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BIOCATALYSTS AND METHODS FOR HYBROXYLATION OF
CHEMICAL COMPOUNDS

{0001] The present application claims priority to US Prov. Pat. Appln. Ser. No. 62/347,724, filed Junc 9,

2016, hereby incorporated by refercnce in its entirety for all purposes.

TECHNICAL FIELD

{8802} The invention relates to biocatalysts for the hydroxylation of chemical compounds.

REFERENCE TO SEQUENCE LISTING, TABLE OR COMPUTER PROGRAM

j3003] The official copy of the Sequence Listing is submutted concurrently with the specification as an
ASCH formatted text file via EFS-Web, with a file name of “CX2-133U8P1 ST25 txt”, a creation date of
June 9, 2016, and a size of 1,888,256 bvtes. The Sequence Listing filed via EFS-Web 1s part of the

specification and 1s incorporated i its entirety by reference heren.

BACKGROUND

{0004] Proline derivatives with functional groups on the ning carbons are uscful bullding blocks for
synthesis of pharmaceutical compounds because of the constrained conformation of proline. One such
derivative, hydroxviated profime, is a starting material for the synthesis of various therapeutic compounds,
mcluding carbapenem antibiotics (See ¢.g., Altamura et al., J. Med., Chem. 38(21}:4244-56 [1995]),
angiotensin-converting enzyme mhibitors, protease inhibitors (See ¢.g., Chen et al., I Org. Chem ,
67(83:2730-3 [2002]; Chen et al., 2006, § Med Chem. 49(3}:995-1005}, nucleic acid analogs (Sec e.g.,
Efimov et al, Nucleic Acids Res.. 34(8):2247-2257 [2006}), 1soprenvitransferase inhibitors (O Connell ot
al., Chem. Pharm. Bull., 48(5).740-742 [20001), and drug library construction (Vergnon et al, J. Comb.
Chem ., 6(1):91-8 [2004]; and Remuzon, Tetrahedron 52:13803-13835 {1996]). Similarly, hvdroxvlated
dertvatives of a proline homolog, L-pipecolic acid, also known as homoproline, also serve as building
blocks for pharmaceutical compounds. For example, hydroxvpipecolic acid 1s an itermediate m the
synthesis of B-lactamase mhibitors {Sce c.g, WO2000091856, W2010126820 and US20110046102} and
TNF-alpha converting enzvime (TACE) inhibitors (Levatic et al., Bioorg. Med. Chem. Lett., 12(10)3:1387-
1390 [2002]).

{8605} Hydroxyproline can be obtained from natural sources, such as plant materials and hydrolyzates of
collagen, Hyvdroxyproline can also be chemically svnthesized, such as from starting materials alivl
bromide and diethylacetamidomalonic acid (Kyvun Lee et al., Bull. Chem. Soc. Japan, 46:2924 [1973}), D-
glutamic acid (Eguchi et al, Bull. Chem. Soc. Japan, 47:1704-08 [1974]), glvoxal and oxaloacetic acid

{Ramaswamy et al., J. Org. Chem., 42(21):3440-3443 {1977}), and g-alanine {(Sinha et al., Proc. ECSOC-
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4, The Fourth International Electronic Conference on Synthetic Organic Chemistry, ISBN 3-906980-05~7
[20007).

{0006] Hydroxypipecolic acid can also be obtained from plants and other natural sources (Seee.g.,
Romeo ¢t al., Phytochern., 22(7): 16151617 |1983]. Fowden, Biochem. J, 70{(4):629-33 {1938}, and
Clark-Lewis and Mortimer, Nature 184(Suppl 16):1234-5 [1959]). Chemical synthesis of
hydroxypipecohic acid is also known in the art (See e g., Callens et al., Bulletin des Sociétés Bulletin des
Socictés Chimigues Belges 91(8):713-723 [2010]; Adams et al., Chem. Commun., 3:349-350 [1996];
Botman et al, Org. Lett, 6(263:4941-4944 {20041, Cohen et al, Science 123{3202}:842-843 {1956},
Beverman et al., Recuedl des Travaux Chimigues des Pays-Bas, 78(9):648-658 [1939]; Marin et al., J.
Org. Chem., 69(1)130-41 [2004]; Kumar et al,, J. Org. Chem., 70(1):360-3 [2005]; Liang et al,, J. Org.
Chem., 70(24):10182-5 [2005]; Kalamkar et al | §. Org. Chem., 73¢9):3619-22 [2008]; Chiou et al, J. Org.
Chem., 75(5):1748-51 {20101, Lenure et al., J. Org. Chem., 75(6):2077-80 [2010}; and Angeligue et al .,
Tetrahedron Lett., 41(363:7033-7036 [2000]).

[6607] Isolation from natural sources is limited by the availability of raw materials, requires purification
from a significant amount of background contaminants, and lacks certain desired diastereomers. Chemical
synthetic methods can require complex steps, be difficult to scale up to industnial scale levels, and require
additional purification steps due to formation of mukltiple hyvdroxylated products.

(8808} Another approach for preparing hydroxvlated proline uses proline hyvdroxylases, which are 2-
oxoglutarate~-dependent dioxygenases, utilizing 2-oxoglutarate (a-ketoglutarate) and O, as co-substrates
and ferrous ion as a cofactor (Seee.g, Klemn et al, Adv. Synth. Catal . 353:1375-1383 {2011}, US Patent
No. 5,364,775, and Shibasaki ct al, Appl. Environ. Microbiol , 65(9):4028-4031 {1999]). Unlike proly!
hvdroxyiases that specifically recognize peptdyl proline in procollagen and related peptides, proline
hvdroxylases are capable of converting free proling to hvdroxyproline. Several microbial enzymes that
produce cis-3-, cis-4- or trans-d-hydroxvproline are known in the art {(See e.g.. US Patent Nos. 5,962,292,
5,963,254, and 5,234,040, W0O2009139365; and EP2290065) and an enzyme that produces trans-3-
hydroxyproline has been identified m extracts of the fungus Glarea lozoyensis. Many of the prolime
hydroxylases are found i bacteria, where they are associated with the biosynthesis of peptide antibiotics.
The cis-4-prohine hydroxylase enzyme also shows activity i converting L-pipecolic acid (1.¢., (25)-
piperidine-2-carboxvlic acid) to cis-5-hydroxypipecolic acid (i.e., (25,58)-5-hydroxypiperidine-2-
carboxylic acid; Klein et al., sapra). In vitro conversions for preparing 5-hydroxypipecolic acid using
these enzymes have been demonstrated, but isclated prehine hvdroxyiases are found to denature under
reaction conditions and have relatively low specific activity, rendering in vitro uses impracticable for
conmumercial applications (Klein ¢t al., supra). While recombinant whole cells expressing cloned proline
hydroxylases are better suited for large scale mdustnal processes, the use of whole cells limits variations
in reaction conditions, such as high substrate concenirations; restricts the types of substrates that can be
used to those that are permeable to the cells; and resulis in undesirable by-products that must be separated
from the final product. n addition, m vivo systems may require defined growth media that are not optimal

or cost effective becanse the use of rich growth media prepared from protein hydrolyzates contain frce
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proline, which can be a competitive wnhibitor when substrates other than proline are being targeted.
Desirable are altemative methods for synthesizing hydroxylated forms of proline and prolime analogs, as
well as other chemical compounds, that can be readily scaled up and result in substantially pure

stercomeric product.

SUMMARY OF THE INVENTION

[0009] The present invention provides engineered prohine hydroxylase biocatalysts, polvnucleotides
encodmg the biocatalysts, methods of their proparation, and processes for preparing hydroxviated
compounds using these engineercd biocatalysts. The proline hvdroxvlases of the present mvention have
been engineered to have one or more mnproved properties relative to the naturally occurrnng cis-4-proline
bydroxylase (SEQ ID NO:2) of Sinorhizobium melilofi, a nitrogen fixing Gram negative bacterium. The
mproved biocatalyst properties of the enginecred proline hydroxylases include, among others, activity,
regioselectivity, substrate tolerance, and stability. The engineered proline hydroxvlases have also been
found to hvdroxylate a variety of substrate compounds, including the hydroxylation of (§)-pipecolic acid
mto {25,535)-3-hydroxypipecolic acid using alpha-ketoglutarate as a co-substrate. In some embodiments,
the process is conducted in the presence of oxvgen {i.c., air) and won (i.c., Fe(Il)).

{0019] The engincercd enzymes with improved properties have one or more residue differences as
compared to the naturally occurring proline hvdroxvlase, where the residue differences occur at residue
positions affecting one or more of the foregoing enzyme propertics.

{3011} Accordingly, in one aspect, the present invention provides engineered polvpeptides having proline
hydroxylase activity, where the polypeptides comprises an amino acid sequence having at least about 80%
wdentity to SEQ D NO:4, 604, and/or 810, In some embodiments, the present invention provides
engineered polypeptides having prolime hydroxylase activity, wherein the polypeptides comprise an aming
acid sequence set forth in the even-numbered sequences in the range of SEQ 1D NO:4-1004. The
following detailed description provides guidance on the choices of the residuc differcnces that can be used
to prepare enginecred proline hydroxvlases with the desired improved biocatalytic propertics.

[0012] The present nvention provides engincered polypeptides having proline hydroxylase activity
comprising amino acid sequences having at least 80%, 85%, 86%, 87%., 88%, 89%, 90%. 91%, 92%,
939%, 94%, 95%, 96%, 97%, 98%, 99% or more sequence wentity to SEQ 1D NO4. In some
embodiments, the present nvention provides engimeered polypeptides having proline hydroxylase activity
comprising amino acid sequences baving at least 80%, 859, 86%, 87%, 88%;, 89%, 90%, 91%, 92%,
93%, 94%, 93%, 96%, 97%, 98%, 99% or more sequence identity to SEQ ID NO:4, and one or more
residoe differences as compared o SEQ 1D NGO 4 at residue positions selected from: 2, 4, 8, 10, 15, 26,
30,33,36,37,39,42_ 43,44 45 48 50,52 55, 56,57, 58, 61,62, 63, 71,76, 77, 81,82, 87 88,92 94,
05, 97,98, 101, 107, 109, 114, 115, 119,121, 124, 128, 130, 131, 132, 134, 1306, 145, 151, 153, 156, 1538,
160, 161, 163, 166, 168, 173, 176, 175, 180, 184, 194, 213, 230, 237, 240, 256, 263, 266, 269, 270, 271,
273,274,275, and 280. In some embodiments, the engincened polypeptide has at least 80%, 85%, 86%,
B7%, 88%, &5%, 9%, $1%, 92%, 93%, 94%, 95%, 96%, 97%, 3%, 99% or more sequence identity {o at

3
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feast one of the even~-numbered sequences in SEQ 1D NOS:6-1004. In some further ermbodiments, the
engineened polypeptide has at least 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%
96%, 97%, 98%, 99% or more sequence identity to at least one of the even-nombered sequences in %EQ
ID NOS 6-646, and 810.
[0013] The present invention provides engincered polypeptides having proline hydroxylase activity
comprising amino acid sequences having at least 80%, 85%, 86%, 87%, 88%, §9%, 90%, 91%, 92%,
939, 84%, 95%, 96%, 97%, 98%, 99% or more sequence identity to SEQ 1D NO:604. In some
cmbodiments, the present invention provides engineered polypeptides having proline hvdroxvlase activity
comprising amino acid sequences having at least 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 98%, 99% or more sequence identity to SEQ ID NG:604, and one or more
residoe differences as compared to SEQ ID NO:604 at residue positions selected from: 13, 14, 24, 26, 27,
30,37,01,62,72, 76,77, 81,82, 85, 88,97, 114, 127, 128, 142, 158, 161, 163, 173, 175, 176, 178, i8Q,
184, 185, 186, 187, 18R, 189, 191, 192, 195, 198, 200, 207,209,210, 211, 213, 215, 217, 218,222,225,
230,233,236, 238, 240, 241, 256, 259, 263, 265, 271, and 273, In some embodiments, the engineered
polypeptide has at least 309, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, 99% or more sequence identity to at least one of the even-numbered sequences n SEQ D NOS:6-
1004, In some further embodiments, the engincened polvpeptide bas at least 80%, 85%, 86%, 87%, 88%
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 7%, 98%, 99% or more sequence identity to at least one of
the even-numbered sequences m SEQ 1D NO&:640-982.
[B014] The present invention provides engineered polypeptides having proline hydroxylase activity
comprising amino acid sequences having at least 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%,
5396, 84%0, 95%, 96%, 97%, 98%, 99% or more sequence ideniity to SEQ 1D NG:810. In some
embodiments, the present invention provides engineered polypeptides having proline hvdroxvlase activity
comprising amino acid sequences having at least 809%, 859, 86%, 87%, 889, 89%, 90%, 91%. 92%
93%, 949, 95%, 96%, 97°%%, 38%, 99% or more sequence identity to SEQ ID N(G:810, and one or more
residue ditferences as compared to SEQ D NO:3 10 at residue positions selected from 33, 40, 85, and 156.
In some embodiments, the engineered polypeptide has at least 80%, 85%, 86%, 87%, 88%, 89%, 51%,
91%, 92%, 93%, 94%. 95%, 96%, 97%., 98%, 99% or more sequence identity to at least one of the even-
numbered sequences m SEQ D NOS:16-1004. In some further embodiments, the engineened polypeptide
has at least 80%, 85%, 86%%, 87%, 88%, 89%, 90%, 91%, 92%. 93%, 94%, 95%. 96%, 97%, 98%, 99% or
more sequence identity to at least one of the even-nuinbered sequences in SEQ 1D NOS:984-1004.
[6013] The present invention also provides cnginecered polypeptides having proline hydroxvlase activity
capable of converting {S)-pipecolic acid to (25,58)-3-hvdroxypipecolic acid. In some embodiments, the
engineered polypeptide is capable of converting (S)-pipecolic acid to (28,55)-5-hyvdroxypipecolic acid
with at least 1.2 fold, 1.5 fold, 2 fold, 3 fold, 4 fold, 5 fold, 10 fold, 20 fold, 30 fold, 40 fold, 50 fold, 60
fold, 70 fold, 80 fold, 90 fold, 100 fold or more the activity of the naturallv occurring enzyme. In some

further embodiments, the engineered polypeptide is capable of converting (S)-pipecolic acid to (28,55)-3-
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hvdroxypipecolic acid with greater than 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, ©8%, 99 % or more
diastereomeric excess of (28,55)-5-hyvdroxypipecolic acid.

{0016] The present invention also provides polynucleotides encoding the enginecred polypeptide having
proline hydroxylase activity. In some embodiments, the polynucleotide comprises a nucleic acid
sequence optimized for expression in £. cofi.

[B017] The present invention further provides expression vectors comprising the polynucieotides
encoding the engineered polypeptide having proline hvdroxylase activity. In some embodiments, the
gxpression vectors comprise at least one control sequence. In some further embodiments, the expression
vector comprises SEQ 1D NG:1007, 1008, or 1009,

[6G18] The present mvention also provides host cells comprising the polymucleotide encoding engineered
polvpeptides having proline hyvdroxylase activity. In some embodiments, the host cell 1s E. coli.

[3019] The present invention further provides methods of preparing engincered polvpeptides having
prolime hydroxylase activity, comprising culturing the host cell comprising an expression vector
comprising at least ong polynucleotide encoding an enginecred polypeptide having proline hydroxylase
activity under conditions suitable for expression of the polypeptide(s). In some embodiments, the

methods further comprise the step of isclating the enginecred polypeptide(s).

DESCRIPTION OF THE FIGURES
{86281 Figure 1 provides a graph showing the results of the “one pot” synthesis reaction from lysine

described 10 Example 7.

DESCRIPTION OF THE INVENTION

{0021} Unless defined otherwise, all technical and scientific terms used herein generally have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention pertains.
Generally, the nomenclature used herein and the laboratory procedures of cell colfture, molecular genetics,
microbiology, organic chemistry, analytical chemistry and nucleic acid chemistry described below are
those well-known and commonly employed n the art. Such techniques are well-known and described in
numerous texts and reference works well known to those of skill in the art. Standard techniques, or
modifications thereof, are used for chemical syntheses and chemical analyses. All patents, patent
applications, articles and publications mentioned herein, both supra and infia, arc hereby expressly
mcorporated herein by reference.

[8622} Although any suitable methods and materials similar or eguivalent to those described heren find
usc n the practice of the present invention, some methods and materials are described herein. Histo be
understood that this invention s not linuted to the particular methodology, protocols, and reagenis
described, as these may vary, depending upon the context they are used by those of skill n the art.
Accordingly, the terms defined immediaiely below are more fully deseribed by reference to the invention

as a whole.

L
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{06231 It is to be understood that both the foregoing gencral description and the following detailed
description are exemplary and explanatory only and are not restrictive of the present mvention.

[8024] The section headings used herein are for organizational purposes only and not to be construed as
limiting the subject matter described.

[80625] Numeric ranges are inchusive of the numbers defining the range. Thus, every sumerncal range
disclosed herein 1s intended to encompass every narrower numerical range that falls within such broader
numerical range, as if such narrower numerical ranges were all expressly written herem. It is also
miended that every maximum {or minionum )} numerical limitation disclosed herein includes every lower
{or higher) numerical hmitation, as if such lower {or higher) numerical hmitations were expressly written
herem.

Abbreviations

{8626} The abbreviations used for the genetically encoded amino acids are conventional and are as

follows:

Amino Acid Three-Letter Abbreviation | One-Letter Abbreviation
Alanine Ala A
Arginine Arg R
Asparaging Asn N
Aspariate Asp D
Cysteine Cys C
Glutamate Glu 3]
Glutamine Ghn Q
Cilycine Gly G
Histidine His H
{soleucine fle i
cucme Leu L
Lysine Lys K
Methionine Mot M
Phenvialamine Phe F
Proline Pro P
Serine Ser S
Threonime Thr T
Tryptophan Trp W
Tyrosine Tyr Y
WValine Val V

[0027] When the three-letter abbroviations are used, unless specifically preceded by an “L” ora “D” or
clear from the context in which the abbreviation is used, the amino acid may be in either the L- or D-
configuration about a-carbon {C,}. For example, whereas “Ala” designates alanine without specifying the
configuration about the a-carbon, “D-Ala” and “L-Ala” designate D-alanine and L-alanme, respectively.
When the one-letter abbreviations are used, upper case letters designate anuno acids in the L-
configuration about the a-carbon and lower case [etters designate amino acids in the D-configuration
about the a-carbon. For example, “A” designates L-alanine and “a” designates D-alanine. When
polvpeptide sequences are presented as a string of one-letter or three-letter abbreviations (or mixtures
thereof), the seguences are presented in the amino (N) to carboxy () direction in accordance with

common convention.
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{0628} The abbreviations used for the genetically encoding nucleosides are conventional and are as
follows: adenosine (A); guanosine (G); cytidine (C); thymidine (T}; and uridme (U}, Unless specifically
delineated, the abbreviated nucleosides may be either ribonucleosides or 2°-deoxyribonucleosides. The
nucleosides may be specified as being either ribonucleosides or 2°-deoxyribonucleosides on an individual
basis or on an aggregate basis. When nucleic acid sequences are prosented as a string of one-~letier
abbreviations, the sequences are presented in the 57 to 37 direction m accordance with common
convention, and the phosphates are not indicated.

Definitions

{86291 In reference to the present invention, the technical and scientific terms used in the descriptions
herein will have the meanings commonly vaderstood by one of ordinary skifl in the art, unless specifically
defined otherwise. Accordingly, the following terms are intended to have the following meanings.

{3030} As used herein, the singular forms “a”, “an” and “the” include plural referents unless the context
clearly indicates otherwise. Thus, for example, reference to “a polypeptide” mcludes more than one
polvpeptide.

2 8¢

[0031] Simularly, “comprise,” “comprses,” “comprising” “include,” “includes,” and “including” arc
mterchangeable and not mtended to be limiting. Thus, as used herein, the term “comprising” and s
cognates are used in their inclusive sense (7.e., equivalent to the term “including” and ifs corresponding
cognates).

{3032} It s to be further understood that where descriptions of various embodiments use the term
“comprising,” those skilled m the art would understand that i some specific instances, an embodiment
can be alternatively described using language “consisting essentially of” or “consisting of”

130331 The teom “about”™ means an acceptable error for a particular value. In some instances “about”
means within 0.03%, 0.5%, 1.0%, or 2.0%, of a given valuc range. In some instances, “about” means
within 1, 2, 3, or 4 standard deviations of a given value.

[8034] “EC” number refors to the Enzyme Nomenelature of the Nomenclature Committes of the
International Union of Biochemistry and Molecular Biology (NC-IUBMB). The IUBMB biochemtcal
classification 1s a numerical classification system for enzymes based on the chemical reactions they
catalyze.

[B035] “ATCC” refers to the American Tyvpe Culture Collection whose biorepository collection mncludes
genes and strains.

[06036] “NCBI” refers to National Center for Biological Information and the sequence databases provided
theren,

{8837} “Protein,” “polypeptide,” and “‘peptide” are used interchangeably herein to denote a polymer of at
least two amino acids covalently linked by an amide bond, regardless of length or post-transiational
maodification (e.g., glycosylation or phosphorylation}. Included within this definition are D- and L-amino
acids, and mixtures of D- and L-amino acids, as well as polymers comprising D- and L-anuno acids, and

mixtures of D- and L-amino acids.
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{0638} “Anuno acids” are referred to herein by either their commmonly known three-letter symbols or by
the one-letter symbols recommended by BIPAC-IUB Biochemical Nomenclature Commission.
Nucleotides, likewise, may be referred to by their commonly accepted single letter codes.

{0039] As used herein, “polynucleotide” and “nucleic acid” refer to two or more nucleosides that are
covalently linked together. The polynucleotide may be wholly comprised of ribomucleotides (i.c., RNA},
wholly comprised of 27 deoxyribonucleotides (i.¢., DNA}Y or mixtures comprised of sibo-and 27
deoxyrbonucleotides. While the nucleosides will typically be linked together via standard phosphodiester
linkages, the polynucieotides may include one or more non-standard linkages. The polyvnucleotide may be
single-stranded or double-stranded, or may include both single-stranded regions and double-stranded
regions. Moreover, while a polynucleotide will typically be composed of the namrally occurning encoding
nucleobases (1.e., adenine, guanine, wracil, thymine and cytosine}, it may mchide one or more modified
and/or synthetic nucleobases, such as, for example, nosine, xanthine, hvpoxanthine, etc. In some
embodiments, such modified or synthetic nucleobases are nucleobases encoding amino acid sequences.
[3040] “Coding sequence” refers to that portion of a nucleic acid (e.g., a gene) that encodes an amino
acid sequence of a protein.

13041} “Proline hydroxvlase™ refers to a polypeptide having an enzymatic capability of converting free

proline to hydroxyproline in presence of co-substrate a-ketoghutarate and dioxygen, as lustrated below:

Oy CO»
\\_/4 o
ooH / \ &OOH
H . ) : '
o~ketoglutarate succinate H

[3042] It is to be understood that proline hydroxylases are not Himited to the foregoing reaction with
proline, but may hvdroxylate other substrates, for example pipecolic acid. Proline hydroxylases as used
hercin include naturally occurring (wild-type) proline hydroxylase as well as non-naturally occurring
engineered polypeptides generated by human manipulation. In some erabodiments, the proline
hydroxylase variants of the present invention are capable of converting (S)-pipecolic acid (i.e., compound

I} to (28,58)-5-hydroxypipecolic acid (i .¢., compound 1), as shown in Scheme 1, below:

o
Hooo ~Ahcoon  Hooe~-C0%H

(25'53) 5 hydr0%ypip&COiiC acid
’ 2

100431 “Co-substrate” of a proline hyvdroxylase refers to a-ketoglutarate and co-substrate analogs that can

replace a-ketoglutarate wn hvdroxvlation of proline and proling substrate analogs. Co-subsirate analogs
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mclude, by way of exanple and not hmitation, 2- oxoadipate (Se¢ ¢.g., Majamaa et al., Biochem. J.,
229:127-133 [1985]).

{8044} As used herein, “wild-type” and “naturally-occurring” refer to the form found in nature. For
example a witd-type pelypeptide or polynucleotide sequence is a sequence present in an organism that can
be isolated from a source in nature and which has not been intentionally modificd by human manipulation.
[B045] “Recombinant” or “engineered” or “non-naturally occurring” when used with reference to a cell,
nucleic acid, or polypeptide, refers to a material, or a material corresponding to the natural or native form
of the material, that has been modified in a manner that would not otherwise exist in nature. In some
embodiments, the cell, nucleic acid or polypeptide is identical a naturally occuring cell, nucleic acid or
polvpeptide, but 1s produced or derived from synthetic materials and/or by manipulation using
recombinant techmques. Non-limiting examples melude, among others, recombinant cells expressing
genes that are not found within the native (non-recombinant} form of the cell or express native genes that
are otherwise expressed at a different level.

[3046] The term “percent (%6) sequence 1dentity” is used herein fo refer to comparisons among
polynucleotides or polypeptides, and are deternined by comparing two optimally aligned sequences over
a companson window, wherein the portion of the polynucleatide or polypeptide sequence 1 the
comparison window may comprise additions or deletions (i.c., gaps) as compared to the reference
sequence for optimal alignment of the two sequences. The percentage may be calculated by determining
the number of positions at which the identical nucleic acid base or amine acid residue occurs in both
sequences to vicld the number of matched positions, dividing the number of matched positions by the total
number of posttions in the window of comparison and multiplving the resalt by 100 to vield the
percentage of sequence wdentity. Alternatively, the percentage mav be caleulated by determining the
number of positions at which either the identical nucleic acid base or amino acid restdue occurs in both
sequences or a nucleic acid base or aming acid residue is aligned with a gap to vield the number of
matched positions, dividing the number of matched positions by the total number of positions i the
window of comparison and multiplving the result by 100 to yield the percentage of sequence identity,
Those of skiil in the art appreciate that there are many established aigorithms availabie to align two
sequences. Optimal alignment of sequences for comparison can be conducted by anv suttable methad,
mehuding, but not limited to the local homology algorithm of Smith and Waterman {Smith and Waterman,
Adv. Appl Math , 2:482 [1981]), by the homology alignment algorithm of Needleman and Wunsch
{(Needleman and Wuasch, J. Mol. Biol,, 48:443 {1970}), by the seaich for similarity method of Pearson
and Lipman (Pearson and Lipman, Proc. Natl. Acad. Sci. USA 35:2444 119881}, by compuicrized
mmplementations of these algorithms (e.g., GAP, BESTFIT, FASTA | and TFASTA in the GCG Wisconsin
Software Package), or by visaal inspection, as known in the art.  Examples of algorithms that are suitable
for determining percent sequenee identity and sequence similarity include, but are not limited to the
BLAST and BLAST 2.0 algorithms, which are described by Altschul et al. (See Altschuleral | J. Mol
Biol, 215: 403410 [1990]; and Altschul et al. | Nucl. Acids Res., 3389-3402 [1977], respectively).

Software for performing BLAST analvses is publicly available thropgh the National Center for
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Biotechnology Information website. This algorithm involves first identifying high scoring sequence pairs
{HSPs) by identifving short words of length W in the gquery sequence, which ecither match or satisfv 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 (See, Altschul et al., supra). These mitial
neighborhood word hits act as seeds for initiating searches to find longer HSPs containing them. The word
hits are then extended in both directions along each sequence for as far as the cumulative alignment score
can be increased. Camudative scores are caleulated using, for nucleotide sequences, the parameters M
{reward score for a pair of matching residues; always >0} and N {penalty score for mismatching residues;
always <0). For amino acid scquences, a scoring matrix is used to calcnlate the cumulative 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 score goes to zero or below, due to the
accumulation of one or more negative-scoring residue alignments; or the end of either sequence s
reached. The BLAST algonithm parameters W, T, and X determine the sensitivity and speed of the
alignment. The BLASTN program (for nuclectide sequences) uses as defaults 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 BLOSUM®6G2Z
scoring matrx (See, Hentkoff and Henikoft, Proc. Natl. Acad. Sci. USA 89:10915 [1989]). Exemplary
determination of sequence alignment and % sequence wWdentity can employ the BESTFIT or GAP
programs i the GCG Wisconsin Software package {Accelrys, Madison WI), using default parameters
provided.

{0047] “Reference sequence” refeors 1o a defined sequence used as a basis for a sequence and/or activity
comparison. A reference sequence may be a subset of a larger sequence, for example, a segment of a full-
length gene or polypeptide sequence. Generally, a reference sequence 1s at least 20 nucleotide or amino
acid residues 1 length, at feast 25 residues in fength, at least 30 residues in fength, at least 100 residucs in
Iength or the full length of the nucleic acid or polypeptide. Since two polynucieotides or polypeptides may
cach (1} comprise a sequence (1.¢., a portion of the complete sequence) that 1s stmilar between the two
sequences, and (2 may further comprise a sequence that is divergent between the two sequences,
sequence comparisons between two {or more) polvnucleotides or polypeptides are typically performed by
comparing sequences of the two polvnucleotides or polypeptides over a “comparison window” to identify
and compare local regions of sequence similarity. In some embodiments, a “reference sequence” can be
based on a primary amino acid sequence, where the reference sequence is a sequence that can have one or
more changes in the primary sequence.

{0048] As used berein, “comparison window” refers to a conceptual segraent of at least about 20
contiguous nucleotide positions or amino acid residucs wherein a sequence may be compared 10 a
reference sequence of at least 20 contiguous nuclectides or amino acids and wherein the portion of the
sequence in the comparison window may comprise additions or deletions (1.¢., gaps) of 20 percent or less

as compared 1o the reference sequence (which does not comprise additions or deletions} tor optimal
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alignment of the two sequences. The comparison window can be longer than 20 contiguous restdues, and
mchudes, optionally 30, 40, 56, 100, or Jonger windows,

[804%] “Corresponding to”, “reference to” or “relative to” when used in the context of the numbering of a
given amino acid or polynucieotide sequence refers to the numbering of the residues of a specified
reference sequence when the given ammo acid or polynucleotide sequence is compared to the reference
sequence. In other words, the residue number or residue position of a given polymer is designated with
respect to the reference sequence rather than by the actual numerical position of the residue within the
given amino acid or polynucleotide sequence. For example, a given amino acid sequence, such as that of
an engincered proline hydroxylase, can be aligned to a reference sequence by mtroducing gaps to 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 polynuciestide sequence 1s made with respect 1o the reference
sequence to which it has been aligned.

[B030] “Substantial identity” refers to a polynucleotide or polypeptide sequence that has at least 80
percent sequence identity, at least 85 percent identity, at least between 89 to 95 percent sequence identity,
or more usually, at least 99 percent sequence 1dentity as compared to a reference sequence over a
comparison window of at {east 20 residue positions, frequently over a window of at least 30-30 residues,
wherein the percentage of sequence identity 1s calculated by comparing the reference sequence to a
sequence that inclades deletions or additions which total 20 percent or less of the referenee sequence over
the window of comparison. In some specific cmbodiments applied to polypeptides, the term “substantial
wlentity” 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, or at least 95 percent sequence identity or more {¢.g., 99 percent sequence
wdentity). In some embodiments, residue positions that are not wdentical in sequences being compared
differ by conservative anune acid substitutions.

160511 As used herein, “amino acid difference” and “residue difference” refer to a difference i the
aming acid residue at a position of a polypeptide sequence relative to the amimo acid residuc at a
corresponding position i a reference sequence. The positions of amine acid differences generally are
referred to herein as *“Xn,” where n refers to the corresponding position mn the referense sequence upon
which the residue difference is based. For example, a “residue difference at posttion X93 as compared to
SEQ ID NO:47 refers to a difference in the amino acid residue at the polypeptide position corresponding
to posttion 93 of SEQ D NG:4. Thus, if the reference polypeptide of SEQ 1D NO:4 has a serine at
position 93, then a “residue difference at position X93 as compared to SEQ 1D NOG:4” refers to an amino
acid substitution of any residue other than serine at the position of the polypeptide corresponding to
positicn 93 of SEQ ID NG:4. In most instances herein, the specific amino acid residue difference at a
position s indicated as “XnY” where “Xn” specified the corresponding position as described above, and
“¥7 15 the single letter identifier of the amino acid found in the engincered polvpeptide (e, the different
residue than that in the reference polvpeptide). In some instances (e.g., in Tables 4.1,4.2,43,4.4, 43,

46,47,48,51,6.1, 6.2 and 6.3), the present invention also provides specific amino acid differences
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denoted by the conventional notation “AnB”, where A 1s the single letter identificr of the residue i the
reference sequence, “n” 1s the number of the residue position m the reference sequence, and B is the single
letter identifier of the residue substitution in the sequence of the engineered polypeptide. In some
mstances, a polypeptide of the present invention comprises one or more amino acid residue differences
relative to a reference sequence, which is indicated by a list of the specified positions where residue
differences are present relative to the reference sequence. In some embodiments, where more than one
amino acid can be used in a specific residue position of a polypeptide, the various amino actd residues that
can be used are separated by 3 °/7 {e.g, X30TH/X307P or X307H/P). The slash mayv also be used to
mdicate multiple substitutions within a given variant (i.¢., there is more than one substitution present in a
given sequence, such as in a combmatorial varant). In some embodiments, the present mvention includes
engineered polypeptide sequences comprising one or more amino acid differences comprising
comservative o non-~conservative anmino acid substitutions. In some additional embodiments, the present
mvention provides engimeered polypeptide sequences comprising both conservative and non-conservative
amino acid substitutions.

[3052] As used herein, “conservative amino acid substitution” refers to a substitution of a residue with a
different residue having a similar side cham, and thus typically imvolves substitution of the amino acid in
the polypeptide with amino acids within the same or simular defined class of amino acids. By way of
example and not limitation, in some crmbodiments, an amino acid with an aliphatic side chain 15
substituted with another aliphatic amino acid (e.g , alanine, valine, leucing, and isoleucine); an amino acid
with hvdroxvl side chain is substituted with another amino acid with a hydroxyl side chain {e.g., serine
and threonine}; an anmuino acids having aromatic side chains 1s substituted with another amino acid having
an aromatic side chain {e.g., phenvialanine, tyrosine, tryptophan, and histidine}; an anuino acid with a
basic side chain i3 substituted with ancther amino acid with a basis side chain (e.g.. bysine and arginine);
an amino acid with an acidic side chain 15 substituted with another amino acid with an acidic side chain
{c.g., aspartic acid or glutamic acid); and/or a hvdrophobic or hydrophilic amino acid 1s replaced with
another hvdrophobic or hydrophilic amimno acid, respectively.

{80653] As used herein, “non-conservative substitution™ refers to substitution of an amino acid n the
polypeptide with an ammo acid with significantly differing side chain properties. Non-conservative
substifutions may use amino acids between, rather than within, the defined groups and affects (a) the
structure of the peptide backbone in the area of the substitution (e.g., proline for glvcine) (b} the charge or
hyvdrophobicity, or {¢) the bulk of the side chain. By way of example and not limitation, an exenplary
non-conservative substitution can be an acidic amino acid substituted with a basic or aliphatic amino acid;
an aromatic amino acid substituted with a small anvno acid; and a hydrophilic amino acid substituted with
a hydrophobic aming acid.

{80654} As used herein, “deletion” refers to modification to the polypeptide by removal of one or more
aming acids from the reference polypeptide. Deletions can comprise removal of 1 or more amino acids, 2
or more amino acids, 5 or more amimno acids, 10 or more amino acids, 15 or more amino acids, or 20 or

more aminoe acids, up 1o 10% of the total namber of amino acids, or up to 20% of the total number of
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amino acids making up the reference cnzyme while retaining enzyratic activity and/or retanung the
improved properties of an engineered proline hydroxylase enzyme. Deletions can be directed to the
internal portions and/or terminal portions of the polypeptide. In various embodiments, the deletion can
comprise a continuous segment or can be discontinuous.

[0055] As used herein, “insertion” refers to modification 1o the polvpeptide by addition of one or more
amino acids from the reference polypeptide. Insertions can be in the mtemal portions of the polypeptide,
or 1o the carboxy or amime ferminus. Insertions as used herein inclode fusion proteins as is known in the
art. The insertion can be a contiguous segment of amino acids or separated by one or more of the amino
acids in the naturally occurring polvpeptide.

[0056] A “funcuional fragment” or a “biologically active fragment” used interchangeably herein refers to
a polypeptide that has an amino-terminal and/or carboxy-tenninal deletion(s) and/or internal deletions, but
where the remaining amino acid sequence is identical to the comresponding positions in the sequence to
which it 1s being compared (e.g., a full-length enginecred proline hydroxvlase of the present invention)
and that retamns substantially all of the activity of the full-length polypeptide.

[B057] As used herein, “isolated polypeptide” refers to a polypeptide which is substantially separated
from other contaminants that naturally accompany it {c.g., protein, lipids, and polymucleotides). The torm
embraces polvpeptides which have been removed or punified from their naturally-oceurring environment
or expression svstem {e.g.

=2

within a host cell or via 1n vitro synthesis). The recombinant proline
hydroxylase polypeptides may be present within a cell, present in the cellular mednim, or prepared in
various forms, such as lysates or isolated preparations. As such, in some embodiments, the recombinant
proline hydroxvlase polypeptides can be an 1solated polypeptide.

{30358] As used herein, “substantially puare polypeptide™ refers to a composition in which the polypeptide
species 1s the predominant species present (i.e., on a molar or weight basis 1t is more abundant than any
other individual macromolecular species in the composition}, and is generally a substantially purified
composition when the object species comprises at least about 50 percent of the macromolecular species
present by mole or % weight. However, in some embodiments, the composition comprising proline
hydroxylase comprises proline hydroxylase that is less than 50% pure {e.g., about 10%, about 20%, about
30%, about 40%, or about 50%) Generally, a substantially pure proline hydroxyiase composition
comprises about 60% or more, about 70% or more, about 80% or more, about 90% or more, about 93%
or more, and about 98% or more of all macromolecular species by mole or % weight present in the
composition. In some embodiments, the object species is purified to essential homogeneity {i.e.,
contaminant specics cannot 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 macromolecudar species. In some
embodiments, the isolated recombinant proline hydroxyiase polypeptides are substantially pure
polvpeptide compositions,

[059]  Asused herein, “improved enzvme property” refers to at least one improved property of an

enzyme. In some embodiments, the present mvention provides enginecred proline hydroxyiase
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polyvpeptides that exhibit an improvement in any enzyme property as compared to a reference proling
hvdroxylase polypeptide, and/or a wild-type proline hydroxylase polvpeptide and/or another engmeered
proline hydroxylase polypeptide. Thus, the level of “improvement” can be determined and compared
between various proline hvdroxylase enzymes, including wild-type, as well as engineered proline
byvdroxyiases. Improved properties include, but are not limited, to such propertics as increased protein
expression, increased thermoactivity, increased thermostability, increased pH activity, increased stability,
mcereased enzyvmatic activity, increased substrate specificity or affinity, mcreased specific activity,
mcreased resistance to substrate or end-product inhibition, tncreased chemical stability, improved
chemoselectivity, improved solvent stability, increased tolerance to acidic pH, increased tolerance to basic
pH, increased tolerance to proteolvtic activity {i.c., reduced sensitivity to proteolysis), reduced
aggregation, increased solubility, and altered temperatore profile.

{3060} Asused herein, “increased enzymatic activity” and “enhanced catalvtic activity” refer to an
mproved property of the engmeered proline hydroxvlase polypeptides, which can be represented by an
mcrease in specific activity (e.g., product produced/iime/weight protein) or an increase i percent
conversion of the substrate to the product {e.g., percent conversion of starting amount of substrate to
product in a specified time period using a specified amount of proline hydroxylase) as compared to the
reference proline hydroxylase enzyime. Exemplary methods to deterune enzyme activity are provided m
the Examples. Any property relating to enzyme activity may be affected, including the classical enzvme
propertics of K, Vi oF k.o, changes of which can lead to increased enzymatic activity. Improvements in
enzyme activity can be from about 1.1 fold the enzymatic activity of the corresponding wild-type enzyme,
to as much as 2-fold, 5-fold, 10-fold, 20-fold, 25-fold, 50-fold, 75-told, 100-fold, 150-fold, 200-fold or
more enzymatic activity than the natarally occurnng proline hydroxvlase or another engineered proline
hyvdroxylase from which the proline hvdroxylase polypeptide was deorived.

100617 Asused herein, “conversion” refers to the enzymatic conversion (or biotransformation) of a
substrate(s) to the corresponding product(s}). “Percent conversion” refers to the percent of the substrate
that 15 converted to the product within a peried of time under specified conditions. Thus, the “enzymatic
activity” or “activity” of a prohine hydroxvlase polypeptide can be expressed as “percent conversion” of
the substrate to the product i a specific peried of time.

[0062] Enzymes with “generalist properties” (or “generalist enzymes™) refer to enzymes that exhibit
improved activity for a wide range of substrates, as compared to a parental sequence. Gengralist enzymes
do not necessarily demonstrate improved activity for every possible substrate. In some embodiments, the
present vention provides proline hydroxylase variants with generalist properties, in that they
demonstrate similar or improved activity relative to the parental gene for a wide range of sterically and
clectronically diverse substrates.  In addition, the generalist enzymes provided herein were engimeered to
be improved across a wide range of diverse APi-like molecules to increase the production of
metabolites/products.

[063] The term “stringent hybnidization conditions” s used herein to refer to conditions under which

nucleie acid hybrids are stable. Ag known to those of slall in the art, the stability of hybrids 15 reflected 1n
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the melimg temperature (7,,) of the hybrids. In general, the stability of a hybrid is a function of ion
strength, temperature, G/C content, and the presence of chaotropic agents. The 7, values for
polvnacleotides can be calculated wusing known methods for predicting melting temperatures (See e.g.,
Baldino et al., Meth. Enzymol,, 168:761-777 [ 1989]; Bolton et al., Proc. Natl. Acad. Sci. USA 48:139¢
[1962]; Bresslaucr et al., Proc. Natl. Acad. Sci. USA 83:8893-8897 [1986]; Freier et al,, Proc. Natl. Acad.
Sci. USA 8393739377 [1986], Kierzek et al., Biochem., 25:7840-7846 [1986]; Rychlik et al., Nucl.
Acids Res., 18:6409-6412 [1990] (erratum, Nucl. Acids Res., 19:698 [19911); Sambrook et al., supra);
Suggsetal., 1981, ir Developmental Bioloey Using Purified Gengs, Brown et al {eds. |, pp. 683-693,
Academic Press, Cambridge, MA {1981}]; and Wetmur, Crt. Rev, Biochen. Mol Biol. 26:227-259

fe ]

[19917}. In some embodiments, the polynucleotide encodes the polvpeptide disclosed herein and
hybndizes under defined conditions, such as moderately stringent or highly stringent conditions, to the
complement of a sequence encoding an engineered proline hydroxylase enzyme of the present invention.
[0064] “Hybridization stringency” relates to hybridization conditions, such as washing conditions, in the
hybndization of nucleic acids. Generally, hvbnidization reactions are performed under conditions of
fower stringency, followed by washes of varyving but higher stringency. The term “moderately stringent
hyvbridization” refers to conditions that permit target-DNA to bind a complementary nucleie acid that has
about 60% identity, preferably about 75% identity, about 85% identity to the target DNA, with greater
than about Y0% wdentity to target-polyvnucicotide. Exemplary moderaiely stringent conditions are
conditions equivalent to hvbridization in 50% formanude, 5 Denhart's solution, 3x85PE, 0.2% SDS at
42°C, followed by washing m 0.2=85PE, 0.2% SD§, at 42°C. “High stringency hybridization™ refers
generally to conditions that are about 10°C or less from the thermal melting temperature 7, as determined
under the solution condition for a defined polynuclestide scquence. In some embodiments, a hugh
stringency condition refers to conditions that permit hvbridization of only those nucleic acid sequences
that form stable hybrids in 0.018M Na{Cl at 65°C (¢, 1if a hybrid is not stable in 0. 018M NaCl at 63°C, 1t
will not be stable under high stringency conditions, as contemplated herein). High stringency conditions
can be provided, for example, by hybndization in conditions equivalent to 50% formamide, 5x Denhart's
solution, 5*35PE, (1.2% 5D5 at 42°C, followed by washing in 0.1x55PE, and 0.1% SDS at 65°C.
Another high stringency condition is hybridizing in conditions equivalent to hybridizing 1n 5X §5C
containing 0.1% {(w:v) SDS at 65°C and washing i 0.1x S8C contaming 0.1% SDS at 65°C. Other high
stringency hybridization conditions, as well as moderately stringent conditions, are described in the
references cited above.

