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Mut ant nono- oxygenase cytochrone P-450cam The present invention
relates to a nutant of the nono- oxygenase cytochronme P-450[err] and
met hod oWOG#18i ng cert ain organi ¢ conpounds with tHRCT/GBAVI2SSS
Mono- oxygenases catal yse the sel ective oxi dation of non-

functional i sed hydrocarbons using oxygen[err], and are therefore of
great interest for potential use in organic synthesis However,

progress in this area red b flculty in |solat|ng
sufficient quantities ro}?ﬁ RF?@E aoﬁx&ﬁenase ¥¥|t°cg5%'% g&«? ™ el ectron-transfer
prot ei ns. Despite the availability of am no acid sequences of nore
t han 150 ‘di fferent cyt ochr one P—450 nono- oxygenases, to date

structural ?:}zaeé)ént? nly vteq{')t: - %ﬁi\éﬁf& 2ﬁ§% g%; %rnuta%rl: ggve boe,%'.

successful ly over-expresse

cytochrome P-(A30:dpa0s OXyE68RS mewtal-spo' S Saqt cgeg%x[a %weéﬁ?d

in sufficient ant|t|es I'S t e high °‘§peC| from

P.putida whi Q:fl-éeﬁi?éYEéﬁpbﬂﬁdéeGiQh %ﬂ@ ih%&ﬁ%. sel ective
hydr oxyl ati on of canphor (1) 5- exo- hydr oxycanphor[err].

The high resolution crystal structure of P- 450[ err] has been
determ ned[err], and since the mechani sm of action - of this bacteri al

enzyme i s’ belMandkygérasesy citalpset che selective oxidation of non-
functionalised hydrocarbons using oxygen!, and are therefore
of great interest for potentiall use in organic synthesis.
However, progress in this area has been hampered by ~the
difficulty in isolafing sufficient quantities of enzyme  and
the associated electron-transfer '_proteins. Despite the
availability of_ amino acid sequences of more than 150
_different cytochrome P-450 mono-oxygenases, to date structural
~data of only three are available®3‘, 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-450,, from P.putida which catalyses the regio- and stereo-
selective hydroxylation of camphor ~ (1) to 5-exo-
hydroxycamphor®. The high resolution crystal structure of P-
450, 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 models of mammalian enzymes are based.



that of its mammalian counterparts, it has been used as a framewor k on

whi ch nodel s of manmal i an enzynes are based. WO 96/ 14419 .

PCT/ GB95/ 02588 ' 2 The nucl eoti de
sequencVAAY1444? r espondi ng ani no aci d sequepce ~ of PPCIOIRISHPSSBave
been described[err]. The location of an active site of the enzynme is

k d st - ' e] ati onshi ps hayve beep ) :

vest | gat od[iH¢ [PECHAPEIE Roavench fasy, Ere P‘H‘aﬁéngg%w’g?ﬁt%ﬁmm:]e
rlncj)éL a(rjlltn OIi ﬁB\ihi C %ﬁ?ggg‘::&t E'géél]"desﬁﬁéﬁggﬂ'aﬁtggbete&°ﬁﬁgﬁ'ﬁ" éﬁfarﬁmg%i%s
been descri bg&[@éﬂ of the Bute“iz 1R E‘Q%W; %Eﬁdg? erscrre o_lr%ﬂggi%%s

of the nmut ati ons on the nechani sns o

There 1s N0 AR 6nghifdHRA iied NalydBEidddun ®ONt BRAiSRd or p-ghf

provi de biocatal ysts for™ oxidation o rrent suhstra

attenpt to fhabewedhogesetibes, We BRYC 1001 Wridf orbs? and hztf'ﬁra;?@#iém&ﬁh

aims to redesign the active site of P-450[err], = _ 'S able

to carry out amgecatithexstapositioh'. a ﬁﬁﬁ&ﬁtciﬁpbﬁ‘iﬁheix‘%b&%ea@% s

substrates for the wild-type - protein. our initial aifmwas to

i ncorporate bedmrcuanged to phengkehlanihe-bige hdst Y desttingqisit.em,

whi ch woul d encour age the binding of substrates containing aromatic

si de-chai ns. But in all atbeseoncases urthec epapersueremiit eeltredtsh o fCithye

site was identified (cysteine-3 34) with effects on protein handling

and st Bybations ophdtheymechanisms ofskoownblexidationnveactdons.
There is no teaching or suggestion that mutation might be used ‘

to prdvide biocatalysts for oxidation of different substrates.

In an attempt to find new bio-clatalysts, we have initiated a
project .which aims to redesign the active site of P-450.,,
such that it is able to cai‘ry out specific oxidations of
organic molecules which are not substrates for the wild-type
protein. Our initial aim was to incorporate an "aromatic
pocket" into the P-450., active site, which would encourage

the binding of substrates containing aromatic side-chains.

