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I. Introduction

Abbreviations: MDH: methanol dehydrogenase; MNDH: meth-

lamine deh » MMO: th - : . - . -
ylamine dehydrogenase sty BEhase Methylotrophic bacteria are known to contain high
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TABLE 1

The methylotrophs discussed in this review

All grow at pH 7.0 except for the acidophilic Acetobacter methanolicus which grows at pH 4.0. The pathways and general biochemistry of these
bacteria is fully described in Ref. 1. RuMP, ribulose monophosphate pathway; SerP, serine pathway; RuBP, ribulose bisphosphate pathway.

Organism Type C,-Substrate Assimilation Assimilation
pathway substrates
Methylococcus obligate methane RuMP HCHO
Methylophilus obligate methanol, methylamine RuMP HCHO
Organism 4025 obligate methanol, methylamine RuMP HCHO
Acetobacter facultative methanol RuMP HCHO
Methylobacterium facultative methanol, methylamine SerP HCHO +CO,
Hyphomicrobium facultative methanol, methylamine SerP HCHO +CO,
Paracoccus facultative methanol, methylamine RuBP CO,

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 carbon-carbon bonds;
some are obligate methylotrophs and are unable to
grow on any other substrates whereas facultative meth-
ylotrophs may be typical heterotrophs that are also
able to grow on these special compounds. Meth-
ylotrophic bacteria that grow on methane are also
called methanotrophs and these usually grow on no
other substrate except (in some strains) methanol. Most
other methylotrophs grow on methanol or methylated
amines (or both); other C, substrates, used by rela-
tively few methylotrophs, include formate, formamide,
CO, dimethylsulphide or trimethylsulphonium com-
pounds (see 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
reduced substrates, and the special biosynthetic path-
ways involved in assimilating them. There are four
different assimilation pathways and these differ with
respect to the amount of NADH and ATP required (or
produced) in them. Table I lists the bacteria whose

metabolism 1s mainly discussed in this work to illus-
trate the range of different types of bacteria used.

Fig. 1 summarises 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
i1s then either assimilated or oxidised to CO,. Methane
1s oxidised to methanol by methane monooxygenase,
which requires NADH as reductant [2]; these bacteria
will be reductant-limited rather than ATP-limited
which is the case with most other bacteria [2]. Every
molecule of growth substrate must be oxidised by way
of methanol dehydrogenase (MDH) or methylamine
dehydrogenase (MNDH), including those that are
eventually assimilated into cell material. These consid-
erations 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
oxygen consumed 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-
phyl-tryptophan [3]. These unusual dehydrogenases are

2NADH . CO,
/ ‘EH' —
CH, - CHgOH —— Z HGHO Z——HCOOH COS
MMO
/EH + NHE \ \
NADH CHaNH,~ MNP NADH NADH

Fig. 1. The oxidation of C,-compounds by methylotrophic bacteria. Methane is oxidised to methanol by methane monooxygenase (MMO):
methanol is oxidised by a quinoprotein methanol dehydrogenase (MDH) and methylamine is oxidised by a second type of gquinoprotein,
methylamine dehydrogenase (MNDH); formaldehyde is oxidised either by way of formate or by a cyclic mechanism [1.2].
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Fig. 2. The electron transport chain for methanol oxidation. The sizes of MDH. cytochromes, periplasmic membrane and periplasm are more or

less to scale if the distance between the membranes is 70 nm [5) (but see Ref. 15). Reaction of MDH with cytochrome c; (in two successive steps)

releases two protons into the periplasm, and two protons (per two electrons) are consumed on the cytoplasmic side of the oxidase. thus
establishing a 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 bypass the
low redox potential part of the electron transport chain
that usually involves ubiquinone and the cytochrome
be, complex.

The main reasons that c-type cytochromes are im-
portant in methylotrophs 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 elec-
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 I
c-type cytochrome (see Section V for a discussion of
this class of cytochromes). This electron transport chain
has been confirmed in vitro by réconstitution using the
pure soluble dehydrogenases and cytochromes, and
solubilised oxidases from Methylophilus methylotrophus
[7], organism 4025 [8] and Methylobacterium 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/O ratio of one
or less [4,10-14].

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

periplasmic membrane include the cytochrome ¢ that
forms part of the cytochrome bc, complex, and the
cytochrome ¢ component of the o-type oxidase (cyto-
chrome co) that is found in some methylotrophs.

This review will provide a complete account of the
biochemistry of the specific cytochrome ¢y . This will
be followed by a less detailed survey of the structure
and function of other periplasmic c-type cytochromes,
including their roles in methylamine oxidation. The
membrane c-type cytochromes will then be briefly dis-
cussed and the review will conclude with a brief overall
summary of the roles of ¢-type cytochromes in electron
transport.

II. Cytochrome ¢, the electron acceptor for methanol
dehydrogenase

[I-A. Introduction

All methylotrophic bacteria that have been investi-
gated contain at least two soluble, periplasmic, c-type
cytochromes [2,6,16—20]. They were originally labelled
according to their isoelectric points, cytochrome c,
having the higher isoelectric point and cytochrome cL
the lower [17]. Although applicable to the cytochromes
from Methylobacterium, Methylophilus and Hyphomi-
crobium, because their isoelectric points differ by about
4 pH units, the distinction is not so marked for the
cytochromes from Methylomonas and Paracoccus.
Their cytochromes ¢ with the lower isoelectric points
correspond to the cytochromes ¢, from other meth-
ylotrophs in their function, but the differences in p/
are not so great and the p/ values for the cytochromes



cy and ¢ are both below pH 7.0. Cytochrome ¢, is
the only cytochrome ¢ able to act as an electron
acceptor for MDH in M. extorquens [21-23], M. meth-
vlotrophus [21,22], P. denitrificans (called cytochrome
¢-551; or ¢-552) [6,22], Hyphomicrobium [20,24], Aceto-
bacter methanolicus [16,25] and the marine methano-
troph Methylomonas A4 [26,27].

