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It has only recently been unequivocally dem-
onstrated that pure methanol dehydrogenase
iIMDH) can catalyze the methanol-dependem
reduction of pure eytochrome ¢ (12, 33). At first
elance this is surprising because MDH and its
reaction with the electron transfer chain at the
level of cyvtochrome o have been known for a
considerable time (2, 7, 44). The importance of
pcquiring an understanding of the mechanism of
electron transfer from the dehydrogenase is re-
lated to the fact that it contains a novel prosthet-
ic group (pyrrologuinoline guinene [PQO) (21,
37, 43) and that it is the first enzyme lo be
described with the ability o catalyze the oxida-
tion of an orpanic compound with the concomi-
tant reduction of cytochrome o, Further work on
this svslem is necessary, however, because the
rates measured in vitro were much lower than
those required to account for the in vivo respira-
tion rates. This article attempts o review the
relevant work on the unusual properties of MDH
and cvtochrome ¢ which need to be taken into
account in any such future investigations.

OXIDATION OF METHANOL BY WHOLE
BACTERIA

Suspensions of methanol-grown bacteria rap-
idly oxidize methanol: this oxidation is inhibited
by EDTA. p-nitrophenylhydrazine, and high
concentrations of phosphate (2, 6). The point of
entry of electrons from methanol into the elec-
tron transfer chain is at the level of cytochrome
¢, which is oxidized by cyvtochrome o or cylo-
chrome afas; the lower potential part of the
chain, which consists of flavoproteins, qui-
nones, and s-type cytochromes, is not involved
13-3). The oxidation of methanol is coupled 1o
proton translocation,”” generation of 4 proton
motive [orce, and ATP synthesis (PO ratio = 1)
(1619, 31, 32, 41). To achieve this the MDH and
eytochrome  appear to react on the outer side
of the periplasmic membrane, with oxygen being
consumed by the oxidase on the inner side of the
membrame (1, 30, 34).

It is relevant to mention at this point the
system for oxidation of ethanol by Acineto-
bacter calcoaceticus. 1t has been said that in this
arganism ethanol is oxidized by a membrane-
bound, POO-containing alcohol dehvdrogenase
which. except for its poor capacity for methanol

ot

oxidation, is very similar to the MDHs of meth-
ylotrophs (22). The presence of this ethanol
dehydrogenase in A, calcoaceticny appeared 10
argue against the possibility that all PQOQ-con-
taining alcohol debydrogenases might necessari-
Iy react at the level of cytochrome o, because an
essentinl characteristic of Acinetobacter specics
is their lnck of this cytochrome, This conflict has
now been resolved, however, becanse we have
shown that this interesting alcohol dehydrogen-
ase was not in fact from A, cafeoaceticns, which
has instead o conventional NAD -linked alcohol
dehydrogenase responsible for oxidation of eth-
anol. It transpired that the POOQ-containing alco-
hol dehydrogenase was isolated from an uniden-
tificd orgamsm which comtained cytochrome ©
and which has now been lost (100,

DY E-LINKED MDH

As mentioned above, MDH contains the novel
prosthetic group POOQ which during the catalyvtic
cycle also occurs as the reduced POOH: and the
free radical species POO - (or PQOH <) (210,

After extraction from the bacterin, the MDH
is assayed by coupling the oxidation of methanol
to the reduction of an artificial electron acceptor
which is usually phenazine methosulfate, phen-
azine ethosulfate, or Wirster blue. It has been
suggested that the free radicals present in alka-
line solutions of these acceptors are the (rue
electron acceptors in the assay system (24, 26), a
suggestion that is compatible with other evi-
dence that oxidation of the enzyme occurs by
way of one-electron steps (211 The pH optimum
of the ecnzyme is always high (pH 9 or above),
and ammonia is required as an activator, al-
though some enzymes can use allernatives such
as methylated amines or glycine esters (7, 9;
I. A, Duine and J. Frank, Proc. Sheffield Sym-
posium, 1980, p. 42). The dehydrogenase is nol
inhibited by EDTA, p-nitrophenylhvdrazing, or
high concentrations of phosphate (8, 23). A
comparisen of the pattern of inhibition of form-
aldehvde oxidation with that for methanol oxida-
tion indicates thal formaldehyde is not oxidized
exclusively by way of MDH in whole bacteria
despite the fact that this enzvme does oxidize
formaldehyde (6, 38). This conclusion is sup-
ported by the properties of mutants. lacking
MDH (25, 29).
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A remarkable property of MDH is that even
after purification and extensive dialysis the en-
eyme catalvzes a rapid and unexpectedly large
reduction of added artificial electron acceptors
(7,9, 24, 28). That this is not bound methanol
has been shown by using the enzyme from
Methvlophilux methvlotrophns (27); each dimer-
ic melecule was shown to have 2 bound mole-
cules of methanol {or formaldehyde) and, in
addition, a further 90 molecules of an unidenti-
fied endopenous reductant. Incubation of the
enzyme with phenazine methosulfate and am-
monia in the ahsence of a substrate or alterna-
tive protecting moelecules such as evanide leads
to oxidation of the endogenous reductant but
always yields an inactive enzyvme (20).

