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The interactions of methanol dehydrogenase (MDH, EC1.1.99.8) with its specific electron acceptor cytochrome c;
has been investigated in Methylobacterium extorquens and Methylophilus methylotrophus. The MDHs of these two very
different methylotrophs have the same a,8, structure; the interaction of these MDHs with their specific electron
acceptor, cytochrome c,, has been studied using a novel assay system. Electrostatic reactions are involved in
‘docking’ of the two proteins. EDTA inhibits the reaction by a process involving neither metal chelation nor the
‘docking’ process. Chemical modification studies showed that the two proteins interact by a ‘docking’ process
involving interactions of lysyl residues on MDH and carboxyl residues on cytochrome c¢;. When ‘zero length’, two
stage cross-linking was done (with proteins from both bacteria), the a-subunits of MDH cross-linked with
cytochrome ¢, by way of lysyl groups on MDH and carboxyl groups on the cytochrome. Tuna mitochondrial
cytochrome ¢ provided a model for cytochrome cy which is the electron acceptor for cytochrome c¢; in the
‘methanol oxidase’ electron transport chain. Tuna cytochrome ¢ was shown to form crosslinked products with
carboxyl-modified cytochrome ¢, . MDH and tuna cytochrome ¢ competed for the same domain on cytochrome ¢, .
It was concluded that MDH reacts with cytochrome c; by an electrostatic reaction which involves carboxyl groups
on cytochrome ¢; and amino groups on the a-subunit of MDH. The same domain on cytochrome ¢ is involved in
subsequent ‘docking’ with its electron acceptor.

Introduction

Methanol dehydrogenase (MDH, EC 1.1.99.8) is a
quinoprotein that has pyrrolo-quinoline quinone (PQQ)
as its prosthetic group and cytochrome ¢ as its elec-
tron acceptor; both proteins operate in the periplasm
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of methylotrophic bacteria and constitute the first part
of a ‘methanol oxidase’ electron transport chain which
also involves a typical class I c-type cytochrome (usu-
ally referred to as cytochrome c;,) which is oxidised by
a membrane oxidase [1-4]:

Methanol - MDH — Cyt. ¢; — Cyt. ¢jy — Oxidase

It has recently been shown that the MDH of Meth-
ylobacterium extorquens AMI1 is not, as previously
thought, a dimer of identical subunits, but a tetramer
of two types of subunit in an «,8, conformation [5].
The a-subunit has a molecular mass of 65795 Da and
the B-subunit has a molecular mass of 8463 Da [5,6].
The subunits are held very tightly together; they are
not dissociated by high concentrations of salt but re-
quire SDS to separate them. The small subunit is
extraordinary in having a very high lysine content (15
of the 74 residues) and it was proposed that these
might have a specific function in interaction with the
acidic cytochrome ¢; [5]. This proposal was based
upon the observation that cytochrome ¢y, is typical of
class I c-type cytochromes which interact with their
substrates (ubiquinol cytochrome ¢ oxidoreductase and
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cytochrome oxidase) by way of specific lysine residues
arranged around the haem cleft [7]. Cytochrome cy; is
also likely to react by way of these lysine residues with
complementary carboxyl residues on the cytochrome ¢
which are also likely to interact with lysine residues on
MDH.

The present paper seeks to investigate these propos-
als using proteins from Methylobacterium extorquens,
the facultative methylotroph in which the a,8, struc-
ture of MDH was first determined, and also using
proteins from an unrelated, obligate, methylotroph,
Methylophilus methylotrophus. These proposals have
been investigated firstly by confirming that the MDH
of this second methylotroph also has an «,B, struc-
ture: secondly by demonstrating that ‘docking’ and
electron transfer between MDH and cytochrome c¢;
does, indeed, involve electrostatic interactions; thirdly
by observing the effect on activity of chemically modify-
ing lysine residues on MDH, and carboxyl residues on
cytochrome ¢, ; and finally by investigating which sub-
units of the MDH are able to form crosslinked com-
plexes with cytochrome ¢, .

Materials and Methods

Organism, growth conditions, disruption and fractiona-
tion of bacteria

Methylophilus methylotrophus (NCIB 10515) was
grown in methanol-limited continuous culture, har-
vested and cells broken as in [8,9]. Methylobacterium
extorquens AM1 was grown on methanol in batch cul-
ture, harvested and cells broken as described in Ref.
10.

Purification of methanol dehydrogenase and cytochrome
G

Purification of MDH was as described in Ref. 10.
Because of its lability, MDH of M. methylotrophus was
purified in the presence of 25 mM methanol. After
elution from the Mono-S column this MDH was trans-
ferred to sodium phosphate buffer (pH 7.0) and frozen
rapidly in liquid N, to avoid changes in activity and
spectral characteristics that occurred during extensive
storage in Mes buffer. Cytochrome ¢, was purified as
described in [11). The cytochrome of M. methylotro-
phus is often present in two forms (of 17 and 21 kDa).
In the present work only the 17 kDa form was used.

