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I. Introduction

Diverse is the best way to describe bacterial electron
transfer. Whether one considers structure—function rela-
tionships at the level of individual proteins or of their
organization into pathways, the overall impression is

Abbreviations: SDS-PAGE; sodium dodecyl sulfate-polyacrylamide
gel electrophoresis; APS, adenosine phosphosulifate; 8-Fe-S, ferro-
doxin, iron sulfur proteins with two four-iron-four-sulfur clusters;
HiPIPs, iron-sulfur proteins with a high oxidation-reduction poten-
tial; SHP, sphaeroides heme protein; DMSO, dimethyl sulfoxide;
TMAQ, trimethylamine N-oxide; DCPIP, 2,6-dichlorophenolin-
dophenol.

Correspondence: T.E. Meyer, Department of Chemistry, University of
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wonder at the variety of ways in which bacteria carry
out simple oxidations and reductions of both organic
and inorganic substrates. Although it is possible to find
parallels between diverse species of bacteria at the level
of individual proteins, the way in which pathways are
assembled and the way these in turn are integrated into
the whole makes it unlikely that any two species will be
identical. An appreciation of this diversity may be ob-
tained by examining what is currently known about
electron transfer proteins and their interactions in ex-
amples of the most actively studied bacteria. The
bacterial species to be discussed here are not necessarily
the most diverse collection one could assemble and are
by no means complete, but they are sufficient to il-
lustrate the complexity to be expected of all bacteria
and to point out areas of understanding and those
where more information is needed.

0005-2728 /89 /$03.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division)



A number of characteristics of bacterial electron
transfer do not generally apply to higher organisms. For
example, the function of a particular protein may not be
the same from one species to the next. Moreover, par-
ticular functions are not necessarily carried out by the
same enzymes in all species. In many bacteria, the
detailed mechanism of electron transfer is unknown and
in many cases the composition of pathways is still
incompletely described. That is, functions are not obvi-
ous, isozymes are relatively common and many proteins
appear to be superfluous. The localization of electron
transfer proteins cannot be taken for granted in cyto-
plasm, periplasm or membrane in the bacteria. In fact,
the implication of Gram stain in the localization of
electron transfer proteins and composition of pathways
is not widely appreciated. Thus, Gram-positive bacteria
do not have an outer membrane, and hence presumably
they do not have a periplasmic space nor periplasmic
proteins. Environmental factors such as pH, tempera-
ture and salinity have far-reaching mechanistic implica-
tions which go beyond the obvious question of protein
stability. For example, many periplasmic redox proteins
use electrostatic attraction or repulsion as an important
factor in defining interaction domains. However, in
extreme halophiles this cannot be the case although the
same structural families of redox proteins are present,
because electrostatic interactions are masked at high
ionic strength. Many pathways and proteins are induced
by specific growth conditions and, therefore, are not
expressed under all growth conditions. Moreover, such
expression is likely to vary from one species to the next.
Some pathways or components of pathways are not
under chromosomal control but, rather, are borne on
plasmids and presumably are more easily transferred
from one species to another. Indeed, gene transfer may
be a common occurrence for bacterial electron transfer
proteins, but this is a hotly debated issue and there is
not sufficient evidence to make definitive statements at
this time. Finally, structural studies of redox proteins
from both bacteria and higher organisms have con-
centrated on soluble proteins, with the consequence that
much less is known about membrane-associated en-
zymes.

The scope of this article includes the soluble electron
transport proteins, generally consisting of cytochromes,
ferredoxins and copper proteins. We include in this
review some mention of those enzymes and membrane
components which are known to interact with the solu-
ble components and are themselves well characterized
either structurally or genetically. We do not intend to
review integral membrane proteins in depth or to in-
clude all enzymes which interact with the soluble pro-
teins. Only a small fraction of the total protein of the
cell is periplasmic, yet scluble electron transfer proteins
are disproportionately represented in the periplasm. Al-
though it may be fortuitous, Wood [1] proposed that

c-type cytochromes are all likely to be found in the
periplasm or bound to the outer surface of the cyto-
plasmic membrane of Gram-negative bacteria. This gen-
eralization was based on a small number of observa-
tions, but, to date, no exceptions have been found. In
contrast, c-type cytochromes have not been found ex-
cept in trace amounts in the soluble fraction of any
Gram-positive bacterium to date. In those Gram-nega-
tive bacteria, which have an a-type oxidase, there is
generally a periplasmic cytochrome found which is anal-
ogous to mitochondrial cytochrome ¢ in function.
Aerobic Gram-positive bacteria have no outer mem-
brane and presumably no periplasmic space, and prob-
ably have no counterpart to mitochondrial cytochrome
¢ or, if one exists, it will be bound to the cytoplasmic
membrane.

A common thread that ties together the various
soluble redox proteins is structural homology. That is,
although a diversity of physical-chemical and functional
properties is found, only a small number of basic struct-
ural motifs are known. This is best illustrated by the
soluble c-type cytochromes which can be divided into
three principal structural families as outlined by Ambler
[2]). Class 1 c-type cytochromes have been the best
studied and represent the largest family based on the
number of examples known. These heme proteins in
which the heme is bound near the N-terminus and
which have histidine-methionine heme ligation, are
widely distributed and are found in most but not all
prokaryotes and eukaryotes. They typically have oxida-
tion-reduction potentials in the range of 0-470 mV and
are well characterized structurally. The Class I c-type
cytochromes can be divided into eight or more distinct
subclasses based on sequence homology and other
properties. Nevertheless, they represent as a whole, an
evolutionarily related class of cytochromes. A number
of reviews summarize our understanding of Class I
c-type cytochromes [3-7].

Class II c-type cytochromes, typically referred to as
the cytochromes c¢’, are a distinct structural family. The
heme is covalently bound near the C-terminus (in con-
trast to Class I c-type cytochromes) and has either
histidine as a fifth ligand with the sixth position vacant
or has histidine and methionine as fifth and sixth ligands.
Those Class II c¢-type cytochromes with only histidine
ligation are found with the iron in the high-spin state
and have spectral properties quite distinct from Class I
c-type cytochromes. The low-spin examples which have
histidine-methionine ligation are less well studied, but
clearly in Class II based on amino acid sequence ho-
mology [2]. The Class II c-type cytochromes typically
have redox potentials in the range —10 to +200 mV.

Class IIT c-type cytochromes are generically referred
to as the cytochromes ¢, and have bis-histidine ligation
and low oxidation-reduction potentials {—150 to —400
mV). A vaniety of c-type cytochromes have been identi-



fied which cannot readily be classified at this time. In
general, these cytochromes are not well characterized
structurally, hence they may belong in existing classes.
However, the possibility that additional structural
families exist cannot be excluded.

In bacteria, the iron sulfur proteins generally have
one or two four-iron-four-sulfur clusters. Two principle
types exist. Those with low oxidation-reduction poten-
tials (—300 to —500 mV) and two clusters which will be
termed 8-Fe-S ferredoxins for the purpose of this review
and those with high oxidation-reduction potentials
(50-450 mV) which we will term HiPIPs. 8-Fe-S fer-
redoxins and HiPIPs represent two distinct structural
classes based on amino acid sequences, three-dimen-
sional structures and in terms of physico-chemical prop-
erties. In some bacteria, a third type of iron-containing
protein, rubredoxin, is found which has one iron and
typically has a midpoint potential around —50 mV.

Soluble copper proteins are not widely distributed in
bacteria, and to date those which are well characterized
appear to be structurally related with the prototypic
example being azurin. They contain a single blue copper
and have redox potentials of +150 to +350 mV.

We have chosen to consider nine groups of bacteria
based on the diversity of electron transfer and meta-
bolic pathways. Thus, at one extreme Paracoccus de-
nitrificans is a bacterial analogue to the mitochondrion
and at the other extreme Clostridium is a strict anaerobe
devoid of c-type cytochromes. Escherichia coli repre-
sents an aerobe almost devoid of c-type cytochromes
and Bacillus a Gram-positive aerobic organism which
may have no soluble cytochromes. Azotobacter, an ob-
ligate aerobe, and Pseudomonas, a facultative aerobe,
are organisms which have similar soluble redox pro-
teins, but which differ metabolically. Alcaligenes, al-
though metabolically similar to Pseudomonas and
Paracoccus denitrificans, has a distinct redox protein
composition. Rhodobacter capsulatus and Rhodobacter
sphaeroides are characteristic examples of the faculta-
tively aerobic purple photosynthetic bacteria and, al-
though different in detail, have many similarities. In
contrast, Rhodopseudomonas viridis and Chromatium
vinosum, although they are also purple photosynthetic
bacteria, are anaerobes (or marginal microaerophiles)
and have quite different soluble and membrane-bound
redox systems as compared to Rb. capsulatus and Rb.
sphaeroides. Desulfovibrio, although a strict anaerobe
like Clostridium, is rich in low oxidation-reduction
potential redox proteins quite distinct from those found
in other bacteria.

The choice of bacterial species for this review, the
proteins and the pathways are the minimum required to
demonstrate diversity of structure at the protein level
and to show how the proteins are variously assembled
into pathways which are far from uniform. No attempt
is made to treat any particular organism in great depth,

rather we focus on illustrating characteristic features.
Due to space limitations, we have ommitted some very
interesting organisms such as blue-green algae, metha-
nogens, halophiles and green sulfur bactena. Im-
portantly, we have attempted to avoid traditional think-
ing which confines certain proteins (e.g., cytochrome ¢)
to certain pathways (e.g., respiration). It is well estab-
lished that certain copper proteins and cytochromes on
the one hand or ferredoxins and flavodoxins on the
other are interchangeable. We would like to consider
the possibility that high potential ferredoxins (HiPIP)
could replace cytochromes and low potential cytochro-
mes could replace 8-Fe-S ferredoxins in certain situa-
tions as well. Finally, we want to show that proteins
which have a well-established role in one species can
perform quite differently in another, or be superfluous
or discarded in a third. To document these points
requires knowledge of amino acid sequence, three-di-
mensional structure, spectroscopy, redox properties, en-
zymology and genetics. The various species to be dis-
cussed have been characterized in these various ways
and therefore are amenable to detailed analysis design-
ed to illustrate the complexity and diversity of bacterial
electron transfer.

II. Paracoccus denitrificans

P. denitrificans is a versatile organism capable of
growth with a variety of organic substrates and electron
acceptors. It has, consequently, become a popular
organism for a variety of studies. Table I summarizes
the redox protein composition.

P. denitrificans has gained distinction as the
bacterium which has the greatest similarity to mitochon-
dna [8]. The organism has a membrane-bound cyto-
chrome bc, complex and an a-type cytochrome oxidase
presumably interacting with a soluble Class 1 c-type
cytochrome. However, P. denitrificans is capable of
both aerobic growth or anaerobic growth with nitrate as
the terminal electron acceptor. The analogy between
aerobically grown P. denitrificans and the eukaryotic
mitochondrion is quite strong in many respects, but
more recent studies make the analogy with regards to
the soluble c-type cytochrome less certain (see below).
The contrast between P. denitrificans and another
facultatively aerobic bacterium, Escherichia coli, is pro-
nounced. These two represent the extremes in bacterial
aerobic metabolism in that E. coli completely lacks the
above-mentioned proteins (see following section).

P. denitrificans cytochrome ¢, was first purified by
Scholes et al. [9] and was given the generic designation
cytochrome ¢-550. The amino acid sequence was in-
vestigated by Timkovich et al. [10] and corrected by
Ambler et al. [11]. A low-resolution three-dimensional
structure was reported by Timkovich and Dickerson
[12]. These structural studies demonstrated that the P.
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TABLE 1
Paracoccus denisrificans soluble redox proteins

n.d., not determined.

Native Subunit Redox Protein Comments

molecular molecular potential sequence

mass mass (mV)

(kDa) (kDa)
Cytochrome c, 14 14 250 complete constitutive
Cytochrome ¢-551 nd. 22 190 nd. induced by methylamine or methanol
Cytochrome ¢-553 nd. 30 160 nd. induced by methylamine or methanot
Cytochrome ¢-549 n.d. 9 150 n.d. induced by methylamine or methanol
Cytochrome ¢-555/¢-551 nd. 45 128, —163 nd. diheme, induced by low oxygen
Pseudoazurin 14 14 230 n.d. induced by anaerobic growth
Cytochrome cd 120 60 n.d. n.d. induced by nitrate, two hemes

(nitrite reductase) per monomer

Amicyanin 15 15 294 partial induced by methylamine

denitrificans cytochrome ¢, is closely related to the
cytochromes ¢, from purple phototrophic bacteria and
particularly to that from Rb. capsulatus [13]. There are
some cytochromes ¢, which are virtually indistinguish-
able from mitochondnal cytochrome ¢, such as that
from Rhodopseudomonas globiformis [14], but the larger
cytochromes from P. denitrificans and Rb. capsulatus
contain specific three and eight residue insertions and
one and two residue deletions, which indicate that they
are not likely to be immediate precursors of the mito-
chondrnial cytochromes c. Nevertheless, based on amino
acid sequence, cytochromes c, as a whole are more
similar to the mitochondrial cytochromes ¢ than are
most bacterial c-type cytochromes.

P. denitrificans cytochrome c, is typical of the Class
I cytochromes c in its reactions with non-physiological
substrates such as free flavin and flavodoxin semi-
quinones [15,16]. P. denitrificans cytochrome ¢, is an
acidic protein (pI = 4.5), yet retains a positive charge at
the site of reduction typical of mitochondrial cyto-
chrome c¢. This positive charge localized near the ex-
posed heme edge is a characteristic of all cytochromes
¢, and is believed to play an important role in their
interaction with physiological donors and acceptors. A
characteristic of most cytochromes ¢, is a high redox
potential (about 350 mV), however, P. denitrificans
cytochrome ¢, has a redox potential similar to
mitochondrial cytochromes ¢ (250 mV).

