctcatgcttctcatttccctggcgaagtagcttgtacctcatgccacagcgcacacgaaaaat 
T T K H E H Y N A H A S H F P G E V A C T S C H S A H E K S  

cgatggtgtattgtgactcttgccacagcttcgatttcaacatgccttatgctaaaaaatggctacgtgacgagccgactattgctgaat 
M V Y C D S C H S F D F N M P Y A K K W L R D E P T I A E L  

tggccaaagacaaatcagaacgtcaggctgctcttgctagcgcacctcacgatactgttgacgtagtggttgtcggttctggcggcgcag 
A K D K S E R Q A A L A S A P H D T V D V V V V G S G G A G  

gtttctcagcggcaatatcagcaacagacagtggtgctaaagtcattcttattgaaaaagagcctgttattggtggtaatgctaagttag 
F S A A I S A T D S G A K V I L I E K E P V I G G N A K L A  

ctgcgggtggcatgaacgctgcttggactgatcaacaaaaagccaaaaaaattactgacagcccagagttaatgttcgaagacaccatga 
A G G M N A A W T D Q Q K A K K I T D S P E L M F E D T M K  

aaggtggccaaaacataaatgaccctgcattagttaaagtattaagctcacactctaaagactctgttgattggatgaccgctatgggtg 
G G Q N I N D P A L V K V L S S H S K D S V D W M T A M G A  

ccgatttaactgatgttggcatgatgggtggcgcatctgttaatcgtgcgcatcgtccaaccggtggtgcgggtgttggtgctcatgttg 
D L T D V G M M G G A S V N R A H R P T G G A G V G A H V V  

ttcaagtactttatgataatgcagtgaaacgcaatatcgacttacgcatgaacactcgcggcattgaagtgcttaaagatgataaaggca 
Q V L Y D N A V K R N I D L R M N T R G I E V L K D D K G T  

ctgttaaaggtattctggttaaggggatgtacaaaggttactactgggtgaaagccgatgcggtaatcttagcaacgggtggtttcgcta 
V K G I L V K G M Y K G Y Y W V K A D A V I L A T G G F A K  

aaaataacgagcgtgtcgcaaagcttgatccttcactaaaaggctttatctctactaaccaacctggtgcagtaggtgatggactggatg 
N N E R V A K L D P S L K G F I S T N Q P G A V G D G L D V  

tagctgaaaatgcgggtggcgcattgaaagacatgcagtatatccaagctcacccaacactatctgttaaaggtggcgtaatggtcactg 
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aagcggtacgtggtaatggtgcgattttggttaaccgtgaaggtaagcgtttcgttaacgaaattactactcgtgataaagcatctgccg 
A V R G N G A I L V N R E G K R F V N E I T T R D K A S A A  

ctatcttagcgcaaaccggtaaatcagcttatttgatttttgatgattctgtgcgtaagtcactgtcaaaaattgataagtatattggtt 
I L A Q T G K S A Y L I F D D S V R K S L S K I D K Y I G L  

taggtgttgcaccaacggcagatagcctagttaaattaggtaaaatggaaggtattgacggcaaagcactgactgaaactgtcgcgcgtt 
G V A P T A D S L V K L G K M E G I D G K A L T E T V A R Y  

acaacagcttagtgagtagcggtaaagacactgattttgagcgtccaaacctaccgcgcgcacttaacgaaggtaactactatgcaattg 
N S L V S S G K D T D F E R P N L P R A L N E G N Y Y A I E  

aagttacacctggtgttcaccacactatgggtggcgtgatgatcgacactaaagctgaagtcatgaatgctaagaagcaggttatccctg 
V T P G V H H T M G G V M I D T K A E V M N A K K Q V I P G  

gcttgtatggtgctggtgaggttactggcggtgttcatggtgctaaccgcttaggtggtaatgctatttcagacatcatcaccttcggtc 
L Y G A G E V T G G V H G A N R L G G N A I S D I I T F G R  

gcttagcgggtgaagaagctgcaaaatattctaaaaagaactaatcgatttagaattcactgactcgctagtatcagtaagccacagttc 
L A G E E A A K Y S K K N  

attgctgtggctttttttatgcgtcaatatctccatacctatcgaattaacctcaactaggggtagagatgagaatagaattataaagat 

attaagcttagccattaaccactctcaaacttgtcatttgttttactaacaaggcgaattaacccgtcaatagctggcctattgcaagtc 

ttctcatgtaaaaaataacgcagttagcaagacaaagggctgtttgcgaggcgtttgttatctcgagttctggttaattaatgcataatc 

gatggcactgaaaattttgcattaactcattagctaatttacaacgctcattcactggctaatttacaaagctatcaaaggataataatg 
M 

aaacagtctatagttcacatcgcgctagtggtgaatgattacgatgaagccatcgatttttatgttaataaattgaagtttgatttaatt 
K Q S I V H I A L V V N D Y D E A I D F Y V N K L K F D L I  

gaagacacctatcaagcagaacaagacaaacgctgggttgtggtgtcgcctccggggtcaaacggagtctcgttgctgctagcaagggca 
E D T Y Q A E Q D K R U V V V S P P G S N G V S L L L A R A  

tcaaaaccagagcagcatgattttattggtaaccaagccggcggacgggtatttctttttttgaataccgacgatttttggcgcgactat 
S K P E Q H D F I G N Q A G G R V F L F L N T D D F U R D Y  