“FUNCTIONAL COUPLING™ OF MDH TO
CYTOCHROME ¢

Although it has been clear for some time from
work with whole cells and membrane prepara-
tions that MDH is coupled to the electron trans-
fer chain at the level of cytochrome ¢ (d), it was
impossible to demonstrate catalysis by pure
MDH of electron transfer from methanol to the
pure cytochrome. This was because when MDH
and cviochrome ¢ were purified together or,
after separation, incubated together, cyio-
chrome ¢ was always found in the reduced state,
although methanol was absent (2). When eylo-
chrome ¢ was then oxidized with ferricvanide,
methanol-dependent eytochrome reduction
could no longer be demonstrated (35). This
result. observed with all MDHs studied, sug-
gested that either some extra component is
required For activity or that MDH or cytochrome
¢ became damaged during extraction and thus
are unable to react. This latter suggestion ap-
peared to have been confirmed by the work of
Duine and Frank (23), who used enzyme purified
from Hyphomicrobium sp. strain X. Extracts
prepared anaerobically and partially purified by
passage through DEAE-Sephace]l under anagro-
bic conditions contamed both MDH and eyto-
chrome ¢. After oxidation with ferricyanide,
reduction of the cytochrome by methanol could
be demonstrated by measuring difference spec-
tra. The reaction occurred at pH 6.5 and was
similar to the process of methanol oxidation by
whaole cells in that it did not require ammonia
and was inhibited by EDTA or high phosphate
concentrations, Reduction of the artificial elec-
tron acceptor (Wirster blue) by the anaerobical-
ly prepared MDH at pH 9.0 did not require
ammonia as an activator. After exposure of the
“anaerobic preparation” 1o air for 1 h, ammonia
became essential for dve reduction, and the
cytochrome ¢ in the preparation became oxi-
dized and no longer reducible by the addition of
methanol. This oxidation of cyvtochrome ¢ was

unexpected because the same isolation proce-
dure, when done under acrobic conditions, al-
ways vielded a preparation containing reduced
cvtochrome ¢,

We have obtained results very similar to these
with Hyphomicrobium sp. strain X and some
preparations of Prewdomonas sp. strain AMI1
(D, T. O"Keefle, Ph.D. thesis, Umversity of
Southampton, Southampton, U K., 1980). Most
preparations of Psewdomonas sp. strain AM1,
however, differed in some imporiant respects
and behaved more like those that we have
always obtained with preparations of M. methy-
lotrophis; anaerobic preparations of this orga-
nism always required ammoma for activity in the
dye-linked assay, and aeration did not lead to
oxidation of cytochrome ¢ (M. Beardmore-Gray,
Ph.D. thesis, University of Southampton, South-
ampton, United Kingdom, 1982), To investigate
this further, the reduction of cytochrome ¢ was
measured by using anaerobically prepared crude
extracts containing MDH and cytochrome c.
The rate of cytochrome reduction was greater in
the presence of methanol than in its absence
{Fig. 1). After aeration. the failure to demon-
strate methanol-dependent reduction of eyto-
chrome ¢ was due to a stimulation in the rate of
endogenous reduction up to the level occurring
in the presence of methanol. Ammonia was not
required for this reaction (either before or after
aeration), and EDTA always inhibited the cyto-
chrome ¢ reduction (in the presence or absence
of methanol).