[06065] “Codon optimized” refers to changes in the codons of the polynucleotide encoding a proteun to
those preferentially used in a particular organism such that the encoded protein is efficiently expressed n
the organism of interest. Although the genctic code is degenerate in that most amino acids are represented
by several codons, called “synonyms™ or “synonymous” codons, it 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 10 a given gene, genes of common function or ancestral ongin, highly

expressed proteins versus fow copy number proteing, and the aggregate protein coding regions of an

15

-



WO 2017/213758 PCT/US2017/028370

organism's genome. In some embodiments, the polynucleotides encoding the proline hydroxylase
enzymes may be codon optimsized for optimal production mn the host organiam selected for expression.
[8066] “Preferred, optimal, high codon usage bias codons” refers interchangeably to codons that are used
at higher frequency in the protein coding regions than other codons that code for the same amino acid.
The preterred codons may be determined in relation to codon usage in a single gene, a set of genes of
common function or origin, highly expressed genes, 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
arc typically optimal codons for cxpression. A variety of methods are known for determining the codon
frequency {e.g., codon usage, relative synonymous codon usage) and codon preference in specific
organisms, including multivariate analysis, for example, using cluster analysis or correspondence analysis,
and the effective mumber of codons used 1n a gene {See ¢ g, GUG CodonPreference, Genetics Computer
Group Wisconsin Package; CodonW, Peden, University of Nottingham; Mclnemey, Biomform., 14:372-
73 [1998]; Stenico et al., Nucl. Acids Res., 22243746 [1994]; Wright, Gene 87:23-29 [1990}). Codon
usage tables are available for many different organisms {(S¢e e.g., Wada et al., Nucl. Acids Res., 20:2111-
2118 [1992]; Nakamura et al, Nucl. Acids Res., 28:292 [2000]; Duret, et al., supra; Henaut and Danchin,
in Fscherichia coli and Salmonella, Neidhardt, et al. (eds.), ASM Press, Washington D.C. p. 2047-2066

[1996]}. The data source for obtaining codon usage may rely on any available nucleotide sequence
capable of coding for a protemn. These data sets taclude 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 (Sce ¢.z.. Mount, Bioinformatics: Sequence and Genomie

Analysis, Chapter 8, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y. | 20011;
Uberbacher, Meth. Enzyvmol | 266:259-281 11996]; and Tiwari ot al., Comput. Appl. Bioscr, 13:263-270
1199713,

160671 “Control sequence” refers herem to include all components, which are necessary or advantageous
for the expression of a polynucleotide and/or polypeptide of the present invention. Each control sequence
may be native or foreign to the nucleic acid sequence encoding the polypeptide. Such control sequences
melude, but are not limited to, a feader, polyadenviation sequence, propeptide sequence, promaoter
sequence, signal peptide sequence, mitiation sequence and franscription torminator. At a minimur, the
control sequences include a promoter, and transcriptional and translational stop signals. The control
sequences may be provided with linkers for the purpose of introducing specific restriction sites facilitating
ligation of the control sequences with the coding region of the nucleic acid sequence encoding a
polvpeptide.

[6068] “Operably linked” is defined herein as a configuration in which a control sequence is
appropriately placed (1.e., in s functional relationship) at a postton relative to a polvnucleotide of mterest
such that the control sequence directs or regulates the expression of the polvmucleotide and/or polypeptide

of interest.

16



WO 2017/213758 PCT/US2017/028370

[0069] “Promoter sequence” refers to a nucleic acid sequence that is recognized by a host cell for
expression of a polynucleotide of interest, such as a coding sequence. The promoter sequence containg
transcriptional control sequences, which mediate the expression of a polvnucleotide of interest. The
promoter may be any nucleic acid sequence which shows transcriptional activity in the host cell of choice
mncluding mutant, truncated, and hybrid promoters, and may be obtained from genes encoding
extracellular or intraceliular polypeptides either homologous or heterologous to the host cell.

[6076] “Suitable reaction conditions™ refers to those conditions i the enzymatic conversion reaction
solution {2.¢., ranges of cnzyme loading, substrate loading, temaperature, pH, buffers, co-solvents, etc.}
under which a proline hydroxylase polypeptide of the present invention is capable of converting a
substrate 1o the desired product compound. Some exemplary “suitable reaction conditions”™ are provided
herem.

{3071} As used herein, “loading,” such as in “compound loading” or “enzyme loading” refers to the
concentration or arvount of a component i a reaction mixture at the start of the reaction.

{30727 As used herein, “substrate” in the context of an enzymatic conversion reaction process refers to
the compound or molecule acted on by the proline hydroxylase polypeptide.

1303737 As used herein, “product” in the context of an enzymatic conversion process refers to the
compound or molecule resulting from the action of the proline hydroxylase polypeptide on a substrate.
[8674] As used herein the term “cubtuning” refers to the growing of a population of microbial cells under
any suitable conditions (¢.g., using a liquid, gel or solid mediam).

[0075] Recombinant polypeptides can be produced using any suitable methods known n the art. Genes
encoding the wild-type polvpeptide of intercst can be cloned m vectors, such as plasmuds, and expresse
mn desired hosts, such as F. coli, ete. Variants of recombinant polypeptides can be generated by vanous
methods known 1n the art. Indeed, there is a wide variety of different mutagenesis techmques well known
to those skilled 1n the art. In addition, mutagenesis kits are also available from many commercial
molecnlar biology suppliers. Methods are available to make specific substitutions at defined amino acids
{site-directed), specific or random mutations m a localized region of the gene (regro-specific), or random
mutagenesis over the entire gene {¢.g., saturation mutagenesis). Numerous suitable methods are known to
those 1n the art to generate enzyme variants, including but not limited to site-dirccted mutagenesis of
single~stranded DNA or double-stranded DNA using PCR, cassette mutagenesis, gene synthests, error-
prone PCR, shuffling, and chemical saturation mutagenesis, or any other suitable method known in the
art. Non-limiting examples of methods used for DNA and protein engineering are provided in the
following patents: US Pat. No. 6,117,679, US Pat. No. 6,420,175; US Pat. No. 6.376.246; US Pat. No.
6,586,182 US Pat. No. 7,747,391; US Pat. No. 7.747,393; US Pat. No. 7,783,428; and US Pat. No.
8,383,346, After the vartants are produced, they can be screened for any desired property {e.g., high or
mereased activity, or low or reduced activity, increased thermal activity, increased thermal stability,
and/or acidic pH stability, cic ). In some embodiments, “recombinant proline hvdroxylase polypeptides™
{also referred to herein as “engineered proline hvdroxyvlase polypeptides,” “variant proline hydroxyviase

enzvmes,” and “proline hydroxylase variants™} find use.
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{0676} As used herein, a "vector” is a DNA construct for mtroducing a DNA sequence into a cell. Tn
some embodiments, the vector is an expression vector that is operably linked to a suitable control
sequence capable of effecting the expression in a suitable host of the polypeptide encoded in the DNA
sequence. In some embodiments, an "expression vector” has a promoter sequence operably linked to the
DNA sequence (¢.g., transgene) to drive expression in a host cell, and in some embodiments, also
cOmMprises a transcription terminator sequence.

[8077] As ssed herein, the term "expression” includes any step mvolved in the production of the
polypeptide mchuding, but not limited to, transcription, post-transcriptional modification, transiation, and
post-transiational modification. In some cmbodiments, the term also encompasses secretion of the
polvpeptide from a cell.

{86781 As used herein, the term “produces” refers to the production of proteins and/or other compounds
by cells. It is intended that the term encompass any step involved in the production of polypeptides
mncluding, but not limited to, transcription, post-transcriptional modification, translation, and post-
translational modification. In some embodiments, the term also encompasses secretion of the polypeptide
from a cell.

130797 As used herein, an amino acid or nucleotide sequence (2.g., a promoter sequence, signal peptide,
terminator sequence, ¢ic.) is "heterologous” to another sequence with which it 1s operably linked if the
two sequences are not associated in nature. For example a “heterologous polynucicotide™ 1s any
polynucleotide that is introduced into a host celf by laboratory techniques, and includes polynucleotides
that are removed from a host cell, subjected to laboratory manipulation, and then reintroduced into a host
cell.

{3086] As used herein, the terms “host cell” and “host strain” refer to suitable hosts for expression
vectors comprising DNA provided herem (e g, the polynuclectides encoding the proline hvdroxvlase
variants). In some embodiments, the host cells are prokarvotic or eukarvotic cells that have been
transformed or transfected with vectors constructed using recombinant BPNA techuigues as known m the
art.

{6081] 'the term “analogue” means a polypeptide having more than 70% sequence identity but less than
100% sequence identity {¢.g., more than 75%, 78%, 80%, 83%, 85%, 88%, 90%, 91%, 92%, 93%, 94%,
959%, 96%, 97%, 98%, 99% sequence identity) with a reference polypeptide. In some embodiments,
analogues means polyvpeptides that contain one or more non-naturally occurring amino actd residues
mcluding, but not limited, to homoarginiae, ornithine and norvaline, as well as naturally occurning amine
acids. In some embodiments, analogues also mnclude one or more D-amino acid residues and non-peptide
Iinkages between two or more amino acid residues.

{8082 The term “effective amount” means an amount sufficient to produce the desired result. One of
general skill in the art may determine what the effective amount by using routine experimentation.
[B083] The terms “isclated” and “purified” are used to refer to a molecule (e.g., an isolated nucleic acid,

polvpeptide, etc ) or other component that 1s removed from at least one other component with which it is
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naturally associated. The term “punfied” does not require absolute punty, rather it is miended as a
relative definition.

[8084] “Stercoselectivity” refers to the preferential formation in a chemical or enzymatic reaction of one
stercoisomer over ancther. Stereoselectivity can be partial, where the formation of one stereoisomer is
favored over the other, or 1t may be complete where only one stercoisomer is formed. When the
stercoisomers are enantiomers, the stereoselectivity is referred to 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 enantiomeric excess {e.e.} calculated therefrom
according to the formula [major cnantiomer — minor cnantiomer {/[major enantiomer + minor enantiomer|.
Where the stereoisomers are diastereoisomers, the stercoselectivity is referred 1o as diastercoselectivity,
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 are types of stereomeric excess.

[3085] “Highly stereoselective” refers to a chemical or enzymatic reaction that is capable of converting a
substrate (e.g., compound (1)), to its corresponding hydroxylated product (¢.g., compound (2)), with at
Ieast about 85% stercomeric ¢xcess.

[0086] “Regroselectivity” or “regiosclective reaction” refers to a reaction m which one direction of bond
making or breaking occurs preferentially over all other possible directions. Reactions can completely
{100%) regioselective if the discrinunation 1s complete, substantially regioselective (at least 75%), or
partially regioselective (x%6, wherein the percentage is set dependent upon the reaction of interest), if the
product of reaction at one site predonunates over the product of reaction at other sites, for example,
preferential formation of the product compound (2) (1.e.. 28,350-hydroxypipecohic acid over the undesired
product (28,55)-hvdroxvpipecolic acid}.

10087] As used herein, “thermostable” refers to a proline hvdroxylase polypeptide that maintains similar
activity {more than 60% to 80% for example) after exposure to elevated temperatures {e.g., 40-80°C) fora
period of time {¢.g., 0.5-24 h) compared to the wild-type enzyme exposed to the same elevated
temperature.

[0088] As used herein, “solvent stable” refors to a proline hvdroxylase polypeptide that maintains sinular
activity {more than ¢.g., 60% to 80%) after exposure to varying concentrations (¢.g., 5-99%) of solvent

{e g, ethanol, isopropyl alcohol) dimethylsulfoxide {DMSO], tetrahvdrofuran, Z-methvitetrahydrofuran,
acetone, toluene, butyl acetate, methyl tert-buty! ether, etc.} for a period of time {e.g., 0.5-24 h) compared
to the wild-type enzyme exposed to the same concentration of the same solvent.

{0089] As used herein, “thermo- and solvent stable” refers to a proline hydroxviase polypeptide that is
both thermostable and solvent stable.

{8090] Asused herein, “reductant” refers to a compound or agent capable of converting Fe™ to Fe™. An
exemplary reductant is ascorbic acid, which is generally in the form of L-ascorbic acid.

[0091] “Alkvl” refers to saturated hydrocarbon groups of from 1 to 18 carbon atoms inclusively, either

straight chained or branched, more preferably from 1 to & carbon atoms inclusively, and most preferably 1

16



WO 2017/213758 PCT/US2017/028370

to & carbon atoms mchusively. An atkyl with a specified number of carbon atoms 1s denoted i parenthesis
{c.g., (C-Cealkyl refers to an alkyl of | to 6 carbon atoms).

[0092] “Alkeny!” refers to hyvdrocarbon groups of from 2 to 12 carbon atoms inchisively, either straight
or branched confaining at least one double bond but optionally containing more than one double bond.
[0093] “Alkynyl” refers to hydrocarbon groups of from 2 to 12 carbon atoms inclusively, cither straight
or branched contaming at least one triple bond but optionally containing more than one triple bond, and
additionally optionally containing one or more double bonded moicties.

[0094] “Alkviene” refers to a straight or branched chain divalent hydrocarbon radical having from 1 to 18
carbon atoms inclusively, more preferably from 1 to 8 carbon atoms inclusively, and most preferably 1 to
6 carbon atoms mclusively, optionally substituted with one or more suitable substituents. Exemplary
“alkvienes” include, but are not hmited to, methyiene, ethyvlene, propylene, butylene, and the like.

[0095] “Alkenviene” refers to a straight or branched cham divalent hydrocarbon radical having 2 to 12
carbon atoms inclusively and one or more carbon-carbon double bonds, more preferably from 2 to 8
carbon atoms inclusively, and most preferably 2 to 6 carbon atoms mcelusively, optionally substituted with
one or more suitable substituents.

13096] “Heteroalkyl, “hetercalkenyl” and heteroalkynyl,” refer respectively, to alkvl, alkenyi and
atkynyl as defined heren in which one or more of the carbon atoms are cach mdependently replaced with
the same or difterent heteroatoms or heteroatomic groups. Hetercatoms and/or heteroatomic groups
which can replace the carbon atoms include, but are not limited to, -0, -8, -8-0-, -NR'-, -PH-, -5(0)-, -
S{0)-, -S(ONR-, -8({0),NR"-, and the like, including combinations thercof, where cach R is
independently selected from hydrogen, alkyl, cyeloalkyl, heterocyeloalkyvl, arvl, and heteroaryl.

{8897 “Aryl” refers to an unsaturated aromatic carbocyclic group of from 6 to 12 carbon atoms
mclustvely having a single ring (e.g , phenyl) or multiple condensed rings {¢.¢., naphthyl or anthrvl).
Exemplary arvls mclude phenvl, pyridyl, naphthvl and the like.

j0098] “Arvlalkyl” refers to an alkyl substineted with an aryvl (i.e., aryl-alkyi- groups), preferably having
from 1 to 6 carbon atoms inclusively in the alkyvl moiety and from 6 to 12 carbon atoms inclusively in the
aryl moiety. Such arylalkyl groups are exemplified by benzyl, phencthyl and the like.

[8099] “Aryloxy” refers to —~OR”* groups, where R" is an aryl group, which can be optionally substituted.
[0100] “Cycloalkyl” refers to cycelic alkyl groups of from 3 {o 12 carbon atoms inclusively having a
single cyclic ring or multiple condensed rings which can be optionally sabstituted with from 1 to 3 alkyl
groups. Exemplary cycloalkyl groups include, but are not limited to, single ring structures such as
cyclopropvl, cyvelobutvl, cyclopentyl, cvelooctyl, 1-methyleyclopropyl, 2-methyleyclopentyl, 2-
methyleyelooctyl, and the Tike, or multiple ring structures, including bridged ring systems, such as
adamantyl, and the hike.

8101} “Cycloalkylalky!” refers to an alkyl substituted with a cycloalkyl {i.e., cycloalkyl-alkyl- groups}),
preferably having from 1 to 6 carbon atoms inclusively in the alkyl moiety and from 3 to 12 carbon atoms
mclusively in the cveloalkyl moiety. Such cycloalkylalkyl groups are exemplified by cyclopropyvlmethyi,

cvclohexyicthyl and the hike.
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[0102] “Ammno” refers to the group -NH,. Substituted amino refers to the group —NHR", NR'R", and
NR'R'R" | where cach R" is mdependently selected from substituted or unsubstituted alkyl, cvcloalkyl,
cvcloheternalkyl, altkoxy, aryl, heteroaryl, heteroarylalkyl, acyl, alkoxyearbonyl, sulfanyl, sulfinyl,
sulfonvl, and the hke. Typical amino groups include, but are hmited to, dimethylamino, dicthylamino,
trimethyiammonium, tricthyvlammonium, methvlvsulfonylamine, furanyl-oxy-sulfamine, and the hke.
8103] “Aminoalkyl” refers to an alkyl group in which one or more of the hydrogen atoms are replaced
with one or more amino groups, including substituted anuno groups.

{0104} “Aminocarbonyl” refers to -C{OINH,. Substituted aminocarbonyi refers to ~C{OINR"R", where
the amino group NR'R" is as defined herein.

[3105] “Oxy” refers to a divalent group -O-, which may have various substituents to form different oxy
groups, mchuding ethers and esters,

{0106] “Alkoxy” or “alkyloxy” are used interchangeably herein to refer to the group ~OR®, wherein R* is
an atkyl group, mchiding optionaily substituted atkyl groups.

{8107} “Carboxy” refers to -COOH.

[3108] “Carbonyl” refers to -C(0)~, which may have a variety of substituents to form different carbonyl
groups inclading acids, acid halides, aldehydes, amides, esters, and ketones.

10109] “Carboxyalky!l” refers to an alkyl in which one or more of the hydrogen atoms are replaced with
one or more carboxy groups.

[0116] “Anminocarbonylatkyl” refers to an alkyl] substituted with an aminocarbonvl group, as defined
herein.

{6111} “Halogen™ or “halo” refers to flucro, chlore, bromoe and iodo.

{31121 “Haloalkvl” refers to an alkyl group in which one or more of the hydrogen atoms are replaced
with a halogen. Thus, the term “haloalkyl” 1s meant to include monochaloalkyls, dihaloalkyis, trihaloalkyls,
gtc. up o perhaloatkyvls. For example, the expression “(C; - Cy) haloalkyl” includes I-fhugromethyl,
difluoromethyl, trifluoromethyl, 1-fluocreethyl, 1 1-diflucroethyl, 1.2-diflucroethyl, 1,11 trifluoroethyl,
perfluorocthyvl, cte.

[0113] “Hydroxy” refers to -OH.

[0114] “Hydroxyalkyl” refers to an alkyl group i which in which one or more of the hydrogen atoms are
replaced with one or more hydroxy groups.

[6113] “Thiol” or “sulfanvl” refers to —~SH. Substituted thiol or sulfanyl refers to —8-R", where RV is an
atkyl, aryl or other suttable substituent.

[3116] “Alkylthio” refers to —~SR®, where R is an alkyl, which can be optionally substituted. Typical
alkylthio group include, but are not limited to, methylthio, ethylthio, n-propylthio, and the like.

{8117} “Alkylthioalkyl” refers to an alky! substituted with an alkylthio group, —SR®, where R® is an alkyl,
which can be optionally substituted.

[3118] “Sulfonyl” refers to ~ 80, Substituted sulfonyl refers to ~S0,-R", where R is an alkyl, aryl or

other suttable substituent.
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[6119] “Alkvisulfonyl" refers 1o —80,-R", where RS is an alkyl, which can be optionally substituted.
Typical alkvisulfonyl groups mclude, but arc not limited to, methylsulfonyl, cthylsulfonyl, n-
propylsuifonyi, and the like.

(0120} “Alkylsulfonylalkyl” refers to an alkvl substituted with an alkylsulfony! group, -SO.-R°, where
R® is an alkyl, which can be optionally substituted.

[3121] “Heteroarvl” refers to an aromatic heterocyelic group of from | to 19 carbon atoms inclusively
and 1 to 4 heteroatoms mclusively selected from oxygen, nitrogen and sulfir within the ring. Such
heteroary! groups can have a single ring (e.g.. pyridyl or furvl) or multiple condensed rings {c.g.,
mdolizinyvi or benzotluenyl),

[6122] “Hetoroarvialkyl” refers to an alkyl substituted with a hetercaryi (1., hetercaryi-alkyl- groups},
preferably having from 1 to 6 carbon atoms mclusively in the alkyl moiety and from 5 to 12 ring atoms
melustvely m the heteroaryl moicty. Such heteroarvialkyl groups are excmplified by pyridvimethyl and
the hike.

j#23] “Heteroovele”, “heterocyelic” and mterchangeably “heterocyeloalkyl™ refer to a saturated or
unsaturated group having a single ring or multiple condensed rings, from 2 to 10 carbon ring atoms
mchusively and from 1 to 4 hetero ring atoras inclusively sclected from nitrogen, sulfur or oxygen within
the ning. Such heterocvelic groups can have a single ning {¢.g., pipenidingt or tetrahvdrofurvl) or multiple
condensed nngs {e.g., ndolinyl, dilvdrobenzoturan or qumuchdinyly. Examples of heterocycles melude,
but are not hnuted to, furan, thiophene, thiazole, oxazole, pyrmole, imidazole, pyrazole, pyridine, pyrazing,
pyamidine, pyridazine, mdolizine, 1soindole, indole, indazole, purine, guinolizine, isoquincline,
quinohne, phthalazine, naphthylpyridine, quinoxaline, quinazoline, cinnoline, pteridine, carbazole,
carboline, phenanthridine, acridine, phenanthroline, 1sothiazole, phenazine, 1soxazole, phenoxazine,
phenothiazine, imidazolidine, imidazoline, pipendine, piperazine, pyrroliding, indoline and the like.
{3124} “Hetorocycloalkylalikyl” refors to an alkvl substituted with a heterocveloalkvl o,
heterocycloalkyl-alkvl- groups), preferably having from 1 to 6 carbon atoms inclusively 1o the alkyl
moiety and from 3 to 12 rmg atoms inclusively in the heterocyeloalkyl motety.

{8125} “Membered ring” is meant to embrace anv cvclic structare. The number preceding the term
“membered” denotes the number of skeletal atoms that constitute the ring. Thus, for example, cyelohexvl,
pvridine, pvran and thiopvran are 6-membered rings and cvclopentyl, pyrrole, furan, and thiophene are 5~
membered rings.

10126} “Fused bicyclic ring” as used herein refers to both unsubstituted and substituted carbocyelic
and/or heterocyvelic ning moietics having 35 to 8 atoms 1 each ring, the rings having 2 common atoms.
[8127] Unless otherwise specified, positions occupied by hydrogen in the foregoing groups can be further
substituted with sobstituents exemplified by, but not limited to, hydroxy, oxo, nitro, methoxy, ethoxy,
atkoxy, substituied alkoxy, triflucromethoxy, haloalkoxy, fluoro, chloro, bromo, todo, halo, methyi, ethyl,
propyl, butyl, altkyl, alkenvl, alkyvovl, substituted alkyl, trifluoromethyl, haloalkyl, hydroxvalkyl,
alkoxvalkyl, thio, alkylthio, acyl, carboxy, alkoxycarbonvl, carboxamido, substituted carboxamido,

alkvisulfonyl, alkylsulfinyl, alkvisulfonyiamino, sulfonamido, substituted sulfonamido, cyano, amino,

3%
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substituted amino, alkylanuno, dialkylamino, aminoalkyl, acylamino, amidino, amidoxtmo, hydroxamoyi,
phenyl, arvl, substituted aryl, aryloxy, arvlalkvl, arvlalkenyl, arvialkynyl, pyrdyl, mudazolyl, heteroarvi,
substituted hetercarvl, heteroarvloxy, heteroarylalkyl, heteroarylalkenyl, heteroarylalkynyl, cyvclopropyl,
cvelobutyl, cvelopentyvl, cyclohexyl, cyclealkyl, cycloalkenyl, cycloalkylatkyl, substituted cveloaliyi,
cycloalkyloxy, pyrrolidinyl, piperidinyl, morpholino, heterocycele, (heterocycelejoxy, and
(heterocyelejalkyl; and preferred heteroatoms are oxygen, nitrogen, and sulfur, It is understood that where
open valences exist on these substituents they can be further substinsted with alkyl, eyveloalkyi, arvl,
heteroaryl, and/or heterocyele groups, that where these open valences exist on carbon they can be further
substituted by halogen and by oxygen-, nitrogen-, or sulfur-bonded substituents, and where multiple such
open valences exist, these groups can be joined to form a ring, either by direct formation of a bond or by
formation of bonds to a new heteroatom, preferably oxyveen, nitrogen, or sulfar. I is further andersiood
that the above substitutions can be made provided that replacing the hvdrogen with the substituent does
not mtroduce unacceptable instability to the molecules of the present mvention, and is otherwise
chemically reasonable.

[#128] “Optional” or “optionally” means that the subsequently described event or circumstance may or
may not occur, and that the description includes instances where the event or circumstance occurs and
mstances i which 1t does not. One of ordinary skill in the art would understand that with respect to any
molecale described as containing one or more optional substituents, only sterically practical and/or
synthetically feastble compounds are meant to be mcluded. “Optionally substituted” refers to all
subscquent modificrs in a term or serics of chemical groups. For example, in the torm "optionally
substituted arvlalkyl, the “alky]” portion and the “arvl” portion of the molecule may or may not be
substituted, and for the serics “optionally substitated alkyvl, cycloalkyl, aryl and heteroaryl,” the alkyl,

cycloalkvl, aryl, and heteroaryl groups, independently of the others, may or may not be substituted.

Esagineered Proline Hydroxyiase Polypeptides

131291 The present invention provides polypeptides having proline hydroxylase activity, polynuckeotides
encoding the polypeptides, methods of preparing the polypeptides, and methods for using the
polypeptides. Where the description relates to polypeptides, 1t 1s to be understood that it can describe the
polynucleotides encoding the polypeptides.

[8136] Prolinc hydroxylascs belong to a class of divoxygenasc cnzymcs that catalyze hydroxylation of
proline 11 presence of alpha-ketoghutarate and oxyvgen (). The alpha-ketoglutarate is stoichiometrically
decarboxylated durmg hydroxylation, with one atom of the O, melecule being ncorporated into the
succinate and the other into the hydroxyl group tormed on the probine residue. As noted above, proline
hvdroxylascs are distinguished from prolyl hydroxylase by their ability to hydroxylate free proline.

10131] Several types of proline hydroxylascs have been dentified based on the major diastercomeric
products formed i the enzvmatic reaction: ¢is-3-proline hvdroxyvlase (cis-P3H), cis-4-prolinc hydroxylase
{cis-P4H), trans-3-proime hvdroxylase (trans-P3H), and trans-4-proline hydroxylase (trans-P4H). cis-P3H

enzymes have been wlentified 1n Strepromyvees sp. THI, Streptomyces canus and Bacillus sp. TH2 and

)
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TH3 (Mori et al., Appl. Eoviron. Microbiol.,, 62 (6):1903-1907 [1996]). trans-P3H has been identified in
Glarea lozoyensis (Petersen et al., Appl Microbiol Biotechnol. 62(2-3):263-7 [2003]). (1s-P4H enzymes
have been wdentified in Lofus comiculatus rhizobic, Mesorhibozium loti, Sinorhizobium meliloti, and
Medicago sativa vhizobia, (Hara and Kino, Biochem. Biophys. Res. Commui., 379{4}:882-6 [2009], US
Pat. Appin. Publ. No. 2011/0091942}. Trans-P4H have been identified in Dactylosporangium sp .,
Amyecolatopsis sp., Streptomyces griseovividus, Streptomyces sp. and Glarea lozoyensis (Shibasaki et al |
Appl. Environ. Microbiol., 63(9):4028-31 [1999]; Petersen et al., Appl. Microbiol. Biotechnol., 62(2-
33:263-7 {2003} Mori et al., Appl. Environ Microbiol,, 62:1903-1907 {1996}]; Lawrence et al, Biochem.
¥, 313:185-191 [1996]; and EP 0641852).

[0132] The cis-d-proline hydroxvlase from Sinorhizobium meliloti converts free proline to the primary
product cis-4-hydroxyproline. According to Klem et al, supra, the enzyme also recognizes L-pipecolic
acid, converting it to a nuxture of ¢is-5- and cis-3-hydroxypipecolic acid. However, the activity on
pipecolic acid is lower than on proline, and the enzyme 1s reported to have low spectfic activity and
denature under reaction conditions (Klem et al | supra). Consequently, in vitro conversion reactions for
preparing hydroxyproline and hydroxypipecolic acid with a recombinant wild-type enzyme expressed in
£, coli was unsuitable as a synthetie strategy for commercial scale preparations. Whole eclls expressing
the enzvme was found to be more effective, but necessitated the use of defined growth medum lacking
profime to miminuize competition by free proline and also simplify purification of the hyvdroxypipecolic
acid product (Klem ot al | supra).

[3133] Engincered proline hyvdroxylases that overcome the deficiencies of the wild-type cis-4-proline
hvdroxyiase of Sinorhizobium melilori are descnibed berein. The engincered proline hydroxylase
polypeptides dentved from the wild-type enzvme of Sinorhizobium meliloti are capable of efficiently
converting i vifro free proling to cis-4-hydroxyproline, but alsc capable of efficiently converting a range
of substrates, mchiding the conversion of {S)-pipecolic acid (1) into (28,58)-5-hvdroxypipecolic acid (2).
The present mnvention wdentifies aming acid residue positions and corresponding mutations in the proline
hydroxylase polypeptide sequence that improve enzyme properties as compared to the naturally occurring
enzyme, including among others, activity, stability, expression, regioselectivity, stereoselectivity,
substrate tolerance, and substraie specificity. In particular, the present invention provides engineered
polypeptides capable of efficiently converting substrate compound (1), to product compound (2),{as
Hlustrated in Scheme 1, above) in presence of a co-substrate (e.g., alpha-ketoglutarate) under suitable
reaction conditions {e.g, in the presence of oxvgen and Fe{ll}).

[0134] In somc embodiments, the cagineered proline hydroxylase polypeptides show increased activity
in the hydroxylation of {(S)-pipecolic acid (1) wmto (28,35)-hydroxypipecolic acid (2), m a defined time
with the same amount of enzyme as compared to the wild-type enzyme. In some embodiments, the
engincered proline hydroxviase polypeptide has at least about 1.2 fold, 1.5 fold, 2 fold, 3 fold, 4 fold, 5
fold, 10 fold, 20 fold, 30 fold, 46 fold, 30 fold, 60 fold, 70 fold, 80 fold, 90 fold, 100 fold, or more
activity pnder suitable reaction conditions as compared to the polypeptide represented by SEQ ID NOS 4,

604 and/or 810.
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{3135} In some cmbodiments, the engineered proling hyvdroxylase polvpeptides have mereased
regioselectivity as compared 1o the wild-type proline hvdroxylase. Specifically, the naturally occurring
enzyme converts substrate (1) into the corresponding S-hydroxylated product (2}, As described herein,
the enzvime regioselectivity is the ability of the enginecred polypeptide to catalyze the hydroxylation
reaction at the desired (55} position over all other possible hydroxvlation sites on the substrate.

[#136] In some embodmments, the engineered proline hvdroxylase polvpeptides are capable of converting
substrate compound {1} to product compound (2) under suitabie reaction conditions with increased
tolerance for the presence of substrate relative to the reference polypeptide of SEQ 1D NO:4, 604, and/or
810. Thus, i some embodiments the engincered proline hvdroxylase polypeptides are capable of
converting substrate compound (1} to product compound (2) at a substrate loading concentration of at
least about 10 g/L, about 20 g/L, about 30 g/L, about 40 /L about 50 g/, about 70 g/L, about 100 /L,
about 125 ¢/1, about 130 g/L. about 175 g/L or about 200 g/L or more with a percent conversion of at
least about 404%, at least about 50%, at least about 609, at least about 70%, at least about 8(3%, at least
about 90%, at least about 95%, at least about 98%, or at least about 99%, in a reaction time of about 120 h
or less, 72 h or less, about 48 h or less, about 36 h or less, or about 24 h less, under suitable reaction
conditions.

16137} The sutable reaction conditions under which the above-described improved properties of the
engincered polypeptides carry out the hvdroxylation reaction can be determined with respect fo
concenirations or amounts of polypeptide, substrate, co-substrate, transition metal cofactor, reductant,
buffer, co-solvent, pH, conditions including temperature and reaction time, and/or conditions with the
polvpeptide immobilized on a solid support. as further desenbed below and i the Examples.

{#138] In some embodiments, exemplary engmeered polypeptides having proline hvdroxylase activity
with mmproved properties, particularly in the conversion of compound (1) to compound {2}, comprises an
amino acid sequence that has one or more residue differences as compared to SEQ ID NO:4 at the residue
positions indicated m Tables 4.1, 42,43, 44,531,61,62, and 63,

[813%] In some additional embodiments, exemplary engincered polypeptides having proline hydroxylase
activity with improved properties, particularly i the conversion of compound {1} to compound {2},
comprise an amine acid sequence that has one or more residue differences as compared to SEQ 1D
NG:604 at the residue positions mdicated in Tables 4.5, 4.6, and 4.7.

j0140] In some further embodiments, exemplary engineered polvpeptides having proline hydroxylase
activity with improved properties, particularly in the conversion of compound (1} to compound {2},
comprise an amino acid sequence that has one or more residue differences as compared to SEQ ID
NO:810 at the residue positions indicated in Table 4.8.

{8141} The structure and function mformation for exemplary non-naturally occurring (or enginecred}
proline hydroxylase polvpeptides of the present invention are based on the conversion of compound (1} o
compound (2}, the results of which are shown below in Tables 4.1,4.2,4.3,44,45,46,47,48,51,6.1,
6.2, and/or 6.3, The odd numbered sequence identifiers (1.e., SEQ I NOs) refer to the nucleotide

sequence encoding the amino acid sequence provided by the even numbered SEQ ID NGs. The exemplary

[
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sequences are provided 1 the electronic sequence listing file accompanying this imvention, which is
hereby meorporated by reference herein. The amino acid residue differences are based on comparison to
the reference sequence of SEQ ID NGOS§:4, 604, or 810. The natorally occurnng amine acid sequence of
the cis-4-proline hydroxylase of Sinorhizobium meliloti is provided as SEQ ID NO:2 herein (the
corresponding polvnucleotide sequence 1s SEQ 1D NO: 1, as provided herein}. The activity of each
engineered polvpeptide relative 1o the reference polypeptide of SEQ 1D NO:4, 604 or 810 was determined
as conversion of the sabstrates described in the Examples heremn. In some embodiments, a shake flask
powder {(SFP) or downstream processed (5P} powder assay is used as a secondary screen to assess the
properties of the engincered proline hvdroxvlases, the resulis of which are provided in Tables 4.1,4.2,4.3

> >

44,45,46,47,.48,5.1, 6.1, 62, and/or 6.3. The SFP forms provide a more purified powder preparation
of the engineered polypeptides and can contain the engimeered polypeptides that are up to about 30% of
total protein. The DSP preparations can provide an even further purified form of the enginecred
polypeptide since the preparations can contain the engineered proline hydroxylases that are up to about
30% of total protein.

[#142] In some embodiments, the proline hydroxyvlase vanants of the present invention are tested under
HTP assav conditions sct forth herein as “Condition A.” These variants include those having the
following substitutions or substitution sets {with the subsitutions listed relative to SEQ ID NQO:4): €371,
K30R, A101G, NI31H, A156V, FI76V, S2E/MISIR/F176V, S2E/MISIR/FLI76Y, S2H/MISIR/F176V,
S2ZUMISIR/FITEV, S2N/MISIR/F176Y, KBQ/SETF/MISIR/F176V, KION/MISIR/F176V,
RISCASOR/ATGVIGI2BH/MISIR/FI76Y, RISC/LT6V/GI2ZEH/MISIR/FLT6Y, RISC/MISIR/FIT6V,
RISC/ASOR/LTOVACIZ6R/MISIR/FIT6V, RISC/IS6R/ATSV/IMISIR/FLT6V,
SIOR/V4A4P/AG2F/LTOV/GI28Y/MISIR/FITSY,

SIOR/AG2C/LTOV/GI28A/N43C/MISTR/FITOY, S30R/A62C/LT6V/GIZ8A/MISTTIFITOV,
SIOR/AG2C/LTOV/MISIR/FITEY, S30R/AG2F/KTIC/LT6V/GI28A/MISTTIFITOV,
S3OR/ERTIV/ALTOV/GI28Y /M ISTT/RETEV, S30RKTIV/LTOV/MISIR/SI60E/F176V,
SIOR/ATOV/GI2RA/MIASC/MISIR/FTIT6V, S30R/L76V/GI28AM4SC/MIS IR/FETOV/G2T0V/Y 2R0F,
SIOR/LTOV/GIZEA/MISIR/STIOOEFTT6Y, S3OR/ALTOV/GIZEA/MISIR/FIT6V,
SIOR/ATOV/GIZBY/MISIR/FLITEV, S30R/L76V/MISIR/FLT6V,
S3OT/VA4P/VSTYLISV/GI28AMISIR/FTTEV, S30T/VA4P/NVITULTGV/GIZEY/MISIR/FIT6V,
SIOT/VAAP/AG2ZC/LTEV/IGIZRA/MISIR/FI76V, 830T/A&2C/KTIV/LTEV//GI2RA/MISIT/F176V,
SIOT/AGZC/LTOV/GIZRY A45C/MISIR/F176V, S30T/AG2C/LTOVI45C/MISIR/FIT6V,
SIOT/AG2F/LTOVIGI28AMI4ASC/MISIRFIT6V, S30T/AG2EF/LT6V/GI28Y/TI45C/MISIR/FLT6Y,
SIOT/KTIV/LTSV/GI2BA/MISIRFITOV, S30T/K7IV/LTOV/IGI28A/MISIT/FIT6V,
S30T/L76V/GI28A/M43C/MISIR/FIT6V, S30T/L76V/GI28A/MISIR/STIGOE/FIT6V
S3OT/L76V/GI28Y/AT43C/MISIR/FIT76V, S30T/LT6V/GIZEY/MISIR/FIT6V,
S3OT/L76V/A43C/MISIR/FIT6V, S30T/LT6V/MISTIR/SI60E/FI76Y,

SAOT/L76V/MISIR/FITEY, AS6T/VOTE, C3TL/LAZR/DI24C/ATI30F/QI66M/F1 76V
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C3TL/DE2AN/TI328/Q166M/F1T6Y, C3TL/AIB0F/TI325/Q166M/F 176V, C371L/AI30F/QLO6M/FLITOV,
C3TL/TI3258/Q166M/F 176V, C3TL/Q166M/FITOV,

C3TL/FLToV, CABA/LASC/VIEM/KTIVL76V/GI28E/MISIR/ALLI63Y/F176V,
CABA/KTIVLTOVIGIZRE/MISIR/FIT6Y, C43A/ETI4H/MISTH/LI6SY/FIT6V,
CASA/ENAK/GL28T/MIS IG/LI6SE/FITOV/D23TA,
CASA/ENAK/GIZET/MISIG/F1ToV/D23TT/G2T0R,
CA3A/EHAK/MISIGAIOSY/ATTIR/FI76V/D23TK/EZT3Y,
CA3A/EHAK/MISIG/ATTIR/FIT6V/D237S/G270R, C43A/ET I4K/MISIGFTT6V,

CA3A/ET K/ MIS1Q/FITOV/D237K/G2T0R, C43A/ELI4E/MISTQ/LIOSY/FIT6Y/D23TA/E2TIV,
CA3A/ETAR/ETSP/MISIR/FITOV/EZTIV, CAZAJELISP/GIZRT/MISIG/FITOV/ELTAV,
CARAENSP/MISIG/LIBSY/ALTIR/FLITOV/D237C,
CASA/ETISP/LI2IM/MISTQ/LIGSY/FITOV/EZTIV,
CASAELISP/GLZET/MISIG/ATTIR/FLIT6V/E2T3Y,
CA3A/GI28A/MISIG/LIBSY/FITOV/EZT3Y,
CA3A/GI28AMISIG/ATTIR/FIT6V/D237S/G2TOR,
CA3A/GI28A/MISTQ/ATTIR/FITOV/D237S/E2T3V,
CA3A/GI28T/MISIG/LIOSY/ATTIR/FIT6V/D237C/GLTOR,
CA3A/GI28T/MISTIG/LIGSY/FIT6V/E2T3V, C43A/GI28T/MISIR/LIGSY/F1T6V/E2T3V
CA3A/GI28T/MISIG/ALT3R/FET6V/D23TI/G2TOR,

CATA/GI2ET/MISIG/EITOV/D237A, CABA/GI28T/MIS1Q/FLT6VD23TS/G2T0R,
CAZA/GI28T/MISIRATTOV/D23TC/E2TIV, CASA/MISIG/ALIOSY/F1TONV/EZT3Y
CA3A/MISTIG/ATT3R/FLI76V/G2TOR/EZT3V, CAZA/MIS1G/FIT6V/G2ZT0R/E2ZT3V,
CA3A/MISTQ/LIGSY/F176V/D237C/E273V, CA3AMISIQ/ATT3R/FLT6V/D237CHE2T0R,
CA3A/MISTY/ATTIR/FLI76V/D23T5/G270R/E2T3V, CA3AMISTQF1T6V/D237C,
CA3AMISTQFETTOVG2T0R, CA3AMISIQ/FITOV/D23TAE2TIV,

CAZAMISIR/LIGSY FI76V/D23TR CA3A/MISIR/LIGSY/F176V/D23TKAGZTOR,
CAZA/MISIR/LIGSY/FITOV/EZTIV, CAZA/MISIR/FITOV/DZ3TA/EZTIV,
CAZA/MISIR/FITOV/EZTIV, CA3A/FIT6V, VAAM/FLIT6V,

LASC/VIRM/LTOV/GTZSE/M IS IR/LIGSY/FLT6V,
L4SCARM/LTOV/MISIR/ALIGSY/F176V, LASC/LTOV/MISIR/LI6SY /F176V,
RABI/LTOV/GIZET/MISIN/FIT6V, RASI/LT6V/MISIR/FITOV, GS0A/LT6V/MISIR/F1IT6V,
GS0A/MISIR/ETTOV, GSOS/MISIR/FITOV, IS6R/MISIR/FITOV,
V3THAS2C/LTGV/GI2EY MISTT/FITOV, VISTULTOV/MISIR/FITOV, VSTI/MISIR/FLIT6V,
VERM/KTIVLToV/VO2C/MISIR/LIGSY/FIT6V, VESM/KTIVL76V/MISIR/LIGSY/F176V,
V38M/L76V/LTISA/MISIR/FI76V, VISRM/LTOV/MISIR/FI76V, V3RM/MISIR/FITEV,
AG2C/LTOV/IIASC/MISIR/FITOV, AG2C/MISIR/FI76Y, AGZE/MISIR/F176VY,
POSF/LTOV/MISIN/FLTOV, PORF/LTOV/MISIR/FITOV, PE3F/MISIR/FITOV,

)
~J
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PE3R/LT6V/GI28H/KIZ6RMISIR/FITOV, PEIH/MISIR/F1T6V, PO3I/LT6V/KIZ6R/MISIR/FITOVY,
PE3VLT6V/GI2Z8H/KI36R/MISTR/F176V,

Pe3V/LTSV/MISIR/F176V, P63U/MISIR/F176V, P63L/LT6V/MISIN/FITOV,
Po3L/L76V/MISIR/FITEV, PO3L/MISIR/F176V, PE3V/LTOV/MISIR/FIT6V, PE3V/MISIR/FIT6V,
KTIC/ATOV/GI2ZEAMISIR/ST60E/F1T6Y,

KTIC/AT7eV/GIZBY MISTT/FIT6V, KTIC/ MISIRFLTG6V,
K71VL76V/VIZC/GI28E/MISIR/LIGSY/F176V, KTIVL76V/G128E/MISIR/F176V,
K7IVMISIR/FI76V, KTTV/MISIR/FLIT6V, KTIV/LTOV/GI28Y/MISTT/F176Y, L76F/MISIR/FI76Y,
LTOV/SSTC/MISIN/FYTOV, LT6V/SETW/IGI28H/KI30R/MISIR/FIT6V,
L76V/RBEW/GI28AMISIR/FI76V, L76V/REEW/G128Y/MISIR/F1T6V,
L76V/LII9A/DI24H/MIESIR/LIGSY/FLI76V, L76V/LT19A/MISIR/LIGSY/F176V,
LT6VAGI28ANM4SCMISIR/FLTOV, LT6V/GI2Z8A/MISIR/FITGY,
LT6V/GI28A/MISIR/SIGOEF1T6V, L76VIGI2ZEEMISIRFITEV,
L76V/GIZBH/EI34Q/KI36R/MISIR/FIT6V, LTOV/GIZBH/MISIR/F176V,
L76V/GIZBT/MISIN/FITOV, LT6VAGI28T/MISIR/F176V, L76V/G128Y/145C/MISIR/F1T76V,
L76V/GI28Y/MI45C/MISTT/FLITOY,

L76V/GI28Y/MISIR/SISOE/FIT6Y, L7oV/GI28Y/MISIR/FITOV, LT6V/GI28Y/MISIT/FLT6V,
L76V/MISIR/SI6OR/F176V, LT6V/MISIR/FIT6V,

NTTY/MISIR/FITOV, ESIC/MISIR/FI76V, ERIL/MISIR/F176V, S8TC/MISIR/F176V,
SETF/MISIR/FLITOY, S8TL/MISIR/FTITEY, SRTP/MISIR/FITOV, S8TV/MISIR/FIT6Y,
SETW/MISIR/FITOV, SETY/MISIR/FITOV, REEV/FIT6V, ELIAR/MISTQ/FTT6V/G2T0R/EZTIV,
E114K/F176V, E1I4R/FI76V, E11SP/FIT6V,

E1SQ/GI28T/MISIR/ATTIR/F176V, GI28T/MISIR/LIGSY/F176V/D23TK/G2T0R,

GIZET/F176V, MISTIG/LIGSY/FITOV/E2T3V, MISTQ/ATT3R/FIT76V/D23TS/GZ70R/ERTY,
MISTG/AIT3R/FITON/G2TOR/EZTIV, MISIG/FTT6V, MISIK/F176V, MISIN/F176V,
MISTQ/ELTOV, MISIR/FITOV, MISTT/FLI76V, IS6R/PO3H/LTOV/KI36R/MISIR/FITEOV,
SOR/LTAV/AIZOR/MISIR/FLITOV, IS6R/ALTOV/MISIR/FIT76V, L165Y/F176V, A1T3R/FLT6V,
FI76V/V1941, FIT6V/D237A, FIT6V/D237C, FI76V/D237K, F176V/D237S, F176V/D237T,
F176V/AG2T70K, F176V/G270R, F176V/R2T4P, FIT6V/E273V, FIT6V/R2T4A, F176V/R274E,
FI76V/R274L, and F176V/R27440.

