; e3e6wr r st URNUNVEVT6WU 7 - | HYDANTO NASE VARI ANTS W TH | MPRENEB003
PRCPERTIES AND THEI R USE FCR Twﬁwm OF AM NO ACI DS BACKGROUND OF
THE INVENTION 1. Field of the | e present invention relates
generally to hydant oi nases. Mre patdteul arly, the present invention
i nvol ves the discovery of a nunber of nodified hydant oi nases which exhi bit
i nproved enzymatic properties relative to previously isol ated hydant oi nases
and their use in whole-cell catalysts to manufacture am no acids. 2.
Description of Related Art Hydantoin hydrol yzi ng enzynes, which will be
referred here as " hydantoi nases', conpriise a diverse class of enzynes
having a wi de range of specificities and biol ogical functions. Sone
hydant oi nases for exanple play an essential role in the reductive pat hway
of pyrim di ne degr adat THMNTANASRY TS WIEH RERROYED PROFERSIES D) wher eas ot hers
catal yze reactions in Avveri UREF6he g fRdbudonD Wiako Aaldsant oi nases) EC
3.5.2.5). Despite their functional diversity hydantoi nases show significant
sequence simlarities and belong to a superfam |y of am dohydrol ases

related to ureases as descr BAGHGROUMNS @F THE)INYRNTIQMder , Amm“ﬂmﬂﬂmmﬂmm
evol utionary treasure: Unification of a broad set of am do

related to ureases, Proteins 28:72-82; The alignnent of sequence&shv omt he
di fferent hyd%ntoﬁk%%@ghﬁégﬂﬁg%H to identify conserved residues that are

i nportant for cat &hyt peséutnotveotiorasrethesc gediedilibyto Maydan@inaddabetadat , A,
Mattes, R, I opp of
Hydant oi nases, Eﬁh&y'gﬁe %%lé lqgé?}{hfﬂynvg%%g%"c WC%?Y x aE\ﬁQllnmeer.(%. ( 1998)
I denti ficati dRodified Redagtqiprses %‘C*‘SF’FH“I’%F‘PPS?V?%C%@&PG rPé?l?“tSH%ﬁ fe@atw@ at ed

ani dohydr ol as@spradbusig isortddRyedihfse@Rind &htir e iBivaRNEEIL cdraly@30029S- 302.
Despite this knogquggu%pat Llows to identify equivalent am no acid
residues of the differen ﬁy ant oi nases, know edge about the function of
other amno acid residues is limted. So far, no X-ray structure of

hydant oi nases Was pesftiof &f RABtMMRON t ant property of hydant oi nases is their
enantioselectivit |ch g then1va|uab|§ r%dugtLon of
optically pure D- s "RUE aF1E Bﬁcké?dﬁ <8t "Ayd&ht oi nases
is provided i‘lrwctaheaupmb$1 sdmscé@cti(ypale d4se if enzfmdg harareg Aagidermngelaéd " The
Hydant oi nase Jpeamidéd dHohaegiek fam&;aseeame hyazlesivhsb64er é?caﬂlplet Safghation to
ot her Fydant0|nase " glnstltut e Bloég%fahre st echni k, } CFLum

Physi ol ogi scH& MR} oFT'6I Ghi &e LJFﬁld\'fé'i’sel t BV |0k R imidlg)dearada

(dihydropyrimidinases, EC 3.5.2.2) whereas others catalyze reactions in the

purine degradation pathway (allantoinases, EC 3.5.2.5). Despite their
functional diversity hydantoinases show significant sequence similarities and
belong to a superfamily of amidohydrolases related to ureases as described by
Holm, L., and Sander, C. (1997) An evolutionary treasure: Unification of a
broad set of amidohydrolases related to ureases, Proteins 28:72-82; The
alignment of sequences from the different hydantoinases was used to identify
conserved residues that are important for catalytic function as described by
May, O., Habenicht, A., Mattes, R., Syldatk, C. and Siemann, M. (1998)
Molecular Evolution of Hydantoinases, Biol. Chem. 379:743-747; and Kim,
G.J. and Kim, H.S. (1998) Identification of the structural similarity in the
functionally related amidohydrolases acting on the cyclic amide ring. Biochem.
J. 330:295-302. Despite this knowledge that allows to identify equivalent
amino acid residues of the different hydantoinases, knowledge about the
function of other amino acid residues is limited. So far, no X-ray structure of
hydantoinases was reported.

An important property of hydanteinases is their enantioselectivity which
makes them valuable for the production of optically pure D- or L-amino acids.
A detailed background of hydantoinases is provided in the published doctoral

thesis of Oliver May entitled “The Hydantoinase from Arthrobacter aurescens



In view of the inportance of hydantoi nases to the production 2#Jubp2003al | y
pure am'no acids, there has been a concentrated effort to develop nodified
enzymes whi ch have inproved properties with respect to amno acid
production. As a result of this effort, a nunber of mcroorgani sns have
been isolated and identified which produce hydantoi nases with desirable
enzymatic properties. U S. Pat. No. 5 516, 660 discloses m croogani sns
identified as DSM/329 and DSM 7330 whi ch produce hydant oi nases that are
capabl e of producing L-al pha-am no acids fromD-, L- and/or

D, L-5- nonosubstituted hydantoins. In U S Pat . hb 5,714, 355, a mutant of
the DSM 7330 ni croorgani smis disclosed?which has greater enzymati c
activity thaMm t Bgsaparsenrt itk gRulstivbYy ta f(ﬂhélor Hytatpihased" 7. (InStigutrufadit  ( DSM

9771) Was SRR (b 00k NBDRE oML BHA! YRiHOLREe.

sel ective pressur nDyIne ne (L- e source
of nitrogedtutigartdags). the hydant oi nases produced by the above-nenti oned

m cr oogani sms dheview|df thellimpdrthate af hb&a:sttousm tofthe pebductidre bfleptiguilyposes,
there still aﬁy%@%tcic[w'tﬂgr@%%g Bekrf ﬁvgdr&%n%‘ﬁéf’%%%fl?ﬁ ‘M&b&t}p%'ahmg‘d even

nor e desi ra ant ol nase actl vi dy In partic
i mprove er@?ﬁ%el‘@&‘@hvrhﬂyeaén\%‘l"fe asPr@Q?%FI“’}Ft ﬂ&lﬂactrrwqor/ tas UMY @:1d'I'HE

| NVENTI ON priodaction dAs cerssulltiof beis pffesgnd nummiedtt ofomicroptianieds Mudarbeennases

are provi ggg,) ‘éﬂi Bﬁdflaé’r?nﬁéﬁ‘%‘f@lﬂ ?Mééahg ro%uce ﬁbﬁl%ﬁg&ﬁf %h&t&el |

cat al ysts) dant ol n or ganr sm
DSM 9771 vwoeﬁrtil%? |§e°nt Pat-effoi . DL 060, 1dlsq{12§685m?§r4>0331318m9né

hydant oi naBsMT32%aandrHsMd #8380 w]mqhepmduwbih&dammhud% thatriaes edpablm ofi ons
rangi ng Se;%ﬂﬂi{-i@ I Yaibh il o8R8 frehRD] B Mg 1/8} D1l 5¥ASH S HRiGlad t hat

substitution o m np~aci ds at aqne specific am 0. acl I t1ons
within t hdseMteinsy gha\}rﬁe rpééull\{‘ed%r%{mﬁgsf of nHt4t8Ht of etrkr‘fyr%%Mhi Vg

enhanced pmopeotgaassmi tshdisebedt whichadtasy gteateneneymatic osativett ithad ytheThe
speci fic aiaQ fb?ngmI%ﬁ? ANFANSIDBF Sy ttoWEWCh B shi bt 95‘§Ma©?7if)a%st0

achi eve the npdifi ed nt ol n se en ordance wth the present
i nventi on AFaNsgsityi Hit“f%‘s“g %ntgg}? 3&@ grepgasm pdingder  selpgiive
feature ofpxtelsmnerwmng|Ieoarb$x|n&gnlrh|ednammdLa@ANI) subtheidold saunseatf itregerar i ous

positions f - 3
o 1o RS e b st e S R oo

195L, V 1 feéf?itréea 4 SYB§5 k igtendsf PEPashds %ﬁe% it a
substi t ut mmﬁmueng rte@dntb tevalop areve ehigpmes ayimeh| exhabit | avenymand dekiaagle t he

enant i osel Reddn¢binasef etdﬂﬁnt Wi IIH tymlcu%lvl Yhéde hydang oipage. tol N@spr&ranged

enzyne properties to a significantly inproved
hydant oi na‘jp anﬁlrogglgmg ‘g’f/aPé"a" lca%}:g’i)’ﬁtﬁll ation of the wong enantiomer

of the N-carbanoyl-am no aci d Sl x specific nodified hydant oi nases are
di scl osed whi ch have one or SUMMARY bhergmmlmqaci d substitutions. The