In summary, the following can be stated. (1)
Using anaerobic preparations, we demonstrated
methanol-dependent cytochrome ¢ reduction at
pH 6.5 to 7.0 in all of the systems studied; this
activity never required ammonia and was always
inhibited by EDTA. (ii) Anaerobic preparations
catalyzed methanol-dependent dye reduction,
which did not always require ammonia. (i)
Aeration led to a chanped MDH, but the nature
of the change was not the same in all prepara-
tions. Thus, in extracts of Hyphomicrobinm sp.
strain X and in some preparations of Psendoma-
was sp. strain AM1, ammonia-independent dye-
linked activity was destroyed, and the cyto-
chrome ¢ became oxidized and no longer
susceptible to reduction by methanol or endoge-
nous reductant. By contrast, in aerated extracts
of M. methyvlotrophns the cytochrome ¢ re-
mained in the reduced state and, after oxidation
with ferricyanide, it was still reducible by MDH,
with the endogenous rate being increased to that
measured in the présence of methanol,

Perhaps the most important conclusion from
these studies is that there is not always a clear
relationship between the loss of functional cou-
pling of MDH to evtochrome ¢ and production
of “classical,” ammonia-requiring MDH. No




al Anasrohic
m [ - =
i
4
.l II
% st 7 o MeOH
T ;
c ¢
E [
(] ¥
% #
rI

=) L2 X

0 15

100 ¢

& o | e 110 MEJH
s
5
s

] 15

Time (minsl

F1G. 1. Reduction of cytochrome « hy MIIH in
annerobically prepared extracts of M, methvlorrophing,
The reduction of cytochrome ¢ was measured aniero-
kically {at 330 nm) by using crude extracts from M,
metylotraplng contiinineg MDH snd eviochrome o
(2.1 mg total protein) after axidation with (63 pmal of
ferricyanide, The rate of reduction was 70 pmol of
cytochrome ¢ reduced (pmol of MM in the pres-
ence of methanol: this was twice the rate measured in
its abzence. After exposure to air for 20 min, the rate
in the absence of methanol increased 1o the rate
measured in its presence, It should be noted that what
is sciually measured in this type of experiment is the
ratg of ferricyanide reduction by the MIDH-cyto-
chrome ““complex’™; it is only alter the ferricvanide
has been completely reduced tha the reduced cyto-
chrome ¢ slaris 1o accumulate, The rate of reduction
was directly proportional to the concentration of MDH
present, When farger amounts of ferricyanide were
used, the rates of the endogenous reaction were mark-
cdly diminished (1o vero when sufficient was used),
and the rmtes with adided methoanol also decreassed to
some extent. 11 appexred that the fermicvanide was
desiroying the MDH or cytochrome or both in the
absence of partially protecting methanol. Similar ex-
periments were done with Hyplomicrobie sp, strain
¥ and Psetdomnopas sp, strain AML, but after acration
of Myphomicrobing extracts and of some extracts of
Preudomanas sp. strain AM1, the evtochromes could
no fonger be reduced with methanol,

completely satisfactory explanation can be giv-
en, however, for the variety of observations
deseribed here, One possibility s that the enig-
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matic endogenous reductant usually found on
MDH may protect the engvme from O inactivi-
tion, with the extent of protection perhaps de-
pending on the amount of reductant present on
particular dehydrogenase. 11 is probable that
more complete conclusions will have 1o await
further information on the vanous states of the
PO} prosthetic group occurming during enzyme
catalvsis and the effects of oxyvgen, phenazine
methosulfate. ferricvanide, and ammonia on
them.

CYTOCHROMES ¢ OF METHYLOTROPHS

Having shown that MDH is abhle to catalvee
the methanol-dependent reduction of cyto-
chrome ¢ in crude extracls, it is necessary Lo
digress on the subject of the eyvtochromes them-
selves, The first point of importance to note is
that all methylotrophs studied have at least two
soluble cytochromes ¢, This has been shown in
Psendomonas sp. strain AML (36), M. methvlo-
traphus (14), Metwlomonas sp, strain ] (331,
Paracoceus demitrifteans (40, strain 4025 (42),
and Flyphomiceolinm sp. strain X | Beardmore-
Grav, thesis). Those described in most detail
(from FPsewdomonas sp. strain AMLD and M.
mietteledrophies) are similar in many important
respects (Table 1): they have a single polypep-
tide chain. a single heme with histidine and
methionine as the two axial lipands, a high
midpoint redox potential 1Em; greater than 250
mV¥1, and characteristic reduced wo-bands at
about 550 nm, and they are low spin in both
oxidized and reduced states,

