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ENZYMATIC GLYCOSYLATION OF STEVIOL GLYCOSIDES AND OTHER
COMPOUNDS WITH GLUCOSE-1-PHOSPHATE

10001] The present application claims prionty to US Prov. Pat. Appln. Ser. No. 62/350,450, filed

Fane 15, 2016, hereby incomporated by reference in its entivety for all purposes.

FIELD OF THE INVENTION

[B0602] The present invention provides giveosyliransferase (GT) enzymes, polvpeptides having GT
activity, and polynucleotides encoding these enzymes, as well as vectors and host cells comprising
these polynucleotides and polypeptides. The present invention also provides methods of using these

GT enzymes to gencrate products with B-glucose linkages.

REFERENCE TO A “SEQUENCE LISTING,” A TABLE, OR A COMPUTER PROGRAM
LISTING APPENDIX SUBMITTED AS AN ASCH TEXT FILE

{0003] The official copy of the Sequence Listing is submitted concurrently with the specification as
an ASCII formatted text file via EF5-Web, with a file name of “"CXB-155USP1 ST251xt7, a creation
date of June 14, 2016, and a size of 98,304 bytes. The Sequence Listing filed via EF5-Web s part of

the specification and is incorporated n its entirety by reference herein.

BACKGROUND OF THE INVENTION

[8604] Glveosyltransferases (GT) are enzymes that post-translationally transfer glycosyl residucs
from an activated nuclectide sugar to monomeric and polymeric acceptor molecules {e.g , other
sugars, proteins, lipids, and other organic substrates). These glycosylated molecules are involved in
various metabolic pathways and processes. The transter of a glucosyl motety can alter the acceptor’s

bioactivity, solubility, and transport propertics within cells.

SUMMARY OF THE INVENTION

[8603] The present invention provides glycosyltransferase enzymes, polypeptides having GT
activity, and polynucleotides encoding these enzymes, as well as vectors and host cells comprising
these polvnucleotides and polypeptides. The present invention also provides methods of using these
GT enzymes to generate products with B-glucose linkages.

[B086] The present invention provides methods for glveosylation of a substrate to produce a beta-
glycosylated product, comprising the steps of! providing at least one glycosyl group donor, a least one
glvcosyl group acceptor. and at least one glycosyltransferase enzyme; contacting the glycosyl group
donor and glvcosyl group acceptor with the glvcosvitransferase enzyme under conditions such that the
slveosy! group acceptor is glveosylated to produce at least one product having beta-glucose hinkages.

In some embodiments of the methods, the glycosyl group donor is a glveosviphosphate. In some
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additional embodiments of the methods, the glvcosyl group donor 1s ghicose-1-phosphate. In some
further embodiments of the methods, the glyeosyl group acceptor is selected from glycosyl, atkoxy,
carboxy, aminocarbonyl, heteroalkyl, heteroalkeny!, heteroalkynvl, carboxvalkyl, aminoalkyl,
haloalkvi, alkylthioalkyl, heterocycloalkyl, heteroaryl, and heteroarvlalkyl groups. In some vet
additional embodiments of the methods, the product having beta-glucose linkages 1s a steviol
glveoside. In some further embodiments of the methods, the glycosyl group acceptor is stevioside,
said glycosyl group donor is alpha-glucose-1-phosphate, and said product having beta-glucose
linkages 1s rebaudioside A. In some additional embodiments of the methods, the glvcosvitransferase
is selected from the polypeptides set forth in SEQ ID NOS:2, 4, 6, 8, 10, 12, and 14,

10607] The present invention alse provides methods for production of glucose-1-phosphate,
comprising the steps of) providing a phosphorvlase, morganic phosphate, and a disaccharide,
tnsaccharide, or oligosaccharide substrate of the phosphorviase; contacting said phosphorylase,
morganic phosphate, and saccharide under conditions such that said saccharide is cleaved to produce a
monosaccharide and glucose-1-phosphate. fn some embodiments of the methods, this method is
corbined with the previously described method. In some additional embodiments of the methods, the
glucosyl group acceptor is selected from glveosyl, alkoxy, carboxys, aminocarbonyt, heteroalkyi,
heteroalkenyvl, heteroalkynyl, carboxyaltkyl, aminealkyl, haloalkyl, alkvithicalkyl, heterocycloalkyl,
heteroarvl, and heteroarvlalkyl groups. In still some additional embodiments of the methods, the
phosphorvlase is sucrose phosphoryiase, said sacchande is sucrose, said monosaccharide produced is
sucrose, and said glucose-1-phosphate produced s a-glucose-1-phosphate. In some further
embodiments of the methods, the phosphorylase comprises a polypeptide sequence selected from SEQ

1D NOS:16, 18, 20, 22, 24,26, 28, 30, and 32.

DESCRIPTION OF THE DRAWINGS

[00608] Figure 1 provides an enzymatic reaction scheme in which a glvecosyltransferase catalvzes the
transfer of a glyvcosyl group from a glvcosviphosphate, for example ghucose-1-phosphate, to an
acceptor, for example R-OH, where R is anv glycosyl, atkoxy, carboxy, anunocarbonyl, heteroalkyl,
heteroalkenyl, heteroalkynvl, carboxvalkyl, aminoalkyl, haloalkyl, alkvithioalkvi, heterocyeloalkyl,
hetercaryl, or heteroarvialkyl group.

{8609} Figure 2 provides a schematic of an embodiment of the invention in which the enzymatic
reaction described 1n Figure 1 15 applied to the substrate stevioside and the glycosylphosphate is o-
glucose-~1-phosphate and catalyzes the formation of a B-glucose linkage, to produce the product
rebaudicside A.

10610] Figure 3 provides a schematic of an embodiment of the iavention in which two enzymatic
reactions are paired for in situ generation of glucose-~1 -phosphate. In one reaction, sucrose
phosphorvlase uses inorganic phosphate to cleave sucrose, affording o-glucose-1-phosphate and
fructose, and m the other reaction the glycosyl group from u-glucose-1-phosphate 1s transferred to an
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acceptor. R is any glveosyl, alkoxy, carboxy, anminocarbonyl, heteroalkyl, heteroaltkenyl,
heteroalkynvl, carboxvalkyl, aminoalkyl, haloalkyl, alkvithioalkyl, heterocycloalkyi, heteroaryl, or

heteroarvialkyl group.

DESCRIPTION OF THE INVENTION

{8611} The present invention provides glycosyltransferase {(GT) enzymes, polypeptides having GT
activity, and polyoucleotides encoding these enzymes, as well as vectors and host cells comprising
these polvnucleotides and polypeptides. The present invention also provides methods of using these
GT enzymes to gencrate products with B-glucose linkages.

10612] Unless defined otherwise, all technical and scientific terms used herein generally have the
same meaning as commonly understood by one of ordinary skill in the art to which this invention
pertams. Generally, the nomenclature used herein and the laboratory procedures of cell culture,
molecolar genetics, microbiology, organic chemistry, analvtical chemistry and nucleic acid chemstry
described below are those well-known and commonly emploved in the art. Such techniques are well-
known and described 1n numerous texts and reforence works well known to those of skill 1o the art.
Standard techniques, or modifications thereof, are used for chemucal syntheses and chemical analvses.
All patents, patent applications, articles and publications mentioned herein, both supra and infra, are
hereby expressly incorporated herein by reference.

[6613] Although any suitable methods and materials similar or equivalent to those descnbed herein
find use 1n the practice of the present invention, some methods and materials are descrnibed herein. It is
to be understood that this invention 1s not himited to the particular methodology, protocols, and
reagents described, as these may vary, depending upon the context they arg used by those of skill in
the art. Accordingly, the terms defined mmmediatelv below are more fully descnbed by reference to
the mvention as a whole.

[60614] It 1s to be understood that both the foregoing general description and the following detailed
description are exemplary and explanatory only and are not restrictive of the present invention. The
section headings used herein are for organizational purposes only and not to be construed as imiting
the subject matter described. Numeric ranges are inclusive of the numbers defining the range. Thus,
every numerical range disclosed herein s intended to encompass every narrower numerical range that
falls within such broader numerical range, as if such narrower nemerical ranges werg all expressly
written hercin. t 18 also intended that every maximum {or minimum} numerical limitation disclosed
hercin includes every lower (or higher) numernical limitation, as if such lower (or higher) numerical

limitations were expressly written herein.
: Y

Abbreviations
[8613] The abbreviations used for the genetically encoded amino acids are conventional and are as

follows:



WO 2017/218324 PCT/US2017/036701

Amine Acid Three-Letier Abbreviation | One-Letter Abbreviation
Alaning Ala A
Argining Arg R
Asparagine Asn N
Aspartate Asp b
Cysteine Cvs C
Glutamate Glu E
Glutamine Gln G
Glyeine Gly G
Histidine His H
fsoloucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanime Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp W
Tyrosine Tvr Y
Valine Val v

o2

10616] When the three-letter abbreviations are used, unless specifically preceded by an “L” ora “D3
o1 clear from the context in which the abbreviation is used, the amino acid may be in cither 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-letter abbreviations are used, upper case letters designate amino
acids in the L-configoration about the a-carbon and lower case letters designate amino acids in the D-
configuration about the a-carbon. For example, “A” designates L-alanine and “a” designates D-
alamme. When polypeptide sequences are presented as a string of one-letter or three-letter
abbreviations (or mixtures thereof), the sequences are presented in the aming (N} to carboxy (€}

direction in accordance with common convention.
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[3817] The abbreviations used for the genetically encoding nuclecsides are conventional and are as
follows: adenosine {A); guanosing (G); cytiding (C); thymidine {T); and uriding (U} Unless
specifically delineated, the abbreviated nuclcosides may be either ribonucleosides or 2°-
deoxyribonucieosides. The nucleosides may be specitied as being either ribonucleosides or 2°-
deoxyribonucieosides on an individual basis or on an aggregate basis. When nucleie acid sequences
are presented as a string of one-letter abbreviations, the sequences are presented inthe 57 t0 37

direction in accordance with conunon convention, and the phosphates are not indicated.

Diefinitions

[8618] In reference to the present invention, the technical and scientific terms used in the
descriptions herein will have the meanings commonly understood by one of ordinary skill in the art,
vnless specifically defined otherwise. Accordingly, the following terms are intended to have the
following meanings.

<

[0819] As used herein, the singular forms *a”, “an” and “the” mchude plural referents unless the
context clearly indicates otherwise. Thus, for example, reference to “a polypeptide” includes more
than one polypeptide.

%9

18020] Smularly, “comprise,” “comprises,” “comprising” “include,” “includes,” and “including” are
interchangeable and not intended to be hmiting. Thus, as used herein, the term “compnsing” and s
cognates are used in their inclusive sense (7.e., equivalent to the torm “including”™ and itg
corresponding cognates).

[B0821] It is to be further understood that where descriptions of various embodiments use the term
“comprising,” those skilled in the art would understand that in some specific mstances, an
embodiment can be alternatively described using langoage “consisting essentially of” or “consisting
of.”

[8622] The term “about” means an acceptable error for a particular value. In some nstances “about”
means within 0.05%, 0.5%, 1.0%, or 2.0%, of a given value range. In some instances, “about” means
within 1, 2, 3, or 4 standard deviations of a given value.

[6023] “EC” number refers to the Enzyme Nomenclature of the Nomenclature Commitiee of the
International Union of Biochemistry and Molecular Biology (NC-IUBMB). The IUBMB biochemical
clagsification is a numerical classification system for enzymes based on the chemical reactions they
catalyze.

[0024] “ATCC” refers to the American Type Culture Collection whose biorepository collection
mcludes genes and strains.

[8625] “NCBY refers to National Center for Biological Information and the sequence databases
provided therein.

[8026] “Protein,” “polypeptide.” and “peptide” are used interchangeably herein to denote a polymer

of at least two amino acids covalently hinked by an amide bond, regardless of length or post-
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transiational modification {c.g., glveosylation or phosphorylation}. Included witlin this definition are
D- 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-anuno acids.

{8627} “Amino acids” are referred to herein by either their commonly known three-letter symbols or
by the one-letter symbols recommended by IWPAC-IUB Biochemical Nomenclature Commission.
Nucleotides, likewise, may be referred to by their commonly accepted single letier codes.

{0028] As used herein, “polynucleotide” and “nucleic acid” refer to two or more nucleosides that are
covalently linked together. The polynucleotide may be wholly comprised of ribonucleotides i e.,
RNA), wholly comprised of 27 deoxyribonucleotides (1.¢., DNA), or comprised of mixtures of ribo-
and 2”7 deoxyribonuclectides. While the nucleosides will typically be linked together via standard
phosphodicster linkages, the polynucleotides may include one or more non-standard linkages. The
polvnucleotide may be single-stranded or double-stranded, or may include both single-strande

regions and double-stranded regions. Morcover, while a polynucleotide will typically be composed of
the naturally occurring encoding nucleobases (i ¢, adenine, guanine, uracil, thymine and cvtosine}, it
may include one or more modified and/or synthetic nucleobases, such as, for example, inosine,
xanthine, hyvpoxanthine, etc. In some embodiments, such modified or synthetic nucleobases are
nucleobases encoding amine acid sequences

10629) “Coding sequence” refers to that portion of a nucleic acid {e.g . a gene) that ¢ncodes an amino
acid sequence of a proteun.

[8636] As used herein, the terms “biocatalysis,” “biocatalviic,” “biotransformation,” and
“biosynthesis” refer to the use of enzymes to perform chemical reactions on organic compounds.
18631} “Glycosvitransferase™ refers to a polypeptide having an enzymatic capability of transferring
glvcosvyl residues from an activated sugar, for example a nucleotide diphosphate sugar or a
phosphosugar, to monomeric and polymeric acceptor molecules.

[8832] “Phosphorviase™ refers to a polypeptide having an enzymatic capability of cleaving glvcosidic
bonds using organic phosphate, releasing a phosphoglycoside and monomeric or polvmeric product.
In the reverse direction, a phosphorylase may act as a glycosyltransferase by transfernng a glycosyl
residue from a phosphoglyeoside, for example glucose-1-phosphate, to monomernic and polymeric
acceptor.

18633} As used herein, “glycosylation” refers to the formation of a glyveosidic linkage between a
glvecosyl residue and an acceptor molccule.

[80834] As used herein, “glucosylation” refers to the tormation of a glycosidic linkage between a
glucose residue and an acceptor molecule.

18635] As used berein, “glycosyl” refers to an organic group that is a univalent free radical or
substituent structure obtained by removing the henuacetal hvdroxyi group from the cyclic form of a
monosaccharide, lower oligosacchande or ohigosacchanide denvative. Glyveosyl groups react with
morganc acids (e.g., phosphoric acid) to form esters {e.g., glucose 1-phosphate}.

={3=
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[8836] As used herein, “glycoside” refers to a molecule in which a carbohydrate {e.g., sugar) is
bound to ancther finctional group by a glycosidic bond. Glycosides can be hydrolyzed to produce a
sugar and a non-sugar (1.¢., aglvcone) component,

[8637] As used herein, the term “steviol glvecoside™ refers to a glycoside of steviol, including but not
Emited to, naturally occurring steviol glveosides (e g, stevioside, steviohmonoside, steviolbioside,
rubusoside, dulcoside B, dulcoside A, rebaudioside B, rebaudioside G, rebaudioside C, rebaudioside
F, rebaudioside A, rebaudioside 1, rebaudioside E, rebaudioside H, rebaudioside L, rebaudioside K,
rebaudioside §, rebaudioside M (also known as rebaudicside X)), rebaudioside D, rebaudioside N,
rebaudioside ), and synthetic steviol glycomdes (e g, enzymatically glucosylated steviol glveosides),
and combinations thereof. The chemical structures of steviol and its glycosides are below {(See, WO
2013/176738).

Chemical Structures of Steviol and kts Glycosides

Steviol H H

Stevioimonoside H Gighl-

Steviol Glefl- H

monoglucosyl

ester

Rubusoside Glefl- Glepl-

Steviolbioside H Glef (1-2) Glefl-

Dulcoside A Glefl- Rhao(1-2} Glcfl-

Stevioside Glefi- Glef (1-2) Gleft-
Rebaudioside B H Glef (1-231Glcf (1-3)] GleSl-
Rebaudioside C Glefl- Rhaa{ 1-2){Glefs (1-3)] Glepl-
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Rebaudioside A Gleft- Glof (1-2)[Glef (1-3)] Glepl-
Rebaudioside D Glef (1-2) Glcfit- Glef (1-2)Glef {1-3)] Glefl-

Rebaudioside M | Glef (1-2)[Glef (1-3)] GleBl- | Glep (1-2)[Glef (1-3)] Glefi-

{Gle=glucose, Rha=rhamnose)

[3038] As used herein, “wild-type” and “naturally-cccarring” refer to the form found n nature. For
example a wild-type polypeptide or polynucleotide sequence is a sequence present in an organism that
can be 1solated from a source in nature and which has not been intentionally modified by human
manipulation.

18039] Asused herein, “recombinant,” “engineercd,” and “non-naturally occurring” when ased with
reference to a cell, nucleic acid, or polypeptide, refer to a material, or a material corresponding to the
natural or native form of the material, that has been modified in a manner that would not otherwise
exist in nature. In some embodiments, the cell, nucleic acid or polypeptide is identical a naturally
gecurring cell, nucleic acid or polypeptide, but 18 produced or derived from synthetic materials and/or
by manipulation using recombinant techoigues. 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.

18048] The term “percent (%) sequence identity” 15 used herein to refer to comparisons among
polynuciectides or polypeptides, and are determined by companng two optimally aligned sequences
over a comparison window, wherein the portion of the polynucleotide or polvpeptide sequence in the
coraparison window may comprise additions or deletions (i.¢., gaps) as compared fo the reference
sequence for optimal alignment of the two sequences. The percentage may be calealated by
determining the number of positions at which the identical nucleic acid base or amino acid residuc
occurs in both sequences 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 vield the percentage of sequence identity. 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 macleic acid base or amino 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 mudtiplying 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 conducte

by any suitable method, including, but not limited to the local homology algorithm of Smith and
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‘aterman (Smith and Waterman, Adv. Appl. Math., 2:482 [ 19811}, by the homology alignment
algorithm of Needleman and Wuasch (Needleman and Wunsch, J. Mol Biol, 48:443 [1970]), by the
search for simiarity method of Pearson and Lipman (Pearson and Lipman, Proc. Natl. Acad. Sci.
USA 85:2444 [1988]), by compuierized implementations of these algorithms {¢.g., GAP, BESTFIT,
FASTA, and TFASTA in the GCG Wisconsin Software Package), or by visual inspection, as known
in the art.  Examples of algorithms that are suitable for determining percent sequence identity and
sequence stmilarity include, but are not hinited to the BLAST and BLAST 2.0 algorithms, which are
described by Altschul et al. {See Altschul etal.| J Mol Biol., 215: 403-410 [1990]; and Altschul et
al., Nucl. Acids Res., 3389-3402 {19771, respectively). Software for performimg BLAST analyses is
publicly available through the National Center for Biotechnology Information website. This algorithm
mvolves first identifying high scoring sequence pairs {(HSPs) by identifving short words of length W
in the query sequence, which either match or satistyv some positive-valued threshold score T when
aligned with a word of the same length in a database sequence. T is referred to as, the neighborhood
word score threshold (See, Altschul et al., supra). These initial neighborhood word hits act as seeds
for nitiating scarches to find longer HSPs containing them. The word hits arc then extended in both
directions along each sequence for as far as the cumulative alignment score can be mcreased.
Cumulative scores are calculated using, for nucleotide sequences, the parameters M (reward score for
a pair of matching residues; always >0} and N (penalty score for mismatching residues; always <03
For amino acid scquences, a scoring matrix s used to calculate the cumulative score. Extension of the
word hits in each direction arc halied when: the cumulative alignment score falls off by the quantity X
from its maxamum achieved value: the cumudative score goes to zero or below, due to the
accumulation of one or more negative-scoring residue alignments; or the end of cither sequence is
rcached. The BLAST algonthm parameters W, T, and X determine the sensitivity and speed of the
alignment. The BLASTN program (for nucleotide 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
sequenaes, the BLASTP program uses as defavlts a wordlength (W) of 3, an expectation (E} of 10,
and the BLOSUMGEZ scoring matrix (Sec, Hentkoff and Henikoff, Proc. Natl. Acad. Sci. USA
89:10915 [1989]). Exemplary deternunation of sequence alignment and % sequence identify can
employ the BESTFIT or GAP programs in the GCG Wisconsin Software package {Accelrys, Madison
W1, using default parameters provided.

[0041] As used herein, “reference sequence” refers to a defined sequence used as a basis fora
sequence and/or activity comparison. A reference sequence may be a subset of a larger sequence, for
example, a segment of a full-length gene or polypeptide sequence. Generally, a reference sequence is
at least 20 nuclectide or amino acid residucs in length, at least 25 residues in length, at keast 50
residues in length, at least 100 residues in length or the full length of the nucleic acid or polypeptide.
Since two polynucleotides or polvpeptides may cach (1) comprise a sequence (i.¢., a portion of the

complete sequence) that 1s similar between the two sequences, and (2} may further comprise a
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sequence that is divergent between the two sequences, sequence comparisons between two (or more)
polynucleotides or polypeptides are typically performed by companng sequences of the two
polvnucleotides or polypeptides over a “comparison window” to identify and compare local regions of
sequence similarity. In some embodiments, a “reference sequence” can be based on a primary amino
acid sequence, where the reference sequence 18 a sequence that can have one or more changes i the
primary sequence.

{0042] Asused herein, “comparison window™ refers 1o a conceptual segment of at icast about 20
contiguous nucleotide positions or amuno acid residucs 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
sequenae in the comparison window may comprise additions or deletions (1.e., gaps) of 20 percent or
less as compared to the reference sequence (which does not comprise additions or deletions) for
optimal alignment of the two sequences. The companson window can be longer than 20 contiguous
residues, and includes, optionally 30, 40, 50, 100, or longer windows.

{80643] Asused herein, “corresponding to,” “reference to,” and “relative to” when used in the context
of the numbering of a given amino acid or polvnucicotide sequence refer to the numbering of the
residues of a specified reference sequence when the given anuno acid or polynucleotide sequence is
compared to the reference sequence. In other words, the residue namber or residue position of 8 given
polvmer is designated with respect to the reference sequenee rather than by the actual numerical
position of the residue within the given amino acid or polvoucieotide sequence. For example, a given
amino acid sequence, such as that of an engineered glycosylivansferase, can be aligned to a reference
sequence by introducing gaps to optiniize residue matches between the two sequences. In these cases,
although the gaps are present, the numbering of the residuc in the given amino acid or polynucleotide
sequence is made with respect to the reference sequence to which 1t has been aligned.

[3044] As used herein, “substantial identity” refers to a polynucleotide or polvpeptide sequence that
has at least 80 percent sequence wdentity, at least 85 percent identity, at least between 89 to 95 percent
sequenae identity, or more usually, at least 99 percent sequence identity as compared to a reference

equence over a comparison window of at least 20 residuc positions, frequently over a window of at

72

feast 30-50 residues, wherein the percentage of sequence identity is calculated by comparmg the
reference sequence to a sequence that includes deletions or additions which total 20 percent or less of
the reference sequence over the window of comparison. In some specific embodiments applied to
polypeptides, the term “substantial identity” means that two polvpeptide sequences, when optimally
aligned, such as by the programs GAP or BESTFIT using default gap weights, share at least 80
percent sequence identity, preferably at least 89 percent sequence dentity, at least 95 percent
sequenae tdentity or more {e.g., 99 percent sequence identity}. In some embodiments, residue
positions that are not identical in sequences being compared differ by conservative amino acid

substitutions.

-10-



WO 2017/218324 PCT/US2017/036701

[8845] 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 at a
corresponding position in a reference sequence. The positions of amino acid differences generally are
referred to herein as “Xn,” where n refers to the corresponding position in the reference sequence
upon which the residue difference s based. For example, a “residue difference at position X93 as
compared to SEQ 1D NO:4” refers to a difference of the amino acid residue at the polypeptide
position corresponding to position 93 of SEQ 1D NO: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” an aming acid sebstitution of any residue other than serime  at the position of the polypeptide
corresponding to position 93 of SEQ ID NG:4. In most instances herein, the specific amino acid
residue difference at a position is indicated as “XnY™ where “Xn” specified the corresponding
position as described above, and Y™ s the single letter wdentifier of the amino acid found in the
engineered polypeptide (1.¢., the different residue than in the reference polypeptide’. In some
instances, the present invention also provides specific amino acid differences denoted by the
conventional notation “AnB”, where A 1s the single letter identifier of the residue in the reference
sequence, “n’” 1s the number of the residue position 1n the reference sequence, and B 1s the single letter
identifier of the residue substitution in the sequence of the engincered polypeptide. In some instances,
a polypeptide of the present invention can include one or more amino acid residue differences relative
1o a reference scquence, 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 amine acid can be used in a specific residue position of a polypeptide, the varous aminge acid
residues that can be used are separated by a /7 {e.g., X30TH/X307P or X307H/P). The slash may
also be used to indicate multiple substitutions within a given variant (i.¢., there is more than one
substitution present in a given sequence. In some embodiments, the present invention includes
engineered polvpeptide sequences comprising one or more amino acid differcnces comprising
conservative or non-conservative amino acid substitutions. In some additional embodiments, the
present invendion provides engineered polvpeptide sequences comprising both conservative and non-
conservative amino acid substitutions.

[8046] Asused 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 anmino acids within the same or sinilar detined class of amino
acids. By way of example and not limitation, an amimo acid with an aliphatic side chain is substituted
with another aliphatic amino acid {g.g., alaning, valine, leucine, and 1soleucing); an aming acid with

an hydroxyl side chain is substituted with ancther amino acid with an hydroxvi side chain {e.g.. serine

o)

and threonine); an amino acids having aromatic side chains is substituted with another amino acid
having an aromatic side chain {¢.g., phenvialanine, tvrosing, tryptophan, and histidine); an amino acid

with a basic side chain is substituted with another amino acid with a basis side chain {¢.g., lysine and
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arginine); an amine acid with an acidic side chain is substituted with another amino acid with an
acidic side chain {¢.g., aspartic acid or glutamic acid);, and/or a hydrophobic or hydrophilic amine acid
15 replaced with another bydrophobic or hydrophilic amino acid, respectively.

{8647} As used herein, “non-~conservative substitution” refers to substitution of an amino acid in the
polvpeptide with an amino 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 arca of the substitution (¢ g., proline for glvcine) (b} the
charge or hvdrophobicity, or (¢} the bulk of the side chain. By way of example and not limitation, an
excmplary non-conservative substitation can be an acidic amino acid substitated with a basic or
aliphatic amino acid; an aromatic anuno acid substituted with a small amino acid; and a hydrophilic
amino acid substituted with a hyvdrophobic amino acid.

[8648] As used herein, “deletion” refers to modification to the polvpeptide by removal of one or
more aming acids from the reference polypeptide. Deletions can comprise removal of 1 or more
amino acids, 2 or more amino acids, 5 or more anuno acids, 10 or more aming acids, 15 or more
amino acids, or 20 or more amino acids, up to 10% of the total number of amino acids, or up to 20%
of the total number of amino acids making up the reference enzyme while retaining enzymatic activity
and/or retaining the improved properties of an enginecred glveosyltransferase enzyme. Deletions can
be directed to the internal portions and/or termunal portions of the polypeptide. In various
embodiments, the deletion can comprise a continuous segment or can be discontinuous.

[8649] As used herein, “insertion” refers to modification to the polypeptide by addition of one or
more aming acids from the reference polypeptide. Insertions can be in the internal portions of the
polvpeptide, or to the carboxy or amino terminus. Insertions as used herein include fusion proteins as
is known 1n the art. The insertion can be a contiguous segment of amino acids or separated bv one or
more of the amino acids in the naturally occurning polypeptide.

[6630] A “functional fragment” and “biologically active fragment” are used interchangeably herein
to refer to a polypeptide that has an amino-terminal and/or carboxy-terminal deletion{s) and/or
mternal deletions, but where the remaining anmino acid sequence is identical to the corresponding

positions in the sequence to which it 1s being compared (¢.g., a fulldength engimeered

"

glveosyliransferase of the present invention) and that retains substantially all of the activity of the full-
length polypeptide.

{0051] Asused herein, “isolated polypeptide” refers to a polypeptide which 1s substantially separated
from other contaminants that naturally accompany 1t (e.g., protein, lipids, and polynucleotides). The
term embraces polypeptides which have been removed or punified from their naturally-occurring
environment or expression system {(e.g., within a host cell or via in vitro synthesis}. The recombinant
glvcosylitransferase polvpeptides may be present within a cell, present in the ccliular medium, or
prepared in vanous forms, such as lysates or isolated preparations. As such, in some embodiments, the

recombinant glvcosyltransferase polypeptides can be an isolated polypeptide.
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[8832] As used herein, “substantially pure polypeptide™ refers to a composition in which the
polvpeptide species is the predominant species present {i.e., on a molar or weight basis i is more
abundant than any other individual macromolecular specics in the composition), and 1s generally a
substantially purified composition when the object species comprises at least about 50 percent of the
macromolecular species present by mole or % weight. However, in some embodiments, the
composition comprising glveosyliransferase comprises glycosyltransferase that is less than 50% pure
{c.g., about 10%, about 20%, about 30%, about 40%, or about 50%) Generally, a substantiallv pure
glyvcosvitransferase composition comprises about 60% or more, about 76% or more, about 80% or
more, about 90% or more, about 95% or more, and about 98% or more of all macromolecular specics
bv 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 ton species
are not considered macromoelecular species. In some embodiments, the isolated recombinant
glvcosvitransferase polypeptides are substantially pure polypeptide compositions.

[B833] As used herein, “improved enzyme property” refers to at least one tmproved property of an
enzvme. In some embodiments, the present mvention provides enginecred glycosyltransferase
polypeptides that exhibit an improvement in any enzyme property as compared to a reference
glvcosyltransferase polvpeptide and/or a wild-type glycosyvltransferase polypeptide, and/or another
engincered glvecosyltransterase polypeptide. Thus, the level of “nmprovement” can be determuned and
compared between various glvcosyliransferase polypeptides, including wild-tvpe, as well as
engineered glycosyltransferases. Improved properties include, but are not limited, to such propertics
as increased protein oxpression, increased thermoactivity, increased thermostability, increased pH
activity, increased stability, increased enzymatic activity, increased substrate specificity or affinity,
increased specific activity, ncreased resistance to substrate or end-product nhibition, increased
chemical stability, improved chemoselectivity, improved sclvent stability, increased tolerance to
acidic pH., increased tolerance to proteolytic activity (i.e., reduced sensitivity to proteolysis), reduced
aggregation, increased solubility, and altered temperature profile.

[8654] Asused herein, “increased enzymatic activity” and “enhanced catalytic activity” refer to an
improved property of the engineered glycosvitransferase polvpeptides, which can be represented by
an mcrease i specific activity (¢.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 glycosyliransferase} as compared to the
reference glycosyliransferase enzyme. Exemplary methods to determine enzyme activity are provided
m the Examples. Any property relating to enzyme activity may be aftected, including the classical
enzyme properties of K, ¥, oF &, changes of which can lead to increased enzymatic activity,

Improvements m enzvme activity can be from about 1.1 fold the enzymatic activity of the
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corresponding wild-type enzyme, to as much as 2-fold, 5-fold, 10-fold, 20-fold, 25-fold, 50-fold, 75-
fold, 100-fold, 150-fold, 200-fold or more enzymatic activity than the naturally cccurring
glvcosylitransferase or another engineered glvcosvitransferase from which the glveosyltransferase
polvpeptides were derived.

