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BIOCATALYSTS AND METHODS FOR HYDROXYLATION OF
CHEMICAL COMPOUNDS

{0061} The present application claims priority to US Prov. Pat. Appln. Ser. No. 62/347,724, filed June 9,

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

TECHNICAL FIELD

{8002] The invention relates to biocatalysts for the hydroxylation of chemical compoundds.

REFERENCE TO SEQUENCE LISTING, TABLE OR COMPUTER PROGRAM

{6003} The official copy of the Sequence Listing is submitted concurrently with the specification as an
ASCH formatted text file via EFS-Web, with a file name of “CX2-153USP1_ST25 txt”, a creation date of
June 8, 2016, and a size of 1,888,256 bytes. The Sequence Listing filed via EFS-Web 1s part of the

specification and 1s incorporated m its entirety by reference herein.

BACKGROUND

{0084] Proline derivatives with functional groups on the ring carbons are useful building blocks for
synthesis of pharmaceutical compounds because of the constrained conformation of proline. One such
dertvative, hydroxylated proline, 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 mnhibitors, protease imhibitors (See ¢.g., Chen etal., J. Org. Chem.,
67(8):2730-3 {2002}, Chen et al., 2006, § Med Chem. 49(3):995-1005}, nucleic acid analogs (Sec e.g.,
Efimov ¢t al., Nucleic Acids Res., 34(8):2247-2257 {20061}, isoprenyitransferase inhibitors (0" Connell ¢t
al., Chen. Pharm. Bull, 48(5):740-742 [20001), and drug Hibrary construction (Vergnon et al., §. Comb.
Chem., 6(1):91-8 [2004]; and Remuzon, Tetrahedron 52:13803-13835 [1996}). Similarly, hvdroxylated
dertvatives of a proline homolog, L-pipecolic acid, also known as homoproline, also serve as building
blocks for pharmaceutical compounds. For example, hydroxypipecolic acid is an intermediate in the
synthesis of f-lactamase mhibitors (See e.g., W0O2000091856, W02010126820 and US20110046102) and
TNF-alpha converting enzvme (TACE) inhibitors (Levatic et al., Bioorg. Med. Chem. Lett., 12(10):1387-
1390 [2002}).

{8605] Hydroxyproline can be obtained fron natural sources, such as plant materials and hydrolyzates of
collagen. Hydroxyproline can also be chemically synthesized, such as from starting materials allyl
bromide and diethylacetamidomalonic acid (Kyun 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., }. Org. Chem., 42(21):3440-3443 {1977}), and g-alanine (Sinha et al., Proc. ECS0OC-
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4, The Fourth International Electronic Conference on Synthetic Organic Chemistry, ISBN 3-906980-05-7
[20007).

[8606] Hydroxypipecolic acid can also be obtained from plants and other natural sources (See e.g.,
Romeo ¢t al., Phytochem., 22(7): 16151617 {1983]; Fowden, Biochem. J, 70(4):629-33 [1958]; and
Clark-Lewis and Mortimer, Nature 184(Suppl 16):1234-5 {1959}, Chemical synthesis of
hvdroxypipecolic acid is also known in the art (See e.g., Callens et al., Bulletin des Sociétés Bulletin des
Sociétés Chimiques Belges 91(83:713-723 [2010}; Adams et al., Chem. Commun., 3:349-350 [1996];
Botman ctal, Org. Lett, 6(26):4941-4944 [2004]; Cohen et al., Science 123(3202):842-843 {1956];
Beverman et al., Recucil des Travaux Chimiques des Pays-Bas, 78(9):648-658 [1950]; Marin et al., J.
Org. Chem., 69(1):130-41 [2004]; Kumar et al, J. Org. Chem., 70(1):360-3 [2003]; Liang et al, J. Org.
Chem ., 70(24):10182-5 [2005]; Kalamkar et al., J. Org. Chem., 73(9):3619-22 [2008]; Chiou et al, J. Org.
Chem., 75(5):1748-51 [2010]; Lenure et al.. J. Org. Chem., 75(6):2077-80 {2010]; and Angelique et al.,
Tetrahedron Lett., 41¢36):7033-7036 [2000}).

{8007} Isolation from natural sources is limited by the availability of raw materials, requires purification
from a signtficant amount of background contaminants, and lacks certain desired diastereomers. Chencal
synthetic methods can require complex steps, be difficult to scale up to industrial scale levels, and require
additional purnification steps due to formation of multiple hvdroxylated products.

[8008] Another approach for preparing hydroxylated proline uses proline hydroxylases, which are 2-
oxoglutarate-dependent dioxygenases, utilizing 2~oxoglutarate (a-ketoglutarate) and O, as co-substrates
and ferrous ion as a cofactor (Sec ¢.g, Klein et al., Adv. Syoth. Catal., 353:1375-1383 {2011}; US Patent
No. 5,364,775 and Shibasaki ¢t al., Appl. Environ. Microbiol., 65(9):.4028-4031 [1999}). Unlike proly!
hvdroxylases that specifically recognize peptidyl proline in procollagen and related peptides, proline
hvdroxylases are capable of converting free proline to hvdroxyproline. Several microbial enzymes that
produce ¢is-3-, cis-4- or trans-4-hydroxyproline are known in the art (See e.g., US Patent Nos. 5,962,292,
5,963,254, and 5,854,040, W0O2009139365; and EP2290065) and an enzyme that produces trans-3-
hydroxyproline has been identified m extracts of the fungus Glarea lozoyensis. Many of the proline
hydroxylases are found in bacteria, where they are associated with the biosynthesis of peptide antibiotics.
The cis-4-proline hydroxylase enzyme also shows activity in converting L-pipecolic acid (i.e., (25)-
piperidine-2-carboxylic acid) o cis-5-hydroxypipecolic acid (i.e., (25,58)-5-hydroxypiperidine-2-
carboxyhic acid; Klein et al., sapra). In vitro conversions for preparing S-hydroxypipecolic acid using
these enzyvmes have been demonstrated, but isolated proline hydroxylases are found to denature under
reaction conditions and have relatively low specific activity, rendering in vitro uses impracticable for
commercial applications {Klein ¢t al., supra). While recombinant whole cells cxpressing cloned proline
hydroxylases are betier suited for large scale industrial processes, the use of whole cells limits variations
in reaction conditions, such as high substrate concentrations; restricts the types of substrates that can be
used to those that are permeable to the cells; and results in undesirable by-products that must be separated
from the final product. In addition, m vivo systems may require defined growth media that are not optimal

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

stereomeric product.

SUMMARY OF THE INVENTION

[0009] The present invention provides engineered proline hydroxylase biocatalysts, polynucleotides
encoding the biocatalysts, methods of their preparation, and processes for preparing hydroxylated
compounds using these engineered biocatalysts. The proline hydroxylases of the present invention bave
been engineered to have one or more improved properties relative to the naturally occurring cis-4-proline
hydroxylase (SEQ 1D NO.2) of Sinorhizobium meliloti, a nitrogen fixing Gram negative bacterium. The
improved biocatalyst properties of the engineered proline hydroxylases include, among others, activity,
regioselectivity, substrate tolerance, and stability. The engineered proling hydroxylases have alse been
found to hydroxylate a variety of substrate compounds, including the hydroxylation of (S}-pipecolic acid
into {28,38)-3-hydroxypipecolic acid using alpha-ketoglutarate as a co-substrate. In some embodiments,
the process is conducted in the presence of oxygen (i.c., ait) and vron (i.c., Fe(i)).

{0610} The engineered enzymes with improved properties have one or more residue differences as
compared to the naturally occusring proline hydroxylase, where the residue differences occur at residue
positions affecting one or more of the foregoing enzyme properties.

{06011} Accordingly, in onc aspect, the present invention provides engineered polvpeptides having prokine
hvdroxylase activity, where the polypeptides comprises an amino acid sequence having at least about 86%
identity to SEQ D NG 4, 604, and/or 810, In some embodiments, the present invention provides
engineered polvpeptides having proline hydroxylase activity, wherein the polvpeptides comprise an amino
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 residue differences that can be used
to prepare enginecred proline hydroxylases with the desired improved biocatalytic propertics.

{0012] The present mvention provides engincered polypeptides having proline hydroxylase 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 1D NO:4. In some
embodiments, the present invention provides engineered polypeptides having proline hydroxylase activity
comprising amino acid sequences having at least 80%, 83%, 86%. 87%, 88%6, 89%, 90%, 91%, 92%.
93%, 945, 95%, 96%, 97%, 98%, 99% or more sequence identity to SEQ ID NG:4, and one or more
residue differences as compared to SEQ ID NGO :4 at residue positions selected fronw: 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, 08, 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, 175, 180, 184, 194, 213, 230, 237, 240, 256, 263, 266, 269, 270, 271,
273,274, 275, and 280. In some embodiments, the engineencd polypeptide has at least 80%, 85%, 86%,
87%, 88%0, #9%, 90%, %1%, 92%, 93%, 94%, 93%, 96%, 97%, 98%, 99% or more sequence identity to at

3
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least one of the even-numbered sequences in SEQ 1D NOS:6-1004. In some further embodiments, the
engineened polypeptide has at least 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 959%,
96%, 97%, 98%, 99% or more sequence identity to at least one of the even-nambered sequences in SEQ
1D 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%, 89%, 90%, 91%, 92%,
939, 94%, 95%, 96%, 97%, 98%, 99% or more sequence identity to SEQ ID NG:604. In some
embodiments, the present invention provides engineered polypeptides having proline hydroxylase activity
comprising amino acid sequences having at least 80%, 83%, 86%, 87%, 8%, 89%, 90%, 91%, 92%,
93%, 945, 95%, 96%, 97%, 98%, 99% or more sequence identity 1o SEQ 1D NG: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, 128, 142158, 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, In some embodiments, the engineered
pol‘m@pudu has at least 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, 99% or more sequence wdentity to at least one of the even-numbered sequences i SEQ D NOS:6-
1004, In some further embodiments, the engineened polvpeptide has at least 80%, 85%, 6%, 87%, 88%
89%, 90%, 1%, 92%. 93%, 94%, 95%, 96%, 97%, 98%, 99% or more sequence identity to at least one of
the even-numbered sequences in SEQ 1D NOS:640-082.
{3014} The present mvention provides engineered polypeptides having proline hydroxylase activity
comprising amuno acid sequences having at least 80%, 85%, 86%, 87%, 88%, 89%, 90%. 91%, 92%
G396, 94%, 95%, 9696, 87%, 98%, 95% or more sequence identity to SEQ 1D NG:810. In some
embodiments, 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%,
93%, B49%, 95%, 96%, B7%, 98%, 99% or more sequence identity to SEQ ID NG:810, and one or more
residue differences as compared to SEQ ID NO:3 10 at residue positions selected from 33, 40, 95, and 156.
In some embodiments, the engineered polypeptide has at least 80%, 85%, 86%, 87%, 8870, 89%. 90%,
91%, 92%, 93%, 94%, 95%, 6%, 97%, 98%, 99% or more sequence identity to at least one of the even-
numbered sequences m SEQ ID NOS:6-1004. In some further embodiments, the engineened polypeptide
has at least 80%, 85%, 86%, 87%, 88%, 89%, 90%, 919, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or
more sequence identity to at least one of the even-numbered sequences in SEQ 1D NOS:984-1004.
{0015] The present nvention also provides engineered polypeptides having proline hydroxylase activity
capable of converting (S)-pipecolic acid to (28,58)-5-hydroxvpipecolic acid. In some embodiments, the
engineered polypeptide is capable of converting (S)-pipecolic acid to (28,55)-5-hvdroxypipecolic 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 naturally occurring enzyme. In some

further embodiments, the engineered polypeptide is capable of converting (S)-pipecolic acid to (28,58)-5-
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hydroxypipecolic acid with greater than 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99 % or more
diastereomeric excess of (25,58)-5-hydroxvpipecolic acid.

[8616] The present imvention also provides polynucleotides encoding the engineered polypeptide having
proiine hydroxylase activity. In some embodiments, the polynuclectide comprises a nucleic acid
sequence optumized for expression in £. cofi.

{6017} The present mvention futher provides expression vectors comprising the polynucieotides
encoding the enginecred polvpeptide having proline hydroxylase activity. In some embodiments, the
expression vectors comprise at least one control sequence. In some further embodiments, the expression
vector comprises SEQ 1D NO:1007, 1008, or 1009,

{8618] The present invention also provides host cells comprising the polynucleotide encoding engineered
polvpeptides having proline hydroxylase activity. In some embodiments, the host cell is £ coli.

{8019] The present mvention further provides methods of preparing engincered polvpeptides having
proline hvdroxylase activity, comprising culturing the host cell compnsing an expression vector
comprising at least one polynucleotide encoding an engineered polvpeptide having proline hydroxylase
activity under conditions suitable for expression of the polypeptide(s). In some embodiments, the

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

DESCRIPTION OF THE FIGURES
{8028] Figure 1 provides a graph showing the results of the “one pot” synthesis reaction from lysine

described o Example 7.

DESCRIPTION OF THE INVENTION

{0021] Unless defined otherwise, all technical and scientific terms used herein generally have the same
meaning as cornmonly 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 calture, molecular genetics,
microbiology, organic chemistry, analytical chemistry and nucleic acid chemistry described below are
those well-known and commonly employed m the art. Such technigues are well-known and described in
numerous texts and reference works well known to those of skill in the art. Standard technigues, or
modifications thereof, are used for chemical syntheses and chemical analyses. All patents, patent
applications, articles and publications mentioned hercin, both supra and infra, are hereby expressly
mcorporated herein by reference.

{8022} Although anv suitable methods and maternials similar or equivalent to those descnbed herein find
use in the practice of the present invention, some methods and maierials are deseribed herein. It is to be
understood that this invention is not limited to the particular methodology, protocols, and reagenis
described, as these may vary, depending upon the context they arc used by those of skill in the art.
Accordingly, the terms defined immediately below are more fully deseribed by reference to the invention

as a whole.
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{0023} It is to be understood that both the foregoing gencral description and the following detailed
description are exenplary and explanatory only and are not restrictive of the present mvention.

{0024} The section headings used herein are for organizational purposes only and not to be construed as
limiting the subject matter described.

[{0025] Numeric ranges are inclusive of the numbers defining the range. Thus, every numerical range
disclosed herein is mtended to encompass every narrower numerical range that falls within such broader
numerical range, as if such narrower numerical ranges were all expressly written herein. It is also
intended that every maximum (or minimum} remerical imitation disclosed herein includes every lower
{or higher) nuraerical limitation, as if such lower (or higher) numerical limitations were expressly written
herein.

Abbreviations

{0026} The abbreviations used for the genetically encoded amino acids are conventional and are as

follows:

Amino Acid Three-Letter Abbreviation | One-Letter Abbreviation
Alaning Ala A
Argining Arg R
Asparagine Asn N
Aspartatc Asp D
Cysteine Cys C
CGlutamate Glu E
Glutamine Gln Q
Glycine Gly G
Histidine His H
{soleucine fle i
L eucine Leu L
Lysing Lys K
Methionine Met M
Phenvialanine Phe F
Proline Pro P
Serine Ser S
Threoning Thr T
Tryptophan Trp W
Tyrosine Tyr Y
Valine Val v

[0627] When the three-letter abbreviations are used, unless specifically preceded by an “L” or a “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-alanine, respectively.
When the one-letier abbreviations are used, upper case letters designate amino acids in the L-
configuration about the u-carbon and lower case letters designate amino acids i 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 sequences are presented in the amino (N) to carboxy (C) direction in accordance with

common convention.
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[0028] The abbreviations used for the genetically encoding nucleosides arc convenitonal and are as
follows: adenosine (A); guanosine (G); eytidine (C); thymidine (T); and uridine (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°-deoxyribonuclecsides on an individual
basis or on an aggregate basis. When nucleic acid sequences are presented as a string of one-letter
abbreviations, the sequences are presented in the 57 to 37 direction n accordance with common
convention, and the phosphates are not indicated.

Definitions

{8029] 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 skill in the art, unless specifically
defined otherwise. Accordingly, the following terms are intended to have the following meanings.

{0030] As used herein, the singular forms “a”, “an” and “the” include plural referents unless the context
clearly mdicates otherwise. Thus, for example, reference to “a polypeptide” includes more than one
polypeptide.

LIS

{6031] Simularly, “compnse,” “comprises,” “comprising” “include,” “includes,” and “including” are
mterchangeable and not intended to be limiting. Thus, as used herein, the term “comprising” and its
cognates are used in their inclusive sense (7.e., equivalent to the term “including” and its corresponding
cognates).

{8032] Ttis to be further understood that where descriptions of various embodiments use the term
“comprising,” those skilled n the art would understand that in some specific mstances, an embodiment
can be alternatively described using language “consisting essentially of” or “consisting of.”

10033] The teom “about”™ means an acceptable error for a particular value. In some instances “about”
means within 0.05%, 0.5%, 1.0%, or 2.0%, of a given value range. In some 1nstances, “about” means
within 1, 2, 3, or 4 standard deviations of a given value.

{6034] “EC” number refers to the Enzyme Nomenelature of the Nomenclature Commattee of the
International Union of Biochemistry and Molecular Biology (NC-IUBMB). The IUBMB biochemical
classification is a numenical classification system for enzymes based on the chemical reactions they
catalyze.

[8035] “ATCC” refers to the American Type Culture Collection whose biorepository collection includes
genes and strains.

[06036] “NCBI” refers to National Center tor Biological Information and the sequence databases provided
therein.

[8037] “Protein,” “polypeptide,” and “peptide” are used interchangeably herein to denote a polvmer 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 - and L-amino
acids, and mixtures of D- and L-amino acids, as well as polymers comprising D- and L-amino acids, and

mixtures of D- and L-amino acids.
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[0038] “Awvuno acids™ are referred to herein by either their commonly known three-letter symbols ot by
the one-letter symbols recommended by IPAC-TUB Biochernical Nomenclature Commisston.
Nucleotides, likewise, may be referred to by their commonly accepted single letter codes.

[083%] Asused herein, “polynucleotide” and “nucleic acid” refer to two or more nucleosides that are
covalently linked together. The polynuclestide may be wholly comprised of ribonucleotides (i.c., RNA),
wholly comprised of 27 deoxyribonucleotides (i.e., DNA) or mixtures comprised of ribo- and 2
deoxyribonucleotides. While the nucleosides will typically be linked together via standard phosphodiester
linkages, the polynucleotides may include one or more non-standard linkages. The polynucleotide may be
single-stranded or double-~stranded, or may include both single-stranded regions and double-stranded
regions. Moreover, while a polynucleotide will typically be composed of the naturally occnrring encoding
nucleobases (i.e., adenine, guanine, wracil, thymine and cytosine), it may include one or more modified
and/or synthetic nuclechasces. such as, for cxample, inosine, xanthine, hypoxanthine, etc. In some
embodiments, such modified or synthetic nucleobases are nucleobases encoding amine acid sequences.
[00490] “Coding sequence” refers to that portion of a nucleic acid (e.g., a gene) that encodes an amino
acid sequence of a protein.

{08041] “Proline hydroxylase™ refers o a polypeptide having an enzymatic capability of converting free

proline to bydroxyproline in presence of co-substrate a-ketoglutarate and dioxygen, as tllustrated below:

Os CO»
SO0 i}\ﬁOOH
H

o-~ketoglitarate  succinate H

{0042} Itis to be understood that proline hydroxylases are not limited to the foregoing reaction with
proline, but may hvdroxylate other substrates, for example pipecolic acid. Proline hydroxylases as used
herein include naturally occurring (wild-type) proline hvdroxylase as well as non-naturally occurring
engineered polyvpeptides generated by human manipulation. In some embodiments, the proline
hydroxylase variants of the present invention are capable of converting (S)-pipecolic acid (i.e., compound

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

o)
Hooe~~Acoon  Hooc~CO%H

®kerogiuarate SUCTNALE
N
- //,Pmm
]

(8 PIpeCOiic ACid Cz O
1

(25'53)'5 hydr 0Xypip&Ooiic acid
’ 2

10043] “Co-substrate” of a proline hydroxylase refers to a-ketoglutarate and co-substrate analogs that can

replace a-ketoglutarate in hvdroxvlation of proline and proling substrate analogs. Co-substrate analogs
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mclude, by way of example and not limitation, 2- oxoadipate (See ¢.g., Majamaa et al., Biochem. §,,
229:127-133 [1985]).

[0044] As used herein, “wild-type” and “naturally-occurring” refer to the form found in nature. For
example a wild-type polypeptide or polynucleotide sequence is a sequence present in an organism that can
be isolated from a source in nature and which has not been mtentionally modified by human manipulation.
[3045] “Recombinant” or “enginecered” or “non-naturally occurring” when used with reference 1o a cell,
nucleic acid, or polvpeptide, refers to a material, or a material corresponding to the natural or native form
of the material, that has been modified in 2 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 is produced or derived from synthetic materials and/or by manipulation using
recombinant techniques. Non-limiting examples include, 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 tenm “percent (%6) sequence identity” is used herein to refer to comparisons among
polymuclectides or polypeptides, and are determined by comparing two optimally aligned sequences over
a comparison window, wherein the portion of the polynucieotide or polypeptide sequence 1a 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 positions in the window of comparison and multiplving the result by 100 to yield the
percentage of sequence 1dentity. Alternatively, the percentage may be calculated by determining the
number of positions at which either the identical nucleic acid base or amino acid residue occurs in both
sequences or a nucleic acid base or 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 m the
window of comparison and multiplving the result by 100 to yield the percentage of sequence identity.
Those of skill in the art appreciate that there are many established algorithms available to align two
sequences. Optimal alignment of sequences for comparison can be conducted by any suitable method,
mchuding, 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 Wunsch, . Mol. Biol,, 48:443 {1970}), by the seairch for similarity method of Pearson
and Lipman {Pearson and Lipman, Proc. Natl. Acad. Sci. USA 85:2444 [19881). by computerized
implementations 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 sequence 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 Altschul et al., J. Mol
Biol, 215: 403-410 [1990}; and Altschul et al | Nucl. Acids Res., 3380-3402 [1977], respectivelv).

Software for performing BLAST analyses is publicly available throagh the National Center for
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Biotechnology Information website. This algorithm invelves first iddentitviog high scoring sequence pairs
(HSPs) by identifving short words of length W in the query sequence, which cither match or satisfy some
positive-valued threshold score T when aligned with a word of the same length in a database sequence. T
is referred to as, the neighborhood word score threshold (See, Alischul et al., supra). These initial
neighborhood word hits act as seeds for initiating searches to find longer HSPs containing them. The word
hits are then extended in both directions along each sequence for as far as the cumulative alignment score
can be increased. Comuldative 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 sequences, a scoring matrix is used to calculate 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 achicved valae; the cumulative score goes 1o zero o1 below, due to the
accumulation of one or more negative-scoring residue alignments; or the end of either sequence 18
reached. The BLAST algorithm 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=5, N=-4, and a comparison of both strands. For amino acid segquences, the
BLASTP program uscs as defaults a wordlength (W) of 3, an expectation (E} of 10, and the BLOSUMS62
scoring matrix {Sec, Hentkoff and Henikoff, Proc. Natl. Acad. Sci. USA 89:10915 [1989]). Excmplary
determination of sequence alignment and % sequence identity can employ the BESTFIT or GAP
programs in the GCG Wisconsin Software package {(Accelrys, Madison Wi, using default parameters
provided.

{3047} “Reference sequence” refers to 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-
Iength gene or polypeptide sequence. Generally, a reference sequence is at least 20 nucleotide or amine
acid residues in length, at least 25 residues in length, at least 30 residues i length, at least 100 residues in
fength or the full length of the nucleic acid or polypeptide. Since two polynucleotides or polvpeptides may
cach {1} comprise a sequence {1.¢., a portion of the complete sequence) that 1s similar between the two
sequences, and (23 may further comprise a sequence that is divergent between the two sequences,
sequence comparisons between two {or more) polyvnucleotides or polypeptides are typically performed by
comparing sequences of the two polynucleotides 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 herein, “comparison window” refers to a conceptual segment of at least about 20
contiguous nucleotide positions or aming acid residues wherein a sequence may be compared to a
reference sequence of at least 20 contiguous nucleotides or amino acids and wherein the portion of the
sequence in the comparison window may comprise additions or deletions (i.¢., gaps) of 20 percent or less

as compared to the reference sequence (which does not comprise additions or deletions) for optimal
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alignment of the two sequences. The comparison window can be longer than 20 contiguous restdues, and
includes, optionally 30, 40, 50, 100, or Jonger windows,

EXINTS

{8049} “Corresponding to”, “reference to” or “relative to” when used in the context of the numbering of a
given amino acid or polvnucleotide sequence refers to the numbering of the residues of a gpecified
reference sequence when the given amino 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 engincercd proline hydroxylase, can be aligned to a reference sequence by introducing 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 polynuclestide sequence is made with respect to the reference
sequence to which it has been aligned.

[0030] “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 identity as compared o a reference sequence over a
comparison window of at least 20 residue positions, frequently over a window of at least 30-50 residues,
wherein the percentage of sequence identity 1s calculated by comparing the reference scquence to a
sequence that includes deletions or additions which total 20 percent or fess of the reference sequence over
the window of comparison. In some specific embodiments applied to polypeptides, the term “substantial
wlentity” means that two polypeptide sequences, when optimallv 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 identily, or at least 95 percent sequence identity or more {e.g., 99 percent sequence
identity}. In some embodiments, residue positions that are not wdentical in seguences being compared
differ by conservative amino acud substitutions.

[6051] As used herein, “amino acid difference” and “residue difference” refer to a difference in the
amino acid residue at a position of a polypeptide sequence relative to the amino acid residue ata
corresponding position it a reference sequence. The positions of amino acd differences generally are
referted to herein as “Xn,” where n refers to the corresponding posttion mn the reference sequence upon
which the residue difference is based. For example, a “residue difference at position X93 as compared to
SEQ [D NO:4” refers to a difference in the amino acid residue at the polypeptide position corresponding
to position 93 of SEQ ID N(G: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 NG:4” refers to an amino
acid substitution of any residue other than serine at the position of the polypeptide corresponding to
position 93 of SEQ IR NG:4. In most instances herein, the specific amino acid residue difference ata
position is indicated as “XnY” where “Xn” specified the corresponding position as described above, and
“Y” is the single letter identificr of the amino acid found in the engineered polypeptide (i.c., the different
residue than that in the reference polypeptide). 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 is the single Ietter identificr of the residue in the
reference sequence, “n” is the number of the residue position in 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 1o 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 acid residues that
can be used are separated by a */” (e.g., X307H/X307P or X307H/P). The slash may 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 combinatorial variant). In some embodiments, the present imvention includes
engineered polypeptide sequences comprising one or more aming acid differences comprising
conservative of non-conservative amino acid substitutions. In some additional embodiments, the present
nvention provides enginecred polypeptide sequences comprising both conservative and non-conservative
amino acid substitutions.

[0052] As used herein, “conservative amino acid substitution” refers to a substitution of a residue with a
different residue having a similar side chain, and thus typically mvolves substitution of the amino acid in
the polypeptide with amino acids within the sarac or similar detined class of amino acids. By way of
example and not hmitation, in some embodiments, an amino acid with an aliphatic side chain 1s
substituted with another aliphatic amino acid (¢.g., alanine, valine, lencing, and isoleucine); an amino acid
with hvdroxvl side chain is substituted with ancther amino acid with a hydroxyl! side chain {¢.g., scrine
and threonine}; an anuno acids having aromatic side chams is substituted with another amino acid having
an aromatic side chamn {e.g., phenvialanine, tyrosine, tryptophan, and histidine}; an anuino acid with a
basic side chain i substituted with ancther amino acid with a basis side chain (e.g., bysine and argining);
an amino acid with an acidic side chain is substituted with another amino acid with an acidic side chain
{e.g., aspartic acid or glutamic acid); and/or a hydrophobic or hydrophilic amino acid 1s replaced with
another hvdrophobic or hydrophilic amino acid, respectively.

{B053] As used herein, “non-conservative substitution” refers to substitution of an amino acid m the
polypeptide with an amine acid with significantly differing side chain properties. Non-conservative
substitutions 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 glveine) (b) the charge or
hvdrophobicity, or (¢) the bulk of the side chain. By way of example and not limitation, an exemplary
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 amino acid; and a hydrophilic amino acid substituted with
a hydrophobic amino acid.

{8054] As used herein, “deletion” refers to modification to the polyvpeptide by removal of one or more
amino acids from the reference polypeptide. Deletions can comprise removal of 1 or more amino acids, 2
or more amino acids, 5 or more amino acids, 10 or more amino acids, 13 or more amino acids, or 20 or

more amino acids, up o 10% of the total namber of amino acids, or up to 20% of the total namber of
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amino acids making up the reference enzyme while retaining enzyroatic activity and/or retaining 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 to the polvpeptide by addition of onc or more
amino acids from the reference polypeptide. Insertions can be in the intemal portions of the polypeptide,
or o the carboxy or amine terminus. Insertions as used herein include 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 i the naturally occurring polvpeptide.

[8656] A “functional fragment” or a “biologically active fragrent” used interchangeably herein refers to
a polypeptide that has an amino-terminal and/or carboxy-terminal deletion(s) and/or internal deletions, but
where the remaining amino acid sequence 1s identical to the corresponding positions inn the sequence o
which it 1s being compared (¢.g., a full-length engineered proline hydroxylase of the present invention)
and that retains substantially all of the activity of the full-length polypeptide.

{0057} As used herein, “isolated polypeptide” refers to a polypeptide which is substantially separate
from other contaminants that naturally accompany it (¢.g., protein, lipids, and polynucleotides}. The term
embraces polvpeptides which have been removed or purified from their naturally-oceurting environment

or expression system (e.g.

t=l

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

{B058] As used herein, “substantially pure polypeptide”™ refers to a composition in which the polypeptide
species is the predominant species present (1.e., on a molar or weight basis it 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 SO percent of the macromolecular species
present by mole or % weight. However, in some embodiments, the composition comprising proline
hydroxylase comprises proline hydroxylase that 1s less than 50% pure {e.g., about 10%, about 20%, about
30%, about 40%, or about 50%]) Generally, a substantially pure proline hydroxylase 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 species 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 macromolecular species. In some
cmbodiments, the isolated recombinant proline hydroxylase polypeptides are substantially puare
polvpeptide compositions.

[B039]  Asused herein, “improved enzvne property” refers to at least one improved property of an

enzyme. In some embodiments, the present invention provides enginecred proline hydroxylase
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polvpeptides that exhibit an improvement in any enzyme property as compared 1o a reference proline
hvdroxylase polypeptide, and/or a wild-type proline hydroxylase polypeptide and/or another engineered
proline hydroxylase polvpeptide. Thus, the level of “improvement” can be determined and compared
between various proline hydroxylase enzymes, including wild-tvpe, as well as engineered proline
hydroxylases. Improved propertics include, but are not limited, to such properties as increased protein
expression, increased thermoactivity, increased thermostability, increased pH activity, increased stability,
increased enzymatic activity, increased substrate specificity or affinity, increased specific activity,
increased resistance to substrate or end-product inhibition, increased chemical stability, improved
chemoselectivity, improved solvent stability, increased tolerance to acidic pH, increased tolerance to basic
pH, increased tolerance to proteolvtic activity (i.e., reduced sensitivity {o proteolvsis), reduced
aggregation, increased sohubility, and altered temperature profile.

{00690] Asused herein, “increased enzymatic activity” and “enhanced catalvtic activity” refer to an
mmproved property of the engineered proline hydroxylase polypeptides, which can be represented by an
mcrease in specific activity {e.g., product produced/time/weight protein) or an increase in percent
conversion of the substrate to the product {¢.g., percent conversion of starting amount of substrate to
product in a specified time period using a specified amount of proline hydroxylase) as compared to the
reference proline hydroxylase enzyme. Exemplary methods to deternune enzyme activity arc provided in
the Examples. Any property relating to enzyme activity may be affected, including the classical enzyme
propertics of K, Va oF ko, changes of which can lead to increased enzymatic activity. Improvements in
cnzyme activity can be from about 1.1 fold the enzymatic activity of the corresponding wild-tvpe 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 naterally occurnng proline hydroxylase or another engineered proline
hvdroxylase from which the prohine hydroxylase polypeptide was derived.

[0061]  As used herein, “conversion” refers to the enzymatic conversion {or brotransformation} of a
substrate(s) to the corresponding product{s). “Percent conversion” refers to the percent of the substrate
that is converted to the product within a period of time under specified conditions. Thus, the “enzymatic
activity” or “activity” of a prohne hydroxylase 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 exhabit
mmproved activity for a wide range of substrates, as compared to a parental sequence. Generalist enzymes
do not necessarily demonstrate improved activity for every possible substrate. In some embodiments, the
present invention 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 engineered to
be improved across a wide range of diverse APi-like molecules to increase the production of
metabolites/products.

[063] The term “stringent hybridization conditions” is used herein to refer to conditions under which

nucleic acid hybrids are stable. As known to those of skill in the art, the stability of hybrids is reflected in
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the meking 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
polvnucleotides can be calculated using 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 48:1390
[1962]; Bresslauer et al, Proc. Nath. Acad. Sci. USA 83:8893-8897 [1986]; Freier ¢t al., Proc. Natl. Acad.
Sci. USA 83:9373-9377 [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);
Suggs et al., 1981, in Developmental Biology Using Purified Genes, Brown et al. {eds. |, pp. 683-693,
Academic Press, Cambridge, MA {1981]; and Wetmur, Crt. Rev. Biochen. Mol Biol. 26:227-259

[19917). In some embodiments, the polynucleotide encodes the polvpeptide disclosed herein and
hybridizes 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] “Hybrndization stringency” relates to hybridization conditions, such as washing conditions, in the
hybndization of nucleic acids. Generally, hvbndization reactions are performed under conditions of
Iower stringency, followed by washes of varyving but higher stringency. The term “moderately stringent
hybridization™ refers to conditions that pernit target-DNA to bind a complementary nucleic acid that has
about 60% identity, preferably about 75% identity, about 85% identity to the target DNA, with greater
than about 90% dentity to target-polvnucieotide. Exemplary moderately stringent conditions are
conditions equivaient to hvbridization in 50% formanude, 3< Denhart's solution, 3x55PE, 0.2% SDS at
42°C, followed by washing m 0.2=85PE, 0.2% SDS, 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 solation condition for a defined polvnucleotide sequence. In some embodiments, a high
stringency condition refers to conditions that permit hybridization of only those nucleic acid sequences
that form stable hybrids i 0.018M NaCl at 65°C (i.¢., if a hybrid is not stable in 0.018M NaCl at 65°C, it
will not be stable under high stringency conditions, as contemplated herein). High stringency conditions
can be provided, for example, by hybridization in conditions equivalent to 50% formamide, 5% Denhart's
solution, 3=S5PE, 0.2% 8BS at 42°C, followed by washing in 0.1 #85PE, and 0.1% SDS at 65°C.
Another high stringeney condition 1s hybridizing in conditions equivalent to hybridizing in 5X SSC
containing 0.1% (w:v) SDS at 65°C and washing in 0.1x S8C countaining 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 protein to
those preferentially used in a particular organism such that the encoded protein is efficiently expressed in
the organism of interest. Although the genetic code is degenerate in that most amino acids are represented
by several codons, called “synonyims™ 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 to a given gene, genes of common function or ancestral origin, highly

expressed proteins versus low copy number proteins, and the aggregate protein coding regions of an
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organism's genome. In some embodiments, the polynucicotides encoding the proline hydroxylase
enzyvmes may be codon optimized for optimal production in the host organism 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 sct 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 expression. 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, inclading multivariate analysis, for example, using cluster analysis or correspondence analysis,
and the effective mumber of codons used in a gene (See ¢ g, GCG CodonPreference, Genetics Computer
Group Wisconsin Package: CodonW, Peden, University of Nottingham; Mclnemey, Bioinform., 14:372-
73 11998]; Stenico et al., Nucl Acids Res., 222437-46 [1994]; Wright, Gene 87:23-29 [199073. Codon
usage tables are available for many different organisms (See ¢.g., Wada et al., Nucl. Acids Res,, 20:2111-
2118 [1992}; Nakamuract al., Nucl. Acids Res., 28:292 [2000]; Duret, et al., supra; Henaut and Danchin,
in Fscherichia coli and Saimonella. Neidhardt, et al. (eds.). ASM Press, Washington D .C | p. 2047-2066

[19961). The data source for obtaining codon usage may rely on any available nucleotide sequence
capable of coding for a protein. These data sets mclude nucleic acid sequences actually known to encode
expressed protemns {¢.g., complete protein coding sequences-CDS), expressed sequence tags (ESTS), or

predicted coding regions of genomie sequences (See ¢.g., Mount, Bioinformatics: Sequence and Genome

Analysis, Chapter 8, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y. [ 2001,
Uberbacher, Meth. Enzymol., 266:259-281 [1996]; and Tiwari et al., Comput. Appl. Biosct.,, 13:263-270
[19971).

{6067] “Control sequence” refers herein to include all components, which are necessary or advantageous
for the expression of a polynucieotide and/or polypeptide of the present invention. Each control sequence
may be native or forgign to the nucleic acid sequence encoding the polypeptide. Such control sequences
mehide, but are not imited fo, a leader, polyadenylation sequence, propeptide sequence, promaier
sequence, signal peptide sequence, mitiation sequence and transeription ternunator. At a minimuro, 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.

[0068] “Operably linked” is defined herein as a configuration in which a control sequence is
appropriately placed (i.e., in a functional relationship) at a position relative to a polynucleotide of interest
such that the control sequence directs or regulates the expression of the polyvnucleotide and/or polypeptide

of mterest.
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[0069] “Promoter sequenee” refers to a nucleic acid sequence that is recognized by a host cell for
expression of a polvnucleotide of interest, such as a coding sequence. The promoter sequence containg
transcriptional control sequences, which mediate the expression of a polynucleotide of interest. The
promoter may be any nucleic acid sequence which shows transcriptional activity in the host cell of choice
including mutant, truncated, and hybrid promoters, and may be obtained from genes encoding
extracellnlar or intracelhular polypeptides either homologous or heterologous 1o the host cell.

{0070} “Suitable reaction conditions™ refers to those conditions in the enzymatic conversion reaction
solution {e.g., ranges of enzyme loading, substrate loading, temperature, pH, buffers, co-solvents, cte.)
under which a proline hyvdroxylase polypeptide of the present invention is capable of converting a
substrate to the desired product compound. Some exemplary “suitable reaction conditions™ are provided
heremn.

{0071] As used herein, “loading,” such as in “compound loading” or “enzyme loading” refers to the
concentration or amount of a component in a reaction mixture at the start of the reaction.

{B072] As used herein, “substrate” in the context of an enzymatic conversion reaction process refers (o
the compound or molgeule acted on by the proline hydroxylase polypeptide.

18073] 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.
{8074] As used herein the term “culturing” refers to the growing of a population of microbial cells under
any suitable conditions {¢.g., using a liquid, gel or solid medium).

