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INTRODUCTION peptide side chains may also occur as posttranslational events

The assembly of proteins into biologically functional struc-
tures or enzymes is a fascinating topic of research. How are
cofactors incorporated into proteins? How are multisubunit
enzymes assembled? Do these molecules oligomerize more
or less randomly, or is the biogenesis of mature, protein-
aceous complexes predetermined in a precise maturation
pathway?

Different aspects of the posttranslational maturation of any
enzyme and their interrelationship are illustrated in Fig. 1. A
simple case of protein maturation is the conversion of the
primary gene product (apoprotein) into the mature form (ho-
loprotein) by insertion of a prosthetic group. When examined
more closely, it becomes clear that incorporation of the cofac-
tor is inevitably connected to the folding of the polypeptide:
either the polypeptide folds first into a conformation that is
suitable for cofactor binding, or the combining of the cofactor
with the polypeptide promotes a certain way of folding. In the
case of multiprotein complexes, the maturation process is com-
plicated by the assembly of the polypeptide subunits. It is not
clear a priori whether subunit assembly and cofactor incorpo-
ration occur independently. A further level of complexity must
be taken into account when the subcellular sites of protein and
cofactor synthesis differ from that of holoprotein function.
Translocation of both polypeptide and cofactor into or through
compartment membranes is then required and is expected to
be tightly coupled with the other steps of holoprotein forma-
tion. Finally, proteolytic processing and modification of poly-
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FIG. 1. General scheme of steps required for maturation of holoenzyme
complexes. The order and interdependence of individual steps are not predict-
able.
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in the process of maturation.

This review is an attempt to compile and discuss the current
knowledge of the posttranslational maturation processes that
apply for a certain class of bacterial proteins, the respiratory
cytochromes. All of the considerations mentioned above may
hold true when the posttranslational maturation of this group
of proteins is more fully understood.

Cytochromes are electron transfer proteins that carry heme
as a prosthetic group. Their redox function is intimately related
to the valence change of heme iron (156, 387). Most bacterial
cytochromes function either in photosynthetic electron trans-
port or in aerobic and anaerobic respiration, whereby ATP
formation is coupled to the oxidation of reduced substrates
such as organic substances, hydrogen, reduced sulfur, or met-
als. Since respiration takes place in the cytoplasmic membrane,
cytochromes are often localized in this compartment. In addi-
tion, they are found in the periplasmic space, where their
electron transfer function is connected with that of membrane-
bound cytochromes. In many cases, cytochromes are assem-
bled in multisubunit enzyme complexes that may contain ad-
ditional nonheme cofactors. However, they can also occur
solitarily, e.g. when they function as mobile, periplasmic elec-
tron shuttles between other membrane-bound respiratory
complexes and their reaction partners.

As the name indicates, cytochromes are cellular pigments
that absorb light at specific wavelengths via their heme cofac-
tor. Since heme can be detected easily by spectroscopic meth-
ods, cytochromes are ideal proteins to use in the study of the
general question of polypeptide-cofactor association. This is
probably the reason why a relatively large amount of data on
the biogenesis of cytochromes and cytochrome complexes has
accumulated in recent years. Multiple facets of cytochrome
assembly and maturation have been recognized. Although the
biogenesis of cytochromes has become a topic of growing re-
search interest, few review articles that either cover the entire
area or treat certain aspects of this rather complex subject have
appeared (90, 116, 149, 184, 341, 342). In this paper, an at-
tempt is made to define, compile, and compare the individual
reactions needed for the maturation of cytochromes and to
connect them in a logical way. This review may contribute to a
general understanding of how the biogenesis of proteinaceous
complexes occurs in nature.

This article is divided into three major parts. First, the gen-
eral characteristics and functions of bacterial cytochromes are
discussed briefly, with emphasis on cytochromes that are in-
volved in respiratory processes. Next, individual steps of cyto-
chrome maturation are discussed separately and connected to
other, related cellular processes. Finally, hypothetical com-
plete pathways are presented for the maturation of the most
extensively studied cytochromes, including cytochromes of the
¢ type in general, the bc; complex as a somewhat special case,
and several terminal oxidoreductases. Although the main focus
of this review is bacterial redox proteins, knowledge of the
biogenesis of eukaryotic cytochromes will occasionally be in-
cluded for comparison.
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CYTOCHROMES INVOLVED IN BACTERIAL
RESPIRATION

General Features of Cytochromes

The term “cytochrome,” as it is used in this article, refers to
hemoproteins that are constituents of electron transport
chains. Not included are a variety of hemoproteins with func-
tions other than one-electron transfer, such as catalase, perox-
idase, bacterioferritin, assimilatory sulfite reductases, hemo-
globin-like proteins, cytochrome P-450, and heme-containing
regulatory proteins (52, 53, 84, 100, 112, 209, 227, 229, 263,
267, 320, 361, 369, 373, 389). Cytochromes of the photosyn-
thetic electron transport chain are discussed only when they
also function in respiratory electron transport.

Cytochromes exhibit certain spectral characteristics, de-
pending on the type of heme with which they are associated
and on the local environments of the heme binding sites in the
protein (107). The reduced or ferrous form of a cytochrome
gives rise to three main absorption peaks in the visible to UV
spectrum; these are designated the «, B, and vy (Soret) peaks.
With few exceptions, the peak in the a region (>550 nm) can
be used to classify a specific cytochrome: c-type cytochromes
have a maximum between 550 and 557 nm, b- and o-type cyto-
chromes have a maximum between 555 and 565 nm, a-type
cytochromes have a maximum around 600 nm, and d-type
cytochromes have a maximum around 630 nm (156). Accord-
ingly, the cytochrome nomenclature often includes the a-band
absorption maximum of a given species with a subscript: cyto-
chrome bssg, for example, is a b-type cytochrome with an ab-
sorption maximum of the o band at 558 nm.

The heme iron of cytochromes can occur in either low-spin
or high-spin conformation with paired or unpaired electrons,
respectively (151). In the former, the heme cofactor has two
axial strong-field ligands regardless of the oxidation state of
iron, i.e., in a hemochrome linkage. In the latter, only one of
the axial coordination places is occupied, and the component
can react with other molecules such as O,, CO, or cyanide.

Heme in c-type cytochromes is almost always attached co-
valently by two thioether bonds between its vinyl side chains
and two conserved cysteine residues of the apoprotein; in ad-
dition, there are one or two axial ligands to the heme iron, of
which one is always a histidine. By contrast, in a-, b-, d- and
o-type cytochromes, the cofactor is bound noncovalently to the
protein. While the prosthetic group of b- and c-type cyto-
chromes is protoheme IX (heme B or C), the hemes of the
other cytochromes are modified: hemes O and A both carry a
farnesylhydroxyethyl side chain, but heme A differs from heme
O by an additional formyl group at position 8 of the tetrapyr-
role ring. In heme D, the C ring of the tetrapyrrole is saturated.
Heme D, and siroheme have unconjugated A and B rings.
Figure 2 shows the different types of heme found in bacterial
cytochromes.

Bacterial Respiratory Chains

Bacterial respiratory chains are composed of a variety of
electron transport constituents, such as flavoproteins, iron-
sulfur proteins, quinones, and cytochromes. The differential
transport of electrons and protons through the cytoplasmic
membrane leads to the formation across the membrane of a
proton gradient that can be used to drive ATP formation via
the F,F, ATPase. The electrons are passed through a number
of redox carriers to oxygen during aerobic respiration or to
alternative terminal electron acceptors when oxygen is not
available, as depicted in Fig. 3. Bacterial electron transport
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chains are often branched. They can be divided roughly into
quinone-reducing and quinol-oxidizing branches. The reduc-
tive parts are responsible for the electron transfer from a
variety of substrates, such as NADH, hydrogen, succinate, lac-
tate, and formate, to the quinones and include several reduc-
tases. The oxidative branches include redox systems that are
able to oxidize quinol, cytochrome ¢, and the terminal oxido-
reductases. Terminal oxidases are oxidoreductases which are
capable of O, reduction. Alternative terminal oxidoreductases
use electron acceptors other than O, and thus support anaer-
obic respiration. Typically, the quinol-oxidizing branch of elec-
tron transport chains is rich in cytochromes. Quite often, there
is another mediator between the quinol oxidase and the ter-
minal oxidoreductase, usually a c-type cytochrome.

Constituents of bacterial respiratory chains are part of or are
associated with the cytoplasmic membrane across which the
charge separation that is used for energy production takes
place. However, there is one report of cytochromes being lo-
cated in the outer membrane of certain gram-negative bacte-
ria, which may link respiratory proton translocation to the
reduction of extracellular, insoluble metal oxides (230). Since
outer membrane cytochromes have not been shown to partic-
ipate in respiratory electron transport, they will not be dis-
cussed further here.

A complete survey of different bacterial cytochromes and
their functions is beyond the scope of this article, and the
available information has been compiled by others (107, 133,
156, 164, 257, 262, 387). The cytochromes and cytochrome
complexes which have been most extensively studied with re-
spect to their assembly are described in more detail in the
following sections. Some of them are depicted in Fig. 4 to show
their subunit and cofactor composition and their orientation in
or at the cytoplasmic membrane.

Cytochromes of the Quinone-Reducing Branch
of the Respiratory Chain

Succinate dehydrogenase. Succinate dehydrogenase (SDH),
which, by analogy with its mitochondrial homolog, is also known
as complex II, catalyzes electron transfer from succinate to
ubiquinone, whereby succinate is oxidized to fumarate. Thus,
the enzyme catalyzes a reaction of the tricarboxylic acid cycle.
However, SDH is not an energy-coupling site in the respiratory
chain. It is a multimeric membrane protein complex containing
heme B as one of several different prosthetic groups.

SDH is known best from work done with Escherichia coli
(109) and Bacillus subtilis (139). In both organisms, two large
subunits are involved in succinate oxidation (Fig. 4): SdhA
carries a covalently attached flavin cofactor (flavin adenine
dinucleotide [FAD]), and SdhB is an iron-sulfur (FeS) protein.
These two subunits are located on the cytoplasmic side of the
membrane, to which they are bound by the membrane-integral
cytochrome b, which is the reductant of quinone. In E. coli, two
membrane-integral polypeptides appear to share a B-type
heme (181), whereas in B. subtilis, a single polypeptide is as-
sociated with two B-type hemes (126).

In E. coli, all four subunits are encoded in the sdhCDAB
operon. The first two gene products contain cytochrome bssg,
whereas sdhA and sdhB code for the FAD and FeS center-
carrying subunits, respectively (64, 381). The Paracoccus deni-
trificans SDH was also shown to contain cytochrome b (255),
and the nucleotide sequence of the sdhCDAB genes revealed a
similar gene arrangement as in E. coli (74). In B. subtilis, sdhA
and sdhB code for the cytoplasmic SDH subunits whereas sdhC
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FIG. 2. Heme cofactors of bacterial cytochromes. In reduced heme, Fe is present as Fe?"; in oxidized heme, it is present as Fe>*. Note that heme C is bound
covalently by two thioether bonds to cysteinyl residues of the polypeptide. The nomenclature of porphyrin rings A to D is indicated for heme B.

is the structural gene for the membrane-integral cytochrome
bsss (201, 259).

Formate dehydrogenase. Formate can be oxidized to CO, in
an anaerobic respiratory process with exogenous electron ac-
ceptors (109). When nitrate serves this function, formate de-
hydrogenase N (FDN) is induced. In E. coli, this enzyme is en-
coded by the fdnGHI operon (23) and contains three subunits:
the large FdnG, which is a selenomolybdoprotein, a smaller
FeS protein (FdnH), and a b-type cytochrome (FdnlI) (82).

Another formate dehydrogenase containing cytochrome b
has been found in Wolinella succinogenes. It is encoded by the
fdhABC operon. FdhA is the molybdoprotein, FdhB is the FeS
protein, and FdhC is a hydrophobic membrane protein that is
presumed to carry a single heme B cofactor (30).

Hydrogenase. The W. succinogenes Ni/Fe hydrogenase (HYD)
is the only member of the bacterial hydrogenases for which the
presence of a heme cofactor has been shown. The membrane-

bound enzyme mediates electron transfer from H, to quinone
and consists of three polypeptides, HydA, HydB, and HydC.
HydA and HydB are hydrophilic proteins and show similarity
to the small and large subunits, respectively, of periplasmic Ni
hydrogenases that bind FeS centers and nickel. HydC is an
integral membrane protein that is thought to carry a heme B
molecule liganded by two histidines (77). Since the putative
heme ligands are conserved among the five known HydC se-
quences, it is possible that hydrogenases from other bacteria
also contain a heme cofactor.

Cytochromes of the Quinol-Oxidizing Branch
of the Respiratory Chain

Ubiquinol:cytochrome ¢ oxidoreductase. The cytochrome
bc, complex (which by analogy to the mitochondrial respira-
tory chain is also called complex I1I) is a central redox carrier
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FIG. 3. Bacterial respiratory chains containing cytochromes. On the left, the quinone (Q = ubiquinone or menaquinone)-reducing branches are shown. On the right,
the quinol-oxidizing branches with terminal oxidases reducing either O, or alternative electron acceptors are shown. Oxidoreductases are highlighted, and the type of
cytochrome is indicated below. Q/QH, represents the quinone/quinol pool in the membrane. The case of hydrogenase containing a cytochrome b is an exception (see
the text). Polysulfides are indicated by [S]. Respiratory chains without cytochromes are not shown. For abbreviations and comments, see the text.

in many bacterial respiratory chains. It oxidizes quinols and
reduces metalloprotein electron carriers, which are in most
cases c-type cytochromes. At the same time, it conducts vec-
torial proton translocation, leading to an electrochemical pro-
ton gradient across the membrane. The crystal structure of the
beef heart mitochondrial cytochrome bc; complex was solved
recently at 3.4-A resolution (391). The bc, complex is found in
gram-negative as well as in gram-positive bacteria. In phototro-
phic bacteria, the complex functions in both respiratory and
photosynthetic electron transport. Notably, E. coli does not
possess a bc, complex. Detailed information on bacterial bc,
complexes can be obtained from several comprehensive re-
views (118, 169, 332, 346, 347).

The classical, bacterial bc, complex is a membrane protein
complex containing three subunits with four redox centers
(346) (Fig. 4). The Rieske iron-sulfur protein carries a 2Fe-2S
cluster that is bound to conserved cysteines and histidines. The
protein is anchored to the cytoplasmic membrane by an N-
terminal, hydrophobic sequence that seems to be used for
export of the C-terminal, hydrophilic domain. Cytochrome b is
an integral membrane protein with nine predicted hydrophobic
a-helices, of which eight appear to span the membrane bilayer,
with two heme molecules bound noncovalently to conserved
histidines in transmembrane helices II and IV. The last three
transmembrane helices represent a protein domain that in
chloroplast or cyanobacterial bc,-like complexes (bf) occurs as
a separate subunit IV (see below). Cytochrome ¢, (the sub-
script in cytochrome ¢ nomenclature is used to distinguish
different classes of c-type cytochromes [257]) contains co-
valently bound heme C and is located on the periplasmic side
of the membrane, to which it is anchored by a hydrophobic
segment at the C terminus. Cytochrome c, is synthesized as a

precursor whose N-terminal signal peptide is cleaved after
membrane translocation.

A protein domain swapping in complex III in B. subtilis and
Bacillus stearothermophilus has been recognized recently (Fig.
5) (316, 392). The cytochrome b homolog is of split character:
its N-terminal part is encoded by a separate gene (gcrB) and
contains the heme B groups, whereas the C-terminal part, i.e.,
the domain corresponding to cyanobacterial subunit IV (see
below), is fused to the c-type cytochrome in a single protein
(QcrC). The c-type cytochrome does not resemble cytochrome
c, but, rather, shares similarity with small cytochromes ¢ such
as the B. subtilis cytochrome cs5, (392).

There is even one case of a bacterial bc, complex in which
three protein domains are fused: in Bradyrhizobium japonicum,
a cytochrome b-cytochrome ¢, polyprotein precursor is synthe-
sized from a single gene (Fig. 5) (336, 338, 343). This precursor
is cleaved during maturation into classical types of cytochrome
b and c; moieties.

The bc, complexes from Rhodobacter species copurify with a
low-molecular-weight polypeptide whose identity and function
are not clear (194), and it remains to be shown whether this
protein is a true subunit of the complex.

The cyanobacterial cytochrome bqf complex is structurally
and functionally homologous to the bc, complex but more
closely resembles the chloroplast bf complex (169). It differs
from the bc, complex mainly in two characteristics. First, its
membrane-integral subunit is split into an « subunit and a 8
subunit homologous to the N- and C-terminal halves of cyto-
chrome b, respectively (Fig. 5). The o subunit comprises the
first five transmembrane segments of cytochrome b and con-
tains both heme B groups. The B subunit, also referred to as
subunit IV (SUIV), is similar to the C-terminal domain of
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FIG. 4. Topological models of bacterial respiratory complexes. Only the cat-
alytic subunits are shown. Noncovalently bound hemes are indicated in white,
and covalently bound hemes C are indicated in black. Additional cofactors are
also indicated. p, periplasm; m, cytoplasmic membrane; c, cytoplasm. For other
abbreviations, see the text.

classical cytochrome b of complex III and does not contain a
redox-active cofactor. Furthermore, the third subunit of the
complex is more closely related to cytochrome f, which is also
a c-type cytochrome, than to cytochrome c,, as judged from
amino acid sequence comparisons.

The genes encoding bacterial bc, complexes have been
cloned and sequenced from a variety of species (34, 67, 103,
170, 187, 203, 306, 343, 362, 377, 393). They are called fbc, pet,
or gcr genes (Fig. 5). Unfortunately, the pet4 and petC genes
from Rhodobacter capsulatus code for the FeS protein and
cytochrome c,, respectively, whereas in cyanobacteria petA4 en-
codes cytochrome f and petC encodes the Rieske FeS protein,
according to the chloroplast gene nomenclature. Cyanobacte-
rial cytochrome by is encoded by petB, and SUIV is encoded by
petD. The bacterial complex III genes are organized in one
operon or, in cyanobacteria, two operons, and they are present
in different combinations (Fig. 5).

Cytochrome c. Cytochromes of the c-type (cytochromes c)
are more or less mobile electron transfer proteins on the peri-
plasmic side of the membrane. The heme cofactor is bound
covalently via thioether bonds to the cysteines of the heme
binding motif CXXCH. The histidine in this motif serves as an
axial ligand of the heme iron. When heme is in a low-spin state,
it is complexed by a second axial ligand, which is usually a
methionine or a histidine located at a considerable distance
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from the heme binding site in the primary amino acid sequence
(257).

Cytochromes c¢ function in respiratory chains most often by
passing electrons from the bc, complex to terminal oxidoreduc-
tases. They occur in two forms: either as soluble periplasmic
proteins or bound to the membrane with N-terminal, hydro-
phobic extensions. The soluble forms are usually small, 8- to
14-kDa polypeptides which are also called class I cytochromes
¢ and are homologous to the mitochondrial cytochrome c
(223). A large variety of small, soluble c-type cytochromes have
been isolated from diverse bacteria, and their structures and
functions in electron transport have been discussed in several
comprehensive reviews (200, 213, 257). Soluble c-type cyto-
chromes do not always move electrons from the bc, complex to
terminal oxidases (Fig. 3). For example, in gram-negative
methylotrophic bacteria, methanol is oxidized to formaldehyde
by a periplasmic methanol dehydrogenase (MOX), and the
electrons are passed via a c-type cytochrome to the terminal
oxidase (6, 117, 213). In sulfate-reducing bacteria, a tetraheme
cytochrome c¢;, which in some species has unusual heme C
binding sites (see below), plays a role in the electron transport
between hydrogenase and thiosulfate reductase (15).