aaccgcatgcaactcgatgggattaagtttgtgcgtccgcctcaagagcaagactacggcacagtggcagtttttgaagatct 
N R M Q L D G I K F V R P P Q E Q D Y G T V A V F E D  
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FIGURE 3: DNA sequence of the entire 3.3-kb BglII fragment containing the flavocytochrome c coding region indicated along with the 
translation throughout the reading frame. Two further reading frames are indicated, one of which is found upstream from flavocytochrome 
c and read from the other DNA strand (indicated in lowercase letters). The other has the same polarity as the flavocytochrome c coding 
sequence and extends to the end of the cloned fragment. The nucleotide sequence is numbered from the start of the cloned BglII fragment, 
and the flavocytochrome c polypeptide sequence is numbered from the start of the mature protein. The N-terminal sequence of the flavocytochrome 
c polypeptide is underlined. The translation of the flavocytochrome c coding sequence is shown from the second of five in-frame ATG codons 
preceding the mature N-terminus (see text for explanation). 
reaction with bands of lower mobility than purified flavocy- 
tochrome c was only detected when flavocytochrome c itself 
was expressed and may be due to aggregation with other 
cellular proteins. Expression of flavocytochrome c is clearly 
induced by anaerobiosis and by the presence of fumarate in 
the growth medium (Figure 1). No cross-reaction was 
observed with E. coli fumarate reductase (not shown). This 
antiserum was subsequently used to isolate the flavocyto- 
chrome c coding sequence from an S.  putrefaciens library 
constructed in the plasmid pEX3 (Stanley & Luzio, 1984). 
This vector is designed to direct the expression of a fusion 
protein consisting of the bulk of E. coli @-galactosidase with 
the insert-encoded peptide at its C-terminus. A single clone 
was identified that reacted with anti-flavocytochrome c 
antibodies through two rounds of screening. Proteins isolated 
from this transformant were subjected to Western blotting. 
A single major band was found with an apparent molecular 
mass of 45 kDa (not shown), much smaller than @-galac- 

tosidase and thus, apparently, not a fusion protein. The 
recombinant plasmid, pACB 1, was isolated from this trans- 
formant and mapped by restriction enzyme analysis (Figure 
2a). The 1.4-kb insert from pACBl was subcloned into 
pTZl9R and pTZl8R, and its DNA sequence was determined. 
No extended open reading frame was found within over 300 
base pairs from the cloning site, but a long reading frame 
extended, with the same polarity as that of the 8-galactosidase 
coding sequence, for 1.05 kb to the end of the insert. This 
finding explains the absence of a fusion protein in pACBl 
transformants, and it can be assumed that translation initiates 
within the cloned fragment. 

Isolation of the Complete Flavocytochrome c Gene. DNA 
sequence analysis (described below) indicated that pACB 1 
contains only part of the flavocytochrome c coding sequence. 
Southern blot analysis of chromosomal DNA indicated that 
the entire coding sequence was contained on a 3.3-kb BglII 
fragment. To isolate the complete gene, we constructed a 
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Extensive searching of protein sequence databases revealed 
a close relationship with the product (Osmlp) of the Sac- 
charomyces cerevisiae OSMl gene (Melnick & Sherman, 
1990). Mutations in the OSMl gene result in sensitivity to 
high osmolarity in the external medium, but the biochemical 
function of the protein product has not been identified. 
Melnick and Sherman (1990) suggested on the basis of 
sequence similarity that this polypeptide is a member of the 
G-protein family. This now seems very unlikely since Osmlp 
is much more similar to flavocytochrome c than to G-proteins, 
the relationship with the latter being restricted to the 
nucleotide-binding region that is also related to the FAD- 
binding region in flavoproteins. The published sequence 
indicates that the OSMl gene encodes a protein of 301 amino 
acid residues. We have found that one of the other reading 
frames extends the relationship with flavocytochrome c for a 
further 150 residues, and we assume that this is accounted for 
by a sequence error resulting in an apparent frameshift. For 
the purposes of sequence comparison, we have assumed that 
a single C has been omitted from codon 28 1 but this remains 
to be experimentally verified. This proposed correction would 
restore the sequence QxHPTG that is well-conserved through- 
out the frd family, with the histidine in this sequence having 
been identified at the active site in E. coli frdA (SchriMer et 
al., 1991). 

The multiple alignment program PILEUP generates a 
dendrogram representing the relatedness of proteins in a 
family. We have used this program to compare the sequences 
of flavocytochrome c, OSMl protein, and the flavoprotein 
subunits of fumarate reductases and succinate dehydrogenases, 
and the derived dendrogram (Figure 5 )  demonstrates that 
flavocytochrome c is more closely related to OSMl (31% 
identity) than to any of the membrane-bound flavoproteins, 
though the relationship with these latter proteins is very clear. 
For example, flavocytochrome c and E. coli frdA are 26% 
identical. 

The similarity of the flavin domain of flavocytochrome c 
to other flavoproteins indicates that it will fold similarly in 
three dimensions and thus independently of the N-terminal 
cytochrome domain. Similarly, the membrane-bound fuma- 
rate reductase and succinate dehydrogenase flavoproteins 
extend about 200 residues beyond the position equivalent to 
the C-terminus of flavocytochrome c. We would therefore 
expect this to fold as a separate domain in these enzymes. The 
domain structure of these different proteins is shown sche- 
matically in Figure 6. 

