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KETOREDUCTASE POLYPEPTIDES AND POLYNUCLEOTIDES

{8001} The present application claims priorntty to US Prov. Pat. Appln. Ser. No. 62/491,161, filed

April 27, 2017, which is hereby incorporated by reference in its entirety for all purposes.

REFERENCE TO SEQUENCE LISTING, TABLE OR COMPUTER PROGRAM

{0002] The Sequence Listing concurrently submitted herewith under 37 C.F.R. §1.821 i a computer
readable form {CR¥) via EFS5-Web ag file name CX2-166USP1 §T25 txt is herein incorporated by
reference. The electronic copy of the Sequence Listing was created on April 25, 2017, with a file size

of 544 Kbhvtes.

FIELD OF THE INVENTION

[B003] The present invention provides engineercd ketoreductase and phosphite dehvdrogenase
enzyvmes having improved properties as compared to a naturally occurring wild-type ketoreductase
and phosphite dehvdrogenase enzymes, as well as polynucleotides encoding the engineered
ketoreductase and phosphite dehydrogenase enzymes, host cells capable of expressing the engineered
ketoreductase and phosphite dehydrogenase enzymces, and methods of using the engineered
ketoreductase and phosphite dehydrogenase enzyvmes to synthesize a chiral catalyst used in the
synthesis of antiviral compounds, such as nucleoside inhibitors. The present mvention further
provides methods of using the enginecred enzymes to deracemize a chiral alcchol in a one-pot, mult-

onzyme systent.

BACKGROUND

10604] Enzyvmes belonging to the ketoreductase (KRED) or carbonyl reductase class (EC1.1.1.184)
arc uscful for the synthesis of optically active alcohols from the corresponding prochiral ketone
substrate and by stereoselective reduction of corresponding racemic aldehyde substrates. KREDs
typically convert ketone and aldehyde substrates to the corresponding alcohol product, but may also
catalyze the reverse reaction, oxidation of an alcohol substrate to the corresponding ketone/aldehyde
product. The reduction of ketones and aldehvdes and the oxidation of alcohols by enzymes such as
KRED requires a co-factor, most commonly reduced nicotinamide adenine dinucleotide (NADH) or
reduced nicotinamide adenine dinucleotide phosphate {(NADPH), and nicotinamide adening
dinucleotide (NAD) or nicotinamide adenine dinuclectide phosphate (NADP) for the oxidation
reaction. NADH and NADPH serve as electron donors, while NAD and NADP serve as eclectron

acceptors. It 1s frequently observed that ketoreductases and alcohol dehydrogenases accept either the
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phosphoryiated or the non-phosphorylated co-factor (in its oxidized and reduced state}, but most often
not both.

10603] In order to circumvent many chemical synthetic procedures for the production of key
compounds, ketoreductases are being increasingly craploved for the enzymatic conversion of different
keto and aldehvde substrates to chiral alcohol products. These applications can employ whole cells
expressing the ketoreductase for bocatalytic ketone and aldehvde reductions or for biocatalytic
afcohol oxidation, or by use of purified enzyvmes o those instances where presence of multiple
ketoreductases in whole cells would adversely affect the stercopurity and vield of the desired product.
For in vifro applications, a co-factor (NADH or NADPH) regenerating enzyme such as glucose
dehydrogenase (GDH), formate dehydrogenase, phosphite dehydrogenase ete. can be used in
conjunction with the ketoreductase. It is desirable to identify other ketoreductase enzymes that can be
used to carrvout conversion of various keto substrates to corresponding chiral aleohol products or

conversion of various alcohol substrates to corresponding ketone products,

SUMMARY OF THE INVENTION

[3006] The present invention provides engineercd ketoreductase and phosphite dehvdrogenase
enzyvmes having improved properties as compared to a naturally occurring wild-type ketoreductase
and phosphite dehvdrogenase enzymes, as well as polynucleotides encoding the engineered
ketoreductase and phosphite dehydrogenase enzymes, host cells capable of expressing the engineered
ketoreductase and phosphite dehydrogenase enzyvmes, and methods of using the engineered
ketoreductase and phosphite dehydrogenase enzyvmes to synthesize a chiral catalyst used in the
synthesis of antiviral compounds, such as nucleoside inhibitors. The present mvention further
provides methods of using the engineered enzymes to deracemize a chiral alcchol in a one-pot, mult-
CNZVmeE systent.

[B0607] In addition, the present invention provides engineered phosphite dehvdrogenase enzymes
having mmproved properties as compared to a naturally occurring wild-type phosphite dehydrogenase
enzyme, as well as polynuclestides encoding the engineered phosphite dehvdrogenase enzymes, host
cells capable of expressing the engineered phosphite dehydrogenase enzvmes, and methods of using
the engineered phosphite dehvdrogenase enzymes to deracemize a chiral alecohol in a one-pot, multi-
cnzyme syster.

{0608] The present invention provides engineered ketoreductase ("KRED™) enzymes that are capable
of stercoselectively deracenmizing a racemic alcohol substrate to an optically pure alcobol product ina
one-pot, multi-cnzyme system, and baving an improved properiv when comapared with the naturally-
occurring, wild-tvpe KRED enzyme obtained from Candida paropsilosis (SEQ 1D NOG:2), wild-tvpe
KRED enzyme obtained from Sporidiobolus salmonicoior (SEQ 1D NG 112), or when compared

with other engincered ketoreductase enzymes. In addition, the present invention provides engineered
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phosphite dehydrogenase (“PDH”) enzymes capable of preferentially recyching NADPH n the same
one-pot, multi-cnzyme system.
10609} In some further embodiments, the engincered enzymes have one or more improved propertics
1 addition to altered enzymatic activity. For example, 1 some embodiments, the engincered
ketoreductase polvpeptides have mcreased stercoselectivity, as compared to the wild-type
ketoreductase enzyme for reducing the substrate to the product and/or preferentially oxidize the (8)
enantiomer. Improvements in enzyme properties mclude, but are oot limited to increases in
thermostability, solvent stability, and/or reduced product inhibition.
[B810] The present invention provides engineered ketoreductase varants having at least 85%, 90%.,
919, 92%, 93%, 94%, 953%, 96%, 97%, 98%, 99% or more sequence identity to SEQG ID NG: 2, 112,
124, and/or 138.
{0011] The present invention also provides engincered ketoreductase variants have at least 85%,
90%, 919, 92%, 93%, 949, 95%, 96%, 97%, 98%, B9% or more sequence identity to SEQ ID NG:2,
and at least one substitution or substitution set at one or more positions selected from positions 37,
37201, 3211/229, 37/229, 45, 32, 82/3T/V10/272/296, 52/57/272, 52/57/272/274/279/296,
52/57/272/279/296, 55/57/276, 56, 57, 37/104/1 14, 57/104/114/229, 57/286, 79/83/275/276, 83,
83/275/276, 83/276, 104, 110, 114, 138/146/258/289, 211, 211/229, 228, 229, 263, 268, 272, 274,
2757276, 276, 279, and 309, wherein the posttions are numbered with reference to SEQ ID NO:2. In
some additional embodiments, the engineered ketoreductase variants comprise at least one
substitution or substitution st selected from 37R, 37R/21IR, 37R/Z11IR/Z29R, 37R/229R, 45K, 52D,
S2B/5TL/272H, 528, S285TL/VIOT/2T2H/206F, 528/57L/272H/279H/ 296F,
S28/5TL2T2H/ 214N /2TOH/296F, SSF/ISTAZTOM, 561, 571, 571/104G/1 14H, 371,
STL/104G/114H/229R, STX/286X, TOT/838/275N/276M, 831, 835/275N/276M, 835/276M, 104G,
HIOT, THB/K/M, 138V/1468/258V/2898, 211R, 21IR/229R, 2288, 220R, 263H/Y, 268M/W,
2I2HALBIYSTIVIW, 2741V, 275N2T76M, 276/M, 279HAYR and 309F, wherem the positions are
numbered with reference to SEQ 1D NO:2.  In some further embodiments, the engineered
ketoreductase variants comprise at least ong substitition or substitution set selected from K37R,
K37TR/AK2IIR, K3TR/K21IR/G229R, K3TR/G229R, HASR, Y520, YS2D/CS71L/G2TIH, Y528,
S28/CSTL/R L IOT/GR272H/L.206F, YS28/C3TL/G272HVIZ7OH/L.206F,
Y325/CSTLAG2T2H/L27AVA2T9H/L296F, LASF/CSTA/LZT6M, D56L, C371, CSTVA104G/G114H,
CS7L, CSTL/ATO4G/GLI4H/G229R, CSTX/W2R6X, 1T9T/VE35/A2TSN/LZT6M, VE3L
VEIS/A2T5N/L2TOM, VBIS/L2T6M, A104G, KHIOT, GH4H/K/M, S138V/A1465/M258V/T2898,
K2ZUR, K21IR/G229R, P228S, G229R, G263H/Y, S268M/W, G272H//L/P/Q/S/ITIN/W, L2741V,
AZTIN/L2T6M, L276F/M, [279H/Q/R, and R309F, wherein the positions are numbered with
reference to SEQ ID NG:2Z.
{0012 The present invention also provides engincered ketoreductase variants having at least 5%,

50%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more sequence identity to SEQ ID
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NG:112, and at least one substitution or substitution set at one or more positions selected from
positions 24/106/136/220/258/260/314/315, 24/106/214/250/258/260/314/315, 24/220/314/318,
122/159/316/318, 135, 139/207, 159/251/272/277/316/318/330, and 207, wherein the positions are
numbered with reference to SEQ 1D NO: 112, In some embodiments, the engineered ketoreductase
variants comprise at least one substitution or substitution set selected from
241/106P/136A/220G/238V/1260A/314R/315A, 241/106P/214L/25GV/258V/260A/314R/315A,

45/220G/314R/315A, 122E/159V/316E/318L, 135F . 139V/2078,
VAOV/2S1Q2T2F/277P/316E/3181L/330L, and 207G, wherein the positions are numbered with
reference to SEQ ID NG: 112, In some additional embodiments, the engineered ketoreductase variants
comprise at least one substitution or substitution set selected from
V24U T106P/S136A/8220G/L258V/C260A/P3H4R/S315A,
Y241/ T106P/F2 141L/A250VAL2SBV/IC260A/PITAR/S315A, V24I/8220G/PI 14R/83154,
TI22E/A139V/L316E/A3 181, VI33F, T139V/NZGTS,
TISOV/AV23IQ/Y2T72RT2TTP/L316E/M318L/A330L, and N207G, wherein the positions are numbered
with reference to SEQ 1D NO:112.
[8613] The present invention also pmvi des enginecred ketoreductase variants having at least 85%,
909, 91%, 92%, 93%, 94%, 93%, 96%, 97%, 98%, 99% or more sequence wdentity to SEQ 1D
NG 124, and at least one substitution set selected from positions 2/101/179/182/228/238/282, 3/95,
3/95/228/314, 24/95/228, 95, 95/135/139/207, and 159/228/309/330, wherein the positions are
numbered with reference to SEQ 1D NO: 124, In some embodiments, the engineered ketoreductase
variants comprise at least one substitution or substitution set selected from
2T/10TR/179L/182M/228R/2381L/282E, 3Y/93T, 3Y/95T/228T/314R, 241/95T/228T, 657,
OFT/EI35F/139V/207N, and 159Y/228L/309Q)/330L, wherein the positions are numberad with
reference to SEQ D NG:124. in some further embodiments, the enginecred ketoreductase variants
comprise at least one substitution or substitution sct selected from
A2T/YT0IP/ATTOL/TIE2M/M228R/A238L/T282E, K3Y/VOST, K3Y/VIST/M228T/P314R,
Y24/VO3T/M228T, VO3T, VOST/VIZAFAI139V/G207N, and 1159V/M2281/K309(/1330L, wherein
the positions are numbered with reference to SEQ 1D NO:124.
[8614] The present invention also provides engineered ketoreductase varianis having at least 85%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 38%, 99% or more sequence wlentity to SEQ ID
NG:138, and at icast one substitution or substitution set at one or more positions selected from
positions 19, 24/43/47/49/67/68/70/91/220, 24/68/91/218/220, 67, 72, 714/75/78/108,
T5/78/99/108/215/224, 78/107, 93, 96, and 114, wherein the positions are numbered with reference to
SEQ D NG:138. In some embodiments, the engineered ketoreductase variants comprise at least one
substitution or subsiitution set selected from 198, 24F43V/4TEH/AGN/GTV/6EE/TOP/O1V/2206,
241768 E/Q1V/2IRN/220G, 67TW, 72Q, TAA/TSE/TRE/N08Y, T5E/T8F/99P/108V/2155/224 A,
T8E/107(0, 93C, 960, and 114V, wherein the positions are numbered with reference to SEQ 1D
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NG:138. In some further embodiments, the engincered ketoreductase variants comprise at least one
substitution or substitution set selecied from (195,

V24V A43V/SATE/LAON/AGTV/VOSE/ETOPAOIV/S220G, V24I/VE6RE/NGIV/TZ18N/S220G, A6TW,
M72Q, KT4A/QTSE/YTSF/ATORY, QTSE/YT8F/NOOP/ATOBV/D2IAS/S224 A, YTRF/PIOTG, TOSC,
S96(G, and N114V, wherein the positions are numbered with reference to SEQ ID NG: 138,

[8615] The present imvention alse provides engineered ketoreductase variants comprising
polypeptide sequences comprising sequences having at least 90% sequence ideuatity to SEQ ID NG:2,
112, 124, and/or 138, In some embodiments, the engineered ketoreductase vanants comprise
polypeptide sequences comprising sequences having at least 95% sequence wentity to SEQ 1D NO:2,
112, 124, and/or 138, In some further embodiments, the engineered ketoreductase vartants comprise
polypeptide sequences set forth m SEQ 1D NO:2, 112, 124, or 138, In some additional embodiments,
the engineered ketoreductase variants comprise polypeptide sequences encoding variants provided in
Table 5.1, 6.1, 7.1, and/or 8.1. In some further embodiments, the engineered ketoreductase varianis
comprise polypeptide sequences selected from the even-numbered sequences set forth i SEQ ID
NOS: 410 170,

{0016] The present invention also provides engineered polynucicotide sequences encoding the
engineered ketoreductase variants provided herein. In some embodiments, the engineered
polynucleotide sequence comprises a polvnucleotide sequence that is at least 85%, 90%, 91%, 92%,
939%, 94%, 93%, 96%, 97%, 98%, 99% or more identical {o a sequence selected from the odd-
numbered sequences set forth in SEQ 1D NOS: 3 10 169, The present invention also provides vectors
comprising the engineered polynucieotide scquences encoding the engincered ketoreductase variants
provided herein. In some embodiments, the vectors further comprise at least one control sequence.
{8617} The present imvention also provides host cells comprising the vectors comprising
polynucleotides encoding the enginecred ketoreductase variants provided herein.

[B818] The present invention also provides methods producing the engineered ketoreductase varants
provided herein, comprising culturing the host cells provided herein under conditions that the
engineered ketoreductase variant is produced by the host cell. In some embodiments, the methods
further comprise the step of recovering the engineered ketoreductase variant produced by the host cell.
[6619] The present invention algo provides immobilized engineered ketoreductase vanants.

18628 The present mvention further provides compositions comprising at least one enginecred
ketoreductase variant provided herein. In some embodiments, the compositions comprise at least one
immobilized engincered ketodreductase variant provided herein.

