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R 1. Introduction
Abbreviations: MDH: methanol dehydrogenase; MNDH: meth-

ylamine dehydrogenase; MMO: methane mono-oxygenase. Methylotrophic bacteria are known to contain high

Correspondence: C. Anthony, Department of Biochemistry, Univer- cqncentr?tions of c-type cytochromes and this .r eview
sity of Southampton, Southampton, SO9 3TU, UK. will provide a survey of the structure and functions of



TABLE ]

The methvlotropls discrssed in s rvetiea

Al grem at pH 7.0 except tor the acidophilic Acetobacter methanobicis which grows at pH 2.0, The pathways and general biochemistry of these
bacterin is tully desenibed m Ret. 10 RuMP. nihutose monophosphace pathwas: SerPL sernne pathway: RuBP. ribulose bisphosphate pathway.

Organism I'ype C,-Substrate Assimilation Assimilation
patnway substrates
Merhyvlococcrs obhgate muthune RuMP HCHO
Methvlophiius obligite methanol, methy lamine RuMP HCHO
Organism 4023 aobligate me thanol, methylamine RuMP HCHO
Acetobacter tacultative methanol RuMP HCHO
Methviobacteruam tacultative methanol. methvlamine SerP HCHO + CO,
{hvphomicrobium tacultatine methanol. methylumine SerP HCHO + CO,
Paraconcus tacultative methanol, methy lamine RuBP O,

the various types. concentrating on those having some
special significance in these bacteria.

Methylotrophic bacteria grow at the expense of re-
duced carbon compounds containing one or more car-
bon atoms but containing no carhon-carbon bonds:
some are obligatc mcthyvlotrophs and aie unahie to
grow on any other substrates whereas facultative meth-
ylotrophs muy be typical heterotrophs tha. are also
able to grow on these special compounds. Meth-
vlotrophic bacteria that grow on methane are also
calicd mcthanotrophs and these usually grow on no
other sabstrate except (in some strains) methanol. Most
othcr methylotrophs grow on methanol or methylated
amines (or both); other C, substrates, used by rela-
tively few methylotrophs. include formate, formamide.
CQO, dimethylsulphide or trimethylsulphonium com-
pounds (sec Ref. 1 for a comprehensive account of the
biochemistry of methylotrophs).

There are two main aspects of the metabolism of
methylotrophs that have bioenergetic relevance; these
are the special systems for oxidising their exceptionally
rcduced substrates, and the special biosynthetic path-
ways involved in assimilating them. There are four
different assimilation pathways and these differ with
respecet to the amount of NADH and ATP required (or
produced) in them. Table 1 lists the bacteria whose

metabolism is mainly discussed in this work to illus-
trate the range of different types of bacteria used. ]

Fig. 1 summariscs the pathway for oxidation of the
main substrates used by methylotrophs; it illustrates
the important point that these substrates are more
reduced than typical multicarbon substrates, and they
must first be oxidised to formaldehyde which is at the
oxidation level of cell material (CH,0); formaldehyde
is then either assimilated or oxidised to CO,. Methane
is ouxidised to methanol by methane monooxygenase,
which requires NADH as reductant [2]; these bacteria
will be reductant-limited rather than ATP-limited

molccule of growth substrate must be oxidised by way
of methanol dehydrogenase (MDH) or methylamine
dchydrogenase (MNDH), including those that are
eventually assimilated into cell material. These consid-
crations lead to an important general conclusion: that
the electron transport chain from NADH is relatively
less important and that between 50 and 90% of the
oxvgen consumcd by the terminal oxidases during
methanol or methylamine oxidation is for the oxidation
of MDH or MNDH [1,2]. These dehydrogenases are
both NAD *-independent quinoproteins; the prosthetic
group of MDH is PQQ and that of MNDH is trypto-
phyi-tryptophan {3]. These unusual dehydrogenases are

2NADH  CO,
02 HQO ‘j,—‘ -
\\\\ /// » -
CH, CH4OH v icHo: HCOOH co,
MMO
/ 2H' * NH,
NADH CHgNH,~ MNor NADH NADH

Fig. 1. The oxidation of Cy-compounds by methyintrophic bacteria. Methane is oxidised to methanol by methane monooxygenase (MMO);
methanol s oxidised by 4 quinoprotein. methanot debydrogepase (MDIED and methylamine is oxidised by a second type of gquinoprotein,
methylamine debydrogenase (IMNDEH tormaldehyde is oxidised cither by way of formate or by a cyelic mechanism {1.2},
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Fig. 2. The electron transport chain for methano! oxidation. The sizes of MDH, cytochromes. periplasmic membrance and pery lusm are more or

less to scale if the distance between the membranes is 70 nm [5] (but see Ref. 15} Reaction of MDH with evtochreme ¢ Gin tv o successive steps)

releases two protons into the periplusm. and two protons (per two electrons) are consumizd on the cytoplasmic side o the oxidase. thus
estabiishing & protonmotive force.

the basis of the unusual electron transport chains in
methylotrophic bacteria [1,2,4] They are unique in
bacteria that are not chemolithotrophs; the "methanol
oxidase’ and ‘methylamine oxidase’ systems bvpass the
low rcdox potential part of the electron transport chain
that usually involves ubiquinone and the cytochrome
b, complex.

inc main reasons that ~-type cytochromes are im-
portant in methylouuphs relate to these special sys-
tems. especially that for methanol oxidation (Fig. 2).
Except for the membrane-bound oxidase the whole
chain is soluble, within the periplasm [2,5.6]. The clec-
tron acceptor for MDH is a specific cytochrome c.
called cytochrome ¢, , which passes electrons indirectly
to the oxidase by way of a typical high-potential Class |
c-type cytochrome (sece Section V for a discussion of
this class of cytochromes). This electron transport chain
has been confirmed in vitro by reconstitution using the
pure soluble dehydrogenases and cytochromes. and
solubilised oxidases from Methyvlophilus metlivlotrophus
[7], organism 4025 [8} and Methylobacterin extorquens
[9]. Reaction of MDH with cytochrome ¢, releases
protons into the periplasm, and protons are consumed
by the oxidase reaction on the cytoplasmic side of the
membrane, thus establishing a protonmotive force
which drives ATP synthesis giving a P/0O ratio of one
or less [4,10-14].

In addition to the cytochromes indicated in Fig. 2,
there are other periplasmic cyvtochromes ¢ that have
no known function; these arc usually present at low
concentrations but they may be induced in some growth
conditions or in some mutants that lack the pormal
cytochromes. The c-type cytociiromes found in the

periplasmic membrane include the evtochrome ¢ that
forms part of the cytochrome be, comolex. and the
cwwchrome ¢ component of the o-type oxidase (cyto-
chrome co) that is found in some meth: lotrophs.

This review will provide a complete :ccount of the
biochemistry of the specific cytochrome o . This wili
be followed by a less detailed survey of th» structure
and function of other periplasmic c-type cytachromes.
including their roles in methvliamine ox.dau»n. The
membrane c¢-type cytochromes will then be bricfly dis-
cussed and the review will conclude with a brie” werall
summary of the roles of ¢-type cytochromes in ¢'ectron
transport.