Assay of protein, MDH and pyrrolo-quinoline quinone
(PQQ)

Protein was determined by the bicinchoninic acid
method [12]. The dye-linked assay system, using
phenazine ethosulphate as primary electron acceptor
and 2,6-dichlorophenolindophenol (PIP) as terminal
acceptor, was described in [10]. Two cytochrome-linked
assays were used. The first measures reduction of

equine cytochrome c¢ in the presence of a small amount
of bacterial cytochrome ¢, [10]. In the second (novel)
method PIP (86 M) replaced the equine cytochrome
¢. The reaction mixture contained, in a 0.5 ml vol. in a
spectrophotometer cuvette (1 cm light path), 12 mM
Mops buffer (pH 7.0), NH,CI (22.5 mM for M. ex-
torquens or 10 mM for M. methylotrophus), methanol
(5 mM), cytochrome ¢, (1-5 M) and PIP (86 uM).
Reactions were started by addition of MDH and the
reduction of PIP was measured by the decrease in
absorbance at 600 nm.

Fluorescence of free PQQ was measured in a
Perkin-Elmer LS-3B spectrophotofluorimeter, exciting
at 365 nm and measuring emission at 470 nm [13].

SDS-PAGE, measurement of protein and haemoprotein
on gels, dissociation of MDH and protein sequencing

SDS-PAGE, and measurement of protein and
haemoprotein on gels was done as by [11]. MDH was
dissociated into its subunits by incubating MDH at
80 °C for 30 min in 2% SDS followed by gel filtration
on a Superose-12 column (Pharmacia) as described in
Ref. 5. The fractions containing the large () and small
(B) subunits were collected separately, concentrated
with a Centricon-5 concentrator and precipitated with
dry, ice-cold ethanol (90% v /v, final concentration).

Protein sequencing was carried out using an Ap-
plied Biosystem 407A ‘gas phase’ (pulsed liquid) pro-
tein sequencer coupled to a model 120 phenylthiohy-
dantoin-derivative analyser. For analysis of the undis-
sociated MDH this was applied direct to the se-
quencer; this provided the first 13 amino acids of both
subunits and permitted an evaluation of the relative
amounts of the two subunits [5]. The N-terminal se-
quences of the dissociated B-subunit was determined
by suspension of the ethanol-precipitated subunit in
0.1% trifluoroacetic acid and direct application to the
sequencer.

Preparation of antisera and Western blotting

Purified MDH (400 pg) was suspended in 1 ml of
Freunds complete adjuvant and used to immunise two
New Zealand White rabbits; two boosters of 100 pg
were given to each rabbit at 1 month intervals. Blood
was collected from the ear and an IgG fraction pre-
pared by ammonium sulphate fractionation as de-
scribed in Ref. 14. The antisera were then serially
diluted and the optimal concentration for use deter-
mined by Western blotting of purified and crude
preparations of protein followed by probing with the
diluted antisera. The highest concentration of antisera
which did not give appreciable background staining
was used. Samples for immunodetection were sepa-
rated by SDS PAGE and then Western blotted essen-
tially as described in Ref. 15. After incubation with
suitably diluted antisera (12 h at room temperature),



bound antibodies were detected with horseradish per-
oxidase conjugated to anti-rabbit-IgG using 3,3'-di-
aminobenzidine tetra-hydrochloride as substrate.

Chemical modification of MDH and cytochrome c,

Modification of arginine residues of MDH with
phenylglyoxal or hydroxyphenylglyoxal. MDH (0.1 mg) in
100 ul of NaHCO; buffer (pH 8.4) was mixed with
phenylglyoxal or hydroxyphenylglyoxal in the same
buffer containing 10% methanol so that the final con-
centration of reagent was 10 mM. The mixture was
incubated at room temperature for 45 min and the
reaction terminated by removing excess reagent through
a P-6 desalting column equilibrated with 20 mM Mes
buffer (pH 6.0). The extent of hydroxyphenylglyoxal
modification was monitored by the increase in ab-
sorbance at 340 nm (extinction coefficient = 18300 M ~!
cm 1) [16].

Modification of lysine residues with 2-iminothiolane
(IT) in the presence of 2,2'-dithiodipyridine (DTDP) to
produce 4-(2-pyridyldithio)butyramidate (PDBA)-deriva-
tives. This method, based upon that of Steenkamp [17],
modifies lysine residues; the extent of modification is
determined by the amount of IT used. Mercaptobu-
tyramidate (MBA) derivatives of MDH were prepared
by reaction with IT and were immediately converted to
the PDBA derivative by reaction with DTDP which
was also in the reaction mixture. To MDH (26 mg/ml)
in 25 mM Hepes/Na* buffer (pH 7.5) was added
2,2'-dithiodipyridine (DTDP) to a final concentration
of 8 mM from a 200 mM stock solution prepared in
dimethylsulphoxide (DMSQ). The mixture was stirred
vigorously at all times to maintain the DTDP /DMSO
as a fine emulsion. Solid 2-iminothiolane was added
(final concentration, 25 mM) and the mixture incu-
bated at 4°C for 30 min before equilibrating with 25
mM-Hepes/Na™ buffer (pH 7.5) on a PD10 column.
The extent of incorporation of the dithione-containing
structures was estimated by the increase in absorbance
at 343 nm due to release of pyridine-2-thione on adding
dithiothreitol to the modified MDH. The sample (1 ml)
was divided equally between two spectrophotometer
cuvettes. To the reference cuvette was added 50 ul of
buffer and to the sample cuvette was added 50 ul of 50
M DTT, and the increase in absorbance at 343 nm
read after 5 min. The concentration of pyridine-2-th-
ione released was calculated using an extinction coeffi-
cient of 8.08-10° M~ ' ecm™".

