KETOREDUCTASE POLYPEPTIDES FOR THE PREPARATION OF PHENYLEPHRINE

1. TECHNICAL FIELD

[6601] The disclosure relates to engineered ketoreductase polypepiides and processes of using the

polypeptides for production of phenylephrine.

2. REFERENCE TO SEQUENCE LISTING, TABLE OR COMPUTER PROGRAM

{00021 The Sequence Listing concurrently submitted herewith with the specification as an ASCH
formatted text file via EFS-Web with a file name of CX2-015WQ1_ST25.txt with a creation date of
August 19, 2010, and a size of 58,319 bytes. The Sequence Listing filed via EFS-Web is part of the

specification and is hereby incorporated in its entirety by reference herein.

3. BACKGROUND

[0003] (R)-Phenylephrine (depicted herein as compound (1)) 1s an al-adrenergic receptor agonist
used as a decongestant, a pupil dilator and to increase blood pressure.
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16004] Phenylephrine is used as a substitute for pseudoephedrine (e.g., Pfizer's Sudafed®),
Phenylephrine is a selective d—adrcnergic receptor agonist and does not cause the release of
endogenous noradrenaline. Phenylephrine is less likely to canse side-effects such as central nervous
system stimulation, insomnia, anxiety, irritability, and restlessness.
[0085] Various chemical reaction methods have been described for the synthesis of phenyiephrine,
- US 6,900,203 describes a synthetic route to phenylephrine that includes a chiral addition of cyanide to
3 ring-fluorinated phenaldehyde intermediate using hydroxynitrile lyase enzyme. No routes to

.phenylephrine have been deseribed involving a stereoselective reduction using a ketoreductase.

4. SUMMARY

[0006] The disclosure provides methods and polypeptides for stereoselective reduction of 1-(3-
hydroxyphenyl)-2-(methylamingjethanone (depicted herein as compound (2)) to phenylephrine using
a engineered ketoreductase polypeptide (alternatively referred to as a KRED),
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[0007] The disclosure provides engineered polypeptides having ketoreductase activity,
polynucleotides encoding the polypeptides, and methods of using the polypeptides for the synthesis of
enantiospecific compounds.
{0007a] In one aspect, there is provided an engineered polypeptide capable of converting 1-(3-
hydroxyphenyl}-2 (methylamino)ethanone to (R)-phenylephrine, wherein the amino acid sequence of
the polypeptide has at least 70% identity to SEQ ID NO: 4 and comprises the residue difference
M206C.
[0008] The engineered ketoreductase polypeptides of the disclosure are capable of catalyzing the
conversion of compound (2) to compound (1) with a relative activity at least 10-fold greater than the
wild-type ketoreductase polypeptide of SEQ ID NO: 2, and with an improved stereoselectivity
capable of providing compound (1) in >99 % e.e. Accordingly, in some embodiments, the disclosure
provides methods of using the engineered polypeptides for synthesizing (R)-phenylephrine of
compound (1). The methods include pH ranges, isopropyl alcohol (IPA} concentrations, and buffer
substances that are useful for maintaining substrate stability and providing improved catalysis (e.g.,
higher conversion with higher substrate loading at lower enzyme concentrations).
[0¢09] In one embodiment, the engineered polypeptides have improved enzyme properties as
compared to the naturally occurring ketoreductase of L. kefir, the sequence of which is represented by
SEQ ID NO: 2, in particular the engineered polypeptides are capable of converting 1-(3-
hydroxyphenyl)-2-(methylamino)ethanone to (R)-phenylephrine with improved activity and
enantioselectivity. In some embodiments, the engineered polypeptides' having ketoreductase activity
are improved in activity and enantioselectivity for converting compound (2) to compound (1) as
compared to another engineered ketoreductase polypeptide, such as a polypeptide of SEQ ID NO: 4,
6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or 34. The improved properties of the engineered
volypeptides provide for improved processes for preparing compound (1) and related compounds of
Formula I (see below). In addition to improved enzyme activity (e.g., conversion rate), the
engineered polypeptides of the disclosure comprise improved pH stability, improved solvent
characteristics (e.g., activity in 50% isopropyl alcohol), and reduced non-enzymatic decomposition of
substrate (i.e., compound (2)). In some embodiments, the engineered polypeptides having
ketoreductase activity are characterized by a combination of improved properties, such as increased
enzymatic activity, pH stability, and reduced compound (2) decompeosition compared to a wild-type

ketoreductase (e.g., an L. kefir ketoreductase).



[0010] In some embodiments, the engineered polypeptides having ketoreductase activity are
improved with respect to enzyme activity as compared to the activity of the polypeptide comprising
SEQ ID NO: 4 in the synthesis of compound (1). In some embodiments, the engineered polypeptides
having ketoreductase activity have at least 7-fold greater than the activity of SEQ ID NO: 4 at a

reaction condition of pH about 6.0-7.5 and temperature of about 25-35°C. In some embodiments, the
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engineered polypeptides are capable of converting compound {2) 1o compound (3) with an activity at
ieast 14-fold, at least 28-fold, at least 46-fold, at least 74-fold, at least 112-fold, at least 134-fold, at
least 160-fcld greaier than the activity of the polypeptide of SEQ 1D NO: 4,

16011] In some embodiments, the improved enzymatic activity of the engineered polypeptides having
ketoreductase activity can be characterized by an increase in the generation of a chiral alechot (e.g.,
compound of Formula I) from a ketone (e.g.. compouﬁd of Formula I1), such as the enantiospecific
conversion of 1-(3-hydroxyphenyl)-2-(methylamino)ethanone (compound (2)) to (R}-phenylephrine
{compound (1)) under a defined condition, In some embodiments, the engineerad polypeptides are
capable of this conversion with a vield of compound (1) of at least 30%, 90%, 92%, 94%, 96%, 98%,
99% or motre up to the theoretical yield of 100% under the defined condition. In some embodiments,
the defined condition for the enzymatic conversion using an engineered polypeptide of the disclosare
comprises pH about 6.0-7.5 (e.g., about 7.0), In some embodiments, the defined condition comprises a
pH adjusted after two hours of reaction from about pH 7.0 to about pH 6.75. In some embodiments,
the defined condition comprises a temperatore of about 25-40°C {e.g., about 30°C). In some
embodiments, the defined condifion comprises a solvent comprising a buffer solution (e.g., 0.1 M
TEA or 0.05 M potassium phosphate) and 50% (v/v} isopropyl aicohol. In some embodiments, the
defimed condition comprises a substrate loading of (e g, concentration of compound {2)) of at least
about 30-400 g/l (e.g., about 50-100 g/L, about 56-200 g/L., about 50-300 g/L, about 5(3-400 g/L,
about 100 g/L, about 200 g/L, about 300 g/L or about 400 g/L). In some embodiments, the defined
condition comprises an engineered po}ypepﬁde joading of about 0.1-1.5 ¢/L., about 0.5-1.2 /L, or
ebout 0.7-1.0 ¢g/L.. In some embodiments, the defined condition comprises about 0.03-0.1 /L of
NADP. In some embodiments, the defined condition comprises carrying out the reaction umder an
inert atmosphere {e.g., N,). |

[0012] In some embodiments, the defined condition comprises a combination of the sbove eg.,: (1) a
substrate loading of at least about 50-300 g/L. of 1-(3-hiydroxyphenyi)-2-(methylaminoethanone; (2)
engineered polypeptide loading of about 0.1-1.5 ¢/1; (3} 2 p¥ of about pH 6.0 to about 7.5; (3) about
50% (v/v) IPA; {4) about 0.03-0.1 /L. NADP; and (5) reaction temperature of about 235-35°C.

{6833} In some embodiments, the engineered polypeptides under the defined conditions above are
capable of converting at least 50%, at least 60%, at least 70%, at least 80%, at least 90%, at least 95%,
at least 97%, at east 99%, or more of compound (2 to compound (1) in a reaction time of about 8-24
hours. In some embodiments, the conversion rate comprises at least 70%, 80%, 90%, or 99% ina
reaction time of 24 b or less.

[6014! In some embodiments, the engingered polypeptides having ketoreductase aciivity are
improved with respect to the lavel of undesired non-enzymatic substrate decomposition during the
synthesis of (R)-phenylephrine. In some embodiments, the tevel of compound (2) decornposition

products is less than 10%, less than 7.5%, less than 6%, less than 5%, less than 4%, less than 3%, less



than 2%, less than 1%, less than (.5%, less than 0.2%, or less than 0.1% of the total phenylephrine
formed.

[8015] In some embodiments, the enginecred polypeptides are capable of converting 1-(3-
hydroxyphenyl)-2-(methylamino)ethanone to (R)-phenylephrine and comprise an amino acid
sequence having at least 70%, 75%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%,
$19%, 92%, 93%, 94%, 95%, 36%, 97%, 98%, 99% or more identity to a reference sequence of SEQ
D NO:2, 4, 6,8, 10,12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or 34 and comprising at least one
residue difference at a position corresponding 1o T2, 111, A4, T76, V95, 894, V99, E145, Al45,
F147,1147, V148, T152, L1533, 5159, Y190, C190, D197, E200, A202, M206, or Y249,

{6616} In some embodiments, the engineered polypeptide is capable of converting 1-(3-
hydroxyphenyl}-2-(methylamino)ethanone to {R)-phenylephrine and has at least 70%, 80%, 85%,
90%, 95% or more identity to the reference sequence of SEQ I NO: 4 and comprises at least one
residue difference at a position of SEQ ID NO: 4 corresponding to T2, 111, A64, T76, V95, V99,
V148, T152, 1153, S159, or D197, In certain embodiments, the engineered polypeptide further
comprises at least one residue difference at a position of SEQ ID NO: 4 corresponding to 896, L147,
T152, L153, C190, E200, or Y249, In cerain embodiments, the amino acid sequence of the
engineered polypeptide comprises at least one residue differcnce compared to SEQ ID NO: 4 selected
from T28, I11L, AG4V, T761, VO5M, S96L, L1471 CI190G, A202F, M206C, and Y249F, and in one
embodiment comprises the residue difference V95M. In certain embodiments, the amino acid
sequence of the enginesred polypeptide comprises at least two residue differences compared to SEQ
1D NO- 4 selected from V95M, 596L, L1471, C190G, AZ02F, M206C, and Y248F, and W one
embodiment the amino acid sequence comprises the residue differences compared t6 SEQ ID NO: 4
of: V95M, A202F, and M206C. In certain emboediments, the anmino acid sequence of the engineered
polypeptide comprises the residue differences compared to SEQ 1D NO: 4 of: VO35M, C1%90G, A202F,
and M206C.

[6817] In certain embodiments, the engineered pé]ypepﬁde is capablé of converting 1-(3-
hydroﬁ:yphenyl)—2—(methylamine) ethanone to {R)-phenviephring and has at least 70% identity to the
reference sequence of SEQ ID NO: 4, comprises an amino acid sequence having at least one residue
difference at a position of SEQ 1D NO: 4 corresponding to T2, 111, A64, T76, V95, 8§96, V99, Al45,
Li47, V148, T152, L153, $159, C190, D197, E200, AZ0Z, M206, or Y249, and further comprises at
least 1-60 conservative amine acid substitutions at positions of SEQ ID NO: 4 other than those
corresponding to 111, A64, T76, V95, 596, V99, A145, 1147, V148, T152, L153, S159, C150, D197,
E200, A202, M206, and Y249,

[0018] In certain embodiments, the enginesred polypeptide is capable of converting 1-(3-
hydroxyphenyl)-2-(methyiamino)ethanone to (R}-phenylephrine and has at least 70% identity to the
reference sequence of SEQ ID NO: 4, comprises an amino acid sequence having at least one residue

difference at a position of SEQ ID NO: 4 corresponding to T2, 111, A64, T76, V95, 396, V99, A145,
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L147, V148, 7152, L153, 5159, C19¢, D197, E200, A202, M206, or Y249, and further comprises at
least one residue difference sclected from ong of the six foliowing groups: (1Y I11, A64, T76, 596,
L1147 and/or V148 is substituted with an amino acid selected from alanine {A), leucine (L), isoleucine
(1), and valine (V}; (2) V95, V99, T152, L153, C190, and/or D197 is substituted with an amino acid
selected from alanine (A}, valine (V) leuctne (L), isoleucine (I}, glveine (G), or methiomine (M); (3)
A202 and/or Y249 is substituted with an amino acid selected from tyrosine (Y, phenylalanine (F), or
tryptophan (WY (4) §159 is substituted with an amino acid selected from asparagine (), ghitamine
(Q}, serine (8) or threonine (T); {5} E200 is substituted with an amino acid selected from proline (P)
or histidine (H); (6) M206 is substituted with a cysteine.

166197 In some embodiments, the engineered polypeptides of the present disclosure can comprise an
amino acid sequence having one or more residue difference at a position of SEQ ID NO: 4
corresponding to T2, 111, A64, T76, V95, §96, V99, A145, L147, V148, T152, L153, §159, C190,
D197, E200, A202, M206, and Y249, and can further include one or more residue differences at other
residue positions (i.e., positions other than T2, 111, A64, TT6, VI35, 806, V99, A145, 1147, V148,
T152, 1153, S159, C190, D197, E200, A202, M206, and Y249), Accordingly, n certain
embodiments, the engineered ketoreductase polypeptides can have additionally 1-2, 1-3, 1-4, 1-5, 1-6,
1-7,1-8, 1-6, 1-10, 1-11, 1-12, 1-14, 1-13, 1-16, 1-18, 1-20, 1-22, §-24, 1.26, 1-30, 1-35, 1-40, 145,
1-50, 1-35, or 1-60 residue differences at other amino acid residue positions. In some embodiments,
the number of differences canbe 1,2, 3, 4,5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22,23,24,25,26,27, 28,29, 30,31, 32, 33, 34,35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45 46, 47, 48,
49, 56, 55, or 60 residue differences at the other amino acid residue positions {ie., beside residues 11,
64, 76, 95, 96, 99, 145, 147, 148, 152, 153, 159, 190, 197, 200, 202, 206, and 249}. In some
embodiments, the residue differences at SEQ 1D NO: 4 positions other than T2, 111, A64, T76, V03,
596, V99, A145, 1147, V148, T152, L1533, 8159, C190, D197 E200, A202, M206, and Y249
comprise conservative substitutions.

[6026] In some embodiments, {he enginecred polypeptides capable of converting 1-(3-
hydroxyphenyl)-2-(methylamino)ethanone to {R)-phenylephrine comprise an amino acid sequence at
Jeast abour 70%, 75%, B0%, 81%, 82%, 83%, 84%, 85%, 86%, §7%, 88%, 89%, 90%, 91%, 92%,
93%, 94%, 95%, B96%, 97%, 98%, 99% or more identical to SEG ID NO: 2, and further cmhpriscs the
combination of residue differences of any one of SEQ IDNO: 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24,
26, 28, 30, 32, or 34 as compared to SEQ ID NO: 2. In certain embodbnents, the engineered
polypeptides comprise an amino acid sequence at least about 70% identical to SEQ 1D NO: 4, and
further comptise the combination of residue differences of any one of SEQ ID NOG: 6, §, 10, 12, 14,
16, 18, 20, 22, 24, 26, 28, 30, 32, or 34 as compared to SEQ 1D NO: 2.

[0821] In some embodiments, the engineered polypeptides having ketoreductase activity catalyzing
an enantiomeric excess of at least 99% of (R)-phenylephrine comprises an amino acid sequence
selected from SEQ ID NO: 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, and 34.
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{0622} In another embodiment, the present disclosure provides methods for preparing an (R)-
phenylephrine product compound comprising; contacting an engineered polypeptide of the prosent
disclosure (e.g., as desceribed above and elsewhere herein) with & mixture comprising a 1-(3-
hydroxyphenyl)-2-(methylaminc)ethanone substrate and a buffer under reaction conditions suitable to
convert 1-(3-hydroxyphenyl)-2-(methylamino)ethanone to (R)-phenylephrine.

[0623] Accordingly, in some embodiments, the methods for preparing an (R)-phenyiephrine product
compound can be carried out wherein the engineered polypeptide is selected from the polypeptides of
SEQ ID NO: 4, 6,8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or 34; or an amino acid sequence at
least about 70%, 75%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%,
93%, 94%, $3%, 96%, 97%, 98%, 99% or more identical to SEQ ID NO: 2, which further comprises
the combination of residue differences of any one of SEQID NO: 4, 6, 8, 10, 12, 14, 16, 18, 20, 22,
24,26, 28, 30, 32, or 34 as compared to SEQ ID NO: 2,

[6024] In certain embodiments, the methods for preparing an (R}-phenylephrine product compound
can be carried out wherein the 1-(3-hydroxyphenyD-2-{methylamine)ethanone subsirate is selected
from compound (2) or compound (2a) (i.e., the hydrosulfate form of compound (2) shown below).
[6625] In certain embodiments, the methods for preparing (R)-phenylephrine of the present
disclosure can be carried out wherein the reaction conditions comprise a pH of about 6.0 {0 about 7.5
{e.g., about 6.5 to about 7.0, or about 7.0). In some embodiments, the method can be carried out

. wherein the reaction conditions comprise an initial pH of about 7.0 and then adjusting the initial pH o
about 6.75 after about 2 hours. In some embodiments, the method further comprises after completion
of the enzymatic reaction the steps of saturating the mixture with salt (¢.g., NaCl) and adjusting the
pH 1o 8.0 to 9.0, thereby producing a free base of compound (1). In some embodiments, the method
further comprises after completion of the enzymatic reaction the step of extraction of the free base of
compomnd (1) with isop‘fopyl aleohol (IPA). In some embodiments, the method further comprises
after completion of the enzymatic reaction the step of acidifying (e.g., with HCI) the IPA extract of
the mixture and isolating the (Rj-phenylephrine salt (e.g., HCI salt of compound (1a) below).

{6626] In somé embodiments, the methods for preparing (R)-phenylephrine of the present disciosure
can be carried out wherein the mixtore comprises at least about 50-400 g/L 1-(3-hydroxyphenyl)-2-
{methylaminojethanone substrate loading {e.g., about 50-100 g/L, about 50-200 g/L., about 50-300
g/L. about 50-400 g/L, about 100 g/L, about 200 g/L, about 300 g/L or about 400 g/L). The values for
substrate loadings provided herein are based on the molecular weight of 1-(3-hydroxyphenyl)-2-
{methylamino)ethanone (i.¢., compound (2)) and contemplates that the equivalent molar amounts of
1-(3-hydroxyphenyl-2-(methylamine)ethanone hydrosulfate (compound (2a)) also can be used (e.g.,
10G g/L of compound (2} equals about 130 g/L of compound (2a)).

6027} In some embodiments, the methods for preparing (R)-phenylephting of the present disclosure
can be carried out wherein the resulting engineered polvpeptide concentration in the mixture is about

0.1-1.5 g/L, about 9.5-1.2 g/L., or about 0.7-1.0 g/L.. In certain embodiments, the method can be




carried out wherein the reaction conditions comprise a temperature of about 25°C to about 35°C (e.g.,
at about 30°C). In certain embodiments, the method can be carried out wherein the mixture comprises
a solvent comprising a buffer and 50% (v/v) isopropyl alcohol. In some embodiments, the buffer is
selected from triethanolamine (e.g., about 0.05 M to about 0.25 M TEA, or about 0.1 M TEA) and
potassium phosphate (e.g., about 0.025 M to about 0.1 M phosphate, or about 0.05 M phosphate). In
certain embodiments, the method can be carried out wherein the mixture comprises about 0.03-0.1 g/L.
NADP (e.g., about 0.05 ¢/LL NADP). In certain embodiments, the method can be carried out wherein
the reaction conditions comprise an inert atmosphere (e.g., Ny, Ar, etc.).

[6028] Accordingly, in some embodiments, the methods for preparing (R)-phenylephrine of the
present disclosure can be carried out using a combination of any of the mixture and reaction
conditions disclosed above (and elsewhere herein) e.g., (1) a pH of about 6.75-7.0; (2) a temperature
of about 30 °C; (3) about 50% isopropy! alcohol; (4) about 0.05 g/I. NADP; (5) about 100 g/L 1-(3-
hydroxyphenyl)-2-(methylamino)ethanone; (5) and about 0.7-1.1 g/L of the polypeptide; and (6) N,
atmosphere.