In f_._lalc;_cl’i:i.timz, a surface residue remote from the active site was
ideiiéified (cysteine-334') with effects on protein handling and -
stability. The cysteine is responsible for unwanted
dimerisation of the protein during purification and an alanine
residue was therefore substituted for the cysteine in order to

improve both of these properties.



ti merisation of the protein during purification and an al ani ne
resi due was therefore substituted for the cysteine in order to

i mprove hoth of these properties. WO 96/ 14419
PCT/ GOV @ 2&EH19 3 PEIIGBISHS88
di mensi onal structure of P-450[err] shows tRe active site to

rovide clos % Iy sSapy 210 LLh. et Qe drophobic .
ISroups of can% gr%glge%ﬁgv%ﬁ?\é?%%nflw ggql.cﬁ%‘\ri\%% of B' 42Pemai oW SFhG 2t Y8,

F87 and F98) 3igedr 8UPCHrb0IaRNCE188d van Lkde kQSlS“bé&é@%ﬁfébicgﬂ%ﬁgrthe

pocket, wth a hydrogen bond etween tyrosine 96 an

carbonyl oxygejdrophobi®i frdiupis ot h&aﬁﬁﬂ,ﬁﬁ %fste yé.l?}?‘hll] €if Oi’ﬁ.gﬁ%gﬁ oy ent gk 88

to ensure t he regi o-and st ereo-speci the rea

Repl acenent aromaticapgsdiubBeseos! OrBYi anacpogyearyl et

hydr ophobi ¢ non-aromati c gi de- chai n qu?gdgrgﬁyd%i)?ﬁ% des+§éeﬁher and
"aromatic  lineoctis¢" substrate Mbliieditgy poerkt| GG WSeRydfogen bond
i nvestigate the likely effects of point mutations to the thfee
aromati c resibefween Thyrosine pr9§r aan@R ThevascampHot0 earbdhgile adkygen
energy of interaction, ‘between an aromatic probe and possible nmutants
of cyt ochr omgtaintaipingotke quhgtrate higs &heecodwectiertentavyes to enfiree
(F87A, YO96A and F98A). The results were then exam ned graphically

usi ng t he noleReIregigTrnd isterarisprcifieity of the reahionut Replethent

appeared to haé/e t he Etron est bi ndj ng ) .
of any of these aromatic residues with a smaller, hydrophobic

non-aromatic side-chain could provide the desired "aromatic

pocket".

Molecular modelling was used to investigate the likely effects
of point mutations to the three aromatic residues. = The
program GRID’ was used to calculate an energy of interaction
between an aromatic probe and possible mutants of cytochrome
P-450., where these residues were changed to alanine (F87a,
Y96A and F98A). The results were then examined graphically

using the molecular modelling package Quantal.

'I‘hez mutant F98A appeared to have the strongest binding

iﬁt"é‘taction 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



i'nteraction within the active site cavity accessible to the aromatic

probe, with that of Y96A being slightly smaller, and t hat of F87A
bei ng substantially less. It was decided in the first instance to
mut at e tWOO614#996 to alanine as it is nore cent r al PC3/GBISIORISRdI ng
pocket, whereas phenylalanine 98 is in 4 3 groove to one side. Al so,

L(éq-?\églg 5?];)2E3§rgcc):silenaesg 6tl§2 Oéjllaedcif icity Vo\:(% 91.9431 4e4nlzgynz1e towards camphqgxn gue to

ondi ng 1ot KR RAT 23B. nySBSER SRITHRG CHCehS subattR¥ar e prosent

I nvention a nutant of t he nono- oxygenase cytochrome P-450[err] 1is
provi ded in which the tyrosi ne residue at position 96 and/or the

cysteine res izt@‘é%r.aciin? to pQﬁ% ;%gﬁ?%tgéofstﬁspbggggng 15H02nt9ont4e niticadt) of

am no acid except pheny ccordj ng 'to anot.her aspect of

the present Eﬁ@ﬂux@;d&fyrgawﬁgceh 9ytocﬁfrouaepmae- oxwlsgégia&aom WH¥ch the

P-450[err] is provi the tyrosi ff@ res e at position 96

and/ or the cy$4@id¥he residife @tcpdsikidn! beNaRdfotSthert i rEEIdu at
am no acid resi due, which nutant has the property of catalysing the

oxi dati on of pyai tien 0B 3khelsd okéPlaced - byolti/ ctesiau@ef Cany amino acid

hydr ocar bons, |inear or branched al kanes, di phenyl and bi phenyl

-conpounds i nekddipty phéngtabarineari ants of such conpounds and

hal ogenat ed hydr ocar bons.
According to another aspect of the present invention a mutant
of the mono-oxygenase cytochrome P-450., is provided in which
the tyrosine residue at position 96 and/or the cysteine
residue at position 334 is replaced by another amino acid
residue, which mutant has the property of catalysing the
oxidation of any one of the following:- polycyclic aromatic
hydrocarbons, 1linear or branched alkanes, diphenyl and

biphenyl compounds including halogenated variants of such

compounds and halogenated hydrocarbons.