[8655] Asused herein, “conversion” refers to the enzymatic conversion {or biotransformation) of a
substrate(s}) to the corresponding product(s). “Percent conversion” refers to the percent of the
substrate that is converted to the product within a period of time under specified conditions. Thus, the
“enzymatic activity” or “activity” of a glycosyltransferase polypeptide can be expressed as “percent
conversion” of the substrate to the product in a specific period of time.

18056] Enzyvmes with “generalist properties” {or “generalist enzymes™} refer to enzymes that exhibit
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 glycosyltransferase variants with generalist propertics,
in that they demounstrate similar or improved activity relative to the parental gene for a wide range of
sterically and clectronically diverse substrates.  fo addition, the generalist enzvmes provided herein
were engineered to be tmproved across a wide range of diverse molecules to increase the production
of metabolites/products.

{0057] The term “stringent hvbridization conditions” is used herein to refer to conditions under
which nucleic acid hybrids arc stable. As known to those of skill in the ari, the stability of hybrids is
reflected n the melting terperature (7,) of the hvbrids. In general, the stability ot a hvbrid is a
function of 1on strength, temperature, G/C content, and the presence of chaoctropic agents. The 7,
values for polynucleotides 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 481390 [1962]; Bressiauer et al., Proc. Natl. Acad. Sci. USA 83:8893-8897 {1986},
Freier et al., Proc. Natl. Acad. Sci. USA 83:9373-9377 [1986}; Kierzek et al., Biochem., 25:7840-
7846 {19861 Rychlik et al., 1990, Nucl. Acids Res., 18:6400-6412 [1990] (erratum, Nuch. Acids Res.,
19:698 [19911]); Sambrook et al., supra); Suggs et al., 1981, in Developmental Biclogy Using Purified

Genes, Brown et al. [eds.], pp. 683-693, Academic Press, Cambridge, MA [ 1981]; and Wetmur, Crit.
Rev. Biochem. Mol Biol., 26:227-259 {19911}, In some embodiments, the polvnucleotide encodes the
polypeptide disclosed herein and hybridizes under defined conditions, such as moderately stringent or
bighly stringent conditions, to the complement of a sequence encoding an engineered
glycosyliransferase enzvme ot the present invention.

[0838] As used herein, “hybridization stringency” relates to hybridization conditions, such ag
washing conditions, in the hybndization of nucieic acids. Generally, hvbridization reactions are
performed under conditions of lower stringency, followed by washes of varying but higher stringency.
The term “moderately stringent hvbridization™ refers to conditions that permit target-DNA to bind a

complementary nucleic acid that has about 60% i1dentity, preferably about 75% 1dentity, about 85%
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identity to the target DNA, with greater than about 90% identity to target-polynucleotide. Exemplary
moderately stringent conditions are conditions equivalent to hybridization in 50% formamide, 5x
Denhart's solution, 5xSSPE, 0.2% SDS at 42°C, followed by washing in 0.2<588PE, 0.2% SDS, at
42°C. “High stringency hybridization” vefers generally to conditions that are about 10°C or less from
the thermal melting temperature 7, as determined under the solution condition for a defined
polviucleotide sequence. In some embodiments, a high stringency condition refers to conditions that
permit hybridization of onlv those nucleic acid sequences that form stable hybrids in 0.018M Na(l at
65°C (1.¢.,1f a hybrid 1s not stable 1n 0.018M NaCl at 65°C, 1t 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 sclution, Sx$SPE, 0.2% SDS
at 42°C, followed by washing in 0.1xSSPE, and 0.1% SDS at 65°C. Another high stringency
condition is hybridizing in conditions equivalent to hybridizing in 5X 58C contaning 0.1% (wiv)
SBS at 65°C and washing in 0.1z S5C containing 0.1% SDS at 63°C. Other high stringency
hybridization conditions, as well as moderately stringent conditions, are described in the references
cited above.

[B859] As used herein, “codon optimized” refers to changes in the codons of the polynucleotide
encoding a protein to those preferentially used in a particular organism such that the encoded protein
1s efficiently expressed in the organism of mterest. Although the genetic code 1s degenerate in that
most amino acids are represented by several codons, called “synonvms” or “synonymous” codons, it
15 well known that codon usage by particular organisms is nonrandom and based towards particular
codon triplets. This codon usage bias may be higher in reference to a given gene, genes of common
function or ancestral origin, bighly expressed proteins versus low copy aumber proteins, and the
aggregate protein coding regions of an organism's genome. In some embodiments, the polyaucleotides
encoding the glveosyltransferase enzvmes may be codon optimized for optimal production in the host
organism selected for expression.

10060] As used herein, “preferred.” “optimal,” and “high codon usage bias” codons when used alone
or in combination refer 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 preferred codons may be
determined in relation to codon usage n a single gene, a set of genes of common function or origin,
highly expressed genes, the codon frequency in the aggregate protein coding regions of the whole
organism, codon frequency in the aggregate protein coding regions of related organisms, or
combinations thereof. Codons whose frequency increases with the level of gene expression are
typically optimal codons for expression. A variety of methods are known for determining the codon
frequency {¢.g., codon usage, relative synonymous codon usage) and codon preference in specific
organistos, including multivariate analysis, for example, using cluster analvsis or correspondence
analysis, and the effective number of codons used 1 a gene (See e.g., GCG CodonPreference,

Genetics Computer Group Wisconsin Package; CodonW, Peden, University of Nottingham;
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Mclnerney, Bioinform., 14:372-73 [1998]; Stenico ot al | Nucl. Acids Res., 222437-46 [19941;
Wright, Gene 87:23-29 {19901}, Codon usage tables arg available for many different organisms {See
¢.g., Wada et al., Nucl. Acids Res., 20:2111-2118 [1992]; Nakamura et al., Nucl. Acids Res., 28:292
[20007; Duret, et al., supra; Henaut and Danchin, in Zscherichia coli and Saimonella, Neidhardi, et al.

{eds ), ASM Press, Washington D.C ., p. 2047-2066 [1996]). The data source for obtaining codon

usage may rely on any available nuclestide sequence capable of coding for a protein. These data sets
mchude nucleic acid sequences actually known to encode expressed proteins {¢.g., complete protein

coding sequences-CDS), expressed sequence tags (ESTS), or predicted coding regions of genomic

sequences {See ¢.g., Mount, Bicinformatics: Seguence and Genome Analvsis, 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. Biosci., 13:263-270 [1997]).

[8661] As used herein, “control sequence” includes all components, which are necessary or
advantageous for the expression of a polynucleotide and/or polypeptide of the present mvention. Each
control sequence may be native or foreign 1o the nucleic acid sequence encoding the polypeptide.
sSuch control sequences include, but are not limited to, a leader, polvadenylation sequence, propeptide
sequence, promoter sequence, signal peptide sequence, ntiation sequence and transcription
terminator. At a minimum, the control sequences include a promoter, and transcriptional and
transiational stop signals. The control sequences may be provided with linkers for the purpose of
mitroducing specific restriction sites facilitating ligation of the control sequences with the coding
region of the nucleic acid sequence encoding a polypeptide.

[8662] “Operably linked” is defined herein as a configuration in which a control sequence 1s
appropriately placed (i.e., in a functional relationship) at a posttion relative to a polynucleotide of
nterest such that the control sequence directs or regulates the expression of the polynucieotide and/or
polypeptide of interest.

[8863] “Promoter sequence” refers to a nucleic acid sequence that is recognized by a host cell for
expression of a polynuckeotide of intorest, such as a coding sequence. The promoter sequence containg
transcriptional control sequences, which mediate the expression of a polynucleotide of interest. The
promoter mav be anv nucleic acid sequence which shows transcrniptional activity in the host celi of
choice inclading mutant, truncated, and hybnid promoters, and may be obtained from genes encoding
extracelular or intraceliular polypeptides either homologous or heterologous to the host cell

[3064] The phrase “suitable reaction conditions” refers to those conditions in the enzymatic
conversion reaction solution {¢.g., ranges of enzyme loading, subsirate loading, temperature, pH,
buffers, co-solvents, gtc.y under which a glyvcosyliransferase polypeptide of the present invention is
capable of converting & substrate to the desired product compound. Some exemplary “suitable
reaction condifions” are provided herein.

10065] Asused herein, “loading,” such as in “compound loading” or “enzyme loading” refers to the

concentration or amount of a component 1n a reaction mixture at the start of the reaction.
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[80366] As used herein, “substrate” in the context of an enzymatic conversion reaction process refers
to the compound or molecule acted on by the glycosyltransferase polypeptide.

10667} As used herein, “product” in the context of an enzymatic conversion process refers to the
compound or molecule resulting from the action of the glvcosyliransterase polypeptide on a substrate.
18068] As used herein the term “culturing” refers to the growing of a population of microbial cells
pnder any suitable conditions {¢.g., using a liquad, gel or schid medium}.

{0069] Kecombinant polypeptides can be produced using any suitable methods known in the art.
Genes encoding the wild-type polypeptide of interest can be cloned m vectors, such as plasmids, and
expressed i desired hosts, such as I coli, ete. Variants of recombinant polypeptides can be gencrated
by varicus methods known in the art. Indeed, there is a wide variety of different mutagenesis
technigues well known to those skilled in the art. In addition, mutagenecsis kits arc also available from
many commercial molecular biclogy supplicrs. Methods are available to make specific substitutions
at defined amino acids {site-directed), specific or random mutations in a localized region of the gene
{regic-specific), or random mutagenesis over the entire gene {¢.g., saturation mutagensasis),
Numerous suitable methods are known to those 1n the art to generate enzyme vanants, 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, shufthing, and chemical saturation
mutagenesis, or any other suitable method known in the art. Non-limiting examples of methods used
for DNA and protein engineering are provided in the following patents: US Pat. No. 6,117,679, US
Pat. No. 6,420,175; US Pat. No. 6,376,246; US Pat. No. 6,586,182, US Pat. No. 7,747,391; US Pat.
No. 7,747,393, US Pat. No. 7,783 428; and US Pat. No. 8,383,346, After the variants are produced,
they can be screened for any desired property {e.g., high or increased activity, or low or reduced
activity, increased thermal activity, increased thermal stability, and/or acidic pH stability, etc.). In
some embodiments, “recombinant glycosvitransferase polvpeptides™ (also referred to herein as
“engincered glycosyltransferase polvpeptides,” “varant glycosyltransferase enzymes,” and
“olycosyltransterase variants”) find use.

{0079] Asused herein, a "vector” 15 a DNA construct for introducing a DNA sequence into 2 cell. In
some embodiments, the vector is an expression vector that is operably hinked 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 promaoter sequence operably linked to
the DNA sequence (e.g., transgenc) to drive expression in a host cell, and in some embodunents, also
comprises a transcription terminator seguence,

[8871] As used herein, the term "expression” includes any step mvolved in the production of the
polvpeptide mcluding, but not Hmrted to, transcription, post-transcriptional modification, transkation,
and post-translational modification. In some embodiments, the term also encompasses secrction of

the polypeptide from a cell.
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[8872] As used herein, the term “produces” refers to the production of proteins and/or other
compounds by cells. I is mtended that the term encompass any step involved in the production of
polvpeptides including, but not lunited to, transcription, post-transcriptional modification, transiation,
and post-translational modification. In some embodiments, the term also encompasses secretion of the
polvpeptide from a cell.

18673] Asused herein, an amino acid or nucleotide sequence {¢.g., a promoter sequence, signal
peptide, terminator sequence, ¢tc.) 1s "heterologous” to another sequence with which it is operably
tinked if the two sequences are not associated n nature. For example a “heterologous polynucieotide™
ts any polynucleotide that 1s introduced into a host cell by laboratory technigues, and inclades
polvmucieotides that are removed from a host cell, subjected to laboratory manipulation, and then
reintroduced mto a host cell.

[8674] As used herein, the terms “host cell” and “host stramn” refer to suitable hosts for expression
vectors comprising DNA provided herein (e g., the polynuclestides encoding the glycosvitransferase
variants). In some cmbodiments, the host cells are prokarvotic or eukaryotic cells that have been
transformed or transfected with vectors constructed using recombinant DNA technigues as known in
the art.

[8875] The term “analogue”™ means a polypeptide having more than 70% sequence identity but less
than 100% sequence identity {¢.g., more than 75%, 78%, &0%, 83%, 85%., 88%, 90%, 91%, 92%,
93%, 94%, 93%, 96%, 97%, 98%, 99% sequence identity) with a reference polypeptide. In some
embodiments, analogues means polyvpeptides that contain one or more non-naturally occurmng amino
acid residues including, but not limited, to homoarginine, ormithine and norvaling, as well as naturally
occurring amino acids. In some embodiments, analogues also include one or more D-amino acid
residues and non-peptide linkages between two or more amine acid residucs.

[B876] The term “effective amount” means an amount sutticient {o produce the desired result. One of
general skill in the art may determine what the effective amount by using routine esperimentation.
10677} The terms “isolated” and “purified” are used to refer to a molecule {e.g., an isolated nucleic
acid, polypeptide, etc.} or other component that is removed from at least one other component with
which it is naturally associated. The term “purnified” does not require absolute purity, rather it 1s
mtended as a relative definition.

{8678} “Stercoselectivity” 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 1s favored over the other, or it may be complete where only one sterecisomer is formed.
When the stereoisomers are enantiomers, the stereoselectivity 15 referred to as enantioselectivity, the
fraction {typically reported as a percentage} of one enantiomer in the sum of both. It is commonly
alternatively reported in the art {tvpically as a percentage) as the enantiomeric excess {(¢.¢.} calculated
therefrom according to the formula {major enantiomer — minor enantiomer}/[major enantiomer +

minor enantiomer]. Where the stercoisomers are diastereoisomers, the stereoselectivity is referred to
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as diastereoselectivity, the fraction {typically reported as a percentage) of one diastercomerin a
mixture of two diastercomers, commonly alternatively reported as the diastereomeric excess (d.e ).
Enantiomeric excess and diastercomernic excess are types of stercomeric excess.

[8679] As used herein, the terms “regioselectivity” and “regioselective reaction” refer (o a reaction in
which one direction of bond making or breaking occurs preferentially over all other possible
directions. Reactions can completely (100%) regioselective if the discrimination is complete,
substantially regiosclective (at least 73%;), or partially regiosclective (x%, whercin the percentage is
set dependent upon the reaction of interest), if the product of reaction at one site predominates over
the product of reaction at other sites, for example, preferential formation of the product compound (2}
{i.e., 28,350-hvdroxypipecolic acid over the undesired product (25,35} -hydroxypipecolic acid.
[00680] As used herein, “themmostable” refers to a glycosvitransferase polypeptide that maintains
similar activity {more than 60% to 80% for example) after exposure to elevaied temperatures {e.g.,
40-80°C) for a period of time {¢.g., 0.5-24 h} compared to the wild-type enzyme exposed to the same
clevated temperature.

[B081] As used herein, “solvent stable” refers to a glycosyliransferase polvpeptide that maintains
similar activity {more than ¢.g., 60% 1o 80%) after exposure to varying concentrations {e.g., 5-99%)
of solvent {sthanol, isopropyl aleohol, dimethylsulfoxide (PMSQ), tetrahvdrofuran, 2-
methyltetrahydrofuran, acetone, toluene, butyl acetate, methyi teri-butyl ether, etc.) for a pericd of
time {e.g., 0.5-24 h) compared to the wild-type enzyme exposed to the same concentration of the same
solvent.

[8682] Asused herein, “thermo- and solvent stable™ refers to a glveosyltransferase polypeptide that
is both thermostable and solvent stable.

f0083] As used herein, “reductant” refers to a compound or agent capable of converting Fe™ to Fe™
An exemplary reductant is ascorbic acid, which 1s generally in the form of L-ascorbic acid.

[0084] “Alkyl” refers to saturated hvdrocarbon groups of from 1 to 18 carbon atoms nclusively,
either straight chained or branched, more preferably from 1 to 8 carbon atoms inclusively, and most
preferably 1 to 6 carbon atoms inclusively. An altkvl with a specified number of carbon atorms is
denoted n parenthesis {e.g., (C-Cglalkyl refers to an alkyl of 1 to 6 carbon atoms).

18085] “Alkenyl” refers to hvdrocarbon groups of from 2 to 12 carbon atoms mclusively, either
straight or branched containing at least one double bond but optionally containing more than one
doublec bond.

[0086] “Alkynyl” refers to hvdrocarbon groups of from 2 to 12 carbon atoms inclusively, cither
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 moieties.

[0087] “Alkvienc” refers to a straight or branched chain divalent bydrocarbon radical having from |
to 18 carbon atoms inclusively, more preferably from 1 to 8 carbon atoms mclusively, and most

preferably 1 1o 6 carbon atoms inclusively, optionally substituted with one or more suitable
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substituents. Exemplary “alkvlenes™ include, but are not imited to, methvlene, ethyvlene, propyviene,
butvlene, and the like.

{0088] “Alkecoviene” refers to a straight or branched chain divalent hydrocarbon radical having 2 to
12 carbon atoms inclusively and one or more carbon-carbon double bonds, more preferably from 2 to
8 carbon atoms inclasively, and most preferably 2 to 6 carbon atoms inclusively, optionally
substituted with one or morc suitable substituents.

[0089] “Heteroalkvl, “heteroalkenyl,” and heteroalkynyl,” refer respectively, to alkyl, alkenyl and
alkynyi as defined herein 1n which one or more of the carbon atoms are each independently replaced
with the same or different heteroatoms or heteroatomic groups. Heteroatoms and/or heteroatomic
groups which can replace the carbon atoms include, but are not limited to, -O-, -S-~, ~§-0-~, -NR"-_ -PH-
L =5{0)-, -S{0)2-, -S{OINR'-, -S{O)2NR"-, and the like, including combinations thercof, where cach
R'is independently sclected from hydrogen, alkyl, cycloalkyl, heterocycloalkyl, aryl, and heteroaryl.
18690) “Aryl” refers to an unsaturated aromatic carbooyclic group of from 6 to 12 carbon atoms
mclusively having a single ring {¢.g., phenvl} or multiple condensed rings {¢.g., naphthyl or anthrvl}.
Exemplary arvls include phenyl, pynidyl, naphthyl and the like.

[0091] “Arvialkyl” refers to an alky] substituted with an arvl (i.¢, arvl-alkyl- groups), preferably
having from 1 to 6 carbon atoms inclusively in the alkyvl moiety and from 6 to 12 carbon atoms
mnclusively in the aryl moiety. Such arylalkyl groups are exemplified by benzyvl, phenethyl and the
hike.

[0092] “Aryloxy” refers to —OR” groups, where R” is an aryl group, which can be optionally
substituted.

[080693] “Cycloalkyl” refers to cvelic alkyl groups of from 3 to 12 carbon atoms inclusively having a
single cyclic ring or multiple condensed rngs which can be optionally substituted with from 110 3
atky! groups. Exemplary cvcloalkyl groups include, but are not limited to, single ring structures such
as cyclopropyi, cvclobutyl, cyvclopentyl, cyclooctyl, 1-methvicvelopropvl, 2-methvicyclopentyi, 2-
methvievelooctyl, and the bike, or multiple ring structures, including bridged ring systems, such as
adamantyl, and the hike.

{0094] “Cycloalkvylalkyv!” refers to an alkyl substituted with a cycloalkyl (i ¢., cyveloalkyl-atkvi-
groups), preferably having from 1 o 6 carbon atoms mclusively in the alkyl moiety and from 3 to 12
carbon atoms inclusively in the cyvcloalkyl moiety. Such cycloalkylalkyl groups are exemphified by
cyclopropyimethyl, cyclohexylethyl and the like.

[0095] “Amino” refers to the group -NH,. Substituted amino refers to the group -NHR", NR"R", and
NR'R'R" | where cach R" is independently sclected from substituted or unsubstituted alkyi,
cycloalkvl, eycioheteroalkvl, alkoxy, aryvl, heteroaryl, heteroarvialkyi, acyl, alkoxycarbonyl, sultanyl,

sulfinyl, sulfonyl, and the bike. Typical amino groups include, but are limited to, dimethylaming,
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dicthvlamino, trimethyvianmmonium, tricthylammonium, methylyselfonvlamine, franyl-oxy-
sulfamino, and the fike.

[00%96] “Anmunocalkyl™ reters to an alkyl group in which onc or more of the bvdrogen atoms are
replaced with one or more anmino groups, including substituted amino groups.

{0097] “Aminocarbonvl” refers to -C{(OINH,. Substituted aminocarbonyl refers to ~C{ONR'R"Y,
where the amino group NR"R" is as defined herein.

18098] “Oxy” refers to a divalent group -0-, which may have various substituents to form different
oxy groups, including ethers and esters.

10099] “Alkoxy” or “alkyloxy” arc used interchangeably herein to refor to the group —OR®, wherein
R® is an alkyl group, including optionally substituted alky! groups.

10100] “Carboxy” refers to -COOH.

[8101] “Carbonyl” refers to -C(O)~, which may have a variety of substituents to form different
carbonyl groups including acids, acid halides, aldehydes, amudes, esters, and ketones.

[8102] “Carboxyalkyl” refers to an alkyl in which one or more of the hyvdrogen atoms are replaced
with one or more carboxy groups.

[0103] “Anunocarbonyialkyl” refers to an alkyl substituted with an aminocarbonyl group, as defined
herein.

[8104] “Halogen™ or “hale” refers to fluore, chloro, bromo and iodo.

{0105] “Haloalkyl” refers to an alkyl group in which one or more of the hydrogen atoms are replaced
with a halogen. Thus, the term “haloalkyl” 1s meant to include monohaloalkyls, dibaloalkyls,
trihaloalkyls, etc. up to perhaloalkyls. For example, the expression “(C; - Cy) haloalky!” includes 1-
fluoromethyl, difluoromethyi, triffuoromethyl, 1-fhuoroethyl, 1 1-difluorcethyl, 1.2-difluoroethyl,
1,11 triftecroethyl, perflucroethyl, etc.

[0106] “Hydroxy” refers to -OH.

101097] “Hydroxvalkyl” refers to an alkyl group in which in which one or more of the hydrogen
atoms arg replaced with one or more hyvdroxy groups.

{0108] “Thiol” or “sulfanyl” refers to —SH. Substituted thiol or sulfanyl refers to —8-R", where R is
an atkyl, arvl or other sutable substituent,

[0109] “Alkyithio” refers to —SR®, where R® is an alkyl, which can be optionally substituted. Typical
alkvlthio group include, but are not limited to, methylthio, cthylthio, n-propylthio, and the like.
[8110] “Alkyithioalkyl” refers to an alkyl substituted with an alkylthio group, —SR®, where R is an
alkvl, which can be optionally substituted.

[0111] “Selfonyl” refers to ~80;-. Substituted sulfonyl refers to —~8(-R", where R" is an alkyl, aryi

or other suitable substituent.
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[0112] “Alkylsulfonyl" refers to ~S0,-R", where R® is an alkyl, which can be optionally substituted.
Typical alkylsutfonyl groups include, but are not limited to, methyisulfonyl, ethylsulfonyl, n-
propvisuifonyl, and the like.

10113] “Alkyisulfonyialkyl" refers to an alkyl substituted with an alkylsuifony! group. ~S0,-R®,
where R is an alkyl, which can be optionally substituted.

{0114] “Heteroaryl” refers to an aromatic heterocyclic group of from 1 to 10 carbon atoms
mclusively and 1 to 4 heteroatoms inclusively selected from oxvgen, nitrogen and sulfur within the
nng. Such heteroaryl groups can have a single ring {¢.g., pyvridyl or furvl} or multiple condensed rings

{e.g., ndolizinyl or benzothienvl).

10115] “Hetercarvialtky!” refers to an alkyl substituted with a heteroaryi (1.¢., hetercaryi-alkyl-
groups), preferably having from 1 to 6 carbon atoms mclusively in the alkyl moiety and from 510 12
ring atoms inclustvely in the heteroaryvl motety. Such hetercarylalkyl groups are exemplified by
pyridvimethyl and the hke.

[3116] “Heterocvele”, “heterocyelic” and interchangeably “heterocycloalkyl” refer to a saturated or
vosaturated group having a single ning or multiple condensed rings, from 2 to 10 carbon ring atoms
mnclusively and from | to 4 hetero ring atoms inclusively selected from nitrogen, sulfur or oxvgen
within the ring. Such heterceyclic groups can have a single ring {¢.g., piperidinyl or tetrahydrofuryl)
or multiple condensed rings (e.g., indolinyl, dibydrobenzofuran or quinuchdinyl). Examples of
heterocyveles mclude, but are not limited to, furan, thiophene, thiazole, oxazole, pyrrole, imidazole,
pyrazole, pyridine, pyrazine, pyrimudine, pyridazine, indolizine, isoindole, indole, indazole, purine,
quinolizine, isoquincling, quinoline, phthalazine, naphthyvlpyridine, quinoxaline, quinazoling,
cinnoline, pteridine, carbazole, carboline, phenanthridine, acriding, phenanthroline, isothiazole,
phenazine, 1soxazole, phenoxazine, phenothiazine, imidazoliding, imidazoline, piperidine, piperazine,
pvrrolidine, indoline and the like.

[117] “Heteroovcloalkylalkyl™ refers to an alkyl substituted with a heterocveloatkyl (1e
heterocveloalkyli-alkvl- groups}, preferably having trom 1 to 6 carbon atoms inclusively 1o the alkyl
moiety and from 3 to 12 ring atoms inclusively in the heterocycloalkyl motety.

[8118] “Membered ning” is meant to embrace any cyclic structure. The number preceding the term
“membered” denotes the number of skeletal atoms that constitute the ring. Thus, for example,
cvelohexyl, pvridine, pvran and thiopyran arc 6-membered rings and cvclopentyl, pyrrole, furan, and
thiophene are 3-membered rings.

[3119] “Fased bicyclic ning™ as used herein refers to both unsubstituted and substitated carbocyclic
and/or heterocvelic ring moieties having 5 to 8 atoms in each ring, the rings having 2 common atoms.
[0120] Unless otherwise specified, positions occupied by hydrogen in the foregoing groups can be
further substituted with substituents exemplified by, but not limited to, hvdroxy, oxo, mitro, methoxy,

cthoxy, alkoxy, substituted alkoxy, triflucromethoxy, haloatkoxy, fluore, chlors, brome, 1odo, halo,
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methyl, ethyl, propyl, butyl, alkyl, alkenyl, alkynyl, substituted alkyl, trifluoromethyl, halocalkvl,
hvdroxyalkvi, alkoxyalkyi, thio, alkylthio, acvl, carboxy, alkoxvcarbonyl, carboxamido, substituted
carboxanudo, alkylsulfonyl, alkvisulfinvl, alkylsuifonylamino, sulfonamido, substituted sulfonamido,
cvano, amino, substituted amino, alkylanmino, dialkyvlanuno, aminoalkyl, acylamine, amidino,
amidoximoe, hydroxamoyl, phenvl, arvl, substituted arvl, arvloxy, arvialkyl, aryialkenyl, arvlalkynyl,
pyridyl, imidazolyl, heteroaryl, substitated heteroaryl, hetercaryloxy, heteroarylalkyl,
heteroarylalkenyl, beteroarvlalkynvl, cyclopropyl, cyclobutyl, eyvclopentyl, evclohexyl, cycloalkyl,
cvcloalkenyl, cyvcloalkvialkyl, substituted cycloalkyl, cycloalkyioxy, pyrrolidinyl, piperidinyl,
morpholing, heterocyele, (heterocyele)oxy, and (heterocyele)alkyl: and preferred heteroatoms are
oxygen, nitrogen, and sulfur. it is understood that where open valences exist on these substituents they
can be further substituted with alkyl, cveloalkyl, arvl, heteroaryl, and/or heterocycle groups, that
where these open valences exast on carbon they can be turther substituted by halogen and by oxvgen-,
nitrogen-, or sulfur-bonded substituents, and where multiple such open valences exist, these groups
can be joined to form a ring, either by direct formation of a bond or by formation of bonds to a new
heteroatom, preferably oxvgen, nitrogen, or sulfur. It 1s further understood that the above substitutions
can be made provided that replacing the hvdrogen with the substituent does not introduce
unacceptable mstability to the molecules of the present invention, and 18 otherwise chemically
reasonable.

10121} Asused herein, “optional” and “optionally” mean that the subsequently described event or
circumstance may or may not occur, and that the descrniption includes instances where the event or
circumstance occurs and instances in which it does not. One of ordinary skill in the art would
vaderstand that with respect to any molecule described as containing one or more optional
substituents, only sterically practical and/or svthetically feasible compounds are meant to be
mnciuded. “Optionally substituted” refers to all subsequent modifiers in a term or series of chemical
groups. For example, in the term "optionally substituted arvlalkyl, the “alkyl” portion and the “aryl”
portion of the molecule may or may not be substituted, and for the senes “optionally substituted alkyl,
cycloalkvl, aryl and heteroaryl,” the alkyl, cycloalkyl, arvl, and heteroaryl groups, independently of

the others, may or may not be substituted.

Glycosylation

[6122] Glveosylation can alter many properties of natural and synthetic products including stability,
pharmacodynanucs, solubility, and membrane transport. Many molecules, including many secondary
metabolites with antimicrobial, antitumor, natural sweetness properties, etc., comprise non-ribosomal
peptide, polyketide, or terpencid backbones modified with B-glvcosidic linkages. Many of the
diterpene glyeosides extracted from the plant, Stevia rebaudiona Bertoni, contain PB-linked glucose
molecules. Naturally, these molecules are glveosvlated in vive using UDP-glucose dependent

glveosyl transferase enzymes. However, when used in vitro, the UDP-glucose can be prohibitively



WO 2017/218324 PCT/US2017/036701

expensive and/or unavatable. In the present invention a new reaction scheme (See, Figure 2} is
provided, in which two different enzyme ¢lasses are used to transfer the glucose moiety from o-
glucose-1-phosphate to a sample substrate (¢.g.. stevioside), to produce one or more B-glucose linked
products. In some embodiments, the natural stevioside UDP-glucose dependent glycosyltransterase is
shown to have activity, using a-ghicose-1-phosphate to form rebaudioside A {See, Figure 1}. In the
some additional embodiments, a laminaribiose phosphorylase acts in the reverse dirgction to form a -
glucose linked stevioside compound and inorganic phosphate from a~glucose-1~-phosphate and
stevioside.

{123] Thus, glycosylation finds use in the production of natural sweeteners, such as those derived
from the sweet herb, Stevia rebaudiana Bertoni. Asindicated above, this plant produces a number of
diterpene glyveosides which feature high intensity swectness and sensory propertics superior to those
of manv other high potency sweeteners. The above-mentioned sweet glycosides, have a common
aglveone {i.¢., steviol), and differ by the number and type of carbohydrate residues at the €13 and
C19 positions. Steviol glycosides differ from cach other not only in their molecular structure. but also
by their taste propertics. Usually, stevioside is reported to be 110-270 times sweeter than sucrose,
while rebaudioside A 1s reported to be between 150 and 320 times sweeter than sucrose, and
rebaudicside € is reported to be between 40-60 times swecter than sucrose. Of these common
compounds, rebaudioside A has the least asiringent, the least bitter, and the least persistent aftertaste.
Thus, it has the most favorable sensory attributes of the major steviol glycosides. However,
rebaudioside A only constitutes a minor fraction (2-10%) of total glveosides isolated from Stevia
rebaudiona Bertoni, with other compounds including stevigside (2-109) and Rebaudioside C {1-2%
making wp the rest.

16124} Changing the glvcosylation pattern of some substrates finds use in cither simoplifying
purification and/or to convert less desirable molecules (¢.g., stevioside} to more desirable compounds

(e.g., rebaudioside A). In some cases, glycosylation is achieved through chemical synthesis methods.

