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Figure 6

ATGAGAAAAGTAGARATCATTACAGCTGAACAAGCAGCTCAGCTCGTARAAGACAACGAC
ACGATTACGTCTATCGGCTTTGTCAGCAGCGCCCATCCGGAAGCACTGACCAARGCTTTG
GAAAAACGGTTCCTGGACACGARCACCCCGCAGRACTTGACCTACATCTATGCAGGCTCT
CAGGGCAAACGCGATGGCCGTGCCGCTGAACATCTGGCACACACAGGCCTTTTGAAACGC
GCCATCATCGGTCACTGGCAGACTGTACCGGCTATCGGTAAACTGGCTGTCGAAARCARG
ATTGAAGCTTACAACTTCTCGCAGGGCACGTTGGTCCACTGGTTCCGCGCCTTGGCAGGT
CATAAGCTCGGCGTCTTCACCGACATCGGTCTGGARRCTTTCCTCGATCCCCGTCAGCTC
GGCGGCAAGCTCAATGACGTAACCAARGAAGACCTCGTCAAACTGATCGAAGTCGATGGT
CATGAACAGCTTTTCTACCCGACCTTCCCGGTCARCGTAGCTTTCCTCCGCGGTACGTAT
GCTGATGAATCCGGCAATATCACCATGGACGAAGRAATCGGGCCTTTCGAAAGCACTTCC
GTAGCCCAGGCCGTTCACAACTGTGGCGGTAAAGT CGTCGTCCAGGTCARAGACGTCGTC
GCTCACGGCAGCCTCGACCCGCGCATGGTCAAGATCCCTGGCATCTATGTCGACTACGTC
GTCGTAGCAGCTCCGGARGACCATCAGCAGACGTATGACTGCGAATACGATCCGTCCCTC
AGCGGTGRACATCGTGCTCCTGAAGGCGCTACCGATGCAGCTCTCCCCATGAGCGCTARG
ABAATCATCGGCCGCCGCGGCGCTTTGGART TGACTGAARACGCTGTCGTCARCCTCGGC
GTCGGTGCTCCGGAATACGTTGCTTCTGTTGCCGGTGAAGAAGGTATCGCCGATACCATT
ACCCTGACCGTCGAAGETGGCGCCATCGGTGGCGTACCGCAGGGCGETGCCCGCTTCGGT
TCGTCCCGCAATGCCGATGCCATCATCGACCACACCTATCAGT TCGACTTCTACGATGGC
GGCGGTCTGGACATCGCTTACCTCGGCCTGGCCUAGTGCGATGGCTCGGGCARCATCARC
GTCAGCAAGTTCGGTACTARCGTTGCCGGCTGCGGCECT TTCCCCAACATTTCCCAGCAG
ACACCGAATGTTTACTTCTGCGGCACCTTCACGGCTGGCGGCTTGAAAATCGCTGTCGAR
GACGGCAAAGTCARGATCCTCCAGGARGGCAAAGCCAAGAAGTTCATCAAAGCTGTCGAC
CAGATCACTTTCAACGGTTCCTATGCAGCCCGCAACGGCARACACGTTCTCTACATCACA
GAACGCTGCGTATTTGAACTGACCAARGAAGGCTTGRARCTCATCGAAGTCGCACCGGGC
ATCGATATTGARRAAGATATCCTCGCTCACATGGACTTCARGCCGATCATTGATAATCCG
AAACTCATGGATGCCCGCCTCTTCCAGGACGGTCCCATGGGACTGRAAARATAR  (SEQ
ID NO:1)

US 9,340,803 B2
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Figure 7

MRKVEIITAEQRAQLVKDNDTITS IGFVSSAHPEALTKALEKRFLDTNTPQNLTYIYAGS
QGKRDGRAREHLAHTGLLKRAIIGHWOTVPAIGKLAVENKIEAYNFSQGTLVHWFRALAG
HKLGVFTDIGLETFLDPRQLGGKLNDVTKEDLVKLIEVDGHEQLFYPTFPVNVAFLRGTY
ADESGNITMDEEIGPFESTSVAQAVHNCGGKVVVQVKDVVAHGS LDPRMVKIPGIYVDYV
VVARPEDHQQTYDCEYDPSLSGEHRAPEGATDAALPMSAKKI IGRRGALELTENAVVNLG
VGAPEYVASVAGEEGIADTITLTVEGGAIGGVPOGGARFGSSRNADAT IDHTYQFDFYDG
GGLDIAYLGLAQCDGSGNINVSKFGTNVAGCGGFPNISQQTPNVYFCGTFTAGGLKIAVE
DGKVKILQEGKAKKFIKAVDQITFNGSYAARNGKHVLY ITERCVFELTKEGLKLIEVAPG
IDIERDILAHMDFKPIIDNPKLMDARLFODGPMGLKK (SEQ ID NO:2)

US 9,340,803 B2
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SEQ ID NO:1 1 atgagaaaagtagaastcattacagctyaacaagcagetc--agetcgta
SEQ ID NO:3 1~ gtgccggtcctgtcggcacaggaageggtga-—attatate
SEQ ID NO:4 1 atgcegatt tatgggcggctccageagotggaatcttgag
SEQ ID NO:S 1 atgaa toca
SEQ ID NO:1 49 9 gattacgtctatcggctttgteageagay

SEQ ID NO;3 40 gaag tttgtgtgttaggcgetg---geggeggtattat
SEQ ID NO:4 51 g caaatgaggctaatctcaatga-catee
SEQ ID NO:5 10 g atta atcg

SEQ ID NO:1 99 gctttg ggttcctg

SEQ ID NO:3 87 ggaag --aattactgetocttgctgataaatatas
SEQ ID NO:4 100 tcgat g gtotet: g

SEQ 1D NO:5 23

SEQ ID NO:1 136 g gcag-gct
SEQ 1D NO:3 129 acagactcaaacaccacgt--aatttatcgattattagtccaa-caggge
SEQ ID NO:4 129 ~-=- g t ~aat t
SEQ ID NO:$ 23 gccgaatt

SEQ ID No:1 182 ggccy g

SEQ ID NO:3 176 ttgg gegecyacegtyy g 99 gaaggtctg
SEQ ID NO:4 171 a tggc-~ggc gcgg g

SEQ ID NO:5 3¢ g 99

SBQ ID NO:1 232 tt g 99 99 g g ggta
SEQ ID NO:3 226 gtgaaatggg a9 gcg g
SEQ ID NO:4 208 cteat g gat. gat
SEQ ID NO:S 41 ta ga-tattgtta
SEQ ID NO:1 281 ggctg tgaag 9
SEQ ID RO:3 275 a taaaattattgcttataact gtgta
SEQ ID NO:4 245 ttacatgtgtat qggagtty. att:

SEQ 1D NO:5 [13 99 attg--gttt: g9
SEQ ID NO:1 331 ttggtccactgg gctcy: ac
SEQ ID NO:3 325 ctt g g 99 attag
SEQ ID NO:4 287 ttg g t

SEQ ID NO:5 92 ttgt-~——— g ttac
SEQ ID NO:1 381 cg ggtot: ggasa: gtcagctogo
SEQ ID NO:3 375 tgatattggcat: cggga---catt g g9
SEQ ID NO:4 333 gtacgtegyg gctega gc
SEQ ID NO:5 126 ~-acttca. g gg tottgg! g

SEQ ID NO:1 424 g g
SEQ ID NO:3 418 ggcaaact g t gatt qg
SEQ ID NO:4 376 g t
SEQ ID NO:5 163 g -—
SEQ 1D NO:1 468 cgaag

SEQ ID NO:3 462 cgagtttg.

SEQ ID NO:4 426 teg ggtgccgg

SEQ ID NO:5 191 --tagtaaatgctgg gg t:

Figure 8A
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--ttecegg--teaacgtagetticctecgeggtacgtatgetga~~-tg
--attgege--cagatattgee g ca
ggtacccagattcaagaaggaggtgctccga-ttaagtacagtassacty
gtgg ttaa---aa
a tatc-accatggacy 9 999
gtgaaggctacgcc-acttttgaag atgaggtgatgtatctce
¥ gattgaagttg 9 9 g ttc
99<c99 ctett
ga g g ggccgttcac-~aactgtggeggt
gam————— cgcattggttattg: gtgcac-- 99
aatggaattaattatgtaat g ttggggagattttgeatt
ga---tagtgctt t--ttctttogotet
gtegtcg 99 gtcg ggcag
attgtgatgatgcagy ggttas: getg
ac-t. t
aa ttc
g 99 agatccctg U gtcgactac
k4 : s k4 Iy
gtggcgy gtt--~gatgcctg tgtgctaggtggact--
gtegteg 99
attgtggt9g L4 oy L4
atcgtcgaagtag 99 g gggag g a
t g g ¥ y-aagg
< gg g totggty g-atgac
cgaty g g g
g-aagtt
gctac gatg g
agta ~caacgt
act, C
‘gatca————
o ct 4 v’
aaattagttg ggcg9g
~ g cag
kad t L4
gaatg 99 tgacg--g g\
cacgtg g9 999
ggtg
g9 . races
cg tgtg g g
999 99
tg ta:
g g geg ggcy g
) o 9
g tggta gg tcca

Figure 8B
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aagtgattatt-----ggca------
acyg L L4 g .4
gttt taaatatcgt
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tca at t
tta tactt
aaatt——- ——— g
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SEQ ID NO:2 479 pgidiekdi--lahmdfkpiidnp-klmdarlfqdgpmglkke==r==
SEQ ID NO:6 475 pgvdlgkdi~-ldkmdftpvispelkimderlfidaamgfvlpeaah
SEQ ID NO:7 489 kdltvd-dikkltackfe-isenl-kpmgqgaplngg~—-=======x
SEQ ID NO:8 180 phvdle-ti--kakteadfivad-~=-- -dfkemgisgkglel==~-—

Figure 9B
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Figure 10

GTGAARACTGTGTATACTCTCGGAATCGRCGTTGGTTCTTCTTCTTCCAAGGCAGTCATC
CTGGARGATGGCAAGAAGATCGTCGCCCATGCCGTCGTTGAAATCGGCACCGGTTCGACC
GGTCCGGAACGCGTCCTGGACGAAGTCTTCAAAGATACCAACTTAAAAATTGAAGACATG
GCGAACATCATCGCCACAGGCTATGGCCGTTTCARTGTCGACTGCGCCARAGGCGAAGTC
AGCGAAATCACGTGCCATGCCRAAGGGGCCCTCTTTGAATGCCCCGGTACGACGACCATC
CTCGATATCGGCGGTCAGGACGTCAAGTCCATCARATTGAATGGCCAGGGCCTGGTCATG
CAGTTTGCCATGAACGACAAATGCGCCGCTGGTACGGGCCGTTTCCTCGACGTCATGTCG
AAGGTACTGGAAATCCCCATGTCTGAAATGGGGGACTGGTACTTCAARTCGARGCATCCC
GCTGCCGTCAGCAGTACCTGCACGEGTTTTTGCTGAATCGGAAGTCATTTCCCTTCTTTCC
ARGAATGTCCCGAAAGAAGATATCGTAGCCGGTGTCCATCAGTCCATCGCCGCCARAGCC
TGCGCTCTCGTGCGCCGCGTCGETGTCGGTGAAGACCTGACCATGACCGGCGETGGCTCC
CGCGATCCCGGCGTCGTCGATGCCGTATCGARAGAATTAGGTATTCCTGTCAGAGTCGCT
CTGCATCCCCARGCGGTGGGTGCTCTCGGAGCTGCTTTGATTGCTTATGATARARTCAAG
ARATAA (SEQ ID NO:9)
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Figure 11

VKTVYTLGIDVGSSSSKAVILEDGKKIVAHAVVEIGTGSTGPERVLDEVFRDTNLKIEDM
ANIIATGYGRFNVDCAKGEVSEITCHAKGALFECPGTTTILDIGGQDVKS IKLNGQGLVM
QFAMNDKCAAGTGRFLDVMSKVLEI PMSEMGDWYFKSKHPAAVSSTCTVFAESEVISLLS
KNVPKEDIVAGVHQS IAAKACALVRRVGVGEDLTMTGGGSRDPGVVDAVSKELGIPVRVA
LHPQAVGALGAALIAYDKIKK (SEQ ID NO:10)
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gtgaaaactgtgtatactctcggaatcgacgtiggttcttcttettccaa
~--atgagtatctataccttgggsatcgatgttggatctactgcatccaa

gtggcagtggcatattcgattggcattgattccggotcaaccgecaccaa
------------ atgattttagggatagatgttggatctacaacaacgaa
ggcagtca gatgg gatcgteg gecgtegtt
gtgcattatcctgaaagatggaasagaaatcgtggc-gaaatccctggea
999 tact gatta gegecgtttoctegtt
gatgy' at - gataatttg-gtataagatagag
gaaatc gtt gcgteetgg agtctt
gecgtggggaccyy ggtcccgeacggtetattteggaagtect
ccaa-——- t g ttact: geatg
gatattgg-agttgtta=—-—- 99 tattttatt tggt

tace aaaattga gg gc-ca

tgce~- a ggcctttacecctgge~tac
ggaa-actct tt t

taaggagattgaacaaaaatatccaatagat----aaaatcgttgc~aac

aggct: ttcaatg ggcgaag
cggectacggacg-~--caat-tcge t gcaga--
cggctacy g attttgeeg 99
gg tgga. aaggtt gttt g
& -ct g
taac cctg '= g gy ,,:
tt -ttgcat g act acga
ggt ~gtecat
--aacqg g tgtg ggtcat
ggtaatcgas ggtgg gatt
---gttatagacattg. ~ggtett

caaattga--atggccagggectggtcatgcagtttgec-atgaacgaca

ccatgtgg tt

cagcttgatgatgacggtaacctg--~-tgcgatttcctgatgaatgaca
g-~at tgttgattttatc-ctatcagata

aat ttcctegacg g g

aatg t tt

aa t

g g9

gaaatccccatgtet-ga

99999 ggtactt=

gaagt tttcc-ga ggctgaget
ggca—— t —aaaat---gtc
gatattttaaaaatt-gataaaa at a
—gceg ttt
ggtg-gctatcag gtactgtgttt gaagt
€ atgt tgtte

atatcgct-aaaatatcttcaatgtgtgetgs

Figure 12A
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catttcccttctttecaagaatgtecccgaaagaa-~gatatcgtageegg
catcagccagctgtoccaa- g g cattgccgg
gatcagcctgeg: 999 nn..——ch.tror g

altnaqcttactatcnacAllaqttccan.qqnn——qqcntttt‘ntqqq

tgtccatcagt g gtg
qatccatcgttctqtagccnqccqqqtuuanqtcttqcc. 999

lgtguttlAcchAt-qgcchqlgqlq:qc-cnutttc.t-tqcthtc
cgtctatgagagtat taa ata

tc

gggtta g

g gaccatgaccgycgy

ggtgtcgg--t.
gggattgt- gtgt t
tctc-ctq-—tqnuchccqnttctgtttactqqtqchttlgtcnttqc
ggcttaaaatte gtgt

t--c

ggcgtcy t taggtattcctgtc

‘t97C9' ggaag 99 Jgcgtg
----- ttg g cteac gaatgccggta
aqqttttqqttgagntq tt t gaat ta
agagtcgetcet gty ggtyg g
gaaatcaagacg g g g gggtyg
g g ttget JICy 99 4

ctaatt ttgtt gctygtyg g
tttgattgetta----- tgataaaatcaagaaa-taa
tetgtatgegta t aa
ggtaattgg ga---
attggtt taa

Figure 12B
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Figure 13

vktvytlgidvgsssskaviledgkkivahavveigtgstgpervldevi
ms-iytlgidvgstaskciilkdgkeivakslvavgtgtsgparsisevl
mavaysigidsgstatkgilladg-vitrrflvpt---pfrpataiteaw
--—-milgidvgstttkmvimeds-kiiwykiedigv--vieedillkmv

kdtnlkiedmaniiatgygrfnvd-cakgevseitchakgalfecpgttt
dmaftlatg: legi 1sch

etlreglettpfltltgygrqlvd-fadkqvteischglgarflapatra

keiegkyp-idkivatgygrhkvs-fadkivpevialgkganyffneadg

ildiggq klngqgls tgrfldvmskvleipmse
vidigggdvkvihve-ngtmtnfgmndkcaagtgrfldvmanilevkvsd
vidigggdskviqldddgnlcdflmndkcaagtgrflevisrtlgtsveq
vidigggdtkvlkidkngkvvdfilsdkcaagtgkflekaldilkidkne

mgdwy . ctvfaesevisll P ivagvhgsiaak
laelgakstkrvaisstctvfaesevisqlskgtdkidiiagihrsvasr
1-dsitenv! i v isl ilagvinamarc

g
ink--yksdniakissmcavfaeseiisllskkvpkegilmgvyesiinr

acalvrrvgvgedl dpgv 1 wrvalhpgavgal
viglanrvqivkdvvmtqgvaqnygvrqaleeglgveiktsplaqyngal
sanfiarlsceapilftgg leshl 4
vipmtnrlki-qnivEsggvaknkvlvemfekklnkkllipkepgiveev

gaaliaydkikk-—
gaalyaykkaak--
gaavig-qevrtrr
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Figure 14

ATGAGTGAAGAAAAAACAGTAGATATTGAAAGCATGAGCTCCAAGGARGCCCTTGGTTAC
TTCTTGCCGARAGTCGATGAAGACGCACGTAAAGCGAARARAGAAGGCCGCCTCGTTTGC
TGGTCCGCTTCTGTCGCTCCTCCGGAATTCTGCACGGCTATGGACATCGCCATCGTCTAT
CCGGAARCTCACGCAGCTGGTATCGGTGCCCGTCACGGTGCTCCGGCCATGCTCGAAGTT
GCTGAARACARAGGTTACAACCAGGACATCTGTTCCTACTGCCGCGTCARCATGGGCTAC
ATGGAACTCCTCAAACAGCAGGCTCTGACAGGCGAAACGCCGGAAGTCCTCAAAAACTCC
CCGGCTTCTCCGATTCCCCTTCCGGATGTTGTCCTCACTTGCAACARCATCTGCARTACC
TTGCTCAAATGGTATGAAAACTTGGCTAAAGAATTGAACGTACCTCTCATCAACATCGAC
GTACCGTTCAACCATGAARTTCCCTGTTACGARACACGCTARACAGTACATCGTCGGCGAA
TTCAAACATGCTATCAAACAGCTCGRAGACCTTTGCGGCCGTCCCTTCGACTATGACAAR
TTCTTCGAAGTACAGAAACAGACACAGCGCTCCATCGCTGCCTGGAACARAATCGCTACG
TACTTCCAGTACARACCGTCGCCGCTCARCGGCTTCGACCTCTTCAACTACATGGGCCTC
GCCGTTGCTGCCCGCTCCTTGAACTACTCGGAAATCACGTTCAACAAATTCCTCARAGAA
TTGGACGAAAAAGTAGCTAATAAGARATGGGCTTTCGGTGAAARCGARAAATCCCGTGTT
ACTTGGGAAGGTATCGCTGTCTGGATCGCTCTCGGCCACACCTTCARAGAACTCAAAGGT
CAGGGCGCTCTCATGACTGGTTCCGCTTATCCTGGCATGTGGGACGTTTCCTACGAACCG
GGCGACCTCGAATCCATGGCAGAAGCTTATTCCCGTACATACATCAACTGCTGCCTCGARA
CAGCGCGGTGCTGTTCTTGRARAAGTTGTCCGCGATGGCAARTGCGACGGCTTGATCATG
CACCAGAACCGTTCCTGCAAGAACATGAGCCTCCTCAACAACGARAGGCGGCCAGCGCATC
CAGAAGAACCTCGGCGTACCGTACGTCATCTTCGACGGCGACCAGACCGATGCTCGTAAC
TTCTCGGAAGCACAGTTCGATACCCGCGTAGAAGCTTTGGCAGARATGATGGCAGACAAAR
RAAGCCAATGAAGGAGGAARCCACTAA (SEQ ID NO:17)
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Figure 15

MSEEKTVDIESMSSKEALGYFLPKVDEDARKAKKEGRLVCWSASVAPPEFCTAMDIAIVY
PETHAAGIGARHGAPAMLEVAENKGYNQDICSYCRVNMGYMELLKQQALTGETPEVLKNS
PASPIPLPDVVLTCNNICNTLLKWYENLAKELNVPLINIDVPFNREFPVTKHAKQYIVGE
FKHAIKQLEDLCGRPFDYDKFFEVOKQTQRSIARWNKIATYFQYKPS PLNGFDLFNYMGL
AVAARSLNYSEITFNKFLKELDEKVANKKWAFGENEKSRVITWEGIAVWIALGHTFKELKG
QGALMTGSAYPGMWDVSYEPGDLESMAEAYSRTY INCCLEQRGAVLEKVVRDGKCDGLIM

HONRSCKNMSLLNNEGGQRIQKNLGVPYVIFDGDQTDARNFSEAQFDTRVEALAEMMADK
KANEGGNH (SEQ ID NO:18)
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atgagtgaagaaaaascagtagatattgasagcatgagctccaaggaage
atg-——--= CCaaagacagta-—~~—-=«-= agccctggegttcagg~~—-
~—~-atgatgasattasag--gcaattgaasagttga--tgcaa

atgtcacttgt: g tcta--ccege

cctt--—~ggttacttcttgeeyg gtegatga
-cat---tgagagatgtagttgaasaggttt
---------- asatt-----cgcca-~gtagaaaaga ————
cattttcgatcagttct--ctgaag gccagacaggetttcteace

"o o

gta gaaaa-aagaaggccgectogttt-gotggteegettetgte
ggg-aaccga aaaagtag-gctggtcctctte--ca
atataag gt ttt--~ttggaatgttetgtg
gtc-atggatctc-aaggag--cgcggcattecgetggt=-=~=~~tggc

gctectceggaatictyg ggctatggacatcyg tegte--tatceg
agttccectgecgaactggetgaatctttteggetgeatgttgggtateceg

cct atgtteca atagasat-~-~aat--tt--tagcag
act actg ttatg g gag atcce
gaaact gcagctggtatcggtgee gtcacggtg
~-ggctgctggtatcgetg gtgacggceg gatyg
caaatgcaatcccagttggtttgtgtgga---ggtaaaaat-~~
ga===-= t gcag cggtgcg gtt gtg
t g atcggttatgacaacgatatctgceggetatge
’AAL g ,\-.
t gt-t gctg aaaa
ccgtatt-t ggcttatg ttecggggty t
tcccaat-a gcag =

gatg BAAC

gaCaaa;;tggcaactatgtcar

ttgccaagaa tgce: taata-~--

~——ca-——t t tgccgeg -==
..... ggctacat tc~~ctcaaacagcag

agatgccaatggcaaaaaggtattcgacgcagatggcaaacccgtaateg
aaatc--atcct tg

geceg-—--ctg-—attaaa-agca

at tt gaaatc
getct g g
C gccctgea
gctg g g gccgccagaatg, g
gttt gaa-ggca--aa
tacgg t aaccg at

Figure 16A

ctgttcctactgecgegtcaacatg~-
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aaactccccggettcetecgattececcttcocggatgttgtcetcacttgea
caaatatcgtcagatgaccatgcccatgccggacttcgtgetgtgetgea

asacctgccc-~ttactttgaagcatct-~--gatatagttat-tggagaa
asatg tacttct acttttcggatctggtggtc---qgtg
acaacatctgca~=~——--. ataccttgctcasatggtatgasaacttgg-
acaacatctgca-------actgcatgaccaaatggtatgasgacattg-

actacctgtgaaggaaagaagasgatgtttgagttgatggagagattggt

aaaccacctgeg-------acggcaasaagaaaatgtatgaatacatgg-
~ctaaagaattgaac---gtacctctca----tcaacatcgacgtac~-c
-cccgteggeacaac---attoctttga~--——-tcatgatcgacgttc--¢
gccaatgcatataat-——-gcacctcccacacatgaaagatgaagatt--c

~c---ggagtttaagcetgttcatgtga----tgca-attgcccaacage
gttca--accatgaattc---cctg--tta-cgaa-~--ac--acgctaa
ttaca--ac---gaattcg g—= g g gtgaa
tttga--a—---~, aatct---ggat--taa-agaagttgaa--aagctaa
gttaaggacgatgcctcy gtgcgtta-tgga a
acagtacatcgtcg gcgaattcaa, g teca g
a---tacatccggt: gctggatacgg: gtcaaa
~-aagaattgyg g gactggaaatasaata ga9g gt
--agccgagatget gegettge a 9g
to ttgeggecy g a caa gaagta
t gttega ttem~eem— gaa
taa gacagttgat--aaagta
t acgttttggg 4 tagcgaagatg gatgcc
[ catcg-—-ctgcc aat
cag-tgcty g g gtactg 9 ggctgaaggt
aataaagttag g t tgttttataaa
at g aaa teg-—cg tgg taat
cgctacgtacttc-~c--agt gtcgecgete: ggcttcgac
t acctg-—c- g a ag gt gggttcgac
ctctatgaattga--g aa gctccaatt ggtttagat

ttttatcatcttggge--agttaaatccet tagcggcageg
tctteaactacatgygg gccg-ttgctgcec tgaactact
ctg tatggctgacgtgg-tt gecgtgtggaag
gttttaaaattattccagtttg atttattggatatty. t
attctg. gtggttt g-caaccttccgg aga
cacgtt tgg tage
ctgct t getggc tgga =
agggatt----ttagaggatttaattgaggagtt tt---
cg tg tgaactggatg
----- taataagaaatgggcttteggtgaan———-- teceg
gttat -
cgcgttegtcagcagtgg gcc gcg 99 g
tgttacttgggaaggta-tegetgtetggategeteteg
tatcatgttcgaaggg. tgetgg-—ci
""""" ttttaataac-tggctgte-caatggttgctggaaacaataag
cgt--cegegeattttaatcaceggetg-~-cecgattggeggege=—~=

Figure 16B
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883 ----t--tcaaagaactca--aaggtcagggcgctctcatgactggttce
1040 ~-~-tgttcaaaccgctga-~-aagccaacggectgaacat. ggeget
745 attgt--tgaaattattgaggaagtt---ggaggagtagttgttggtgaa
156 gcag asagtggtgcgcgcgattgaagagaatg

925 gettat---cctggcatgigggacgtttcctacgaace——~===~~gqgg-
1084 gtatatgctcctgctttcgggttcgtgtacaacaacct---—-----gga~
790 g--aaa---gctgcactggaacaagattctttgasaactttgtt:

ggacattgcaasa----agata----cttta

827 cgasageg gagcaatgeg gaaacgggcgatgtctacgac

9 gcegcggtgcet

9
gcat gggtgttgece

cccatgtgcttqtaqatttaaaaacqatgnqugaqttqaa
874 gcgotggeggataaatatctggo—————====woem gattggctgetect
1033 gttcttgaaaa: ttg gcgatggcaaatgcgacgg ttgltcntgc
1186 tggcgtgaaggectgat ggtte
913 aatataanqnqnttqqttaaagnqttqgacgtcgutqg;qttqttcat--
911 gtgttt gatcagcgcectgaaaatge-tcagc-cagatggtgg
1082 g gc t gaaggcg
1235 actacaacc-gg cctgeaa gcgg g g tg
961 ----tacac—tttgcagtattgccat ——— ttaacat g
959 aggaatatcaggtcgatggcgtagttga: tgtgattt gcgt
1130 g ggeg gtacgtcatcttc
1263 gtttc-acc tg--gg ggattc
1002 taaggtagaggaqg—cattaaaagaggagggcattccaattataagaatt
1004 ~—~ gga e ttaa tcatgtgc
1174 g gcg tgctcgtaactt
1327 gacggtgac aactt gcgg
1051 g t aa gag
1049 - aacattccttatatcgotatt ccac
1213 cagttcgataccegeg ttg ga
1366 cagtatg gtgttcagg tag
1081 ~—w——mm—————— cagttaaaaacaaqgttqqaggcatttattgagatga
1098 ctcggatgtcgggcag gt tg geett g
1250 tgg aaaaagccaatgaag taa
1403 tggaag-caaatgatgaa g taa-—--
1118 t ttaa
1148 tgtaa

Figure 16C
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Figure 18

ATGAGTCAGATCGACGAACTTATCAGCARATTACAGGARGTATCCAACCATCCCCAGAAG
ACGGTTTTGRATTATARAARAACAGGGTARAGGCCTCGTAGGCATGATGCCCTACTACGCT
CCGGAAGAAATCGTATATGCTGCAGGCTACCTCCCGGTAGGCATGTTCGGTTCCCAGARC
CCGCAGATCTCCGCAGCTCGTACGTACCTTCCTCCGTTCGCTTGCTCCTTGATGCAGGCT
GACATGGARCTCCAGCTCAACGGCACCTATGACTGCCTCGACGCTGTTATCTTCTCCGTT
CCTTGCGACACTCTCCGCTGCATGAGCCAGARATGGCACGGCARAGCTCCGGTCATCGTC
TTCACACAGCCGCAGAACCGTARGATCCGCCCGGCTGTCGATTTCCTCARAGCTGAATAC
GAACATGTCCGTACGGARTTGGGACGTATCCTCARCGTAAARATCTCCGACCTGGCTATC
CAGGAAGCTATCAAAGTATATAACGAAAACCGTCAGGTTATGCGTGAATTCTGCGACGTA
GCTGCTCAGTACCCGCAGATCTTCACTCCGATARAACGTCATGACGTCATCAAAGCCCGC
TGGTTCATGGACAAAGCTGAACACACCGCTTTGGTCCGCGAACTCATCGACGCTGTCARG
AAAGAACCGGTACAGCCGTGGAATGGCARARAAGTCATCCTCTCCGGTATCATGGCAGAA
CCGGATGAATTCCTCGATATCTTCAGCGAATTCAACATCGCTGTCGTCGCTGACGACCTC
GCTCAGGAATCCCGCCAGTTCCGTACAGACGTACCGTCCGGCATCGATCCCCTCGARCAG
CTCGCTCAGCAGTGGCAGGACTTCGATGGCTGCCCGCTCGCTTTGARCGARGACAAACCG
CGTGGCCAGATGCTCATCGACATGACTAAGRAATACAATGCTGACGCCGTCGTCATCTGC
ATGATGCGTTTCTGCGATCCTGAAGAATTCGACTATCCGATTTACAAACCGGAATTTGARA
GCTGCTGGCGTTCGTTACACGGTCCTCGACCTCGACATCGAATCTCCGTCCCTCGAACAG
CTCCGCACCCGTATCCAGGCTTTCTCGGARATCCTCTAR  (SEQ ID NO:25)
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Figure 19

MSQIDELISKLOEVSNHPQKTVLNYKKQGKGLVGMMPYYAPEEIVYAAGYLPVGMFGSON
PQISAARTYLPPFACSLMOADMELOLNGTYDCLDAVIFSVPCDTLRCMSQKWHGKAPVIV
FTQPQNRKIRPAVDFLKAEYEHVRTELGRILNVKISDLAIQEAIKVYNENRQVMREFCDV
ARQYPQIFTPIKRHDVIKARWFMDKAEHTALVRELIDAVKKEPVQPWNGKKVILSGIMAE
PDEFLDIFSEFNIAVVADDLAQESRQFRTDVPSGI DPLEQLAQQWQDFDGCPLALNEDKP
RGQMLIDMTKKYNADAVVICMMRFCDPEEFDYPIYKPEFEAAGVRYTVLDLDIESPSLEQ
LRTRIQAFSEIL (SEQ ID NO:26)
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atgagtcagatcgacgaacttatcagcaaattacaggaagtatccaacca
atggct---atcagtgcacttattgaagagttccaaaaagtat-ctgeca
---------- atgatgaaattaaaggcaattgasaagttgatgcea. at
atgtcacttgtcaccgatctacccgecattttcgatcagttctctgaage

te g ac: vvutttq"‘llttltllllll
gcce--gaag ac g tat
tcgccagtag-- g -tlt g nalagua
tcgccagacaggetttet cgtcatg---gatctcaaggag
cagqqtaaaggcctht ggca--tgatg ctacgetccgg
nttccqqn.qla
qaagqtagaauaqtttttqqaa-—tqttctqtqectltqttccnltaq-a
& At & A k4 v vy Latg ~Cg v&g
atcgtatatgctgeaggetacct: ggtagg gt--~tcggttcecca
ctgg atg ggcatgyg gogtgtac ggggctgcaa
atnattttagcagcnantgc--; gttggtrtgt gtggaggtaa
at gatggcagccgg tgeggttgtggtttegetetgttecac
g g g=atct "] ,LIb\-LthLLwLL
-tg g tccgttccanqqln-tlctqtqcttcctt
- g - atag tgce
ctctgat tt g g gatctgccgeg
cgcttg g g 99
ct g ctctgg gctggacggyg
cctatgcccattaataaaatcatcc! ,,uuun g ggca---
. t -—
cctatgactg g gttcet-tgcg
catca-ctce----ggtactgtgtg---
--aaaacctgccctcactttg—aagcatctgatataqttatt-qqag--—
ccgataa g9 ggtggtc
--w=—acactctccagetgecat at- qg C:
----at gcg yay C 99 haied
---—aaact tgty. qg a
ggtgaaaccacct g gtatgaatac-
ggcaaaget—-- ggtcatcg-tctt g ac
atgaa. ggtc
--—-aagaagaagat————gttcyag--, ggtg tg
----atggcggagttt g g atty
cgtaaga-tcegeecgge=== ~-==tgtcgatttcctcaaag~ct
cgt: gg aagc-ag g-at
catataa-tg t t tettt tet
gttaagg gatg gcgtgcgttatggaaag~cc
gaat—-acgaacatgtc—--cgt ------- acgg--aattgg----gacg
gecet. ga: gg gg-—-—aaga
ggattaaagaagrf- aa t aaag tgg
ga: gatgctg t —-——=2acg