[0029] In some embodiments, the method can reaction conditions comprise a pH of about 6.75-7.0, a
temperature of about 30°C, about 100 g/L of compound (2) (or 130 ¢/L of the hydrosulfate of
compound (2a)), and about 1 g/L of an polypeptide having a sequence as set forth in SEQ 1D NO: 4,
6,8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or 34 ih a reaction time of about 19-24 hrs, wherein
at least 50%-99% of the substrate is converted to (R)-phenylephrine. |

[0029a] In one aspect, there is provided a method for producing a compound of Formula I from
a compound of Formula II:

j \)L\Jﬁm
RN Rﬁ_
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wherein R; is a group selected from: -H, -Cl, -Br, -1, -F, -CH3, -OH, -OCHa, -SH,
-SCHs, -NH,, -NHCH3, or a long chain alkyl;

wherein Rj is a group selected from: -H, -Cl, -Br, -1, -F, -CHj3, -OH, ~-OCHj, -SH, -
SCHs, -S(O)CH;3 , -NH;, -NHCH3, -N(CHas)s, -OR, -SR, -NRy, -SO:NR, (wherein R = -H, -
CHs, or alkyl), ethyl, propyl, isopropyl, cyclopropyl, or a long chain alkyl;



wherein R, is a group selected from: -H, -Cl, -Br, -1, -F, -CH,, -OH, -OCH;, -SH, -SCH;, -
S(OYCH;, -SO,CH;, -NH,, -NHCHa;, -N(CH,)z, SO:NR; (wherein R = -H, -CH,);

wherein Rs is a group selected from: -H, -Cl, -Br, -1, -F, -CH;, -OH, -OCHa, -SH, -SCH;, ~
S(OYCH;, -SO,CH;3, -NH., -NHCHa;, -N{CHj),, -OR, -8R, -NR;, -8O,NR, {(wherein R = -H, -CH;, or
alkyl), ethyl, propyi, isopropyl, or cyclopropyl;

wherein R is a group selected from: -H, -Cl, -Br, -1, -F, -CHj;, -OH, -SH, or -NH,;

wherein R, and R, R; and Ry or Ry and R can optionally be connected as part of a 5 or 6
membered ring;

wherein Ro is & group selected from: -H, -CHs, ethyl, propyl, isopropyl, cyclopropyl, or a
long chain alkyl; wherein Ry is a group selected from: -H, -CHj, ethyl, propyl, isopropyl, or
cyclopropyl;

wherein Ro and R can form a ring, or wherein the R,-Rp unit 1s a carbony! or imino
functional group;

wherein Ry, and Ry, can be independently a group selected from: -H, -CH.,, -OH, -
OCH;, -OR, -C(O)R (wherein R = -H, -CHj, or alkyl), ethyl, propyl, isopropyl, cyciopropyi, long
cham alkyl, carbonyl, or carboxy;

the method comprising contacting a mixture comprising the compound of Formula I1
with a polypeptide as defined herein, under reaction conditions suitable to convert the compound of
Formula II to the compound of Formula L
[0029b} In one aspect, there is provided a method as defined herein for preparing (R)-phenylephrine,
the method comprising: contacting & polypeptide as defined herein with a mixfure comprising a 1-{3-
hvdroxyphenyl}-2-(methylamino)ethanone substrate and a buffer under reaction conditions
suitable to convert 1-{3-hydroxyphenyl)-2-(methylamino)ethanone to (R)-phenylephrine.

[0030] In another embodiment, the disclosure provide a method for the stereoselective conversion of

a substrate compound of Formula I1:

to a product compound of Formula I:

wherein R, 1s a group selected from: -H, -Cl, -Br, -1, -F, -CH;, -OH, -OCH;, -SH, -SCH;, -NH;, -
NHCH,, or a long chain alkyl; R; is a group selected from: -H, -Cl, -Br, -I, -F, -CH;, -OH, -OCHs;, -
SH, -SCH;, -S{0)CHs; , -NH,, -NHCHj, -N{(CHj,),, -OR, -SR, -NR,, ~SO;NR; (wherein R = -H, -CH,,
or atkyl}, ethyl, propyl, isopropyl, cyclopropyl, or a long chain alkyl; R, is a group selected from: -H,
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-Cl, -Br, -L, -F, -CH;, -OH, -OCH,, -SH, -8CH;, -S(O)YCH,;, -SO;CH;, -NH,, -NHCH,, -N(CHj),,
SO,NR; (wherein R = -H, -CH;); R; is a group selected from: -H, -C1, -Br, -1, -F, -CH;, -OH, -OCHj,
-SH, -SCH3, ~S(O)CHs, -SO,CHa, -NH,, -NHCHj3, -N(CHs )y, -OR, -SR, -NR,, -SO,NR; (wherein R =
-H, -CH,, or alkyl), ethyl, propyl, isopropyl, or cyclopropyl; R is a group selected from: -H, -Cl, -Br,
-L, -F, -CH,, -OH, -SH, or -NH,; wherein R, and R, R; and Ry, or Ry and R; can optionally be
connected as part of a 5 or 6 membered ring; wherein R, is a group selected from: -H, -CH,, ethyi,
propyl, isopropyl, cyclopropyl, or a long chain alkyl; wherein Ry is a group selected from: -H, -CHs,
ethyl, propyl, isopropyl, or cyclopropyl; wherein R, and R can form a ring, or wherein the R,-Rg unit
is a carbonyl or imino functional group; wherein Ry, and Ry, can be independently a group selected
from: -H, -CH;, -OH, -OCH;, -OR, -C{O)R (wherein R = -H, -CH;, or alkyl), ethyl, propyl, isopropyl,
cyclopropyl, long chain alkyl, carbonyl, or carboxy.

{0631] In some embodiments of the method, the substrate compound of Formula 1T is 1-(3-
hydroxyphenyl)-2-(methylamino)ethanone, compound (2}, and the product of Formula I is compound
(1}, (R)-phenylephrine.

[0031a] In one aspect, there is provided an isolated polynucleotide encoding the polypeptide as
defined herein, optionally wherein the sequence is selected from SEQ ID NO: 19, 5,7, 9,11, 13, 15,
17,21,23,25,27, 29, 31, and 33.

[0032] In another embodiment, the disclosure provides polynucleotides encoding the engineered _
polypeptides described herein or polynucleotides that hybridize to such polynucleotides under highly
stringent conditions. The polynucleotide can include promoters and other regulatory elements useful
for expression of the encoded polypeptide having ketoreductase activity, and can utilize codons
optimized for specific desired expression systems. Exemplary polynucleotides include, but are not
Hmited to SEQID NO: 5,7,9, 11, 13, 15,17, 19, 21, 23,25, 27, 29, 31, and 33.

[00632a] In one aspect, there 1s provided a host cell comprising the expression vector as defined
herein, optionaily wherein the host cell is E. coli.

[6032b] In one aspect, there is provided an expression vector comprising the polynucleotide as
defined herein operably linked to a control sequence suitable for directing expression in a host ceil,
optionally wherein the control sequence comprises a secretion signal.

{0033] In another embodiment, the disclosure provides host cells comprising the polynucleotides
and/or expression vectors described herein. The host cells may be prokaryotic or eukaryotic. In one
embodiment, the host cell can be E. coli, or a different prokaryotic organism. In another embodiment,
the host cell may be a yeast cell. The host cells can be used for the expression and isolation of the
engineered polypeptides described herein, or, alternatively, they can be used directly for the
conversion of the substrate to, for exampie, a phenylephrine product.

[0033a] In one aspect, there is provided a method for preparing an engineered polypeptide as defined
herein comprising culturing a host cell as defined herein and optionally isolating the polypeptide from
the cell.



5. DETAILED DESCRIPTION

[0034] As used herein and in the appended claims, the singular forms "a,” "and,” and "the" include
plural referents unless the context ciearly dictates otherwise. Thus, for example, reference 1o "a
substrate” includes a plurality of such substrates and reference to "the enzyme" includes reference to
one or more enzymes, and so forth.

[6035] Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood to one of ordinary skill in the art to which this disclosure belongs.
Although any methods and reagents similar or equivalent to those described herein can be used in the
practice of the disclosed methods and compositions, the exemplary methods and materials are now

described,
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§036] Alsc, the nse of “or” means “and/or” unless stated otherwise. Similarly, “comprise,”
; ¥ prise,

oy de 2 IR 454

“comprises,” “comprising” “include,” “includes,” and “including” are interchangeable and not
intended to be limiting.

8037} Itis to be further understood that where descriptions of various embodiments use the term
“somprising,” those skilled in the art would understand that in some specific instances, an
embodiment can be aliernatively described using language “consisting essentially of” or “consisting
of”

{6038} Al publications mentioned herein are incorporated herein by reference in full for the purpose
of describing and disclosing the methodologies, which are described in the publications, which might
be vsed in connection with the description herein. The publications discussed above and throughout
the text are provided solely for their disclosure prior to the filing date of the present application.
Nothing herein is to be construed as an admission that the inventors are not entitled to antedate such
disclosure by virtue of prior disclosure.

[0039] Enzymes belonging to the ketoreductase (KRED) or carbonyl reductase class (EC1.1.1.184)
have been found to be useful for the stereoselective conversion of pro-stercoisomeric aldehyde or
ketone substrates o the corresponding chiral alcoho! products. KREDs typically convert a ketone or
aldehyde substrate to the corresponding aleoho! product, but may aiso catalyze the reverse reaction,
oxidation of an alcohol substrate to the corresponding ketone/aldehyde product. The reduction of
ketones and aldehydes and the oxidation of alcobols by enzymes such as KRED requires a co-factor,
most commonly reduced nicotinamide adenine dinncleotide (INADH} or reduced nicotinamide
adening dinucleotide phosphate (NADPH), and nicotinamide adenine dinucieotide (NAD) or
nicotinamide adenine dinucleotide phosphate (NADP) for the oxidation reaction. NADH and
NADPH serve as electron donors, while NAD and NADP serve as electron acceptors,

[0040] KREDs are increasingly being used for the sterevselective conversion of ketones and
aldehydes to chiral alcohols compounds vsed in the production of key pharmaceutical compounds.
Examples using KREDs to generate useful chemical compounds include asymmetric reduction of 4-
chioroacetoacetate esters {Zhou, J. Am. Chem. Soc. 1983 105:5925-5926; Santaniello, J. Chem. Res.
(5) 1984:132-133; .S, Patent Nos. 5,559,030, U.S. Patent No. 5,700,670 and U.S. Patent No.
5,891,685), reduction of dioxocarboxylic acids (e.g., U.S. Patent MNo. 6,399,339), reduction of tert-
butyl (S) chioro-5-hydroxy-3-oxohexanoate (e.g., U.S. Patent No. 6,645,746 and WO 03/40450),
reduction of pyrrolotriazine-based compounds (e.g., U.S. application No. 2006/0286646); reduction of
substituted acetophenones (e.g., U.S. Patent No. 6,800,477); and reduction of ketothiolanes (WO
2005/054491). In another approach, as demonstrated herein, the ketoreduction can be carried out in
the presence of an alcohol, such as isopropanol, to provide & substrate for the reverse reaction (aicohol
dehydrogenation). In this manner, the NADH/NADPH consumed in the ketoreduction reaction is

regenerated by the reverse; oxidative reaction.



{6041} The disciosure relates o a polypeptide having ketoreductase activity, In one embodiment, the

polypeptide having ketoreductase activity is dertved from the organism Lactobacillus kefir.

A, Definitions
16642] By “derived” means that the polypeptide is modified in its primary, secondary or tertiary
structure to contain one or more aming acid substitutions, deletions or insertions, yet comprises at
least 50% or more of the primary sequence of the ketoreductase of L, kefir {the parental protein, strand
or polypeptide).
[0843] A "parent” protein, enzyme, polynucicotide, gene, or cell, is any profein, enzyme,
polynucleotide, gene, or cell, from which any other protein, enzyme, polynucieotide, gene, or cell, is
derived or made, using any methods, tools or techniques, and whether or not the parent is itself native
or mutant. A parent polynuclsotide or gene encodes for a patent protein o enzyme.
{B644] A "muiation” means any process or mechanism resulting in a mutant protein, enzyme,
polynucleotide, gene, or cell relative to a parental protein, polynucleotide, gene, or cell. This includes
any mutation in which a protein, enzyme, polynacleotide, or genc sequence is altered. Typically, the
murtation will result in a detectable change in the biological activity of a cell, enzyme or polypeptide
(e.g., enzyme stability, inhibition, tumover etc.). Typically, 2 mutation occurs in a polynucleotide or
gene sequence, by point mutations, deletions, or insertions of single or multiple nucleotide residues. A
mufation inchades polynucleotide alterations arising within a protein-encoding region of a gene as
well as alterations in regions outside of a protein-encoding sequence, such as, but not limited to,
regulatory or promoter sequences, A nmtation in a gene can be "silent”, Le., not reflected in an aming
acid alterafion upon expression, leading to & "sequence-conservative” variant of the gene. This
generally arises when one amino acid corresponds to more than ons codon.
645 Non-bimiting examples of a modified amino acid include a glycosylated amine acid, a sulfaied
amino acid, a prenlyated (e.g., farnesylated, geranyigeranylated) amino acid, an acetylated amino
acid, an acylated aminoe acid, a pegylated amino acid, a biotinylated amino acid, a carboxylated amino
acid, 2 phosphoryiated amino acid, and the like. References adequate to guide one of skill in the
modification of amino acids are replete throughout the Hierature, BExample protocols are found m
Walker (1998) Protein Protocols on CD-ROM (Humana Press, Towata, N.J.).
[6846] An “engineered polypeptide™ refers to a polypeptide having a variant sequence generated by
human manipulation {e.g., & sequence generated by directed evolation of a naturally occurring parent
enzyre or of a variant previously derived from a naturally cccurring enzyme), Typically, an
engineered polypeptide is dertved from a parental polypeptide having some degree of activity. The
parental polypeptide may be a wild-type polypeptide obtained from an organism, or a previously
derived engineered polypeptide. As disclosed herein, genes encoding engineered polypeptides can be
cloned and subjected to further rounds of menipulation (e.g., directed evolution) to obtain anviher

engineered polypeptide having a desired activity or substrate specificity. Thus, a parental polypeptide
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may be a ketoreductase enzyme that has previously undergone one or more rounds of manipulation to
improve or modify the enzymes activity. The present disclosure provides engineered polypeptides
having af least ketoreductase activity capable of converting compound (2) to compound (1}, but they
may have additional activity or substrate specificity.

18047} “Protein,” “polypeptide.” and “peptide™ are used interchangeably herein to dencte a polymer
of at least two amino acids covalently linked by an amide bond, regardless of length or post-
transtational modification {e.g., glycosylation, phosphorylation, pidation, myristilation,
ubiquitination, etc.). Included within this definition are D- and L-amino acids, and mixtures of D- and
L-amino acids.

{68481 “Polynucieotides™ or “oligonucleotides” refer to nucleobase polymers or oligomers in which
the nucleabases are connected by sugar phosphate linkages (sugar-phosphate backbone). Nucleobase
or base include naturzlly occurring and synthetic heterocyelic moieties commonly known to those
who utilize nucleic acid or polynucleotide technology or utilize polyamide or peptide nacleic acid
teclnology to thereby generate polymers that can hybridize 1o polynucieotides in a sequex1ca~speciﬁé
manter. Non-limiting examples of nucleobases inciude: adenine, cytosine, guanine, thymine, uracil,
S-propynyl-aracil, 2-thio-5-propynyl-uracil, S-methyicytosine, pseudoisocytosine, 2-thiouracil and 2-
thiothymine, 2-aminopuring, N9-(2-ammo-6-chloropurine), N9-(2,6-diaminopurine}, hypoxanthine,
N9-(7-deara-gnanine), N9-(7-deaze-8-aza-guanine) and N8-(7-deaza-8-aza-adenine). Exemplary
poly- and oligonucleotides include polymers of 27 deoxyribonucleotides (DNA) and polymers of
ribonucleotides (RNA). A polynucleotide may be composed entirely of ribonucleotides, entirely of 2°
deoxyribonucleotides or combinations thereof,

100491 “Coding sequence” refers 1o that portion of a polynuclestide (e.g., 2 gene) that encodes a
polypeptide,

[ 0056) “Natarally-occurring” or “wild-type” refers to the form found in nature. For cxample, 2
natorally oceurring or wild-type polypeptide or polynucleotide sequence is a seguence present in an
organism that can be isolated from 4 seurce in nature and which has not been intentionally modified
by human manipulation. In one embodiment, the naturally cecurring ketoreductase polypeptide used
in the methods of the disclosure comprises a sequence as set forth in SEQ ID NQ:2 and which s
encoded by the polynucleotide of SEQ 1D NO:1,

[0051] “Percentage of sequence identity,” “percent identity,” and “percent identical” are used herein
to refer to comparisons between polynucleotide sequences or polypeptide sequences, and are
determined by comparing two optimally aligned sequences over & comparison window, wherein the
portion of the polynucleotide or polypeptide sequence in 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 either
the identical nucleic acid base or amino acid residue occurs in both sequences or a nucleic acid base or

. amino acid residue is aligned with a gap fo yield the number of matched positions, dividing the
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number of matched positions by the total mumber of positions in the window of comparison and
multiplving the result by 100 1o yield the percentage of sequence identity. Deterraination of optimal
alignment and percent sequence identity is performed using the BLAST and BLAST 2.0 algorithms
(see e.g., Alischul e al., 1990, J. Mol Biol. 215: 403-410 and Altschul ef al., 1977, Nucleic Acids
Res. 3386-3402). Software for performing BLAST analyses 1s publicly available through the National
Center for Biotechnology Information website.

{6652} Bricfly, the BLAST analyses invoive ﬁrsi identifving high scoring sequence pairs (HSPs) by
identifying short words of length W in the query sequence, which either match 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 (Altschui et al, supra). These
initial neighborhood word hits act as seeds for initiating searches to find longer HSPs containing
them. The word hits are then extended in both directions along each sequence for as far as the
cumulative alignment score can be increased. Cumulative scores are calculated using, for nucleotide
sequences, the parameters M (reward score for a pair of matching residues; always >() and N (penalty
score for mismatching residues; always <0). For amino acid sequences, a scoving mafrix is used to
calculate the comulative score. Extension of the word hits in each direction are halted when: the
cumulative alignment score falls off by the quantity X from its maximum achieved value; the
cumulative scorg goes to zero or below, due 1o the accumulation of one or more negative-scoring
residue alignments; or the end of either sequence is reached. The BLAST algorithin parameters W, T,
and X determine the sensitivity and speed of the alignment. The BLASTN program (for muclectide
sequences) uses as defanlts a wordlength (W) of 11, an expectation (E) of 10, M=3, N=-4, and a
comparison of both strands. For amino acid sequences, the BLASTP program uses as defaults a
wordlength (W) of 3, an expectation (E) of 10, and the BLOSUMS62 scoring mairix (see Henikoff and
Henikoff, 1989, Proc Nuati Acad Seci USA 89:10915).

{6053} Other algorithms are available that function similarly to BLAST in providing percent identity
for two sequences, Optimal alignment of sequences for comparison can be conducted, e.g., by the
local hemology algorithm of Smith and Waterman, 1981, 4dv. Appl. Math, 2:482, by the homology
aligmment algorithm of Needleman and Wunsch, 1970, ./ Mol Biol 48:443, by the search for
similarity method of Pearson and Lipman, 1988, Proc. Natl. dcad. Sci. US4 85:2444, by
computerized implementations of these algorithms (GAP, BESTFIT, FASTA, and TFASTA in the
(GCG Wisconsin Software Package), or by visual inspection (see generally, Current Protocoly in
Molecular Biglogy, F. M. Ausubel ef ol , eds., Current Protocols, a joint venture between Greene
Publishing Associates, Inc. and Jolm Wiley & Sons, Inc., (1995 Supplement) (Ausubel}).
Additionally, determination of sequence alignment and percent sequence identity can employ the
BESTFIT or GAP programs int the GCG Wisconsin Software package (Accelrys, Madison WT), using

defanit parameters provided.
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[6654] “Reference sequence” refers to a defined sequence to which an altered sequence is compared.
A reference sequence may be a subset of a larger sequence, for example, 4 segment of a full-length
gene or polypeptide sequence. Generally, a reference sequence is at least 20 nucleotide or amino acid
residucs in length, at least 25 residues n length, at least 50 residues in length, or the full length of the
nucleic acid or polypentide. Since two polynucleotides or polypeptides may each (1) comprise 2
sequence {i.e., & 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 maore) polynucleotides or poltypeptide are typically performed by comparing
sequences of the two polyaucleotides over a comparison window to identify and compare local
regions of sequence similarity. The term “reference sequence” is not intended to be limited to wild-
type sequences, and can include engineered or altered sequences, For example, m some
embodiments, a reference sequence can be a previousty engineered or altered amino acid sequence.
[0055] “Comparison window” refers to a conceptual segment of at least about 20 contignous
nuclestide positions or amino acids residues wherein 2 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.e., gaps) of 20 percent or less as
compared to the reference sequence {which does not comprise additions ot deletions) for optimal
alignment of the two sequences. The comparison window can be longer than 20 contiguous residues,
and includes, optionally 30, 44, 50, 10'{), or longer windows.