However, these methods typically require multiple synthetic steps with undesirable chemicals and
processes and can result in nuxed products {e.g ., with hinkages in incorrect positions and/or with
undesired anomeric configurations).

[8125] In contrast, glvcosylating enzymes can be active under mild conditions and can confer high
positional selectivity and stercospecificity in a single step. Many naturally derived glycosylated
metabolites are generated in vivo using glvcosvitransferase (GT) enzyvmes which transfer sugar
moieties from various sugar nucleotides. When used in in vifro processes however, the sugar
nucleotide donors that these enzymes require can be prohibitively expensive and may not be available
at scale. Therefore, there is a need for an enzyme capable of producing glycosvlated molecules using

less expensive and/or more convenient sugar donors.
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Engineered Glycosyliransferase Polypeptides

10126] The present invention provides polypeptides having glyveosyltransferase activity,
polvnucieotides encoding the polvpeptides, methods of preparing the polypeptides, and methods for
asing the polypeptides. Where the description relates to polypeptides, it is to be understood that it also
describes the polynuclestides encoding the polypeptides.

[3127] The suitable reaction conditions under which the above-described tmproved properties of the
enginecred polvpeptides carry out the transferase reaction can be determined with respect to
concentrations or amounts of polypeptide, substrate, co-substrate, transition metal cofactor, reductant,
buffer, co-solvent, pH, conditions including temperature and reaction time, and/or conditions with the
polvpeptide mmobilized on a solid support, as further described below and in the Examples.

[8128] In some embodiments, exemplary enginecred polypeptides having glvcosvltransferase activity
with improved properties, particalarly in the conversion of steviol glycosides to further glveosylated
steviol glveosides, comprise an amino acid sequence that has one or more residue differences as
compared to SEQ ID NO: 2, 4, 6, and/or 8.

[3129] Residue differences at these other residue positions can provide for additional varations in
the amine acid sequence without adversely affecting the ability of the polypeptide to carry out the
transferase reaction. In some embodiments, the sequence further comprises 1-2, 1-3, -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, §-26, 1-30, 1-35, 1-40, 1-45, or
1-50 residue differences at other amino acid residue positions as compared to the SEQ ID NQG: 2, 4, 6,
and/or 8. In some embodiments, the number of amino acid residue differences as compared to the
reference sequencecan 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 conscrvative changes or non-conservative changes. In some embodiments, the
residue differences can comprise conservative substitutions and non-conservative substitutions as
compared to the naturally occurring glycosyliransferase polypeptide of SEQ ID NG: 2, 4, 6, and/or §.
{0130] In some embodiments, the present invention also provides engineered polypeptides that
coraprise a fragment of any of the engineered glycosvitransferase polypeptides described herein that
retains the functional activity and/or improved property of that engineered glvcosyltransferase.
Accordingly, in some embodiments, the present invention provides a polvpeptide fragment capable of
the transferase reaction under suitable reaction conditions, wherein the fragment comprises at least
about 80%, 90%, 95%, 96%, 97%. 98%, or 99% of a full-length amino acid sequence of a
glveosyltransferase polvpeptide of the present mvention, such as the naturally occurring
glveosyliransferase polypeptide of 2, 4, 6, and/or 8.

{8131} In some embodiments, the engineered glycosyltransferase polypeptide can have an amino

acid sequence comprising a deletion of any one of the glycosyltransferase polypeptides described
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herein, such as the naturally occurring glvcosyltransferase polvpeptide of SEQ ID NO: 2, 4, 6, and/or
8.
[0132]) Thus, for each and every embodiment of the engincered glycosyltransferase polypeptides of
the mvention, the amino acid sequence can comprise deletions of one or more anuno acids, 2 or more
aming acids, 3 or more aming acids, 4 or more amino acids, 5 or more aming acids, 6 or more amingo
acids, 8 or more amino acids, 10 or more amino acids, 15 or more amino acids, or 20 or more amino
acids, up to 10% of the total number of amino acids, up to 10% of the total number of amino acids, up
to 209% ot the total number of anino acids, or up to 30% of the total number of amino acids of the
glycosyltransferase polyvpeptides, where the associated fanctional activity and/or improved propertics
of the engincered glycosyliransferase described herein are maintained. In some embodiments, the
deletions can comprise 1-2, 1-3, 1-4, §-5, 1-6, {-7, 1-8, 1-9, 1-10, 1-15, 1-20, 1-21, §-22, 1-23, 1-24,
1-25, 1-30, 1-35, 1-40, 1-43, or 1-50 amino acid residucs. In some embodiments, the number of

deletionscanbe 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. In some embodiments, the deletions can comprise deletions
of 1,2,3,4,5,6,7,8,9 10, 11,12, 13, 14, 15, 16, I8, 20, 21, 22, 23, 24, or 25 amino acid residues.
[3133] In some embodiments, the engineered glvcosyliransferase polypeptide herein can have an
amino acid sequence comprising an insertion as compared to any one of the glycosvitransferase
polvpeptides described herein, such as the naturally occurring glycosyltransferase polypeptide of SEQ
IDNG: 2,4, 6, and/or 8. Thus, some embodiments of the glycosyitransferase polypeptides of the
present invention, the insertions can comprise one or more amino acids, 2 or more anuno acids, 3 or
more amino acids, 4 or more amino acids, § or more amino acids, 6 or more amino acids, 8 or more
amino acids, 10 or more aming acids, 13 or more amino acids, 20 or more amino acids, 30 or more
amino acids, 40 or more aming acids, or 530 or more amino acids, where the associated functional
activity and/or improved properties of the engineered glyeosvitransferase described herein 1s
maintained. The insertions can be to aming or carboxy terminus, or internal portions of the
glvcosyitransferase polypeptide.

[0134] In some embodiments, the amino acid sequence has optionally 1-2, 1-3, 1-4, 1-5, 1-6, 1-7, -
8, 1-9, 1-10, 1-15, 1-20, §-21, 1-22, 1-23, 1-24, 1-25, 1-30, 1-35, 148, 145, 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.

{0135} in the above embodiments, the suitable reaction conditions for the engincered polypeptides

are provided in the Examples.
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[4136] In some embodiments, the polyvpeptides of the present invention are fusion polypeptides in
which the engineered polypeptides are fused to other polypeptides, such as, by way of example and
not limitation, antibody tags (e.g.. mvc epitope), purification sequences (¢.g., His tags for binding to
metals), and cell localization signals {e.g., secretion signals). Thus, the engincered polypeptides
described herein can be used with or without fusions to other polypeptides.

{8137} I isto be understood that the polypeptides described herein are not restricted to the
genetically encoded amino acids. In addition to the genctically encoded anmino acids, the polypeptides
described herein may be compnised, either in whole or in part, of naturally occurring and/or synthetic
non-encoded amino acids. Certain commonly encountered non-encoded amino acids of which the
polvpeptides described herein may be comprised include, but are not limited to: the D-stereomers of
the genetically-cncoded amino acids; 2,3-diamnopropionic acid (Dpr); a-aminoiscbutyric acid (Aib);
s-aminohexanoic acid {Aha}; d-aminovaleric acid (Ava); N-methyiglveine or sarcosine {MeGly or
Sar); orntthine (Om); citralline (Cit); t-butvlalanine (Bua); t-butviglveine (Bug), N-methvlisoleucine
(Melle); phenylglveine (Phg); cyclohexylalanine (Cha); norleucine (Nle); naphthylalamne (Nal); 2-
chlorophenylalanine (Ocf); 3-chlorophenvlalanine (Mef); 4-chlorophenylalamine (Pef);
2-fluorophenylalanine (Of); 3-fluorophenylalanine (MFF); 4-fluorophenylalanine (PH); 2-
bromophenylalanine {0bf); 3-bromophenylalanine (Mbf); 4-bromophenylalanine (Pbf); 2-
methylphenylalanine (Omf); 3-methylphenyvlalanine (Mmf); 4-methviphenylalanine (Pmf); 2-
nitrophenvialanine (Onf); 3-nitrophenyvialamine (Mnf}), 4-nitrophenyialanine (Pnf); 2-
cyanophenyvialanine (Oct); 3-cvanopheunylalanine (Mcfy;, 4-cvanophenylalanine (Pef); 2-
trifluoromethylphenvialanine (Otf); 3-tnifluoromethviphenylalanine (Mtf); 4-
tnfluoromethyiphenvialanine (Ptf); 4-aminophenylalanine (Paf); 4-iodophenylalanine (Pif); 4-
aminomethylphenylalanine (Pamfy; 2 4-dichlorophenyialanine (Opef); 3.,4-dichlorophenvialanine
{Mpct): 2,4-diftuorophenylalanine (Opft),; 3,4-difloorophenylalanine (Mpfh); pynid-2-ylalanine
{2pAla); pynd-3-vlalanine (3pAla); pynid-4-vlalanine {dpAla); naphth-1-vialanine (InAla); naphth-2-
vialamine (ZnAla); thiazolvialanine (taAla); benzothienylalanine (bAla); thienvialanine (tAla);
furvlalanine (fAla); homophenylalanine (hPhe); homotyrosime (hTyr), homotryptophan (hTrp):
pentafluorophenvialanine (53ff); styrvikalanine {(sAla); authrvlalanine (aAla); 3,3-diphenylalanine
{Dfa); 3-amino-3-phenypentanoic acid (Afp); penicilanine (Peny; 1,23, 4-tctrabydroisoguinoline-3-
carboxvlic acid (Tic); B-Z-thienvialanine (Thi); methiomine sulfoxide (Mso); N{w)-nitroarginine
(nArg); homolysine (hLys); phosphonomethviphenylalanine (pmPhe); phosphoserine (pSer};
phosphothrecning {pThr); homoaspartic acid (hAsp); homoghutanic acid (hGhy); T-aminocyclopent-(2
or 3)-ene-4 carboxyvhic acid; pipecolic acid (PA), azetidine-3-carboxylic acid {ACA); 1-
aminocyclopentane-3-carboxvlic acid; allviglveine (aGly); propargylglveine (pgGly); homoalanine
{hAla); norvaling (nVal}; homoleucine (hLeu), homovaline (h¥Val}; homoisoleucine (hlic);

homoarginine (hArg); N-acetyl lysine (AcLys); 2 4-diaminobutyric acid (Bbu): 2 3-diaminobotyric
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acid (Drab}; N-methylvaline (MeVal); homocysteine (hCys); homosernine (hSer): hydroxyprohline
{Hyp) and homoprohine (hPro}. Additional non-encoded amino acids of which the polypeptides
described berein may be comprised will be apparent to those of skill in the art {See ¢.g. |, the vanous

amino acids provided in Fasman, CRC Practical Handbook of Biochemistry 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 ¢ither the L- or D-configuration.

{0138] Those of skill in the art will recognize that amino acids or residues bearing side chain
protecting groups may also comprise the polvpeptides described herein. Non-himiting examples of
such protected amino acids, which in this case belong to the aromatic category, include (protecting
groups histed 1o parentheses), but are not linuted to: Arg(tos), Cys{methvibenzyl}, Cys
{nitropyridinesutfenyl), Glu(d-benzvlester), Gin{xanthyl), Asn(N-d-xanthyl}, His(bom}, His{benzvi},
His{tos), Lvs{fmoc), Lys{tos), Ser{O-benzyl), Thr (O-benzyl) and Tyr{G-benzyi).

[8139] Non-encoding amino acids that are conformationally constrained of which the polypeptides
described herein may be composed include, but are not himited to, N-methyl amine acids
{L-configuration}; -aminoccyclopent-(2 or 3}-ene-4-carboxylic acid; pipecolic acid; azetidine-3-
carboxylic acid; homoproling (hPro); and 1-aminocvelopentane-3-carboxylic acid.

{8140 In some embodiments, the enginecred polypeptides are in vanous 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 lysates of such cells. The enzymes can be
Ivophilized, spray-dried, precipitated or be in the form of a crude paste, as further discussed below.
[3141] In some embodiments, the engineered polvpeptides are provided on a sohid support, such as a
membrane, resin, solid carrier, or other solid phase material. A solid support can be composed of
organic polymers such as polystyrene, polvethylene, polypropylene, polvflucrocthylene,
polvethviencoxy, and polvacrviamide, as well as co-polymers and grafis thereof. A solid support can
also be morganic, such as glass, silica, controlied pore glass (CPG), reverse phase silica or metal, such
as gold or platinum. The configuration of a solid support can be in the form of beads, spheres,
particles, granules, a gel, a membranc 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
charactenistics. A solid support can be configured in the form of a well, depression, or other
container, vessel, feature, or focation.

13142} In some embodiments, the engincered polypeptides having glycosyltransferase activity of the
present invendion can be tumobilized on a solid support such that they retain their improved activity,
stereoselectivity, and/or other improved properties relative to the reference polypeptide of SEQ 1D
NO: 2, 4, 6, and/or 8. In such embodiments, the immobilized polypeptides can facilitate the
biocatalvtic conversion of the substrate compounds or other suitable substrates to the product and
after the reaction 1s complete are easily retained {¢.g., bv retaining beads on which polypeptide is

mmmobilized) and then reused or recyeled in subsequent reactions. Such immobilized enzyme
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processes allow for further efficiency and cost reduction. Accordingly, it is firther contemplated that
any of the methods of using the glyeosvltransferase polypeptides of the present invention can be
carricd out using the same glveosyltransferase polypeptides bound or immobilized on a solid support.
[6143] Methods of enzyvme 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 {¢.g., resing, membranes, beads, glass, etc ) are well known in the art (See
c.g., Yietal, Proc. Biochem., 42(5): 895-898 [2007]; Martin ¢t al., Appl. Microbiol. Biotechnol.,
76(4); 843-851 [2007]; Koszelewski et al., J. Mol. Cat. B: Enzymatic, 63: 39-44 [2010]; Truppo et
al., Org. Proc. Res. Dev ., published online: dx.doi.org/18.1021/0p200157¢; Hermanson, Bioconjugate
Technigues, 2nd ed., Academic Press, Cambridge, MA [2008]; Mateo et al., Biotechnol. Prog,
18(3):629-34 {2002} and “Bioconjugation Protocols: Sirategics and Methods,” In Methods in
Molecular Biology, Niemever (ed.), Humana Press, New York, NY {2004}, the disclosures of cach
which are mcorporated by reference herein). Solid supports aseful for immobilizing the engineercd
glvcosyliransferases of the present invention include but arc not limited to beads or resing comprising
polvmethacrviate with epoxide functional groups, polyvmethacrylate with amino epoxide functional
groups, styrene/DVE copolymer or polymethacrvlate with octadecy! functional groups. Exemplary
solid supports aseful for immobilizing the engincered glycosyltransferase polypeptides of the present
nvention include, but are not limited to, chitosan beads, Eupergit C, and SEPABEADs (Mitsubishi},
mcluding the following different tvpes of SEPABHEAD: EC-EP, EC-HFA/S, EXA252, EXE119 and
EXEI120.

18144] In some embodiments, the polypeptides desenibed herein are provided in the form of kits. The
enzymes in the kiis may be present individaally or as a plurality of enzymes. The kits can further
include reagents for carrving out the enzvraatic reactions, substrates for assessing the activity of
enzyvmes, as well as reagents for detecting the products. The kits can also include reagent dispensers
and instructions for use of the kits.

13145} In some embodiments, the kits of the present invention include arrays comprising a plurality
of different glveosvitransferase polvpeptides at different addressable position, wherein the different
polvpeptides are different vanants of a reference sequence each having at least one different improved
enzyme property. In some embodiments, a plurality of polypeptides immobilized on solid supports
are configured on an array at various locations, addressable for robotic delivery of reagents, or by
detection methods and/or instruments. The array can be used to test a varety of substrate compounds
for conversion by the polypeptides. Such arrays comprising a plurality of engineered polypeptides

and methods of their use are known 1n the art (See ¢.g., WO2009/008908A2).

Polynuciestides Encoding Engineered Glycosyliransferases, Expression Vectors and Host Cells
{0146] In another aspect, the present invention provides polynuclectides encoding the engineergd

glvcosvitransferase polypeptides described herein. The polynucleotides mayv be operatively linked to
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one or more heterologous regulatory sequences that control gene expression to create a recombinant
polvmucieotide capable of expressing the polypeptide. Expression constructs containing a
heterologous polvnucieotide encoding the engineered glvcosyltransferase are introduced into
appropriate host cells to express the corresponding glveosyliransferase polypeptide.

[8147] As will be apparent to the skilled artisan, availlability of a protein sequence and the knowledge
of the codons corresponding to the various aming acids provide a description of all the
polynucieotides capable of encoding the subject polypeptides. The degeneracy of the genetic code,
where the same anino acids are encoded by alternative or synonymous codons, allows an extremely
large number of nucleic acids 1o be made, all of which encode the improved glvcosyltransferase
enzymes. Thus, having knowledge of a particular amine acid sequence, those skilled in the art could
make any number of different nucleic acids by simply modifying the sequence of one or more codons
i a way which does not change the amino acid sequence of the protein. In this regard, the present
mvention specifically contemplates gach and every possible vartation of polynucleotides that could be
made encoding the polvpeptides described herein by selecting combinations based on the possible
codon choices, and all such vanations are to be considered specifically disclosed for any polvpeptide
described herein, mcluding the anmino acid sequences disclosed 1n the sequence listing incorporated by
reference herein as the even-numbered sequences in SEQ 1D NOS: 1-32.

10148} In various embodiments, the codons are preferably selected to fit the host cell i which the
protein is heing produced. For example, preferred codons used 1o bacteria are used to express the gene
in bacteria; preferred codons used in veast are used for expression in veast; and preferred codons use
i mammals are used for expression in mammalian cells. In some embodiments, all codons need not
be replaced to optimize the codon usage of the glycosyltransterases since the natural sequence will
corprise preferred codons and because use of preferred codons may not be required for all amino
acid residues. Consequently, codon optimized polynucieotides encoding the glyvcosyltransterase
enzyvmes may contain preferred codons at about 40%, 50%, 60%, 70%, 80%, or greater than 90% of
codon positions of the full length coding region.

10149} In somc embodiments, the polynucieotide comprises a codon optimized nucleotide sequence
encoding the naturally occurring glveosyitransferase polypeptide amino acid sequence, as represented
by SEQG ID NO: 2, 4, 6, and/or 8. In some embodiments, the polynuclectide has a nucleic acid
sequence comprising at least 80%., 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or
more identity to the codon optimized nucleic acid sequences encoding the even-numbered sequences
n SEQ D NOS: 132, In some embodiments, the polyvnucleotide has a nucleic acid sequence
comprising at least 80%, 85%, 80%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more
wdentity to the codon optimized nucleic acid sequences in the odd-numbered sequences in SEQ ID
MNOS: 1-32. The codon optimized sequences of the odd-numbered sequences in SEQ D NOS: 1-32,
enhance expression of the encoded, wild-tvpe glveosyitransferase, providing preparations of enzyme

capable of the transferase activity desceribed herein. In some embodiments, the codon optimized
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polynucieotide sequence enhances expression of the glveosyltransferase by at least 1.2 fold, 1.5 fold
2 fold or greater as compared to the naturally sccwrring polyouciestide sequence from Stevia
rebaudiana, Streptomyces resistomycificus, Strepiomyces antibioficus and/or Paenibacillus sp. YM1,
[8156] In some embodiments, the polynucleotides are capable of hybridizing under highly stringent
conditions o a reference sequence selected from the odd-numbered sequences in SEQ ID NOS: 1-32,
or a complement thereof, and encodes a polypeptide having glycosyltransferase activity.
[3151] In some embodiments, as described above, the polynucleotide encodes an engineered
polypeptide having glveosyltransferase activity with improved properties as compared to SEQ 1D NO
2,4, 6, and/or &, where the polypeptide comprises an amino actd sequence having at least 80%, 85%,
869, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%. 97%, 98%, 99% or more identity to a
reference sequence, and one or more residue differences as compared to a sequence sclected from the
even-numbered sequences in SEQ ID NOS: 1-32. In some embodiments, the reference anumo acid
sequence 1s selected from the even-nambered sequences in SEQ 1D NOS: 1-32. In some
embodiments, the reference amino acid sequence is SEQ 1D NG: 2. fn some embodiments, the
reference amino acid sequence is SEQ 1D NO: 4. In some further embodiments, the reference amino
acid sequence 1s SEQ 1D NG: &
[3132] In some embodiments, the polvnucleotide encodes a glycosvitransferase polypeptide capable
of the transferase reaction provided herein, with improved properties as compared to SEQ ID NO: 2,
4, 6, and/or 8, wherein the polvpeptide comprises an anino acid sequence having at least 809, 85%,
R6%, 87%, 88%, 89%, B0%, 91%, 92%, 939%, 94%, 95%, 96%, 97%, 98%, o OF MOTES SCUUEencCe
identity to reference sequence SEQ 1B NO: 2, 4, 6, and/or 8, and one or more residue differences as
compared to SEQ 1D NO: 2, 4, 6, and/or 8.
{0153] In some embodiments, the polvnucleotide encodes a glycosvitransferase polvpeptide capable
of the transterase reactions provided herein, with improved properties as compared to SEQ ID NG: 2
4. 6, and/or 8, whergin the polypeptide 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
wdentity to reference sequence SEQ ID NO: 2, 4, 6, and/or 8, and one or more residuc differences as
compared to SEQ ID NG: 2, 4, 6, and/or 8.
[8154] In some embodiments, the polynucleotide encodes a glvecosyliransterase polypeptide capable
of the transferase reactions provided herein, with improved propertics as compared to SEQ 1D NG: 2,
4, 6, and/or 8, wherein the polypeptide comprises an amino acid sequence having at least 80%, 85%,
86%, 87%, 88%, 89%, 90%, 21%, 92%, 93%, B4%, 95%, 96°%, 97%, 98%, 99% or more sequence
wdentity to reference sequence SEQ IDNGO: 2, 4, 6, and/or &, and one or more residue differences as
compared to SEQ ID NG: 2, 4, 6, and/or &,
{0155} In some embodiments, the polynucleotide encoding the engincered glveosvltransforase
comprises a polvnucieotide sequence selected from the odd-numbered sequences 1n SEQ [D NOS: 1-

32.
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[3136] In some embodiments, the polvnucleotides are capable of hybridizing under lughly stringent
conditions to a reference polynucleotide sequence selected from the odd-numbered sequences in SEQ
ID NGS:1-32, or a complement thereof, and encodes a polypeptide having glvcosyltransferase activity
with one or more of the improved properties described herein. In some embodiments, the
polvnucieotide capable of hyvbridizing under highly stringent conditions encodes a glvcosvitransferase
polvpeptide 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 NO: 2, 4, 6,
and/or 8, that has an amino acid sequence comprising one or more residue differences as compared to
SEQIDNGO: 2,4, 6, and/or &

13157} In some embodiments, an isolated polynucleotide encoding any of the engincered
glvcosylitransferase polvpeptides provided herein is manmipulated in a vanety of wavs to provide for
expression of the polypeptide. In some embodiments, the polynucleotides encoding the polypeptides
are provided as expression vectors where one or more control sequences is present to regulate the
expression of the polymucleotides and/or polypeptides. Manipulation of the isolated polvnucleotide
prior to its insertion into a vector mayv 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 mn the art.

13158} In some embodiments, the control sequences include among other sequences, promoters,
leader sequences, polyvadenylation 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, include, but are not limited to the promoters obtained from the E
colt tac operon, Strepromyces coelicolor agarase gene (dagA), Bacillus subtilis levansucrase gene
(sacB), Bacillus licheniformis alpha-amylase gene (amyL), Bacillus stearothermophilus maliogenic
amvlase gene {amyM}, Bacillus amvioliguefaciens alpha-amyvlase gene (amv(Q}, Bacillus
licheniformis penicillinase gene (penP), Bacillus subtilis xylA and xyIB genes, and prokaryotic beta-
lactamase gene (See ¢.g., Villa-Kamaroff et al., Proc. Natl Acad. Sci. USA 75 3727-3731 [1978}]}, as
well as the tac promoter (See e.g., DeBoer et al, Proc. Natl Acad. Sci. USA 80: 21-25 [1983]).
Exemplary promoters for filamentous fungal host cells, include promoters obtaimed from the genes for
Aspergillus orvzae TAKA amvlase, Rafzomucor miehei aspartic proteinase, Aspergilius niger neutral
alpha-amylase, Aspergillus niger acid stable alpha-amvlase, Aspergilius niger or Aspergillus awamori
glucoamvlase (glaA), Rhizomucor miehei hipase, Aspergilius orvzae alkaline protease, Aspergilius
oryzae triose phosphate isomerase, Aspergillus nidulons acetamudase, and Fusarivm oxysporum
trypsin-like protease {Sce e.g.. WO 96/00787), as well as the NAZ-pt promoter {(a hybrid of the
promoters from the genes tor Aspergilius niger neutral alpha-amviase and Aspergilius oryzae triose
phosphate 1somerase), and mutant, truncated, and hyvbrid promoters thereof. Exemplary veast cell

promoters can be from any suitable source. In some embodiments, the genes comprise the genes for
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Saccharomyces cerevisiae enolase (ENQ-1), Saccharomvces cerevisiae galactokinase (GAL1),
Saccharomyces cerevisiae aloohol dehydrogenase/glyceraldehyde-3-phosphate dehydrogenase
{ADH2/GAP), and Saccharomyees cerevisiae 3-phosphoglveerate kinase. Other useful promoters for
veast host cells are known 1n the art (See e.g., Romanos et al., Yeast 8:423-485 [1992]).

[8159] In some embodiments, the control sequence 1s a suitable transcription termimator seguence, a
sequence recognized by a host cell to terminate transcription. The terminator sequence is operably
hinked to the 3' terminus of the mucleic acid sequence encoding the polypeptide. Any terninator which
1s functional wn 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, Aspergillus niger ghacoamvlase, Aspergillus nidulans anthranilate
synthase, Aspergilius 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, Saccharomyces cerevisice cytochrome C (CYC1), and Saccharomyees cerevisiae
giveeraldehyde-3-phosphate dehyvdrogenase. Various other useful terminators for veast host cells are
known in the art {(See ¢.g., Romanos et al., supra).

[3160] In some embodiments, the control sequence 1s a switable leader sequence, a non-translated
region of an mRNA that is important for translation by the host cell. The leader sequence is operably
tinked to the 5' terminus of the nucleic acid sequence encoding the polypeptide. Any leader sequence
that 1s functional in the host cell of choice may be used. Exemplarv leaders for filamentous fungal
host celis are obtained from the genes for dspergilius orvzae TAKA amvlase and Aspergillus 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 (ENG-1), Saccharomyces cerevisiae 3-
phosphoglveerate kinase, Saccharomyces cerevisiae alpha-factor, and Saccharomyees cerevisiae
alcoho! dehvdrogenase/glyceraldehyde-3-phosphate dehydrogenase (ADH2/GAP).

[3161] The control sequence may also be a polyadenvlation sequence, a sequence operably linked to
the 3' terminus of the nucleic acid sequence and which, when transcnbed, 1s recognized by the host
cell as a signal to add polvadenosine residues to transcribed mRNA. Anv polvadenylation 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 imited to those from
the genes for Aspergifius oryzae TAKA amviase, Aspergillus niger ghacoamylase. Aspergilius
nidulons anthranilate synthase, Fusarium oxysporum trvpsin-like protease, and Aspergillus niger
alpha-glucosidase. Usetul polvadenylation sequences for yeast host cells are also known n the ant
(See e.g., Guo and Sherman, Mol Cell. Bio,, 15:5983-5990 [19951]).

13162} In some embodiments, the control sequence 18 a signal peptide coding region that codes for an
amino acid sequence linked to the amino terminus of a polvpeptide and directs the encoded
polvpeptide mto the ccll's secretory pathway. The 3' end of the coding sequence ot the nucleic acid

sequence may inherently contain a signal peptide coding region naturally hinked in translation reading
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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 is forgign to the coding
sequence. Any signal peptide coding region that directs the expressed polypeptide into the secrctory
pathway of a host cell of choice finds use for expression of the engineered glycosvitransferase
polvpeptides provided herein. Effective signal peptide coding regions for bacterial host cells inchude,
but are not himted to the signal peptide coding regions obtained from the genes for Bacillus NCIB
11837 maltogenic amvlase, Bacillus stearothermophilus alpha-amvlase, Bacillus licheniformis
subtilisin, Bacillus licheniformis beta-lactamase, Bacillus stearothermophilus neutral proteases (nprT,
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 [1993}). Effective signal peptide coding regions for
filamentous fungal host cells include, but are not limited to the signal peptide coding regions obtained
from the genes for dspergillus oryzae TAK A amvlase, dspergillus niger neutral amvlase, dspergillus
niger glacoamylase, Riizomucor miehei aspartic proteinase, Humicola insolens cellulase, and
Humicola lanuginosa lipase. Useful signal peptides for veast host cells include, but are not limited to
those from the genes for Saccharomyees cerevisioe alpha-factor and Saccharomyces cerevisiae
mvertase.

[3163] In some embodiments, the control sequence 1s a propeptide coding region that codes for an
amino acid sequence positioned at the amino terminus of a polypeptide. The resultant polypeptide is

LRI

referred to as a “procnzyme,” “propolypeptide,” or “zvmogen,” in some cases). A propolvpeptide can
be converted to a mature active polvpeptide by catalytic or autocatalytic cleavage of the propeptide
from the propolypeptide. The propeptide coding region inchudes, but 1s not imited to the genes for
Bacillus subtilis alkaline protease (aprE), Bacillus subtilis neutral protease (npr'1), Saccharomyces
cerevisiae alpha-factor, Rhizomucor miehei aspartic protemnase, and Myceliophthora thermophila
lactase (See 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 termunus of a
polypeptide and the signal peptide region 1s positioned next to the amino terminus of the propeptide
region.

[8164] 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 o be turned oo or off in response
to a chenucal or physical stimulus, melading the presence of a regulatory compound. fo prokaryotic
host celis, suitable regulatory sequences include, but are not imited to the lac, tac, and trp operator
systems. In yeast host cells, suitable regulatory systems inchide, but are not imited to the ADH?
system or GALT system. In filamentous fungi, suitable regolatory sequences include, but are not
himited to the TAKA alpha-amvlase promoter, Aspergillus niger ghacoamylase promoter, and

Aspergillus oryzae ghicoamylase promoter.
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[3165] In another aspect, the present invention also provides a recombinant expression vector
comprising a polynucleotide encoding an engineered glyveosyltransferase polypeptide, and one or
more expression regulating regions such as a promoter and a termunator, a replication origin, ctc.,
depending on the type of hosts into which they are to be introduced. in some embodiments, the
various nucleic acid and control sequences described above are joined together to produce a
recombinant expression vector which includes one or more convenient restriction sites to allow for
msertion or substitution of the nucleic acid sequence encoding the varant glveosyliranstorase
polypeptide at such sites. Alternatively, the polvnucieotide sequence(s) of the present mvention are
expressed by inserting the polynucleotide sequence or a nucleic acid construct comprising the
polynucleotide sequence into an appropriate vector for expression. In creating the expression vector,
the coding sequence is located 1 the vector so that the coding sequence is operably linked with the
appropriate control sequences for expression.

[8166] The recombinant expression vector may be any vector (¢.g., a plasmid or virus), that can be
conveniently subjected to recombinant BNA procedures and can result in the expression of the variant
glvcosvitransferase polynucleotide sequence. The choice of the vector will typically depend on the
corapatibility of the vector with the host cell mnto which the vector is to be mtroduced. The vectors
may be linear or closed circular plasmids.

