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ENRICHMENT OF OILS WITH POLYUNSATURATED FATTY ACIDS

INVENTORS: WESELAKE, Randall; PAN, Xue; SILOTO, Rodrigo

ASSIGNEE: THE GOVERNORS OF THE UNIVERSITY OF ALBERTA

Field of the Invention

[0001] The present invention relates to novel isolated Linum usitatissimum
phospholipid:diacylglycerol acyltransferases (PDATSs) and polynucleotide sequences encoding
the PDAT enzymes; polynucleotide constructs, vectors, host cells and transgenic organisms

incorporating the polynucleotide sequences; and methods of producing and using same.

Background of the Invention

[0002] There is substantial commercial interest in omega-3 polyunsaturated fatty acids (-3
PUFAs) due to their wide range of applications. Alpha-linolenic acid (ALA) is an essential
omega-3 fatty acid in the diet and the precursor for the omega-3 fatty acid family (Sinclair et al,
2003; Das 206). In addition, with low oxidative stability, ALA can react rapidly with oxygen to
polymerize into a soft and durable film upon air exposure, which makes it suitable for domestic
and industrial coatings such as varnishes and paints. Omega-3 very long chain PUFAs (®-3
VLC-PUFA), such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are well
known for their benefits to human health (Abeywardena & Patten, 2011). Epidemiological,
genetic and dietary studies have validated the nutritional value of ®-3 VLC-PUFA in
cardiovascular disease (Saravanan ef al., 2010) and non-cardiovascular diseases such as
rheumatoid arthritis and inflammatory bowel disease (Calder, 2008a, 2008b). Stearidonic acid
(SDA), which is generated by the A6-desaturation of ALA, exhibits similar health properties
(James et al., 2003; Tocher et al., 2006; Harris et al., 2008 and Whelan, 2009). However, natural

sources of ®-3 VLC-PUFA and SDA are insufficient for commercial needs.

[0003] As aresult, numerous attempts have been made to engineer alternative omega-3
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PUFA-producing organisms. Genes encoding fatty acid desaturases which directly introduce
double bonds into fatty acids have been described (see for example, United States Patent Nos.
5,614,393; 5,952,544; 6,825,335; 7,554,008; 7,671,252; 7,695,950, 7,723,503; Wada et al.,
1990). Genetic engineering of VLC-PUFA pathway with various elongases and desaturases in
oilseed plants and microorganisms has been successfully demonstrated (see for example, United
States Patent Nos. 8,088,974; 7,893,320, 7,736,884; 7,659,120, 7,402,735; 7,364,883; 5,968,809;
Ruiz-Lopez et al., 2012). However, the produced lipids contain limited amount of desired
PUFAs. Along with elongases and desaturases, many other enzymes can contribute to the flux of
PUFAs to storage lipids. Essentially, PUFAs have to be efficiently transferred from the
desaturation site (s»n-2- phosphatidylcholine, PC) to the substrates for storage lipid synthesis.
Therefore, it is also necessary to employ efficient acyltransferases that can enhance the flux of
PUFAs from PC to storage lipid.

[0004] Triacylglycerols (TAGs) are the main component of seed oil. TAGs can be formed via
an acyl-CoA-dependent or acyl-CoA-independent process. The final step of the acyl-CoA
dependent pathway, also known as Kennedy pathway (Weiss e al. 1960), is catalyzed by acyl-
CoA.:diacylglycerol acyltransferase (DGAT) which uses acyl-CoA as acyl donor to convert
diacylglycerol to TAG. Phospholipid:diacylglycerol acyltransferase (PDAT) involved in the
acyl-CoA independent pathway catalyzes the transfer of a fatty acyl chain from sn-2-
phospholipid to sn-1, 2-diacylglycerol to generate TAG (Dahlqvist et al., 2000). Genes encoding
PDAT have been reported in yeast (United States Patent No. 7,635,582), microalga
Chlamydomonas reinhardtii (Yoon et al. 2012), Arabidopsis thaliana (United States Patent No.
7,635,582), and castor bean (Ricinus communis) (Dahlqvist et al., 2000; Kim et al., 2011; United
States Patent No, 8,101,818). '

Summary of the Invention

[0005] The present invention is directed toward the development of oilseeds or oleaginous
microorganisms that accumulate oils with enhanced PUFA content by the use of novel PDAT
enzymes isolated from Linum usitatissimum. Therefore, in general terms, the present invention
relates to isolated LuPDATI, LuPDAT2, LuPDAT3, LuPDAT4, LuPDATS, and LuPDAT6 genes
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from Linum usitatissimum, and methods for their use. The inventors believe that PDAT enzymes
utilize preferentially substrates containing ALA in flax. In addition, the inventors believe that
the substrate selectivity of the identified novel PDATS is not limited to ALA, but extended to
other PUFAs, including SDA, y-linolenic acid (GLA) and EPA, Accordingly, these PDAT
enzymes may be used in recombinant methods to engineer production of PUFA enriched

products.

[0006] In one aspect, the invention comprises an isolated polynucleotide sequence encoding a
protein or polypeptide comprising or consisting of an amino acid sequence selected from the
group consisting of SEQ ID NOS: 7, 8, 9, 10, 11, or 12, respective biologically active variants
and biologically active portions thereof, with respective sequences having at least 80%, 85%,

90%, or 95% identity, and wherein the variants have PDAT activity.

[0007] In one embodiment, the invention includes an isolated polynucleotide encodes a
polypeptide having PDAT activity, wherein the polypeptide comprises the amino acid sequence
of at least 80%, 85%, 90% or 95% sequence identity based on the Clustal W method of
alignment when compared to one of SEQ ID NOS: 7, 8,9, 10, 11 or 12.

[0008] In one embodiment, the polynucleotide comprises the nucleotide sequence of one of
SEQIDNO: 1,2,3,4,50r6.

[0009] In another aspect, the invention comprises a recombinant expression vector comprising
at least one polynucleotide as described herein, operably linked with transcriptional and
translational regulatory regions or sequences to provide for expression of the at least one

polynucleotide sequence, expressible in bacterial, yeast, fungal, mammalian or plant cells.

[00010] In another aspect, the invention comprises a microbial cell comprising the above
recombinant expression vector. In one embodiment, the cell comprises Saccharomyces
cerevisiae and which comprises a recombinant expression vector comprising the sequence of any
of the isolated polynucleotides of the present invention. The cell may be engineered to have

reduced TAG synthesis ability, In one embodiment, the cell may further comprise a recombinant
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expression vector expressing a non-native elongase or desaturase enzyme, or both,

[00011] In another aspect, the invention comprises a method for producing TAG with enriched

PUFA content in oleaginous microbial cells comprising the steps of:

a) transforming a host microbial cell with a recombinant expression vector
comprising one of SEQ ID NO: 7, 8, 10 or 11 under conditions sufficient for expression of a
PDAT polynucleotide; and

b) exposing the host microbial cell to certain PUFA, wherein the PUFA is converted
by the PDAT into TAG.

The exposure to certain PUFA may be accomplished by providing the PUFA exogenously, or

engineering the cell to produce, or preferentially produce the certain PUFA endogenously.

[00012] In one embodiment, the fatty acid substrate comprises one or more of ALA, GLA,
SDA, and EPA.,

[00013] In another aspect, the invention comprises a transgenic plant, plant cell, plant seed,
callus, plant embryo, microspore-derived embryo, or microspore, comprising the above
recombinant expression vector. In one embodiment, the transgenic plant, plant cell, plant seed,
callus, plant embryo, microspore-derived embryo, or microspore is selected from a linseed,
rapeseed, canola, peanut, safflower, flax, hemp, camelina, soybean, pea, sunflower, olive, palm,
oats, wheat, triticale, barley, corn, and legume plant, plant cell, plant seed, callus, plant embryo,

or microspore-derived embryo or microspore.

[00014] In another aspect, the invention comprises a method for producing a transgenic plant
comprising the steps of introducing into a plant cell or a plant tissue the above recombinant
expression vector to produce a transformed cell or plant tissue; and cultivating the transformed
plant cell or transformed plant tissue to produce the transgenic plant, In one embodiment, the
plant is selected from a linseed, rapeseed, canola, peanut, safflower, flax, hemp, camelina,

soybean, pea, sunflower, olive, palm, oats, wheat, triticale, barley, corn, and legume plant, plant
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cell, plant seed, callus, plant embryo, or microspore-derived embryo or microspore. In one
embodiment, the transgenic plant has or is engineered to have reduced DGAT activity compared
to a non-transgenic plant, and accumulates fatty acids including ALA, SDA, and EPA with the
exception of GLA.

[00015] Additional aspects and advantages of the present invention will be apparent in view of
the description, which follows. It should be understood, however, that the detailed description
and the specific examples, while indicating preferred embodiments of the invention, are given by
way of illustration only, since various changes and modifications within the spirit and scope of

the invention will become apparent to those skilled in the art from this detailed description.

Brief Description of the Drawings

[00016] The invention will now be described by way of an exemplary embodiment with

reference to the accompanying simplified, diagrammatic, not-to-scale drawings.

[00017] Figure 1. Shows a phylogenetic tree of the amino acid sequences of LuPDATSs
isolated from flax. Six flax PDATs can be divided into three branches: I (LuPDATI and
LuPDATS), II (LuPDAT2 and LuPDAT4) and III (LuPDAT3 and LuPDAT®6). The multiple
sequence alignments of LuPDATSs were generated using the Clustal W module within MEGAS
with the defaul parameters (gap penalty, 10.0; gap length penalty, 0.2; Gonnet matrix). The
phylogenetic trees were constructed using the same software with the following parameters:
neighbor-joining method, Poisson model, complete deletion and bootstrap (1000 replicates).