It has been presumed for some time that the P.
denitrificans cytochrome ¢, mediates electron transfer
between the cytochrome bc, complex and oxidase. Cy-
tochrome ¢, is a good substrate for purified P. de-
nitrificans oxidase, it is constitutive and present in rela-
tively large amounts (typically 12-18 pmol per kg of
wet cells), and it appears to be periplasmic as expected

for a cytochrome which functions in both aerobic and
anaerobic pathways. However, recent studies suggest
that a membrane-bound c-type cytochrome, not P.
denitrificans cytochrome c,, serves the role of mediator
in the aerobic pathway. Berry and Trumpower [17]
isolated a quinol oxidase complex, which contained
seven subunits. The complex contains both cytochrome
be; and cytochrome oxidase components, plus a 22 kDa
cytochrome ¢ subunit and an unidentified 57 kDa sub-
unit. This complex showed quinol oxidase activity in the
absence of cytochrome ¢, and added cytochrome ¢, did
not enhance the activity. These results suggest that
cytochrome ¢, is not required for efficient electron
transfer between the cytochrome bc; complex and the
a-type oxidase complex. The 22 kDa cytochrome sub-
unit has not been extensively characterized, but it could
conceivably be a membrane-bound form of the soluble
cytochrome c,. More work is necessary to exclude this
possibility.

As mentioned above, cytochrome c, is found to be
abundant in both aerobically and anaerobically grown
cells, and is therefore thought to have a role in denitrifi-
cation. Most enzymes of the denitrification pathway are
incompletely characterized, but are generally induced
by growth on nitrate as an electron acceptor. The nitrite
reductase is the most thoroughly studied enzyme in this
pathway in P. denitrificans. P. denitrificans nitrite re-
ductase is of the cytochrome cd type [18] and was most
recently purified by Timkovich et al. [19]. Cytochrome
cd presumably interacts with the bc; complex via cyto-
chrome c,, which is a good substrate for the enzyme. If
the 22 kDa cytochrome subunit mediates electron trans-
fer between the bc, complex and oxidase, then one
might consider the possibility that it also mediates
between cytochrome bc, and cytochrome c¢d (nitrite



reductase) however, it does not copurify with the cyto-
chrome cd and as yet there is no evidence that it is
involved in anaerobic electron transfer. In fact Bosma et
al. [20] isolated the ubiquinol oxidase complex from
anaerobic cells and found that the 22 kDa cytochrome
was present at much lower concentrations than in the
complex from aerobic cells. As will be discussed later,
Pseudomonas contains a cytochrome cd-type nitrite re-
ductase. However, cytochrome ¢-551, the electron donor
to Pseudomonas cytochrome cd, does not react readily
with P. denitrificans cytochrome cd suggesting substan-
tial differences in the interaction domains of the two
cytochromes c¢d. Although cytochrome c¢d is abundant
in nitrate grown cells, it 1s labile and easily loses the 4
heme. The structure of ‘heme 4’ shows that it is actu-
ally an iron porphinedione with an acrylic acid sub-
stituent [21] and is, therefore, unrelated to the oxidase
heme 4 in coliforms. It is sometimes called heme 4, to
distinguish it from the latter.

A small soluble copper protein has been isolated
from anaerobically grown P. denitrificans in amounts
comparable to the cytochrome ¢, [22]. It is a poor
reductant for nitrite reductase although its redox poten-
tial (230 mV) is very similar to that of the cytochrome
¢,. The redox and spectral properties of the P. denitrifi-
cans copper protein suggest a similarity to azunns,
which are typical of Pseudomonas species. However, the
low cysteine content (one instead of three) indicates
that the P. denitrificans copper protein is more closely
related to pseudoazurin such as found in Pseudomonas
AM1 [23] and it will henceforth be referred to as such.

Yet another small copper protein was induced to a
level 2—-4-times that of cytochrome ¢, in P. denitrificans
by growth on methylamine [24-26]. Electron transfer
proteins specifically induced by growth on methylamine
were originally described for Pseudomonas AM 1 (now
called Methylobacterium) by Tobari and Harada [27].
They coined the name amicyanin for the methylamine-
inducible copper protein and found that it was the
preferred electron acceptor for methylamine dehydro-
genase. The amino acid sequence of Pseudomonas AM 1
amicyanin was determined by Ambler and Tobari [23],
who showed that it was distantly related to azunn,
pseudoazurin and plastocyanin. However, the N-termi-
nal ten residues of P. denitrificans amicyanin are not
obviously similar to the Pseudomonas protein which
indicates that they are not closely related or there is an
N-terminal extension in the P. denitrificans protein [25].
The redox potential of P. denitrificans amicyanin (294
mV) is not significantly higher than that of pseudo-
azurin (230 mV) [26] and the activity of the latter has
not been tested with methylamine dehydrogenase.

P. denitrificans amicyamin is not an electron accep-
tor for methanol dehydrogenase [24], which is as
expected because amicyanin is not induced by growth
on methanol.
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When P. denitrificans is grown on methylamine or
methanol, two or three additional soluble cytochromes
are induced, whereas amicyamin is only found in meth-
ylamine grown cells {24,28,29]. Husain and Davidson
[28] found an acidic, 22 kDa cytochrome ¢-551 and an
acidic 30 kDa cytochrome ¢-553 with redox potentials
of 190 and 148 mV, respectively [26]. Bosma et al. [29]
found a pair of induced cytochromes with very similar
properties to those found by Husain and Davidson [28]
and, in addition, found a 9 kDa cytochrome ¢-549
which has a redox potential of 190 mV. Neither the
cytochrome ¢-551 nor ¢-553 can act as electron acceptor
for methylamine dehydrogenase, but amicyanin is reac-
tive with the cytochrome ¢-551 which presumably is the
ultimate electron acceptor in vivo. Unfortunately, none
of the induced cytochromes were tested for activity with
methanol dehydrogenase. In one study, the amount of
methanol induced cytochromes was one quarter to one
half the level of cytochromes ¢, [28], whereas in the
other study utilizing slightly different growth condi-
tions, there was more of the inducible cytochromes than
of ¢, [29]. The 22 kDa and 9 kDa cytochromes have
similar redox potentials and did not separate on
DEAE-cellulose. Conceivably, the smaller could be a
proteolytic fragment of the larger. If so, it might explain
variable yields in the two studies. More work is neces-
sary to clarify the structural and functional relation-
ships of the methanol inducible cytochromes of P.
denitrificans.

A 45 kDa diheme cytochrome was induced in P.
denitrificans by oxygen-limited growth conditions [29].
This soluble protein was not seen in fully aerobic or
anaerobic cells, but there was as much present in
oxygen-limited cells as there was cytochrome ¢,. The
two hemes were spectrally and thermodynamically re-
solved into a ¢-555, E_, ;=128 mV and ¢-551, E_ ;=
—163 mV. Clearly, more detailed studies are required
to characterize this diheme cytochrome.

In summary, P. denitrificans is capable of producing
a wide variety of soluble redox proteins dependent on
metabolic conditions. The following patterns are pre-
sent: aerobic growth with succinate, cytochrome c¢,;
aerobic growth - low oxygen, cytochrome ¢, and cy-
tochrome ¢-555/¢-551; aerobic growth with methanol,
cytochrome c¢,, cytochrome ¢-551, cytochrome c-553
and cytochrome ¢-549; aerobic growth with methyl-
amine, is the same as with methanol plus amicyanin;
anaerobic growth with nitrate, cytochrome ¢,, pseudo-
azurin and cytochrome cd. What is striking here is that
among the myriad of redox proteins identified in P.
denitrificans to date, only a few have clearly defined
physiological donors and acceptors. A great deal of
work is required to establish the exact function of each
of the cytochromes and copper proteins discussed.
Moreover, the possibility that different expression or
even new soluble redox proteins will be found in the
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future cannot be excluded. Nevertheless, P. denitrificans
serves to illustrate the diversity of possibility in what on
the surface would appear to be a simple bacterium
when grown only one way.

II1. Escherichia coli

E. coli is as interesting for its relative lack of c-type
cytochromes as other bacteria are for their abundance
(Table II). Although E. coli is an aerobic bacterium,
there is no soluble cytochrome which might function in
a manner analogous to mitochondrial cytochrome c.
There is no cytochrome bc; complex and there is no
a-type cytochrome oxidase. Instead, E. coli contains
membrane-bound quinol oxidases of the o and d type
(see Ref. 30 for a review). The E. coli aerobic pathway
is thus a truncated version of the familiar respiratory
pathway. As emphasized in other sections of this review,
E. coli is unique among the bacteria considered herein
in this respect. The two membrane-bound oxidases of
E. coli have different affinities for oxygen and are
expressed at different stages of growth although mutants
lacking one or the other grow well under all conditions.
Thus, the d-type oxidase has a greater affinity for
oxygen and is present in older, denser cultures, whereas
the o-type oxidase is constitutive [30}.

The d-type oxidase has been isolated as a two-sub-
unit (58 and 42 kDa) complex containing two b-type
hemes in addition to two hemes d [31,32]. There is no
copper present and the redox potentials of the hemes
differ (160-180 mV for the b-type hemes, and 260 mV
for heme d). The structure of the 4 heme has recently

TABLE II
Escherichia coli soluble and particulate redox proteins

n.d., not determined.

been determined [33] and shows no similarity with the
‘d heme’ in the cytochromes cd, (nitrite reductase) [21].
Antibodies against the E. coli cytochrome d subunits
cross-react with extracts of Azorobacter, but not of
Pseudomonas [34]. The cytochrome 4 operon has been
cloned and sequenced but there is no obvious simiiarity
to other oxidases [35].

Cytochrome o is defined as a protoheme containing
oxidase, which can be inhibited by carbon monoxide. In
E. coli, the cytochrome o has been isolated as a two- or
four-subunit complex (55 and 33 kDa or 66, 35, 22 and
17 kDa), which contains copper in addition to proto-
heme [36,37]. Perhaps there is some structural similarity
to the a-type oxidases, which invariably contain copper.

Although E. coli can use nitrate as a terminal elec-
tron acceptor under anaerobic conditions, it is very
different from those bacteria which are able to denitrify.
The end products in E. coli are nitrite and ammonia,
whereas denitrifiers evolve either nitrous oxide or
nitrogen gas or both. The E. coli nitrate reductase is an
integral membrane protein which contains three sub-
units, and the smallest subunit, which is a b-type cy-
tochrome, anchors it to the membrane [38). The larger
subunits contain iron-sulfur centers and a molyb-
dopterin cofactor. The nitrate reductase operon has
been cloned and found to consist of four genes instead
of the expected three [39]; the fourth possible gene
product has not been identified. The enzyme presum-
ably interacts directly with quinol rather than with a
soluble electron carrier.

Nitrite reductase (cytochrome ¢-552) has been puri-
fied and is one of the few soluble cytochromes in E.

Native Subunit Redox Protein Comments
molecular molecular potential sequence
mass mass (mV)
(kDa) (kDa)
Cytochrome 5-562 12 12 complete function unknown
Cytochrome ¢-552 72-136 69 -200 nd. contains six hemes,
(nitrite reductase) induced by NOy
Bacterioferritin large 15 —340 partial contains heme b,
non-stoichiometric
Cytochrome ¢-550 34 nd. low n.d. trace amounts
Cytochrome o membrane 33,55 nd. contains two protohemes,
complex bound two coppers
Cytochrome 4 membrane 43, 58 180, 160, complete contains two hemes 4 and two
complex bound protohemes
Nitrate reductase membrane 143, 60, n.d. partial contains molybdopterin,
complex bound 26, 85 iron-sulfur clusters,

and protoheme




coli, but it is not abundant [40). The periplasmic cy-
tochrome ¢-552 has six hemes and a molecular mass of
69 kDa. Although multiheme cytochromes with a single
polypeptide chain are known, it is possible that cy-
tochrome ¢-552 is a multimeric protein which cannot be
dissociated until completely denatured such as by heme
removal. This type of very strong association has been
observed with a cytochrome from a halophilic Paracoc-
cus sp. {41] and with a Desulfovibrio cytochrome [42].
The heme content, molecular mass and low redox
potential of cytochrome ¢-552 are remarkably similar to
the dissimilatory nitrite reductase purified from de-
sulfovibrio by Liu and Peck [43] and from Vibrio fischeri
by Liu et al. [44]. However, a heme content of 16 for a
Desulfovibrio cytochrome which has a similar molecular
mass (75 kDa) has recently been reported [45]). The
heme content and subunit structure will have to await
sequence determination before final resolution in both
E. coli and Desulfovibrio. A cytochrome c¢-550 present
in trace amounts in E. coli has half the molecular mass
of the cytochrome ¢-552 [46] and no known function.
The electron donor for the nitrite reductase in E. coli is
an NADH dehydrogenase [47)]. This is in contrast to the
nitrite reductases of denitrifiers which are more abun-
dant than in E. coli and use high redox potential
cytochromes or copper proteins as electron donors.

Another soluble cytochrome in E. coli was originally
described as a cytochrome b, [48]. It was shown by
Yariv [49] that, in fact, the cytochrome b, was the same
as a bactenoferritin previously characterized by Yariv et
al. [50]. Bacterioferritin is a bacterial version of the
familiar iron storage protein (ferritin) of eukaryotes.
Ferritin has a molecular mass of 500 kDa and contains
24 subunits of two kinds, the L subunit is 19 kDa and
the H subunit is 21 kDa [51,52]. E. coli bacterioferritin
differs from ferritin in that it has a single 15 kDa
subunits and in that is has protoheme which is low spin
and which has a very low redox potential (—340 mV).
Ferritin and bacterioferritin subunits form a cage around
a ferric hydroxide core from which the iron can be
mobilized for cellular metabolism by reduction. The
heme in the bacterioferritins may be involved in the
mobilization of iron through reduction. The electron
donors are unknown, but are certain to have low redox
potentials. In E. coli, the donor may be NADH, just as
was found for the nitrite reductase. The partial amino
acid sequence of E. coli bacterioferritin has been
determined, but shows no similarity to either ferritin or
to other E. coli cytochromes [53].

Cytochrome b-562 from E. coli was characterized by
Itagaki and Hager [54] and Fujita [46] as a small (12
kDa) monoheme protein with redox potential 113 mV.
It was found in both aerobic and anaerobic cells; its
function is unknown. The amino acid sequence [55] and
the three-dimensional structure [56] have been deter-
mined. Cytochrome b-562 is structurally related to cyto-
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chrome ¢’ [57] in that both are composed of a four-al-
pha-helical bundle. There are also structural similarities
to ferritin [58]. This suggests that cytochrome b-562 and
bacterioferritin may also be related, although there is no
obvious sequence similarity.

Clearly, E. coli has a redox protein composition
quite distinct from that of P. denitrificans in that solu-
ble copper proteins and high potential c-type cytochro-
mes are absent. In fact, as an aerobe E. coli is quite
unusual and not obviously related to any of the other
bacteria to be discussed. Nevertheless, E. coli is capable
of carrying out both aerobic electron transfer and nitrate
reduction efficiently and serves, in contrast to P. de-
nitrificans, as an excellent example of the diversity of
redox components in bacteria that can provide the same
function.