13167} In some embodiments, the expression vector is an autonomously replicating vector (e, a
vector that exists as an extra~chromosomal entity, the replication of which is independent of
chromosomal replication, such as a plasmud, an extra~-chromosomal clement, a minichromosome, or
an artificial chromosome). The vector may contain any means for assuring self-replication. In some
ahlternative embodiments, the vector may be one which, when mtroduced mto the host cell, is
itegrated into the genome and replicated together with the chromosome(s}) into which it has been
mtegrated. Furthermore, a single vector or plasmid or two or more vectors or plasmids which together
contain the total DNA to be introduced into the genome of the host cell, or a transposon may be used.
13168] In some embodiments, the expression vector preferably contains one or more selectable
markers, which permit easy sclection of transformed cells. A “sclectable marker” is a gene the product
of which provides for biocide or viral resistance, resistance to heavy metals, prototrophy to
auxotrophy, and the like. Examples of bacterial selectable markers include, but are not limited to the
dal genes from Bacilius subitilis or Bacillus ficheniformis, or markers, which confer antibiotic
resistance such as ampicillin, kanamyvein, chioramphenicol or tetracycline resistance. Suitable markers
for yeast host cells include, but are not limited to ADEZ, HIS3, LEU2, LYSZ, MET3, TRP1, and
URAZ. Selectable markers for use in a filamentous fungal host cell include, but are not limited to,
amd$ {acctamidase), argB (ornithine carbamovliransterases), bar {phosphinothricin acetyltransferase),
hph (hygromycin phosphotransferase), niaDl) (nitrate reductase), pyrG (orotidine-5'-phosphate
decarboxylase}, sC (sulfate adenvitransferase), and trpC {(anthranilate synthase}, as well as equivalents

thereof. In ancther aspect, the present invention provides a host cell comprising a polynucleotide
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encoding at feast one engineered glycosyltransferase polypeptide of the present application, the
polvmucieotide being operatively linked o one or more control sequences for expression of the
engineered glvcosyltransterase enzyme(s) in the host cell. Host cells for use in expressing the
polvpeptides encoded by the expression vectors of the present invention are well known in the art and
mehide but are not limited to, bacterial cells, such as £. coli, Vibrio fluvialis, Streptomyces and
Salmonella tvphimurium cells; fungal cells, such as veast celis (e.g., Saccharomyces cerevisice and
Pichia pastoris {ATCC Accession No. 2011781); insect celis such as Drosophiia §2 and Spodoptera
519 cells; animal celis such as CHO, COS, BHEK, 293, and Bowes melanoma celis; and plant cells.
Exemplary host cells are Fscherichia coli strains {e.g., W3110 (AthuA) and BL21).

10169] Accordingly, in another aspect, the present invention provides methods for producing the
engincered glvcosyltransterase polypeptides, where the methods comprise culturing a bost cell
capable of expressing a polvnucleotide encoding the engineered giveosyliransferase polypeptide
under conditions suitable for expression of the polypeptide. In some embodiments, the methods
further comprise the steps of isolating and/or purifying the glycosyltransferase polypeptides, as
described herein.

[3178] Appropriate culture media and growth conditions for the above-described host cells are well
known n the art. Polynucleotides for expression of the glycosvltransferase polvpeptides may be
introduced into cells by varicus methods known in the art. Techniques inchude, among others,
clectroporation, biolistic particle borabardment, liposome mediated transfoction, calcium chloride
transfection, and protoplast fusion.

[8171] The enginecered glvcosyltransferase with the properties disclosed herein can be obtained by
subjecting the polymucleotide encoding the naturally cocurring or engineered glycosyltransferase
polvpeptide to mutagenesis and/or directed evolution methods known in the art, and as described
hercin. An excemplary directed evolution technique 1s mutagenesis and/or DNA shuffling (Sce e g,
Stemmer, Proc. Natl. Acad. Sei. USA 91:10747-10751 {1994}, W 95/22625. WO 97/0078; WO
97/353966; WO 98/27230; WO 00/42651, WO 01/75767 and U.S. Pat. 6,337,746). Other directed
evolution procedures that can be used include, among others, staggered extension process (StEP), in
vitro recombination {(See ¢.g., Zhao et al., Nat. Biotechnol., 16:258-261 [19938]). mutagenic PCR (See
¢.g., Caldwel et al ., PCR Methods Appl., 3:5136-5140 {1994]), and cassette mutagenecsis (See e.g.,
Black et al | Proc. Natl. Acad. Sci. USA 93:3525-3529 {19961},

[3172] For cxample, mutagenesis and directed evolution methods can be readilv applied to
polynucicotides to generate variant libraries that can be expressed, screened, and assaved.
Mutagenesis and directed evolution methods are well known i 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, 5 811238, 6,117,679, 6,165,793, 6,180,406, 6,291,242, 6,995,017,
6,395,547, 6,506,602, 6,519,065, 6,506,603, 6,413,774, 6,573,008, 6,323,030, 6,344,356, 6,372,497,
7,868,138, 5,834,252, 5,928,905, 6,489,146, 6,096,548, 6,387,702, 6,391,552, 6,358,742, 6,482 647,
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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, 6,300 883, 7,105,297, 7,795,030,
6,326,204, 6,251,674, 6,716,631, 6,528,311, 6,287,862, 6,335,198, 6,352,859, 6,379,964, 7,148,054,
7,629,170, 7,620,500, 6,365,377, 6,358,740, 6,406,910, 6,413,745, 6,436,673, 6,961,664, 6,537,746,
7.430,477, 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, 7421347, 7,058,515, 7,024,312, 7,620,502,
7.833.410, 7,957,912, 7,904,249, 8,383,346, 8,504,498, 8,768,871, 8,762,066, 8,849,375, and all
related non-US counterparts; Ling et al ., Anal. Biochem., 254:157-78 [1997]; Dhale et al., Meth. Mol.
Biol., 57:369-74 [1996}]; Smith, Ann. Rev. Genet., 19:423-462 [ 1985]; Botstein ¢t al., Science,
229:1193-1201 [1985]; Carter, Biochem. §., 237:1-7 | 1986}, Kramer et al, Cell, 38:879-887 [1984];
Wells et al., Gene, 34:315-323 {1985]; Minshull et al., Curr. Op. Chem. Biol,, 3:284-250 [ 1999},
Chnistians et al., Nat. Biotechnol., 17:259-264 [1999]; Cramen et al, Nature, 391:288-291 [1998];
Crameri, et al., Nat. Biotechnol, 15:436-438 [1997]; Zhang et al, Proc. Nat. Acad. Sct. US A
04:4504-4509 [19971; Cramert et al , Nat. Biotechnol., 14:315-319 [1996]; 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, WO 98/27230, WO 00/42651, WO 01/75767, W0 2009/152336, WO
2009/102961, WO 2009/102899, WO 2011/035103, WO 2013/138339, WO 2013/003290, WO
2014/120819, WO 2014/120821, WO 2015/0134313, and WO 2015/048573, all of which are
mcorporated herein by reference).

[8173] In some embodiments, the enzyme clones obtained following mutagenesis treatment are
screened by 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 remaining after heat treatments or other assay conditions. Clones containing a polyoucleotide
encoding a glvcosyitransferase polypeptide are then sequenced to identify the nucleotide sequence
changes (if any), and ased to express the enzyme in a host cell. Measuring enzyme activity from the
expression libraries can be performed using any suitable method known inthe art {e.g., standard
biochenustry techniques, such as HPLC analysis).

[6174] In some embodiments, the clones obtained following mutagenesis treatment can be screened
for engincered glycosyhransferases having one or more desired improved enzvme properties (e.g.,
improved transferase activity). Measuring enzyme activity from the expression libraries can be
performed using the standard biochemistry techniques, such as HPLC analysis, LC-MS/MS analysis,
and/or derivatization of products {pre or post separation), as known in the art {e.g., using dansyl
chloride or OPA; See e.g., Yacgaki et al., J Chromatogr. 356(1):163-70 [19861).

18175] For engineered polypeptides of known sequence, the polynuclectides encoding the enzyme
can be prepared by standard solid-phase methods, according to known syathetic methods. In some
embodiments, fragments of up to about 100 bases can be individually synthesized, then joined (e.g.,

by enzymatic or chemical ligation methods, or polvmerase mediated methods) to form any desired
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continuous sequence. For example, polvnucleotides and oligonucleotides disclosed herein can be
prepared by chemical synthesis using the classical phosphoramidite method (Sec e g., Beaucage et al,
Tetra. Lett., 22:1859-69 [1981]; and Matthes et al, EMBO 1., 3:801-05 {1984}, as it is typically
practiced m automated synthetic methods. According to the phosphoranmudite method,
ohgonucleotides are synthesized {e.g., in an automatic DNA synthesizer), purified, annealed, ligated
and clongd in appropriate vectors.

{0176] 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 individeally synthesized, then
jomed {¢.g., by enzymatic or chemical ligation methods, or pelymerase mediated methods) to form
anv desired continuous sequence. For example, polvnucleotides and oligonucleotides encoding
portions of the glyvcosylransferase can be prepared by chenucal synthesis as known in the art {e.g., the
classical phosphoramidite method of Beaucage et al., Tet. Lett. 22:1859-69 [1981], or the method
described by Matthes et al., EMBO J 3:801-05 [19841]} as typically practiced in automated synthetic
methods. According to the phosphoramidite method, oligonucieotides are synthesized {e.g., in an
automatic DNA synthesizer), punified, annealed, hgated and cloned in appropriate vectors. In
addition, essentially any nucleic acid can be obtained from any of a variety of commereial sources. In
some cmbodiments, additional vanations can be created by synthesizing oligonucleotides containing
deletions, insertions, and/or substitutions, and combining the oligonucleotides in various permutations
to create engineered glveosyltransterases with improved properties.

18177 Accordingly, in some embodiments, a method for preparing the engineered
glveosyltransferases polypeptide comprises: (a) synthesizing a polynucleotide encoding a polypeptide
comprising an amino acid sequence having at least about 80%, 85%, 86%, 87%, 88%, 89%, 90%,
919, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% or more sequence identity to an amino acid
sequence selected from SEQ IDNO: 2 4, 6, and/or 8, and having one or more residue differences as
compared to SEQ ID NG: 2, 4, 6, and/or &; and (b} expressing the glyvcosyltransterase polypeptide
encoded by the polynucicotide.

[8178] Accordingly, in some embodiments, a method for prepanng the engineered
glveosyltransferases polypeptide comprises: (a) synthesizing a polynucleotide encoding a polvpeptide
comprising an aming acid sequence having at least about 80%, 85%, 86%, 87%, R8%, 89%, 90%,
019, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 9995 or more sequence identity to an amino acid
sequence selected from SEQ ID NO: 2, 4, 6, and/or 8, and having one or more residue differences as
compared to SEQ ID NG: 2.4, 6, and/or &; and (b) expressing the glycosyltransferase polypeptide
encoded by the polyaucieotide.

10179} In some embodiments of the method, the polynucleotide encodes an engincered
glveosyitransferase that has optionally one or several {e.g., up 10 3, 4, 5, or up to 10) amino acid

residue deletions, insertions and/or substitutions. In some embodiments, the amine acid sequence has
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optionally 1-2, 1-3, 1-4, 1-3, 1-6, 1-7, 1-8, 1-9, 1-10, 1-15, 1-20, 1-21, 1-22, 1-23, §-24, 1-23, 1-30, -
35, 1-40, 1-45, or 1-50 amino acid residue deletions, msertions 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 residue deletions, insertions
and/or substitutions. In some embodiments, the amino acid sequence has optionally 1,2, 3,4, 5,6, 7,
8,910, 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-conscrvative
substitutions.

[3180] In some embodiments, any of the engincered glyvcosyltransferase enzymes expressed 1n a host
cell can be recovered from the cells and/or the culture mednim using any one or more of the well
known technigques for protein purification, including, among others, lvsozyme treatment, sonication,
filtration, salting-out, ultra-centrifugation, and chromatography. Suitable solutions for lysing and the
high efficiency extraction of proteins from bacteria, such as £ cofi, are commercially available {e.g..
Cellytic BTM, Sigma-Aldrich, 5t. Lowis MO).

[6181] Chromatographic technigues for isolation of the glvcosvliransterase polypeptide include,
among others, reverse phase chromatography high performance liquid chromatography, ion exchange
chromatography, gel electrophoresis, and affinity chromatography. Conditions for purifving a
particular enzyme will depend, in part, on factors such as net charge, hydrophobicity, hydrophilicity,
molecular weight, molecular shape, etc.. and will be apparent to those having skill in the art.

[6182] In some embodiments, affinity techniques may be used to isolate the improved
glveosyliransferase enzymes. For affinity chromatography purification, any antibody which
specifically binds the glycosyltranstorase polypeptide may be used. For the production of antibodies,
various host antmals, including but not linuted to rabbits, mice, rats, etc.. may be tmnmunized by
mjection with a glveosyltransferase polypeptide, or a fragment thereof. The glycosyltransferase
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 chain functional group. In some embodiments, the
affinity purification can use a specific ligand bound by the glycosyltransferase, such as poly{L-
proline) or dye affinity column (See ¢.g., EP0641862; Stellwagen, “Dye Affinity Chromatography,”
In Current Protocols in Protein Science, Unit 9.2-9.2.16 {20011},

Methods for Using Glycosyltransferases to B-Glycosylate Compounds of Interest

{0183} In some embodiments, the methods, processes, and systeras provided heremn facilitate the
conversion of a substrate to a B-glyeosvlated product. In some embodiments, the substrate stevioside
is converted to the B-glucosylated product rebaudioside A, In some embodiments, this glycosyvlation
reaction is catalvzed by an enzyme. In some embodiments, the enzyme 1s a glycosyltransferase, while
n some alicrnative cmbodiments the enzyme s a phosphorviase. fn some further erabodiments, the

glycosvitransferase or phosphorylase uses glucose-1-phosphate (¢.g., u~glucose-1-phosphate), as a
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glucosyl donor. In some additional embodiments, certain moieties of the substrate (2. g, hydroxyl
groups), act as a ghycosyl {e.g., glucosyl} acceptor. Some non-limiting examples of
glvcosyltransferases that find use in the present invention inchude promiscuous bactenal UDP-
glucose-dependent glveosyliransferases (e.g., the glvcosyitransterase of SEQ NO: 4, 6, or 12), and
phosphorvlases that possess B -glveosyl cleavage activity to produce a-ghucose-1-phosphate {e.g., a
laminaribiose phosphorylase such as that of SEQ NO: 8 or 14). In some cmbodiments, the enzyme
contacts the substrate in vifro, while in some altemative embodiments, the enzyme contacts the
substrate iz vive. In still some additional embodiments, the substrate and enzyme are produced and
contacted within an engimeered host cell.

13184] The suitable reaction conditions under which the polypeptides carry out the conversion can be
determined by those of skall in the art. The Examples provide exemplary reaction conditions,
imncluding the concentrations or amounts of polypeptide, substrate, co-substrate {¢.g., glucose-1-
phosphate), buffer, co-solvent, pH, temperature, and reaction time. For example, in some
embodiments, reactions are performed with substrate concentrations up to 5 mM or the solubility limit
of the substrate, up to 5 mM cosubstrate, or the solubility limit of the cosubstrate, m 25-100 mM
buffer, with 0-20% ethanol, at pH 3-8, at 30-65 °C, for 5 m — 18 h. In some embodiments, reactions
may be additionally performed with a co-enzyvme and second co-substrate in order to regencrate
glucose-1-phosphate in situ, which is useful for performing the reaction in a more inexpensive
manner. For example, the co-enzyme may be a retaining phosphorylase, such as sucrose
phosphorvlase {e.g., even numbered SEQ NG: 16-32), and the additional co-substrate may be the
appropriate a-linked disaccharide, trisaccharide, or oligosaccharide enzyme substrate, sach as sucrose.
The co-enzyme may be an inverting phosphorviase, such as cellobiose phosphorviase (EC. 2.4.1.20},
and the additional co-substrate may be the appropriate B-linked disaccharide, trisaccharide, or
oligosaccharide enzyme substrate, such as celiobiose. However, it is not intended that the present
mvention be limited to the specific reactions and conditions as set forth in the Examples. Various
features and embodiments of the invention are illustrated in the following representative examples,

which are intended to be itlustrative, and not himiting.

EXPERIMENTAL

{0185] The following Examples, including experiments and results achicved, are provided for
tlustrative purposes only and are not to be construed as limiting the present invention.

[4186] In the expenimental disclosure below, the followmg abbreviations apply: M (molar); mM
{millimolar), uM and M (micromolary; nM {nanomolar); mol (moles); gm and g {gram}; mg
{milligrams); ug and pg (micrograms); L and 1 (Jiter); ml and mb (milliliter); cm {centimeters); mm
{millimeters); um and pn (micrometers); sec. (seconds); min(s) (minute(s)); h(s) and hr(s) (hour{s}};

U {units); MW (molecular weight); rpm {rotations per minute}; pst and PSI (pounds per square inch);

-4(-
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°C {degrees Centigrade); RT and rt (room temperature}; CAM and cam (chloramphenicol); PMBS
{polymyxin B sulfate}; IPTG (isopropvl B-D-1 -thiogalactopyransside); UGT {unidine 5°-
diphosphoglucose glycosyhtransferase): LB (Luria broth); TB (temfic broth); SFP (shake flask
powder); CDS {coding sequence); DNA {deoxvribonucleic acid), RNA (ribonucleic acid); £. coli
W3110 (commonly ased laboratory £. colf strain, available from the Coli Genetic Stock Center
FCGSCY, New Haven, CT);, HTP (high throughput), HPLC (high performance liquid
chromatography); MS {mass spectrometry}; FIOPC (fold improvements over positive control);
Sigma-Aldrnich { Sigma-Aldrich, 5t Louis, MO; Difco (Difco Laboratories, BIY Diagnostic Systems,
Detrort, MI); Macrofluidics (Microfhudics, Westwood, MA);, ChromaDex {Chromabex, Inc., Irvine,

CA}; and Thermotron {Themmotron, Holland, MI}.

EXAMPLE1
Synthesis, Optimization, and Assaying of UGT Enzymes With Glucosylation Activity
{0187] In this Example, methods used in the synthesis, optimization and assaying of UGT enzymes

with glucosylation activity arc described.

Gene Synthesis and Optimization:

{#188] The polynucleotide sequence (SEQ 1D NO: 1) encoding the wild-type Sievia rebaudiona
polvpeptide (SEQ 1D NO: 2) reported to glucosviate steviolbioside to rebaudioside B and glucosylate
stevioside to rebandioside A, was codon-optimized and synthesized as the gene of SEQ 1D NO: 9.
The polynucleotide sequence (SEQ 1D NO: 3) encoding the wild-type Strepromyces resistomycificus
glvcosyliransferase polypeptide (SEQ 1D NO: 4}, 1s a homolog (with 82% sequence identity) of the
wild-type Strepfomyces antibioticus oleandomycin ghycosvitransferase (SEQ 1D NO:5) sequence
reported to glucosylate oleandomyvein and have promiscuous activity with other nucleotide sugar
donors and toward other substrates, was similarly codon-optimized and synthesized (SEQ 1D NO: 11}
These synthetic genes (SEQ 1D NOS: 9 and 1) were individually cloned into a pCK 1106500 vector
system {See ¢.g.. US Pat. Appln. Publn. No. 2006/0195947, which is hereby incorporated by reference
herein} and subsequently expressed in B coli W30 (AfhuA). The £ coli strain W3 110 expressed

the UGT enzymes onder the control of the lac promoter.

4l
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Production of Shake Flask Powders (8FP}:

10189] A shake-flask procedure was used to generate the glyeosyvltransterase polypeptide shake flask
powders (SFP) for characterization assavs used in the biocatalytic processes described herein. Shake
flask powder (SFP) preparation of enzymes provides a more purified preparation (e.g., up to >30% of
total protein} of the enzyme as compared to the cell lysate used in HTP assays and also allows for the
use of more concentrated enzyme solutions. A single colony of £. ¢ofi containing a plasmid encoding
an enginecred polypeptide of interest was inoculated into 5 mL Luria Bertani broth containing 30
ug/ml chloramphenicol and 1% glucose. Cells were grown overmight {(at least 16 hours} in an
mcubator at 30°C with shaking at 256 rpm. The culture was ditated into 250 mL Terrific Broth (12
g/L bacto-tryptone, 24 g/l veast extract, 4 mL/L glyeerol, 65 mM potassium phosphate, pH 7.0, 1
mM MgS0,) containing 30 ug/ml CAM, in a 1 L flask to an optical density of 600 nm (OD600) of 0.2
and allowed to grow at 30°C. Expression of the glveosvitransferase gene was induced by addition of
IPTG to a final concentration of 1 mM when the QD600 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
min, 4 °C) and the supernatant discarded. The cell pelict was resuspended 1n two volumes of 25 mM
trigthanolaming buffer, pH 7.5, and passed through a MICROFLUIDIZER” high pressure
homogenizer (Microfluidics), with standard £. coli tysis settings and maintained at 4°C. Cell debris
was removed by centrifugation (10,000 rpm, 45 minutes, 4°C). The cleared lyvsate supematant was
coliected and frozen at -80°C and then lyophilized to produce a drv shake-flask powder of crude

polvpeptide.

Assay of SFP for Stevisside Glucesylation:

{0198] SFP was reconstituted to provide 20 g/l powder. Then, 50 ul. of these stocks were diluted
200 pL total reaction volume of 50 mM Trs-HCI buffer, pH 7.5, with 3 mM MgS04 and 1 mM
stevioside {ChromabDex, >94% purity}), with or without 3 mM a-ghicose-1-phosphate. The reaction

was performed at 30 °C in a Thermotron titre-plate shaker with 300 RPM shaking for 16-18h.

HPLC-MS/MS Analysis:
[8191] The reaction described above was quenched with 0.5 volume/volume acetonitrile with 2%
formic acid and precipitated by centnfugation. Glycosylated stevioside products were detected in the

supematant by LC-MS/MS with the following instrument and parameters:

A7
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Instrument Agilent HPLC 1200 series, Sciex 4000 QTrap

Column Poroshell 120 EC C18 30 x 3.0 qum, 2.7 wm with
Poroshell 120 EC CI8 5 x 3.0 mm, 2.7 pm guard
column (Agilent Technologies)

Muobile phase Gradient (A 0.1% formic acid in water; B: 0.1%

fornuc acid in methanol)

Time {m)} %B

{0 60
0.50 66
1.00 76
4.33 70
5.00 95
533 95
5.34 60
6.00 60

Flow rate

0.8 ml/m

Run time

6m

Peak retention times

Rebaudioside A: 2.35 m, Product 176: 1.76 m,

Product 214: 2.18& m, Product 222: 222 m.

Column temperature

40 °C

Injection volume

10 uk

MS detection

Sciex 4000 Qlrap; MRM 990/828 (for steviol
tetraglycosides, e.g., rebaudioside A), 1152/828
{for steviol pentaglycosides, e.g., rebaudioside
D), 1314/828 {steviol hexaglvcosides, e.g.,
rehaudioside M), 828/666 (for steviol
triglycosides, ¢.g., stevioside), 666/504 (steviol

diglveosides, ¢.g., rubusoside)

MS conditions

MODE: MRM; CUR: 30 . 1S: 4750; CAD: high:
TEM: 550 °C,; GS1: 50, G82: 50; BP: 150; EP:
10; CXP: 14; DT: 50 ms for cach transition

For the first three transitions: CE: 85For the last

two transitions: CE: 60

[8192] Novel activity was detected for the polypeptides encoded by SEQ [D NO: 9 and 11, For the

glucosyltransferase polypeptide encoded by SEQ 1D NG: 9, two products were detected, one co-
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ghuting with rebaudioside A and one eluting at 2.22 m. These products were detected in the presence
of u~-glucose-1-phosphate, but not 1n the absence of a-glucose-1-phosphate. These products were not
present in a negative control sample. For the glucosvitransferase polypeptide encoded by SEQ D NO:
11, two products were detected at retention times 1,76 and 2.18 m. These products were detected in
the presence of a-glucose-1-posphate and at reduced levels in the absence of a~glucose-1-phosphate.
These products were not present in a negative control sample. Thus, the present invention provides a
novel process for glucosviating steviol glycoside substrates. In addition, the present invention
provides the first enzymes in this class, including the wild-type enzymes encoded by SEQ 1D NO: 2
and 4, to be used with g-ghucose-1-phosphate instead of undime 5 -diphosphoglucose to glycosylate

steviol substrates.

EXAMPLE 2
In sity Formation of Glucose-1-Phosphate
[0193] In this Example experiments to assess the in situ formation of glucose-1-phosphate for UDP-
glucose-independent glucosviation of substrates (See, Figure 3) are described. Gene synthesis and

optimization, as well as production of shake flask powders are performed as described in Example 1.

Assay of SFP:

10194] SFP 1s reconstituted to 20 g/L powder. Then, 20 uL of SFP from E. coli expressing SEQ 1D
NO: 9or 1 and 10 gL of SFP from & coli expressing odd-nombered SEQ ID NO: 15-31 or another
disaccharide phosphorviase or a negative control are diluted in 200 gL total reaction volume of 50
mM Tris-HCI buffer, pH 7.3, with 3 mM Mg&0,, 0.3 M sucrose {or the disaccharide corresponding to
the disacchanide phosphorvlase), 5 mM morganic phosphate, and 1 mM stevioside (ChromaDes,
>94% purity}, with 0-5 mM a -ghicose-1-phosphate. The reaction is performed at 30 °Cina

Thermotron titre-plate shaker with 300 RPM shaking for 16-18 h.

HPLC-MS/MS Analysis:

[8195] The reaction is quenched and analyzed by LC-MS/MS as described 1n Example 1. In situ
formation of a-glucose-1-phosphate is demonstrated by imncreased conversion of stevioside to
glucosylated products at retention times 1.76, 2.18, 2.22, and 2.35 m in the presence of SFP from £
coli expressing odd-numbered SEQ NG: 15-31 or another disaccharide phosphorylase relative to the

same samples in the presence of 8FP from Z. coli expressing a negative control.

EXAMPLE 3

Evolution and Screening of Varianis

LV
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[3196] This Example describes experiments conducted during the evolution and screening of
engineered polvpeptides derived from SEQ 1D NO: 9 and 11 for improved substrate ghucosyiation
using a-ghicose-1-phosphate.

[8197] Directed evolution begins with the polynucleotides of SEQ 1D NG: 9 or 11, which encode the
polvpeptide of SEQ ID NO: 10 or 12, respectively, as the starting “backbone™ gene sequence.
Libraries of enginecred polypeptides are generated using various well-known techoiques (e.g.,
saturation mutageunesis, recombination of previously identified bencticial amino acid differcnces) and
screened using HTP assay and analysis methods that measure the ability of the engineered
polypeptides to carry out glucosylation of the desired substrate using glucose-1-phosphate or a
recveling svstem for glucose-1-phosphate cousisting of an inexpensive disaccharide, inorganic
phosphate, and a wild-tvpe or engineered disaccharide phosphorylase, as deseribed in Examples | and
2.

[8198] After screening

e

the enginecred polypeptides showing the most improvement over the starting
backbone sequence are used as backbone sequences for the constraction of further libraries, and the
screening process repeated to evolve the polypeptides for the desired activity. Due to the promiscuity
of the enzyme for various substrates, this process can be repeated to develop biocatalysts that use an

mexpensive co-substrate for the glucosylation of many substrates of interest.

EXAMPLE 4
Synthesis, Optimization, and Assaying Phosphoryiase Enzymes with Glucosylation Activity
{0199] Inthis Example, expenments conducted to synthesize, optimize and assay phosphoryiase

enzymes having glucosylation activity are deseribed.

Gene Synthesis and Optimization:

{0208] The polynucleotide sequence (SEQ 1D NO: 7) encoding the wild-tvpe Paenibaciilus sp. YM1
laminaribiose phosphorylase polypeptide (SEQ H3 NO: 8}, reported to phosphorviyse laminaribiose to
release glucose and form o -glucose-1-phosphate, was codon-optinized and synthesized as the gene
of SEQ ID NO: 13, The synthetic gene of SEQ ID NG 13 was cloned mto a pCK 110900 vector
sysiem (Sec e.g., US Pat. Appln. Publn. No. 20060195947, which is hereby incorporated by reference
hercin} and subsequently expressed in £, coli W3110 {(AthuA) The £, coli strain W3110 expressed

the enzyme under the control of the lac promoter.

Production of High-Throughput (HTP) Lysates:
[0201] £ coli cells expressing the polypeptide genes of interest were grown and induced in 96-well
plates, pellcted, lysed in 250 ull lysis bufter (0.5 g/L lvsozyme and 0.5 g/L PMBS m 20 mM Tns-HCI

buffer, pH 7.5) with low-speed shaking for 2 b on a titre-plate shaker at room temperature. The plates

A5
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were then centrifuged at 4000 rpm and 4 °C for 20 m and the cleared lysate supernatant was used in

the assay reactions described hergin,

Assay for Glucosylation of Stevioside:

18202 In thus assay, 50 ul cleared lysates were dibuted in 200 gL total reaction volume of 50 mM
sodivm acetate buffer, pH 5.5, with 1.65 mM o -glucose-1-phosphate and 0.5 mM stevioside
{ChromaDex, >94% punty). The reaction was performed at 40 °C in a Thermotron titre-plate shaker

with 300 RPM shaking for 18 h.