Membrane-bound c-type cytochromes involved in respira-
tory electron transport have been identified from several spe-
cies. They contain an N-terminal, hydrophobic extension that
acts as an anchor for the otherwise periplasmically oriented,
hydrophilic protein. Examples are the B. subtilis cytochrome
¢sso Whose precise function is unknown (370, 371); the Brady-
rhizobium japonicum, Paracoccus denitrificans, and Rhizobium
leguminosarum CycM protein that transfers electrons from the
bc, complex to the cytochrome aa; terminal oxidase (33, 349,
382); and the Rhodobacter capsulatus cytochrome c,, which
serves as an electron donor either to the photosynthetic reac-
tion center (162, 163) or to the bc; complex (145). A diheme
cytochrome c, the cycG gene product, has been characterized
recently in Rhodobacter sphaeroides, but no involvement in
respiration has been shown (94).

B Rieske FeS protein cytochrome b [ signal sequence

c-type cytochrome subunit IV

P.d.
R.s./R.c.
B.j.
qgerC
B.s. W
petB petD petC
Nostoc N 77727222

FIG. 5. Subunit and domain structure of precursors of different bacterial bc,
complexes. The order of the represented precursor polypeptides from left to
right reflects the direction of transcription of the corresponding genes, which are
indicated on top of each polypeptide. The Bradyrhizobium japonicum fbcH gene
product is synthesized as a bc, precursor and is cleaved posttranslationally into
a cytochrome b and a cytochrome ¢, polypeptide. The Bacillus subtilis gcrC gene
product is a fused polypeptide comprising an N-terminal domain homologous to
the cyanobacterial subunit IV and a C-terminal domain that is more similar to
soluble cytochrome ¢ than to cytochrome c;. The cyanobacterial (Nostoc) byf
complex comprises four subunits that are encoded in two operons. Abbrevia-
tions: B.j., B. japonicum; B.s., B. subtilis; P.d., Paracoccus denitrificans; R.c.,
Rhodobacter capsulatus; R.s., R. sphaeroides.
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FIG. 6. Organization of genes encoding various bacterial heme-copper oxidases which have been studied with respect to subunit assembly. Below the structural
genes are indicated the respective subunits. Genes involved in the production of heme O (cyoE/ctaB) and heme A (ctaA) are drawn with dark shading; genes coding
for assembly factors or with unknown functions are white. SUT of Paracoccus denitrificans is encoded by two isogenes (ctaD1 and ctaD2). The information on the ctaH
gene encoding SUIV was provided by B. Ludwig (380). The Rhodobacter capsulatus, R. sphaeroides, and P. denitrificans ccoNOQP genes are organized in an operon
similar to the homologous rhizobial fixtNOQP genes (for references, see the text). More detailed information on the different gene clusters is presented in references

105 and 297.

Terminal oxidases involved in O, reduction. (i) Cytochrome
¢ oxidases. The terminal oxidases which accept electrons from
cytochrome ¢ and transfer them in reactions coupled to H*
transfer to oxygen to produce H,O are called cytochrome ¢
oxidases. They all belong to the family of heme-copper oxi-
dases because they contain heme and copper as cofactors (105,
297). The types and combinations of heme cofactors can vary
in these enzymes (Fig. 3).

Many bacteria contain a cytochrome c oxidase that is ho-
mologous to the mitochondrial aa, type of oxidase (298). This
type of cytochrome ¢ oxidase has been studied best in Para-
coccus denitrificans, and the three-dimensional structure of the
enzyme in this species has been solved recently (158). It and
the corresponding and homologous bovine mitochondrial en-
zyme complex (348) were the first respiratory membrane pro-
tein complexes whose crystal structures were solved. The P.
denitrificans enzyme contains four subunits, of which two carry
the heme and copper redox centers (Fig. 4). Subunit I (SUI) is
an integral membrane protein with 12 transmembrane helices.
It binds a low-spin and a high-spin heme A, the latter being
associated with Cug in a bimetallic Fe-Cu center, also referred
to as the binuclear center, at which molecular oxygen is re-
duced to H,O. Concomitantly with electron transport in O,

reduction, the protein translocates protons. Subunit II (SUII)
carries an N-terminal periplasmic loop between two trans-
membrane segments and a C-terminal globular domain, facing
the periplasm, which binds a bimetallic Cu, and probably also
provides the cytochrome ¢ binding site. Subunit III (SUIII) is
a hydrophobic protein whose function is still unknown. It con-
sists of seven transmembrane helices and contains no cofactors
but does contain a firmly bound lipid (158). A fourth subunit
(SUIV) was discovered in the crystallized complex. It forms a
single transmembrane helix that is in contact with all other
subunits. The function of this polypeptide is unknown.

This type of cytochrome ¢ oxidase is widely distributed in
bacteria, although there are certain variations. These include
the type of heme associated with SUI (Fig. 3) and the arrange-
ment of subunits, as summarized in a recent review (95). For
example, a cytochrome c in Thermus thermophilus was found to
be fused with the periplasmic domain of SUII, giving rise to a
caas-type oxidase in which the electron-donating heme C was
closely complexed with the Cu, electron acceptor site (41).
Furthermore, SUIII is fused to SUI (207).

The genes encoding aa;-type cytochrome ¢ oxidases are
highly conserved in different organisms and organized in one
or two operons (Fig. 6) (105). In P. denitrificans, the cyto-
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chrome ¢ oxidase SUII and SUIII are encoded by ctaC and
ctaE, respectively, in the ctaCBGE operon, which contains
additional genes required for biogenesis of the oxidase such as
a gene for the biosynthesis of heme A (275, 319) (see below).
SUI occurs as two isoenzymes encoded by ctaDI and ctaD2
(70, 275). The gene encoding SUIV has been identified re-
cently on a separate locus and was named ctaH (380). Rhodo-
bacter sphaeroides contains two similar operons, one with the
corresponding genes ctaCBGE (47, 105) and one expressing
SUI from a single ctaD gene (307). In B. japonicum, the coxB
gene encoding SUII precedes coxA4, which encodes SUI, and
the genes are probably also organized in an operon (287).

A different type of heme-copper oxidase that can use cyto-
chrome c as electron donor was discovered first in Sinorhizo-
bium meliloti and B. japonicum (167, 268). In rhizobia, the
oxidase is required for microaerobic respiration during root
nodule symbiosis and meets the energetic demands of nitrogen
fixation. This type of terminal oxidase is now also known to be
present in other bacterial species including R. sphaeroides, R.
capsulatus, P. denitrificans, Azorhizobium caulinodans, Agrobac-
terium tumefaciens, Pseudomonas aeruginosa, Magnetospirillum
magnetotacticum, Helicobacter pylori, and Thiobacillus sp. strain
W5, from which the proteins have been purified (71, 106, 120,
176, 232, 270, 333, 364) and/or the corresponding genes have
been identified (71, 205, 268, 303, 335, 396). The oxidase is
encoded by the fixNOQP (Fig. 6) or ccoNOQP operon, with the
fixN/ccoN gene coding for a typical heme-copper oxidase SUI,
the fixO/ccoO and fixP/ccoP genes coding for membrane-
bound c-type cytochromes, and the fixQ/ccoQ gene coding for
a small membrane protein of unknown function (400). Thus,
this oxidase lacks the classical SUII and SUIII and contains
c-type cytochromes instead. SUI is of the bb; type, and in the
R. sphaeroides enzyme complex the presence of Cug was dem-
onstrated (106). This type of heme-copper oxidase, referred to
as cbb;-type oxidase, was shown to translocate protons through
the membrane (70, 71).

(ii) Quinol oxidases. An alternative route of electron trans-
port from quinols to oxygen other than via a bc, complex is
provided by the quinol oxidases, which are capable of accept-
ing electrons directly from quinol and using them for reduction
of molecular oxygen. As the bc; complex is an additional cou-
pling site of the respiratory chain and drives net proton trans-
location, the bc,-c-aa; branch is more effective in energy pro-
duction than the branch conducting a one-step quinol:O,
oxidation-reduction, because the quinol oxidase is the only
proton-translocating complex.

Quinol oxidases contain cytochromes of various types (Fig.
3) and can be divided into heme-copper oxidases and cyto-
chrome d-containing oxidases. Both types of quinol oxidases
are present in E. coli, an organism that lacks cytochrome ¢
oxidases for aerobic respiration, and have been well character-
ized (107, 109, 262).

The ubiquinol oxidase from E. coli operates at high oxygen
tensions and is a heme-copper oxidase of the bo, type (Fig. 4).
Its subunits are homologous to those of the aa;-type oxidase
described above. SUI carries a low-spin heme B and a high-
spin heme O-Cug binuclear center. The main difference be-
tween the quinol- and cytochrome c-oxidizing heme-copper
oxidases is the absence of Cu, in SUII of the quinol oxidase
(216). As quinol oxidases interact with quinol and not with
cytochrome c, they lack a cytochrome ¢ binding site, and two
quinol binding sites have been identified (301). SUIII, whose
function is not clear, is also present in the quinol oxidase, and
an additional small SUIV has been shown to be part of the
purified enzyme (216). This subunit has recently been pro-
posed to assist copper incorporation into SUI during matura-
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tion (291). The genes encoding the bo,-type oxidase are orga-
nized in the cyoABCDE operon (Fig. 6). The first gene, cyoA,
codes for SUII, cyoB codes for SUI, cyoC codes for SUIII, and
cyoD codes for SUIV. The cyoE gene is homologous to ctaB of
the P. denitrificans cytochrome ¢ oxidase operon and encodes
heme O synthase (see below) (222). Corresponding genes en-
coding heme-copper-type quinol oxidases have been identified
in many other bacteria (for references, see reference 105).

A completely different type of terminal quinol oxidase is
found when E. coli cells are grown under conditions of low
aeration: a high-affinity bd oxidase (Fig. 4). This enzyme com-
plex is a heterodimer encoded by the cydA4B genes (121, 122).
A similar oxidase has also been identified in the N,-fixing
Azotobacter vinelandii (177, 224), where it is supposed to sup-
port extremely high respiration rates and thus be involved in
respiratory protection of nitrogenase. Both subunits of the
bd-type oxidase are integral membrane proteins with seven and
eight putative transmembrane helices, respectively, as revealed
by membrane topology studies (239). SUI (CydA) contains the
low-spin heme B (cytochrome bssg), which is thought to be the
quinol oxidation site (87, 175). Heme D and a high-spin heme
B (cytochrome bsys) are shared between the two subunits and
are believed to form a bimetallic center where oxygen is re-
duced to H,O (75, 144).

Under microaerobic conditions, E. coli synthesizes a third ter-
minal oxidase, again of the bd type. It is encoded by the cyx4AB
genes (66, 326), but its physiological function is not clear.

Oxidoreductases using alternative electron acceptors. (i)
Nitrate reductase. Nitrate reductase, the enzyme involved in
anaerobic nitrate respiration, couples respiratory phosphory-
lation to the reduction of nitrate in the absence of O,. E. coli
expresses two different membrane-bound nitrate reductase
isoenzymes (NAR) and a periplasmic nitrate reductase (NAP)
(31, 54, 109). Similar enzymes are also present in various deni-
trifiers (89).

The two membrane-bound nitrate reductases (Fig. 4) are al-
ternative sets of homologous proteins encoded by the narGHJI
or narZYWV operons. NarG and its isoenzyme NarZ (o SU)
are the terminal nitrate reductases and contain a molybdopt-
erin cofactor; NarH and NarY (B SU) carry four FeS centers.
The o and B subunits can be purified as a soluble complex from
the cytoplasm (9, 200); however, in the cell, the subunits are
anchored to the membrane by a cytochrome b subunit (y SU)
that is a membrane-integral protein with five putative trans-
membrane helices and two B-type hemes (24, 85, 313). The vy
subunit is the quinol oxidase and transfers electrons from
ubiquinol to the B subunit. A fourth polypeptide is encoded by
narJ/narW; however, this protein appears to be an assembly
factor rather than a subunit of nitrate reductase (24, 28, 79).

A third type of nitrate reductase is found in various bacteria
including enterobacteria, aerobic denitrifiers, and nonsulfur
photosynthetic bacteria (26, 124, 280, 310): the periplasmic
nitrate reductase (NAP) with two subunits, NapA and NapB,
forming a biologically active complex. NapA is the catalytic
subunit with a molybdopterin cofactor and a 4Fe-4S center.
NapB is a diheme c-type cytochrome. Both subunits are syn-
thesized as precursors with N-terminal signal sequences that
are cleaved after translocation across the cytoplasmic mem-
brane. Thus, NAP is a soluble, periplasmic enzyme complex. It
is believed that the NapAB complex receives electrons from a
tetraheme cytochrome ¢, the napC gene product, that is re-
quired for in vivo nitrate reductase activity and thus may be
considered a further subunit of the complex (280). This protein
is periplasmic, although it is anchored to the membrane with
an N-terminal hydrophobic segment. The nap gene cluster
contains seven genes in E. coli. Apart from napA and napB,
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which encode the active complex, and napC, which encodes the
tetraheme cytochrome ¢, other genes, which may code for
additional subunits of the NAP complex, have been identified
by nucleotide sequencing (124). Some of them, namely, napD
and napE, have also been identified in Thiosphaera pantotropha
(29).

(ii) Nitrite reductase. Two types of nitrite reductases contain
heme as prosthetic group. The first type is the so-called cd,
nitrite reductase (NIR), which is involved in denitrification in
many bacterial species (38) (Fig. 4). The enzyme is a soluble
periplasmic homodimer, which carries one heme C and one
heme D, per monomer as prosthetic groups (5). The 7. pan-
totropha cytochrome cd, crystal structure has been solved and
shows that the two heme groups are localized in separate
domains of the protein (101). The protein catalyzes two elec-
tron transfer reactions: first, the reduction of NO,~ to NO and
H,O0, and second, the reduction of O, to H,O. Both reactions
are thought to take place successively at the high-spin heme D,
iron, whereas the low-spin heme C was proposed to donate
electrons to the catalytic site (101). The structural gene nirS,
encoding the nitrite reductase, has been cloned and sequenced
from several species (69, 166, 312, 402). It is found in clusters
of other nir genes coding for c-type cytochromes, an enzyme
involved in siroheme synthesis, and other putative assembly
factors (69).

The second type of heme-containing nitrite reductase is rep-
resented by the formate-dependent nitrite reductase (NRF) of
E. coli. NrfA is a periplasmic tetraheme cytochrome css, (65).
The enzyme uses electrons that are donated from formate to
quinone and subsequently to NrfB, a pentaheme c-type cyto-
chrome (1, 154). NRF is encoded by the first two genes of the
nmifABCDEFGH operon, which also encodes a FeS protein
(NrfC), a hydrophobic membrane protein (NrfD), and putative
cytochrome c biogenesis proteins (NrfE and NrfF) (154). All of
these proteins are required for formate-dependent nitrite re-
duction.

(iii) NO reductase. Nitric oxide reductase (NOR) is the
enzyme that converts NO to N,O during denitrification. It is
best characterized from Pseudomonas stutzeri, from which it
has been purified as a two-subunit cytochrome bc complex
(141). The subunits are encoded by the norCB operon. The
gene norB codes for a b-type cytochrome with 12 putative
transmembrane helices, which resembles SUT of the cbb;-type
heme-copper oxidases except that it is thought to carry a binu-
clear Fe-Fe center rather than a Fe-Cu center (356). The norC
gene encodes a membrane-anchored c-type cytochrome (403).

(iv) TMAO reductase. In E. coli, the TMAO reductase (TOR)
complex is able to reduce trimethylamine N-oxide (TMAO)
under anaerobic conditions. It consists of two periplasmic sub-
units, a large molybdoprotein (TorA) and a c-type cytochrome
(TorC) that appears to be anchored to the membrane by an
N-terminal hydrophobic sequence (157), and a presumed in-
trinsic membrane protein (TorD) (210). The torCAD genes
have been sequenced and shown to be organized in an operon
(210).

(v) DMSO reductase. R. capsulatus dimethyl sulfoxide
(DMSO) reductase (DMS) is anchored to the membrane by a
b-type cytochrome (208). The amino acid sequence of the
product of the corresponding E. coli DMSO reductase gene
dmsC contains two histidines that have been postulated to be
potential heme binding ligands (72); however, experimental
support for this hypothesis is missing. R. sphaeroides possesses
a DMSO reductase system involving the membrane-bound
pentaheme cytochrome ¢ DmsC, the transmembrane protein
DmsB, and the periplasmic DMSO reductase DmsA, which
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are very similar to the subunits of the E. coli TMAO reductase
system (352).

(vi) Reductases of sulfurous compounds. Several enzymes
known to be involved in the respiratory reduction of sulfurous
compounds may contain hemoprotein subunits. The Salmo-
nella typhimurium PhsABC enzyme is a thiosulfate reductase
(PHS) with three subunits: PhsA is a molybdoprotein, PhsB is
an FeS protein, and PhsC is an intrinsic membrane protein that
has been speculated to be a cytochrome, because thiosulfate
reduction requires heme (140). The operon containing the
phsABC genes carries additional genes, phsDEF, of which the
first, phsD, codes for a c-type cytochrome with similarity to the
periplasmic nitrate reductase NapB subunit (4). Wolinella suc-
cinogenes synthesizes a homologous polysulfide reductase
(PSR) enzyme composed of the subunits PsrA, PsrB, and PsrC,
which may contain heme B in PsrC (183).

A special type of hemoprotein is represented by the dissim-
ilatory sulfite reductases (SIR) of sulfate-reducing bacteria,
which contain as many as four 4Fe-4S clusters and probably
two sirohemes in their o subunit (173). The composition of the
enzyme was described first as an o, 3, tetramer and later as an
a,B,Y, complex (3, 173, 260). The subunits are encoded by the
dsvAB and dsvC operons (172, 173).

Unlike E. coli, S. typhimurium also possesses a dissimilatory
sulfite reductase for anaerobic sulfite respiration (ASR), which
is encoded by the asrABC genes. AsrA appears to be a ferre-
doxin-like protein, AsrB is a flavoprotein, and AsrC is similar
to a subunit of Desulfovibrio vulgaris sulfite reductase in that it
contains 4Fe-4S cluster binding sites and siroheme binding
sites (150).

(vii) Fumarate reductase. Fumarate can be used as terminal
electron acceptor of an electron transport chain through fu-
marate reductase (FRD), whereby succinate is formed. In
W. succinogenes, the enzyme is membrane anchored by a b-type
cytochrome, the frdC gene product. FrdA and FrdB are the
catalytic subunits containing an FAD cofactor and at least one
FeS center (353). Although the homologous E. coli enzyme has
a similar subunit composition, it contains two hydrophobic
subunits lacking a heme cofactor (192).

INDIVIDUAL STEPS OF CYTOCHROME BIOGENESIS

During maturation of cytochromes, a series of steps can be
postulated in which transport, processing, and combination of
the different subunits and cofactors result in a mature enzyme
or enzyme complexes. These steps are discussed separately in
the following sections.

Protein Targeting

Cytochromes involved in electron transport reactions that
are accompanied by the establishment of a proton motive force
are localized either in the cytoplasmic membrane or in the
periplasm. After the protein component of a cytochrome has
been synthesized in the cytoplasm, it must reach its final cel-
lular location by translocation into or through the cytoplasmic
membrane.

