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the difficulty in isolating sufficies quantities of the nono- oxygenase
enzyne and/or the associated electron-transfer proteins. Despite the

avai lability of am no acid sequences of nore than 150 different cytochrone
P- 450 nono- oxygenases, to date structural date of only three are
avail abl e[err], and few have been succgssfully over-expressed in bacteri al
systens[err]. One cytochronme P-450 nono- oxygenase, which is soluble and
can be expressed in sufficient quantities, is the highly specific
P-450cam from P. putida which catal yses the regio- and stereo- selective

hydr oxyl ati on of camyhor to 5-exo-£%droxycanphor6. The high resolution
crystal st PEIANT r NONGHOXYCENAREA RY 10EHOMFe BH50CaBt er i ned[ err], and since the

mechani sm of action of this bacteri al

The present invention relates to a mutant of the WMONo -oxygenase

cytochrome P-450cam.

Mono-oxygenases catalyse the selective oxidation of activated
and unactivated carbon-hydrogen bonds using oxygen', and are
therefore of great interest for potential use in organic
synthesis. However, progress in this area has been hampered by
the difficulty in isolating sufficient quantities of the mono-
dXygenase enzyme and/or the associated electron-transfer
odroteins. Despite the availability of amino acid sequences of
nore than 150 different cytochrome P-450 mono-oxygenases, to
late structural date of only three are available?**, and few have

>een successfully over-expressed in bacterial systems®.

Jne cytochrome P-450 mono-oxygenase, which is soluble and can be
*xpressed in sufficient quantities, is the highly specific
?-450cam from P. putida which catalyses the regio- and stereo-
ielective hydroxylation of camphor to 5-exo-hydroxycamphor®. The
1igh resolution crystal structure of P-450cam has been
letermined’, and since the mechanism of action of this bacterial
:nzyme is believed to be very similar to that of its mammalian
‘ounterparts, it has been used as a framework on which

itructural models of mammalian enzymes are based.

—_—
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————
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enzynme is believed to be very simlar to that of its mammali an
counterparts, it has been used as a framework on which structural nobdels

of mammal i an enzynes are based. 2
rhe nucl eoti de sequence and correspondi ng am no aci d sequence of ?-450cam
have been described[err]. The location2f an active site of the enzyne is

known and structure-function relationships have been investigated[err].
Mitants 6&he rugberEide [namiensgeandDestresponding rniryl agid seguende24? and

295 positions[err] and it the 87_positionLerr]. A mutant in which
tyrosi ne @64% B ha¥e been described’’. The location of an active

site of the enzyme is known and structure-function relationships
1ave been investigated"’. Mutants of P-450cam have been
iescribed at the 101 and 185 and 247 and 295 positions®!*!' ang
it the 87 position'”. A mutant in which tyrosine 96 (Y96) has
>een changed to phenylalanine 96 (the Y96F mutant) has been
iescribed'?!*Y. But in all cases the papers report effects of
:he mutations on the oxidation reactions of molecules which had
Jreviously be:n shown to be substrates for the wild-type enzyme.
‘here is no teaching of how mutations might be used to provide

>iocatalysts for oxidation of different, novel substrates.

:n an attempt to develop new biocatalysts, we have initiated a
)roject which aims to redesign P-450cam, such that it is able
wre effectively to carry out specific oxidations of organic
wlecules whether or not these are substrates for the wild-type

)rotein.

‘he three dimensional structure of P-450cam shows the active
iite to provide close van der Waals contacts with the
lydrophobic groups of camphor as shown in Figure 1. Of
)articular significance are the contacts between camphor and the
'ide chains of leucine 244, valine 247 and valine 295. Three
wromatic residues (Y96, F87 and F98) are grouped together and
.ine the substrate binding pocket, with a hydrogen bond between

yYrosine 96 and the camphdr carbonyl oxygen maintaining the



been changed to phenyl al anine 96 (the Y96F nutant) has been

Descri bed[err]. But in all cases the papers report effects of the
mut ati ons on the oxidation reactions of nolecules which had Previously
been shown to be substrates for the wild-type enzyne. there is no teaching
of how mutations mght be used to provide Aiocatalysts for oxidation of
different, novel substrates. in an atBenpt to devel op new bi ocatal ysts,

we have injitjated a ect which ains to redesign P- am such that it
'S hble | BvRSLFREE  1BeRher otarRD Brtoabathpho By PR RNE e (et Ana

ol ecul es #hgLhEr gLe00k; LB % AT G SYRSILAlgS for the wild-type protein,

Lipscomb and co-workers'® demonstrated in 1978 that wild-type

P-450cam showed a propensity to dimerise, but they also reported
that the catalytic activity of the monomer and dimer towards
camphor oxidation were indistinguishable. Since the
dimerisation reaction could be reversed by thiol reducing
agents, they concluded that it occurred by intermolecular
cysteine disulphide (S-S) bond formation. They were unable to
determine whether dimerisation involved more than one cysteine
per P-450cam molecule. Nor were they able to identify the key
cysteine residue(s) involved in this reaction because neither
the amino acid sequence nor crystal structure of P-450cam were

known at the time.