HPLC-MS/MS Analysis:

10203] The reaction was quenched and analyzed by LO-MES/MS as described in Example 1. A
glucosviated stevioside product with retention time 2,18 m was observed in the presence of the
laminartbiose phosphorylase but not for the negative control sample. This result indicates that a
taminanbiocse phosphorylase may be used with g -ghucose-1-phosphate as a novel method for o -
glucosidation of stevioside and other substrates. As described in Example 3, g-glucose-1-phosphate
can be recyeled using an inexpensive disaccharide, inorganic phosphate, and a disacchanide

phosphorylase.

e



SEQUENCE LISTING

<110> CODEXIS, INC.
Vroom, Jonathan
Galanie, Stephanie Sue
Alvizo, Oscar

<120> ENZYMATIC GLYCOSYLATION OF STEVIOL GLYCOSIDES AND OTHER COMPOUNDS WITH
GLUCOSE-1-PHOSPHATE
<130> CX8-155USP1

<140>
<141>

NOT YET ASSIGNED
2016-06-15

<160> 32
<210> 1
<211> 1326
<212> DNA
<213>

<220>
<223>

<400> 1

atggaaaata
ccatttcaag
ttcagtatca
ttcactttca
actcatggtc
ttacgacgcg
ttaatcacgg
cggecttgttt
tttgatgagc
gggtttccta
aaagagatat
tcatttaagg
agtttcttga
gatcgaaccg
tttggtagta
gatagcaagc
gtcgaaccgt
cagcaagaag
tctacgttgg
caaccgttga

gggtgggaaa
gaatacatta

ggtggt

<210> 2

aaacggagac
gccacattaa
ccatctttca
gattcatcct
cgctcgetgg
aactggaact
atgctctttg
tgatgacaag
ttggttacct
tgctaaaagt
tagggaagat
aactcgaaga
taccactccc
tttttcaatg
ctagtgaagt
agtcgttttt
tgccagatgg
tgctagctca
aaagcgtttg
atgctagata
gaggagagat
gacagaatgc

Artificial Sequence

caccgttcgc
cccaattctt
caccaacttc
cgacaacgac
tatgcggatt
gttgatgtta
gtacttcgcg
cagcttgttt
cgatcctgat
gaaagacatc
gataaaacaa
gtctgagctc
caagcatttg
gttagaccaa
ggatgagaaa
atgggtggtt
gttcttgggt
tggagcaata
tgaaggtgtt
catgagtgat
agcaaatgca
aagagttttg

cggcgecegga
cagctagcca
aacaaaccca
ccacaagacg
ccgattatca
gcttctgaag
caatctgttg
aattttcatg
gacaaaaccc
aagtctgcecgt
acaagagcat
gaaactgtta
acagcctctt
caaccgccaa
gatttcttgg

cgacctgggt
gaaagaggac
ggcgcattct
cctatgattt
gttttgaagg
ataagaagag
aaacaaaagg
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gaataatatt
atgtgttgta
aaacatctaa
aacgcatttc
acgaacacgg
aagatgaaga
ctgacagtct
cacatgtttc
gtttggaaga
attcgaactg
cttcaggagt
tccgtgagat
ccagcagctt
gttcggtact
aaatagctcg
ttgtcaaggg
gtattgtgaa
ggactcatag
tctcggattt
taggggtgta
ttatggtgga
cagatgtttc

Wild type UDP-glycosyltransferase 76Gl from Stevia

attcccggta
ctctaaagga
ttaccctcac
caatctaccg
agctgacgaa
ggtatcgtgt
taacctccga
acttcctcag
acaagcgagt
gcaaatactc
catctggaac
cccggctcca
actagaccac
gtatgttagt
tgggttggtt
ttcgacgtgg
atgggttcca
cggatggaac
tgggctcgat
tttggaaaat
tgaagaagga
tttgatgaag

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1326



<211> 442
<212> PRT
<213> Artificial Sequence

<220>
<223> Wild type UDP-glycosyltransferase 76Gl from Stevia

<400> 2
Met Glu Asn Lys Thr Glu Thr Thr Val Arg Arg Arg Arg Arg Ile Ile
1 5 10 15
Leu Phe Pro Val Pro Phe Gln Gly His Ile Asn Pro Ile Leu Gln Leu
20 25 30
Ala Asn Val Leu Tyr Ser Lys Gly Phe Ser Ile Thr Ile Phe His Thr
35 40 45
Asn Phe Asn Lys Pro Lys Thr Ser Asn Tyr Pro His Phe Thr Phe Arg
50 55 60
Phe Ile Leu Asp Asn Asp Pro Gln Asp Glu Arg Ile Ser Asn Leu Pro
65 70 75 80
Thr His Gly Pro Leu Ala Gly Met Arg Ile Pro Ile Ile Asn Glu His
85 90 95
Gly Ala Asp Glu Leu Arg Arg Glu Leu Glu Leu Leu Met Leu Ala Ser
100 105 110
Glu Glu Asp Glu Glu Val Ser Cys Leu Ile Thr Asp Ala Leu Trp Tyr
115 120 125
Phe Ala Gln Ser Val Ala Asp Ser Leu Asn Leu Arg Arg Leu Val Leu
130 135 140
Met Thr Ser Ser Leu Phe Asn Phe His Ala His Val Ser Leu Pro Gln
145 150 155 160
Phe Asp Glu Leu Gly Tyr Leu Asp Pro Asp Asp Lys Thr Arg Leu Glu
165 170 175
Glu Gln Ala Ser Gly Phe Pro Met Leu Lys Val Lys Asp Ile Lys Ser
180 185 190
Ala Tyr Ser Asn Trp Gln Ile Leu Lys Glu Ile Leu Gly Lys Met Ile
195 200 205
Lys Gln Thr Arg Ala Ser Ser Gly Val Ile Trp Asn Ser Phe Lys Glu
210 215 220
Leu Glu Glu Ser Glu Leu Glu Thr Val Ile Arg Glu Ile Pro Ala Pro
225 230 235 240
Ser Phe Leu Ile Pro Leu Pro Lys His Leu Thr Ala Ser Ser Ser Ser
245 250 255
Leu Leu Asp His Asp Arg Thr Val Phe Gln Trp Leu Asp Gln Gln Pro
260 265 270
Pro Ser Ser Val Leu Tyr Val Ser Phe Gly Ser Thr Ser Glu Val Asp
275 280 285
Glu Lys Asp Phe Leu Glu Ile Ala Arg Gly Leu Val Asp Ser Lys Gln
290 295 300
Ser Phe Leu Trp Val Val Arg Pro Gly Phe Val Lys Gly Ser Thr Trp
305 310 315 320
Val Glu Pro Leu Pro Asp Gly Phe Leu Gly Glu Arg Gly Arg Ile Val
325 330 335
Lys Trp Val Pro Gln Gln Glu Val Leu Ala His Gly Ala Ile Gly Ala
340 345 350
Phe Trp Thr His Ser Gly Trp Asn Ser Thr Leu Glu Ser Val Cys Glu
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355

Gly Val Pro
370

Ala Arg
385

Gly Trp

Tyr
Glu

Asp Glu Glu

Lys Ala Asp

435

<210>
<211>
<212>
<213>

3
1203
DNA

<220>
<223>

<400> 3
atgaccagtc
agcctcgagg
cccgtecttceg
ctgccctcegc
ccgttecctgg
gagcccgacc
tggggcegtgc
gaggtggccg
gcccgcttcc
ggccgecccg
gtggacgagg
gagtggcggc
accaagcagc
cacctggtgc
aacgtcgaag
gtcacgcacg
gccgtaccgc
gccecgecgcec
ctcgtcgacg
gagggcggcea
tag

<210>
<211>
<212>
<213>

4
400
PRT

<220>
<223>

Met Ile

Met Ser

Phe Ser

Asp Val

360
Asp
375

Leu

390

Arg Gly
405
Gly Glu
420

Val Ser

gctcgcacat
tgatccgcga
ccgggaaggt
ccgacgacga
ccgacgcgat
tcgtgctgca
ccgeggtctc
agccgatgtg
acgcctggct
cccgectgtcet
gecgtgtactc
ggeceegeegg
cggacttcta
tccagatcgg
tgcgctcctg
ccggegeeses
aggccgtgga
tcgacaccga
accccgaagt

cgcgeeggsgc

Glu
Tyr Ile

Leu

Ile Ala

Arg

Met Lys

440

Artificial Sequence

cgccatgttc
gctcgtcgceg
cgccgaggcc
cccacaggca
ccaggcgctc
cgacatcacc
cctgtcgcecg
ggcggageeg
ggaggagaac
cgtcctgatc
cttcgtgggc
cgccgagaag
ccgggagtsgc
caggcacgtc
ggtaccccag
cggcagccag
ccagttcggc
ggaggcgacc
ggcccgtegg
ggccgacctg

Artificial Sequence

Phe Gly Leu

Val Gly
395
Ile

Lys

Ala
410
Asn

Asn

Gln
425
Gly

Ala

Gly

tccatcgeccg

cgcgggcacc
ggcgecgage
tggggcacga
ccgcagctga
tcctacccgg
aacctcgtcg
aagcggaccg
ggcgtcaccc
ccgaaggcgc
gcctgccagg
gtcgccctgg
gtcagggcegt
gacccggcecg
ttggcgatcc

gagggtctgg
aacgcggaca
gccgaggcecc
gcgegggaca
atcgaggccg

365
Asp Gln Pro
380
Val Tyr Leu

Arg Arg Val

Arg Val Leu
430

cccacgggca
gggtgacgta
tgaagctctg
ccctgectgga
tcgaggcgta
cccgegtcect
cctgggaggsg
agegeggeceg
tgcacccgga
tgcagcccaa
gtgaccgegg
tctcgctcgg
tcggcgagct
acctggggga
tcaaggaggc
ccacggccac
tgctccaggg
tcagggcggc
tccaggctca
agctgccggt
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Leu Asn

Glu Asn
400
Met Val
415

Lys Gln

Wild type macrolide glycosyltransferase from Streptomyces

cgtgaacccg
cgcgattccg
gaactccacc
caacgtggag
cgaaggggac
ggcccaccgc
ctacgagaag
ggcctactac
cgacttcgtg
cgccgaccgg
CgCcgegagess
gtcctccttc
gccgggetgg
cgtaccggag
cgatctgttc
gccgatgatc
gctcggtgtc
cgcccteget
gatggcggses
acggcaggeg

Wild type macrolide glycosyltransferase from Streptomyces

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1203



<400> 4

Met
1
His
His
Glu
Asp
65
Pro
Tyr
Pro
Ser
Pro
145
Ala
Asp
Ala
Val
Pro
225
Thr
Leu
Ala
Pro
Gly
305
Ala
Gly
Ala
Arg

Arg
385

Thr
Val
Arg
Ala
50

Asp
Phe
Glu
Ala
Pro
130
Met
Arg
Asp
Leu
Gly
210
Ala
Lys
Pro
Asp
Gln
290
Ala
Val
Leu
Leu
Arg

370
Arg

<210> 5

Ser
Asn
Val
35

Gly
Asp
Leu
Gly
Arg
115
Asn
Trp
Phe
Phe
Gln
195
Ala
Gly
Gln
Gly
Leu
275
Leu
Gly
Pro
Gly
Arg
355
Ala

Ala

Arg
Pro
20

Thr
Ala
Pro
Ala
Asp
100
Val
Leu
Ala
His
Val
180
Pro
Cys
Ala
Pro
Trp
260
Gly
Ala
Gly
Gln
Val
340
Ala
Arg

Ala

Ser
Ser
Tyr
Glu
Gln
Asp
85

Glu
Leu
Val
Glu
Ala
165
Gly
Asn
Gln
Glu
Asp
245
His
Asp
Ile
Ser
Ala
325
Ala
Ala

Asp

Asp

His
Leu
Ala
Val
Ala
70

Ala
Pro
Ala
Ala
Pro
150
Trp
Arg
Ala
Gly
Lys
230
Phe
Leu
Val
Leu
Gln
310
Val
Arg
Ala

Ile

Leu
390

Ile
Glu
Ile
Lys
55

Trp
Ile
Asp
His
Trp
135
Lys
Leu
Pro
Asp
Asp
215
Val
Tyr
Val
Pro
Lys
295
Glu
Asp
Arg
Leu
Gln

375
Ile

Ala
Val
Pro
40

Leu
Gly
Gln
Leu
Arg
120
Glu
Arg
Glu
Ala
Arg
200
Arg
Ala
Arg
Leu
Glu
280
Glu
Gly
Gln
Leu
Ala
360
Ala

Glu

Met
Ile
25

Pro
Trp
Thr
Ala
Val
105
Trp
Gly
Thr
Glu
Arg
185
Val
Gly
Leu
Glu
Gln
265
Asn
Ala
Leu
Phe
Asp
345
Leu

Gln

Ala
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Phe
10

Arg
Val
Asn
Thr
Leu
90

Leu
Gly
Tyr
Glu
Asn
170
Cys
Asp
Ala
Val
Cys
250
Ile
Val
Asp
Ala
Gly
330
Thr
Val

Met

Glu

Ser
Glu
Phe
Ser
Leu
75

Pro
His
Val
Glu
Arg
155
Gly
Leu
Glu
Glu
Ser
235
Val
Gly
Glu
Leu
Thr
315
Asn
Glu
Asp

Ala

Leu
395

Ile
Leu
Ala
Thr
60

Leu
Gln
Asp
Pro
Lys
140
Gly
Val
Val
Gly
Gly
220
Leu
Arg
Arg
Val
Phe
300
Ala
Ala
Glu
Asp
Gly

380
Pro

Ala
Val
Gly
45

Leu
Asp
Leu
Ile
Ala
125
Glu
Arg
Thr
Leu
Val
205
Glu
Gly
Ala
His
Arg
285
Val
Thr
Asp
Ala
Pro
365
Glu

Val

Ala
Ala
30

Lys
Pro
Asn
Ile
Thr
110
Val
Val
Ala
Leu
Ile
190
Tyr
Trp
Ser
Phe
Val
270
Ser
Thr
Pro
Met
Thr
350
Glu
Gly

Arg

His
15

Arg
Val
Ser
Val
Glu
95

Ser
Ser
Ala
Tyr
His
175
Pro
Ser
Arg
Ser
Gly
255
Asp
Trp
His
Met
Leu
335
Ala
Val
Gly

Gln

Gly
Gly
Ala
Pro
Glu
80

Ala
Tyr
Leu
Glu
Tyr
160
Pro
Lys
Phe
Arg
Phe
240
Glu
Pro
Val
Ala
Ile
320
Gln
Glu
Ala

Thr

Ala
400



<211>
<212>
<213>

1248
DNA

<220>
<223> Wild
<400> 5

atgaccaccc
gtgaacccca
gccattccgc
cactccaccc
aacgtcgaac
gccgacgaca
gcccgecgcet
tacgaggagg
gcctactacg
acgttcgcca

gccgaccggg
gaggaaggcg
tcggcgttca
cccggetggc
ctgccggaca
gatctgttcg
cccatgatcg
ctcggecgtcg
gccctcegcetc

atggcccagg
cgccacgagc

<210>
<211>
<212>
<213>

6
415
PRT

<220>
<223> Wild
<400> 6
Met Thr
1

Ala

Thr

His Gly

Ala Arg Gly
35
Val Ala
50

Gly

Lys

Pro Pro

65

Asn Val Glu

Ala Asp Ala

Artificial Sequence

type macrolide glycosyltransferase from Streptomyces

agaccactcc
gcctggaggt
ccgtcttcgce
tgcccggecc
cgttcctgaa
tccccgatcet

ggggcegtccc
aggtcgccga
cccggttcga
gtcatccgcc
tggacgaaga
gctggcagceg
ccaagcagcc
acctcgtcct
acgtggaggt
tcacccacgc
ccgtaccgca
cccggaagct
tggtggacga
agggcggcac
ggcaggagcc

type

Gln Thr
5

His Vval
20
His Arg

Ala Thr

Asp Ala
Phe
85
Ala

Pro

Tyr

Asn
Val
Gly
Asp
70

Leu

Asp

cgcccacatc
gatccgtgaa
cgacaaggtg
cgacgccgac
cgacgcgatc
cgtcctgcac
ggcggtctcc
gccgatgtgg
ggcatggctg
gcgctccctg
cgtgtacacc
gcececgeeggc
cgccttctac
ccagatcggc

gcacgactgg
gggegeeggce
ggccgtcgac
ggcgaccgag
cccggaggtc
CCEECELECE
ggtgggcegac

Artificial Sequence

Thr Pro Ala His

Pro Ser

Thr Tyr
40
Ala Arg
55
Pro Glu

Asn Asp

Asp Ile

gccatgttct
ctcgtcgccc
gccgccaccg
ccggaggcat
caggcgctcc
gacatcacct
ctctccccga
cgcgaacccc
aaggagaacg
gtgctcatcc
ttcgtcggceg
gcggagaagyg
cgggagtgcg
cggaaggtga
gtgccgcagc
ggcagccagg
cagttcggca
gaggccaccg
gcgegeceggc
gccgacctca
cgacccaacg

Ile
10
Glu

Ala

Leu Val

25

Ala Ile Pro

Pro Val Leu

Ala Trp Gly

75
Ala Ile Gln
90
Asp

Pro Leu

ccatcgccgc

gcggccaccg
gcgeccecggcec
ggggaagcac
cgcagctcgc
cctacccggc
acctcgtcgc
ggcagaccga
ggatcaccga
cgaaggcgct
cctgccaggg
tcgtcctggt
tgcgcgectt
cccccgecga
tcgcgatcct
aggggctggc
acgccgacat
ccgacctgcect
tccggcggat
tcgaggccga
gtgggtea

Met Phe Ser

Ile Glu
30
Phe

Arg

Val
45
His

Pro

Tyr Ser

60

Ser Thr Leu

Ala Leu Pro

Val Leu His
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ccacggccat
ggtcacgtac
cgtcctctac
cctgectggac
cgatgcctac
ccgegtectg
ctggaagggt
gcgeggacgg
gcacccggac
ccagccgcac
agaccgcgcc
gtcgctcggc
cgggaacctg
actgggggag
gcgccaggcc
caccgcgacg
gctccaaggg
ccgcgagacc
ccaggeggasg
actgcccgeg

macrolide glycosyltransferase from Streptomyces

Ile
15
Leu

Ala
Val

Ala Asp

Thr Leu

Leu Asp
80
Gln Leu
95

Asp Ile

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1248



100 105 110
Thr Ser Tyr Pro Ala Arg Val Leu Ala Arg Arg Trp Gly Val Pro Ala
115 120 125
Val Ser Leu Ser Pro Asn Leu Val Ala Trp Lys Gly Tyr Glu Glu Glu
130 135 140
Val Ala Glu Pro Met Trp Arg Glu Pro Arg Gln Thr Glu Arg Gly Arg
145 150 155 160
Ala Tyr Tyr Ala Arg Phe Glu Ala Trp Leu Lys Glu Asn Gly Ile Thr
165 170 175
Glu His Pro Asp Thr Phe Ala Ser His Pro Pro Arg Ser Leu Val Leu
180 185 190
Ile Pro Lys Ala Leu Gln Pro His Ala Asp Arg Val Asp Glu Asp Val
195 200 205
Tyr Thr Phe Val Gly Ala Cys Gln Gly Asp Arg Ala Glu Glu Gly Gly
210 215 220
Trp Gln Arg Pro Ala Gly Ala Glu Lys Val Val Leu Val Ser Leu Gly
225 230 235 240
Ser Ala Phe Thr Lys Gln Pro Ala Phe Tyr Arg Glu Cys Val Arg Ala
245 250 255
Phe Gly Asn Leu Pro Gly Trp His Leu Val Leu Gln Ile Gly Arg Lys
260 265 270
Val Thr Pro Ala Glu Leu Gly Glu Leu Pro Asp Asn Val Glu Val His
275 280 285
Asp Trp Val Pro Gln Leu Ala Ile Leu Arg Gln Ala Asp Leu Phe Vval
290 295 300
Thr His Ala Gly Ala Gly Gly Ser Gln Glu Gly Leu Ala Thr Ala Thr
305 310 315 320
Pro Met Ile Ala Val Pro Gln Ala Val Asp Gln Phe Gly Asn Ala Asp
325 330 335
Met Leu Gln Gly Leu Gly Val Ala Arg Lys Leu Ala Thr Glu Glu Ala
340 345 350
Thr Ala Asp Leu Leu Arg Glu Thr Ala Leu Ala Leu Val Asp Asp Pro
355 360 365
Glu Val Ala Arg Arg Leu Arg Arg Ile Gln Ala Glu Met Ala Gln Glu
370 375 380
Gly Gly Thr Arg Arg Ala Ala Asp Leu Ile Glu Ala Glu Leu Pro Ala
385 390 395 400
Arg His Glu Arg Gln Glu Pro Val Gly Asp Arg Pro Asn Gly Gly
405 410 415

<210> 7

<211> 894

<212> DNA

<213> Artificial Sequence

<220>
<223> Wild type laminaribiose phosphorylase from Paenibacillus

<400> 7

atgtacccat ttggaaaagg ctttgcccgt tacgttcctt ttctgctgect gttgattccg 60
ctggcgttat acgtcgtttt ttatttcgga ccatcggtgt tgaccgtgat ttattcgttt 120
acggatgtga aaaacatccc cggcagctcc atgaacttcg tcgggctcga taattataaa 180
gacttgtttt ttgccggaaa ttccggggaa cgctgggttt ccatcaaaaa cacgttaatt 240
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ttcatgttta
aaccaacggc
ggggtggeceg
aacatgctgt
gecgttcggct
tttctcgcecg
acgaaccgct
gtcaatatgc

acggacggca

ggcagtctgg
gtgtttgtta

<210> 8
<211> 297
<212> PRT

tcgtcaccat
tgcgecggega
ttgttgecgct
atcaatcgct
acattatttt
gcctacaatc
ggcaatcgtt
tgctttcgat
agttcaacac
aaatgggctt
tcgtggecgt

cgtgcagaac
ttatttttac
cgtttgggsc
gttcggatat
cgttcaaatc
cgtgccaaaa
caagaatatt
catcgggscg
cagaacgatg

gccttcggeg
cagacagacg

<213> Artificial Sequence

<220>
<223> Wild

<400> 8
Met Tyr
1

Leu

Pro

Leu Ile

Val Thr
35
Met

Leu

Ser
50
Gly

Ser

Ala
65
Phe

Asn

Met Phe

Ala Val Leu

Val Phe Phe

115

Trp Gly Met
130

Gln Ser

145

Ala

Leu

Phe Gly

Ser Met Leu

Glu Ala
195
Thr

Tyr

Ile
210
Ser

Asn

Leu Ile

225
Thr

Asp Gly

type

Phe

5
Pro Leu
20
Val Ile

Asn Phe

Ser Gly

Ile Val
85
Ile Asn
100
Leu Pro

Met Phe

Phe Gly

Gly Lys
Ala
Tyr
Val
Glu
70
Thr
Gln
Val

Asp

Tyr

Gly Phe

Leu Tyr
Phe
40
Leu

Ser

Gly
55
Arg Trp

Ile Val

Arg Leu

Val Leu
120
Pro Met
135

Lys Asp

150

Ile
165
Phe

Tyr

Ile
180
Gly Tyr

Phe Pro

Ile Gly

Ile

Leu

Ile

Leu

Ala

Phe Val

Ala Gly

Asp Gly
200
Ile Ala
215

Met Ser

230

Lys Phe

Asn

Thr Arg

ggagtggcegt
cgggccgtat
atgatgttcg
aaagacatgt
tggatgtaca
gatctgtacg
acgttcccgc
atgtccacgt
gcttacgacg
ctgtccgtgg
cgtaagagag

laminaribiose phosphorylase

Ala Arg
10

Val

Tyr

Val
25
Thr

Phe

Asp Val

Asp Asn Tyr

Val Ile
75
Gly

Ser
Gln Asn
90
Arg Gly
105

Gly

Asp

Val Ala

Ser Gly Pro

Phe Phe
155

Trp

Met

Gln Ile

170

Leu Gln Ser

185

Thr Asn Arg

Pro Ser Phe

Thr Phe Asp
235

Thr Met Ala

Page 7 of

tgtttgtggc
tttttcttcc
atccgatgag
ttttctccag
tgggctattc
aagcggggta
tgatcgcccc
tcgatattat
tatataagga
tccagttcct
aggtggaata

from Paenib

Val Pro Phe

Tyr Phe Gly
30
Asn Ile
45

Asp

Lys
Lys Leu
60
Lys

Asn Thr

Val Ala Leu

Tyr Phe Tyr

110

Val Val Ala
125

Val Asn

140

Ser

Met

Ser Phe

Met Tyr Met

Val Pro Lys
190
Gln Ser
205

Val

Trp

Thr
220
Ile

Asn

Ile Leu

Tyr Asp Val

tgtgctgatc
ggtcgtgctt
cgggeeggtt
ctttacgcat
aatgctgatt
catcgacggt
gtcttttacg
cctcgccacg
aacgttccgc
gatcattttg
ttaa

acillus

Leu Leu
15
Pro Ser

Pro Gly

Phe Phe
Ile
80
Val

Leu

Phe
95
Arg Ala

Leu Val

Leu Tyr

Thr His
160
Gly Tyr
175
Asp Leu

Phe Lys

Met Leu

Ala Thr
240

Tyr Lys

300
360
420
480
540
600
660
720
780
840
894



245

250

255

Glu Thr Phe Arg Gly Ser Leu Glu Met Gly Leu Pro Ser Ala Leu Ser

260

265

270

Val Val Gln Phe Leu Ile Ile Leu Val Phe Val Ile Val Ala Val Arg

275

280

Gln Thr Arg Lys Arg Glu Val Glu Tyr

290

<210> 9

<211> 1374
<212> DNA
<213>

<220>
<223>

<400> 9

atggagaaca
ccgttccagg
tttagcatca
ttcacctttc
acccatggtc
ctgcgtcgtg
ctgattaccg
cgtctggttc
tttgacgagc
ggtttcccga
aaagaaattc
agctttaaag
agcttcctga
gatcgtaccg
tttggcagca
gacagcaaac
gttgagccgc
caacaagaag
agcaccctgg
cagccgctga
ggctgggagce
gagtacatcc
ggtggcagca

<210>
<211>
<212>
<213>

10
458
PRT

<220>

<223>

<400> 10

aaaccgaaac
gccacatcaa
ccatttttca
gtttcatcct
cgctggeggg
agctggaact
atgcgctgtg
tgatgaccag
tgggctacct
tgctgaaggt
tgggcaagat
agctggagga
ttccgctgcec
tgttccagtg
ccagcgaggt
aaagctttct
tgccggatgg
tgctggcgca
agagcgtgtg
acgcgcgtta
gtggtgaaat
gtcagaacgc
gctacgagag

295

Artificial Sequence

caccgtgcegt
cccgattctg
caccaacttc
ggacaacgat
tatgcgtatc
gctgatgectg
gtacttcgcg
cagcctgttt
ggatccggac
taaagatatc
gatcaagcag
aagcgagctg
gaagcacctg
gctggaccag
ggacgaaaag
gtgggtggtt
ttttctgggc
cggcgegatt
cgaaggcgtt
catgagcgat
cgcgaacgceg
gecgtgttctg
cctggaaagc

Artificial Sequence

cgtcgtcgtc
caactggcga
aacaagccga
ccgcaggacg
ccgatcatta
gcgagegage
caaagcgtgg
aacttccacg
gataaaaccc
aagagcgcgt
acccgtgcga
gaaaccgtta
accgcgagca
caaccgccga
gatttcctgg
cgtccgggct
gaacgtggtc
ggtgcgttct
ccgatgatct
gttctgaaag
attcgtcgtg
aagcaaaaag
ctggttagct

285

gtatcattct
acgtgctgta
aaaccagcaa
agcgtattag
acgagcacgg
aagacgagga
cggacagcct
cgcacgtgag
gtctggagga
atagcaactg
gcagcggtgt
tccgtgaaat
gcagcagcct
gcagcgtgcet
agattgcgcg
tcgtgaaggg
gtatcgtgaa
ggacccacag
ttagcgactt
tgggcgttta
tgatggttga
cggatgttag
atattagcag

Variant of UDP-glycosyltransferase 76Gl from Stevia

gtttccggtt
cagcaagggt
ctatccgcac
caacctgccg
cgcggatgaa
agttagctgc
gaacctgcgt
cctgccgcag
acaagcgagc
gcagatcctg
gatttggaac
tccggcgecg
gctggaccac
gtacgttagc
tggtctggtt
tagcacctgg
gtgggttccg
cggttggaac
cggtctggat
tctggagaac
cgaggaaggt
cctgatgaag
cctg

Variant of UDP-glycosyltransferase 76Gl from Stevia

Met Glu Asn Lys Thr Glu Thr Thr Val Arg Arg Arg Arg Arg Ile Ile

1

5

10
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15

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1374



Leu
Ala
Asn
Phe
65

Thr
Gly
Glu
Phe
Met
145
Phe
Glu
Ala
Lys
Leu
225
Ser
Leu
Pro
Glu
Ser
305
Val
Lys
Phe
Gly
Ala
385
Gly
Asp

Lys

Phe
Asn
Phe
50

Ile
His
Ala
Glu
Ala
130
Thr
Asp
Gln
Tyr
Gln
210
Glu
Phe
Leu
Ser
Lys
290
Phe
Glu
Trp
Trp
Val
370
Arg
Trp
Glu

Ala

Pro
Val
35

Asn
Leu
Gly
Asp
Asp
115
Gln
Ser
Glu
Ala
Ser
195
Thr
Glu
Leu
Asp
Ser
275
Asp
Leu
Pro
Val
Thr
355
Pro
Tyr
Glu
Glu

Asp

Val
20

Leu
Lys
Asp
Pro
Glu
100
Glu
Ser
Ser
Leu
Ser
180
Asn
Arg
Ser
Ile
His
260
Val
Phe
Trp
Leu
Pro
340
His
Met
Met
Arg
Gly

420
Val

Pro
Tyr
Pro
Asn
Leu
85

Leu
Glu
Val
Leu
Gly
165
Gly
Trp
Ala
Glu
Pro
245
Asp
Leu
Leu
Val
Pro
325
Gln
Ser
Ile
Ser
Gly
405
Glu

Ser

Phe
Ser
Lys
Asp
70

Ala
Arg
Val
Ala
Phe
150
Tyr
Phe
Gln
Ser
Leu
230
Leu
Arg
Tyr
Glu
Val
310
Asp
Gln
Gly
Phe
Asp
390
Glu
Tyr

Leu

Gln
Lys
Thr
55

Pro
Gly
Arg
Ser
Asp
135
Asn
Leu
Pro
Ile
Ser
215
Glu
Pro
Thr
Val
Ile
295
Arg
Gly
Glu
Trp
Ser
375
Val
Ile
Ile

Met

Gly
Gly
40

Ser
Gln
Met
Glu
Cys
120
Ser
Phe
Asp
Met
Leu
200
Gly
Thr
Lys
Val
Ser
280
Ala
Pro
Phe
Val
Asn
360
Asp
Leu
Ala
Arg

Lys

His
25

Phe
Asn
Asp
Arg
Leu
105
Leu
Leu
His
Pro
Leu
185
Lys
Val
Val
His
Phe
265
Phe
Arg
Gly
Leu
Leu
345
Ser
Phe
Lys
Asn
Gln

425
Gly
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Ile
Ser
Tyr
Glu
Ile
90

Glu
Ile
Asn
Ala
Asp
170
Lys
Glu
Ile
Ile
Leu
250
Gln
Gly
Gly
Phe
Gly
330
Ala
Thr
Gly
Val
Ala
410

Asn

Gly

Asn
Ile
Pro
Arg
75

Pro
Leu
Thr
Leu
His
155
Asp
Val
Ile
Trp
Arg
235
Thr
Trp
Ser
Leu
Val
315
Glu
His
Leu
Leu
Gly
395
Ile
Ala

Ser

Pro
Thr
His
60

Ile
Ile
Leu
Asp
Arg
140
Val
Lys
Lys
Leu
Asn
220
Glu
Ala
Leu
Thr
Val
300
Lys
Arg
Gly
Glu
Asp
380
Val
Arg
Arg

Ser

Ile
Ile
45

Phe
Ser
Ile
Met
Ala
125
Arg
Ser
Thr
Asp
Gly
205
Ser
Ile
Ser
Asp
Ser
285
Asp
Gly
Gly
Ala
Ser
365
Gln
Tyr
Arg
Val

Tyr

Leu
30

Phe
Thr
Asn
Asn
Leu
110
Leu
Leu
Leu
Arg
Ile
190
Lys
Phe
Pro
Ser
Gln
270
Glu
Ser
Ser
Arg
Ile
350
Val
Pro
Leu
Val
Leu

430
Glu

Gln
His
Phe
Leu
Glu

95
Ala

Val
Pro
Leu
175
Lys

Met

Ala
Ser
255
Gln
Val
Lys
Thr
Ile

335
Gly

Leu
Glu
Met
415
Lys

Ser

Leu
Thr
Arg
Pro
80

His
Ser
Tyr
Leu
Gln
160
Glu
Ser
Ile
Glu
Pro
240
Ser
Pro
Asp
Gln
Trp
320
Val
Ala
Glu
Asn
Asn
400
Val
Gln

Leu



435

440

Glu Ser Leu Val Ser Tyr Ile Ser Ser Leu

450

<210>
<211>
<212>
<213>

11
1203
DNA

<220>
<223>

<400> 11
atgaccagtc
tccctggaag
ccggttttcg
ctgccgtctc
ccgtttctgg
gaaccggatc
tggggtgtcc
gaagtcgctg
gcacgctttc
ggtcgtccgg
gtggatgaag
gaatggcgtc
accaaacagc
catctggtcc
aacgtggaag
gtgacgcatg
gcagtgccgc
gcccgtcegec
ctggttgatg
gaaggcggta
taa

<210>
<211>
<212>
<213>

12
400
PRT

<220>
<223>

<400> 12

gttcccatat
tcattcgtga
ccggtaaagt
cggatgacga
cagacgctat
tggtcctgca
cggecgtgtc
aaccgatgtg
atgcctggct
cacgttgcct
gtgtttatag
gceceggeges
cggatttcta
tgcaaattgg
ttcgctcatg
caggtgctgg
aggcagttga
tggataccga
atccggaagt
cccgtcgcegc