IV. Bacillus species

The aerobic Bacillus species are interesting in the
present context because they are Gram-positive and,
therefore, lack the outer membrane present in Gram-
negative bacteria. Since 1t 1s generally thought that the
outer membrane defines the periplasmic space it follows
that Gram-positive bacteria lack periplasmic proteins.
To our knowledge, it has not been shown that the cell
wall alone cannot enclose a periplasmic space.

In E. coli, it has been shown that c-type cytochromes
are not obligatory in the aerobic pathway and in P.
denitrificans, where c-type cytochromes are involved, it
is not certain that a soluble high potential cytochrome ¢
is a necessary component. In Bacillus species, there are
both ¢ and a-type cytochromes present, which suggests
that the aerobic pathway is more like that in P. de-
nitrificans than that in E. coli. Only small amounts of
two so-called soluble cytochromes ¢ have been reported
in Bacillus subtilis, cytochrome ¢-550 and cytochrome
¢-554, [59]. However, it is not known whether these
cytochromes are truly soluble or artifacts of the isola-
tion procedure. If they are soluble in vivo, then they are
either present in the cytoplasm or they are extracellular.
Given Wood’s [1] generalization that all c-type cyto-
chromes should be membrane-bound or periplasmic,
but never cytoplasmic, and if the two c-type cytochro-
mes are truly soluble, then Bacillus is an exception.
Otherwise, the assumption that Gram-positive bacteria
have no periplasm or analogous compartment should be
reexamined.

The possibility that the c-type cytochromes of Bacil-
lus are all membrane-bound in vivo has to be consid-
ered. Woolley [60] reported that trypsin in addition to
lysozyme was necessary for release of three c-type cyto-
chromes from B. licheniformis, although it was con-
cluded that the cytochromes were not initially mem-
brane-bound. Miki and Okunuki [59], on the other
hand, included a proteinase inhibitor in their extraction



buffer. Nevertheless, their yield of soluble cytochrome
was quite low (approx. 5% or less of what would be
obtained from Pseudomonas or Rhodopseudomonas
species). Woolley [60] obtained about the same amount
of soluble cytochrome using trypsin as in the earlier
study with proteinase inhibitor. Although the situation
remains to be clarified, we are inclined to believe that
the Bacillus cytochromes are normally membrane-bound
and either partially soluble, like cytochrome ¢,, or
released by endogenous proteolysis, like cytochrome c;
(see next section).

Both of Miki and Okunuki’s [59] cytochromes are
small monoheme proteins and cytochrome ¢-550 has a
redox potential of 210 mV. Cytochrome ¢-554 has an
unusual split alpha peak and the redox potential is — 80
mV. Woolley [60] found small amounts of three cyto-
chromes, however two were similar to one another and
could be possibly related through proteolysis of about
ten amino acid residues. Based on reported properties,
Woolley’s cytochromes ¢-551 and ¢-552 could be equiv-
alent to the cytochrome ¢-550 of Miki and Okunuki [59]
with cytochrome c¢-554 being the same in both studies.

Bacillus species contain an a-type oxidase, and this
readily oxidizes Bacillus cytochrome ¢-550 [59]. Al-
though cytochrome ¢-550 is unreactive with mitochon-
drial cytochrome oxidase, it is a good donor to P.
aeruginosa cytochrome cd (nitrite reductase). Bacillus
cytochrome ¢-550 is acidic and it seems, from in vitro
assays, that it does not have basic residues near the site
of oxidation apparently required for interaction with
mitochondrial cytochrome oxidase. Either the Bacillus
oxidase has very different specificity than the mitochon-
drial oxidase, or cytochrome ¢-550 is not the natural
electron donor.

A seven-subunit quinol oxidase super complex was
isolated from Bacillus PS3 [61] which is similar to that
from P. denitrificans. 1t is composed of bc, complex
plus oxidase complex and contains a, b-, and c-type
hemes. There were three c-type subunits, but the heme
b subunit was not identified. Added yeast cytochrome ¢
did not stimulate quinol oxidase activity, which suggests
that a soluble cytochrome ¢ is not necessary in vivo.
The 21 kDa cytochrome ¢ subunit in the enzyme is
presumably the same as the 22 kDa subunit in the P.
denitrificans quinol oxidase super complex.

At the present time, there appears to be no compell-
ing evidence for the existence of soluble redox proteins
in Bacillus, consistent with the presumed lack of a
periplasm. Thus, Bacillus, like E. coli, is an example of
an aerobe which is capable of electron transfer in the
absence of a soluble c-type cytochrome. However, un-
like E. coli it contains a quinol oxidase similar to that
from P. denitrificans. Taken together, the cytochrome
compositions of E. coli, Bacillus, and P. denitrificans
suggest that soluble high potential c-type cytochromes
are not required for aerobic electron transfer in bacteria.

The presence of a bound cytochrome ¢ in Bacillus
makes some sense in view of the absence of a peri-
plasmic space. Nevertheless, these observations suggest
that bacteria containing soluble c-type cytochromes (see
following sections) must have physiological require-
ments for these cytochromes beyond that of aerobic
electron transfer.

V. Azotobacter vinelandii / Pseudomonas aeruginosa

Azotobacter and Pseudomonas are aerobic bacteria
which are generally thought to be very different from
one another. Azotobacter is capable of fixing nitrogen
and is very thoroughly characterized in this respect.
Pseudomonas, on the other hand, is prototypic of
bacteria which are able to convert nitrate to nitrogen
gas (denitrification). However, it is becoming more ob-
vious that these organisms are closely related in terms
of their complement of electron transfer proteins, and
that reported differences can be rationalized by the
different modes of growth of the bacteria and methods
of protein isolation and purification. In view of their
similarities, these two organisms will be discussed to-
gether, with the properties of their soluble and peripher-
ally membrane-bound redox proteins given in Tables 111
and IV.

The shared characteristics of the electron transport
pathways of these two species are the simultaneous
occurrence of three Class 1 cytochromes ¢-551, ¢, and
¢s. In fact, these three proteins have been found in
several denitrifying Pseudomonas species and some of
these organisms will be introduced where aspects of
electron transfer have been more thoroughly docu-
mented than in Pseudomonas aeruginosa. Interestingly,
cytochromes ¢-551, ¢, and ¢s are homologous to one
another and have similar redox potentials. However, as
seen in the more detailed description to follow, cyto-
chrome ¢-551 is the only truly soluble (and periplasmic)
one of the three. Although the localization of cyto-
chromes in the soluble or membrane fractions is an
important distinction which must have functional rami-
fications, the detailed role of these proteins is unknown.
There have been spectroscopic studies of whole cells
and membranes which have ascribed functions to one or
more of these three cytochromes, but wavelength max-
ima are so similar that they cannot be resolved, and
there are other less well-characterized cytochromes pre-
sent which make interpretation of such studies virtually
impossible at this time.

In an historical sense, Azotobacter vinelandii is known
as the source of cytochromes ¢, and ¢; and Pseudo-
monas aeruginosa as the source of cytochrome ¢-551. It
is now clear that A. vinelandii contains significant
amounts of cytochrome ¢-551, but it is easily denatured
by the butanol isolation procedure originally developed



TABLE III
Azotobacter vinelandii soluble and peripheral membrane redox proteins

n.d., not determined.

Native Subunit Redox Protein Comments
molecular molecular potential sequence
mass mass (mV)
(kDa) (kDa)
Cytochrome ¢-551 10 10 280 complete
Cytochrome ¢, 24 21 317,273 compleie contains iwo hemes
Cytochrome ¢ 24 10 320 complete has ragged N-terminus
Cytochrome ¢’ 170 n.d. n.d. n.d.
Ferredoxin I 14 14 —420 complete contains 4-Fe-§ and
3-Fe-S clusters
Flavodoxin 21 21 —-250, —500 complete
Ferredoxin II 24 n.d. n.d. n.d. contains 2-Fe-S clusters,
coinduced with nitrogenase
Bacterioferritin 415-660 17 —-416 n.d. contains one heme
per two subunits
Nitrogenase, D, K subunits 245 56, 60 n.d. n.d.
Nitrogenase, H subunit 60 30 —240 complete
—450

4 Measured in the presence of MgATP.

for extracting cytochromes ¢, and cs. Hence, its desig-
nation in the literature as ‘c, minor. P. aeruginosa
produces cytochromes ¢, and cs, but because they are
predominantly membrane-associated, they were not re-
cognized until the minor soluble components derived
from the membrane-bound cytochromes were se-
quenced. P. aeruginosa cytochrome c; is also known as
cytochrome c¢-554.

Swank and Burris [62] developed a procedure for
purification of cytochromes from A. virelandii. They
noted that although some c-type cytochrome were ex-
tracted by buffer alone, substantially more could be

TABLE IV
Pseudomonas aeruginosa soluble and peripheral membrane redox proteins

n.d., not determined.

obtained with butanol extraction. Not suspecting that
the cytochromes isolated by buffer and by butanol
might be different, they omitted the initial buffer ex-
traction for the sake of summplicity and to optimize their
yield of what turned out to be a mixture of cytochromes
¢4 and c¢s. This resulted in low yields of a cytochrome
which was termed ‘c, minor’. Ambler [63] showed that
‘c4 minor’ was the principal soluble cytochrome from
A. vinelandii and that the sequence was closely related
to the cytochromes ¢-551 from Pseudomonas species.
Thus, a specific cytochrome ¢-551 is common to A.
vinelandii and to a number of Pseudomonas species.

Native Subunit Redox Protein Comments

molecular molecular potential sequence

mass mass (mV)

(kDa) (kDa)
Cytochrome ¢-551 10 10 260 complete
Cytochrome c5 n.d. 10 340 partial ragged N-terminus
Cytochrome c,4 21 21 322, 268 partial contains two hemes
Cytochrome cd 85-120 63 288, 218 partial induced by NOy
Cytochrome ¢ peroxidase 43 43 320, —330 partial contains two hemes
Azurin 14 14 327 complete
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The distribution and properties of Pseudomonas and
Azotobacter cytochromes ¢-551 have been reviewed by
Meyer and Kamen [3] and will not be discussed in
detail here. The protein is homologous to mitochondrial
cytochrome ¢, but contains only 82 amino acid residues
and shows significant differences in three-dimensional
structure. Unlike mitochondrial cytochrome ¢, P. aeru-
ginosa cytochrome ¢-551 has a uniform distribution of
charged amino acid side chains on its surface and there
is no concentration of either positive or negative charge
near the exposed heme edge, which is presumably where
electron transfer most readily occurs. Meyer et al. [15]
showed that P. aeruginosa cytochrome c-551 has only a
weak negative charge at the site of reduction by FMN
semiquinone and Tollin et al. [16] showed a similar
effect with flavodoxin semiquinone reduction of the
cytochrome. Thus, these in vitro studies suggest that
electrostatic interactions between cytochromes ¢-551 and
its reaction partners are not likely to have much of a
role in its function, a result in sharp contrast with
mitochondrial cytochrome ¢ or bacterial cytochromes
¢,, which have a large positive charge near the exposed
heme edge and interact strongly with charged oxidants
and reductants. Cytochrome ¢-551 has been shown to
be a good electron donor for the cytochrome cd type of
nitrite reductase in denitrifying P. aeruginosa, but a
poor donor for P. denitrificans cytochrome cd [19]. In
contrast, P. denitrificans cytochrome ¢, is a good donor
for the P. denitrificans cytochrome cd, but is not effec-
tive with P. aeruginosa cytochrome cd. At least part of
these differences in specificity must be due to the uni-
form surface charge distribution in the cytochromes
¢-551 as opposed to the cytochromes c,. Importantly,
A. vinelandii is unable to denitrify and a cytochrome cd
has not been detected. Therefore, cytochrome ¢-551
must have a different physiological role in A. vinelandii.
It is also likely that cytochrome ¢-551 is not the only
electron donor to cytochrome c¢d in P. aeruginosa and
its role is unlikely to be limited to anaerobic metabolism
because it is present in aerobic as well as anaerobic
cells.

Cytochrome c¢s is predominantly membrane-bound,
but is also present as a minor component in the soluble
fraction. Campbell et al. [64] improved the Swank and
Burris [62] isolation procedure and showed that there
was more than one form of cytochrome cs, one isozyme
of which was designated cytochrome ¢-555. Ambler and
Taylor [65] showed that the principal isozyme in Pseu-
domonas mendocina had a ragged N-terminus and was
probably a proteolytic fragment of a larger protein.
Presumably the missing N-terminal fragment acts as a
membrane anchor. Ambler [64] also showed that cyto-
chrome ¢; commonly occurs in Pseudomonas species.
The amino acid sequence of A4. vinelandii ¢, is closely
related to that of P. mendocina [66]. Cytochrome ¢, is
recognized by the alpha peak in the visible absorption

spectrum which is shifted slightly to the red (554-555
nm), by its dimeric nature, and by the presence of a
disulfide bond. The dimer is about the same size as
cytochrome ¢, and the monomer is about the same as
cytochrome ¢-551 (9 kDa). The three-dimensional struc-
ture of cytochrome c; [66] shows that the protein is
folded approximately the same as is cytochrome c-551.
The protein crystallizes as a dimer and the dimer inter-
face occludes the heme edge, which is solvent exposed
in cytochrome ¢-551. However, the physiological signifi-
cance of dimerization is unknown. In unpublished work,
we have found that cytochrome c5 behaves like a mono-
mer in its reaction with non-physiological reductants
(e.g., flavin semiquinones). There are also minimal elec-
trostatic effects on kinetics of reduction of cytochrome
¢s as might be predicted from the crystal structure
which indicates no significant charge clustering in the
vicinity of the exposed heme edge. Thus, cytochrome c;
may be functionally interchangeable with cytochrome
¢-551 in vitro. Goodhew et al. [67] found that cyto-
chrome ¢ in Pseudomonas stutzeri was periplasmic and
more abundant in aerobic than in anaerobic cells,
whereas the periplasmic cytochrome ¢-551 was constitu-
tive. Thus, cytochrome c¢s; may be distinguished from
cytochrome ¢-551 in a functional sense by its predomi-
nant membrane localization and by its apparent repres-
sion in anaerobic cells.