{0021] The present invention also provides enginecred phosphite dehvdrogenase variants having at
least 859, 90%, 91%, 929, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more sequence identity to SEQ
1D NG: 172 and/or 208,

{0022] The present invention also provides engincered phosphite dehydrogenase variants baving at
feast 85%, 90%, 91%, 92%, 93%, 94%, 93%, 96%, 97%, 98%, 99% or more sequence wdentity to SEQ
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D NG 172, and at least one substitution or substitution set at one or more positions selected from
positions 10/73/78/137/323/328, 14/73/78/233/323, 10/73/137, 13/41/63/132/193/193,
18/44/119/124/132/137/145/158/¥75/177/293/317/323, 18/44/119/124/132/137/145/158/177/293/323,
1R/44/119/124/132/1377/145/293/323/334/336, 32/44/132/137/145/186/233/293/323/336,
41/44/88/193/195, 44/69/120/132/137/145/175/195/293/323, 44/113/132/145,
44/V19/132/137/145/158/175/177/293/317/323, 44/132/135/136/137/145/293,
44/132/136/137/145/293_ 44/132/137/145/233/308/323, 44/132/137/145/293/323, 44/132/145,
44/132/145/195/293/323, 137/233/303/323, and 266, wherein the positions are numbered with
reference to SEQ ID NG:172. In some embodiments, the engineered phosphite dehvdrogenase
variants comprise at least one substitution or substitation set selected from

TOK/T3A/TEY 3TQMB23D/325A, 10K/T3A/T8Y /2331/323D, 10K/7T3A/137Q,
13D/41A/63A7132Q/1938/195E,

18M/44 A/ TOF/ 124E/1 320/ 1371/ 145G/ 1 S8R/VTSS/L7TT/293L/3VIR/323D,
I8M/44A/TIOF/124E/132/ 1371/ 145G/ 58K/ T77T/293L/323D,
18M/44A/TIOF/124E/132/1371/145G/2931L./32313/334K/336R,
I2V/44A/132Q/1 3TV 45G/IRGT/2331/2931L/3231D/3368, 41 A/44A/88R/19358/195E,

44 A/GOR/I20V/132Q/137Y/ 145G/ 1T5T/195E/2931/323D, 44A/1138/132(/145G,
44A/TI9F/132G/1371/145G/158K/1758/17T7T/293L/317R/323D,
44A/32Q/135A/136D/1371/145G/2931, 44A/1320Q/136D/137(/145G/2931,
44A132Q/3T145G/2331/308V/323D, 44A/1320Q/137/145G/2931L/323D, 44A/132Q/145G,
44A/132Q/V45G/195E/2931/323D, 137(Q/2331/303A/323D, and 2668/V/W, wheremn the positions are
numbered with reference to SEQ ID NG 172, In some further embodiments, the engingered phosphite
dehydrogenase variants comprise at least one substitution or substitution set selected from
RIOK/CTIA/FTRY/RIZTQ/NIZ2IN/VI2SA, RIGK/CT3A/FTEY/V233I/N323D, RIOK/CTIA/RIZTQ,
E13D/R4TA/Q63A/RIZ2G/ATO3S/SI95E,
L18M/R44A/LTIOF/ATZ4E/RIZ32Q/RIZTI/NI4ASG/ALIS8K/ATTSS/KITTT/I293L/A31TR/N323D,
LISM/RA4A/LIIOF/ATZ4E/RIZ2Q/RIZTI/NIASG/LIS8K/KITTT/I293L/N323D,
LISM/R44ALTIOF/AI24E/RIZ2Q/RIZTI/NI4SG293L/N3230/A334K/C336R,
SIZV/RAAARIZZQ/RIZTUNIASGRIRGT/V2331/12931L/N323D/C33685,
R4TA/R44A/ABBR/ATI935/5193E,
RA4A/ROOK/RIZOV/RIZZG/RIZTUNIASG/ATTST/SIO5E/I293L/N323D,
RAAA/VII3S/RIZZOMNI45G,

RAAAJLIIOF/RIZ2Q/RIZTYNIASG/LISSK/A LTSS/ TTTA293L/A317R/N323D,
RA4A/RIZ2ZQQIZSA/PIZ6D/RIZTI/NI4SGA293L, R44A/RIZ2Q/PIZ6D/RIZTQ/MNIL5G/293L,
RA4A/RIZZYRIZTINIASG/V233V/AZ08V/N323D, RA4A/RIZZOGRIZTI/NIESG/IZ93L/N323D,
RA4A/RIZZOMNT45G, R44A/RIZZONT4ASG/STOSEAZG3L/N323D, R137Q/V233/E303A/N323D,
and E2665/V/W, wherem the positions are numbered with reference to SEQ 1D NG: 172,

6
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[B823] The present invention also provides engineered phosphite dehvdrogenase variants having at
least 85%, 980%, 91%, 929, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more sequence wentity to SEQ
1D NG:208, and at least one substitution or substitution set at one or more positions selected from
positions 32/39/124/177/191/327, 78/150/198/327/328, 837266, 95/211/213/322, 104,
178/194/211/213/322, 206, 211/213/322, 215, 262, 266, and 323, wherein the positions are numbered
with reference to SEQ 1D NO:208. In some embodiments, the engineered phosphite dehydrogenase
variants comprise at least one substitution or substitution set selected from
32V/59M/I24E/1778/191H/327D, T8Y/1S0I/1981L/327S/328P, 83A/266A, 951/211A/213Q/322M.
TO4F/L, L78P/104L/2 V1 A/2130Q/32243, 206N, 211A213Q/322€3, 215P, 2621/P, 2665, and 323N,
wherein the positions are numbered with reference to SEQ ID NO:208. In some farther embodiments,
the engineered phosphite dehvdrogenase varnants comprise at least one substitution or substitution set
selected from S32V/ASOM/ALZAE/T177S/QI9TH/R32TD, F7EY/F150I/F198L/R327S/1.328P,
VE83A/E266A, FOSI/MN2ITA/D2I3Q/I322M, TI04F/L, AV78P/CIO4L/N21TA/D2130/13223, L206N,
N2UIA/D213G/A3224, L215P, V262D/P, E2668, and D323N, wherein the positions are numbered
with reference to SEQ 1D NO:208.

{0024] The present invention also provides enginecred phosphite dehvdrogenase variants comprising
a polypeptide sequence comprising a sequence having at least 90% sequence identity to SEQ ID
NG:172 and/or 208, In some embodiments, the engineered phosphite dehydrogenase vanants
comprise polypeptide sequences compusing sequences having at least 95% sequence identity to SEQ
ID NG: 172 and/or 208, In some further embodiments, the engincered phosphite dehydrogenase
variants comprise polvpeptide sequences set forth i SEQ D NO: 172 or 208, In some additional
embodiments, the engineered phosphite dehydrogenase vanants comprise polypeptide sequences
encoding variants provided in Table 9.1, 10.1, and/or 11.1. In yet some additional embodiments, the
engineered phosphite dehydrogenase vanants comprise polypeptide sequences sclecied from the even-
numbered sequences set from in SEQ ID NOS: 174 10 260,

[825] The present invention also provides immobilized engineered phosphite dehvdrogenase
variants. In some embodiments, the present invention provides a mixture of at least one immobilized
engineered ketoreductase variant provided herein and at least one engineered phosphite
debvdrogenase variant provided herein.

[8626] The present invention also provides compositions comprising at least one phosphite
dehydrogenase variant provided berein. In some embodiments, the present mvention further provides
compositions comprising mixtures of at least one engineered ketoreductase variant provided herein
and at least one enginecred phosphite dehvdrogenase provided herein.

[B0327] The present invention also provides engineered polvnucleotide sequences encoding the
engineered phosphite dehvdrogenase vartants provided herein. In some embodiments, the engineered

polynucieotide sequences comprise polynucleotide sequences that are at least 85%, 90%, 91%, 92%,
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939, 94%, 93%, 96%, 97%, 98%, 99% or more identical to a sequence selected from the odd-
numbered sequences set forth m SEQ ID NOS: 3 1o 169,

10628] The present invention alse provides vectors comprising the engineered polynucleotide
sequence encoding the engineered phosphite dehydrogenase varianis provided herein. In some
embodiments, the vectors further comprise at least one control sequence. In vet some further
embodiments, the vectors comprise at least one engineered polynucleotide sequence encoding an
engineered phosphite dehydrogenase variant provided herein and at least one engingerad
polynucieotide sequence encoding an engincered ketoreductase variant provided hercin. The present
mvention also provides host cells comprising the vectors provided herem.

[80629] The present invention also provides methods for producing the engineered phosphite
dehydrogenase variants provided hercin, compnising culturing the host cell comprising a vector
comprising at least one enginecred polynucleotide sequence encoding at least one engineered
phosphite dehvdrogenase of the present invention, under conditions that the engineered phosphite
dehydrogenase variant is produced by the host cell. In some embodiments, the host cells comprise
vectors comprising polynucleotide sequences comprising af least one engineerad ketoreductase and at
least one engineered phosphite dehydrogenase provided herein. In some additional embodiments, the
host celis comprise at least one ketoreductase not provided herein, but comprise at least one
engineered phosphite dehvdrogenase variant provided heretn. In some further embodiments, the host
cells comprise at least on phosphite dehydrogenase not provided herein, but comprise at feast one
engineered ketoreductase variant provided herein. In some embodiments, the methods further
comprise the step of recovering the engineered phosphite dehydrogenase varnant produced by the host
cell. In embodiments with host cells that produce at least one ketoreductase and at least one phosphite
dehydrogenase, some methods further comprise the step of recovering the ketoreductase and/or
phosphite dehydrogenase produced by the host cclls.

[3038] The present invention also provides methods deracemizing chiral alcohols comprising
providing at least one engineered ketoreductase variant provided heremn, providing at least one
enginecred phosphite dehydrogenase variant provided herein, at least one chiral alcohol, and at least
one co-factor, under conditions such that the chiral alcohol 15 deracemized. In some embodiments,
the methods are conducted in a one pot reaction, while mn some alternative embodiments, multiple

reaction vessels are used.

BRIEF DESCRIPTION OF THE FIGURES

{6031] Figure 1 provides the reaction scheme addressed by the present mmvention.
[8632] Figure 2 provides the structures of substrate and product isomers.

18033] Figure 3 provides the one-pot, multi-enzyme reaction scheme.

[0634] Figures 4 and 5 provide the cofactor competition assay schemes,
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[B835] Figure 6 provides the HPLC chromatogram of products obtamed in one~pot, multi-enzyme

reactions.

DESCRIPTION OF THE INVENTION

[8636] The present invention provides engineered ketoreductase enzymes and engineered phosphite
dehydrogenase enzymes having improved propertics as compared o a naturally occurnng wild-type
ketoreductase and phosphite dehydrogenase enzyme, as well as polynucleotides encoding the
engineered ketoreductase and enginecred phosphite dehydrogenase enzymes, host cells capable of
expressing the engineered ketoreductase and engineered phosphite dehydrogenase enzymes, and
methods of using the engmeered ketoreductase and engineered phosphite dehvdrogenase enzymes to

deracemize a racenmic alcohol in a one-pot, multi-enzyme svstem.

Definitions

18637] In reference to the present mvention, the technical and scientific terms used in the
descriptions herein will have the meanings commonly understood by one of ordinary skill in the art.
unless specifically defined otherwise. Accordingly, the following terms are mtended to have the
followmg meanings. All patents and publications, including all sequences disclosed within suc
patents and publications, referred to herein are expressly incorporated by reference. Unless otherwise
indicated, the practice of the present invention mmvolves conventional techniques commonly used in
molecular biology, fermentation, microbiology, and related ficlds, which are known to those of skill
in the art. Unless defined otherwise herein, all techrnical and scientific terms used heremn have the
same meaning as commoniy understood by one of ordinary skill in the art to which this invention
belongs. Although any methods and maternials similar or equivalent to those deseribed herein can be
used n the practice or testing of the present invention, the preferred methods and materials are
described. Indeed, it 1s intended that the present mvention not be limited to the particular
methodology, protocols, and reagents described herein, as these may vary, depending upon the
context in which they are used. The headings provided herein are not limitations of the various
aspects or embodiments of the present invention.

[6638] Nonetheless, 1o order to facilitate understanding of the present invention, a number of torms
are defined below. Numeric ranges are inclusive of the numbers defining the rangs. Thus, every
numencal range disclosed herem s intended to encompass every narrower numerical range that falls
within such broader numernical range, as 1t such narrower numeneal ranges were all expressly written
heremn. It is also intended that every maximum {(or minimum} numerical limitation disclosed herein
mncludes every lower (or hugher) numerical hinutation, as if such lower {or hugher) numerical
limitations were expressly written herein.

{0039] As used herein, the term “comprnsing” and its cognates arc used in their inclusive sense (e,
equivalent to the term “including”™ and its corresponding cognates).

9
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[ANE IS

[B0340] As used heremn and in the appended claims, the smgular “a”, “an” and “the” include the plural
reference unless the context clearly dictates otherwise. Thus, for example, reference to a “host cell”
mncludes a plurality of such host cells.

16641} Unless otherwise indicated, nucleic acids are writien left to right in 5' to 3' orientation and
amino acid sequences are written left to night m amino o carboxy orientation, respectively.

[8642] The headings provided herein are not imitations of the various aspects or embodiments of the
invention that can be had by reference to the specification as a whole. Accordingly, the terms defined
below are more fully defined by reference to the specification as a whole.

[80843] “Ketoreductase” and “KRED” are used interchangeably herein to refer to a polypeptide
having an enzymatic capability of reducing a carbony! group to ifs corresponding aleohol. More
specifically, the ketoreductase polypeptides of the invention are capable of stereoselectively
deracemizing an alcohol of formula (1) to the corresponding product of formula (1) in an one-pot,
multi-enzyme system, as shown n Scheme 1 {(See, Figure 1),

[8644] Phosphite dehvdrogenase and “PDH” are used interchangeably herein to referto a
polypeptide having an enzymatic capability of regenerating NADPH co-factor.

[0045] As used herein, the term “one-pot reaction” refers to the production of a product from a
starting materal using multiple enzymes (i.e.,, KREDs and PDHs) in one reaction vessel.

[0846] As used herein, the terms “protein,” “polypeptide,” and “peptide” are used interchangeably
herein to denote a polymer of at least two amino acids covalently linked by an amide bond, regardless
of length or post-translational moditication (e.g., glycosvlation, phosphorviation, lipidation,
myristilation, ubiquitination, etc.). Included within this definition are I3 and L-amino acids, and
mixtures of B- and L-amino acids.

{8047] Asused herein, “polynucleotide” and “nucleic acid™ refer to two or more nucleosides that are
covalently linked together. The polynucleotide may be wholly comprised of ribonucleosides (F.e., an
RNA), wholly comprised of 27 deoxyribonucleotides (7.e., a DNA) or mixtures ot nbo- and 2°
deoxyribomucigosides. While the nucleosides will typically be linked together via standard
phosphodiester linkages, the polvnucieotides may imchude one or more non-standard linkages. The
polynucleotide may be single-stranded or double-stranded, or may include both single-stranded
regions and double-stranded regions. Moreover, while a polvnucleotide will typically be composed of
the naturally occurring encoding nucleobases (i e., adenine, guanine, uracil, thymine, and cvtosine}, it
may include one or more modified and/or synthetic nucleobases {¢.g., incsine, xanthine,
bvpoxanthine, cte.). Preferably, such modified or synthetic nucleobascs will be encoding
nucleobases.

[B048] As used herein, “coding sequence” refers to that portion of a nucleic acid (e. 2., a gene) that
encodes an aming acid sequence of a protein.

{0049 Asused herein, “naturally occurring” or “wild-type” refers to the form found in nature. For
example, a naturally occurnng or wild-tvpe polypeptide or polynucleotide sequence 1s a sequence
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present i an organism that can be isolated from a source in nature and which has not been
mtentionally modified by human manipulation.

10650] As used berein, “non-naturally occurring” or “enginecred” or “recombinant” when used in the
present invendion with reference to {e.g., a cell, nucleic acid, or polypeptide), refers to a material, or a
matenal corresponding to the natural or native form of the material, that has been modifiedina
manner that would not otherwise exist in nature, or is identical thereto but produced or derived from
synthetic materials and/or by manipulation using recombinant technigues. Non-limiting examples
mclude, among others, recombinant cells expressing gencs that are not found within the native (non-
recombimant) form of the cell or express native genes that are otherwise expressed at a difterent level.

7 <e

[8831] As used herein, “percentage of sequence wdentity,” “percent identity,” and “percent wentical”
refer to comparisons between polyvnucleotide sequences or polypeptide sequences, and are determined
by comparing two optimally aligned sequences over a comparison window, wherein the portion of the
polvanucieotide or polypeptide sequence m the comparison window may comprise additions or
deletions (i.e., gaps) as compared to the reference sequence for optimal alignment of the two
sequences. The percentage is calculated by determining the number of positions at which ¢ither the
identical nucleic acid base or amino acid residue occurs in both sequences or a nucleic acid base or
amino acid residue i1s aligned with a gap to vield the number of matched positions, dividing the
number of matched positions by the total mumber of positions in the window of comparison and
multiplying the result by 100 to vield the percentage of sequence identity. Determination of optimal
alignment and percent sequence identity is performed using the BLAST and BLAST 2.0 algorithms
{See ¢.g., Altschul et al , J. Mol. Biol. 215: 403-410 [1990]; and Altschul et al., Nucleic Acids Res.
3389-3402 [1977]). Software for performing BLAST analyses is publicly available through the
National Center for Biotechnology Information website.

[0652] Brefly, the BLAST analyses involve first identifving high scoring sequence pairs (HSPs) by
wdentifving short words of length Win the query sequence, which either maich or satisfy some
positive-valued threshold score T when aligned with a word of the same length in a database
sequence. T is referred to as, the neighborhood word score threshold (Altschul ¢t al, supra). These
mitial neighborhood word hits act as seeds for initiating searches to find longer HSPs containing
them. The word hits are then extended wn both directions along cach sequence for as far as the
cumulanive alignment score can be increased. Cunulative scores are calculated using, for nucleotide
sequences, the parameters M (reward score for a pair of matching residues; always >0} and N {penalty
score for mismatching residues; always <0}, For amino acid sequences, a scoring matnx is used to
calculate the cumulative score. Extension of the word hits in each direction are halted when: the
cumulative alignment score falls oft by the quantity X from 1ts maximum achieved value; the
cumuldative score goes to zero or below, due fo the accumalation of one or more negative-scoring
residue alignments; or the end of either sequence 1s reached. The BLAST algonithm parameters W, T,
and X determine the sensitivity and speed of the alignment. The BLASTN program (for nucleotide
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sequences} uses as defaults a wordlength (W) of 11, an expectation (E) of 10, M=5, N=-4,and a
comparison of both strands. For aming acid sequences, the BLASTP program uses as defaults a
wordlength (W) of 3, an expectation (E} of 10, and the BLOSUMSG?2 scorning matrix {See e.g.,
Henikoff and HenikofY, Proc Natl Acad Sci USA 89:10915 [1989]).