An interesting question in this context is whether cyto-
chromes use the general secretory (sec) pathway, which is
relativelywell characterized in bacteria (165,228,272), or wheth-
er special transport systems are required. In the general secre-
tory pathway, a secretion-specific chaperone (SecB) is used in
combination with a number of membrane proteins termed
SecA, SecY, SecE, SecG, SecD, and SecF, which are subunits
of, or which interact with, the preprotein translocase. SecA is
an ATPase that is thought to provide energy for translocation.
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Directed by SecA, the precursor protein that is kept translo-
cation competent by SecB inserts first with its N-terminal,
hydrophobic signal sequence into the membrane. Subse-
quently, its C-terminal portion is exported by the SecY/E trans-
locase. SecD and SecF are believed to function at a late step of
translocation, perhaps in triggering the release of the translo-
cated protein from the secretion complex. Precursors of solu-
ble periplasmic proteins are released from the membrane by
proteolytic cleavage of the signal sequence, which is achieved
by the LepB signal peptidase. In contrast, membrane-bound
proteins with a hydrophilic, C-terminal domain exposed to the
periplasm are released from the translocation apparatus in an
unknown way, with their noncleaved signal peptide anchoring
them in the lipid bilayer. Although the general secretory path-
way is used for protein export, certain bacterial proteins are
known to cross the membranes in a sec-independent way (272,
375). However, these do not possess the typical N-terminal
signal sequences.

Two different types of cytochromes can be distinguished with
respect to their cellular location and consequently their needs
for translocation: the periplasmic and the membrane-integral
cytochromes.

Periplasmic cytochromes. The periplasmic cytochromes or
cytochrome moieties are predominantly of the c type; i.e., they
carry heme that is bound covalently and have an o band of 550
to 557 nm. This fact leads to a central question of cytochrome
c biogenesis that was answered only recently: is the protein
translocated in the apoform or in the holoform? Proteins are
generally believed to be threaded through the membrane in a
locally unfolded state, using the general protein secretion ma-
chinery (Sec) of the bacterial cell (273). It is difficult to imagine
that a polypeptide with a covalently attached heme group of ca.
616 Da could cross the membrane by using the Sec apparatus.
Perhaps such a holoprotein might be exported through a spe-
cific transport system. Since a number of bacterial mutants
unable to synthesize holocytochrome ¢ have been associated
with genes encoding an ATP binding cassette (ABC) trans-
porter whose precise role during cytochrome ¢ maturation is
unknown, the possibility that this special transport system is
required for a nonthreaded translocation of relatively bulky
holocytochrome ¢ molecules formed in the cytoplasm has been
considered (342).

The following circumstantial evidence suggests that c-type
cytochromes traverse the cytoplasmic membrane as preapo-
proteins in a sec-dependent pathway. (i) All c-type cytochromes
are synthesized as precursors with N-terminal signal se-
quences. These are thought to be recognized by the SecB and
SecA proteins for initiation of translocation (228, 272). (ii)
Signal sequences of c-type cytochromes, when translationally
fused to alkaline phosphatase, are capable of directing the
hybrid protein through the membrane (21, 36, 86, 292, 371).
(iif) Normally, holocytochrome c is not detectable in the bac-
terial cytoplasm, even if the protein is overproduced and thus
accumulates. (iv) Precursor apoproteins have been identified
in the periplasm under conditions in which heme incorporation
was not possible (249, 295, 340). (v) Deletion of the signal
sequence prevents export of cytochrome ¢ into the periplasm
(296, 340). (vi) Mutants affected in several periplasmic proteins
or protein domains that are required for maturation of c-type
cytochromes (see below) do not impede apocytochrome ¢
translocation (249, 339). Support of sec-dependent cytochrome
¢ translocation was obtained recently, when the fate of the
Bradyrhizobium japonicum cytochrome css, in secretion-defec-
tive E. coli mutants was analyzed (339). The production of
holocytochrome ¢ was clearly affected, and precursor apocyto-
chrome accumulated in the cytoplasmic membrane, suggesting
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that the secretion pathway interferes with cytochrome ¢ mat-
uration. However, mutants with mutations in genes encoding
the ABC transporter specifically involved in cytochrome ¢ mat-
uration were tested for cytochrome ¢ export, and cytochrome
c-PhoA fusions were efficiently translocated to the periplasm
of Rhodobacter capsulatus, B. japonicum, and E. coli ABC
translocator mutants (21, 337, 339). Moreover, cleaved apocy-
tochrome was detected by immunoprecipitation in the peri-
plasm of such E. coli mutants in similar amounts to those in the
wild type (339). These results revealed that the ABC trans-
porter is not responsible for apoprotein translocation.

Few arguments can be made to challenge the view of a sec-
dependent cytochrome translocation. For example, there is the
exceptional case of Hydrogenobacter thermophilus cytochrome
Css», Which, under certain circumstances, can be produced in
the cytoplasm (see below). Thus, in principle, holocytochrome
¢ can be formed in the cytoplasm, but a sec-dependent holo-
cytochrome c translocation seems highly unlikely. A surprising
result was found when the entire signal sequence (C2Asig) of
R. sphaeroides cytochrome ¢, was deleted: neither export of the
protein nor covalent attachment of heme was prevented (35).
This finding suggests either that cytochrome c, possesses ad-
ditional export signals that can be recognized by the Sec ap-
paratus or that it can reach the periplasm in a sec-independent
manner. However, the fact that the C2Asig mutant grew more
slowly may indicate an interference of export-defective protein
with components of the secretion pathway, thus blocking trans-
location or assembly of other essential proteins (35).

Export of membrane-bound, periplasmic c-type cytochromes
such as CycM or c, has been studied indirectly by analysis of
PhoA fusions. It was shown that these proteins are anchored to
the membrane with an N-terminal, signal sequence-like por-
tion that is uncleaved (231, 285). If these proteins are also
secreted by the general secretion pathway, they must be re-
leased from the translocation channel by lateral diffusion in the
lipid bilayer (368), as was proposed for other bitopic mem-
brane proteins (272).

In conclusion, the involvement of the general secretion sys-
tem in apocytochrome c translocation has been supported ex-
perimentally in quite a convincing way.

Polytopic membrane proteins. Cytochromes of the a, b, d,
and o types have different requirements for translocation be-
cause they are polytopic membrane proteins. They span the
lipid bilayer several times with hydrophobic segments of
approximately 20 amino acids and contain cytoplasmic and
periplasmic loops. The heme groups are usually bound in a
noncovalent way to specific ligands, which are most often his-
tidines at conserved positions in the hydrophobic transmem-
brane segments. Thus, translocation of these cytochromes in-
volves three main steps: (i) protection of the newly synthesized
cytoplasmic protein from proteolytic degradation and co- or
posttranslational targeting of the polypeptide to the cytoplas-
mic membrane, (ii) insertion of transmembrane segments into
the membrane, and (iii) extrusion of periplasmic loops. Again,
these steps may be dependent on the general secretory path-
way or may occur in a sec-independent manner (367, 368).
When polytopic membrane proteins are threaded through the
membrane in a sec-dependent way, their hydrophobic domains
are recognized as signal sequences and are used to drive the
adjacent hydrophilic portions through the membrane one by
one (272). Translocation of a segment is halted by “stop-trans-
fer” signals, presumably positively charged amino acids. Sub-
sequent segments can then be exported by reinitiation of trans-
location depending on the protein-internal signal sequences.
An indication for such a mechanism of cytochrome transloca-
tion is the fact that certain polytopic cytochromes have C-
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terminal domains containing heme C that must be exported
completely. Such an example is SUII of the caas-type cyto-
chrome ¢ oxidase, in which a c-type cytochrome domain is
fused C terminally to the periplasmic Cu, domain (105). In
addition to the cleaved signal sequence of SUII, two hydro-
phobic segments anchor the protein in the membrane; the
more C-terminal of these segments probably acts as an internal
export segment for the C-terminal bulk of the protein. Another
example is found in the B. japonicum fbcH gene product, which
is synthesized as a polyprotein precursor for cytochromes b and
¢,. Cytochrome b carries an unusual ninth transmembrane
helix that contains all the characteristics of, and functions as, a
protein-internal signal sequence for the adjacent cytochrome
¢, moiety (338, 343) (see below). This signal sequence is
cleaved during maturation.

Although in the past the question of how polytopic cyto-
chromes are assembled in the membrane had not been ad-
dressed experimentally, it seems logical that the heme co-
factors can be incorporated only after the polypeptide has
adopted a certain three-dimensional structure in the mem-
brane. The relative arrangement of transmembrane helices,
which in most cases bind heme by pairs of histidines, is likely to
be a prerequisite for this kind of cofactor incorporation. This is
of particular importance as there are no catalysts known to
assist in heme binding to transmembrane helices (see below).

Subunit Assembly

Contribution of individual subunits. Many of the respiratory
cytochromes are assembled into oligomeric membrane protein
complexes. The subunits themselves can be critical for their
successful assembly.

It is not always clear what makes up a true subunit. From a
biochemical point of view, a subunit is a polypeptide that co-
purifies with the enzymatic activity in stoichiometric amounts.
On the one hand, it is sometimes difficult to distinguish be-
tween true subunits and impurities of the enzyme preparations.
On the other hand, subunits can be lost during purification. If
a polypeptide can be removed from a respiratory complex
without loss of enzymatic activity, its function as a subunit is
questionable. There are often genetic hints whether a polypep-
tide might be a subunit. Many of the bacterial respiratory
enzyme complexes are encoded by genes organized in operons;
i.e., the biosynthesis of the corresponding subunits is transcrip-
tionally and often also translationally coupled. Therefore, sub-
units have also been discovered on the basis of gene organi-
zation in several cases.

A good example of the difficulties that can arise in subunit
assignment is the Paracoccus denitrificans aa,-type cytochrome
¢ oxidase. This enzyme was initially purified as a two-subunit
complex (199). Only later was SUIII identified due to the
discovery of its gene (300); subsequently, a three-subunit en-
zyme preparation was obtained (129). Since SUIII does not
contain any redox-active cofactors and can be removed from
the complex without drastic alterations in oxidase function
(128), its role in the complex has been disputed, and it has been
suggested to be important for assembly of the oxidase. The
crystal structure of cytochrome ¢ oxidase revealed that this
complex actually consists of four subunits, the fourth polypep-
tide being too small to be detected by normal sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (158). Deletion of
the ctaH gene encoding SUIV had no effect on the integrity
and enzymatic function of the complex (380). Thus, the func-
tion of SUIV also remains unknown.

One way of characterizing the requirement of subunits for
complex assembly is to express or overexpress single subunits.
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This can lead to incorporation of the polypeptide into the
membrane and sometimes also to cofactor binding, such that
the protein is stably maintained and can be detected under
steady-state conditions. Alternatively, the polypeptide may not
assemble correctly and is subjected to rapid proteolytic degra-
dation. SUI and SUII of the E. coli bos-type quinol oxidase
were expressed independently and inserted stably into the
membrane (234). SUT even incorporated both hemes although
at decreased levels, whereas SUII did not contain any heme.
The B. subtilis caas-type cytochrome ¢ oxidase SUII (COII)
was shown to be expressed and incorporated in the membrane
as a holocytochrome in the absence of SUI (COI) (358). The
Rieske FeS protein of the R. sphaeroides bc, complex could be
expressed at low levels in the absence of the other subunits and
contained the 2Fe-2S center (359). In an E. coli expression
system which principally allows for the biosynthesis of c-type
cytochromes, expression of the FixP subunit of the B. japoni-
cum cbbs-type oxidase led to an extremely unstable product
that was not inserted into the membrane (399).

A good approach to study the effect of subunits on the
assembly of enzyme complexes is the construction of mutations
in the individual structural genes. Since most respiratory com-
plexes are encoded by operons, it is often easy to knock out the
last gene in the operon without affecting the expression of the
other genes, but it is difficult to mutate the promoter-proximal
genes without generating polarity effects. Therefore, for most
respiration enzymes, a systematic removal of each individual
subunit has not been achieved. Table 1 shows a survey of
single-gene mutants of respiratory enzymes and their pheno-
types with respect to subunit assembly. The best test of wheth-
er the apoproteins insert into membranes in such mutants
requires that antiserum specifically recognizing the individual
subunits be available. Unfortunately, in several cases where
single-gene mutants have been described in the literature, the
phenotypic characterization has not included immunological
detection of the subunits. For example, mutants with deletions
in SUI of the R. sphaeroides and P. denitrificans aa;-type oxi-
dase were shown to lack spectroscopically detectable oxidase,
but the presence of SUII polypeptide in the membranes was
not investigated (70, 307). In an E. coli cyoD mutant lacking
SUIV of the bos-type oxidase, only the presence of SUI was
confirmed; that of SUII was not analyzed. A systematic char-
acterization of the contribution of subunit polypeptides to
complex assembly was reported for the B. japonicum cbb;-type
oxidase. The structural genes fixN, fixO, fixQ, and fixP were
deleted one by one, and the in-frame deletions were shown to
be nonpolar (400). These mutants served as tools to charac-
terize the biogenesis pathway of this oxidase more precisely
(see below), and the requirement of FixN and FixO, but not of
FixQ, for oxidase assembly was deduced.

Various respiratory complexes consist of cytoplasmically ac-
tive enzymes that are anchored to the membrane by one or two
subunits which often are b-type cytochromes. These subunits
connect the cytoplasmic redox reactions with electron trans-
port to or from the quinone and quinol pool in the membrane.
Examples of this type of oxidoreductase are the SDH and FDN
and the NAR-type nitrate reductase (Fig. 4). These enzymes
can form subcomplexes of the cytoplasmic subunits even in the
absence of the membrane anchor and usually retain oxi-
doreductase activity on their specific substrate, which is, how-
ever, uncoupled from electron transfer to or from quinone and
quinol (Table 1). Thus, the attachment of these enzymes to the
membrane by their cytochrome b subunits seems to be the last
step of complex assembly and perhaps has evolved to direct the
electron flux of such reactions into the respiratory chain.

Another dimension of respiratory complexes present in bac-
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TABLE 1. Involvement of subunits in assembly of respiratory cytochrome complexes”

Enzyme Organism Affected subunit Genotype Phenotype Reference(s)
SDH E. coli cyt bss, large SU sdhC No membrane insertion; no heme; soluble SDH activity 235
SDH E. coli cyt bss small SU sdhD No membrane insertion; no heme; soluble SDH activity 235
SDH B. subtilis cyt bssg sdhC No cyt b polypeptide; soluble SDH 99, 138
bc, complex P. denitrificans  cyt c, fbcC No membrane insertion of cyt b and FeS protein 111
bc, complex R. sphaeroides Truncated cyt ¢, fbcC’ Soluble holocyt c;; assembly defect of cyt b; FeS 182

protein present
bc, complex R. capsulatus Truncated cyt ¢, fbcC’ cyt ¢, absent; small amounts of cyt b and FeS protein 68, 119
bc, complex R. capsulatus FeS protein fbcF Assembly of a bc; subcomplex 68
bc, complex B. japonicum cyt ¢, fbcH All subunits absent 343
aa, oxidase P. denitrificans ~ SUI ctaD1 No spectrally detectable oxidase 70
ctaD2
aa, oxidase P. denitrificans ~ SUII ctaC No SUI present 318
aa oxidase P. denitrificans ~ SUIII ctaE Cofactors present; assembly defect 128
aa, oxidase R. sphaeroides SUI ctaD No spectroscopically detectable oxidase; presence of 307
SUII ND
aa, oxidase B. japonicum SUI coxA SUI and SUII absent 195, 287
caay oxidase B. subtilis SUI ctaD SUII present in membranes 358
cbb, oxidase P. denitrificans ~ SUI, SUII ccoNO No CcoP 71
cbb, oxidase R. capsulatus SUI, SUII ccoNO No CcoP 335
cbb, oxidase B. japonicum FixN (SUI) fixN FixN, FixO, and FixP absent 400
cbb, oxidase B. japonicum FixO (SUII) fixO FixN, FixO, and FixP absent 400
cbb, oxidase B. japonicum FixP (SUIII) fixP FixNO complex present 400
cbb, oxidase B. japonicum FixQ fixQ FixXNOP normally assembled 400
cbb, oxidase A. caulinodans  FixN, FixO fixNO CcoP absent; polarity effect? 205
bo; oxidase E. coli SUII cyoA SUI present 234
bo, oxidase E. coli SUI, SUIII, SUTV c¢yoBCDE  SUII present 234
bo; oxidase E. coli SUIV cyoD SUI present, SUII ND 291
aa oxidase B. subtilis SUII qoxC Defective cyt aa, assembly 363
aa oxidase B. subtilis SUIV qoxD Normal assembly 363
bd oxidase E. coli SUI cydA SUI and SUII absent; no hemes; polarity effect? 121
bd oxidase E. coli SUIL cydB SUI present; no heme D 121
NAR; NarGHI E. coli Narl narl No formate-linked membrane-bound enzyme; soluble 28, 79
NAR activity
TMAO reductase  E. coli TorA molybdoprotein torA TorC c-type cyt present 210
NAP R. sphaeroides Membrane-bound cyt ¢ napC Soluble NapAB complex; no in vivo activity, but active 280
with artificial electron donor
NO reductase P. stutzeri SUI norB NorC amount decreased 403

“ ND, not determined; cyt, cytochrome.

terial membranes is found in the so-called supercomplexes that
are often formed between respiratory complexes and their
mediators, usually c-type cytochromes. For example, a bc,-
cytochrome c-aa; complex has been solubilized from mem-
branes of Paracoccus denitrificans and the thermophilic bacte-
rium PS3 (27, 315). This complex oxidizes ubiquinol and
reduces molecular oxygen in a complete electron transfer sys-
tem. The c-type cytochrome linking complexes III and IV is a
membrane-anchored species that has been called cytochrome
¢ss, and is encoded by the cycM gene (349). Similar mem-
brane-bound c-type cytochromes, CycM and cytochrome c,,
connect complex III and IV of Bradyrhizobium japonicum and
Rhodobacter capsulatus, respectively. In B. japonicum, a dele-
tion of cycM resulted in the loss not only of CycM but also of
spectroscopically detectable aa,-type oxidase (32). Mutations
in the bc, complex genes caused the lack of complex III, CycM
and aa;-type oxidase (32). On the other hand, a cox4 mutant
affecting SUI of the aa;-type oxidase retained the bc, complex
and CycM (32). These results imply that the formation of a
supercomplex involves a tight interaction of the cytochrome
bc, complex with CycM followed by association of the aas-type
oxidase. The stability of the last two cytochromes (CycM and
aas) depends on an intact bc; complex, whereas the bc; com-
plex per se is stable in the membrane. It has also been estab-
lished that the bc, complex of B. japonicum can interact with a

different, microaerobic respiratory chain, namely, the FixNOP
oxidase (268, 343, 400). In this case, FixP may fill a position
similar to CycM by being a membrane-bound mediator be-
tween the bc, complex and the terminal oxidase (FixNO com-
plex). In a preparation of the cbb,-type oxidase from B. japoni-
cum bacteroids, subunits of the bc, complex were copurified
with the oxidase, suggesting that a tightly associated cyto-
chrome bc,-cbb;-supercomplex may exist (176). However, the
presence of the bc, complex is not required for the stable
maintenance of the cbb;-type oxidase in membranes, since
FixN, FixO, and FixP are detected at normal levels in bc,
mutants (400).