Cytochrome ¢, is membrane-bound, and when
solubilized it does not aggregate. The molecular mass is
about 18 kDa and it contains two hemes. The amino
acid sequence of A. vinelandii cytochrome c, suggests
that the protein is the product of a gene-doubling event
[68]. N-terminal sequences indicate that cytochromes c,
are found in several species of Pseudomonas [69]). A
preliminary report of the three-dimensional structure of
P. aeruginosa cytochrome ¢, shows that the two halves
of the protein are folded in separate domains, each of
which is similar in overall folding to cytochromes ¢-551
and c [70]. There is no apparent stretch of hydrophobic
residues in the amino acid sequence which might anchor
the cytochrome to the membrane suggesting that it may
be bound by electrostatic forces, although Pettigrew and
Brown [71] propose that the hydrophobic interface be-
tween the two domains may be the site of attachment to
the membrane. The two hemes in cytochrome ¢, have
different redox potentials and there is no indication that
they interact [72]). Goodhew et al. {67] found cyto-
chrome ¢, in membranes of both aerobic and anaerobic
cells. Pettigrew and Brown [71] quantitated membrane-
bound and soluble cytochrome ¢, in several species and
concluded that it was predominantly membrane-bound
in all bacteria and present at similar levels under all
growth conditions examined.

To summarize to this point, there are three small
cytochromes in A. vinelandii and various pseudomonas
species which are closely related structurally and which



have not been functionally resolved. We have em-
phasized similarities among these species, but there are
both real and apparent differences in theu complement
of other electron transfer proteins.

In membranes of Pseudomonas aeruginosa, Wood
and Willey [73] found a cytochrome ¢-551, which had a
redox potential of 300 mV and molecular mass 32 kDa.
They equated this protein with cytochrome ¢,, which is
the electron donor to cytochrome ¢ in mitochondria or
to cytochrome c, in Rb. capsulatus. Matsushita et al.
[74] obtained similar results and observed additional
cytochromes which were not characterized. Goodhew et
al. [67] reported a membrane-bound 31 kDa cytochrome
in Pseudomonas stutzerii but it was ounly present in
aerobic cells. If the 32 kda cytochrome from P. stutzeri
is a component of the bc; complex, we would expect it
to be present in anaerobic as well as aerobic cells,
because the denitrifying enzyme, cytochrome cd (see
below), interacts with soluble Pseudomonas cytochrome
¢-551, which also should interact with a cytochrome ¢,
unless there is coupling at the level of quinone. Thus,
more work is required to establish whether the P. stut-
zerii 32 kDa protein is cytochrome ¢,. Mareover, more
convincing evidence is necessary . before we conclude
that cytochrome ¢, is present in other Pseudomonas
species or in Azatobacter species.

Also relevant to the question of whether there is a
be, complex in Pseudomonas and Azotobacter is ‘what
type of oxidase do these bactena utihze? Branched
oxidase pathways are common in bacteria and are typi-
cally either quinol or cytochrome oxidases. As already
discussed for E. coli, there are only quinol oxidases,
which neither require nor utilize ¢-type cytochromes or
the bc, complex. The principal oxidase in A. vinelandii
is‘a cytochrome d, which cannot oxidize the dye TMPD
(N,N,N’,N’-tetramethyl-p-phenylenediamine dihydro-
chloride) [75] suggesting that it is a quinol oxidase
rather than a cytochrome oxidase because TMPD
oxidation is supposedly mediated by cytochrome c. A
d-type oxidase has been thoroughly characterized in E.
coli as a quinol oxidase and presumably all d-type
axidases are related [31,32]. A. vinelandii mutants com-
pletely lacking cytochrome c still contain cytachrome 4
(761, however, wild-type cells can oxidize TMPD and
thus presumably contain an alternate cytochrome
oxidase. Yang [77] purified an o-type oxadase from 4.
vinelandii which had a single subunit (28 kDa) and a
redox potential of —30 mV. TMPD oxidase activity
with this preparation is dependent on the presence of
c-type cytochrome, which itself is not a substrate. Pre-
sumably this oxidase also uses quinol as substrate and is
not the cytochrome oxidase postulated to be present.

Cytochrome cd (nitrite reductase) is found in various
Pseudomonas species but not in A. vinelandii. Goodhew
et al. [67] showed that it is abundant and periplasmic in
nitrate grown anaerobic cells, but virtually absent in
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aerobic cells of P. stutzerii. The properties of cyto-
chrome ¢d have been reviewed elsewhere [3] and will
not be repeated here. Physiologically, it appears that
soluble cytochrome ¢-551 is the immediate electron
donor to cytochrome cd.

Azurin is homologous to the plant copper protein
plastocyanin both In amino acid sequence (78] and
three-dimensional structure [79,80], with the copper-
binding sites being essentially the same. Features unique
to azurin are the presence of a disulfide bond and the
uniform charge distribution on the molecular surface.
The presence of cysteines beyond those required for
copper ligation allow one to distinguish azurin from the
copper protein found in P. denitrificans (pseudoazurin)
which contains only one cysteine as already discussed.
Azurin is a good substrate for cytochrome ¢d and, like
the latter, is found in various Pseudomonas species but
not A. vinelandii. There is rapid electron transfer be-
tween cytochrome ¢-551 and azurin [81,82] and they
may be considered interchangeable in their interactions
with cytochrome c¢d. The redox potential of azurin is
similar to that of cytochrome ¢-551 and the site of
reduction by free flavin semiquinanes shows very small
electrostatic effects (83]. Therefore, in a physico-chem-
ical sense, azurin is very similar to cytochrome ¢-551.

Nitrous oxide reductase was purified from Pseudo-
monas stutzerii and charactenized as a labile copper
protein [105], with four coppers per subunit. The gene
sequence yields a subunit of molecular mass 71 kDa,
and a 12-residue segment shows homology to the
copper-binding subunit II of cytochrome oxidase [85].
All denitrifying Pseudomonas species are expected to
produce this enzyme.

There are two additional cytochromes found in Pseu-
domonas species, and both are diheme. P. aeruginosa
cytochrome ¢ peroxidase has two heme groups per 43
kDa monomer. It utilizes both cytochrome ¢-551 and
azurin as substrate and in tlus sense resembles cyto-
chrome cd (see Ref. 3 for a relatively recent review).
Redox and EPR properties have been characterized
with the active form of the enzyme which is the half-re-
duced species [86]. One heme is high-spin at room
temperature, but becomes low-spin at liquid nitrogen
temperature. One heme has a redox potential of 320 mV
and the other has one of —330 mV.

Cytochrome ¢’ is a common protein in purple photo-
trophic bacteria such as R. capsulatus and R. spheroides,
but is also found in some aerobes and denitrifiers (such
as Alcaligenes). Cytochrome ¢’ has been found in A.
vinelandii [87], but not in any of the Pseudomonas
species. A. vinelandii cytochrome ¢’ has the distinction
of being the largest in its class, with a molecular mass of
170 kDa. Neither subunit structure nor sequence has
been determined to date, but the cytochromes ¢’ in
other species are generally dimers of 14 kDa subunits.
By analogy, the A. vinelandii protein might therefore
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contain as many as 12 subunits. A functional role has
not been established for any of the cytochromes ¢’.

A. vinelandii contains bacterioferritin similar in prop-
erties to that described already for E. coli. Although not
reported to date in Pseudomonas, bacterioferritin has a
large molecular mass, low solubility and unsatisfactory
chromatographic behavior all of which make isolation
difficult and its presence in new species cannot easily be
excluded.

Nitrogen fixation is a pathway found in virtually all
purple and green phototrophic bacteria, but very few
coliforms or Pseudomonads are known to have this
capability. This may partly be due to the fact that the
former are predominantly anaerobic and the latter are
primarily aerobic bacteria. Nitrogenase is typically
oxygen-labile and nitrogen fixation is generally thought
to be a strictly anaerobic process. Azotobacter species
are, thus, interesting organisms in that they can only
grow aerobically and yet are able to fix nitrogen. It is
apparent that the enzyme must somehow be protected
from oxygen, perhaps through compartmentalization,
although the precise mechanism is unknown. A small,
2-Fe-S ferredoxin has been shown to afford some pro-
tection to nitrogenase as will be discussed below.
Another requirement of nitrogenase is for a low redox
potential reductant. In Azorobacter, the reductant has
not been identified in vivo. In Clostridium, this role is
filled by an 8-Fe-S ferredoxin, but in Klebsiella (one of
the coliforms) a flavodoxin is induced along with
nitrogenase and shown to be the obligate electron donor
[88]. To complicate matters, three separate nitrogenase
isozymes have been found in A. vinelandii [89). The
nitrogenase usually expressed contains molybdenum in
addition to ircon, but under conditions of molybdenum
deficiency, an alternative vanadium-containing isozyme
(89-92], or one which has no metal other than iron is
expressed [89]. The redox potentials of the different
nitrogenases were found to be similar [90]. It is possible
that they might all use the same reductants, but one
should leave open the possibility that these may also be
different.

Flavodoxin is abundant in nitrogen-fixing A. vine-
landii, and Scherings et al. [93] have shown that it is the
best in vitro electron donor of those tested for
nitrogenase. It had previously been shown that
flavodoxin is induced in C. pasteurianum only under
conditions of iron deficiency [94], and substitutes for
ferredoxin. In contrast, the flavodoxin gene in Kleb-
siella is tightly linked to those for nitrogen fixation and
it is the sole reductant for the enzyme [95]. This is not
the case for A. vinelandii. Flavodoxin is constitutive
although more plentiful under nitrogen-fixing condi-
tions, and when the gene is deleted, 4. vinelandii is able
to produce alternative electron donors to nitrogenase
[96]. Not only are there three nitrogenase isozymes in
Azotobacter, but Klugkist et al. [97] found three

flavodoxin isozymes as well. They differ in amino acid
composition and redox potential. It is possible that a
flavodoxin isozyme could serve as alternate electron
donor, but it is equally probable that one or more
8-Fe-S ferredoxins could fill that role. The sequence of
one of the A. vinelandii flavodoxin isozymes has been
determined and it is homologous to that from C.
pasteurianum [96] for which a three-dimensional struc-
ture has been determined [98]. There is no leader se-
quence, which suggests that flavodoxin resides in the
cytoplasm. In vitro kinetics of the interaction of A.
vinelandii and C. pasteurianum flavodoxins with non-
physiological donors and acceptors have been studied
[99]. They were for the most part similar, but there were
also notable steric differences, which may have some
bearing on the function. Thus, the FMN in C
pasteurianum flavodoxin appears to be more exposed.
The most notable characteristic of flavodoxin from both
species is the large negative charge surrounding the
exposed edge of the flavin, reminiscent of the positive
charges surrounding the exposed edge of the heme in
some cytochromes c¢. This undoubtedly has mechanistic
consequences in vivo as well as in vitro. With regard to
interaction with nitrogenase, it suggests a positively
charged site of reduction.

A. vinelandii ferredoxin I has been thoroughly char-
acterized in terms of gene sequence [100] and three-di-
mensional structure [101,102]. There are 107 amino acid
residues which is twice the size of typical Clostridial
ferredoxins. There is no leader sequence, which suggests
cytoplasmic localization. It has been shown to be an
effective electron donor to nitrogenase in vitro, but
when the gene was deleted, there was no effect on
nitrogen fixation [100]. It is a single copy gene, there-
fore alternate electron donors for nitrogenase must ex-
ist, just as is found for deletion of the flavodoxin gene.
It is necessary to construct a double mutant lacking
both flavodoxin and ferredoxin to determine whether a
third possible donor exists.

A ferredoxin gene was discovered in A. chrococcum
when the gene for one of the nitrogenase isozymes was
cloned and sequenced [103]. A ferredoxin gene was
discovered at- another nitrogen fixation locus in A.
vinelandii and Bradyrhizobium japonicum [104]. It is not
known what conditions effect expression of these genes
and deletion mutants have not yet been constructed.
These small ferredoxins are homologous to those from
phototrophic bacteria, and in fact they are closer to the
latter in amino acid sequence than either is to A.
vinelandii ferredoxin 1. The presence of a five-residue
insertion in these proteins plus an extra cysteine links
them in an evolutionary sense. Rhizobium conlains a
ferredoxin gene labeled fix X which is apparently re-
quired for nitrogen fixation [105] and which hybridizes
to A. vinelandii DNA. The sequence is related to
Azotobacter ferredoxin I. The implication is that there



may be additional ferredoxin isozymes in Azotobacter
species.

As mentioned above, nitrogenase is extremely
oxygen-sensitive and Aczotobacter and other aerobic
nitrogen-fixing bacteria must have mechanisms to pro-
tect it from inactivation. In most cyanobacteria, protec-
tion is afforded by differentiation of special nitrogen-
fixing anaerobic cells called heterocysts. In Azotobacter
one could imagine that nitrogen-fixation takes place in
the cytoplasm and that oxygen reduction takes place on
the periplasmic side of the cell membrane to prevent
oxygen interacting with the labile nitrogenase. However,
this is contrary to the usual situation, where oxidases
reduce oxygen on the cytoplasmic side of the mem-
brane, thus contributing to the proton gradient neces-
sary for energy conservation. Perhaps the Azotobacter
oxidase uniquely reduces oxygen on the periplasmic side
of the membrane. Data are presently unavailable that
address this point.

Less speculatively, it has been shown that an abun-
dant A. vinelandii 2-Fe-S ferredoxin (labelled ferredo-
xin II) confers protection to nitrogenase against oxygen
inactivation [93]. The amino acid sequence of a related
protein from C. pasteurianum has been determined [106}.
This ferredoxin has no obvious homology to any other
known ferredoxin. No genetic experiments have been
done with this protein, but they are clearly necessary to
determine whether this may be the sole or even prin-
cipal mechanism of oxygen protection.

Central observations with Azotobacter and Pseudo-
monas are the similarity of cytochrome ¢-551, ¢4 and
¢s. Unfortunately, the functions of the proteins are
unclear, hence the metabolic roles, the same or differ-
ent, have not been defined. Equating functionally simi-
lar P. aeruginosa cytochrome ¢-551 to P. denitrificans
cytochrome c¢,, and P. denitrificans pseudoazurin to P.
aeruginosa azurin and remembering that both P. aeru-
ginosa and P. denitrificans contain cytochrome cd, then

TABLE V
Alcaligenes sp. soiuble and peripheral membrane redox proteins

n.d., not determined.