455

Artificial Sequence

tgccatgttt
actggtggeg
tgctgaagcg
tccgcaggceg
tcaggctctg
tgatatcacc
actgtcgceccg
ggcggaaccg
ggaagaaaac
ggtgctgatt
ctttgtcggc
tgcagaaaaa
ccgtgaatgc
tcgccatgtg
ggttccgcag
cggttcgcaa
tcaattcggt
agaagcaacc
tgctcgtcgc
agcagacctg

Artificial Sequence

agtatcgcecgg
cgtggtcacc
ggcgccgaag
tggggtacca
ccgcaactga
tcatatccgg
aatctggttg
aaacgtaccg
ggtgttacgc
ccgaaagccc
gcctgtcaag
gttgccctgg
gtgcgcgect
gacccggcecg
ctggctatcc

gaaggcctgg
aatgcagaca
gctgaagcgc
gcgcgcgata
atcgaagctg

445

cccatggtca
gtgttaccta
tgaaactgtg
cgctgectgga
tcgaagcgta
ctcgtgttct
cctgggaagg
aacgtggtcg
tgcatccgga
tgcagccgaa
gcgatcgegg
tctctctggg
tcggtgaatt
atctgggtga
tgaaagaagc
ccaccgcaac
tgctgcaggg
tgcgtgcagc
ttcaggcgca
aactgccggt

Variant of macrolide glycosyltransferase from Streptomyces

cgtgaacccg
tgccatcccg
gaacagcacg
taatgttgaa
tgaaggcgac
ggcccatcgc
ctacgaaaaa
cgcctattac
tgattttgtt
tgcagaccgt
tgcagagggt
cagctctttt
accgggctgg
tgtgccggaa
ggacctgttt
gccgatgatt
tctgggtgtt
ggcgetggeg
gatggcgggt
gcgtcaggcea

Variant of macrolide glycosyltransferase from Streptomyces

Met Thr Ser Arg Ser His Ile Ala Met Phe Ser Ile Ala Ala His Gly

1

5

10

15

His Val Asn Pro Ser Leu Glu Val Ile Arg Glu Leu Val Ala Arg Gly

20

25

30

His Arg Val Thr Tyr Ala Ile Pro Pro Val Phe Ala Gly Lys Val Ala

35

40

45

Glu Ala Gly Ala Glu Val Lys Leu Trp Asn Ser Thr Leu Pro Ser Pro
Page 10 of 34

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1203



Asp
65

Pro
Tyr
Pro
Ser
Pro
145
Ala
Asp
Ala
Val
Pro
225
Thr
Leu
Ala
Pro
Gly
305
Ala
Gly
Ala
Arg

Arg
385

<210> 13

50
Asp

Phe
Glu
Ala
Pro
130
Met
Arg
Asp
Leu
Gly
210
Ala
Lys
Pro
Asp
Gln
290
Ala
Val
Leu
Leu
Arg

370
Arg

Asp
Leu
Gly
Arg
115
Asn
Trp
Phe
Phe
Gln
195
Ala
Gly
Gln
Gly
Leu
275
Leu
Gly
Pro
Gly
Arg
355
Ala

Ala

<211> 2733
<212> DNA
<213> Artificial Sequence

<220>
<223> Variant of laminaribiose phosphorylase from Paenibacillus

Pro
Ala
Asp
100
Val
Leu
Ala
His
Val
180
Pro
Cys
Ala
Pro
Trp
260
Gly
Ala
Gly
Gln
Val
340
Ala
Arg

Ala

Gln
Asp
85

Glu
Leu
Val
Glu
Ala
165
Gly
Asn
Gln
Glu
Asp
245
His
Asp
Ile
Ser
Ala
325
Ala
Ala
Asp

Asp

Ala
70

Ala
Pro
Ala
Ala
Pro
150
Trp
Arg
Ala
Gly
Lys
230
Phe
Leu
Val
Leu
Gln
310
Val
Arg
Ala
Ile

Leu
390

55
Trp

Ile
Asp
His
Trp
135
Lys
Leu
Pro
Asp
Asp
215
Val
Tyr
Val
Pro
Lys
295
Glu
Asp
Arg
Leu
Gln

375
Ile

Gly
Gln
Leu
Arg
120
Glu
Arg
Glu
Ala
Arg
200
Arg
Ala
Arg
Leu
Glu
280
Glu
Gly
Gln
Leu
Ala
360
Ala

Glu

Thr
Ala
Val
105
Trp
Gly
Thr
Glu
Arg
185
Val
Gly
Leu
Glu
Gln
265
Asn
Ala
Leu
Phe
Asp
345
Leu

Gln

Ala

Thr
Leu
90

Leu
Gly
Tyr
Glu
Asn
170
Cys
Asp
Ala
Val
Cys
250
Ile
Val
Asp
Ala
Gly
330
Thr
Val

Met

Glu

Leu
75

Pro
His
Val
Glu
Arg
155
Gly
Leu
Glu
Glu
Ser
235
Val
Gly
Glu
Leu
Thr
315
Asn
Glu
Asp
Ala

Leu
395

60
Leu

Gln
Asp
Pro
Lys
140
Gly
Val
Val
Gly
Gly
220
Leu
Arg
Arg
Val
Phe
300
Ala
Ala
Glu
Asp
Gly

380
Pro
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Asp
Leu
Ile
Ala
125
Glu
Arg
Thr
Leu
Val
205
Glu
Gly
Ala
His
Arg
285
Val
Thr
Asp
Ala
Pro
365
Glu

Val

Asn
Ile
Thr
110
Val
Val
Ala
Leu
Ile
190
Tyr
Trp
Ser
Phe
Val
270
Ser
Thr
Pro
Met
Thr
350
Glu
Gly

Arg

Val
Glu
95

Ser
Ser
Ala
Tyr
His
175
Pro
Ser
Arg
Ser
Gly
255
Asp
Trp
His
Met
Leu
335
Ala
Val
Gly

Gln

Glu
80

Ala
Tyr
Leu
Glu
Tyr
160
Pro
Lys
Phe
Arg
Phe
240
Glu
Pro
Val
Ala
Ile
320
Gln
Glu
Ala
Thr

Ala
400



<400> 13

atgggccaga
gagcacaaca
accccgaacc
agcgcggaga
tatggtgcgt
gaggaagagc
gagaaggcgg
gaactgatgc
gcggegattc
agcctgctgc
ttcgacgaac
ggtggcaccg
gcgctggact
gcggtggaag
ggcaaaagcg
cgttacgcecgg
gcgtactggc
ctgtggatga
ctgccgtacc
ctggcgctga
ggtgtgcgta
gcggatcgta
accctgctgt
tttcgtgatg
ggtaacaaac
ctgctgcaaa
ggcgceggact
accgecgttct
cgtaccggca
ggcaagccga
gacgcggtga
gaggatctga
cagagcaaag
gagggcgatc
ggtggcegttyg
aaagacgaac
ggtcgtgegt
accgtgatgt
ctggatagca
ccggaatata
tggctgectgc
cgtctggagc
accctgttcg
ggtcaatatc
ggcgegggtt
gagctgatcg

<210> 14

<211> 911

agggttggaa
gctacctgta
tgcacggcga
gcctgcacaa
ggagcgttag
gtagcgcggt
gtctgaaagc
gtgttaccct
cgctgtatgg
accgtatctt
gtggtcaccg
cgeegeeges
ggccggaagce
gttatgaggc
tgagctatgt
cggattatct
gtgacaagct
aatgggttac
acgattatgg
tggtgatgga
tggacggcag
acaacatccc
acctgcacca
tgttcgttaa
tgctgaccgc
acatcgtgcc
ggaacgatgg
acgcgagcaa
aagatagcct
tcagctatga
ccccgegtgt
agcgtaaagc
agggctacgc
acccggacgsg
cgaccgatga
gtatcggcta
tcggetttgc
acgcgaacgc
tctaccgtct
ttaacgagcg
tgacccaact
cgaaactggt
cgggtcgtat
gtgtggatag
gcctgatcgg
ttaccctggg

atttcagggc
ttttccgetg
gatcaccagc
cagcaaggcg
cggcaacagc
ggaggcgggt
gcgtaccgtg
gaccaacacc
tcgtagcgcg
taccagcgaa
tgtgaacaag
cttctttccg
ggtggttgcg
ggttggegeg
ggttgcgatg
ggcggegggt
ggataccgtg
cctgcaaccg
tcgtggtggc
accggcggaa
caacgcgacc
gcgtgtttgg
gagcggtgac
gecgttgecgt
ggacggtcaa
gttctttaac
tctggacctg
cctgatggaa
ggacatcgcg
cagcattcaa
tagcggcaag
ggactgggcg
gtggtttaac
tgttcgtatg
acagaccgag
tcgtctgaac
gttcggtcac
gctgtataaa
gagcgcggac
tggccgtggce
gaccgaagtg
gcaggcgcaa
gctgegtgtg
cgttagcctg
tcgtagcctg
tcgtaacatt

gaacaaggcg
gtgaacgaag
ggtcacaaca
agccgtaact
gcgcgtcaga
ttcctgtggc
agcttcgtgc
ggcaacgcgc
gacgatctgc
tacggcattg
gttacctatg
gttaccgaag
aaccgtgagc
ctgcgttttg
gttatcagcg
cgttttgacg
cgtttcagca
attctgcgtc
cgtggctggc
gtgcgtcacc
atcattggtg
atggaccatg
ctggatctgc
gagcgtgatg
atttacgaag
gttggcgaac
gcgccggaac
ctgagcgagc
gaagagatgg
gaaaaacgta
aaactgctgc
gttgcgcacc
ggttactata
accctgaccg
aagattagcc
agccgttttg
aaggagaacg
cgtggectttg
tttgaaaaca
atgtacacct
tatggcgtta
tttgacggca
gtttatcgta
aacggtcaga
attgaagcgc
agc

agttccgtct
cgggtatgat
ccttcctgat
tttgggtgtt
acgecggegeg
acgcggttac
cggttaccga
cgctgaaact
gtgatcaccg
aggttcagcc
gcgtgtttgg
atttcattgg
cggatgcgca
cgccggtgga
gcgaccgtat
cgctgctgga
gcggtgatgg
gtctgtatgg
gtgatctgtg
tgctgctgaa
cgggeccgss
gtgcgtggcc
tgttccagcc
cgagctggac
gcaccatcct
acggtaacat
gtggtgagag
tgctgctgga
cgctgetgcet
gcctgetgga
tggatatccg
tgcgtggtag
acaacgacgg
gtcaagtgtt
aagcggtgaa
gtggcattca
gtgcgatgtt
tgcaggaagg
gccgtatcta
atctgaccgg
agggtcgttt
gcggtgaagce
acccgcaggc
gcgttgattg
tgccggegga
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ggaacaaccg
gagcgcggtt
ggaaccggtg
cattgaaggt
ttttaccggt
ccgtgaaaac
cgataagatc
gaccccgacc
tcacgtgacc
ggcgctgagce
tgcggaggcsg
cgagggtggc
ggcgggceacc
gctggecgecg
tgatgttggt
gcagaaccgt
cgagcaggac
taacagcttc
gcaagactgc
caactacgcg
tgaatttgtg
gctgatgacc
gcaaagctat
cccggagcag
ggagcacatt
taaactggag
cgttgegttt
gctgcagaag
ggataccctg
tcgttactat
taaggtggcg
cgaatggatt
tgaacgtgtg
cgcgatcatg
ccgttacctg
gcaaaacctg
cagccacatg
tttcgaggtt
cccgggegtt
tagcgcgagc
cggcgatctg
ggcggttgag
ggcggagcat
ccaaaacgac
tggtgtgcat

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
2400
2460
2520
2580
2640
2700
2733



<212> PRT

<213> Artificial Sequence

<220>

<223> Variant of laminaribiose phosphorylase from Paenibacillus

<400> 14

Met
1
Leu
Glu
Thr
Leu
65
Tyr
Arg
Trp
Thr
Val
145
Ala
Arg
Ile
Asn
Pro
225
Ala
Gln
Phe
Ala

Asp
305

Gly
Glu
Ala
Ser
50

His
Gly
Phe
His
Val
130
Thr
Ala
His
Glu
Lys
210
Ala
Leu
Ala
Ala
Met

290
Tyr

Gln
Gln
Gly
35

Gly
Asn
Ala
Thr
Ala
115
Ser
Leu
Ile
Val
Val
195
Val
Gly
Asp
Gly
Pro
275
Val

Leu

Lys
Pro
20

Met
His
Ser
Trp
Gly
100
Val
Phe
Thr
Pro
Thr
180
Gln
Thr
Phe
Trp
Thr
260
Val
Ile

Ala

Gly
Glu
Met
Asn
Lys
Ser
85

Glu
Thr
Val
Asn
Leu
165
Ser
Pro
Tyr
Phe
Pro
245
Ala
Glu

Ser

Ala

Trp
His
Ser
Thr
Ala
70

Val
Glu
Arg
Pro
Thr
150
Tyr
Leu
Ala
Gly
Pro
230
Glu
Val
Leu

Gly

Gly
310

Lys
Asn
Ala
Phe
55

Ser
Ser
Glu
Glu
Val
135
Gly
Gly
Leu
Leu
Val
215
Val
Ala
Glu
Ala
Asp

295
Arg

Phe
Ser
Val
40

Leu
Arg
Gly
Arg
Asn
120
Thr
Asn
Arg
His
Ser
200
Phe
Thr
Val
Gly
Pro
280
Arg

Phe

Gln
Tyr
25

Thr
Met
Asn
Asn
Ser
105
Glu
Asp
Ala
Ser
Arg
185
Phe
Gly
Glu
Val
Tyr
265
Gly
Ile

Asp

Gly
10

Leu
Pro
Glu
Phe
Ser
90

Ala
Lys
Asp
Pro
Ala
170
Ile
Asp
Ala
Asp
Ala
250
Glu
Lys
Asp

Ala

Glu Gln
Tyr Phe
Asn Leu

Pro Val
60

Trp Val

75

Ala Arg

Val Glu
Ala Gly

Lys Ile
140

Leu Lys

155

Asp Asp

Phe Thr
Glu Arg

Glu Ala
220

Phe Ile

235

Asn Arg

Ala Val
Ser Val
Val Gly

300

Leu Leu
315
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Gly
Pro
His
45

Ser
Phe
Gln
Ala
Leu
125
Glu
Leu
Leu
Ser
Gly
205
Gly
Gly
Glu
Gly
Ser
285
Arg

Glu

Glu
Leu
30

Gly
Ala
Ile
Asn
Gly
110
Lys
Leu
Thr
Arg
Glu
190
His
Gly
Glu
Pro
Ala
270
Tyr
Tyr

Gln

Phe
15

Val
Glu
Glu
Glu
Ala
95

Phe
Ala
Met
Pro
Asp
175
Tyr
Arg
Thr
Gly
Asp
255
Leu
Val
Ala

Asn

Arg
Asn
Ile
Ser
Gly
80

Ala
Leu
Arg
Arg
Thr
160
His
Gly
Val
Ala
Gly
240
Ala
Arg
Val

Ala

Arg
320



Ala
Gly
Arg
Gly
Val
385
Gly
Gly
His
Gly
Phe
465
Gly
Leu
Glu
Asp
Ala
545
Arg
Leu
Arg
Gly
Arg
625
Gln
Gly
Thr
Thr
Ile
705
Gly

Phe

Tyr
Glu
Arg
Gly
370
Met
Val
Glu
Gly
Asp
450
Val
Asn
Glu
His
Leu
530
Ser
Thr
Asp
Ser
Lys
610
Lys
Ser
Glu
Gly
Glu
690
Gly
Arg

Ser

Trp
Gln
Leu
355
Arg
Glu
Arg
Phe
Ala
435
Leu
Lys
Lys
His
Gly
515
Ala
Asn
Gly
Thr
Leu
595
Lys
Ala
Lys
Arg
Gln
675
Lys
Tyr
Ala

His

Arg
Asp
340
Tyr
Gly
Pro
Met
Val
420
Trp
Asp
Arg
Leu
Ile
500
Asn
Pro
Leu
Lys
Leu
580
Leu
Leu
Asp
Glu
Val
660
Val
Ile
Arg
Phe

Met

Asp
325
Leu
Gly
Trp
Ala
Asp
405
Ala
Pro
Leu
Cys
Leu
485
Leu
Ile
Glu
Met
Asp
565
Gly
Asp
Leu
Trp
Gly
645
Glu
Phe
Ser
Leu
Gly

725
Thr

Lys
Trp
Asn
Arg
Glu
390
Gly
Asp
Leu
Leu
Arg
470
Thr
Leu
Lys
Arg
Glu
550
Ser
Lys
Arg
Leu
Ala
630
Tyr
Gly
Ala
Gln
Asn
710
Phe

Val

Leu
Met
Ser
Asp
375
Val
Ser
Arg
Met
Phe
455
Glu
Ala
Gln
Leu
Gly
535
Leu
Leu
Pro
Tyr
Asp
615
Val
Ala
Asp
Ile
Ala
695
Ser

Ala

Met

Asp
Lys
Phe
360
Leu
Arg
Asn
Asn
Thr
440
Gln
Arg
Asp
Asn
Glu
520
Glu
Ser
Asp
Ile
Tyr
600
Ile
Ala
Trp
His
Met
680
Val
Arg
Phe

Tyr

Thr
Trp
345
Leu
Trp
His
Ala
Asn
425
Thr
Pro
Asp
Gly
Ile
505
Gly
Ser
Glu
Ile
Ser
585
Asp
Arg
His
Phe
Pro
665
Gly
Asn
Phe
Gly

Ala

Val
330
Val
Pro
Gln
Leu
Thr
410
Ile
Leu
Gln
Ala
Gln
490
Val
Ala
Val
Leu
Ala
570
Tyr
Ala
Lys
Leu
Asn
650
Asp
Gly
Arg
Gly
His

730
Asn

Arg
Thr
Tyr
Asp
Leu
395
Ile
Pro
Leu
Ser
Ser
475
Ile
Pro
Asp
Ala
Leu
555
Glu
Asp
Val
Val
Arg
635
Gly
Gly
Val
Tyr
Gly
715
Lys

Ala

Phe
Leu
His
Cys
380
Leu
Ile
Arg
Tyr
Tyr
460
Trp
Tyr
Phe
Trp
Phe
540
Leu
Glu
Ser
Thr
Ala
620
Gly
Tyr
Val
Ala
Leu
700
Ile
Glu

Leu
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Ser
Gln
Asp
365
Leu
Asn
Gly
Val
Leu
445
Phe
Thr
Glu
Phe
Asn
525
Thr
Glu
Met
Ile
Pro
605
Glu
Ser
Tyr
Arg
Thr
685
Lys
Gln

Asn

Tyr

Ser
Pro
350
Tyr
Ala
Asn
Ala
Trp
430
His
Arg
Pro
Gly
Asn
510
Asp
Ala
Leu
Ala
Gln
590
Arg
Asp
Glu
Asn
Met
670
Asp
Asp
Gln
Gly

Lys

Gly
335
Ile
Gly
Leu
Tyr
Gly
415
Met
Gln
Asp
Glu
Thr
495
Val
Gly
Phe
Gln
Leu
575
Glu
Val
Leu
Trp
Asn
655
Thr
Glu
Glu
Asn
Ala

735
Arg

Asp
Leu
Arg
Met
Ala
400
Pro
Asp
Ser
Val
Gln
480
Ile
Gly
Leu
Tyr
Lys
560
Leu
Lys
Ser
Lys
Ile
640
Asp
Leu
Gln
Arg
Leu
720
Met

Gly



Phe Val Gln

755

Ala Asp Phe
770

Asn Glu

785

Trp

Arg

Leu Leu

Phe Gly Asp

Gly Ser Gly
835
Val Vval
850

Asp

Arg

Val
865
Gly

Ser

Ala Gly

Asp Gly Val

<210> 15
<211> 1476
<212> DNA

740
Glu Gly

Glu Asn

Gly Arg

Phe
Ser

Gly

Glu Val
760
Arg Ile
775

Met Tyr

790

Thr
805
Arg

Leu

Leu
820
Glu Ala

Tyr Arg

Val Ser

Gln

Leu

Ala

Asn

Leu

Leu Thr

Glu Pro

Val Glu
840
Pro Gln
855

Asn Gly

870

Leu
885
Glu

Cys

His
900

Ile

Leu

Gly Arg

Ile Val

<213> Artificial Sequence

<220>

<223> Sucrose phosphorylase from

<400> 15

atggaaatcc
aaggacgttc
ctgccgttct
gatagcgcgt
ttcgacttta
aaccacgatg
gcgggtgaaa
gcgecgaccc
ggcgacgagc
accctggaag
gcggttaaga
aacgaagtgc
cactatagca
ccgatgacca
aagatgagcc
gacgcgegtg
gttggcgcga
caaattaaca
cgtatcttcc

ggcgaaageg

agaacaaagc
gtaaagtgct
ttccgagcac
ttggtgactg
tgatcaacca
agagcaagta
accgtccgac
aagagattac
aaatcgacat
atatggtgaa
aagtggacac
gtgaaattct
tcccgaagaa
ccctgtacac
cgatgaagca
atgtgctgac
acgtgaagaa
gcacctacta
aggtttttgc
atatcgagct

gatgttcatt
gaaagaggac
cggtgatcgt
gagcgatgtg
cattagccgt
taaagacttc
ccaggcggac
cttcgacgat
tgatgttaac
acacggtgcg
caacgatttc
gaccccgctg
aattaacgat
cctgtatagc
attcaccacc
cgacgaggaa
aacctacagc
tagcgcgctg
gccgggceatc
gctggaaagc

745

Leu Asp Ser

Tyr Pro Gly

Thr Leu
795
Tyr

Tyr

Val
810
Leu

Glu
Lys Val
825
Thr

Leu Phe

Ala Ala Glu
Val
875

Ile

Gln Ser

Leu
890
Leu

Ser

Thr
905

Gly

Leuconostoc

acctacgcgg
atcggcgatg
ggcttcgegc
gaagcgctgg
gaaagcgtta
tttatccgtt
gtggatctga
ggtaccaccg
agcgcgatcg
aacctgatcc
tttgttgagc
aaggceggaga
cacggttact
ggcaaaacca
ctggacaccc
attgattacg
agcgcgagct
ggtaacgacg
ccgcaaattt

agcaaagagg

750

Ile Tyr Arg
765

Val Pro

780

Thr

Glu

Gly Ser

Gly Vval Lys

Gln Ala Gln

830

Ala Gly Arg
845

His Gly Gln

860

Asp

Cys Gln

Glu Ala Leu
Ile

910

Arg Asn

atagcctggg
cgattggtgg
cgagcgacta
gcgaggaata
tgtaccagga
gggagaaatt
tctacaagcg
aaaacctgtg
cgaaagagtt
gtctggacgc
cggaaatctg
tcctgeccgga
tcacctatga
accagctggc
acgatggtat
cgagcgagga
ataacgacct
atgcggcgta
actatgtggg
gtcgtaacat
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Leu Ser

Tyr Ile

Ala Ser
800
Gly Arg
815
Phe Asp

Met Leu

Tyr Arg

Asn Asp
880
Pro Ala
895

Ser

taaaaacctg
cgttcacctg
cacccgtgtt
ctatctgatg
cttcaagaaa
ttgggcgaaa
taaagataag
gaacaccttt
cattaagacc
gtttgcgtac
ggacaccctg
gattcacgaa
ctttgecgctg
gaaatggctg
cggegtggtt
actgtataag
ggatatctac
tctgctgagc
tctgctggceg
taaccgtcac

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200



tactatagcg ttgacgaagt gaaagaggaa gttaagcgtc cggtggttgc gaaactgctg 1260
aagctgctga gctggcgtaa caacttcgecg gecgtttgacc tggatggtag cattgatgtg 1320
gaaaccccga gcgacaccac catcaagatt acccgtaaag ataagagcgg cgagaacgtg 1380
gcggttctgg tggcgaacgc ggcggacaaa acctttacca tcaccgcgaa cggcgaggaa 1440
attctggcga acaccgaggc ggacaagcag caactg 1476

<210> 16
<211> 492
<212> PRT
<213> Artificial Sequence

<220>
<223> Sucrose phosphorylase from Leuconostoc

<400> 16
Met Glu Ile Gln Asn Lys Ala Met Phe Ile Thr Tyr Ala Asp Ser Leu
1 5 10 15
Gly Lys Asn Leu Lys Asp Val Arg Lys Val Leu Lys Glu Asp Ile Gly
20 25 30
Asp Ala Ile Gly Gly Val His Leu Leu Pro Phe Phe Pro Ser Thr Gly
35 40 45
Asp Arg Gly Phe Ala Pro Ser Asp Tyr Thr Arg Val Asp Ser Ala Phe
50 55 60
Gly Asp Trp Ser Asp Val Glu Ala Leu Gly Glu Glu Tyr Tyr Leu Met
65 70 75 80
Phe Asp Phe Met Ile Asn His Ile Ser Arg Glu Ser Val Met Tyr Gln
85 90 95
Asp Phe Lys Lys Asn His Asp Glu Ser Lys Tyr Lys Asp Phe Phe Ile
100 105 110
Arg Trp Glu Lys Phe Trp Ala Lys Ala Gly Glu Asn Arg Pro Thr Gln
115 120 125
Ala Asp Val Asp Leu Ile Tyr Lys Arg Lys Asp Lys Ala Pro Thr Gln
130 135 140
Glu Ile Thr Phe Asp Asp Gly Thr Thr Glu Asn Leu Trp Asn Thr Phe
145 150 155 160
Gly Asp Glu Gln Ile Asp Ile Asp Val Asn Ser Ala Ile Ala Lys Glu
165 170 175
Phe Ile Lys Thr Thr Leu Glu Asp Met Val Lys His Gly Ala Asn Leu
180 185 190
Ile Arg Leu Asp Ala Phe Ala Tyr Ala Val Lys Lys Val Asp Thr Asn
195 200 205
Asp Phe Phe Val Glu Pro Glu Ile Trp Asp Thr Leu Asn Glu Val Arg
210 215 220
Glu Ile Leu Thr Pro Leu Lys Ala Glu Ile Leu Pro Glu Ile His Glu
225 230 235 240
His Tyr Ser Ile Pro Lys Lys Ile Asn Asp His Gly Tyr Phe Thr Tyr
245 250 255
Asp Phe Ala Leu Pro Met Thr Thr Leu Tyr Thr Leu Tyr Ser Gly Lys
260 265 270
Thr Asn Gln Leu Ala Lys Trp Leu Lys Met Ser Pro Met Lys Gln Phe
275 280 285
Thr Thr Leu Asp Thr His Asp Gly Ile Gly Val Val Asp Ala Arg Asp
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290
Val Leu
305

Val

Thr

Gly Ala

Leu Asp Ile
Ala
355

Pro

Asp Asp
Ile
370
Glu

Gly

Ile
385
Tyr

Leu

Tyr Ser

Ala Lys Leu

Asp Leu Asp
435
Ile Thr
450

Asn

Lys

Ala
465
Ile

Ala

Leu Ala

<210> 17
<211> 1512
<212> DNA

Asp Glu

Glu

295

Ile Asp

310

Val
325
Gln

Asn

Tyr
340
Ala Tyr

Gln Ile

Leu Glu

Lys
Ile
Leu
Tyr

Ser

Lys Thr

Asn Ser
Ser
360
Val

Leu

Tyr
375

Ser Lys

390

Val Asp
405
Leu Lys
420
Gly Ser

Arg Lys

Ala Asp

Glu
Leu
Ile
Asp

Lys

Val Lys

Leu Ser

Val
440
Ser

Asp

Lys
455

Thr Phe

470

Thr
485

Asn

Glu

Ala Asp

<213> Artificial Sequence

<220>

<223> Sucrose phosphorylase from

<400> 17

atgaagaaca
agcatgaccg
ccgttcttta
gttgacgagc
atggttgatg
gcgaaaggceg
aacggtgcga
acccactata
gttgatattg
atggcggega
gcgggtacca
gaaggtgtga
gtggagattg
catgcgctga
aacgcggtga
caactggatc
accatccacg

aagttcaact
atattctgcg
ccccgttcga
gtctgggtag
cgattgtgaa
aggaaagcga
ccgaggaaga
agtttgcggsg
acaccgatag
gccacgttag
gctgcttcat
agcgtggcct
cgagcaaagt
gcaccggtca
ccgttctgga
gtagcctgaa
cgaacaccca

gatcacctac
tacccgtttc
cggtgcggat
ctgggacgat
ccacatgagc
atactatccg

cctggegggt
taaaacccgt

cgacaaggsgc
ctacattcgt
gaccccgaag
ggagatcctg
ggaccgtgtt
tgtggaaccg
cacccacgat
gggtctggty
cggtgaaagc

Ala Ser
315

Ser

Tyr

Ser
330
Tyr

Tyr

Thr
345
Arg

Tyr

Ile Phe

Gly Leu Leu

Glu Gly Arg

395
Val

Glu Glu

410
Trp Arg Asn
425
Glu

Thr Pro

Gly Glu Asn

Thr Ile Thr
475
Gln Gln

490

Lys

300

Glu Glu Leu

Ala Ser Tyr

Ala Leu
350
Phe

Ser
Gln Vval
365
Ala Gly
380

Asn

Glu

Ile Asn

Lys Arg Pro

Phe Ala
430
Thr

Asn
Ser Asp
445
Val Ala
460

Ala

Val
Asn Gly

Leu

Bifidobacterium

gcggaccgtc
gacggtgttt
gcgggetttg
gtggcggaac
tgggagagca
atgttcctga
atctatcgtc
ctggtgtggs
tgggagtacc
ctggacgcgg
acctttaaac
attgaagttc
tatgattttg
gttgcgcact
ggtattggcg
ccggatgagg
caagcggcga

tgggtgatgg
atgatggcgt
acccgattga
tgagcaaaac
agcagtttca
ccatgagcag
cgcgtecggg
ttagcttcac
tgatgagcat
tgggttatgg
tgatcagccg
acagctacta
cgctgcecgcec
ggaccgatat
ttatcgacat
acgttgataa

ccggegeggc

Page 17 of 34

Tyr Lys
320
Asn Asp
335
Gly Asn

Ala Pro

Ser Asp
His
400
Val

Arg

Val
415
Ala Phe

Thr Ile

Leu Val

Glu Glu
480

caccatcaag
gcacatcctg
tcacaccaag
ccacaacatc
agacgttctg
cgtgtttccg
tctgeccgttc
cccgcagcaa
ctttgatcaa
cgcgaaagaa
tctgcgtgag
taagaaacag
gctgectgetg
ccgtccgaac
tggtagcgac
cctggtgaac
ggcgagcaac

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020



ctggatctgt
tatattgcgg
ggtgcgctgg
atcaaccgtc
aaagcgctga
agctacacca
gcgaccctga
atgctggagt
ccggtggttg

<210> 18
<211> 504
<212> PRT

accaagttaa
cgecgtgeggt
cgggcaagaa
actactatag
acgcgectggc
ccgacgatga
cctttgaacc
gggaagacag
cg

cagcacctac
gcagttcttt
cgacatggag
caccgcggag
gaagttccgt
caccagcatc
gaaacgtggt
cgcgggtgat