Other assembly factors. A number of additional protein-
aceous assembly factors that are not constituents of the mature
complex have been identified for different respiratory com-
plexes. In most cases, the precise function of these proteins
during biogenesis is not clear, and they can affect either the
correct assembly of the subunits or the processing and incor-
poration of cofactors. Such assembly factors are often encoded
in operons containing the structural genes for the respiratory
enzymes; i.e., these are genes whose derived polypeptides have
not been demonstrated to be subunits of the corresponding
complexes. Their involvement in subunit assembly can be
tested by introducing mutations into these genes and analyzing
the effect on the formation of spectroscopically normal and
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TABLE 2. Putative assembly factors of respiratory cytochrome complexes
Gene locus Organism Subcellular location Postulated or demonstrated function Reference(s)
ctaA B. subtilis/B. firmus Membrane integral Heme A synthase 225, 328-330
ctaB B. subtilis/B. firmus Membrane integral Heme O synthase 22, 32, 46, 51, 204,
ctaB P. denitrificans 274, 275, 299
cyoE E. coli
cyoE N. winogradskyi
coxD Synechocystis sp.
orfl B. japonicum/R. sphaeroides
ctaG (orf3) P. denitrificans Membrane integral Cytochrome aa, assembly 275, 318
tipA B. japonicum Membrane bound periplasmic Thioredoxin for cytochrome aa assembly 195
senC/prrC R. capsulatus/R. sphaeroides Membrane bound periplasmic Assembly of cb-type oxidase 40, 83
fixGHIS S. meliloti/B. japonicum/ Membrane complex Cu transport and Cuy assembly into FixN? 168, 206, 269
A. caulinodans
cydC E. coli Membrane integral ABC transporter for bd-oxidase assembly 110
cydD E. coli Membrane integral ABC transporter for bd-oxidase assembly 19, 264-266
napD T. pantotropha Cytoplasmic NapAB maturation 25
narllnar E. coli Hydrophilic, not detectable in Required for assembly of membrane-bound, 28, 79, 313
subcellular fractions active NarGHI/NarZYV
nirC P. fluorescens Periplasmic Assembly of active cd, nitrite reductase 390
nirECF P. denitrificans Cytoplasmic/periplasmic/ Heme D, biosynthesis 69
cytoplasmic
nirD P. stutzeri Cytoplasmic Heme D, biosynthesis 253
nirF P. aeruginosa Cytoplasmic Heme D, biosynthesis 174

biologically active enzyme complexes. In such analyses, a neg-
ative effect on assembly may be indirect, for example, due to a
defect in the biosynthesis of a cofactor.

Table 2 summarizes the various putative assembly factors
that have been found in connection with bacterial respiratory
enzymes. For example, mutations in B. subtilis ctaA or ctaB
cause a defect in assembly of the cytochrome ¢ oxidase because
the mutants are blocked in heme A biosynthesis (222, 330).
Other genes likely to be involved in cofactor biosynthesis or
processing are cydC and cydD, which were hypothesized to be
subunits of a heme transporter (238), and the nirCDEF genes,
which appear to play a role in heme D, synthesis for the cd,-
type NIR (references are given in Table 2). A role of P. deni-
trificans ctaG in a late step of cytochrome aa; assembly has
been postulated (318). More recently, the analysis of a yeast
mutant affected in the coxl1 gene, a homolog of ctaG (350),
suggested that the derived gene product may be another heme
A biosynthetic enzyme involved in forming the formyl group at
position 8 of the porphyrin ring (351).

The correct incorporation of cofactors may also be directed
by specific proteins. The B. japonicum tlpA gene product, a
membrane-bound, periplasmic thioredoxin, is thought to func-
tion as a periplasmic reductant during cytochrome aa; matu-
ration (195, 198). Mutations in t/pA caused an assembly defect
of the aas-type oxidase in that spectroscopically detectable
cytochrome aa; was absent in mutant membranes whereas SUI
was immunologically detectable, albeit at decreased levels
(195). It was speculated that TlpA may keep the two cysteines

of the Cu, binding site of SUII of the aa;-type oxidase reduced
in the oxidative environment of the periplasm to allow subse-
quent incorporation of the copper cofactor (198).

The incorporation of Cug into the cbb;-type oxidase SUI of
the same organism has been suggested to depend on the func-
tion of the fixGHIS gene products. This hypothesis is based on
the facts that (i) FixI appears to be similar to the P-type
ATPases CopA and CopB of Enterococcus hirae (247), which
are involved in copper uptake and export, respectively, and (ii)
FixG seems to be a ferredoxin (168). Since a fixGHI mutant
exhibited strongly reduced levels of immunologically detect-
able cbb; oxidase subunits of an otherwise inactive enzyme
(269), the translocation of copper through the cytoplasmic
membrane may be a requirement for correct assembly of the
oxidase (see below).

Other putative assembly factors are characterized only by
mutations of the corresponding genes that lead to incorrectly
assembled complexes. The narJ gene product is necessary for
the formation of a membrane-bound, active nitrate reductase
(28,79). In a narJ mutant, the b-type cytochrome Narl was not
affected; however, low levels of cytosolic « and B SU, which
contained the molybdopterin cofactor and FeS centers and
retained low levels of enzyme activity, were present. The NarG
and NarH polypeptides were partially degraded. Thus, NarJ
appears not to be involved in the processing or incorporation
of cofactors but, rather, is involved in assembly of the oy
complex. The absence of NarJ causes accumulation of a cyto-
plasmic, immature a3 complex, which is susceptible to proteo-
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lytic degradation. NarJ may therefore protect such an inter-
mediate from proteolysis and facilitate the binding of the
complex to the membrane-bound y SU.

Among several nucleus-encoded assembly factors of yeast
cytochrome aa, is the mitochondrial inner membrane protein
SCO1, which is required for the posttranslational maturation
of cytochrome c¢ oxidase (304, 305). In the absence of SCOI1,
SUI, SUII, and, to a lesser extent, SUIII are rapidly degraded,
as shown by pulse-chase experiments (185). SCO1-homologous
counterparts have been found in bacteria. In Rhodobacter
sphaeroides and R. capsulatus, prrC and senC, respectively, have
been identified on the basis of sequence similarity of their
derived gene products to SCO1 (approximately 30% identical
and 50% similar amino acids) (40, 83). Based on alkaline
phosphatase activities of a PrrC-PhoA fusion, PrrC was de-
scribed to be a periplasmic protein that is anchored to the
membrane (83). A senC mutant of R. capsulatus had strongly
decreased N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD)
oxidase activity, which in this organism depends solely on the
presence of an intact cbb;-type oxidase. If these homologous
proteins have a similar function in the assembly of terminal
heme-copper oxidases to that in yeast, this function would not
discriminate between aas- and cbbs-type oxidases and there-
fore would be unlikely to be associated with heme incorpora-
tion. However, copper insertion is a common step in matura-
tion of both types of oxidases and may require the same
auxiliary protein. Another possibility is that the protein facili-
tates assembly of the individual subunits into a membrane
protein complex. Unfortunately, the presence or absence of
oxidase subunits and cofactors in the prrC and senC mutants
has not been investigated. Alternatively, a role as an inhibitor
of a periplasmic protease cannot be excluded for this type of
assembly factor.

Heme Cofactor

Biosynthesis of the heme cofactor. The biosynthesis of
hemes has been described in a number of comprehensive re-
views (17, 18, 61, 245, 376) and is represented schematically in
Fig. 7.

The first committed heme precursor that is universally used
for tetrapyrrole synthesis is 8-aminolevulinate (ALA). This
molecule can be synthesized by two different routes in bacteria.
Members of the alpha proteobacteria (e.g., Rhodobacter, Rhi-
zobium, Bradyrhizobium, and Agrobacterium) condense ALA
from glycine and succinyl-coenzyme A by using the enzyme
ALA synthase, whereas most other bacteria (e.g., E. coli, B. sub-
tilis, and cyanobacteria) use the Cs pathway, by which gluta-
mate serves as a precursor and is converted to ALA in a
three-step reaction involving glutamyl-tRNA (161). Unfortu-
nately, for historical reasons, the genes encoding ALA syn-
thase and glutamyl-tRNA reductase are both called hemA. For
the Cs pathway, the genes gltX, encoding glutamyl-tRNA syn-
thetase, and hemL, encoding glutamate-1-semialdehyde amino-
transferase, are required in addition to hemA.

Three subsequent reactions are necessary to make the cyclic
intermediate uroporphyrinogen III from ALA. First, two mol-
ecules of ALA are condensed by ALA dehydratase (hemB
gene product) to yield porphobilinogen (PBG). Next, four mol-
ecules of PBG are transformed into uroporphyrinogen III:
PBG is deaminated to hydroxymethylbilane by PBG deami-
nase (hemC gene product), and finally the formation of the
macrocycle is carried out by uroporphyrinogen III cosynthase,
the hemD gene product. At this point in heme biosynthesis, a
side pathway for the synthesis of siroheme and heme D,
branches off. This metabolic route is also known from vitamin
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FIG. 7. Schematic representation of heme biosynthetic pathways. The genes
encoding the different biosynthetic steps are indicated next to the arrows. Sub-
strates and intermediates are framed; heme products are highlighted.

B,, biosynthesis. The only gene known to be involved in siro-
heme synthesis is cysG, and its product appears to be a multi-
functional enzyme catalyzing all steps required for the forma-
tion of siroheme (18). As already mentioned, the nirCDEF
genes of pseudomonads are likely to encode enzymes required
for heme D, formation (Table 2). It is not known how iron is
incorporated into these heme types.

The late steps of heme biosynthesis require uroporphy-
rinogen III decarboxylase (hemE gene product), coproporphy-
rinogen III oxidase (hemF or hemN gene product), protopor-
phyrinogen IX oxidase (hemG or hemY gene product), and
ferrochelatase (hemH gene product). The last two enzymes are
generally localized in the cytoplasmic membrane, with the ex-
ception of the B. subtilis ferrochelatase, which is soluble (18,
62, 131, 132). With regard to the biogenesis of b- and c-type
cytochromes, the localization of ferrochelatase, the last en-
zyme of protoheme IX (heme B) synthesis which inserts iron
into the porphyrin, is of particular interest. The hydrophobicity
profile of ferrochelatase suggests that it is a peripheral mem-
brane protein. Combined with the fact that ferrochelatase in



VoL. 61, 1997

B. subtilis is a cytoplasmic, soluble protein (132), it is tempting
to conclude that the membrane-bound enzyme faces the cyto-
plasmic side of the membrane. This is most probably where
heme B is released to be incorporated into cytochromes and
other hemoproteins.

Heme B not only is incorporated directly into respiratory
enzymes but also serves as a precursor for the formation of
hemes C, D, O, and A. Heme C biosynthesis involves the
covalent attachment of the heme molecule to an apocyto-
chrome polypeptide, which will be discussed in detail below.
Heme D is most probably derived from protoporphyrin IX or
protoheme by hydroxylation; however, it is not known whether
this conversion is enzymatically catalyzed (18). Also, no genes
involved specifically in heme D formation have been described
in the literature.

The biosyntheses of heme O and heme A are coupled be-
cause heme O is an intermediate product of the heme A
synthesis pathway (222). Heme O is synthesized from heme B
by the addition of a 2-farnesylethyl group. The gene cyoE was
shown to encode a farnesyl transferase in E. coli (289, 290).
Heme A synthesis is best known in B. subtilis (328-330). In a
first step, heme O is synthesized by the CyoE homolog CtaB.
Heme O is then converted to heme A by the CtaA protein, a
heme A synthase. This latter reaction includes a monoxygen-
ation and an oxidation of the methyl group on the tetrapyrrole
ring D, leading to a formyl group. CyoE/CtaB is a cytoplasmic
membrane protein (290) with seven transmembrane helices
(50). The majority of the conserved amino acids among the
CyoE homologs are found in cytoplasmic loop domains, sug-
gesting that this is the location where heme is bound and
modified. Heme A synthase (CtaA) is also an integral mem-
brane protein, has eight transmembrane segments, and carries
heme B as a cofactor; it is thus a b-type cytochrome (329). Four
histidines that are conserved in B. subtilis and Bacillus firmus
OF4 CtaA are on the periplasmic side of transmembrane he-
lices I1, IV, VI, and VIII and may be involved in heme binding.
The current model is that CtaA binds one molecule of heme B
that is thought to function in electron transport for the mon-
oxygenase reaction of CtaA and that the second heme binding
site is the substrate binding site for heme O, which is converted
to heme A (328).

Heme transport. The lipophilic molecule heme (defined as
ferro-protoporphyrin) contains Fe®>"* but possesses no net
charge. Free heme in solution is rapidly oxidized to hemin
(ferri-protoporphyrin), which has one net positive charge and
forms salts (311). Heme is toxic to cells, since it promotes
peroxidation of cell membranes (355) and tends to polymerize
at neutral pH. This is probably why free heme usually does not
occur in the cell but, rather, is bound to carrier proteins, such
as albumin or hemopexin in the blood plasma of mammals.
The intracellular transport routes for heme, and in particular
translocation through membranes, are barely characterized.
Most of our knowledge stems from pathogenic microorganisms
that use heme as an iron source and thus must be able to take
it up. In this case, however, the heme receptors and transport-
ers are involved in translocating the substrate molecule from
the outside into the cell. It is still an enigma how heme crosses
the cytoplasmic membrane from the inside to outside. Mem-
brane-bound cytochromes can contain the heme cofactor on
either side of the membrane. For periplasmic cytochromes in
general and for all c-type cytochromes in particular, a step
involving translocation of heme through the membrane from
the cytoplasmic side, where the last step of heme synthesis
takes place (see above), to the periplasmic side, where the
holoprotein resides, can be postulated. Heme translocation is
likely to be achieved by the use of an energy-dependent trans-
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porter. Alternatively, passive diffusion may be a mechanism of
how heme reaches the periplasmic side of the membrane.
Indirect evidence points to the existence of specific heme trans-
porters used during maturation of periplasmic cytochromes. (i)
Heme-utilizing bacteria require specific uptake systems for
heme translocation through both the outer membrane and the
cytoplasmic membrane (55, 56, 130, 142, 143, 190, 214, 321-
324, 386). In particular, heme passes through the cytoplasmic
membrane by a specific periplasmic binding protein-dependent
transport system (322). In the absence of these systems, heme
cannot be utilized, which argues against a mechanism of heme
uptake by diffusion. It is therefore difficult to imagine that
heme can be translocated through bacterial membranes in the
other direction simply by diffusion. (ii) Genes encoding the
subunits of two different types of ABC transporter (76, 88, 155)
are necessary for maturation of c-type cytochromes.

The members of the first type share quite extensive sequence
similarity among themselves but are not very similar to other
ABC transporters (2, 21, 93, 124, 252, 277, 337). They consist
of an ATP-binding protein (CycV, HelA, or CcmA) and two
integral membrane proteins (CycW, HelB, or CcmB and CycZ,
HelC, or CemC), which are thought to form the translocation
pore, each containing six putative transmembrane helices char-
acteristic for this class of permeases. The subunit structure
(CcmA),-CecmB-CemC with four membrane-associated pro-
tein domains typical for bacterial ABC transporters was pro-
posed recently based on sequence comparisons of the subunits
of six Cem-like transporters (252). In Rhodobacter capsulatus,
the ABC transporter subunits HelA, HelB, and HelC interact
directly and form a complex including the small HelD poly-
peptide (113).

A heme-translocating ABC transporter is expected to have
some sort of heme binding site. The subunits of the CcmABC
subfamily of transporters for cytochrome ¢ maturation are
aligned in Fig. 8. Sequence comparisons revealed three fea-
tures: (i) the peripheral ATP binding subunit (CcmA) does not
contain any conserved motifs except those generally found in
this class of proteins, i.e., the ABC with the Walker motifs of
the nucleotide binding site (Fig. 8A) (374); (ii) in the first
hydrophobic subunit (CcmB), many of the conserved amino
acids reside in putative transmembrane helices, and the most
prominent conserved sequences, DGSL and AHWXXXGLPL,
are found in a predicted cytoplasmic loop connecting helices 11
and III and at the beginning of helix III, respectively (Fig. 8B);
and (iii) the second hydrophobic subunit (CcmC) contains a
tryptophan-rich motif, WGXPMWGTXWDXRLT, in a pre-
dicted periplasmic loop (Fig. 8C). Interestingly, a closely re-
lated motif has been identified in one of the subunits of the
putative cytochrome ¢ heme lyase (see below) and has there-
fore been suggested to be a possible heme binding site (149,
184, 342). Notably, a conserved histidine in each of the two
hydrophobic subunits of the ABC transporter resides at the
beginning, i.e., on the cytoplasmic side of transmembrane he-
lices II. Since cytochrome hemes are often bound by axial
histidine ligands that are located close to the end of transmem-
brane helices, one might speculate that the two histidines are
part of a heme binding site. The relatively strong conservation
of hydrophobic amino acid residues of these transmembrane
helices points to the quality of a hydrophobic rather than a
hydrophilic translocation pore, which may be expected for a
heme transporter.

There is experimental evidence that the ccrnABC-encoded
proteins may not represent simply a general heme exporter.
First, E. coli ccm mutants that are unable to synthesize holo-
cytochromes ¢ produced overexpressed periplasmic cyto-
chrome bs4,, which can be considered a heme reporter (114,
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FIG. 8. Alignments of subunits of an ABC transporter involved in cytochrome ¢ maturation. Identical amino acids are underscored with asterisks. (A) ATP-binding
subunit. The predicted nucleotide binding sites (Walker motifs) are shaded, with the amino acids generally conserved in Walker motifs indicated by boldface type. (B
and C) Membrane-integral subunits. The putative membrane-spanning helices (I to VI) are shaded. The tryptophan-rich motif WGXXWXWD in the loop between
helices IIT and IV of the second hydrophobic subunit (C) is emphasized by boldface type.
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344). Assuming that heme B is incorporated into the apocyto-
chrome b, in the periplasm, it must be translocated in these
mutants in a ccm-independent way. Second, P. denitrificans
ccmA and ccmB mutants could not be complemented for ho-
locytochrome ¢ formation by extracellular addition of heme,
even though elevated levels of other soluble hemoproteins and
membrane-bound b-type cytochromes were obtained (252).

The second type of a putative heme transporter has been
identified in E. coli and is encoded by the cydDC genes, which
play a role in biogenesis of the bd-type terminal oxidase as well
as in the biosynthesis of c-type cytochromes (264, 265). This
has been concluded from the experimental evidence that the
sequences of CydC and CydD are similar to those of certain
ABC transporters and that cydDC mutants can synthesize nei-
ther holocytochrome bd nor c-type cytochromes (264, 265).
The CydC and CydD proteins have an N-terminal hydrophobic
domain with six presumptive transmembrane segments and a
C-terminal hydrophilic domain containing a putative nucleo-
tide binding site, suggesting that this type of ABC transporter
is heterodimeric. Since there are no known homologs of CydC
and CydD in other bacteria, it is difficult to speculate about
possible heme binding sites. Again, studies with periplasmic
heme reporter proteins indicate a role in redox control rather
than in heme export for this ABC transporter (114, 115). How-
ever, at present, the possibility that both the CcmABC and the
CydCD transporters deliver heme to specific maturation sys-
tems for cytochromes ¢ or bd, respectively, cannot be excluded.

The amino acid sequences of the hydrophobic CcmB and
CcemC subunits were compared with those of other putative
heme transporters or heme binding proteins to search for sig-
nificant common motifs: (i) E. coli CydC and CydD (see above);
(ii) the Yersinia enterocolitica HemU subunit of an ABC trans-
porter for heme uptake (322); and (iii) heme receptors like
Y. enterocolitica HemR (321), Vibrio cholerae HutA (142) and
Neisseria meningitidis HmbR (323). However, such motifs were
not identified.

Covalent attachment of heme to c-type cytochromes. Most
c-type cytochromes known to date share the motif CXXCH,
which comprises the heme binding site. Heme is bound co-
valently by two thioether bonds to the a-carbon of the vinyl
side chains at pyrrole rings A and B (Fig. 2). Exceptional heme
binding sites have been described for cytochromes ¢ and ¢, of
Euglena and Crithidia mitochondria (223, 226, 271), which lack
the first of the two conserved cysteines, resulting in the forma-
tion of a single covalent bond. In the heme binding site of
Desulfovibrio vulgaris cytochrome c;, the spacing between the
two conserved cysteines is different, i.e., CXXXXCH (372).

It is generally thought that covalent attachment of heme to
the apocytochrome is catalyzed by the enzyme cytochrome ¢
heme lyase (CCHL), because proteins with such an activity
have been isolated and characterized from yeast and Neuros-
pora crassa mitochondria and the corresponding genes have
been cloned (78, 81, 398). However, an enzyme with CCHL
activity has not yet been isolated from bacteria, although it is
expected to exist, unless heme ligation can occur spontane-
ously.