am no aci d sequences fior theﬁ_ll nodi f d hydant oi na ?X é forth in SEQ
"D "ot g, S0 E"E5GriRh0d RERT I Fredt BNPRINS RORISe L bR RSt el

i denti fi ecprtorvncbdg hdmcht Heavep etibianced | gnzamatic ceromxiles)Hﬁyetieerholrm 11,
22CR and &Rh¥std) aﬁ@ﬁ%b?@dtyto ke maahwlhagé pdbé@éedebgdtﬂehahcﬁbwgdﬂldhnases

evol ved { 0bed v a2 SARL R SUREth (o OB O 25R1 hial b Ve the

production of amno hioni ne) ‘usi g catal yst
conpri si ngrlmvma\?e@aﬁmﬁmmage sequgaas tvioeh declnees e&mbﬁeémﬁml ase.
The above minginissefieabidllirdfyn qtdoersd SEQIER NOd2)at t endant advant ages of the

present invent 'I?er\a&éldlsg&%?é? tgm}]tsquts @gﬁgﬁtcﬂognllmo %(Il&é e&cgﬁg }qgore

follow ng detai'l descri i n_conjunc
acconpanyi YR§CHicadrigg . aoshrmsltmecwrtﬂrrm ec?SiVH@ PRATRIYOS: Frpeﬂtqd |le thse
restricti qanﬁaﬁoﬁfoftdaeyﬂeetmiw edhéﬁéecepfkﬁfﬂe&ﬁéé)l&nﬂf rédpRchysladtivitnase gene

(hyuth T omALIRERRAGHE! AR %WJ Phaaflo adal BoBifll ARLBILATCNGHCRO | he
results of e arat on of |o I'ne enanti oners pro uced by
mut ant s qulrabstlmeprrs e Tedp %&wré@et@Odﬁ@dDewmmwdgnmmes@ FI G

3 ijs a Chadfdco}fﬂurfd& Withi eHes piddent ehedriticn afPpO¥RIBRARt Nos.NOBNIFARNBO, @Gl vity
t .
and enant' S3F) 8651 VAL Ya ML Ghel SroBRBK AR LR IMhANLa0G) TRRyRE LR |

pr esent inventiron w respec aht nase
a chart whHiHIStEHENRS eht:f}fhﬁqn@l%ewwrrlya&r IW@ﬁéﬁtprAweﬁrsas cdypes ?fai ns
and nutant 2H4 of the present invention.



24 July 2003 - 4 FIG 5 is tw charts showing the rinme course of the

hydrol ysis of 100 M D, L-MIEH in 0.1 MTris pH 7.8, 37C with § ' E%bg dry
mass of A) E.coli JM 109 (pOWR0O/pOVR1) {wi | dtype pat hway) ana g?y .colt IM
109 (pOwR2/ pOVR1) (pathway with evol ved hydant oi nase Crom 2H4). FIG 6 is
a chart showi ng a conparison of the hydrolysis of 100 mM D, L- MTEH in 0. 9%
(wv) NaCl, InM WMnCl z, pH 7.8 with 25g/t E.colt JMLO9 (pOWMRO, pOMR21) and
E.eolt JMLO9 (pOwvRl, pOWR3) after 1 hour reaction time. DETAILED

DESCRI PTI ON OF THE | NVENTI ON The nodi fi ed hydant oi nases in accordance with
the present invention were produced, identified and isol ated using random
mut agenesi s procedures of the type desedibed in U S. Pat. Nos. 5, 316935 and
S, 906, 930. Random nut agenesi s protocols, which are al so known as directed

evol ution procedyres, are al descr.i.bed in Kuchner,. O., Arnald, L (
Toor) " Di v aRo QR ba Shaafo Eibs RECCIT arytsacie BHed a6 30kgs. [958
and Arnol d9%L, (VIS9R) . VERANEZngR need i VP For Onenaquamus shitheset speaifidom

Bi o Jechno cequSitIanaRiodbuii 2 ShEILR ¢ ShiviRalid DRAY AldUdbeTRdCA

i o/ Technol oqy. 9: - Che ) r . uni_n e
Soctvity. SPodfosEgHaSE B thr gt Sesd Rt £ rvBantneith THeRkdthaneed

mut agenesienzpmes ppepgriics nWErd oloundt 4 ysontributeli tretaysignificantlyeimprayed Nat f .

Acad. SCi hydantfRas®pBokfddy Al thd acAndubti] 8f tie Hrond LWbhtioRidrect ed
Evol uti Onoﬁ-&]["'?s]@b isin,E i.n Bacillus Subtilts to Enhance Total Activity in

{1

Aqueous Di Rici ﬁﬁ}ﬂ}’&g)‘mﬁ?&% ‘re Engineering, 9, 77-83. The random

mut agenesi s pr ciedipeeifigsawbdificd dwdanfoinasad aeoldasdosede winch fiavd one or
fFl_yda?t oi n?ﬁ&% Bpluh@%@v% %nﬁ%”ﬁci'&a:[s?ﬁ%tﬁh%ﬁgu mes @@iﬂa&%@id fse§@ed@VRor

irst, a lLarge number  of random nutations.in pe, nucl eof |

sequence (téﬁ% ’qﬂm‘ffl{)hy ??#ggé?%seﬁeﬁrgr.ﬁﬁte@.rthrm gﬁf‘q'%ryb%f 4n[}gl %’o?{)’dgg
sequences amiderld. t Heaseumnglified dyjstaadeings¢sirage alsapislens@Geduthmougheny yies. The
l'ibrary ofspetifishién R¥dw D] NESHY, WBE7t NOAGIA!, 2eUerd hAd iGHEHM | IfexéFé&a&@y.
mit ant's wi th eqgnced EOZYIRLL £ AEHI AR S0ANgRd. ENRILL 9SS

eaCr; olrty'
The step of screeni ng rs rar expressedad aim no acl seguences

to i dent i fopaptiepelagivaty ean drmmatsyhtimpiayeshepradestinn b pedng scids Gay
nunber of [siietliBhihes aistenanghbrRCdulll SatalsMbaipriERRs dheevdBsidr Bl £h telivasee

properties, . Screen Iy used was a pH-indicator assay
whi ch wil ?nﬁl&ﬁ idittd %%%a?tn%%%@é?ﬁa bel ow. 24 July 2003 -5 In

accordance wi t Fhenheaavesediscpspedntansh, masyr  ethey ndeathiads ngndnratientant
hydgnt 0i nagi®antappe of t1es pyeveat itienitioh ‘eml Becohttebétesuhhd&stddaeby réfetenicaun )d of
random nut aggnesi t : C i enge. 1).
The first H?Oﬁ%dir%?@%g g‘%&""? %"88%%};,{% v@%}bﬂl%k&i% YQQIEJ&I (n%g%& &thh ?ﬁg

nucl eot i dESYFREAFEE F13WiRfese first round mutants are set forth in SEQ
ID. NOS. 3, 5, 7 and 9, respectively. The correspondi ng am no acid

sequences are set forthgg ﬁgﬂséﬂPﬂ%OﬁTﬁEﬁgﬂ'ﬁ# respectively. A
second round of random . nu g%e,ne,m S waS conducted I n ich the 11 DH
nucl eoti de seqldHce Waths LeF5THIRRR: Ydtheo VedPmuseddor frpression i dne

mut ant s. Ayslantpirasaigard (hyAMTE)m Warthriobaoterr fspe DSMO TN .expr essed a nodi fi ed
hydant oi nase that exhibited desirable enzymatic properties. The 22C&x

enzynme is the as the 11DH7 enzy except that the 22C& mutant has an
am o aci d subsitt & IFof ﬁﬁogﬁ?ﬁrﬁah Shgpine fae soviss fthateRaRtiqmPedted to
sat ur at i orcanhdragdAmstisonimeoekartidroersnprabived by m@iGinds f{G2d4ent 1Bk handci ds

into am nq&er ds RBRIJar &N tdPhe HAY O7PDETAWRIGnaEL, ened and a nutant enzyne
wi th enhanced enzymatic activity and higher (L)-selectivity was identified

as 2H4. The @H4 nutant is the sane as the 22C& nutant except that
phenyl al ani ne FGsgbista chagdwhimh depitesudieneelativeppsptdvemeds in enzymatic

activity and enantioselectivity which is provided by the mutant enzymes of the
present invention with respect to the DSM 9771 hydantoinase (W).

FIG. 4 is a chart which shows enzymatic activity of different
Arthrobacter strains and mutant Q2H4 of the present invention.