[0143] In some embodiuments, the proline hydroxylase variants of the present invention are tested under
HTP assay conditions sct forth herein as “Condition B.” These variants include those having the
following substitutions or substitution sets (with the subsitutions listed relative to SEQ ID NO:4):
S30R/C3TI/KIOR/AG2C/LT6V/MISIR/S160R/F176V/8240H/A256D,
SIOR/CITV/LTOV/ALOIG/MISTE/RIS3G/LI63Y/F176V/8240H/L2691,
SIOR/CITUV/LTOV/MISIR/STGOR/FIT6V, S30R/ALTOSV/ATOIG/M IS TT/SI60R/LIGSY /F176V/8240H,
SIOR/ALTEV/MISIR/ST60R/LIGSY/F176V, S30R/LT6V/MISIR/SI60R/A163Y/F176V/S240H/A256D,
S30R/LTOV/MISIT/SI60R/FIT76V,
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S30TAS6R/ATOV/KIZOR/MISIR/STI60R/FLT6V, SIOTASOR/ALTOVMISIN/SIO0R/F176V,
S30TAS6RATOVAMISIR/SI6OR/FLTEV, S30T/LT6V/MISTIR/SI60R/FIT6V,
C3TVK39R/ABZC/LT6V/ATOIG/MISIR/STI60R/FL76V, C3TI/K3OR/ATEV/MIS IR/SI60R/FI76V,
CA3A/VSEM/LTOV/MISIR/SI60R/F176V/FI80Y/V184F,
CASA/VSEM/LTOV/MISTR/SIG0R/FITOV/AZ13E/R266Q/R274Y
CA3A/LTOV/MISIR/SI6OR/FIToV/ETTSC/FIRGY/VIB4F/I2I3E/8263D,
L76V/887C/GL28T/KI36R/MISIN/LISSY/F176V, L76V/KI36N/MISIR/S160R/F17T6V/R274P/G2T5A,
L76V/KI36R/MIS1R/SI60R/F176V,

L76V/MISIR/SIGOR/FITOVIS263E/R2TAY, LT6V/MISIR/STGOR/FIT6V/R274P,
L76V/MISIR/SIGOR/FITOV/R2TAP/Y280L, and L76V/MISIT/SI60R/LIGSY/F176V/S240H,
[0144] In some embodiments, the proline hydroxylase variants of the present invention are fested under
HTP assay conditions set forth herein as “Condition €. These vanants include those having the
following substitutions or substitution sets (with the subsitutions listed relative to SEQ ID NO:4):
HAP/S3OR/CITUNGID/AG2G/LTOV/VITA/MISIR/SISOR/FITOVH2TIQ,
SIGAMCITVLTOV/MISIR/SI60R/FIT6V, S30E/C3TVLTOV/MIS IR/SI60R/FIT6V,
S3IGGACITVLTOV/MISIR/SIS0R/FI76V, S30N/CITHLT76V/MISIR/S160R/FI76V,
S30R/S3I3T/CITUNGID/AG2G/ATOV/VOTA/ATZOL/MISTR/STGOR/FITCY/HZTIQ,
S3O0R/S33T/C3TVAGZG/LTOV/VOTA/LTIOV/MISIR/S160R/FI76V/H2TI(,
S30R/S33T/C37/L76V/IVITA/LIIOV/MISIR/S160R/F176VY,
S3OR/S33T/CITHLTOV/MIESIR/SIGOR/FIT6V, S3OR/CITHRIOMLT6V/MISIR/STI6OR/FLIT6Y,
SIOR/CITU/KIOT/LTOV/MISIR/SIGOR/F 176V, S30R/CITI/QS2P/LT6V/MISIR/S160R/FIT6V,
SIOR/CITI/DSSEATOV/MISIR/SI60R/F176V, S30R/C3TYVIRT/LT6V/MISIR/SIGOR/FITEVY,
SIOR/C3TUNGID/AG2E/LTOV/VITA/LIIOV/MISIR/SI60R/F176VY,
SIOR/C3ITI/NGID/LTOV/VITA/MISIR/SI60R/F1T76V,
SIORACITI/NGID/LTOV/VITA/MISIR/SISOR/F1T6V/H2T I,
SIOR/C3TUNGID/LTOV/MISIR/SI60R/FITOV,
SIOR/C3TUNOID/AGZE/ALTOV/VOTA/MISIR/ST60R/FTT6V/H2Z 714,
S3OR/CITUNGID/AG2G/LTOV/VOTA/SIEP/MIS IR/SIOOR/F176V/H2T1Q,
SIOR/C3TINGID/AB2GATOV/VITAMISIR/SISOR/F176V,
SIGR/CITUNGID/AS2T/AToV/VOTA/LIIOV/MISIR/SISOR/F176V/HZTIG,
SIOR/C3ITI/NGID/AG2T/LTEV/VITA/MISIR/S160R/F176V/H2T1Q,
S3O0R/C3TVAG2EATOVAS4L/VOTA/LTIOV/MILSIR/SI60R/F1T6V,
S3OR/C3THVAS2EATOVINYTA/MISIR/ST6O0R/FLIT6Y,
SIOR/C3ITHVAGZE/ALTOVIVITA/MISIR/S160R/F176V/H271Q,
SIOR/C3ITH/AGZE/LTOV/MISIR/S160R/F176V,

SIOR/CITI/AGZG/LTEVIVITA/SORP/MIS IR/SINOR/F176V,
S30R/CITV/AG2G/LTSV/IVOTA/MISIR/SIGOR/FLITEV,
SIOR/CITI/AG2G/LTEV/IVITA/MISIR/SI60R/F176V/H271(Q,

e
O
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SIOR/CITV/AG2G/LTOV/MISIR/STGOR/FLTEV,
S30R/C3TVAG2R/TOV/VOTA/DI24EMISIR/SI60R/FIT6V,
S30R/C3TI/AG2R/LTOV/VOTA/MISIR/SIG0R/FLIT6V,
S3OR/C3TVAG2R/LTOV/VOTA/MISIR/SI60R/F1T6V/H271Q,
S3OR/CITHVAGIR/LTONV/MISIR/SI60R/FL76V,
S3OR/CITI/AG2T/LTOV/VITA/SISP/MISIR/SI60R/F176V,
S30R/C3TVAG2T/LTOV/VITA/LIIOV/MISIR/S160R/F176V/H271Q,
SIOR/CITVAG2T/LTOV/VOTA/MISIR/SIGOR/FITEV/HZTIG,
S3OR/CITVAS2T/LI6VMMISIR/SISOR/F1T6V, S30R/CITULTOV/AS4L/MIS IR/SIS0R/F170V,
S30T/C3TVLTOV/VISIVITAMISIR/STGOR/FLIT6V, S3OR/C3TVLT6V/VISYMISIR/SI60R/F1T6V,
S30R/C3TH/LTOV/VITA/SORP/MISIR/SIGOR/F176Y,
S3OR/CITI/LTOV/VITANLIIOV/MISIR/SI6OR/FITOV/HLT1Q,
SAGR/CITI/LTOV/VITAMISIR/SIGOR/FTITOV, S30R/C3THLT6V/VOTAMISIR/SI60R/FIT6V/H2T1Q,
S30R/C3TI/LTOV/SO8P/MISIR/SI60R/F1ITOV, S30R/CITI/LTOV/SIOTAMISIR/SI60R/FI76V,
S30R/C3TI/LTOV/STOTM/MIS IR/S160R/F176V, S30R/C3TYVLT6V/Y 109F/MISIR/SI60R/F176V,
SIOR/CITVLTOV/ELHAG/MISTR/ST60R/F176Y, S30R/AC3TVL76V/ETT4AN/MISIR/SIGOR/FLITAV,
SICR/CITILTOV/EIT4Q/MISIR/SI60R/F176Y, S30R/CITI/LT6V/E1TI4S/MISIR/S160RFTT6V,
S30R/C3TH/LT6V/ET 15G/MIS IR/S1I60R/F176V,

S30R/C3TH/LTOV/LIIOV/MIS IR/S160R/F176V, S30R/C37VL76V/AI30L/MISIR/ST6OR/FLT6Y,
SIOR/CITVLT6V/MISIR/S160C/FLTOY,

SIOR/CITV/LTOV/MISIG/S160R/F176V, S30R/CITI/LT6V/MIS IG/S160R/F1T76V,
S30R/C3TL/L76V/MISIR/SI60R/FITOV, S30R/C3TILTOV/MISIR/SI60R/F176V/H2T1Q,
SIOR/CITVLTOV/MISIR/STI60R/FI76V/V2TTE, S30R/CITYLTSV/MISIR/STIO0R/FITOV/V2TTM,
SIOR/CITVLTOV/MISIR/SI60R/FI76V/V2TTK, S30R/CITHLTOV/MISIR/ST6OR/F1TOV/IVZTTR,
S30R/CITIVOTAMISIR/STGOR/FLTOV,

S30R/CITUVOTA/MISTR/STOOR/FLTOV/VITTM, S30T/C3TILTOV/MISIR/SI60R/FI76V, and
S30V/C3THLTOV/MISIR/S160R/F176V.

[0145] In some embodiments, the proline hydroxylase vartants of the present tnvention are tested under
HTP assay conditions set forth herein as “Condition B.” These variants mclude those having the
following substitetions or substitution sets (with the subsitetions listed relative to SEQ ID NO:4):
S30R/C3TYDSSE/LTOV/MIESIR/SIGOR/F1I76V, S30R/C3TY/DS5S/LT6V/MIESIR/S160R/F176Y,
SIOR/CITUNVETANLTOV/MISIR/SIGOR/FIT6V, SIOR/CITUVITA/VITA/MISIR/SIOOR/F1T6V,
S3OR/C3TYVSTLATOV/MISIR/SI6OR/FIT6V, S3O0R/CITYVSTI/LT6V/MISIR/S160R/F176V,
S30R/C3TU/VIBC/LT6V/MISIR/SI60R/F176V, S30R/CITI/VS8H/LT6V/MISIR/S160R/F176V,
SICR/CITUVSRL/LTOV/MISIR/SI60R/FI76Y, S30R/C3TYVESN/LT6V/MIS IR/S160R/F176V,
SIOR/C3TYVIRT/LTEV/MISIR/S16OR/FLT6V, S30R/CITI/VARY/LT6V/MISIR/SI60R/F176V,
S3OR/CITH/LTOV/SIOTAMISIR/SIOOR/FITOV, S30R/CITVLTOV/S10TM/MISIR/STGOR/F1TOV,
S30R/C3TVLTOV/Y 109F/MI31R/S160R/F176V, S30R/CITVLT6V/EL15C/MISIR/S160R/F176V,

30



WO 2017/213758 PCT/US2017/028370

SIOR/CITI/LTSV/ETISG/MISTIR/ST60R/F176V, S30R/CITH/LT6V/MIS1IG/S160R/F1T6V,
S3OR/CITI/LTOV/MIS IR/ATS6S/S160R/FIT6V, S30R/C3TIALTOV/MISIR/SI60C/FLT6V,
S30R/ACITI/LTOV/MISIR/SI60R/Q166L/F176V, S30R/AC3ITI/LT6V/MISIR/SI60R/QI66V/FLIT6V,
SICRACITI/LTOV/MISIR/SIGOR/MIGRIF1IT76Y, S30R/C3TVLTOV/MISIR/SI60R/MIGBL/F1T6Y,
SICR/C3TI/LTOV/MISIR/STIGOR/MIGRR/FLT6Y, S30R/C3TVLTISV/MISIR/SI60R/F1TOV/V2TIE,
SICR/CITVLTOV/MISIR/STGOR/FITOVIVITTE, SI0R/C3TVLTGV/MISIR/SI60R/F1T6V/V2TTM,
S30R/CITVLTOV/MISIR/SIG0R/FIT6V/IVITTR, and L76V/MISIR/S1I60R/F176V/S30R/C3T/VSES.
{3146} In some cmbodiments, the proline hydroxylase variants of the present invention are tested under
HTP assay conditions sct forth herein as “Condition E.” These variants include those having the
following substitutions or substitution sets (with the subsitutions listed relative to SEQ D NO:604):
RION/ASTY/AG2E/LTOV/AQTV/ETI4S/H2TIR/E273T, R3ON/N6ID/AGZE/ETI4K/H2TIW/E2T73G,
RION/NGID/AG2D/ETI4R/HZTIW,

RION/NGITD/AS2E/ETTANH27IW, R3ON/N6ID/AGZE/ELTAN/H2TIW/EZT3T,
R3ON/NOID/AG2EEN4ASAH2TIW/E2T3T, R30ON/AG2DYET 14N/H271W/E2T3T,
R3ON/AG2D/E1T4SH27TW/E273T, R3ON/AG2ZD/H271IR, RION/AG2E/ETT4AN/H271W,
R3ON/AG2E/ETH4S/H2TIYW/E2T3T, R3ON/AS2E/E1145/E273G, and AG2IVET14S/H27T1W.

10147] In somc cmbodiments, the proline hydroxylase vanants of the present invention are tested under
HTP assay conditions st forth herein as “Condition F.7 These variants include those having the
following substitutions or substitution sets (with the subsitntions listed relative to SEQ ID NO:604):
SZAT/RION/AGZD/ETI4S/H2TIW/E2T3T, R26G/RION/AGZD/EIVAS/H2TIW/E2 73T,
RION/AGZLDYST2V/ELHAS/H2ZTIW/EZT3T, RAON/AGZD/TRIK/ETI4S/H27IW/E2T3T,
R3ON/AG2D/TRIR/ETIAS/H2TIW/E2T3T, RION/A62D/ETI4S/812TR/H27TW/E273T,
R3ON/AG2DVEI4S/S127TH2TIW/EZT3T, R3ON/AGZD/ET 148/ L1420Q/H27TIW/ER273T,
R3ON/AG2DVETI48/ATT3Y MH2TIW/E2T3T, R30N/AG2D/EL148/A175Q/M27IW/E2T3T,
R3ON/ASZD/EL4S/FIROM/MH2TIW/E2T3T, R3ON/AG2ZD/EL148/Q186R/MH2TIW/E273T,
RION/AGZD/ENAS/PIBTC/H2TIYW/E2ZT3T, RION/AGZD/ELH4S/VIZR/H27TW/E2T3T,
RION/AGZD/EN4S/TISOH/MHZTIW/EZTIT, R3ON/AG2D/E1145/T18SVH27TIW/E2T3T,
RAON/AGZD/ETHAS/RI9TL/HZTIW/EZT3T, R3ON/AGZD/ET 145/D192Q/HZTIW/E2T3T,
RION/AGZD/ENI4S/G207CH2TIW/E2T3T, R3ON/AGZD/ENH4S/G207TM/MH2TIW/EZT3T,
RION/AGZDVENTAS/G20TW/H27IW/E2T73T, R3ON/AG2EVET 148/G210MH27TIW/E273T,
R3ON/AGZD/EN145/82400Q/H271W/E273T, R3ON/AG2D/ET148/8240T/H27TTW/E2T3T,
R3ON/AG2D/ELIAS/S263D/MH27IW/E2T3T, and R3ON/AS2DV/ENI4S/H2TIW/E2T3T.

{0148] In some embodiments, the proline hydroxylase vanants of the present invention are tested under
HTP assay conditions set forth herein as “Condition 0.7 These variants include those having the
following substitutions or substitution sets (with the subsitutions listed relative to SEQ 1D NO:604):
E13K/EZTT/RION/AGZD TS 2R/CRGEM L 148/G20TW/A256R/8263D/H27IW/E273T,
EI13K/RION/AGZD/ETI4S/L1428/A175Q/F 1 80M/S263D/H2TEW/E2T3T,
ATAG/RION/AGZD/ELH4S/H2TITW/E273T,
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SZAT/RZ6A/RION/AG2DYST2E/T82K/BELIAS/GIZRA/ALT3Y/VI1T6D/1213L/8240T/H2TVW/EZT3T,
S2ZAT/RIGA/RION/AG2ZDY/ST2E/TE2K/EL1AS/GI28 A/F233Y /H2TYW/E2T3T,
S24T/RZ6A/RION/AGZD/ST2E/ET148/CISSN/AKI61P/TIRGA/H2TIW/EZT3T,
S2Z4T/RZ6A/RION/AGZD/ST2E/ET145/K161P/AIT3K/S240T/H27TTW/E2T3T,
S24T/R26A/RION/AGZD/STIE/ETIAS/KICIP/F233E/H2ZTIW/E273T,
SZAT/R2Z6A/RION/AG2D/STIY /BT 145/G 128 A/T1ROA/S240C/H2TIW/ELTIT,
SZ4T/RZOA/RION/AG2D/TE2K/ET 145/GI28A/K 161 P/ATT3Y/F180M/K I 98A /2131 /F233E/S40T/H271
W/E273T, S24T/R26A/RBUN/AG2D/TE2K/ET145/CI58N/K161P/F180M/F233E/H271IW/E273T,
S24T/R2Z6A/RION/AS2DVET 14S/GI28AJATTIK/TI89A/S225A/F233E/H2TIW/E2T3T,
S24T/RZ6A/RION/AGZIDVEL 145/GI28A/FIS0M/G20TK/H2ZTIW/E2T3T,
S24T/R2Z6A/RION/AGZEVEI 14S/ATT3Y/H2TYW/EZT3T,

SZ4T/R26A/RION/AGZD/ET 145/CI58N/T18GA/DI92A/R225A/H2TIW/E2T3T,
SZAT/R26A/RION/AG2D/ET 48/ TIROAMZTIW/E2T3T,
S24T/R26G/RION/AG2DY/ST2E/TE2K/ET145/GIZEA/CISEN/KI6IP/T189A/S240T/M24 1C/H2TIW/E2T
3T, S24T/R26G/R30N/AGZIYVST2E/ET14S5/C158N/ALT3K/IZ13L/F233Y/H2TIW/E2T3T,
S24T/R3ON/AGZD/ETT48/C158N/KI61P/VITODVEF233E/H27TIW/E273T,
SZAT/R3ON/AG2D/ETT4S/ATT3K/MH2TIW/E2T3T,
S24T/R3ON/AGZD/ET145/T189H/D192W/H2TIW/E273T,
R26A/RION/AGZED/ST2E/TE2K/ETI4S/ATT3Y/DI92 A/S240T/H2TIW/E273T,
R26A/MRION/AG2IYST2E/ET145/G128A/CISEN/KIORA/H2TIW/ERT3T,
RZEA/RION/AGZDY/STIE/ET4S/CISSN/KIGIF/DIOZPH2TIW/EZT3T,
R26A/RION/AG2D/STZE/ET145/C158N/DI92P/S240T/M24 1C/AH2TIW/EZT3T,
R2Z6A/RION/AG2D/ST2E/ET145/K161P/S225A/H2TIW/EZT3T,
R2Z6A/RION/AG2DY/ST2E/ET145/K161P/H27IW/E2T3T,
RIGAMION/AGZDY/ST2E/ELI4S/ALT3Y/FISOM/H2TIW/E2T3T,

R26AMI0OMN/AGZIYTEZK/EL IAS/CISEN/KIGIP/HITIW/EZT3T,
R2Z6A/RION/AGZD/TRIK/ET145/F233Y/HZTYW/EZT3T,
R26A/R3ON/AGZIVELIAS/K161P/TISOA/DIVIP/F233E/8240T/H27IW/E2T3T,
R26A/R3ON/AGZD/EIT4AS/ATT3Y/VIT6D/FISOM/TISOA/DIOZP/S225A/M241C/HZTIW/EZT3T,
R26(G/RION/AG2D/ST2E/ET145/CI38N/ATT3K/TIR9A/F233E/H2TIW/E273T,
R26G/R30GN/AG2D/ST2Y/EL14S/CISSN/H27TIW/EZT3T,
R2Z6G/R3ON/AS2D/TE2K/ELI4S/G123A/K 161 P/F180OM/K 198 A/H2T IW/EZT3T,
R26G/R30OMN/AGZDY/TE2K/ELI4S/KI6TP/ALT3Y/FIROM/DIO2A/F233E/H2TIW/ELT3T,
R26G/RICN/AGZIYTEZK/ET I4S/H27TW/E2T3T,
E27TT/R3ON/AGZIVTS2R/BEI145/G128F/D192Q/AZ56R/MH2TIW/E2T3T,
E27TT/R3ON/AG2IVTR2R/ET145/1.1425/D192Q/S263D/MH27YW/E2T73T,
E2TT/R3GN/AG2D/TRZR/ETIAS/ATTSQ/DI92Q/H2TIW/E2T3T,
E27TT/RION/AGZD/TR2R/ET14S/F130M/DIO2(/H2TIW/E273T,

j98
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E27TT/R3ON/ASZIVEIAS/G20TW/AZ365/5263D/H27IW/EZT3T,
E2TT/R3ON/AGZIVELAS/G207TW/S240R/S263D/H2TIW/E2LT3T,
E27TT/R3ON/AGZIVET1AS/A256RMZTIW/EZT3T, E27TT/RION/AGZD/ELI4S/5263D/H27IW/E273T,
R3ON/AGZD/ST2E/TE2ZK/ET145/A1T3K/FI80M/G20TR/A213L/5225A/F233E/MH27TIW/E2T3T,

RION/AGID/ST2E/TRIK/ET145/1213L/F233E/H27TIW/E2T3T,
RION/AGZD/STZE/ETIAS/CIS8N/H2TIW/ELT3T,
R3ON/AG2ZD/ST2E/ET145/A173Y/T18BA/F233EA27IW/E2T3T,
R30ON/AGZD/STZV/EL148/Q186G/MI931/H27TW/EZT3T,
R3ON/AG2ZD/RTZV/ELT4S/S2400Q/H2TIW/E2T3T, R3ON/AG2D/NTTL/ET14S8/H2TIW/E2T3T,
R3ON/AG2D/ESIV/ELAS/H2TIW/EZT3T, RION/AGZD/TE2K/EL 148/ G128AMI3L/MH27IW/E2T3T,
R3ON/AGZD/THZR/ACESE/ENIAS/RISIL/DIO2/S263D/H2TIW/E2 73T,

RION/AGZE/TRIR/ELIAS/GIZ8F/S263D/H2TIW/ELT3T,
RION/AGZD/TRIR/ELIAS/GIZ2EN/H2TIW/E2T3T,
R3ON/AGZD/TRZR/ETI4S/L1428/ATT75Q/F180M/G2Z0TWIAZS6R/MH2ZTIW/EZT3T,
R3ON/AGZD/TRZR/ETI4S/ATTSQ/FI80M/C238T/S240R/S263D/H2TIW/E2T3T,
R3ON/ASZD/TEZR/EL145/G20TW/AZS6R/S263IVH2ZTIW/EZT3T,
R3ON/AG2D/TE2R/ENVAS/G20TW/S263D/M27IW/EZTIE,
R3ION/AGZD/CBOE/E1145/G207W/S263D/M27IW/EZT3T, R3ION/A62D/RIBH/ET145/H271W/E273T,
RION/AGZD/ETI4S/S12TR/KISIG/EISSV/H2TIW/EZT3T,

RION/AGZE/EI4S/S12TR/KIGIG/V ISR/ TISOP/H27IW/ER2T3T,
RION/AGZIVELI4S/S127T/S240Q/H2TIW/EZT3T,
R30ON/AG2D/E1145/G128F/L142Q/R191L/D192¢Qy/8263D/H27IW/E2 73T,
R3ON/AGZD/ETI4AS/GI28K/L1425/A256R/8263/H2TIW/EZT3T,
RION/AGZD/ETI4S/GI28S/H2TIW/E273T, R3ON/AG2D/ET145/L142G/H27TW/E273T,
R3ON/AGZD/ELI4S/LI42Q/8263D/H2TIWI/ERT3T,

R3ON/AGZD/ELIAS/CISEN/ATTIY/AZ IBL/H27IW/EZT3T, RION/AGZD/ENIAS/CISSNA2TIW/E2ZT3T,
R3ON/AGZD/EIMS/KIGIG/EIRSY/VIZBYTISOH/H27TIW/E273T,

RION/AGZD/ELIAS/KI6IG/EIRSV/TIROHM2TIW/E2T3T,
R3ION/AGZD/ETI4S/KIGTG/TIROH/MHITIW/E2T3T, RION/AGZD/ET145/P163EH27IW/E273T,
RION/AG2D/ETI48/A173Y /FISOM/H27IW/E273T, R3ON/AG2D/ET 148/A173Y/8263G/H27TTW/E2T3T,
R3ON/AGZD/ELIAS/ATT3Y/H2TIW/E2T3T, R30N/AGZDVEI145/VIToK/PI8TH/S263G/H2TIW/EZT3T,
R3ON/AG2ZD/ELIAS/VITOK/PI8TH/HZTIW/EZT3T,
R30ON/AG2ZD/ELIAS/ETT8R/V184L/Q186G/HITIW/E2T3T,

R3ON/AGZD/ELI4S/VIB4AL/Q 186G/ T180/G207TR/H27TIW/E2T3T,
R3ON/AGZD/ELI4S/VIS4L/Q 186G/ T1891/5240Q/H271W/E2T73T,

RION/AGZD/ETI4S/VIBAL/AQI8GR/G20TM/HITIW/EZTIT,

RAON/AGZDVENIAS/VIR4L/TINOVGZOTE/H2TIW/E2T3T,
R3ON/AGZD/EII4S/VIBAL/ T8OV G207TM/H27TIW/E2T3T,

W)
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R3ION/AG2D/ELIAS/VIS4L/GROTR/AHITIW/EZT3T,
RION/AGZD/EI4S/VIB4L/G2IOM/S240Q/H27TIW/E2T3T,
R3ON/AGZD/EI14S/Q186G/T189V/G20TR/H27TW/E2T3T,
RION/AGZD/EI145/Q 186G/ T18SY8240/H271W/E2T3T,
RION/AGZD/EI145/QISCR/TI8OUGIOTRMH2TIW/ELTIT,
RION/AGZIVETI45/3186R/T189T/S240/H27TTW/E2 73T,
R3ON/AG2D/E1148/Q186R/TIRSVH2TIW/E273T, R30N/AG2D/E1145/Q186R/G20TM/MH2TIW/E273T,
R3ON/AG2D/ETI4S/QISOR/G20TR/H27TIW/E2T3T, RION/AGZDVEI145/Q186R/MH27IW/EZT3T,
R3ON/AG2D/EIAS/PIRTH/S263G/R2TIW/EZT3T,
R3ON/AGZD/EI4S/PIRTHAH27IW/E2T3T, R3ION/AG2D/ET 14S/TIB9A/E2T3A,
RION/AGZD/EI4S/TI8OY/S240/H27IW/E2T3T, R3ON/AG2D/EL14S/T189V/H2TIW/E2T3T,
RAON/AGZD/EIT4S/RISTL/D192GG207TW/S263D/H2TIW/E2T3T,
RION/AGZD/ETIAS/DIO2Q/M2TIW/EZT3T, R3ION/AG2D/EL 148/ GSA/H2TIW/E2T3T,
R3ON/AGZD/E1145/D195G/H2TIW/E2T3T, R3GN/AG2D/ET145/L200A/MH27IW/E2T73T,
R3ON/AGZD/E1145/G20TR/H27IW/E2T73T, R30N/A62D/ET145/L209E/MH27TTW/E2T3T,
R3ON/AGZD/ETI4S/L209G/H27IW/E273T, R3ION/A6ZD/E1145/G210M/S240Q/H27TIW/E273T,
R3ON/AGZD/EIAS/F2UISH2TIW/E2T3T, RION/AGZDVELM4S/A213G/H2TIW/E273T,
RION/AGZD/EI4S/M21I3L/F233EM27TW/EZT3T, R30N/AGZD/ET14S/1213R/H271W/E2T3T,
RION/AGZD/ETI4S/M2I5V/H2TIW/E2T3T, R3ON/AGZD/EN4S/EZVTG/H2TIW/E2T3E,
RION/AGZD/EI45/A218C/H27IW/E2T3T, RION/AGZI/EI 145/A218G/H2TIW/EZT3T,
RION/AGZIVETI4S/E222Q/H2TIW/E2T3T, R3ON/AG2ZD/EL14S/L230E/H2TIW/E2T3T,
RION/AGZD/ELNI48/C238GH2TIW/E2 73T, RION/AG2D/ET 148/C2385/H27IW/E273T,
R3ON/AGZD/ETI4S/S240/H27IW/E2ZT3T, R3ION/AG2ZD/EL145/5240Q/8263G/H27TIW/E273T,
R3ON/AGZD/ETI48/82400Q/H27TW/E273T, R3ON/AO2ZD/E1 145/ M241IVH2T IW/E2T73T,
RION/ASZD/ENAS/M24IVARTIW/E2TIT, R30ON/AG2D/ETI4S/E259G/H2T IW/H2T3T,
RION/AGZD/EII4S/8263GH27TIW/EZT3T, R3ION/AGZIVET148/E265C/H2TIW/EZT3T, and
RAON/AGZD/EII4AS/EZOSV/HZTIW/E2TIT.
[0149] In some embodiments, the proline hydroxylase vartants of the present invention are tested under
HTP assay conditions set forth herein as “Condition H.” These variants mclude those having the
following substitetions (with the subsitutions listed relative to SEQ ID NO:810}): §33G, 533H, 833K,
833, 833W, W40Q, W40T, VO5L, A156F, A1365, and A156V.
[0150] In some embodiments, the proline hydroxylase variants of the present invention are tested under
SFP assay conditions set forth herein as “Condition 1.7 These vanants inclode those having the following
substitutions or substitution sets (with the subsitutions listed relative to SEQ 1D NG:4):
RIGA/SION/CITUVSTA/AGLZD/TRZK/VITA/EL 4S/MISTR/CISEN/STG0R/KIG I P/FL7T6V/H2TIW/E2T3
T: S3ON/CITUYVSTA/AG2DIVOTATENTAS/ MBI R/SI60R/FITOV/H2ZTIW/E2T3T,
S3OR/CITUVSTA/VITAMISIR/STGOR/FIT6V, S30R/C3TIVLT6V/MISIR/SI60R/FIT6V,
S30R/C3TUVOTA/MISIR/SIS0R/F176V, and MISIR/FI76V.
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[0151] In some embodiments, the proline hydroxylase varants of the present invention are tested under
DSP assay conditions set forth herein as “Condition J.” These variants include those having the following
substitutions or substitution sets (with the subsitations listed relative to SEQ 1D NG:4):
R26A/SION/CITUVITA/AGZDY/ TEZK/VOTA/E14S/MISTR/CISEN/S160RVK 161 P/F17T6V/H2TIW/E2T3
T, S30N/C3TUVSTA/AG2D/VITA/EL 14S/M IS IR/S160R/FIT6V/H2ZTIW/E273T,
S3OR/CITUVSTAVITAMISIR/SI6OR/F176V: S30R/CITHVLTOV/MISIR/ST60R/F 176V,
S30R/C3TU/VOTA/MISIR/SIS0R/FIT6V, and MISIR/F176V.

{3152} In some cmbodiments, the proline hydroxylase variants of the present invention are tested under
DSP assay conditions set forth herein as “Condition K.” These variants include those having the
following substitutions or substitution sets (with the subsitutions listed relative to SEQ D NO:4):
R26A/SION/CITUVITA/AGZDYTE2EK/VOTA/ET 4S8/ MISIR/CIS8N/S160R/KIS 1 P/F1T6V/H2TIW/E2TS
T, S3ON/C3TUVSTA/AGZD/NV OTA/ELT4S/MIS IR/ST6OR/FITOV/HZTIW/EZT3T,
S3OR/CITUVSTAVITAMISIR/STGOR/F176V, S30R/C3TVLT6V/MISIR/SI60R/FIT6V,
S30R/C3TI/VOTA/MISIR/SI6OR/F1T6V, and MISIR/F176V.

{3153} In some embodiments, the proline hydroxylase vanants of the present invention are tested under
DSP assay conditions sct forth herein as “Condition L. These vanants include those having the
following substitutions or substitution sets (with the subsitutions listed relative to SEQ ID NO:4):
RI6A/SION/CITUVSTA/AGZIYTE2K/VITA/ENTAS/MISIR/CISEN/S160R/KI61 P/F176V/H2TIW/E2T3
T, S3ON/CITUV3TA/AGZD/VITA/EL 145/ MIS TR/ST60R/F176V/H2ZTIW/E2ZT3T,
SIOR/CITUVSTA/NVOTAMISIR/ST6OR/FIT6Y, S30R/CITVLTOV/MISIR/S1I60R/FITEV,
S3OR/CITI/VOTA/MISIR/SISOR/F1TOV, and MISTR/FIT6V.

[#154] In some embodiments, the specific enzyme propertics associated with the residues differences as
compared to SEQ ID NO:4, 604, and/or 810 at the residue positions indicated herein include, among
others, enzyme activity, regioselectivity, polypeptide expression, and substrate tolerance. Improvements
in enzyme activity and substrate tolerance are associated with residue differences at residue positions
mdicated m the Examples heremn. Improvements m regioselectivity are associated with residue
differences at residue positions indicated m the Examples herein. In some embodiments, improvements in
polypeptide expression arc provided herein. Acccordingly, the residue differences at these residue
positions can be used individually or in various combinations to produce engmeered proline hydroxylase
polypeptides having the desired improved properties, including, among others, enzyme activity,
regioselectivity, stereoselectivity, and substrate tolerance. Other residue differences affecting polypeptide
expression can be used to increase expression of the engincered proline hydroxylase.

{0155] In hight of the guidance provided herein, 1t 13 further contemplated that any of the exemplary
engineered polypeptides comprising the even-numbered sequences of SEQ ID NOS: 4-1004 find use as
the starting aming acid sequence for synthesizing other engineered proline hydroxylase polypeptides, for
example by subsequent rounds of evolution that incorporate new combinations of various amine acid
differences from other polvpeptides in Tables 41,42, 43, 44,45 46,47 48,51,6.1,62 andlor 6.3,

and other residue positions described herein. Further improvements may be generated by incloding amino
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acid differences at residue posttions that had been maintained as unchanged throughout earlier rounds of
evolution,

[8156] In some embodiments, the enginecred polypeptide having proline hydroxylase activity comprises
an amino acid sequence haviag at least 80%, 85%, 86%, 87%, 88%, #9%, 90%, 91%, 92%, 93%, %4%,
95%, 96%, 97%, 98%, 99% or more scquence identity to reference scquence SEQ 1D NO:4 and one or
more residue differences as compared to SEQ 1B NO:4 at residue positions selected from: 2, 4, 8, 10, 15,
26, 30,33, 36, 37,39, 42, 43, 44, 45_ 48, 50,52, 55, 56,57, 58, 61, 62, 63,71, 76,77, 81, 82, 87, 88, 92,
94,95, 97,98, 101, 107, 109, 114, 115, 119, 121, 124, 128, 130, 131, 132, 134, 136, 145, 151, 153, 136,
158, 160, 161, 165, 166, 168, 173, 176, 178, 180, 184, 194, 213, 230, 237, 240, 256, 263. 266, 269. 270,
271,273,274, 275, and 250,

[8157] In some embodiments, the enginecred polvpeptide having proline hydroxylase activity comprises
an amino acid sequence baving at least 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99% o1 more sequence identity to reference sequence SEQ ID N(G:604 and one or
more residue differences as compared to SEQ ID NO:604 at residue positions selected from: 13, 14, 24,
26,27,30,57,61,62,72, 76,77, 81, 82,86, 88, 97, 114, 127, 12§, 142, 158, 161, 163, 173, 175, 176,
174, 180, 184, 185, 186, 187, 188, 189, 191 192,195 198,200, 207,209, 210,211, 213, 215,217, 218,
222,225,230, 233,236, 238, 240, 241, 256, 259, 263, 265,271, and 273,

[8158] Accordingly, in some embodiments, the engineered polypeptide having proline hydroxylase
activity comprises an anuno acid sequence having at least 80%, 85%. 86%, 87%, 88%. 89%, 90%, 91%,
929, 93%, 94%, 95%. 96%. 97%, 98%, 99% or more scquence identity to reference scquence SEQ 1D
NG:810 and ong or more residuc differences as compared to SEQ 1D NO:8 10 at residue positions selected
from: 33, 40, 95, and 156.

[0159] In some embodiments, the engieered polypeptide having proline hydroxylase activity with
improved propertics as compared to SEQ 1D NO:4, 604, and/or 810 comprises an amino acid sequence
having at least 809, 85%, 865, 879%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99% or more deniity to SEQ I NG:4, and one or more residue differences as compared to SEQ ID NG:4
at residue positions selected from 2, 4, 8, 10, 15,26, 30, 33,36, 37,39, 42, 43, 44, 45, 48, 50, 52, 55, 56,
57,58, 61,62, 63, 71,76, 77,81, 82, 87. 88,92, 94, 95, 97. 98, 101, 107, 109, 114, 115, 119, 121, 124,
128, 130, 131, 132, 134, 136, 145, 151, 153, 156, 158, 160, 161, 165, 166, 168, 173, 176, 178, 180, 184,
194, 213,230, 237, 240, 236 263, 266, 269, 270, 271, 273, 274,275, and 280. In some embodiments, the
engincered polvpeptide having proline bydroxyvlase activity with improved properties as compared to SEQ
1D NOS:4, 604, and/or 210, comprises an amino acid sequence having at least 80%, 85%. 86%, 87%,
88%, §9%, 90%, 91%, 929, 93%, 94%, 959%, 96%, 97%, 98%, 99% or more identity to SEQ ID NO 4
and one or more residue differences selected from 2E, 2F, 2H, 21, 2N, 4P, 80, 10N, 15C, 26A, 30A, 30E,
30G, 30N, 30R, 30T, 30V. 33T, 36T, 371, 37L, 39P, 30R. 39T, 428, 43A, 44M, 44P_ 45C, 481, 504, 508,
52P, 55, 358, 56R, 57A, 571, 57L, 57T, 58C, 58H, 581, 58M, 58N, 58S, 58T, 58Y, 61D, 62C. 62D, 62E.
62F. 62G, 62R, 62T, 63F, 63H, 631, 63L, 63V, 71C, 7IL 71V, 76V, 77Y, 81C, 811, 827K, 87C, 87F, 87L,
S7P. 87V, 87W, 87Y, 88V, 88W, 92C, 94L_ 951 97A, 971 98P, 101G, 107A, 107M, 109F, 114G, 114H,
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114K, T14N, 1140, 114R, 1148, T18C, 115G, 1159, 1150, 1194, 119V, 1210, 124C, 124E, 1244,
124N, 128A, 128E, 128H, 1287, 128Y, 130F, 1301, 131H, 1328, 1343, 136N, 136R, 145C, 151G,
151H, 151K, 151N, 1514, 151R, 1517, 153G, 1565, 156V, 138N, 160C, 160E, 160R, 161P, 165F, 165Y,
1661, 166M, 166V, 1681 168L, 168R, 173R, 176V, 178(, 180Y, 184F, 1941, 213E, 237A, 237C, 237K,
2378, 2377, 240H, 256D, 263D, 263E, 2660, L2691, 270K, 270R, 270V, 271Q, 271W, 27371, 273V,
274A, 274E, 2741, 274P, 2740Q, 274Y, 275A, 277E, 277K, 2770, 277R, 280F, and 280L (relative to SEQ
D NO:4). In some embodiments, the engineered polypeptide having proline hydroxylase activity with
mmproved propertics as compared to SEQ 1D NOS:4, 604, and 810, comprises an amino acid sequence
having at least 80%, 83%, 86%, §7%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99% or more wdentity to SEQ ID NG:4 and one or more residue differences selected from S2E, 82F, S2H,
S21 82N, H4P, K8, K10N, R15C, RZ6A, S30A S30E, 830G, S30N, S30R, 830T, 830V, §33T, A36T,
C371, C37L1, K39P, K39R, K397, 1425, C434A, V44M, V44P, LASC, R481, GS0A, G308, Q52P8, D5SE,
D558, 136R, VSTA, V571, V7L, V57T, V58C, V38H, V38L, V38M, V38N, V388, V38T, V38Y, N61D,
A62C AGZD, AG2E, AGZF, A62(, AGZR, A62T, PO3F, P63H, Po31, P63L, P63V, K71C, K711, K71V,
L76F, L76V, NTTY, E§1C, E&1L, T82ZK, SB7C, S87F, S&7L, S87TP, S87V, S87TW, S87Y, R838V, R38W,
WO2C, 1941, VOS5I, YOTA, VOTL, S98P, A101G, SI07TA, S107M, Y109F, E114G, E114H, E114K,
ELI4N, E114Q, B4R, ETI4S, EVISC ETISG, ELISP, EVISQ, L1VA, L1119V, L121M, DI24C,
DI124E, D124H, D124N, G128A, GI128E, G128H, GI28T, G128Y, A130F, A130L, N131H, T132S,
E1340Q, K136N, K136R, 1145C, M151G, M15TH, MISIK, MISIN, M151Q, MI51R, MI51T, P133G,
AL1565, CIS8N, A1S6V, 5160C, S160E, S160R, K161P, L165F, L165Y, (31661, Q166M, Q166V,
M1681, MI168L, M168R, AIT3R, F176V, E178C, FIBOY, VI84F, V1941, I213E, D237A, D237(,
D237K, D2375, D237T, S240H, A256D, 5263D, 8263E, R2664), L2691, G270K, G270R, G270V,
H271Q, H271W, E273T, E273V, R274A, R274E, R274L, R274P, R274Q, R274Y, G275A, V2T7E,
V277K, V277, V277R, Y280F, and Y280L (relative to SEQ ID NO:4).