{3075} Recombinant polypeptides can be produced using any suitable methods known i the art. Genes
encoding the wild-type polypeptide of interest can be cloned i vectors, such as plasmids, and expressed
n desired hosts, such as 7. cofi, ete. Vartants of recombinant polypeptides can be generated by various
methods known in the art. Indeed, there is a wide varigty of different mutagenesis techniques well known
to those skilled in the art. In addition, mutagenesis kits are also available from many commercial
molecular biology suppliers. Methods are available to make specific substitutions at defined amino acids
{site-directed), specific or random mutations 1 a localized region of the gene {regio-speeific), or random
mutagenesis over the entire gene (e.g., saturation mutagenesis). Numerous suitable methods are known to
those i the art to generate cnzyme variants, including but not limited to site-directed mutagenesis of
single-stranded DNA or double-stranded DNA using PCR, cassette mutagenesis, gene synthesis, error-
prone PCR, shuffling, and chemical saturation mutagenesis, or any other suitable method known in the
art. Non-limiting exanpies 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 variants are produced, they can be screened for any desired property {e.g., high or
ncreased activity, or low or reduced activity, increased thermal activity, increased thermal stability,
and/or acidic pH stability, etc ). In some embodiments, “recombinant proline hvdroxylase polypeptides™
{also referred to herein as “engineered proline hydroxvlase polypeptides,” “variant proline hydroxvlase

enzymes,” and “proline hydroxylase variants™} find use.
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[0076] As uscd herein, a "vector” is a DNA construct for introducing a DNA sequence into a cell. In
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 ccll, and in some embodiments, also
comprises a transcription terminator sequence.

{0077} As used herein, the tenm "expression” includes any step involved in the production of the
polypeptide including, but not limited to, transcription, post-transcriptional modification, translation, and
post-transiational modification. In some embodiments, the term also encompasses secretion of the
polvpeptide from a cell.

{80678} Asused 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
including, 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.

18079] As used herein, an amino acid or nucleotide sequence (2.g.. a promoter sequence, signal peptide,
terminator sequence, etc.) is "heterologous” to another sequence with which it 1s operably linked if the
two sequences are not associated in nature. For example a “heterologous polvnucleotide™ is any
polynucleotide that 1s introduced into a host cell by laboratory techuiques, and meludes polynucleotides
that are removed from a host cell, subjected to laboratory manipulation, and then remiroduced into a host
cell.

{3089] As used herein, the terms “host cell” and “host strain” refer to suitable hosts for expression
vectors comprising DNA provided herein (¢ g., the polynucleotides encoding the proline hydroxylase
vartants}. In some embodiments, the host cells are prokaryotic or cukaryotic cells that have been
transformed or transfected with vectors constructed using recombinant DNA techmques as known m the
art.

{8081} The term “analogue” means a polypeptide having more than 70% sequence identity but less than
100% sequence identity {¢.g., mors than 75%, 78%, 80%, 83%, 85%, 83%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99% sequence identity) with a reference polypeptide. In some embodiments,
analogues means polypeptides that contain one or more non-naturally occurring amino actd residues
including, but not limited, to homoarginine, ornithine and norvaline, as well as naterally occurring amino
acids. In some embodiments, analogues also include one or more D-amino acid residues and non-peptide
linkages 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 “isolated” and “purified” are used to refer to a molecule (e.g., an isolated nucleic acid,

polvpeptide, ete ) or other component that is removed from at least one other component with which it is
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naturally associated. The tenn “purified” does not require absolute purity, rather it is mtended as a
relative definttion.

[0084] “Stereoselectivity” refers to the preferential formation in a chemical or enzymatic reaction of one
stercoisomer over another. Stercoselectivity can be partial, where the formation of one stereoisomer is
favored over the other, or it may be complete where only one stereoisomer is formed. When the
stereoisomers are enantiomers, the stereoselectivity is referred 1o as enantioselectivity, the fraction
(typically reported as a percentage) of one enantiomer in the sum of both. It is commonly altematively
reported in the art {typically as a percentage) as the enantiomeric excess {¢.¢.) calculated therefrom
according to the formula [major cnantiomer — minor cnantiomer /{major cnantiomer -+ minor cnantiomer].
Where the stereoisomers are diastercoisomers, the stercoselectivity is referred to 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.c.}. Enantiomeric excess and
diastereomeric excess are types of stereomeric excess.

{B085] “Highly stereoselective™ refers to a chemical or enzvmatic 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 excess.

10086] “Regiosclectivity” or “regioselective reaction” refers to a reaction i which one direction of bond
making or breaking occurs preferentially over all other possible directions. Reactions can completely
{100%) regioselective if the discrinunation is complete, substantially regioselective (at least 75%), or
partially regiosclective (x%, wherein the percentage is sct dependent upon the reaction of nterest), 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.¢., 28.350-hvdroxypipecohc acid over the undesired
product {28,55})-hydroxypipecolic acid).

{0087] As used herein, “thermostable” refers to a proline hydroxylase polypeptide that mamtains similar
activity {more than 60% to 80% for example) after exposure to elevated temperatures {e.g., 40-30°C) fora
period of time {e.g., 0.5-24 h) compared to the wild-tvpe enzyme exposed to the same elevated
temperature.

{BO83] As used herein, “solvent stable” refers to a proline hydroxylase polypepiide that maintains sinular
activity {more than e.g., 60% to 80%) after exposure to varying concentrations (e.g., 5-99%) of solvent
{e.g., ethanol, isopropyl alcohol, dimethylsulfoxide [BMSG], tetrahvdrofuran, 2-methyitetrahvdrofuran,
acetone, toluene, butyl acetate, methyl tert-butyl 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.

[6089] As used herein, “thermo- and solvent stable” refers to a proline hydroxyvlase polypeptide that 1s
both thermostable and solvent stable.

[0090] As used 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} “Alkyl” refers to saturated hydrocarbon groups of from 1 to 18 carbon atoms inclusively, etther

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

1o
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to 6 carbon atoms inclusively. An alkyl with a specified number of carbon atoms is denoted in parcnthesis
{e.g., (C-Coalkyl refers to an alkyl of 1 to 6 carbon atoms).

[6692] “Alkeny!l” refers to hvdrocarbon groups of from 2 to 12 carbon atoms inclusively, either straight
or branched containing at least one double bonrd but optionally containing more than one double bond.
{0093] “Alkvnyl” refers to hydrocarbon groups of from 2 to 12 carbon atoms inclusively, either straight
or branched containing at least one triple bond but optionally containing more than one triple bond, and
additionally optionally containing one or more double bonded moicties.

{0094] “Alkvlenc" refers to a straight or branched chain divalent hydrocarbon radical having from | to 18
carbon atoms inclusively, more preferably from 1 to 8 carbon atoms inclusively, and most preferably 1 to
6 carbon atoms inclusively, optionally substituted with one or more suitable substituents. Exemplary
“alkvlenes” include, but are not imited to, methylene, ethylene, propylene, butylene, and the like.

{0095] “Alkenylene" refers to a straight or branched chain divalent hydrocarbon radical baving 2 to 12
carbon atoms inclusively and one or more carbon-carbon double bonds, more preferably from 2 10 8
carbon atoms inclusively, and most preferably 2 to 6 carbon atoms inclusively, optionally substituted with
one or more suitable substituents.

16096] “Heteroalkyl, “hetercalkenyl,” and heteroalkynyl,” refer respectively, to alkyl, alkenyl and
atkynyl as defined heremn in which one or more of the carbon atoms are cach imdependently replaced with
the same or different heteroatoms or heteroatomic groups. Heteroatoms and/or heteroatomic groups
which can replace the carbon atoms include, bui are not limited to, -O-, -8-, -8-0-, -NR'-, -PH-, -${0)-, -
S(OY-, -S(OINR-, -S(0),NR'-, and the like, including combinations thereof, where each R’ is
independently selected from hydrogen, alkyl, cyeloalkyl, heterocyeloatkyl, arvl, and heteroarvyl.

{00971 “Aryl” refers to an unsaturated aromatic carbocyclic group of from 6 to 12 carbon atoms
mclusively having a single ring {¢.g., phenvl) or multiple condensed rings {¢.g . naphthyl or anthryl).
Exemplary aryls melude phenyl, pyridyl, naphthyl and the like.

[6098] “Arvialkyl” refers to an alkyl substituted with an arvl (i.e., arylalkvi- groups), preferably having
from 1 to 6 carbon atoms inclusively in the alkvl moiety and from 6 to 12 carbon atoms inclusively in the
aryl moiety. Such arylalkyl groups are exemplified by benzyl, phenethyl and the like.

[08099] “Arvioxy” refers to —OR” groups, where R" is an aryl group, which can be optionally substituted.
[3108] “Cycloalkyl” refers to cyclic alkyl groups of from 3 to 12 carbon atoms inclusively having a
single cyclic ring or maltiple 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
cyclopropyl. cyclobutyl, cyclopentyl, cyclooctyl, 1-methylcvclopropyl, 2-methyleyclopentyl, 2-
methyleyelooctyl, and the like, or multiple ring structures, including bridged ring systems, such as
adamantyl, and the like.

{8101] “Cycloalkylalkyl” refers to an alkyl substituted with a cycloalkyl (i.c., 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 cyeloalkyl moiety. Such cveloalkylalkyl groups are exemphified by cyclopropvlmethyl,

cyclohexyviethyl and the like.
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[3102] “Amino” refers to the group -NH,. Substituted amino refers to the group ~NHR", NR"R", and
NR™R"R", where cach R" is independently selected from substituted or unsubstituted alkyl, cycloatkyl,
cyclobeteroalkyl, atkoxy, aryl, heteroaryl, heteroarylalkyl, acyl, alkoxyearbonyl, sulfanyl, sulfinyl,
sulfonyl, and the hike. Typical amino groups include, but are himited to, dimethylamino, diethylamino,
trimethylammonium, tricthyvlammonium, methylysulfonylamino, furanyl-oxy-sulfamino, and the like.
{0103} “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 amino groups.

{0104} “Aminocarbonyl” refers to -C(O)NH,. Substituted aminocarbonyl refers to ~C{ONR"R", where
the amino group NR'R" is as defined herein.

[3185] “Oxy” refers to a divalent group -O-, which may have various substituents to form different oxy
groups, inchuding cthers and esters.

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

{0107} “Carboxy” refers to -COOH.

[0108] “Carbonyl” refers to -C(()-~, which may have a variety of substituents to form different carbonyl
groups including acids, acid halides, aldehydes, amides, esters, and ketones.

[0169] “Carboxyalkyl™ refers to an alkyl in which one or more of the hydrogen atoms are replaced with
one or more carboxy groups.

{0118] “Aminocarbonylalkyl” refers to an alky! substituted with an aminocarbonyvi group, as defined
herein.

{8111] “Halogen™ or “halo” refers to fluoro, chloro, bromo and iodo.

{0112] “Haloalky!” 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 inclhude monohaloalkyls, dihaloalkyls, trihaloalkyls,
gtc. up to perhaloalkyis. For example, the expression “(C; - C)) haloalkyl” includes I-fhugromethyl,
diftuoromethyl, trifluoromethyl. 1-fluoroethyi, 1, 1-diftuoroethyl, 1.2-diflucrcethyl, 1,11 trifluoroethyi,
perfluorocthvl, etc.

10113} “Hydroxy” refers to ~OH.

18114} “Hydroxvalkyl” refers to an alkyl group m which in which one or more of the hydrogen atoms are
replaced with one or more hydroxy groups.

[6315] “Thiol” or “sulfanvl” refers to —SH. Substituted thiol or sulfanyt refers to —8-R", where R%is an
atkvl, ary! or other suttable substituent.

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

[0117] “Alkylthioally]” refers to an alky] substituted with an alkylthio group, ~SR°, where R® is an alkyl,
which can be optionally substituted.

[0118] “Sulfonyl” refers to ~80,-. Substituted sulfonyl refers to ~8C,-R", where R" is an alkvl, aryl or

other suitable substituent.
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[09119] “Alkylsulfonyl" refers to —50,-R%, where RS is an alkyl, which can be optionally substituted.
Twvpical alkvisulfonyl groups include, but are not limited to, methylsulfony!, ethyisulfonyl, n-
propylsulfonyl, and the bike.

[6120] “Alkylsulfonylalkyl” refers to an alkyl substituted with an alkylsulfony! group, -S0,-R°, where
RS is an alkyl, which can be optionally substituted.

{121] “Heteroaryl” refers to an aromatic heterocyclic group of from | to 10 carbon atoms inclusively
and 1 to 4 heteroatoms inclusively selected from oxygen, nitrogen and sulfir within the ring. Such
heteroary! groups can have a single ring {(e.g.. pyridyl or furyl) or multiple condensed rings (e.g..
indolizinyl or benzothienyl).

{8122] “Heteroarvlalkyl” refers to an atkyl substituted with a heteroaryl (1., heteroarvi-alkyl- groups},
preferably having from 1 to 6 carbon atoms inclustvely in the alkyl moiety and from 5 to 12 ring atoms
melusively in the heteroaryl motety. Such heteroarvialkyl groups are exemplified by pyridyimethyl and
the hike.

j3123] “Heterocyele”, “heterocyclic” and interchangeably “heterocycloalkvl™ refer to a saturated or
unsaturated group having a single ring or multiple condensed rings, from 2 to 10 carbon ring atoms
mclusively and from 1 to 4 hetero ring atoras inclusively selected from nitrogen, sulfur or oxygen within
the ring. Such heterocyelic groups can have a single ning {¢.g., piperidiny! or tetrahydrofuryl) or nuiltiple

condensed nings {e.g., indolinyl, dihvdrobenzofuran or quinuchdinyl). Examples of heterocycles include,

but are not hnited to, furan, thiophene, thiazole, oxazole, pyrrole, imidazole, pyrazole, pyridine, pyrazine,
pyvamidine, pvridazine, indolizing, tsoindole, indole, indazole, purine, guinolizine, isoquinoling,
quinoline, phthalazine, napbthylpyridine, quinoxaline, quinazoline, cinnoline, pteridine, carbazole,
carboline, phenanthridine, acridine, phenanthroline, isothiazole, phenazine, isoxazole, phenoxazine,
phenothiazine, imidazolidine, imitdazoline, piperiding, piperazine, pyrrolidine, indoline and the like.
[0124] “Heterocycloalkylalkyl” refers to an alkyl substituted with a heterocyeloalkyl (i e,
heterocveloalkyl-alkvl- groups), preferably having from 1 to 6 carbon atoms inclusively in the alkyl
moiety and from 3 to 12 ring atoms inclusively in the heterocyeloalkyl motety.

{8125] “Membered ring” is meant to embrace any cvclic structure. The number preceding the term
“membered” denotes the number of skeletal atoms that constitute the ring. Thus, for example, cyclohexyl,
pvndine, pvran and thiopyran are 6-membered rings and cyclopentyl, pyrrole, furan, and thiophene are 5-
membered rings.

{0126] “Fused bicyclic ring” as used herein rafers to both unsubstituted and substituted carbocyclic
and/or heterocyclic ring moteties having 5 to & atoms m each ring, the rings having 2 common atoms.
[0127] Unless otherwise specified, positions occupied by hydrogen in the foregoing groups can be further
substituted with substituents exemplified by, but not limited to, hydroxy, oxo, nitro, methoxy, ethoxy,
alkoxy. substituied alkoxy, triftusromethoxy, haloalkoxy, fluoro, chloro, bromo, iodo, halo, methyl, ethyl,
propyl. butyl, alkyl, alkenyl, alkynyl, substituted alkyl, taflucromethyl, haloalkyl, hyvdroxyalkyl,
alkoxyalkyl, thio, alkylthio, acyl, carboxy, alkexycarbonyl, carboxamido, substituted carboxamido,

atkvisulfonyl, alkylselfinyl, alkyvisulfonylamino, selfonamido, substituted sulfonamide, cyano, amino,

ko)
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substituted amino, alkylamino, dialkylamino, aminoalkyl, acylamino, amidino, amidoximo, hydroxamoyl,
phenyl, aryl, substituted arvl, arvloxy, arvialkyl, arvlalkenyl, arvialkynvl, pyridyl, imidazolyl, heteroaryl,
substituted hetercarvl, heteroaryloxy, heteroarylalkyl, heteroarylalkenvl, heteroarvlalkynvi, cyclopropyl,
cyelobutyl, cyvelopentyl, cyclohexyl, cycloatkyl, cycloalkenyl, cycloalkylalkyl, substituted cveloalkyl,
cyveloalkvloxy, pyrrolidinyl, piperidinyl, morpholino, heterocycle, (heterocyclejoxy, and
{heterocyclejalkyl; and preferred heteroatoms are oxygen, nitrogen, and suifur. It is undersiood that where
open valences exist on these sabstituents they can be further substituted with alkyl, cyeloalkyl, arvl,
heteroaryl, and/or heterocvele 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 hetercatom, preferably oxygen, nitrogen, or sulfur. It is further anderstood
that the above substitutions can be made provided that replacing the hyvdrogen with the substituent does
not introduce unacceptable nstability to the molecules of the present invention, and is otherwise
chemically reasonable.

[3128] “Optional” or “optionally” means that the subsequently described event or circumstance may or
may not oecur, and that the description includes instances where the event or circumstance occurs and
mstances in which it does not. One of ordinary skill i the art would understand that with respect to any
molecule described as containing one or more optional substituents, only sterically practical and/or
synthetically feasible compounds are meant to be included. “Opticnally substituted” refers to all
subsequent modificts in a term or series of chemical groups. For example, in the torm "optionally
substituted arvlalkyl, the “alkyl” portion and the “aryl” portion of the molecule may or may not be
substituted, and for the series “optionally substitated alky], cycloalkyl, aryl and heteroarvl,” the alkyvi,

cycloalkyl, aryl, and heteroarvl groups, independently of the others, may or may not be substituted.

Engineered Proline Hydroxylase Polypeptides

{6129] The present invention provides polypeptides having proline hydroxylase activity, polynucleotides
encoding the polypeptides, methods of preparing the polypeptides, and methods for using the
polvpeptides. Where the description relates to polypeptides, it is to be understood that it can describe the
polynucleotides encoding the polypeptides.

{81301 Proline hydroxylases belong to a class of dicoxygenase enzymes that catalyze hydroxylation of
proline in presence of alpha-ketoglutarate and oxygen (0,). The alpha-ketoglutarate is stoichiometrically
decarboxylated during hydroxylation, with onc atom of the 0, molecule being incorporated mto the
succinate and the other into the hydroxyt group formed on the proline residue. As noted above, proline
hydroxylases are distinguished from prolyvl hvdroxylase by their ability to hydroxylate free proline.

[0131] Several types of proline hydroxylases have been identified based on the major diastercomeric
products formed m the enzvmatic reaction: cis-3-proline byvdroxylase {cis-P3H), cis-4-proline hydroxyviase
{cis-P4H), trans-3-proline hvdroxylase {trans-P3H), and trans-4-proline hydroxylase (trans-P4H), cis-P3H

enzymes have been entified in Strepfomyees sp. THIL, Strepromyces canus and Bacilius sp. TH2 and



WO 2017/213758 PCT/US2017/028370

TH3 (Mori et al., Appl. Environ. Microbiol., 62 (6):1903-1907 [1996}). trans-P3H has been identified in
Glarea lozoyensis (Petersen et al., Appl Microbio} Biotechnol. 62(2-3):263-7 [2003]). (Cis-P4H enzymes
have been wdentified in Lotus corniculatus rhizobia, Mesorhibozium loti, Sinorhizobium meliloli, and
Medicago sativa rhizobia, (Hara and Kino, Biochem. Biophys. Res. Commun., 379{4}:882-6 [2009]; US
Pat. Appin. Publ. No. 2011/0091942). Trans-P4H have been identified in Dactylosporangium sp.,
Amycolatopsis sp., Streplomyces griseoviridus, Streptomyces sp. and Glarea lozoyensis (Shibasaki et al.,
Appl. Environ. Microbiol., 63(}:4028-31 [1999]; Petersen ¢t al., Appl. Microbiol. Biotechnol., 62¢2-
3):263-7 {2003]; Mori et al., Appl. Environ. Microbiol,, 62:1903-1907 {1996]; Lawrence et al., Biochem.
¥, 313:185-191 {1996]; and EP 0641862).

[0132] The cis-4-proline hydroxvlase from Sinorhizobium meliloti converts free proline to the primary
product cis-4-hydroxyproline. According to Klein et al,, supra, the enzyme also recognizes L-pipecolic
acid, converting it to a mixture of ¢is-5- and cis-3-hydroxypipecolic acid. However, the activity on
pipecolic acid is lower than on proline, and the enzyme is reported to have low specific 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 synthetic strategy for commercial scale preparations. Whole cclis expressing
the cnzyvme was found to be more cffective, but necessitated the use of defined growth medium lacking
proline to mminize competition by free proline and also simplhify purification of the hydroxypipecolic
acid product (Klem et al, supra).

{0133] Engineered proline hydroxylases that overcome the deficiencies of the wild-type cis-4-proline
hvdroxylase of Sinorhizobium meliloti are desenibed herem. The engineered proline hydroxylase
polypeptides derived from the wild-type enzyme of Sinorhizobium melilodi are capable of efficiently
converting 1 vifro free proling to cis-4-hydroxyproline, but also capable of efficiently converting a range
of substrates, including the conversion of (S)-pipecolic acid (1) into (28,58)-53-hydroxypipecolic acid (2).
The present invention wdentifics amino acid residue positions and corresponding mutations 1n the prohne
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 substrate specificity. In particular, the present invention provides engineered
polypeptides capable of efficiently converting substrate compound (1), to product compound (2),(as
illustrated in Scheme 1, above} in presence of a co-substrate (e.g., alpha-ketoglutarate) under suitable
reaction conditions {&.g, in the presence of oxygen and Fe(ll}).

{0134} In some embodiments, the enginecred proline hydroxylase polypeptides show increased activity
in the hvdroxylation of (S)-pipecolic acid (1) into (28,3S)-hydroxypipecolic acid {2), in a defined time
with the same amount of enzyme as compared to the wild-type enzyme. In some embodiments, the
engineered 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, 40 fold, 530 fold, 60 fold, 70 fold, 80 fold, 90 fold, 100 fold, or more
activity under suitable reaction conditions as compared to the polypeptide represented by SEQ ID NOS 4,
604, and/or 810.
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{03135} In some cmbodiments, the enginecred proline hydroxylase polypeptides have increased
regioselectivity as compared to the wild-type prolive hydroxylase. Specifically, the naturally occurring
enzyme converts substrate (1) into the corresponding S-hydroxylated product (2). As described herein,
the enzyme regioselectivity is the ability of the enginecred polypeptide to catalyze the hydroxylation
reaction at the desired (5S5) position over all other possible hydroxylation sites on the substrate.

[3136] In some embodiments, the engineered proline hvdroxylase polypeptides are capable of converting
substrate compound {1} to product compound {2) under suitable reaction conditions with increased
tolerance for the presence of substrate relative to the reference polypeptide of SEQ 1D NG:4, 604, and/or
810. Thus, o some embodiments the cagincered proline hyvdroxylase 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 /L, about 40 /L, about 30 g/L, about 70 g/L, about 100 g/,
about 125 g/1., about 150 g/L. about 175 /L or about 200 g/L or more with a percent conversion of at
least about 4%, at least about 565, at least about 60%, at least about 70%, at least about 80%, 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 b or less, about 36 b or less, or about 24 h less, under suitable reaction
conditions.

{6137] The suttable reaction conditions under which the above-described mmproved properties of the
engineered polypeptides carry out the hydroxylation reaction can be determined with respect o
concentrations or amounts of polvpeptide, substrate, co-substrate, transition metal cofactor, reductant,
bufter, co-solvent, pH, conditions including temperature and reaction time, and/or conditions with the
polypeptide immobilized on a solid support, as further desenbed below and in the Examples.

{#138] In some embodiments, exemplary enginecred polyvpeptides having proline hydroxvlase activity
with improved 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, 4.2,43,44,5.1,6.1,62,and 6.3,

[6139] In some additional embodiments, exemplary engineered polypeptides having prohine 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 1D
NO:604 at the residue positions mdicated in Tables 4.5, 4.6, and 4.7.

{0148] In some further embodiments, exemplary engineered polypeptides 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 13
NO:810 at the residue positions indicated in Table 4.8,

[8141] The structure and fonction information for exemplary non-naturally occurring {or enginecred}
proline hydroxylase polvpeptides of the present invention are based on the conversion of compound (1} to
compound (2}, the results of which are shown below in Tables 4.1, 4.2, 43,44, 45, 46,47, 48.51.6.1,
6.2, and/or 6.3. The odd numbered sequence identifiers (1.e., SEQ ID NOs) refer to the nucleotide

sequence encoding the amino acid sequence provided by the even numbered SEQ ID NOs. The exemplary
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sequenees are provided in the electronic sequence listing file accompanying this invention, which is
hereby incorporated by reference herein. The amino acid residue differences are based on comparison to
the reference sequence of SEQ ID NOS 4, 604, or 810. The naterally occurring amino acid sequence of
the cis-4-proline hvdroxviase of Sinorhizobium meliloti is provided as SEQ ID NO:2 herein (the
corresponding polyiucleotide sequence is SEQ ID NO:1, as provided herein). The activity of each
engineered polvpeptide relative 1o the reference polypeptide of SEQ ID NG 4, 604 or 810 was determined
as conversion of the substrates described in the Examples herein. In some embodiments, a shake flask
powder (SFP) or downstream processed (D8P} powder assay is used as a secondary screen to assess the
properties of the engineered proline hvdroxvlases, the results of which are provided in Tables 4.1, 4.2, 4.3,
44,45,46,47,48,5.1,6.1, 6.2, and/or 6.3, The SFP forms provide a more purnified powder preparation
of the engineered polvpeptides and can contain the engineered polypeptides that are up to about 30% of
total protein. The DSP preparations can provide an even further purified form of the engineered
polypeptide since the preparations can contain the engineered proline hydroxylases that are up to about
809 of total protein.

[3142] In some embodiments, the proline hydroxylase vanants of the present invention are tested under
HTP assay conditions set forth herein as “Condition A.” These variants include those having the
following substitutions or substitution sets (with the subsitutions listed relative to SEQ 1D NQO:4)y: C371,
K39R, A101G, NI31H, Al1S6V, FI76V, S2E/MISIR/FI76V, SZEMISIR/F176Y, S2H/MISIR/F176V,
SZUMISIR/FITEV, SZN/MISIR/FIT6V, KEQ/SS8TE/MISIR/F176V, KION/MISIR/F176V,
RISCASGR/LTOVIGI2BH/MISIR/FI76V, RISC/LT6V/GIZE8H/MISIR/FITOV, RISC/MISIR/FLITOV,
RISC/ASOR/LTOV/IZ6R/MISIR/FTTOV, RISC/IS6RATOV/MISIR/FIT6OV,
S3OR/VA4P/AGZF/LT6V/GI28Y/MISIR/FITEV,

S30R/A62C/LT6V/GI28A/II4SC/MISIR/FLT6V, S30R/A62C/LTOV/GI28A/MISTT/IFLT6V,
S30R/A62C/LTOV/MISIR/FLITOV, S30R/AG2F/KTIC/LT6V/GI28A/MISTT/FI76V,
S3OR/ATEIV/ALTOV/GI28Y /M ISIT/FITOV, S30RATIV/L76V/MISIR/SIGOE/F176V,
S30R/LT6V/GI128A/I45C/MISIR/FITOV, SIOR/LTOV/G128AMNI4SC/MISIR/FIT6V/G2T0V/Y 280F,
S30R/LT6V/G128A/MISIR/SI60E/FITEV, S30R/LTOV/GIZ8A/MISIR/FIT6V,
S3OR/LTOV/GIZ8Y/MISIR/FLITEV, SI0R/LTOSV/MISIR/FLITOV,
S30T/VA4P/VSTYLTOVAGI2RA/MISIR/FLTOV, S30T/V44P/VSTHLT6V/GI2ZEY/MISIR/FIT6V,
S30T/VA4P/AG2ZC/LTOVIGIZRA/MISIR/FI76V, 830T/A62C/KTIV/LT6V/GI28A/MISIT/FIT6OV,
S30T/A62C/LT6V/GIZ8Y AI4SC/MISIR/FLT6V, S30T/AG2C/LT6V/II4SC/MISIR/FI76VY,
SI0T/AG2F/LT6VIGI28AM4SC/MISTRFITOY, S3OT/AG2F/LT6V/GI28Y/MTASC/MISIR/FLITEV,
SIOT/KTIV/LTOV/GI2ZBA/MISIR/FLTGY, S30T/KTIV/LT6VIGI28A/MISTT/FIT6V,
S30T/L76V/GI28ANI4SC/MISIR/FLTOV, S30T/LT6V/GI28A/MISIR/S160E/F176V,
S3OT/L76V/GI28Y /A4S C/MISTIR/FITOV, S30T/LT6V/GI2Z8Y/MISIR/F176Y,
S3OT/LT76V/I45C/MISIR/FLIT6V, S30T/L76V/MISIR/SI6OE/FIT6V,

SAOT/LT6V/MISIR/FITOV, A36T/VYTE, C3TL/LAZS/DI24C/AT30F/QI66M/F1 76V,
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C37L/DI24N/T1325/Q166M/F1T76V, C37L/AI30F/T1325/Q166M/F176V, C37L/A130F/QLO6M/F176Y,
C3TL/TI328/Q166M/F176V, C3TL/Q166M/FTT6V,

C3TL/FLTOV, CA3A/LASC/VS8M/KTIVLT6V/GI28E/MISIR/LI6SY/F176V,
CA3A/KTIVLTOVIGI2RE/MISIR/FLT6V, C43A/E1H4H/MISIH/LISSY/FLT6V,
CAZA/EAK/GL28T/MIS LG/LIGSE/FITOV/D23TA,
CA3AETAK/GI28T/MISIG/FTTOV/D23TT/G2T0R,
C43A/ET4K/MISIG/LIOSY/ATT3R/FI7T6V/D23TK/E2T3V,
CA3A/ETHMK/MISIG/ATTIR/FIT6V/D237S/G2T0R, C43A/ELT4K/MISIGFLT6VY,
C43A/BTAR/MIS1Q/FTTON/D237K/G2TOR, C43A/ETI4K/MISIQ/LISSY/FIT6V/DI3TA/ELTIV,
CA3ABTHAR/ENSP/MISIR/F176V/EZTIV, CA3A/ENSP/AGI28T/MISIG/FITOV/ELTIV,
CA3AELISP/MISIG/LI6SY/ALTIR/F176V/D237C,

CA3A/ETISP/LI2TM/MIES TQ/LIGSY/FITOV/EZTIV,
CAZAELISP/GIZET/MISIG/ATIT3R/FITOV/E2T3V,
CA3A/GIZ8AMISIG/LIGSY/F176V/EZT3V,
CA3A/GIZBAMISIG/ALTIR/FI76Y/D237S/G2T0R,
CA3A/GIZSA/MISIQ/ATTIR/FIT6VID23TS/E2T3V,
C43A/GI28T/MISIG/ALIOSY/ATTIR/FITOV/D237C/G2T0R,
CA3A/GIZET/MISIG/LIGSYALTOV/EZTIV, C43A/GI28T/MISIR/LIGSY/FIT6V/EZTIV,
CA3A/GIZET/MISIG/ATT3R/FETOV/D23TT/GRT0R,

CA3A/GIZET/MISIG/FLTOV/D237A, CAZA/GL28T/MIS 1Q/F LTV /D23TS/G2T0R,
CA3A/GIZ8T/MISIR/FTTEV/D3TCE2TIV, CASAMISIG/AISSY/FITOV/ERTIV,
CA3AMISIG/ALTIRFITOV/G2TOR/EZT3V, CA3A/MIS1G/FIT6V/G2T0REZTIV,
CA3AMISTQ/LIGSY/F176V/D237C/E273V, C4A3AMISLQ/ATTIR/FLT6V/D237CHAF2TOR,
CA3AMISTY/ALTIR/FLITOV/D2378/GZT0R/E2TIV, C43A/MISTQFIT6V/D23TC,
CASAMISLQ/ETT6V/G2T0R, CA3AMISTQY/FITOV/DI3ITAELTIV,
CAZA/MISIR/LIGSY/FIToV/D23TR, CABA/MISIR/LIGSY/F176V/D23TK/G2ZTOR,
CA3AMISIR/LIOSY/FITOV/EZTIV, CA3A/MISIR/FI76V/DI3TA/ELTV,
CA3AMISIR/FI76V/EZTIV, C43A/FIT6V, VA4M/FLT6V,
LASC/VARM/LTOV/GIZEE/MISIR/LIGSY/FIT6V,
L4SC/VI8M/LTOV/MISIR/LIGSY/F176V, LASC/LT6V/MISIR/LIOSY/F176V,
RA4BY/L76V/GI28T/MISIN/FIT76V, R4BVLTOV/MISIR/FIT76V, GS0A/LT6V/MISIR/FIT6V,
G30A/MISIR/FIT6V, GROS/MISIR/FLT6V, IS6R/MISIR/FLT6Y,
V3TVAS2C/LTOV/GI28Y/MISTT/FI76V, VSTVLTOV/MISIR/FIT6V, VSTUMISIR/FIT6Y,
VERM/KTIVL76V/VO2C/MISIR/LISSY/F176V, VEBM/AK7IVLT6V/MISIR/LIGSY/F176V,
VI8M/L76V/LTIOA/MISIR/FI76V, VISM/LT6V/MISIR/F176V, VS8M/MISIR/FITOV,
AS2C/LTEVATASC/MISIR/FITOV, A62C/MISIR/F176V, AGZE/MISIR/FLT6V,
PO3F/LTOV/MISIN/FLITOV, POIF/LT6V/MISIR/FITOV, PE3E/MISIR/FITOV,

)
~
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PO3H/LT6V/GI28H/KI36R/MISIR/FIT6V, PE3H/MISIR/F176V, PO3I/LT6V/KI36R/MISIR/FITEV,
PE3VLT6VAG128H/K136R/MISTIR/F176V,

PO3V/LT6V/MISIR/FI76V, P63V/MISIR/FI76V, PE3L/LTOV/MISIN/FITOV,
PO3L/LT76V/MISIR/FI76V, PE3L/MISIR/F176V, PE3V/LTOV/MISIR/EIT6V, PE3V/MISIR/FLIT6V,
KTIC/LTOV/GI2Z8A/MISIR/SI60E/FITEVY,

KTIC/ATeV/GIZBY MIBTT/F1T6V, KTIC/MISIR/FLT6V,
K71VL76V/VOZC/GI28E/MISIR/LIGSY/F176V, KT1/L76V/GI1Z8E/MISIR/F176V,
K7IUMISIR/F176V, KTIV/MISIR/FLI76V, K7IV/LT6V/GI28Y/MISTT/F176Y, L76F/MISIR/F176V,
L76V/S8TC/MISIN/FLTOV, L76V/SETW/GI28H/KI36R/MISIR/FIT76V,
L76V/REEW/GI28AMISIR/FLT6V, L7T6V/REEW/GI128Y/MISIR/F176V,
L76V/LII9A/DI24H/MISIR/LEGSY/FL76V, L76V/LTI9A/MISIR/LISSY/F176V,
L76V/GI28AMM4SC/MISIR/FI76Y, LT6V/GL28A/MISIR/FITOY,
LT6V/GI2BA/MISIR/SIGOE/F176V, L76V/GI28EMISIR/F1T6V,
L76V/GIZEH/EI34Q/KI36R/MISIR/FIT76V, L76V/GIZBH/MISIR/F176V,

L76V/GIZET/MIS IN/FIT6V, L76V/GI28T/MISIR/F176V, L76V/G128Y/M145C/MISIR/FITOV,
L76V/GI28YNT45C/MISTT/FLTEVY,

L76V/GI28Y/MISIR/SICOE/FL76Y, L76V/GL28Y/MISIR/FITOV, L76V/GI28Y/MISTT/FL76V,
L76V/MISIR/SI6OR/F1I76V, L7T6V/MISIR/F176V,

NTTY/MISIR/FIT6V, EBIC/MISIR/FI76V, ESIL/MISIR/F176V, SETC/MISIR/F1IT76V,
SETF/MISIR/FLTEV, S8TL/MISIR/FLTEY, S8TR/MISIR/FITOV, S8TV/MISIR/FITEV,
SETW/MISIR/FITOV, SETY/MISIR/FLIT6V, RESV/FIToV, ELIAR/MIS1Q/FIT6V/G2T0R/EZTIV,
E114K/F176V, E114R/F176V, E11SP/FI76V,

ETISQ/GI28T/MISIR/ATT3R/FI76V, GI28T/MISIR/LIASY/F176V/D237K/G2T0R,

GI28T/F176V, MISIG/LIGSY/F176V/E2T73V, MISTQ/ALT3R/FI76V/D2375/G270R/E2T3V,
MISTG/ALT3R/FITOV/G2TOR/EZTIV, MISIG/FIT6V, MISIK/F176V, MISIN/F176V,
MISIQ/FELT6V, MISIR/FITOV, MISTT/FIT6V, IS6R/PEIH/LTOV/KI36R/MISIR/FITOV,
I56R/L76V/KI36R/MISIR/FLIT6V, IS6R/ALTOV/MISIR/FLI76V, L165Y/F176V, A17T3R/F1T6V,
F176V/V1941, F176V/D237A, F176V/D237C, FIT6V/D237K, F176V/D2378, F176V/D237T,
F176V/G270K, F176V/AG270R, F176V/R274P, F176V/E273V, F176V/R2T4A, FIT6V/R2T4E,
F176V/R274L, and F176V/R2744.