We used molecular modelling to investigate the likely effects of
points mutations to the three aromatic residues (Y96, F87, F98)
in the active site pocket. We noted that replacement of any of
these aromatic residues with a smaller, hydrophobic non-aromatic
side-chain could provide an "aromatic pocket" which could be
used to bind more hydrophobic substrates. The program GRID' was
used to calculate an energy of interaction between an aromatic
probe and possible mutants of cytochrome P-450cam where these
residues were changed to alanine (F87A, Y96A and F98A). The
results were then examined graphically using the molecular

modelling package Quanta't.



the three dinensional structure of P-450cam shows the active ite to
provi de cl ose van der Waals contacts with the Hydrophobic groups of
canphor as shown in Figure 1. O particular significance are the
contacts between canphor and the ride chains of |eucine 244, valine 247
and valine 295. Three tromatic residueg (Y96, F87 and F98) are grouped
together and .ine the substrate binding pocket, with a hydrogen bond

between .YyhesinecRcangdobhe &PPRAOEA CAHOMAVOX Y NSt rdRGEsNg bieding

3 substrate in the correct orientation to ensure the regi o- and
interaction within the active site cavity accessible to the
aromatic probe, with that of Y96A being slightly smaller, and
that of F87A being substantially less. It was decided in the
first instance to mutate tyrosine 96 to alanine as it is more
central to the binding pocket, whereas phenylalanine 98 is in a
groove to one side. Also, removal of tyrosine 96 should

decrease the specificity of the enzyme towards camphor due to

the loss of hydrogen bonding to the substrate.

According to one aspect of the present invention a mutant of the
mono-oxygenase cytochrome p-450cam is provided in which the

cysteine residue at position 334 is removed.

Preferably the removal is by the substitution of another amino

acid except cysteine for the cysteine residue.

Alternatively the removal is by the deletion of the entire

cysteine 344 residue from the enzyme.

Suitably the tyrosine residue at position 96 in the mutant is

replaced by the residue of any amino acid except tyrosine.

Conveniently the amino acid is selected from any one of the

following: alanine, arginine, asparagine, aspartic acid,
cysteine, glutamic acid, glutamine, glycine, histidine,
isoleucine, leucine, lysine, methionine, proline, serine,

threonine, tryptophan, tyrosine and valine except that in the



stereo- specificity of the reaction. Li psconb and co-workersferr]
denonstrated in 1978 that wild-type P-450cam showed a propensity to

di merise, but they also reported that the catalytic activity of the
nmonormer and di ner towards canphor oxidation were I ndi st i ngui shabl e.
Since the dinerisation reaction could be reversed by thiol reducing
agents, they concluded that it occurred by internol ecular cysteine

di sul phi de dasS)oh e @sFRlinen refhade e Epsadi ¢n tIB 4 deitsy RintidioMaetier s
di merisation involved nore than one cysteine per P-450cam nol ecul e. Nor
were they ate dysdedeid ahy theckeyasysifethe tesosied edidud \aad poBithbs
reacti on because neither the am no acid sequence nor crystal structure of
P- 450cam wet&® the amino acid 1s not tyrosine.

Preferably the amino acid residue at one or more of the
positions 87, 98, 101, 185, 193, 244, 247, 2985, 297, 395 and 396

is replaced by another amino acid residue.

We examined the structure of P-450cam generated from the
published crystallographic atomic co-ordinates using the
modelling programme Quanta. We determined that there are five
cysteines near the surface of P-450cam (cysteines 58, 85, 136,
148, 334) which might participate in intermolecular disulphide
bond formation leading to protein dimerisation. We carried out
sit-directed mutagenesis to substitute each of these cysteines

to alanine, thus generating five Cys - Ala surface mutants.

The extent of protein dimerisation in the wild-type P-450cam and
the five surface Cys - Ala mutants were investigated, The
presence of dimer was detected by both anion exchange fast
protein liquid chromatography on a Resource Q column (Pharmacia)
and gel filtration size exclusion chromatography on a Superose
12 column (Pharmacia) in the wild-type P-450cam and the C58A,
C85A, Cl136A and Cl48A mutants. On the other hand, no dimer was
detected, even at high concentrations (0.1lmM range), for the
C334A mutant (see data in Figure 2). We concluded that wild-

type P-450cam underwent dimerisation by intermolecular S-S
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known at the tinme. We used nol ecul ar nodelling to investigate the likely
effects of points nutations to the three aromatic residues (Y96, F87, F98)
in the active site pocket. W noted that replacenent of any of these
aromatic residues with a smaller, hydrophobic non-aromatic side-chain
could provide an "aromatic pocket"” whichecould be wused to bind nore

hydr ophobi ¢ substrates. The program GRID[err] was used to calculate an
ener gy of dhseipbidenbbrdwéemmanianobativeenptake sardagessiyHeEing 3346 of
cytochrone P-450cam where these residues were changed to al anine (F87A,
Y96A and FI8R)Protghe mepbecdieswere then exami ned graphically using the

nol ecul ar nodel |i ng package Quantaferr].

The C334A mutation has the obvious benefit of removing unwanted
protein dimerisation, thus ensuring the presence of a single
species 1n solution at all times. In addition, we noted a
completely unexpected benefit of this mutation. Like all
proteins, wild-type P-450cam shows aggregation upon standing.
The reasons why proteins aggregate are not clear, but the

P-450cam aggregates are insoluble and catalytically inactive.
The wild-type and CS58A, C85A, C136A and C148A mutants all showed
dimerisation as well as aggregation upon storage at 4°C, and even
in 50% glycerol solutions at -20°C. Aggregation will also occur
during turnover, especially at the higher P-450cam
concentrations required in any economically viable industrial
application in, for example, synthesis of organic molecules.
The C334A mutant did not show any evidence of aggregation even
at mM concentrations at room temperature over a period of three
days. Thus, the C334A mutation has beneficial effects in

protein handling, storage, and increased catalyst lifetime.