[6168] In some embodiments, the engimeered polypeptide having proline hvdroxvlase activity with
mnproved properties as compared to SEQ 1D NOS:4, 604, and/or 810, comprises an amino acid ssguenes
having at least 80%, 85%, 86%, 87%, 88%, 89%, 90%, 1%, 92%, 93%, 94%. 95%, 96%, 97%. 938%,
99% or more idendty to SEQ 1D NG:604 and one or more residue differences at residue positions selected
from: 13, 14, 24, 26,27 30, 57,61, 62,72,76,77, 81,82, 86, 88,97, 114, 127, 128, 142, 158, 161, {63,
173,175, 176, 178, 180, 184, 185, 186, 187, 188 189 191 192 195, 198200, 207, 209, 210,211,213,
215,217,218,222, 225,230,233, 236, 238, 240, 241, 256,259,263, 265, 271, and 273, In some
embodiments, the enginecred polypeptide having proline hvdroxylase activity with improved propertics as
compared to SEQ 1D NOS:4, 604, and/or 810, comprises an amino acid sequence having at least 0%,
85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 39% or more identity to
SEQ 1D NO:604 and one or more residue differences selected from: 13K, 146G, 24T, 26A. 260G, 27T, 30N,
610, 62D, 62E, T2E. 72V, 7XY, 76V, 771, 81V, 82K, 82K, 86K, 97V, 114K, 114N, 1148, 127R, 1271,
128A, 128F, 128K, 128N, 1288, 142G, 142, 1428, I38N, 161G, 161P, 163E, 173K, 173Y, 175Q, 176D,
176K, 178R, 180M, 1841, 185V 186G, 186R, 187C, 187H, 1881, 189A, 189H, 189 189P, 189V, 191L,
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1974, 192P. 192Q, 192W, 1931, 1954, 195G, 198A, 2004, 207C, 207K, 207M, 207R, 207W, 209E,
209G, 210M, 2118, 213G, 213L, 213R, 215V, 217G, 218C, 218G, 222Q, 225A, 230E, 233E, 233,
2368, 238G, 2388, 238T, 240C, 2401, 240Q, 240R, 240T, 241C, 2411, 241L, 241V, 256R, 259G, 263D,
263G, 265C, 265V, 271R, 271W. 273G, and 273T (relative to SEQ 1D NO:604). In some embodiments,
the engincered polypeptide having proline hydroxylase activity with improved propertics as compared to
SEQ D NOS:4, 604, and/or §10, comprises an amino acid sequence having at least 80%, §5%, 86%,
87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more identity to SEQ ID
NO:604 and one or more residue differences selected from E13K, A14G, 824T, R26A, R26G, E27T,
R30ON, ASTV, N6ID, AG2D, AG2E, ST2E, 872V, 872Y, L76V, N77L, ES1V, TE2K, T82ZR, C8GE, RE8H,
A97V, E114K, E114N, B114S. S127R, S127T, G128A, G128F. G128K, G128N, G125S, L142G, L1420,
L1428, C158N, KI61G. K161P, PI63E, A173K, A173Y, A175Q. V176D, V176K, E178R, F180M,
V1isdl, E185V, Q186G, QIs6R, P137C, PIRTH, VISRE T189A, T189H, TIRGL Ti89P, TIROV, RIVIL,
D924, D192Q, D192P, DI192W, M1931 D195A, D19SG, KI98A, L200A, G207C, G207K, G207M,
G207R, G207W, L209E, L.209G, G210M, F2118, 1213G, 12131, R13R, 1215V, E217G, A218C, AZ18G,
E222Q3, 82254, L230E, F233E, F233Y, C238G, 2388, C238T A2368, 5240C, S240f, 5240Q, S240R,
S2407, M241C, M24 11, M2411L, M241V, A236R, E259G, S263D, 8263, E265(, E265V, H27IR
H271W, E273A, B273G, E2737 (relative to SEQ 1D NO:604). In some emboduments, the engincered
proline hydroxylase polvpeptide comprises an aming acid sequence having at least a combination of
residues differences as compared to SEQ 1D NO:604 selected from:
E13K/EZTT/RION/AGZD/TS2R/CROGE/E L 148/G207TW/AZS6R/SZOID/H2TIW/E2T3T,
E13K/R3ON/AGZD/ET14S/L1428/A175Q/FI8OM/S263D/H2TIW/E2T3T,

AT4G/RION/AGZD/EI T4S/H2TIW/E273T,
S24T/R26A/RION/AG2DYRT2E/TE2K/ETI4S/GI28A/ALT3Y/VIT6 /2 13L/S240T/H2 TYW/ERZT3T,
SZ4T/R2Z6A/RION/AG2D/STIE/TE2K/E1145/G128A/F233Y/H27IW/E2T3T,
S24T/RI6A/RION/AG2DY/ST2EARELI4S/CISEN/K 16T P/TISOAM2TIW/E2TST,
S2AT/RIGA/RION/AGZDYST2E/ENI48/K 161 P/ATT3K/S240T/H2TIW/E273T,
SZ4T/RZ6A/R3ON/AGZD/ST2E/ET 148/K 161 P/F233E/H27TW/EZT3T,

SZAT/R26A/RION/AGZD/STIY /ET145/GI28A/TIRVA/S240CH2ZTIW/EZT3T,
SI4T/R26A/RION/AGZD/ TRZK/EN148/GI28A/KI6TP/ATT3Y/FISOM/KIORAM2 I3L/F233E/S240T/H27
TW/E273T, S24T/R26A/RION/AGZTVTR2K/ET 1AS/CISEN/K 16T P/FIROM/F233E/H27TIW/E2T73T,
SZ4T/RZOA/RBON/AG2D/ET14S5/GI28A/ATT3K/TIROA/S225A/F233E/H2TIW/E2T3T,
SZ4T/RIGARZON/AS2D/ET14S/G 1 28 A/FI8OMY/GROTK/H2TIW/E2T3T,
S24T/R26A/RION/AG2DVEN4S/CISEN/TISSA/DIO2A/S225 A/H2TYW/EZT3T,

S24T/R26 A/RION/AGZIVETLI4S/ATT3Y/H2TYW/E2T3T,

SZ4T/R2Z6A/RION/AGZDVET 148/ T189A/H2TIW/E2T3T,
SZAT/R26G/RION/AGZD/STIE/TR2K/ET145/GI28A/CISEN/KIGIP/TIROA/S240T/M241C/H2TIW/E2T
3T, S24T/R26G/ARION/AGZDYST2E/BETIAS/CISEN/ATVT3K/2 I3L/F233Y/H27TVW/E2 73T,
SZ4T/RION/AG2DVET 145/C158N/KI6IP/VIT6DVF233E/MH27TIW/E273T,
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SZAT/R3ON/AG2D/EL IAS/ALT3K/MH2TIW/ELT3T,
SZAT/RION/AOG2D/EL AS/TIROH/DI02W/H2TIW/E2T3T, S24T/R30N/AG2D/EHAS/H2TVW/E2T3T,
R26A/MRION/AGZIYST2E/TE2R/ELI48/AT73Y/DI92A/5240T/H27TIW/E2T3T,
R26A/R3CN/AGZI/ST2E/ET148/G128A/CISEN/KIGRA/H27IW/E2T3T,
R26A/RION/AGZD/STIE/ETAS/CISRN/K IS 1P/DI92P/H2TIW/E2T3T,
R26A/RION/AGZD/STIE/ELIAS/CLI3RN/DIO2ZP/S240T/M241CARTIW/ERTST,
RZ6A/RION/AG2D/STIE/ET H4S5/KI61P/S225AMH2ZTIW/EZT3T,
RZ6A/RBCN/AGZD/ST2E/ET145/K161PH27TIW/E2T3T,
RZ6ABION/ASZD/ST2E/EL145/A173Y/FLEOM/H2TYW/E2T3T,
RZ6AMIOMN/AGZDYTE2E/ELI4S/CISEN/KIG I P/HITIW/EZTIT,
R2Z6A/MRICN/AGZIYTRZE/ET148/F233Y/H2TIW/E273T,
R26A/RION/AGZD/EIT4S/ K161 P/TIROA/DIO2ZP/F233E/8240T/H27IW/E2T3T,
R26A/RIGN/AGZD/EIT4AS/ATT3Y/VITOD/FISOM/TIROA/DIOZP/S225A/M241C/HZTIW/E2TT,
R26G/R30N/AG2D/STZE/ET145/CI58N/ATT3R/T189A/F233E/H2TIW/E273T,
R26G/R30N/AG2D/ST2Y/ETT4S/C1S8N/H2TIW/E2Z73T,
R2Z6G/RION/AG2DY TE2K/E1145/K161P/AT73Y/FI180M/D 192 A/FZ33E/H27TIW/E2T3T,
RZ6G/RION/AG2EY TE2K/EL14S/G128A/K161 P/F18OM/KI98A/R27T IW/E2T3T,
R26G/R3ION/AGZEYTEZK/EL14S/H2TIW/E2T3T, R26G/R30N/ASGZIVE] 145/H2TIW/E2T3T,
E27TT/R3ON/AGZD/T82R/ET 145/GI28F/D192QY/A256R/H2TIW/H2T3T,
E27TT/RION/AGZD/T82R/ET145/L1425/D192Q/8263 D/H27TYW/EZ T3,
E27T/R3ON/AGZD/T2R/AETI4S/ATTSQ/D92Q/MH2TIW/E2T3T,
E27TT/R30N/AGZD/TE2R/ET148/F180M/DI92Q/H2TIW/E2 73T,
E27T/RION/AG2D/ET 45 /G20TW/AZ365/5263 DV H27TIW/EZT3T,
E27T/RION/AG2D/EN45/G20TW/S240R/5263 D/H2TIW/ER2T3T,
E2TT/RION/AGZDVENAS/A256RMH27TIW/E2TIT, E2TT/RION/AGZD/EN14S5/S263D/H2TIW/E2T3T,
R3ON/ASTV/AGIE/LTOV/AGTV/ELIASH2TIR/E2T3T, R3ON/NGID/AGZIVEL I4S/H271W,
R3ON/N6ID/AGZE/ETHAK/H2TIW/E2ZT3G, R3ON/N6ID/AGZE/ELTANH2TIW,
RION/NOED/AG2E/ET HANMH2TIW/E273T, R30N/N61ID/AGZE/EL145/H27EW/E2T3T,
RION/AGZD/STZE/TR2ZK/ET 145/A I T3K/F180M/G20TRA213L/822SA/F233E/H2TIW/E2T3T,
RAON/AG2DYST2E/TS2K/ET14S/I213L/F233E/H2TIW/E2T3T,
R3ON/AGZD/STZE/ETIAS/C158N/H2ZTIW/EZT3T,
R3ON/AG2D/RTZE/ELIAS/ALT3Y/T189A/F233E/H2TIW/E2T3T,
R3ON/AG2ZD/STZV/EIT4AS/QI86G/MIS3I/H2TIW/E2T3T,
RAON/AGZD/ST2V/EL1AR/S2400/H27TIW/E273T, R3ON/AGZD/MNTTL/ENVIAS/H2TIW/E2TRT,
RAON/AGZD/TRZK/ETI4S/GI28A/M2 I3L/HZTIW/E273T, R30N/AG2D/T82K/ET145/H27TW/EZT3T,
RION/AGZD/TRIR/ELIAS/GI28E/8263D/H27TW/E273T,
RAON/AGZDYTRIR/ELIAS/GI2EN/H2TIW/E2T3T,
R3OMN/AGZD/TRIR/ENI4S/LI428/A175Q/F180MA2ZOTWIAZS6R/MH2TIW/EZT3T,
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R3ON/AG2D/TEIR/ELHAS/A1TSQ/FIROM/C23R8T/S240R/S263D/HITIW/ELT3T,

R30ON/AGZD/TEZR/EN HAS/G207TW/AZ56R/S263D/MH27 IW/E2T3T,
R3ON/AGZD/TEZR/EII48/G207W/S263D/MH27IW/EZT3T, R3ON/AGZD/MR2ZR/ET145/H271W/EZT3T,
R3ON/AGZD/TRIR/ACESE/ETI4S/RISIL/DI92Q/S263B/HZTIW/EZT73T,
RION/AGID/CSCE/ELTAS/G207TW/S263D/M2TIW/E2T3T, R30N/AG2D/REZH/ET 14S/H27TITW/E273T
RION/AGZD/ETIAS/FZLIS/H2TIW/EZTIT, R3ON/AG2D/ELI4N/H2TIW/E2ZT3T,
R3ON/AGZD/EII48/S127R/AKISIG/EIRSV/HITIW/ERTIT,
R30ON/AGZD/EL148/8127R/KI161G/V188I/T189P/H27TIW/E2T3T,
R3ON/AGZD/ELIAS/SI12TR/M27YW/ELZTIT, K30N/AG2D/ELIAS/8127T/8240Q/H2TIW/E273T,
R30ON/AG2ZD/ELIAS/SI2TT/H2TIW/EZTIT,
R3ON/AGZD/EII4S/GIZEF/A142Q/RIOIL/DIO2Q/S263D/HITIW/EZ 73T,
RION/AGZD/EY14S/GI28K/LI428/A256R/8263D/H2TIW/E2T3T,
RION/AGZD/EIIAS/AGI28S/H2TYW/EZT3T RION/AGZD/EL148/PIG3EMH2TIW/E2T73T,
R3ON/AGZD/E1145/L142G/H271W/E273T R30N/AG2D/ET145/T189V/H27TIW/EZ 73T,
R3ON/AGZD/E1145/L1420/S263D/MH27TIW/E2ZT3T, R3ON/AG2D/ET145/L142Q/H27TW/E2T3T,
R3ON/AGZDVETI45/ACI58N/ATTIY/IZ13L/H2ZTYW/EZT3T, R3ON/AG2D/ETI4S/CTS3N/H2TIW/EZT3T,
R3ON/AG2D/EIAS/KIoIG/EISSV/VIRBITISOH/H2TIW/E2T3T,
R3ION/AGZD/EI4S/KI161G/EISSY/TISOH/MH2TIW/E2T3T,
RION/AGZD/ETI4S/KI6GIG/TISOH/H2TIW/E2T3T, R3ION/AGZD/ET145/A173Y/F180M/H27TIW/E2T3T,
RION/AGZD/EI45/ATT3Y/S263G/H2TIW/EZT3T, R3AON/AGZD/EVI4S/ALT3Y/H2TIW/E2ZT3T,
RAON/AGZD/ENIAS/ATT7SQMZTIW/EZTIT, R3ON/ASIDVELIAS/VITOK/PISTH/S263GH2TIW/E2T3T,
R30ON/AG2ZD/E1148/V1T76K/PIBTH/H27TIWIEZT3T,
R3ON/AGZD/ETI4AS/EITRR/VIS4AL/QI86G/H2TIW/E2T3T, RION/AGZD/ET14S/F18OM/H2TTW/EZT73T,
R3ON/AGZD/EII4AS/VIS4L/Q186G/TI8O/GZ0TR/H2Z7TIW/EZT3T,
R30ON/AGZD/EL4S/VIBAL/Q186G/T189/8240Q/H27TIW/E2T3T,
R3ON/AGZD/ELAS/VIB4AL/QI86R/G2OTM/H27TIW/EZT3T,

R3ON/AGZD/ELI4S/VIBAL/TIROV/ G207/ H2ZTIW/E2T3T,
RION/AGZD/ELIAS/VIRAL/G20TR/H2TIW/E2T3T,
RION/AGZD/ENT45/VIB4AL/G210M/S2400Q/H27TYW/E2T3T,
RION/AG2D/E1148/VIR4L/TI1ROV/G20TM/H2TIW/E2 73T,
R30ON/AGZD/E1145/Q186G/T189/GZOTR/H2TIW/E2T3T,
R30ON/AG2D/EL148/QI86G/T189/82401/H27TIW/E2T3T,
R3ON/AG2ZD/ELI4S/QI86R/TIZOVG20TR/MH2TIW/E2ZT3T,
R3ON/AGZD/EL14S5/Q186R/TIROYS240/H27TW/E2T3T,
R3ON/AGZD/ELI4S/QI86R/TIEO/HITIW/EZT3T, R3ON/AG2D/ET145/Q186R/G207TM/MH27TIW/E273T,
RION/AGZD/ETI4S/QISOGR/G2OTR/MHITIW/EZT3T, RION/AGZD/E1148/Q186R/H27TIW/E2ZT3T,
R3ION/AGZD/ETI4S/PIZTCH2TIW/EZTIT, RION/AGZD/ET14S/PIRTH/S263G/H2TIW/E2T3T,
R3ON/AGZD/ETI4S/PIETHH27IW/ER2TRT,
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R3ION/AG2D/ELIAS/VISSHITIW/EZT3T, R3ON/AG2D/EL14S/TISBA/EZT3A,
RION/AGZD/EIAS/TIRSH/H27TIW/EZTST, R3ON/AGZD/E1145/T1891/S2401/H27TW/E273T,
R3ON/AGZD/EI14S/TI8SI/H27IW/E2T3T,
R3ON/AGZD/ET4S/RI9IL/D192Q/G20TW/SZ63D/H2TIW/E273T,
RAON/AGID/ENH4S/RIGIL/H27VW/EZ 73T, R3ON/AG2DV/EL 14S/D192QMH27TW/E2T3T,
RION/AGZDVEII4S/DIOSA/HZTIW/EZT3T, R3ION/AG2D/EL 148/DIOSGH2TIW/E2T3T,
R3ON/AG2D/E1148/L200A/H27IW/E2T3T, R30N/A62D/E145/G207C/H27IW/E2T3T,
R3ON/AG2DVEI4S/G2OTR/MH2TIW/E2T3T, RAON/AS2D/ET 148/G207M/H2TIW/E2T3T,
RI3ON/AG2D/EHIAS/GROTW/HZTIW/ELZTIT, RION/AGZD/ETNT4S/L209E/MH2TIW/ELTST,
R3ON/AGZDVEL14S8/L209G/H2TIW/E2T3T, R3ON/AGZD/ET145/8240/H2TIW/E2T3T,
R3ON/AGZDVET148/8240Q/8263G/H27IW/E273T, R3ON/AG2ID/ET 148/8240Q/H2T1W/E2 73T,
RAON/AGZD/EN148/G210M/S240Q/H2TTW/E2T3T, R3ON/AGZD/ELI4S/GZIOMM27TIW/E2T3T,
RION/AGZDVENI4S/MI3GMH2TIW/E2T3T
R3ON/AGZD/ET14S5/A218C/H2TIW/EZT73T, R30N/AGZD/E1 145/1213L/F233E/H2TIW/E273T,
R3ON/AGZD/ET14S/2 13R/H2TIW/E273T, R3ON/AGZDVEL145/1215V/H2TIW/E273T,
R3ON/ASZDVETI4AS/EZ17TG/H27IW/EZ73T, R30ON/AGZD/E1145/L230E/H27IW/E273T,
R3ON/AG2DVETI4AS/AZISGAH2TIW/E2T3T, R30N/AG2D/ET 145/B265CH2TIW/E2TIT,
RION/AGZD/ETI4S/E222Q/H27IW/E2TST, R30N/A62D/E1145/C238G/H2TIW/EZT3T,
RION/AGZDVETI4S/C2385/H27TW/E2T3T, R3ON/A62D/E1148/8240Q/H27 IW/E273T,
RION/AGZD/EL45/S240T/H2TIW/E2T3T, R3ON/AS2DVELI4S/M24 1 VH2TIW/E2ZT3T,
RION/AGZDVEIIAS/MR4TVHITIW/E2TIT, R3ON/AGZD/ETI4S/E2S0GH2TIW/E273T,
R3ON/AG2ZD/E1145/8263D/H27IW/E273T, R3ON/AG2D/ET145/5263G/H2TIW/E273T,
R3ON/AGZDVETI4S/E265V/H2TIW/EZT3T, R3ION/AGZD/ESIV/E1145/H2TIW/E2T3T,
RION/AGZDVETI4S/H27IW/EZT3T, R3ION/AGZIVET145/H2TIW/EZT3T,
R3ON/AGZD/HZTIR, R3ON/AGZE/ETTAN/H2TIW, R3ON/AGZE/E1145/H2TIW/E2T3T,
RION/AGZE/ETI48/E273G, and AG2DVETI4S/H2TIW.
{6161} In some embodmments, the engineered polvpeptide having proline hydroxylase activity with
mproved properties as compared to SEQ 1D NOS:4, 604, and/or 810, comprises an amino acid sequence
having at least 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99% or more identity to SEQ ID NG:810, and one or more residue differences as compared to SEQ D
NO:310 at residue positions selected from: 33, 40, 93, and 1536. In some emboduments, the engineered
proline hydroxylase comprises at least one of the following subsitutions (relative to SEQ 1D NO:310):
33G, 33H, 33K, 33T, 33W, 404}, 407, 951, 156F, 1365, and 156V, In some embodiments, the engmeered
proline hydroxylase comprises at least one of the following subsitutions (relative to SEQ 1D NO:810):
S33G, S33H, 833K, 8337, S33W, W40Q, W40T, VO5L, A156F, A156S, and A156V.
(8162} Aswill be appreciated by the skilled artisan, in some embodiments, one or a combination of
residue differences above that 1s selected can be kept constant (i.c., maintained) in the engineecred proline

hvdroxylases as a core featare, and additional residue differences at other residoe positions icorporated
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mto the sequence to generate additional engineered proline hydroxylase polypeptides with mmproved
properties, Accordingly, it 1s to be understood for any engineered proline hydroxvlase contamning one or a
subset of the residue differences above, the present invention contemplates other engincered proline
hvdroxylases that comprise the one or subset of the residue differences, and additionally one or more
residue differences at the other residue positions disclosed herein,

[#163] As noted above, the engineered polvpeptides having proline hvdroxylase activity are also capable
of converting substrate compound {1} to product compound (2}. In some embodiments, the engineered
proline hydroxylase polypeptide is capable of converting the substrate compound (1} to the product
compound (2} with at least 1.2 fold, 1.5 fold, 2 fold, 3 fold, 4 fold, 5 fold, 10 fold, 20 fold, 30 fold, 40
fold, 30 told, 60 fold, 70 fold, 80 fold, 90 fold, 100 fold, or more activity relative to the activity of the
reference polypeptide of SEQ D NO:4, 604, and/or 810. In some embodiments, the engineered proline
bydroxylase polypeptide capable of converting the substraic compound (1) to the product compound (2)
with at least 1.2 fold, 1.5 fold, 2 told. 3 fold, 4 fold. 5 fold, 10 fold, 26 fold, 30 fold. 40 fold, 50 fold, 60
fold, 70 fold, 80 fold, 90 fold, 100 foid, or more activity relative to the activity of the reference
polypeptide of SEQ ID N34, 604, and/or 810, comprises an amino acid sequence having one or more
features selected from improved regioselectivity, mmproved activity, improved specific activity, and/or
mproved thermostability.

[0164] In some embodinents, the engimeered proline hydroxylase polypeptide is capable of converting
the substrate compound (1) to the product compound (2} with at least 1.2 fold the activity relative to SEQ
1D NO:4, 604, and/or 810, and comprises an anuno acid sequence sclected from the even-numbered
sequences in the following ranges: SEQ 1D N3:6-602, 606-808, and 812-1004.

[0165] In some embodiments, the engincered proline hydroxylase polypeptide 15 capable of converting
the substrate compound (1} to the product compound {2} with at least 2 fold the activity relative to SEQ
1D NO:4, 604, and/or 810, and comprises an amino acid sequence having one or more residue differences
as provided herein {as compared to SEQ ID NO:4, 604, and/or 8140, as applicable).

[8166] In some embodmments, the engmeered proline hydroxylase polypeptide capable of converting the
substrate compound (1) to the product compound {2} with at feast 2 fold the activity relative to SEQ 1D
NO:4, 604, and/or 810, comprises an amino acid sequence sclected from: the even-numbered sequences in
the following ranges: SEQ [ N(O:6-602, 606-808, and 812-1004.

[0167] In some embodiments, the engineered proline hvdroxylase polypeptide is capable of converting at
feast 50% or more, 60% or more, 70% or more, 89% or more, 90% or more, 91% or more, 92% or more,
93% or more, 94% or more, or 93% or more of compound (1) to compound (2) in 120 h or less, 72 h or
less, 48 boor less, or 24 or less, at a substrate loading of about 100 g/L, about 50 g/L, or about 20 g/L
under HTP agsay conditions, under SFP assay conditions, or DSP assay conditions. In some embodiments,
the engineered proline hvdroxylase polypeptide s capable of converting at feast 36% or more of
compound (1) to compound (2} in 24 h or less at a substrate loading of about 20 g/L. under DSP Assay

conditiong at about 253°C.
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[0168] In some embodiments, the engineered proling hydroxylase has an amino acid sequence
comprising ong or more residue differences as compared to SEQ 1D NO:4, 604, and/or 819, that increase
expression of the engineered proline hydroxylase activity inn a bacterial host cell, particularly in & coli.
{8168} In some embodiments, the engincered proline hydroxylase polypeptide with improved properties
in the conversion of compound (2} to compound (1) has an amino acid sequence comprising a sequence
selected from the even-numbered sequences in the following ranges: SEQ ID NO:6-602, 606-808, and
812-1004.

{3176] In some embodiments, the engineered polypeptide having proline hydroxylase activity, comprises
an anuino acid sequence having at least 80%, 83%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 37%, 98%, or 99% dentity to one of the even-numbered sequences in the following ranges:
SEQ ID NO:6-602, 606-808, and 812-1004, and the amino acid residee differences as compared o SEQ
1D NG4, 604, and/or 810, present in any onc of the even~-numbered sequences in the followmng ranges:
SEQ [ NO:6-602, 606-808, and 812-1004, as provided in Tables 41,42, 43,44, 45,46,47 48 51,
6.1, 6.2, and/or 6.3,

{3171} In addition to the residue positions specified above, any of the engineered proline hydroxylase
polypeptides disclosed herein can further comprise other residuc differences relative to SEQ 1D NO:4,
604, and/or 810, at other residuc positions (1.¢., residue positions other than those mcluded in any of the
cven-numbered sequences in the following ranges: SEQ ID N(:6-602, 606-808, and 812-1004). Residue
differences at these other residuc positions can provide for additional variations in the aminoe actd
scquence without adversely affecting the ability of the polvpeptide to carry out the conversion of proline
to cis-4-hydroxyproline as well as conversion of compound {1} to compound {2). Accordingly, m some
embodiments, in addition to the amino acid residue differences present in any one of the engineered
proline hydroxvlase polypeptides selected from the even-numbered sequences in the following ranges:
SEQ IR NO:6-602, 606-808, and 812-1004, the sequence can further comprise 1-2, 1-3, 1-4, 1.5, 1-6, 1-7,
1-8, 1-9, 1-10, 1-11, 1-12, 1-14, 115, 1-16, 1-18, 1-20, 1-22, 1-24, 1-26, 1-30, }-35, 1-40, 1-45, or 1-50
residae ditferences at other anuno acid residue positions as compared to the SEQ ID NG:4, 604, and/or
&10. In some embodiments, the number of amino acid residue differences as compared to the reference
sequence can be 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, 30, 30,
35, 40, 45 or 50 residue positions. In some embodiments, the number of amimo acid residue differences as
compared to the reference sequence canbe 1,2,3,4,5,6,7 8,9, 10, 11,12, 13 14 15 16, 18 20, 21 22,
23,24, or 25 residue positions. The residue difference at these other positions can be conservative changes
or non-conservative changes. In some embodiments, the residue differences can comprise conservative
substitutions and non-conservative substitutions as compared to the naturally occurring proline
hydroxylase polypeptide of SEQ ID NOG:4, 604, and/or 810.

{8172} In some embodiments, the present invention also provides engineered polypeptides that comprise
a fragment of any of the enginecred proline hydroxylase polypeptides described herein that retains the
functional activity and/or improved property of that engincered proline hydroxylase. Accordingly, in some

embodiments, the present invention provides a polypeptide fragment capable of converting compound {1}

43



WO 2017/213758 PCT/US2017/028370

to compound (2} under suttable reaction conditions, wherein the fragment comprises at least about 0%,
90%, 95%, 96%, 97%, 98%, or 99% of a full-length amino acid sequence of an engmeered prolime
hydroxyiase polypeptide of the present mvention, such as an exemplary enginecred proline hydroxylase
polvpeptide selected from the even-numbered sequences in the following ranges: SEQ 1D NO:6-602, 606-
808, and 812-1004.

{3173} In some embodmments, the engimeered proline hvdroxylase polvpeptide can have an amino acid
sequence comprising a deletion m any one of the engineered proline hvdroxvlase polypeptide sequences
described herein, such as the exemplary engineered polypeptides of the even-numbered sequences in the
following ranges: SEQ 1D NG:6-602, 606-808, and 812-1004.

[6174] Thus, for each and every embodiment of the engineered proline hydroxviase polypeptides of the
imvention, the amino acid sequence can comprise deletions of one or more aming acids, 2 or more aming
acids, 3 or more anuno acids, 4 or more amino acids, 5 or more amine acids, 6 or more amino acids, § or
more anino acids, 10 or more amuno acids, 15 or more amino acids, or 20 or more amino acids, up to 10%
of the total number of ammeo acids, up to 20% of the total number of anino acids, or up to 30% of the
total number of amino acids of the proline hydroxylase polypeptides, where the associated functional
activity and/or improved propertics of the engineered proline hydroxylase described herein are
maintained. In some embodiments, the deletions can comprise 1-2, 1-3, 14, 1-5, 1-6, 1-7, 1-8, 1-9, 1-10,
1-15, 1-20, 1-21, 1-22, 1-23, 1-24, 1-25, 1-30, 1-35, 1-40, 1-43, or 1-30 ammo acid residucs. In some
embodiments, the number of deletions can be 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, 30, 30, 35, 40, 45, or 50 amino acid residucs. In some embodiments, the deletions
can comprise deletions of 1,2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 18, 20, 21,22, 23,24, or 25
amino acid residues.

13175} In some embodiments, the enginecered proline hydroxylase polvpeptide herem can have an amino
acid sequence comprising an inserhion as compared to anv one of the engineered proline hydroxvlase
polvpeptides described herein, such as the exemplary engineered polypeptides of the even-numbered
sequiences 1o the followmg ranges: SEQ 1D N(:6-602, 606-808, and 812-1004. Thus, for each and every
embodiment of the proline hvdroxylase polypeptides of the mvention, the msertions can comprise one or
maore amino acids, 2 or more anuno acids, 3 or more amino acids, 4 or more amino acids, 5 or more amino
acids, 6 or more aniino acids, & or more amino acids, 10 or more amino acids, 135 or more amino acids, 20
or more amino acids, 30 or more amino acids, 40 or more amino acids, or 30 or more amino acids, where
the associated functional activity and/or improved properties of the engineered proline hydroxvylase
described herein is maintained. The insertions can be to amino or carboxy terminus, or intemal portions of
the proline hvdroxylase polypeptide.

[8178] In some embodiments, the engmecred proline hydroxylase polypeptide herein can have an amino
acid sequence comprising a sequence selected from the even-numbered sequences in the following ranges:
SEQ 1D NO:6-602, 606-808, and 812-1004, and optionally one or several {e.g ,upt0 3,4, 5, orup to 10)
arming acid residue deletions, msertions and/or substitutions. In some embodiments, the amino acid

sequence has optionally 1.2, 1-3, 1-4, 1-5, 1-6, 1.7, 1-8, 1-9, 110, 1-15, 1-20, 1-21, 1-22, 1-23, 1-24, 1-
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25, 1-30, 1-35, 1-40, 1-45, or 1-50 amino acid residue deletions, insertions and/or substitutions. In some
embodiments, the number of amino acid sequence has optionally 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, 30, 30, 35, 40, 45, or 50 amino acid residue deletions, insertions
and/or substitutions. In some embodiments, the amino acid sequence has optionally 1,2,3,4,5,6,7,8, 9,
10, 11,12, 13, 14, 15, 16, 18,20, 21, 22, 23, 24, or 25 amino acid residue deletions, msertions and/or
substitutions. In some embodiments, the substitutions can be conservative or non-~conservative
substitutions.

{31777 In the above emboduments, the suitable reaction conditions for the engineered polvpeptides are
provided in Tables 4.1, 4.2, 43,44,45,4.6,47, 48, 5.1,6.1, 6.2, and/or 6.3, and as described in
Examples 4, 5, and 6.

[8178] In some embodiments, the polypeptides of the present mvention are fusion polvpeptides in which
the engincered polypeptides are fused to other polvpeptides, such as, by way of example and not
Limitation, antibody tags (¢.g., myc epitope), purification sequences {e.g., His tags for binding to metals),
and cell localization signals (¢ g., seoretion signals). Thus, the enginecered polypeptides described herein
can be used with or without fusions to other polypeptides.

13179} It is to be understood that the polypeptides described herein are not restricted to the genctically
encoded amino acids. In addition to the genetically encoded amino acids, the polypeptides described
heremn may be comprised, cither in whole or in part, of naturally oceunrring and/or syathetic non-encoded
amine acids. Certain commounly encountered non-encoded amino acids of which the polypeptides
described herein may be comprised inchude, but are not limited to: the D-stercomers of the genctically-
encoded amuno acids; 2,3-diammopropionic acid (Dpr); w-ammoisobutynic acid (Aib); e-amimohexanoic
acid (Aha}, S-aminovaleric acid (Ava); N-methylglyeine or sarcosine (MeGly or Sar); omithine (Om);
citrulline (Cit); t-butylalanine (Bua}; t-butvlglycine {Bug); N-methylisolcucine (Melle); phenylglycine
{Phg): cyclohexvialanine (Cha); nordeucine (Nic): naphthylalanine (Nal); 2-chlorophenvialanine (Ocf); 3-
chlorophenylalanine (Mcf); 4-chlorophenyialanine (Pct); 2-flusrophenvialanine (Off);
3-fluorophenvialanine (M), 4-fluorophenylalanine (Pff); 2-bromophenylalanine (Obf); 3-
bromophenvialanine (Mbf); 4-bromophenylalanine (Pbf); 2-methylphenylalanine (Omf); 3-
methylphenylalanine (Mm{); 4-methyiphenylalanine (Pmf); 2-nitrophenyialanine (Onf); 3-
nitrophenvialanine (Mnf); 4-nitrophenylalanine (Pnf); 2-cyvanophenylalanine {Ocf); 3-cyanophenylalanine
{Mct}); 4-cyanophenylalanine (Pcf); 2-trifleoromethylpheaylalanine (Ot); 3-triflucromethylphenylalanine
{(Mth); 4-trifluoromethviphenylalanine (Ptf); 4-ammophenyvialanine (Paf); 4-iodophenvialanine (Pif); 4-
aminomethylphenylalanine (Pamf); 2 4-dichlorophenvialanine (Opef); 3,4-dichlorophenvialanine (Mpch);
2 4-difluorophenylalanine (Opth); 3 4-diftuorophenvialanine (Mpfh); pyrid-2-yvlalanine (ZpAla); pynd-3-
vialanine (3pAla); pynid-4-vialanine (4pAla); naphth-1-vlalanine (InAla): naphth-2-vlalanine (ZnAla);
thiazolylalanine (taAla);, benzothienylalanine (bAla); thicnylalanine (tAla), furvialanime (fAla);
homophenylalanie (hPhe); homotyrosine (W Tyr); homotrvptophan (hTrp); pentaffuorophenylalanmne
{51ty styrvlkalanme (sAla}; authryvlalanine (aAla); 3.3-diphenylalanine (Dfa); 3-amino-5-phenvpentanois

acid (Afp); penicdlamime (Pen); 1,2.3 4-tctrahvdroisoquinoling-3-carboxylic acid (Tic); B-2-thicoylalanine
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{Thi}; methionine sulfoxide {Mso); N{w}-nitroarginimne (nArg); homolvsine (hLys);
phosphonomethylphenvlalanine (pmPhe): phosphosering (pSer); phosphothreonine (pThr); homoaspartic
acid (hAsp); homoglutanic acid (hGlw); 1-aminocyclopent-(2 or 3)-ene-4 carboxylic acid; pipecohic acid
{PA}, azetidine-3-carboxylic acid {ACA}, -aminocyclopentane-3-carboxvlic acid; allviglycine (aGlyy;
propargyletveine (peGly): homoalanine (hAla); norvaline (nVal); homoleucine (hleu), homovaline
(h¥Val); homoisolencine (hlle); homoarginine (hArg); N-acetyl lysine (AcLvs); 2,4-diammobutyric acid
(Dbu); 2,3-diaminobutyric acid {(Dab}, N-methylvaline (MeVal); homocysteine (hCys}; homoserine
(hSer}, hydroxyproline (Hyp) and homoproline (hPro}. Additional non-encoded amine acids of which the
polvpeptides described herein may be comprised will be apparent to those of skill in the art (Sec e.g., the

various amino acids provided in Fasman, CRC Practical Handbook of Biochemistrv and Molecular

Biglogy, CRC Press, Boca Raton, FL, pp. 3-70 [1989], and the references cited therein, all of which are
mcorporated by reference}. These amino acids may be in ¢ither the L- or D-configuration.

[3180] 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 exampies of such protected
amino acids, which m this case belong to the aromatic category, include {protecting groups listed m
parentheses), but are not limited to: Arg{tos), Cvs(methvlbenzyl), Cys (nitropvridinesulfenyl), Glu(s-
benzvlester), Ghu{xanthvl}, Asn{N-§-xanthyv!), His(bom), His{(benzyl), His(tos), Lys(finoc), Lys{ios),
Ser{O-benzyl}, Thr {(G-benzyl) and Tyr(O-benzyl).

[6181] Non-cncoding amino acids that are conformationally constrained of which the polvpeptides
described herein may be composed include, but are not limited to, N-methyl amino acids
{L-configuration); 1-ammocyclopent-(2 or 3j-ene-4-carboxylic acid; pipecolic acid; azetidine-3-
carboxylic acid; homoproline {hPro); and 1-aminocyclopentane-3-carboxylic acid.

[0182] In some embodiments, the engineered polypeptides can be in various forms, for example, such as
an isolated preparation, as a substantially purified enzyme, whole cells transformed with gene(s) encoding
the enzyme, and/or as cell extracts and/or lvsates of such cells. The enzymes can be lyophilized, spray-
dried, precipitated or be in the form of a crade paste, as further discussed below.

{0183 In some embodiments, the engineered polypeptides can be provided on a solid support, such as a
membrane, resin, solid carmier, or other solid phase material. A solid support can be composed of organic
polvmers such as polystyrene, polyethylene, polypropylene, polyfluoroethylene, polyethyleneoxy, and
polvacryvlamide, as well as co-polymers and grafis thereof. A solid support can also be inorganic, such as
glass, silica, controlied pore glass {CPG), reverse phase silica or metal, such as gold or platinum. The
configuration of a solid support can be in the form of beads, spheres, particles, granules, a gel, a
membrane or a surface. Surfaces can be planar, substantially planar, or non-planar. Schd supports can be
porous or non-porous, and can have swelling or non-swelling characteristics. A solid support can be
contfigured m the form of a well, depression, or other container, vessel, feature, or location.

[6184] In some embodiments, the engineered polypeptides having proline hvdroxylase activity of the
present invention can be immobilized on a sohd support such that they retain their improved activity,

stereosclectivity, and/or other improved properties relative to the reference polypeptide of SEQ ID NO: 4,
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604, and/or 810. In such embodiments, the immobilized polvpeptides can facilitate the biocatalytic
conversion of the substrate compounds or other suitable substrates to the product and after the reaction 1s
complete are easily retained {(e.g., by retaining beads on which polypeptide is immobilized) and then
reused or recyeled in subsequent reactions. Such immobilized enzyme processes allow for further
cfficiency and cost reduction. Accordingly, it is further contemplated that any of the methods of using the
proline hvdroxylase polypeptides of the present invention can be carried out using the same proline
hvdroxylase polypeptides bound or immobilized on a solid sapport.

[3185] Methods of enzyme mmobilization are well-known in the art. The enginecred polypeptides can
be bound non-covalenily or covalently. Various methods for conjugation and immobilization of enzymes
to solid supports {e.g., resins, membranes, beads, glass, etc.) are well known in the art (See e.g., Yietal,
Proc. Biochem , 42(3}: 895-898 [2007]; Martin et al, Appl. Microbiol. Biotechnol., 76(4): 843-851
12007]; Koszelewski et al ) J Mol Cat. B: Enzymatic, 63: 39-44 [2010]; Truppo ct al, Org. Proc. Res.
Dev., published online: dx doi org/10.1021/0p200157¢; Hermanson, Bioconjugate Techniques, 2™ ed.

Academic Press, Cambndge, MA [2008]; Mateo et al , Biotechnol. Prog., 18(3):629-34 [2002}]; and

>

“Bioconjugation Protocols: Strategies and Methods,” /n Methods 1 Molecular Biglogy, Niemeyer (ed.),

Humana Press, New York, NY [2004]; the disclosures of each which are incorporated by reference
hercin}. Solid supports uscful for immobilizing the engineered proline hydroxylases of the present
mvention include but are not linuted to beads or resins comprising polymethacrylate with epoxade
functional groups, polvmethacrylate with amino epoxide functional groups, styrene/DVB copolymer or
polymethacrylate with octadecy] functional groups. Exemplary solid supports useful for immobilizing the
engincered proline hydroxviase polvpeptides of the present invention mclude, but are not himited to,
chitosan beads, Fupergit T, and SEPABEADs (Mitsubishi), mcluding the following different types of
SEPABEAD: EC-EP, EC-HFA/S, EXA252, EXE119 and EXE120.

[0186] In some embodiments, the polvpeptides described herein are provided in the form of kits. The
enzvmes m the kits may be present mdividually or as a plurality of enzyvmes. The kits can further include
reagents for carrying out the enzymatic reactions, substrates for assessing the activity of enzymes, as well
as reagents for detecting the products. The kits can also include reagent dispensers and instructions for
use of the kits.

[3187] In some embodmments, the kits of the present invention include arrays comprising a phurality of
different proline hvdroxylase polypeptides at different addressable position, wherein the different
polyvpeptides are different variants of a reference sequence each having at least one different improved
enzyme property. In some emboduments, a plurality of polypeptides immobilized on solid supporis are
configured on an array at various locations, addressable for robotic delivery of reagents, or by detection
methods and/or mstruments. The array can be used to test a variety of substrate compounds for
conversion by the polypeptides. Such arravs comprising a plurality of engincered polyvpeptides and

methods of their use are known m the art (Sec e.g., WO2009/008008A2).

Polynuclestides Encoding Engineered Proline Hydroxylases, Expression Vectors and Host Cells

o
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[0188] In another aspect, the present invention provides polynucleotides encoding the engincered proline
hydroxylase polypeptides described herein. The polynucleotides may be operatively linked to one or more
heterologous regulatory sequences that control gene expression to create a recombmant polynucleotide
capable of expressing the polypeptide. Expression constructs containing a heterologous polymuclectide
encoding the enginecred prohine hvdroxylase are introduced into appropriate host cells to express the
corresponding proline hvdroxylase polypeptide.

