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Hydroxylases are known as catalysts for the oxidation of
various substrates. For example, methane monooxygenase is
an efficient catalyst for the oxidation of methane by
molecular oxygen to give methanol as the sole product.

Studies of the structure and mechanisms of electrochemistry
of hydroxylases have been reported in the literature.

There are two forms of the enzyme methane monooxygenase,
soluble (sMMO) and particulate (pMMO). The soluble enzyme
from Methylococcus capsulatus (Bath) consists of an
hydroxylases (Mr 250.5 kDa), a reductase (Mr 38.5 kDa) and
a regulatory component, protein B (Mr 15.9 kbDa) all of
which are required for activity. The hydroxylase is made
up of two protomers in an a2b2g2 arrangement and the X-ray
crystal structure of this component has been solved. The
sMMO from Methylosinus trichosporium OB3b has a very
similar composition and has also been well characterised.
The active site in sMMO is a di-iron centre, bridged by an
- hydroxo group (in the resting enzyme), which resides in the
a subunit- of the hydroxylase. Reducing equivalents from
NADH are transferred to active site through F,S, and FAD
centres in the reductase. Protein B contains no metal ions
or cofactors and the details of its regulatory role
are unclear. In the resting enzyme the irons are in the
fully oxidised Fe{(III)Fe(III) state. There are two other
oxidation states readily available to the di-iron cluster,
namely, the mixed valent Fe(III)Fe(II) and the fully
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measured in three independent studies. The Eo’ values for

the Fe(III)Fe(III)/ Fe(III)Fe(II) and
Fe(III)Fe(II)/Fe(II)Fe(II) couples have been the
subject of some debate. The redox properties of the

hydroxylase component of soluble methane monooxygenase from
the two different organisms have been extensively
investigated. Previous studies used redox indicator
titrations and spectroscopic methods for the determination
of the concentrations of reduced species. Indirect
titration of the hydroxylase di-iron centres with redox
active mediators were employed in these studies. The
concentrations of the mixed valent and fully reduced
hydroxylase species were determined by EPR cr EPR and
Moessbauer spectroscopy at very low temperatures (4.2 -
18°K) .

In the field of protein electrochemistry, thiol- or
disulfide-containing organic molecules have been found to
be particularly good modifiers because they chemisorb
through a strong gold-surfer bond thereby giving a stable
layer of surface coverage on the electrode. Relevant amino
acids may also be chemisorbed in this fashion and thus

- promote protein electrochemistry at the electrode surface.
The use of cysteine containing peptides which also contain
functional amino acids (e.g. arginine, lysine, histidine),
as promotors for protein electrochemistry has been
investigated.

However, contrary to the field of protein electrochemistry,
it is not a trivial task to carry out direct
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most redox enzymes are much larger and structurally less

rigid than non-redox proteins, they are more liable to
deformation and loss of activity on electrode surfaces.

The electrochemistry of hydroxylases in the presence of a
mediator is complicated by the possibility of interaction
between the hydroxylase and the mediator, while the
mediator may disturb the determination of species
concentrations at temperatures different from those at
which the redox reactions are carried out.

It is an object of the present invention to avoid the
aforesaid disadvantages.

According to one aspect of the present invention a method
for the transfer of electrons between an electrode and an
enzyme in an electrochemical process comprises causing the
enzyme to adhere to the electrode.

Preferably the transfer is direct.

According to another aspect of the present invention a
method for the electrochemistry of an enzyme comprises
direct electrochemistry carried out in the absence of
mediators.

In one embodiment of the invention, the enzyme is a
monooxygenase.

In another embodiment of the invention, the enzyme is a
P450 or modified P450.
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The enzyme may contain a di-iron centred active site or

alternatively the enzyme may contain a porphyrin-containing

active site.

Preferably the electrochemistry is carried out using a

modified gold electrode.

According to a further aspect of the invention,

the process

for modifying an electrode to render the electrode suitable

for use in the electrochemistry of an enzyme in

the absence

of mediators, comprises treating the electrode with a

peptide.

Preferably the enzyme is a monooxygenase.’

Suitably the enzyme has a di-iron or porphyrin-containing

active site.

Conveniently the peptide comprises a hexapeptide.

Preferably the hexapeptide contains cys and lys residues.

Suitably the hexapeptide is lys-cys-thr-cys-cys-ala.

Conveniently the treatment involves voltammetric cycling

the electrode in a solution of the hexapeptide while

avoiding reductive cleaning of the electrode.



medi ators. In one enbodi nent of the invention, the enzyne is a _
nonooxygenase. | n another enbodi ment of the |nvent|on the enzyne is a P450
or nodified P450. WO 97/ 43632 _

PCT/ GB97/ 01251 4 In a further’ enmbodi ment of the invention, the enzyne is

met hane nonogyg), se. In a still further enbodi ment of the, | kkgg,-the
enzyne is an- h;groxylase. The hydroxyl ase may be a soluble%ﬁégﬁgﬁ

nonooxygenase. The enzyme may contain a di-iron centred active site or
alternatively the enzyne may contain a orphyrin- containing active site.

DT ALY e aEBEhiRENY Sl Yok 81 P ALAMAT JUBLAD S Dk esrgg

el ectrode. Accqr urt her aspect The dcass for
modi fyi ng an ePBVEPEHERt o2 r RFRRASS QﬂﬁﬁﬂIQﬁi§a§&PPaB?eaf§Pb§§§a¢ﬁ BYie
el ectrocheni st mpletuaar eozygen i in ttle ghseseneeoiofmati anayte, CABRDL$66s

treating the elggehbbpde Wb oRnBGPLEAP carried out in the absence of

mediators.

In one embodiment of the invention, the enzyme is a
monooxygenase.

In another embodiment of the invention, the enzyme has a
di-iron or porphyrin-containing active site.