{0143} In some embodiments, the proline hydroxylase variants of the present invention are tested under
HTP assay conditions set 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/CITIVKEOR/AG2C/ALTOV/MISIR/S160R/F176V/S240H/A256D,
S3OR/CITVLTOV/ATOIG/MISTE/RIS3G/LIOSY/F176V/S2Z40H/L 2601,
S3OR/CITHLTEV/MISIR/STIGOR/FIT76V, S30R/LTOV/ALIOIG/MISTT/S160R/LI6SY /F176V/S240H,
S3OR/LTEV/MISIR/SIG0R/AIGSY/F176V, S30R/LTOV/MISIR/SI60R/LIGSY/F176V/S240H/A256D,
S3CR/ALTOV/MISIT/SI60R/FIT6V,
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S30TASOR/ATOV/KI36R/MISIR/ST60R/F176V, SIOT/AS6R/ALTOV/MISIN/SI60R/F176V,
S30TASSR/ATOV/MISIR/SI60R/FLTOV, S30T/ALTOVMISIR/SI60RFITEV,
C3TVK39R/A62C/LT6V/ATOIG/MISIR/SI60R/F176V, C37I/K39R/ALT76V/MIS1IR/S160R/F176V,
CA3A/VSEM/LT6V/MESIR/SIGOR/F176V/FIS0Y/V184F,
CA3A/NVSEM/LTOV/MISIR/SI6OR/FITOVAZI3E/R266Q/RLTAY,
CA3A/LTeV/MISIR/S160R/FIT6V/ETTRC/FI80Y/VIS4F/I213E/8263D,
L76V/887C/G128T/KI36R/MISINAISSY/F176V, L76V/KI36N/MI5IR/S160R/F176V/R274P/G275A,
L76V/KI36R/MISIR/SI60R/F176Y,

L76V/MISIR/SIGOR/FITEV/S263E/R2T4AY, LT6V/MISIR/SI60R/FITOV/R2T4P,
L76V/MISIR/SIGOR/FITEV/R274P/Y 2801, and L76V/MISTT/SI6OR/LIGSY/F176V/5240H.
[0144] In some embodiments, the proline hydroxylase variants of the present invention are tested ander
HTP assay conditions set forth herein as “Condition C.” These vanants include those having the
following substitutions or substitution sets (with the subsitutions listed relative to SEQ ID NO:4):
H4P/S30R/C3TYNG I D/AG2G/LTOV/VITAMISIR/SISOR/FITOVHZT1Q,
S30AACITHLTOV/MISIR/S160R/F176V, S30E/C3THLTOV/MISIR/S160R/F1I76V,
S30G/C3THLTEV/MISIR/SI60R/F176V, S30N/C37TVL76V/MISIR/S160R/F176V,
S30R/S33T/CITINGID/AGLG/ATOV/NVOTAJAIZOL/MISIR/SIGOR/FITCV/H2ZTIQ,
S30R/S33T/C37VA62G/LT6V/VITA/LTIOV/MISIR/SI60R/FI76V/H271Q,
S30R/S33T/C3TVLT6VIVITA/LIIOV/MISIR/S160R/F176Y,
S3OR/S33T/CITVLIGV/MISIR/S160R/F1T6Y, S30R/C37IK3OP/LT6V/MISIR/S160R/FIT6Y,
SIOR/CITHKIOT/LT6V/MISIR/ST60R/F176V, S30R/C3TV/QS2P/LT6V/MISIR/S160R/F1T76V,
S3OR/CITI/DSSE/ALTOV/MISIR/STI60R/FLI76V, S30R/C3TYVSST/LT6V/MISIR/SI60R/F176Y,
SIOR/CITI/NGID/AGZE/LTOV/VOTA/LIIOV/MISIR/S160R/F1T76V,
SIOR/CITINGID/LTOV/VOTA/MISIR/SISOR/FLTOV,
S30R/CITI/NGID/LTOV/VITA/MISIR/SISOR/F1IT6V/H2714,
S30R/ACITI/NGID/LTOV/MISIR/SIGOR/FIT6V,
SIOR/CITUNGID/AG2E/LTOV/VOTA/MISIR/S160R/FITOV/HZT1G,
S3OR/CITI/NGID/AS2G/LTOV/VITA/SOSP/MIS IR/ST6OR/F176V/H271Q,
SI0R/CITINGID/AB2G/LTOV/VOTA/MISIR/SIGOR/F1T6V,
S30R/C37I/N6ID/AG2ZT/L76V/VOTA/LIIOV/MISIR/S160R/F176V/H271Q,
S30R/C3TYNGID/AGZT/LT6V/VOTA/MISIR/S160R/F1IT6V/H2TIQ,
SIOR/CITI/AGZE/ATOV/IOAL/VITAMAIOV/MISIR/SI60R/FITOV,
S3O0R/C3TH/AG2E/MLTOV/NVITA/MISIR/STIGOR/FITG6V,
S3O0R/C3TV/ABZE/LTOV/VITA/MISIR/SI60R/FIT6V/H2714Q,
SIOR/CITVAGZE/LTOV/MISIR/SI60R/FLTOY,
S30R/CITV/AGZG/ALIOV/VITA/SORP/MISIR/SIGOR/FIT6V,
S3OR/CITVAG2G/LTIOVIVOTA/MISIR/SIGOR/FLTOV,
S30R/C3TI/AG2ZG/L76V/VOTA/MISIR/SIGOR/FITOVH2T1(,

s
0O
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S30R/C3TI/AG2G/LT6V/MISIR/SIGOR/FLT6V,
S30R/C3TI/AG2R/LTOV/IVOTA/DI2AE/MISIR/SIGOR/FLT6V,

S30R/ACITI/AGZR/LTOV/VOTAMIS IR/S160R/F176V,
S3OR/C3TI/AGZR/LTOV/VOTA/MISIR/SI60R/F1T6V/H2T1G,
S30R/C3TI/AGZR/LTOV/MISIR/SI60R/FLT6V,
S3OR/CITI/AGZT/LTOV/VITA/SOEP/MISIR/SIGOR/F1T6V,
SIOR/CITI/AGZT/LTOV/VOTA/LIIOV/MISIR/SI6OR/F176V/H271Q,
S3OR/CITV/AG2T/LTOV/VITA/MISIR/SI60R/FI76V/H2TIQ,

S30R/CITI/AG2T/ALTOV/MIS IR/SI60R/F1TOV, SIOR/CITVLTOVAGL/MISIR/SI60R/FIT6V,
S3O0T/CITULTOV/VOSIVITAMISTR/SIGOR/FLITEV, S30R/CITHLTOV/VISUMISIR/SIGOR/F1T6V,
S3OR/C3TITEV/VITA/SO8P/MISIR/S160R/FLT6Y,

S3OR/C3ITI/LT6V/VITALLIOV/MIS IR/SI60R/FITOVHLTIE,
S3OR/CITI/LTOV/VOTA/MISIR/SISOR/F176V, S30R/C3THLIOV/VITAMISIR/SIGOR/FIT6V/H2TIQ,
S30R/CITI/LTOV/SO8P/MISIR/SI60R/FITOV, S30R/CITHVLTOV/SIOTAMISIR/SI60R/FLIT6V,
S3OR/CITH/LTOV/STOTM/MISIR/SI60R/FTT6V, S30R/C3TYLT6V/Y 109F/MISIR/S160R/FIT6Y,
SIOR/CITY/LTOV/ELT4G/MISIR/ST60R/F176V, S30R/C37I/L76V/E1T4N/MISIR/S160R/FLT6V,
S3OR/CITYLTOV/ELH4Q/MIS IR/S160R/F176Y, S30R/CITH/LI6V/ELI4S/MISIR/SI60R/FLT6Y,
S3OR/C3TI/LTOV/ELISG/MIS IR/S160R/F176V,

S3OR/C3TI/LTOV/LIIOV/MISIR/SI60R/F176V, S30R/CITIL76V/AT30L/MISIR/SI60R/FLT6Y,
S30R/C3TI/LTOV/MISIR/S160C/FIT6V,

S30R/CITILTOV/MISIG/S160R/F1T6V, S30R/CITI/LT6V/MIS IG/S160R/FLT6V,
S3OR/CITL/L7oV/MISIR/SI60R/F176V, S30R/CITILT6V/MISIR/S160R/F176V/AHZT1Q,
SIOR/CITI/LTOV/MISIR/ST60R/FIT76V/V2TTE, S30R/ACITVLT76V/MISIR/SI60R/FIT6V/V2TTM,
SIOR/CITV/LTOV/MISIR/ST60R/FI76V/V2TTK, S30R/C3TULT6V/MISIR/SI60R/FITOVIVZTTR,
S30RACITI/VOTAMISIR/SIGOR/FITEV,

S3O0R/CITI/VOTAMISIR/SIGOR/FI76V/V2TTM, S30T/C3TVLT6V/MISIR/SISOR/FIT6V, and
S30V/C37HLT6V/MISIR/S160R/F1T6V.

{0145] In some embodiments, the proline hydroxvlase variants of the present tnvention are tested under
HTP assay conditions set forth herein as “Condition D.” These variants include those baving the
following substitutions or sabstitution sets {with the subsitutions listed relative to SEQ ID NO:4):
S30R/C37Y/DSSE/LTOV/MISIR/SI60R/FI76V, S30R/C3TY/BS5S/L76V/MISIR/S160R/FI76V,
SIOR/CITIVETA/LTOV/MISIR/SIGOR/FLIT6V, S30R/C3TU/VITA/VITA/MISIR/SIOG0R/F1T6V,
S3OR/C3TI/VSTL/LTOV/MISIR/SI60R/F176V, S30R/C3TU/VSTT/LT6V/MISIR/SI60R/FI76V,
S3O0R/C3TV/VSBC/LTOV/MISIR/SI60R/F176V, 830R/CITI/VI8H/ALT6V/MISIR/SI6OR/FIT6V,
S3OR/CITI/VSBL/LT6V/MISIR/S160R/FIT76V, S30R/C3TH/VESN/LT6V/MISIR/S160R/F176V,
S3OR/CITH/VIRT/LTOV/MISIR/SI60R/FIT6V, S30R/C3TUVARY/LT6V/MISIR/S160R/F176V,
SIOR/CITVLTOV/STOTAMISIR/SI6OR/FIT6V, S3OR/CITVLTGV/STIOTM/MIS IR/SI6OR/F1ITOV,
S30R/CITVLT76V/Y109F/MISIR/SIGOR/FIT6Y, S30R/CITVLTOV/ETISC/MISIR/SIO0R/FLTEV,

30
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S30R/C3ITI/LT6V/ETISG/MIS 1R/S160R/F176V, S30R/CITHLT6V/MI1I51G/S160R/FIT6V,
S30R/C3TI/LI6V/MISIR/ALS6S/S160R/FI76V, S30R/C37TVLTOV/MISIR/SIGOC/FLT6V,
S30R/C37TI/LTOV/MIS IR/S1I60R/QI66L/F176V, S30R/C3TVLT76V/MIS IR/S160R/Q166V/FITEV,
S30R/C3TI/LT6V/MISIR/S1I60R/MIGRYF176V, S30R/C3TYLT6V/MISIR/S160R/M168L/F176V,
S30R/CITH/LT6V/MISIR/SI60R/MIGRR/FLT6V, S30R/C3THL76V/MIS1IR/S160R/F176V/V2TTE,
S3OR/CITI/LTOV/MISIR/SIGOR/FITOY/V2TTE, S30R/CITHULTOV/MISIR/SI6GR/F1TEV/IV2TTM,
S30R/CITI/L76V/MISIR/S1I60R/F176V/V2TTR, and L76V/MI3 IR/S160R/F176V/S30R/C3TH/ V58S,
{0146] In some embodiments, the proline hydroxylase variants of the present invention are tested under
HTP assay conditions set forth herein as “Condition E.” These variaunts include those having the
following substitutions or substitution sets (with the subsitutions listed relative to SEQ 1D NO:604}):
R3ON/ASTV/AGZE/LTOV/AQTV/ETIAS/H2TIR/E2T3T, R3ON/N61D/AG2E/E114K/H2TIW/E2T3G,
RION/NGID/AG2D/ETI4S/HZTIW,

RION/NGIDV/AG2E/ETHANARTIW, R3ON/N6ID/AGZE/E L IAN/H2TIW/E2T3T,
R3ON/NGID/AG2E/ETTASH27IW/E2T3T, R30N/AG2ZDY/ET IAN/H27TW/E2T3T,
R3ON/AG2D/ETI4S/H27IW/E273T, R30N/AG62DVH271R, R3ON/AG2E/ET H4AN/H271W,
R3ON/AG2E/EN4S/H2TIW/E2T3T, R3ON/AS2E/ET1145/E273G, and A62D/ETI4S/H2TIW,

10147} In some cmbodiments, the proline hydroxylase vanants of the present invention are tested under
HTP assay conditions set forth herein as “Condition F.” These variants include those having the
following substitutions or substitution sets (with the subsitutions listed relative to SEQ ID NQO:604):
SZ4T/RION/AGID/EN 148/H27TIW/E273T, R26G/RION/AGZD/EL 14S/H27TW/E273T,
RION/AGZDYST2V/ELI4S/H2TIW/E2T3T, R3ON/AGZD/TR2K/ET14S/H27IW/E2T3T,
R3ON/AG2D/TRIR/EII4S/H27TIW/E2T3T, R3ON/A62D/EL148/8127TR/H271W/E273T,
R3ON/AG2D/ETT4S/S127T/H27IW/EZT3T, R30ON/AGZD/ET 148/L142G/H271W/E273T,
RION/AG2DVELI4S8/ATT3Y/H2TIW/E273T, R30N/AG2D/EL 14S/ATT5Q/MH27IW/E2T3T,
RION/AG2D/EITAS/FI8OMM2TIW/E273T, R30N/AGZD/EL 148/QI86R/H27IW/E273T,
R3ON/AGZD/EI4S/PIRTC/H27YW/E2T3T, R3ON/AG2D/EL148/VIBB/H27TTW/E2T3T,
R3ON/AGZD/EI14S/T18OH/MHZTIW/E2T3T, R3ON/A62D/E1145/T18OVH27T1W/E2T3T,
R3ON/AGZD/ENAS/RIOHL/HZTIW/EZT3T, R3ON/AGZD/ET 145/D192Q/H27IW/E2T3T,
R3ON/AGZD/EY148/G207C/H2TIW/E2T3T, R30N/AGZD/E HAS/G207TM/M2TIW/EZT3T,
R3ON/AG2D/ET 148/AG207TW/H2T7TTW/EZT3T, R3ION/AG2D/E114S/G21I0M/H2Z7IW/E273T,
REON/AG2D/ETN145/8240CQ/H27IW/E273T, R3ON/AG2ZD/EN14S5/8240T/H27TW/EZT3T,
R3ON/AB2D/ELN14S/8263D/MH27IW/E273T, and R3ON/AS2D/ELI4S/H2TIW/E2T3T.

[0148] In some embodiments, the proline hydroxylase variants of the present invention are tested under
HTP assay conditions set forth herein as “Condition G.7 These variants include those having the
following substitutions or substitution sets {with the subsitutions listed relative to SEQ 1D NO:604):
E13K/E2TT/RION/AGZD/TR2R/CROE/ETI4S/G20TW/A256R/S263DVH2TIW/E2T3T,
E13K/R30ON/AG2ZD/EN 148/ 1428/A1TSQ/RLEOM/S263D/H2TEW/E273T,
AT4G/RION/AGZD/EL14S/H27TIW/E2T3T,
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S24T/RZ6A/RION/AG2D/ST2E/T82K/BEL145/G128A/A1T3Y/VIT76D/I2131L/8240T/H2TIW/EZ73T,
S24T/RI6AMRION/AGZD/ST2E/T2K/EL145/G128A/F233Y/H2TIW/ERT3T,
S24T/RZ6A/RION/A62ZDYST2E/EL14S/CISSN/K161 P/ TIR9AM27IW/E2ZT3T,
S24T/R26A/RION/AG2ZDYST2E/ET145/K161P/ATT3K/S240T/H2TEW/E2T3T,
SZAT/R26A/RION/AG2D/STIE/EI148/K 16 I P/F233E/R2TIW/E273T,
S24T/R26A/RION/AG2D/STIY /B 145/G128A/T180A/S240C/H2ZTIW/HITAT,
SZ4T/R26A/RION/AG2D/TR2K/E1145/G128A/K161P/AT73Y/F180M/K198A/M213L/F233E/S40T/H271
W/E2T3T, S24T/RZ6A/RBON/AG2D/TE2K/E1145/C158N/K161P/F180M/F233E/MH271IW/E273T,
S24T/RIGA/RION/AGID/ELLAS/GI2RA/ATTIR/TISOA/S2IS A/F233E/H2TIWIE2T3T,
S24T/RI6A/RION/AG2ZD/EL14S/G128A/FI80M/G207TK/H2TPW/E2TAT,
S24T/R26A/RION/AG2DVET148/A173Y/H2TIW/E2T3T,
SZAT/R26A/RION/AG2D/ETIAS/CLSRN/TI8GA/DID2A/S225S A/H2TIW/ER2T3T,
SZAT/R26A/RIOGN/AG2D/ET 48/ T18QAM2TIW/E2T3T,
S24T/R26G/R3ON/AG2D/ST2E/T82K/ET145/G128A/C158N/K161P/T180A/S240T/M24 1CAH2TYWIE2T
3T, SZ4T/R26G/RION/AGZD/ST2E/AELI4S/C158N/ALT3K/I213L/F233Y/H2TIW/E2T3T,
SZ4T/R3ON/AG2ZD/ET145/C158N/K 161 P/V176D/F233EM27IW/EZT3T,

S24T/R3ON/AG2D/ET 145/A1T3K/MH2TIW/E2T3T,
S24T/R3ON/AGZD/ET145/T189H/DI92W/H27IW/E273T,
R26A/R30ON/AGZD/ST2E/T82K/EL14S5/A1T3Y /D192 A/S240T/H2TIW/E2T3T,
R26A/RION/AGZD/STIE/EL 145/GI28A/CISEN/KIORA/MH27IW/EL2T3T,
R26A/RIGN/AGZD/STIE/ET4S/CIS8N/KISIP/DIO2PHLTIW/ERTIT,
R26A/RION/AG2D/STZE/EL145/C158N/BIO2P/S240T/M24 1C/HR2TIW/E2 73T,
R2Z6A/RION/AG2D/ST2E/ET145/K161P/8225A/H2TIW/E2T3T,
RZ6A/RION/AGZD/ST2E/ET145/K161PH2TIW/E2T3T,

R26A/MRBON/AG2DYST2E/EL 14S/ALT3Y/FISOM/H2TYW/E2T3T,

R26A/MRION/AGZEYTE2E/EL 14S/CISEN/KI6 I PH2ZTIW/E2ZT3T,
RZ6A/MRION/AGZD/TRZK/EI148/F233Y/HZ7TIW/ELT3T,
R26A/R3ON/AGZID/ELIAS/KI61P/TI8OA/DIOIP/F233E/8240T/H2TIW/E2T3T,
R26A/R3ON/AGZD/ENI4S/ATTIY/VITOD/FIS0M/TIROA/DI92P/S225A/MZ41C/HZTYW/E2T3T,
R26G/R30N/AG2D/ST2ZE/ET145/CI38N/ATTIK/TI8OA/F233E/MH2TIW/E273T,
R26G/RION/AG2D/ST2Y/ET148/CISSN/AH2TIW/E2731T,

R26G/R3ON/AS2D/TE2K/ELI4S/G128 A/K 161 P/F1ROM/K 198 A/H2TIW/E273T,
R26G/R3ON/AG2D/TE2E/ELL4S/KI16T1P/ALT3Y/F18OM/DI92AF233E/H2TIW/E2T3T,
R26G/R30ON/AGZDYTEZE/EI 14S/H27TIW/E273T,
E27T/R30N/AG2ZD/TS2R/ET145/G128F/D192(Y/AZS6R/MH2TIW/E2T3T,
E27T/R3ON/AG2D/TR2R/ET145/L.1425/D1920Q/S263D/H27IW/E2T3T,
E27T/R3GN/AG2D/TR2R/ETIAS/ALTSQ/DIO2QM2TIW/E2T3T,
E27T/R3ON/AS2D/TE2R/ET14S/FI80M/BIO2(/H2TIW/E2 73T,

[N
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E27T/R30N/AG2ZD/ET4S/G207TW/AZ368/8263D/H2TIW/E273T,

E27T/R30N/AGZD/EL L4S/G207TW/R240R/S263D/H2TIW/ERT3T,
E27T/R30N/AG2D/ET145/A256R/H27IW/E273T, E27T/R30N/A62D/E114S/S263D/H27IW/E273T,
RBON/AGZD/ST2E/TR2K/ETI4S/ATT3RK/FI80M/G20TRAZ13L/S225 A/F233E/MH27IW/E2T3T,
RION/AGZD/ST2E/TRIK/EL14SM213L/F233E/MH27IW/E273T,

RION/AGZD/ST2E/MAL 14S5/CI58N/H2TIW/ELT3T,
R3ON/AG2D/ST2E/ET145/A173Y/T180A/F233E/H2TIW/E2T3T,
R3ON/AG2D/STZV/EL1145/Q186G/MI93/H2TYW/E2T3T,
R3ON/AG2D/ST2V/ELT4S/S240Q/H2TIVW/E2T3T, R3ON/AG2D/NTTL/ETI4S/H2TIW/EZT3T,
R3ON/AG2D/ESIV/ELIAS/H2TIW/EZT3T, R3ON/A62D/TE2K/ETI4S/G128A/M213L/H27TIW/E273T,
RION/AGZD/TE2R/CEOE/EL145/RISIL/DIO2Q/S263D/H2TIW/E2T3T,
RION/AGZD/TRIR/ELIAS/GI28F/S263D/H2TIW/ELT3T,
RION/AGZD/TRZR/ELIAS/GI28NMH2TIW/E2T3T,
RION/AGZD/TBZIR/EII4S/L1425/A175Q/F180M/G20TW/AZ56R/H2TIYW/EZT3T,
R3ON/AGZD/TRZIR/ELI4S/ATTSQ/FI80M/C238T/S240R/8263D/H27IW/E273T,
R3ON/AGZD/TBZR/EI14S/G207TW/AZS6R/S263D/H2TIW/EZ273T,
R3ON/AG2D/TS2R/ELIF4S/G207TW/S263D/M271IW/E2T3T,
R3ON/AGZD/CB6L/E1145/G207W/S263D/AZ7IW/EZT3T, R3ION/AGZD/RESH/ETI4S/H27TIW/E273T,
RION/AGZD/EI145/5127R/K161G/EISSV/H2TIW/EZT3T,
RION/AGZD/EIT4S/S127R/K161G/VISRU/TISOP/H2ZTIW/E2T3T,
RION/AGZDVEI145/5127T/8240Q/H2TIW/EZT3T,
R3ON/AGZD/ELI45/GI28F/L142Q/RI9IL/D192QY/S263D/H27TIW/E273T,
R3ON/AGZD/ETI145/G128K/L1425/A256R/5263D/H2TIW/EZ 73T,
R3ON/AGZD/ETII48/G1285/H27IW/E273T, R30N/AG2D/ET1145/L142G/H27TIW/EZT3T,
R3ON/AG2D/EI4AS/L142Q/3263D/H2TIWI/E2T3T,

R3ON/ASZD/EIAS/CISEN/ATTIY/2 I3L/H27YW/E2T3T, R30ON/A62D/EI4S/CISSNA2TIW/E2ZT3T,
RION/AGZD/EI4S/KIOIG/EISSY/VISBTISOH/H27IW/E2T3T,
RION/AGZD/EII4S/KIGIG/EIRSV/TIROH/MH2TIW/E2T3T,
RION/AGZD/EII4S/KIGIG/TIROH/MHZTIW/E2T3T, R3ION/AGZD/EIT45/P163E/H2TIW/E2T3T,
R3ON/AG2ZD/ETI4S/AT73Y/FISOM/MH27IW/E273T, R30N/AG62DVET 14S/A173Y/8263G/H2TIW/E273T,
R3ON/AGZD/ETI45/AT173Y/H2TIW/E273T, R3ON/AG2ZDVEL148/V1ToK/P13TH/S263G/H27IW/EZT3T,
R3ON/AG2D/ELIAS/VITSK/PISTH/H2TIW/EZT3T,
R3ON/AB2ZD/ELIAS/EIT8R/VI84L/Q1R6G/MH2TIW/E2ZT3T,
R3ON/AGZD/EI4S/VIB4L/AQ186G/TI89I/G207R/H27TIW/E273T,
RAON/AGZD/ELI4S/VISAL/Q186G/T180/8240Q/H271W/E2T3T,
RION/AGZD/ETI4S/VIB4L/QIRGR/G20TM/H2TIW/EZTIT,
RION/AGZD/ETI4S/VIRAL/TISOVGZOTE/H27TW/E2T3T,
R3ON/AGZD/E1145/VI84L/T189Y/G20TM/H271IW/E273T,
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R3ON/AG2D/ELIAS/VI84L/GI0TR/MHZTIW/EZT3T,

R3ON/AG2D/ELTAS/VISAL/GZIOM/S240Q/H2 T W/E2T3T,
R3ON/AGZD/E1145/Q186G/T180VG207R/MH27IW/E273T,
RBON/AGZD/EI145/Q186G/T189V/5240/H271W/E2T73T,
RION/AGZD/E1145/Q186R/TI89T/G20TRMH2TIW/E2T3T,
RION/AGZD/E1145/Q186R/T189T/S240H27IW/E273T,
R3ON/AGZD/E1148/Q186R/TISSVH2TIW/E273T, RION/AG2D/ET148/QI186R/G20TM/H2TIW/E2T3T,
R3ON/AG2D/ET148/Q186R/G207R/H2TIW/E2T3T, RION/AG62ZD/E1145/Q186RVH27IW/E273T,
R3ON/AG2D/ELIAS/PIRTH/S263G/H2TIW/EZT3T,

R3ON/AG2D/EIAS/PISTHHA27IW/E273T, R3ON/AG2D/EL14S/TIS9A/E2T3A,
RION/AGZD/EI14S/T18OI/S240/H2TIW/E2T3T, R3ON/AG2D/EL14S/T189V/H2TIW/E2T3
RION/AGZD/EI4SRIGHL/DIOZG/G20TW/S263D/MH2TIW/E2TIT,
RION/AGZD/EL14S/D192Q/H2TIW/EZT3T, R3ON/AG2D/EL48/DIOSA/H2TIW/E2T3T,
R3ON/AGZD/EL145/D195G/H2TIW/E273T, R30N/A62D/EL145/L200A/H27IW/E2T3T,
R3ON/AGZD/ELI45/G20TR/H2TIW/EZT3T, R3ON/A62ZD/EL145/L209E/H2TIW/EZ 73T,
R3ON/AGZD/ET145/L209G/MH27IW/E2T3T, R30N/AGZD/E1145/G210M/S240Q/H27TIW/E273T,
R3ON/AG2D/ELIAS/FZVIS/H27IW/E2T3T, RI0N/AGZIYVEN 145/A213G/H27TIW/E273T,
R3ON/AGZD/EI4S/I213L/F233EH27IW/E273T, R30ON/AGZD/ET14S5/1213R/H27T1W/E2T3T,
RION/AGZD/EII4S5/1215V/H2TIW/EZT3T, R3ON/AGZD/ELT4S5/E217G/H2TIW/E2T3T,
RION/AGZD/EIT4S/A2ISC/H2TIW/ERTAT, RION/AGZD/EL14S/A218G/H2TIW/EZT3T,
RION/AGZDVET4S/E222Q/H27TTW/E273T, R30N/AG2D/E1145/L230E/ARTIW/E273T,
R3ON/AGZD/EL145/C238G/H2TIW/EZT3T, R30ON/A62D/E1145/C2385/H2TIW/E2T3T,
R3ON/AGZD/ETI145/8240/H27TW/E2T73T, RION/AGZD/E1145/8240Q/85263G/H271IW/E273T,
R3ON/AGZD/ET145/82400/H27TW/E273T, R30N/AG2D/ET 145/M241 /H2T7IW/E273T,
RION/AGZD/ELI4S/M241V/H27IW/E2T3T, R30N/AG2D/EL 14 S/E259G/H2TIW/E273T,
R3ON/AGZD/ELI14S/8263GH2TIW/E273T, R30N/AG2D/EY 14S/E265C/H2TIW/E2T3T, and
RAON/AGZD/EII4S/E265V/H2ZTIW/E2T3T.

{0149] In some embodiments, the proline hydroxvlase vartants of the present tnvention are tested under
HTP assay conditions set forth herein as “Condition H.” These variants include those baving the
following substitutions (with the subsitutions listed relative to SEQ ID NG:810): 833G, 533H, 833K,
$33T, $33W, W40Q, W40T, V951 A156F, A1568, and A156V.

{0150] In some cmbodiments, the proline hydroxylase variants of the present invention are tested under
SFP assay conditions set forth herein as “Condition 1.7 These variants inciude those having the following
substitutions or substitution sets (with the subsitutions listed relative to SEQ 1D NG:4):
R26A/S3ON/CITUVSTAIAGZD/TRIK/VITA/ET145/MISIR/CISEN/SI6OR/KIG I P/FI76V/H2TIW/E273
T: S30N/C3TVVSTA/AGIVOTAELTAS/MISIR/SI60R/FITOV/H2TIW/E2T3T,
SIOR/CITYVITA/VOTAMISIR/STIGOR/F176V, S30R/C3TVL76V/MISIR/SI60R/FITEV,
S3CR/CITIVOTA/MISIR/SIGOR/FI76V, and MISIR/FI76V.
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[0151] In some embodiments, the proline hydroxylase variants of the present invention are tested under
DSP assay conditions set forth herein as “Condition J.7 These variants include those having the following
substitutions or substitution sets {with the subsitutions listed relative to SEQ ID NG:4):
R26A/SION/CITUVITA/AGZD/TE2ZK/VOTA/ETIAS/MISIR/CISEN/SI60R/K 161 P/F176V/H2TIW/ERT3
T; S30N/C3TYVSTA/AG2D/VOTA/EL14S/M IS IR/S160R/FI76V/H2TIW/E2T3T,
S3OR/CITI/VSTANVGTA/MISIR/SI6OR/F176V; S30R/CITHLT6V/MISIR/SI60R/F1T6V,
S3OR/C3TI/VOTAMISIR/SI60R/F176V, and MISIR/F176V.

{6152} In some embodiments, the proline hydroxvlase 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 ID NO:4):
R26A/S3ON/CITUVITA/AG2DYTE2K/VITA/ETI4S/MISIR/CIIEN/S160R/KI6 I PIF176V/H2TIW/E2T3
T, S30N/CITUVSTA/AG2D/VITA/EL4S/MIS IR/ST60R/FLT6V/H2TYW/ER2TST,
S3OR/CITI/VSTANVGTAMISIR/SIGOR/FIT6V, SIOR/C3TVLT6V/MISIR/SI60R/FITOV,
SIOR/CITI/VOTAMISIR/SI60R/FI76V, and MISIR/F176V.

{3153] In some embodiments, the proline hydroxylase vanants of the present invention are tested under
DSP assay conditions set forth herein as “Condition L.” These variants include those having the
following substitutions or substitution sets (with the subsitutions listed relative to SEQ ID NO:4):
R26A/SION/CITUVETA/AG2DYTE2K/VITA/ETIAS/MISIR/CISEN/S160R/KI61 PIF176V/H2TIWIE2T3
T, S30N/C3TUVSTA/AG2D/VITA/EI14S/MIS1R/ST60R/F176V/H2ZTIW/ER2T3T,
S3OR/C3TUVSTANVITAMISIR/STGOR/FIT6V, S30R/CI3TVL76V/MISIR/S160R/FLTOV,
S30R/C3TI/VITAMISIR/SISOR/FIT6V, and MISIR/FIT6V.

{3154] In some embodiments, the specific enzvme 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, enzvme activity, regioselectivity, polypeptide expression, and substrate tolerance. Improvements
n enzyme activity and substrate tolerance are associated with residue differences at residue positions
mdicated 1n the Examples herem. Improvements m regioselectivity are associated with residue
differences at residus positions indicated m the Examples herein. In some embodiments, improvements in
polypeptide expression are provided hercin. 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 propesties, including, among others, enzvme activity,
regioselectivity, stereoselectivity, and substrate tolerance. Other residue differences affecting polypeptide
expression can be used to increase expression of the engineered proline hydroxylase.

[0153] In hight of the guidance provided herein, 1t is further conternplated that any of the exemplary
engineered polypeptides comprising the even-numbered sequences of SEQ ID NOS: 4-1004 find use as
the starting amino acid sequence for synthesizing other engineered proline hydroxylase polvpeptides, for
cxample by subsequent rounds of evolution that incorporate new combinations of various amino acid
diffevences from other polypeptidesin Tables 4.1,42,43,44,45,46,47,48 51,6.1,62 andlor 6.3,

and other residue positions described hereimn. Further improvements may be generated by including amino
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acid differences at residue positions that had been mamntamed as unchanged throughout earlier rounds of
evolution.

[8156] In some embodiments, the engineered polyvpeptide having proline hyvdroxylase activity 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 sequence identity to reference sequence SEQ ID NO:4 and one or
more residue differences as compared to SEQ ID 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, 37, 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, 133, 136,
138, 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,

{8157} In some embodiments, the engineered polvpeptide having proline hydroxylase activity comprises
an amino acid sequence having at feast 80%, 85%, 86%., 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99% or more sequence identity to reference sequence SEQ ID NG:604 and one or
more esidue 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, 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,

[B158] Accordingly, m some embodiments, the engineered polypeptide having proline hvdroxylase
activity comprises an aming acid sequence having at least 80%, 85%, 86%, 87%, 88%. 89%, 90%, 91%,
9298, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more sequence identity to reference sequence SEQ ID
NO:810 and one or more residue differences as compared to SEQ 1D NO:810 at residue positions selected
from: 33, 40, 95, and 156.

{3159} In some embodiments, the engineered polypeptide having proline hydroxylase activity with
improved properties as compared to SEQ 1D NGO 4, 604, and/or 810 comprises an amino acid sequence
having at least 809, 85%, 86%, 87%, 88%, 899, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99% or more dentity to SEQ ID NO:4, and one or more residue differences as compared to SEQ 1D 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, 8%, 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. In some embodiments, the
engineered polvpeptide having proline hydroxviase activity with improved properties as compared to SEQ
1D NOS:4. 604, and/or 810, comprises an amino acid sequence having at least 80%, 5%, 86%, 87%
88%. §9%, 90%., 91%, 92%, 93%, 94%, 93%, 96%, 97%, 9§%, 99% or more identity to SEQ ID NO4
and one or more residue differences selected from 2E, 2F, 2H, 21, 2N, 4P, 8, 10N, 15C, 26A, 30A, 30E,
30G, 30N, 30R, 30T, 30V, 337, 36T, 371, 371, 39P, 30R, 39T, 428, 43A, 44M, 44P, 45C, 481, 504, 308,
52F, 55K, 558, 56R, S7A, 571 57L, 57T, 58C, 58H, 58L. 58M, 58N, 58S, 587, 58Y, 61D, 62C. 62D, 62E,
82F. 62G, 62R, 62T, 63F. 63H, 631, 63L, 63V, 71C, 71L 71V, 76V, 77Y, 81C, 811, 82K, 87C, 87F, 87L,
37P. 87V, 87W, 7Y, 88V, 88W, 92C, 941, 951 97A, 971 98P, 101G, 107A, 107M, 109F, 114G, 114H,
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114K, 114N, 1140, 114R, 1148, 1I5C, 115G, 1153P, 1150, 1194, 119V, 121M, 124C, 124E, 124H,
124N, 128A, 128E, 128H, 128T, 128Y, I30F, [30L, 131H, 1328, 134Q, 136N, 136R, 145C, 151G,
151H, 151K, 131N, 151€Q, 151R, 1517, 153G, 1568, 156V, 158N, 160C, 160E, 160R, 161P, 165F, 163Y,
1661, 166M, 166V, 1681, 168L, 168R, 173R, 176V, 178C, 180Y, 184F, 1941 213E, 237A, 237C, 237K,
2378, 237T, 240H, 256D, 263D, 263E, 266Q, L2691, 270K, 270R, 270V, 271Q, 271W, 273T, 273V,
2744, 2T4E, 2741, 274P, 27403, 274Y, 275A, 277E, 277K, 27TM, 277R, 280F, and 280L (relative to SEQ
ID NO:4). In some embodiments, the engineered polypeptide having proline hydroxylase activity with
improved propertics as compared to SEQ 1D NOS:4, 604, and 810, comprises an amino acid sequence
having at least 80%, 835%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%. 94%, 95%, 96%, 97%, 98%,
99% or more dentity to SEQ 1D NO:4 and one or more residue differences selected from S2E, 82F, S2H,
S21, 82N, H4P, K8, K1ON, RI5C, R26A, 830A S30F, 830G, S30N, S30R, 830T, S30V, S33T, A36T,
C371, C37L, K39P, K39R, K397, 1425, C43A, V44M, V44P, LASC, R4RL, G504, G308, Q528, DSSE,
D558, 156R, VSTA, VSTL V571, V57T, V58C, V58H, V38L, V38M, V38N, V388, V58T, V38Y, N61D,
A62C AG2D, AG2E, AG2F, A62(G, A62R, A62T, PO3F, P63H, P63, P63L, P63V, K71C, K71L K71V,
L76F, L76V, N77Y, E§1C, E81L, T82K, S87C, S87F, S87L, S87P, 887V, S87W, S87Y, R88V, R88W,
Y92C, 1941, V51, VOTA, VIT7L, S98P, A101G, SIOTA, S107M, Y109F, E114G, E114H, E114K,
E114N, E114Q, E114R, E1145, E115C, ET15G, ELI5P, E115Q, L119A, L119V, L121M, D124C,
DI24E, DI24H, Di24N, G128A, GI28E, GI28H, GI128T, GI28Y, AI30F, A130L, N131H, T132S,
E1340Q, KI136N, K136R, 1145C, MI51G, M15HH, MISIK, MI5SIN, M151Q, MISIR, MI5IT, P1353G,
A1565, CI58N, A156V, S5160C, S160E, SI60R, K161P, L165F, L165Y, Ql66L, Ql66M, Q166V,
MI68I, M168L, M168R, A173R, F176V, E178C, FI80Y, VI84F, V1941, I213E, D237A, D237C,
D237K, D2378, D237T, S240H, A286D, 82631, S263E, R266Q, L2651, G270K, G270R, G270V,
H271Q, H271W, E2737T, E273V, R274A, R274E, R274L., R274P, R274Q, R274Y, G275A, V2TTE,
V277K, V277TM, V27TR, Y2Z80F, and Y280L (relative to SEQ ID NG:4).