For convenience we labeled the two cyto-
chromes according to their isoelectric points,
eytochrome oy having the higher isoelectric
point and cytochrome o the lower, It should be
noted, however, that although obvieusly appli-
cable to the ¢ cvtochromes from Psendomanas
sp.ostrain AML M. methvloreophins, and Hypio-
mricrobinm sp, strain X, because their soelectric
points differ by about 4 pH units, this distinction
is not so marked for the cytochromes from
Methvlomonas sp. strain J and Parecoceus deni-
reificans. Although their cytochromes ¢ with the
lower isoelectric points appear io correspond 1o
the cytochromes cp of the other methylotrophs
in function, the differences in their isoelectric
points are not 50 great, and both are below pH
7.4,

The difference in isoelectric points between
cytochromes oy and ¢ is not due to differences
in lysinge content but probably due o differences
im the extent of amidation of aspartate and
glutamate (Table 1), The division of the two
types of evtochrome ¢ according to isoelectric
points correlates with diférences in many other
characteristics (Table 1); cytochrome oy is larg-
er, has a lower isoelectric point and a lower

. -
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TABLE 1. Properties of eviochromes oy and o of methylotrophs®

Prendomonas sp. stroin AM 1

Propery S
Cytochrome oy

Relative proportions in crude extracis T2
lspeleciric point KK
Mol wi 11,006
Redox petential [Em;| M myY
SO0 binding 0EE
Mo, of cysieine residues per molecule 2
Sensitivity 1o protealytic digestion Insensitive
Mo, of lysine residues per molecule 11

Stimulation of autereduction by MDH +
Electron acceptor for MDH =

M. methylorraphn

Cytechrome ¢, Cytochrome oy, Cyioschrome o

28GE 50%% 4207

4.2 5.9 4044
20,900 H.5000 17, 000-21 (0
256 mY EFERIAY J0my

T2 7% HOTE

‘o 2 3

Seﬁﬁitiw Imsensitive Sensitive

13 11 12

+ - 4

1 - +

“ M. meifdlosropdis also contains a third soluble evtochrome ¢ constituting £ of the total (14). The material
in this table is taken from references 11, 12, 14, and 36, Aflter purification, eviochrome ey Trom M.
methylorraphng is in two forms, one of which may arise by the loss of a 4,000-dalton fragment from the other (14).

midpoint redox potential. reacts more complete.
Iy with CO, has an extra cysteine residue, and is
the most sensitive to digestion by proteinases.
Cytochrome ¢y, by contrasl, has a higher iso-
electric point, a higher midpoint redox potential,
a lower molecular weight, and only two cysteine
residues, binds less well to CO, and is relatively
insensitive to proteolytic digestion.

Ananalysis of the amino acid composition and
the products of partial proteolytic hydrolysis
showed that cytochrome ¢y from Preadomonas
sp. stramn AMI s very similar to that from M.
methvlodrophns and that the two evtochromes
o, are alse similar to each other (11). There is,
however, little similarity between the cyio-
chromes ¢y and cviochromes ¢, . These studies
also showed that one type of cytochrome ¢ is not
a dimer or degradation product of the other.

Having described the two types of cylo-
chrome ¢ found in methylotrophs, we must now
consider whether or not they have any unusual
features that might relate to special functions.
Two such festures might be their reactivity with
CO and their autoreducibility at high pH values.
The reaction of the methylotroph cytochromes ¢
with CO (albeit slow and incomplete) has led to
their being referred o as cvtochrome cep. We
have avoided this terminology because it some-
times tends to be associated with an assumed
physiological oxidase or oxvgenase function, for
which there is no evidence (4, 15, 44), It is
probable that the reaction with CO merely re-
flects the structure around the heme pocket that
allows a more readily dissociable iron-methio-
nine bond, That the heme environment might be
slightly unusual is perhaps indicated by the
unuspal response of the midpoint redox poten-
tial of the cytochromes ¢ of Psendomonas. sp.
strain. AM1 to changing pH (36). Both cyto-
chromes have two jonizing groups affecting the
redox potentials, with pK values of 3.5 and 5.3

in the oxidized forms and 4.5 and 6.5 in the
reduced forms; the two propionate residues on
the heme itsell are the most obvious candidates
for the dissociating groups.