The most thoroughly-characterised example of cy-
tochrome ¢, is that from Methylobacterium extorquens
AMI1 [17,28,29]. It is a soluble, high potential, small
cytochrome that has a single, low spin, haem prosthetic
group, bonded covalently to cysteine residues in the
protein, with histidine as the 5th 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 Soret region and 695 nm in the
near infra red). In these features cytochrome ¢, is
similar to typical Class I c-type cytochromes [30,31]. It
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 (see below).

The cytochromes ¢; from other methylotrophs are
very similar to those from Methylobacterium and their
properties are summarised in Table II. The nomencla-
ture of some of these 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 unreliable as a means of identification. I propose
that all c-type cytochromes that react with MDH

TABLE 11

Properties of cytochrome ¢;

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

II.B. Primary structure of cytochrome ¢,

We 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 all three methionines in this
cytochrome are within 50 residues of this histidine:
furthermore, the sequences around the methionines
bear no relation to those around the methionines of
other c-type cytochromes. The position of many lysine
residues in Class I c-type cytochromes are highly con-
served and arranged around the haem pocket; these
are 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 surprising because this cytochrome

For the purpose of this table, cytochromes are considered to be cytochrome ¢ 1If reaction with MDH has been demonstrated. The
Methylobacterium species referred to here is M. extorquens AM1 (previously called Pseudomonas AMI1), the Methylophilus species is M.
methylotrophus, the Paracoccus species is P. denitrificans and the Acetobacter species is A. methanolicus. * this cytochrome often produces a 17
or 19 kDa form which remains active with MDH; " although having a low M., this cytochrome is the only one showing any activity with MDH
and it has some similarity in its N-terminal sequence. Other methylotrophs having 2 c-type cytochromes, one of which might be cytochrome cL
but which have not been tested with MDH or compared in terms of sequence are summarised in Ref. 20.

Organism Cytochrome Molecular pl E - Absorbance of ferrocytochrome Reaction References
SYNONyms mass (kDa) (mV) AReaiRar s it Ch el with MDH

maxima (nm) (mMecm™")

a ¥ o Y
Methylobacterium 18.74 4.2 256 549 416 21.8 64.5 + 17, 22, 28, 32, 33
Methylophilus 21° 4.2 310 550 416 26.9 139 + 18, 22, 29
Hyphomicrobium X 19.5 4.3 270 550 414 21.6 n.d. + 20, 24. 34
Paracoccus c-351;,¢c-552 22 35 190 351.6 416  23.1 138 + 6, 35-37
Acetobacter 21 4.9 324 550 415 23.3 134 + 16, 25
Organism 4025 18 3.8 284 550 417 n.d. n.d. + 38
Methylomonas A4 c-552 © 14 47 nd. 552 419 Be2d0) pnvd: + 26, 27




10 20 30 40 50 60
I | | I | I
M. extorgquens: QPGSGPOQTGVVFRNTVTGEALDVSQGKEGGRDTPAVKKFLETGENLYIDDKSCLRNGESL
awEE * TpeeTeeaktes seeetadrkkk khkkgEREAERAAXgE 8% 8 TesastaX
F. denitrificans: MAAPQ----FFNIIDGSPLNFDDAMEEGRDTEAVEKHF LETGENVYNEDPEILPEAEEL
70 80 90 100 110 120
| | | I | |
M. extorgquens: FATSCSGCHGHLAEGKLGPGLNDNYWTYPSNTTDVGLFATIFGGANGMMGPHNENLTEDE
ke HEkhkkirirEk FEEEXTgEAAAELE phhhkrhghghkihbrkghgpghiigr Hk=*x a@xTkx *x
P. denitrificans: YAGMCSGCHGHYAEGKIGPGLNVAYWTYEGNETDVGLFS TLYGGATGOMGPMWGSLTLDE
130 140 150 160 170
I | I | I
M. exXxtorgquens: MLOTIAWIRHLYTGPKODAVWLNDEQKKAYTPYKQGEVIPKDAKGQCKEFPLDE
*hkaXatkaghh ke rg ek % *kakkkx akxkee *kXge o8 o
P. denitrificans: MLRTMAWVRHLYTGDPKDASWLTDEQKAGFTPFQ--—--- PKSSGEDQS

Fig. 3. The primary structure of cytochrome ¢, . The sequences are for Methylobacterium extorquens AMI1 [32], and from Paracoccus denitrificans

[42]. (*) identical amino acids; (®) conserved amino acids. A typical haem-binding site (CXXCH) is underlined and conserved methionine

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

1S not a substrate for the oxidase; its function is to
mediate between MDH and the typical Class 1 cy-
tochrome ¢y, [4,23,41].