In addition to the flavocytochrome c coding sequence, two 
further reading frames are found within the cloned BglII 
fragment (Figure 2). One of these has the opposite polarity 
compared with flavocytochrome c and extends for 123 codons 
to one end of the cloned DNA and presumably beyond. We 
have been unable to identify homologues of the presumed 
product of this sequence by database searching. Downstream 
from the flavocytochrome c coding sequence is a reading frame 
of 118 codons that extends to the end of the cloned fragment. 
The predicted protein sequence exhibits some similarity with 
the 13-kDa subunit of E. coli fumarate reductase (Figure 7) 
with 22% identity over the available sequence. The similarity 
with the 13-kDa subunit of Proteus vulgaris fumarate 
reductase and with E. coli succinate dehydrogenase is less 
obvious, but this possible relationship is particularly interesting 
because of the proximity of this coding sequence in the S.  
putrefaciens genome to the flavocytochrome c coding sequence. 
We have not attempted to analyze transcription of the cloned 
region in S. putrefaciens. The upstream sequence must be 

library of BglII fragments of S.putrefaciens DNA in pTZl9R. 
The library was screened with a 32P-labeled probe from the 
insert of pACBl . Positive clones were purified and shown to 
contain a recombinant plasmid with an insert of the expected 
size and with the restriction sites expected according to the 
map of the partial clone in pACB 1. One recombinant plasmid, 
pSP1, was subjected to restriction mapping (Figure 2b), and 
theDNAsequenceof theentire 3323-bpinsert wasdetermined 
on both strands using synthetic oligonucleotide primers (Figure 
2d). 

Analysis of the Flauocytochrome c CodingSequence. DNA 
sequencing showed the existence of a long open reading frame 
encoding flavocytochrome c (Figures 2c and 3). The N-ter- 
minal amino acid sequence of the purified protein was 
determined as AQNLAEFHVQNQEXD, and this sequence 
is found close to the start of the reading frame. The 
unidentified residue 14 is expected to be one of the cysteines 
that is covalently linked to a heme group and would therefore 
not be released upon peptide bond cleavage during the 
fourteenth cycle of Edman degradation. The C-type cyto- 
chromes contain a consensus sequence for heme attachment 
of CxxCH. The two cysteines are linked through thioether 
bonds to vinyl groups of protoheme IX, and the histidine 
provides a ligand to the heme iron. Four CxxCH motifs are 
found in the N-terminal region of flavocytochrome c in what 
appears to comprise a domain of just over 100 amino acid 
residues. 

The N-terminal alanine codon is preceded by five in-frame 
methionine codons, one of which is presumably the site for 
initiation of translation. We have predicted that one of these 
in particular, 25 codons upstream of the Ala1 codon, is the 
authentic initiation site because this would give rise to a typical 
bacterial secretory signal sequence (von Heijne, 1986a) with 
two positively charged residues at the extreme N-terminus 
followed by a hydrophobic, uncharged region and a signal 
peptidase cleavage site (von Heijne, 1986b). This predicted 
signal sequence is 25 residues in length and presumably directs 
the localization of flavocytochrome c to the periplasm where 
the mature enzyme is found (Black, 1991). None of the other 
potential initiation codons would result in a recognizable signal 
sequence. 

Thecytochrome domain is followed by a sequence (residues 
129-143) typical of a wide range of FAD-containing enzymes 
and believed to interact with the adenine ring of FAD (Wood 
et al., 1984). This sequence is found at the N-terminus in 
many flavoproteins, and in the case of flavocytochrome c it 
marks the N-terminal end of a flavoprotein domain of over 
450 residues. This domain exhibits extensive sequence 
similarity with the flavoprotein subunits of fumarate reductases 
and succinate dehydrogenases (Figure 4) and is clearly a 
member of the same family of proteins. FAD is covalently 
bound to a histidine residue in bovine heart mitochondrial 
succinate dehydrogenase, and the sequence of the flavopeptide 
(Kenney et al., 1972) can readily be aligned with the sequences 
of bacterial succinate dehydrogenase and fumarate reductase 
flavoproteins (Wood et al., 1984). In the membrane-bound 
enzymes with covalently-bound FAD, the modified histidine 
is found in a well-conserved sequence environment some 20 
residues down from the adenine binding motif. No histidine 
is found near the corresponding positions in flavocytochrome 
c (Figure 4). Similarly, no histidine is found at the equivalent 
position in lipoamide dehydrogenase, mercuric reductase, and 
other enzymes with noncovalently bound FAD, nor in Osmlp 
(see below). 
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F c c  
OSMl 
EcF 
PvF 
scs 
EcS 
Us F 
BsS 