{0056] “Substantial identity” refers to 2 polynucieotide or polypeptide sequence that has at least 80
percent scquence identity, at least 85 percent sequence idenfity, at least 89 percent sequence identity,
at least 95 percent sequence identity, and even at Jeast 99 percent sequence identity as compared o 2
reference sequence over a comparison window of at least 20 residue positions, frequently over a
window of at least 30-50 residues, wherein the percentage of sequence identity s caiculated by
comparing the reference sequence to a sequence that includes deletions or additions which total 20
percent or less of the reference sequence over the window of corsparison. In specific embodiments
applied to polypeptides, the term “substantial identity” means that two polypeptide sequences, when
optimally aligned, such as by the programs GAP or BESTFIT using default gap weights, share at least
80 percent sequence identity, preferably at least 89 percent sequence identity, at least 95 percent
sequence identity or more (e.g., 99 percent sequence identity). Preferably, residue positions which are
not identical differ by conservative amino acid substitutions.

[0657] “Sterevselectivity” or “stereospecificity” refer to the preferential formation in a chemical or
enzymatic reaction of one sterecisomer over another. Stercoselectivity can be partial, where the
formation of one stereoisomer is favored over the other, or it may be complete where only one
sterecisomer is formed. When the sterecisomers are enarntiomers, the stersoselectivity is referred fo as
enantioselectivity, the fraction (typically reported as a percentage) of one enantiomer in the sum of

both. It is commonly alternatively reported in the art (typically as a percentage) as the enanfiomeric
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excess {e.e.) caloulated therefrom according to the formula (major enantiomer — minor
cnantiomerymajor enantiomer + minor enantiomer). Where the stercotsomers are diastergoisomers,
the stereoselectivity sometimes is referred to as diastereoselectivity, the fraction (typically reported as
a percentage) of one diastereomer in a mixture of two diastereomers, commonly alternatively reported
as the diastereomeric excess {d.¢.). Enantiomeric excess and diastercomeric excess ate types of
stereomeric excess.
[6058] “Highly stereoselective” or “highly stereospecific” refers to a chemical or enzymatic reaction
that 13 capable of preferentially converting & substrate to its corresponding product with at least 85%
SIETBOmMEtic excess,
[6059] “Improved enzyme property” refers to any enzyme property made better or more desirable for
a particular purpose as compared to that property found in a reference enzyme. For an engineered
polypeptide having ketoreductase activity described herein, the comparison is generally made to a
wild-type ketoreductase enzyme {e.g., a L. kefir ketoreductase (KRED)}, although in some
-embodiments, the reference ketoreductase can be another improved enginegred ketoreductase.
Enzyme properties for which improvement is desirable include, but are not limited to, enzymatic
activity {which can be expressed in terms of percent conversion of the substrate in a period of time),
thermal stability, pH stability or sctivity profile, cofactor requirements, refractoriness to inhibitors
(e.g., product inhibition), stereospecificity, and stereoselectivity (including enantioselectivity). In
some embodiments, a modified substrate specificity or preduct production (not normally produced by
the wild-type enzyme) is an improved enzyme property.
0868 “Increa.seé enzymatic activity” or “increased activity” or “increased conversion rate™ refers to
an improved propetty 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 (e.g., percent conversion of starting amount of substrate fo product ini a
specified time period using a specified amount of a ketoreductase) as compared to a reference
enzyme. Exemplary methods to determine enzyme activity and conversion rate are provided in the
Examples. Any property relating to enzyme activity may be affected, inchuding the classical enzyme
properties of Ky, Vs OF kew, changes of which can Iead to increased enzymatic activity.
Improvements in enzyme activity can be from about 100% improved over the enzymatic activity of
the corresponding wild-type ketoreductase, to as mwuch as 200%, 500%, 1000%, or more over the
enzymatic activity of the naturally occurring ketoreductases or ancther engineered R-alcohol
dehydrogenase from which an engineered polypeptide is dertved. In specific embodimenis, the
engineered enzymes of the disclosure ¢xhibits improved enzymatic activity in the range of a 100% to
200%, 200% to 1000% or more than & 1500% improvement over that of the parent, wild-type or other
reference enzyme. 1t is understood by the skilled artisan that the activity of any enzyme is diffusion
limited such that the catalytic turnover rate cannot exceed the diffasion rate of the substrate, including

any required cofactors. Hence, any improvements in the enzyme activity of a ketoreductase will have
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an upper limit related to the diffusion rate of the substrates acted on by the ketoreductase.
ketoreductase activity can be measured by any one of standard assays used for measuring aleohol
dehydrogenase activity, such as the assay condition described below. Comparisons of enzyme
activities or conversion rates are made using a defined preparation of enzyme, a defined assay under a
sef condition, and one or more defined substrates, as further described in detail herein. Generally,
when lysates are compared, the numbers of cells and/or the amount of protein assayed are determined
as well as use of identical expression gystems and identical host cells t¢ minkmize variations in
amount of enzyme produced by the host cells and present in the lysates.

[06611 “Conversion” refers to the enzymatic fransformation of a substrate to the corresponding
product. “Percent conversion” refers 1o the percent of the substrate that is converted to the product
within a period of time under specified conditions. Thus, for example, the “activity” or “conversion
rate” of a ketoreductase polypeptide can be expressed as “percent conversion” of the substrate to the
product.

{06621 “Thermostable” or “thermat stable™ are used mterchangeably to refer fo a polypeptide that is
resistant to inactivation when exposed 1o temperatures above ambient (e.g., 30-80°C) for a period of
time (e.g., 0.5-24 hrs) compared to the untreated enzyme, thus retaining a certain level of residual
activity (more than 60% to 80% for example) after exposure to the elevated temperatures,

{60631 “Solvent stable” refers to a polypeptide that maintains similar activity (more than e.g., 60% to
80%) after exposure to varying concentrations (e.g., 5-99%) of solvent, (e.g., isopropy! alcohol,
dimethylsulfoxide, tetrahydrofuran, 2-methyltetrahydrofuran, acetone, toluene, butylacetate, methyl
tert-butylether, acetonitrile, etc.) for a period of time (e.g., 0.5-24 his) compared to the untreated
enZyIme.

[0664] “pH stable” rofers to a polypeptide that maintains similar activity (more than e.g. 60% to
809%) afier exposure to high or low pH (e.g. 8 to 12 or 4.5-6) for a period of time (e.g. 0.5-24 hry)
compared to the untreated enzyme,

[08665] “Thermo- and solvent stable” refers to a polypeptide that is both thermostable and solvent
stable,

[0066] “Amino acid” or “residue” as used in context of the polypeptides disclosed herein refers to the
specific monomer at & sequence position in & polypeptide or polymer of amino acids.

[08667) “Hydrophilic Amino Acid or Residue™ refers to an amino acid or residue having a side chain
exhibiting a hydrophobicity of less than zero according to the normalized consensus hydrophobicity
scale of Fisenberg et al., 1984, J. Mol Biol. 179:125-142. Genetically encoded hydrophilic amino
acids include L-Thr (T), L-Ser (S), L-His (H), L-Glu (E), L-Asn (N), L-Gln (Q), L-Asp (D), L-Lys
(K) and L-Arg (R).

[60668] “Acidic Amino Acid or Residue” refers to a hydrophilic amino acid or residue having a side
chain exhibiting a pK value of less than about 6 when the amino acid s moluded in a peptide or

polypeptide. Acidic amino acids typically have negatively charged side chains at physiological pH
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due to loss of a hydrogen ion. Genetically encoded acidic amino acids include L-Glu (E) and L-Asp
{Dj}.

[0069%] “Basic Amino Acid or Residue” refers to a hydrophilic amino acid or residue having a side
chain exhibiting a pK value of greater than about 6 when the amine acid is included in a peptide or
polypeptide. Basic amingc acids typically have positively charged side chains at physiclogical pH due
to association with hydronium ion. Genetically encoded basic amino acids include L-Arg (R) and
L-Lys (K).

[8870] “Polar Amino Acid or Residue” refers to a hydrophilic amino acid or residue having 2 side
chain that is uncharged at physiological pH, but which has at least one bond in which the pair of
electrons shared in common by two atoms is beld more closely by one of the atoms. Genetically
encoded polar amino acids include L-Asn (N), L-Gn {Q), L-Ser (S) and L-Thr (T).

[0671] *“Hydrophobic Amino Acid or Residue™ refers to an amino acid or residue having a side chain
exhibiting a hydrophobicity of greater than zero according to the normalized consensus
hydrophobicity scale of Eisenberg ef al., 1984, J. Mol. Biol. 179:125-142. Genetically encoded
hydrophobic amine acids include L-Pro (P), L-le (I}, L-Phe (F), L-Val {V), L-Leu (L), L-Tip (W},
L-Met (M), L-Ala (A) and L-Tyr {Y).

160721 “Aromatic Amino Acid or Residue” refers to a hydrophilic or hydrophobic amino acid or
residue having a side chain that includes af least one aromatic or heteroaromatic ring. Genetically
encoded aromatic amino acids include L-Phe (F), L-Tyr (YY) and L-Trp (W), Although owing to the
pKa of its heteroaromatic nitrogen atom L-His (H) it is sometimes classified as a basic residue, or as
an aromatic residue as i1s side chain includes a hetercaromatic ring, herein histidine is clagsified as a
hydrophilic residue or as 2 “constrained residue.”

{6073] “Congtrained amino acid or residue” refers to an amxino acid or residue that has a constraimed
geometry, Herein, constrained residues include L-Pro (P) and L-His (H). Histidine has a constrained
geomelry because it has a relatively small imidazole ring. Proline has a constrained geometiry because
it atso hag 2 five membered ring,

[8074] “Non-polar Amino Acid or Residue™ refers 1o a hydrophobic amine acid or residue having a
side chain that is uncharged at physiological pE and which has bonds in which the pair of electrons
shared in comrmon by two aloms is generaily held equally by each of the two atoms (e, the side
chairn is not polar). Genetically encoded non-polar amino acids inclode 1L-Gly (G), L-Leu (L}, L-Val
V), L-He (I), L-Met (M) and L-Ala (A},

{0675] “Aliphatic Amino Acid or Residue” refers to a hydrophobic amino acid or residue having an
aliphatic hydrocarbon side chain. Genetically encoded aliphatic amino acids incinde L-Ala (A), L-Val
{V), L-Leu (L) and L-Tle (I).

[{6676] “Cysteine” or wmino acid L-Cysteine {C) is unusual in that it can form disulfide bridges with
other L-Cys (C) amino acids or other sulfanyl- or sulfhydryl-containing amino acids. The “cysteine-

Ifke residues™ include cysteine and other amino acids that contain sulfhydryl medeties that are
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available for formation of disuifide bridges. The ability of L-Cys (C) (and other amino acids with
-SH containing side chains) to exist in a peptide in efther the reduced free -SH or oxidized disulfide-
bridged form affects whether L-Cys (C) contributes net hydrophobic or hydrophific character to &
peptide. While L-Cys (C) exhibits a hydrophobicity of .29 according to the normalized consensus
scale of Eisenberg (Eisenberg et «l., 1984, supra), 1t is to be undersiood that for purposes of the
present disclosure L-Cys (C) is categorized into its own unique group.

[6877] “Small Amino Acid or Residue” refers to an amine acid or residue having a side chain that is
composed of a total three or fewer carbon and/or heteroatoms (excluding the a-~carbon and
hydrogens). The small amino acids or residues may be further categorized as alipbatic, non-polar,
polar or acidic small amine acids ot residues, i accordance with the above definitions. Genetically-
encoded small amino acids mclude [-Ala (A), L-Val (V), L-Cys (C), L-Asn (N), L-Ser (8}, L-Thr (T)
and L-Asp (D).

[0678] “Hydroxyl-containing Amino Acid or Residue” refers to an amino acid containing a hydroxy!
{(-OH) moiety. Genetically-encoded hydroxyl-containing amino acids mclude L-Ser (S}, L-Thr (T} and
L-Tyr (Y).

0079 “Amino acid difference” or “residue difference” refers to a change in the residne at a
specified position of 2 polypeptide sequence when compared to a reference sequence. For exampie, 2
residue difference at position $96L., where the reference sequence has a serine, refers to a change of
the residue at position S96 to a leucine. As disclosed herein, an engineered polypeptide having
keioreductase activity can include one or more residue differences relative to a reference sequence,
-where multiple residue differences typically are indicated by a list of the specified positions where
changes are made relative to the reference sequence (e.g., “one or more residue differences as
compared to SEQ ID NO:2 at the following residug pesitions: I11, A64, T76, VO35, 8§96, V59, Ei 45,
F147, V148, T152, L153, S159, Y1940, D197, E200, A202, M206, Y249™,

[6686] “Corresponding to,” “reference to,” or “relative to” when used in the context of the
numbering of 2 given amino acid or polynucteotide sequence refers 1o the numbering of the residues
of a specified reference sequence when the given amino acid or polynucieotide sequence is compared
1o the reference sequence, In other words, the residue number or residue position of a given polymer
is designated with respect to the reference sequence rather than by the actaal numerical position of the
residue within the given amino acid or polynucleotide sequence. For example, a given amino acid
sequence, such ag that of an engineered polypeptide, can be aligned to & reference sequence by
introducing gaps 1o optimize 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 poiyuucleotide S2qUENCE 18
made with respect to the reference sequence to which it has been aligned.

[6081] “Position corresponding 10" as used herein in the context of identifying the position of a
residue difference (e.g.. substitution) In an amino acid sequence of an engineered reductase refers o

the equivalent position in the reference sequence and should not absolutely be Iimited by the
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numbering system. For examfslé, an equivalent position aligns with the position in the reference
despite having a different absolute numbering system. Thus, the present disclosure contemplates that
“position corresponding to” refers to an equivalent residue position in another ketoreductase that may
e.g., lack a starting Met residue, or include an N-terminal additions, or insertions, deletions, or other
modifications elsewhere that result in a different absolute position number at an equivalent residue
position. The engineered polypeptides of the present disclosure are described herein with reference to
apine acid positions of L. &efir ketoreductase of SEQ ID NG:2, or with reference to another
‘ang'mf:ersd ketoreductase, such as any of SEQ ID NO4, 6,8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30,
32, or 34. The amine acid residue positions of these polypeptides are numbered beginning with the
initiating methionine {M} residue as residue position 1. However, it is contemplated {and will be
understood by the skilled artisan} that this initiating methionine residue may be removed by biological
processing machinery, such as in a host cell or in vitro translation system, fo generate a mature
polypeptide lacking the initiating methionine residoe numbered “position 1.” Consequently, the tenn
“residue difference at position corresponding to X of SEQ 1D NO: 2™ as used herein may refer o
position X in L. kefir ketoreductase or fo the equivalent position X-1 in a ketoreductase that bas been
processed so as 1o lack the starting methionine,

[0882] The polypeptide sequence position at which a particular amino acid or amino acid change
(“residue difference™) is present is sometimes described herein as “X,”, or “position n”, where n refers
1o the residue position with respect to the reference sequence. A specific substitution nmutation, which
is a replacement of the specific residue in a reference sequence with a different specified residue may
be denoted by the conventional notation “X(number)Y™, where X is the single letter identifier of the
residue in the reference sequence, “number”™ is the residue position in the reference sequence (e.g., the
wild-type ketoreductase of SEQ ID NO:2), and Y 1s the single letter identifier of the residue
substitution in the engineered sequence. In some embodiments disclosed hersin, the amino residue
difference corresponding to an amino acid position is denoted differently due to the different reference
sequence although it cotresponds to an equivalent position. For example, 2 “residue difference at
SEQ ID NO: 2 position Y190™ is equivalent to a “residue difference at SEQ 1D NO: 4 position £190.”
[0083] A “conservative” amino acid substitution (or nyutation) refers to the substitution of a residue
with a residue baving & simiiar side chain, and thus typically involves substitution of the amino acid in
the polypeptide with amino acids within the same or similar defined class of amino acids. As used
herein, in some embodiments, conservative mutations do not include substitutions from a hydrophilic
to hydrophilic, hydrophobic to hydrophobic, hydroxyl-containing to hydroxyl-containing, or small to
small residue. Additionally, as used herein a conservative mutation ¢an be a substifotion from an
aliphatic to an aliphatic, non-polar to non-polar, polar to polar, acidic to acidic, basic to basic,
aromatic to aromatic, or constrained to constrained restdus. Table 1 below shows exemplary
conservative substinxtions.

Table 1: Conservative Substitutions
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Residue Possible Conservative Muatations
ALV I Other aliphatic (A, L, V, )

Other non-polar (AL L, V, 1, G, M)
G, M Other non-polar (AL L, V, L G M)
D, E Other acidic (D, B3
KR Other basic (K, R)
P,H Other constrained (P, 1
N, 0.5, T Otherpolar (N, Q, 5, 1)
Y, W,F Other aromatic {Y, W, F)
C None

[6084] Thus, in certain embodiments, “conservative amino acid substitutions™ of & listed polypeptide
sequence (e.g., SEQIDNOs: 2, 4, 6, 8, 10, 12, 14, 16, 18,20, 22, 24, 26, 28, 30, 32, and 34) can
include substifutions of a percentage, typically less than 30% (e.g., less than 20% or less than 10%),
of the amino acid sequence with an amino acid of the same conservative substitution group.
Accordingly, a conservatively substituted variant of a polypeptide of the disclosure can contain 100,
75, 50,25, 15, 1C,9,8,7,6, 5,4, 3,2, or | amino acids substituted with an amino acid of the same
conservative sabstitution group.

{0685] “Conservative variants” are polypeptides in which one or more amino acid residues have been
changed without altering the overall conformation and function of the polypeptide from which they
are derived, including, but not limited to, conservative amino acid substitutions. Typically, a
conservative variant has amino acid residue differences at positions other than those indicated as
positions that are conserved. Accordingly, the percent amino acid sequence identity between an
enzyite and a conservative variant of that enzyme having a similar function may vary and caxn be, for
example, at least 30%, at least 50%, at least 70%, at least 80%, at Jeast 90%, at least 95%, at least
98% or at least 99%. _

[0086] “Non-conservative substitutions™ of a poiypeptide are those substifutions which are not
characterized as a conservative substitution. For example, any substitution which crosses the bounds
of the groups set forth above in Table 1. These include substitutions of basic or acidic amino acids for
neutral amino acids, (e.g., Asp, Ghy, Asn, or Gln for Val, lle, Leu or Met), aromatic amine acid for
basic or acidic amino acids {e.g., Phe, Tyr or Trp for Asp, Asn, Glu of Gin) or any other substifution
not repiacing an amino acid with a like amino acid. Basic side chains include Iysine (X}, arginine (R),
histidine (F); acidic side chaing include aspartic acid (D), ghetamic acid (EY, uncharged polar side
chaing include glycine (), asparagine(N), ghuamine (Q), serine (8), threonme {T), tyrosine (Y,
cysteine (C); nonpolar side chains inciude alanine (A}, valine (V}, leucine (L), isoleucine (I), proline
(P), phenylalanine {F}, methionine (M), tryptophan (W}; beta-branched side chains include threonine
(1), veline (V), isoleucine (I}; aromatic side chains include tyrosine (Y), phenylalanine (F),
tryptophan (W), histidine (H).

[0G87] A “Z” group (e.g.. a group designated Z1, 22, 73, 74, 75, 76, and Z7) as used herein refers to

a specific set of amino acids that may substituted at a designated position in a polypeptide and which

-19.



may include both conservative and non~-conservative amino acid substitutions, For example,
substitition at specific residues in a polypeptide can be restricted to the specific amino acids lsted in
a "Z" group. Z groups nseful with the polypeptides of the present disclosure are listed below in Table
2.