[I-C. The haem environment 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 oxidase [2].
The slow, incomplete reaction with CO probably re-
flects the structure around the haem pocket that allows

+

1
(1) H

eFas’ pK 10 :

=XH

(pK may be lower in presence of MDH)

MDH

(2)

OX

3+
Fe

ks

a more readily-dissociable iron-methionine bond
[17,44]. That the haem environment is slightly unusual
is indicated by the unusual response of the midpoint
redox potential to changing pH values; there are two
ionizing groups affecting redox potentials, the pK val-
ues being 3.5 and 5.5 in the oxidised form and 4.5 and
6.5 In the reduced form [17]. If these dissociations arise
from the haem, then the higher of the pK values is
likely to be due to the inner haem propionate in the
hydrophobic environment of the haem cleft, and the
lower pK values due to the outer propionate in its
more hydrophilic environment. The suggestion that the
haem environment may be unusual is supported by the

(autoreduction)

—l—_—d

MDH, 4 Cytochrome c

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 electron to the haem. Species (1) is the undissociated ferricytochrome which dissociates on binding

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

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

There is now considerable doubt that the autoreduction process is involved in electron transfer processes (i.e. species 4 may not be produced)
(see text).
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demonstration that the axial methionine ligand has a

novel configuration as directly observed in NMR stud-
ies [45,46].

I1-D. Autoreduction of cytochrome c,

The cytochrome ¢; from some bacteria undergoes
rapid autoreduction of the haem iron in the ferricy-
tochrome when the pH is raised in the absence of any
reducing agent [2,16,20,28,29]. The process is, by defi-
nition, a first-order intramolecular reaction that occurs
at high pH values; it occurs in some typical c-type
cytochromes, but the rate is very much higher with
cytochrome ¢, . In bacteria that grow at pH 7 the pK
for autoreduction is about pH 10 but in an acidophilic
methylotroph, A. methanolicus, the pK is about pH 7
[16]. It has been proposed that the mechanism involves
dissociation of a weakly acidic group which dissociates
on raising the pH to give a negatively charged species
able to donate an electron to the haem, the free radical
produced by this process being stabilized by sharing an
electron with the haem iron (Fig. 4) [2,28]. As dis-
cussed below this mechanism may be involved in the
MDH -cytochrome interaction. Whether or not this is
the case, the phenomenon of autoreduction in this
cytochrome is an intriguing characteristic.

III. Reaction of MDH with its cytochrome electron
acceptor

HI-A. Introduction

It was known for some years that MDH interacts
with the electron transport chain at the level of the
c-type cytochromes, but a direct, methanol-dependent
interaction between MDH and a c-type cytochrome
was extremely difficult to demonstrate. The importance
of c-type cytochromes in methanol oxidation was ear-
lier indicated 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 cy-
tochromes were able to oxidise other substrates but
were unable to oxidise methanol (for an extensive
review of this see Ref. 2).

Methanol-dependent reduction of cytochrome ¢
was difficult to demonstrate because whenever it was
mixed with MDH it became immediately reduced, even
in the absence of methanol. 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 unidentified reductant which cannot be

removed by dialysis [2,47]. An alternative explanation is
that MDH stimulates autoreduction of cytochrome ¢,
to occur 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 electron transfer between the proteins need
occur, the presence of methanol will clearly make no
difference and, because autoreduction is, by definition,
a first-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, in which au-
toreduction occurs at pH 7 (instead 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 kinetics 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 electron 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 eventually demonstrated using anaero-
bically-prepared crude extracts of Hyphomicrobium X
[48] and of M. extorquens [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],
Methylophilus methylotrophus [22], Paracoccus denitrifi-
cans [6,22] Methylomonas [19] and Acetobacter [25].
This was achieved by coupling the system to a second
electron acceptor (horse heart cytochrome c¢) [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 now 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 ferricytochrome
¢, as electron acceptor

Despite the unequivocal 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

——e————
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Fig. 5. The reaction of MDH and cytochrome ¢y. This figure is
based on the work of Dijkstra, Frank and Duine [34]. Cyt ¢, and
Cyt ¢, 4 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 is nor-
mally isolated (MDH__,,,, containing half-reduced PQQ, PQQH °).
The oxidation of methanol (S) 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) in the
enzyme-substrate complex (MDH . .S); the evidence for this is not at
present substantial (see Ref. 50).

account for the rate of respiration in bacteria [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 excellent oxidant of reduced
MDH at pH 7, but the substrate 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.

II-C. Analysis of the MDH / cytochrome ¢, 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
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pattern in predictions of the secondary structure of the
B-subunit of the MDH of M. extorquens might be
involved in ‘docking” with carboxyls of cytochrome CL
which might also be involved in interaction with lysines
of the binding domain of the typical Class I cy-
tochrome, cytochrome cy; [51,52]. That ionic interac-
tions are involved has now been demonstrated using
the two proteins from M. extorquens, M. methylotro-
phus and Acetobacter methanolicus, the reaction being
strongly inhibited by low concentrations of salts. The
extent of mhibition was directly related to the square
root of the ionic strength of the medium, NaCl acting
by decreasing the affinity of the cytochrome for MDH
[21,25].

That lysine residues on MDH are involved in ‘dock-
ing’ with carboxyl groups on the cytochrome was indi-
cated by chemically modifying 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 modified MDH with retention of
charge had relatively little affect. The inhibition by
reagents specific for arginine residues suggests that
these may also be involved. When cytochrome ¢; was
modified with lysine-modifying reagents its activity was
retained, but those reagents that modified carboxyl
groups led to greatly diminished activity [21,25].