[8653] Numerous other algonthms are available and known n the art that function similarly to
BLAST in providing percent identity for two seguences. Optimal alignment of sequences for
comparison can be conducted using any suitable method known in the art (e g, by the local homology
algorithm of Smith and Watcrman, Adv. Appt. Math. 2:482 [1981]; by the homology alignment
ajgorithm of Needleman and Wunsch, J. Mol Biol. 48:443 [1970]; by the scarch for similarity method
of Pearson and Lipman, Proc. Natl. Acad. 5c¢i. USA 85:2444 [1988]; and/or by compuierized
inplementations of these algorithms [GAP, BESTFIT, FASTA, and TFASTA in the GCG Wisconsin
Software Packagel), or by visual mspection, using methods commonly known in the art.

Additionally, determmation of sequence alignment and percent sequence identity can employ the
BESTFIT or GAP programs in the GCG Wisconsin Software package {Accelrys, Madison W1, using
the default parameters provided.

[0054] As used herein, “reference sequence” refers to a detined sequence to which another sequence
s compared. A reference sequence mayv be a subset of a larger sequence, for example, a segment of a
full-dength gene or polypeptide sequence. Generally, a reference sequence is at least 20 nucleotide or
amino acid residues in length, at least 25 residues in length, at least 50 residues in length, or the full
length of the nucleic acid or polypeptide. Since two polynucleotides or polypeptides may cach (1)
comprise a sequence (1.e., a portion of the complete sequence) that is similar between the two
sequences, and (2) may further comprise a sequence that is divergent between the two sequences,
sequence comparisons between two (or more) polynucleotides or polypeptide are typically performed
by comparing sequences of the two polynucleotides over a comparison window to identify and
corapare local regions of sequence similanty. The term “reference sequence” 1s not ntended to be
lmited to wild-type sequences, and can include engineered or altered sequences. For example, in
some embodiments, a “reference sequence” can be a previcusly engineered or altered aminoc acid
SCQUeNCe.

{66351 Asused herein, “comparison window™ refers to a conceptual segment of at least about 20
contiguous nucleotide positions or amino acids residues wherein a sequence may be compared to a
reference sequence of at least 20 contiguous nucleotides or amino acids and wherein the portion of the
sequence in the comparison window may comprise additions or deletions (i.¢., gaps) of 20 percent or
less as compared to the reference sequence (which does not comprise additions or delctions) for
optimal alignment of the two sequences. The comparison window can be longer than 20 contiguous
residues, and mcludes, optionally 30, 40, 50, 100, or longer windows.

{0056] Asused herein, “corresponding to”, “reference to” or “relative to” when used i the context of
the numbering of a given amino acid or polynucleotide sequence refers to the numbering of the
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residues of a specified reference sequence when the given ammo acid or polynucleotide sequence is
compared to the reference sequence. In other words, the residue namber or residue position of a given
polymer is designated with respect to the reference sequenee rather than by the actual numerical
position of the residue within the given amino acid or polvnucieotide sequence. For example, a given
amino acid sequence, such as that of an engineered ketoreductase, can be aligned to a reference
sequence by introducing gaps to optinize residue matches between the two sequences. In these cases,
although the gaps are present, the numbering of the residue in the given amino acid or polynucleotide
sequence is made with respect to the reference sequence to which 1t has been aligned. As used herein,
a reference {o a residue position, such as “Xn” as further described below, 15 to be construed as
referring to “a residue corresponding to”, uniess specifically denoted otherwise. Thus, for example,
“X947 refers to any amino acid at position 94 in a polypeptide sequence.

{0057] Asused herein, “stercoselectivity” refers to the prefercantial formation in a chemical or
enzymatic reaction of one stereoisomer over another stereoisomer or another set of stereoisomers.
Stereoselectivity can be partial, where the formation of a stercoisomer is favored over another, or it
may be complete where only one stereoisomer is formed. When the stercoisomers are enanticmers,
the stereoselectivity is referred to as enantioselectivity, the fraction (typically reported as a
percentage) of one enantiomer in the sum of both enantiomers. It is commonly altematively reported
in the art (typically as a percentage) as the enantiomeric excess (e.¢.) caleulated therefrom according
to the formula [major enantiomer — minor enantiomer {/{major enantiomer + minor cnantiomer|.
Where the stereoisomers are diastercoiscmers, the stercoselectivity is referred to as
diastereosclectivity, the fraction (typically reporied as a percentage) of one diastereomer in a mixture
of two diastereomers, commonly alternatively reported as the diastereomeric excess (d.e.).
Enantiomeric excess and diastergomernic excess are types of stereomeric excess. It is alsc to be
understood that stercoselectivity 18 not limited fo single stercotsomers and can be described for scts of
SIeTeOISOMers,

[0838] As used herein, “lughly stereoselective” refers to a chemical or enzymatic reaction that s
capable of converting a substrate {0 its corresponding chiral alcohol product, with at least about 75%
SICTeOMETIC XCess.

[66%9] Asused herein, “increased enzymatic activity” and “increased activity” refer to an improved
property of an engineered enzyme, which can be represented by an increase in specific activity {e.g.,
product produced/time/weight protein} or an increase in percent conversion of the substrate to the
product {¢.g., percent conversion of starting amount of substrate to product n a specified time period
using a spectfied amount of ketoreductase) as compared to a reference cnzyme. Exemplary methods to
determine enzyme activity are provided m the Examples. Any property relating to enzyme activity
may be affected, meluding the classical enzyme properties of Kim, Vmax or keat, changes of which
can lead to increased enzymatic activity. The ketoreductase activity can be measured by any one of
standard assavs used for measuring ketoreductases, such as change 1n substrate or product
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concentration, or change in concentration of the cofactor (in absence of a cofactor regenerating
system}. Comparisons of enzyme activities arc made using a defined proparation of enzyme, a defined
assay under a set condition, and one or more defined substrates, as further described in detail herein,
Generally, when enzymes in cell lysates arc compared, the numbers of cells and the amount of protein
assaved are determined as well as use of identical expression systems and identical host cells to
mmimize varations in amount of enzyme produced by the host cells and present in the lysates.

10668] As used herein, “conversion” refers to the enzymatic transformation of a substrate to the
corresponding product.

[3061] As used herein “percent conversion” refers to the percent of the substrate that is converted to
the product within a period of time under specified conditions. Thus, for example, the “enzymatic
activity” or “activity” of a ketoreductase polypeptide can be expressed as “percent conversion” of the
substrate to the product.

[8662] As used herein, “thermostable™ or “thermal stable™ are used interchangeably to referto a
polvpeptide that is resistant to mactivation when exposed to a set of temperature conditions (¢.g., 40-
80°C) for a period of time {¢.g., 0.5-24 hrs} compared to the vatreated enzyme, thus retaining a certain
level of residual activity {e.g., more than 60% to 80% for example) aficr cxposure to clevated
temperatures.

[8863] As used herein, “solvent stable” refers to the ability of a polvpeptide to maintain similar
activity {¢.g., more than ¢.g, 60% to 80%) after exposure to varving concentrations {¢.g., 5-99%;) of
solvent compared to the untreated enzyme.

[8664] As used herein, “amino acid difference” or “residue difference” refers to a difference m the
aming actd residue at a position of a polypeptide sequence relative to the amino acid residue at a
corresponding position in a reference sequence. The positions of amino acid differences generally are
referred to herein as “Xn,” where n refors to the corresponding position in the reference sequence
upon which the residue difference 1s based. For example, a “residue difference at position X40 ag
compared to SEQ 1D NGO:27 refers to a difference of the anuno acid residue at the polyvpeptide
position corresponding to position 40 of SEQ 1D NO:Z. Thas, if the reference polypeptide of SEQ ID
MNO:Z has a histidinge at position 40, then a “residue difference at position X440 as compared to SEQ 1D
N2 refers to an amino acid substitution of any residue other than histidine at the position of the
polvpeptide corresponding to position 40 of SEQ ID NG:2. In most instances herein, the specific
amino acid residue difference at a position is indicated as “XnY” where “Xn” specified the
corresponding position as described above, and Y 1s the single letter identifier of the amino acid
found in the engineered polypeptide (i.c., the different residuc than in the reference polypeptide). In
some instances, the present invention also provides specific amino acid differences denoted by the
conventional notation “AnB7, where A 1s the single lotter identifier of the residue i the reference
sequence, “n’” is the number of the residue position in the reference sequence, and B 1s the single letter
identifier of the residue substitution in the sequence of the engineered polyvpeptide. Tn some instances,

14



WO 2018/200214 PCT/US2018/027450

a polypeptide of the present invention can include one or more amino acid residue differences relative
to a reference sequence, which 1s indicated by a list of the specified positions where residue
differences are present relative to the reference sequence. In some embodiments, where more than
one amino acid can be used in a specific residue position of a polypeptide, the various aming acid
residues that can be used are separated by a ™/ {e.g.. X192A/G). The present invention includes
engincered polypeptide sequences comprising one or more amino acid differences that include
either/or both conservative and non-conservative amino acid substitutions. The amino acid sequences
of the specific recombinant carbonic anhydrase polypeptides included 1 the Sequence Listing of the
present invention include an mitiating methionine (M} residue (i.e., M represents residue position 1},
The skilled artisan, however, understands that this initiating methionine residue can be removed by
biological processing machinery, such as in a host cell or in vitro translation system, o generate a
mature protein lacking the inttiating rethionine residue, but otherwise retaining the enzvine’s
properties. Consequently, the term “amino acid residue difference relative to SEQ D NO:2 at
position Xn” as used herein may refer to position “Xn” or to the corresponding position {e.g., position
{X-1 ) in a reference sequence that has been processed so as to lack the starting methionine.

[0065] As used herem, the phrase “conservative amino acid substitutions” refers to the
miterchangeability of residues having similar side chams, and thus typically mnvolves substitution of
the amino acid in the polypeptide with amino acids within the same or similar defined class of amino
acids. By way of example and not limitation, in some embodiments, an amino acid with an aliphatic
side chain is substituted with another aliphatic amino acid {e.g., alanine, valine, leucine, and
1soleucine); an amino acid with a hydroxyl side chain 18 substituted with ancther amino acid with a
hydroxyl side chaimn {(e.g., serine and threonine); an amino acids having aromatic side chaims is
substituted with another amino acid having an aromatic side chain {¢.g., phenylalanine, tyrosine,
tryptophan, and histidine); an amino acid with a basic side chain is substituted with another amino
acid with a basis side chain {¢.g., lvsine and argining}; an amino acid with an acidic side chain s
substituted with another aming acid with an acidic side chamn (¢ .g., aspartic acid or glutamic acid);
and/or a hyvdrophobic or hydrophilic amino acid is replaced with another hyvdrophobic or hydrophilic

amino acid, respectively. Exemplary conservative substitutions arc provided in Table 1.

Table 1. Exemplary Conservative Amino Acid Substitations
Residue Possible Conservative Substitutions
ALV, I Other aliphatic (A, L, V, [}
Other non-polar (A, LV, L G, M)
G M Other non-polar (A, L, V, 1, G, M)
D.E Other acidic (D, E)
K. R Other basic (K, R)
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N, Q8. T Other polar
HY W,F Other aromatic (H, Y, W, F)
CP Noun-polar

[8666] As used herein, the phrase “non-conservaiive substitution” refers to substitution of an amino
acid m the polypeptide with an aminge acid with significantly differing side chain propertics. Non-
conservative substitutions may use amino acids between, rather than within, the defined groups and
affocts (a) the structure of the peptide backbone in the arca of the substitution {¢.g., proline for
glveine} (b) the charge or hvdrophobicity, or {¢) the bulk of the side chain. By way of examaple and
not limitation, an exemplary non-conservative sabstitution can be an acidic amino acid sabstituted
with a basic or aliphatic amino acid; an aromatic amino acid substituted with a small amino acid; and
a hvdrophilic amino acid substituted with a hydrophobic amino acid.

[8667] As used herein, “deletion” refers to modification of the polypeptide by removal of one or
more amingo acids from the reference polypeptide. Deletions can comprise removal of 1 or more
aming acids, 2 or more aming acids, 5 or more aming acids, 10 or more aming acids, 15 or more
aming actds, or 20 or more amino acids, up to 10% of the total number of amino acids, or up to 20%
of the total number of amino acids making up the polvpeptide while retaining enzyvmatic activity
and/or retaining the improved properties of an enginecred enzyme. Deletions can be directed to the
internal portions and/or terminal portions of the polvpeptide. In various embodiments, the deletion can
comprise a continuous segment or can be discontinuous.

[0668] As used herein, “insertion” refers to modification of the polypeptide by addition of one or
more amino acids to the reference polypeptide. In some embodiments, the improved engineered
ketoreductase enzymes comprise insertions of one or more amino acids to the naturally occurming
ketoreductase polypeptide as well as insertions of one or more amine acids to enginecred
ketoreductase polypeptides. Insertions can be in the internal portions of the polvpeptide, or to the
carboxy or amino terminus. Insertions as used herein inchude fusion proteins as is known in the art.
The msertion can be a contiguous segment of amino acids or separated by one or more of the amino
acids in the naturally occurring polypeptide.

[0669] The oo "amine acid substitution set” or "substitution set” refers to a group of amine acul
substitutions in a polypeptide sequence, as compared to a reference sequence. A substitution set can

have 1,2,3,4,5,6,7. 84,9, 10, 11, 12, 13, 14, 15, or more amino acid substitutions. In some

embodiments, a substitution set refers to the set of amino acid substitutions that is present in any of
the variant KREDs histed in the Tables provided in the Examples.

[0078] As used herein, “fragment” refers to a polypeptide that has an amino-terminal and/or carboxy-
terminal deletion, but where the remainimg amino acid sequence 1s identical to the corresponding
positions in the sequence. Fragments can tvpically have about 8G%, about 90%. about 95%, about
98%, or about 99% of the fuli-length ketoreductase polypeptide, for example the polvpeptide of SEQ
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IDNG4. In some embodiments, the fragment 1s “biologically active” (i.e., it exhibits the same
enzyvmatic activity as the full-length sequence).

10671] As used berein, “isclated polypeptide” refers to a polypeptide which is substantially separated
from other contaminants that naturally accompany it, e.g., protein, lipids, and polvnucleotides. The
term embraces polvpeptides which have been removed or purified from their naturallyv-occurring
enviromment or expression system {e.g., host cell or in vitro synthesis). The improved ketoreductase
enzymes may be present within a cell, present in the cellular medium, or prepared in various forms,
such as lysates or isolated preparations. As such, mn some embodiments, the cngineered ketoreductase
polypeptides of the present invention can be an isolated polypeptide.

[8872] As used herein, “sobstantially pure polypeptide™ refers to a composition in which the
polypeptide species is the predominant species present {i.¢., on a molar or weight basis it is more
abundant than any other individual macromolecular specics in the composition), and is generally a
substantially purified composition when the object species comprises at feast about 50 percent of the
macromolecular species present by mole or % weight. Generally, a substantially pure engingered
ketoreductase polypeptide composition will comprise about 60 % or more, about 70% or more, about
809% or more, about 90% or more, about 91% or more, about 92% or more, about 93% or more, about
G949 or more, about 95% or more, about 96% or more, about 97% or more, about 98% or more, or
about 99% of all macromolecular species by mole or % weight present in the composition. Solvent
species, small molecules (<500 Baltons), and clemental ion specics are not considered
macromolecular specics. In some embodiments, the isolated improved ketoreductase polypeptide is a
substantially pure polvpeptide composition.

[8673] Asused herein, when used with reference to a nucleic acid or polypeptide, the term
“heterologous” refers to a sequence that is not normally expressed and secreted by an organism {e.g.,
a wild-type organism). In some embodiments, the torm encompasses a sequence that comprises two
or more subsequences which are not found in the same relationship to cach other as normally found in
naure, or is recombinantly enginecred so that its level of expression, or physical relationship to other
nucleic acids or other molecules in a cell, or structure, is not normally found in nature. For instance, a
heterologous mucleic acid 1s typically recombinantly produced, baving two or more sequences from
unrelated genes arranged 1 a manner not found o nature {e.g., a nucleie acid open reading frame
{ORF) of the invention operatively linked to a promoter sequence inserted into an expression cassctie,
such as a vector). In some embodiments, “heterclogous polynucieotide™ refers to any polyoucieotide
that is introduced into a host cell by laboratory technigues, and includes polynucleotides that are
removed from a host cell, subjected to laboratory manipulation, and then reintroduced into a host cell.
[B0674] As used herein, “codon optimized” refers to changes in the codons of the polynucleotide
encoding a protein to those preferentially used in a particular organism such that the encoded protein

15 efficiently expressed in the organism of mterest. In some embodiments, the polynucleotides
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encoding the ketoreductase enzymes may be codon optimized for optimal production from the host
organism selected for expression.