The substrate may be methane which is oxidised to methanol,
or the substrate may be camphor and is oxidised to 5-exo-.
hydroxycamphor or the substrate comprises polycyclic
aromatic hydrocarbons which are oxidised to 5-exo-
hydroxycamphor.

The hydroxylase is preferably derived from cytochrome
P450cam.

Suitably, cysteine is removed from the reaction medium.

We have found that an electrode modified with peptides
provides a more congenial surface to attract an enzyme.

We Delieve that, for electron transfer between the
hydroxylase component of M. capsulatus (Bath) sMMO and an
- electrode to occur, a positively charged surface is
preferred: The e-amino group of the lys residue in the
preferred .hexapeptide presumably fulfils this role.
Electrochemical modification of the electrode with this
paticular peptide provides a stable monolayer and more
uniform surface coverage compared to an electrode modified
by chemisorption (ie simply dipping the electrode in the
peptide solution).
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The effect of both protein B and protein B’ upon the
electrochemistry of hydrolase solutions is important. EPR
spectroscopy of the mixed wvalent state has shown that
protein B binding to the hydroxylase alters the environment
around the di-iron site. In each of these previous studies
it was also observed to cause a shift in the di-iron
potentials.

Formation of an hydroxylase-protein B complex is known to
alter the properties of the di-iron site, affect product
distribution and increase the rates of formation of some of
the intermediates in the sMMO catalytic cycle. All of
these effects may be due to the ability of protein B to
induce a conformational change in the hydroxylase when it
binds to it, which is transmitted to the active site. We
have found that the redox potentials of the hydroxylase are
affected by the presence of protein B as was observed in
previous studies. It has been suggested that the negative
shift in the redox potentials caused by protein B binding
to the hydroxylase is due to a change in the first
coordination sphere of the iron(s) or a change in the
protonation state of the hydroxo bridge. Other effects
- such as change in solvent accessibility or the structure of
the active site environment, caused by conformational
changes upon protein B binding, could also account for the
changes in the potentials. We estimate Kd for the
Fe(II)Fe(II) complex to be 2.06 +0.23 M and 7.01 +0.45 M
for Fe(II)Fe(III) complex. Therefore, the decrease in the
redox potentials may simply be a reflection of the
decreased'affinity between the hydroxylase and protein B
components, depending on the oxidation state of the former.
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with the fully oxidised hydroxylase, which is only three
times less stable than the corresponding protein B complex.
Our investigations suggest that protein B’ binds at the
same site as protein B, but that the former is unable to
cause the same conformational change in the hydroxylase
which is transmitted to the di-iron centre and which alters
the redox potentials and other properties of the active
site. The formation of the truncated protein B’ may
therefore have some regulatory role in the organism. Under
certain conditions protein B is cleaved to form protein B’
and the conformational change (and attendant active site
property alterations) in the hydroxylase can occur. In
this way the cell may be able to conserve scarce resources
when under stress. We have found that direct
electrochemistry, without the intervention of mediators, is
possible with a non-electron transfer protein which is as
large as the hydroxylase component of soluble methane
Monooxygenase.

As mentioned previously the process may be, for example,
the oxidation of methane to methancl or the oxidation of
camphor to 5-exo-hydroxycamphor, in particular the
oxidation of camphor to 5-exo-hydroxycamphor using a

- hydroxylase derived from cytochrome P450cam. In the latter
process, we have found it advisable toc remove cysteine from
the reaction medium.

Porphyrin centred hydroxylases which are native to the
bacterium Pseudomonas putida (grown on camphor) is an ideal
system to study the regulation of electron transfer between
two redox centres in separate protein molecules.
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in Mossbauer and EPR studies to be due to a shift in the
spin-state of the ferrihaem iron, from low-spin in the
absence of substrate to high-spin in the substrate-bound
protein. In addition, it has been noted that this spin-
state change upon camphor binding is accompanied by a redox
potential change from -540 mV to -414 mV (vs. SCE).
This shift in the haem reduction potential is key feature
of the P450cam catalytic cycle, allowing the first electron
transfer from putidaredoxin to occur and thus initiating
catalytic turnover.

We have found that the cathodic peak current exhibits a
linear dependence on the square root of the scan rate ( v)
for camphor-bound P450cam, indicating that the overall
process is diffusion controlled.

However, deviation from linearity has been observed for the
camphor-free enzyme. This may be caused either by
adsorption to the electrode surface, or by the fact that
the heterogeneous electron transfer process is no longer

- diffusion controlled. The first of these is unlikely
because the global structures of camphor-bound and camphor-
free P450cam are very similar, and thus both forms are
expected to have similar affinities for the electrode
surface. This therefore implies that the rate of
heterogeneous electron transfer to the camphor-free form is
lower than that to the camphor-bound form. This could be
due to the relatively high reorganisation required to
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With the camphor-bound P450cam, both the ferric and ferrous
forms of the enzyme have five-coordinate, high spin haem
iron, and the reorganisation barrier to both homogeneous
and heterogeneous electron transfer should be low.

The electrochemical response of P450cam at a bare,
negatively charged cpg electrode strongly suggests that,
despite the overall negative charge of the protein at PH
7.4 (pl = 4.55) a specific pattern of positively charged
surface amino acid residues favours an interaction between
the ‘enzyme and the electrode surface in such a way that
heterogeneous electron transfer can take place. Computer
modelling and mutagenesis studies indicate that the basic
residues Arg-72, Arg-112, Arg-364 and Lys-344 on the
surface pf P450cam interact with acidic residues on the
surface of putidaredoxin in the complex between these two
proteins. From the high resolution crystal structure of
P450cam, these surface residues are on the proximal side of
the haem and in the region of the enzyme where the haem is

- closest (ca.l0A) to the surface. Since the electron
transfer -rate constant generally decrease with donor
acceptor separation, it is reasonable to assume that this
region on the surface of P450cam will form both the binding
site for putidaredoxin and the region of interaction with
the electrode. Thus it appears that these positively
charged residues are also involved in the interaction
between P450cam and the bare cpg electrode.
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The invention will now be further described, purely by way
of example, with reference to the accompanying examples and
drawings, in which:

Figure 1 shows a Differential voltammogram of 23.6 wM
hydroxylase solutions at a lys-cys-thr-cys-cys-ala
modified gold electrode in 40mM MOPS, pH 7.0 (the
background current has been subtracted).