HI-D. Analysis of the MDH /cytochrome c, interaction
by cross-linking studies

Although, initially, our attention was drawn to the
potential importance of lysines in the interaction by the
high proportion of lysine residues in the B-subunit of
the MDH of M. extorquens [51), it appears that these
lysines are unlikely to be involved in ‘docking’ with
cytochrome ¢, because the small B-subunit from the
acidophilic methylotroph A. methanolicus does not
have those lysines thought to be important in the
‘docking’ process [25]. It now appears that the lysines
on the larger a-subunit are involved. The evidence for
this comes from cross-linking the two proteins using
‘zero-length’ cross-linking agents recently described by
Grabarek and Gergely [53]. When carboxyl groups on
the cytochrome are modified and then attacked with
the unmodified MDH, lysine residues on the MDH
displace the reagent from the cytochrome and form
isopeptide bonds with its carboxyl groups. Using pro-
teins from three different methylotrophs these experi-
ments demonstrated in every case, that carboxyl groups
on cytochrome ¢, interact only with lysine residues on
the larger a-subunit of MDH [21,25].

As illustrated in Fig. 2, MDH, cytochrome ¢, , cy-
tochrome c¢;; and the membrane oxidase form a com-
plete electron transport chain, catalysing the oxidation
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of methanol by molecular oxygen. The three periplas-
mic proteins of this chain may either operate as sepa-
rate entities, forming short-lived bimolecular com-
plexes during which electron transfer occurs, or they
might form stable complexes of more than two proteins
in a ‘wire’ system (see Refs. 5 and 54). In such a system
electrons would flow from MDH through cytochrome
¢, to cytochrome cyy, the site of entry of electrons into
cytochrome ¢, being different from the site of exit. If
cytochrome ¢, has only a single site for electron 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
demonstrated in conditions where the carboxyl groups
of cytochrome c¢; 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 I cytochrome
were modified for the reaction. Furthermore, it proved
impossible to cross-link the three proteins in a ternary
complex together; MDH and cytochrome c¢; competed
for the cytochrome ¢, . These results all suggest that
cytochrome c¢; has a single site by which carboxyl
groups are involved in ‘docking’ with lysyl groups on
MDH and cytochrome ¢y, and by which electron
transfer occurs [21].

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

In 1982, Ambler recognised four sequence classes of
c-type cytochrome [39,40]. Class I includes the classical
soluble cytochromes ¢ of mitochondria and bacteria,
with the haem-attachment site towards the N-terminus,
and the 6th ligand provided by a methionine ligand

TABLE III

Properties of Class I c-type cytochromes of methylotrophs (cytochrome c ;)

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

When first investigated, the predominant cy-
tochromes of methylotrophs were shown to be the
electron acceptor for MDH (cytochrome ¢, ), which fits
none of the known cytochrome classes, and a typical
smaller, basic cytochrome ¢ which was called cy-
tochrome ¢y, (Table III). It is now obvious from func-
tional and structural considerations that this cy-
tochrome and similar cytochromes in other meth-
ylotrophs are typical Class I cytochromes ¢ (Table III,
Fig. 6). They function as intermediate electron accep-
tors between cytochrome c¢; 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 c-550 of P. denitrificans
which falls into Class IA (also called cytochrome c,
[39,40]), whereas the cytochrome ¢, of Methylophilus
1s Class IB which is a major category that Ambler
suggests should be called cytochrome ¢y [39,40]. From
the similarity of structure of the Class I 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 mitochondrial Class 1 cy-
tochrome ¢, it is reasonable to assume that these
cytochromes fulfil the same function in bacteria: that
of mediating electron 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 I c-type cytochromes which mediate between cytochrome ¢; and the oxidase (often called cytochrome Cy In
methylotrophs). M, values are from SDS-PAGE. The sequence classes given here are those suggested by Ambler [39,40]. Class IB evtochromes ¢
are similar to typical mitochondrial cytochrome ¢, Class ID is a class of smaller cytochromes ¢, and Class IA cytochromes ¢ have extra loops in
their sequences compared with the Class IB cytochromes ¢. * It was suggested that cytochrome ¢-554 is equivalent to cytochrome cy but its

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

Organism Synonym M, pf | D Absorbance of ferrocytochrome Reaction  Sequence  References
(mV) Absorbance Ext. coeffs. WIFS class

maxima (nm)  (mMc¢m ') (OXIUase

o ¥ o ¥
Methylobacterium 11 5.8 294 550.5 4165 31 162 + IB 17, 28, 29, 33
Methylophilus 85 89 373 551 416 271 128 + 1D 7, 18, 28, 39
Hyphomicrobium X 14 74 292 5506 414 23.7 nd. n.d. n.d. 20
Paracoccus c-550 15 4.5 253 550 415 30.2 148 + 1A b, 35-37, 58-62, 99
Acetobacter 9 5.8 224 551 417 329 160 + n.d. 16, 25
Organism 4025 125 94 n.d. 550 416 n.d. n.d. + n.d. 38
Methvlomonas A4 c-554 * 8.5 5.6-64 n.d. 554 418 21.3 nd. nd. n.d. 26, 27