10675) As used herein, “control sequence” 18 defined herein to include all compounents, which are
necessary or advantageous for the expression of a polynucleotide and/or polypeptide of the present
mvention. Each control sequence may be native or foreign to the polynucieotide of interest. Such
control sequences include, but are not bmited to, a leader, polvadenylation sequence, propeptide
sequence, promoter, signal peptide sequence, and transcription terminator,

{0076] Asused herein, “operably linked” 1s defined herein as a configuration in which a control
sequence is appropriately placed (7.e., in a functional relationship} at a position relative to a
polynucieotide of interest such that the control sequence directs or regulates the expression of the
polymucieotide and/or polypeptide of interest.

{0077] Asused herein, the phrases “cofactor regeneration system” and “cofactor recyeling systern”
refer to a set of reactants that participate in a reaction that reduces the oxidized form of the cofactor
{e.g., NADP+ to NADPH). Cofactors oxidized by the ketoreductase-catalyzed reduction of the keto
substrate are regenerated m reduced form by the cofactor regencration system. Cofactor regeneration
systems comprise a stoichiometric reductant that is a source of reducing hydrogen equivalents and 1s
capable of reducing the oxidized form of the cofactor. The cofactor regeneration svstem may further
comprise a catalyst, for example an enzyme catalyst that catalyzes the reduction of the oxadized form
of the cofactor by the reductant. Cofactor regencration systems to regenerate NADH or NADPH from
MNADH or NADP+, respectively, are known 1o the art and may be used in the methods described
herein.

[8678] Asused herein, “suitable reaction conditions” refer to those conditions i the biocatalytic
reaction solution {e.g., ranges of enzyvme loading, substrate loading, cofactor loading, temperature,
pH, buffers, co-solvents, etc ) under which ketoreductase polvpeptides of the present invention are
capable of stereosclectively deracemizing a substrate compound to a product compound. Exemplary
“suitable reaction conditions” are provided in the present invention and illostrated by the Examples.
10679) As used berein, “loading,” such as 1 “compound loading,” “enzyme loading,” or “cofactor
loading” refers to the concentration or amount of a component in a reaction mixture at the start of the
reaction.

[8680] Asused herein, “substrate” in the context of a biocatalyst mediated process refers to the
compound or molecule acted on by the biocatalyst. For example, an exemplary substrate for the
ketoreductase biocatalvst in the process disclosed herein is compound (1).

[B081] As used herem “product” in the context of a biocatalyst mediated process refers to the
compound or molecule resulting from the action of the biocatalyst.

[O882] As used herein, “equilibration” as used herein refers to the process resulting in a steady state

concentration of chemical specics in a chemical or enzymatic reaction (2. g., interconversion of two

J—
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species A and B), mcluding interconversion of siercoisomers, as determined by the forward rate
constant and the reverse rate constant of the chemical or enzymatic reaction.

10083] As used herein, “oxo” refers to =0,

[0084] As used herein, “oxv” refers to a divalent group -O-, which may have various substituents to
form different oxy groups, including ethers and esters.

[8685] As used herein, “carboxy” refers to -COOH.

{8686] Asused herein, “carbonyl” refers to -C{0}-, which may have a variety of substituents to form
different carbonyl groups including acids, acid halides, aldehydes, anmides, esters, and ketones.

[BB87] As used heremn, “hydroxy™ retfers to ~OH.

[80888] As used herein, “optional” and “optionally”™ means that the subsequently described event or
circumstance may or may not occur, and that the descnption includes instances where the event or
circumstance occurs and instances in which it does not. One of ordinary skill in the art would
understand that with respect to any molecule descnibed as containing one or more optional
substituents, only sterically practical and/or synthetically feasible compounds are meant to be
mchuded.

[0089] Asused herein, “optionally substituted” refers to all subscquent modifiers in a torm or series
of chemical groups. For example, in the term "optionally substituted arvialkyvl, the “alkyl” portion and
the “aryl” portion of the molecule may or may not be substituted, and for the series “optionally
substitited atkyi, cycloalkyl, aryl and heteroaryl” the alkyl, cycloalkyl, arvl, and hetercaryl groups.,

mdependently of the others, may or may not be substituted.

Engineered Enzyme Polypeptides

10698} Ketoreductase {KRED) or carbony! reductase biocatalysts (EC 1.1.1.184) are useful for the
synthesis of alcohols from aldehydes and ketones, and optically active secondary alcohols from the
corresponding prostercoisomeric ketone substrates. KREDs may also catalvze the reverse reaction,
(i.¢., oxidation of an alcohol substrate to the corresponding aldehvdes/ketone product}. The reduction
of aldehydes and ketones and the oxidation of alcchols by KREDs uses a co-factor, most commonly
reduced nicotinamide adenine dinucleotide (NADH) or reduced nicotinamide adenine dinucleotide
phosphate (NADPH), and micotinanmide adenine dinucleotide (NAD) or nicotinamide adenine
dinuclectide phosphate (NADP+) for the oxidation reaction. NADH and NADPH serve as electron
donors, while NAD+ and NADP+ serve as electron acceptors.

[6091] KREDs can be found in a wide range of bacteria and veasts, as known m the art (See ¢.g.,
Hummel and Kula Eur. J. Biochem., 184:1-13 [1989]). Numerous KRED genes and enzvime
sequences have been reported, ncluding those of Candida magnoliae {Genbank Acc. No. JC7338;
GL11360338); Candida parapsilosis (Genbank Acc. No. BAAZ4528 1; GL:2815409),

Sporobalomyces salmonicolor (Genbank Acc. No. AF160799; GL1.6539734), Lactobacilius kefir
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{Genbank Acc. No. AAP94029.1; GE 33112056), Lactobacillus brevis (Genbank Acc. No. INX(Q A
GL 30749782), and Thermoanaerobium brockii (Genbank Ace. No. P14941; GI: 1771790).

10092] The stercoselectivity of ketoreductases have been applied to the preparation of important
phammaceutical building blocks {(See ¢.g., Broussy et al., Org. Lett, 11:3035-308 [2009]). Specific
applications of naturally occurring or engineered KREDs in biocatalytic processes to generate useful
chemical compounds have been demonstrated for reduction of 4-chlorcacetoacetate csters (Sec e.g..
Zhou, J. Am. Chem. Soc ,105:5925-5926 [19831]; Santaniello, . Chem. Res., (8)132-133 [1984]; UK.
Patent Nos. 5,559,030; U.S. Patent No. 5,700,670; and U5, Patent No. 5,891,685), reduction of
dioxocarboxviic acids (See e.g., U 5. Patent No. 6,399,339), reduction of tert-butyl (3)-chloro-3-
hvdroxy-3-oxohexancate {See ¢.g., U.S. Patent No. 6,645,746, and WO 01/40450}, reduction
pyvrrolotriazine-based compounds (Seee.g, US. Appln. Publ. No. 2006/0286646); reduaction of
substituted acctophenones {Sec ¢.g., U.S. Patent Nos. 6,800,477 and 8,748,143); and reduction of
ketothiolanes (WO 2005/054491).

[8693] The present mvention provides engineered ketoreductases capable of deracemizing the
substrate compound (1}, {6,7-dihydro-SH-pyrrolo] 1, 2-alimidazol-7-cb), in one-pot, multi-enzyme

system as shown in the following reaction and Figure 1.
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[6694] The present invention further provides tmproved ketoreductase enzymes and improved
phosphite dehvdrogenase enzyvmes, and methods for using the engineered ketoreductase and phosphite
dehydrogenase enzymes to deracemize chiral compounds in ong-pot, muldti-enzyme system.

{8695] It is important to note that the desired product can be obtaingd 1n a one-pot, one-step, multi-
enzyme system onlv if the oxidation and reduction reactions are orthogonal, compatible and non-~
mieracting. These conditions are only satisfied if the oxidative ketoreductase and s corresponding
recyeling enzyme use one co-factor exclusively {¢.g., NAD™), and reductive ketoreductase and its
corresponding recycling enzyvme use the opposite co-factor exchusively (1o, NADPH).

100696] Compound (1} has one chiral center and can exist in two different diastercomeric forms (1a
and ib). The deracemization reaction by a tandem of ketoreductases can result in two different

enantiomeric products (Fa-1b), as shown n Figore 2 and below.
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10697) However, {1a)} is the only desired product. The evolution program used in the development of
the present invention was designed to improve activity of an S-sclective ketoreductase that would
oxidize the S-alcohol in the racemic mixture, gencrating a ketone substrate for an Resglective

ketoreductase. Further, evolution program was designed o improve the selectivity, activity and
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cofactor preference ot the R-selective ketoreductase. Evolution was also designed to improve activity,
stability and cofactor preference of a phosphite dehydrogenase to enable deracemization of substrate
(1) to product {1a) with sunimal amowt of ketone and (Ib} in a ong-pot, one-step. multi-enzyme
process.

[8698] The ketoreductase polvpeptide of SEQ [D NO:2 was selected as the nitial backbone for
development of the improved S-selective enzymes provided by the present invention. This enzyme
was chosen as the starting backbone as ketone (2) was produced via oxadation of only (Ib). leaving
{1a}. The ketoreductase polypeptide of SEQ 1D NO:2 uses NAD' as a co-factor with an cfficiency
greater than 200:1 over NADP™ and can be coupled with a commercially available NADH oxidase to
recyele the co-factor.

{8099] The ketoreductase polypeptide of SEQ 1D NG 2 was selected as the initial backbone for
development of R-selective enzymes to reduce a ketone to product {1a) with initial sclectivity of

92.7% e.e. Enantioselectivity values are calculated herein according to equation (1) provided below.

{1} {[(laamount) - {1b amount)} / [{la amount} + {1b amount}]} x 100

[8100] Indeed, the non-naturally occurning ketoreductase polvpeptides of the present invention are
ketoreductases engineered to have improved properties as compared to the naturally occuming
ketoreductase of SEQ 1D NO:2.

{1101} A phosphite dehvdrogenase polypeptide was selected as the mitial backbone for development
of the improved PBH enzymes. This enzyme is equally efficient recyching both NADH and NADPH.
10102} In some embodiments, the engineered ketoreductase polypeptides are capable of converting
the substrate compound to product with an activity that is increased at least about 1.2 fold, 1.5 fold, 2
fold, 3 fold, 4 fold, 5 fold, 10 fold, 20 fold, 30 fold, 40 told, 50 fold, or 100 fold relative to the activity
of the reference polypeptide of SEQ ID NO:2 under suitable reaction conditions. In some
embodiments, the engineered ketoreductase polypeptides are capable of converting the substrate
corpound to product with a percent conversion of at least about 40%, at least about 50%, at least
about 60%, at least about 70%, at least about 80%, or at least about 90%, at least about 95%, at least
about 98%, at least about 99%, in a reaction time of about 48 h, about 36 h, about 24 h, or even
shorter length of time, under suitable reaction conditions.

[0103] In some embodiments, the engineered ketoreductases and phosphite dehvdrogenases are
capable of converting substrate compound (1) to product compound (1a) in cnantiomernc excess over
compound (Ib) i a one-pot, one-step, multi-enzyme system. In some embodiments, the engmeered
ketoreductases and phosphite dehydrogenases are capable of converting compound (1) to compound
{1a} in diastercomeric excess over compound (1b) under surtable reaction conditions.

[0104] As will be appreciated by those of skill in the art, some of the above-defined categones,

unless otherwise specified, are not mutually exclusive. Thus, aminoe acids having side chaing
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exhibiting two or more physico-chenucal properties can be mcluded in multiple categories. The
appropriate classification of any amino acid or residue will be apparent o those of skill in the art,
especially in light of the detailed invention provided herein.

{0103} In some embodiments, the improved engineered ketoreductase enzymes and engincored
phosphite dehvdrogenase enzvmes comprise amino acid residue deletions in the naturally occurring
ketoreductase or phosphite dehvdrogenase polypeptides or deletions of amine acid residues in other
engineered ketoreductase or phosphite dehydrogenase polypeptides. Thus, in some embodiments of
the invention, the deletions comprise one or more aming acids, 2 or more amino acids, 3 or more
amine acids, 4 or more anmuno acids, 5 or more anuno acids, 6 or more amino acids, & or morg amino
acids, 10 or more amino acids, 15 or more aminoe acids, or 20 or more amino acids, up to 10% of the
total number of amino acids, up to 10% of the total number of amino acids, up to 20% of the total
number of amino acids, or up to 30% of the total number of amino acids of the ketoreductase
polypeptides, as long as the functional activity of the ketoreductase or phosphite dehydrogenase
activity is maintamned. In some embodiments, the deletions can comprige, 1-2, 1-3, 1-4, 1-3, 1-6, 1-7,
1-8, 1-9, 1-10, 1-11, 1-12, 1-14, 1-15, I-16, 1-18 1-20, 1-22, 1-24, 1-25, 1-30, 1-35 or about 1-40
amino actd residues. In some embodiments, the number of deletions can be 1,2, 3,4, 5,6, 7,8, 9, 10,
11,12, 14, 15, 16, 18, 20, 22, 24, 26, 30, 35 or about 40 anuno acids. In some embodiments, the
deletions can comprise deletions of 1,2, 3,4,5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 1§, or 20 amino
acid residues.

[0106] As described herein, the ketoreductase or phosphite dehydrogenase polypeptides of the
mvention can be in the form of fusion polypeptides in which the ketoreductases or phosphite
dehydrogenase polypeptides are fused to other polvpeptides, such as antibody tags (e.g., myc epitope)
or purifications sequences {¢.g., His tags}. Thus, in some embodiments, the ketoreductase and/or
phosphite dehvdrogenase polvpeptides find use with or without fusions to other polypeptides.

[3107] In some embodiments, the polvpeptides described herein are not restricted fo the genetically
encoded amino acids. In addition to the genctically encoded amino acids, the polypeptides described
herein may be comprised, cither in whole or in part, of naturally-occurring and/or synthetic non-
encoded amino acids. Certain commonly encountered non-encoded amino acids of which the
polvpeptides described herein may be compnised include, but are not hmited to: the D-stereomers of
the geneticaliv-encoded amino acids; 2, 3-dianinopropionic acid (Ppr); a-aninoissbutyric acid (Aib);
g-aminohexanoic ackd {Aha}; S-aminovaleric acid (Ava); N-methviglycine or sarcosine (MeGly or
Sary; ornithine (Om); citrulline (Cit), t-butvialanine (Bua); t-butviglveine (Bug); N-methvhisoleucine
{Melley; phenylglveme (Phg); cyclohexylalanme (Cha): notleucine (Nlg); naphthylalanine (Nal); 2-
chlorophenylalanine {(Ocf}; 3-chlorophenylalanine (Mcf), 4-chlorophenylalanine (Pct),
2-fluorophenvialanine (Off); 3-fluorophenvlalanine {Mff); 4-fluorophenvlalanine (PH); 2-
bromophenylalanine {Obf); 3-bromophenylalanine (Mbf); 4-bromophenylalanine (Pbf); 2-
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methviphenylalanine (Omf); 3-methylphenvialanine (Mmf); 4-methviphenyialanine (Pmf); 2-
nitrophenvialanine (Onf); 3-nitrophenylalanine (Mnf), 4-nitrophenvialanine (Pnf); 2-
cyanophenylalanine (Oct); 3-cyanopheunylalanine (Mcf); 4-cvanophenylalanine (Pcf); 2-
trifluoromethyiphenvialanine (Otf); 3-trifluoromethviphenylalanine (Mtf); 4-
tnfluoromethyiphenvialanine (Ptf); 4-aminophenvlalanine (Paf); 4-iodophenylalanine (Pif); 4-
aminomethyiphenylalanine (Pamf}; 2 4-dichlorophenyvlalanine (Opef); 3.,4-dichlorophenylalanine
{Mpct): 2,4-diftuorophenylalanine (Opff); 3,4-difloorophenylalanine (Mpfh); pynd-2-ylalanine
{2pAla); pynd-3-vlalanine (3pAla); pynd-4-vialanine (dpAla); naphth-1-yvlalanine (1nAla); naphth-2-~
vialamine (ZnAla); thiazolvialanine (1aAla); benzothienvialanine (bAla); thienvialanine (tAla);
furvlalanine (fAlay; homophenylalanine (hPhe); homotyrosine (hTyr); homotryptophan (hTrp};
pentafluorophenvialanine (3ff); styrvikalanine {sAla); authrvialanine {(aAla); 3,3-diphenyvialanine
{Dfa); 3-amino-S-phenypentanoic acid (Afp); penicilamine (Peny; 1,2,3 4-tctrabydroisoguinoline-3-
carboxvlic acid (Tic); B-2-thienylalanine (Thi); methionine sulfoxade (Mso);, N{w}-nitroarginine
(nArg); homolysine (hLys); phosphonomethviphenyialanine (pmPhe); phosphosenne {(pSer);
phosphothrecning {pThr); homoeaspartic acid (hAsp); homoghitamic acid (hGhu}: 1-aminocyclopent-(2
or 3-ene-4 carboxyvhic acid; pipecolic acid {PA), azetidine-3-carboxylic acid (ACA)Y; 1-
aminocyelopentane-3-carboxyvlic acid; allviglveine (aOlv); propargviglveine {(pgGly); bomoalanine
{hAla); norvaline (nVal}; homoleucine (hLeu}, homovaline (hVal}; homoisolencine (hile);
homoarginme (hArg); N-acctyl lysine {AcLys}: 2 4-diaminobutyric acid (Dbu); 2, 3-diammobutyric
acid {Dab); N-methylvaline {MeVal); homocystene (hCys); homoserine (hSer); hydroxyproline
{Hyp} and homoprohing (hPro). Additional non-encoded amino acids of which the polypeptides
described herein may be comprised are apparent to those of skill in the art. These amino acids may be
in either the L- or Dconfiguration.