We believe the mutation at position 96 to be the key which
enables the mutant enzymes to catalyse the oxidation of a
relatively wide range of organic substrates. Other amino acids
adjacent to the active site of the enzyme may also be mutated in
order to change the shape and specificity of the active site.
These other amino acids include those at positions 87, 98, 101,

185, 193, 244, 247, 295. 297, 395 and 396. It is envisaged that



4 The nutant F98A appeared to have the strongest binding interaction
wi'thin the active site cavity accessible to the aromatic probe, with that
of Y96A being slightly smaller, and that of F87A being substantially |ess.
It was decided in the first instance to nutate tyrosine 96 to al ani ne as
it is nore central to the binding pocketr, whereas phenylalanine 98 is in a
groove to one side. Also, renoval of tyrosine 96 should decrease
t he speci ftlke tamigfo g denzynpet onanaie cfnphesedpesivionfiendydse afedlydedgen
bonding to the substrate.

by: a small hydrophobic amino acid so as to enlarge the active

site; or a large hydrophobic amino acid so as to reduce the size

of the active site; or by an amino acid having an aromatic ring

to interact with a corresponding aromatic ring of a substrate.

Regarding the oxidation reactions, the conditions are described
in the 1literature references attached. The enzyme system
typically includes putidaredoxin and putidaredoxin reductase
together with NADH as co-factors in addition to the mutant
enzyme. The example of cyclohexylbenzene oxidation is described
in the experimental section below. Various classes of organic
compounds are envisaged and described below. We note that the
wild-type P-450cam is active towards the oxidation of a number
of molecules included in the following sections. However, in
all cases the mutant P-450cam proteins show much higher turnover

activities.

L) The organic compound is an aromatic compound, either a
hydrocarbon or a compound used under conditions in which it
does not inactivate or denature the enzyme. Since the
mutation has been effected with a view to creating an
aromatic-binding pocket in the active site of the enzyme,
the mutant enzyme 1s capable of catalysing the oxidation of
a wide variety of aromatic compounds. Oxidation of example
aromatic and polyaromatic compounds is demonstrated in the
experimental section below and is believed very surprising

given that the wild-type enzyme has been reported to



According to one aspect of the present invention a nutant of the
nono- oxygenase cytochrone p-450camis provided in which the cysteine

residue at position 334 is renoved. Preferably the renoval is by the
substitution of another am no acid except cysteine for the cysteine

resi due. Al ternatively the removal isgby the deletion of the entire
cysteine 344 residue fromthe enzyne. Suitably the tyrosine residue at

position 96 inchRg1Pekantnd S oxitRt2cRd &y bAGy' GfdnBéar Hf cBNYL T BamphbY
except tyrosine.
family and shows low activity towards a few other molecules
such as styrene', ethylber..ene’', a tetralone derivative?,

and nicotine?®.

ii) The organic compound may be a hydrocarbon, e.g. aliphatic
or alicyclic, carrying a functional group (see Scheme 1).
An aromatic protecting group is attached to the functional
group prior to the oxidation reaction and removed from the
functional group after the oxidation reaction. A suitable
aromatic group is a benzyl group. The protecting group
serves two purposes: firstly it makes the substrate more
hydrophobic and hence increases binding to the hydrophobic
enzyme pocket; secondly it may help to hold the substrate
in place at the active site. Thus, with the correct
aromatic protection group, both regio- and stereo-selective
hydroxylation of the substrate may be achieved. Examples
of monofunctionalised  hydrocarbons are cyclohexyl,
cyclopentyl and alkyl derivatives (Scheme 1) . The oxidation
products of these compounds are valuable starting materials
for organic synthesis, particularly when produced in a
homochiral form. A range-of aromatic protecting groups are
envisaged, e.g. benzyl or naphthyl ethers and benzoyl
ethers and amides (Scheme 1). Of interest are also
benzoxazole groups as carboxyl protecting groups and N-
benzyl oxazoiidine groups as aldehyde protecting groups.

Both can be easily cleaved after the enzymatic oxidation



Conveniently the amno acid is selected fromany one of the follow ng:
al anine, arginine, asparagine, aspartic acid, cysteine, glutamc

aci d, glutam ne, glycine, histidine, isoleucine, |eucine, |ysine,
met hi oni ne, proline, serine, threonine, tryptophan, tyrosine and valine
except that in the REPLACEMENT SHEET 2 7 APR 1999

5 case of the cysteine residue at position 334, the amno acid is not

cysteine and in e Kase PreviOuily OsbdR HESEFUSeAl 1ROShEI 0AceRarhbe 3 N0
acid is not tyrosine.
the microbial oxidations of aldehydes and acids®.

iii) The organic compound is a C4 to Cl2 aliphatic or alicyclic
hydrocarbon. Oxidation of cyclohexane and 1linear and
branched hydrocarbons is demonstrated in the experimental
section below. We have found that wild-type P-450cam is
also capable of oxidising these molecules, but the
activities are low and in all cases the mutants show

substantially higher activities.

iv) The organic compound is a halogenated aliphatic or
alicyclic hydrocarbon. Oxidation of lindane

(hexachlorocyclohexane) is also describe below.