I1. Cytochrome c, the electron acceptor for inethanol
dehydrogenase

H-A. Introduction

All methyiotrophic bacteria that have been inve ti-
gated contain at least two soluble. periplasmic, ¢-type
cytochromes [2,6,16-20]. They were originally labe'l:d
according to their isoelectric points. cytochrome ¢y,
having the higher isoclectric point and cytochrome «
the lower {17]. Although applicable to the cvtochromes
from Medhyvlobacteriune, Methvlophilus and Hyphomi-
crobium, because their isoelectric points differ by about
4 pH units. the distinction is not so marked for the
cviochromes from  Methvlomonas and  Paracoccus.
Their cytochromes ¢ with the lower tsoelectric points
correspond to the cytochremes ¢, irom other meth-
vilotrophs in their function. but the diffcrences in p/
are not so great and the p/ values for the evtochromes
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¢y, and ¢, are both below pH 7.0. Cytochrome ¢, 1s
the only cytochrome ¢ able to act as an clectron
acceptor for MDH in M. extorquens [21-23]. M. meth-
ylotrophus {21,22). P. denitrificans (called cytochrome
¢-551, or ¢-552) [6,22). Hyphomicrobium [20.24]), Aceto-
hacter methanolicus [16,253] and the marine mcthano-
troph Methvlomonas A4 [26,27].

The most thoroughly-characterised example of cy-
tochrome ¢, is that from Methylobacterium extorquens
AM1 [17.28,2¢]. It is a soluble, high potential, small
cytochrome that has a single, low spin, hacm prosthetic
group, bonded covalently to cysteine residucs in the
protein, with histidine as the Sth ligand and the sul-
phur atom of a methionine residue as the 6th ligand. It
has typical absorption spectra in the reduced form (a
maximum at 549 nm at 25°C) and in the oxidised form
(about 410 nm in the Sorct region and 695 nm n the
near infra red). In these features cytochrome ¢ is
similar to typical Class I c-type cytochromes [30.31]. kt
differs in being larger (17-21 kDa) and (usually) in
having a low isoelectric point (3.5-4.5); these proper-
ties reflect the fact that the primary sequence of the
cytochrome is completely different from any other c-
type cytochrome (sce below).

The cytochsomes ¢, from other methylotrophs are
very similar to those from Methylobacterium und their
properties are summarised in Table 11. The nomencla-
ture of some of thesc cytochromes is confusing and the
names (e.g., cytochrome ¢-551) convey little; the differ-
ence between an a-band at 550 and 552 nm is small
and unrecliable as a means of identification. 1 propose
that all c-type cyvtochromes that react with MDH

TABLL H

Propertioe of cvtochrome ¢

ror the purpose of this table, cytachromes are comsidered o be cytochrome ¢

and/or which have a primary structure similar to the
unique structure of cytochrome ¢, {32} should be given
this name.

11.B. Primary structure of cytochrome c;

W2 have confirmed [32] that cytochrome ¢, consti-
tutes a novel class of c-type cytochrome by determining
its primary sequence (deduced from its gene sequence)
(Fig. 3). Except for the typical haem-binding site (Cys-
Ser-Gly-Cys-His), the sequence of cytochrome ¢, shows
no homology with any other protein; in particular,
none of the conserved features of c-type cytochromes
are seen in the sequence of cytochrome ¢, . Key fea-
tures of special importance in a typical Class I cy-
tochrome ¢ are the position of the haem site (less than
20 residues from the N-terminus) and the position of
the sixth ligand methionine which is usually about 60
residues towards the C-terminal from the haem-bind-
ing histidine {30,31,39,40]. in cytochrome ¢, there are
about 60 residues between the N-terminal and the
haem binding site and z2l! three methionines in this
cytochrome are within 50 residues of this histidine;
furthermore, the sequences around the methionines
bear no r~'~tion to those around the methionines of
other c-type cytochromes. The position of many lysine
residues in Class 1 c-type cytochromes are highly con-
served and arrangz.d around the haem pocket; these
a'e of particular importance in binding to the cy-
tochrome bc, complex and cytochrome aa, [31]. That
there is no homologous arrangement of lysines in cy-
tochrome ¢, is not >urprising because this cytcchrome

il reaction with MDH has been demonstrates. The

Methviobacteruar, species referred o here is AL eviorquens AMI (proviously called Pscudomonas AMI). the Methyvlophilus species is M.
methvdorraphus, the Pardacoccus species is P odenurificans and the Acctobacter species is A methanclicas. * this eytochrome often produces a 17
or 19 kDa form which remams active with MDH: ™ athough having a fow M., this cytachrome i« the only one showing any activity with MDH
and it has some simdarity inits N-terminal scquence. Otner methylotrophs having 2 ¢-type cvtochromes, one of which might be cytochrome ¢,
but which huve not been tested with LiIDH or compared in terms of sequence are summarised in Ref. 20

Organism Cytochrome Molecular pl Ene Absorbance of ferrocytochrome  Reaction References
SYROYms mass (kDa) (mV) Absorbance Ext coefls. with MDH

maximz {nm)  (mMcm ™ D)

@ b4 o ¥
Methyviobacterium IR.74 32 256 549 416 218 64.5 + 17.22. 28,32, 33
Methviophilus n: 4.2 210 550 416 26.9 139 + 18,22, 29
Hyphomicrobuim X 195 13 2740 550 414 216 n.d. + 20, 24, 34
Paracoc c-S51,. ¢-582 22 35 190 5516 416 231 138 + 6,35-37
Aceterbucier 21 49 24 350 415 233 134 + 16, 25
Qrganism 4025 18 KR} 284 550 417 nd. n.d. + 38
Methvlomonas A4 8527 4 1.7 n.d. 552 417 24.0 nd. + 26,27
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Fig. 3. The primary structure of cytochrome ¢ . The sequences arc for Methylobacterium extorquens AM1 [32). and from f aracoccus denitrificans

{42). (*) identical amino acids: (®) conserved amino acids. A tvpical haem-binding site (CXXCH) is underlined und conserved methionine

residues that might be the 6th ligand are also underlined. These sequences do not include the typical N-terminai s'gnal peptides shown to be
present and typical of proteins that must be exported into the periplasm.

is not a substrate for the oxidase; its function is to
mediate between MDH and the typical Class I cy-
tochrome ¢, [4.23,41].

H-C. The haem enrironment of cytochrome c, ., and its
reaction with CO

The cytochrome ¢, of many methylotrophs is able
to react with CO. Such a reaction has been used to
indicate an oxidase function [43], but there is no evi-
dence that this cytochrome functions as an oxigase [2].
The slow, incomplete reaction with CO probably re-
flects the structurc around the haem pocket that allows

a more readilv-dissociable iron-mcthicnine bond
[17,44]). That the haem environment is slightly unusual
is indicated by the wausual response of the midpoint
redox ret-=tal to changing pH values; there are two
iomizing groups affecting redox potentials, the pK val-
ucs being 3.5 and 5.5 in the oaidised form and 4.5 and
6.5 in ‘he reduced form [17]. If these dissociations arise
from the Yo -m, then the higher of the pK values is
likely to be ¢ .0 the inner haem propionate in the
hydrophobic environment of the haem cleft, and the
lower ¢ . values due to the outer propionate in its
more hydrophilic environment. The suggestion that the
haem environment may ! unusual is supported by the

) R (2) (3)
h
j-Fea’ pK 1V g-Fes‘ (autoreduction) -Fez’
‘s XH mx T )t
(pK may be lower in presence of MDH)
MDH, te-

Cytochrome <y

Fig. 4. A speculative mechanism for involvement of autoreduction of cytochrome ¢, in the reaction with MDH. This figure is based on Refs. 28

and 29. In this scheme the electron donor for autoreduction is a weakly acidic group (XH) on the cytochrome that dissociates to give a

negatively-charged species able to donate an eleciron to the haem. Species (1) is the undissociated ferricytochrome which dissociates on binding

MDH (or at high pH) to species (2). Species (3) is ihe the radical complex of ferrous iron. isoelectronic with the ferric species (2). Species (4) is

the ferric form of the radical and can oniy be produced in the presence of electron acceptor. Species (4) is reduced to (3) by reduced MDH.