* &= & & k4 E 3
Methvlophilus: ADAARA-K ALAQKSGCLA CHSID-———- ————— AK-VL GP-AYKDVAA KYHKGDKGA-EA K————- LIER
Tuna: GDVAKGKEK TFUQK——CH@ BHINVE=s5— ——= NGGKHEV GPNLWGLFGR KT-GQAEG-Y- SYTD—-—-———-=
Horse heart: GDVEKGEK IEVOQE—-CAQ CHITVE=s=7— ——— KGGKHKT GPNLHGLFGR KT-GQAPG-F- TYTD-—-——-—-—
Methvyvlobacterium: EGDAAAGEK AF-AP--CKA CHNFE-———-- ——- KN--—-GV GPTLEGVVGA KA-GEGGADY- AFSD—-—-——-—-—
Paracoccus: QDGDAAKGEK EF-NEK--CLA CHMIQAPDGT DIIKGGK--T GPNLYGVVGR KI-ASEEG-F- KYGEGIL-E-
- * i
Methvlophilus: V==KKGGSGV We————meme ccme————-— GN ——===— IP---M -PANSPQVKD E--DIKTVIE WILTL
Tuna: =ANKSKGI-V WNENTLM-—- —-———- EYLEN P-KKYIPGTKM IFA-GIKKKG ERQDLVAYLK SATS
Horse heart: -ANKNKGI-T WKEETLM--——- —-————- YLEN P-KKYIPGTKM IFA-GIKKKT EREDLIAYLK KATNE
Methvlobacterium: —-ALKKSGL-T WDQADLK—-=-= =—=——- QWLAD FP-KKKVPGTKM VFP-GISDPK KVDDIIAYLK TKS
Paracoccus: VAEKNPDL-T WTEADLIEYV TDPKP-WLVK MTDDKGAKTKM TFEMGEMQAD VVAFLAQNSP DAGGD GEAAA EGESN

Fig. 6. Primary sequences of methylotrophic Class I c-type cytochromes. The sequence of cytochrome ¢y from Methvlobacterium is of a
preliminary sequence (personal communication, R.P. Ambler and M. Athelye). The cytochrome cy of Methylophilus methvlotrophus is from Ref.
39 and the cytochrome ¢-550 sequence of Paracoccus denitrificans is from Refs. 55 and 99. The sequences from Bonito (tuna) [56] and horse
heart [57] are given for comparison with two typical Class IB mitochondrial c-type cytochromes. According to Ambler’s categories [39.40]. the M.
extorquens cytochrome is in this same class, the M. methylotrophus cytochrome is typical of Class ID (or cytochrome c¢g) containing very small
cytochromes having several proline residues around the methionine ligand: and the P. denitrificans cytochrome is a typical Class 1A (or
cytochrome ¢,), having extra loops compared with the Class IB cytochrome (see Refs. 30 and 31 for alternative nomenclature for such
sub-classes). The sequences are aligned to indicate maximum identity (* indicates residues that are identical in all five cytochromes). The haem
binding sites and 6th methionine ligands are underlined.

mediate electron transfer between periplasmic redox
proteins, from membrane complexes to these proteins,
and from periplasmic redox proteins to membrane
complexes (see Refs. 54 and 64).

Besides the bacteria listed in Tables II and III,
other methylotrophs have multiple soluble c-type cy-
tochromes, one of which is likely to be cytochrome CpL
and the other likely to be a Class I cytochrome ¢ filling
the function of cytochrome ¢;;; these have not been
sutficiently well-characterised with respect to primary
sequence or function to identify them with certainty:
they include the obligate methanol-utilisers Meth-

TABLE IV

Other soluble c-cytochromes of methylotrophs

ylomonas J [19] and Methylomonas YK56 [65], and the
marine methanotroph Methylomonas A4 [26,27].

V. Other soluble c-type cytochromes of methylotrophs

Most methylotrophs whose cytochromes have been
studied in any detail have been shown to have more
than the two main cytochromes shown in Fig. 2 and
summarised in Tables Il and III. Some of the more
interesting examples are listed in Table IV. Most of
these are minor components of no known function or
whose function is uncertain. Some are induced during

The cytochrome ¢-553 of P. denitrificans is induced during growth on methanol and is thus also called cytochrome ¢-553; [35]. The peroxidase of
P. denitrificans |64,66] was previously identified as the 45 kDa cytochrome induced during growth in oxygen-deficient conditions [6,37]. When the
p/ is recorded as ‘low’ this indicates that the cytochrome bound to an anion-exchange column. The 46 kDa heterodimer was produced only in the
periplasm of the ‘Oxford’ strain of P. denitrificans [6]. Absorbance values are for the ferrocytochrome ¢ at 16-25°C.

Organism Cytochrome Molecular pl E 9 a-max Ext. coeff. Reaction  No.of  References
mass (kDa) (mV)  (nm) (mMcecm™")  with CO haem
Methylobacterium Cytochrome ¢-553 23 low 194 553 25.3 rapid 1 67
Methylophilus Cytochrome ¢y, 16.8 4.6 336 551 25.2 slow n.d. 18
Cytochrome ¢” 15 8.7 — 60 550 51.3 + ] 45, 46
Paracoccus Cytochrome ¢-553; 30) 3.8 148 553 22.2 rapid | 6, 35, 36
Cyt. ¢ peroxidase 45 low 128 552, 555 n.d. + 2 6, 37, 64, 66
46 kDa heterodimer 46 <38 205 553 64 + 5 6
30 kDa subunit 30 N eyg 1. 352 n.d. + 3 6
16 kDa subunit 16 nd. 188 552 n.d. + 2 6
Cytochrome ¢’ 12 low 202 550 9.2 n.d. 1 100
Methylomonas A4 Cytochrome ¢-553 34 49  n.d. 553 25.0 + 2 26, 27
Cytochrome ¢-551 16.5 4.8  nd. 551 28.7 - 2 26, 27
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growth on methanol whereas some are only produced
in large amounts in mutants. They are all likely to be
periplasmic and if able to interact with other cy-
tochromes may be part of a ‘network’ of redox media-
tors in the periplasm. Examples of these cytochromes
from the three best-known methanol-utilising bacteria
are given below.