Mutants were constructed in which active site substitutions were
combined with the surface mutation of cysteine at position 334
to alanine and contained alanine, leucine, valine, or
pPhenylalanine instead of tyrosine at position 96 (Y96). Lastly
several active site mutations and the surface mutation were
combined to constitute mutant enzymes with multiple mutations.
The genes encoding cytochrome P-450cam, .and its natural
electron-transfer partners putidaredoxin and putidaredoxin
reductase, were amplified from the total cellular DNA of P.
Putida using the polymerise chain reaction (PCR). The
expression vector/E. coli host combinations employed were
PRH1C91® in strain JM109 for P-450cam, pUC 118 in strain JM109

for putidaredoxin, and pGL W1l in strain DH5 for putidaredoxin



LY

Preferably the amno acid residue at one or nore of the positions 87, 98,
101, 185, 193, 244, 247, 295, 297, 395 and 396 is replaced by another

am no acid residue. We exam ned the structure of P-450cam generated from
the published crystallographic atomc co-ordinates using the
model | i ng programme Quanta. We determ neththat there are five cysteines
near the surface of P-450cam (cysteines 58, 85, 136, 148, 334) which m ght

partici patfediict a5&! MOECYbMcLkSid b ditre it § feradpet f kAN dEnds Of i n
dimerisation. We carried out sit-directed nutagenesis to substitute each
of these ows¢ ecaesietioocakanisiag ahuMigenss ai$ ngubcven€yby- thlea nattHat eof
mut ant s.

Zoller and Smith*, and mutant selection was by the method of

Kunkel?®.

Binding of potential substrates was investigated by
spectroscopic methods. The wild-type enzyme in the absence of
substrate is in the 6-co-ordinated, low-spin form with a weakly
bound water occupying the sixth co-ordination site,land shows a
characteristic Soret maximum at 418 nm. Binding of camphor and
the substrate analogues adamantanone, adamantane and norbornane
fully converted the haem to the 5-co-ordinated, high-spin form
which has a characteristic Soret band at 392 nm. This haem
spin-state shift is accompanied by an increase in the haem
reduction potential which enables the physiological electron-
transfer partner putidaredoxin to reduce P-450cam and initiate
the catalytic hydroxylation cycle®*. The haem spin state shift
is thus a qualitative indication of the likelihood of molecules
shown in Tables 1 and 2 being oxidised by the wild-type and

mutant P-450cam enzymes.

A buffered solution (50 mM Tris.HCI, pH 7.4), typically 3ml in
volume, containing 10uM putidaredoxin, 2 uM putidaredoxin
reductase, 1 uM cytochrome P-450cam mono-oxygenase (wild-type or
mutant), 200 mM KCI, 50 ug/ml bovine liver catalase (Sigma), and
1 mM target organic compound such as cyclohexylbenzene (added as
a 0.1 M stock in ethanol) was preincubated at 30°C for 5 minutes.

The enzymatic reaction was initiated by adding NADH to a total



The extent of protein dinerisation in the wld-type P-450camand the five
surface Cys - Ala nutants were investigated, The presence of diner was
detected by both ani on exchange fast protein |liquid chromatography on a
Resource Q columm (Pharrmacia) and gel filtration size exclusion

chr omat ogr aphy on a Superose 12 columm (lPhar macia) in the wild-type

P- 450cam and the C58A, C85A, Cl136A and ¢148A nut ant s. On the ot her

For "t he CATRRRARLoH BE i ne Bt £ £BOET HE{GIAD g0 ah " 208

underwent difmrdsal icgfe RADENEBREBLEES 2850 Fy> 1mM each time) were added in
intervals of 10 minutes, and 30 minutes into the incubation one
aliquot of substrate (to increase the concentration by 1mM) was
also added. The reaction was quenched after 60 minutes by
adding 0.5 ml chloroform and vortexing the mixture. The phases

were separated by centrifugation (4000 g) at 4°C. The chloraform

layer was analyzed by gas chromatography.

For many substrate compounds such as cyclohexylbenzene for which
not all the P-450cam-mediated  oxidation products are
commercially available, the chloroform extracts are evaporated
to dryness under a stream of nitrogen. The residues were
extracted with hexane and the oxidation products separated by
high performance 1liquid chromatography, eluting with a
hexane/isopropanol gradient. The purified products were then
identified by mass spectroscopy and particularly nuclear

magnetic resonance SpectroOsScopy.

For different.substrates of different solubility in the aqueous
buffer solution, the amount of substrate added to the incubation
mixtures varies from 0.2 mM to 4 mM final concentration. The
NADH concentration can be monitored at 340 nm and, in all cases,

more substrates and NADH are added during the incubation,

Using the above experimental techniques, the inventors have

investigated a considerable number of organic compounds as



6, disul phide bond formation between the surface cysteine 334 on two

protein nol ecul es. The C334A nutation has the obvious benefit of
renovi ng unwanted protein dinerisation, thus ensuring the presence of a
single species in solution at all tinmes. In addition, we noted a
conpl etely unexpected benefit of this putation. Like all proteins,

w | d-type P-450cam shows aggregati on upon standing. The reasons why .
prot ei ns ag¢pregadeesr Eonaboch eane wildithepe PP U bcam cepz woyRat &sd aiEso the
insoluble and catalytically inactive. The wild-type and C58A, C85A, CL36A
and Cl48A MEamt sverddiarthdidéd . dWork itse iimclasedeimit agt sgdeeygnaoad upwew ;
storage at _4C, and even
Y96L,; Y96f: C334A; the combined mutant F877 -Y96G-F193A and the
combined active site and surface mutants of Y96A-C334A; Y96V-
C334A; Y96L-C334A;Y96F-C334A;F87A-Y96G-F193A-C334A. The results
for C334A and C334A-Y96A are set out in Tab.= 1 and 2, in which

structurally related molecules are grouped together.