A second, more unusual, characteristic fea-
ture of the cytochromes ¢ of both Prewdomonas
sp. straim AMI1 and M. merthvlotrophng is their
capacily for rapid autoreduction (12, 35). Al-
though this characteristic is responsible for
some of the problems in studving MDH-cyvio-
chrome ¢ interactions it may also be a clue to the
mechanism of these interactions. Autoreduction
is the reduction of the heme iron of ferricyto-
chrome ¢ occurring in the absence of an added
reducing agent. This phenomenon occurs in.
horse heart eviechrome. o (13), but we _have
shown that il occurs at about 10K times the rate
in_the methylolroph cytochromes ¢ (12). The
atoreduction process is a first-order intramo-
lecular reaction occurring at high pH values: the
pK for this process is =10. It has been proposed
{33) that & weakly acidic group (XH) dissociates
at high pH to give a negatively charged species
capable of donating an clectron to the heme,
with the free radical produced by this process
being stabilized by sharing an electron with the
heme ron (Fig. 2).

AUTOREDUCTION OF CYTOCHROME ¢
INDUCED BY MDH

When pure MDH is mixed with pure oxidized
cytochrome ¢, the cytochrome becomes rapidly
reduced, the presence of substrate methanol
being irrelevant to this reaction (12, 35). From
whal has been stated above, one might think that
we are once again observing electron transfer
from the mysterious endogenous reductant 1o
¢ytochrome ¢, but this does not appear (o be the
case. The “reduction™ by MDH is a first-order

reaction with respect to ferricviochrome o, indi-
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FIG. 2, A speculative mechanism for the reduction of eyviochrome ¢ by MIDH (12, 351 In this scheme the
electron donor for autoreduction is a weakly acidic group (XH)Y on the cyiochrome that dissociates to give &
negatively charged species able 1o donate an electron 1o the heme. Species 1 is the undissociated ferricytochrome
¢ which becomes dissociated m the presence of MDH (or at high pH) o species 20 Species 315 the radical
complex of ferrous iren isoelectronic with the fernc species 2, Species 41s the ferric form of the radical and can
only be formed in the presence of an added electron acceptor: this would be eviochrome oxidase (or perhaps
cytochromes ¢y) in physiclogical conditions, ferrieyanide d Fag. 11, or mammalian cytochreme o (Fig. 31, Species
4 eann be redoced 1o species 2 1o complete the evele by electron transfer from MDH, the electrons arising from

methanol or from the endogenous reductant,

cating an intramolecular oxidation-reduction re-
action exactly as proposed for the autoreduction
of this cytochrome. Auloreduction at high pH is
initiated by dissociation of a proton from a group
on the oxidized cvtochrome (Fig. 2); all of our
data are consistent with the conclusion that the
addition of MDH (o femicviochrome o lowers
the pk for this initial dissociation, thus allowing
the intramolecular autoreduction o occur al a
lower pH (pH 7.0) than it otherwise would (12,
350
METHANOL:CYTOCHROME ¢
OXIDOREDUCTASE ACTIVITY OF
METHYLOTROFPHS

It is clear from the above discussion that there
are a1 least three independemt problems to be
overcome in demonstrating methanol-dependent
cviochrome reduction by MDH. The first 15 the
instability of MDH during purification {possibly
related 1o the oxypen sensitivity discussed earli-
erh: the second 15 the presence of the endoge-
nous reductant on the MDH, and the third is the
MDH-induced autoreduction of cytochrome e,
The first of these problems was avoided by using
MDH (rom M, methvlorropding which was pro-
tected during aerobic preparation by using
KCM, a substrate analop. The other problems
have been overcome by devising a system in
which the bacterial cytochrome ¢ is oxidized by
coupling 1o a large excess of mammalion cylo-
chrome ¢.

When MDH and mammalian cytochrome o
were mixed, the cytochrome remained oxidized
(Fig. 3). Addition of a small amoumt of cvio-

chrome ¢ led to reduction of the mammalian
cvtochrome ¢ ipresent in S0-fold excess over the
cyiochrome ¢ ), presumably due to the oxida-
tion of endogenous reductant on the MDH.
Added mammalian cytochrome oxidase then
rapidly oxidized all of the ferrocytochrome e,
after which KCN was added to inhibit the oxi-
dase, Addition of methanol then led to the
complete reduction of all of the eytochrome «
present; the final rate of this methanol-depen-
dent reduction was directly proportional to the
concentration of MDH. The rate of reaction was
independent of pH between pH 7.0 and 9.0; as in
whaole cells, sammonia had no effect on the rate of
reduction, und EDTA completely mbabited i,
Cytochrome ¢ was essential for the reaction
and could not be replaced with cytochrome ¢yy.
Using a large excess of evtochrome ey instead
of mammaliun cytochrome ¢, we showed that
electrons could only pass from MDH 1o cyto-
chrome oy when ¢ytochrome ¢ was also pre-
sent as o mediator,