Numbers above branches indicate the percentage of bootstrap values.

[00018] Figure 2. The a-linolenic acid (ALA)-specific activity of LuPDAT!1 and LuPDAT2
in yeast strain H1246. Yeast transformed with pYES/acZ was used as the negative control, which
was annotated as “LacZ” on the TLC plate. The square bracket indicates the position of
triacylglycerol (TAG) produced by the yeast cells. The corresponding fatty acid used for feeding
is shown on the left of the figure with the chemical structure (OA, oleic acid; LA, linoleic acid;

ALA). All fatty acids were provided at concentration of 100 uM. P1 - LuPDAT1 (SEQ ID NO:
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7); P2 - LuPDAT2 (SEQ ID NO: 8); P6 - LuPDAT6 (SEQ ID NO: 9); TAG - triolein TAG

standards.

[00019] Figure 3. The polyunsaturated fatty acid (PUFA)-specific activity of LuPDAT1 and
LuPDAT? in yeast strain H1246. Yeast transformed with pYES/acZ was used as the negative

6 99

control, which was annotated as “-” on the TLC plate. The corresponding fatty acid used for
feeding is shown on the left of the figure with the chemical structure. All fatty acids were
provided at concentration of 100 uM. P1 - LuPDAT1 (SEQ ID NO: 7); P2 - LuPDAT2 (SEQ ID
NO: 8); P6 - LuPDAT6 (SEQ ID NO: 9); TAG - trilinolenin TAG standards; SDA — stearidonic
acid ; GLA — y-linolenic acid; DGLA — dihomo-y-linolenic acid ; AA — arachidonic acid; EPA —

eicosapentaenoic acid; ETA — eicosatrienoic acid; DHA — docosahexaenoic acid.

[00020] Figure 4. Gas chromatography-mass spectrometry (GC-MS) chromatograms of yeast
strain H1246 expressing LuPDATI and LuPDAT?2 in the presence of a-linolenic acid (ALA).
Yeast cells expressing LuPDATI or LuPDAT?2 is capable of producing triacylglycerol (TAG)
containing only ALA (trilinolenin). The recombinant yeast cells were cultivated in the presence
of 100 uM of ALA. The yeast lipids were extracted and separated by thin layer chromatography
(TLC) plate. The compound corresponding to the upper and lower TAG bands (marked by
square brackets) was scrapped separately from the TLC plate, trasnsmethylated and analyzed
through GC-MS. The ratio of TAG within each separated band to the total amount of TAG was
calculated and the values are shown as percentage on the upper left corner of each
chromatograph. P1- LuPDATT1; P2 — LuPDAT?2.

[00021] Figure 5. The concentration effect of the exogenously provided a-linolenic acid
(ALA) on overall percentage of ALA in triacylglycerol (TAG) and total TAG content in yeast
strain H1246 expressing LuPDATI or LuPDAT?2. Figure SA shows that yeast cells expressing
LuPDATI or LuPDAT? are capable of producing TAG with up to 90% ALA. In addition, Figure
5B shows that an increased concentration of supplemented ALA from 0 to 300 uM leads to
approximately 168-fold and 44-fold increases in total TAG content on a dry weight basis for
yeast expressing LuPDATI and LuPDAT?2, respectively. The yeast cells were cultivated in the

absence or presence of different ALA concentration and harvested at the same growth stage
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(ODgponm = 6.5+0.05). The collected samples were first freeze-dried for 16h and then subjected to
lipid extraction and gas chromatography-mass spectrometry (GC-MS) analysis for the

determination of total TAG content and fatty acid composition. Data are presented as means +
SE (n=4).

[00022] Figure 6. The fatty acid methyl esters (FAME) profile of yeast strain H1246 co-
expressing LuPDATand LuPDAT?2 individually with desaturases. Co-expression of either
LuPDATI (black bar) or LuPDAT2 (grey bar) with LuFAD2-1 and LuFAD3B in yeast produces
triacylglycerol (TAG) with a-linolenic acid (ALA, C 18:3) as the predominant fatty acid. Yeast
cultures were induced at 20°C for three days before harvested. Data are presented as means = SE
(n=73).

[00023] Figure 7. Fatty acid composition of LuPDAT-overexpressing seeds. Overexpression of
LuPDATI and LuPDAT2 in wild-type Arabidopsis seeds results in an increased level of linoleic
acid (LA) and o-linolenic acid (ALA). Ten individual transgenic lines were analyzed for each
construct. Wild-type Arabidopsis transformed with empty pGreen plasmid were used as controls
(CTR). Data are presented as means + SE (n = 3), with asterisks indicating p<0.05 (ANOVA,
Duncan’s multiple range test). OA — oleic acid; EA — eicosenoic acid.

[00024] Figure 8. The LuPDATI nucleotide sequence.

[00025] Figure 9. The LuPDAT2 nucleotide sequence.

[00026] Figure 10. The LuPDAT3 nucleotide sequence.

[00027] Figure 11. The LuPDAT4 nucleotide sequence.

[00028] Figure 12, The LuPDATS nucleotide sequence.

[00029] Figure 13. The LuPDAT6 nucleotide sequence,
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[00030] Figure 14. The LuPDAT1 amino acid sequence.

[00031] Figure 15. The LuPDAT?2 amino acid sequence.

[00032] Figure 16. The LuPDAT3 amino acid sequence.

[00033] Figure 17. The LuPDAT4 amino acid sequence.

[00034] Figure 18. The LuPDATS amino acid sequence.

[00035] Figure 19. The LuPDAT6 amino acid sequence.

[00036] Figures 20A-C show an amino acid alignment of the polypeptides LuPDAT1 (SEQ

ID NO: 7), LuPDAT2 (SEQ ID NO: 8), LuPDAT3 (SEQ ID NO: 9), LuPDAT4 (SEQ ID NO:

10), LuPDATS5 (SEQ ID NO: 11) and LuPDAT6 (SEQ ID NO: 12).

Detailed Description of Preferred Embodiments

[00037] The present invention relates to isolated polynucleotides of the LuPDATI, LuPDAT2,
LuPDAT3, LuPDAT4, LuPDATS, and LuPDAT6 genes from Linum usitatissimum; nucleic acid
constructs, recombinant expression vectors and host cells incorporating the polynucleotide
sequences; and methods of producing and using same. When describing the present invention,
all terms not defined herein have their common art-recognized meanings. To the extent that the
following description is of a specific embodiment or a particular use of the invention, it is
intended to be illustrative only, and not limiting of the claimed invention. The following
description is intended to cover all alternatives, modifications and equivalents that are included

in the spirit and scope of the invention, as defined in the appended claims.

[00038] To facilitate understanding of the invention, the following definitions are provided.

[00039] A "¢cDNA" is a polynucleotide which is complementary to a molecule of mRNA. The
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"¢cDNA" is formed of a coding sequence flanked by 5' and 3' untranslated sequences. A "coding
sequence" or "coding region" or "open reading frame (ORF)" is part of a gene that codes for an

amino acid sequence of a polypeptide.

[00040] A "complementary sequence" is a sequence of nucleotides which forms a duplex with
another sequence of nucleotides according to Watson-Crick base pairing rules where "A" pairs
with "T" and "C" pairs with "G."

[00041] A "construct" is a polynucleotide which is formed by polynucleotide segments
isolated from a naturally occurring gene or which is chemically synthesized. The "construct”
which is combined in a manner that otherwise would not exist in nature, is usually made to
achieve certain purposes. For instance, the coding region from "gene A" can be combined with
an inducible promoter from "gene B", so the expression of the recombinant construct can be

induced.

[00042] '"Downstream" means on the 3' side of a polynucleotide while "upstream" means on

the 5' side of a polynucleotide.

[00043] "Expression" refers to the transcription of a gene into RNA (rRNA, tRNA) or

messenger RNA (mRNA) with subsequent translation into a protein.

[00044] "Gene" means a DNA segment which contributes to phenotype or function, and which

may be characterized by sequence, transcription or homology.

[00045] "Isolated" means that a substance or a group of substances is removed from the

coexisting materials of its natural state.

[00046] '"Nucleic acid" means polynucleotides such as deoxyribonucleic acid (DNA), and,
where appropriate, ribonucleic acid (RNA). The term should also be understood to include, as

equivalents, analogs of either RNA or DNA.
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[00047]  As used herein, the term "plasmid" means a DNA molecule which is separate from,
and can replicate independently of, the chromosomal DNA. They are double stranded and, in
many cases, circular. Plasmids used in genetic engineering are known as vectors and are used to
multiply or express particular genes. Any plasmid may be used for the present invention
provided that the plasmid contains a gene which encodes a LuPDAT1, LuPDAT2, LuPDAT3,
LuPDAT4, LuPDATS, and LuPDATS®, or a variant thereof in an expressible manner. In one
embodiment, the plasmid comprises a yeast expression vector, Those skilled in art will
recognize that any plasmid in the art may be modified for use in the compositions and methods
of the present invention. As used herein, the term "regulatory element" includes, but is not
limited to, a promoter, enhancer, terminator, and the like which are required for the expression of
the encoded LuPDAT1, LuPDAT?2, LuPDAT3, LuPDAT4, LuPDATS, and LuPDATS, or variant
thereof.

[00048] A "polynucleotide" is a linear sequence of ribonucleotides (RNA) or
deoxyribonucleotides (DNA) in which the 3' carbon of the pentose sugar of one nucleotide is
linked to the 5' carbon of the pentose sugar of another nucleotide. The deoxyribonucleotide
bases are abbreviated as "A" deoxyadenine; "C" deoxycytidine; "G" deoxyguanine; "T"
deoxythymidine; "I" deoxyinosine. Some oligonucleotides described herein are produced
synthetically and contain different deoxyribonucleotides occupying the same position in the
sequence. The blends of deoxyribonucleotides are abbreviated as "W" A or T; "Y" C or T; "H"
A, CorT;"K"GorT;"D"A,GorT;"B"C,GorT;"N"A,C,GorT.