Table 1 details the NADH consumption for oxidation of small
linear, branched and cyclic hydrocarbons by the mutant Y96A-
C334A. Tables 2(a) to 2(h) details the product distributions
for mutant and substrate combinations where these have been

elucidated to date.

The cysteine residue at position 344 can be deleted by any well
known and freely available standard restriction techniques and

#4111l therefore not be described in detail herein.



in 50% gl ycerol solutions at -20[err]C. Aggregation will also occur during
tur nover, especially at t he hi gher P- 450cam concentrations
required in any economcally viable industrial application in, for
exanpl e, synthesis of organic nolecules. The C334A mutant did not show any
evi dence of aggregation even at nmM concentrations at roomtenperature over
a period of three days. Thus, the C334A nutation has benefici al

effects in PE nln handllng, storage, and increased catalyst lifetine.

W bel i eve theZ¥ dLIOn at position 96 to be the key which enables the

mut ant enzynmes to catal yse the OX|dat|on of a relatively w de range of

organi c subgtrates. O ng nlno cras acent tQ the agthye sj{e of the
enzyme nay ah&nmhmmmut Ei?ﬁi t o{chymnge t ape%ﬁag\sﬁe:ificity of

nr'

the active site.

z Protecting Group
-NH, /&\/W

- <D

-CHO —<3




These other am no acids include those at positions 87, 98, 101, 185, 193,
244, 247, 295, 297, 395 and 396. It is envisaged that the am no
acid at one or nore of these positions may be replaced by: a small

hydr ophobi ¢ amno acid so as to enlarge the active site; or a |large

hydr ophobi ¢ am no acid so as to reduce the size of the active site; or by
an am no acid having an aromatic ring t.Q Interact with a correspondi ng

aromatic ring of a substrate. Regardi ng the oxidation reactions, the
conditions are described
Table 1:
KQDD (uM)a
WT Y96A

32;; 1 6.3 12

,/EE;; 2 12 28

[}

@ 3 8.4 1.4

Lb 4 330 92

* Values are the average of two independent measurements using the method of Sligar
(S.G. Sligar, Biochemistry. 1976. 15, 5399 - 5406). The value of K_, is strongly
dependent on the concentration of K" in the buffer. At (K*]>150 mM. K for camphor is
0.6 uM for both wildtype and Y96A. Data in this table were determined at [K*] = 70 mM
in phosphate buffer, pH 7.4, in order to avoid salting out of substrates at higher ion
concentrations.

® Saturation not reached.
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.in the literature references attached. The enzyne system typically
kncl udes putidaredoxin and puti daredoxin reductase together with NADH as
co-factors in addition to the nutant enzyme. The exanpl e of
cycl ohexyl benzene oxidation is described in the experinental section
bel ow. Various cl asses of organic conpounds are envi saged and descri bed
below. We note that the wld-type P-450camis active towards the oxidation
of a nunber of nolecul es included in the foll owi ng sections. However, in
all cases the nutant P-450cam proteins show much hi gher turnover

activities. i) The organic conpound is an aromati c conpound, either a
hydr ocar bon Ol @ caypound used under conditions in which it
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does not

]

I nactivate or denature the enzyne.

been effected with a view to creating an

the active site of the enzyne,
catal ysing the oxidation of

Oxi dation of exanple
denonstrated in the experi nent a

sur pri sing

8

cat al yse

Since the mut ati on has
aromati c- bi ndi ng pocket in

the nutant enzyne is capabl e of
a wide variety of aromati c conpounds.

aromati c and pol yaromati c conpounds is
sect® on bel ow and is believed very

given that the wild-type enzyne has been reported to
the oxidation of only nenbers of the canphor

P450cam-substrate Interactions
Subgroup: 2-ring, Naphthalene
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fam |y and shows |ow activity towards a few other nolecules such as
styrene[err] et hyl bei zene[err], a tetralone derivative[err] and nicotine.
The organic conpound may be a hydrocarbon, e.g. aliphatic or alicyclic,
carrying a functional group (see Schenme 1). An aromatic protecting group
Is attached to the functional group prior to the oxidation reaction and
renoved fromthe functional group afteri7the oxidation reaction. A suitable
aromatic group is a benzyl group. The protecting group serves two
purposes: firstly it makes the substrate nore hydrophobic and hence

I ncreases binding to the hydrophobic enzyne pocket; secondly it may help
to hold the substrate
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in place at the active site. Thus, wth the correct aromatic protection
group, both regio- and stereo-selective hydroxylation of the substrate may
be achi eved. Exanples of nonofunctionalised hydr ocar bons are

cycl ohexyl, cyclopentyl and al kyl derivatives (Schenme 1). The oxidation
products of these conpounds are valuable _starting materials for organic
synthesis, particularly when produced in8a honochiral form A range of
aromatic protecting groups are envisaged, e.g. benzyl or naphthyl ethers
and benzoyl ethers and amdes (Schene 1). O interest are also
benzoxazol e groups as carboxyl protecting groups and N benzyl oxazolidi ne
groups as al dehyde protecting groups. Both can be easily cleaved after the
enzymati c oxi dation
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9 and have previously been described in the literature for t he

mcrobi al oxidations of al dehydes and acids[err]. ii1i1) The organic
conmpound is a C4 to Cl12 aliphatic or alicyclic hydr ocar bon.
Oxi dation of cyclohexane and |linear and branched hydrocarbons is
denonstrated in the experinental section below. W have found that
w |l d-type P-450camis al so capabl & of oxi di sing these nol ecul es, but
t he activities are low and in all cases the nutants show
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substantially higher activities.
hal ogenated aliphatic or alicyclic hydr ocar bon. Oxi dati on

‘of | i ndane (hexachl orocycl ohexane) is al so describe bel ow.

