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ENGINEERING ENZYMATICALLY SUSCEPTIBLE PROTEINS

Field of Invention
The present invention generally relates to the field of molecular biclogy,
computational biology, and more specifically, to methods of protein engineering by

rational design to generate proteins with increased enzymatic susceptibility.

Background of the Invention

Industrigl processes frequently require the addition of proteins to perform a
specific fonction within a process. The demand for proteins with new or different
characteristics grows as industrial processes evolve and become more efficient. One
method for developing proteins with new characteristics is to engineer currently
used proteins to contain new features, and thus creatmg new varrants of the protem.
Protein engineering has focused on the development of thermotolerance in many
enzymes. The instant application describes using protein engineering techniques 1o
engineer enzyvmatically susceptible variants of a protein. The methods described can
be used on a variety of proteins. In addition, the methods described can be used to

engineer enzyimatic susceptibility to a wide range of proteases.

Summary of the Invention

A method of engineering proteins with increased sasceptibility to a protease
is described.  Protein engineering by rational design is based upon the three-
dimensional structural model of a protein and subsequent identification of protein
domains that can be altered without deleterions effects on binding sites, active sites
and overall three-dimensional structwe.  Any protein can be engineered for

mcreased susceptibility to any protease.

Detailed Description of the Invention

Industrial processes use protemns as a component of manufacturing  Proteins
that are enzymes are particalarly useful as components in industrial processes as
they catalyze reactions that convert a substrate from one form #nto another. The

characteristics of a protein and, in particular, the activity profile (ie. optimum
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temiperature, pH, salt concentration, ions, efc.) of an enzyme contribute 1o the
usefulness of a protein for a particular process. As new mdustrial processes develop,
there is an increasing demand for proteins with altered characteristics.  The new
characteristics sought can be i addition to the proteins current set of characteristics
or could wvolve altering a characteristic. Protein characteristics can inclade, but are
not limited to, featwes of the activity profile. ability to absorb water, ability to
prevent water absorption, gelling capacity, etc. For example, it may be desired to
epgiyeer a protein that displays thermotolerance and acid stability with the
additional characteristic of enhanced susceptibility to protease digestion.  In this
example, the onginal charactenstics of the protein {thermotolerance and acid
stability) need to be maintained while the new characteristic {enhanced sensitivity to
a protease) 13 added. One may also take mto account the specific actreity of an
enzyme where “spectfic activity” of an enzyme bemg defined as the amount of
substrate an enzyme is able to convert or catalyze over a given unit of time.

There are several techniques avatlable for evolving profeins 1o create variants
with altered characteristics. For example, technigues based upon random amino scid
changes or random mutagenesis include chemical mutagenesis (Smith, Ann. Rev.
Genet. 19:423-462 (19R5)), DirectBEvolution; (LS. Patent No. 5,830,696}, Gene Site
Saturation Mutagenesis (GSSM) (ULS. Patent Nos. 6,171,820 and 0,579288),
Exonuclease-Mediated Gene Assembly tn Directed Evolotion (LS. Patent Nos.
6,361,974 and 6,352,842), End Selection in Directed Evolution {11.S. Patent Nos.
6,358,709 and 6,238,884}, Recombipnation-Based Synthesis Shuffling (U.S. Patent
Nos, 5,965 408 and 6,440,668, and Australian Patent No. AUT24521), and Directed
Evolution of Thermophilic Enzymes (U.S, Patent Nos. 5,830,696 and 6,335,179
These techmques give rise to a pool of variants with random mutations and this pool
of variants is then screened 1o identity those individual variants with the desived set
of characteristics.

An alternative to random mutagenests 1s rational design 1 which specific
regions of the protem are identifled for alteration based upon what 1s known about
the protein itself. Rational design incorporates knowledge of the three-dimensional
stracture, the location of the active site(s) and the location of important binding

sitefs) to predict regions of the proten that can be gltered. With this information,

.
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proteins with specific alterations can be generated and tested for activity, Specific
alterations can be made singly or in combinations with other alterations to observe
the combined effects of several changes to the protein structure (Fersht, o ol
Angewandte Chemie Int. Ed. 23:467-538 (1984)).

Rational design takes into consideration that the relationship between the
protein’s chavacteristics, the three-dimensional model and the degree to which the
protein can be altered is complex. The mutations to be generated m the protein are
mapped onto the three-dimensional model and there i3 consideration of binding
sites, active sites and protein structure; this analysis 15 itended to increase the
probabifity of generating variants that maintam activity in addition to displaying the
new characteristics. In addition, the number of variants screened is relatively low
compared to the number of varants screened using random mutagenesis.

Rational design 1s facilitated by an understanding of the three-dimensional
model of the protein. The three-dimensional model can be elucidated by methods
which physically determine the three-dimensional structure of the protein such as X-
rav crvstaliography and NMR (nuclear magnetic resonance} or can be modeled
computationally. Methods for solving the protein crystal stracture physically are
well known in the an (Schuetz, et al. EMBO §. 25:4245-4252 {2006); Peterson et al.
Mol Cell 13:665-676 (2004); Alhingham et al. Cell 128:1161-1172 (2007}).

In computational biology, there are three different methods for
prediction'modeling a protein’s three-dimensional structure;, ab initio, homology
modeling and protein threading, Ad fnitio- or de nove- protein modeling methods
seek 1o build three-dimensional protein models "from scratch”, fe., based on
physical principles rather than directly on previously solved physical structures.
There are many possible procedares that either attempt to muimic protein folding or
apply some stochastic method to search possible solutions. These procedures tend to
require farge computational resources, and have been carried out for small proteins.

Homology modeling 15 based on the reasonable assumption that two
homologous proteins will share very similar structures. Because a protem’s fold is
more evolutionarily conserved than its amino acid sequence, a target sequence can
be modeled with regsonable accuracy on g very distantly related template, provided

that the relationship between target and template can be discerned through sequence
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alignment, It has been suggested that the primary bottleneck in compamtive
modeling arises from difficulties in alignment rather than from ervors in structure
prediction given a known good alignment.  Unsurprisingly, homology modeling s
nost accurate when the target and template have similar sequences. The homology
modeling method, as provided by computer program Modeler {Accelrys Inc ), can
be ased to model the three~dimensional structure of homologous protein without the
need to solve the actual stracture by Xeray or NMR (Webster “Protein Structure
Prediction, Methods and Protocols”™; Methods m Molecular Biology, Humana Press
vol 143 (2000) and Bourne and Weissig, “Structurgl Bloinformatics”, Wiley-Liss
Publisher (2003)).

The protein threading method threads the amino acid sequence of a target
sequence with unknown structwre through a library of classitied protemn structore
folds. In each case, a scoring function 15 used {0 assess the compatibility of the
sequence to the structure, thus selecting the best possible three-dimensional template
for modeling the target protein. This type of method is also known as 3D-112 fold
recognition due to its compatibility analvsis between three-dimensional structures
and linear protein sequences. This method has also given rise to methods performing
an inverse folding search by evaluating the compatbility of a given strocture with a
large database of sequences, thus predicting which sequences have the potential to
produce a given fold.

Ongce the three-dimensional model of the protein 1s created, this serves as the
foundation for adding additional information known sbout the protein. It is
mportant to wdentify regions of the protein knowsn 1o be required for basic activity,
such as binding domains and active sites. Conserved regions of a protein can
provide insight wto areas of the protein that should be avoided when making
modifications. Understanding the physical structures of the protetn that are required
for activity helps to identify areas that may be modified. Generally, areas that may
be modified are those that do not contribute to the formation of binding domains o
active sites. [n addition, areas of the protein selected for modification should not
mterfere with binding domains or actives sites once alterations have been made.

Hence, all alterations to the protem are mapped omte the three-dimensional model
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using computational techniques, such as the Accelyrs MODELER program, in order
to determine if the basic structure of the protein is maintained,

The activity of vartant protems generated by cither random mutagenesis or
rational design s evalopted to select variants that meet specific criteria.  These
specific oriiena coincide with the new charactensties desired 1o the protein. These
new characieristics can include, but i3 not limited to, altered catalytic activity of an
enzyine, activity at a higher or lower temperature, activity in & wide or narrow range
of temperature, activity at a higher or lower pH, activity in a wide or narow range
of pH, sensitivity to degradation at a higher or lower pH, increased suscepubility to
digestion by a protease, or increased resistance to digestion by a protease. A person
of ordinary skill in the art wonld be able o take the information disclosed herein and
design and generate a range of vanants of a protein with altered protemn
characteristics or activity,

Rational design technigues have been emploved 1o develop protein variants
with specific characteristics such as thermotolerance {Perry and Wetzel, Science
226:535-557 (1984); Sauer et al. Biochemistry 25:5992-5998 (1986); Volkin et al L
of Biol. Chem. 262:2945-2950(1987); Roesler et al Protein Science 9:1642-1650
{2000)), stability in the presence of proteases (Wyss et al. Applied and Enviro.
Micro. 65:359-366 (1999}) and stability at low pH (Kim et al. Applied and Eaviro.
Micro. 72:4397-4403 (2006)). Rational design techniques have also been employed
te develop insecticidal protoxins that when exposed 10 an insect gut, are cleaved by
an insect guwt protease to release an insecticidal toxin (US patent application
10/229,346). Described herein are methods for using rational design techniques for
the purpose of developing proteins with enhanced susceptibility to proteases wherein
susceptibility leads to an ingctivation of the protein

The following factors relating to protein structwre may contribute o
increasing protemn sensitivity to proteases; degree and location of glycosviation,
degree of disulfide bridge formation, location and sequence of potential protease
cleavage sites and protem loops which can be altered to contam lughty favorable
protease ¢leavage sites.

Glycosylation may have a number of effects on the properties of an enzyme.

First, it may have an impact on the stability of a protewn, or it may influence the

LA
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catalytic propertics. Second, in case of acidic carbohydrate medification, it may
influence the pH of a protemn and thereby change the behavior of the protein durmg
purification.  And third, by diverting metabolic energy, it may lower the level of
expression of an enzyvme, (Wyss et all Applied and Enviro, Micro. 65:359-366
{1999)). Glycosylation of a protein involves adding glvcan chains to the protein
which may physically interfere with the ability of a protease to contact a binding site
{Bagger et al. Biochemistry 42:10295-10360 (2003}}. Decreasing glycosylation of a
protein may mcerease sensitivity 1o a protease by opening up the structure of the
protein to allow interaction of the protease with potential binding sites.

Highly stable protein structures {or protein folding) can prevent the protein
from anfolding enoagh to allow a protease to access potential cleavage sites that are
within the three-dimensional protem struocture. Disulfide bridges contribute to the
stability of a three-dimensional structure by forming bridges between cysteine
resides that come into physical proximify to gach other when the protein is folding.
These cysteine residues are not necessarily near each other when examining the
linear amino acid sequence of the protein. See Stryer, Biochemistry 4™ Ed., W. H.
Freeman and Co, New York (19953 Replacing specific ¢ysteine residues can
decrease the extent of intramolecular disulfide bonds which may destabibize a
protein enough to allow a protease to access a cleavage site that s internal to the
tolded protein.

Incorporating protease cleavage sites can increase sensitivity 0 a protease.
Native protein sequences that are similar to a high affinity protease cleavage site can
be gltered to reflect a highly favorable site. This type of moditication to the protein
sequence represents g minor modification to the protein.  Alternatively, highly
favorable protease cleavage sites can be introduced mto the protein de nove which
represents a major modification to the protein.  In erther case, the minor or major
change to the protein, the three-dimensional model i3 used to identity regrons of the
folded protein that are candidates for such modification. In particular, protein loops
that are exposed to the swrrounding medinm are candidates for alteration. In
addition, these loops should not interfere with binding sites or getive sites n the

proteis,
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It is generally believed that structural stability of a protein is Hnked 1o the
ability of the protemn to withstand extreme conditions such as temperature and pH.
Structural features such as glycosvlation and disulfide bridge formation contribute to
the stability of a protein and may also contribute 0 mcreasing a proteins ability to
withstand extreme conditions of temperatwve and pH.  These same structural

features, 1.e. glvcosylation and disulfide bridge formation, are targeted to engineer
enzymatic susceptibilty. The uncoupling of activity at extreme conditions from
features that enhanced stability of the folded protein is a challenge for engineerning
enzymatically susceptible protems.

The above described considerations for engineening proteing with enhanced
susceptibility to proteases lead to the designing of a variety of mutations that affect
glyvcosvlation, formation of disulfide brndges, and creating highly favorable protease
cleavage sites. The predicted alterations in the protein sequence can be generated as
single alterations or in various combinations (Roesler et al. Protein Science 9:1642-
1650 (2000)). For instance, it may be that mudtiple plveosylation sites are found to
exist on a particalar protein. These sites can be altered one at a time or they can all
be altered in a single varignt. As another example, a glveosylation site and altering a
disulfide bond can be combined mto a single variant. In essence, the vanations
identified through analysis of the three-dimensional model can be considered
maodules that can be combined at will to generate variants for testing.

The terms domain and site when referring © a protein are used
interchangeably and can refer to Huoear amino acid sequences identified within a
protein or may refer 1o structural areas that exist when the proten is m a folded state,

One embodiment of the tnvention is a method of increasing enzymatic
susceptibility by rattonal design technigues wherein the three-dimensional structure
of & protein is modeled and subsequent feature identification of the protein selected
from the group consisting of binding sies, active sites, glycosylation sites, disulfide
bonds, and proten loops exposed to the surrounding medium.

Another embodiment of the invention is a method of increasing enzyvmatic
susceptibility by rational design techniques wherein the target protein is fisst
engtneered to have a more stable three-dimensional structyre.  Stability can be

mcreased through rational design or random mutagenesis techniques.  Stability can

-}
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be measured by the ability of the protemn to function under conditions of higher
teraperature {thermodynamue stability) or extreme pH conditions. Stability can take
many forms such as disulfide-bridges which stabilize mtramolecular interactions, w
addition to alierations to folding structures that make for g more compact three-
dimensional structure (conformational stability).  Techmiques for engineermng
thermostabidity mto a protein are known in the art such as Nosoh et al. TIBTECH
Yol 8:16-20 {1990} and Imanaka et al. Nature vol 324:695-697 {1986}

Thermodynanye stability is defined in termms of temperature and activity and
is determined by comparing the activity of the variant with the starting protein. The
temperature maxinmum of the protein is determined by holding the protein at a
specified temperatare and then messoring the activity of the protein. The
temperature maximum 18 defined as the temperature at which the protem retams
about 30% activity alter being held for 5 mumutes at a specified temperatore. A
thermos table variant is one in which the vanant displays at least 50% activity when
held for 3 nunutes at a tenperature that i3 5 degrees C higher than the maximum
temperature of the protein. For example, if the starting protein retains 50% activity
when held for 5 nunutes at 45 degrees C, then thermostable variants would be all
variants that retain at least 30% activity when held at 50 degrees C for § minutes,

Any protein can be enginecred to be move enzymatically susceptible based
upon the above disclosure. Proteins that have a function in an mdustiial process
serve as good candidates for targeted engineering because structural and functional
characteristics of the protein may already be known. The structural and functional
information serves as a foundation for further modifving the protemn 10 be
enzymatically susceptible, A vaviety of protems with mnportance to industrial
processes exist inclading: enzvimes or protens that contribute to a value-added trait,
protetus that confer resistance to discases or pests in transgentc plants, proteins or
enzyies that confer herbicide tolerance to a transgenic plant.

Examples of genes that confer or contribute to a valoe-added trait include but
are not lunited to, a phytase enzyme which breaks down phyiate, a nop-nutnitive
element in cercal based animal feeds. For example, see Van Hartingsveldt et al,,
Gene 127: 87 {1993}, for a disclosure of the nucleotide sequence of an dspergilius

miger phytase gene. A gene could be introduced that reduces phytate content. In
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maize, this, for example, could be accomplished, by cloning and then reintroducing
DNA associated with the single allele which is responsible for maize mutants
characterized by low levels of phytic acid. See Raboy et al., Mavdica 35: 383
{1990), Modified carbohydrate composition effected, for example, by transforming
plants with a gene coding for an enzyme that alters the branching pattern of starch.
See Shiroza et al, I Bacteriol 170: {10 (1988) (mucleotide sequence of
Streptococcns mutans fructosyltransferase gene), Steinmetz et al., Mol Gen. Genet.
200: 220 {1985) (nucleotide sequence of Bacillus subtilis levansucrase gene), Pen et
al., Bio/Technology 107 292 (1992} (production of transgenic plants that express
Bacillus licheniformis o-smiviase), Elliot et al, Plant Molee. Biol, 211 515 (1993}
{nucleotide sequences of tomato invertase genes), S.o-gaard et al,, J. Biol. Chem.
268: 22480 (1993) (site~-directed mutagenesis of barley (c-amylase gene}, and Fisher
et al., Plant Physiol. 1020 1045 (1993} (maize endosperm starch branching enzyme
{1). Proteins that alter the flavor of food such as the protein brrazein.