The initial rates of reduction were shown to
ovhey hvperbolic Kinetics with respect 1o the
concentration of cytochrome ¢p. The K., was
1.2 uM, and the V.. was 1.5 nmol of cyto-
chrome reduced min~ f nmol of MIDH ™. These
values were the same during the endogenous
reduction observed in the first part of the expen-
ment as those observed after the addition of
methanol (Fig. 33, That is. the Vi, and K,
values for cvtochrome o were independent of
the substrate responsible for the initial reduction
of MDH. It should be emphasized that the
reduction ol mammalian evtochrome o by en-
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FIGi. 3. Demenstration of methanoldependent reduction of cvtochrome © by MDH ireproduced with
permission, from reference 12). This ex periment is fully deseribed in the text. The [llowing concentrittions were
used: MDOH. 3.5 pM: horse heart eytochrome ¢ (Cyt, o), 50 pMs cytochrome o (Cwt, o). IRE pM: evtochrome
oxidase Oyt alasl, 024 M KON, 0.5 mM: methanal, 7.5 mM: morpholinepropanesulfonic acid buffer {pH]

T.00, 25 mM.

dogenous reductant described here does involve
electron transfer from MDHM: it is not the same
as the autoreduction of cytochrome ¢ stimulat-
ed by MDH described in the previous section of
this review. Mo endopenous reduction occurred
when eytochrome ¢y was used instead of cyto-
chrome o).

After growth on methanol, M, medhvlotraphus
contained 2 blue copper protein probably similar
1o that found in Methvlomeonas sp. strain J (39
Beardmore-Gray, thesis), This protein (partially
purified) could not replace cytochrome ¢ in the
system deseribed in Fig. 3. and it had no effect
on methanol:eviochrome o), oxidoreductase ac-
tivity,

Table 2 summarizes the results of an investi-
gation of the specificity of the cytochromes ¢ a5
electron acceptors for various MDHs, No cylo-
chrome ¢ from a non-methylotroph was active.
and of the two soluble ¢ eytochromes found in
cach methylotroph, only one was able o accept
electrons from MDH with concomitant produc-
tion of formaldehyde. This was cytochrome oy
from M. methvlotrophus and Preadomonas sp.
sirain AMI1 and one of the eytochromes ¢ from
Paravoceus deniteificans which was presumably
the extra cytochrome ¢ induced during growth
on methanol (40].

It is of particular importance o note that the
methanol:cytochrome ¢ oxidoreductase activity
demonstrated here with completely pure pro-
teins was inhibited by EDTA, as is the case in
whole cells, The obvious target 1o consider for
EDTA action is a divalent cation, perhaps in-
volved in binding MDH and cytochrome togeth-

er. but we have no evidence to support such a
mechanism: the proteins were purified i the
absence of divalent cations, and these had no
effect when added to the oxidoreductase assay
system. Preliminary experiments have shown
that the reversible competitive inhibition occurs
at very low concentrations of EDTA (K; of <20
uM). which acts by increasing the K, of MDH
for evtochrome . These results sugpeest that
the EDTA reversibly binds to a site on either
MDH or cytochrome ¢y crucial for formation of
an active complex. I the carboxyl groups of the
POO prosthetic group are involved in binding
MDH to cytochrome o, then it is possible that
EDTA. whose four carboxyl groups can lake up
many configurations, may bind to the same site
on the eytochrome.

PRODUCTS OF METHANOL:CYTOCHROME
¢ OXIDOREDUCTASE ACTIVITY

Because of the problems arising from the
endogenous reductant on MDH, and the MDH-
induced autoreduciion of cytochrome e, il was
of interest to determine the stoichiometry of the
oxidation of methanol to product(s) during cyto-
chrome ¢ reduction. To achieve this the M H
from M. methvlogrophny was purified, using
KON instead of methanol as a protective agent
during purification, thus ensuring that bound
methanol was absent or kepl (0 4 minimuim.
When MDH was incubated with methanol, cvio-
chrome ¢ . and excess mammalian cytochrome
. formaldehyde was immediately produced, in-
dicating that the added methanol was used in
preference to any endogenous reductant (Fig. 4).