[0168] In some embodiments, the enginesred polypeptide having proline hydroxylase activity with
mproved properties as compared to SEQ ID NGS: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 idendity to SEQ 1D NO:604 and one or more residue differences at residue positions selected
from: 13, 14, 24, 26,27, 30,57, 61,62, 72, 76,77, 31, 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. In some
embodiments, the enginecred polypeptide having proline hydroxylase activity with improved properties as
compared to SEQ ID NOS:4, 604, and/or 810, comprises an amino acid sequence having at least 80%,
85%, 86%, 87%, 88%, §9%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 39% or more identity to
SEQ D NO:604 and one or more residue differences selected from: 13K, 14G, 24T, 26A. 26G, 27T, 30N,
61D, 62D, 62E, 72E, 72V, 72Y, 76V, 771, 81V, 82K, 82R, 86E, 97V, 114K, 114N, 1148, 127R, 1277,
128A, 128F, 128K, 128N, 1288, 142G, 142Q3, 1428, 158N, 161G, 161P, 163E, 173K, 173Y, 175Q, 176D,
176K, 178R. 180M, 184L, 185V, 186G, 186R. 187C, 187H, 1881, 189A, 189, 1891, 189P, 189V, 191L,
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1924, 192P, 1920, 192W, 1931, 1954, 195G, 198A, 200A, 207C, 207K, 207M, 207R, 207W, 209E,
209G, 210M, 2118, 213G, 213L, 213R, 215V, 217G, 218C, 218G, 222Q, 225A, 230E, 233E, 233Y,
2368, 2385, 2388, 2387, 240C, 2401, 2400, 240R, 240T, 241C, 2411, 2411, 241V, 236R, 259G, 263D,
263G, 265C, 265V, 271R, 271W, 273G, and 2737 (relative to SEQ ID NO:604). In some embodiments,
the engineered polypeptide having proline hydroxylase activity with improved properties 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%, %1%, 92%, 93%, 94%, 93%, 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,
R30N, ASTV, N6iID, A62D, A62E, ST2E, 872V, 872V, L76V, N77L, E81V, T82K, T82R, C&GE, RRE&H,
A97V, E114K, E114N, E114S, S127R, S127T, G128A, G128F. G128K, G128N, G1288, L142G, 1.142Q,
L1428, C1S8N, KI161G, K161P, PI63E, A173K, A173Y, A175Q, V176D, V176K, E178R, FI180M,
V184, BI85V, Q186G, QI86R, P187C, PI187H, VI8RE, T189A, TIROH, TI89L, TI89P, TIRGV, RIVIL,
D192A. D192Q, D192P, D192W, MI93L DI195A, D195G, KI98A, L200A, G207C, G207K, G207M,
G207R, G207W, L209E, L206G, 210M, F2118, 1213G, 12131, 213R, 215V, E217G, A218C, AZ18(,
E222Q}, 5225A, L230E, F233E, F233Y, C238G, C2388, C238T A2365, 5240C, S240L, 52406Q, S240R,
82407, M241C, M24 11 M241L, M241V, AZ56R, E259G, 8263D, S263G, E265C, E265V, H27IR
H271W, E273A, E273G, E2737T (relative to SEQ 1D NO:604). In some cmbodiments, the engincered
proline hydroxylase polvpeptide comprises an amino acid sequence having at least a combination of
residues differences as compared to SEQ 1D NG:604 selected from:
E13K/E2TT/RION/AG2D/TS2R/CRGE/E T LAS/G20TW/AZS6R/SZ63D/H2TIW/E2T3 T,
E13K/R3ION/AGZD/ETTAS/A1425/A1TSQ/FLEOM/S263D/H2TIW/E2T3T,

AT4G/RION/AG2ZD/ET 14S/H2TIW/E273T,
SZ4T/RZ6A/RION/AG2D/ST2E/TE2K/E1145/GI28A/ALT3Y/VIT6D/I213L/S240T/H2TVW/E2T3T,
S24T/RZ6A/RION/AG2D/ST2E/T82K/EL 145/G 128 A/F233Y/H27TW/E2T3T,
S24T/RZGA/RION/AG2D/ST2E/EN4S/CISEN/K LGP/ TISSAM2TIW/ELTIT,
S24T/RZ6A/RION/AGZEYST2E/ETI48/K 61 P/ALITIK/S240T/H2TYW/E2T73T,
S24T/RZ6A/RION/AGZI/ST2E/EL14S/K 101 P/F233E/H27TYW/EZT3T,
SZ4T/R26A/R3ION/AGZD/STIY/ET145/GI28A/TIRGA/S240C/HZTIW/ELT3T,
SZ4T/R26A/RION/AGZD/TR2K/ET148/GI28A/KI6TP/ALT3Y/FI8OM/KI98A/I2131L/F233E/S240T/H27
IW/E273T, S24T/R26A/RION/AG2D/TE2K/ET 145/CISEN/K161P/FI8OM/F233E/H271W/E273T,
SZ4T/RZ6A/RION/AG2D/ET145/GI28A/ATT3KVTI89A/S225A/F233E/MH2TIW/E2ZT3T,
SZ4T/RZ6A/R3ON/AG2D/ETL4S/GI2RA/F1E0M/G20TK/H2TIW/E2T3T,
S24T/RZ6A/RION/AG2ZD/ETI4S/CIS8N/TIESA/DI92A/S225 A/H2TYWIE2T3T,
S24T/R2Z6A/RION/AG2EVET14S/ATT3Y/H27IW/E2T3T,

S24T/R26A/RION/AG2D/ET 148/ TIRGA/H2TIW/E2T3T,
SZ4T/R26G/RION/AG2D/STIE/TR2K/ET148/G128A/CISEN/KIGIP/T1ROA/S240T/M24 1C/H2TIW/E2T
3T, S24T/R26G/RION/AGZD/ST2E/ETAS/CISEN/ALT3K/I2I3L/F233Y/H2TYW/EZ 73T,
SZ4T/RION/AG2D/ET 145/C158N/K 161 P/VIT6D/F233EMH271W/E273T,
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S24T/R30ON/A62D/ET L4S/A1T3K/H2TIW/E2T3T,

S24T/RION/AG2D/EL 1AS/TIOH/DI02W/HRTIW/E273T, S24T/R3ON/AG2ZD/ETH4S/H2TIW/E2T3T,
R26A/R30ON/AGZDYST2E/T82K/EL145/A173Y /D192 A/8240T/H27TIW/E273T,
R26A/R30ON/AGZD/ST2E/ET145/G128A/CI38N/KIORA/H2TIW/E2T3T,
R26A/R3ION/AG2D/STIE/EAS/CISRN/KIS1P/DIO2PH2TIW/ELT3T,
R26A/RION/AGZD/STIE/ET48/CI38N/DIO2P/S240T/M241C/H2TIWIE2T3T,
R26A/R30ON/AGZD/STIE/EL1458/K161P/S225A/MH27IW/E2T73T,
RI6A/RION/AGZD/ST2E/EN145/K161P/H2TIW/E2T3T,
RIGARION/ASZDYST2E/ELI4S/ALT3Y/FI8OM/MH27IW/E2T3T,
RI6AMION/AG2D/TE2K/ELI4S/CISEN/KIG I PAH2TIW/E273T,
R26A/R3ON/AG2ZDYTE2E/EL148/F233Y/H27TIW/E2T3T,

R26A/RICN/AG2D/EIT4S/K 1601 P/TI89A/DI92P/F233E/8240 T/ H2TIW/E2T3T,
R26A/RIGN/AG2D/EI 45/ AVT3Y/VITOD/FISOM/TIROA/DIO2P/S225 A/M241C/H2TIW/EZTT,
R26G/RION/AG2D/S7ZE/EL145/CI58N/ATT3K/T189A/F233E/H2TIW/E2T3T,
R26G/RION/AG2D/S7ZY/E114S/CIS8NARTIW/E2ZT3T,
RZ6G/RION/AG2D/TE2K/E1145/K161P/AT73Y/FI80M/DI92ZA/F233E/M27TIW/E2T3T,
RZ6G/RION/AGZD/TE2K/EL145/G128A/K161 P/FIROM/K 198A/R27IW/E2T3T,
R26G/R30ON/AGZD/TE2K/EL145/H27IW/E273T, R26G/R30N/AG2D/EL 145/H2TIW/E2 73T,
E27T/R3ON/AGZD/TSZR/EL145/G128E/D192QY/ A256R/H2TIW/E273T,
E27TT/R3ON/AGZD/T8ZR/EL 145/L.1425/D192Q/8263D/H27TW/E2T3T,
E27TT/R3ON/AG2D/TR2R/ETH4S/ALT75Q/DI102QMARTIW/E2T3T,
E27T/R3ON/A62D/TE2R/ET1485/F180M/BIO2(/H2TIW/E273T,
E27T/R30N/AG2D/EL145/G207TW/A2365/5263D/H2TIW/E273T,

E27T/R3ON/AG2D/EL 145/G207W/S240R/5263D/H2TIW/E273T,

E2TT/R30N/AGZD/ET H4S/A256RM2TIW/E2T3T, E2ZTT/RION/AGZD/EI145/S263D/H2TIW/H2T3T,
R3ON/ASTV/AGIE/LTOV/AQTV/ETI4AS/H2TIR/EZT3T, R3ION/NOID/AGZD/EL 14S/H2T1W,
RION/N6ID/AGZE/ET HK/H2ZTIW/E2T3G, R3ON/N6ID/AGZE/ETITAN/H2TIW,
RION/NGID/AGZE/ETAN/H2TIW/E2T3T, RION/NO6ID/AGZE/EL 14S/H2ZTYW/E2T3T,
RION/AGZD/ST2E/T82K/ET H4S/ALTIK/F180M/G207RAZI3L/8225A/F233E/M27IW/E2T3T,
R3ON/AG2D/STZE/TR2K/ET148/1213L/F233E/H27IW/E2T3T,
R3ON/AGZD/STZE/EI145/C158N/H2TIW/E2T3T,
R3ON/AG2ZD/ST2E/ELIAS/ATT3Y/TTE9A/F233E/H2TIW/E2T3T,
R3ON/AB2D/ST2V/E1145/Q186G/MIO3TVH2TIW/E2T3T,
RION/ABZD/ST2V/ET145/82400Q/H27TW/E273T, R3ON/AS2D/NTTL/ENI4S/H2TIYW/E2T3T,
RAON/AGZD/TE2K/EL145/GI28A/M I3L/H2ZTIW/EZT3T, R3ON/A62D/TE2K/E114S/H27IW/EZT3T,
RION/AGZD/TRIR/ELIAS/GI28E/S263D/H2TIW/ELT3T,
RION/AGZD/TRIR/ELI4S/GI28NH2TIW/E2T3T,
R3ON/AGZD/TRZR/ELI4S/L1425/A1T5(UFI80M/G2OTWIAZ36R/H2TIW/EZT3T,

W
R



WO 2017/213758 PCT/US2017/028370

R3ON/AG2D/TE2R/EIT48/A175Q/F180M/C238T/8240R/S263D/H2TIW/ELTIT,
R3ON/AG2D/TE2R/EIT4S/G207TW/A256R/S263D/M2TIW/E2T3T,
R3ON/AGZD/TE2R/ENH4S/G207W/S263D/H27IW/E2T3T, R30ON/AG2D/T82R/ET145/H271W/E273T,
RBON/AGZD/TR2R/CROE/EL14S8/RIS1L/D192Q/S263D/H27TIW/E2T3T,
RION/AGZD/CSGE/EL14S/G20TW/S263D/M27IW/E2T3T, R3ON/AG2D/RESH/EL M4S/H2TIW/E2T3T
RION/AGZD/ET4S/F21IS/HZTVW/EZT3T, RAGN/AG2ZD/ETI4AN/H2TIW/E2TST,
R3ON/AGZD/EL148/S12TR/AKI6IG/EISSV/H2TIW/ERT3T,
R3ON/AG2D/ET148/8127TR/KI6HG/V 18RI/ TI89P/H2TIW/E273T,
R3ON/AG2D/ETI4S/S12TRMH2TIYW/E2T3T, R3ON/AG2D/ELI4S/S127T/8240Q/H27IW/E2T3T,
R3ON/AG2D/ELIAS/S127TH2TIW/ELTT,
RION/AGZD/EI14S/GI28F/L142Q/RI101L/D192Q/S263D/H27TIW/E2 73T,
RION/AGZIV/EY148/GI28K/L1425/A256R/S263D/H2TIW/E2T3T,
RION/AGZD/EY148/AG128S/H2TIW/E273T RION/AGZD/ET 14S/PIG3E/H2TIW/E2T3T.
R3ON/AGZD/EL145/L142G/H271W/E273T R30N/AG2D/ET 145/ TI8OV/H2ZTIW/EZT73T,
R3ON/AGZD/EL145/L1420/S263D/H2Z7IW/E2ZT3T, R3ON/AG2D/E1145/L142Q/H27TW/E2737T,
R3ON/AGZD/ELT4S/CIS8N/ALT3Y/I213L/H27TYW/EZT3T, R3ON/AG2D/ETI4S/C158N/H2TIW/EZT3T,
R3ON/AG2D/ELTAS/KIo1G/ELISSV/VISSTISOH/H2TIW/E2T3T,
R3ON/AGZD/E114S5/KI61G/AEISIV/TI89H/H27IW/E273T,
R3ION/AGZD/EI4S/KI61G/TI89H/MH27IW/E273T, R3ON/A6ZD/ET145/A173Y/FI180M/H27IW/E273T,
RION/AGZD/EI4S/ATTIY/8263G/AH2TIW/E2T3T, R3ION/AGZD/EL 145/ATT3Y/H27TIW/ELT3T,
RION/AGZDVEN4S/ATT3QMA2TIW/ERTIT, R30N/AGZDVELI4S/VITOK/PISTH/S263G/H2TIW/ERZT3T,
R3ON/AGZD/E1148/VITOK/PISTH/AH2TTW/E273T,
R3ON/AGZD/ETI4S/ETI78R/VIS4L/QI86G/MH27IW/E273T, RION/AGZD/EI 14S/F180M/H27IW/E273T,
R3ON/ABZD/ETI145/VI84L/Q186G/T18S/GZOTR/HZTIW/E273T,

R3ON/AG2D/EL4AS/VIBALA 186G/ TISOU/S240Q/H2TIW/E2T3T,
R3ON/AGZD/ET4S/VIB4L/AIB6R/GI0TM/HZ7TIW/E2 73T,
R3ON/AGZD/ELI4S/VISAL/TIBOVGZOTK/H2ZTIW/EZT3T,
RION/AGZD/ELII4S/VIB4L/G20TR/H2TIW/E2T3T,
RION/AGZD/ETI4S5/VIRAL/G210M/S240Q/H27VW/E2T3T,
R30N/AG2ZD/E1145/VI84L/T189/G20TM/H27IW/E273T,
R3ON/AG2D/E1145/Q186G/T189Y/G2ZOTR/MH2TIW/E2T3T,
R3ON/AG2D/EL45/Q186G/T189/8240/H271IW/E2T3T,
R3ION/AB2ZD/ELN4S/QI86R/TISOVG20TR/MH2ZTIW/E2TIT,
R3ON/AGZD/ELI145/Q186R/T189Y/8240/H27IW/E273T,
RAON/AGZD/ELI4S/QIS6R/TI8OI/HZTIW/EZT3T, R3ON/AG2D/E1145/Q186R/G207TM/H27IW/E273T,
RION/AGZD/ET4S/QGISGR/G20TR/MH2TIW/EZT3T, RION/AGZD/EIT45/Q186RMH2TIW/E2TIT,
RION/AGZD/EIT4S/PIRTCH2ZTIW/EZTAIT, R3ON/AGZD/ET148/P1RTH/S263G/H2TIW/E273T,
R3ON/AGZD/E1145/PI8TH/H27IW/E2T3T,
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R3ON/AG2D/ELIAS/VISEVH2TIW/EZT3T, R3ON/AG2D/EL14S/TI80AEZT3A,
R3ON/AG2ZD/ELIAS/TISOH/MH27IW/EZT3T, R3ON/AGZD/ET 148/T1891/S2401/H271W/E273T,
R3ON/AGZD/E114S/TI8OIARTIW/E2T3T,
R3ON/AGZD/ETI14S/RI1G1L/B192Q/G207TW/S263D/H27IW/E273T,
RAON/AGID/EI4S/RIGIL/H27IW/E273T, R3ON/AG2D/ET 14S/D192Q/M271IW/E2T3T,
RION/AGZDVEI14S/DIOSA/H2TIW/EZT3T, RAGN/AG2D/EL 148/DIOSG/H2TIW/E2T73T,
R3ON/AGZD/ELI4S8/L200A 27 IW/E2ZT3T, R3ON/A62D/EL1145/G207C/H27IW/E273T,
R3ON/AG2D/ET148/G20TR/H2TIW/EZ 73T, R3ON/A62D/EL 148/G207M/H2TIW/E2T3T,
R3ON/AG2D/ELAS/GROTW/H27TIW/EZTIT, R3ION/AG2D/EI14S/L209E/M2 7 IW/E2T3T,
R3ON/AG2D/ELIAS/L200GH27IW/ELTIT, ROON/AG2D/ET145/8240/H27TIW/E2T3T,
RION/AGZD/EI145/8240Q/8263G/H271W/E273T, R3ON/AG2D/E1145/8240Q/H2TIW/E2T3T,
RION/AGZD/ET148/G210M/S240Q/H2TIW/E2T3T. R30N/AS2D/EL 14S/G210MM27IW/E2T3T,
RION/AGZD/EN14S/A213G/H2TEW/E2T3T

RION/AGZD/ET145/A218C/H2TIW/E2ZT3T, RAION/AG62D/E1145/12 1I3L/F233E/H27IW/E2T3T,
R3ON/AGZD/ET 145/ 13R/H2TIW/E273T, R30ON/A6ZDVEL145/121SVAH2TIW/E2T3T,
R3ON/AGZD/EL145/E217G/MH27IW/E273T, R30ON/AG62D/E1145/1230E/MH271W/E273T,
R3ON/AG2D/ELTAS/AZY8G/H2TIW/E2T3T, R3ON/AS2ZD/ET145/E265C/H27IW/E2T3T,
R3ON/AGZD/EI14S/E222Q/H27IW/AE2T3T, R3ON/A62D/E1145/C238G/AZ7IW/EZT3T,
RION/AGZD/EI145/C2385/MH27TW/E2T3T, R3ON/AGZD/ET145/5240Q/H271W/E2Z73T,
RION/AGZD/EL145/S240T/H27IW/E2T3 T, R30N/AS2D/ELI4S/M24 Y H2TIW/E2T3T.,
RION/AGZD/ET 14S/M24 I VH2TIW/ERT3T, RAON/AG2D/EN145/E250GH27IW/E273T,
R3ON/AGZD/ET145/8263D/H27IW/E273T, R3ON/A62D/ET145/8263GH2TIW/E2T3T,
R3ON/AGZD/EL145/E265V/MH27IW/EZT3T, R3ON/AGZD/ERIV/EL14S5/H2TIW/E273T,
R3ON/AGZDVELTI48/H27TIW/EZT3T, R3ON/AGZIVETI4SMH2TIW/E2T3T,

R3ON/AG2D/MH2TIR, R30N/AG2E/ELI4N/H2TIW, R30ON/AG2E/ET145/H27TIW/E2T3T,
RION/AGZE/EL148/E273G, and AG2D/E11485/H27IW.

{8161} Insome embodiments, the engineered polvpeptide having proline hydroxylase activity with
improved propertics as compared to SEQ D NOS:4, 604, and/or 810, comprises an amino acid sequence
having at least 80%, 85%, 86%, 87%, 8R%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
89% or more identity to SEQ ID NO:810, and one or more residue differences as compared to SEQ ID
NO:810 at residue positions selected from: 33, 40, 95, and 156. In some embodiments, the engineered
proline hydroxylase comprises at least one of the following subsitutions (relative to SEQ D NO:R10}):
33G, 33H, 33K, 33T, 33W, 40Q, 40T, 951, 156F, 1368, and 156V. In some embodiments, the engineered
proline hvdroxylase comprises at least one of the following subsitutions (relative to SEQ ID NO:810}):
$33G, $33H, S33K. §337T, S33W, W40Q, W40T, VOSL, A156F, A156S, and A156V.

[8162] Aswill be appreciated by the skilled artisan, in some embodiments, one or a combination of
residue differences above that s selected can be kept constant (i ¢., maintained) in the engineered proline

hvdroxylases as a core feature, and additional residue differences at other residue positions mcorporated

41



WO 2017/213758 PCT/US2017/028370

into the sequence to gencrate additional enginecred proline hydroxylase polypeptides with improved
properties. Accordingly, it is to be understood for any engineered proline hydroxvlase containing oue or a
subset of the residue differences above, the present invention contemplates other engineered proline
hydroxylases that comprise the one or subset of the residue differences, and additionally one or more
residue differences at the other residue positions disclosed herein.

[3163] As noted above, the engincered polypeptides having proline hvdroxylase activity are also capable
of converting substrate compound {1} to product compound 2}. In some embodiments, the engineered
protine 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, 50 fold, 60 fold, 70 fold, 80 fold, 90 fold, 100 fold, or more activity relative to the activity of the
reference polypeptide of SEQ ID NO:4, 604, and/or 810, In some embodiments, the engineered proline
hvdroxylase polypeptide capable of converting the substrate compound (1} to the product compound (2}
with at feast 1.2 fold, 1.5 fold, 2 fold, 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 fold, or more activity relative to the activity of the reference
polypeptide of SEQ ID NO:4, 604, and/or 810, comprises an amine acid sequence having one or more
teatares selected from improved regicselectivity, improved activity, improved specific activity, and/or
mproved thermostability.

[8164] In some embodiments, 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 anino acid sequence selected from the even-numbered
sequences in the following ranges: SEQ 1D NO:6-602, 606-808, and 812-1004.

{#165] In some embodiments, the engineered proline hvdroxylase polypeptide is capable of converting
the substrate compound (1) to the product compound (2} with at least 2 fold the activity relative to SEQ
1D NG:4, 604, and/or 810, and comprises an aming acid sequence having one or more residue differences
as provided herein {as compared to SEQ 1D NG:4, 604, and/or 810, as applicable).

[8166] In some embodiments, the engimeered proline hydroxylase polvpeptide capable of converting the
substrate compaound (1) to the product compound (2) with at least 2 fold the activity relative to SEQ ID
NO:4, 604, and/or 810, comprises an amino acid sequence selected fronu: the even-numbered sequences in
the following ranges: SEQ [D NO: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 mote, 94% or more, or 95% or more of compound (1) to compound {2} in 120 h or less, 72 h or
less, 48 b or less, or 24 or less, at a substrate loading of about 100 ¢/L, about 30 g/L, or about 20 g/L.
ander HTP assay conditions, under SFP assay conditions, or DSP assay conditions. In some embodiments,
the engineered proline hvdroxylase polvpeptide is capable of converting at feast 50% 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

conditions at about 25°C.
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{0168} In some cmbodiments, the enginecred proline hydroxylase has an amino acid sequence
comprising one or more residue differcnces as compared to SEQ ID NO:4, 604, and/or 810, that increase
expression of the enginecred proline hydroxylase activity in a bacterial host cell, particalarly in Z. coli.
{0169} In some embodiments, the engineered proline hydroxylase polypeptide with improved propertics
in the conversion of compound (2) to compound (1} has an amino acid scquence comprising a sequence
selected from the even-numbered sequences in the following ranges: SEQ ID NO:6-602, 606-808, and
812-1004.

{6170} In some embodiments, the engineered polypeptide having proline hydroxylase activity, comprises
an amino acid sequence having at least 80%, 83%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 7%, 98%, or 99% identity 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 residue differences as compared to SEQ
1D NO4, 604, and/or 810, present in any onc of the even-numbered sequences in the following ranges:
SEQ ID NO:6-602, 606-808, and 812-1004, as provided in Tables 4.1,42, 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 residue differences relative to SEQ 1D NO 4,
604, and/or 810, at other residuc posttions (1.¢., residue positions other than those included in any of the
even-numbered sequences in the following ranges: SEQ ID N(:6-602, 606-808, and 812-1004). Residue
differences at these other residue positions can provide for additional vartations in the aming acid
sequence without adversely affecting the ability of the polvpeptide to carrv out the conversion of proline
to cig~4-hvdroxyproline as well as conversion of compound (1} fo compound {2). Accordingly, m some
embodiments, in addition to the amino acid residue differences present n any one of the engineered
proline hydroxylase polypeptides selected from the even-numbered sequences in the following ranges:
SEQ ID 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, 1-15, 1-16, 1-18, 1-20, 1-22, 1-24, 1-26, 1-30, [-35, 1-40, 1-45, or 1-50
residue differences at other amino acid residue positions as compared to the SEQ ID NO:4, 604, and/or
&10. In some embodiments, the number of amino acid residue differences as compared to the reference
soquence 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 amino 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 embodinents, the residue differences can comprise conservative
substitutions and non-conservative substitutions as compared to the naturally occurring proline
hydroxylase polypeptide of SEQ ID NO:4, 604, and/or 810.

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

embodiments, the present invention provides a polypeptide fragment capable of converting compound {1)
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to conpound (2} under suitable reaction conditions, wherein the fragment coraprises at least about 80%,
90%, 95%, 95%, 97%, 98%, or 99% of a full-length amino acid sequence of an engineered proline
hydroxylase polypeptide of the present mvention, such as an exemplary engineered proline hydroxylase
polvpeptide selected from the ever-numbered sequences in the following ranges: SEQ 1D N(:6-602, 606-
808, and 812-1004.

[3173] In some embodiments, the engineered proline hydroxylase polypeptide can have an amino acid
sequence comprising a deletion in any one of the engineered proline hydroxylase polypeptide sequences
described herein, such as the exemplary engineered polypeptides of the even-numbered sequences in the
following ranges: SEQ ID NG:6-602, 606-808, and 812-1004.

{8174} Thus, for each and every embodiment of the engineered proline hydroxvlase polvpeptides of the
mvention, the amino acid sequence can comprise deletions of one or more amino acids, 2 or more amino
acids, 3 or more anuno acids, 4 or more anino acids, 5 or more amino acids, 6 or more amino acids, 8 or
more amino acids, 10 or more anune acids, 15 or more amino acids, or 20 or more amino acids, up to 10%
of the total number of amine acids, up to 20% of the total number of anuno acids, or up to 30% of the
total number of aming 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, 120, 1-21, 1-22, 123, 1-24, 1-25, 1-30, 1-35, 1-40, 1-45, or 1-50 amino acid residues. In some
embodiments, the numberof deletions canbe 1,2, 3.4,5,6,7.8,9,10, 11, 12, 13, 14, 15,16, 17, 18, 19,
20,21, 22,23, 24,25, 30, 30, 35, 40, 45, or 50 amino acid residues. [n some embodiments, the deletions
can comprise deletions 0f 1,2.3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 18, 20,21, 22, 23, 24, or 2§
amino acid residues.

{0175] In some embodiments, the engineered proline hvdroxylase polypeptide herein can have an amino
acid sequence comprising an insertion as compared to any one of the engineered proline hydroxylase
polvpeptides described herein, such as the exemplary enginecred polyvpeptides of the even-numbered
sequences i the following ranges: SEQ ID NO:6-602, 606-808, and 812-1004. Thus, for each and every
embodiment of the proline hydroxylase polypeptides of the mvention, the msertions can comprise one or
maore anmino acids, 2 or more amino acids, 3 or more anuino acids, 4 or more amino acids, 5 or more amino
acids, 6 or more amino acids, & or more amino acids, 10 or more amino acids, 15 or more amino acids, 20
or more amino acids, 30 or more amino acids, 40 or more amino acids, or 530 or more amino acids, where
the associated functional activity and/or improved properties of the engineered proline hydroxylase
described herein is mamntained. The insertions can be to amino or carboxy terminus, or intemal portions of
the proline hvdroxylase polypeptide.

[8176] In some embodiments, the engineered proline hydroxylase polypeptide herein can have an amino
acid sequence compiising a sequence selected from the even-numbered sequences in the following ranges:
SEQ D NO:6-602, 606-308, and 812-1004, and optionally one or several {e.g, up 1o 3,4, 5, orup to 10}
anino acid residue deletions, insertions 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, 1-10, 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, insertions and/or
substitutions. In some embodiments, the substitutions can be conservative or non-conservative
substitutions.

{6177} In the above embodiments, the suitable reaction conditions for the enginecered polypeptides are
provided in Tables 4.1,4.2,4.3,44,4.5,46,47,4.8,5.1,6.1, 6.2, and/or 6.3, and as described in
Examples 4, S, and 6.

[0178] In some embodiments, the polypeptides of the present invention are fusion polvpeptides in which
the engincered polypeptides are fused to other polypeptides, such as, by way of example and not
Limitation, antibody tags (e .g., myc epitope), punification sequences {e.g , His tags for binding to metals),
and cell localization signals {e.g., secretion signals). Thus, the engineered polypeptides described herein
can be used with or without fusions to other polypeptides.

16179] It is to be understood that the polypeptides described herein are not restricted to the genctically
encoded amine acids. In addition to the genetically encoded amino acids, the polypeptides described
herein may be comprised, either in whole or in part, of naturally occurring and/or synthetic non-encoded
amine acids. Certain commonly encountered non-encoded aming acids of which the polypeptides
described herein may be comprised include, but are not limited to: the D-stercomers of the genetically-
encoded amino acids; 2,3-diammopropionic acwd (Dpr); v-aminoisobutyric acid (Aib); e~anunohexanoic
acid {(Aha); S-aminovaleric acid (Ava); N-methylglycine or sarcosine (MeGly or Sar); omithine (Om);
citrulline (Cit); t-butylalanine (Buay; t-butylglveine (Bug); N-methylisoleucine (Melle); phenviglycine
(Phg); cyclobexylalanine (Cha); nodeucine (Nle); naphthylalamine (Nal); 2-chlorophenylalanine (Ocf); 3-
chlorophenylalanine {Mcf}; 4-chlorophenylalanine (Pct); 2-flusrophenylalanine (Off);
3-fluorophenvialanine (Mff); 4-fluorophenylalanine (Pff); 2-bromophenylalanine {Obf): 3-
bromophenylalanine (Mbf); 4-bromophenylalanine (Pbf); 2-methylphenylalanine (Omi); 3-
methylphenvlalanine (Mmf); 4-methviphenylalanine (Pmf); 2-nitrophenylalanine (Guf); 3-
nitrophenylalanine (Mnf); 4-nitrophenylalanine (Pnf); 2-cyanophenylalanine (Ocf); 3-cyanophenylalanine
{Mcf); 4-cyanophenylalanine (Pcf); 2-trifleoromethylphenylalanine (Otf); 3-trifluoromethylphenylalanine
(Mtf); 4-trifluoromethylphenylalanine (Ptf); 4-aminophenylalanine (Paf); 4-iodophenylalanine (Pif); 4-
anuinomethyiphenylalanine (Pamf); 2 4-dichlorophenyvialamine (Opef); 3.4-dichlorophenylalanine (Mpct);
2 4-difluorophenylalanine (Opft); 3,4-difluorophenylalanine (Mpfh); pyrid-2-ylalanine (2pAla); pyrid-3-
vialanine (3pAla); pynid-4-vialanine {(4pAla); naphth-1-vlalanine {InAla): napbth-2-vialanine (ZnAla);
thiazolylalamune (taAla); benzothienvlalanine (bAla); thienvlalanine (tAla); furylalanine (fAla);
homophenylalanine (hPhe);, homotyrosine (hTyr); homotrvptophan (hTrp): pentafiuorophenylalanine
{511y, stvryikalanine (sAla}; authrylalanine (aAla); 3.3-diphenylalanine (Dfa); 3-amino-5-phenypentanoic

acid (Afp); penicilamine (Peny; 1,2,3.4-tetrahvdroisoqumnoline-3-carboxylic acid (Tic); B-2-thienylalanine

45



WO 2017/213758 PCT/US2017/028370

{Thi), methioning sulfoxide (Mso); N(w}-nitroarginine (nArg); homolysine (hLys);
phosphonomethylphenylalanine (pmPhe); phosphosering (pSer); phosphothreonine (pThr); homoaspartic
acid {(hAsp); homoglutanic acid (hGlu); 1-aminocyclopent-(2 or 3)-ene-4 carboxylic acid; pipecolic acid
{PA), azetidine-3-carboxylic acid {ACA}; F-aminocyclopentane-3-carboxylic acid; allviglycine (aGly);
propargyiglyveine (pgGly): homoalanine (hAla); norvaline (nVal); homoleucine (hleu), homovaline
(bVal); homotsoleucine (hile); homoarginine (hArg); N-acetyl Iysine (AcLys); 2,4-diaminobutyric acid
{Dbu): 2,3-diaminobutyric acid (Dab); N-methylvaline (MeVal); homocysteine (hCys); homoserine
(hSer); hydroxyproline (Hyp) and homoproline (hPro}. Additional non-encoded amino acids of which the
polvpeptides described herein may be comprised will be apparent to those of skill in the art (Sec ¢.g., the

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

Biology, CRC Press, Boca Raton, FL, pp. 3-70 [1989], and the references cited therein, all of which are
incorporated by reference}. These amino acids may be in either 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 examples of such protected
amino acids, which i this case belong to the aromatic category, include (protecting groups listed in
parentheses), but are not limited to: Arg(tos), Cys{methylbenzyvl), Cyvs (nitropvridinesulfenyl), Glu(-
benzylester), Gln{xanthyl), Asn{N-3-xanthyl}, His(bom}, His(benzyl), His(tos). Lys(finoc), Lys{tos),
Ser{B-benzyly, Thr {G-benzyl} and Tyr(O-benzyl).

{0181} 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-aminocyclopent-(2 or 3)-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 lyvsates of such cells. The enzymes can be lyophilized, spray-
dried, precipitated or be in the form of a crude paste, as further discussed below.

[0183] In some embodiments, the enginecred polypeptides can be provided on a solid support, such asa
membrane, resin, solid carrier, or other solid phase material. A solid support can be composed of organic
polyvmers such as polystyrene, polyethylene, polypropylene, polyfluorocthylene, polyethylencoxy, and
polvacrylamide, as well as co~polymers and grafts thereof. A solid support can also be inorganic, such as
glass, silica, controlled pore glass (CPG), reverse phase silica or metal, such as gold or platinum. The
configuration of 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. Solid supports can be
porous or non-porous, and can have swelling or non-swelling characteristics. A solid support can be
contigured in the form of a well, depression, or other container, vessel, feature, or location.

[8184] In some embodiments, the engineered polypeptides having proline hvdroxylase activity of the
present mvention can be immobilized on a solid support such that they retain their improved activity,

stereoselectivity, and/or other improved propertics 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 is
complete are casily retained (e.g., by retaining beads on which polypeptide is immobilized) and then
reused or recycled i 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 hvdroxvlase polypeptides of the present invention can be carried out using the same proline
hvdroxylase polypeptides bound or immobilized on a solid sapport.

{0185] Methods of enzyme immobilization are well-known in the art. The engineered polypeptides can
be bound non-covalently or covalently. Various methods for conjugation and immobilization of enzymes
to solid supports {e.g., resing, membranes, beads, glass, ete.) are well known in the art (See e.g., Yictal,
Proc. Biochem ., 42(5): 895-898 [2007]; Martin et al,, Appl. Microbiol. Biotechnol., 76{(4): 843-851
[2007]; Koszelewski et al, J. Mol Cat. B: Enzvmatic, 63: 39-44 {2010]; Truppo et al, Org. Proc. Res.
Dev., published online: dx doi.org/10.1021/0p200157¢: Hermanson, Bioconjugate Technigues, 2™ ed.,
Academic Press, Cambnidge, MA [2008]; Mateo et al,, Biotechnol. Prog., 18(3):629-34 [2002]; and

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

Humana Press, New York, NY [2004]; the disclosures of each which are incorporated by reference
hercin}. Solid supports useful for mmmobilizing the engincered proline hydroxylases of the present
mvention include but are not limited to beads or resins comprising polymethacrylate with epoxide
functional groups, polvmethacrylate with amino epoxide functional groups, styrene/DVB copolymer or
polvmethacrylate with octadecyl functional groups. Exemplary solid supports useful for immobilizing the
engineered proline hydroxylase polvpeptides of the present invention include, but are not limited to,
chitosan beads, Eupergit €, and SEPABEADs (Mitsubish), including the following different types of
SEPABEAD: EC-EP, EC-HFA/S, EXA252 EXE119 and EXE126.

{0186} In some embodiments, the polvpeptides described herein are provided in the form of kits. The
enzyvmes n the kits may be present individually or as a plurality of cnzymes. The kits can further include
reagents for carrying out the enzvmatic reactions, substrates for assessing the activity of enzymes, as well
as reagents for detecting the products. The kits can alse include reagent dispensers and instructions for
use of the kits.

[0187] In some embodiments, the kits of the present invention include arrays comprising a plurality of
different proline hydroxylase polypeptides at different addressable position, whereln the different
polypeptides are different variants of a reference sequence each having at least one different improved
enzyme property. In some embodiments, a plurality of polypeptides immobilized on sofid supports 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 polvpeptides. Such arrays comprising a phurality of engineered polypeptides and

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

Polynuclestides Encoding Engineered Proline Hydroxylases, Expression Vectors and Host Cells
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{06188} In another aspect, the present invention provides polyouclestides encoding the engincercd proling
hvdroxylase polypeptides described heremn. The polynucleotides may be operatively linked to oune or more
heterologous regulatory sequences that control gene expression to create a recombinant polynucleotide
capable of expressing the polypeptide. Expression constructs containing 2 heterologous polynucleotide
encoding the enginecred proline hydroxylase are introduced into appropriate host cells to express the
corresponding proline hvdroxylase polvpeptide.

[6189] As will be apparent to the skilled artisan, availability of a protein sequence and the knowledge of
the codons corresponding to the various amino acids provide a description of all the polynucleotides
capable of encoding the subject polypeptides. The degencracy of the genetic code, where the same amino
acids are encoded by alternative or svnonymous codons, allows an extremely large number of nucleic
acids to be made, all of which encode the improved proline hydroxylase enzymes. Thus, having
knowledge of a particular amino acid sequence, those skilled in the art could make any number of
diffevent 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 each and every possible vanation of polynucleotides that could be made encoding the
polypeptides described herein by selecting combinations based on the possible codon choices, and all such
variations are to be considercd specifically disclosed for any polypeptide deseribed herein, including the
amino actd sequences presented in Tables 4.1, 42, 43,44,45,46,47,48,51,6.1,62, and/or 63, and
disclosed in the sequence listing incorporated by reference herein as the even-numbered sequences in the
following ranges: SEQ 1D NO:6-602, 606-808, and §12-1004.

{3198] In various emboduments, the codons are preferably selected to fit the host cell in which the protein
1s being produced. For example, preferred codons used in bacteria are used to express the gene in bactena,
preferred codons used in veast are used for expression in yeast; and preferred codons used in mammals
are used for expression in mammalian cells. In some embodiments, all codons need not be replaced to
optimize the codon usage of the prolme hvdroxviases smee 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 polvnuciectides encoding the proline hydroxylase enzymes may contain
preferred codons at about 40%, 50%, 60%, 70%, 80%, or greater than 90% of codon positions of the full
ength coding region.

[0191] In some embodiments, the polynuclectide comprises a codon optimized nucleotide sequence
encoding the naturally occuiring proline hydroxvlase polypeptide amino acid sequence, as represented by
SEQ ID NO:4, 604, and/or 810. In some embodiments, the polynucleotide has a nucleic acid sequence
comprising at least 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% ot more identity
to the codon optimized nucleic acid sequences encoding the even-nambered sequences in the following
ranges: SEQ 1D NO:6-602, 606-808, and 812-1004. In some embodiments, the polynucleotide has a
nucleic acid sequence comprising at least 80%, 835%, 90%, 91%. 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99% or more identity to the codon optimized nucleic acid sequences in the odd-numbered sequences in
the following ranges: SEQ ID NO:5-601, 605-807

and 811-1003. The codon optimized sequences of the

>

48



WO 2017/213758 PCT/US2017/028370

odd-numbered sequences mn the following ranges: SEQ ID NO:5-601, 605-807, and 811-1003, enbance
expression of the encoded, wild-tvpe proline hvdroxylase, providing preparations of enzyme capable of
converting in vitro over §0% of compound (1} to compound (2) ander mini-DSP Assay conditions, and
converting over 45% of compound (1) to compound {2} under DSP Assay conditions. In some
cmbodiments, the codon optimized polynucleotide sequence can enhance expression of the proline
hvdroxylase by at least 1.2 fold, 1.5 fold or 2 fold or greater as compared to the naturally occurring
polynuclectide sequence from Sinorfiizobivm meliloti.