Genes that confer resistance to pests or disease can also be engineered to be
enzymatically susceptible. Plant defenses are often activated by specific interaction
between the product of a discase resistance gene in the plant and the product of a
corresponding avirulence gene in the pathogen. A plant can be wansformed with
cloned resistance gene to engineer plants that are resistant 1o specific pathogen
strais. See, for example Jones et al., Science 266: 789 (1994) (clonming of the tomato
CH8 gene for resistance to Cladosporium fulvum); Martin et al,, Science 262: 1432
{1993) {tomato Pto gene for resistance 10 Pseudomonas syringae pv. tomate encodes
a protein kinase); Mindrinos et al, Cell 781089 {1994} (Arabidopsis RSP2 gene for
resistance to Pseudomonas svringae). A Bacillus thuringiensis protein, a derivative
thereof or a synthetic polvpeptide modeled thereon. See, for example, Geiser et al.,
Gene 48: 109 {1986}, who disclose the cloning and nucleotide sequence of a Bt
deha-endotoxin gene. Moreover, DNA molecules encoding delts-endotoxin genes
can be purchased from American Type Culture Collection {Rockwville, Md), for
example, under ATCC Accession Nos. 40098, 67136, 31995 and 31998, Many
examples of Bacillus thuringiensis proteins exist including but not limited to CrylA,
CrviB, Crv3A, CrydA, and Cry9C. A lectin as described by Van Damme et al,,

Plant Molec. Biol. 24: 25 (1994}, who disclose the nucleotide sequences of several
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Clivia miniata mannose-binding lectin genes. A vitamin-binding protein such as
avidin, as described in PCT application US93/06487, teaches the use of avidin and
avidin homologaes as larvicides against msect pests. An enzyme inhibitor, for
example, 8 protease inhibitor or an amylase inhibitor, for example, Abe et al, 1
Biol. Chem. 262: 16793 (1987) (nucleotide sequence of rice cystemne proteinase
mhubitor), Fhaub et al., Plant Molec. Biol 21: 985 (1993} (nucleotide sequence of
cDNA encoding tobacco proteinase inhitutor I}, and Swmitani et al | Biosci. Biotech.
Biochem. 37 1243 (1993) (nucleotide sequence of Streptomyces nilrosporeus (x-
amylase inhibitor). An insect-specific peptide or neuropeptide which, upon
expression, disrupts the physiology of the affected pest. For example, see the
disclosures of Regan, J. Biol. Chem. 269: 9 {1994) (expression cloning vields DNA
coding for msect diaretic hormone receptor), and Prait et al., Biochem. Biophys.
Res. Comm. 163: 1243 (1989} {an allostatin 18 wdentified in Diploptera puntata). See
also US. Pat. No. 5206317 which discloses genes encoding insect-specific,
paralvtic peurctoxins. An insect-specific venom produced in nature by a snake, a
wasp, etc. For example, see Pang et al, Gene 116: 165 {1992), for disclosure of
heterologous expression in plants of a gene coding for a scorpion insectotoxic
peptide.  An enzyme involved in the modification, including the posttransiational
modification, of a biologically active molecule; for example, a glycolytic enzyme, a
proteolytic enzyme, a bipolytic enzyme, a nuclease, a cyclase, a transaminase, an
esterase, a hydrolase, a phosphatase, a kinase, a phosphorylase, a polymerase, an
elastase, a chitinase and a glucanase, whether natural or synthetic. See PCT
application WO 93/02197 in the name of Scott et al., which discloses the nucleotide
sequence of a callase gene. DNA molecules which contain chitinase-encoding
sequences can be obtatved, for example, from the ATCC under Accession Nos,
39637 and 67152, See also Kramer et al., Insect Biochem. Molec. Biol. 23: 691
(1993}, who teach the nucleotide sequence of a ¢DNA encodmg tobacco hookworm
chitinase, and Kawalleck et al., Plant Molec. Biol. 21: 673 {1993}, who provide the
nucleotide sequence of the parsley ubid-2 polyubiquitin gene. A molecule that
stimmulates signal transduction. For example, see the disclosure by Botella et al,,
Plant Molec. Biol 24: 757 (19943, of nucleotide sequences for mung bean

calmodulin ¢cDNA clones, and Griess et al., Plant Plusioll 104 1467 (1994), who
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provide the nucleotide sequence of g maize calmodudin ¢cDNA clone, A membrane
permedase, a channel former or @ channel blocker, for example, see the disclosure by
Jaynes et al., Plant Sci. 89: 43 (1993), of heterologous expression of a cecropin-beta-
tvtic peptide analog to render transgenic tobacco plants resistant to Pseudomonas
solanacearum. A viral-nvasive protein or a complex toxin derived therefrom. For
example, the accwmulation of viral coat proteins i transformed plaot cells imparts
resistance to viral infection and/or disease development effected by the virus from
which the coat protein gene ix denived, as well as by related viruses. See Beachy et
al.,, Ann. Rev. Phytopathel. 28:451 (1990). Coar protein-mediated resistance has
been conferred upon transformed plants agamst alfalfs mosaic virns, cocomber
mosaic viras, tobacco streak virps, potato viros X, potato viros Y, tobacco etch
virus, tobacco rattie vires and tobacco mosaic virus. An insect-specific antibody or
an mmunotoxin derived therefrom. Thus, an antibody targeted to a ortical
metabolic function in the insect gut would inactivate an affected enzyme, killing the
mzect. Cf Taylor et al., Abstract #497, Seventh Int'l Symposium On Melecular
Plant-Microbe Interactions {Edinburgh, Scotland, 1994) {enzymatic mactivation in
transgenic tobacco viag production of single-chain antibody fragments). A virus-
specific antibody. See, for example, Taviadoraki et al., Natwre 366:469 (1993), who
show thai transgenic plamts expressing recombinant antibody genes are protected
from virus attack. A developmentabarrestive protein produced in nature by a
pathogen or a parasite. Thus, fungal endo alpha-1 4-D-polygalacturonases facilitate
fungal colontzation and plant nutrient release by solubilizing plant cell wall homo-
alpha-1 4-D-galactaronase. See Lamb et al, Bio/Technology 10: 1436 {1992}, The
cloning and  characterization  of a  gene  which  encodes a  bean
endopolyvgalacturongse-inhibiting protein 15 described by Toubart et al,, Plant 1. 2:
367 (1992). A developmental-arrestive protein produced in nature by a plant. For
example, Logemann et al, Bio/Technology 10 305 (1992), have shown that
transgenic plants expressing the barley ribosome~inactivating gene have an increased
resistance to fimgal disease.

Genes that confer resistance to an herbicide, for example, can also be
engineered to be enzymatically susceptible.  For example, proteins that mediate

tolerance to an herbicide that inhibits the growing point or meristerm, such 4s an
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midazalinone or a sulfonylures. Exemplary genes in this category code for mutant
ALS and AHAS enzyine as described, for example, by Lee et al, EMBO 1. 7; 1241
{1988), and Miki et al,, Theor. Appl.Genet. 80: 449 (1990}, respectively. Glyphosate
{resistance mmparted by mutant S-enolpyruvi-3-phosphikimate synthase (EPSP) and
aroA genes, respectively) and other phosphone compounds such as glufosinate
(phosphinothricin  acetyl transferase (PATY and Sweptomvces hygroscopicus
phosphinothricin acetyl transferase (bar) genes), and pyndmoxy or phenoxy
proprionic ackds and cycloshexones {ACCase mmbubitor-encoding genes). See, for
example, U.S. Pat. No. 4,940,835 which discloses the nucleotide sequence of a form
of EPSP which can confer glyphosate resistance. A DNA molecule encoding a
mutant aroA gene can be obtained under ATCC accession No. 38256, and the
miclteotide sequence of the mutant gene 15 disclosed m U.S. Pat. No. 4,769,061
European patent application No. € 333 033 and U.S. Pat. No. 4,975,374 disclose
nucleotide sequences of glutamine symthetase genes which confer resistance to
herbicides such as L-phosphinothricin.  The mucleotide sequence of a
phosphinothricin-acetyb-transferase geng is provided m European application No. 0
242 246. De Greef et gl Bio/Technology 7: 61 (1989), describe the production of
transgenic plants that express chimeric bar genes coding for phosphinothricin acetyl
transferase activity, Exemplary of genes conferring resistance to phenoxy proprionic
acids and cvcloshexones, such as sethoxvdim and haloxvfop, are the Accl-Si,
Acel-S2 and Accl-S3 genes described by Marshall et al,, Theor. Appl. Genet. 83:
4335 {1992). A herbicide that inhibits photosvathesis, such as a trlazine (psbA and
gs+ genes) and a benzontirile (mitrilase gene}). Przibilla et al, Plant Cell 30 169
{1991), describe the transformation of Chlamydomonas with plasmids encoding
mutant psbA genes. Nucleotide sequences for nitrilase genes are disclosed in US,
Pat. No. 4,810,648, and DNA molecules contaiming these genes are available under
ATCC Accession Nos. 53435, 67441 and 67442, Cloning and expression of DNA
coding for a glutathione S-ransferase 13 described by Haves et al., Biochem J. 2858:
173 (1992).

Enzymatic susceptibitity can be engineered to make a protein susceptible to
any protease. Proteases are enzymes that hvdrolvze peptide bonds (Barret, et al.

Handbook of Proteolytic Enzymes, Academic Press, San Diego, San Francisco, New
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York, Boston, London, Sydney, Tokve (1998}).  Proteases can be referred to as
peptidases and generally fall mto one of the classes of serine peptidases, cysteine
peptidases, aspartic peptidases, and metallopeptidases.  Spectific proteases include
but are not hmited to pepsin, trypsin, chvmotrypsin, pancreatic endopeptidase,
cathepsin (5, chymase, tryptase, papam, elastase, carboxypeptidase, chymopapain,
caspase~1, and dipeptidase E. An extensive hst of proteases can be found in the
Handbook of Proteolytic Enzymes referenced above.

Another embodiment of the mvention is an expression cassetie wherein an
euzymatically susceptible protein 18 operably linked to at least one regulatory
sequence, such as a promoter, an enhancer, an intron, 8 termination sequence, or any
combination thereof, and, optionally, to a signal sequence, which directs the
enzymatically susceptible protein to a particolar cellular location eg., vacuole,
aleurone, embrve or endoplasmic reticubum.  The expression casseties may also
comprise any further sequences required or selected for the expression of the
enzyvmatically susceptible protein. Such sequences include, but are not restricted 1o,
transcription termunators, extraneous sequences to enhance expression such as
introns, viral sequences, and sequences mtended for the targeting of the gene
product to specific organelies and cell compartments. Operably hnked refers to
joined as part of the same nucleic acid molecule, suitably positioned and oriented.
in the case of regulatory sequence, orientation of the regulatory sequence {i.e. sense
or anti-sense} may not affect the ability of the regulatory sequence to affeet
transcription.

Representative examples of promoters include, but are not limited to,
promoters kanown to control expression of genes in prokarvetic or eukaryotic cells or
their viruses. Prokaryotic cells are defined as cells that do not have a nuclews and
are mtended to mclude the recemtly wdentified class of archachacterta.  In one
embodiment, the expression cassette comprises a bacterial promoter. Examples of
bacterial promoters inclode bat are not limited to I eofi lac or trp, the phage lambda
Pr promoter, lacl, lacZ, T3, T7, gpt, and lambda Pr. Eukaryotic promoters include
but are not imited to CMV immediate carly, HSV thymidine kinase, early and late
SV40, LTRs from retrovirus, and mouse metallothionein-1.  Prokaryotic and

gukarvotic promoters are generally descnibed in Sambrook et al. Molecolar Cloning:
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A Laboratory Manual, Second edition, Cold Spring Harbor Laboratory Press,
{1989); Ausubel et al., Current Protocols in Molecular Biology, John Wiley & Sons,
New York, (1987); Kniegler, Gene Transfer and Expression: A Laboratory Manual
{1990).

Another embodiment of the imvention 18 an expression cassette wherain an
enzymatically susceptible protein is operably hnked to a promoter capable of
expression in a yeast cell. Any promoter capable of expressing m yeast hosts can be
used as the promoter. Examples include promoters for genes of hexokinase and the
like m the g¢lycolytic patlhway, snd promoters such as gal 1 promoter, gal 10
promoter, heat shock protein promoter, MFo-1 promoter snd CUP | promoter.
Examples of veast promoters can be found in MacPherson et al Micro. and Molec.
Bio. Revs. 70:583-604 (2006),

Another embodiment of the invention 1§ an expression cassette wherein an
enzymatically susceptible protein is operably linked to a promoter capable of
expression in fllamentous fungi. Any promoter capable of expressing in filamentous
fungi may be used. Examples are a promoter for gluicoamylase or alpha-amylase
from the genus Aspergilius (DeVries et al, Micro. and Molec. Bio. Revs, 65:497-522
(2001)) or cellulase {cellobiohydrase) from the genus Trichoderma, a promoter for
enzymes in the glycolvtic pathway, such as phosphoglyeerate kinase (pgky and
ghyeervialdebvde 3-phosphate debydrogenase (gpd), etc.  Examples of promotess
characterized n Rlamentous fungt can be found in Lorang et al. Appl. and Enviro.
Micro. 67:1987-1994 (2001

Another embodiment of the invention is an expression cassette wherein an
enzymatically susceptible protein s operably liked to a promoter capable of
expression in plants.  Selection of the promoter to be used in expression cassettes
will determine the spatial and temporal expression paitern of the enzymatically
susceptible protein in the transgenic plant.  Selected promoters will express
transgenes in preferred cell types (such as leaf epidermal cells, mesophyll cells, root
cortex cells} or i preferred tissues or organs (roots, leaves or flowers, for example)
or in preferred stages of plant development (flower development, leaf development
or growth stage of plant for example} and selection should reflect the desired

focation of accumulation of the gene product. Alternatively, the selected promoter
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may drive expression of the gene under various inducing conditions. Promoters vary
in their strength, Lo, ability to promote transcription. Depending upon the host cell
system utthized, any one of a number of suitable promoters can be used, including
the gene’s native promoter.  Promwoters which are useful for planmt transgene
expression mclude those that are inducible, viral, synthetic, constitutive, temporally
regudated, spatially regulated, tissue-~-specific, and spatio-temporally regulated.

One embodiment of the invention 18 ap expression cassette wherein the
enzymatically susceptible protein i3 operably linked to & constitulive promoter
capable of expression in plants. Examples of some constitutive promoters which
have been described include the rice actin 1 (Wang et al., Mol Cell. Biol,, 12:3399
(1992}, UK. Patent No. 5,641 876; McEhoy et al. Plant Cell 2: 163-171 {(1990)).
CaMV 338 (Odell et al., Natore 313810 (1983)), CaMV 198 (Lawton et al, Mol
Cell. Biol. 7:335 {1987)), sucrose synthase, and the ubiguitin promoters (Binet et al.
Plant Science 79: €7-94 (1991); Christensen ef al. Plant Molec. Biol. 12: 619-632
{1989); Norris et al., Plant Mbl. Biol. 21:895-906 (1993)).

One embodiment of the invention is an expression cassette wherein the
enzymatically susceptible protein is operably linked to an inducible plant promoter.
Inducible promoters that have been described include the ABA- and tirgor-inducible
promoters, the promoter of the auxin-binding protein gene {Schwob et al., Plant J.
4423 (1993)), the UDP glocose flavonoid glycosvl-transferase gene promoter
{Ralston et al., Genetics, 119185 (1988)), the MPI proteinase inhibitor promoter
{Cordero et al, Plant I 6141 (1994)), and the glyceraldehvde-3-phosphate
dehydrogenase gene promoter (Kohler et al, Plamt Mo, Biol. 2911293 (1995);
Quigley et al,, . Mol. Evol. 29:412 (1989); Martinez et al,, J. Mol Biol, 208:551
(1989)); the PR-la promoter which s chenucally mducible is described m US)
Patent No. 5,614,395; the PR-1a promoter is also wound inducible {(Lebel e of,
Plane J. 16:223-233 (1998)). Vanous chemical regalators may be employed to
induce expression of the selected polvaucleotide sequence in transgenic plants,
mcluding the benzothiadiazole, isonicotinic acid, and salicylic acid compounds
disclosed i US, Patent Nos. 5,523 311 and 5.614,395, Such a promoter is, for
example, the alcA gene promoter from Aspergilfus nidulans (Caddick et al. Nat.

Biotechnol 16:177-180 (1998)). In A widuians, the alcA gene encodes alcohol
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dehydrogenase 1, the expression of which is regulated by the AlcR transcription
factors in the presence of the chemical induce. The glucocorticoid-mediated
mduction systent can also be used (Aovama and Chua (1997} The Plast Journal 11
605012y Wound-~-inducible promoters may alse be suitable for gene expression
Numerous such promoters have been described (e g Xu et al. Plant Molec. Biol. 22:
573-5388 (1993), Logemann et al. Plant Cell 1: 151158 (1989), Rohrmeter & Lehle,
Plant Molec. Biol. 22: 783-792 (1993}, Firek et al. Plant Melec. Biol. 22:129-142
{1993), Warner et al. Plant J. 30 191-201 {1993}). Several inducible promoters are
known in the art. Many are described in a review by Gatz, Current Opinion in
Biotechnology 7:168 (1996} (see also Gatz, Annual Rev. Plant Physiol. Plant Mol
Biol 48:89 1997). Examples include tetracycline repressor system, Lac repressor
system, copper-inducible svstems, salicvlate-inducible systems {such as the PR1a
system), glucocorticoid-indocible (Aoyama T. et al, N-H Plant Joumal, 11:605
(1997)) and ecdysone-inducible svstems {patent application WO 01/52620).  Also
mecluded are the benzene sulphonamide-inducible (U8, Patent No. 5364,780) and
alcohol-inducible (WO 97/06269, WO 97/06268 and WO 02/061102) systems and
glutathione S-transferase promoters and the chimeric insect hormone and receptor
system described in WO 02/061102.