Figure 20A
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tatcctcaacgtasaa--atctccgacctggctatccaggaagetatcaa
aatctgcggccatgaa-—atcaccaatgatgccatcctggatgecatcaa
gagactggaaataaa Cagaggasaagttaasagagacagttgataas
ttttgggcacg---ag--attagcgaagatgctctgcgegatgccattge

agtatataacgsasaccgtcaggttatgcgtgaattct-----~-~-gcg
agtgtacaacaagagcecgtgcty gccgcgaattct gca
agtasataaagtta---gggagttgttttataaactet-—==----- atg

gctg. gcgascgtcgeg ggctaatttttatcatcttggge

acgtagctgctcag ta gcagatcttcactccgataaa~~acg
aactggc--caacg-----dacatcctgatctgatcceggecttecgtacg

a-attgaggaagaa-----tasac-cag-
agttaaatcctecggegettageggeag
tcatgacgtcatc g >cegetgg ttca
ggccaccgtactg-——=-wm=———em cgtg-~~=CCcgcttac----~ttca
tttagatgtttta-v———--- ~-~~aaattattccagtttgectatttat
ttacggegcaaccttecggttcgataaag----aggcgttg~~---atca
tggaca gct getttggt gcg. tcatcy getgte
tgctgaaggatgaat g gctggaag gaacaagg
tggatattgatgacacaatagggattttagaggatttaattgaggagtta
atgaactggatgcaatgaccy ccgeg--ttecgtcagcagtggg
aagaa ag g9 ggaat g
aactg gc: gotyg g ttcgacgg
gaggagagagttaa ggagaaggttatgaa~—---~ggaaagaga
aagaa g9 g gtecg~——-- cgcatttta
gtcatcctcteeggt—-——~~, tgg g attcct---
gtggttgtttcegg acaacacg gg t-
attttaataactggctgtccaatggttgctggaaacaataagattgt--—
atec g tggcg a ggtgeg
cgatatcttcagecgaatt— t. gtcgtogotyg te-go
tggat -caaactg gctget ~gc
tgaaattattgag t-tggaggagtagttgttggtgaagaaagctge
gcgat-t ggceggctgggttgteggttac gc-ac
& ) t k4
ttatyg gcagctttgeegtggatg g ctgga-~-c
actgga-a agattcttt ttgttgagg--g g
g9 g gtggcagaaacggg---cgatgte
ctega teg gtgg ttcgat-g
aacggactgcatgetctggetgtacagttctccaaacagaagaacgat-g
gt ttg aaga-tacttt-a
tacgacgegctggegyg atat ctgg gattg
gectgecegetcogettig, a gcg=igg g
ttctgetgt. tgaatttgccaagaata: gtte c
----aaatcccatgtgettgta-~-—---gatttaaaaacgat-gagagag
~==-~gctgctc-ctgtgtttcgc----cga--acgatcagcg-cctgaaa

atg te tgact t g gtcgte
gttggca---ate~-----tggt ag; ggcy

ttgaaaatat gag ggtt tggacgtcgatggagttg
atgctcagccag tggtggag gtcgatggcgtagtt

Figure 20B
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atctgcatgatgcgtttctgcgatcctgaagaattcgactatc~~=-cgat
gtgttcatgatgcagttctgcgatccggaagaaatggaatatc---ctga
tattacactttgcagtattgccatacatttaacatagagggag--—ctaa
gatgtgattttgcaggcgtgccatacctacgcggtggaatcgetggegat

ttacaa ggaatttgaagctgctgyg cgttcgtt ggtcctc
tctgaagaaggetctggatyg cattcctcatgtgaagatt
ggtagaggaggcatt gaggagyy catte attata
t gtcatgtgcgocageag acattccttatategetatt

gacctcgacatcgaatctcegtccctega.
ggtgtyg gatg gggactttggt g9 g

agaattgaaactgactattctgasagtgatagagagcagttanaaacaag
gaaacagactactccacctcggatgteggg=-—=——=- cagctcagtacceg

t tt ctaa

tctggaagciitcgcag 9 gtaa
gttggaggcatttattgagatgatttaa
tgt tattgagatgctgtaa

glcgcygy

Figure 20C
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Figure 21

msgidelisklgevsnhpgk---tvinykkqgkglvgmmpyyapeeivya
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mmkl-kaieklmgkfasrke---qlykgkeegrkvfgmfcayvpieiila
mslvtdipaifdgfsearqtgfltvmdlkergiplvgtyctfmpgeipma

agylpvgmfgsqnpgisaartylppfacslmgadmelqlngt———-ydc--
agmvpmgvwgengkqevrakeycasfyctiaqqslemlldgt--~1dg--
anaipvglcggkndtipiaeedlprnlcplikssygfkkaktcpyfea——
agavvvslcstsdetieeaekdlprnlcplikss--ygfgkt—--~dkcpy

=--ldavifsvpcdtlremsqkwh---~gkapvivftqpognrkirpavdf

=--=-ldgiitpvlcdtlrpmsqnf iflahpqvrqnaagkqf
=---sdivigettcegkkkmfelme-~--rlvpmhimhlp-hmkdedslki
fyfadlvvgettcdgkkl Y efkpvh: 1 vkddasral

lkaeyehvrtelgrilnvkisdlaigeaikvynenrqumrefcdvaaqyp
tydaysevkghleeicgheitndaildaikvynksraarrefcklanehp
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weegqrldprprilitgepi vvrai vqy gakat
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avdapedldnglhalavgfs 1lydpefak hvgnlvkesg
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CGACGGCCCG
GCAGTARCGAC
ARGTAGARAT
CGTCTATCGG
GGTTCCTGGA
ARCGCGATGG
TCGGTCACTG
CTTACARCTT
TCGGCGTCTT
AGCTCAATGA
AGCTTTTCTA

GGCTGGTATC
AGARGCGTCG
CATTACAGCT
CTTTGTCAGC
CACGAACACC
CCGTGCCGCT
GCAGACTGTA
CTCGCAGGGC
CRCCGACATC
CGTAACCRAA
CCCGRCCTTC
TATCACCATG
CAACTGTGGC
CCCGCGCATG
AGACCATCAG
TCCTGAAGGC
CGGCGCTITG
CGTTGCTTCT
TGGCGCCATC
TGCCATCATC
TTACCTCGGC
TAACGTTGCC
CTGCGGCACC
CCTCCAGGAR
TTCCTATGCA
ACTGACCAAA
TATCCTCGCT
CCTCTTCCAG
ACTATGAAAC
CATGRATTCA
CAGGCTGATC
CCGCACTCCG
TTCGAAGTGG
ATGTTAGARA
ACRACCARCC
GGCGARARATC
CATCCCATGC
TTCATCRAGA
GATCTCATIT
GARGGGGTCC
GTGGATGATG

AGCCGGTGTC
CGGTGARGAC
ATCGAAAGAA
CGGAGCTGCT

ATTCTAGTCA
ATACATTCCR
GRACRAGCAG
AGCGCCCATC
CCGCAGAACT
GARACATCTGG
CCGGCTATCG
ACGTTGGTCC
GGTCTGGARA
GAAGACCTCG
CCGGTCARCG
GRCGAAGAAR
GGTARRGTCG
GTCAAGATCC
CAGACGTATG
GCTACCGATG
GARTTGACTG
GTTGCCGGTG
GGTGGCGTAC
GACCACACCT
CTGGCCCAGT
GGCTGCGGCG
TTCACGGCTG
GGCARAGCCA
GCCCGCARCG
GARGGCTTGA
CACATGGACT
GACGGTCCCA
CAATGAGACT
TGCAGAATAA
TCATTTTCAC
GTGTGCTTAC
ACGATGTCGA
AGARAGCTGT

GTAATTCACC
TTTAGCAGGA
CTCAGCTCGT
CGGAAGCACT
TGACCTACAT
CACACACAGG
GTAAACTGGC
ACTGGTTCCG
CTTTCCTCGA
TCARRCTGAT
TAGCTTTCCT
TCGGGCCTTT
TCGTCCAGGT
CTGGCATCTA
ACTGCGAATA

CTGACCATGA
TTAGGTATTC
TTGATTGCTT

CTGTCAGAGT
ATGATARAAT

Figure 22A
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TTTGGARAAT
GGAAGTTACG
ABRARGACAAC

CTATGCAGGC
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AGAACARART
CCCTTGGTTA
GCCTCGTTTG
CCATCGTCTA
TGCTCGARGT
RCATGGGCTA
TCAAARACTC
TCTGCAATAC
TCARCATCGA
TCGTCGGCGA
ACTATGACAA
ARATCGCTAC
ACATGGGCCT
TCCTCARAGA
AARTCCCGTGT
ARCTCARAGG
CCTACGARCC
GCTGCCTCGR
GCTTGATCAT
GCCAGCGCAT
ATGCTCGTAR
TGGCAGACAA
CAGCAARTTA
GGGTAARGGC
AGGCTACCTC
GTACCTTCCT
CACCTATGAC
GRGCCAGAAAR
GATCCGCCCG
ACGTATCCTC
CGAAAARCCGT
CACTCCGATA
CACCGCTTTG
TGGCAARRRR
CAGCGAATTC
TACAGACGTA
CGATGGCTGC
GACTARGAAA
AGAATTCGAC
CCTCGRCCTC
CTCGGRARTC
GCCTGCTACA
TTGTACGGGC
AACATAAAAC
AATTACAGCA
CTGTCARAGA
CTCTCGGCCT
TCAGCCTCGC

ID NO:33)

CATGAGTGAR
CTTCTTGCCG
CTGGTCCGCT
TCCGGARRCT
TGCTGAARAC
CATGGAACTC
CCCGGCTTCT
CTTGCTCAAR
CGTACCGTTC
ATTCARRCAT
ATTCTTCGAR
GTACTTCCAG
CGCCGTTGCT
ATTGGACGAA
TACTTGGGAA
TCAGGGCGCT
GGGCGACCTC
ACAGCGCGGT
GCACCAGAAC
CCAGARGAAC
CTTCTCGGAR
ARAAGCCAAT
CAGGAAGTAT
CTCGTAGGCA
CCGGTAGGCA
CCGTTCGCTT
TGCCTCGACG
TGGCACGGCR
GCTGTCGATT
ARCGTAAAAR
CAGGTTATGC
RARACGTCATG
GTCCGCGARC
GTCATCCTCT
ARCATCGCTG
CCGTCCGGCA
CCGCTCGCTT
TACAATGCTG
TATCCGATTT
GACATCGAAT
CTCTAAGAAT
TGATACATTG
TGCAAGCTGT
CATATATAAT
AGATATCGCR
GCGTGACGAR
TCTCGGTATT
AGTTGCTTGC
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GAARRRRACAG
ARAGTCGATG
TCTGTCGCTC
CARCGCAGCTG
ARAGGTTACA
CTCAAACAGC
CCGATTCCCC
TGGTATGAAA
ARCCATGAAT
GCTATCARRC
GTACAGAARC
TACARACCGT
GCCCGCTCCT
ARRGTAGCTA
GGTATCGCTG
CTCATGACTG
GARATCCATGG
GCTGTTCTTG
CGTTCCTGCA
CTCGGCGTAC
GCACAGTTCG
GAAGGAGGAA
CCARCCATCC
TGATGCCCTA
TGTTCGGTTC

TAGATATTGA
ARGACGCACG
CTCCGGAATT
GTATCGGTGC
ACCAGGACAT
AGGCTCTGAC
TTCCGGATGT
ACTTGGCTAR
TCCCTGTTAC
AGCTCGARGA
AGACACAGCG
CGCCGCTCAR
TGAACTACTC

Figure 22B

AAGCATGAGC
TAARGCGARR
CTGCACGGCT
CCGTCACGGT
CTGTTCCTAC
AGGCGAAACG
TGTCCTCACT
AGAATTGAAC
GARACACGCT

TCCAAGGARG
ARAGAAGGCC
ATGGACATCG
GCTCCGGCCA
TGCCGCGTCA
CCGGAAGTCC
TGCARCAACA
GTACCTCTCA
ARARCAGTACA
CGTCCCTTCG
GCCTGGAACA
CTCTTCAACT
TTCARCARAT
GARRACGAAA
ACCTTCAAAG
TGGGACGTTT
TACATCAACT
ARATGCGACG
ARCGAAGGCG
GACCAGACCG
GCRAGAMATGA
ACGAACTTAT
ATARAAAACA
TATATGCTGC
CAGCTCGTAC
AGCTCAACGG
TCCGCTGCAT
AGARCCGTAA
CGGAATTGGG
AAGTATATAR
CGCAGATCTT
ARGCTGAACA
AGCCGTGGAA
TCGATATCTT
GCCAGTTCCG
GGCAGGACTT
TCATCGACAT
‘GCGATCCTGA
GTTACACGGT
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Figure 23

ATGAAACCAATGAGACTACATCACGTAGGCATTGTCCTGCCGACCTTAGAARRAGCCCAT
GAATTCATGCAGAATAATGGACTTGARATCGACTATGCCGGCTATGTCGATGCTTACCAG
GCTGATCTCATTTTCACTAAGTTTGGTGARTTTGCCAGCCCGATTGARATGATTATCCCG
CACTCCGGTGTGCTTACCCAATTCAATGGTGGCCGCGGCGGCATTGCCCACATCGCCTTC
GAAGTGGACGATGTCGRAGCTGTCCGCCAGGAAATGGARGCAGATTGTCCGGGATGCATG
TTAGAAAAGAAAGCTGTCCAGGGTACGGACGACATTATCGTCAACTTCCGCCGCCCGACA
ACCAACCAGGGTATCCTCGTTGAATATGTTCAGACGACAGCACCTATCACCGGCCGCGGC
GAAAATCCTTTCGTTAAGAATCTCGGCCCGGAAARARGGGAAGCTCARCGARACATGGCAT
CCCATGCGCCTGCACCATATCGGCATCGTCTTGCCGACCTTGGRARAGGCCCATGAATTC
ATCAAGACCAATGGYCTGGAAGTGGATTATTCCGGTTTCGTCGACGCCTACCATGCGGAT
CTCATTTTCACTAAAAAAGGTGARAACAGTACGCCTATCGAATTCATTATTCCCCGTGAR
GGGGTCCTCAAAGATTTCAATCATGGCAGGGGAGGTATCGCTCATATCGCCTTTGRAGTG
GATGATGTCGARAAGGTACGTCAGATTATGGAAAGCCAGAAGCCTGGTTGCATGCTCGAR
AAGAAAGCCGTCCGGGGAACGGACGATATCATCGTCAACTTCCGCCGTCCCAGCACGGAC
GCCGGCATCCTCGTCGAATATGTCCAGACCGTAGCTCCCATCAATCGCAGCAATCCCAAC
CCTTTTAATGATTGA (SEQ ID NO:34)
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Figure 24

MKPMRLHHVGIVLPTLEKAHEFMONNGLEIDYAGYVDAYQADLIFTKFGEFASPIEMIIP
HSGVLTQFNGGRGGIAHIAFEVDDVEAVRQEMEADCPGCMLEKKAVQGTDDIIVNFRRET
TNQGILVEYVQTTAPITGRGENPFVKNLGPEKGKLNETWHPMRLHHIGIVLPTLEKAHEF
IKTNGLEVDYSGFVDAYHADLIFTKKGENSTPIEFIIPREGVLKDENHGRGGIAHIAFEV
DDVEKVRQIMESQKPGCMLEKKAVRGTDDIIVNFRRPSTDAGILVEYVQTVAPINRSNEN
PFND (SEQ ID NO:35)
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Figure 25

ATGGAATTCAAACTTTCTGAATTACAGCAAGATATCGCAAATCTCGCAARAGATTTCGCA
GAAAAARAATTAGCTCCCACTGTCAAAGAGCGTGACGAAARAGAAGTTTTCGATCGTGCT
ATCCTTGACGAAGTGGGTACTCTCGGCCTTCTCGGTATTCCCTGGGAAGAAGAARACGGT
GGCGTAGGCGCTGACTTCCTCAGCCTCGCAGTTGCTTGCGAAGAAGTAGCTARAGTTACE
AGCCCGGGCCGTCG (SEQ ID NO: 36)
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Figure 26

MEFKLSELQQDIANLAKDFAEKKLAPTVKERDEKEVFDRAILDEVGTLGLLGIPWEEENG
GVGADFLSLAVACEEVAKVTSPGR (SEQ ID NO:37)
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GTGAGCACAC
ARAGGACATG
ACGCTGTAGA
GCTTTGAGGA
GGATCGRCGG
TTGATCTTGA
ACAATTCTCA
ACCCCTTGTT
TGATCGACAC
GAGTTGATTG
CGATTGCCCG
ACGAGTCTAG
ACTATCCCGC
ACCGCTGGTT
TGATGGGCTA
TCAACRATGG
TGGAGGTGGT
TTGCTCTGAR
TGGGTATTCT
TTCACARTGC
TGGTGCCCTA
CGGCGCAGGC
AGACGATCAT
ACGTGATGCG
AGGCAAAGGT
CTGTGGTGGT
GGAGTCACGA
GCTTTGATGT
CGCTCTACGC
ACACATCGGG
CCGGTGTGGT
TGATCGCCGA
GTCGGCTGAC
CCAGCATCAT
CAGTGATGTC
GGGTTGCARC
TCATGACCCC
CGCATTTCTA
CCTGGGTGAT
GGGTCGCTGA

ACCACCTGGC
GTTTTGTCGC
CARTGGCCCT
CGTGTATCGC

ACTTGATAGC
GGTTTGGTCA
TGATATAAGC
AGGTCAGGCG
TACCCTGTCG
ACTACACAGC
ATTGTTGAGG
ATCTATATCA
TGCGCCCCTT
GGAAGCTCAG
GARCAGTTATC
TCAGCGTTGG
CGATTATCAG
TAGTGGTGGG
TGGCGACGAG
TCGTGGTGGT
GAAGGCTGCG
TATGCCGAAT
GTACACGCCG
CGGTGCACGA
CRAAGAARGCG
GATTGTTGCG
CACCGAAGTG
TGGGGTTGGT
GCGTACAGTA
TGTGCGTCAT
CTTGCTGGAT
GCACAGTGAG
CAGTATTCCC
TAGCACCGGT
GCACACCTTG
TCCGGGCTGG
CGGGGTGATT
CGAGCGCTAT
CAATCCGCAG
CTTCTGCGCC
GCAGTATATC
CGGTAATCAG
GGGTGATGTC
TTTCGATGAG
CTGGGGTGAT
GAAGGGTGAT
GGGCTATATC
ACGCCCTGAC
TGCCATTITG
CGGTGCGCCG
CCGTCATCTG
GGCGGTCAGT
GAAGTATATG
GACGTTGCGC
CCGTCAGCGT
GTATCACCCA
GGTGAACGCA
CCGTCGTCAG
CGGCGCTGAT
GCCGRATARC
GGCGATCAAC

TGATGCCGTC
CAGTCTGAGC
AGTATACCAT
ARTAGCCATG
GATGCATGCT
ARTTCTGCGC
TCTTGACGAA
CRACCGGTCT

ARTCCTGAAG
ATGGCCGRAG
CCARCGGCCA
CTGAATGAGC
GATGTTGCCG
ATTCGCCAGT
GCCCATCTTG
GGTGTGGCGC

ARTGATCAGT
AGTTGCAGGC
CTTGCTACGC
CCTCTTGTTT
ATGCGTGGCA
GTTATGCAAG
TTGCGTTATA
ATTAGCATTT
GGGCGCCCC6
CGCTGGCAGA
ACCCACARCA
ATGCCGCTAC
AGGCGTTTGA
CCTGCTTTAR

RACTTTGAAGG

AGGAGACAAT

AGCAGCAGAT
GIGCGGGTAR
GTGCGCTCGA
CAATTGTCTT
TGCTCGRAGA
CTTTCCGCAA
TCGGIGGTGG

Figure 27A
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TGTTCGTCTA
AGTCARAACAC
TCTCGTTGAT
CCAGRACATG
TTCATATCAT
TGTCTTCGGT
CRCTGTAGGC
GCGTCARGGA

TGCGTACCGC
TAAGTATATT
CCTGACTGAG
GATTACGGTT
CGATCTTGAT
GTCGCCGCCG
GAACGAGGGG
GGCCAATGCG
CGATGACCAG
ATATCCGATG
CGTTCACGGC
GCCGGGTGAT
GCTCACAGCC
CCCCTCAGCC
GGGTGTGACC
CTATGATATG
GCAGCAGTTT
GCACGGTGGA
TGCCCATACC

CACCGGACAG
GATTCATACG
GATTGAGCGT
TCTGGAATTC

TAGCAGGCTG
GTTCGTAACT

CAGATGGTGA
TATAGTATGC
GGATGGTCGA
ATTCGGGATC
TTTCATGGCG
ATTCGCTTCA
GTARCGGTAG
GCGCCGTTTT
CGGCATGTCA
GATAACTCGC
CGCCTGTTGG
GGTGATCGGA
GCAAAACGAC
TCCGACCGTA
RAACGCGCAGG

CGTGCTGCCG
CTTATCCGTG
TTTATCATTT
GGTTATGTCG
ACGATATATG
ACRATGGCCG
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GCCATTACCG
TGCTACCTGG
GCACCGGTCT
AGGCGCTGAR
TGGCATGCGC
CGGTGACCCA
CGCGCTTTGC
TCCGGCAGGC
GCTATGGCAT
RGGCAGTGGT
GTGCGCCGTT
ATCAGAAAGA
AGTGGCAGTA
ATCCCATCGT
CGCTGATCTA
TTCCGGTGTC
TCGGCCTGAT
ATCTGGTGGC
CGATGGCCGC
TTATGCTGGC
CCGGCAGCTA
TCAAGGCCGG
CGCGCTCGGC
CGTCTACGCT
CCGATTGTTT
GTCAGCCGTT
TCTCGCACGC
ATGGTCACAT
TGGGTAAGCC
GTGAGGCGGT
TGGAGGCTAT
ATGCGCARCG
GCCTGGCGGA
CGTTGCCGRA
ATCTGGTCTT
CGCGTGGCTA
CGATGCTGAT
GTTACTCCIT
CACAGATCTT
TCAGCGCCGG
AARGCACATCA
CCTTACCACG
AGCGGTAGCG
TATICTTTTGG
CAGACGCGCT
AGGTAAGCCT

GGTTGCCGAT
TTATGGTGGC
GCTCCGAGCG
GCTGGGTCTG
GTTAGCCCGT
GGCTTTCCGC
CGATGACGAR
CCATACCGTT
TATCCACGGC
TGACCCGAAC

GTCTATGCCG
ACGCAGCGCT
CTGGAGATGA
ATCGATGCCA
GCCGCAATCG
CATCGCCACG
CTGCGCTCGA
GGGCGCGATG
TTCGAGGCCG
GGTGGCAAGC
‘CGACCATTGA
GTTGGTTCAC
GTTATTCGTG
CAGATTATTG

GATACCACCG

AATTCGGTCA
TGCCGCGCCT
TTCTGGGTGG
TTGCTACCGG
GCGCCGATGG
AGCAGCTTGA
TTATCGCCCA
CGGCAGTGCA
GTCTGGAGCA
GTGGTATTCG
TTACACCTGA
CCTTCTTCCC
ATCCGGACAC
TGCCGGTGGA
ACTTCAACGA
GCGACTGGCA
CGCGRCGCGA
ATCTGCTCTC
ACGACACGCC
CCATCCCARC
TCTATCGCGC
GTGCGGCGAC
TRATTGGAAT
GTGCGATTAR

ATGAGTTTGA
GTCTGARAGA
TCGGTGTCTT
GGGCTGCCCA

TTGTCTACTT
TGCGCCAGCG
CGTATGAMAT
CGGCAGTGGT
ACACGGCGGC
ACGAGCTGTA
AACGGACGGA
GATTATCGTT
ACGGCTATCG

C (SEQ ID NO:38)

Figure 27B
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GCCAGAGATT
GTTGTACAAG
GCGTAGCGTA
CGATCAGGAC
TCAGTTGATC
CGAGTGGCGC
TCCACGTATC
TCGGGCACTG

CGATATGTCT
CCTCTTTACG
CGGTACCGGT
GGTCAGTTCG
CCGTARAAGAC
GGCAGCCTGG
GCGACTGGCC
GCTTCTCGGC
TGGCTACCAC
GCGGGCCAAT
CCTGGTAGAT
CGTCGTCGYT
TGCCCTACGT
GTGGCCGCGC
GGCTGTCCGC
CTTGCGGAGT
CGATGCACTG
CGAGGACATT
CCGCATCTAC
TCTGCGTCTG
GCCGTGGGAT
CACTTATGTG
CGAGGCGTGG
AGATCGAACC
GCCGTGGTTG
TCACCARACC

ARTCTGCGCT
CGCAACARCG
CCGGCTGATG
TCACTGTCGC
GAGTCGGCTG
AAACCAGACC
GAGCGGRTTA
GATGCAATCC
CTCTTTGCCG
GACCGCCAGA
CTCTTGCGCG
CGGATTCCGA
GCTCACGGCS
GCCAATCAGG
ATTACCGGTA
TCAGGTGGCA
RAGGTGGGTG
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MIDTAPLAPP
NESSQRWEGL
MMGYGDEVAY
IALNMPNIMP
VVPYKEAYTD
DVMRGVGSAL
WSHDLLDAAL
YTSGSTGKPK
GRLTGVIAEG
RVATFCAEPV
PWVMGDVWVA
LRAWKGDAER
EIEGAILRDR
TEKGAVSVPE
EWKRRQRMAE
DHLARRQDVA
PCIARINGVA
GTGLLRALEM
AVTQAFRHRH
RYGIIHGFEA
DQKELLPVGS
ALIYVLASEV
DLVAIYSGQS
AGSYILNLGT
ASTLLAAGAH
VSHAGETAFP
GEAVLIYYGV
SLAELKRRFG
PRGYPDLIIE
AQIFGTHLSN
ALPRLGLKNR

RRPRSNPIRD
DAATGAPVTV
YFEGDRWDNS
QIYYTEARAKR
QALDKYIPVE
AKLRDLDASY
AKILANARAA
GVIHVHGGYV
SPLFPSAGRY
SPAVQQFGMQ
ETDESGTTRY
FVKTYWRRGP
QITPDSPVGN
DYIEVSAFPE
EQOIIERYRY
AIVFTGQGAR
LGGGLEFAMA
ILGGRSVPRD
EQLDERRKPD
GLEHEAKLFA
PFFPGVDRIP
NFNDIWAITG
DLLSPLMGLD
IYRALFTTLQ
GAINRKDPEV
RSFQLLGEFR
GSDDLVDTGG
DEFEWPRTMP
RAAHDALAVS
AYEILRLNDE
DELYEAWTAG
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Figure 28

RVDWERQRRA
DYPADYQPWQ
LNNGRGGPVV
LGILYTEPVFG
TAQAIVAQTL
QAKVRTVLAQ
GFDVHSENDL
RAGVVHTLRVS
ASIIERYGVQ
IMTPQYINSY
RVADFDEKGE
NGEWGYIQGD
CIVVGAPHRE
TRSGKYMRRF
FRIEYHPPTA
SFVAGADIRQ
CHYRVADVYA
EALKLGLIDA
PRFADDELRS
EAVVDPNGGK
KWQYAQAVIR
IPVSRFDERD
PMAADFVIQG
IKAGRTIFIE
ADCFTRVPED
DGHIPTLTFY
LEAIEAARQM
PLPNARQDPQ
AMLIKPFTGR
ISAGLLTITE
ER {SEQ ID

ALADPGAFHG
QAFDDSEAPF
QETITRRRLL
GFSDKTLSDR
ATLPLTESQR
ALVESPPRVE
LNLPDDQLIR
FDAEPGDTIY
IFKAGVTFLK
WATEHGGIVW
IVITAPYPYL
FAIKYPDGSF
KGLTPVAFIQ
LRNMMLDEPL
SAGKLAVVIV
LLEEIHTVEE
EFGQPEINLR
IATGDQDSLS
IIAHPRIERI
RGIREFLDRQ
DPDTGAAAHG
RDWHVTGSGG
NDTPDGSHQQ
GAATGTGLDA
PSAWAAWEAR
GATSGYHFTF
GARIVVVTVS
GLKERVRRFN
IVYFEDIGGR
PAVVPWDELP
NO:39)

AIARTVIHWY
YRWE'SGGLTN
VEVVKAARQVL
IHNAGARVV]
QTIITEVEAR
AVVVVRHTGQ
ALYASIPCEP
VIRDPGWITG
TVMSNPONVE
THFYGNQDFP
TRTLRGDVPG
TLHGRPDDVI
PAPGRHLTGA
GDTTTLRNPE
TNPPVNALNE
AMALPNNAHL
LLPGYGGTQR
LACALARAAI
IRQRRTVGRD
SAPLPTRRPL
DFIVAEKQII
IGLIVALGEE
FMLAQAPQCL
ARSAARNGLR
GQPLLAMFRA
LGKPGSASPT
DAQREFVLSL
DLVFKPLGSA
RYSFFAPQIW
EAHQOAMWENR

DPQHHCWIRF
ACFNEVDRHV
RDLGLKKGDR
TSDGAYRNAQ
LAGEITVERS
EILWNEGRDR
VDAEYPMFII
QSYMLTATMA
DVRLYDMHSL
LRPDAHTYPL
FEAYLRGEIP
NVSGHRMGTE
DRRRLDELVR
VLEEIAAKIA
RALDELNTIV
AFRKIERMNK
LPRLLYKRNN
GADGQLIESAR
ARVHRALDAIL
ITPEQEQLLR
VEVERPRANQ
ARREGRLKVG
PIPTDMSIEA
VIGMVSSSSR
ONDGRLADYV
EMLRRANLRA
GFGAALRGVV
VGVFLRSADN
VRORRIYMPT
HTARTYVVNH

US 9,340,803 B2



U.S. Patent

May 17, 2016 Sheet 40 of 105

Figure 29

ATGAGTGAAGAGTCTCTGGTTCTCAGCACAATTGAAGGCCCCATCGCCATCCTCACCCTC
AATCGCCCCCAGGCCCTCAATGCGCTCAGTCCGGCCTTGATTGATGACCTCATTCGCCAT
TTAGAAGCCTGCGATGCCGATGACACAATCCGCGTGATCATTATCACCGGCGCCGGACGG
GCATTTGCTGCCGGCGCTGATATCARAGCGATGGCCAATGCCACGCCTATTGATATGCTC
ACCAGTGGCATGATTGCGCGCTGGGCACGCATCGCCGCGGTGCGCARACCGGTGATTGCT
GCCGTGRATGGGTATGCGCTCGGTGGTGGTTGTGAATTGGCAATGATGTGCGACATCATC
ATCGCCAGTGAARRACGCGCAGTTCGGACAACCGGAAATCAATCTGGGCATCATTCCCGGT
GCTGGTGGCACCCAACGGCTGACCCGCGCCCTTGGCCCGTATCGCGCAATGGAATTGATC
CTGACCGGCGCGACCATCAGTGCTCAGGARGCTCTCGCCCACGGCCTGGTGTGCCGGGTC
TGCCCGCCTGRAAGCCTGCTCGATGAAGCCCGTCGGATCGCGCAAACCATTGCCACCARARA
TCACCACTGGCTGTACAGTTGGCGARAGAGGCAGTCCGTATGGCCGCCGAAACCACTGTG
CGCGAGGGGTTGGCTATCGAGCTGCGTARACTTCTATCTGCTGTTTGCCAGTGCTGACCAA
ARAGAGGGGATGCAGGCATTTATCGRAGAAACGCGCTCCCAACTTCAGTGGTCGTTGA
(SEQ 1D NO:40)
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Figure 30

MSEESLVLSTIEGPIAILTLNRPQALNALSPALIDDLIRHLEACDADDTIRVIIITGAGR
AFARGADIKAMANATPIDMLTSGMIARWARIAAVRKPVIAAVNGYALGGGCELAMMCDII
JASENAQFGQPEINLGIIPGAGGTQRLTRALGPYRAMELILTGATISAQEALAHGLVCRV
CPPESLLDEARRIAQTIATKSPLAVQLAKEAVRMAAETTVREGLAIELRNFYLLFASADQ
KEGMOAFIEKRAPNFSGR (SEQ ID NO:41)
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Figure 31

GGCGTAATCCGACCGGCAGGTTAGGGTCTTCTACTGGGGTCAAGGCGCGTCTCCTTTTGG
TGGCGCGAGCAACCCGGCTTTTCCTGGCTTCAATGTACCATAGAGCGGTTACTTCGTGCA
ACGGGCGTGGTACAATCGAGAGCAACCTTTCGCAARAGCTATCCAATCCTGCACACGTGC
ATCTGTTACAGGGTATTATTGTCGGCAAACGACAGTCCTGTCGTTTATGTACAAGGAGAT
CAACGTATGAGTGAAGAGTCTCTGGTTCTCAGCACAATTGARGGCCCCATCGCCATCCTC
ACCCTCAATCGCCCCCAGGCCCTCAATGCGCTCAGTCCGGCCTTGATTGATGACCTCATT
CGCCATTTAGAAGCCTGCGATGCCGATGACACAATCCGCGTGATCATTATCACCGGCGCC
GGACGGGCATTTGCTGCCGGCGCTGATATCAAAGCGATGGCCAATGCCACGCCTATTGAT
ATGCTCACCAGTGGCATGATTGCGCGCTGGGCACGCATCGCCGCGGTGCGCAAACCGGTG
ATTGCTGCCGTGAATGGGTATGCGCTCGGTGCTGGTTGTGAATTGGCAATGATGTGCGAC
ATCATCATCGCCAGTGAAAACGCGCAGTTCGGACAACCGGAAATCAATCTGGGCATCATT
CCCGGTGCTGGTGGCACCCARCGGCTGACCCGCGCCCTTGGCCCGTATCGCGCAATGGRAA
TTGATCCTGACCGGCGCGACCATCAGTGCTCAGGAAGCTCTCGCCCACGGCCTGGTGTGC
CGGGTCTGCCCGCCTGRAARGCCTGCTCGATGAAGCCCGTCGGATCGCGCARACCATTGCC
ACCAAATCACCACTGGCTGTACAGTTGGCGAAAGAGGCAGTCCGTATGGCCGCCGAAACC
ACTGTGCGCGAGGGGTTGGCTATCGAGCTGCGTAACTTCTATCTGCTGTTTGCCAGTGCT
GACCAAAAAGAGGGGATGCAGGCATTTATCGAGAAACGCGCTCCCAACTTCAGTGGTCGT
TGATCACGCGCAGAACATGGCAGCAGGGGCAATACCTGCACGTACTGCCTCCTGCCGCCA
TACTACCAGATGATCGAGCAGTARAGGGTRAAATACTCTATCAATCTGGCCAGATAAGCGG
TTGGGTAACAACGCAATGCTCCARAGGAGACGATCATGGACATACACGAGCGATTGCGAT
CTCTCGAACGCGAAAATGCT (SEQ ID NO:42)
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~atgagtga-—=—-==w-== agagt-~=mmemmme e —— e
--atgacgta cgaaa
atggccgeectgogtgt cctgetgtcetgegecegegy

atggcggccctgegtgctetgetg

--------- Ct=———=~==-ctg-~------~gttctc-agcacaattgaa
cc atc ctggtcgageg gat
get ccy gttege-tgteccgectgg