~According to yet another aspect of the present invention a
metl_iod is provided of oxidising a compound selected from a
pon:'cyclic aromatic hydrocarbon, a linear or branched alkane,
a diphenyl or biphenyl compound including a halogenated
variant of such a compound or a halogenated hydrocarbon, the
method comprising contacting the selected one of the compounds

~under oxidising conditions with mono-oxygenase cytochrome P-

450 in which the tyrosine residue at position 96 and/or the

cam



Accordfng to yet another aspect of the present invention a ~ nmethod is
provi ded of oxidising a conpound selected froma pol ycyclic aromatic
hydr ocarbon, a |linear or branched al kane, a di phenyl or biphenyl

conpoundwopghigibng a hal ogenat ed variant of such a ceUCBIH/02588a

hal ogenat ed hydr ocar bon, the met hod coBmprising contacting the sel ected
one of the conpounds ,under oxi di sing conditions w th nono-oxygenase
cytochrome P-cysteinsgoresifuenathpesitient j3ésiscrepltaced by ancthevramwino
and/ or the .. WD 96/ 14419 ' _

PCT/ GB95/ 02588¢id resigpeseine residue at position 334 is replaced by

anot her am no aci d residue. Preferably the amno acid is

sel ected from any one of the foll owi ng: - al ani ne, arginine,

oTDerad " o BRRRREE" e, mime HRIALIE BALASERA 5k e, A i rv0m,
S e S DLPRERBE:, ARBAERRST ad A, RRbatahite.iSehet e p0ide
o o noi d 1 <SPEtaEpErcr qBlehRc™ SHTEC I, | Byl oAt it
:Ei 825' '[G'Sn 9%Fsbfeucine, CAMEN KL | My Wi hBENTBRlheYBLBIPREC AL e,
threonine, tryptophan, tyrosine and valine except that in the
case of the tyrosine residue at position 96, the amino acid is

not tyrosine and in the case of the cysteine residue at

position 334, the amino acid is not cysteine.

The amino acid which replaces tyrosine at position 96 is
conveniently one of the small hydrophobic amino acids, e.gq.
alanine, glycine, valine, leucine or isoleucine, with alanine

being preferred as exemplified below.

Alternatively the amino acid replacing tyrosine at position 96
may be one of the '‘charged amino acids, e.g-. a negatively
charged acid such as aspartic acid or glutamic acid for
hyd?dgen bonding to a positively éharged substrate; or a
posii:ively charged compound such a 1lysine, arginine or -
histidine for hydrogen bonding to a negatively charged

substrate which are not members of the camphor family.

The mutation at position 96 is believed to be the key which
enables the mutant enzymes to catalyse the oxidation of a

relatively wide range of organic substrates. Other amino



al ani ne, glycine, valine, |leucine or isoleucine, with alanine bei ng
preferred as exenplified bel ow Alternatively the am no acid

repl acing tyrosine at position 96 , may be one of the charged am no
aci ds, e~NQ96/adaiggati vely charged acid such as aspar PCT/GB9S02588
glutam c acid for hydr ogen bondi ng toéa positively charged substrate;
or a - positively charged conpound such a |ysine, arginine or

hi sti di ne foragjdsodes P tthe aetiveysifeciofr Jhe enzymes miay ralso be
whi ch are not nenbers of the canphor famly. - The nutation at

posi tion 96 iBubated,dd (Q¥dar (4R fRANGR; the shapecrans @pecifiqitantof the
enzynes to catalyse the oxidation of a relatively w de range of
organi c substPgEi¥e sSitfer afhgse otheryaning,mcids include those at

PCT/ GB95/ 02588 . ., agids_adjacent_to the active sjte of the enzyng may
al so be PASLLiens; ﬁ%rﬂ%ru%sect%ﬁﬁe 4t ARHANh@%pecltits t%ﬁlﬂs*!qu

active site._,.The ot her. .aning aci ds include those .at .. positions 87,
98, 185, 244,“22?,%555""5‘?*8925?? £ ong, AL ApRe of these, pagitigns, paybe
at one or nor has osi tul . § ce . a smll
hydrophobi C afn.eﬁ%agg!ﬂdﬁgg %sg gagnﬁg%ééjé%hobw tar@q_gctq%@béq &as or{'?" aerf]_aﬁﬁ%e
hydr ophobi ¢ aghg0a@tives&ite;! or a lardd'figakBinshie ShihBCaBik Lo Wd %o
or by an anmino acid having an arofmatiCT rihg to bond toos

correspondi ngrédQeB! tRe' $1ge Yt the actiWPHiIt¥Lor by an amino acid having

an aromatic ring to bond to a corresponding aromatic rin'g of

a substrate.

Regarding the oxidising reactions, the conditions are

described in the literature references attached. The enzyme
system typically includes putidaredoxin and putidaredoxih
| reductase togetﬁer with NADH as co-factors in addition to the
mutant enzyme. Various c]_.asses of - organic compounds are

~ envisaged:-

i) 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 surface of the enzyme, the

_ inutant enzyme is capable' of catalysing oxidation of a
wide variety of aromatic compounds. Oxidation of example
aromatic and polyaz_'omatic' compounds is demoﬁstrated in

the experimental section below and is believed very

(



Regardi ng the oxidising reactions, the conditions are described in
the literature references attached. The enzyne systemtypically

i ncl udes putidaredoxi n and puti daredoxin reduct ase together w th NADH
as co-f awo96/H41n addition to the mut ant enzynme. VaPColGBISN2S88es of
organi c. conpounds are envi saged: - 7 1) The organic conpound is
an aromati c conpound, either a, ydr ocarbon or a conpound used
under conditions i RYFRFdFing qlven tPPtdﬁag wbldrkype eazE¥mer catalyses the

enzyne. Since the tion has been effected with a viewto
creating an °x1d&FBﬁ&PPc°g RALYgmETRELS of the SamRher fankly enzyne,