{6192} In some embodiments, the polvrucleotides 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 described above, the polynucleotide encodes an engineered polypeptide
having proline hydroxvlase activity with improved properties as compared to SEQ 1D NG:4, 604, and/or
810, where the polypeptide comprises an anuno acid sequence having at least §0%, 85%, 86%, 87%, 88%,
899, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more identity to a reference sequence
selected from SEQ ID NQ:4, 604, and/or 810, and one or more residuc differences as compared to SEQ
1D NG:4, 604, and/or 810, selected from the even-numbered sequenees in the following ranges: SEQ ID
NO:6-602, 606-808, and 812-1004. fn some embodiments, the reference amino acid sequence is selected
from the even-numbered sequences in the following ranges: SEQ ID NO:6-602, 606-808, and 812-1004.
In some embodiments, the reference amino acid sequence is SEQ 1D 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 ID NO:8 10

{#194] In some embodiments, the polvnucleotide encodes a proline hydroxylase polypeptide capable of
converting substrate compound (1} to product compound (2) with improved properties as compared to
SEQ ID N4, 604, and/or 810, wherein the polypeptide comprises an aming acid sequence having at
least 80%, 83%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 38%, 99% or more
sequence identity to reference sequence SEQ ID NO:4, 604, and/or 810, and one or more residue
differences as compared to SEQ 1D NO: 4, 604, and/or 810, at restdue 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, 9597, 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,
276,271,273, 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, 193, 195, 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 selected from 33, 40, 95, and 1536.
{8195] In some embodiments, the polynucleotide encodes a proline hvdroxylase polypeptide capable of
converting substrate compound (1) to product compound (2} with improved properties as compared to
SEQ ID NO:4, 604, and/or 810, wherein the polyvpeptide comprises an amino acid sequence having at
feast 80%, 85%, 86%, 87%, 38%. 89%, 90%, 91%, 92%, 93%, 94%. 95%, 96%, 97%. 98%, 99% or more
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sequence identity to reference sequence SEQ ID NO:4, 604, and/or 810, and onc or more residue
differences as compared to SEQ ID NO: 4, 604, and/or 810, 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,
76,77, 81, 82, 86, 87, 88,92, 94, 95,97 98, 101, 107, 109, 114, 115, 119, 121, 124, 127, 128, 130, 131,
132,134, 136, 142, 1435, 151, 153, 156, 158, 160, 161, 163, 163, 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.

{06196} In some embodiments, the polvnucleotide encodes a proline hydroxylase polypeptide capable of
converting substrate compound (1) to product compound (2} with improved propertics as compared to
SEQ ID NQO:4, 604, and/or 810, wherein the polypeptide comprises an amino acid sequence having at
least 80%, 85%, 86%, 87%, 88%, 89%, 50%, 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 ID NO: 604, and/or 810, selected from: (a) 4, §, 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; (b) 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, 239, 233, 236, 238, 240, 241, 256, 259, 263, 265, 271, and
273; 0or {c) 33, 40, 95, and 156,

{3197] In some embodmments, the polynucleotide encodes an engimeered polypeptide having prohne
hvdroxylase activity with improved properties as compared to SEQ ID NOS:4, 604, and/or 810,
comprising 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: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, 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

[0198] In some embodiments, the polynucleotide encodes an engmeered proline hvdroxylase polypeptide
capable of converting substrate compound (1) to product compound (2} with improved enzyvme propertics
as compared to the reference polypeptide of SEQ ID NO:4, 604, and/or 810, wherein the polypeptide
comprises an amino acid sequence having at least 80%, 85%, 86%, 87%, §8%, 89%, 90%, 91%, 92%,
93%, 94%, 35%, 96%, 97%, 98%, or 99% identity to a reference polypeptide selected from any one of the
even-numbered sequences in the following ranges: 3EQ ID NO: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 to
SEQ [D NO: 4, 604, and/or 810 contained in any one of the polypeptide sequences from the even-
numbered sequences n the following ranges: SEQ ID NG:6-602, 606-808, and 812-1004, as listed in
Tables 4.1,42. 43, 44 45 46 47 48 51, 61 62 andlor63.
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{0199} In some cmbodiments, the polynucleotide encoding the engincered proline hvdroxylase comprises
an polynucleotide sequence selected from the odd-numbered sequences in the following ranges: SEQ ID
NO:5-601, 605-807, and 811-1003.

{0200} In some embodiments, the polynucleotides are capable of hybridizing under highly stringent
conditions to a reference polynucleotide sequence selected from the odd-numbered sequences in the
following ranges: SEQ ID NO:5-601, 605-807, and 811-1003, or a complement thereof, and encodes a
polypeptide having proline hydroxylase activity with one or more of the improved properties described
herein. In some embodiments, the polynucleotide capable of hybridizing under highly stringent conditions
encodes a proline hydroxylase polypeptide comprising an amino acid sequence having at least 80%, 83%,
86%, 87%, 88%, 89%, 0%, 91%, 92%, 939%, 94%, 95%, 96%, 97%, 98%, 99% or more identity to SEQ
1D NO:604, that has an amino actd sequence comprising one or more residue differences as compared 0
SEQ D 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, 77, 81, 82, 86, 87, 88, 92, 94, 95,97,
98, 101, 107, 109, 114, 115, 119, 121, 124, 127, 128, 130, 131, 132, 134, 136, 142, 145, 151, 153, 156,
158, 160, 161, 163, 163, 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, 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 enginecred polypeptide 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 1D N(G:4, and one or more
residue differences as compared to SEQ 1D N4 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, 113, 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.

{8202] In some embodiments, the polynucleotide capable of hybridizing under highly stringent
conditions encodes an enginecred polypeptide having proline hydroxylase activity with improved
properties comprising an amino acid sequence having at least 80%, 85%, 86%, 87%, 88%, 89%, 90%,
G1%, 92%, 93%, 94%%, 85%, 96%. 97%, 98%, 99% or more identity to SEQ ID NO:810, and one or more
residue differences as compared to SEQ ID NG:819 at residue positions selected from 33, 40, 95, and 156.
{0203] In some cmbodiments, the polymucleotides encode the polypeptides described herein but have at
Jeast about 80%, §5%, 86%, 87%, 858%, 89%. 90%, 91%, 92%. 93%, 94%, 95%, 96%, 97%, 98%, or 99%
or more sequence identity at the nucleotide level to a reference polvnucieotide encoding the engineered
proline hydroxylase. In some embodiments, the reference polvnucleotide sequence is selected from the
odd-numbered sequences in the range SEQ {1 NO:3-1003.

[0204] In some embodiments, an isolated polynucleotide encoding any of the engineered proline

hvdroxylase polypeptides provided herein is manipulated in a variety of ways to provide for expression of
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the polypeptide. In some cmbodiments, the polynucleotides encoding the polypeptides are provided as
expression vectors where one or more control sequences is present to regulate the expression of the
polviucleotides and/or polypeptides. Manipulation of the isolated polynucleotide prior to its insertion
intc a vector may be desirable or necessary depending on the expression vector. The techniques for
modifying polynucleotides and nucleic acid sequences utilizing recombinant DNA methods are well
known in the art.

[0285] In some embodiments, the control sequences include among other sequences, promoters, leader
sequences, polyadenylation 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 nucleic acid constructs of the
present application, inclade, but ave not hmited to the promoters obtained from the £ coli lac operon,
Strepramyces coelicolor agarase gene (dagA), Bacillus subrilis levansucrase gene (sacB), Bacillus
licheniformis alpha-amylase gene (amyL), Bacillus stearothermophilus maltogenic amylase gene (amyM),
Bacilius amyloliquefaciens alpha-amylase gene (amyQ), Baciilus licheniformis penicillinase gene (penP),
Baciiius subtilis xylA and xy1B genes, and prokaryotic beta-lactamase gene (See ¢.g., Villa-Kamaroff et
al., Proc. Natl Acad. Sci. USA 75:3727-3731 19781}, as well as the fac promoter (See e.g., DeBoer et al,,
Proc. Natl Acad. Sci. USA 80: 21-25 11983}]). Exemplary promoters for filamentous fungal host cclis,
nclude promoters obtained from the genes for Aspergilius oryzae TAKA amylase, Rhizomucor miehei
aspartic proteinase, Aspergillus niger neutral alpha-amylase, Aspergillus niger acid stable alpha-amylase,
Aspergillus niger or Aspergillus awamori glacoamylase (glaA), Rhizomucor miehei Hipase, Aspergillus
oryzae alkaling protease, Aspergilius oryzae tniose phosphate 1somerase, Aspergillus nidulans
acetamidase, and Fusarium oxysporum trypsin-like protease (See e.g., WO 96/00787), as well as the
NA2-tpi promoter {a hybrid of the promoters from the genes for Aspergilius niger neutral alpha-amylase
and Aspergiiius orvzae triose phosphate isomerase), and mutant, truncated, and hybrid promoters thereof.
Exemplary veast cell promoters can be from the genes can be from the genes for Saccharomyces
cerevisiae enolase (ENO-1}, Saccharomyces cerevisice galactokinase (GALL), Saccharomyees cerevisine
alcohol dehvdrogenase/glyceraldehyde-3-phosphate dehydrogenase (ADHZ/GAP), and Saccharomyees
cerevisiae 3-phosphoglycerate kinase. Other useful promoters for yeast host cells are known m the art
{See e.g., Romanos et al., Yeast 8:423-488 [19921).

[0206] In some embodiments, the control sequence is a suitable transcription terminator sequence, a
sequence recognized by a host cell to terminate transcription. The terminator sequence is operably linked
to the 3' terminus of the nucleic acid sequence encoding the polypeptide. Any terminator which is
functional in the host cell of choice finds use in the present invention. For example, exemplary
transcription terminators for filamentous fungal host cells can be obtained from the genes for Aspergillus
oryzae TAKA amvlase, Aspergilius niger glucoamylase, Aspergillus nidulons anthranilate synthase,
Aspergillus niger alpha-glucosidase, and Fusarium oxysporum trypsin-like protease. Exemplary
terminators for veast host cells can be obtained from the genes for Saccharomyces cerevisiae enolase,

Sacchiaromyces cevevisiae cytochrome C {CYC1), and Saccharomyces cerevisiae glyceraldehvde-3-
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phosphate dehydrogenase. Uther useful terminators for veast host cells are known in the art {Seec ¢.g.,
Romanos et al., supra).

{8207} In some embodiments, the control sequence is a suitable leader sequence, a non-translated region
of an mRNA that is important for translation by the host cell. The leader sequence is operably linked to
the 5 terminus of the nucleic acid 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 Aspergilius nidulans triose phosphate
isomerase. Suitable leaders for yeast host cells include, but are not limited to those obtained from the
genes for Saccharomyces cerevisiae enolase (ENO-1), Saccharomyces cerevisiae 3-phosphoglycerate
kinase, Saccharomyces cerevisiae alpha-factor, and Saccharomyces cerevisiae alcohol
dehvdrogenase/glveeraldehyde-3-phosphate dehydrogenase (ADH2/GAP).

{0208] The control sequence may also be a polyadenylation sequence, a sequence operably linked to the
3" terminus of the nucleic acid sequence and which, when transcribed, is recognized by the host cell as a
signal to add polvadenosine residues to transcribed mRNA . Any polyadenylation sequence which is
functional in the host cell of choice may be used in the present invention. Exemplary polvadenylation
sequences for filamentous fungal host cells include, but are not limited to those from the genes for
Aspergillus oryzae TAKA amylase, Aspergillus niger glocoamylase, Aspergillus nidulans anthrasilate
synthase, Fusarium oxysporum trypsin-like protease, and Aspergilius niger alpha-glacosidase. Useful
polvadenylation sequences for yeast host cells are also known in the art (See ¢.g., Guo and Sherman, Mol.
Cell. Bio ., 15:5983-5990 [19951).

[0209] In some embodiments, the control sequence is a signal peptide coding region that codes for an
amino acid sequence linked to the amino 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
inherently contain a signal peptide coding region naturally linked in translation reading frame with the
segment of the coding region that encodes the secreted polypeptide. Altematively, 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 mto the secretory pathway of a host cell of
choice finds use for expression of the engineered proline hydroxylase palypeptides provided heremn.
Effective signal peptide coding regions for bacterial host cells include, but are not limited to the sigual
peptide coding regions obtained from the genes for Bacillus NCIB 11837 maliogenic amvlase, Bacillus
stearothermophilus alpha-amylase, Bacillus licheniformis subtilisin, Bacillus licheniformis beta-
lactamase, Bacillus stearothermophilus neutral proteases (uprT, nprS, nprM), and Bacillus subtilis prsA.
Further signal peptides are known in the art (See e.g., Simonen and Palva, Microbiol. Rev., 57:109-137
[19931). Effective signal peptide coding regions for filamentous fimgal host cells include, but are not
limited to the signal peptide coding regions obtained from the genes for Aspergilius oryzae TAKA
amylase, Aspergillus niger neutral amylase, Aspergillus niger glucoamylase, Rhizomucor miehei aspartic

proteinase, Humicola insolens cellnlase, and Humicola ionuginosa lipase. Useful signal peptides for veast
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host cells include, but are not limited to those from the genes for Saccharomiyces cerevisiae alpha-factor
and Saccharomyces cerevisice mveriase.

{8210} 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 “procozyme,” “propolypeptide,” or “zvmogen,” in some cases). A propolypeptide can be converted
to a mature active polvpeptide by catalvtic or autocatalytic cleavage of the propeptide from the
propolypeptide. The propeptide coding region includes, but is not limited to the genes for Bacilius subtilis
alkatine protease (aprE), Bacillus subtilis neutral protease {nprT), Saccharomyces cerevisiae alpha-factor,
Rhizomucor michel 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 terminuas of a polypeptide and the signal peptide region
is positioned next to the amino terminus of the propeptide region.

[0211] In some embodiments, 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 prokaryotic host cells,
suttable regulatory sequences mclude, but are not himited to the lac, fac, and f7p operator systems. In yeast
host cells, switable regulatory systems inchude, but are not limited to the ADH2 system or GALT system,
In filamentous fungi, suitable regulatory sequences include, but are not limited to the TAKA alpha-
amylase promoter, Aspergillus niger glucoamvlase promoter, and Aspergillus orvzae glucoamylase
promoter.

{0212] In another aspect, the present invention also provides a recombinant expression vector comprising
a polynucleotide encoding an engincered proline hydroxylase polvpeptide, and one or more expression
regulating regions such as a promoter and a terminator, a replication origin, etc., depending on the type of
hosts mto which they are to be mtroduced. In some embodiments, the various nucleic acid and control
sequences deseribed above are combined together to produce a recombinant expression vector which
mehides one or more convenient restriction sites to aliow for insertion or substitution of the nucleic acid
sequence encoding the vanant proline hydroxviase polypeptide at such sites. Alternatively, the
polynuclectide sequence(s) of the present invention are expressed by inserting the polynucleotide
sequence or a nuclete acid constract comprising the polynucleotide 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 polviiuclectide sequence. The choice of the vector will typically depend on the
compatibility of the vector with the host cel into which the vector is to be introduced. The vectors may be

tinear or closed circular plasnids.
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[0214] In some cmbodiments, the expression veetor is an autonomously replicating vector (i.¢., a vector
that exists as an extra~-chromosomal entity, the replication of which is independent of chromosomal
replication, such as a plasmid, an extra-chromosomal element, a minichromosome, or an artificial
chromosome). The vector may contain any means for assuring self-replication. In some alternative
cmbodiments, the vector mav 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 integrated. Furthermore, a
single vector or plasmid or two or more vectors or plasmids which together contain the total DNA to be
introduced into the genome of the host cell, or a transposon may be used.

{0215} In some embodiments, the expression vector preferably contains one or more sclectable markers,
which permit easy 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. Examples of bacterial selectable markers include, but are not limited to the da/ genes from Bacillus
subtilis or Bacillus licheniformis, or markers, which confer antibiotic resistance such as ampicillin,
kanamycin, chloramphenicol or tetracycline resistance. Suitable markers for yeast host cells include, but
are not limited to ADE2, HIS3, LEU2, LYS2, MET3, TRPI1, and URA3. Sclectable markers foruse in a
filamentous fungal host cell include, but are not limited to, amdS (acctamudasce), argB {omithine
carbamovitransferases), bar (phosphinothricin acetyltransferase), hph (hygromycin phosphotransferase),
ntaD (nitrate reductase), pyrG (orotidine-5'-phosphate decarboxylase), sC {sulfate adenvltransferase), and
trpC (anthrandate synthase}, as well as equivalents thereof. In another aspect, the present invention
provides a host cell comprising a polynucieotide encoding at least one enginesred proline hydroxylase
polypeptide of the present application, the polynucleotide being operatively hinked to one or more control
sequences for expression of the engineered proline hydroxyvlase enzyme(s) in the host cell. Host cells for
use in expressing the polypeptides encoded by the expression vectors of the present invention are well
known in the art and include but are not limited to, bacterial cells, such as £. cofi, Fibrio fluvialis,
Streptomyees and Salmonella typhimurium cells; fungal cells, such as yeast cells {e.g., Saccharomyces
cerevisiae and Pichia pastoris [JATCC Accession No. 201178]); msect cells such as Drosophila 82 and
Spodoptera 519 cells; animal cells such as CHO, COS, BHK, 293, and Bowes melanoma cells; and plant
cells. Exemplary host cells are Ascherichia coli strains (e.g., W3110 (AthuA} and BLZ1).

[0216] Accordingly, in another aspect, the present invention provides methods for producing the
engineered proline hydroxylase polvpeptides, where the methods comprise culturing a host cell capable of
expressing a polynucleotide 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 prolive hydroxylase polypeptides, as described herein.

{8217} Appropriate culture media and growth conditions for the above-described host cells are well
known in the art. Polynucleotides for expression of the proline hvdroxylase polypeptides may be
mtroduced into cells by various methods known i the art. Technigues include, among others,
clectroporation, biolistic particle bombardment, liposome mediated transfection, calcium chloride

transfection, and protoplast fusion.
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[0218] The enginecred proline hydroxylase with the properties disclosed herein can be obtained by
subjecting the polynucleotide encoding the naturally occurring or engincered prolive 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., Stemmer,
Proc. Natl. Acad. Sci. USA 91:10747-10751 [1994}; W 95/22625;, WO 97/0078; WO 97/33966; 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
e.g., Zhao et al,, Nat. Biotechnol., 16:258-261 [1998]), mutagenic PCR (See ¢.g., Caldwell et al, PCR
Methods Appl., 3:5136-S140 [1994]), and casscttc mutagenesis (Sce ¢.g., Black et al., Proc. Natl. Acad.
Sci. USA 93:3525-3529 [1996]).

{8219} For example, mutagenesis and directed evolution 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, 6995 017, 6,395,547, 6,506,602,
6,519,063, 6,506,603, 6,413,774, 6,573,098, 6,323,030, 6,344,356, 6,372,497, 7,868,138, 5,834,252,
5,928,903, 6,489,146, 6,096,548, 6,387,702, 6,391,552, 6,358,742, 6,482,647, 6,335,160, 6,653,072,
6,355,484, 6,303,344, 6,319,713, 6,613,514, 6,455,253, 6,579,678, 6,586,182, 6,406,855, 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, 6,406,210, 6,413,745, 6,436,675, 6,961,664, 6,537,746, 71,430,477, 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, 7,058,515, 7,024,312, 7,620,502, 7,853,410, 7957912,
7,904,249, 8,383,346, 8,504,498, 8,768,871, 8,762,066, &,849,575, and all related non-US counterparts;
Ling et al., Anal. Biochem., 254:157-78 [1997]; Dale et al,, Meth. Mol. Biol, 57:369-74 [1996]; Smith,
Ann. Rev, Genet., 19:423-462 [1985]; Botstem et al., Science, 229:1193-1201 [1985]; Carter, Biochem.
§.. 237:1-7 {19386}, Kramer et al, Cell, 38:879-887 {1984}, Wells et al., Gene, 34:315-323 [1985];
Minshull et al, Curr. Op. Chem. Biol., 3:284-290 [1999]; Christians et al., Nat. Biotechnol., 17:259-264
[19997]; Crameri ot al., Nature, 391:288-201 [1998]; Crament, ¢t al., Nat. Biotechnol., 15:436-438 [1997];
Zhang et al., Proc. Nat. Acad. Sci. U.S.A | 94:4504-4509 [1997}; Crameri et al., Nat. Biotechnol,, 14:315-
319 11996}, Stemmer, Nature, 370:389-391 [1994]; Stemmer, Proc. Nat. Acad. Sci. USA, 91:10747-
10751 [1994]; WO 95/22625;, WO 97/0078, WO 97/35966; W( 98/27230;, WO 00/42651; WO
01/73767, WG 2009/152336, WO 2009/102901, WO 2009/102899, WO 2011/035105, WO 2013/138339,
WO 2013/003290, WO 2014/120819, WO 2014/120821, WO 2015/0134315, and WO 2015/048573, all
of which are mcorporated herein by reference).

{0220} In some embodiments, the enzyme clones obtained following mutagenesis treatment are screcned
bv subjecting the enzymes 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. Clounes containing a polynucleotide encoding a
proline hydroxylase polvpeptide are then sequenced to identifv the nucleotide sequence changes (if any},
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).

{6221} In some embodiments, the clones obtained following mutagenesis treatrent can be sereened for
enginecred proline hydroxylases having one or more desired improved enzyme properties (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 or post
separation), for example, using dansyl chloride or OPA (Sec ¢.g., Yacgaki et al., J Chromatogr,
356(1):163-70 [19861}.

{06222] Where the sequence of the enginecred polypeptide is known, the polynucleotides encoding the
enzyme can be prepared by standard solid-phase methods. according to known synthetic methods. In some
embodiments, fragments of up to about 100 bases can be mdividually synthesized, then jomned (e.g., by
enzymatic or chemical litigation methods, or polymerase mediated methods) to form any destred
continuous sequence. For example, polynucleotides and oligonucleotides encoding portions of the proline
hydroxylase can be prepared by chemucal 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 §. 3:801-05 [1984]) as typically practiced in automated synthetic methods.
According to the phosphoramidite method, oligonucleotides are svnthesized (e.g., in an automatic DNA
synthesizer), punfied, annealed, ligated and cloned 1n appropriate vectors. In addition, essentially any
nuelete acid can be obtained from any of a variety of commercial sources. In some embodiments,
additional variations can be created by svnthesizing oligonucleotides containing deletions, insertions,
and/or substitutions, and combining the oligonuclestides in various permutations to create engineered
proline hydroxylases with improved properties.

[6223] Accordingly, in some embodiments, a method for preparing the engineered proline hydroxylases
polypeptide comprises: (a) synthesizing a polynucleotide encoding a polvpeptide comprising an amino
acid sequence having at least about 80%, 85%. 86%, 87%, 88%, 89%, 90%. 91%, 92%, 93%, 94%, 95%,
96%, 97%, 98%, or 99% or more sequence wdentity to an amino acid sequence selected from the even-
numbered sequences of SEQ ID N(O:4-1004, and having one or more residue differences as compared to
SEQ [D 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, 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; and (b}
expressing the proline hydroxylase polypeptide encoded by the polynuclestide.

{0224] Accordingly, in some embodiments, a method for preparing the enginecred proline hvdroxylases
polypeptide comprises: (a) synthesizing a polvnuclestide encoding a polypeptide comprising an amino

acid seguence having at least about 830%, 85%, §6%, 87%, 88%, §9%, 90%, 91%, 92%, 93%, 94%, 93%,
q g
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96%, 97%, 98%, or 99% or morc sequence identity to an amino acid sequence selected from the even-
numbered sequences of SEQ ID NO:4-1004, and baving 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, 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
polynucleotide.

{0225] 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 having at least about 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%,
96%, 97%, 98%, or 99% or more sequence identity to an amino acid sequence selected from the even-
numbered sequences of SEQ 1D N(G:4-1004, and having one or more residue differences as compared to
SEQ ID NO:810 at residue positions selected from 33, 40, 95, and 1536; and (b} expressing the proline
hydroxylase polypeptide encoded by the polynucleotide.

[0226] Accordingly, in some embodiments, a method for preparing the engineered proline hydroxylases
polypeptide comprises: (a) synthesizing a polynucleotide encoding a polypeptile comprising an aming
acid sequence selected from the even-numberced scquences of SEQ ID NG:4-1004, and having one or
more restdue differences as compared to SEQ 1D 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, 57,38, 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, 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; and (b) expressing the proline hyvdroxylase polypeptide encoded by the
polynucleotide.

[0227) Accordingly, in some emboduments, 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 ID N3:4-1004, and having one or
more residue differences as compared to SEQ) 1D NO:604 at resudue 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, 101, 192, 195, 198, 200, 207, 209, 210, 211, 213, 215,217, 218,
222,225,230, 233, 236, 238, 240, 241, 256, 259, 263, 263,271, and 273; and (b) expressing the proline
hvdroxylase polypeptide encoded by the polynucleotide.

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

[6229] In some embodiments of the method, the polynucleotide encodes an engineered proline

hvdroxylase that has optionally one or several (e.g, up to 3, 4, 5, or up to 10} amino acid residus
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deletions, msertions and/or substitutions. In some embodiments, the amino acid sequence has optionally
1-2, 123, 1-4, 1-5, 1-6, i-7, 1-8, 19, 1-10, {-15, 1-20, 1-21, 122, 1-23, 1-24, 123, 1-30, 1-35, 1-40, 1-45,
or 1-50 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, 17, 18, 19, 20,21, 22, 23,
24,25, 30, 30, 35, 40, 45, or 50 amino acid residuc delctions, 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.

[0230] 1o some embodiments, any of the enginecred proline hydroxylase enzymes expressed in a host
cell can be recovered from the cells and/or the culture medium using any one or more of the well known
techniques for protein purification, including, among others, lysozyme treatment, sonication, filtration,
salting-out, ultra-centrifugation. and chromatography. Suitable solutions for lysing and the high efficiency
extraction of proteins from bacteria, such as Z. coli, are commercially available (e.g., CelLytic B™,
Sigma-~-Aldnich, 5t. Lowis MOj.

{6231} Chromatographic techniques for isolation of the proline hydroxylase polypeptide include, among
others, reverse phase chromatography high performance liquid chromatography, 1on exchange
chromatography, gel clectrophoresis, and affinity chromatography. Conditions for punfyving a particular
enzyme will depend, in part, on factors such as net charge, hvdrophobicity, hyvdrophilicity, molecular
weight, molecular shape, etc., and will be apparent to those having skill in the art.

{08232] In some embodiments, affinity techniques may be used to isolate the improved proline
bvdroxylase enzymes. For affinity chromatography purification. any antibody which specifically binds the
proline hydroxylase polypeptide may be used. For the production of antibodies, various host animals,
including but not limited to rabbits, mice, rats, etc., may be immunized by injection with a proline
hvdroxylase polypeptide, or a fragment thereof. The proline hydroxviase polypeptide or fragment may be
attached to a suitable carrier, 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 poly(L-proline) or dye affinity column (Sece e.g., EP0641862;
Steltwagen, “Dye Affinity Chromatography,” & Current Protocols in Protein Science, Unit 9.2-92.16
[20019]).

Methods of Using the Engineered Proline Hydroxylase Enzymes

[8233] In some embodiments, the proline hydroxylases described herein find use processes for
converting a suitable substrate to its hvdroxylated product. Generally, the process for performing the
bvdroxylation reaction comprises contacting or incubating the substrate compound m presence of a co-
substrate, such as a-ketoglutarate, with a proline hydroxylase polypeptide of the invention under reaction
conditions suitable for formation of the hydroxylated produact, as shown in Scheme 1, above.

{0234] In the embodiments provided herein and iHustrated in the Examples, various ranges of suitable

reaction conditions that can be used in the processes, include but are not lumited to, substrate loading, co-
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substrate loading, 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 to product compounds using an engineered proline
hydroxylase polypeptide described herein can be readily optimized in view of the guidance provided
herein by routine experimentation that includes, but is not limited to, contacting the engineered proline
hvdroxylase polvpeptide and substrate compound under experimental reaction conditions of
concentration, pH, temperature, and solvent conditions, and detecting the product compound.
{06235] Suitable reaction conditions using the engineered proline hydroxylase polypeptides typically
comprise a co~substrate, which is used stoichiometrically in the hydroxylation reaction. Generally, the co-
substrate for proline hvdroxylases is a-ketoglutarate, also referred to as a-ketoglutaric acid and 2-
oxoglataric acid. Other analogs of a-ketoglutarate that are capable of serving as co-substrates for proline
hvdroxylases can be used. An exemplary analog that may serve as a co-substrate is a-oxoadipate. Because
the co-substrate is used stoichiometrically, the co-substrate is present at an equimolar or higher amount
than that of the substrate compound {i.¢., the molar concentration of co-substrate is equivalent to or higher
than the molar concentration of substrate compound}. In some embodiments, the suitable reaction
conditions can comprise a co-substrate molar concentration of at least 1 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-ketoghutarate, of
about 0.001 M to about 2 M, 0.01 M to about 2 M, 0.1 M to 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 0.001, 001, 0.1, 02,03,04,05,06,0.7,08, 1, 1.5, or2 M. In some
embodiments, additional co-substrate can be added dunng the reaction,
{0236] Substrate compound in the reaction mixtures can be varied, taking into consideration, for
gxample, 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 suitable reaction conditions comprise a substrate compound loading of at least
about 0.5 to about 200 g/L. 1 to about 200 g/L., S 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 suitable 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 least about 13 g/L, at least about 20 g/L, at least about 30 g/L, at least about 50 g/L, at
cast about 75 g/L, at least about 100 /L, at least 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 in the process.
{8237} In carrying out the proline hydroxylase mediated processes described herein, the engineered
polvpeptide 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 enzyme, as cell extracts and/or lysates of such

cells, and/or as an enzyme immobilized on a solid support. Whole cells transformed with gene(s)
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encoding the enginecered prolme hydroxylase enzyme or cell extracts, lysates thereof, and isolated
enzyvmes may be emploved m a variety of different forms, including solid {e.g., Ivophilized, spray~dried,
and the like} or semisolid {e.g., a crade paste). The cell extracts or cell lysates may be partially purified by
precipitation (ammonivm sulfate, polvethyleneimine, heat treatment or the like, followed by a desalting
procedure prior to lyophilization (¢.g,, ultrafiltration, dialysis, etc.}. Any of the enzyme preparations
{including whole cell preparations) may be stabilized by crosslinking using known crosslinking ageunts,
such as, for example, glutaraldehyde 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 cell separately or together into the same host cell. For example, in some embodiments one set of host
cells can be transformed with gene(s) encoding one engineered proline hvdroxylase polypeptide and
another set can be transformed with gene(s) encoding another enginecred proline hydroxylase
polypeptide. Both sets of transformed cells can be utilized together in the reaction mixture in the form of
whole cells, or in the form of lysates or extracts derived therefrom. In other embodiments, a host cell can
be transformed with gene{s} encoding multiple engineered proline hydroxylase polypeptide. In some
embodiments the engineered polypeptides can be expressed in the form of secreted polypeptides and the
cultere medium containimg the secreted polypeptides can be used for the proline hydroxylase reaction.
{6239] In some cmbodiments, the improved activity and/or stereosclectivity of the engineered proline
hydroxylase polypeptides disclosed herein provides for processes wherein higher percentage conversion
can be achieved with lower congentrations of the engineered polvpeptide. In some embodiments of the
process, the suitable reaction conditions comprise an engineered polypeptide amount of about 1% (w/w),
2% (wiw), 5% (wiw), 10% (wiw}, 20% (w/w), 30% (w/iw}, 40% (wiw), 50% (w/iw), 75% (wiw), 1009%
{w/w) or more of substrate compound loading.

10249] In some embodiments, the engineered polypeptide is present at about 0.01 g/L to about 50 g/L;
about 0.05 /L to about 50 g/L; about 0.1 g/L to about 40 g/L; about 1 g/L to about 40 g/L; about 2 g/L. to
about 40 g/L; about 5 ¢/L. to about 40 g/L; about 5 g/L. o about 30 g/L; about 0.1 ¢/L. to about 10 g/l,;
about 0.5 g/L to about 10 g/L; about 1 g/l to about 10 g/L; about §.1 g/L to about 5 g/L; about 0.5 g/L to
about 5 g/L; or about 0.1 g/L 1o about 2 ¢/L. In some embodiments, the profime hvdroxylase polypeptide is
present at about 0.01 ¢/1, 0.05 /L, 0.1 o/L. 02 /L, 05 g/, 1,2 /L. S/, 10 g/L, 15 /L, 20 /1, 25
o/L, 30 /L, 35 g/L, 40 g/, or 50 g/1..

[0241] In some embodiments, the reactions conditions also comprise a divalent transition metal capable
of serving as a cofactor in the oxidation reaction. Generally, the divalent transition metal co-factor is
ferrous ion {i.e., Fe™). The ferrous ion mav be provided in various forms, such as ferrous sulfate (FeS0,),
ferrous chloride (FeCly), ferrous carbonate (Fe(CQOs5), and the salts of organic acids such as citrates, lactates
and fumarates. An exemplary source of ferrous sulfate 1s Mohr’s salt, which is ferrous ammonium sulfate
{NHL ), Fe(SQ4); and is available in anhydrous and hydrated (i.e., hexahydrate} forms. While ferrous ion is
the transition metal co-factor found in the naturally occurring proline hydroxylase and functions
cfficiently in the engincered enzymes, 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 mMto 10 mM, ©.1
mM to about 3 mM, 0.5 mM to about 3 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 transition metal co-factor concentration
of about 0.1 mM, 0.2 mM, 0.5 mM, 1 mM, 1.3 mM, 2 mM, 3 mM, 5 mM, 7.5 mM or 10 mM. I some
embodiments, higher concentrations of divalent transition metal cofactor can be used, for example up to
50 mM or up to 100 mbM.

{06242} In some embodiments, 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 hydroxylation reaction, enzymatic
activity is enhanced i its presence. Without being bound by theory, the ascorbate is belicved to maintain
or regenerate the enzyme-Fe 7 form, which is the active form mediating the hydroxylation reaction.
Generally, the reaction conditions can comprise an ascorbic acid concentration that corresponds
proportionately to the substrate loading. In some embodiments, the ascorbic acid is present in at least
about 0.1 fold, 0.2 fold 0.3 fold, (.5 fold, 0.75 fold, 1 fold, 1.5 fold, or at lcast 2 fold the molar amount of
substrate. In some embodiments, the reductant, particularly L- ascorbic acid, is at a concentration of about
(.001 M to about 0.5 M, about 0.01M to about 0.5 M, about 0.01 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, isata
concentration of about 6.001 M, 0.005 M, 0.01 M, 0.02M, 0.03 M, 0.05 M, 01 M, 015 M, 02 M, 03 M,
04M,0r05M

[0243] In some embodiments, the reaction conditions comprise molecular oxygen (1.e., G,). Without
being bound by theory, one atom of oxygen from molecular oxygen is meorporated into the substrate
compound to form the hydroxylated product compound. The O, may be present naturally 1n 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, (; gas, or other O;-contaming
gases. In some embodmments, the (3, m the reaction can be increased by increasing the pressure of the
reaction with O, or an ,-containing gas. This can be done by carrying out the reaction in a vessel that
can be pressurized with (; gas. In some embodiments, the O, gas can be sparged through the reaction
solution at a rate of at Jeast 1 liter per hour (L/h), at least 2 L/h, at least 3 L/b, 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/, between about 2 L/h and 7 L/, 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 maintained 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 controlled by using a buffer. Accordingly, in some embodiments, the reaction condition comprises
a buffer. Suitable buffers to maintain desired pH ranges are known in the art and include, by way of
example and not hmitation, borate, phosphate, 2~(N-morpholino)ethanesulfonic acid (MES), 3-(N-

morpholinopropanesulfonic acid (MOPS), acetate, tricthasolamine, and 2-amino-2-hydroxymethyl-
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propane-1,3-diol (Tris), and the like. In some embodiments, the buffer is phosphate. In some
embodiments of the process, the suitable reaction conditions coniprise 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 .1 to
about 0.2 M. In some embodiments, the reaction condition comprises a buffer (e.g., phosphate)
concentration of about 0.01, 0.02, 0.03, 0.04, 0.05,0.07,0.1,0.12,0.14, ¢.16,0.18,02,03,0r 04 M. In
some embodiments, the reaction conditions comprise water as a suitable solvent with no buffer present.
[0245] In the embodiments 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 controlied
before and/or during the course of the reaction. In some embodiments, the suitable reaction conditions
comprise a solution pH from about 4 to about 10, pH from about 3 to about 10, pH from about 5 to about
9. pH from about 6 to about 9, pH from about 6 to abowt 8. [n some embodiments, the reaction conditions
comprise a solution pH of about 4,4.5,5.55.6,65,7,75,8,85.9,95, or 10.

[3246] In the embodiments 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 period. Accordingly, in some embodiments, the
suitable reaction conditions comprise a temperature of about 10°C to about 60°C, about 10°C to about
55°C, about 15°C to about 60°C, about 20°C to about 60°C, about 20°C to about 55°C, about 25°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 maintained at a specific
temperature throughout the course of the reaction. In some embodiments, the temperature dosing the
enzymatic reaction can be adjusted over a temperature profile during the course of the reaction.

10247] The processes of the invention are generally carried out in a solvent. Suitable solvents include
water, aqueous buffer solutions, organic solvents, polymeric solvents, and/or co-solvent systems, which
generally comprise agueous solvents, organic solvents and/or polymeric solvents. The aqueous solvent
{water or agueous co-solvent system) may be pH-buffered or nnbuffered. In some embodiments, the
processes using the engineered proline hydroxylase polvpeptides can be carried out in an agqueous co-
solvent systemn comprising an organic solvent (e.g., ethanol, isopropanol {IPA), dunethyl sulfoxide
{BMS0), dimethylformamide (DMF}) ethyl acetate, butyl acetate, 1-octanol, heptane, octane, methvi t
butyl ether (MTBE), toluene, and the like), ionic or polar solvents {e.g., 1-ethyl 4 methylimidazolivin
tetratluoroborate, 1-butyl-3-methviimidazolium tetraffuoroborate, 1-butyl 3 methylimidazolium
hexafluorophosphate, glycerol, polyethyiene glycol, and the like}. In some embodiments, the co-solvent
can be a polar solvent, sach as a polvol, dimethvlsulfoxide (BMSO), or lower aleohol. The non-agquecus
co~ solvent component of an aqueous co-solvent system may be miscible with the aqueous component,
providing a single liquid phase, or may be partly miscible or immiscible with the agueous component,
providing two liquid phases. Exemplarv agueous co-solvent svstems can comprise water and one or more

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

[3248] In some embodiments of the process, the suitable reaction conditions conmprise an aqueous co-
solvent, where the co-solvent comprises DMSO at about 19 to about 50% (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% 1o 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 15% (v/v), about 20% (v/v), about 25% (v/v}, about 30% (v/v}, about 35% {v/v}, about 40% (v/v},
about 43% (v/v), or about 50% (viv).

[0249] 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, include by way of example and not limitation, nonyl
phenoxypolyethoxylethanol (NP403}, Triton X-100, polyoxyethylene-stcarylamine,
cetvitrimethylammonium bronude, sodium oleviamidosulfate, polyoxyethylenc-sorbitanmonostearate,
hexadecyldimethylamine, etc. Any surfactant that may stabilize or enhance the reaction may be
emploved. The concentration of the surfactant to be employed in the reaction may be generally from 0.1
to 50 mg/md, particularly from 1 to 20 mg/ml.