[00049] A "polypeptide" is a linear sequence of amino acids linked by peptide bonds. The
amino acids are abbreviated as "A" alanine; "R" arginine; "N" asparagine; "D" aspartic acid; "C"
cysteine; "Q" glutamine; "E" glutamic acid; "G" glycine; "H" histidine; "I" isoleucine; "L"
leucine; "K" lysine; "M" methionine; "F" phenylalanine; "P" proline; "S" serine; "T" threonine;

"W" tryptophan; "Y" tyrosine and "V" valine.
[00050] Two polynucleotides or polypeptides are "identical" if the sequence of nucleotides or

amino acids, respectively, in the two sequences is the same when aligned for maximum

correspondence as described here. Sequence comparisons between two or more polynucleotides

10
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or polypeptides can be generally performed by comparing portions of the two sequences over a
comparison window which can be from about 20 to about 200 nucleotides or amino acids, or
more. The "percentage of sequence identity" may be determined by comparing two optimally
aligned sequences over a comparison window, wherein the portion of a polynucleotide or a
polypeptide sequence may include additions (i.e., insertions) or deletions (i.e., gaps) as compared
to the reference sequence. The percentage is calculated by determining the positions at which
identical nucleotides or identical amino acids are present, dividing by the number of positions in
the window and multiplying the result by 100 to yield the percentage of sequence identity.
Polynucleotide and polypeptide sequence alignment may be performed by implementing
specialized algorithms or by inspection. Examples of sequence comparison and multiple
sequence alignment algorithms are: BLAST and ClustalW software. Identity between nucleotide
sequences can also be determined by DNA hybridization analysis, wherein the stability of the
double-stranded DNA hybrid is dependent on the extent of base pairing that occurs. Conditions
of high temperature and/or low salt content reduce the stability of the hybrid, and can be varied
to prevent annealing of sequences having less than a selected degree of homology.

Hybridization methods are described in Ausubel ef al. (2000).

[00051] A "fatty acid" is a carboxylic acid having an unbranched aliphatic chain,

[00052] A "polyunsaturated fatty acid" (PUFA) is a fatty acid with more than one carbon-

carbon double bond.

[00053] A "long chain polyunsaturated fatty acid" (LC-PUFA) is a fatty acid with a chain of

18 or more carbons atoms and three or more double bonds in the cis configuration,

[00054] A "very long chain polyunsaturated fatty acid" (VLC-PUFA) is a fatty acid with a

chain of 20 or more carbons atoms and three or more double bonds in the cis configuration.
[00055] An "omega-3 fatty acid" is a polyunsaturated fatty acid with the first double bond

beginning at the third carbon from the methyl end of the carbon chain. An "omega-6 fatty acid"

is a polyunsaturated fatty acid with the first double bond at the sixth carbon counting from the

11
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methyl end of the carbon chain.

[00056] A "triacylglycerol" is an ester having three fatty carboxylic acids attached to a single
glycerol backbone. It is the main component of vegetable oil and animal fats, Alternative names

include: triglyceride, triacylglyceride, TG and TAG.

[00057] A "phospholipid:diacylglycerol acyl transferase" (PDAT) is an enzyme of the class
EC 2.3.1.158 which catalyzes the reaction: phospholipid + 1,2-diacylglycerol <>
lysophospholipid + TAG. A "LuPDAT" is a gene encoding a PDAT from flax. A number
denoted after LuPDAT (for example, LuPDATI) refers to a specific gene encoding a PDAT. A
"LuPDAT" refers to a polypeptide from flax which exhibits PDAT enzymatic activity, A
number denoted after LuPDAT (for example, LuPDAT1) refers to a specific polypeptide which
exhibits PDAT enzyme activity. A polypeptide having "PDAT activity" is a polypeptide that

has, to a greater or lesser degree, the enzymatic activity of PDAT.

[00058] A "promoter" is a polynucleotide usually located within 20 to 5000 nucleotides
upstream of the initiation of translation site of a gene. The "promoter" determines the first step
of expression by providing a binding site to DNA polymerase to initiate the transcription of a
gene. The promoter is said to be "inducible" when the initiation of transcription occurs only
when a specific agent or chemical substance is presented to the cell. For instance, the GAL
"promoter" from yeast is "inducible by galactose," meaning that this GAL promoter allows
initiation of transcription and subsequent expression only when galactose is presented to yeast

cells,

[00059] "Transformation" means the directed modification of the genome of a cell by external
application of a polynucleotide, for instance, a construct. The inserted polynucleotide may or
may not integrate with the host cell chromosome. For example, in bacteria, the inserted
polynucleotide usually does not integrate with the bacterial genome and might replicate
autonomously. In plants, the inserted polynucleotide integrates with the plant chromosome and

replicates together with the plant chromatin,

12
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[00060] A "transgenic" organism is the organism that was transformed with an external
polynucleotide. The "transgenic" organism encompasses all descendants, hybrids and crosses
thereof, whether reproduced sexually or asexually and which continue to harbor the foreign

polynucleotide.

[00061] A "vector" is a polynucleotide that is able to replicate autonomously in a host cell and
is able to accept other polynucleotides. For autonomous replication, the vector contains an
"origin of replication.” The vector usually contains a "selectable marker" that confers the host
cell resistance to certain environment and growth conditions. For instance, a vector that is used
to transform bacteria usually contains a certain antibiotic "selectable marker" which confers the

transformed bacteria resistance to such antibiotic.

[00062] The present invention relates to isolated polynucleotides and polypeptides of the
LuPDATI, LuPDAT2, LuPDAT3, LuPDAT4, LuPDATS, or LuPDATG6 genes from Linum
usitatissimum; nucleic acid constructs, vectors, host cells and transgenic organisms incorporating

the polynucleotide sequences; and methods of producing and using same.

[00063] In one aspect, the invention provides isolated LuPDATI, LuPDAT2, LuPDAT3,
LuPDAT4, LuPDATS, or LuPDAT6 polynucleotides, and polypeptides having PDAT activity.
LuPDATI, LuPDAT2, LuPDAT3, LuPDAT4, LuPDATS, and LuPDAT6 polynucleotides include,
without limitation (1) single- or double-stranded DNA, such as cDNA or genomic DNA
including sense and antisense strands; and (2) RNA, such as mRNA. LuPDATI, LuPDAT?2,
LuPDAT3, LuPDAT4, LuPDATS, and LuPDAT6 polynucleotides include at least a coding
sequence which codes for the amino acid sequence of the specified PDAT polypeptide, but may
also include 5' or 3' untranslated regions and transcriptional regulatory elements such as

promoters and enhancers found upstream or downstream from the transcribed region.

[00064] In one embodiment, the invention provides a LuPDATI polynucleotide which is a
cDNA comprising the nucleotide sequence depicted in SEQ ID NO: 1, and which was isolated
from Linum usitatissimum. The cDNA comprises a coding region of 2088 base pairs. The

LuPDAT1 encoded by the coding region (designated as LuPDAT1, SEQ ID NO: 7) is a 695
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amino acid polypeptide with a predicted molecular weight of 76,891.89 Daltons and an
isoelectric point of 8.23. LuPDAT1 exhibits a preference for fatty acid substrates comprising
ALA, GLA, SDA and EPA.

[00065] In one embodiment, the invention provides a LuPDAT?2 polynucleotide which is a
cDNA comprising the nucleotide sequence depicted in SEQ ID NO: 2, and which was isolated
from Linum usitatissimum. The cDNA comprises a coding region of 2145 base pairs. The
LuPDAT?2 encoded by the coding region (designated as LuPADT2, SEQ ID NO: 8) isa 714
amino acid polypeptide with a predicted molecular weight of 79,072.61 Daltons and an
isoelectric point of 6.4, LuPDAT?2 exhibits a preference for fatty acid substrates comprising
ALA, GLA, SDA and EPA.

[00066] In one embodiment, the invention provides a LuPDAT3 polynucleotide which is a
cDNA comprising the nucleotide sequence depicted in SEQ ID NO: 3, and which was isolated
from Linum usitatissimum. The cDNA comprises a coding region of 1728 base pairs. The
LuPDATS3 encoded by the coding region (designated as LuPDAT3, SEQ ID NO: 9) is a 575
amino acid polypeptide with a predicted molecular weight of 63,093.05 Daltons and an

isoelectric point of 6.19,

[00067] In one embodiment, the invention provides a LuPDAT4 polynucleotide which is a
cDNA comprising the nucleotide sequence depicted in SEQ ID NO: 4, and which was isolated
from Linum usitatissimum. The cDNA comprises a coding region of 2148 base pairs. The
LuPDAT4 encoded by the coding region (designated as LuPDAT4, SEQ ID NO: 10) is a
715amino acid polypeptide with a predicted molecular weight of 78,923.51 Daltons and an
isoelectric point of 6.72. LuPDAT4 exhibits a preference for fatty acid substrates comprising
ALA, GLA, SDA and EPA.