---:—ctgcaacccqctqttqtccccagcccqc-tqcccnqunttc

gcgagttgge att g
cgteccettcgectegggtgetaactttgagtacatcatcegeag
cggcgcettcgectegggtgctaactttcagtacatcatcacg-~—mew—m

99 t gtggggtig
agaa ta
tca L4 L4 Lk 4
g g tgaacgcg
t g g g t
g gg gatccagtt g g C v t
agtcegg! tga gacctcatt g t gcg.
a C ggtc--acca~--gcgetg cgaa
tgcgatggoctgattgacgagetea t
tgcaatggactgattgaggag g ggag ttgag
—— t cattat
ct g g: catca g g
L 3 L4 4 At e b4 ) aa
gct---gtgggcgecattgtyg ggtgg
ggcatt g gatat ~~~tgce
agcgttt te -=wecctg
ggectttgeagetgy gatat t gagtttcc
vy g g < 49 ycag 99
acgcctattgatatget gg g gcgeg 99
acgtt gegtt tett ggg
tgtt gcaagttett ——tg
acatttcagga-ctgttacte gg gttcctg, g

catcgccgcggtgecgcaaaccggtgattgectgeccgtgaatgggtatgege

cct == caa gtcatcgctgctgtcaatggetatcegt
tat g cgg g g g
teggtggtggttgtgaattggeaatgatgtgcy tcatcgecagt
tegyucggtgoct ggegatgatyl Y

ttggegggggctgtgagettgecatgatgtgtgatatcatctatgecggt
ttggtgggggctgtgaacttgecatgatgtgegatatcatctatgetggt

Figure 32A
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gaaaacgcgcagttcggacaaccggaaatcaatctgggcatcattecegg
gac. gcgaagttcgg g gagataaagctgggegtygctgccagy
gagaagg gtttgcacagccggagatcttaataggaaccatcccagg
gagaaagcccagtttgg g gaaatcctcctgqgg. tceccagy
tgctggtygy ggctyg gcg tggccegtatcgegeas
catgggcgget gcggcty gggctatcggcaagg gocy
tgcaggcgg gagact gtgctgttgggaagtcogotggage
tgcaggygy gagact gagcagtcggcaaatcactagcaa
tggaattgatcctg ggcgceg tcagtgce ggaagctctcegee
tggacctcatcctgaccgggcy tggacgcegecgagge-cgageyg
tggagatggtcect ggtgacgcgatctcag ggacg agca
tggagatggtcctcactggtgaccgaatttcagcacaggatgc~caagea
ca-c-ggcctggtgtgcegggtety g g g gatgaa
cagc-ggtctggttt g9gteg ggccgacgacttgetg gaa
ag-caggtcttg gatttgtcctgttg tggtg g
ag-caggtcttgtaagcaag g ggttgaagag
gcecgteggategegeaaaccattg ggctgtaca
b A Eal ' L"" g L4 - £ 2 Lk Aed & 4 v
gccatccagtgt aaaattgccag ttgtagtage
gccatccaatgtgcagaaaagatcgccaacaattccaagatcatagtage
gttggega g9 ccgtatgg a gtgcg 99
gatggccaaggaggccyg ggctttcgaatccagtttgtecgagg
gatggccaaagaatcag! g gaaatg g
catgg aaga. gtg gcag ttgaaatgacgttaacagaag
ggttgy getgeg goetgttig gtgctgac
gctg g gcttttccattcggotttoyg
gaagtaagttg a tt tt tgatgac
gaaataagct t tt gatgac
c a ggg. ttat ttcag
caatccgaaggtatggcag. tcat gttcac
[~ ggatg gcgtttgtggaa acttcaa
cg ggatgtctgectttgtg ggaag acttcaa
tggtcgttga
ccaccgatga
agaccagtga
agaccactga

Figure 32B
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ATGATCGACACTGCGCCCCTTGCCCCACCACGGGCGCCCCGCTCTAATCCGATTCGGGAT
CGAGTTGATTGGGAAGCTCAGCGCGCTGCTGCGCTGGCAGATCCCGGTGCCTTTCATGGC
GCGATTGCCCGGACAGTTATCCACTGGTACGACCCACARCACCATTGCTGGATTCGCTTC
AACGAGTCTAGTCAGCGTTGGGAAGGGCTGGATGCCGCTACCGGTGCCCCTGTAACGGTA
GACTATCCCGCCGATTATCAGCCCTGGCAACAGGCGTTTGATGATAGTGAAGCGCCGTTT
TACCGCTGGTTTAGTGGTGGGTTGACAARTGCCTGCTTTAATGAAGTAGACCGGCATGTC
ATGATGGGCTATGGCGACGAGGTGGCCTACTACTT TGAAGGTGACCGCTGGGATAACTCG
CTCAACAATGGTCGTGGTGGTCCGGTTGTCCAGGAGACAATCACGCGGCGGCGCCTGTTG
GTGGAGGTGGTGAAGGCTGCGCAGGTGTTGCGTGATCTGGGCCTGAAGAAGGGTGATCGG
ATTGCTCTGAATATGCCGAATATTATGCCGCAGATTTATTATACGGAAGCGGCARARCGA
CTGGGTATTCTGTACACGCCGGTCTTCGGTGGCTTCTCGGACAAGACTCTTTCCGACCGT
ATTCACAATGCCGGTGCACGAGTGGTGATTACCTCTGATGGTGCGTACCGCAACGCGCAG
GTGGTGCCCTACARAGAAGCGTATACCGATCAGGCGCTCGATAAGTATATTCCGGTTGAG
ACGGCGCAGGCGATTGTTGCGCAGACCCTGGCCACCTTGCCCCTGACTGAGTCGCAGCGC
CAGACGATCATCACCGAAGTGGAGGCCGCACTGGCCGGTGAGATTACGGTTGAGCGCTCG
GACGTGATGCGTGGGGTTGGTTCTGCCCTCGCARAGCTCCGCGATCTTGATGCAAGCGTG
CAGGCAAAGGTGCGTACAGTACTGGCGCAGGCGCTGGTCGAGTCGCCGCCGCGGGTTGAR
GCTGTGGTGGTTGTGCGTCATACCGGTCAGGAGATTTTGTGGAACGAGGGGCGAGATCGC
TGGAGTCACGACTTGCTGGATGCTGCGCTGGCGAAGATTCTGGCCARTGCGCGTGCTGCC
GGCTTTGATGTGCACAGTGAGARTGATCTGCTCARTCTCCCCGATGACCAGCTTATCCGT
GCGCTCTACGCCAGTATTCCCTGTGAACCGGTTGATGCTGAATATCCGATGTTTATCATT
TACACATCGGGTAGCACCGGTAAGCCCAAGGGTGTGATCCACGTTCACGGCGGTTATGTC
GCCGGTGTGGTGCACACCTTGCGGGTCAGTTTTGACGCCGAGCCGGGTGATACGATATAT
GTGATCGCCGATCCGGGCTGGATCACCGGTCAGAGCTATATGCTCACAGCCACAATGGCC
GGTCGGCTGACCGGGGTGATTGCCGAGGGATCACCGCTCTTCCCCTCAGCCGGGCGTTAT
GCCAGCATCATCGAGCGCTATGGGGTGCAGATCTTTAAGGCGGGTGTGACCTTCCTCAAG
ACAGTGATGTCCAATCCGCAGAATGTTGAAGATGTGCGACTCTATGATATGCACTCGCTG
CGGGTTGCAACCTTCTGCGCCGAGCCGGTCAGTCCGGCGGTGCAGCAGTTTGGTATGCAG
ATCATGACCCCGCAGTATATCAATTCGTACTGGGCGACCGAGCACGGTGGAATTGTCTGG
ACGCATTTCTACGGTAATCAGGACTTCCCGCTTCGTCCCGATGCCCATACCTATCCCTTG
CCCTGGGTGATGGGTGATGTCTGGGTGGCCGARACTGATGAGAGCGGGACGACGCGCTAT
CGGGTCGCTGATTTCGATGAGAAGGGCGAGATTGTGATTACCGCCCCGTATCCCTACCTG
ACCCGCACACTCTGGGGTGATGTGCCCGGTTTCGAGGCGTACCTGCGCGGTGAGATTCCG
CTGCGGGCCTGGAAGGGTGATGCCGAGCGTTTCGTCAAGACCTACTGGCGACGTGGGCCA
AACGGTGAATGGGGCTATATCCAGGGTGATTTTGCCATCAAGTACCCCGATGGTAGCTTC
ACGCTCCACGGACGCCCTGACGATGTGATCAATGTGTCGGGCCACCGTATGGGCACCGAG
GAGATTGAGGGTGCCATTTTGCGTGACCGCCAGATCACGCCCGACTCGCCCGTCGGTAAT
TGTATTGTGGTCGGTGCGCCGCACCGTGAGAAGGGTCTGACCCCGGTTGCCTTCATTCAA
CCTGCGCCTGGCCGTCATCTGACCGGCGCCGACCGGCGCCGTCTCGATGAGCTGGTGCGT
ACCGAGAAGGGGGCGGTCAGTGTCCCAGAGGATTACATCGAGGTCAGTGCCTTTCCCGAA
ACCCGCAGCGGGAAGTATATGCGGCGCTTTTTGCGCAATATGATGCTCGATGAACCACTG
GGTGATACGACGACGTTGCGCAATCCTGAAGTGCTCGAAGAGATTGCAGCCAAGATCGCT
GAGTGGAAACGCCGTCAGCGTATGGCCGAAGAGCAGCAGATCATCGAACGCTATCGCTAC
TTCCGGATCGAGTATCACCCACCAACGGCCAGTGCGGGTAAACTCGCGGTAGTGACGGTG
ACARATCCGCCGGTGAACGCACTGAATGAGCGTGCGCTCGATGAGTTGAACACAATTGTT
GACCACCTGGCCCGTCGTCAGGATGTTGCCGCARTTGTCTTCACCGGACAGGGCGCCAGG
AGTTTTGTCGCCGGCGCTGATATTCGCCAGTTGCTCGAAGAGATTCATACGGTTGAAGAG
GCAATGGCCCTGCCGAATAACGCCCATCTTGCTTTCCGCAAGATTGAGCGTATGAATARG

Figure 39A
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CCGTGTATCGCGGCGATCARCGGTGTGGCGCTCGGTGGTGGTCTGGARTTCGCCATGGCC
TGCCATTACCGGGTTGCCGATGTCTATGCCGAATTCGGTCAGCCAGAGATTAATCTGCGC
TTGCTACCTGGTTATGGTGGCACGCAGCGCTTGCCGCGCCTGTTGTACARGCGCAACAAC
GGCACCGGTCTGCTCCGAGCGCTGGAGATGATTCTGGGTGGGCGTAGCGTACCGGCTGAT
GAGGCGCTGAAGCTGGGTCTGATCGATGCCATTGCTACCGGCGATCAGGACTCACTGTCG
CTGGCATGCGCGTTAGCCCGTGCCGCARTCGGCGCCGATGGTCAGTTGATCGAGTCGGCT
GCGGTGACCCAGGCTTTCCGCCATCGCCACGAGCAGCTTGACGAGTGGCGCARACCAGAC
CCGCGCTTTGCCGATGACGAACTGCGCTCGATTATCGCCCATCCACGTATCGAGCGGATT
ATCCGGCAGGCCCATACCGTTGGGCGCGATGCGGCAGTGCATCGGGCACTGGATGCAATC
CGCTATGGCATTATCCACGGCTTCGAGGCCGGTCTGGAGCACGAGGCGARGCTCTTTGCC
GAGGCAGTGGTTGACCCGAACGGTGGCAAGCGTGGTATTCGCGAGTTCCTCGACCGCCAG
AGTGCGCCGTTGCCAACCCGCCGACCATTGATTACACCTGAACAGGAGCAACTCTTGCGC
GATCARGAAAGAACTGTTGCCGGTTGGTTCACCCTTCTTCCCCGGTGTTGACCGGATTCCG
AAGTGGCAGTACGCGCAGGCGGTTATTCGTGATCCGGACACCGGTGCGGCGGCTCACGGT
GATCCCATCGTGGCTGAAAAGCAGATTATTGTGCCGGTGGAACGCCCCCGCGCCAATCAG
GCGCTGATCTATGTTCTGGCCTCGGAGGTGAACTTCAACGATATC TGGGCGATTACCGGT
ATTCCGGTGTCACGGTTTGATGAGCACGACCGCGACTGGCACGTTACCGGTTCAGGTGGC
ATCGGCCTGATCGTTGCGCTGGGTGAAGAGGCGCGACGCGARGGCCGGCTGARGGTGGGT
GATCTGGTGGCGATCTACTCCGGGCAGTCGGATCTGCTCTCACCGCTGATGGGCCTTGAT
CCGATGGCCGCCGATTTCGTCATCCAGGGGARCGACACGCCAGATGGATCGCATCAGCAA
TTTATGCTGGCCCAGGCCCCGCAGTGTCTGCCCATCCCARCCGATATGTCTATCGAGGCA
GCCGGCAGCTACATCCTCARTCTCGGTACGATCTATCGCGCCCTCTTTACGACGTTGCAR
ATCAAGGCCGGACGCACCATCTTTATCGRGGGTGCGGCGACCGGTACCGGTCTGGACGCA
GCGCGCTCGGCGGCCCGGAATGGTCTGCGCGTAATTGGAATGGTCAGTTCGTCGTCACGT
GCGTCTACGCTGCTGGCTGCGGGTGCCCACGGTGCGATTAACCGTARAGACCCGGAGGTT
GCCGATTGTTTCACGCGCGTGCCCGRAAGATCCATCAGCCTGGGCAGCCTGGGARAGCCGCC
GGTCAGCCGTTGCTGGCGATGTTCCGGGCGCAGAACGACGGGCGACTGGCCGATTATGTG
GTCTCGCACGCGGGCGAGACGGCCTTCCCGCGCAGTTTCCAGCTTCTCGGCGAGCCACGC
GATGGTCACATTCCGACGCTCACATTCTACGGTGCCACCAGTGGCTACCACTTCACCTTC
CTGGGTARGCCAGGGTCAGCTTCGCCGACCGAGATGCTGCGGCGGGCCAATCTCCGCGCC
GGTGAGGCGGTGTTGATCTACTACGGGGTTGGGAGCGATGACCTGGTAGATACCGGCGGT
CTGGAGGCTATCGAGGCGGCGCGGCARATGGGAGCGCGGATCGTCGTCGTTACCGTCAGC
GATGCGCAACGCGAGTTTGTCCTCTCGTTGGGCTTCGGGGCTGCCCTACGTGGTGTCGTC
AGCCTGGCGGAACTCAAACGGCGCTTCGGCGATGAGTTTGAGTGGCCGCGCACGATGCCG
CCGTTGCCGAACGCCCGCCAGGACCCGCAGGGTCTGAAAGAGGCTGTCCGCCGCTTCAAC
GATCTGGTCTTCAAGCCGCTAGGAAGCGCGGTCGGTGTCTTCTTGCGGAGTGCCGACAAT
CCGCGTGGCTACCCCGATCTGATCATCGAGCGGGCTGCCCACGATGCACTGGCGGTGAGC
GCGATGCTGATCAAGCCCTTCACCGGACGGATTGTCTACTTCGAGGACATTGGTGGGCGG
CGTTACTCCTTCTTCGCACCGCARATCTGGGTGCGCCAGCGCCGCATCTACATGCCGACG
GCACAGATCTTTGGTACGCACCTCTCAAATGCGTATGARATTCTGCGTCTGAATGATGAG
ATCAGCGCCGGTCTGCTGACGATTACCGAGCCGGCAGTGGTGCCGTGGGATGAACTACCC
GAAGCACATCAGGCGATGTGGGAAAATCGCCACACGGCGGCCACTTATGTGGTGAATCAT
GCCTTACCACGTCTCGGCCTARAGAACAGGGACGAGCTGTACGAGGCGTGGACGGCCGGC
GAGCGGTAG (SEQ ID NO:129)

Figure 39B
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ATGGCGACGGGGGAGTCCATGAGCGGAACAGGACGACTGGCAGGAAAGATTGCGTTAATT
ACCGGTGGCGCCGGCAATATCGGCAGTGAATTGACACGTCGCTTTCTCGCAGAGGGAGCG
ACGGTCATTATTAGTGGACGGAATCGGGCGAAGTTGACCGCACTGGCCGAACGGATGCAG
GCAGAGGCAGGAGTGCCGGCARAGCGCATCGATCTCGAAGTCATGGATGGGAGTGATCCG
GTCGCGGTACGTGCCGGTATCGAAGCGATTGTGGCCCGTCACGGCCAGATCGACATTCTG
GTCAACAATGCAGGAAGTGCCGGTGCCCAGCGTCGTCTGGCCGAGATTCCACTCACTGAA
GCTGAATTAGGCCCTGGCGCCGAAGAGACGCTTCATGCCAGCATCGCCAATTTACTTGGT
ATGGGATGGCATCTGATGCGTATTGCGGCACCTCATATGCCGGTAGGAAGTGCGGTCATC
AATGTCTCGACCATCTTTTCACGGGCTGAGTACTACGGGCGGATTCCGTATGTCACCCCT
AARGCTGCTCTTAATGCTCTATCTCAACTTGCTGCGCGTGAGTTAGGTGCACGTGGCATC
CGCGTTAATACGATCTTTCCCGGCCCGATTGAAAGTGATCGCATCCGTACAGTGTTCCAG
CGTATGGATCAGCTCAAGGGGCGGCCCGAAGGCGACACAGCGCACCATTTTTTGAACACC
ATGCGATTGTGTCGTGCCAACGACCAGGGCGCGCTTGAACGTCGGTTCCCCTCCGTCGGT
GATGTGGCAGACGCCGCTGTCTTTCTGGCCAGTGCCGARTCCGCCGCTCTCTCCGGTGAG
RCGATTGAGGTTACGCACGGAATGGAGTTGCCGGCCTGCAGTGAGACCAGCCTGCTGGCC
CGTACTGATCTGCGCACGATTGATGCCAGTGGCCGCACGACGCTCATCTGCGCCGGCGAC
CAGATTGAAGAGGTGATGGCGCTCACCGGTATGTTGCGTACCTGTGGGAGTGAAGTGATC
ATCGGCTTCCGTTCGGCTGCGGCGCTGGCCCAGTTCGAGCAGGCAGTCAATGAGAGTCGG
CGGCTGGCCGGCGCAGACTTTACGCCTCCCATTGCCTTGCCACTCGATCCACGCGATCCG
GCAACAATTGACGCTGTCTTCGATTGGGCCGGCGAGAATACCGGCGGGATTCATGCAGCG
GTGATTCTGCCTGCTACCAGTCACGAACCGGCACCGTFGCGTGATTGAGGTTGATGATGAG
CGGGTGCTGARTTTTCTGGCCGATGARATCACCGGGACAATTGTGATTGCCAGTCGCCTG
GCCCGTTACTGGCAGTCGCAACGGCTTACCCCCGGCGCACGTGCGCGTGGGCCGCGTGTC
ATTTTTCTCTCGAACGGTGCCGATCAAAATGGGAATGTTTACGGACGCATTCAAAGTGCC
GCTATCGGTCAGCTCATTCGTGTGTGGCGTCACGAGGCTGAACTTGACTATCAGCGTGCC
AGCGCCGCCGGTGATCATGTGCTGCCGCCGGTATGGGCCAATCAGATTGTGCGCTTCGCT
AACCGCAGCCTTGAAGGGTTAGAATTTGCCTGTGCCTGGACAGCTCAATTGCTCCATAGT
CRACGCCATATCAATGAGATTACCCTCAACATCCCTGCCAACATTAGCGCCACCACCGGC
GCACGCAGTGCATCGGTCGGATGGGCGGAAAGCCTGATCGGGTTGCATTTGGGGAAAGTT
GCCTTGATTACCGGTGGCAGCGCCGGTATTGGTGGGCAGATCGGGCGCCTCCTGGCTTTG
AGTGGCGCGCGCGTGATGCTGGCAGCCCGTGATCGGCATARGCTCGAACAGATGCAGGCG
ATGATCCAATCTGAGCTGGCTGAGGTGGGGTATACCGATGTCGAAGATCGCGTCCACATT
GCACCGGGCTGCGATGTGAGTAGCGAAGCGCAGCTTGCGGATCTTGT TGAACGTACCCTG
TCAGCTTTTGGCACCGTCGATTATCTGATCAACAACGCCGGGATCGCCGGTGTCGAAGAG
ATGGTTATCGATATGCCAGTTGAGGGATGGCGCCATACCCTCTTCGCCAATCTGATCAGC
AACTACTCGTTGATGCGCAAACTGGCGCCGTTGATGARARAACAGGGTAGCGGTTACATC
CTTARACGTCTCATCATACTTTGGCGGTGAAAARGATGCGGCCATTCCCTACCCCAACCGT
GCCGATTACGCCGTCTCGAAGGCTGGTCAGCGGGCAATGGCCGAAGTCTTTGCGCGCTTC
CTTGGCCCGGAGATACAGATCAATGCCATTGCGCCGGGTCCGGTCGARGGTGATCGCTTG
CGCGGTACCGGTGAACGTCCCGGCCTCTTTGCCCGTCGGGCGCGGCTGATTTTGGAGAAC
AAGCGGCTGAATGAGCTTCACGCTGCTCTTATCGCGGCTGCGCGCACCGATGAGCGATCT
ATGCACGAACTGGTTGAACTGCTCTTACCCAATGATGTGGCCGCACTAGAGCAGAATCCC
GCAGCACCTACCGCGTTGCGTGAACTGGCACGACGTTTTCGCAGCGAAGGCGATCCGGCG
GCATCATCAAGCAGTGCGCTGCTGAACCGTTCAATTGCCGCTARATTGCTGGCTCGTTTG
CATAATGGTGGCTATGTGTTGCCTGCCGACATCTTTGCARACCTGCCAAACCCGCCCGAT
CCCTTCTTCACCCGAGCCCAGATTGATCGCGAGGCTCGCAAGGTTCGTGACGGCATCATG
GGGATGCTCTACCTGCAACGGATGCCGACTGAGT TTGATGTCGCAATGGCCACCGTCTAT
TACCTTGCCGRCCGCAATGTCAGTGGTGAGACATTCCACCCATCAGGTGGTTTGCGTTAC

Figure 494
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GAACGCACCCCTACCGGTGGCGAACTCTTCGGCTTGCCCTCACCGGAACGGCTGGCGGAG
CTGGTCGGAAGCACGGTCTATCTGATAGGTGAACATCTGACTGARCACCTTAACCTGCTT
GCCCGTGCGTACCTCGAACGTTACGGGGCACGTCAGGTAGTGATGATTGT TGAGACAGAA
ACCGGGGCAGAGACAATGCGTCGCTTGCTCCACGATCACGTCGAGGCTGGTCGGCTGATG
ACTATTGTGGCCGGTGATCAGATCGAAGCCGCTATCGACCAGGCTATCACTCGCTACGGT
CCCCCAGGGCCGGTCGTCTGTACCCCCT TCCGGCCACTGCCGACGGTACCACTGGTCGGG
CGTAAAGACAGTGACTGGAGCACAGTGTTGAGTGAGGCTGAATTTGCCGAGTTGTGCGAA
CACCAGCTCACCCACCATTTCCGGGTRGCGCGCAAGATTGCCCTGAGTGATGGTGCCAGT
CTCGCGCTGGTCACTCCCGAARCTACGGCTACCTCAACTACCGAGCAATTTGCTCTGGCT
AACTTCATCARAACGACCCTTCACGCTTTTACGGCTACGATTGGTGTCGAGAGCGAAAGA
ACTGCTCAGCGCATTCTGATCAATCAAGTCGATCTGACCCGGCGTGCGCGTGCCGARAGAG
CCGCGTGATCCGCACGAGCGTCAACAAGAACTGGAACGTTTTATCGAGGCAGTCTTGCTG
GTCACTGCACCACTCCCGCCTGAAGCCGATACCCGTTACGCCGGGCGGATTCATCGCGGA
CGGGCGATTACCGTGTAAR (SEQ ID NO:140)

Figure 49B
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Figure 50

MATGESMSGTGRLAGKIALITGGAGNIGSELTRRFLAEGATVIISGRNRAKLTALAERMO
AEAGVPAKRIDLEVMDGSDPVAVRAGIEAIVARHGQIDILVNNAGSAGAQRRLAEIPLTE
AELGPGAEETLHASIANLLGMGWHLMRIAAPHMPVGSAVINVSTIFSRAEYYGRIPYVTPE
KAALNALSQLARRELGARGIRVNTIFPGPIESDRIRTVFQRMDQLKGRPEGDTAHRHFLNT
MRLCRANDQGALERRFPSVGDVADAAVFLASAESAALSGET IEVTHGMELPACSETSLLA
RTDLRTIDASGRTTLICAGDQIEEVMALTGMLRTCGSEVIIGFRSAAALAQFEQAVNESR
RLAGADFTPPIALPLDPRDPATIDAVFDWAGENTGGIHAAVILPATSHEPAPCVIEVDDE
RVLNFLADEITGTIVIASRLARYWQSQRLTPGARARGPRVIFLSNGADONGNVYGRIQSA
AIGQLIRVWRHEAELDYQRASAAGDEVLPPVWANQIVRFANRSLEGLEFACAWTAQLLHS
QRHINEITLNIPANISATTGARSASVGWAESLIGLHLGKVALITGGSAGIGGQIGRLLAL
SGARVMLAARDRHKLEQMQAMIQSELAEVGYTDVEDRVHIAPGCDVSSEAQLADLVERTL
SAFGTVDYLINNAGIAGVEEMVIDMPVEGWRHTLFANLISNYSLMRKLAPLMKKQGSGY I
LNVSSYFGGEKDAAI PYPNRADYAVSKAGQRAMAEVFARFLGPEIQINATAPGPVEGDRL
RGTGERPGLFARRARLILENKRLNELHAALIARARTDERSMHELVELLLPNDVAALEQNP
AARPTALRELARRFRSEGDPAASSSSALLNRSIAAKLLARLHANGGYVLPADIFANLENPPD
PFFTRAQIDREARKVRDGIMGMLYLORMEPTEFDVAMATVYYLADRNVSGETFHPSGGLRY
ERTPTGGELFGLPSPERLAELVGSTVYLIGEHLTEHLNLLARAYLERYGARQVVMIVETE
TGAETMRRLLHDHVEAGRLMT IVAGDQIEAAIDQAITRYGRPGPVVCTPFRPLPTVPLVG
RKDSDWSTVLSEAEFAELCEHQLTHHFRVARKIALSDGASLALVT PETTATSTTEQFALA
NFIKTTLHAFTATIGVESERTAQRILINQVDLTRRARAEEPRDPHERQQELERFIEAVLL
VTAPLPPEADTRYAGRIHRGRAITV (SEQ ID NO:141)
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Figure 51
TCTTTCTGGCCAGTGCCGAATCCGCCGCTCTCTCCGGTGAGACGATTGAGGTTACGCACG
GAATGGAGTTGCCGGCCTGCAGTGAGACCAGCCTGCTGGCCCGTACTGATCTGCGCACGA
TTGATGCCAGTGGCCGCACGACGCTCATCTGCGCCGGCGACCAGATTGAAGAGGTGATGG
CGCTCACCGGTATGTTGCGTACCTGTGGGAGTGAAGTGATCATCGGCTTCCGTTCGGCTG
CGGCGCTGGCCCAGTTCGAGCAGGCAGTCAATGAGAGTCGGCGGCTGGCCGGCGCAGACT
TTACGCCTCCCATTGCCTTGCCACTCGATCCACGCG (SEQ ID NO:142)
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NO:141 1 matgesmagtgrlagkialitggagnigseltrrflaegatviisgrara
NO:143 1 ~~-mfankvvlivtggssgigaatveafvkegasvafvgrnqa
NO: 144 1 ~-mrlegkvclitgaasgigkattilfaqegatviagdiske
NO:145 1

NO:146 1 mekf

NO:147 1 ~=~emm——— ~mrllhkrtivtggsdgiglaiaeaflsegadvlivgrdaa
NO:141 51 kltalaermqa--e-agvpakridlevmdgadpvavragieaivarhgqli
NO:143 40 klkevesrcqq--hganilaikadv kdeeakiivqqtvdkfgkl
NO:144 41 nldslvk--ea~--e~--glp gkv
NO:145 1

NO:146 5

NO:147 41 kleaargklaalgq-aga----vetsasadlatalgvatvveqvketgrpl
NO:141 98 dilvnnagsagaqrrlaeiplteaelgpgasetlhasianllgmgwhlmr
NO:143 83 dvlivnnagil----rfasv--leptligtfdetmntnlrpvv--~--lits
NO:144 57 d

NO:145 1

NO:146 5

NO:147 86 dipinnagvadl------ vplfesv---—- seaqfghsfalnvaaaffltq
NO:141 148 iaaphm-pvgsavinvstifsr-aeyygrip--yvtpkaalnalsqlaarx
NO:143 123 laiphliatkgsivavssilstivripgims-—-ysvakaamdhftklaal
NO:144 58 p-yv 1nv

NO: 145 1

NO:146 5 php-p

NO:147 125 gllphf-gagasiinissyfar-kmipkrpssvyalskgalnsltrslaf
NO:141 194 elgargirvntifpgpiesdrirtvfqrmdqlkgrpegdtahhflntmrl
NO:143 171 elapsgvrvnsvnpgpv

NO:144 64 tdr

NO:145 1 drq qepgh

NO:146 9

NO:147 173 elgprgirvnajapgtvdt

NO:141 244 crandggalerrfpsvgdvadaavilasaesaalsgetievthgmelpac
NO:143 188 ltdia

NO:144 67

NO:145 16

NO:146 9 fpr

NO:147 192 amrr

NO:141 294 setsllartdlrtidasgrttlicagdqieevmaltgmlrtcgseviigf
NO:143 193

NO:144 67 dgik

NO:145 16

NO:146 12 qtgem:

NO:147 196 ktvd:

NO:141 344 rsaaalagfeqavnesrrlagadftppialpldprdpatidavfdwagen
NO:143 193 gsgfspdll ed
NO:144 73

NO:145 16 qdrgpgiesk

NO:146 17 pgttdrm-------
NO:147 200

Figure 52A
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SEQ ID NO:140 la c t
SEQ ID NO:148 1 atga gacttctg g
SEQ ID NO:149 1 atg ttcgcaaataaagt
SEQ 1D NO:150 1 g g

SEQ ID NO:151 1

SEQ ID NO:152 1

SEQ ID NO:140 51 tgegt-taattaceggtggegeeg teg ttgacacgt
SEQ ID NO:148 21 cacgc-tggtga te

SEQ ID NO:149 18 ggtac-tagtaacaggtggtagctccggt

SEQ ID NO:150 20 tgtgtctgat g ggctgcaageggy g
SEQ ID NO:151 8 atttccg t
SEQ ID NO:152 1

SEQ ID NOQ:140 100 cgctt--tctcgcagagggagcgacggtcattattagtggacggaategy

SEQ ID NO:148 42 ategg
SEQ ID NO:149 52 g tactgt

SEQ ID NO:150 65 cgcttetttteg ga
SEQ ID N0O:151 22 ccett--to

SEQ ID N0:152 1

SEQ ID NO:140 148 gcgaagttg actg g ggagtgcc
SEQ ID NO:148 54 cc ggcaa: g t gag

SEQ ID NO:149 63

SEQ ID NO:150 88 gctacggtg tgg gat:

SEQ ID NO:151 29

SEQ ID NO:152 1 -~gtg tgg acaga.