Modification of lysine residues on MDH with N-succi-
nimidyl 3-(2-pyridyldithio)propionate (SPDP) to give 2-
pyridyldithiopropionate (PDP) derivatives. The method
was based upon that described in [18]. MDH (50 uM)
in 25 mM Hepes buffer (pH 8.0) was reacted with

SPDP at a final concentration of between 50 and 100-

uM for 1 h at 4°C. The reaction was terminated by
removing excess reagent, and exchanged into 25 mM
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Hepes buffer (pH 7.5) by gel filtration on a PD 10
column. The extent of modification was determined by
measuring release of pyridine-2-thione as described for
production of PDBA-derivatives of MDH (above).

Modification of lysine residues of MDH with trini-
trobenzene sulphonate (TNBS). MDH (0.5 mg) was in-
cubated in 100 ul of 25 mM Na,P,O, buffer (pH 9.0)
containing TNBS (5 mM). After incubation at 20°C
for 35 min the reaction was terminated by passage
down a P-6 column (Bio-Rad) equilibrated with 5 mM
sodium phosphate buffer (pH 7.0). The extent of modi-
fication was calculated from the absorbance at 346 nm
(extinction coefficient = 14.5-10° M~! em ") [19].

Modification of carboxyl groups of cytochrome c, by
norleucine methyl ester (NME coupled with [I-ethyl-3-
(3-dimethylaminopropyl) ~carbodiimide] (EDC). Cy-
tochrome ¢, (in 10 mM phosphate buffer, pH 6.5) was
concentrated to 25 uM using a Centriprep-10 (Amicon)
and added to a large excess of EDC (5 mM) and NME
(10 mM) (final concentration). After 2 h the reagents
were removed by gel filtration using a P-6 column
equilibrated with the same buffer.

Modification of lysine residues of cytochrome c, with
2-iminothiolane (IT) to give MBA-derivatives. This pro-
cess yields cytochrome ¢; with mercaptobutyramidate
(MBA) groups on some lysines [17]. Cytochrome c,
was exchanged into 20 mM Tris buffer (pH 8.0) con-
taining 100 mM NaCl (degassed and purged with O,-
free N,) using a PD-10 column. The cytochrome was
concentrated (to 54 uM) using a centriprep-10
(Amicon) and dithiothreitol (final concentration 1 mM)
added. Solid 2-iminothiolane was added (final concen-
tration 25 mM) and the mixture stirred under N, at
20°C, for 10 min, before exchanging into 25 mM
Hepes/Na™ buffer (pH 7.5) that had been degassed
with N,. The sample was stored on ice, in a sealed
gas-tight vessel under an atmosphere of N,.

Crosslinking of PDBA-modified MDH and MBA-mod-
ified cytochrome c,

Crosslinking of the modified proteins occurs by
elimination of pyridine-2-thione which was measured
at 335 nm. The reaction was initiated by mixing
equimolar concentrations of the modified proteins in
15 mM Hepes buffer (pH 7.5). Over a period of 3 min
samples were removed and the reaction terminated by
addition of ethanolic N-ethylmaleimide (NEM) (final
concentration, 25 mM).

Two stage cross-linking with EDC, enhanced with
sulpho-N-hydroxysuccinimide (Sulpho-NHS)

In this method 1-ethyl-3-[3-(dimethylamino)propyl]
carbodiimide (EDC) reacts with carboxyl groups, gen-
erating O-acylisourea intermediates. Sulpho-NHS at-
tacks the O-acylisourea intermediate, forming an N-
hydroxysuccinimidyl (NHS-) ester which is resistant to
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hydrolysis [20]. The stability of the NHS ester allows
the use of a two-stage coupling which is not possible
with EDC alone [21]. Nucleophilic attack by an epsilon
amino group of lysine results in the release of a substi-
tuted urea and generation of an isopeptide bond. EDC
is considered to be a zero-length crosslinker as a spacer
arm is not introduced during the crosslinking reaction.
To achieve crosslinking by activation of carboxyl groups
on MDH it was exchanged by gel filtration into 20 mM
Mes/Na™* buffer (pH 6.0) and concentrated to 194 uM
using a Centriprep-30 (Amicon). To this was added 5
mM sulpho-NHS and 2 mM EDC (final concentra-
tions). After 30 min excess reagents were removed by
gel filtration on a P6 column equilibrated with 5 mM-
Hepes buffer (pH 7.5), and an equimolar concentration
of unmodified cytochrome ¢, was added. After 90 min
the reaction was terminated by addition of hydroxyl-
amine to a final concentration of 15 mM. For cross-
linking by activation of carboxyl groups on cytochrome
¢, or tuna cytochrome ¢ (Sigma) the reaction was
performed in an analogous manner to that with MDH
(above) except that the final concentration of cy-
tochrome was 5-10 uM. After cross-linking the prod-
ucts were separated and identified by SDS-PAGE fol-
lowed by protein-staining and staining for haem pro-
teins.

Results

The subunit structure of MDH from Methylophilus meth-
ylotrophus

As found for the MDH of Methylobacterium ex-
torquens [5], it was possible to separate MDH into two
subunits by incubating in 2% SDS at 80 ° C followed by
gel filtration on a Superose-12 column equilibrated in
0.2% SDS. In these conditions the relative proportions
of the two types of subunit were identical, and the
fluorescent prosthetic group was liberated from the
protein during its dissociation. The similarity of the
smaller 8-subunit of M. methylotrophus to that of M.
extorquens is confirmed by its N-terminal sequence
(Fig. 1). The molecular masses of the separated a- and
B-subunits, estimated by SDS-PAGE, were about 60
and 9 kDA, respectively; these values compare with
values of about 66 and 8.5 kDa for the MDH of M.