f + 
..ALASAPHD TVDWWGSG GAGFSMISA TDS..GAKVI LIEKEPVIGG NAKLMGGHN MUTDQQKAK KITDSPELMF EDTMKGGPNI NDPALVKVLS SHSKDSVDUM 223 
........Sn KPPWVIGSG LAGLTTSNRL 1SK.YRIPW LLDKAASIGG NSIKASSGIN GAHTDTQQNL KVMDTPELFL KDTFDSAKGR GVPSLHDKLT KESKSAIRUL 132 ...... M9TF WDLAIVGAG G A G L R M I M  APANPNAKIA LISKVYPMRS HTVAAEGG.S MVAPDH... ... DSFEYHF HDTVAGGDUL CEPDWDYFV HHCPTEMTPL 97 ...... M9TF NADIAI IGAG G A G L R M I M  AEANPPLKIA LISKWPMRS HTVMEGG.S MVTPAH... ... DSYDFHF NDTVSGGDUL CEPDWDYFV EHCPTEMTPL 97 
ADGKYHIIDH EYDCWIGAG GAGLRMFGL AEAG..YKTA CISKLFPTRS HTVMPGGIN MLGNMHK.. ... DNUKUHM YDTVKGSDUL GDPDSIHYMT REAPKSIIEL 144 .... MKLPVR EFDAWIGAG GAGIARALPI SQSG..PTCA LLSKVFPTRS HTVSAPGGIT VALGNTHE.. ... ONUEUHM YDTVKGSDYI GDPDAIEYMC KTGPEAILEL 89 ...... MKVP YCDSLVIGGG LAGLRMVAT PPKG..LSTI VLSLIPVKRS HSAMPGGHP ASLGNSKMSD G..DNEDLHF HDTVKGSDUG CDPKVARMFV NTAPKAIREL 100 ......... S P S S I I W G G G  LAGLHATIKA AESUUVK.. LFSIVPVKRS HSVCAQGGIN GAVNTKGEG. ... DSPUEHF DDTWGGDFL A N P P P L W C  E M P S I I H L L  95 * * ** * *  * ** 

FCC ............................ TA MGADLTDVGH MGGASVNRA. ..... HRPTG GAGVGAHWP VLYDNAVK.. ..... RNIDL RMNTRGIEVL KDDKGTVKGI 292 

EcF ELUGCPUSRR PDGS...... ............... VNVRR FGGHKIE... ..... RTUFA ADKTGFHMLH TLFPTSLPF. ..... PPIPR FDEHFVLDIL .VDDGHVRGL 171 
PvF ELUGCPUSRK EDGS...... ............... VNVRR FGGHKIE... ..... RTUFA ADKTGFHMLH TLFPTSLKY. ..... PPIPR FDEHFVLDIL .VDEGHARGV 171 
ScS EHYGVPFSRT ENGK...... ............... IYPRA FGGPTKEYGK GAPAYRTCAV ADRTGHALLH TLYGPALR.. ..... HDTHF FIEYFALDLL .THNGEWGV 225 
EcS EHMGLPFSRL DDGR...... ............... IYPRP FGGPSKNFG. GEPAARTAAA ADRTGHALLH TLYPPNLK.. ..... NHTTI  FSEUYALDLV KNPDGAWGC 170 
UsF AAUGVPUTRI HKGDRMAIIN APKTTITEED FRHGLIHSRD FGGTKK.... .... URTCYT ADATGHTMLF AVANECLKL. ....... GVS IPDRKEAIAL IHPDGKCYGA 194 
BsS DRMAWFNRT PEG....... .............. LLDFRR FGGT...... ..PHHRTAYA GATTGPPLLY ALDEPVRRYE VAGLVTKYE. ..GUEFLGAV LDDDRTCRGI 173 

OSMl P. . . . . . . . .  .................. TE FDLKLDLLAP LGGHSVPRT. ..... HRSSG KLPPGFEIVP ARLSKKLKDI SSKDSNLVPI MLEWDIEL.  .DNPGHVTGV 207 

** * 
+ + 

Fee LVKG.MYKGY YUVKADAVIL ATGGFAKNNE RVAKLDPSLK GFISTNPPGA VGDGLDVAEN AG.GALKDMP YIPAHPTLSV KGGV.. .... .MVTEAVRGN GAILVNR.EG 392 

E c F  VAMNMMEGTL V P I R A N A W  ATGGAGR... ......... V YRYNTNGGIV TGDGHGHALS HGVP.LRDME FVPYHPTGLP GSGI...... .LMTEGCRGE GG.ILVNKNG 260 
PvF VAINMMEGTK VPIRANAVIM ATGGAGR... ......... V YRFNTNGGIV TGDGHGIALR HGVP.LRDME FVPYHPTGLP GSGI...... .LMTEGCRGE GG.ILVNKDG 260 
ScS IAYNPEDGTI HRFRAHKTII ATGGYGR... ......... A YFSCTSAHTC TGDGNAMVSR AGFP.LPDLE FVPFHPSGIY GSGC...... .LITEGARGE GG.FLVNSEG 314 
EcS TALCIETGEV VYFKARATVL ATGGAGR... ......... I YPSTTNAHIN TGDGVGMAIR AGVP.VPDME MWFHPTGIA GAGV...... .LVTEGCRGE GG.YLLNKHG 259 
UsF WRDLVTGDI IAYVAKGTLI ATGGYGR... ......... I YKNTTNAWC EGTGTAIALE TGIAPLGNME AVPFHPTPLF PSGI...... .LLTEGCRGD GG.ILRRCGU 284 
BsS VAPNLTNMPI ESFRSDAVIM ATGGPGI... ......... I FGKSTNSMIN TGSAASIVYP 9G.AYYANGE F I P I H P T A I P  GDDKLR.... .LMSESARGE GGRVUTYKDG 264 

OSMl VYHD.ENGNR KIMKSHHWF CSGGFGYSKE MLKEYSPNLI HLPTTNGKPT TGDGPKILSK LG.AELIDHD PVPVHPTGFI DPNDRENNUK FLAAEALRGL GGILLHPTTG 315 