SEQ ID NO:140 198 ggca q gaagtcatggatgggag g
SEQ ID NO:148 86 gegc: gatgtcct

SEQ ID NO:149 73 gtt,

SEQ ID NO:150 109 atctcga:

SEQ ID NO:151 29

SEQ ID NO:152 35 €

SEQ ID NO:140 248 tacgtgccggtatcgaagcgat g att
SEQ ID NO:148 99 gategtegg g:

SEQ ID NO:149 a4 gcttetgtagoettegty

SEQ ID NO:150 116 C ct
SEQ ID NO:151 29

SEQ ID NO:152 50 tt
SEQ ID NO:140 298 ctggtcaacaatg tgccgy g

SEQ ID NO:148 118 g

SEQ ID NO:149 103

SEQ ID NO:150 133 tgt

SEQ ID NO:151 36 — g9 tg

SEQ ID NO:152 67 g-agtcaaaaatga. too

SEQ ID NO;140 348 tccact gctgaattagg g ttecatg
SEQ ID NO:148 121 aaget g
SEQ ID NO:149 121 —=emmm— cttaag--gaagtag gagceg tg

SEQ ID NO:150 153
SEQ ID NO:151 51
SEQ ID NO:152 90
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NO:140 398 ccagcatcgccaatttacttggtatgggatggcatctgatgcgtatigeg
NO:148 138 ccaga tggcg
NO:149 144 ccagcag
NO:150 153 actt
NO:151 51 cg
NO:152 90 gctgtcagaggacgaggattatc
NO:140 448 gcacctcatatgccggtaggaagtgceggtcatcaatgtctcegaccatctt
NO:148 tcttggee
NO:149 tggag acatc--
NO:150 ccgg~-ggaag
NO:151
NO:152 agga,
NO:140 498 ttcacgggctgagtactacgggeggattccgtatgtcaccectaaagetg
NO:148 162 gg'
NO:149 166 ~=r=———=m ctggctatcaaag-—=-=-=-- cagatgtctcc--~aaag---
NO:150 166
NO:151 57 wwmmmmmm————a tac--cgatcggatge--—-—cmo=so-===- agcceyg
NO:152 119 gcgg actqg
NO:140 548 ctcttaatgetctatctcaacttgetgcgegtgagttaggtgecacgtgge
NO:148 165 ggcyg ggtggagacg
NO:149 194 gagg
NO:150 166
NO:151 76 c g g g999
NO:152 130 aaagg aagttq
NO:140 598 atccgegttaatacgatctt gqg gatt gatcgcatccg
NO:148 183 gtcege-——r—=- cgatcttgcec:
NO:149 201 age gaaaatcatcgta~-=-
NO:150 166 —-~=== gttgatccctacgtt-——=-=--—- ttgaacgtgaccg-~—--~
NO:151 92 —————mme aaaa teet
NO:152 143 cgatcattactgg
NO:140 648 tacagtgttccagcgtatggatcaget g g
NO:148 199
NO:14% 217
NO:150 194 -acag ggatcagat. gaag
NO:151 101 gggttce ggacgcctgaag
NO:152 156 g a
NO:140 €98 ca catttttt: ccatgcgattgtgtegtg
NO:148 199 accag
NO:149 217
NO:150 215 ttgtgg. agtcgttcaaan=—=- ag
NO:151 124
NO:152 164
NO:140 748 ggcg tgaacgtcggt tcggtgatg gccg
NO:148 204 t
NO:149 223 ac
NO:150 238 tacg gtc gatgt
NO:151 130 agage tcatcacceggegggy g ¢
NO:152 164
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tgtctttctggccagtgecgaatcegecgctetetecggtgagacgattg
------------ cggtgtcgcaaccgteg-tcgagcaggtgaaa————-—

tgtc gacaagttc gggaagcttg
tctggtga
gg==--- cagggccgtggcga tegee
aggttacgcacggaatggagttgccggectgcagtgagaccagectgetg
atgt ————
----tatgc gaggg c
Y at LA b Ak Aud 4
gcccgtactgatctgeg gattgatg gtggccy gacgctcat
ggccg g ttcet
gcttgtt: aACGC==—"—
ggacgtccttatcage tat
gcgccyg gattgaagaggtgatggcy tatgttge
at aacaatg cggt
ctgag gagcatgac gatggccac ggct
gtacctgtgggagtgaagtgatcatcggettecgttcgg gctg
gtcg tc
gggatt: tacggttcg
"""" gggaat
—=—-ctggtggag-gaag
gcccagttcgagcaggcagtcaatg ggcggetygy gcaga
gtgccgttcga gagcgtcag g a-—
gagtgt: ctggagccga
---caggtcgc-aaggecgt gcttgeegeeggeg
agcag
ctttacgcctcccattgecttgccactegatecacgegatecggcaacaa
gttc tce
cttta ataca Tt
acaa
c tccagtcg-teeg-~-acca
----- tatty t
ttgacgctg--tcttegattgggceegg taccggcgggattcatg
te aatgtggegg cggeg
ttga
gggatg gettettg
ttgceg tegt gttcggg ggcggeat——--=
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NO:140 1196 cagcggtgattctgcctgctaccagtcacgaaccggcaccgtgcgtgatt
NO:148 3589 ttcttect ~-cacce -
NO:149 321 tgaaact
NO:150 296
NO:151 363
NO:152 195 tgcta
NO:140 1246 gaggttgatgatgagcgggtgctgaattttctggeccgatgaaatcacegqg
NO:148 370 —-mmmme caggggctgcetgecgeattt
NO:149 328 atgaac acqgaatttac--g
NO:150 296 tgag gatgaaa
NO:151 363 c
NO:152 200 —===m-=--emm gagggggctyg
NO:140 1296 gacaattgtgattgccagtcgcctggeccgttactggecagtegcaacgge
NO:148 390
NO:149 345 tccagttgtcctcatcactagectg
NO:150 307
NO:151 364 gaca
NO:152 213
NO:140 1346 ttacccccggegecacgtgogegtgggecgegtgteattettctetecgaac
NO:148 390 ggcg c
NO:149 370
NO:150 307
NO:151 368 ttctcgtcaac
NO:152 213 tatctccattctat---ac
NO:140 1396 ggtgccgatcaaaatgggaatgtt g9 ttcaaagtgccyg t
NO:148 397 ggtge at
NO:149 370 gctat
NO:150 307 agactgggatg
NO:151 379 aatgc
NO:152 229 ttag g ttcgg
NO:140 1446 cggtcagctcattcgtgtgtggeg gaggctgaacttgactatcagce
NO:148 404 cgatc
NO:149 375 ccctcatttgatt-—-—--=-- gctaca
NO:150 323 cggt taaac
NO:151 384
NO:152 250 gagg aaac
NO:140 1496 gtgccagegecgecgghgatcatgtgctgecy gtatggg atcag
NO:148 410
NO:149 402
NO:150 334 gtg aatc
NO:151 384 cag
NO:152 258 acgca: gatc g aggag
NO:140 1546 attgtgcgcttcgetaaccgecagecttgaagggttagaattigeetgtge
NO:148 410
NO:149 402
NO:150 341 tgaagggt
NO:151 394 gcg tcaag
NO:152 280 aatgtcegetge tgcttatce
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NO:140 1596 ctggacagctcaattgctccatagtcaacgccatatcaatgagattacce
NO:148 410
NO:149 402 catagttaacg---tatccagtata
NO:150 349 ------ ~~gttttcadCgrrmmmmmmmm—m—— e
NO:151 406
NO:152 302 cggga
NO:140 1646 tcaacatccctgccaacattagcg ccaccggeg gcagtgcatcy
NO:148 410 tcaacatctcttcctattt g g
NO:149 424 ~-—--om-- ctgtctacaatag
NO:150 359
NO:151 406 --aacatc---gaagacatcag
NO:152 307
NO:140 1696 gtcggatgggcggaaagcctgatcgggttgcatttggggaaagttgectt
NO:148 437
NO:149 437
NO:150 359
NO:151 427 gagga:
NO:152 307 gatg ttgggg
NO:140 1746 gattaccggtggcagcgccggtattggtgggecagatcgggegectectygg
NO:148 437
NO:149 437
NO:150 359
NO:151 432 gtggy
NO:152 318
NO:140 1796 ctttgagtggcgcgcgegtgatgctggcageccgtgateggeataagete
NO:148 437
NO:149 437 taa——-—-
NO:150 359
NO:151 437 gctgacattecg
NO:152 318
NO:140 1846 gaacagatgcaggcgatgatccaatctgagctggctgaggtggggtatac
NO:148 437 agatgat
NO:149 440 gaatac
NO:150 359 gactcagatgg
NO:151 451 gt g g tgtte: tac
NO:152 318 cga ttgtga. tyg
NO:140 1896 cgatgtcgaagatcgegtccacattgcaccgggetgegatgtgagtageg
NO:148 446 cg
NO:149 446 ¢
NO:150 371
NO:151 475 c--tgaccaag g g
NO:152 341 gca:
NO:140 1946 aagcgcagcttgcggatcttgttgaacgtaccectgtcagettttggeace
NO:148 448 aagcg gceat cage
NO:149 447
NO:150 371
NO:151 491 --—-tgcey gaag gggcage
NO:152 345 acagtgg attttggtaaa

Figure 53E

US 9,340,803 B2



U.S. Patent

SEQ
SEQ
SEQ
SEQ
SEQ
SEQ

SEQ
SEQ
SEQ
SEQ
SEQ
SEQ

SEQ
SEQ
SEQ
SEQ
SEQ
SEQ

SEQ
SEQ
SEQ
SEQ
SEQ
SEQ

SEQ
SEQ
SEQ
SEQ
SEQ
SEQ

SEQ
SEQ
SEQ
SEQ
SEQ
SEQ

SEQ
SEQ

SEQ
SEQ

SEQ
SEQ
SEQ
SEQ
SEQ
SEQ

e
0
o]
ID
D
b

I0
o
ip
ip
1D
pAs]

i
in
I
ib
1D
43)

ID
D
h&+]
1D
i
ID

1D
ip
ID
ID
D
ip

D
1D
ip
iDp
1D
1D

1D
Ip
ip
In
1D
1D

b
1D
10
Ip
D
D

May 17, 2016 Sheet 95 of 105
NO:140 1996 gtcgattatctga-tcaacaacgccgggatcgeeggtgtcgaagagatgg
NO:148 463 gtctactccctgt~ccaagggcg
NO:149 447
NO:150 EXDY
NO:151 514 g-====w=-o cga-tcatcaacaccy
NO:152 370 ctcgat-atcttagtgaacaacgccg -
NO:140 2045 ttatcgatatgccagttgagggatggeg taccctctteg tceg
NO:148 486 gttga
NO:149 447 agggattatgtcatacagt---—---~>seo=
NO:150 371
NO:151 $30 cttcca tcaatgccgacgttcccaatccy
NO:152 395 ctg
NO:140 2095 atcagcaactactcgttgatgcgcaaactggcgcecgttgatgaaasaaca
NO:148 491 actcgttga
NO:149 466
NO:150 m tggtgccctacatgatcaaaca
NO:151 559 atc tactcgectatgeg
NO:152 398 aacag cceca
NO:140 2145 gggtagcggttacatccttaacgtctcatcatactttggecggtgaaaaag
NO:148 500 -
NO:149 466
NO:150 393 gaggaacggttcgatcgtgaacgtetecotcotgtegttgga———===- aat
NO:151 584 agggcgcg atc cacaattt.
NO:152 411 gg g tctcaatatttca
NO:140 2195 at tecet tgccgattacgeey t
NO:148 500 g gct
NO:149 466 gtgtcaaaggct
NO:150 435 atacgggaat------- cctggtcagacgaattacgcggegtcgaaggeg
NO:151 603 gegece gtcteg
NO:152 436
NO:140 2245 ggtcagcggg tgg tctttgeg tcettgg: ga
NO:148 510 ggccttcgag g
NO:149 478 g
NO:150 478 ggagtcataggaatgacc gacgt
NO:151 617 ----cg ggccy gcg g
N0:152 436 gaacagctggaa-------aaaacctttcgc
NO:140 2292 gatacagatcaatgccattgcgcegggtccggtcgaaggtgategotige
NO:148 534 catccgegte cgegeecy ggtcga
NO:149 479
NO:150 503 gggcg gaa got---
NO:151 639 gat gaatgtcgtg gg Y.
NO:152 460 -acaaatattttttccat:
NO:140 2342 gcggtaccggt toce ctttg gtcg gcg gatt
NO:148 570
NO:149 479
NO:150 520
NO:151 673 tggacgcegetg——~
NO:152 477
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NO:140 2392 ttggagaacaagcggctgaatgagcttcacgetgotcttatcgeggetge
NO:148 570
NO:149 479
NO:150 520 ggaagasacatcagggtgaac---~—--— getgt
NO:151 685 ~--rmecmmemome oo atccectCccaccatgeo - smmanrmmmaa——
NO:152 477 gtttca
NO:140 2442 gcgcaccgatgagcgatctatgcacgaactggttgaactgctcettaceca
NO:148 570
NO:149 479 -——==- ctatg---gatcacttcacaaaat-=~-------o--—-———oo
NO:150 546 g-gcacc cgga
NO:151 701 ----=
NO:152 483 ~-—- -~--tatg-acgaa
NO:140 2492 atgatgtggccgcactagagcagaat gcag taccgegttgegt
NO: 148 570 cace:
NO:149 500 ~e-—== tggcagcgttggagetg-- --gctcettetggegtgega
NO:150 556 ttcat tgac
NO:151 708 tacecg———=-==-
NO:152 492 ¢ gctttgcet
NO:140 2542 gaactggcacgacgttttcgcagcgaaggcgatccggeggecatcatcaag
NO:148 574 gccatgeggeg caag
NO:149 535 g
NO:150 576 acttccag g
NO:151 713 g ttteg
NO:152 505 g caag
NO:140 2592 cagtgcgctgctgaaccgttcaattgecgctaaattgctggetegtitge
NO:148 589 accegt:
NO:149 536 ——=r=—-——mee tgaac---tcagt
NO:150 596 c cegt gg
NO:151 725 g
NO:152 515 aggggtg tgccatta
NO:140 2642 ataatggtggctatgtgttgccet tcttt gccaaac
NO:148 594 cgac g
NO:149 546 tg
NO:150 610 ctttecag
NO:151 727 gcctatg
NO:152 530 ttaat g t
NO:140 2692 ccgeccgatcccttettcacccgag ttgat cgcaa
NO:148 606
NO:149 554 cagttct
NO:150 619 atacc tgggaa
NO:151 742 aa
NO:152 542 -=--- cgattaccgett
NO:140 2742 ggttcgtgacggcatcatggggatgctctacctgcaacggatgecgactg
NO:148 606 ggccg
NO:149 564 tac
NO:150 632 ggtttggg. g g
NO:151 744 g
NO:152 554 t

t acgg
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NO:140 2792 agtttgatgtcgcaatggccaccgtctattaccttgecgaccgcaatgte
NO:148 612 ggcca ggccgaactgaaggcc
NO:149 567 ----tgatatcgc

NO:150 653 ------~ tggcgea

NO:151 745 gaccg

NO:152 569 cqgttaattgattattccagcacaaag--
NO:140 2842 agtggtgagaca-ttccacccatcaggtggtttgegttacgaacgcacec
NO:148 634 tatg cgaacgcag
NO:149 576

NO:150 660 ---ggttatactcttcctegeateg gtcgagttacg

NO:151 751

NO:152 595 ---ggtgcga~---- --ttgtttcctttacg-~-
NO:140 2891 ctaccggtggcgaactcttcggettgocctcaccggaacggcetggcggag
NO:148 649 tatcegetg gcatcgg-cegtecggacgac
NO:149  $76 ag
NO:150 698 ggacagg

NO:151 751 ggcecag gtggaa
NO:152 616 cgttccatggcgaagtc gettge d
NO:140 2941 ctggtcggaagcacggtctatctgataggtgaacatctgactgaacacct
NO:148 682 ctcgccggcatggeggtttatct:

NO:149 578 ctggt tetgget

NO:150 710 tgatag

NO:151 766 ctcg ctegy atgtcat

NO:152 639 t

NO:140 2991 taacctgcttgccegtgcgtacctegaacgttacggggcacgtcaggtag
NO:148 705

NO:149 590

NO:150 716

NO:151 786

NO:152 646 ggca:

NO:140 3041 tgatgattgtt a gcgtegettgete
NO:148 705

NO:149 590 tttcte
NO:150 716

NO:151 786

NO:152 650 gaat

NO:140 3091 cacgatcacgtcgaggctggtcggctgatgactattgtggecggtgatca
NO:148 705

NO:149 596 c tgatct
NO:150 716

NO:151 786 getgg

NO:152 664 gtggcgececyggt -
NO:140 3141 gatcgaagccgctatcgaccaggctatcactegctacggtegeccaggge
NO:148 705 g g

NO:149 603 gcttgaag

NO:150 716

NO:151 791 cggatccgatgtcga gctac

NO:152 676 ——=—=——= ccgatttggacaccget
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cggtcgtetgtacceccttceggecactgecgacggtaccactgqgtcggg

cgtaaagacagtgactggagcacagtgttgagtgaggctgaatttgccga

ggectgga ga
atacaggg
gaat
gtgtcaggeg
----- aaaaagtga-a ggcttggatacccca
gttgtgcgaacaccage ccatttccgggtagcgegcaagatg
gcggtgggatc tttg
gctcat t

gattg

---atgggaagaccgggacag ggttgage=srmm—m=-

ccetgagtgatggtge-cagtctegogetggtcacteccgaaactacgge

--=t tgegeagtet
_______ agatgg
ccgtga
tgcaggege-ctatgttetgetggegtcotgacy

tacctcaact, tttgctctgg atcaaaa

gag ttgct

cttccta;

ttcacgettt acgattggtgtc aactgctcag

ggcta

gatatgatt

tatga cag

cgcattctgatcaatcaagtcgatcetyg.

ggcgtgcgcglry

gtg g gctagtgataaagc
99
ggca----gaccattcatgt-——---————c—ce———counmnmo= gaatg
gccgegtgatecg gagcgtcaacaag. tgg gttttatcgagg
taagagtgtt ggggtcctgttat
gecetegtgat:
gegge cgttttat-—«=-
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Figure 56

MVGKKVVHHL MMSAKDAHYT GNLVNGARIV NQWGDVGTEL
MVYVDGDISL FLGYKDIEFT APVYVGDFME YHGWIEKVGN
QSYTCKFEAW KVATMVDITN PQDTRATACE PPVLCGRATG
SLFIAKKDQR GPQESSFKER KHPGE (SEQ ID NQ:160)
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Figure 57

MVGKKVVHHL MMSAKDAHYT GNLVNGARIV NQWGDVGTEL
MVYVDGDISL FLGYKDIEFT APVYVGDFME YHGWIEKVGN
QSYTCKFEAW KVAKMVDITN PQDTRATACE PPVLCGTATG
SLFIAKDNQR GPQESSFKDA KHPQ (SEQ ID NO:161)
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ATGGTAGGTA
CAAAAGATGC
TAGAARTTGTG
ATGGTTTATG
ACAAAGATAT
CTTTATGGRA
CAGTCCTATA
CAATGGTTGA
AGCTTGTGAG
AGTTTGTTCA
AATCCTCTTT

(SEQ ID NO:162)

Figure 58

AARAGGTTGT ACATCATTTA
TCACTATACT GGAAACTTAG
AATCAGTGGG GCGACGTTGG
TTGATGGTGA CATAAGCTTA
CGAATTCACA GCTCCTGTAT
TACCACGGCT GGATTGAARA
CATGTAAATT TGAAGCATGG
TATCACAAAT CCTCAGGATA
CCTCCGGTAT TGTGCGGAAG
TCGCAAAAAA AGATCAGAGA
TAAAGAGAGA AARGCACCCCG
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ATGATGAGCG
TAARCGGCGC
TACAGAATTA
TTCTTGGGCT
ATGTTGGTGA
AGTTGGTAAC
RARGTTGCAA
CACGCGCAAC
AGCAACGGGT
GGCCCTCAGG
GTGAATGA
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ATGGTAGGTA
CARARRGATGC
TAGRATTGTG
ATGGTTTATG
ACAAAGATAT
TTTTATGGAA
CAGTCCTATA
AGATGGTTGA
AGCTTGTGAA
AGCCTTTTCA
AATCTTCCTT
ID NO:163)

ARARAGGTTGT
TCACTATACT
AATCAGTGGG
TTGATGGTGA
CGRATTCACA
TACCACGGCT
CATGTAAATT
TATCACAAAT
CCTCCGGTAC
TCGCARAGGA
CAAGGATGCA

Figure 59

ACATCATTTA
GGAAACTTAG
GCGACGTAGG
CATCAGCTTA
GCTCCTGTAT
GGATTGAARA
TGAAGCATGG
CCACARGGATA
TTTGTGGTAC
TAATCAGAGA
ARGCACCCTC
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TACAGAATTA
TTCTTGGGCT
ATGTTGGTGA
AGTTGGCAAC
ARAGTAGCAA
CACGTGCAAC
TGCARCAGGC
GGTCCTCAGG
AATAA
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3-HYDROXYPROPIONIC ACID AND OTHER
ORGANIC COMPOUNDS

CROSS REFERENCE TO RELATED
APPLICATIONS

This is a continuation of U.S. application Ser. No. 13/926,
054, filed Jun. 25, 2013, which is a divisional of U.S. appli-
cation Ser. No. 13/467,165 filed May 9, 2012, now U.S. Pat.
No. 8,501,455, which is a divisional of U.S. application Ser.
No. 13/294,820 filed Nov. 11, 2011, now U.S. Pat. No. 8,198,
066, which is a divisional of U.S. application Ser. No. 12/127,
700 filed May 27, 2008, now U.S. Pat. No. 8,076,120, which
is a divisional of U.S. application Ser. No. 11/539,856 filed
Oct. 9, 2006, now U.S. Pat. No. 7,638,316, which is a divi-
sional of U.S. application Ser. No. 10/432,443 filed Oct. 20,
2003 now U.S. Pat. No. 7,186,541, which is the National
Stage of International Application No. PCT/US01/43607,
filed Nov. 20, 2001, which in turn claims the benefit of U.S.
Provisional Application Nos. 60/252,123 filed Nov. 20, 2000,
60/285,478 filed Apr. 20, 2001, 60/306,727 filed Jul. 20,
2001, and 60/317,845 filed Sep. 7, 2001, all herein incorpo-
rated by reference.

FIELD OF THE INVENTION

The invention relates to enzymes and methods that can be
used to produce organic acids and related products.

BACKGROUND

Organic chemicals such as organic acids, esters, and poly-
ols can be used to synthesize plastic materials and other
products. To meet the increasing demand for organic chemi-
cals, more efficient and cost effective production methods are
being developed which utilize raw materials based on carbo-
hydrates rather than hydrocarbons. For example, certain bac-
teria have been used to produce large quantities of lactic acid
used in the production of polylactic acid.

3-hydroxypropionic acid (3-HP) is an organic acid.
Although several chemical synthesis routes have been
described to produce 3-HP, only one biocatalytic route has
been heretofore previously disclosed (WO 01/16346 to Suth-
ers, et al.). 3-HP has utility for specialty synthesis and can be
converted to commercially important intermediates by
known art in the chemical industry, e.g., acrylic acid by dehy-
dration, malonic acid by oxidation, esters by esterification
reactions with alcohols, and reduction to 1,3 propanediol.

SUMMARY

The invention relates to methods and materials involved in
producing 3-hydroxypropionic acid and other organic com-
pounds (e.g., 1,3-propanediol, acrylic acid, polymerized
acrylate, esters of acrylate, polymerized 3-HP, esters of 3-HP,
and malonic acid and its esters). Specifically, the invention
provides nucleic acid molecules, polypeptides, host cells, and
methods that can be used to produce 3-HP and other organic
compounds such as 1,3-propanediol, acrylic acid, polymer-
ized acrylate, esters of acrylate, polymerized 3-HP, esters of
3-HP, and malonic acid and its esters. 3-HP has potential to be
both biologically and commercially important. For example,
the nutritional industry can use 3-HP as a food, feed additive
or preservative, while the derivatives mentioned above can be
produced from 3-HP. The nucleic acid molecules described
herein can be used to engineer host cells with the ability to
produce 3-HP as well as other organic compounds such as
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1,3-propanediol, acrylic acid, polymerized acrylate, esters of
acrylate, polymerized 3-HP, and esters of 3-HP. The polypep-
tides described herein can be used in cell-free systems to
make 3-HP as well as other organic compounds such as
1,3-propanediol, acrylic acid, polymerized acrylate, esters of
acrylate, polymerized 3-HP, and esters of 3-HP. The host cells
described herein can be used in culture systems to produce
large quantities of 3-HP as well as other organic compounds
such as 1,3-propanediol, acrylic acid, polymerized acrylate,
esters of acrylate, polymerized 3-HP, and esters of 3-HP.

One aspect of the invention provides cells that have lactyl-
CoA dehydratase activity and 3-hydroxypropionyl-CoA
dehydratase activity, and methods of making products such as
those described herein by culturing at least one of the cells
that have lactyl-CoA dehydratase activity and 3-hydroxypro-
pionyl-CoA dehydratase activity. In some embodiments, the
cell can also contain an exogenous nucleic acid molecule that
encodes one or more of the following polypeptides: a
polypeptide having E1 activator activity; an E2c. polypeptide
that is a subunit of an enzyme having lactyl-CoA dehydratase
activity; an E2[3 polypeptide that is a subunit of an enzyme
having lactyl-CoA dehydratase activity; and a polypeptide
having 3-hydroxypropionyl-CoA dehydratase activity. Addi-
tionally, the cell can have CoA transferase activity, CoA
synthetase activity, poly hydroxyacid synthase activity, 3-hy-
droxypropionyl-CoA hydrolase activity, 3-hydroxyisobutryl-
CoA hydrolase activity, and/or lipase activity. Moreover, the
cell can contain at least one exogenous nucleic acid molecule
that expresses one or more polypeptides that have CoA trans-
ferase activity, 3-hydroxypropionyl-CoA hydrolase activity,
3-hydroxyisobutryl-CoA hydrolase activity, CoA synthetase
activity, poly hydroxyacid synthase activity, and/or lipase
activity.

In another embodiment of the invention, the cell that has
lactyl-CoA dehydratase activity and 3-hydroxypropionyl-
CoA dehydratase activity produces a product, for example,
3-HP, polymerized 3-HP, and/or an ester of 3-HP, such as
methyl hydroxypropionate, ethyl hydroxypropionate, propyl
hydroxypropionate, and/or butyl hydroxypropionate.
Accordingly, the invention also provides methods of produc-
ing one or more of these products. These methods involve
culturing the cell that has lactyl-CoA dehydratase activity and
3-hydroxypropionyl-CoA dehydratase activity under condi-
tions that allow the product to be produced. These cells also
can have CoA synthetase activity and/or poly hydroxyacid
synthase activity.

Another aspect of the invention provides cells that have
CoA synthetase activity, lactyl-CoA dehydratase activity, and
poly hydroxyacid synthase activity. In some embodiments,
these cells also can contain an exogenous nucleic acid mol-
ecule that encodes one or more of the following polypeptides:
a polypeptide having E1 activator activity; an E2a polypep-
tide that is a subunit of an enzyme having lactyl-CoA dehy-
dratase activity; an E2f polypeptide that is a subunit of an
enzyme having lactyl-CoA dehydratase activity; a polypep-
tide having CoA synthetase activity; and a polypeptide hav-
ing poly hydroxyacid synthase activity.

In another embodiment of the invention, the cell that has
CoA synthetase activity, lactyl-CoA dehydratase activity, and
poly hydroxyacid synthase activity can produce a product, for
example, polymerized acrylate.

Another aspect of the invention provides a cell comprising
CoA transferase activity, lactyl-CoA dehydratase activity,
and lipase activity. In some embodiments, the cell also can
contain an exogenous nucleic acid molecule that encodes one
or more of the following polypeptides: a polypeptide having
CoA transferase activity; a polypeptide having E1 activator
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activity; an E2a polypeptide that is a subunit of an enzyme
having lactyl-CoA dehydratase activity; an E2f3 polypeptide
that is a subunit of an enzyme having lactyl-CoA dehydratase
activity; and a polypeptide having lipase activity. This cell can
be used, among other things, to produce products such as
esters of acrylate (e.g., methyl acrylate, ethyl acrylate, propyl
acrylate, and butyl acrylate).

Insome embodiments, 1,3 propanediol can be created from
either 3-HP-CoA or 3-HP via the use of polypeptides having
enzymatic activity. These polypeptides can be used either in
vitro or in vivo. When converting 3-HP-CoA to 1,3 pro-
panediol, polypeptides having oxidoreductase activity or
reductase activity (e.g., enzymes from the 1.1.1.-class of
enzymes) can be used. Alternatively, when creating 1,3 pro-
panediol from 3-HP, a combination of (1) a polypeptide hav-
ing aldehyde dehydrogenase activity (e.g., an enzyme from
the 1.1.1.34 class) and (2) a polypeptide having alcohol dehy-
drogenase activity (e.g., an enzyme from the 1.1.1.32 class)
can be used.

In some embodiments of the invention, products are pro-
duced in vitro (outside of a cell). In other embodiments of the
invention, products are produced using a combination of in
vitro and in vivo (within a cell) methods. In yet other embodi-
ments of the invention, products are produced in vivo. For
methods involving in vivo steps, the cells can be isolated
cultured cells or whole organisms such as transgenic plants,
non-human mammals, or single-celled organisms such as
yeast and bacteria (e.g., Lactobacillus, Lactococcus, Bacil-
lus, and Escherichia cells). Hereinafter such cells are referred
to as production cells. Products produced by these production
cells can be organic products such as 3-HP and/or the nucleic
acid molecules and polypeptides described herein.

Another aspect of the invention provides polypeptides hav-
ing an amino acid sequence that (1) is set forth in SEQ ID
NO:2,10,18,26,35,37,39,41,141,160,0r 161, (2)is at least
10 contiguous amino acid residues of a sequence set forth in
SEQIDNO:2,10,18,26,35,37,39, 41,141, 160, 0r 161, (3)
has at least 65 percent sequence identity with at least 10
contiguous amino acid residues of a sequence set forth in SEQ
IDNO:2, 10, 18, 26, 35,37, 39, 41, 141, 160, or 161, (4)isa
sequence set forth in SEQ ID NO:2, 10, 18, 26,35,37,39, 41,
141, 160, or 161 having conservative amino acid substitu-
tions, or (5) has at least 65 percent sequence identity with a
sequence set forth in SEQ ID NO:2, 10, 18, 26,35,37,39, 41,
141, 160, or 161. Accordingly, the invention also provides
nucleic acid sequences that encode any of the polypeptides
described herein as well as specific binding agents that bind to
any ofthe polypeptides described herein. Likewise, the inven-
tion provides transformed cells that contain any of the nucleic
acid sequences that encode any of the polypeptides described
herein. These cells can be used to produce nucleic acid mol-
ecules, polypeptides, and organic compounds. The polypep-
tides can be used to catalyze the formation of organic com-
pounds or can be used as antigens to create specific binding
agents.

In yet another embodiment, the invention provides isolated
nucleic acid molecules that contain at least one of the follow-
ing nucleic acid sequences: (1) a nucleic acid sequence as set
forth in SEQ ID NO:1, 9, 17, 25, 33, 34, 36, 38, 40, 42, 129,
140, 142, 162, or 163; (2) a nucleic acid sequence having at
least 10 consecutive nucleotides from a sequence set forth in
SEQIDNO:1,9,17,25,33,34,36, 38, 40,42, 129, 140, 142,
162, or 163; (3) a nucleic acid sequence that hybridizes under
hybridization conditions (e.g., moderately or highly stringent
hybridization conditions) to a sequence set forth in SEQ ID
NO:1,9,17, 25, 33, 34,36, 38,40, 42, 129, 140, 142, 162, or
163; (4) a nucleic acid sequence having 65 percent sequence
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identity with at least 10 consecutive nucleotides from a
sequence set forth in SEQ ID NO:1, 9, 17, 25, 33, 34, 36, 38,
40, 42, 129, 140, 142, 162, or 163; and (5) a nucleic acid
sequence having at least 65 percent sequence identity with a
sequence set forth in SEQ ID NO:1, 9, 17, 25, 33, 34, 36, 38,
40, 42,129, 140,142,162, or 163. Accordingly, the invention
also provides a production cell that contains at least one
exogenous nucleic acid having any of the nucleic acid
sequences provided above. The production cell can be used to
express polypeptides that have an enzymatic activity such as
CoA transferase activity, lactyl-CoA dehydratase activity,
CoA synthase activity, dehydratase activity, dehydrogenase
activity, malonyl CoA reductase activity, f-alanine ammonia
lyase activity, and/or 3-hydroxypropionyl-CoA dehydratase
activity. Accordingly, the invention also provides methods of
producing polypeptides encoded by the nucleic acid
sequences described above.

The invention also provides several methods such as meth-
ods for making 3-HP from lactate, phosphoenolpyruvate
(PEP), or pyruvate. In some embodiments, methods for mak-
ing 3-HP from lactate, PEP, or pyruvate involve culturing a
cell containing at least one exogenous nucleic acid under
conditions that allow the cell to produce 3-HP. These methods
can be practiced using the various types of production cells
described herein. In some embodiments, the production cells
can have one or more of the following activities: CoA trans-
ferase activity, 3-hydroxypropionyl-CoA hydrolase activity,
3-hydroxyisobutryl-CoA hydrolase activity, dehydratase
activity, and/or malonyl CoA reductase activity.

In other embodiments, the methods involve making 3-HP
wherein lactate is contacted with a first polypeptide having
CoA transferase activity or CoA synthetase activity such that
lactyl-CoA is formed, then contacting lactyl-CoA with a sec-
ond polypeptide having lactyl-CoA dehydratase activity to
form acrylyl-CoA, then contacting acrylyl-CoA with a third
polypeptide having 3-hydroxypropionyl-CoA dehydratase
activity to form 3-hydroxypropionic acid-CoA, and then con-
tacting 3-hydroxypropionic acid-CoA with the first polypep-
tide to form 3-HP or with a fourth polypeptide having 3-hy-
droxypropionyl-CoA hydrolase activity or
3-hydroxyisobutryl-CoA hydrolase activity to form 3-HP.

Another aspect of the invention provides methods for mak-
ing polymerized 3-HP. These methods involve making 3-hy-
droxypropionic acid-CoA as described above, and then con-
tacting the 3-hydroxypropionic acid-CoA with a polypeptide
having poly hydroxyacid synthase activity to form polymer-
ized 3-HP.

In yet another embodiment of the invention, methods for
making an ester of 3-HP are provided. These methods involve
making 3-HP as described above, and then additionally con-
tacting 3-HP with a fifth polypeptide having lipase activity to
form an ester.

The invention also provides methods for making polymer-
ized acrylate. These methods involve culturing a cell that has
both CoA synthetase activity, lactyl-CoA dehydratase activ-
ity, and poly hydroxyacid synthase activity such that poly-
merized acrylate is made. Accordingly, the invention also
provides methods of making polymerized acrylate wherein
lactate is contacted with a first polypeptide having CoA syn-
thetase activity to form lactyl-CoA, then contacting lactyl-
CoA with a second polypeptide having lactyl-CoA dehy-
dratase activity to form acrylyl-CoA, and then contacting
acrylyl-CoA with a third polypeptide having poly hydroxy-
acid synthase activity to form polymerized acrylate.

The invention also provides methods of making an ester of
acrylate. These methods involve culturing a cell that has CoA
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transferase activity, lipase activity, and lactyl-CoA dehy-
dratase activity under conditions that allow the cell to produce
an ester.

In another embodiment, the invention provides methods
for making an ester of acrylate, wherein acrylyl-CoA is
formed as described above, and then acrylyl-CoA is con-
tacted with a polypeptide having CoA transferase activity to
form acrylate, and acrylate is contacted with a polypeptide
having lipase activity to form the ester.

The invention also provides methods for making 3-HP.
These methods involve culturing a cell containing at least one
exogenous nucleic acid that encodes at least one polypeptide
such that 3-HP is produced from acetyl-CoA or malonyl-
CoA.

Alternative embodiments provide methods of making
3-HP, wherein acetyl-CoA is contacted with a first polypep-
tide having acetyl-CoA carboxylase activity to form malonyl-
CoA, and malonyl-CoA is contacted with a second polypep-
tide having malonyl-CoA reductase activity to form 3-HP.

In other embodiments, malonyl-CoA can be contacted with
a polypeptide having malonyl-CoA reductase activity so that
3-HP can be made.

In another embodiment, the invention provides a method
for making 3-HP that uses a f-alanine intermediate. This
method can be performed by contacting [3-alanine CoA with
a first polypeptide having p-alanyl-CoA ammonia lyase
activity (such as a polypeptide having the amino acid
sequence set forth in SEQ IDNO: 160 or 161) to form acrylyl-
CoA, contacting acrylyl-CoA with a second polypeptide hav-
ing 3-HP-CoA dehydratase activity to form 3-HP-CoA, and
contacting 3-HP-CoA with a third polypeptide having
glutamate dehydrogenase activity to make 3-HP.