TABLE 2. The specificity of cytochromes o from
methylotrophs as electron scceptors for vanois

MM (129

Redmction of eyiochromes by MIOH
from the fellowing bacter:

Papacle-
RIS S
straim AMIL

Source and
cytochrome

Purri-
e
denitri-
o

M. eredivlo-
sroplias

M, iru'{.l'l:l.'.rr.lrrr.lplllu.i
Cytochrome oy & =)
ipl 8.4
Cytochrome o) - - =
ipl 4.4

Paracoccus demitei-
Sieans
Cytochrome « - -
{pl, acidic)
Cyviochrome « + =
{pl, more
acidic)

Prendomaonus sp.
strain AM1
Cyrochrome oy - - -
{pl £.8
Cytochrome o) + 3 }
(pl 4.2)

TMDOH 2 My and mediating eytochrome ¢ (2 pM)
were incubited with horse hearl cytochrome ¢ (500
pMin the presence of cxcess methanol (7.5 mM ). The
reaction mixlure was incubasted for 12 h and assaved
for reduction of cyviochrome ¢ und production of
formuldehvde. Reactions with MDH from M. e rfide:
frophus and Paracoccay deniieiffcans were measured
al pH 7.0 in the absence of NH,CL, whereas reactions
with the MDH from FPaewdomeonas sp. strain AM1
were measured @t s pH ooptimum (pH %.00 in the
presence of MHLCI. which stimulated the rite Four-
fold, The ispeleetric paints (pl vislues) of the dehydro-
genases from Puracocens dewiirificans, Poewdomeanas
sp. strain AMT, and AL meesfivletrophos were 3.7, 8.8,
wnd =80, respectively. This mfermation 1= provided
o show that there 15 oo clear pattern of reaction
belween the cvtochromes and dehydrogenases marely
i termes of their soelectne points. Mo MDH was able
10 reduce horse heart eytochrome ¢ (pl 10.4) or the
eylochrome oy (pl 4.7) from the non-methylotroph
Poeudomonds aerapinosd, Symbols: +, methanol-de-
pendent reduction of eytochrome ¢ with concomitant
praduction of formaldehyvide; -, no methanol-depen-
dent reduction of cviochrome ¢ or production of
farmaldehyde.

In the absence of methanol, no formaldehyde
was produced, although there was considerable
reduction of the cytochrome ¢ (Fig. 4). As most
of the eytochrome present in these experiments
was mammalian cvlochrome o, this endogenous
reduction cannot have been due o MDH-in-
duced autoreduction of cylochrome ¢ it must

REARDMORE-GRAY AND ANTHONY LK

have been due to oxidation of an endogenous
reductant which could not have been methanol
or formaldehyde.

Formaldehyede was also oxidized by MDH
coupled to eytochrome o, the rate of oxidation
of the two substrates being similar (Fig. 5). The
stoichiometry was Lwa molecules of cytochrome
reduced per molecule of formaldehyde oxidized,
and this value was constant throoghoul the
reaction. After the complete disappearance of
formaldehvde, the cylochrome became further
reduced. The extent of this extra reduction was
the same as the reduction occurring in the ab-
sence of added substrate, confirming that added
substrate is oxidized in preference 1o endoge-
nous substrate. These results with formaldehyde
explain the variable stoichiometries observed
during methanol oxidation, The ratio of mole-
cules of cytochrome reduced per molecule of
formaldehyde measured increased throughout
the experiment, from an initial value of 2, he-
cause spme methanol was oxidized completely
to formate during the reaction (Fig. 4),

It has been known lor some time that MDOH
can calalvze the oxidation of methanol to for-
mate inthe dye-linked assay (24, 18), That it can
do so in the cytochrome-coupled system is of
some physiological importance. As formalde-

— CCHOH _gp
200 - = Rl
R A <41 £
Z jEan il 2B
a NRIREL 5
5 125 | 50 3
o a
= ook ]
g 3
£ 75t - 3
2 I E
= - =
o a0 w0
23 = ik
IRIENT

Sojog §50

200 250

W 350

Time (o)

Fltz, 4. Production of formaldehyde during metha-
nal pxidation by methanolicviochrome ¢ oxidoreduc-
tase (reproduced with permission, from refecence 25
Reaction vials (3 mll contaimed mammalian cyio-
chirome ¢ {500 M) and MDH (2 pM)in the presence
of excess methanol (3 mM) in 25 mM morpholinepro-
punesulfonic acid buffer, pH 7.00 The reaction wis
initiated by the addition of cytochrome o (2 phd) Al
variows fimes samples (300 pd) were withdrawn and
assaved for the extent of reduction of cytochrome ¢
{20 and For formaldehyde produciion (@),



14 METHYLOTROPHSE AND METHANOTROPHS

Sil\i T

[=]

Redued cytachrome ¢ (nomal)f=]

Formaldehyde (ol

TIME {mins)

FIG. 5. The formaldehydeicytochrome o oxidore-
ductase activity of MIDH (12). The reaction mixture
was s described in the legend to Fig, 4, except that
methanol was replaced by formaldehyde (60 p M.

hyde is required for assimilation, there must be
some regulation of the methanol:cytochrome ¢
oxidoreductase activity with respect to formal-
dehyde oxidation. In addition to this, there is the
further problem of transport of the formalde-
hvde into the cell from the periplasmic space.