** * * * ** * ** * 

Fcc KRFVNEITTR DKASAAILAP TGKS...AYL IFDDSVRKSL SKIDKYIGLG VAPTADSLVK LGKMEGIDGK ALTETVARYN SLVSSGKDTD FERPNLPRAL N.....EGNY 494 

EcF YRYLPDYGMG PETPLGEPKN KYME...... ................ LGPR DKVSPAFUHE URKGNTISTP RGDWYLDLR HLGEKKLHER L..PFICELA KAYVGVDPVK 346 
P v F  YRYLPDYGLG PETPLGKPEN KYME...... ................ LGPR DKVSPAFUHE URAGRTIKTH RGDWHLDLR HLGAKKLHER L..PFICELA KAYVGVDPVN 346 
ScS ERFMERYAPT AKD....... .......................... LACR DWSRAITME 1REGRGV.GK KKDHHYLPLS HLPPEVLKER L..PGISETA AIFAGVDVTK 388 
EcS ERFMERYAPN AKD....... .......................... LAGR D W A R S I M I E  IREGRGCDGP UGPHAKLKLD HLGKEVLESR L..PGILELS RTFAHVDPVK 334 

OSMl RRFTNELSTR DTVTMEIPSK CPKNDNRALL WSDKVYENY TNNINFYMSK NLIKKVSIND LIRPYDLPTT A.SELVTELK SYSDVNTKDT FDRPLIINAF DKDISTESTV 424 

USF TPIHADYEPE KKE....... .......................... LASR DWSRRMIEH IRKGKGVPSP YGPHLULDIS ILGRKHIETN L..RDVPEIC EYFAGIDPAE 359 
BSS KPUYFLEEKY PAYGN..... .......................... LASR DWSRRMIEH IRKGKGVPSP YGPHLULDIS HKDPKELDIK L . .GGI IE IY EKFMGDDPRK 341 

+ + +  
Fcc YAIEVTPGVH HTMGGWIDT KAEW..... NAKKPVIPGL YGAGEVTG.G VHGANRLGGN AISDI ITFGR LAGEEAAKYS KKN....... .................... 571 

EcF EPIPVRPTAH YTMGGIETDP NCET...... ..... RIKGL FAVGECSSVG LHGANRLGSN SLAELWFGR LAGEPATER. AATAGNGNEA A. . . IEAPM GVEPRLKDLV 441 

ScS E P I P I I P T V H  YNMGGIPTKU NGEALTIDEE TGEDKVIPGL HACGEAACVS VHGANRLGAN SLLDLWFGR AVAHTVADT. LPPGLPHKPL P...SDLGKE SI.ANLDKLR 493 

UsF KUAPVLPMPH YSMGGIRTDY RGEA...... ..... KLKGL FSAGEMCH) MHGFNRLGGN SVSEAWAGH IVGEYFAEHC ANTPVDLETK T...LEKFVK GPEAYHKSLV 455 

OSMl YVGEVTPWH FTMSGVKINE KSPVIKKN.. .SETLLSNGI FMGEVSG.G VHGANRLGGS SFV.. ............................................. 483 

PVF EPIPVRPTAH YTMGGIETNP RTET...... ..... RIKGL FAVGECSSVG LHGANRLGSN SLAELWFGR LAGEEAVRR. APEATPANAS A...LDAPTRDIEDNLKKLM 441 

ECS EPIPVIPTCH YWGGIPTKV TGPALTVNEK .GEDWVPGL FAVGEIACVS VHGANRLGGN SLLDLWFGR AAGLHLPES. IAEPGALRDA S...ESDVEA SL.DRLNRUN 438 

BSS LPMKIFPAVH YSMGGLVVDY DPMT...... ..... NIPGL FAAGECDY.S MHGGNRLERT SLLSAIYGGM VAGPNAVKYV NGLESSAEDM SSSLFDAHVK KEEEKUADIM 439 * * * *  ** ** *** 

EcF NPDGGENUAK IRDEMGLAME EGCGIYRTPE LMPKTIDKLA ELPERFKRVR ITDTSSVFNT DLLYTIELGH GLNVAECMAH SAMARKESRG AHPRLDEGCT ERDDVNFLKH 551 
PvF NPKGSENUAP IRDEMGEAME EGCGIYRTPE LMPKTIDKLT ELKERFKHVE IKDTSSVFNT DLLYKIELGF GLDVAECMAH SAFNRKESRG AHPRLDEGCT ERDDVNFLKH 551 
ScS NANGSRSTAE IRMNMKPTMP KDVSVFRTPS SLDEGVRNIT AVEKTFDDVK TTDRSMIUNS DLVETLELPN LLTCASPTAV SAANRKESRG AHARED..YP NRDDEHLMKH 601 
EcS NNRNGEDPVA IRKALPECMP HNFSVFREGD AMAKGLEPLK VIRERLKNAR LDDTSSEFNT PRVECLELDN LMETAYATAV SANFRTESRG AHSRFD..FP DRDDENULCH 546 
UsF ESKGTEDVFK IKNRMKDWD DNVGIFRDGP HLEKSVKELE ELYKKSKNVG IKNKRLHANP ELEEAYRVPM MLKVALCVAK GALDRTESRG AHNRED..YP KRDDINULNR 563 
BsS IWGTENAYV LHKELGEUMT ANVTWRHND KLLKTDDKIP ELMERFKKIN INDTTKUSNP GAMFTRPFSN MLPLARVITL GAYNRNESRG AHYKPD..YP ERNDDEULKT 547 

