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awarded by the National Institutes of Health. The Government has certain rights in this
invention.
CROSS REFERENCE TO RELATED APPLICATIONS
This application claims priority under Section 119(e) from U.S. Provisional
10 Application Serial No. 61/249,894 filed October 8, 2009, the contents of which are
incorporated herein by reference. This application is related to International Application
No.PCT/US2007/012362 (International Publication No. WO 2007/139871), the
contents of which are incorporated herein by reference.
FIELD OF THE INVENTION
15 The invention relates to methods and materials for biosynthesizing compounds

such as simvastatin including procedures using microbial hosts.

BACKGROUND OF THE INVENTION

Simvastatin is a semisynthetic derivative of the natural product lovastatin,
which can be isolated from the fermentation broth of Aspergillus terreus. Both lovastatin

20 and simvastatin are cholesterol lowering drugs that substantially lower the risk of heart
disease among adults. Lovastatin and simvastatin are marketed by Merck Co. as Mevacor
and Zocor, respectively. Simvastatin is a more potent derivative of lovastatin and is the
second best selling drug in the United States in 2005, with an expect sales of $4.5 billion
in the US alone.

25 The gene cluster for lovastatin biosynthesis in 4. Zerreus (see, e.g., J. Kennedy,
K. et. al., Science, 1999, 284, 1368-1372; and C. R. Hutchinson, J. et. al., Antonie 1Van
Leewwenhoek 2000, 78, 287-295) has been described previously (see, e.g., U.S. Pat. No.
6,391,583, the contents of which are herein incorporated by reference). Encoded in the
gene cluster is a 46 kD protein LovD, that was initially identified as an esterase homolog.

30  Monacolin J, the immediate biosynthetic precursor of lovastatin, is assembled by the
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carrier protein (ACP) domain of LovF (see, e.g., J. Kennedy, K ‘et. al.,
Sci ence, 199908 an 13G8ABF 208hd’SC28R2I Dutshl-ngsntin Js sérsequahtly pmiveri e Van

Leet avenpoek, 3000, Biin 26 Tra0Rio AN FOVBSLAN L) § cSHbseanent]Y pidyced 10
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al ., Science, 1999, 4, 1368-1372 and C. R Hutchinson, J. et. :
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produced fromlovastatin. Currently, sinmvastatin is a sem synthetic
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chloride to yield a C13 protected version of sinvastatin, and 5
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of the Cl13 aligehalin esterification of C8 al cohol with dinethyl butyryl

chl oride and deprotection of C13 alcohol to yield sinvastatin (see, e.g.,
Various multistep synthesis of simvastatin have been described previously (see,

25  eg., PCT WO 2005/066150 and U.S. Application Nos. 20050080275 and 20040068123,
the contents of which are herein incorporated by reference). For example, a widely used
process starts with the hydrolysis of the C8 ester in lovastatin to yield the triol monacolin
J, tollowed by selective silylation of the C13 alcohol, esterification of C8 alcohol with
dimethylbutyryl chloride and deprotection of C13 alcohol to yield simvastatin (see, e.g.,

30  W. . Hoftman, et. al., J. Med. Chem. 1986, 29, 849-852). Enzymatic transtformations



30W F. Hoffman, et. al., J. Med. Chem 1986, 29, 849-852). Enzynmatic
transformations using |ipases and esterases have been investigated as

al t er nat iwe=otio4e4vem cal derivation (see, e.g., PCT WO POQ0AISOuON82038 PCT WO
94/ 26920 and T. G Schimrel, et. al., App!. Environ. Mcrobiol. 1997, 63,
1307-1311, the contents of which are herein incorporated by reference).
However, the requirenent of regioselective esterification invariably
involves 5 protection of other al cohol groups and often |eads to | owered
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10 protection of the free al cohol, reaction with an acyl substrate, and
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t hat have beeviriablyimvebedwlation ex Kivhitttimplitoperdtpless pher meleilbytrratesidersbiip, use
(n the produghl.an,ofy Shvast atifandter, uyash atdn . Ihs maherdals.and
processes di $¢1°0s8d *her'ei n ar & desi gnedj so that fernentation TaciTitles
currently pridduognghd dvashbtrimiGantide icamwdrdettldiocpsiogls iilrg a& inviEskat | n
and related c ounds with m ni ma di.fications. Enbodi nents. of the
present inv r@ﬁg‘ﬁ? PR e o 48 éH%e#?é‘f SOPEIPS LS| ﬁecd‘rre?'s%‘fggl £akeof
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provi des netihddstcahdcoshtieediag sadelsgised strovastaiie aed dnedagensfungs ok déghtval
processegs by, wWhigh lovastatin is nmade in order to produce related conpounds
such as the pravastatin derivative, huvastatin. Enbodi nents of the
invention include materials and nethods useful for generating 30si mvastatin
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As disclosed in detail below, it is now possible to generate simvastatin and related

compounds both in vitro or in vivo using variants of the LovD acyltransterase

20 polypeptide that have been engineered to exhibit properties that facilitate their use in the

production of simvastatin and/or huvastatin. ‘The matetials and processes disclosed

herein are designed so that fermentation facilities currently producing lovastatin can be
converted to producing simvastatin and related compounds with minimal modifications.

Embodiments of the present invention provide methods and materials desighed

25 to take advantage of biological processes by which lovastatin is made in order to produce

the lovastatin derivative, simvastatin. The present invention also provides methods and

materials designed to take advantage of biological processes by which lovastatin is made

in order to produce related compounds such as the pravastatin derivative, huvastatin.

Embodiments of the invention include materials and methods useful for generating

30  simvastatin without the multiple chemical synthesis steps that are currently employed to



generate this conpound. Typical enbodinents of the invention do not require
the purification of |ovastatin as a first step, followed by the further
sem synt hw0i2011pe®edur es and i nst ead conbi ne vari ants ofPCrhis2a10wE2038

acyl transferase pol ypeptide with acyl thioester conpounds in a fernmentation
process that results in the production of simvastatin 5and/or huvastatin.
The i nvention disclosed herein has a nunber of enbodinents. An illustrative
enbodi ment of the invention is a variant of a LovD pol ypeptide shown in SEQ
ID NO 1, the variant LovD pol ypeptide conprising at | east one specific

am no aci d substiet ditsi @mnswel. dBypAhDWinbBlidGhtsK2bthe i©4OMpn CBONYt ABOME tidl61Y;
A190T; K227R &0 GZ\?éi: V334D; V334F; %Pd/gr L G}M A rel ated enbodi nent of
the inventi i FSAUNE{ANTIHES R HYER: P QYE Vi e ERGW I Siets PIYREI'S, t he
variant LovQnR@hyYRERLMBEGAARIH S P IBvDElkyffin & RPoBpLRUREL It uhiens, for
exanpl e a set of at |east three amno acid substitutions at am no acid

resi due posiorpesnd®A® arfdrm@emtiognerogtss |thastesdnelnf tet predugiohsel sipvivHinat

am no acizd ra%gi/%g% pesition: Al0; D12; K26; A86; Al90; H161; K227; 15
&X75; V334; or 1A such substitution variants of the LovD pol ypepti de,
the am no acid sulistinttttioandichned bapin & anymdbaeoDEmbhdmiSsanhnbusaatids not

found at the am no acid residue position an the LovD pol ypepti.d in
SEQ I D NO 1.™RpBIREN 14, e HEREHs Y ¢ titF8h O arian PQQ’BFFELIdFsSEBWB}B%E}S@&ﬁP

al tered propeoti asec &%ﬂ%”ﬁé&@ﬁpél&be&oh&e leaMBrRRL VP aRLst dfic SHRWAC i 4iREQcldD
NO 1, for exanple, a decrease ag(g;e ation; an inproved 20 thernal

stability; anbittproncedh eatdVitlP E2GEdE10H; (GHOAaRMyprE Ve d] 1al 1 K Vlalde Ran

i mproved ,sol ) } N | ; o] n i 0 le cell . activity
A O S
speci fi c conatieltldta lond pblypeptide saeidirsSIHQtI HO:0nke vidmt @xaldpladypeptidesonme
enbodi nents of the inven‘%r%lon, t he ﬁari ant LovD pol ypeEt%de conprises am no
aci d subst i tOFIPERSE 5t BhiREo 8 wOFYU P Uk @Xﬁﬁ@m% 8t egalgast e 2@ty Age;

or am no acididr&siHueRa8 bl PNRidANduCPEii AT 40aRd A ANcRNbROfLAGE
residue positions C40; C60; D12; A86; and &75; or amno acid residue
posi ti ons C40bstog®n MIPninAded reddic @aGonARNG; DAKI<ER 7530; vl Y&kl Ko &el2d;

resi due ;positi@n ) ' 1.0L.2 - . A0 ; . AL190; R75;
or - am nd acidl Fos e bodr 1 ron el ggR s bGP An b s B

am no aci d 30idesibeliteti@osdnt ¢cmgis€40y oGH0f tALD) aha; ackRGiot ABGId ALBO xmarnd
&X75; or amno acid resjdue  positions C40; C60;, X . A86;  H161; Al190;
and G275: or*“ShiEHd RISt oPeY; t&ﬁi“oﬁ]és@(ﬁp&ﬂ% @an%gﬁ@ﬁ%(i%ﬁyﬂgg}y I]t—.ﬁeGl;
AL190; G275; MBafu@RdvAidflexhMits IRNP AGl R HYSrRASIstdoaarddA0; thEaQDD12;

K26; A86; H161; Al90; &75; and V334. Specific illustrative enbodi nents of
t hese vari arftodypepidestievn oSEQHEVNAYL.daf sromatsl o deqitnsed aggtdgeing; asinmirod C40A,

oON_ 8. U308 0o 8yt LG 505 0 0 A tH A Lo
soluble expression level; and/or an improved whole cell activity at 25°C.

As noted above, certain embodiments of the invention include specific
constellations of amino acid substitutions. For example, in some embodiments of the
invention, the variant LovD polypeptide comprises amino acid substitutions at: amino

25 acid residue positions C40; C60; and A86; or amino acid residue positions C40; C60;
A86; and A190; or amino acid residue positions C40; C60; D12; A86; and G275; or
amino acid residue positions C40; C60; D12; A86; C40; C60; A190; and G275; or amino
acid residue positions C40; C60; D12; K26; A86; C40; C60; H161; A190; and G275; or
amino acid residue positions C40; C60; D12; A86; A190; and G275; or amino acid

30  residue positions C40; C60; A10; D12; K26; A86; A190; and G275; or amino acid residue



Enbodi nents of the invention include pol ynucl eotides encoding the
substitution variants disclosed herein, for exanple an isol ated

pol ynucl ewDi2det/daaassng at | east a 95% 10 100/ 0 sequencePCUArsRomHP51068 a

pol ynucl eoti de encodi ng a variant LovD pol ypeptide as discl osed herein.
Rel at ed enbodi nents of the invention include a vector conprising these

pol ynucl eoti des (e.g. an expression vector including control seqguences
recogni zed by a host cell transformed with the vector) as well as host
cells conprising such vectors. Optionally, the host cell is an Escherichia
col i, Asper gidsituss a0y €6E, DNy riade usSe tbied;, AMhasiduS27H gpudtine usid dMidascus

pi | osus, Monascus vitreus cus I ger.us ida i.0sil ognicol a,
Aspergi | | us Rgeqy éé)(ﬁﬁ@ﬁ&%@?@%@nﬁi?fs%lﬁge%?%%égaWp}a“lg > °F aflﬂg‘ﬁ’l %1 | um
citrinum Pepiigid hdsticabgsi0gensnm15aeml a6 ensi:SAPIe\Graukis viNeuspspRr a
crassa or Trichoderma viride. A related enbodiment of the invention is a
process for sedivs arepadipents ahtheiconbapsd ingpepthate bevap pinsiongidoybttivtiang: a
host cell- tr d whish NERRHN kL % I i nder
conditiogs gg??%g?gﬁ¥8$b§ké?g§§§on o] d§3%§ﬁy§£%€?§egb@%‘%ﬁggkkﬁg’ég??ant
LovD pol ypepildd, i/sl9pT achdc@d75SE or det2(ai K2@ihoal AyetdioN, of8dh a1 dwentioom;, t he
vari ant LovDiggly Qég%ﬁ can be fused to a heterol ogous am no acid
sequence, fé% Qéﬁgl e that facilitates its nanipulation (e.g. a
p0|yh'5t|d|ne_SeQMﬁH&%%anX%?dﬁﬂQ&Qﬁbnﬁﬁh@@FH@H&d&%ﬁE$§mb&M§HkhﬂBmh&ﬁ%

met hod of naking a variant of a 25 LovD polypeptide shown in SEQ ID NO 1
conpri si ng: ‘agitgdaclpsidyieadn.dot peephuragehedi hprdeatisrhaving agénsraldoa
popul atig@n of,,sutan of, . the V, ol.ynucl eot j.des; XPHESSI .

Popul ation o Covplbhey bty se VR R FANE, SRbUAER - RS EERBTANAH® o4 o,
pol ynucl eot idielaset daks; Raatkdhambadivamisaot thefingenthiou Dhgadey pepitbdeorhprisimade.
Optional ly, the p?ly ucl eoti de nut agenesi s pngﬁﬁgure is a saturatio.nd

nut agenesi s 074?30 Fﬁﬁ?s 5bﬁ86§@F%HE¥5§EXd%_? & EAETY OvflUpr Gt EUrdre

Typi cal |y thgsen2rBadiABRkScPlvith M6 TRUENES O 4sNhUdas S&hE@MANGRRNES, Mor e
menbers of the popul ation of LovD pol ypeptide variants so as to identify a
vari ant t hatO@@@ﬂaEsi, ttee hestdel rie as ddclagtir edfatiky//manrvmpHenped wiver Metascs

st abi | i tyy; i npr cyltranst se ti, vty ' \V; val ue;
a1 rpr cored TRRR QBB AR EER SRS A SRR CTLONES, SRl
activity at Byp2bllys asesobpanetest Gertokigs, Wdedlokyyep eikooy Deqpdlnyp epiuide Pebvdiin i n
SEQ I D NO 1. tionally the pol ynuycl eoti de nutagenesij rocedur

control l ed $8748" % %@%@Wﬁé pbééﬂ éﬂa}éfs VG G i 2t 1| BRI A "Edon  Faed
encodes am neniRelkkd: &1 tHY e RASME 10N prRlQ; foPbeoduf:a MBIt ASIO; pdilRdiddK227;
G275; V334; and/or L361. In a related enbodi nent of the invention, the

pol ynucl eot i@eprising geitssigs hosowl dandoimedowith # etdodihgsoatantilovhdmbyrgpeda 10
vari ant 0 1S ~ , : isupstyi [ on. nutat fon at
2 codon ¥nari-dot B AR PGl Sl PRBeRaR BT M M R A S0,
H161; K227; {@Ap5ptidd3s4irodmed.olin kdGln embodimeXat ofametifventemibdivamgnt Tef Dt he
invention is met hod g%dn%ﬁjng si nmvastatin conprising the steps of :

conbi ni ng t GYEPARTIHBRAEIFIH 19,2 BHECaOpP s 1B SFE RS dOnar B & e acy |
noi ety to ”’f@ci]@tebbféjﬁ@ﬁﬁﬁbla@frp?% PholmaRER! defuchcdn the presence of LovD
acyl transferase; and a variant of a LovD acyltransferase pol ypepti de shown
in SEQ ID NO 1, t¥re apahpaembedwmntpd] hpépeiige ¢ onpethed nfrakingaagtiagnd aan no

acid subgtituti i i &4 QNTHALD,. X X ; : ;

ka27: s uabhrBbel 5 MR Doy TR DER AR BRER  ae
to use an aayhtaghedippror@imrd foercaayile atpopolesdrest 120ab® of égilasdl diriuwkbydacyl at e
the C8 hydroxyl group of nacol.in J; so that sinvastatjn is made. In
certain errb_cf‘(‘}%gﬁél%‘iﬁ?l 2 RchgPaiUH%ﬁL%{f{POfyﬁ@? AEHI egdeq Wethﬁ_&??gﬁ%(i’rb%%_t er
and the varigRD leyBub@peptide; asemsonbimest bn aaLBeIDrTEagqﬁetpu@@ imegliqa i n
the presence of an'isolated organismthat produces the LovD acyl transferase

wher ei n t he Prinatiedhopgamickntids matagkrssis trrensdursfis 2 Asfpeitigh Inhuzgenesingy; an
Asper gi ldyus L8f rp?&?e g%ergs%e&aﬁotteac%)ég rp?écsedtlrr%v FTypicaﬂy these embodiments of the



25 pol ypeptide of SEQ ID NO 3; Escherichia coli; or Escherichia coli that
does not express bi oH polypeptide of SEQ ID NO 4. Optionally in such
enbodi mrenwe,20tia46yl thi oester is selected a butyrlyl - Poras3eie05203s
N-acetyl cysteam ne thioester or a nethyl-thioglycolate thioester; conprises
medi um chain length (C3-C6) acyl group noieties; and/or is able to cross
the cellular nmenbranes of Escherichia coli or Aspergillus terreus cells
growing within a 30fernmentation nedia (e.g.

a- di et hyl but yryl - S- met hyl - mer capt opr opi onate (DVB- S-

MWP) , di met hyihtautiyt yihelGdetshiebimeg capt oprapico nahéebBVBE ShEMR)m@itgion of LovD

di met hyl butyryl - S-pet hyl thioglycolate (DVB-S-MIG) an .

di met hyl but Wpﬁ@%&aﬁw At %p‘)é%tﬁ/i 9rva’fl%“t(ﬂi3ﬁ\9§|->\<g-a\t/w8)c§é?feﬁ’?dtaﬁ%m%?élf)ﬂbad]s f or
meki ng si mvashadicd thdrhgl 199kt 80inQlroa SMGATHE AHEWI an ImPRAEY et/ keast
one of the follow ng conditions: at a tenperature between 25-40C, for a
time period ‘BeewEeimppvidespdible cxpsesaion |legh tand Srivouirgroved vshpHcdlerdiisienat7- 8;
and/or iR a n Lon ba C i Sj FlL..or 1B di hohal |y
T o hads RO il @35%‘0}“? ipﬁgté]ﬁ)e%glyr%‘?é%‘%a?}?oﬁ” “ﬁ“dgﬁb%%mt hod
by at | east ©pwmply tHel airiuvoldosdepuegasis pragdude)isicsnt@dlled @blas tofgeadratesol at ed
organi smpresent in the conbi naai 03% 10 centrifu ti.gn; gr.eci.piltoabilg‘n of a
free acid foPRITGHI% BYREPALT hCOLOhVBF SPOHCOFMROFCER SE Y PPETH o Vs P12

si mvast ati n m; assl Avas et Nkl (62761 Vi1athone 1961.h1gh (patd enpBnsRqd dQui d
chromat ography (HPLC). In certain enbodi nents, the nethod produces a
conposi ti on thf invertasy theqmeohmidpotigemsagsets prhecdrmiacottaled s hato geasrate a

initially co e ith t acyil ioest e onat n I iety to
e o e SRS DB AR POk RIRLER ARG b TRLELY
acyl t r ansf ertaseenvaddsatibino and/ @sidne puditicn: i Al 0atD 12 &S160; dB% oft 9@, Heldtoka2d) i n J

added to the npi.pat i inhg converted to sinvastatin. Optionally in
these net hoo%E%tnﬁg&gé?&%ﬁ?gﬁgvD pol ypepti de conprises am no acid
substitutions: DINGanGARAmEBEMNenfB8P e ALARDnARY FTed: of MhAGhe KakEfA0A,
C6ON, A86V, H161Y, A190T and (X75S; or D12G K26E, C40A, C60ON, A86V, H161Y,

A190T;, @&75Soanmdisipg th38gr. ofacqrebining dogsmtse diareerlinds an hevs thiespenthaoonzesa
conposi tj-on of t i3 N | j X |+t .hi er -t
donat o5 an anytSTeieEEy PR 3 BgiERRLE, bbia@l AT akpRRaLELe aph
presence Lovbylaeysdriansidesr asent af vaovBnicylahndethavidlgeplida srsfeihadd) 1D

pol ypepti de 0, in SEQ | 1, the vari.ant LovD pol ypeptjde conpri sing
an ani no aci%g'slu%‘fgflﬁ?‘i 1 ggyﬁ?ﬁ“ﬁﬁ CQRPHSPRAY 16178 OB%%W{W%O%EJ @%@Utéﬂ &60;
and at | east..QN& pAricAMANG BE2 IR NGUR 1ML S 61 OR22AKD275D32 34, K26 368814 AL190;

H161; K227; (@275, V334; or L361, and simvastatin. Yet anot her
enbodi ment chett Heoviny datvpdamnt ilovh nmbispiécop uraki agl Bipradtan iy aspnpioesing t he

steps of,, C i.nj L 0ge tati et ra-ol ;. vl
hbeerey FRIRLG0-ARNCIRE Brdrol Esth PEANREALLE L 18 0L AR
hydr ol yzed pnalcadhatitain 30bedinanslofithe tnhentfone gencenaodlid pvi2 aglyihidceansier ase;

and a vari an*2 of a ,:Ot\’;lg afyl t{%nsferaﬁe (gol eptide sho%‘/n.i SEQ I D NO 1,
the variant oVB'EblpeproaeL TGt FEPAG alt EPALTHTSTHET Pt FsH“att ami no
aci d resi duenpRsiatct OBrcatd; thitl Brodte: tHeADovISORyItASFeradl QderdHl &g 145B2LG

G275; V334; and/or L361; and allowi ng the variant LovD pol ypeptide to use
an acyl groupgfsonisthiagopk ofhilpastis e Apgits dresthardogs aenekpress kavd' C8

25  polypeptide of SEQ 1D NO: 3; Escherichia coli; or Escherichia coli that does not express
bioH polypeptide of SEQ ID NO: 4. Optionally in such embodiments, the acyl thioester
is selected a butyrlyl-thioester, a N-acetylcysteamine thioester or a methyl-thioglycolate
thioester; comptises medium chain length (C3-C6) acyl group moieties; and/or is able to
cross the cellular membranes of Escherichia coli or Aspergillus terrens cells growing within a

30  fermentation media (e.g. a-dimethylbutyryl-S-methyl-mercaptopropionate (DMB-S-



5 hydroxyl group of hydrol yzed pravastatin tetra-ol; so that huvastatin is
made. A rel ated enbodi nent of the invention is a conposition of matter
conpri si yO 2bydeddgzed pravastatin tetra-ol; an acyl thipogdaises1obmss donat es
an acyl noiety to the C8 hydroxyl group of hydrolyzed pravastatin tetra-ol
in the presence LovD acyltransferase; a variant of a LovD acyltransferase
pol ypeptide shown in SEQ ID NGO 1, the variant LovD 10 pol ypeptide
conprising an amno acid substitution at am no acid residue position: AlOQ;
D12; K26; C40; C60; A86; Al190; H161; K227; &X75; V334; and/or L361; and
huvast ati n. MMR)onaldlryethﬁb&yﬁyaiﬂemyI Lovdcpodprpgiphitde c@myBiSESPam nandaci d

substitution AB6V, 0 nd G2755;, D12G 6E, C4A0A,
C60N, A86V, qs—fi}%%%uwiygg h?g%eﬁb%ola?}r @%%,an&%me ,W%Whylw
H161Y, Al90TerGdfSRurd nd (MR@4E.MMB)).  In certain enbodi ments of the

i nvention, further corrponents and} or met hodol ogi cal steps can be conbi ned

with one or nore lofthe Héeth@fﬂshﬁwsméﬁ@g ratertl sheliliaess etpraiboven Rograssanpl e,
the methgds u%% ettq%aspgtqe SR {ﬁo tﬂ)nghat%etle ”898{1%& E%wf %E@%O@ kg, to
re Lov

i ncrease the eff I've concen one or

acyl t ransf erdase patard laemz&nuaelehst <] umke:asu 48/Bstrgtatn ;&md)’eaveehm&;sgﬁqamrrinaand
optimse fer nt ation ndi tions sing Lo ans a

catal ytic ef négﬁl@flége PPNE 1S ﬁ% H\]/Bﬁgf%o‘fnﬁ P CQ\;?ﬁ? J‘?f%t‘%ffbgr can
be used to 'c'aﬁ{p%@esﬁuﬁf?ﬁ o REOGMGCAsk QR PfdcHyruasicatddbyolt 1&Et @H& ﬁu@fff erdmRdigr y or
rel ated conmpound that facilitates the production of sinvastatin and/or

huvast at i n. ®5PEmbiogi fsit of ofells het |aﬁv§ﬁltai€én0@%1®m| nedsedeirarth¢ cdoaspipsftion;
manuf act 19re %Ht%/f a%aflgrllt Ccﬁnq%h Sfja I‘I%e as If&tj tgﬁ S Vps%auqeg&%gglo%foftaﬂf?ee ﬁcld

|nvent|on p|c | helude” instructions for usin ement s
t herein aCCObdhngfBmmmh@ﬁMBthdﬁm@ﬁnth@s@feﬁbﬁﬁmjnd@mm¢0@sﬁﬁm®hckHK@mban
conpri se a c rrier n conpartmental i z d tq receive in close

confi nenent GHE"YPE! éiﬂgﬁba%ﬁgFmﬁbgﬂéo YEHS gF?TXPﬁﬁ€§acﬁﬁ80?Wﬂ?ll ke,
each of 30th§n%@@¥@h%ﬁﬁ W@&ﬂﬂéhﬁhﬂ&mﬁﬂQhQRm$hﬁmﬁ?@@&@&@d%%ﬁ@ﬁﬁ&§ltO be
used in the nethod e of the containers Can conprise a vial, for exanple,

cont ai ni ng ahigkdenibar derserdiangrcdl LoD ek tirahstrenagoupatti mpracolypi i | y
Wi thin gsm gﬁrr?%hé‘el op%sioxﬁycﬁalﬁgnﬁems%oéh aﬁ{(eﬁdzgxaﬂéolgsn%n%méa@e55%6 PR o

cont ai ni ng I oest er conpoun ich can
a fernent at iroonaablict pmedddmopmednﬁmr&nm(asmqg.tdoﬁveafa:d/torsnhwash.atd)psmﬂmu;t he

like. 5Add|t naI iments_of the invention are. di S¢ ed bel ow, BRI EF
DESCRI PTI ON © ?%Af\g\? Kesgnt LovD PP@@E&“&C FOMPIISEs gMinog St&%%x%vﬂ%gsi g
the acyl t ransfoer azentowByWaSows ael a78s;bborat RbyStCAm, QEH@&E@I%WD@P{%@YI n
(MJ) acid and DMB-S-MVP to sinvastatin in one 10 step. Sinvastatin aC|d

form vm |1 autOfatand £F3pSceonéi®, KOk detlon& oPdk moay, Hé@\ﬂi)bﬂi‘x@ﬁﬁ ©RE anst one
wi |l r%)er tv§39rFa(A %laté)cf M 0L AN Qllff cR0gidd 9 Qscom];% mX‘ﬁ' fjgm%@r o 'nfp nBQ.aS a

kcat of n vivo experi ment showed t hat ype
expressed i nnﬁmccln{] aY keylahiveganiier donhtes rxNIacMn@etydo ItlliEt a8 diydvad teadupnoaci d
In 12 hour S'monacolin] in the presence LovD acyltransterase; a variant of a LovD acyltransterase
polypeptide shown in SEQ ID NO:1, the variant LovD polypeptide comprising an
amino acid substitution at: amino acid residue positions C40 and C60; and at least one
25  amino acid residue position: A10; D12; K26; A86; A190; H161; K227; G275; V334; or
L361; and simvastatin.
Yet another embodiment of the invention is a method of making huvastatin
comprising the steps of: combining together hydrolyzed pravastatin tetra-ol; an acyl

thioester that donates an acyl moiety to the C8 hydroxyl group of hydrolyzed pravastatin

30  tetra-ol in the presence of LovD acyltransterase; and a variant of a LovD acyltransterase



Figure 2.(a) SDS-PAGE gel LovD protein (W) fromE. co/i 15

BL21( DE3)/ pAWB1; (b) native gel of LovD protein (W) and Al-AS8

respect i webyep11Dif49das fixed at 2 nMfor all sanples. A PhagsdioghioBy | ess
ol i gomer conpared to WI; A3 elimnated nost of the oligonmer; A2, A6 and A8
are very simlar to WI, A4, A5 and A7 showed | ess proteins due to the
unstability of these nmutants; A9 was not included due to no sol uble
proteins. The results indicated that only C and C3 may be responsible for
20i nt er nol ecul ar di sul fi de bonds. Figure 3. Whole cell biocatalytic
activities hadedpat iHmemcﬁnSEQslIOnNDrlQrthM}mﬁnthcami pblyBeSidvMn{gisay 0l unm)

and sol ubl e pr.otein ression | evel ari son ewldty LovD

and the rut &M8° fHf & ‘%@BE@PH%?MW&C@ S Vﬁlﬁ?sétloéle?\i%'\g@fﬁ \}H&y CV\b;h(g(’q;é‘%gul ture
was concent rgtoed HQ1t iBs; to2 s v 34high/slensbt, Vadenmgahat ienvarhe: MWDV 25

acid and 18 nM DVB-S:MVWP were used to conpare the conversion. The

conversi on bwhedrils 8 Uh@)@nf aeyhgroup sred the agd ppegseer ttChé?gWh@‘FCéWéE heylage thevit y
bet ween the SLOX 1@% %ré‘i“ ;p*%%asmd@é?etn% ol &L 1 d asttX ? OQYGISi on
was normal i ze 0 ]tlﬁﬁ oin ues o WO runs

s are averaged
For the proteibodexqiess th:a:n 1dvemejn %aaglqmgm’sﬂioel of \tmteemh@s&eg anttopudd fied

using N -NTA Colum from 50 n1 B cultu The 30concentratjo
det er mi ned BYVBFAH 61 As &gy AMEE HHE2 V\ﬁ?r&tﬁsy@ea?ggﬁm@kﬁ é}éesgé\r%aglé‘ifé was

normal i zed tQo 00y, dI&f‘zeW]ﬂin@stﬁﬁll bet@CH Y el (B850 LoD M%&r%@raevarlant
proportional to the sol uble expressed proteins, so the ‘sol ubi I|tyL %
| e

the only readohlavPridplinssferee Pﬁlép@mdﬁ éh@‘@nllﬂaﬁﬁ@vﬁg iNdG:1, Fpeyvjpréang.,

cell Lov ac t he r t hiyr

cystei nelach gvéﬁlgtydeof%w%%fg g FH%%QJL} élsug%i %Ohaoch&r)fse&gon %Srg)%l orllx 16

wild type LAVDZ;ckf&e€s0;0060yad8600ANR0;i Iz{edl tIsiZZL’QO@WEt he3datadpei MBS azlirﬁi

aver aged val ues of t runs A%jashowed \E\‘/ﬂgls onver si on than the ot her
mitants at tHE¥3st Sille BOsVEFBh WAY P%&?et KeTRM e AKe
third cysteiqgsdR@&idk DWZGB@MDAACG@NC’AB@VSH@W and Te7BE.IherGWMROLE, €abA,
activity conmpared to the wild t 10Fi gure 5. Simvastatin conversion as a

function of ¢G0he. A¥Bsallebnditg n@thr(éZ7t5 e 05 AN GasKBEfo €0A, YN NBOY )

the fast@gst %%E benefits of Al and N3, the conversi on
was fini shed[q%t @;g;\h%s ‘!ﬁc{]%ﬁl and YT2/ N3 conpl eted reaction in 10
hours w th slightlhy chitgheembodivensi ofi dfe YihAdn,t H@ﬂﬂheYTbeﬁdﬁone‘ﬁTsZ/gmAMl i's
the wld type i ch . c nverte cidin 12 The hi gher
whol e cel | areﬁq@cﬁ GESH 68 haroeoe YR eV hEr e DediRhan fnﬁﬂ%ﬁm/ N3
reduced - 20%14&&&1 QlSHHéaF&dexta& W 1 hotREIsWah IrgNCF 26ADNR: &s%%%%ﬂcdﬁ%%iw me.
Figure 6. h-cel | -density fer mentation of YT2/ pAWB1 and /[ AIN. For both

strains, cgedniiopete fricreste ghowtfertiv@7cancesraOpPB00t apeuner 200tet Renlx he
t enper atztér e

acyltransferase variants used to make simvastatin and/or huvastatin and optimise
termentation conditions or increasing LovD acyltransterase catalytic efficiencies and the
like. Many other components or methods can be used to increase the production of
simvastatin or of an intermediary or related compound that facilitates the production of
simvastatin and/or huvastatin.

25 Embodiments of the invention also include atticles of manufacture and/or kits
designed to facilitate the methods of the invention. Typically such kits include
instructions for using the elements therein according to the methods of the present
invention. Such kits can comprise a carrier means being compartmentalized to receive in
close confinement one or more container means such as vials, tubes, and the like, each of

30  the container means comprising one of the separate elements to be used in the method.



20 was cooled to 25 C and 500 tI 1M I PTG was added to induce protein
expression. After the protein was expressed for -12 hours, glucose feeding
was stoppwo,2opke4wes adj usted to 7.8, 15 g M) acid and 1PCwmuUSBNBAOS0BP wer e
added slowy to start bioconversion. The conversion was checked by HPLC,
once the reaction was conpleted or constant, the reaction was stopped.
Sinmvastatin was recovered by downstream purification process. 25 The great
drop on the cell density was happened after substrates addition which can
be mnimzed by slow addition of the substrates. The conversion rate kept
constant at ®nd¢ sft thardnsihowesn dowprisiathal ploob-ongéd cohwiginghi @hntéd ahadbeg a

i nactivation of the LovD proteins., . Figure 7. Reactions catalyzed by
LovD. LovD i VfDegca REPG12 FHIRNESHTERE Y iy ™D A b R &&ﬁ- GOPH a the
a- S- net hyl but,yrahg 28b@er GhabRa@dng LB akS@nHHIhNes HZ8ikS\Wu38f Wik R 8. VB- SMVP
as an acyl donor. ~Figure 8. The crystal structure of LovD and its
rel ati onshi pddes Est Brmquation meixfuge tourredusg senastetuerder hinagtent thedkaeen LovD
and Est B Secondaty; ghhHELWI FinEl EOPAL SaBRELONEY LLOM NS, Structure of LovD
are shown above the sequence. e colors are ranpe romblue at the
N-terminus to red at the Gtermnus. The active site residues 5 in EstB

are indicated by an aster.] nx 0 1 I A ribbon di agram
showi ng the G5'-LVA con&ﬁ%ﬁﬁﬁ%%%§égfn|,L%?§"§&kﬂ§5§§Ag?u ghted in green

are segnents thatgighR NOt. eANS@IVELdPrESiBihc IREBENFINE 1L RIPTPLAIEST

around the circunference of the active site like the fingers in a catcher's
mtt. (D) SthieretalwetotormsttBlopieglin | ghedrid anchdléhtSaMate tes sigrreriaty tohete ar e
not conserved in.lovD. (E) -The aver . v B, struGgtures.

Not abl'y bsait HrBarEeam doar paLEkeRkicRl Pl Fib U R LML
(residues 244:@@0yill convert toRicgufoem9n highrdd tceadieasl Uuliconldfypt bviddas a £,

simvastatin synthase. (A) An agar diffusion-based assay was used t .
quanti fy ¢ he Ahbant -oft §\V/5A€?<I?Ff%ﬁ@tgmvr%- &1 fheaut WPt O%QEé‘P‘feﬁ%Eﬁt”_%.ﬁqr@lz
crassa was eypedeednldt tNENEERN RO kintQsBROidd A2t eaction mixture. 15
The nunbers (1-8) designate different incubation tinmes of 2.5, 4, 5.5 7,

8, 9, 10, 12 hourlgaest | Dwi nEp adiiStgnEofgehyhodad PONBRSMVEDL dr@n  do/ jcol
expressi;ng Wil ) ). Di t | utjon N rds
 gher - vinal SIEAPEREPARAT (B opll BELACLEHP sbieROP D, bRY RITME SO S OV
LovD mut ant SDTFeus figeharlahivbfis akeieplder Aved diplain leandgomoadoagarnesb ST,

i ncluding GL .1, 2, A1, (A2 nd Two generati 20 re

dor i ved r o\ EmTHEL FioN b atrrE: b TS AbHE o St & ol et ® i on
nut ants i ncl AdingcERsap i ddeto Wasudehiiwest thheudh satraled: Mekagengsi s of
& at positions V334 and L361. All mutants with two ami no acid changes were

subj ect ed t gogiptselulilerpsetciag e sgeirasilisatedthdeedy il nad bémedyi heiragpopsible for
del et erius . i . .1 and 4.2). (x) indicates that the nutant
had Iomé@ mﬁg¥%§@g$¢§g%§?§%?§§%bnparing to the 25 previous generation.
(A) indicates tHputeh® Mibaatcelhachilghencinhiel dacdldn detdovivéryiosdrpamijng t o

the previous generatjo Figure 10. Structure of the mut ant
provi des | nsafl%rﬁﬂ iﬁ@f@-?%l}‘“av@&y 681951*1?&?8 sol §infﬁ>t81ﬁs€X8f€S¥%1€§F5h WEPAETY
changes pres@ftechihd BEd RPLOVIO dnd it (biidkadldnght IBgHcRaiole @enekad] v

| arge distances fromthe active site. Distances are drawn fromthe am no
the LB culture was concentrated 10 times to mimic high density fermentation, 15 mM M]

25 acid and 18 mM DMB-§-MMP were used to compare the conversion. The conversion
based on 8 hours was used to compare the whole cell activity between the wild type
LovD and the mutants. The wild type LovD conversion was normalized to 100%, the
data points are averaged values of two runs. For the protein expression level assay,
protein was expressed and purified using Ni-NTA Column from 50 ml LB culture. The

30  concentration was determined by Bradford assay. Also the wild type LovD expression



30aci d al pha carbons to the nucl eophilic hydroxyl (C8) of LVA

Figure 11. Side view of the overlap of five LovD structures. This

repr esentwoizon/i4mdscat es a hinge rotati on between two decmius201d082080 Cb

mut ati ons and the presence of bound ligands. (A) Two inportant residues
(Val86 and Leul34), which may stabilize closure of the hinge, are shown in
spheres. (B) Another two residues (Val334 and 5 Asp320) are directly in
contact with each other. Mutation V334D in G would result in electrostatic
repul si on between Asp334 and Asp320 while nutation V334F in G/ could result
in steric cllagh vast weemnlitde (phE0yd. siThe vdhid rchndtiAsp320. thBottabeu kdre

stabilize closure of the hinge. Figure 12. Conparjson of the LoyD active
site bound VATPRPHPHY & SOhbgfamgéss AT 1 Sefaﬁﬁrye&%fﬁ? hestibs te. MIA
(B) &' in comBlLed Mi-Rvoductiiddd (C) G in conplex with product SVA
(D) Overlay of the three structures show ng conformational changes,
particul arly at tifigutsutl &9phi FilcLed? nplity dsseehdhe shamnthwish i Agt oo the

different: |i S. | i rapr.esent r ond ackive site
entr ancetsi S tg‘?@tg W@a@?%@%?edeaé@ﬁé? iwggrtgj.e ovrﬁegggglggt?e@ou?sn?/dﬁvg%%ni n hleivéﬂéifld
bi ndi ng ar e et Leldwonvetddti g gorhdlizeloodi0fgeclic ddve peiattare buiriged salmbsadt | ed

to the increases in | e .l activity, kinetic paraneters (kca"Km,

sol ubl e prottﬁ’PﬁuP%vél\qgﬁﬁﬁ’ﬂgt ﬁﬁ?n?fsé%ﬁ fapyhg et I iafr%feogléﬂc ({4t s
wer e charactiizgdyiaRdNb iwkede nlhRsiviothe-6ed lcyacht wobiMo®f Hey R imitants are
conpared to GO, which has a conversion rate o? 1.7 mNI/hr and is normalized

to 1. iK " chowgh-28/dehicvetiolarcbsavighempne-smPvidtbixed at 2 i .

201<- 1%f DN.B_ S u{'eSS.d%fnlnya tg%imgrpvelr\éq 132 hlufég L af tiﬁie.m\}%Ssa TPo%d%IE%‘s' nts of
sol ubl e protei ns afe neasure rompurifred protein levels.”Tmis neasure by
ci rcul ar di ahe¢ einsdras Bfbrer &SIH/NS N3eo) asidnttaseeamuwal be sombiniayi ot be@dfies of

determ natio ) Figure 14. Whol e cell activijt Lov d

mut ants. At gé@n‘?&% B oy %Bswgvgm edainy Bt housy é%k#ﬁ%&pé’? MN
32C, GO Gl,cofddicled Gcdon a0 (CBodisdwitkSiIiBRy SOV 2B¥vaedd WrtyT2 B0 shewed a
slightly higher activity conpared to the V\7Iyat 25C. At 37C, only G7

retai ned resY B/A3. a¥TRAIAY3bfs the vdldripcsviaichepnisaigd 15 mM MFpgdiie 12 Bouki net i ¢
Eihgg act gl ?%ﬂe%igﬂ&%@’%ﬁ%%%? Be-ng'Eé?iol‘ﬁe%th?tr 2By YD rﬂ&ﬁ”"ﬂ{”ﬁf/%?"‘iﬁ{dd. SVA
ynt hési s usl fig as substrate , blue line, k on left y-axis),
LVA bi osynt ER2/Nusidng:dVB2ISWMR e ddmpatddkeol ity p& Wwhilo Y TI2¢ At N -rackicsd ~60%dovF
time.
Figure 6. High-cell-density fermentation of YT2/pAW31 and YT2/AIN. For
both strains, the cells were first grown at 37 °C to ODy, around 20, then the temperature
20 was cooled to 25 °C and 500 ul 1M IPTG was added to induce protein expression. After
the protein was expressed for ~12 hours, glucose feeding was stopped, pH was adjusted
to 7.8, 15 g MJ acid and 15 ml DMB-$-MMP were added slowly to start bioconversion.
The conversion was checked by HPLC, once the reaction was completed or constant, the
reaction was stopped. Simvastatin was recovered by downstream purification process.
25  The great drop on the cell density was happened after substrates addition which can be
minimized by slow addition of the substrates. The conversion rate kept constant at first
and slowed down with prolonged time which could be inactivation of the LovD proteins.
Figure 7. Reactions catalyzed by LovD. LovD is responsible for converting MJA
into LVA via acylation of the a-S-methylbutyrate side chain and can also synthesize SVA
30 using DMB-SMMP as an acyl donor.
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30as substrate (A, red line, apparent turnover rate on right y-axis).
Figure 16. LovD G5' bound to LVA and MIA. (A) Structure of LovD with
secondar ywetzouaiuse el enent from N-term nal (blue) to Cecerusconalosiosed) and
t opol ogy di agram of LovD secondary structure (arrows represent p-sheet and
rectangl es represent cc-helix). LVA was shown in grey stick. (B) The
positively charged tunnel to the active site 5 of LovD and the positively
charged ridges (circled area) may interact with the ACP donain and the
pPant arm of LovF. (C) Hydrophobic and aromatic am no acids involved in the
MIA bi ndi ng pockelffigure 8. Théicgumk sttacrurbmfeneii) and ikeylati@shiues FEadsos) at ed

with mutations and upon bindi with the |igands he_| arge domai ns
(resi dues mrf@?m&n%ﬂ%ga@%@%ﬁe gt ponsetr ?msa%ssm%ay giructure
super i Mposeddn@nkNAlicaligrdh e PNENRNL IS S RIBhKEY aBR 8 UL udnbt. amaChioRd W t h
MIA. Domain rotation from GO Senet to G5 cl oses the gap between the guani do

group of Ar gi73miaed formebla 8 thaPbwkyinas © wof aMha C-whhiehs. I Thehaipssipreiduenar ds

bi ndi ng qf 148. Tyr 188 are,.a C r.to. i

Differ enges '\{%?[S\Atéggﬁe %@‘,&%g%& Y&Aasgﬁnﬁlai ngkfgﬁwt%g%&r\l/%g%%@%é g%oeg g‘%téllnt ion
of the 15 ekbwagcthen8bhyVAge@upet N(CS\VArpredugebodd. dheiphgd ah ghen hinge
bet ween donai ns via contact with Phe Lgure 18 Proposed

14 F
mechani sms ofSBEHRIY; A1C At PPERED 1 %FB-(B‘“% VRIS DK GrOHg ke
i mprove st akiidh¥erQice bheceREY @ Die Q{eqaigiaﬂ@gn HPatBhdP@hGR. @F) PRSiutd YekyB.
charged resi dues (R22, K23, K26, and R28) on the surface of helix A The

patch is 20 Ihighlahiaghin sxrgwite Arcgegmentt Biaf are ot ¢praySkimdtovkhdEcBhe ¢BylayTole
Q755 ation i nr t ahi | i f 1 h ddi ng..
nydr ogen Cordu Th S elels) REEpS! Rk Feu S 408 Iy B AP IR o o
LovD and pr oposedstbeckidnéss-@b0OLVA bi osynt hesis. (A) Proposed residues

involved in LovD reactjon, (B) Suyperi sition of the active site residues
bet ween LovD (gra@?u%?ng‘ ]ég?c%e(% ‘ét}ﬁ“aﬁr’?]??‘é LIA'BYBEYRLHESTS ?AZ%nggig?Fg MJ A
and MB-LovF d‘f@%i&ﬁba%bkb%sﬁ;a&z&‘s- use@kd @ug@ﬁ? thaSindolBr S8 Vit H&Mé—@éﬂ%hh@y to
catal yze the ester exchange reaction. The hydroxyl groups 5er76 and MJA

(C8) are deprpranetied) by Tyraggabeddrilch thaamt abpl iozwatisy thy spgion mixture.
oie 28 Siaes, f WSER SRRSO S SO, LDy |
2/ L12, wher eollowisg hiditiGDobsgAvaed DRBRINMB to Botdi cspirsshiy oilts tjipaveivide (3 |
I nput refl eclsljrf(:)crt]esd f]:cv%ll’uti\g@liocft}lov ?nl}tar}l%sntowards higher whole cell activities. There are a
total of seven generations of LovDD mutants. Four generations were derived from
random mutagenesis including G1, G2.1, G2.2, G4.1, G4.2, and G6. Two generations
20 were derived from combination of beneficial mutations from previous generation
mutants including G3 and G5. G7 was derived though saturated mutagenesis of G6 at
positions V334 and L361. All mutants with two amino acid changes were subjected to
site directed mutagenesis to determine beneficial or deleterious mutations (G2.1, G4.1
and G4.2). (X) indicates that the mutant had lower whole cell activity comparing to the
25  previous generation. (\/) indicates that the mutant had higher whole cell activity
comparing to the previous generation.
Figure 10. Structure of the G5 mutant provides insight into improved catalysis.
Positions of the amino acid changes present in the improved mutant G5, highlighting

their generally large distances from the active site. Distances are drawn from the amino

30  acid alpha carbons to the nucleophilic hydroxyl (C8) of LVA.
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one symretry equivalent is averaged. Rork'L |FO1l-1F, 11/LIFO1, where F. and
F, refer to observed and cal cul ated structure factors, respectively. Rfr"

i s siml avotolt/mermk, but is based on a subset of the refrCeaSzanss208%i ch
were withheld fromrefinenent for cross validation (Briinger, A T. (1992).
Nat ure, 355, 472-474). The acronym R M S. stands for 5root mean square

val ue. DETAI LED DESCRI PTI ON OF THE | NVENTI ON The techni ques and
procedures described or referenced herein are generally well understood and
commonl y enpl oyed usi ng conventional rnethodol ogy by those skilled in 10
the art, such as,Figofe Hx&idphew dfhie wwdlap pf tivt Lozledtrohes.ullds raplaaitgpn

met hodol ogi es . descri bed in Ausubel et al "’59&;” t Protocols in Ml ecular

Bi ol ogy, W I'BYIitdHe%i eHeen EEWCF%W@‘%?W(I& ) %%smatag?i&ﬁpﬁé%f‘el?few&% ur es
i nvol vi ng t heuHs io@fdsCouMBL6iidhbitadvalila! &alshtsdandi 58agarhsmar eagener al Iy
carried out in accordance wth manufacturer defined protocols and/or

par anet ers uhisessobtlivehitRserraohedn iympeerss oBhekwithes ef ravddes (MB334 and er s
of art, notat] . other scientifi rm - herein [ nt ended
A A in S L
whi ch this iduecentthnrepesibaibasveeth Assiiteandases20 tvidildrmunitibh VEGARHN 7 could
under st ood neani ngs ar fined herein far clarity and/or, for ady. .