<213> Artificial Sequence

<220>

<223> Sucrose phosphorylase

<400> 18
Met Lys
1
Gly

Asn

Thr Ile

Val Tyr Asp

35

Ala Asp Ala

50
Leu Gly Ser
65
Met

Val Asp

Gln Asp Val

Thr Met
115
Ile

Leu
Ala Gly
130
Phe Ala
145

Val

Gly

Asp Ile

Ile Phe Asp

Ala val Gly

195

Pro Lys Thr

210

Arg Gly Leu

225

Val Glu Ile

Pro Leu Leu

Lys

5
Lys Ser
20
Gly Vval

Gly Phe

Trp Asp

Ala Ile
85

Leu Ala
100
Ser Ser

Tyr Arg

Lys Thr

Val Gln
Met
His
Asp
Asp
70
Val
Lys
Val

Pro

Arg

Leu Ile

Thr Asp

Ile Leu
40
Pro Ile
55
Val Ala

Asn His

Gly Glu

Phe Pro
120
Arg Pro
135

Leu Val

150

Thr
165
Met

Asp

Gln
180
Tyr Gly

Phe Lys

Glu Ile

Asp
Ala
Ala
Leu

Leu

Ser Asp

Ala Ser

Glu
200
Ser

Lys

Ile
215

Ile Glu

230

Ala Ser
245

Leu His

Lys

Ala

Val Asp

Leu Ser

tatagcgcgc
ctgccgggcg
ctgctgcgta
attgacgaaa
aacgaactgg
agcttcacct
ctgggegttg
caccgtagcg

Thr Tyr Ala
10

Ile Leu

25

Pro

Arg

Phe Phe

Asp His Thr

Glu Ser
75

Trp

Leu
Met Ser
90
Glu Ser
105

Asn

Glu

Gly Ala

Gly Leu Pro

Val Ser
155

Trp

Trp
Lys Gly
170
His Vval Ser
185
Ala

Gly Thr

Arg Leu Arg

Val Ser
235

Tyr

His

Val
250
Gly

Arg

Thr His

tgggttgcaa
tgccgcaagt
aaaccaacaa
acctgaagcg
acgcgttcga
ggcgtggcga
acaacaccac
atgacctgat

from Bifidobacterium

Asp Arg Leu

Thr Phe
30
Phe

Arg
Thr Pro
45
Lys Val
60
Lys

Asp

Thr His

Glu Ser Lys
Pro
110

Glu

Tyr Tyr

Thr Glu
125
Phe Thr
140

Phe

His

Thr Pro

Glu Tyr Leu

Tyr Ile Arg

190

Ser Cys Phe
205

Glu Glu

220

Tyr

Gly

Tyr Lys

Asp Phe Ala

Val Glu Pro

Page 18 of 34

cgaccagcac
ttactatgtg
cggtcgtgat
tccggtggtt
tggtaccttt
gaccagccag
cccggtggeg
tgcgaacccg

Gly
15
Asp

Asp
Gly
Asp Gly
Glu Arg

Ile
80
Phe

Asn

Gln
95
Met Phe

Asp Leu

Tyr Lys

Gln Gln
160
Met Ser
175
Leu Asp

Met Thr

Val Lys
Gln
240
Leu Pro
255

Val Ala

1080
1140
1200
1260
1320
1380
1440
1500
1512



Thr
275
Gly

His Trp

His Asp
290
Ser Leu
305

Thr

Lys

Ile His

Ala Ala Ser

Ala Leu Gly

355

Phe Phe Leu
370

Gly Lys

385

Ile

Asn

Asn Arg

Arg Pro Val
Ala
435

Ser

Leu Asp
Ile
450
Glu

Ser

Phe
465
Met

Pro

Leu Glu

Ile Ala Asn

<210> 19
<211> 1479
<212> DNA

260
Asp Ile

Ile Gly

Gly Leu

Arg
Val

Val

Asn
280
Asp

Pro

Ile
295

Pro Asp

310

Ala Asn
325
Asn Leu
340
Cys Asn

Pro Gly

Asp Met

Thr
Asp
Asp
Val

Glu

His Gly

Leu Tyr
His
360
Gln

Gln

Pro
375

Leu Leu

390

His Tyr
405
Val Lys
420
Phe Asp

Phe Thr

Lys Arg

Tyr
Ala
Gly
Trp

Gly

Ser Thr

Leu Asn

Thr Phe
440
Arg Gly
455

Leu Gly

470

Glu
485
Pro

Trp

Pro
500

Asp

Val

Ser Ala

Val Ala

<213> Artificial Sequence

<220>

<223> Sucrose phosphorylase from

<400> 19

atgaagaaca
aagctgcatg
ccgttcttta
gtggacccgc
gtggcggatc
aagaaaggca
gagggtgcegc
agcccggtga
caggtggaca
aaattccaag

aaaccgggtg

aagtgcagct
cgctgctgac
ccccgattga
gtctgggtac
tgattgtgaa
gcgatagcect
gtgaagcgga
ccctgagcag
ttgatgttcg
cggcgggceat
cgagctgctt

gattgcgtac
cggtccgcectg
tggtgcggat
ctgggacgat
ccacgttagc
gtacgcgggc
tatcctgecgt
ccgtgagcegt
tcacccggag
ccgtatgatt
tatgattccg

265

Asn Ala Val

Ile Gly Ser

Glu Val
315
Gln

Asp
Glu Ser
330
Gln Vval
345

Tyr

Asn

Ile Ala

Val Tyr Tyr
Thr
395

Ile

Arg Lys

Ala Glu
410
Ala Leu
425

Ser

Ala

Tyr Thr

Glu Thr Ser

Val Asn
475
His

Asp
Gly Asp
490

uncultured

gttgaccgta
gcggagattt
gcgggttttg
gttcgtatcc
agcagcagcc
atgttcctga
atttatcgtc
aaactgctgt
gcggaagegt
cgtctggacg
gagaccttcg

270

Thr Val Leu

285

Asp Gln Leu

300
Asp

Asn Leu

Ala Ala Thr

Ser Thr Tyr

350

Ala Arg Ala
365

Val Gly

380

Asn

Ala

Asn Gly

Asp Glu Asn

Lys Phe Arg

430

Thr Asp Asp
445

Gln Ala

460

Thr

Thr

Thr Pro

Arg Ser Asp

bacterium

tcagcggtgg
ttggcggtgc
atccgagcga
tgggcggtgc
cgcaatttat
cctatgaccg
cgecgtccgac
ggaccacctt
acctgcacag
cggttggcta
attttatcgc

Page 19 of 34

Asp Thr

Asp Arg

Val Asn
320
Gly Ala
335
Tyr Ser

Val Gln

Leu Ala

Arg Asp
400
Leu Lys
415
Asn Glu

Asp Thr

Leu Thr

Val Ala
480
Asp Leu

495

cggtttccgt
gcacctgctg
tcacacccaa
gattgaactg
cgactacagc
tgtttttccg
cctgececgttt
taacccggaa
catcctgaag
tgcgatcaag
ggagctgacc

60

120
180
240
300
360
420
480
540
600
660



gaaaaggcgc
cagatcgaaa
ctgcatgcgc
cgtaacgcgg
gatgcggaag
atccacagcc
gatctgtacc
ctgattgcgc
ctgctgggcg
aaccgtcact
accctgatcg
gtgagcgttc
gaactgcacg
atcaccattc

<210> 20
<211> 493
<212> PRT

gtgcgetggg
ttgcgcgtca
tgtttgcgag
tgaccgttct
gtaacccggg
gtagccaagg
aagtgaactg
gtgcgctgca
gtaccaacga
actataccga
cgctgattcg
cggceggcegac
ttgacctgag
cgggtgegsc

tattgaggtg
agtggactgg
cgacccgcac
ggacacccac
tctgctgagc
tcaaagccgt
caccttcctg
gttctttgceg
catggatctg
cgcggagatt
tctgcgtaac
ccagattcgt
catcccgaag

ggatgcgggt

<213> Artificial Sequence

<220>

<223> Sucrose phosphorylase

<400> 20
Met Lys
1
Gly

Asn

Gly Phe

Ile Phe Gly

35

Ala Asp Ala

50

Leu Gly Thr

65

Val Ala Asp

Ile Asp Tyr

Leu Thr Tyr

115
Leu Arg Ile
130
Ser

Leu Ser

145
Gln

Val Asp

Ser Ile Leu

Ala Val
195
Glu

Asp

Ile Pro

210

Lys

5
Arg Lys
20
Gly Ala

Gly Phe

Trp Asp

Ile
85
Lys

Leu

Ser
100
Asp Arg

Tyr Arg

Arg Glu

Val Gln
Leu
His
Asp
Asp
70
Val
Lys
Val

Pro

Arg

from

Leu Ile

His Ala
Leu
40
Ser

Leu

Pro
55
Val Arg

Asn His

Gly Ser

Phe Pro
120
Arg Pro
135

Lys Leu

150

Ile Asp
165
Lys Lys
180
Gly Tyr

Thr Phe

Val
Phe
Ala

Asp

Arg His

Gln Ala

Ile Lys
200
Phe Ile

215

ctggttgaaa
gtttatgatt
ccgetggegc
gatggcatcg
ccggegegega
gaagcgaccg
gatgcgctgg
ccgggcatcc
ctgggtcgta
gatgcggegce
acccacccgg
ctgecgttggc
gcgagcatta
gcgecgagce

uncultured

Ala Tyr Val

10

Leu Leu Thr

25

Pro Phe Phe

Asp His Thr

Ile Leu Gly
75
Ser

Val Ser

90
Asp Ser Leu
105
Glu

Gly Ala

Thr Leu Pro
Thr
155

Ala

Leu Trp
Glu
170
Gly

Pro

Ala
185
Lys

Ile

Pro Gly

Ala Glu Leu

tccacagcca
ttgcgctgcc
agtggctgag
gtgtgattga
ttgacagcct
gtgcggegsc
gcggtcgtga
cgcaagtgta
gcggtgteggsg
tggcgegtcc
cgttcgeggg
agcgtcaaga
ccggcaccgg

bacterium

Asp Arg Ile
Leu
30

Ile

Gly Pro

Thr Pro
45
Gln Val
60

Gly

Asp

Ala Ile

Ser Ser Pro

Tyr Ala Gly
110
Glu Ala
125

Ser

Arg

Phe
140
Thr

Pro

Phe Asn

Glu Ala Tyr

Met Ile
190
Cys

Arg
Ala Ser
205
Thr Glu

220

Lys

Page 20 of 34

ctaccgtaaa
gccgetggtg
catcagcccg
tgttggtgceg
ggttgagacc
gaacaacctg
accggattat
ctatgttggt
tcgtgacatt
gctggtgegt
tgaatttgat
gcactggatc
tatccacccg

Ser
15
Ala

Gly
Glu

Asp Gly

Pro Arg

Glu Leu
80
Gln Phe
95
Met Phe

Asp Ile

Val Thr

Glu
160
His

Pro

Leu
175
Arg Leu

Phe Met

Ala Arg

720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1479



Ala
225
Gln

Leu Gly

Ile Glu

Pro Pro Leu

Ala Gln Trp

275

Thr His Asp
290

Asn Pro
305

Ile

Gly

His Ser

Ala Asn Asn

Leu Gly Gly

355

Phe Ala Pro
370

Thr Asn

385

Asn

Asp

Arg His

Pro Leu Val

Ala Phe
435

Leu

Pro
Ile Arg
450
Asp Leu Ser
465
Ile

Thr Ile

<210> 21
<211> 1467
<212> DNA

Ile Glu

Val

Leu Val

230

Ile Ala
245
Val Leu
260
Leu Ser

Gly Ile

Leu Leu

Arg
His
Ile
Gly

Ser

Gln Val

Ala Leu
Pro
280
Ile

Ser

Val
295

Pro Ala

310

Ser
325
Asp

Arg

Leu
340
Arg Glu

Gly Ile

Met Asp

Gln

Leu

Pro

Pro

Leu

Gly Gln

Tyr Gln

Asp Tyr
360
Gln Vval
375

Leu Gly

390

Tyr Tyr
405
Arg Thr
420
Ala Gly

Arg Trp

Ile Pro

Thr
Leu
Glu
Gln

Lys

Asp Ala

Ile Ala

Phe Asp
440
Arg Gln
455

Ala Ser

470

Pro Gly

485

Ala

Ala Asp

<213> Artificial Sequence

<220>

<223> Sucrose phosphorylase from

<400> 21

atgccggtga
aaggaactgc
ctgcecgttct
aacccggact
ttcgacttta
aagaaagatg
ggtcgtccga
cagggtatta
caaatcgata

agaacaaagc
agtacattct
ttccgagcac
ttggtgattg
tgatcaacca
cgagcagcta
ccaaggcgga
ccttcgegga
ttaacgtgaa

gatgctgatc
ggacaaatat
cggtgatcgt
ggaggacgtt
cattagccgt
taaggacttc
catcgatctg
cggcagccaa
aagcaaggtt

Glu Ile His

235

Asp Trp Val
250

Phe Ala

265

Arg

Ser

Asn Ala

Asp Val Gly

Ala Ile Asp

315

Ser Arg Glu
330

Val Asn

345

Leu

Cys

Ile Ala

Tyr Tyr Val

Arg Ser Gly

395

Glu Ile Asp
410

Leu Ile

425

Val

Arg

Ser Val

Glu His Trp

Ile Thr Gly
475
Ala

Ala Gly

490

Oenococcus

acctacagcg
atcggcgatg
ggcttcgegc
gaggaactgg
gaaagcatta
tttatccgtt
atttacaagc
gaacacctgt

gcgcaggagt

Ser His Tyr

Tyr Asp Phe
His
270
Val

Asp Pro

Val Thr
285
Ala Asp
300

Ser

Ala

Leu Val

Ala Thr Gly

Thr Phe Leu
350
Ala Leu
365

Leu

Arg
Gly Leu
380
Val

Gly Arg

Ala Ala Leu
Asn
430

Ala

Leu Arg
Ala
445
Glu

Pro

Ile
460
Thr

Leu

Gly Ile

Pro Ser

atagcatggg
cgattggtgg
cgagcgacta
gcaagaaata
tgtaccagga
gggaaaaatt
gtaaagataa
ggaacacctt
tctttaaaga
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Arg Lys
240
Ala Leu
255
Pro Leu

Leu Asp

Glu Gly

Glu Thr
320
Ala Ala
335
Asp Ala

Gln Phe

Gly Gly

Ile
400
Arg

Asp

Ala
415
Thr His

Thr Gln

His Val

Pro
480

His

taaaaacatc
cgttcacctg
tacccgtgtg
ctatctgatg
cttcaaagag
ttggccgaag
ggcgccgatc
tggtgacgag
taccctgcaa

60

120
180
240
300
360
420
480
540



agcatggtga
aaaattgata
cgtaaaattc
atcccggcga
atcctgtaca
ccgaagaaac
gacatcctga
aacgttaagc
agcacctact
cagatttttg
gacctggatc
gaggaagagg
gcgtggcegta
gataaaaacg
accgcgaacg
gaggatcaaa

<210> 22
<211> 489
<212> PRT

agcacggcsgc
ccaacgactt
tggacccgct
agattaacga
ccctgtatag
aattcaccac
ccgacgagga
gtacctacag
atagcgcgct
cgccgggceat
tgctggaaaa
tggcgaacga
accgtagcgc
aaatcaagat
tggcgctgaa
ccgacaccaa

ggacctgatt
ctttatcgaa
gcatgcggag
atacggttat
cggcaacccg
cctggatacc
aattgattac
cagcgegecs
gggtaacgac
cccgcaaatt
aaccaaagag
ggttcaacgt
ggcgttcgac
cattcgtacc
aacctttacc
ggatatc

<213> Artificial Sequence

<220>

<223> Sucrose phosphorylase

<400> 22

Met Pro Val
1
Gly

Lys Asn

Ala Ile
35
Gly

Asp
Asp Arg
50
Gly Asp
65

Phe

Trp

Asp Phe

Asp Phe Lys
Glu
115

Ile

Arg Trp
Leu
130
Ala

Asp

Phe
145
Gln

Asp

Ile Asp

Asp Thr Leu

Asp Ala Phe

Lys Asn
Ile
20
Gly

Lys
Gly

Phe Ala

Glu Asp
Ile
85
Lys

Met

Glu
100
Lys Phe

Tyr Lys

Gly Ser

Lys
Glu
Val
Pro
Val
70

Asn
Lys
Trp

Arg

Gln

from

Ala Met

Leu Gln

Leu
40
Asp

His

Ser
55
Glu Glu

His Ile

Asp Ala

Pro Lys
120
Lys Asp
135

Glu His

150

Ile Asn
165
Gln Ser
180

Ala Tyr

Val

Met

Ala

Lys Ser

Val Lys

Ile Lys

cgtctggatg
ccggagattt
atcctgccgg
ttcacctacg
aaacagctgg
cacgacggta
accagcagcg
tataacaacc
gataaagcgt
tactatgcgg
ggtcgtaaca
ccgatcgttg
ctgcagggtg
agcaccaacg
atcaaagaaa

Oenococcus

Ile
10
Ile

Leu Thr

Tyr Leu

25

Leu Pro Phe

Tyr Thr Arg

Leu Gly Lys

75

Ser Arg Glu
90

Ser Ser
105

Gly

Tyr

Arg Pro

Lys Ala Pro
Asn
155

Ala

Leu Trp
Val
170
Gly

Lys
His Ala
185
Lys

Ile Asp

cgttcgcgta
gggatctgct
aaatttacga
actttgtgct
cgaaatggct
tcggegtggt
agctgtataa
tggacatcta
atctgctggc
gtctgctggc
ttaaccgtca
cgtgecctgcet
atattcaagt
gtcaagacac
acgacaagat

Tyr Ser Asp

Asp Lys Tyr

30

Phe Pro Ser
45

Val Asn

60

Lys

Pro
Tyr

Ser Ile Met
Phe
110

Ala

Lys Asp

Thr Lys
125
Ile Gln
140

Thr

Gly

Phe Gly

Gln Glu Phe
Ile
190

Asp

Asp Leu

Thr Asn

Page 22 of 34

cgcgatcaag
ggaaagcgtt
gcactatacc
gccgctggtt
gaagatgagc
tgatgcgcgt
agtgggtgcg
ccagattaac
gcgtgcgatc
gggcgaaaac
ctactatagc
gaagctgctg
tagcgcgacc
cgcggagctg
cattctgatt

Ser Met
15
Ile Gly

Thr Gly

Asp Phe
Met
80
Gln

Leu

Tyr
95
Phe Ile

Asp Ile

Ile Thr

Glu
160
Lys

Asp

Phe
175
Arg Leu

Phe Phe

600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1467



195 200 205
Ile Glu Pro Glu Ile Trp Asp Leu Leu Glu Ser Val Arg Lys Ile Leu
210 215 220
Asp Pro Leu His Ala Glu Ile Leu Pro Glu Ile Tyr Glu His Tyr Thr
225 230 235 240
Ile Pro Ala Lys Ile Asn Glu Tyr Gly Tyr Phe Thr Tyr Asp Phe Val
245 250 255
Leu Pro Leu Val Ile Leu Tyr Thr Leu Tyr Ser Gly Asn Pro Lys Gln
260 265 270
Leu Ala Lys Trp Leu Lys Met Ser Pro Lys Lys Gln Phe Thr Thr Leu
275 280 285
Asp Thr His Asp Gly Ile Gly Val Val Asp Ala Arg Asp Ile Leu Thr
290 295 300
Asp Glu Glu Ile Asp Tyr Thr Ser Ser Glu Leu Tyr Lys Val Gly Ala
305 310 315 320
Asn Val Lys Arg Thr Tyr Ser Ser Ala Ala Tyr Asn Asn Leu Asp Ile
325 330 335
Tyr Gln Ile Asn Ser Thr Tyr Tyr Ser Ala Leu Gly Asn Asp Asp Lys
340 345 350
Ala Tyr Leu Leu Ala Arg Ala Ile Gln Ile Phe Ala Pro Gly Ile Pro
355 360 365
Gln Ile Tyr Tyr Ala Gly Leu Leu Ala Gly Glu Asn Asp Leu Asp Leu
370 375 380
Leu Glu Lys Thr Lys Glu Gly Arg Asn Ile Asn Arg His Tyr Tyr Ser
385 390 395 400
Glu Glu Glu Val Ala Asn Glu Val Gln Arg Pro Ile Val Ala Cys Leu
405 410 415
Leu Lys Leu Leu Ala Trp Arg Asn Arg Ser Ala Ala Phe Asp Leu Gln
420 425 430
Gly Asp Ile Gln Val Ser Ala Thr Asp Lys Asn Glu Ile Lys Ile Ile
435 440 445
Arg Thr Ser Thr Asn Gly Gln Asp Thr Ala Glu Leu Thr Ala Asn Val
450 455 460
Ala Leu Lys Thr Phe Thr Ile Lys Glu Asn Asp Lys Ile Ile Leu Ile
465 470 475 480
Glu Asp Gln Thr Asp Thr Lys Asp Ile
485

<210> 23

<211> 1446

<212> DNA

<213> Artificial Sequence

<220>
<223> Sucrose phosphorylase from Enterococcus

<400> 23

atgaagatta aaaacgaggc gatgctgatc acctactgcg acagcctggg taacaacctg 60
aaagacctga accaggtgct ggatcagcac ctgcaaggcg tggttggtgg catccacctg 120
ctgccgttct ttccgagcac cggtgatcgt ggcttcgecge cgagcgacta taccgtggtt 180
gatagcgcgt ttggtacctg gcaagaggtt gaagcgctgg gcgagaagta ctacctgatg 240
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ttcgacttca
aaccacgagg
aaccgtccga
caggaagtga
caaattgacc
gatatggcga
aaactggaca
cgtgaggaag
attcagatga
accctgtaca
ccgatgaagc
gatctgctga
aacgttaaga
agcacctact
cagtgctttg
gacctggagc
ctgaccgaaa
cgttttcgta
agcgaggaaa
gcgaacctgc
ctggat

<210> 24
<211> 482
<212> PRT

tgatcaacca
cgagcccgta
ccccggagga
cctttgecgga
tggatgtgaa
gccacggttg
ccaacgattt
cggcgaaata
agatcgcgga
gcctgtatag
aatttaccac
ccgacgagga
aaatctacag
atagcgcgct
cgccgggcat
tgctggaaag
tcgatgagga
accgtgcggc
ccatcattat
agaccaagga

catcagccgt
caaggaaatg
cattgatctg
tggtaccacc
Ccaaagaagtt
cagcctgatt
ctttgtggag
caactgcgaa
ccacgattac
cggtaaaacc
cctggacacc
actggattac
cagcgcgagc
gggtgacaac
tccgcaaatc
caccaaagag
agttaaccgt
ggcgtttgat
cacccgtaaa
ctttaccgtg

<213> Artificial Sequence

<220>

<223> Sucrose phosphorylase

<400> 24
Met Lys
1
Gly

Ile

Asn Asn

Val val
35
Gly

Gly
Asp Arg
50
Gly Thr
65

Phe

Trp

Asp Phe

Asp Phe Lys

Ile His
115
Ile

Arg

Leu
130
Ala

Asp

Phe
145
Gln

Asp

Ile Asp

Lys

5
Leu Lys
20
Gly Gly

Phe Ala

Gln Glu

Ile
85
Asn

Met

Gln
100
Glu Phe

Tyr Lys

Gly Thr

Asn Glu
Asp
Ile
Pro
Val
70
Asn
His
Phe

Arg

Thr

Ala Met

Leu Asn

Leu
40
Asp

His

Ser
55
Glu Ala

His Ile

Glu Ala

Glu
120
Asp

Pro

Lys
135

Glu Gln

150

Leu Asp

Val

Asn Lys

gaaagcaaat
tttattcgta
atctataagc
gaacaggttt
accaagcaat
cgtctggacg
ccggaaattt
ctgctgecgg
tatgtgtacg
aaccgtctgg
cacgatggta
accagcgagg
tataacaacc
gatcgtagct
tactatgtgg
ggtcgtaaca
ccggtggtta
ctggcggscg
gacgcgaacg
acccacaacg

Ile
10
Val

Leu Thr

Gln
25
Leu

Leu

Pro Phe

Tyr Thr Val
Glu
75

Glu

Leu Gly

Ser Arg
90
Ser Pro
105

Asn

Tyr

Arg Pro

Lys Ala Pro

Val Asn
155
Thr

Trp

Glu Val

tctttcagga
tccacgagtt
gtaaagacaa
ggaacacctt
tcatcaagga
cgttcgecgta
gggacctgct
agatccacga
acttcgcgct
cgaactggct
ttggegtggt
aactgtataa
tggacattta
atctgctggc
gtctgectggc
ttaaccgtca
aggcgctgtt
agatcaccgt
gtgatcgtgc
gcgaactggt

from Enterococcus

Tyr Cys Asp

Gln His
30
Ser

Asp
Phe Pro
45
Val Asp
60

Lys

Ser

Tyr Tyr

Ser Lys Phe

Glu Met
110
Glu

Lys
Thr Pro
125
Phe Gln
140

Thr

Glu

Phe Gly

Lys Gln Phe

Page 24 of 34

tttcaagcaa
ctttccggaa
ggcgecgttc
cggcgaggaa
caccctgaag
cgcgatcaag
ggatgaggtt
acactatacc
gccgatgatc
gaaaatgagc
tgacgcgaaa
agtgggcgeg
ccagatcaac
gcgtgegatt
gggcaaaaac
ctactatagc
cgacctgctg
ggaaaccccg
ggttctgacc
tctgcagcaa

Ser Leu
15
Leu Gln

Thr Gly

Ala Phe
Met
80
Gln

Leu

Phe
95
Phe Ile

Asp Ile

Val Thr

Glu Glu
160

Ile Lys

300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1446



165 170 175
Asp Thr Leu Lys Asp Met Ala Ser His Gly Cys Ser Leu Ile Arg Leu
180 185 190
Asp Ala Phe Ala Tyr Ala Ile Lys Lys Leu Asp Thr Asn Asp Phe Phe
195 200 205
Val Glu Pro Glu Ile Trp Asp Leu Leu Asp Glu Val Arg Glu Glu Ala
210 215 220
Ala Lys Tyr Asn Cys Glu Leu Leu Pro Glu Ile His Glu His Tyr Thr
225 230 235 240
Ile Gln Met Lys Ile Ala Asp His Asp Tyr Tyr Val Tyr Asp Phe Ala
245 250 255
Leu Pro Met Ile Thr Leu Tyr Ser Leu Tyr Ser Gly Lys Thr Asn Arg
260 265 270
Leu Ala Asn Trp Leu Lys Met Ser Pro Met Lys Gln Phe Thr Thr Leu
275 280 285
Asp Thr His Asp Gly Ile Gly Val Val Asp Ala Lys Asp Leu Leu Thr
290 295 300
Asp Glu Glu Leu Asp Tyr Thr Ser Glu Glu Leu Tyr Lys Val Gly Ala
305 310 315 320
Asn Val Lys Lys Ile Tyr Ser Ser Ala Ser Tyr Asn Asn Leu Asp Ile
325 330 335
Tyr Gln Ile Asn Ser Thr Tyr Tyr Ser Ala Leu Gly Asp Asn Asp Arg
340 345 350
Ser Tyr Leu Leu Ala Arg Ala Ile Gln Cys Phe Ala Pro Gly Ile Pro
355 360 365
Gln Ile Tyr Tyr Val Gly Leu Leu Ala Gly Lys Asn Asp Leu Glu Leu
370 375 380
Leu Glu Ser Thr Lys Glu Gly Arg Asn Ile Asn Arg His Tyr Tyr Ser
385 390 395 400
Leu Thr Glu Ile Asp Glu Glu Val Asn Arg Pro Val Val Lys Ala Leu
405 410 415
Phe Asp Leu Leu Arg Phe Arg Asn Arg Ala Ala Ala Phe Asp Leu Ala
420 425 430
Gly Glu Ile Thr Val Glu Thr Pro Ser Glu Glu Thr Ile Ile Ile Thr
435 440 445
Arg Lys Asp Ala Asn Gly Asp Arg Ala Val Leu Thr Ala Asn Leu Gln
450 455 460
Thr Lys Asp Phe Thr Val Thr His Asn Gly Glu Leu Val Leu Gln Gln
465 470 475 480
Leu Asp

<210> 25

<211> 1440

<212> DNA

<213> Artificial Sequence

<220>
<223> Sucrose phosphorylase from Streptococcus

<400> 25
atgagcatcc agaacaagac catgctgatt acctacagcg atagcctggg taacaacctg 60
aaggacctgt acgagaacct ggaaaaatat ttcggcgatg cggtgggtgg cgttcacctg 120
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ctgcecgttct
gacccggcegt
ttcgacttca
aagcacgacc
aaccgtccga
caagagatta
caaatcgatc
cacctggtta
aaactggata
cgtgatatgg
atccagttca
accctgtaca
ccgatgaaac
gatatcctga
aacgttaagc
agcacctact
caggecgtttg
gacctggagc
aacgaggaaa
agctttcgta
gacgaacaca
cgtatcaacc

<210> 26
<211> 480
<212> PRT

ttccgagcac
ttggtgattg
tgatcaacca
aaagcgcgta
cccaggcgga
ccttcgegga
tggacgtgac
gcaacggttg
ccaacgactt
cggcgagcta
aaattgcgga
ccctgtatag
aattcaccac
ccgacgagga
gtaaatacag
atagcgcgct
cgccgggcat
tgctggaaaa
ttgcgcagga
acaacagcca
ccatcgttat

tggcggatgg

cggtgatcgt
ggaggacgtg
cattagccgt
taaagacctg
tgttgacctg
cggtaccacc
caaagaggtg
cgacctgatt
ctttgttgag
cggcgeggaa
tcacgactac
cagcaaggtg
cctggacacc
aattgattac
caccgcggaa
gggtgacgat
tccgcaagtg
caccaaagaa
agtggaacgt
agcgttcgat
tacccgtcag
tacctaccag

<213> Artificial Sequence

<220>

<223> Sucrose phosphorylase

<400> 26
Met Ser
1

Gly

Ile

Asn Asn

Ala Val
35
Gly

Asp
Asp Arg
50
Gly Asp
65
Phe

Trp

Asp Phe

Asn Tyr Gln

Asn Trp Asp
115
Leu Ile
130

Ala

Asp

Phe
145

Asp

Gln

5
Leu Lys
20
Gly Gly

Phe Ala

Glu Asp

Met Ile
85

Glu Lys
100
Lys Phe

Tyr Lys

Gly Thr

Asn Lys Thr
Asp
Val
Pro
Val
70
Asn
His
Trp

Arg

Thr

Met

Leu Tyr
Leu
40
Asp

His

Val
55
Lys Arg

His Ile

Asp Gln
Glu
120
Asp

Pro

Lys
135

Glu His

150

ggcttcgegc
aagcgtctgg
Caaagcaagt
ttcctgaact
atctacaagc
gaacacctgt
accatggact
cgtctggatg
ccggatatct
ctgctgecgg
tatgtgtacg
gagcgtctgg
cacgatggta
gcgagcaacg
tataacaacc
gacagcaagt
tactatgttg
ggtcgtaaca
ccggtggtta
ctggagggca
aacaaagacc
gttaccgaga

Ile
10
Asn

Leu Thr

Glu
25
Leu

Leu

Pro Phe

Tyr Asp Gln

Leu Gly Asp
75
Ser Arg Gln
90

Ser Ala

105
Asn

Tyr

Arg Pro

Arg Ala Pro
Asn

155

Leu Trp

cggtggatta
gcgataagta
actataaaaa
gggacaagtt
gtaaagatcg
ggaacacctt
tcatccgtaa
cgtttgcgta
gggacctgct
agattcacga
actttgcgct
cgaagtggct
tcggegtggt
agctgtataa
tggatatcta
atttcctggc
gttttctggc
tcaaccgtca
agagcctgct
gcatcgaggt
aaaccgcgac
acggccaaga

from Streptococcus

Tyr Ser Asp

Glu Lys Tyr

30

Phe Pro Ser
45

Val Asp

60

Lys

Pro

Tyr Tyr

Ser Lys Tyr
Leu
110

Ala

Lys Asp

Thr Gln
125
Lys Gln Glu
140
Thr

Phe Gly
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tgaccaggtt
ctacctgatg
ctaccaggag
ttggccggaa
tgcgccgaaa
tggcgaggaa
aaccattgaa
cgcggtgaag
ggataaggtt
acactatagc
gccgatggtt
gaaaatgagc
tgacgttaag
agtgggtgcg
ccagattaac
gcgtctgatc
gggcaagaac
ctactatagc
gaaactgttc
ggaaaccccg
cgeggtggeg
cattgaattt