Figures 2A and 2B show the effect of increasing
concentrations of protein B (1) or B’ (2) on the potentials
of the first (a) and second (b) electron transfer.
[Hydroxylase] = 21mM, 40mM MOPS, pH 7.0. The electrode
was measured prior to each measurement.

Figures 3A and 3B show the effect of increasing
concentrations of protein B on the potentials of the first
{a) and second (b) electron transfer in the presence of
protein B’. [Hydroxylase = 21 mM, [B’] = 4 mM, 40 mM,

pH 7.0.

Figure 4 shows the cyclic wvoltammograms of cytochrome
- P450cam.

Figure S shows the dependence of the cathodic peak current
on the potential scan rate for camphor-bound and camphor-
free cytochrome P450cam.
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bi ndi.ng i s accogtpanGeseity of thdosnp@henti al change from-540 nV to -414 nV

(vs. SCE). This | It reduction potential 1S key feature of the
P450can1catalyt?§g%éﬁlg? £P$%§ﬁ%%bf§%sfFP?F“E?%%?ré%anZn§FéFnﬂﬂﬁnwas

puti dar edoxi n t 62BELER W ash@escaibedt imPiktiaigron: SufnowePalitn have
found that the c¢asdodi espbakl & MeEitineSMiiddickyganhbaearodeRBPRETGSo AN, d he

square root of ¥) f C har .bound. PA50ca I ndicati ng
that the overal Fgg?%giéhsg ?(ISB%&S“ Usilgéntt%:oon ol Fg‘ﬁym%v\/eaﬁgq' T&éﬁgfjr on from
| inearity has been observed for the

In the purification of the hydroxylase and protein B
components, the following wmodifications of the published
procedures were employed: After the initial ion exchange
step, the hydroxylase was applied to a Superdex 200 gel
infiltration column. Final purification was by elution of
pure hydroxylase from a Mono Q ion exchange column using a
0-30% gradient of 1M NaCl. Protein B was purified in a
similar manner except that the gel filtration medium was
Superdex 75, '

(ii) Modification of the electrodes

Gold electrodes were modified by cycling the electrode at
reducing potentials in a 5 mM solution of hexapeptide lys-
cys-thr-cys-cys-ala. When performing the reductive cycle,
care was taken not to exceed a limit of -0.85 V, because
the reduction of protons to hydrogen has the effect of
reductively cleaning gold surfaces. Ten cycles were found
to give adequate modification. The hexapeptide used to
modify the gold electrode, was purchased from Sigma
Chemical Company, Poole, Dorset. :

(iii) Redox potential measurements

Differential pulse voltammetry (DPV) was the method chosen
to measure the redox potentials of the hydroxylase di-iron
centres.

DPV experiments with the sMMO hydroxylase produced two
waves at 4 +10 (wave I in Figure 1) and -386+144 mV



canphor-free enzyne. This my be caused either by adsorption to
the el ectrode surface, or by the fact that the heterogeneous el ectron
transfer process is no |onger diffusion controll ed. The first of these is
unli kely because the gl obal structures of canphor-bound and canphor- free
PA50cam are very simlar, and thus both fornms are expected to have simlar
affiniti esWY36R el ectrode surface. This therefore i rrpl?‘é'E!GP?f’éﬁnstlhe rate
of het erogeneous el ectron transfer to the canphor-free formis |ower than

that to the canphor-bound form Thisigould be due to the relatively h| gh
reorgani sation required to WO 97/ 43632

PCT/ GB97/ 0125daee (iodmc #igheefl )V ehwndagdichat eatiwdic sgiam .f eTheugedks m from

the six- Coorgfé"aggtriﬁwié&" EocﬁﬁghQufsrteearﬁf‘Zé’@@mn&méf@c@fﬁr% | Seidte | 0ss of
t he haem bound water |[] requirenent is S|mlar to that for the

reduction of CFARRAGHSS SRhthA h}ﬁ%“ URIHA" £ Fave a  high

reor gani sati on energy corrpared to the reduction of cytochrone, which has
si x-coordi naﬁfff@fénﬂfaqnimlleeb%ftéﬁﬁéﬂ& Jidvh elhOUSed Rt WELR the
Canphor-boung°§§§£¥§g2al g%éékoné?JW(Eéaycrystagglne gold (4 wm
diameter) disc electrode arranged in a small volume
(300-400 ml), three-electrode, two compartment glass cell.
A saturated calomel electrode (SCE) (Radiometer K-401)
served as the reference electrode. All_potentials herein
are in reference to a SCE. All experiments were performed

in 40mM MOPS buffer at pH 7.0 and 23°C.

(iv) Effects of protejns B and B’
In addition, the effects of proteins B and B’ on the redox
reactions were determined.