Table 2: Z Groups used to identify groups for substitutions

% Group
Designation Amine Aclds in Z Group

Z1 alanine (A), leucine (L), isoleucine (1), and valine (V)
Z2 alanine (A, valine (V3 leucine (L), isoleucine (I}, glveine (G, or methionine (M)
Z3 fysine (K, or arginine (R)
Z4 tyrosine (Y, phenvlalanine (F}, or tryptophan {W)
z5 agparagine (N}, ghitarmne (Q), serine (S), or threonine (T)
26 aspartic acid (D) and glutamic acid (B)

| z7 protine (P) or histidine (31)

[6688] Accordingly, a polypeptide provided herein can include amino acids that are "restricred" to
particular amino acid substitutions. For example, residue differences at positions of SEQ ID NO: 4
corresponding to 11, 64, 76, 95, 96, 99, 145, 147, 148, 152, 153, 159, 190, 197, 200G, 202, 206, or 249
can be restricted to specific substitutions set forth in any of groups Z1-Z7 as defined above i Table 2,
and elsewhere in the specification. It is understoad that not all of the identified restricted residues
need be altered in the same polypeptide. In some embodiments, the invention encompasses
polypeptides where only about 70%, 75%, 80%, 85%, 90% or 95% of the restricted amino acid
residues are altered in 8 given polypeptide.

{06897 The present disclosure also contemplates mutations based on locations or regions in the
structure of the parent polypeptide. Accordingly, referring to Table 3, a variant of a parent
polypeptide (e.g., SEQID NO: 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or 34) can
include an amino acid substitution at a particular residue located in a region of the parent polypeptide
where the location is identified as describe instable 3. Exemplary substitutions at each of the relevant
locations are also identified in Table 3.

Table 3: Enzyme locations usefil for substitutions

-

Specific Mutation
Enzyme Location (relative to SEQ 1D NO: 2)

Non active site; buried I11L
MNon active site; burted AB4AV
Surface T76]

| Non active site; buried YVOSM

| Active site 396L
Tetramer interface VYUL
Active site E1435A
Tetramer interface F147LA
Active site V1481

. Active sife T152A
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Active site L153M
Non active site; buried S1597
Agtive site Y180C/G
| Surface DISTA
| Active site E200P
Active site AZQZF
Active site M206C
Active siie Y2456F

[6960] “Deletion™ refers tc modification to the polypeptide by removal of one or more amino acids
from the paremtal or reference polypeptide. Deletions can comprise removal of 1 or more amino
acids, 2 or more amino acids, 3 or more aminge acids, 4 or more amino acids, 5 or more amino acids, 6
o more aming acids, 7 or more amino acids, 8 or more amino acids, 10 or more amino acids, 12 or
more amine acids, 15 or more amine acids, or 20 or more aming acids, up to 10% of the total number
of amine acids, or up to 20% of the total number of amino acids making up the reference enzyme
while retaining enzymatic activity and/or retaining the improved properties of an engmeered
ketoreductase enzyme. Deletions can be directed fo the intemal portions and/or terminal pottions of
the polypeptide. In various embodiments, the deletion can comprise a continuous segment or can be
AISGONHNBOTS.

[0891] “Insertion” refers to modification 1o the polypeptide by addition of one or more amino acids
from the reference polypeptde. In some embodiments, the engineered enzymes of the disclosure can
comprise insertions of one or more amino acids to the paturally occurring ketoreductase polypeptide
as well as insertions of one or more anino acids to other engineered polypeptides heving
ketoreductase activity. Insertions can be in the internal portions of the polypeptide, or to the carboxy
or aming terminus, Insertions as used hersin inclode fusion polypeptides as is known in the art. The
insertion can be a contignous segment of antino acids or separated by one or more of the amino acids
in the natarally ocourring polypeptide.

[8092] “Fragment” as used herein refers to a polypeptide that has an amino-terminal and/or carboxy-
terminal deletion, but where the remaining amino acid sequence is identical 1o the corresponding
positions in the sequence. Fragments can be at least 14 amino acids long, at least 20 amino acids
long, at least 50 amino acids long or longer, and up to 70%, 80%, 90%, 95%, 98%, and 99% of a full-
length polypeptide of the disclosure. In some embodiment, the fragment is biological active and may
have one or more activities of the native or full length polypeptide. For exampie, a biclogically active
fragment of a polypeptide of the disclosure will comprise ketoreductase activity. The biological
activity may not be identical {e.g., enzymatic activity may be different) relative to the full length
polypeptide.

[6693] “Isolated polypeptide” or “isolated polynucleotide™ refers to a polypeptide or polynucieotide

which is substiantially separated from other contaminants that naturally accompany @, e.g., proteiy,



lipids, and polynucleotides. The term embraces polypeptides which have been removed or purified
from their naturally-occurring environment or expression system (e.g., host cell or in vitro synthesis).
The ketoreductase enzymes of the disclosure may be present within a cell, present in the cellular
medium, or prepared in various forms, such as lysates or isolated preparations.

[0094] “Substantially pure polypeptide” refers to & composition in which the polypeptide species s
the predominant species present {e.g., on 2 molar or weight basis it is more abundant than any other
mdividaal macromolecular species in the composition), and s generally a substantially purified
composition when the object species comprises at least about 50 percent of the macromolecular
species present by mole or % weight. Generally, a substantially pure enzyme preparation wili
comprise about 60% or more, about 70% or more, about 80% or more, about 90% or more, about 95%
or more, and about .98% or more of all macromelecular species by mole or % weight present in the
composition. In some embodiments, the object species is purified to essential homogeneity (i.e.,
contaminant species cammot be detected in the composition by conventional detection methods)
wherein the composition consists essentially of a single macromolecular species. Solvent species,
small molecules (<500 Daltons), and elemental ion species are not considered macromolecular
species.

[0695] “Stringent hybridization™ is used herein to refer to conditions under which nucleic acid
hybrids are stable. As known to those of skill in the art, the stability of hybrids is reflected in the
melting temperature (7,,} of the hybrids. In general, the stability of a hybrid is a function of ionic
strength, temperature, G/C content, and the presence of chaotropic agents. The T, values for
potynuclectides can be caloulated using known methods for predicting melting temperatures (see, e.g.,
Baldino et al., Methods Enzymology 168:761-777; Bolton ef ¢l., 1962, Proc. Nail, dcad. Sci. US4
48:1390: Bresslaver ef al, 1986, Proc. Natl. Acad. Sci 1/54 83:8893-8897; Freier et ql., 1986, Proc.
Natl, Acad. Sci USA 83:9373-9377, Kierzek et al., Biochemisiry 25.7840-7846; Rychlik ef al., 199G,
Nucleic Acids Res 18:6400-6412 (erratumy, 1991, Nucleic Acids Res 19:698); Sambrook er al,, supra);
Suggs et al., 1981, In Developmental Biology Using Purified Genes (Brown el al., eds.), pp. 683-693,
Academic Press; and Wetmur, 1991, Crif Rev Biochem Mol Biol 26:227-259. All publications
mcorporate herein by reference). In some embodiments, the polynueleotide encodes the polypeptide
disclosed herein and hybridizes under defined conditions, such as moderately stringent or highly
stringent conditions, to the complement of 2 sequence encoding am engineered polypeptide having
ketoreductase activity.

[0096] “Hybridization stringency™ relates to such washing conditions of nucleic acids. Generally,
hybridization reactions are performed under conditions of lower stringency, followed by washes of
varying but higher stringency. The term “moderately stringent hybridization™ refers to conditions that
permit target-DNA to bind a complementary nucleic acid that has about 60% identity, preferably
abowt 75% identity, about 85% identity to the target DNA, with greater than about 90% identity fo

target-polynucleotide. “High stringency hybridization” refers generally to conditions that are about
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10°C or less from the thermal meling temperature 7, as deternrined under the solution condition for a
defined polynucleotide sequence. In some emboediments, a high stringency condition refers to
conditions that permit hybridization of only those nucleic acid sequences that form stable hybrids in
0.018M NaClat 63°C. (i.e., if a hybrid is not stable in 0.018M NaCl at 65°C, it will not be stable
under high stringency conditions, as contemplated herein). Exemplary moderately stringent
conditions are conditions eguivalent to hybridization in 50% formamide, 35X Denbart's sohition, 5X
SSPE, 0.2% SDS at 42°C, followed by washing in 0.2X SSPE, (.2% SDS, at 42°C, Exemplary high
stringency conditions can be provided, for example, by hybridization in conditions equivalent to 50%
formamide, 5X Denhart's golution, 53X SSPE, 0.2% SDS at 42°C, followed by washing in 0.1X SSPE,
and 0.1% SDS at 65°C. Another high stringency condition is hybridizing in conditions equivalent to
hybridizing m 5X SSC contatning (.1% (w:v) SDS at 63°C and washing in . 1X S8C centaining
0.1% SDS at 65°C. Other high stringency hybridization conditions, as well as moderately stringent
conditions, are described in the references cited above,

[6897] “Codon optimized™ refers to changes in the codons of the polynucleotide encoding a protein
1o those preferentially used in a particular organism such that the encoded protein 15 efficiently
expressed in the organism of interest. Although the genetic code is degenerate in that most amine
acids are represented by several codons, called “synonyms”™ or “synonymous” codons, # is well
known that codon usage by particular organisms is nonrandom and biased towards particular codon
triplets. This codon usage bias may be higher in reference to a given gene, genes of common function
or ancestral onigin, highly expressed proteins versus low copy number proteins, and the aggregate
protein coding regions of an orgamsm's genome. In some embodiments, the polynucleotides encoding
a polypeptide having ketoreductase activity of the disclosure may be codon optimized for optimal
production from the host organism selected for expression,

[60698] “Preferred, optimal, high codon usage bias codons” refers interchangeably to codons that are
used at higher frequency in the protein coding rezions than other codons that code for the same amino
acid. The preferred codons may be determined in relation to codon usage in a single gene, a set of
genes of common fimction or origin, highly expressed genss, the codon frequency in the aggregate
protein coding regions of the whole organism, codon frequency in the aggregate protein coding
regions of related organisms, or combinations thereof. Codons whose frequency increases with the
level of gene expression are ?ypidaliy aptimal codons for expression. A variety of methods are known
for determining the codon frequency {e.g., codon usage, refative synonymous codon usage) and codon
preference in specific organisms, including multivariate analysis, for exampie, using cluster analysis
or correspondence analysis, and the effective number of codons used in a gene (see GCG
CodonPreference, Genetics Computer Group Wisconsin Packege; CodonW, John Peden, University
of Nottingham: McInemey, J. O, 1998, Bioinformatics 14:372-73; Stenice ef ol., 1994, Nucleic Acids
Res. 222437-46; Wright, F., 1990, Gene 87:23-29). Codon usage tables are available for a growing

list of organisms (see for example, Wada ef al., 1992, Nucleic Acids Res. 20:2111-2118; Nakamura ef
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af., 20060, Nucl. Acids Res. 28:292; Duret, ef al., supra; Henawt and Danchin, “Escherichia coli and
Salmonella,” 1996, Neidhardt, of al. Eds., ASM Press, Washington D.C., p. 2047-2066. The data
source for obtaining codon usage may rely on any available nucleotide sequence capable of coding for
a protein, These data sets include nucleic acid sequences actually known to encode expressed proteins
{e.g., complete protein coding sequences-CDS), expressed sequence tags (ESTS), or predicted coding
regions of genomic sequences (see for example, Mount, D., Bicinformatics: Sequence and Genome
Analysis, Chapter 8, Cold Spring Harbor Laberatory Press, Cold Spring Harbor, N.Y., 2001;
Uberbacher, E. C., 1996, Methods Enzymol, 266:259-281; Tiwari et al., 1997, Compur. Appl. Biosci.
13:263-270).

(68991 “Control sequence” refers to all components that are necessary or advantageous for the
expression of a polvnucleotide and/or polypeptide of interest. Each control sequence may be native or
foreign to a polynucleotide encoding the polypeptide. Such control sequences include, but are not
Limited to, a leader, polyadenylation sequence, propeptide sequence, promoter, signal peptide
sequence, and franscription terminator. At a mimimum, the control sequences incinde a promoter, and
transcriptional and translational stop signals. The control sequences may be provided with hinkers for
the purpose of intreducing specific restriction sites facilitating ligation of the control sequences with
the ¢oding region of the polynucleotide encoding 2 polypeptide.

[0108] “Operably hinked” refers to a cunﬁguraﬁon in which a control sequence is appropriately
placed at a position relative to a polynucleotide (e.g., in a functional relationship) such that the control
sequence directs or regulates the expression of a polynuciectide and/or polypeptide.

[0101] “Promoter sequence” refers to a nucleic acid sequence that is recognized by a host cell for
expression of a polynucleotide of interest (e.g., a coding region). The contro] sequence may comprise
an appropriate promoter sequence. The promoter sequence contains transcriptional control sequences,
which mediate the expression of the polypeptide. The promoter may be anv nucleic acid sequence
which shows transctiptional activity in the host cell of choice including metant, tiuncated, and hybrid
promoters, and may be obtained from genes encoding extraceliular or intracellular polypeptides either

homologous or heterologous to the host cell.

B. Engineered Polypentides
[6102] The disclosure provides engineered polypeptides capable of facilitating the interconversion of

aleohols and ketones with the reduction of a cofactor (e.g., NAD-+ to NADH ar NADP+ to NADPH).
In one embodiment, the disclosure provides polypeptides that enantiospecifically catalyze the
synthesis of phenylephrine from an appropriate substrate or intermediate.

[(163] The stereospecific enginésred polypeptides comprising ketoreductase activity of the present
disclosure are capable of converting the substrate 1-(3-hydroxyphenyl)-2-(methylamino)ethanone

{compound (2)) to R-phenylephrine {compound (1)) (as shown in Scheme 1) with an improved



property as compared to the natarally oceurring, wild-type ketoreductase from L. kefir, represented by
SEQ M NGO,

Scheme 1
!
G " " O ﬁ
HO N R
——
{2} {1)

[6164] The polypeptides of the disclosure are characterized by an improved property as compared fo
the naturally occutring, wild-type ketoreductase from L. kefir, represented by SEQ 1D NO:2. Enzyme
properties for which improvement is desirable includs, but are not limited to, enzymatic activity,
thermal stability, pH activity/stability profile, refractoriness to inhibitors (e.g., product inhibition},
stereospecificity, product purity, and soivent stability. The improvements in the ketoreductase
enzyme can relate to a single enzyme property, such as pH stability/activity, or a combination of
different enzyme propertics, such as enzymatic activity and pH stability.

[9185] In some embodiments, the improved property of the polypeptides of the disclosure is with
respect to an increase in enzymatic activity at a reaction condition of pH 6.75 to about 7.0 at 30°C. In
one embodiment, the reaction is started at a pH of about 7.0 and decreased to a pH of about 6.75 after
2 hours. In 2 farther embodiment, the pH is held at about 6.75 from about 2 hours to about 24 hours
ot vntil the reaction is substantially completed or the substrate is depleted. Improvements in
enzymatic sctivity can be at teast 1.2-fold, 1.5-fold, 2-fold, 3-fold, 5-fold, 10-fold or more greater
than the ketoreductase activity of a reference ketoreductase, such as the polypeptide of SEQ ID NO: 2
or an engineered ketoreductase of SEQ 1D NO:4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or
34 pnder the defined condition.

[0106] In some embodiments, the improved property of the ketoreductase polypeptide is with respect
to an increase in pH stability under defined conditions relative to a reference ketoreductase (e.g., SEQ
ID NO:4). In some embodiments, the pH stability can be reflected in enzymatic activity af an acidic
pH (e.g., about pH 6.5-7.0), where the differences in enzymatic activity can be at least 1.5-fold, 2-
fold, 3-fold, 5-fold, 10-foid, or more than the aciivity displayed by the polypeptide of SEQ ID NO:2,
or an engineered ketoreductase of SEQ ID NO: 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or
34 under the same defined acidic pH conditions.

[6507] In some embodiments, the improved enzymatic activity of the ketoreduciase polypeptides of
the disclosure can be an increase in the conversion rate of & substrate to product, such as improved
conversion of compound (2) (I-(3-hydroxyphenyl)-2-(methylamino Jethanone) to the compound (1)
{((R)-phenylephrine) under a defined condition. In some embodiments, the defined condition

comprises 100 g/L of compound (2) under reaction conditions of pH of about 6.5-7.0 and about 30°C



in a reaction time of about 20-25 hrs with about with (.7-1.0 g/L of a ketoreductase polypeptide of the
disclosure.

{61881 In some embodiments, the engineered ketorednctase polypeptides are capabie of conversion
rate for converting compound (2) to compound (1) of at least about 50%, 60%, 70%, 75%, 80%, 85%,
G0%, 91%, 92%, 93%, 94%, 95%, 96%, 97% 98%, 99%, or more up to the theoretical valne of 100%
conversion of subsmrate o the desired product under the defined condition,

[8109] In some embodiments, the improved ketoreductase is with respect to the conversion rafe at a
defined alkaline reaction condition, In some embodiments, the reaction condition comprises 100 g/L.
of the substrate of compoumd (2) vnder reaction conditions of pH of about 7.0 decreasing 10 6,75 over
about 2 hours and a temperature of about 30°C in a reaction time of about 20-25 hours (e g., 15, 16,
17, 18,19, 20, 21, 22, 23, 24, or 25 hours) with about 0.7 to about 1.0 g/L of a ketoreductase
polypeptide of the disclosure. In one embodiment, the reaction s started at a pH of about 7.0 and
decreased to a pH of about 6.75 after 2 hours, In a further embodiment, the pH 1s held at about 6.75
from about 2 hours to about 24 hours or until the reaction is substantially completed or the substrate is
depleted.

{6116] In some embodiments, the improved property of the engineered ketoreductase polypeptide is
with respect to an increase in enantiomeric excess of (R)-phenylephrine produced by the polypeptide.
In some embodiments, an enantiomeric excess of at least 99%., 99, 1%, 99,29, 99.3%, 99.4%, 99.5%,
99.6%, 99.7%, 99.8%, or 99.9% or more of the (R)-phenylephrine is produced.

[6111] In some embodiments, an improved property of the engineered ketoreductase is with respect
to & decrease in non-enzymatic decomposition preducts formed in the conversion of a substrate of
compound (2} having fo a product of compound (1) as compared 1o the amount of decomposition
product formed by a reference ketoreductase, such as the polypeptide of SEQ ID NO: 2 or 4,

[0112] In some embodiments, the amount of decompositian product is reduced by at least 25% as
compared to the wild-type enzvme of SEQ ID NO: 2 or another engineered ketoreductase, such as
SEQ ID NO: 4. In some embodiments, the amount of decomposition product is reduced by at least
50%, 60%, 75%, B0%, 85%, 90% or 95% or more as compared to the wild-type enzyme of SEQ 1D
NO:2 or another engineered ketoreductase, such as SEQ ID NO4.

{0113} In some embodiments, an engineered ketereductase polypeptide of the disclosure can
comprise an amino acid sequence that has at least about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 98%. 99% or more identity as compared to a reference sequence based
on SEQ ID NG:2 having at the residue corresponding to 111, A64, T76, 896, V148 2 Z1 amino acid;
at the residue corresponding to V95, V98, E145, F147, T152, L153, Y190, D197 a Z2 amino acid; at
the residue corresponding to A202 and Y249 a Z4 amino acid; at a residue corresponding 10 S150 2
Z5 amino acid; at a residue corresponding to E200 1 Z7 amino acid; and at a residue corresponding to

M206 a cysteine amino acid; and wherein the polypeptides has ketoreductase activity.
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{0114} In some embodiments, the tmproved ketoreductase polypeptides herein can comprise an
amine acid sequence that has at least about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 8%, 99% or more identity as compared to a reference seguence based on SEQ ID
NOM4, 6, 8, 10, 12, 14, 16, 18, 26, 22, 24, 26, 28, 30, 32, or 34 wherein the residues corresponding to
111, A4, T76, V93, $96, VOO, E145, A145, F147, L147, V148, T152, L153, 8159, Y190, D197,
E200, A202, M206, Y249 are not substituted and wherein the polypeptide has ketoreductase activity.
[0115] In some embodiments, the improved ketoreductase polypeptides can have residue differences
in one or more residue positions as compared to the sequence of SEQ ID NO: 2 at residue positions
corresponding to the following: 111, A64, T76, V95, 896, V99, E145, F147 , V148, T152, L1353,
159, Y196, D167, E200, A202, M206, Y249, In some embodiments, the residuc differences
comprise at positions corresponding to 111, A64, T76, S96, V148 a Z1 amino acid; at the residoe
corresponding fo V95, V99, B145, F147, T152, L153, Y190, D197 a Z2 amino acid; at the residue
corresponding to A202 and Y249 a Z4 amino acid; at a residne corresponding to S159 a Z5 amino
acid; at e residoe corresponding to E200 « Z7 amino acid. In some embodiments, the ketoreductase
pelypeptides can have additionally 1-2, 1-3, 1-4; 1-5, 1-6, 1.7, 1§, 1-9, 1-10, 1-11, 1-12, 1-14, 1-15,
1-16, 1-18, 1-20, 1-22, 1-24, 1-26, 1-30, 1-35, 1-40, 1-45, 1-50, 1-53, or 1-60 residue differences at
other amino acid residue positions. In some embodiments, the number of differences canbe 1, 2, 3, 4,
5,6,7,8,9, 10,11, 12,14, 15, 16, 18, 20, 22, 24, 26, 30, 35, 40, 45, 50, 55, or 60 residue differences
at the other aming acid residue posttions. Tn some embodiments, the residue differences at other o
residue positions comprise conservative mutations.