EcF TLAFRDADGT T......... RLEYSDVKIT TLPPAKRVYG GEADAADKAE AANKKEKANG ...................................... 602 
PvF TLAFYNPEGA P......... RLEYSDVKIT KSAPAKRVYG GEATAPOK.. ..PNKEKANG ...................................... 598 
ScS T L S W K D V M  PVTLKYRRVI DHTLDEKECP SVPPTVRAY. .......................................................... 640 

UsF TLASUPNPEP TL. .... PTL EYEALDVNEM EIAPRYRGYG AKGNYIENPL SVKRPEEIDK IPSELEMGK DRHAIPEALM PYELPAKYKA RNERLGDK 656 
BsS TMAKHVSPYE AP........ EFEYPDVDVS LITPRKRDYS KKKVAK.... ................................................ 585 

ECS SLYLPESESM T.....RRSV N..MEPKLRP AFPPKIRTY. .......................................................... 578 

FIGURE 4: Sequence alignment of the fumarate reductase family. The sequences are labeled as follows: Fcc, flavocytochrome c; OSMl, the 
yeast Osml protein (Melnick & Sherman, 1990); EcF, E. coli frdA (Cole, 1982); PvF, P. vulgaris frdA (Cole, 1987), ScS, S. cerevisiue sdhA 
(Chapman et al., 1992; Robinson & Lemire, 1992); EcS, E. coli sdhA (Wood et al., 1984); WsF Wolinella succinogenes frdA (Lauterbach 
et al., 1990); and BsS, Bacillus subtilis sdhA (Phillips et al., 1987). The sequences were aligned using the program PILEUP in the University 
of Wisconsin Genetics Computer Group (UWGCG) package. This program first compares all possible pairs of sequences and groups these 
in clusters according to their pairwise sequence similarity. The alignment begins with the most similar sequences which are aligned within 
the cluster, and these are then extended by alignment with further sequences and the other clusters. The FAD-binding region is overlined, 
and the position of the histidine through which FAD is covalently attached to some of these proteins is indicated above by the letter f. Residues 
conserved in all 8 sequences are indicated below the alignment with an asterisk (*), and those residues implicated in the active site are marked 
with a plus (+) above the aligned sequences. The sequence of the OSMl protein is identical to that translated from the published DNA sequence 
up to His280 but then continues in the +1  reading frame. The signal sequence and cytochrome domain of flavocytochrome c, the extreme 
N-terminus of the OSM 1 protein, and the mitochondrial targeting sequence from yeast succinate dehydrogenase are omitted from the alignment. 

transcribed separately from flavocytochrome c since the two 
reading frames have opposite polarities. The downstream 
sequence is separated from the flavocytochrome c coding 
sequence by 406 nucleotides, and the two may be cotranscribed. 

DISCUSSION 

We have determined the sequence of the DNA encoding 
flavocytochrome c from Shewanellaputrefacienr. The protein 
is apparently synthesized with an N-terminal signal sequence 

that leads to its localization to the periplasmic space. The 
mature protein is predicted to contain two distinct domains, 
an N-terminal tetraheme cytochrome domain and a larger 
C-terminal flavoprotein domain which is the site of fumarate 
reduction. Flavocytochrome c has been shown biochemically 
to contain at least four C-type heme groups, and the presence 
of four heme-binding consensus sequences is consistent with 
a stoichiometry of four heme groups per polypeptide chain. 
As with other C-type cytochromes, one of the axial ligands is 
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FIGURE 5: Fumarate reductase family tree. The dendrogram shows 
the output of the UWGCG program PILEUP, indicating clusters on 
the basis of sequence similarity. The protein names are as in Figure 
4. The more closely related sequences are joined by branches lower 
down in the figure, for example frdA from E. coli and P. uulguris. 
The diagram shows that flavocytochrome c and Osmlp are more 
closely related to one another than they are to the other members of 
the family. 

C-terminal 
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FIGURE 6: Domain structure of flavocytochrome c and its relatives. 
Flavocytochrome c, Osm 1 p, and the flavoprotein subunits of mem- 
brane-bound fumarate reductases and succinate dehydrogenases share 
extensive sequence similarity over a region of about 450 amino acid 
residues. This is inferred to form a structurally and functionally 
distinct domain in each protein. Flavocytochrome c contains an 
N-terminal cytochrome domain not found in other members of the 
family, and the membrane-bound proteins contain an additional 
C-terminal domain of unknown function. 