Mut ants were constructed in which active site substitutions were conbined

with the surface nutation of cysteine at position 334 to alanine and
cont ai ned al ani ne, |eucine, valine, or20 phenyl al ani ne i nstead of tyrosine
at position 96 (Y96). Lastly several active site nutations and the surface
nmutati on were conbined to constitute nmutant enzynes with nultiple

mut ati ons. The genes encodi ng cytochronme P-450cam and its natural

el ectron-transfer partners putidaredoxin and putidaredoxin

iv) The organic conpound is a
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reductase, were anplified fromthe total cellular DNA of P. Putida using

the polynerise chain reaction (PCR). The expression vector/E. col

host conbi nati ons enpl oyed were pRH1091[err] in strain JMLO9 for P-45Ccam

pUC 118 in strain JMLO9 for putidaredoxin, and pG. WL1 in strain DH5 for
10 reductase.

puti dar edoxi n 2
site-specific nutagenesis was carried out using
and nut ant

Qi gonucl eot i de-di rect ed
an ML3 np 19 subgl oneeby the method of Zoller and Smith[err],
sel ection was bygthe el hod of Kunke [err].
B
E
§ _%
g 35§
& <kt
<2 +++++
3
>
T
g 3
g.‘!::
SE
23
g 5
0w
o~ > Sso'ﬂmu o
r] ‘Tvvcgm -8& 8 o
£ 2
= 5%
S a2 [P AP
‘ "Eam & L ]
~
3 £
o) o Q
B é; 21, o~
mw'ggg . '89
E ; ! '
= &
]
3
llﬂu,‘g.g.g . v
-
&
me c%
c € e I
g 8 g £ §
2 o o B B g r s
e 2 o o c c 8 S ¢ 20 2
a 8 § § 522288 3§ §92 0% &
5 = c X 5 3 T 3 0 @ I =T Q
0 d o [+] O g 5 LS ] ]
$f $288253F % 2 3
g < ¢ & &zl 335 g
2 . WOV [)
E & =33 &
g 5 £X888
% 9 * 2 Q2% 3
5 3 3 3 = 9 2
? @ r Lt T
E € Q 84 o
g T £ 7RI I
[=]
o 5 2
i S O
'Ihﬁlsllllict Has Been Replaced © =
THIS SHEET HAS BEEN

REPLACED




Bi ndi ng of potential substrates was i nvesti gat ed by
spectroscopi ¢ nethods. The wild-type enzynme in the absence of substrate is
in the 6-co-ordinated, lowspin formwith a weakly bound water occupyi ng
the sixth co-ordination site, and shows a characteristic Soret maxinmm at
418 nm Bi ndi ng of canphor and the substrate anal ogues adamant anone,
adamant ane and norbornane fully convertgd the haemto the 5-co-ordinated,
hi gh-spin form which has a characteristic Soret band at 392 nm Thi s
haem spin-state shift is acconpanied by an increase in the haem reduction
potential which enables the physiological electron- transfer partner

puti daredoxin to reduce P-450camand initiate the catalytic hydroxylation
cycle[err]. The haemspin state shift
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I's thus a quak-tat+ve-tndi-cation of the Iikelihood of nolecules shown in
Tables 1 and 2 bei ng oxidised by the wild-type and nmutant P-450cam .
enzynmes. A hhifsSBptéﬁsg%v&QPi (50 MM Tris.HCI, pH 7.4), typically 3m in
vol une, contai n| redoxin, 2 uM putidaredoxin reductase, 1 uM
cytochronme P- 450 nase (WI I Q3type or nmutant), 200 mM KCl, 50
ug/ M bovine |iver cata ase (SI gma) , andr ol I target organic conpound such
as cycl ohexyl benzene (added as a 0.1 M's 6Tk n et hanol ) was prei ncubat ed

at 3QC forTufnyver of Snfall BlkanedHy PHS0cHH Miitanfdd no NOH

|
to a tota All mutants listed below also contain the C334A mutatica.

Turnover rate measured as NADH consumption rate (nmole NADH/nmole P450camy/s).

Alkane substrate: Wild Y96A
Main chain - Name type
length
C4 n-butane - -
C4 2-methyl butane background 4.6

C4 2,3-dimethyl butane background 16.8
C4 2,2-dimethyl butane background 14.0

Gs n-pentane background 5.8
Cs 2-methyl pentane 3.8 11.7
(%) 3-methyl pentane 1.3 14.2
cs 2,4-dimethyl pentane 0.2 12.6
Cs 2,2-dimethyl pentane 5.2 12.8
Cs 2,2,4-trimethyl pentane 0.9 5.3
Gs 3-ethyl pentane background 16.2
C6 n-hexane background 6.0
C6 2-methyl hexane background 10.6
C7 n-heptane 2.7 4.4
C7 2-methyl heptane background 2.1
c7 4-methyl heptane 1.4 10.2
C8 n-octane background 5.8
C7 cycloheptane 4.4 42.5

Product structures and distributions following oxidation of substrates with
P450cam active site mutants.