It has been suggested that in certain cytochromes which fold
to give a stable apoprotein and subsequently bind heme non-
covalently, a suitably positioned cysteine thiol will spontane-
ously react with a heme vinyl group, giving rise to the thioether
bond characteristic of c-type cytochromes (13, 293). In an
approach to transmutate the E. coli cytochrome b, to a c-type
cytochrome by inserting a heme C binding site at the appro-
priate position of the polypeptide, a cytochrome with co-
valently bound heme was obtained. However, it could not be
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determined whether this was the product of an enzyme-cata-
lyzed reaction (14).

A possible mode of CCHL function may be to position the
heme and apocytochrome relative to each other so as to facil-
itate their ligation. Enzymatic assistance of heme attachment
may be particularly important under circumstances when the
local concentrations of the two reaction partners are low, as
expected in the periplasm. Moreover, since the electrophilic
addition of the cysteine thiols across the double bonds of the
heme vinyl groups is a stereospecific reaction, CCHL may
participate directly in this reaction, thus controlling the stere-
ochemistry at the chiral center.

To date, it is relatively well established that heme binding
occurs on the periplasmic side of the membrane, i.e., after
translocation of apoprotein and heme moieties. In Paracoccus
denitrificans, apocytochromes css, and cd, were detected im-
munologically in the periplasm of a mutant that was affected in
cytochrome ¢ maturation or when the heme binding site was
altered (248, 249, 295). When the Bradyrhizobium japonicum
cytochrome cs5, was overexpressed in E. coli, apoprotein was
detected in the periplasm of mutants defective in heme attach-
ment (340). The Desulfovibrio vulgaris cytochrome c; expressed
in E. coli was exported to the periplasm, although holocyto-
chrome c; was not formed (261). In light of the compelling
evidence supporting the hypothesis that CCHL is a periplasmic
enzyme (see below), the case of Hydrogenobacter thermophilus
cytochrome css,, which can be produced as a holoprotein in the
cytoplasm of E. coli, appears to be a peculiarity of a cyto-
chrome that can fold rapidly into a stable conformation (296).

Among the many bacterial cytochrome c-negative mutants
that have been described in the literature (for a review, see
reference 342), several contain mutations that map to genes
whose products have been postulated to function in heme
ligation: ccl1/2 and cycH of Rhodobacter capsulatus (21, 189);
¢ycHIKL of B. japonicum (285, 286), Sinorhizobium meliloti
(178), and Rhizobium leguminosarum (73); and ccmEFH of
E. coli (124, 154, 337) and cycH of P. denitrificans (250). These
genes may encode a total of four subunits of a bacterial CCHL
complex that (i) recognizes or selects and releases apocyto-
chrome c, (ii) binds and releases heme, (iii) positions apopro-
tein and cofactor close to each other with the correct geometry
for the addition reaction to proceed, and (iv) catalyzes the
formation of the thioether bonds. For heme attachment on the
periplasmic side of the membrane, the subunits of a bacterial
CCHL are expected to be periplasmically oriented. In fact,
membrane topology predictions and analysis of these proteins
indicate that either they are exported through the membrane
to which they remain anchored by noncleaved signal sequences
or they are integral membrane proteins with conserved and
thus potentially functional periplasmic loops. The characteris-
tics of the predicted CCHL subunits and their hypothetical
functions are summarized in Table 3. Note that homologous
sequences are also available from Haemophilus influenzae and
Pseudomonas fluorescens (93, 102). E. coli seems to have a
second set of three of these genes, nrfE, nrfF, and nrfG, which
are homologous to CcmF and the N- and C-terminal domains
of CcmH, respectively, and are required for the production of
the formate-dependent nitrite reductase (124, 154).

The least highly conserved of the four putative heme ligase/
lyase polypeptides is CycH from the alpha proteobacteria (Fig.
9): it shares some similarity with part of the C-terminal half of
E. coli CcmH and very little similarity with E. coli NrfG (250).
A clearly conserved amino acid sequence is not detectable;
however, the membrane topology of this protein shows an
N-terminal segment comprising two putative transmembrane
helices and a cytoplasmic loop, and a periplasmic C-terminal
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TABLE 3. Conserved motifs of putative CCHL subunits

Protein” Membrane topology Conserved motif(s) Hypothetical function References
Bj CycH One or two N-terminal transmem- EQHLEKNPTDA@RGWWA Selection/discrimination of specific 73, 93, 102, 178, 189, 250,
Sm CycH brane helices; C terminus peri- ENHLALNPQDGAGVIDLLA apocytochromes c; N-terminal do- 281, 285, 331, 337, 388
RI CycH plasmic ERHLAEKPDDGKGIDM.A main can select cytochrome c,
Re CycH ERHLAENFDDGKE&RPGA
Rc CycH RQAVMARPNDPQGLALLS
Pd CycH AEAVENMNDPRGLELLA
Ec CemH RTQ QKNFGDIE GIMLG
Hi CemH RIDLQKNPTDAKKWNVNMG
Pf CycH/CytG ERAAAAQPDSAESLYFLG

Bj CycJ

Sm Cycl

RI CycJ

Ec CcmE
Hi CcmE
Pf Cycl/Cyt3

N-terminal, noncleaved signal
peptide; C terminus periplasmic and
VLAKHDEKYXP

Bj CycK

Sm CycK

RI1 CycK

Rc Ccll

Ec CcmF

Hi CcmF

Pf CycK/CytD
Cv CcmF

Membrane integral; ca. 12 puta-
tive transmembrane helices;
large periplasmic loops

Bj CycL LRCXXC
Sm CycL
RI CycL
Re Ccl2
Ec CcmHy
Hi CemL

Pf CycL/CytF

N-terminal, noncleaved signal
peptide; C terminus periplasmic

YXGILPDLFRXGQQ&V

WAYYELGW®&EFWDPVEN Heme binding and/or ligation

Heme binding and/or reducing 73, 93, 102, 178, 281, 286,

331, 337, 388

21, 49, 73, 93, 102, 178,
281, 286, 337, 388

Direct or indirect reduction of apo-
cytochrome ¢ heme binding site,
possibly interacting with CemG/
CycY/HelX

21, 73, 93, 102, 178, 281,
286, 337, 388

“ Abbreviations of bacterial species: Bj, B. japonicum; Ec, E. coli; Hi, H. influenzae; Pd, P. denitrificans; Pf, P. fluorescens; Rc, R. capsulatus; Re, R. etli; Rl,

R. leguminosarum; Sm, S. meliloti; Cv, C. vinosum.

segment (286). All of the cycH mutants described fail to as-
semble mature soluble c-type cytochromes. In mutants that
lack only the C-terminal domain of the protein, significant
levels of apocytochrome c¢; and holocytochrome ¢, can be
detected, indicating that the N-terminal domain is required
and sufficient for cytochrome ¢, formation, possibly by guiding
the secreted, C-terminally membrane-bound cytochrome to-
ward the heme lyase machinery (189). All other c-type cyto-
chromes require the presence of the C-terminal periplasmic
extension of CycH. Thus, CycH may be regarded as an assem-
bly factor that is able to select specific apocytochromes and
discriminate others for heme attachment. Such a situation is
reminiscent of the eukaryotic cytochrome c and ¢, heme lyases,
which are disparate, nonrelated enzymes (78, 81, 398).

In E. coli, CcmH appears to be a bifunctional protein. Its
N-terminal half (CemHy) is homologous to CycL (see below),
whereas its C-terminal half (CcmH) corresponds to a CycH
lacking the N-terminal domain. Figure 9 shows the domain
structure, as derived from translated nucleotide sequences, and
the putative membrane topology of CycH and E. coli CcmH. In
E. coli CemHg, the N-terminal transmembrane helix and sub-
sequent cytoplasmic loop present in CycH are absent, and the
C-terminal domain with its single transmembrane helix is fused
to the C-terminal transmembrane helix of the CycL-homolo-
gous CcmHy, domain. The fused protein lacks only the CycH
portion that is required for biogenesis of cytochrome c,. This
can be rationalized in the sense that E. coli does not possess a
cytochrome bc, complex. Interestingly, the CcmH- domain

was shown not to be essential for cytochrome ¢ maturation in
E. coli (123). In addition, E. coli can synthesize a second CycH-
like protein, NrfG, that may be specifically required for bio-
genesis of the NrfA and NrfB c-type cytochromes encoded in
the same operon as NrfG (154). This protein is not used in the
maturation of other c-type cytochromes such as NapB and
NapC, which may be assisted in heme attachment by CcmH.

cemH cycl cycH
CycL-like |
CycH-like ¢, selectivity
C

P P

m m

N ¢ N c
CcmH CycL CycH

FIG. 9. Domain structure and topological model of E. coli CcmH and rhi-
zobial CycL/CycH proteins. The corresponding genes which encode the func-
tional domains are shown at the top as follows: black, hydrophobic (transmem-
brane) segments; gray, periplasmic domains; white, cytoplasmic loops. The
topological models are presented below. In the case of CycH, the topological
model has been supported experimentally, except that it is not clear whether the
N-terminal hydrophobic segment of CycH is membrane spanning. ¢, cytoplasm;
m, cytoplasmic membrane; p, periplasm.
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CycJ/CemE is a periplasmic protein that is N-terminally an-
chored to the membrane. The sequences from different organ-
isms comprise two stretches of strong amino acid conservation
(Table 3), of which one contains a strictly conserved histidine
that may be involved in heme binding. This protein could
possibly act as a periplasmic heme carrier, preventing the ag-
gregation of heme released from a heme exporter. In addition,
in vitro studies with eukaryotic CCHL have shown that only
ferrous heme can be covalently attached to apocytochrome ¢
(242). Reduction of the heme iron in the oxidative periplasmic
space may thus be another possible function of CycJ.

The largest subunit of the postulated bacterial CCHL was
identified first in Rhodobacter capsulatus and was named Ccll.
Its rhizobial homologues CycK and the E. coli CcmF protein
are well conserved and contain 12 to 15 putative transmem-
brane helices. Applying the “positive inside rule” (366) to
predict its topology in the membrane, several large periplasmic
loops (approximately 30 to 60 amino acids) oppose to rather
small cytoplasmic loops (12 to 17 amino acids). One of the
former contains a tryptophan-rich segment: this segment,
shown in an extended version in Table 3, represents the best-
conserved region of the protein and has also been found in
E. coli NrfE and in several mitochondrial and chloroplast pro-
teins, which may have similar functions in cytochrome ¢ bio-
genesis. It is also very similar to the tryptophan-rich segment
that is present in a postulated periplasmic loop of the CcmC/
CycZ/HelC subunit of the putative heme transporter (Fig. 8C).
The general consensus among all of the tryptophan-rich seg-
ments is WGXXWXWD. The high proportion of aromatic
amino acids in this sequence suggests that this motif might
allow interaction with the hydrophobic porphyrin ring of heme.
Interestingly, four histidines appear to be strictly conserved in
the Ccl1/CycK/CecmF family of proteins. Two of them are lo-
cated close to the periplasmic end of putative transmembrane
helices, similar to certain membrane-integral b-type cyto-
chromes.

Finally, Ccl2/CycL is also a periplasmic, membrane-an-
chored protein with the conserved motif LRCXXC. The pre-
cise sequence LRCPVC of R. capsulatus Ccl2 corresponds very
well to the sequence CPV that is present in the eukaryotic
CCHL and CC,HL. For the yeast CC,HL, evidence has been
obtained that this sequence is involved directly in heme bind-
ing (317). Moreover, the sequence RCVP is found in the yeast
transcriptional activator HAP1, where it most probably serves
as a heme binding site (58, 258). Heme was demonstrated to
bind specifically to a synthetic decapeptide with the sequence
AKRCPVDHTM (397). Hence, Ccl2/CycL was postulated to
be a periplasmic heme binding protein. However, as more
homologous protein sequences are now available for compar-
ison, it seems that the consensus characteristic for this protein
family is LRCXXC. The spacing of the two cysteines is typical
for (i) ferredoxins, (ii) apocytochromes c, and (iii) proteins of
the thioredoxin/protein disulfide isomerase (PDI) family. In a
periplasmic situation, it is likely that the cysteines form either
intra- or intermolecular disulfide bonds and thus could interact
with either apocytochrome ¢ or a periplasmic thioredoxin (see
below).

In vitro heme ligation has been demonstrated only for yeast
and N. crassa CCHL and yeast CC,HL (16, 240, 243). Unfor-
tunately, attempts in different laboratories to set up an in vitro
assay for the ligation of heme to bacterial apocytochromes ¢
have failed so far. It is possible that heme attachment catalyzed
by mitochondrial CCHL can be obtained in a cell-free system
because the enzyme is soluble (81), whereas in bacteria the
situation is more complicated, with up to four membrane-
bound polypeptides that are thought to form a CCHL complex.
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The precise function of the putative CCHL subunits will prob-
ably be defined only once a reliable in vitro assay for bacterial
CCHL is available.

Noncovalent binding of heme. All cytochromes except those
of the c-type contain heme that is bound noncovalently, usually
by axial ligation of the heme iron with one or two nucleophilic
residues of amino acid side chains in the polypeptide. Se-
quence comparisons, site-directed mutagenesis, and X-ray
crystallography have led to the identification of many axial
heme ligands in a variety of bacterial cytochromes, as shown in
Table 4. With few exceptions, these ligands are histidines,
whose nonprotonated nitrogen of the imidazol ring provides
electrons for binding of the heme iron.

It is not known whether heme insertion is spontaneous or
requires the assistance of other proteins. It can be assumed
that spontaneous heme insertion can occur only when the
protein is already folded in the membrane. Heme may then slip
into a predestined cleft in the protein, where it becomes fixed
by the relatively strong interaction with the axial ligand(s).
Alternatively, heme binding may be catalyzed by auxiliary pro-
teins, which could happen in either the unfolded or partially
folded protein and perhaps would trigger the specific confor-
mation of certain domains. If the latter were true, mutation of
heme binding residues to non-heme binding ones should lead
to instability of the polypeptide, because folding is not induced.
Site-directed mutagenesis of putative heme binding histidines
has resulted in fully assembled but inactive cytochromes lack-
ing individual heme cofactors and in overall assembly defects
of the respective proteins. For example, mutation of H102 and
H421 of the Rhodobacter sphaeroides CtaD subunit led to an
unstable oxidase lacking the low-spin heme A, whereas muta-
tion of the high-spin heme ligand H419 resulted in an appar-
ently stable oxidase that could be purified, although as an
inactive enzyme (308). Therefore, it is not possible to draw
general conclusions about the relationship between noncova-
lent heme binding and protein folding.

So far, not a single protein has been shown to catalyze
noncovalent heme insertion. Assembly factors such as CtaG or
Nar] (cf. Table 2) may facilitate heme binding. Unfortunately,
not enough data are available on these proteins or the corre-
sponding mutants to specify their precise function.

Heme binding histidines are usually found in or next to
transmembrane segments, suggesting that heme can reside
near both the cytoplasmic and the periplasmic surfaces of the
membrane (Fig. 4). It would be interesting to know how heme
reaches its destination within the membrane protein, in par-
ticular when its location is more toward the periplasmic side: is
a specific translocation of heme through the membrane re-
quired in this case, such that heme insertion can occur from the
periplasmic side, or, alternatively, does heme cross the lipid
bilayer autonomously? If heme binding occurs before the pro-
tein is assembled correctly in the membrane, its translocation
could happen together with translocation of the respective
hydrophobic segments. The CydCD proteins have been postu-
lated to be involved in heme translocation through the mem-
brane to allow assembly of the E. coli bd-type oxidase (see
above) (264). As cytochrome bssg of the bd complex is thought
to be on the periplasmic side of the membrane (87), translo-
cation of heme B would be required. Interestingly, a cydD
mutant was not only impaired in biosynthesis of the bd-type
oxidase but also in that of c-type cytochromes. Lack of heme
export in the cydD mutant would also explain such a cyto-
chrome c¢ negative phenotype.

It is possible that heme stabilizes a certain tertiary structure
of the cytochrome apoprotein. In several cytochrome com-
plexes, the lack of heme causes an assembly defect or instabil-
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TABLE 4. Axial ligands of heme cofactors in respiratory cytochrome complexes

Enzyme Organism Amino acid(s) Subunit Cofactor Reference(s)

SDH E. coli HS84 SdhC bsse 235, 256
H71 SdhD bsse

SDH B. subtilis H70 SdhC by 98, 127
HI155 by
H28 by
H113 by

bc, complex R. sphaeroides/R. capsulatus H97 cytochrome b by 108, 394
H198 by
Hi11 by
H212 by

NAR? E. coli/T. pantotropha H56/HS53 Narl by 24,313
H205/H204 by
H66/H63 by
H187/H186 by

bd oxidase E. coli M393 SUI bssg 87, 175
H186 bssg
H19 bsos/d

bo; oxidase E. coli H106 SUI bses 87, 148, 175, 191, 215
H421 bser
H419 03

aa oxidase P. denitrificans H9% SUI a 146, 158, 275
H413 a
H411 as

aa oxidase R. sphaeroides H102 SUI a 45, 308
H421 a
H419 as

cbb oxidase B. japonicum H131 FixN b 399, 401
H420 b
H418 bs

cd, NiR T. pantotropha Y25 NirS d, 101
H200 d,

SiR E. coli C483 SiRHP Siroheme 57

“ Histidines were assigned as putative heme ligands based on sequence comparison. No experimental support.

ity of the subunits. In B. subtilis, heme incorporation appeared
to be critical for assembly of an active, membrane-bound SDH
complex (138). However, there are other examples where
heme binding is a late step in cytochrome biogenesis and is not
required for assembly of the subunits into the membrane. In
the case of Paracoccus denitrificans and R. sphaeroides aas-type
oxidases, E. coli bo, oxidase, and E. coli bd-type oxidase, SUI
and SUII can be integrated into the membrane in the absence
of heme association (191, 238, 279, 308, 318).

Nonheme Cofactors

Many of the cytochrome complexes discussed here contain
additional nonheme cofactors. Among them are metal ions
such as Fe, Cu, and Mo, which are sometimes associated with
other cofactors: iron is found most often in FeS clusters, and
Mo occurs as molybdopterin guanosine dinucleotide. In addi-
tion, flavin can be a cofactor of cytochrome complexes. Specific
uptake systems for the metal cofactors must exist, and biosyn-
thetic pathways for the pterin and flavin cofactors are required.
Similar to heme cofactors, these nonheme prosthetic groups
usually bind to specific binding sites in the protein, which again

may be located on either side of the membrane. Cofactors of
periplasmically oriented subunits must therefore be translo-
cated to this compartment. It can also be assumed that cofac-
tors insert preferentially under defined redox conditions into
the protein. Taking all these requirements into account, it can
be postulated that a relatively large number of hitherto un-
identified genes is responsible for proper processing and as-
sembly of these cofactors in addition to the genes required for
heme insertion.

Iron. The Pseudomonas stutzeri NorB subunit of the nitric
oxide reductase contains nonheme iron as a cofactor (141).
Nothing is known about metal insertion into this enzyme.