13

some intrinsic similarities between these two denitrify-
ing organisms are obvious. In contrast, A. vinelandii is
quite distinct from P. aeruginosa and P. denitrificans in
that it contains a variety of ferredoxins and flavodoxins
which are apparently related to its ability to fix nitro-
gen. Moreover, A. vinelandii contains both bacteriofer-
ritin and cytochrome ¢’ which have not been found in
P. aeruginosa and P. denitrificans. Presumably, the cy-
tochrome ¢’ plays some distinct metabolic role, al-
though what role is not clear. Nevertheless, it is rela-
tively easy to rationalize the similarities and differences
among P. denitrificans, P. aeruginosa and A. vinelandii
based on their metabolism, but with overlapping com-
ponents for overlapping functions. That is, these three
organisms have similarities which cannot be noted when
comparing them to E. coli or Bacillus species.

V1. Alcaligenes sp.

Alcaligenes sp. NCIB 11015 grows in much the same
manner as P. aeruginosa or P. denitrificans. However,
the electron-transfer proteins present in this organism
provide an interesting contrast to those of the other
denitrifiers (Table V). The predominant electron-trans-
fer proteins in the soluble fraction of Alcaligenes grown
under denitrifying conditions are azurin, cytochrome ¢’,
and a copper-containing nitrite reductase [107,108].
There are no significant amounts of small, soluble, high
redox potential cytochromes, which are so typical of
Pseudomonas species and Paracoccus denitrificans, al-
though the bright red membranes indicate large amounts
of particulate cytochrome. In fact, Shidara [109] iso-
lated cytochromes ¢-556 and ¢-551 from the membranes
using a butanol extraction procedure similar to that
used to prepare cytochromes ¢, and ¢s from A. vine-
landii. The diheme cytochrome ¢-551 has molecular
weight 29000 and redox potential 262 mV, whereas the
monoheme cytochrome ¢-556 has a molecular weight of

Native Subunit Redox Protein Comments

molecular molecular potential sequence

mass mass (mV)

{kDa) (kDa)
Azurin 16 16 230 complete contains one copper
Nitrite reductase 70 37 260 nd. contains one copper

per subunit

Cytochrome ¢’ 27 14 90 complete
Cytochrome ¢-556 18 n.d. 291 n.d. one heme
Cytochrome ¢-551 29 n.d. 262 n.d. two hemes
Cytochrome ¢-553 45 n.d. 0, —90 n.d. two hemes
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18000 and redox potential of 291 mV [109]. However,
there is insufficient information available to equate
Shidara’s cytochromes with cytochromes ¢, and cs.
Another diheme cytochrome (cytochrome ¢-553) was
isolated from the soluble fraction of aerobic cells [110],
but it has a larger molecular weight (45000) and low
redox potential.

The amino acid sequence of Alcaligenes azurin has
been determined and it is closely related to those from
Pseudomonas (Ambler, quoted by Ryden and Lundgren
[111]) as is the three dimensional structure [112]. Azurin
appears to be the sole electron donor to nitrite re-
ductase, which is also a copper protein. In contrast, in
P. aeruginosa, azurnn is an alternate electron donor to a
cytochrome cd type of nitrite reductase. Azurin appears
to be the only electron-transfer protein common to
Alcaligenes and P. aeruginosa.

The amino acid sequence of Alcaligenes cytochrome
¢’ has been determined [113] and it is as similar to the
phototrophic bacterial proteins as they are to one
another suggesting a common evolutionary origin. Cyto-
chrome ¢’ is not generally found in other denitrifiers
such as Pseudomonas species and is a minor component
of A. vinelandii. There is no known function for cyto-
chrome ¢’ in Alcaligenes where it is abundant.

Alcaligenes has evolved a distinctive motif for elec-
tron transfer proteins as compared to P. aeruginosa and
P. denitrificans using a copper containing nitrite re-
ductase and no soluble high-potential c-type cyto-
chromes. Nevertheless, azurin or pseudoazurin is com-
mon to all three organisms. In contrast, Alcaligenes has
cytochrome ¢’ in common with A. vinelandii but no

TABLE VI
Rb. sphaeroides soluble redox proteins

n.d., not determined.

other obvious similarities in terms of soluble redox
proteins.

VII. Rhodobacter capsulatus / Rhodobacter sphaeroides

Rb. capsulatus and Rb. sphaeroides are both photo-
trophic purple bacteria, which have a number of fea-
tures in common with regard to electron transfer yet
have distinct differences. (See Tables VI and VII for
redox protein composition.) Both organisms can be
anaerobically grown in the light or aerobically grown in
the dark. The principal soluble proteins in both cases
are cytochrome ¢, (related to cytochrome ¢, from
Paracoccus denitrificans) and cytochrome ¢’ (also found
in Azotobacter, Alcaligenes and Chromatium). It is gen-
erally believed that cytochrome c, serves as electron
donor to both cytochrome oxidase in aerobic growth
and to reaction centers in photosynthetic growth [114].
However, a number of interesting observations have
been made in recent years which make the situation less
clear. In Rb. capsulatus, it is well established that cyto-
chrome ¢, is a periplasmic protein from both direct
measurements [115] and from the gene sequence which
indicates an amino terminal extension of 21 amino acids
which is related to known signal sequences in other
proteins and necessary for transport across the cyto-
plasmic membrane [116]. Rb. sphaeroides cytochrome c,
gene also has a 21 residue leader sequence [117]. How-
ever, mutants of Rb. capsulatus in which the cyto-
chrome ¢, gene has been deleted are still capable of
photosynthetic growth, with cell yields typical of the
wild type when grown on a rich medium [116]. In the

Native Subunit Redox Protein Comments
molecular molecular potential sequence
mass mass (mV)
(kDa) (kDa)
Cytochrome ¢, 13 13 356 complete essential for photosynthetic growth
Cytochrome ¢’ 23 13 30 complete
Sphaeroides
heme protein 13 13 -22 partial binds O,
Cytochrome ¢-551.5 21 16 —254 n.d.
Cytochrome ¢-554 4 14 203 complete induced by O,
Cytochrome ¢-552 13.5 nd. 250 n.d. induced by nitrate
Nitrate reductase 60-112 n.d. 250 n.d. contains Mo, hence ¢, induced by nitrate
Nitrite reductase 80 38, 40 n.d. n.d. contains two Cu, induced by nitrate
N,O reductase 75 75 n.d. n.d. contains four Cu
DMSO reductase 82 82 n.d. n.d. contains Mo, induced by DMSO
Ferredoxin n.d. nd. n.d. n.d.




TABLE VII
Rb. capsulatus soluble redox proteins

n.d., not determined.
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Native Subunit Redox Protein Comments
molecular molecular potential sequence
mass mass {mV)
(kDa} {kDa)
Cytochrome ¢, 13 13 358 complete not required for
photosynthetic growth
Cytochrome ¢’ 26 14 51 complete
Nitrate reductase n.d. 90 n.d. n.d. contains Mo, induced
N,O reductase nd. 76 n.d. n.d. contains Cu
TMAUO reductase/
DMSO reductase n.d. 46 n.d. n.d. induced by TMAO or DMSO
Ferredoxin 12 n.d. n.d. n.d. contains two 4-Fe-S clusters

deletion mutants, it has been shown that there is rela-
tively rapid direct electron transfer from cytochrome c,
of the bc; complex to the reaction center which ap-
parently supports photosynthetic growth [118]. In sharp
contrast, cytochrome ¢, deletion mutants of Rb.
sphaeroides are unable to grow photosynthetically [119].
These resulis suggest that the architecture of the Rb.
capsulatus and Rb. sphaeroides membranes are quite
different with the bc,; complex in Rb. capsulatus able to
approach and to donate efficiently an electron to the
reaction center, but not in Rb. sphaeroides.
Cytochrome ¢, is apparently directly oxidized by
photosynthetic reaction centers and then reduced in
turn by a cytochrome bc, complex. The three-dimen-
sional structure of Rb. sphaeroides reaction center has
been solved [120] and the gene sequence for Rb.
sphaeroides and Rb. capsulatus reaction centers has
been determined [121,122]. In both cases the reaction
center is similar to that of Rps. viridis (123] except that
the latter has a tetraheme cytochrome subunit which is
absent in Rb. sphaeroides and Rb. capsulatus. The inter-
action of cytochrome ¢, with reaction center was mod-
eled by Allen et al. [120]. The proteins are proposed to
interact via complementary charge interactions with the
heme and chlorophylt 1.1 nm apart in the hypothetical
iransient complex. On the other hand the reaction center
cytochrome subunit in Rps. viridis is close 10 the chlo-
rophyll and is bound by hydrophobic interactions to the
other subunits. It should be emphasized that the cyto-
chrome bc, complex, the presumed reductant for cyto-
chrome ¢, has only been demonstrated in Rb.
sphaeroides and Rb. capsulatus where the gene sequence
of the bc, operon has been determined [124-126]. The
three subunits are homologous to those from Paracoc-
cus. Although we expect all phototrophic bactena to
contain a cytochrome bc¢, complex, detailed evidence is
lacking in all species but these two. Davidson and

Daldal [126] have not published the Rb. sphaeroides
cytochrome b gene sequence, but report that it is closely
related to that from Rb. capsulatus. A cytochrome b-562
gene was cloned from Rb. sphaeroides and sequenced
by Iba et al. [127]. This cytochrome was supposedly
derived from the cytochrome bc, complex, but there is
no similarity to the Rb. capsuwlatus cytochrome b either
in size (17 kDa vs. 40 kDa, respectively) or sequence.

The cytochrome & and ¢, genes were deleted in Rb.
capsulatus, which resulted in complete loss of the cyto-
chrome bc, complex [128]. As expected this mutant was
unable to grow photosynthetically, but it was found that
there were 26 and 33 kDa cytochromes ¢ (£, =312
mV) remaining in the membrane. Cytochrome bc,-
minus, cytochrome c,-minus mutants were unable to
reduce photooxidized reaction center [128], which dem-
onstrates that cytochrome ¢, is the electron donor in
mutants which only lack cytochrome c,. The newly
discovered membrane-bound cytochromes in Rb.
capsulatus are inactive in coupling bc, to reaction center
and no role has yet been assigned for them.

It has been shown that Rb. capsulatus has a branched
terminal oxidase pathway and that mutants in one or
the other oxidase still allow aercbic growth {129] while
double mutants which lack both oxidases will not grow.
In Rb. capsulatus, there is a cytochrome o-type quinol
oxidase and a cytochrome o-type cytochrome oxidase
[130,131]. The cytochrome oxidase punfied from aerobic
cells [132] contains a single subunit of 65 kDa and has a
redox potential of 385 mV. Interestingly, a c-type cyto-
chrome (cytochrome ¢-552) accompanted this oxidase
until the final stages of purification {133]. This c-type
cytochrome appears to have a native size of 25 kDa
with a subunit molecular weight of 12000 and a redox
potential of 234 mV. This situation is similar in many
respects to that detailed earber for the Paracoccus
oxidase [17]. Most importantly, the Rb. capsulatus c-type
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cytochrome did not cross-react with antibodies against
cytochrome c¢,. Presumably this membrane-bound cyto-
chrome ¢ is intimately associated with the oxidase in
vivo. Daldal [134] combined the oxidase mutants with
cytochrome ¢, minus mutants to show that cytochrome
¢, is not necessary for aerobic growth when the quinol
oxidase is absent. Presumably, the cytochrome ¢ accom-
panying the oxidase during purification {133] is func-
tional in mediating electron transfer between the cyto-
chrome bc; complex and the oxidase. Alternatively,
Daldal [134] proposes that the cytochrome ¢, may
interact directly with oxidase when cytochrome ¢, is
absent. In the case of Rb. sphaeroides, an a-type oxidase
has been purified [135]. This oxidase is highly active
with yeast and horse cytochrome c¢ but its activity with
Rb. sphaeroides cytochrome c, has not been examined.

The cytochromes ¢’ from both Rb. sphaeroides and
Rb. capsulatus appear to be typical of this class of
c-type cytochrome. Both Rb. capsulatus and Rb.
sphaeroides cytochromes ¢’ are quite acidic (p/ =5.1).
However, there is little or no charge at the site of
reduction by non-physiological electron donors [136].
As is typical of the cytochromes ¢’, the physiological
electron donors and acceptors are unknown.

In contrast to Rb. capsulatus, Rb. sphaeroides con-
tains a number of soluble cytochromes in addition to
cytochrome ¢, and cytochrome ¢’ [137]. A soluble
high-spin c-type cytochrome capable of oxygen binding
has been found. This cytochrome, termed sphaeroides
heme protein (SHP), is spectrally similar to cytochrome
¢’, but based on available partial amino acid sequence
data [137] it apparently constitutes a distinct structural
class with no detectable homology to any known cyto-
chrome c¢. Rb. sphaeroides also yields a low-potential
cytochrome ¢-551.5 (E_ ;= —254 mV). Based on the
very low midpoint potential as well as absorption spec-
tra typical of cytochromes c;, this cytochrome presuma-
bly has bis-histidine ligation and may be a Class-III
c-type cytochrome. However, an amino acid sequence is
needed before any conclusions can be drawn as to its
evolutionary relationships. Finally, a cytochrome ¢-554
has been isolated from Rb. sphaeroides which is a
low-spin member of the Class-11 c-type cytochromes
based on amino acid sequence homology (Ambler et al.,
unpublished results). At the present time the function of
the sphaeroides heme protein, cytochrome ¢-551.5 and
cytochrome ¢-554 are unknown.

Ferredoxin has been purified from Rb. capsulatus
[138] and has properties similar to those of Clostridium
8-Fe-S ferredoxin. However, Rb. capsulatus ferredoxin
is inactive with Clostridial hydrogenase and only half as
effective as Clostridium ferredoxin when assayed as an
electron donor for Rb. capsulatus nitrogenase [138]. Rb.
sphaeroides also has a ferredoxin, presumably similar to
the Rb. capsulatus ferredoxin; however, no detailed
studies have been carried out.

Both Rb. capsulotus and Rb. sphaeroides are meta-
bolically diverse with a number of redox enzymes in-
ducible when grown on the appropriate substrates. A
copper-containing nitrous oxide reductase is present in
Rb. sphaeroides [139] as well as in Rb. capsulatus and is
apparently widely distributed in the purple phototrophs
[140] (the properties of this enzyme appear to be very
similar to a nitrous oxide reductase from Pseudomonas
stutzerii [84,85]). Both Rb. capsulatus and Rb.
sphaeroides contain distinct nitrate reductases. The Rb.
capsulatus nitrate reductase is periplasmic; it contains a
molybdopterin cofactor but no heme, with a subunit
molecular weight of 90000 [141]. In contrast, the nitrate
reductase from Rb. sphaeroides contains molybdenum
and a c-type cytochrome, total molecular weight
60000-112000 [142). The midpoint potential of the
c-type cytochrome in the Rb. sphaeroides nitrate re-
ductase complex is 250 mV [143]. Thus, it is apparently
not cytochrome c,. The E. coli nitrate reductase ap-
pears to be unrelated because it is membrane bound
and has a different subunit composition including a
b-type cytochrome [38].