Unless otherwise defined, all technical and scientific terms
used herein have the same meaning as commonly understood
by one of ordinary skill in the art to which this invention
pertains. Although methods and materials similar or equiva-
lent to those described herein can be used in the practice or
testing of the present invention, suitable methods and mate-
rials are described below. All publications, patent applica-
tions, patents, and other references mentioned herein are
incorporated by reference in their entirety. In case of conflict,
the present specification, including definitions, will control.
In addition, the materials, methods, and examples are illus-
trative only and not intended to be limiting.

Other features and advantages of the invention will be
apparent from the following detailed description, and from
the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram of a pathway for making 3-HP.

FIG. 2 is a diagram of a pathway for making polymerized
3-HP.

FIG. 3 is a diagram of a pathway for making esters of 3-HP.

FIG. 4 is a diagram of a pathway for making polymerized
acrylic acid.

FIG. 5 is a diagram of a pathway for making esters of
acrylate.

FIG. 6 is a listing of a nucleic acid sequence that encodes a
polypeptide having CoA transferase activity (SEQ ID NO:1).

FIG. 7 is a listing of an amino acid sequence of a polypep-
tide having CoA transferase activity (SEQ ID NO:2).

FIGS. 8A-8D show an alignment of the nucleic acid
sequences set forth in SEQ ID NOs:1, 3, 4, and 5.

FIGS. 9A-9B show an alignment of the amino acid
sequences set forth in SEQ ID NOs:2, 6, 7, and 8.
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FIG. 10 is a listing of a nucleic acid sequence that encodes
a polypeptide having E1 activator activity (SEQ ID NO:9).

FIG. 11 is a listing of an amino acid sequence of a polypep-
tide having E1 activator activity (SEQ ID NO:10).

FIGS. 12A-12B show an alignment of the nucleic acid
sequences set forth in SEQ ID NOs:9, 11, 12, and 13.

FIG. 13 is an alignment of the amino acid sequences set
forth in SEQ ID NOs:10, 14, 15, and 16.

FIG. 14 is a listing of a nucleic acid sequence that encodes
an E2a subunit of an enzyme having lactyl-CoA dehydratase
activity (SEQ ID NO:17).

FIG. 15 is a listing of an amino acid sequence of an E2a
subunit of an enzyme having lactyl-CoA dehydratase activity
(SEQ ID NO:18).

FIGS. 16A-16C show an alignment of the nucleic acid
sequences set forth in SEQ ID NOs:17, 19, 20, and 21.

FIG. 17 is an alignment of the amino acid sequences set
forth in SEQ ID NOs:18, 22, 23, and 24.

FIG. 18 is a listing of a nucleic acid sequence that encodes
an E2f subunit of an enzyme having lactyl-CoA dehydratase
activity (SEQ ID NO:25). The “G” at position 443 can be an
“A”; and the “A” at position 571 can be a “G”.

FIG. 19 is a listing of an amino acid sequence of an E2f3
subunit of an enzyme having lactyl-CoA dehydratase activity
(SEQ ID NO:26).

FIGS. 20A-20C show an alignment of the nucleic acid
sequences set forth in SEQ ID NOs:25, 27, 28, and 29.

FIG. 21 is an alignment of the amino acid sequences set
forth in SEQ ID NOs:26, 30, 31, and 32.

FIGS.22A-22B show alisting of a nucleic acid sequence of
genomic DNA from Megasphaera elsdenii (SEQ ID NO:33).

FIG. 23 is a listing of a nucleic acid sequence that encodes
a polypeptide from Megasphaera elsdenii (SEQ 1D NO:34).

FIG. 24 is a listing of an amino acid sequence of a polypep-
tide from Megasphaera elsdenii (SEQ ID NO:35).

FIG. 25 is a listing of a nucleic acid sequence that encodes
a polypeptide having enzymatic activity (SEQ ID NO:36).

FIG. 26 is a listing of an amino acid sequence of a polypep-
tide having enzymatic activity (SEQ ID NO:37).

FIGS. 27A-27B show a listing of a nucleic acid sequence
that contains non-coding as well as coding sequence of a
polypeptide having CoA synthase, dehydratase, and dehydro-
genase activity (SEQ ID NO:38). The start site for the coding
sequence is at position 480, a ribosome binding site is at
position 466-473, and the stop codon is at position 5946.

FIG. 28 is a listing of an amino acid sequence from a
polypeptide having CoA synthase, dehydratase, and dehydro-
genase activity (SEQ ID NO:39).

FIG. 29 is a listing of a nucleic acid sequence that encodes
a polypeptide having 3-hydroxypropionyl-CoA dehydratase
activity (SEQ ID NO:40).

FIG. 30 is a listing of an amino acid sequence of a polypep-
tide having 3-hydroxypropionyl-CoA dehydratase activity
(SEQ ID NO:41).

FIG. 31 is a listing of a nucleic acid sequence that contains
non-coding as well as coding sequence of a polypeptide hav-
ing 3-hydroxypropionyl-CoA dehydratase activity (SEQ ID
NO:42).

FIGS. 32A-32B show an alignment of the nucleic acid
sequences set forth in SEQ ID NOs:40, 43, 44, and 45.

FIG. 33 is an alignment of the amino acid sequences set
forth in SEQ ID NOs:41, 46, 47, and 48.

FIG. 34 is a diagram of the construction of a synthetic
operon (pTDH) that encodes for polypeptides having CoA
transferase activity, lactyl-CoA dehydratase activity (El,
E2a, and E2f), and 3-hydroxypropionyl-CoA dehydratase
activity (3-HP-CoA dehydratase).



US 9,340,803 B2

7

FIGS. 35A and B is a diagram of the construction of a
synthetic operon (pHTD) that encodes for polypeptides hav-
ing CoA transferase activity, lactyl-CoA dehydratase activity
(E1l, E2a, and E2p), and 3-hydroxypropionyl-CoA dehy-
dratase activity (3-HP-CoA dehydratase).

FIGS. 36A and B is a diagram of the construction of a
synthetic operon (pEIITHrEI) that encodes for polypeptides
having CoA transferase activity, lactyl-CoA dehydratase
activity (E1, E2a, and E2f), and 3-hydroxypropionyl-CoA
dehydratase activity (3-HP-CoA dehydratase).

FIGS. 37A and B is a diagram of the construction of a
synthetic operon (pEIITHEI) that encodes for polypeptides
having CoA transferase activity, lactyl-CoA dehydratase
activity (E1, E2a, and E2f), and 3-hydroxypropionyl-CoA
dehydratase activity (3-HP-CoA dehydratase).

FIGS. 38A and B is a diagram of the construction of two
plasmids, pEIITH and pPROEIL The pEIITH plasmid
encodes polypeptides having CoA transferase activity, lactyl-
CoA dehydratase activity (E2a and E2f3), and 3-hydroxypro-
pionyl-CoA dehydratase activity (3-HP-CoA dehydratase),
and the pPROEI plasmid encodes a polypeptide having E1
activator activity.

FIGS. 39A-39B show a listing of a nucleic acid sequence
that encodes a polypeptide having CoA synthase, dehy-
dratase, and dehydrogenase activity (SEQ ID NO:129).

FIGS. 40A-40D show an alignment of the amino acid
sequences set forth in SEQ ID NOs:39, 130, and 131. The
uppercase amino acid residues represent positions where that
amino acid residue is present in two or more sequences.

FIGS. 41A-41D show an alignment of the amino acid
sequences set forth in SEQ ID NOs:39, 132, and 133. The
uppercase amino acid residues represent positions where that
amino acid residue is present in two or more sequences.

FIGS. 42A-42D show an alignment of the amino acid
sequences set forth in SEQ ID NOs: 39, 134, and 135. The
uppercase amino acid residues represent positions where that
amino acid residue is present in two or more sequences.

FIG. 43 is a diagram of several pathways for making
organic compounds using the multifunctional OS17 enzyme.

FIG. 44 is a diagram of a pathway for making 3-HP via
acetyl-CoA and malonyl-CoA.

FIG. 45 is a diagram of pMSDS, pET30a/accl, pFN476,
and PET286 constructs.

FIGS. 46 A-46F show a total ion chromatogram and five
mass spectrums of Coenzyme A thioesters. (A) is total ion
chromatogram illustrating the separation of Coenzyme A and
four CoA-organic thioesters: 1=Coenzyme A, 2=lactyl-CoA,
3=acetyl-CoA, 4=acrylyl-CoA, 5=propionyl-CoA. (B) is a
mass spectrum of Coenzyme A. (C) is a mass spectrum of
lactyl-CoA. (D) is a mass spectrum of acetyl-CoA. (E) is a
mass spectrum of acrylyl-CoA. (F) is a mass spectrum of
propionyl-CoA.

FIGS. 47A-47B show ion chromatograms and mass spec-
trums. (A) is a total ion chromatogram of a mixture of lactyl-
CoA and 3-HP-CoA. The insert is the mass spectrum
recorded under peak 1. (B) is a total ion chromatogram of
lactyl-CoA. The insert is the mass spectrum recorded under
peak 2. In each panel, peak 1 is 3-HP-CoA, and peak 2 is
lactyl-CoA. The peak labeled with an asterisk was confirmed
not to be a CoA ester.

FIGS. 48A-48B show ion chromatograms and mass spec-
trums. (A) is a total ion chromatogram of CoA esters derived
from a broth produced by E. coli transfected with pEIITHrEI.
The insert is the mass spectrum recorded under peak 1. (B) is
a total ion chromatogram of CoA esters derived from a broth
produced by control E. coli not transfected with pEIITHrEIL.
The insert is the mass spectrum recorded under peak 2. In
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8
each panel, peak 1 is 3-HP-CoA, and peak 2 is lactyl-CoA.
The peaks labeled with an asterisk were confirmed notto be a
CoA ester.

FIGS. 49A-49B show a listing of a nucleic acid sequence
that encodes a polypeptide having malonyl-CoA reductase
activity (SEQ ID NO: 140).

FIG. 50 is a listing of an amino acid sequence of a polypep-
tide having malonyl-CoA reductase activity (SEQ ID
NO:141).

FIG. 51 is a listing of a nucleic acid sequence that encodes
a portion of a polypeptide having malonyl-CoA reductase
activity (SEQ 1D NO:142).

FIGS. 52A-52D show is an alignment of the amino acid
sequences set forth in SEQ ID NOs: 141, 143, 144, 145, 146,
and 147.

FIGS. 53A-53] show an alignment of the nucleic acid
sequences set forth in SEQ ID NOs: 140, 148, 149, 150, 151,
and 152.

FIG. 54 is a diagram of a pathway for making 3-HP via a
[p-alanine intermediate.

FIG. 55 is a diagram of a pathway for making 3-HP via a
[p-alanine intermediate.

FIG. 56 is a listing of an amino acid sequence of a polypep-
tide having p-alanyl-CoA ammonia lyase activity (SEQ ID
NO:160).

FIG. 57 is a listing of an amino acid sequence of a polypep-
tide having p-alanyl-CoA ammonia lyase activity (SEQ ID
NO:161).

FIG. 58 is a listing of a nucleic acid sequence that encodes
a polypeptide having p-alanyl-CoA ammonia lyase activity
(SEQ ID NO:162).

FIG. 59 is a listing of a nucleic acid sequence that can
encode a polypeptide having f-alanyl-CoA ammonia lyase
activity (SEQ ID NO:163).

DETAILED DESCRIPTION
1. Terms

Nucleic acid: The term “nucleic acid” as used herein
encompasses both RNA and DNA including, without limita-
tion, cDNA, genomic DNA, and synthetic (e.g., chemically
synthesized) DNA. The nucleic acid can be double-stranded
or single-stranded. Where single-stranded, the nucleic acid
can be the sense strand or the antisense strand. In addition,
nucleic acid can be circular or linear.

Isolated: The term “isolated” as used herein with reference
to nucleic acid refers to a naturally-occurring nucleic acid that
is not immediately contiguous with both of the sequences
with which it is immediately contiguous (one on the 5' end
and one on the 3' end) in the naturally-occurring genome of
the organism from which it is derived. For example, an iso-
lated nucleic acid can be, without limitation, a recombinant
DNA molecule of any length, provided one ofthe nucleic acid
sequences normally found immediately flanking that recom-
binant DNA molecule in a naturally-occurring genome is
removed or absent. Thus, an isolated nucleic acid includes,
without limitation, a recombinant DNA that exists as a sepa-
rate molecule (e.g., a cDNA or a genomic DNA fragment
produced by PCR or restriction endonuclease treatment)
independent of other sequences as well as recombinant DNA
that is incorporated into a vector, an autonomously replicating
plasmid, a virus (e.g., a retrovirus, adenovirus, or herpes
virus), or into the genomic DNA of a prokaryote or eukaryote.
In addition, an isolated nucleic acid can include a recombi-
nant DNA molecule that is part of a hybrid or fusion nucleic
acid sequence.
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The term “isolated” as used herein with reference to
nucleic acid also includes any non-naturally-occurring
nucleic acid since non-naturally-occurring nucleic acid
sequences are not found in nature and do not have immedi-
ately contiguous sequences in a naturally-occurring genome.
For example, non-naturally-occurring nucleic acid such as an
engineered nucleic acid is considered to be isolated nucleic
acid. Engineered nucleic acid can be made using common
molecular cloning or chemical nucleic acid synthesis tech-
niques. Isolated non-naturally-occurring nucleic acid can be
independent of other sequences, or incorporated into a vector,
an autonomously replicating plasmid, a virus (e.g., a retrovi-
rus, adenovirus, or herpes virus), or the genomic DNA of a
prokaryote or eukaryote. In addition, a non-naturally-occur-
ring nucleic acid can include a nucleic acid molecule that is
part of a hybrid or fusion nucleic acid sequence.

It will be apparent to those of skill in the art that a nucleic
acid existing among hundreds to millions of other nucleic
acid molecules within, for example, cDNA or genomic librar-
ies, or gel slices containing a genomic DNA restriction digest
is not to be considered an isolated nucleic acid.

Exogenous: The term “exogenous” as used herein with
reference to nucleic acid and a particular cell refers to any
nucleic acid that does not originate from that particular cell as
found in nature. Thus, non-naturally-occurring nucleic acid is
considered to be exogenous to a cell once introduced into the
cell. Nucleic acid that is naturally-occurring also can be exog-
enous to a particular cell. For example, an entire chromosome
isolated from a cell of person X is an exogenous nucleic acid
with respect to a cell of person Y once that chromosome is
introduced into Y’s cell.

Hybridization: The term “hybridization™ as used herein
refers to a method of testing for complementarity in the nucle-
otide sequence of two nucleic acid molecules, based on the
ability of complementary single-stranded DNA and/or RNA
to form a duplex molecule. Nucleic acid hybridization tech-
niques can be used to obtain an isolated nucleic acid within
the scope of the invention. Briefly, any nucleic acid having
some homology to a sequence set forth in SEQ ID NO:1, 9,
17, 25,33, 34, 36, 38, 40, 42, 129, 140, 142, 162, or 163 can
be used as a probe to identify a similar nucleic acid by hybrid-
ization under conditions of moderate to high stringency. Once
identified, the nucleic acid then can be purified, sequenced,
and analyzed to determine whether it is within the scope of the
invention as described herein.

Hybridization can be done by Southern or Northern analy-
sis to identify a DNA or RNA sequence, respectively, that
hybridizes to a probe. The probe can be labeled with a biotin,
digoxygenin, an enzyme, or a radioisotope such as *?P. The
DNA or RNA to be analyzed can be electrophoretically sepa-
rated on an agarose or polyacrylamide gel, transferred to
nitrocellulose, nylon, or other suitable membrane, and
hybridized with the probe using standard techniques well
known in the art such as those described in sections 7.39-7.52
of Sambrook et al., (1989) Molecular Cloning, second edi-
tion, Cold Spring Harbor Laboratory, Plainview, N.Y. Typi-
cally, a probe is at least about 20 nucleotides in length. For
example, a probe corresponding to a 20 nucleotide sequence
set forth in SEQ ID NO: 1, 9, 17, 25, 33, 34, 36, 38, 40, 42,
129, 140, or 142 can be used to identify an identical or similar
nucleic acid. In addition, probes longer or shorter than 20
nucleotides can be used.

The invention also provides isolated nucleic acid
sequences that are at least about 12 bases in length (e.g., at
least about 13, 14, 15, 16, 17, 18, 19, 20, 25, 30, 40, 50, 60,
100, 250, 500, 750, 1000, 1500, 2000, 3000, 4000, or 5000
bases in length) and hybridize, under hybridization condi-
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tions, to the sense or antisense strand of a nucleic acid having
the sequence set forth in SEQ ID NO:1, 9, 17, 25, 33, 34, 36,
38, 40, 42, 129, 140, 142, 162, or 163. The hybridization
conditions can be moderately or highly stringent hybridiza-
tion conditions.

For the purpose of this invention, moderately stringent
hybridization conditions mean the hybridization is performed
at about 42° C. in a hybridization solution containing 25 mM
KPO, (pH 7.4), 5xSSC, 5xDenhardt’s solution, 50 ng/mL
denatured, sonicated salmon sperm DNA, 50% formamide,
10% Dextran sulfate, and 1-15 ng/mL probe (about 5x107
cpny/ig), while the washes are performed at about 50° C. with
a wash solution containing 2xSSC and 0.1% sodium dodecyl
sulfate.

Highly stringent hybridization conditions mean the hybrid-
ization is performed at about 42° C. in a hybridization solu-
tion containing 25 mM KPO,, (pH 7.4), 5xSSC, 5xDenhardt’s
solution, 50 pg/mL denatured, sonicated salmon sperm DNA,
50% formamide, 10% Dextran sulfate, and 1-15 ng/mlL. probe
(about 5x107 cpm/ug), while the washes are performed at
about 65° C. with a wash solution containing 0.2xSSC and
0.1% sodium dodecyl sulfate.

Purified: The term “purified” as used herein does not
require absolute purity; rather, itis intended as a relative term.
Thus, for example, a purified polypeptide or nucleic acid
preparation can be one in which the subject polypeptide or
nucleic acid, respectively, is at a higher concentration than the
polypeptide or nucleic acid would be in its natural environ-
ment within an organism. For example, a polypeptide prepa-
ration can be considered purified if the polypeptide content in
the preparation represents at least 50%, 60%, 70%, 80%,
85%, 90%, 92%, 95%, 98%, or 99% of the total protein
content of the preparation.

Transformed: A “transformed” cell is a cell into which a
nucleic acid molecule has been introduced by, for example,
molecular biology techniques. As used herein, the term
“transformation” encompasses all techniques by which a
nucleic acid molecule might be introduced into such a cell
including, without limitation, transfection with a viral vector,
conjugation, transformation with a plasmid vector, and intro-
duction of naked DNA by electroporation, lipofection, and
particle gun acceleration.

Recombinant: A “recombinant” nucleic acid is one having
(1) a sequence that is not naturally occurring in the organism
in which it is expressed or (2) a sequence made by an artificial
combination of two otherwise-separated, shorter sequences.
This artificial combination is often accomplished by chemical
synthesis or, more commonly, by the artificial manipulation
of isolated segments of nucleic acids, e.g., by genetic engi-
neering techniques. “Recombinant” is also used to describe
nucleic acid molecules that have been artificially manipu-
lated, but contain the same regulatory sequences and coding
regions that are found in the organism from which the nucleic
acid was isolated.

Specific binding agent: A “specific binding agent” is an
agent that is capable of specifically binding to any of the
polypeptides described herein, and can include polyclonal
antibodies, monoclonal antibodies (including humanized
monoclonal antibodies), and fragments of monoclonal anti-
bodies such as Fab, F(ab')2, and Fv fragments as well as any
other agent capable of specifically binding to an epitope of
such polypeptides.

Antibodies to the polypeptides provided herein (or frag-
ments thereof) can be used to purify or identify such polypep-
tides. The amino acid and nucleic acid sequences provided
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herein allow for the production of specific antibody-based
binding agents that recognize the polypeptides described
herein.

Monoclonal or polyclonal antibodies can be produced to
the polypeptides, portions of the polypeptides, or variants
thereof. Optimally, antibodies raised against one or more
epitopes on a polypeptide antigen will specifically detect that
polypeptide. That is, antibodies raised against one particular
polypeptide would recognize and bind that particular
polypeptide, and would not substantially recognize or bind to
other polypeptides. The determination that an antibody spe-
cifically binds to a particular polypeptide is made by any one
of'a number of standard immunoassay methods; for instance,
Western blotting (See, e.g., Sambrook et al. (ed.), Molecular
Cloning: A Laboratory Manual, 2nd ed., vol. 1-3, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y., 1989).

To determine that a given antibody preparation (such as a
preparation produced in a mouse against a polypeptide having
the amino acid sequence set forth in SEQ ID NO: 2) specifi-
cally detects the appropriate polypeptide (e.g., a polypeptide
having the amino acid sequence set forth in SEQ ID NO: 2) by
Western blotting, total cellular protein can be extracted from
cells and separated by SDS-polyacrylamide gel electrophore-
sis. The separated total cellular protein can then be transferred
to a membrane (e.g., nitrocellulose), and the antibody prepa-
ration incubated with the membrane. After washing the mem-
brane to remove non-specifically bound antibodies, the pres-
ence of specifically bound antibodies can be detected using an
appropriate secondary antibody (e.g., an anti-mouse anti-
body) conjugated to an enzyme such as alkaline phosphatase
since application of 5-bromo-4-chloro-3-indolyl phosphate/
nitro blue tetrazolium results in the production of a densely
blue-colored compound by immuno-localized alkaline phos-
phatase.

Substantially pure polypeptides suitable for use as an
immunogen can be obtained from transfected cells, trans-
formed cells, or wild-type cells. Polypeptide concentrations
in the final preparation can be adjusted, for example, by
concentration on an Amicon filter device, to the level of a few
micrograms per milliliter. In addition, polypeptides ranging
in size from full-length polypeptides to polypeptides having
as few as nine amino acid residues can be utilized as immu-
nogens. Such polypeptides can be produced in cell culture,
can be chemically synthesized using standard methods, or can
be obtained by cleaving large polypeptides into smaller
polypeptides that can be purified. Polypeptides having as few
as nine amino acid residues in length can be immunogenic
when presented to an immune system in the context of a
Major Histocompatibility Complex (MHC) molecule such as
an MHC class I or MHC class II molecule. Accordingly,
polypeptides having at least 9, 10, 11, 12, 13, 14, 15, 20, 25,
30,35, 40, 45, 50, 55, 60, 70, 80, 90, 100, 150, 200, 250, 300,
350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 900, 1000,
1050, 1100, 1150, 1200, 1250, 1300, 1350, or more consecu-
tive amino acid residues of any amino acid sequence dis-
closed herein can be used as immunogens for producing
antibodies.

Monoclonal antibodies to any of the polypeptides dis-
closed herein can be prepared from murine hybridomas
according to the classic method of Kohler & Milstein (Nature
256:495 (1975)) or a derivative method thereof.

Polyclonal antiserum containing antibodies to the hetero-
geneous epitopes of any polypeptide disclosed herein can be
prepared by immunizing suitable animals with the polypep-
tide (or fragment thereof), which can be unmodified or modi-
fied to enhance immunogenicity. An effective immunization
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protocol for rabbits can be found in Vaitukaitis et al. (J. Clin.
Endocrinol. Metab. 33:988-991 (1971)).

Antibody fragments can be used in place of whole antibod-
ies and can be readily expressed in prokaryotic host cells.
Methods of making and using immunologically effective por-
tions of monoclonal antibodies, also referred to as “antibody
fragments,” are well known and include those described in
Better & Horowitz (Methods Enzymol. 178:476-496 (1989)),
Glockshuber etal. (Biochemistry 29:1362-1367 (1990)), U.S.
Pat. No. 5,648,237 (“Expression of Functional Antibody
Fragments™), U.S. Pat. No. 4,946,778 (“Single Polypeptide
Chain Binding Molecules”), U.S. Pat. No. 5,455,030 (“Im-
munotherapy Using Single Chain Polypeptide Binding Mol-
ecules”), and references cited therein.

Operably linked: A first nucleic acid sequence is “operably
linked” with a second nucleic acid sequence whenever the
first nucleic acid sequence is placed in a functional relation-
ship with the second nucleic acid sequence. For instance, a
promoter is operably linked to a coding sequence if the pro-
moter affects the transcription of the coding sequence. Gen-
erally, operably linked DNA sequences are contiguous and,
where necessary to join two polypeptide-coding regions, in
the same reading frame.

Probes and primers: Nucleic acid probes and primers can
be prepared readily based on the amino acid sequences and
nucleic acid sequences provided herein. A “probe” includes
an isolated nucleic acid containing a detectable label or
reporter molecule. Typical labels include radioactive iso-
topes, ligands, chemiluminescent agents, and enzymes.
Methods for labeling and guidance in the choice of labels
appropriate for various purposes are discussed in, for
example, Sambrook et al. (ed.), Molecular Cloning: A Labo-
ratory Manual 2nd ed., vol. 1-3, Cold Spring Harbor Labora-
tory Press, Cold Spring Harbor, N.Y., 1989, and Ausubel et al.
(ed.) Current Protocols in Molecular Biology, Greene Pub-
lishing and Wiley-Interscience, New York (with periodic
updates), 1987.

“Primers” are typically nucleic acid molecules having ten
or more nucleotides (e.g., nucleic acid molecules having
between about 10 nucleotides and about 100 nucleotides). A
primer can be annealed to a complementary target nucleic
acid strand by nucleic acid hybridization to form a hybrid
between the primer and the target nucleic acid strand, and
then extended along the target nucleic acid strand by, for
example, a DNA polymerase enzyme. Primer pairs can be
used for amplification of a nucleic acid sequence, for
example, by the polymerase chain reaction (PCR) or other
nucleic-acid amplification methods known in the art.

Methods for preparing and using probes and primers are
described, for example, in references such as Sambrook et al.
(ed.), Molecular Cloning: A Laboratory Manual, 2nd ed., vol.
1-3, Cold Spring Harbor Laboratory Press, Cold Spring Har-
bor, N.Y., 1989; Ausubel et al. (ed.), Current Protocols in
Molecular Biology, Greene Publishing and Wiley-Inter-
science, New York (with periodic updates), 1987; and Innis et
al., PCR Protocols: A Guide to Methods and Applications,
Academic Press: San Diego, 1990. PCR primer pairs can be
derived from a known sequence, for example, by using com-
puter programs intended for that purpose such as Primer
(Version 0.5, . COPYRGT. 1991, Whitehead Institute for Bio-
medical Research, Cambridge, Mass.). One of skill in the art
will appreciate that the specificity of a particular probe or
primer increases with the length, but that a probe or primer
can range in size from a full-length sequence to sequences as
short as five consecutive nucleotides. Thus, for example, a
primer of 20 consecutive nucleotides can anneal to a target
with a higher specificity than a corresponding primer of only
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15 nucleotides. Thus, in order to obtain greater specificity,
probes and primers can be selected that comprise, for
example, 10, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 100, 150,
200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750,
800, 850, 900, 950, 1000, 1050, 1100, 1150, 1200, 1250,
1300, 1350, 1400, 1450, 1500, 1550, 1600, 1650, 1700, 1750,
1800, 1850, 1900, 2000, 2050, 2100, 2150, 2200, 2250, 2300,
2350, 2400, 2450, 2500, 2550, 2600, 2650, 2700, 2750, 2800,
2850, 2900, 3000, 3050, 3100, 3150, 3200, 3250, 3300, 3350,
3400, 3450, 3500, 3550, 3600, 3650, 3700, 3750, 3800, 3850,
3900, 4000, 4050,4100, 4150, 4200, 4250, 4300, 4350, 4400,
4450,4500, 4550,4600, 4650, 4700, 4750, 4800, 4850, 4900,
5000, 5050, 5100, 5150, 5200, 5250, 5300, 5350, 5400, 5450,
or more consecutive nucleotides.

Percent sequence identity: The “percent sequence identity”
between a particular nucleic acid or amino acid sequence and
a sequence referenced by a particular sequence identification
number is determined as follows. First, a nucleic acid or
amino acid sequence is compared to the sequence set forth in
aparticular sequence identification number using the BLAST
2 Sequences (Bl2seq) program from the stand-alone version
of BLASTZ containing BLASTN version 2.0.14 and
BLASTP version 2.0.14. This stand-alone version of
BLASTZ can be obtained from Fish & Richardson’s web site
(www.fr.com) or the United States government’s National
Center for Biotechnology Information web site (www.ncbi.n-
Im.nih.gov). Instructions explaining how to use the Bl2seq
program can be found in the readme file accompanying
BLASTZ. Bl2seq performs a comparison between two
sequences using either the BLASTN or BLASTP algorithm.
BLASTN is used to compare nucleic acid sequences, while
BLASTP is used to compare amino acid sequences. To com-
pare two nucleic acid sequences, the options are set as fol-
lows: -i is set to a file containing the first nucleic acid
sequence to be compared (e.g., C:\seql.txt); - is set to a file
containing the second nucleic acid sequence to be compared
(e.g., C:\seq2.txt); -p is set to blastn; -0 is set to any desired file
name (e.g., C:\output.txt); -q is set to —1; -r is set to 2; and all
other options are left at their default setting. For example, the
following command can be used to generate an output file
containing a comparison between two sequences: C:\Bl2seq
c:\seql.txt-j c:\seq2.1xt -p blastn -o c:\output.txt -q -1 -r 2. To
compare two amino acid sequences, the options of Bl2seq are
set as follows: -i is set to a file containing the first amino acid
sequence to be compared (e.g., C:\seql.txt); - is set to a file
containing the second amino acid sequence to be compared
(e.g., C:\seq2.txt); -p is set to blastp; -0 is set to any desired file
name (e.g., C:\output.txt); and all other options are left at their
default setting. For example, the following command can be
used to generate an output file containing a comparison
between two amino acid sequences: C:\Bl2seq c:\seql.txt -j
c:\seq2.txt -p blastp -o c:output.txt. If the two compared
sequences share homology, then the designated output file
will present those regions of homology as aligned sequences.
If the two compared sequences do not share homology, then
the designated output file will not present aligned sequences.

Once aligned, the number of matches is determined by
counting the number of positions where an identical nucle-
otide or amino acid residue is presented in both sequences.
The percent sequence identity is determined by dividing the
number of matches either by the length of the sequence set
forth in the identified sequence (e.g., SEQ ID NO:1), or by an
articulated length (e.g., 100 consecutive nucleotides or amino
acid residues from a sequence set forth in an identified
sequence), followed by multiplying the resulting value by
100. For example, a nucleic acid sequence that has 1166
matches when aligned with the sequence set forth in SEQ ID
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NO:1 is 75.0 percent identical to the sequence set forth in
SEQIDNO:1 (i.e., 1166+1554*100=75.0). It is noted that the
percent sequence identity value is rounded to the nearest
tenth. For example, 75.11, 75.12,75.13, and 75.14 is rounded
down to 75.1, while 75.15, 75.16, 75.17, 75.18, and 75.19 is
rounded up to 75.2. It is also noted that the length value will
always be an integer. In another example, a target sequence
containing a 20-nucleotide region that aligns with 20 con-
secutive nucleotides from an identified sequence as follows
contains a region that shares 75 percent sequence identity to
that identified sequence (i.e., 15+20*100=75).

1 20
AGGTCGTGTACTGTCAGTCA

Identified Sequence: ACGTGGTGAACTGCCAGTGA

Target Sedquence:

Conservative substitution: The term “conservative substi-
tution” as used herein refers to any of the amino acid substi-
tutions set forth in Table 1. Typically, conservative substitu-
tions have little to no impact on the activity of a polypeptide.
A polypeptide can be produced to contain one or more con-
servative substitutions by manipulating the nucleotide
sequence that encodes that polypeptide using, for example,
standard procedures such as site-directed mutagenesis or
PCR.

TABLE 1
Original Conservative
Residue Substitution(s)
Ala ser
Arg lys
Asn gln; his
Asp glu
Cys ser
Gln asn
Glu asp
Gly pro
His asn; gln
Ile leu; val
Leu ile; val
Lys arg; gln; glu
Met leu; ile
Phe met; leu; tyr
Ser
Thr ser
Trp tyr
Tyr trp; phe
Val ile; leu

II. Metabolic Pathways

The invention provides methods and materials related to
producing 3-HP as well as other organic compounds (e.g.,
1,3-propanediol, acrylic acid, polymerized acrylate, esters of
acrylate, polymerized 3-HP, and esters of 3-HP). Specifically,
the invention provides isolated nucleic acids, polypeptides,
host cells, and methods and materials for producing 3-HP as
well as other organic compounds such as 1,3-propanediol,
acrylic acid, polymerized acrylate, esters of acrylate, poly-
merized 3-HP, and esters of 3-HP.

Accordingly, the invention provides several metabolic
pathways that can be used to produce organic compounds
from PEP (FIGS. 1-5, 43-44, 54, and 55). As depicted in FIG.
1, lactate can be converted into lactyl-CoA by a polypeptide
having CoA transferase activity (EC 2.8.3.1); the resulting
lactyl-CoA can be converted into acrylyl-CoA by a polypep-
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tide (or multiple polypeptide complex such as an activated
E2a and E2f complex) having lactyl-CoA dehydratase activ-
ity (EC 4.2.1.54); the resulting acrylyl-CoA can be converted
into 3-hydroxypropionyl-CoA (3-HP-CoA) by a polypeptide
having 3-hydroxypropionyl-CoA dehydratase activity (EC
4.2.1.-); and the resulting 3-HP-CoA can be converted into
3-HP by a polypeptide having CoA transferase activity, a
polypeptide having 3-hydroxypropionyl-CoA hydrolase
activity (EC 3.1.2.-), or a polypeptide having 3-hydroxy-
isobutryl-CoA hydrolase activity (EC 3.1.2.4).

Polypeptides having CoA transferase activity as well as
nucleic acid encoding such polypeptides can be obtained
from various species including, without limitation, Megas-
phaera elsdenii, Clostridium propionicum, Clostridium
kluyveri, and Escherichia coli. For example, nucleic acid that
encodes a polypeptide having CoA transferase activity can be
obtained from Megasphaera elsdenii as described in Example
1 and can have a sequence as set forth in SEQ ID NO: 1. In
addition, polypeptides having CoA transferase activity as
well as nucleic acid encoding such polypeptides can be
obtained as described herein. For example, the variations to
SEQ ID NO: 1 provided herein can be used to encode a
polypeptide having CoA transferase activity.