V-A. Cytochrome c¢-553 from Methylobacterium ex-
torquens

This cytochrome, which has no known function,
constitutes less than 5% of the soluble cytochromes of
M. extorquens [67] (Table IV). It reacts rapidly and
completely with CO but is not autoxidisable, and is not
an electron acceptor from methanol dehydrogenase or
methylamine dehydrogenase, nor an important donor
to the oxidase. It is able to participate in electron
transfer reactions with both cytochrome c¢;; and cy-
tochrome ¢, . At first sight it appears to be a slightly
larger version of cytochrome ¢, and it was thought to
be a precursor of this cytochrome 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 (30%
of total cytochrome ¢) [68,69]. It was suggested that the
moxD mutant might be lacking a processing function
that explained three aspects of its phenotype: the lack
of MDH, lack of normal cytochrome c¢; and the pres-
ence of the slightly larger acidic cytochrome ¢-553. It
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
serological relationship between the two cytochromes,
and the markedly different amino acid compositions.
That the cytochromes bare no direct relationship 1s
supported by the genetic evidence: cytochrome ¢-553 1s
still synthesized in a mutant in which the gene has
been completely deleted [67]). Cytochrome ¢-553 of M.
extorquens is not induced to higher levels during meth-
ylotrophic growth but it bears some resemblance to
cytochrome ¢-553; of P. denitrificans (Table 1V), which
Is induced on methanol and methylamine and 1s there-
fore likely to have some (unknown) function in meth-
ylotrophic growth.

V-B. Cytochrome c¢" of Methylophilus methylotrophus

This is a 'highly unusual small, basic, monohaem
cytochrome with a relatively low midpoint potential
(—60 mV at pH 7.6) [45,46] (Table IV). It constitutes
less than 8% of the total cytochrome ¢, 1t has no
known function and is unrelated to any other cy-
tochrome. There is no haem binding site in the 44
sequenced residues given here (N-terminal):

DVTNAEKLVYKYTNIAHSANPMYEAPSITDGKIFFNRKFKTPSG...

The exceptional characteristic of cytochrome c¢” is
that the haem iron 1s in a high spin state in the reduced
form and low spin in the oxidised form;typical differ-
ence spectra are not therefore obtained with this cy-
tochrome, and there is 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
cytochrome 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

Paracoccus 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 location of the nitrite reductase in Para-
coccus 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 c¢; and Class I cytochrome c¢-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 electron transport in P. denitrificans.

V-C.1. Cytochrome ¢-553;

The first complete analysis of the periplasmic cy-
tochromes of P. denitrificans showed that besides the
Class 1 cytochrome c¢-550 there were two c-type cy-
tochromes induced during growth on methanol; these
were designated cytochrome ¢-551, and cytochrome
¢-553; (the suffix denoting inducibility) [35] (see also
Ref. 37). It has now been demonstrated that cy-
tochrome ¢-551; is equivalent in structure and function
to cytochrome ¢, [6] (Table II, Fig. 3). The function of
the second inducible cytochrome (¢-553;) is not known.
Its main distinguishing feature is its rapid reaction with
CO (1009% reaction 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 c_, [72]. It
may well be the same as cytochrome ¢-553 described in
M. extorquens [67] (see above).




V-C.2. Heterodimeric, multihaem 46 kDa cytochrome c

This cytochrome has been described only in the
‘Oxford strain’ of P. denitrificans [6). It constitutes
about 25% of the total periplasmic cytochrome. Its
spectrum 1s unusual in the high ratio of absorbance in
the a band 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 11) or by 3 M
guanidinium chloride. The dissociated subunits can be
reconstituted into the dimer, although the 30 kDa
subunit 1s relatively unstable.

The 30 kDa subunit contains three haems and is a
low-spin cytochrome in the oxidised form. It reacts
rapidly and completely with CO. Like the cytochrome
¢’ 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 is small but appears to have two haem groups,
and an unusually high a/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 polyacrylamide gel
electrophoresis (SDS-PAGE) in the presence of mer-
captoethanol.

V-C.3. The 150 kDa cytochrome ¢ 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 (85% 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 ! em™!), consistent with the demonstra-
tion that there are 6-7 mol of haem ¢ 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-

11

tochrome ¢ peroxidases which also contain two haem c¢
groups. Part of the peroxidase remains attached to
membranes [66], and this perhaps explains why some
cross-reactivity was observed between the 45 kDa pro-
tein and antibodies raised to the ubiquinol oxidase
complex [37].

V-C.5. Cytochrome ¢’

In the study of the periplasmic location of cy-
tochrome ¢ peroxidase [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]. Cy-
tochromes ¢’ form the Class IIA group of c-type
cytochromes; they have no generally-accepted function:
they are polypeptides of 125-132 amino acid residues
containing a single covalently-bound haem ¢ near the
C-terminus 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 cytochrome ¢’ 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 gel filtration the cytochrome behaved as a
dimer.