Both Rb. capsularus and Rb. sphaeroides can be
induced by growth in the presence of dimethylsulfoxide
to produce a DMSO reductase. This is a soluble, peri-
plasmic protein [141,144]. The DMSO reductase from
Rb. sphaeroides is a monomer with a molecular weight
of 82000 and contains a molybdopterin cofactor. Rb.
spheroides and Rb. capsulatus DMSO reductases also
use trimethylamine N-oxide (TMAQO) and methionine
sulfoxide as electron acceptors. When grown on dimeth-
ylsulfoxide, Rb. sphaeroides produces a pair of mem-
brane-bound c-type cytochromes (molecular weights
20000 and 45 000) [145]. Only the 44 kDa cytochrome is
induced in Rb. capsulatus [146]. Deletion mutants of the
cytochrome bc, complex in Rb. capsulatus are still able
to grow on DMSO, but mutants completely lacking
c-type cytochromes no longer grow on DMSO [124].
This suggests that the 44 kDa cytochrome probably
interacts with quinone and bypasses the bc; complex
and cytochrome c,.

When grown on nitrate, a denitrifying strain of Rb.
sphaeroides produces a soluble high redox potential
cytochrome ¢-552 [147] with a molecular weight of
13500. This may be the same cytochrome as found
associated with the nitrate reductase complex [142] as
the two cytochromes have similar redox potentials. In
addition, a nitrite reductase is induced. This enzyme has
two coppers, a molecular weight of 80000 and two
similar sized subunits of 38000 and 40000 [148,149].
Cytochrome c, is an effective electron donor for nitrite
reductase in vitro and is probably the natural electron
donor in vivo.

In summary, Rb. capsulatus and Rb. sphaeroides
provide an interesting contrast in that they are similar
metabolically and in terms of soluble redox proteins in



that both produce cytochrome c,, cytochrome ¢’ and
ferredoxin in abundance. Also, in both organisms ad-
ditional redox proteins are induced by nitrate, DMSO
and TMAQ. Nevertheless, in terms of minor compo-
nents these bacteria are quite distinct. Thus Rb.
sphaeroides, but not Rb. capsulatus, contains SHP, cyto-
chrome c¢-551 and cytochrome c¢-554 under normal
growth conditions. The significance of this will have to
await elucidation of the function of the minor compo-
nents but suggests that Rb. sphaeroides has distinct
metabolic pathways in addition to those of Rb. capsula-
tus.

VII1. Rhodopseudomonas viridis / Chromatium vinosum

Rb. viridis and C. vinosum, although quite distinct in
most respects, have one principal common feature,
namely the presence of a multiheme membrane-bound
cytochrome which is tightly associated with the photo-
synthetic reaction center. This is in sharp contrast to
many purple phototrophic bacteria, for example, Rb.
sphaeroides and Rb. capsulatus, which have reaction
centers which do not contain bound cytochromes.

Rps. viridis 1s an unusual purple phototrophic
bacterium in several ways. First, it contains bacterio-
chlorophyll b, which 1s found in only four other species
(Thiocapsa pfennigii, Ectothiorhodospira halochoris, Ecto-
thiorhodospira abdelmalekii, and Rhodopseudomonas sul-
foviridis). Second, it produces an abundant cytochrome
¢, which is more closely related to mitochondrial cy-
tochrome ¢ than are many of those from bacteria which
can grow fully aerobically and have an a-type oxidase
[150]). However, Rps. viridis 15 a microaerophile and

TABLE VIII
Chromatium vinosum soluble and peripheral membrane redox proteins

n.d., not determined.
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grows better as a phototroph than in the air. Third,
Rps. wviridis has a large, membrane-bound, tetraheme
cytochrome which is tightly bound to the reaction center.
Fourth, Rps. viridis apparently has no soluble cytochro-
mes other than cytochrome c¢,.

In contrast, C. vinosum, a purple-sulfur photosyn-
thetic bacterium, does not have an abundant, high
redox potential soluble cytochrome. The principle solu-
ble electron-transfer proteins in C. vinosum are HiPIP,
cytochrome ¢’, flavocytochrome ¢, and bacterial fer-
redoxin (see Table VIII). However, C. vinosum does
contain a reaction-center-associated membrane cy-
tochrome, similar to that found in Rps. viridis (see next
section).

The Rps. viridis reaction center complex was the first
such three-dimensional structure to be solved [123). It is
composed of four subunits: L, M and H similar to those
of Rb. sphaeroides and other photosynthetic bacteria,
and a heme-containing subunit (not found in Rb.
sphaeroides). The L and M subunits span the membrane
and bind the reaction center pigments including 4
bacteriochlorophylls, 2 bacteriopheophytins, 1 iron and
2 quinones. The H subunit is located on the cytoplasmic
side of the membrane, whereas the cytochrome subunit
is on the periplasmic side. The Rps. viridis reaction
center cytochrome gene is adjacent to those for the L
and M reaction center subumt genes and all three genes
have been cloned and sequenced [151,152]. It must be
stressed that the L, M and H subunits of Rps. viridis are
homologous with those of the Rb. sphaeroides and Rb.
capsulatus reaction centers. The Rps. viridis reaction
center cytochrome has an unusual structure in that
three hemes have His—Met coordination and one has

Native Subunit Redox Protein Comments

molecular molecular potential sequence

mass mass (mV)

(kDa) (kDa)
HiPIP 10 10 360 complete
Cytochrome ¢’ 28 14 18 complete dissociates upon binding CO
Flavocytochrome ¢ 72 21,48 15 nd. sulfide dehydrogenase
Bacterial ferredoxin 10 10 —490 complete
Hydrogenase 98 50 n.d. n.d. contains Ni and a 4-Fe-S cluster
Cytochrome ¢-553 (550) 20-30 13 330 n.d. membrane associated
Cytochrome c-551 16 16 240 n.d. minor component
Cytochrome ¢-551 18 18 —299 nd. minor component
Heme protein 12 12 —110 nd. binds O,
Cytochrome ¢-550 12 12 -82 nd. minor component
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His—His ligation. Presumably, the latter heme has a low
redox potential and the heme nearest to the reaction
center special pair chlorophylis has the highest redox
potential. The redox potentials of the individual hemes
have been measured by Alegria and Dutton [153] as
340, 225, 90 and —90 mV. A similar measurement by
Dracheva et al. [154] resulted in potentials of 380, 310,
20 and —60 mV. Kinetics of photooxidation of the
cytochrome were measured by Dracheva et al. [154] and
by Shopes et al. [155]. Interestingly, it has been reported
that reduction of the light-oxidized reaction center cy-
tochrome in membranes is very slow unless cytochrome
¢, is added [156]. This result suggests that cytochrome
¢, could be the electron donor, to at least the high
potential heme of the reaction center cytochrome. Rps.
viridis cytochrome ¢, may also serve as an electron
acceptor for the postulated Rps. viridis cytochrome bc,
complex [156].

The predominant membrane cytochrome in C. vino-
sum is that which is copurified with the reaction center.
It was isolated and characterized by Kennel and Kamen
[157,158] and has four hemes and a minimum molecular
weight of 45000, hence is similar if not homologous to
the Rps. viridis reaction center cytochrome (the amino
acid sequence is not yet known). Spectral and redox
properties of the C. vinosum reaction center cytochrome
are apparently unchanged by solubilization, but some
proteolytic cleavage of the peptide chain has been noted
[157,158]. The hemes absorbing at 556 nm have an
average redox potential of 325 mV and the hemes
absorbing at 552 nm have an average redox potential of
8 mV. However, the redox properties should be re-
examined in light of the recent results with the Rps.
viridis reaction center cytochrome where four different
heme potentials were resolvable [153,154].

From physico-chemical and structural standpoints,
flavocytochrome c is one of the most interesting soluble
electron-transfer proteins found in C. vinosum. It has
been characterized by Bartsch et al. [159] as a diheme,
72 kDa protein, which contains a covalently bound
flavin. Flavocytochrome ¢ functions as a sulfide dehy-
drogenase presumably coupling the oxidation of sulfide
to the reduction of metabolically important electron
carriers [160]. Unfortunately, the specific electron
acceptor for C. vinosum flavocytochrome ¢ has not been
identified to date. It should be pointed out that not all
purple-sulfur bacteria using sulfide contain flavocy-
tochrome ¢ (for example, T. pfennigii). Meyer and
Bartsch [161] showed that the flavin moiety of flavocy-
tochrome ¢ uniquely reacts with cyanide, sulfite, thio-
sulfate, and mercaptans to form adducts, which are
characterized by a charge-transfer band in the red
(600-700 nm). The kinetics of adduct formation have
been studied [162]. Moreover, the reduction of holo-
flavocytochrome ¢, of the isolated heme subunit, and
the flavocytochrome-c complex with mitochondrial

cytochrome ¢ have been reported [163,164]. An interest-
ing result of the kinetic studies carried out to date is
that oriented electron flow occurs. That means that
flavin reduction is followed by intracomplex electron
transfer to the heme moiety, with the heme inaccessible
to exogenous reductant in the holoenzyme. The heme
subunit can then reduce added electron acceptors (for
example, horse cytochrome ¢ and the dye DCPIP).

C. vinosum contains a cytochrome ¢’ with prototypic
properties as it is one of the most extensively studied
examples. The molecular weight is 28 000 and there are
two identical subunits (14000 each) which do not disso-
ciate under physiological conditions but do form mono-
mers in the presence of carbon monoxide [165]. The
structure of one example of cytochrome ¢’ from R.
molischianum {166} 1s known and amino acid sequence
homology [167] among the cytochromes ¢’ suggest the
same structural motif for all examples. Although the
function of this class of cytochromes is not yet clear, the
kinetics of reduction by free flavins and flavodoxin
semiquinones indicates free access to the heme by small
reactants, but sterically hindered access to larger pro-
tein reactants [136]. These observations suggest that
cytochrome ¢’ may be designed to interact with small
molecules.

Of the bacteria discussed in this review, only C
vinosum contains HiPIP, a small soluble high-redox-
potential ferredoxin. Although the function of HiPIP is
not known, it is found in many species of phototrophic
bacteria (it has been isolated from 15 different species),
but not all (for example, it is absent in Rb. spheroides,
Rb. capsulatus and Rps. viridis). The three-dimensional
structure of C. vinosum HiPIP has been determined
[168] and the in vitro kinetics have been extensively
characterized [169].

C. vinosum also contains a number of minor soluble
cytochromes; however, it is important to note that these
cytochromes have not been extensively studied and it is
not yet clear which growth conditions favor their
expression. Cytochrome ¢-553 (550) has been solubi-
lized from C. vinosum by extraction with 50% acetone
[170]. It has a high redox potential and a minimum
molecular weight of 13000 and is present in whole cells
at a level of approx. 5% of the level of the principal
soluble electron-transfer proteins (flavocytochrome c,
cytochrome ¢’ and HiPIP). Once solubilized, cyto-
chrome ¢-553 (550) is water soluble although it does
show a tendency to aggregate.

A soluble cytochrome ¢-550 or ¢-551 was reported to
be involved in cyclic electron flow in C. vinosum [171].
Knaff et al. {172] showed that horse cytochrome ¢ could
substitute for the C. vinoswm protein, suggesting that
they might bear structural similarities. C. vinosum cyto-
chrome ¢-551 was purified by Tomiyama et al. [173]
and Gray et al. [174] and has an apparent molecular
weight of 16000 and a redox potential of 240 mV.



However, cytochrome ¢-551 is labile and present only in
very small quantities, at least an order of magnitude less
than the concentration of principle components of the
electron-transfer chain. To date we have been unable to
identify cytochrome ¢-551 in C. vinosum extracts (50
preparations of 500 or more grams of wet weight cells).
Thus, the possibility exists that cytochrome c-551 re-
sults from a contamination in the culture or it is a
breakdown product of one of the more abundant cyto-
chromes. Moreover, light-induced difference spectra of
C. vinosum chromatophores do not suggest the presence
of a high potential cytochrome with an a peak at 551
nm [175]. Clearly more work is required to resolve the
question of the presence and role of cytochrome c¢-551.

Three other soluble c-type cytochromes have been
reported at various times although no detailed studies
have been carried out and only small quantities are
present. Gray et al. [174] reported a cytochrome c¢-551
with a molecular weight of 18000 and a redox potential
of —299 mV. This protein is apparently quite labile and
could possibly be a breakdown product of the reaction-
center cytochrome. A cytochrome c¢-550 [176] with a
molecular weight of 12000 and a redox potential of
— 82 mV has also been reported. The absorption spectra
of this protein indicate a mixture of high- and low-spin
heme suggestive of denaturation. Finally, a high-spin
heme protein which binds oxygen [176] has been re-
ported and appears to be similar to the Rb. sphaeroides
heme protein discussed earlier. The Chromatium oxygen
binding protein has an apparent molecular weight of
12000 and a redox potential of —110 mV. To date no
amino acid sequence data are available for any of these
minor components and further studies are required to
establish their role, if any.