M. extorgquens:

* %k

M. methylotrophus:

10
|

extorquens determined from the gene sequences. All
fractions for each of the two subunits after gel filtra-
tion in 0.2% SDS were pooled and the total protein
measured by the bicinchoninic acid method [12]. The
average ratio (a/B) was 1:1.16. During preliminary
work on the N-terminal sequence of the holoenzyme it
was possible to compare the amounts of PTH-deriva-
tized alanine and glycine in the « subunit with those in
the B-subunit as described Ref. 5. The molar ratio
(a/B) determined by this method was 1:0.93 using
alanine and 1:0.98 using glycine. The total molecular
mass by gel filtration was 115 kDa as shown previously
[22]. These results suggest that the molar ratio (a/B) is
1:1 and that the MDH of Methylophilus methylotro-
phus also exists in an «,f, conformation as shown
previously in M. extorquens [5].

The assay systems for MDH activity

In the dye-linked assay system it is assumed that
electrons flow directly from the PQQ prosthetic group
to PES and no protein-protein ‘docking’ is required.
When cytochrome ¢; is used as primary electron ac-
ceptor a terminal electron acceptor (a type I cy-
tochrome ¢) is also essential [23] because the high
concentrations of cytochrome c¢; required for spec-
trophotometric measurements would prevent the study
of competitive inhibitors. To avoid having two
protein—protein interactions in the test system a novel
MDH assay system was developed in which cytochrome
¢, is used as the primary electron acceptor and PIP is
used as the terminal electron acceptor instead of equine
cytochrome c. In this system the rate of oxidation of
ferrocytochrome by oxidised PIP is extremely rapid and
always much faster than rates of cytochrome reduction
by MDH.

Table I provides a summary of pH optima and
kinetic constants for the various assay systems used in
this work, using proteins from the two types of bacte-
ria. In the novel cytochrome-linked assay with PIP
there was a broad pH optimum of about 7.0 and all
subsequent assays were done at this pH value. In this
assay system the rate in the absence of activator
(NH ,Cl) was about 10% of that in its presence when
using the M. extorquens proteins, but it was about 35%
for the proteins from M. methylotrophs. In the PES-lin-
ked system the rates were much higher than in the

20 30
[ I

YDGTKCKAAGNCWEPKPGFPEKIAGSKYDPK -
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Fig. 1. The N-terminal sequence of the B-subunit of MDH of M. methylotrophus and M. extorquens. The sequence of the B-subunit of M.
extorquens is taken from Ref. 5.
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TABLE I

Kinetic parameters in the MDH assay systems

These assay systems link the methanol-dependent reduction of the primary electron acceptor, which is either phenazine ethosulphate (PES) or
cytochrome ¢ , to reduction of a terminal electron acceptor, which is either the dye 2,6-dichlorophenolindophenal (PIP) or equine cytochrome ¢
(eyt. ¢.q). The V. values and K, values for cytochrome ¢, were measured at the pH optima for the two systems. In the cytochrome-linked
systems sufficient NH ,Cl was included to give maximum rates. For the M. extorquens system this was 22.5 mM (in 20 mM Mops buffer, pH 7.0);
for the M. methylotrophus system this was 5 mM when equine cytochrome ¢ was the terminal electron acceptor (with 12 mM Tris, pH 8.0) and 10

mM with PIP (with 12 mM MOPS, pH 7.0). ¥,
values refer to the initial electron acceptor (cytochrome ¢ ).

max values are recorded as nmoles of electron acceptor reduced min~' (nmol MDH) ™ !. The K,

PES /PIP Cyt. ¢ /oyl. ¢y Cyt. ¢ /PIP-linked

pH Vinax pH Vinax Ky (uM) pH Vinax Ky (pM)
M. extorquens 9.0 104 7.0 15 %) 7.0 40 3.0
M. methylotrophus 9.0 60 8.0 11 1 7.0 4.0 1.0

cytochrome-linked system as has been found previously
for MDH from these two bacteria [23].

Electrostatic interactions between MDH and cytochrome
R,

When protein-protein interactions are electrostatic
in nature they are affected by the ionic strength of the
surrounding medium [7]. As might be expected for
electron transport processes involving electrostatic in-
teractions between proteins that occur in the periplasm,
the oxidation of methanol by whole bacteria was inhib-
ited by high salt concentrations; for example, oxidation
of methanol by M. extorquens was inhibited (about
50%) by 100 mM K,SO, or 25 mM sodium phosphate
at pH 7.0. No such inhibition occurred with NaCl or
potassium phosphate (200 mM) in the PES-linked

0.4 ra

1/Rate of PIP reduction
(nmol/min/nmol MDH)™'

L | 1 1 I J

=4 =TT E T @A AT @6 OO
1/Cytochrome ¢, concentration (uM™')

MDH assay system using crude extracts or pure MDH.
By contrast, low concentrations of either salt (50 mM)
were able to inhibit MDH in all types of assay in which
low concentrations of cytochrome ¢, were used. There
was an inverse linear relationship between reaction
rates and the square root of ionic strength consistent
with ionic interactions being involved.