[00068]

[00069] In one embodiment, the invention provides a LuPDATS polynucleotide which is a

cDNA comprising the nucleotide sequence depicted in SEQ ID NO: 5, and which was isolated

from Linum usitatissimum. The cDNA comprises a coding region of 2088 base pairs. The
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LuPDATS encoded by the coding region (designated as LuPDATS, SEQ ID NO: 11) is a 695
amino acid polypeptide with a predicted molecular weight of 76,807.6 Daltons and an isoelectric
point of 8.28. LuPDATS exhibits a preference for fatty acid substrates comprising ALA, GLA,
SDA and EPA,

[00070] In one embodiment, the invention provides a LuPDAT6 polynucleotide which is a
cDNA comprising the nucleotide sequence depicted in SEQ ID NO: 6, and which was isolated
from Linum usitatissimum. The cDNA comprises a coding region of 1719 base pairs. The
LuPDAT6 encoded by the coding region (designated as LuPDATS6, SEQ ID NO: 12) is a 572
amino acid polypeptide with a predicted molecular weight of 62,792.54 Daltons and an

isoelectric point of 6.19,

[00071] Those skilled in the art will recognize that the degeneracy of the genetic code allows
for a plurality of polynucleotides to encode for identical polypeptides. Accordingly, the
invention includes polynucleotides of SEQ ID NOS: 1-6, and variants of these polynucleotides
which encode the polypeptides of SEQ ID NOS: 7-12. In one embodiment, polynucleotides
having at least 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least
98%, or at least 99% sequence identity to the nucleotide sequences depicted in SEQ ID NOS: 1-6
are included in the invention. Methods for isolation of such polynucleotides are well known in

the art (see for example, Ausubel et al., 2000).

[00072] In one embodiment, the invention provides isolated polynucleotides which encode
LuPDAT1, LuPDAT2, LuPDAT3, LuPDAT4, LuPDATS3, and LuPDATS, or polypeptides
having amino acid sequences having at least 80%, 85%, at least 90%, at least 95%, at least 96%,
at least 97%, at least 98%, or at least 99% sequence identity to the amino acid sequences
depicted in SEQ ID NOS: 7-12.

[00073] The above described polynucleotides of the invention may be used to express
polypeptides in recombinantly engineered cells including, for example, bacterial, yeast, fungal,
mammalian or plant cells. In one embodiment, the invention provides polynucleotide constructs,
vectors and cells comprising LuPDATI, LuPDAT2, LuPDAT3, LuPDAT4, LuPDATS, and
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LuPDAT6 polynucleotides. Those skilled in the art are knowledgeable in the numerous systems
available for expression of a polynucleotide. All systems employ a similar approach, whereby an
expression construct is assembled to include the protein coding sequence of interest and control
sequences such as promoters, enhancers, and terminators, with signal sequences and selectable
markers included if desired. Briefly, the expression of isolated polynucleotides encoding
polypeptides is typically achieved by operably linking, for example, the DNA or cDNA to a
constitutive or inducible promoter, followed by incorporation into an expression vector, The
vectors can be suitable for replication and integration in either prokaryotes or eukaryotes.
Typical expression vectors include transcription and translation terminators, initiation sequences,
and promoters useful for regulation of the expression of the DNA. High-level expression of a
cloned gene is obtained by constructing expression vectors which contain a strong promoter to
direct transcription, a ribosome binding site for translational initiation, and a
transcription/translation terminator. Vectors may further comprise transit and targeting
sequences, selectable markers, enhancers or operators. Means for preparing vectors are well
known in the art. Typical vectors useful for expression of polynucleotides in plants include for
example, vectors derived from the Ti plasmid of Agrobacterium tumefaciens and the pCaM-
VCN transfer control vector. Promoters suitable for plant cells include for example, the nopaline
synthase, octopine synthase, and mannopine synthase promoters, and the caulimovirus promoters
(Bevan et al., 1986). Seed-specific promoters, such as ACP and napin-derived transcription
initiation regions, have been shown to confer preferential expression of a specific gene in plant
seed tissue (Breen & Crouch, 1992; Okamuro & Goldberg, 1989). In one embodiment, the seed-

specific napin promoter is preferred.

[00074] Those skilled in the art will appreciate that modifications (i.e., amino acid
substitutions, additions, deletions and post-translational modifications) can be made to a
polypeptide of the invention without eliminating or diminishing its biological activity.
Conservative amino acid substitutions (i.e., substitution of one amino acid for another amino acid
of similar size, charge, polarity and conformation) or substitution of one amino acid for another
within the same group (i.e., nonpolar group, polar group, positively charged group, negatively
charged group) are unlikely to alter protein function adversely. Some modifications may be

made to facilitate the cloning, expression or purification. Variant LuPDAT1, LuPDAT2,
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LuPDAT3, LuPDAT4, LuPDATS, and LuPDAT6 polypeptides may be obtained by mutagenesis
of the polynucleotides depicted in SEQ ID NOS: 1-6 using techniques known in the art
including, for example, oligonucleotide-directed mutagenesis, region-specific mutagenesis,

linker-scanning mutagenesis, and site-directed mutagenesis by PCR (Ausubel et al., 2000).

[00075] Various methods for transformation or transfection of cells are available. For
prokaryotes, lower eukaryotes and animal cells, such methods include for example, calcium
phosphate precipitation, fusion of the recipient cells with bacterial protoplasts containing the
DNA, treatment of the recipient cells with liposomes containing the DNA, DEAE dextran,
electroporation, biolistics and microinjection. Various industrial strains of microorganisms
including for example, fungi, such as Mortierella or Traustochytrium; mosses such as
Physcomitrella or Ceratodon; algae such as Crypthecodinium or Phaeodactylum; or Aspergillus,
Pichia pastoris, Saccharomyces cerevisiae may be used to express LuPDAT1, LuPDAT2,
LuPDAT3, LuPDAT4, LuPDATS, and LuPDAT6 polypeptides. The LiAc/ssDNA/PEG yeast
transformation method is most efficient procedure for introducing a recombinant DNA construct
into yeast cell. Alternatively, exogenous DNA may be transferred into yeast by electroporation,
biolistics, glass bead agitation and spheroplasts (Gietz & Woods, 2001). In one embodiment, the
LiAc/ssDNA/PEG method is conducted to introduce LuPDATI, LuPDAT2, LuPDAT3,
LuPDAT4, LuPDATS or LuPDAT6 polynucleotides into yeast cells.

[00076] Methods for transformation of plant cells include for example, infiltration,
electroporation, PEG poration, particle bombardment, Agrobacterium tumefaciens- or
Agrobacterium rhizogenes-mediated transformation, direct protoplast transformation, and
microinjection (Rakoczy-Trojanowska, 2002). The transformed plant cells, seeds, callus,
embryos, microspore-derived embryos, microspores, organs or explants are cultured or cultivated
using standard plant tissue culture techniques and growth media to regenerate a whole transgenic
plant which possesses the transformed genotype. Transformation may be confirmed by use of a
DNA marker gene encoding for an enzyme that confers herbicide tolerance (Block ef al., 1987)
or antibiotic resistance; catalyzes deamination of D-amino acids (Erikson et al., 2004); or by
conducting methods such as PCR or Southern blot hybridization (Ausubel et al., 2000;
Sambrook et al., 1989). Transgenic plants may pass polynucleotides encoding LuPDATI,
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LuPDAT2, LuPDAT3, LuPDAT4, LuPDATS, and LuPDAT®6 polypeptides to their progeny, or
can be further crossbred with other species. Accordingly, in one embodiment, the invention
provides methods for producing transgenic plants, plant cells, callus, seeds, plant embryos,
microspore-derived embryos, and microspores comprising LuPDATI, LuPDAT2, LuPDAT3,
LuPDAT4, LuPDATS, and LuPDAT6 polynucleotides.

[00077] Inone embodiment, the invention provides transgenic plants, plant cells, callus, seeds,
plant embryos, microspore-derived embryos, or microspores, comprising LuPDATI, LuPDAT?2,
LuPDAT3, LuPDAT4, LuPDATS, and LuPDAT6 polynucleotides. Plant species of interest for
transformation include, without limitation, oilseeds (for example, the linseed plant, rapeseed or
canola, peanut, safflower), flax, hemp, camelina, canola, sunflower, olive, palm, oats, wheat,
triticale, barley, corn, and legume plants including soybean and pea. In one embodiment, the

plant comprises Arabidopsis thaliana.

[00078] In one embodiment, the invention comprises a method for producing TAG with

enriched PUFA content in oleaginous yeast comprising the steps of’

a) constructing one or more vectors comprising a PDAT polynucleotide as claimed
herein;

b)  transforming the one or more vectors into a host cell under conditions sufficient for
expression of a PDAT encoded by the polynucleotide; and

c)  exposing the host cell to a PUFA substrate, wherein the substrate is converted by the
PDAT into the TAG product with enriched PUFA content.

The host cell may be engineered to produce or preferentially produce the PUFA substrate.
Alternatively, the PUFA substrate may be provided exogenously to the cell.

[00079] The following describes specific examples of embodiments of the present invention.

It will be appreciated by those skilled in the art that the isolated polynucleotide and polypeptides
of the LuPDATI, LuPDAT2, LuPDAT3, LuPDAT4, LuPDATS, and LuPDATG genes from Linum
usitatissimum have industrial and nutritional applications. The LuPDATI, LuPDAT2, LuPDATS3,
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LuPDATH4, LuPDATS, and LuPDAT6 genes encode LuPDAT1, LuPDAT2, LuPDATS3,
LuPDAT4, LuPDATS, and LuPDATS, respectively. The PDAT polynucleotides and
polypeptides may be used in the industrial production of PUFAs using recombinant technology
using transformed bacterial, yeast or fungal cells. Transformed cells may be engineered to
accumulate TAG which may be incorporated into human food and animal feed applications to
produce health supplements or to improve the nutritional quality of products. These examples

demonstrate how these genes can be used to produce TAG,

[00080] During seed development in flax (Linum usitatissimum), TAGs may be synthesized
through a combination of DGAT and PDAT activities. DGAT catalyzes the acyl-CoA-
dependent synthesis of TAG, whereas PDAT catalyzes the transfer of a fatty acyl chain from
nitrogenous phospholipid to sn-1, 2-diacylglycerol to generate TAG.