{0108] Those of skill in the art will recognize that amino acids or residues bearing side chain
protecting groups may also comprise the polvpeptides deseribed herein. Non-limiting examples of
such protected anuno acids, which m this case belong to the aromatic category, include (protecting
groups histed in parentheses), but are not limited to: Arg{tos), Cys(methylbenzyl), Cys
(nitropyridinesulfenyl), Glu(d-benzylester), Gln{xanthvl), Asn{N-S-xanthyl), His(bom), His(benzyl},
His(tos}, Lys{fimoc), Lys(tos), Ser{(G-benzyl), Thr (O-benzyl}) and Tyr{O-benzyl}.

10109] Non-encoding amino acids that are conformationally constraimed of which the polypeptides
described berein may be composed include, but are not limited to, N-methvl amino acids
(L-configuration); 1-aminocyclopent-(2 or 3}-ene-d-carboxylic acid; pipecolic acid; azetidine-3-
carboxylic acid; homoprobine (hPro); and l-ammocyclopentane-3-carboxylic acid.

{8118] As described above the various modifications introduced into the naturally occurrng
polypeptide to generate an engineered ketoreductase enzymes and enginecred phosphite

dehydrogenase enzymes can be targeted to a specific property of the enzvme.
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Polynuclestides Encoding Engineered Enzymes

10111} In ancther aspect, the present invention provides polynuclestides encoding the engineered
ketoreductase cnzymes and engineered phosphite dehydrogenase enzvimes. The polvnucleotides may
be operatively linked to one or more heterologous regulatory sequences that control gene expression
to create a recombinant polynuclectide capable of expressing the polvpeptide. Expression constructs
containing a heterclogous polyaucieotide encoding the engineered ketoreductase and/or engineered
phosphite dehvdrogenase can be introduced into appropriate host cells to express the corresponding
ketoreductase or phosphite dehydrogenase polypeptide.

[8112] Because of the knowledge of the codons corresponding to the various aming acids,
availability of a protein sequence provides a description of all the polyoucleotides capable of
encoding the subject. The degencracy of the genetic code, where the same aming acids are encoded
by alternative or synonymous codons allows an extremely large number ot nucleic acids to be made,
all of which encode the improved ketoreductase enzymes and/or improved phosphite dehvdrogenase
enzymes disclosed herein. Thus, having identified a particular ammo acid sequence, those skilled in
the art could make any number of different nucleic acids by simply modifving the sequence of onc or
more codons in a way which does not change the amino acid sequence of the protemn. In this regard,
the present mmvention specifically contemplates each and every possible variation of polymucleotides
that could be made by selecting combinations based on the possible codon choices, and all such
variations are to be considered specifically disclosed for any polypeptide disclosed hercin, including
the amino acid sequences presented in the Tables in the Examples. In various embodiments, the
codons are preferably selected to fit the host cell in which the protein is being produced. For
example, preferred codons used in bacteria are used to express the gene in bacteria; preferred codous
used in veast are used for expression 1o yeast; and preferred codons used i mammals are used for
expression in mammahan cells.

[3113] In some embodiments, the engineered ketoreductase or phosphite dehdyrogeanse sequences
comprise sequences that comprise positions identified to be beneficial, as described in the Examples.
{0114} In some embodiments, isolated polynucleotides encoding an improved ketoreductase or
phosphite dehydrogenase polypeptides are manipulated n a vanety of ways to provide for improved
expression and/or production of the polypeptides. Manipulation of the isolated polynucleotide prior
o its insertion into & vector may be desirable or necessary, depending on the expression vector used.
The technigues for modifying polynucieotides and nucleic acid sequences utilizing recombinant DNA
methods are well known in the art.

[3115] For bactenal host cells, suitable promoters for directing transcniption of the nucleic acid
constructs of the present invention, include the promoters obtained from the £ cofli lac operon,
Streptomyees coelicolor agarase gene (dagA), Bacillus subtilis levansucrase gene (sacB), Bacilius
flicheniformis alpha~amylase gene (amvL), Bacillus stearothermophilis maltogenic amvylase gene
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(amvM), Bacillus amylofiguetaciens alpha-amylase gene (amvQ), Bacilluy licheniformis penicillinase
gene {penP), Bacillus subtilis xy1A and xvIB genes, and prokaryotic beta-lactamase gene (See ¢.g.,
Villa-Kamaroff et al., Proc. Natl. Acad. Sci. USA 75 3727-3731 [1978]), as well as the fac promuoter
{Sec c.g., DeBoer et al., Proc. Natl Acad. Sci. USA 80: 21-25 [1983]). Additional suitable promoters
are known to those in the art.

[8116] For filamentous fungal host cells, suitable promoters for directing the transcription of the
nucleic acid constructs of the present invention include promoters obtained from the genes for
Aspergillus oryzae TAKA amvlase, Rijzomucor miehel aspartic proteinase, Aspergilius niger neutral
alpha-amvlase, Aspergillus niger acid stable alpha-amylase, Aspergilius niger or Aspergillus awamori
glucoamyvlase (glaA), Rhizomucor miehei Hpase, Aspergillus orvzae alkaline protease, Aspergillus
oryzae triose phosphate isomerase, Aspergiflus nidulons acetamidase, and Fusarium oxysporum
trypsin-like protease (WO 96/00787), as well as the NAZ-ipt promoter (a hvbrid of the promoters
from the genes for Aspergilius niger neutral alpha-amylase and Aspergilius oryzae triose phosphate
isomerase}, and mutant, truncated, and hybrid promoters thereof,

{8117} In a veast host, useful promoters include, but are not limited to those from the gengs for
Saccharomyces cerevisiae enolase (ENO-13, Saccharomyces cerevisiae galactokinase (GAL1),
Saccharomyces cerevisiae alcohol dehydrogenase/glyeeraldehyde-3-phosphate dehvdrogenase
(ADH2/GAP), and Saccharomyces cerevisiae 3-phosphoglyeerate kinase, as well as other useful
promoters for yeast host cells (Sec ¢.g., Romanos ¢t al., Yeast 8:423-488 [19921).

[0118] The control sequence may also be a suitable transcription terminator sequence, a sequence
recogmized by a host cell to terminate transeription. The terminator sequence 1s operably linked to the
3" terminus of the nucleic acid sequence encoding the polypeptide. Any terminator that is functional in
the host cell of choice may be used in the present invention.

{0119] For cxample, excraplary transcription terminators for filamentous fungal host cells can be
obtained from the genes for Aspergillus orvzae TAKA amylase, Aspergillus niger glucoamylase,
Aspergillus nidulans anthramlate synthase, Aspergilins niger alpha-glacosidase, and Fusarium
oxysporum trypsin-like protease.

[0120] Exemplary torounators for veast host cells can be obtained from the genes for Saccharomyces
cerevisiae enolase, Saccharomyces cerevisiae cytochrome C(CYC1), and Saccharomyces cerevisiae
glveeraldehyde-3-phosphate dehydrogenase, as well as other useful terminators for veast host cells
known in the art {(See ¢.g,. Romanos ¢t al., sapra).

[3121] The control scquence may also be a suitable leader sequence, a nontranslated region of an
mRNA that s important for translation by the host cell. The leader sequence is operably linked to the
5 terminus of the nucleiwe acid sequence encoding the polvpeptide. Any leader sequence that s
functional in the host cell of choice may be used. Exemplary leaders for filamentous fungal host cells
arc obtained from the genes tor Aspergilius orvzae TAKA amylase and Aspergillus nidulons triose
phosphate 1somerase. Suitable leaders for yeast host cells are obtained from the genes for

26



WO 2018/200214 PCT/US2018/027450

Saccharomyces cerevisiae enolase (ENG-1), Saccharomvees cerevisiae 3-phosphoglveerate kinase,
Saccharomyces cerevisiae alpha-factor, and Saccharomyces cerevisiae aleohol
dehydrogenase/glyceraldehvde-3-phosphate dehvdrogenase (ADH2/GAPR).

[0122]) The control sequence may also be a polyadenvlation sequence. a sequence operably linked to
the 3' terminus of the nucleic acid sequence and which, when transcribed, is recognized by the host
cell as a signal to add polyadenosine residues to transcribed mRNA . Any polvadenviation sequence
which is functional i the host cell of choice may be used in the present invention. Exemplary
polyadenvlation sequences for filamentous tfungal host cells can be from the genes for dspergiiius
oryzae TAKA amylase, Aspergilius niger glucoamyvlase, dspergillus nidulans anthraniate synthase,
Fusarium oxysporum trypsin-like protease, and Aspergifius niger alpha-glocosidase., as well as
additional useful polyadenyiation sequences for veast host cells known mn the art (See ¢.g., Guoetal |
Mol. Cell. Biol,, 15:5983-3990 {1995}).

[8123] The control sequence may also be a signal peptide codimg region that codes for an amino acid
sequence linked to the anmino terminus of a polvpeptide and directs the enceded polypeptide into the
cell's secretory pathway. The 5' end of the coding sequence of the nucleic acid sequence may
inherently contain a signal peptide coding region naturally linked in translation reading frame with the
segment of the coding region that encodes the secreted polypeptide. Alternatively, the 3" end of the
coding sequence may contain a signal peptide coding region that is foreign to the coding sequence.
The foreign signal pepiide coding region may be required where the coding sequence docs not
naturally contain a signal peptide coding region.

10124] Altematively, the foreign signal peptide coding region may simply replace the natural signal
peptide coding region in order fo enhance secretion of the polypeptide. However, any signal peptide
coding region which directs the expressed polypeptide into the secretory pathway of a host cell of
choice may be used in the present invention.

[3125] Effective signal peptide coding regions for bactenal host cells are the signal peptide coding
regions obtained from the genes for Bacillus NCIB 11837 maltogenic amylase, Bacillus
stearothermophilus alpha-amylase, Baciilus {icheniformis subtilisin, Bacillus licheniformis beta-
lactamase, Bacillus stearothermophilus neutral proteascs {npr'l, nprS, nprM}, and Bacillus subtilis
prsA,, as well as additional signal peptides known in the art (See e.g., Simonen et al., Microbiol. Rev.,
57 109-137 [1993]).

{0126] Effective signal peptide coding regions for filamentous fungal host cells include, but are not
himited to the signal peptide coding regions obtamned from the genes for dspergilius aryzae TAKA
amvlase, Aspergilius niger noutral amvlase, Aspergillius niger glucoamylase, Rhizomucor miehei
aspartic proteinase, Humicola insolens cellulase, and Humicola lanuginosa lipase. Useful signal
peptides for veast host cells can be from the genes for Saccharomyces cerevisiae alpha-factor and
Saccharomyces cerevisiae invertase, as well as additional useful signal peptide coding regions (See

¢.g.. Romanos et al., 1992, supra}.
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[3127] The control sequence may also be a propeptide coding region that codes for an amino acid
sequence positioned at the amino terminus of a polypeptide. The resoltant polypeptide 1s known as a
proenzyme or propolypeptide {or a zyvmogen in some ¢ases). A propolypeptide is generally inactive
and can be converted to a mature active polypeptide by catalytic or autocatalvtic cleavage of the
propeptide from the propolypeptide. The propeptide coding region may be obtained from the genes
for Bacillus subtilis alkaline protease {aprE), Bacillus subtilis neutral protease {npr'T), Saccharomyces
cerevisiae alpha-factor, Rhizomucor michei aspartic proteinase, and Mycelfiophthora thermophila
lactase (WO 95/33836).

[1128] Where both signal peptide and propeptide regions are present at the ammno terminus of a
polypeptide, the propeptide region is positioned next to the aming terminus of a polypeptide and the
sigital peptide region is positioned next to the amino terminus of the propeptide region.

10129} It may also be desirable to add regulatory sequences, which allow the regulation of the
expression of the polypeptide relative to the growth of the host cell. Examples of regulatory systems
are those which cause the expression of the gene to be turned on or off in response to a chemical or
physical stimuluos, including the presence of a regulatory compound. In prokaryotic host cells,
suitable regulatorv sequences include the lac, tac, and trp operator systems. In yeast host cells,
suttable regulatory svstems include, as examples, the ADHZ system or GALT system. In filamentous
fungi, suitable regalatory sequences include the TAKA alpha-amylase promoter, dspergillus niger
glucoamylase promoter, and Aspergillus oryzae glucoamylase promoter.

10139] Other examples of regulatory sequences are those which allow for gene amplification. In
cukarvotic systems, these include the dihvdrofolate reductase gene, which is amplified m the presence
of methotrexate, and the metallothionein genes, which are amplified with heavy metals. In these
cases, the nucleiw acid sequence encoding the KRED polypeptide of the present invention or the PDH
polypeptide of the present invention would be operably linked with the regulatory sequence.

[3131] Thus, in some embodments, the present invention is also directed to a recombinant
gxpression vector comprising a polynucleotide encoding an engineered ketoreductase polypeptide ora
variant thereof, or an engincered phosphite dehydrogenase polypeptide or a vartant thereof, and ong or
more expression regulating regions such as a promoter and a ternunator, a replication origin, ctc.,
depending on the tvpe of hosts mnto which they are to be introduced. The various nucleic acd and
control sequences described above may be joined together to produce a recombinant expression vector
which may include one or more convenient restriction sites to allow for insertion or substitution of the
nucleic acid sequence encoding the polvpeptide at such sites. Alternatively, the nucleie acid sequence
of the present invention may be expressed by mserting the nucleic acid sequence or a nucleic acid
construct comprising the sequence into an appropriate vector for expression. In creating the
expression vector, the coding sequence 1s located in the vector so that the coding sequence is operably

linked with the appropriate control sequenees for expression.
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[3132] The recombinant expression vector may be any vector {¢.g., a plasmud or virus), which can be
conveniently subjected to recombinant DNA procedures and can bring about the expression of the
polymucieotide sequence. The choice of the vector will typically depend on the compatibility of the
vector with the host cell into which the vector is to be introduced. The vectors may be lincar or closed
circular plasmuds.

[8133] The expression vector may be an autonomously replicating vector (i.e., a vector that exists as
an extrachromosomal entity), the replication of which is independent of chromosomal replication,
{c.g., a plasmid, an extrachromosomal element, a minichromosome, or an artificial chromosome).

The vector may contain any means for assuring self-rephication. Alternatively, the vector may be one
which, when introduced mto the host cell, is integrated nto the genome and rephicated together with
the chromosome(s) mto which it has been integrated. Furthermore, a single vector or plasmid or two
or more vectors or plasmids which together contain the total DNA to be introduced into the genome of
the host cell, or a transposon may be used.

[8134] The expression vector of the present invention preferably contains one or more selectable
markers, which permit casy selection of transformed cells. A selectable marker can be a gene the
product of which provides for biocide or viral resistance, resistance to heavy metals, prototrophy to
auxotrophs, and the bke. Examples of bactenial selectable markers are the da/ genes from Bacillus
subtilis ox Bacillus licheniformis, or markers, which confer antibiotic resistance such as ampicillin,
kanamycin, chloramphenicol, or tetracycline resistance. Suitable markers for veast host cells are
ADE2, HIS3, LEUZ, LYS2, MET3, TRPI, and URA3Z,

[8133] Sclectable markers for use in a filamentous fungal host cell include, but are not limited to,
amd$ (acetamidase), argB {(omithine carbamovltransferase}, bar (phosphinothricin acetyltransferase),
hph (hygromycin phosphotransferase), niald (nitrate reductase}, pyrG (orotidine-5'-phosphate
decarboxylase), sC (sulfate adenvitransferase), and trpC (anthranilate synthase), as well as equivalents
thereof. Embodiments tor use i an Aspergittus cell include the amdS and pyr(s genes of Aspergillus
nidulans or Aspergillus oryzae and the bar gene of Streptomyces hygroscopious.