A cytochrome ¢, was reported in C. vinosum by Gaul
and Knaff [177]. The detergent solubilized cytochrome
had an apparent molecular weight of 31000 with redox
potential 245 mV. Although it is generally assumed that
all purple bacteria have a cytochrome bc; complex as
part of the cyclic photosynthetic pathway, it has only
been proven in Rb. sphaeroides and Rb. capsulatus
where the complex is easily observed spectroscopically
and the genes have been cloned and sequenced. The
presence of an abundant tetraheme reaction-center
cytochrome in Rps. viridis and C. vinosum makes it
difficult, if not impossible, to identify a cytochrome bc,
complex spectroscopically in membrane fractions. Ken-
nel and Kamen [157,158] showed that pure reaction-
center cytochrome, separated from a reaction-center
membrane preparation, ran as three heme-containing
bands on SDS-PAGE (45, 29, 23 kDa), whereas the
membrane-bound protein ran as a single band (45 kDa).
This is similar to the peptide pattern observed by Gaul
and Knaff [177] for their cytochrome ¢, preparation
(44, 31, 24 kDa) and is probably the result of proteoly-

19

sis in both instances. Kennel and Kamen [157,158] also
noted that prolonged exposure to detergent caused pro-
gressive denaturation of the long-wavelength high-
potential heme. Thus, all of the essential characteristics
of the reported impure cytochrome ¢, preparation were
present in the pure reaction center cytochrome prepara-
tion from the earlier study. We have to conclude that
the presence of cytochrome ¢, has not yet been proven
in C. vinosum. Perhaps a genetic approach might be
more fruitful. In a similar analysis by Wynn et al. [178],
a cytochrome bc, complex was reported in Rps. viridis.
Protoheme was detected in the membrane, a 31 kDa
cytochrome ¢ (along with 38 kDa reaction-center cyto-
chrome) was observed and an EPR signal typical of
Rieske iron-sulfur protein suggested the presence of a
cytochrome bc, complex. Stronger evidence for the
presence of a cytochrome bc, complex in Rps. viridis
was obtained by Kampf et al. [179]. Semiaerobically
grown cultures of Rps. viridis contained only low
amounts of chlorophyll and essentially none of the
interfering reaction-center cytochrome. The membranes
contained mainly b- and d-type cytochrome, but heme-
stained SDS-polyacrylamide gels showed the presence
of a 31 kDa c-type cytochrome. Rb. sphaeroides cyto-
chrome ¢; antibodies cross-reacted with the 31 kDa
band and the cytochrome was also present in photo-
trophically grown cells. It thus appears likely that Rps.
viridis does contain a cytochrome bc; complex in both
growth modes.

Ferredoxin has been isolated from C. vinosum and it
contains two 4-Fe-S clusters and is homologous to
Clostridial and the green-sulfur bacterial ferredoxins
[180]. Its low redox potential (—490 mV) precludes a
role as an electron acceptor for hydrogenase, which
functions to oxidize hydrogen rather than to evolve H,
as a byproduct of fermentation as in Clostridium. C.
vinosum hydrogenase has been purified [181] and is a
membrane-bound 4-Fe-S protein which apparently is a
dimer with a molecular weight of 50000 per subunit
and contains nickel [182]. The pure protein is inactive
with Clostridial ferredoxin, but its activity with Chro-
matium proteins has not been reported.

Although apparently similar in terms of reaction-
center architecture, Rps. viridis and C. vinosum have
quite different soluble redox-protein compositions. Rps.
viridis is quite unusual among the purple photosynthetic
bacteria in that the only soluble redox protein identified
to date is a high-potential c-type cytochrome with no
HiPIP or cytochrome ¢’ present. In contrast, c. vinosum
has no abundant high potential c-type cytochromes but
does contain HiPIP and cytochrome c¢’. The minor
soluble redox proteins in C. vinosum require much more
study before their roles can be established. C. vinosum
does contain flavocytochrome ¢, a protein apparently
functioning in sulfur metabolism. However, flavocy-
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tochrome c¢ is not widely distributed and its specific role
in C. vinosum is not well defined in spite of its interest-
ing structure and kinetic properties.

IX. Desulfovibrio vulgaris

Desulfovibrio species are strictly anaerobic bacteria
which oxidize lactate and other organic components
and reduce sulfate to sulfide. (Related species are able
to use elemental sulfur as electron acceptor). Desulfo-
vibrio are gramnegative bacteria which obtain energy
via electron-transfer-coupled proton translocation as re-
cently reviewed by Odom and Peck [183]. There are
many electron-transfer proteins in Desulfovibrio species,
some of which have also been observed in other bacteria,
but the low redox-potential tetraheme cytochrome c;
has not conclusively been found elsewhere to date. The
pattern of redox proteins observed in D. vulgaris is
typical of the genus (Table IX) but there are some
species differences which will be noted in the descrip-
tion which follows.

Desulfovibrio species all seem to produce an abun-
dant, periplasmic, multiheme cytochrome c;. The struc-
ture of D. desulfuricans and D. vulgaris cytochromes ¢,
have been solved by X-ray diffraction [184,185]. Al-
though the cytochromes cy contain four hemes, there is
no relationship to the tetra-heme, membrane-bound,
reaction-center cytochrome from Rps. viridis [123]. Spa-
tially, the heme groups in cytochrome c; are roughly
perpendicular to one another and all have some portion
exposed to solvent. Each heme has two histidine ligands,
which accounts in part for their low redox potentials as
bis-histidine ligation always results in lower redox

TABLE IX
Desulfovibrio vulgaris soluble redox proteins

n.d., not determined.

potentials as compared to His-Met ligation. The redox
potentials of the four hemes in cytochrome c¢; have
been resolved [186,187] and when interactions between
hemes are taken into account a total of 32 midpoint
potentials are required [188]. However, typically the
four heme potentials range from —290 mV to —375
mV [187]. Attempts have been made to assign potentials
to individual hemes as defined in the structure but have
not been convincing to date [189].

There have been several studies of kinetics of reduc-
tion of cytochrome c¢; [190,191]. The cytochromes c;
appear to be readily reduced by a variety of compounds
consistent with partially exposed hemes and there ap-
pears to be rapid intramolecular electron transfer. Cyto-
chrome ¢, can function as an electron acceptor for
hydrogenase [192] and may be an obligate intermediate
in the reduction of sulfate as discussed below [193].
Both cytochrome ¢, and a hydrogenase were reported
to be periplasmic [194,195] and the gene sequence of
cytochrome ¢; has a signal peptide necessary for trans-
port across the cytoplasmic membrane [196]. There ap-
pear to be substantial differences among the cytochro-
mes ¢, as the amino acid sequences of different species
are difficult to align and require numerous insertions
and deletions [3]. Moreover, at least one cytochrome c;,
isolated from Desulfuromonas acetoxidans, possesses
only three hemes in a peptide chain of 68 amino acid
residues [197]. These observations imply that not all
four hemes are required for function and that there is
likely to be a significant variation in three-dimensional
structures as well.

There are other low-redox-potential cytochromes in
Desulfovibrio species [42], but it is not clear how many

Native Subunit Redox Protein Comments

molecular molecular potential sequence

mass mass (mV)

(kDa) (kDa)
Cytochrome ¢; 13 13 —336 complete contains four hemes
Cytochrome ¢, 75 nd. low nd. contains 16 hemes
Cytochrome ¢-553 9 9 10 complete contains one heme
Flavodoxin 15 15 —150, —400 complete contains one FMN
Rubredoxin 6 6 —-60 complete contains one iron
Sulfite reductase 226 42, 50 n.d. n.d. contains two sirohemes +

iron sulfur clusters

Hydrogenase 60 46,13 nd. complete contains three 4-Fe-S clusters
APS reductase 220 70, 20 n.d. n.d. contains FAD + iron-sulfur clusters
Ferredoxin 12 6 —300 partial contains two 4-Fe-S clusters




and how they might be related to cytochrome c¢;. D.
gigas, D. vulgaris, and D. desulfuricans have been re-
ported to have a 26000 molecular weight cytochrome
¢, which has eight hemes. This cytochrome was origi-
nally reported to be monomeric, but after heme removal
the E. desulfuricans protein was found to dissociate into
13 kDa subunits [42]. The subunit size, redox potential,
and heme content all suggest that the 26 kDa cyto-
chrome may be an isozyme of cytochrome ¢;. We have
not observed a 26 kDa cytochrome in D. vulgaris, but
we have seen a protein having a molecular weight of
85000. Yagi [198] reported a 60000 molecular weight
cytochrome and Higuchi et al. [45] found a 16-heme, 75
kDa cytochrome which crystallized in a hexagonal space
group. Although the 75 kDa cytochrome appeared to be
monomeric, it is the right size to be a hexamer of a
cytochrome c; isozyme. Based on available evidence we
suggest that these are all the same protein, which be-
cause of insolubility at low ionic strength aggregates to
varying degrees. Clearly, amino-acid sequence data on
the large cytochromes ¢ would clarify the situation.

An additional low-redox-potential cytochrome has
been isolated from D. desulfuricans [183], an inducible
nitrite reductase, which has six hemes and a molecular
weight of 66000. This strain of Desulfovibrio can grow
using nitrate as an alternate terminal electron acceptor,
and nitrite reductase is then induced 10-fold over the
level in sulfate-grown cells. There is some similarity
between the Desulfovibrio nitrite reductase and that
found in E. coli [40]. However, there is no relationship
between the Desulfovibrio dissimilatory nitrite reductase
and the assimilatory nitrite and sulfite reductases of
many bacteria and eucaryotes or the dissimilatory sulfite
reductase in Desulfovibrio which contain siroheme (see
below).

Several, but not all, Desulfovibrio species synthesize a
small soluble cytochrome ¢-553 containing a single
heme, which is unrelated to cytochrome c¢; [199]. The
amino acid sequence of D. vulgaris Miyazaki strain
cytochrome ¢-553 [200] suggests that it is distantly
related to the cytochromes ¢, of Azotobacter and Pseu-
domonas [68] and has His-Met heme ligation. The
reported sequence of the Hildenborough strain of cyto-
chrome ¢-553 appears to be quite different from that
from the Miyazaki strain [201]. However, because there
were insufficient peptide overlaps reported in the latter
study for complete analysis of the sequence and because
the tryptic peptides are very similar to those from the
Miyazaki strain, the reported differences should be rein-
vestigated. Since cytochromes c¢; from these two strains
are quite closely related (85% identity), it is likely that
there are errors in the Hildenborough cytochrome ¢-553
sequence and the two cytochromes ¢-553 are more
closely related than published results indicate. Align-
ment of the tryptic peptides with the sequence of strain
Miyazaki cytochrome ¢-553 suggests 75% identity. There
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are various reports of the redox potential of cyto-
chromes ¢-553, most in the region of 10 mV [202].
However, Yagi [198] reported that a cytochrome ¢-553
was the electron acceptor for formate dehydrogenase in
the Miyazaki strain and that it had a redox potential of
—260 mV. This is clearly outside the range of cyto-
chromes having His/Met ligands (0-450 mV) and also
much lower than other reports for what appear be the
same protein.

Sulfite reductase and adenosine phosphosulfate re-
ductase are the principal terminal enzymes in Desulfo-
vibrio. The sulfite reductase from Desulfovibrio contains
siroheme and iron-sulfur clusters in a 226 kDa enzyme,
composed of both 42 and 50 kDa subunits [203} and is
cytoplasmic. Sulfite reductases from various sulfate-re-
ducing bacteria have widely differing absorption spec-
tra, but all show high-spin-heme EPR spectra and simi-
lar carbon monoxide complexes [204]. There appears to
be a strong similarity with the assimilatory sulfite and
nitrite reductases from spinach and E. coli [205] and to
the Desulfovibrio assimilatory sulfite reductase. The
spinach proteins have a single subunit of 61-69 kDa
and have one siroheme and a single 4-Fe-S cluster, with
strong magnetic interaction between the siroheme and
the iron-sulfur cluster [206]. In E. coli sulfite reductase,
one of the cysteines, bound to the iron-sulfur cluster, is
also a heme ligand [207]. Sulfite reductase requires a
low-potential reductant, which in E. coli is NADPH,
and in spinach is the 2-Fe-S ferredoxin. The electron
donor in Desulfovibrio has not been established, but is
expected to be ferredoxin or flavodoxin.

Adenosine phosphosulfate (APS) reductase has a na-
tive molecular weight of 220000 and contains 70000
and 20000 molecular weight subunits [208]. There are
both iron-sulfur clusters and FAD in APS reductase. As
with sulfite reductase, APS reductase requires a low-re-
dox-potential reductant, presumably ferredoxin or
flavodoxin and is cytoplasmic.

Ferredoxin has not been characterized in E. vulgaris
Hildenborough because it is present in too small a
quantity [183]. In this species, flavodoxin is abundant
and is apparently functionally interchangeable with fer-
redoxin. However, other Desulfovibrio, species, such as
D. gigas and D. desulfuricans, produce several ferredo-
xin isozymes and much less flavodoxin than does D.
vulgaris. Based on the available sequence data Desulfo-
vibrio ferredoxins appear to be degenerate forms of the
Clostridial 8-Fe-S ferredoxins [209]. Most appear to
bind a single 4-Fe-S cluster and have additional cy-
steines which may be involved in aggregation [210].
Only D. desulfuricans Norway iso-2 ferredoxin has bind-
ing sites for two 4-Fe-S clusters. Unlike D. vulgaris
Hildenborough, D. vulgaris Miyazaki produces appre-
ciable quantities of ferredoxin [211]. The sequence is
most similar to that of D. africanus [212]. In the various
species, Desulfovibrio ferredoxin is cytoplasmic and is
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probably the reductant for sulfite and APS reductases.

Flavodoxin is induced by growth in iron-limited
media in many bacterial species and generally sub-
stitutes for an 8-Fe-S ferredoxin. The first example was
characterized by Knight and Hardy [94] in Clostridium
pasteurianum. Flavodoxin typically has a molecular
weight of about 15000 and has one FMN at the active
site. The protein can be reduced in two one-electron
steps with redox potentials about —150 and —400 mV
and the semiquinone is stable. It is the second step of
reduction, which allows it to substitute for ferredoxin.
D. vulgaris flavodoxin was first isolated by Dubourdiu
and LeGall [213] and is apparently constitutive. This is
perhaps not surprising because the sulfide produced by
Desulfovibrio precipitates iron-sulfide from the medium,
thus creating an iron deficiency. The amino acid se-
quence of the D. vulgaris flavodoxin was determined by
Dubourdiu and Fox [214] and the gene sequence by
Krey et al. [215] and Curley and Voordouw [216]. The
three-dimensional structure [217] is generally similar to
that of flavodoxin from Clostridium and Anacystis
nidulans [218]. Flavodoxin is cytoplasmic, as expected if
it is to substitute for ferredoxin, which is also cyto-
plasmic [183].

Rubredoxin is found in many species of anaerobic
bacteria and apparently in all species of Desulfovibrio.
Rubredoxin binds a single iron in a protein of 6 kDa
size and the redox potential is about —50 mV. The
amino acid sequence is known for three Desulfovibrio
species [219,220], and the gene sequence is known for D.
vulgaris [221]. Abberant proteins related to rubredoxin
were found in D. gigas and D. vuigaris and named
desulforedoxin [222] and rubrerythrin [223]. Three-di-
mensional structures for three Desulfovibrio rubredoxins
have been determined [224-226]. There is a specific
reductase for rubredoxin in Desulfovibrio [227] but evi-
dence concerning its role in metabolism is lacking.
Rubredoxin is apparently cytoplasmic [183].