There is now considerable doubt that the autsreduction process is involved in electron transfer processes (Le. species 4 may not be produced)
(see text).
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demonstration that the axial methionine ligand has a
novel configuration das direetly observed in NMR stud-
ies [45.46].

H-D. Awtoreduciion of cvtedhrome ¢,

The cvtoctrome ¢, from seme bacteria undergoes
rapid autoreduction of the hacm iron in the {erricy-
tochrome when the pH s raised in the absence of any
reducing agent [2.16.20.28.29]. The process is. by defi-
nition, a hrst-order intramolecular reaction that occurs
at high pH values: it occurs 1 some typical c-type
evtechromes, huat the rate is very much higher with
cvtochrome ¢, In bacteria that grow at pH 7 the pk
toi autoreductioos i~ about pH 1O but in an acidophilic
methnvlotroph, A methanolicus, the pK s about pit 7
[16]. 1t has been proposed that the mechanism involves
dissociation of aweakly acidic group which dissociates
on raising the pH to give a negatively charged species
able to donate an clectron to the haem. the free radical
produced by this process being stabilized by sharing an
cleetron with the haem iron (Fig. ) [2.28]0 As dis-
cussed Below this mechanism mayv be involved in the
MDH —cytachrome interaction. Whether or not this is
the case. the phenomeron of autoreduction in this
cytochrome is an intriguteg characteristic.

L Reaction of MDH with its cytochrome electron
acceptor

HI-A Intre luction

It was known for some vears that MDH interacts
with the clectron transport chain at the level of the
c-type oytochromes, but a direct. methanol-dependent
mteraction between MDH and a c-type cytochrome
was extremely difticult to demonstrate. The importance
of c-type cyvtochromes in methanol oxidation was car-
licr mdicated by their high concentrations in meth-
ylotrophs. their reduction by methanol in whole bacte-
ria, the measurements of proton translocation in whole
bacteria and ATP synthesis in membrane vesicles, and
the demonstration that mutants lacking these cv-
tochromes were able to oxidise other substrates but
were unable to oxidise methanol (for an extensive
review of this see Ref. 2).

Mecthanol-dependent reduction of cytochrome ¢
was difficult to demonstrate because whenever it was
mixed with MDH it became immediately reduced. even
in the absence of mcethanol. There are two possible
explanations for this. The first is that the endogenous
reductant on MDH provides electrons for reduction of
the cytochrome in the absence of methanol. The pres-
ence of this endogenous reductant is well-known but
not understood: each molecule of MDH has about 90
molecules of anidentified reductant which cannot bhe

removed by dialysis [2,47]. An alternative explanation is
that MDH stimulates autoreduction of cytochrome ¢,
to oceur at lower pH values than usual by stimulating a
change in pK of the acidic group involved in the
autoreduction phenomenon (Fig. 4) [28). If this is so,
then no clectron transfer between the proteins need
occur, the presence of methanol will clearly make no
difference and, because autoreduction is, by definition,
a tirst-order, intramolecular reaction the kinetics will
be first order with respect to oxidised cytochrome ¢ .
This was indeed shown to be the case (for review, see
Ref. 2). Support for this idea also came from work with
the acidophilic Acetobacter methanolicus, mi which au-
torcduction occurs at pH 7 (instcad of pH 10), and
MDH stimulates it to occur at pH 4, the growth pH of
the organism {16]. Against this explanation, however, is
the fact that first-order Kinctics are difficult unequivo-
cally to demonstrate, and that MDH-stimulated reduc-
tion of cytochrome ¢, can be demonstrated with pro-
teins of Hyphomicrobium at a rate that is considerably
greater than the rate of autoreduction of the cy-
tochrome ¢, of this organism [20]. Furthermore, these
authors have shown that in Hyphomicrobium cyclo-
propanol-inactivated MDH does not reduce ferricy-
tochrome ¢, in the absence of methanol, suggesting
that clectron transfer is required, and not merely bind-
ing of MDH to stimulate autoreduction. On balance,
therefore, it is appearing more probable that MDH-
catalysed reduction of cytochrome ¢ in the absence of
methanol may be due to the endogenous reductant,

Methanol-dependent  reduction of c-type cy-
tochromes was cventually demonstrated using anaero-
bically-prevared crude extracts of Hyphomicrobium X
[48] and of M. extorguens [28]; and methanol-depen-
dent reduction of the pure cytochrome with concomi-
tant formaldehyde production has now been demon-
strated with pure MDH from M. extorquens AM1 [22],
Methviophilus methylotrophus [22], Paracoccus denitrifi-
cans [6.22] Methylomonas [19] and Acetobacter [25].
This was achieved by coupling the system to a second
clectron acceptor (horse heart cytochrome ¢) {22].
These experiments demonstrated that, after oxidation
of endogenous substrate, further reduction of cy-
tochrome depends on methanol. An alternative, supe-
rior assay system for cytochrome reduction by MDH
has wow been developed in which the final electron
acceptor from cytochrome ¢, is not a second protein
but is 2,6-dichlorophenolindophenol (21,25].

HI-B. The reaction cycle of MDH with ferricvtochrome
¢, as electron acceptor

Despite the uncquivocal evidence of the specific,
direct, reaction of cytochrome ¢, with MDH, consider-
able discussion of the significance of these results has
occurred because the rates measured were too slow to
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Fig. S. The reaction of MDH and cytochrome ¢ . This figure
based on the work of Dijkstra, Frank and Duine [33]. Cyt ¢, and
Cwvt ¢,y are the oxidised and reduced forms of cytochrome ¢, . The
substrates used in this work were fully-reduced MDH (MDH .
containing fully-reduced quinol. POQH,), and MDH as it 1s nor-
mally isolated (MDH_,,. containing half-reduced PQQ, PQOH
The oxidation of methanol (8) to formaldehyde (P} during this cycle
releases two protons. It is obvious from consideration of this cycle
that the cytochrome must be released after reduction in step (1) and
bound again to the MDH for step (4). In this diagram it is implied
that substrate is bound to the prosthetic group (PQQ.S) o~ the
enzyme-substrate complex (MDH | .S): the evidence for this is not at
present substantial (see Ref. 50,

account for the rat: ot respiration mn bactenia [22,34).
Some explanation for this has been presented by Dijk-
stra, Frank and Duine [34] who have analysed the
separate steps in the methanol; cytochrome ¢, oxido-
reductase reaction using steady-state and stopped-flow
kinetic techniques, and studies of isotope effects using
deuterated methanol (see Fig. 5). They showed that
ferricytochrome ¢, is an excelicnt oxidant of reduced
MDH at pH 7, but the substrat¢ oxidation step is very
slow, and there was little activation by ammonia {the
activator in the dye-linked MDH assay). By contrast. at
pH 9 the cytochrome is such a poor oxidant that the
activation of the substrate oxidation step that does now
occur, becomes irrelevant. It was concluded that the
relatively slow overall rate is because of the need for
an activator for the substrate oxidation step. It was
suggested that this might be the low M, oxygen-labile
component described previously [49). but this was not
tested in this system.