10136] The expression vectors of the present mvention can contain an element(s) that permits
mtegration of the vector into the host cell's genome or autonomous replication of the vector 1o the cell
independent of the genome. For integration into the host cell genome, the vector may rely on the
nucleic acid sequence encoding the polypeptide or any other element of the vector for integration of
the vector into the genome by homologous or nonhomologous recombination.

{0137] Alicmatively, the expression vector may contain additional nucleic acid sequences for
dirccting tniegration bv homologous recombination mito the genome of the host cell. The additional
nucleic acid sequences enable the vector to be integrated nto the host cell genome at a precise
focation{s) in the chromosome(s). To ncrease the likelihood of integration at a precise location, the
mtcgrational clements should preferably contain a sufticient number of nucleic acids, such as 10010

10,000 base pairs, preferably 400 to 10,000 base pairs, and most preferably 800 to 10,000 base pairs,
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which are highly homologous with the corresponding target sequence to enhance the probability of
homologous recombination. The mntegrational elements may be any sequence that s homologous
with the target sequence in the genome of the host cell. Furthermore, the integrational elements may
be non-encoding or encoding nucleic acid scquences. On the other hand, the vector may be integrated
mto the genome ot the host cell by non-homologous recombination.

{8138] For autonomous replication, the vector may further comprise an origin of replication enabling
the vector to replicate autonomously in the host ccl in question. Examples of bacterial origing of
replication are P15 A on or the onigins of replication of plasmuds pBR322, pUC19, pACYCH77 (which
plasmid has the P15A or1), or pACYC 184 permitting replication n £. cofi, and pUBLIO, pE194,
pTAT060, or pAMPB ] permutting replication in Bacillus. Examples of origins of replication for use 1n
a veast host cell are the 2 nucron ongin of replication, ARS1, ARS4, the combination of ARST and
CEN3, and the combination of ARS4 and CEN6. The ongin of replication may be one having a
mutation which makes it’s functioning temperature-sensitive 1o the host coll (Sec ¢.g., Ehrlich, Proc.
Natl. Acad. Sei. USA 75:1433 [1978]).

{3139] More than one copy of a nucleic acid sequence of the present invention may be inserted into
the host cell to increase production of the gene product. An increase in the copy number of the
nucleic acid sequence can be obtained by integrating at least one additional copy of the sequence mnto
the host cell genome or by including an amplifiable selectable marker gene with the nucleic acid
sequence where cells containing amplified copies of the selectable marker gene, and thereby
additional copies of the nucleic acid sequence, can be selected for by cultivating the cells i the
presence of the appropriate selectable agent.

{0148] Many of the cxpression vectors for use in the present invention arc cormmerciafly available.
Suttable commercial expression vectors include, but are not limited to p3sFLAGTM™ expression
vectors (Sigma-Aldrich}, which include a CMV promoter and hGH polvadenylation site for
expression in mammalian host colis and a pBR3272 origin of replication and ampicilin resistance
markers for amplification in F. coli. Other commercially available suitable expression vectors mnclude

but are not hmited to the pBluescriptll 5K{-) and pBR-CMY vectors (Stratagene), and plasmids

Lathe et al,, Gene 57:193-201 [1987]).

Haost Celis for Expression of Engineered Polypeptides

[3141] The present invention also provides a host cell comprising a polynucleotide encoding an
improved ketoreductase polypeptide or an improved phosphite dehydrogenase polypeptide of the
present invendion, the polynucleotide being operatively linked to one or more control sequences for
expression of the ketoreductase enzvme or the phosphite dehvdrogenase enzyme in the host cell. Host
cells for use in expressing the KRED polypeptides encoded by the expression vectors of the present
mvention or the PDH polvpeptides encoded by the expression vectors of the present mvention arc
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well known in the art and include but are not himited to, bactenal cells, such as £, ¢oli, Lactobaciilus
kefir, Lactobacillus brevis, Lactobacillus minor, Strepiomyces and Salmonella typhimurium cells;
fungal cells, such as yeast cells (c.g., Saccharomyees cerevisiae or Pichia pastoris (ATCC Accession
MNo. 201178}); mnsect cells such as Drosophila 82 and Spodoptera Sf9 cells; animal cells such as CHO,
COS, BHK, 293, and Bowes melanoma cells; and plant celis. Appropnate culture media and growth
conditions for the above-described host cells are well known in the art.

{0142] Polvnucleotides for expression of the ketoreductase or the phosphite dehvdrogenase may be
mitroduced mto cells by various methods known in the art. Technigues inchide among others,
electroporation, biclistic particle bombardment, liposome mediated transfection, calcium chlonde
transfection, and protoplast fusion. Varnous methods for introducing polynucleotides into cells will be
apparent to the skilled artisan.

10143 Fscherichia coli W3110 18 a host strain that finds use 1n the present invention, although it 1s
not intended that the present invention be limited to this specitic host strain. The expression vector
was created by operatively linking a polynucleotide encoding an improved enzvme into the plasmid
pCK 110900 operatively linked to the foc promoter under control of the lacl repressor. The expression
vector also contained the P15a origin of replication and the chloramphenicol resistance gene. Cells
containing the subject polynucleotide in Escherichia coli W3110 can be isolated by subjecting the

cells to chloramphenicol selection.

RMethods of Generating Enpgineered Ketoreductase Polypeptides and Engineered Phosphite
Dehydrogenase Polypepiides.

[8144] In some embodiments, to make the improved KRED polynucleotides and polypeptides of the
present mvention, the naturally-occurring ketoreductase enzyme that catalyzes the reduaction reaction
is obtaimed {or derived) from Candida parasilosis or Sporodiobolus salmonicolor. In some
embodiments, the parent polynucleotide sequence is codon optimized to enhance expression of the
ketoreductase in a specified host cell. As an illustration, the parental polynucleotide sequence
encoding the wild-type KRED polypeptide of Sporodicbolus salmonicolor was constructed from
oligonucleotides prepared based upon the known polypeptide sequence of Sparodiobolus
salmonicolor KRED sequence avatlable from the Genbank database. The parental polyoucieotide
sequence was codon optimized for expression in 2. coli and the codon-optimized polynucleotide
cloned into an expression vector, placing the expression of the ketoreductase gene under the control of
the lac promoter and lacl repressor gene. Clones expressing the active ketoreductase in £. cofi were
identified and the genes sequenced to confirm their identity.

[3145] In some embodmments, the engineered ketoreductases are obtained by subjecting the
polynucieotide encoding the naturally occurring ketoreductase to mutagenesis and/or directed
evolution methods, as discussed above. Mutagenesis may be performed in accordance with any of the
techmiques known i the art, including random and site-specific mutagenesis. Directed evolution can
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be performed with any of the technigues known n the art to screen for improved promoter variants
including shuffling. Mutagenesis and directed evolution methods are well known in the art (See e.g.,
US Patent Nos. 53,605,793, 5 811,238, 5,830,721, 5,834,252, 5,837 458, 5,928,903, 6,096,548,
6,117,679, 6,132,970, 6,165,793, 6,180,406, 6,251,674, 6,265,201, 6,277,638, 6,287 861, 6,287,862,
6,291,242, 6,297,053, 6,303,344, 6,309,883, 6,319,713, 6,319,714, 6,323,030, 6,326,204, 6,333,160,
6,335,198, 6,344,356, 6,352,859, 6,355,484, 6,358,740, 6,358,742, 6,365,377, 6,365,408, 6,368 861,
6,372,497, 6,337.186, 6,376,246, 6,379,964, 6,387,702, 6,391,552, 6,391,640, 6,395,547, 6,406 853,
6,406,910, 6,413,745, 6,413,774, 6,420,175, 6,423,542, 6,426,224, 6,436,675, 6,444,468, 6455 253,
6,479,652, 6,482,647, 6,483,011, 6,484,105, 6,489,146, 6,500,617, 6,500,639, 6,506,602, 6,506,603,
6,518,065, 6,519,065, 6,521,453, 6,528,311, 6,537,746, 6,573,098, 6,576,467, 6,579,678, 6,586,182,
6,602,986, 6,605,430, 6,613,514, 6,653,072, 6,686,515, 6,703,240, 6,716,631, 6,825.001, 6,902,922,
6,917,882, 6,946,296, 6,961,664, 6,995 017, 7,024,312, 7,058,515, 7,105,297, 7,148,054, 7,220,566,
7,288,375, 7,384,387, 7 421,347, 7,430,477, 7,462,469, 7,534,564, 7,620,500, 7,620,502, 7,629,170,
7,702,464, 77747391, 7,747,393, 7,751,986, 7.776,598, 7,783,428, 7,795,030, 7,853,410, 7,868 138,
7,783,428, 7,873,477, 7,873,499, 7,904,249, 7957912, 7.981,614, 8,014,961, 8,029,988, 8,048 674,
8,058,001, 8,076,138, 8,108,150, 8,170,806, 8,224 580, 8,377,681, 8,383,346, 8,457,903, 8,504 498,
3,589,085, 8,762,066, 8,768,871, 9,593,326, and all related non-US counterparts; Ling ef o/, Anal.
Biochem., 254¢2}:157-78 {1997]; Dale er /., Meth. Mol. Biol., 57:369-74 [1996]; Smith, Ann. Rev.
Genet., 19:423-462 [1985]; Botstcin ef o/, Science, 229:1193-1201 19853, Carter, Biochem. J.,
237:1-7 [1986]; Kramer ef af., Cell, 38:879-887 [ 1984, Wells er o/, Gene, 34:315-323 [1985];
Minshull efaf., Curr. Op. Chem. Biol, 3:284-290 [1999]; Christians ef ¢/ ., Nat. Biotechnol,, 17:259-
264 [1999]; Crameri ef o/, Nature, 391:288-291 [1998]; Cramen, e o/, Nat. Biotechnol., 15:436-438
11997]. Zhang er o/, Proc. Nat. Acad. Sci. US A, 94:4504-4509 [1997|; Crameri ef of , Nat,
Biotechnol, 14:315-319 {1996]; Stenuner, Nature, 370:389-391 {1994} Stenumer, Proc. Nat. Acad.
Sci. USA, 91:10747-10751 [1994], W 95/22625;, WO 97/0078; W 97/35966;, WO 98/27230. W0
00/426351;, WO G1/75767; and W 2009/152336, all of which are incorporated herem by reference}.
103146] The clones obtained following mutagenesis treatment are screened for enginesred
ketoreductases having a desired teproved enzyme property. Measuring enzyme activity from the
expression ltbranes can be performed using the standard biochenustry technique of mounttoring the
rate of decrease (via a decrease in absorbance or flucrescence) of NADH or NADPH concentration, as
it is converted into NAD' or NADP™ | In this reaction, the NADH or NADPH is consumed (oxidized)
bv the ketoreductase as the ketoreductase reduces a ketone substrate to the corresponding bvdroxyl
group. The ratc of decrease of NADH or NADPH concentration, as measured by the decrease in
absorbance or fluorescence, per unit time indicates the relative {enzyvmatic) activity of the KRED
polypeptide in a fixed amount of the lysate {or a lyophilized powder made therefrom). The
stereochemistry of the products can be ascertained by various known technigues, and as provided in
the Examples. Where the improved enzyme property desired is themmal stability, enzyme activity
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may be measured after subjecting the enzyme preparations to a defined temperature and measuring the
amount of enzyme activity remaining afier heat treatments. Clones containing a polvaucleotide
encoding a ketoreductase are then isolated, sequenced to identify the noclestide sequence changes (if
anv}, and used to cxpress the cnzyme in a host cell.

[8147] Where the sequence of the engineered polypeptide is known, the polvnucleotides encoding
the enzyme can be prepared by standard schid-phase methods, according to known synthetic methods.
In some embodiments, fragments of up to about 100 bases can be individually synthesized, then
jomed {e.g., by enzvmatic or chemical ligation methods, or polymerase mediated methods) to form
any desired continuous sequence. For example, polvnucleotides and ohigonucieotides of the invention
can be prepared by chemical synthesis {e.g., using the classical phosphoramidite method described by
Beaucage et al., Tet. Lett,, 22:1859-69 {1981 ], or the method descrnbed by Matthes et al, EMBO J,
3:801-05 [1984], as 1t 1s typically practiced in automated synthetic methods). According to the
phosphoramidite method, ohigonucieotides are synthesized (e.g., in an automatic DNA synthesizer),
purified, annealed, ligated and cloned in appropriate vectors. In addition, essentially any nucleic acid
can be obtained from anv of a variety of commercial sources {¢.g.. The Midland Certified Reagent
Company, Midland, TX, The Great American Gene Company, Ramona, CA, ExpressGen Inc.
Chicago, 1L, Operon Technologies fne., Alameda, CA, and many others).

[4148] Engmeered ketoreductase enzymes and enginecred phosphite dehvdrogenase enzymes
expressed it a host cell can be recovered from the cells and or the culture medium using any one or
more of the well known technmiques for protein purification, including, among others, lvsozyme
treatment, sonication, filtration, salting-out, ultra~centrifugation, and chromatography. Suitable
solutions for lysing and the high efficiency extraction of proteins from bacteria, such as £, coli, are
commercially available under the trade name CelLytic B™ (Sigma-Aldrich).

[3149] Chromatographic technigues for isolation of the ketoreductase and/or phosphite
dehydrogenase polypeptides include, among others, reverse phase chromatography high performance
higuad chromatography, ion exchange chromatography, gel electrophoresis, and atfinity
chromatography. Conditions for punfying a particular cnzyme will depend, in part, on factors such as
net charge, hvdrophobicity, hydrophilicity, molecular weight, molecular shape, otc., and will be
apparent to those having skill in the art.

[8150] In some embodiments, affinity technigues are used to 1solate the improved ketoreductase
enzymes and/or improved phosphite debydrogenase enzvimes. For affinity chromatography
purification, any antibody which specifically binds the ketoreductase polvpeptide or the phosphite
dehydrogenase polvpeptide may be used. For the production of antibodics, various host animals,
mnciuding but not imited to rabbits, mice, rats, etc., may be immunized by injection with the
ketoreductase or the phosphite dehvdrogenase. The ketoreductase polypeptide may be attached to a
suitable carrier, such as BSA, by means of a side chamn functional group or linkers attached to a side
chain functional group. Various adjuvants may be used to increase the immunological response,
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depending on the host species, including but not limited to Freund’s {complete and mcomplete),
mineral gels such as aluminum hydroxide, surface active substances such as lysolecithin, pluronic
polyols, polvanions, peptides, oil emulsions, kevhole limpet hemocyanin, dinitrophenol, and
potentially useful human adjuvants such as BCG (Bacillus Calmette Guerin} and Corynebacrerim
parvum.

[8151] The ketoreductases and/or the phosphite dehydrogenases may be prepared and used in the
form of cells expressing the enzymes, as cnude extracts, or as isolated or purified preparations. The
ketoreductases and/or the phosphite dehydrogenases may be prepared as Ivophilizates, in powder form
(e.g., acetone powders}), or prepared as enzyme solutions. In some embodiments, the ketoreductases
or the phosphite dehvdrogenases can be in the form of substantially pure preparations.

13152} In some embodiments, the ketoreductase polypeptides and/or the phosphite dehydrogenase
polypeptides can be attached to a solid substrate. The substrate can be a solid phase, surface, and/or
membrane. A solid support can be composed of organic polvmers such as polvstyrene, polyethyviene,
polypropylene, polyflucrocthyvlene, polyethyleneoxy, and polvacrylamide, as well as co-polymers and
grafts thereof. A solid support can also be inorganic, such as glass, silica, controlled pore glass
{CPG), reverse phase silica or metal, such as gold or platinum. The configuration of the substrate can
be in the form of beads, spheres, particles, granules, a gel, a membrane or a surface. Surfaces can be
planar, substantially planar, or non-planar. Solid supports can be porous or non-porous, and can have
swelling or non-swelling characteristics. A solid support can be configured in the form of a well,
depression, or other container, vessel, feature, or location. A plurality of supports can be configured
on an array at various locations, addressable for robotic dehivery of reagents, or by detection methods
and/or mstruments,

{0153] Agis known by those of skill in the art, ketoreductase-catalyzed reduoction reactions typically
require a cofactor. Reduction reactions catalyzed by the engincered ketoreductase enzymes described
herein also typically require a cofactor, although many embodiments of the engmeered ketoreductases
require far less cofactor than reactions catalvzed with wild-type ketoreductase enzymes. As used
herein, the term “cofactor” refers to a non-protein compound that operates in combination with a
ketoreductase enzyme. Cofactors suitable for use with the engincered ketoreductase enzymes
described herein include, but are not limited to, NADP™ {micotinanude adenine dinucleotide
phosphate), NADPH (the reduced form of NADP™), NAD™ {nicotinamide adenine dinucleotide} and
NADH (the reduced form of NAD™). Generally, the reduced form of the cofactor is added to the
reaction muxture. The reduced NAD{PIH form can be optionally regencrated from the oxidized
NAD(P) form using a cofactor regencration system. The term “cofactor regeneration system” refers
to a set of reactants that participate in a reaction that reduces the oxidized form of the cofactor (e g.,
NADP' to NADPH). Cofaciors oxidized by the ketoreductase-catalyzed reduction of the keto
substrate are regencrated in reduced form by the cofactor regencration system. Cofactor regencration
systems comprise a stoichiometric reductant that is a source of reducing hydrogen equivalents and 1s
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capable of reducing the oxidized form of the cofactor. The cofactor regeneration system may further
comprise a catalyst, for example an enzyme catalyst, that catalyzes the reduction of the oxadized form
of the cofactor by the reductant. Cofactor regeneration systems to regenerate NADH or NADPH from

NAD" or NADP', respectively, arc known in the art and may be used in the methods described herein,

EXPERIMENTAL

{0154] Varnous features and embodiments of the nvention are itllustrated 1o the following
representative examples, which are intended to be llustrative, and not limiting.