Further experiments were carried out with the addition of
the regulatory protein B to the solution used for
Differential pulse voltammetry to determine if there was
any effect of its presence on the hydroxylase
electrochemistry. In these experiments, protein B was
added to the hydroxylase in a maximum ratio of 2:1

(B: hydroxylase). Higher B:hydroxylase ratios resulted in
a decrease 3in both current peaks to negligibly small
values, probably due to electrode fouling. The electrode
was modified before measurement with each different protein
B concentration to ensure maximum uniform, £resh coverage.
As shown 1in Figure' 2 increasing the concentration of
protein B resulted in a shift of both the first and second
wave peak potentials toward more negative values. However,
each potential was affected differently. The overall shift
in the first potential was 29 mV, but was 47 mV for the
second. This is due to the different binding constants for
protein B when the hydroxylase di-iron centre is in the
mixed valent or fully reduced states.



forms of the enzyne have five-coordinate, high spin haemiron, and the
reorgani sation barrier to both honbgeneous and heterogeneous el ectron
transfer should be |ow. The el ectrochem cal response of P450cam at a bare,
negatively charged cpg el ectrode strongly suggests that, despite the

overal | negaty ge of the protein at pH 7.4 (pl = 4.55 ific
! Rl

pattern of positively charged surface am no acid residues f
interaction between the enzynme and the el ectrode surface in such a way that
het er ogeneous el ectron transfer can takd place. Conputer nodelling and

mut agenesi s studi es i.ndi.cate that the sig residues Arg-72, Arg-112,

Arg- 364 and Lys-lﬁlszf)c&r?%f‘ﬁg soP% a}fétsp*f ‘%Z?o a&&m?eﬁa@f éa]dtﬂ'géi i ¢ residues
on the surface ®f4H M iwgreedekermined Hiox @rotesinbetnoutinchése theo prot ei ns.
From the hi gh resotuireneyyshal relturie(£r)0f £dAROGHN tid @8R BIH1AGR,

enoyme whor o { NESTERSR N 0y AT O R, o Rhe P J8APFERES 1% KaGize the
el ectron transfeMyatte Bongtiamt Beher al1970decl Rropentiiels dofiorGrapdejadr
separation, it rRépraRnRadbbAst @rasmuiEidiat cidised eSfoﬁ_iﬁﬁihge Sielsace of
P450cam wi | | f {n%geth é@e g@ébd-':&r&gﬁ't fgr uti daredoxi n,and the region of
interaction wth THE &l &Ct rode us 4Ft CaAP PR SECBNAFOR BRI o St (T8I y
charged resi dueaSdktdon 9§ pwwe|pratein Bhe the drawicatedbiomeat R4Shedm and
the bare cpg electhaddeno effect on the electrochemistry of the sMMO
hydroxylase. However, in a B+B’ mixture, the effect of
protein B on the potential shift becomes less pronounced
and a slight increase in Kd for both reduced states of the
protein was observed. In the presence of protein B’,
Kd = 3.49 + 0.17 M for the mixed valent and Kd = 8.50 %
0.20 M for the fully reduced state were estimated for the
hydroxylase-protein B complexes. This finding indicates
that a B+B’ mixture, reduction of the hydroxylase somehow
becomes limited. The reduction potentials and binding
constants of the hydroxylase-protein B complexes under the
various conditions investigated are summarised in Table 1.



WO 97/ 43632 PCT/ GB97/ 01251 10 Thus
an edge-pl ane graphite el ectrode can successful replace the chain of

physi ol ogi cal electron transfer proteins in the first electron transfer to
cytochronme P450cam the direct electrochem stry being substrate dependent.
The invention wll now be further described, purely by way of exanple, wth
ref erence t%om‘gﬁ?}ccorrpanyl ng exanpl es and dravm ngs, in CTEBIHY re 1
shows a Differential voltamogram of 2346 nM hydroxyl ase sol uti ons -a
| ys-cys-thr-cys§c®s-ala nodified gold el ectrode in 40mv MOPS, pH 7.0 (the
background curr®nf® has been subtracted). Figures 2A and 2B show t he effect
of increasing conaentrations of protein B (1) or B (2) on the potentials
of the first (ay @nd second (b) electron transfer. [Hydroxylase] = 21nV

40MM MOPS, pH 7%0% The electrode prior to each neasurenent.
Fi gures 3A and §Bushom1t1qneffe:t of § ncreasipjg concentrations of protein B
on the potentlagsmof thejfirlst [a) and secondff(b) electron transfer in the
presence of 14 H
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protein B . [Hy
shows the cycli
dependence of t
canphor - bound a
PCT/ GB97/ 0123],

capsul at us (Ba?% 0

& Dalton, H (1
capsul atus (Bat
of the hydroxyl
the published p
step, the hydro
columm. Final p
I on exchange co
purified in a

droxylase =21 mM [B] =4 MM 40 MM pH 7.0. Figure 4

¢ vol tammograns of cytochrone P450cam Figure 5 shows the

he cat hodi c peak current on the potential scan rate for
nd canphor- free cytochronme P450cam WO 97/ 43632

990) "Sol ubl e Met hane Monooxygenase from Met hyl ococcus

h)". Methods in Enzynol.1388, 181-190. In the pu;ification f
d tein B t t he fol | ow nodi fications o
B3 S i e S oo Oy AR (FORATS S8 OF A% BROERENLARR

gpiponen®s cfppsM¥d tgave Sgpitelexa 200dgel rangs | bfat redox

btEhefhi ®ENRENEY: R iWhiiaRR]1 01 MDY HEAXYE ASR HsOM Aedbno Q

i - 309 i n B was
Eg%af Sllne%,og'c Opgge/f)lgira%.dsl e@grOfM .1Mc§%sdulatusp ' O(thlth were

determined using redox indicator titration and EPR
spectroscopy. The extent of reduction was monitored solely
by spin quantitation of the characteristic EPR spectrum of
the mixed valent state. Woodland et al. reported values

of E'’= -106 mV and E* = -269 mV and those of Liu were B’ =
-196 mV and E" = -379 mV and in more recent measurements E’
= -144 mV and E" = -344 mV.

In the studies of M. trichosporium OB3b sMMO, Mossbauer
spectroscopy was used in parallel with EPR spectroscopy to
determine the concentrations of reduced species. The M.
trichosporium OB3b sMMO titration resulted in formal
potentials of E' = -168 mV and E" = -233 mV.