[0258] In some embodiments, the reaction conditions can include an antifoam agent, which aids
reducing or preventing formation of foam in the reaction solution, such as when the reaction solutions are
mixed or sparged. Anti-foam agents include non-polar oils {e.g., minerals, silicones, etc.}, polar oils (e g,
tatty acids, alkvl amines, alkyl amides, alkyl sulfates, etc.), and hydrophobic {(¢.g., treated silica,
polvpropylene, ete.), some of which also function as surfactants. Exemplary anti-foam agents include, Y-
30% (Dow Coming), poly-glveol copolymers, oxy/ethoxyiated alcohols, and polydimethyisiloxanes. In
some embodiments, the anti-foam can be present at about 0.001% (v/v) to aboat 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 0.5% (v/v), about 1% (v/v}, about 2% (v/v), about 3% (v/v}, about 4% (v/v), or about
5% (v/v} or more as desirable to promote the reaction.

{0251] The quantitics of reactants used in the hydroxylase reaction will generally vary depending on the
quantitics of product desired, and concomitantly the amount of proline hyvdroxylase substrate eraployed.
Those having ordinary skill in the art will readily understand how to vary these quantities to tailor them to
the desired level of productivity and scale of prodaction.

{0252] 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 solvent, biphasic aqueous co-solvent

system, and the like}, or alternatively, some of the reactants may be added separately, and some together
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at different tune points. For cxample, the cofactor, co-substrate, proline hydroxylase, and substrate mav be
added first to the solvent.

{0253} The solid reactants (e.g., enzyme, salts, etc.) may be provided to the reaction in a variety of
different forms, including powder {¢.g., lyophilized, spray dried, and the like), solution, emulsion,
suspension, and the like. The reactants can be readily lvophilized or spray dried using methods and
equipment that are known to those having ordiary skill in the art. For example, the protein solution can
be frozen at -80°C in small aliquots, then added to a pre-chilled lvophilization chamber, followed by the
application of a vacuum.

[6254] For improved mixing efficiency when an aqueous co-solvent systent is used, the proline
hydroxylase, and cofactor may be added and mixed into the agueous phase first. The organic phase may
then be added and mixed in, followed by addition of the proline hydroxylase substrate and co-substrate.
Altemnatively, the proline hydroxylase substrate may be prenixed in the organic phase. prior to addition to
the agueous phase.

{0255} The hydroxylation process is generally allowed to proceed until further conversion of substrate to
hydroxylated product does not change significantly with reaction time (e.g., less than 10% of substrate
being converted, or less than 5% of substrate being converted). In some embodiments, the reaction is
allowed to proceed until there 1s complcte 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. Sunitable analytical methods include gas chromatography,
HPLC, MS, and the like.

[0256] In some embodiments of the process, the suitable reaction conditions comprise a substrate loading
of at least abowt 3 g/L, 10 o/L, 20 /L, 30 g/L, 40 g/L, 50 g/L, 60 &/L, 70 g/L, 100 g/L, or more, and
wherein the method resolts in at least about 50%, 60%, 70%, 30%, 90%, 95% or greater conversion of
substrate compound to product compound in about 48h or less, i about 36 h or less, or in about 24 h or

fess.

s

{62587} The engineered proline hydroxylase polypeptides of the present mvention when used in the
process under suitable reaction conditions resulf in an excess of the cis-hydroxylated product in 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-hydroxviated product is formed.

[6258] In further embodiments of the processes for converting substrate compound to hydroxylated
product compound using the engineered proline hvdroxylase polypeptides, the suitable reaction conditions
can comprise an initial substrate loading to 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 time at a rate of at least about 1 o/L/h, at least about 2 g/L/h, at
least about 4 g/L/b. at least about 6 g/L/h, or higher. Thus, according to these suitable reaction conditions,
polypeptide is added to a solution having an initial substrate loading of at least about 20 g/L, 30 o/1., or 40
o/L. This addition of polypeptide is then followed by continuous addition of further substrate to the

solution at a rate of about 2 g/I/h, 4 ¢/L/h, or 6 g/L/h until a mach higher final substrate loading of at least

an
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about 30 g/L, 40 g/L, 50 g/L, 60 g/L., 70 g/L., 100 /L, 150 /L., 200 ¢/L. or more, is reached. Accordingly,
in some embodiments of the process, the suitable reaction conditions comprise addition of the polypeptide
o a sohution 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 rate of about 2 g/L/h, 4 ¢/L/h, or 6 g/L/h until a final
substrate loading of at least about 30 g/L, 40 g/L, 50 g/L, 60 ¢/L, 70 ¢/L, 100 g/L or more, is reached.
This substrate supplementation reaction condition allows for higher substrate loadings 1o be achieved
while maintaining high rates of conversion of substrate to hydroxylated product of at least about 30%,
60%, 70%, 80%, 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.

{82591 In some embodiments of the processes, the reaction using an engineered proline hydroxylase
polypeptide can compnse 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 engineered polypeptide; (¢} about 19 g/L (0.13 M) 1o 57 g/L.
{0.35 M) of a-ketoghutarate; (d) about 14 g/L (0.08 M} to 63 g/L. (0.36 M} ascorbic acid; {¢) about 1.5 g/LL
(8 mM)yto 45 g/L (11.5 mM) of FeSO,; {f) a pH of about 6 to 7; {g) temperature of about 20° 10 40°C;
and (h) reaction time of 2-24 h.

[0268] In some cmbodiments of the processes, the reaction using an engineered proline hydroxylase
polvpeptide can compnse the following suitable reaction conditions: (a) substrate loading at about 10 g/L
to 100 g/L; (b) about 1 &/L to about 50 g/L of engineered polypeptide; (¢} u-ketoglutarate at about 1 10 2
molar equivalents of substrate compound; (d} ascorbic acid at about 0.25 10 0.75 molar equivalents of
substrate compound; {¢) about 0.5 mM to about 12 mM of FeSQy; (f) pH of about 6 to 8 {g) temperature
of about 207 to 40°C; and (b) reaction ime of 610 120 h.

10261] In some embodiments, additional reaction components or additional technigques carried out to
supplement the reaction condtions. These can include taking measures to stabilize or prevent inactivation
of the enzyme, reduce product inhibition, shift reaction equilibrium to hyvdroxylated product formation.
{0262} 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;
1solation; purification; and crystallization of product compound. Methods, techniques, and protocols for
extracting, isolating, purtfving, 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, illustrative methods are provided in the Examples below.
{0263] Various features and cmbodiments of the invention are illustrated in the following representative

examples, which are intended to be lltustrative, and not limiting.
EXPERIMENTAL

{0264} The following Examples, including experiments and results achieved, are provided for illustrative

purpoeses only and are not to be construed as limiting the present invention.
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[0265] In the experimental disclosure below, the following abbreviations apply: ppm (parts per million);
M (molar); mM (millimolar), uM and uM (micromolar); nM {nanomolar); mol (moles); gm and g {(gram);
mg (milligrams); ug and g (micrograms); L and 1 (liter}; ml and mL (milliliter); cm (centimeters); mm
{millimeters), um and pm (micrometers); sec. (seconds); min{s) (minute(s)); h(s) and hr{s) thour{s)), U
{units); MW (molecular weight): rpm (rotations per minuie); °C (degrees Centigrade); CDS {coding
sequence); DNA {deoxyribonucleic acid); RNA {ribonucleic acidy, NA (nucleic acid; polvnuclectide); AA
(amino acid; polypeptide}; £. coli W3110 (commonly used laboratory E. coli strain, available from the
Coli Genetic Stock Center [CGSCY, New Haven, CT); HPLC (high pressure liquid chromatography);
SDS-PAGE (sodium dodecyl sultate polyacrvlanide gel clectrophoresis); PES (polycthersuifone); CFSE
{carboxyfluorescein succinimidyl ester); IPTG (isopropyl beta-D-1-thiogalactopyranoside); PMBS
{polyvmyxin B sulfate}; NADPH (nicotinamide adenine dinucleotide phosphate}; GDH (glucose
dehydrogenase); polyethvienimine (PEL); FIOPC (fold improvement over positive control); DO
{dissolved oxygen): ESI (electrospray ionization); LB (Luria broth); 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
Brunswick, NJj; Sigma-Aldrich {Sigma-Aldrich, $t. Louis, MO); Ram Scientitic (Ram Scientific, Inc,,
Yonkers, NY); Pall Corp. (Pall, Corp., Pt. Washington, NY); Millipore (Millipore, Corp.. Billerica MA);
Difeo (Dafeo Laboratories, BD Diagnostic Systems, Detroit, MI); Molecular Devices (Molecular Devices,
LLC, Sunnyvale, CA); Kuhner (Adolf Kuhner, AG, Basel, Switzeriand), Cambridge Isotope Laboratories,
{Cambndge Isotope Laboratorics, Inc., Tewksburv, MA}Y, Applicd Biosystems {(Applied Biosystems, part
of Life Technologies, Comp.. Grand Island, NY), Agilent {Agilent Technologies, Inc., Santa Clara, CA);
Thermo Scientific {part of Thermo Fisher Scientific, Waltham, MA); Fisher (Fisher Scientific, Waltham,
MA}; Coming {Corning, Inc, Palo Alto, CA);, Waters {Waters Corp.. Milford, MA). GE Healthcare (GE
Healthcare Bio-Sciences, Piscataway, NI}, Pierce (Picrce Biotechnology (now part of Thermo Fisher
Scientific), Rockford, IL); Phenomenex (Phenomenex, Inc., Torrance, CA); Optinal (Optimal Biotech
Group, Behmont, CA); and Bio-Rad (Bio-Rad Laboratories, Hercules, CA}.

{8266] The foliowing sequences were used n the development of the present invention.

pIV110906:
tcgagttaatiaaggcagteagogcaacgcaatiaatgigagitageicacteattaggeacceoaggetitacactitatgottceggetegtatgttetotg
gaatigtgagcggataacaatitcacacaggaaacggetaigaccatgattacggattcaciggoogtcgtitiacaatetagaggecagectggecataa
geagatatacatatgagtaticaacatticegtgicgecctiaticocttittigeggeattitgocttectgttitigeicacceagaaacgotegigaaagtaaa
agatgctgaagatcagttegotocacgagtigeettacatcgaactggatcteaacageggtaagatecttgagagttitcgoceccgaagagegtiticeaat
gatgagcacititaaagtictgctatgiggegeggtatiatceegigtigacgecgggeaagageaacteggtcgocgeatacaciattcicagaatgactty
gitgagtacicaccagicacagaaaageatcttacggatggoatgacagtaagagaattatgcagtgctgccataaccatgagteataacactgoggeca
acttactictgacaacgatcggaggacegaageagetaaccgittittigcacaccatgggggatcatgtaactegectigategitsggaaceggascty
aatgaagecataccaaacgacgagegigacaccacgatgectacageaatggcaacaacgtigegeaaactattaaciggegaactacttactctagett
cocggcaacaatiaatagactggatgeagocegataaagtigcaggaccacticigegoteggaeoctteccggotggetggttiatigeigataaatcigga
geoggteascgtgggtcicgeggtatcattgoageactgggeccagatggtiaagecctccegtatcgtagtiatctacacgacggggagicaggeaact
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atggatgaacgaaatagacagatcgoetgagataggigoecticactgatiaageattggggccaaactggecaccaicaccatcaccattaggaaagagca

gatggocaagetigacctgigaagigaaaaatggegeacatigtgegacattittttitgaattctacgtaanaagcagecgatacatcggetetitttitttet

geaggetoaaacaaaacggtiaacaacatgaagtanacacggtacggtgaaataagatcactccggggogtattitttgagttatcgagattiicaggagct

aaggaagctaaaatggagaaaaaaatcaciggatataccacegtigatatatcecaatggeatcgtaaagaacatittgaggcatitcagtcagtigetcaat
gtacctataaccagaccgiicageiggatatiacggectititaaagaccgianagaaaaataagcacaagtiitaiceggectitaticacattetigecegee
tgatgaatgetcatocggagticegtatggeaatgaaagacggtgagetggtgatatgggatagtgticacectigitacaccgititccatgageaaactga
aacgtiticategeictggagigaataccacgacgatticcggeagtitctacacatataticgcaagatgtggegtgttacggigaaaacciggectatiice
ctanagggtitattgagaatatgtiiticgicicageeaateectgggtgagitticaccagtittgatitaaacgtggecaatatggacaacticticgecccegtt
ttcaccatgggeaaatatiatacgcaaggegacaaggigctgatgccgeiggcgaticaggticatcatgecgicigigatggcticeatgtcggcagaaty

cttaatgaattacaacagtactgepataagtagcaggocsgogcgtaactgcaggagetcaaacageagecigtaticaggctgetttitagaaatatitiat

ctgattaataagatgatctictigagategitttggictgegestaticicigetetgaaaacgaaaaaaccgectigeagggegtitticgaaggticiciga

getaccaactcttigaaccgaggtaactggctiggaggagegcagicaccaaaactigicctticagtttagecttaaceggracatgacticaagactaact
cctetaaatcaattaccagiggetgetgecagiggtactttigeatgictitcegggttggactcaagacgatagtiaccggataaggegeageggteggac

tgaacgegogoticgtgcatacagiccagetiggagegaactgectacceggaactgagigtcaggcgtegaatgagacaaacgeggocataacage

goaatgacaccggtasaccgaaaggeaggaacaggagagegeacgaggeagecgocaggggeaaacgectggatateittatagtecigtogggttic
gocaccacigattigagegicagatitcgigatgetigtcagggggocggagectatggaaaaacggctitgecgeggocctetcacttecctgtiaagtat
ctectggeatcticcaggaaatetccgeccegticgtaagecatticcgetegecgeagicgaacgaccgagegtagegagicagtgagcgaggangc

ggaatatatcctgtatcacatatictgetgacgeaceggigeagectttittetectgecacatgaageacticactgacacectcatcagteaaccacegelg
gtagegetogtttttitaggectatggoctttitttitigiggganaccittcgeggtategtatiaaagegeceggaagagagicaattcagggtggtgaatgt

gaaaccagtaacgtiatacgatgicgeagagiatgecggtatctcitaicagacegtticcogegtagigaaccaggecageracgiticigegaaaacge
gogaaaaagiggaagegeegatggcggageigaatiacattcccancegogiggeacaacaactggeggacasacagtegitectgatiggeatigec
acciccagiciggeccigeacgegecgicgeaaatigtogegacgattaaatetegegecgateaactgggtoccagegtggteototcgatgotagaac
gaageggogtegaageotglaaageggegetpcacaaictictegegraacgogtcagtggectgalcattaactatocgetggatgaccaggaigeca
ttgctgtggaagctgectgcactaatgticeggegttatitetigatgtcictgaccagacacecatcaacagtatiatiitctcecatgaagacggtacgegac
tggecgtocagcatetgeicgcatigegtcaccageaaategegetgiiageggacccatiaagticigteteggegegtctgegtctgectggctggcat
aaatatetcacicgeaateaaaticagecgatageggaacgggaagecgactgeagioccatgiceggttticaacaaaccatgeaaatgctgaateass
gcatcgtitccactgogatgetggtigecaacgatcagatgecgetgggegeaatgegegccatiaccgagicogggcigegegitegiocggacaicte
gatagtgogatacgacgataccgaagacagetcatgitatatceegecgitaaccaccatcaaacaggatittegectgotggggcaaaccagegigzac
cgetigetgeaactetcicagggecaggcggitaagggcaatcagetgttgcccgtctcactggigaaaagaaaaaccacectggegcccaatacgeaa
accgecictecccgegegtiggeegattcattaatgcagetggcacgacaggtitccegactggaaagcgeocagteagegataccegataanagegy

cticctgacaggaggcepittigtitc (SEQ 1D NO: 1007}

pd V110908 a18¢ RBS

tcgagtiaatiaaggcagtoagegcaacgeaatiaatgtgagtiagcicacteatiaggeaceccaggetitacactitatgettceggetegtatgtistoty

gaattgtgagcogatascaatitcacacaggasacggetatgaccatgattacggaticactggecgtegtitiacaatctagaggecagectggecataa

ggcgatatacatatgagtaticaacatiicegtgtogeectiattcecttttitgegecattitgecticetgtittigctcacceaganacgetggtgaaagtaan
agatgetgaagateagitagetacacgagigggttacatcgaactggatctcaacagegglaagatccitgagagtittegeccegaagagegtiticcaat

gatgascacttitaaagtictpotatgiggcgcggtatiatcecgtgtigacgecgggeaagageaacteggicgecgeatacaciaticicagaatgaciiy
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gitgagtacicaccagicacagaaaageatctiacggatggeatgacagtaagagaattatgcagtgetgecataaccatgagteataacacigoeggeca
acttacticigacaacgateggaggacegaaggagcetaaccgtiftitigeacaccatgggggateatgtaactegectigatcgttgggaaccggagety
aatgaagecataccaaacgacgagegigacaccacgatgectacageaaiggeaacaacgtigegeaaactatiaactggogaactactiactetagett
cocggeaacaattaatagactggatgeaggoggataaagitgcaggaccacticigegoteggeocticeggotggciggtitatigetgataaatctgga
geeggteagegtggetcicgegatateattgeageactggggccagatggtaagecciceegiategtagtiatctacacgacggggagtcaggeaact
atggatgaacgaaatagacagategelgagataggtaccicactgattaageatigggaccaaactggecaccatcaceatcaccatiagggaagagea
gatggecaagettgaceigigaagigaaaaatgecgeacatigigegacatittttitigaatictacgtaaaaageagecgatacateggoigotitititiiot
geagggtgaaacaaaacggtiaacaacatgaagtaasacacggtacggtoaaataagatcactccggegeptattitttgagttatcgagatiticageaget
aaggaagetaaaatggagaaaasaatcactggatataccacegtigatatatcocaatggoatcgtaaagaacatitigaggeatticagteagtigeicaat
gtacctataaccagacegitcagetggatattacggectitttasagacegtaaagaaaaataageacaagiitiateeggectitaticacatictigecegee
tgatgaatgetcatcoggagticegiatggeaatgaaagacggtigagciggigatatggoatagioticacceetigitacacegitticcatgageaaaciga
aacgititcatcgetetggagigaataccacgacgatticcggeagtitctacacatataticgeangatgtggegigttacggigaaaacctggectattice
ctagagggtitatigagaatatgttittcgicteagecaatecctgggtigagtttcaccagttitgatttaaacgtggecaatalggacaacticticgeeccegtt
ttcaccatgggeaaatatiatacgeaaggegacaaggtectgatgecgetggegaticaggticatcatgecgictgtgatgecticeatgtcgacagaaty

cttaatgaattacaacagtactgegatgagtggeagggcgggacgtaactgcaggagetcaaacageagectgtattcaggetgetittiagaaatatittat

ctgattaataagatgatcttcitgagatcgititggicigegegtatictetigetetgaaaacgaaaaaaccgectigeagggoggtititcgaaggtictetga
getaccaactetitgaaccgaggtaactggotiggaggagegcagtcaccaanactigicetttcagtitagecttaaccggegeatgacticaagactaact
coiclaaatcaattaccagiggetectgccagteatgcttitgcalgictticegggttggacticaagacgatagttaccggataaggegeageggtcegac
tgaacggggggticgtegcatacagiccagetiggagegaactgectacceggaacigagigicaggcgiggaatgagacaaacgcggecataacage
ggaatgacaceggtaaaccgaaaggeaggaacaggagagegeacgagggagecgecagggggasacgectggtatctitatagtecigtcgggtite
gecaccacigattigagegtcagatitegtgatgetigicaggegereggagectatggaanaacgectitgccgeggecctcicacticectgtiangtat
cttectggeateticcaggaaatcicegeccogticgtaagecatttecgetegecgeagtegaacgacegagegtagegagicagteagegageaagC
ggaatatatecigtatcacatatictgeigacgcaccggigeagecitititeicctgecacatgaageacticactgacacccteatcagtgaaccaccgetg
glageggtogtittititaggoctatggeotitittittigigggaaacciticgeggtatggtattaaagegeecggaagagagicaaticagggtggigaatet
gaaaccagtagcgttatacgatetecgeagagtatgecggtgtetettatcagacegitteccgegtggteaaccaggecagecacgiticigegaaaacge
gooanaaagtgsaagcgocoatoocoascigaatiacaticecaaccgegtggcacaacaactggoggocanacagtegtigeigatigocottoce
acctecagtetggecctgeacgegecgicgeaaattgicgeggogatiaaateicgegeegatcaactgggisccagegtggtggtotcgatgstazaac
gaagcegecegicgaagocigtanageggoggigeacaatcticicgegeaacgegicagtgggcigatcattaactaicegetggaigaccaggaigeca

tigetgtggaagetgectigeactaatgtteoggegtiatitetigatgteictgaccagacacccatcaacagtatiattticteccatgaagacggtacgegac

tgggcgtpgagcatetgptegeatiggsicaccageaaatcgegctgttagegggcccattaagtictgtctegacegegtctgegtctggctggctggeat
aaatatctcactegeaatcaaaticagecgatageggaacgggaagecgaciggagtgecatgtecggtiticaacaaaccatgeaaatgctgaatgagg
geatcgtticcactgegatgctggtigccaacgatcagatggegctgggegeaatgegegecatiaccgagicegggctgegegtiggtecggacatctc
ggtagtgggatacgacgatacegaagacagetcatgtiatatecegeegtiaaceaccatcaaacaggatiticgectgetgggacaaaccagegtggac

cgettgetgeaactcictcagggecaggeggttanppocaateagetgitgecegteteactggigaaaagaaaaaccaccotggegeocaatacgcaa

accgocictecoegogegtigaecgaticatiaatgeagetggeacgacaggtiicecgactiggaaagcggacagigagegotacccgalaaaagcgy

ctiectgacaggaggecgtitigttte (SEQ 1D NG: 1008)

pJV116900 ge RBS

an
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tcgagtiaattaaggecagtgagegcaacgeaatiaatgigagitagetcactcatiaggcaccecaggctttacactitatgettceggotegtatgtigtety

gaattgigagegeataacaatticacacaggaaacggotatgaccatgattacggaticactggeegtegtitiacaatctagaggccagectggccataa
gggocatatacatatgagtaticaacatticegigicgecettaticectittitgeggcatttigocticotgtitttgcteacccagaaacgetggigaaagiaaa
agatpctgaagatcagitgggtgcacgagtoggtiacatcgaaciggatcicaacageggtaagatectigagagttttcgecccgaagagogtittccaat
gatgageactittaaagtictgctatgtggegcggtatiateccgigitgacgocgggeaagageaacicggtegecgeatacaciaticicagaatgactig
giigagtactcaccagtcacagaaaageatctiacggatggeatgacagtaagagaattatgcagtoctgceataaccatgagtgataacactgeggeca
acttacttctgacaacgatcggaggaccgaaggagetaaccgtitittgeacaccatgggggaicatgtaactegectigalegiigggaaccggagetg
aatgaagcoataccaaacgacgagegigacaccacgatgectacageaatggeaacaacgtigegeaaactatiaactggegaactacttactetagett
cceggcaacaatiaatagactggatggaggcggataaagtigeaggaccactictgegeicggecciicegectggeiggtitatigeteataaatcigga
geoggtgagegigggicicgeggtateatigeageactiggggecagatggtaageoctceegtatogtagtiatetacacgacggugagicaggeaact

atggatgaacgaaatagacagatcactgagatagotoccicactgatiaageatigpgooccaaactggeeaccaicaccatcaccatiagegaagasca

gatggacaagetigaccigigaagigaaaaatggoegeacatigigegacattittititgaatictacgiaaaaagrageegatacaicggetgetittttitct

geagggtoasacaaaacggitaacaacatgaagtaaacacggtacggtoaaataagatcacicegggocgtatittitgagttatcgagattttcaggaget
aaggaagclaaaatggagaaaaaaatcaciggatataccacegttgatatatcecaatggeatcgtaaagaacatittgaggeatticagicagtigeicaat
glacctataaccagaccegticagetggatattacggecitittaaagaccgtaaagaaaaataageacaagititatecggectitaticacatictigeecgee
tgatgaatgoteatecggagticegtatggcaatgaaagacggtgagetggigatatgggatagigticacecttgttacacegttitccatgageaaactga
gacgttitcatcgetctggagtgaataccacgacgatticcggeagtitctacacatataticgcaagatgtggcgigtiacggigaaaacctggectatiice

Ctaaagggtitatigagaatatgtitticgictcagecaatcectgggtgagtttcaccagtitigatttaaacgiggecaatatggacaacticticgecccegtt

ticaccatgggcaaatatiatacgcaaggegacaaggtacigatgecgetggegaticaggttcateatgeogictgtgatggcticcatgtoggeagaatg

cttaatgaattacaacagtactgegatgagtggcaggacgegacgtaactgcaggageicaagcageagectgtaticaggeigettitiagaaatattitat
ctgattaataagatgatctictigagategtittggtetgogegtatictetigetctgaaaacgaaaaaaccgectigeagggeggtitttcgaaggtteteiga

gotaccaactetiigaaccgaggtaactggotiggageagegcagtcaccaaaactigicetticagtitagectiaaccggegeatgacttcaagactaact

cctetaaatcaattaccagiggetgcigccagigpigcettiigeatgtciticegggtiggacicaagacgatagttaccggataaggegeageggicggac
tgaacggegggticgtacatacagiccagetiggagegaactgoctacccggaacigagtgteaggcgiegaatgagacaaacgeggcecataacage

ggaatgacaccggtasaccgaaaggeaggaacaggagagegcacgagggagccgecagggeraaaceccigglatetitatagtectgteggetiic
gecaccactgatitgagegteagatticgteatgctigtcagggggecggagectatggananacggetitgecgegececteteacticectgitaagtat
cticetggcatcticcaggaaatctccgecccgticgtaagecatifcegetcgecgeagtegaacgaccgagogtagegagicagigagegaggaage

goaatatatccigtatcacatatictgotgacgoaccggigeagectititictecigecacatgaageacticactgacacecicateagigaaccacceg ety
gtageggtagititiitagocctatggoctttititttigiggeaaacctttcgeggtategtatiaaagegeccggaagagagicaaticagg gtgsizaatat

gaaaccagtaacgttatacgatgicgcagagiatgeeggtateicttatcagacegtitcecgegtgatoaaccaggecagecacgttictacgaaaacge
ggeaaaaagtegaagegacgatggoggagcigaattacaticccaaccgegiggracaacaactggegggcaaacagtegtigeigatiggogtigec
accteeagiciggeccigeacgegeegicgeaaatigtcgeggegatiaaatetegegecgatcaactgggteccagegtgstggteicgatggtagaac
gaageggegtegaagectgtanageggeggtacacaatetictegegeaacgegteagtgggetgateatiaactatecgetggatgaccaggatgeea
ttgetgtgpaagetgectgeactaatgitceggegtiattictigatgtctcigaccagacaceeatcaacagtatiatiticiceeatgaagacggtacgegac
tgogegtogageatctggtogeatigggicaccagcaaategegatgitageggecceattaagitetgictcggegegtctgegiciggeiggetggeat
agatatctcactegeaatcaaattcagecgatageggaacgggaaggogaciggagtoccatgiceggtiitcaacasaccatgeaaatgetgaateagy
geategtttecactgegatgetggtigecaacgatcagatggoactgggegcaatgegegecatiacegagicegggctycgegitastocgoacaicto

gotagtoooatacgacgataccgaagacagetcatgitatatcccgeegttaaccaccatcaaacaggatticgectactggoocaaaccagegiggac
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cgcttgetgeaacicictcagggeocazgoggitaaggacaatcageigtigeocgictcaciggtgaaaagaaaaaccacociggegoccaatacgcaa
accgecteteccegegegitggecgaticattaatgcagetggcacgacaggtitcecgactggaaagegggcagtgageggtaceegataaazagegg
cticetgacaggaggeegttttattic (SEQ ID NO: 1009)

EXAMPLE 1

Expression and Screening Engineered Proline Hydroxylase Polypeptides

[0267] The polvnucleotide sequence SEQ ID NGO (See, SEQ ID NO: 134 of W0O2013/169725A2) was
cloned into a pCK1 10900 vector system (See e.g, US Pat. Appln. Publn. 2006/0195947, which is hereby
mcorporated by reference herein), pJV 110900 vector system (SEQ ID NO:1007), pJV110900 al8¢c RBS
veotor system (SEQ 1D NO:1008) or pfV 110900 gc RBS vector system (SEQ 1D NG:1009} and
subsequently expressed in the £. coli W3110 strain. The E. coli W3110 stramn expresses the proline
hvdroxylase polypeptides under the control of the /oc promoter. Based on sequence comparisons with
other proline hydroxylases and computer modeling of the enzyme structure docked to the substrate
proline, residue positions associated with the active site, peptide loops, solution/substrate nterface, and
potential stability positions were identificd and subjected to mutagenesis. These furst round vanants were
screencd under HTP Assav conditions with (28)-pipenidine-2-carboxylic acid as substrate. Vanants with
mereased enzymatic activity and/or expression were identified. The residue differences from the first
round screcning were combined in various permutations and screened for improved propertics under HTP
Assay, SFP Assay, and DSP Assay conditions. The engineered proline hvdroxylase polvpeptide sequences
and specific mutations and relative activities obtained from the screens are listed in the Tables in the

tollowing Examples.

EXAMPLE2

Production of Engineered Proline Hydroxylases

{0268] Asindicated above, the engineered proline hydroxviase polypeptides of Example | were produced

m £ coli W3110 under the control of the lac promoter. Enzyme preparations for HTP, DSP, and SFP

assays were made as follows.

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

{0269] Cells were picked and grown ovemight in LB media containing 1% glucose and 30 ug/mbL
chloramphenicol (CAM), 30°C, 200 rpm, §5% humidity. A 20 uL aliquot of overnight growth was
transferred 1o a deep well plate containing 330 pL 2xTB growth media contaiming 30 pg/mL CAM, 1 mM
IPTG, and incubated for ~18 h at 30°C, 200 rpm, 85% humidity. Cell cultures were centrifuged at 4000
rpny, 4°C for 10 mun., and the media discarded. Cell pellets were resuspended in 200 pL lysis buffer (50

mM Bis-Tris buffer, pH 6.3, containing, 0.5 mg/mL PMBS, 1 mM MgSG, and 1 mg/mL Ivsozyme).
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Lysts buffer was prepared fresh by adding to 90 mL of 56 mM Bis-Tris buffer, pH 6.3, 10 mL of 10 mM
MgSO: m Bis-Tris, pH 6.3, 50 mg of PMBS and 100 mg of Iysozyme.

Production of Shake Flask Powders (SFP)

{0270} A shake-flask procedure was used to generate enginecred 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 i HTP assays. A single colony of £. co/i containing a plasmid
encoding an enginecred polypeptide of interest was inoculated into 30 mL Luria Bertant broth coutaining
30 g/l chloramphenicol and 1% glucose. Cells were grown overnight (at least 16 hours) in an incubator
at 30°C with shaking at 250 rpm. The colture was diluted into 250 mL TFerrific Broth (12 g/L bacto-
tryptone, 24 o/L yeast extract, 4 mL/L glycerol, 65 mM potassium phosphate, pH 7. 1 mM MgS0,)
containing 30 pg/ml chloramphenicol, in a 1 fiter flask to an optical density of 600 nm (OD600) of 0.05
and allowed to grow at 30°C. Expression of the proline hydroxylase gene was induced by addition of
IPTG to a final concentration of | mM when the OD600 of the culture was 0.6 to 0.8. Incubation was then
continued overnight {at least 16 hours). Cells were harvested by centrifugation (5000 rpm, 15 nun, 4°C)
and the supernatant discarded. The coll pellet was resuspended with an equal volume of cold (4°C) 25 mM
Tris-HCI buffer, pH 6.3, and harvested by centrifugation, as described above. The washed cells
wereresuspended in two volames of the cold 25 mM Tris-HC buffer, pH 6.3, and passed twice through a
French Press at 12,000 pst while being maintained at 4°C. Cell debris was removed by centrifugation
{2000 rpm, 45 mmutes, 4°C). The clear lysate supernatant was collected and stored at ~20°C.
Lyophilization of frozen clear lyvsate provided a dry shake-flask powder of crude engineered polyvpeptide.

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

Production of Downstream Process Powders (DSPY

{0271} DSP powders provided a more purified preparation of the engineered proline hydroxylase enzyme
as compared {o the cell lysate ased m the HTP or SFP assays. Larger-scale fermentation of the enginecred
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 cell debris and nucleic acid were flocculated with PEI and the
suspension clarified by centrifiigation. The resulting clear supematant was concentrated using a tangential
cross-flow ultrafiltration membrane to remove salts and water. The concentrated and partially punfied

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

EXAMPLE 3

Analytical Procedures
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{8272} In this Example, the analytical procedures used to characterize the enzyme vanants provided

herein are described.

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

[273] In a 96 deep well format assay block, 3 ul. of reaction solution was diluted with 200 uL of 5%
sodinm bicarbonate solution followed by 200 uL of dansyl chloride solution (10 mg/m¥ dansyl chloride in
Me(CN). The plate was heat sealed, centrifuged, and placed in an incubator with shaking at 600 rpm at 44-
435°C for 1 hour. The reaction solution turns from yellow to light vellow when derivatization with dansvi
chioride is complete. In cases where the solution remained yvellow, the plate was heated for another 13
min. After incubation, the plate was centrifiged for 1 min at 4000 rpm. A 20 uL aliguot of supernatant
was transferred into a 96 Coming plate containing 140ul of water per well for HPLC analysis. The

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

Table 3.1 Method 1 HPLC Equipment and Reactios Conditions

Column Ascentis Express C18 (2.7 um) 4.6 x 100 mM
Temperature 25°C
Mobile Phase Solvent A: 10 mM NH,CAc pH 4.0
Selvent B: Acetonitrile\Mobile Phase Profile
Flow
Tmemin | %A YoB
ratexml/min
0.00 75 25 15
4.00 35 65 15
4.1 0 100 15
55 0 100 15
Postime 1.00 minutes/sample
Detection Wavelength 250 nm
Column Temperature 40 °C
Injection Volume 25l
Total Runtime 5.5 minutes /sample
Response Factor (Substrate 1
Area/Product Area)

{0274] Conversion of compound (1) to compound {2} was determined from the resulting chromatograms
as follows:

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

73




WO 2017/213758 PCT/US2017/028370

where

Response Factor (RF) = Substrate Arca/Product Area.
{0275} This method was used for rapid identification for conversion of (28}-piperidine-2-carboxylic acid
{compound 1} to hvdroxypiperidine-2-carboxylic 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 5Ry-1-(5~(dimethylamimonaphthalene-l- )
o o o 22 mm
visalfonyl)-5-hvdroxypiperndine-2-carboxylic acid
(28, 58)-1-(S~«(dimethylamino)naphthalene-1- 24 min
visulfonyl}-5-hvdroxypiperidine-2-carboxylic acid
{28,381 -(5-{ dimethviamino jnaphthalene-I- 2.6 min
visulfonyl)-3-hydroxypipendine-2-carboxylic acid
28 4R)-1-(5~( dimethylamino ynaphthalene-i- )
2.8 min
visulfonyl)-3-hyvdroxypipertdine-2-carboxylic acid
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Table 3.2 Compounds and Response Times

Compound Structure Response Time
Dansvl-NH2 2.9 min
(3)-1-{5«(dimethylaminonaphkthalene-1- oo )
o o 3.9 min
yisulfonyhpiperidine-2-carboxylic acid i o
=
A

Method 2 — LC/MS/MS Analvsis of HTP Assay

{8276] The reactions were quenched by diluting 2000-fold 1 50:50 acetonitrile H, O, and the reaction

products analyzed by LC/MS/MS. LC/MS/MS analysis 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 mi/min

Postime 5.0 min

MS conditions Source dependent parameters: CUR 30, IS 53500, TEM 390°C, GS1
60, GR2 60, DP30, EP10, CE 20

MRBM: 130/84 (pipecolic acid RT 3.5min), 146/100 (hydroxylated

pipecolic acid 2 9min)

Column Temperature Not controlled

injection Volume 2 ulL.

Method 3 — Size Exclusion Chromatozraphv (SEC) Method for Proline Hvdroxviase Quantification
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[6277] In a 96 round-bottom well format assay block, 10 ull of proline hydroxvlase lysate (or SF or DSP
powder solution at 1 mg/mL powder solutions) reaction solution was diluted with 20ull of water. The
plate was heat sealed and samples injected onto the HPLC to quantify proline hydroxylase

The samples were sabject to HPLC analysis under the following conditions

Table 3.4 Method 3 HPLC Equipment and Reaction Conditions

Column Phenomenex BioSep SEC-52000 (3 um) 300 x 7.8 mM
Temperatare 25 °C
Mobile Phase Solvent A: 25 mM Tris-HCl pH 7.0; 0.13 M Na(l; 0.1% Azide
Time:min | %A %B Flow
rate:mb/min
0.00-9
] 100 0 1
min
Postime Set to “Off”
Distection Wavelength 214 and 225 nm
Column Temperature 25°C
Injection Volume 10wl
Total Runtime 9 minutes/sample
Response Time {proline 8 min
hydroxylase)
Response Time {lysozyme - | 11 min (elutes in subsequent run)

present only in HTP

tvsates)

Method 4 - HPLC Analysis of “One-Pot” Reactions from L-lvsine;

{6278} In a 96 deep well format assay block, 3 ull of reaction solution was diluted with 200 uL of 5%
sodiam bicarbonate solution followed by 200 uL of dansyl chloride solution (10 mg/mb dansyl chioride in
MeCN). 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 is complete. In cases where the solution remained yellow, the plate was heated for another 13
min. After incubation, the plate was centrifisged for 1 min at 4000 rpm. A 20 ub aliquot of sapernatant
was transferred into a 96 Coming plate containing 140ul of water per well for HPLC analysis.

The quenched reaction was subject to HPLC analysis under the following conditions.
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Table 3.3 Method 4 HPLC Equipment and Reaction Conditions

Column

Ascentis Hxpress C18 (2.7 um) 4.6 x 100 mM

Teroperature

25°C

Mohbile Phase

Solvent A: 10 mM NaOAc/AcOH pH 4.0

Solvent B: water

3 ) Hlow
Tmemm | Y%A Y%B _
rate:rnl./min
0.00 75 25 1.5
5.00 25 75 1.5
5.1 0 100 1.5
6.5 0 100 1.5

Postime

1.00 munutes/sample

Detection Wavelength

250 nm

Column Temperature

40 °C

Injection Volume

25 uL

Total Runtime

6.5 minutes /sample

Response Factor (Gubstrate

Area/Product Areq)

1

{6279} Conversion of compound {1) to compound {2} was determined from the resulting chromatograms

as follows:

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

where

Response Factor (RF) = Substrate Area/Product Area.

[0280] This method was used for rapid identification for conversion of L-lysine to hydroxypiperndine-2-

carboxylic acid. The chromatographic elution profiles, denoted as “Response time” are provided 1n Table

3.6.