HI-C. Annlysis of the MDH / cvtochrome ¢, interaction
by chemical modification of the proteins

It has been suggested previously that the interaction
of MDH with cytochrome ¢, is likely to be electro-
static in nature, involving ionic interactions between
lysine or arginine residues on MDH and carboxyl
residues on the cytochrome {51,52]. It was speculated
that the lysine residues that form such a well-defined

pattern in predictions of the secondary structure of the
B-subunit of the MDH of M. exvtorguens might be
involved in “docking’ with carboxyls of eytochrome ¢,
which might also be involved in interaction with lysines
of the binding domain of the wypical Class [ cy-
tochrome, cytochrome ¢, [§1.52]. That ionic interac-
tions are involved has now been demonstrated using
the two proteins from M. exiorquens, M. methvioro-
phus and Acetobacter methunolicus, the reaction being
strongly inhibited by low concentrations of salts. The
extent of inhibition was dircctly related to the square
root of the ionic strength of the medium. NaCl acting
by decreasing the affinity ot the cytochrome for MDH
[21.25].

That lysine residues on MDH are involved in “dock-
ing” with ~arboxyl groups on the cytochrome was indi-
cated by chemically modifving MDH. The modified
MDH retained activity in the dye-linked assay systems
showing that the active site for reaction with substrate
had not been altered. It was shown that reagents which
change the charge on lysines led to inactive MDH,
whereas those that modifiecd MDH with retention of
charge had relatively little affect. The inhibition by
rcagents specific for arginine residues suggests that
these may also be involved. When cvtochrome ¢, was
modified with lysinec-modifying reagents its activity was
rctained, but thosce reagents that modificd carboxyl
groups led to greatly diminished activity [21.25]).

HI-D. Analysis of the MDH /cvtochrome ¢, interaction
by cross-linking studies

Although, mitially. our attention was drawn to the
potential importance of lysines in the interaction by the
high proportion of Iysine residues ia the B-subunit of
the MDH of M. extorguens [S1). it appears that these
lysines arc unlikely to be involved in “docking™ with
cvtochrome ¢, because the small g-subunit from the
acidophilic mcthylotroph 4. metharolicus does not
have those lysines thought ty be amportant in the
‘docking” process [23]. It now appears that the lvsines
on the larger a-subunit are involved. The evidence for
this comes from cross-linking the (wo protcins using
‘zero-length’ cross-linking agents recenty described by
Grabarck and Gergely [53] When carboxyl groups on
the cytochrome are modificd and then attacked with
the unmodified MDH. lysine reside2s on the MDH
displace the recagent from the cytodlhirome and form
isopeptide bonds with its carboxyl gicups Using pro-
teins from three ditferent methylotronis these experi-
ments demonstrated in every case, tha carboxyl groups
on cytochrome ¢, interact only with lyiine 1esiducs on
the larger a-subunit of MDH [21.25].

As illustrated in Fig. 2. MDH. cytocarome ¢, cv-
tochrome ¢;; and the membrane oxidase form a com-
plete electron transport chain, catalvsing toe axidation
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of methanol by mulecular oxygen. The three periplas-
mic proteins of this chain rnay cither operate as sepa-
ratec entities. forming short-lived bimolecular com-
plexes during which clectron transfer occurs. or they
might form stable complexes of moie than two proteins
in a ‘wire’ system (sce Refs. 5 and 54). In such a system
electrons would flow from MDH througi cytochrome
¢, to cytochrome ¢y, the site of entry of electrons into
cytochrome ¢, being different from the site of exit. If
cytochrome ¢, has only a single site for clectron trans-
fer, dissociation from MDH must occur prior to reac-
tion with the typical Class 1 cytochrome ¢, and it
should thus be possible to demonstrate cross-linking
between the two cytochromes. This, indeed, has been
demonstraied in conditions where the carboxyl groups
of cytochrome ¢, are modified and lysine residues on
the second cytochrome are involved in forming the
isopeptide bond [21]. By contrast, no cross-linking oc-
curred when the carboxyls of the Class 1 cytochrome
were modified for the reaction. Furthermore, it proved
impossible to cross-link the three proteins in a ternary
complex together: MDH and cytochrome ¢, competed
for the cytochrome ¢, . These resuits all suggest that
cytochrome ¢, has a single site by which carboxyl
groups are involved in *docking’ with lysyl groaps on
MDH and cytochrome c¢,;. and by which clectron
transfer occurs [21).

IV. The Class I c-type cytochromes of methylotrophs,
including cytochrome ¢

In 1982, Ambler recognised four sequence classes of
c-type cytochrome [39.40} Class 1 includes the classical
soluble cvtochromes ¢ of mitochondria and bacteria,
with the haem-attachment site towards the N-terminus,
and the 6th ligand provided by a methionine ligand

TABLE 111

Properties of Class 1 c-type evtochromes of metvlotraophs (evtoclrome ¢y, )

45-70 residues further on towards the C-terminus.
This provides a histidinyl-methionyl-Fe coordination
which lcads to a characteristic 695 nm absorbance in
the ferric state [30,31].

When first  investigated, the predominant cy-
tochromes of methviotrophs were shown to be the
cleetron acceptor for MDH (cytochrome ¢ ), which fits
none of the known cytochrome classes, and a typical
smatler, basic cytochrome ¢ which was called cy-
tochrome ¢, (Table H!). It is now obvious from func-
tional and structural considcrations that this cy-
tochrome and similar cytochromes in other meth-
ylotrophs are typical Class 1 cytochromes ¢ (Table 111,
Fig. 6). They function as inter nediate electron accep-
tors between cytochrome ¢, and the oxidase as indi-
cated in Fig. 2. Although they fulfil the same function,
they do not all fall into the same structural subclasses,
however; for example, the best known in terms of
structure is the cytochrome ¢-550 of P. denitrificans
which falls into Class 1A (also called cytochrome ¢,
[39.40]). whereas the cytochrome ¢y, of Methylophilus
is Class IB which is a major category that Ambler
suggests should be called cytochrome ¢, [39,40]. From
the similarity of structure of the Class 1 cytochromes it
is probable that they all have similar three-dimensional
structures and will interact in similar fashions with
protein electron donors and acceptors. For an out-
standing review of all aspects of the structure and
function of c-type cytochromes, the encyclopaedias of
Moore and Pettigrew [30,31] should be consulted.

By analogy with the miiochondrial Class I cy-
tochrome ¢, it is recasonable to assuine that these
cytochromes fulfil the same function in bacteria; that
of mediating clectron transfer between the membrane
complexes, cytochrome bc, and the oxidase. However,
a more general description of their function is that they

This table includes Class 1 c-type ovtochromes which mediate between cvtochrome ¢, and the oxidase (often called cytochrome ¢,y in
methylotrophs), M, values are from SDS-PAGE. The sequence classes given here are those suggested by Ambiler [39.40). Class 1B cytochromes ¢
are similar to typical mitochondnal eytochrome ¢, Class 1D is a class of smaller ovtochromes ¢. and Class 1A cytochromes ¢ have extra loops in
their sequences compared with the Class 1B cytochromes . It was suggested that cytochrome ¢-554 is equivalent to cytochrome ¢y but its

N-terminal sequence does not support this. n.d.. not determined.