ref er ence, b R T A S R TR v g TR A e 8
necessarily gg%u&msggyggato represent a substantial 20 difference over
what is generally understood in the art. Disclosures describing nethods and

mat eri al s whi ch ddgutsel2aiappadtonet thysleowy adiive sisoaeundntigh dffeteheligande i on

di scl os h in_include, f X I ter ion | i - WO
D005/ 13037 1;eégﬁgcéﬂléexeﬁ&S?%%%o@h@&%ﬁﬁ CORbS @%ﬁﬁ%&cﬁ %ﬁéA Wl o2,

No. 1 (2008)comflldx witinretsctiSeey. lodOvarddyhe tspeeddf duatukrenhantlg assfoehai@dl
clains that refer to .val ues Ehhat (Fan &e nunerically 25characterized can be
nodi fi ed by fﬁ‘ﬁ%%ef’e%fm@%@ufﬁ'. TR IGBRIIR; ET BN S WAL WEP P RUPHEC £ H5Povi ded

bel ow. ligaheRY AL B 1Dhes (é}@éé@&cq{y)ir\%gén BohNIR! 2dti0t Vikedodecdt Qe &sh by
Aspergillus terreus (see, e.g., A°- W Al berts, J. et. al., Proc. Natl.
Acad. Sci. Waclsfigyse. Songgesidupyinvglygyindggnd hindingarcEmdehown. Anti bi ot . 1980,
33, 334-336; and 1N I ~ .. 1983,

303334- 3@36; Y. \%%H‘!éz%\iva, ‘éltss:%g%‘ih.%,COB‘FI%E%@@&&%HES?% i%é‘??,ge%ﬂgs‘%le cell
2693- 2694) . activityskiaciphatmaaen 4 cal) ysolubrgsb eiit lecdipoluhenie crabife ddfall idlies

potent inhihitory activities towards hydroxy t,%l glutaryl coenz
reduct ase ( Fﬁgé)v,efitrﬁém?tét‘@@rﬁ BriEecsk %‘bc{ glftegﬁo SPeP _rc%i GEYht ﬁgrs]r—?)é’,é and
therefore itmignid deldnipaRd donGoheHidieahdmeNdonfsiBY Pard bPi1deMM/hr and is
hyperchol esterol emia, and the |ike. Lovastatin is also referred to as 5
Mevacor . normalized to 1. 'K; of MJA is derived at 25°C when DMB-SMMP is fixed at 2 mM.
20 'K, of DMB-SMMP is derived when MJA is fixed at 2 mM. The amounts of soluble
proteins are measured from purified protein levels. T'm is measure by circular
dichroism. All results represent mean values of triplicate determinations * SD.
Figure 14. Whole cell activity of LovD GO and mutants. At 25°C, the GO
produces SVA at a rate of ~1.7 mM per hour. At 32°C, GO, G1, G2.1, G2.2, and G3 did
25  not show any activity. G7 showed a slightly higher activity compared to the WT at 25°C.
At 37°C, only G7 retained residual activity of ~0.4 mM SVA per hour.
Figure 15. Kinetic characterization of LovDD mutants. Turnover rate of LovD

mutants toward SVA biosynthesis using DMB-SMMP as substrate ( , blue line, £, on

cat

left y-axis), LVA biosynthesis using MB-SMMP (m, pink line, £,, on left y-axis) or LovF

> car

30  as substrate (A, red line, apparent turnover rate on right y-axis).
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"Sinvastatin” is an analog of |lovastatin. It is favored over |ovastatin
because of the absence of adverse side effects and its high absorbability
in the stwomotio4M9so, it has been reported that sinvastaCirnspriewsss and
reduces the risk of Al zheiner's disease(AD) by retarding the production of
Ab42, P-anyloid protein associated wwth AD. It is known 10 in the art that
sinvastatin can be synthetically prepared by way of direct nethylation of
the 8' -nmet hyl butyryl oxy side chain of lovastatin of forrmula using a nethyl
halide in the presence of a nmetal am de base. The C-nethylation step has to
be carried out atFiguter #ndloyl] O& beuper@liresid FHAL ¢A)r SBugtuteséingod stithong
base under anhydrous condition ichis diffjcult to hand) e in mas

producti on (SEWIY Fructgy gempny &@-@%@%,%& tqCeemigilpsd) e, owIeE?, 915,
U S. Pat. NQiiagpand 88160 scddndary RBlictufiQarrSws RBrLB&3 3-FHE:tRal @BkaddRs rg3&ch06 and
I nt ernati onal Patent Publication No. 99/ 45003, the contents of which are
her ei n i ncorfpldliat &Y byarsependngey stictt BT hapetioady dhrgsd memet tocht dgiivppisduci ng
si mvastatin | | i.n_th t. For ex Y in.

nyar of yogd i Crom e AR e ERE pl GNP En A RELE PRI AR

2- met hyl but yWopaisiadé tbbgiPanantnta ROVISI (@ Hadrepludliy aogpemomi® mimenedsed

| act one ri ng tcr r.ogéquguf triol acid. The triol acid conpound can then be
heated to oBtWIYFdd™ o4 BrdBRéoNte hydroxy group on the |actone ring of

the diol |actone gighrd€7.PRRLERLRIM ReyoRLRILE: Bsshakikd Rty IndliRIBYdnai Lydn et her
and then the &};dr 0X p at C8 of the hexahydronapht hal ene ring Séstem

rou

can be acyl dt ﬂg/\miti; Eg? Hefidgetihyiibs rrae doemaise i (esidrest &e9%ﬂ%ﬂ§8%é0%f0f 0-
di cycl ohgxylg. i1.m de, S sl din L. ghloyide t roguge a, .
corrpoungf6 Thse%%g’gﬁg’y%%}l err%tl\#{% salgff y%p %lr t g%]t[ :P(yné Cggrll(t)m[oH o] t‘%g&éo%upo%}ldkcyan
t hen be renovédhcs ntthedrfyl wiah Mjie pDushingotagibn ataut Yla$amo it G tlues idekegipo

produce simastatin (see, e.g., U S _Pat. ) 444 784, t ontents of
whi ch are hdFBYS"i ﬁb&&%ﬁlﬁ&%&fbﬁ@%ﬁeﬁ%?& C_L]fS C;flbéxylafef boguSr auinet
derivati ves";pasails e aRENehdng oM A S8 1 4OYRBT A 89 ald ¥RLINESAin G5. (B)
30precursors for exanple pravastatin, huvastatin, sinvastatin, or

hydrol yzed prifeeestest haswecat kBAgInd S\ubdeching i thevarilhngtye sitef adgtien ofrtlitacol i n
J variant:s dji.s¢cl o i o f I r ; in._.

Lot ro ot Sor GTRyANETy) Dabfif 3TN b bl XML A IR KRSH PRRUFRORHID v,
enmbodi nent s whtatheith Aerd8i on, "Mnacolin J variants" refers to Mnacolin J

conpounds havi ng substjtuytions at the C6_posi.tion in Figu n__»5
descri bi ng conpoﬁﬂgresbc]ﬁtoﬁgse iRurkarisrs qt g‘iﬂﬁggélsrfl%‘flﬂr}s I%D(Iliﬁg(,(ép ﬂJlli‘eer{’Frd
variants et Gnutati P8R\ imPkivk!stdbiict BE tr tnARdasstandnd Data thirs of apgwage is
intended to enconpass these conpounds as well|l "as the salts of these
conpounds ( ehgrgedesdvae A2, daddl y<2ec eepfabl en ght arflenowinhdin 4 hEhcapatyh ior
exanpl e,,0as Hi%h&%é{‘%éh’l GRR iA6hen SbRYASE AL Es.C 1%%%575§%£at%nfaﬁa§§aré‘% d
formas well @as®a sinvastatin sodium pogt assiumor amoni um salts, and

ot her 10sal tisipearisubiinf sfahe adkakibpaeddas b hyd&bgmening vath SHRen haet bl [ ic salts.

"Aspergillus terreus” "A terreus" is a fil nt ous. ascpmycete nly
found in soil. Alie)gﬁeeﬁ‘?, Gptalytic rggt ‘t@ﬁsOfZPP%I{)nén rpéoﬂ?ﬁ?ﬂ/vn?eﬁg%sén a‘_?ft ]C“% ro

exanpl e t hosg,dePesi (8IPRPos@: Fsidudd e 2834 2oaDdcATCE 203berifiBodiorkGOWn i n
the art, genes ' related to biosynthesis of secondary netabolites of 15

fil ament ous thepgive sianrepidren hetedeadoaP @yt sl £k gangagenoffe land bigsenthediser r ed
to as "gerne o y S I N-=.pr Ci e ster" can
ot or t&a orornd MIPT.oP 2B B supBYASHAY) ReRp SHELRE RERRIGLHR! B
conpri si ng, dolss the P4&0EichhyeGeaaiodeMdriggenss gioupboBB76 aandes Ar@se asnd
acyltransferase; and LovF,_a ScPKS gr. LDKS. |t has been determ ned

previ ously t(f?B’EOt%%E%Wﬁ?%sgi?‘l‘g&ﬁ“%@ﬁég@%v . LovC, LovD, and 20 LovF)
is required for lmyastAtidhEyatdiests dase@ic®iod and Momic RahemdR-(nénS43i017,
the contents of which are herein incorporated by reference). LovF (LDKS

gene) is chansetssszetras the porykdel @8 dpnt Fase=gehe! >lovt., ivhese put ahd ve
est er ase/,car i | i ~ Di i f v h been
done. pr ot ouary RERLARR s (RS RLALUBH G0 Bty o0 bnOR R a8 000
are herein incorporated by reference). LovD interacts with LovF
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25 to produce | ovastatin; however, the LovD LovF interaction is not
required for the production of sinvastatin. Mreover, another gene in the
| ovast at iwopnodyeiosng gene cluster is LovE, which is a Zmcfiusgew/osivag can
regul ate the transcription of the other genes. The | ovastati n-producing
gene cluster also conprises LovB (NPKS gene). "LDKS' or "LDKS gene" refers
to the protein encoded by the LovF gene, a 30nenber of the

| ovast ati n- produci ng gene cluster. LDKS stands for |ovastatin diketide
synt hase. LovF is the gene that produces LDKS. LovF is also the gene that
produces Lowﬁcpmﬁhehﬁsqmtﬂk$ng@ﬂegahm§gfﬁﬁﬂEgﬁ|E¢|@$@?geﬂemiﬁamdﬁT@dﬂces
LDKS. In the %%gth is o&mkovastatln LDKS synt hesj z es th five carbon unit
si de chain df WBHECOMIhA aﬁ%ﬁﬁﬁm&ﬁe&%&ﬁp&f%@t ctet ~&hfand a

nal onyl - COAkm&Qﬁo&QﬂQBQ§QQth§r&k&ﬁhﬁd%hﬁﬁd@ﬁgQ%%h&ﬁHPMh@%ﬁ&%@@@@bJé%H&t'Ve
tailoring by the individual LovF domains to yield an oc-S-nethyl butyryl

t hi oest er cowhdasinn|riggerabhEd(1P)t Netuph 85 Hopa el etarenyar FadbA. ttnels dety |

carrier prot 0 n of LovF. "LovD acyl transferase" as used
her ei n rgfefggInéﬁﬁthgvgﬁépeptldes such as the A tenrus LovD pol ypeptide
(e.g. SEQID NG 1) that can use a acyl thioester to 10 regiospecifically
acyl ate the C8 hydroxyl ) e sinvastatin.

As” al so discl osed her BEEE ze a acyl

thioester to regVQ&Q@&k&ﬁ&@thpﬁﬁ&h@&Qkﬁﬂﬁm@%rB%Q%&%Mhmgﬁpﬂﬁg&ﬁa@ﬁd&gﬂyZEd
pravastatin tetra-ol so as to produce huvastatin. LovD acyltransferases

i ncl ude horrmnégr@tﬂ@deﬁéwm@om emplayedpsisg tawentions! pehydday ehps. sgilledmQ | D
NO 1) that fiound, f e o] t n

pol yicet i 1o, goaarertel drsor s tbien Sy, el olst il Sab:l W8

in the conpakﬁmmm&moﬁymﬂhEéuﬂ,pﬁhhmﬂ&naﬂbahyzmdemmﬁIhde@tV@BkInmmcmmx
transacyl ation react] e, e.9., Y. Abe, T. e Genet Genom cs.
2000, 57 A3BIE) | Ther oS W BEIL PHRCTEFRdB S K et CSTHbS HAbat hy
can catal yzeav@ﬂa%le%{saindr &agehk@ﬂebg%hmgﬂcﬁﬂed%ﬁ’f ROLRErd23Q tehrakeiFld8er

t hi oester and an agl ycon (See . Cox, F. et. al., Chem Commun
(Canmb) 2004,defiged prpgol26d)or plareéneam Holesicithiersesquetrde (flesa othesyisadelingdD .
POV Y Peptisde il SEQ IR Wy LASPURLAT RS, ol LAGHANRS £ ANANIEE:, Whi of
catalyze t he hy ro yti'c i'Nact i vation of th “Tactam cl'ass of anti |ot|cs
(see., e.g. lmE:thﬂb&@ﬂ&&yqxﬁmoNbLﬁﬁmsabdlnBﬂﬁﬁheﬁh$ﬂgm,&@94;&33&mﬁﬁﬁﬂ§6772
and A Dubus, D.. et. al., Biochem J. 1993, 292, 5 -5%3). 25 Ali gnnment of
A terreus LBVBUBBIRTHREBEI d& CEQUSEGTD NP PFiTh “phesend eropuet ar

cl oacae P99 J.aatBMBRId I6€ clafindand Br £3r EAR&EGncEtand@lhe, idQbRT HF S6dh

2003, 12, 1633-1645) shows noderate sequence honol ogy, including

potenti al | y dsbnisieny dureie tshowdsnete neesiadliede emetiueds t@ Hepresnal y tshestBwinlz 6,
Lys79, ri8 |.db r Sci
2003, 12 1A R IR L 38RmE ool FEA B Mafhey AL LELR 08
genetlcalIyzﬁﬂgmmﬁahednandmn&mdmahﬂynmscwnhbm@o&nzymeﬁthh@taﬁbecMEMakbd to

1 gt am ncr<ien HEGRF1GE enEB: (Bgri L6 libins N6 B SOBCY FEBT oA e ef

nutations). Bl BMAShAbIbE: addoBice ligg, wanidze Ny adue®y fAomARt-UERldYin 5
occurring enzynes that are simlar t6 A terreus LovD pol ypeptide (e.g. SEQ

| D NO. 1) i rthe eperdifragorf and asydgiata] Grnfsr G tder sorpaet it chydreepymericp

acyl trangfer 1 ant s-of A tenrus LovD polypeptlde
(SEQ I D NO ?§$§$?&§gn§%gﬁﬁﬁﬁ%gPﬁ§%§g¥£t é%’nutants can be created by

st andar d nol ecul arhehieahitigys sfechnnaeres atoppridediséowf or exanpl e, mutants of
SEQ ID NGO 1 that,_i rovg:M%tal tic efflcuﬁggéggﬂgﬁa%ng | ike.

For
“Lovastatin vacof) is a fungal po v Aspergillus terrens (see,

e.g., A. W. Alberts, J. et. al., Proc. Natl. Acad. Sci. U. S. A., 1980, 77, 3957-3961 and A.
Endo, J. Antibiot. 1980, 33, 334-336; and J. K. Chan, et. al., |. Am. Chem. Soc. 1983, 105,
30 3334-3336; Y. Yoshizawa, et. al., J. Am. Chem. Soc. 1994, 116, 2693-2694). It is a
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10 exanple, we used rational and directed evol uti on approaches to inprove
the catalytic turnover rates of A terreus LovD. Typically such nutants

wi | | havewea 260098% sequence simlarity to SEQ | D NO 1PpcCirruseéionsment ext ,
the term "LovD honol ogous enzyne" includes a LovD pol ypepti de havi ng at

| east 80% 85% 90% 95% 97% 98% or 99% sequence identity with the am no
acid sequence set out in SEQID NO 1, 15 wherein the pol ypeptide has the
ability to utilize a acyl thioester to regiospecifically acylate the C8
hydroxyl group of npnacolin J so as to produce sinvastatin and/or utilize a
acyl thi oesthnarrha@ctggiospecihi @abdopnd bydaateotibbep &t nytdisiaxy hetgitas povofds
hydr ol yzed pravastatin tetra-ol so as to pro uvastatin. Such nutants
are readi |y WEESYRAGYERES] H%Eﬁ’lZerl?e‘g Feﬁlu&t%%eagjgl eh&Bb?é?'Q@“PﬁeStﬁl?o ction
of a desiredheRMRRUNGI SHE RS and 0 thdAS tatil nwﬁk?éph%al liY HRi R@avhdn€nEUS
LovD pol ypeptide (e.g. SEQ ID NO 1) as a control). These nutants can be
used by the heetipidsmaf hyparehdlesiesrieinen and thakise shonrastiatis plsorrefuedsioats n,

for exanple. %V ferms "variant LovD pol ypeptide", "LovD polypeptide
variant” ""LovD acyl transferase variant"” and the like refer to an active
LovD pol ypepti de ‘@sndisadh’08eth delogiof l@ansatiavi ngaaired eastloabatt b8&UsO80

am no acid sequence 25 identity . wth LoyD havi Lthe am no acid sequence
shown in SE ?%’Sﬁﬁelo.zf T %}%ﬁ%&ﬁﬁgﬂﬁﬁ@ﬁ%@ Scr%?bﬂfﬁﬁé% %éé?mt%vg‘so’ it had

pol ypept i des,cuh edpelid ane sigfvaﬁwrﬁp@%rﬁsoarﬂcﬂegu&§ SHedUef AL hef s [N dA 13y ©
substituted, added, or deleted. "Heterol ogous” as it relates to

nucl ei ¢ aci dysequkrrds PseehtiesoictletZn graselpieprosin amecitrehritb AL eljieoes
denot es $eq e . are_ no or I S i at.ed wit eqi 300f - a
r econbi n@nt qgg%'s i 3%? fsmgvﬁ i t(lr}jr Eaé{loee %%theﬁ%&fﬁ?r% el%f}l%ggog (%%yaotr}e%e\%ﬁ @%t%ga%%r {)fl cul ar
cell. Thus, thec 8hetdylbhogbdus sideahiarofodvaaratiniof émmulcudheconsthylbilidean e an

identifiable se men# of n C%%i;cbad g, vm;)ctchi rl?%rr? attached to anot her nucleic
aci d ol ecul SRSt Of & wot! ABYaPHA 488 cIEtPOROW T e “OtHer Mol 8Eufe in
nature. For e%&érﬁ&lky%w @enﬁﬁ%&x@é(%%iw% &Jtr@g%@&&rfd@f_linh&%uk B&Adﬂrﬂﬁq a

codi ng sequence flanked by sequences not found I'n association 5 with the

codi ng sequevie: isrifigply e hagflerin mpgsyproduajes tseeet-&» Prlakst Sradditth &S

const r uct:, iLcl.i n YnaRI i t e

Cone tariey Aol %852255515( ?eée@agﬁe LA NIE M 5’25?57‘%527’: %%?‘%5@?‘942,

6, 627, 427, 39849 b4l liitheadent Bnts lablivdios NanNeOHEy 53003 the ebpenatos dviioh

reference). For instance, a, gons ruct. with Lov eg]es can be isol ated and
H %yo]&?

expressed i FNORCHbVASTALT PG f P o yedsto higtheEally LOdHe 10

| ovastatin canviheh edMsPRaRIPHUGEd i BECexalipR; loviiain Hatbe INASolyLd 39, 283 and
6, 943,017, the contents of which are herein incorporated by reference). As
anot her exargpfesivproRartydtidgun fyhraasicbacerapyeathe grimprbylhesty! sid¢ rlimpbto as s
known i n,t he. . I - cl j.ntq_.an ion. vect or
For - exprsss sl R e BB e TR B e UG B 2 e
contents of ashipohndircen hisrrebs hemednpabated diyl hejoee.enee hydrodd gAuprak dieyot e
such as E. co/i can be used as a heterologous host. A plasmd can b

const r uct edq%'it?rf?rép rf@e gfogﬂaﬁ’ioé‘fiééﬂl E%HEPt‘fcﬁeéi 1 AEHE @ " 'EH‘B@T‘?%}?}%&})F%% into
E. co/i. Thepngenen ®fc h}v&@f}ﬁgﬂougaam e of Hansdaheo@ndihkREe PHEtQiBmdahi ed
fromthe gene of interest can be purified thereafter. This nmethod of

expressi on andatpd ot@di x2-gigridfilegonsmeidinkhowresinge ohéicafehexPanrhedimysiceor LovD
exons fr@m be. indjvi.du i fi ~ i ¢ DNA
o At s R ERGaRE e Bb AP GG RN,

spl i ce over |ldphexbepsuod cRCRenRBS tematedan thetfeal sap bidgi vtriloduasdoniand t he
gene cassette can be ligated to vector tqQ yjel expressi on construct
that can be THARSFOPIREECS HEGSEIndtH S THT ﬁﬁy,NOEigﬁ%Qﬁ‘h Bisiopiisia B o
het er ol ogousarbgégmfi&ror&%ﬁ&%ﬁ&é}mg;@)_A. teans genes. E. co/i can be
co-cultured with another strain that produces another substrate of 25

i nterest. Additi omrarisating dirdpatsesasc arpdbbergid eempisct Npsasgtht dervadyes or

B A N e
contents of which are herein incorporated by reference). As

anot her exanple, certain polyketides, slgch as pol yketides fromfungi, or
ot her



30or gani snms, can be heterol ogously expressed in E. co/i, yeast, and other
host organi sns. These host organi snms can be suppl enented with ot her
substrat e§p 20i@es95hey can require both the heterol ogousCeEASL@SHFWAES Of a
desired PKS and al so the enzynmes that produce at |east sonme of the
substrate nol ecules required by the PKS (see, e.g., US. Pat. No 7,011, 959,
the contents of which are herein incorporated by reference). Simlarly,
fungal 5 Lov genes can be expressed in E. co/i or other bacterium and

t hese host bacteria can be supplenmented with other substrates, such as

acyl - SNAC ortetot-bler Maeydcoldoh otriagrsd upsrs tbhesecady] vaomnerdigi@aups demrheorcel |
per meabl e, and enter the bacterial cell. "Expression vector" refers
o o nuch ei CAHErA ToHE /AR DR FHaabEh G OB RRITon RS £ han | n
the art, an gxpressiQfineebimeaR HeiBihiRionedVRaiRAGNTAMRP rdfrs o
transiently in a cell, whether as part of the chronosoral or other DNA in
the cell or Menagpln detdnppaande dupag tsepiitutiongach &s @O repidpe dni Hgugedt ol in

t he cytopl as . e essi;on vect . ri.se I er that ives
expr essi g no Ca{{%ﬁﬁl\%?&%u?lg Sl%c;l p?scsarﬁllv%ka?lg’ E érzlgnsglt%t %&%‘ﬁ%hgqg}‘“&ow%g%t%’e in
the cell or thedel ofeskilr acthe aFonndexaimal that giH haplage priomdtel $o kodonipaed tgscon in
t he expression vectors qL tggti vention incl udcg %hos that function in 15
eukaryoti ¢ P EPEREr Yol tle *hBkt SR S1eSprEmBPRIS €8nPBRBrTSE Y dgtiPAPsT y
sequences t hats @aldweVih tRr arh e Ul 8, o is RXOLE §S51h0Ar! hddstvig h@ otdie bgmhowt h of
t he host cell or that cause the expression of a gene to be turned on or off
in response fte agiddhenieakl ey 2 physitetdEl sostinmpotssiuRey ammaendyh salpsdanseether n
other bag erial st rE8lhSnPLOTRISLS S NE G Joiprgenes for biosynt hetic
enzynmes, antibiotic-resistance conferring enzynmes, and phage proteins 20
can be used and i ndipageys drons”exdnpleys’t kea flamacihos escotmactosenihbale found

mal t ose, tryptophan (trp), beta-|lactamase (b/a), bacteriophage |anbda PL,
and T5 prond g 6%(,%%%(?&&%@%41&%%@? S RO HROLLE

pr onot er (U.e%_,fp(tj(;gbpg Ad2oA3BM1. can al so be used. For E. coli
expression vectors, it is useful to include an E. coli origin of
replication, such\siskhpwmitple arpgmes prlated wERowRECPET! (asogdarpEFRBYlitcol
efficients translahlolnflcsn FaRNALLDE O BIOLELR G SUPLESSLON YOELAL, Al SO
typically contains a rvbosome-binding site eéuence positioned upstream of
the start catlsrrof Fhecaogidleeguenpsdating hencgdmecrt oartbefexphnessatent her
el enments, such as enhqncers, secreti Ict)n si gnal s.eﬂue ces, ti’ﬁ%ﬁpri ption
termnati on B¥qRENEES, OHRE BN E OrmSF 2BET KePPGEhes M8y \whi 0dt°"telq s
cont ai ni ng theyUe&dnle; EaMOLA dsdentihl adi@ndfelc;seliatheds samys 8l SOKBE It
present in an 30expression vector. Sel ectable nmarkers, i.e., genes that
confer anti Blapbren degidncdniveviopsly densick ofitheye femgetrs (heed land, EorPernda

| ect ~ I | | '
e ecLebhe FSReL e, A0 &Y sl TR el L3, V0cn 49, Sl Louse, AU

t he Lov genefcitidt ¢ heteirpiatdriponsdtiyereinceahotde (LMK gelug @dchank @riged as a

het er ol ogous%?%st such as E. co/ji. . Thus, reconbin ntbexBre. siqn vectors
can cont ai n RVkeElq sguthasg geng, [pERs s RYAEENFSIHATCCRPPRPERIASC IS NP
conposed of BhrbeASH AcPOLEF BN 10F bbQVdARFrQloRI ek, bE osynbhelbco aeqa7codi ng
sequences operably linked to a pronoter and optionally term nation

sequences t itht coperare vhisher¢ betindpprpesicdbyoticrdec)cheilpdiseesendel.ov
conpat | §5e a hg Zﬁrroﬁ&ﬂe' Byasiin® %glsv%%ﬁ,s BAUEDAS oSN aRE: Ao® FAUENEE, M GBr the

"encode ticul ar gene,
production of simvastatin. Moreover, another gene in the lovastatin-producing gene

cluster is LovE, which is a Zn finger that can regulate the transcription of the other
genes. The lovastatin-producing gene cluster also comprises LovB (NPKS gene).
“LDKS” or “LDKS gene” refers to the protein encoded by the Lovl gene, a

30  member of the lovastatin-producing gene cluster. LDKS stands for lovastatin diketide
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10 as a gene fromthe Lov gene cluster, for exanple. A coding sequence is a
nucl ei ¢ acid sequence which is transcribed (in the case of DNA) and

transl at edloon/@ecase of MRNA) into a pol ypeptide in PCTMS2@0/05203%1 VO
when pl aced under the control of appropriate regulatory sequences. The
boundari es of the coding sequence are determ ned by a start codon at the 5
(amno) termnus and a translation stop codon at the 3" 15 (carboxy)
termnus. A transcription term nation sequence will usually be |ocated 3
to the codi ng sequence. DNA "control sequences" refer collectively to
pronot er segyeheeslovi bodeendiindipnglusdst EISKSpobytadenyd dici @ne shagmaddsices

transcriptiaon term natj equences, upstream regul atory donains,
enhancers, (a)\[rﬂY tWé’tq“il'keﬁswai%ﬂqecé‘ﬁPe@Fﬁi“vé? Qﬁ‘i)rgﬁ’%’ tfoPg‘Ecﬁ%rf%{g?aﬁﬁsé}ﬁ ption
and transl atdQnc9f oo tRALAI ISRIUSAEE D 1R MRShre8l dnit side chain%@?ﬁf@%%]

| i nked" refers to an arrangenent of el enents wherein the conponents so

descri bed artbravghfdogdenseriosio beiyeen aperdeo-hrthaid ausalahylfGmet Ton combnascd
control sequencas ug@&%&@'&{ tﬁ'l%l%%dar%ipreguc%% lta'ﬂgrigegylzil_ Ci%d@{d%alcﬁ%%béo‘?n%s
p Tt i'ng e

effecting the expresston o e co sequenc e control sequences need
not be cont itguddid amiot-Hintelgltwoaiingio2Ssequakagy asahbdng tas phdspyopanneidion t o
direct the expression, thereof.. A " Lova?i‘a%%mn-produci ng organi sm' refers
to the wi de W&rAdPy Gt e e e (AP ydArenot kA in the art to produce

lovastatin. Theseq@ipaR|1aa®sfd-hat preduceid @¥astahbR iRl ficeds e _produce
simvastatin by the nmethods of this invention. A teans is an exanple of a

| ovast ati n produtinlg belgrariidm M SE6bAFaM @nd) dhtiesant hem apacyBkieesins to
reported.to pr. l.ovast at | 400l | |.n nascus _Specj for
ol o 1 rRSUERA AT AL I CPIPE ol S BRP  E PEoh Bued Lo
as Peni ci | | isimyastliiponycabo Dat@tdiygeas, hRhioswd) ceupenicai Ifhddem utiByérnoasicus,
and Trichoderma species, Pichjia | abacensis, ,Candi da cari osil ogni col a,
Aspergi | us dgesS“ DY g@’é’ﬁ%}sﬁsc%t %cﬁfgfﬁ gieséé %3@8?9&%9%@%%0 IZF‘? PEEATEN | um
citrinum PepithldiRis QaenHMrecopul ari opsi s brevicaulis and Trichoder ma

viride (see, e.g., US 5 Pat. No. 6,391,583; Juzlova et al., J. Ind.
M crobi ol . 16: 163-0¥¥D; acgyneréerdictreingiadc ekoraplogousERSyNIce r Bbi-8l Zerfeest tLovD

132: 39- 995).; .. i Ad @l Fol i r-obj CATT- . 7),
t he con?@ng O(%@% %(}ae::@'gé%ﬁe@ﬁ?? gﬁﬁh 1?%%5%%)?25 (Lgddj%blgmrng%%?é%ég% n(ﬁa&l&ﬁ%& :
"Non- | ovast athgs polpktuide megndotlgads.s iret’ casplts etk ve peivitles efiéese ttont dMlia uiridler

organi sns that do.not produce | ovastatin absent manipul ati on by man (e.qg.
E. Cob). 10 SPHESEOPGAIMIHE PEGN "b&™ T herd cRa €8 Bt Ha%gvﬁ’iﬂav BEEPT Pt fed i n
t h_e pr esenC_eY.oAbeLQ‘V B. tio Aas/asiug @e)zo@)l@-%b@i,'%l%%s(iét@){%{e%é AN Q&ltﬁh‘@fﬁ:ﬂi@é fods of
this invention, for exanple.
the squalestatin pathway can catalyze a similar reaction between an ACP-bound
20 tetraketide thioester and an aglycon (see, e.g., R. J. Cox, F. et. al., Chem Commun (Camb)
2004, 20, 2260-2261). The amino acid sequence of 4. zerreus LovD polypeptide (e.g. SEQ
ID NO: 1) resembles type C [-lactamase enzymes, which catalyze the hydrolytic
inactivation of the B-lactam class of antibiotics (see., e.g., E. Lobkovsky, E. M. et. al,,
Biochemistry, 1994, 33, 6762-6772 and A. Dubus, D. et. al., Biocher. ]. 1993, 292, 537-543).
25 Alignment of A. zerrens LovD polypeptide (e.g. SEQ ID NO: 1) with the enterobacter cloacae
P99 lactamse (see, e.g., S. D. Goldberg, et. al., Protein Sci. 2003, 12, 1633-1645) shows
moderate sequence homology, including potentially conserved active site residues, such

as the catalytic Ser76, Lys79, Tyr188, and Lys315 (see. e.g. S. D. Goldberg, et. al., Prozein
Sci. 2003, 12, 1633-1645).
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"A terreus having a disruption in the LDKS gene" conprises an A tenrus

w t hout the LDKS gene, having a LDKS gene that is mutated, having a LDKS
gene t hatwpokimaedoed- out, havi ng a LDKS gene that is delerasoiaviosgy a LDKS
gene whose 15 expression is disrupted, or having a LDKS gene that is

di srupted. "A. tenus having a disruption in the LDKS gene" conprises an A
tenrus having a LDKS gene that is silenced by nethods known in the art. "A
tenrus having a disruption in the LDKS gene" refers to an A tenrus that
cannot produce functional LDKS. "A. terreus having a disruption in the LDKS
gene" can al so rdieD iglansthasdsent uiso tdtat toproold geescdlyroginanal anOndnbKE. The
LDKS can be inactivated or inhibpited by nethods known in t ch as
gene knock JUF“BFELHESIS PArrE f&ﬁfﬁiﬁ? fl‘”T"fﬁ%%Vg? Bg‘éﬂﬁpﬂéa e-%&%@ﬁ‘éé@@ By

net hods known iQuidie Bt cofkilel MRhPOASHOT addNRiifpdth R, (clchaCt( Vi@lih® Mcidor

di sruption of LDKS gene or protein include, but or not fgl mted to,

anti sense, skRNAIRNAuations) RNAINastel, efoe rrsempls, k& keaawadyasd tfivem apaturalty DKS

gene” as Jised NEEELD 5N RS0 8L8TL9 NS, LOYS AR 5 8T Ao P! he

contents of imkeqhnar @.ghereeMiCH ngon por aingthcliy clueker éhoeD dcfmrabeanus’ bavi ng a

disruption in the LDKS gene" is typically a. ge i i pul at ed
or gani sm Geaﬂsé)tr gr Wéﬁ?tﬁgﬁsﬁﬁ%ﬁﬂgf{/@\Y tROMPER) ei@ﬁm@{ﬂmés koo testhie
di sruption oft thhemb@QMisISNBS clecftefby LEATMS bR ulBESDIEP RehRLEX OBl dic 368€,

e.g., US Pat. No. 6,391,583 and 6,943,017, the contents of which 30are
her ei n i ncorparpEetubptsr e APeNO: b hruipttirons @falysipetiddneigs Py thepikel byF gene

(produc '41@9 0 'ﬁ%% Qe %s%ag %%%nﬂ and b(ﬁFeEteg WELRLE .\ﬁh&%%ﬁés (s fifiprote dhe e Itic Pat .

No. 6,9 e con s of which are herein incorporated by reference).
Di sruption abrdohe tmsFog@nectan oedur Dypiatihenchmetdiods vals Hase kndrta-9D% t he

art. A teans havin di sr i in the LDKS gene can be_in a ferpentation
mi xt ur e. _S;ub%ﬂ‘feélfeegm@éﬁ’fyt}%%gﬁ 8% " e e R T Gt bdT @?@P{%ﬂu%
temus havi nQngyHbsihHRddsONLOD bBgpddaiS nd@RE at10asPROAULS | AMaSIsat ioToanglogs.
"A conponent or nmethod to increase the production of sinmvastatin" as used
herei n ref ers 1980 ascgpensoudantior wihishe paine, add pedvengecsepouhit SR 1D that 1,

i ncreas t ~ [ ert.ai Nk jari i.ncre unt
of 51 myast at ey ot ol e 356 SBL ALl B URELAL W8T ABe Ll iR AP

si mvast at i n.ac@arpenédhsdrand groep o dsonhailini Jriorae &s progutdemprsadiu ahd 6 wafize
certain internediaries are known_.in the art. For exanple, co unds t hat
are added t ¢ e %ﬁﬁeﬁnt%ﬁe%lﬂsnf?ﬁﬁfﬁ‘aew@q s &s @Y%fﬁgvpaﬁaa&tégggy50§zed

i nt er nedi ar i @guasate RSl RAGYPbiucd hul Rdile SREOAUEHTOR: RhdilyauagtAlliRAr e
known in the art (see, e.g., US Pat. No. 6,943,017, the contents of which
are herein iifedifiporiatiedybyhid pefcercedce)rodSsive of atdreised icompeynsdpenhi e,
such as nacol in..J, n b I Dt i O f S gma in.
Compounds. T o R R B L O QeI T b I B acdea
t o i ncrease doheolpr otst i ook Gnvastal bn. thEanetdxdsnpt ehis dovgpaunds Melre

i ncreasing the praducti on of nacolin can he directly added to,th
fernentati or?“ﬂ’(%?"taﬂ?é’rg‘Bvalsf?élPe’{.{’géxgt%e'a 6 Ao f V%tiaﬁf/;g‘f tHOﬂVPBI_?tﬁj&ucéﬂ’.V_ An
exampl e of FHRAGFRPANKNT LD btk £ASENAY vANE PIAAHCEIQRPTo ShaMASALDN 1S a
clone containing the D4B segnent” of the |ovastatin produci ng gene cluster
that is depdasbiepriderns Abdoselcleads poh haiggadcaggdpet 90Phi%8 cirpine agidnedrsnce
transf oryred .j; 0t ~ - at;j.n_pr [ r i sm. ATD olin J
as1's kigen HanR A IEKAI L RIS L9.QLORNL SR SHE 9950 Croas

| ovast at i n- pnadiuciimduder ganinstmé Tionlx pasgepttides pheditc bhor ahotenmaieoldcil J and

t hereby 25 increase roductiqn of si statin.. Moreover, another
exanpl e of d°¢ %Bﬁ%@ﬁﬁp%_&’%%f?é@??%iﬁ@%r%ff?kﬁ%n of sinvastatin is the
LovE/ zi nc finger ‘gRR@olovkisehs ¢aR1aRe 1 hadst QlREdcAtQ sacl Avastat icqudieduci ng
organismto increase the production of sinmvastatin. Preferably, this

| ovast at i n- prrddaeirplgeargar drriro stctichray han adi mtuerhaly asioctird WIDKSqgEame
(see, .9 & asfecg)I%EfnaHOConéﬁc%lan%%§1’ a}eh§otcn%911n§lﬂft §ssggiat(¥g"\x7?tﬂ aa{aa%ti&%reéeﬂ.
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i ncorporated by reference). Conponents and nethods to increase the
production of sinvastatin can refer to many others and are not limted to

t he exanpve=xoiiveimd above. As di scl osed herein, amCTASYé100620988 " oOr
"acyl carrier” is a conmpound having an acyl group that can be transferred
to sinmvastatin and/or a sinvastatin precursor or a 5 related conpound.
Typically, "Acyl donor" or "acyl carrier"” is an acyl thioester that donates
an acyl noiety to the C8 hydroxyl group of nonacolin J. A wide variety of
such agents are known in the art that are further shown herein to have this
activity (seBusea thetdrblogods! uianabti aveuchitydcid timpesdtens bt an Tdebtifablg seghant
addition to those. known in the Eééand %urther shown by the instan

t
di scl osure t® HAVE 1K SRR OF RGP Angpotretcicd 2eppiecdn Ty Horgdarsq gy
known in thes@jchib@kvihynt Bast 2ededrR iRAVRY: NAYIRINAR ARitkiotdgolOrBloWl dte CB
of monacolin J so as to produce sinvastatin can be easily identified by
conpar at i ve @rpeick reninsludi o lvoding seangncedidmbed brlbapreose dohued an pesogation

RON: wher ei iR BARBE stabeh Bk JRELG RAOUR EARARNE BTG | om
or the |ike.wiidnpaundsihitprh@vieirathedeyl cdir eupld HeScdnridbidd ésterdivigous Sseapt

limted to, acid_chlorides S i des, .or__a i des and the like.
These conpo&ﬁj’sg'éa e AP B,{iﬁ{(f ofs’smﬁagﬁéﬁwguggg%%ﬁ%ﬁCBPtCHﬁéﬁb‘é}F‘ili% ut ed.
Exanpl es i nchudecinbbtorfb@tcdWy defcbine€d FbPinsRBAZ QY¥onGAlcO kil 8.0 DRAZO G be
anhydride, benzam de, or ethyl benzoate, and the |ike. Oher exanples of
acyl donors akitdided dutessdeimepniloieed rreducidi fsehyirbireyir hossad, and

o Dyer ot bug eyl EERE BRI ROk Byt SR DS ne BrroL S,
Blacet y: c;é}\ligmshg:etst o Ioelgthl]a_& sre ( BMAG) :incb'tqihdﬂ@tt)d :Hm a?ﬂegée@;\lzdg:at? (-5MhE&) ,examplg, ’
enzoyl - , _benzoyl - or a-S- ryl - .. These conpounds can
be produced HfANUFT A E@Fﬁ?ﬁé@??ﬁ[ﬂ%ﬁ %L\%%i,séy’iaﬁ IS LB A APPeEEY at e

the cell nenbiane hcAldaheas af?fe;aér@s%@% VeQIP R RESre GRM iﬁ%rﬁg%%st(&e}é?g@ﬂ&n the
e

presence of nonacolin J to produce 25sinvastatin for exanple.
"Acyl - SNAC" RasenyBied 5 Hé}. 2 lntheepaieststod whichianelhdigin brrorpargpghoy refgeics). known i n

the art ’15acy| B SNA)QgPo%Q 81%%%&{ %@%&n%%”secﬂ%%e@glo%&g%rosé. iy p\ﬂlsyrﬁd can be

conditions. LovD can use acy as a substrate to initiat'e the reaction
f r om nonacoldonstductad @ity gsteaifiimedey andghoglpesidfche at kyndeyadtintog-.te TR
hydr oxyl grou i | - SNAC can dona 30its ac fhﬂgroup to

of . monacoljn J. Ac
LovD. TYPI C/ﬂfg‘é&étﬁfﬁfﬁém%t%ﬁaﬁﬁlﬁe‘i/ NAENIF IPERfein CﬂVC“Er Bt Pl IPTSTt fHe art

Wi 'l under stiand,frpathdrhgidiBe! ARuoa cm&gie@s% h&r gidkiflphan& ish tid BaReh 1o
produce a wi de variety of enbodinments of the invention. Illustrative 5
enbodi ment s th¢ attHéori eavaplei looy? pedngdeonmet ods cof berikiividyaly spplgtedtiom deor
rel at ed o ~ h i ~ i ni. Q r: olin J; an
eyl 1 higeoh et R PN GoaE LT SAE Y YT Sk DB FEREC,
nmonacol i n J splicet hverlpy esenca BER aRdsaicbBof aind/@n ba ikevdcat yphd tanghe caseate

variant as di s%l S%Ed her ei né; anéi a LovD acyl transferase vari%nt; and t hen
al | owi ng t hiS" DEVEREE Y £ PETET Br U8 20 AFFERICTUSESEH deAfIcan bp UgPYLE i t he
acyl thioester, oTh&eh03elfChh Rl Ye@ sy h AbRrdORuCBNWHF 0¥ bssBh AP OF rrens
nmonacolin J; so that sinvastatin (or the related conpound) is made.

genes. E. co/i can be co-cultured with another strain that produces another substrate of

25 interest. Additionally, substrates can be added to this culture or co-culture. Heterologous

expression of the lovastatin biosynthesis genes is known in the art (see, e.g., U.S. Pat.

Nos. 6,391,583 and 6,943,017, the contents of which are herein incorporated by

reference).