These data on the redox potentials of the sMMO hydroxylases
are summarised in Table 2. In this study the redox
potentials values have been determined for the individual
electron transfer steps using a direct electrochemical

- method with the modified gold electrode. The reduction of

the fully oxidised Fe(III)Fe(III) form to the mixed valent
Fe(II)Fe(III) state occurs at 4 + 10 while the potential
for the formation of fully reduced Fe(II)Fe(II) species was
determined to be -368 + 10 mV (E"). These values differ
from those previously reported which, as stated above,
differ among themselves (Table 2.). At present there is no
clear explanation for these differences but the
preparation, purity and activity of the proteins used in
each study, as well as some morphological differences
between the M. trichosporium OB3b and M. capsulatus (Bath)
hyroxylases may be relevant. However, the hydroxylase
components from the two organisms have essentially
identical spectroscopic characteristics and very similar
homology as well as similar substrate specificities.

nples (1) Gowh of the enzyne G owm h of Mt hyl ococcus
gani smwas carried out as described in BOHGEIYPER s o,



simlar manner except that the gel filtration nmediumwas Superdex 75. (ii)
Modi fication of the el ectrodes Gold el ectrodes were nodi fied by cycling the
el ectrode at reducing potentials in a 5 nM sol ution of hexapeptide |ys-
cys-thr-cys-cys-ala. Wen perform ng the reductive cycle, care was taken
not to exceg(d alimt of -0.85 V, because the reduction of protons to

hydr ogen ha¥t%#32fect of reductively cleaning gol d surf Z&CIGBITERSEy | es
were found to give adequate nodification. The hexapepti de used to nodify
the gol d el ectrode, was purchased fra® Si gnma Chem cal Conpany, Pool e,
Dorset. (iii) Redox potential neasurenents Differential_ pulse voltametry
(DPV) was t h@hesehegechs$dert Poddlce sMFrdesdoRf pstentdifcreprnches

hydr oxyl ase dmongomheesleesroddnmicgleriesabts masth Héecaldiidelrpdr oxykase

3P o iy i Sudedth S S Mg BRSHEIL B, 17

in Figure 1) e¥FPrngstdrrendenssi en st absRiupe Auantisasion| ptittee E8At he

first and secpedrehecis omslpebii of the three redox states of sMMO
hydroxylase as a means to determine the extent of overall
reduction. Another source could be in the method of
measurement itself. The earlier multi-component reaction
mixtures were composed of a set of redox dyes
(for calibrating the potential axis), dithionite or
reduced methylviologen as reductants and
ferriciniumcarboxylic acid as oxidant. The interactions
occurring between the protein and these components might
affect the redox potentials and a specific case of redox
indicator interaction with hydroxylase has been reported.
In addition, there may be some temperature dependence
associated with these potentials.

The EPR and Mossbauer measurements were carried out at
4.2 - 18 K.



transferred to the hydroxylase di-iron centre. Differential pulse

vol tanmmetry (DPV) was perfornmed at a conventi onal stationary
polycrystalline gold (4 nmdianeter) disc electrode arranged in a snall
vol une (300-400 m ), three-electrode, two conpartment glass cell. A
saturated cal gsjlgg;ectrode (SCE) (Radioneter K-401) served é‘»f/gh?ﬁonsx
reference ele (4 potentials herein are in reference to a SCE. All
experiments were perfor Wfer at pH 7.0 and 23[err]C (1Vv)
Effects of proteins{B a the effects of proteins B and B
on the redox reactigns urther experinents were carried
out with the additid¢gn o rotein B to the solution used for
Differential pulse \olt ne if there was any ef f ect of
i'ts _presence on |(the trochem stry. In these
experinments, pr@teiry B ydroxyl ase in a maxi numratio of
2:1 (B hydroxymase). H e ratios resulted in a decrease in
bot h- current peaks toun | ues, probably due to el ectrode
fouling. The el ctrdd e nmeasurenment with each different
protein B conceptraty n @uth uni form fresh coverage. As shown
in Figure 2 |ncﬁea5|ng the [conpentirat] @njjof protein B resulted in a shift
of both the firgt arjdesecord <
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wave peak potentials toward nore negative val ues. However, each potenti al
was affected differently. The overall shift in the first potential was 29
nV, but was 47 nV for the second. This is due to the different binding
constants for protein B when the hydroxylase di-iron centre is in the m xed
valent or fully reduced states. WO 97/ 43632 :
PCT/ GB97‘/0]:‘Z§f¥P§3b ssoci ation constants. Kd = 2.06+ 0.23 POT&GRI7M28 + 0. 45
M were determ ned for protein B binding to the Fe(lll)Fe(ll) and
Fe(l1)Fe(ll) fornms of the hydr oxyI asdB respectively, according to the

met hod descri Hunst (197 "Properties of

G aphi cal ﬂ?ig’ggn?%\t F‘gL‘éé"b‘fatl\ﬂﬁ tFP%e EISE%E%%’%SL}HP B??ﬁf%‘?ﬁj’ sthesTedgkochem
10, 3065- 306®0tﬁst@ah5ben@epnoltenm Ei gm@r& ttdh et leed itd rmxyd ispuwvepr ot ei n
B, the trungajedst QE:GhOEeHEPéeiQ Bnhads por&id esséuﬁ@lbhesehe&y ochgm stry

of the sMMO hyd rox ase. a B+B' m xtur ect of protein
B on the pot &REE OEnFRe %@*&%nppﬁdﬁnc‘?@s&ﬁatﬁssﬁw ) i3 ease in
Kd for both w’bdm@hssat:esumfoalte redictionwpeteftsiadled Tabiet 2¢ , ptasence of
protein B, Kdsso3i4Pidn0. LénMiREst heot xegevaligpy afd ) 78139 .8

complexes are similar, ie K4 = 2.06 mM for the former and

Kd =1.7 mM for the latter. However, the dissociation

constants for the Fe(II)Fe(Il).B complexes vary

considerably, ie Kd = 7.01 mM for M. capsulatus (Bath) and

Kd =500 mM for OB3b. |

Interesting effects are observed when protein B’ is present
in the hydroxylase solution to be electrochemically
reduced. Protein B’ alone does not have any effect on the
redox behaviour of the hydroxylase. However, the binding
of protein B becomes less strong in the presence of protein
B’ and results in a slightly higher observed Kd of 3.49 +
0.17 M for Fe(lI)Fe(IIl) form and of 8.5 + 0.20 M for
Fe(II)Fe(II) complex. This indicates that protein B’ also
binds to the hydroxylase, but does not form as strong a
complex, which is in agreement with the SPR results.