Organism Synonym M, pl E .- Absorbance of ferrocvtochrome Reaction  Sequence  References
(mV) Absorbance Ext. cocffs,  *ith _ class

maxima {um) (mMcom ) oxidase

4] Y 44 ¥
Methvlobacterium 11 LR 294 5505 4165 3t in2 + IB 17,28, 29,33
Methvlophilus 85 89 373 551 116 271 12 B ID 7. 18, 28, 39
Hyphomicrobim X 4 7. 292 5506 414 237 nd. nd n.d. 20
Paracoccus -85t 15 45 233 S50 415 3.2 M8 + A 6, 35-37.58-6.2. 99
Acetobacter g 5K 04 551 417 329 160 + n.d. 16,25
Organism 4025 1258 94 n.d. 50 116 n.d. n.d. n.d. 38
Methylomonas Ad -S54 85 5A-604 nd 354 418 213 nd. nd nd. 26, 27




E 4 - L LA R +
Methylophilus: ADAARA~K ALAQKSGCLA CHSID----- ~=~--- AK -V SP-RYKDVAA ¥YKGDFGA-FR Kemee - L BF
Tuna: GDVAKGKK TEVQK--CAQ CHTVE----- - =NGGKHE . GENLWGLEGR i
Horse heart: GDVEKGKK I1FVOK--CAQ CHTVE-—--- --- KGG¥! T GENLHCGLEFGR ¢ E
Methylobacterium: EGDAAAGEK AF-AP-~~CKA CHNFE--==-- --- EN== -GV GPTLKGVVGA FSD-——-—-
Paracoccus: ODGDAAKGEK EF-NK--CLA CHMIQAPDGT DIIKGCGAL--T GPHLYGVVGE KI-ASEEG~F- KYGEGIL-F-
* " »
Methylophilus: V-=-KKGGSGV W---—=-=-=- -—==———-—— GN -=----1F---M -PANSPLVED E--DIKIVIE WILTL
Tuna: ~ANKSKGI -~V WNENTLM--- ~—»-- EYLEN P-«KYIIGTKM IFA-GIFFKG ERQULVAYLK SAT:
Horse heart: ~ANKNKGI~T WKEETLM-== ~==--- YLEN D-KKYIPGTKM IFA-GIKKKT EREDLIAYLK KATNE
Methylobacterium: -ALKKSGL-T WDQADLK-== =~=—~= QWLAD O-KKKVPGTKM VFP-GISDPK KVDDIIARYLK THKS
Paracoccus: VAEKNPDL-T WTEADLIEYV TDPKP-WLVr< MTDDKGAKTKM TFHKMGKMQAD VVAFLAQNSP DAGGD GEAARA EGEEN

Fig. 6. Primary scquences of methylotrophic Class 1 o-type cytockromes. The sequence of cytochrome ¢y from Metvlobacterium is of a
preliminary sequence {personal communication, R.P. Ambier and M. Athelye). The eytochrome ¢y, of Methylophilus methylotrophus is from Ref.
39 and the cytochrome ¢-550 sequence of Paracoccus denitrifican is from Refs. 55 and 99. The sequences from Bonito (tana) [36] and horse
heart [S7) are given for comparison with two typical Class 1B mitochondrial o-type cvtochromes. According te. Ambler's categories (39,40}, the AL
extorguens cytochrome is in this same class, the M. methviotropl us eytochrome is typical of Class 1D vor cvtochrome ¢ ) containing very small
cytochromes having several proline residues around the methionine Jigana, and the P denitnificans ovtochrome is a typical Class 1A (or
cytochrome ¢,). having extra loops compared with the Cias, IB cytochrome (see Refs. 36 and 31 for alternative nomenclature for such
sub-classes). The sequences are aligned to indicate maximum wdentity (7 indicates residues that are identical in all five evtochromes). The haem
binding sites and sth methionine ligands are underlined

mediate electron transfer between periplasmic redox viomonas J {19) and Methylomonas YKS6 [65], and the

proteins, from membrane complexces to these proteins, marine methanotroph Methylomonas Ad [26.27].

and from periplasmic redox protcins to membrane

compicres (see Refs. 54 and 64). V. Other soluble c-type cytochromes of methyiotrophs
Besides thic bacteria listed in Tables H and 1H,

other methylotrophs have multiple soluble c-type cy- Most methlotrophs whose cytochromes have been

tochromes, one of which is likely to be cytochrome ¢ studied in any detail have been shown to have more

and the other likely to be a Class 1 cytochrome ¢ filling than the two main cytochromes shown in Fig. 2 and

the function of cytochrome c,; these have not been summarised in Tables 1 and 111 Some of the more

sufficiently well-characterised with respect to primary interesting ¢xamples are listed in Table 1V. Most or

sequence or function to identify them with certainty: these are minor components of no known function or

they include the obligate methanol-utilisers  Meth- whose function is uncertain. Some are induced during

TABLE IV

Other soluble c-cviociiromes of methylorrophs

The cytochrome ¢-553 of P denunficans 1 induced during growth on methanol and is thus also called avtochrome <353 {33] The peroxidase of
P. denitrificans [634.66] was previoush identified as the 45 kDa ovtochrome induaced during growth in o gen-deficient conditions [6.37] When the
pl s recorded as “low’ this indicates that the ovtachrome bound to o2 anion-cxchange column. The 46 kIDa heteradimer was produced onls 1n the
periplasm of the "Oxford” strain of P. denstrificans (6], Absorhance value  are for the ferroovtochrome ¢ at th- 28 €

Organism Cytochrome Molecular i J - TN Ext coctt. Reaction  No.of  References
mass (kDa) (mV)  (nm) (mMcem ' with(CO  haem
Methylobacterium Cytochrome ¢-5353 n low 194 ARKS 283 rapid 1 67
Methxlophilus Cytnchrome ¢ 16.8 16 33 35} 252 slow nd. Ix
Cytochrome ¢” 15 87 —oh S50 513 - 1 45,46
Paracoccus Cytachrome ¢-583, 0 R 148 hAR! 22 rapid 1 6. 35,26
Cyt. ¢ peroxidase 45 fow 125 382,385 nd + 2 h. 37 63,66
46 kDa heterodimer 46 < 3K 208 853 64 . N H
30 kDa subunit 3 nd.  nd A2 nd - 3 6
16 kDa subunit 16 n.d. 1K% ss2 nd. - 2 [
Cytochrome ¢’ 12 low 202 &0 972 nd i 100)
Methviomonay A4 Ovtochrome (-533 34 49 nd. 553 254 - 2 26, 27
Cytochrome ¢-5351 16,5 4% nd 28] N 2 26,27
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growth on methanol whercas some are only produced
ir large amounts i nutants, They are all likely to be
periplasmic and it able to interact with other cy-
tochromes may be part of a ‘network” of redox media-
tors in the periplasm. Pxamples of these eytochromes
from the three best-known methanol-utilising bacteria
are given below.

V-A. Cytochrome =553 from Methylobacteriton ea-
torguens

This cytochrome, which has no known function,
constitutes less than 8¢ of the soluble ¢ytochromes of
M. extorguens 167} (Table 1V). It reacts rapidly and
complerely with CO but is not autoxidisable. and is not
an clectron acceptor from methanol dehydrogenase or
methylamine dehvdrogenase. nor an important donor
to the oxidase. It is able to participate in clectron
transfer reactions with both cytochrome ¢y and cy-
tochrome ¢, . At first sight it appears to be a slight!,
farger version of cyvtochrome ¢, and 1t was thought to
be a precursor of this evtechrome because a class of
mutants {moxD) produced no MDH or cytochrome ¢
but produced cytochrome ¢-553 in amounts equal to
the amounts of cytochrome ¢, usually produced (309
of total cytochrome ¢) [68.69]. Tt was suggested tnat the
mox{) mutant might be lacking a processing function
that explained three aspects of its phenotype: the lack
of MDH. lack of normal cytochrome ¢, and the pres-
ence of the shightly larger acidic ¢ytochrome ¢-553. 1t
was therefore proposed that this cytochrome might be
cytochrome ¢, with its signal peptide still attached.
That this is not the case is demonstrated by the lack of
scrological relationshin between the two cytochromes,
and the matkedly different amino acid compositions.
That the cvtochromes bare no direct relationship i
supported by the genetic evidence: evtochronie ¢-353 is
still synthesized in a mutant in which the gene has
been completely deleted [67]. Cytochrome ¢-353 of M.
extorquens is nat induced to higher levels during meth-
vlotrophic growth but it bears some resemblance to
cyvtochrome ¢-333, of P, denitrificans (Table 1V). which
is induced on methanol and methylamine and is there-
fore likely to have some (unknown) function in meth-
victrophic growth.