[6116] In some embodiments, the improved ketoreductase polypeptide comprises an amino acid
sequence comprising SEQ ID NO:2 and having amino acid subsiitution(s) selected from the group
consisting of at positions corresponding to: (i) 111 a Z1 amino acid; (iiy A64 a Z1 amino acid; (i)
T76 a 21 amino acid; (iv) 596 a Z1 amino acid; (v) V148 a Z1 amine acid; (vi} V95 a Z2 amino acid;
(vii) VO9 a 72 amino acid {viil} E145 a Z2 amino acid (ix) F147 a Z2 amino acid (x) T152 a 22
amino acid; (xiy L1353 a Z2 amino acid; (xii) Y190 a 22 amino acid; (xiii) D197 a Z2 emino acid;
(xiv) A202 a Z4 amino acid (xv) Y249 a Z4 amino acid; (xvi) S159 a Z5 amino acid; (xvii) E200 2 Z7
amine acid; (xviil) M206 a cystoine; (xix) any combmation of the foregoing; and (xx) 2 or 3,3 or 4, 5
or6, 7or 8, Gor 1 1Tor 12 130r 14, 14 or 15, 16 0r 17, 2-4, 2-5, 2.6, 2-7, 2-8, 2-9, 2-10, 2-11, 2-
12, 2-13, 2-14, 2-158, 2-16, 2-17, or 2-18 combinations of any of the foregoing substitutions. In some
embodiments, the ketoreductase polypeptides cén have additionally 1-2, 1-3, 14, 1-5, 1-6, 1-7, 1-§, I-
9,1-10, 1-11, 1-12, 1-14, 1-15, 1-16, 1-18, 1-20, 1-22, 1-24, 1-26, 1-30, 1-35, 1-40, 1-45, 1-50, 1.55,
or 1-60 residue differences at other residue positions specifically described above. In some
embodiments, the mamber of differences canbe 1,2, 3, 4,5, 6,7, 8,9, 10, 11,12, 14, 15, 16, 18, 20,
22, 24, 26, 30, 35, 40, 45, 50, 55, or 60 residue differences at the other residue positions. In some

embodiments, the residue differences at other residue positions comprise conservative mutations,
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8117} Amino acid residue differences af other residue positions as compared to the wild-type L.
kefir ketoreductase sequence of SEQ ID NO: 2 (Genbank acc. No. AAP94029.1; GI: 33112056) and
the affect of these differences on enzyme function are provide by e g, engineered ketoreductase
polypeptides in the following patent publications, each of which is hereby incorporated by reference
herein: U.S. Pat. Publ. Nos. 20080318295A1, 20090093031A1, 20090155863A1, 20090162909A1,
2000019160541, 20100055751 A1, and 20100062499A1; or PCT Publ. Nos. WO/Z010/025238A2
and WO/2010/025287A1. Accordingly, in some embodiments, one or more of the amino acid
differences provided in the engineered ketoreductase polypeptides of these publications could also be
introduced into an engineered ketoreductase polypeptide of the present disclosure.

161181 In some embodiments, the engineered ketoreductase polypeptide can comprise an amino acid
sequﬁncaihatisamlsastaboum8596,8696,8796,88?@,8996,9096,9196,9296,9396,949@,9526,9696
O7%, D8%, 99% identical to a reference amino acid sequence based on SEQ ID NO:2 having the
features described herein for the residues corresponding to T2, 111, A64, T76, VOS5, 596, V99, E145,
Fi47, V148, T152, 1153, 5159, Y190, D197, E200, A202, M206, Y249 with the proviso that the
enginecred ketoreductase polypeptides have at the residucs corresponding to T2, 111, A64, T76, V95,
S96, V99, E145, F147, V148, T152, L153, S159, Y190, D197, E200, A202, M206, Y249 at least the
preceding features {e.g.. combination of residue differences found in any one of SEQ ID NO: 4, 6, §,
10,12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or 34},

[6119] In specific embodiments, the substitutions at residues of SEQ ID NO: 2 corresponding to 111,
AG4, T76, V93, S96, V99, E145, F147, V148, T152, L153, 8159, Y190, D197, E200, A202, M205,
Y249 comprise 1111, A64V, T761, VI5M, S96L, VOIL, EI45A, F147L, F1471, V1481, T152A,
L1530, S159T, Y190C, Y90G, DI9TA, E200P, A202F, M206C, and Y 249F.

[6126] Table 4 below lists enginecred ketoreductase polypeptides {and encoding polynuclectides) by
sequence identifier (SEQ ID NO) disclosed herein together with the specific residue differences of the
engineered polypeptides with respect 10 the wild-type L. kefir ketoreductase polypeptide sequence
(SEQ ID NO:2) from which they were derived by directed evolution (see e.g., Stemmer ef al., 1994,
Proc Nail Acad Sci US4 91:16747-10751). Each row of Table 4 lists two SEQ 1D NOs, where the
odd number refers to the nucleotide sequence that encodes for the polypeptide amino acid sequence
provided by the even number.

{6121} The activity of each engineered ketoreductase polypeptide was determined relative to the
engineered polypeptide SEQ ID NO: 4, which was used as the “parent” or “backbone” polypeptide for
the directed evolution. Fold Improvement Over Parent (“FIOP”) of activify was determined as
conversion of 1-(3-hydroxyphenyl)-2-(methylamino)ethanone t (R)-phenylephrine at pH 6.5 and
ambient temperature over 18-20 hours in the presence of NADP, as described i the Examples below,
{6122] The refative activity of the WT polypeptide of SEQ ID NO: 2 for the conversion of 1-(3-
hydroxyphenyl}-2-(methylamino)ethanone io (R)-phenyiephrine at pH 6.5 and ambient temperature
was about 7% to about 10% of that of the engineered “backbone” polypeptide of SEQ 1D NO: 4,
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Based on this ~10-fold greater relative activity of SEQ 1D NO: 4 compared to WT, relative activities
compared 1o WT for the engineered polypeptides of SEQ ID NOs: 6, §, 10, 12, 14, 16, 18, 20, 22, 24,
26, 28, 30, 32, and 34, was calculated by multiplying by 10 the FIOP value relative to SEQ 1D NQ:4.

These refative activities were quantified as follows: “+” indicates that the engineered ketoreductase
activity is from 10~fold to 75-fold greater than the activity of the polypeptide of the WT {SEQ ID

NO:2Y, “++" indicates that the engineered ketoreduciase activity is from 75-fold w about 750-foid

greater than the activity of WT (SEQ ID NO:2); and “+++” indicates that the enginesred

ketoreductase activity is from 750-fold fo abowt 1600-fold greater than the activity of WT {(SEQ ID

NO:2).

Table 4; Ketoreductase polypeptides, specific residue differences, and relative activities for
converting compound (2) to compound (1)

No. of
coding Rejative
SEQID mutations FoPp activity
NO: Residue Differences ¢compared o (SEQ ID compared to
(nt/aa) {relative to SEQ ID NO: 2) W NO: 4) WT
1/2 - - . -
3/4 E145A, F147L, Y190C, 3 1 +
5/6 VO5M; E145A; FI147L:Y190C; 6 7.3 n
A202F; M206C
% VOSM; E145A; F147L;Y190G; 6 14.6 ++
A202F; M206C
9/10 VO5M; S96L; E1454; F147L; 8 29.2 ++
Y190G: AZ02F; M206C: Y249F
11712 1T2S; T761; VOSM; S961; B145A; i1 46.7 ++
F147L; V148L Y190G; A202F;
M206C; Y249F
13/14 | T76L; VOSM; S961; E145A; Fi47L; 12 74.75 ey
V1i48L; T152A; L133M; Y190G;
A202F: M206C; Y249F
15/16 AG4V: TT6L; VO3M; 896L.; VOOL; 17 112.1 N
E145A; F147L; V1481; T1524;
L153M; S139T; Y190G; D197A;
E200P; A202F; M206C; Y249F
17/18 1L (A64V; TT61 VOSM; S96L; 18 134.6 Aot
V99L; E145A; F147L; V148%
T152A; L153M; S159T; Y190G;
D197A; BE200P; A202F; M206C;
Y249F
19/20 111L; A64V; T761; VO3M; SO6L; 18 161.5 i
VOOL: E145A; F1471; V1481
T152A; L153M; S159T; Y190G;
DI97A; E200P; A202F; M206C;
& Y249F
i 21/22 VOAN; E145A; F1470; Y190C, 1.4 +
23724 E145A; F147L; Y190C; M206C 1.6 +
25/26 E145A; F147L; Y190C; A209F 4 2.9 -
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 ET45A; F1471,; Y190C; 5 5.0 +

29730 | V9SM: E145A; F147L;Y 190C; 7 1.9 s
A202F; M206C; YI45F

3132 | VO5M: E145A; F ] 7 26.3 T
A202F; M206C; ¥749F

3334 | %2%; VOSM; E1434; F147L:Y190G; 7 19.0 T

AZ02F; M206C;

[8123] In some embodiments, the engineered ketoreductase polypeptide can comprise an amino acid
sequence that is at least 70%, 75%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, §7%, 88%, 89%, 90%,
$1%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% identical 10 a reference amino acid sequence of
eny one of SEQ IDNO:A4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or 34 and wherein the
amino acids at the positions of residue differences indicated in Table 4 (above) are unchanged and the
polypeptide has ketoreductase activity. Accordingly, in some embodiments, the enginecred
polypeptides are capable of converting 1-(3-hydroxyphenyl)-2-(methiylamino)ethanone to (R)-
phenylephrine and comprise an amino acid sequence at least about 70% identical to SEQ ID NO: 4
and further comprise the combination of residue differences of any one of SEQ ID'NO: 6, 8, 10, 12,
14, 16, 18,20, 22, 24, 26, 28, 30, 32, or 34 as compared to SEQ ID NO: 2.

{0124] In some embodiments, these engineered polypeptides can have additionally (i.e., in addition
to the mutations residue differences shown in Table 4) from about 1-2, 1-3, 14, 1-5, 1-6, 1-7, 18, I-
8, 1-10, 1-11, 1-12, 1-14, 1-15, 1-16, 1-18, 1-20, 1-22, 1-24, 1-26, 1-30, 1-35, 1-40, 1-45, 1-50, 1-535,
or 1-60 residue differences as compared to the veference sequence. In some embodiments, the namber
of residue differences can be 1,2, 3, 4,5, 6,7, 8,9, 10, 11, 12, 14, 15, 16, 18, 20, 22, 24, 26, 30, 35,
40, 45, 30, 55, or 60 differences as compared to the reference sequence. The residue differences can
comprise nseriions, deletions, or substitutions, or combinations thereof, In some embodiments, the
residue differences comprise conservative substitutions as compared to the references sequence.
{$125] Insome embodiments, an engineered ketoreduciase polypeptide comprises an amine acid
sequence corresponding to SEQ ID NO: 4,6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or 34,
[6126] In some embodiments, the ketoreductase polypeptide is capabie of stereospecifically
converting 1-(3-hydroxypheny!}-2-(methylamino)ethanone to (R)-phenylephrine under reaction
conditions of pH of about 7.0 (decreasing to 6.75 over about 2 hours) and a temperature of about 30°C
in a reaction thme of about 20-25 hours hrs with about 0.7 to about 1.0 &/L of an a ketoreduciase
polypeptide of the disclosure. In one embodiment, the reaction is started at a pH of about 7.0 and
decreased to a pH of about 6.75 after 2 hours. In a further embodiment, the pH 15 held at about 6.73
from about 2 hours to about 24 hours or until the reaction is substantially completed or the substrate is
depleted. In some embodiments, the ketoreductase polypeptide capable of stereospecificaily
converting at least 80%, 85%, 90%, 91%, 92%, 93%, 94%, 93%, 96%, 57%, 98%, 99%, or more of 1~
{(3-hydroxyphenyh-2-{methylaminoyethanone to (R)-phenylephrine under reaction conditions of pH of
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about 7.0 (decreasing to about 6.75) and about 30°C in about 20-24 hrs comprises an amino acid
sequence selected from SEQ ID NO: 4, 6, §, 10, 12, 14, 16, 18, 20,22, 24, 26, 28, 30, 32, or 34.
[6127] In some embodiments, an engineered ketoreductase enzyme can comprise deletions of 1-20
aming acids typically at the N-terminal or C-terminal end. Thus, for each and every embodiment of
the ketoreductase polypeptides of the disclosure, the deletions can comprise one or more amino acids,
2 or more amino acids, 3 or rmore amino acids, 4 or more amino acids, § or more amino acids, 6 or
more amino acids, § or more amino acids, 10 or more amino acids, 15 or more amino acids, or 20 or
more amino acids, up 10 10%. of the total number of ammo acids, up 10 20% of the total mumber of
amino acids, or up to 30% of the total mumber of amyine acids of the ketoreductase polypeptides, so
long as the functional activity of the ketoreductase activity is maintained. In some embodiments, the
number of deletions can be 1-2, 1-3, 1-4, 1-3, 1-6, 1-7, LS, 1-9, 1-14, 1-11, 1-12, 1-14, 1-15, 1-16, 1-
18, 120, 1-22, 1-24, 1-26, 1-30, 1-35, 1-40, 1-45, 1-50, 1-535, or 1-60 amine acids. In some
embaodiments, the number of deletions can be 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 13, 16, 18, 20,
22, 24,26, 29 or 30 amino acid residues.

[0128] In some embodiments, the present disclosure provides an engineered polypeptide capable of
converiing compound (2) 1o compound (1) with at least 1.2-fold, at Jeast 1.5-fold, at Jleast 2-fold, at
least 3-fold, at leasi S-fold, at least 10-fold, at lcast 25-fold, at least 40-fold, at least 60-fold, or greater
increased activity relative 10 the activity of the polypeptide of SEQ 1D NO: 2 or 4, whick comprises
an amino acid sequence having at least 80%, 83%, 86%, 87%, 88%, 89%, 30%, 91%, 92%, 93%,

- 94%, 95%, 96%, 97%, 98%, or 99% identity 10 a reference polypeptide of SEQ ID NO: 2 or 4, with
the proviso that the amino acid sequence of any one of more of the ketoreductase polypeptides
disclosed in any one or more of the following patent publications are exciuded: U.S. Pat. Publ. Nos.
2008031829541, 2009009303 1A1, 20090155863 A1, 20090162909A1, 20090191605A1,
20100055751A1, and 20100062499A1; or PCT Publ. Nos, WO/2010/025238A2 and
WQ/2010/025287A1.

[0129] In some embodiments, the polypeptides described herein are not restricted to the genetically
encoded amine acids and may be comprised, either in whole or in part, of narurally-occurring and/or
synthetic non-encoded amino acids. Certain cornmonly encountered non-encoded amino acids of
which the polypeptides described herein may be comprised include, but are not limited to: the D-
stereoisomers of the genetically-encoded amino acids; 2,3-diaminopropionic acid (Dpr);
q-aminoisobutyric acid (Aib); e-aminohexanoic acid (Aha); §-aminovaleric acid (Ava); N-
methylglyeine or sarcosine (MeGly or Sar): ornithine (Orn); citrulline (Cit); t-butyialanine (Bua); t-
butylgiycine (Bug); N-methyliscleucine (Mellej; phenylglycine (Phg); cyclohexylalanine {Chal;
norleucine (Nle); nephtbylalanine (Nal); 2-chiorophenylalanine (Oci); 3-chlorophenylalanine (Mcf);
4-chlorophenylalanine (Pef); 2-fluorophenylalanine (Off); 3-fluorophenylalanine (MIf);
4-fluorophenylalapine (Pff); 2-bromophenylalanine {Obf); 3-bromophenylalanine (Mbf); 4-
bromophenylalanine {Pbf); 2-methyiphenylalanine (Omf}); 3-methylphenylalanine (Mmf); 4-
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methylphenyialanine (Pmf); Z-nitcophenylalanine (Onf}; 3-nitrophenylalanine (Mnf); 4-
nitrophenylalanine (Pnf); 2-cyanophenylaianine (Ocf); 3-cyanophenylalanine (Mef); 4-
cyanophenylalanine (Pef); 2-triflnoromethyiphenylalanme (Otf); 3-trifluoromethylphenylalanine
(Mtf); 4-trifluoromethylphenyialanine (Ptfy; 4-aminophenylaianine (Paf); 4-iodophenylaianine (Pif);
4-aminomethylphenylalanine (Pamf); 2,4~dichlorophenylalanine {Opef); 3,4-dichiorophenylalanine
(Mpcf); 2.4-difluoropbenylalanine (Opff}; 3 4-difivorophenylalanine (Mpff); pyrid-2-ylatanine
(2pAla); pyrid-3-yialanine (3pAla); pyrid-4-vlalanine (4pAle); nephth-1-ylaianine (InAla); naphth-2-
vialanine (ZnAla); thiszolyvialanine (taAla); benzothienylalanine (bAla); thienylalanine (tAla);
furyialanine (fAla); homophenylatanine (hPhe); homotyrosine (hTyr); homotryptophan (hTmp?;
pentafiuorophenylalanine (5ff); styrylkalanine (sAla); avthrylaianine (aAla); 3,3-diphenylalanine
(Dfa); 3-amine-5-phenypentanoic acid (Afp); penicillamine (Pen); 1,2.3,4-tetrahydroisoquinoline-3-
carboxylic acid (Tic); f-2-thienylalanine (Thi); methionine sulfoxide (Mso}; N{w)-nitroarginine
(nArg); homolysine (hLys); phosphonomethylphenylalaning (pmPhe); phosphoserine (pSer;;
phosphothreonine (pThr); homoaspartic acid (hAsp); homoglutanic acid (hGlu); I-aminocyelopent-(2
or 3-ene-4 carboxylic acid; pipecolic acid {PA), azetidine-3-carboxylic acid (ACA); 1-
aminocyciopentane-3-carboxylic acid; allylglveine (aOly); propargylglycine (pgGly); homoalanine
(hAla); norvaline (nVal); homoeleucine (hlLeu), homovaline (hVal); homotsolencine (hlle); _
homoarginine (hArg)y, N-acetyl lysine (AcLys); 2,4-diaminobutyric acid (Dbu); 2,3-diaminobutyric
acid (Dab); N-methylvaiine (MeVal); homocysteine (hCys); homoserine (hSer); hydroxyproline
(Hyp) and homoproline (hPro). Additional non-encoded amino acids of which the polypeptides
described herein may be comprised will be apparent to those of skill in the art (see, e.g., the various
amino acids provided in Fasman, 1989, CRC Practical Handbook of Biockemisiry and Molecular
Biology, CRC Press, Boca Raton, FL, at pp. 3-70 and the references cited thersin, all of which are
incorporated by reference). These amino acids may be in either the L- or D-configuration.

[6138] Those of skill in the art will recognize that amino acids or residues bearing side chain
protecting groups may also comprise the polypeptides described herein. Non-limiting examples of
such protected amino acids, wihich in this case belong to the aromatic category, include {protecting
groups fisted in parentheses), but are not limited to: Arg(ios), Cys(methylbenzyl),
Cys{nitropyridinesulfenyl), Glu(d-benzyiester), Gln(xanthyl), Asn(N-G-xanthyl), His(bom),
His(benzyl), His{tos), Lys(finoc), Lys(tos), Ser{O-benzyl), Thr (O-benzyl) and Tyr{O-benzyl).
[0131] Non-encoding amine acids that are conformationally constrained of which the polypeptides
described herein may be composed include, but are not lmmited to, N-methyl amino acids
(L~configuration); i-aminocyclopent<(2 or 3)-ene-4-carboxylic acid; pipecolic acid; azetidine-3-

carboxylic acid; homoproline (hPro); and I-aminocyclopentane-3-carboxylic acid.