Fig. 2 shows the effect of high ionic strength in
decreasing the affinity of MDH for cytrochrome ¢, as
indicated by the observed increases in K, values.
Inhibition by NaCl was competitive and was relieved by
using higher cytochrome concentrations. As expected
for proteins whose ‘docking’ together into an active
complex is determined largely by ionic interactions, the
inhibitory effects of salts was not specific to any one
ionic species (Table II).

o
T

1/Rate of cytochrome reduction
(nmol/min/nmol MDH)™

-2 =1 0 1 2 3 4 5

1/Cytochrome ¢, concentration (uM™')

Fig. 2. The effect of NaCl on the affinity of MDH for cytochrome ¢, . (a) Proteins from M. extorquens. MDH (2 uM) was measured in the

PIP-linked system in 20 mM Mops buffer containing 22.5 mM NH,CI (pH 7.0). m, no NaCl, K, 3 uM. e 25 mM NaCl, K, 8.6 uM. a, 50

mM-NaCl, K, 30 M. (b) Proteins from M. methylotrophus. MDH (2 xM) was measured in the equine cytochrome c-linked assay system in 12
mM Tris buffer (pH 8.0) containing 5 mM NH ,Cl. m, no NaCl, Ky L1 pM. e, 25 mM-NaCl, K, 3.3 uM. a, 50 mM-NaCl, K., 6.7uM.



102

TABLE 11
The effect of ionic strength on the MDH of M. methylotrophus

Reaction mixtures contained 2 uM MDH, 2 uM cytochrome ¢; and
5 mM methanol. Reduction of equine cytochrome ¢ (Cyt. c.) (50
#M) was measured with 5 mM NH,Cl in 12 mM Tris buffer (pH
8.0). PIP (86 pM) was measured with 10 mM NH, Cl in 12 mM
Mops (pH 7.0). The ionic strength due to NH,Cl has not been
included because it is an activator and is required to achieve the
maximum rates achieved prior to inhibition by salts. The ionic
strengths of added salts that gave 50% inhibition (I5, value) were
taken from the linear plots of activity against square root of ionic
strength for each ion. Abbreviations: EDDA, ethylenediamine-N, N-
diacetic acid; EDTA, ethylenediamine tetracetic acid; EGTA, ethy-
leneglycol-bis (B-aminoethylether) N,N,N' N '-tetracetic acid;
CDTA, trans-1,2-diaminocyclohexane-N,N,N', N "-tetracetic acid.

Salt I5, value (ionic strength giving 50% inhibition)
Cyt. ¢ /Cyt. ¢ Cyt. ¢ /PIP

NaCl 0.021 0.019

LiCl n.d. 0.027

KCl n.d. 0.016

RbClI n.d. 0.022

Na, HPO, 0.02 0.017

MgCl, 0.044 0.016

CaCl, 0.053 0.036

EDDA 0.04 : n.d.

EDTA 0.0012 0.0011

EGTA 0.0012 n.d.

CDTA 0.0014 n.d.

The inhibition of MDH by ethylenediaminetetracetic acid
(EDTA)

EDTA (15 mM) inhibits the oxidation of methanol
by whole bacteria but not by purified MDH in the
dye-linked assay system [24-27]. By contrast, EDTA
was a potent inhibitor of MDH when assayed with

TABLE 111

The effects of chemical modification of MDH and cytochrome c;

cytochrome ¢ as primary electron acceptor, 50% inhi-
bition occurring at about 120 M (Table II). The ionic
strength at this concentration is only 0.0012, which is
about 5% of that required for inhibition by other ions,
suggesting that EDTA has an effect that is separate
from its activity as a polyanion. There was no evidence
to support involvement of divalent cations; the proteins
were purified in the absence of divalent cations and
these have no activating effect on MDH in any assay
system. The I, value recorded for ethylenediamine
diacetic acid (EDDA) was similar to that measured
with other divalent cations. This suggests that the four
carboxyl groups may have a function in inhibition, and
the similar results obtained with two other tetracarbox-
ylates, EGTA and CDTA, are consistent with this
conclusion. There was no relationship between the
inhibitory activities of these compounds and their
chelating specificities. The most obvious explanation
for this reversible competitive inhibition by EDTA is
that it prevents ‘docking’ of the two proteins by inter-
action of its carboxyl groups with lysine residues on
MDH or cytochrome ¢, .

The effect of modification of arginine groups of MDH on
its activity

Reaction of MDH with phenylglyoxal, a specific
modifier of arginine residues [28], produced a modified
MDH having only 21% activity with the cytochrome-
linked assay, whereas activity in the dye-linked assay
increased slightly (Table III). Modification with hy-
droxyphenylglyoxal provides a convenient measure of
the number of residues modified [17]. When three
arginine residues (per mol of tetrameric MDH) were
modified with this reagent there was no change in rate

All rates, measured in the dye-linked and cytochrome-linked assays, are expressed as % values of rates measured, on the same day, of
unmodified proteins. Abbreviations are given in text headings and on the first page.