"

V-B. Cytaciivome ¢ of Methylophilus methylotrophus
This is a highly vnusual small, basic, monohacm
cvtochrome with a relatively low midpoint potential
{--60 mV at pH 7.6) [45.46] (Tablc 1V), It constitutes
less than 87 of the total cvtochrome ¢, it has no
known function and is unrclated to any other cy-
tochrome. There is no haem binding sitc in the 44
scquenced residues given here (N-terminat):

DVTNAEKLVYKYTNIAHSANPMYEAPSITODGKIFFNRKFKIPSG. .

The exceptional characteristic of cytochryme ¢” is
that the haem iron is in 4 high spin state in _he reduced
form and low spin in the oxidised form;typical differ-
ence spectra are not therefore obtained with this cy-
tochrome, and there 18 no 695 nm absorption band in
the ferricytochrome. The iron in the low-spin ferricy-
tochrome is coordinated to two histidine residues, this
cytochrome being a unique example of a water-soluble
protein which exhibits bis-His coordination with near-
perpendicular ligand orientation. On reduction of the
cvtochrome the spin state changes to high spin and one
of the histidine residues is released leaving a single His
coordination [46],

V-C. Periplasmic cytochromes of Paracoccus denitrifi-
cans

Puracoccus denitrificans is important for the study of
cytochromes in methanol oxidation because of the ease
with which periplasmic proteins can be isolated; the
periplasmic nature of the systems for methanol oxida-
tion was first demonstrated with this organism by Ale-
founder and Ferguson {70] who also established the
periplasmic focation of the nitrite reductase in Para-
cuccus denitrificans {71]. It is also important because of
its central role. together with Methylobacterium ex-
torquens, in the study of the molecular biology of
methylotrophs [42,55]. As described above it has a
typical cytochrome ¢, and Class I cytochrome ¢-550
together with a number of other well-characterised
periplasmic cytochromes, some of which may play a
role in methylotrophic metabolism; these are described
below and summarised in Table IV. Figs. 7 and 8
summarise how some of these cytochromes are in-
volved in clectron transport in P. dendtrificans.

V-C. 1. Cytochrome ¢-553,

The first complete analysis of the periplasmic ¢y-
tochromes of P. denitrificans showed that besides the
Class 1 cytochrome ¢-550 there were two c-type cy-
tochromes induced during growth on methanol; these
were designated cytochrome ¢-551;, and cytochrome
¢-553, (the wuffix denoting inducibility) [35] (see also
Ref. 37). It has now been demonstrated that cy-
tochrome ¢-351; is equivalent in structure and function
to cytochrome ¢, [6] (Table I, Fig. 3). The function of
the second inducible cytochrome (¢-553,) is not known.
Its main distinguishing feature is its rapid reaction with
CO (1007% yeaction within 1 min) which makes it likely
to be the cytochrome responsible for the reaction with
CO observed previously by Van Verseveld and
Stouthamer and referred to as cytochrome ¢, [72]. 1t
may well be the same as cytochrome ¢-553 described in
M. extorquens [A7] {sce above),



V-C.2. Heterodimeric, nudtihaem 46 kDa evtochrome o

This cytochrome has been described only in the
‘Oxtord strain® of P denitrificans [6]. 1t constitutes
about 257 of the total periplasmic cytochrome. s
spectrum is unusual in the high ratio of absorbance in
the a hand compared with the 8 band. It reacts rapidly
and completely with CO and has no methionine lig-
ands. Although stable in 1 M NaCl, the dimeric cy-
tochrome can be dissociated into monomers of 30 kDa
and 16 kDa by high pH (above pH 1) or by 3 M
gueanidinium chloride. The dissociated subunits can be
reconstituted into the dimer. although the 30 kDa
subunit is relatively unstable.

The 30 kDa subunit contains threc hacms and is a
low-spin cytochrome in the oxidised form. It reacts
rapidly and compietely with CO. Like the cytochrome
c” of M. methylotrophus (above), reduction to the
ferrocytochrome changes the spin-state, the spectrum
having a poorly defined « peak near 550 nm and no
defined B peak. If incubated at pH 11 for more than
30 min, the 30 kDa subunit is converted to a typical
low-spin cytochrome and becomes *‘damaged’ and un-
able to reconstitute the typical dimeric cytochrome.
This subunit differs from cytochrome ¢” in being twice
the size, having three times as many haem groups, and
in being able to react with KCN at high pH.

The 16 kDa subunit is also an exceptional cy-
tochrome. Like most c-type cytochromes its iron is in a
low-spin state but it has no methionine ligand to the
iron; it 1s small but appcars to have two haem groups,
and an unusually high «/B ratio (about 3), which
corresponds to the exceptionally high ratio observed in
the dimer. Its redox potential was about 20 mV lower
than that measured for the dimer. During SDS-PAGE
this subunit is able to form a disulphide bridge leading
to the presence of a 15 kDa band; this is not produced
during sodium dodecylsulphate polvacrylamide gel
electrophoresis (SDS-PAGE) in the presence of mer-
captoethanol.

V-C.3. The 150 kDa cytechrome ¢ complex

This large complex has only been described in the
‘Oxford strain’ [6]. It is produced in small amounts and
consists of a non-haem protein {859 of the total pro-
tein) plus four haemoproteins (28, 33, 41 and 47 kDa).
The extinction coefficient at 552 nm is extraordinarily
high (157 mM ™' cm™}), consistent with the demonstra-
tion that there are 6-7 mol of hacm ¢ per mol of
complex; most of the haem reacts rapidly with CO.

V-C.4. The cytochrome ¢ peroxidase

When grown under oxygen-limiting conditions a 45
kDa cytochrome ¢ is produced which contains two
haem groups [6.37], and it has subsequently been sug-
gested that this cytochrome is cytochrome ¢ peroxidase
[64.66). Its spectrum corresponds to that of other cy-
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tochrome ¢ peroxidaces which olso contain two haem ¢
proups. Part of the peroxidase remains attached 1o
membranes [66] and this perhaps oxplams why some
crass-reactivity was observed between the 35 kDa pro-
tein and antibodices raised to the ubiguinol oxidase
complex [37].

V-C.5. Cyvtochrome ¢

In the study of the periplasmic locotion of cy-
tochrome ¢ pesoxidase [66], small amounts of a 12 kDa
cytochrome with the spectral features of cytochrome ¢
was observed in the periplasmic fraction; this protein
has now been purified and characterised [100]. Cv-
tochromes ¢ form the Class HHA group of c¢-type
cytochromes: they have no generally-aceepted function;
they are polypeptides of 125-132 amino acid residues
containing a single covalently-bound haem ¢ near the
C-termsinus of the protein [40). The iron is coordinated
by the porphyrin and by a single extraplanar histidine,
giving rise to a predominantly high-spin type of spec-
trum. Although showing the overall spectroscopic fea-
tures of the cyvtochrome ¢’ family., the [Paracoccus
cytochrome ¢’ is unusual in having a red-shifted Soret
band in the oxidised form (at 407 nm). the single
absorption band at 550 nm in the reduced from is also
rather high. It has an exceptionally high midpoint
redox potential (202 mV) for this class (-5 mV to 102
mV). The amino acid composition showed the high
alanine and proline content characteristic of the group.
During gei filtration the cytochrome behaved as a
dimer.