As a result of the isolation and identification of the above identified
mutants, it was established that inproved hydantoi nases nmay be obtai ned by
modi fyi ng the DSM 9771 enzyme by substituting amino acids at24pi3008ns 95,
124, 154, 180, 251 and 295. The substitutions nay be nade at one or nore of
the positions. Table 1 sets forth preferred am no acid substitutions. Table
1 Amino Acid Position Substitution Abbreviation 9511le -~ Phel95F95I1e -~
Leul95L| 54Val --~ Al aV 154A180Vval -~ Al aV 180A251d n ~ Arg@@251R255Vval ~

Al aV295A -6Am no acid substitutions other than those set forth in Table
1 are possible provided that the resulting hydantoi nase exhibits desirable
enzymatic properties. For exanple, othet- suitable am no acid substitutions
for isoleucine at position 95 include Gy, Ala, Val, Leu, Phe, Tyr and Trp.
For positions 154, 180 and 295, suitable alternative am no ac

substitutions forfifa everhardeharineaiia tans cousss P%ﬁleehyé‘F?lé?‘?laf 1% ami no
acid substi tu{MmErNHtEfposi)nmaniBﬂi T&ra"gbum&rren@ delclryidmsfAnga) Eysliand Asn.
The am no aci bst y ) tura gene fol | oned
by screening g‘ bll dhd bM’ib Qﬁggas W‘Ei |on “"a §al soJ bewrrargldceo?by cﬁ(l)egrgn cal

mani pul at i on(RﬂMQWQODQ\m Qfﬁlllwwwevomedbydwﬁmem frem&28¢nt hesi s of

pepti des having the desired am no acid substitutions at the desired

| ocations. It sho be not ed that the above |is i N0 aci

substitutions ar eHGnt eﬁd"eﬁ ) %8“’%5@&&?‘3?@7‘38? Bt é‘f g‘r"srg’h'sgl ‘?elrog}a

substi t ut i onP,laMTEHeinv@PVofug vENBEE iltnM MnClsipte 8.8 @l 2O LIUE.canBIUI9 ot her

am no aci ds goRPSRINLH RIL Y L8 Dk AL (pE: 18 PO 1 GeRGE hotlil Yealfiod NE
resulting protein’is not destroyed. The useful ness of a particular am no
aci d substitfif¥on at positions 95, 154, 180, 251 and 295 can be determ ned
by routine pH screening as described below. The am no acid substitutions
descri bed above nmay be i3 S%N@r }gq.ﬁiEt[' fridh ot her hydant oi nases.
"Qt her hydant oi nases" he hydrol ysis of any
5' -nono- or di subBE ltnefl'éiad thydarteigppesderiopandroes wih the pdeseneingeriored

N- car baroy!| - aeﬂeqeo&eded alRdundghid B@Mﬁadblﬁﬂ@ﬂﬂtdz& Al thgd QA% potdmraci d
sequence i dentt{ht todt e. J},&d«an&% nasey fr E b{agbﬁg 038- %g%l 9771 which
dtyBe &t ‘e or| KM stUe ‘BL

can be deterfihe seguence al’l gnrren‘fS i“AI tschul ,
S. F., Gsh, mWageMSIlft eqotOCWS, wilrhrage also kWWISSS lirgntedhe VOIDUO!} prgced@8g) " Basic
l'ocal ali gnnmtan&eaésﬁ:hb&@m KucHnerMol.,. AdRb@, F. leﬁgéﬂa}&l&ﬁ)d EvofiiidiOofaci d

B o o Em By R BB s S SooL Sh " Sufl alebl B dygrcon), ane
aci d resi dueBntymt angivteriibat ©r | nommemmytwaa@renmmeﬁmtioon of

different hydanted Q@fﬁ,e@ odeumfsunegeﬁaa.r bpdnibAVeGid, B/ 388RoB Q0RET d

p05|t|on nu deletlo I nsertion events in_the honol ogous
enzyne. EqUFQ%ﬂ quh |af‘fio?fé‘° fF HW&’MHPH‘&S& KL PHPR FBfRF £ 0 ami no

acid positi omsusnhatencmrtmubsn gequantidierapdone mayagenesis blUablilom Eaddri vity or
enanti osel ecedté(l%'&i()n aﬁnétnﬁf&mamdea%ismﬁemufs&duwge%uev,@wtangn

experi ment he am no acid %uence identity of different hydant oi nases
i s high, forY@%dnpre Angidef-H K'aﬁ? Gda/ifecé‘?‘r’dEPHe“’&rﬁfr%‘b&E?‘ﬂ EniesPeqibes i s

| ocat ed i n asw@mins ewVEGhieg DitaMAtinatyt irS aguence DgagRylfoetidinvdl, embiefp0Si t 1 ONs
can be det er%;lgz%df b%/ St ce 24 July 2003 _ 7 alignnent using for
exanpl e khe ‘'gorit If the am no acid seguence identity is | ow
for exanple | omer“leh‘aiﬁde’@wuéﬁﬁd“?%PmF%eatﬁeé taodentifpndsiselaicathéd m a
non- consgr Veglodiagd Q{}daﬂtrmrbeag fﬂ%ﬁi@c&%@hgﬁﬁe b)eglegp@u&mém@edldbmreegl onsbof
conserved ani,no_ a ot her t S .such as. structu nnents can be
used i f x-ray® é’?r&ffhf’é?gﬁr"é‘"b af° a%ﬂdgm(‘m*&aﬁ‘aﬁ%m they ‘% %Be q,goqggeki ng
si gni f i canceseqpe@sed(SHENSIONEO. d) otvedra- @cmmrefmmmmsdnsuclﬁaﬂde i n.
 SYruc. Bi Ol seqfiestbd wifi?e (nehOdR) o dfBHEs LARKDARGLA! ATRuAIA ggurally

allgned and eqU|va ent positions can be found based on the relative

| ocati ons of TRehBbmry 96 mispted, Brdagtpiaasss asethspr srEtetredo idgntifipitheseaci d
posi tion thahutamtd d&l‘ﬂ'&ah]ﬁm&ﬁdfeﬁfyn&i(ﬁlmﬁﬁtyba)hdwhlhﬁ@écﬂdﬂlaﬁtl@ewtﬂuﬂ@ to contribute
to a specific fungti o n _be o d by diff nt n cid

resi dues) not jugt% tge oﬁg St%bee B gml ent?ﬁa&j ‘H C’Fparg g?n aﬁg{nﬁt g(ﬁgt agenesi s.
Sonme subst i tIFANHES \ip Men&é's#?wybtcweﬂﬂa%cqoptﬂwha@d?ﬂsn@fccqrh@whvﬁl Msingot change
the functi orhnyandny&tofe&lb@lesweédmg fépmueeimciﬂm&mememwm&&mm met hods,
such as site sat grati n nut agenes Sal[:an SI| Eq i tX am’ano aci ds
that contri BIPBTRS t hé'CsHRE WAy ° og FURTY B % a%veﬂ |rrp?ao Ve T ¥ by
repl aci ng thehltbmddbaqhttaqdbatindnwesiledm@em h all possible amno acid

resi dues (Myazaki) K, Arnold, F., Exploring nonnatural evolutionary

pat hways by saturation nmutagenesis: rapid inprovenent of protein function.
J . Nbl EvoI 49: 1716- 1720) Even non- natural am no aC| ds can be

Y O " 2 A I A

e o . S



Si x nodi fied hydantoi nases in accordance with the present invention are
listed in Table 2. Table 2 also lists the am no acid substitué‘i?mg ¥hg h
respect to the DSM 9771 sequence (SEQ ID. NO 2) for each nodifi % enzyme
which is identified. _g_ Table 2 Hydantoi nase Am no Acid Vari ant
Substitution 10G7 (SEQ ID. NO. 4) 11DH7 (SEQ ID. NO 6) 1BF7 (SEQ ID.
NO. 8) 19AG 11 (SEQ ID. NO 10) 22C& (SEQ ID. NO 12) 2H4 (SEQ ID. NGO
14) V154A 195L + @51R V295A 195L 195L + V180A + @51R 195L + V180A + QR51R
The nodi fi ed hydant oi nases of the present invention nay be used in the sane
manner as ot her hydant oi nases to produce optically pure D- and Lam no
aci ds. For exanple, see Biocatalytic Prdéduction of Amino Acids and
Derivatives (Rozzel, J.D. and Wagner, F. eds.) ( 1992) Hanser Publi sher,
NY, at pages 75:176, faor a descriptiaqn of tt he use of .hydant oi nase%ai.n t he
production of opfi @S?Cf@aﬁﬁ?e | 0 Cadit G SR BIUAL ndods LB T SRAVIne
hydant oi ns enithncesk dwidanteinase Propersies overes identified| 89 thestasubedf ithe Hitsy me
\C/ %tflvys: S irbuPd @ﬁ@&ﬁd&ﬁ{}hbﬂﬁéeﬁeﬁi&dgﬁﬁ USM?V\}\;VX%QGB@&'& skhuélse. (sEljg?g@.