[00081] To identify flax PDAT genes, a BLAST search (Altschul ef al., 1990) was conducted
to find the homologous sequences contained in the flax genome database by using 4. thaliana
PDAT]1 as the protein query. The flax genome was shown to contain six PDAT genes.
Expression profile analysis indicated that four PDATs (LuPDATI, LuPDAT3, LuPDATS and
LuPDATG6) are preferentially expressed in developing flax seed embryos (data not shown).

[00082]  As shown in Figure 1, phylogenetic analysis indicated that PDATs are divided into
three families, each containing two genes as follows: family I (LuPDATI, LuPDATS), family II
(LuPDAT2, LuPDAT4) and family III (LuPDAT3, LuPDATG). The identification of LuPDAT
gene pairs is consistent with the findings that suggest whole-genome duplication in flax, Because
the genes within the duplicated gene pairs share a high degree of sequence identity, their

functions are expected be similar.

[00083] The corresponding cDNAs of LuPDATI, LuPDAT2, and LuPDAT6 (SEQ ID NOS: 1,
2 and 6 respectively) were expressed in a neutral lipid-deficient yeast quadruple knock-out strain
S. cerevisiae (strain H1246) in the presence of specific fatty acids to induce the production of
TAG which is enriched with such fatty acids. When yeast was cultured in the presence of ALA,
higher amounts of TAGs were produced in yeast expressing LuPDATI or LuPDAT?2, as may be
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seen in Figure 2. However, without being bound by any theory, it appears that the most
commonly found fatty acids in yeast including stearic, oleic, palmitic, and palmitoleic acid, are
inefficient substrates for LuPDAT1 and LuPDAT?2. In addition, LuPDAT1 was not able to
produce a visible TAG band on TLC plates when OA or LA was exogenously provided.

[00084] As shown in Figure 3, LuPDAT1 and LuPDAT?2 can also be stimulated by culturing
yeast in the presence of other PUFAs, including GLA, SDA, or EPA. The presence of TAG
containing only PUFAs in its structure is indicated by the presence of multiple bands in the TAG
region. This is evident for LuPDAT1 and LuPDAT2 when yeast cells are supplemented with
GLA, SDA, and EPA.

[00085] As shown in Figure 4, LuPDAT1 and LuPDAT? are capable of synthesizing
trilinolenin (an omega-3 polyunsaturated fat) upon culturing yeast in the presence of ALA. The
lipid corresponding to the main bands corresponding to TAG (marked in the insert) was scraped
from the TLC plate, transmethylated and analyzed through GC-MS, The chromatogram
indicates that the lower band contains a single fatty acid that is ALA.

[00086] As shown in Figure 5, both LuPDAT1 and LuPDAT?2 have the ability to produce
TAG with up to 90% of ALA in yeast H1246. Furthermore, when the concentration of the
exogenously provided ALA increased from 0 to 300 uM, the total TAG amount on a dry weight
basis increased approximately 168-fold and 44-fold in yeast expressing LuPDATI and
LuPDAT2, respectively.

[00087] To simulate a natural production of ALA in yeast, LuPDATI and LuPDAT2 were
individually co-expressed with LuFAD2-1 and LuFAD3B. Figure 6 indicated that yeast cells
expressing LuPDATI and LuPDAT?2 produced TAG predominantly with ALA.

[00088] To investigate the functionality of flax PDATS in plant oil biosynthesis, the ORFs of
LuPDATI, LuPDAT2 and LuPDAT6 were expressed in Arabidopsis wild-type Columia under the
regulation of the seed-specific napin promoter. As shown in Figure 7, compared with the empty

vector-transformed control wild-type plants, overexpression of the LuPDATI and LuPDAT?2
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significantly increased the PUFA (LA and ALA) content, at the expense of mostly OA and EA.

This altered fatty acid composition was not found in Arabidopsis lines overexpressing LuPDAT6.

[00089] These results suggest that LuPDAT1 and LuPDAT2 are TAG-synthesizing enzymes,
which exhibit preferences for substrates containing not only ALA, but also other PUFAs
including GLA, SDA, and EPA. Because the genes within the gene pair share high degree of
sequence identity (97% for LuPDAT1/LuPDATS and 95.6% for LuPDAT2/LuPDAT4),
LuPDAT4 and LuPDATS are expected to have similar selectivity. The PDATSs with this unique
property therefore may be used for production of TAG with enriched PUFA content.

[00090] PUFAs are produced in the bound form of TAG, incorporated into all three positions
(sn-1, sn-2 and sn-3) of TAG. The substrate selectivity of LuPDAT1 and LuPDAT?2 allows the
production of TAG comprising a single type of PUFA with at least three, four or five double
bonds. The synthesis of TAG containing ALA, GLA, SDA or EPA may thus be produced.
Provided that different molecular TAG species are not separated, minor traces of other fatty

acids (about 5-10 % by weight of TAG) may be present in the end products.

[00091] TAG containing two types of PUFAs may also be produced. Depending on the types
of PUFAs used for feeding, the end products of TAG may contain a mixture of different omega-
3 PUFAs. For example, if both SDA and EPA are used for feeding, the end products of TAG
may contain a mixture of SDA and EPA. If both PUFAs (SDA and EPA) are incorporated
simultaneously into the TAG by PDAT, the ratio of the two PUFAs may be controlled by the

amount of free fatty acid used for feeding.

[00092] Exemplary embodiments of the present invention are described in the following
Examples, which are set forth to aid in the understanding of the invention, and should not be
construed to limit in any way the scope of the invention as defined in the claims which follow

thereafter.

Example 1 - Identification and isolation of flax PDAT polynucleotides
[00093] To identify flax PDAT genes, a BLAST search (Altschul ef al., 1990) was conducted
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to find the homologous sequences contained in the flax genome database
(http://www.phytozome.net/flax) by using 4. thaliana AtPDAT1 (At5g13640) as the protein
query. Six homologous genes, LuPDATI (Lus10021564), LuPDAT2 (Lus10037657), LuPDAT3
(Lus10019519), LuPDAT4 (Lus10015639), LuPDATS (Lus10017165), and LuPDAT6
(Lus10043360) were identified. The code number in the bracket indicates the gene ID number

from the flax genome database. The theoretical molecular weight and isoelectric point values

were calculated using the algorithm provided in http://web.expasy.org/compute_pi/.

[00094] To isolate the target genes, total RNA was isolated from the embryo of flax (Linum
usitatissimm L. cvs. AC Emerson) 12 days after flowering using Plant RNA reagent (Invitrogen,
CA). First strand cDNA was synthesized from DNase-treated total RNA using Oligo dT™
primer (Invitrogen) and SuperScript™ III reverse transcriptase (Invitrogen) with oligodT as
primer. The target LuPDATI, LuPDAT2 and LuPDATG6 genes were amplified from the resulting
cDNA as the template for 30 cycles of PCR amplification using Platinum 7aq DNA Polymerase
High Fidelity™ (Invitrogen) with the oligonucleotides set out in Table 1:

Table 1. Oligonucleotides for PCR

LuPDATI | forward 5’-ATGTCTCTCTTGAGGCGGAGGTGG-3’ (SEQ ID NO: 13)

reverse 5°- TTAAAGCCGCAACTTAATCTTGTC -3’ (SEQ ID NO: 14)

LuPDAT?2 | forward 5-ATATGGTACCTACACAATGTCAGTAGTCCGCCGCCGAAAACCT
TC-3’ (SEQ ID NO: 15)

reverse 5°- ATATAAGCTTCTAGAGATTCAGTTTGATCCTATCAGACC-3’
(SEQ ID NO: 16)

LuPDATG6 | forward 5°- ATATGGTACCTACACAATGTCCCCAGGAATCGTCACCGGCGG
TC-3’ (SEQ ID NO: 17)

reverse 5°- ATATCTCGAGTCACAGTTGAATGTTAATACGGTCCGAC -3°
(SEQ ID NO: 18)

[00095] PCR was performed under the following temperature cycle program: 95°C for 2 min;
30 cycles of denaturation (95°C, 20s), annealing (55°C, 15s), and extension (68°C, 2.5 min); and
a final extension at 68°C for 2 min. To amplify LuPDAT2 and LuPDATG6, the forward primers

introduced a specific restriction site (underlined) and a Kozak translation initiation sequence
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(italic) to improve the translation of the protein. The ATG start codon is shown in bold and the
second amino acid was changed to serine. A specific restriction site was introduced in the
reverse primer and the recognition sites are underlined. The PCR products were cloned into the
PYES vector collinear to the GALI promoter inducible by galactose. The pYES is a modified
pYES2.1/V5-HIS vector (Invitrogen, CA), which contains more restriction sites in its multiple
cloning site (MCS). For LuPDATI which could not be amplified by these specially designed
primers, the internal primers were used for amplification. The PCR products were cloned into
the pYES2.1/V5-HIS vector using pYES2.1 TOPO™ kit (Invitrogen).

Example 2 — Expression of LuPDAT genes in S. cerevisiae strain H1246 and production of
TAG rich in PUFAs

[00096] The three construct plasmids (pYESLuPDATI1, pYESLuPDAT2 and pYESLuPDAT6)
were transformed into S. cerevisiae strain H1246 (Sandager et al. 2002) by using the lithium
acetate/SS carrier DNA/PEG method (Gietz and Schiestl, 2007) and transformants were selected
on minimal medium plates lacking uracil. Recombinant yeast strains were cultivated in liquid
minimal medium containing 2% [w/v] raffinose at 30° C on a rotary shaker overnight and then
induced in minimal medium containing 2% [w/v] galactose and 1% [w/v] raffinose. Yeast

transformed with pYES/acZ was used as a negative control.