In addition to heme, the most abundant cofactor of cyto-
chrome complexes is found in the form of 2Fe-2S-, 3Fe-4S-, or
4Fe-4S-type iron sulfur clusters. The corresponding binding
sites in the proteins contain sequences of conserved arrange-
ments of cysteines and histidines that serve as iron complexing
ligands (109). Site-directed mutagenesis of the Rieske FeS
protein in R. sphaeroides and R. capsulatus helped identify the
liganding amino acids as two cysteines and two histidines in
highly conserved motifs (118). It is not clear whether the for-
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mation of FeS clusters requires additional enzymes. When the
Rieske protein of the R. sphaeroides bc, complex was expressed
in E. coli, an FeS cluster with an unusual electron paramag-
netic resonance signal was assembled, whereas expression of
the same protein in the homologous host resulted in formation
of a normal Rieske-type FeS cluster (359). This suggested that
an additional factor may be required for correct assembly of
the FeS cluster of the Rieske protein. The BCS1 protein in
yeast mitochondria has been speculated to have such a func-
tion because a bcs! mutant showed a selective loss of the
Rieske FeS protein, but not of cytochromes b and ¢, (244). As
E. coli does not possess a bc,; complex, it is unlikely that it
would synthesize such a factor. Alternatively, if the formation
of a 2Fe-2S cluster happened spontaneously, it would be dif-
ficult to explain why the electron paramagnetic resonance sig-
nal of a Rieske protein expressed in E. coli is not normal. One
possibility is that the formation of intramolecular disulfide
bonds is required for correct folding of the protein and that
this step is catalyzed by a specific protein, disulfide isomerase.
In fact, the conserved FeS cluster binding motifs contain two
additional cysteines that have been proposed to be essential for
stabilizing the FeS cluster of the Rieske protein (68). The
presence of such an intramolecular disulfide bridge was con-
firmed recently when the structure of a water-soluble fragment
of the bovine heart mitochondrial Rieske protein was solved
(159).

Another interesting question, which, however, has not been
addressed, is in which subcellular compartment the FeS cluster
is assembled. Since the Rieske protein is translocated to the
periplasmic side of the membrane, where it is anchored by its
N-terminal hydrophobic sequence, assembly of the holoprotein
is likely to occur after translocation, similar to the case of
cytochrome ¢ maturation. It is not clear how iron and sulfur
atoms would reach the periplasm to become associated with
the protein.

Copper. Copper serves as cofactor in heme-copper terminal
oxidases, where it occurs in a Cu, redox center containing two
copper atoms in a mixed-valence [Cu(1.5)-Cu(1.5)] configura-
tion and in a binuclear high-spin heme-Cuy center (7, 158, 357)
(Fig. 4). Cug resides in SUI of the oxidase and is liganded by
three strictly conserved histidines (39). Cu, is the redox center
of SUII in aa5-type cytochrome ¢ oxidases and is complexed in
the periplasmic domain of the protein by conserved cysteines,
histidines, a methionine, and the carbonyl oxygen of a gluta-
mate (158). Most of these ligands belong to the highly con-
served sequence YGQCSEICGXXHXXMPIV (106). This se-
quence is missing in SUII of the structurally related quinol
heme-copper oxidases such as the bos-type oxidase of E. coli, in
which, however, a Cu, binding site could be restored artifi-
cially by alterations of the corresponding amino acids into
metal binding residues (357). A cytoplasmically produced SUII
domain containing the restored copper binding site was suc-
cessfully loaded with copper during metal affinity chromatog-
raphy, suggesting that insertion of the Cu, cofactor can occur
spontaneously and that the folding of the protein into its ter-
tiary structure occurs before Cu, insertion.

Incorporation of Cug into SUI of heme-copper oxidases is
likely to be a late step in oxidase assembly. Site-directed mu-
tagenesis of the putative copper ligands of the R. sphaeroides
aas- and E. coli bos-type oxidases led to proteins with severe
disruption of the aa;-Cug binuclear center (reviewed in refer-
ence 148).

As discussed above, putative assembly factors were postu-
lated to be involved in copper processing and insertion. The
periplasmic B. japonicum thioredoxin TIpA is thought to in-
teract with SUII of the aa; type oxidase to assist Cu, insertion
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(198). As SUII extrudes into the relatively oxidative environ-
ment of the periplasm, it is likely that the cysteines of the
copper binding site are oxidized, unless a specific reductant,
perhaps TIpA, is active. TIpA homologs have not yet been
described in other bacteria containing aas-type oxidases. Their
existence in other species would certainly be expected if SUII
were a direct target for TIpA function.

The possible involvement of the B. japonicum fixGHIS gene
products in copper transfer to the cbb;-type oxidase is based on
the observation that mutations in these genes lead to an almost
complete loss of the cbb; oxidase polypeptides (269). The
structural genes for this oxidase are coregulated with fixGHIS
and expressed in a FixK-dependent manner only under mi-
croaerobic and anaerobic conditions (92). A role of FixI as a
specific Cu™ uptake system under microaerobic conditions,
combined with a role of FixG as a cytoplasmic copper oxidant,
has been proposed to explain how copper may be inserted as a
bivalent cation into the oxidase (269). Although this is an
appealing theory, the question remains how under these cir-
cumstances Cu”" is transferred to the binuclear center at the
periplasmic periphery of the membrane. An alternative theory
predicts that FixG reduces cytoplasmic Cu®* to produce trans-
port-competent Cu™ and the FixI ATPase functions in copper
export to the periplasm, where insertion into the binuclear
center can take place more easily. This is supported by the
finding that the FixG homolog RdxA of R. sphaeroides has a
reductive function in the reduction of tellurite to tellurium
(237). It should be emphasized that it is not known whether
copper is inserted into the binuclear center in the Cu* or the
Cu?* form, because this metal changes its valence during the
catalytic cycle of O, reduction (44).

Another interesting aspect of copper metabolism and cyto-
chrome biogenesis has been described recently in the context
of cytochrome ¢ maturation in P. fluorescens (388). It was
found that mutations in &elC, cycl, cycK, tipB, cycL, and cycH
(see below) affected cytochrome c-dependent TMPD oxidase
activity and copper resistance. Similarly, the E. coli gene cutA2
that was isolated as the locus to which copper-sensitive muta-
tions mapped (95), was identified independently as dipZ, en-
coding a protein disulfide isomerase essential for formation of
mature c-type cytochromes (59). Thus, a link between cyto-
chrome ¢ maturation and copper metabolism must exist, per-
haps involving a dual role of periplasmic, thioredoxin-like pro-
teins.

Other cofactors. Not much is known about processing and
incorporation of other cofactors into cytochrome complexes.
Specific transport systems exist for metals like molybdenum
and nickel (135, 276). Nickel insertion into hydrogenase has
been studied most extensively in E. coli, and several genes
(hypA through hypF) involved in formation of active hydroge-
nase rather than in synthesis of the polypeptides have been
identified (for a review, see reference 29). Particularly inter-
esting is the hypB gene product, a nickel and GTP binding
protein that appears to function in delivery of nickel to the
hydrogenase apoproteins (202).

Molybdenum is bound in a molybdopterin cofactor, whose
synthesis in E. coli requires genes organized in at least five
different operons (moaABC, mobAB, modABCD, moeB, and
mogA [276]). Whereas the molybdopterin-containing subunit
NarG (or NarZ) is located on the cytoplasmic side of the
membrane in the membrane-bound nitrate reductase, other
oxidoreductases such as the periplasmic nitrate reductase,
TMAUO reductase, and DMSO reductase have periplasmic mo-
lybdoproteins. Very little is known about how transfer and
insertion of the metal is accomplished in these cases. In E. coli
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TMAO reductase, the torB gene product is required for mo-
lybdenum cofactor processing (385).

In SDH, FAD is bound covalently to the soluble SdhA
polypeptide before it associates with SdhB and SdhC into a
membrane-bound complex (136). Bacillus subtilis SdhA ex-
pressed in E. coli does not bind flavin (137). It is not known
whether FAD attachment depends on additional protein fac-
tors.

Protein Folding and Stability

The acquisition of thermodynamically stable tertiary struc-
ture is an important step during cytochrome biogenesis but has
not been studied extensively. Although cytochrome ¢ has been
widely used as a model system for folding (179, 236), most
studies were restricted to reversible denaturation experiments
of holocytochrome ¢, where the unfolded state still represents
a protein with covalently bound heme. A single linear pathway
for in vitro cytochrome ¢ folding was recently proposed based
on the identification of major folding intermediates and coop-
erative folding units of 15 to 27 amino acids (8). However, not
much is known about how cytochrome ¢ in vivo reaches a
conformation which allows the covalent ligation of heme and
whether partial folding of the apocytochrome takes place. In
the absence of heme, mitochondrial apocytochrome ¢ precur-
sor is unfolded; however, noncovalent binding of heme induces
the formation of a compact structure of the polypeptide (80).
As illustrated in Fig. 1, it seems that folding of cytochrome
polypeptides is tightly connected with cofactor binding and in
cytochrome complexes with oligomerization of subunits, i.e.,
the formation of a tertiary structure, and there are many open
questions. Does protein folding influence cofactor incorpora-
tion and oligomerization in multisubunit complexes and vice
versa? Are general or specific chaperones or folding catalysts
required for cytochrome biogenesis? What is the role of cel-
lular proteases in the maturation of cytochromes? Several as-
pects of protein folding and stability are discussed in the fol-
lowing sections.

Chaperones. As most cytochromes are either membrane
bound or periplasmic, they must be kept in a conformation that
protects them from cytoplasmic proteases before they reach
the membrane, where they are either inserted into or trans-
ported through the membrane. Alternatively, they may be able
to adopt a proteinase-resistant structure before they reach
their destination. It is likely that cytoplasmic chaperones ac-
complish the task of protecting apocytochromes from cytoplas-
mic degradation. Generally, molecular chaperones can stabi-
lize proteins in statu nascendi and newly synthesized proteins
by keeping them in an appropriate conformation and prevent-
ing incorrect interactions within and between nonnative poly-
peptides in an ATP-dependent manner (134). So far, no cyto-
chrome-specific chaperones have been discovered, and it is
likely that at least one of the well-known cytoplasmic chaper-
ones such as GroEL, Dnak, or SecB plays a role in cytochrome
biogenesis. GroEL and SecB have been implicated in main-
taining a translocation-competent conformation of proteins to
be exported (186). However, their specific function in cyto-
chrome maturation has not been addressed.

Periplasmic chaperones have been discovered only in recent
years. They are involved in specific pathways: (i) assembly of
cell surface structures such as pili, fimbriae, or flagella (152,
153), (ii) assembly of outer membrane proteins (48), or (iii)
secretion of proteins into the medium (160). These proteins
assist polypeptide folding in the periplasm, most probably in an
ATP-independent manner, since the existence of ATP in this
compartment is highly improbable (383). It is possible that
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certain periplasmic proteins involved in cytochrome matura-
tion have chaperone-like functions. This hypothesis is particu-
larly attractive in view of the many cytochrome ¢ biogenesis
proteins for which precise functions have not yet been eluci-
dated. Among them are CcmE/CycJ and CcmH/CycL, which
may well be candidates for periplasmic, cytochrome c-specific
chaperones.

Folding catalysts. Folding catalysts are enzymes that cata-
lyze defined steps in protein folding, as opposed to molecular
chaperones, which prevent incorrect protein-protein interac-
tions rather than actively catalyze folding. The best known
folding catalysts are peptidylprolyl cis-trans isomerases (PPIs)
(91, 104, 188, 193, 288, 325, 345, 383) and PDIs (10, 11, 96, 97,
197), which can also be found in the periplasm (217, 218).

Folded protein requires a unique proline conformer for each
proline-accommodating site in the tertiary structure, in which
the trans form is much more common (236). The spontaneous
cis-trans isomerization of prolyl peptide bonds is a slow pro-
cess, but PPI-folding catalysts accelerate folding reactions by
allowing rapid rotation around the prolyl-peptidyl bond. This
may be favorable during cytochrome biogenesis because the
nonnative conformations of cytochromes (and their precur-
sors) can be extremely unstable, e.g., in the case of the B.
japonicum cytochrome cs5,, whose preapoprotein and apopro-
tein precursors have half-lives of 20 to 30 and 90 to 105 s,
respectively (340). PPIs have been discovered in all cellular
compartments, and so far three families of these proteins are
known in which the amino acid sequences within each family,
but not between them, are conserved (288). However, no cy-
tochrome biosynthesis accessory protein has been described so
far that belongs to one of these PPI families.

In contrast, PDI-folding catalysts play quite an important
role in cytochrome biosynthesis. PDIs catalyze the formation
or cleavage of disulfide bonds (Fig. 10A). Both cytoplasmic and
periplasmic PDIs have been found in bacteria (10, 197). The
cytoplasmic thioredoxin and thioredoxin reductase are reduc-
ing proteins which prevent disulfide bond formation in cyto-
plasmic polypeptides. Since many periplasmic proteins contain
intra- or intermolecular disulfide bonds, and since the sponta-
neous formation of disulfide bonds in proteins is slow, there is
a general need for periplasmic PDIs with dithiol-oxidizing
function. During translocation of periplasmic proteins through
the membrane the polypeptides are unfolded; i.e., they contain
dithiols. The Dsb (disulfide bond formation) proteins form a
network of redox-active PDIs which exquisitely control disul-
fide bond formation in periplasmic proteins (10, 218). DsbA
and DsbB are strong oxidants that facilitate the formation of
disulfide bonds in a variety of proteins (12, 60, 171, 220, 384,
395), whereas DsbD/DipZ appears to be a thioredoxin-like
protein with the capacity to reduce disulfide bonds (59, 221).
DsbC was suggested to be required for the isomerization of
disulfide bonds as part of a periplasmic redox system (219, 282,
309, 314). Since many cytochrome components are periplasmic
and often contain conserved cysteines, it is not surprising to
find that various periplasmic PDIs are involved in maturation
of these proteins. Interestingly, both an oxidizing type (DsbA
and DsbB) and a reducing type (DsbD/DipZ) of periplasmic
PDIs affect the maturation of c-type cytochromes (59, 211, 212,
294), indicating that the redox state of the periplasm is critical
for this process.

A number of bacterial PDIs which appear to be involved in
a more specific way in cytochrome biogenesis have recently
been identified. The first thioredoxin-like protein found to be
required for the formation of an active B. japonicum aa,-type
cytochrome ¢ oxidase was TIpA. This protein is membrane
bound, faces the periplasm, and contains the CXXC sequence
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B Ec CCMG MKRKVLLIPLIIFLATAAALLWQLARNAEGDDP
Hi CCMG MKKKLLVPLILFLSITIAFLVQLKRNAQGED
Bj CYCY MSEQSTSANPQRRTFLMVLPLIAFIGLALLFWFRLGSGDPSRIPS
R1 CYCY MGRYTLALLPLIVFGGIAHGAKMLYDQDFHGKN
Rc HELX MAK PLMFLPLLVMAGFVGAGYFAMQQND
Pf CYTE MKRWLMVLPLALFLLVAVFLYRGLYL
Cv CCMG MNTSAKRALIPLGSFWPWALLFYGLQLD
Bj TLPA MLDTKPSATRRIPLVIATVAVGGLAGFAALYGLGLSRAPTGDPACRAAVATAQKIAPLAH
Bs RESA MDNEEKKAFIHSDRHPSRFNLRTRLYHLQ
Ec CCMG TNLESALIGKPVPKFRLESLDNPGQFYQADVLTQGKPVLLNVWATWCPTCRAEHQYLNQL
Hi CCMG IKALESALVGKPVPAKNLTELFENKTYTNELFQOGEPVLLNVWATWCPTCYAEHQYLNKL
Bj CyCy ALIGRPAPQTALPPLEGLQADNVQVPGLDPAAFKGKVSLVNVWASWCVPCHDEAPLLTEL
R1 CYCY IAEIPSALSHQGADAEPAAARRATLPALTDAAIKGKLTLVNVFASWCLPCRDEHPVLKEL
Rc HELX PNAMPTALAGKEAPAVRLEPLGAEAPFTDADLRDGKIKLVNFWASWCAPCRVEHPNLIGL
Pf CYTE DPAELPSAMIGKPFPAFSLPTVQGDKTLTQADLIGKPALVNVWATWCISCRVEHPVLNKL
Cv CCMG PRKIPSPLVDKPAPEFSLPDLKDPNQTLTRDILIGQVSLVNVWASWCPSCRQEHAELMRI
Bj TLPA GEVAALTMASAPLKLPDLAFEDADGKPKKLSDFRGKTLLVNLWATWCVPCRKEMPALDEL
Bs RESA RCICRQREYIRRSDAPNFVLEDTNGKRIELSDLKGKGVFLNFWGTWCEPCKKEFPYMANQ
Ec TRXA MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDET

* % *
Ec CCMG SA-QGIRVVGMNYKDDRQKAISWLKELGNPYALSLFDGDGMLGLDLGVYGAPETFLIDGN
Hi CCMG AK-EGVRIIGLDYKDESPKAMKWLKDLGNPYQVVLKDEKGSFGLDLGVYGAPETFIVDGK
Bj CYCY GKDKRFQLVGINYKDAADNARRFLGRYGNPFGRVGVDANGRASIEWGVYGVPETFVVGRE
R1 CYCY AKDGRLNIVAINYKDQSDNALRFLGELGNPYQAIGIDPNGKAAIDWGVYGIPESYLVGAD
Rc¢ HELX -KQDGIEIMGVNWKDTPDQAQGFLAEMGSPYTRLGADPGNKMGLDWGVAGVPETFVVDGA
Pf CYTE A~-EKGVVIYGINYKDDNAAALKWLAEFHNPYQLDVRDEDGNLGLNLGVYGAPETFFIDAK
Cv CCMG AREHGVRVIGFNWKDTRPEALALLQRYGDPYTVSLYDPDNKAGIDWGVYGAPETFIVDAE
* % * * * *k ok kK
Bj TLPA QGKLSGPNFEVVAINIDTRDPEKPKTFLKEANLTRLGYFNDQKAKVFODLKAIGRALGMP
Bs RESA YKHFKSQGVEIVAVNVGESKIAVHNFMKSYGVNFPVVLDTDRQVLDAYDVSPLPTTFLIN
Ec TRXA ADEYQGKLTVAKLNIDONPGTAPKYGIRGIPTLLLFKNGEVASATKVGALSKGQLKEFLD
Ec CCMG GIIRYRHAGDLNPRVWEEEIKPLWEKYSKEAAQ
Hi CCMG GVIHYRYAGDVNEKVWTQTLKPIYDKLSEQQ
Bj CYCY GTIVYKLVGPITPDNLRSVLLPQOMEKALK
R1 CYCY GTILYKRVGPSTNISLKEGLVPAMEKALGKPVS
Rc HELX GRILTRIAGPLTEDVITKKIDPLLAGTAD
Pf CYT5 GVIRDKFVGVIDEVVWREQLAAKYQALVDEAKP
Cv CCMG GIIRHKRVGPIDAQVWA
* Kk *

Bj TLPA TSVLVDPQGCEIATIAGPAEWASEDALKLIRAATGKAAAAL
Bgs RESA PEGKVVKVVTGTMTESMIHDYMNLIKPGETSG
Ec TRXA ANLA

FIG. 10. Proposed function and alignment of bacterial thioredoxin-like proteins. (A) CcmG serves as an example to show how a thioredoxin catalyzes the reversible
reduction of an intramolecular disulfide bond in its target protein X. The intermediate that is formed between the thioredoxin and its substrate is called a mixed
disulfide. The postulated mechanism involves the presence of a CXXC motif in the target protein, because it also occurs in the heme binding site of c-type cytochromes.
(B) The primary gene products of periplasmic thioredoxins involved in cytochrome ¢ maturation from E. coli (Ec), Haemophilus influenzae (Hi), Bradyrhizobium
Japonicum (Bj), Rhizobium leguminosarum (R1), Rhodobacter capsulatus (Rc), Pseudomonas fluorescens (Pf), and Chromatium vinosum (Cv) are shown in the first seven
lines. They comprise several identical amino acids (designated by asterisks) in the C-terminal domain, distinguishing them from other thioredoxin-like proteins such
as the B. japonicum TIpA, the Bacillus subtilis (Bs) ResA protein, and E. coli thioredoxin (Trx), which are shown in the last three lines. Putative N-terminal signal
sequences and transmembrane segments are shown in italics. Note that in ResA, as in thioredoxin, a signal sequence is missing, indicating a cytoplasmic location of
these proteins. The active site that is relatively well conserved in all thioredoxin-like proteins is overscored by a horizontal line. For references, see Table 5.
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motif typical for the active site of PDIs (Fig. 10B) (195). TIpA
was shown to have PDI activity and redox properties compa-
rable to those of cytoplasmic thioredoxin (196, 198), suggesting
that its in vivo function is to produce and maintain reduced
cysteines in a particular polypeptide. Since cytochrome oxidase
SUI contains only one cysteine that is not conserved in other
heme-copper oxidases, the best candidate target protein of
TIpA is SUII (CoxB) of cytochrome ¢ oxidase: this subunit
contains two conserved cysteines that are thought to be re-
quired in the reduced form for Cu, liganding. However, since
direct protein-protein interactions between CoxB and TIpA
have not been demonstrated, there are alternative possible
target molecules, perhaps other assembly factors required for
cytochrome aa; maturation.