erl ag i.nhe pages - . .an ner, :
Product i onhc#}éif‘netrgll?oﬁfsﬁer.&%%Iaytqn%SF??frﬁ%? hylet ﬁ%%}t’hﬁ?%hyd;%%zi %Q'%y
resting cellP4GHl. Theenpeloetige sequericas dor Hraserfybherend spetands apspey §30h
Jour nal of irBiSE(?.Cm.ON%{ 365,63 A 9ATEsREETERS Thef &irt@honding) atdifio g et
invention are all natur } %.uggﬁx@ab@n‘p% gm d 1 whesreictne he am no acids
are deeneds?%u%ceﬁra\rﬁﬁFé 4 He e ' Ce Bk IP1 ESREF WS oup via one
i ntermedi ate C & 8peqral ©undmf rafdpm Crutegenesis rveasoapydeeteds iy whéeh thei due.
Preferred unmHuhakledtitd@egisle o rahdshBseathrdlo BAA03366H lib¥ey fr ed

& gan; schoft Grait-ct ifle xif s 220N A {aelEl ilehubriitlad BilBha
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met hi oni ne en¥@hk € the safide. ad GC il DIDHTT eSofe 8kddpt Ghie the 2aCcenaiutpnehas abl y
transforne iaﬁnﬂ'ﬂ[’é&?%ﬁ% H{dtli&;;ipgogiggn% fi ed hydantoi nase. To transform
hydant oi ns directly to the am no 2el IS by énzymes it is preferred to use
whol e- cel | cat al§t226Hi2 mutaat yasssubjectsd da febiistios Brtagresipidneidsk to
acconpani edgnttbdliceaall ROAitlancammhdycidstintnamice BRREpOEifioal 33 409 uvadsi n

addi tion t%eﬂ‘@%c?é@laeﬁt gh&af?n@&gltcé{m%@ls €nhanced enzymatic activity and
higher (L)-selectivity was identified as Q2H4. The Q2H4 mutant is the same as
the 22CG2 mutant except that phenylalanine is substituted for isoleucine at
position 95.
As a result of the isolation and identification of the above identified
mutants, it was established that improved hydantoinases may be obtained by
modifying the DSM 9771 enzyme by substituting amino acids at positions 95,
124, 154, 180, 251 and 295. The substitutions may be made at one or more of
the positions. Table 1 sets forth preferred amino acid substitutions.

Table 1
Amino Acid Position Substitution Abbreviation
95 Ile —» Phe 195F
95 Ile » Leu 195L
154 Val — Ala V154A
180 Val - Ala V180A
251 Gin — Arg Q251R

255 Val — Ala V295A
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or .immobilized form Al so the carbanmpyl ase and hydantoi n ragangfeomy be

i mmobi li zed, too. Techniques to inmobiiize enzynmes are well known to the
skilled worker. Preferred nethods are nentioned in Hhavender P. Sharnmg,
Lorraine F. Bailey and Ralph A Messing, Immobilisierte Biomaterialien
Techni ken and Anwendungen, Angew. Chem 1992, 94, 836-8S2; Dordick et al.,
J. Am Chem Soc. 194, 116, 5009-5010; Okahata et al., Tetrahedron Lett.
1997, 38, 1971-1974; Adlercreutz et al., Biocatalysis 1992, 6, 291-30S;
Goto et al., Biotechnol. Prog. 1994, 10) 263-268; Kamya et al.)

8i otechnol . Prog. 1995, 11, 270-275; cRahat a et al.) Tibtech, February
1997, 15) 50 SAmifd sdvid s tistidhitionBi dthec thah. tHokt setl 838 iA0TabB51538) . The
transfor girﬁﬁﬁﬁa"tﬂaP Ak P&ﬁ&ﬁ%#&hﬁﬂtdlﬂa@e ?%Bﬁs Q{e%frgﬁi% 9:%7}&941&& nuous
manner . van reaction
vessel ( vaw&tyc%tl*“omexanwlg a‘PﬁhBH SHitablggaming agidr wHtERHANK femigoleucine

Cheni ei nganpesitive IMincWhde Gly,1A4f Val, MAN ARy T8t aald Tig) Fypddstdodtdondgeneous

Cat al t I 3 Kr agl
ot o) ALy dhd pOSPERERAL| difertRe dRlo (R bbbyl B, valiliindidae (00
i nvent | onﬁlgasalaql S éHltﬁBleaaW&aé‘V%é'Ian@a%%ﬂy%’t SHERRS; A gositigandS kARG di ng
for a cargacapimes tnclade oprgl diyal anddesmasEhamthiachyddnswbsttadonbanay rbd he
hydant oi ngggel $yC QB A¢ad rflﬂt g&cfff&ldw:& ObJFS h&r@&%@ of bivdagt opfase of

t he i nvention, deanta eria ga a cell ecause of
hi gh repr%}mﬁﬁtm&ﬁnﬁa&l@é @3@9 de; hanshemicsh aranighiation gk the BSM P Hher e
are severeazynecbeby aoknentivtiad syhthesks of pebtiduskdeaving ithd desived antihio lacized i n

this resp | b C
system | neg AT BAE AT doutllpahthob B M hIR G tﬁ@}% Rusehe)
Anot her a%raéfeq a6‘F1 FURstithiient gss intenged rth,tl?s"sxeF‘Eﬁ’lafSh ef BF‘?fﬁ'IIE alfiraative

enant i onesulestithiyioparatcthedvaniowo sabstdtitioshisiths UBubstiegicnswhibbthet edthirgat al yst
accor di ngy4iQs e IJoQé/l%ﬂet bﬂﬂndé& tHat thidrdd¥s manceéfl&M@doﬂ {het ttysﬁltftf'gs PR&kid hat

amno acids || reon tert cine are
o otucad Bynehacsiravar "o dorbraconer = peliodar Ui, péidsFabsiinsgn at
di scussedpmentmm 935, nslﬁancléSQ;aES beandr2ifttem ke aebatdhedr by evuitime pH

cont i NUOUS rBBRIRG as Mygﬁgga%wly) an enzyrre menbraneractor is used as the
reaction vesseJmé Vandr ey Iahr%ﬁ b 39 Ver f ahr nstechnl k and
T

et
Cheni ei ngeni euf (esBMINQ/DRCE Si%’f Pum’%n gpovg nmay | eldn% pl f
HonpgeneoeguiGalent yosgionist in Oﬂg@mbmabinase@oi’@mmdss)datittbmast;S"V@IﬂemQ@e S832
ff., Kragéngim c%' thaf\n%‘éﬂyzg"ﬁ'i@ ﬁ?&@iys@s @18% Eﬁm@&&o@‘-}l d@augéaﬁﬁﬁed s a

further cte €ess

or oduct i 3%?9% R ABTER PO oIt et St N DRE bmidn At aak ulpad "°
pr ef er abl javeohedweead2bpndsi Hlys eminesadid seduenes slepOty 19 the bydasgtoinapo,
pOVMR2 andfrem AMRdbactdr S5lADSMOI7 DT WIRE cah KE@eteMRindd by JeQuehks al]i?mt SEQ

NO. 15 an efl} ta%%%t@‘%u&? a8 BLASP AN S9! GikR, WIeMRQIWE! M-S
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W. & L1pman D. J. (1990) "Basic local alignment search tool.” J. Mol. Biol.

215:403-410).
Amino acid positions are numbered in a linear order (starting at the

start codon) and not according to their functional and structural context.
Therefore amino acid residues that contribute in the same way to an enzyme
function of different hydantoinases do not necessarily have the same amino
acid position number due to deletion or insertion events in the homologous
enzyme. "Equivalent positions" of hydantoinases therefore refers to amino acid
positions that contribute in the same way to a function (activity or enantio-
selectivity) as the amino acids identified in our evolution experiment. If the
amino acid sequence identity of different hydantoinases is high, for example
higher than 60%, and the amino acid position is located in a conserved region
without sequence gaps, equivalent positions can be determined by sequence



Exanpl es of Practice are as follows: Exanple 1 The follow ng exanple

provi des additional details regarding the procedures used tgs4genrbody and
i sol ate the nodified hydant oi nases in accordance with the present

i nvention. The hydant oi nase from Art hrobacter sp. DSM 9771 (U.S. Pat. No.
5,714, 35S) was cloned by polynmerase chain reaction (PCR). The nucl eoti de
sequence was determ ned and conpared to ot her hydantoi nases from cl osely
rel ated Arthrobacter strains. The nucl eotide and am no acid sequences for
t he hydant oi nase are set forth in SEQ ID. NOS. 1 and 2, respectively. The
cl oned enzynmes from Art hrobacter sp. DSM 9771 share about 97.5% i dentity
based on their nucl eotide sequence (corresponding to 7 am no aci d changes)
with the enzynes from Art hrobacter aurescens DSM 3747 and DSM 3745. The
enzynes wer eabgipnegsihg inr Bxanuple the) RIKGT algiritgma If haramose afiddaaidsice vect or
construct WhidRdwas @@ovdrd@m foh@r kst bdU! Gn@find BAURS hdi@lpo&RBR1S CS.