[0189] As will be apparent to the skilled artisan, availability of a protein sequence and the knowledge of
the codong corresponding to the various amino acids provide a description of alf the polynuclestides
capable of encoding the subject polypeptides. The degeneracy of the genetic code, where the same amino
acids are encoded by alternative or synonymous codons, allows an extremely large number of nucleic
acids to be made, all of which encode the improved proline hydroxyiase enzvmes. Thus, having
knowledge of a particular amine 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 amino acid sequence of the protein. In this regard, the present invention specifically
contemplates cach and every possible vanation of polynucleotides that could be made encoding the
polvpeptides described herein by selecting combinations based on the possible codon chotces, and all such
varations are to be considercd specitically disclosed for any polvpeptide described herem, including the
aming actd sequences presented in Tables 4.1, 42,43, 44,45,46,47,48,51,6.1,62, and/or 6.3, and
disclosed i the sequence histing incorporated by reference herein as the even-numbered sequences in the
followmng ranges: SEQ ID NG:6-602, 606-808, and 812-1004.

{0198] In various cmbodiments, the codons are preferably selected to fit the host cell i which the protein
ts being produced. For example, preforred codons used in bacteria arg used to express the gene in bactena;
preferred codons used in veast arc used for expression in veast; and preferred codons used in mammals
arc used for expression in mammalian cells. In some embodiments, all codons need not be replaced to
optimize the codon usage of the proline hvdroxylases since the natural sequence will comprise preferred
codons and because use of preferred codons may not be required for all amino acid residues.
Consequently, codon optimized polvnucieotides encoding the proline hvdroxylase enzymes may contain
preferred codons at about 40%, 50%, 60%, 70%, 80%, or greater than 90% of codon posttions of the full
length codmg region.

[0191] In some embodiments, the polynecleotide comprises a codon optimized nucleotide sequence
encoding the naturally occurring proline hydroxviase polypeptide aming acid sequence, as represented by
SEQ 1D NG:4, 604, and/or 810. In some embodiments, the polynucleotide has a nucleic acid sequence
comprising at {east 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% ot more identity
to the codon optimized nucleic acid sequences €ncoding the even-nambered sequences in the following
ranges: SEQ 1D NO:6-602, 606-808, and 312-1004. In some embodiments, the polynucieatﬁde hasa
nucleic acid sequence comprising at least 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99% or more identity to the codon optimized nucleic acid sequences i the odd-numbered sequences in

the following ranges: SEQ ID NG:5-601, 605-807, and 811-1003. The codon optinized segoences of the
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odd-numbered sequences m the following ranges: SEQ ID NO:5-601, 605-807, and 811-1003, enbance
expression of the encoded, wild-tyvpe proline hvdroxylase, providing preparations of enzyme capable of
converting in vitro over 80% of compound (1} to compound {2} under mint-DSP Assay conditions, and
converting over 45% of compound {1} to compound {2} under ISP Assay conditions. In some
cmbodiments, the codon optimized polynucleotide sequence can enhance expression of the proline
hydroxylase by at least 1.2 fold, 1.5 fold or 2 fold or greater as compared to the naturally occurring
polynuclectide sequence from Sinorfinzobium meliloti.

{3192} In some emboduments, the polynuclectides are capable of hybridizing under highly stringent
conditions to a reference sequence selected from the odd-numbered sequences in SEQ 1D NOS:3-1003, or
a complement thereof, and encodes a polypeptide having proline hydroxylase activity,

[8193] In some embodiments, as descnibed above, the polynucieotide encodes an engimeered polypeptide
having proline hydroxvlase activity with improved properties as comparcd to SEQ 1D NGO:4, 604, and/or
3190, where the polvpeptide comprises an amino acid sequence having at least §0%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more dentity to a reference sequence
selected from SEQ ID NQO:4, 604, and/or 810, and one or more residue differences as compared to SEQ
1D NG4, 604, and/or 810, selected from the even-numbered sequences in the following ranges: SEQ ID
NO:6-602, 606-808, and 812-1004. Tn some embodiments, the reference amino acid sequence 15 selected
from the even-numbered sequences in the following ranges: SEQ ID NG:6-602, 606-808, and 812-1004.
In some embodiments, the reference amino acid sequence is SEQ ID NG:4 . In some embodiments, the
reference amino acid sequence is SEQ 1D NO:604. In some further embodiments, the reference amino
acid sequence is SEQ D NG:810.

[#194] In some embodiments, the polynuocleotide encodes a proline hydroxylase polypeptide capable of
converting substrate compound (1) to product compound (2} with improved properties as compared to
SEQ IR NO:4, 604, and/or 810, wherewn the polypeptide comprises an amimno acid sequence having at
least 80%, 839%, 86%, 87%, 8894, 9%, 00%, 819%, 925, 93%, 4%, 95%, 96%, 97%, 98%, 99% or more
sequence wdentity o reference sequence SEQ 1D NO 4, 604, and/or 810, and one or more residue
differcnces as compared to SEQ 1D NO: 4, 604, and/or 810, at restdue positions selected from: 2, 4, §, 19,
15,26, 30,33, 36, 37. 39, 42, 43, 44, 45,48 50,52, 55, 56,57, 58, 61, 62. 63, 71,76, 77, 81, 82, 87, 88,
92,94, 95,97, 98, 101, 107, 109, 114, 115, 119, 121, 124, 128, 130, 131, 132, 134, 136, 145, 151, 153,
156, 158, 160, 161, 165, 166, 168, 173, 176, 178, 180, 184, 104_ 213, 230, 237, 240, 256, 263, 266_ 269,
270,271,273, 274, 275, and 280; or at residue positions selected from 13, 14, 24, 26, 27, 30, 57, 61, 62,
72,76, 77, 81, 82, 86, 88, 97, 114, 127, 128, 142, 158, 161, 163, 173, 175, 176, 178, 180, 184, 185, 186,
187, 188, 189, 191, 192, 195, 198, 200, 207, 209, 210, 211, 213, 215,217, 218, 222, 225, 230, 233, 236,
238,240, 241, 256, 259, 263,265, 271, and 273; or at residue positions sclected from 33, 40, 95, and 136.
{3195} In some embodiments, the polynucleotide encodes a proline hvdroxylase polypeptide capable of
converting substrate compound (1) to product compound (2) with improved propertics as compared to
SEQ D NO:4, 604, and/or 810, wherein the polypeptide comprises an amino acid sequence having at

feast B0%, 85%, 86%, 87%, 88%%, 88%, 90%, 81%. 92%, 539%, 94%, 95%, 96%, 97%, 98%, 99% or more
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sequence wlentity to reference sequence SEQ D NO:4, 604, and/or 810, and one or more residuc
differences as compared to SEQ ID NO: 4, 604, and/or 810, at residue positions selected from: 2, 4, §, 10,
13, 14, 15,24,26,27, 30, 33,36, 37,39, 40,42 43 44 45 48 50,352,535, 56,37, 58,61,62,63,71,72,
76,77, 81,82, 86,87, 88 92, 94 95,97 92 101,107, 109, 114, 115, 119, 121, 124, 127, 128, 130, 131,
132, 134, 136, 142, 143, 151, 133, 156, 158, 160, 161, 163, 165, 166, 168, 173, 175, 176, 178, 180, 184,
185, 186, 187, 188, 189, 191,192, 194, 195, 198, 200, 207,209,210, 211, 213, 215, 217, 218,222,225,
230,233,236, 237,238 240,241, 256,259, 263 265, 266,269,270, 271,273,274, 275, and 280,

{3196} In some cmbodiments, the polynuclestide encodes a proline hydroxylase polypeptide capable of
converting subsirate compound (1} to product compound (2) with improved properties as comparcd to
SEQ 1D NQO:4, 604, and/or 810, wherein the polypeptide comprises an anuno acid sequence having at
least 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more
sequence identity to reference sequence SEQ 1D NO:4, 604, and/or 810, and at least a combination of
residue differences as compared to SEQ 1D NO: 604, and/or 810, selected trom: (a) 4, 8. 10, 15, 26, 30,
33,36,37,39,42, 43, 44, 45,48, 50, 52, 55, 56, 57,58, 61,62, 63, 71,76, 77, 81,82, 87, 88,92, 94, 95,
97,98, 101, 107, 109, 114, 115, 119, 121, 124, 128, 130, 131, 132, 134, 136, 145, 151, 153, 156, 158,
160, 161, 165, 166, 168, 173,176, 178, 180, 184, 194, 213, 230, 237, 240, 256, 263, 266, 269, 270, 271,
273,274,278, and 280; {(b) 13, 14, 24, 26,27, 30,57, 61,62, 72, 76,77, 81, 82, 86, 88, 97, 114, 127, 128,
142, 138, 161,163, 173,175, 176, 178, 180, 184, 185, 186, 187, 188, 189, 191, 192, 195, 198, 200, 207,
209,210,211, 213, 215, 217, 218,222,225, 230, 233, 236, 238, 240, 241, 256, 2539, 263, 265, 271, and
273 0r{c) 33, 40, 95, and 156.

{3197} In some embodmments, the polvnucleotide encodes an engineered polypeptide having prohne
hvdroxylase activity with improved propertics as compared to SEQ ID NGS:4, 604, and/or 810,
comprising an amino acid sequence having at lcast 80%. 85%, 86%, 87%, 88%, 89%., 90%, 91%, 92%,
939%, 94%, 95%, 96%, 97%, 94%, 99% or more identity to SEQ ID NG:604 and one or more residuc
differences at residue positions selected from: 13, 14, 24,26, 27 30,57, 61, 62,72, 76,77, 81, &2, 86, 88,
07, 114,127 128 142 158 161,163, 173, 175,176, 178 180 184, 185 186, 187, 188 189 191, 192
195, 198,200, 207, 209, 210,211, 213, 215, 217, 218, 222,225,230, 233, 236, 238, 240, 241, 256, 259,
263,265,271, and 273,

[3198] In some embodmments, the polvnucleotide encodes an engineered proline hvdroxylase polvpeptide
capable of converting substrate compound (1) to product compound (2) with improved enzvme properties
as compaied to the reference polypeptide of SEQ ID NG:4, 604, and/or 210, wherein the polypeptide
comprises an aming acid sequence having at least 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 98%, or 99% identity to a reference polypeptide selected from any one of the
even-numbered sequences in the following ranges: SEQ ID N(:6-602, 606-808, and 812-1004, with the
proviso that the aming acid sequence comprises any one of the set of residue differences as compared
SEQ I NO: 4, 604, and/or 810 contained in any onc of the polypeptide sequences from the cven-
numbered sequences n the foliowing ranges: SEQ 1D NG:6-602, 606-808, and 812-1004, as listed in
Tables 41,42, 43,44, 45 46 47 48 51,61,62 and/or6.3.
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{31991 In some cmbodiments, the polynucleotide encoding the engineered proline hvdroxylase comprises
an polynucleotide sequence selected from the odd-nursbered sequences 1 the following ranges: SEQ 1D
NO:5-601, 605-807, and 811-1003.

{8206} In some embodiments, the polynuclectides are capable of hybridizing under highly stringent
conditions to a reference polynuclectide sequence selected from the odd-numbered sequences in the
following ranges: SEQ 1D NG:5-601, 605-307, and 811-1003, or a complement thereof, and encodes a
polypeptide having proline hyvdroxylase activity with one or more of the improved properties described
herein. In some embodiments, the polynucleotide capable of hybndizing under highly stringent conditions
encodes a proline hvdroxylase polypeptide comprising an amino acid sequence having at least 80%, 85%,
R6%, 87%%, B8%, 89%, 90154, 91%, 92%, 93%, 94%, 93%, 96%, 97%, 98%, 99%; or more identity to SEQ
ID NG:604, that has an aminoe acid segaence comprising one or more residue differences as compared 1o
SEQ [ NO:604, at residue positions selected from: 2, 4, 8, 10, 13, 14, 15, 24,26, 27, 30, 33, 36, 37, 39,
40,42, 43,44, 45, 48,50, 52,55, 56,57, 58,61, 62,63, 71,72, 76,717, 81, 82, 86, &7, 88, 92, 94, 95, 97,
98, 101, 107, 109, 114, 115, 119, 121, 124, 127,128, 130, 131, 132, 134136, 142, 145, 151, 133, 156,
154, 160, 161, 163,163, 166, 168, 173, 175, 176, 178, 180, 184185, 186, 187, 188, 189, 191, 192,194,
195, 198, 200, 207,209, 210, 211, 213, 215, 217, 218, 222,225,230, 233,236, 237, 238, 240, 241, 236,
259,263, 268, 266,269, 270, 271, 273, 274, 275, and 280.

{8201} In some embodiments, the polynucleotide capable of hybridizing under highly stringent
conditions encodes an engineered polvpeptide having proline hydroxylase activity with improved
propertics comprising an anuno acid sequence having at least 80%, 85%, 86%, 87%, 88%, 89%, 90%,
919%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more identity to SEQ [D NO:4, and one or more
residue differences as compared to SEQ 1D NO 4 at remiduoe positions selected from 2, 4, 8, 10, 15, 26, 30,
33,36,37,39, 42 43,44, 45,48, 50, 52, 55,56, 57, 58,61,62, 63,71, 76, 77,81, 42, 87, 88, 92 94 95,
97,98, 101, 107, 109, 114, 115, 119, 121, 124, 128, 130, 131, 132, 134, 136, 145, 151, 153, 136, 158,
160, 161, 168, 166, 168, 173, 176, 178, 180, 184, 194, 213,230, 237, 240, 256, 263, 266, 269, 270, 271,
273,274,275, and 280.

{6202] In some embodiments, the polynucleotide capable of hybridizing under highly stringent
conditions encodes an engineered polvpeptide having proline hvdroxvlase activity with improved
propertics comprising an amino acid sequence having at least 0%, 85%, 86%, 87%, 88%, 89%, 90%,
G196, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more identity to SE ID NG:810, and one or more
residue differcnces as compared to SEQ 1D NO:819 at residue positions selected from 33, 40, 93, and 156,
[0203] In some cmboduments, the polynucleotides encode the polypeptides described herein but have at
least about 80%, 8§5%, 86%, 87%, §8%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99%
or more sequence identity at the nucleotide level to a reference polynucleotide encoding the engineered
proline hydroxylase. In some ecmbodiments, the reference polvnucleotide sequence is selected from the
odd-mumbercd scquences i the range SEQ 1D NO:3-1003.

[3204] In some embodiments, an isolated polvnucleotide encoding any of the engineered proline

hydroxylase polypeptides provided herein is manipuiated in a vanety of ways to provide for expression of
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the polypeptide. In some embodiments, the polynucieotides encoding the polypeptides are provided as
expression vectors where one or more control sequences s present to regulate the expression of the
polvnuacleotides and/or polypeptides. Manipulation of the isolated polymuclectide prior to its insertion
into a vector may be desirable or necessary depending on the expression vector. The techniques for
maodifying polynucleotides and nucleic acid sequences utdizing recombinant DNA methods are well
known in the art.

[6205] In some cmbodiments, the control sequences inclade among other sequences, promoters, leader
sequences, polyadenyiation sequences, propeptide sequences, signal peptide sequences, and transcription
terminators. As known in the art, suitable promoters can be selected based on the host cells used. For
bacterial host cells, suitable promoters for directing transcription of the nucleie acid constructs of the
present application, include, but are not himited to the promoters obtamed from the . coli lac operon,
Strepramyces coelicolor agarase gene {dagA), Bacillus subtilis levansucrase gene (sacB), Bacillus
licheniformis alpha-amylase gene (amyL), Bacillus stearothermophilus maltogenic amylase gene (amyM),
Bacilfus amyioliguefociens alpha-amvlase gene (amyQ), Bocillus licheniformis penicillinase gene (penP),
Bacilfus subtilis xylA and xvIB genes, and prokarvotic beta-lactamase gene (See ¢.g., Villa-Kamaroff ot
al., Proc. Natl Acad. Sci. USA 75 3727-3731 [1978]), as well as the fac promoter (See e.g., DeBoer et al.,
Proc. Natl Acad. Sci. USA 80: 21-25 [1983]). Excmplary promoters for filamentous fungal host cells,
mehude promoters obtained from the genes for Aspergilius orvzoe TAKA amylase, Rhizomucor miehei
aspartic protemase, Aspergilius niger neutral alpha-amylase, Aspergillus niger acid stable alpha-amylase,
Aspergillus niger or Aspergillus owamori glucoamylase (glaA), Rhizomucor miehei lipase, Aspergillus
oryzae alkaling protease, dspergilius orvzae triose phosphaic 1somerase, Aspergillus nidulans
acetamidase, and Fusarium oxysporum trypsin-like protease (See ¢.g., WO 96/00787), as well as the
NA2-tp1 promoter (a hybrid of the promoters from the genes for Aspergilius niger neutral alpha-amvlase
and dspergilius oryzae triose phosphate isomerase), and mutant, truncated, and hybrd promoters thereof.
Exemplary veast cell promoters can be from the genes can be from the genes for Saccharomyces
cerevisioe enolase (ENO-1), Saccharomyces cerevisiae galactokinase (GALL), Saccharomyces cerevisiae
alcohol dehydrogenase/glyceraldehyde-3-phosphate dehydrogenase {ADHZAGAP), and Saccharomyces
cerevisiae 3-phosphoglycerate kinase. Other useful promoters for yeast host cells are known mn the art
{See e.g., Romanos et al., Yeast 8:423-488 [19921}.

j0206] In some embodiments, the control sequence is a suitable transcription terminator sequence, a

1973

equence recognized by a host cell {o terminate transcription. The terminator sequence is operably linked
to the 3' terminus of the nucleic acid sequence encoding the polvpeptide. Any terminator which is
functional m the host cell of choice finds use in the present mnvention. For example, exemplary
transcription terminators for filamentous fungal host cells can be obianed from the genes for Aspergiilus
oryzae TAKA amylase, Aspergilius niger gluocoamylase, Aspergillus nidulans anthranilate synthase,
Aspergillus niger alpba-glucosidase, and Fusarium oxysporum trypsin-like protease. Exemplary
terminators for veast host cells can be obtained from the genes for Saccharomyces cerevisine enclase,

Saccharomyces cevevisiae cytochrome C ({CYC), and Saccharomyces cerevisiae glyceraldehvde-3-
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phosphate dehydrogenase. Other useful terminators for veast host cells are known in the art (See ¢.g.,
Romanos et al., supra).

{8207} In some embodiments, the control sequence is a suitable leader sequence, a non-translated region
of an mRINA that is important for translation by the host cell. The leader sequence 1s operably linked to
the 5" terminus of the nucleic actd sequence encoding the polypeptide. Any leader sequence that is
functional in the host cell of choice may be used. Exemplary leaders for filamentous fungal host cells are
obtained from the genes for Aspergilius orvzae TAKA amylase and Aspergillus nidulans triose phosphate
1somerase. Suitable leaders for veast host cells include, but are not himited to those obtained from the
genes for Saccharomyees cerevisiae enolase (ENO-1), Saccharonyces cerevisiae 3-phosphoglyeerate
kinase, Saccharomyces cevevisiae alpha-factor, and Saccharomyces cerevisiae aleohol
dehvdrogenase/glyceraldehyde-3-phosphate dehydrogenase (ADH2/GAP).

{3208} The control sequence may also be a polyadenvlation sequence, a sequence operably limked 1o the
3" terminus of the nucleic acid sequence and which, when transcribed, is recognized by the host cell as a
signal to add polvadenosine residues to transeribed mRNA . Any polyadenylation sequence which is
functional in the host cell of choice may be used in the present mvention. Exemplary polvadenylation
sequences for filamentous fungal host cells include, but are not limited to those from the genes for
Aspergillus orvzae TAKA amylase, Aspergillus niger glucoamylase, Aspergillus nidulans anthranilate
synthase, Fusarium oxvsporum trypsin-iike protease, and Aspergilius niger alpha-glucosidase. Usctul
polvadenylation scquences for veast host cells are also known 1n the art (Sce ¢.g., Guo and Sherman, Mol.
Cell. Bio., 15:5983-5990 [19951).

[3209] In some embodmments, the control sequence 1s a signal peptide coding region that codes for an
amino acid sequence hnked to the aminoe terminus of a polypeptide and directs the encoded polvpeptide
into the cell's secretory pathway. The 5' end of the coding sequence of the nucleic acid sequence may
mherently contain a signal peptide coding region naturally linked 10 translation reading frame with the
segment of the coding region that encodes the secreted polvpeptide. Alternatively, the 5" end of the coding
sequence may contain a signal peptide coding region that 1s foreign to the coding sequence. Any signal
peptide coding region that directs the expressed polypeptide into the secretory pathway of a host celi of
choice finds use for expression of the engineered proline hydroxylase polvpeptides provided herein.
Effective signal peptide coding regions for bacterial host cells include, but are not limited to the signal
peptide coding regions obtained from the genes for Bacillus NC1B 11837 maltogenic amvlase, Bacillus
stearothermophilus alpha-amylase, Bacillus licheniformis subtilisin, Bacillus licheniformis beta-
lactamase, Bacillus stearothermophilus neutral proteases (npr'T, nprS, nprM), and Bacillus subtilis prsA.
Further signal peptides are known in the att (See ¢.g., Simonen and Palva, Microbiol. Rev., 37:109-137
119937}, Effective signal peptide coding regions for filamentons fimgal host cells mclude, but are not
limited to the signal peptide coding regions obtained from the genes for Aspergilius oryzae TAKA
amvlase, Aspergillus niger neutral amvlase, Aspergilius niger ghicoamyvlase, Rhizomucor miehel aspartic

proteinase, Humicola insolens cellnlase, and Humicolo lonuginosa lipase. Useful signal peptides for veast
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host cells include, but are not lumited to those from the genes for Saccharomyces cerevisiae alpha~-tactor
and Saccharomyces cerevisiae nvertase.

[8218] In some embodiments, the control sequence is a propeptide coding region that codes for an amino
acid sequence posttioned at the amino terminus of a polypeptide. The resultant polypeptide is referred to
as a “procnzyme,” “propolypeptide,” or “zymogen,” in sonic cases). A propolypeptide can be converted
to a mature active polypeptide by catalvtic or autocatalviic cleavage of the propeptide from the
propolypeptide. The propeptide coding region includes, but is not limited to the genes for Bacillus subtilis
alkaline protease (aprE), Bacillus subtilis neutral protease {npr'T}, Saccharomyces cerevisioe alpha-factor,
Rhizomucor miehei aspartic proteinase, and Myceliophthora thermophila lactase {Sce e.g., WO 95/33836).
Where both signal peptide and propeptide regions are present at the amino terminus of a polypeptide, the
propeptide region is positioned next to the amino terminus of a polypeptide and the signal peptide region
is positioned next to the amino terminus of the propeptide region.

[3211] In some embodmments, regulatory sequences are also utilized. These sequences facilitate the
regulation of the expression of the polypeptide relative to the growth of the host cell. Examples of
regulatory systems are those which cause the expression of the gene to be turned on or off in response to a
chemical or physical stimulus, including the presence of a regulatory compound. In prokarvotic host cells,
suttable regulatory sequences mclude, but are not himited to the lae, fae, and f7p operator systems. In yeast
host celis, suttable regulatory systems include, but are not imited to the ADH?2 system or GALT system.
In filamentous fungt, suitable regulatory sequences inchude, but are not limited to the TAKA alpha-
amvlase promoter, Aspergillus niger glucoamyvlase promoter, and Aspergillus orvzae glucoamylase
promoter.

{212} In another aspeet, the present mvention also provides a recombinant expression vector comprising
a polynuckeotide encoding an engineered profine hydroxylase polypeptide, and one or more expression
regulating regions such as a promoter and a terminator, a replication origin, etc . depending on the type of
hosts into which they are to be mtroduced. In some embodiments, the various nucleic acid and control
sequiences described above are combined together to produce a recombinant expression vector which
mehides one or more convenient restriction sties to allow for insertion or substitution of the nucleic acid
sequence encoding the vanant proline hydroxviase polypeptide at such sites. Alternatively, the
polynucleotide sequence(s) of the present mvention are expressed by mserting the polynucieotide
sequence or a nucleic acid construct comprising the polynuciectide 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.

[6213] The recombinant expression vector may be any vector (e.g., a plasmid or virus), that can be
conveniently subjected to recombinant DNA procedures and can result in the expression of the variant
proline hydroxylase polviucieotide 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

tinear or closed civcular plasmids.
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[0214] In some embodiments, the expression vector 1s an autonomously replicating vector {(1.¢., a vector
that exists as an extra~chromosomal entity, the replication of which s mdependent of chromosomal
replication, such as a plasmid, an extra-chromosomal element, @ minichromosome, or an artificial
chromosome). The vector may contan any means for assuring self-replication. In some alternative
embodiments, the vector may be one which, when introduced into the host cell, is integrated into the
genome and replicated together with the chromosome(s} into which it has been mtegrated. Furthermore, a
single vector or plasmid or two or more vectors or plasmids which together contain the total DNA to be
miroduced into the genome of the host cell, or a transposon may be used.

[0218] In some embodiments, the cxpression vector preferably contains one or more selectable markers,
which permit casy selection of transformed celis. A “selectable marker” is a gene the product of which
provides for biocide or viral resistance, resistance to heavy metals, prototrophy to auxotrophs, and the
like. Exaraples of bacterial selectable markers include, but are not imited to the dal genes from Bacilius
subtilis or Bacillus lichewniformis, or markers, which confer antibiotic resistance such as ampicillin,
kanamycin, chloramphenicol or tetracyeline resistance. Suitable markers for yveast host cells mclude, but
are not limited to ADE2, HIS3, LEU2, LYS2, MET3, TRPI, and URA3. Sclectable markers foruse mn a
filamentous fungal host cell wnclude, but are not limited to, amdS (acctamidase}, argB {omithine
carbamovitransferases), bar (phosphinothricin acetyltransferase), hph (hygromycin phosphotransferase),
ntaD (mitrate reductase), pyrG (orotidine-5'-phosphate decarboxylase}, sC (suifate adenyitransferase), and
trpC (anthranilate synthase). as well as equivalents thereof. In another aspect, the present invention
provides a host cell comprising a polynucleotide encoding at least one engincered proline hydroxylasc
polvpeptide of the present application, the polynueleotide being operatively linked to one or more control
sequences for expression of the engimeered proline hydroxylase enzyme(s) in the host cell. Host cells for
use in expressing the polypeptides encoded by the expression vectors of the present mvention are well
known in the art and mchude but are not limited to, bacterial cells, such as £, cofi, Vibrio fluvialis,
Streptomyees and Salmonella typhimurium cells; fungal cells, such as yeast cells (e.g., Saccharomyces
cerevisive and Pichia pastoris |ATCUC Accession No. 201178]); msect cells such as Drosophila 852 and
Spodoptera S19 cells; animal celis sach as CHO, COS, BHK, 293, and Bowes melanoma cells; and plant
cells. Excmplary host cells are Escherichia coli strans (e.g., W3110 (AthuA) and BL21).

[8216] Accordingly, in another aspect, the present invention provides methods for producing the
engineered proline hydroxylase polypeptides, where the methods comprise culturing a host cell capable of
expressing a polynuclectide encoding the enginecred proline hydroxylase polypeptide under conditions
suitable for expression of the polypeptide. In some embodiments, the methods further comprise the steps
of isolating and/or purifying the proline hvdroxylase polypeptides, as descnbed herein.

10217] Appropriaie culture media and growth conditions for the above-described host cells are well
known in the art. Polymucleotides for exprassion of the proline hvdroxylase polypeptides may be
introduced into cells by various methods known 1n the art. Techniques include, among others,
clectroporation, biolistic particle bombardment, liposome mediated transfection, calcium chioride

transfection, and protoplast fusion.
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[0218] The engincered proline hydroxylase with the properties disclosed herein can be obtaned by
subjecting the polynucleotide encoding the naturally occurring or engineered proline hydroxylase
polvpeptide to mutagenesis and/or directed evolution methods known in the art, and as described herein.
An exemplary directed evolution technique is mutagenesis and/or DNA shuffling (See e.g., Stommer,
Proc. Natl. Acad. Sci. USA 91:10747-10751 [1994]; WO 95/22625, WO 97/0078; WO 97/35066, WO
O8/27230; WO 00/42651;, WO 01/75767 and U.S. Pat. 6,537,746). Other directed evolution procedures
that can be used include, among others, staggered extension process {StEP}, in vitro recombination {(See
¢.g., Zhao et al., Nat. Biotechnol., 16:258-261 {1998}), mutagenic PCR (Sec e.g., Caldwell etal, PCR
Methods Appl., 3:5136-5140 [1994]), and cassette mutagenesis {See ¢.g., Black et al., Proc. Natl. Acad.
Sci, USA 93:3325-3529 {19961}

[8219] For example, mutagenesis and directed evolhition methods can be readily applied to
polynucleotides to generate variant libraries that can be expressed, screened, and assayed. Mutagenesis
and directed evolution methods are well known in the art (See e.g., US Patent Nos. 5,605,793, 5,830,721,
6,132,970, 6,420,175, 6,277,638, 6,365,408, 6,602,986, 7,288,375, 6,287 861, 6,297 053, 6,576,467,
6,444 468, 5811238, 6,117,679, 6,165,793, 6,180,406, 6,291,242, 6 995 017, 6,395,547, 6,506,602,
6,519,065, 6,506,603, 6,413,774, 6,573,098, 6,323,030, 6,344,356, 6,372,497, 7,868,138, 5,834,252,
5,928,905, 6,489,146, 6,096,548, 6,387,702, 6,391,552, 6,358,742, 6,482,647, 6,335,160, 6,653,072,
6,353,484, 6,303,344, 6,319,713, 6,613,514, 6,455,253, 6,579,678, 6,586,182, 6,406,853, 6,946,296,
7,534,564, 7,776,598, 5,837 458, 6,391,640, 6,309,883, 7,105,297, 7,795,030, 6,326,204, 6,251,674,
6,716,631, 6,528,311, 6,287,862, 6,335,198, 6,352,859, 6,379,964, 7,148,054, 7,629,170, 7.620,500,
6,365,377, 6,358,740, 6,406,910, 6,413,745, 6,436,675, 6,961,664, 6,537,746, 7430477, 7.873,499,
7,702,464, 7,783,428, 7,747,391, 7,747,393, 7,751,986, 6,376,246, 6,426,224, 6,423,542, 6,479,652,
6,319,714, 6,521,453, 6,368,861, 7,421,347, 7058,515, 7,024,312, 7,620,502, 7,853,410, 7,957,912,
7.904.249, 8 383 346, 8,504 498, 8,768,871, 8,762,066, £.849575, and all related non-US counterparts;
Lang et al,, Anal. Biochem., 254:157-78 [1997]; Dale et al., Meth. Mol. Biol, 57:369-74 [1996]; Smuth,
Ann. Rev. Genet., 19:423-462 [1985]; Botsten et al | Science, 229:1193-1201 [1985]; Carter, Biochem.
F, 237:1-7 {1936}, Krameret al., Cell, 38:879-887 {1984}, Wells et al,, Gene, 34:315-323 [1985];
Minshull et al.,, Curr, Op. Chem. Bicl., 3:284-290 [1999]; Christians ot al., Nat. Biotechnol., 17:259-264
[1999]; Crameri ot al., Nature, 391:288-291 [1998]; Cramen, ¢t al., Nat. Biotechnol., 15:436-438 [1997];
Zhang et al.) Proc. Nat. Acad. Sci. US. A, 94:4504-4509 [1997}; Crameri et al., Nat. Biotechnol, 14:313-
319 [1996]; Stemmer, Nature, 370:389-391 [1994]; Stemmer, Proc. Nat. Acad. Sci. USA, 91:10747-
10751 [1994]; W0 95/22625;, WO 97/0078;, WO 97/353966;, WO 08/27230; WO 00/42651; WO
01773767, WO 2009/152336, WO 2009/102901, WO 2009/102899, WO 201 1/035105, WO 2013/138339,
WO 2013/603290, WO 2014/120819, WO 2014/120821, WO 2015/0134315, and WO 2015/048573, all
of which are incorporated herein by reference).

{3220} In some embodiments, the enzvme clones obtained following mutagenesis treatment are screcned
by subjecting the enzvmes to a defined temperature (or other assay conditions, such as testing the

enzyme’s activity over a broad range of substrates) and measuring the amount of enzyme activity
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remaining after heat treatments or other assay conditions. Clones containing a polvaucleotide encoding a
proline hydroxylase polvpeptide are then sequenced to identify the nucleotide sequence changes (it anv},
and used to express the enzyme in a host cell. Measuring enzyme activity from the expression libraries
can be performed using any suitable method known in the art (¢.g., standard biochemistry techniques,
such as HPLC analysis).

{3221} In some embodmments, the clones obtained following mutagenesis treatment can be screened for
engineered proline hydroxylases having one or more desired improved enzyme propetties {e.g., improved
regioselectivity}. Measuring enzyme activity from the expression libraries can be performed using the
standard biochemistry techniques, such as HPLC analysis and/or derivatization of products {pre ot post
separation), for example, using dansvl chloride or OPA (See ¢.g., Yaegak et al., J Chromatogr,
356(1):163-70 [1986]).

{3222} Where the sequence of the enginecred polypeptide is known, the polynucleotides encoding the
enzyme can be prepared by standard solid-phase methods, according 1o known synthetic methods. Tn some
embodiments, fragments of up to about 100 bases can be individually synthesized, then jomned (e.g., by
enzymatic or chemical litigation methods, or polymerase mediated methods) to form any desired
continuous sequence. For example, polymicleotides and ohigonucleotides encoding portions of the proline
hydroxylase can be prepared by chemical synthesis as known in the art {¢.g., the classical
phosphoramidite method of Beaucage et al., Tet. Lett. 22:1859-69 [1981], or the method described by
Matthes et al , EMBO J. 3:801-05 [1984]) as typically practiced in antomated synthetic methods.
According to the phosphoranudite method, oligonucleotides are synthesized {(e.g., in an automatic DNA
synthesizer), puntied, annealed, ligated and cloned 1n appropriate vectors. In addition, essentially any
nueleic acid can be obtained from any of a vanety of commercial sources. In some embodiments,
additional variations can be created by synthesizing oligonucieotides contaming deletions, insertions,
and/or substitutions, and combining the oligonuckeotides in various permutations o create engincered
proline hydroxylases with improved properties.

82231 Accordingly, in some embodiments, a method for preparing the engmeered proline hydroxylases
polvpeptide comprises: (a) synthesizing a polynucleotide encoding a polypeptide comprising an amino
acid sequence having at least about 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%,
969, 97%, 98%, or 99% or more sequence identity to an amino acid sequence selected from the even-
numbered sequences of SEQ 1D NG:4-1004, and having one or more residue differences as compared to
SEQ 1D NO4 at residue positions selected from: 2, 4, 8, 10, 15, 26, 30,33, 36,37, 39,42, 43, 44, 45, 48,
50,32, 55,56, 57,38, 61,62, 63, 71, 76, 77. 81, 82, 87, 88,92 94, 95. 97, 98, 101, 107, 109, 114, 115,
119,121, 124, 128, 130, 131, 132, 134, 136, 145, 151, 153, 136, 158, 160, 161, 163, 166, 168, 173, 176,
178, 180, 184, 194, 213, 230, 237, 240, 256, 263, 266, 269, 270, 271, 273, 274, 275, and 280; and (b}
expressing the proline hydroxylase polypeptide encoded by the polynucieotide.

{3224} Accordingly, in some embodiments, 2 method for preparing the enginecred proline hydroxylases
polypeptide compnses: {a) synthesizing a polynucleotide encoding a polypeptide comprising an amino

acid sequence having at least about 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%,
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96%, 97%, 98%. or 99% or more sequence identity to an amino acid sequence selected from the even-
numbered sequences of SEQ 1D NO:4-1004, and baving one or more residue differences as compared to
SEQ ID N(O:604 at residue positions selected from: 13, 14, 24, 26, 27,30, 57, 61,62, 72,76, 77, 81, 82,
86, 88,97, 114, 127, 128, 142, 158, 161, 163, 173, 175, 176, 178, 180, 184, 185, 186, 187, 188, 189, 191,
192, 195, 198, 200, 207, 209, 210, 211, 213, 215, 217, 218, 222, 225, 230, 233, 236, 238, 240, 241, 256,
259,263,265, 271, and 273; and (b) expressing the proline hydroxylase polypeptide encoded by the
polymucleotide.

[3225] Accordingly, in some embodiments, a method for preparing the engineered proline hydroxylases
polvpeptide comprises: (a) synthesizing a polynucleotide encoding a polypeptide comprising an amino
acid sequence having at least about 80%, 85%, 86%, 87%, 85%, 89%, 90%, 91%, 92%, 93%, 94%, 95%,
96%, 97%, 8%, or 99% or more sequence identity to an amino acid sequence selected from the even-
numbered sequences of SEQ 1D NO:4-1004, and having one or more residue differences as compared o
SEQ D NO:810 at residue positions selected from 33, 40, 95, and 156; and (b} expressing the proline
hvdroxylase polypeptide encoded by the polynucieotide.

[3226] Accordingly, in some embodiments, a method for preparing the engmeered proline hydroxylases
polvpeptide comprises: {a) synthesizing a polynucleotide encoding a polypeptide comprising an aming
acid sequence selected from the even-numbered sequences of SEQ D NO:4-1004, and having one or
more restdue differences as compared to SEQ D NG:4 at residue positions selected from: 2, 4, 8, 10, 13,
26,30, 33,36, 37,39, 42, 43, 44, 45, 48, 50, 52, 535,56, 57, 58, 61, 62, 63,71, 76, 77, 81, 82, 87, 88, 92,
04,95,97,98, 101, 107, 109, 114, 115, 119, 121, 124, 128, 130, 131, 132, 134, 136, 145, 151, 153, 136,
158, 160, 161, 165, 166, 168,173, 176, 178, 180, 184, 194, 213,230, 237, 240, 256, 263, 266, 269, 270,
271,273,274, 275, and 280; and (b} expressing the proline hydroxylase polypeptide encoded by the
polvmucleotide.

102271 Accordingly, in some embodiments, a method for preparing the engineered proline hydroxylases
polvpeptide comprises: {(a) synthesizing a polynucieotide encoding a polypeptide comprising an amino
acid sequence selected from the even-numbered sequences of SEQ 1D NO:4-1004, and having one or
more residue differences as compared to SEQ 1D NO:604 at residue positions selected from: 13, 14, 24,
26.27,30,57, 61,62, 72,76, 77, 81, §2. 86, 88, 97, 114, 127, 128, 142, 158, 161, 163, 173, 175, 176,
178, 180, 184, 185, 186, 187, 188, 159, 191, 192, 195, 198, 200, 207, 209, 210, 211, 213, 215, 217, 218,
222,225 230,233,236, 238240, 241, 256, 259,263, 265 271, and 273; and {b) expressing the proline
hvdroxylase polypeptide encoded by the polynucieotide.

[0228] Accordingly, in some embodiments, a method for preparing the engineered proline hvdroxylases
polvpeptide comprises: {a) synthesizing a polynucleotide encoding a polypeptide comprising an amino
acid sequence selected from the even-numbered sequences of SEQ 1D NO:4-1004, and having one or
more residue differences as compared to SEQ 1D NG:810 at residue positions selected from 33, 40, 95,
and 156; and (b} cxpressing the proline hvdroxylase polypeptide encoded by the polvnucieotide.

[3229] In some embodiments of the method, the polynucleotide encodes an engineered proline

hydroxylase that has optionally one or several (e.g, up 10 3, 4, 5, or up to 10} amino acid residue
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deletions, msertions and/or substitutions. In some emboduments, the anmino acid sequence has optionally
1-2, 13, 14, 1-5, 1-6, 1-7, 1-8, 1-9, 1-10, §-15, 1-20, 1-21, 1-22, 1-23, 1-24, 1-25, 1-30, 1-35, 1-40, 1-45,
or 1-50 amino acid residue deletions, mnsertions and/or substitations. In some embodiments, the amino
acid sequence has optionally 1,2,3,4,3,6, 7,8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24,25, 30, 30, 35, 40, 45, or 50 amino acid residue deletions, insertions and/or substitutions. In some
embodiments, the amino acid sequence has optionally 1,2,3,4,5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 18,
20,21,22, 23, 24, or 25 amino acid residue deletions, insertions and/or substitutions. In some
embodiments, the substitutions can be conservative or non-conservative substitutions.

[0236] In some embodiments, any of the enginecred proline hyvdroxyvlase enzvies 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
techmiques for protein purification, including, among others, lysozyme treatment, somcation, filtration,
salting-out, ultra-centrifugation, and chromatography. Suitable solutions for lysing and the high efficiency
extraction of proteins from bacteria, such as £, coli, are commercially available (e.g., CelLytic B™,
Sigma-Aldrich, St. Louis MO).

[0231] Chromatographic technigues for isolation of the proline hydroxylase polypeptide include, among
others, reverse phase chromatography high performance ligud chromatography, ton exchange
chromatography, gel clectrophoresis, and affinity chromatography. Conditions for puntfyving a particular
enzyme will depend, m part, on factors such as net charge, hydrophobicity, hydrophilicity, molecular
weight, molecular shape, etc., and will be apparent to those having skilf in the art.

{8232} In some embodmments, affinity techniques may be used to isolate the improved proline
hvdroxviase cnzymes. For affinity chromatography purification, any antibody which specifically binds the
proline hvdroxylase polypeptide may be used. For the production of antibodies, vartous host animals,
mncluding but not limited to rabbits, mice, rats, etc., may be immunized by injection with a proline
hvdroxylase polypeptide, or a fragment thereof. The proline hyvdroxyvlase polypeptide or fragment may be
attached to a suitable carnier, such as BSA, by means of a side chain functional group or linkers attached
to a side cham functional group. In some embodiments, the affinity purification can use a specific ligand
bound by the proline hydroxylase, such as polyv(L-proline) or dye affinity column (5¢e e.g., EP0641362;
Stellwagen, “Dye Affinity Chromatography,” in Current Protocols i Protein Sciencg, Unit 8.2-92.16

F20017).

Methods of Using the Engincered Proline Hydroxylase Enzymes

18233] In some embodiments, the proline hydroxylases described herein find use processes for
converting a suitable substrate to its hydroxylated product. Generally, the process for performing the
bvdroxylation reaction conprises contacting or incubating the substrate conpound m presence of a co-
substrate, such as a-ketoghutarate, with a proline hydroxyvlase polyvpeptide of the invention under reaction
conditions spitable for formation of the hydroxylated product, as shown n Scheme 1, above.

13234} In the embodiments provided herein and ihustrated in the Examples, various ranges of sutable

reaction conditions that can be used in the processes, include but are not limited to, substrate loading, co-
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substrate loadmg, reductant, divalent transition metal, pH, temperature, buffer, solvent system,
polvpeptide loading, and reaction time. Further suttable reaction conditions for carrying out the process
for biocatalytic conversion of substrate compounds fo product compounds using an engineered proline
hyvdroxyiase polypeptide described herein can be readily optimized in view of the guidance provided
herein by routine experimentation that mcludes, but s not limited to, contacting the engineered proline
hvdroxylase polypeptide and substrate compound under experimental reaction conditions of
concentration, pH, temperature, and solvent conditions, and detecting the product compoand.

{3235} Suitable reaction conditions using the engineered proline hydroxvlase polypeptides typically
comprise a co-substrate, which is used stoichiometrically in the hydroxylation reaction. Generally, the co-
substrate for proline hvdroxylases is a-ketoghitarate, also referred to as a-ketoglutaric acid and 2-
oxoglutaric acid. Other analogs of a-ketoghitarate that are capable of serving as co-substrates for proline
bydroxylases can be used. An exemplary analog that may serve as a co-substrate is g-oxoadipate. Because
the co-substrate 18 used stoichiometrically, the co~substrate is present at an equimolar or higher amount
than that of the substrate compound {(1.¢., the molar concentration of co-substrate 15 cguivalent to or higher
than the molar concentration of substrate compound). In some embodiments, the suttable reaction
conditions can comprise a ¢o-substrate molar concentration of at least | fold, 1.5 fold, 2 fold, 3 fold 4 fold
or 5 fold or more than the molar concentration of the substrate compound. In some embodiments, the
suitable reaction conditions can comprise a co-substrate concentration, particularly alpha-ketoghstarate, of
about 0.001 M to about 2 M, 0.01 M to about 2 M, 0.1 Mto about 2 M, 0.2 M to about 2 M, about 0.5 M
to about 2 M, or about | M to about 2 M. In some embodiments, the reaction conditions comprise a co-
substrate concentration of about 0001, 001,0.1,02,03,04,05,06,07,08, 1, 1.5, or2 M. In some
embodiments, additional co-subsirate can be added during the reaction.