One embodiment of the invention is an expression cassette wherein the
enzymatically sosceptible protein is operably linked to a tssue-preferred promoter
capable of expression in plants. Examples of tissue preferred promoters which have
been described include but are not limited to the fectin (Vodkin, Prog. Glin. Bio.
Res., 138:87 (1983); Lmdstrom et al, Der. Genet, {1990)), corn alcohol
dehydrogenase 1 {(Vogel et al., EMBO J, 11:157 (1989); Dennis et al, Nucleic
Acids Res., 12:3983 (1984)), corn light harvesting comaplex (Simpson, Plant Mo,
Bio., 19:699 (1986); Bansal et al., Proc. Natl Acad. Sci. USA, 893654 (1992)),
corn heat shock protein (Odelf et al., Natwre, 313: 810 (1985)), pea small subunit
RaBP carboxylase (Poulsen et al., Mol Gen. Genet. 205193 (1986)), Ti plasmd
mannopine synthase {Langridge et al, Cell 34:1015 (1989)), T1 plasnud nopaline
synthase (Langridge et al, Cell 34:1015 (1989)), petunia chalcone isomerase
{vanTunen et al., EMBO J. 7:1257 {1988)), bean glycine rich protein 1 (Keller et al,,
EMBO 1. 81309 (1989)), truncated CaMV 35s (Odell et al, Natuwre 313:810
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{1985)), potato patatin (Wenzler et al., Plant Mol, Biol. 13:347 (1989}, root cell
{(Yamamoto ¢t al, Nucleic Acids Res, 187449 (1990}, maize zein (Reina et al,,
Nuclere Acids Res, 187449 (1990); Kriz et al, Mol Gen. Genet 207:90 (1987}
Wandelt et al., Nocleie Acids Res, 17:2354 {(1989); Langndge et al., Cell 341015
{1983); Reana et al, Nucleic Acids Res. 18:7449 (1990)), globulin-1 (Belanger et al,
Geneties 129:863 (1991)), alpha~tubulin, cab {Sullivan et al, Mol Gen. Genet.
215:431 (1989}), PEPCase (Hudspeth et al., Plant Mo. Bio,, 12:5379 (1989)), R gene
complex-associated promoters (Chandler et al, Plant Cell 111173 {1989}, and
chalcone synthase promoters (Franken et al., EMBO 1 10:2605 (1991)).  These
include, for example, the tbeS promoter, preferred for green tissae; the ocs, nos and
mas promoters which have higher activity in voots or woonded leaf tissue; a
truncated (-990 to +8) 358 promoter which directs enhanced expression i roots, an
alpha-tubnlin gene that directs expression in roots and promoters derived from zein
storage protemn genes which direct expression in endospearny.

In one embodiment, the promoter i3 an endosperm preferred promeoter such
as a maize gamma-zein glutelin-2 promoter, or the maize 27-KD gamma-zein
glutelin-2 promoter, {Woo et al, The Plant Cell 13:2297-2317 (2001)) or a maize
ADP-glucose pyrophosphorylase promoter {Brangeon, et al. Plant Physiol. Biochem.
35:847-858 (1997)). The promoter may be an embryo- specific promoter such as a
maize globulm 1 or maize oleosin 18 KD promoter (Qu et al J. of Biol. Chem.
265:2238-2243 (1990).

Iy the case of a multicellular organism, the promoter can also be specific to a
particular tissne, organ or stage of development. Examples of such promoters
include, but are not limited to, the Zea mavs ADP-gpp {Greene et al. Proc, Natl,
Acad. Sci, USA 95:13342-13347 {1998)) and the Zeg mays gamma-zein promoter
{Woo et al. The Plant Cell 13:2297-2317 (2001)).

Several tissue-specific regulated genes and/or promoters have been reported in
plants. These mclade bat are not himited to genes encoding the seed storage proteins
{(such as napin, cruciferm, beta-conglyeinin, and phaseolin} zein or oil body proteins
{such as oleosin}, or genes involved in fatty acid biosynthesis {incloding acvl carrier
protein, stearovl-ACP desaturase. And fatty acid desaturases {fad 2-1)), and other

genes expressed dunng embryvo development (such as Beed, see, for example, EP
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255378 and Kridl et al., Seed Science Research 12209 (1991)). Also useful for seed-
spectfic expression is the pea victlin promoter (Czako et al, Mol Gen, Genet.,
235:33 (1992 See also U.S. Pat. No. 5,625,136)).  Other uyseful promoters for
expression in mwature leaves ave those that are switched on at the onset of senescence,
such as the SAG promoter from Arabidopsis {Gan et al,, Science 270:1986 {1995)).
Root preferred promoters include the promoter of the maize metallothionems-like
{MTL) gene desenibed by de Framond (FEBS 290: 103-106 (1991)) and also m U.S.
Patent No. 5,466,785, Patent Application W 9307278 describes the solation of
the maize trpA gene, which is preferentially expressed in pith cells. A maize gene
encoding phosphoenel carboxylase (PEPC) has been described by Hudspeth et al.
(Plant Molec Biol 120 579-589 (1989)). Using standard molecular biological
techniques the promoter for this gene can be used to drive the expression of any
gene in a leaf-specific manner m transgenmic plants. WO 93/07278 describes the
isolation of the maize calcium-dependent protein kinase (CDPK) gene which 15
expressed i pollen cells.

A class of fruit-specific promoters expressed at or during anthesis through
fruit development, at least until the beginning of ripening, is discussed in U.S,
4,943 674, CDNA clones that are preferentially expressed i cotton fiber have been
isolated (John et al., Proc. Natl. Acad. Sci. USA B9:57a9 (1992)). CDNA dones
from tomato displaying differential expression durmng front development have been
isolated and characterized (Mansson et al., Gen. Genet,, 200:356 (1985}, Slater et
al., Plant Mol Biol. 5:137 (1985)). The promoter for polygalacturonase gene is
active in fruit ripening. The polygalacturonase gene is described m ULS. Patent No,
4,535,000, U.S. Patent No, 4,769,061, U.S, Patent No. 4,801,590, and U.S. Patent
No. 5,107,065 and the ripening-enhanced tomato polvgalacturonase promoter 18
described in Bird et al.. Plant Molecular Biology 11:651 (1988},

Other examples of tissuespecific promoters include those that direct
expression in leaf cells following damage to the leal (for example, from chewing
insects), in tubers {for example, patatin gene promoter), and in fiber cells {an
example of a developmentally-regulated fiber cell protein s E6 (John et al,, Proc.
Natl, Acad. Sci. USA 89:5769 (1992)). The E6 pene is most active in fiber,

although low levels of transcripts are found in leaf, ovule and flower.
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The tssue-specificity of some “tissue-specific” or  “tssue-preferred”
promoters may not be absolute and may be tested by one skilled in the art using the
diphtheria toxin sequence. One can also achieve tissue-preferred expression with
"eaky" expression by @ combination of different tissue-specific promoters {Beals et
al., Plant Cell 9:1527 (1997)). OGther tissue-preferved promoters can be 1solated by
one skilled i the art (see UK. 53589379} Tissue-specific or tissue-preferred
promoters are not intended to be construed as promoters that only express in a
specific tissue. Tissue-specific or tissue-preferred refers {0 promoters that favor a
particular tissue for expression but this favormg of a tissue type is not always
absolute.

Another embodiment of the invention is an expression cassette comprising
an enzymatically susceptible protein operatively lmked to a targeting sequence. A
targeting sequence is any sequence which directs the transcript of a spectfic gene
product within the cells of a wansgenic plant or directs a protein to a particuiar
mtraceilular or extracellular environment. The terms targeting sequence, sorting
sequence and signal sequence are interchangeable. Targeting sequences comprise
wansit peptides or signal peptides or retention sequences which may be separate
peptide sequences or may be used in combinations either joined together directly or
joined to the enzymatically susceptible protein singly or in multiples.

Targeting will generally be achieved by joining a DNA sequence encoding a
transit sequence to the polynucleotide sequence of a particular gene. The transit
sequence can be joined at either the amino ferminus (N-terminus) of the
enzymatically susceptible phytase or at the carboxy termmus (C-terminus) of the
enzymatically susceptible phytase. The resultant transit peptide will wansport the
protein to a particalar intracellular, or extracellnlar destination, respectively, and can
then be post-translationally removed. Traosit peptides act by factlitating the
transport of proteins through intracellular membranes, e.g., vacuole, vesicle, plastid
and mitochondrial membranes, or direct proteins through the extracellular
membrane.

In plants, the signal sequence can target the polypeptide encoded by the
polvnucleotide to a specific compartment within a plant.  Examples of such targets

mchude, but are not himited to, a vacuole, amyloplast, endoplasmic reticulom,
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chloroplast, apoplast or starch granule. An example of a signal sequence includes the
maize panuna-zein N-terminal signal sequence for targeting to the endoplasmic
reticuhun and secretion into the apoplast (Torrent et al, Plant Mol Bioll 34:139
{1997)). Another signal sequence is the anuno acid sequence SEXDEL for retaiming
polypeptides in the endoplasmic reticulum (Munro et all Cell 48:899 {1987)). A
polypeptide may also be targeted to the amvloplast by fusion to the waxy amyvioplast
targeting peptide (Klosgren et al., Mol Gen. Genet. 203:237 (1986} or to a starch
granute.

Another embodiment of the invention is a wansformed plant cell, plant part
or a plant comprising a nmacleic acid molecede which encodes a polypeptide
comprising an enzvmatically susceptible protein operatively hnked to signal
sequence.  In one embodiment, the plant compnises a polvpeptide comprising a
gamma-zein N-termunal signal sequence operably linked to the enzymatically
susceptible protein.  In another embodiment, the plant comprises a polypeptide
comprising SEKDEL operably Huoked to the C-terminus of an enzymatically
susceptible protein.  In another embodiment, the plant compnises a polvpeptide
comprising an N- termuinal waxy amyloplast targeting peptide operably linked to an
enzymatically sasceptible protein. In another embodiment, the plant comprises a
polvpeptide comprising a waxy starch encapsulating domain operably linked to the
C-terminas of an enzymatically susceptible protem.

Another embodiment of the nvention Is an expression casselie comprising
an enzymatically susceptible protein and further comprising an enhancer to gene
expression. Numerous sequences have been found to enhance gene expression from
within the transcriptional unit and these sequences can be used in conjunction with
the polynucleotide encoding an enzymatically susceptible protein to increase its
expression in transgenic plants.

Introns have demonstrated the potential for enhancing ransgene expression.
For example, Callis et al. Genes and Develop. 1:1183 (1987} describe an intron from
the corn alcohol dehydrogenase gene, which is capable of enhancing the expression
of transgenes in transgenic plant cells. Similarly, Vasid et al. Mol Microbiol 3:371
{1989) describe an intron from the com sucrose synthase gene having sumilar

enhancing activity.  The nice actin | ntron, has been widely used in the
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enhancement of transgene expression in a number of different wansgenic crops.
{McElroy et al., Mol. Gen. Genet. 231:150 (1991).

An enhancer 15 a8 DNA sequence which can stimulate promoter activity and
may be an innate element of the promoter or a heterologous element inserted to
enhance the level or tissue preferredity of a particular promoter.  An enhancer is
capable of operating in both ortentations {3 to 37 and 37 to §7 relative to the gene of
miterest polynucleotide sequence), and 1s capable of functioning even when moved
either upstreamy or downstream: {rom the promoter.  An example of an enhancer
glement is the ocs enhancer element, This element was first identified as a 16 bp
palindromic enhancer from the octopine svathase {ocs) gene of dgrobacterizon (Ellis
et al, EMBO 1. 6:3203 (1987)), and is present mn at least 10 other promoters
{Bouchez et al.,, EMBO I B:4197 (1989)). The vse of an enhancer element, soch as
the ocs element and particelarly multiple copies of the element, will act to increase
the level of transcription from adjacent promoters,

A number of non-transiated leader sequences derived from viruses are also
known to enhance expression, and these are particularly effective 1n dicotviedonous
cells, Specifically, leader sequences from Tobacco Mosaic Virus {TMV, the "W-
sequence”), Maize Chiorotic Mottle Virus (MCMYV), and Alfalfa Mosaic Viros
{AMV) have been shown 1o be effective in enhancing expression {e.g. Gallie et al.
Nucl. Acids Res. 15 8693-8711 {(1987); Skuzesks et al. Plant Molec. Biol. 18 65-79
{1990)). Other leader sequences known in the art inchude but are not limited to
picorpaviras  leaders, for example, EMCV leader (Encepbalomyocarditis 3
noucoding region) {Ehroy-Stein, O, Fuerst, T. R, and Moss, B, PNAS USA
86:6126-6130 {1989)); potyvirus leaders, for example, TEV leader (Tobacco Eich
Virusy, MDMYV leader (Maize Dwarf Mosaie Viras), homan immunoglobulin heavy-
chain biadig protein (BiP) leader, (Macejak et al, Nature 353: 90-94 (1991},
untranslated leader from the coat protein mRNA of alfalfa mosaic virns (AMV RNA
4}, (Jobling et al., Nature 325:622-625 (1987); tobacco mosaie vires leader {(TMV),
(Gallie, D. R. et al., Molecular Biology of RNA, pages 237-236 (1989); and Maze
Chlorotic Mottle Virys leader {(MCMV) (Lommel et al, Virology 81:382-385
{1991).  See also, Della-Cioppa et al, Plant Physiology 84:965-968 {(1987).
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INPACT 15 another method available for increasing gene expression {WQ

01/72996).

Another embodiment of the invention is an expression cassette comprising
an enzymatically susceptible protein operably linked to a transcriptional terminator.
A variety of transcriptional terminators are available for use in the expression
cassettes.  Transcription terminators are responsible for the termination of
transcription bevond the fransgene and correct mRNA polvadenylation.  Suitable
transcnptional terminators are those that are known to function 1o plants and include,
but are not Hmited to, the CaMV 35S terminator, the uml terminator, the nopaline
synthase terminator derived from Agrobacierium tumefaciens (Bevan et al. Nucl
Acids Res., 11:369 {1983} and the pea rbeS E9 terminator, the termunator for the T7
transcript from the octopine synthase gene of Agrobacterium tumefaciens, snd the ¥
end of the protease inbubitor T or I genes from potato or tomato. Regulatory
elements such as Adh mtron 1 (Callis et al., Genes and Develop.,, 111183 {1987},
sucrose synthase intron (Vasi et al., Plant Physiol. 911575 (1989)) or TMV omega
element (Gallie, et al., Plant Cell 1:301 (1989)), may fusther be mncluded where
desired. Convenient plant termination regions are available from the Ti-plasmid of
A tumefaciens, such gs the octopine synthase and nopalme synthase termination
regions. See also, Gueringay et al., Mol. Gen. Genet., 262:141 (1991); Mogen et al,,
Plant Cell, 2:1261 (1990); Muwroe et al,, Gene, 91:151 {1990); Ballas et al., Nucleic
Actds Res., 17:7891 (1989); Joshi et al., Nucleic Acid Res., 15:9627 {(1987). These
can be used in both monocotyledons and dicotvledons. In addition, a gene’s native
transerption roynator may be used.

Other regulatory elements include those that can be regulated by endogenous
OF eXogenous agents, e.g.. by zinc finger proteins, including naturally occurring zinc
finger proteins or chimeric zine finger proteins. See, eg., US. Patent No.
5,789 538, WO 99/48909 WO 99/45132; WO 98/33060; WQ 98/53057; WQ
9R/53058; WO 00/23464; WO 95/19431; and WO 98/53431 L

Another embodiment of the invention 18 a transformation vector comprising
an enzymatically susceptible protein that s suitable for fransformation of bacteria.
Typically a bacterial expression vector contains (1) prokarvotic DNA elements

coding for a bacterial origin of replication and an antibiotic resistance gene to
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provide for the amplification and selection of the expression vector m a bacterial
host; (2} DNA elements that control initiation of transcription such as a promaoter;
{3) DNA clements that control the processing of transcripts; (4} enhancer elements;
and (5} a gene of interest that s operatively hinked to the DNA elements that control
transcription anbiation.  The expression vector used may be one capable of
autonomously replicating in the above host (such as in a plasmid) or capable of
mtegrating into the chromosome, originally containing a promoter at a site enabling
transcription of the linked gene encoding an enzyvmatically susceptible protein.

Suitable vectors include by way of example: for bacteria, pQET0, pQEGQ,
pQE9 (Qiagen), pBluescript I (Stratagene), pTRC9%a, pKK223-3, pDRS540,
pRIT2T (Pharmacia). Such commercial vectors include, for example, pKK223.3
(Pharmacia Fine Chenucals, Uppsala, Sweden) and GEMI (Promega Biotec,
Madison, Wis., USA). However, any other plasmid or vector may be used as long
as theyv are replicable and viable in the host.

As representative examples of appropriate bacterial hosts, there may be
mentioned:  bacterial cells, such as £ cofi, Swrepromyvees, Baciflus subrifis; and
various species  within  the genera Escherichia, Psewdomonas,  Serratia,
Streptosvees, Corynebacterium, Brevibacterium, Bacilbus, Microbacteriim, aid
Staphyiococcus, althongh others may also be employed as a matter of choice.

Another embodiment of the mvention is a transformation vector comprising
an  enzymatically susceptible protein capable of transforming fungus.
Transformation of fungus may be accomplished according to Gonnt et al. Agric.
Biol. Chem,, 51:2549 (1987), As representative examples of appropriate fungal
hosts, there may be mentioned: fungal cells, such as fungal cells belonging to the
genera Aspergilius, Rhizopus, Trichoderma, Newrospora, Mucor, Pericillivm, eic.,
such as veast belonging to the gemera RKiwvveromyees,  Saccharamyees,
Schizosaccharomyees, Trichosporon, Schwamiomyees, €1c..