Uni versitat ?tutt gart (Germany). The restriction map Is set forth in FIG
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each) into two frgshupindt 88d JdRichWenaR! Bt RRnBEQ forl é,@ﬂ,;mt aQ&t&i/well
freshly prepar d. substrgte sol uti or EH and L- ctlvely,
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i ncubation a, i QeMELeNMBeHLAL %smum% @ﬁn&\éw tmngedrp%ate%@t@én | | ows:
Activity = (A580( Ch)-A580(3h)) 1 ((AS80( i s the absorbance
wdhout cel | sYOFGP8t EdHPHEPpER éS%‘e‘?)‘e"Fl‘i"é" F‘?R‘P‘()e ‘ét‘l‘t“i"()l idskaesn t he D-
and L-enant i oweresls| sudhake sitasatafationthaagenesfspbn€ han gadlyanantify asedect i vity.
Since the ratiigs Qﬂata@nute(mtm Q" saftel &&; 20 ﬁﬂ@&ﬁd BIBIh 1&;&&6‘@5; eeni ng

tests is onlya irst hint oC enantioselectivity, th dentified nutants
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i ncubat ed at Af \Y/ tio ure was
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wi | d-type DSM 9741, Ntho&r’:ﬂg a (‘:Jogskgegat%g nblrrbe(xr th Bs?md gq@s m ght be
0

fal se positi VesrauEm A vartation éxpr essi"on Tevel
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nmut ants. TheA&lumome%ephash 9atss1iBais-Byflanveynase has a Iarge
evol uti onary pot tial 63{% t|V|t .and e antlosel ect|V|t be t herefor

i nproved). This ¢ 'B%d‘ t?‘?%%f I (ReEoTARGeg it e \?Eﬁsﬁ% t"é{B% 1 Smv), a
rat her | ow specidted im@ublei 2.y TahloRtalsdb2li¥tayhe andncaatldwmpM@m ovith evel (<
10% of total re@f,&&% Pe b§ﬁlV@7571ré%8m:Jch(sﬂ:(ﬂﬂ'b0W@PFo$ e9fh muﬁeﬁezm Table 3
shows the results of the tested nutants. Mutant 1CG/ shows a dramatic

i ncrease of VB isidertisdyity. Conpared to wild-type) the enantioneric
excess of the product is 4 tines increased. The enantioselectivity of clone
i 1 DH7 and 19AG 11 was changed into the opposite direction since both

mut ants are absol utely non-selective. The activity nmutant 1 BF7 possesses

t he sane enantioselectivity as w | d-type.



24 July 2003 - 12 TABLE 3 O one Conversion enantioneric excess(%

wi | d-typed2% after 2 hoursl9LCGr42% after 2 hours9011 DH742%yaf S003

hour s019AGL137% after 2 hours01BF745% after 1 hour19 Al of the nutants
wer e sequenced and the nucl eoti de and am no aci d sequences established as
set forth in Table 4. TABLE 4 Nucl eoti de Sequence (SEOQ |ID. NO )Am no Acid
Sequence ~SEO. ID. NO 11 CGr3411 DH/561BF77819AG 111112 A second round of
random nut agenesi s was conducted using the first generation nutant 11DH7 as
the parent. 'Iwo different libraries with different error rates (20% and
50% i nactive clones) were produced and 10,000 cl ones of each libarry were
screened using the above-descri bed pH-Bndi cator nmethod. None of the
screened cl ones showed significantly higher L-selectivity but mutants with
i mproved activity and hi gher D- sel eo&@;‘ktﬁl were found. One nutant (22CX2)
differing in only one amno acid (V ) fromthe parent was found to be
4-fol d noreacijy red to parent tIDH7—Sequ T the first
generation wtgkgﬁgnﬁ% and 19AGl1 rejeal ed a sigsye‘tq;n{f{:% ation (195L) is
responsi bl e for tHei T decreased Dsel ecfivity. IntPoducing all 20 different
am no aci gs—iont ] 2262

a 0 (fu,d')t,'r positTonm—9p of nutant g%z by—saturation
nmut agenesi :#Il f about 400 cl ones rev 16 %T?N mut ant (Q2H4)
wi th signi g@% L-selectivity (ee~=20 §P & ¢ ol d I mproved

activity qrt g(; N%Qg%&? nt 22C&2.{ The result a‘fRHPLC anal ysis for
enanti ose Y0 g) .01 | in FIG 2 The 24 9@L+%qg%A+Q251R

Q2H4 (SEQ. ID. NO. 14) I9SL + V180A + Q251R

The modified hydantoinases of the present invention may be used in the
same manner as other hydantoinases to produce optically pure D- and L-
amino acids. For example, see Biocatalytic Production of Amino Acids and
Derivatives (Rozzel, J.D. and Wagner, F. eds.) (1992) Hanser Publisher, NY, at
pages 75-176, for a description of the use of hydantoinases in the production
of optically pure amino acids from DL-5-monosubstituted hydantoins. The
general use of hydantoinases is also described in Enzyme catalysis in organic
synthesis (Dranz, K. and Waldmann, H. eds.) 1995, VCH-Verlag, Weinheim, at
pages 409-431; and Wagner, T. et al. (1996} Production of l-methionine from
d,1-5-(2-methylthioethyl) hydantoin by resting cells of a new mutant strain of
Arthrobacter species DSM 7330, Journal of Biotechnology 46:63-68.

Amino acids referred to in the present invention are all natural or
unnatural amino acids, wherein the amino acids are deemed to be primary
amine connected to carboxylic acid group via one intermediate C-atom
(a-C-atom). This C-atom bears only one further residue. Preferred unnatural
amino acids are disclosed in DE 19903268.8. Preferred natural amino acids
are those mentioned in Beyer-Walter, Lehrbuch der Organischen Chemie, 22.
Auflage, S. Hirzel Verlag Stuttgart, S,822-827. Among those amino acids
presented abouve alanine, leucine, isoleucine, methionine, valine, tert.-leucine
or neopentyl glycine are not preferably transformed in a process utilizing the
modified hydantoinase.

To transform hydantoins directly to the amino acids by enzymes it is
preferred to use whole-cell catalyst which includes the hydantoinase of the
invention accompanied with a carbomylase. A hydantoin racemase can also be
used in addition to the hydantoinase and carbamoylase.



- 13 nucl eotide and am no acid sequences for 22C& are set forth in SEQ

I D. NGS. 11 and 12, respectively. The nucl eotide and am no gy sesgiences
for QQH4 are set forth in SEQ ID. NOS. 13 and 14, respectively. In
addition to the inprovenents provided by the nutants descri bed above, the
activity of the whole cell catalyst could be increased by a factor of 10 by
addition of 1 nM nanganese to the growh nediumand to the substrate
solution. Under those conditions the activity of nmutant 22C& was

determ ned to be about 380 U gCDWwhich is a SOfold increase in activity
conpared to the activity described for.dArthrobacter sp. DSM 977 i. A
conpari son of the activity of nutant QRH4 with other strains is given in
FIG 4. A summary of the enzymatic activities of the various nodified
enzynmes Wi th respéied hydantdimasp zpe bt uBSMvBHiAlthissproedssfeghetinithelFfi@e 08. As can
be seen f1 OMyhhuGiitided Hrkn. Ohysh e TaIabl5thse MM Fah AN HALheL, idfhyABE Or dance
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- 15 kit (Q agen, Valencia) CA) and subcl oned into vector p, %Q@%Kp%ogsi ng
the EcCoRl and HindlIll restriction sites. Religation frequency of "al kal i ne
phosphat ase treated vector was bel ow 1% Saturation nutagenesis. For
random zation of the codon for am no acid position 95, the Qi ckChangeTM
protocol (Stratagene, La Jolla, CA) was used. About 10 ng plasmd from
clone 22C& were aplified by PCR using two conplinentary oligonucl eotides
(5" - CATCGAGATGCCANNNACCTTCCCGCCCAC- 3",  5- GTGEECGEGAAGGTNNNCGGCATCTCGATG 3~.
After PCR anplification the reaction m xture was treated for 2 hours with
20 U of the restriction enzyne Dpnl. Trampsformation of 10 ul Dpnl digested
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2. Main culture plates: cells from seed culture plates were transferred with
a 96-pin replicator into plates containing 200 pl LBamp + 0.2%

rhamnose. Plates were incubated for 24 hours at 30°C, 250 rpm.