(v) Elecrtrochemistry

Unmediated, direct electrochemistry of the sMMO hydroxylase
di-iron centres was undertaken using modified gold
electrodes.

- {vi) Use of cvtochrome P450cam

Figure 4 shows the cyclic voltammograms on an edge-plane
graphite electrode of (1) 15 M cytochrome pH 7.4 and

(2) 18 M cytochrome P450cam in 40 mM potassium phosphate
buffer, pH 7.4 containing 1 mM D-(+)- camphor. The
camphor-bound form of the enzyme shows a similarly shaped



0.20 Mfor the fully reduced state were estimated for the

hydr oxyl ase- prot ei n B conpl exes. This finding indicates that a B+B

m xture, reduction of the hydroxyl ase sonehow becones limted. The
reduction potentials and binding constants of the hydroxyl ase-protein B

fi?npl e%sgglnder tl}lﬁss\éarl ous conditions investigated are sunnp&,aﬁgndﬂkﬁabl e

PCT/ GB97/ 01251 14 [err] WO 97/ 43632
PCT/ GB97/ 01251 15 Previous studies of tHé redox properties of the

hydr oxyl ase co ;,sgf (% gazy)e A1 1580219 @G, ra‘i‘ﬂ@sé’fpdt?é}f%)ia@@t eghial s
for the individual “e tron“transfer_ steps. Two formal redox otentials for

M capsul atus ( Bdih Sﬂérfé déy Mﬁﬁéﬂahs?%gcﬁw H‘?ﬂl’id&&?of’%t +EPaf¥ oh®afld EPR
spectroscopy. The®xipoatitaier edligd, @revan preassmalae sgirebpehy wiim

quanti tation of éml%qagéegﬁuaaé&n'éﬁmp&é‘égam% bheudd ved-¥ad & aghat e.
Wodl and et al. 1€

-414 mV respectively.

Figure 5 shows the dependence of the cathodic peak current
on the potential scan rate for camphor-bound and camphor-
free cytochrome P450cam. Conditions are as in Figure 1,
except that the temperature was 180C. The cathodic peak
current exhibits a linear dependence on the square root of
the scan rate (vv) for camphor-bound P450cam, indicating
that the overall process is diffusion controlled.

vii) Electro ical con io £ r to - -
hydroxy camphor

Having achieved the electrochemistry of cytochrome P450cam,
the enzyme was used in the conversion of camphor to 5-
exohydroxy camphor. The enzyme was constrained at the
electrode surface by use of an Eastman membrane, AQ40. The
potential was varied from + 0.2 V to -0.8 V slowly scanning
at 50 mV/s; dioxygen was bled into the solution and
periodically the system was analysed for 5-exo-hydroxy
camphor. It was found the formation of 5-exo-hydroxy
camphor increased to 100% after 2 hours.

While the present specification includes theoretical
statements concerning the mechanisms by which certain

- processes referred to herein are thought to proceed, it is
not intended that the present invention is to be limited by
such statements.



of E=-106 nV and E' = -269 nV and those of Liu were EE = -196 nV and E' =
-379 nV and in nore recent neasurenents E = -144 nV and E' = -344 nV. In
the studies of M trichosporium OB3b sMMO, Mssbauer spectroscopy was used
in parallel with EPR spectroscopy to determ ne the concentrations of
reduced spe The M trichosporiumOB3b sMVMO titration resulted in .
formal pot eﬁ‘qu}ﬂ‘g 63%f £ = -168 nV and E' = -233 nV. These REWGBMShe r edox
potentials of the sMMO hydroxyl ases are sunmari sed in Table 2. In this .
study the redox potentials val ues haved been determ ned for the individual

eI-ectronc fer steps using a direct electrochemcal nethod with the
m)dified—g%ﬂggel ectrode. The reduction of the fully oxidised Fe(lll)Fe(lll)
formto the mxed valent Fe(ll)Fe(lll) state occurs at 4 + 10 while the

potenti aj . f ora tha Hoy ?B&" eme Q:frafnﬁlfleY‘ 61?@1%%%56& I b ikl hnS tﬁ:%
determ ned.to be -368 g(lslcé‘i se values differ ?romt

previ ous?‘?dr%bSP‘Fmev&ﬁ EH e 1&5 \RFOGESEr EPTRIMGIRS Fﬁ%ﬁ?s’éﬂi\}f@? (Tabl e
2.). At enegeattd latheres tpotbkealectmdal.anati on for t hese di ff erences
but t he preparation, purlty and activity of the proteins used in each

st udy, we as so hol ogi cal dlfferences between the M

tri chospgrl urfik ai/l c At ER B W rdfadde drpasE etelidvant .

However , dlthethydroxyl ase corrponents fromthe two organi snms have
essentially
3. A method for the electrochemistry of an enzyme in which

method the electrochemistry is direct electrochemistry carried
ocut in the absence of mediators.