Another embodiment of the mvention 1s a transformation vector comprising
an enzymatically susceptible protemn capable of transforming a eukaryotic cell. A
number of cukarvotic cell lines (including animal and insect cells) are available as
hosts that can be transformed to express an enzymatically susceptible protem. Insect

cells such as Drovaphila S2 and Spodoptera S19; ammal cells such as CHO, COS or
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Bowes melanoma, €127, 373, CHO, HelLa and BHK cell lines. Any host can be
used msofar as it can express the pene of mterest. The American Type Culture
Collection {http:/Awww.atee.org’) maintains cell hines from a wide varniety of sources
and many of these cultures can be used 1o generate a transgemic cell line capable of
expressing an enzymatically susceptible protein. Transformation vectors appropriate
for enkaryotic cells are available commercially such as pXTI, pSGS (Stratagene)
pSVK3, pBPV. pMSG, and pSVISV40  (Phanmacial. Techniques for
transformaton and selection of transgenic enkaryotic cells are well known n the art.

Another embodiment of the invention is 4 transformation vector comprising
an enzymatically susceptible protein capable of transforming a plant. A general
description of plant transformation vectors, expression casseties and reporier genes
can be found m Greber, et al, Methods in Plant Molecular Biology &
Biotechnology, Glich et al,| Eds. pp. 89-119, CRC Press {1993).

In certain embodiments, it is contemplated that one may wish to employ
replication-competent viral vectors in monocot transformation. Such vectors include,
for example, wheat dwarf virus {WDV) "shuttle” vectors, such as pW1-11 and pW1l-
GUS (Ugaki et al, Nucl. Acids Res., 19:371 (1991)). These vectors are capable of
autonomous replication in maize cells as well as £, coli, and as soch may provide
increased sensitivity for detecting DNA delivered to transgenic cells. A replicating
vector may also be useful for delivery of genes flanked by DNA sequences from
transposable elements such as Ac, Ds, or Mu. It is also contemplated that
transposable elements would be usefid for introducing DNA fragments lacking
glements necessary for selection and maintenance of the plasmid vector in bacteria,
g.g., antibiotic resistance genes and origins of DNA rephication. It 1s also proposed
that use of a fransposable element such as Ac, Ds, or Mu would actively promote
mtegration of the destred DNA and hence increase the frequency of stably
transformed cells.

The construction of vectors which may be emploved in conjunction with the
present mvention will be known to those of skill of the art in light of the present
disclosure {see, e.g., Sambrook et al., Molecular Clonming: A Laboratory Manual (2d
ed., Cold Spung Harbor Laboratory Press, Plamview, New York) {1989}, Gelvin et

al., Plant Molecalar Biology Manual (1990}).
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Methods of prepanng and using a nucleie acid molecule {(polvaucleotide)
which encodes an enzymatically susceptible protem are described. & s known m
the art that protein expression may be enhanced by optimizing the coding regions of
genes to the codon preference of the host. For expression in a microbial host cell
such as veast, bacteria, fungal and the like it may be necessary to codon optimize the
ORF for microbial expression.  Accordingly, the preferred codon usage w plants
differs from the preferred codon usage in certain mucroorganisms. Comparison of
the usage of codons withm a cloned microbial ORF to usage in plant genes {and m
particular genes from the target plant) will enable an identification of the codons
within the ORF which should preferably be changed. Typically plant evolution has
tended towards a strong preference of the nucleotides C and G in the third base
position of monocotyledons, whereas dicotyledons often use the nucleotides A or T
at this position. By modifying a gene to incorporate preferred codon usage for a
particular target transgenic species, many of the problems associated with efficient
gene expression in plants can be overcome.  Briefly, a codon usage table indicating
the optimal codons used by the target organism is obtained and optimal codons are
selected to replace those in the target polyvnucleotide and the optimized sequence is
then chemically synthesized. Preferred codons for maize are described in US. Patent
No, 5625136

A variety of techmiques are avatlable and known to those skilled m the art for
introduction of constructs into & cellular host. One embodiment of the invention is a
transgenic host wherein a polvaucleotide sequence encoding an enzymatically
susceptible protein is maimtained by the host.  The host may be selected from the
group consisting of bacteria, eukaryvotic cells, animal cells, insect cells, fungal cells,
yeast cells and plants.

Transformation of bacterta and many cukaryotic cells may be accomplished
throngh use of polvethylene glyeol, caletum chlonide, viral infection, DEAE dextran,
phage nfection, electroporation and other methods known i the art. Introduction of
the recombinant vector mwito veasts can be accomplished by methods including
electroporation, use of spheroplasts, lithium acetate, and the like.  Any method
capable of introducing DNA mto ammal cells can be used: for example

electroporation, calcium phosphate, ipotection and the like.
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The expression cassette may be mserted into an insect cell using a
baculovirus {(See e.g. Baculovirus Expression Vectors, A Laboratory Manusl
{1992)). For example, the vector into which the recombimant gene has been
mtroduced may be introduced together with bacoloviras into an insect cell such that
a recombinant virus i3 obtained n the supernatant of the cultured insect cell. Insect
cells are then infected with the recombmant virus whereby the protein can be
expressed.  The gene-introducing vector used in this method may include eg.
pLVI392, pVLI393, and pBlueBacill {which all ame products of Invitrogen). The
baculovirus, may be, e.g., Auwngrapha californica nuclear polvhedrosis virus, which
is a virus infecting certain moth insects.  The nsect cells may be ovary cells §/9 and
S$21 from Spodoptera frugiperda and High 5 (Invitrogen), which is an ovary cell
from frichoplusic ni, etc.  For co-mtroduction of both the vector having the
recombinant gene and the baculovirgs into an sect cell to prepare a recombinant
virus, the calcium phosphate or lipofection methods may be used.

Host plants used for uansformation may be from any plant species,
including, but not himited to, corn (Zea mays), Brassica sp. {e.g., B napus, B, rapa,
B. junceay, particularly those Brassica species useful as sources of seed oil, such as
canola; alfalfa (Medivago sative), rice (Oryvza sativa), rve (Secale cereale), sorghum
Sorghum  bicolor, Sorghum vulgare), vallet (e.g. pearl millet {(Penniserum
glavcumy, proso mullet (Panicum wiiliacenm), foxtal mitlet (Setaria italica), finger
miller (Fleusine coracanay), sunflower (Helianthus ennuus), safflower (Carthamus
finctoriusy, wheat (Triticum aestbvomn), soybean {(Glycine max), tobacco {Nicotiana
tabacumy, potate {(Solanum  wheroswm), peanuts {drachis Avpogaea), celton
(Gossyplum harbadense, Gossyplum Rirsutum), sweet potato {fpomoea batatuxy,
cassava {(Manihot escudenta), coffee (Cofea spp.), coconut (Cocos mucifera),
pineapple {doanas comosusy, citrus trees (Citrus spp.), cocoa {Theobroma cacao),
tea (Camellia sinensisy, banana (Musa spp.), avocado (Persea americana), fig (Ficus
casice), guava (Psidion  guajove), wmango (Mangifera  udica), ohve {(Olea
enropaeay, papaya {(Carica papaya), cashew {dnacardiun eccidentale), macadamia
{Macadamia integrifolic ), almond (Prunus amyvgdalus), sugar beets {Beta vulgarix),

sugarcane {Sacchiaram spp.}, oats, barkey, vegetables, ornamentals, and conifers.
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Vegetables include tomatoes {(Lvcopersicon esculentum), lettuce {e.g.,
Lactuca sativay, green beans (Phaseolus valgarisy, hma beans (Phaseolus limensisy,
peas (Lathyrus spp), and members of the genus Cocumis such as cucumber (L
sarivas), canmtaloupe (. cantafupensis), and musk melon (€1 mefo). Omamentals
include azalea {(Rhododendron spp.), hydrangea (Macrophvlla hydrangea), hibiscus
(Hibiscus vosasanensiv), roses {Rosa spp.), talips (Fulipa spp.), daffodis (Narcissus
spp.), petunias {Petwnia hybrida), camation (Dignthus caryophyllus), poinsetiia
{Fuphorbia prdcherrima), and chrysanthemum. Conifers that may be emploved
wiclude, for example, pines such as loblolly pine (Piaws tweda), slash pine (Pinus
elfioniiy, ponderosa pine {(Pimey ponderosay, lodgepole pine {(Pinus contore), and
Monterey pine (Pinus radiate), Douglas<fiv (Psewdoisuga menziesity, Western
hemlock (Fsugo canadensis), Sitka spruce (Picea glaneay, redwood (Sequoia
sempervivensy, tue firs such as silver fir (dbies wmabiliv) and balsam fir (dhies
balsameay, and cedars such as Western red cedar { Thga plicaray and Alaska vellow-
cedar (Chamaecypariy nootkatensis). Leguminons plaants include beans and peas.
Beans include guar, locust bean, fenugreek, sovbean, parden beans, cowpes,
mungbean, lima bean, fava bean, lentils, chickpea, etc. Lepumes include, but are not
himited to, Arachis, e.g, peanuts, Vicia, e.g., crown vetch, hairy vetch, adzuki bean,
mung bean, and chickpea, Lupinus, e.g., lupine, trifolivm, Phaseolus, e.g., common
bean and lima bean, Pisum, e.g., tield bean, Meliloms, e g, clover, Medicago, e.g.,
alfalfa, Loy, e.g., trefoil, lens, e.g., lentil, and false indigo. Forage and turf grass
for use as host plants mclude but is not limited to alfalfa, orchard grass, tall fescue,

perennial  rvegrass, creeping  bent  grass, switchgrass  (Panicum  virgatum),

7%

Miscanthus and redtop.

Host plants include but are oot limited to crop plants or plants used to
produce food or feed, for example, maize, alfalfa, sonflower, Brassica, soybean,
cotton, sunflower, safflower, peanut, sorghum, wheat, oat, rye, millet, tobacco,
barley, rice, tomato, potato, squash, melons, sugarcane, legume crops, €.9., pea, bean
and sovbean, and starchy tuber/roots, e.g. potato, sweet potato, cassava, taro, canna,
and sugar beet and the like.

Transformation techniques for plants are well known in the art and include

Agrohacterin-based technigques and techniques that do not require dgrobacterinm.

£
-1



o
LA

fad

WO 2009/073399 PCT/US2008/084303

N

Non-dgrobacterium technigues involve the uptake of exogenous genetic matenial
directly by protoplasts or cells. This can be accomphished by PEG or electroporation
mediated uptake, particle bombardment-mediated delivery, or microinjection.
Examples of these techniques are described by Paszkowska et al., EMBO 1 3:2717-
2722 (1984), Potrykus et al., Mol Gen. Genet. 199:168-177 (1983), Reich et al,|
Biotechnology 4:1001-1004 (1986), and Klem et al., Natwe 3277073 (1937}
Transformation of monocotviedons using Jgreobacterizm has also been described.
See, WO 94/00977 and 1.S. Patent No. 5,591,616, In each case the transformed
cells are regenerated to whole plants using standard technigues known in the art.

Many vectors are available for tansformation using  dgrehacterion
nenefaciens. These typically carry at least one T-DNA border sequence and include
vectors such as pBINI® (Bevan, Nucl. Acies Res. 11:369 (1984)). The bmary vector
pCIBLO contains a gene encodimg kanamycin resistance for selection in plants and
T-DNA right and left border sequences and incorporate seguences from the wide
host-range plasmid pRK252 allowing it to replicate 1 both £ coli and
Agrobacterium (Rothstein et al. Gene 53:153-161 (1987},

Transformation of the target plant species by recombinant Agrobacierium
usually involves co-cultivation of the Agrobacterium with explants from the plant
and follows protocols well known in the art. Transtormed tissue is regenerated on
selectable medium carrying the antibiotic or herbicide resistance marker present
between the binary plasmid T-DNA borders.

Another approach to transforming a plant cell with a gene invelves propelling
inert or biologically active particles at plant tissues and cells. This technique is
disclosed in US. Patent Nos, 4,945,050, 5,036,006, and 5,100,792, Generally, this
procedure involves propelling inert or hiologically active particles at the cells under
conditions etfective to penetrate the outer surface of the cell.

Patent Applications EP 0292 435, EP 0392 225 and WO 93/07278 describe
techniques for the preparation of callus and protoplasts from an ehite inbred line of
nmaize, transformation of protoplasts usmg PEG or electroporation, and the
regeneration of maize plants from transformed protoplasts.  Gordon-Kamm ef o,
Plant Cell 2:603-618 (1990} and Fromm et al. Biotechnology 8:833-839 (1990) have

published techniques for transformation of A188-derived maize hine using particle
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bombardment. Furthermore, WO 93/07278 and Koziel et al. Biotechnology 11, 194-
200 {1993} describe techniques for the transformation of elite inbred hnes of maize
by particle bombardment.

Transformation of plastids using particle bombardment has been described
{Svab et al. PNAS 90:913-917 {1993), Svab et al PNAS 87:8526--8530 (1990);
MceBride et al. PNAS 91:7301-7303 (1994)).  Plastid transformation can be used to
produce plants expressing the enzymatically susceptible protein without the need for
nuclear genome transformation.  Methods for plastid transformation are well known
i the art.

Selection of transformed cells is facilitated by the use of amibiotic or herbicide
selection markers which are operably Iinked to polynucieotide sequence encoding an
enzymatically susceptible protemn.  For certamn target species, different antibiotic or
herbicide selection markers may be preferred. Selection markers used routmely in
transformation include the nptll gene, which confers resistance to kanamycin and
related antibiotics (Messing et al. Gene 19:259-268 (1982); Bevan et al., Nature
304:184-187 (1983)), the bar gene, which confers resistance to the herbicide
phosphinothricin (White et al, Nucl. Acids Res 18:1062 (1990), Spencer et al.
Theor. Appl. Genet 79:625-631 (1990)), the hph gene, which confers resistance to
the antibiotic hygromyein (Blochinger et al. Mol Cell Biol 4:2029-2931), and the
dhfr gene, which confers resistance 1o methatrexate (Bowows et al, EMBO 1
2(TH1099-1104 (1983)), the EPSPS gene, which confers resistance to glyphosate
{U.S. Patent Nos. 4,940,835 and 5,188,642), and the mannose-G-phosphate
isomerase gene (also referred to herein as the phosphomannose isomerase gene),
which provides the ability to metabolize mannese (U.S. Patent Neos. 5,767.378 and
5,994,629),

Another embodiment of the wvention is a transgenic host wherein the
pobynucleotide  sequence encoding an  enryvmatically susceptible protein s
chromosomally integrated. Chromosomal integration refers to the integration of a
foreign gene or DNA construct into the bost DNA by covalent bonds.
Chromosomally integrated DNA is genetically stable and heritable by progeny
through successive generations.  Another embodiment of the mvention 18 a

transgenic host cell wherein the pobynucleotide encoding an enzymatically
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susceptible phytase is transiently expressed. Transient expression of g gene refers to
the expression of @ gene that 18 not imtegrated into the host chromosome but
functions independently, either as part of an autonomously replicating plasmid or
£XPression cassetie.

Host plants transformed with an enzymatically susceptible protein may
propagate the polynucleotide sequence encoding an enzymatically susceptible
protein into other varieties of the same species, particularly including commercial
varieties, using traditional breeding techmiques (Plant Breeding Reviews Vol. 14,
Edited by Jules Janick, John Wilev& Sons Publisher (1997)). Another entbodiment
of the invention is transgenic plants compnsing an enzymatically susceptible protein
in addition to other transgenic sequences. Transgenic plants compnsing an
enzymatically susceptible protein may be bred with other transgenic plants using
traditional breeding techniques to stack one or more transgenic traits into a single
plant or hybod.

In one embodiment of the method of the invention, the enzymatically
susceptible protein accunmulates in the seed of the plant. Another embodiment of the
mvention is the seed of a transgenic plant comprising the enzymatically susceptible
protein. Host plants comprising an enzymatically susceptible protein may take a
variety of forms. The host plants may be chimeras of wansformed cells and non-
transformed cells; the bost plants may be clonal transformants (e.g., all cells
transformed to contain the expression cassette); the host plants may comprise gratis
of transformed and untransformed tissues {e.g., a transformed root stock grafted o
an untransformed scion e, citrus species). The host plants may be propagated by a
variety of means, such as by clonal propagation or classical breeding technigues.
For example, first generation {or T1) transformed plants may be selfed o give
homozygous second generation {or T2) wanstformed plants, and the T2 plants further
propagated through classical breeding technigues. A domunant selectable marker
{such as npt 11} can be associated with the expression cassette to assist in breeding.

Rational design techniques for protein engineering as outlined above were
demonstrated using the phyvtase enzyme, NovdX, to generste enzymatically
susceptible phytase enzymes with sensitivity 10 the protease pepsin. Nov®X is a

phytase derived from Excherichia coli appA gene modified for high thermostability
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as well as maize optimyized plant expression. The term “phytase™ describes a broad-
range class of enzvmies that catalyvze phyvtate (mvo-mnositol-hexaphosphate) inte
mositol and inorganic phosphate.  Phytase enzymes have been identified m multiple
sources of prokarvotic and ecukarvotic organisms  {te. dspergillus  ficwum,
Sacchoramyces cerevisiue, Escherichin coli, efc). One embodiment of the invention
15 an enzymatically susceptible phytase encoded by one of the polypepude
sequences of SEQ 1D NO:1-33 or a polypeptide with 98% idenuty to one of the
polypeptide sequences of SEQ ID N(O:1-33 or a conservative variant of one of the
polvpeptide sequences of SEQ ID NO:1-33,

For sequence comparison, typically one sequence acts as a reference
sequence to which test sequences are compared. When using a sequence comparison
algorithm, test and reference sequences are mput mio a computer, subseguent
coordinates are designated 1f necessary, and sequence algorithin program parameters
are designated. The sequence comparison algorithm then calculates the percent
sequence identity for the test sequence(s) relative to the reference sequence, based
on the designated program parameters.