i ndi cated periods of tinme and anal yzed by HPLC for MIEH, D, L J‘T‘%’- oand
D, L-net ‘as described in Vol kel, D. & Wagner, F. Reaction (1995) chani sm
for the conversion of 5-npnosubstituted hydantoins to enantionerically pure
L-am no acids. Ann. NY Acad. Sci. 7?50, 1-9. The optical purity of the
conpounds was anal yzed by chiral HPLC as descri bed above. As shown in FIG
5, the conversion of D/ L-MEH into L-net is significantly inproved for the
catalyst with the evol ved hydant oi nase. After three hours, approximtely 60
mM L- net was produced from 100 nmM D, LMTEH, whereas the whole cell catalyst
with the wild-type pathway produced only;;10 nM of the ami no acid. The
concentration of the D-C net internedi ate was reduced by a factor of 4 and
the productivity for the production of L-amno acid was 8-fold increased
during the fikdst hdgsawf usihe arpatingmbot, thd cdljise J3E8h wetl WwasHramgplbg 3 The

foll owi ng exanpl e ghewn t‘k@hn@rda%qbk)%doirmkgmwg@m a&hm&o&wgrnefshcantly
i nproved with an evoI vec? hydant oi nase of nutant has i nproved
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used far conversion of D, L-MEH into nethionine. 125 ng cell dry mass of
the respective cel [odoy®r ¢ added to S m substrate solution (100 mM D, Cr
MIEH i n 0. 9% NaCl , Adtiviv (4BBCIOE-A580(3h)A(A830(0BIAE)) i riRamticbtistieh abibante ialowrcelat 3?C. FI G
6 shows the producti on of nmethionine (Met) and N carbanoyl - et hi oni ne

(G Met) fromD L-MEH for both catal ysts. The whole cell catalyst with the
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produced only 8 mVgur 'tﬂ%r&t&eoém tfe‘éaf&t biPfrent ”Ram? '?x'xesrsqm}?ﬁ&re%xﬁ% that an
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activity | ead$est® in °8lygai st At 9%%6\9@%«?&&%&1%@%%@@%8 dtere
met hi oni ne. Haummgxeahuss dH@sC rHRed uekg NMblearate D edbdtRiné saSOfoubdoe peasent
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adapt ati ons) &Ad %@FW@&P7%SAWy”b@dn%¥d§fW<ttﬁF‘M 'thﬁée%céleﬁé“%qur% Wes pr esent

invention. Accetir}@hYor 3 RAnRie8S 400 iPUENDO QN of theipetrardtShst Hplibe
speci fic enbodi nents _as ill ustrated herein, but is only limted by the

fol | owi ng cl aPR¥. the FPAC sojummaprbthe vagiors ispgtionmaloid- 1. Stinson, S.C.
Counting on Chl r al Abbutg8% Ghehe popglatiblevshokod £LJigikcantly therdaHSp%C

Miller, R, @o e%l“t@ mgﬁosﬁt oMiC r'ﬁmé’ahh %%n%ﬁé%gﬁoqlﬁn@r gguct i on

of Damno alcd romDL stituted t oi ns sis and
formation of Hgﬂfar%ieﬁgmght B &lsa mesjtives dpﬁdalfemw tﬁf‘aRﬁFrPcS eA&‘i"EFé"%nd

Derivatives (efsl ilRazg®lulatiod, RboriN 0%agNRIscrebned dAbnds? wefeHaidsed highat | sher,
New York, 199%Ztivity mutants. The high number indicates that hydantoinase has a large
evolutionary potential (its activity and enantioselectivity can be therefor
improved). This can be rationalized since a high Km value (about 15mM), a
rather low specific activity (about 12U/mg) and a low expression level (<10% of
total protein) leaves room for improvements of this enzyme.

Table 3 shows the results of the tested mutants. Mutant 1CG7 shows a
dramatic increase of (D-) selectivity. Compared to wild-type, the enantiomeric
excess of the product is 4 times increased. The enantioselectivity of clone
11DH7 and 19AGl1l was changed into the opposite direction since both
mutants are absolutely non-selective. The activity mutant 1BF7 possesses the

same enantioselectivity as wild-type.
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Substrat e- dependent enntioselectivity of a novel hydantoi nase from
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A second round of random mutagenesis was conducted using the first
generation mutant 11DH7 as the parent.

Two different libraries with different ecror rates (20% and 50% inactive
clones) were praduced and 10,000 clones of each libarry were screened using
the above-described pH-indicator method. None of the screened clones showed
signiﬁcantly higher L-selectivity but mutants with improved activity and higher
D-selectivity were found. One mutant (22CG2) differing in only one amino acid
(V180A) from the parent was found to be 4-fold more active compared to parent
11DH7.

"Sequencing of the first generation mutants 11DH7 and 19AG11
revealed a single mutation (I95L) is responsible for their decreased D-
selectivity. Introducing all 20 different amino acids into amino acid position 95
of mutant 22CG2 by saturation mutagenesis and screening of about 400
clones revealed a new mutant (Q2H4) with significantly improved L-selectivity
{eeL=20%) and 1.5-fold improved activity compared to its parent 22CG2. The

results of HPLC analysis for enantioselectivity are shown in FIG. 2. The
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Al 1. A i fi ant.qi nas vi ng i nprqoyved enz ti roperties
relative to E%Dr?ﬁ?ﬁ tg I &% Vht\}’d’tzfin or °§%%e%o?t%ﬁ§ggﬁ"% CRRGTC g&ﬁ@&%‘ﬁﬁr (Es}:liod
modi fi ed hydabmt additisre of dbnsMshangafhiesenivotdiie faresdthhpedintmoambgethstiubhtrh@s been

nmodi fied by aguaino aeks: StHJ_%%t !cswihsm Ghe OR&GivRY) Bfoﬁxﬁném NBRG dvR0Si tions
selected fromthe _%r oup, consi st i na of am no acid position nunbers 95, 154,
180, 251 and SEfeH BybT ¢arEMBHELFT Y nehish ibemdriol nsrfess inasilvityo A

nodi fi ed hydawhgianas eo ateordivitg dascobad Morl Adtesteicter sl dDEMe9DT1.NDAEe arm no

acid substituyt] . . e .St F,, 195L, V
154A, V 180A,Ué0 B g’ﬁg‘ﬁé/g"%%ﬁg %( gHFAHt‘I’rrch}diQ? HE ‘rtff/ gﬁétro%th%‘gseq%gkg?d‘f‘ ng to

claim1 wher &l 4ai d unnodifi ed hydantoi nase is nodified by the anino acid
substitutions | 95RA sdmbBBActand etBadatid. acdvitibs BiDGe fvagcuhimdaiiit®ieAgseesaccor di ng

toclaiml W{Wirt}?irgsp%gti t% the parent DSM 9771 is set forth in FIG. 3. As can be seen
from FIG. 3, all of the modified enzymes identified in accordance with the
present invention have activities and/or enantioselectivity which are better
than the unmodified DSM 9771 hydantoinase. When tested under standard
conditions by HPLC, the Q2H4 mutant showed inverted enantioselectivity for
the hydrolysis of D,L-MTEH. Q2H4 produced N-carbamoyl-L-methionine with
an enantiomeric excess (ee) of 20% at about 30% conversion. In addition, the

Q2H4 mutant was approximately 1.5-fold mare active than its parent 22CG2.

Example 2
In a further example, L-methionine was produced with a recombinant
whole cell catalyst. Recombinant whole cell catalysts were prepared by co-
expressing the evolved or wild-type hydantoinase with a hydantoin racemase

and a L-carbamaylase in E.coli as follows.

Strains and expression vectors. The L-carbamaoylase and hydantoinase
expression vector pOM17 and pOM18 were constructed by PCR amplification
of the hyuC and hyuH gene, respectively, from Arthrobacter sp. DSM 9771
using the following primer: for hyuC-amplification: S5-AGGCGACATA-
TGACCCTGCAGAAAGCGCAA-3’ (SEQ. ID. NO. 17), 5;—ATGGGATCCCCGGT—
CAAGTGCCTTCATTAC-3' (SEQ. ID. NO. 18); for hyuH-amplification: 5’-
AGAACATATGTTTGACGTAATAGTTAAGAA-3’(SEQ. ID. NO. 15), 5-AAAAGGAT-
CCTCACTTCGACGCCTCGTA-3' (SEQ. ID. NO. 16). The amplified fragments
were cleaved with the restriction enzymes Ndel and BamHI and inserted using

the same restriction enzymes downstream the rha BAD promotor {rhamnose



unmodi fi ed hydantoinase is nodified by the am no acid substijsufjyogso3V 180A
and @251 R 5. A nodified hydantoi nase according to claim1l wherein said
unnmodi fi ed hydantoi nase is nodified by the am no acid substitutions |95L
and 251R. 6. A nodified hydantoi nase according to claim1 wherein said
unnodi fi ed hydantoi nase is nodified by the am no acid substitution V 154A.
7. A nodified hydantoi nase according to claim1l wherein said unnodified
hydant oi nase is nodified by the am no acid substitution V295A. 8. A
nodi fi ed hydant oi nase according to claim1 wherein said unnodified
hydant oi nase is nodified by the am no acjd substitution 195L. 9. A nucleic
aci d segnent conprising a region which encodes a nodi fi ed hydant oi nase
havi ng i nproved enzynmatic properties relative to 24 July 2003 -21