Ser Leu
15
Phe Gly

Thr Gly

Ala Phe

Met
80
Lys

Leu

Tyr
95
Phe Leu

Asp Val

Ile Thr

Glu Glu

160

180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440



Gln Ile Asp Leu Asp Val Thr Lys Glu Val Thr Met Asp Phe Ile Arg
165 170 175
Lys Thr Ile Glu His Leu Val Ser Asn Gly Cys Asp Leu Ile Arg Leu
180 185 190
Asp Ala Phe Ala Tyr Ala Val Lys Lys Leu Asp Thr Asn Asp Phe Phe
195 200 205
Val Glu Pro Asp Ile Trp Asp Leu Leu Asp Lys Val Arg Asp Met Ala
210 215 220
Ala Ser Tyr Gly Ala Glu Leu Leu Pro Glu Ile His Glu His Tyr Ser
225 230 235 240
Ile Gln Phe Lys Ile Ala Asp His Asp Tyr Tyr Val Tyr Asp Phe Ala
245 250 255
Leu Pro Met Val Thr Leu Tyr Thr Leu Tyr Ser Ser Lys Val Glu Arg
260 265 270
Leu Ala Lys Trp Leu Lys Met Ser Pro Met Lys Gln Phe Thr Thr Leu
275 280 285
Asp Thr His Asp Gly Ile Gly Val Val Asp Val Lys Asp Ile Leu Thr
290 295 300
Asp Glu Glu Ile Asp Tyr Ala Ser Asn Glu Leu Tyr Lys Val Gly Ala
305 310 315 320
Asn Val Lys Arg Lys Tyr Ser Thr Ala Glu Tyr Asn Asn Leu Asp Ile
325 330 335
Tyr Gln Ile Asn Ser Thr Tyr Tyr Ser Ala Leu Gly Asp Asp Asp Ser
340 345 350
Lys Tyr Phe Leu Ala Arg Leu Ile Gln Ala Phe Ala Pro Gly Ile Pro
355 360 365
Gln Val Tyr Tyr Val Gly Phe Leu Ala Gly Lys Asn Asp Leu Glu Leu
370 375 380
Leu Glu Asn Thr Lys Glu Gly Arg Asn Ile Asn Arg His Tyr Tyr Ser
385 390 395 400
Asn Glu Glu Ile Ala Gln Glu Val Glu Arg Pro Val Val Lys Ser Leu
405 410 415
Leu Lys Leu Phe Ser Phe Arg Asn Asn Ser Gln Ala Phe Asp Leu Glu
420 425 430
Gly Ser Ile Glu Val Glu Thr Pro Asp Glu His Thr Ile Val Ile Thr
435 440 445
Arg Gln Asn Lys Asp Gln Thr Ala Thr Ala Val Ala Arg Ile Asn Leu
450 455 460
Ala Asp Gly Thr Tyr Gln Val Thr Glu Asn Gly Gln Asp Ile Glu Phe
465 470 475 480

<210> 27

<211> 1509

<212> DNA

<213> Artificial Sequence

<220>
<223> Sucrose phosphorylase from Scardovia

<400> 27
atgaagaaca aagttcagct gattacctac gcggatcgtc tgggtgaagg taccctggcg 60
agcctgaccg atgtgctgcg tacccgtttc gatggecgttt atgaaggtgt gcacattctg 120
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ccgttcttta
gttgacccgc
atggttgatg
aagaaaggtg
gagggtgcga
acccactata
gtggacatcg
atgagcaaaa
gcgaaaacca
gagagcgcgc
gtggagattg
catgcgctga
aacgcggtga
cagatggatc
accattaaag
ctggatctgt
tacatcgcga
ggcgegetgg
atcaaccgtc
caggcgctga
agctttaccg
accctgacct
gcgtggaaag
gcggegeag

<210> 28
<211> 503
<212> PRT

ccccgttcga
gtctgggtag
cgattgtgaa
aaggcagcga
ccgaggaaga
cctggggteg
ataccgcgag
gccacgttag
gctgcttcat
gtcgtggcat
cgaacaaggt
gcaccggtaa
acgttctgga
gtagcctgaa
aaaacagcca
accaggttaa
gccgtgeggt
cgggcaagaa
actactatac
acgcgctggg
aaaacggtgg
ttgcgeeggg
acgegagegs

<213> Artificial Sequence

<220>

<223> Sucrose phosphorylase

<400> 28
Met Lys Asn
1

Gly Thr Leu

Val Tyr Glu
35
Ala Asp Ala
50
Leu Gly Ser
65
Met Val Asp

Gln Asp Val

Leu Thr Met

115

Ala Gly Ile
130

Lys
Ala
20

Gly
Gly
Trp
Ala
Met
100

Ser

Tyr

Val
5
Ser
Val
Phe
Asp
Ile
85
Lys
Ala

Arg

Gln
Leu
His
Asp
Asp
70

Val
Lys
Val

Pro

Leu
Thr
Ile
Pro
55

Val
Asn
Gly

Phe

Arg
135

cggcgeggat
ctgggacgat
ccacatgagc
atactatccg
cctggegggt
caagacccgt
cgacgaaggt
cttcattcgt
gaccccggac
ggagaccctg
ggaccgtgtt
aaccggtccg
cacccacgat
gggtctggtt
tggtgaaagc
ctgcacctac
gcagttctat
cgacatggag
cgtggcggag
ccgtttccgt
cagcctggceg
caagggtgcg
tgaacacgtg

gcgggttttg
gtggcggagce
tggcaaagcg
atgttcctga
atttatcgtc
ctggtttgga

tgggcgtacc
ctggacgcgg
acctttgatc
atcgaagttc
tacgattttg
ctggcgcact

ggtatcggeg
ccggacgatg
gcggaagega
tatagcgcgc
atgccgggtg
ctgctgaaac
attgacgaaa
aacaccctgg
atgacctgga
ggtagcagceg
accgacgata

from Scardovia

Ile
Asp
Leu
40

Ile
Ala
His
Glu
Pro

120
Pro

Thr
Val
25

Pro
Asp
Glu
Met
Gly
105
Glu

Gly

Tyr
10

Leu
Phe
His
Leu
Ser
90

Ser

Gly

Leu

Ala
Arg
Phe
Thr
Ser
75

Trp
Glu

Ala

Pro

acccgatcga
tgagcaaaac
aacagtttca
ccatgagcgc
cgcgtecggg
ccacctttac
tgatgagcat
tgggttatgg
tgatcagccg
acagctacta
cgatcccggc
ggctgggtgt
tgattgatgt
aagttgacca
ccggtgegsc
tgggctgcega
tgccgcaagt
gtaccaacgt
acctgcgtcg
aggcgtttga
ccggtcaaag
gcgtgecggt
tcattgcgaa

Asp
Thr
Thr
Lys
60

Lys
Gln
Tyr
Thr

Phe
140
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Arg
Arg
Pro
45

Val
Thr
Ser
Tyr
Glu

125
Thr

Leu
Phe
30

Phe
Asp
His
Glu
Pro
110
Glu

His

tcacaccaag
ccacgacatc
agatgttatg
ggtgtttccg
tctgeccgttc
cccgcagcaa
cctggatcag
cgcgaagcegt
tattaaagag
taagaaacaa
gctgectgetg
gcgtccggtt
tggcagcgac
actggtggag
ggcgagcaac
cgatcaaaaa
ttactatgtg
tggtcgtgat
tccggtggtt
cggtgatttc
caccagcacc
ttgcaccatc

cccgeeggceg

Gly
15

Asp
Asp
Pro
Asp
Gln
95

Met
Asp

Tyr

Glu
Gly
Gly
Arg
Ile
80

Phe
Phe

Leu

Thr

180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1509



Trp
145
Val
Ile
Ala
Pro
Arg
225
Val
Ala
His
His
Ser
305
Thr
Ala
Ala
Phe
Gly
385
Ile
Arg
Leu
Leu
Ala
465
Ala

Asn

<210> 29

Gly
Asp
Leu
Val
Asp
210
Gly
Glu
Leu
Trp
Asp
290
Leu
Ile
Ala
Leu
Tyr
370
Lys
Asn
Pro
Glu
Ala
450
Pro

Trp

Pro

Gly
Ile
Asp
Gly
195
Thr
Met
Ile
Leu
Leu
275
Gly
Lys
Lys
Ser
Gly
355
Met
Asn
Arg
Val
Ala
435
Met
Gly
Lys

Pro

<211> 1506
<212> DNA
<213> Artificial Sequence

Lys
Asp
Gln
180
Tyr
Phe
Glu
Ala
Leu
260
Gly
Ile
Gly
Glu
Asn
340
Cys
Pro
Asp
His
Val
420
Phe
Thr
Lys
Asp

Ala
500

Thr
Thr
165
Met
Gly
Asp
Thr
Asn
245
His
Val
Gly
Leu
Asn
325
Leu
Asp
Gly
Met
Tyr
405
Gln
Asp
Trp
Gly
Ala

485
Ala

Arg
150
Ala
Ser
Ala
Leu
Leu
230
Lys
Ala
Arg
Val
Val
310
Ser
Asp
Asp
Val
Glu
390
Tyr
Ala
Gly
Thr
Ala
470

Ser

Ala

Leu
Ser
Lys
Lys
Ile
215
Ile
Val
Leu
Pro
Ile
295
Pro
His
Leu
Gln
Pro
375
Leu
Thr
Leu
Asp
Gly
455
Gly
Gly

Gln

Val
Asp
Ser
Arg
200
Ser
Glu
Asp
Ser
Val
280
Asp
Asp
Gly
Tyr
Lys
360
Gln
Leu
Val
Asn
Phe
440
Gln

Ser

Glu

Trp
Glu
His
185
Ala
Arg
Val
Arg
Thr
265
Asn
Val
Asp
Glu
Gln
345
Tyr
Val
Lys
Ala
Ala
425
Ser
Ser

Ser

His

Thr
Gly
170
Val
Lys
Ile
His
Val
250
Gly
Ala
Gly
Glu
Ser
330
Val
Ile
Tyr
Arg
Glu
410
Leu
Phe
Thr
Gly

Val
490

Thr
155
Trp
Ser
Thr
Lys
Ser
235
Tyr
Lys
Val
Ser
Val
315
Ala
Asn
Ala
Tyr
Thr
395
Ile
Gly
Thr
Ser
Val

475
Thr

Phe
Ala
Phe
Ser
Glu
220
Tyr
Asp
Thr
Asn
Asp
300
Asp
Glu
Cys
Ser
Val
380
Asn
Asp
Arg
Glu
Thr

460
Pro
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Thr
Tyr
Ile
Cys
205
Glu
Tyr
Phe
Gly
Val
285
Gln
Gln
Ala
Thr
Arg
365
Gly
Val
Glu
Phe
Asn
445
Thr
Val

Asp

Pro
Leu
Arg
190
Phe
Ser
Lys
Ala
Pro
270
Leu
Met
Leu
Thr
Tyr
350
Ala
Ala
Gly
Asn
Arg
430
Gly
Leu

Cys

Ile

Gln
Met
175
Leu
Met
Ala
Lys
Ile
255

Leu

Asp

Val
Gly
335
Val
Leu
Arg
Leu

415
Asn

Thr
Thr

Ile
495

Gln
160
Ser
Asp
Thr
Arg
Gln
240
Pro
Ala
Thr
Arg
Glu
320
Ala
Ser
Gln
Ala
Asp
400
Arg
Thr
Ser
Phe
Ile

480
Ala



<220>

<223> Sucrose phosphorylase from

<400> 29
atgaagaaca
agcctgaccg
ccgttcttta
gttgatccgc
atggttgatg
aaaaacggtg
gatggtgcga
acccactata
gtggacatca
atgagccaaa
gcgaaaacca
gagagcgcga
gtggaaattg
catgcgctga
aacgcggtga
cagatggatc
accatcaaag
ctggacctgt
tatattgcgg
ggtgegetgg
atcaaccgtc
aaagcgctga
agctttgcgc
accctgacct
cgttggaagg
gtggcg

<210>
<211>
<212>
<213>

30
502
PRT

<220>
<223>

<400> 30
Met Lys Asn
1
Gly

Thr Ile

Val Glu
35
Ala

Tyr
Ala Asp
50
Gly

Leu Thr

65
Met

Val Asp

aagttcagct
acgtgctgcg
ccccgttcga
gtctgggtac
cgattgtgaa
aagcgagccc
ccgaggaaga
actggggtgg
acaccgatag
gccacgttag
cctgcttcat
aacgtggcat
cgggtaaagt
ccaccggtaa
acgttctgga
gtagcctgaa
aaaacagcca
accaggttaa
cgecgtgeggt
cgggcgagaa
actactatag
acgcgctgtg
agaacggtga
ttaccccggce
acagegeges

Sucrose phosphorylase

Val
5
Ser

Lys

Arg
20
Gly Vval

Gly Phe

Trp Asp

Ala Ile

85

Gln
Leu
His
Asp
Asp

70
Val

gatcacctac
tacccgtttt
cggtgcggat
ctgggacgat
ccacatgagc
gtactatggc
tctggegggt
caagacccgt
cattgaaggc
cttcattcgt
gaccccgaag
ggagaccctg
ggaccgtgtt
aaccggtccg
cacccacgat

gggtctggty
cggtgaaagc
ctgcacctac
gcagttcttt
cgacatgcag
cctggaggaa
ccgtttccgt
tagcctgacc
gcaaggtgtt
tgatcacaaa

Artificial Sequence

Leu Ile

Thr Asp

Ile Leu
40
Pro Ile
55
Ile Ala

Asn His

Parascardovia

gcgaaccgtt
gatggtgttt
gcgggetttg
atcgcggagc
tgggagagca
atgttcctga
atctatcgtc
ctggtttgga
tgggactacc
ctggacgcgg
acctttgagc
atcgaagttc
tatgattttg
ctggcgegtt
ggtattggcg
ccggacgagsg
gcggegegega
tatagcgcgc
atgccgggceg
ctgctgaagg
attgaccaaa
aacggtctgg
ttcgcgtgga
ggcaaagatg
accgatgatc

Thr Tyr Ala
10

Val Leu

25

Pro

Arg

Phe Phe

Asp His Thr

Glu Ser
75
Trp

Leu

Met Ser

90

tcggcgaggg
acgaaggcgt
acccgattga
tgagcaaaac
agcagttcca
ccatgagcgc
cgcgtceggg
ccacctttac
tgatgagcat
tgggttatgg
tgatcggtcg
acagccacta
cgattccggg
ggatggaagt
ttatcgatat
aagttgatca
ccggegegsc
tgggttgcga
tgccgcaagt
aaaccaacgt
acctggagcg
aagcgtttga
ccggcaagga
aggcgccggt
tgattgcgga

from Parascardovia

Asn Arg Phe

Thr Phe
30
Phe

Arg
Thr Pro
45
Lys Val
60
Lys

Asp

Thr His

Glu Ser Lys
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caccattcgt
gcacattctg
tcacaccaag
ccacgacatc
agacgttatg
ggtgtttccg
tctgeccgttc
cccgcagcaa
cctggatcag
cgcgaagcag
tattaaagag
catgaagcaa
tctgectgetg
gcgtccgggt
tggtagcgac
actggtggag
ggcgagcaac
cgatcaaaaa
ttactatgtg
tggtcgtgat
tccggtggtt
cggcgatttc
gaccgaagcg
gtgcagcctg
accgccggcg

Gly Glu
15
Asp Gly

Asp Gly

Pro Arg
Ile
80
Phe

Asp

Gln
95

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1506



Gln
Leu
Ala
Trp
145
Val
Ile
Ala
Pro
Arg
225
Val
Gly
Arg
His
Ser
305
Thr
Ala
Ala
Phe
Gly
385
Ile
Arg
Leu
Leu
Thr
465
Arg

Glu

Asp
Thr
Gly
130
Gly
Asp
Leu
Val
Lys
210
Gly
Glu
Leu
Trp
Asp
290
Leu
Ile
Ala
Leu
Phe
370
Glu
Asn
Pro
Glu
Thr
450
Pro

Trp

Pro

Val
Met
115
Ile
Gly
Ile
Asp
Gly
195
Thr
Met
Ile
Leu
Met
275
Gly
Lys
Lys
Ser
Gly
355
Met
Asn
Arg
Val
Ala
435
Phe
Ala
Lys

Pro

Met
100
Ser
Tyr
Lys
Asn
Gln
180
Tyr
Phe
Glu
Ala
Leu
260
Glu
Ile
Gly
Glu
Asn
340
Cys
Pro
Asp
His
Val
420
Phe
Ala
Gln
Asp

Ala
500

Lys
Ala
Arg
Thr
Thr
165
Met
Gly
Glu
Thr
Gly
245
His
Val
Gly
Leu
Asn
325
Leu
Asp
Gly
Met
Tyr
405
Lys
Asp
Trp
Gly
Ser

485
Val

Asn
Val
Pro
Arg
150
Asp
Ser
Ala
Leu
Leu
230
Lys
Ala
Arg
Val
Val
310
Ser
Asp
Asp
Val
Gln
390
Tyr
Ala
Gly
Thr
Val
470
Ala

Ala

Gly
Phe
Arg
135
Leu
Ser
Gln
Lys
Ile
215
Ile
Val
Leu
Pro
Ile
295
Pro
His
Leu
Gln
Pro
375
Leu
Ser
Leu
Asp
Gly
455
Gly

Gly

Glu
Pro
120
Pro
Val
Ile
Ser
Gln
200
Gly
Glu
Asp
Thr
Gly
280
Asp
Asp
Gly
Tyr
Lys
360
Gln
Leu
Leu
Asn
Phe
440
Lys
Lys

Asp

Ala
105
Asp
Gly
Trp
Glu
His
185
Ala
Arg
Val
Arg
Thr
265
Asn
Ile
Glu
Glu
Gln
345
Tyr
Val
Lys
Glu
Ala
425
Ser
Glu
Asp

His

Ser
Gly
Leu
Thr
Gly
170
Val
Lys
Ile
His
Val
250
Gly
Ala
Gly
Glu
Ser
330
Val
Ile
Tyr
Glu
Glu
410
Leu
Phe
Thr
Glu

Lys
490

Pro
Ala
Pro
Thr
155
Trp
Ser
Thr
Lys
Ser
235
Tyr
Lys
Val
Ser
Val
315
Ala
Asn
Ala
Tyr
Thr
395
Ile
Cys
Ala
Glu
Ala

475
Thr

Tyr
Thr
Phe
140
Phe
Asp
Phe
Thr
Glu
220
His
Asp
Thr
Asn
Asp
300
Asp
Ala
Cys
Ala
Val
380
Asn
Asp
Arg
Gln
Ala

460
Pro
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Tyr
Glu
125
Thr
Thr
Tyr
Ile
Cys
205
Glu
Tyr
Phe
Gly
Val
285
Gln
Gln
Ala
Thr
Arg
365
Gly
Val
Gln
Phe
Asn
445
Thr
Val

Asp

Gly
110
Glu
His
Pro
Leu
Arg
190
Phe
Ser
Met
Ala
Pro
270
Leu
Met
Leu
Thr
Tyr
350
Ala
Ala
Gly
Asn
Arg
430
Gly
Leu

Cys

Leu

Met
Asp
Tyr
Gln
Met
175
Leu
Met
Ala
Lys
Ile
255
Leu
Asp
Asp
Val
Gly
335
Tyr
Val
Leu
Arg
Leu
415
Asn
Asp
Thr

Ser

Ile
495

Phe
Leu
Asn
Gln
160
Ser
Asp
Thr
Lys
Gln
240
Pro
Ala
Thr
Arg
Glu
320
Ala
Ser
Gln
Ala
Asp
400
Glu
Gly
Ser
Phe
Leu

480
Ala



<210>
<211>
<212>
<213>

31
1500
DNA

<220>
<223>

<400> 31

atgaagaaca
agcatgaccg
ccgttcttta
gtggacccgc
atggttgaca
gcgaaggegcg
gatggtgtga
acccactata
gtggacattg
ctgagccaaa
aaaaacagca
gagggtgaaa
gtggagattg
catgcgctgg
aacgcggtga
cagatggacc
agcatccacc
ctggacctgt
tatattgcgg
ggtgegetgg
atcaaccgtc
caggcgctga
agctacagca
accctgacct

accgatgcecgg

<210>
<211>
<212>
<213>

32
500
PRT

<220>
<223>

<400> 32

Met Lys Asn Lys Val Gln Leu

1

Gly Thr Leu Lys Ser Met Thr

Val Tyr Glu Gly Val His Ile

35

Ala Asp Ala Gly Phe Asp Pro

aagttcaact
agaccctgcg
ccccgttcga
gtctgggtag
ccattgtgaa
aggacagcga
ccgaggaaga
actggggtgg
ataccgacag
gccacgttag
gctgcttcat
aacgtggcct
cgagcaaggt
aatttggcaa
acgttctgga
gtagcctggc
gtaacagcaa
accaagttaa
cgecgtgeggt
cgggcagcaa
actactatag
acgcgcetggg
acgeggacgsg
ttgcgccgaa
cgggtgaaca

Sucrose phosphorylase

5

20

Artificial Sequence

Sucrose phosphorylase from

gattacctac
taaacacttc
tggtgcggac
ctgggacgat
ccacatgagc
atactatccg
cctgaccgceg
caaaacccgt
cgagatgggt
ccaaattcgt
gaccccgaag
ggagaccctg
ggatcgtgtt
aaccgatgcg
tacccacgac
gggtctggtg
gggtgaaagc
ctgcacctac
gcagttcttt
cgatatggac
cgcggeggaa
ccgtttccegt
cgttctgacc
ggcgaacagc
tgcgaccgac

Artificial Sequence

from

40

Alloscardovia

gcggatcgtc
gagggtgttt
gcgggctttg
gtggcggaac
tgggagagcg
atgttcctga
atctatcgtc
ctggtttgga
tggaactacc
ctggacgcgg
acctttaaac
atcgaagttc
tacgactttg
ctggcgcaat

ggtatcggeg
ccggatgagg
caggaagcga
tatgcggcgc
atgccgggceg
ctgctgaagc
gtggcgagceg
aacaccctga
atgacctggg
aacggtgcga
gatctgatcg

tgggtgacgg
atgaaggcgt
atccggttga
tgagcaccac
aacagttcca
ccatgagcag
cgcgtccggg
ccacctttac
tgctgagcat
tgggttatgg
tgatcgaacg
acagctacta
cgatcccggg
ggattgacgt
ttatcgatat
aagttgacgc
ccggegegsc
tgggtagcga
tgccgcaagt
gtaccaacgt
aggtggaacg
gcgegttcga
cggatgatgc
gcgtggegeg
cgaacccgcc

Alloscardovia

Ile Thr Tyr Ala Asp

10

Glu Thr Leu Arg Lys
25
Leu Pro Phe Phe Thr

Val Asp His Thr Lys

30

45
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caccctgaag
gcacatcctg
ccacaccaaa
ccacgatatc
agatgttatg
catttttccg
tctgeccgttc
cccgcagcaa
cctggatcag
cgcgaaggag
tattaaggcg
taagaaacag
tctgectgetg
tcgtccgaac
tggtagcgat
gctggttgag
ggcgagcaac
cgatcagaaa
ttactatgtg
gggtcgtgat
tccggtggtt
tggtgaattt
gacccgtgcg
tctggagtgg
ggtggttgceg

Arg Leu Gly Asp

15

His Phe Glu Gly
Pro Phe Asp Gly

Val Asp Pro Arg

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500



Leu
65

Met
Gln
Leu
Thr
Trp
145
Val
Ile
Ala
Pro
Arg
225
Val
Gly
Gln
His
Ser
305
Ser
Ala
Ala
Phe
Gly
385
Ile
Arg
Leu

Leu

Ala
465

50
Gly

Val
Asp
Thr
Ala
130
Gly
Asp
Leu
Val
Lys
210
Gly
Glu
Leu
Trp
Asp
290
Leu
Ile
Ala
Leu
Phe
370
Ser
Asn
Pro
Ser
Thr

450
Pro

Ser
Asp
Val
Met
115
Ile
Gly
Ile
Asp
Gly
195
Thr
Leu
Ile
Leu
Ile
275
Gly
Ala
His
Ser
Gly
355
Met
Asn
Arg
Val
Ala
435

Met

Lys

Trp
Thr
Met
100
Ser
Tyr
Lys
Asp
Gln
180
Tyr
Phe
Glu
Ala
Leu
260
Asp
Ile
Gly
Arg
Asn
340
Ser
Pro
Asp
His
Val
420
Phe
Thr

Ala

Asp
Ile
85

Ala
Ser
Arg
Thr
Thr
165
Leu
Gly
Lys
Thr
Ser
245
His
Val
Gly
Leu
Asn
325
Leu
Asp
Gly
Met
Tyr
405
Gln
Asp
Trp

Asn

Asp
70

Val
Lys
Ile
Pro
Arg
150
Asp
Ser
Ala
Leu
Leu
230
Lys
Ala
Arg
Val
Val
310
Ser
Asp
Asp
Val
Asp
390
Tyr
Ala
Gly
Ala

Ser
470

55
Val

Asn
Gly
Phe
Arg
135
Leu
Ser
Gln
Lys
Ile
215
Ile
Val
Leu
Pro
Ile
295
Pro
Lys
Leu
Gln
Pro
375
Leu
Ser
Leu
Glu
Asp

455
Asn

Ala
His
Glu
Pro
120
Pro
Val
Glu
Ser
Glu
200
Glu
Glu
Asp
Glu
Asn
280
Asp
Asp
Gly
Tyr
Lys
360
Gln
Leu
Ala
Asn
Phe
440
Asp

Gly

Glu
Met
Asp
105
Asp
Gly
Trp
Met
His
185
Lys
Arg
Val
Arg
Phe
265
Asn
Ile
Glu
Glu
Gln
345
Tyr
Val
Lys
Ala
Ala
425
Ser

Ala

Ala

Leu
Ser
90

Ser
Gly
Leu
Thr
Gly
170
Val
Asn
Ile
His
Val
250
Gly
Ala
Gly
Glu
Ser
330
Val
Ile
Tyr
Arg
Glu
410
Leu
Tyr
Thr

Ser

Ser
75

Trp
Glu
Val
Pro
Thr
155
Trp
Ser
Ser
Lys
Ser
235
Tyr
Lys
Val
Ser
Val
315
Gln
Asn
Ala
Tyr
Thr
395
Val
Gly
Ser

Arg

Val
475

60
Thr

Glu
Tyr
Thr
Phe
140
Phe
Asn
Gln
Ser
Ala
220
Tyr
Asp
Thr
Asn
Asp
300
Asp
Glu
Cys
Ala
Val
380
Asn
Ala
Arg
Asn
Ala

460
Ala
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Thr
Ser
Tyr
Glu
125
Thr
Thr
Tyr
Ile
Cys
205
Glu
Tyr
Phe
Asp
Val
285
Gln
Ala
Ala
Thr
Arg
365
Gly
Val
Ser
Phe
Ala
445
Thr

Arg

His
Glu
Pro
110
Glu
His
Pro
Leu
Arg
190
Phe
Gly
Lys
Ala
Ala
270
Leu
Met
Leu
Thr
Tyr
350
Ala
Ala
Gly
Glu
Arg
430
Asp

Leu

Leu

Asp
Gln
95

Met
Asp
Tyr
Gln
Leu
175
Leu
Met
Glu
Lys
Ile
255
Leu
Asp
Asp
Val
Gly
335
Tyr
Val
Leu
Arg
Val
415
Asn
Gly
Thr

Glu

Ile
80

Phe
Phe
Leu
Asn
Gln
160
Ser
Asp
Thr
Lys
Gln
240
Pro
Ala
Thr
Arg
Glu
320
Ala
Ala
Gln
Ala
Asp
400
Glu
Thr
Val
Phe

Trp
480



Thr Asp Ala Ala Gly Glu His Ala Thr Asp Asp Leu Ile Ala Asn Pro
485 490 495
Pro Val Val Ala
500
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The Claims defining the invention are as follows:

1. A method for glycosylation of a substrate to produce a beta-glycosylated product,
comprising the steps of: providing at least one glycosyl group donor wherein said glycosyl group
donor is glucose-1-phosphate, a least one glycosyl group acceptor, and at least one glycosyltransferase
enzyme; contacting the glycosyl group donor and glycosyl group acceptor with the
glycosyltransferase enzyme under conditions such that the glycosyl group acceptor is glycosylated to
produce at least one product having beta-glucose linkages; wherein the conditions are in vitro or

within an engineered host cell.

2. The method of Claim 1, wherein said glycosyl group acceptor is selected from
glycosyl, alkoxy, carboxy, aminocarbonyl, heteroalkyl, heteroalkenyl, heteroalkynyl, carboxyalkyl,

aminoalkyl, haloalkyl, alkylthioalkyl, heterocycloalkyl, heteroaryl, and heteroarylalkyl groups.

3. The method of Claim 1 or Claim 2, wherein said product having beta-glucose
linkages is a steviol glycoside.

4, The method of any one of Claims 1 to 3, wherein said glycosyl group acceptor is
stevioside, said glycosyl group donor is alpha-glucose-1-phosphate, and said product having beta-
glucose linkages is rebaudioside A.

5. The method of any one of Claims 1 to 4, wherein said glycosyltransferase is selected
from the polypeptides set forth in SEQ ID NOS:2, 4, 6, 8, 10, 12, and 14.

6. A method for production of glucose-1-phosphate, comprising the steps of: providing
a phosphorylase, inorganic phosphate, and a disaccharide, trisaccharide, or oligosaccharide substrate
of the phosphorylase; contacting said phosphorylase, inorganic phosphate, and saccharide under
conditions such that said saccharide is cleaved to produce a monosaccharide and glucose-1-phosphate;
wherein the method for production of glucose-1-phosphate is combined with the method of any one of

Claims 1 to 5; wherein the conditions are in vitro or within an engineered host cell.
7. The method of Claim 6, wherein said glucosyl group acceptor is selected from

glycosyl, alkoxy, carboxys, aminocarbonyl, heteroalkyl, heteroalkenyl, heteroalkynyl, carboxyalkyl,

aminoalkyl, haloalkyl, alkylthioalkyl, heterocycloalkyl, heteroaryl, and heteroarylalkyl groups.
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8. The method of Claim 6 or Claim 7, wherein said phosphorylase is sucrose
phosphorylase, said saccharide is sucrose, said monosaccharide produced is sucrose, and said glucose-
1-phosphate produced is a-glucose-1-phosphate.

9. The method of any one of Claims 6 to 8, wherein said phosphorylase comprises a
polypeptide sequence selected from SEQ ID NOS:16, 18, 20, 22, 24,26, 28, 30, and 32.
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ABSTRACT

The present invention provides glycosyl transferase (GT) enzymes, polypeptides having GT
activity, and polynucleotides encoding these enzymes, as well as vectors and host cells comprising
these polynucleotides and polypeptides. The present invention also provides methods of using these

GT enzymes to generate products with B-glucose linkages.

FIGURE 1
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