Optimal alignment of sequences for comparison can be conducted, e.g, by
the local homology algorithm of Smith & Waterman, Adv. Appl. Math, 2:482
{1981), by the homology alignment algorithm of Needleman & Wansch, 1. Mol
Biol 48:443 {1970}, by the search for similarity method of Pearson & Lipman, Proc.
Nat'l, Acad. Sci. LISA 835:2444 (1988}, by computerized implementations of these
algorithms {(GAP, BESTFIT, FASTA, and TFASTA in the Wisconsin Genegtics
Software Package, Genetics Computer Group, 575 Science Dy, Madison, WI), or by
visual mspection.

One example of an algorithm that s suitable for determuning percent
sequence identity and sequence similarity s the BLAST algortthm, which s
described i Alischal et al, J. Mol Biol. 215:403410 (1990). Software for
performing BLAST analyses is publicly available through the National Center for
Biotechnology Information (hitp:/www nebinlmnih gov/). This algorithm tnvolves
first wlentifyimg high scoring sequence pairs (HSPs) by identifyving short words of
length W in the query sequence, which either match or satisfy some positive-valued

threshold score T when aligned with a word of the same length in a database
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sequence, T is referred to as the neighborhood word score threshold {(Altschul et al,
J. Mol. Biol 215:403-410 (1990}). These mitial neighborhood word hits act as seeds
for initiating searches 1o find longer HSPs containing them. The word hits are then
extended in both divections along cach sequence for gs far as the cumulative
ahgnment score can be increased. Cumulative scores are calculated using. for
nucleotide sequences, the parameters M (reward score for a pair of matching
restdues; always > 0) and N {penalty score for musmatching residues; always < ().
For amino acid sequences, a sconmg matnix is used to calenlate the cumulative score.
Extension of the word hits in each direction are halted when the cumulative
alignment score falls off by the guantity X from its maximum achieved value, the
cumulative score goes to zere or below due to the accumulation of ene or more
negative-sconing residue alignments, or the end of either sequence 1s reached. The
BLAST algorithm parameters W, T, and X determine the sensitivity and speed of the
alignment. The BLASTN program (for nucleotide sequences) uses as defanlts a
wordlength {W) of 11, an expectation (E} of 10, a cuteff of 100, M=3, N=-4, and a
comparison of both strands. For amino acid sequences, the BLASTP program uses
as defaulis a wordlength (W) of 3, an expectation (E) of 10, and the BLOSUMG62
scoring matrix {see Hentkoft & Hentkoff, Proc. Natl. Acad. Sci. USA 89:10915
{1989)).

In addition to calculating percent sequence identity, the BLAST algonthm
also performs a statistical analysis of the simiilarity between two sequences (see, e.g.,
Karlin & Altschul, Proc. Nat'l Acad. Sci. USA 90:5873-53787 (1993)). One measure
of sinularity provided by the BLAST algorithm is the smallest sum probability
{(P{N)), which provides an mdication of the probability by which a match between
two nucleotide or amino acid sequences would occur by chance. For example, a test
nucleic acid sequence is considered stmilar to a reference sequence if the smallest
sum probability 1 a comparison of the test nucleic acid sequence to the reference
nucleic acid sequence i3 less than about 0.1, more preferably less than about 0.01,
and most preferably less than about 0.001.

A preparation coutaining the enzymatically susceptible phytase may take
many forms including but not hmited to @ dry preparation, a Hguid preparation, a

preparation containing transgenic plant material and the hike,
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In one embodiment of the invention, the method further comprises isolating
the enzymatically susceptible phvtase, The enzymatically susceptible phytase is
isolated from any host expressing the phytase enzyme. The host may be transgenc
or may express the enzymatically suscepuible phytase transiently, The host cell is
selected from the group consisting of bacteria, yeast, fungi, msect and plants. The
plant host cell may be monocotvledonous. such as a maize or wheat cell or
dicotyledonous, such as a sovbean cell.

Another embodunent of the invention 13 an extract from a host containing an
enzymatically susceptible phytase enzvimme. For preparation of recombinant phytase,
following transformation of a suitable host and growth of the host, a selected
promoter may be mnduced by appropriate means {e.g., temperature shift or chemical
mduction} and cells cultured for an additional period to vield recombinant enzyme.
Cells are then typically harvested by centrifugation, disrupted by physical or
chemical means, and the resulting crude extract retained for further purification.

Cells emploved in expression of proteins can be disrupted by any convenlent
method, including freeze-thaw cycling, sonication, mechanical disruption, or use of
cell tysing agents, such methods are well known to those skilled in the arn.

The enzvme can be recovered from recombinant cell cultures by methods
mcluding ammonium sulfate or ethanel precipitation, actd extraction, anion or cation
exchange chromatography, phospoceliulose  chromatography,  hydrophobic
imteraction  chromatography,  affinity  clwomatography,  hydroxylapatite
chromatography and lectin chromatography. Protein refolding steps can be used, as
necessary, in completing configuration of the mature protemn.  Funally, high
performance liquid chromatography (HPLC) can be emploved for final purification
steps. Recovery of the enzyme refers o any method used to collect the enzyme
from the host. Recovered enzyme preparations may contain contaminants soch as
protein, hipid, carbohydrate and DNA from the host.  Recovered enzyme
preparations may also be highly purified enxyme preparations which are greater than
95% pure protein.

The extract containing an enzymatically susceptible phytase may be a

product of chemical synthetic procedures, or produced by recombinant technigues
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from a host. The host may be a prokaryotic host such as bacteria or a eukaryotic
host such as a higher plant.

The extract containing an enzymatically susceptible phytase enzyme may be
emploved for any purpose in which such enzvine activity is necessary or desired.
Que embodiment of the invention i1s a method of producing animal feed wherein an
enzymatically sasceptible phytase 13 employved for catalyzing the hydrolvsis of
phytate mm anunal feed.  In asnother embodument, the enzyme is emploved for
catatyzing the hydrolysis of phyvtate m food.

Another embodiment of the mvention is a Hguid composition containing an
enzymatically susceptible phytase enzyme. Liquid compositions need not contain
anything more than the phytase enzyme. However, a stabilizer such as glyeerol,
sorbitol or mono propvlene glveol may be added. The hquid composition may also
comprise other additives, such as salts, sugars, preservatives, pH-adjusting agents,
proteins, and phyvtate (a phytase substrate). Typical bquid compositions are aqueous
or oil-based shurries. The liquid compositions may be added 10 a food or feed before
or after an optional pelleting of the feed composition.

Another embodiment of the invention 15 a dry compaosition containing an
enzymatically susceptible phytase. Dry compositions may be freeze-dried or spray
dried compositions, in which case the composition need not contain anything more
than the phytase i a dry form. Dryv compositions may be granulates which may
readily be mixed with, e.g., food or feed components, or form a component of a pre-
mix. The particle size of the enzyme granulates is compatible with that of the other
components of the nuxture, This provides a safe and convenient means of
tncorporating phytases into, e.g., processed food or animal feed.

For example, a stable phyiase enzyme formalation can be prepared by
freezing a muxture of hiquid enzyme solution with a bulking agent such as ground
sovbean meal, and then lvophilizing the mixtvre. The reduction in moisture and the
binding interactions of the phytase with the bulking agent protect the enzyme from
external environmental factors such as the temperature extremes experienced during
compound feed manufacture.  Dry formulations can further enhance stability by
mmmizing the activity of potential proteclvtic enzvimes that may be present as by-

products in the hqad fermentation mixtore used 0 manafacture the target enzyme.
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The resulting dry enzyme-soy floyr mixture can withstand high exwemes of
teraperature. The formulated enzyme mixtore can be used as a feed supplement for
use 1 poultry and swine production.

Another embodimert of the invention is a plant or plant part containing an
enzymatically susceptible phvtase enzyme. Plants or plant parts can be used as a
delivery mechanism for the enzyme. Plants may be selected from the group
consisting of maize, wheat, soy and a gram of any of these plants. The intact grain
protects the target enzyme from external envirommental factors.  The grain-
comtaining enzyme may be added to snimal feed in the form of cracked seed, ground
seed, or in a more refined form. Altematively, a protein extract may be made from
seed, and that extract can be further processed into cither a stabilized liquid or into a
dry state by lvophilization or spray drving.

Another embodiment of the Ivention is a composition compnsing an
enzyvmatically susceptible phytase enzvine,  An example of a composition is
agglomeration  granulates. Agglomeration  grapulates  are  prepared  using
agglomeration techniques in a high shear mixer doring which a filler material and

the enzyme are co-agglomerated 1o form granules. Absorption granulates are
prepared by having cores of a carrier matenal to absorb/be coated by the enzyme.

Compositions or agglomeration granules may also contain filler materials.
Typical filler matertals are salis such as disodium sulphate. Other hillers nclude
kaolin, talc, magnesium aluminum silicate and cellulose fibers. Optionally, binders
such as dextrins are also included in agglomeration granulates.

Compositions or agelomeration granules may also contain carrier materials,
Typical carvier materials include starch, e.g., in the form of cassava, corn, potato,
rice and wheat. Salts mav also be used.

Optionally, the granulates are coated with a coating mixiure. Such a mixtwre
comprises coating agents, preferably hydrophobic coating agents, such as
hydrogenated palm ol and beef tallow, and if desired, other additives such as
calciun carbonate or kaolin.

Additionally, compositions may contain other substituents such as coloring
agents, aroma compounds, stabilizers, vitamins, minerals, other feed or food

enhancing enzymes ete. This 18 so in particular for the so-called pre-mixes. One
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embodiment of the mvention is @ pre-nix comprising an enzymatically susceptible
phytase enzyme,

Another embodiment of the mwvention is a food or feed additive comprising
an enzymatically susceptible thermiotolerant phytase. A food or feed additive s an
essentially pure compound or a multi component composition ntended for or
suitable for being added to food or feed. It i3 a sabstance that by #s intended use i3
becoming a component of a food or feed product or affects any characteristics of a
food or feed product. Thus, an enzvmatically susceptible phvtase additive is
understood to mean a phytase which 18 not a natural constitpent of the matn feed or
food substances or is not present at its natural concentration theremn, c.g, the
enzymatically susceptible phytase is added to the feed separately from the feed
substances, alone or in combination with other feed additives, or the enzymatically
susceptible phytase 1s an integral part of one of the feed substances but has been
produced therein by recombinant DNA technology., A typical additive usually
comprises one or more compounds such as vitamins, minerals or feed enhancing
enzymes and suitable carriers and/or excipients.

A ready for use enzymatically susceptible phytase additive is herein defined
as an additive that is not produced iz sine in animal feed or in processed food. A
ready for use enzymatically susceptible phytase additive may be fed 1o humans or
animals directly or, preferably, directly after mixing with other feed or food
constituents.  For example, a feed additive can be combined with other feed
components to produce feed. Such other feed components include one or more other
enzyme supplements, vitanun feed additives, mineral feed additives and amine acid
feed additives, The resulting (combined) feed additive including possibly several
ditferent types of compounds can then be mired in an appropriate amoust with the
other feed components such as cereal and protein supplements to form an animal
feed. Processing of these components mio an anmimal feed can be performed using
means of any of the cwrently used processing apparatuses such as a double-pelleting
machine, a steam pelleter, an expander or an extruder.  Another esnbedunent of the
mvention 18 an animal feed comprising an enzymatically susceptible phytase
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Another embodiment of the invention is a food additive comprising an
enzymatically susceptible phytase further comprising other food components to
produce processed food products. Such other food components fnclude one or more
other enzyme supplements, vitamin food additives and mineral food additives. The
resulting {combined) food additive, imcluding possibly several different types of
compounds can then be mxed in an appropriate amount with the other food
components such as cereal and plant proteins to form a processed food product.
Processing of these components mto a processed food product can be performed by
using any of the currently used processing apparatuses. An aninmal feed additive is
supplemented o the animal before or simultaneously with the diet The
enzymatically susceptible phytase may be active during the manufacture only and
may not be active m the final food or feed product. This aspect s particularly
relevant, for mstance, in dough making and baking and the prodoction of other
ready-to-cat cereal based products,

One embodiment of the invention i3 to create enzymatically susceptible
enzymes. The term “enzyme” herain refers to any protein that catalyzes the
conversion of a substrate from one form into another,

Another embodiment of the invention is to create enzymatically susceptible
enzymes involved in the enhancement of feed, food or fuel  Herein these
“enhancmg enzymes” refer to protems selected from the group consisting of alpha-
galactosidases, beta-galactosidases, lactases, other phyiases, beta-glucanases, in
particular endo-beta-1,4-glucanases and endo-beta-1,3(d)-glacanases, cellulases,
xylosidases, galactanases, in particular argbinogalactan endo-1 4-beta-galactosidases
and arabinogalactan endo-1,3-beta-galactosidases, endoglucanases, in particular
endo-1,2-beta-glucanase, endo-1,3-alpha-glucanase, and endo-1,3-beta-glucanase,
pectin degrading  enzvmes,  pectinases.  pectinesierases,  pectin lyases,
polygalacturonases, arabinanases, rhammogalacturonases,  rhammogalacturonan
acetyl esterases, rhammogalactvronan~-alpha-rhamnosidase, pectate lyvases, and alpha-
galacturonisidases, mannanases, beta-mannosidases, niannan acetyl esterases, xvian
acetyl esterases, proteases, xylanases, arabinoxylanases and hipolytic enzymes such
as lipases, phospholipases, cutinases, sipha-amvlase, glucoamylase, glucose

isomerase, glucanase, beta-amvlase, alpha-glocosidase, iscamylase, pullulanase,
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neo-pullulanase, iso-pullolamase, amylopullulanase, cellulase, exo-14-beta-
cellobiobivdrolase, exo-1,3-beta-D-glucanase, beta-glucosidase, endoglucanase, L-
arabinase, alpha-arabinosidase, galactanase, galactosidase, mannanase, mannosidase,
sylanase, xylosidase, protease, glucanase, xyvlanase, esterase, ferrulic acid esterase,
phytase, and lipase.

Another embodiment of mvention is an enzymatically susceptible phytase
composition additionally comprising an effective amount of one or more enhancing
eNZYINes.

In another embodiment it may be desivable to create & protein with decreased
gastric stability. A protein’s gastric stabibity can be determined by carrying oot a
simulated gastric Huoid (SGF) digestibility assay as described in Thomas et al,
Regulatory Toxicology and Pharmacology 39:87-98(2004}) and example 9 of the
current application. Proteins that exhibit gastric stability are typically stable in SGF
for at least 10, 15, 20, 30, 60 minutes or more. A stable protein is a protein that does
not decrease in molecular weight as indicated visually on a protein gel in a SGF
analysis wherein the SGF analysis was carned out for at least 10, 15, 20, 30, 60
MIRULes or more.

Another embodiment of the invention is a method of producing human or
animal feeds comprising an enzymatically susceptible phyvtase enzyme. Grains and
Hours destined for human foods can be enzyvmatically treated with an enzymatically
susceptible phytase to reduce the phytin content of the material. The reduced levels
of phytin enhance the quality of the food by increasing the nutrient availability of
essential minerals such as fron, calctum, and zinc, In addition to mcreasing the
nutritional quality of food, enzymatically susceptible phyvtase used during food
processing can tmprove the overall efficiency of the food production method. For
example, additton of an enzvmatically susceptible phytase o white soybean flakes
doring soy protein isolate manufacturing can significantly ncrease the yield and
guality of extractable protein.  Dunmg food manufacture the enzymatically
susceptible phytase is acttve during manufacture and processing only, and is not
active in the final food product. This aspect is relevant for mstance in dough making
and baking, Sintarly, animal feed gram, such as toasted soybean meal or canola

meal, may be pre-processed with an enzymatically susceptible phytase prior to
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compound feed manufacture. Removal of the anti-nutritive factors in animal feed
components prior o compound feed manufacture produces a nutritionally higher
guality and more valuable animal feed ingredient. In this processing method the
enzymatically susceptible phytase is active during feed manufacturing, and may or
may not be active in the digestive tract of the amimal upon ingestion of the treated
feed.

Another possibility for the addition of enzymatically susceptible phytase to
ammal feed and processed food 15 fo add enzymatically susceptible phytase-
comtaining transgenic plant matenial or seed to the feed. The parts of the plants
which express the enzymatically susceptible pliviase, e.g., the seed of the transgenic
plants or other plant matenials such as roots, stems, leaves, wood, Howers, bark,
andfor fruit may be mcluded m ammal feed, either as such or after forther
processing. In a cereal-based feed or food, the cereal is preferably wheat, barley,
maize, sorghum, rye, oats, triticale or rice. The enzymatically susceptible phytase
may alse be used advantageously in monogastrics as well as in polygastoics,
especially voung calves. Diets for fish and crustaceans may also be supplemented
with enzymatically susceptible phytase to further improve feed conversion ratio and
reduce the level of excreted phosphorus for mtensive production systems. The feed
may also be provided to animals such as poultry, e.g., turkeys, geese, dacks, as well
as swine, equine, bovine, ovine, caprine, canine and feline, as well as fish and
crustaceans. The feed may also be provided to pigs or to ponliry, including, but not
fimited to, broiler chickens, hens, laving hens, turkeys and ducks. The animal feed
can be used on monogastric or polyveastric animals, The animal feed can be feed for
poultry, or swing, or calves, or companion animals such as dogs or cats or horses.