t he mut ant enzyne i s capable of catal ysing oxidation of a

wi de variety of aromatic conmpounds. Oxidation of exanple aromatic -

d I t ed t h
cect | on’ bel ont bha THBCEFYERLS FREFINA B \Re'acpydrogarpen; &157 alTpidtic
PCT/ GB95/ 02588 7
gi ven that the mnlgr llcgﬁ%§ﬁé ggfry§ggéatﬁgnctlonal groga(ﬁséﬁwiﬁéqé€¥k

only menbers of thg?S?QEEQ{re fbﬁ% is added '6!:'0) @ carr%ﬁg&l%%

be a hydrocarbon, al 1 phatic- |cyc

functional group.. £8 eiéBlidation reactidi %Eﬁckbﬁ%vﬁﬁoffohstﬁgdﬁﬁéﬁéﬂﬁ
functi onal group pri-or

. group after the ox1datlon reaction. A suitable aromatic

group is a phenyl group.' The aromatic protection group

is_expecteed-to ho1d the substrate in ﬁlace. Thus the

protecting group serves two purposes: firstly it makes

the substrate more hydrophobic and hence increases

binding to the hydrophobic enzyme pocket; secondly it

holds the substraterin place at the active site. Thus,

with the correct aromatic protection group, both regio-

and stereo-selective hydroxylation of the substrate may

" be achieved.’ The ekample of cyclohexylbehiene is

described in the experimental section below.

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
- wvhen produced in a homochiral form. A range of aromatic
protecting groups are envisaged, e.q. 5enzy1 6r naphtyl
ethers and benzoyl or naphthoyl esters and amides (Scheme
1). Of interest are also benzoxazole groups ‘as carboxyl

protecting groups and N-benyl oxazolidine groups as



to the oxidation reaction and renoved fromthe functional gr oup

after the oxidation reaction. A suitable aromatic group is a
phenyl group. The aromatic protection group i's exgect eed to hold
t he sub@ﬂ%lé“lﬁn pl ace. Thus the protecting gr BLY t Wo
purposes: firstly it makes the stibstrate nore hydr ophobi ¢ and

cecondly it - aidenyde BrBLeB¥ihg, bRSuBKL TRARH Lo RATeA LY ¢ qaved
Thus, Vi £ e @ RO drsmat it Bk fa X £517 CAhAN hAVRU B rrAldhd 18P Baen
R fad! ; 4

and stereo-selective ﬁydroxyl-atlon 0 e substrate na

achi eved. The ' e4@E®tEbell inClké ONPEetPEIEE For | the miﬁrobial 5(dd fdhd N

t he experinental section bel ow. Exanples o

nmonof uncti onal i sedog AydeRgaeBoand adifs. - cycl ohexyl, cycl opentyl
and al kyl derivatives (Schene 1). The oxi dation products of

t hese conpounds are valuable : starting materials for organic
synthesis, particularly when produced in a honochiral form A
range of arorkii)} The organi@r cdempouryi gri®ipa acs etwvi Sey2d, akigha®idz\dr
or naphtyl et hers and benzoyl or naphthoyl esters and am des
(Schene alicyél ienthydysicarboml so eidation| ofjr cypiohexaneband
protecting groups and N-benyl oxazolidi ne groups as WO 96/ 14419 -
PCT/ GB95/ 02588 linear hydrocarbons is demonstrgted in the expégtimantal

protecting groups. Both can be easily cleaved | ; , after the .
enzymatic oxi dati FFRERHCRaReIP®Yi | PGE€cnagain it 1is believed quite

surprising given that the wild-type enzyme catalyses the ‘

oxidation of only members of the camphor family.

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

(hexachlorocyclohexane) is also described below.

Reference is directed to the accompanying drawings in which
Figuré 2 is a gas chromatograph of diphenylmethane (A) and
hydroxylated product, formed following incubation with P-450_,
Y96A mutant. | |

s wam L

Béls'“ed- on the above considerations, mutant proteins were
constructed which contained alanine, lysine, valine, or
phenylalanine instead of tyrosine at position 96 (Y96).
Additional mutants were construct';ed in which these active site
replacements were combined with the surface mutation of
cysteine at 'position 334 to alanine. Lastly several active

site mutations and the surface mutation were combined in one



described in the literature for the m crobial oxidations of

al dehydes and aci ds. iii) The organic conmpound is a C5 to Cl12
al i phatic or al i cyclic hydrocarbon. Oxi dati on of cycl ohexane
and WO 96/1441% i near hydrocarbons is denonstrated in the PETHNSRH8al
section bel ow and once again it is believedquite surprising

LT e s i o e
%1; f e?lain ggairlg :’i‘%’éi’: :Y:(‘?\%%’?ﬁ &5 GWKe%‘%e‘_).tﬁ éa_&]“gﬁipﬁ%‘?‘ﬁ)%'%rg%ép
e a gas chr JRFEGPESn BrERTARETORER VaRd (hfCiHHEebBxIR, Heaycrass; SUdre
oSt o g Lol Lone LRG0t LRAGLISOL B o . HEERSTEDN e
tyrosine at oI ThERIRE A redSeifh, (Bom. TRG MR P

whi ch these a6hi¥yensktCcombinat £6h3CeiBlbyedewdreopRitnogdi ih 6rain'heres

mut ati on of _ cysteine at position 334 to alanine. Lastly several
active . $bf €pOYBOLL PNSpBE 01 1 HEifUELFE IR0 EHE Pt stisk i), Gmd

pGLW1l1 in strain. DH5%* for putidaredoxin reductase.
Oligonucleotide-directed site-specific mutagenesis was carried
out using an M13mp1§ subclone by the method of Zoller and

smith', and mutant selection was by the method of Kunkel''.