unnodi fi ed hygahabnaae aie S&br bDOEMD2 2volithere], miaﬁhéeempdi fvied P.,

hydant oi nase (1516 | %S&Of\ltynrb\.ltcgmerl (?Jd (Mé’g?muc'leggéees%égc (?rcla en LI)TR I fied by

an am no acid sﬁéétltut I on i'ons sel ect ed
fromthe gr ouﬁn@bﬁ%ait@ﬂlf’rﬁ@*‘%#"%ﬂhWR@&W@‘Rﬁﬁ&&‘h%Wﬂﬁh@ﬁ@ékselwm335’43‘ of80, 251

and 295 and eGueyw@ingtds mrtslmwaf Mdrbessl. By daeu70i s e The 1Q-exfreBdish €i ¢ acid

segnent accordin 9 wher d one 0 ac
subst it ut s ons P BB Pty i P b el T R PR BR £R5 Gt visan
V180A, @51R anﬁwWZQSﬁndQ1ﬂuﬁnoeu¢re%sldnmvestaromowmannsnywaahdcmeic acid

segrent accor giigid oM 13! M pokils, AOMXPLASHiARAS! St SATRARINGuR nucl el ¢

aci d segnent accor toclaiml
he Klenow ragment to form blunt ends. pOM18 was digested by BamHI and

also treated with the Klenow fragment to form blunt ends. Both fragments‘
were subsequently digested from HindIl. The 1521 kb-fragment comprising
the carbamoylase gene and rhamnose promotor derived from pOMI17 was
ligated with the 5650kb-fragment of the digested pOMI18 to yield pOM20.
Mutations of the L-selective hydantoinase were introduced into pOM20 using
the restriction enzymes Rsrll and Kasl which yielded pOM22. The racemase
expression vector pOM21 was derived from pACYC184 (Rose, R.E. The
nucleotide sequence of pACYC184. Nucleic Acids Res. 16, 355 (1988)) and
carries a chloramphenicol selection marker and the racemase gene hyuR from
Arthrobacter sp. DSM3747 under the control of the rhamnose promotor. All
plasmids were routinely transformed into E.coli JM109 (Yanisch-Perron, C.,
Viera, J. & Messing, J. (1984) Improved M13 phage cloning vectors and host
strains: nucleotide sequences of the M13 mpl8 and pUC vectors. Gene 33,
103-109). The hydantoin converting pathway was installed in E.coli JM109 by
transformation of pOM20 and pOM22, respectively into E.coli JM109 (pOM21).
Cells were cither grown in LB liquid medium or on LB-agar plates (Luria. S.E.,
Adams, J.N. & Ting, R.C. (1960) Transduction of lactose-utilizing ability among
strains of Escherichia coli and Shigella dysenteriae and properties of phage
particles. Virology 12, 348-390), both supplemented with the respective
antiobiotics for the growth and expression medium (100 pg/ml ampicillin, 50

pg/ml chloramphenicol) and addition of 2 mg/ml rhamnose for the expression

medium.

Error-prone PCR. Random mutagenesis of the hydantoinase gene was
performed in a 100 pl reaction mix containing 0.25 ng of plasmid DNA as
template, Boehringer PCR buffer (10 mM Tris, 1.5 mM MgCls, 50 mM KCI, pH
8.3), 200 pM dATP, 200 uM dTTP, 200 pM dGTP, 200 puM dCTP, S50 pmol of
each primer, and 2.5U Taq polymerase (Boehringer}. After 30 cycles, the 1667

amplification product was extracted from gel using the QiaexIl gel-extraction



13. A host cell conprising a nucleic acid segnent accordingthu
A host .cell conprising a nucleic acid segnent according to clal

fA% 05 ta

met hod for producing a nodified hydant oi nase wherein said nmethod conprises
expressing a nucleic acid segnent encoding said nodified
according to claim9, in a suitable host cell to produce

t he steps of:
hydant oi nase,

nodi fi ed hydanoi nase;

and recovering said nodified hydant oi nase produced by

sai d expression step. 16. A nethod for producing a nodified hydant oi nase

wherein said nmethod conprises the steps of:

segnent encodi ng said nodified hydantoi.ngse, according to claim 10,
sui tabl e host cell to produce nodified hydanoi nase; and recovering said
nodi fi ed hydant oi nase produced by said expression step.

kit {Qiagen, Valencia, CA) and subcloned into vector pJOE2702 using the
EcoRI and Hindlll restriction sites. Religation frequency of alkaline

phosphatase treated vector was below 1%.

Saturation mutagenesis. For randomization of the codon for amino acid
position 95, the QuickChange™ protocol (Stratagene, La Jolla, CA) was used.
About 10 ng plasmid from clone 22CG2 were aplified by PCR using two
complimentary  oligonucieotides  {5-CATCGAGATGCCGNNNACCTTCCCG-
CCCAC-3’, 5-GTGGGCGGGAAGGTNNNCGGCATCTCGATG-3). After PCR
amplification the reaction mixture was treated for 2 hours with 20 U of the
restriction enzyme Dpnl. Transformation of 10 pul Dpnl digested reaction
mixture into competent cells yielded a library of more than 2000 mutants of

which about 400 were screened.

Preparation of library and screening. Single colonies of transformed E.coli
were transferred into 384-well plates (master plates) using the robot system
Qbot (Genetix, Dorset, UK}. After 20 hour growth at 37°C plates were stored at
-80°C. For subsequent screening, plates were thawed and replicated into 96-
well plates containing 200 pl per well inductor medium. A Biomek 1000
pipetting workstation (Beckman, Fullerton, CA} was used to divide the 24
hours at 30°C incubated plate into two fresh 96-well plates one containing
100 pl 80 mM L-MTEH the other 100 pul 80mM D-MTEH in 50 mg/1 cresal red
solution adjusted to pH 8.5. Initial absorbance at 580 nm and after 3 hours
incubation at room temperature were measured using a THERMOmax plate
reader (Molecular Devices, Sunnyvale, CA). Activity was calculated from the
difference of initial and absorbance after 3 hours incubation divided by the cell
density of each well. For the saturation mutagenesis library incubation time
was reduced to 1.5 hours. The ratio of activity towards the L- and D-
enantiomer was taken as a first indicator for enantioselectivity. Identified
clones were then tested using the racemic substrate under conditions

described below.

Characterization of activity and enantioselectivity. Plasmid of mutant
found to be positive in the screen was sequenced and retransformed into E.coli.
A culture of retransformed E.coli was grown for 16-18 hours {(until OD10) in

inductor medium supplemented with 1mM MnCl,. 2 ml substrate solution

expressing a nucleic acid

in a



24 July 2003 -22 17. Process for the production of am no acbggunytlobgzing a
nodi fi ed hydant oi nase according to claim 1. 18. Process according to claim
17 characterized in that a nodified hydantoi nase according to claim2 is
utilized. 19. Process according to claim 17 characterized in that
acconpani ed with the hydantoi nase a carbanoyl ase and a hydantoi n racenase
are used. 20. Process according to claim 17 characterized that an

i mobi |'i zed hydant oi nase is used. 21. Process according to claim 17
characterized that al anine, |eucine, isoleucine, nethionine, valine or
tert.-leucine or neopentyl glycine are jgroduced. 22. Process according to
claim 17 characterized in that the process is perfornmed in an
enzyme- menbr ane-reactor. 23. Wl e cell catalyst conprising a gene encodi ng
for a hydant eensiséngwi&OanM B heMTEiflant MiThiapel 8.5, Aadd Mhdig(ptoirchbatedl. 24. A

whol e cell C%K%W@ﬂwé‘@ﬁ?&éﬂii 02 hPceh! Al BDHICH . fite rBoR MRS s gene
S

encodi ng for .a carbanpoyl ase. ) ) )
immediately iricubated at 37°C in a water bath. After different time periods (as

specified in the text) 1 ml samples were taken and centrifuged for 5 minutes at
14,000 rpm. 20 pl of supernatant were analyzed by chiral HPLC using a
column manufactured by Degussa-Huels AG. Activity was calculated from the
amount of produced N-carbamoyl-D,L-methionine and expressed as U/ml cell
culture of U/mg cell dry weight (CDW)} were 1U is the amount of whole-cell
catalyst to produce 1 pmol N-carbamoyl-D,L-methionine in one minute under
stated reaction conditions. Enantioselectivity of the hydantoinase and its
mutants were campared by calculating the percentage of eep ((D-L)/(D+L}) and
ee. ((L-D)/(L+D) respectively for the product at various extents of conversion. A
conventional determination of E (enantiomeric ratio) from ee-values and the
extent of conversion as described by Chen et al. (Chen, C.S., Fujimoto, Y.,
Girdaukas, G. & Sih, C.J. (1982) Quantitative analysis of biochemical kinetic
resolutions of enantiomers. J. Am. Chem. Soc. 104, 7294-7299) is not possible

because of the fast racemization of the substrate.