~J
~J
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Table 3.6
Compound Structure Response Time
{25,55)-1-(5-(dumcthvlanmunonaphthalene-1- 0 d s 2.3 nun
visulfonyl)}-S-hvdroxypiperidine-2-carboxylic acid E =
N
PN
(2.5.35)-1-(5~( dimethylamino naphthalenc-1- 2.4 min
visalfonyl)-3-hvdroxypipenidine-2-carboxylic acid
Dansyl-NH?2 2.9 min
(5)-1-(5+{dimethylamino)naphthalenc-1- S )
_ o o . 3.6 mun
visulfonylpiperidine-2-carboxylic acid = E =
SN
AN
L-lysine NN fﬁ\—;:», 4.3 min

EXAMPLE 4

High Throughput (HTP) Screening of Proline Hydroxylases for

Conversion of Compound (1) to Compound (2}

[1281] In this Example, the assay methods used for HTP screening of the proline hydroxylases of the

present nvention are described.
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[6282] High-throughput screening used to guide primary selection of variants was carried out in 96-well
plates using cell tysates. 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 ul lysis buffer into each well. Lysis
bufter was prepared by dissolving 100 mg of Ivsozyme and 50 mg of PMBS in 90 mL of 50 mM Bis-Tris
buffer, pH 6.3 and 10 mL of 10 mM MgS0O4 in Bis-Tris, pH=6.3. The plate was heat sealed and then
shaken for 2 h at room temperatsre. Subsequently, the plate was quick-spun to settle the lysate at the

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

Conditions A-E:

{6283} The final reaction parameters for Conditions A — E were as follows: 100pL of 60g/L pipecolic
acid, 90ul of 100 g/L g-ketoglutaric acid, 80pL of lysate {Conditions A and B), 15 pb lysate (Conditions
C - E), 65 pL of 30 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
C - E) ascorbic acid. All stoek solutions were buffered in 50mM Bis-Tris, pH 6.3 and pH adjusted.

60 g/L. Pipecolic acid solution and 100 g/l a-ketoglutaric acid solutions 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% NaQOH to pH = 6.3, The 100 mM ascorbic acid solution was purged under nitrogen for
20 minutes.

{0284} The Condition A - E rcactions conducted at 300 pL. scale were camried out in 96 well plates. In
this assay, 100uL per well of 60g/L pipecohic acid in 50 mM Bis-Tris, pH=6.3 were aliquoted into 2 96
well plate. To each well with 100 ul. of 60 g/L pipecolic acid, 0L of 100 g/L a-ketoglutaric acid in
50mM Bis-Tris, pH 6.3 was added, followed by 80uL of crude cell lysate (Conditions A and B) or 15ub
crude cell tysate (Conditions C - E} and 65 uL of 50 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 {Conditions C - E) ascorbic acid in 50
mM Bis-Tris, pH 6.3 and 30ul added into each well of the 96 well plate. The plate was sealed with an
AirPore seal (Quagen) and the reaction left to proceed overmight in a 27 throw Kuhner at 25°C, 200rpm,
859 relative humidity.

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

[8286] A 200 uL volume of 10 mg/mL of dansyl chloride in MeCN was added to each 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 hour with 600 rpm shaking. After incubation, the plate was centrifuged for |
min at 4000 rpm. A 20 ulL aliquot of supernatant was transferred into a 96-well Coming plate containing

140al of water per well for HPL{L analysis.
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Conditions ¥ and &2

{0287} The final reaction parameters for Conditions F and G were as follows: 50 (Condition G) or 65
{Condition F) uL of 30 mM Bis-Tris, pH = 6.3, 100uL of 60g/L pipecolic acid, 90uL of 100 ¢/L a-
ketoglutaric acid, 15pk of crude cell lysate (Condition F), 30 pk crude cell lysate (Condition G), and
30ul of 3 mM Mohr’s salt in 100 mM ascorbic acid. All stock solutions were buffered in 50mM Bis~Tris,
pH 6.3 and pH adjusted. Then, 60 g/L pipecolic acid solution and 100 ¢/L o-ketoglutaric acid solutions
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 to pH = 6.3. The 100 mM ascorbic acid solution
was purged under nitrogen for 20 minutes.

{06288} The Conditions F and G reactions nm at 300 pL scale were carried out in 96 well plates. 50 pL
{Condition G} or 65 L (Condition F} of 50 mM Bis-Tris buffer, pH=6 3 were aliquoted into cach well of
the 96 well plate, followed by addition of 90uL of 100 g/l a-ketoglutaric acid in 50mM Bis-Tns, pH 6.3
and 15 ul. of crude cell lysate (Condition F) or 30 uL crude cell lysate (Condition G}. A premix stock
solations of 5 mM Mohr's salt in 100 mM ascorbic acid in 50 mM Bis-Tris, pH 6.3 was made and 30uL
added into cach well of the 96 well plate. The plate was sealed with an AwrPore seal (Qlagen) and the
reaction left to pre-incubate for 2 howrs in a 27 throw Kuhner at 25°C, 200rpm, 85% relative humidity.
Foliowing the pre-incubation 100ul per well of 60g/1. pipecolic acid i 50 mM Bis-Tris, pH=6.3 was
added. The plate was re-sealed with an AirPore seal (Qiagen) and the reaction left to pre-incubate for
overnight in a 27 throw Kubner at 25°C, 200rpm, 85% relative hunudity.

{1289} Following the overnight incubation, 5 ul. of the reaction from cach well was derivatized and
quenched by aliquoting 5 ul of the reaction mix into a 96 deep well plate containing 200 al/well of 5%
sodium bicarbonate. A 200 uL volume of 10 mg/mL of dansyl chloride in MeCN was added to cach 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 uL aliquot of supernatant was transferred into a 96-well Corning

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

Condition H:

[0298] The final reaction parameters for Condition H were as follows: 100pL of 180g/L pipecolic acid,
90ul of 300 g/l o-ketoglutaric acid, 30pL of tysate, 50 pL of 30 mM Bis-Tris buffer pH=6.3 and 30uL
of 15 mM Mohr’s salt in 300 mM ascorbic acid. Al stock solutions were buffered in 50mM Bis-Tus, pH
6.3 and pH adjusted.

[8291] First, 180 g/L Pipecolic acid solution and 300 g/b a-ketoglutaric acid sohutions were purged under
nitrogen for 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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[6292] 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 i 50 maM Bis-Tris, pH=6.3 were aliquoted into a 96 well plate. To each well
with 100 ul of 180 g/L pipecolic acid, 90 oL of 300 g/L a-ketoghutaric acid in 50mM Bis-Tris, pH 6.3
was added, followed by 30 uL of crude cell lysate and 30 ul of 50 mM Big-Tris buffer pH=6.3. The
following premix stock solutions were prepared 15 mM Mohr’s salt in 300 naM 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 proceed overnight in a 27 throw Kuhner at 25°C, 200rpm,
85% relative humidity.

[6293] Following the overnight mcubation, 5 uL of the reaction from cach well was derivatized and
quenched by aliquoting 3 ull of the reaction mix into a 96 deep well plate containing 200 ul/well of 5%
sodium bicarbonate. A 200 ulL volume of 10 mg/mL of dansyl chloride 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 1 hour with 600 rpm shaking. After incubation, the plate was
centrifuged for 1 min at 4000 rpm. A 20 uL aliquot of supematant was transferred into a 96-well plate
containing 140ul of water per well for HPLC analysis.

106294] Each condition {A-H) is summarized below, along with the activity results. The activity levels

(F1OPC) are indicated by "+ signs, according to the following key:

Key for Tables 4.1-4.8
Indicator FIOPC

0.7

4-8

HTP Assay Condition A Summary and Resulgs:

[0295] Cells grown in 96 well plates were ysed with 200 uL lysis buffer (1 mg/mL lysozyne, 0.5
mg/mL polymyxin B sulfate (PMBS) and 50 mM BisTris buffer, pH=63

The reaction conditions for a 300 uL reaction comprised: 20 g/L substrate compound (2), 30 g/L a-
ketoglutaric acid; 0.35 g/L L-ascotbic acid; 4 mM Mohr's salt; 50 mM Bis-Tris buffer pH=6.3,

80 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 incubated in a 27 throw Kahner at 200rpm and 853% relative
humidity. The activity was measured relative to SEQ 1D NO:4, calculated as the % conversion of the
product formed per Y% conversion of the corresponding SEQ ID NG:4 (SEQ ID N 134 of
WO2013/169725A2) under the specified reaction conditions. The percent conversion was guantified by
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dividing the area of the product peak by the sum of the areas of the substrate, product and impuritics/side

product peaks as determined by LC/MS/MS analysis.

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

Variant | Amino Acid Differences {Relative to SEQ 1D NO:4) Activity
No. FIOPC
6 Fi76V +
8 C371 +
10 K39R +
12 Al56V +
i4 NI3iH +
i6 AIBIG

I8 A36T/VOTL

20 C43A/F176V

22 RBEV/FLT6V +
24 V44M/F176V +
26 MISIQ/FLI76V +

28 ETH4R/F176V +

30 L1esY/FlieV +

32 GI2RT/F176V

34 MISIT/FIT6V

36 MISIN/F176V +

38 EUSPFLTOV +
40 MI5IG/F176Y +
42 AIT3R/FITOV +
44 MISIK/F176V +

46 MISIR/F176V

43 E114K/F176V

50 F176V/G270K +
52 F176V/V1941 +
54 F176V/D237A +
56 FI76V/RITAP +

58 F176¥/R2744 +

60 F176V/R274E +

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 1D NO:4) Activity
No. FIOPC
64 F176V/D237T +
66 F176V/D237K +
68 F176V/G2T0R
70 F176V/D237C
72 F176V/E273V +
74 FI76V/R274L +
76 F176V/R274A +
78 C3TL/AI30F/Qlo6M/F176V +
80 CITL/AI30F/TI328/Q166M/F176V +
82 CITL/QI66M/FLT6V +
84 C3TL/FLT6Y +
86 C37L/LA28/D124C/A130F/Q 166M/F1T76V +
28 C3TL/TI328/Q166M/F 176V +
90 C3TL/DI24N/T1325/Q166M/F176Y +
92 SZFE/MISIR/F176V +
94 GSOSMISIR/FITOV +
96 SZIMISIR/ELTGY +
98 S2E/MISIR/FLIT6Y +
100 I56R/MISIR/FI76V +
162 S2N/MISIR/F176V +
104 KIONMISIR/FIT6V +
106 RISC/MISIR/FIT6V +
108 GSOA/MISIRFIT6V +
116 K8Q/SETE/MISIR/FITOV +
112 KT71IC/MISTIR/F176V +
114 L76FMI15IR/F176V +
116 S&TV/MISIR/F176V +
118 S8TF/MISIR/F176V +
120 PE3L/MISIR/FLITOV +
122 S8TC/MISIRFIT6V +
124 SETY/MISIR/FITOV +
126 SETP/MISIR/FITOV +
128 SETL/MISIR/FIT6Y +
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Table 4.1 Sequence Information For Tested Variants and Results for Condition A
Variant | Amino Acid Differences (Relative to SEQ 1D NO:4) Activity

No. FIOPC
130 POSU/MISIR/FLITOV +
132 NTTY/MISIRFIT6Y +
134 L76V/MISIR/FIT6V +
136 PO3F/MISIR/F176Y +
138 S8TW/MISIR/FI76V +
140 ESIC/MISIR/FIT6V +
142 AS62C/MISIR/F176V +
144 POSH/MISIR/FI76V +
146 PO3IVIMISIR/FLITEV +
148 SZH/MISIR/FLTOV +
130 V5TUMISIR/F176Y +
152 ESIL/MISIR/FLTOV +
1534 K7IVMISIR/FITOV +
156 AG6ZFMISIR/F176V +
158 K7I/MISIR/F176V +
160 VSEM/MISIR/FITGV +
162 CAZA/EN4K/MISIGFITOV +
164 CA3A/ETI4H/MISTH/L16SY/F176V +
166 CASA/ETISP/MISIG/LISSY/ATT3R/FI76V/D237C +
168 CA3A/EN4E/GI28T/MISIG/FRITOV/D23TT/G2T0R +
176 CA3A/GI28T/MISIG/FIT6V/D237A +
172 CA3A/MIESIQFLTOV/D23TC +
174 CA3A/MISIR/LIGSY/F1T76V/D237K/G270R +
176 CAZA/ETAK/MISIQ/LIOSY/FIT6V/D23ITA/EZT3V +
178 CASA/MISIR/LIGSY/FI76V/E273V +
180 C4A3A/G128A/MISIG/LIGSY /FIT6V/E2T3V +
182 CA3IAMIESTQ/ATTIR/F1TOV/D23TC/AG2T0R +
184 CA3A/GI28A/MIS LQ/ATT3R/FIT6V/D23TS/E2TIV +
186 MISTG/ATTIR/FIT6V/G2TOR/E2TIV +
188 C43A/GI28T/MISIG/ALIOSY/FIT6V/E2TIV +
190 CA3A/MIESIGALIOSY/FLT6V/EZTIV +
192 GIZRT/MISIR/LISSY/F176V/D23TK/G2TOR +
194 CA3A/MISIR/LIGSY/FI76V/D237K +
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Table 4.1 Sequence Information For Tested Variants and Results for Condition A
Variant | Amino Acid Differences (Relative to SEQ 1D NO:4) Activity

No. FIOPC
196 CASA/ENISP/LIZIM/MISTQ/LIGSY/FITOV/E2TIV +
198 CAZA/EN4K/MISIQ/FIT6V/D23TR/G2T0R. +
200 CA3A/GIZET/MISIG/LI6SY/A1T3RF176V/D23TC/G2TOR +
202 CA3AMIESIQ/ATTIR/F1T6V/D237S/G270R/E2T3Y +
204 CA3A/GI28A/MISIG/ALTIR/FIT6V/D2375/K5270R +
206 ELM4R/MISIQ/F176V/G2TOR/E2TIV +
2038 C43A/ETH4R/ETISP/MISTIR/FI76V/E2T3V +
210 CA3A/ETT4K/MISIG/LLI63Y/ATT3R/F176V/D23TR/E2T3Y +
212 CAZA/MISIG/FIT6V/Q2TOR/E2TIV +
214 CAZA/MISIQ/FITOVIDI3TAELTIV +
216 CAZA/ETISP/GI28T/MISIG/ATT3R/FIT76V/E2T3V +
218 MISIG/LI6SY/FIT6V/E2T3V +
220 MISTQ/ALTIR/FLITON/D23TS/G2TOR/E2TIV +
222 CA3A/MISIR/FITOV/E2TIV +
224 CA3A/GI28T/MISIR/FITOV/D237C/E2T3V +
226 CASA/ENAK/MISIG/ALTIR/FITOV/DZ3TS/G2T0R +
228 CA3A/ENISP/GI2ZET/MISIGIFLTOV/EZTIV +
236 CA3A/GI28T/MISIG/ATITIR/FITOV/D237T/G270R +
232 C4A3A/MISTIQFIT6VIG2T0R +
234 C43A/GI28T/MISTQ/FIT6V/D23T8/G2TOR +
236 CA3A/MISIR/FITEV/D23TA/E2TIV +
233 E115Q/G128T/MIS1R/ATITIR/FITOV +
240 CA3A/GI28T/MISIR/LIGSY/FIT6V/E273V +
247 CAZA/MISIG/ALTIR/FITOV/GZTOR/E2TIV +
244 CASA/ETT4K/GI28T/MISIG/LI6SEFITOV/D23TA +
246 C43A/MISTQ/LI65Y/FI76V/D237C/E2T3V +
248 PA3F/LTOV/MISIR/F176V +
250 PO3F/LT6V/MISIN/FIT6V +
252 PO3L/LT6V/MISIN/FLT6Y +
254 L76V/G128T/MISIN/FI76V +
256 T6V/ISETC/MISIN/FITOV +
258 RABVL7OV/GI28T/MISIN/FIT6V +
260 PE3L/LT6V/MISIR/FITEV +
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Table 4.1 Sequence Information For Tested Variants and Results for Condition A

Variant | Amino Acid Differences (Relative to SEQ 1D NO:4) Activity
No. FIOPC
262 L76V/MISIR/SI60OR/F170V +
264 PO3V/LTOV/MISIR/FITEY +
266 L76V/GI28T/MISIR/F176V +
268 RABVLTOV/MISIR/FI76V +
270 I36R/PE3H/L76V/KI36R/MISIR/Fi76V +
272 PE3VL76V/GI28H/KI36R/MISIR/FITOV ++
274 GS0A/LTEV/MISIR/FITOV +
276 L76V/GI2BHMISTIR/FI76V +
278 I36R/LTOV/KIZ6R/MISIR/F1T6Y +
280 L76V/GI128H/E134Q/KI36R/MISIR/F176V +
282 RISCASOR/LTOV/GI28H/MISIR/FLT6V +
284 PO3VLTOV/KIZ6R/MISIR/FITOV +
286 PO3VLTSV/MISIR/F176V +
288 I36R/LTOV/MISIR/FITEY +
290 L76V/S8TW/GI28H/K136R/MISIR/FI76Y +
292 RISCAI6V/GI2EH/MISIR/F176V +
294 POIH/LTOVIGI2RH/KI36R/MISIR/FITOV +
296 RISC/AS6R/LTOV/KIZ36R/MISIR/FIT6V +
298 RISC/AS6R/LTOV/MISIR/FLI76V +
300 S30T/AG2CATIV/LTOV/GI28AMISTTIFITOV ++
302 S3OT/L76V/GI128A/MI4SC/MISIR/F176V ++
304 S30T/AG2C/LT6VAI4SC/MISIR/F176Y +-
306 S3OR/ALTOV/GI28A/MI4SC/MISIR/FLITGV ++
308 VSTULT6V/MISIR/F176V ++
310 L76V/G128Y/MISTT/FIT6V +
312 L76V/G128A/MISIR/FIT6V +
314 S3O0R/A76VIGI28A/MISIR/SIGOE/F176V +
316 SIOT/K7TIV/ATOVAGI28A/MISIR/FITOV ++
318 SIOR/AG2C/LTOVMISIR/F1T6V +
320 S30T/ACZC/LTOV/GIZEY 14SC/MISIRFIT6V -
322 T6VIGI2BAMISTIR/SIGOE/F176V +
324 S3OR/AGZC/LTEV/IGI28AAT4ASC/MISIRFITOV A+
326 S30T/L76V/GI28Y/MISIR/FITAY +
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Table 4.1 Sequence Information For Tested Variants and Results for Condition A
Variant | Amino Acid Differences (Relative to SEQ 1D NO:4) Activity
No. FIOPC
328 S3OT/VA4P/VSTYLTOVIGI2BAMISIR/FLTOV ++
336 S3OT/AG2F/LTOVAGI28Y MHI45C/MISIR/FIT6V ++
332 S30T/L76V/MIZIR/FLTEV +
334 L76V/G128AAT43C/MISIR/FIT6V +
336 V3TVAS2C/LTeV/GI2EY MISTT/FIT6V ++
338 SIOR/LTSVMISIR/FIT6V +
3490 SIOR/LTOV/GI128A/TI4SC/MISIR/FITSV/G2TOV/Y 280F +
342 S3OR/K7IV/LT6V/GI28Y/MISIT/FLT6V ++
344 S30T/AB2F/LTOV/AGI28AMT45C/MISIR/FIT6V ++
346 K71C/LT6V/GI2Z8A/MIS IR/ST60E/F 176V +
348 S30T/V44P/AGZC/LTOV/GI28A/MISIR/FLT76V +
350 S30T/LT6V/GI128Y/MI45C/MISIR/FLT6V ++
352 VISM/L7GV/MISIR/FIT6V +
354 L76V/G128Y /MISIR/SIGOE/F176V +
356 L76V/G128Y/MI4ASC/MISTE/FTT6V ++
358 L76V/GI128Y/TH4SC/MISIR/F176V +
360 S3OR/L76V/GI128A/MISIR/FI76V +
362 S3OR/LT6V/GI28Y/MISIR/FIT6Y 4
364 S30T/L76V/GI28A/MISIR/SIGOE/FITOV +
366 S30R/NVA4P/AG2E/LTOV/GI2ZEY/MISIRFL1T6V +
368 SIOT/VA4P/VITYLTEV/GI28Y /MISIR/FIT6V +
376 A62C/L76V/TIASC/MISIR/F1T6V +
372 L76V/GI28Y/MISIR/F176V +
374 S30T/L76V/MISIR/S160E/F176V +
376 S3OT/K7IV/LT6V/AGI2Z8A/MISTT/FITEY +
378 S30T/L76V/EI45C/MISIR/F1T6V +
380 S3OR/KTIV/LTEV/MISIR/STI60EF176V +
382 L76V/REEW/GI128Y/MISIR/FIT6V +
384 K7TIC/LT6V/GI28Y/MISTT/FL76V +
386 S3OR/AG2F/KTIC/LI6V/GI28A/MISIT/FLT76V -
388 K7IVATOV/GI28Y MISET/FLT6Y +
390 L76V/RSSW/GI28A/MISIR/IFITOY +
392 S30R/AGZC/ATOVGI2RA/MISTT/FITOV ++
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Table 4.1 Sequence Information For Tested Variants and Results for Condition A

Variant | Amino Acid Differences (Relative to SEQ 1D NO:4) Activity
No. FIOPC
394 CA3AMLASC/VIEMAKTITVLIOV/GI28E/M IS IR/LIGSY/FITOV +
396 VISM/KTIVL76V/VOLC/MISIR/LIGSY/F176V ++
398 1ASCIVSM/LTOV/GI28E/MISIR/LIGSY/F176Y +
400 CA3ARTIVLTOV/GI28E/MISIR/FIT6V +
402 L76VAG128E/MISIR/F176V +
404 VI8M/LT6V/LITI9A/MISIR/F176V +
406 L76V/L1ISA/MISIR/LISSY/FIT6V +-b-
4038 K7IVL76V/GI28E/MISIR/F176V +
416 KTIVLT6V/VOIC/GI28E/MISIR/LIGSY/F1T6V ++
412 LASC/ATOVIMISIR/ALIOSY/FIT6V ++
414 L76V/LIIOA/DI24H/MIS IRAI6SY/FIT6V +
416 LASC/VSEMATOV/MISIR/ALIGSY/FITOV +
418 VARM/KTU/LT6V/MISIR/LIGSY/FIT6V +++

HTP Assay Condition B Summary and Results:

{8296} Cells grown m 96 well plates were lysed with 200 ul. Lysis Buffer (I mg/mL lvsozyme, 0.5
mg/mL polymvxin B sulfate (PMBS) and 30 mM BisTns buffer, pH = 6.3. The reaction conditions fora
300 ul reaction comprised: 20 g/L substrate compoand (2}, 30 g/L a-ketoglutaric acid; 0.08 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 sealed with an O, permeable
scal and incubated in a 2” throw Kubhner at 200rpm and 85% relative humuidity. 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 ID NO: 134 of WO2013/169725A2) under the specified reaction
conditions. The percent conversion was guantified by dividing the arca of the product peak by the suma of

the arcas of the substrate, product and impurnities/side product peaks as determined by LCMS analysis.
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Table 4.2 Sequence Information and Results for Condition B
Yariant Amino Acid Differences (Relative to SEQ 1D NO: 4) Activity
Ne: FIOPC

420 S30TASSR/ALTOV/MISIN/SI6OR/F176V “++
422 SI0TASSR/ATOV/KIZ36R/MISIR/STI60R/FIT6V ++
424 L76V/S8TC/GI28T/KI36R/MISIN/LIGSY/F176Y +t+
426 S3OR/ALTOV/MISIR/SIGOR/LIGSY/F176V/S240H/A256D ++
428 SIOR/C3TI/LT6V/AI01G/MISTT/PLIS3G/LI6SY/F176V/S240H/1.2691 ++
430 L76V/MISTT/S160R/IGSY/F1T76V/S240H ++
432 S30T/IS6R/LTOV/MISIR/SI60R/F176V -t
434 SIORATSV/AIOIG/MISTT/SI6OR/LIGSY/FIT6V/S240H ++
436 SIOR/CITULI6V/MISIR/SI60R/F1T6V ++
438 L76V/MISIR/STGOR/F176V/S263E/R274Y ++
440 S30R/ALT6V/MISIR/SI60R/LIGSY/FIT6V +eh-
442 C3TH/K39R/AG2C/LToV/AIOIG/MIS IR/ST60R/F176Y ++
444 S3OR/CITI/K3IR/AG2C/LTGV/MISIR/SISOR/F176V/S240H/AZS6D ++
446 CA3A/VSEM/ALTOV/MISIR/SIOOR/FITOV/IZ13E/R266Q/R274Y +
448 S3OR/ALTOV/MISTT/SIOGOR/FIT6V +
450 CAZA/LTOV/MISIR/SIGOR/FITOV/ETTSC/FI80Y/VIR4E/213E/5263D +
452 L76V/MI31R/SI60R/F176V/R274P +
454 C3TVK3OR/LTOV/MISIR/SISOR/FITEV +
456 L76V/KI36R/MISIR/SISOR/F176V +
458 L76V/KI36N/MISTR/SIGOR/FLITOV/R2ZTAP/G2TSA +
460 S30T/LT6V/MISIR/S160R/F176V +
462 CASA/VSEM/LTOV/MISIR/ST60R/F1I76V/F180Y/V184F +
464 L76V/MISIR/STOOR/F1T6V/R2ZT4P/Y280L +

HTP Assay Condition € Summary and Resulis:

10297 Cells grown in 96 well plates were lysed with 200 uL Lysis Buffer (I mg/mL lvsozyme, 0.5
mg/mk polymyxin B sulfatec (PMBS) and 50 mM BisTris buffer, pH=63

The enzyme was expressed from the pJV900 expression vector for assay Condition C. The reaction
conditions for a 300 uk reaction comprised: 20 ¢/L substrate compound (23, 30 g/L a-ketoghstarnic acid;
1.75 g/L L-ascorbic acid; 0.5 mM Mohr's salt; 50 mM Bis-Tris buffer pH=6.3,

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 incubated in 27 throw Kaohner at 200rpm and 85% relative

3y



WO 2017/213758 PCT/US2017/028370

humidity. Activity relative to SEQ 1D NO: 4 was calculated as the percent conversion of the product
formed per % conversion of the correspondmg  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 dansyl chloride derivatized substrate, product and impurities/side product

peaks as determined by HPLC analysis.

Table 4.3 HTP Assay Results for Assay Condition C

SEQID | Amino Acid Differences (Relative to SEQ ID NO:4) Activity
NO: FIOPC
466 S30R/C3THLTOV/ETISG/MISIR/SIGUR/FLITEY ++
468 S30R/C3TL/LT6V/MISIR/S160R/F176V ++
479 S30A/C3THVLTEV/MISIR/SI6OR/FL76Y ++
472 SIOE/C3THLToVMISIR/ST60R/FLT6V ++
474 S30R/CITULTOVAL/MISIR/SI60R/F176Y ++
476 S30R/CITUDSSE/LTOV/MISIR/SI60R/F176Y 4
478 S30R/CITHYLTOV/EL IAN/MISIR/SIGOR/FL76V ++
480 S3OR/C3THLTEV/MISIR/S160C/F176Y +
482 S3ON/CITHVLT76V/MISIR/SI60R/FL76V e
484 SIOR/CITUVIET/LTOV/MISIR/SI60R/FTTEV ++
486 SIOR/CITUVK3OT/LT6V/MISIR/S160R/FIT6V ++
488 S30R/S33T/C3TULT6V/MISIR/SI60R/F176V ++
490 S30R/CITYK3OP/L76V/MISIR/S160R/FTTOV 4+
4492 S30R/CITHLTOV/ELI4S/MISIR/SIGOR/FIT6V ++
494 S30R/C3THLTOV/ELIAQ/MISIR/SIGOR/F1IT6V ++
496 S30T/C3THVLTOV/MISIR/S160R/F1T6V o
498 S30R/C3TILT6V/MISIR/SI60R/F1T6V/V2TTM ++
500 SIOR/CITVAG2GATOV/MISIR/S160R/F176V ++
502 S3O0R/CITYLTOV/MISIG/STGOR/FITEY +
504 S3OR/CITULTOV/MISIR/SI60R/FI76V/V27TK -
306 S30V/C3THLT6V/IMISIR/SIGOR/FIT6V -+
508 S30R/CITYAG2T/LTOV/MISIR/SI6O0R/FIT6Y ++
510 SIOR/CITHLTEV/SIOTA/MISIR/S160R/FIT6V +
512 S30G/C3TVLT6V/MISIR/SI60R/F176V e
514 SIOR/CITVLTOV/ET 14G/MISIR/SISOR/F1T6V ++
516 SIOR/CITUVLIGV/MISIR/SI60R/F1T6V/V2TTR ++
51% SIOR/CITUNGID/LTOV/MISIR/SI60R/FLT6V 4t
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Table 4.3 HTP Assay Results for Assay Condition C

SEQID | Aminc Acid Differences (Relative to SEQ ID NOG:4) Activity
NO: FIoPC
520 S30R/C3TH/LTOV/VOSUMISIR/SIGOR/FITOV ++
522 S30R/C37THLTOVIMISIR/ST60R/FITOV/V2TTE ++
524 S3OR/C3THAGZR/LTOV/MISIR/SI60R/FIT6YV -
526 S3OR/CITHLT6V/VOTAMISIR/SI60R/F176V ++
528 SIOR/CITULTGV/SOEP/MISIR/SIGOR/FTT6V ++
530 SIOR/CITYLTOV/AIZOL/MISIR/SIGOR/FLT6V -
532 S30R/CITVAGZE/LTOV/MISIR/SI60R/FIT6V ++
534 S30R/C3TI/LTOV/MISIR/SI60R/FIT6V/H2TIG ++
536 S30R/C37H/L76V/L119V/MISIR/SI6UR/F1ITEV A+
538 S3OR/C3I7HLToV/SIOTM/MISIR/S160R/F176V 4+
540 S3OR/CITVQS2P/LTOVMISIR/SI60R/F1ITEV ++
542 SIOR/CITYLTOV/YI09F/MISIR/S160R/FIT6V ++
544 S3OR/CITUNGID/A62G/LTOV/VITA/MIS IR/SI60R/FIT6V o

H4P/S30R/CITUNGID/AG2G/L76V/VOTAMISIR/SISOR/F176V/H2
546 71Q o
548 S30R/CITYAG2G/LTOV/VOTA/MIS IR/SIGOR/FI76V/H2T1( 4+
550 S3OR/CITVAG2G/LTOV/VITAMISIR/S160R/FIT6V s
552 S3OR/C3TVLTOV/VIOTA/MISIR/SIGOR/F176V/H271Q ++
554 S30R/C3TINGID/LTGV/VITAMISIR/SI60R/FIT76V/HZTIQ o

S30R/SIZIT/CITVAG2G/LTOV/IVITA/LTIOV/MISIR/SI60R/F176V/
556 H2710 -
558 S3OR/CITHNGID/AG2EA T6V/VITA/LTTIOV/MISIR/SI60R/F176V ++

SIOR/CITUNSID/AG2T/LTOV/VITA/LITIOV/MIS IR/ST60R/F1T6V/
560 H271Q ++
562 SIOR/CITUNSID/AG2ZE/LTOV/VITA/MISIR/S160R/F176V/H2TIQ ++
564 SIOR/CITUAB2T/LTOV/IVOTA/MISIR/SIGOR/F176V/H2TIQ ++
566 S3OR/CITVAG2R/LT6V/VITA/DI24E/MISTR/S160R/F176V 4+
568 S30R/C3TVAGZEATOV/VOTA/MISIR/SISOR/FI76V/H2TIQ ++
570 S3OR/C3TH/AGZE/LTOVG4L/VITALTIOV/MISIR/S160R/F176V ++
572 S3OR/CITHAGZG/LTOVIVITA/SISP/IMISIR/SI6OR/FITEY ++
574 SIOR/C3THASZT/LT6V/IVOTA/LIIOV/MISIR/SIG0R/FIT6V/H2ZTIQ | ++
576 S3OR/CITVAB2E/LTOVIVITA/MISIR/SI60R/F176V ++
578 SIOR/CITYAS2T/LTGV/VITA/SOSP/MIS IR/SI6OR/FI76V ++
580 S3OR/CITUYAG2R/LT6V/VITAMISIR/SIG0R/FLT6Y 4+
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Table 4.3 HTP Assay Results for Assay Condition C

SEQID | Aminc Acid Differences (Relative to SEQ ID NOG:4) Activity

NO: FIoPC

582 S3O0R/CITINGID/AG2T/LTCVIVITAMISIR/SI60R/FLTOV/H2TIO ++

584 S30R/C37THLTOV/VITA/LIIOV/MISIR/SIOOR/FI76V/H2ZTIQ ++

586 S3OR/C3THLTEV/VITA/SI8P/MISIR/SI6OR/FI76V -

588 S3OR/CITUNGID/LT6V/VITA/MISIR/STIGOR/F1I 76V ++
SIOR/CITUNSID/AG2G/LTEV/VITA/SOSP/MISIR/SIGOR/FLT6V/H

590 2710 ++

592 SIORVCITVAB2R/LTOV/VITAMISIR/SISOR/FITOV/H2T1Q ++

594 S30R/S33T/CITULTOV/VITA/LIIOV/MISIR/SI60R/FIT6V 4+
S30R/S33T/C3TIMNGID/AG2G/LTOVIVITA/ATIOL/MIS IR/STI60R/F

596 176V/ER271Q -

598 S30T/C3TYLT6V/VISTYVITA/MISIR/SI60R/FIT6V ++

600 S30R/C3THVIOTA/MISIR/S160R/F176V ++

602 S3OR/CITHVITA/MISIR/SI60R/FITOV/IV2ZTTM ++

HTP Assay Condition D Summary and Results;

[03298] Cells grown m 96 well plates were lysed with 200 ul. Lysis Buffer {1 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 pI V900 expression vector for assay condition P, The reaction conditions for a 300 uk reaction
comprised: 20 g/L. substrate compound (2), 30 g/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 sealed with an 02 permeable seal 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
ID NO:4, under the specified reaction conditions. The percent (%) conversion was guantified by dividing
the area of the dansyl chloride dertvatized product peak by the sum of the areas of the dansyi chloride
derivatized substrate, product and impurities/side product peaks as determined 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 arcas of the undesired regioisomer (25, 38) peak and the desired

regioisomer (28, 58) peak and multiplying by 100.
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Table 4.4 HTP Assay Results for Assay Condition D

SEQID | Amino Acid Bifferences (Relative to SEQ ID NO:4) Activity Regioselectivity
NO: FIOoPC

604 S3OR/C3TI/VITA/NVITA/MISIR/SIGOR/F176V +t 99.07
466 SIOR/C3TI/L76V/ETISG/MISIR/SI60R/FLT76V +4 93.40
476 S30R/C3TV/DSSE/LTOV/MISIR/SISOR/F1TOV ++ 96.79
480 S3OR/C3TVLT6V/MISIR/SI60C/FLTEV ++ 94.64
484 SI0R/CITVVIST/LTOV/MISIR/SI60R/F176V ot 9286
498 SIOR/CITH/LTOV/MISIR/SI6O0R/FLI76V/V2ZTTM ++ 93.35
502 SIOR/C3TI/L76V/MISIG/ST60R/FLT6Y ++ 9590
304 S3OR/C3TVLT6VIMISIR/ST6OR/FIT6V/V2TTK +t 3.84
516 S30R/C3TV/L76V/SI07TA/MISIR/SI6OR/FIT6V ++ 94.40
516 S3O0R/C3TH/LT6V/MISIR/SI6OR/FITOV/V2TIR ++ 9227
522 SIO0R/CITI/LT6V/MISIR/STOOR/FITOV/V2TIE ++ 93.30
538 SIOR/CITVLT6V/SI0TM/MIS IR/SI60R/FITOY -+ 96.27
542 S30R/C3TVLT6V/Y 109F/MISIR/SI60R/F176V -+ 9432
606 S3OR/C3TU/VITA/LT6V/MISIR/SI60OR/F176V + 99.07
608 SIOR/CITH/LT6V/ELISC/MISIR/SIGOR/FLT6V + 94.17
610 SIOR/C3TUVIRL/LTEV/MISIR/SIGOR/F1TOV + 94.14
612 L76V/MISIR/SI60R/F176V/S30R/C3TI/VERS + 92.50
614 SIO0R/C3T/DSIS/LTOV/MISIR/SIGOR/FITOV + 95.27
616 SI0R/CITUVISY/LT6V/MISIR/SIGOR/FITOV + 92.05
618 SIOR/CITYVIBC/LT76V/MISIR/SI6CR/FIT76V + 9425
620 SIOR/CITLT6V/MISIR/SIGOR/QIG6L/F 176V + 95.43
622 S3OR/CITIVARH/LTOV/MISIR/SISOR/F176V + 91.71
624 SIOR/C3TI/L76V/MISIR/STI60R/MI6RL/F176V + 86.20
626 S30R/C37/LT76V/MISIR/SI60R/MI6EIF1T6V + 85.28
628 S3OR/CITUVSEN/LTOV/MISIR/SIGOR/FL76Y + 91.67
630 SIOR/CITUVSTL/LTOV/MISIR/STI60R/FLTOV + 5106
632 S30R/C3TVL76V/MISIR/STI60R/MIGER/FITOV + 97.04
634 SIOR/CITI/LTOV/MISIR/SI60RAI66V/IFIT6V + 95.28
636 S3OR/CITU/LTEV/MISIR/ATS65/S160R/F1T76V + 9586
638 SIOR/CRTI/VITT/LTOV/MISIR/SIGOR/F176Y + 100,00

HTP Assay Condition E Summary and Resulis:
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{02991 Cells grown in 96 well plates were lysed with 200 ul Lysis Bufter (1 mg/nl lysozyme, 0.5
mg/mL polymyxin B sulfate (PMES) and 50 mM phosphate buffer, pH = 6.3. The enzyme was
expressed from the pJV900 expression vector for these assay conditions E. The reaction conditions for a
300 oL reaction comprised: 20 g/L substrate compound (2), 30 g/L a-ketoglutaric acid; 1.75 g/L L~
ascorbic acid; 0.5 mM Mobhr's salt; 50 mM Bis-Tris buffer pH=6.3,

15ul. crude lysate and reaction temperature at about 25C (room temperature) for about 24 hours. Plates
were sealed with an O, permeable seal and incabated in 27 throw Kuhner at 200rpm and 83% relative
humidity. The activity of the variants relative to SEQ ID NO: 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 (%) conversion was quantified by dividing the area of the dansyi chloride
derivatized product peak by the sum of the areas of the dansyl chloride derivatized substrate, product and
impurities/side product peaks as determined by HPLC analysis. The specific activity of cach variant
relative to SEQ ID NO: 604 was calculated as the percent (%) conversion of the product formed per %
conversion of the corresponding SEQ ID NO: 604 under the specified reaction conditions normalized for
proline hydroxyvlase peak area as determined by SEC. The percent (%) conversion was guantified by
dividing the arca of the product peak by the sum of the arcas of the substrate, product and mmpuritios/side

product peaks as determined by HPLC analysis.