C. Polynueleotides Encoding Engineered Polypeptides
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[8#132] In another embodiment, the disclosure provides polynucleotides encoding the engineered
ketorsductase enzymes. The polynucleotides may be operatively linked to one or more heterologous
confrol sequences that regulate gene expression to create a recombinant polynucleotide capable of
expressing the polypeptide. Expression constructs containing a heterologous polynuclestide encoding
the engineered ketoreductase can be introduced into appropriate host cells to express the
corresponding ketoreductase polypeptide.

[6133] Because of the knowledge of the codons corresponding to the various amino acids,
availability of a protein sequence provides a description of all the polynucleotides capable of
encoding the subject. The degeneracy of the genetic code, where the same amino acids are encoded
by alternative or synonymous codons allows an extremely large nomber of nucleic acids to be made,
all of which encode 2 ketoreductase enzymes disclosed herein. Thus, having identified a particular
amino acid sequence, those skilled in the art could make any number of different nucleic acids by
simply modifying the sequence of one or more codons in a way which does not change the amine acid
sequence of the protein. In this regard, the disclosure specifically contemplates each and every
possible variation of polynucleotides that could be made by selecting combinations based on the
possible codon choices, and all such variations are o be considered specifically disclosed for any
polypeptide disclosed herein, including the ammo acid sequences presented in Table 2. In varicus
embodiments, the codons are selected o 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 codons
used in yeast are used for expression in yeast; and preferred codons used in mammals are used for
expression m mammalian cells,

16134} In some embodiments, the polynucleotide comprises a nucleotide sequence encoding &
ketorsductase polypeptide comprising an amine acid sequence that has at least about 35%, 86%, 87%,
88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%6, 97%, 98%, or 99% or more sequence identity ¢
any of the reference enginecred ketoreductase polypeptides described herein, e.g., any of SEQ ID NO:
4,6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28§, 30, 32, or 34,

{0135] For example, in some embodiments, the polvnuclectide comprises & sequence encoding a
ketoreductase polypeptide with at least about 85%, 86%, 87%, 88%, 89%, 90%, 91%, 42%, 93%,
94%, 95%, 96%, 97%, 98%, or 99% or more sequence identity to a reference amino acid sequence
based on SEQ ID NO:2 having amino acid modifications at T2, 111, A64, T76, V95, 896, VOO, Ei45,
F147, V148, T152, L1533, 8159, Y196, D157, E200, A202, M206, Y249 such as, for example, 1111,
ABAV TT6L, VO5M, S96L, VO9L, E145A, FI47L, F1471, V1481, T152A, L1533M, S159T, Y190C,
Y190G, D197A, E200P, A202F, M206C, and Y249F.

[0136] In some embodiments, the polynucieotide encodes a ketoreductase polypeptide comprising an
aming acid sequence that has at least about 83%, 86%, 87%%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99% or more identity as compared to a reference sequence based on SEQ ID
NO:2 having at the residue corresponding to 111, A64, T76, $96, V148 2 Z1 amino acid; at the
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residue corresponding to V95, V99, E145, F147, T152, L153, Y19, D197 a Z2 amino acid; at the
residue corresponding to A202 and Y249 u 74 amino acid; at a residue corresponding to 8159 a Z3
amino acid; at a residue corresponding to E200 a Z7 amino acid; and at a residue corresponding to
M206 a cysteine amino acid; and wherein the polypeptides has ketoreductase activity.

[6137] In some embodiments, the polynucleotide encodes a ketoreductase polypeptide comprising an
amino acid sequence that has at least about 85%, 86%, §7%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
05%, 96%, 97%, 98%, 99% or more identity as compared 1o 2 reference sequence based on SEQ ID
NO:4, 6,8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or 34, wherein the residues corresponding to
T2, 111, A64, T76, VI5, §96, V99, Al45, L147, V148, T152, 1153, 8159, C190, 13197, E200, A202,
M206, Y249 are not substituted and wherein the polypeptide has ketoreductase activity,

[6138] In some embodiments, the polynucleotide encodes a ketoreductase polypeptide comprising
residue differences in one or more residue positions as compared to the sequence of SEQ ID NO:2 at
residue positions corresponding to the following: T2, 111, A64, T76, VO3, 896, V99, E145, F147,
V148, T152, L153, $159, Y190, D197, E200, A202, M206, Y249, In some embediments, the residue
differences comptrise at positions corresponding to 111, A64, T76, S96, V148 a Z1 amino acid; af the
residue corresponding to V93, V99, E145, F147, T152, L153, Y190, D197 a Z2 amino acid; at the
residne corresponding to A202 and Y249 a Z4 amino acid; at a residue corresponding to S159 & Z3
amino acid; at a residue corresponding to E200 a Z7 amimno acid. In some embodiments, the
ketoreductase polypeptides can have additionally 1-2, 1-3, 1-4, 1-5, 1-6, 1-7, 1-8, 1-9, 1-10, 1»‘1.1, i-
12, 1-14, 1-15, 1-16, 1-18, 1-20, 1-22, 1-24, 1-26, 1-30, 1-35, 140, 1-45, 1-530, 1-55, or 1-60 residue
differences at other amino acid residue positions, In some embodiments, the number of differences
canbe 1,2,3,4,5,6,7,8,9, 10, 11, 12, 14, 15, 16, 18, 20, 22, 24, 26, 30, 35, 40, 45, 50, 55, or 60
residue differences at the other amino acid residue positions. In some embodiments, the residue
differences at other residue positions comprise conservative mutations.

[6139] In some embodiments, the polynucleotide encodes a ketoreductase polypeptide comprising an
amino acid sequence comprising SEQ ID NO:2 and baving amino acid substitution(s) seiécted from
the group consisting of at positions corresponding to: (i} 111 a Z1 amino acid; (if} A¢4 a Z1 amino
acid; (i) T76 a Z1 amino acid; (iv) S96 a Z1 amino acid: (v) V148 a Z1 amino acid; (vi) V95 a Z2
amino acid; (vii) V99 a Z2 amino acid (viii) E145 a Z2 ammo acid (ix) F147 a Z2 amino acid (x)
T152 a Z2 amine acid; (xi) L1353 & Z2 amino acid; (xii) Y190 a Z2 amino acid; (xii) D197 a Z2
amino acid; (xiv) A202 a Z4 amino acid (xv) Y249 a Z4 amino acid; (xvi) S159 2 Z5 amino acid;
(xvii} E200 a Z7 amino acid; (xviii) M206 a cysteine; (xix) any combination of the foregoing; and
(xx}2o0r3,30r4,50r6, 70r8 90r10, 11 0r12, 13 0r 14, 14 or 15, 16 or 17, 2-4, 2-5, 2-6, 2-7, 2§,
2-9, 2-10, 2-11, 2-12, 2-13, 2-14, 2-13, 2-16, 2-17, or 2-18 combinations of any of the foregoing
substitutions. In some embodiments, the ketoreductase polypeptides can have additionally 1-2, 1-3, I-
4, 1-5, 1-6, 1-7, 1-8, 1-9, 1-10, 1-11, 1-12, 1-14, 1-15, 1-16, 1-18, 1-20, 1-22, 1-24, 1-26, 1-30, 1-35,

1-40, 145, 1-50, 1-55, or 1-60 residue differences at other residue positions specifically described



above. In some embodiments, the number of differences canbe 1,2, 3,4, 5, 6,7, 8,9, 10, 11, 12, 14,
15, 16, 18, 20, 22, 24, 26, 30, 35,40, 45, 50, 33, or 60 residue differences at the other residue
positions. In some embodiments, the residue differences at other residue positions comprise
conservative mutations.

{0148} In some embodiments, the engineered ketoreductase polypeptide can comprise an amino acid
sequence that is at least about §5%, §6%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
7%, 98%, 99% identical to a refcrence amino acid sequence based on SEQ ID NO: 2 having the
features described herein for the residues corresponding to T2, 111, Atd, T76, V95, §96, V99, E145,
F147, V148, T152, L1533, 8139, Y190, D197, B200, A202, M206, Y249 with the proviso that the
engineered ketoreductase polypeptides have at the residues corresponding to T2, 111, A4, T76, V95,
596, V99, E145, F147, V148, T152, L1533, 5159, Y190, D197, E200, AZ02, M206, Y249 at least the
preceding features (e.g., combination of residue differences found in any one of SEQ ID NO: 4, 6, §,
1G, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or 34).

(01411 In sowme embodiments, the polynuclectide encodes & ketoreductase polvpeptide comprising a
sequence as set forth in SEQ 1D NO: 2 but having at least one substitution at & residue corresponding
to T2, 111, A64, T76, VD5, 896, VU9, E145, F147, V148, T152, L153, §159, Y190, D197, E200,
AR0Z M206, or Y249, In specific embodiments, the substitutions comprise 'T28, I11L, Ag4V, TT6,
VO3M, SOAL, VOOL, EI45A, F147L, F147 1, VI48L, T152A, L153M, 31597, Y190C, Y 190G,
D197A, E200P, A202F, M206C, and Y249F.

[0142} In some embodiments, the polynucleotides encode an engineered ketoreductase polypeptide
comprising an amino acid sequence selected from SEQ IDNO: 4, 6, 8, 10, 12, 14, 16, 18, 20, 22,24,
26, 28, 30, 32, or 34.

[0143] In some embodiments, the polymicleotides encoding the engineered ketoreductases are
selected from SEQ 1D NO: 5,7,9,11, 13,15, 17, 19,21, 23, 25, 27, 29, 31, or 33, Insome
embodiments, the polymucleotides are capabie of hybridizing under highly stringent conditions to a
polynuclectide consisting of a sequence selected from SEQ ID NG: 5,7, 9, 11, 13, 15, 17,19, 21, 23,
25,27, 29, 31, or 33, where the polynucleotide that hybridizes under highly stringent conditions
encode a functional ketoreductase capable of converting the substrate of structural formula (1) to the
product of structural formula (111).

{0144} Tn some embodiments, the polynucieotides encode the polypeptides described herein but have
about 80% or more sequence identity, about 85%, 86%, §7%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, §7%, 98%, or 99% or more sequence identity at the nucleotide level to a reference
polynuclectide encoding the engineered ketoreductase. In some embodiments, the reference
polynucieotide is selected from polynucleotide sequences represented by SEQ ID NO: 5,7, 9, 11, 13,
13,17, 19,21, 23,25,27,29, 31, or 33.

{6145] Anisolated polynucleotide encoding an improved ketoreductase polypeptide may be

manipulated in a variety of ways to provide for expression of the polypeptide. In some embodiments,
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the polynuclectides encoding the engineered ketoreductase polypeptides can be provided as
expression vectors where ong or more ceatrol sequences 1s present to regulate the expression of the
polynucleotides. Control sequences useful with polynucieotides of the present disciosure inchuding
among others, promoters, teader sequences, polyadenylation sequences, propeptide sequences, signal
peptide sequences, and transcription terminators, are well known in the art of polynucleotide
recombination and expression. Manipulation of the isolated polynucleotide prior to Its insertion into a
vector may be desirable or necessary depending on the expression vector. The techmiques for
modifying polynucleotides and nucleic acid sequences utilizing recombinant DINA methods are well
known in the art. Guidance is provided in Sambrook et al, 2001, Molecuiar Cioning: A Laboratory
Manual, 3 Ed., Cold S_pring Harbor Laboraftory Press: and Current Protocols in Molecular Biology,
Ausubel. F. ed., Greene Pub. Associates, 1998, updates to 2006,

[0146] In some embodiments, the disclosure provides a recombinant expression vector comprising 2
polynuclectide encoding an engineered ketoreductase polypeptide, and one or more expression
regulating regions such as a promoter and a terminator, a replication origin, eic., depending on the
type of hosts nto which they are to be introduced. The various nucleic acid and control sequences
described above may be joined together to produce a recombinant expression vector which may
inchude one or more convenient restriction sites to allow for insertion or substitution of the nucleic
acid sequence encading the polypeptide at such sites. .A.itemativeiy: the nucleic acid sequence of the
present disclosore may be expressed by inserting the nuciele acid sequence or a nucieic acid construct
comprising the sequence Into an appropriate vector for expression. In creating the expression vector,
the coding sequence is located in the vector so that the coding sequence is operably linked with the
appropriate control sequences for expression,

[6147] The recombinant expression vector may be any vector (e.g., a plasmid or virus), which can be
conveniently subi c—:ctéd to recombinant DNA procedures and can bring abous the expression of the
polynucieotide 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 lingar or closed
circular plasmids. Vectors and host cells suitable for use with the polynucleotides encoding
engineered ketoreductases of the present disclosure are well-known in the art.

[6148] In another embodiment, the disclosure provides a host cell comprising 2 polvnucleotide
encoding an improved ketoreductase polypeptide, the polynucleotide being operatively linked 0 oze
or more control sequences for expression of the ketoreductase enzyme i the host cell. Host cells for
use in expressing the ketoreductase polypeptides encoded by the expression vectors of the disclosure
are well known tn the art and include, but are not lnnited to, bacterial cells, such as E. coli,
Laciobacillus, Streplomyces and Salmonella typhimurium cells; fungal cells, such as yeast cells (e g.,
Saccharomyces cerevisine or Pichia pastoris {ATCC Accession No. 201178)); insect cells such as
Drosophita 52 and Spodoptera $19 cells; animal cells such as CHO, COS, BHK, 293, and Bowes
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melanoma cells; and plart cells. Appropriate culture mediums and growth conditions for the above-
described host celis are well known in the art,

[0149]) Polynucleotides for expression of a ketoreductase may be introduced into cells by various
methods known in the art. Technigues include among others, electroporation, biolistic particle
bombardment, liposome mediated transfection, calcium chloride transfection, and profoplast fusion.
Various metheds for introducing polynucleotides into cells will be apparent to the skilled artisan.
[8136] An exemplary host cell is Escherichia coli W3110. An expression vector can be created by
operatively linking & polynucleotide encoding an improved ketoreductase into the plasmid

pCK 110900 operatively linked to the lac promoter under control of the lacl repressor. The expression
vector can also contain 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.

{01517 In some embodiments, fo make the improved ketoreductase polynucieotidas and polypeptides
of the disclosure, the naturally-occurring or wild-type ketoreductase enzyme used as the starting (or
“parent”) sequence for engineering is obtained {or derived) from L. kefir. In some embodiments, the
parent polynucleotide sequence is codon optimized to enhance expression of the ketoreductase in a
specified host cell.

[6152] As an illustration, a parental polynucleotide sequence encoding the wild-type ketoreductase
polypeptide of L. kefir is constructed from oligenuclectides prepared based upon the ketoreductase
sequence available in Genbank database (see, Genbank accession no, AAP94029.1, GI1:33112056,
incorporated herein by reference). The parental polymacleotide sequence can be codon optimized for
expression in E. coli and the codon-optimized polynucleotide cloned into an expression vector,
Clones expressing the active ketoreductase in E, eoli can be identified and the genes sequenced to
confirm their identity. The codon-optimized polynucleotide sequence, can then be further used for
engineering a desirad activity, stability or a combination thereof,

[0153] The engineered ketoreductases can be obtained by subjecting the polynucleotide encoding a
paturally occurring ketoreductase to mutagenesis and/or directed evolution methods, as discussed
herein and known in the art. An exemplary directed evolution technique useful fo make the
engineered ketoreductases of the disclosure is mutagenesis and/or DNA shuffling as described
Stemmer ef al., 1994, Proc Natl Acad Sci US4 91:10747-10751; WO 95/22625; WO §7/0078; WO
97/35966; WO 98/27230; WO 00/42651; WO 01/75767 and U.S. Pat. No. 6,537,746, each of which is
hereby incorporated by reference herein. Other directed evolution procedures that can be used
include, among others, staggered extension process (StEP), in vitro recombination (Zhao et al,, 1998,
Nat. Biotechnol, 16:258-261), mutagenic PCR (Caldwell er al., 1994, PCR Methods Appl. 3.5136-
S140), and cassette mutagenesis (Black ef al., 1996, Proc Natl Acad Sci USA 93 :3525-3529).

{0154} The clones obtained following mutagenesis treatment are screened for engineered

ketoreductases having a destred improved enzyme property. Measuring enzyme activity from the
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expression libraries can be performed using the standard biochemistry techmique of monitoring the
rate of decrease of substrate and/or increass in product. Where the improved enzyme property desired
is thermal stability, enzyme activity may be measured after subjecting the enzyme preparations tc a
defined temperature and measuring the amount of enzyme activity remaining afier heat treatments.
Clones containing a polynucleotide encoding a ketoreductase are then isolated, sequenced to identify
the nucleotide sequence changes (if any), and used to express the enzyme in a host cell.

[6155] Where the sequence of the engineered polypeptide is known, the polynucleotides encoding
the enzyme can be prepared by standard solid-phase methods, accordng to known synthetic methods.
In some embodiments, fragments of up to about 100 bases can be individually synthesized, then
joined (e.g., by enzymatic or chemical ligation methods, or polymerase mediated methods) to form
any desired continuous sequence. For example, polynucleotides and cligonuclectides of the mvention
can be prepared by chemical synthesis using, e.g., the classical phosphoramidite method described by
Beaucage ef al., 1981, Tet Lert 22:1859-69, or the method described by Matthes ef al., 1984, EMBO I.
3:801-05, e.g., as it is typically practiced in automated synthetic methods. According to the
phosphoramidite method, ofigonucieotides 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 any of & variety of commercial sources, such as The Great American Gene
Company, Ramona, CA, ExpressGen Inc. Chicago, IL, Operon Technologies Inc., Alameda, CA, and
many others.

[0186] In some embodiments, the present disclosure also provides methods for preparing or
manufacturing the non-naturally occurring polypeptides capable of converting compound (2} to
compound {1}, wherein the methods comprise: (a) culturing a host cell capable of expressing a
polynucleotide encodimg the non-naturally occumrring polypeptide and (b) optionally isolating the
polypeptide from the host cell. The non-naturally occurring polypeptides can be expressed in
appropriate cells (as described above), and isolated (of recovered) from the host cells and/or the
culure medium using any one or more of the well known techmigues used for protein purification,
including, among others, Iysozyme treatment, sonication, filtration, salting-out, ultra-centrifugation,
and chromatography. Chromatographic techniques for isclation of the ketoreductase polypeptide
include, among others, reverse phase chromatography high performance lignid chromatography, on
exchange chromatography, gel electrophotesis, and affinity chromatography.

[0157] In some embodiments, the non-naturally occurring polypeptide of the disclosure can be
prepared and used in various isolated forms including but not limited to crude extracts (e.g,, celi-firee
lysates), powders (e.g.. shake-flask powders), lyophilizates, and substantially pure preparations {e.g.,
DSP powders), as further illustrated in the Examples below.

[0158] I some embodiments, the non-naturally occurring polypeptide of the disclosure can be
prepared and used in purified form. Generally, conditions for purifying a particular enzyme will

depend, in part, on factors such as net charge, hydrophobicity, hydrophilicity, molecular weight,
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molecular shape, etc., and will be apparent to thoese having skill in the art. To facilitate purification, it
is contemplated that in some embodiments the engineered ketoreductase polypeptides of the present
disclosure can be expressed as fusion proteins with purification tags, such as His-tags having affinity
for metals, or antibody tags for binding to antibodies, e.g., myc epitope fag.

{01591 Engineered ketoreductase enzymes expressed in a host cell can be recovered from the cells
and or the culture medium using any one or more of the well known techniques for protein
purification, including, among others, Iysozyme treatment, sonication, filtration, saiting-out, ultra-
centrifugation, and chromatography. Suitable sclutions for lysing and the high efficiency extraction
of proteins from bacterie, such as E. coli, are commercially available under the trade name CelLytic
B™ from Sigma-Aldrich of $t. Louis MO.

{0168] Chromatographic techniques for isolation of the ketoreductase polypeptide include, among
others, reverse phase chromatography high performance liquid chromatography, ion exchange
chromatography, gel electrophoresis, and affinity chromatography. Conditions for purifying a
particular enzyme will depend, in part, on factors such as net charge, hydrophobicity, hydrophibicity,
molecular weight, molecular shape, etc., and will be apparent to those having skill in the art.