10236] Substrate compound in the reaction mixtures can be varied, taking mnto consideration, for
example, the desired amount of product compound, the effect of substrate concentration on enzyme
activity, stability of enzyme under reaction conditions, and the percent conversion of substrate to product.
In some embodiments, the saitable reaction conditions comprise a substrate compound loading of at least
about 0.5 to about 200 g/L. 1 to about 200 g/L, 5 to about 150 /L, about 10 to about 100 g/L, 20 to about
100 g/L or about 50 to about 100 g/L. In some embodiments, the suttable reaction conditions comprise a
substrate compound loading of at least about 0.5 g/L, at least about 1 g/L, at least about 5 g/L, at least
about 10 g/L. at Ieast about 15 g/L, at least about 20 g/L ) at least about 30 g/l at least about 50 /L, at
teast about 75 g/L., at least about 100 g/L, at feast about 150 g/L or at least about 200 g/L, or even greater.
The values for substrate loadings provided herein are based on the molecular weight of compound (1),
however it also contemplated that the equivalent molar amounts of various hvdrates and salts of
compound (1} also can be used n the process.

{0237] In carrying out the proline hvdroxyvlase mediated processes described herein, the engineered
polypeptide may be added to the reaction mixture in the form of a purified enzyme, partially purified
enzyme, whole cells transformed with gene(s) encoding the enzyvme, as cell extracts and/or lysates of such

cells, and/or as an enzyme immobibized on a solid support.  Whole cells transformed with gene(s)
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encoding the engincered proline hydroxylase enzyme or cell extracts, lysates thereof, and isolated
enzymes may be emploved m a variety of different forms, including solid {e.g., Ivophilized, spray~dried,
and the like} or semisolid (e.g., a crude paste). The cell extracts or cell fysates may be partially purified by
precipitation (ammoniom sulfate, polvethylencimine, heat treatment or the like, followed by a desalting
procedure prior to vophilization {e.g , ulirafiltration, dialysis, etc). Any of the enzyme preparations
(including whole cell preparations) may be stabilized by crosslinking using known crosshnking agents,
such as, for example, glutaraldehvde or immobilization to a solid phase (e.g., Eupergit C, and the like}.
[0238] The gene(s) encoding the enginecred proline hydroxylase polypeptides can be transformed into
host coll separately or together into the same host cell. For example, in some embodiments one set of host
cells can be transtormed with gene(s) encoding one engineered proline hvdroxylase polypeptide and
another set can be transformed with gene(s) encoding another engmeered proline hydroxvlase
polvpeptide. Both sets of transformed cells can be utilized together in the reaction mixture in the form of
whole cells, or m the form of lysates or extracts derived therefrom. In other embodiments, a host cell can
be transformed with gene(s) encoding multiple engincered proline hydroxylase polypeptide. In some
embodiments the engincered polypeptides can be expressed in the form of secreted polypeptides and the
culture medium containing the secreted polypeptides can be used for the proline hydroxylase reaction.
162391 In some embodiments, the improved activity and/or stereoselectivity of the engineered proline
hydroxylase polypeptides disclosed herein provides for processes wherein higher percentage conversion
can be achieved with lower concentrations of the engineered polypeptide. In some embodiments of the
process, the suitable reaction conditions comprise an engincered polypeptide amount of about 1% (w/w),
2% (wiw). 5% (wiw}, 10% (w/w), 20% (w/iw), 30% (w/iw), 40% (tw/w), 309% (wiw), 75% (wiw), 1009%
{w/w} or more of substrate compound loading.

102490} In some embodiments, the engincered polypeptide is present at about 0.01 g/L to about 50 g/L;
about 0.05 g/L to about 50 g/1.; about 0.1 g/L to about 40 ¢/L; about 1 g/L to about 40 g/L; about 2 g/L to
about 40 g/L; about 5 g/l to about 40 g/L; about 5 g/L. to about 30 g/L; about 8.1 ¢/L. to about 10 g/L;
about 0.5 g/L to about 10 g/L; about I g/L to about 10 g/L; about 0.1 /L to about 5 g/L; about 0.5 g/L to
about 5 g/L; or about 0.1 g/L to about 2 g/L. In some embodiments, the proline hydroxylase polvpeptide is
present at about 0.01 ¢/L, 0.05 /L, 0.1 g/L. 0.2 g/L, 05 /L, 1, 2 /L, § g/l 10 g/L, 15 s/L, 20 g/L, 25
/L, 30 g/, 35 g/L. 40 g/L, or 50 g/L.

[0241] In some embodiments, the reactions conditions also comprise a divalent transttion metal capable
of serving as a cofactor in the oxidation reaction. Generally, the divalent transition metal co-factor is
ferrous ion (i.c., Fe™). The ferrous ion may be provided in various forms, such as ferrous sulfate (FeSO,),
ferrous chloride (FeCly), ferrous carbonate (FeCQs), and the salts of organic acids such as citrates, lactates
and fumarates. An exemplary source of ferrous sulfate is Mohr's salt, which is ferrous ammonium sulfate
{(NH. 3 Fe(8504); and 15 available in anhydrous and hydrated (1.¢., hexahydrate} forms. While ferrous ton is
the transition metal co-factor found in the naturally occourring proline hydroxylase and functions
cfficiently in the engincered enzymces, it is to be understood that other divalent transition metals capable

of acting as a co-factor can be used in the processes. In some embodiments, the divalent transition metal
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co-factor can comprise Mn” and Cr™. In some embodiments, the reaction conditions can comprises a
divalent transition metal cofactor, particularly Fe™, at a concentration of about 0.1 mM to 10 mM, 0.1
mM to about 3 mM, 0.5 mM to about 5 mM, about 0.5 mM to about 3 mM or about 1 mM to about 2 mM.
In some embodiments, the reaction conditions comprise a divalent transttion metal co-factor concentration
of about 6.1 mM, 0.2 mM, 0.5 mM, I mM, 1.5 mM, 2 mM, 3 mM, 5 mM, 7.5 M or 10 mM. In some
embodiments, higher concentrations of divalent transition metal cofactor can be used, for example up to
50 mM or up to 100 mbL

{3242} In some cmbodiments, the reaction conditions can further comprise a reductant capable of
reducing ferric ion, Fe'* to ferrous ion, Fe'. In some embodiments. the reductant comprises ascorbic acid,
typically L-ascorbic acid. While ascorbic acid is not required for the hydroxyvlation reaction, enzymatic
activity 1s enhanced in its presence. Without being bound by theory, the ascorbate is believed to maintain
or regenerate the enzyme-Fe” form, which is the active form mediating the hydroxyiation reaction.
Generally, the reaction conditions can comprise an ascorbic acid concentration that corresponds
proportionately to the substrate loading. In some embodiments, the ascorbic acid 1s present in at least
about 0.1 fold, 0.2 fold 0.3 fold. 0.5 fold, 0.75 fold, 1 fold, 1.5 fold, or at least 2 fold the molar amount of
substrate. In some embodmments, the reductant, particularly L- ascorbic acid, 1s at a concentration of about
0.001 M 1o about .5 M, about 0.01M to about 0.5 M, about 6.01 M to about 0.4 M, about 0.1 to about 0.4
M, or about 0.1 to about 0.3 M. In some embodiments, the reductant, particularly ascorbic acid, 1s ata
concentration of about 0.001 M, 0.005 M, 001 M, 0.02M, 0.03 M, 005 M, 01T M, 015 M, 02 M, 0.3 M,
04 M, 0r05M

{3243} In some embodiments, the reaction conditions comprise molecular oxygen (i.¢., ;). Without
being bound by theory, one atom of oxygen from molecular oxygen is incorporated into the substrate
compound to form the hvdroxylated product compound. The O may be present naturally in the reaction
solution, or introduced and/or supplemented into the reaction artificially. In some embodiments, the
reaction conditions can comprise forced acration {¢.g., sparging) with air, O gas, or other O;-contaming
gases. n some embodiments, the O, n the reaction can be increased by increasing the pressure of the
reaction with O, or an O,-containing gas. This can be done by carrying out the reaction 1n a vessel that
can be pressurized with O, gas. In some embodiments, the O, gas can be sparged through the reaction
solution at a rate of at least 1 liter per howr (L/h), at least 2 L/h, at least 3 L/h, at least 4 L/h, at least 5 L/b,
or greater. In some embodiments, the O, gas can be sparged through the reaction solution at a rate of
between about 1 L/h and 10 L/h, between about 2 L/h and 7 L/h, or between about 3 L/h and 5 L/,

{0244} During the course of the reaction, the pH of the reaction mixture may change. The pH of the
reaction mixture may be maudained at a desired pH or within a desired pH range. This may be done by
the addition of an acid or a base, before and/or during the course of the reaction. Alternatively, the pH
may be controlied by using a buffer. Accordingly, in some embodiments, the reaction condilion comprises
a bufter. Suitable buffers to maintain desired pH ranges are known in the art and include, by wayv of
example and not hmitation, borate, phosphate, 2-(N-morpholino)ethancsulfonic acid (MES), 3-(N-

morpholine)propanesulfonic acid (MOPS), acetate, triethanclamine, and 2-amino-2-hydroxymethyl-
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propane-1,3-dic] (Tns), and the like. In some embodiments, the buffer is phosphate. In some
embodiments of the process, the suttable reaction conditions comprise a buffer (e.g., phosphate)
concentration of from about 0.01 to about 0.4 M, 0.05 to about 0.4 M, 0.1 to about 0.3 M, or about 0.1 to
about 0.2 M. In some embodiments, the reaction condition comprises a buffer (e g, phosphate)
concentration of about 6.01, 0.02,0.03,0.04, 0.05,0.07,0.1,0.12,0.14,0.16,0.18,02,03, 0r 04 M. In
some embodiments, the reaction conditions comprise water as a suitable solvent with no buffer present.
[6245] In the cmbodiments of the process, the reaction conditions can comprise a suitable pH. The
desired pH or desired pH range can be maintained by use of an acid or base, an appropriate buffer, ora
combination of buffering and acid or base addition. The pH of the reaction mixture can be controlled
betore and/or during the course of the reaction. In some embodiments, the suitable reaction conditions
comprise a solution pH from about 4 o about 10, pH from about 5 1o about 10, pH from about 3 to about
9, pH from about 6 to about 9, pH from about 6 to about 8. fn some embodiments, the reaction conditions
comprise a sohution pH of about 4,4.3,5,55,.6,65,7,75,8,85,9,9.5, or 10.

8246} In the cmbodiments of the processes herein, a suitable temperature can be used for the reaction
conditions, for example, taking into consideration the increase in reaction rate at higher temperatures, and
the activity of the enzyme during the reaction time perniod. Accordingly, 1n some embodiments, the
suttable reaction conditions comprise a temperature of about 10°C to about 60°C, about 10°C to about
55°C, about 15°C io about 60°C, about 20°C to about 60°C, about 20°C to about 553°C, about 23°C to
about 55°C, or about 30°C to about 50°C. In some embodiments, the suitable reaction conditions
comprise a temperature of about 10°C, 15°C, 20°C, 25°C, 30°C, 35°C, 40°C, 45°C, 50°C, 55°C, ar 60°C.
In some embodiments, the temperature during the enzymatic reaction can be mamtained at a specific
temperature throughout the course of the reaction. In some embodiments, the temperature during the
enzymatic reaction can be adjusted over a temperature profile during the course of the reaction.

102477 The processes of the mvention are generally carnied out in a solvent. Suitable solvents include
water, aqueous buffer solutions, organic solvents, polymeric solvents, and/or co-solvent systems, which
generally comprise aqueous solvents, organic solvents and/or polvmeric solvents. The agqueoos solvent
{water or aqueous co-solvent system) may be pH-buffered or unbuffered. In some embodiments, the
processes using the engincered proline hydroxylase polvpeptides can be carried out in an agqueous co-
solvent systern comprising an organic solvent (e.g., ethanol, isopropanol (IPA), dimethyl sulfoxide
{DMSO), dimethyliormamide (DMF) ethyi acetate, butyl acetate, 1-octanol heptane, octane, methvi ¢
buty! ether (MTBE), toluene, and the like}, ionic or polar solvents {e.g., I -ethyl 4 methylimidazoliwin
tetraftuoroborate, 1-butyl-3-methvlimidazolium tetrafluoroborate, 1-butyl 3 methylimidazolium
hexafluorophosphate, glveerol, polyethylene glveol, and the like). In some embodiments, the co-solvent
can be a3 polar solvent, such as a polyol, dimethvlsulfoxide (DMSQ), or lower alcohol. The non-aquecus
co- solvent component of an agueous co-solvent system may be miscible with the aqueous component,
providing a single lignid phasc, or may be partly miscible or immuscible with the aqueous component,
providing two liquid phases. Exemplary agueous co-solvent systems can comprise water and one or more

co-sofvents selected from an organic solvent, polar solvent, and polyol solvent. In general, the co-solvent
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component of an agueous co-solvent system is chosen such that @ does not adversely inactivate the proline
hydroxylase enzvme under the reaction conditions. Appropriate co-solvent systems can be readily
identified by measuring the enzymatic activity of the specified engineered proline hydroxvlase enzyme
with a defined substrate of interest in the candidate solvent system, utilizing an enzyme activily assay,
such as those described herein,

[3248] In some embodiments of the process, the suitable reaction conditions comprise an aqueous co-
solvent, where the co-solvent comprises DMSO at about 196 to about 30% (v/v), about 1 to about 40%
{(v/v}, about 2% to about 40% (v/v}, about 5% to about 30% {v/v), about 10% to about 30% {v/v}, or about
10% to about 20% (v/v). In some embodiments of the process, the suitable reaction conditions can
comprise an aqueous co-solvent comprising DMSO at about 1% (v/v}, about 5% (v/v), about 10% (v/v),
about 153% (v/v}), about 20% (v/v}, about 25% (v/v}, about 30% (v/v), about 33% (v/v}, about 405 (v/v),
about 45% (v/v), or about 50% {(v/v).

[3249] In some embodiments, the reaction conditions can comprise a surfactant for stabilizing or
enhancing the reaction. Surfactants can comprise non-ionic, cationic, amonic and/or amphiphilic
surfactants. Exemplary surfactants, mnclude by way of example and not imitation, nonyl
phenoxyvpolyethoxylethanol (NP403, Trton X-100, polyoxyethylene-stearylamineg,
cetyltrimethylammonium bromide, sodium oleylamidosulfate, polyoxyethylenc-sorbitanmonostearate,
hexadecyldmmethylamine, ¢tc. Any surfactant that may stabilize or enhance the reaction may be
emploved. The concentration of the surfactant to be emploved i the reaction mav be generally from 0.1
to 30 mg/od, particularly from 1 to 20 mg/ml.

[3256] In some embodiments, the reaction conditions can include an antifoam agent, which aids in
reducing or preventing formation of foam i the reaction solulion, such as when the reaction solutions are
mixed or sparged. Anti-foam agenis include non-polar oils {e g, minerals, silicones, ¢ic .}, polar oils {e.g.,
fatty acids, alkvl amines, alkyl amides, alkvl sulfates, ete ), and hydrophobic (e g., treated silica,
polvpropylene, etc.), some of which also function as surfactants. Exemplary anti-foam agents include, Y-
30% (Dow Coming), poly-glveol copolymers, oxy/ethoxylated alcohols, and polydimethyisiloxanes. In
some embodiments, the anti-foam can be present at about 0.001% (v/v) to about 5% (v/v), about 0.01%
{v/v}) to about 5% (v/v}, about 0.1% (v/v} to about 5% (v/v), or about 0.1% {v/v} to about 2% (v/v}. In
some embodiments, the anti~foam agent can be present at about 0.001% {v/v}, about 0.01% (v/v), about
0.1% {v/v}, about 8.3% (v/iv), about 196 (viv), about 2% (v/v}, about 3% (v/v}, about 4% (v/¥), or about
5% {v/v} or more as desirable to promote the reaction.

{06251} The quantitics of reactants used in the hvdroxylase reaction will generally vary depending on the
quantitics of product desired, and concomitantly the amount of proline hydroxylase substrate emploved.
Those having ordinary skill m the art will readily understand how to vary these quantities to tailor them to
the desired level of productivity and scale of prodaction.

{02521 In some embodiments, the order of addition of reactants is not critical. The reactants may be
added together at the same time to a solvent (e.g., monophasic solveunt, biphasic agueous co~solvent

aystem, and the like), or alternatively, some of the reactants may be added separately, and some together
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at different tune pounts. For example, the cofactor, co-substrate, proline hvdroxylase, and subsirate mav be
added first to the solvent.

[8253] The solid reactants (e.g., enzyme, salts, etc.) may be provided to the reaction i a variety of
different forms, including powder {¢.g., lvophilized, spray dried, and the like}, solution, crmulsion,
suspension, and the like. The reactants can be readily lvophilized or spray dried using methods and
equipment that are known to those having ordmary skill in the art. For example, the protein solution can
be frozen at -80°C 1 small aliquots, then added o a pre-chilled lyvophilization chamiber, followed by the
application of a vacuum.

[0254] For improved mixing efficiency when an agueous co-solvent system is used, the proline
hydroxvlase, and cofactor may be added and mixed into the agueous phase first. The organic phase may
then be added and mixed m, followed by addition of the proline hydroxylase substrate and co-substrate.
Alternatively, the proline hydroxylase substratec may be prevuxed in the organic phase, prior to addition to
the agueous phase.

[0255] The hyvdroxylation process s generally allowed to procecd until further conversion of substrate to
hvdroxylated product docs not change significantly with reaction time (.g., less than 10% of substrate
bemg converted, or less than 5% of substrate being converted). In some embodiments, the reaction is
allowed to proceed until there is complete or near complete conversion of substrate to product.
Transformation of substrate to product can be monitored using known methods by detecting substrate
and/or product, with or without derivatization. Suitable analytical methods include gas chromatography,
HPLC, MS, and the like,

[3256] In some embodmments of the process, the suitable reaction conditions comprise a substrate loading
of at least about 3 g/L, 10 g/L, 20 g/L, 30 /L, 40 g/L, 50 g/L, 60 g/L, 70 g/L, 106 g/L, or more, and
wherein the method results in at least about 30%, 60%, 70%. %0%, 90%, 95% or greater conversion of
substrate compound to product compound in about 48h or less, in about 36 h or less, or m about 24 h or
[8257F The engineered proline hydroxylase polypeptides of the present imvention when used in the
process under suitable reaction conditions result 1n an excess of the cis-hvdroxylated product it at least
90%, 95%, 96%, 97%. 98%, 99%, or greater diastercomeric excess over the trans-hydroxviated product.
In some embodiments, no detectable amount of compound trans-hvdroxviated product 1s formed.

(6258} In further embodiments of the processes for converting substrate compound to hydroxylated
product compound using the engincered proling hvdroxylase polypeptides, the suitable reaction conditions
can comprise an initial substrate loading 1o the reaction solution which is then contacted by the
polypeptide. This reaction solution is then further supplemented with additional substrate compound as a
continuous or batchwise addition over ime at a rate of at least about T g/L/h, at least about 2 g/L/h, at
least about 4 g/L/h, at least about 6 g/L/h, or higher. Thus, according to these suitable reaction conditions,
polypeptide is added o a solution having an initial substrate loading of at least about 20 g/1., 30 g/, or 40
g/L. This addition of polypeptide is then followed by continuous addition of further substrate to the

solution at a rate of about 2 g/L/h, 4 ¢/L/h, or 6 g/L/h until a mach higher final substrate loading of at least
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about 30 g/L, 40 /L, 50 /L, 60 /L., 70 g/L., 100 g/L., 150 /L, 200 ¢/L. or more, is reached. Accordmgly,
in some embodiments of the process, the suitable reaction conditions comprise addition of the polypeptide
to a sofution having an initial substrate loading of at least about 20 g/L, 30 g/L, or 40 g/L followed by
addition of further substrate to the solution at a ratec of about 2 g/L/b, 4 g/L/h, or 6 g/L/h until a final
substrate loading of at least about 30 g/L, 40 ¢/L., 530 g/L, 60 g/L, 70 g/L., 100 g/L or more, is reached.
This substrate supplementation reaction condition allows for higher substrate loadings to be achieved
while maintaining high rates of conversion of substrate to hydroxylated prodact of at least about 30%,
60%, 70%, 80G%, 90% or greater conversion of substrate. In some embodiments of this process, the
substrate added is in a solution comprising a-ketoglutarate at an equimolar or higher amount of the further
added substrate.

[8259] In some embodiments of the processes, the reaction using an engineered proline hydroxylase
polvpeptide can comprse the following suitable reaction conditions: {a) substrate loading at about 5 g/L.
to 30 g/L; (b) about 0.1 g/L to 10 g/L. of the engimeered polypeptide; (¢} about 19 g/ (0.13 M) 1o 57 ¢/L.
(0.3 M) of a-ketoglutarate; (d) about 14 g/ (0.08 M} to 63 g/L (0.36 M} ascorbic acid; (¢} about 1.5 g/L
(38 mMjto 4.5 g/L (11.5 mM) of FeSQO.; {f} a pH of about 6 io 7; {g) temperature of about 20° 1o 40°C;
and (h) reaction time of 2-24 h.

16266} In some embodmments of the processes, the reaction using an engineered prohine hydroxylase
polvpeptide can compnise the following suitable reaction conditions: (a} substrate loading at about 10 g/L
to 100 g/L; (b} about 1 g/L to about 50 g/L of engineered polypeptide; (¢} u~ketoglutarate at about 1 to 2
modar equivalents of substrate compound; (d) ascorbic acid at about 0.25 10 0.75 molar equuvalents of
substrate compound; (¢} about 0.5 mM to about 12 mM of FeSO,; () pH of about 6 to §; (g} temperature
of about 207 t0 40°C; and (h) reaction time of 610 120 h.

10261} In some ombodiments, additional reaction components or additional techniques carried out to
supplement the reaction conditions. These can include taking measures to stabilize or prevent inactivation
of the enzyme, reduce product inhibition, shift reaction equilibrium to hvdroxylated product formation.
102621 In further embodiments, any of the above described process for the conversion of substrate
compound to product compound can further comprise one or more steps selected from: extraction;
isolation; purification; and crystallization of product compound. Methods, techniques, and protocols for
extracting, isolating, purifving, and/or crystallizing the hydroxylated product from biocatalytic reaction
mixtures produced by the above disclosed processes are known to the ordinary artisan and/or accessed
through routine experimentation. Additionally, iltustrative methods are provided in the Examples below.
[0263] Various features and embodiments of the invention are illustrated in the following representative

examples, which are intended to be dlustrative, and not imiting.
EXPERIMENTAL

[0264] The followmg Examples, including experiments and results achieved, are provided for illustrative

purposes only and are not to be construed as lnniting the present invention.
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[0265] In the experimental disclosure below, the following abbreviations apply: ppm (parts per million};
M {(molary;, mM (millimolar}, uM and uM (micromolar); nM (nanomolar); mol (moles); gm and g (gram};
mg (milligrams}; ug and pg (micrograms); L and 1 (liter}; mi and mL (milliliter); cm (centimeters); mm
{miltimeters); v and pm {micrometers); sec. (seconds); min{s) (minute{s)}); h{s) and hr{s) thouwr{s}}, U
{units); MW {molecular weight}; rpr (rotations per mimute); °C (degrees Centigrade); CDS {coding
sequence); DNA (deoxyribonucieic acidy, RNA (ribonucleic acid); NA (nucleic acid; polvnuciectide); AA
(amino acid; polypeptide}, £. coli W3110 (commonly used laboratory E. colf strain, available from the
Coli Genetic Stock Center |G, New Haven, C1); HPLC (high pressure Hiquid chromatography);
SDS-PAGE {(sodium dodecyl sultate polyacrvlamide gel clectrophoresis); PES (polyethersuifone);, CFSE
{carboxyfluorescen suecmimidyl ester); IPTG (isopropyl beta-D-1-thiogalactopyranoside); PMBS
{polvmyxin B sulfate}; NADPH (micotinamide adenine dinucleotide phosphate); GDH {(glucose
dehvdrogenase); polvethylemimine (PEL); FIOPC (fold improvement over positive control); DO
{dissolved oxygen); ESI (electrospray 1onization); LB (Luna brothy, TB (terrific broth}, MeOH
{methanol); HTP (high throughput); SFP (shake flask powder), DSP (downstream process powder);
Athens Rescarch (Athens Rescarch Technology, Athens, GA), ProSpec (ProSpec Tany Technogene, East
Branswick, NJFj; Sigma-Aldrich (Sigma-Aldrich, 8t Lowis, MO); Ram Scientific (Ram Scientific, Inc,,
Yonkers, NY); Pall Corp. (Pall, Corp., Pt. Washington, NY); Millipore (Millipore, Corp.. Billerica MA);
Difco (Dnfco Laboratories, BD Diagrostic Systems, Detrot, Mi); Molecular Devices (Molecular Devices,
LLC, Sunnyvale, CA); Kuhner (Adolf Kehner, AG, Basel, Switzerland), Cambridge Isotope Laboratories,
{Cambnidge Isotope Laboratonies, Inc., Tewksburv, MA). Applied Biosystems {Applied Biosystoms, part
of Life Technologies, Com., Grand Island, NY}, Agilent (Agilent Technologies, Inc., Santa Clara, CA);
Thermo Scientific (part of Thermo Fisher Scientific, Waltham, MA); Fisher (Fisher Scientific, Waltham,
MA}Y, Corning (Corning, Inc., Palo Alto, CA), Waters {Waters Corp., Milford, MA). GE Heakthcare (GE
Healthcare Bio-Sciences, Piscataway, NJ); Pierce (Pierce Biotechnology (now part of Thermo Fisher
Scientific), Rockford, IL); Phenomenex (Phenomenex, Inc., Torrance, CA}, Optonal {Optimal Biotech
Group, Belmont, CA); and Bio-Rad (Bio-Rad Laboratories, Hercules, CA}.

{8266] The following sequences were used m the development of the present tnvention.

pIVI10900:
tcgagtiaatiaaggoagtgagegcaacgoaattaatgtgagitageicactcattaggraceccaggetitacactitatgettccggotegtatgtigtaty
gaattgigagcggatascaatiicacacaggaaacggetatgaccatgattacggattcaciggocgtegtitfacaatctagaggecagectggocataa

goagatatacatatgagtaticaacatitcegigicgecctiaticecttttiigeggeattitgecticetgttitigeicacoecagaaacgetggtgaaagiaaa

agatgcteaagatcagtiggotecacgagiggetiacatcgaactggatcicaacagegetaagatcctigagagtittcgeccegaagagegitttccaat
gatgagcacttttaaagtictgotalgiggegeggtattatccegigtigacgccgggeaagagraacicggtcgocgoatacaciaticicagaatgactiy
gitgagtactcaccagicacagaaaageatctiacggatggeatgacagtaagagaattatgcagtgctgecaiaaccatgagigataacactgeggeca
acttactictgacaacgateggaggaccgaaggagctaacegtitittigeacaccatggggeatcatgtaactegectigategiigggaaceggagcty
aatgaagecataccaaacgacgagegtgacaccacgatgectacageaatggeaacaacgitgegraaactatiaactggegaactactiactctagett
cocggeaacaatiaatagactggatggaggoggalaaagtigcaggaccactictgegoteggeocticeggotggciggtttatigeigataaatctgga
gcoggigagegtgeetcicgepgtatcatigoageactgggeccagatggtaagecctecegtaicgtagtiatctacacgacggegagitcaggeaact
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cgottgetgoaacicictcagggecaggogatiaaggacaatcagetgtigecegicteactggtgaaaagaaaaaccacociggegeccaatacgoaa
accgectctcoccgegegtigeccgaticattaatgeagetggeacgacaggtiicecgacteggaaagegggcagigageggtaceegataaaagegg

cticctgacaggaggccgtttigttic (SEQ ID NO: 1009)

EXAMPLE 1

Expression and Screening Engineered Proline Hydroxylase Polypeptides

10267} The polvancleotide sequence SEQ ID NO4 (See, SEQ ID NG 134 of WO2013/169725A2) was
cloned inio a pCK1 10900 vector system {See e.g, US Pat. Applo. Publn. 2006/0193947, which is hereby
imcorporated by reference herein), pIV 110900 vector system (SEQ 1D NO:1007), pI V110900 al8c RBS
vector systerm (SEQ D NG 1008) or pdV 110900 gc RBS vector system (SEQ 1D NG 1009) and
subsequently expressed in the £. coli W3110 strain. The E. coli W3110 stran expresses the proline
hydroxylase polypeptides under the control of the foc promoter. Based on scquence comparisons with
other prolime hydroxylases and computer modeling of the enzyme structure docked to the substrate
profine, residue posttions associated with the active site, peptide loops, solution/substrate mterface, and
potential stability positions were identificd and subjected to mutagenesis, These first round vanants were
screencd under HTP Assay conditions with (25)-piperidineg-2-carboxylic acid as substrate. Variants with
mereased enzymatic activity and/or expression were identified. The residue differcnees from the first
round screcning were combined in various permutations and screencd for improved propertics under HTP
Assay, SFP Assay, and DSP Assay conditions. The engimeered proline hyvdroxylase polypeptide sequences
and specific mutations and relative activities obtained from the screens are listed in the Tables in the

following Examples.

EXAMPLE2

Production of Engineered Proline Hydroxylases
{0268} As ndicated above, the engineered proline hydroxyviase polvpeptides of Example | were produced
m £, coli W3110 under the control of the lac promoter. Enzyme preparations tor HTP, DSP, and SFP

assays were made as follows.

Hish-Throughput (HTP) Growth, Expression, and Lysate Preparation

10269] Cells were picked and grown overnight in LB media condaining 1% glucose and 30 ug/mbL
chloramphenicol (CAM), 30°C, 200 rpm, 85% hunmidity. A 20 pl aliquot of overmight growth was
transterred to a deep well plate containing 380 gL 2<TE growth media contaiming 30 pg/mL CAM, I mM
IPTG, and incubated for ~18 h at 36°C, 200 rpm, 85% humidity. Cell cultures were centrifuged ar 4000
rpm, 4°C for 10 nun ., and the media discarded. Cell pellets were resuspended n 200 pL yvsis buffer (50

mM Bis-Tris buffer, pH 6.3, containing, 0.5 mg/mL PMBS, 1 mM MgSO, and 1 mg/mL lvsozyme).
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Lysts buffer was prepared fresh by adding to 90 mL of 50 mM Bis-Tris buffer, pH 6.3, 10 mL of 10 mM
MgS0, m Bis-Tns, pH 6.3, 50 mg of PMBS and 100 mg of Iysozyime.

Production of Shake Flask Powders (SFP}

[0270] A shake-flask procedure was used to generate engincered proline hydroxylase polypeptide

powders used in secondary screening assays or in the biocatalytic processes disclosed herein. Shake flask
powders provided a more purified preparation {e.g., up to 30% of total protein) of the engineered enzyme
as compared to the cell lysate used in HTP assays. A single colony of £. cofi containing a plasmid
encoding an enginecred polypeptide of interest was inoculated into 30 mal. Lunia Bertant broth containing
30 pg/ml chloramphenicol and 1% glucose. Cells were grown overnight (at least 16 hours) in an imcubator
at 30°C with shaking at 250 rpm. The colture was dilnted into 250 mb Terrific Broth (12 g/L bacio-
trvptone, 24 ofL veast extract, 4 mE/L glveerol, 65 mM potassium phosphate, pH 7. 1 mM MgSG,)
containing 30 pug/ml chloramphenicol, in a 1 liter flask to an optical density of 600 nm (OD600) of 0.03
and allowed to grow at 30°C. Expression of the proline hydroxylase gene was mduced by addition of
PTG to a final concentration of 1 mM when the OD600 of the culture was $.6 15 0.8, Incubation was then
contiued overnight (at least 16 hours). Cells were harvested by centrifugation (5000 rpm, 15 mun, 4°C)
and the supernatant discarded. The cell pellet was resuspended with an equal volume of cold (4°C) 25 mM
Tris-HC buffer, pH 6.3, and harvested by centrifugation, as described above. The washed cells
wereresuspended m two volomes of the cold 25 mM Tris-HCI buffer, pH 6.3, and passed twice through a
French Press at 12,000 psi while being maintained at 4°C. Cell debris was removed by centrifugation
{9000 rpm, 45 mmutes, 4°C). The clear lysate supernatant was collected and stored at -26°C.
Lyophilization of frozen clear bysate provided a dry shake-flask powder of crude enginecred polypeptide.

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

Production of Downstream Process Powders {DSP)

162711 DSP powders provided a more purified preparation of the engineered proline hydroxylase enzyme
as compared to the cell lysate used m the HTP or SFP assays. Larger-scale fermentation of the engineered
proline hydroxylase for production of DSP powders (~100 — 120 g from 10L) can be carried out as a short
batch followed by a fed batch process according to standard bioprocess methods. Briefly, proline
hvdroxylase expression was induced by addition of IPTG to a final concentration of 1 mM. Following
fermentation, the cells were harvested and resuspended in 33 mM TEA buffer, then mechanically
disrupted by homogenization. The ccH debris and nucleic acid were flocculated with PET and the
suspension clarified bv centrifugation. The resulting clear supematant was concentrated using a tangential
crosa~-flow ultrafiltration membrane to remove salts and water, The concentrated and partially purified

enzyme concentrate can then be dried in a lyophilizer and packaged (e.g., in polyethylene contamers}).

EXAMPLE 3

Analytical Procedures
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[6272] In this Example, the analytical procedures used to characterize the enzyme vanants provided

herein are described.

Method 1 - HPLC Analvsis of HTP Assav. SFP and DSP Reactions:

[0273] In a 96 deep well format assay block, 3 ul. of reaction solution was diluted with 200 uL. of 5%
sodinm bicarbonate sohution followed by 200 uL of dansyl chioride solotion (10 mg/mL dansyl chloride in
Me{'N). The plate was heat sealed, centrifuged, and placed in an incubator with shaking at 600 rpm at 44-
45°C for 1 hour. The reaction solution turns from yellow to light vellow when derivatization with dansyl
chloride 15 complete. In cases where the solution remained vellow, the plate was heated for another 13
min. After incubation, the plate was centrifuged for 1 min at 4000 rpm. A 20 oL aliguot of supematant
was transterred into a 96 Coming plate containing 140ul of water per well for HPLC analysis. The

quenched reaction was subject to HPLC analysis under the followmg conditions.

Table 3.1 Method 1 HPLC Equipment and Reactive Conditions

Column Ascentis Hxpress C18 (2.7 um) 4.6 x 100 mM
Temperature 25°C
Mobile Phase Solvent A: 10 mM NHOAc pl 4.0
Solvent B: Acetonitrile\Mobile Phase Profile
Flow
Tinernm | %A B
ratexml /mm
0.00 75 25 15
4.00 35 65 15
4.1 0 100 15
55 0 100 15
Postime 1.00 mirnites/sample
Detection Wavelength 250 nm
Column Temperature 40 °C
Imjection Volume 25 ul.
Total Runtime 5.5 minutes/sample
Response Factor (Substrate 1
Area/Product Area)

[8274] Conversion of compound (1) to compound {2} was deternuned from the resulting chromatograms
as foliows:

% Conversion = {{RF x Product Area)/[{(RF x Product Area) + Substrate Areal} x 100
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where

Response Factor (RF} = Substrate Arca/Product Area.
{8275} This method was used for rapid identification for conversion of {28)-piperidine-2-carboxylic acid
{corapound 1} to hvdroxvpiperidine-2-carboxvlic acid {compound 2}. The chromatographic elution

profiles, denoted as “Response time” are provided in Table 3.2.

Table 3.2 Compounds and Response Times

Compound Structure Response Time
(25,5R-1-(5-(dimethylaminonaphthalene-i- )
‘ o o 2.2 oun
visulfonyi)-5-hydroxvpipernidinc-2-carboxylic acid
(28.58)-1-(S~(dimethyiamino)naphthalene-1- 24 min
visulfonyl)-5-hydroxypiperidinc-2-carboxylic acid
{25,351 -(5-{ dimethylamino jnaphthalene-l~ 2.6 min
visulfonvl)-3-hydroxypipendine-2-carboxylic acid
(28 4R)-1-(5~( dimethylamine ynaphthalene-i- .
2.8 mm
visulfonvl)-3-hydroxypiperidine-2-carboxylic acid
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Table 3.2 Compounds and Response Times

Compound Structure Response Time

Dansvi-NH2 2.9 min
(3)-1-(5-(dimethylaminomaphthalene-1- o o )
o o 3.9 min
visulfonyl)piperidine-2-carboxvlic acid E \j
7

N

Method 2 — LO/MS/MS Analysis of HTP Assay

10276] The reactions were gquenched by diluting 2000-fold 10 50:5¢ acctonitrile H,O, and the reaction

products analyzed by LC/MS/MS. LE/MS/MS analvsis for hydroxypipecolic acid and pipecolic acid was

carried out under the following conditions:

Table 3.3 Method 2 HPLC Equipment and Reaction Conditions

Column ChiroBiotic TAG 100x4 6mm, Sum
Mobile Phase Solution A: 0.1% formic acid

Solution B: 0.1% formic acid in acetonitrile
A:B=50:50

0.5 mL/oun

Postime 5.0 min

MS conditions Source dependent parameters: CUR 30, IS 3500, TEM 390°C, GS1
60, GS2 60, DP30, EP1G, CE20

MRM: 130/84 (pipecolic acid RT 3. 5min), 146/100 (hydroxylated

pipecolic acid 2 Smin)

Column Temperature Not controlled

injection Volume 2ul

Metheod 3 — Size Exclusion Chromatographv (SEC) Method fer Proline Hydroxvlase Quantification
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[0277] In a 96 round-bottom well format assay block, 10 ul. of proline hydroxvlase lysate (or SF or DSP

powder solution at | mg/mL powder solutions) reaction solution was diluted with 90ul. of water. The

plate was heat sealed and samples mjected onto the HPLC to quantify proline hydroxylase

The samples were subject to HPLC analysis under the following conditions

Table 3.4 Method 3 HPLC Equipment and Reaction Conditions

Column Phenomenex BioSep SEC-s2000 (3 um) 300 x 7.8 oM
Temperature 25 °C
Mobile Phase Solvent A: 25 mM Trs-HT pH 7.0; 0.13 M Na{l; 0.1% Azide
. Flow
Time:min | %A %B .
rate:mb/min
0.00-9
) 160 ¢ 1

min

Postime Set to “Off”

Detection Wavelength

214 and 225 am

Column Temperature

25°C

Injection Volume

104l

Total Runtime

9 munutes/sample

Response Time (proline

bydroxyiase)

8 min

Response Time (Jvsozyme -
present only in HTP

lvsates)

F min (elutes in subsequent run)

Method 4 - HPLC Analvsis of “One-Pot” Reactions from L-lysine:

{0278] In a 96 decp well format assay block, 3 ul of reaction sclution was dihuted with 200 ul of 5%

sodium bicarbonate solution followed by 200 uL of dansyl chioride solution (10 mg/mL dansyl chloride in

Me(CN). The plate was heat sealed, centrifuged, and placed in an incubator with shaking at 600 rpm at 44-

45°C for 1 hour. The reaction solution turns from yellow to light vellow when derivatization with dansvl

chloride is complete. In cases where the solition remained yellow, the plate was heated for another 13

min. After incubation, the plate was centrifuged for 1 min at 4000 rpm. A 20 uL aligoot of supernatant

was transferred into a 96 Coming plate containing 140ul of water per well for HPLC analysis.

The guenched reaction was subject to HPLC analysis under the following conditions.
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Table 3.5 Method 4 HPLC Equipment and Reaction Conditions

Column

\scentis Hxpress C18 (2.7 umy) 4.6 x 100 mM

Teroperature 25°C
Mobile Phase Solvent A: 10 mM NaOAc/AcOH pH 4.0

Salvent B water

- ) ) R Flow

Tmemmin | %A %B _
rate:ml/min

0.00 75 25 15

5.00 25 75 1.5

5.1 0 100 1.5

6.5 0 100 1.5

Postime

1.00 minutes/sample

Detection Wavelength

250 nm

Column Temperature

40 °C

Injection Volume

25ul

Total Runtime

6.5 minutes /sample

Response Factor (Substrate

Area/Product Area)

1

[8279] Conversion of compound (1) to compound {2} was determined from the resulting chromatograms

as follows:

9% Conversion = {{RF x Product Arca)/[(RF x Product Area) + Substrate Area]} x 100

where

Response Factor (RF) = Substrate Area/Product Area.
10280] This method was used for rapid identification for conversion of L-lysine to hydroxypiperidine-2-
carboxvlic acid. The chromatographic elution profiles, denoted as “Response time” are provided in Table

3.6

~J
~J
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Table 3.6
Compound Structure Response Time
(28,58} 1-(5~(dumethviaminonaphthalene-i- S 2.3 min
visulfonvl)-5-hydroxvpmpendine-2-carboxylic acid E =
P
PN
{25,35)-1 (5~ dimethviamivo naphthalene-I- 2.4 vun
visulfonyi)-3-hydroxvpipendinc-2-carboxylic acid
Dansyl-NH2 2.9 min
($)-1-(53-{dimethylaminonaphthalenc-1- )
o L . 3.6 oun
visultonvi)piperidime-2-carboxylic acid = | =
NP
AN
L-lysime e \»f"\v"'\zfi\-m 4.3 min
EXAMPLE 4
High Throughput (HTP) Screening of Proline Hydroxylases for
Conversion of Compound (1} to Compouad (2)
[3281] In this Example, the assayv methods used for HTP screening of the proline hydroxylases of the

present mvention are described.
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[0282] High-throughput screening used to guide primary selection of variants was carried out mn 96~-well
plates using cell ysates. Eight conditions, designated as “Condition” A, B, C, D, E, F, G and H were used.
Cell growth and tysis for all eight conditions was carried out as follows. Cells were grown in 96-well
plates as described above and lysates prepared by dispensing 200 ub bysis buffer into each well. Lysis
buffer was prepared by dissolving 100 mg of lysozyme and 50 mg of PMBS in 90 L of 50 mM Bis-Tris
buffer, pH 6.3 and 10 mL of 10 mM MgS04 in Bis-Tris, pH=6.3. The plate was heat scaled and then
shaken for 2 h at room temperature. Subsequently, the plate was quick-spun to settle the Iysate at the

bottom of the plate. This crude lysate was used for the reactions.

Conditions A-E:

[8283] The fmal reaction parameters for Conditions A - E were as follows: 100uL of 60g/L pipecolic
acid, 90ul of 100 /1, o-ketoplutaric acid, 80ul. of lysate {Conditions A and B), 15 pb lysate (Conditions
C - E), 65 pL of 530 mM Bis~Tnis buffer pH=6.3 (Conditions C ~ E} and 30ul. of 40 mM (Condition A), 5
mM {Conditions B - E) Mohr’s salt in 20 mM (Conditions A), 5 mM (Condition B) 100 mM (Conditions
€ - Ej ascorbic acid. All stock sohutions were buffered i 30mM Bis-Tris, pH 6.3 and pH adjusted.

640 /L. Pipecolic acid sohution and 100 g/L a-ketoglutaric acid solotions were purged ander nitrogen for
20 minutes. 100 mM ascorbic acid solutions was prepared m 50 mM Bis-Tris, pH = 6.3 buffer and pH
adjusted with 50% NaOH to pH = 6.3, The 100 mM ascorbic acid solution was purged under nitrogen for
20 minutes.