"background” - ctypical background NADH oxidation rate is 0.07 nmole NADH
{nmole P450cam)*® sec



concentration of 2 M Further four aliquots of NADH (to increase the

NADH concentration by.1 C tk' Qcyere added in intervals of 10

m nutes, and 30 m nut . BEibat i on one al i quot of substrate (to
i ncrease the concentra . 1 s al so added. The reaction was
guenched after 60 m nu ' i

0.5 m chlorof ormand vortexing the
m xture. The phases were separated by c@atrifugation (4000 g) at 4[err]C.
The chloroform |ayer was anal yzed by gas chronat ography. For many
substrate conpoungs such as cycl ohexyl benzene for mhigh not all gthe
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the chloroformextracts are evaporated to dryness
under a stream of nitrogen. The residues were extracted with hexane and

t he oxidation products separated by high performance liquid
chr omat ogr aphy, eliit 5NG Vb DrenficeaN€Xane/ i sopropanol gradient. The
% fll ed by mass spectroscopy and

purified products wer )
particul arly nucl ear Jm ﬂmu ﬂ %)nancezg;pect roscopy. For different
substrates of differ

in the agueous buffer solution, the
anount of substrate added to the incubation mxtures varies fromO0.2 nMto
4 mM final concentration. The NADH concentration can be nonitore

at 340
nmand, in all cases, nore substrates and NADH are added during t
i ncubat i on. %

comercially avail abl e,

/) /
J

+

Table 4(h)
Products (%) for
mutants:
_36Y96A
25
75
36
O
P450cam
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Usi ng the above experinental techniques,
a ‘consi derabl e nunber of organi c conpounds as
12 substrates for both the wild-type P-450cam enzyne and al so the

the i nventors have

versi on Y96A. Work has included nutants designated Y96V, Y96L; Y96f:
C334A; the conbined nutant F877-Y96G F193A and t he
and surface mutants of YO96A- C334A; Y96Vz6. C334A; Y96L- C334A: YO6F- C334A;

F87A- YO6G F193A- C334A. The results for C334A and C334A- YO6A are set out

Table 1 and 2,

Table 4(c)

in which

F87A-F96G-

Products (%) for mutants

WT Y96A Y96F Y96L Y96V

Products

Naphthalene

F193A

100

100 100 100 100

100

1-ol

0

2-ol
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—
=
=
-y
=
(=]
<
N
-—
7~
=}
-
<
o)
o
25
:—
B3]
e
Q'N
—r e
<
b
Q
b

conbi ned active site

P450cam
Mutants

I nvesti gated

mut ant
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structurally related nol ecul es are grouped together. Table 1 details the
NADH consunption for oxidation of small |inear, branched and cyclic

hydr ocarbons by the nutant Y96A- C334A. Tables 2(a) to 2(h) details the
product distributions for nutant and substrate comnbi nati ons where these

have been elucidated to date. The cysteine residue at position 344 can
be deleted by any well known and freel y7available standard restriction
techniques and w | therefore not be described in detail herein.
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Hydr ocar bons
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CHO [err] - REPLACEMENT SHEET

Table 1 Tur nover of Small Al kanes by P 450cam Mut ants Al
mutants |isted bel ow al so contain the C334A nutati on. Turnover rate
measured as NADH consunption rate (nnole NADH nnol e P45Ccam s). Al kane
subst at e: Wild YO6A
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Mai n chain Nane type length 4 -
n- but ane 4 2- et hyl but ane backgr ound 4.6 4

2, 3-di mret hyl but ane backgr ound 16.8 4

2, 2-di net hyl but ane backgr ound 14.0 C5 n- pent ane
backgr ound 5.8 G5 2-met hyl pent ane 3.8

11.7 G5 3-met hyl pentane 30 1.3 14.2 C5
2, 4-di met hyl pent ane 0.2 12.6 C5

2, 2-di net hyl pentane 5.2 12.8 G5

2,2,4-trimethyl 3-ethyl pentane 0.9 5.3 G5 3- et hyl
pent ane backgr ound 16.2 C6 n- hexane

backgr ound 6.0 C6 2- net hyl hexane backgr ound
10. 6 C7 n- hept ane 2.7 . 4.4 C7
2-met hyl hept ane backgr ound 2.1 &7 4- et hyl
hept ane 1.4 10.2 C8 n- oct ane

backgr ound 5.8 C7 cycl ohept ane 4.4

42.5 Product structures and distributions follow ng oxidation of

substrates with P450cam active site nutants.
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NADH oxi dation rate is 0.07 nnole NADH (nnol e P450

"background" - typical
sec[err]

cam[err]
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CLAIMS

1. A mutant of the mono-oxygenase cytochrome P-450cawm in

which the cysteine residue at position 334 is removed.

2. A mutant as claimed in claim 1 in which the removal is by
the substitution of another amino acid except cysteine

for the cysteine residue.

3. A mutant as claimed in claim 1 in which the removal is by
deletion of the entire cysteine 334 residue from the

enzyme.

4. A mutant as claimed in any of the preceding claims in
which the tyrosine residue at position 96 in the mutant

is replaced by any other amino acid except tyrosine.

5. A mutant as claimed in either of claims 1, 2 or 4 in
which the amino acid is selected from any one of the

following: -

alanine, arginine, asparagine, aspartic acid, glutamic
acid, glutamine, glycine, histidine, isoleucine,

leucine, lysine, methionine, proline, serine, threonine,

A

heet Has Been Replaced THIS SHEET HAS BEEN

T, REFLACED

tryptophan, tyrosine and valine

T
e e
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36
A mutant as claimed in any of the preceding claims in
which the amino acid residue at one or more of the
positions 87, 98, 101, 185, 193, 244, 247, 295, 297, 395

and 396 is replaced by another amino acid residue.