Polypeptides (or the polypeptides of a multiple polypep-
tide complex such as an activated E2a and E2 complex)
having lactyl-CoA dehydratase activity as well as nucleic
acid encoding such polypeptides can be obtained from vari-
ous species including, without limitation, Megasphaera els-
denii and Clostridium propionicum. For example, nucleic
acid encoding an E1 activator, an E2a subunit, and an E2f
subunit that can form a multiple polypeptide complex having
lactyl-CoA dehydratase activity can be obtained from Megas-
phaera elsdenii as described in Example 2. The nucleic acid
encoding the E1 activator can contain a sequence as set forth
in SEQ ID NO: 9; the nucleic acid encoding the E2a subunit
can contain a sequence as set forth in SEQ ID NO: 17; and the
nucleic acid encoding the E2f subunit can contain a sequence
as set forth in SEQ ID NO: 25. In addition, polypeptides (or
the polypeptides of a multiple polypeptide complex) having
lactyl-CoA dehydratase activity as well as nucleic acid
encoding such polypeptides can be obtained as described
herein. For example, the variations to SEQ ID NO: 9, 17, and
25 provided herein can be used to encode the polypeptides of
a multiple polypeptide complex having CoA transferase
activity.

Polypeptides having 3-hydroxypropionyl-CoA dehy-
dratase activity as well as nucleic acid encoding such
polypeptides can be obtained from various species including,
without limitation, Chloroflexus aurantiacus, Candida rug-
osa, Rhodosprillium rubrum, and Rhodobacter capsulates.
For example, nucleic acid that encodes a polypeptide having
3-hydroxypropionyl-CoA dehydratase activity can be
obtained from Chloroflexus aurantiacus as described in
Example 3 and can have a sequence as set forth in SEQ ID
NO: 40. In addition, polypeptides having 3-hydroxypropio-
nyl-CoA dehydratase activity as well as nucleic acid encod-
ing such polypeptides can be obtained as described herein.
For example, the variations to SEQ ID NO: 40 provided
herein can be used to encode a polypeptide having 3-hydrox-
ypropionyl-CoA dehydratase activity.

Polypeptides having 3-hydroxypropionyl-CoA hydrolase
activity as well as nucleic acid encoding such polypeptides
can be obtained from various species including, without limi-
tation, Candida rugosa. Polypeptides having 3-hydroxy-
isobutryl-CoA hydrolase activity as well as nucleic acid
encoding such polypeptides can be obtained from various
species including, without limitation, Pseudomonas fluore-
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scens, rattus, and homo sapiens. For example, nucleic acid
that encodes a polypeptide having 3-hydroxyisobutryl-CoA
hydrolase activity can be obtained from somo sapiens and can
have a sequence as set forth in GenBank® accession number
U66669.

The term “polypeptide having enzymatic activity” as used
herein refers to any polypeptide that catalyzes a chemical
reaction of other substances without itself being destroyed or
altered upon completion of the reaction. Typically, a polypep-
tide having enzymatic activity catalyzes the formation of one
or more products from one or more substrates. Such polypep-
tides can have any type of enzymatic activity including, with-
out limitation, the enzymatic activity or enzymatic activities
associated with enzymes such as dehydratases/hydratases,
3-hydroxypropionyl-CoA dehydratases/hydratases, CoA
transferases, lactyl-CoA dehydratases, 3-hydroxypropionyl-
CoA hydrolases, 3-hydroxyisobutryl-CoA hydrolases, poly
hydroxyacid synthases, CoA synthetases, malonyl-CoA
reductases, 3-alanine ammonia lyases, and lipases.

As depicted in FIG. 2, lactate can be converted into lactyl-
CoA by a polypeptide having CoA synthetase activity (EC
6.2.1.-); the resulting lactyl-CoA can be converted into acry-
lyl-CoA by a polypeptide (or multiple polypeptide complex)
having lactyl-CoA dehydratase activity; the resulting acrylyl-
CoA can be converted into 3-HP-CoA by a polypeptide hav-
ing 3-hydroxypropionyl-CoA dehydratase activity; and the
resulting 3-HP-CoA can be converted into polymerized 3-HP
by a polypeptide having poly hydroxyacid synthase activity
(EC 2.3.1.-). Polypeptides having CoA synthetase activity as
well as nucleic acid encoding such polypeptides can be
obtained from various species including, without limitation,
Escherichia coli, Rhodobacter sphaeroides, Saccharomyces
cervisiae, and Salmonella enterica. For example, nucleic acid
that encodes a polypeptide having CoA synthetase activity
can be obtained from FEscherichia coli and can have a
sequence as set forth in GenBank® accession number
U00006. Polypeptides (or multiple polypeptide complexes)
having lactyl-CoA dehydratase activity as well as nucleic
acid encoding such polypeptides can be obtained as provided
herein. Polypeptides having 3-hydroxypropionyl-CoA dehy-
dratase activity as well as nucleic acid encoding such
polypeptides also can be obtained as provided herein.
Polypeptides having poly hydroxyacid synthase activity as
well as nucleic acid encoding such polypeptides can be
obtained from various species including, without limitation,
Rhodobacter sphaeroides, Comamonas acidororans, Ralsto-
nia eutropha, and Pseudomonas oleovorans. For example,
nucleic acid that encodes a polypeptide having poly hydroxy-
acid synthase activity can be obtained from Rhodobacter
sphaeroides and can have a sequence as set forth in Gen-
Bank® accession number X97200.

As depicted in FIG. 3, lactate can be converted into lactyl-
CoA by a polypeptide having CoA transferase activity; the
resulting lactyl-CoA can be converted into acrylyl-CoA by a
polypeptide (or multiple polypeptide complex) having lactyl-
CoA dehydratase activity; the resulting acrylyl-CoA can be
converted into 3-HP-CoA by a polypeptide having 3-hydrox-
ypropionyl-CoA dehydratase activity; the resulting 3-HP-
CoA can be converted into 3-HP by a polypeptide having
CoA transferase activity, a polypeptide having 3-hydroxypro-
pionyl-CoA hydrolase activity, or a polypeptide having 3-hy-
droxyisobutryl-CoA hydrolase activity; and the resulting
3-HP can be converted into an ester of 3-HP by a polypeptide
having lipase activity (EC 3.1.1.-). Polypeptides having
lipase activity as well as nucleic acid encoding such polypep-
tides can be obtained from various species including, without
limitation, Candida rugosa, Candida tropicalis, and Candida
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albicans. For example, nucleic acid that encodes a polypep-
tide having lipase activity can be obtained from Candida
rugosa and can have a sequence as set forth in GenBank®
accession number A81171.

As depicted in FIG. 4, lactate can be converted into lactyl-
CoA by a polypeptide having CoA synthetase activity; the
resulting lactyl-CoA can be converted into acrylyl-CoA by a
polypeptide (or multiple polypeptide complex) having lactyl-
CoA dehydratase activity; and the resulting acrylyl-CoA can
be converted into polymerized acrylate by a polypeptide hav-
ing poly hydroxyacid synthase activity.

As depicted in FIG. 5, lactate can be converted into lactyl-
CoA by a polypeptide having CoA transferase activity; the
resulting lactyl-CoA can be converted into acrylyl-CoA by a
polypeptide (or multiple polypeptide complex) having lactyl-
CoA dehydratase activity; the resulting acrylyl-CoA can be
converted into acrylate by a polypeptide having CoA trans-
ferase activity; and the resulting acrylate can be converted
into an ester of acrylate by a polypeptide having lipase activ-
ity.

As depicted in FIG. 44, acetyl-CoA can be converted into
malonyl-CoA by a polypeptide having acetyl-CoA carboxy-
lase activity, and the resulting malonyl-CoA can be converted
into 3-HP by a polypeptide having malonyl-CoA reductase
activity. Polypeptides having acetyl-CoA carboxylase activ-
ity as well as nucleic acid encoding such polypeptides can be
obtained from various species including, without limitation,
Escherichia coli and Chloroflexus aurantiacus. For example,
nucleic acid that encodes a polypeptide having acetyl-CoA
carboxylase activity can be obtained from Escherichia coli
and can have a sequence as set forth in GenBank® accession
number M96394 or U18997. Polypeptides having malonyl-
CoA reductase activity as well as nucleic acid encoding such
polypeptides can be obtained from various species including,
without limitation, Chloroflexus aurantiacus, Sulfolobus met-
acillus, and Acidianus brierleyi. For example, nucleic acid
that encodes a polypeptide having malonyl-CoA reductase
activity can be obtained as described herein and can have a
sequence similar to the sequence set forth in SEQ ID NO: 140.
In addition, polypeptides having malonyl-CoA reductase
activity as well as nucleic acid encoding such polypeptides
can be obtained as described herein. For example, the varia-
tions to SEQ ID NO: 140 provided herein can be used to
encode a polypeptide having malonyl-CoA reductase activ-
ity.

Polypeptides having malonyl-CoA reductase activity can
use NADPH as a co-factor. For example, the polypeptide
having the amino acid sequence set forth in SEQ ID NO: 141
is a polypeptide having malonyl-CoA reductase activity that
uses NADPH as a co-factor when converting malonyl-CoA
into 3-HP. Likewise, polypeptides having malonyl-CoA
reductase activity can use NADH as a co-factor. Such
polypeptides can be obtained by converting a polypeptide that
has malonyl-CoA reductase, activity and uses NADPH as a
cofactor into a polypeptide that has malonyl-CoA reductase
activity and uses NADH as a cofactor. Any method can be
used to convert a polypeptide that uses NADPH as a cofactor
into a polypeptide that uses NADH as a cofactor such as those
described by others (Eppink et al., J. Mol. Biol., 292(1):87-96
(1999), Hall and Tomsett, Microbiology, 146(Pt 6):1399-406
(2000), and Dohr et al., Proc. Natl. Acad. Sci., 98(1):81-86
(2001)). For example, mutagenesis can be used to convert the
polypeptide encoded by the nucleic acid sequence set forth in
SEQ ID NO: 140 into a polypeptide that, when converting
malonyl-CoA into 3-HP, uses NADH as a co-factor instead of
NADPH.
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As depicted in FIG. 43, propionate can be converted into
propionyl-CoA by a polypeptide having CoA synthetase
activity such as the polypeptide having the sequence set forth
in SEQ ID NO: 39; the resulting propionyl-CoA can be con-
verted into acrylyl-CoA by a polypeptide having dehydroge-
nase activity such as the polypeptide having the sequence set
forth in SEQ ID NO: 39; and the resulting acrylyl-CoA can be
converted into (1) acrylate by a polypeptide having CoA
transferase activity or CoA hydrolase activity, (2) 3-HP-CoA
by a polypeptide having 3-HP dehydratase activity (also
referred to as acrylyl-CoA hydratase or simply hydratase)
such as the polypeptide having the sequence set forth in SEQ
1D NO:39, or (3) polymerized acrylate by a polypeptide hav-
ing poly hydroxyacid synthase activity. The resulting acrylate
can be converted into an ester of acrylate by a polypeptide
having lipase activity. The resulting 3-HP-CoA can be con-
verted into (1) 3-HP by a polypeptide having CoA transferase
activity, a polypeptide having 3-hydroxypropionyl-CoA
hydrolase activity (EC 3.1.2.-), or a polypeptide having 3-hy-
droxyisobutyryl-CoA hydrolase activity (EC 3.1.2.4), or (2)
polymerized 3-HP by a polypeptide having poly hydroxyacid
synthase activity (EC 2.3.1.-).

As depicted in FIG. 54, PEP can be converted into f-ala-
nine. B-alanine can be converted into -alanyl-CoA through
the use of a polypeptide having CoA transferase activity.
p-alanyl-CoA can then be converted into acrylyl-CoA
through the use of a polypeptide having $-alanyl-CoA ammo-
nia lyase activity. Acrylyl-CoA can then be converted into
3-HP-CoA through the use of a polypeptide having 3-HP-
CoA dehydratase activity, and a polypeptide having
glutamate dehydrogenase activity can be used to convert
3-HP-CoA into 3-HP.

As depicted in FIG. 55, 3-HP can be made from [-alanine
by first contacting [-alanine with a polypeptide having 4,4-
aminobutyrate aminotransferase activity to create malonate
semialdehyde. The malonate semialdehyde can be converted
into 3-HP with a polypeptide having 3-HP dehydrogenase
activity or a polypeptide having 3-hydroxyisobutyrate dehy-
drogenase activity.

III. Nucleic Acid Molecules and Polypeptides

The invention provides isolated nucleic acid that contains
the entire nucleic acid sequence set forth in SEQ ID NO:1, 9,
17,25, 33, 34, 36, 38, 40, 42, 129, 140, 142, 162, or 163. In
addition, the invention provides isolated nucleic acid that
contains a portion of the nucleic acid sequence set forth in
SEQIDNO:1, 9,17, 25, 33,34, 36, 38,40, 42, 129, 140, 142,
162, or 163. For example, the invention provides isolated
nucleic acid that contains a 15 nucleotide sequence identical
to any 15 nucleotide sequence set forth in SEQ ID NO:1, 9,
17, 25, 33, 34, 36, 38, 40, 42, 129, 140, 142, 162, or 163
including, without limitation, the sequence starting at nucle-
otide number 1 and ending at nucleotide number 15, the
sequence starting at nucleotide number 2 and ending at nucle-
otide number 16, the sequence starting at nucleotide number
3 and ending at nucleotide number 17, and so forth. It will be
appreciated that the invention also provides isolated nucleic
acid that contains a nucleotide sequence that is greater than 15
nucleotides (e.g., 16,17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27,
28, 29, 30, or more nucleotides) in length and identical to any
portion of the sequence set forth in SEQ ID NO:1, 9, 17, 25,
33, 34, 36, 38, 40, 42, 129, 140, 142, 162, or 163. For
example, the invention provides isolated nucleic acid that
contains a 25 nucleotide sequence identical to any 25 nucle-
otide sequence set forthin SEQ IDNO:1,9, 17, 25,33, 34, 36,
38, 40, 42, 129, 140, 142, 162, or 163 including, without
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limitation, the sequence starting at nucleotide number 1 and
ending at nucleotide number 25, the sequence starting at
nucleotide number 2 and ending at nucleotide number 26, the
sequence starting at nucleotide number 3 and ending at nucle-
otide number 27, and so forth. Additional examples include,
without limitation, isolated nucleic acids that contain a nucle-
otide sequence that is 50 or more nucleotides (e.g., 100, 150,
200, 250, 300, or more nucleotides) in length and identical to
any portion of the sequence set forth in SEQ ID NO:1, 9, 17,
25,33, 34, 36, 38, 40, 42, 129, 140, 142, 162, or 163. Such
isolated nucleic acids can include, without limitation, those
isolated nucleic acids containing a nucleic acid sequence
represented in a single line of sequence depicted in FIG. 6, 10,
14,18, 22, 23, 25, 27, 29, 31, 39, 49, or 51 since each line of
sequence depicted in these figures, with the possible excep-
tion of the last line, provides a nucleotide sequence contain-
ing at least 50 bases.

In addition, the invention provides isolated nucleic acid
that contains a variation of the nucleic acid sequence set forth
in SEQ ID NO:1, 9, 17, 25, 33, 34, 36, 38, 40, 42, 129, 140,
142,162, or 163. For example, the invention provides isolated
nucleic acid containing a nucleic acid sequence set forth in
SEQIDNO:1,9,17,25,33,34,36,38, 40,42, 129, 140, 142,
162, or 163 that contains a single insertion, a single deletion,
a single substitution, multiple insertions, multiple deletions,
multiple substitutions, or any combination thereof (e.g.,
single deletion together with multiple insertions). Such iso-
lated nucleic acid molecules can share at least 60, 65, 70, 75,
80, 85, 90, 95, 97, 98, or 99 percent sequence identity with a
sequence set forth in SEQ ID NO:1, 9, 17, 25, 33, 34, 36, 38,
40,42, 129, 140, 142, 162, or 163.

The invention provides multiple examples of isolated
nucleic acid that contains a variation of a nucleic acid
sequence set forth in SEQ ID NO:1, 9, 17, 25, 33, 34, 36, 38,
40,42,129, 140,142,162, 0r 163. Forexample, FIGS. 8A-8D
provide the sequence set forth in SEQ ID NO:1 aligned with
three other nucleic acid sequences. Examples of variations of
the sequence set forth in SEQ ID NO:1 include, without
limitation, any variation of the sequence set forth in SEQ ID
NO:1 provided in FIGS. 8 A-8D. Such variations are provided
in FIGS. 8A-8D in that a comparison of the nucleotide (or
lack thereof) at a particular position of the sequence set forth
in SEQ ID NO:1 with the nucleotide (or lack thereof) at the
same aligned position of any of the other three nucleic acid
sequences depicted in FIGS. 8A-8D (i.e., SEQ ID NOs:3, 4,
and 5) provides a list of specific changes for the sequence set
forth in SEQ ID NO:1. For example, the “a” at position 49 of
SEQ ID NO:1 can be substituted with an “c” as indicated in
FIGS. 8A-8D. As also indicated in FIGS. 8 A-8D, the “a” at
position 590 of SEQ ID NO:1 can be substituted with a
“atgg”; an “aaac” can be inserted before the “g” at position
393 of SEQ ID NO:1; or the “gaa” at position 736 of SEQ ID
NO:1 can be deleted. It will be appreciated that the sequence
set forth in SEQ ID NO:1 can contain any number of varia-
tions as well as any combination of types of variations. For
example, the sequence set forth in SEQ ID NO:1 can contain
one variation provided in FIGS. 8 A-8D or more than one
(e.g.,2,3,4,5,6,7,8,9,10, 15,20, 25, 50, 100, or more) of
the variations provided in FIGS. 8A-8D. It is noted that the
nucleic acid sequences provided by FIGS. 8 A-8D can encode
polypeptides having CoA transferase activity. The invention
also provides isolated nucleic acid that contains a variant of a
portion of the sequence set forth in SEQ ID NO:1 as depicted
in FIGS. 8 A-8D and described herein.

Likewise, FIGS. 12A-12B provide variations of SEQ ID
NO:9 and portions thereof; FIGS. 16A-16C provide varia-
tions of SEQ ID NO:17 and portions thereof; FIGS. 20A-20C
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provide variations of SEQ ID NO:25 and portions thereof;,
FIGS. 32A-32B provide variations of SEQ ID NO:40 and
portions thereof; and FIGS. 53A-53] provide variations of
SEQ ID NO:140.

The invention provides isolated nucleic acid that contains a
nucleic acid sequence that encodes the entire amino acid
sequence set forth in SEQ ID NO:2, 10, 18, 26, 35,37,39, 41,
141, 160, or 161. In addition, the invention provides isolated
nucleic acid that contains a nucleic acid sequence that
encodes a portion ofthe amino acid sequence set forth in SEQ
ID NO:2, 10, 18, 26, 35, 37, 39, 41, 141, 160, or 161. For
example, the invention provides isolated nucleic acid that
contains a nucleic acid sequence that encodes a 15 amino acid
sequence identical to any 15 amino acid sequence set forth in
SEQ ID NO:2, 10, 18, 26, 35, 37, 39, 41, 141, 160, or 161
including, without limitation, the sequence starting at amino
acid residue number 1 and ending at amino acid residue
number 15, the sequence starting at amino acid residue num-
ber 2 and ending at amino acid residue number 16, the
sequence starting at amino acid residue number 3 and ending
at amino acid residue number 17, and so forth. It will be
appreciated that the invention also provides isolated nucleic
acid that contains a nucleic acid sequence that encodes an
amino acid sequence that is greater than 15 amino acid resi-
dues (e.g., 16,17, 18,19, 20,21, 22,23, 24,25,26,27,28, 29,
30, or more amino acid residues) in length and identical to any
portion of the sequence set forth in SEQ ID NO:2, 10, 18, 26,
35,37, 39, 41, 141, 160, or 161. For example, the invention
provides isolated nucleic acid that contains a nucleic acid
sequence that encodes a 25 amino acid sequence identical to
any 25 amino acid sequence set forth in SEQ ID NO:2, 10, 18,
26, 35,137,139, 41, 141, 160, or 161 including, without limi-
tation, the sequence starting at amino acid residue number 1
and ending at amino acid residue number 25, the sequence
starting at amino acid residue number 2 and ending at amino
acid residue number 26, the sequence starting at amino acid
residue number 3 and ending at amino acid residue number
27, and so forth. Additional examples include, without limi-
tation, isolated nucleic acids that contain a nucleic acid
sequence that encodes an amino acid sequence that is 50 or
more amino acid residues (e.g., 100, 150, 200, 250, 300, or
more amino acid residues) in length and identical to any
portion of the sequence set forth in SEQ ID NO:2, 10, 18, 26,
35,137,309, 41, 141, 160, or 161. Such isolated nucleic acids
can include, without limitation, those isolated nucleic acids
containing a nucleic acid sequence that encodes an amino
acid sequence represented in a single line of sequence
depicted in FIG. 7,11, 15,19, 24, 26, 28, 30, or 50 since each
line of sequence depicted in these figures, with the possible
exception of the last line, provides an amino acid sequence
containing at least 50 residues.

In addition, the invention provides isolated nucleic acid
that contains a nucleic acid sequence that encodes an amino
acid sequence having a variation of the amino acid sequence
set forth in SEQ IDNO:2, 10, 18, 26,35,37,39, 41, 141, 160,
or 161. For example, the invention provides isolated nucleic
acid containing a nucleic acid sequence encoding an amino
acid sequence set forth in SEQ ID NO:2, 10, 18, 26, 35, 37,
39, 41, 141, 160, or 161 that contains a single insertion, a
single deletion, a single substitution, multiple insertions,
multiple deletions, multiple substitutions, or any combination
thereof (e.g., single deletion together with multiple inser-
tions). Such isolated nucleic acid molecules can contain a
nucleic acid sequence encoding an amino acid sequence that
shares at least 60, 65, 70, 75, 80, 85, 90, 95, 97, 98, or 99
percent sequence identity with a sequence set forth in SEQ ID
NO:2, 10, 18, 26, 35, 37, 39, 41, 141, 160, or 161.
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The invention provides multiple examples of isolated
nucleic acid containing a nucleic acid sequence encoding an
amino acid sequence having a variation of an amino acid
sequence set forth in SEQ ID NO:2, 10, 18, 26,35,37,39, 41,
141, 160, or 161. For example, FIGS. 9A-9B provide the
amino acid sequence set forth in SEQ ID NO:2 aligned with
three other amino acid sequences. Examples of variations of
the sequence set forth in SEQ ID NO:2 include, without
limitation, any variation of the sequence set forth in SEQ ID
NO:2 provided in FIGS. 9A-9B. Such variations are provided
in FIGS. 9A-9B in that a comparison of the amino acid
residue (or lack thereof) at a particular position of the
sequence set forth in SEQ ID NO:2 with the amino acid
residue (or lack thereof) at the same aligned position of any of
the other three amino acid sequences of FIGS. 9A-9B (i.e.,
SEQIDNOs:6,7, and 8) provides a list of specific changes for
the sequence set forth in SEQ ID NO:2. For example, the “k”
at position 17 of SEQ ID NO:2 can be substituted with a “p”
or “h” as indicated in FIGS. 9A-9B. As also indicated in
FIGS. 9A-9B, the “v” at position 125 of SEQ ID NO:2 can be
substituted with an “1” or “f”. It will be appreciated that the
sequence set forth in SEQ ID NO:2 can contain any number of
variations as well as any combination of types of variations.
For example, the sequence set forth in SEQ ID NO:2 can
contain one variation provided in FIGS. 9A-9B or more than
one(e.g.,2,3,4,5,6,7,8,9,10, 15, 20,25, 50, 100, or more)
of'the variations provided in FIGS. 9A-9B. It is noted that the
amino acid sequences provided in FIGS. 9A-9B can be
polypeptides having CoA transferase activity.

The invention also provides isolated nucleic acid contain-
ing a nucleic acid sequence encoding an amino acid sequence
that contains a variant of a portion of the sequence set forth in
SEQ ID NO:2 as depicted in FIGS. 9A-9B and described
herein.

Likewise, FIG. 13 provides variations of SEQ ID NO:10
and portions thereof; FIG. 17 provides variations of SEQ ID
NO:18 and portions thereof; FIG. 21 provides variations of
SEQ ID NO:26 and portions thereof; FIG. 33 provides varia-
tions of SEQ ID NO:41 and portions thereof; FIGS. 40, 41,
and 42 provide variations of SEQ ID NO:39; and FIGS.
52A-2D provide variations of SEQ ID NO:141 and portions
thereof.

It is noted that codon preferences and codon usage tables
for a particular species can be used to engineer isolated
nucleic acid molecules that take advantage of the codon usage
preferences of that particular species. For example, the iso-
lated nucleic acid provided herein can be designed to have
codons that are preferentially used by a particular organism of
interest.

The invention also provides isolated nucleic acid that is at
least about 12 bases in length (e.g., at least about 13, 14, 15,
16,17,18,19,20, 25,30, 40, 50, 60, 100, 250, 500, 750, 1000,
1500, 2000, 3000, 4000, or 5000 bases in length) and hybrid-
izes, under hybridization conditions, to the sense or antisense
strand of a nucleic acid having the sequence set forth in SEQ
IDNO:1,9,17,25,33,34,36,38,40,42,129, 140, 142, 162,
or 163. The hybridization conditions can be moderately or
highly stringent hybridization conditions.

The invention provides polypeptides that contain the entire
amino acid sequence set forthin SEQ ID NO:2, 10, 18, 26,35,
37,139, 41, 141, 160, or 161. In addition, the invention pro-
vides polypeptides that contain a portion of the amino acid
sequence set forth in SEQ ID NO:2, 10, 18, 26,35,37,39, 41,
141, 160, or 161. For example, the invention provides
polypeptides that contain a 15 amino acid sequence identical
to any 15 amino acid sequence set forth in SEQ ID NO:2, 10,
18, 26, 35, 37, 39, 41, 141, 160, or 161 including, without

20

25

30

35

40

45

50

55

60

65

22

limitation, the sequence starting at amino acid residue num-
ber 1 and ending at amino acid residue number 15, the
sequence starting at amino acid residue number 2 and ending
at amino acid residue number 16, the sequence starting at
amino acid residue number 3 and ending at amino acid resi-
due number 17, and so forth. It will be appreciated that the
invention also provides polypeptides that contain an amino
acid sequencethat is greater than 15 amino acid residues (e.g.,
16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, or
more amino acid residues) in length and identical to any
portion of the sequence set forth in SEQ ID NO:2, 10, 18, 26,
35,37, 39, 41, 141, 160, or 161. For example, the invention
provides polypeptides that contain a 25 amino acid sequence
identical to any 25 amino acid sequence set forth in SEQ ID
NO:2, 10, 18, 26, 35,37, 39, 41, 141, 160, or 161 including,
without limitation, the sequence starting at amino acid resi-
due number 1 and ending at amino acid residue number 25,
the sequence starting at amino acid residue number 2 and
ending at amino acid residue number 26, the sequence start-
ing at amino acid residue number 3 and ending at amino acid
residue number 27, and so forth. Additional examples
include, without limitation, polypeptides that contain an
amino acid sequence that is 50 or more amino acid residues
(e.g., 100, 150,200, 250,300, or more amino acid residues) in
length and identical to any portion of the sequence set forth in
SEQ ID NO:2, 10, 18, 26, 35, 37, 39, 41, 141, 160, or 161.
Such polypeptides can include, without limitation, those
polypeptides containing an amino acid sequence represented
in a single line of sequence depicted in FIG. 7,11, 15, 19, 24,
26, 28, 30, or 50 since each line of sequence depicted in these
figures, with the possible exception of the last line, provides
an amino acid sequence containing at least 50 residues.

In addition, the invention provides polypeptides that have
an amino acid sequence having a variation of the amino acid
sequence set forth in SEQ ID NO:2, 10, 18, 26, 35,37,39, 41,
141, 160, or 161. For example, the invention provides
polypeptides containing an amino acid sequence set forth in
SEQIDNO:2, 10, 18, 26,35,37,39,41, 141, 160, or 161 that
contains a single insertion, a single deletion, a single substi-
tution, multiple insertions, multiple deletions, multiple sub-
stitutions, or any combination thereof (e.g., single deletion
together with multiple insertions). Such polypeptides can
contain an amino acid sequence that shares at least 60, 65, 70,
75, 80, 85, 90, 95, 97, 98, or 99 percent sequence identity with
a sequence set forth in SEQ ID NO:2, 10, 18, 26, 35, 37, 39,
41,141, 160, or 161.

The invention provides multiple examples of polypeptides
containing an amino acid sequence having a variation of an
amino acid sequence set forthin SEQ ID NO:2, 10, 18, 26,35,
37, 39, 41, 141, 160, or 161. For example, FIGS. 9A-9B
provides the amino acid sequence set forth in SEQ ID NO:2
aligned with three other amino acid sequences. Examples of
variations of the sequence set forth in SEQ ID NO:2 include,
without limitation, any variation of the sequence set forth in
SEQ ID NO:2 provided in FIGS. 9A-9B. Such variations are
provided in FIGS. 9A-9B in that a comparison of the amino
acid residue (or lack thereof) at a particular position of the
sequence set forth in SEQ ID NO:2 with the amino acid
residue (or lack thereof) at the same aligned position of any of
the other three amino acid sequences of FIGS. 9A-9B (i.e.,
SEQIDNOs:6,7, and 8) provides a list of specific changes for
the sequence set forth in SEQ ID NO:2. For example, the “k”
at position 17 of SEQ ID NO:2 can be substituted with a “p”
or “h” as indicated in FIGS. 9A-9B. As also indicated in
FIGS. 9A-9B, the “v” at position 125 of SEQ ID NO:2 can be
substituted with an “1” or “f”. It will be appreciated that the
sequence set forth in SEQ ID NO:2 can contain any number of
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variations as well as any combination of types of variations.
For example, the sequence set forth in SEQ ID NO:2 can
contain one variation provided in FIGS. 9A-9B or more than
one(e.g.,2,3,4,5,6,7,8,9,10, 15, 20,25, 50, 100, or more)
of'the variations provided in FIGS. 9A-9B. It is noted that the
amino acid sequences provided in FIGS. 9A-9B can be
polypeptides having CoA transferase activity.

The invention also provides polypeptides containing an
amino acid sequence that contains a variant of a portion of the
sequence set forth in SEQ ID NO:2 as depicted in FIGS.
9A-9B and described herein.

Likewise, FIG. 13 provides variations of SEQ ID NO:10
and portions thereof; FIG. 17 provides variations of SEQ ID
NO:18 and portions thereof; FIG. 21 provides variations of
SEQ ID NO:26 and portions thereof; FIG. 33 provides varia-
tions of SEQ ID NO:41 and portions thereof; FIGS. 40, 41,
and 42 provide variations of SEQ ID NO:39; and FIGS.
52A-52D provide variations of SEQ ID NO:141 and portions
thereof.

Polypeptides having a variant amino acid sequence can
retain enzymatic activity. Such polypeptides can be produced
by manipulating the nucleotide sequence encoding a
polypeptide using standard procedures such as site-directed
mutagenesis or PCR. One type of modification includes the
substitution of one or more amino acid residues for amino
acid residues having a similar biochemical property. For
example, a polypeptide can have an amino acid sequence set
forth in SEQ ID NO:2, 10, 18, 26, 35,37, 39, 41, 141, 160, or
161 with one or more conservative substitutions.

More substantial changes can be obtained by selecting
substitutions that are less conservative than those in Table 1,
i.e., selecting residues that differ more significantly in their
effect on maintaining: (a) the structure of the polypeptide
backbone in the area of the substitution, for example, as a
sheet or helical conformation; (b) the charge or hydrophobic-
ity of the polypeptide at the target site; or (c) the bulk of the
side chain. The substitutions that in general are expected to
produce the greatest changes in polypeptide function are
those in which: (a) a hydrophilic residue, e.g., serine or threo-
nine, is substituted for (or by) a hydrophobic residue, e.g.,
leucine, isoleucine, phenylalanine, valine or alanine; (b) a
cysteine or proline is substituted for (or by) any other residue;
(c) aresidue having an electropositive side chain, e.g., lysine,
arginine, or histidine, is substituted for (or by) an electrone-
gative residue, e.g., glutamic acid or aspartic acid; or (d) a
residue having a bulky side chain, e.g., phenylalanine, is
substituted for (or by) one not having a side chain, e.g.,
glycine. The effects of these amino acid substitutions (or
other deletions or additions) can be assessed for polypeptides
having enzymatic activity by analyzing the ability of the
polypeptide to catalyze the conversion of the same substrate
as the related native polypeptide to the same product as the
related native polypeptide. Accordingly, polypeptides having
5, 10, 20, 30, 40, 50 or fewer conservative substitutions are
provided by the invention.

Polypeptides and nucleic acid encoding polypeptide can be
produced by standard DNA mutagenesis techniques, for
example, M13 primer mutagenesis. Details of these tech-
niques are provided in Sambrook et al. (ed.), Molecular Clon-
ing: A Laboratory Manual 2nd ed., vol. 1-3, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y., 1989,
Ch. 15. Nucleic acid molecules can contain changes of a
coding region to fit the codon usage bias of the particular
organism into which the molecule is to be introduced.

Alternatively, the coding region can be altered by taking
advantage of the degeneracy of the genetic code to alter the
coding sequence in such a way that, while the nucleic acid
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sequence is substantially altered, it nevertheless encodes a
polypeptide having an amino acid sequence identical or sub-
stantially similar to the native amino acid sequence. For
example, the ninth amino acid residue of the sequence set
forth in SEQ ID NO: 2 is alanine, which is encoded in the
open reading frame by the nucleotide codon triplet GCT.
Because of the degeneracy of the genetic code, three other
nucleotide codon triplets—GCA, GCC, and GCG—also
code for alanine. Thus, the nucleic acid sequence of the open
reading frame can be changed at this position to any of these
three codons without affecting the amino acid sequence of the
encoded polypeptide or the characteristics of the polypeptide.
Based upon the degeneracy of the genetic code, nucleic acid
variants can be derived from a nucleic acid sequence dis-
closed herein using standard DNA mutagenesis techniques as
described herein, or by synthesis of nucleic acid sequences.
Thus, this invention also encompasses nucleic acid molecules
that encode the same polypeptide but vary in nucleic acid
sequence by virtue of the degeneracy of the genetic code.