The mutant Y96A was shown to catalyse the hydroxylation of
camphor (1) , although compared to the .wild-type enzyme the
reaction was less selective, similar to that reported for the
mutant _YSGF‘Z.' This decrease in selectivity can be attributed
to thé loss of the hydrogen bond between Y96 and camphor. The
propez_'ties of wild-type and Y96A proteins were further

investigated with a-variety of binding and activity assays.

Binding of potential substrates was investigated by
spééﬁrosqﬁopic methods. The wild~-types enzyme in the absence
of substrate is in the 6-co-ordinated, low-spin form with a
weakly bound water occupying the sixth co—ordinatién site, and
. shows a characteristic Sorét maximum.at 391 nm. Binding of
the substrate analogues adamantanone (2) ' adamantén_e (3) and

norbornane (4) also fully converted the haem to the high-spin



WD 96/ 14419
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9 protein to constitute a mul ti pl e nutant erzyne. The gﬁnes
encodi ng"%{jimh one P-450[err], and its natural electron-transfer
4,

part ner

redoxi n and putidaredoxin_ reductase, WEFE/GBIS/02588

anplified fromthe total cellular DNA of P1%utida using the

I [ hai ' . exXnr essi vector/E. coii host
ot nat § one. EobRy oAV~ diandMARSHATS 00) '§ia050E give g Shist ’in

P-450[err], 1 ' LAl for putidaredoxin, and pGLWL1 in
strain E}E[erri ég?g?p%%égigg%g%géFﬁ reduct ase. _
oligonucleotide-directed site-specific mutagenesis was carried out
usi ng an ML3npl 9 subcl one by the nethod of Zoller and Smth[err], and -

nut ant sel ectpéd Y88ALMULEALTELRS9e0hi f¥RKCLhS' Same resultd ¥o hay
canp or'%ﬁ.,.a t dﬂu‘

was shown to catal yse the hydroxylation o

conpared to t{®) Wahd- tmgqf-emynﬁotheuny cdrﬁi@rtﬂég‘ {f@sthgsixi%?
e or .

simlar to t

hiR-Epin form
hat report t he mut ant Y96F| err] hi's e%@éase I'n

sel ectivity cawveme whéni byigd and (29 t heerdSsaddedheihyd gghond yost
bet ween Y96 and canphor. The properties of wild-type and YS6A

proteins wer

driteréstingly howewst | gaiddinviddnterast i1 erd Wi llitipeNdoea

activity assays. Binding of potential substrates was _
i nvest i gat ed shiywed partpattcoscepsionethotibe Raemwitbd thepedghrapeed Forke

absence

of substrate is in the 6-co-ordinated; lowspin formwith a

weakly bound Wit rdirkenylngthane si indicatbngi hinddngsoife thisd compounghtes -

a characteri

%ﬁic Soret maxi mum at 391 nm Bi ndi ng of

e mutant protein.

As expected, the dissociation constants (Kapp) ‘for camphor and

adamantanone are increaéed-in-YQSA. - On the other hand, the

‘Kyp Values for the hydrophobic substrates adamantane and

norbornane are reduced, indicating that the enzyme pocket has
become more selective for hydrophobic substrates. The
greatest change in binding was obtained with diphenylmethane,
which bound poorly to wild-type protein, but showed greatly

enhanced affinity for the Y96A mutant (Table 1).

Oncg:binding of diphenylmethane by the Y96A protein had been
esﬁiblished, catalytic substrate turnover was investigated.
The mutant protein was reconstituted with putidaredoxin and

putidaredoxin redﬁctase. Diphenylmethane (5) was added and

the mixture.was incubated with NADH and oxygen.

A solution containing 10 uM putidaredoxin, 2 .uM putidaredoxin

reductase, 1 uM cytochrome P-450.,, mono-oyxgenase (wild-type

(



t he substrate anal ogues adamant anone (2), adamantane (3) and

nor bornane (4) also fully converted the haemto the high-spin WO
96/ 14419 PCT/ GB95/ 02588

10 wa ¥WHt1%However, di phenyl net hane (5) did not gi ve BCHGBPS/0ISA8

t he absorption spectrum - The Y96Aymtant, while giving the sanme
results for conpounds - (3) and (4), was not fully converted to the
hi gh-spi n f opm mutantyyeandwiermM ( @iphenylmethanecrin addedaM | RC16X Q05 SmM
Most interestingly however, and in contrast to the wild-type, Y96A
showed part | BB pHIr-Si oWaso pred ncabated tate 26°%h-sweadshaker for Svmin.
di phenyl met hane I ndi cating binding of this conmpound to t he nmut ant
pr ot ei n. he en&mbéet%qacth@nmﬁammmmd:mfansuyl@édmy NADH to
canphor and adamant anone are increased in Y96A. On the other hand,
t he K[ &rtptal FaBSentratiennofr 3pMshi cFuxither four Akiquots cofNADH
nor bor nane arge reduced, I cating that the enzyne pocket has becone
more sel ect f§® 1P8Feﬁ?&r3:g‘ﬁo ADH congenkration thy 1 mM egpbatte‘é!e)cm