Conversion of D,L-MTEH into L-met. 8 mg cell dry mass of E.coli JM109
(pOM20 & pOM21} and E.coli IM109 (pOM 22 & pOM21) were added to 4 ml
100 mM D,L-MTEH in 0.1 M Tris pH 7.8 supplemented with ImM MnCl.. The
reaction mixture was incubated at 37°C. Samples were analyzed after
indicated periods of time and analyzed by HPLC for MTEH, D,L-C met, and
D,L-met as described in Volkel, D. & Wagner, F. Reaction (1995) mechanism
for the conversion of 5-monosubstituted hydantoins to enantiomerically pure
L-amino acids. Ann. NY Acad. Sci. 750, 1-9. The optical purity of the

compounds was analyzed by chiral HPLC as described above.

As shown in FIG. 5, the conversion of D,L-MTEH into L-met is
significantly improved for the catalyst with the evolved hydantoinase. After
three hours, approximately 60 mM L-met was produced from 100 mM D,L-
MTEH, whereas the whole cell catalyst with the wild-type pathway produced
only 10 mM of the amino acid. The concentration of the D-C met intermediate
was reduced by a factor of 4 and the productivity for the production of L-amino

acid was 8-fold increased during the first hour of the reaction.



25. A whole cell catalyst according to claim 24 which furthe§4gagabb§e a
acto

gene encodi ng a hydantoin racemase. 26. A whole cell catalyst rding to
claim 23 characterized in that a bacteria is used as a whole cell. 27. A
whol e cell catalyst according to clainms 23 characterized in that
Escherichia coli is used as a whole cell. -23 28. Process for the

production of am no acids utilizing whole cell catalysts according to claim
23. 29. Process according to claim 28 characterized in that nethionine,
valine, threonine, lysine or tert.-leucine is produced. 30. Process
according to clains 28 characterized in that the process is perfornmed in an
enzyne- nenbrane reactor. 31. Process for the production of the whole cel
catal yst according to claim 28, wherein expression vectors pOM 7, pOWRO,
pOVR2 and/or pOWR1 are used. 32. Prodegsmmedording to claim31 wherein

priners of SEQ NOThd 7oliciky e¥npikd showeQthdOprolifc@dilopL-RERiodiR Wt are
used to pr Oducs?gnti 1ceam\tlwc1)r|n[:e)ro(\:ree<l Lvitﬁaa'{nale%?\}ed hydantoinase of mutant 22CG2 which
has improved activity and is not enantioselective (0% enantiomeric excess at
42% conversion, see Table 3). Mutations of the evolved hydantoinase from
mutant 22CG2 were introduced into pOM20 as previously described using the
restriction enzymes Rsrll and Kasl, which yielded pOM23. This co-expression
vector was transformed into E.coli JM109 (pOM21). The resulting whole cell
catalyst E.coli JM109 (pOM21/pOM?23) and E.coli JM109 (pOM21/pOM20)
were used for conversion of D,L-MTEH into methionine. 125 mg cell dry mass
of the respective cells were added to 5 ml substrate solution (100 mM D,L-
MTEH in 0.9% NaCl, 1mM MnCl,, pH 7.8) and incubated for 1 hour at 37°C.
FIG. 6 shows the production of methionine (Met) and N-carbamoyl-methionine
(C-Met) from D,L-MTEH for both catalysts. The whole cell catalyst with the
improved hydantoinase from clone 22CG2 produced about 65 mM methionine
within one hour whereas whole cell catalyst with the wild-type hydantoinase
produced only 8 mM during the same reaction time. This demonstrates that
an evolved hydantoinase without significant enantioselectivity but improved
activity leads to a significant improvement for the production of methionine.
Having thus described exemplary embodiments of the present
invention, it should be noted by those skilled in the art that the within
disclosures are exemplary only and that various other alternatives,
adaptations, and modifications may be made within the scope of the present
invention. Accordingly, the present invention is not limited to the specific

embodiments as illustrated herein, but is only limited by the following claims.



33. A process for production of al pha-am no acids using a mhqhqug,ejdog,
catal yst containing an inproved hydant oi nase of claim1l where the
Ncar banoyl - D-ami no acid or N-carbamoyl-L-anino acid that is produced by the
action of the hydantoinase is further chemcally or enzymatically
hydrol yzed to produce the amno acid and where the racem zation of the
hydantoin is achieved either chemcally or enzymatically. .A AF . A
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CLAIMS

1. A modified hydantoinase having improved enzymatic properties
relative to unmodified hydantoinase of SEQ. ID. NO. 2, wherein said modified
hydantoinase consists of unmodified hydantoinase which has been modified by
an amino acid substitution at one or more amino acid positions selected from
the group consisting of amino acid position numbers 95, 154, 180, 251 and
295 and equivalent positions of other hydantoinases.

2. A modified hydantoinase according to claim 1 wherein said one or
more amino acid substitutions are selected from the group consisting of I95F,
I95L, V154A, V180A, Q251R and V295A.

3. A modified hydantoinase according to claim 1 wherein said
unmodified hydantoinase is modified by the amino acid substitutions I95F,
V180A and Q251R.

4, A modified hydantoinase according to claim 1 wherein said
unmodified hydantoinase is modified by the amino acid substitutions V180A
and Q251R.

5. A modified hydantoinase according to claim 1 wherein said
unmodified hydantoinase is modified by the amino acid substitutions I95L and
Q251R.

6. A modified hydantoinase according to claim 1 wherein said

unmodified hydantoinase is modified by the amino acid substitution V154A.

7. A modified hydantoinase according to claim 1 wherein said
unmodified hydantoinase is modified by the amino acid substitution V295A.

8. A modified hydantoinase according to claim 1 wherein said
unmodified hydantoinase is modified by the amino acid substitution I95L.

9. A nucleic acid segment comprising a region which encodes a
modified hydantoinase having improved enzymatic properties relative to
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hydantoinase consists of unmodified hydantoinase which has been modified by

an amino acid substitution at one or more amino acid positions selected from

the group consisting of amino acid position numbers 95, 154, 180, 251 and

295 and equivalent positions of other hydantoinases.

10. A nucleic acid segment according to claim 9 wherein said one or
more amino acid substitutions are selected from the group consisting of I95F,
[95L, V154A, V180A, Q251R and V295A.

11.  An expression vector containing a nucleic acid segment according
to claim 9.

12. An expression vector containing a nucleic acid segment according
to claim 10.

13. A host cell comprising a nucleic acid segment according to claim

14. A host cell comprising a nucleic acid segment according to claim
10.

15. A method for producing a modified hydantoinase wherein said
method comprises the steps of:
expressing a nucleic acid segment encoding said modified
hydantoinase, according to claim 9, in a suitable host cell to produce modified
hydanoinase; and
recovering said modified hydantoinase produced by said
expression step.

16. A method for producing a modified hydantoinase wherein said
method comprises the steps of:
expressing a nucleic acid segment encoding said modified
hydantoinase, according to claim 10, in a suitable host cell to produce
modified hydanoinase; and
recovering said modified hydantoinase produced by said
expression step.
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comprises a gene encoding for a carbamoylase.

25. A whole cell catalyst according to claim 24 which further
comprise a gene encoding a hydantoin racemase.

26. A whole cell catalyst according to claim 23 characterized in that a
bacteria is used as a whole cell.

27. A whole cell catalyst according to claims 23 characterized in that
Escherichia coli is used as a whole cell.
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29.  Process according to claim 28 characterized in that methionine,
valine, threonine, lysine or tert.-leucine is produced.

30. Process according to claims 28 characterized in that the process
is performed in an enzyme-membrane reactor.

31.  Process for the production of the whole cell catalyst according to
claim 28, wherein expression vectors pOM17, pOM20, pOM22 and/or pOM21
are used.

32. Process according to claim 31 wherein primers of SEQ. NO. 17,
SEQ. NO. 18, SEQ. NO. 15 and/or SEQ. NO. 16 are used to produce the whole
cell catalyst.

33. A process for production of alpha-amino acids using a whole cell
catalyst containing an improved hydantoinase of claim 1 where the N-
carbamoyl-D-amino acid or N-carbamoyl-L-amino acid that is produced by the
action of the hydantoinase is further chemically or enzymatically hydrolyzed to
produce the amino acid and where the racemization of the hydantoin is
achieved either chemically or enzymatically.