ORF2 MKQSIVHIRL WNDYDEAID FYVNKLKFDL IEDTYQAEQD K R W S P P G  
FrdD .......... MINPNPKRSD ... EPVFWGL FGAG.....G MWSAIIAPVM 
Cone ---------- --N------D ---------L ---------- -------p-- 
ORF2 SNGVSLLLAR ASKP...... EQHDFIGNQA GGRVFLFLNT D.DFWRDYNR 
FrdD ILLVGILLPL GLFPGDRLSY ERVLAFAQSF IGRVFLFLMI VLPLWCGLHR 
Cone ---V--LL-- ---p------ E--------- -GRVFLFL-- ----W----R 

ORF2 MQ..LDGIKF VRPPQEQDYG TVAVFED... ....... 
FrdD MHAMHDLKI HVPAGKWVFY GLAAILTVVT LIGWTI 
Cone M-------K- --p------- --A------- ------- 

FIGURE 7: Alignment of the predicted protein sequence 3' to the 
flavocytochromeccoding sequence (ORF2) with the 13-kDa subunit 
of E. coli fumarate reductase (FrdD). The sequences were aligned 
using the UWGCG program GAP. The consensus (Cons) where 
both sequences are identical is also shown. 

provided by a histidine residue immediately adjacent to the 
heme attachment site. Spectroscopic studies, particularly 
electron paramagnetic resonance, indicate that flavocyto- 
chrome c contains two very different pairs of hemes. Similarly 
redox potentiometry indicates that two hemes have a midpoint 
potential of -204 mV, whereas the other pair titrates at -320 
mV (Morris, 1987). The differences between the two pairs 

of hemes could be due to different protein environments or to 
differences in the coordination of the heme iron. Magnetic 
circular dichroism indicates that the sixth ligand in each case 
is most likely also histidine and is clearly not methionine as 
in some C-type cytochromes (our unpublished results). The 
cytochrome domain contains 10 histidine residues in all, more 
than the eight required for bishistidine ligation of the four 
hemes. Two lysine residues are found within the cytochrome 
domain and it is possible, but perhaps less likely, that two of 
the hemes are His-Lys coordinated. 

The association of four heme groups with a relatively small 
protein is not unprecedented. Cytochrome c3 from De- 
sulfovibrio contains four C-type hemes in a polypeptide of a 
little over 100 amino acid residues (Ambler et al., 1971). 
Apart from the similarity of the heme attachment sites, there 
is no obvious relationship between the sequences of the 
cytochrome domain of flavocytochrome c and cytochrome c3. 
As in flavocytochrome c (Morris, 1987; A. C. Black, S. L. 
Pealing, S. K. Chapman, F. B. Ward, and G. A. Reid, 
unpublished experiments), the heme groups of cytochrome c3 
have very low midpoint redox potentials (Pettigrew & Moore, 
1987) but the latter is involved in sulfur metabolism and thus 
not apparently functionally related to the former. In neither 
case is it clear why four heme redox centers should be required 
for two electron transfer reactions-reduction of flavin in the 
case of flavocytochrome c and sulfur reduction in cytochrome 
c3. The cytochrome domain of flavocytochrome c shows no 
sequence similarity to other known tetraheme cytochromes, 
including the cytochromes c found in the photosynthetic 
reaction centers of Rhodopseudomonas viridis (Weyer et al., 
1987), nor to that found in association with nitrite reductase 
(cytochrome cdl) from Pseudomonas stutzeri (Jungst et al., 
1991), nor to that found in Chromatium vinosum (Dolata et 
al., 1992), encoded adjacent to a flavocytochrome c gene. 

Flavocytochromes c have been isolated from several other 
bacterial sources (Cusanovich et al., 1991). Flavocytochrome 
c from Pseudomonas putida is a p-cresol methylhydroxylase 
composed of 4 2  tetramers with covalently-bound FAD in 
the larger a subunits and a single heme in the subunit 
(Mathews et al., 1991). The prosthetic groups of flavocy- 
tochrome c from Chromatium vinosum are also contained in 
separate subunits, but in this case the heme subunit contains 
two covalently-bound heme groups (Cusanovich et al., 199 1; 
Dolata et al., 1992). The flavocytochromec from Chlorobium 
thiosulfatophilum is, like the Chromatium enzyme, involved 
in sulfur metabolism but contains a monoheme cytochrome 
subunit. Sequence analysis reveals no significant similarity 
of any of the heme or flavoprotein subunits of these other 
flavocytochromes c to the Shewanella fumarate reductase. 

The flavoprotein domain of flavocytochrome c is structurally 
and functionally related to the flavoprotein subunits of several 
fumarate reductases and succinate dehydrogenases. The 
enzymes from this family that have thus far been sequenced, 
other than flavocytochrome c, are all membrane-bound and 
consist of four distinct subunits. Membrane binding is 
apparently mediated by the two small subunits (Lemire et al., 
1982), and overexpression of the E. coli frd operon can lead 
to apparent saturation of membrane sites with the excess 
enzyme accumulating in novel tubular lipid-protein structures 
(Weiner et al., 1984; Elmes et al., 1986). Flavocytochrome 
c behaves as a soluble, periplasmic protein, but the finding of 
a sequence encoding an apparent relative of one of the small 
membrane anchor subunits from E. coli fumarate reductase 
immediately adjacent to the flavocytochrome c coding sequence 
is intriguing. The S.  putrefaciens sequence is less hydrophobic 
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than the E. coli polypeptide, and it may not function in precisely 
the same way. The 13-kDa and 15-kDa subunits of E. coli 
fumarate reductase, in addition to their membrane-binding 
function, are required for electron transfer from the physi- 
ological reductant menaquinol since mutations in the frdC 
and frdD genes lead to a loss of quinol oxidation (Cecchini 
et al., 1986; Weiner et al., 1986; Westenberg et al., 1990). 