V-C.6. Nitrite reductase: cytochrome cd,

P. denitrificans is able to grow anacrobically on
methanol with nitrite or nitratc as alternative to oxygen
[73], and this anaerobic metabolism is alvo likely to be
similar to that in Hyphomicrobium growing anaerobi-
cally on methano! [1]. During this growth nitrite reduc-
tase reduccs nitrite to nitric oxide [74-77]. The nitrite
reductase is periplasmic and contains a covalently-
bound haem ¢ and non-covalently-bound hacm d [5,76).
The electron donor to the nitrite reductase is most
tikelv to be cytochrome ¢-550 {78].

V1. Involvement of c-type cytochromes in methylamine
oxidation

The physiological clectron acceptor for methylamine
dehydrogenase (MNDH) is usually the type 1 blue
copper protein, induced during growth on meth-
ylaminc, first discovered by Tobari and Harada in
Methylobacterium extorquens AM1 and called ami-
cyanin {79]. It is one of the two blue copper proteins,
or cupredoxins. found in many methylotrophs [4].

Amicyanin is not detectable, however, in all meth-
vlotrophs growing on methylamine by way of meth-
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viamine dehvdrogenase. In haeteria genuinely lacking
all amicvanin then the obvious altcinutive s one of the
periplasmic c-type evtochromes: these may be mvolved
(instead of amicyvanin} in e onidation of methylamine
in trimethylamine-grown Yetivlopinhus methivlotrophes
[RO]. also in the closely related organism W3AT [81]. in
copper-deficient M. extorgiens [82] and perhaps in
copper-deficient organism 4023 {83} (g, 7). L support
of this conclusion is the observatien that methylamine
dehvdrogenase is sometimes able to react directly with
cytochrome ¢ ;. but whether or not this has any physio-
logical significance is not known. In at least one organ-
ism Ciobacillus cerstenns ) it has been shown, using the
pure proteins, that the rate constants are sufficiently
high for cither amicyanin or evtochrome ¢-530 to act a5
clectron acceptor from MNDH [84] (g, 7).

Organism 3025 provides an excellent example of an
organism in which blue copper proteins completely
replace soluble evtochromes [8.83] (Fig. 7). This obli-
gate methvlotroph usually produces so mug amicyanin
during growth on mcthylamine that it appears blue in
colour [38.85]. When sufficient copper is present to
achieve maximum growth. very large amounts of ami-
cvanin and “azurin® are produced: furthermore. com-
plete clectron transport chains could be reconstituted
using methylamine dehydrogenase plus amicyanin and
oxidase, with cither evtochrome ¢ or azurin as the
intermediate electron carrier between amicyanin and
the oxidasc.

Nceither of the mwo oxidases described in meth-
vlotrophs (Cvtochrome aa, or eytochrome ¢o) is able to
oxidise amicyanin although the second blue copper
protein (azurin) may be oxidised [R3]. As amicyanin is
able to interact with azurin or periplasmic ¢-type cv-
tochromes. some of which can act as clectron donor to
the oxidase. then the simplest electron transport chain
will involve  MINDH, amicvanin, a  periplasic  cy-
tochrome ¢ {or azurin) and a membrane oxidase (Fig.
.

It had been suggested that the evtochrome ¢-351, of
. denitrificans, which is induced. together with cy-
tochrome ¢-553, during growth on methanol or meth-
viamime. might be involved in electron transport from
methvlamine [35.36.86]. However it has now been con-
clusively demonstrated that eytochrome ¢-551, is equiv-
alent to cytochrome ¢, the clectron acceptor from
methanol dehydrogenase, and mutants lacking it grow
perfectly well on methvlamine {6,42.68.69]. Remark-
ably, mutants Licking the expected donor to the oxi-
dase (cytochrome ¢-550) are still able to grow (more
slowly) on methylamine, suggesting that the other
periplasmic ¢-type eytochromes. or azurin, are able o
take over some of the role of cytochrome ¢-550 [55].

In summary. the most likely clectron transport chains
tor the oxidation of mcthylamine in methyvlotrophic
bacteria are as shown in Fig. 7 in which amicyanin is

usuafly the clectron acceptor and in which electrons
flow to the oxidase by way of the typical Class 1
evtochrome ¢ (¢-5350 or ¢y) or azurin. The proton
tramsfocation measured during respiration with meth-
viamine in M. extorguens [11] is consistent with the
proposal that it does not involve the mid-chain b-type
cytochromes and that the protonmotive force is estab-
lished as i methanol oxidation (Fig. 2). the yield of
ATP being always one or less.

VI1. The membrane-bound c-type cytochromes of meth-
ylotrophs

VH-A. The o-tvpe oxidase of methviotrophs, cytochrome
co

The bacterial o-type oxidases are defined loosely as
oxidases having a CO-binding cytochrome b compo-
nent, which for convenience is usually referred to as
cvtochrome o and which is assumed to be the oxygen-
reactive site: they fall into two classes which differ
fundamentatly with respect to their structure and func-
tion [43]. These are the cytochrome bo and cytochrome
co classes, which contain haem b and haem ¢, respec-
tively, as their second prosthetic group. One of the first
examples of the cytochrome co class to be purified and
shown to be a cyvtochrome ¢ oxidase was the cy-
tochrome c¢o from the obligate methylotroph Meth-
viophilus methylotrophus {7]. 1t has two cytochrome b
subunits (31.5 kDa) and two cytochrome ¢ subunits
(23.8 kDa). The cytochrome ¢ component coes not
correspond to any of the soluble cytochromes. In M.
methvlotrophus this oxidase 1s the sole oxidase in car-
bon-excess conditions; in carbon-limited conditions the
predeminant oxidase is cytochrome aa; and the con-
centration of cytochrome ¢o diminishes to about 10%
of the concentration found in carbon-¢xccss conditions
[87). In organism 4025 [8] and Acetobacter methanoli-
cus {16.88] the sole oxidase is cytochrome co. whereas
in Methyvlobacteritem 19.82] and  Paracoccus [58,60.72]
the predominant oxidase during methylotrophic growth
is cvtochrome wa,. The preferred clectron donor to
both types of oxidase is the Class 1 cytochrome ¢
(evtochrome ¢p,) [7-9.58.88].

The evtochrome c¢o of the acidophilic methylotroph,
A methanolicus, is unusual in being stable in high
concentrations of salt over a wide range of pH values.
During purification, however, it rcadily dissociates into
its components and then is only able to oxidise rapidly
those c-type cytochromes with which it is also able to
reconstitute an active oxidase [88).