As another example, certain polyketides, such as polyketides from fungi, or other

30  organisms, can be heterologously expressed in E. /i, yeast, and other host organisms.
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Anot her illustrative enbodi nent of the invention is a variant of a LovD
pol ypeptide shown in SEQ ID NO. 1 conprising at |east one amno acid

substi t utworroato4u®si due position: Al0; D12; K26; CA40; CeOI/UA@p/02099; H161;
K227; &75; V334; or 15 L361. Wile such LovD single substitution variants
can exhibit inproved properties over the wild type protein, LovD
substitution variants having nultiple substitutions are shown to further

i nproved properties. Consequently, using the disclosure provided herein,
the artisan can construct LovD substitution variants having a substitution
at any firstTipeshdst ofpahdenicid beshpphawe tddnvidootbbnabk@nessihte @es eisteybitt | on
at any second pqsitio 20 identified above, or in conbination with a
subst it uti orPO8t aﬁﬁgﬁt% B BRI OfgsdeateddnlyS e e %asefl@i%eﬁ USRI CT &
above; or inc&PRHLAT AN Whdhr@nmpileitd tdfuion Rt hanKsesend.ass yepl:. ag at
any third position, fourth position, fifth poSition etc. etc. identified
above. For eXdrpPbe, thi gorene o mbisdi ane hersinghearperaied \perefcesnce)t Henilydy, ifengpl LovD

POLYPeBLLE SOBNLSE8 23 PR BFS LS AR 08 (SR L Lo guch, =

V334F; and/ cuphla6ddtd mithambtheubstrhtey sticlabs veyl-Shadd ioreilicr olcylt dr@or py@psi on 1S

a variant of_a LovD, pol ypeptide shown in SEQ 1D NO 1, the variant LovD

pol ypept i de_%ﬁ‘i)?ciygi{%r él%élg"f o0 ezfﬁ]’ﬁ) H‘E)m&r&ll?l& aéldﬁg‘tei’f\lf%?'ghaﬁtﬁgﬁéflf amino acid
residue positionsEAQand (0> and @t heast .aiend: Wt BelindiiueQl a6 d Hogsi due
position: Al10; D12; K26; A86; Al90; H161;, K227; &75; V334; or 30L361.
Typical |y, tak Subskiavut irofhevaihisant<pestipbivegoomn be mmbreng persdcpboperti es
as conpar.ed . LaovDip i 0 i I ; ,a
decr eas 218 agéga%éltéa yidg A ; Jgé’n%%%%%@%%toﬁglrevn%ré@?%% P{)Otfl}@aﬁwgrr% %%é%ﬁrggﬁjal ytic
activity; amnyrpiuaednipatonkn, vadhue;a aplidanipg oved: sodhtlbl®plxpr 88 skpRssievel ;
and/or an inproved whole cell acti viqty at 25C .5Forf gﬁg@ se 'ﬁf shqrt hand
desi gnati on VS‘FtOE&\%CB@PS}ﬁé&Rr_a@o\tfért_ aérﬁ“éfesd‘é}g)é?sﬁ%’éd’ Rerert; Yot €d t hat
nunbers ref afantiQrcll Mo MNP PGIdinl BS cdLEr RASIEHANTF QAN LiABINRoRG e
sequence of the LovD pol ypeptide. Amino acid identification uses the

si ngl e- 1 et t pr Hichhigben thf caivionacrigs of the invepgon Sndyslet thpse dantuegtion @

vari ant (kovD ept i i " Y [ I ' e e t he
cyst of neSam g AARGR b ey DR Dl Bl B SURE! Lot e BB AR T
been subst i talbedof epulada@niiiteplcsshon) relakine suhh gahB bl ththencalar it icsusothd he
LovD pol ypepti de,. thg am no acid su stitut'fon can corrpriCI%e ag]y one of the
19 am no_ acidB™fut” Podn at™t te “aMinG" &€ U MeSTHER pYST t58R'On°t R S8V D
pol ypepti de shewh. k& BER; 1 N oth& k@t@{eﬁél%ls_@ieﬂs,tp@&n%fstdeﬁeéﬁ fr@ﬁltgehé%a(:hes
that in situations where nethodi cal 25 experinentation has established
that the prdpepbiosesheic azgpeepfilioticasiisiyeccaionterpey enzgmkarangddingd o hi n

t he pol ypept | c [ CLUE] r i I n a
pr ot ei n}gg f uéﬁg?nleo%g(lli Q?Cﬁtmecbr%ﬁ Sp/or%lg{?%ge’a@%i gfagéogéé Il%gozsgqﬁce?? g{%ﬁ?& gr%p%}ﬂtl%lr ation
in the size,(uphapelachasisgeb/)ydicogephizendnhd: Papac T @pmohemlaaldditon,

ooty o A1 S0 20Ld oL g el ot o0R, O L0eeg ] e i ol
used. For E. coli expression vectors, it is useful to include an E. coli origin of replication,
such as from pUC, p1P, p1l, pBR and pET (e.g. pET28). For efficient translation of
25  RNA into protein, the expression vector also typically contains a ribosome-binding site
sequence positioned upstream of the start codon of the coding sequence of the gene to
be expressed. Other elements, such as enhancers, secretion signal sequences,
transcription termination sequences, and one or more marker genes by which host cells
containing the vector can be identified and/or selected, may also be present in an

30  expression vector. Selectable markers, ie., genes that confer antibiotic resistance or
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30sonme way (Rudiger et al., Peptide Hornones, University Park Press
(1976)). In this context, the disclosure that is included in the Exanpl es
bel ow (e.wWo 2utEg®Resi s protocol s and processes for theprcharsacwesiozati on of
mut ant properties) shows that the properties LovD variants having 1, 2, 3,
4, 5, 6, 7, or nore amno acid substitutions in LovD at the positions

di scl osed herein (e.g. the specific substitutions shown in FIG 13 5 or
any one of the other 19 ami no acids not found at the correspondi ng

W | d-type am no acid residue position) can be determned with only routine
experi ment atsemitivity, can be@ed @idncoafiadtlaemnibls pbénoipe dnmverforaed tdile wihde the
specific cons]ﬁel | ati ons of am no acid subst] tutPi ons (see, e. ?ﬁs FIG 13).
For exanpl e, InE SHEV e HbEt MRREAPE O FCIEOHES Mgt TR AP\ FRITSIDBVES O

pol ypepti de &apRihsSqBe ABWNQeRACiHhs@UDSE ipbtdn@NgheRbl @RI BO indBd@eh dinkesi due
positions C40; C60; and A86; am no acid residue positions C40;, C60; A86;
and A190; arfefgolagiud hoets peiliers gosi/k i Bins, ©AOMbIERD; cxPESionABBora pf GRS 2@ no

aci d resizdu [t . ; 0;.. D12: A86: : 0y , . ; am no
2ci d restdue Bl BRS e Be g B RoB e ey o bR IR Gy e
G275; am no aadjd owksi Hiveyrplasic tdeon $ol4E ;sedtoOces R2tabA8KikeALOO; pamtbtéi2 il

am no acid resi dee ositions 15 04%21‘ C60; AlO;PéJtl)lz; K26; A86; A190; and
@75; ani no REPHWY ST QbSFLIEAS E4b;OPERE D1FiccksEPRE® e Co/t¥0; and
&X75; am no s@%;\echﬁ%%gﬁmggggticggs C40; C60; D12; K26; A86; H161; A190;
G275; V334 and L361; or am no acid residue positions C40; C60; D12; K26;
A86; H161; A190; /SXqRBlingaysduopggicandseacicliience Mhight ragddee epsbeiarsans sefh t hese

50 Agov.iargo na T B R BB T AR Lk ARy, A
&275S; or Dl2uenk? 6bjchCA OkynsEoEN, (rABGEV casHIG lNNAAleﬂTFrar@&YcﬂS(iﬁ nte V3346t

One illustrative nutant having a specifi.c constellatigns of am no aci
substituti oﬁgkjiwgw d89 griugPese 5 é(ﬁ{? 86r’r’_f)r‘i“é%é”th§flx§?ﬁ§ atdshghe e %ga\l
AB6V, D12G fRipeiaRehuMI Tequlh@s eNRIIRRalARs bEMRIcoling SRl rd QMBmibe

M chael i s-Menten 25 kinetic constant (kcat/Km and ?he whol e cell activity

of GX12, werly 1 ke evslopattedictd (Mhiose tomittieindi 4 dranypgonesigy rredoGrt 2hs Rowed a

e, TRUETRRL LB A ST AP S e

expression le I nprovenent e-ce VI

Anot her nut aetlindesqugnat ed GX27 conprises eight nutations: C40A. C6ON, A86V,
D12G @&755, AlQ(H 1,1161YI and K26E.. The expression | evel of 30sol uble
LovD, the M chael?SAVERPER! REHEIGFE ESHSTOURTER CaL I RIPIARGIHRE WEBPE el |

activity of YaRd, WREe e RAPRTsREAlt Orrhill@tinfn WrhnthatiyPe YR upfedih
showed 3. 45-f ol agi rrpsr g&ggrrer?? of tS%gakatr/ Kmq?/alnue ancgi1 4-f8§1{j&%i rrprugverrent of

t he sol ubl e regrtess domaingy enhanggrel and 1the olilg, | Wpeloveolegitvely nptoyslewts] éhecel |

activit >QOZSCEtanscription and translation of a coding sequence in a host cell.

"Operably linked" refers to an arrangement of elements wherein the components
so described are configured so as to perform their usual function. Thus, control
sequences operably linked to a coding sequence are capable of effecting the expression of
the coding sequence. The control sequences need not be contiguous with the coding

25 sequence, so long as they function to direct the expression thereof.

“Lovastatin-producing organism” refers to the wide wvariety of different
organisms known in the art to produce lovastatin. These organisms that produce
lovastatin can modified to produce simvastatin by the methods of this invention. 4.
terrens 1s an example of a lovastatin producing organism. Microorganisms other than 4.

30 zerreus reported to produce lovastatin (mevinolin) include Monascus species, for example
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Enbodi nents of the invention include pol ynucl eotides encoding the
substitution 5 variants disclosed herein, for exanple an isol ated

pol ynucl ewDi2det/daadssng at | east a 95% 100% sequence i deRrCITtug2410/082038

pol ynucl eoti de encodi ng a variant LovD pol ypeptide as discl osed herein.

Usi ng a LovD pol ynucl eotide as shown in SEQ ID NO 5 for exanple, and a
know edge of codon usage (e.g. as found at page 168 of CGENES |V, Oxford
University Press, Benjamin Lewin Ed), one can nmke any substitution variant
of the 10 LovD pol ypepti de di sclosed herein such as C40A, for exanple by
al tering theVcedaenM bhapnecdds pliors, Al cysteierbiprne adl 4 aviopes Hyony40
("UGC') so that it i teag#cod for al anine aﬁi%(a)#acid (e.d. CﬁJ)

|1l ustrat i ve BHBEET mefte ST LUeR meerEas™ ar €7 NBRAPr &Dé{féangafbéﬂ@ “Ehnpl e
1. I'n addi tiQRdidd oS8, 185Nt oL NN aMB%s §050nS8 ek RS ¥, | IBLilum

pol ynucl eoti des and pol ypepti dges have been well known in"the art for many
years, 15 fwnuex&niptlier dpsaendinr Sorédovatagenesind lrwdrme vigde S ey, @b al . |
1986, Nugl . [ : : 4331; ; 1 7o Nucl . ACi )
10-eas) o R o T e L BBl o S e
conpri si ng tiede Miotopinldleeot 32543 €.995); amd BXipdie £ higRolie®li@ebiblndL:ddi-#iy)
control sequ es, recogni zed . a host. cell transformed with the vector) as
wel | as host(%gbg?’ldge %%}5%?? %ﬁ?‘g{@ggﬂéﬁe]@@c‘?ﬁ?rg?mteﬂ YEIETBHAl |y, the host cell
is an Escheri chi ane@liovasPeiRgrSidctdds ot BhLERYS  2sMIRAS GISin? TBET 1o MDRASEHS
pul pureus, Monascus pilosus, Mpnascus vitreus, Mnascus pubigerus, Candida
cari osi | ognicgnsmsAdpedgitor (sodige dovapsiiarbiare axngtoniy @an Ragck] 6mces
virioti,, Penici Cltrl Peni ci] i ogen SC | ari opsi:s

br evi caulIOi sn%}}es#%%%%]ageéaﬁgb%\r}}l (rhllc %.t © l&éord e ea?%?’e(%bcg 1%r%n %E;f) r%ﬁ%c(%ioﬁvLeoﬁPi on is
a process fab ppsdadebiviigatd orainhanditid by Depoddyqipifidde incompiml, &irrgangplé.t uri ng a
25 host cell transformed with a encodi riapt LovD pol ypepti de under
conditions sui tab_i/é fWW%?ﬁ% agErmopn g‘%pﬁ?%gé‘fﬁel Ggr,npg%?sf‘ﬂ%_f FE NaPFant
LovD pol ypepht d®KS pProduead.a 1 DkSesd i haeibecth @B NESiQf 2 TRS puentien, the
vari ant LovD pol ypeptide can be fused to a heterol ogous am no acid
sequence, f dmoescdrmpitehomes rhhPNSagend theatels ddgedrabdvpgl at LOKS gengambetyy of
such heter ol r 0 j t.. ar d« j t exts,
For exarsl o Boreral B, O D e e L L R 8 o
purify pol ypiptpradesinvibe BDKS- NIA’ eompfites an 4. zZen¥ethaaingt h@DISrhad fants of
the invention is met had, of nmeking g yariant of a LovD pol i.de shown
in SEQ ID Né]iﬂce%ﬁisme_g}% KRQET RGP ol Y L bt e dl%umﬂndﬁé%‘gﬁﬁgsrﬁeﬁ%edur e
to generate @r-RORYLAL ONOfs Mt @Mt Prodle MOMBROLYIKC| €0t jA8S hadnd a
expressing a popul ation of LovD polypeptide variants encoded by the

popul ati on ofistersied igohy Mtifeaticdecmmlentessr teont-Hatas dar pertucet fuactionelD

pol ypeptide jisicqrfie. 1 oRY QN8L ke l0% AGLUBHE] SOLLASITNEAAPRES] SoRLAPRIUr @
is a saturation nutagenesis or an error prone ‘polynmerase chain reaction
procedure. Togpé gabdkyodthesecadntindi menis GfLRKE pifehtnseriel @duded dHyudethods

screeni ng one or .nre ers of the popul atian of LovD poly i de
variants so Wpdgﬁﬁéﬁ{rﬁr@erén‘?}g?‘iSéiqltmlﬁwg?n’é%flm“loé‘z Orac}{ﬁé ?%@i@gkg gene
aggr egat i on;orgfloteMhAN&d bhher Ad linsitcahb] Adi¥ens@ RN RM&G AayAriaRstehase
activity; an inproved kcat/Km val ue; an inproved sol ubl e expression |evel;
and/ or an i rprio whothe el TDdet ganct ys ascd2Baringsn abapeiced thy baed' gargD
pol ypeptj-de s i i I e 1 I i

ot gonca: o Rl Be Hedorb ek iy LRl BOAL ok (0 PP R UG PPl pRE e
nmut ati on at caneaden vwihidtarehaoidescoamried a¢ rderte gl duk /pos hinigna diddPioDh?;
K26; A86; A190; Ié—g%Gl; K227, 75; \V334; and/or L361. In a.related.
enbodi ment  df PR #PEntitBHcATY hEHFY RO Y I Ey eSS TpRBRAtRN & i s
controll ed so 2%t R 1980ANHAIR: &t VAEAAMEPRIPLE BNt vCARAs andl BN haaneA
further a substitution nutation at a codon 20 that encodes am no acid

resi due posidonemreviely (BE2e.g.KPE: Pageio. ABBDS83HIgH 6. 9K T; thezpgteny3gavhidnd/ or
L361. 3,

are herein incorporated by reference). Disruption of specifically the LovE gene
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Yet anot her enbodi nent of the invention is a nethod of making sinvastatin
conprising the steps of: conbining together nonacolin J; an acyl thioester
t hat donavexomm4awyl nviety to the C38 hydroxyl group of poonseabios203sin the
presence of a LovD 25 acyltransferase variant; and a variant of a LovD
acyl transferase pol ypeptide showmn in SEQ ID NO 1, the variant LovD

pol ypeptide conprising: amno acid residue positions C40 and C60; and at

| east one ami no acid residue position: Al0; D12; K26; A86; A190; H161;
K227, &75; V334; or L361; and then allow ng the variant LovD pol ypepti de
to use an aqptodgeiogd. DKMt he aeyt hihbeestetc pevicegly osel ect,i Vel yaachybat e

t he C8 hydroxyl oup of nacolin J; so that sinvastatipn.is made. In
certain emﬁ4ﬁ@ﬁ?’gﬁ%F°qtﬁﬁs gfg\‘i@ﬁ}f ST B CHBRELS! yrfef,renfﬁeﬁ%‘iﬂuoflm%géﬁst er
and the variapt: $Q¥Rpal¥ReRt ider ah@nhs@MRi Rechdwh & fiRr renkatd.on wedsa i n

t he presence of an isolated organismthat produces the LovD acyltransferase
vari ant wherdsrptionenitbolRISEBoe gambsin 4 rpentitegshixgne Sybstrasgspren g lapdes]

t eans; per.qi terr -t hat es, n X s;: Lo pol i f SEQ ID
e S R LT e T SR L U R S At
pol ypept i de @bdBE@vhfadOinatbes.Opti onal |y in such enbodi ments, the acyl

thi oester is selected a butyrlylthjoester, N-acetyl cyst eam ne,t hi oester
or a net hyl -t hi oglyEYTBLE"t kT 6%%}9 to ESHPTS gjésprﬁé‘éﬁnﬁﬂ]%ﬁéprSFaé‘ﬂgtaﬁ YPE3- 06)
acyl group rpi&fies:s and/ a_;m;%&mabble st eafc0SenthhiR 6€lhitkAr nenhe-anes uef
Escherichia coli or Aspergillus tenrus cells growing within a fernmentation
10 nedi a (e.ryodustigh e edripitbiptermpdia®srip titrjéasertconpiuop popirorwite FrONBeSIMVP) |

di met hyl.but yryl - S- Ter capt pi enat e - S- n
o ettt B Y S AR SR AR AP LB B AR 8 s o
di met hyl but yingtbasBgniet pydduaesic aptahiiit intatredipBaSkivivB)1) thd art.the amnpleds f or
maki ng sinvastatin, the iso tetc(l) g{eg%ni sm can be ]%romm 15 nder at | east
S

one of the fGMPEHYTEbAM £GHs PSP R DB B 2524080 T or! a
time period heiMeRRicatsutieashothcbith ﬁ-tipltﬁ@-ﬁﬁodééioﬂ%fn&as@ﬁn &reHREINRRM /- 8;
and/or in a fernmentation nedia conprising LB, FI or TB nedia. Optionally

t he met hods (fagr F-gerl{-&p%r@\?@e();%ﬁ,p?githg copentschaalielaninhereidengsypetednist hod
by at | 635t nePYr LLRCBELON. hERHANBL LRINE mbYR1F, T cafiehl S Olcd, 1ig0! at ed
organi smpresent 1'n the conbination; 20 centrifugati’on; precipitation of a
free acid fgrowtiosionsastaatatin, Coaapyerdsifon itefecasing riee pagludi drobfmaihacolin |
sinvastatin ho a Si m/lgist E%CE salt; fiItrati(%)n;. or :?glp ger.fo mance lli qui d
chr onat ogr ap Felphmee) be | _ rtf’a’r“ﬁreésr?bé}&q mEATEHO h tHda"br o8ucEdE
conposi ti on @fnpdBhdelor GRIPKINS itAD pRULIIE0b HBE2BRAFCRH bR ddctdlalddd@So the
initially conbined with the acyl thioester that donates an acyl noiety to

t he C8 hydr dsyengptionprisfurgrisniaeshscrihg amauntind spBvasiiie pegsscd Anpespepld of a

acyl trangf er i : ts icn. t 9 ~ lin J
adied o0t e bRt Bl i B0t Bl (EONbE PRl BRT o AP Bl BB TROSR

t hese net hodsgméthe vt l@ntadopiddpahy gept tldecrcinpisi dpssi@diime\ AL dccession
substitutions: D1 0A, . C6ON,, A86V,. A190T and 755;. D12G . K26E, . CA0A,
SBON,  AB6V, THIREY SRS B EbvBsHasforn &0 RIBE, OGN PEBERNS REBYS™HL61Y,
A190T; X755, %Q(Qiu%@ méBadtin JAs [selndtvadn ened BNl oRfcat Riss b RN QA ihS A
conposition of matter conpfising: nonacolin J; an acyl thioester that

donat es an deyistapmipeadpcing argneisas thjagraasey hegrrodgstion aesoplith] and nherpley

presence,:Lov I Eﬁr sSe;. ] a é/ ran

Pol ypoptde Qo A ARR B R D R WheePlort b BUp BN LERRRER BT for g
an am no aciigcrsashgt the yrodrted of amnstaac id teelivdifeinpofiget gais, Chxhand 160,
and at |east on 5 ani no ?ci d residue position: AlO; D12: K26; A86; tA190;
H161: K227 t@g@rm%gato 8r lqvagain-predudng, Augnism fo increase the production’ o

simvastatin. Preferably, this lovastatin-producing organism would have a disruption in

the LDKS gene (see, e.g., U.S. Pat. No. 6,391,583, the contents of which are herein
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Yet anot her enbodi nent of the invention is a nmethod of making huvastatin
conprising the steps of: conbining together hydrol yzed pravastatin

t etra- ol ;wenouashsshi oest er that donates an acyl noi ety PCo/USh@o@8208ydr oxyl
group of hydrolyzed pravastatin 10 tetra-ol in the presence of LovD
acyltransferase; and a variant of a LovD acyltransferase pol ypepti de shown
in SEQID NGO 1, the variant LovD pol ypeptide conprising an am no acid
substitution at am no acid residue position: Al10; D12; K26; C40; C60; A86;
A190; H161; K227; &75; V334; and/or L361; and allow ng the variant LovD
pol ypept i de ih@rpsetcdrbyatydrege 0 Uprii@@end hadatythodhto@st@se tl@ production of

regi osel ectively acylate the C8 15 hydroxyl. group. of hydraqlyze

pravast ati n YBYF@IBF. @geff%_a?ﬂm%@taa%f i 1108 LW&&&O MBS S _
the invention is & GQIRES htiN 0FABRIILESCOMAE Shiigy” DY dbRbyaeinRi@vast atin
tetra-ol; an acyl thioester that donates an acyl noiety to the C8 hydroxyl
group of hydenl §roen tht avade drinpfctred tasiolvajtptin hed/jor asenewstatpbecursor or a

acyl transfer X rian f L 4 ransfe » POl t] h in
S0 1 e 1,00 DbRLE iy Bl R B bR A B A e e
substi t uti onloatteani ngl aoicty toast A8 &ydosyltgam: of M@jac®i?). K36dc @by C60ch A86;
A190; H161; K227, 75; .Vgém; nd/ or L%Gl; and huvas atitg. Oﬁ)t.i onally this
variant LovB3Sp8P §i5eprde” donpt ¥ S iRy Hord OB LT P BRECIBIZES e40A,
CEON, AB6V, ALARIARd a%lﬁéést&?ﬁ&mﬁ%@% 1644841 00N 0 A8E8Vow HEEHY arALROT and
&755; or D12G K26E, 0A, CoON, A86V, 25 H161lY, A190T;, &755 and V334F.
As di scusseduitherdehait hyefhswinstahe dissloisecet dayrarihis megaiy, baygpewntainger one
of a varj.ety, of . ation itions Kk in.the ar .

condi ¢ e, SeBoYFLTE R SRRERRTL LRRRERPIDALTY siRuTRh BN SORIRERE
associ at ed wifthomfblinr] zedsgoopwbbuef siavapeiti fancboeganidemificedy icomarative

enbodi ment of the invention (see, e.qg. ake et al..,  Biosci. 30Biotechnol.
Bi ochem , 70(BjMPLISHL 11?93?’12&?@55 ‘gﬁgosﬁg}“%/fﬁljﬂ &g %%;@N bl 5%3 kgayn in the
Envi ronment al. M 6¢,0biAb @EY hal the Z2012608N( 2004 R hene antients .81 ahich are

i ncorporated by reference). 'II%fi cally, the organismis grown at ‘a

t enper at ur e Bethgeed., 30 - NIbt &R erethpdikicobopepwedsnthat hiveazt agyl tgsoupt

| east 48 :ho ViR, G . the o LSO, .a r ~ .5-8.5.
B e A e R g s

medi a can beTlesOcondpdindy cdn bd alyhailc 3y arbdhic, Aubstitdted or AnsdhbstTm@d. Bxfnpl& O or
8.1. Inillustratjive enbodi nents, th anismis qgr in a fernmentation
medi a conpr ilg‘il?%’ b rfoghm tr?eh‘?%.o% C%{O%%e,difp?%aﬂ%w@?@wgﬂm_fearF ) that
i's conbi ned phidnid hed afch&e. OORS LLAUEALS 2kl doh6rsRIRRABu O hbEihieRt kon is
produced by an isolated organismw thin the fernentation 10 nedia, for
exanpl e, oneliptthylhetydrSgaMi.sws-thiostterd aapdve) thieatyldioss bprasalices, achieaqeaiD

acyl trangf er ari ernat| W lahe H.nR J i zhed
o Rl eiase KAt bl BLRRLLNE I CA CpTRNAERILR, Tl tuhisO%%t%gggg ed by
a di fferent aotglantsnmt haiodgpteadU8BAQ) hirsctbdnpognalidhatSMBG addad oSN AE,

fernmentation nedi ro along wt e, organi smthat prqduces the LovD
acyl transfer %Oyi]ig%ﬁggt 8r Iﬁ'&ﬁ&yﬂ%ﬂwr@ﬁ%&%{?nﬁfé}%fwmfgu? eczﬁh nPfagheed
nmonacol i n J dagurflBrdrb@dnddcan, an, eXQPENAUS, QW8 rANthe AARENHONE NE number
fermentation m xture. Optionally, the nmethod of the invention produces a
conposi t i on Wfthgratcompoesshpan S ngdebo1tevd? in e niemacsott momcelimt tayprpduce
initially a e ination. In certain enbodi ments of the

i nventi 02% % egaﬁ%gﬁg%ef(%rg ts in at |least 95% of the nonacolin J added to
t he conbi nati on beAagStidtVersted hacigiraeasbatdimethyPOokISNAQI ¢alis endadioment s
of the invention, ac hi oester that can donate an acyl iety to the C8
hydr oxyl gr 655%%%&% CHhPeRefrpe thietel Pl Bre gyE’ Oa‘i%?g][t)uf)ﬁ?‘lslr%v §¥is
derived fromsaRcy@XROENAUSsBHUE € il thd rEREHH 3 SYMABBST o RREESS) hyand
added to the fermentation m xture. A variety of such acyl thioesters are
di scl osed hergipipeciffealy ealatpg thened hedrpxyt Bfcpesit erorasolig Jo ey SINAC el desteer, a

N-acetylﬁystig%g;l%gou%ng%%§b¢r or a nethyl -
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25 thioglycolate thioester. Optionally, the acyl thioester conprises nedium
chain length (C3-C6) acyl group noieties. In certain enbodi nents of the

i nventi onvotzne/m|edpb t hi oester is able to cross the cell ecaruseewivsmaes of
Escherichia coli or Aspergillus teans cells growing within a fermentation
media. Typically, the acyl thioester is selected fromthe group consisting
of a-di net hyl butyryl - S-net hyl - mer capt opr opi onate (DVB-S-MW), 30

di met hyl butyryl - S- et hyl rmnercapt opropi onate (DVB-S-EMP) and

di mret hyl butyryl -S- nethyl thioglycolate (DVB-S-MIG and

di met hyl butyryl - S-met hyl nercaptobutyrate (DMB-S-MVB). In an illustrative

enbodi nent , C i i

oc-di net hyl 6&%@‘%{?@@%&@%’5&% DIYENTHAY i s conbined in _
fermentation medigndsfoRskAPRGENE At @RicFsBREehRfhd AN osERAPFNidcPLRER AllRys
enbodi ments of the methods for nmaking sinvastatin include further steps to
purify simvastaei o byodite Tori mati¢tpref Fobodinanpl @, thsoimecritiodillestngveof the
| nvention | “C%A)%%Sne%s PARL QN aBHrﬁq@' &atnheﬁgod%tﬁ A :T%%'v%%nyidrsre%fmdce' s
of an isolated organi smpresent In he combi nati on. odi ment s can i ncl ude
at | east oneopypoufidscath snhwheping bppombinig ognidriniargadlingnarodcycdl desteothacel |

| ysates of ap isol ated organi sm Q%%% nt 1i n 10.the c .rrgi .na#ji on. Enbc%di ment s
can i ncl ude G2 A8 A AR _l‘/JrI?fﬂilec i r_°§¥e$°‘é%ﬁﬁﬂ°§?_??8‘n r8crpiPtati 6 st one
or nore conpONMHSaRI/BseNtovD hbgLobisballion. 1ErRedifEM&iSannd NCIIWID at

| east one purification step conprising filtration of one of nore conpounds
present in tlBtewAsisatiion aErbsdisfents teiad-ovRcialgengerafcewsianiops an acyl
purificaty o te 0 i.Shng: i gh _perf ce Jiquid t aph

(HPLO) ol e RO TR ao l  ERleH cR  TR R o

The di scl osunengpolovj; e chahémersmimhonse rtiatd vanp@ting) 8fmqder nut at i ons of t hese

nmet hods can be used to ke sinvastatin huvastatin and. the like. _In
certain enbodi mert ¥R ’Wﬁ%mi“ﬁ?/éfﬁ‘f Oﬁlﬁncfnérgfgg&ﬂvé?uqrhés Ro¥t28r Qhrt VD

produces t hg,@e¥ptidNinggati€ SE@NHH NOUNSnRRAc Al ichst bnc ARy @t Lksliviiod he acyl
t hi oester and/or the nonacolin 20 J are added to the organismas part of

t he process fatueprastivel AG0:sP R dsitatG4f Cothe\dve '8 sH Edn K247t GéF5; coxpr dse
addi ng e SSy t i t U S .are
nown t & ot Tt ab o He o bdtelFon B, TRERR Yo PR Sy 00 e P
| i ke such asovthehegehbspt hatteigncode sbiukibh Ndiants (aing/ @nltplewabitamtonasre

di scl osed herein) or EEQ | D %If‘g 2 and transformng it iﬂnto t he het er o] ogous
host, wher ei’i°VRe 25 Hol JIBPLT BEPAAVT ng- VHEIEEY t°F'8hs erFSeSHE VYS! i s

thereby exprgasedne hitisANAhNShst P O INRObs i tiiRAGAAH D hdvicAR sBR iRfBHUC S, from
a heterol ogous host. Anot her enbodi ment of the invention is a rethod

of produci ndirsi mraion addngfied dmvedh aesbicaion with agulntigaivnsimmhicchndrptiesses a
LovD acytr fer ene. e ' var i - di scl ' LSing
cooul tung PR aef Afo e e R AR R EE A ofR RO B e PEALHD) e
vari ant wi t hhiad pedond ideng@nal Siové;eorgn dombinatien medht atdbeticufivx huig) sctbat as

produces the acyl thipester and/or the nonacolin J, wherein the acy

t hi oester i ﬁ’t’eilraéé“i %“y\/ﬁ%f‘ip?_%%’ C&V‘l}’tﬁroéﬁé’fleﬁg’s}éosﬁgﬁle?ti)Fffdlﬁl_ﬁ?t?fieﬂ ag‘ﬂ%?' _er: ¥sence
of monacol i nxdmpie, Pk adHEe cebh¥iAShAt bN.thORhi@Rsh| Yhe bRk TSID A5 PaRpem i s an
organi smthat does not produce |ovastatin naturally (e. col/l

transduced wiontpriaesgiérlenseneodperificarrtioo Deslcybr it epckses Riov: DISG! K26r;
25  C40A; CoON; A86V; H161Y; A190T; K227R; G275S; V334D; V334F; and/or 1361 M.

In another illustrative embodiment of the invention is a variant of a LovD polypeptide

shown in SEQ ID NO:1, the variant LovD polypeptide comprising a set of amino acid

substitutions at: amino acid residue positions C40 and C60; and at least one further

amino acid residue position: A10; D12; K26; A86; A190; H161; K227; G275; V334; or

30  L361. Typically, the substitution variant exhibits one or more altered properties as
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5 variant). Alternatively, the first organismis a | ovastatin-producing
organi sm such as A tenrus (e.g. A terreus having an inactivated LovF/ LDKS
gene). Thweormtiagssean furt her conprise addi ng one or nDPETANSOYON62038
conponents to the fermentation m xture to increase the production of
simvastatin precursors such as nonacolin J to thereby increase the
production of sinvastatin. 10The nmethods of the invention can further
conprise adding further conponents to the fernentation m xture to increase
t he production of nonacolin J and to thereby increase the production of

si nvast ati n canghaed thuvasdddipolypdsidenboivh it SEQaTID WO ¢ rha dixarepit, Ofleckdass!

nmet hod, the conponent can be a clqne with the LovE gene, wherein the
organisn1is2€§§%§?B%ﬁhﬂnmpfﬂigﬁ€n FgﬁgqéﬁﬂlfﬁvﬁfgénPgHﬁ§Pﬁ?%ﬁmhﬁﬂmPﬁ%#eby

the 15 productd omif 28iimpaskatdolblS ickieaseds; Ad/anet heprdvkd Uglative
enbodi ment of this net hod, the conponent can be a clone containing the D4B
segnent of tdseviyat£afus genome (ATCC accessi on 98876), wherein the organi sm

i s transforned w t he cl -1 he [ f. i '

nor cased. vet anctrenRsipoameE R R et bERN pReflidIRRER: YRl
converting neracadl s notd (249 rhmbstsm@s tathe amitd Mid feeidoe podition aAleng the thféno
presence of an exogeno cyl . thioester, Preferably, the acyl thioester is
bl o of  eHeEHEng: THd L8l PO B ok se HEE RO AE TS t he
invention, igm@hdeirhetholidkanryerting nonacolin J to simvastatin directly
within the organismin the presence of the acyl thioester wherein the

or gani sm pr oduces?iov InfgmmWFpaétrativékEHbddineﬂﬁd@#ﬂﬁhe i nvention, the
organi smyi s an A.425 tenrusphavi.ng a disrq&%edIgDKSIg%gﬁe Yet anot her
enbodi mrent of the invention 1S a sinvastatin product nmade by a process
conprising the steps of corfleiiné ng t oget herTyronacol i Midgsimn acyl thi oester

t hat donates an I iety to the, hydr gxyl group,, of nacolin J in the
presence of LovDﬂg%ylﬁ$ans#@P3§E?mé d a L&gﬁ aégltr ﬁ?F@ggggzvariant; and
all owi ng the LovD@p.30aqyl transfi,er ase vari antist o gse ams@eyd group fromthe
acyl thioester to regioselectively acylate the C8 hydroxyl group of
monacolin J so tHaly tHe sirvaseatin produdtysi s Irade.LyAingel at ed enbodi nent
of the ijavention ;s a huvastatin product e ap s conprising the
st eps oﬂgconbiniﬁggtojgtheﬁ&%%hgolyzed prgggst§¥in ﬁ%%%E%OI; an acyl

t hi oester that ddnates an aoyleimeni ety to the C8Vhydrixxytdoplumoup of
hydr ol yzed prava tinY 5 tiﬁrarol in the presence Qﬁﬂa LovD

acyl transferase vdtiant; and™fovD acyl transferadse; any™§1'fow ng the LovD
acyl transferase wagd anii t o Ms8icamheacyl grququqon1t@%p%gghethioester to
regi osel ectively acylate the C8 hydroxyl group of hydrol yzed pravastatin
tetra-ol; so thatlntthie chuigsise aetant \I;pblam@iyp'ﬁ}sﬂd?d@@ﬁg,aﬁ‘éfﬁﬁér’ serbbdiomenencof t he
i nventi i th - oduci S t at i . CO j Sf . i ng
ovastatn e sndceft g R A DL T D A o I UL RO 5, "
LovD vari antbeas dbstlhwesefbr hadsend (ang. adyl aichnguonaco! vanads whelieilovBai d
hydr ol yzati on and. acyl ati on oduce .si nvastatijn. Anoﬁge el at ed enbodi nent
of the i nvertipRPi: fedime o P EHRE FHGE MR AS 3t 1 d#ﬁ){? §PHg af)‘(\a%ﬁ?%tstati n
into hydrol yzeg pr @dvastiad hddd kfidub§oRikies @RCBe PhvbodRRbiRERMWE INAEQ 1Pr a

LovD variant as discl osed
NO:1. In particular, the pertinent art teaches that in situations where methodical
25  experimentation has established that the properties of a specific residue at a particular
position within the polypeptide chain are crucial for maintaining some aspect of a
protein’s functional integrity (i.e. as is disclosed herein), an alteration in the size, shape,
charge, hydrogen-bonding capacity or chemical reactivity of the amino acid side chain at

one of these "active" amino acid positions is likely to affect the function of the protein in

30  some way Rudiger et al., Peptide Hormones, University Park Press (1976)). In this
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15 herein and acylating a nonacolin J variant, wherein said hydrol yzation
and acyl ati on produce huvastatin. Enbodi nents of the invention include
conposi t iwo 20fl/madser used to make and or made by the protass@s/08i03€! osed
herein. For exanple, one enbodi ment of the invention is a conposition of
matter conprising nonacolin J; an acyl thioester that 20 donates an acyl

noi ety to the C8 hydroxyl group of nonacolin J in the presence a LovD

acyl transferase variant. Certain enbodi mrents of these conpositions of
matter further conprise a LovD acyltransferase variant. Certain enbodi nents
of these compeskt ibasdiadosoat tlert if untlhédd Gonpe ianpiviadswat . rptdeossd |y,

t he conposition further conprises an isolated or anisn1sucF s Escherichia
coli, Asper di'PIoGels PBY PEUESSMENADE (FEUBFFHEFOn 05 NS SPToB TP aﬁ% 2t ffnascus
pi | osus, MONASEMSsVILIVIE UsrianNODRARGUS 2p8IY, GebUs . or GROidan & Adid etskir@Bhe Rl a,

Aspergillus ogea, Doratonyces stenonitis, Paecilonyes virioti, Penicillum
citrinum PdmivEl i thp peigevgbitlard Bereipul-ar the priciichubyt teduisissowr iTF e hidder ma
vi ride. oin typical o?[EE%‘%'}%}&‘%Bta ind 083N Q303 e LG SRS BBe hifiino
Asperglllus(ien¥us or Escherichia céfl that expresses §0¢5

acid residue position) can be determined with only routine experimentation.

Certain embodiments of the invention include specific constellations of amino
acid substitutions (see, e.g. FIG. 13). For example, in some embodiments of the
invention, the variant LovD polypeptide comprises amino acid substitutions at: amino

10 acid residue positions C40; C60; and A86; amino acid residue positions C40; C60; A86;
and A190; amino acid residue positions C40; C60; D12; A86; and G275; amino acid
residue positions C40; C60; D12; A86; C40; C60; A190; and G275; amino acid residue
positions C40; C60; D12; K26; A86; C40; C60; H161; A190; and G275; amino acid
residue positions C40; C60; D12; A86; A190; and G275; amino acid residue positions

15 C40; C60; A10; D12; K26; A86; A190; and G275; amino acid residue positions C40; C60;
D12; K26; A86; H161; A190; and G275; amino acid residue positions C40; C60; D12;
K26; A86; H161; A190; G275; V334 and L361; or amino acid residue positions C40;
Co0; D12; K26; A86; H161; A190; G275; and V334. Specific illustrative embodiments
of these variants include those having amino acid substitutions: D12G, C40A, C60N,

20 AB6V, A190T and G275S; D12G, K26E, C40A, C60N, A86V, H161Y, A190T and
G275S; or D12G, K26E, C40A, C60N, A86V, H161Y, A190T; G275S8 and V334F.

One illustrative mutant having a specific constellations of amino acid
substitutions is designated GX12 and comprises six mutations: C40A, C60N, A86V,
D12G, G275S and A190T. The expression level of soluble LovD, the Michaelis-Menten

25  kinetic constant (k. /K,) and the whole cell activity of GX12, wete then compated to
those of the wild type enzyme. GX12 showed a 2.83-fold improvement of the k /K
value, 2.3-fold of the soluble expression level and a 7.5-fold improvement in whole-cell
activity at 25°C.  Another mutant designated GX27 comprises eight mutations: C40A.
CO60N, A80V, D12G, G275S, A190T, 11161Y, and K26E. The expression level of

30 soluble LovD, the Michaclis-Menten kinetic constant (k_,,/K_) and the whole cell activity

cat

27



pol ypeptide of SEQID NGO 1. In one enbodi nent of the invention the organism
is 30 Aspergillus tenrus that does not express LovF pol ypeptide of SEQ ID
NO 3. | rwanotimgu49enbodi nent of the invention the organiPemusgoiE®sivgs i chi a
coli that does not express bioH pol ypeptide of SEQID NO 4. In certain
enbodi nents of the invention, isolated organismw thin the conposition has
been transduced with an expression vector encoding Aspergillus teans LovD
pol ypeptide of SEQ ID NGO 1. 5A variety of acyl thioesters that can be used
in the conpositions of the invention are disclosed herein. Typically, the
acyl thi oest®#rGK87 arcbhuthyn|cpinphfed aesharof wildNagetepnkpyst efdnéotvad Geistield or a

met hyl -t hi ogl ycol ate thi oester. tionally,. the acyl thjoester conprises
medi um chai ATPERGIR"Y efgﬂéel)mﬁ%y g aﬂ%%%hﬁpégm%t OErRS A RSO R & of
the inventi Qg ki@, 36Ybid thhOOShEN: ih rcabloR {0 6h0825te cel | ul ar menbr anes

10 of Escherichia coli or Aspergillus tenus cell sn%r ow ng@wi thin a
ferment ati on nedifanbaympieealof fhe invratige jrcludppobgedsotides espding di fuboimtidie

group consi st |. - di;net hy, t - S- yl mer opi onat 0.
Ormnp ooy St Bh BN P UGN 55 B DY RCSRRLON ML ATLE
di met hyl but yi09te Sqoeidayilledtin agh yedinatieo{doMB:c&diNl G) vaiad: LovD polypeptide as
di met hyl butyryl - S; et h mer captobutyrate DIVE—S— In ap_illustrative
15 enbgdi ne%/f{t%/c‘qs%heégg}%/ Iutswgéjé)?férpcﬁg%{lde.oude(as shown m&& 1D QO D for. example,
a- di met hyl butaMry kncy8ek ot coiBh GRRJORLOR! analiethad 16S of @INNS AV Mxford

a

fermentation nedia in a concentration range of 1nmNl -100mNI and can

typi cal | y bélzbwtity B@ss, gnjagmm Legin Ed), @0, cagonakgungrsubgitpign yasiagpae the
enbodi ts of $he in ion, the co Sk ur h. C i vastatin
and t e Srodat THrSpi e e bR AR BRLA C ol b RPN RS B o
of | ovast at idadesntdr heceaimeoshinb cwid at2thsAeni 4) (Il8eUSsedthanitdettedd cdalel dwy, t he

nmet hods and terials of the jnvention that are used.to. nmake sinvastatin
can be adaptag}%mte&nﬂ?%aﬂ‘éée'%:oﬁ%g\(ﬁﬁdéh‘isﬁé?veafinéb@m%f gt %bef‘éb?ﬁsslaé?s g

si mvast ati n,fof @tangN@mPIrahpNast ahifdiibh, § Kig CANLEXE ccRguamRd-nBRtinof the
invention is a nethod of making huvastatin conpri'sing the steps of

conbi ni ng t ogetti@elhydewsidgyand pohaepddeatiye hesn pgll showmm e pit fohneasicar, t hat
donat es an I hety ~ r axy 0 of y

pr avast aot n PLCrIT e iR B A B RO RN SBYRRR: Roup
acyl t r ansf er@si@3saddllandt;al. afd7 tNeh Jadidsduds nig:@4Re), LovD acyl transf erase use an

acyl group fromt acyl thioester. to regioselectively acylate the C38
hydr oxyl group ofﬁ%ﬁf(ﬂr&b?g’ﬂneﬁfsa\?&sé‘ﬁt ]inﬁgr’t“é’f‘_r ?—C](:B’fi? gsoveftﬁéycqrfmjélgaﬁeﬁ: is
nmade. A rel agigduanhedi fi@%tanoé‘xplcé@ﬁoxﬁ QVEM inB0dihg BnCONRQKIntEsOR iRy er
conprising: hydrolyzed 30pravastatin tetra-ol; an acyl thioester that

donat es an dwyl cepirersjormgdtieh @8 oy wel rao dppsofellyydrmplriying dugh avaesat i n
tetra-ol,y n r apst er " I f
vari ant ;Zoandé ﬁtﬁo\}yg%t?’z{ﬁ?%&t%%% %ﬁy}bgrﬁé}?ﬁezf %é‘z% 6[ | %F%%)t;’) @?%fc%ﬁé%?%v@%l}%?cosn is a
conposi ti on st Vinaeconplossi Myr@oe @Fendroviendols pigehyvasiiah | aripiletutsor s,
for exanple, hydrolyzed pravastatin tetra-ol or . .5 g o -
6- hydr oxyl - 674&¥ K rORAEBEIR ORI HeHPees 8 of tH Ge U6t s Eréti%ed f or
its ability 300R6M), aithsiCorebiit kYt BEOMP vale. MANALALI BmBo@ear BPAACO!l i N
J variant such as ﬁydr ol yzed pravastatin tetra-ol. Typically, such
conposi t i ongnsaHoR iira proecss del prgducrg dryant savidodipspisssompabog gulturing
Consequent | v, enhodi MBNLS 10l N DY &L %@mhﬁﬁh&ﬂﬁ%@ﬁp‘%ﬁﬁéﬁxﬁde‘} WnlTRELNY
simvastatin or huvastatin conposition®of matter substantially as

suitable for expression of a polypeptide, so that the variant LovD polypeptide is

produced. In certain embodiments of the invention, the variant LovD polypeptide can
be fused to a heterologous amino acid sequence, for example one that facilitates its

manipulation. A variety of such heterologous sequences are known in the art and used in
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10herein disclosed and exenplifi ed. In situations where a nodified
organi smthat produces sinvastatin (e.g. A tenrus with a disruption in the
LDKS geneywoabsim4peduces | ovastatin (e.g. sone mni mal PeTiusaaio/oszmstint ) ,

t he met hods and materials disclosed herein allow the mani pul ati on of the

bi ochem cal pat hways/ processes in the organismso that sinvastatin or a
related 15 conpound such as huvastatin is the predom nant product of these
pat hways. A rel ated enbodi ment is a conposition of nmatter conprising an
organi smand sinvastatin and/or huvastatin produced by that organi sm
wher ei n t he satesitextd, (& dnaple dbierolaguas polyhistidisd @tjbdncedchbtvee conmposlytus@in i s
greater than the.a ugﬁwff lo tin in the conposition. 20A rel ated

st
enbodi ment dP PERE R ONAA %N%érfﬁh’él?”fi on of matter conprising a LovD
variant as di scl osgdnb@EelfbodiehQbMRE thvRh@AS hathiied 3NchaRidgaCKkaddifoest er .
In illustrative enbodi nents, the conposition of matter conprises an E. co/i
t hat producdsvhleebartide. shawr énadblé@ HRbdd:hesmprisiige wivgposhalirslcofidamat t er
is an A :terre . - tenr Wi_t IS tion i-n the ne)..t hat
produces 5h uvr%l%t%J %etn %sgs Igl)Ioﬁéeié”1 1t %%e%{%%tg a\ﬁ%@?égélb%ut%%t iOTf :ﬁleed“ D)g%j_ n%js%%? ﬁ%ﬁs’
produces huvadteaptessir(ger ghputioh eAf.usD wiotype@iddivatiaipt er@pdedbit the poPH&igeat)

al so produces lovastatin (e.g. sonme mninmal. residual anouynt), .the nethods

Sh Bt or | Al SEROedt e BT S FoviEha Y?ﬁlﬁ?tpaif G PorBopolibtes doretiteal

pat hways/ pr aggssasy, il f)&%&[ega@% @%gqés@%géwﬁ{@sg atshlrakiSn N 8adeh&HOSA Hant
rel ate

product of these pathways. A ri d enbodi nent is a conposition of matter
conpri si ng arospge rhyaseschpastattion prewducedhipyralbheescorgesisets whekei n

the amoygt %Vet@ﬁ&?%%aé‘.s'c&e&ﬂge GRMBOSHELON e Al € ttg.é n%%%ﬁﬁ%ﬁe tﬁfi%%t of
| ovastatin in the conposition. I'n"certaln enbodi ts of the

i nvention, fulyplgideconponents waidddidy anetihodbdteghibald: astcepssed apgbetiooydn ned

with one or nore of the t.hods and terj al 5 di.scussed aboye. For
exanpl e, _thémﬁé(iv_ﬁgd]%e R 0y '%“fﬁgfisfﬁésehicaﬁtyéé‘fl|1@B€1¥§%{ e/
fermentati on,f@; ANEREBS&I ISt {RELY ceBNEE N Al @0l HAYDcell activity at
acyl transferase and opti mse fernentation conditions and/or increasing LovD

acyl transf er’@se s aralpytci goebs Leildmohespidswhens ie BEHHE TP lnpPetiemally the
thoi est grs v ; nBElQ%]t%enm%%gé&% :ﬁrQ%dull\éaﬂyco%%ﬁéd <8 @Otge%eﬁq%a%r @%Egtggt?oncan be
the pro 0 a

used to increase p ctio sinvastatin or of I nternmediary
conmpound t hatuthé@i hi 1 @abés the eprodldueiirmonacaf rSidow astiddbn:nA10; D12; A26¢iA86] osed

herein, an " I 0 r to_regjoselecti y acyl ate the hydr I
group of m)ng@éi II_L&}J’ %%ésa(}czg?rp§g$ﬁj 2}?&2%3\5& aﬁgy%/ rg]f‘@dperfllho@%mﬁ‘éno‘g@ye
transferred ihQnABRAEOI g ndcl@Stide hehaleds SRIPAHDE ohiatlcd Qo MBKE shiw@st atin
or a related conpound using LovD and/or a LovD variant as disclosed herein.

A wi de vari engafcosipeihing et sand1GoRY;eank rrofmthich 2 tshlestigitiont thetntierr et § gpddrer
shown hey,ei o ' tvi . Bl e dl hust nag . . .
eyl -t hiomestiziio RS dilhs S6 {Ly jbaRSs, Fliplitas st MR K2ty
further shovm2iyVehe ahd)skaAdbl.di scl osure to have this activity, any

potential acyl daqnor/carrier known in the art (or synthesized de novo) that
further has an ab ﬁltiafl?&‘% e@é?ﬁhﬁ‘teﬁt @%ﬁ’tﬁmﬁﬁﬁ’z%‘déianmﬁ%é’é Ogsmiﬁ%“%ﬁlﬁ’dﬁs&m
si mvast ati n &afpribgg eRsitkps drdehibifing dodyhct MBI Y 80 13P IESRRE iR AL t h

t he acyl donors disclosed herein (e.g. acyl-SNAC). Typically in such

experi ment s,ant 4sal meiely tchihsels? dpdiosyl growt pF Impinagdhindeist e presence of a LovD

N acet ylgyst j,ne [ ter . or a et hyl 1 thhogl, . ' e ~

oot onaiy, “FRatafidt AREhEhuPh ol L LRI, ARRS o inacy

group noi et i$X) IDNNCe, ttlad mranbbokilpblypeaide teheprinie nihiion acid heidae yositibhoest er

s able to GLARSatnR, S5l HLAT TPIRrane] ol ESherheRid e R adspetgl 11 us
H161; K227; G275; V334; or L361; and then allowing the variant LovD polypeptide to

use an acyl group from the acyl thioester to regioselectively acylate the C8 hydroxyl

30 group of monacolin J; so that simvastatin is made. In certain embodiments of the
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25 growng within a fernentation nmedia. Typically, the acyl thioester is
sel ected fromthe group consisting of

a- di met hywbuoywosh49s- met hyl - mer capt opr opi onat e ( DVB- S- MVIPLT/US2010/052038

di met hyl butyryl - S-et hyl nercapt opropi onate (DVB-S-EMP) and

di met hyl but yryl - Smet hyl t hi ogl ycol ate (DVB-S-MIG and

di met hyl butyryl - S- et hyl ner capt obutyrate (DVB-S- MVB). As shown by
the instant disclosure, the nature of the instant invention allows one to
readily identify a conpound as a "acyl thioester to regioselectively
acyl at e t he iG&nkyalr bx yhowicolip J;0the meplatddestar ditd whd RadinnileaD palpepridentat i on.