i n bindi ng yhi ch bound_poorly

d h, d
wil d-type pr%‘?%? ta"%ﬂf g%%‘%\%‘bs 'ﬁ%;{ﬁ,\n and" géﬁh’éﬁ%@?%f‘!‘!ﬁ’!‘?‘?@raﬁw \Z%A

nmut ant ( Tabl ) C n Y96A
protein had rEjé%nby adding %Tfsﬁ%d%‘g‘g ?rﬁgg ?ﬁ a%%’ was
i nvestigat ethnalysed by gas chromatography.

Organic extracts of the crude incubation mixture were analysed
by gas chromatography. Only one major new peak was- detected
by GC (see Figure 2), which had the same retention time as an
authentic sample: of para-hydroxydiphenylmethane (6). The
other aromatic hydroxylation products, the ortho and meta
isomers, had different retention times. Further- confirmation
of the identity of the product as structure (6) was provided

by mass spectrometry, which gave the correct mass peak at 184.

Using the above experimental techniques, the inventors have
investigated a considerable number of 'organic compounds' as
substrates for both the wild-type P-450_,,, enzyme and also the
mutant version Y96A. Further work has included mutants

. designated Y96V; Y96L; Y96F; C334A: the combined mutant F87A,
¥96G, F193A and ti'xe combined active site and surface mutants
of Y96A, C334A; Y'96V., C334A:‘ Y96L, C334A; Y96F, C334A; F87A,
Y96G, F193A, C334A. | |



The nutant protein was reconstituted with putidaredoxin and

puti daredoxi n reductase. D phenyl net hane (5) was added and t he

m xture was i ncubated with NADH and oxygen. A sol ution containing
10 pM pywio sépgedoxi n, 2 pM puti dar edoxi n reduct ase, BCTIGBESN2888r one
P-450[ err] nono-oyxgenase (w | d-type 12 WD 96/14419

PCT/ GB95/ 02588 11 or nutant) and 1
nmM di phenyl| nehéancesul 40 fidt KEDEA20ard/! set kiZPCLpr T3k 42yasin which
prei ncubated at 25[err]Cin a shaker for 5 mn. The enzymatic reaction
was initiatestbycturailly awdiatediaiilecules apetgranpedntogetheron @Fhgser
Further four aliquots of NADH (to increase the NADH concentration by 1
nM each ti nejubstrates whezdedoxidation hias deen depanstnated hycmeans o
guenched after 30 mn by adding 0.5 m chlqroform The chloroform

| ayer was NADHn&P;@EHES'yag&SW Wadghapny. sign:  (rganic.extracts of
the crude incubation m xture were anal ysed by gas chromat ography. Only
one mmj or new peak was detected by GC (see Figure 2), which had the

par a- hy dr oxy P S RyERERe nwé’%s“e%' i S%%L%%s%tm 9 1t 80y (QPran

Iglrj(r)?ﬁgﬁsconfs gabh Plangmr’r‘?%lf ?%efﬁ?g'nt &E%?h(eu%];g séghgt r‘h‘&trlulrﬂe

vas providedgpare Ph TS SRECACLTE yzo&hhﬁhtaw o, BiSstagte
buffer (40 mM phosphate, 68 mM potassium, pH 7.4). Spin state
equilibri@ is assessed with a UV/vis spectrophotometer: low ‘

-spin at OD;,y; and high spin at ODy;, nd; not done.

Vs DTT: numbers show the percentage displacement o: DTT (200
pM) bound to P-450 by competition with'test compounds (200 upM)
in phosphate buffer. DTT binding to P-450 results in
absorbance peaks at OD;, and ODy, SO displacement is

measured with a UV/vis spectrophotometer.

Examples are included in Table 2(a) to 2(h) for each class of

compounds identified in points i) to iv) above.

i-C I

Réﬁétibn products for some substrate compounds have been
purifieé by high performance 1liquid chromatography and
"identified by mass spectroscopy, nuclear magnetic resonance,
‘and/or co-elutior.. Table 3 details the NADH consumption for
oxidation of small linear, branched and cyclic hydrocarbons by

the mutant Y96A, C334A. Table 4(a) to 4(h) details the



Usi ng the above experinental techniques, the inventors have :

i nvestigated a consi derabl e nunber of organi c conpounds as substrates
for both the wild-type P-450[err] enzynme and al so the mut ant ver si on
Y96A. worgslig419wor k has i ncl uded nutants desi ghat ed P(OGGBISH2S8ES, YOOF;
C334A; the conbi ned nutant F87A, Y96G 13193A and t he conbi ned active
site and surface nutants of Y96A, C334A; Y96V, C334A; Y9o6L, C334A
YO6F, C334A; peoduct disesibutiems) feS3mAtant and VEubStiddé9combinations
PCT/ GB95/ 02588 12 - The results for .
Y96A are set wherenthis has beenelsicidatedttaidatel |y rel at ed nol ecul es
are grouped together. Those substrat es where oxidation has been
denonstrated by neans of NADH turnover are marked with a + sign. -
Spin high/low nunbers shows the percentage of P-450 (O err] 0.2-0.-4)
converted fromthe low to high-spin equilibrium  state in the presence
of 200 pMtest conmpound, in phosphate buffer (40 nmM phosphate, 68 nM
potassium pH 7.4). Spin state equilibriumis assessed with a UV/vis
spectrophot oneter: | ow spin at OD417 and high spin at O)err] nd; not
done. Vs DTT: nunbers show t he percentage di spl acenent of DIT (200
pM bound to P-450 by conpetition with test conpounds (200 pM in
phosphate buffer. . DIT binding to P-450 results #in