A growing number of periplasmic thioredoxins belong to a
family of PDIs required for cytochrome ¢ biogenesis (Fig.
10B). The first-characterized member of this family is HelX, a
periplasmic protein which is essential for cytochrome ¢ matu-
ration. Other members of this family for which an involvement
in cytochrome ¢ maturation has been shown experimentally
include the Rhizobium leguminosarum and Bradyrhizobium ja-
ponicum CycY proteins (86, 360) and the E. coli CemG protein
(212). The latter appears to be identical to DsbE (Swissprot ac-
cession no. P33926) (212). The Pseudomonas fluorescens TipB/
CytE (102, 388), Haemophilus influenzae CemG (93), Paracoc-
cus denitrificans CemG (251), and Chromatium vinosum CemG
(49) proteins are postulated to have an analogous function
because they are encoded by genes located in similar cyto-
chrome c¢ biogenesis gene clusters and clearly show more se-
quence identity to HelX than to other bacterial thioredoxins
such as TIpA and TrxA (Fig. 10B). In the case of B. subtilis
ResA, an involvement in cytochrome ¢ biogenesis is not clear:
resA seems to be an essential gene that is located in an operon
together with genes encoding regulators of respiration and a
hydrophobic protein with the sequence WGXXWWXWD re-
sembling the putative heme binding motifs of CcmC and CcmF
but otherwise not homologous to these proteins (327). The
C-terminal portions of TlpA, ResA and TrxA are homologous
neither to each other nor to the C-terminal portions of mem-
bers of the CcmG family. For the latter family a second, con-
served segment represented by the E. coli CemG sequence
LDLGVYGAPETFLI is present that may serve as a substrate
binding site.

Except for ResA and TrxA, the proteins shown in Fig. 10B
contain hydrophobic segments at their N termini that were
either shown or can be predicted to act as translocation signal
sequences (20, 86, 195, 360). ResA does not contain such a
sequence and is more similar to cytoplasmic thioredoxin
(TrxA) in this respect (327). The B. japonicum CycY protein
was shown to be membrane anchored. The soluble domain of
CycY was purified and characterized biochemically (86). Al-
though it was not possible with this protein to show thiol:
disulfide oxidoreductase activity by the classical insulin reduc-
tion assay (147), the standard redox potential of —217 mV
measured for this protein indicates a function in dithiol for-
mation rather than in disulfide bond formation (86). The lack
of insulin-reducing activity generally found in PDIs indicates
that CycY may interact only with very specific reaction part-
ners. Two types of proteins can be proposed as putative sub-
strates for reduction by CycY and its relatives in vivo: (i)
apocytochrome ¢, whose heme binding cysteines are expected
to be reduced before heme attachment can occur, and (ii)
CycL, the only other cytochrome ¢ biogenesis protein, which
contains a CXXC motif and whose function is not clear. Upon
reduction of its unknown substrate, CycY itself becomes oxi-
dized and obviously must be reduced to be recycled in an active
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form (Fig. 10A shows the situation for the homologous CcmG).
Such a reduction may arise from an interaction with a DipZ-
like protein, a more general producer of reduction power in
the periplasm (59, 221, 282, 292).

The mechanism of disulfide bond formation catalyzed by
PDIs includes the formation of mixed disulfides between the
folding catalyst and its target (Fig. 10A). It has been possible to
detect these in the case of DsbA-DsbB interaction (125, 180).
It should be interesting to test whether mixed disulfides of
periplasmic thioredoxins such as CycY or TIpA and their cog-
nate reaction partner(s) can be obtained.

Proteases. Many of the cytochrome subunits discussed here
are periplasmic, soluble proteins; i.e., their signal sequence is
cleaved after translocation. Signal sequences are approxi-
mately 20 amino acids in length and contain a positively
charged N terminus preceding a hydrophobic core and some
primary sequence constraints at positions —3 (Ala, Gly, Ser,
Val, Ile) and —1 (Ala, Gly, Ser) relative to the cleavage site,
with alanine found especially frequently (366). These amino
acids constitute the recognition site of signal peptidase I (or
leader peptidase), which in E. coli is the LepB protein (63).

For cytochrome biogenesis, it is interesting to define at
which point of holoenzyme maturation the signal peptidase
exerts its cleavage function and whether processing is essential
for the formation of holoprotein complexes.

For the biogenesis of mature mitochondrial cytochrome c;,
cleavage of the translocated precursor occurs by the mitochon-
drial inner membrane protease 1, a homolog of E. coli LepB.
This processing seems to be a late step of mitochondrial cyto-
chrome ¢, maturation, since it takes place after, and depends
on, heme attachment (243). A similar conclusion was reached
for maturation of B. japonicum cytochrome c,, which can occur
in the absence of signal sequence cleavage, as shown in a
mutant lacking the signal peptidase cleavage site: the mutant
produced uncleaved b-c, polyprotein precursor that carried
covalently bound heme and was biologically active (338). Since
cytochrome c, is bound to the membrane by its hydrophobic C
terminus, lack of signal sequence cleavage seems neither to
interfere with heme ligation nor to disturb the folding of the
polypeptide into an enzymatically active conformation. In prin-
ciple, ligation of heme to an unprocessed apocytochrome
seems possible for c-type cytochromes (339). An opposite find-
ing was described recently for the P. denitrificans soluble cyto-
chrome css,, whose noncleaved precursor did not contain de-
tectable levels of covalently bound heme. Obviously, in this
case heme can be bound to the apoprotein only after signal
sequence cleavage (295).

The actual involvement of leader peptidase in cytochrome ¢
maturation was shown in an in vitro system in Rhodobacter
capsulatus, in which the transcribed and translated apocyto-
chrome ¢, precursor was efficiently cleaved (379). The lepB
gene was recently cloned and sequenced from this organism
(278). Moreover, expression of B. japonicum cytochrome css,
in a temperature-sensitive E. coli strain [lepB(Ts)] led to accu-
mulation of a precursor polypeptide in the membrane (339).

Since in bacteria, as in yeast, different routes of soluble
cytochrome ¢ and membrane-bound cytochrome ¢ and ¢, mat-
uration may exist, the requirement for signal peptidase to
cleave a precursor before heme binding occurs may vary (Fig.
11). It is possible that the heme binding machinery discrim-
inates between membrane-bound and soluble apoproteins.
This point may be clarified as different types of bacterial
cytochromes are investigated with respect to how signal
sequence cleavage and heme attachment depend on each
other.

Proteases often come into play when cytochromes cannot
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FIG. 11. Model of cytochrome ¢ maturation. Maturation pathways are proposed based on the characterization of specific intermediates for cytochrome ¢, (top),
membrane-bound c-type cytochromes (middle), and soluble c-type cytochromes (bottom). Black bars represent N-terminal signal sequences, white bars represent
C-terminal membrane anchors, and hatched squares represent the heme. The type of gene products required for each step in the pathway is indicated next to the arrows.
Abbreviations: Sec, subunits of the general secretion apparatus; Ccm, subunits of a cytochrome c-specific maturase complex; Lep, leader peptidase for cleavage of the

signal sequence; ¢, cytoplasm; m, cytoplasmic membrane; p, periplasm.

proceed through the entire maturation pathway. For example,
a yeast ATP- and Zn**-dependent protease machinery was
described based on its capacity to degrade unassembled cyto-
chrome ¢ oxidase subunits (233, 254). Many bacterial cyto-
chromes are unstable when maturation cannot be completed.
This was shown with B. japonicum cytochrome css,, which is
extremely unstable when it is expressed as a cytoplasmic pro-
tein lacking a signal sequence (340), probably as a result of
proteolysis. In contrast, it was possible to express the Hydrog-
enobacter thermophilus cytochrome css, in the cytoplasm of
E. coli as a holoprotein: the cytoplasmic apoprotein was
thought to adopt a stable, protease-resistant conformation,
allowing the incorporation of reduced heme (293). Although
the existence of cellular proteases degrading cytochrome apo-
proteins is indisputable, these proteases may not be specific but
may simply recognize unfolded or misfolded polypeptides as
substrates. So far, no proteolytic enzymes are known to be
specifically involved in controlling the degradation or stability
of cytochrome subunits, depending on their stage of assembly.
If proteases with a high specificity for cytochromes can be
defined, this will be extremely useful to optimize the overpro-
duction of cytochrome subunits by expressing their genes in the
corresponding mutant backgrounds.

INTEGRATED VIEW OF SELECTED COMPLETE
MATURATION PATHWAYS

Cytochrome ¢ Maturation

Maturation of c-type cytochromes has become a topic of
quite intense research in recent years, leading to the hypothesis
that a pathway for cytochrome ¢ biogenesis exists (for reviews,
see references 90, 116, 117, 149, 184, 341, and 342). Here, the
present state of knowledge is summarized briefly, with empha-
sis on new aspects that have not been covered previously.

The current picture of cytochrome ¢ biogenesis is based on
several different lines of evidence. (i) Bacterial mutants whose
phenotype suggests they are affected in posttranslational steps
of cytochrome ¢ biosynthesis (Cyc™) have been isolated and
characterized (reference 342 and references therein). (ii) The
genes mutated in Cyc™ mutants were cloned, and derived se-
quences of the gene products were used in database searches
to identify similar proteins with known biochemical functions.
This led to the identification of genes encoding an ABC trans-
porter, a thioredoxin, and a putative CCHL with up to four
subunits (20, 21, 277). In addition, homologs to the cytochrome
¢ biogenesis genes that had been discovered in other contexts
emerged from these searches (12, 49, 59, 93, 102, 211, 281,
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388). For many of these, a function in cytochrome ¢ biogenesis
has not yet been confirmed by mutational analysis. The phys-
ical arrangement of these genes in clusters (see Fig. 12) and the
conservation of specific sequence motifs (Fig. 8 and 10B; Table
3) of the gene products is of particular interest. (iii) Computer-
assisted predictions of membrane-spanning helices combined
with LacZ and PhoA fusion analyses of the membrane topol-
ogy of cytochrome ¢ biogenesis proteins revealed that many of
the membrane-bound subunits of the cytochrome ¢ maturation
machinery contain large segments that seem to face the peri-
plasmic side of the membrane, suggesting that important re-
actions of the pathway occur on this side (2, 20, 21, 73, 86, 102,
189, 250, 252, 277, 285, 286, 331, 360). (iv) Site-directed mu-
tagenesis of cytochrome ¢ polypeptides has helped identify
regions of importance in the apoprotein (35, 36, 293, 295, 338,
340, 343). (v) Expression of c-type cytochromes in heterolo-
gous hosts, most often E. coli, has been used as an approach to
define specific requirements for maturation (295, 340, 342).
(vi) First attempts to obtain cytochrome ¢ maturation in vitro
or at least individual steps of a pathway have been partially
successful: translocation of precytochrome ¢, and css, into
cytoplasmic membrane vesicles of R. capsulatus and E. coli,
respectively, has been performed (283, 378), and a reductive
function of bacterial thioredoxins has been shown to be in-
volved in cytochrome ¢ formation (86, 221). Unfortunately,
neither heme translocation nor heme attachment to apocyto-
chrome ¢ has been demonstrated in vitro in any bacterial
system, although the assay for holocytochrome ¢ detection
reported from mitochondrial systems (241, 243) has been re-
produced with bacterial cytochrome ¢ (284). (vii) Intermedi-
ates formed during cytochrome c¢ biosynthesis have been
trapped in time course (pulse-chase) radiolabelling experi-
ments in an attempt to dissect specific steps of the cytochrome
¢ maturation pathway (339, 340). All of these approaches have
been used either alone or in combination to provide more
insight into bacterial cytochrome ¢ maturation.

Cytochrome ¢ is formed in a linear maturation pathway.
The current knowledge includes some aspects that were pos-
tulated before and now are supported experimentally, as well
as others that are still hypothetical. Cytochrome ¢ biogenesis is
proposed to follow a linear pathway of events (presented in the
following summary) which is in agreement with all findings
reported (see also Fig. 11 for a simpler version that shows
maturation pathways of three different types of cytochromes
c).

(i) Cytochrome c is synthesized initially as a preapoprotein
with an N-terminal signal sequence.

(ii) The apoprotein is then translocated as an unfolded poly-
peptide through the membrane in a sec-dependent pathway.

(iii) As the heme binding-site cysteines move into the peri-
plasm, they become rapidly oxidized by the DsbA/DsbB system
and form disulfides.

(iv) Intramolecular cysteines are not accessible for heme
ligation and therefore must be subsequently rereduced by a
periplasmic thioredoxin, most probably CemG. DsbD has been
suggested to be a periplasmic reductant and may be involved in
regenerating reduced CcmG.

(v) The last step of heme biosynthesis occurs on the cyto-
plasmic side of the membrane, but heme C ligation takes place
on the periplasmic side of the membrane. Thus, heme must
cross the lipid bilayer, most probably by active transport. Two
different ABC transporters have been postulated to translocate
heme; one of them is encoded in the cytochrome ¢ biogenesis
gene cluster.

(vi) Heme may be released from the transporter by a peri-
plasmic heme binding protein.
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(vii) In the oxidative environment of the periplasmic com-
partment, heme is likely to oxidize rapidly, which may need to
be prevented before ligation to apocytochrome takes place. A
heme-iron-reducing protein can therefore be postulated.

(viii) Apocytochrome and heme must be presented to each
other in a sterically favorable conformation such that covalent
linkage is possible. CCHL is thought to be responsible for the
presentation of the two reaction partners and the ligation re-
action. The enzyme may be able to discriminate between cy-
tochromes ¢ and c;.

(ix) Holocytochrome c is released from CCHL and folds into
an active tertiary structure. It is now ready for oligomerization
with other proteins.

(x) Soluble cytochrome c is released into the periplasm by
leader peptidase. This step is independent from heme ligation,
and vice versa, and thus may occur before heme is ligated.

Although genetic experiments have contributed to the above
view of cytochrome ¢ maturation, the postulated biochemical
functions have not been experimentally amenable. This is part-
ly due to the lack of specific assays for the individual reactions.

The most speculative step in this pathway concerns the func-
tion of the cytochrome ¢ biogenesis-specific ABC transporter.
Although it is attractive to speculate that it is a heme exporter,
there is no experimental evidence to support this. The possi-
bility that this ATP-dependent permease translocates another
as yet unidentified substrate cannot be ruled out. For example,
in Pseudomonas fluorescens, the cytochrome ¢ maturation
genes are involved in the production or uptake of pyoverdine,
an iron-chelating compound. Although it is not clear how
pyoverdine uptake and cytochrome ¢ biogenesis are connected
(if at all), one can imagine that additional molecules might
have to be transported to the periplasm for cytochrome ¢
maturation, either as a source of reductant or perhaps as a
CCHL cofactor.

Another speculative aspect is the composition and function
of the postulated CCHL. Although the existence of a bacterial
CCHL seems certain and although it is well established that
heme ligation occurs on the periplasmic side of the membrane
(at least in Paracoccus denitrificans and E. coli [248, 249, 295,
339, 340]), the suggestion that CCHL is encoded by some of
the known cytochrome ¢ maturation genes remains to be in-
vestigated.

A difficulty in analyzing the cytochrome ¢ maturation path-
way step by step has become evident as a result of the obser-
vation that mutations in different cytochrome c¢ biogenesis
genes always lead to a single phenotype, i.e., the lack of apo-
and holocytochrome c, thus not allowing a genetic dissection of
individual steps. A possible reason for this complication may
be the existence of a multimeric maturase complex, as dis-
cussed below.

Cytochrome c biogenesis genes. Eight or nine genes in dif-
ferent gram-negative bacterial species have been assigned to
specific functions in a general cytochrome ¢ maturation path-
way, based on mutations which block cytochrome synthesis at
a posttranslational level without affecting aerobic cellular
growth. As more homologous genes are identified, the gene
nomenclature becomes more confusing. A survey of the dif-
ferent names for cytochrome ¢ biogenesis genes and the pos-
tulated functions of the derived proteins is presented in Table
5. To simplify further discussions the ccm nomenclature (for
cytochrome ¢ maturation) of the E. coli genes is used whenever
possible.

The organization of ccm genes in different organisms is only
partly conserved and partly different. The various combina-
tions of different genes in clusters give rise to speculations
about the function of the respective products. Figure 12 shows
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FIG. 12. Bacterial cytochrome ¢ maturation genes. The ccm genes and their homologs from 10 different bacterial species are organized in one (gamma
proteobacteria), two (rhizobia), or at least three (Rhodobacter capsulatus and Paracoccus denitrificans) gene clusters. For Pseudomonas fluorescens, from which ccm gene
clusters of two different strains have been published, the gene cluster of strain ATCC 17400 is shown. Different groups of genes, i.e., genes coding for an ABC
transporter, genes encoding putative CCHL subunits, genes coding for the thioredoxin-like protein, and the small gene with unknown function are indicated by different
degrees of shading. The number of amino acids of the derived polypeptides is indicated for each gene. a and -y refers to the subgroups of proteobacteria.

munologically to be membrane bound, with a periplasmic ori-
entation of its hydrophilic domain (86). The presumed mem-
brane topology of CemH (E. coli) was discussed above (Fig. 9).
The topology of the corresponding CycH protein has been
experimentally supported (102, 189, 285), as opposed to that of
CycL, whose C-terminal domain has been postulated to be
periplasmic due to the presence of an N-terminal signal se-
quence (286).

Maturase complex for cytochrome ¢ biogenesis? It seems
reasonable to suggest that CcmABC and CcmEFLH form oli-
gomeric complexes for the translocation of a substrate, per-
haps heme, and for cytochrome ¢ heme ligation, respectively. If
CemG functions by keeping the heme binding site of apocyto-
chrome ¢ reduced before heme attachment occurs, it is likely to
be in physical contact with the CCHL complex, and it may even
be regarded as a CCHL subunit. The fact that all ccrn genes are
clustered in the gamma proteobacteria led to speculation that
the ccm gene products may function in a “maturase” super-
complex, in which export of heme or another molecule re-
quired for cytochrome ¢ maturation and the binding of heme
to secreted apocytochrome occur in a coordinated way (337).
A possible function for CcmD in such a supercomplex could be
either to facilitate assembly of the oligomeric structure or to
physically connect the ABC transporter and CCHL apparatus.

Such roles have also been attributed to other small proteins
with hydrophobic anchors that are found in multisubunit mem-
brane complexes, for example SUIV of the aas- or bo-type
oxidase or FixQ of the cbb;-type oxidase (291, 380, 400). Fig-
ure 13 shows a model of how a cytochrome ¢ maturase super-
complex might be assembled in the membrane.

The hypothesis that the ccm genes might code for subunits
of a maturase supercomplex can be tested experimentally. For
example, antibodies directed against B. japonicum CycJ (the

FIG. 13. A hypothetical maturase complex for cytochrome ¢ biogenesis. The
subunits are drawn with the predicted or established orientations in the cyto-
plasmic membrane. The different types of functions to which the subunits are
assigned (Table 5) are represented by different shadings. The letters correlate
with the Ccm protein nomenclature used in E. coli. CcmH is represented as a
bifunctional subunit with two periplasmic domains, one of them corresponding to
rhizobial CycL. c, cytoplasm; m, cytoplasmic membrane; p, periplasm.
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CcmE homolog) did not react with membrane proteins pre-
pared from ABC transporter- or thioredoxin-defective mu-
tants, although the corresponding mutations were not polar on
the expression of the cyc/ gene (284). This result suggests that
the presence of the ABC transporter and the thioredoxin is
essential for stable maintenance of CyclJ. To test all ccm gene
products for a possible involvement in supercomplex forma-
tion, nonpolar mutations in each ccm gene and antibodies
specifically recognizing the respective gene products should
now be used in a combinatorial, systematic approach. In addi-
tion, cross-linking experiments are expected to help define the
precise interactions between the individual subunits of such a
putative complex.