In one illustrative procedure for, identifying conpound as "acy

t hi oest er tchF%&ieéé‘éFéf&ffI}e%}@PW gEgrdt Sepigstnes %%ﬂﬁgp@%%ﬁgmaﬁa%t@ro ffacol i n
J", a first (8¢ aRvis abyBrdRkE @ XA W BerBh MRNBGHkd Nordard iA 2t @AKUSne 1T @
second step, this mxXture is then conbined with a test conpound in a

f er ment at i on vt rereandlsaidlowedes dhagdew. nomesarashileel $rbpertidaedfMBR dPe i s

t hen test.ed f@or .t I,eser f, simvastat i for._exa i LC
anal ysi o5 wiSeepn PHEV B ZEGR Bnsph TR A rof RO Co R B Bl
havi ng thi s IRcN®i 4.y Opldonaliyew soth ehbotinghts, 2 dcklr dirghiptiis gtreeni hgyrlyl-
nethodologieﬁm%nomn in this art (%ee, e.%. KitieL gt | ., .Metab. Eng. 2005,
7(1): 53- 58, DRAIEH IS FHUBFBOPE Sl ReFern By Pbrepdrely RS HEES can
be perfor mednQfud dhihdEndMORC6Pheyt 88Iup SATREGS 2R 0ASs 4k BASIOLY lelflIm Ne
where and which speci es of acyl donor conpounds possess a utility that

al | ows t hemmeniyeneseld it tive vérisoditwetssionts tile graveatvignn di sepegedn
herei n. ,15E | me of t hnvent i incl article acture
and/ or Qﬁtsqgggigngégto é@%ﬁ%@é?g%%ﬁgnﬁéf%%%gﬁgﬂgg%gﬁ?%veH?pg%§q$§%$talIy
such ki ts i niihudielbhnysi-Sueiyl omsrchpioptipiangtet BNE-8HMPS dnbedehathdbaorydbng t o

means. bei ng ToRBaniRROAN J8NYE D RoerbL et BeE ARSI e BRI AR BP dror ¢

cont ai ner nqgm@ngqpﬁgp vials, tubes, and the |ike, each of 20 the
cont ai ner neans comgrising one of the separate elenents to be used in the
met hod. For exanphethegneheds fdiemgdng sinestating ghe doynd seganiswmi ain, bg grown

exanpl e,;=co L.Ni i 0di ng;. (o] i i ) erein,
opt 1 onal Py e i gsfof SERL I RRIRELOBAAOE R (AbLANL. RS P ELAE LI

t emus havi nginge gérgrdulpdtivedm dtfedshe th DK&Eagetsehowrnche andt hetweeh &1-8; cadf @i iniang an
acyl - SNAC conpound. or the |like, both of ich can_ be ded 25to0, a

fermentat i orﬁi%@?ﬂﬁ?ﬁ W#ﬁ)?%%épgsﬁ%v%gf)éﬁ%n{nedm' “PHopa ?’ﬁf? PlseBei ment
of the invenihisc ik itk 8mOfstMRNHIRAURE nEOdah i Mo s B S drAlesridasgfpul T or
production of sinvastatin is provided. The article of manufacture conprises
a cont ai ner candraingabeis. oSuiclabiie ag onplaicAepanifel paecntf 6y thx agppiénativot t | es,
vial s, ri ~ test . : | ner; . b fr :

Vari oty 2 nardrdid oflpGBEes LIS RRLA DPLR IR EMBEIRL AP A |
conposi ti on fofmnaf ts@fivafetig. coan adyhscadr siler filandbrgnoro hiphn ipsfprovinice Hiquan
produce sinvastatin, fo | e. The ] abel on, or associated wth, the
cont ai ner i rfglr%%ta%mwa@m% RpEst g Gab nTegP%eraﬁiﬁcﬁ? hGOBBPY A

pol ypept i desof nTh@r 8dhp:eshe Oh- 17RO BI0MR& 1Y Yh At What DEEAE 0FRPInSE with SRCANM
cont ai ner conprising another conpound or substrate for addition to the

f er ment at i orthiossteri seaudenafesraneaeaipbisty hibs (Cohyemd strupstfbseragpln J fipthe
exanpl e,y %selt?ge ijs%dL%QD' cgy[tﬁ%&%m’éé‘%a&rn%d&h%g'o%)Qes%Ttﬁ R L A ﬂ‘ﬁ% aries
. It may further

in the production of simvastatin, such as ’nonacolin
i ncl ude ot henomadler | alldeddesihe abhdifariombaing aoneretab sanchsuser Qpamdpoimt ,

including other buffers, diluents, filters, needles, syringes, a ckage

inserts wi t HOFHigHs: 1%ﬁ_§arr38r Foug .PO%_ G B rOgIoval HEpaciator B

i nvention ar@ol, 3BUSSeBovn Atth@r had NI 12G, K26E, C40A, C60N, A86V, H161Y,
A190T and G275S; or D12G, K26E, C40A, C60N, AB6V, H161Y, A190T; G275S and

30 V334F. A related embodiment of this invention is a composition of matter comprising:
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sections. BI OCHEM CAL ASPECTS OF EMBODI MENTS OF THE | NVENTI ON An

appreci ation of certain aspects of the invention is facilitated by

di scussi om® 20f1/04486bi ocheni cal aspects of LovD. In the ipowmas@aneFi03s

foll owi ng sections, the LovD acyltransferase is the A teans LovD

pol ypeptide shown in SEQID NO 1, and is typically referred to as "LovD'
or the "LovD enzyne". As shown in the Exanples below, LovD variants are
useful in contexts in which wild type LovD is used. Portions of these
sections discuss previously known bi ochem cal aspects of wild type LovD
(e.g. 20 thosecdisglaosed thivedwrt @inddnaenah aBdbhoie@td aine €8 hyWOx2 QBAPL3O871)
in order to nore clearly dem)nsir e Hhe tility of egbcﬁg)igents of . t he

i nvention diBeGSEY HeiRfesence Lovly qeylisansianses HIAIRNPAbR i OXt B! URBS NS
2007/ 139871, phypepRicoMosetint YEOf 1bheoovbe %ﬁmc;m%@?e@ld%eédﬁ@gﬂsﬂ@ Acyl
donors was denonstrated. This disclosure teaches that 'the acyl

carri er/ donoimigpedd nehstipsied atanbeo atit gesrbg nositiphe CHORS! CAPt adratlayeonchi ol
25 cont aizni .carr:i are sujt . i ugdi y 0 / nd
ror o 1 mpért gty Py RERLE R L AR B ek R O AR R e R
i nteract w tlBolLowHE samchsaam accept an acyl group froma variety of different
donors. Moreover LovD can transfer variety of acyl substrates to the
C8- hydr oxyl groupﬁhxéf21r1 ééfﬂbpamffnf B?W%FWC%?'P%QSS% ertrlé‘ﬁitogfna?](% VAT
anal ogs. LovidnfaRinkadé Qask et tuehikindCbah& ki olERdnydvR%yh B30Residhi fn in
nmonacolin J with a variety of acyl substrates. Anongst the successful acyl
groups is a-thiopgettisipngiey o SNN@oiaghioche (8 dydoxgigrvarseidnidrlyzad pheagsttesence
of LovD and col i [ tiVi f Lo h
g S R T oo Sl L LW
directly acylohtpestideosiacal innSHQWIID N, et hybaitcyir@t®e popyp ek dednky@ising an

pharmaceutically inpartant sinvastatjn. a-D methyl - SNAC .i
cel | - per neatﬂn?ér.lg?ﬂ‘éso@munﬁgraﬁ%oeac 5REPe PREIas A&&%m%ﬁ%ﬁ gg?y% A§?{MC has
an i nport anta foplrcat i1em7; tdersc ompunddean 1861, SHRPLi&MHnastha PHRGUTSD i N

vivo to an organi sm such as a prokaryote or an eukaryote, expressing LovD.
The prokar ydtodvpeptidsuRaps ot eyl gmemﬁf)@r%remyédnwtetfﬁerqg}%@@mdy@wlmﬂ@ inJ
(either d [ n Y e f tation

roci 2) can aRERATT g al Popu BT BRa i REALEIPh R I TR AR
used as a mathokinadnt haSthef atvetdier N acanv@rsgionnobimarenaoealpriting: hidrolyzed
simvastatin. In | nternatlj onal FEH.bI icati No. WD 2007/ 139871, 801{8

monacol i n J BARASAIHEEHY bt PRYITSRAE et donddet? 197 YoM Ay E0IVHFEYor an

E. coli straifuPYEhRKARATRAsthHE duQVIPie DZYBsen¥ LHIS LBNRS RSB 4 hienndei ng
isolated fromthe fernmentation broth of the culture in good yi el d. 15As
not ed above,ofloVDvRarryiansbyse peliecptidpahoweyih YHQ@NEY e¥Odt ée duriinhgd-ovD

| ovast atjyn ki  hesj L egi.ospeci fi | y. ac hydpoxyl
aroup oot sa SR R A i SRS X i R PhSA Bod D HIOEY o
the decal i n Iatl;yko®, CtheCagyhsantder Hlahd<etie @eyd; gsuupndMensol; and

o1 o0uce. t he TBHEHECouTRRRHY [ WpoREaiTt -5 HIageROrHUBOER H! Orboamti
substitutions: D12G, C40A, C60N, A86V, A190T and G275S; D12G, K26E, C40A,
CO60N, A86V, H161Y, A190T and G275S; or D12G, K26E, C40A, C60N, A86V,
25  H161Y, A190T; G275S and V334F.
As discussed in detail below, the isolated organism can be grown under one of a
variety of fermentation conditions known in the art and the exact conditions are selected,
tor example based upon fermentation parameters associated with optimized growth of a

specific organism used in an embodiment of the invention (see, e.g. Miyake et al., Biosci.

30  Biotechnol. Biochem., 70(5): 1154-1159 (2006) and Hajjaj et al, Applied and
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20 in vivo. Wien an a-di nmethyl butyryl-thioester precursor is supplied to a
LovF-deficient strain of A teans, the |ovastatin biosynthetic pathway can
be redi r evDaditt@4@6f ord sinmvastatin directly. | nt ecmatS2anmb2038

Publ i cati on No. WD 2007/139871 teaches the tol erance of LovD towards
different acyl substituents by perform ng the transacyl ation assay with
various 25 commercially avail able acyl - CoAs. Assays were perfornmed with 1
mMNI nonacolin J, 4 mNl acyl - CoA and 10 uM LovD for 10 hours. The results
clearly indicate LovD pol ypeptide displays preference towards medi um chain
| engt h ( C3- G&jviraaylengl Adjesobidlody, bait y23916-2602 2e0hg thtecapdntmadf alhicpl asyl - CoA
substrate. The bul ki er benzo IioA s one of the best acyl substrate

exani ned, mlfl??flﬁ%faﬁﬁﬁﬁvweégeea%v TBical- B SPHIMR IR OPRE Cer PEERENdi ng
8- ben2oxy- | ovagr@t i AfalOferAPRALERE akRhst™4 Qo 16 180 48 ) houtt FQFiQIyNGLA- P
unsaturation significantly decreased the reaction rate, as seén in the 6%
acyl ati on oforgararsolré grognian a phkbywesehes. 5of1ﬂ@?f(§€t11@)Wbowﬂtsmééltﬁbla&@ttwlr CoA
and p-hydro th e t n- good
agr eeman;g Wi %(%18 h%frt%{ésg?@ﬁ{\%tﬁono%%%ﬁg%g?ekb ﬂb(ﬂjbfsj i ?ﬁ, f\g %Epgfl% 7l§ 79

al., J. Antidiot 3. llQBGlusS&ve?nﬁﬂboﬂRﬂf)ntﬁlﬂld: smmnacolid growﬁ 1Ma(f81e(&z,ntgaog medAL

Endo D. et. al. 986 39, 1670-1673) fromthe natural host,
respecti vel fonﬁﬁlélﬁé E S%t rat es assayed, LovD was inactive towards
nmal onyl and pal m t@p@longﬂ)}Athe monacohﬁ‘t]%zﬂqg EQABhePuRthitBabIRN MR MBs in the

2007/ 139871 further exam ned the substrate specificities of LovD t owar ds
alternative %@stc@rt&lﬁ énsntien faupdidey by hogelithpreariemsyinph dee fegnel@riqer epar e
synt hetigal | entr n i andi;ti pns
Nacet yl c@st e%eh(%lﬁgg eoﬁjs C?{S%ﬁé}%!g%g\% Sé%ngouosvg £etth1 élilo\cllg e)% tgg Lr?r %Bes
and precur sm‘cﬁtramfaﬁsadfymmg nﬂ&itemﬂmlvelp,rthehmmnabrblmc]hém stcroyntﬁxsfﬂe\mdeﬂ@ oAuc| ai r
et al., Science, 1997, 277, 69 Met hyl - y te SMT.G S
recently shcf\??ﬁsqt‘(ﬁenésemam@dgffm Sf%fc F\%%:VC%%%{% Bq ‘éceggjry QS%A%‘ fggrﬁls dhat

pr ecur sor - digrggiced i @sypiungsha iPfddRl b MORYEEMa{3E8edif afl grows aMaLish K. S.
15 et. al., App!. Environ. Mcrobiol. 2005, 71, 4503-4509). Both SNAC and
SMIG t hi oesttbe sreanibtthat prasdicesghe Bev@myﬁtr@éﬁ?r@ﬁfvareanénm fyloﬂwrtemba@p&rlé@ﬁ kat
val ues ofs 0.9 iMlefo 200t 710 b (LEBECH HRbknalHLLNEL R QBhLOM g that
pr ot ei n- proteln i‘nt eractions between Lov as well as e

i nteraction fb@ﬁamnnlxmymra@bttoheﬂypﬁ@srphbpa@f eichievaigioarprodirces modmpedpitor ed
for acyl trar}sfer. 201 ntern f Publ i cati on l(}? WO 20071 1%9 71 t eaches
that synt hesi'z88"d- SomPr‘%st“H%/ Bu %r Of tenapomafingl dPiet Ry IBHE lednRC™an be
used in assaymblifkiot.NenicBrih tehdofRRNREHZNTBEI S HSY,thh@SdisoPfeshiqviask atkn and
sinvastatin, re ctively. The results are shown in Figure 8 of

| nt er nat i onaﬂ m&lﬁwmﬂmddwm@wﬂl@%@m bempgicgngirse fognwestatwaches t hat
t he nat uy a-S- S sj.ng 0
substraty 25 connared e pilder B EALRa e SHGREL RO GRROMCly
appar ent katm@etyaoﬂié o8 hydia)xybgrohp‘oﬁﬁtoamdhn3y1mt1haq;fra:$n¢§ofrmw® idannS0%6s| ower
t han that of. ovD t.owar ds but yryl SNAC. h}!t\s prowges evi d (g%%gt t}pe wild
type LovD hdsdsbed lﬁré’&hafb‘fi‘tog?ﬁoféao‘{fﬁ a3 R puy Sﬁd’f?cr?és ATtrEde the
substrate. AdghdnkRBnGhix@rSefandeqreirRdh syPahdtuantc alscbha &@a@oqz‘gwlgx,
further attenuated the rate of acylation, likely attributed to the

i ncreased sttBe iaeyl Ibieksier ine dubtlyk thioesrmeat NydcetylshseapnineT higestir sl dowateyli n

Inter natZiSOnqkioglggpéljltgqf)iioggger!\b@pgg%aﬂy, the acyl thioester comprises medium chain length

(C3-C0) acyl group moieties. In certain embodiments of the invention, the acyl thioester

is able to cross the cellular membranes of Escherichia coli or Aspergillus ferrens cells growing
within a fermentation media. Typically, the acyl thioester is selected from the group
consisting  of  a-dimethylbutyryl-S-methyl-mercaptopropionate ~ (DMB-S-MMP),
30  dimethylbutyryl-S-ethyl mercaptopropionate (DMB-S-EMP) and dimethylbutyryl-S-

32



2007/ 139871 in conbination with the disclosure provided herein provides

evi dence that LovD can be nutated towards desirable properties such as

t hose relwOi2og/ted96r ansferring the branched substrate, @#etnsasens203s8
aggregation; an inproved thermal stability; an inproved catalytic activity;
an inproved kat/Km val ue; an inproved sol ubl e expression 5l evel; and/or an
i nproved whole cell activity at 25C. (e.g. using the directed protein

evol ution nethods such as those disclosed in Exanple 2 bel ow). Throughout
this application, various publications are referenced. The discl osures of

t hese publ i catthgnghi@tyeoher dDYIB-Hid0r@orad etimbyhylbefyel-8ncaehyiemetcaptobhudfaed r

entireties. .. The Ex | es helo rovide illustrativ

ot hods. and (PRTBOTATE: o Larrbee GBATIAT: A 0hABORYE T KETVPT BaEm S
embodi ment s rﬁéth}lhﬁgrbdib‘(@%;bi@ﬂatg $¢ i Os8ehiRer 8l Rrm&khddnededs tid 2 @B8ccBfrficnar €
that aspects of this technol ogy that can be adapted for use with

enbodi ment s refgetdhd mMniedMon di scl osed herein are taught in International

Publ i cation 15 .. \AD . 871, X ) e i.ol .. 20
13(11): 1761- 9; x:\&e)e“é“ 8’%‘8?31%%’1% n@.ﬁi%%h Sc}ﬁléb‘i“% A %gv‘?&i%r% ;%‘fg“%‘?) fu5BEs. 60
Xie et al., sBipsteptui®lsinBrag@tigby 2Q0Dnbik@3(.1Fo28a8iplets@netmidbdimedts Aicliehem
Soc. 2009;131(24):8388-9; and Gao et al., Chem Bi.ol. 2009 Ect 30;.

16( 10) : 1064- PP EATST B BUTHBI™ WAP CRMRFENS NebrPoicht af apyrolated

ref erence. %%M/E&&nl in Bk E6mBInRESAl BOn B ACENER Bclhe bOM: bEARSIERion
ELEVATED WHOLE- CELL SI WVASTATI N PRODUCTI ON This Exanpl e

denonst r at estdpownirs@gdicrieiéiatomat edlemesilslyafics v Feadd ormndBL YDV EY | ant s
capabl e 1%f qlflg \égﬁl%glamm]@ﬁlg&lnjnegtls %gﬁﬁca&denatplgz%g%%gIp%ﬁﬁcation step comprising

precipitation of one or more compounds present in the combination. Embodiments can

include at least one purification step comprising filtration of one or more compounds

present in the combination. Embodiments can include at least one purification step

comprising a high performance liquid chromatography (HPLC) analysis of one or more
15 compounds present in the combination.

The disclosure provided herein shows that variety of permutations of these
methods can be used to make simvastatin and huvastatin and the like. In certain
embodiments of the invention for example, the host organism produces the acyl
thioester and/or the monacolin J. Alternatively, the acyl thioester and/or the monacolin

20 J are added to the organism as part of the process for producing simvastatin. The
methods can further comprise adding an expression vector having one or more A.
terreus genes that are known to facilitate the production of simvastatin and/or huvastatin
ot the like such as the genes that encode SEQ ID NO: 1 (and/or a vatiant as disclosed
herein) or SEQ ID NO: 2 and transforming it into the heterologous host, wherein the

25  polypeptide having the acyltransferase activity is thereby expressed. In another
embodiment, monacolin | can be produced from a heterologous host.

Another embodiment of the invention is a method of producing simvastatin
trom monacolin | in an organism which expresses a LovD acyltransferase gene encoding
a variant disclosed herein comprising coculturing this first organism that expresses the

30 LovD acyltransferase variant with a second organism (e.g. in a fermentation mixture) that
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In this Exanple, we use site-directed nmutagenesis to inprove the solubility
of LovD. The resultant nutant ALN3 was nore efficient than the wild type in
t he whol ewoebii/axeri nent. We al so optim zed t he H gh- ceClrAsensios3n3s
fermentation to produce nore reconbinant proteins in shorter tine to

i ncrease the whole cell LovD activities, which 30can be served as a
platformto produce sinvastatin in |large scale. Conbined optim zation on
LovD protein and fernentation gave us nmuch hi gher sinvastatin production
than before, and the -20 g/L yield of sinvastatin can be an attractive

al ternati ve firodwuy thenicylndilobdtersirgipoimiihodsicolin ], wheBiin efel a¢yl dvvesietistaagts he
Escherichi a Cg’lni:f Ebﬁ'i?OH deficient strain Yqu/npAV\Bl as the V\/(’lfﬂ; cel

bi ocat al yst ,“"hé& BVt ERBrESaEaSHEYITPIUN IR dradess vy, MeatRly Jety Pivduce
conversi on 3i@fsthfin MNpMRNRC AR Hirst § ﬁisrﬁcﬂsda@%gga%ﬁnm%e@'ml EroHch
simvastatin acid in 12 hours. SDS-PACGE anal ysis of LovD showed that nore

t han hal f oflovhyatip eeDry dt-eifn dhtrEmsdeedi vidasg senepinesdied 2ilws bl abltpnstaist t he
native gel st o] h t reconpi _eXpressj . Lov or med
-20% ol i g)o nEVraH%é% ngg%&%t%% %%?ﬂ%to%genﬁ{r?gst I OHQS%{P% p%g?uecﬁf% énrgﬁjtl%g S%%s%e}ilhe

resi dues respoenskhbl.¢ tevs bivigomeinhaahicdd,ovEALPKBzent). The nuithel eysfuedhaes in
LovD was substituted for alanine by site directed t f:grenesi.s tao create

ni ne mut ant SOPRSRRAIHRE ABY OF THEC LESHPPS ?%O@ﬁ{lt@(}ogﬁ%{? SEVBHOD H™YFC the

ni ne cystei NR&cAk ehcgs8&HibALS {iffadNg drBt@Cks J@HQ%Bn%EHfEd%@ge@} ideRYED
while the first and third cysteines nmay forminternol ecul ar disul fide bonds
| eadi ng to oh¢ godestionatfisomas@igt her study on these nutants showed t hat

br eaki ng i nt er nol-gcu i fi. incre

ol abi 110y of tnel Fagaredre ik sRERO0ER M Ryt ook RGN o
(defined as taaht Vdringhtati®uenittoret boeintreghehe agidowtidnyotdfnoMdcolitnd aA3,to whertlr t her
expl ored the effecgh% of ot her rfesj dues . on t?esehtwo Si t%zéguch. s Ser (9),
Thr (T), Asd™{'R) Hfd PEUTRY . OTVETEUAY 118 oA X Yoy D o6 eRf (N8 Reve

hi gher whol &n@Rldlm@s bl Mid MethBanht BEnREF cafcaNlsheatit e Loek g¥aNtyheiches.
Bot h nutants showed -25% hi gher activity than the 20 wld type.

As we
expect ed, tHbe lser prutramstormief3vido s deer pid HosRef trangpted rad ttherehrutlst i ons
and gavec:th i t ell activity i - 50% | 1pr ove ~
comar ed t o HPLRNET ot TRLR-GRh BEENEL Y Mikter BT T NG i
bi ocat al yst ,mapsdd, thz edmhogn: el be dedisict yonfeting MicaDUBrseghudyofsthowe detdat t he

nmut ant can conpl e >99. 59 nvert. 45 mMNI MJ acid.to sir tatin acid
within 18 hduP @ﬁ ¢e Efﬁéﬁé?ﬂ%ggﬁﬁ%f% C BRATE T NS R W%@%QOWI PAVB1
can only re@ﬁﬂt@éo%ggmr(ﬁin%a%qié’\jnt:ﬁa@ﬂpl onged time (26 hours). Equipped
wi th the nmutant N3 and the optim zed fernentation nmethod, the whole

process can be ea%ithgotsesirepdiperftof haiguestion & 2 pedddof rowesinggionradingt i n.
30 MATERWALS ANR, METHARSGENERAL m%%sence of an exogenous acyl thioester.

Preferably, the acyl thioester is capable of penetrating the cell membrane. In yet another

embodiment of the invention, is a method of converting monacolin | to simvastatin

directly within the organism in the presence of the acyl thioester wherein the organism

produces LovD. In an illustrative embodiment of the invention, the organism is an 4.
25 ferrens having a disrupted LDKS gene.

Yet another embodiment of the invention is a simvastatin product made by a
process comprising the steps of combining together monacolin J; an acyl thioester that
donates an acyl moiety to the C8 hydroxyl group of monacolin J in the presence of LovD
acyltransferase; and a LovD acyltransterase variant; and allowing the LovD

30  acyltransferase variant to use an acyl group from the acyl thioester to regioselectively
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E. co/i XL-1 Blue (Stratagene) were used for the DNA cloning. The
substrates Mnacolin J (M) acid, and DMB-S-MNIP were prepared as descri bed
previ ouslwo(eE®44496 e.g. Xie et al., 2007; Appl EnvironPpiirarsedmoos2038:
2054-2060). YT2 was used as protein expression host. Al reagents were
purchased from standard sources. Anal ysis of conpounds were perfornmed with
HPLC with a reverse phase C18 colum (Alltech Apollo 5u, 150 mmx 4.6 mm;

|l i near gradient: 60% CH3CN in water (0.1%trifluoroacetic acid [TFA]) to
95% CH3CN in water (0.1% TFA) for 10 min, and the 10flowrate was 1 m/mn.
S| TE- DI RECT By MJTAGENESIr &yl group kutﬁm[dn@lékﬂA](sAIﬂ)a,t tEADAVAsARN, pr&BRAs (AR, ACT2A

A4), CBIA ABY, C266A (A7 80A (A8 CA05
Esﬁ, C605 Efééged %@F’HP?%E) o V(ei?%%’ﬂ i f5%%@mm% h@%)ducéaf@mﬁ( ﬁaé)a PEXSTS (QL),
C60Q (@) mHBﬁI{Xn@lﬂ NETsEp @r&aé&ﬁimm% &gg&héﬂl Ky @641 dr@&@agﬁﬂﬁ?%@a S iRGpAVB1

as tenplate and the priners |isted bel ow ubl'e mutant Al N3 was

created by ubiopgerAhatagdonpieppt atyemojcavd e OA hpdigky! growmef lwévﬂyzeé@mvwmm R as
primers. VoSt priaef s p%"'?e e dest gnsd eyt?%%%f grYan? hﬁ@io hlgrags? AL ;edquence

to desiréd am no aci d codon sequenc ONne "Wer e ntr
20restricti ontiomngehebyoxsﬁ) |aqffhﬁraﬂ§fd:tgaé vaiant Oj'uﬁaﬁylcjﬁ |gﬁmpn@om'ﬂili9adyhﬂll[c&dtﬁﬁeﬁ

mut ati ons werevri.f'ed equenci ng. I theforvvardpirres
are |isted HEFOW @ér%ﬁ?ﬁ@"g Frep Pf‘@ydrr@\yggs%a‘@é%‘il verib S(S’ftﬁ“f‘%e

forward pri r{ggguvagtag@pg;dg&ggm\@rd prinmers. The nunmber shows the position
of the nutated am no acid. The characters before and after the nunber
25show t hat the aWiaieeraeilpdia¢ire dhdpgetands af method manyeduchigesipyrdatited

2ot o 2O BRI SR PR G S B S 010
Mul F: TCTAMATTATFACGSEY Gaint hEEEASCHAC 9(r185@yllatDR§Gn?5)1$dobMU) @hAInMael F.
hydrolyzation and acylation produce simvastatin. Another related embodiment of the
invention is a method of producing huvastatin comprising pravastatin into hydrolyzed
pravastatin in the presence of LovD of SEQ ID NO: 1 or a LovD variant as disclosed
15 herein and acylating a monacolin | variant, wherein said hydrolyzation and acylation
produce huvastatin.

Embodiments of the invention include composition of matter used to make and
or made by the processes disclosed herein. For example, one embodiment of the
invention is a composition of matter comprising monacolin J; an acyl thioester that

20 donates an acyl moiety to the C8 hydroxyl group of monacolin | in the presence a LovD
acyltransterase variant. Certain embodiments of these compositions of matter further
comprise a LovD acyltransferase variant. Certain embodiments of these compositions of
matter further comprise simvastatin. Optionally, the composition further comprises an
isolated organism such as Escherichia coli, Aspergillus terrens, Monascus ruber, Monascus

25 purpurens, Monascus pilosus, Monascus vitrens, Monascus pubigerus, Candida cariosilognicola,
Aspergillus  oryzea, Doratomyces stemonitis, Paecilomyces virioti, Penicillum ~ citrinum, Penicillin
chrysogennm, Scopulariopsis brevicanlis or Trichoderma viride. In typical embodiments, the
organism in the composition is Aspergillus terrens or Escherichia coli that expresses LovD
polypeptide of SEQ ID NO:1. In one embodiment of the invention the organism is

30 Aspergillus terrens that does not express Lovl polypeptide of SEQ ID NO: 3. In another
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30 GTGOGACGGGACGA CAATCATGCCGOCGCTACAGGTC (SEQ ID 5 LovD C266A F:
GCOGATGGAGAGGA CTTCGGCGGCCAGG (SEQ | D NO 12); LovD C380A F:  COCAAAGCCGGCCT
GCC CCCTMEOGRTIONTI96SEQ | D NO. 13); LovD C395A F: TGGAAT@ATISBGE52038
CGTGATCTGACACG (SEQ | D NO. 14); LovD CACS F: GGTCATCATGGCCCGAGATT
CAGTGGCAATCTAAATTATA 10 ( SEQ DNO: 15) ; LovD C6CS F:

GACGGT GOGACGGGACGAGTECAATCAGCTGCOGCCGCTAC (SEQ | D NO 16) ; LovD CAOT Spel F:
CGGTCATCATGGOCCGAGATGTGGCAATCTAAATTATAC (SEQ I D NO 17) ; LovD C60T F: 15
GGACGGTGCGACGGGACGA CAATCAGCTGCCGOCGCTAC (SEQ I D NO 18); LovD CAON F:
CGGTCATCAT GGRBOGAGAT AACAGTGOTAATIET AAATTTATA HsSEQk BNt dB) not oxpBsCBEN F:

%m%ww 58 ;;l in cé%un Selr_:n%oldl[r)nen%s OPI%C invention, isolated
CGGTCATCAT
organism within the composition has been transduced with an expression vector
encoding Aspergillus terrens LovD polypeptide of SEQ ID NO: 1.

5 A variety of acyl thioesters that can be used in the compositions of the invention
are disclosed herein.  Typically, the acyl thioester is a butytlyl-thioester, a N-
acetylcysteamine thioester or a methyl-thioglycolate thioester. Optionally, the acyl
thioester comprises medium chain length (C3-C6) acyl group moieties. In certain
embodiments of the invention, the acyl thioester is able to cross the cellular membranes

10 of Escherichia coli or Aspergillus terreus cells growing within a fermentation media. Typically,
the acyl thioester is selected from the group consisting of a-dimethylbutyryl-S-methyl-
mercaptopropionate  (DMB-S-MMP),  dimethylbutyryl-S-ethyl —mercaptopropionate
(DMB-S-EMP) and dimethylbutyryl-S-methyl thioglycolate (DMB-S-MTG) and
dimethylbutyryl-S-methyl mercaptobutyrate (DMB-S-MMB). In an illustrative

15 embodiment, the acyl thioester is a-dimethylbutyryl-S-methyl-mercaptopropionate that is
combined in fermentation media in a concentration range of 1mM-100mM and can
typically be about 10, 20, 30, 40, 50, 60, 70, 80 or 90 mM. In some embodiments of the
invention, the composition further comprises lovastatin and the amount of simvastatin in
the composition is greater than the amount of lovastatin in the composition.

20 As is discussed in detail below, the methods and materials of the invention that
are used to make simvastatin can be adapted to produce compounds that are structurally
similar to simvastatin, for example huvastatin. In this context, one embodiment of the
invention is a method of making huvastatin comprising the steps of combining together
hydrolyzed pravastatin tetra-ol; an acyl thioester that donates an acyl moiety to the C8

25  hydroxyl group of hydrolyzed pravastatin tetra-ol in the presence of LovD
acyltransferase; and a LovD acyltransferase variant; and then allowing the LovD
acyltransferase use an acyl group from the acyl thioester to regioselectively acylate the C8
hydroxyl group of hydrolyzed pravastatin tetra-ol, so that huvastatin is made. A related
embodiment of the invention is a composition of matter comprising: hydrolyzed

30  pravastatin tetra-ol; an acyl thioester that donates an acyl moiety to the C8 hydroxyl
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GGACGGTGCGACGGEGACGAG NGO 22). 25 LovD C40Q F: GTGGCAATCTAAATTATAC (SEQ ID
andLovD C60Q F: ATCAGCTGCCGCCGCTACA (SEQ ID  EP-PCR AND CONSTRUCTI ON OF
MUTANT LIVBBARM/044496 Ep- PCR procedure was nodi fied frompesiusbétiosbmds
protocols. The reaction consisted of 0.35 nM dATP, 0.4 nM dCTP, 0.2 nNI
dGTP, 1.35 mM dTTP, 4 mNI MyCl2, 0.25 mNI MhCl2, and 2.5 U Taq pol ynerase.
The reaction m xture was submtted to 25 cycles PCR 94C for 1 mn, 55C for
1 min and 72C for 3 mins. The resulting PCR products were digested with
Dpnl, further digested with EcoRI and Ndel, and ligated to pET28(a). The
| i gation m drouwpeotaglrblyadsirovasedn taraYd2n ald pehaice d.ooD dcBtagacragontiavid ng 35
ng/ L kananycin. 5_PROTEIN EXPRESS|I ON AND PURI FI CATI ON:
acyltransferase variant; and huvastatin.
Yet another embodiment of the invention is a composition of matter comprising
one or more of the huvastatin precursors, for example, hydrolyzed pravastatin tetra-ol or
5  6-hydroxyl-6-desmethylmonacolin | in the presence of thioester selected for its ability to
acylate the C8 hydroxyl group of monacolin | or a monacolin | variant such as
hydrolyzed pravastatin tetra-ol. Typically, such compositions can further include an
organism as discussed above. Consequently, embodiments of the invention include
processes for making simvastatin or huvastatin composition of matter substantially as
10 herein disclosed and exemplified.
In situations where a modified organism that produces simvastatin (e.g. A. Zerreus
with a disruption in the LDKS gene) also produces lovastatin (e.g. some minimal residual
amount), the methods and materials disclosed herein allow the manipulation of the
biochemical pathways/processes in the organism so that simvastatin or a related
15 compound such as huvastatin is the predominant product of these pathways. A related
embodiment is a composition of matter comptising an organism and simvastatin and/or
huvastatin produced by that organism, wherein the amount of simvastatin and/or
huvastatin in the composition is greater than the amount of lovastatin in the
composition.
20 A related embodiment of the invention is a composition of matter comprising a
LovD wvariant as disclosed herein, hydrolyzed pravastatin, and an acyl thioester. In
illustrative embodiments, the composition of matter comprises an E. co/i that produces
huvastatin. In related embodiments, the composition of matter is an 4. Zerrens (eg A.
terrens with a disruption in the LDKS gene) that produces huvastatin. In situations where
25  a moditied organism that produces huvastatin (e.g. 4. zerrens with a disruption in the
LDKS gene) also produces lovastatin (e.g. some minimal residual amount), the methods
and materials disclosed herein allow the manipulation of the biochemical

pathways/processes in the organism so that huvastatin is the predominant product of

these pathways. A related embodiment is a composition of matter comprising an
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Each mutant was transforned into E. co/i YT2 strain and sel ected by
Kananycin (Kan). The transformant was grown in 500 ml LB-Kan nedia at 37 C
to 0D600 wo2et/@4496hen 0.1 mM | PTG was added to i nduce BCOUS20100XPBLSSI ON
at 20 C for 16 hours. Cells 10 were collected by centrifugation,
resuspended in 30 ml Buffer A (50 MM Tris-HCL, pH 8.0, 2 nMDITT, 2 nmM
EDTA), and |ysed by sonication. Cell debris and insoluble proteins were
renoved by centrifugation (16,000 g, 4 C, 1 h). To the cleared |lysate, 2 ni
of Ni-NTA resin (Q agen) was added. Each nutant was purified using a step
gradi ent of dgfliser afl Wintabratit prelasidnley danocendtisal wbdereiafthe rmdazodfehuvhuite
(>95% LovD proteins were 15 eJuted in buffer A containing. 250 nM

i m dazol e, dﬁ&“et‘}ﬁ’g??oﬁlﬁf”f‘ E‘rgr%ﬁl?ﬁg‘gﬂa@ﬁ‘t“ﬁoé RERUANEE HIUROS Y dazol e.
dycerol was addegd tgreanf bBbdifRPGERET Bl Ay Bliod 0%RurttdIe cPPbRINAS AV &
aliquoted, and flash frozen. WHOLE- CELL BI OCATALYSI S: 20Whol e-cel |

catal yti c syntthedilezie stspnasadicatoimbingel it pagrrvmosepidtha mekiDs-agd Mvresoly e

pe 19T SRS LRRE L3 P PN L BTN P 00 o

Si de- by- si deefnantgionpar iisddase Ahsidigkwvec obiaayirafont he Haves hkyridsénst ofaded

strains was used tg i nocul ate %.5 m h/B cul ture uop%errgnte with 35 ng/L
kan and gr o "8V¥r ATTGHEERT SPOEthé ekt “ﬁfﬁaﬁfl%} “T0G 25T T Cof T HE

over ni ght  culgfidiéiRict Qo WaDnk RO etrat &M IR rO0a BlotkiB eH?HééﬂiEﬂgWExlfy & When
0D600 reached 0.4-0.6, 0.1 nM I PTG was added to the culture and expression

of LovD was qebsetredr axtpgs cuf by uskd thitrreafo thei prpductipe ohpighvageispt 9f an
fernment atyi 0 ngdj t i t . f once . ed -fold before

addi ti o?lltoof q%%ﬁ‘sl‘%rl% g%fsjp%nﬁh%ch%é ?t\éﬁ%lt% Py ‘plt%%gﬁ éﬁﬁaﬁg@gﬁas col l ected by
centrifugation (& @scldb6dbein, 20 “Atyh Yhiockhe t6 etdiosdBadiclyeicylwashg €8thyiroxyl
resuspended in 1330 m af fhe surgernr&;}?nt, fol | owed addj tion fof 70 M of
a M acid st%RW SoMeriBH™ ¢ 360M PP NI oA HaK8UR 17419 Bh EBRTTF 4L Bh 15

M\l . The congentsiat pd: Q%lﬁﬂé&%g%%uﬁch@& a§ @S HBREBERG A0S £RA%BY 8Imb Bl seven
200 pi sanples, 1 ﬁWOf pure -S- MW was added to each sanple (tinal

concentr at i oningd@viaynd/phe Loulx wariest ssedislasphersinakevidg vBOD ofpreclargansom

t enper atur e. 1t i xt ractian. ner.for by
add ng 10 piorSBSSH s PRy D Pl EheRE! LORM W ARSI TP he
| i qui d- | i quiithsextiveaetlbivewkids bin F8iRle p). BAIJAU {dnTiBAhostk@ooh ga tecarphalste rthers
renoved, evaBorat ed, and redi ssolved in 500 pi. ACN for HPLC anal ysi s.

SELECTI ON_ OFDPIVEhY ABFIVATRY FRIPARTE SO ("ErEREENARE] YA O PUFHLL AKha908Y 6WHon  SDA

slants for 1Qodava BOdiSBOLEShABEE dPALVEShEdrMhtNhA%nTNRRD -8 Ay k0@ anbs of
nol ten SDA was seeded with '0.3-0.5 x108 spores and poured into a 230x230 mm

plate. Col oritezcolioih spupat anodicer amyasigginecaoube reld danggdwey Icopbames
aa7c t0 sar byt b TR Tk A PRI e SRR S o
expr essi on waperimdug elek syl fhioester is a butytlyl-thioester, a N-acetylcysteamine thioester or a
methyl-thioglycolate thioester. Optionally, the acyl thioester comprises medium chain
length (C3-C6) acyl group moieties. In certain embodiments of the invention, the acyl
thioester is able to cross the cellular membranes of Escherichia coli or Aspergillus ferrens cells
25  growing within a fermentation media. Typically, the acyl thioester is selected from the
group consisting of a-dimethylbutyryl-S-methyl-mercaptopropionate (DMB-S-MMP),
dimethylbutyryl-S-ethyl mercaptopropionate (DMB-S-EMP) and dimethylbutyryl-S-
methyl thioglycolate (DMB-S-MTG) and dimethylbutyryl-S-methyl mercaptobutyrate
(DMB-S-MMB).
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15 0.1 nM I PTG at 0D600 of 0.5 and the expression was perforned at 25C for
16 h. 5 Ml MJA and 10 mM DVB- SMVP were added to initiate the reaction.
After a cwotaiv4smaction time (45 mns to 4 hours depenacmgsenobm3gactivity
of the parent), cells were renoved with centrifugation (2,000 g, 4C, 5

m n). The anount of supernatant spotted on the SDA plate was typically 1-3
1.1,1. The plates were incubated at 30C for 16-18 20 hours. The i nproved
mut ants were sel ected followi ng visual conparison of the inhibition zones.
DETERM NI NG WHOLE- CELL BI OCATALYSI S ACTIVITY WId type LovD and all nutants
were cul tured i Mypdoahltglthé oxtacodipdsdusg mhe #itu?Df shaighencobonyn aflowhene

freshly transfo d, YT2 conpetent cells s used to.inoculate a 5 L

cul ture supg Pefﬁ%d?ﬂgéél“\iﬁﬂ C@?Pﬁb?‘a_aké‘na?ﬂ} RSBl ERNYSVEY YAt tbi%&h at

37C, 100 pi Rfirddiecoubtalr SoWaslih GC\Wt@thiglrﬂldPteQ ShdfadeB. Medignm issipRliement ed
with 35 ng/L kanarrym n. When 0D600 reached 0.4 0 6, 0.1 nmNI | PTG was added

to the cul t resdadoexisrassigoncostpoand ap avBw drocaist so wadsgettively redatath25C
for 16 hr. Te t si t ntation condi cells
wer e then conceyd?&a‘{ %% Q%EPAO%&C (#S;jdr efYrgdsgéptn?o%%o suq)étfl% (Eflrggéaﬁdwa &

al i quot of edchreul Irus econas sepl thecthedurbys dentcohibitgdtwidna (@CeoBpOOM ig,a 10
mn). The cell pellet was ntly resuspende m of the di um

super nat ant , SR PIBY S 'ﬁﬁJPBFFT Eﬂgr?lﬁ? %‘EFPS%A%“‘(@%“&M gg’i‘ E?é’i?f 15 a
final conce%g Bl Of sidmadiivin, M%x&ﬂ@@%ﬁ%@é edirgul &ddfy'ﬁsv\@%rénﬁ'% bd¢hded
into seven 200 1.11 5 aliquofs and 1111 of pure DVB-SMWP was added to each

sanple to a SrlraVaS@@ﬁclémﬂrﬁa% itln cohp@mdnl hamqu Siradtiviyl tlardev gértbe thighn
shaken 3 t i Xt r of one
ot e 9 AR ety mhof Al TR AN n A ITP TS LI M Aol

fol | oned by 20R% r’a(tt) I%%W}ﬁ@&nt@boﬁteﬁyheraﬁdiyafeéerémzﬂl, ach m@t};’k%s can be

trifl uoroacetlﬁfc d TFA. Th ani cﬂﬁ)pgase was re ved porat and
redi ssol ved HAO™MIE 806 ‘43114 eéto NRAS eSfSBraSH?’E@ %ﬂe%?% ?*i‘?é‘n L cel |

activity waspegtsesmicpedody bl tohﬂitgs R&es! hNRAFy METHRAS BEmtheHCQRY ek $hoN
time course pI ot. TM MEASURE Cl RCULAR DI CHRO SM ( THERMOSTABI LI TY)

Sanpl es vveré%ﬁwfﬁyemmmwlqw@h%?mprot eins to 250111 10 mM Tri s- HC1
15 buffer (pH 7.Q) ., ] %sét@rgi’ }’M%nt%'naﬁs% %Pdé"ar%]]%{ LE nGHYELLE t/ti] g tsl cm

path length and heated I'n a 1tier-contro at arateo
m n. El i ptidesigyedras fﬁl@lﬁtﬁﬁeOflﬂdnﬁthoﬂQ?ofnﬂiel mvanthbas c Olyppeltt oo lkas |1ﬁ&ﬁdazr

(Jasco Inc., Easton, . dpoi nt of the denat ratl e was
det er mi ned WIS @Edjlsmé)rﬁ%leﬁ'? Fhare ey It%I d@r;]ﬁ?g iRt
Nor t hanpt on,inMi}ien. 2Quch kits can comprise a carrier means being compartmentalized to receive in
close confinement one or more container means such as vials, tubes, and the like, each of
20 the container means comprising one of the separate elements to be used in the method.
For example, one of the containers can comprise a vial, for example, containing a
plasmid encoding a LovD variant as disclosed herein, optionally within a microbial host
such as E. Coli or A. terreus (eg. A. ferrens having a disruption in the LDKS gene) and
another vial containing an acyl-SNAC compound or the like, both of which can be added
25  to a fermentation mixture to produce simvastatin.