(A) Modification of MDH

Reagent Organism Residues Number Modification Activities
modified modified
Cyt. ¢ /Cyt. ¢ PES /PIP
SPDP M. extorquens lysine 7 +ve to 0 0% 77%
SPDP M. methylotrophus lysine 7 +veto 9% 123%
TNBS M. extorquens lysine 4 +veto( 0% 82%
TNBS M. methylotrophus lysine 9 +veto( 9% 93%
IT+DTDP M. methylotrophus lysine 9 +ve to +ve 91% 104%
HPG M. extorquens arginine 3 +ve to +ve 55% 99%
PG M. methylotrophus arginine nd +ve to +ve 21% 116%
(B) Modification of cytochrome ¢,
Reagent Organism Residues Number Modification Activities
modified modified
Cyt. ¢, /CyL. ¢ Cyt. ¢, /PIP
IT M. extorquens lysine © ond. +ve to +ve 7% n.d.
IT M. methylotrophus lysine n.d. +ve to +ve 96% n.d.
EDC/NME M. methylotrophus carboxyl n.d. —-vetol 12% 12%




in the dye-linked assay but a 45% decrease in rate in
the assay with cytochrome ¢, (Table III). These results
are consistent with the suggestion that arginine may
play a role in the MDH /cytochrome ¢, interaction.

Production of PDBA-derivatives of MDH by modifica-
tion of lysine residues by reaction with 2-iminothiolane
(IT) plus 2,2'-dithiodipyridine (DTDP)

This process modifies lysine residues by formation
of 4-(2-pyridyldithio)butyramidate (PDBA) derivatives,
which retain a positive charge [17]. When the average
number of lysines modified (per mol of tetramer) was
fewer than 10, there was little change in dye-linked
activity, suggesting that the modified enzyme had suf-
fered no major alteration in its catalytic function. There
was also very little change in its cytochrome-linked
activity (Table III). This active MBA-derivative of
MDH was subsequently used in the crosslinking reac-
tion with cytochrome ¢, (see below).

Modification of lysine residues on MDH with N-succi-
nimidyl 3-(2-pyridyldithio)propionate (SPDP) to form
pyridylthiopropionate (PDP) derivatives

This process modified lysine residues by formation
of uncharged PDP derivatives of MDH [18]. When the
average number of lysines modified per mol of te-
trameric MDH from M. extorquens was 7.4 (6% of the
total lysines) there was a 23% decrease in dye-linked
MDH activity, and complete loss of activity when as-
sayed using cytochrome ¢, as electron acceptor (Table
I11). The absorption spectrum of the modified MDH in
the region of the prosthetic group (PQQ) was typical of
unmodified enzyme, and the absorption and fluores-
cence spectra of the dissociated prosthetic group were
identical to those of unmodified MDH. Together with
the observed retention of activity in the dye-linked
assay, this indicates that the prosthetic group had not
been modified.

These results are consistent with the suggestion that
some of the lysine residues of MDH are involved in
recognition and interaction with its electron acceptor,
cytochrome ¢ . Because all activity was lost when only
6% of the total lysines were modified, it is clear that
the lysines involved in ‘docking’ with cytochrome ¢
must have been those that were more available for
reaction with the modifying reagent. Similar results
were obtained with the MDH from M. methylotrophus
(Table III).

Modification of lysine residues on MDH with 2,4,6-tri-
nitrobenzene sulphonate (TNBS)

This process modifies lysine residues by formation
of uncharged derivatives [29]. When the average num-
ber of lysines modified per tetramer was between 4 and
9, the dye-linked activity was not markedly changed. By
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contrast with the PDBA-modified MDH, that retains
the charge (see above), the TNBS-modified MDH lost
almost all activity in the cytochrome-linked assay (Ta-
ble III). This confirms that charged lysine residues are
likely to be involved in the MDH /cytochrome interac-
tion. When the modified MDH of M. methylotrophus
was separated into subunits by SDS-gel filtration about
94% of the TNBS was found to be associated with the
a-subunit suggesting that the lysines on the a-subunit
are more susceptible to modification than those on the
B-subunit, which perhaps argues that the B-lysines do
not have a predominant role in ‘docking” with cy-
tochrome ¢, .

Modification of lysine residues of cytochrome c, with
2-iminothiolane (IT)

Lysine residues on cytochrome ¢, were modified
with IT, which gives mercaptobutyramidate (MBA)
derivatives that retain the positive charge on lysine.
The reaction is the same as the first stage of producing
the PDBA derivatives of MDH (above). When cy-
tochrome ¢; was modified in this way it was still able
to form ‘normal’ electron transfer complexes with
MDH, an important consideration with respect to sub-
sequent cross-linking experiments with this modified
cytochrome. The rate for modified cytochrome was
more than 75% of that with unmodified cytochrome
(Table 1II). The absorption spectrum of the cy-
tochrome was unchanged.

Modification of carboxyl groups of cytochrome c . with
norleucine methyl ester (NME) in the presence of 1-ethyl-
3-[3-(dimethylamino)propyl] carbodiimide (EDC)

When carboxylates are modified with norleucine
methyl ester (NME) in the presence of the carbo-
diimide EDC, the modified carboxyl carries no change
[30]. This modification led to loss of most of the activity
when the modified cytochrome ¢, was used as the
electron acceptor for the MDH of M. methylotrophus
(Table III).