By comparing the sequence of flavocytochrome c with those 
of its membrane-bound relatives, we have inferred that the 
latter proteins consist of a large flavoprotein domain and a 
smaller C-terminal domain (Figure 6). The function of this 
C-terminal domain is unknown, but its absence from the single- 
subunit, soluble fumarate reductase, flavocytochrome c, clearly 
indicates that it is not required for fumarate reduction per se 
but may be involved in intersubunit interactions or perhaps 
in interactions with electron donors. The product of the E. 
coli nadB gene is an aspartate oxidase required for the synthesis 
of quinolinate, a precursor for nicotinamide nucleotide 
biosynthesis (Flachmann et al., 1988; Seifert et al., 1990). 
This protein is closely related to the fumarate reductases, 
with all the active site residues identified to date being 
conserved. Interestingly, the similarity extends also to the 
C-terminal domain. Aspartate oxidase is a component of a 
soluble quinolinate synthase complex, along with the nadA 
gene product; therefore its interactions with other polypeptides 
arevery different from those of the membrane-bound fumarate 
reductases. 

The sequence similarity between flavocytochrome c and 
the S.  cerevisiae OSMl gene product was unexpected and 
may give some clues to the function of Osmlp in yeast. 
Mutations in the OSMl gene result in osmotic sensitivity, but 
this is not necessarily a direct effect of the lesion in Osmlp. 
Osmoregulation is a complex process, and mutations in several 
genes affecting a wide range of metabolic processes result in 
an osmosensitive phenotype in yeast. Our sequence com- 
parisons indicate a probable error in the published OSMl 
DNA sequence such that the reading frame is considerably 
longer than originally predicted. We have inferred a specific 
correction on the grounds that extensive sequence similarity 
is found both before and after the assumed frame-shift, and 
the precise modification restores a well-conserved sequence 
around the active site histidine. The similarity with flavo- 
cytochrome c extends along the full length of Osmlp except 
for the putative N-terminal signal sequence (Melnick & 
Sherman, 1990). The degree of similarity of Osmlp with 
flavocytochrome c and other members of the fumarate 
reductase family leads us to suggest that Osmlp may be a 
fumarate reductase and may correspond to a soluble enzyme 
characterized previously (Muratsubaki & Katsume, 1985). 
This enzyme has a molecular mass of 58 kDa, as estimated 
by SDS-PAGE (Muratsubaki & Katsume, 1982), compared 
with 53 kDa calculated for the corrected sequence of Osmlp. 
The fumarate reductase activity in yeast is cytosolic, but 
Osmlp has been predicted to enter the secretory pathway 
because of a putative signal sequence at the N-terminus 
(Melnick & Sherman, 1990). This sequence does not, 
however, conform well to the criteria noted by von Heijne 
(1985) for signal sequences, and it seems likely that it is not 
a functional targeting sequence. Osmlp is therefore likely to 
be a cytosolic protein. 

Arg248 of E.  coli frdA has been shown by site-directed 
mutagenesis to be required for efficient fumarate reductase 
activity (SchriTder et al., 1991). This residue is conserved in 
all known members of the family (Figure 4) and has been 
predicted to be involved in substrate binding (Kotlyar & 
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Vinogradov, 1984; Schriider et al., 1991). Its conservation in 
flavocytochrome c and Osmlp, which were not previously 
known to be associated with this family of proteins, reinforces 
the importance of this residue. Schriider et al. (1991) 
suggested that a second arginine might be involved in binding 
substrate. The arginine guanidinium group not only is 
particula’rly well suited to electrostatic interaction with a 
substrate carboxylate but also is capable of hydrogen bonding, 
thereby orientating substrate within the active site. We have 
found that, apart from Arg38 1 in flavocytochrome c (Arg248 
in E.  coli frdA), only one other arginine residue is conserved 
throughout the family and this is found at position 544 in 
flavocytochrome c and 390 in frdA (Figure 4). 

Similarly, a histidine residue has been implicated in 
succinate dehydrogenase activity and proposed to act as a 
proton donor/acceptor (Vinogradov, 1986). His232 of E. 
coli fumarate reductase has been substituted by serine with 
the result that enzyme activity is reduced by 75% in the 
direction of fumarate reduction but the rate of succinate 
dehydrogenation is lowered to 1.6% compared with that of 
the wild-type enzyme (Schrader et al., 1991). This histidine 
is apparently modified by the inhibitor, Rose Bengal, since 
the His232Ser mutant enzyme was insensitive to Rose Bengal. 
The data are consistent with a role for this residue as an active 
site base, though the retention of 25% of the wild-type fumarate 
reductase activity would indicate that an alternative proton 
donor/acceptor can functionally replace His232. This his- 
tidine is conserved in all members of the family and is most 
likely to act as a proton donor to fumarate. 

The finding of an apparent relative of one of the smaller 
subunits of E. coli fumarate reductase associated genetically 
with flavocytochrome c raises intriguing questions relating to 
the interaction of flavocytochrome c with other proteins. The 
E. coli fumarate reductase is reduced by menaquinol, but the 
nature of the reductant of flavocytochrome c has yet to be 
determined. Flavocytochrome c is isolated as a soluble, 
monomeric, periplasmic protein. Its interaction with other 
proteins may, however, depend upon ionic conditions such 
that dissociation is favored when the protein is isolated. The 
possible existence of other genetically linked proteins that 
might also interact with flavocytochrome c cannot be confirmed 
without extending the sequence determination. 
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