In a typical embodiment of the invention, an article of manufacture containing
materials useful for production of simvastatin is provided. The article of manufacture
comprises a container and a label. Suitable containers include, for example, bottles, vials,
syringes, and test tubes. The containers may be formed from a variety of materials such

30  as glass or plastic. The container can hold a composition of matter (e.g. an acyl carrier
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KI NETI C ASSAY OF LOVD \vi m TYPE AND MJTANTS: To obtain Kmvalues for M
acid and kca" the DVB-S-MVWP concentration was fixed at 2 mM while the
concent r avpaniiaf44498 acid was varied from0.25 mMto 2 niRCT/US2emER0BS

sul foxi de (DMSO was added to a final concentration of 10%to facilitate
the 25 solubilization of DMB-S-MNIP. To conpare the turnover rate of all
mutants and the wild type protein, the M} acid concentration was set at 1
nmv and the DVMB-S-MNIP was set at 2 nNI, the protein concentration was fixed
at 10 uM after the reaction was perforned at roomtenperature for 2 hours,
t he reacti omndas: guenstiedvibyh aadipagddcd/ dhtistlA, fdrhexaarpiani Thephldeonyasr dri ed

and redissolved. in ACN for HPLC anal ysis. 30 H GH DENSI TY Fl . FED BATCH
FERVENTATI cNSéOC{a%ﬁE ﬁ‘ggdthicé)néaé?Fé 1@%&%&%@ CBFEOTHOb Y Uistelnf st mpiier
W th some mdifiiCablyoprlsee, The Retidd @ fffnu@lct @l -may2 QB dher ABRriENYi Je88hd

M crobiol 68(7):3287-92). Vitam n solution except "biotin was excluded from
bot h i nocul aPhBifcricanpriingraeitherathforndrentsalestor 05 andidpa to dealssaenthieony T2

strain ich_ h j OH C Q requi iot] o] nQ ly.
The strain VIO BATL STl ARG e b sy Ee n st TS i L B L

(Wi th 35ng/ Linken} tlat pddudtioand 2G6fn ripmymdiianies oveée mirghicticn ot sikeawad, uséd t o

i noculate a 100 m Fl dium (wth 35nmg/L kan The  Fl . medi um was. grown for
anot her 12 r?amﬂ,ac%ﬂzlsqﬁﬁn%ﬁfaﬁbtﬂcbé& TIPS ,de&ﬁ&ﬁt Fien el I BEFRbt e has

resuspended gt A%l helElin ARG, AN0RY! ALAD 1LANG, 8o bkd kAR 1 kon

Bi obundl e vessel containing liter of FI medium The cellS were grown at

37 C, the pHprsgas Withilptared fatusg. 1 t hroughout the experinent with 2 M HC1
and hal f, .concent r,at . 4 . T i Lo . nd.,air flow,a ar e
0 lﬁurt%gli hl\gél_!)df ¢al 21@@%%9 orfattne 1 zf{%gog a0 clhgzlél sed! B blg% %(quovv\gt{cgal ly

adjusted to maintain SSo oxygen | eve ove 2 ypI
t he agitati oacdoak.nt ai ned at 1200 rpm and the aeration was controlled at 15
0.4-0.5 liters/mn. As soon as the glucose was consuned in the fernentor,

whi ch was indicated by a fast increase in DO level, a peristaltic punp

delivered 0.B(CHPMICALWYPHEESOIOEMBODIMENTS OeTRRRINVENITON he 0D600

readi ng reached 20, the tenperature of the fernmentati on was decreased to 25
C by cool i ng wat €kt apreeiaiin of PTGinwepces dedetiorephen fsdpalisped by tocyspduce!

pr ot ei n ;expr i r i Dh~EXAr.essi } i ned f 0 her
2 hour o ERERHERR) KR AL TR aRTEE! AlndRE IS0 e B R
decreased t acdbthst@meandhpHL. wasg,glf.addgldiypepitjeusiosd n0SEQ8ID BOOh Isuhsiy at es

M} acid and DVB-.S re added to the fergentor ;to,injtiate th

bi oconver si LR ] I\r/ggfré\ﬁ\f\%és dﬁgg[& ved's niﬁgpzy(néeddi 7 SheeH S“Grlgfgﬁnples

di ssol ve) t a,cRKe.oDf dahights GRNGEM [Addi@dktOh w8 TN o B iVME- e raggled
pure. The feeding rate was controlled at 4.0 nMh ( acid 25 to mnimze

t he di stur barickesofseatives distyss peavipuply ipetie didcherasduspere dfouifstypHPLd vies: used
AND DO TR PHag ™ 1A BSGE BR) S v B LR i B P hen
at equi | i bridumly 28ngns&BS taastilagdd@eembodiments of the invention disclosed herein.

In International Publication No. WO 2007/139871, the promiscuity of the LovD

enzyme towards alternative acyl donors was demonstrated. This disclosure teaches that

the acyl cartier/donor does not need to be attached to the LDKS. Alternative thiol

25  containing carriers are suitable, including acyl-CoA (coenzyme A) and more importantly,

the membrane permeable acyl-SNAC. LovD does not need to interact with LovE and

can accept an acyl group from a variety of different donors. Moreover LovD can transfer

a variety of acyl substrates to the C8-hydroxyl group of monacolin J to yield an

assortment of lovastatin analogs. LovD can regioselectively acylate the C8 hydroxyl

30  position in monacolin | with a variety of acyl substrates. Amongst the successtul acyl
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30to the fernentor and stirred for 30 mn to conpletely lyse the cells, the
pH was adjusted to 5.0 by adding 6M HC1 and stirred for 10 mns, 1 L ethyl
acet at e (\EQRomwes4@dded and stirred for another 30 m n t @CeAtSc@O510BE
product. The m xture was poured into a separation funnel and waited for
about 1 hour and separated. The water phase was extracted again with 1 L
EA. The EA phase was conbined (-2L) and concentrated by 5 rotor vapor to
around 500 m, the EA solution was then washed with saturated NaCl agueous
solution and dried by anhydrous Na2SO4 and filtered. The EA sol ution was
concent r at edirdwpsais focidmllethybhtynyﬂ,LSNfAG, Sthieh yialdd stoieated imidid podics at’ Uroaded

NH4OH and 50%rretha to a fina o) ution wa kpt at 4 C for
1 hour and fAft&EE° Moﬂ%“ﬁsﬁiy Oﬁaﬁ%vrltyaﬁ@%@ {iﬁédﬁﬁﬁlfﬂn A sh vl y to

gi ve white sQhibdrcddilGhcd@s HEkrIbb0s H@QeLoVBCdﬁléB@lﬁa\éﬁl&i}% %na@dl%é\/\ﬁﬂg&ted
The purity of the final product was determ ned by HPLC. EXPERI MENTAL

RESULTS Two dhethilutypigeao yighdathe @hgﬁwcmygm@@rtwmﬂém@:tem adtingihypugtiler

I t [
oAt e SN N AL SRR By B e e BT 0N o8y Bl OB UL, O
step N -NTA a@ah@mamﬁn@ht@ozaﬂle d%hq:rmhdileamat: isvepligélas af priadulrchr tiy ﬁrezol ovdd, we

found that even.at high DIT concentration, -20% of the Lo pr tein still
formed ol i gcﬂ?%%ms%ﬁéc}ﬂ?%%ulpf?kagoffoﬂrd? BeRReEn efm%ssﬁgo[tcéf%s)fg? UPFots for

protein cr Y%ﬁir&été%ﬁ&rfe&%@édﬁﬁ G RA0SET 0BG 20 e&lﬁér%ﬂ@"en&&g@n&isfyf&f ent
speci es (see, e. Nenoto et al ., 2006; J Appl Phy5|ol 100(5):1688- 91).

One of our pﬁup Esogeasubta BabyEmcnhiEon redinmeineditcdy afford vty datinoRde/. By
replacing the, g%frw‘?é &, nggeguags r‘x’n‘fc%obm"?‘lh?ﬁ' fnl? {5%9%5159% & Jh(;‘h%r}tm!o()\’[)
TVity while e

mut ant can keep e acyl-transferase ac reakl ng
i nt er nol eculsanvadtagul fin Giietelbﬂﬁld&l PWlicati soNbo Wil 20®i7a/ﬂ39ﬁ7nebcttha:morﬁe%ro]f artdhe

expressed LovD tei S |nsol when 25 over expressed co/i. W
r easoned théirlmf:fﬁﬁl EBWE@&%C[ %{% Aay? b%roé’ﬁgng%gur\ﬁhé’ﬁ "l‘rh i rff’[érsrtr‘ﬁ fecul ar
di sul fide bQﬁ%eXp@&s\ﬁ%er&mWLbth mgnleow@mv\@fm@kﬂa@ ncﬁ&r?q)e(r%e%ola%dgfroﬁa' dber g
et al., M 2004; Proc Natl Acad US A 101(45):15893-8 There are

ni ne cyst ei HesndnmtippPrythrodths avltate ie heodddilt i on of C40, C49 Cc60, C72, C89,
C216, C266, C380,, 333 %b%IVecﬂlvD Lxu%alg&%e&i? ?gal%{?ﬁ% fe?nt%e; ?ﬁhﬁ To%étﬂ%nt' fy

whi ch 300f the nine cystelng resi e Su exposed and
m ght t her eflossgnthedigmih des ir¢ggdsb ecifilialy h&ilde t}b@n?ﬁshydﬁ;nygidmg ihheoksbh J.

esterase as a errpl ich has noderate se C ono 0% (see,
e.g. \agner Ié{ han di i Sf&@%”ﬂéﬁ%@?%&ﬁ?&g?” i f@@%ﬁ%&ﬁ%&e 3Ry BT
5):596-8), fa'n&%h&é’ f grbﬁiﬁsvo@en s%ler@lted(;;mh ARLAER MR LS sFoM chdlﬁl@dl?%u@%%& bl e
resi dues form e responsi bl'e disulfide bond. W nmutated all "nine

cyst ei ne dmy@ £ Rprodvderibe phrsmbgeugmdly tiopertaatiennbnen sphgneitrmrnnt s
naned A]2‘0A9-m The, $8aUence gl it ML ANLSMBRYEL § sGshiRY LN KeIHenshng:

strain of 4. ferreus, the lovastatin biosynthetic pathway can be redirected to afford
simvastatin directly.

International Publication No. WO 2007/139871 teaches the tolerance of LovD

towards different acyl substituents by performing the transacylation assay with various

25  commercially available acyl-CoAs. Assays were performed with 1 mM monacolin |, 4

mM acyl-CoA and 10 uM LovD for 10 hours. The results clearly indicate LovD

polypeptide displays preference towards medium chain length (C3-C6) acyl groups with

butyryl-CoA being the optimal alkylacyl-CoA substrate. The bulkier benzoyl-CoA was

one of the best acyl substrate examined, with nearly 70% conversion of simvastatin to

30  the corresponding 8-benzoxy-lovastatin analog (apparent k_,, = 0.16 min™). Introducing
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We ran the native gel of all the nutant proteins together with the wild
type LovD protein (Figure 2b). Fromthe native gel, A3 fornmed al nost all
nononer s,wardi1Al444vad sl ightly nore nononers conpared topPChasailodsiogppe LovD
protein. The rest nutants 10 didn't change the percentage of oligoner while
sonme nmutants such as A4, A5 and A7 were not very stable and forned

i ncl usi on body fast. A9 produced no soluble proteins at all. The results
indicated that only the first and third cysteines may form i nternol ecul ar

di sul fide bonds | eading to oligonerization. W then tested the in vivo
activity of omenrnjtu}eudmﬁgmﬁ&nﬂyﬂdmmrhs@mcﬁm the awisteah i 5hd §penctlondd ofBot h

the mutants and the wild t peLvDstr re gro di a,

expr essed ar‘?ﬁo%?ll@eh’c“r%{ié?ﬁes%cet rfé%to’flye t%etﬁ éﬂA ﬂéﬁlygge%@ﬁ‘é{ﬁfl'ati on
after 16 hoursy xRS 8BS QFcIdht KBstatesBOH hotW, 1ﬁCgon apdcBMB-GMYR Meh& agded to
final 15 mNIl and 18 mMrespectively to start the reaction. At 8 hours, 100
pi sanpl e cuhewcelindssceak@ntolieds d- chabk/ tHébiv/ot WO, $DReERSTondfmemrain aci d
to sinvastaty c Fi 3 S [ V, t he

it ant s Somara 15 fraiy sy fel SRR e A e e BB ety e
to 100% Fraompebdrelyesihbse vie @am ssre&arehaisaymSLoﬂf) vtk énatttatovans meoeyl-

unf avor abl e and sho eﬂ%ower whol e cell activity (A2, A4-A8) or no activity
(A9). Ve redd RAH se cysteines may formintranol ecul ar disulfide
bonds which st abllht&&ubhﬁ IR lUEHLH N, A Ot AR 7PIORRI RartPStan@hed ME sOMARL S

|'i kely disrupted the 25 intranolecular disulfide bond, |oosing the

3-di menstl orfakcilddifiaget dosDopwitde alpﬁrrmteﬁrzrcséﬁafﬂﬁek¢8ﬁgcmrﬂﬁéh<ﬁﬁc§1@9érar¢ semelree@l eto
form i nglyusi 0 e a et 0] m

282( 38) f%gbz?% Wh%ie“%%@u??f C%la éell%r%%aér{?ﬁ| ée“éb%%ea whi ﬁg cy 19 é?“%e <f Sr}? i zed
the str uct uraect@yspaofied mloartdrswmﬁti) bystietnesedastenotene gixfobd:s mﬁ pstaabiold zi ng

he S A SR e B L g LSt 2
has sl ightl yschj gliemhyRGtde l&'c@)l)ftec(mQ}Qastr&ehﬁ'ﬁs%\x}ndtot%pﬁcosz[g@ec@e P@stidaton s

crucial for LovD stabili ty because there was no soluble protein can be

det ect ed whenr RYANES teipeessedireqpEbidhaHRRS WHOY r@Brdin AGT Ryl FYMWASKDEE TO
H GHER QL U\%n'a]h TE@D/@;JJ}?J Mﬁ» za%/ fzg]se%rp&%z '4?69%)' L% NIt 2LOUNEE %&Js#eusgf eto

t he hi ghér actrvr he nmutants are nore Sso

conpar ed t o subeitwkd dott yyperyl- @@/@teffeﬂemde, Wiklabppiahet iyt ahies did® hinghed (IZBr nover
rate than the erdtgg ovD gh |nat|0n of both. To di scov gnyAl
and A3 showddimh RSFL GG VY 4B rrn%fpéﬂft@rqtﬂ%%ﬁ%fﬁr%lat R

others | ost @gtriovitdsasll awarem&egb&@eem@mlaﬂd 1R PAntBVRL 18h 18l | the
nutants. Al 10 nine nutants and the wild type Lov proteins were purified

at the same fot msuspdifaingérapties- same conditions. The proteins were purified
from S0 i LB Cu'l’iqliéﬁr%uohé?@b‘ﬁ@a%oﬁlﬁg O?/d %éjf‘/ggééfﬁtteth%gﬂaQQng’gés%d coptains

250 mM i m dazol e e concentration t he raction was determ ned by
Bradf ord Assaythylbithgl-BSACasdtohéingtigtidand-SN/AC exebt iedliy asswe fbothedn trhat  t he

ratio of the soluble protein between the nmutants and the w was
consi st ent vﬁhflﬁo‘frﬁém?téﬁ PRSP t PO YR O GBS BB I SR AT BV Tt gﬂfﬁ%ﬁﬁ 21fehe

wild type (RheWhen Blgurcl®er $@bmbiiddal Pulffcadn WaSWAB%OMT god7hamiN@sibsutt type
whi |l e the conversion rate of Al at the 8 hours tinme point was 31% hi gher

than the wi ltehchgpdat it gurel, 3-Shstebupivie sidhehad Wieweritsingdlausioritsybshie he

TuLant Lot & DpalTB, e (O eA3AN 0% dUhLeranta ol ey cel b aghhy) ti es.

20To further ve t Ivity o S was caused
by of lovastatm synthesis is more than 50% slower than that of LovD towards butyryl-

SNAC. This provides evidence that the wild type LovD has not been optimized towards
transferring the branched substrate. Addition of a second methyl substituent at the o-
position further attenuated the rate of acylation, likely attributed to the increased steric

30 hindrance of the dimethyl moiety. This disclosure in International Publication No. WO
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different solubility of the protein, an in vitro assay was used to

determ ne the kcat and Km of LovD nutants. The concentration of DVB-S- MW
was fi xedwetof/mdand M) aci d concentration was vari ed PrcorosS@oidbsssto 2.0
mM The kcat of LovD wild type, and selected nutants Al, A3 were determ ned
as 0.62, 0.62, and 0.64 mn 1, the Kmof M acid 25 were 0.64, 0.68, and
0.66 nmNI respectively. The kinetic constants between these three enzynes
showed that there was actually no difference between them For the rest
LovD mutant proteins, we only checked the conversion of one tine point. The
assay fi xed 2007 acbel/ laindomBaGeMVRh clondiendduad pronidad hdreiiroddes Ridee that D
proteins are fixed at 10 uM a 2 hours' conversion showed .that they have
the same tu ig)e?anrbftr@‘.mfeﬁ PREINAGITAPIS GEAIcrtics R PEY FrBAte, T pHRe E?oﬁ’igcf’é%frﬁ%‘?ti on
of both subsh¢ al:@sHAer &bEMEH H&QQ@&l%%%@aﬁHhPBnN@mﬁGkﬂ AL EMBL SN B, so
the whole cell activity was only rela edgto t he kcat and the anmount of

sol ubl e pr oti@iprevedisetaiyfc gitivits K watrpredass/dy. Talires herimponed sefellc ehpressidve

mut ant o, . OOBCET i A R RS Rl cRs P B e e B B ot
Af t er al ani neokdamnictigdrtichge dest discloedfiotirgnplhdtbelohg first and the third

cysteine substitytes showed hi gher activity conpared to the wld type. W
reason t hat furtﬁg}m%%%ﬁ% PR AGALCREQE RRECEPLEYC KRS eT\lg‘%fi’tséng‘ﬁf& ants.

Due to the djffif&F sOblicRiVRaEhcrdlyORQEdLSd BRELISLAR REIVRaNEYS&ike, which
is polar and slightly larger, and al anine, 10 which i s nonpol ar and
smal l er, we changed cysteine to other am no acids such as serine (S),
t hr eoni (T), asparagine (N, glutam The nutants were derived with
t he sang%site-di rected nutation net H%@éﬁgamd as 51, S3, T1, T3, Ni,
N3, Ql, and B r éHBpdétampids\belovéprosidd iltukeatsame:thedswvind enaestpiriharent bt aseheck
the whole cell activities of all the rrutagttﬁ. .The.corglversio showed t hat Al
still had tHB HF GHRSES &G Fyiey slPAHRCTES PSrhq 8M5BERT FBROWK PECRe AElEt he
hi ghest actiyidys ate 1hfe tehler ApRLSbt RN édrhGMEE tHhk - caBUNdMIANS Ravgr 25%
i nprovenments according to 8 hours conversion. W then conbined the two
mut at i ons t endodipentyod digbinecnign aitcloagdNBereinr e ghrebi trelni¢rpetnePrklicatidton. | n
Fi gure 5, r t [ c f W , N3y AlL\N3. The
assay uggdmﬁﬁ(g' ?gsrrezla?(jr}élgﬁlbggé %gégr?%%qg}éff Ozr@%é gﬁ@%ﬁ%héc eé%p%%)”n\[} 1si on
every two hdunsconABLisebidD 200pedipeds(7)A0N3-60p e nadalt, hBiohehedli Biahg.peaperti es
of the two nutat.i nd ¢ leted the r I in.,:8 hoyrs. A N3 s about
50% fast or ChR DALVl Yot ATRA-Pebo g SO0 SO P Thar A i gt & TRt ant
Al and N3. 1ol ibtdo 0RE 38N 6@DEL 0BE- 94 LIhR @XRNBSSH ORh | FUSlicIEXREnLESBHhEJahSO
denonstrated that the higher activity of the double nmutant Al was due to
t he hi gher gefetyct-ity of the protein. The results of the double rmutant Al N3
25 showpd that the nutations at different position of the protein are
synergistic (see, e.g. Geddie et al., 2004; J Biol Chem 279(25):26462-8).
H GH CELL- DHNSAVPIHERVESIIFHIIORECTED MUTAGENESISgO& IM@a¥Dt A.EAXT0Y eTOhat
our process EBERVAGREB &NHOLE-OREJEL SIMIVA STIATRRS PRODUSIONIUCt i on, so we
optim zed the high-cell-density fernmentation and tested both the wild type
LovD and the doubligs mit@ple AENsrBot Ro@l dWeom@chd Mididhon (gl¥eDSRagStd he
limted source) and DO limtation (dissolved oxygen as the |limted source)
were st ddi ed-av® voaparcerablseof wlsoited whple-calb tiimyittitagrodesdone, g. Qoronfl eh,
1999 Appl Bi ochemBirataghngl. 8O(2h:ah%:f NuadbedOMNTub B ADETRES! b ©
LovD activity fromglucose I'imtation was

LovD. The resultant mutant AIN3 was more efficient than the wild type in the whole

cell experiment. We also optimized the High-cell-density fermentation to produce more
recombinant proteins in shorter time to increase the whole cell LovD activities, which
30  can be served as a platform to produce simvastatin in large scale. Combined optimization

on LovD protein and fermentation gave us much higher simvastatin production than
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5 much higher than the activity fromDO limtation even though they have
very simlar 0D600 readi ng, possibly due to the accumul ation of glucose and
acet at e wNpchtiaf#i®eét ed the cell grow h and reconbi nant PCOUS2M0AZPBESSI ON.
So during our fernmentation, we kept DO | evel above 20%to m nim ze the

gl ucose and acetate concentration. W also found that expression at 25 C
gave the highest whole cell activity. Increasing 10 tenperature resulted in
nore LovD precipitation while decreasing tenperature resulted in slow cell
grow h and required | onger expression tinme. Another inportant factor

rel ated to theéoraholdeheel2D ggdttyiald by siofvadroiDeanals ithetpdive alta@ativEne @elehss wer e
grown and expressed a H=7.1, which was not efficient for the reaction. A
pH at 7.8 gd0¥teHe rﬁ?té?ngt whol e cell activity in turning MJ acid into
simvastatin aci d,B&@yPehar 6si@d NG ARsSUbs bhat RSicicMestAlAsdya) d M NGt @ase pH
to 7.8. Substrates addition was al so very inportant during the conversion.
H gh concentwluig @ﬂﬂwcaws‘aéhedowrﬁﬁp@%dscwg%we Ipahriceiplyzad thpeowssisian, so
we added :bot u t sl0 . 1y Nie M [ rbance of the cells.
o on SadPer el SRR RREIR UMY b8 UsThEEONIE sTRANGE 0 aaCIaglrnofrarjpt
decr ease i n lidhes. XS-RAGEdenStit yf DEvID bieovadl thg nfdre guihéali)of tAfTt@D plogein in
substrates re added to the fernentor, 20 HPLC was used tq_ track the
Formut i on of si A&t AEPRSSEL SO bk 1 KT §°) SR Pl WiNg %Wé%n%ﬁtetm y
convert 45 mMMbiRe dedRessibivastBhiln Reindd Wapdes ¥TmRAVBlrhad 8386 DTT
conversion in 26 hours. Even with prolonged reaction tinme, the conversion
by pAWB1/ YTZogemfetothe ¢ deteenise the cPhgingvesidnge raspasthlopr oligemerstion, SaghM h
for YT2/,ALN3 d_. \I /.h rYI2/ . ich _neans. the doubl e mut ant
was 150 mortd hy Pt Puftiid o LR S Rt MDA TRONS G A RS eT T

| ar ge scal e drerdreint atutans (namedDWT-ARY dhwnsdilte amiqauedi thatcat ¢rooupsfotessye t he

cells were conpletely lys to rel ease the product because al nost hal f of
the product ?%%F%aeﬁsﬁttaﬁgoféalf@?t m?ﬂ?fgéfﬁ&rl&ufeoofﬁegﬁv@ﬁﬁﬁﬁaﬁﬁ%aﬂ% atin
ei ther in acdeher MekorkNick@abR08af FEHA p&CL1IYadld 0 S1demerstibk € 138REOt h,
we recovered the product in ammoniumsalt form After the cells were |ysed,

the pH was adjdysnebeseonBags shogri yhat brealiog éhtprarddchredisHidghbesh¢eharhtiPon of

HCl to ke .si tin.l r ~ by EA
and cong%nt rlf;(l[rg%?ég%‘%o%ﬁtﬁg%g&%a%gﬂ%5ﬁ)§%?%$wﬁ%&%%§u ufgfe&tcé\lgéésgo ded to
t he EA sol ut(deimetl as aaiwg). t Dst mv éstlaghicn aadiigl osixivast 48,iwe amieneypiosdllic
(SAS). Once S was forned, the salt will 5 precjpitate out om phase.
SAS was dri égé%\@?mﬂg@ﬁtm&ﬁfasmitbﬁéawwﬂ%saﬁu&wg@%f @ﬁéﬁ}yi@,dﬂ.m#@’ %%E@%est
mut ant Al !\|31(Q>.h®</é1hﬁﬂ§$5atW1 @&:’! Ho@eot (\B@%%&E ﬁgﬁiert%&@a%ﬂ' &Eﬁ@mﬁ@@h’&?t to
simvastatin was 45 mM Addition of npbre substrates resulted in | ower final

conversi on. Searpitpgs ai hh rderapMing  Bethampanignkowid 5% dighentcarity @60 ol  SAS
can be fjynal]. o] d e t |y f acid
o sAS vate. 865 PFEO b AN B NS Bk b o RA% T
t he opti m zahiwtivrenaddhgavie edevigghes pivboless:llaqutivity rwikte r~50tp iropenantntofhdrhe

protein, nore products can, be regqvered c‘g otal yield wll be higher.
In concl usi &7, "RE“eXpl r 8t &5eh %eflh‘é“r}%aggﬁ ﬁzﬁ_%iaﬁet c i"ﬁlo_ieo\‘}% lﬂ?c%fﬁéiﬁi ne
scanni ng MUt RGENRYI 1Seh-Y-daURdfcth@tnadonosi@ly (G RIRg By steidiesn GhprRg, C3)
are responsible for 15 internol ecul ar disulfide bonds formation, and that

the rest cydPéd-aes careritpoM dHtackole spebiaip 2cidgvitive 18 thowest whide efder e

prot ei n C2, - o LS .@s i3l I of come
B0l ubl 6.2 Tors e S o S R 5 e B AR PP
because t heyrolengdmome 06| blre. t hgnippbe with chet ypeant DA @ raant the esp tohieed
substitutes at the first sition and the third position showed that A and
N3 have fastBieTenmahal at YHANPPRE: SEHes il SAES P ERIBTE L REI9NG
showed t he hirghest@gtivity anong all the mutants which neans the two

mut ati ons acted synergistically. After optim zation on High-cell-density
fermentation, we conpared the reaction rate of LovD wld type and nut ant

A N3 usijng FI mnimal media. The mutant YT2/ AIN3 showed inproved ability
and can convert 45 M M) acid to sinvastatin acid in 18 hours, while
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25 the wild type YT2/ pAWB1l took | onger tine and can only reach 91% at the
sane conditions. W used random nut agenesi s and DNA shuffling approaches to
further iwprou4tdve t hernostability and turnover rate ofPCiasEnibasmds on

Al N3. 30 EXAWMPLE 2: DI RECTED EVOLUTI ON AND STRUCTURAL CHARACTERI ZATI ON OF

A SI WASTATI N SYNTHASE Thi s Exanpl e denonstrates how
site-directed nutagenesis of LovD leads to 5 LovD variants capabl e of
el evat ed whol e-cel |l sinvastatin production. In this Exanple, we

enpl oyed directed protein evolution (see, e.g. Arnold et al., (1999) Curr.
Opi n. Chem MAJERRALSANIYMETDHIODPEove the SV synthase activity of LovD.

After seven S, O ing, LovD nutants with significantly inproved
catal ytic acég&mﬁ%ﬁgﬁﬁ%gg thermal stability were isolated. In

paral l el , sevenpX;yayr.ar¥etakeratdnst (et We8Sfol M WA GISME, PRIEAlsdQ¥D GO,
an inproved nutant G5, and the co-crystal structures of with MJIA LVA

and SVA wer Motncaling dM)Tared, ang J2MB-SHVNR tigre sroprigd iad eleseribed eraveesdly tceon
det ai | s r.egar di t he ' of | yisi Su ale-,and proc .

bi i ng, *pr GBI Bt 2 1A e B ooy T T a0 bl 7 ARE B L i 1 on
for the effespssddn henef Adi ahgatit attcopsclaned dtorh ysindard 1 liadeb.or Atdysanaty mes
found in natural oduct biosynt heti th S catalyze w de array . of
reactions, iEIPGY gwﬁr&y?etttom‘fl e‘Ylﬁ’( g@)@%aé’}tgkyE?Yﬁf?&rfihéseep?%C.O,Hm(%é%‘%d]mem
Biol. 13, 30850337ku, @byaRsykalicOmnk)samcae ohdickPab®,etHBIN ih2006) @eience
313, 1291-1294), hydroxyl ation (see, e. % "Rix et al., (2002) Nat. Prod.
Rep. 19, 542i88@yacshd atidl[bGehari B CEEEN & yateNélhanhE &t fog] 10, mimeadyhaChem

Biol. 154 99%108). A 1“;%1“9%‘% of these enzymes 20 decorate biologically
i nactive precursors in (4 pharmaceutically active nol ecul es via

regi osel ecti ve and stereosel ective transformations. As a result, tailoring
enzynes are racti J bi ocat al ysts towards synt hesis of

sem synt hetlﬁ%ﬁﬁmdf@@z\?ﬂhg?%ﬁagﬁr braries (see, e.g. Zhou et al., (2008)
Curr. Opin. BiotgahrobA 39y, OBk @%{)C()d)&\(}%}, g7an @ayldgoans{sraseAf din

Aspergillus terreus and is responsible for converting the inactive 5

precur sor norReo! (), LBENAABMIA SNt HESchbl €602 (DD - Colle T IngCelflLgrd),
| ot . . e o !
e el b raPEh S BY BaP oo B pabi sh BREAIIE R bl

284, 1368- 137@agmesiXugn@tpAAV31, a 20QGjte Chierm afdi dle. priBers 1it6d -BeltQ) [Idribiur e

7). The inportanc t he hydrophobi.c a-S-net hyl butyry j de . chain for

bi ndi ng of Lrvﬂa‘fto%#&% CoA ?Eﬂ?fﬁﬁ’isé“ﬂ%s‘%ﬁe‘”énteé‘{prlﬁ%t ﬁ?‘é%:hr@éomwiﬁﬁgd“(dsee,
e.g. 301Stvan,el @ha, P&APAL)s [SEh@NCRI0292imdd 6Rrclkbithled IShERGAL LB Ficat i on

of the LV side chain to a-dinethylbutyrate yielded the sem synthetic
derivative giodvastaenas t¢ gesired@ingno acid codon sequence, while some were introduced one

20 restriction site by silent mutation for easy cloning. The introduced mutations were

verified by DNA sequencing,.

Only the forward primers are listed below. The reverse primers are the reverse
complement of the forward primers. I denotes forward primers. The number shows
the position of the mutated amino acid. The characters before and after the number

25  show that the amino acid before change and after change. The bordered bases
correspond to the genetic codes for amino acids to be mutated. LovD_C40A_Nhel I
ATCATGGCCCGAGATIGCTAGIGGCAATCTAAATTAT (SEQ D NO:  6);
LovD_C49A_Mlul_F: TCTAAATTATACGCGTTCGGGGCTCGGAC (SEQ
1D NO: 7); LovD_C60A_Mfel F:

30 GTGCGACGGGACGACAATCA@TGCCGCCGCTACAGGTC (SEQ 1D
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formsinvastatin acid: SVA), which is the active pharmaceutical ingredient
in the bl ockbuster drug ZocorO (see, e.g. Hoffman et al., (1986) J. Med.
Chem 29,wB4011882496 Sem synt hesis of SV from LV i s a nulpCiralsesisiemsghemn cal
process and is therefore an intensely pursued target for devising an
efficient biocatal ytic approach (see, e.g. Morgan 5 et al. WD 2005040107
and Berg et al. WD 2007147801). As a result, LovDis a prine candidate to
serve as such a biocatal yst. LovD is a 413-anmno acid protein predicted
to have an a/P hydrol ase fold based on prinmary sequence anal ysis (see, e.qg.
Kennedy et alo; 8(;1999) C3eieRcE@ACEAC(R68CTBTZ)GCANOITH BN YIRS ThC KABGN
structure that are honol ogous to LovD is cephalo rin 10 esterase, EstB
(PDB 1 D 10 9D 269 Seduehbd Daenti TRTHOR BEAKRONEF NI AELOIGCCIRIC o, g
Wagner et al (2002) Protein Sci. . 467-478).,.The li kel l, pase
Tyr 188, as VQEP as a congérved SXX ;E)_)atch t hat 1(%nt ai ns th%o‘gg*zliﬁlj\}gAs?te
nucl eophi | e GEGZAGOERGANTIdaTed:adroGgTGEGgament (sof) Lovd wiNG: EstiB;

(Figure 8A) (see, e.g. Petersen et al., (20 J. Biotechnol. 89, 11-25).
During LVA Hm%%@gislfr R @AEGRET R OEUY (eKideCeHai-anss (3BQ 1D

¥ anst or od by LAGD negTbLal Bt var s s K He B AR St A AT
unpr ecedent edrpol yket i deof f1 oadi ngyeechani sm (gge, e.g9. X &retcaba, p(2009)

J. Am Chem Soc. 131, 8388-5%?). The protein-protein interacti on between
LovD and t hel@eWwAT arei et pragpellh (KR CdondiCof LOUVR fal? | i NdPes t4hi s

explor ea nd SubsiPare RorSThrestar CobATRIBR AV GRERM TR R RER X oo
synt hesijge SYAQby using tipe small mpl@cul e substsate LovD_C60S_F:

a- di et hyl but yryl - S-met hyl mer capt opropri onate ( -SWMNI P) as an acyl donor
(see, e.g. XpeCelGHECGAIOOBNTIINGT ZDBOG T U eCOCTAS (FIGRBEIL REPi chi a

coli as an expression host, a whole-cell biocatalytic platfo r .
converting I\@g& to SVA was established that can produce /s —é@]{zmgPﬂ—Fow
t hroughput (GeeTERILAPEERICEAGAT] OTGECRAPETRAROO)ITAHOWE VSR agDWi t h

many enzynes that have been renove romtheir natural context, LovD is
cat al ytical IlyOsubopti mal as a biocatldhyst and suffers fromlpod?_Gdérhal

stability (see, t = ).

caral yti'e adrro S IBrtEIR Goeekn SRy PR SR R ER G 6% 1 oo
fold when cogpared to the natural suBstrate attached to Lovk.fseaon3Pe. g.
Xie et al., (2009) J. Am Chem So 131, 8388-8389), indicating there is
anpl e oppor tnih WA%%%GM@C%@ﬂﬁ%@ﬁ@ﬁﬁé&T%Téf($EQtIED. NO:

Furt hernore, the structural basis of LovD function and subsLtOrV%t e a&l 1g,(:ti on
had not been“€lucidated, limting our ability to rationally opti r6r| e the
bi ndi ng of theAdETGCa ADG R AgGRg VAT ATt et e cabGaoprovesiey DD
efficiency as a SV synthase. 5As di scussed bel ow, we enpl oyed directed
protein 2volN®i on (see, e.g. Arnold28s al., (1999) Curr. OdiyD_CHER T8I ol .
3, 54-59) tqg./ [V V. en ragterize
the crystal %@E@ﬂﬁ%ﬁ%&ﬂ%g%&@%&Emﬁ}lﬁ’gﬁ(éAggdg%&%’ggggégm %S%Iregsg ution
details regaxdi ng the mechamiigm of catal ysi gad substrate and.RDod¥od)_F:

bi ndi ng, protei r&é)rot ein interactio ith LovF, and a |ikely expl anation

for the effdebdStCTORENEGEIGEIC A TE el ey ST CORE gSEQ 1D
NO: 22).

25
EP-PCR AND CONSTRUCTION OF MUTANT LIBRARY
Ep-PCR procedure was modified from established protocols. The reaction
consisted of 0.35 mM dATP, 0.4 mM dCTP, 0.2 mM dGTP, 1.35 mM dTTP, 4 mM
Mg(Cl,, 0.25 mM MnCl,, and 2.5 U Taq polymerase. The reaction mixture was submitted
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DEVELOPMENT OF AN AGAR- BASED DI FFUSI ON SCREENI NG METHOD W devel oped a hi gh
t hr oughput screening nethod to assay for E. co/i expressing 15 LovD nutants
wi th i nprwoeedipueperties in the synthesis of SVA from MPATAISAIDVBSE/P. The
assay relied on the growth inhibition of Neurospora crassa by statins, a
property that was previously exploited in the screening of high LV
producing A teans strains (see, e.g. Kumar et al., (2000) J. Mcrobiol.
Met hods 40, 99-104). We found that SVA can inhibit the gromth of N crassa
at sub-m crogramquantities, while inhibition by 20 MA requires hundred
m | |'i gram quamnbidytlesPCRo94f€niondtrhat 85t hérdemsi iddviz’y fand rhieasitel desdlyneof t he

T NDA” it PG R R S R oo DR B BB D A TREh Ot wer o

directly spabtgdrmmn) GT%QQM&U&D&IQGMSF RSRfAERN HLSPRY Rl aliac.erhedded i t h
N. crassa at a den5|ty of '0.3-0.5 x 108 spores/L. After 16 hours of

i ncubati on aton@c;@g%ﬁmgé[rwnwm bition zones 25 were observed for sanples
containing different degrees of conversion of MIA to SVA (as verified by
HPLC) (Figure 9A). Based on this screening strategy, any significant
contri buti orPR(OTEH@HEx—XIﬁGISSI@bJ\/ANECPURIEIy:Aﬁ(D@h as i nprovenents in

solubility, cat i C eff|C|en d stabili canledto det ect abl e
phenot ypi cal Eﬁ%’e u@ﬁ?@ﬁ?\lﬁ?\l@ E %A‘@fz SRR PECEELL

ACTI VI TI ES Tb;anﬁ tl@{etttaﬂgfolarﬁéfr@\x(aggf&&ﬁHS@@nﬁiBOKQH i aum oDl I egLed,
evolution is the previ ously characterized doubl e nut ant C40A/ C6ON (see,

e.g. Xie et th¢n0. 1@%63?@@?@@%& indgjegupigin ckpssinatZ¥)°C fgol Ghgupaticnal | y
dto di d
engl neer ulBeag RIONE | Qush S LLARLIROLR) P AGEASERL AT Ay U

Bi oeng. 102,8.2Q a8).DThe2 muMaRDTA)bnad ilywsd \h@l’s@nl@ﬁt&ﬂi &l hiebeas tah@rmssﬁﬂaw ation

mut agenesi s or error-prone, Pol ynerase actian hat
gener at ed arP'aVey JGE ‘t%fnoﬁedsb u%?ﬂ%ﬁ (g’ér}% c’)[(l?ﬁg Elﬁ%‘)éd yaalg 2 rI@r onmant
et al., (1999)NiATah . redi @%1 Wg;fddeéé"ﬁaéﬁ%)ltanmﬁs' 1f1@@~€1§n e g&ﬁlent of

| i brary

screeni ng, the nutant was |igated into ga and el ectropl at ed
into YT2 coriméﬁeéﬁtmélelqc§a(1%&é0ﬂcéﬂtgaU0X|Oé iafdaggle. ‘(112(16 Yo NeOHB PrEaigs wgre

379-386)5 T owed
379 380) s, SRS CR AN SERE Gl i AL PP SR g o
spotting ontmvﬁ&ho@tnaﬁ@aolen@gkd:ﬁﬂ vk atlésl tof Gal tEncshowint dtel g5, abitiptoteins

i nprovenent in ol e cel|l gé)%l vity obtained follow ng four rounds of ep-PCR
(Gl, @, G4 Vesyaugind ke BP“Lat ur at ed nmut agenesis (G7), and two
iterations of combi ni ng i ndividual beneficial nutations (&, &), with the
best mutant G7 di spl 11 fold increase in whole cell activity as a SV
synt hase conpaide: @J%m@MEY@é) The nutant G2.1 20 contains anino acid
change t D12 I tants
s ng et omsrate At TR PR St AR S SECRRELAOPRNESIIME

whi | e Q755 adropefdratdas daakbqalo(seet th‘Xlefef ﬂgQOQﬁoP&pg]rErdziﬁoﬁ MGErobKhi78: 2084l t

suggests the, t tions . in Q.1 act synergl ti y to. e hance LovD
activities. 288&8 ﬂ%tﬁ d heaf gLy e %IFFE PYRIGOPT SHRRITOR i n
G2. 2, which pgsgle e&eyﬁw@le Hes}ﬂg} e f&hed aMRnd QMNAOfo BB PfRa sylmgiaﬂlmwe
next generati on mutant G3. Ep-PCR using G3 as a tenplate yielded 4.1 and

&4. 2, each contlanpitadwahdp gl dmn agdghiven araraighton 3¢ orbiThatniermeningl O K26E
and H16Ly/ Kﬁ% OE ggg%g@%m Y&ke §'be/$ i reshed. mﬁ%é‘@ﬁ’}&%ﬁ rﬁé) rhr IaB
Lov

both Al negatl fects on e activities enmoval
of these mutWheoOH,@nchcbantidn@ab, I(b]nmd)/f TIKRX6 Ezaaa.ﬂidddl to 6AcYcwiued ﬁﬂohxmss&ﬂh of
i nproved mutan

Gb, i ch was folf i nproved. i.n whol el | i Vit
conpared to ‘& Af® fvw}%miﬁﬁll gﬁtzo sq ffc th‘ﬁﬂ 3?68%% %ggﬁ 87 %é‘ﬂe%ﬁu%he €3]
mutant to prui@ens, the cells were concentrated 10-fold before addition of substrates. A 14 ml

aliquot of the culture was collected by centrifugation (4 °C, 4000 g, 10 min). The cell

30 pellet was gently resuspended in 1330 ml of the supernatant, followed by addition of 70
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insights into the accunul ated beneficial nutations. In parallel, an

addi tional round of epPCR afforded G5 that contained the beneficial

mut at i onswgBtiD4adyd L361M Saturati on nmut agenesi s was emrpiramgeaons2ospt i m ze
t he conbi ned effects of nmutations at positions 334 and 361. The best mutant
recovered was G/, of which the whole cell 5 activity was increased an
additional 20% Surprisingly, we found that while position 334 was altered
to phenyl al ani ne, the previously deened beneficial L361M nutation reverted
back to leucine. Site-directed nutation of L361Min G7 confirmed that

| euci ne was rhinaeedijtdeel norkesdaivar@reMriesiate té makdh Endaohexitratodn t henxNW334F
mutation. 1Q_IN VI TRO RACTERI ZATI ON OF LOVD VARI ANTS To di§sect
the contri butdREctHAtd B G 872 HENiTrePReaSes P cifaice R PFeach? ¥i YP'Ri neti ¢
paranmeters (Kgaos Kb, DSBLUBNT RIQtAHA tEVRhS ARG QI fkcritabh [N doymef). al |
the inproved nutants were characterized and listed in FIG 13. The bi nding
affinities (Rgcubprep ol mgn ahaksn nowdt v nrognd eDIVRASNNVP Avsrd éae Rowittshi n a
narr ow rang 7 to 0O for and,-0. I

e Svna B el Pash bR L i MRAANGD oI OB T L oS o
surprising dohsidelby ghid-hiquii ghacioncerdt @t plons /2 BubsThabesnidgedsd was he

screeni ng assay (-10 Km of A an VB- h erved inprovenents in
whol e cel | dEPPYich 9va89@teﬁa?rm] ?dﬁ?gvegtﬁ?%}%%ﬂﬁﬁﬁénﬁﬁ& of the nutants
and |l evel s of soluble proteins. The kcat and sol uble protein |levels were

sinultaneousEﬁi 20 increased -3 fold and -1.5 fold fromGlL to G3,

respect i vel YWEIHpFERS Qe HYGH MeThrldtYeME TeWpFe S iRdH N BNe) s of G3 reached 205
ng/ L. I n,contrasty, | nprovenen i t I ntributi to the
increasgg in mhoﬁg;%@”ngéggv%?Pé§l¥%%%??%%ﬁ%dggﬁggfgﬂﬁg“e&]%%g?gﬁo ably, a
si ngl e V334R%twath-600 fo0am @mblocdFD Aesds| sgedid utitied 310tte 10atmiryst ind faukaiover
rate. In addition, increases in thermal stabil|ity were ref]lected in the
Whol e col | dBE1ATDFEaT mo5DGE: CHlen il R S kg e gt et e 11 B e
te”PeFatUreSnﬁEhﬂ&iﬁ%ﬂﬂlBrM&ﬁ&ﬁ%%ﬁEb?n@ﬁh@ﬁnﬂﬁkﬁ?Iﬁhbémgvﬁgagﬁ%ﬁgﬁgﬁtﬁ
activity when expressed at 32C, the |ater generation nutants retained

si gni fi cant tSvagyatohase taetfevpd iedupligited plas. Bpemeapressoohvisi inileggd with
conpar abl-e LW t e the
renaineQSac3?@%“%9§¥§§h§22%£gp8§§%g&a%gé%%§y§%£&%%%%§%?é %%%ﬁﬁﬁ%%qgm
stabilities MfA tahé ToutrdntI3MIBaSNMIOiveRrosddadtopihaate dal rehdrjohi Adiet anseriain USI Ng

LovD as a biocatal yst for. SV sen synt hesi s. .. To exam ne_th
activities GFAEHR Gt %ﬁtfgmf 6%&%‘?%9?&% 8 ondPe ARETRA AP BT ifﬁ? &gfe
product LVA .WevRELHRCARHKhNLT 260835 AXS SUSIHITIRCAABI W RUS M e SR
(MBSMW) and MJIA. A simlar trend in the inprovenents of kcat toward LVA

synt hesi s we Blsseryadhtg Fagapecats -3 ishdheaplitay vetseintehnpdras| 3B E vier skt r at e
Spec'f'Qkﬁyl&%ﬁ@rdﬁuiﬂgg%Q&inﬁn&%@ﬁﬁx%%@%&%ﬁfyﬁx%ﬁ QM%%%%&%EgﬁﬁnCQ@Qﬁﬁq'

I nterestingly, when LovFk was use Inetic assa r synt hesi s
(Figure 7), imebobseomad a progressive |oss of activities of the LovD
mutants (Figure 15). The G/ nmutant exhibited a 27-fold decrease in
activities towards LovF conpared to the GO parent, nost |ikely attributed

to the deterhprakiMINIRIG ttheor equiriediQCAtrair y-sp ateinrint er actions for
catalysis (see, e.g. Xie et al., (2009) J. Am 10 Chem Soc. 131,

8388-8389). Ther e¥dd éypet hevlnandtall ongtaais cwire lcatiedd dumirrgeldior semedriswolut i on
may have,-gr I I 1 to i LI
Communt G361 ot so B R BeittE R AT P R or B O PRE Lk Bt 3
acyl group. ANVERALETRPEEUREORvitHAWDmEpSdwemykcoy Bolswisg abersightigioutiest wer e
determ ned t3070&1,61|08 },L\ lotl %@ca%}rg Wtash ienocu gtg(? pnltoS % (r)nfL LB medium supplemented with 35

mg/L kanamycin. When ODg,, reached 0.4~0.6, 0.1 mM IPTG was added to the

cultures and expression of all LovD variants was performed at 25°C for 16 hr. To mimic

30  the high density fermentation conditions, the cells were then concentrated 10-fold before
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the LovD-catal yzed reaction and possible basis for inproved catalysis.
These include (1) GO (2) selenonethionyl GO (GO Senet), (3) the inproved
mut ant Gowo(4i1/0@96n conpl ex with substrate MIA, the GbPrartus2&i6®s0act i ve
site nutated (called G5') in conplex with (5) LVA (6) SVA and (7) MA
The resolution limts of the structures 20 range from2.5 to 2.0 A except
for GO The native GO structure was resolved at 3.4 A but was inproved to
2.5 Ain the GO Senet variant. Refinenment statistics are provided in Figure
20. The crystal structure of LovD GO Senet revealed a variation of the
oc/ P hydr ol aslditbold sGbeaeseAgl0 tenlkjunhef rrhedultate. was(BOGYd Bf cuatitugetion

R141- R146 and Nardini et al., (1999) 25 Curr. Opin, Struct. Biol. 9,
732-737). |t<$£%s(?%§’t% 1§fm‘f“5/6}&o iH’?ﬁ‘?t SRl Eﬁ‘tsu%ﬂ%ﬁdrfﬂ(#@iioéﬁ%%mfd@? and
204-413) is @paanhhalfomeyvensstiqndadoanii paal Mgk 1380 sheetsdckanked v

cc-helices on either faceng{fl ures 8B and 16A)." A cis-peptide bond is
formed bet weencGaB88 oahe P oBgoconseritaticher iupgwaothan klivided inta frecs Blepl  The

second denai n i I reshAu - 203 nd [ il - ' ; deep
and nar raw hgrds B LG 5 POMAP SIS e SRR WAL W Bl BN B ol
domai ns. At dfl2é nidt Thmmadll duheres kvefet thesssiahen adakyihiac2SaE. 768t ¢daatingqiotntas t he
nucl eophile in the acyltransfer reaction. COVPARI T N. L ESTB
SEnci ol  ng THEMEE FYEETT S Pertoie QIBrEAEeT ?Wf“éc@l/ @a\/\%magﬁ@ﬁﬁgﬁ i's
absent fromghe.honRiogeHsSwaNZyMexERtifh JiReiJ00S LI Wetyur 8RRl fosHipRkl Mpsabl e
with RVS deviation of only 1.5 A over 270 pairs of a-carbons (about 2/3 of
t he struct urteflu¢piggie eci@EY'A. Theowpnt Phtse tys Faneer| wpprpatkdrang hedisolved of  t he
two enzynes,--pu h i £ f tably kn.t | - periph - to,the.active
it barn 1 od S R RSt e WGl APRELAS BN Bk 8 oy MRS

I npr essi on ahe Bndat Rgioahapeéd cohdgeorotime abwheplos mtt over the active site
with fingers conposed of five |oops: residues 114-125, 147-173, 243-258,
321-327, and 388-391 (Figure 8C). The first and |ast of these |oops are

| onger in LoyDvirhavREsNBNAYBE ETROGT AR DeSHABESM MEsRRLONMeBLIThe second

|l oop is displaced 7 Afromthe active site conpared to EstB, extending the
grasp of the "mi tSamplaypere popalst pyaddeat>0f e pletcitsowZel deoiNd Trs-HGE t he
23-resi due | i fpr t b t T It nd
cover 8. adtres Fr g IBREREL BB RS LEREl e BRESR AL i BB bt g
(Fi gur e 8D) .hedthe is hdpeicandhidilladretles: ofatd &ie190 pgenisuEdpdadi wg mbsitaed hve

site (a cirg of 17 di aneter) satisfies the requi t of acco dati ng
LovD s nat uréﬁ BY AUr @SCBaPPFﬁQP,O?QPH’é:_tCA Rl Iri_co&f’—a.sm%bmf yidgygf PFE% y
charged tunnghad.eadh n@irfd QM therAGllVeiRi Meer@h Lowdh ad bhearc2@ORsidY vel y
charged ridge surface further sug)gest that it binds to ACP, the surface of

whi ch t ends Gwpretienariveipjorgfibged (Figure 16B) (see, e.g. Lai et al.,
(2006) Bjjochem stry 45, 14869-14879). The distance between the rimof LovD
and active site 5er76 is -20 A, which is roughly the sane as the | ength of
t he phosphogamiETlieiseAY PganOy akiiDf TYPie AAGP MOTaNTSof LovF. 25 CRYSTAL

STRUCTURES OF T, oE o&tain km Vz%es tor MJ acid and £, the DMB-S-MMP concentration was fixed

at 2 mM, while the concentration of MJ acid was varied from 0.25 mM to 2 mM.

cat>

Dimethyl sulfoxide (DMSO) was added to a final concentration of 10% to facilitate the
25 solubilization of DMB-5-MMP. To compare the turnover rate of all mutants and the

wild type protein, the MJ acid concentration was set at 1 mM and the DMB-5-MMP was

set at 2 mM, the protein concentration was fixed at 10 uM, after the reaction was

performed at room temperature for 2 hours, the reaction was quenched by adding

EA/2% TFA. The organic phase was dried and redissolved in ACN for HPLC analysis.
30
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Know edge of the LovD GO Senet structure nmade it possible to locate in

t hree-di nensi ons the residues that when nutated (in conbi nation) were shown
in this swodyitta4mecel erate the catalytic activity of tireTimse@o@5208%1t ant ,
which has a -4 fold 30i nprovenment in k cat. These residues are scattered

wi dely over space, form ng no nutual contacts. Nor do they share a common
physi cal environnent, being |ocated in both buried and sol vent exposed

regi ons. Moreover, distances of these residues to the active site Ser76 are
relatively large, ranging from10 to 32 A for Thr190 and Glyl12,

respecti vel YHIEHGuENSIY F1 FA®-BATKHDFERMHNTATIONY of the residues to each
other and to thg active site 5 is a gommon phenonenon in nunerouys. directed
evol uti on exper MENtSs! §@€?n§ﬂ§@‘#§ﬂﬁﬁgggP9ﬁ@f§6@§¥@§f8£hS § moptigariongj
USA 102, 9122:9126,pflue cehl.,2002; Apk? $Dirdn MBEBbiol £018N2:204). 23 At d3dn and

bJ b4

Zhao et al., (1999) Protein Eng. 2, 47-53). - The crystal structure of
G5, however, cafepebedineyiderstused draswdyds inachlation panimt redgethdaterpgitayon

af forded:by its:si ty zan i ed t i ilit. 10
ey rod s RSP PSS PRRR I Rl I LB 8 8 A0,
GO Senmet st r uotwsll. ilhidisteEn YEREpAEG 1 sorrSTHAIONB abogtowihhevedaghai in-50oirdiBn

hi nge of 5, narfrow n e cleft b ou .5 A and praoduci ng notions up to
3 Afor atonﬁn?%W?ﬁ%@iEg?%ﬁ1%%%ah¥%3£aT£?%b$@%11 9“%%%?éﬁﬁ@ﬁﬂ“§ﬂfﬂi?hres
of G5 bound GQXLBE:&Vﬁ)%ﬂQWQﬂghahg$thB NL§). alrad &1t H&1IS 8B L& £ G40 Y
arising froma 14 hinge rotation. That 1 observati on suggests that the

benefici al mipathroRshdus, pRe ndsliquntvantpineloy nprshie eclbpdlontsrrasparead ichange
requireqf or 1&%1%%% ihm and ig'éc%@técl' fRLd o8 10f A %ﬁk&ﬁ RRgd &9%5%1@%%&1 b
%y di t éiy5|s.