IV. Methods of Making 3-HP and Other Organic
Acids

Each step provided in the pathways depicted in FIGS. 1-5,
43-44, 54, and 55 can be performed within a cell (in vivo) or
outside a cell (in vitro, e.g., in a container or column). Addi-
tionally, the organic acid products can be generated through a
combination of in vivo synthesis and in vitro synthesis. More-
over, the in vitro synthesis step, or steps, can be via chemical
reaction or enzymatic reaction.

For example, a microorganism provided herein can be used
to perform the steps provided in FIG. 1, or an extract contain-
ing polypeptides having the indicated enzymatic activities
can be used to perform the steps provided in FIG. 1. In
addition, chemical treatments can be used to perform the
conversions provided in FIGS. 1-5, 43-44, 54, and 55. For
example, acrylyl-CoA can be converted into acrylate by
hydrolysis. Other chemical treatments include, without limi-
tation, trans esterification to convert acrylate into an acrylate
ester.

Carbon sources suitable as starting points for bioconver-
sion include carbohydrates and synthetic intermediates.
Examples of carbohydrates which cells are capable of
metabolizing to pyruvate include sugars such as dextrose,
triglycerides, and fatty acids.

Additionally, intermediate chemical products can be start-
ing points. For example, acetic acid and carbon dioxide can be
introduced into a fermentation broth. Acetyl-CoA, malonyl-
CoA, and 3-HP can be sequentially produced using a
polypeptide having CoA synthase activity, a polypeptide hav-
ing acetyl-CoA carboxylase activity, and a polypeptide hav-
ing malonyl-CoA reductase activity. Other useful intermedi-
ate chemical starting points can include propionic acid,
acrylic acid, lactic acid, pyruvic acid, and [-alanine.

A. Expression of Polypeptides

The polypeptides described herein can be produced indi-
vidually in a host cell or in combination in a host cell. More-
over, the polypeptides having a particular enzymatic activity
can be a polypeptide that is either naturally-occurring or
non-naturally-occurring. A naturally-occurring polypeptide
is any polypeptide having an amino acid sequence as found in
nature, including wild-type and polymorphic polypeptides.
Such naturally-occurring polypeptides can be obtained from
any species including, without limitation, animal (e.g., mam-
malian), plant, fungal, and bacterial species. A non-naturally-
occurring polypeptide is any polypeptide having an amino
acid sequence that is not found in nature. Thus, a non-natu-
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rally-occurring polypeptide can be a mutated version of a
naturally-occurring polypeptide, or an engineered polypep-
tide. For example, a non-naturally-occurring polypeptide
having 3-hydroxypropionyl-CoA dehydratase activity can be
a mutated version of a naturally-occurring polypeptide hav-
ing 3-hydroxypropionyl-CoA dehydratase activity that
retains at least some 3-hydroxypropionyl-CoA dehydratase
activity. A polypeptide can be mutated by, for example,
sequence additions, deletions, substitutions, or combinations
thereof.

The invention provides genetically modified cells that can
be used to perform one or more steps of the steps in the
metabolic pathways described herein or the genetically modi-
fied cells can be used to produce the disclosed polypeptides
for subsequent use in vitro. For example, an individual micro-
organism can contain exogenous nucleic acid such that each
of'the polypeptides necessary to perform the steps depicted in
FIG. 1, 2, 3, 4, 5, 43, 44, 54, or 55 are expressed. It is
important to note that such cells can contain any number of
exogenous nucleic acid molecules. For example, a particular
cell can contain six exogenous nucleic acid molecules with
each one encoding one of the six polypeptides necessary to
convert lactate into 3-HP as depicted in FIG. 1, or a particular
cell can endogenously produce polypeptides necessary to
convert lactate into acrylyl-CoA while containing exogenous
nucleic acid that encodes polypeptides necessary to convert
acrylyl-CoA into 3-HP.

In addition, a single exogenous nucleic acid molecule can
encode one or more than one polypeptide. For example, a
single exogenous nucleic acid molecule can contain
sequences that encode three different polypeptides. Further,
the cells described herein can contain a single copy, or mul-
tiple copies (e.g., about 5, 10, 20, 35, 50, 75, 100 or 150
copies), of a particular exogenous nucleic acid molecule. For
example, a particular cell can contain about 50 copies of the
constructs depicted in FIG. 34, 35, 36, 37, 38, or 45. Again,
the cells described herein can contain more than one particu-
lar exogenous nucleic acid molecule. For example, a particu-
lar cell can contain about 50 copies of exogenous nucleic acid
molecule X as well as about 75 copies of exogenous nucleic
acid molecule Y.

In another embodiment, a cell within the scope of the
invention can contain an exogenous nucleic acid molecule
that encodes a polypeptide having 3-hydroxypropionyl-CoA
dehydratase activity. Such cells can have any level of 3-hy-
droxypropionyl-CoA dehydratase activity. For example, a
cell containing an exogenous nucleic acid molecule that
encodes a polypeptide having 3-hydroxypropionyl-CoA
dehydratase activity can have 3-hydroxypropionyl-CoA
dehydratase activity with a specific activity greater than about
1 mg 3-HP-CoA formed per gram dry cell weight per hour
(e.g., greater than about 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
125, 150, 200, 250, 300, 350, 400, 500, or more mg 3-HP-
CoA formed per gram dry cell weight per hour). Alterna-
tively, a cell can have 3-hydroxypropionyl-CoA dehydratase
activity such that a cell extract from 1x10° cells has a specific
activity greater than about 1 pg 3-HP-CoA formed per mg
total protein per 10 minutes (e.g., greater than about 10, 20,
30, 40, 50, 60, 70, 80, 90, 100, 125, 150, 200, 250, 300, 350,
400, 500, or more pug 3-HP-CoA formed per mg total protein
per 10 minutes).

A nucleic acid molecule encoding a polypeptide having
enzymatic activity can be identified and obtained using any
method such as those described herein. For example, nucleic
acid molecules that encode a polypeptide having enzymatic
activity can be identified and obtained using common
molecular cloning or chemical nucleic acid synthesis proce-
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dures and techniques, including PCR. In addition, standard
nucleic acid sequencing techniques and software programs
that translate nucleic acid sequences into amino acid
sequences based on the genetic code can be used to determine
whether or not a particular nucleic acid has any sequence
homology with known enzymatic polypeptides. Sequence
alignment software such as MEGALIGN® (DNASTAR,
Madison, Wis., 1997) can be used to compare various
sequences. In addition, nucleic acid molecules encoding
known enzymatic polypeptides can be mutated using com-
mon molecular cloning techniques (e.g., site-directed
mutagenesis). Possible mutations include, without limitation,
deletions, insertions, and base substitutions, as well as com-
binations of deletions, insertions, and base substitutions. Fur-
ther, nucleic acid and amino acid databases (e.g., GenBank®)
can be used to identify a nucleic acid sequence that encodes a
polypeptide having enzymatic activity. Briefly, any amino
acid sequence having some homology to a polypeptide hav-
ing enzymatic activity, or any nucleic acid sequence having
some homology to a sequence encoding a polypeptide having
enzymatic activity can be used as a query to search Gen-
Bank®. The identified polypeptides then can be analyzed to
determine whether or not they exhibit enzymatic activity.

In addition, nucleic acid hybridization techniques can be
used to identify and obtain a nucleic acid molecule that
encodes a polypeptide having enzymatic activity. Briefly, any
nucleic acid molecule that encodes a known enzymatic
polypeptide, or fragment thereof, can be used as a probe to
identify similar nucleic acid molecules by hybridization
under conditions of moderate to high stringency. Such similar
nucleic acid molecules then can be isolated, sequenced, and
analyzed to determine whether the encoded polypeptide has
enzymatic activity.

Expression cloning techniques also can be used to identify
and obtain a nucleic acid molecule that encodes a polypeptide
having enzymatic activity. For example, a substrate known to
interact with a particular enzymatic polypeptide can be used
to screen a phage display library containing that enzymatic
polypeptide. Phage display libraries can be generated as
described elsewhere (Burritt et al., Anal. Biochem. 238:1-13
(1990)), or can be obtained from commercial suppliers such
as Novagen (Madison, Wis.).

Further, polypeptide sequencing techniques can be used to
identify and obtain a nucleic acid molecule that encodes a
polypeptide having enzymatic activity. For example, a puri-
fied polypeptide can be separated by gel electrophoresis, and
its amino acid sequence determined by, for example, amino
acid microsequencing techniques. Once determined, the
amino acid sequence can be used to design degenerate oligo-
nucleotide primers. Degenerate oligonucleotide primers can
beused to obtain the nucleic acid encoding the polypeptide by
PCR. Once obtained, the nucleic acid can be sequenced,
cloned into an appropriate expression vector, and introduced
into a microorganism.

Any method can be used to introduce an exogenous nucleic
acid molecule into a cell. In fact, many methods for introduc-
ing nucleic acid into microorganisms such as bacteria and
yeast are well known to those skilled in the art. For example,
heat shock, lipofection, electroporation, conjugation, fusion
of'protoplasts, and biolistic delivery are common methods for
introducing nucleic acid into bacteria and yeast cells. See,
e.g., Itoetal.,J. Bacterol. 153:163-168 (1983); Durrens etal.,
Curr. Genet. 18:7-12(1990); and Becker and Guarente, Meth-
ods in Enzymology 194:182-187 (1991).

An exogenous nucleic acid molecule contained within a
particular cell of the invention can be maintained within that
cell in any form. For example, exogenous nucleic acid mol-
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ecules can be integrated into the genome of the cell or main-
tained in an episomal state. In other words, a cell of the
invention can be a stable or transient transformant. Again, a
microorganism described herein can contain a single copy, or
multiple copies (e.g., about 5, 10, 20, 35, 50, 75, 100 or 150
copies), of a particular exogenous nucleic acid molecule as
described herein.

Methods for expressing an amino acid sequence from an
exogenous nucleic acid molecule are well known to those
skilled in the art. Such methods include, without limitation,
constructing a nucleic acid such that a regulatory element
promotes the expression of a nucleic acid sequence that
encodes a polypeptide. Typically, regulatory elements are
DNA sequences that regulate the expression of other DNA
sequences at the level of transcription. Thus, regulatory ele-
ments include, without limitation, promoters, enhancers, and
the like. Any type of promoter can be used to express an amino
acid sequence from an exogenous nucleic acid molecule.
Examples of promoters include, without limitation, constitu-
tive promoters, tissue-specific promoters, and promoters
responsive or unresponsive to a particular stimulus (e.g.,
light, oxygen, chemical concentration, and the like). More-
over, methods for expressing a polypeptide from an exog-
enous nucleic acid molecule in cells such as bacterial cells
and yeast cells are well known to those skilled in the art. For
example, nucleic acid constructs that are capable of express-
ing exogenous polypeptides within E. coli are well known.
See, e.g., Sambrook et al., Molecular cloning: a laboratory
manual, Cold Spring Harbour Laboratory Press, New York,
USA, second edition (1989).

B. Production of Organic Acids and Related Products Via
Host Cells

The nucleic acid and amino acid sequences provided
herein can be used with cells to produce 3-HP and/or other
organic compounds such as 1,3-propanediol, acrylic acid,
polymerized acrylate, esters of acrylate, esters of 3-HP, and
polymerized 3-HP. Such cells can be from any species includ-
ing those listed within the taxonomy web pages at the
National Institute of Health sponsored by the United States
government (www.ncbi.nlm.nih.gov). The cells can be
eukaryotic or prokaryotic. For example, genetically modified
cells of the invention can be mammalian cells (e.g., human,
murine, and bovine cells), plant cells (e.g., corn, wheat, rice,
and soybean cells), fungal cells (e.g., Aspergillus and Rhizo-
pus cells), yeast cells, or bacterial cells (e.g., Lactobacillus,
Lactococcus, Bacillus, Escherichia, and Clostridium cells). A
cell of the invention also can be a microorganism. The term
“microorganism” as used herein refers to any microscopic
organism including, without limitation, bacteria, algae, fungi,
and protozoa. Thus, E. coli, S. cerevisiae, Kluveromyces lac-
tis, Candida blankii, Candida rugosa, and Pichia postoris are
considered microorganisms and can be used as described
herein.

Typically, a cell of the invention is genetically modified
such that a particular organic compound is produced. In one
embodiment, the invention provides cells that make 3-HP
from PEP. Examples of biosynthetic pathways that can be
used by cells to make 3-HP are shown in FIGS. 1-5, 43-44, 54,
and 55.

Generally, cells that are genetically modified to synthesize
a particular organic compound contain one or more exog-
enous nucleic acid molecules that encode polypeptides hav-
ing specific enzymatic activities. For example, a microorgan-
ism can contain exogenous nucleic acid that encodes a
polypeptide having 3-hydroxypropionyl-CoA dehydratase
activity. In this case, acrylyl-CoA can be converted into 3-hy-
droxypropionic acid-CoA which can lead to the production of
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3-HP. Itis noted that a cell can be given an exogenous nucleic
acid molecule that encodes a polypeptide having an enzy-
matic activity that catalyzes the production of a compound
not normally produced by that cell. Alternatively, a cell can be
given an exogenous nucleic acid molecule that encodes a
polypeptide having an enzymatic activity that catalyzes the
production of a compound that is normally produced by that
cell. In this case, the genetically modified cell can produce
more of the compound, or can produce the compound more
efficiently, than a similar cell not having the genetic modifi-
cation.

In one embodiment, the invention provides a cell contain-
ing an exogenous nucleic acid molecule that encodes a
polypeptide having enzymatic activity that leads to the for-
mation of 3-HP. It is noted that the produced 3-HP can be
secreted from the cell, eliminating the need to disrupt cell
membranes to retrieve the organic compound. Typically, the
cell of the invention produces 3-HP with the concentration
being at least about 100 mg per L (e.g., at least about 1 g/, 5
g/L, 10 g/L, 25 g/L, 50 g/L, 75 g/L, 80 g/L,, 90 g/L, 100 g/L,
or 120 g/I.). When determining the yield of an organic com-
pound such as 3-HP for a particular cell, any method can be
used. See, e.g., Applied Environmental Microbiology 59(12):
4261-4265 (1993). Typically, a cell within the scope of the
invention such as a microorganism catabolizes a hexose car-
bon source such as glucose. A cell, however, can catabolize a
variety of carbon sources such as pentose sugars (e.g., ribose,
arabinose, xylose, and lyxose), fatty acids, acetate, or glyc-
erols. In other words, a cell within the scope of the invention
can utilize a variety of carbon sources.

As described herein, a cell within the scope of the invention
can contain an exogenous nucleic acid molecule that encodes
a polypeptide having enzymatic activity that leads to the
formation of 3-HP or other organic compounds such as 1,3-
propanediol, acrylic acid, poly-acrylate, acrylate-esters,
3-HP-esters, and poly-3-HP. Methods of identifying cells that
contain exogenous nucleic acid are well known to those
skilled in the art. Such methods include, without limitation,
PCR and nucleic acid hybridization techniques such as
Northern and Southern analysis (see hybridization described
herein). In some cases, immunohisto-chemistry and bio-
chemical techniques can be used to determine if a cell con-
tains a particular nucleic acid by detecting the expression of
the polypeptide encoded by that particular nucleic acid mol-
ecule. For example, an antibody having specificity for a
polypeptide can be used to determine whether or not a par-
ticular cell contains nucleic acid encoding that polypeptide.
Further, biochemical techniques can be used to determine if a
cell contains a particular nucleic acid molecule encoding a
polypeptide having enzymatic activity by detecting an
organic product produced as a result of the expression of the
polypeptide having enzymatic activity. For example, detec-
tion of 3-HP after introduction of exogenous nucleic acid that
encodes a polypeptide having 3-hydroxypropionyl-CoA
dehydratase activity into a cell that does not normally express
such a polypeptide can indicate that that cell not only contains
the introduced exogenous nucleic acid molecule but also
expresses the encoded polypeptide from that introduced
exogenous nucleic acid molecule. Methods for detecting spe-
cific enzymatic activities or the presence of particular organic
products are well known to those skilled in the art. For
example, the presence of an organic compound such as 3-HP
can be determined as described elsewhere. See, Sullivan and
Clarke, J. Assoc. Offic. Agr. Chemists, 38:514-518 (1955).

C. Cells with Reduced Polypeptide Activity

The invention also provides genetically modified cells hav-
ing reduced polypeptide activity. The term “reduced” as used
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herein with respect to a cell and a particular polypeptide’s
activity refers to a lower level of activity than that measured in
a comparable cell of the same species. For example, a par-
ticular microorganism lacking enzymatic activity X is con-
sidered to have reduced enzymatic activity X if a comparable
microorganism has at least some enzymatic activity X. It is
noted that a cell can have the activity of any type of polypep-
tide reduced including, without limitation, enzymes, tran-
scription factors, transporters, receptors, signal molecules,
and the like. For example, a cell can contain an exogenous
nucleic acid molecule that disrupts a regulatory and/or coding
sequence of a polypeptide having pyruvate decarboxylase
activity or alcohol dehydrogenase activity. Disrupting pyru-
vate decarboxylase and/or alcohol dehydrogenase expression
can lead to the accumulation of lactate as well as products
produced from lactate such as 3-HP, 1,3-propanediol, acrylic
acid, poly-acrylate, acrylate-esters, 3-HP-esters, and poly-3-
HP. It is also noted that reduced polypeptide activities can be
the result of lower polypeptide concentration, lower specific
activity of a polypeptide, or combinations thereof. Many dif-
ferent methods can be used to make a cell having reduced
polypeptide activity. For example, a cell can be engineered to
have a disrupted regulatory sequence or polypeptide-encod-
ing sequence using common mutagenesis or knock-out tech-
nology. See, e.g., Methods in Yeast Genetics (1997 edition),
Adams, Gottschling, Kaiser, and Sterns, Cold Spring Harbor
Press (1998). Alternatively, antisense technology can be used
to reduce the activity of a particular polypeptide. For
example, a cell can be engineered to contain a cDNA that
encodes an antisense molecule that prevents a polypeptide
from being translated. The term “antisense molecule” as used
herein encompasses any nucleic acid molecule or nucleic acid
analog (e.g., peptide nucleic acids) that contains a sequence
that corresponds to the coding strand of an endogenous
polypeptide. An antisense molecule also can have flanking
sequences (e.g., regulatory sequences). Thus, antisense mol-
ecules can be ribozymes or antisense oligonucleotides. A
ribozyme can have any general structure including, without
limitation, hairpin, hammerhead, or axhead structures, pro-
vided the molecule cleaves RNA. Further, gene silencing can
be used to reduce the activity of a particular polypeptide.

A cell having reduced activity of a polypeptide can be
identified using any method. For example, enzyme activity
assays such as those described herein can be used to identify
cells having a reduced enzyme activity.

A polypeptide having (1) the amino acid sequence set forth
in SEQ ID NO:39 (the OS17 polypeptide) or (2) an amino
acid sequence sharing at least about 60 percent sequence
identity with the amino acid sequence set forth in SEQ ID
NO:39 can have three functional domains: a domain having
CoA-synthetase activity, a domain having 3-HP-CoA dehy-
dratase activity, and a domain having CoA-reductase activity.
Such polypeptides can be selectively modified by mutating
and/or deleting domains such that one or two of the enzymatic
activities are reduced. Reducing the dehydratase activity of
the OS17 polypeptide can cause acrylyl-CoA to be created
from propionyl-CoA. The acrylyl-CoA then can be contacted
with a polypeptide having CoA hydrolase activity to produce
acrylate from propionate (FIG. 43). Similarly, acrylyl-CoA
can be created from 3-HP by using, for example, an OS17
polypeptide having reduced reductase activity.

D. Production of Organic Acids and Related Products Via
In Vitro Techniques

In addition, purified polypeptides having enzymatic activ-
ity can be used alone or in combination with cells to produce
3-HP or other organic compounds such as 1,3-propanediol,
acrylic acid, polymerized acrylate, esters of acrylate, esters of
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3-HP, and polymerized 3-HP. For example, a preparation
containing a substantially pure polypeptide having 3-hydrox-
ypropionyl-CoA dehydratase activity can be used to catalyze
the formation of 3-HP-CoA, a precursor to 3-HP. Further,
cell-free extracts containing a polypeptide having enzymatic
activity can be used alone or in combination with purified
polypeptides and/or cells to produce 3-HP. For example, a
cell-free extract containing a polypeptide having CoA trans-
ferase activity can be used to form lactyl-CoA, while a micro-
organism containing polypeptides having the enzymatic
activities necessary to catalyze the reactions needed to form
3-HP from lactyl-CoA can be used to produce 3-HP. Any
method can be used to produce a cell-free extract. For
example, osmotic shock, sonication, and/or a repeated freeze-
thaw cycle followed by filtration and/or centrifugation can be
used to produce a cell-free extract from intact cells.

It is noted that a cell, purified polypeptide, and/or cell-free
extract can be used to produce 3-HP that is, in turn, treated
chemically to produce another compound. For example, a
microorganism can be used to produce 3-HP, while a chemi-
cal process is used to modify 3-HP into a derivative such as
polymerized 3-HP or an ester of 3-HP. Likewise, a chemical
process can be used to produce a particular compound that is,
in turn, converted into 3-HP or other organic compound (e.g.,
1,3-propanediol, acrylic acid, polymerized acrylate, esters of
acrylate, esters of 3-HP, and polymerized 3-HP) using a cell,
substantially pure polypeptide, and/or cell-free extract
described herein. For example, a chemical process can be
used to produce acrylyl-CoA, while a microorganism can be
used to convert acrylyl-CoA into 3-HP.

E. Fermentation of Cells to Produce Organic Acids

Typically, 3-HP is produced by providing a production cell,
such as a microorganism, and culturing the microorganism
with culture medium such that 3-HP is produced. In general,
the culture media and/or culture conditions can be such that
the microorganisms grow to an adequate density and produce
3-HP efficiently. For large-scale production processes, any
method can be used such as those described elsewhere
(Manual of Industrial Microbiology and Biotechnology, 2"¢
Edition, Editors: A. L. Demain and J. E. Davies, ASM Press;
and Principles of Fermentation Technology, P. F. Stanbury
and A. Whitaker, Pergamon). Briefly, a large tank (e.g., a 100
gallon, 200 gallon, 500 gallon, or more tank) containing
appropriate culture medium with, for example, a glucose
carbon source is inoculated with a particular microorganism.
After inoculation, the microorganisms are incubated to allow
biomass to be produced. Once a desired biomass is reached,
the broth containing the microorganisms can be transferred to
asecond tank. This second tank can be any size. For example,
the second tank can be larger, smaller, or the same size as the
first tank. Typically, the second tank is larger than the first
such that additional culture medium can be added to the broth
from the first tank. In addition, the culture medium within this
second tank can be the same as, or different from, that used in
the first tank. For example, the first tank can contain medium
with xylose, while the second tank contains medium with
glucose.

Once transferred, the microorganisms can be incubated to
allow for the production of 3-HP. Once produced, any method
can be used to isolate the 3-HP. For example, common sepa-
ration techniques can be used to remove the biomass from the
broth, and common isolation procedures (e.g., extraction,
distillation, and ion-exchange procedures) can be used to
obtain the 3-HP from the microorganism-free broth. In addi-
tion, 3-HP can be isolated while it is being produced, or it can
be isolated from the broth after the product production phase
has been terminated.
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F. Products Created from the Disclosed Biosynthetic
Routes

The organic compounds produced from any of the steps
provided in FIGS. 1-5, 43-44, 54, and 55 can be chemically
converted into other organic compounds. For example, 3-HP
can be hydrogenated to form 1,3 propanediol, a valuable
polyester monomer. Hydrogenating an organic acid such as
3-HP can be performed using any method such as those used
to hydrogenate succinic acid and/or lactic acid. For example,
3-HP can be hydrogenated using a metal catalyst. In another
example, 3-HP can be dehydrated to form acrylic acid. Any
method can be used to perform a dehydration reaction. For
example, 3-HP can be heated in the presence of a catalyst
(e.g., a metal or mineral acid catalyst) to form acrylic acid.
Propanediol also can be created using polypeptides having
oxidoreductase activity (e.g., enzymes in the 1.1.1.-class of
enzymes) in vitro or in vivo.

V. Overview of Methodology Used to Create
Biosynthetic Pathways that Make 3-HP from PEP

The invention provides methods of making 3-HP and
related products from PEP via the use of biosynthetic path-
ways. [llustrative examples include methods involving the
production of 3-HP via a lactate intermediate, a malonyl-CoA
intermediate, and a -alanine intermediate.

A. Biosynthetic Pathway for Making 3-HP Through a Lac-
tic Acid Intermediate

A biosynthetic pathway that allows for the production of
3-HP from PEP was constructed (FIG. 1). This pathway
involved using several polypeptides that were cloned and
expressed as described herein. M. elsdenii cells (ATCC
17753) were used as a source of genomic DNA. Primers were
used to identify and clone a nucleic acid sequence encoding a
polypeptide having CoA transferase activity (SEQIDNO: 1).
The polypeptide was subsequently tested for enzymatic activ-
ity and found to have CoA transferase activity.

Similarly, PCR primers were used to identify nucleic acid
sequences from M. elsdenii genomic DNA thatencoded an E1
activator, E2a, and E2p polypeptides (SEQ ID NOs: 9, 17,
and 25, respectively). These polypeptides were subsequently
shown to have lactyl-CoA dehydratase activity.

Chloroflexus aurantiacus cells (ATCC 29365) were used
as a source of genomic DNA. Initial cloning led to the iden-
tification of nucleic acid sequences: OS17 (SEQ ID NO: 129)
and OS19 (SEQ ID NO: 40). Subsequence assays revealed
that OS17 encodes a polypeptide having CoA synthase activ-
ity, dehydratase activity, and dehydrogenase activity (propio-
nyl-CoA synthetase). Subsequence assays also revealed that
OS19 encodes a polypeptide having 3-hydroxypropionyl-
CoA dehydratase activity (also referred to as acrylyl-CoA
hydratase activity).

Several operons were constructed for use in E. coli. These
operons allow for the production of 3-HP in bacterial cells.
Additional experiments allowed for the expression of these
polypeptide in yeast, which can be used to produce 3-HP.

B. Biosynthetic Pathway for Making 3-HP Through a
Malonyl-CoA Intermediate

Another pathway leading to the production of 3-HP from
PEP was constructed. This pathway used a polypeptide hav-
ing acetyl CoA carboxylase activity that was isolated from F.
coli (Example 9), and a polypeptide having malonyl-CoA
reductase activity that was isolated from Chloroflexus auran-
tiacus (Example 10). The combination of these two polypep-
tides allows for the production of 3-HP from acetyl-CoA
(FIG. 44).
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Nucleic acid encoding a polypeptide having malonyl-CoA
reductase activity (SEQ ID NO:140) was cloned, sequenced,
and expressed. The polypeptide having malonyl-CoA reduc-
tase activity was then used to make 3-HP.

C. Biosynthetic Pathways for Making 3-HP Through a
[p-Alanine Intermediate

In general, prokaryotes and eukaryotes metabolize glucose
via the Embden-Meyerhof-Parnas pathway to PEP, a central
metabolite in carbon metabolism. The PEP generated from
glucose is either carboxylated to oxaloacetate or is converted
to pyruvate. Carboxylation of PEP to oxaloacetate can be
catalyzed by a polypeptide having PEP carboxylase activity,
a polypeptide having PEP carboxykinase activity, or a
polypeptide having PEP transcarboxylase activity. Pyruvate
that is generated from PEP by a polypeptide having pyruvate
kinase activity can also be converted to oxaloacetate by a
polypeptide having pyruvate carboxylase activity.

Oxaloacetate generated either from PEP or pyruvate can
act as a precursor for production of aspartic acid. This con-
version can be carried out by a polypeptide having aspartate
aminotransferase activity, which transfers an amino group
from glutamate to oxaloacetate. Glutamate consumed in this
reaction can be regenerated by the action of a polypeptide
having glutamate dehydrogenase activity or by the action of a
polypeptide having 4,4-aminobutyrate aminotransferase
activity. The decarboxylation of aspartate to §-alanine is cata-
lyzed by a polypeptide having aspartate decarboxylase activ-
ity. B-alanine produced through this biochemistry can be con-
verted to 3-HP via two possible pathways. These pathways
are provided in FIGS. 54 and 55.

The steps involved in the production of $-alanine can be the
same for both pathways. These steps can be accomplished by
endogenous polypeptides in the host cells which convert PEP
to f-alanine, or these steps can be accomplished with recom-
binant DNA technology using known polypeptides such as
polypeptides having PEP-carboxykinase activity (4.1.1.32),
aspartate aminotransferase activity (2.6.1.1), and aspartate
alpha-decarboxylase activity (4.1.1.11).

As depicted in FIG. 54, a polypeptide having CoA trans-
ferase activity (e.g., a polypeptide having a sequence set forth
in SEQ ID NO:2) can be used to convert §-alanine to -alanyl-
CoA. p-alanyl-CoA can be converted to acrylyl-CoA via a
polypeptide having [-alanyl-CoA ammonia lyase activity
(e.g., a polypeptide having a sequence set forth in SEQ ID
NO:160). Acrylyl-CoA can be converted to 3-HP-CoA using
a polypeptide having 3-HP-CoA dehydratase activity (e.g., a
polypeptide having a sequence set forth in SEQ ID NO:40).
3-HP-CoA can be converted into 3-HP via a polypeptide
having CoA transferase activity (e.g., a polypeptide having a
sequence set forth in SEQ ID NO:2).

As depicted in FIG. 55, a polypeptide having 4,4-aminobu-
tyrate aminotransferase activity (2.6.1.19) can be used to
convert [3-alanine into malonate semialdehyde. The malonate
semialdehyde can be converted into 3-HP using either a
polypeptide having 3-hydroxypropionate dehydrogenase
activity (1.1.1.59) or a polypeptide having 3-hydroxyisobu-
tyrate dehydrogenase activity.

EXAMPLES
Example 1

Cloning Nucleic Acid Molecules that Encode a
Polypeptide Having CoA Transferase Activity

Genomic DNA was isolated from Megasphaera elsdenii
cells (ATCC 17753) grown in 1053 Reinforced Clostridium
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media under anaerobic conditions at 37° C. in roll tubes for
12-14 hours. Once grown, the cells were pelleted, washed
with 5 m[. of a 10 mM Tris solution, and repelleted. The pellet
was resuspended in 1 mL of Gentra Cell Suspension Solution
to which 14.2 mg of lysozyme and 4 pl. of 20 mg/mL pro-
teinase K solution was added. The cell suspension was incu-
bated at 37° C. for 30 minutes. The genomic DNA was then
isolated using a Gentra Genomic DNA Isolation Kit follow-
ing the provided protocol. The precipitated genomic DNA
was spooled and air-dried for 10 minutes. The genomic DNA
was suspended in 500 ulL of a 10 mM Tris solution and stored
at4°C.

Two degenerate forward (CoAF1 and CoAF2) and three
degenerate reverse (CoAR1, CoAR2, and CoAR3) PCR
primers were designed based on conserved acetoacetyl CoA
transferase and propionate CoA transferase sequences (CoAF
1 5-GAAWSCGGYSCNATYGGYGG-3', SEQ ID NO: 49;
CoAF2 5-TTYTGYG-GYRSBTTYACBGCWGG-3', SEQ
ID NO: 50; CoAR1 5-CCWGCVGTRAAV-SYRCCR-
CARAA-3', SEQ ID NO: 51; CoAR2 5'-AARACDSM-
RCGTTCVGTRA-TRTA-3', SEQ ID NO: 52; and CoAR3
5'-TCRAYRCCSGGWGCRAYTTC-3', SEQ ID NO: 53).
The primers were used in all logical combinations in PCR
using Taq polymerase (Roche Molecular Biochemicals,
Indianapolis, Ind.) and 1 ng of genomic DNA per L. reaction
mix. PCR was conducted using a touchdown PCR program
with 4 cycles at an annealing temperature of 59° C., 4 cycles
at57°C., 4 cycles at 55° C.,and 18 cycles at 52° C. Each cycle
used an initial 30-second denaturing step at 94° C. and a 3
minute extension at 72° C. The program had an initial dena-
turing step for 2 minutes at 94° C. and a final extension step of
4 minutes at 72° C. Time allowed for annealing was 45 sec-
onds. The amounts of PCR primer used in the reactions were
increased 2-8 fold above typical PCR amounts depending on
the amount of degeneracy in the 3' end of the primer. In
addition, separate PCR reactions containing each individual
primer were made to identify PCR products resulting from
single degenerate primers. Each PCR product (25 pl.) was
separated by electrophoresis using a 1% TAE (Tris-acetate-
EDTA) agarose gel.

The CoAF1-CoAR2, CoAF1-CoAR3, CoAF2-CoAR2,
and CoAF2-CoAR3 combinations produced a band of 423,
474,177, and 228 bp, respectively. These bands matched the
sizes based on other CoA transferase sequences. No band was
visible from the individual primer control reactions. The
CoAF1-CoAR3 fragment (474 bp) was isolated and purified
using a Qiagen Gel Extraction Kit (Qiagen Inc., Valencia,
Calif.). Four pL of the purified band was ligated into pCRII
vector and transformed into TOP10 E. coli cells by heat-
shock using a TOPO cloning procedure (Invitrogen, Carls-
bad, Calif.). Transformations were plated on LB media con-
taining 100 pg/ml of ampicillin (Amp) and 50 pg/mL of
5-Bromo-4-Chloro-3-Indolyl-B-D-Galactopyranoside
(X-gal). Single, white colonies were plated onto fresh media
and screened in a PCR reaction using the CoAF1 and CoAR3
primers to confirm the presence of the insert.

Plasmid DNA obtained using a QiaPrep Spin Miniprep Kit
(Qiagen, Inc) was quantified and used for DNA sequencing
with M13R and M13F primers. Sequence analysis revealed
that the CoAF1-CoAR3 fragment shared sequence similarity
with acetoacetyl CoA transferase sequences.