absor bance peaks at OD[err] .and OD)err],
measured with a UV/vis spectrophot oneter. Exanpl es are included in

Tabl e 2(59 to Zgh).for each cl ass of conpounds identified in points i)
to iv) aPl@RAs/1441 Reaction products for sone substrate RSHEBIMHSShayve

been purified by high performance | §quid chronatography and

identified by Egis SpECtrOSCODV, nucl ear magnetic resonance, and/ or
co-elutior. Ta tails the NADH consunption for oxi dati on of

so displacenment is

smal | linear, branched and cyclic hydrocarbons by t he nutant Y96A,
C334A. Tapfe—Ata—to () derar TS5 te YWO—961t441S
PCT/ GB95/ 02%8&drocarbons - ®/Z @/Z W
di stributions for nutan subl te co natio ere thl s has
been el uci ddted to date. Z WO“96/°24419 .
PCT/ GB95/ 02588 14 Schene 1: Hydr ocar bonf
Protecting G oup
-z Pratecting Group
Ph/Napht 0. Ph/Napht
-OH /o\/ P \ﬂ/
H
-NH, _ N\ _-PhiNapit
[o]
-COOH
Jn <O
o _
-CHO -—<;]
Be
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PCT/ GB95/ 02588 ' _ 15 Tabl e 1:
[err] [err] Values are the average of two independent neasurenents
usi ng t WO AU . of Sl i gar - PCT/GB95/02588
15
Table 1:
K., (LMD"
WT Y96A
‘% 1 6.3 12
E 2 12 28
. :
| @ 3 8.4 | 1.4
éb 4 330  »
S >1500° 73

* Values are the average of two independent measurements usin g 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 M 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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(S.G Sligar, Biochem sty. 1976, 15. 5399 - 5406). The value of Klerr] is
strongly dependent on the concentration of Kl err] in the buffer. At

[K[err]]> 150 mM K[err] for canphor is 0.6 pMfor both w ldtype and
YO6A. DWQI/M4ihi s table were determ ned at [K+] = 70 nM PCT/GR95/p2588 phat e
buffer, pH 7..4. in order to avoid salting 18ut of substrates at hi gher ion

concentrations. ‘[err] Saturation not reached. WO 96/ 14419
PCT/ GB95/ 02588 WD 96/ 14419
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PCT/ GB95/ 02588
Smal |
t he C33WR 214419 on.

Al kanes by P450cam Mut ant s 2I

WD 96/ 14419

Tur nover rate

2 4

Tabl e 3°
mut ants |isted bel ow al so contain

asured as NADH corRCHEBISNES Kt e

Tur nover of

(nmol e NADH/ nnol e P450cant s) . Fahe stibstrate: Wild
:]/9?,3} aneI\/tsu n chain yAm " ty ngﬁﬁ@ﬁlfﬁﬁt hfhﬁt 4
s i, oL BB by F A0 Wt
ggc kgroun yfr %Fﬁﬂs@rg’as NADPZ%pns mtion Fafh, igiole NADH/nijole P4SOcamss). ™~
Eeﬁt e L o Aikane substrate: *_E_isc Wild s- tr.EéDrGOAQ p;'ntn;gyl 0.9
E;EEg?gﬁn Ma!ﬁ?E n Ec:;‘am > et)gé/:(g?f)ﬂl}ir}denegc% a:;cty'ifék%gound %:mfet hyl hexazgz
C7 2- met hg“' hept afidbutane background = 2.1 - 4- et hyl
heptane Ch 4 2-methyq butane background 4.6

C4  23-dimethyl butané  background 16.8

C4 2,2-dimethyl butane background 14.0

C5 n-pentane background 5.8

C5 2-methyl pentane 3.8 11.7

C5 3-methyl pentane 1.3 14.2

Cs 2,4-dimethy1 pentane 0.2 12.6

CS 2,2-dimethyl pentane 5.2 12.8

Cs 2,2, 4-trimethyl pentane 0.9 53

C5 3-ethyl pentane background 16.2

C6 n-hexane “background 6.0

- C6 2-methy] hexane background 10.6

C7 n-heptane 2.7 | 4.4

C7 2-methyl heptane bgckground 2.1

c7 4-methyl heptane 14 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” - typical background NADH oxidation rate is 0.07 nmole NADH
{nmole P450cam)™’ sec™