LovD m ght enhance activi y positioning re ues critica or ca
For exanpl e, whenof Renlcdivge dbeacliswat gtdEGenel’, “(Chhe pRdwibmMbAigtder 7.1

superinposed (residues 14-92 and 204-4Q05), it is evid t.hat domain
rotation from'&¥  FBERY I“’é%‘és&jﬁ@ J@Q&%éi’%@ﬁ“ﬁﬁgﬁb@ﬂi ’Elﬁf’ WY of
Argl73 and thgeGldaeabhoxylatke a(ﬂilstéwt% A¥inBiPhA disthi &l 69L&t i190) kedldoke
attributed to the Go nutations (and perhaps to a difference |n1§%$stal

packi ng) but 2Rt tirérally gengitsiondhaigtaingd ne E200memcmdpde insoron vabee ed 2o
unl i ganded sty res, lLig i.ndin I C t i Gb
'o G NIA whioh B Beatr e R Par kaan i SR L P Sh Y AR ¥ e
2.2 A so thatdiatdylsr ofyeninbend in DO araed pbétaepurhh delived grlomfysnin Sif mid ar | y,
G5 nutations bring Phel48 and Tyr 188 sjde chains fro e GOSenet position
closer to sutggetdrsélg‘él_o’@ é%ﬁﬁf "t QHL‘T ﬁ@é@ r?‘?gﬁgéf?cméé gomﬁl?el té?lpgr?‘ﬁéeeoé hey
lie closer tQqnhdhembidnas e Rclefdedys 85 7 ’6%7 cooling water, JhenMaBYGMsaldi@nd n
particul ar apﬁears responsi ble for stabilizing closure of the 30hinge. Its

two additi ondhe iepenipr Grindyss Phueinsdpricssianh el Hsquipigirrrisetiorens Borming fect as
a wedge pushi j -t he .dj st. id t j i

Ther cby 21 o R ERE Bl gEHE ! RURCIRNEL e ollod Wiy 0%, Bidred
axi s (Fi gure td2%) rpnThed pEnefsigeddabllyeidieetiso Gf8, bod skKRGhatamd] 462750 IDMBati ons
are | ess obvi . The 6E nut ati on m ght inprove stabiljty of the enzyne
by breaki ng Yt edflea o PSP ITAEyO CREMGEY TeOPETTEEN( alidgess ARy
and R28) on g &uriRee Rhoheld Xelf dIEhigur @ H8A) 2 G88&onerratiSc BVBDHK &Mt
al., (2007) Protein Sci. 16, 2694-2702). The &75S nutation ﬁﬁﬁears to

i nprove st abilPMByS-HME was edvieg percpylhedeidieg atchyadrrogeellcd on d-OwinMiah (Mg acid)

E* term nal end rﬁhfg% X dise g 85 GG HASHA Abb ¥R Y HPLC D&
ackbone ( Fi gure .

used during the whole process to check the rate of the conversion.

PURIFICATION AND DOWNSTREAM PROCESS
When the conversion was complete or reached at equilibrium, 20 g SDS was added

30  to the fermentor and stirred for 30 min to completely lyse the cells, the pH was adjusted
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10 CO CRYSTALLI ZATI ON OF LOVD WTH MJIA, LVA AND SVA Structures of
LovD &' in conplex with substrate and products illustrate the node of

bi ndi ng obothmgm4d96gands and suggest a catal yti c nechaniPE€mUSer10as30B8
transfer. The substrate MIA binds with its C8-hydroxyl group deep inside
the cleft between domains, form ng hydrogen bonds with Ser76, Tyr188, and a
fortuitously bound formate nolecule 15 (used as a cryoprotectant) (Figure
12A). The proximty of the C3-hydroxyl to the Ser76 hydroxyl is consistent
with the expectation that both hydroxyl groups initiate a nucleophilic
attack on t he 5Jaieadaig 6N rHoCipand uritrad) fati ff reiment Istlepscetate (HYe waadtédmd
sequence (Figure 19B). The two faces of the decal.in ring systemof MA are
sandw ched BUFHRAR' EHabe it COrTHEE BF PPTHS90 %ﬁdmw?ffsv@%(m%f E960) .
Addi tional hygr-aphoRingcand ¥ard R0 186k VaBLS i tShacdd 0MBe Watdh Juhe egges of
the ring systemare observed wth Phe363, 11e325, Tyr327, Phel48, Ler 149,
and the peptatectys] egresvish 131364 he Gy BbBe vemdombyzga ~2Fi tulr @ntg@ptedTive

hydr ophi Li c il i C stitu n the d i i
ext ends aswayr%forr on (Erhtgﬂéabr\gﬁdvgooswgthf hﬁgy@ﬁt}iﬂ gg{]\%lgﬁt\yas%ewﬁ%gtﬁ% rdo%g}%:l group
hydr ogen- bondscaonss tshlutibe a6l Wi3i88 bsisdeydrhad Nagad dnHeilleack bohe Edmdeionf was p390,

the latter being 25nmediated Qy a r nmolecule. , L5 car [ cid
forms a sal t“°Bf @Hﬁpeﬁﬁf}&f zﬁv@? OMEQe ol ST it swacd SO o

a- S- met hyl buoys WetdhQUB al fihal fME8lEdH-NOIRBN GaY &ER 2t STCUBE UMBuOfndt M rdoVD
&' nutant in conplex wwth LVA. As in the MIA conplex, the decalin ring and

hydr ophi | i ¢ thesiugh gfter papetrind dvashachwish i exrengisdimia giye whing snlidswhigly vps diidele
addi t i onal t-hyl but vryl gr e S lel- 10 hydr i.lic tail
(Fi gur o Doe) el dR SEFRES TRED By Br hOThP R RECUERIGE
with the dedslHPLECing form ng the hairpin turn between the two tails. The
hydr ophobi ¢ side chain binding positionis likely the site at which the
acyl donor binds. The proximty of the tails also suggests how MIA
conpetitivelyxpnRiMiEhTAThRE@CyTstransfer reaction when it binds prior to
t he nethyl butyryl substrate (see, e.g. Xie et al., (2006) Chem Biol. 13,
1161-1169) . Becawseftthe ningdrephb Ishewedshiglar|whefe pilracpsint 1ier gbgineuersingccess
of the nethy r : chidMersi te, I i\ndhpg of the
subst ratds arHht o CURbATE BTN P R R, PR R B8 onpi exes of
LovD G&' w th LMvIapeotSYAvsuggesd tsdweogtiicty yi@cl stypoNydd'A nolaceofivodat i ng
the non-natuyral product, SVA (Figure 12C). SVA contains an additio
met hyl gr op?%orﬂ%ﬁf’eg‘het A/ %Egﬁ’lﬂgdtyg?l 1??@ G -Oun‘?dﬁ?ngWI thg;‘yﬁ%#oi ety.
Super i mposi tdoARnSHAY LY of GrcCREIP RN still@odn@idRicHRRRI Mhe afsuliie HhWes
structures shows nearly identical arrangements of atons in the |arge
domai ns and hemecedebabiaicipi prgspumiygUiee Pra@y cryBigllizetont kectusp heveenompreand
addi t i ongl : h t ' t Si ' , 8
appears To puenren R O e e gl 2 AP D B M e
appr oxi mat el9).0. @nAocaway fuf@itd Has poStimban thditdidrenolddAac divpliidx bohBs. ( Aygur e
17B). There isI al so a 30 rot.gtion about the C1'-C2' bond of the
adi et hy| but §R§OHDr sy yeneriddes g e "B R hES EPBRL PRI B FRECCP
relative catwaé X(%ﬂ—@taﬁﬁét@s%_ Rfivityh@hildWOrcSWRS tHe 3k @ 8n ARRERAIIB:ulde Hondd. heyrmmyement s
near the atonms directly involved in acyl transfer are small. This is
consi st ent viPrid tthas aiord ithap 89”0 0¥ Dhe oxpessty bevidcyotain arnsf @polullp nghem
cc-di nethyl b bst.r i t -
ot hy BueyT S AT R 7hr VierpREPHhBk Sah Rl JoIB PARN B ool
af or enent i oned iRh@id&nlae disutdide Mpndy detwren fvild type tloeDeceadtliveinhiyd Hudey eyl
substrate, ar qther riations. The stru re here provide a
framewor k f g[rm@{ﬂ:’gqet&gzl}/fgﬂmé;r oF %\Lag Acaé SchLE gA fOl?iS???éb%%g

There are nine cysteines in LovD protein at the position of C40, C49, C60, C72,

(89, C216, C266, C380, C395 (C1-CY). First we used homolog analysis to identity which

30  of the nine cysteine residues are likely to be surface exposed, and might therefore form
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In this Exanple, we show that seven amno acid changes led to the - 11 fold
25 increase in the SV synthase activity of LovD. This | evel of enhancenent
i s signifwoantivmensi deri ng GO was al ready an adequat e SYCIyuUstéiassod®ol | ow ng
our previous efforts in substrate and strain optim zation. Although the

ki netic activity of G/ is far below that of the natural reaction catal yzed
by LovD using acyl-LovF, G/ is a robust nutant for high vol une synthesis of
SVA using the whole cell platform Indeed, when applied in a high 30
density fernentation environment, nore than 30g/L of MIA can be

quanti t ati velnfedahbivedifefidd oA Wiyt Wity ane Bddy cstdiag: helhatemp@lty vk hoaunds
of direct evolution to achieye the actjvities of G7 al enonst r at e_t hat
LovD i s hi gHP eé%ﬁfiﬂam%?@ Olé%if{ Ggﬁéﬂ_ yet &g ég%%%%%&?%%gﬂa GritRenPes

sol ved in this WoLkidE 8YIPdes5Jsnsi Ghtcykdies di fderents, adf@cets Mfind- @R
enzynol ogy. Anong these, the spatial .arrangferrent of the LovD catalytic
triad Ser76-0oyshioradueg®rpdee dapeppradblaniuitisc dhodn Wompetedonsiige eysteing t h

t hat of the erase B (Fihgure 19 Tyr.188. (as t p t.e)oappears to
be the gtgnerraﬁ'%(E 652% Zlﬂﬁéenf)%%}? i énr%ja' Eqn)éfe? t\ﬁo&g\i%cs fné%pﬁlluFa%(t:S g%'ﬁgdc s1 }r&%qﬁfk}eed for
conpl eti on otqidnee aicdit ntutanskarvetiBathy DINA sgegncaegg. OCefner et al., (1990)
Nat ure 343, 284- 88%). The, fi rstf ﬁu | eophilic attack 10 js by!&fer?i on the
a- S met hybut yr yF POy Hic e Sdohd st a&%elflsst%ﬁt_hfw%hw BRGI-oSP MA
on the acyl gi:edisedzype2ihntenied Aiee otNABAbIMdEAGHLIOMSnoddiSergthacki G
hydr oxyl group nust be activated by ée rotonation (Figure 19C). Tyr188 is
wel | - posi ti chgdlt vodeproroaatentyotct hyde o yoe dup®, Plovtin Hep Hydroges bonds
with Ser,46 in, th 0enz n Re Aidn t - MIA _gonplgx 73 is
2l 50 vel 1ol SnB ARG ARE olbhrr R SR TS ORI A s T 1
form ng a hydiregetvebondle aldafprmed lcllyiod 88dyi fastt e (5bd dddA noaaipblexproteins at
Site-directe tation of either Tyr188 or S79 to al ani.ne resulted in
conpl et e Iosaﬁ' ety fncrated i On@e‘&‘&i Y 2g¢ %}%Wecyét-e§??rﬁ‘taﬁ>§?rﬁbwp¥eﬁ‘i‘ fidi ng
pocket suggegiuhRrWohiEtdi @igh'g%e@aag@_s for the acyl transfer reactions
are stabilized. As in the MIA conplex, the C8 oxygen of 20 LVA maintains a
hydr ogen bond t ¥eThen g8ted il int Heo aeivighiod thanginoanerntiil exnpaisony Beenld

di spl ac by r \ f - %}Q@ t I oup. Iy

car bonyﬁgoxfﬁéegf?vg?nggg t%%?ﬁgﬁy%@dtrh %gzgﬁa%%n S Wyt'%%&t‘ﬁéerg a(%f(%%ﬁ;eB ;aglrr%lb11 es of
Ala76 (i.e. &pfefdiandtdoacddDacen®t jmend Ginid66e highed @eimiirmynefiort higerhydr ogen

bonds appears ideal, with the l hydr o a poi nt directly t he
two | one el JWFSO%P&Q??% At J&hﬁ%%oﬁédand%g%;mp "’i%%%‘gd_%ﬂyﬁ fi5gen rB@I;ds
woul d appearanelsl mStikdsgg it Qy 38 afi ihgecRubet nahedsal, topanshtibRneshat €as The
cl osest protein contacts with the aliphatic portion of the nethyl butyryl

group are alttshaeitcoothegl rmtotd conrdsons from APsaqCrayimpredugcid CAjigurTyr 146
bre a1 s0surGunca by VRS e RTaf TR BT Y ol M0 S8 S5
and Argl73, hlervibt Rian B@dhalzed .o These Posh the/esdbawgesn Rigliat helspostiabi | i ze
the negati Vemgtgt?orn%ewéjr]; utn a%oroaﬁ%azpnidos%owed lower whole cell activity (A2, A4-A8) or no
activity (A9). We reason that those cysteines may form intramolecular disulfide bonds
which stabilize the structure of the protein. Most of the mutants likely disrupted the
25  intramolecular disulfide bond, loosing the 3-dimenstional structure of the protein and
making the protein unstable to form inclusion bodies (see, e.g. Wakabayashi et al., 2007; ]
Biol Chem 282(38):27841-6). The results gave us an idea on which cysteine stabilized the
structure of protein and which cysteine was not helpful on stabilizing the structure. Al

showed highest activity among all the mutants with ~25% improved activity based on

30  conversion compared to the wild type, and A3 has slightly higher activity compared to
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hol e that forns during acyl transfer. Indeed, the pocket's affinity for
negative charges is denonstrated by the fortuitous presence of a bound
format e amDaniivoa449hi s position in the Gb- MIA conpl ex. TRETAISYEHMAF2038
structures provide plausible explanations for the basis of enhanced 5
catalytic efficiency. Upon |Iigand binding, LovD undergoes a confornational
change anal ogous to the closing of the catcher's mtt. Mvenent of the
dormai ns shown in Figure 11A positions the catalytic residues in closer
proximty to each other and to the |igands, and serves to enhance the rate
of cat al ysi she ¥iié o@b. She Udtpwsieos ilggesit éck Lhadd sihiehefbcciuad thetetadsironslutd or ded
an alternative way %p pre-position the actjve site residues to 10 increase
t he catalytﬂ%O@FVPBi€HE§QQ£W%ﬁbé§Wm€ﬁ§”V§ D and V334F nutations of G6 and
G7, respectively, were discovered subsequent to the structural work of G5,
t he nol ecul ar expl anati on above can al so be applied to rationalize the

benefici al nEibdd@IERAEHd CEBhACHIVAGY &V AL H{ T dhsHIGETZBIOLEBIlldat ed i n
t he m ddl.e of b en.nel i n t . > Lt i d [y
mothyl aroups of aviar ang nrdecry PRRERPRl ) I RREERUEORS, o o
Asp320 on hebhxisKhatwhd gltaserate moassdige obmpdred dotmiwikddgp@inothemigestand i S

in contact with the loop where Tyr188 is |located (kigure 11B). Mitatjon of
V334 coul d tHEPYF GRY METIHIORCE e #f@o\V’P e ot ﬁ%aa?fa_é'ﬁaﬂ%%g Wb x K
hinge. For exagRlfRer & e AMULAN30M VBB At 1iNoMlHe (BSMIt LpahRet hRgt atic
repul si on between Asp334 and Asp320. Simlarly, the nutation V334F in G/
coul d resul tthg athstsdedt actiiteshve PEashedvieeprotdie cptiessiph leyicde! albe mugng. tHe si de
chai n of, ,Asp320 t her, cl 0$i t tive site.cle nd bringi;ng key
oot ducs (o h PR STnE SR EPE kDB, Al R In MR A BIEY

ot her hand, thheam®renditipacThccpotarsnadrt: gustiad floovB) mitldhtslnat.e HoeBswas

conpati ble wth binding_.to LovF, which arent| avars the open

conf or mat i ovr\FﬁhH‘_Fd %o f).las_géﬁfﬁ’é’éle“’l_?@s a%%%?@ﬁ@&@d%@&eiﬁ%?%%%ﬂ% |Oéé}f“ﬁ in
part because,puastdsideictmMbd b$ BrRBo@c dsieusrdasesaut %ﬁﬁ(!lar(ﬂ.ngft&(éidti%% of
t he bl ockbuster chol esterol -1 owering drug Zocor0. Sem synthesis of from
| ovast atin (topund thapgreafidr ef hp splpble pswtip bgovesude mapgernd dre vdlshives wep an
efficie bi yii ach. i evel oped f r the
Bi osynt ndsi < op ey bl BERLATEN ki BLR BT R BLOREC L B T ot e
robust 30bi aEgual 3)stThelsnlubiitySofwdt kvas 2890 engat elyadhdiwiléefiedvigicahe toorrsian

cercon ng nEHish i e BESE I An > e TSy g AP 106T 4 Pt eage
in SV bi osynhhesi Sifk@mRasiesiityoort e nRAR Mot nfagthrl it bely @8k k&nEerent
solubility and thernostability were inproved sinultaneously show ng the

power of ourvidt edtardntesystem Mre strikingly, we have deternmined seven 5
X-ray crystal s es. | ! he r V, ) L npr.o ant
G, and 2%Ohe co-%éﬁ%tg ' rtorbgg%agg%gq% Oleeé%a‘?ﬁ*tﬁﬁ, Pcff%%ﬁ%“%&%.s c\{lﬁs(e%d%
struct ure i niiteramt sobibilinod! e lpyotahtedn eitfo asderstaationtamitchbe éataatl W,j c
mechani sm of LovD, but also afforded a insight_into.h tions
affected t hepf(L)[@éfBalianﬁFso t@@?ngfui%ﬁﬁkﬂﬁ&?n‘ﬁastfﬁéd att H@\ﬁ/ ﬁ%@b‘”&%en
LovD GO and &hacsuaassthas thedoenafi s aiv mibat iensriaet p oP1ONDL Qi@ typd OadDr €
conpact conformation required for catalysis. The co-crystallization of LovD

wi th subst r aelech murprotilet vadamnisuiT e 8103, dW-dayin tthaksféMirasakt i on
proceeds)svi 3, 3 Bic0dn BONGATEGN AR FiThe MO, MR RECORE, Fn FOPRRLLY I, HHipll bi tor

and how the catalytic’cavity Is adapt e%lyto accomméate ItsS non-natura
product. Qurenwands,shbhed giaothere wanchalensdifetehtclantvedonaat Hon el oadtoaly st

devel opnent and provides deep insights into 15 fundanent under st ing of
LovD eﬁzymlrawntpprote}ns, we ogy %hecﬂeci gle conversion ot5 one time point. a'lfhe assay ﬁsxeg rl{%l g
acid and DMB-§-MMP concentration at 1 mM and 2 mM, LovD proteins are fixed at 10
uM, a 2 hours’ conversion showed that they have the same turnover rate. In the whole

30  cell experiment, the concentration of both substrates were much higher than K of MJ
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EXPERI MENTAL PROCEDURES EP- PCR AND CONSTRUCTI ON OF MUTANT LI BRARY 20Ep- PCR
procedure was nodified fromestablished protocols (see, e.g. Fromant et

al ., (19989 20nal4449Bi ochem 224, 347-353). The reaction eomdisstiedsmds 0. 35 v
dATP, 0.4 mNI dCTP, 0.2 nmM dGTP, 1.35 mNI dTTP, 4 nM MyCl2, 0.25 mNI MhCl2,
and 2.5 U Taq pol ynerase. The reaction m xture was submtted to 25 cycles
PCR 94C for 1 mn, 55C for 1 mn and 72C for 3 mns. The resulting PCR
products were digested with 25Dpnl, further digested with EcoRI and Ndel,
and ligated to pET28(a). The ligation mxture was transfornmed to YT2 and

pl at ed on LBcigad OOMB-A&IMMRY s@ Dharghdle kealh atnixdy Rvas SilyECER &N oOhe Ht Grh S VI TY

MUTANTS N, crassa was grown on. SDA slants for 10 days.and spores
wer e har vest&PuRF ohs Q’/Qr?ﬁé‘b\;l%ﬁdfg‘ Vitﬁbklﬂ?uctffsaﬁz‘f‘r?l?ﬁ C@ﬁ%ﬂﬁééhgé g@d@%ﬁr\ﬂ“& h
0.3-0.5 x10'wisMOf@Sic@RE WPRVHE UL Y QifdrcABQ 3Ry BMHRlAtEats.Col oni es from
mutation library were Culturéd in 96 well plates containing 250111 LB

medi um (W th 35 ng/L kananycin). The cells were grown at 37C to saturation

and tra“;;erﬁé%&%olgfbg@%@é@%%ﬁ]ﬁéwﬂ% ?fl@iﬁhﬁ‘&f}?éﬁt%ﬂ’j@écg d with

0.1 mM I PTG at and the expression was perforne C for 16
h. 5 mNI 5 MIA Afiek dthindvidMBaShMeigaeese, addeahd that tict firat endt the thied csicirre.

After a certajn reaction tine (45 mns tq 4 hours depepding on th ctivity
of the par erttyS e MG ehE A aa prdeichy Waﬂ?%n&%zﬁegfﬁﬁ gat hehs

mn). The ampRrtaidh UPEINRIARs SRQILRMbER: ThendDADRE 36 ehv@sictyiPhbealdy 1-3
II'l. The plates were incubated at C for 16-18 hours. The inproved nutants

wer e sel ect @dopasii¢somidntjze PewgEn covipas ivdaeh &f pelireandilighilpilarken apdakgine,
SITE-DI %CTEV%M%%B@% hd smaller, we changed cysteine to other amino acids such as serine
(S), threonine (T), asparagine (N), glutamine (QQ). The mutants were derived with the

same site-directed mutation methods and named as S1, 83, T1, T3, N1, N3, Q1, and Q3

respectively. We used the same in vivo experiment to check the whole cell activities of

all the mutants. The conversion showed that Al still had the highest activity at the first

15 position while N3 had the highest activity at the third position (Figure 4). Both mutants

have ~25% improvements according to 8 hours conversion. We then combined the two

mutations to create a double mutant AIN3 through site-directed mutation. In Figure 5,

we drew the time course of LovD wild type, A1, N3, and AIN3. The assay used the

same conditions described before and we checked conversion every two hours. As we

20 expected, AIN3 combined the beneficial properties of the two mutations and completed

the reaction in ~8 hours. A1N3 was about 50% faster than the wild type and about 20%

taster than the single mutant Al and N3. In vitro assay and protein expression level

experiments also demonstrated that the higher activity of the double mutant AIN3 was

due to the higher solubility of the protein. The results of the double mutant AIN3

25  showed that the mutations at different position of the protein are synergistic (see, e.g.

Geddie et al., 2004; ] Biol Chem 279(25):26462-8).

HIGH-CELL-DENSITY FERMENTATION
Our final goal was to prove that our process can be used in large scale simvastatin

30 production, so we optimized the high-cell-density fermentation and tested both the wild
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Site-directed nutations were performed using the standard Qui ckchangeO
strategy using relevant tenplates. The priners were ordered from | DT

(I nt egr atwd 2DNA4ABFechnol ogi es). Al mutations were ver pCirams$2dyg/o0RNda8
sequenci ng (Laragen, Los Angeles, CA). SATURATI ON MUTAGENESI S The LovD &
gene was randomy nutated at positions of V334 and L361. Since 20 the two
residues are close to each other, the two random nutati ons were introduced
in a single pair of prinmers. Two segnents were anplified by PCR and I|inked
t oget her using slice-by-overlap extension (SCE) PCR to give intact LovD
gene, whi ch wwasLslbselihe dbhlyle niidno dldSd Booh @E&%Qiﬁﬁmﬁ@fﬁ(gmaﬁwm NGted

WHOLE- CELL BI OCATALY ACTI VI rent LovD nd tants

cul tured in Spasl 1 Ef(?)c’rlmﬁﬁ‘ﬂﬁlér(glé%’ﬁveg@’@g% F%%OE ur?% eVt e %91 to
transforned %a&m%%w cdielchisitinaged$8d JoPord MRAC ot ﬁpﬁ Biobhent Biithhyr ©
suppl emented with 35 ng/L kananycin. Follow ng overni ght growh at 37C,

100111 of tHE@UPT-dPe WasfobndeldtahedricHicolad? rzmmm frvedi alrrosu ppitetivented wit h

35 30 okl Kanamyeia Wen ORRQ0.reashed, 080,00 Bk, LETGaRS,added to

t he cultures angygxpres& on ot LovD variants was Yormed” for
16 hr. To m(Dng00 tdadinp) ghsidenBictty thenceninhtibof cgmnehetandmsc:tattehelndehﬂf&mbre
t hen concentL 10-f ol bef %re addi tion of . sub trat es. A 10 M .ali uot of

each cul t ur é"9&8" BEMTR AP ABY RUEAE PIATR AT EHITUCO 250D OFf frHHPHy™
cel I pellet wasDIERLLMLHESPREH FQFintift the HucBic ztnhl%c@tﬁ@' ddtentration. We also

tound that expression at 25 °C gave the highest whole cell activity. Increasing

10 temperature resulted in more LovD precipitation while decreasing temperature resulted

in slow cell growth and required longer expression time. Another important factor

related to the whole cell activity of LovD was the pH value. The cells were grown and

expressed at pH=7.1, which was not efficient for the reaction. A pH at 7.8 gave the

highest whole cell activity in turning MJ acid into simvastatin acid, so before adding

15 substrates, we gradually increase pH to 7.8. Substrates addition was also very important

during the conversion. High concentration of MJ acid and DMB-§-MMP were harmful

to the cells, so we added both substrates slowly to minimize the disturbance of the cells.

Slow addition of substrates to the fermentor still resulted in a prompt decrease in the

optical density of the cells (Figure 6). After the substrates were added to the fermentor,

20 HPLC was used to track the formation of simvastatin acid. It took 18 hours for

YT2/AIN3 to completely convert 45 mM M] acid to simvastatin acid while

YT2/pAW31 had 91% conversion in 26 hours. Even with prolonged reaction time, the

conversion by pAW31/YT2 cannot be increased. The average reaction rate was 2.5

mM/h for YT2/AIN3 and 1.6 mM/h for YT2/pAW31, which means the double

25  mutant was 150% more efficient in whole cell activity than the wild type during large
scale fermentation.

During downstream purification process, the cells were completely lysed to release

the product because almost half of the product remained in the cells. It is hard to

recover pure simvastatin either in acid form or in lactone form directly from the culture

30  broth, we recovered the product in ammonium salt form. After the cells were lysed, the
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5 supernatant, followed by addition of 70 Ill of MIA (300 nNI stock) to a
final concentration of 15 mM The concentrated culture was then divided

i nt o sevem0o200/d4kd96al i quots and 1 Il of pure DVB- SMVP ra3/iadadeas10ss each
sanple to a final concentration of 20 nM The small cultures were then
shaken at 300 rpmat 25 C. At each tinme point, a conplete extraction of one
culture aliquot was perforned by adding 10 Il of 20% SDS 10 for cells
lysis, followed by extraction with 500 !al ethyl acetate containing 1%
trifluoroacetic acid TFA. The organi c phase was renoved, evaporated, and
redi ssol ved il v&80djubted a6 EtDEbvlyi toeavioat lokz&l aipal ysicatratibe offidCleroc@ble

activity was determned hy fitting the |inear of .the conv jon
time course SHIEHALR BCIOREGE &%@&gc Ewsﬁﬁﬁcﬁﬂﬁiﬁé’ ﬁfﬁlcﬁﬁtﬁ?tﬁﬁl@/ 0

DVB- SMWP methA@1 Rt 8008 skv@l Nes O niMIA @RAd#d ot e FRMB1MMRo convert
concentration was fixed at 2 MM while the concentration of MJA was vari ed

from 0. 25 t ¢irBvagiIn aqig seivtaatrfn mmnpalianesaltf SASDVBSMMES ang femedy the sppxill

var e fromtaeate BN e O P Fe 6 Pl ! b I T e

concent r at i ofeldf FdQbstbostfracthdt Am' B t}hcfﬂaglsaai Mbpiatid zﬁoh@m@tanum-tsmplemy

different tine points of the kjne an aliquot of the react

mi xture was c;oaﬁ%wdmﬁ%f&?@h% TOFRAY Bh e e ] RISl i ng
1% aceti ¢ aciofverdibe Sr.gafy &t@@@%ﬁ\d‘@@ﬁa&@l@%&t]ﬁ@ fefthéRGh 36 @SAbINY taedt by
acetonitrile (ACN) and anal yzed by a Beckman Gol d HPLC using a reverse

phase C18 cdimtinrqeardreeenmpBieshbrgh5pihe m80 yied fom. B eyl tand\Sawhy fdar
gradi enty QAN ANYAL R B 1 LLLIHALARC 80 s A LTEA Dot EI0ACN T

wat er ( version o
measur ed by practeeg fat ﬁmmeﬂfm;brbeerp@ﬁloé t]aet pﬂﬁan,nﬁbreq&o&ldﬂEaanﬂaeAﬁWréa:addO\/D

VARI ANTS T MB- S To conpare the k of LovD nutants towards

| ovast at i nos/t\g f gte %Pbﬁ&lgb%“SMVP as the substrate, both MJA and MB- SMWP
were fixed at 214ncNER M@&p@&&?@ac&%f%é hifgly&ONG R T HAI MR nc 1Ok
facilitate the solubilization of MB-SMNIP. At 5 different time points of

t he kinetic ra@tgweswarﬂ’(/alf@@ddbatoﬁﬂw lethe ednst dyomingd £ lupsl (GBlsate eprpoedble derenched
th 1%,TFA t
Wi 15 ﬁﬂéﬂn@x 3G ofi'ldg-fbr&l%p&é' Idggati'\%ﬁq'gs% [ Geifl s' ﬂe 31 %‘ﬂ“ ¢

phase was separate rle res I Ze ana u3|ng
t he same pr os@rbamr@ethe Kirbedrcatioue prdBinl N2VCTRD) ASSAY e@‘cnhﬂ)\f& ‘IlARDANITSld

TOMRDS LOVF 1.1M S i ncubat 1 1.1IM L ts
m MIA, 2 m\frPffﬁ%HYoHyBe Cgoﬁvjﬁvl \éia"(%'m‘%&hofgiyjla}‘d MretRivEhi hﬁé‘% AEHS g
(SAM, 2 mNIZNARR bedausjeo%em%a@smow'l sdluBlc MMan lhandid® HQQUr sDificR®: PRLidES, an

aliquot of the reaction m xture was renoved, quenched with 1% TFA and
extract ed wisthst@Accuribalint pepitis mdabs thirddiogition o \eethgrariccNp hasefasiers

separat fég dcrohgéilgoﬂ ?}?a%' t'ﬂ?'olﬂ&e% b AN LANDENA X7 KRG 3SR FATE

progr am descrl
among all the mutants which means the two mutations acted synergistically. After

optimization on High-cell-density fermentation, we compared the reaction rate of LovD
wild type and mutant AIN3 using F1 minimal media. The mutant YT2/A1N3 showed
improved ability and can convert 45 mM M] acid to simvastatin acid in 18 hours, while
25  the wild type YT2/pAW31 took longer time and can only reach 91% at the same
conditions. We used random mutagenesis and DNA shuffling approaches to further

improve the thermostability and turnover rate of LovD based on AIN3.

30
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COMPARI NG EXPRESSI ON LEVELS OF SOLUBLE LOVD Each expression plasmd

encodi ng LovD nutant was transfornmed into E. co/i 20 BL21(DE3). The

t ransf or meot2omas4al t ured in 50 nL LB nmedi um cont ai ni ng P8%/usgdin/oBans at 37C
to optical density (0D600) value of 0.4-0.6. Protein expression was induced
with 0.1 nmNI I PTG and the subsequent expression was performed at 25C for 16
h. Cells were collected by centrifugation (2,000g, 4C, 15 mn), resuspended
in 7 nm Buffer A (50 mNI Tris-HC1, pH 8.0, 2 mM DTT, 2 nM EDTA), and |ysed
by sonication. Cell debris 25 and insoluble proteins were renoved by
centrifugat EXAMELIDO00@: 4MIREQTEDI0 EMVOEUGAON] cANDI ySATRUM@IBRAIL of

Ni - NTA r esi CHARXIETE RVAATIONAO FOARTMAA SAXCEIIN SYNeEFASEanpl e. The nmutants
were then purified using a step gradient of Buffer A with increasing
concentration of imdazole (10, 20, and 250 mM). LovD variants were el uted
with 5 nL Buf f er Rigptaplsi ¢rgrosoatenhov niitgalsred miegcpedt ef horbnlsatt iat i ons

were quali tg'Ed'VYﬁ%)fmﬁé%@%ﬁ%f@%vﬁpfgﬁé%eﬂggv%ﬁwrB@&éﬁ?S' y determ ned by

the Bradford protelin assay using vine serum al bum n (BSA) as the
standard. T, NHEASUREMENPIERY<CiROUIARIBIcCHR@bSM bSduplnescavere Apndpgar ed, by

adding 50 i roteins.to 250p Tris-HCL huffer (pH 7.0 e
sanpl e was ﬂ?%@gggfrntoa?nbm?’z éﬁv%é%‘%% RN @&%ﬁ?@%@%&“ﬁ%ﬂ%%@r ed in
a Pel tier-confdrolcb@drerbl o@tscRediad, €. QD MRS withNsigridahidf i6hloYedVBsialytic
nonitored at 222 nmin a Jasco spectropol arineter (Jasco Inc., Easton, MD).

The ni dpoi ntace¥itishendydisheruhsrPgrotduiy evamasoliender An iedtligh strem X ansa i gin
5.0 soft restr(]%keggﬂér&ﬁrl%%e%&%ﬂ TAPB0, NPSHARIRE Blla V)5, AFCHRSRL Y NUMBERS
actors O, B, B-MA &

4
The coordi nates and structture of GO SeMet '-MIA,
Gb' - LVA and sGotmSVYAL hiwettbiigh, Idépasil S¥d wat obtalmed PTbt edystalBatetuBamkovideder

code 15 3HL9a’t 3HLB 13HLC 3 SLD (%HL . 3|E| F and Izl!a_q, res ecat I Veci . FEJtRTHER
EXPERI NENTAL ' BROCEIURIEE %ﬁt‘nﬁ AT &%5%? BleFhasm 8?31': SVD Bg%f 1§ A REqds
purified as WfieNd, Quski-F6&ET ihnbedibSeRith 8 ofF, AMder Blelyddxplanation for the effects
of beneficial mutations on catalysis.
15 Tailoring enzymes found in natural product biosynthetic pathways catalyze a wide
array of reactions, including acyltransfer (see, e.g. Loncaric et al., (2006) Chem. Biol. 13,
309-317), glycosylation (see, e.g. Zhang et al, (2006) Science 313, 1291-1294),
hydroxylation (see, e.g. Rix et al., (2002) Nat. Prod. Rep. 19, 542-580) and halogenation
(see, e.g. Neumann et al., (2008) Chem. Biol. 15, 99-109). A number of these enzymes
20 decorate biologically inactive precursors into pharmaceutically active molecules via
regioselective and stereoselective transformations. As a result, tailoring enzymes are
attractive candidates as biocatalysts towards synthesis of semisynthetic derivatives and
drug libraries (see, e.g. Zhou et al., (2008) Curr. Opin. Biotechnol. 19, 590-596). LovD is
an acyltransterase tound in Aspergi/lus terrens and is responsible for converting the inactive
25  precursor monacolin | acid (MJA) into the cholesterol-lowering drug lovastatin (LV, acid
torm lovastatin acid: LVA) via acylation of the o-§-methylbutyrate side chain (see, e.g.
Kennedy et al., (1999) Science 284, 1368-1372 and Xie et al., (2006) Chem. Biol. 13,
1161-1169) (Figure 7). The importance of the hydrophobic a-$-methylbutyryl side chain
tor binding of LVA to HMG-CoA reductase has been structurally confirmed (see, e.g.
30 Istvan et al, (2001) Science 292, 1160-1164). Chemical modification of the LV side

chain to a-dimethylbutyrate yielded the semisynthetic derivative simvastatin (SV, acid
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(2006) Chem Biol. 13, 1161-1169) except for sel enonethionyl GO which was
purified 20 using mniml nmedium(see, e.g. Doublie, S. (2007) Methods
Mol . Bi olw0268/04906108). The proteins were di al ysed overairgiseotionsm3s0 niNI
Tris pH 8.0, 150 nNI NaCl and 5 nNI DTT (using Spectral/ Por nol ecul ar porous
menbr ane tubi ng MACO 6-8, 000). LovD proteins were concentrated to a
desirabl e concentration (using Amcon Utra 15 MACO 30,000). 25 LovD GO
(7.6 ng/m): Crystals of GO were grown at RT by a hanging drop vapor

di ffusion nmethod using a 2:1 protein to reservoir solution ratio for a
total drop dbze @hv3taph. add:f$VACtWIoch quahd tyter plstrahsuvield engbdianinaed then 3- 4

days when usi ng, 20% PEG_335Q, 0. 1M HEPES pH 7. .2 ( ) 2504, 10mNI
DTT, as a rfj%%c%@tbfit‘?r (§B$ GOrs (SF‘ﬁ_ep%r EE&E%“I fifr?zf 8P8§e{t &’%o%ﬁ%@%é%t al s
were briefl )Geﬁﬁvh@l@sié B $O%48%mixt %ﬁdﬂé—s&b)&%&hﬂ HEe &k ViR s alubicon and
flash frozen. A was not observed to be present in the conplex. LovD GO

sel enomet hi daghseyspurger Brgetdoy devadieg of cliiopm Wetashoivarhicnly [seGO avdfagar own

at RT by:a h I i.ff i a 1: rat.ei
Feservor P Serat) oty ArOtEPak Bl st WP oRbiaty M Qi€ BB SR
qual ity cryshadigatwer @rabi andtedbibentdysé days when using 22% PEG 3350, 0.1M

Bis-Tris pH 6.5, 0Q.25M (NH4) 2S , and 10nmNI DTT, as reservoi.r saol ution.
I n preparati onSLfoc‘fi5 laétﬂg'%]l“{oeg& et 9@%&%’? t%gf‘%e Zﬁ’r‘i‘/éafa}l‘yﬁl“i?fﬁlf%ld qa?f:%\’:.‘t’i’% 70%
m xture of glyCeyr aldlpsehv@ishk Q! létglt Q{%ﬁ%@ tH ash1dgwzrnncdoyD 1%8(1892).

ng/m): Crystals of G5 were grown a y a hanging drop vapor 10
di f fusi on nelMho agivmys @ knowprsereiure that pess bepoliogousolouteads iy aeribeloprting

total drop si f \ Ch o9 it ryst al ) gl ned in 3-4
daye whe et G- aaTRELA g GPTh PreeRls DR SR U PR Pk DT
as a reservovWhagmsotudl.l @A02)IMogeinefeartat 4G 78prTidatkalygehdr@dibonyrt 88,3t atlsasner e
briefly soaked in 309 % m xture of glycerol/reservqir salution and flash
frozen. 15 LovVEseEs {%%%(%C%FH%W@%F&W? bf "6 %Re]%éoﬁ%e 1%?r“?%xcess
of MIA) wer eh@f@MRliGHmdRT Y. ARDNINGIHEB drighr-vapokedichf vekAby msmhqdomllng a
1:1 protein to reservoir solution ratio for a'total dro}%ﬁmze of 4 111.