Another emibodimuent of the invention is an animal feed compnising an
enzymatically susceptible phytase.  An enzymatically susceptible thermotolerant
phytase is capable of swrviving the heat conditioning step encountered in a
conmnercial pellet mill during feed formulation, thus a method of prepaning ammal
feed, e.g., bard granular feed pellets comprising an enzymatically susceptible
phytase 1s described.  To make feed, the formulated enzymatically susceptible
phytase may be mixed with feed components, the mixture steam conditioned in a

peliet mill such that at least S0% of the pre-heat treated enzymatic gctivity is
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retained, and the feed extruded through a pellet dye. The enzymatically susceptible
phytase may thus be nsed as a supplement in animal feed by tself, 1n addition with
vitaming, minerals, other feed enzymes, agricultoral co-products (e.g., wheat
nuddhngs or com gluten meal), or in & combination therewith. The enzvme may
also be added to mash diets, 1.e.. diets that have not been through a pelletizer.

Another embodiment of the mvention is a method for preparing anunal feed
wherein a preparation comprising the enzymatically susceptible phytase is wreated
with heat, at a temperature greater than 30°C, so as to vield a heat-treated animal
feed mixture. The enzymatically susceptible phytase preparation may be transgenic
plant material. The transgenic plant material may be com grain, cracked com, com
flow, or an enzyme extract prepared from com.

Intensive animal production operations aim to limit the phosphate pollation
that is contained in the feces of the animals that are produced. The amount of
phosphate present in the diet and the avatlability of the phosphate in the diet to the
animal are the primary factors influencing the excreted phosphate present in the
feces of the anbmal. Cumrently, the availability of the plant, or grain-derived
phosphate, present in soybean meal, com grain {and other feedstuffs) 1s low as the
phosphate is primarily in the form of phytic acid. In order to maximize the growth
efficiencies of the animals, inorganic phosphate is added to feed resulting in a foed
composition that contains adequate levels of available phosphate. However, these
feed formulations contain too much total phosphate and result in phosphate
pollution.

Another embodiment of the invention 15 an amimal feed composition
comprising an enzymatically susceptible phytase and further comprises substantially
towered tnorganic phosphorus levels.  The feed compositions comprise typical feed
mgredients, micronutrients, vitamng, etc. and an effective amount of enzymatically
susceptible phytase and inorganic phosphate where the amounts of the enzymatically
susceptible phytase and phosphorus are from about between the levels of 50-20,000
units of enzymatically susceptible phytase per kg of feed and less than 0.45%
morganic phosphorus; between the levels of 100-10,000 units of enzymatically
susceptible phytase per kg of feed and less than 0.225% inorganic phosphorus,;

between the levels of 150-10,000 umits of phytase per kg of feed and less than 0.15%
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norganic phosphorus, or between the levels of 250-20,000 units of phytase per kg of
feed and no exogenously added worganic phosphorus.

Another embodiment of the wvention is a method of using an enzymatically
susceptible phytase to umprove weight gains, and feed conversion ratios (FCR)
associated with production of farm anmmals. An enzvmatically susceptible phytase
of the present invention allows mmproved weight gain and FCR. Methods for
unproved weight gain and FCR may also include a diet that 18 low in morgamce
phosphate. The method to improve the FCR, or weight gam through a low morganic
phosphate diet by feeding a diet to an antmal comprising an enzyvmatically
susceptible phytase and a level of inorganic phosphate at or below the level of
(0.45%. The method may compnise feeding a diet containing an enzymatically
susceptible phytase and less than 0.225% morgamic phosphate, or the method
comprises feeding a diet contaming the enzymatically susceptible phytase and no
added inorganic phosphorus.

A method of improving the nuttitive value of a processed grain product or a

¢ grain comprising adding an enzvmatically susceptible phytase

~

method of processin
to the grain product during grain processing in an amount effective to huprove the
nutritive value of the feed is described. In one embodiment, the grain is com and the
grain processing method is wet milling and the products of the processing are corn
gluten feed, com ghaten, and com starch.  In other embodiments, the gram 18 com,
wheat, sovbean, canola, or sugarcane. In other embodiments, the grain is an oilseed,
such as soybean or canola or oilseed rape, and the processed prain product is the
oilseed meal.

One embodiment of the invention is the product of a transformed plant cell
comprising a polynucleotide encoding an enzymatically susceptible phytase, The
product may be a seed, grain or freit. The product may be a plam, and in particolar a
hybrid plant or an inbred plant. The product may also be a grain processing product
comprising the thermotolerant phyvtase of the invention, such as the com gran
processing product and the oilseed grain processing product previously described
herein or an oilseed processing product.

Animals within the scope of the invention include polvpastric animals, e.g.,

calves, as well as monogastric animals such as swine, poultry {e.g., chickens,
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turkeys, geese, ducks, phegsant, grouse, quail and estrich), equme, ovine, caprine,
canming and felineg, as well as fish and crustaceans. Another embodiment of the
wmvention include feed or animal feed prepared as ponliry or swine feed.

Al publications, patents and patent applications are incorporated herein by
reference. While in the foregoing specification this invention has been deseribed in
relation to certamn preferred embodiments thereof, and many details have been set
forth for purposes of illustration, it will be apparent to those skilled in the art that the
mvention is susceptible to additional embodiments and that certamn of the details
described herein mav be vanied considerably without departing from the basic

principles of the invention,

Examples

The invention will be further described by the following examples, which are

not intended to himit the scope of the imvention m any manner.

Example I: Protein modeling of Nov9X

NovOX was selected as the phytase molecule for protein modeling. Six £
coli phytase crystal stroctures have been solved and deposited into the Research
Collaboratory  for  Structural  Bioinformation  Protein  Data  Base (PDB)
{http:Awww aesh.org/pdb/homeshome do), with PDB ID: 1DKL, 1DKM, 1DKN,
1DKO, 1DKP, 1DKQ. To choose a proper template for protein modeling Nov9X,
all of the phvtase crystal structures were extracted from PDB. The structure 1DKM
{Resolution: 2.25 Angstrom) was chosen as the template for modeling Nov9X. Five
optinuzed models were created by the software program Modeler within Insight I
package from Accelrys, Inc., and the models with the lowest objective function
value were chosen. The chosen NoveX model was very similar to 1DKM with only

.23 Angstrom difference with respect to backbone C-alpha RMS.
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Mutations for deglvcosolation, removing potential intramolecular disulfide
bouds and introducing pepsin cleavage sites were medeled with the help of software
SwissPdb Viewer (Guex, N, and Peitsch, M.C. SWISS-MODEL and the Swiss-
PdbViewer: An environment for comparative protein modeling. Electrophoresis, 18,
27142723 (1997)) structure inspection, surface analysis and graph creation.

The ammo acid changes to Nov9X to create the vanants are recorded
Tables 1, 2, 3. 4, and 9. The ammo acid positions changed are with respect to the
position 1 the NovoX protemn described in SEQ D N34, The NoveX protem

5

begins with the amino acid “A”. The variant phytase molecules were created
without the “A” and in addition, the phytase variants can begin with any or no amino
acid i the first position. This variability in the first amino acid for the variant
phytase enzymes 18 outlined in the sequence listing and denoted by an X7 at the

start of the anuno acid sequence.

Example 2: Rational design of NovOX variants: glveosylation sites

Two N-glveosylation sites in Nov9X were dentified computationally as well
as by mass~spectrometric analysis of protein variants of Nov9X expressed in Pichia
and com endosperm. These two sites of the protein that were glveosylated during

expression in eukaryolic expression systems were selected for modification. These

glveosylation sites correspond to amiino acid residues 139-161 and amino acid

restdues 318-320 of NovoX (SEQ 1D NO:34). Table 1 outlines the amino acid
changes made in the glveosvlaton domains identiied to give rise to the

Py

polypeptides described in SEQ ID NOQ:1-3,

TABLE 11 Moditications to Nov9X based on glycosylation

Sie  Previous amino acid — base position ~ | SEQ ID NO: (mutant
new amine acd name)}

Glycosylation NI40Q; N3180Q) P (viutly

Glycosylation T142R; N318Q 2 {Mut2)

Glycosylation TH42R; T320V 3 {(Mut3)

-
L
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Example 3: Rational design of NovOX variants: disuifide bridges

124

pecific cysteme residues i the NovaX phytase were identified from the
arpino actd sequence of NovOX and the structural information (Lim et al. Nature,
7(2) 10&-113(2000)). Cysteine residues participating m intramolecular disulfide
bridges were targeted for alteration. In addition, cvsteine residues potentially
participating i intermolecular disulfide bridges were targeted for alteration.
Alterations in disulfide bridge formation were niapped onto the three-dimenstonal
model of the protein to avoeid making alterations to the overall strycture and ability
of the protein to fold into the correct conformation. Cysteine amino acids in Nov9X
were altered to generate the sequences described in SEQ 1D NO:4-14. The specific

amingo acid changes are outhined in Table 2.

TABLE 2: Modification to NovoX based on disulfide bridges

bl

Domain Previous amino acid — base position — new | SEQ 1D NO: (mutant

aming acid name}
Cysteine | C76K; C205N 4 (Mutd}
Cysteine | C76K; C205N; C1794; C189A 3 {Muts}
Cysteine | CT6K:; C203N; (3834, 3924 6 {Mut6)
Cysteine [ C76K; CR05N; CI79A; CI894A; (C3B3A, 1 7 {(MutT)

C392A
Cysteing | C76K; C205N; C784A; C109A & (Mut8)
Cysteine | C76K; C205N; C1344; C400A 9 {(Mut9)

Cysteine A26F, C76V, THIAH, NI38E, TI42R, E147R, | 10 (Mutl®)
GI38R, C205D, V2I2W, Q254V, RI6SA,
TI2RY, CH79A, (C189A

Cysteine | A26F, €76V, THISH, NI3RE, TH42R, EI47R_ | 11 (Muwll)
GISBR, 205D, V2I2W, 254V, R268A,
T328Y, 3834, C392A

Cysteine | A26F, C76V, THISH, N138E, TI142R, E147R, | 12 (Mutl2)
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GISBR, C205D, V2I2W, Q254V, R268A,
TI28Y, C179A, CI89A, C383A, (392A

Cysteine | A26F, C76V, THSH, N138E, TI42R, EIM7R, | 13 (Mutl3)
GISER, 205D, V212W, Q254V, R268A,
T328Y, C784A, C109A

Cysteine | AZ0F, €76V, TLISH, Ni38E, TI42R, EI47R, | 14 {(Mutld)

GISER, C208D, V2I2W, Q254V, RI68BA,

TI28Y, C134A C409A

[

%

Example 4 Rational design of Nov9X variants: potential pepsin cleavage sites

The three-dimensional structure model of NovoX was analvzed to identify
foops in the protem structure that were candidates for engmeering with potenual
pepsin cleavage site(s}. The particular loops wdentified for modification had to meet
several criteria including: 1) the loop was not buried within the three-dimensional
structure of the protein, 2) the loop was on the surface of the protein and thus
exposed to the surrounding medium and accessible to proteases when the protein
was correctly folded, 3) the loop was not involved in forming the active site or
substrate or product binding stie of the enzyme, and 4) the loop contained an amino
acid sequence similar to a favorable pepsin cleave site s0 as to faciitate making a
minor change in the amuno acid sequence {one or two residues changed) 1 order to
mntroduce favorable pepsin cleavage sites into the loop.

This approach does not change the length of the loops and keeps the
mutations at a mintmal level in order to avoid disturbance to the local and overall
structure of the folded protein. Several protein loops were 1dentified that met the
above criteria and these loops correspond to the following anunoe acid residaes
NovOX (SEQ 1D NOS34), 33-46, 105137, 172177, 229-240, 281-293, 316-330, and
364-373. Potential pepsin cleavage sites within one or more of these loops were
engineered to contam an amuno acid sequence that is known to be more readily
attacked by the pepsin enzyme. The enzymatically susceptible phytase enzvies are
cutlined w1 Table 3 and correspond to the amino geid sequences described n SEQ D

NOA5-25.
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TABLE 3: Medifications to Nov9X based upon potential protease cleave sites

Site Previous anmino  ackd —  base SEQ ID NO: {mutar
position — new amino acid name)

Pepsin cleavage ste | W3TF,; P3RY | 1S (Pepl)
Pepsin cleavage site | P124E; P127L 16 (Pep2)
Pepsin cleavage site | NI26Y; P127V 17 (Pep3)
Pepsin cleavage site | P174Y 18 {Pepd)
Pepsin cleavage site | G233E; G235Y 19 (Pepl)
Pepsin cleavage site | K286F; Q287Y 20 (Pepo)
Pepsin cleavage site | N317L; W3IEY 21 (Pep7)
Pepsin cleavage site | 8367F 22 (PepR)
Pepsin cleavage site | W3TF; P3RY, PI24E; PI27L 23 (Pep9)
Pepsin cleavage site | W3TF; P38Y,; N126Y; P127V 24 (Peplh)
Pepsin cleavage site | P174Y; N317L; W3IBY 25 (Pepll)

o~

Example 5

pepsin cleavage sites,

Rational design of NoveX mutants:

msertion of highly favorable

The protein loops identified in Example 4 were modified by inserting mto or

replacing the loop sequence entirely.

The loop sequence was replaced with the

sequence of a highly favorable pepsm cleavage site sequence (Keil B., Specificity of

Proteclysis. Springer-Verlag BerlineHeidelber-New York p 335 (1992))

The

meodifications to the NovOX protein were moderate due to the msertion of an entirely

new sequence that was several amino acids long. Table 4 outlines the amino acid

modifications made to Nov9X and correspond to the ammo acid sequences

described m SEQ 1D NO:26-33.

TABLE 4 Modifications to Nov9X based upon high affinity pepsin binding sites

Site Previous amino acids -  base | SEQ ID  NO:
positions — new anuno acids {mutant name)
Stte Insertion DAWPTW 36-41 IEFFRL 26 {Pepdl)
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Site Insertion QADTSSP 116-122 PTEFFRL 27 (Pepd)
Site Insertion PDPLENP 122-128 PIEFFRL 28 (Pepd3)
Site Insertion PQ 174-175 PIEFFRLQ 29 (Pepd4d)
Site Insertion EPGWGRI 232-238 PIEFFRL 30 (Pepd5)
Site Insertion PPOKOQAY 284-290 PPEFFRL 31 (Pepd6)
Stte Insertion WTLPGQP 319-325 PIEFFRL 32 {Pepd7)
Site Insertion TPLSLNT 365371 PPEFFRL 33 (Pepd8)

Example 6 Codon optintization of variants for bacterial expression

The protein segquence of the enzymatically susceptible phytase enzyvime was
converted mto a polynuclectide sequence.  The polynucleotide sequence was
moditied so that the codon wsed for translation o amino asaids reflected the
optinnem codon vsed in E. coli.

The E. colt optimized polynuclectide sequences as deseribed in SEQ ID
NO:35-67 were synthesized and sub-cloned into pFLEX HX £ coli expression
vector by GeneArt, Regensburg, Germany. The final vector contained an expression
cassette that included the codon optimized polynocleotide sequence for the
enzymatically susceptible phytase hinked to a sequence that added an N-termunal
His-tag., For ease of reference, Table 5 outhnes the relatonship between

polypeptide and polynucleotide sequences contained n the Sequence Listing,

Table 5: Codon optimized polvaucieotide sequences and polypeptide sequences

Polypeptide Corresponding E. coli | Comresponding plant
sequence SEQ ID codon optimized optimized polynucleotide
NO: {mutant name} | polynucleotide sequence (SEQ D NOY
sequence (SEQ ID
NG
Pvhahy 35 70
2 (Mut2) 36 71
3 M3y 37 72
4 (Murd} 38 73
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5 (Mutd) 39 74
& (Mutd} 40 75
7M7) 41 76
8 (Mut®) 42 77
9 (M%) 43 78
10 (Mutl0) 58 90
1 (Mutl ) 56 a1
12 (Mutl2) 57 92
13 {(Mutl3) 58 93
14 (Mutl4) 59 o4
15 (Pept} 44 79
16 (Pep) 45 R0
17 (Pep3) 46 81
18 {Pepd) 47 82
19 {Peps) 48 83
20 {Pep6) 49 84
21 (PepT) S0 85
22 {(Pep&) 51 86
23 {Pep9) a2 87
24 {Pepli} 33 88
25 {Pepll} 54 89
26 {Pepd By 60 Qs
27 {Pepddy 61 6
28 (Pep4l) 62 97
29 (Pepdd) 63 98
30 (Pep4ds) 64 99
31 {Pepdo) 65 100
32 {PepdT) 66 101
33 (PepdS) 67 12
103 (Mut 15) §2 145
104 (Mut 17) 125 146
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105 (Mut 18) 126 147
106 (Mut 19) 127 143
107 (Mut 20) 128 149
108 (Mut 21) 129 150
109 (Mut 22) 130 151
110 (Mut 23) 131 152
111 (Mat 24) 132 153
112 (Mut 25) 123 154
113 (Mut 26) 134 155
114 (Mut 27) 133 156
115 (Mut 28) 136 {57
116 (Mut 29) 137 158
117 (Maut 30) 138 159
118 (Mut 31) 139 160
119 (Mut 32) 140 161
120 (Mut 33) 141 162
121 (Maut 34) 142 163
122 (Mut 35) 143 164
123 (Mut 36) 144 165

Example 70 Vector Construction for Bacterial Expression

The bacterial codon optimized expression cassettes described in Example 6
were cloned mto expression vector pET24a (Invitrogen).

Expression cassetfes containing the polynucleotide sequences deseribed in
SEQ D NO: 35, 36, and 38 were cloned as Ndelf Xhol fragments.