DISCUSSION

Having demonstrated that pure MDH can
catalyze methanol-dependent cyvtochrome ¢ re-
duction with concomitant product formation, it
is necessary o consider how this finding relates
to the oxidation of methanol in vivo. In this
context the most important point that must be
stressed 15 thal the rates of in vitro eleciron
transfer are far too low {less than 1%) to account
for the rates of electron transfer in whole bacte-
ria. That the in vitro oxidoreductase activity is
not completely spurious is indicated by the
specificity with respect to both ¢ytochrome ©
and MDH and by its inhibition by EDTA, the
well-established inhibitor of methanol oxidation
in whole bacteria. We consider that the marked
discrepancy between the in vivo rates of respira-
tion and the activity of the purified and reconsti-
tuted system may be related 1o the high concen-
trations of MDH and cylochrome ¢ found in
methylotrophs. In M. mediylotrophus, Tor ex-
ample, the concentration of both of these pro-
teins is ca. 0.5 mM, assuming that the periplas-
mic volume is ca, 20% of the cell volume and
that all of the ¢ytochrome o -and MDH is
periplasmic (30; Beardmore-Gray, thesis). Fur-
thermore, all of the cytochrome ¢ and MDH
will be in the associated form most of the time
because the K, of MDH for evtochrome ¢ is

very low. It is possible that the two proteins
completely cover most of the outer surface of
the bacterial membrane, and the marked change
in environment occurring on their release during
cell disruption may contribute to their low activ-
ity when measured in the reconstituted system.
A second point to consider is the relationship
between the MDH-induced autoreduction of cy-
tochrome o and the methanol:eytochrome o
oxidoreductase activity of MDH. In this con-
text, the scheme in Fig. 2 provides a mechanistic
model that incorporates three key observations,
(iy Cytochrome ¢ is autoreducible, obeying
first-order kinetics. (i) In the absence of an
added electron acceptor, the reduction of cyto-
chrome ¢ by MDH obevs first-order kinetics
with respect 1o the oxidized evtochrome o and
does not require added methanol. (§i) In the
presence of an added electron acceptor {mam-
malian cytochrome o, ferricyanide, or oxidase)
the rate-limiting step in the reaction is the reduc-
tion of ¢vtochrome ¢ by MDH. The simplest
interpretation of these observations is that in the
absence of an added electron acceptor no clec-
tron transfer occurs between MDH and cyto-
chrome ¢y, the sole effect of the MDH being to
stimulate autoreduction by lowering the pK of
the dissociating group on the cytochrome. In the
presence of an added clectron acceptor, the
autoreduced cytochrome species is able 1o do-
nate an ¢lectron to the acceptor, thus generating
an oxidized form of the eytochrome which can
be subsequently reduced to the original species
with electrons derived from the oxidation of
either methanol or the endogenous reductant.
This mode] allows us to make the following
predictions which must be tested to raise the
madel from speculation to mechanism. (i) A free
radical, due to the cytochrome ¢, should be
detectable during the reaction with MDH. (i)
The rate of reduction of the external electron
acceptor is unlikely to be greater than the rate of
MDH-induced autoreduction. (iii} In the pres-
ence of methanol, but in the absence of electron
acceplor, no formaldehyde should be produced
during the reduction of cvtochrome ¢ by MDH,
Finally, it is worth considering the following
questions, now amenahble 1o investigation, that
must be answered to obtain a more complete
picture of methanol oxidation by methylotrophs.
What is the function of cytochrome oy, and is
the demonstrated eleciron flow between this
cytochrome and cytochrome ¢ physiologically
significant? Does cytochrome ¢ accept elec-
trons from other substrates such as cytochrome
&, and are soluble and membrane-bound cyto-
chromes ¢y identical, with identical functions?
Is eytochrome ¢ oxidized directly by terminal
oxidases, and i so. is cytochrome ¢ released
from MDH before reacting with the oxidase?
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