[0284] The Condition A - E reactions conducted at 300 pl scale were carried out in 96 well plates. In
this assay. 100uL per well of 602/L pipecohic acid in 50 mM Bis-Tnis, pH=6.3 were aliguoted mito a 96
well plate. To cach well with 100 uL of 60 g/L pipecolic acid, 90uL of 100 /L a-ketoglutaric acid in
S0mM Bis-Tris, pH 6.3 was added, followed by 80ul of crude cell lysate (Conditions A and B) or 15uL
crude cell lysate (Conditions C - Ej and 65 pb of 30 mM Bis-Tris buffer pH=6.3 {Conditions C - E}. The
following premix stock solutions were prepared 40 mM (Condition A), 5 mM (Conditions B - E) Mohr’s
salt in 20 mM (Condition A}, 5 mM {Condition B) and 100 mM (Condiions C - E) ascorbic acid m 50
mh Bis-Tris, pH 6.3 and 30uL added inte each well of the 96 well plate. The plate was sealed with an
ArrPore scal (Quagen) and the reaction left to proceed overmight in a 27 throw Kubner at 25°C, 200rpm,
359 relative humidity.

{6285} Following the overnight incubation, 5 pL of the reaction from each well of the plate were diluted
and subjected to LC/MSE/MS analysis (Conditions A —~ B) or dervatized and quenched by aliquoting 5 vl
of the reaction mix into a 96 deep well plate containing 200 ul/fwell of 3% sodium bicarbonate (Conditions
C-E).

18285} A 200 uL volume of 10 mg/mL of dansyl chloride in MeCN was added to each well, the plate
heat sealed, and then quickly spun to seitle the reaction solution to the bottom of the well. The plate was
then heated at 44-45°C for 1 hour with 600 rpm shaking. After incubation, the plate was centrifuged for |
min at 4000 rpm. A 20 ul. aliquot of supematant was transferred into a 96-well Coming plate containing

1400l of water per well for HPLC analvsis.
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Conditions ¥ and &

{8287} The final reaction parameters for Conditions F and G were as folows: 50 (Condition G) or 65
{Condition F) ul. of 3¢ mM Bis-Tris, pH = 6.3, 100uL of 60g/L pipecolic acid, 90uL of 100 g/L -
ketoglutaric acid, 15ul of erude cell lysate {Condition F), 30 pk crude cell lysate {Condition G), and
30uL of S mM Mohr’s salt in 100 mM ascorbic acid. All stock solutions were buffered in 30mM Bis-Tris,
pH 6.3 and pH adjusted. Then, 60 g/L pipecolic acid solution and 100 ¢/L n-ketoghstaric acid solations
were purged under nitrogen for 20 minutes. 100 mM ascorbic acid solutions was prepared in 50 mM Bis-
Tris, pH = 6.3 buffer and pH adjusted with 50% NaOH 1o pH = 6.3. The 100 mM ascorbic acid solntion
was purged under nitrogen for 20 minutes.

{0288] The Conditions F and G reactions nm at 300 uL scale were carried out in 96 well plates. 50 gL
{Condition 3} or 65 ub. (Condition F) of 50 mM Bis-Tris buffer, pH=6 3 were aliguoted inio cach wel of
the 96 well plate, followed by addition of 90pL of 100 g/l a-ketoglutaric acid in 50mM Bis-Trs, pH 6.3
and 15 aL of crude cell fysate (Condition F) or 30 L crude cell Iysate (Condition GG}, A premix stock
solations of 5 mM Mohr's salt in 100 mM ascorbic acid in 50 mM Bis-Tris, pH 6.3 was madc and 30uL
added into cach well of the 96 well plate. The plate was scaled with an AirPore seal (Qiagen) and the
reaction Icft to pre-incubate for 2 hours in a 27 throw Kuhner at 25°C, 200rpm, 85% relative humidity.
Following the pre-incubation 1004l per well of 60g/L. pipecolic acid in 50 mM Bis-Tris, pH=63 was
added. The plate was re-sealed with an AwrPore seal (Qiagen) and the reaction left to pre-incubate for
overnight in a 27 throw Kuhner at 25°C, 200rpm, 85% relative hunudity.

[0289] Following the overnight incubation, 5 ul. of the reaction from cach well was derivatized and
guenched by aliguoting 5 ul of the reaction mix into a 96 deep well plate containing 200 al/well of 3%
sodium bicarbonate. A 200 uL volume of 10 mg/mL of dansyl chlonde in MeCUN was added to each well,
the plate heat sealed, and then quickly spun to settle the reaction solution to the bottom of the well. The
plate was then heated at 44-45°C for | hour with 600 rpm shaking. After incubation, the plate was
centrifuged for I nun at 4000 mm. A 20 ul. aliquot of supernatant was transferred into a $6-well Corning

plate contaming 140ul of water per well for HPLC analysis.

Condition H:

[0290] The final reaction parameters for Condition H were as follows: 100pL of 1R0g/L pipecolic acid,
S0uL of 300 g/L o-ketoglutaric acid, 30pL of fysate, 50 uL of 30 mM Bis-Tris buffer pH=6.3 and 30uL
6.3 and pH adjusted.

18291} First, 180 /L Pipecolic acid solution and 300 g/L. o-ketoglutaric acid solutions were purged ander
nitrogen tor 20 minutes. Then, 300 mM ascorbic acid solutions were prepared in 50 mM Bis-Tris, pH =
6.3 buffer and pH adjusted with 50% NaOH to pH = 6.3, The 300 mM ascorbic acid solution was purged

under nitrogen for 20 minutes.
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[0292] The Condition H reactions run at 300 ul scale were carried out in 96 well plates. 100 uL. per well
of 180g/L pipecolic acid in 50 mM Bis-Tris, pH=6 .3 were aliquoted into a 96 well plate. To cach well
with 100 ul of 180 g/L pipecolic acid, 90 oL of 300 g/L a-ketoghutaric acid in 50mM Bis-Trnis, pH 6.3
was added, followed by 30 uL of crude cell lysate and 530 ul of 50 mM Bis-Tris buffer pH=6.3. The
following premix stock sohutions were prepared 15 mM Mobr’s salt in 300 mM ascorbic acid in 50 mM
Bis-Tris, pH 6.3 and 30 ul. added into each well of the 96 well plate. The plate was sealed with an
AirPore seal ((Qiagen) and the reaction left to procecd overnight in a 27 throw Kuhmner at 25°C, 200rpm,
35% relative huoudity.

[0293] Following the overight mcubation, 5 uL of the reaction from cach well was derivatized and
quenched by aliguoting 3 ul. of the reaction mix mto a 96 deep well plate containing 200 ul/well of 5%
sodian bicarbonate. A 200 uL vohime of 10 mg/mL of dansyi chioride in MeCN was added to each well,
the plate heat sealed, and then quickly spun to settle the reaction solution to the bottom of the well. The
plate was then heated at 44-45°C for | hour with 600 rpm shaking. After incubation, the plate was
centrifuged for 1 min at 4000 rpm. A 20 eL aliquot of supernatant was transferred into a 96-well plate
contamning 140ul of water per well for HPLC analysis.

13294} Each condition {(A-H) 1s summarized below, along with the activity results. The activity levels

{(F10PC) are ndicated by “+” signs, according to the following key:

Key for Tables 4.1-4.8
Indicator FIOPC

0.7

4-8

HTP Assav Condition A Summary and Results:

[06295] Cells grown in 96 well plates were lysed with 200 uL lvsis buffer (1 mg/mL lysozyme, 0.5

mg/mL polymyxin B sulfate (PMBS) and 50 oM BisTris buffer, pH=6.3

The reaction conditions for a 300 ul reaction comprised: 20 g/L substrate compound (23, 30 g/L a-

ketoglutaric acid; 0.35 g/L L-ascorbic acid; 4 mM Mohr's salt; 50 mM Bis-Tris buffer pH=6.3,

80 ul crude lysate and reaction temperature at about 23°C (room temperature) for about 24 hours. Plates

were sealed with an O permeable seal and meubated in a 27 throw Kuhner at 200rpm and 85% relative

humidity. The activity was measured relative to SEQ [P NO:4, caleulated as the % conversion of the

product formed per Y conversion of the corresponding SEQ 1D NG:4 (SEQ ID NQO: 134 of

WO2013/169725A2) under the specified reaction conditions. The percent conversion was guantified by
81
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dividing the arca of the product peak by the sum of the arcas of the substrate, product and impurities/side

product peaks as determined by LC/MS/MS analvsis,

Table 4.1 Sequence Information For Tested Variants and Results for Condition A

Variant | Amino Acid Differences (Relative to SEQ I NO:4) Activity
No. FIGPC
6 Fi76V +
8 €371 +
10 K39R +
12 Al36V +
id NI3IH +
i6 AM0IG
i3 A36T/VOTL
20 CA3A/FITIOV
22 REZV/FLITOV +
24 YV44M/F176V +
26 MISIQ/F176V +
28 E1H4R/FI76V +
30 Li6SY/FiT6V +

32 GI28T/F176Y

34 MISTT/F176V

36 MISIN/FI76V +
38 E1I5P/F176V +
40 MI5IG/F176Y +
42 ATT3R/FITOV +
44 MISIK/F176V +

46 MISIR/FI76Y

48 E114K/Fi76V

50 F176V/G2T0K +
52 F176V/V 1941 +
54 F176V/D237A +
56 FI76V/RZT4P +
58 F176V/RIT744} +
60 F176V/R2T4E +

62 F176V/D237S
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Table 4.1 Sequence Information For Tested Variants and Results for Condition A
Variant | Amino Acid Differences (Relative to SEQ D NO:4) Activity

MNo. FIOPC
64 F176V/D237T +
66 F176Y/D237K +
63 F176V/GZT0R

70 F176V/D237C

72 F176V/E2ZT3V +
74 F176V/R274L +
76 F176V/RIT4A +
78 C3TL/AIZ0F/Ql66M/FI76V +
80 C3TL/AIBO0F/TI3258/Q166M/F176V +
82 C3TL/QI66M/FLIT6V +
84 C3TLFLTSY +
86 C3TLAAZS/DI24CIAT30F/QI66M/F1T6V +
88 C3TL/TI328/Q166M/F1T6V +
90 C3TL/DI24N/T1325/0166M/F176Y +
92 S2E/MISIR/FI76Y +
94 GSO0S/MISIR/FIT6Y +
96 SZIMISIR/FIT6Y +
98 S2EMISIR/FI76V +
100 I36R/MISIR/FI76V +
102 SZMN/MISIR/FITSEV +
104 KION/MISIR/F1I76V +
106 RISC/MISIR/FIT6V +
108 GSOAMISIRFITOV +
110 K8Q/SETEF/MISIR/FITOV +
112 K71C/MISIR/F176Y +
114 L78F/MISIRFLI76V +
116 S8TV/MISIR/FI76V +
118 S8TE/MISIR/F1T6Y +
120 PEIL/MISIR/FITEY +
122 S8TC/MISIR/FIT6Y +
124 S8TY/MISIR/FLIT6V +
126 SETPMISIR/FITEY +
128 SETLMISIR/FLITSY +
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Table 4.1 Sequence Information For Tested Variants and Results for Condition A
Variant | Amino Acid Differences (Relative to SEQ D NO:4) Activity

MNo. FIOPC
136 PO3I/MISIR/FIT6V +
132 NITY/MISIRFIT6Y +
134 L76V/MISIR/FIT6Y +
136 P&3F/MISIR/FI176V +
138 SRTW/MISIR/FI76V +
140 ESIC/MISIR/FLITOV +
142 A6ZC/MISIR/FIT6V +
144 PSIH/MISIR/FIT6V +
146 PO3VIMISIR/FITOV +
148 SIZH/MISIR/FLITOV +
130 VITUMISIR/F176Y +
152 ESIL/MISIR/FI76Y +
154 KTTV/MISIR/FLITOV +
156 AGZF/MISIR/F1T6Y +
158 K71/MISIR/F176Y +
166 V5sM/MISIR/FLITOY +
162 CA3A/ETI4K/MISIGIFTT6Y +
164 CAZA/EN4H/MISTH/LIGSY/F176V +
166 CA3A/ETISP/MISIG/LIGSY/ALTIR/FIT76V/D237C +
168 CA3ABETHE/GI2RT/MISIGHFITOV/D23TT/G270R +
170 CA3A/GL28T/MISIGIFLT6V/DI3TA +
172 CA3A/MISIQ/FTIT6V/D237C +
174 CA3A/MISIR/LIGSY/F176V/D23TK/G270R +
176 CAA/ENAK/MISIQ/LI63Y/F1T6V/D23TA/EZTIV +
178 CAZA/MISIR/LIGSY/F1T70V/E273V +
180 CAZA/GI28AMISIG/LISSY F1TOV/ER2TIY +
182 CA3A/MISTQ/ATTIR/FTITOV/D237C/G2T0R +
184 C4A3A/GI28A/MISTQ/ATTR/FIT6Y/D23TS/E2TIV +
186 MISYG/ATTIR/FITOV/GZTOR/E2TIY +
188 C43A/GI28T/MISIG/LIGSY/FIT6V/ER2TIV +
196 CA3A/MISIGAIGSY/FIT6V/E2TIY +
192 GI28T/MISTR/LIGSY/FIT6V/D23TK/G270R +
194 CA3A/MISIR/LIGSY/F176V/D23TK +
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Table 4.1 Sequence Information For Tested Variants and Results for Condition A
Variant | Amino Acid Differences (Relative to SEQ D NO:4) Activity
MNo. FIOPC
196 CA3A/ETISPAAIZIM/MISTQ/LIGSY/FITOV/E2TIY +
198 CA3A/ET4K/MISTQ/F176V/DI3TR/G2T0R +
206 CA3A/GIZ8T/MISIG/LIGSY/ALT3R/FITOV/D237C/G2T0R +
202 CA3AMIESIQ/ATTIR/FTTOV/D23TS/G2T0R/E2T3Y +
204 CA3A/GI2RAMISIG/ALTIR/FIT6Y/D237S/G270R +
206 ELHAR/MISIQ/FITOV/G2TORVEZTIV +
208 C4A3A/ET4R/ETISP/MISIR/FITOV/E2T3V +
210 CAZA/EN4K/MISIG/LI6SY/ATT3R/ATTOV/D23TR/E2T3V +
212 CAIA/MISIGFITEV/GZTOR/EZTIV +
214 CAZA/MISIQ/FITEV/DI3TA/ELTIV +
216 CAZA/ETISP/GI2RT/MISIG/ALTIR/FIT6V/E2T3Y +
218 MISIG/LIGSY/FIT6V/E2T3V +
220 MISTQ/ALTIR/FITOV/D23TS/G2TOR/EZTIV +
222 CA3A/MISIR/F176Y/E2T3Y +
224 C43A/GI28T/MISIR/FI76V/D237C/E2TIV +
226 CA3A/EN4K/MISIG/ATTIR/FITOV/D2375/G270R +
228 CA3A/ETISP/GIZET/MISTIG/FIT6Y/EZT3V +
230 CA3A/GI28TMISIG/ATTIR/FITOV/D23TT/G2TOR +
232 C43AMIES1Q/FIT6VG2TOR +
234 CA3A/GI2RT/MIESIQ/FLT6V/D2378/G2T0R +
236 CA3A/MISIR/FIT6V/DZ3TA/EZTIY +
238 E1ISQ/GIZRT/MISIR/ATITIR/F176V +
240 CAZA/GI28T/MISIR/LIGSY/FI76V/E2T3V +
242 CAZA/MISIG/ATTIR/FITOV/GZTOR/E2TIV +
244 CAZA/ELHAK/GI2RT/MISIG/LI6SF/FLT7oV/D23TA +
246 CAZA/MIESTQ/LI6SY/F176Y/D23TC/E2T3Y +
248 PG3F/LT6V/MISIR/FI76V +
250 PE3F/LTOV/MISIN/FTTOV +
232 PEIL/LT6V/MISINALTOY +
254 L76V/GI28T/MISIN/FETOY +
256 L76V/SBTC/MISINFLTOY +
238 RABVLTOV/GI28T/MISIN/FI76V +
260 PE3L/L76YV/MISIR/FITEY +
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Table 4.1 Sequence Information For Tested Variants and Results for Condition A

Variant | Amino Acid Differences (Relative to SEQ D NO:4) Activity
MNo. FIOPC
262 L76V/MISIR/SI60R/F1T6V +
264 POIV/LTOVMISIRFITEY +
266 L76VIGI28T/MISIR/IFIT6V +
268 R4ASVLTOV/MISIR/FI76V +
270 I56R/PEIH/LTGYV/KIZ6R/MISIR/FI76V +
272 PE3VLT76V/GI28H/KI36R/MISIR/FITOV ++
274 GSOA/LTOV/MISIR/FI76V +
276 L76V/GI2BH/MISIR/F176V +
278 IS6R/LTSV/KI36R/MISIR/FITHV +
280 L76V/GI28H/E1I34Q/KI36R/MISIR/F176V +
282 RISCASOR/ALTOV/GI2RH/MISIR/FIT6Y +
284 PE3/LT6V/KIZ6R/MISIR/FLTOV +
286 PE3LTSV/MISIR/FLTOY +
288 I36R/LTEV/MISIR/FITEY +
290 L76V/S8TWHG128H/K136R/MISIR/F176V +
292 RISC/ALTOV/GI2EH/MISIRFTTOV +
294 POSH/LTOVAGI28H/KI36R/MISIR/FIT8Y +
296 RIZCASOR/ALTOVKI36R/MISIR/FIT6V +
298 RISC/AS6R/LTOV/MISIR/FITOV +
300 SIOT/AG2C/K T IV/LTOV/GI2BA/MISTT/FIT6Y ++
302 SIOT/L76VAGIZEAMI4SC/MISIR/FI76V ++
304 S3O0T/A62C/LT6V/TI45C/ MISIR/FIT6Y ++
306 SIOR/LTOV/GI28A/MTI4SC/MIESIR/FIT6V +-+
308 VSTVLTOV/MISIR/FIT6V ++
310 L76V/G128Y/MISTT/FI76V +
312 L76V/GI28A/MISIR/FIT6Y +
314 S30R/LTOV/GI28A/MISIR/SIGOEFTT6V +
316 S30T/KTIVLTOVAGI28AMISIRFITOV ++
318 S30R/AG2C/LTOVMISIRFLITOV +
320 SIOT/AG2C/LT6YV/GI28Y /T14SC/MISIR/FIT6V e
322 L76VAGI128A/MISIR/STGOE/F170Y +
324 S3OR/AGZC/LTEV/GI2RANTASC/MISIR/FITEV 4
326 S30T/L76V/GI28Y/MISIR/FITOY +
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Table 4.1 Sequence Information For Tested Variants and Results for Condition A
Variant | Amino Acid Differences (Relative to SEQ D NO:4) Activity
MNo. FIOPC
328 S3OT/VA4P/VETHLISVIGI2BA/MISIR/FITOV ++
330 S3O0T/AG2FALTOV/GI28Y 450/ MISTR/FITOV ++
332 S30T/L76V/MISIRFLTEV +
334 L76V/GI28A/NT45C/MISIR/F176V +
336 V3TVAG2C/LTOV/GI2ZEY /MISTT/FIT6Y ++
338 SIOR/ATOV/IMISIR/FLTOV +
340 SIOR/LT7OV/GI28A/MI4SC/MISIR/FI76V/G270V/Y 280F +
342 SIOR/K7IV/LTOVAGI2BY/MISIT/FIT6V ++
344 S30T/AB2FALTOV/GI28AMI4SC/MISIR/FITOV ++
346 K71C/LT6V/GIZ8AMIS IR/SI60E/F176V +
348 S30T/V44P/A62C/LTOV/GI28A/MISIR/F176Y +
350 S30T/L76V/G128Y/MI45C/MISIR/FIT6Y ++
352 VASM/ALTOV/MISIR/FTTOV +
354 L76V/G128Y /MISIR/SI60E/F176Y +
356 L76V/G128Y M45C/MISTT/FIT6Y e
358 L76VAG128Y N45C/MISTIR/FTIT6V +
360 S30R/LTOV/GIZ8A/MISIRFITEY +
362 S30R/LTEV/GI28Y/MISIR/FITEY -+
364 S30T/L76V/GI28A/MISIR/SIGOE/FITOV +
366 S3OR/NVA4P/AGZEF/LTOV/GI2EY/MISIR/FIT68Y +
368 SIOT/VA4P/VITI/LTEV/GIZ8Y /MISIR/F176Y +
370 A62C/LT6V/I43C/MISIR/FET6V +
372 L76V/GI2RY /MISIR/F176V +
374 S3O0T/L76V/MISIR/SISOE/FIT6V +
376 SIOT/RTIV/LTOV/GIZRA/MISIT/FIT6Y +
378 S30T/L76VAI45C/MISIR/FLTOV +
380 S30R/ATIV/LTEV/MISIR/STGOE/FTTOV +
382 L76V/RESW/GI128Y/MISIR/FITOV +
384 KIIC/LTOV/GI28Y MISTT/FLT6Y +
386 SI0R/AGZEF/KTIC/LTOV/GI28A/MISIT/F176Y e
388 KIIVALTOV/GI28Y/MISIT/FIT6V +
390 L76V/RISW/GI28A/MISIR/FITOV +
392 S3OR/AGZC/ALTOVIGIZRAA/MISITIFITEY -

g
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Table 4.1 Sequence Information For Tested Variants and Results for Condition A
Variant | Amino Acid Differences (Relative to SEQ D NO:4) Activity
MNo. FIOPC
394 CASALASC/VISM/KTIVLIOVGIZREMISTIR/LIGSY/FIT70V +
396 VISM/KTIVLTOV/VOLC/MISIR/LIGSY/F176V ++
398 TASC/VSSM/LTOVIGIZ8E/MISIR/LIGSY/FIT6Y +
400 CAZAKTIVLTOV/GIZEE/MISIR/F1T76Y +
402 L76V/GI28E/MISIR/FIT6Y +
404 VIRM/LT6V/LIIOA/MISIR/FITEV +
406 L76V/LII9A/MISIR/LIGSY/FI76V A+
408 K7IV/LT76V/GIZ8E/MISIR/FITSV +
410 K7VL76V/VIIC/AGI2ZREMISIR/LI6SY/F176Y ++
412 LASC/LTOV/MISIR/LIGSY/FIT6V ++
414 L76V/LII9A/D124H/MIS IR/LIGSY/F1T6V +
416 LASC/VEEM/ALTOV/MISIR/ALIGAY /F1T6V +
418 VASM/KTI/LT6V/MISTR/LIGSY/FIT6V +++

HTYP Assay Condition B Summary and Results:

[0296] Cells grown in 96 well plates were lysed with 200 ol Lysis Buffor (1 mg/mbL lvsozyvme, 0.5
mg/mL polymyxin B sulfate (PMEBS) and 50 mM BisTns buffer, pH =6 3. The reaction conditions for a
300 ul reaction comprised: 20 g/L substrate compound (2}, 30 g/L a-ketoghstanie acid; .08 g/L L-
ascorbic acid; 0.5 mM Mohr's salt; 50 mM Bis-Tris buffer pH=6.3, 80 ul crude lysate and reaction
temperature at about 25C (room temperature) for about 24 hours. Plates were scaled with an O, permeable
scal and mcubated in a 27 throw Kuhner at 200rpm and 85% relative humidity. The activity was measured
relative to SEQ ID NO:4, calculated as the % conversion of the product formed per % conversion of the
corresponding SEQ 1D NO:4 (SEQ 1D NO: 134 of WO2013/169725A2) under the specified reaction
conditions. The pereent conversion was quantified by dividing the arca of the product peak by the sum of

the arcas of the substrate, product and mmpurities/side product peaks as determined by LCMS analysis.
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Table 4.2 Sequence Information and Results for Condition B
Yariant Aming Acid Differences (Relative to SEQ ID NO: 4) Activity
No: FIopC

420 S30TAS6R/ATOV/MISIN/SI6OR/F1T6V ++
422 SIOTASHR/LTOV/RIZGR/MISIR/ST60R/FIT6V ++
424 L76V/SRTC/GI28T/KI36R/MISIN/LIGSY FL76Y ++
426 SIOR/ATOV/MISIR/SIGOR/LIGSY/FI76V/S240H/A256D ++
428 SIOR/CITUL76V/AIOIG/MISTT/PIS3G/LI6SY /FIT6V/S240H/1.2691 ++
430 L76V/MISTT/SI60R/LIGSY/FI76V/SZ240H ++
432 S30T/IS6R/LT6V/MISIR/STI60R/FIT76V b
434 SIORATOV/AIOIG/MISTT/SI60R/LIGSY/F1T6V/S5240H ++
436 SIOR/CITUVLIoV/M IS IR/STO0R/F1T76V ++
438 L76V/MISIR/SI60R/FI76V/S263E/R2T4Y ++
440 S30R/ALTOV/MISIR/STGOR/LIASY/F176V -
442 C37VK39R/AG2C/LT6V/ATOTG/MIS IR/STI60R/F176V ++
444 SIOR/CITUKZIR/AG2C/LTGVIMISIR/STSOR/F176V/S240H/A236D ++
446 CA3A/VSEM/LTOV/MISTR/SIOOR/FIT6V/IZ13E/R266Q/R274Y +
444 S30R/ALTOV/MISTIT/SIG6O0R/F176Y +
450 CABA/LTOV/MISIR/SIGOR/FITOV/ETTRC/FIBOY/VI84F/A213E/S263D +
452 L7oV/MISIR/ST60R/FIT6V/R2T4P +
454 C37HK3OR/LTOV/MISIR/STISOR/FLTOV +
456 L76V/KI36R/MISIR/S160R/FIT6V +
458 L76V/KI36N/MISIR/SIGOR/FI7OV/R2TAP/G2TSA +
460 S30T/LT6V/MISIR/SIGOR/F176Y +
462 C43AVEEM/LTOV/MISIR/SI60R/F176V/FI80Y/VI4F +
464 L76V/MI3IR/SI60R/FIT6V/R2T74P/Y280L +

HIP Assay Condition C Summary and Resulis:

{3297] Cells grown i 96 well plates were lysed with 200 ul Lysis Buffer (1 mg/mL lvsozyme, 0.3
mg/mL polymyxin B sulfate (PMBS) and 50 raM BisTrs buffer, pH=63

The enzyme was expressed from the pIV900 expression vector for assay Condition C. The reaction
conditions for a 300 ul. reaction comprised: 20 g/L substrate compound (2}, 30 g/L a-ketoglutanic acid;
1.75 g/L L-ascorbic acid; 0.5 mM Mohr's salt; 50 mM Bis-Tris buffer pH=63,

15 uL crude lysate and reaction temperature at about 25°C (room temperature) for about 24 hours. Plates

were sealed with an O permeable seal and mcubated m 27 throw Kuhner at 200rpm and 85% relative
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humidity. Activity relative to SEQ 1D NO: 4 was calculated as the percent conversion of the product
formed per % conversion of the corresponding  SEQ ID NO:4, under the specified reaction conditions.
The % conversion was quantified by dividing the area of the dansyl chloride derivatized product peak by
the sum of the areas of the dansvl chlonide derivatized substrate, product and impurities/side product

peaks as determined by HPLC analysis.

Table 4.3 HTP Assay Results for Assay Condition €

SEGID | Amino Acid Differences (Relative to SEQ ID NO:4) Activity
NO: FigPC
466 SIOR/CITHLTSV/ETISG/MISIR/STIGOR/FITEY e
468 S30R/C3TL/LT6V/MIS1R/S160R/F176Y -
470 SI0A/CITH/L76V/MISIR/SI6OR/F176YV ++
472 SIOB/CITLTOV/MISIR/ST60R/F1T6V ++
474 SIOR/CITULTIOVAML/MISIR/SIG0RFLTEY ++
476 S30R/CITUDSSEALTOV/MISIR/STGOR/FiTeV 4
478 SIOR/C3TVLTSV/ELIAN/MISIR/SIGOR/FLT6V ++
480 SIOR/CITH/LTEV/MISIR/S160C/F176Y et
482 SION/CI3THLT76VIMISIR/SI60R/F176Y -
484 SIOR/CITVVIZT/LTOV/MISIR/S160R/F176V ++
486 SIOR/C3TVK39T/LT6V/MISIR/SI60R/F176V ++
488 SIOR/S33T/C3TULTOV/MIS IR/SI60R/F176V +4
450 SI0R/CITYK39P/L76V/MISIR/ST60R/FTT6V -
492 S30R/CITVLTOV/ELI4S/MISIR/STGOR/FITEV 4
494 S30R/C3THLTOV/ELI4Q/MISIR/SI6OR/FITEY ++
496 S30T/AC3TVLTOV/MISIR/S160R/FTITEV E
498 SIOR/C3TILTOV/MISIR/BI60R/F176V/N27TM -
500 SIOR/CITVAG2G/ATOV/MISIR/SI60R/F1T6Y ++
562 SIOR/CITULTIOV/MISIG/STGOR/FITEY A+
504 SIOR/CITULTIOV/MISIR/SI60R/FITOV/V2TTIK A
306 S30V/C3TVLT6V/MISIR/SISOR/FIT6V 4
508 S3OR/C3TVAGT/LTOV/MISIR/SIGOR/FITOY ++
510 SIOR/CITH/LTEV/SIOTAMISIR/SI6CR/FIT6V -+
512 S30G/CI3THLT6VIMISIR/SI60R/F1T76Y -
514 SIOR/CITVLTSV/ET14G/MISIR/SIBOR/FITEV ++
516 SIOR/CITHLTIGV/MISIR/SISOR/F176V/V2TTIR ++
51% SIOR/CITUNSID/LTOV/MISIR/S160R/FLT6V -+
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Table 4.3 HTP Assay Results for Assay Condition C
SEQID | Amino Acid Differences (Relative to SEQ ID NO:4) Activity
NO: FioPC
320 S3OR/CITHLIOV/VISUMISIR/STIGOR/FLTOV ++
522 SIO0R/CITYLTEVMISIR/SI60R/FIT6Y/V2TTE At
524 SIOR/CITI/AGIR/LTOV/MISIR/SIGOR/FITEV -+
526 SIOR/CITVLTGVVITAMISIR/SI6OR/F1IT6Y ++
528 SIOR/CITVLTOV/SOSP/MIS IR/SIGOR/FIT6V ++
530 SIOR/C3TULTOV/AIZ0L/MISIR/SISOR/FIT6V -+
532 SIOR/C3TVAGE/ALTOV/MISIR/SIGOR/FITOV ++
534 SI0R/C3THLTOV/MISIR/SIGOR/FIT6V/HZTIQ ++
536 S3OR/C3TV/LToV/LTI9V/IMISIR/SI6OR/FITEV -t
538 SIOR/C3TILTOV/SINTM/MISIR/SI60R/F176Y -t
540 SIOR/CITVQS2P/LTOV/MISIR/S160R/F1T6Y ++
542 SIOR/CITVLTIOVY TO9FMISTR/ST60RFITOV ++
544 S3OR/C3TUNGID/AG2ZG/LTOV/VITA/MIS IR/ST60R/F176V ++
HAP/S30R/C37I/NGID/AG2G/LT6V/VOTAMISIR/SI60R/F176V/H2
346 710 ++
544 S3OR/CITYAG2G/LI6V/VITA/MIS IR/SI60R/FI76V/H2T1( 4
330 S3OR/C3TVAG2G/LIGVIVYTA/MIS IR/SIGOR/FLT6V ++
552 SIOR/CITHLTOV/VOTA/MISIR/SIGOR/F176V/H2TIQ ++
354 SIOR/CITUNGID/LTEVIVITAMISIR/STGOR/FIT6V/H2TI() At
S3OR/SIZT/CITI/AG2G/LTAVIVITA/LTIOV/MISIR/SI60R/FI76V/
556 H2710) ot
558 SIOR/CITI/NGIDVAR2EATOV/VITA/LTIOV/MISIR/SIAOR/FIT76V -+
SIOR/C3TUNSID/AG2ZT/LTSV/VITA/LLIOV/MIS IR/STOOR/FITOV/
560 H271Q ++
562 SIOR/C3TIUNOID/AGZE/LTOV/VITA/MISIR/SIGOR/FIT6VH2TIQ ++
564 S30R/CITVAS2TATOVIVOTA/MISTR/BIGOR/F176VIH2T1( -+
566 SI0R/C3TVAGR/LTEV/VITA/D 1 24E/MISTR/S160R/FL76V -
568 SIOR/C3TVAGZE/ATOV/VOTA/MISIR/SI60R/F176V/H2TIR ++
570 SIOR/C3TI/AGZE/LTOV/IOAL/VITA/LTIOV/MISIR/STI60R/F176V ++
572 S3OR/CITHAGZG/LTEVIVITA/SOSP/MISTR/SI6OR/FITEY et
574 SIOR/C3TVAGZT/LTOV/VOTA/LIIOV/MISIR/SIGOR/FITOVHZTIQ | ++
576 SIOR/CITVAG2EMATGV/VITA/MISIR/ST6OR/FIT6Y ++
578 SIOR/CITVAS2T/LIGVIVITA/SORP/MIS IR/SI60R/FIT6V ++
380 SIOR/CITUAG2R/LTEVIVITAMISIR/SIGOR/FLTOY A
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Table 4.3 HTP Assay Results for Assay Condition C
SEQID | Amino Acid Differences (Relative to SEQ ID NO:4) Activity
NO: FioPC
582 SIOR/CITINGID/AG2T/LTOV/VITAMISIR/STGOR/FITOV/H2TIQ ++
584 SIOR/CITVLTEVIVOTA/LTIOV/MISIR/STISOR/FIT8V/H2TIO -
586 SIOR/CITI/LTOVIVITA/SISP/MISIR/ST160R/FIT6V ot
588 SIOR/CITUNOID/AToVIVITA/MISIR/SIGOR/FL76Y ++
SIOR/CITUNOID/AG2G/LTOV/VITA/SOSP/MISIR/SI60R/FI76V/H
590 2710 -t
592 SIOR/CITVASIR/LTEVIVITA/MISIR/SISOR/FITOV/H2710 ++
584 SIOR/S33T/C3TULTOV/VOTA/LIIOV/MISIR/S160R/FITEY 4
S3OR/S33T/C3TIMNGID/ASIG/LTOVIVITA/ATSOL/MISIR/ST60R/F
586 P76V /H271G -
598 S30T/C3TVLTOV/VOSI/VITAMISIR/SISOR/FIT6V ++
600 S30R/C3TI/VOTA/MISIR/S160R/FIT76V ++
602 S30R/C3THVOTA/MISIR/SIAOR/FITOV/V2TTM e

HTP Assay Condition D Summary and Results:

[3298] Cells grown m 96 well plates were lysed with 200 ul. Lysis Buffer (I mg/mL lysozyme, 0.5
mg/mL polvnyxan B sulfate (PMBS) and 50 mM phosphate buffer, pH = 6.3. The enzyme was expressed
form the pJ V900 expression vector for agsay condition . The reaction conditions for a 300 uk reaction
comprised: 20 g/L. substrate compound (2), 30 ¢/L a-ketoglutaric acid; 1.75 g/L. L-ascorbic acid; 0.5
mM Mohr's salt; 30 mM Bis-Tris buffer pH=6.3, with 15ul. crude lysate and reaction temperature at about
25C {room temperature} for about 24 hours. Plates were scaled with an 02 permeable scal and incubated
in 27 throw Kuhner at 200rpm and 85% relative humidity. Activity relative to SEQ 1D NO: 4 was
calculated as the percent conversion of the product formed per % conversion of the corresponding SEQ
1D NO:4, under the specified reaction conditions. The percent (%) conversion was quantified by dividing
the area of the dansyl chloride derivatized product peak by the sum of the arcas of the dansyi chloride
derivatized substrate, product and impurities/side product peaks as deternuned by HPLC analysis.
Regiosclectivity relative to SEQ 1D NO:4 was calculated by dividing the arca of the desired regioisomer
28, 58} peak by the sum of the areas of the undesired regioisomer {28, 35) peak and the desired

regioisomer (258, 583 peak and muldtiplying by 100.
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Table 44 HTP Assay Results for Assayv Condition D

SEQID | Amino Acid Differences (Relative to SEQ ID NG:4) Activity Regioselectivity
NG: FIoPC

604 SIOR/CITHVITA/NVITA/MISIR/ST60R/F176Y ++ 99.07
466 S3OR/C3TVLT76V/ETISG/MISIR/SI60R/FLT76V ++ 0340
476 SIOR/C3TI/DSSE/LToV/MISIR/SIGOR/FLT6V ++ 96,76
480 SIOR/C3TVLT6V/MISIR/SI60C/FLT6Y ++ 94.64
484 SIOR/CITVVIST/LTOVMISIR/S1I60R/F176V -+ 92 .86
49% SIOR/CITVLTOV/MISIR/SI60R/FLITOV/VITTM b 9335
502 S3OR/C3TILTO6V/MISIG/SI60R/FLTOV ++ 95.90
504 S3O0R/C37I/LT6V/MISIR/SI60R/FITEV/V2TTK ++ 93.84
510 S30R/C3TVLT6V/SI07TA/MISIR/SI60R/FIT6V ++ 9440
516 S3OR/C3TVLTSV/MISTR/ST6OR/FTITOV/V2TIR ++ G227
522 S3O0R/C3TVLT6V/MISIR/SI60R/FLITOV/IV2TIE ++ 93.30
53% SIOR/C3ITVLT76V/S107TM/MIS IR/S160R/FITOV -+ 96.27
542 S30R/C3TVLTEV/Y 109F/MISTR/SI60R/F176V 4+ 9432
66 S3OR/CITUVITA/LT6V/MISIR/SISOR/FIT6V + 99 07
608 S3OR/CIT/L76V/ETISC/MISIR/SIG0R/FLT6V + 94.17
610 SIOR/CITHVISL/LTEV/MISTIR/SIGOR/F176Y + 94.14
612 L76V/MISIR/SIGOR/F176V/A3OR/CITYVSRS + 62,50
614 SIOR/C3TVDSAS/LTOV/MISIR/SIGOR/FLTEV + 9327
616 SIOR/C3TUVISY/LT6V/MISIR/SIGOR/FITEVY + 92,08
61% SIOR/CITVVSSC/LTEV/MISIR/S160R/F176Y + 9425
620 S3OR/CITVL76V/MISIR/SI60R/QIGOL/F1T76Y + 9543
622 S3OR/C3THVSH/LToV/MISIR/SISOR/FI76Y + 91.71
624 S3OR/C3TI/L76V/MISIR/SI60R/MI68L/F176V + 86.20
626 S30R/C3T/LTOV/MISIR/SI60R/MIGEIF1T6V + 8528
628 SIOR/C3TI/VIEN/LTOV/MISIR/SIGOR/FIT6V + 91.67
639 SIOR/CITIVVSTL/ALTOV/MIES IR/ST6OR/FLT76Y + 51.06
632 S30R/CITVLT76V/MISIR/SI60R/MI68R/FIT6V + 97.04
634 S30R/C3TVLTEV/MISIR/ST60R/QI66V/F1T6V + 9528
636 S3OR/CITHLTOV/MISIR/AT568/S160R/F1T6Y + 9586
638 SIOR/CITUVITT/LTEV/MISIR/STGOR/F176Y + 160,00

HTP Assay Condition E Summary and Resulis:
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[0299] Cells grown in 96 well plates were lysed with 200 uL Lysis Bufter (1 mg/mL lysozyme, 0.5
mg/l polvmyxm B sulfate (PMBS) and 50 mM phosphate buffer, pH = 6.3, The enzyme was
expressed from the pIVO00 expression vector for these assay conditions E. The reaction conditions for a
300 ul reaction comprised: 20 g/L. substrate compound (2), 30 g/L a-ketoglutaric acid;, 1.75 g/L L-
ascorbic acid; 0.5 mM Mohrt's salt; 50 mM Bis-Tris buffer pH=63,

15yl crude lysate and reaction teraperature at about 25C (room temperature) for about 24 hours. Plates
were sealed with an O, permeable seal and mcubated in 27 throw Kuhner at 200rpm and 85% relative
humidity. The activity of the variants relative to SEQ 1D NG: 604 was calculated as the % conversion of
the product formed per % conversion of the corresponding  SEQ ID NO: 604 under the spectfied reaction
conditions. The percent (%) conversion was quantified by dividing the area of the dansvl chloride
dertvatized product peak by the sum of the areas of the dansyl chloride derivatized substrate, product and
mpurities/side product peaks as determimed by HPLC analysis. The specific activity of each variant
relative to SEQ ID NO: 604 was calculated as the percent (%) conversion of the product formed per %
conversion of the correspondmg SEQ ID NO: 604 under the specified reaction conditions normalized for
proiime hydroxylase peak area as determined by SEC. The percent (%) conversion was guantified by
dividing the arca of the product peak by the sam of the arcas of the substrate, product and mmpurities/side

product peaks as determined by HPLC analysis.

Table 4.5 HTP Assay Results for Assay Condition E

SEQID Amuno Acid Differences (Relative to SEQ 1D NO: 604) Activity Specific
NO: FIOPC Activity
FIOPC
640 AG2D/ETI4SMHITIW + +
642 R3ON/AG2E/EY145/8273G + +
644 RBON/ASTV/AGZE/ALTOV/AGTV/ETH4SH2TIRVERT3T + +
646 RAON/AG2D/E1HAS/H27IVW/E2T3T + +
648 RIGN/NGID/AG2EE 14S/H2TIW/E2T3T + +
650 RION/NGID/AG2E/ETHAN/H2TIW +
652 R3ON/AS2E/ETT4NHZTIW +
654 RION/N6ID/AG2D/ELT45/H27IW +-
636 R3ON/AS2DV/ELHAN/HZTIW/E2T3T + +
658 R3ON/AG2E/ETI4S/H2TIW/E2T73T + +
660 RION/NOID/AGZE/ETAN/H2ZTIW/E2T3T + +
662 RION/AGZINHZTIR + +
664 RION/NGID/AG2E/ENH4KMH2TIW/E2T3G + +
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HTP Assay Condition ¥ Summarv and Resulis:

10300] Cells grown m 96-well plates were lysed with 200 oL Lysis Buffer (1 mg/mL lysozyme, 0.5
mg/mb polymyxin B sulfate (PMBS) and 50 mM phosphate buffer, pH = 6.3, The enzyme was expressed
form the pJ V900 expression vector for the assay conditions F. The reaction conditions for a 300 uL
reaction comprised: 20 g/L substrate compound (2}, 30 g/L. a-ketoglutaric acid; 1.75 g/L. L-ascorbic acid;
0.5 mM Mohy's salt; 50 mM Bis-Trnis buffer pH=6.3. 15uL crude lysate was pre-incubated with all the
reaction components except for the substrate for 2 b at 23°C(room temperature} after which the substrate
{1} was added and the reaction mixture incubated for about 24 houss. Plates were sealed with an 02
permeable seal and incubated in 27 throw Kuhner at 200rpm and 85% relative humidity. The activity of
the varants relative to SEQ D NO: 604 was calculated as the % conversion of the product formed per %
conversion of the corresponding  SEQ 1D NO: 604 under the specified reaction conditions. The percent
(%) conversion was quantified by dividing the arca of the dansyl chloride denvatized product peak by the
sum of the areas of the dansyl chloride derivatized substrate, product and impunties/side product peaks as
determined by HPLC analvsis. The specific activity of cach variant relative to SEQ ID NG 604 was
calculated as the percent (%) conversion of the product formed per % conversion of the corresponding
SEQ B NO: 604 under the specified reaction conditions normalized for proline hydroxviase peak area as
determuned by SEC. The percent (%) conversion was quantified by dividing the area of the product peak
by the sum of the arcas of the substrate, product and impurities/side product peaks as determined by
HPLC analysis.