VII-B. The evtechrome be, complex in methylotrophs

This complex has been studied extensively in only
one methylotroph, P. denitrificans. Except for this or-
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Fig. 7. Electron transport chains involved in methylumine oxidation.
Azarin may replace the Class 1 ¢-type cytochromes in other bactena
as well as organism 4025, In manv conditions in the bactenia shown
here, more than one route of electron transpor! mav operate. In P,
denurificans cytochrome ¢-553, may be able to replace ovtochrome
¢-550 completely in a mutant lacking that (ytochrome; and s mem-
brane-bound cytochrome ¢-552 complexed with the oxidase (cyto-
chrome aa ) may also be involved.

ganism, no methylotroph has been reported to contain
a membrane-bound cytochrome c¢;. It plays no role in
the oxidation of methanol or methylamine and func-

Methylobacterium extorquens

MDH Cyt. ¢, — Cyt. ¢, — Cyt aa, — O,
Methylophiius methylotrophus

Carpbon hmitea conditions

MDH Cyt ¢ —— Cyt ¢, — Cyt aa, — 0,

Carbon-excess conditions

MDH

Cyt. ¢ ——= Cvt ¢,  —— Cyt co — O,

Acetobacter methanclicus
MDH Cyt ¢ — Cyt ¢, — Cyt ¢co — O,

Qrganism 4025

Low copper

MDH Cyt. e, —= Cyt ¢, — Cyt co — O,
High copper ]
MDH Cyt ¢ — Azunn —— Cyt.co —Q,

Paracoccus denitrificans

Cyt ¢
/’ 560
MDH Sen

Cyt €4,
Cy" Cﬁ&a‘

Fig. 8. Electron transport chains involved in methanol oxidation, In
organism 4025 in many cor ditions cytochrome ¢ and azurin are
both present and in these conditions both these electron acceptors
may operate in electron transport. in P denitrificans cytochrome
¢-553, may be able to replace cytochrome 830 completely in a
matant tacking that cytochrome: and @ membrane-bound cytochrome
¢-552 complexed with the oxidase (cytochrome aa;) may alse be
involved. Cytochrome ¢-550 is also the electron donor te the
periplasmic cytochrome ¢ peroxidase and mitrite reductase.
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tions only in the oxication of ubiquino arising from the
NABD “-unked Jdehyd-ogenases. The complex contains
only three subunits, one of which is the 62 kDa ov-
tochrome ¢, {89] This complex was alwo isolated tn a
ubiquinol oxidase “supercomplex’ together with cv-
tochrome «a; and o novel membrane 22 kDa oy
tochrome  ¢-552 [90]. It has been suggested by
Trumpower [Y1] that clectron transter between the he,
and wu, complexes preferentially uses the membrane-
bound cytochrome ¢-552, sithough at tecast partial re-
dox cquilibrium with the periplasmic cytochrome ¢-550
docs occur. He suggested that the evtochrome ¢-552
appears to associate more tightly with the cytochrome
aa, than with the cytochrome bep and that a binary
¢-552 / oxidase complex might serve as @ common oxi-
dant for the heterogencous poot of c-tvpe periplasmic
cytochromes. The 22 kDa membrane cytochrome ¢-552
was also observed by other workers [37.86.92-94), and
it was assumed that this cytechrome is the same as the
soluble cytochrome ¢-552 [37): indeed. the soluble cy-
tochrome ¢-552 reacted with antibodics raised against
the ubiquinol oxidase complex. Subsequent to this work
it has been demonstrated that the soluble cytochrome
¢-352 is the electron acceptor for methanol dehydro-
genase which is induced during growth on m:thanol
and which s also called cytochrome ¢-851, {(or cy-
tochrome ¢;) [6.42]. As this is absent except during
growth on methanol and is a very soluble protein it is
very unlikely that the two cytochromes ure identical.
That thev are not identical is indicated ty the observa-
tion that. on peptide sequencing [94]. ~equenices were
found that showed homology with opical c-type cv-
tochromes.

Interpretation of results with bacte ial clectron
transport chains is necessarily geeatly ‘nfluenced by
conclusions drawn from studics of mitochondrial clec-
tron transport, on¢ of the most imporfant of which s
that soluble cytochrome ¢-550 mediates eleciron trans-
fer from the cytochrome be; complex to cytochrome
aa,. That this is not necessarily the case in meth-
vlotrophs was indicated by the properties of a mutant
ot M. extorquens which backed all ¢-type cytochromes
but was able to grow normally oa heterotrophic sub-
strates but not on mehano! or methylamine (44,951
and a similar result was observed with similar mutaats
of P denitrificans 190}, This has been extended in a
study of mutants of P. denitrificans specifically lacking
cytochrome ¢-350 which are still able to respire by way
of the two complexes which must therefore interact
directly within the membrane [42,54.55.03],

In Methviophilus methylotro, shus the only membrane
cytochrome ¢ (Feside that in ¢y tochrorae co) was shown
to be cytochrome ¢, (37% of the iotal membrane
cytochrome ¢) [97]. In this methylotroph. as in all
others cxeen Paracoccus. cytochrome ¢ is produced
in large amounts in all growth conditions. The miem-
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branc cytochrome ¢, could not be reicased with high
concentrations of NaCl but was solubilised with Triton.
After purification it was shown to be identical to the
soluble cytochrome ¢, (M, . absorption spectrum, rate
of reduction by MDH and rate of oxidation by the
cvtochrome co). It was suggested that the cytochrome
¢, might be repiacing cytochrome ¢ in this mcth-
vlotroph. It should be noted that the suggestion that
solubie evtochrome ¢-532 (cytochrome ¢y ) 1s part of
the ubiquinol oxidase system in Parucoccus s only
superficially similar to the suggestion that cvtochrome
¢, may be part of the quinol oxidase system in Meth-
viophilus because in Methvlophilus there is no cy-
tochrome ¢ [97].

1X. Summary: c¢-type cytochromes in electron transport
in methylotrophs

Figs. 7 and 8 summarise the electron transport chains
in the methylotrophic bacteria discussed in this review.

It would be most convenient for reviewers of this
subject if a single unambiguous scheme could be pre-
sented as a summary of the mvolvement of c-type
cvtochromes in clectron transport from methanol and
mcthylamine in methylotrophs. This is not possible for
a number of reasons. One is that the periplasm con-
tains a number of different redox mediators that are
able to react with one another and with the oxidase
system (directly or indirectly); hence a branched elec-
tron ‘network’ rather than a lincar chaim may be a
better description. One approach to resolve which path
might be more “important” might appear to be the
isolation of mutants lacking the various cytochromes.
This., however, docs not always eliminate alternatives,
There is also the possibility that when one path s
impuossible. because of the absence of one of the inter-
muediates, then a secondary path becomes more impor-
tant. The evidence for the pathways summarised in Fig.
8 has been presented in the various sections above. In
all cases evtochronmie ¢, (also calfed eytochrome ¢-551))
is the clectron acceptor for MDH, as confirmed by
isolation  of mutants  specifically  lacking  this  c¢y-
tochrome [42.08.69]. Similarly, amicyanin is usually the
clectron acceptor for methylamine dehydrogenase and
mutant studies have confirmed this for Paracoccus [98].
In vitro studies have demonstrated for many bacteria
that the intermediate between cytochrome ¢, or ami-
cyanin and the oxidase is hkely to be cytochrome ¢y
(cytochrome ¢-550), but mutants of Paracoceus lacking
this cytechrome are still able to grow on methanol (but
more slowly on methylamine) [42.55). This is probably
because Paracoccus also contains cytochrome ¢-553,,
induced during growth on methanol. Needless to say, it
15 impossible from these data to determine to what
extent this cytochrome mediates electron transfer to
the oxidase when cytochrome ¢-550 (its preferred sub-

strate [S8]) is also present. Likewise it is not possible at
present to determine whether or not the membrane
cvtochrome ¢-552 is involved in electron transport from
methanol by way of cytochrome ¢-550.
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