[3155] In the experimental disclosure below, the following abbreviations apply: ppm (parts per
mitlion}; M (molar); mM (millimolar}, uM and uM (micromolar); oM (nanomolary; mol {moles); gm
and g (gram); mg {milligrams}; ug and g {(mucrograms}; L and 1 {liter); ml and mL (mifkiliter);, om
{centimeters); mun (millimeters); um and pm (micrometers); sec. {seconds); minds) (minute(s)); h{s)
and hr(s) (hour(s)): U (umits), MW (molecular weight); rpm (rotations per minuie); °C (degrees
Centigrade); RT (room temperature);, CDS (coding sequence}, DNA {deoxyribonucleic acid), RNA
{ribonucleic acidy; HPLC (high performance higuuid chromatography), FIOPC (fold mprovement over
posttive control}; HTP ¢high throughput); LB (Luria broth); Sigma-Aldrich (Sigma-Aldrich, St
Louis, M(); Milhpore (Millipore, Comp., Billerica MA); Difco (hfco Laboratones, BD Diagnostic
Systems, Detroit, M), Daicel (Daicel, West Chester, PA}); Genetix (Genetix USA, Inc., Beaverton,
OR); Molecular Devices (Molecular Bevices, LLC, Sunnyvale, CA); Apphied Biosystems {Applied
Biosysters, part of Life Technologics, Corp., Grand Island, NY), Agilent (Agilent Technologies, Inc.,
Santa Clara, CA), Thermo Scientific (part of Thermo Fisher Scientific, Waltham, MA}; Coming
{Coming, In¢ |, Palo Alto, CA); and Bio-Rad (Bic-Rad Laboratories, Hercules, CA).

EXAMPLE Y

Ketoreductase and Phosphite Dehydrogenase Gene Construction and Expression Vectors
181386] The wild-type Candida parapsiiois ketoreductase (KRED} encoding gene was amplified from
genomic DNA and cloned into expression vector pCK11 0900 (See, Figure 3 of US Pat. Appla.
Publn. No. 2006/0195947, herein incorporated by reference) under the control of a lac promoter. The
expression vector also contaimed the P15a ongm of repheation and the chloramphenicol resistance
gene. The activity of the wild-type ketoreductase was confirmed as described in W32008/042876.
Polynucleotides encoding engincered ketoreductases of the present invention were likewise cloned
into vector pCk11 0900 for expression in £, coli W311 0. Directed cvolution of the KRED gene was
carried out by first selecting the parent gene (1.c., SEQ D NOS: 2, 6, 104) followed by library
construction of variant genes in which positions associated with certan structural features were
subjected to mutagenesis. These libraries were then plated, grown-up, and screened using HTP assays

as described in Examples 2, 5 and 12,
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[157] The wild-type Sporidiobolus salmonicolor ketoreductase (KRED) encoding gene was
synthesized for expression in /. coli based on the reported amino acid sequence of the ketoreductase
and a codon optimization algorithm as described in Example 1 of WO2008/042876, incorporated
herein by reference. The gene was synthesized using oligonucleotides composed of 42 nucleotides
and cloned o expression vector pCK LT 0900 (See, Figure 3 of US Pat. Appln. Publn. No.
2006/0195847, herein incorporated by reference) under the control of a lac promoter. The expression
vector also contained the P15a origin of replication and the chloramphenicol resistance gene. The
activity of the wild-type ketoreductase was confirmed as described in WO2008/042876.
Polynucleotides encoding engineered ketoreductases of the present invention were hikewise cloned
into vector pCK11 0900 for expression in £, coli W311 0. Directed evolution of the KRED gene was
carried out by first selecting the parent gene (1.¢., SEQ IDNGS: 112, 124, 138) followed by library
construction of variant genes in which positions associated with certain structural features were
subjected to mutagenesis. These libraries were then plated, grown, and screened using HTP assays as
described in Examples 3,6, 7, 8 and 12.

{0158] A variant of the wild-type Fseudomonas stuizeri phosphite dehydrogenase (PDH) encoding
gene was cloned into expression vector pCK 11 0900 (See, Figure 3 of US Pat. Appln. Publn. No.
2006/0195947, hercin incorporated by reference) under the control of a lac promoter. The expression
vector also contained the P15a origin of replication and the chloramphenicol resistance gene. The
activity of the phosphite dehydrogenase was confirmed as described 1n WOZ008/042876.

{0159 Polvnucleotides encoding engincered phosphite dehydrogenases of the present invention were
likewise cloned into vector pCK 11 0900 for expression in £, coff W311 0. Directed evolution of the
PDH gene was carried out by first selecting the parent gene (.o, SEQ ID NOS: 172, 182, 200, 208,
260} followed by hibrary construction of variant genes in which positions associated with certain
structural features were subjected to mutagencsis. These hibraries were then plated. grown, and

screened using HTP assays as described in Examples 4, and 9 through 12,

EXAMPLE 2

Production and Analysis of Enginecred KRED Polypeptides for Oxidation
[6160] Plasnud libraries obtained through directed evolution and contaming evolved ketoreductase
genes were transformed into £, coli W3110 and placed on Luria-Bertant {LB) agar medium
containing 1% glucose and 30 pg/mi chloramphenicol (CAM). After incubation for at least 16 hat
30°C, colonies were picked using a Q-bot® robotic colony picker (Genetix) into a 96-well shallow
well microtiter plate containing 200 pl. of LB, 1% glucose, and 30 pg/ml CAM. Cells were grown
18-20 k at 30°C, with shakmg at 200 rpm. Twenty plL of this culture was then transferred to 360 pl
of Ternific Broth (TB), ImM MgCl, 2mM ZnS0y and 30 pg/mt CAM. After incubation of deep well

plates at 30°C with shaking at 250 rpm for 2.5 h (Ol 0.6-0.8), recombinant gene cxpression was
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mduced by sopropyl thioglycoside (IPTG) to a final concentration of 1 mM. The plates were then
mcubated at 30 "C with shaking at 250 rpm for 18-21 h.

10161] Cell cultures were pelleted at 3500 x g for 20 min, and their supernatants were discarded.
Cell pellets were fysed in 300 pl of 20 mM Trs, ZmM ZnSO., 1 ;M MgCl, pH 7.5 with 1 g/L
fysozyvme and 0.5 g/L polympan B sulfate by shaking at RT for 2 h. Samples were centrifuged at
3500 x g for 20 min to clarify ccllular debris, and the supernatant was ased to carry out the

transformations described in Examples 5 and 12,

EXAMPLE 3

Production and Analysis of Enginecered KRED Polypeptides for Reduction
10162] Plasnud libranes obtained through direcied evolution and containing evolved ketoreductase
genes were transformed into £, co/i W3110 and placed on Luna-Bertani (LB) agar mediwm
contamning 1% glucose and 30 pg/ml chloramphenicol (CAM). After incubation for at least 16 h at
30°C, colonies were picked using a Q-bot® robotic colony picker (Genetix) into a 96-well shallow
well microtiter plate containing 200 pl of LB, 1% glucose, and 30 pg/mi CAM. Cells were grown
18-20 b at 30°C, with shaking at 200 rpm. Twenty pl, of this culture was then transferred to 360 pl
of Ternfic Broth (TB), ImM MzS0O,, and 30 pug/ml CAM. Afier incubation of deep well plates at
30°C with shaking at 250 rpm for 2.5 h (0D 0.6-0.8), recombinant gene expression was induced by
1sopropyl thioglycoside (IPTG) to a final concentration of 1 mM. The plates were then incubated at
30 "C with shaking at 250 rpm for 18-21 h.
18163] Celi cultures were pelleted at 3500 x g for 20 min, and their supernatants were discarded.
Cell pellets were ysed in 300 pL of 20 mM Tris, 1 mM MgSO4, pH 7.5 with 1 g/L lysozyme and 0.5
/L polymixin B sulfate by shaking at RT for 2 h. Samples were centrifuged at 3500 x g for 20 min to
clanfy cellular debris, and the supernatant was used to carry out the transformations described in

Examples 6 through &, and Example 12.

EXAMPLE 4

Production and Analysis of Enginecred Phosphite Dehydrogenase Polypeptides
[6164] Plasnud hibranies obtamed through directed evolution and containing evolved phosplute
dehydrogenase genes were transformed into £ cofi W3110 and placed on Lunia-Bertani (LB) agar
medium containing 1% ghucose and 30 ug/ml chloramphenicol ({CAM). After incubation for at least
16 b at 30°C, colonies were picked using a (Q-bot® robotic colony picker (Genetix) into a 96-wel
shallow well microtiter plate containing 200 ul. of LB, 1% glucose, and 30 pg/md CAM. Cells were
grown 18-20 h at 30°C, with shaking at 200 rpm. Twenty pl. ot this culture was then transferred to
360 ub of Terrific Broth (TB) and 30 pg/ml CAM. After incubation of deep well plates at 30°C with

shaking at 250 rpm for 2.5 h {(ODeye 0.6-0.8), recombinant gene cxpression was induced by isopropyi

(9%
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thioglvcoside (IPTG) to a final concentration of 1 mM. The plates were then incubated at 30 "C with
shaking at 250 rpm for 18-21 h.

103165] Cell cultures were pelleted at 3500 x g for 20 min, and their supernatants were discarded.
Cell pellets were fysed mn 300 pl. of 20 mM Trs, pH 7.5 with 1 g/l lysozyme and 0.5 g/L. polvmixin
B sulfate by shaking at RT for 2 h. Samples were centrifuged at 3500 x g for 20 mun to clanfy
cellular debris, and the supernatant was used to carry out the transformations described in Examples 9

through 12.

EXAMPLES

KRED Variants of SEQ ID N{O:2
10166] I coli KRED vanants were generated as described in Example 1. To analyze the activity of
the variants, 20 uL. of supematant produced as described i Example 2 were added to a mixture of 180
ul racemic alcohol substrate (80 g/L), with 4g/L NAD', 10g/L commercially available NADH
oxidase {(NOx-9) and 100mM FAD in 100 mM sodinm phosphite pH 8.0, Reactions were incubated
at 36 "C for 16-18h, and quenched via addition of 200 pl of 1M HCL. The quenched mixture was
added to the sample and bricfly mixed. Reaction samples were analvzed by UPLC to quantify
residual substrate and products as described above. Significantly improved vanants are provided in

Table 5.1, below.

Table 5.1, Variants With Improved Activity Compared to SEQ ID NG:2

- Amino Acid Substitutions

SEQ 1D NG: (Relative to SEQ ID NO:2) Improvement
4 R309F A
6 €570 At
& G114K -+
10 G212V +++
12 G263Y +++
14 L276F At
16 {57 -
18 G272 ot
20 G272L et
22 GiHi4M et
24 (2728 +++
26 G272 +++
28 G272H At
30 G2127 At
32 G114H At
34 2721 -+
36 CSTX/W286X At
33 G2T2W ++
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Table 5.1, Variants With Improved Activity Compared to SEQ ID NO:2
: Amino Acid Substitutions ,
SEGQ ID NG: (Relative to SEQ ID NO:2) Improvement

40 1279H 4
42 G263H 4+
44 H43R SR
46 S268M b
48 S268W ++
30 L274V ++
52 V831 ++
54 Y520 ++
56 I279R e
58 Y3525 A+
60 12794 ++
62 1.2741 ++
64 DseL 4+
56 K0T +
6% P228S ++
70 S138V/AT468/M238V/T2895 +

2 K211R +
74 37R +
76 K3TR/KZIIR/G229R ++
78 K2ZHIR/G229R +
80 GZ29R ++
82 K37R/G229R +
84 K37R/K21IR ++
86 L276M e
83 179T/VE38/A2T75N/L276M et
90 VB35/A275N/L276M ++
92 V83S/L2T76M ++
94 A2TSN/L2T6M et
96 LSSF/CSTA/L2T6M +
98 AL04G 4
100 C37TUA104G/G114H A
102 CSTL/ATO4G/GT14H/G229R At
104 YS28/C5TL/G272HVIZT9H/L296F it
106 YS2D/CSTL/G272H 4+
108 Y325/CSTL/G2I2H/A2T4VA2T9H/AL296F 4+
110 Y328/C5TL/KII0T/G272H/L296F 4+

Kev for Table 5.1

e >6
+44 >4 and <6
++ >2 5 and < 4
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>12and <25

EXAMPLE6

ERED Variants of SEQ ID NG:112
[167] K. coli KRED vanants were generated as deseribed in Example 1. To analyze the acuvity of
the variants, 5 ul. supemnatant produced as described 1o Example 3 were added to 85 uL of 03 M
phosphite buffer pH 7.9 contaiming 0.25 mM NADPH; 19 g/L. ketone substrate and 5 g/L PDH.
Reactions were incubated at room temperature for 16-18 hours with gentle shaking. Reactions were
quenched via addition of 100 ul. of 1M H{1. The quenched mixture (10 yL 3 was diluted into 190 pyL
of water. Reaction samples (10 pb) were analyzed by HPLC to quantify residual substrates and

products as described above. Significantly improved vanants are provided in Table 6.1, below.

Table 6.1 Variants With Improved Activity and Selectivity Compared to SEQ 1D NO:112
SEGID Amino Acid Substitutions Activity Selectivity
NG: {Relative to SEQ 1D NG:112) Improvement | Improvement
114 V241/S220G/P314R/S315A + nd.
116 V241 T106P/S136A/8220G/L258V/C260A/P3I14R/SII5A + nd.
118 V241 T106P/F214L/A250V/L238V/C260A/PIT4R/S315A + nd.
120 T122E/4159V/L316E/1318L ++ nd.
122 139V/V251Q/Y272F/T277R/L316E/13181L/1330L +
124 N207G -t ot
126 N207G it 4
128 V135F o 4
130 V135F ++ ++
132 1139V/N207S +++ +++
Key for Table 6.1
Activity Selectivity
e T >3
++ > 2.5 and < 4 >2and <3
+ >15and <23 > land <1
EXAMPLE 7

KRED Variants of SEQ ID NG:124
[0168] K. cofi KRED variants were generated as described in Example 1. To analyze the activity of
the variants, 7.5 pl. supernatant produced as described 1in Example 3 were added to 192.5 ul.of 03

M phosphite buffer pH 7.9 containing 0.25 mM NADPH; 50 g/L. ketone substrate and 5 g/1. PDH.
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Reactions were incubated at room temperature for 16-18 hours with gentle shaking. Reactions were
guenched via addition of 100 gl of IM HCL The quenched muxture (10 L } was diloted 1ato 190 yL
of water. Reaction samples {10 pb) were analyzed by HPLC to quantify residual substrates and

products as described above. Significantly improved vartants arg provided in Table 7.1, below.

Table 7.1 Variants With Improved Activity Compared to SEQ ID NG:124

SEQID Aming Acid Substitutions Activity
NG: {Relative to SEQ 1D NO:124) Improvement
134 VO5T e
136 V24 VIST/M228T et
138 VOST/VI3SEA139V/G20TN et
140 K3Y/V95T -+
142 K3Y/VOST/M228T/P314R -+
144 A2T/Y TOIP/ATTOL/TIR2M/M228R/AZ38L/T282E ++
146 1159V/M228L/K3090/1330L '

Key for Table 7.1
bt | > 4

it > 3and <4

oot > 2 and <3
+ >iS5and <2
EXAMPLE S

KRED Variants of SEQ ID NG:138
[8169] I coli KRED variants were generated as described in Example 1. To analyze the co-factor
preference of the variants, four separate assays were utihized. First, 10 ul. supernatant produced as
described in Example 3 were added to 90 ul. of 0.2 M phosphite buffer pH 7.9 contaming 1 g/l
ketone and 1 g/L. of NADPH. The mitial rate of NADPH consumption of the samples was analvzed
via fluorescence with Ex A=330nm Em % =4450m, acquired for 180 seconds every 21 seconds.
[B170] Second. 20 ub supernatant produced as described in Example 3 were added to 190 pL of
0.2 M phosphite buffer pH 7.9 containing 1g/L. racemic alcohol and 2g/1. of NAD'. The initial rate of
NAD" consumption was analvzed via kinetic readings at UV 340nm, data were acquired every 9
seconds for 5 minutes.
10171] Third, 20 ul supematant produced as described in Example 3 were added to 180 pb of
500mM sodivm phosphite containing 2g/L imidazole ketone and 16.4mM of NADPH: the samples
were incubated at room temperature for 2 hr, shaking at 300rpm. Reactions were quenched via
addition of 200 uL of MeCN. Afier shaking for 5 minutes, 100 uL of the quenched reaction was
transferred to a Millipore filter plate (43micron pore size) with a co-star round bottom plate
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containing 100 pL of water to collect the filtrate and the mixture was spun at 4000rpm for 2Zminutes.