Genome walking was performed to obtain the complete
coding sequence. The following primers for genome walking
in both upstream and downstream directions were designed
using the portion of the 474 bp CoAF1-CoAR3 fragment
sequence that was internal to the degenerate primers
(COAGSPIF 5'-GAATGTTTACTTCTGCGG-CACCT-
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TCAC-3', SEQ ID NO:54; COAGSP2F 5'-GACCAGAT-
CACTTTCAACG-GTTCCTATG-3', SEQ ID NO:55;
COAGSPIR 5'-GCATAGGAACCGTTGAAA-GT-
GATCTGG-3', SEQID NO:56; and COAGSP2R 5'-GTTAG-
TACCGAACTTG-CTGACGTTGATG-3', SEQ ID NO:57).
The COAGSP1F and COAGSP2F primers face downstream,
while the COAGSPIR and COAGSP2R primers face
upstream. In addition, the COAGSP2F and COAGSP2R
primers are nested inside the COAGSP1F and COAGSP1R
primers. Genome walking was performed using the Universal
Genome Walking kit (ClonTech Laboratories, Inc., Palo Alto,
Calif.) with the exception that additional libraries were gen-
erated with enzymes Nru I, Sca I, and Hinc II. First round
PCR was conducted in a Perkin Elmer 2400 Thermocycler
with 7 cycles of 2 seconds at 94° C. and 3 minutes at 72° C.,
and 36 cycles of 2 seconds at 94° C. and 3 minutes at 65° C.
with a final extension at 65° C. for 4 minutes. Second round
PCR used 5 cycles of 2 seconds at 94° C. and 3 minutes at 72°
C., and 20 cycles of 2 seconds at 94° C. and 3 minutes at 65°
C. with a final extension at 65° C. for 4 minutes. The first and
second round product (20 pul.) was separated by electrophore-
sis on a 1% TAE agarose gel. Amplification products were
obtained with the Stu I library for the reverse direction. The
second round product of 1.5 Kb from this library was gel
purified, cloned, and sequenced. Sequence analysis revealed
that the sequence derived from genome walking overlapped
with the CoAF1-CoAR3 fragment and shared sequence simi-
larity with other sequences such as acetoacetyl CoA trans-
ferase sequences (FIGS. 8-9).

Nucleic acid encoding the CoA transferase (propionyl-
CoA transferase or pct) from Megasphaera elsdenii was PCR
amplified from chromosomal DNA using following PCR pro-
gram: 25 cycles of 95° C. for 30 seconds to denature, 50° C.
for 30 seconds to anneal, and 72° C. for 3 minutes for exten-
sion (plus 2 seconds per cycle). The primers used were des-
ignated PCT-1.114 (5-ATGAGAAAAGTAGAAATCAT-
TAC-3'; SEQ ID NO:58) and PCT-2.2045 (5'-
GGCGGAAGTTGACGATAATG-3'; SEQ ID NO:59). The
resulting PCR product (about 2 kb as judged by agarose gel
electrophoresis) was purified using a Qiagen PCR purifica-
tion kit (Qiagen Inc., Valencia, Calif.). The purified product
was ligated to pETBlue-1 using the Perfectly Blunt cloning
Kit (Novagen, Madison, Wis.). The ligation reaction was
transformed into NovaBlue chemically competent cells
(Novagen, Madison, Wis.) that were spread on LB agar plates
supplemented with 50 pg/ml carbenicillin, 40 pg/mL PTG,
and 40 pg/ml. X-Gal. White colonies were isolated and
screened for the presence of inserts by restriction mapping.
Isolates with the correct restriction pattern were sequenced
from each end using the primers pETBlueUP and pETBlue-
DOWN (Novagen) to confirm the sequence at the ligation
points.

The plasmid was transformed into Tuner (DE3) pLacl
chemically competent cells (Novagen, Madison, Wis.), and
expression from the construct tested. Briefly, a culture was
grown overnight to saturation and diluted 1:20 the following
morning in fresh LB medium with the appropriate antibiotics.
The culture was grown at 37° C. with aeration to an OD, of
about 0.6. The culture was induced with IPTG at a final
concentration of 100 uM. The culture was incubated for an
additional two hours at 37° C. with aeration. Aliquots were
taken pre-induction and 2 hours post-induction for SDS-
PAGE analysis. A band of the expected molecular weight
(55,653 Daltons predicted from the sequence) was observed
after IPTG treatment. This band was not observed in cells
containing a plasmid lacking the nucleic acid encoding the
transferase.
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Cell free extracts were prepared to assess enzymatic activ-
ity. Briefly, the cells were harvested by centrifugation and
disrupted by sonication. The sonicated cell suspension was
centrifuged to remove cell debris, and the supernatant was
used in the assays.

Transferase activity was measured in the following assay.
The assay mixture used contained 100 mM potassium phos-
phate bufter (pH 7.0), 200 mM sodium acetate, 1 mM dithio-
bisnitrobenzoate (DTNB), 500 pM oxaloacetate, 25 uM
CoA-ester substrate, and 3 pg/ml citrate synthase. If present,
the CoA transferase transfers the CoA from the CoA ester to
acetate to form acetyl-CoA. The added citrate synthase con-
denses oxaloacetate and acetyl-CoA to form citrate and free
CoASH. The free CoASH complexes with DTNB, and the
formation of this complex can be measured by a change in the
optical density at 412 nm. The activity of the CoA transferase
was measured using the following substrates: lactyl-CoA,
propionyl-CoA, acrylyl-CoA, and 3-hydroxypropionyl-CoA.
The units/mg of protein was calculated using the following
formula:

(AE/min*V*dilution factor)/(¥s*14.2)=units/mL

where AE/min is the change in absorbance per minute at 412
nm, Vis the final volume of the reaction, and Vs is the volume
of sample added. The total protein concentration of the cell
free extract was about 1 mg/mL so the units/ml. equals units/
mg.
Cell free extracts from cells containing nucleic acid encod-
ing the CoA transferase exhibited CoA transferase activity
(Table 2). The observed CoA transferase activity was
detected for the lactyl-CoA, propionyl-CoA, acrylyl-CoA,
and 3-hydroxypropionyl-CoA substrates (Table 2). The high-
est CoA transferase activity was detected for lactyl-CoA and
propionyl-CoA.

TABLE 2
Substrate Units/mg
Lactyl-CoA 211
Propionyl-CoA 144
Acrylyl-CoA 118

3-Hydroxypropionyl-CoA 110

The following assay was performed to test whether the
CoA transferase activity can use the same CoA substrate
donors as recipients. Specifically, CoA transferase activity
was assessed using a Matrix-assisted Laser Desorption/Ion-
ization Time of Flight Mass Spectrometry (MALDI-TOF
MS) Voyager RP workstation (PerSeptive Biosystems). The
following five reactions were analyzed:

1) acetate+lactyl-CoA—=lactate+acetyl-CoA

2) acetate+propionyl-CoA—spropionate+acetyl-CoA

3) lactate+acetyl-CoA—acetate+lactyl-CoA

4) lactate+acrylyl-CoA—acrylate+lactyl-CoA

5) 3-hydroxypropionate+lactyl-CoA—»lactate+3-hydrox-
ypropionyl-CoA

MALDI-TOF MS was used to measure simultaneously the
appearance of the product CoA ester and the disappearance of
the donor CoA ester. The assay buffer contained 50 mM
potassium phosphate (pH 7.0), 1 mM CoA ester, and 100 mM
respective acid salt. Protein from a cell free extract prepared
as described above was added to a final concentration 0o 0.005
mg/mL. A control reaction was prepared from a cell free
extract prepared from cells lacking the construct containing
the CoA transferase-encoding nucleic acid. For each reaction,
the cell free extract was added last to start the reaction. Reac-
tions were allowed to proceed at room temperature and were
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stopped by adding 1 volume 10% trifluroacetic acid (TFA).
The reaction mixtures were purified prior to MALDI-TOF
MS analysis using Sep Pak Vac C,; 50 mg columns (Waters,
Inc.). The columns were conditioned with 1 m[L methanol and
equilibrated with two washes of 1 mL 0.1% TFA. Each
sample was applied to the column, and the flow through was
discarded. The column was washed twice with 1 mL 0.1%
TFA. The sample was eluted in 200 uL. 40% acetonitrile, 0.1%
TFA. The acetonitrile was removed by centrifugation in
vacuo. Samples were prepared for MALDI-TOF MS analysis
by mixing 1:1 with 110 mM sinapinic acid in 0.1% TFA, 67%
acetonitrile. The samples were allowed to air dry.

In reaction #1, the control sample exhibited a main peak at
a molecular weight corresponding to lactyl-CoA (MW 841).
There was a minor peak at the molecular weight correspond-
ing to acetyl-CoA (MW 811). This minor peak was deter-
mined to be the left-over acetyl-CoA from the synthesis of
lactyl-CoA. The reaction #1 sample containing the cell
extract from cells transfected with the CoA transferase-en-
coding plasmid exhibited complete conversion of lactyl-CoA
to acetyl-CoA. No peak was observed for lactyl-CoA. This
result indicates that the CoA transferase activity can transfer
CoA from lactyl-CoA to acetate to form acetyl-CoA.

In reaction #2, the control sample exhibited a dominant
peak at a molecular weight corresponding to propionyl-CoA
(MW 825). The reaction #2 sample containing the cell extract
from cells transfected with the CoA transferase-encoding
plasmid exhibited a dominant peak at a molecular weight
corresponding to acetyl-CoA (MW 811). No peak was
observed for propionyl-CoA. This result indicates that the
CoA transferase activity can transfer CoA from propionyl-
CoA to acetate to form acetyl-CoA.

In reaction #3, the control sample exhibited a dominant
peak at a molecular weight corresponding to acetyl-CoA
(MW 811). The reaction #3 sample containing the cell extract
from cells transfected with the CoA transferase-encoding
plasmid exhibited a peak corresponding to lactyl-CoA (MW
841). The peak corresponding to acetyl-CoA did not disap-
pear. In fact, the ratio of the size of the two peaks was about
1:1. The observed appearance of the peak corresponding to
lactyl-CoA demonstrates that the CoA transferase activity
catalyzes reaction #3.

In reaction #4, the control sample exhibited a dominant
peak at a molecular weight corresponding to acrylyl-CoA
(MW 823). The reaction #4 sample containing the cell extract
from cells transfected with the CoA transferase-encoding
plasmid exhibited a dominant peak corresponding to lactyl-
CoA (MW 841). This result demonstrates that the CoA trans-
ferase activity catalyzes reaction #4.

In reaction #5, deuterated lactyl-CoA was used to detect
the transfer of CoA from lactate to 3-hydroxypropionate
since lactic acid and 3-HP have the same molecular weight as
do their respective CoA esters. Using deuterated lactyl-CoA
allowed for the differentiation between lactyl-CoA and 3-hy-
droxypropionate using MALDI-TOF MS. The control
sample exhibited a diffuse group of peaks at molecular
weights ranging from MW 841 to 845 due to the varying
amounts of hydrogen atoms that were replaced with deute-
rium atoms. In addition, a significant peak was observed at a
molecular weight corresponding to acetyl-CoA (MW 811).
This peak was determined to be the left-over acetyl-CoA from
the synthesis of lactyl-CoA. The reaction #5 sample contain-
ing the cell extract from cells transfected with the CoA trans-
ferase-encoding plasmid exhibited a dominant peak at a
molecular weight corresponding to 3-hydroxypropionyl-
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CoA (MW 841) as opposed to a group of peaks ranging from
MW 841 to 845. This result demonstrates that the CoA trans-
ferase catalyzes reaction #5.

Example 2

Cloning Nucleic Acid Molecules that Encode a
Multiple Polypeptide Complex Having Lactyl-CoA
Dehydratase Activity

The following methods were used to clone an E1 activator
polypeptide. Briefly, four degenerate forward and five degen-
erate reverse PCR primers were designed based on conserved
sequences of E1 activator protein homologs (E1F1
5'-GCWACBGGY-TAYGGYCG-3', SEQ ID NO:60; E1F2
5-GTYRTYGAYRTYGGYGGYCAGGA-3', SEQ 1D
NO:61; E1F3 5-ATGAACGAYAARTGYGCWGCWGG-3',
SEQ ID NO:62; E1F4 5-TGYGCWGCWGGYACBGGY-
CGYTT-3', SEQ ID NO:63; EIR1 5-TCCT-GRCCRC-
CRAYRTCRAYRAC-3', SEQ ID NO:64; EIR2
5-CCWGCWGCRCAY-TTRTCGTTCAT-3', SEQ 1D
NO:65; E1IR3 5-AARCGRCCVGTRCCWGCWG-CRCA-
3', SEQ ID NO:66; E1R4 5-GCTTCGSWTTCRACRA-
TGSW-3', SEQ ID NO:67; and E1R5 5'-GSWRATRACT-
TCGCWTTCWGCRAA-3', SEQ ID NO:68).

The primers were used in all logical combinations in PCR
using Taq polymerase (Roche Molecular Biochemicals,
Indianapolis, Ind.) and 1 ng of genomic DNA per reaction
mix. PCR was conducted using a touchdown PCR program
with 4 cycles at an annealing temperature of 60° C., 4 cycles
at58°C.,4 cyclesat 56° C.,and 18 cycles at 54° C. Each cycle
used an initial 30-second denaturing step at 94° C. and a 3
minute extension step at 72° C. The program had an initial
denaturing step for 2 minutes at 94° C. and a final extension
step of 4 minutes at 72° C. Time allowed for annealing was 45
seconds. The amounts of PCR primer used in the reactions
were increased 2-10 fold above typical PCR amounts depend-
ing on the amount of degeneracy in the 3' end of the primer. In
addition, separate PCR reactions containing each individual
primer were made to identify PCR product resulting from
single degenerate primers. Each PCR product (25 pl.) was
separated by electrophoresis using a 1% TAE (Tris-acetate-
EDTA) agarose gel.

The E1F2-E1R4, E1F2-E1R5, E1F3-E1R4, E1F3-EIRS,
and E1F4-E1R4R2 combinations produced a band of 195,
207,144,156, and 144 bp, respectively. These bands matched
the expected size based on E1 activator sequences from other
species. No band was visible with individual primer control
reactions. The E1F2-E1RS fragment (207 bp) was isolated
and purified using Qiagen Gel Extraction procedure (Qiagen
Inc., Valencia, Calif.). The purified band (4 pl.) was ligated
into a pCRII vector that then was transformed into TOP10 E.
coli cells by heat-shock using a TOPO cloning procedure
(Invitrogen, Carlsbad, Calif.). Transformations were plated
on LB media containing 100 pg/ml. of ampicillin (Amp) and
50 pg/ml of 5-Bromo-4-Chloro-3-Indolyl-B-D-Galactopy-
ranoside (X-gal). Single, white colonies were plated onto
fresh media and screened in a PCR reaction using the E1F2
and E1RS primers to confirm the presence of the insert. Plas-
mid DNA was obtained from multiple colonies using a
QiaPrep Spin Miniprep Kit (Qiagen, Inc). Once obtained, the
plasmid DNA was quantified and used for DNA sequencing
with M13R and M13F primers. Sequence analysis revealed a
nucleic acid sequence encoding a polypeptide and revealed
that the E1F2-E1RS fragment shared sequence similarity
with E1 activator sequences (FIGS. 12-13).
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Genome walking was performed to obtain the complete
coding sequence of E2a and [ subunits. Briefly, four primers
for performing genome walking in both upstream and down-
stream directions were designed using the portion of the 207
bp E1F2-E1RS fragment sequence that was internal to the
E1F2 and E1RS5 degenerate primers (E1GSP1F 5'-ACGT-
CATGTCGAAGGTACTGGAAATCC-3', SEQ ID NO:69;
E1GSP2F 5'-GGGACTGGTACTTCAAATCGAAGCATC-
3", SEQ ID NO:70; E1IGSPIR 5'-TGACGGCAGCGGGAT-
GCTTCGATTTGA-3, SEQ ID NO:71; and EIGSP2R
5'-TCAGACATGGGGATTTCCAGTACCTTC-3', SEQ 1D
NO:72). The EIGSPIF and E1 GSP2F primers face down-
stream, while the E1 GSP1R and E1 GSP2R primers face
upstream. In addition, the E1IGSP2F and E1GSP2R primers
are nested inside the EIGSP1F and E1GSPIR primers.

Genome walking was performed using the Universal
Genome Walking Kit (ClonTech Laboratories, Inc., Palo
Alto, Calif.) with the exception that additional libraries were
generated with enzymes Nru I, Sca I, and Hine II. First round
PCR was performed in a Perkin Elmer 2400 Thermocycler
with 7 cycles of 2 seconds at 94° C. and 3 minutes at 72° C.,
and 36 cycles of 2 seconds at 94° C. and 3 minutes at 65° C.
with a final extension at 65° C. for 4 minutes. Second round
PCR used 5 cycles of 2 seconds at 94° C. and 3 minutes at 72°
C., and 20 cycles of 2 seconds at 94° C. and 3 minutes at 65°
C. with a final extension at 65° C. for 4 minutes. The first and
second round product (20 pul.) was separated by electrophore-
sis using 1% TAE agarose gel. Amplification products were
obtained with the Stu I library for both forward and reverse
directions. The second round product of about 1.5 kb for
forward direction and 3 kb fragment for reverse direction
from the Stu I library were gel purified, cloned, and
sequenced. Sequence analysis revealed that the sequence
derived from genome walking overlapped with the E1F2-
E1RS fragment.

To obtain additional sequence, a second genome walk was
performed using a first round primer (E1GSPFS5 5'-CCGT-
GTTACTTGGGAAGGTATCGCTGTCTG-3', SEQ ID
NO:73) and a second round primer (E1 GSPF6 5'-GCCAAT-
GAAGGAGGAAA-CCACTAATGAGTC-3', SEQ 1D
NO:74). The genome walk was performed using the Nrul,
Scal, and HincllI libraries. In addition, ClonTech’s Advan-
tage-Genomic Polymerase was used for the PCR. First round
PCR was performed in a Perkin Elmer 2400 Thermocycler
with an initial denaturing step at 94° C. for 2 minutes, 7 cycles
of'2 seconds at 94° C. and 3 minutes at 72° C., and 36 cycles
of 2 seconds at 94° C. and 3 minutes at 65° C. with a final
extension at 65° C. for 4 minutes. Second round PCR used 5
cycles of 2 seconds at 94° C. and 3 minutes at 72° C., and 20
cycles of 2 seconds at 94° C. and 3 minutes at 65° C. with a
final extension at 65° C. for 4 minutes. The first and second
round product (20 pl.) was separated by electrophoresis on a
1% agarose gel. An about 1.5 kb amplification product was
obtained from second round PCR of the HinclI library. This
band was gel purified, cloned, and sequenced. Sequence
analysis revealed that it overlapped with the previously
obtained genome walk fragment. In addition, sequence analy-
sis revealed a nucleic acid sequence encoding an E2a subunit
that shares sequence similarities with other sequences (FIGS.
16-17). Further, sequence analysis revealed a nucleic acid
sequence encoding an E2f subunit that shares sequence simi-
larities with other sequences (FIGS. 20-21).

Additional PCR and sequence analysis revealed the order
of'polypeptide encoding sequences within the region contain-
ing the lactyl-CoA dehydratase-encoding sequences. Specifi-
cally, the E1IGSP1F and COAGSPIR primer pair and the
COAGSPI1F and E1GSP1R primer pair were used to amplify
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fragments that encode both the CoA transferase and E1 acti-
vator polypeptides. Briefly, M. elsdenii genome DNA (1 ng)
was used as a template. The PCR was conducted in Perkin
Elmer 2400 Thermocycler using Long Template Polymerase
(Roche Molecular Biochemicals, Indianapolis, Ind.). The
PCR program used was as follows: 94° C. for 2 minutes; 29
cycles 0f94° C. for 30 seconds, 61° C. for 45 seconds, and 72°
C. for 6 minutes; and a final extension of 72° C. for 10
minutes. Both PCR products (20 ul.) were separated on a 1%
agarose gel. An amplification product (about 1.5 kb) was
obtained using the COAGSPIF and E1GSPIR primer pair.
This product was gel purified, cloned, and sequenced (FIGS.
22A-22B).

The organization of the M. elsdenii operon containing the
lactyl-CoA dehydratase-encoding sequences was determined
to contain the following polypeptide-encoding sequences in
the following order: CoA transferase (FIG. 6), ORFX (FIG.
23), E1 activator protein of lactyl-CoA dehydratase (FI1G. 10),
E2a subunit of lactyl-CoA dehydratase (FIG. 14), E2[3 sub-
unit of lactyl-CoA dehydratase (FIG. 18), and truncated CoA
dehydrogenase (FIG. 25).

The lactyl-CoA dehydratase (lactyl-CoA dehydratase or
led) from M. elsdenii was PCR amplified from chromosomal
DNA using the following program: 94° C. for 2 minutes; 7
cycles 0f94° C. for 30 seconds, 47° C. for 45 seconds, and 72°
C. for 3 minutes; 25 cycles of 94° C. for 30 seconds, 54° C. for
45 seconds, and 72° C. for 3 minutes; and 72° C. for 7
minutes. One primer pair was used (OSNBE1F 5'-GGGAAT-
TCCATATG-AAAACTGTGTATACTCTC-3', SEQ 1D
NO:75 and OSNBEIR 5'-CGACGGAT-CCTTAGAG-
GATTTCCGAGAAAGC-3', SEQ ID NO:76). The amplified
product (about 3.2 kb) was separated on 1% agarose gel, cut
from the gel, and purified with a Qiagen Gel Extraction kit
(Qiagen, Valencia, Calif.). The purified product was digested
with Nde I and BamHI restriction enzymes and ligated into
pET11a vector (Novagen) digested with the same enzymes.
The ligation reaction was transformed into NovaBlue chemi-
cally competent cells (Novagen) that then were spread on LB
agar plates supplemented with 50 pg/ml. carbenicillin. Iso-
lated individual colonies were screened for the presence of
inserts by restriction mapping. Isolates with the correct
restriction pattern were sequenced from each end using
Novagen primers (17 promoter primer #69348-3 and T7 ter-
minator primer #69337-3) to confirm the sequence at the
ligation points.

A plasmid having the correct insert was transformed into
Tuner (DE3) pLacl chemically competent cells (Novagen,
Madison, Wis.). Expression from this construct was tested as
follows. A culture was grown overnight to saturation and
diluted 1:20 the following morning in fresh LB medium with
the appropriate antibiotics. The culture was grown at 37° C.
with aeration to an ODg,, of about 0.6. The culture was
induced with IPTG at a final concentration of 100 uM. The
culture was incubated for an additional two hours at 37° C.
with aeration. Aliquots were taken pre-induction and 2 hours
post-induction for SDS-PAGE analysis. Bands of the
expected molecular weight (27,024 Daltons for the E1 sub-
unit, 48,088 Daltons for the E2c. subunit, and 42,517 Daltons
for the E2 subunit—all predicted from the sequence) were
observed. These bands were not observed in cells containing
a plasmid lacking the nucleic acid encoding the three com-
ponents of the lactyl-CoA dehydratase.

Cell free extracts were prepared by growing cells in a
sealed serum bottle overnight at 37° C. Following overnight
growth, the cultures were induced with 1 mM IPTG (added
using anaerobic technique) and incubated an additional 2
hours at 37° C. The cells were harvested by centrifugation and
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disrupted by sonication under strict anaerobic conditions. The
sonicated cell suspension was centrifuged to remove cell
debris, and the supernatant was used in the assays. The buffer
used for cell resuspension/sonication was 50 mM Tris-HCI
(pH 7.5), 200 uM ATP, 7 mM Mg(SO,), 4 mM DTT, 1 mM
dithionite, and 100 uM NADH.

Dehydratase activity was detected with MALDI-TOF MS.
The assay was conducted in the same buffer as above with 1
mM lactyl-CoA or 1 mM acrylyl-CoA added and about 5
mg/mL cell free extract. Prior to MALDI-TOF MS analysis,
samples were purified using Sep Pak Vac C,; columns (Wa-
ters, Inc.) as described in Example 1. The following two
reactions were analyzed:

1) acrylyl-CoA—=lactyl-CoA

2) lactyl-CoA—acrylyl-CoA

In reaction #1, the control sample exhibited a peak at a
molecular weight corresponding to acrylyl-CoA (MW 823).
The reaction #1 sample containing the cell extract from cells
transfected with the dehydratase-encoding plasmid exhibited
a major peak at a molecular weight corresponding to lactyl-
CoA (MW 841). This result indicates that the dehydratase
activity can convert acrylyl-CoA into lactyl-CoA.

To detect dehydratase activity on lactyl-CoA, reaction #2
was carried out in 80% D,O. The control sample exhibited a
peak at a molecular weight corresponding to lactyl-CoA
(MW 841). The reaction #2 sample containing the cell extract
from cells transfected with the dehydratase-encoding plasmid
revealed a lactyl-CoA peak shifted to a deuterated form. This
result indicates that the dehydratase enzyme is active on lac-
tyl-CoA. In addition, the results from both reactions indicate
that the dehydratase enzyme can catalyze the lactyl-
CoA<——acrylyl-CoA reaction in both directions.

Example 3

Cloning Nucleic Acid Molecules that Encode a
Polypeptide Having 3-Hydroxypropionyl CoA
Dehydratase Activity

Genomic DNA was isolated from Chloroflexus aurantia-
cus cells (ATCC 29365). Briefly, C. aurantiacus cells in 920
Chloroflexus medium were grown in 50 mL cultures (Falcon
2070 polypropylene tubes) using an Innova 4230 Incubator,
Shaker (New Brunswick Scientific; Edison, N.J.) at 50° C.
with interior lights. Once grown, the cells were pelleted,
washed with 5 mL of a 10 mM Tris solution, and re-pelleted.
Genomic DNA was isolated from the pelleted cells using a
Gentra Genomic “Puregene” DNA isolation kit (Gentra Sys-
tems; Minneapolis, Minn.). Briefly, the pelleted cells were
resuspended in 1 ml, Gentra Cell Suspension Solution to
which 14.2 mg of lysozyme and 4 ul. of 20 mg/ml. proteinase
K solution was added. The cell suspension was incubated at
37° C. for 30 minutes. The precipitated genomic DNA was
recovered by centrifugation at 3500xg for 25 minutes and
air-dried for 10 minutes. The genomic DNA was suspended in
300 pL of a 10 mM Tris solution and stored at 4° C.

The genomic DNA was used as a template in PCR ampli-
fication reactions with primers designed based on conserved
domains of crotonase homologs and a Chloroflexus aurantia-
cus codon usage table. Briefly, two degenerate forward
(CRF1 and CRF2) and three degenerate reverse (CRRI,
CRR2, and CRR3) PCR primers were designed (CRF1
5'-AAYCGBCCVAARGCNCTSAAYGC-3', SEQ 1D
NO:77; CRF2: 5-TTYGTBGCNGGYGCNGAYAT-3', SEQ
ID NO:78; CRR1 5'-ATRTCNG-CRCCNGCVACRAA-3',
SEQ ID NO:79; CRR2 5'-CCRCCRCCSAGNG-CRWARC-
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CRTT-3', SEQ ID NO:80; and CRR3 35'-SSWNG-
CRATVCGRATRTCRAC-3', SEQ ID NO:81).

These primers were used in all logical combinations in
PCR using Taq polymerase (Roche Molecular Biochemicals;
Indianapolis, Ind.) and 1 ng of the genomic DNA per pl.
reaction mix. The PCR was conducted using a touchdown
PCR program with 4 cycles at an annealing temperature of
61°C.,4cyclesat59°C.,4cyclesat 57°C., 4 cyclesat 55° C.,
and 16 cycles at 52° C. Each cycle used an initial 30-second
denaturing step at 94° C. and a 3-minute extension step at 72°
C. The program also had an initial denaturing step for 2
minutes at 94° C. and a final extension step of 4 minutes at 72°
C. The time allowed for annealing was 45 seconds. The
amounts of PCR primer used in the reaction were increased
4-12 fold above typical PCR amounts depending on the
amount of degeneracy in the 3' end of the primer. In addition,
separate PCR reactions containing each individual primer
were performed to identify amplification products resulting
from single degenerate primers. Each PCR product (25 pl)
was separated by gel electrophoresis using a 1% TAE (Tris-
acetate-EDTA) agarose gel.

The CRF1-CRR1 and CRF2-CRR2 combinations pro-
duced a unique band of about 120 and about 150 bp, respec-
tively. These bands matched the expected size based on cro-
tonase genes from other species. No 120 bp or 150 bp band
was observed from individual primer control reactions. Both
fragments (i.e., the 120 bp and 150 bp bands) were isolated
and purified using the Qiagen Gel Extraction kit (Qiagen Inc.,
Valencia, Calif.). Each purified fragment (4 pl.) was ligated
into pCRII vector that then was transformed into TOP10 E.
coli cells by a heat-shock method using a TOPO cloning
procedure (Invitrogen, Carlsbad, Calif.). Transformations
were plated on LB media containing 100 pg/mL of ampicillin
(Amp) and 50 pg/mL of 5-Bromo-4-Chloro-3-Indolyl-B-D-
Galactopyranoside (X-gal). Single, white colonies were
plated onto fresh media and screened in a PCR reaction using
the CRF1 and CRR1 primers and the CRF2 and CRR2 prim-
ers to confirm the presence of the desired insert. Plasmid
DNA was obtained from multiple colonies with the desired
insert using a QiaPrep Spin Miniprep Kit (Qiagen, Inc.). Once
obtained, the DNA was quantified and used for DNA
sequencing with M13R and M13F primers. Sequence analy-
sis revealed the presence of two different clones from the PCR
product of about 150 bp. Each shared sequence similarity
with crotonase and hydratase sequences. The two clones were
designated OS17 (157 bp PCR product) and OS19 (151 bp
PCR product).

Genome walking was performed to obtain the complete
coding sequence of OS17. Briefly, primers for conducting
genome walking in both upstream and downstream directions
were designed using the portion of the 157 bp CRF2-CRR2
fragment sequence that was internal to the CRF2 and CRR2
degenerate primers (OS17F1 5-CGCTG-ATATTCGC-
CAGTTGCTCGAAG-3 SEQ ID NO:82; OSI17F2
5'-CCCATCTTG-CTTTCCGCAAGATTGAGC-3', SEQ 1D
NO:83; OS17F3 5'-CAATGGCCCTGCCGA-ATAACGC-
CCATCT-3', SEQ ID NO:84; OS17R1 5'-CTTCGAG-
CAACTGGCGAA-TATCAGCG-3, SEQ ID NO:85;
OS17R2 5'-GCTCAATCTTGCGGAAAGCAAG-ATGGG-
3', SEQ ID NO:86; and OS17R3 5-AGATGGGCGTTAT-
TCGGCAGGGCC-ATTG-3', SEQID NO:87). The OS17F1,
OS17F3, and OS17F2 primers face downstream, while the
OS17R2, OS17R3, and OS17R1 primers face upstream.

Genome walking was conducted using the Universal
Genome Walking kit (ClonTech Laboratories, Inc., Palo Alto,
Calif.) with the exception that additional libraries were gen-
erated with enzymes Nru [, Fsp I, and Hinc II. The first round
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PCR was conducted in a Perkin Elmer 2400 Thermocycler
with 7 cycles of 2 seconds at 94° C. and 3 minutes at 72° C.,
and 36 cycles of 2 seconds at 94° C. and 3 minutes at 66° C.
with a final extension at 66° C. for 4 minutes. Second round
PCR used 5 cycles of 2 seconds at 94° C. and 3 minutes at 72°
C., and 20 cycles of 2 seconds at 94° C. and 3 minutes at 66°
C. with a final extension at 66° C. for 4 minutes. The first and
second round amplification product (5 pl.) was separated by
gel electrophoresis on a 1% TAE agarose gel. After the second
round PCR, an amplification product of about 0.4 kb was
obtained with the Fsp I library using the OS17R1 primer in
the reverse direction, and an amplification product of about
0.6 kb was obtained with the Hinc II library using the OS17F2
primer in the forward direction. These PCR products were
cloned and sequenced.

Sequence analysis revealed that the sequences derived
from genome walking overlapped with the CRF2-CRR2 frag-
ment and shared sequence similarity with crotonase and
hydratase sequences.

A second genome walking was performed to obtain addi-
tional sequences. Six primers were designed for this second
genome walk (OS17F4 5-AAGCTGGG-TCTGATCGAT-
GCCATTGCTACC-3', SEQ ID NO:88; OS17F5 5-CTC-
GATTATCG-CCCATCCACGTATCGAG-3', SEQ 1D
NO:89; OS17F6 5'-TGGATGCAATCCG-CTATGGCAT-
TATCCACG-3', SEQ ID NO:90; OS17R4 5'-TCATTCAGT-
GCG-TTCACCGGCGGATTTGTC-3', SEQ ID NO:91;
OS17R5  5-TCGATCCGGAAGT-AGCGATAGCGTTC-
GATG-3", SEQ ID NO:92; and OS17R6 5'-CTTGGCTG-
CAAT-CTCTTCGAGCACTTCAGG-3', SEQ ID NO:93).
The OS17F4, OS17F5, and OS17F6 primers faced down-
stream, while the OS17R4, OS17RS, and OS17R6 primers
faced upstream.

The second genome walk was performed using the same
methods described for the first genome walk. After the second
round of walking, an amplification product of about 2.3 kb
was obtained with a Hinc II library using the OS17RS primer
in the reverse direction, and an amplification product of about
0.6 kb was obtained with a Pvu II library using the OS17F5
primer in the forward direction. The PCR products were
cloned and sequenced. Sequence analysis revealed that the
sequences derived from the second genome walking over-
lapped with the sequence obtained during the first genome
walking. In addition, the sequence analysis revealed a
sequence with 3572 bp.

A BLAST search revealed that the polypeptide encoded by
this sequence shares sequence similarity with polypeptides
having three different activities. Specifically, the beginning of
the OS17 encoded-polypeptide shares sequence similarity
with CoA-synthesases, the middle region of the OS17
encoded-polypeptide shares sequence similarity with enoyl-
CoA hydratases, and the end region of the OS17 encoded-
polypeptide shares sequence similarity with CoA-reductases.

A third genome walk was performed using four primers
(OS17UP-6 5'-CATCAGAGGTAATCACCACTCGTGCA-
3", SEQ ID NO:94; OS17UP-7 5'-AAGTAGTAGGCCAC-
CTCGTCGCCATA-3", SEQ ID NO:95; OS17DN-1 5'-GC-
CAATCAGGCGCTGATCTATGTTCT-3', SEQ ID NO:96;
and OS17DN-2  5-CTGATCTATGTTCTGGCCTCG-
GAGGT-3', SEQ ID NO:97). The OS17UP-6 and OS17UP-7
primers face upstream, while the OS17DN-1 and OS17DN-2
primers face downstream. The third genome walk yielded an
amplification product of about 1.2 kb with a Nru I library
using the OS17UP-7 primer in the reverse direction. In addi-
tion, amplification products of about 4 kb and about 1.1 kb
were obtained with a Hinc II and Fsp I library, respectively,
using the OS17DN-2 primer in the forward direction.