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

P. denitrificans is able to grow anaerobically on
methanol with nitrite or nitrate as alternative to oxygen
[73], and this anaerobic metabolism is also likely to be
similar to that in Hyphomicrobium growing anaerobi-
cally on methanol [1]. During this growth nitrite reduc-
tase reduces nitrite to nitric oxide [74—77]. The nitrite
reductase is periplasmic and contains a covalently-
bound haem ¢ and non-covalently-bound haem d [5.76].
The electron donor to the nitrite reductase is most
likely to be cytochrome ¢-550 [78].

VI. Involvement of c-type cytochromes in methylamine
oxidation

The physiological electron acceptor for methylamine
dehydrogenase (MNDH) is usually the type I blue
copper protein, induced during growth on meth-
ylamine, first discovered by Tobari and Harada in
Methylobacterium extorquens AMI1 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-
ylotrophs growing on methylamine by way of meth-
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ylamine dehydrogenase. In bacteria genuinely lacking
all amicyanin then the obvious alternative is one of the
periplasmic c-type cytochromes; these may be involved
(instead of amicyanin) in the oxidation of methylamine
in trimethylamine-grown Methylophilus methylotrophus
[80], also in the closely related organism W3AT1 [81]. in
copper-deficient M. extorquens [82] and perhaps in
copper-deficient organism 4025 [83] (Fig. 7). In support
of this conclusion 1s the observation that methylamine
dehydrogenase 1s 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 (Thiobacillus versutus) it has been shown, using the
pure proteins, that the rate constants are sufficiently
high for either amicyanin or cytochrome ¢-550 to act as
electron acceptor from MNDH [84] (Fig. 7).

Organism 4025 provides an excellent example of an
organism in which blue copper proteins completely
replace soluble cytochromes [8,83] (Fig. 7). This obli-
gate methylotroph usually produces so much amicyanin
during growth on methylamine that it appears blue in
colour [38,85]. When sufficient copper is present to
achieve maximum growth, very large amounts of ami-
cyanin and ‘azurin’ are produced; furthermore, com-
plete electron transport chains could be reconstituted
using methylamine dehydrogenase plus amicyanin and
oxidase, with either cytochrome c¢,; or azurin as the
intermediate electron carrier between amicyanin and
the oxidase.

Neither of the two oxidases described in meth-
ylotrophs (cytochrome aa; or cytochrome co) is able to
oxidise amicyanin although the second blue copper
protein (azurin) may be oxidised [83]. As amicyanin is
able to interact with azurin or periplasmic c-type cy-
tochromes, some of which can act as electron donor to
the oxidase, then the simplest electron transport chain
will involve MNDH, amicyanin, a periplasic cy-
tochrome ¢ (or azurin) and a membrane oxidase (Fig.
7))

It had been suggested that the cytochrome ¢-551; of
P. denitrificans, which i1s induced, together with cy-
tochrome ¢-553; during growth on methanol or meth-
ylamine, might be involved in electron transport from
methylamine [35,36,86]. However it has now been con-
clusively demonstrated that cytochrome ¢-551,; is equiv-
alent to cytochrome c¢,, the electron acceptor from
methanol dehydrogenase, and mutants lacking it grow
perfectly well on methylamine [6,42,68,69]. Remark-
ably, mutants lacking the expected donor to the oxi-
dase (cytochrome c¢-550) are still able to grow (more
slowly) on methylamine, suggesting that the other
periplasmic c¢-type cytochromes, or azurin, are able to
take over some of the role of cytochrome ¢-550 [55].

In summary, the most likely electron transport chains
for the oxidation of methylamine in methylotrophic
bacteria are as shown in Fig. 7 in which amicyanin is

usually the electron acceptor and in which electrons
flow to the oxidase by way of the typical Class I
cytochrome c¢ (¢-550 or c¢y) or azurin. The proton
translocation measured during respiration with meth-
ylamine in M. extorquens [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 in methanol oxidation (Fig. 2), the yield of
ATP being always one or less.

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

VII-A. The o-type oxidase of methylotrophs, 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
cytochrome o and which 1s assumed to be the oxygen-
reactive site; they fall into two classes which differ
fundamentally 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 ceo class to be purified and
shown to be a cytochrome ¢ oxidase was the cy-
tochrome co from the obligate methylotroph Meth-
viophilus methylotrophus [7]. It has two cytochrome b
subunits (31.5 kDa) and two cytochrome ¢ subunits
(23.8 kDa). The cytochrome ¢ component does not
correspond to any of the soluble cytochromes. In M.
methylotrophus this oxidase is the sole oxidase in car-
bon-excess conditions; in carbon-limited conditions the
predominant oxidase is cytochrome aa; and the con-
centration of cytochrome co diminishes to about 10%
of the concentration found in carbon-excess conditions
[87]. In organism 4025 [8] and Acetobacter methanoli-
cus [16,88] the sole oxidase is cytochrome co, whereas
in Methylobacterium [9,82] and Paracoccus [58.60.72]
the predominant oxidase during methylotrophic growth
is cytochrome aa,. The preferred electron donor to
both types of oxidase is the Class I cytochrome ¢
(cytochrome c¢;) [7-9,58,88].