[00097] For the feeding experiments, free fatty acids including OA, LA, ALA, AA, SDA,
GLA, DGLA, ETA, EPA and DHA were dissolved at 0.5 M in ethanol. Before yeast induction,
the fatty acid solutions were mixed with 0.06% [v/v] tyloxapol, a non-ionic surfactant which
dispensed fatty acids evenly in the medium. Yeast was induced in minimal medium containing

2% [w/v] galactose, 1% [w/v] raffinose and 100 uM of each fatty acid.

[00098] Induced yeast cultures at the stationary growth stage were harvested, washed and
resuspended in 1 mL of 0.9% [w/v] of sodium chloride. Glass beads (0.5 mm) and 2 mL of
methanol were added and cells were disrupted by vigorously vortexing for 2 min. Lipids were
extracted by adding 4 mL of chloroform. This mixture was vortexed and centrifuged (2000g) for

2 min. The chloroform phase (lower phase) was collected and the remaining lipids were re-
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extracted twice by adding 4 mL of chloroform. The collected lipid samples were dried under
nitrogen and resuspended in 30 pL of chloroform. The extracted lipids were resolved on the
TLC (SIL G25, 0.25 mm, Macherey—Nagel, Germany) with the solvent system hexane/diethyl
ether/acetic acid (80:20:1). The developed plate was visualized with 3% cupric acetate [w/v] and

8% phosphoric acid [v/v] followed by charring at 280°C for 20 min.

[00099] Fatty acid analysis was conducted using GC-MS as described previously
(Mietkiewska ef al. 2011). Briefly, the extracted lipids were developed on the TLC plates by
using the same solvent system, but were visualized under UV after spraying with 0.05%
primuline. The bands corresponding to triacylglycerol were scraped out and transmethylated
with 5% [w/v] sodium methoxide (NaOMe) at room temperature for 30 min, The resulting fatty
acid methyl esters (FAMEs) were extracted twice by 2 mL of hexane. The hexane phases were
pooled together and dried under a stream of nitrogen and immediately resuspended in 250 pL of
iso-octane with 0.1 mg/mlL 21:0 standard. FAMEs were analyzed by gas chromatography on an
Agilent 6890N GC equipped with DB-23 capillary column (30 m x 0.25 mm x 0.25 um) and a
5975 inert XL Mass Selective Detector. The following temperature program was applied: 165°C
hold for 4 min, 10°C min™ to 180°C, hold 5 min and 10°C min™ to 230°C hold 5 min.

[000100] Example 3 — Metabolic engineering yeast to enhance ALA production

[000101] To construct the co-expression vectors, the LuF4AD2-1 (Krasowska et al. 2007) and
LuFAD3B (Vrinten et al. 2005) genes were first amplified using PCR with appropriate primers
that allowed to add specific restriction sites (underlined, Table2) to the ends of amplified
products and then inserted into MCS1 and MSC2 of the pESC-URA expression vector (Agilent
Technologies, CA), yielding LuFAD2-1-FAD3B/pESC plasmid. The ADHI terminator:
LuFAD2-1: ProGALI10: ProGALI: LuFAD3B: CYCI terminator expression cassette of LuFAD2-
1-FAD3B/pESC was then excised and subcloned into the recombinant pYES plastids containing
LuPDATI, LuPDAT2 or LuDGAT! through one-step, isothermal assembly method described by
Gibson (2011). The resulting plasmids were referred to as LuFAD2-1-FAD3B-PDATI1/pYES,
LuFAD2-1-FAD3B-PDAT2/pYES and LuFAD2-1-FAD3B-DGATI1-1/pYES.
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[000102] Yeast cells transformed with the resulting plastid were inoculated in the same
induction medium for 3 days at 20°C before cell harvest, Yeast cells transformed with LuFAD2-
1-FAD3B/pYES were used as a control,

[000103] Table 2. Primers used for cloning LuFAD2-FAD3 cassette from pESC into

recombinant pYES vector

LuFAD2-1 forward 5’-ATAGGATCCACCATGGGTGCTGGTGGAAGAAT-3’ (SEQ ID
NO: 19)
reverse 5’-TATGGTACCTCACAGCTTGTTGTTGTACCA-3’(SEQ ID NO:
20)

LuFAD3B forward 5°-

CCGGAATTCTACACAATGTCAATGAGCCCTCCAAACTCAATG -
3°(SEQ ID NO: 21)

reverse 3’-TATGAGCTCTCAGCTGGATTTGGACTTGG-3’(SEQ ID NO:

22)
LuFAD2- forward 5°-
FAD3 GAGAGGCGGTTTGCGTATTGGGCGCGCTGAATTGGAGCGACCTCAT

GC-3’ (SEQ ID NO: 23)

reverse 5°-
GTCAGTGAGCGAGGAAGCGGAAGACTGGATCTTCGAGCGTCCCAA
AACC-3’ (SEQ ID NO: 24)

pYES forward 5°-
GGTTTTGGGACGCTCGAAGATCCAGTCTTCCGCTTCCTCGCTCACTG
AC-3’ (SEQ ID NO: 25)

reverse 5°-
GCATGAGGTCGCTCCAATTCAGCGCGCCCAATACGCAAACCGCCTC
TC-3* (SEQ ID NO: 26)

Example 4 - Expression of PDAT polynucleotides in A. thaliana

[000104] Agrobacterium tumefaciens strain GV3101 and pGreen/pSoup based dual binary
vectors (Hellens et al., 2000) were used for A. thaliana transformation, The coding regions of
LuPDATI, LuPDAT?2, and LuPDAT6 were amplified using pYESLuPDATI, pYESLuPDAT2 and
PYESLuPDATG6 plasmids as template with the primers set out in Table 3:
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Table 3. Primers

LuPDATI | forward 5°-TATAAAGCTTTACACAATGTCACTCTTGAGGCGGAGGTGG-3’
(SEQ ID NO: 27)

reverse 5’- TATAGGATCCTTAAAGCCGCAACTTAATCTTGTCAG-3’ (SEQ ID
NO: 28)

LuPDAT? | forward 5°-
ATATCTCGAGTACACAATGTCGGTAGTCCGCCGCCGAAAACC-3’ (SEQID
NO: 29)

reverse 5’- TATATCTAGACTAGAGATTCAGCTTGATCCTATCAGACC-3’
(SEQ ID NO: 30)

LuPDAT6 | forward 5°- TATACCCGGGTAAACAATGTCGCCTGGAATCGTCACC-3’ (SEQ
ID NO: 31)

reverse 5°- TATACCCGGGTCACAGTTGAATGTTAATACGGTCCG-3’ (SEQ
ID NO: 32)

[000105] The PCR products were excised by specific restriction enzyme and ligation into the
corresponding sites of the pGreen vector under the control of the seed specific napin promoter.
The inserts of the constructs were sequenced to confirm their integrity. The resulting construct
and the helper plasmid pSoup were co-transformed into Agrobacterium GV3101 by
electroporation (Weigel and Glazebrook 2002).

[000106] Agrobacterium strains containing the pGreen/pSoup dual binary vectors were used
to transform the Arabidopsis wild-type (Columbia) by the floral dipping method (Weigel and
Glazebrook 2002). Plants transformed with an empty vector pGreen were used as controls. T1
seeds of transgenic plants were selected on half-strength Murashige and Skoog (MS) agar plates
supplemented with 80 pM herbicide phosphinothricin, Transformants were then transferred to
soil and grown to maturity to produce T2 seeds. The presence of the target genes was confirmed
by gene-specific PCR analysis using DNA extracted from T2 young leaf tissue as template. T2

seeds were collected and used for total lipid and fatty acid analysis.

[000107] Total lipid content and the fatty acid composition of T2 seeds were determined by
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GC-MS. Approximately 10 mg of seeds were placed in a glass tube with triheptadecanoin
(C17:0 TAG) were used as a TAG internal standard. Seeds were treated with 2 ml of 3N
methanolic-HCL and heated at 80°C for 16 h. After cooling in ice for 5 min, the FAMES were
extracted twice with 2 ml of hexane. The hexane phases were combined and dried under
nitrogen, The extracted FAMEs were suspended in 1.5 mL of iso-octane with 0.1 mg/ml 21:0
methyl ester standard and analyzed by GC-MS using the same column and temperature gradient.
Total lipid content was determined by multiplying the peak-area ratio of the total fatty acid and
the internal standard (C 17:0 TAG) by the initial internal standard amount.
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WHAT IS CLAIMED IS:

1. An isolated polynucleotide sequence encoding a protein or polypeptide comprising or
consisting of an amino acid sequence selected from the group consisting of SEQ ID NOS: 7, 8, 9,
10, 11, or 12, respective biologically active variants and biologically active portions thereof, with
respective sequences having at least 80% identity based on the Clustal W method of alignment,
and wherein the variants or portions have phospholipid: diacylglycerol acyltransferase (PDAT)

activity.

2. The isolated polynucleotide of claim 1, wherein the polynucleotide encodes a polypeptide
having PDAT activity and comprising the amino acid sequence of SEQ ID NO: 7, or an amino

acid sequence having PDAT activity and having at least 80% sequence identity therewith.

3. The isolated polynucleotide of claim 1, wherein the polynucleotide encodes a polypeptide
having PDAT activity and comprising the amino acid sequence of SEQ ID NO: 8, or an amino

acid sequence having PDAT activity and having at least 80% sequence identity therewith.

4. The isolated polynucleotide of claim 1, wherein the polynucleotide encodes a polypeptide
having PDAT activity and comprising the amino acid sequence of SEQ ID NO: 9, or an amino

acid sequence having PDAT activity and having at least 80% sequence identity therewith.