Hydrogenase is one of the most interesting enzymes
in Desulfovibrio and provides a means for creating a
proton gradient coupled to reduction of sulfate by
lactate [193]. In this pathway, oxidation of lactate is
coupled to hydrogen evolution in the cytoplasm. Hydro-
gen gas diffuses across the membrane and is oxidized by
a periplasmic hydrogenase. Electron transport across
the membrane is followed by reduction of APS and
sulfite to complete the process. It would be far simpler
to oxidize the lactate in the periplasmic space, but
Odom and Peck [193] report that lactate dehydrogenase
is cytoplasmic. One problem with the hydrogen cycle
just described is that coupling between lactate dehydro-
genase and cytoplasmic hydrogenase must be very
specific so that there is no direct reduction of sulfate. If
ferredoxin and flavodoxin mediate electron transfer
from membrane carriers to APS and sulfite reductases,
then they cannot also mediate between lactate dehydro-

genase and cytoplasmic hydrogenase. Although there is
more than one hydrogenase in Desulfovibrio [228] the
specific enzyme which supposedly functions to evolve
hydrogen in the cytoplasm has not been identified nor
has it been shown how it is coupled to lactate dehydro-
genase. Lastly, it should be noted that the postulated
membrane carriers have not been identified. Despite
problems with the hydrogen cycle, it remains an attrac-
tive idea worthy of further consideration.

There are two well-characterized hydrogenases in
Desulfovibrio species. D. vulgaris Hildenborough hydro-
genase was the first to be cloned and sequenced [229].
The enzyme is remarkable in that residues 25-84 of the
420 residue protein are homologous to small 8-Fe-S
ferredoxins such as found in Clostridium. Four of the
remaining ten cysteines presumably bind the other 4-
Fe-S cluster which comprises the site of oxidation and
reduction of hydrogen. Also remarkable about this hy-
drogenase is the absence of a signal peptide in the
principal subumt which is generally believed to be re-
quired for transport across the membrane, leading
Voordouw and Brenner [229] to conclude that the en-
zyme is cytoplasmic. However, the principal hydro-
genase was reported to be periplasmic [194,195). Menon
et al. [230] cloned and sequenced a nickel-containing
hydrogenase from D. baculatus and found that the
principal subunit also lacks a signal peptide. However,
they noted that both D. vulgaris and D. baculatus small
subunits contained signal peptides and concluded that
this was sufficient to transport the whole enzyme across
the membrane. Substantial corrections to the sequence
were subsequently reported, but do not affect these
conclusions [231]. This has not previously been ob-
served to our knowledge and if true has important
ramifications for the study of membrane transport of
enzymes. Comparison of the amino acid sequence of D.
vulgaris hydrogenase with that from D. baculatus shows
no similarity at all. Although both enzymes contain
iron-sulfur clusters, D. baculatus hydrogenase also con-
tains nickel and selenium. Nickel is a common con-
stituent of hydrogenases, and only Clostridium and D.
vulgaris hydrogenases have been found to lack this
cofactor. D. <vulgaris strains Hildenborough and
Miyazaki are closely related (based on cytochrome ¢,
sequences), but the hydrogenase purified from strain
Hildenborough is soluble and that from Miyazaki is
membrane-bound [232). Miyazaki hydrogenase has been
crystallized [45] following solubilization with trypsin.
Cytochrome ¢, is the preferred donor/acceptor for all
Desulfovibrio hydrogenases which have been char-
acterized to date. Both cytochrome ¢; and the soluble
hydrogenases are periplasmic and based on this ob-
servation one might suspect that the Miyazaki enzyme
is bound to the periplasmic side of the membrane.

Desulfovibrio presents an interesting contrast to other
bacteria containing soluble c-type cytochromes. Al-



though Desulfovibrio contains multiple c-type cytochro-
mes, all of them have low oxidation-reduction potentials
consistent with the redox environment in which De-
sulfovibrio normally lives (rich in sulfide). The lack of
structural and sequence homology of Desulfovibrio cyto-
chrome c¢; with high-potential cytochromes and the
unproven occurrence of Class-III c-type cytochrome
outside of Desulfovibrio suggests an independent evolu-
tion of this class of cytochromes. Although more work
is required, the role of the soluble redox proteins in
Desulfovibrio is much more clearly defined than in
many bacteria. Thus, as the genetics of Desulfovibrio
redox proteins are worked out, a detailed understanding
of the control and function of electron transfer in these
organisms can be expected.

X. Clostridium pasteurianum

Clostridium is gram-positive and all soluble proteins
are expected to be cytoplasmic although this has not
been rigorously proven. Clostridium is also & strictly
fermentative bacterium, nevertheless it contains a variety
of electron-transfer proteins excluding cytochromes and
copper proteins (see Table X). The 8-Fe-S ferredoxin,
rubredoxin, and flavodoxin from Clostridium have been
well-characterized and serve as prototypes for these
classes of proteins (see Yoch and Carithers [233] for a
review of structure and function).

TABLE X
Clostridium pasteurianum soluble redox proteins

n.d., not determined.
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The 8-Fe-S ferredoxin gene has been cloned [234]
and there is no leader sequence in the 55-residue pro-
tein, which is consistent with cytoplasmic location.
Moreover, there appears to be only one gene, unlike
many other bacteria which have several related 8-Fe-S
ferredoxins. The redox potentials of the two 4-Fe-S
clusters in ferredoxin are the same (—412 mV) and do
not vary with pH or ionic strength [235]. Ferredoxin
functions as electron acceptor for a number of enzymes
in clostridia, but in C. pasteurianum a principal interac-
tion is with pyruvate dehydrogenase. Ferredoxin is
strongly negatively charged and is expected to interact
with positively charged residues of its reaction partners.

Although rubredoxin is well characterized structur-
ally, much less is known of its functional roles in
Clostridium. Rubredoxin has a single iron in its 53-re-
sidue peptide chain and has a much higher redox poten-
tial than the 8-Fe-S ferredoxin, E_ ;= —57 mV [236]
thus it is not expected to participate in the same reac-
tion as ferredoxin. In a nitrate reducing strain of C.
perfringens, rubredoxin has been found to be necessary
for NAD(P)H dependent reduction of nitrate [237].
Rubredoxin also seems to be the preferred electron
acceptor for carbon monoxide dehydrogenase in C.
thermoaceticum [238). The three-dimensional structure
of rubredoxin [239] shows that the iron is exposed at
one end of the molecule with nearby hydrophobic re-
sidues at the surface which would define the principal

Native Subunit Redox Protein Comments
molecular molecular potential sequence
mass mass (mV)
(kDa) (kDa)
8-Fe-S ferredoxin 6 6 —412 complete contains two 4-Fe-S clusters
Rubredoxin 6 6 complete contains one Fe
Hydrogenase [ 60 60 —400, —420 nd. contains three 4-Fe-S clusters
Hydrogenase 11 53 53 —400, —180 n.d. contains two 4-Fe-S clusters
2-Fe-S ferredoxin 25 12 —300 complete
Nitrogenase DK subunit
complex 220 56, 60 —20o0r complete contains four 4-Fe-S clusters
=70 and two Mo Fe cofactors
per complex
Nitrogenase reductase
H subunit 60 30 —240 or complete contains one 4-Fe-S cluster per
—-294 two subunits and binds ATP
-380°
—400 *
Flavodoxin 15 15 —-132, —419 complete contains one FMN

* In the presence of Mg (ADP) or Mg (ATP).
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stte of oxidation and reduction. The protein is strongly
negatively charged, but the acidic residues are not very
near the partially exposed iron and they may orient the
protein to inhibit unwanted interactions with ferredoxin
reaction partners.

Flavodoxin is a 138-residue FMN-containing protein
which, in Clostridium, is only synthesized under iron-de-
ficiency conditions [94] and substitutes for the 8-Fe-S
ferredoxin. The 3-dimensional structure [98] shows that
a portion of the FMN is exposed at one end of the
protein and surrounded by negatively charged amino
acids which dominate in interactions with nonphysio-
logical substrates [16] and are expected to be important
in defining interactions with the normal ferredoxin reac-
tion partners such as pyruvate dehydrogenase, nitrogen-
ase and hydrogenase. Flavodoxin is also able to sub-
stitute for ferrodoxin because the flavin semiquinone is
stabilized, allowing the protein to be reduced in two
one-electron steps. The redox potential of the second
step of reduction, from semiquinone to fully reduced
protein, E ;= —419 mv is comparable to the midpoint
potential of ferredoxin [240].

Both hydrogenase and nitrogenase are also well
characterized in Clostridium. Ferredoxin is the natural
electron donor to both enzymes, but under iron-de-
ficiency conditions flavodoxin is synthesized and sub-
stitutes for ferredoxin [94]. The structural genes for
nitrogenase have been cloned, and it was found that the
D and K subunits are present as single copies, but there
are as many as six separate H-like genes [241]. The H
subunit serves two functions, as electron donor to the
DK subunit complex and it is necessary for synthesis of
the molybdenum cofactor (it is possible that there is a
different isozyme for each of these roles). It is also
possible that different isozymes are functional when
flavodoxin substitutes for ferredoxin although no avail-
able data bear on this point. Redox potentials of the
nitrogenase DK subunit complex were reported by
Walker and Mortenson [242] and Zumft et al. [243] but
these redox transition are at too high a potential to be
functional in nitrogen fixation. The redox potential of
the H subunit changes to lower values in the presence of
ATP or ADP [243].

In Azotobacter, it was shown that a small 2-Fe-S
ferredoxin protects nitrogenase against oxygen inactiva-
tion [93]. A similar 2-Fe-S ferredoxin is found in
Clostridium [244). The amino acid sequence of this
Clostridium 2-Fe-S ferredoxin has been determined and
there is no obvious relation to any other known iron-
sulfur protein [106] (there are no sequence data for the
Azotobacter 2-Fe-S ferredoxin which may be related).
Clostridium is a strict anaerobe and there presumably is
no need to protect against oxygen; therefore the func-
tion of this 2-Fe-S ferredoxin must be different from
that in Azotobacter or other aerobic bacteria.

Clostridium often evolves large quantities of hydro-

gen as the end product of fermentation, but hydrogen is
also the undesired byproduct of nitrogen fixation. Simi-
lar to what is found in other bacteria, there are hydro-
genase isozymes in Clostridium [245,246]. One isozyme
(hydrogenase I) is responsible for hydrogen evolution
using the 8-Fe-S ferredoxin as electron donor and a
second isozyme (hydrogenase 11} is functional in hydro-
gen uptake, presumably to recover reducing equivalents
lost via nitrogenase. These different roles for hydro-
genase are possible because the iron-sulfur clusters of
the two isozymes have very different redox potentials
(—420 mV for hydrogenase 1 vs. —180 mV for hydro-
genase II). The 8-Fe-S ferredoxin does not interact with
hydrogenase II, but rubredoxin has a redox potential
which would be compatible for the postulated electron
acceptor (—57 mV).

Hydrogenase isozymes, located on opposite sides of
the cytoplasmic membrane, are thought to function in
establishing a proton gradient in Desulfovibrio [193].
However, because the two Clostridium isozymes are
soluble, and Clostridium 1s gram-positive, it may be
assumed that they are both cytoplasmic and cannot
function in the same manner as in Desulfovibrio.

In summary, as is apparently typical of gram-positive
anaerobic bacteria, Clostridium is devoid of soluble
c-type cytochromes. However, in contrast to aerobic
Bacillus species which do not yield any significant solu-
ble redox proteins, Clostridium does produce abundant
soluble iron-sulfur proteins of several varieties.

XI. Conclusion

It is clear from the foregoing that diversity best
describes the soluble redox protein content of bacteria.
Although we have attempted to be as comprehensive as
possible in this review it should be apparent that our
understanding of the distribution and expression of
soluble redox proteins is incomplete. Clearly, minor
components isolated from any particular species of
bacteria could result from contaminants in the culture.
This is a difficult point to deal with experimentally and
can only be clearly resolved if the same proteins are
found independently or the necessary genetic informa-
tion becomes available. Moreover, it appears that pro-
teolytic fragmentation durning purification (or in vivo)
can result in multiple soluble redox proteins (for exam-
ple, Azotobacter). Before a minor component can be
considered present for certain some amino acid or DNA
sequence is required. Most importantly it is clear that
different metabolic conditions can have a dramatic ef-
fect on the soluble redox protein composition. This
makes comparison of studies from different laboratories
difficult unless the bacteria are grown under exactly the
same conditions. In addition, this variable leaves open
the possibility that additional soluble redox proteins
may be expressed under metabolic conditions which



have not been tested to date. This is shown most
dramatically in Paracoccus where aerobic, anaerobic
and partial oxygenation conditions yield different c-type
cytochromes.

The most distressing fact in bacterial electron-trans-
fer studies is our lack of a clear metabolic role for many
of the soluble redox proteins. Thus, whole classes of
proteins, for example Class-I1 c-type cytochromes and
HiPIP, have no known functions. Morover, even in
instances where we can relate the presence of a particu-
lar redox protein to a metabolic pathway, it is not
always clear what are the physiological electron donors
and acceptors for the particular protein (e.g., flavocy-
tochrome c). However, one can be optimistic that these
generic questions will be resolved in the future. The
available techniques of molecular biology by which gene
sequences of operons can be determined will help to
define specific pathways. More importantly, the ability
to delete specific genes should more clearly define func-
tional roles. Nevertheless, even genetic approaches will
not always be definitive if the anomalous role of R.
capsulatus cytochrome ¢, proves to be a typical exam-
ple.

The most important conclusion that can be drawn
from studies to date is that the same metabolic function
can be carried out utilizing different redox proteins. The
strict anaerobes Desulfovibrio and Clostridium provide
an interesting example, with Desulfovibric having abun-
dant c-type cytochromes and Clostridium devoid of
c-type cytochromes. Similarly, the aerobes E. coli and
Bacillus have no abundant soluble high-potential c-type
cytochromes yet Paracoccus and. Rb. sphaeroides, when
grown under appropriate conditions, have multiple c-
type cytochromes. However, even in Paracoccus, the
precise role of the constitutive high-potential cyto-
chrome ¢, is unclear (see also R. capsulatus above).

In view of the large number of laboratories presently
involved in the study of bacterial electron transfer,
continued progress and new insights can be expected. It
is clear that as our understanding of bacterial electron-
transfer evolves, substantial information on the adapta-
tion and evolution of proteins will be obtained. In
addition, new redox carriers and enzymes will be char-
acterized and our understanding of metabolic pathways
improved and most importantly the details of mecha-
nisms which control electron transfer between redox
proteins will be obtained.
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