Expression cassettes containing the polvnucletide sequences described in
SEQ ID NO; 37, 39-43, and 59 were cloned as Ndel/ Notl fragments.

The restriction digests to generate the vector and nsert fragments were
carried out following standard protocols {Sambrook et al. Molecular Clonmg: A
Laboratory Manual ™ ed., Cold Spring Harbor Laboratory Press, Plainview, New
York (1989)). The digest products were separated by gel electrophoresis on a 0.8%

agarose gel, and the correct bands were cut from the gel and purified using the Gene
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clean spin kit from Qbiogene. The purified nsert and vector fragments were then
ligated together using either Clonables ligase from Novagen, or the T4 DNA ligase
from Epicentre Biotechnologies, following the manufactarers” protocols.  The
hgated vectors were then transformed into TOP 10 L ¢ofi cells from Invitrogen
following the manufacturer preseribed protocol, and selected on Luna agar +
kanamycin (50 pg/mi) plates.

Colonies which grew on plates were screened by colony-PCR with forward
primer described in SEQ 1D NO» 68 and reverse prumer described in SEQ 1D NO:69
to confirm the presence of the correct plasmid. The PCR's were set up as follows:
2.8 pmol of cach primer, 2x PCR Jumpstart mix from Sigma, £ coli colony as
template and water to a final reaction volume of 5 w. The following cycling
conditions were used: an initial denaturation of 94°C for 3 minntes followed by 25
cyeles of 94°C for 30 seconds, 35°C for 30 seconds and 72°C for 60 seconds,
followed by a final extension step of 72°C for 10 minutes. Colones with the desired
plasmids were then grown overnight in Luria broth + kanamycin (S0ugfml) at 37°C,
260 rpm, and the plasmid DNA was extiacted using the (Hagen muuprep kit. The
inserted gene in the resubant plasmid DNA was sequenced o fully confirm the
correct constract bad been made.

The expression casseftes containing the enzymatically susceptible phytases
whose polynucleotide sequence 1s desceribed w SEQ ID NO:» 44-534 were cloned as
Bagl/ Ascl fragments into vector pFLEXHX T7. pFLEXHX T7 was generated by

vl
i

replacing the pFLEX HX promoter with the T7 promoter from pET24a using

standard molecular biology techniques.

Example 8 Method of Isolating Proteins from Bacteria

The pET24 vectors and pFLEXHX T7 vectors containing the expression
cassettes contamning the polynucleotide sequences as described in Example 7, were
transformed mio BL2I{DE3] I cofi cells (Invitrogen). 10 ml aliquots of LB
medium containing Kanamyein (50 pg/mly (Sigma) were mmocalated with a colony
from the transformation plates and incubated overnight with shaking at 30°C. 5-10
ml of these cultures were transferred o 500 ml aliguots of LB medium contalning

Kanamycin at 50pg/ml in 1L shake-flasks. The flasks were incubated at 37°C with
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shaking uniil an ODgy of approximately 0.6 was achieved. The shake-flasks were
transferred to an incubator at 15°C. PTG (Sigma) was added to give a final
concentration of 0.1 mM, and the flasks were wcobated ovemnight with shaking.
The cell biomass was harvested by centrifugation at 24,000 Xg for 15 minutes. The
cetl-density at harvest was 1o the range of 2.5 to 3.5 ODgson.  The cell blomass was
frozen at -20°C.

The cell biomass samples were thawed and re-suspended in SOmi extraction
buffer (20 mM Tris, 25 mM Imidazole, 500 mM NaCl, pH7.5). The cells were lysed
by passing the suspension through g Constant Svstems cell distupter at 25,000 psi,
and the sample was flushed through with 25mi extraction boffer. Insoluble matenial
was removed by centrifugation at 24,000 Xg for 30 minutes, followed by filtration
through 0.22 pm vacuum filter devices (Milhpore Steritop). The clarified lvsates
were kept on ice.

A HisTrap FF 5 mi colump (GE Healthcare, Ni-Sepharose FF resm, 1.6 cm
bed diameter) was equilibrated with extraction buffer. 43 ml of the clarified lysate
samples were loaded at 4 mbmin.  Unbound material was washed through the
columm with extraction buffer at 4 mbmin.  Affinity purified proteins were eluted
with elution buffer (20 mM Tng, 500 mM Imidazole, 500 mM NaCl, pH7.5) at 4
mlimin and the Agwnm clution peak collected. The collected elutions were buffer
exchanged into 20mM Tris pH7.5 using 10 kDa MWCO centrifugal concentrators
{Millpore Amicon Ultra-15} and concentrated to approximately 3mil in the same
devices.  Samples were centrifuged at 3700 Xg for 10 minutes to remove any
precipitate.  Protein concentrations were estimated by Azeonm using the specific
extinction coefficients.  Concentrations were in the range of 4-15 mg/ml and vields

were typcally 15-30 mg front 500 mi of culture, Samples were stored at -80°C.

Example & Stabality in simulated gastiie thad (SGF)

Stmulated gastric fluid digestibility of protein samples was performed
basically as described 1 Thomas et al., Regulatory Toxicology and Pharmacology
39:87-98(20043). Each test protein was purified as described m Example 8. The

protein concentration of each sample was determined using Pierces” BCA Kit,

Lhn
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The G-Con solution was prepared according to the following protocol: 200
myg of sodium chioride were dissolved in 90 ml of milli-QQ water with mixing. This
solution was titrated to pH 1.2 using 6 N HCl and mlli-0) water was added to a final
volume of 100 ml.

Simulated Gastric Flwmd wath pepsin (1X SGF} was prepared for each test
protein to give 10 unit of pepsin per 1 g of test protein in the reaction solutions.
Thus, a ratio of 10U of pepsin activity/l g of test protein was used throughout the
study. Pepsin was purchased from Sigma Chemical (St Lows, MO} in a single lot
having 3460 Uimg of protein as analyzed by Sigma. The 200 mM NaHCQ: was
prepared with 1.68g NaHCO, 10 100 ml of milli-Q water and titrated with HClto a
pHof 11.0.

Each test protemn was incubated i three different reaction muxtures for 60
mimites at 37°C on a hot-plate. Each tabe containing G-Con or SGF was incubated
at 37°C for 2 minutes prior to adding the test protein. The veaction mixtures were

prepared as follows:

= Reaction Mixture 1: 400 ul total, volume containing SGF {pepsin at ratio of

1} anits pepsin per | g test protein in G-Con} and fest protein solution

= Reaction Mixiture 2: 150w total volume, containing G-Con {dilute HCI, 100
mM NaCi) at pH 1.2 and test protein selution (0135 mgml final
concentration); this 1s a control sample for test protein stability 1 reaction

buffer without pepsin

*  Reaction Mixture 3; 150 wl of SGF and water; this is & control samples for

pepsin auto-digestion (pepsin without test protein)

S0 saraples were removed from reaction mixtares 1 & 3 (controls) at O and
60 minutes, and from reaction mixture 2 {test) at 0.5, 2, 5, 10, 20, 30, and 60
mimutes. Each of these samples were transferred into a stop solution containing 35
wh of both 200 mM NaHCO3 (pH 11.0) and 4X Bio-Rad X7 loading buffer. The
ZET0 time point protein digestion samples were prepared by quenching the pepsin n
the solution before adding the test protein. All samples were incubated for 5 minutes

in a 70°C water bath to stop the reaction and then analvzed using SDS-PAGE, 20 g
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of each sample were analvzed on a 4-12% Bis-Trs Gel (Biorad) in XT MOPS
running buffer (Biorad). The total amount of proten loaded per lane was 1.9 ug
SeeBlue Plus2 Prestained Standard (Invitrogen) was used as the molecular weight
marker, Following electrophoresis, the gels were stained with StmplyBlue SateStain
{lnvitrogen).  Digestion samples were analyzed by visually ingpecting stamned
protein bands following electrophorests,

Stability in simulated gastric fluid for the enzymatically susceptible phytase
variants generated 15 ontlined in Table 6. SGEF-stability of each protein is indicated as
the length of tme {in minute) the protemn or #s peptide fragment(s) is visually

detectable by staining of the gel following SDS-PAGE.

Table 6: SGF stability of enzymatically susceptible phytase enzymes.

Variant SGF stability {minuptes) Presence of polymers
Mutl 6+ Yes
Mut2 60+ Yes
Mut3 60+ Yes
Mutd 60+ No
Muatd <20 No
Muto 60+ No
Mut7 <20 No
Mutl 60+ No
Muth <5 No
Pepl <10 Yes
Pep2 <1 Yes
Pepl <10 Yes
Pepd 60+ Yes
Peps <30 Yes
Pepbd 60+ Yes
Pep7 <30 Yes
Pep8 <30 Yes
Pep® <20 Yes

Ln
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Peplo <2 Yes
Pepll <30 Yes

There 1s conflicting information available regarding whether phytase enzymes
fumction as monomeric proteins or whether they function as multimers.  Phytases

wolated  from  Aspergillng wiger,  dspergiflus  tervens,  Aspercilius fisnigotus,

LA

Emericella nididas, Myceliophthors thermophila and  Talaromyvees  thermophifuy
{(Wyss et al. Appl. And Envior. Micro. 65:359-366 {1999)) function as monomeric
proteins.  In addition, phytases from sovbean seeds {Gibson et al. Arch. Biochem
Biophys. 260:303-513 (1988)), £. coli and Klehsiella tervigena (Gremner, et al, Arch,
Biochem. Biophvs. 303:107-113 (1993); Greiner, et al. Arch. Biochem. Biophys.
10 341:201-206 (1997)), and Bacillus subtiliy (Schimizy, Biosct, Biotechnol, Biochent
S56:1266-1269 (1992} appear to be monomeric.  Evidence for multimer formation i
phytases from Aspergillus terrus,  dspergilius orvzae, Schwanmiomyees castellii has
been demonstrated by Hubel, et al. Plant Phvsiol 112:1429-1436 (1996); Segueilha, et
al. 1. Ferment. Bioeng 74:7-11 (1992}, Schimizu Biosci. Biotechnol. Biochem,
15 57:1364-1365 (1993) and Yamamoto ot al. Agnic. Biol Chem. 36:2097-2103.
Multimer formation of the enzymatically susceptible phvtase was observed in
in the SDS-PAGE analysis of the SGF assay. No multimers were observed in the

SGF assay i the cysteine vanants described wn SEQ 1D NO:4-9.

{0 Example 10 Phviase activity of the mutant proteins over a pH range

Phytase activity assavs were camied out following the assayv method
described by Engelen et al Journal of AQAC Int. 77(33:760-764 (19%4), Enzyme
{NoveX or the enzymatically susceptible phytase vanants at concentrations range of
0.5-10 mgfiul) was dituted 10000 to 30000-fold i water before assav at different
pH. Baffer solations with phytate substrate were prepared as follows:

Ghyene-HCT Buffer — 100 mM glyveme containing 3 mM phytic acid was
used for pH values 2.0, 2.5, 3.0, and 3.5,

Acetate Buffer — 100 mM acetate contaiming 3 mM phytic acid was used for
pH values 4.0, 4.5, 5.0, and 5.5
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Mes Buffer — 100 mM Mes containing 3 mM phytic acid was used for pH
values 6, 6.5, and 7.0,

Assay reactions gt different pH were carried out in duplicate with 300 g
buffer with phytate substrate 150 ul of diloted.  The tncubations, for 10 and 20
minates, were carnied out at 37°C followed by simultancous quenching and
colorimetric detection. The inorganic phosphate product generated complexes with
nolybdate and vanadate fons resulting in a color formation. The absorbance of the
vellow color vanadomolybdophosphoric acid, whose concentration is proportional to
the phosphate 1on coucentration 1n the reaction muxtwre, was measured gt a
wavelength of 415 am. The megsured absorbance was used to determine the
phosphate ion concentration by comparison to a phosphate standard calibration
CULVE,

Relative phytase activity at pH 4.5 at 370 1o the presence of 3mM phytate 15
outlined in Table 7. Relative activily 1s expressed as a percentage of NovOX activity.
Relative phytase activity at pH 2.5 at 27°C in the presence of 3mM phytate is outlined

in Table 7. Relative activity is expressed as a percentage of Nov@X activity at pH 4.5,

Table 70 Relative activity of enzymatically susceptible phyiase varants

Variant Relattve activity at pH 4.5 | Relative activity at pH 2.5
Mutl 142.0 847
Mut2 337 ND
Mut3 60.1 NP
Mutd 1757 105.0
Muatd 161.7 97.4
Muto 1733 ND
Mut7 1769 102.0
Mut§ 184.4 ND
Mut9 176.9 1107
Pepl 64.5 389
Pep2 60.0 ND

Lhn
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Pep3 352 300

Pepd 161.8 83.8

Peps 121.4 68.8

Pepo 66.7 ND

Pep? 138.3 1107

Pepl 1953 1205

Pepv 122.5 526

Pepld 13.5 ND

Pepll 100.2 67.4

ND: data not generated

Example 111 Companison of the thermotolerance of the mutant proteins

Test protein was diluted in 100 mM acetate buffer (pH 4.5), containing
0.01% Tween 20, prior to the heat-treatinent. 100 1l of each diluted enzyme
solution was heat-treated using a Gradient PCR Cycler at 40 93 "C (3 °C
increments per incubation) for 5 minutes. The heat-shocked enzyines were
mmediately placed, and kept in chilled condition until assay dilnion was done. The
residual phytase activity in heat-treated enzyme fraction was estimated using
standardized phytase assay after 10000 to 30000 fold dilution in 100 mM acetate
buffer (pH 4.5}, contaning 3 M phytate substrate and 0.01% Tween 20, Phytase
reaction mixture was incubated at 37 °C for 15-40 minutes. The assay of each heat
treated fraction was done in duphicate in 96-deep well block and the amoant of
morganic phosphate released was estimated by comparizson of the absorbance of the
colorometric reactions to the standard phosphate curve. The residual phytase activity
was calculated by comparison to the activity observed in the un-treated enzyme
fraction.

Relative thermotolerance of the enzymatically susceptible phytase enzymes
was determuined from a plot of the residual phytase activity versus pre-ireatment
temperature.  The values shown m Table § represent the temperature at which 5
minutes of heat treatment will resull in 50% loss of phyvtase activity as compared to

untreated enzyme.
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Table 8 Relative thermotolerance of enzymatically susceptible thermotolerant phytase

Variant Temperagture
Mutl QN
Muat2 68
Muat3 63
Mutd 74
MuatS 68
Muto 68
Mut7 66.5
Muot8 68
M9 63
Pepl 70
Pep2 70
Pep3 70
Pepd 68
Peps 63
Pentd ND
Pep? 68
Pep¥ a8
Pep® 66.5
Pepl0 ND
Pepll 70

ND: data not generated

LAy

Example 12: Combinations of mutations

Based upon the data generated in Examples 9-11, specific combinations of
variants were selected for gnalysis. These combinations are described in Table 9,
Polynucleotide sequences codon optimized for bactenial expression were generated
to encode the polypeptide variants described in Table 9 essentially as described in
10 Example 6. The bacterial codon optimized polynucleotide sequences were then

~

mcorporated mto a bactertal expression vector essentially as described in Example 7

3
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and the enzvmatically susceptible phytase proteins purified essentially as described
in Example 8 Codon optimized polvnucleotide sequences and corresponding
combination mutant polypeptide sequences are referenced in Table S to outhine the

relationship between polypeptide and polynocleotide sequences contained i the

5 Sequence Listing.

Table @ Combmations of enzymatically susceptible phytase variants

Mutant name (SEQ ID
NO)

Previous amino acids

base posiions — pew #mine

Mutants combined

N140Q, C205N, N3180Q

acids

nutl S (163) C76K, NUOQ, C205N, | motl, motd
N3IBQ

nutl7 (104} W3SF, P39Y, C76K, { mutl, muot4d, Pepl

muti8 {103}

W3BF, P39Y, (76K,
N140Q, C205N, N318L,
W319Y

mutl, mutd, Pepl

. Pep?

mutl 9 (106)

W3SF, P39Y, C76K,
NIA0Q, CZOSN, N31RQ,
S368F

mutl, mutd, Pepl

, Pep8

raut20 (107}

C70K, N140Q, C205N,
N3IBL, W318Y

mutl, mutd, Pep?

mut2 {108)

C76K, N1400Q, C205N,
N318Q, S368F

mut!, muid, Pepd

N1400, C205N, N318Q,
SI6SF

22 (109} (70K, PI124E, P128L, mutl, mutd, Pep2, Pep7
N140Q, C205N, N318L,
W39y

mut23 (110} CToK, N127Y, P128V, mutl, mutd, Pep3, Peps

nut24 (111}

A26F, C76K, N138Y,
N140Q, C205N, V212W,
N3I8O

mutl, mutd

25 (112) A26F, W3SF, P39Y, C76K, | mutl, mut4, Pepl
N3V, N1400Q, C205N,
V2I12W, N318Q

mut26 (113) A26F,  C76K,  PI24E, | mutl, mutd, Pep2
P128L, NI38V, NI1400,

38
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C205N, V2I2W, N318Q

w27 (114}

A26F, CT76K, NI127Y,
PI28V, NI38V, Ni40Q,
C205N, VZ12W, N318Q

mutl, mutd, Pep3

mut28 {115}

A26F, W3SE, P3dY, CT76K,
NI3BV, NI40Q, C2035N,
VZIZW, N318L, W3I%Y

mutl, mutd, Pepl, Pep?

mut2e (1163

A26F, W38F, P3SY, C76K.,
NI3SV, N140Q, C205N,
V212W, N3180Q, SI6RF

mutl, mutd, Pepl, Pepl

mut30 (117}

A26F,  CT76K, Pl24E,
P128L, NI138Y, NI40Q,
(205N, V2I12W,_ N3ISL,
W39y

mutl, mutd, Pep2, Pep?