[6161] In some embodiments, affinity technigues may be used to purify the mproved ketoreductase
enzymes. For affinity chromatography purification, any antibody which specifically binds the
ketoreductase polypeptide may be used. For the production of antibodies, various host animals,
including but not limited to rabbits, mice, rats, etc., may be immmunized by injection with a
ketoreductase polypeptide. The polypeptide may be attached to a suitable carrier, such as BSA, by
means of a side chain functional group or iinkers attached to a side chain functional group. Various
adjuvants may be used to increase the immunological response, depending on the host species,
including but not fimited to Freund’s {complete and incomplete), mineral gels such a3 alumioum
hydroxide, surface active substances such as lysolecithin, pluronic polyols, polyanions, peptides, oil
emulsions, keyhole limpet hemocyanin, dinitrophenol, and potentially useful human adjuvants such as

BCG (bacilli Calmette Guerin) and Corynebacterivm parvum.

. Methods of Using Ergincered Ketoreductase Polvpeptides
{0162] The engineered ketoreductase polypeptides descrived herein can be used in processes

comprising the conversion of a (1-(3-hydroxyphenyl)-2-(methylamino)ethanone) substrate compoumd
{e.g., compound (2) or compound (2a)) to an (R)-phenylephrine product compound (e.g., compound
(¥} or compound (1a)) such as shown in Scheme 1 or Scheme 5§ (beiow).

8163} In some embodiments, the disclosure provides processes for preparing an (R)-phenylephrine
product compound comprising: contacting an enginecred polypeptide of the present disclosure (e.g.,
as described above and elsewhere herein) with a mixture comprising a 1-(3-hydroxyphenyl-2-
{(methylamino)ethanone substrate and a buffer under reaction conditions suitable to convert 1-(3-

hydroxyphenyl)-2-(methylamino)ethanone to (R)-phenylephrine.
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[0164] Itis contemplated that any of the engineered polypeptides having ketoreductase activity
disclosed herein may be used in the methods. For example, in some embodiments, the methods can
be carried out wherein the engineered polypeptide is selected from an amino acid sequence at least
about 70%, 75%, 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, 99% or more identical to SEQ ID NO: 2, which further comprises the
combination of residue differences of any one of SEQ IDNO: 4, 6, 8, 16, 12, 14, 16, 1§, 20, 22, 24,
26, 28, 3G, 32, or 34, as compared to SEQ ID NO: 2. In some embodiments, the any one or more of
the polypeptides of SEQ ID NO: 4, 6,8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or 34 may be
used in the methods.

[8165] In certain embodiments, the methods for preparing sn (R)-phenylephrine product compound
can be carried out wherein the 1-(3-hvdroxyphenyl}-2-(methylamino)ethanone substrate is selected
from compound (2) or compound (2a) (i.e., the hydrosulfate form of compound (2) shown below).
{6166] The present disclosure contemplates a range of reaction steps and conditions that can be used
in the methods, including but not Hmited to ranges of pH, temperaturs, buffer, solvent system,
substrate loading, polypeptide loading, NADP cofactor loading, atmosphers, reaction time, and
further product extraction and isolation conditions.

[€167] In certain embodiments, the methods for preparing (K)-phenylephrine of the present
disclosure can bie carried out wherein the reaction conditions comprise a pH of about 6.0 to about 7.5
(e.g.. about 6.5 to about 7.0, or about 7.0}, In some embodiments, the method can be carried out
wherein the reaction conditions comprise an initial pH of about 7.0 and then adjusting the initial pH to
abour 6.75 after about 2 hours. In some embodiments, the method further comprises after complation
of the enzymatic reaction the sfeps of saturating the mixfure with salt {e.g., NaCl) and adjusting the
pH to 8.0 10 9.0, thereby producing a free base of compound (1), In some embodiments, the method
further comprises after completion of the enzymatic reaction the step of extraction of the free base of
compound (1) with isopropyl alecohol (IPA}. In some embodiments, the method further comprises
after completion of the enzymatic reaction the step of acidifying (e.g., with HCI} the IPA extract of .
the mixture and solating the (R}-phenylephrine salt {e.g., HCI salt of compound (1a) below).

[#168] In some embodiments, the methods for preparing (R)-phenylephrine of the present disclosure
can be carried out wherein the mixture commprises at least abowut 50-400 g/L 1-(3-hydroxyphenyl)-2-
{methylaminojethanone sobstrate loading (e.g., about 50-100 gfL., about 50-200 g/L, about 50-300
g/L, about 50-400 g/L, about 100 g/L, about 200 g/L, about 300 g/L or about 400 g/L.}. The values for
substrate loadings provided herein are based on the molecular weight of 1-(3-hydroxyphenyl}-2-
(methylamino)ethanone (i.e., compound (2)) and contemplates that the equivalent molar amounts of
1-(3-hydroxypheny])-2-(methylamino)ethanone hydrosulfate (compound (2a}) also can be used (e.g.,
100 g/L of compound (2) equals about 130 g/L of compound (2a)).



[8169] In some embodiments, the methods for preparing (R)-phenylephrine of the present disclosure
can be carried out wherein the resulting engineered polypentide concentration in the mixture is about
(1.1-1.5 g/L, about 0.5-1.2 g/L., or about 0.7-1.0 g/L.

19170} In certain embodiments, the method can be carried out wherein the reaction conditions
comprise a femperature of about 25°C to about 40°C. In certain embodiments, the temperatare during
the enzymatic reaction can be maintained at ambient (e.g., 25°C), 30°C, 35°C, 37°C, 40°C; or in some
embodiments adjusted over a temperatare profile during the reaction

0171} In ceriain embodiments, the method can be carried out wherein the mixture comprises 2
solvent comprising a buffer and 50% (v/v) isopropyl alcobol. In some embodiments, the buffer is
selected from triethanolamine (e.g., about 0.1 M to about 0.2 M TEA) and potassium phosphate (e.g.,
abowt 0.025 M 1o about (.10 M phosphate). As shown in the Examples, the method can be carried out
using 0.1 M TEA buffer (prepared at pH 6.0) or 0.05 M potassium phosphate buffer {prepared at pH
6.0) with good results. However, the use of phosphate buffer can reduce impurities due to the
presence of TEA,

[8372] In certain embodiments, the method can be carried out wherein the mixture comprises about
0.03-0.1 g/L. NADP {e.g., about 0.05 g/l NADP).

[6173] In certain embodiments, the method can be carried out wherein the reaction conditions
comprisc an nert atmosphere (e.g., N, Ar, eic.).

[6374] Accordingly, in some embodiments, the methods for preparing (R)-phenylephrine of the
present disclosure can be carried out using a combination of any of the mixture and reaction
conditions disc}oéed above {and elsewhere hércin} eg., {ItapH of about 6.75-7.0; (2) a temperature
of about 30 °C; (3) about 50% isopropyi alcobol; (4) about .05 g/L. NADP; (5} about 100 g/L. 1-(3-
hydroxyphenyl)-2-{methylamino)ethanone; (5) and about 0.7-1.1 g/L of the polypeptide; and (6) N,
atmaosphere,

[0173] In some embodiments, the method can be carried out wherein the reaction conditions
comprise a pH of about 6.75-7.0, a remperature of about 3¢°C, about 100 g/L of compomld (Z) {or
130 g/L. of the hydrosulfate of compound (2a)), and about I g/L of an polypeptide having a sequence
as set forth in SEQ ID NO: 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or 34 in a reaction
time of about 19-24 hrs, wherein at jeast 50%-99% of the substrate 15 converted to /R)-phenylephrine,
{81781 In some embodiments, the enzymatic reaction of the method can be carried at 25°C 10 40°C
for about & hours to abont 24 hours, ar which time from about 50% to 99% of the subsirate is
converted 1o product (i.c., reaction is substantially completed or the substrate is depleted;.

[0177] In some embodiments, the methods of the present disclosure results in production af the (R)-
phenylephrine product {e.¢., reaction of Scheme 1 or Scheme 5) in an enantiomeric excess of at least
99%, 99.1%, 99.2%, 99.3%, 99.4%, 99.5%, 99.6%, 99.7%, 99.8%, or 99.9%.

[8178] The engineercd ketoreductase polypeptides described herein can catalyze stereoselective

reduction of 2 range of ketone substrates. In some embodiments, the engineered ketoreduciage
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olypeptides described herein, can be used in 2 method for the stereoselective conversion ofa
polypep )

substrate compound of Formula IT to a product compound of Formuia I as shown in Scheme 2:

Scheme 2
Ry R
R I
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wherein R; is 2 group selected from: -H, -Cl, -Br, -1, -F, -CHs, -OH, -OCH;, -SH, -SCHj, -NH,, -
NHCH;, or a long chain alkyl; R; is a group selected from: -H, -Cl, -Br, -1, -F, -CH,, -OH, -OCHj, -
SH, -SCHj, -8(0)CH; , -NHa, -NHCH;, -N{CHa)z, -OR, -8R, -NR;, -SO;NR; (wherein R = -H, -CH;,
or alkyl), ethyl, propyl, sopropyl, cyclopropyl, or a long chain alkyl Ra is & group selected fromt: -H,
-CL, -Br, -1, -F, ~CHs, -OH, -OCH;, -SH, -SCHs, ~S(0)CHs, -SO,CHs, -NH,, -NHCH;, -N(CHa),
SONR; (wherein R = -H, -CHs); Rs 1= & group seiected from: -H, -Ci, -Bx, -1, -F, -CHs, -QH, -OCHS,,
-SH, -SCH;, -8(Q)CHs, -SO.CHs, -NH;, -NHCH;, -N(CHs)y, -OR, -8R, -NRy, -SO:NR, (whersin R =
-H, -CHs, or alkyD), ethyl, propyl, isopropyl, or cyclopropyl; Reis a group selected from: -H, -Cl, -Ba,
-I, ~F, -CHs, -OH, -SH, or -NH,; wherein R, and R, R; and Ra, or Ry and R; can optionally be
connected as part of & 5 or § membered ring; wherein R is a group selected from: -H, -CH;, ethyl,
propyl, 8opropyl, cyclopropyl, or a long chain alleyl; wherein Ry is a group selected from: -H, -CH;,
ethyl, propyl, isopropyl, or cyclopropyl; wherein R, and Ry can form a ring, or wherein the Ry-Rgp unit
is a carbonyl or imino functional group; wherein Ry, and Ry, can be independently a group selected
from: -H, -CHs, -OH, ~OCHj, -OR,, -C{OR (wherein R = -I, -CHs, or alkyl), ethyl, propyl, isopropyl,
cyciopropyl, long chain alkyl, carbonyl, or carboxy.

61791 The method for the stereoselective reduction of a substrate of Formula I to a product of
Formula I comprises contacting a mixture comprising the compound of Formula 11 with an engineered
ketoreductase pol.ypcptide of the present disclosurs under reaction condifions suitable to convert the
compound of Formula 1 to the compound of Formmla 1. Suvitable engineered ketoreductage
polypeptides useful with the method comprige an amine acid sequence that is at least 85%, 86%, 87%,
88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% identical to a reference amino
aeid sequence of any one of SEQ ID NO: 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30,32, or 34,
wherein the smino acids at the positions of residue differences indicated in Table 4 are unchanged,
and the polypeptide has ketoreductase activity,

[E88] In certain embodiments of the substrate of Formula T, positions R» and R, Rz and Ry, or Ry

and Rs can optionally be connected as part of a 5 or ¢ membered ring. For example, as shown below:



[$181] In certain embodanents of the substrate of Formula I, the methyiens Imker can be substituted
with one or two groups (R, and R}, R, is unrestricted and can include a group extending out of the

pocket. R can be 2 or 3 heavy atoms in size (small alkyl chain, Me, Et, possibly 2-propyl). Also one
could conneef the two positions in a ring, an example of which is given below, or have the R.-Ry unit

as 2 carbonyl or imino function (3wo structures on the right):
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101821 In certain embodiments of the substrate of Formuia 11, the amine residue is at the pocket limit
when bound to a ketoreductase of the disclosure {essentialiy floating in solution). Accordingly, Ry
and Ry can be any group such as, but not limited to, alkyls, carbonyl groups (to give an amide),
carboxy groups {e.g., a carbamate}, or modified to provide a urea or guanidine. One could also
conneot the methvlene linker to the amine residue to give a 5 or 6 membered ring {e.g., imidazole,
thiazole, pyridine and any stable satwrated analogues such as oxazine).

H6183] Substrate compounds of Formula II can be prepared by standard chemistries or commercially

purchased. For exemple, the substrate of compound (2} is svnthesized as set forth in Scheme 3.

Scheme 3
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[#184] Accordingly, in a method for the synthesis of (R)-phenylephrine, a step in the method
comprises contacting an engineered ketoreductase polypeptide of the present disclosure with: (1ya
mixture comprising an g-halo-ketone precursor of phenylephrine; or (2) a mixture comprising 1-(3-
hydroxyphenyl}-2-methylaminoethanone.

{6185] Insome embodiments, the engingered ketoreductases can be used in a method o synthesize
analogs of phenylephrine.

{6186] Various features and embodiments of the disclosure are iflustrated i the following

representative examples, which are intended to be illustrative, and not himiting.

6. EXAMPLES

Example 1: Construction of Engineered Ketoreductase Polypeptide Expression
Vectors

[8187] The wild-type ketoreductase gene from L. kejir (SEQ ID NO: 1) was designed for expression
in E. coli using standard codon optimization. (Codon-optimization software is reviewed in e.z.,
“OPTIMIZER: a web server for optimizing the codon usage of DNA sequences,” Puighé ef al,
Nucleic Acids Res. 2007 Jul; 35(Web Server 1ssue): W126-31, Epub 2007 Apr 16.) Genes were
synthesized using oiigoﬁuclcotides composed of 42 nucleotides and cloned nto expression vector
npCK 110900 (vector depicted as FIG. 3 in US Patent Application Publication 20060195947, which is
hereby incorporated by reference herein) under the contro! of a loc promoter. The expression vector
also contained the P15a origin of replication and the chloramphenicol resistance gene. Resulting
piasmidé were transformed into E. coli W3110 (fhu-) using standard methods. Polynucleotides
encoding the engineered ketoreductase polypeptides were also cloned imto vector pCK110900 for
expression in K. cofi W3110 or E, coli BL21,

j0188] Muliiple rounds of direcied evolunion of the codon-optimized L. kefir gene were cartied out
nsing the gene encoding the most improved polypeptide from each round as the parent “backbone™
sequence for the subsequent round of evolution. A polypeptide having a combination of mutations
E145A, F147L, and Y190C (SEQ ID NQO: 4) was found 1o increase the activity by at least 10-fold
compared to WT and that variant was usec as the backbone for the subsequent round of evolution.
The resulting engineered ketoreductase polypeptide sequences and specific mutations and relative

activities are Hsted in Table 4.

Example 2:  Shake-Flask Procedure for Production of Engineered Ketoreductase
Polypeptide Powders.

[0189] A shake-fiask procedure is used to generate enginecred polypeptide powders used in high-
throughput activity assays. A single microbial colony of £. coli containing a plasinid encoding an
engineered ketoreductase of interest is inoculated into 50 mi Luria Bertani broth containing 30 pg/ml
chloramphenicol and 1% glucose. Cells are grown overnight (at least 16 hours) in an incubator at
30°C with shaking at 250 rpm. The culture is diluted into 250 ml Terrific Broth {12 g/L bacto-
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tryptone, 24 g/L. yeast extract, 4 ml/L glycerol, 65 mM potassium phosphate, pH 7.0, 1 mM MgS04)
containing 30 pg/ml chloramphenicol, in a 1 liter flask to an optical density at 600 nm (OD600) of 0.2
and allowed to grow at 30°C. Expression of the ketoreductase gene is induced by addition of
isopropyl-p -D-thiogalactoside (“IPTG™) to a final concentration of 1 mM when the OD600 of the
eulture is 0.6 to 0.8 and incubation is then continued overnight (at Jeast 16 hours).

{0198] Cells are harvested by centrifugation (5000 rpm, 15 min, 4°C) and the supernatant discarded.
The cell pollet is resuspended with an equal volume of cold (4°C ) 100mM triethanolamine (chloride)
buffer, pH 7.0 (optionally inciuding 2 mM MgS80y), and harvested by centrifugation as above. The
washed cells are resuspended in two volumes of the cold triethanoiamine (chloride) buffer and passed
through a French Press twice at 12,000 psi while maintained at 4°C. Cell debris is removed by
centrifugation (9000 rpm, 45 minutes, 4°C). The clear lysate supernatant was collected and s’coz'éd at -
20°C. Lyophilization of frozen clear lysate provides a dry shake-flask powder of crude ketoreductase

polypeptide. Alternatively, the cell peliet (before or after washing) can be stored at 4°C or -80°C.

Example 3: High Throughput Activity Assay
[0191] This example illustrates a high throughput spectrophotometric assay was carried out in 96-
well plate format that is used as a first-tier screen of the relative activity of engineered ketoreductase
polypeptides (as in Tabie 4), and for real-time monitoring of bioprocesses using these polypepiides.
[0192] The subsirate (hydrosulfate of compound (2)) and NADP were dissolved in buffer, followed
by addition of IPA and MgSQ.. The pH of the reaction mixture was adjusted to 6.5 with either HCl or
NaOH. Cell lysate from a directed evolution sample or a bioprocess sample containing the engineered
ketoreductase polypeptide (5 — 10% of total reaction volume) was then added to the reaction mixture
and the reaction was shaken at ambient temperature for 18 — 20 hrs. Plates also contained negative
controls (vector containing beta-lactamase gene) which need 1o be included in the assay for the
calculation of conversion.
[6193] The reaction was diluted with 4 volumes of 1:1 MeCN/water mixture and mixed thoroughly
to give a total 5-foid dilution. The quenched mixtore was centrifuged at 4000 rpm for 1{ min. An
empty 96 well plate was pre-read on the UV spectrophotometer. A sample of the quenched mixture
was then added and diluted Wifli water to give an overall 5-foid dilution (i.e., 40 uL quenched mixture
in 160 uL water). The plate was mixed well and then absorbance at 300 nm detected using the UV
spectrophotometer. The assay conditions are summarized in Table 5.

Table 5: HTP activity assay conditions

Chemieals/Reagents Amount
Substrate
(1-(3-Hydroxyphenyl)-2-methylaminoethanone sulfate) 10 g/t
NADP 0.1 g/l




Buffer (0.1 M TEAHCL pH 6.5) 50% (v/v)
PA 50% (v/v)
MgSO, T mM
Cell lysate Vohmme 5-10%
Reaction Volume 200 ul
Reaction Temperatute Ambient
Reaction time 18201

[0194] The percentage conversion of the substrate to (R)-phenylephrine product was calculated based
on the endpoint value obtained from the UV spectrophotometer as follows: Percent Conversion =
(Mean OD of neg ctrl — OD of sample} / (Mean OD of neg curh) * 100%.

Example 4: HPLC Assays of Enginecred Ketoreductase Activity
[0195] This example illustrates four HPL.C methods that can be used to monitor and/or analyze
products of enzymatic reactions carried out using the engineered ketoreductase polypeptides of the
present disclosure.
[0196] Method T wasusedasa high throughput (FITP) method to determine percent conversion
substrate compound (2) to (R)-phenylephrine product of compound (1). Method 2 was 2 gradient
mwethod for monitoring reactions in chemistry. Method 3 was an accurate method to analyze potency
(weight% assay) of (R)-phenylephrine. Method 4 determined the enantiomeric purity of (R)-
phenylephrine. The typical working concentration for each of the analytical methods 15 100 — 1000
wg/ml which ensures that the analyses le within the linear range of the method.

a. Method 1: HTP Method

[6197] In the 96-well plaies, the reaction mixture was diluted with 4 volumes of 1:1 MeCN/water
mixture and mixed thoroughly to give a total difution of 5-fold (quench procedure), The quenched
mixture was centrifuged at 4000 rpm for 10 min, then the samples were added and diluted with
mobile phase (0.25 % NaOAg, pH 5.0) to give an overall 10-fold dilution (i.e., 20 pL quenched
mixture in 180 nL mobile phase). The plates were mixed well and then injected into HPLC. The
chromatographic equipment, conditions, and analytical parameters are summarized in Table 7.