A mutant of the mono-oxygenase cytochrome P-450cam
substantially as hereinbefore described with reference to

the accompanying drawings and/or examples.

N
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ABSTRACT

MUTANT MONO-OXYGENASE CYTOCHROME P450.,,

A mutant of the mono-oxygenase cytochrome

cysteine residue at position 334 is removed.

(No fig.)

P450.,, in which the
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ENZYME MUTANT

The present invention relates to a mutant of the mono-oxygenase

cytochrome P-450cam.

Mono-oxygenases catalyse the selective oxidation of activated
and unactivated carbon-hydrogen bonds using oxygen', and are
therefore of great interest for potential use 1in organic
synthesis. However, progress in this area has been hampered by
the difficulty in isolating sufficient quantities of the mono-
oxygenase enzyme and/or the associated electron-transfer
proteins. Despite the availability of amino acid sequences of
more than 150 different cytochrome P-450 mono-oxygenases, toO
date structural date of only three are available’**, and few have

been successfully over-expressed in bacterial systems’.

One cytochrome P-450 mono-oxygenase, which is soluble and can be
expressed in sufficient quantities, is the highly specific
P-450cam from P. putida which catalyses the regio- and stereo-
selective hydroxylation of camphor to 5-exo-hydroxycamphor®. The
high resolution crystal structure of P-450cam has been
determined?, and since the mechanism of action of this bacterial
enzyme is believed to be very similar to that of its mammalian
counterparts, it has been used as a framework on which

structural models of mammalian enzymes are based.
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case of the cysteine residue at position 334, the amino acid is
not cysteine and in the case of the tyrosine residue at position

96 the amino acid is not tyrosine.

Preferably the amino acid residue at one or more of the
positions 87, 98, 101, 185, 193, 244, 247, 295, 297, 395 and 396

is replaced by another amino acid residue.

We examined the structure of P-450cam generated from the
published crystallographic atomic co-ordinates wusing the
modelling programme Quanta. We determined that there are five
cysteines near the surface of P-450cam (cysteines 58, 85, 136,
148, 334) which might participate in intermolecular disulphide
bond formation leading to protein dimerisation. We carried out
sit-directed mutagenesis to substitute each of these cysteines

to alanine, thus generating five Cys - Ala surface mutants.

The extent of protein dimerisation in the wild-type P-450cam and
the five surface Cys - Ala mutants were investigated, The
presence of dimer was detected by both anion exchange fast
protein liquid chromatography on a Resource Q column (Pharmacia)
and gel filtration size exclusion chromatography on a Superose

12 column (Pharmacia) in the wild-type P-450cam and the C58A,

C85A, C1l36A and C148A mutants. On the other hand, no dimer
was detected, even at high concentrations (0.1lmM range), for
the C334A mutant. We concluded that wild-type P-450cam

underwent dimerisation by intermcoclecular S-S
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Table 1

Turnover of Small Alkanes by P 450cam Mutants

All mutants listed below also contain the C334A mutation.
Turnover rate measured as NADH consumption rate (nmole NADH/nmole P450camy/s).

Alkane substate: Wild Y96A

Main chain Name type

length

C4 n-butane - -
C4 2-methyl butane background 4.6
C4 2,3-dimethyl butane background 16.8
C4 2,2-dimethyl butane background 14.0
Cs n-pentane background 5.8
Cs 2-methyl pentane 3.8 11.7
Cs 3-methyl pentane 1.3 14.2
s 2,4-dimethyl pentane 0.2 12.6
Cs 2,2-dimethy! pentane 5.2 12.8
Cs 2,2,4-trimethyl 3-ethyl pentane 0.9 53
Cs 3-ethyl pentane background 16.2
Cé n-hexane background 6.0
C6 2- methyl hexane background 10.6
c7 n-heptane 2.7 44
C7 2-methyl heptane background 2.1
C7 4-methyl heptane 1.4 10.2
C8 n-octane background 58
C7 cycloheptane 44 42.5

Product structures and distributions following oxidation of
substrates with P450cam active site mutants.

"background" - typical NADH oxidation rate is 0.07 nmole NADE (nmole
P450 cam) ' sec

-1
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CLAIMS | =
1. A mutant cf the mono-oxygenase cytochrome P-450cam in

which the cysteine residue at position 334 is removed.

A mutant as claimed in claim 1 in which the removal is by
the substitution of another amino acid except cysteine

for the cysteine residue.

A mutant as claimed in claim 1 in which the removal is by
deletion of the entire cysteine 334 residue from the

enzyme.

A mutant as claimed in any of the preceding claims in
which the tyrosine residue at position 96 in the mutant

is replaced by any other amino acid except tyrosine.

A mutant as claimed in claim 2 in which the amino acid is

selected from any one of the following:-

alanine, arginine, asparagine, aspartic acid, glutamic
acid, glutamine, glycine, histidine, isoleucine,
leucine, lysine, methionine, proline, serine, threonine,

tryptophan, tyrosine and valine.
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cliaimed in claim1 in which the renoval is by t he sybsfti tution ofr
anot her anmino acid except cysteine for the cysteine [regsi@lbeAUS 2081 |A
mutant as clainmed in claim1 in which the renoval is by del eti on of
the entire cysteine 334 residue fromthe23 enzyne.
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