4 A method as claimed in any of claims 1 to 3 in which the
enzyme is methane monooxygenase.

5. A method as claimed in any of claims 1 to 3 in which the
enzyme is a P450 or modified P450.

6. A method as claimed in any of claims 1 to S5 in which the
enzyme is a hydroxylase.

7. A method as claimed in claim 6 in which the hydroxylase is
a soluble methyl monooxygenase.

8. A method as claimed in any of the preceding claims in which
the enzyme contains a di-iron centred active site.

- 9. A method as claimed in any of claims 1 to 8 in which the
enzyme contains a porphyrin-containing active site.

10. A method as claimed in any of claims 3 to 9 in which the
electrochemistry involves the direct transfer of electrons.

11. A method as claimed in any of the preceding claims in which
the electrochemistry is carried out using a modified gold
electrode.

A



I dentical spectroscopic characteristics and very sim |l ar honol ogy as well
as simlar substrate specificities. WO 97/ 43632

PCT/ GB97/ 01251 16 Therefore, other possible sources of the discrepancies

anong the el ectrochem cal results nust be considered. It has already been

suggested th S 3ﬁgssi bl e source of error is dependence o é];@{ ute-
' quantitationa-gv tﬁe PA spectra of only one of the three re}o 92{@%&& -
sMMO hydroxyl ase as a neans to determ the extent of overall reduction.
Anot her source could be in the nethod of” neasurenent itself. The earlier

Tul ti - coMPPReNta LARALEEANET HbHS £51H5 S EPURARRIL 06 Ferfly She il RS (for

calibrating ,the potenti axl s Il Qni t.e

, , | or. reduced .

met hyl vi ol SHEFRPLR TPR RS aift sthe ApteeereTha A aPbo R FB%8BRd 18s th8i dant .
The i.nt er agbsemse ocxfur mediptmts)eebhehepymassei ncampridioge toapoirent $he ght
af fect thegoigdOxXo@oOt AU @l ﬁe&ﬁgﬂ@. speci fic case of redox indicator

I nteraction wth hydroxyl ase has been reported. In addition, there may be
sone 't enper at ure dependence associ ated with these potentials. The EPR and
Mossbauer mBasukepeodessiase ctaimeédimutlaim 12 in which the enzyme is a

monooxygenase.

14. A process as claimed in claim 12 or claim 13 in which the
enzyme has a di-iron or porphyrin-containing active site.

15. A process as claimed in any of claims 12 to 14 in which the
petptide comprises a hexapeptide.

16. A process as claimed in claim 15 in which the hexapeptide
contains cys and lys residues.

17. A process as claimed in claim 16 in which the hexapeptide
is a lys-cys-thr-cys-cys-ala.

18. ' A process as claimed in any of claims 12 to 17 in which the
treatment involves voltammetric cycling the electrode in a
solution of the hexapeptide while avoiding reductive cleaning of
the electrode.

19. A process for the oxidation of a substrate by wmolecular
oxygen in the presence of an enzyme, the process comprising
direct electrochemistry carried out in the absence of mediators.

20. A process as claimed in claim 19 in which the enzyme is a
moncoxygenase.

21. A process as claimed in claim 20 in which the enzyme has a
di-iron or porphyrin-containing active site.

22. A process as claimed in any of claims 19 to 21 in which the
substrate is methane which is oxidised to methanol.
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4.2 18 K WD 97/ 43632
PCT/ GB97/ 01251 17 [err] WO 97/ 43632

PCT/ GB97/ 01251 18 Table | illustrates the relationship between the redox
potentials and protein B binding to the hydroxyl ase when the di-iron centre
s in different oxidation states. In spite of the differences in the M.

capsul atus (YQPH$363hd M trichosporium OB3b reduction pot eRETMGBITAISL| e 2)
the dissociation constants for the two Fe(lll)Fe(ll).B conplexes are.
simlar, ie Kd = 2.06 nMfor the forne2z2and Kd =1.7 nMfor the latter.
However, the dissociation constants for the Fe(ll)Fe(ll).B
conpl exes23 - va PRAS®SiSdaF aplaimad iRdary oD Elgimsot? Mo @apénlwrich W& h) and
Kd =500 ndhbstrddBhis lcamphost ang B feaidd safetobsesmehyiiorypagbron. B' is
present in the hydroxylase solution to be electrochemcally
24. A process as glaimed in any of claims 19 to 21 in which the
substrate comprises polycyclic aromatic hydrocarbons which are

oxidised to 5-exo-hydroxycamphor.

25. A process as claimed in any of claims 22 to 24 in which the
hydroxylase is derived from cytochrome P450cam.

26. A process as claimed in claim 25 in which cysteine is
removed from the reaction medium.

27. A methed for the transfer of electrons between an electrode
and an enzyme in an electrochemical process substantially as

hereinbefore described with reference to the examples and to the
figures.

28. A process for the electrochemistry of an enzyme
substantially as hereinbefore described with reference to the
examples and to the figures.

29. A process for modifying an electrode to render the electrode
suitable for use in the electrochemistry of an enzyme in the
absence of mediators substantially as hereinbefore described with
reference to the examples and to the figures.

30. A process for the oxidation of a substrate by molecular
oxygen in the presence of an enzyme substantially as hereinbefore
described with reference to the examples and to the figures.
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reduced. Protein B al one does not have any effect on the redox behavi our
of the hydroxyl ase. However, the binding of protein B becones |ess strong
in the presence of protein B and results in a slightly higher observed Kd
of 3.49 [err] 0.17 Mfor Fe(ll)Fe(lll) formand of 8.5 + 0.20 Mfor
Fe(l1)Fe(ll) conplex. This indicates that protein B al so bi :
hydr oxyl ase, P UEEZ not form as strong a conpl ex, which isggﬁ’&gg}@gﬁent
with the SPR results. (v) Electrochem stry Unnedi at ed, direct