Di ffracti on Rjowflhnoy & y5Lal sDwareLybt dpwathcip e g-Uaydyhhemtusilnghaed PEG
3350, 0.iM ' f - 0y i.S= 1.1 Sp .

roservoi P ooy erai it PRaSu il Mo shrlek TEDRS) B 00 o O L e
20bri ef | y sdak®d righosddtviclyhiouthef 68 ratiexandf MJas hiaf 210 neprecddorted Gwlyketidd A (66

o/ ): Gyl e sl G MA (100 ol pcest, o, ML vece gk, gt K
sol ution ratyR f)theiﬁlpg&Eiﬁl inflrRRoS | Bew@h Bodd LandDufcf haetdQRr %@ﬂeint yacpystal s
were obtained in 4-5 days when using 12.5% PEG 1000, 0. 1M cal ci um acet at e,
0. 1M domain of LovF tacilitates this highly efficient tailoring reaction in 4. ferrens. We have
20 previously explored the substrate promiscuity of LovD and have shown that it can also
synthesize SVA by using the small molecule substrate a-dimethylbutyryl-S-methyl-
mercaptoproprionate (DMB-SMMP) as an acyl donor (see, e.g. Xie et al., (2007) 73,
2054-2060) (Figure 7). Using Escherichia coli as an expression host, a whole-cell
biocatalytic platform for converting MJA to SVA was established that can produce SVA
25  with low throughput (see, e.g. Xie et al., (2007) 73, 2054-2060). However, as with many
enzymes that have been removed from their natural context, LovD is catalytically
suboptimal as a biocatalyst and suffers from poor thermal stability (see, e.g. Arnold, F.H.
(2001) Nature 409, 253-257). The catalytic activity of SVA synthesis using DMB-SMMP

is attenuated ~1,300 fold when compared to the natural substrate attached to Lovl (see,

30  eg Xie et al, (2009) J. Am. Chem. Soc. 131, 8388-8389), indicating there is ample
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25 im dazole, pH 8.0 and 10nM DITT, as a reservoir solution. In preparation
for data collection crystals were briefly soaked in 30% 70% m xture of

gl ycer ol /wezernmai496sol uti on and flash frozen. LovD G5PCHUSYA006D38g/ m ) :
Crystals of G5 were grown at RT by a hangi ng drop vapor diffusion nethod
using a 1:1 protein to reservoir solution ratio for a total drop size 30of
4 pl. Dffraction quality crystals were obtained in 3-4 days when using 20%
PEG MVE 550, 0.1M HEPES pH 8.0, 0.05M MyCl12, and 10nNI DTT as a reservoir
solution. Stock solutions of 50% A ycerol and 30% PEG MMVE 550 were m xed in
a 70% 30% r aipipostumityt foe uptidvip@ich b@b&te@&&@iﬂ‘@zriﬂ@@fﬁﬁdﬂddﬁlr%ﬂﬁ@tﬂﬁhe patdisat 0 t he

m xt ure above, crystals d.fo nut nd flash frozen

prior to datbémég?e[é) Gipctien E%‘\yl\%ﬁé%mteﬁef %@fﬂl ‘S’Eﬁ‘%é‘fdalhgn%‘?g & were
grown at RT Myt tohﬁﬂgﬂlzﬂlg o?mpzevtﬁ@@rndm ffrusi Qﬂnﬂ%h&glegﬁﬂ%rﬁ shbdkraRY i n to
reservoir sol ut| on ratio for a total §rop size of 4 Diffraction quality

crystal s weri@pgbedionPdtiideBy 4s day sywhesa usi ng 15% PEG MVE 550 0. 1M HEPES
pH 8.0, Q.05M MG OmNI oLr

sol uti ons of SI(\J% %ﬁgcutsz%crl %Id%ahge g&)@%ﬁ@%@%ﬁe&%%@%&)& ] n' a éfg@d 6fi‘(%/o 10
ratio, wt hqm99wgiﬁﬂr2 O pi VA He 20 i) 3 vﬁ559ad@ledpratve équell spalidss at ity e Trowlot ur e

above, where ¢r st | s were soaked for ute d flash frozen prior to
data col | ect a}?aéacéif 17F ‘fF’aﬁm]XStWr‘Eﬁ %’2 Hjﬁéet iBﬂgd’é‘fl%Ptﬁé? Qr%vbcfel TOPEd at

t he Advanceqem@megﬂwrg%%@& EHREAN! M8l | DHGrlSRg pARLADSCIQUant um
a

315 3X3 CCD array. Crystals were cooled to 10 in a cryogenic nitrogen
stream Dat @f@@ﬁhmfpteﬁh izpdcEeal Vig Ivwete apérd Skehe dxplepatign DiEKZd SEECE

(see, 997) Met hod Enzynol. 276, 307-326). The
LovD Golgatggev\mé%?:{\%ké%eh glj%lcar%b(f S (see, e.g. Kabsch, W (1993) J Appl.

Crystallogr. 26, 795-800), as the diffraction pattern showed evi dence of
non- 20 rrertr)géaﬂ%ﬁ or epitaxial twinning, and XDS is superior for indexing
such patter %f all reflections were sel ected at random from the

reci procal IBEVECOMIERG OheNCARA RBOGHHDIREERCMGEREENB G anergeD of free
R flags was maintained throughout the refinement. Care was taken to

mai ntai n the freeVRdevelpsd phighvihrasshpg Sﬁé@%ﬂﬂeﬂ?@filt‘hémhfm;ﬁ ofreamsssitthe
dat | | t t, 25
ata coljsec [E@H)Qla;%ts \b@ﬁr@rf) Opsrﬁéélﬁﬁﬁ g?%&&?e%s o@gawh A('aM‘B W

resolutlon ue to ov ecto an I n- ouse
sour ce (R gaWMPR- Eh¢ atsat ircigdanrode g@n&lﬁ atlobitieq wif pieehspait hgslmﬂ'B}/ is RO, Mg

Plate) were Heed ot Ba VR EE, Leldieqtd s Ll W e NP e ORRT 4. feens
strains (see, e.g. Kumar et al., (2000) J. Microbiol. Methods 40, 99-104). We found that

SVA can inhibit the growth of N. ¢rassa at sub-microgram quantities, while inhibition by

20 MJA requires hundred milligram quantities. To demonstrate the sensitivity and feasibility
of the assay, an E. co/i culture expressing wild type LovD was supplied with 10 mM MJA

and 15 mM DMB-SMMP. At different time points, 2 uL aliquots were directly spotted

on a Sabouraud’s dextrose agar (SDA) plate embedded with N. ¢rassa at a density of
0.3~0.5 x 10° spores/L. After 16 hours of incubation at 30°C, different inhibition zones

25  were observed for samples containing different degrees of conversion of MJA to SVA (as
verified by HPLC) (Figure 9A). Based on this screening strategy, any significant
contribution to whole cell LovD activity, such as improvements in solubility, catalytic

efficiency and stability can lead to a detectable phenotypical change.
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Structure determ nation and refinenent The structure of LovD GO was
determ ned in space group P1 with nol ecul ar repl acenent using the program
BALBES ( swe,200/0g44%k0ng et al., (2008) Acta Crystall ogr. pC®arsto100s52088 ol .
Crystal logr. 64, 125-132) and coordinates of EstB fromB. gladioli as a 5
search nodel (PDB code 1Cl18) (see, e.g. Wagner et al., (2002) Protein Sci.
11, 467-478). The two sequences share 32% i dentity over 227 residues. Four
LovD nol ecul es were found in the asymretric unit. The first refinenent
steps were performed with CNS (see, e.g. Brunger et al., (1998) Acta
Cryst al | ogr .SAXIBININGCrYISt BRONGYr VABRZANIGS5V0MT) , EdSiAgCeDmulvai@dE amdal i ng
and conjugatsecgnadient al gorithnms and the aid of a hydrogen bond 10
potential function (see, e.g. Fabiola et al., (2002) Protein Sci. 11,

1415-1423) . Ti ghtrioustinb ioﬂ@“(gf‘éﬁé&%@! LQEr&POD L u U NELiF ¥ el @S HILALALS ter e
used throughout. Later rounds of refinenent were perfornmed wth REFMACS

(see, e.§. Mipstiovhatctedzed deuble OrymitalCioyrCoOONSdpde, o Bicokt 2r y¥0A) | ogr .
53, 240-255)y,; enefit fr Sepagreterizatio in. disorder. (see,
e.g. Wnn etBlPéli%.Cﬁ,)no? 2 18%3% I\}@?] hgéa%hzyrmws §%%S%O%g§%i%8n%f lfee?eg%g gac
refinement slieffidetrhelinatelsrogasonvirsiuadsluyed fos peehidichtion sColas ({c8.e8; Xée g.al. Ensl ey
et al., (200 fa ystal | ogr ect. [ Biol. Crystallogr. .
2126-2132) , @99 331 e R ) %‘Bofg&c ﬁ?ﬁ‘f PEFeh R & erep] fFatﬁ%M&éﬁf at orms
connect ed t Q EaRANNRELIRsANG: RACKDANR MolyhRE’N EhRANBRYULS | BCbudedhat
their geonetrically calcul ated positions and refined using a riding nodel.

20The stlluctasneaisfl an Recrags|ot gomating ey FhapgesDecundsses ol & dtorhmtspale €19¢Poup C2
by nol ecul ar . Engat ogram P R.SE€, . et al .,
(2007) 5" ApsEREAGEIE Py R 0! BBl T i B o PR B
sear ch nodelliga®danto, pH T8(2) Laod Rlarabpeleit estoWET2 chopadnd cellt Hecasy mietdtiat, unit.
The correctn he no I repl acenent sol ution s verified by the
appear ance 62(%?? gjﬁﬁr‘%t E‘n 'edaggbj‘ﬁg&t ﬁ[g‘e 1‘?@“ 10 (R S Wi F R ‘r‘réﬂé%B Wﬁﬁ iplélf‘%map
over sel enomslifiiQNbnéndRitash ehaiold. oBetstoNRidansh KEFYACHvenes ysadpf ld

refinement. Tight four-fold symetry restraints weré used at first, and
t hen reddcedPpoingediuny. stresgbhdded rlates. eRHC0F3 thivavsr bt igrelrdrimprovement fphe
structure of e t i C reyp R2 b

nol ecul ar r evf) %%éﬁ%ﬁvpﬁf%fn? ﬁefo%g‘?&(%sgéﬁ%%aféﬁﬁg dle(é%o(reﬂi gng g%r ’ (%%6) the
sel enonet hi anyihd ldvnascd aeagalasiTgde),. anl swogleeadony DfChombihant indbideaul e

was found in the asymetric unit. The structure was refin i.ng REFMACS
and COOT. 'Le?ef?ﬁ&y%ﬂoa&@?, E5loiiep e By B A BTN e Y g
S5 - LVA wer g0 ear RS Wi t9y thendoecomphexed doviiy &b Imit anfe. mEhases wer e
obt ai ned by the 5difference Fourier method, and refined as described above.

Al nmodells weneingaiiganed chinghs tthid12oland Wrd§S s tGogetrentden va thadearfopondd s:

PROCHECK (s %%&]Fer?gmmls %?1'1%% Y\’Jslg% It Ov%lgtle 'shoxg%dg t%g‘t) 11329% @%Bl: hadd % C Ie%gz&%té 'CffgCQ,’

283-291), E See, e. s et al., ( rotern
1511-1519), -ehild (VERSRY3Dhad @eyeale pgsititeudtfeyt @impaked, to(GB92his Mesulirseggd &6 the
83-85). The tgzgorggtiatrl]grgseig C?gl taptesyL!:rgl%licaﬂ})goe lf:n}%rr]lge Lgng activities. Combination of
mutations from G2.1 and the A190T mutation in G2.2, which was recovered from the
25  same round of ep-PCR, yielded the next generation mutant G3. Ep-PCR using G3 as a
template yielded G4.1 and G4.2, each containing a ditferent double mutation
combination of A10V/K26E and H161Y/K227R, respectively.  Site directed
mutagenesis confirmed that both A10V and K227R had negative effects on the activities
of LovD. Removal of these mutations and combination of K26E and H161Y yielded an

30  improved mutant G5, which was ~6-fold improved in whole cell activity compared to

GO. At this point, structural studies were performed on the G5 mutant to provide
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10nerged structure factors have been deposited to the Protein Data Bank.

The correspondi ng PDB codes are |listed in Figure 20. The present
i nvent i orwo0nai44496 be limted in scope by the enbodi nerC3/usesioloomaesl
herein, which are intended as single illustrations of individual aspects of

the invention, 15 and any that are functionally equivalent are within the
scope of the invention. Various nodifications to the nodels and net hods of
the invention, in addition to those described herein, will becone apparent
to those skilled in the art fromthe foregoing description and teachings,

and are si I’ﬁihﬁgﬂtglin'to’lﬂlemdﬁﬁnﬂ@ecf ladnlefigidl tohi i dnl e Iis pagel, ah atldigonahwemtliobap- Such

m)dificatio her di ment s a be practiced wt departi from
the true 20 ﬁgb Fort‘tﬁlé‘e @En‘?qnﬁﬁagﬂ TREIESS {)g%@ @H%Aig6ﬁ%

Acyl -t hi OeStﬁﬁﬁatﬁlﬁ rﬁ&'ﬂ& nead 89s &h Dloadp iy thl RbLRBE8ERARY 8F slenidhAcy |

Thi oest er Conver si on, Sub strate (rt-fin)nBubstrate VI , 00 0 7%

5.189% 4. 6 positions 334 and 361. The best mutant recovered was G7, of which the whole cell
5  activity was increased an additional 20%. Surprisingly, we found that while position 334

was altered to phenylalanine, the previously deemed beneficial L361M mutation reverted

back to leucine. Site-directed mutation of L361M in G7 confirmed that leucine was

indeed the more favorable residue in the context of the V334F mutation.

10 IN VITRO CHARACTERIZATION OF LOVD VARIANTS
To dissect the contributions that led to the increases in whole cell activity, kinetic

parameters (&, K, soluble protein levels and thermal stability of all the improved

mutants were characterized and listed in FIG. 13. The binding affinities (Ky) of LovD
mutants toward MJA and DMB-SMMP were each within a narrow range (0.7 mM to 0.9
15 mM for MJA and 0.6 mM to 0.7 mM tor DMB-SMMP). The lack of improvement in K,
towards either substrate is not surprising considering the high concentrations of
substrates used in the screening assay (~10 K;of MJA and DMB-SMMP). The observed

improvements in whole cell activity are mainly due to increases in the £, of the mutants

cat

and levels of soluble proteins. The 4, and soluble protein levels were simultaneously

cat

20 increased ~3 fold and ~1.5 fold from G1 to 3, respectively. Impressively, the protein

expression levels of G3 reached 205 mg/L. In contrast, improvements in £, were the

cat
sole contribution to the increases in whole cell activities from round 4 to round 7. Most
notably, a single V334F mutation from G5 to G7 neatly doubled the catalytic turnover
rate. In addition, increases in thermal stability were reflected in the whole cell activities
25  of the mutants when expressed at elevated temperatures (Figure 14). Whereas the GO-
G3 mutants have no detectable activity when expressed at 32°C, the later generation
mutants retained significant SV synthase activities, with the G7 mutant exhibiting
comparable activity to that of GO at 25°C. Furthermore, the G7 mutant remained active

even when expressed at 37°C. The increased thermal stabilities of the mutants have

30  important practical implications in using LovD as a biocatalyst for SV semisynthesis.
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As.coA)11,s_coin, OOHO 35% 6.035% 4.2 ,..)."-11.s...cOA 0o 52% 6.806%
6.5 -1...11.s.cOA [@a] The products of the reactions were verified by
LC- M5. Rewotzoom4eondi tions: 10 p. M LovD, 1 mNI nonacol i RCTjUS40100052038

acyl -thi oester, 50 nM HEPES, pH 7.9, 25C, 10 hours. 10[b] Conversion is
measured by the percent nonacolin J converted to the correspondi ng

| ovastatin anal og using HPLC (238 nm. [c] HPLC (Cl18 reverse phase)
retention tinme of the free acid form of product.

To examine the activities of the mutants towards synthesis of the natural
biological product LVA, we performed kinetic assays using a-methylbutyryl-SMMP (MB-

SMMP) and MJA. A similar trend in the improvements of £, toward LVA synthesis was

observed (Figure 15), indicating the LovD relative substrate specificity towards the acyl

5 group (either MB or DMB) has not changed. Interestingly, when LovE was used in the
kinetic assay for LVA synthesis (Figure 7), we observed a progressive loss of activities of

the LovD mutants (Figure 15). The G7 mutant exhibited a 27-fold decrease in activities
towards LovE compared to the GO parent, most likely attributed to the deterioration of

the required protein-protein interactions for catalysis (see, e.g. Xie et al., (2009) J. Am.

10 Chem. Soc. 131, 8388-8389). Therefore, the mutations accumulated during directed

evolution may have gradually altered the conformation of LovD to impair its

communication with Lov[F, while not atfecting binding of the SMMP-bound acyl group.

OVERALL STRUCTURE OF LOVD
15 Seven LovD crystal structures were determined to help illuminate the mechanism of
the LovD-catalyzed reaction and possible basis for improved catalysis. These include (1)
GO, (2) selenomethionyl GO (GO-Semet), (3) the improved mutant G5, 4) G5 in
complex with substrate MJA, the G5 with S76A active site mutated (called G5%) in
complex with (5) LVA, (6) SVA, and (7) MJA. The resolution limits of the structures
20 range from 2.5 to 2.0 A except for GO. The native GO structure was resolved at 3.4 A,
but was improved to 2.5 A in the GO-Semet variant. Refinement statistics are provided
in Figure 20.
The crystal structure of LovD GO-Semet revealed a variation of the a/p hydrolase
told (see, e.g. Heikinheimo et al., (1999) Structure 7, R141-R146 and Nardini et al., (1999)
25 Curr. Opin. Struct. Biol. 9, 732-737). It consists of two domains. The first domain
(residues 1-92 and 204-413) is a central seven-stranded antiparallel B-sheet flanked by .-
helices on either face (Figures 8B and 16A). A ds-peptide bond is formed between
Glu388 and Pro389, contributing to a kink in the sheet. The second domain is smaller

(residues 93-203) and primarily a-helical. A deep and narrow cleft (11 x 6 A) is formed at
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Tabl e 1B: Conparison of initial velocities of thioester substrates.
Thi oester SubstrateAbbreviationlnitial Velocity (Is, min')" 0 DVB-S-NACO.02
0 0 DVB-SoMNGI4@R60 00 DVB- S- MVPO. 60 00 DMB- S- EMPO. 70 PCT/US2010/052038

the interface between the two domains. At the bottom of the cleft is the catalytic Ser76

that acts as the nucleophile in the acyltransfer reaction.

COMPARISON BETWEEN LOVD AND ESTB
5 Encircling the active site cleft is a broad, ring-shaped ridge, which is absent from
the homologous enzyme EstB. Their structures are superimposable with RMS deviation
of only 1.5 A over 270 pairs of a-carbons (about 2/3 of the structure) (Figure 8E). The
similarity is striking for the core of the two enzymes, but they differ notably in the loops
peripheral to the active site, both in size and architecture. In LovD, these loops give the
10 impression of a ring-shaped ridge or catcher’s mitt over the active site with fingers
composed of five loops: residues 114-125, 147-173, 243-258, 321-327, and 388-391
(Figure 8C). The first and last of these loops are longer in LovD than EstB by 11 and 19
residues, respectively. The second loop is displaced 7 A from the active site compared to
EstB, extending the grasp of the “mitt”. Most notably absent from the LovD molecule is
15 the 23-residue loop that if present would obstruct the grasp of the mitt and cover the
active site entrance (corresponding to residues 244-260 in EstB) (Figure 8D). The shape
and diameter of the ridge surrounding the active site (a circle of 17 A diameter) satisfies
the requirement of accommodating LovDD’s natural binding partner, the ACP of LovF.
Moreover, a positively charged tunnel leading from the active site of LovD and the
20 positively charged ridge surface further suggest that it binds to ACP, the surface of which
tends to be negatively charged (Figure 16B) (see, e.g. Lai et al., (2006) Biochemistry 45,
14869-14879). The distance between the rim of LovD and active site Ser76 is ~20 A,
which is roughly the same as the length of the phosphopantetheine (Ppant) arm of the
ACP domain of LovF.
25
CRYSTAL STRUCTURES OF THE MUTANT G5
Knowledge of the LovD GO-Semet structure made it possible to locate in three-
dimensions the residues that when mutated (in combination) were shown in this study to
accelerate the catalytic activity of the LovD G5 mutant, which has a ~4 fold

30  improvement in £,. These residues are scattered widely over space, forming no mutual

cat*®
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O O LsrDVB-S-MvBO.78 0 00 /(1.Ls.LOHDVB-S-MPAO. 08 a Reaction conditions:
1 MMM, 4 Ml thioester substrate, 10 uM pure LovD, 50 nmM 5HEPES, pH 7.9;
initial webaoitogs49s defined as the rate of initial turneceruseonobm3si near
range. Table 2. List of E. coli BW5113 nutants screened in this work.

Bi oH was shown to be the sole enzyne responsi ble for DVB-S MVWP hydrol ysis.
No Gene

contacts. Nor do they share a common physical environment, being located in both
buried and solvent exposed regions. Moreover, distances of these residues to the active
site Ser76 are relatively large, ranging from 10 to 32 A for Thr190 and Gly12, respectively
(Figure 10). The lack of connectivity of the residues to each other and to the active site
5 is a common phenomenon in numerous directed evolution experiments (see, e.g. Hsu et
al., (2005) Proc. Nat. Acad. Sci. USA 102, 9122-9126, Oue et al.,, (1999) J. Biol. Chem.

274, 2344-2349, and Zhao et al., (1999) Protein Eng. 12, 47-53).
The crystal structure of G5, however, offered evidence to suggest that the
increased activity afforded by its six mutations can be attributed to their ability to
10 stabilize a more closed form of the active site cleft. Comparison of the G0-Semet
structure with G5 revealed a rotation about the domain-domain hinge of 5°, narrowing
the cleft by about 0.5 A and producing motions up to 3 A for atoms furthest from the
hinge (Figure 11A). Subsequent structures of G5 bound to the LVA showed larger
movements along the same trajectory arising from a 14° hinge rotation. That
15  observation suggests that the beneficial mutations in the G5 variant help promote a

conformational change required for catalysis.

Stabilization of the closed conformation of LovD might enhance activity by
positioning residues critical for catalysis. For example, when the large domains ot GO-
Semet, G5, and G5-MJA are superimposed (residues 14-92 and 204-405), it is evident

20 that domain rotation from G0-Semet to G5 closes the gap between the guanido group of
Arg173 and the C15 carboxylate of MJA by 0.5 A. This rotation could be attributed to
the G5 mutations (and perhaps to a difference in crystal packing) but not to ligand
binding, since the comparison is between two unliganded structures. Ligand binding
produces a further rotation from G5 to G5-MJA which closes the gap between Argl173

25  and MJA by an additional 2.2 A, so that a hydrogen bond is formed between the two
groups. Similarly, G5 mutations bring Phel48 and Tyr188 side chains from the GO-
Semet position closer to substrate (G5-MJA), although their motion is smaller since they
lie closer to the hinge axis (Figure 17A).

The A86V mutation in particular appears responsible for stabilizing closure of the

30  hinge. Its two additional methyl groups buried in the boundary between domains act as a
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wedge pushing against Leul34 on the distal side of the hinge axis, thereby closing the
active site cleft on the proximal side of the hinge axis (Figure 11A). The beneficial effects
of the K26FE and G275S mutations are less obvious. The K26E mutation might improve
stability of the enzyme by breaking up a patch of positively charged residues (R22, K23,
K26, and R28) on the surface of helix A (Figure 18A) (see, e.g. Schweiker et al., (2007)
Protein Sci. 16, 2694-2702). The G275S mutation appears to improve stability of the
enzyme by adding a hydrogen bond with the N-terminal end of helix I and decreasing
torsional flexibility of the backbone (Figure 18B).

CO-CRYSTALLIZATION OF LOVD WITH MJA, LVA AND SVA

Structures of LovD G5’ in complex with substrate and products illustrate the
mode of binding of these ligands and suggest a catalytic mechanism for acyl transter. The
substrate MJA binds with its C8-hydroxyl group deep inside the cleft between domains,
forming hydrogen bonds with Ser76, Tyr188, and a fortuitously bound formate molecule
(used as a cryoprotectant) (Figure 12A). The proximity of the C8-hydroxyl to the Ser76
hydroxyl is consistent with the expectation that both hydroxyl groups initiate a
nucleophilic attack on the same acyl group during different steps in the reaction sequence
(Figure 19B). The two faces of the decalin ring system of MJA are sandwiched between
the aromatic rings of Trp390 and Tyr188 (Figure 16C). Additional hydrophobic and van
der Waals interactions with the edges of the ring system are observed with Phe363,
1le325, Tyr327, Phel48, Ler149, and the peptide planes of Gly364, Gly365, and Gly366
(Figure 16C). The hydrophilic tail of MJA (i.e. the C1 substituent on the decalin ring)
extends away from the active site into bulk solvent. The C11 hydroxyl group hydrogen-
bonds with the Glu388 side chain and the backbone amide of Trp390, the latter being
mediated by a water molecule. The C15 carboxylic acid forms a salt bridge with Arg173.

The position of the a-S-methylbutyryl group is revealed in the crystal structure of
the LovD G5’ mutant in complex with LVA. As in the MJA complex, the decalin ring
and hydrophilic tail of LVA bind with similar geometry. Interestingly, the additional
methylbutyryl group extends parallel to the MJA hydrophilic tail (Figure 12B). The

proximity of the two tails gives LVA a hairpin shape, with the decalin ring forming the

65



2 ArnhpC 17 Al pxL 32 AyegX 3 AybhA 18 Al pxM 33 Ayf bT 4

WO 2011/044496 PCT/US2010/052038

10

15

20

25

30

hairpin turn between the two tails. The hydrophobic side chain binding position is likely
the site at which the acyl donor binds. The proximity of the tails also suggests how MJA
competitively inhibits the acyl transfer reaction when it binds prior to the methylbutyryl
substrate (see, e.g. Xie et al., (2006) Chem. Biol. 13, 1161-1169). Because the hydrophilic
tail of MJA partly obstructs access of the methylbutyryl group to the active site, ordered
binding of the substrates is required.

Structural comparisons between complexes of LovD G5” with LVA and SVA
suggest some strain is involved in accommodating the non-natural product, SVA (Figure
12C). SVA contains an additional methyl group compared to LVA, located on the a-S-
methylbutyryl moiety. Superimposition using only a-carbons in the large domains of the
two structures shows nearly identical arrangements of atoms in the large domains and the
decalin rings (Figure 12D). But contact between the additional methyl group (attached at
(C2’) and the side chain of Phel48 appears to push open the cleft between domains. As a
result, Phe148 moves approximately 0.8 A away from its position in the LVA complex
(Figure 17B). There is also a 30° rotation about the C1-C2’ bond of the o-
dimethylbutyryl moiety. The consequence of these rotations for the relative catalytic rates
of the two substrates appears minor; the movements near the atoms directly involved in
acyl transfer are small. This is consistent with the ability of LovD to catalyze acyl
transfer using an o-dimethylbutyryl group as substrate instead of the natural o-
methylbutyryl group.  However, further amino acid mutations, such as the
aforementioned Phel48, could improve the fit to the a-dimethylbutyryl substrate, or
other variations. The structures presented here provide a framework for such design
efforts.

In this Example, we show that seven amino acid changes led to the ~ 11 fold
increase in the SV synthase activity of LovD. This level of enhancement is significant
considering GO was already an adequate SV synthase following our previous efforts in
substrate and strain optimization. Although the kinetic activity of G7 is far below that of
the natural reaction catalyzed by LovD using acyl-LovF, GG7 is a robust mutant for high
volume synthesis of SVA using the whole cell platform. Indeed, when applied in a high

density fermentation environment, more than 30g/L of MJA can be quantitatively
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converted to SVA within one day. The relatively few rounds of direct evolution to
achieve the activities of (GG7 also demonstrate that LovD is highly evolvable as a
biocatalyst.

The X-ray crystal structures solved in this work provides insight into different
tacets of LovD enzymology. Among these, the spatial arrangement of the LovD catalytic
triad Ser76-Lys79-Tyr188 was captured and is shown to be consistent with that of the
esterase EstB (Figure 19). Tyr188 (as the phenolate) appears to be the general base in
initiating the two nucleophilic attacks required for completion of the acyl transfer
reaction (see, e.g. Oetner et al., (1990) Nature 343, 284-288). The first nucleophilic attack
is by Ser76 on the a-§-methybutyryl group and the second attack is by the C8 hydroxyl of
MJA on the acylated enzyme intermediate. In both reactions, the attacking hydroxyl
group must be activated by deprotonation (Figure 19C). Tyr188 is well-positioned to
deprotonate both hydroxyl groups, forming hydrogen bonds with Ser76 in the apo-
enzyme and with MJA in the G5-MJA complex. Lys79 is also well-positioned to aid in
activating the two hydroxyl groups by forming a hydrogen bond relay with Tyr188 in the
G5-MJA complex. Site-directed mutation of either Tyr188 or Lys79 to alanine resulted
in complete loss of activity.

Details of the a-$-methylbutyryl binding pocket suggest how the transition states
tor the acyl transfer reactions are stabilized. As in the MJA complex, the C8 oxygen of
LVA maintains a hydrogen bond to Tyr188, but the neighboring water molecule has
been displaced by the carbonyl oxygen of the a-S-methylbutyryl group. This carbonyl
oxygen forms a pair of hydrogen bonds with the backbone amides of Ala76 (i.e. Ser76 in
the G0-Semet) and Gly366. The geometry of the hydrogen bonds appears ideal, with the
amide hydrogen atoms pointed directly at the two lone electron pairs on the carbonyl
oxygen. These hydrogen bonds would appear well suited to stabilize a tetrahedral

transition state. The closest protein contacts with the aliphatic portion of the
methylbutyryl group are aliphatic or aromatic carbons: Ala75 (C), Phel48 (CC), Tyr146
(CL), and Asn270 (CP). Notably, the a-S-methylbutyryl aliphatic catbons are also
surrounded by three positively charged side chains, Arg73, Lys79, and Arg173, all within

4.1 A. These positive charges might help stabilize the negative charge of the oxyanion
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hole that forms during acyl transfer. Indeed, the pocket’s affinity for negative charges is
demonstrated by the fortuitous presence of a bound formate anion in this position in the
G5-MJA complex.

The crystal structures provide plausible explanations for the basis of enhanced
catalytic efficiency. Upon ligand binding, LovD undergoes a conformational change
analogous to the closing of the catcher’s mitt. Movement of the domains shown in
Figure 11A positions the catalytic residues in closer proximity to each other and to the
ligands, and serves to enhance the rate of catalysis. The G5 structure suggested that
beneficial mutations afforded an alternative way to pre-position the active site residues to
increase the catalytic efficiency. Although the V334D and V334K mutations of G6 and
G7, respectively, were discovered subsequent to the structural work of G5, the molecular
explanation above can also be applied to rationalize the beneficial nature of the
additional single mutations. Val334 is located in the middle of a loop between helix K
and sheet 12. The two side chain methyl groups of Val334 are directly in contact with
the side chain of Asp320 on helix K, which serves as one of the domain-domain hinges
and is in contact with the loop where Tyr188 is located (Figure 11B). Mutation of V334
could therefore result in movement of the domains around the helix K hinge. For
example, the mutation V334D in G6 would result in electrostatic repulsion between
Asp334 and Asp320. Similarly, the mutation V334F in G7 could result in steric clash
between the phenyl side chain and the side chain of Asp320, further closing the active
site cleft and bringing key residues (e.g. Tyr188) into more optimal positions for catalysis.
On the other hand, the more compact conformations of LovD mutants are less
compatible with binding to Lovl, which apparently favors the open conformation of
LovD.

These results disclosed herein are significant in part because Simvastatin (SV) is
the active pharmaceutical ingredient of the blockbuster cholesterol-lowering drug
Zocor®. Semisynthesis of SV from lovastatin (LV) is therefore an intensely pursued
target for devising an efficient biocatalytic approach. Our previously developed plattorm
tor the biosynthesis of SV was powerful, but still suboptimal due to the lack of a robust

biocatalyst. In this work, we employed directed evolution to engineer LovD. Several
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better mutants were obtained through a well designed screening method and the best
mutant “G7” displaying an ~11-fold increase in SV biosynthesis compared to the parent
GO. Catalytic efticiency, solubility and thermostability were improved simultaneously
showing the power of our selection system. More strikingly, we have determined seven
X-ray crystal structures including the parent LovD GO0, an improved mutant G5, and the
co-crystal structures of G5 with MJA, LVA and SVA. The structure information not only
aided our understanding of the catalytic mechanism of LovD, but also afforded a great
insight into how mutations affected the overall properties of LovD. Comparing the
structures between LovD GO and G5 suggests the beneticial mutations help promote a
more compact conformation required for catalysis. The co-crystallization of LovD with
substrate MJA, product LVA and SVA reveals how acyl transfer reaction proceeds via a
ping-pong mechanism, how MJA becomes a competitive inhibitor and how the catalytic
cavity is adapted to accommodate its non-natural product. Our work, therefore, can have
significant impact on biocatalyst development and provides deep insights into

tundamental understanding of LovD enzymology.

EXPERIMENTAL PROCEDURES

EP-PCR AND CONSTRUCTION OF MUTANT LIBRARY

Ep-PCR procedure was moditied from established protocols (see, e.g. Fromant et
al., (1995) Anal. Biochem. 224, 347-353). The reaction consisted of 0.35 mM dATP, 0.4
mM dCTP, 0.2 mM dGTP, 1.35 mM dTTP, 4 mM MgCl,, 0.25 mM MnCl,, and 2.5 U
Taq polymerase. The reaction mixture was submitted to 25 cycles PCR: 94°C for 1 min,
55°C for 1 min and 72°C for 3 mins. The resulting PCR products were digested with
Dpnul, turther digested with EwRI and Ndel, and ligated to pET28(a). The ligation

mixture was transformed to YT2 and plated on LB agar containing 35 mg/L kanamycin.

SELECTION OF HIGH ACTIVITY MUTANTS
N. ¢rassa was grown on SDA slants for 10 days and spores were harvested with

1% Tween-80. 100 ml of molten SDA was seeded with 0.3-0.5x10° spores and poured
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into a 230%230 mm plate. Colonies from mutation library were cultured in 96 well plates
containing 250 ul LB medium (with 35 mg/L kanamycin). The cells wete grown at 37°C
to saturation and transferred to duplicated plates. Protein expression was induced with
0.1 mM IPTG at ODy,, of 0.5 and the expression was performed at 25°C for 16 h. 5 mM
MJA and 10 mM DMB-SMMP were added to initiate the reaction. After a certain
reaction time (45 mins to 4 hours depending on the activity of the parent), cells were
removed with centrifugation (2,000 g, 4°C, 5 min). The amount of supernatant spotted
on the SDA plate was typically 1~3 ul. The plates were incubated at 30°C for 16~18
hours. The improved mutants were selected following visual comparison of the

inhibition zones.

SITE-DIRECTED MUTAGENESIS
Site-directed mutations were performed using the standard Quickchange®
strategy using relevant templates. The primers were ordered from IDT (Integrated DNA

Technologies). All mutations were verified by DNA sequencing (Laragen, Los Angeles,
CA).

SATURATION MUTAGENESIS

The LovD G6 gene was randomly mutated at positions of V334 and L361. Since
the two residues are close to each other, the two random mutations were introduced in a
single pair of primers. Two segments were amplified by PCR and linked together using
slice-by-overlap extension (SOE) PCR to give intact LovD gene, which was subsequently
introduced to pET28(a).

DETERMINING WHOLE-CELL BIOCATALYSIS ACTIVITY

Parent LovD GO and all mutants were cultured in parallel for comparison. A
single colony of the freshly transformed YT2 competent cells was used to inoculate a 5
mL LB culture supplemented with 35 mg/L kanamycin. Following overnight growth at
37°C, 100 ul of the culture was inoculated into 50 mL LB medium supplemented with 35
mg/L kanamycin. When ODg,, reached 0.4~0.6, 0.1 mM IPTG was added to the
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cultures and expression of all LovD variants was performed at 25°C for 16 hr. To mimic
the high density fermentation conditions, the cells were then concentrated 10-fold before
addition of substrates. A 10 ml aliquot of each culture was collected by centrifugation
(4°C, 2,000 g, 10 min). The cell pellet was gently resuspended in 1 ml of the medium
supernatant, followed by addition of 70 ul of MJA (300 mM stock) to a final
concentration of 15 mM. The concentrated culture was then divided into seven 200 ul
aliquots and 1 pl of pure DMB-SMMP was added to each sample to a final concentration
of 20 mM. The small cultures were then shaken at 300 rpm at 25 °C. At each time point,
a complete extraction of one culture aliquot was performed by adding 10 ul of 20% SDS
tor cells lysis, followed by extraction with 500 ul ethyl acetate containing 1%
trifluoroacetic acid TFA. The organic phase was removed, evaporated, and redissolved in
500 ul acetonitrile for HPLC analysis. The whole-cell activity was determined by fitting

the linear regions of the conversion time course plot.

KINETIC ASSAY OF LOVD VARIANTS TOWARDS MJA AND DMB-SMMP

To obtain Ky, values for MJA and £, the DMB-SMMP concentration was fixed
at 2 mM, while the concentration of MJA was varied from 0.25 to 5 mM. To obtain K,
values for DMB-SMMP and £, the MJA concentration was fixed at 2 mM, while the
concentration of DMB-SMMP was varied from 0.5 to 5 mM. Dimethyl sulfoxide
(DMSO) was added to a tinal concentration of 10% to facilitate the solubilization of
DMB-SMMP. At different time points of the kinetic assay, an aliquot of the reaction
mixture was removed, quenched with 1% TFA and extracted with EA containing 1%
acetic acid. The organic phase was separated, dried, resolubilized by acetonitrile (ACN)
and analyzed by a Beckman Gold HPLC using a reverse phase C18 column (Alltech
Apollo 5y, 150 mm x 4.6 mm) and a linear gradient: 60% ACN in water (0.1%
trifluoroacetic acid (TFA)) to 95% ACN in water (0.1% TEFA) for 10 min, 1 mL/min.

Conversion of MJA to SVA was measured by integration of the peaks at 238 nm.
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KINETIC ASSAY OF LOVD VARIANTS TOWARDS MB-SMMP

To compare the £, of LovD mutants towards lovastatin synthesis using MB-

cat

SMMP as the substrate, both MJA and MB-SMMP were fixed at 2 mM. DMSO was
added to a final concentration of 10% to facilitate the solubilization of MB-SMMP. At
5  different time points of the kinetic assay, an aliquot of the reaction mixture was removed,
quenched with 1% TFA and extracted with EA containing 1% acetic acid. The organic
phase was separated, dried, resolubilized by ACN and analyzed HPLC using the same

program described above.

10 IN VITRO ASSAY OF LOVD VARIANTS TOWARDS LOVF
50 uM LovF was incubated with 1 pM LovD wvanants, 2 mM MJA, 2 mM
malonyl-CoA, 2 mM S-(5’-adenosyl)-L-methionine chloride (SAM), 2 mM NADPH in
100 mM PBS, pH 7.4. At 1 and 2 hours time points, an aliquot of the reaction mixture
was removed, quenched with 1% TFA and extracted with EA containing 1% acetic acid.
15 The organic phase was separated, dried, resolubilized by ACN and analyzed HPLC using

the same program described above.

COMPARING EXPRESSION LEVELS OF SOLUBLE LOVD
Each expression plasmid encoding IovDD mutant was transtormed into E. coli
20 BL21(DE3). The transformant was cultured in 50 mL LB medium containing 35 mg/L
Kan at 37°C to optical density (ODy,,) value of 0.4~0.6. Protein expression was induced
with 0.1 mM IPTG and the subsequent expression was performed at 25°C for 16 h. Cells
were collected by centrifugation (2,000g, 4°C, 15 min), resuspended in 7 mL Buffer A (50
mM Tris—HCl, pH 8.0, 2 mM DTT, 2 mM EDTA), and lysed by sonication. Cell debris
25  and insoluble proteins were removed by centrifugation (20,000g, 4°C, 1 h). To the
cleared cell lysate, 0.5 mL of Ni-NTA resin (Qiagen, Valencia, CA) was added to each
sample. The mutants were then purified using a step gradient of Butfer A with increasing
concentration of imidazole (10, 20, and 250 mM). LovD variants were eluted with 5 mL

Bufter A containing 250 mM imidazole. The protein concentrations were qualitatively
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284(5418):1368-72 M5 S || DAAAAADPVWLME TAFRKAVKSRQ | PGAV | MARDC S
GNLNYTRCFGARMRR] Iy PIBECNKAFPPLIO am%Aal'&Eﬂjﬂﬁed by the Bradford protein assay
| MAL QCMERGL VDL TVDRLLPDL AI\/PVIZBE DD RRGKI TLRHLLTHT
SGLSYVFLHPLLREY e S

SRLAPPAVNDPGAEW YGANLDV\AGKLVERATGLDLEQYLQENI CAPLA TDMIFKL
QORPDMLARRADQTHRNSADGRL RYDDSVYFRADGEECF FSGPGSYMKVLHS
LLKRDG.LLQDQWW@R@EEN@W%A@ PHNFOENPM/LRRSFGLG 15 G

| ALEDL NV\RRKGS F DPV/ FEHAI YAQYQQG
(SEQ 1D NG 1), S PRgarC PTG ety Ao ChPransCor O nbb ACCEGa
BAC20561 ZOAcbéfee(pHiW 0). Ml sam@enets.p 196&th qear2Gnv{tE) yitlo 36 -bd path 26QR) arldAPS |
DVI PTAAS TAAGM. .S FKSAVYKIKQ |  PGAVVNARSMNGD B RCFGA RTVERDE PPME
| DT PLRLASAERER 772 Heidc EFIDENVAIES ¢! er mun. Ellipticity was monitored a

222 nm in a Jasco spectropolarimeter (Jasco Inc., Easton, MD). The midpoint of the

denaturation curve was determined with Microcal Origin 5.0 software (Originlab

10 Corporation, Northampton, MA).

ACCESSION NUMBERS
The coordinates and structure factors of GO, SeMet GO, G5, G5-MJA, G5-MJA,
G5-LVA and G5-SVA have been deposited into the Protein Data Bank under code
15  3HL9, 3HLB, 3HLC, 3HLD, 3HLE, 3HLF and 3HLG, respectively.

FURTHER EXPERIMENTAL PROCEDURES AND DATA
Crystallization: LovD proteins were purified as previously described (see, e.g. Xie et al.,
(2006) Chem. Biol. 13, 1161-1169) except for selenomethionyl GO, which was puritied
20 using minimal medium (see, e.g. Doublie, S. (2007) Methods Mol. Biol. 363, 91-108).
The proteins were dialysed overnight into 50 mM Tris pH 8.0, 150 mM NaCl and 5 mM
DTT (using Spectra/Por moleculatr porous membrane tubing MWCO 6~8,000). LovD
proteins were concentrated to a desirable concentration (using Amicon Ultra 15 MWCO
30,000).
25 LovD GO (7.6 mg/ml): Crystals of GO were grown at RT by a hanging drop vapor
diffusion method using a 2:1 protein to reservoir solution ratio for a total drop size of 3
ul. Diffraction quality crystals were obtained in 3~4 days when using 20% PEG 3350,
0.1M HEPES pH 7.0, 0.25M (NH,),SO,, and 10mM DTT, as a reservoir solution. In

preparation for data collection crystals were briefly soaked in 30%/70% mixture of
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KDLTRKFEKAMYSQVKCRN 30 (SEQ I D NO 2). Aspergillus terreus LOVF Pol yketi de
Synt hase AAD34559 Kennedy et al. Science. 1999 May 21;284(5418):1368-72 35
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HPNGORVGSMVH\RGGEHF 1 BEDBALBERASH EiVBa SREXASCVIPOXRIs rot bERAYEAL BA pAstntRh BVS
GSKTGVFAGTMYHDY! FQRQPEAL PRYF | TGNAGTMLANRVSHFYD LRGPSVS | DTACS
TTLTALHLAI QSCRRGESDMVAI VAGANLLLNPDVFTTVMBNLGFL 40 S SDG

SYSFDSRADGYW&&WQ%ED?%\%&)J VRERA! MQREART s&éh Im BliB1 GrAQetel |
QDCYQKAQLDPKQT SYVEAHGTGTRAGDPLELAVIT SAAFPGQQ | QVGSVKANI GHTEAVSGLASL

| KVALAVEKGVISPVIPRAREIDgR ISKEing KBTHrapor diffosign method using a 1:2 protein to reservoir

5  solution ratio for a total drop size of 3 ul. Diffraction quality crystals were obtained in
5~6 days when using 22% PEG 3350, 0.1M Bis-Tris pH 6.5, 0.25M (NH,),SO, , and
10mM DTT, as a reservoir solution. In preparation for data collection crystals were
briefly soaked in 30%/70% mixture of glycerol/reservoir solution and flash frozen.
LovD G5 (69 mg/ml): Crystals of G5 wetre grown at RT by a hanging drop vapor

10 ditfusion method using a 2:1 protein to reservoir solution ratio for a total drop size of 3
ul. Diffraction quality crystals were obtained in 3~4 days when using 40% PEG 400,
0.IM HEPES pH 7.5, 0.25M MgCl,, and 10mM DTT as a reservoir solution. In
preparation for data collection crystals were briefly soaked in 30%/70% mixture of
glycerol/reservoir solution and flash frozen.

15 LovD G5+ MJA (50 mg/ml): Crystals of G5 + MJA (100X molar excess of MJA) were
grown at RT by a hanging drop vapor diffusion method using a 1:1 protein to reservoir
solution ratio for a total drop size of 4 ul. Diffraction quality crystals were obtained in
5~6 days when using 16% PEG 3350, 0.1M magnesium formate, 0.1M Bis-Tris, pH 6.5
and 10mM DTT, as a reservoir solution. In preparation for data collection crystals were

20 briefly soaked in 4M lithium formate and flash frozen.

LovD G5 + MJA (66 mg/ml): Crystals of G5 + MJA (100X molar excess of MJA)
were grown at RT by a hanging drop vapor diffusion method using a 1:2 protein to
reservoir solution ratio for a total drop size of 3 ul. Diffraction quality crystals were
obtained in 4~5 days when using 12.5% PEG 1000, 0.1M calcium acetate, 0.1M

25  imidazole, pH 8.0 and 10mM DTT, as a reservoir solution. In preparation for data
collection crystals were briefly soaked in 30%/70% mixture of glycerol/reservoir
solution and flash frozen.

LovD G5’ + SVA (60 mg/ml): Crystals of G5” were grown at RT by a hanging drop
vapor diffusion method using a 1:1 protein to reservoir solution ratio for a total drop size

30  of 4 ul. Diffraction quality crystals were obtained in 3~4 days when using 20% PEG

74



SQSW  PTDGVRRAS | NNFGFGGANAHAI VEQYGPFAETSI CPPNGYSGNYDGNLGTD QAHI - YVL
SAKDENS CVRWSRLCDYATHARPADDL QLLANI AYTLGSRRSNFRWKAV

CTAHSL TG wWQMNh AGREYRPSKSADQVRL GW/F TGCQGAQWFAMGREL | EMYPVFIREAVUSREQDE0BKEMSES
TWS | | EELSRPETESRVDQAEFSLPLS TALQ ALVRLLWAWNI Q 5 PVAVT SHS S CEAAAAYAI GAL
TARSAI G S Y | RGAL TARDRLASVHKGGVMLAVGA. SR SEVA Yl RQVPLQSEECLVWGCVNS PS
SVTVSGEDLSAI AKLEELLHADRI FARRLKV TQAFHS SHVNSMIDAFRAGLTEL FGADPSDAANASKDVI YAS
PRTGARLHDWVNRLRD P | HWECMLHPVEFE SAFRRMCLDENDHWPKVDRVI E | GPHGALGGP

| KQ MLPEL ATCDI PYLSCLSRGKS SLS TLRLLASEL | RAGFPVDLNAI NFPRGCEAARVQVLSDL 10
P PY PWNHE TMRVAKEPRIIMSOERRQRKGEVHDLSNI M(QE afdl Nkm PLIXRIVAINV DB Dol uitdh.