Reaction samples (10 b)) were analyzed by HPLC to quantify residual substrate and product as
described above.

10172]) Fourth, 20 uyl. supernatant produced as deseribed in Example 3 were added to 180 pb of
500mM sodiwm phosphite contamning 2g/L. tuidazole ketone and 16.4mM of NADPH; the samples
were incubated at room temperature for 2 hr, shaking at 300rpm. Reactions were quenched via
addition of 200 uL of MeCN. Afier shaking for 5 minutes, 100 uL of the quenched reaction was

transferred to a Millipore filter plate (43micron pore size) with a co-star round bottom plate

containing 100 pl, of water to coliect the filirate and the mixture was spun at 4000rpo for 2mimutes.

Reaction samples (10 pL} were analvzed by HPLC to quantify residual sabstrate and product as

described above. Co-factor specificity was calculated as

(amount of product gencrated with NADPH) / (amount of product gencrated with NADH)

Sigmficantly improved variants are provided in Table 8.1, below.

Tabie 8.1. Variants With {improved Activity and Ce-Tactor Specificity Compared to SEQ 1D NO:138
SEQID Amix:m Acid Substitutions ‘ Activity ;} {::‘;,i;i
NG: {Relative to SEQ B NO:138) fmprovement Y
Improvement
148 V24 A43V/SATE/LAON/AGTV/VORE/ETOP/I9IV/S220G + +
150 V24 VORE/IOTV/T218N/S2200 + et
152 Y78F/PIOTG + et
154 K74A/QT5E/YT8F/A 108V A s
156 QUSE/YT8F/NYSP/ATO8V/D215S/S224A ++ 4
158 G198 o ++
160 T95C T+ +
102 | 896G p— "
64 G198 - N
166 M720Q et ot
163 AGTW . i
170 N4V b

Kev for Table 8.1
Activity Improvement Co-factor Specificity Improvement
+++ >4 >3
++ > 2 and <4 > 7 and <3
' > 1 and <2 >1and <2
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EXAMPLE 9
PDEH Variants of SE{ 1D NO:172

PCT/US2018/027450

10173] X coli PDH variants were generated as described in Example 1. To analyze the activity of

the variants, 5 ul. supematant produced as described in Example 3 werc added to 95 ulbof 05 M

sodium phosphite buffer pH 7.9 containing 6.25 mM NADPH. 50 g/L ketone substrate and 2 g/L
KRED of SEQ ID NG:138. Reactions were incubated at 25°C for 16-18 hours with gentle shaking,

Reactions were quenched via addition of 100 b of IM HCL The quenched mixtore (10 gL } was

diluted into 190 pL of water. Reaction samples (10 yb) were analyzed by HPLC to quantify residual

substrates and products as described above. Sigmificantly improved varniants are provided in Table

g1, below.

Table 9.1 Variants With Improved Activity Compared to SEQ D NG:172

SEQGID Aming Acid Substitutions Activity
KOs {(Relative to SEQ ID NO:17Y) Improvement
174 1 RIGK/CTIARINTO +
176 | RIOGK/CTIAFTSY/V233I/N323D +
178 | RI3TQ/V2I3UE303A/MN323D +
180 | RIOK/CT3A/RTEY/RIZTON323D/VI2SA +
182 1 RA4A/RIZ2Q/MNI45G
184 | EI3D/R4IA/Q63ARIZZQIALI93S/S195E
186 | R4AIA/R44A/ASRR/ATIOIS/SIOSE
188 | 266V
190 | E266W +
192 | B2668 *
194 | R44A/RIZZQPI36D/RIZTQ/NI4SG/RY3L +
196 | RA4A/RI32Q/RIZTUNIASG/V2331/A308V/N323D +
198 | RA4A/RI132Q/Q135A/PI36D/RIITINI45G/1293L A
200 | R44A/RIZQRIZTUNI45GA293L/N323D -t
202 | R44ARIIANILSG/SIOSEA2Y3L/N3 23D At
204 | RA4A/VIIIS/RINQNIASG ++
206 | LISM/R44A/LEIOF/AL24E/RI32Q/R13TINI4SGA293L/N3 23D/ A334K/CA36R At
208 | RA4A/LITOR/RIZ2OQMISTYNIASG/LISSK/ATTSS/KITTT/I293L/A317R/N3 23D SR
210 1 ISM/RA4A/LTIOF/A124E/R 132Q/R 137N T45G/LISEK/K 1 T7T/1293L/N323D -+
yip | LISM/RAAALTIOF/ALZ4E/RIZZQRIZTINI4SG/LISRK/AL755/K1TTTA293L/ -

A317R/N323D

214 | R44A/REVK/RIZ0V/RIS2Q/RIZTINI45G/ATTST/S195E/293L/N3 23D -
216 .

S32V/R44A/RIZZORIZTUNIASG/RISOT/VIIZVIZO3L/N323D/C3368

Key for Table 9.1
+++ >4
++ > 2 and <4
-+ > 1 and <2
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EXAMPLE 10

PDH Variants of SEQ ID NO:208
18174] 7. coli PDH variants were generated as descenibed in Example 1. To analyze the co-factor
preference of the variants, supernatant produced as descrbed in Example 3 was diluted 4-fold with
50mM Trs-HC! buffer, pH 7.5, Twenty ul. of the diluted lvsate was added to 180 pL of 0.1 M
sodium phosphite buffer pH 7.9 and incobated overnight to consume residual NADT and NADP®
present n the lysate. The variants were then screened in three separate assays to analyze their co-
factor spectficity. First, for the tutial rate NADP' assay, 0.2 mM NADP" m 0.1 M sodium phosphite
buffer pH 7.9 was added and imitial rate measured via fluorcscence assay over 2 minutes. Second, for
mitial rate NAD" assay, 0.2 mM NAD+ in 0.1M sodium phosphite buffer pH 7.9 was added and
initial rate measured via flucrescence agsay over 2 minutes. Third, a co-factor competition assay was
performed. For this assay, 100 mM phosphite pH 7.9 containing 100 uM NADP, 1 mM NAD and 1
/L NADH oxidase NOx-9 was added to the reaction. NOx-9 consumes all NADH momediately,
leaving only NADPH signal, reduced by competition between NADP™ and NAD'. Reactions were
quenched via addition of 100 ul. of 1M HCL The quenched mixture (10 pl) was diluted into 190 L.
of water. Diluted reaction samples (10 YL} were analyvzed by HPLC 1o gquantify residual substrates and

products as described above. Significantly improved variants are provided in Table 101, below.

Table 10.1, Varianis With Improved Co-factor Specificity Compared to SEQ 1D NG:208
SEG 1D NO: Amii‘m Aciii ‘Sgbstih‘gﬁens NADP-*- Initial Cﬁf;mtm‘ Specificity
{Relative to SEQ 1D NO:208) Rate Improvement Improvement

218 FI8Y/FI50/FI98L/R3275/L328P + +

220 211A/D2130Q/3220

222 AVT8P/CI94L/N2T1A/D2130Q/13220 + +

224 FOSI/N2IIA/D213Q/M322M + +

226 S32V/ASOM/AI2AE/TI77S/QI91H/RI2TD + +

228 1215 + +

230 L206N + +

232 T104F ++ +

234 TIO4L A +

236 E26685 + +

238 V262P -+ +

240 V262D + +

242 V8IA/E266A + +

244 323N
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Kev for Table 10.1
++ >
+ >1and <2

EXAMPLE 11

Additional PDH Varianis of SEQ ID NG:208
[8175] 7. coli PDH variants were generated as described in Example 1. To analvze the co-factor
preference of the varants, supematant produced as described 1n Example 3 was diluted 4-fold with
S0mM Tris-HCH buffer, pH 7.5, Twenty ul. of the diluted lvsate was added to 180 pl.of 0.1 M
sodiuwm phosphite butter pH 7.9 and incubated overnight to consume residual NAD™ and NADP*
present m the lvsate. The vanants were then screened in three separate assays to analyze their co-
factor spectficity. First, for the initial rate NADP" assay 0.2 mM NADP" in 0.1 M sodium phosphite
buffer pH 7.9 was added and initial rate measured via fluorcscence assay over 2 minutes. Second, for
mtial rate NAD assay, 0.2 mM NAD+ m 0. 1M sodium phosphite buffer pH 7.9 was added and
imitial rate measured via fluorescence assay over 2 mimutes.. Third, a co-factor competition assay was
performed. For this assay, three pb of pre-incubated lvsate was added to 97 pL of 200 mM phosphite
pH 7.9 containing 2 mM NAD, 0.2 mM NADP, 2 g/l KRED of SEQ ID NG 138, 4 o/L KRED of
SEQ D NO: 104 and 10 g/L. ketone (2). Reactions were quenched via addition of 100 pl of 1M HCL
The quenched mixture (10 pL) was diluted into 190 yL of water. Diluted reaction samples (10 pyL)
were analyzed by reverse phase HPLC to guantify residual substrate and both enantiomers of the

product as described above. Significantly improved variants are provided in Table 11.1, below.

- . Amino Acid Substitutions Cofactor Specificity
SEQ 1D NO: {Relative to SEQ 1D NO:208) Empmvi)ment !
246 V&3A/T104L/L.206N et
248 ATAT/V83A/AZ06N ++
250 T1041L/V262L i+
252 T104L/L206N S
254 S3295R et
256 VELSS -
258 T104M :
Key for Table 1.1
et > 8
++ >4 and <8
+ > 2 and < 4
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EXAMPLE 12

Production of Engineered Polypepiides and Performance Validation
{9176] Plasnmids comprising variants obtained through directed evolution of the KRED of SEQ 1D
MNO:Z and containing evolved ketoreductase genes were transformed into £. coff W3110 and placed on
Luria-Bertani (LB) agar medium containmg 1% glucose and 30 ug/ml chloramphenicol (CAM).
After incubation for at least 16 h at 30 "C, a single colony was picked into 3 mE of LB, 1% ghucose,
and 30 pg/ml CAM. Cells were grown 18-20 h at 36 "C, with shaking at 250 rpm. This culture was
then transferred into Terrific Broth (TB), ZmM ZnS0., 1mM MgSQ0,, and 30 pg/ml CAM at a final
O De0s of ~0.02 and a final volume of 250 mi.. Afier incubation of the flasks at 306 “C with shaking at
250 rpm for 3.5 h (DDsgs 0.6-0.8), recombinant gene expression was induced by isopropyl
thioglycoside (IPTG} to a final concentration of 1 mM. The flask was then incobated at 30 "C with
shaking at 250 rpm for 18-21 h. Cells were pelleted at 3500 x g for 20 min, and the supernatant was
discarded. The cell pellet was washed n 30 mL 1ce cold 50 mM sodium phosphate pH 7.5 containing
2mM ZnSOq and ImM MgSQ., resuspended in 30 mi of the same buffer, and lysed using a cell
disruptor at 18-20 kpsi. Lysates were clarified at 10000 x g for 60 min, and clarified supernatants
were fyophilized to an off white powder.
{177] Plasmids of comprising variants obtained through directed evolution of the KRED of SEQ 1D
NOS§:112 and 138, and containing evolved ketoreductase genes were transformed mto £ coff W3110
and placed on Luria-Bertani (LB} agar medivm containing 1% ghucose and 30 pg/ml chloramphenicol
(CAM). Aftcr mcubation for at least 16 h at 30 "C, a single colony was picked nto 5 mL of LB, 1%
glucose, and 30 pug/ml CAM. Cells were grown 18-20 h at 30 "C, with shaking at 250 rpm. This
culture was then transferred into Terrific Broth {TB), and 30 pg/ml CAM at a final ODseo of ~0.02 and
a final volume of 250 mL. After incubation of the flasks at 30 “C with shaking at 250 rpm for 3.5 h
{ODs00 0.6-0.8), recombinant gene cxpression was induced by isopropyl thioglycoside (IPTGY to a
final concentration of I mM. The flask was then incubated at 30 "C with shaking at 250 rpm for 18-
21 h. Cells were pelleted at 3500 x g for 20 min, and the supematant was discarded. The cell pellet
was washed i 50 mL ice cold 50 mM sodivm phosphate pH 7.3, resuspended in 30 mi of the same
buffer, and lysed using a ccl disruptor at 18-20 kpsi. Lysates were clanfied at 10000 x g for 60 min,
and clarified supematants were lyophilized to an off white powder.
{8178] Plasmids comprising variants obtained throagh directed cvolution of the PDH of SEQ [D
NGS:172 and 208, and containing evolved phosphite dehyvdrogenase gones were transformed into .
cofi W3110 and placed on Luna-Bertani (LB} agar medium containing 1% glucose and 30 ug/mli
chioramphenicol (CAM). After incubation for at Ieast 16 b at 30 °C, a single colony was picked into §
mL of LB, 1% glucose, and 30 pg/ml CAM. Cells were grown 18-20 h at 30°C, with shaking at 250
rpm. This culture was then transferred into Terrific Broth (TB), and 30 pug/ml CAM at a final 0Dy
of ~0.02 and a final volume of 250 mi.. After incubation of the flasks at 30 "C with shaking at 250
rpm for 3.5 h {ODenn 0.6-0.8), recombinant gene expression was induced by isopropyi thioglvcoside
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{(IPTG) to a final concentration of 1 mM. The flask was then incubated at 30°C with shaking at 250
rpm for 18-21 h. Cells were pelleted at 3500 x g for 20 min, and the sapernatant was discarded. The
cell pellet was washed in 50 mL ice cold 50 mM sodium phosphate pH 7.5, resuspended in 30 mi of
the same buffer, and lvsed using a cell disruptor at 18-20 kpsi. Lysates were clarified at 10000 x g for
60 mun, and clarified supernatants were Ivophilized to an off white powder.

[8179] To evaluate the final compound under process like conditions, 50 g/l of racemic alcchol
substrate in 500 mM sodium phosphite buffer pH 7.9, 6.1 ¢/L NAD, 0.1 g/L NADP, 2.5 g/L. KRED of
SEQ H3 NO:104, 10 ¢/ commercially avattable NADH oxidase NOx-9, 2.5 g/l KRED of SEQ
1D:154, 10g/L PDH of SEQ 1D NO:250 was stirred under stream of oxygen with 1% v/v antifoam at
room temperatare for 24 hours resulting 1n 93% conversion of substrate and 99.5% cnantiomeric
excess of {R)-alcohol 1a. Reaction samples were analyzed by reverse phase HPLC to quantify

residual substrate and products as described above.

[8188] While various specific embodiments have been illustrated and descnibed, 1t will be
appreciated that various changes can be made without departing from the spirit and scope of the
mvention(s).

[3181] All publications, patents, patent applications and other documents cited in this application are
hereby incorporated by refercnce in their entireties for all purposes to the same extent as if each
mndividual publication, patent, patent application or other document were individually mdicated to be

mcorporated by reference for all purposes.



CLAIMS

What isclamedis:

1 An engineered ketoreductase variant having at least 95% or more sequence identity to
SEQ ID NO: 138, wherein the residue at position 95 is not valine or the residue at position 135 is not
valine or the residue at position 139 is not isoleucine and wherein said positions are numbered with
referenceto SEQ ID NO: 138.

2. The engineered ketoreductase variant of claim 1 having at least 95% or more
sequence identity to SEQ ID NO: 112.

3. The engineered ketoreductase variant of claim 1 having at least 95% or more
sequence identity to SEQ ID NO: 124, and at least an additional substitution at position 207, wherein
said positions are numbered with reference to SEQ ID NO: 124.

4, The engineered ketoreductase variant of claim 1 having at |east one additional
subgtitution or substitution set at positions selected from 19, 24/43/47/49/67/68/70/91/220,
24/68/91/218/220, 67, 72, 74/75/78/108, 75/78/99/108/215/224, 78/107, 95, 96 and 114, wherein said
positions are numbered with reference to SEQ ID NO: 138.

5. The engineered ketoreductase variant of claim 1, wherein said engineered
ketoreductase comprises a pol ypepti de sequence selected from the even-numbered sequences set forth
in SEQ ID NOs: 114 to 170.

6. A composition comprising at least one engineered ketoreductase variant provided in

clam1.

7. A method for deracemization of achira acohol comprising at least one engineered
ketoreductase variant of claim 1, comprising at least one engineered phosphite dehydrogenase variant,
at least one chiral acohol, and at |east one co-factor, under conditions such that said chiral alcohol is

deracemized.

8. The method of claim 7, wherein said method is conducted in one pot reaction.

48