Crosslinking of MDH and cytochrome ¢, using PDBA-
modified MDH and MBA-modified cytochrome c L

Both PDBA- and MBA-derivatives have lysyl
residues modified by incorporation of long side arm
thiol groups [17]. The proteins, modified as described
above, were reacted together to form crosslinks by
formation of a disulphide bond, the formation of
crosslinked product being complete within 1 min. The
products were identified by their relative molecular
masses on SDS-PAGE and activity with haem stain.
About half the cytochrome was crosslinked. The inclu-
sion in the reaction mixture of NaCl (150 mM), which
inhibits interaction and electron transport between
MDH and cytochrome ¢, (see above) delayed markedly
the appearance of the products.
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Fig. 3. Crosslinking of PDBA-modified MDH with MBA-modified
cytochrome c¢; . The proteins were modified as described in Materi-
als and Methods. With proteins from M. methylotrophus, 21.5 uM
MDH was modified (9 lysines per mol) and reacted with 19 uM
modified cytochrome ¢ . With proteins from M. extorquens, 14.3 uM
MDH was modified (3.3 lysines per mol) and reacted with 19 pM
modified cytochrome ¢, . After 3 min the reaction was terminated by
addition of N-ethylmaleimide and the reaction mixture separated by
SDS-PAGE and stained with haem stain. Lane 1, proteins from M.
methylotrophus; lane 2, proteins from M. extorquens.

The results in Fig. 3 and Table IV show that the
reactivities of MDH and cytochrome ¢; were com-
pletely different for the two bacteria used in this work.
With M. methylotrophus the major cross-linked prod-
uct was formed between cytochrome ¢, and the a-sub-
unit of MDH; there was 6-times more of this product

- 0+ CL

TABLE IV

Cross-linking of MDH and cytochrome c; from M. extorquens and
from M. methylotrophus

PDBA-modified MDH was cross-linked with MBA-modified cy-
tochrome ¢; and the products separated by SDS-PAGE and stained
for haem proteins. The intensity of stain was determined with a
Joyce-Loebl gel scanner.

Intensity of haem-staining
(% of total stained protein)

Product on gel M. extorquens M. methylotrophus

Cytochrome ¢y 49.6 442
Cytochrome ¢, /B-subunit

of MDH 31.7 155
Cytochrome ¢ / a-subunit

of MDH 6.0 10.0
Cytochrome ¢ dimer 4.5 28
Cytochrome ¢, dimer/

B-subunit 2.0 0
Cytochrome c¢;_trimer 04 0

than of the B-subunit crosslinked to cytochrome ¢, . By
contrast, the major product with the proteins from M.
extorquens was between cytochrome ¢; and the g-sub-
unit of MDH. This result was confirmed by identifying
crosslinked products on gels by the use of specific
antisera to cytochrome c¢; . Only one crosslinked prod-
uct was detected; this was cytochrome ¢, crosslinked
to the B-subunit of MDH. When antisera raised against
the a-subunit of MDH was used the only crossreactive
band was the a-subunit of unmodified MDH.

— a+Cp

—— CL+C“

S—=Ch

T Cln

Fig. 4. Two-stage sulpho-NHS-enhanced EDC cross-linking of MDH, cytochrome ¢, and a class I c-type cytochrome. These experiments were
done with proteins from M. methylotrophus. After modification with EDC in the presence of NHS as described in Materials and Methods,
cytochrome ¢; (4.5 wM) was reacted with either 4.5 oM MDH or 4.5 uM tuna cytochrome ¢, or with both proteins (4.5 or 13.5 wM) for 90 min,
the reaction terminated by addition of 15 mM hydroxylamine and the products separated by SDS-PAGE and stained with haem stain. (A) Lane
1, MDH (4.5 uM) +cytochrome c¢; (4.5 wM)+tuna cytochrome (13.5 pM); lane 2, MDH (13.5 pwM)+cytochrome ¢, (4.5 pM)+tuna
cytochrome (4.5 wM); lane 3, cytochrome ¢ (4.5 wM)+ tuna cytochrome.(4.5 uM); lane 4, MDH (4.5 uM) + cytochrome ¢, (4.5 £M); and lane 5,
MDH (4.5 M)+ cytochrome C; (4.5 M)+ tuna cytochrome (4.5 pM). (B) Lane 1, MDH (4.5 M)+ cytochrome ¢, (4.5 M)+ tuna cytochrome
(4.5 wM); lane 2 as for lane 1+ 200 mM NaCl; lane 3, as for lane 1+ 35 mM sodium phosphate; lane 4, as for lane 1+ 150 M EDTA; and lane 5,
as for lane 1+ 15 mM EDTA.



Two stage crosslinking of MDH and cytochrome ¢, of
M. methylotrophus with carbodiimide (EDC) enhanced
with sulpho-N-hydroxysuccinimide (Sulpho-NHS)

In this two-stage system the carboxyl group on one
protein is modified, and this modified group is at-
tacked by an unmodified lysine on the second protein
to give a ‘zero-length’ crosslink [21]. The use of zero-
length crosslinkers is advantageous as it increases the
probability that those residues that become linked are
located at the site(s) of protein—protein interaction and
are involved in salt bridge formation [31]. This method
also provides an opportunity to determine the polarity
of the interaction at the protein—protein interface [21].

No detectable crosslinking was observed when car-
boxyls on MDH were first activated and then reacted
with cytochrome c¢;. By contrast, when carboxyls on
cytochrome ¢; were modified, and then reacted with
MDH, the only product was the MDH a-subunit
crosslinked to cytochrome ¢, (Fig. 4A). These results
are consistent with the suggestion that lysine groups on
the a-subunit of MDH are involved in the recognition
or ‘docking’ process with carboxyls on the cytochrome
¢.. The same result was obtained using proteins from
M. extorquens (results not shown). NaCl (200 mM),
phosphate (35 mM) and high concentrations of EDTA
(15 mM) completely prevented crosslinking, as would
be expected if they prevented ‘docking’” of the two
proteins as previously suggested (Fig. 4B). Low concen-
trations of EDTA were previously shown to inhibit
electron transfer between MDH and cytochrome ¢
(above). The demonstration that these low concentra-
tions failed to prevent cross-linking of the proteins
suggest that EDTA acts as a potent inhibitor of
methanol oxidation by inhibiting electron transfer and
not by preventing ‘docking’ of the 2 proteins.