mut3l (1183

A2eF,  CT7oK, NI27Y,

PI2RV, NIISV. N1400,
C208N, V2I2W, N318Q,
SI6SF

nuatl, mutd, Pep3, PepS

mut32 {119}

A26F, (76K, NI38W,
Ni40Q), (203N, C179A,
CIBOA, V2I2W _N31I8Q

mutl, mutd

mutd3 (120}

A26F. W3SE, P3OV, C76K,
NI3§W, N1400Q, C205N,
CI79A, CI89A, V212W,
N318L, W319Y

mutl, muts, Pepl, Pep?

mutd34 (121}

A26F, Wi3BE, P39Y, CT76K,
NIV N140Q, (205N,
CI79A, CIR9A, V212W,
N318Q, $368F

mutl, mutS, Pepl, Peps

mut3s (1223

A26F, C76K, CI34A,
NI3RV, NI400Q, C205N,

mutl, mut9

39
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V212W, N3180Q, C409A

w36 (123}

A26F, W38F, P39Y, (76K,
CI34A, NI38V, NI140Q,
C205N, V2I2W, N318Q,
S368F, C4094A

mutl, mat9, Pepl, Pep8

Example 13; Stability of combination phytase variants 1n simulated gastric fluid

(SGF}

Purified proteins of combination phytase varignis were analyzed for

sensitivity to pepsin essentially as described in Example 9. SGF stability is outhned

it Table 10

Table 10: SGF stability of combination phytase variants

Variant SGF stability {minutes) Presence of polymers
mutis (103) 60+ No
mut]7 (104) <10 No
mutis {10%) <5 No
mutl19 {106} <5 No
mut20 (107} <40 No
mut2i (108) <40 No
mut2 {109} <10 No
mut23 {110} <10 No
mut24d (111) 60+ No
mut2d (112} <30 No
mut26 (113} 60+ Ne
nmut27 (114} 60+ No
mut28 (115} 60+ No
nut28 (116} <30 No
mutdo (117} 6(H- No
mut3l {118} 60+ No
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mut32 {119) 6O+ No
w33 (1203 <10 No
mutd4 (121} <10 No
rmut3s (122 <40 No
mutd6 (123} <10 No

ND: data not generated

Example 14 Relative phytase activity of combination variants gt pH 4.5

5 Purified proteins from combination phyvtase variants were analyzed for

activity at pH 4.5 essentially as described fn example 10, Relative activity results

for the combination phylase variants at pH 4.5 are outlined m Table 11

Table 11: Relative phytase activity of combination variants at pH 4.5

Variant Relative activity at pH 4.3
mutls (103) 327.9
mutl7 {104} 1268
mutls {105) 1823
mutl19 {106} 189.2
mut20 {107} N
mut21 (108) ND
mut2? (109} ND
mut23 {110} 81.5
mut24 {111} 2774
mut2s (112) ND
26 (113} ND
mut27 (114} ND
mut2B (115) ND
mut29 (116} 243
mut3g {117} ND
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mut3i {118) ND
w32 (119} 307.6
mutld3 (120} 2633
i34 (121} 280.6
mutdS (122} ND
mut3e {123} ND

ND: data not generated

Example 15 Thermotolerance of combination phytase variants

PCT/US2008/084303

Purified proteins from combination phyiase varants were analyzed for

thermotolerance essentially as described m example 11, Thermotolerance data for

the combination phytase vanants are outlined in Table 1:

The values shown in

Table 11 represent the temperature at which 5 mimutes of heat treatment will resalt

1 50% loss of phytase activity as compared to untreated enzyme.

Table 12: Relative thermotolerance of combination phytase vanants

Variant Temperature
mutl3 {103} T2
mutl7 (104} 68
muti8 {103} 63
mutl9 (106} 63
mut28 (107} ND
mut2} {108} ND
22 (109} 59
nut23 (118} 63
mut24 (111} 7
mut25 (112} 73
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mut26 {113) ND
27 (114} 68
mut28 (115} ND
29 (116} 6%
mut3d (117} ND
mut3t {118} ND
mut32 {119} 72
mut33 (1203 64
mut34 (1213 64
myt3s (1223 68
mut36 {(123) 58

ND: data not generated

Example 16 Codon optimization of variants for plant expression

The protein sequence of the enzymatically susceptible phytase enzyme is
converted mio a polynucieotide sequence. The polvaucleotide sequence 1s modified
s0 that the cadon reflects the optimyum codon in maize,
The maize optimized polyancleotide sequences as desenibed in SEQ 1D NO: 70-102
are synthesized and sub-cloned into pFLEX HX £ cofl expression vector by
GeneArt, Regensbwrg, Germany. The final vector contains an expression cassetie
that mcludes the codon optimized polynucleotide sequence for the enzymatically
susceptible phytase linked to a sequence that adds an N-terminal His-tag. For ease
of reference, Table 3 outlines the relationship between polvpeptide and

polyvnucleotide sequences that are in the Sequence Listing.

Example 170 Method of making a plant transformation vector and creating
trausgenic plants,

Binary vectors for maize transformation are constructed i two steps. In the
first step, three fragments are fused to generate an expression cassette.  The
expression cassette consists of a HindlI-BamHI rice ghutelin promoter cassette

fused to a BamHI-Sacl cassette (contaning the gene of interest) including a

6
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SEKDEL ER retention sequence. This cassetie is then fused to a Sacl-Kpnl CMV
35s terminator cassette, The ternunator cassette inclades an inverted PEPC intron.
The expression cassette 15 then transferred as a HindIH-Kpnl fragment into the
binary vector pNOV2117, which conins the phosphomannose isomerase (PMI)
gene allowing for selection of transgenic cells with mannose.

Transformation of tnmature maize embryos 13 performed essentially as
described wm Negrotto et al., Plant Cell Reports 19:798-803 (2000). Various media
constituents described therein can be substituted.

Agrobacterium  strain LBA4404  (Invitrogen)  contaiming  the  plamt
transformation plasmid 18 grown on YEP (yeast extract {5 g/L), peptone (10g/L),
NaCl (3g/1),15¢1 agar, pH 638) solid medium for 2 1o 4 days at 28°C.
Approximately 0.8X 10" Agrobacterio are suspended in LS-inf media supplemented
with 100 uM acetosyringone (As) (LSAs medium) {(Negrotio et al., Plant Cell Rep
19:798-803 (2000})). Bacteria are pre-induced in this medium for 30-60 minutes,

Immature embryos from maize line, A188, or other suitable maize genotypes
are excised from 8 ~ 12 dav old ears into hquid LS-inf + 100 uM As (LSAs).
Embryos are vortexed for § scconds and rinsed once with fresh infection medium,
Infection media is removed and dgrodacierium solution is then added and embryos
are vortexed for 30 seconds and allowed to settle with the bacteria for 5 minutes.
The embryos are then transferred scuteltum side up to LSAs medium and cultured 1n
the dark for two to three days. Subsequently, between 20 and 25 embryos per petni
plate are wansferred to LSDe medium supplemented with cefotaxime (250 mg/l) and
sitver nitrate (1.6 mg) (Negrotto et al., Plant Cell Rep 19.798-803 (2000)) and
cultured in the dark for 28°C for 10 days.

Immature embryos producing embryogenic callus are transferred o
LSDIMOAS mediwmn (LSDe with 05 wgd 24-D instead of Dicamba, 10g1
mannose, § ¢/ sucrose and no stlver nitrate).  The cultures are selected on this
medivm for & weeks with a sobeplhure step at 3 weeks.  Swrviving calli are
transferred either to LSDIMQO.3S medium to be bulked-up or to Regl medinm {as
described in Negrotto et al., Plant Cell Rep 19:798-803 (2000}, Following culturing
in the hight (16 hour light' 8 hour dark regiment}, green tissues are then transferred

to Rep2 medium without growth regulators {as described in Negrotio et al., Plant
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Cell Rep 19:798-803 (2000} and incubated for 1-2 weeks. Plantlets are transferred
to Magenta GA-7 boxes {Magenta Comp, Chicago HL) containing Reg3d medium {as
described m Negrotto et all 2000} and grown in the light. Plants that are PCR
positive for the enzymatically susceptible phytase expression casseite are transferved
to soil and grown in the greenhouse.

The presence of the enzymatically susceptible phytase gene 13 determined by
+{- PCR assay or by a Tagman® copy number assayv. The presence of the PMI
selective marker is determined by a Taqman® copy number assay. The presence of

the spectinomyen resistance gene selective marker is determined by +/- PCR assay.

Example 187 Analysis of transgenic maize plants expressing an enzymatically
susceptible phytase.

Transgenic seed will be ground in a Perten 3100 hammer null equipped with
a 2.0 mu screen thus generating transgenic comn flour. Flowr samples (1 gram} from
PCR positive transgenic events are extracted in 50 mM Tris-HCT (pH 8.03, 100 mM
NaCl, 2 mM for | hour at ambient temperature with stirring.  Extraction volume is
100 ml.  Extracts are clarifted by centrifugation and diluted with sodium acetate
buffer (pH 5.5).  Phytase activity is measured at a range of pH essentially as
described in Example 100 Assays are performed in microplates at a final reaction

volume of I mbL

Example 19 Animal feeding studies

Microbial expressed phytase (8 variants) will be premixed onte a wheat
cartier for inclusion m multiple broiler chicken feeding studies.  The phyiase
enzyme pre-mixture will be standardized at approximately 3,500 FTU/g of premix.
The premixed phytase enzyme will be included in typical corn-SBM based rations
formulated to meet the all requirements of yvoung, growing brotler chickens with the
exception of phosphorus.  Phytase will be added 1o the starter rations resaliing v a
final concentration of 250 to 600 FTU of phytase activity per kg of the final ration.
Experimental diets will be ad /ibitum fed m either a mash or a pelleted form to
several {4 to 10) replicate groups of 5 10 8 chickens housed in battery cages in

environmentally controlled rooms.  In addition to diets containing experimental
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enzymes, positive contrel (phosphorus adequate), negative contrel {phosphorus
defictent} and stepwise additions of phosphorus (standard curve} will feed fed 1o
similar replicate groups of chickens to allow for analysis of the enzyme response.
Enzyme evaluation and chamcterization will be determined using performance
characteristics {(feed intake, body weight gain and the ratio of feed to gain over the
feeding period and asing the tibia ash content of chickens at the end of the feeding
pertod.  Anabysis of enzyme utilty will be accomplhished using a combination of
slope-ratio, stand curve, ANOVA and protected LSD comparisons of performance

and tibia ash data.

Example 20: Pelleting studies

Microbial expressed phytase (8 vanants) will be premixed onto a wheat
carrier for imclosion in muadtiple high temperature feed pelleting studies. The phytase
enzyme pre-mixture will be standardized at approximately 3,500 FTU/g of premix.
The premixed phytase enzvme will be included in typical corn-SBM based rations
formulated 1o meet the all requirements of vouny, growing broiler chickens with the
exception of phosphorus.  Phytase will be added to the starter rations resulting in a
final concentration of 250 to 750 FTU of phytase activity per kg of the final ration.
Fully mixed mash diels containing experimental phytase enzymes will be pelleted
using mills representative of corrent research feed processing mills and methods.
Pelleting diet temperature will be vanied 10 include pelleted feed samples taken
between 70 and 100°C. Feed will be pelleted across multiple days and analyzed for
restdual phytase activity and will be expressed as a percentage activity remaining
from the mash {(before pelleting) samples. Analvsis of remaining enzvme activity

will be accomplished using ANOVA and protected LDS analysis.

Example 21 Method of making an enzymatically susceptible xylanase

Xylanase genes such as those listed as SEQ ID 14 or 16 from US patent
member 7291493 can be modeled as described in Example 1 using crystal
structures available in the Research Collaboratory for Structural Bioinformation
Protein Data Base (PDB) (htip:/ifwww.resb.org'pdbvhomehome.do), with the PBD

D IXXN, 2DRCY, 1BVV, 2279, A xyvlanase computational model can be created
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using the software program Modeler within Insight 1l package from Accelrys, Inc
and the models with the lowest objective function value will be chosen,

Mutations for deglycosolation, removal of potential intramolecular disulfide
bonds and introdacing pepsin cleavage sites can be modeled using SwissPdb Viewer
{(Guex, N. and Peitsch, M.C. SWISS-MODEL and the Swiss PdbViewer: an
environment for comparative protein modehng. Electrophovesis, 18, 2714-2723
{1997)). Xylanase variants can then be modified using rational design as described
m Examples 2-5.  Neglvcosyvlation sites for xylanase can be identified
computationally as well as by mass-spectrometric analysis of the protein varants
expressed in FPickio and comn endosperm.  Corresponding glyvcosylated amino acid
residues can be modified to remove glycosvlation sites in xylanase mutants,
Specific cystemne residues m xvlanase can be identified from the amuno acd
sequence of SEQ ID 14 or 16 from US patent number 7,291 493, Cysteine residoes
participating in intramolecular disulfide bridges will be targeted for alteration.
Xvlanase cvsteine vesidues participating in intermolecular disulfide bridges may also
be targeted for alteration.

Alterations can be mapped onto the three-dimensional mode of the xylanase
protein to avord making alterations to the overall strocture of the protein and s’
ability to fold into the correct conformation. Loops in the xvlanase protein structure
can be identified from the three-dimensional structiwe model of xyvlanase. The
particular loops will need to meet the same three criteria as identified in Example 4.
{dentified loops can then be modified by inserting mto or replacing the loop entirely
with highly favorable pepsin cleavage site sequence (Keil B., Specificiy of
Protenlysis. Springer-Verlag Berlin-Heidelber-New York p.335 (1992))

Variants can then be optumized for bactenal expression by computationally
converting the protein sequence tnto polvnucleotide sequence. The polyaucloeotide
sequence can then be optimized for E. coli expression. The E. coli optimized
polynucleotide sequences can then be synthesized and sub-cloned mto pFLEX HX
E. coli expression vector by GeneAst, Regensbur, Germany. The final vector will
contain an expression cassette which includes the codon optimized polynucieotide
sequence for the enzymatically susceptible phytase linked to a N-termumal His-tag.

Bacterial codon optimized expression cassettes contatning enzvmatically susceptible
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xylanases from pFLEX HX can then be cloned imte pET24a (Invitrogen) and
pFLEXHX T7 expression vectors as described m Example 7. The pET24 and
pFLEXHX T7 vectors containing the expression cassettes can then be transformed
mto BL2I{DE3] E. coli cells (Iavitrogen) and grown up in LB medium containing
Kanamycin {(30ug/ml) as described 1 Example 8. Xylanase can be isolated from
these E. colt transformants as described in Example .

Simulated gastric fluid digestibility of xylanase protein samples will be
performed basically as described in Thomas et al, Regulatory Toxicology and
Pharmacology 39:87-98 (2004} and as described in Example 9. Xvlanase activity
can be analyzed over various pH ranges, polymerization and thermotolerance as
described 1 Examples 10-11 using a xylanase assay method as disclosed m PCT
patent publication number WO2007/146944. Based upon the data generated from
the xylanase mutants expressed and isolated from bacteria, specific combinations of
variants will be selected for analysis as described in Examples 12-15 using the
xylanase assay method from PCT patent publication number WO2007/146944.

Selected xylanase varants will be codon optimized for plant expression,
synthesized and subcloned into pFLEX HX E. coli expression vector as described in
Example 16, Plant transformation vectors containing muotated xylanase genes can be
constructed essentially as described in Example 17, Transgenic plants will be
created  expressing  enwymatically susceptible  xylanases wusing  dgrobacierinm
transformation as described in Example 16, Transgenic maize plants expressing an
enzymatically susceptible xvlanase can then be analvzed using the xvianase method

disclosed in PCT patent publication number WO2007/146944.
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1. A method of increasing a protein’s sensitivity 1o a protease comprising the steps
of:

a) creating variants with increased thermodynamic stability;

bymodeling the three-dimensional structure of the protein;

¢} identifving domains of the three-dimensional model;

d} creating variants of the protein by altering domains of the three-
dimensional model;

e} selecting variants with activity at least equal to the protein; and

f} testing the vanants for sensitivity to a protease wheremn sensitrvity resalts

1 the digestion of the varian when exposed to the protease.

2. The method of claim 1, wherein the activity is selected from the group consisting

of thermotolerance, acid pH activity, basic pH activity and specific activity.

3. The method of claim 1, wherein the modeling is selected from the group
consisting of X-ray crystallography. nuclear magnetic resonance and computational

modelimg,

4. The method of claim 1, wherein the domains are selected from the group
consisting of glyvcosylation domains, cysteine residues, and loops of a protein

structure that are exposed to surrounding medium.

S. The method of claim 1, wherein the protease 18 selected from the group
consisting of pepsin, trypsin, chymotrypsin, pancreatic endopeptidase, cathepsin G,
chymase, tryptase, papain, chymopapain, caspase-1, elastase, carboxypeptidase and

dipeptidase E.

. The method of claiml, wherein sad protein 18 an enzyme,
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7. The method of claim 1, wherein said protein is an enhancing enzyme.

8. The method of claim 1, wherein said protetn extbits stability 1w SGF for at least

10 munugtes.

9. The method of claim 6, wheremn said enzyme 1s a phytase.

10. The method of clamm 9, wherein said phyiase is derived from a prokaryotic

organism.

11, The method of claim 9, wherein said phyviase is derived from Escherichia colt.

2. The method of claim 11, wherein said phytase 1s Nov9X.
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