P
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CLAIMS 1. A mutant of the nobno-oxygenase cytochronme P-450 camin

whi ch the tyrosine residue at position 96 is repl aced by the residue
of any am no acid except phenyl al ani ne. 2. A nmutant of the

nono- 0¥yQesa9 cyt ochrone P-450 camin whi ch the tyM!Wé@ﬂdue at
position 96 is repl aced by anot her améo acid

has the roperty of catalysing the oxidation of

fol I owi ng: - CLAZHEC, filis snwram pggflrjocarbons, lin mﬂﬂﬂﬂﬂl Mﬂﬂﬂ"ed
al kanes, di phenyl an ApEcborrpounds I ncl udi g

variants of such co | ogenat ed hydrocarbons

Tt ant 5, CL8 o) g de0afd “pihb-bltybbhake! Srtoﬁgr‘%%g 7 %bd L
asparagine,  aspgpibf tl‘?ec Fgros:.necy;s%ﬁﬂ?e' gtu h%giﬁ:i%q{ dgg 9 an I¥"Cthe
gl ycine, histidine, eucl ne, si ne met ni ne,

proline, Serb?ﬁteiﬁée%é‘fduér ﬂ@pgaalaﬂdnwwels repldedd! Y &R

claimed in any of Tlains 1 to

or nore of the pogesiaie of an§7anﬁ.&o B¥id ¢htept! pherYa AN, i S
repl aced by anot her am no acid residue.

2. A mutant of the mono-oxygenase cytochrome P-450_, in
which the tyrosine residue aﬁ position 96 and/or the
cysteine residue aﬁ .position 334 is replaced by another ‘
amino acid residue, which mntﬁnt has fhe property of
catalysing the oxidation of any one of the following:-
polycyclic aromatic hydrocarbons, linear or branched
alkanes, diphenyl and biphenyl compounds including
halogenated variants of such compounds and halogenated

hydrocarbons.

3. A mutant as claimed in claim 1 or claim 2 in which the
amino écid 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 case

- of the tyrosiné residue at position 96, the amino acid is

not tyrosine and in the case of the cysteine residue at

position 334, the amino acid is not cysteine.
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5. A method of oxidising a conpound selected from a ~ pol ycycl
aromati ¢ hydrocarbon, alinear or branched al kane, a di phenyl or
bi phenyl conpound including a hal ogenat ed variant of such a conpound

or a hal wozsauer hp‘@% Arbon; ret hod' conpri si ng CPCI/GBYS/02388 he

sel ected one. of th Eﬁg d#\S BEENf @@ dising ~ conditions with
nmono- oxygenase cytoch BHACERmM i n ~ which the tyrosine residue at
position 96 i4.replatugant as i inaanyoofcicdaimsi dutoeicéptwhich the
phenyl al ani ne. 6. . Anethod as clained in -claim5 in which the am no
acid i s sel e@mddof BGhdamesiuerfat haneopromarg of Lhmmipesitions 87,
argi ni ne, asparagine, aspartic acid, cysteine glutanic aci d,
glutamine, glyci 88, 85t i%fhe, 247)sdPSuank, 297 is replaged by ,anegher
nmet hi oni ne, proline, serli ne, , t hreoni ne, tryptophan and vali ne.

7. A nmethod as cl mHP® AFIS X8%18Y8: claim6 in which the . amino acid
residue at one or .nore of the positions 87, 98, 185, 244, 247, 295
and 297 is replaced by anot her am no acid residue. 8. A mutant of

the mono- 0xy981ase oY ARHGA™ o, 4304880ng o “HALANREC! L1 @8eB8" kOB o4 ©

descri bed wi tR‘ref érence t eacc rawi ngs— an
exanpl es. polycyclic aromatic hydrocarbon, a linear or branched

alkahe, a diphenyl or biphenyl compound including a
halogenated variant of such a compound or a halogenated
hydrocarbon, the method comprising contacting the”
' selected one of the compounds under oxidising conditions
with mono-oxygenase cytochrome P-450_, in which the
fyrosine residue at position 96 ‘and/or the cysteine
residue at position 334 is replaced by another amino acid

residue.

6. A.methbd as claimed in claim 5 in which the amino acid is
selected from any one of the following:- alanine,
érgininé, asparaQiney aépartic aéid, cysteine, glutamic
acid, glutamine, glycine, histidine, isoleucine, leucine, .
lysine, methionine, proline, serine; threonine,
tryptophan, tyrosine and valine except that in the case
.of the tyrosine residue at position 96, the amino acid is
not tyrosine and in the case of the cysteine residue at

position 334, the amino acid is not cysteine.

7. A method as claimed in claim 5 or claim 6 in which the

amino acid residue at one or more of the positions 87,
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pol ycyclic aromati ¢ hydrocarbon, a |inear or branched al kane, a diphenyl

or bi phenyl conpound including a halogenated vari ant of such a conpound or

a hal ogenated hydrof 0 |y as hereinbefore described wth
SR Agié%‘fh

r ef er enagpobgriddpe acchp

-and/ or' = exanpl es. PCT/GB95/02588
..o38 T

98, 185, 244, 247, -295 and 297 is replaced by another

amino acid residue.

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

the accompanying drawings and/or examples.

A method of oxidising a compound selected from a

polycyclic aromatic hydrocarbon, a linear or branched

~alkane, a diphenyl or biphenyl compound including a

halogenated vaz_'iant of such a compmind or a halogenated
hydrocarbon substantially as hereinbefore described with

reference to the accompanying drawings and/or examples.
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