Demonstration that a single binding domain on cy-
tochrome ¢, of M. methylotrophus is involved in the
reaction with both MDH (a-subunit) and tuna cy-
tochrome ¢

Much of the rationale for this study was based on
the assumption that the lysine residues that constitute
the ‘docking’ site in class I c-type cytochromes are also
involved in binding to carboxyls of cytochrome ¢,
which, in turn, are involved in the reaction with MDH.
This proposal is supported by the results shown in Fig.
4A. In these experiments cytochrome ¢, with modified
carboxyl groups was reacted with equimolar amounts
of MDH or tuna cytochrome ¢, and cross-linked prod-
ucts were analysed. Tuna cytochrome ¢ was used be-
cause, although it gave only 75% of the rate of equine
cytochrome ¢ in the MDH assay, more is known about
its 3-D structure than is known for either the cy-
tochrome ¢y of M. methylotrophus or equine cy-
tochrome c¢. When cytochrome ¢, was reacted sepa-
rately with equimolar amounts of either MDH or tuna
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cytochrome, cross linked products with the tuna cy-
tochrome and with the a-subunit of MDH were formed
(Fig. 4A). No crosslinked products were formed when
carboxyls of MDH were modified, or when the car-
boxyls of tuna cytochrome ¢ were modified and then
reacted with either MDH or cytochrome c¢;. When
cytochrome ¢; was modified and reacted with equimo-
lar amounts of both MDH and tuna cytochrome at the
same time, crosslinked products were formed with ei-
ther MDH or tuna cytochrome but not with both
together, indicating that there is a single site on cy-
tochrome ¢, that reacts with both proteins. Further
evidence for this is that when the concentration of
MDH was increased 3-fold, more crosslinking occurred
with MDH (a-subunit), and less occurred with tuna
cytochrome c¢. Similarly, when the tuna cytochrome
was increased 3-fold, then it formed far more
crosslinked product and MDH crosslinking was dimin-
ished.

Discussion

It was suggested previously that the interaction of
MDH with its electron acceptor, cytochrome c,, is
likely to be electrostatic in nature, involving ionic bonds
between lysine or arginine residues on MDH, and
carboxyl residues on the cytochrome. It was speculated
that the lysine residues that form such a well-defined
pattern in predictions of the secondary structure of the
B-subunit of MDH of M. extorquens might be involved
in ‘docking’ with carboxyls of cytochrome ¢, which
might also be involved in interaction with lysines of the
binding domain of the typical class I c-type cytochrome
which is the next electron acceptor in the ‘methanol
oxidase’ system [4,5]. The results in the present paper
are all consistent with the first of these proposals; as
expected for interactions involving primarily electro-
static interaction, the affinity of the two proteins for
each other was markedly diminished by low concentra-
tions of salts when using the MDH from Methylobac-
terium extorquens. Similar results were obtained using
the MDH from a second, unrelated, methylotroph
Methylophilus methylotrophus, which was shown to have
the same a,f, structure. The marked inhibitory effect
of modification of arginine and lysine residues in such
a way that their charges are lost also supports this
conclusion, as does the inhibitory effect of modifying
the cytochrome ¢, in such a way as to diminish its
negative charge.

The suggestion that the B-subunit of MDH is specif-
ically involved in ‘docking’ with cytochrome ¢, ap-
peared to be supported by crosslinking experiments
using PDBA-modified MDH and MBA-modified cy-
tochrome because the cytochrome ¢, of M. extorquens
formed crosslinks only with the B-subunit. However,
when the same experiment was repeated with proteins
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from M. methylotrophus the a-subunit was the only
subunit forming crosslinks with cytochrome ¢;. With
this sort of crosslinking reagent the length of the
crosslinking ‘arm’ can give rise to misleading results,
and results using the two-stage ‘zero-length’ cross-
linking method are more likely to be significant. In
these experiments the results with the proteins from
the two types of bacteria were the same; crosslinking
occurred predominantly with the a-subunit of MDH.
This method also provided an opportunity to deter-
mine the polarity of the interaction at the protein—pro-
tein interface; and all the results were consistent with
the conclusion that carboxyl groups on cytochrome ey
interact with lysyl residues on the a-subunit of MDH.
Tuna cytochrome ¢ provides a model for the typical
class I c-type cytochrome (cytochrome cy;) which is the
electron acceptor for cytochrome ¢; in the ‘methanol
oxidase’ electron transport chain. Competition experi-
ments with this cytochrome demonstrated that the same
domain on cytochrome ¢; is likely to be involved in
reaction with both the MDH and with the cytochrome
cy- This result together with the failure to observe
formation of any complexes containing MDH together
with both cytochromes argues against the possibility
that electrons flow between methanol and the mem-
brane-bound oxidase by way of ‘wire-like structure’
consisting of a complex of MDH, cytochrome ¢, and
cytochrome c¢.
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