Table 7: Chromatographic Conditions

Instroment Agilent HPLC 1200 series

Column Mightysil Agua RP18, 250 x 4.6 mm, 5 pm
Mobile Phase 03% ((.25% NaQAc; pH 5.0)/ 7% MeCN
Flow Rate 1.20 mL/min

Column Temperature 40 °C

Wavelength 275 nm
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Injection Volume 10 L

Run time; 6 min

Retention time Product (3.3 min}; Substrate (3.8 min)

{tem Analytical Parameter

Lincarity Re= 1.0 {substrate) ; Linear Range =0 - 817 mg/L.
R=0.99993 (Product) ; Linear Range = 69.5 - 400 mg/L

10D 0.51 mg/L {Product) ; 0.17 mg/L (Substrate)

LOQ 1.54 mg/L (Product) ; 0.43 mg/L {Substrate)

{6198] An exemplary chromatogram obtained by this method under isocratic conditions showed 2
phenylephrine peak at 3.224 min and a slightly broader substrate peak at 3.701 min which is about
two-thirds height of the phenylephrine peak.

[8199] Using the chromatographic information obtained by this method the % conversion can be
calculated as follows:

{Area of Product)
% Conversion = --—------ - - X 100
[(Area of Product) + (Area of Substrate x Response factor)]

[6200] The response factor was tested by injecting e 1.1 mixtare of substrate and product solution at
0.5 mg/mlL.. Then response factor is calculated as the equation below:

Peak Area of Product
Response Factor = -

Peak Area of Substrate

b Method 2: Chemistry Gradien: Method

[6261] HPLC Sample Preparation: 50 uL of the reaction mixture was taken and dissolved m 0.95 mL

of MeCN:water {(30:50) mixture. The sample was then centrifuged to remove precipitated enzyme, 50
pL of the supernatant was taken and dissolved in 0.95 mL of mobile phase (0.25% NaOAc, pH 5.0),
and injected onto the HPLC, The chromatographic equipment, conditions, and analytical parameters
are summarized.in Table 8.

Tabie 8: Chromatographic Conditions

Instroment Varian 920-1.C
Column Mightysil RP18 GP, 250 x 4.6 mm, 5 pm (1 x Agoa R18 guard
column before analytical column),
Mobile Phase (gradient) Ac Ag. buffer: 0.25% NaOAc; pH 5.0
B: MeCN
Time Yo A %B
0 93 7
10 a3 7
15 20 &0
25 20 80




i
25.1 93 7
; 30 g3 7
|
| Column Temperature Ambient
Flow Rate I mL/min
! Detection Wavelength 275 nm
Injection volume 10 ul
Run time 25 min
Retention time . phenylephrine: 5.4 min; substrate: 6.4 min

[0202] A typical chromatogram obtained from this method using 275 nm detection showed a

phenylephrine peak at 5.4 min and 2 substrate peak at 6.4 min which was about one-fourth the height

of the phenylephrine peak. LC/MS confirmed that no co-elution was found in the phenylephrine

peak.

¢. Method 3: Potency Method

[0203] A sample of (R)-phenylephrine product (20 mg) was accurately weighed into a 100 mL

volumetric flask, and 20 mL of mobile phase was added. The mixture was shaken for 5 min,

sonicated for 10 min, and then made up to the 100 mL mark by adding mobile phese. After passing

through a 0.5 pm disc membrane, a sample was injected onto the HPLC. The chromaiographic

equipment, conditions, and analyfical parameters are summatized in Table 9.

Tabie %: Chromatographic Conditions

[nstrument Agilent HPLC 1200 series

Colomn o Mightysil Aqua RP18, 250 x 4.6 om, 5 pm
Mobile Phase 98.5% (0.25% NaOAC; pH 5.5) / 1.5% MeCN
Fiow Rate 1.0 ml/min

Column Temperature 40°C

Detection Wavelength 275 nm

injection Volume 10 nl

Run Time 10 min

Retention Time Substrate: 6.1 min; Phenylephrine: 7.5 min.
Ttem Amnalytical Parameters

Specificity/Selectivity No interference of solvents or buffers (0.1% IPA; 5% MeCN; 0.1%

acetone; .25% NaOAc) with the product and substrate.
All analyte peaks are pure according to Diode Array Detector,

System Suitability

%RSD of peak area: 1.84; %RSD of reteption time: 0.30
{Phenylephrine concentration is 154 mg/L, 6)

Linsarity =().99995 (Product) ; Linear Range = 69.5 - 400 mg/L
L.OD 0.51 mg/L, 5/N>3 :
LOQ 1.54 mg/L, S/N>10 ; %RSD Area = 2.69 (n=0)
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[8204] Using this method the percentage potency can be calculated as follows:

Pzak Area of Sample x Weight of Std x Potency of Std
S POLBIEY = oo e i i e i i ~eee X100
Peak Area of Std x Weight of Sample

[0205] A chromatogram obtained using this method showed & phenylephrine peak at about 6.05 min
and 2 substrate pzak at about 7.6 min which was broader and about 7-times higher than the
phenylephrine peak.

d. Meihod 4: Chiral Method
[8266] HPLC Sample Preparation: 50 pL of the reaction mixture was taken and digsotved in 0.95 mL
of 50:50 MeCN/Awater mixture. The sample was then centrifuged to remove precipitated enzyme. 30
ul. of the supernatant was taken and dissolved in 0.95 mL of water, and injected onto the HPLC. The
above preparation steps were based on 100 g/L substrate loading. The chromatographic equipment,
conditions, and analytical parameters are sumymarized in Table 14,

Table 18: Chromatographic Conditions

| Instrument Agilent HPLC 1200 serics
Column Regis CBH 4.0 x 100 mm (5 pm)
Mobile Phase 10% MeOH + 90% (8 mM NH;OAc + 13 uM EDTA; pH 5.5)
Fiow Rate (.8 mL/mm
Column Temperature Ambient
Detection Wavelength 275 nm
Injection Volume 10 k.
Run Time 5 min
Retention Thme R (L) 2.6 min, S{D}): 3.2 min
ftem Analvijcal Parameter
LOD 0.11 mg/L., S/IN>3
LGQ 0.32 mg/L, S/N=>10

[8287] A typical chromatogram from this method showed a peak at about 2.6 mie and a slightly

shoerter broader peak at about 3.3 min.

Example 5: Process for Enzymatic Synthesis of (R)-Phenylephrine
[6208] This example illustrates a process for preparing the {(R)-phenylephrine HCI salt (compound
(1a)) by contaciing a substrate of compound (2a) (the hydrosulfate salt of compound (2)) with an
engineered ketoreductase (XRED) polypeptide of the disclosure (e.g., the polypeptides of SEQ ID
NO: 4, 6,8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, 32, or 34) to form compound (1), which is then
treated HCI and isoiated. The hydrosulfate salt of the substrate was more stable to decomposition
than the substrate free base under the process conditions. The general reaction for the process is

depicied below in Scheme 5.
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Scheme 5
0 " OH H OH H
112(H,504) HCI
HO NI/2HS04  Ho Ne_ HO N
HC
(2a) NADE () (ta)
(MVY: 274} (MW: 167.21) {MW: 203,87)

{6269] A total of 6.5 g of compound (22) {the hydrosulfate salt of the substrate — which corresponds
10 5.0 g of substrate free base) was added into 44 mL of an aqueous co-solvent solution of 0.1 M TEA
buffer (pH 6.0) and 50% isopropy! elcohol {IPA} at 30°C, contained in a 3 neck round bottom flask.
(There was Httle difference between reactions run with 0.1 M and 6.2 M TEA buffer.y After stirring
30 min, the starting pH of 6.0 was adjusted to 7.0, and 2.5 mg of NADP and 50 mg of the
ketoreductase polypeptide of SEQ 1D NO: 20 (~1.0 g/L) were added to the reaction selution. The pH
was maintained at pH 7.0 {or reduced from pH 7.0 to pH 6.75 afier 2 h).

[6214) After completion of enzymatic reaction {(e.g., at 24 h), the reaction mixture was filiered
through Celite, wéshe& with 25 mL. of MTBE, and saturated with NaCl. The pH was adjusted to 8.0-
8.5 to produce the free base form of /Rj-phenylephring {compound (1)) and the IPA (organic layer)
was separated from reaction mixture. The aqueous layer was further extracted with 2 x 20 mL TPA.
The combimed IPA extracts were concentrated 1o 0.25 of the velume umder the reduced pressure.
After acidifying the concentrated IPA extracts with HCI/IPA and standing at 5°C for 24 h, (R)-
phenylephrine HCI salt (compound (1)) was isolated in ~82-92 % yield with ~94-99% purity after
filtration.

[6211] The effects of pH and temperature on the enzymatic process also were evaluated by running
reactions at pH 6.0-7.5 and af temperatures from 25°C-40°C with all other parameters kept constant.
When carried out &t pH 6.0, the enzymatic reaction resulted in 1.3-fold lower cornversion of substrate
to product than the reactions performed at pH 6.5, Reactions at 25°C with pH ranging from pH 6.75-
7.25 showed similar conversion rates in the range of 81-85%. However, formation of substrate
decomposition products increased significantly at 25°C and pH above 7.25, with ~3.5% and 8.5%
decomposition product formed after 24 h reaction at pH 7.3 and 7.45, respectively (~20% of the
substrate decomposes in the absence of enzyme after 24 b at pH 7.0, 50% IPA/TEA buffer).
Reactions at 30°C showed >99% substrate conversion to phenylephrine product at pH 6.75-7.0, but
reactions at 30°C and pH 7.25 yielded onlf,f 96% conversion wih no remaining substrate at 24 h,
Reactions at 35°C resulted in ~4% substrate decomposition at pH 6.75-7.0 with no remaining
substrate at 24 h.

[6212] Phosphate buffer can also be used in the above enzymatic reaction in order to reduce product
contamination is with trace triethapolamine. Instead of 44 mL of 0.1 M of TEA buffer (pH 6.0/50%
IPA, the same amount of 0.05 M of potassium phosphate buffer (pH 6.0)/50% IPA solution is used at
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30°C, and the same pH adjustments are carried. The same extraction steps also are used. The
phosphate buffered reaction provided > 98% conversion after 24 b with only < 1.5% substrate
decomposifion.

10213] The conditions for the process of Example 5 are summanrized in Table 6.

Table 6: Exemplary Enzymatic Process Conditions

Substrate Loading 100 g/L. as freebase
130 g/L as hydrosulfate salt

KRED polypeptide t g/l

{e.z., SEQ 1D NG: 28)
MNADP 0.05 gL
Buffer/Soivent System 0.1 M TEA/50% IPA (pH 6.0}
OR
0.05 M phosphate/50% IPA {pH 6.0)
pH profile Starting pH 6.0, adjust to pH 7.0 (then add enzyme); hold at pH 7.0

for duration of reaction.
OR
Starting pH 6.0, adjust to pE 7.0 (then add enzyme); hold at pH 7.0

for 2 h and allow to drop 1o 6,75, hold at 6.75 until completion,
Reaction Temperature 30 °C

Example 6; Process for Enzymatic Synthesis of (R}-Phenylephrine at 50 g Scale
[0214] This example illustrates a process for preparing the (R)-phenviephrine HCI salt at a 50 g scale
vsing an engineered ketoreductase (KRED) polypeptide of the disciosure. The general reaction for
the process was as depicted m Scheme 5 (sbove). Generally, the reaction was carried out as described

for Example 5 with the following differences:

16215] The enzymatic reaction mixture of 500 mL was charged in a three-neck flask and inchuded:
100 g/L of 1-(3-hydroxyphenyl}-2-{methylamino)ethanone substrate (~65 g of compound (2a)), 0.05
g/L. NADP, and 1.0 g/L. polypeptide of SEQ ID NO: 20, in 0.05 M potassium phosphate buffer (pH
6.0} with 50% IPA (v/v).

[0216] The pH of the solution was adjusted to 7.0 and maintained throughout with a pH stat,
Temperature was maintained at 30°C. Otherwise the conditions were the same as in Example 5. The

reaction was compiete (~09% conversion) at 22 h

10217 After filtering through Celite the reaction mixture was concentrated 1o % volume, washed
with MTBE. The mixture was brought back up to 500 mL with IPA and saturated with NaClL The
pH was then adjusted to pH 8.0 to 8.5 and the organic layer allowed to separate and removed. The

remaining agueous laver was extracted 2x with IPA and the extracted organic layers were combined
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and further concentrated. After addition of MeOH the concenirated organic phase was filtered
through Celite then further concentrated. This final organic phase concentrate was then acidified with

a solution of HCI/IPA and allowed to crystallize.

[4218] Following filtration and drying of the crystals, the process tesulted in ~54 g of (R)-
phenyiephrine-HCI for an overall 1% isolation vield at 97.1-98.8% purity.

[0219] All publications, patents, patent applications and other documents cited in this application are
hereby incorporated by reference in their entireties for all purposes to the same extent as if each
individual publication, patent, patent application or other docurnent were individually indicated to be

incorporated by reference for all Urposes.

[0226] While various specific embodiments have been illustrated and described, it will be
appreciated that various changes can be made without departing from the spirit and scope of the

mvention(s).




CLAIMS

1. An  engmeered polypeptide capable of converting 1-{3-hydroxyphenyi)-2-
(methylamine yethanone to (R}-phenylephrine, wherein the amino acid sequence of the polypeptide

has at least 70% identity to SEQ ID NQO: 4 and comprises the residue difference M206C.

2. The enginecred polypeptide of claim 1, wherein the amine acid sequence further
comprises at least one residue difference at a position of SEQ 1D NO: 4 corresponding to T2, 111,
Ad4, TT76, V95, V99, V148, T152, L153, 5159, D157, or E200, opticnally wherein the residue
difference is V95M.

3 The engineered polypeptide of claim 1 or claim 2, wherein the amino acid sequence
comprises the residue differences: V95M, A202F, and M206C, optionally wherein the amino acid
sequence comprises the residue differences: VO5M, C190G, A202F, and M206C, for example
wherein the amino acid sequence comprises the residne differences: VOSM, C190G, A2072F,
M206C, and Y249F,

4. The engineered polypeptide of any one of claims 1 to 3, wherein the amino acid sequence
comprises the combination of residue differences of any one of SEQ ID NQO: 20, 4, 6, 8, 10, 12,
14, 16, 18, 22, 24, 26, 28, 30, 32, or 34 as compared to SEQ ID NO: 2, optionelly wherein the
amine acid sequence comprises the combination of residue differences of SEQ ID NO: 4 as
compared to SEQ ID NO: 2.

3. The engineered polypeptide of any one of claims 1 fo 4, wherein the amino acid sequence
further comprises at least one of the following residue differences:

111, A64, T76, and/or V148 is subsiituied with an amino acid selected from alanine (A),
leucine (L), isoleucine (I}, and valine (V3

V96, T152, L1533, and/or D187 1s substifuted with an amine acid selected from alanine
(A}, valine (V), leucine (L), isolencine (I}, glycine (G), or methionine (M);

S159 is substituted with an amine acid selected from asparagine (N), ghutamine (Q), serine
(S) or threonine {T}; or

200 is substituted with an amino acid selected from proline (P) or histidine (H).

6. The engineered polypeptide of any one of claims 1 to 5, wherein:
(1} the amino acid sequence comprises at 1east one residue difference selected from T28,
I11L, AG4V, T76L, VOSM, SO6L,VOOL, VI4RL, T152A, L153M, S159T, D1674, and E200P;

and/or ‘
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(1i) the amino acid sequence further comprises at least 1-60 conservafive amino acid
substitutions at positions of SEQ ID NO: 4 other than T2, 111, A4, T76, VO3, 896, V99, AT45,
L1147, V148, T152, 1153, 8159, C190, D197, E200, AZ02, M206, and Y249,

7. The engineered polypeptide of any one of claims 1 to 6, wherein the enginesred
polypeptide is capable of converting I-(3-bydroxyphenyl)-2-(methylamino)ethanone o {R)-
phenylephrine at pH 6.5 and 25°C with an activity at least 7.3-fold greater than & polypeptide of
SEQIDNO: 4.

8. The engineered polypeptide of any one of claims 1 to 7, wherein the polypeptide
comprises a sequence selected from the group consisting of SEQ ID NO: 20, 6, §, 10, 12, 14,16,
1%, 22,24, 26, 28, 30, 32, and 34.

g, An isolated polymucieotide encoding the polypeptide of any one of claims 1 to 8,
optionally wherein the sequence is selected from SEQ ID NG: 19, 5, 7,9, 11, 15, 15, 17, 21, 23,
25,27,29, 31, and 33.

1¢. An expression vector comprising the polynucleotide of claim 9 operably linked to a
control sequence suitable for-directing expression in @ host cell, optionally wherein the control

sequence comprises a seoretion signal.

11 A host cell comprising the expression vector of claim 10, optionally wherein the host cell

is E. coli,

12, A method for preparing an engineered polypeptide of any ons of claims 1 to § comprising

culturing 2 host cell of claim 11 and optionally isolating the polypeptide from the cell.

i3 A method for producing a compound of Formula [ from a compound of Formula 11

Rg -
Rs =R N
[ E B RNT
RS N Re
R
5 ®

wherem R; is & group selecied from: -H, -Cl, -Bz, -1, -F, -CHs, -OH, -0OCH;, -8H,
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-SCHa, -NH;, -NHCH;, or & long chain alkyl;

wherein Rs is a group selected from: £, -Cl, -Br, -I, -F, -CHs, -OH, -OCHs, -SH, ~SCHs,
-S{OYCH; | -NH,, -NHCH;, -N(CHz}s, -OR, -8R, -NR3, -SO;NRz {(wherein R = -H, -CHs, or alkyl),
ethyl, propyl, isopropyl, cyclopropyl, or 2 long chain alkyl;

wherein R4 is a group selected from: -H, -Cl, -Br, -1, -F, -CH, -OH, -OCHs, -SH, -5CH;,
-S(O)CHs, -S0,CH3, -NHy, -NHCHs, -N(CHs)z, SO2NR2 (wherein R = -H, -CHsj;

wherein Rs is 2 group selected from: -H, -Cl, -Br, -1, -F, -CH;, -OH, -OCH,, -SH, -SCHs,
-S(O)CHs, -S02CH;s, -NHz, -NHCH;, -N(CHas)z, -OR, -SR, -NR, -SO;NR; (wherein R = -H,
-CHs, or alkyl), ethyl, propyl, isopropyl, or cyclopropyl;

wherein Re is 2 group selected from: -H, -CI, -Br, -1, -F, -CHs, -OH, -5E, or -NHz;

wherein Ry and Ra, Rs and Ry, or Ry and R can optionally be connected as part ofa 5 or
6 membered ring;

wherein R, is a group selected from: -H, ~CHs, ethyl, propyl, isopropyl, cyclopropyl, or a
iong chain ajkyl; wherein R is 2 group selected from: -H, -CHs, ethyl, propyl, isopropyl, or
cyclopropyl;

wherein R. and R can form a 1ing, or wherein the Re-Ry umit is a carbonyl or imino
functional group;

wherein Ry and Ry; can be independently a group selected from: -H, -CH;, -OH, -OCH,
-OR, -C(OR (wherein R = -H, -CHs, or alkyl), ethyl, propyl, isopropyl, eyclopropyl, long chain
alkyl carbonyl, or carboxy;

the method comprising contacting a mixture comprising the compound of Formmia I with
a polypeptide of any one of claims 1 to 8§, under reaction conditions suitable 1o convert the

compound of Formuia 11 1o the compound of Formula L

14, A method according to claim 13 for preparing (R)-phenylephrine, the method comprising:
contacting a polypeptide of any one of claims 1 to 8 with a mixture comprising a 1-(3-

hydroxypheny!)-2-fmethylamino)ethanone substrate and a buffer under reaction conditions

suttable to convert 1-(3-hydroxyphenyl)-2-{methylamino)ethanone to (R)-phenylephrine.

15, The method of claim 14, wherein:

(i) the reaction conditions comprise 2 temperature of about 25°C to about 35°C;
(it} the reaction conditions comprise a temperature of abowt 30°C;
(i1} the reaction conditions comprise a pH of about 6.5 to about 7.0;
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{iv) the reaction conditions comprise an initial pH of about 7.0 and then adjusting the

initiai pH to about 6.75 afier about 2 hours;
(v} the mixture comprises 30% isopropyl alcohol;
{vi) the buffer is selected from 0.1 M triethanolamine and 0.05 M potassium phosphate;
(vii) the mixtare comprises about 6.05 g/L NADP,
(vii) the reaction conditions comprise an inert atmesphere; and/or
{ix) the reaction conditions comprise a pH of about 6.75-7.0, a temperatare of about 30
“C, about 30% isopropyl alcoliol, about 0.05 g/l NADP, about 100 ¢/L. 1-(3-hydroxyphenyl)-2-

(methylamino)ethanone, and about 0.9-1.1 g/L of the polypeptide, wherein the reaction is camied
out under N» for about 19-24 hours.
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