Table 4.6 HTP Assay Resulis for Assay Condition ¥

SEQID Amino Acid Bifferences (Relative to SEQ 1D NO: 604} Activity Specitic
NO: FIOPC Activity
FioPC
666 RION/AGZD/ET H4S/8240TH2TIW/E273T + +
668 RION/AGZD/ET148/8240Q/H2TIW/E2T3T + +
670 R3ION/AGZEVETH4S/G207TM/H2TIYW/EZT3T +
672 R3ION/AG2D/EL4S/TI&OI/H2TIW/E2TIT + +
674 R26G/RION/AGZD/ENI4SH2TIW/E2T3T + +
676 R3ON/AG2D/ELTAS/G20TW/H2 T IW/EZT3T + +
678 RAON/AG2D/ELIAS/FI80OM/HR27IW/E2T3T + +
680 SZAT/RION/AGID/ETIASH2TIW/E2T3T + +
GR2 RAON/AGZD/EN4S/TIAOHMH27TIW/E2T3T + +
684 RION/AGZD/TRZK/EL 4S8/ H2ZTIW/E2T3T -+
686 R3ON/AGZDVENAS/ATTIYV/H2TIW/E273T +-
688 R3ON/AS2DVELAS/GZIOMARTIW/E2T3T + +
690 R3ON/AGZD/ELIAS/S1ZTR/HZTIW/EZT3T + +
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Table 4.6 HTP Assay Results for Assay Condition ¥

SEQID Amino Acid Differences (Relative to SEQ 1D NG: 604 Activity Specific
NO: FIOPC Activity
FIOPC
692 R3ON/AS2D/ELIAS/S127TT/H2TVYW/EZT3T + +
694 R3BON/AG2ZD/ELIAN/GZO0TC/HITIW/ELTIT + +
696 R3BON/AGZD/ELIAN/D1920/H27TIW/E273T + +
698 RION/AG2D/ENTAS/S263D/H27IW/ERZT3T + +
700 RION/AGZD/ELTAS/LY42QM2TIW/E2T3T + +
702 R3ON/AGZD/ELTAS/RISIL/H27IW/E2T3T +
704 RION/AGZE/STIV/ETTASH2TIW/EZT3T +
706 R3ON/AG2D/TE2R/ENTANH2TIW/E2ZT3T + +
708 R3ON/AG2D/ELIAS/H2TIW/EZT3T + +
710 R3ON/AG2D/ETTAS/Q186R/MH2ZTIW/E2T3T + +
712 RAON/AG2D/ETHAS/AT75Q/H27VW/E2T3T + +
714 RAON/AG2D/EI4S/VIRRVHITIW/E2T3T + +
716 RION/AGZD/ENAS/PISTCH2ZTIW/EZTIT + +

HTP Assav Condition & Summ ary and Resulis:

16301} Cells grown in 96 well plates were lysed with 200 uL Lysis Buffer (i mg/mL lysozyme, 0.5
mg/mL polymyxin B sulfate (PMBS) and 50 mM phosphate buffer, pH = 6.3, The enzyme was expressed
form the pJVO0U expression vector with al8c RBS for assay conditions G. The reaction conditions for a
300 uL reaction comprised: 20 g/L substrate compound (2, 30 g/L a-ketoglutanic acid, 1.75g/L L-
ascorbic acid; 0.5 mM Mohr's salt; 50 mM Bis-Tris buffer pH=6.3. 30ul crude lysate was pre-incubated
with all the reaction components except for the substrate for 2 h at 25C{room temperature) after which the
substrate {1) was added and the reaction nuxture mcubated for about 24 hours. Plates were sealed with an
03, permeable seal and mcubated m 27 throw Kuhner at 200rpm and 85% relative humidity. The activity
of cach variant relative to SEQ D NQO: 604 was calculated as the % conversion of the product formed per
% conversion of the corresponding  SEQ ID NO: 604 under the specified reaction conditions. The percent
{%6) conversion was quantified by dividing the area of the dansyl chloride denvatized product peak by the
sum of the arcas of the dansy] chioride dertvatized substrate, product and impurities/side product peaks as
determuined by HPLC analysis. The specific activity of each variant relative to SEQ ID NO: 604 was
calculated as the % conversion of the product formed per % conversion of the corresponding SEQ 1D NG

604 under the specified reaction conditions normalized for prolme hydroxylase peak area as determined
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by SEC. The percent (%) conversion was quantificd by dividing the area of the product peak by the sum

of the areas of the substrate, product and impurities/side product peaks as determined by HPLC analysis.

Tabie 4.7 HTP Assay Results for Assay Condition G

SEQID | Amino Acid Differences (Relative to SEQ 1D NO: 604) Activity | Specific
NO: FIOPC | Activity
FIOPC
718 R3ON/AG2D/ET48/S127R/KI61IG/VIBSI/TIROP/H27IW/E273T + +
720 R3ON/AG2ZD/ET4S/KIGTG/TI8OH/H2TIW/E2T3T + +
722 R3ON/AG2D/E1145/8127R/KIGIG/EISSV/H2TIW/EZTST +
724 S24T/RION/AG2D/EL 148/ T18OH/DI 92W/H27TIW/E2T3T + +
726 RAON/AG2D/ET4S/KI6IG/EIRSV/TIROHMZTIW/E2T3T + +
728 R30ON/AG2D/ETI4S/KI61G/EIBSV/VIREY/TIROH/H2TIW/E2T3T +
730 R30ON/AG2D/ET148/S2400/H27TW/E273T +
732 R30ON/AG2D/ET 14S/Q186R/T1891/8240/H271W/E2T73T +
734 R30N/AS2D/ET 148/8240Q/H27IW/E2ZT3T + +
736 3ON/AGZD/ST2V/ENI48/Q186G/MIG3/H2TIW/E2T73T +
738 R3ON/AG2D/ET 1458/G2 10M/S240Q/H2TIW/EZT3T +
740 R3ON/AGZD/ETAS/EITRR/VIRAL/QIR6G/H2TIW/E2T3T + +
742 R3ON/AGZD/ET148/G186R/TISSH2TIW/E2T73T + +
744 R30ON/AGZD/ET148/8240Q/8263G/H2TIW/E2T3T +
746 R3ON/AGZDVET148/G186G/T189Y/S240/H27IW/E2T3T +
748 R3ON/AGZD/EL4S/VIS4L/G210M/S240Q/H27 Y W/E273T + +
750 R3ON/ASZD/EL 48/ TISOUS240/H2TYW/EZT3T + +
752 RAON/AG2D/S72YV/ET148/8240Q/MH271W/E2T3T + +
754 R3ON/AG2D/ET1148/8127T/82400Q/H27TIW/E2T3T + +
756 RAON/AG2D/ET14S/GPOTR/M2TIW/E2T3T + +
758 RBON/AGZD/ET148/VI84L/Q186G/TIROI/S240Q/H2TIW/ELT3T +
760 R30ON/AG2D/ET14S/A1T3Y/8263GH2TIW/E2T3T +
762 R30MN/AG2D/ET4S/PIRTH/S263G/H2T7IW/E2T3T + +
764 R30N/AS2D/ET H4S/PIRTH/MH2ZTIW/EZTST + +
766 R3ON/AG2D/ET145/8263G/H27TIW/EZT3T +
768 R3ON/AG2D/ET 148/ VIT76K/PIRTH/S263G/H2TIW/E2TIT +
770 R3ON/AGZD/ET ANV ITOK/PIRTH/MHZTIW/EZTIT + +
) R3ON/AGZD/ET 148/ ATT3Y/H2TIW/E2T3T + +

o)
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Table 4.7 HTP Assay Results for Assay Condition G

SEGID | Amino Acid Differences (Relative to SEQ D NO: 604) Activity | Specific
NO: FIOPC | Activity
FIOPC

S24T/RZ6A/RION/AGZD/TE2R/EL14S/GI128A/KI6IP/ATTY /Fi80M

774 M I9BA/I213L/F233E/5240T/H2ZTIW/E2T3T +

776 R2Z6A/RION/AGZD/TE2K/EL I 4S/F233Y/H2TIW/E2T3T + +

778 R3ON/AG2ZD/ST2E/E4S/AVTIY/TIROA/F233E/MH2TIW/E2T3T + +

780 R30ON/AGZD/TRZK/E1M48/GI28A/IZ13L/H2ZTIW/E2T3T +
S24T/R26G/RION/AG2D/ST2E/ETI48/CIS8N/ALT3K/I213L/F233Y/

782 H27TTW/E2T3T +
R2GA/RION/AG2D/ST2E/EI 14S/CI38N/D IR2P/8240T/M24 1C/H2 T

784 W/E273T +

786 S24T/R26A/RION/AG2D/ST2E/ET14S/K 6 P/F233E/H2TIW/E2T3T + +
R26G/RION/AG2D/TRIK/ETH4S/GI28A/K IS IP/FISOM/KIO8A/MH2T]

788 W/E273T +
S24T/RZ6AMRION/AGZD/ST2E/ET 148/CISEN/K L6 P/TISSA/H2TIW

790 /BE273T + +

792 R26G/RION/AGID/TRIK/ELH4S/H2TIW/E2T3T + +
RIZGA/RION/AGZD/ST2E/ELM4S/GI2BA/CIS8N/KI9RA/H2ZTIW/E2T3

794 T + +
RIZGA/RION/AGZD/ST2E/EL4S/CISEN/K 161 P/DI92P/H27IW/E2ZT3

796 T + +

798 R3ON/AGZD/ET48/CISEN/H2TIW/E2ZT3T -+ +
S24T/RZ6A/RION/AGZD/ET14S/G128A/F 1 ROMY/G2O07TE/H27TIW/E2T

800 3T + +
R26G/RION/AG2D/TE2K/E1 H4S/K161 P/ATT3Y/FISCM/DIO2A/F233

302 E/H27TW/E273T -+ +
S24T/RZSA/RION/ASID/EL14S/CISEN/TIROA/DI92A/S225A/H2T]

804 W/EZT3T + +

806 S24T/RZGA/RION/AG2D/EL14S/ATTIV/R2TIW/E273T + +
S24T/RZ6A/RION/AG2D/ST2E/ETAS/KI6IP/ATTIK/S240T/H2T1W/

308 E273T + +

310 R26A/RION/AG2D/TE2K/ELH4S/CIS8N/KIS I P/H2TYW/E2 73T A +
S24T/RIGG/RION/AG2D/ST2E/TS2K/E T T48/GI28A/CISEN/KI6 1B/ T

8i2 189A/S240T/M24YCH2TIW/E2T3T + +

814 R3ON/AGZD/ET148/CIS8N/ALTIY A2 3L/H2TIW/EZ 73T +
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Table 4.7 HTP Assay Results for Assay Condition G

SEGID | Amino Acid Differences (Relative to SEQ D NO: 604) Activity | Specific
NO: FIOPC | Activity
FIOPC

S24T/RZ6A/RION/AG2D/ST2E/ME2K/EL4S/G128A/F233Y/H271W/

8i6 E273T +
S24T/IRZOARION/AGZD/TE2K/EL4S/CI58N/KI 6T P/F I BOM/F233E/

B1¥ H27IW/E273T +

320 R3ON/AGZD/ET 148/ 13L/F233E/H27TTW/E2T3T + +
S24T/RION/AG2ZD/EL 148/CIS8N/KIs I B/VITOD/F233EM2 7 IW/ELT

322 3T + +
R2Z6ARION/AG2D/STZE/TS2K/ELT4S/AVI3Y /D192 A/R240TH2TIW

824 /E2737T + +
S24T/R26A/RBON/AG2D/ST2E/T82K/ET148/GI28A/ATT3Y/VIT6D

826 ZISL/8240TAR2TYW/E2TAT + +

&28 RAON/AG2D/ST2E/ET L4S/CISN/H2ZTIW/E2T3T + +
S24T/R26A/RBON/AG2D/ETIAS/GI28A/ATTIK/TIROGA/S225A/F233

830 HH27YW/E2T3T +
R30ON/AG2DVST2E/TR2K/ETI4S/ATTIK/FI180M/G20TRAZIZL/R225A

832 /F233EM2TIW/E2T3T +

834 S24T/R26A/RION/AGZTVETT4S/TI80A/H2TIW/E2T3T +

836 S24T/RION/AS2ZD/EN 4S/AVTIK/H2TIYW/E2T3T + +
RZGA/RION/AGID/ELI4S/ALT3Y/VI76D/F IBOM/TIBOA/D192P/522

838 SAMN2AYCHZTIW/EZTIT + +

840 R30N/AGZD/ETI4S/TISOA/E2TIA + +

342 RIZGA/RION/AGZD/ST2E/EL4S/KI6IP/HZTIW/EZT3T + +
R26G/RION/AG2D/ST2E/E1H4S/CISEN/ATT3K/TISGA/F233E/H2T1

344 W/EZT3T + +

846 R2ZGA/RION/AGZD/ST2E/EL4S/KI161P/S225A/M2TIW/E2T3T + o+

848 R3ON/AG2D/ET148/A1T3Y/FI8OM/MH2TIW/E2T3T + +
S24T/RIGAMRION/AG2D/RTIY/ETI45/G128A/TIROA/S240C/HZTTW

330 /E273T + +

832 RZSARION/AG2D/RTZE/ELT4AS/A1T3Y/FIBOM/MZTIW/EZT3T + +
R2GA/RBON/AGZD/ETIAS/K 161 PITI8OA/DIOZP/F233E/8240T/4H1271

854 W/E2T3T + +

856 R3ON/AGZDVST2E/TE2K/EN145/1213L/F233E/MH27IW/E2T3T +

858 R26G/RION/AGZDIST2Y /ETIAS/CISENM2TIW/E2T3T + +

ao




WO 2017/213758 PCT/US2017/028370
Table 4.7 HTP Assay Results for Assay Condition G
SEGID | Amino Acid Differences (Relative to SEQ D NO: 604) Activity | Specific
NO: FIOPC | Activity
FIOPC
360 E27TT/R3ON/AG2D/TE2R/ETI45/A175CQ/D192QMH2TIW/E273T + +
E27TT/R3ON/AG2D/TE2R/ETI4S/L1425/D192Q/8263D/MH2TIW/E2T3
862 T + +
864 R3ON/AGZD/ET148/1142Q/S263D/H2TITW/E2T3T + +
866 R30ON/AGZD/ETI4S/DBI92Q/HZTIW/EZT3T +
868 E27T/R30N/AG2D/ELH48/G207TW/S240R/8263D/H27TIW/E2T3T +
R30MN/AG2DTE2R/ELIAS/LI425/AYT3/F 1 80M/G2O0TW/A256R/MH2T
870 FW/E2TIT + +
872 E27T/R30MN/AGZD/ELT48/G207TW/A2365/S263D/M2TIW/E2T3T ++ +
874 R3ON/AS2D/TE2R/ENIAS/G20TW/AZS6R/S263D/H2TIW/EZT3T +
R3ON/AG2D/ET45/GI28F/LT42Q/RIV1L/DI92Q/5263D/H2TVW/E2
876 737 +
878 R30ON/AG2D/TRZR/ETIAS/AGI28N/H2TIW/E2T3 +
ERBK/RION/AGZDVEI48/L1425/A175Q/FIBOM/S263D/H27 TW/E2T
880 3T +
882 R3ON/AGZD/TRIR/ET V4S/G207TW/S263DAH2TYW/ELTIT + +
R3ON/AGZD/T82R/CSGE/AETTAS/RIOIL/DIO2Q/S 263D/ H2TIW/E2T3
384 T + +
E13R/E2TT/RZON/AG2D/TE2R/CEO6E/ET 14S/G20TW/ALSOR/S263D/
886 H27VW/E273T + +
888 E27TT/R3ON/AG2D/TE2R/ETI4S/FISOM/DI92ZQMH2TIW/E2TIT + +
R30ON/AGZD/TSZR/ETH4S/ATTSQ/FI80M/C238T/S240R/S263113/H27
890 TW/E2T3T + +
892 E2TT/R30N/AG2D/ELTAS/AZS6R/H2TYW/E2T3T +
894 E27T/R30N/AG2D/E1148/5263D/AH27TTW/E2T3T +
E27T/R30N/AG2D/T82R/EL14S/G128F/D 1920/ A256R/MH2TTW/E2T3
896 T +
898 R3ON/AG2D/CROE/ETIAS/G20TW/S263D/H27VW/E2T3T + +
800 R3ON/AS2ZD/EL148/GI28K/1L1425/A256R/S263D/HZTYW/E2T3T + ++
S32 R3ON/AG2D/ETI45/RIGIL/DI9O2Q/G2Z0TW/S263D/H2TIW/E273T +
904 RAON/AG2D/TRIR/ETH4S/GI2RF/S263D/H2TIW/E2 73T + +
906 RAON/AG2D/ET48/E222Q/MH2TIW/E2T3T - +
9038 R30ON/AGZDVET14S/DIOSA/HITIW/EZT3T -
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Table 4.7 HTP Assay Results for Assay Condition G

SEGID | Amino Acid Differences (Relative to SEQ D NO: 604) Activity | Specific
NO: FIOPC | Activity
FIOPC
910 R3ON/AGZD/ET145/E259G/H2TIW/E2ZT3T - +
912 RAON/AGZD/NITL/EN4SH2TIW/E2TIT - +
014 R3ON/AGZDVET4S/EZVTG/H2TIW/E2T3T -
916 R30ON/AGZDVET 14S/GI28S/H27TIW/E2T3T +
918 R30MN/AG2D/ETI4S/L209E/H27TIW/E2T73T - +
920 R30ON/AS2D/ET H4S/L209G/H2TIW/EZT3T - +
922 AT4G/RION/AG2IVETI4S5/H2TIW/E2T73T - +
924 R3ON/AG2D/ET 482 13R/M27IW/E2TIT + +
926 R3ON/AGZD/EI148/L230E/HZ7TIW/EZT3T - 4+
928 R3ON/AGZD/EI 148/ 142G/H2TIW/E2T3T - +
930 R3ON/AGZDVET148/A218G/H2TIW/E2T3T + +
932 R3ON/AGZDVELI4S/TIROV/H2TIW/E273T + +
934 R30N/AGZD/EL148/DI9SG/H2TIW/EZT3T - +
936 R3ON/AG2D/EL1148/L200A/MH2T7TW/EZT3T - +
934 R30ON/AG2D/E1148/E265C/H2TIW/E273T - +
940 R3ON/AG2D/ET145/C238G/H2TIW/EZT3T - ++
942 R3ON/AGZD/ET148/PI63EM2TIW/AERZTIT + +
044 R3ON/AGZD/ET148/M2411/H27TW/E2 73T -
946 R30ON/AGZIVET14S/I215V/H2TIW/E2T3T -
948 R30ON/AG2DVEY 4S/A213GH2TIW/E2T3T - +
950 R3ON/ASZD/ETI48/A2IRC/H2TIW/E2T3T - +
§352 R30ON/AG2D/ET1458/C238S/H27IW/E273T - +
934 R3ON/AGZD/ET148/M241V/H2TIW/E2T3T - ++
936 R3ON/AGZD/ET148/F2UIS/HZTIW/E2T3T - +
958 R30ON/AGZD/RERH/ELI48/HZTIW/EZT3T + +
960 R3ON/AGZDVET148/E265V/H2TIW/E273T - +
962 R3ON/AG2ZD/ESIV/EL4S/H27TTW/E2T3T - +
964 R30N/AGZD/ET148/Q186R/G2OTR/MH2TIW/E2T3T + +
966 R3ON/AG2D/E1145/QI86R/G20TM/H2TIW/EZTST +
964 R30ON/AG2D/E1148/Q186R/H2TIW/E2T3T +
970 R3ON/AGZD/ET145/G186R/T189VG20TR/MH2TIW/E2T3T + +
972 R3ON/AGZD/ET148/V184L/QI86G/TIRSGR0TR/M2ZTIW/EZT3T + et
974 R30ON/AGZD/ET148/VIS4L/TI8OV/GZOTM/MH2TIW/E2T3T +
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Table 4.7 HTP Assay Results for Assay Condition G

SEGID | Amino Acid Differences (Relative to SEQ D NO: 604) Activity | Specific

NO: FIOPC | Activity
FIOPC

976 R3ON/AGZD/ET 145/ VIB4L/Q186R/G20TMMH2TIW/E2T3T + +

978 R3ON/AG2ZD/ET1485/Q186G/ TI8/G2OTR/B2ZTYW/EZT3T + +

980 R3ON/AGZD/ET14S/VIS4L/G20TR/H2TIW/E273T +

982 R30ON/AGZIDVET14S/VI84L/TIROV/GZOTK/H27TIW/E2T3T +

HTP Assav Condition H Sommary and Resalts:

[3302] Cells grown in 96 well plates were lysed with 200 ull Lysis Buffer ( mg/mL lysozyme, 0.5
mg/mL polymyxin B sulfate (PMBS) and 50 mM phosphate buffer, pH = 6.3 The enzyme was expressed
from the pJVO00 go RBS expression vector for the assay conditions H. The reaction conditions for a 300
ul reaction comprised: 60 g/l substrate compound {23, 90 g/L. a-ketoglutaric acid; 30 mM L-ascorbic
acid; 1.5 mM Mohr's salt; 50 mM Bis-Tris buffor pH=6.3 . 30ul. crude lysate and reaction tomperature at
about 25°C (room temperature) for about 24 hours. Plates were sealed with an O, permeable seal and
meubated in 27 throw Kuohner at 200rpm and 85% relative humidity. The activity of cach variant refative
to SEQ 1D NO: 810 was calculated as the % conversion of the product formed per % conversion of the
corresponding  SEQ 1D NO: 810 uader the specified reaction conditions. % Conversion was quantificd
by dividing the arca of the dansyl chlonde denvatized product peak by the sum of the arcas of the dansyi
chloride denvatized substrate, product and impurities/side product peaks as determined by HPLC analvsis.
The specific activity for ecach variant refative to SEQ ID NO: 810 was calculated as the % conversion of
the product formed per 9% conversion of the corresponding SEQ ID NO: 810 under the specified reaction
conditions normalized for proline hydroxylase peak area as determined by SEC. The percent conversion
{%Conversion) was gquantified by dividing the arca of the product peak by the sum of the arcas of the

substrate, product and impurities/side product peaks as determined by HPLC analysis.

Table 4.8 HTP Assay Results for Assay Condition H

SEQID Aming Acid Differences Activity Specific
MO (Relative to SEQ 1D NG: 810) FIOPC Activity
FIoprC
984 A1568 +
986 8337 ++ +
98% Va51 + +
999 833K + +
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Table 4.8 HTP Assay Results for Assay Condition H

SEQID Amino Acid Differences Activity Specific
NO: {Relative to SEQ 1D NO: 816) F10PC Activity
FIoPC
992 S33wW + +
0994 Ww40T - -+
096 533G T
998 W40Q + T
1000 Al56Y + +
1002 AL36F T T
1004 S33H + Ak

EXAMPLE S
Process for Conversion of Compound (1) to Compeund (2)

Using Shake Flask Powder (SFP) Preparations

{0303} In this Example, methods for converting Compound (1) to Compound (2) using SFP preparations
are described.

j8304] A 200 ml scale reaction using SFP enzyme powder was carried out in a 500 mb jacketed BioStat
“3” fermentation vessel with Rushton impeller, gas sparging loop, thermocouple and dissolved oxygen
(DO} probe. The reaction mixture comprised (Condition ) : 30 g/L substrate compound (1), 1.5 eg (350
mb) a-ketoglutaric acid; 0.3 eq (70 mM} L-ascorbic acid;, 1 mM Mohr's salt; 100 mM potassium
phosphate buffer, pH=6.3 (pH adjusted with KOH), 3 ¢/L protein of SFP enzyme powder preparations.
130 mL of 100 mM pH 6.3 KPO. buffer was added to the reactor. The DO probe was calibrated at 100%
and 0% DO by tlowing air or nitrogen respectively at 1.0 SLPM until a steady probe reading was
observed. To the stirred (200 rpm) buffer at 0% DO with a nitrogen flow rate of 0.4 SLPM, 6.0 gof L~
pipercolinic acid (46.5 mmol), 10.2 g of o-ketoglutaric acid (70 mmol; 1.5 equiv.} and 2.5 g of L-ascorbic
acid (14 mmol; 0.3 equiv.} was added to give a homogeneous solution at pH ~2 in ~ 5 minutes. The pH
was adjusted to ~6.3 with 30% w/v (~ 9 M} KOH {~32-35 mL). After the exotherm {(up to ~30-33°C)
subsided, the pH of the resulting sohition was adjusted 6.3 via dropwise addition of either 50% w/v KOH
or conc. FLPO., (pH decreases vpon cooling to r.t.}. The DO probe should read <10% throughout.

400 mg (1 0 mmol; 5 mM) of Mohr's salt (NH, LFe{S8G.), * 6 H:0 was added to the resalting solution

to give a reddish-brown solution. The reddish-brown color should sustain for at least 6 hours when the
reaction s under constant nitrogen sparge. 1.0 mL of Antifoam-204 (Aldrich #A6426) was added to the

reddish-brown solution to give a reddish-brown cloudy/milky mixture, to this mixture was added within
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2-5 minutes 600 mg SFP in 20 mb of 100 mM pH 6.3 K-PO, buffer to give ~200 mL of a reddish-brown
cloudy/milky mixture, The fermentor was placed under automatic teedback DO (at 10 % DO) control
{variable agitation rate} by switching the meoming gas streamn to air (100% DO = oxygen level n air
saturated water) at a reaction temperature of 23°C for about 24 hours.

[0305] At specitied time points, 5 ul. of the reaction mixture were aliquoted mito a 96 deep well plate
contaming 200 ul/well of 5% sodiom bicarbonate. A 200 uL volume of 10 mg/mL of dansyl chloride n
MeUN was added to cach well, the plate heat sealed, and then guickly spun to settle the reaction solution
to the bottom of the well. The plate was then heated at 44-45°C for 1 howr with 600 rpm shaking. After
mcubation, the plate was centrifuged for 1 min at 4000 rpm. A 20 pL aliquot of supematant was
transterred into a 96 well plate contammg 140ul of water per well for HPLC analysis.

[8306] The results are shown in the following table. The relative activity of each variant was calenlated
as the percent (%) conversion of the product formed per % conversion of SEQ ID NG:4 (i.c., the reference
sequence), under the specified reaction conditions. The percent (%) conversion was guantified by
dividing the arca of the product peak by the sam of the arcas of the substrate, product and impurities/side
product peaks as determined by HPLC analysis. The peak area of the undesired product peak (28, 38)-
hyvdroxypipecolic acid expressed as a percentage with respect to the peak arca of the desired product (25,

58)-hvdroxypipecolic acid.

Table 5.1 Results for SPF Assay Condition 1

SEQGID NO: Aming Acid Differences (Relative t¢ SEQ ID | Activity | % %% (25, 35)
N4y FIOPC | Conv. | vs. (25,38)

4 NA NA 15 13

44 MISIR/FI76V + 20 13

436 S30R/C3TI/LT76V/MISIR/SIAOR/FITEV + 23 13

600 S3OR/C3TI/VOTA/MISIR/STGOR/FIT76V + 50 7

604 S3O0R/C3TVVSTA/VITA/MIS IR/SI60R/F1T0V + 35 2

646 SIONACITUVSTA/AG2DYVITA/ELT4S/MISIR/ + 40 2
SIGOR/FIT76V/HZTIW/E2T3T

810 RZ6A/SION/CITYVSTAIAG2D/TE2K/VITA/EL - 60 2
148/MI5 IR/CIA8N/S160R/K161P/F1T6YV/H2T
TW/E273T
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EXAMPLE6
Process for Conversion of Compound (1) to Compeound (2)

Using Downstream Process Powder (DSP) Preparations

10307} In this Example, methods for converting Compound (1) to Compound (2) using DSP preparations
are described.

[0308] A 200 mk scale reaction using BSP enzyme powder was carried out in a 5300 mL jacketed BioStat
“3” fermentation vesse! with Rushton impeller, gas sparging loop, thermocouple and dissolved oxygen
(DO probe.

[0309] The reaction mixture comprised: 30 g/L substrate compound (1, Conditions § and K) or 60 g/L
sushstrate compound (1, Condition L), 1.5 eq o-ketoghutaric acid; 70 mM L-ascorbic acid; 1 mM Mohr's
salt; 100 mM potassium phosphate buffer pH=6.3 (pH adjusted with KOH), 3 g/L {Condition J) or 6 o/L
{Conditions K and L) protein of DSP enzyme powder preparation.

[0310] First, 130 mL of 100 mM pH 6.3 K-PQ, buffer was added to the reactor. The DO probe was
calibrated at 100% and 0% BO by flowing air or nitrogen respectively at 1.0 SLPM untif a steady probe
reading was observed. To the stirred (200 rpm) buffer at 0% DO with a nitrogen flow rate of 0.4 SLPM,
6.0 g of L-pipercolinic acid (46.5 mmol, Conditions J and K} or 12 g of L-pipercolinic acid (93 numol,
Condition L), 10.2 g of a-ketoghutanic acid (70 mmol; 1.5 equiv., Conditions J and K} or 20.4 g of o~
ketoglutaric actd {140 mmol; 1.5 equiv, Condition L) and 2.5 g of L-ascorbic acid (14 mmol; 0.3 equv.
{Condittons ¥ and K) or 0.15 equiv. (Condition L)) was added to give a homogeneous sclution at pH ~2 in
~ 5 nunutes. The pH was adjusted to ~6.3 with 30% w/v (~ 9 M) KOH (~32-35 mL). After the exotherm
{up to ~30-35°C) subsided, the pH of the resulting solution was adjusted 6.3 via dropwise addition of
either 509% wiv KOH or cone. H;PO, {pH decreases upon cooling to r1.}. The DO probe should read
<10% throughout. Then, 400 me (1.0 mmol; 5 mM) of Mohr’s salt (NH. ), Fe(50,); * 6 H,0 was added to
the resulting solution to give a reddish-brown solution. The reddish-brown color should sustain for at
least 6 hours when the reaction is under constant nitrogen sparge. 1.0 mL of Antifoam-204 (Aldnch
#A6426) was added to the reddish-brown solution to give a reddish-brown cloudy/milky mixture, to this
mixture was added within 2-5 minutes DSP (600 mg, Condition J or 1200 mg Conditions K and L) in 20
mh of 100 mM pH 6.3 K-POy, buffer to give ~200 mL of a reddish-brown cloudy/milky mixture. The
fermentor was placed vnder antomatic feedback DO {at 16 9% DO) control {variable agitation rate) by
switching the incoming gas stream to air {100% DO = oxygen level in air saturated water} at a reaction
temperature of 25°C for about 24 hours.

{0311} At specified time points, 5 ul. of the reaction mixture were aliquoted into a 96 deep well plate
containing 200 ub/well of 3% sodium bicarbonate. A 200 ul. volume of 10 mg/mL of dansyl chloride i
MeCN was added to each well, the plate heat sealed, and then quickly spun to settle the reaction solution
to the bottom of the well. The plate was then heated at 44-45°C for 1 hour with 600 rpm shaking. After
mcubation, the plate was centrifuged for 1 min at 4000 rpm. A 20 pL aliguot of supematant was

transforred into a 96 well plate contamimg 1400l of water per well for HPLC analvsis.
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Summary and Resulis for DSP Assay Condition J:

{8312} This DSP assay condition was carried out at 260 mL scale i a 5080 mL jacketed BioStat “Q7
fermeniation reaction vessel with Rushton impeller, gas sparging loop, thermocouple and dissolved
oxygen (D0) and pH probes. The reaction mixture comprised: 30 g/L. substrate compound (23, 1.5 eq (350
mM} a-ketoglotaric acid; 0.3 eq (70 mM) L-ascorbic actd; I mM Mohr's salt; 100 mM potassiam
phosphate buffer pH=6.3 (pH adjusted with KOH), 3 ¢/L protein of DSP enzyme powder preparation. The
fermentor was placed under automatic feedback DO (at 10 % DO) control (variable agitation ratwe) by
switching the incoming gas stream to air (100% DO = oxygen level in air saturated water) at a reaction
temperatore of 25C for about 24 hours.

{3313} The results are shown in the following table. The relative activity of each variant was calcnlated
as the percent (%) conversion of the product formed per % conversion of SEQ 1D NG 4 (i.c., the reference
sequence), under the specified reaction condiions. The percent (%) conversion was quantified by
dividing the arca of the product peak by the sam of the arcas of the substrate, product and impurities/side
product peaks as determined by HPLC analysis. The peak area of the undesired product peak (28, 35)-
hydroxypipecolic acid expressed as a percentage with respect to the peak arca of the desired product (25,

58)-hydroxypipecolic acid.

Table 6.1 Results for SPF Assay Condition J

SEQ ID NG: Aming Acid Differences {Relative to SEQ ID Activity | % % (28, 35)
NG:4) FIOPC | Conv. | vs (25, 55)
4 NA NA 40 13
44 MISIR/FI76V + 47 13
436 S3O0R/C3TILT6V/MISIR/SIBOR/FITOV + 60 I3
600 S3OR/CITI/VOTA/MISIR/STGOR/FLTOV + 76 7
604 SIOR/CITUVITA/NGTA/MISIR/SIO0R/F170V + 674 5.1
646 SION/CITUVSTA/AGZDIVITA/ETTAS/MISIR/S + 70.1 t1
160R/FITOVH2TIW/EZTST
810 R2ZO6A/SION/CITUVSETAJ/AG2D/TE2K/VITA/EL] + 75 0.7
45/MISTR/CIASN/SIGOR/KIGIP/F176V/HIT
W/E2TIT

Summary and Results for DSP Assay Condition K
j0314] This DSP assay condition was carried out on 200 mL scale i a 500 mL jacketed BioStat “Q7
fermentation reaction vessel with Rushton tmpeller, gas sparging loop, themmocouple and dissolved
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oxygen (D) and pH probes. The reaction mixture comprised: 30 g/L substrate compound (1}, 1.5 eq (350
mb) a-ketoglutaric acid; 0.3 eq (70 mM) L-ascorbic acid;, | mM Mohr's salt; 100 mM potassium
phosphaie buffer pH=6.3 (pH adjosted with KOH), 6 g/L protein of DSP enzyme powder preparation. The
fermenior was placed under automatic feedback DO {at 10 % DO) control (variable agitation rate} by
switching the incoming gas stream to air (100% DO = oxygen level in air saturated water) at a reaction
temperature of 25C for about 24 hours.

[8315] The results are shown in the following table. The relative activity of cach variant was calculated
as the percent (%) conversion of the product formed per % conversion of SEQ 1D NG 4 {ic., the reference
sequence), under the specified reaction conditions. The percent (%) conversion was guantified by
dividing the area of the product peak by the sum of the areas of the substrate, product and impurities/side
product peaks as determiined by HPLC analysis. The peak area of the undesired product peak (28, 38)-
bydroxypipecolic acid expressed as a percentage with respect to the peak area of the desired product (25,

38)-hydroxypipecolic acid.

Table 6.2 Results for SPF Assay Cendition K

SEQ ID NG: Amine Acid Differences {Relative to SEQ ID Activity e %% (28, 35)
NO:dy FIOPC | Conv, | vs (25,55%5)

4 NA NA 60 13

44 MISIR/FIT6V + 90 13

436 SIOR/CITI/LTOV/MISIR/SIGOR/FIT6V + 9z i3

600 S3CR/CITUVOTA/MISIR/SISOR/FI76V + G5 7

604 SIOR/CITUVSTANGTAMISIR/ST60R/FLT6V + 797 i

646 S3CN/C3THVITA/AGZD/VITA/ETI4S/MISIR/ + 96 .4 0.8
SISOR/F176V/H2ZTIW/E2T3T

310 R26A/SION/CITUVITA/AGZD/TRZK/VITA/EL + 94 9 87
4S/MISTR/CISEN/ST60R/K16IP/F176V/H2T
IW/E2T3T

Summary and Results for DSP Assay Condition L:

{8316} This DSP assay condition was carried out on 200 mL scale in a 300 mL jacketed BioStat “(37
fermentation reaction vessel with Rushton impeller, gas sparging loop, thermocouple and dissolved
oxygen (D0) and pH probes. The reaction nmuxture comprised: 60 g/L substrate compound (1), 1.5 eq
(350 mM) a-ketoglotaric acid; 0.3 eq (70 mM) L-ascorbic acid; 1 mM Mohr's salt; 100 mM potassiom
phosphate buffer pH=6 3 {(pH adjusted with KOH), 6 ¢/L protein of DSP enzyme powder preparation. The
fermentor was placed under steady air flow 0.4 SLPM air; 720 rpm (kLA ~ 0.05 / s} at a reaction

temperature of 25°C for about 24 hours.

167




WO 2017/213758 PCT/US2017/028370

{3317} The results are shown in the following table. The relative activity of each variant was calculated
ag the percent {%) conversion of the product formed per % conversion of SEQ 1D NG:4 (i.e., the reference
sequience ), under the specified reaction conditions. The percent (%) conversion was quantified by
dividing the area of the product peak by the sum of the areas of the substrate, product and umpurities/side
product peaks as determined by HPLC analvsis. The peak area of the undesired product peak (28, 35)-
hydroxypipecolic acid expressed as a percentage with respect 1o the peak area of the desired product (25,

38)-hyvdroxypipecolic acid.

Table 6.3 Results for SPF Assay Condition L

SEQ ID NG: Aming Acid Differences {Relative to SEQ D Activity o Y (285,
NO:d) FIOPC | Conv. | 35} vs (25,
58)
4 NA MA NA NA
44 MISIR/FI76V NA 301 12
436 S3OR/C3TI/LT6V/MISIR/SI6OR/FI76V + 419 9.8
600 S30R/C3TV/VOTA/MISIR/SIGOR/F176V + 445 5.0
604 S3O0R/CITUVITA/NOTA/MISIR/SI60R/F170V + 424 i
646 SIGN/CITUVSTA/AGZD/VITA/ELI4S/MISIR/S + 433 0.7
160R/FIT6V/HITIW/BE2T3T
810 RI6A/SION/C3TIVSTAIAGZDITE2K/VITA/EL] + 643 0.8
AS/MISTR/CLIAEN/SI60R/KIGIP/F176V/HIT ]
W/E273T

EXAMPLE 7

Process for “One-pot” Synthesis of Compound (2} from L-Lysine

[8318] In thus Example, processes for a “one-pot” synthesis of Compound (23 from L-lysine are
describad.

[0319] A 200 ml scale reaction using DSP enzyme powder was carried out in a 500 mL jacketed BioStat
Q7 fermentation vessel with Rushton impeller, gas sparging loop, thermocouple and dissolved oxvgen
(D3} probe. The reaction mixtare comprised: 63 g/l substrate compound, 1.2 eg a-ketoghstanic acid; 70
mM L-ascorbic acid; 2 mM Mohr's salt; 100 mM potassiam phosphate buffer pH=73 (pH adjusted with
KOH), 6 g/L protein of SEQ 1D NO: 810 DSP cnzyme powder preparation, 0.5 g/l NAD, 3 g/l protein of
Ivsine cyclodeanunase SEQ 1D NO: 1006, First, 140 mL of 100 mM potassium phosphate buffer, pH=7 3
was added to the reactor followed by 13.6 g (470 mmol} of L-Lysine (equivalent to ~ 60 g/L product at

100% conv ) and 16.3 g (112 mmol; 1.2 equiv)) of a-ketoglataric acid 1o give a clear colorless sohution
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(pH ~ 3) in ~ 5 minutes. The pH was adjusted to 7.3 via S0wt% KOH (~17 mL; exothermic to ~32-35°C).
After the reaction mixiure cooled to ~ 22-24°C, to the reactor under nitrogen sparge (DO = 0%} was
added: 1 mL of Antifoam 204, 100 mg (~0.5 g/L based on final volume) of NAD, 0.6 g of SEQ ID NO:
1006 DSP {~3 g/L based on final volume) in 10 mL of 106 mM pH 7.3 potassium phosphate buffer to
give a clear pale vellow solution (at t=1 and 2 h, 10 plL. aliquots were taken and quenched with 700 pl of
5% NaHCOs). After stirrmg under nitrogen for two hours, 2.8 g (14 mmol; 0.15 equiv ) of sodium
ascorbate was added to the reaction mixture followed by 160 mg (0.4 mmol) of Mohr’s salt

{{(NH ) Fe{58.), * 6 H,0) to give a dark red solution {the pH of was re-adjusted to 7.3 if necessary} and
1.2 g of SEQ ID NO: 810 DSP was added (~6 g/L. based on final volume) in 10 mL of 100 mM pH 7.3
potassium phosphate buffer to give a dark red murky solution. The agitation rate was increased to 720 rpm
and the gas stream was changed to 0.4 SLPM of 60:40 Air/N,.

[6320] Att=3 16,18, 20,22 24 26 40 44 and 48 h, 10 L aliquots were taken and quenched with 700
pl of 5% NaHCO; Att=16 and 26 h; added 160 mg (0.4 mmol) of Mohr’s salt. Att=40 h, set agitation at
600 rpm and gas stream to .4 SLPM of 50:30 Au/N,. The aliquots were treated with 500 pL of 10 g/L.
Dansyl chloride in acetonitrile at 50°C for 1 h. After derivatization, the samples were centrifuged at 5000
rpim at room temperature for 3 minutes. A 50 gl of the resulting supernatant was taken and diluted with

200 L of dH,0 for HPLC analysis. The results are shown in Figure 1,

[6321] All publications, patents, patent applications and other docaments cited herein are hereby
meorporated by reference in their entiretics for all purposes to the same extent as if cach individual
publication, patent, patent application or other document were individually indicated to be ncorporated by
reference for all purposes.

103227 While vanous specific embodiments have been tlustrated and described, it will be appreciated

that various changes can be made without departing from the spirit and scope of the wnvention(s).

109



10

15

20

25

30

CLAIMS

1 An engineered polynucleotide encoding an engineered polypeptide having proline
hydroxylase activity comprises an amino acid sequence having at least 95% or more sequence
identity to reference sequence SEQ ID NO:810 and one or more residue differences as compared
to SEQ ID NO: 810 at residue positions selected from: 2, 4, 8, 10, 15, 26, 30, 33, 36, 37, 39, 42,
43, 44, 45, 48, 50, 52, 55, 56, 57, 58, 61, 62, 63, 71, 76, 77, 81, 82, 87, 88, 92, 94, 95, 97, 98,
101, 107, 109, 114, 115, 119, 121, 124, 128, 130, 131, 132, 134, 136, 145, 151, 153, 156, 158,
160, 161, 165, 166, 168, 173, 176, 178, 180, 184, 194, 213, 230, 237, 240, 256, 263, 266, 269,
270, 271, 273, 274, 275, and 280.

2. The engineered polynucl eotide encoding an engineered polypeptide having
proline hydroxylase activity of Claim 1, wherein said one or more residue differences as
compared to SEQ ID NO:810 is at residue positions selected from: 33, 95, 156, and 166.

3. The engineered polynucl eotide encoding an engineered polypeptide of Claim 1,
wherein said engineered polypeptide is capable of converting (S)-pipecolic acid to (2S,55)-5-
hydroxypipecolic acid.

4. The engineered polynucleotide encoding an engineered polypeptide of Claim 3,
wherein said engineered polypeptide is capable of converting (S)-pipecolic acid to (2S,5S)-5-
hydroxypipecolic acid with at least 1.2 fold, 1.5 fold, 2 fold, 3fold, 4 fold, 5fold, 10 fold, 20
fold, 30 fold, 40 fold, 50 fold, 60 fold, 70 fold, 80 fold, 90 fold, 100 fold or more enzymatic
activity of the naturally occurring enzyme.

5. The engineered polynucl eotide encoding an engineered polypeptide of Claim 3,
wherein said engineered polypeptide is capable of converting (S)-pipecolic acid to (2S,55)-5-
hydroxypipecolic acid with greater than 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99

% or more diastereomeric excess of (2S55R)-5-hydroxypipecolic acid.
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6. The engineered polynucleotide of Claim 1, wherein said polynucleotide comprises
anucleic acid sequence optimized for expression in E. coli.

7. The polynucleotide of Claim 2, wherein said polynucleotide comprises anucleic

acid sequence optimized for expression in E. coli.

8. An expression vector comprising the polynucleotide of Claim 1, optionally further
comprising at least one control sequence.

9. The expression vector of Claim 8, wherein said vector comprises SEQ 1D
NO:1007, 1008, or 1009.

10. A host cell comprising the polynucleotide of Claim 1.

11. A host cell comprising the expression vector of Claim 8.

12. The host cell of Claim 11, wherein the host cell is E. cali.

13. A method of preparing an engineered polypeptide, comprising culturing the host
cell of Claim 12, under conditions suitable for expression of the polypeptide.

14.  Themethod of Claim 13, further comprising a step of isolating the engineered
polypeptide.
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