el ectrochem stry of the sMMO hydroxyl ase di-iron centres was undertaken
usi ng nodified gold electrodes. (vi) Us cytochrome P450cam Fi gure 4
shows the cyclic voltamobgrans on an ef ﬁane graphite el ectrode of (1)
15 M cytochrone pH 7.4 and (2) 18 M cyt'ochronme P450camin 40 nM potassi um
phosphate buffer, pH 7.4 containing 1 nMD-(+)- canphor. The
canphor - bound form of the enzyme shows a simlarly shaped WO 97/ 43632
PCT/ GB97/ 01251 19 response (Figure 4) at -390 10 nV. These potentials, and
the shift in potential  gn canphor binding of 136 nvV to a
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nore positive value, are in reasonable agreenent with earlier
potentionetrically determ ned values of -540 nV and -414 nV respectively.
Figure 5 shows the dependence of the cathodic peak current on the potenti al
scan rate for canphor-bound and canphor- free cytochrone P450cam
Conditions are _as_in Figure 1, except that the tenperature The
cat hodi ¢ peak NOPPEM2 exhibits a |inear dependence on the sgﬁééﬁgﬁéplof
the scan rate ([err]v) for canphor-bound P450cam indicating that the
overall process is diffusion controlled. (vii) Electrochem cal conversion
of canphor to 5-exo- hydroxy canphor j1g ‘achi eved the el ectrochem stry
of cytochrone P450cam the enzyne was d™ n the conversion of canphor to
5- exohydroxy canphor. The enzyme was constrained at the el ectrode surface
by use of an Eastman nenb[ame Ao afPed from+ 0.2 Vv
to -0.8 V slowy scanning| at 6% M/ s; di oxyge s bled}into the solution
and periodically the systpmwas gnal ysed for 5-eko-hydrgxy canphor. I t
was found the formation of 5-exo-thydroxy canph i ncreaged to 100% after 2
hours. Wile the present ppecifiqation includey theoretTfc tements
esses re erre$o herein are
n

concerni ng the nechani sns} by whi ¢gh certain pr

t hought to proceed, it isjnot inffended that e present fi nvent on is to be
limted by crj i Nw-:‘
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such statenents. WO 97/ 43632

PCT/ GB97/ 01251 20 CLAI M5 1. A nethod for the transfer of electrons

bet ween an el ectrode and an enzynme in an el ectrochen cal process conprises
causing the enzyne to adhere to the el ectrode. 2. A nmethod as clainmed in
claim1 in which the transfer is direct. 3. A method for t JGBY7/01251 :
el ect rochem stY9 %632 enzyme in which nethod the el ectrochebt LEPy I &
direct electrochem stry carried out in the absence of nediators. 4 A
method as claimed in any of clains 1 to 3 in which the enzyne is nethane
monooxygenase. 5. - A nethod as clalne ny of claims 1 to 3 in which
the enzyne is a P450 or nodified P450. ASFA nmet hod as clainmed in any of
claime 1 to 5 in which the enzynme is a hydroxyl ase. 7. A et hod as

& hy|

claimed in claim®6 in whi ¢ TQE Nydroxyrase 1s g
nonooxygenase. 8. A net hod ggyclaimed in any ¢ prleceding clains in
whi ch the enzyne contains|a diglron centred act e.
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9. A nmethod as clainmed in any of clains 1 to 8 in which the enzyne
contains a porphyrin-containing active site. 10. A nethod as clained in any
of clainse 3 to 9 in which the electrochem stry involves the direct transfer
of electrons. 11. A nethod as clained in any of the preceding clains in
which the electrochem stry is carried out using a nodified ode.
WO 97/ 43632 WO SHiasss2 Y k PCT/ GBQ%%Z@%E%{ 12.

A process for nodifying an electrode to render the el ectrode suitable for
use in the electrochem stry of an enzyne in the absence of nediators, the
pr.ocess conprising treating the el ectrpd ith a peptide. 13. A process as
claimed in claim12 in which the enzy4£ érg nonooxygenase. 14. A process
as claimed in claim12 or claim13 in ich the enzyne has a di-iron or

por phyrin-contai ning active site. 15. A process as clained in any of clains
12 to 14 in which the petptide conprises a hexapeptide. 16. A process as
claimed in claim15 in which the hexapeptide contains cys and |ys residues.
17. A process as claipmed in claim16 in which the hexapeptide
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is alys-cys-thr-cys-cys-ala. 18. A process as clained in any of clains 12
to 17 in which the treatnent involves voltammetric cycling the electrode in
a solution of the hexapeptide while avoiding reductive cl eaning of the

el ectrode. 19. A process for the oxidation of a substrate by nol ecul ar
oxygen in the e of an enzyme, the process conprising di
electrochenisyg&ﬁ%iﬁﬁied out in the absence of nediators. 2cfE%@5%b§%E%s- as
claimed in claim19 in which the enzynme is a nobnooxygenase. 21. A process
as claimed in claim20 in which the enzyne has a di-iron or

por phyrin-containing active site. 22. A procéss as clained in any of
claims 19 to 21 in which the substratgf;;gﬁﬁthane which is oxidised to

met hanol . WO 97/ 43632

PCT/ GB97/ 01251 22 23. A process as claimed in any of clains 19 to 21 in

whi ch the substrate is canphor and is oxidised to 5-exo-hydroxycanphor. 24.
A process as clained in any of clains 19 to 21 in which the substrate
conpri ses pol ycyclic aromatic hydrocarbons which are oxidised to

5- exo- hydr oxycanphor. 25. A process as clained in any of clainms 22 to 24 in
whi ch the

FIG.5.
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hydroxyl ase is derived fromcytochrone P450cam 26. A process a
glaim25 in which cysteine is renoved fromthe reaction nedi um
of electrons between an electrode and an'en
process substantially as herei nbefore desc

et hod for the transfer
an el ectrochem cal
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A method for the transfer of electrons between an clectrode and an enzyme in an electrochemical process in which the enzyme is