Cytochrome ¢ maturation in gram-positive bacteria. Most of
the ccm genes identified so far from either mutant analysis or
gene sequences are from gram-negative bacteria. However, in
Bacillus subtilis, genes with putative roles in cytochrome c
maturation have also been identified. The ResA and ResC
gene products have low but significant sequence similarities to
certain domains of proteins that are known to be involved in
cytochrome ¢ maturation. ResA has a thioredoxin-like se-
quence WCEPC (Fig. 10), and ResC has a tryptophan-rich
WGXXWXWD motif that is found in the CemC and CcmF
homologs (327). The construction of null mutants defective in
resA and resC failed, suggesting that these genes may be es-
sential for survival. In a screening procedure for tetramethyl-
p-phenylenediamine-negative mutants, the ccd4 gene was
identified and shown to be required for the biosynthesis of
c-type cytochromes. The ccdA gene product is a membrane-
integral protein that shares sequence similarity with the central
part of DipZ/DsbD. The sequence CXXC, which is common to
both proteins, differs from the thioredoxin motif WCXXC,
which is also present in the C-terminal part of DipZ. The
cysteines in CdcA have been proposed either to be functionally
active in a redox reaction or to serve as ligands to a prosthetic
group (302). Since B. subtilis synthesizes a variety of different
c-type cytochromes but other ccm-like genes do not seem to be
present, it may be speculated that gram-positive bacteria use a
different mechanism to synthesize holocytochrome c.

Maturation of the bc, Complex

A tentative model for maturation of bacterial bc, complexes
is proposed in Fig. 14. It predicts that formation of holocyto-
chrome c, is an early requirement for the assembly of a three-
subunit complex. First, cytochromes b and ¢, form a protease-
resistant primary complex, which then permits association of
the Rieske FeS protein with the complex. Although there is no
direct evidence for such a pathway, the model presented in Fig.
14 is in agreement with all experimental findings discussed in
the following paragraphs.

Mutations in the Rieske protein subunit had no conse-
quence on the assembly of cytochromes b and ¢, in the mem-
brane (68, 359). Based on site-directed mutagenesis and struc-
tural analysis, it was proposed that the stability of the Rieske
protein depends on the formation of the FeS cluster and prob-
ably also on the formation of an intramolecular disulfide bond
(68, 159).

Deletion mutations in the cytochrome ¢, gene caused deg-
radation of the Rieske protein and of cytochrome b (111,
119, 343). Covalent attachment of heme C to cytochrome c,
appears to be an early and essential step of bc, complex bio-
genesis: heme binding-site-defective mutants or mutants with
mutations of cytochrome ¢ biogenesis genes had no immuno-
logically detectable bc,-polypeptides (277, 338). However, res-
idue M183 in the Rhodobacter capsulatus cytochrome c, could
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FIG. 14. Model of a pathway for maturation of the bc, complex. On the left,
the Rieske SU is shown; in the middle, cytochrome b is shown; and on the right,
cytochrome c,, which is synthesized as a precursor, is shown. Subunits in framed
(sub)complexes are detected in membranes as stable polypeptides. Cofactors are
as in Fig. 4. ¢, cytoplasm; m, cytoplasmic membrane; p, periplasm.

be altered without causing a bc, assembly defect but was es-
sential for the biological activity of the complex, probably be-
cause it is the sixth ligand of the heme C iron (119). The
adoption of the proper tertiary structure of cytochrome c,
occurs independently of complex formation and may be a late
step in the maturation of an active bc, complex. Deletion of the
hydrophobic, C-terminal membrane anchor from the R. sphaer-
oides cytochrome ¢, resulted in small amounts of soluble ho-
locytochrome ¢, in the periplasm, indicating that heme ligation
occurs before or independently of C-terminal membrane in-
sertion (182). This deletion mutant was also severely disturbed
in cytochrome b and FeS protein assembly. Cleavage of the
signal sequence was found not to be essential for maturation of
the B. japonicum cytochrome bc; complex, since mutational
alteration or deletion of the signal peptidase cleavage site led
to an active complex consisting of a Rieske subunit and a
cytochrome bc, polyprotein (338, 339). Thus, cleavage of the
cytochrome ¢, signal sequence takes place either after (Fig. 14)
or independently from heme C attachment.

Unfortunately, no bacterial mutant lacking solely the gene
for cytochrome b has been described in an attempt to address
whether cytochrome b is essential for the assembly and/or
stability of cytochrome ¢, and the Rieske protein. A kanamycin
resistance cassette insertion in R. capsulatus petB was con-
structed; however, its orientation relative to the pet operon,
which may affect the expression of the downstream petC gene
(Fig. 5), is not known, and the presence of cytochrome ¢, and
Rieske protein in the membrane has not been tested. The best
mutant available is a AfbcFB::kan deletion-insertion in which
fbcC encoding cytochrome ¢, should be expressed from the
promoter in the kanamycin resistance cassette. This mutant
lacks all three subunits of the complex, as determined immu-
nologically (393). Since the Rieske protein is not essential for
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FIG. 15. Model for maturation of the bos-type quinol oxidase from E. coli.
SUI (left) and SUII (right) are drawn with dark shading; SUIIT and IV seem to
be involved, if at all, in a late step of assembly. The framing of the subunits
indicates their stability in the membrane. Cofactors are as in Fig. 4. ¢, cytoplasm;
m, cytoplasmic membrane; p, periplasm.

cytochrome ¢, assembly, one might conclude that cytochrome
b is required and that cytochromes b and ¢, form a primary
subcomplex during maturation. Construction and analysis of
nonpolar cytochrome b mutants would be desirable to clarify
this point. Most mutational alterations of heme B binding
histidines of cytochrome b have been shown to result in a
normally assembled but inactive bc, complex (37). The nonco-
valent binding of heme does not seem to be needed for oli-
gomerization. The model presented in Fig. 14 shows an assem-
bly pathway for cytochrome bc, complex formation in which
heme B is inserted early, i.e., as soon as the cytochrome b
polypeptide is folded in the membrane. It is also possible that
heme B incorporation is the last step of maturation. Based on
current knowledge, it cannot be decided whether heme B in-
sertion occurs at a specific step during maturation or is inde-
pendent of oligomerization.

Maturation of Terminal Oxidases

E. coli cytochrome bos. E. coli cytochrome bo; is one of the
best-studied oxidases with respect to site-directed mutagenesis:
characterizations of a large number of different mutants, es-
pecially of SUI, have provided some insight into how protein
oligomerization and cofactor insertion might be coordinated.

Site-directed mutagenesis has been applied extensively to
the characterization of the different cofactor ligands (42, 43,
45, 144, 191, 215, 334, 354). These studies also revealed that
mutations of heme B ligands lead to defective Cuy incorpora-
tion by causing a lower affinity of the oxidase for the metal
cofactor (215). Mutants with mutations in either of two Cuyg
ligands (H333 and H334) contain normal amounts of heme B
and heme O but lack Cug (191, 215), suggesting that heme
insertion occurs before or independently of Cuy binding (Fig.
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15). Formation of a functional heme B-Cuyg binuclear center
requires the H284 Cuy ligand as well as the H419 heme O
ligand (215). Heme B ligand mutants (H106 and H421) show
decreased levels of CO-reactive heme O (215).

Both catalytic subunits of the bos-type oxidase can insert
autonomously into the membrane and can persist (234). The
insertion of the low- and high-spin hemes B and O into SUI
occurs also in the absence of SUII, whereas the insertion of
Cug has not been investigated. The role of SUIII in the as-
sembly or function of the bo; oxidase is unknown. Recently, a
study on the function of SUIV has provided evidence that this
subunit is not required for stability of the catalytic enzyme
complex, although it may be needed for its biogenesis by as-
sisting copper insertion (291). Once the enzyme and its cofac-
tors are assembled, SUIV seems to be dispensable, because it
can be removed in vitro without a loss of enzymatic activity
(291). A model of cytochrome bo biogenesis that can explain
the available experimental findings is shown in Fig. 15.

E. coli cytochrome bd. A relatively straightforward model can
be postulated for the biosynthesis of the E. coli bd-type quinol
oxidase (Fig. 16). The two subunits can insert into the mem-
brane in the absence of heme cofactors (238). SUI, when
expressed in the absence of SUII, contains cytochrome bssg.
On the other hand, SUII has never been observed in the
absence of SUI (121), which may be due to a polarity effect of
AcydA mutations in the cydAB operon. Site-directed mutagen-
esis of heme-liganding residues in SUI allows membrane as-
sembly of both subunits (87). Mutation of H19, a ligand of the
bd center, results in an oxidase with only heme bs55. Mutation
of the heme bssg ligand H186 leads to specific elimination of
cytochrome bssg, but not of cytochrome bd. These results sug-
gest that insertion of the low-spin heme B and of the heme BD
binuclear center occur independently from each other, but
formation of the binuclear center requires the presence of both

FIG. 16. Model for maturation of the bd-type quinol oxidase from E. coli.
SUI (left) and SUII (right) are drawn with dark shading and are framed to
indicate their stability in the membrane. Cofactors are as in Fig. 4. c, cytoplasm;
m, cytoplasmic membrane; p, periplasm.
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subunits. It has been suggested that SUI may interact with
SUII to form an interface in which the heme BD cofactors bind
(246).

Cytochrome aa;. Biogenesis of the aas-type cytochrome ¢
oxidase has not been studied systematically. It is not possible to
arrive at a pathway for aa; oxidase maturation by combining
pieces of information: too few questions have been addressed
in this context, or there are uncertainties about how the data
may be interpreted.

The aa,-type oxidase is best studied in Paracoccus denitrifi-
cans. Deletion of SUI (ActaDI ActaD?2) results in the loss of
spectroscopically detectable oxidase; however, the presence or
absence of the SUI and SUII polypeptides in membranes has
not been analyzed (70). On the other hand, deletion of SUII
(ActaC) causes the loss of SUI (318). In this case, it seems
likely that the ActaC mutation has a polar effect on the down-
stream genes (Fig. 6). When this mutant was complemented
with plasmid-borne ctaC, SUII was immunologically detect-
able, but SUI, which is not encoded in the same operon, was
absent. This indicated that genes downstream of ctaC were
involved in SUI assembly. When the mutant was complement-
ed with ctaCB, both subunits were assembled, but the heme
cofactors were not detected spectroscopically. The ctaB gene is
known to encode a heme O synthase. Thus, the presence of
SUII in the membranes appears to depend on heme O synthe-
sis. This makes sense in view of the fact that heme O is a heme
A precursor and suggests that heme A incorporation may be
required for SUI assembly. Why, then, does complementation
with cfaBC not lead to a spectroscopically detectable complex?
This discrepancy can be explained by suggesting that another
downstream gene, possibly ctaG, is necessary for heme A in-
corporation and that the presence of heme A may indirectly
regulate either expression of SUI or its insertion into the mem-
brane. Clearly, similar investigations should be done with non-
polar mutants. A model for the assembly of the P. denitrificans
aas-type oxidase with respect to the role of SUIII, in which
SUIII is regarded as a catalyst of assembly at a late stage of
maturation, when the cofactors are already inserted and a
SUI/SUII subcomplex is assembled, has been proposed (128).
This view is based on the finding that all metal centers of the
oxidase can be formed in the absence of SUIII, but at the same
time a population of defectively assembled oxidases can be
detected (128).

A Rhodobacter sphaeroides ctaD mutant was shown to lack
spectroscopically detectable aa;-type cytochrome, but the pres-
ence of SUII has not been investigated (307). Site-directed
mutagenesis of heme- and Cug-liganding histidines resulted in
the formation of inactive oxidases, in which SUI was present in
the membranes (308). As some of these mutant oxidases could
be purified, it must be assumed that SUII is also present;
however, this has not been reported explicitly. At least SUI can
be assembled into the membrane in the absence of heme A or
Cuy cofactors, suggesting that cofactor incorporation occurs
after membrane insertion.

The Bradyrhizobium japonicum cytochrome aa, oxidase ap-
pears to behave differently regarding its assembly: SUI is es-
sential for membrane association of SUII but the reverse is not
the case (195, 287). In contrast, the Bacillus subtilis SUII, which
is fused to cytochrome ¢, can be expressed and incorporated
into the membrane as a heme C-containing protein in the
absence of COI; however, it has not been shown whether the
Cu, center is present in this protein (358).

cbb;-type oxidase. A systematic analysis of cytochrome com-
plex formation has been done with the B. japonicum cbb,-type
oxidase (Fig. 17). Nonpolar in-frame deletion mutations in
each gene of the fixNOQP operon were constructed, and the
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FIG. 17. Model for maturation of the cbb;-type heme-copper oxidase (Fix-
NOP). SUI (FixN) is shown on the left, SUII (FixO) is shown in the middle, and
SUII (FixP) is shown on the right. Subunits in framed (sub)complexes are
detected in membranes as stable polypeptides. Cofactors are indicated as in Fig.
4. ¢, cytoplasm; m, cytoplasmic membrane; p, periplasm.

mutants were assayed for activity and complex formation
(400). The small fixQ gene product was required neither for the
function of the oxidase nor for its assembly. Deletion of FixP
did not influence the stability of the other subunits, suggest-
ing that a FixXNO subcomplex can be formed. This is cor-
roborated by the isolation of a two-subunit cb-type oxidase
complex from P. denitrificans, consisting of the FixN ho-
molog CcoN and the FixO homolog CcoO and containing
spectroscopically detectable b- and c-type cytochromes (71).
As this subcomplex is active both in cytochrome ¢ reduction
and in proton pumping, it can be assumed that Cuy is also
inserted at this stage. In a proposed last step, FixP associates
with the FixNO subcomplex to form the mature cbhb;-type
oxidase, consisting of the subunits FixN, FixO, and FixP.
Deletion of either the fixN or fixO gene leads to rapid
degradation of all three subunits, confirming that the FixN
and FixO polypeptides are essential at an early stage of cbb,
oxidase biogenesis (400).

Another important question is at which stage in the pathway
the heme cofactors are inserted into the apoproteins. It has
become clear that insertion of heme C is critical for the sta-
bility of the subunits because mutants with altered heme bind-
ing sites in either FixO or FixP have an equally defective
phenotype as the respective gene deletion mutants (399). In
the diheme cytochrome ¢ FixP, each of the two heme binding
sites was mutated separately to test whether such mutants
could produce monoheme FixP protein; however, this was not
the case, since FixP was unstable in these mutants. Also, in
mutants defective in cytochrome ¢ biogenesis, in which all
three genes, fixN, fixO, and fixP, are expressed normally under
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microaerobic conditions, no apocytochrome polypeptides can
be detected immunologically (86). From these results, it can be
concluded that covalent heme binding takes place before oli-
gomerization occurs, as suggested in the model shown in Fig.
17.

CONCLUSIONS AND FUTURE PERSPECTIVES

Review of the known details of cytochrome biogenesis re-
veals a complex process. While Fig. 1 illustrates important
aspects of posttranslational cytochrome formation, it also in-
dicates that no generally applicable conclusions about an order
of events or the causality between different steps can be pro-
posed. Cytochrome biogenesis does not appear to follow a
universal maturation pathway; i.e., the way subunits and cofac-
tors are assembled in complexes differs among the disparate
types of oxidoreductases.

Few systematic studies that address directly the question of
cytochrome complex formation have been undertaken. Many
of the results that have contributed to a better understanding
of cytochrome complex formation have emerged as by-prod-
ucts of studies on the composition and function of respiratory
complexes. However, many tools to perform the required ex-
periments are now available. For example, there are various
mutants of structural genes encoding subunits of cytochrome
complexes that could be analyzed for the presence or absence
of other subunits. If different laboratories would share mutant
strains and subunit-specific antibodies, much more information
on cytochrome biogenesis might be obtained in such a collab-
orative effort.

During the maturation of several respiratory cytochrome
complexes, heme appears to be incorporated relatively early,
i.e., before or independently of subunit assembly. This is a
common feature in the biogenesis of multisubunit complexes
such as the bc; complex or the heme-copper oxidases, and it
has proven to be particularly important in the case of the heme
C-containing subunits. It is therefore possible that covalent
attachment of heme triggers the correct folding of the holo-
protein subunit, thereby protecting it from proteolysis and
making it accessible for oligomerization.

In cases where immature subunits are unstable, mutational
blocks in the maturation pathway lead to “all-or-nothing” phe-
notypes, if one analyzes proteins isolated from cells under
steady-state conditions. It is often difficult to decide whether a
protein reaches a certain level of maturation and is then de-
graded or whether maturation does not progress at all. Thus,
maturation pathways proposed for different cytochrome com-
plexes (Fig. 14 to 17) must be interpreted carefully: they rep-
resent one of several possible routes which lead to certain
experimentally detectable intermediates. However, the tempo-
ral order of, and the causality between, the different steps of
maturation are not always known. Pulse-chase kinetic experi-
ments would help to resolve these uncertainties.

The genetic analysis of various cytochrome-containing oxi-
doreductases is progressing rapidly in many different labora-
tories and will yield important insights into cytochrome com-
plex assembly. Unfortunately, this approach is complicated by
the fact that many of the genes of interest are organized in
operons, so that polar effects in the mutants often cannot be
ruled out. A more appropriate, although technically more dif-
ficult and time-consuming, way of avoiding this problem is the
construction of nonpolar translationally in-frame deletions.
This has been proven to be an efficient way to analyze biogen-
esis of the cbb;-type oxidase (400).

So far, Western blot analysis has been used mostly to dem-
onstrate the presence or absence of specific subunits. In con-
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trast, pulse-chase experiments would allow the detection of
transiently formed subcomplexes that are not stable under
steady-state conditions. To successfully apply this method, it is
best if antibodies that recognize and precipitate precursor
forms of immature cytochromes are available.

The best-studied cytochrome biogenesis pathway known to
date is that for c-type cytochromes. Type ¢ cytochromes seem
to be synthesized in a linear pathway for which up to 10 specific
steps can be predicted. It is now rather well established where
these steps occur within the bacterial cell. Moreover, 16 dif-
ferent bacterial genes (ccmABCDEFGHL, ccdA, dsbA, dsbD,
cydD, secA, secY, and lepB) have been shown by mutant anal-
ysis to be involved in cytochrome ¢ maturation. The hypothet-
ical assignment of specific biogenetic functions to the predicted
gene products has led to a model of a cytochrome ¢ maturation
pathway. However, since no biochemical assays are available
for many of these postulated reactions, the gap between the
predicted gene products and their actual role in maturation has
not yet been filled, and parts of the model remain completely
speculative. True progress in the field of cytochrome ¢ biogen-
esis will be made only when the functions of the postulated
proteins can be shown in vitro. A first step in this direction has
been taken with the thioredoxin-like protein, which has been
purified and whose redox potential clearly supports its role as
a periplasmic reductant (86). It will be interesting to identify
the cognate reaction partners of this protein.

Cytochrome biogenesis has become an attractive research
topic, and a lot of useful information accumulates each year,
expanding our knowledge of this process. Nevertheless, we are
still far from being able to assemble multisubunit cytochrome
complexes in cell-free systems, which is probably one of the
ultimate goals of research in this field. The challenges to ask
and answer important questions in connection with cyto-
chrome assembly are sufficiently manifold as to indicate that
we are just beginning to comprehend this complex biological
problem.
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