5. The isolated polynucleotide of claim 1, wherein the polynucleotide encodes a polypeptide
having PDAT activity and comprising the amino acid sequence of SEQ ID NO: 10, or an amino

acid sequence having PDAT activity and having at least 80% sequence identity therewith.
6. The isolated polynucleotide of claim 1, wherein the polynucleotide encodes a polypeptide

having PDAT activity and comprising the amino acid sequence of SEQ ID NO: 11, or an amino

acid sequence having PDAT activity and having at least 80% sequence identity therewith.
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7. The isolated polynucleotide of claim 1, wherein the polynucleotide encodes a polypeptide
having PDAT activity and comprising the amino acid sequence of SEQ ID NO: 12, or an amino

acid sequence having PDAT activity and having at least 80% sequence identity therewith.

8. The isolated polynucleotide of claim 1, wherein the polynucleotide comprises the
nucleotide sequence of SEQID NO: 1,2, 3,4, 5 or 6.

9. The isolated polynucleotide of claim 1, wherein the encoded polypeptide comprises an
amino acid sequence having at least 85%, 90%, at least 95%, at least 96%, at least 97%, at least
98%, or at least 99% sequence identity to one of SEQ ID NO: 7, 8, 9, 10, 11 or 12.

10. A recombinant expression vector comprising a polynucleotide sequence of claim 1
operably linked with transcriptional and translational regulatory regions or sequences to provide
for expression of the at least one polynucleotide sequence in a host cell.

11. A microbial cell comprising the recombinant expression vector of claim 10.

12, The microbial cell of claim 11, whetrein the cell comprises Saccharomyces cerevisiae

engineered to be deficient in TAG synthesis.

13.  The microbial cell of claim 12 which co-expresses a recombinant elongase or desaturase

enzyme, or both.

14. The microbial cell of claim 13 which co-expresses LuF'AD2 or LuFAD3, or both.

15. A transgenic plant, plant cell, plant seed, callus, plant embryo, microspore-derived

embryo, or microspore, comprising the recombinant expression vector of claim 10.
16. The transgenic plant, plant cell, plant seed, callus, plant embryo, microspore-derived

embryo, or microspore of claim 15, which is selected from a linseed, rapeseed, canola, peanut,

safflower, flax, hemp, camelina, soybean, pea, sunflower, olive, palm, oats, wheat, triticale,
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barley, corn, and legume plant, plant cell, plant seed, callus, plant embryo, or microspore-derived

embryo or microspore.

17. A method for producing TAG with enriched polyunsaturated fatty acid content
comprising the steps of:
a) transforming a recombinant expression vector of claim 10 into a host cell under
conditions sufficient for expression of a PDAT; and |
b) exposing the host cell to a fatty acid substrate, wherein the substrate is converted

by the PDAT into the TAG product with enriched polyunsaturated fatty acid.

18.  The method of claim 17, wherein the fatty acid substrate comprises one or more of y-

linolenic acid, a-linolenic acid, stearidonic acid or eicosapentaenoic acid.

19.  The method of claim 18 wherein the fatty acid substrate is provided exogenously, or the

host cell is engineered to produce or preferentially produce the fatty acid substrate.

20.  The method of claim 18 or 19, wherein the polypeptide comprises the amino acid
sequence selected from the group consisting of SEQ ID NO: 7, 8, 10, and 11, and sequences
having at least 80% identity thereto, and the fatty acid substrate comprises one or more of o~

linolenic acid, y-linolenic acid, stearidonic acid, or eicosapentaenoic acid.

21.  The method of claim 17 wherein the host cell is a yeast cell.

22, The method of claim 17 wherein the host cell is a plant cell,

23. The method of claim 22 wherein the host cell is comprised in a linseed, rapeseed, canola,
peanut, safflower, flax, hemp, camelina, soybean, pea, sunflower, olive, palm, oats, wheat,

triticale, barley, corn, and legume plant, plant cell, plant seed, callus, plant embryo, or

microspore-derived embryo or microspore.
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24, The method of claim 21 wherein the yeast cell is engineered to be deficient in TAG

synthesis.

25.  The method of claim 24 wherein the yeast cell co-expresses a recombinant elongase or

desaturase enzyme.
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LuPDAT1 - SEQID NO:1

ATGTCTCTCTTGAGGCGGAGGTGGAGAGCTCCGAAATCTGATTCTTCTGGCGTTGACAGAGAG
AGGGACCCGTCTTGTCAGATTCGCCGAGGAGAAGGCACCGACAACGACTTGGCTGACGGAGAC
GGTGAGAAGTGGAATATAGGGGAGGATAAGCAAGGGAGGTTGAAGCCGAGCCGCGGTTGTG
ATGGCAAAAGGAAGGATAGGAGGAAGTGGTCTTGCGTTGACAGCTGTTGCTGGTTCATAGGCT
TTATATGCTCCTCGTGGTGGTTTTTGCTCTTCCTGTACAATGCAATGCCTTCTTCAATCCCTCAGTT
CGTCACGGAGGCGATTACAGGGGGGCCGATGCCTGACCCGCCTGGCCTCAAGTTGAAGAAGG
AAGGCTTGATGGTGAAGCACCCGGTGGTATTCGTCCCTGGGATCGTAACCGGTGGGCTTGAGT
TGTGGGAGGGACATCACTGTGCAGAAGGATTGTTCAGAAAGCGACTATGGGGTGGCACTTTTG
GTGAAGTGTACAAGAGACCATTATGTTGGGTAGAGCACATGTCACTGGATAATGAAACAGGAC
TTGACCCTCCTGGTATAAAGGTCAGACCAGTATCTGGCCTCGTGGCTGCAGACTACTTTGCTGC
GGGGTATTTTGTATGGGCAGTTTTAATTGCTAATTTGGCTCAAATAGGATATGAGGAGAAAACC
ATGTATATGGCTGCATACGACTGGAGAATGTCATTTCAGAATACAGAGGTCAGGGACCAAACA
CTCAGCAGGATGAAAAGTAATATAGAACTCATGGTTGCCACTAATGGAGGAAACAAGGTTGTC
GTCATTCCACATTCAATGGGGGTTCTTTACTTTCTTCATTTCATGAAATGGGTGGAAGCACCTGC
TCCAATGGGCGGTGGGGGAGGATCAAAGTGGTGTGCTAAGCATATAAAGGCGGTGATGAATA
TAGGTGGACCTTTTTTGGGGGTACCTAAAGTAGTCTCTGGACTTTTCTCTGGTGAAGGCAGAGA
TATTGCTGTTGCCAGGGCTTTTGCACCAGGCTTTCTGGACAAGGATGTTTTTAGTCTCCAAACTC
TACAACATTTTATGCGCATGACTCGTACATGGGATTCAACCATGTCTATGATACCAAAAGGTGG
GGAAACCATTTGGGGTGGCCTTGATTGGTCACCGGAAGAGGAATATAGTTGTGGCACTAAGAA
GTTGAAGAACAACACCCATATGGTAGGAGAAAACAGGAAAGGTGGTTTGAGTCCTCCTGAAAT
AACAAATTATGGGAGAATTATCTCGTTTGGAAAAGATGCAGCCACGCAGCACTCTTCCAAGATT
GCCAGAATTGATTTCAGGGATGCTGTTAAGGGTAGTCACCCAGGAAATCACTGTGATATTTGGA
CAGAGTATCAAGAAATTGGAGTTGGTGGCATCAAAGCTGTTACTGATTACAAATTGTACACAGC
TAGTTCAGTTCTAGAAATGCTGGACTTTGTTGCACCCAAGTTAATGGCAAGAGGAAATGCTCAT
TTTTCGCATGGAATTGCAGACAATCTAGATGACCCAAAATACCAACACTTCAAATACTGGTCAAA
CCCCTTGGAGACAAAATTACCAAATGCTCCTGACATGGAGATCTATTCATTGTATGGGGTTGGA
ATACCCACTGAAAGAGCGTATGTTTACAAGCAAACCTCAGCAGGGGAATGCTCAATTCCTTTCC
AGATTGATGCATCGGCAGGTGATGATAGCGAGAAGTCTTGCATAAAAGGTGGAGTATTGTCAG
TGAACGGGGACGAGACGGTGCCAGTTATTAGTGCTGGATTCATGTGTGCAAAAGGGTGGAGA
GGGAAAACAAGATTCAACCCAACAGGGATTCGTACTCACATAAGGGAATATGATCATGCACCA
CCAGCCACCCTTCTGGAAGGAAGGGGAACCCAAAGCGGTGCTCATGTTGACATAATGGGCAAT
TTTGCATTGATAGAGGATATCATCAGAGTTGCAGCAGGGGCTTCTGGAGAAGATTTGGGAGGA
GACAGGGTTTACTCGGACATTTTTAAATGGTCTGACAAGATTAAGTTGCGGCTTTAA