LRDHVWGSH VEPGAGFVCVAV S ILC S SDHES S VNFAQAL | PADG EEG
G i PR FrAORN R T URABRDGPPS S8 g
BLF’SIF_’J\S:?KTCQE%/\Q%Mﬁﬁ%@oo%@b@%ﬁ%ﬁ%ﬁs to the mixturel above,

SAMPHAYESQHI VHPTTLDSAV AGSRI'KSAMVPA S SRLADL 15
EARDM. RAQAKVHS 18y PESANMUTE DYAYE DEADPYECRYMEL fah\Vresk GASLIGT28 Dikedmsn. TDPGNTCS

S| SVeDVER SPAREV AR AP RTRARER e o G eyl Pk« e deop

TNGEM CRL GSVilzpéd diRREMDREEENMEIGHL L SRY Y DAL KWBRENAQAGED YA ISLIGCHKNIPIRAR sitcE |

GGGTGGCTQLWDS > PVGRYDFT. DVSAGFFEAARKRFA 20 RKL D |
PEAQGFVCG S G$ ‘E@Eﬂ;\ %‘ﬁ%ﬂwﬁiﬂéﬁ‘%WE REG RS g#‘\Y/‘E C%RBE%[BE%ZQBEG_L
PG\ SEE PRGOS, 5000 B REMARIM-&1D T 1| EARDEIEDTM 215G +IIMNB,i TN
PMSCSVKLPEVLLVYVDS S T PVMBW 'SDLGGE | R GRNCSVT SLQALROVP P TEGQ |

CVFL GEVEHSMSGSNTIDDPTS pf TOSNE Igron \ROVT BEATMRE" DB KA FICGH LIRT 30%

I NGGEEDOYAL EPEERRNLL R gl G PR VSTV BRSO ™ 1 oR o

| EPRAFGL NF RV IM#AMGERH ESMNYMGRECAQWinStes Sl TART:dzARGHAMGIRMCALMNGHWASRVTT
SRTNWRI PE TL S FPHAAS | PLAFT TAY | SLYTVARI LPGETVL | HAGAGGVGQAAI | LAQL
TGAEVFT TAGSE TKR NLL | DKFHLDPDHVFS SRDS

SFVDG KTRTRGKYR\MeNSbAGPLLOKSFDCLARF 30 GRFVE | GKKDLEQNSRLDMVBS T FVRNVS FS
SVDI LYWQQAKPAE | FQAMSEVI LLWER TAIGL | HP | SEY PMBALEKAFRT

GQHVCKI WTVAPDDAVE-VRQERIVRIEPL KN WereYealaaal @G th GRAV TR R/PDREARY et (AP

SO0 S IO VIR, RS EH GSTRITC Y CAMIIOAYS

SLVGVMEGAGQANYAAAGAR QDAL AEHRMAHANORAVEath. Dt 38uddGnt MidEvdre PSAVARII ORI

GYQPLHEEEVLDVLE AVIVT
G %RP@M%@&%%%E&PWWL%t NRAY) 8tgtgeghinzymol

I AVI MEAMSCKLy 1 2\ VDI 5 \
ARVAEWL ORI £ TD ML 3o Eoh %ﬁ%@ﬁ?gﬁﬁ%ﬁ S orace bilonH

ACCESS| ON 4Cpetabeds. 86, a15-800Rr ascthe Néitfractige gdtterScshowi] Svienggof pel-
17020- 170324 (200241 or epitaxial twinning, and XDS is superior for indexing such patterns. 5% of

all reflections were selected at random from the reciprocal lattice using the CCP4
program FREERFLAG36. The same set of free R flags was maintained throughout the
refinement. Care was taken to maintain the free R flags in switching between refinement
programs. The data collected on G5-MJA at the synchrotron was incomplete in the low
25 resolution shell due to overloads on the detector. Data from an in-house source (Rigaku
FR-E rotating anode generator equipped with HTC imaging plate) were used to

supplement reflections that were overloaded.
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MNNI WAQT KGQGNVHLVLLHGWGLNAEVWRC | DEELS SHFTLHLVDLPGFGRSRGFG AL
SLADVAEAVL QQAPDKAI W.GABLGALVAS Q | AL THPERVQALVTVAS S PCFSAR

DEWPGE KPDVDACH@RISDDFQRTVERFLAL QT MGTETARQDARAL KKTVLAL PRPTESDMONEBEE |
LKTVDLRQPLONVSMPFLRLYGYLDGALVPRKVWPMLDKLWPHSE S Y 5

| FAKAAHAPFI SHPAEFCHLLVALKQRV (SEQ I D NO 4). Pol ynucl eoti de encodi ng
Aspergillus terreus LOVD transesterase. EMBLCDS: AAD34555 10Kennedy et al.
Sci ence. 1999 May 21;284(5418):1368-72
ATGGGATCCATCATTGATGCT GCTGCGGECAGCGGATCCGGT TGT TCTGATGGAAACC
GCCT T CCCCAAGHCHire AT A AT EeGaeEeCCGT CAT CATGGCCCGA
GATTGCAGTGGCAA
GACGAGTGCAATCA

GCGACCAAGCT GisA AT % Acta Crystalloer.
GACTTGGATGAC%?-CGGTGGATA %CC%ATT% @P@ € AysiTogt

codTrocREEAAGATGRC@m B, gladioli as a

M%%@%%%@%&% S 11, 4g7-478)

AGTCGCCT WW&WMMAWD molecules were
AACCTGGACT CGACCTGCGA

15

1 with molecular

TACCTGCAGGA ERPCRECTTFAR @ed with ONS (see,
CACGCAA AT 2505-921), usin
e LIRS o, v

TTWW@WWWMMM@@M a hydrogen bond

CCTOCCT oA A AR AR GAT AN CAT ARG, 29 i v

CATATCAACTACGHST#(sH QTR EGT TeXahGECACETUSEGEXOhERGE Jiter rounds of

CCCATCATCXCTI CATATTCACCAGMCOETANATITOLTIC 1, ., A
I

CGCACATTCGAGCAT GCAGGGITAA (SEQ ID NO_ 5)
of domain disorder (see, e.g. Winn et al., (2003) Met nzymol. 374, 300-321). After

15 each refinement step, the model was visually inspected in Coot (see, e.g. Emsley et al.,
(2004) Acta Crystallogr., Sect. D: Biol. Crystallogr. 60, 2126-2132), using both 2Fo-Fc
and Fo-Fc difference maps. All hydrogen atoms connected to carbon atoms and
backbone nitrogen atoms were included at their geometrically calculated positions and
refined using a riding model.

20 The structure of the selenomethionyl LovD GO was solved in space group C2 by
molecular replacement using the program PHASER (see, e.g. McCoy et al., (2007) J.
Appl. Crystallogr. 40, 658-674) and coordinates of LovD GO as a search model. Again,
tour LovD molecules were found in the asymmetric unit. The correctness of the
molecular replacement solution was verified by the appearance of discrete peaks in the

25  anomalous difference Fourier map over selenomethionine side chains. Both CNS and
REFMACS were used for refinement. Tight four-fold symmetry restraints were used at
tirst, and then reduced to medium strength at the end of the refinement.

The structure of the LovD G5 mutant was solved in space group P2,2,2, by

molecular replacement wusing the program PHASER and coordinates of the

76



35 WO 2011/ 044496PCT/ US2010/ 052038 CLAI Ms: 1. Avariant of a LovD

pol ypeptide shown in SEQ ID NO 1, the variant LovD pol ypeptide conpri sing
an am no Wwoi2di1sdb®bi t uti ons at am no aci d resi due positipomUS2d0/05HBE2; K26;
A86; Al190; H161; K227; &75; V334; or L361. 2. The variant LovD

pol ypeptide of claim1, wherein: the am no acid substitution
conpri ses any one of the 19 am no acids not found at the am no acid residue
position on the LovD pol ypeptide shown in SEQ ID NO 1; 10 and t he

variant further conprises am no substitutions at am no acid residue
posi ti ons CABleandetthlyl Lovd) afhescw@hiraodel. LoV Binplel ypdéptGdewueint chdéduelwar 2,

wherein the varjant LovD 15pol ypepti de conpri_ses am cid suybstijitution:
ALOV; D126, ‘RIBED @@A@“@G@Nﬁmﬁg%“ﬁ%iws KIgerTuss E%?‘Aéﬁé;cs%&m;
V334F; and/or L36AM strftrurdhér MRM.AM d5omipApelsyRgat sstesnof £ldagsmrly Okvess

wherein the variant LovD pol ypeptide conprises amno acid substitutions at:
isomorphous with the uncomplexed LovD G5 mutant. Phases were obtained by the

5  difference Fourier method, and refined as desctibed above.

All models were wvalidated with the following structure validation tools:
PROCHECK (see, e.g. Laskowski et al,, (1993) J. Appl. Crystallogr. 26, 283-291),
ERRAT (see, e.g. Colovos et al., (1993) Protein Sci. 2, 1511-1519), and VERIFY3D (see,
e.g. Luthy et al., (1992) Nature 356, 83-85). The coordinates of the final model and the

10 merged structure factors have been deposited to the Protein Data Bank. The

corresponding PDB codes are listed in Figure 20.

The present invention is not to be limited in scope by the embodiments disclosed

herein, which are intended as single illustrations of individual aspects of the invention,

15 and any that are functionally equivalent are within the scope of the invention. Various
modifications to the models and methods of the invention, in addition to those described
herein, will become apparent to those skilled in the art from the foregoing description

and teachings, and are similarly intended to fall within the scope of the invention. Such
modifications or other embodiments can be practiced without departing from the true

20 scope and spirit of the invention.
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20am no acid residue positions C40; C60; and A86; am no acid residue
positions C40; C60; A86; and Al190; am no acid residue positions C40; C60;

D12;
C60;
40;
D12;

A86;wand1 @By am no acid resi due positions C40; CeOr/USr®p/08888 CAO0;
A190; and &75; am no acid residue positions C40; C60; D12; K26; A86;
C60; H161; A190; 25and @X75; am no acid residue positions C40; C60;
A86; A190; and &X75; am no acid residue positions C40; C60; AlO0;

TABLES

5 'Table 1A. Acyl-thioesters as substrates of LovD!

[b]

Acyl Thioester Conversion™, Acyl Thioester Conversion, RT
Substrate RT (min)™ Substrate (min)
o) 0 0
)LS,COA 7%, 5.1 )J\/U\S,CoA 89%, 4.6
o OH O
\)LS,COA 35%, 6.0 )\/u\S/COA 35%, 4.2
o o
\HI\S/COA 52%, 6.8 /\)LS/CoA 6%, 6.5
o o o 1]
/\)I\S,CoA 87%, 6.8 Ho)j\/u\s’C°A N.R.
o N o
M 32,87 e oon N.R.
7
o o
/('\Q)j\s’c“\ 7%, 10.6 < CoA 69%, 7.6
3
i 50%, 6.8 T 58%, 7.6
A~ A nac o ©)ks’NAC o
A‘j\ WA 22%, 7.6 />é,’\ NAC 10%, 8.5
5” 5
\/\j\ NAG 52%, 7.8 /\j\ O 92%, 6.8
s~ S ~
o
o o
33%, 8.7 70%, 7.6
/\/\)L ~NAC ’ O. ’
) S ~
Y
o o
2%, 7.5 17%, 8.5
\/\)j\ -NAC ’ />a\ SN '
S S
T

[a] The products of the reactions were verified by LC-MS. Reaction conditions: 10 uM

LovD, 1 mM monacolin J, 4 mM acyl-thioester, 50 mM HEPES, pH 7.9, 25°C, 10 hours.
10 [b] Conversion is measured by the percent monacolin ] converted to the corresponding

lovastatin analog using HPLC (238 nm). [c] HPLC (C18 reverse phase) retention time of

the free acid form of product.
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D12; K26; A86; A190; and &X75; am no acid residue positions C40; C60; D12;
K26; A86; H161; A190; and &X75; am no acid residue positions
C40; Co0;wODra11/428p A86; H161; A190; &75; 30 V334 and P8®AS2@0/05m88 N0 aci d
resi due positions C40; C60; D12; K26; A86; H161; A190; X75; and V334.

5. The variant LovD pol ypeptide of claiml1l or 2, wherein the variant LovD
5pol ypepti de conprises am no acid substitutions:

Table 1B: Comparison of initial velocities of thioester substrates.

Thioester Substrate Abbreviation Initial Velocity (k,, min™)*
0
H
/7{%/\/“\"/ DMB-§-NAC 0.02
o)

0O

%3/\“/0\ DMB-S-MTG 0.03

(0]

O O
/%ks/\)J\o/ DMB—S—MMP O()O

(0] (0]
%S/\)]\o/\ DMB-S-EMP 0.70

(0]
O
/><LS ~  DMB-S-MMB 0.78
/\/\[o]/
O O
%S/\)%H DMB-$-MPA 0.08

* Reaction conditions: 1 mM M]J, 4 mM thioester substrate, 10 uM pure LovD, 50 mM
5 HEPES, pH 7.9; initial velocity is defined as the rate of initial turnover in the linear
range.
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D12G C40A, C6ON, A86V, A190T and X75S; D12G K26E, C40A, C6ON, A86V,
D12G K26E, C40A, C6QON, A86V, H161Y, A190T,
R75S andwgBtif44406. The vari ant LovD pol ypepti de of cl acwassteis/os2eber ei n

H161Y, A190T and &75S; or

the variant exhibits: a decreased aggregation;

stability; an inproved catalytic activity;

| mproved sol ubl e expression |evel;

an i nproved thermal

an i nproved kat/Km val ue; 15an

and/or an inproved whole cell activity

at 25C as conpared to the LovD pol ypeptide shown in SEQID NO 1. 7. An

i sol ated pol ynucl eoti de having at

| east a 95% sequence identity to a

20pol ynucl edritde2ehispdf Eg celi BA¥1541% mbeais patstpelihitiis vafrkc BaoHevds-shown
to be the sole enzyme responsible for DMB-S-MMP hydrolysis.

No Gene No Gene No Gene No Gene
Deletion Deletion Deletion Deletion

1 AgloB 16 AyegU 31 Apaal 46 AyidA

2 AmhpC 17 AlpxL 32 AyegX 47 AyieH

3 AybhA 18 AlpxM 33 AyfbT 48 AyigB

4 AybiV 19 AyedL 34 AypfH 49 Ayigl

5 AycaC 20 Addg 35 Aypfl 50 AysgA

6 ArarA 21 AcaiE 36 AygaP 51 AeptA

7 AymdC 22 AwbbJ 37 AyqaB 52 AyjfP

8 AycfH 23 AwcaF 38 AyghX 53 AcheB

9 AycgM 24 AwcaB 39 AyghY 54 AyeiG
10 AyciA 25 AfrmB 40 AygjP 55 AyqiA
11 Aycj T 26 AtesB 41 AuxaA 56 AbioH
12 AycjY 27 Aaes 42 AyheT 57 Ayju
13 AynbC 28 AtesA 43 Aphp 58 BW25113
14 AyniC 29 AybgC 44 AyrfG 59 BL21(DE3)
15 AyecD 30 AybhC 45 AeptB 60 BL21/pAW31

Table 3: Comparison of protein yield from different expression conditions®

Fermentation Condition

LovD Concentration (mg/1.)"

LB low density

F1 low density

TB high density

I'1 fed-batch high density

96

34

980

1500

* The reported yields represent the highest observed yield under respective conditions.



8. A vector conprising the pol ynucleotide of claim7. 9. The vector of
claim8 operably linked to control sequences recogni zed by a host 25cel

t ransf or w0 20d wda449he vector. 10. A host cell conpri si ngprChaSe@os3of claim
9. 11. The host cell of claim 10 wherein the host cell is an Escherichia
coli, Aspergillus 30teans, Mnascus ruber, Mnascus pnpureus, Monascus

pi | osus, Monascus vitreus, Mnascus pubigerus, Candida cariosil ognicol a,
Aspergil |l us ogea, Doratonyces stenonitis, Paecilomyces virioti, Penicillum
citrinum Penicillin chgsogenum Scopul ariopsis brevicaulis or Trichoderma
viride. 12.° ”Phemromas)ﬁeleﬂ @resfrhodd Gonginari tv@sss@ntsingexdl el ypephis decdexpni si ng
culturing t I f,claim1ll under conditions suit for

expr essi on a%?% IV@@ﬁ%P%b gﬁ&ﬂﬁ@ﬁ“ﬁvﬂﬁ 8f?ﬁﬁ§%€6??ﬁ@egFﬂ§1 m 6 so that
t he vari ant JdoavRiR0bY 4 fendvsr Rrashucedin®. 13. A chineric nol ecul e

conprising a variant LovD pol ypeptide of any one of clains 1-6, fused to a
het er ol ogous am no aci d sequence. 10

5 Table 4: Polypeptide and Polynucleotide Sequence Information

Aspergillus terreus LOVD transesterase. Accession AAD34555
Kennedy et al. Science. 1999 May 21;284(5418):1368-72

MGSIIDAAAAADPVVLMETAFRKAVKSRQIPGAVIMARDCSGNLNYTRCEFGARTVRR
10 DECNQLPPLOVDTPCRLASATKLLTTIMALQCMERGLVDLDETVDRLLPDLSAMPVL
EGFDDAGNARLRERRGKITLRHLLTHTSGLSYVFLHPLLREYMAQGHLQSAEKFGIQ
SRLAPPAVNDPGAEWIYGANLDWAGKLVERATGLDLEQYLOQENICAPLGITDMTFKL
QORPDMLARRADQTHRNSADGRLRYDDSVYFRADGEECFGGOGVESGPGSYMKVLHS
LLKRDGLLLOPOTVDLMFQPALEPRLEEQMNQHMDASPHINYGGPMPMVLRRSFGLG
15 GITALEDLDGENWRRKGSLTFGGGPNIVWQIDPKAGLCTLAFFOQLEPWNDPVCRDLT
RTFEHAIYAQYQQOG
(SEQ ID NO: 1).

Penicillium citrinum MIcH transesterase ACCESSION BAC20561
20 Abe et al.,, Mol. Genet. Genomics 267 (5), 636-646 (2002)

MAPSIDVIPTAASTAAGMISDMEAAFKSAVKLKQIPGAVVMARSMNGDIDYTRCEFGA
RTVERDECQRLPPMEIDTPLRLASATKLLTTIMALQCMEQGLVDLDENVNRLLPDLS
DMQVLTGFDAAGNAIMRDREGIIKLRHLLTHTSGLSYAFLHPLLOEYMAKGYLKTAE

25 KFGIQSRLAPPAINDPGVEWIYGANLDWAGKLIERATGVDLEEFMOKNICEPLGITD
MTFKLQORPDMLARRSDOQTRRNENGSLRYDDSVYFRHDGEECFGGQGVFCGPESYMK
VLNSLMKHDGLLLKKDTIELMFQPALDAELEKKMNDHMDTTPHINYGAALPPVMRRN
FGLGGIIAMGDLDGHNWRREGSLTFGGGPNIVWQIDPTVGLCTLVVFQLEPWNDPIC
KDLTRKFEKAMY SQVKCRN

30 (SEQID NO:2).

Aspergillus terreus LOVE Polyketide Synthase AAD34559
Kennedy et al. Science. 1999 May 21;284(5418):1368-72
35
MTPLDAPGAPAPIAMVGMGCREFGGGATDPOKLWKLLEEGGSAWSKIPPSRENVGGVY
HPNGORVGSMHVRGGHFLDEDPALFDASFEFNMSTEVASCMDPOQYRLILEVVYEALEA
AGIPLEQVSGSKTGVEFAGTMYHDYQGSFOROPEALPRYFITGNAGTMLANRVSHEYD
LRGPSVSIDTACSTTLTALHLATQSLRAGESDMATIVAGANLLLNPDVEFTTMSNLGEL
40 SSDGISYSEFDSRADGYGRGEGVAAIVLKTLPDAVRDGDPIRLIVRETAINQDGRTPA
ISTPSGEAQECLIODCYQKAQLDPKOTSYVEAHGTGTRAGDPLELAVISAAFPGQOT
QVGSVKANIGHTEAVSGLASLIKVALAVEKGVIPPNARFLOPSKKLLKDTHIQIPLC
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14. A nonocl onal anti body which specifically binds to a variant LovD
pol ypepti de of any one of clains 1-6. 15. A nethod of naking a variant of
a LovD povgpentdisgmsshown in SEQ ID NO 1 15conpri sing:  PCT/US2GI0/062038
pol ynucl eoti de nmut agenesi s procedure to generate a popul ation of nutants of
t he LovD pol ynucl eotide shown in SEQ ID NO 5; and expressing a
popul ati on of LovD pol ypeptide variants encoded by the popul ation of LovD
pol ynucl eoti de mutants; 20so that a variant of a LovD pol ypeptide shown in
SEQIDNO 1 is made. 16. The nethod of claim 15, wherein the
pol ynucl eot i SIS LR BEr REA ST NN OREELAND H2ST G Gt REZ6R T DT MIRNGERINESI GNI0E TN
error prone e YT SISEDRNEIMRMVESIIL G IO THZaCrrcun1en 1, 12840174 Yiimes Srr SR Ae | ai m
15, further ©CO0LSETIIONICAERTNEIGS KEYED OFR IOIer TRtesver ofcHETer Mopu)ata on - of
LovD pol ypeptisepiard it Srigdr s ok b e i nosae var b gt at dvad 1 vexdiipivher o a
decreased a%@%ﬂ%E%Am@A@ﬂqﬁéﬁd@Yﬁé@@ﬁﬁbﬂz@s’mm&%ﬁbmf{
acyl transfer ?Hf&d\}’ﬁﬁ’@sé’ébﬂm O vi%@ﬁf\% PV UG T, 1L I Spbl €

) V1

compared 1o VRenti ;}:gcigﬁ NEERD
2011/ 044496 - G IrMC%LLiPEIv\hereu n
t he pol ynucl R%?Q%%H%Nﬁ%@ﬁ?%ﬁ?%ﬁﬁ%%@ ate a
subst i t Uf) O@WWHW & %G%W%ﬁﬁ%%{&%ﬁwlﬂ\é\{% tion:
AL0; D12; KZERDEABESS NIGOR GAHABICMABHGLE S Tt DRI S Y ILRDVNFAQALILPADG
EEGIDLRLTICAPDQSLGSQDWQRFLVHSI TADKNDWTEHCTGLVRAEMDQPPSSLS
NQORIDPRPWSRKTAPQELWDSLHRVGIRHGPFFRNITCIESDGRGSWCTFAIADTA
SAMPHAYESQHIVHPTTLDSAVQAAYTTLPFAGSRIKSAMVPARVGCMKISSRLADL
15 EARDMLRAQAKMHSQSPSALVTDVAVFDEADPVGGPVMELEGLVFQSLGASLGTSDR
DSTDPGNTCSSWHWAPDISLVNPGWLEKTLGTGIQEHEISLILELRRCSVHFIQEAM
ESLSVGDVERLSGHLAKFYAWMQKQLACAQNGELGPESSSWTRDSEQARCSLRSRVV
AGSTNGEMICRLGSVLPAILRREVDPLEVMMDGHLLSRYYVDALKWSRSNAQASELV
RLCCHKNPRARILEIGGGTGGCTQLVVDSLGPNPPVGRYDFTDVSAGFFEAARKREFA
20  GWQNVMDFRKLDIEDDPEAQGFVCGSYDVVLACQVLHATSNMQRTLTNVRKLLKPGG
KLILVETTRDELDLFFTFGLLPGWWLSEEPERQSTPSLSPTMWRSMLHTTGFNGVEV
EARDCDSHEFYMISTMMS TAVQATPMSCSVKLPEVLLVYVDSSTPMSWISDLQGEIR
GRNCSVTSLQALRQVPPTEGQICVFLGEVEHSMLGSVTNDDFTLLT SMLQLAGGTLW
VTQGATMKSDDPLKALHLGLLRTMRNESHGKRFVSLDLDPSRNPWTGDSRDAIVSVL
25 DLISMSDEKEFDYAERDGVIHVPRAFSDSINGGEEDGYALEPFQDSQHLLRLDIQTP
GLLDSLHFTKRNVDTYEPDKLPDDWVEIEPRAFGLNFRDIMVAMGQLESNVMGFECA
GVVTSLSETARTIAPGLAVGDRVCALMNGHWASRVTTSRTNVVRIPETLSFPHAAST
PLAFTTAYISLYTVARILPGETVLIHAGAGGVGQAATIILAQLTGAEVFTTAGSETKR
NLLIDKFHLDPDHVFSSRDSSFVDGIKTRTRGKGVDVVLNSLAGPLLQKSFDCLARF
30 GRFVEIGKKDLEQNSRLDMSTFVRNVSFSSVDILYWQQAKPAEIFQAMSEVILLWER
TAIGLIHPISEYPMSALEKAFRTMQSGQHVGKIVVTVAPDDAVLVRQERMPLFLKPN
VSYLVAGGLGGIGRRICEWLVDRGARYLIILSRTARVDPVVTSLQERGCTVSVQACD
VADESQLEAALQQCRAEEMPPIRGVIQGAMVILKDALVSQMTADGFHAALRPKVQGSW
NLHRIASDVDFFVMLSSLVGVMGGAGQANYAAAGAFQDALAEHRMAHNQPAVTIDLG
35 MVQSIGYVAETDSAVAERLQRIGYQPLHEEEVLDVLEQAISPVCSPAAPTRPAVIVT
GINTRPGPHWAHADWMQEARFAGIKYRDPLRDNHGALSLTPAEDDNLHARLNRATISQ
QESIAVIMEAMSCKLISMFGLTDSEMSATQTLAGIGVDSLVAIELRNWI TAKFNVDI
SVFELMEGRTIAKVAEVVLQRYKA
(SEQ ID NO: 3).

40

Escherichia coli Carboxylesterase bioH ACCESSION Q8FCT4
Welsch et al., Proc. Natl. Acad. Sci. U.S.A. 99 (26), 17020-17024 (2002)

82



5and/ or L36

pol ynucl eoti de mutagenesis procedure is controlled so as to generate a

1. 19. The nethod of claim 15, 16 or 17, wherein the

vari ant owopniigi4mye C40A and C60N;, and a further a subst iPCuttisesomstoas i on at

a codon that encodes am no acid residue position:

A190; H161;
simvastatin

nonacol in J;
hydr oxyl group of nmonacolin J in the presence of LoyD acyltransferase;

K227; &75; V334; and/or L361. 20. A nethod of making
conprising the steps of: (1) conbini ng together
an acyl thioester that donates an acyl noiety to the C8

Al10;: 10 D12; K26; AS86;

and

a 15 vari antMof I vad QA @THH IV Tarisd vas IasAes Wik §/IsgR I Sl BINaiu v DIP SER JHBINO. 1,

t he vari ant Azoyi ol sAensdoED KoL G ves TG L VS QA T6cH 1k resa duey sse ¢ i sars . C40
and C60; antrrpcIK @iV ARSIO@NED B IOV KCH Th T ERIEHET DO AR OTKK IR T, 12, K26
ik T NG 1 R L NWHM##E@LY@yﬁbéﬂﬁé@KﬁﬁﬂMWWmeﬁﬁﬁﬁy@f'ant

A86; A190;

LoyD pol ype
regi osel ect
si mvastatin
t he acyl thi
fernmentatio
t he Lquoac

15

20

25

30

35

Pit i chen 210 S LS itk Oulhdf om the acyl thioester to

1S

| e the C8 hydroxyl group of nonacolin J; so that
gﬁt%%f&M5q%1 The nmet hod of claim 20, wherein the nonacolin J;

d th L Loyl tid mbi ned
bﬁ»ﬁ’ﬁﬁq h b R Y B B om that produces

ereln the IS olated organismis at |east one of:
):1368-72

Kennedy et al. Science. 1999 May 21;284(5418):1

ATGGGATCCATCATTGATGCTGCTGCGGCAGCGGATCCGGTTGTTCTGATGGAAACC
GCCTTCCGCAAGGCCGTGARATCCAGGCAGATCCCCGGGGCGGTCATCATGGCCCGA
GATTGCAGTGGCAATCTAAATTATACGCGCTGCTTCGGGGCTCGGACGGTGCGACGE
GACGAGTGCAATCAGCTGCCGCCGCTACAGGTCGACACCCCCTGCCGGCTCGCCAGT
GCGACCAAGCTGCTGACCACGATCATGGCCCTACAATGCATGGAGCGCGGTCTCGTG
GACTTGGATGAGACGGTGGATAGGCTGCTTCCGGATTTGAGCGCGATGCCCGTGCTG
GAGGGGTTTGACGACGCGGGAAACGCAAGATTGCGAGAGCGTCGGGGGAAGATCACG
CTGCGGCACCTGCTGACGCATACATCGGGACTGTCGTACGTCTTCCTCCATCCGTTG
CTCCGGGAATACATGGCCCAGGGCCACCTCCAGTCGGCAGAAAAGT TTGGCATCCAG
AGTCGCCTGGCGCCGCCGGCCGTCAACGACCCTGGGGCGGAGTGGATCTACGGCGCC
AACCTGGACTGGGCGGGTAAGCTCGTCGAGCGGGCCACCGGCCTCGACCTGGAGCAG
TACCTGCAGGAGAATATCTGTGCGCCGCTGGGCATCACCGACATGACCTTTAAGCTG
CAGCAACGGCCGGATATGCTTGCGCGCCGGGCCGACCAAACGCACCGCAACTCGGCG
GATGGGCGCCTGCGCTACGACGACTCGGTCTACTTCCGGGCCGATGGAGAGGAGTGC
TTCGGCGGCCAGGGGGTGTTCTCGGGCCCTGGGTCCTATATGAAGGTGCTTCACTCG
CTGTTGAAGCGAGACGGGCTCCTGCTGCAGCCACAGACCGTGGACTTGATGTTTCAG
CCTGCCCTCGAGCCGCGACTCGAAGAGCAGATGAACCAGCACATGGACGCCAGCCCA
CATATCAACTACGGTGGGCCGATGCCCATGGTCCTTCGTCGCAGCTTTGGGCTGGGG
GGGATCATCGCCTTGGAGGATCTGGACGGAGAGAACTGGCGCCGAARAGGTTCCTTG
ACCTTTGGGGGTGGCCCAAACATTGTGTGGCAAATCGACCCCARAGCCGGCCTGTGE
ACCCTTGCGTTCTTCCAACTGGAACCCTGGAATGACCCGGTCTGTCGTGATCTGACA
CGCACATTCGAGCATGCCATCTATGCGCAGTACCAGCAGGGTTAA

(SEQ ID NO: 5)
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(a) Aspergillus teans; (b) Aspergillus teans that does not
express LovF pol ypeptide of SEQ ID NO 3; 30(c) Escherichia coli; or (d)
Escheri chwa 20nli4449hat does not express bi oH pol ypept i de Pofi/USEQol0R208. 4.
22. The net hod of claim 20, wherein the acyl thioester is selected to
possess at | east one of the follow ng properties: 5(a) is a
butyrlyl-thioester, a N-acetyl cysteam ne thioester or a

met hyl -t hi ogl ycol ate thioester; (b) conprises nediumchain | ength (C3-C6)
acyl group noieties; (c) is able to cross the cellular nmenbranes of
Escheri chi a ClbAIM8r Aspergillus teans cells growing within a fermentation
nmedia; or 10(d) is selected fromthe group consisting of

a-di mret hyl butyryl -S-nmet hyl - nmercap topropi onate (DVB-S- MVP),

di met hyl but yrryl - Sy ehdiyd: orer L& tp@%@fma@rg%@n(i 1BMRD: BNde variant LovD

di met hyl butyryl -S-nethyl thioglycolate (DVMB-S-MIG and N

di met hyl but PeSideetomypitising e aptierbasic) sups etufiphBL SmiyN B)d residue position: A10;

5 D12; K26; A86; A190; H161; K227; G275; V334; or 1.361.

2. The variant LovD polypeptide of claim 1, wherein:
the amino acid substitution comprises any one of the 19 amino acids not found

at the amino acid residue position on the LovD polypeptide shown in SEQ ID NO:1,

10 and
the variant further comprises amino substitutions at amino acid residue positions
C40 and C60.
3. The variant LovD polypeptide of claim 1 or 2, wherein the variant LovD

15 polypeptide comprises amino acid substitution: A10V; D12G; K26E; C40A; C60N;
A86V; H161Y; A190T; K227R; G275S; V334D; V334F; and/or 1L.361M.

4. The variant LovD polypeptide of claim 1 or 2, wherein the variant LovD
polypeptide comprises amino acid substitutions at:
20 amino acid residue positions C40; C60; and A806;
amino acid residue positions C40; C60; A86; and A190;
amino acid residue positions C40; C60; D12; A86; and G275;
amino acid residue positions C40; C60; D12; A86; C40; C60; A190; and G275;
amino acid residue positions C40; C60; D12; K26; A86; C40; C60; H161; A190;
25 and G275;
amino acid residue positions C40; C60; D12; A86; A190; and G275;
amino acid residue positions C40; C60; A10; D12; K26; A86; A190; and G275;
amino acid residue positions C40; C60; D12; K26; A86; H161; A190; and G275;
amino acid residue positions C40; C60; D12; K26; A86; H161; A190; G275;
30 V334 and 1.361; or
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1523. The net hod of claim 22, wherein the acyl thioester is

a-di net hyl butyryl -S- net hyl - mer capt opr opi onate, and wherein the

a- di met hywbuebyrosh498- met hyl mer capt opr opi onat e i s present pcm/usb@ofszoaent at i on
media in a concentration range of 1mw100mNI. 20 24. The nethod of claim 21,
wherein the nonacolin J is produced by an isolated organismw thin the
fermentation nedia. 25. The nethod of claim21, wherein the isolated
organismis grown under at |east one of the follow ng conditions: 25(a) at
a tenperature between 25-40C, (b) for a time period between at |least 4 to
at | east 48 hour simife hcidtesalup Hobesweed); 768, D2, Kab) ABG Il fle A @ 75p0mdredi a
conpri sing FI or TB nedia. WD 2011/ 044496PCT/ US2010/ 052038 26. The

met hod of cl'aith 20, further conprising purifying the sinmastatin nade by

5. The variant LovD polypeptide of claim 1 or 2, wherein the variant LovD
5  polypeptide comprises amino acid substitutions:
D12G, C40A, C60N, A86V, A190T and G275S;
D12G, K26E, C40A, Co0N, A86V, H161Y, A190T and G275S; or
D12G, K26E, C40A, CO0N, A86V, H161Y, A190T; G275S and V334F.

10 6. The variant LovD polypeptide of claims 1-5, wherein the variant exhibits:
a decreased aggregation;
an improved thermal stability;
an improved catalytic activity;

an improved k., /K value;

cat

15 an improved soluble expression level; and/or
an improved whole cell activity at 25°C

as compared to the LovD polypeptide shown in SEQ ID NO:1.

7. An isolated polynucleotide having at least a 95% sequence identity to a

20 polynucleotide encoding a variant LovD polypeptide of claims 1-6.
8. A vector comprising the polynucleotide of claim 7.

9. The vector of claim 8 operably linked to control sequences recognized by a host

25  cell transformed with the vector.
10. A host cell comprising the vector of claim 9.

11. The host cell of claim 10 wherein the host cell is an Escherichia coli, Aspergillus

30 terrews, Monascus ruber, Monascus purpurens, Monascus  pilosus, Monascus vitreus, Monascus
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the met hod by at | east one purification step conprising: (a) lysis of cells
of an isolated organismpresent in the conbination; (b) centrifugation;

5(c) precwpiznatisesvéof a free acid formof sinvastatin; @edr/useowes®son of a
free acid formof sinvastatin to a sinvastatin salt; (e) filtration; or (f)
hi gh performance |iquid chromatography (HPLC). 10 27. The nmethod of claim
20, wherein the nethod: (a) produces a conposition of matter
conprising 0%1% of the nonacolin J that was initially conbined with the
acyl thioester that donates an acyl noiety to the C8 hydroxyl group of
nmonacolin J ﬁ%hgemeCWﬁs edﬂibﬁ’loghfm/&,w@@lﬁybb@an%@fo@&s steaevlbsOPaecilomyces virioti, (D)

results in ast 95‘V nonacal | ded onbi natl on bei ng
15convert ed teﬁ“& f”ﬁ”}m‘@mge’?ﬁé Wﬁ’f %f"mfﬂ”%f ﬁ&hﬁgo’g Féfn the

vari ant LovD pol ypeptl de conprises am no acid substitutions: D12G C40A,

C60ON, A86V, A190T and R75S; 20D12G K26E, C40A, C6ON, A86V, H161lY, A190T
and @75S; dr A process for producing a variant LovD polypeptide comprising culturing the

5  host cell of claim 11 under conditions suitable for expression of a polypeptide encoded

by a polynucleotide of claim 6 so that the variant LovD polypeptide is produced.

13. A chimeric molecule comprising a variant LovD polypeptide of any one of claims
1-6, tused to a heterologous amino acid sequence.

10
14. A monoclonal antibody which specitically binds to a variant LovD polypeptide of

any one of claims 1-6.

15. A method of making a variant of a LovD polypeptide shown in SEQ ID NO:1
15 comprising:
using a polynucleotide mutagenesis procedure to generate a population of
mutants of the LovD polynucleotide shown in SEQ ID NO: 5; and
expressing a population of LovD polypeptide variants encoded by the population
of LovD polynucleotide mutants;

20 so that a variant ot a LovD polypeptide shown in SEQ ID NO:1 is made.

16. The method of claim 15, wherein the polynucleotide mutagenesis procedure is a

saturation mutagenesis or an error prone polymerase chain reaction procedure.

25 17. The method of claim 15, further comprising screening one or more members of
the population of LovD polypeptide variants so as to identity a variant that exhibits: a
decreased aggregation; an improved thermal stability; an improved acyltransterase
activity; an improved kcat/Km value; an improved soluble expression level; and/or an
improved whole cell activity at 25°C, as compared to the LovD polypeptide shown in

30  SEQID NO:1.
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D12G K26E, C40A, C60N, A86V, H161lY, A190T; @&75S and V334F. 29. The net hod
of claim 20, wherein the variant LovD pol ypeptide exhibits: a decreased
aggr egat iwo;2025am95nproved thermal stability; an inprovedTastabysioss
activity; an inproved kat/Km val ue; an inproved sol ubl e expression |evel;
and/or an inproved whole cell activity at 25C 30 as conpared to the LovD
pol ypeptide shown in SEQ ID NO 1. WD 2011/ 044496PCT/ US2010/ 052038 30. A
conposition of matter conprising: nonacolin J; an acyl thioester
that donates an acyl noiety to the C38 hydroxyl group of

18. The method of claim 15, 16 or 17, wherein the polynucleotide mutagenesis

procedure is controlled so as to generate a substitution mutation at a codon that encodes

amino acid residue position: A10; D12; K26; A86; A190; H161; K227, G275; V334,
5 and/or L361.

19. The method of claim 15, 16 or 17, wherein the polynucleotide mutagenesis
procedure is controlled so as to generate a variant comprising C40A and C60N; and a
turther a substitution mutation at a codon that encodes amino acid residue position: A10;

10 D12; K26; A86; A190; H161; K227; G275; V334; and/or 1.361.

20. A method of making simvastatin comprising the steps of:
(1) combining together monacolin J; an acyl thioester that donates an acyl moiety
to the C8 hydroxyl group of monacolin | in the presence of LovD acyltransferase; and a
15 wvariant of a LovD acyltransterase polypeptide shown in SEQ 1D NO:1, the variant LovD
polypeptide comprising:
amino acid residue positions C40 and C60; and
at least one amino acid residue position: A10; D12; K26; A86; A190; H161;
K227, G275; V334; or 1.361; and
20 (2) allowing the variant LovD polypeptide to use an acyl group from the acyl
thioester to regioselectively acylate the C8 hydroxyl group of monacolin J;

so that simvastatin is made.

21. The method of claim 20, wherein the monacolin J; the acyl thioester and the
25 wvariant LovD polypeptide are combined in a fermentation media in the presence of an
isolated organism that produces the LovD acyltransterase wherein the isolated organism
is at least one of:
(a) Aspergillus terrens;
(b) Aspergillus terrens that does not express LovE polypeptide of SEQ ID NO: 3;
30 (c) Escherichia coli; ot
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5nonacolin J in the presence LovD acyltransferase; a variant of a
LovD acyl transferase pol ypeptide shown in SEQ ID NO 1, the variant LovD

pol ypept iwe 20omaud49si ng an am no acid substitution at: arCmwsSaciods108si due
positions C40 and C60; and at | east one ami no acid residue
position: Al0; D12; K26; A86; Al190; H161; 10 K227; &75; V334; or L361; and
sinvastatin. 31. A conposition of matter conprising: hydrolyzed pravastatin
tetra-ol; 15an acyl thioester that donates an acyl noiety to the C8

hydr oxyl group of hydrolyzed pravastatin tetra-ol in the presence LovD

acyl transf erase; (8) Mabdidntolbthaaddeoudd apydsd bidhpblepgside pobyQdpt Nde 4shown i n
SEQ ID NGO 1, the variant LovD pol ypeptide conprising an am no acid
substitution at am no acid residue position: Al0; D12; K26; C40; C60;

AB6; A190; HDE1; KL2hethGR EPclaiMB3d RN B 2k Gllivest® 120k hUMBHoRdchdht least

one of the following properties:
5 (a) is a butytlyl-thioester, a N-acetylcysteamine thioester or a methyl-thioglycolate
thioester;
(b) comprises medium chain length (C3-C06) acyl group moieties;
(c) is able to cross the cellular membranes of Escherichia coli or Aspergillus terreus
cells growing within a fermentation media; or
10 (d) 1is selected from the group consisting of «-dimethylbutyryl-S-methyl-
mercaptopropionate  (DMB-S-MMP),  dimethylbutyryl-S-ethyl —mercaptopropionate
(DMB-S-EMP) and dimethylbutyryl-S-methyl thioglycolate (DMB-S-MTG) and
dimethylbutyryl-S-methyl mercaptobutyrate (DMB-S-MMB).

15 23. The method of claim 22, wherein the acyl thioester is o-dimethylbutyryl-S-
methyl-mercaptopropionate,  and  wherein ~ the  a-dimethylbutyryl-S-methyl-
mercaptopropionate is present in the fermentation media in a concentration range of

1mM-100mM.

20 24, The method of claim 21, wherein the monacolin | is produced by an isolated

organism within the fermentation media.

25. The method of claim 21, wherein the isolated organism is grown under at least
one of the following conditions:
25 (a) at a temperature between 25-40°C;
(b) for a time period between at least 4 to at least 48 hours;
(c) at a pH between 7-8; or

(d) in a fermentation media comprising LB, Il or TB media.
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32. A nethod of making huvastatin conprising the steps of: (1) conbining
toget her hydrol yzed pravastatin tetra-ol; an acyl thioester that 25
donat es amoaoylosmdbety to the C38 hydroxyl group of hydrecyasdopnswast ati n
tetra-ol in the presence of LovD acyltransferase; and a variant of a LovD
acyl transferase pol ypeptide showmn in SEQ ID NO 1, the variant LovD

pol ypepti de conprising an am no acid substitution at am no acid residue
position: AlO; D12; K26; C40; C60; A86; A190; H161; K227; @&75; V334,
and/ or L361; and (2) allowi ng the variant LovD pol ypeptide to use
an acyl group. f r dfhctthethad i ctalmh @8sfuethet comegireselrgdhg vel ymasyliatreadehsy C8
hydr oxyl group of dro] yzed pravastatin tetra-ol; so that huvastatin is
made. 5 33. 'I’EH%%{OHcy?éi DAL CRT Br‘f@lé/c,au%%tf:%??fnlfrﬁé“g\?ari ant LovD pol ypepti de

conpri ses_arm no_a itk suRst $ubiionsid QLaGm CAQA: iCHONmAREY,nAL90T and
@&275S; D12G K26E, C40A, C60N, A86V, H161Y, A190T and G&75S; or 10D12G
K26E, C40A, C60N,(bagsvifugdtieny, A190T, &R75S and V334F. 34. The met hod of

cl ai m 32,5 wher ei .t he . aey] Lk 8SLEH rrh HeLSELGHL 0 Possess at | east

(d) conversion of a free acid form of simvastatin to a simvastatin salt;
(e) tiltration; or

(t) high performance liquid chromatography (HPLC).

10 27. The method of claim 20, wherein the method:

(a) produces a composition of matter comprising 0%-1% of the monacolin ] that
was initially combined with the acyl thioester that donates an acyl moiety to the C8
hydroxyl group of monacolin | in the presence of LovD acyltransferase; and/or

(b) results in at least 95% of the monacolin | added to the combination being

15 converted to simvastatin.

28. The method of claim 20, wherein the variant LovD polypeptide comprises amino
acid substitutions:
D12G, C40A, C60N, A86V, A190T and G275S;
20 D12G, K26E, C40A, C60N, A86V, H161Y, A190T and G275S; or
D12G, K26E, C40A, C60N, A86V, H161Y, A190T; G275S and V334F.

29. The method of claim 20, wherein the variant LovD polypeptide exhibits:
a decreased aggregation;
25 an improved thermal stability;
an improved catalytic activity;
an improved k,./K, value;
an improved soluble expression level; and/or
an improved whole cell activity at 25°C

30  as compared to the LovD polypeptide shown in SEQ ID NO:1.
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one of the follow ng properties: (a) is a butyrlyl-thioester, a
N-acetyl cysteam ne thioester or a nethyl-thioglycol ate 15t hi oester;

(b) conprweesiimadisam chai n | ength (C3-C6) acyl group nDPETIUS2010/052038 (C)
is able to cross the cellul ar nenbranes of Escherichia coli or Aspergillus
terreus cells growing within a fernentati on nedia; or (d) is

sel ected fromthe group consisting of oc-dinethyl butyryl-S-nethyl- 20

mer capt opr opi onate (DMVB-S- MWP), di net hyl butyryl -S-ethyl mercaptopropi onate
(DMVB- S- EMP) and di net hyl butyryl - S-net hyl thioglycolate (DVB-S-MIG and

di met hyl butyryl - S-met hyl nercapt obutyrate (DVB-S-MvB). 35. A process for
maki ng a siqyastatin or.huv%statin conposition of matter 25substantially as

herein di sclUsed ‘ARYBREHAS GEfpagr comprising:

monacolin J;
an acyl thioester that donates an acyl moiety to the C8 hydroxyl group of
5  monacolin J in the presence LovD acyltransterase;
a variant of a LovD acyltransferase polypeptide shown in SEQ ID NO:1, the
variant LovD) polypeptide comprising an amino acid substitution at:
amino acid residue positions C40 and C60; and
at least one amino acid residue position: A10; D12; K26; A86; A190; H161;
10 K227, G275; V334; or 1.361; and

simvastatin.

31. A composition of matter comprising:

hydrolyzed pravastatin tetra-ol;

15 an acyl thioester that donates an acyl moiety to the C8 hydroxyl group of
hydrolyzed pravastatin tetra-ol in the presence LovD acyltransterase;

a variant of a LovD acyltransferase polypeptide shown in SEQ ID NO:1, the
variant LovD polypeptide comprising an amino acid substitution at amino acid residue
position: A10; D12; K26; C40; C60; A86; A190; H161; K227; G275; V334; and/or 1361,

20 and

huvastatin.

32. A method of making huvastatin comprising the steps of:
(1) combining together hydrolyzed pravastatin tetra-ol; an acyl thioester that
25  donates an acyl moiety to the C8 hydroxyl group of hydrolyzed pravastatin tetra-ol in the
presence of LovD acyltransferase; and a variant of a LovD acyltransferase polypeptide
shown in SEQ ID NO:1, the variant LovD polypeptide comprising an amino acid
substitution at amino acid residue position: A10; D12; K26; C40; C60; A86; A190; H161,
K227; G275; V334; and/or 1.361; and
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(2) allowing the variant LovD polypeptide to use an acyl group from the acyl
thioester to regioselectively acylate the C8 hydroxyl group of hydrolyzed pravastatin
tetra-ol;

so that huvastatin is made.

33. The method of claim 32, wherein the variant LovD polypeptide comprises amino
acid substitutions:

D12G, C40A, C60N, A86V, A190T and G275S;

D12G, K26E, C40A, C60N, A86V, H161Y, A190T and G275S; or

D12G, K26E, C40A, C60N, A86V, H161Y, A190T; G275S and V334F.

34. The method of claim 32, wherein the acyl thioester is selected to possess at least
one of the following properties:

(a) is a butytlyl-thioester, a N-acetylcysteamine thioester or a methyl-thioglycolate
thioester;

(b) comprises medium chain length (C3-C06) acyl group moieties;

(c) is able to cross the cellular membranes of Escherichia coli or Aspergillus terreus
cells growing within a fermentation media; or

(d) 1is selected from the group consisting of «-dimethylbutyryl-S-methyl-
mercaptopropionate  (DMB-S-MMP),  dimethylbutyryl-S-ethyl —mercaptopropionate
(DMB-S-EMP) and dimethylbutyryl-S-methyl thioglycolate (DMB-S-MTG) and
dimethylbutyryl-S-methyl mercaptobutyrate (DMB-S-MMB).

35. A process for making a simvastatin or huvastatin composition of matter

substantially as herein disclosed and exemplified
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