The cytochrome co of the acidophilic methylotroph,
A. methanolicus, 1s unusual in being stable in high
concentrations of salt over a wide range of pH values.
During purification, however, it readily 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 cytochrome bc, complex in methylotrophs

This complex has been studied extensively in only
one methylotroph, P. denitrificans. Except for this or-




M, extorquens
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Fig. 7. Electron transport chains involved in methylamine oxidation.
Azurin may replace the Class | e-type cytochromes in other bacteria
as well as organism 4025. In many conditions in the bacteria shown
here, more than one route of electron transport may operate. In P,
denitrificans cytochrome ¢-553, may be able to replace cytochrome
¢-350 completely in a mutant lacking that cytochrome; and a 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 ¢,. It plays no role in
the oxidation of methanol or methylamine and func-
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Fig. 8. Electron transport chains involved in methanol oxidation. In
organism 4025 in many conditions cytochrome ¢y and azurin are
both present and in these conditions both these electron acceptors
may operate in electron transport. In P. denitrificans cytochrome
c-333; may be able to replace cytochrome ¢-550 completely in a
mutant lacking that cytochrome; and a membrane-bound cytochrome
¢-352 complexed with the oxidase (cytochrome aa;) may also be
involved. Cytochrome ¢-550 is also the electron donor to the
periplasmic cytochrome ¢ peroxidase and nitrite reductase.
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tions only in the oxidation of ubiquinol arising from the
NAD *-linked dehydrogenases. The complex contains
only three subunits, one of which is the 62 kDa cy-
tochrome ¢, [89]. This complex was also isolated in a
ubiquinol oxidase ‘supercomplex’ together with cy-
tochrome aa; and a novel membrane 22 kDa cy-
tochrome ¢-552 [90]. It has been suggested by
Trumpower [91] that electron transfer between the b,
and aa, complexes preferentially uses the membrane-
bound cytochrome c¢-552, although at least partial re-
dox equilibrium with the periplasmic cytochrome ¢-550
does occur. He suggested that the cytochrome c¢-552
appears to associate more tightly with the cytochrome
aa; than with the cytochrome bc, and that a binary
c-552 / oxidase complex might serve as a common oxi-
dant for the heterogeneous pool of c-type periplasmic
cytochromes. The 22 kDa membrane cytochrome ¢-552
was also observed by other workers [37,86,92-94], and
it was assumed that this cytochrome is the same as the
soluble cytochrome c¢-552 [37]; indeed, the soluble cy-
tochrome ¢-552 reacted with antibodies raised against
the ubiquinol oxidase complex. Subsequent to this work
it has been demonstrated that the soluble cytochrome
c-552 1s the electron acceptor for methanol dehydro-
genase which is induced during growth on methanol
and which is also called cytochrome c¢-551; (or cy-
tochrome c¢;) [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 are identical.
That they are not identical is indicated by the observa-
tion that, on peptide sequencing [94], sequences were
found that showed homology with typical c-type cy-
tochromes.

Interpretation of results with bacterial electron
transport chains is necessarily greatly influenced by
conclusions drawn from studies of mitochondrial elec-
tron transport, one of the most important of which is
that soluble cytochrome ¢-550 mediates electron trans-
fer from the cytochrome bc, complex to cytochrome
aa;. That this is not necessarily the case in meth-
ylotrophs was indicated by the properties of a mutant
of M. extorquens which lacked all c¢-type cytochromes
but was able to grow normally on heterotrophic sub-
strates but not on methanol or methylamine [44,95],
and a similar result was observed with similar mutants
of P. denitrificans [96]. This has been extended in a
study of mutants of P. denitrificans specifically lacking
cytochrome ¢-550 which are still able to respire by way
of the two complexes which must therefore interact
directly within the membrane [42,54,55,93].

In Methylophilus methylotrophus the only membrane
cytochrome ¢ (beside that in cytochrome co) was shown
to be cytochrome ¢, (37% of the total membrane
cytochrome ¢) [97]. In this methylotroph, as in all
others except Paracoccus, cytochrome ¢, is produced
in large amounts in all growth conditions. The mem-
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brane cytochrome c¢; could not be released 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
cytochrome co). It was suggested that the cytochrome
¢, might be replacing cytochrome ¢, in this meth-
ylotroph. It should be noted that the suggestion that
soluble cytochrome ¢-552 (cytochrome c¢,) is part of
the ubiquinol oxidase system in Paracoccus is only
supertficially similar to the suggestion that cytochrome
¢; may be part of the quinol oxidase system in Meth-
vlophilus because in Methylophilus there is no cy-
tochrome ¢, [97].

IX. 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 involvement of c-type
cytochromes in electron transport from methanol and
methylamine 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 linear chain 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, does not always eliminate alternatives.
There is also the possibility that when one path is
impossible, because of the absence of one of the inter-
mediates, 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 cytochrome c; (also called cytochrome ¢-551,)
1s the electron acceptor for MDH, as confirmed by
isolation of mutants specifically lacking this cy-
tochrome [42,68,69]. Similarly, amicyanin is usually the
electron 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 likely to be cytochrome cy,
(cytochrome ¢-550), but mutants of Paracoccus lacking
this cytochrome are still able to grow on methanol (but
more slowly on methylamine) [42,55]. This is probably
because Paracoccus also contains cytochrome c¢-553.,
induced during growth on methanol. Needless to say, it
1Is impossible from these data to determine to what
extent this cytochrome mediates electron transfer to
the oxidase when cytochrome ¢-550 (its preferred sub-

strate [58]) is also present. Likewise it is not possible at
present to determine whether or not the membrane
cytochrome ¢-552 is involved in electron transport from
methanol by way of cytochrome c¢-550.
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