Table 4.5 HTP Assay Results for Assay Condition E

SEQID Amino Acid Differences (Relative to SEQ 1D NO: 604) Activity Specific
NO: FIOPC Activity
FIOPC
640 AGZD/ETIASMH2TIW + +
642 R3ON/AG2E/ELI45/E273G + +
644 RAON/ASTV/AGZE/LTOV/ASTY/ETMS/H2TIR/EZT3T + +
646 RION/AG2D/ET4S/H27IW/EZT3T + +
648 RION/NGID/AG2E/EHASH2TIW/E2T3T + +
650 RION/NGID/AG2E/E L HAN/H2TIW +
632 RION/AG2E/ET4N/H2TIW +
634 R3ON/N6ID/AG2D/E1145/H27IW +
656 RION/AG2D/ELANH2TYW/EZT3T + +
658 R3ON/AG2E/ET14S5/HZTIW/E273T + +
660 R3BON/NGID/AG2E/ETTAN/H27IW/E273T + +
662 RION/AGZDMH2T7IR + +
664 RION/N6ID/AG2E/E T H4K/H27IW/E273G + +
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HTP Assay Condition ¥ Summary and Results:

{8300] Cells grown in 96-well plates were lysed with 200 ul. Lysis Buffer (1 mg/mL lvsozyme, 0.5
mg/mkL polymyxin B sulfate (PMBS) and 50 mM phosphate buffer, pH = 6.3. The enzyme was expressed
form the pJV900 expression vector for the assay conditions F. The reaction conditions for a 300 ub
reaction coraprised: 20 g/L substrate compound €2), 30 g/L a-ketoglutaric acid; 1.75 g/L L-ascorbic acid;
0.5 mM Mohr's salt; 50 mM Bis-Tris buffer pH=6.3. 15uL. crude lysate was pre-incubated with all the
reaction components except for the substrate for 2 b at 25°C(room temperature) after which the substrate
(1) was added and the reaction mixture incubated for about 24 hours. Plates were scaled with an 02
permeable seal and incubated in 27 throw Kuhner at 200rpm: and 85% relative humidity. The activity of
the variants relative to SEQ 1D NO: 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
{%;) conversion was quantified by dividing the arca of the dansyl chloride derivatized product peak by the
sum of the areas of the dansyl chloride derivatized substrate, product and impurities/side product peaks as
determined 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 corresponding
SEG ID NO: 604 under the specified reaction conditions normalized for proline hydroxylase peak arca as
determined 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 F

SEQID Amino Acid Differences (Relative to SEQ ID NO: 604} Activity Specitic
NOG: FIOPC Activity
FIOPC
666 RION/AGZD/E1145/S240T/H27TIW/E2 73T + +
668 RION/AG2D/ET148/S240Q/H27TW/E2T3T + +
670 R3ON/AG2D/EL14S/G207TM/H2TIW/E2 73T +
672 R3ON/A62D/EL14S/TI8ST/H27TIW/E2TT + +
674 R26G/RION/AG2D/ELI4S/H2TIW/E2T3T + +
676 R3ON/AG2D/ELIAS/G20TWH2ZTIW/EZT3T + +
678 R3ON/AG2D/ETIAS/F180M/MH27IW/E273T + +
60 S2AT/R3ON/AG2D/ETT4ASH2TIW/E273T + +
632 RION/AGZD/EI4S/TI89H/H2TIW/E2T3T + +
6384 R3ION/AGZD/TRZK/ELM4S/H2TIW/E2T3T + +
686 R3ON/AG2ZD/ET4S/ATT3Y/H2TIW/E273T + +
688 R3ON/AB2D/ELAS/G2TOMAH2TIW/E2T3T + +
690 R3ON/AG2D/ELIAS/S12TR/MHZTIW/E2T73T + +
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Table 4.6 HTP Assay Results for Assay Condition F

SEQID Amino Acid Differences (Relative to SEQ 1D NO: 604) Activity Specific
NO: FIOPC Activity
FIOPC
692 R3ON/AGZD/ELLAS/S12TT/H2TIW/EZT3T + +
694 R3ON/AG2DVELIAS/GZ07TC/HZTIW/EZT3T + +
696 R30N/AG2D/ETIAS/D19203/H2TIW/E273T + +
698 RAON/AGZD/EI 145/8263D/H2TYW/E2T3T + +
709 RION/AGZD/ETH4S/LI42Q/H2TIW/E2T3T + +
702 R3ION/AGZD/ETI4S/RIGIL/H27IW/EZT3T + +
704 R3ON/AGZD/ST2V/ETI4S/H2TVW/E2ZTST +
706 R3ON/AG2D/TE2R/EN4S/H27IW/E2T3T + +
708 R3ON/AG2D/ELIAS/HZTYW/E2ZT3T + +
710 R3ON/AG2D/ELIAS/Q1&6R/HZTIW/E2T3T + +
712 R3ON/AG2D/ETIAS/ALT5Q/H27IW/E273T + +
714 R3ON/AG2D/ETI4S/VISRVH2ZTIW/E2T3T + +
716 RION/AGZD/EI4S/PISTCH2ZTIW/E2TIT + +

HYP Assay Condition G Summary and Resulis:

{0301] Cells grown m 96 well plates were lysed with 200 oL Lysis Buffer (I mg/mL lysozyme, 0.5
mg/mL polymvxin B sulfate (PMBS) and 30 mM phosphate buffer, pH = 6.3, The enzyme was expressed
form the pJV900 expression vector with al8c RBS for assay conditions G. The reaction conditions for a
300 uL reaction comprised: 20 g/L substrate compoand €2}, 30 g/L a-ketoglutaric acid; 1.75 g/L L-
ascorbic acid; 0.5 mM Mohr's salt; 50 mM Bis-Tris buffer pH=6.3. 30ul crude lysate was pre-incubaied
with all the reaction components except for the substrate for 2 b at 25C{room temperature) after which the
substrate (1) was added and the reaction nuxture incubated for about 24 hours. Plates were sealed with an
0; permeable seal and incubated in 27 throw Kuhner at 200rpm and 85% relative humidity. The activity
of each varnant 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
surn of the areas of the dansyl chioride dertvatized substrate, product and impurities/side product peaks as
determined 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 NO:

604 under the specified reaction conditions normalized for prolme hvdroxylase peak area as determined
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by SEC. The percent (%) conversion was quantified 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.

Table 4,7 HTP Assay Results for Assay Condition G

SEQ ID | Amino Acid Differences (Relative to SEQ 1D NG: 604) Activity | Spectfic
NO: FIOPC | Activity
FIOPC
718 R3ON/AGZD/ETI4S/SI2TR/AKLGIG/VISSI/TI OP/H27TIW/EZT3T + +
720 R3O0N/AS2D/ETH4S/KIGIG/TI89HM27IW/E273T + +
722 R30N/AG2D/ET148/8127R/AKI61IG/EISSV/H2TIW/E273T +
724 S24T/R30ON/AG2D/EL145/T189H/D192W/H27TIW/E273T + +
726 RION/AGZD/ET4S/KI6IG/EISSV/TISOHM2TIW/E2T3T + +
728 R30ON/AG2D/ETI48/K161G/EI8SV/V 188/ TI8OH/HZ7TIW/E273T +
730 R30N/AG2D/ET148/S240/H271TW/E273T +
732 R3ON/AG2DVET14S/Q186R/T1891/8240/H271W/E273T +
734 R30N/AG2D/ET148/8240Q/H27IW/E2T3T + +
736 ION/AGZD/STIV/EL148/Q186G/MIG3/H2TIW/E273T +
738 R3ON/AG2D/EN48/G2ZI0M/S240Q/MH27IW/ELT3T +
740 R3ON/AGZD/ETIAS/EITRR/VIRAL/Q186G/H2TIW/E2T3T + +
742 RION/AGZD/ET14S/QL8OR/TIROI/H2TIW/E273T + +
744 R30ON/AG6ZD/E1148/5240Q/8263G/MH27IW/E273T +
746 R30ON/AG2ZDVET 148/Q186G/T180/S240/H27TW/E2 73T +
748 R3ON/AGZDVEN4S/VIBAL/G210M/S240Q/H27 VW/E2T3T + +
750 RAON/AG2D/ETH4S/TI8OUS240V/H27TIW/E2T3T + +
752 R3ON/AG2D/ST2YV/E1148/8240Q/MH27TIW/EZT3T + +
754 R3ON/AG2D/ETI48/8127T/S2400Q/H27TIW/E2T3T + +
756 RAON/AGZD/ET48/GZOTRM2TIW/E2T3T + +
758 R3ON/AG2D/ET148/V184L/Q186G/TI8OI/S240Q/H2TYW/E2T3T +
769 R3ON/AG2D/ET148/A173Y/8263G/H2TIW/E273T +
762 R30ON/AS2D/ELI4S/PI8TH/S263G/H27TIW/E2T3T + +
764 F3ON/AS2D/EL48/PIRTH/MH27IW/E2T3T + +
766 R30N/AGZD/E1148/8263G/H27IW/EZT3T +
768 R3ON/AG2D/ETI48/VIT6K/PI8TH/S263G/H2TIW/E273T +
770 RBONJAGZD/ENAS/VITOK/PIRTH/H2TIW/EZT3T - +
772 R3ON/AGZD/EL48/AVTIY/H2TIW/EZT3T + +
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Table 4.7 HTP Assay Results for Assay Condition &

SEQID | Amine Acid Differences (Relative to SEQ ID NO: 604) Activity | Specific
NO: FIOPC | Activity
FIOPC

S24T/R2Z6AMRION/AG2D/TE2K/ELI4S/GI128A/F 61 P/ATTIY/FI’OM

774 MKI19BA/2Z13L/F233E/8240T/H27TIW/E2T3T +

776 R2Z6A/RION/AG2D/TE2K/ELI4S/F233YH2TIW/E273T + +

778 R30ON/AGZD/STZE/ET148/AVTIY/TIROA/F233E/H2TIW/E2T3T + +

780 R3ON/AG2D/TR2K/E1148/G128A/IZ13L/H2TIW/E2T3T +
SZ4T/R26G/RION/AG2ZD/ST2E/ET145/C158N/AT1T3K/Z 13L/F233Y/

782 H27IYW/E273Y +
R26A/RION/AGZD/ST2E/ETT4S/CL58N/D 192P/8240T/M241C/H2 71

784 W/E2T3T +

786 S24T/R26ARION/AG2D/ST2E/ET148/K 61 P/F233E/H2TIW/E273T + +
R26G/RION/AG2D/T82K/ET14S8/G 128 A/K 16 1IP/FISOM/KI198A/H2T1

788 W/E273T +
S24T/RZGAMION/AGZD/ST2E/EL145/CISAN/AK L6 IP/TISOA/H2TIW

790 /E273T + +

792 R26G/RION/AGID/TRIK/ENI4S/H2TIW/E2T3T + +
RZ6A/RION/AGZD/ST2E/EL14S/GI28A/CI8N/KI98A/H2TIW/ELT3

794 T + +
RIGA/RION/AGZD/ST2E/E1T4S/CISEN/K 161 PF/DI9IP/H27TIW/E2T3

796 T + +

798 R30ON/AG2ZD/E1148/CIS8N/H2ZTIW/E2T3T ++ +
S24T/RZ6A/RION/AGZD/ET14S/GI28A/F180M/G207TRK/H2Z7TW/E2T

800 3T + +
RIZ6G/RION/AGZD/TE2K/ELT4S/K161P/AT73Y /FI8OM/BI92A/F233

802 B/H271W/E273T + +
S24T/R26A/RION/AGZD/EL14S/CLISEN/T189A/D192A/S225A/H2T1

804 W/E2T3T + +

806 S24T/R26A/RION/AGZD/ELT4S/A1T3Y/H2TIW/E273T -+ +
S24T/R26A/R30N/A62D/ST2E/ELLAS/K16 IP/ALTIK/S240T/H2TIW/

808 E273T + +

810 R26ARION/AS2D/TE2K/ELIAS/CIS8N/KIG I P/H2TIW/E2T3T ++ +
S24T/R26G/RZON/AG2D/ST2E/TS2K/ET14S/GI28A/CIS8N/K 161 /T

812 189A/S240T/M24 1C/H2TIW/E273T + +

814 R3ON/AGZDV/ETI4S/CISSN/ATT3Y AZI3L/H2TIW/EZ73T +
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Table 4.7 HTP Assay Results for Assay Condition &

SEQID | Amine Acid Differences (Relative to SEQ ID NO: 604) Activity | Specific
NO: FIOPC | Activity
FIOPC

S24T/R2Z6A/RION/AG2D/ST2E/T82K/EI4S/G128A/F233Y/H2TIW/

816 E273T +
S24T/R2Z6A/RION/AG2D/TE2K/ELH4S/CISEN/K 16T P/F LEOM/F233E/

818 H271W/E273T + +

820 R3ON/AGZD/EN148/2131L/F233E/H2TYW/E2T3T + +
S24T/RION/AGZD/E L4S/CL38N/K ISP/ VITED/FI33E/MH2TIW/ELRT

822 3T + +
R2ZBA/RION/AGID/STZE/TE2K/ELIAS/ALT3Y/DIO2A/SZ40TH2TIW

824 /E273T + +
S24T/R26A/RION/AG2D/ST2E/T82K/ET48/GI28A/ATT3Y/V 176D/

826 2I3L/SZA0THR2TYW/E2T3T + +

828 RAON/AG2D/STIE/ETI48/CISEN/HZTIW/E2T3T + +
S24T/R26A/RBON/AG2D/ET148/G128A/ATTIK/TIROA/S225A/F233

830 /H2TIYW/E2T3T +
R3ON/AG2D/ST2E/T82K/ET14S/A1T3K/FI80M/G207RA2I3L/8225A

832 JE233EM2TIW/E273T +

834 S24T/R26A/RION/AG2D/ET145/TISOA/H2TIW/E2T3T +

836 SZ4T/RION/AGZD/EL 14S/ATT3K/M2TIW/E2ZTIT + +
R2GA/RION/AGID/ELIAS/ALTIY/VIT6D/FIROM/TISGA/D192P/822

838 SAM24ICH2TIW/E2TIT + +

840 R30N/ASZD/ET4S/TISOA/E2T3A + +

342 RZGAMBON/AGZD/ST2E/ET14S/KI161P/HZ7TITW/E2T3T + +
RIZ6G/RION/AGZD/ST2E/ELT4S/CISEN/AT73K/TI189A/F233E/H2T1

344 W/EZT3T + +

846 R26A/RION/AGZD/ST2E/ET4S/KI61P/S225AH27TTW/E2T3T + +

848 R3ON/AGZD/ETI4S5/AYT3Y/FISOMM27IW/E2T3T + +
S24T/R26A/R3ON/AG2D/STZY/E1145/G128A/T189A/S240C/H2TIW

850 /E273T + +

852 R2ZBA/RION/AG2D/STZE/ELTAS/ALTIY/F180M/M27IW/E2T3T + +
R2Z6A/R3ON/AG2D/ELTAS/KI61 P/T189A/DI92P/F233E/5240T/H271

854 W/E273T + +

856 R3ON/AGZDYVST2E/M82K/E1145/1213L/F233E/H27IW/E2 73T +

858 R26G/RION/AGZD/ST2Y/E1I4S/CISEN/H2TIW/E273T + +
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Table 4.7 HTP Assay Results for Assay Condition &
SEQID | Amine Acid Differences (Relative to SEQ ID NO: 604) Activity | Specific
NO: FIOPC | Activity
FIOPC
860 E27TT/RION/AG2D/TE2R/EN 148/A 175/ D192GQ/M2TIW/E2T3T + +
E2TT/R3ON/AG2D/TE2R/ET 148/ 1425/D192Q/8263D/H27TIW/E2T3
862 T + +
864 R30ON/AGZD/EL148/L1420G/S263D/H2T IW/E2T3T + +
866 R3ON/AG2D/ET148/D192Q/H27TIW/E2T73T +
868 E2TT/R3ON/AG2D/EL145/G207TW/S240R/8263D/H27TIW/E2 73T +
R30ON/AS2D/TE2R/ELIAS/LI428/AT5Q/F 1 80M/G207TW/A256R/H27
870 FW/E2T3T + +
872 E27T/RION/AGZD/EL148/G20TW/A2368/8263D/M2TIW/E2T3T ++ +
874 3CN/AG2D/TE2R/ET148/G20TW/A256R/S263D/H2TYWI/E273T +
3CN/AG2D/ET148/GI2Z8F/LT42Q/R191L/D192GQ/8263D/H27TW/E2
876 737 +
878 R3ON/AGZD/TRR/EN14SAG128N/H2TIW/E273T + +
EIBK/R3ON/AG2D/EI 148/L1428/A175Q/F180M/S263D/H27TIW/E2T
380 3T +
882 R3ON/AGZD/TRIR/ET14S/AG20TW/S263DM2TYW/EZTIT + +
R3ON/AGZD/T2R/CRGE/ELL4S/RIGIL/DI92Q/8263D/H27IW/E273
554 T " N
EI3K/E2TT/RION/AG2D/TE2R/CEOE/E 14S/G207TW/A255R/8263D/
886 H2TVW/E2T73T + +
888 E2TT/R3ON/AG2D/TE2R/ET H4S/F180M/D192Q/H2TIW/E2T3T + +
R3ON/AG2ZD/TSZR/ET H4S/A175Q/F180M/C238T/S240R/8263D/H27
890 TW/E273T + +
892 E27T/R30N/AG2DY/ELI4S/AZS6R/H2TIW/E273T +
894 E27T/R30N/AG2D/EL145/S263D/H27IW/E273T +
BE27T/RION/AGZD/T82R/EL14S/G128F/D 1920/ A256R/MH2TIW/E2T3
896 T +
898 R30N/AG2ZD/CROE/ETIAS/G207TW/S263D/H2TIW/E2T3T + +
500 R30N/AS2D/ETI4S/GI28K/11428/A256R/8263D/H2TVW/E2T3T + ++
S42 IGN/AGZD/ETI4S/RIVIL/DI92Q/G207TW/S263D/H2TIW/E273T +
G4 RAONJAGZD/TRIR/ETNH4S/AGI28F/8263D/H27IW/E273T + +
906 RAON/AGZD/EN48/E222Q/MH2TIW/E2T3T - +
908 R3ON/AG2D/ET148/D195A/H2TIW/E2T3T -
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Table 4.7 HTP Assay Results for Assay Condition &

SEQID | Amine Acid Differences (Relative to SEQ ID NO: 604) Activity | Specific
NO: FIOPC | Activity
FIOPC
G910 R3ON/AGZD/EVI48E259G/H2TIW/E2ZT3T - +
9i2 R3ON/AGZD/NTTLEN4SH2TIW/ELZTIT - +
014 R30ON/AG2D/ET148/E2V7GH2TIW/ERT3T -
916 R3ON/AG2DVET148/G1285/H27TIW/E273T +
918 R3ON/AG2ZD/ET L4S/L209E/H27IW/E273T - +
920 R30N/ASZD/ET48/L200G/H2TIW/IE2T3T - +
922 AT4G/R30ON/AGITYVET 14S/H2TIW/E273T - +
924 R3ON/AGZD/ENI4AS/M2I3RM2TIW/EZTIT + +
926 R3ON/AGZD/ETI48/L230E/MH27TW/EZT3T - ++
928 R3ON/AGZID/EN48/1.142G/H2TIW/E2T3T - +
930 R30ON/AGZDVET148/A218G/H27TIW/E2T73T + +
932 R3ON/AGZD/ETI4S/TISOV/H2TIW/E2T3T + +
934 R30N/AS2D/EL4S/DISSGH2TIW/EZT3T - +
936 R3ON/AGZD/ET148/L200A/H2TIW/E2T3T - +
938 R3ON/AG2D/ETI48/E265C/H27TIW/E2ZT3T - +
940 R3ON/AGZD/EN145/C238G/H2TIW/EZTST - ++
942 R3ION/AGZD/ENI4S/PIOIEM27IW/E2TIT + +
944 R30ON/AGZD/ET148/M24 1I/H2TTW/E2T3T -
946 R30ON/AG2ZDV/ET48/1215V/H27TITW/E273T -
948 R30N/AGZDVELI4SAZI3GH2TIW/E2T3T - +
950 R3ON/AG2ZD/ET48/A218C/H2TIW/E2T3T - +
§352 R3ON/AG2D/ET148/C238S/H27TW/E273T - +
G54 R3ON/AGZD/EN48/M24IV/H2TYW/EZTIT - ++
956 R3ON/AGZD/ETTAS/FIUIS/H2T7IW/E2T3T - +
958 R3ON/AG2D/RSSH/ELIAS/H2ZTIW/EZT3T + -+
560 R30N/AG2IVEL14S/E265V/H2TIW/E2T3T - +
962 R30N/AG2ZDV/ESIV/ELI4SH2TIW/E273T - +
964 R30N/AG2D/ET 148/Q186R/G20TRMH2TIW/E273T + +
966 R30N/AG2D/ET145/Q186R/G20TM/H2TIW/EZT3T +
968 R3ON/AG2ZD/ET145/QI86R/H2TIW/E273T +
4970 R3ON/AGZD/ETI48/QI86R/TIRVG20TR/MH2ZTIW/E2TIT + +
972 R3ON/AGZD/ET148/V184L/Q186G/TISSVG207R/H27TIW/EZ73T + ++
974 R30ON/AG2DVETI48/VI84L/TI8OYG20TM/H2TIW/E2T3T +
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Table 4.7 HTP Assay Results for Assay Condition &

SEQID | Amine Acid Differences (Relative to SEQ ID NO: 604) Activity | Specific

NO: FIOPC | Activity
FIOPC

476 R3ON/AGZD/ETI48/VI84L/QI86R/G20TMM2TIW/E2T3T + +

978 R3ON/AGZD/ET148/Q186G/T189VG207TR/AHZTIW/E2T3T + +

980 R3ON/AGZD/ET14S/VI4AL/G20TR/H2TIW/E273T +

982 R3ON/AG2DVET148/V184L/TIROV/G207TK/H2TIW/E2T3T +

HTP Assay Condition H Summary and Resalis:

{0302] Cells grown m 96 well plates were lysed with 200 oL Lysis Buffer {1 mg/mL lysozyme, 0.5
meg/mL polymyxin B sulfate (PMBS) and 50 mM phosphate buffer, pH = 6.3, The enzyme was expressed
from the pJV900 gc RBS expression vector for the assay conditions H. The reaction conditions for a 300
ul reaction comprised: 60 g/L substrate compound {2}, 90 g/L. a-ketoghutaric acid; 30 mM L-ascorbic
acid; 1.5 mM Mohr's sait; 50 mM Bis-Tns buffer pH=6.3. 30ul crude lysate and reaction temperature at
about 25°C (room temperature) for about 24 hours. Plates were sealed with an O, permeable seal and
meubated in 27 throw Kuhaer at 200rpm and 85% relative humidity. The activity of each variant relative
to SEQ 1D NO: 810 was calculated as the % conversion of the product formed per % conversion of the
corresponding  SEQ ID NO: 8§10 under the specified reaction conditions. % Conversion was quantificd
by dividing the arca of the dansyl chlonde denivatized product peak by the sum of the arcas of the dansyl
chloride derivatized substrate, product and impuritics/side product peaks as determined by HPLC analvsis.
The specific activity for cach variant relative to SEQ ID NO: 810 was calculated as the % conversion of
the product formed per % conversion of the corresponding SEQ 1D NO: 810 under the specified reaction
conditions normalized for proline hydroxylase peak area as determined by SEC. The percent conversion
{%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 4.8 HTP Assay Results for Assay Condition H

SEQID Amino Acid Differences Activity Specific
NO: {Relative to SEQ 1D NO: 810) FIOPC Activity
FiopC
984 A1568 T
986 8337 +F T
988 V951 + +
990 S33K "
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Tahle 4.8 HTP Assay Results for Assay Condition H

SEQID Amino Acid Differences Activity Specific
NO: (Relative to SEQ ID NO: 810) FIOPC Activity

FiorC
992 S33W + n
994 W40T T T
996 833G T
9938 W40Q + +
1000 Al36V + +
1002 A156F + T
1004 S33H i it

EXAMPLES

Process for Conversion of Compound (1) to Compound (2)
Using Shake Flask Powder (SFP) Preparations

{03303} In this Example, methods for converting Comapound (1) to Compound (2) using SFP preparations
are described.

[3304] A 200 mlL scale reaction using SFP enzyme powder was carried out in a 500 mL jacketed BioStat
“3” fermentation vessel with Rushton impeller, gas sparging loop, thermocouple and dissolved oxygen
{DO) probe. The reaction mixture comprised {Condition 1) : 30 g/L. substrate compound (1), 1.5 eq (350
mM} a-ketoglutaric acid; 0.3 eq (70 mM) L-ascorbic acid; 1 mM Mohr's salt; 100 mM potassinm
phosphate buffer, pH=6.3 (pH adjusted with KOH)}, 3 g¢/L protein of SFP enzyme powder preparations.
139 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~
pipereolinic acid (46.5 mmol), 10.2 g of e-ketoglutaric acid (70 mumol; 1.5 equiv.) and 2.5 g of L-ascorbic
acid (14 mmol; 0.3 equiv.} was added to give a homogenecous solution at pH ~2 in ~ 5 minutes. The pH
was adjusted to ~6.3 with 50% w/v (~ 9 M) KOH (~32-35 mL}. After the exotherm (up to ~30-35°C)
subsided, the pH of the resulting sohution was adjusted 6.3 via dropwise addition of either 50% w/v KOH
or conc. HiPO, (pH decreases upon cooling to rt.). The DO probe should read <10% throughout.

400 mg (1.0 mmol; 5 mM) of Mohr's salt (NH,Fe(SO.); * 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 s under constant nitrogen sparge. 1.0 mL of Antifoam-204 (Aldrich #A6426) was added to the

reddish-brown solation 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 mL 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 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 25°C for about 24 hours.

{0305] At speciticd time points, 5 ul. of the reaction mixture were aliguoted into a 96 deep well plate
containing 200 ul/well of 5% sodium bicarbonate. A 200 yL volume of 10 mg/mL of dansvl chloride in
MeCN was added to cach 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 | min at 4000 rpm. A 20 pL aliquot of supermatant was
transferred into a 96 well plate containing 140ul of water per well for HPLC analysis.

[8306] The results are shown in the following table. The relative activity of each variant was calculated
as the percent (%) conversion of the product formed per % conversion of SEQ ID NO-4 (i.c., the reference
sequence), under the specified reaction conditions. The percent (%) conversion was quantified 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. The peak area of the undesired product peak (25, 35)-
hvdroxypipecolic acid expressed as a percentage with respect to the peak area of the desired product (28,

58)-hydroxypipecolic acid.

Table 5.1 Resuits for SPF Assay Condition I

SEQ ID NG Amine Acid Differences (Relative to SEQ ID | Activity | % %% (25, 35}
NG:4) FIOPC | Conv. | vs. {28, 58}

4 NA NA i3 i3

44 MISIR/FIT76V + 20 13

436 S3OR/C3TH/LT6V/MISIR/SIGOR/FITEY + 25 13

600 S3OR/CITI/VITA/MISIR/SIGOR/FI76V + 50 7

604 S3OR/CITUVITA/VOTA/MISIR/SIGOR/F1T6V + 35 2

646 SION/CITUVITA/AGZDIVITA/ELI4S/MISIR/ 4 40 2
SIGOR/FLI76V/H2TIW/E2T3T

810 RZSA/SION/CITYVSTAIAG2DITE2K/VITA/E]L ++ 60 2
14S/MISIR/CIA8N/SI60R/K 161 P/FIT6V/H2T
TW/E273T
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EXAMPLE 6
Process for Conversion of Compound (1) to Compound (2)

Using Bownstream Process Powder (DSP) Preparations

{0307} In this Example, methods for converting Compound (1} to Compound (2) using DSP preparations
are described.

[6308] A 200 mL scale reaction using DSP enzyme powder wasg carried out in a 500 mL jacketed BioStat
3 fermentation vessel with Rushton impeller, gas sparging loop, thermocouple and dissolved oxygen
{(DO) probe.

[8309] 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 a-ketoghutaric acid; 70 mM L-ascorbic acid; 1 mM Mohr's
salt; 100 mM potassiom phosphate buffer pH=6.3 (pH adjusted with KOH}), 3 g/L (Condition §) 01 6 o/L
{Conditions K and L) protein of DSP enzyme powder preparation.

{3310} 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% DO by flowing 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 g of L-pipercolinic acid (46.5 mmol, Conditions J and K} or 12 g of L-pipercolinic acid (93 aumol,
Condition L), 10.2 g of u-ketoglutaric acid (70 mmol; 1.5 equiv., Conditions J and K) or 204 g of o~
ketoglutaric acid (140 mmol; 1.5 equiv, Condition L) and 2.5 g of L-ascorbic acid (14 mmol; 0.3 equav.
{Conditions J and K) or 0.15 equiv. (Condition L}) was added to give a homogencous sclution at pH ~2 in
~ 5 minutes. The pH was adjusted to ~6.3 with 50% 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 50% w/iv KOH or cone. H;PO, {(pH decreases upon cooling to r.1.). The DO probe should read
<10% throughout. Then, 400 mg (1.0 mmol; 5 mM) of Mohr’s salt (NH.),Fe(5G.), * 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 1s under constant mitrogen sparge. 1.0 mL of Antifoam-204 (Aldnch
#A6426) was added to the reddish-brown solation to give a reddish-brown cloudy/milky mixture, to this
mixture was added within 2-5 minutes DSP (600 mg, Condition § or 1200 mg Conditions K and L) i 20
mL 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 feedback DO (at 10 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 pounts, 5 ul. of the reaction mixture were aliquoted into a 96 deep well plate
containing 200 ul/well of 3% sodium bicarbonate, A 200 ul, volume of 10 mg/mL of dansvl chloride 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 44-43°C for 1 hour with 600 rpm shaking. After
ncubation, the plate was centrifuged for 1 min at 4000 rpm. A 20 uL aliguot of supermatant was

transferred into a 96 well plate containing 140u] of water per well for HPLC analysis.

103



WO 2017/213758 PCT/US2017/028370

Summary and Resulis for DSP Assay Condition J:

{0312} This DSP assay condition was carried out at 200 mL scale in a 300 mL jacketed BioStat “Q”
fermentation reaction vessel with Rushton impeller, gas sparging loop, thermocouple and dissolved
oxygen (BO) and pH probes. The reaction mixture comprised: 30 g/L. substrate compound (2), 1.5 eq (350
mM) a-ketoglutaric acid; 0.3 eq (70 mM) L-ascorbic acid; | mM Mohr's salt; 100 mM potassium
phosphate buffer pH=63 (pH adjusted with KOH), 3 g/L protein of DSP enzyme powder preparation. The
fermentor was placed under automatic fecdback DO (at 10 % DO) control {(variable agitation rate) by
switching the incoming gas stream to air (100% DO = oxvgen level in air saturated water) at a reaction
temperatare of 25C for about 24 hours.

{3313} The results are shown in the following table. The relative activity of each variant was calculated
as the percent (%) conversion of the product formed per % conversion of SEQ 1D NO4 (i.e., the reference
sequence), under the specified reaction conditions. The percent (%) 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 HPLC analysis. The peak area of the undesired product peak (28, 35)-
hydroxypipecolic acid cxpressed as a percentage with respect to the peak arca of the destred product (285,

58)-hydroxypipecolic acid.

Table 6.1 Results for SPF Assay Condition §

SEQ ID NG Aming Acid Differences {Relative to SEQ ID Activity | % &b (28, 38}
NO:4) FIOPC | Conv. | vs (28, 55)
4 NA NA 40 i3
44 MISIR/F176V + 47 i3
436 S30R/CITH/LT6V/MISIR/SIGOR/F176V + 60 i3
600 SIOR/C3TVVOTA/MISIR/SIGOR/FI76V + 76 7
604 SICR/CITVVSTA/VOTA/MISIR/SI60R/F176V + 674 5.1
646 SION/CITUVSTA/AB2ZBIVITA/ETITAS/MISIR/S + 701 I
160R/F17T6V/H2TIW/E273T
810 R26A/S30N/CITI/VSTA/AG2D/TE2K/VITA/EL + 75 0.7
4S/MISTR/CI58N/STI60R/KI61P/F176V/H2TE
W/E273T

Summary and Resuits for DSP Assay Condition K:
[0314] This DSP assay condition was carried out on 200 mL scale in a 500 mL jacketed BioStat “Q”
fermentation reaction vessel with Rushton impeller, gas sparging loop, thermocouple and dissolved
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oxygen (D0) and pH probes. The reaction mixture comprised: 30 g/L substrate compound (1}, 1.5 ¢g (350
mM) a-ketoglutaric acid; 0.3 eg (70 mM) L-ascorbic acid; 1 mM Mohr's salt; 100 mM potassium
phosphate buffer pH=6.3 {pH adjusted with KOH), 6 g/L protein of DSP enzyme powder preparation. The
fermentor was placed under automatic feedback DO {at 10 % DO) control {variable agitation rate) by
switching the incoming gas stream t0 air (100% DO = oxygen level in air saturated water) at a reaction
temperature of 25C for about 24 hours.

[6315] The results are shown in the following table. The relative activity of cach variant was calculated
as the pereent (%) conversion of the product formed per % conversion of SEQ 1D NG:4 (e, 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, produet and impuritics/side
product peaks as determined by HPLC analvsis. The peak area of the undesired prodact peak (28, 38)-
hvdroxypipecolic acid expressed as a percentage with respect to the peak area of the desired product (28,

58)-hydroxypipecolic acid.

Table 6.2 Results for SPF Assay Condition K

SEQ ID NOG: Amine Acid Differences {Relative to SEQ ID Activity 2 % (28, 35)
NO:4) FIOPC | Conv. | vs {25,55)

4 NA NA 60 i3

44 MISIR/FI76V + 90 i3

436 SI0R/C3TV/LT6V/MISIR/SIGOR/FITOV + 92 13

600 S3OR/CITUVOTA/MISIR/SIBOR/FI176V + a5 7

604 SICR/CITUVSTANOTA/MISIR/SI6OR/F1T6V + 797 i

646 S3ON/C3TUVSTAIAGZD/VOTA/ETIAS/MISIR/ + 96.4 0.8
SI60R/FIT6V/H2TIW/E2T3T

810 RIGA/S3ON/C3TUVITA/AG2D/T8ZK/VITA/EL + 94.9 0.7
4S/MISTR/CISEN/SI60R/K161P/F1T6V/H2T
IW/E2T3T

Summary and Results for DSP Assay Condition L:

{8316] This DSP assay condition was carried out on 200 mb scale in a 500 mL jacketed BioStat “(3”

fermentation reaction vessel with Rushton impeller, gas sparging loop, thermocouple and dissolved

oxygen {DO) and pH probes. The reaction mixture 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 potassium

phosphate buffer pH=6.3 (pH adjusted with KOH), 6 ¢/L proiein of DSP enzyme powder preparation. The

fermentor was placed under steady air flow 0.4 SLPM air; 720 rpm (kLA ~ .05 / s) at a reaction

temperature of 25°C for about 24 hours.
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{0317} The results are shown in the following table. The relative activity of each variant was calculated
as the percent (%) conversion of the product formed per % conversion of SEQ ID NG:4 (1.e., the reference
sequence), 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 impurities/side
product peaks as determined by HPLC analysis. The peak area of the undesired product peak (2, 35)-
hvdroxypipecolic acid expressed as a percentage with respect to the peak area of the desired product (25,

38)-hvdroxypipecolic acid.

Table 6.3 Results for SPF Assay Condition L

SEQ ID NO: Amine Acid Differences {Relative to SEQ ID Activity o Y (28,
NO:d) FIOPC | Conv. | 35) ve (25,
58)
4 NA NA NA NA
44 MISIR/FI76V NA 30.1 12
436 S30R/C3TV/LT6V/MISIR/SI6OR/FI76Y + 419 9.8
600 S30R/C3TI/VOTAMISIR/SIGOR/FI76V + 445 5.0
604 S30R/C3TUVSTA/NITA/MISIR/SIOOR/F1T6V + 424 i
646 S3ON/CITUVSTA/AGZD/VITA/ELT4S/MISIR/S + 433 0.7
160R/FITOVH2TIW/E2T3T
810 RISA/SION/CITUVSTA/AG2D/TE2K/VITA/EL]L + 643 0.8
AS8/MISIR/CLSSN/ST60R/K161P/F176V/HIT
W/E273T
EXAMPLE7

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

[8318] In this Example, processes for a “one-pot” synthesis of Compound {2) from L-lysine are
described.

{0319] A 200 mL scale reaction using DSP enzyme powder was carried out in a 500 mL jacketed BioStat
“Q” fermentation vessel with Rushton impeller, gas sparging loop, thermocouple and dissolved oxygen
(D03 probe. The reaction mixtare comprised: 68 g/L substrate compound, 1.2 eq a-ketoglutaric acid; 70
mM L-ascorbic acid; 2 mM Mohr's salt; 100 mM potassium phosphate buffer pH=73 (pH adjusted with
KOH), 6 g/L protein of SEQ ID NO: 810 DSP enzyme powder preparation, 0.5 g/l NAD, 3 g/l proten of
Ivsine cyclodeanunase SEQ ID NG: 1000, First, 140 mL of 100 mM potassium phosphate buffer, pH=73
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-ketoglutaric acid to give a clear colorless solution

108




WO 2017/213758 PCT/US2017/028370

{pH ~ 3} in ~ 5 minutes. The pH was adjusted to 7.3 via 50wt% KOH (~17 ml.; exothermic to ~32-35°C).
Afiter the reaction mixture cooled to ~ 22-24°C, to the reactor under nitrogen sparge (DO = 0%} was
added: I mL of Antifoam 204, 100 mg (~0.5 g/L based on final volume) of NAD, 0.6 g of SEQ ID NOG:
1006 DSP {~3 g/L based on final volume) in 10 mL of 100 mM pH 7.3 potassium phosphate buffer to
give a clear pale vellow solution (at t=1 and 2 h, 10 ul. aliquots were taken and quenched with 700 b of
5% WNaHCO;). After stirring 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(SO.), * 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 1D NO: 810 DSP was added (~6 g/L. based on final volume) in 10 mbL 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,.

[0320] Att=3,16,18.20,22 24 26 40, 44 and 48 h, 10 puL 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. At =40 h, sct agitation at
600 rpm and gas stream to 0.4 SLPM of 50:30 Aur/N;. The aliquots were treated with 500 pL of 10 g/L.
Dansyl chioride in acetonitrile at 50°C for 1 h. After derivatization, the samples were centrifuged at 5000
rpm at room temperature for 3 minutes. A 50 ub of the resulting supernatant was taken and diluted with

200 uk of dH,0 for HPLC apalysis. The results are shown in Figure 1.

{8321] All publications, patents, patent applications and other documents cited herein are hereby
mcorporated by reference in their entireties for all purposes to the same extent as if each individual
publication, patent, patent application or other document were imdividually indicated to be incorporated by
reference for all purposes.

10322] While various specific embodiments have been illustrated and described, it will be apprectated

that vartous changes can be made without departing from the spirit and scope of the invention{s}).
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