FIG.8
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LuPDAT2 - SEQ ID NO:2

ATGTCAGTAGTCCGCCGCCGAAAACCTTCTGAGTCCGACAAGCCATCCACATCGGCGCCTTCGG
ATGACGACATAAGCGGTGGAGGAACGACGACCGGGAAAGAGGAGGAAGGAGAAGACAGTAA
GAGGAAGAACAAGAAGAGGCGGAAGAAGAAGCCTGCTGCCGATAAGCCTCCGCTACCCCCTG
GTCCTTCTCCTGCAGGAGGAAACGACGGCGATGGCAAACAAGAGGAGGAGGAGGAGGACAAA
AAAGGAAGGCGGAGGAGGAGGAAGGCGTCGGCGGCGAAATGGTCGTGCGTGGACAGCTGCT
GCTGGTTCGTCGGTTGTGTTTGTTTGACCTGGTGGGTGCTGCTGTTTCTATACAACGCTATGCCT
GCTTCATTCCCGCAGTACGTCACTGAGGCGATCACGGGACCTTCGCCTGACCCGCCTGGGGTGA
AGCTGAAGAAAGAAGGGCTCAGATCGAAGCATCCTGTGGTGTTTGTGCCAGGGATTGTGACGG
CTGGTTTGGAATTGTGGGAAGGTCATCAGTGTGCCGAAGGTTTGTTCCGGAAGCGGCTTTGGG
GTGGGACTTTTGGCGAGGTTTATAAGAGGCCTTTGTGCTGGGTAGAGCACATGTCGTTAGATAA
CGAAACTGGATTAGATCCTCCCGGTATAAGGCTCAGGCCAGTATCTGGACTTGTAGCTGCTGAT
TACTTCGCTCCTGGATATTTCGTGTGGGCGGTTCTTATAGCCAACTTAGCGCGAATCGGTTACGA
GGAGAATTCTATGTACATGGCCTCCTATGACTGGAGACTTTCATTTCAGAACACAGAGGTTCGT
GACAGAACGTTAAGCCGCATCAAGAGTAACATAGAATTGATGGTTGCTACCAATGGTGGGCAT
AAGGCAGTCATTATTCCACATTCTATGGGAGTCTTGTACTTTTTGCATTTCATGAAGTGGGTCGA
GGCACCATCTCCAATGGGAGGTGGGGGTGGACCTGATTGGTGCTCTAAACATATCAAGGCAGT
GATGAATATCGGTGGCCCGTTTTTAGGCGTTCCGAAAGCTGTTACTGGGCTTTTCTCTGCTGAA
GCAAGGGATATCGCCGTTGTCAGGGCTCTCACTCCAGGTTTCTTGGACAATGATATATTCCGTCT
CCAGACGTTACAGCATATAATGAGAATGTCTCGTACATGGGACTCAACCATGTCTATGATACCT
AAAGGTGGAGATACTATTTGGGGCGATCTGGATTGGTCCCCCGAGGATGGCTGCTCTCCTAGTA
AAAGAGGGCGGGGAAACAATGAAACTGAGAGTGATGATAACCTCGCTCAGACGACCAAAGTT
CGCTATGGAAGGATTATATCGTTTGGGAAGGATGTAGCAGAGGCACCGTCATCAGAGATTGAC
AGGATAGATTTTAGGGACGCTCTTAAAGGTCAAAATGTTGCGAACACTAGCTGCCGGGACGTTT
GGACAGAATACCATGACATGGGACTTGGAGGTATTAAAGCTGTAGCAGAATACAAGTCATACA
CTGCTGGATCCATCGTGGACCTGCTTAGTTATGTTGCCCCGAAAATGATGGATCGTGGAAGCTG
CCATTTCTCTTATGGAATTGCTGATGACCTTGATGATCCCAAGTACAACCATTTCAAATACTGGTC
AAACCCCTTGGAAACAAAGTTACCAAATGCACCAGACATGGAAATATTCTCAATGTACGGAGTC
GGTATCCCCACTGAAAGAGCTTACGTTTACCGGTTATCTCCAGCTGGCGAATGCTACATCCCGTT
CCAGATCGATACATCAGCAGATGAAGACAGTTGTCTGAAAGACGGAGTGTACACAGTCGATGG
GGATGAAACGGTTCCCGTGTTGAGCGCAGGATACATGTGTGCCAAAGGTTGGCGGGGGAAGA
CCCGGTTCAATCCTTCCGGAATAAGGACTTACATAAGGGAGTATGATCATTCCCCTCCGGCAAA
CCTGCTCGAAGGCCGGGGAACCCAGAGTGGCGCCCATGTCGATATAATGGGGAACTTCGCACT
GATCGAAGATATACTGAGGGTTGCTGCTGGTGGTACTGGTAAAGATCTTGATGGCGATCGTGT
CTATTCCGATATTTTCAAGTGGTCTGATAGGATCAAACTGAATCTCTAG
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LuPDAT3 - SEQ ID NO:3

ATGGTCCCCGGAATCGTCACCGGCGGTCTTGAGCTCTGGGAAGGTAAAGCTTGTGCTAAGGAT
CTTTTCCGGAAGCGACTTTGGGGCGGCACCTTCACCGATGTTCTCACTCGGCCGTTGTGCTGGTT
GGAGCATCTTTCTTTGGACAACCAAACCGGTCTAGACCCGCCTGGTATCCGAGTCCGAGCCGTC
ACCGGTCTGGTTGCCGCCGACTATTTCGCTCCGGGGTACTTCGTATGGGCGGTTCTCATCGAGA
ATTTGGCCAAAATTGGATACGAAGGCAAGAACTTGCACATGGCCGCTTACGATTGGCGCCTCTC
TTTCCACAACACTGAGATTCGGGACCAGTCGCTGAGCCGATTGAAAAGCAAGATAGAGCTACTG
TATGCGAGCAACGGCAATAAGAAAGTAGTGGTGGTTCCACACTCCATGGGTGGCGTCTATTTCC
TCCATTTCCTTAAATGGGTCGAAACTCCGACACCCATCGGCGGCGGCGGCGGTCCAGACTGGTG
TTCCAAGCACATCAAGGCTGTTATGAACATCGGTCCTGCATTTCTCGGCGTCCCAAAGACCGTCA
GCAACTTCTTCTCTGCAGAGGCCAAGGACGTAGCTTTGATCAGAGCTATGGATCCTGGTTTGTT
GGACTCGGAGATGCTTGGACTTCAGACGCTGGAGCATGTGTTGAAGGTGAGTAGAACTTGGGA
TTCAGTTGTTTCTTTGCTTCCTAAAGGAGGAGAGGCTATCTGGGGTGATCTGGACTGGTCTCCT
GAAGATGGCTATGCTTCGTGTGGTGATTTGTTAAAGCGCAAGTCGTTGCAATCTCCGGTGGCAG
TTGTTGCTGACCAAAACTCGACTAATGGTGGTGATGCAACTACATTCCTTCTTAAAGAACCGATT
AAGTACGGAAGGTTGATCTCCTTTGGCAAGGCTGCATCGGAGTTGCCATCGTCGTTGCTGTCAT
CCCTCGATCAGAAGGATCTAATACTTTCAGAGACTAAGAACAATGCAACCTTGTCATGCAAGGA
CATCAAGACTGAATATGATGAGATGAACAGAGAAAGCATTCCAAAGATTGCGGAGAACAAAGC
ATACACAGCTACAACAGTTCTCGATCTCCTGAGGGTTGTGGCTCCAAAGACAATGAAACGAGCT
GAAGCACATTTCTCTCATGGCATAGCTGATAACCTCGACGATCCGAAATATGCACATTACAAGTA
CTGGTCCAACCCACTCGAGACAAAATTACCCGATGCACCAGATATGGAGATCTACTGCTTATAT
GGGGTAGGAATTCCCACAGAGAGATCATACGTCTACAAGATGTCTCCAAACACCAGGTGTAATA
GCATTCCATTTCGGATCGACAGCTCCGTGGATGGAGATGATGGTGAGAGTTGCCTTAGAGGTG
GAGTGTATCATGTCGATGGCGATGAGAGTGTGCCGGTGTTAAGTGCAGGATTCATGTGTGCTA
AAGGATGGAAAGGGAGAACAAGATTCAACCCGTCCGGGATCTCGACTTATGTGAGGGAGTACC
GGCACAAGCCCCCAGCTAGCCTACTTGAAGGCCGGGGTGCCGAGAGTGGGGCACATGTTGACA
TAATGGGTAATGTTGGTTTGATAGAAGATGTTATGAGAGTTGCAGCTGGCGCCACTGGTTCTGA
GATCGGTGGTGACCGGATTCATTCCGACATTCTAAGAATGTCGGACCGGATTAACATTCAACTG
TGA
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LuPDAT4 - SEQ ID NO:4

ATGCCGGTAGTTCGCCGGCGAAAACCTTCCGAAACCGACAAGCCATCCACGTCGGCGCCTTCGG
ATGACGACATAAGCGGGGGAGGAACAACGACGGGGAAAGAGGAGGAAGGAGAAGACAGTA
AGAGGAAGAACAAGAAGAGGCGGAAGAAGAAGCCAGCTGCTGCCGATAAGCCTCCGCTACCC
CCTGCTCCTTCTCCTGCGGGAGGAGGAAACGACGACGGCGGAAAAGAAGAAGAGGGGGATGA
AAAAAAAGGAAGGCGCAGGAGGAGAAAGGCGTCGGCGACGAAATGGTCGTGCGTGGACAGC
TGCTGCTGGTTCGTCGGCTGCGTTTGTTTGACCTGGTGGGTGCTGCTGTTTCTATACAATGCTAT
GCCTGCTTCATTCCCGCAGTACGTCACTGAGGCGATCACGGGGCCTTCGCCTGACCCGCCTGGG
GTGAAGCTCAAGAAAGAAGGGCTCAGATCGAAGCATCCTGTGGTGTTTGTGCCAGGGATTGTG
ACGGCTGGTTTGGAATTGTGGGAAGGTCATCATTGTGCCGAAGGTTTGTTCCGGAAGCGGCTTT
GGGGTGGGACTTTTGGCGAGGTTTATAAGAGGCCTTTGTGCTGGGTAGAGCACATGTCGTTAG
ATAATGAAACTGGATTAGATCCTCCCGGTATAAGGCTCAGGCCAGTATCTGGACTTGTAGCTGC
TGATTACTTCGCTCCTGGATATTTTGTGTGGGCGGTTCTTATAGCCAACTTGGCGCGAATTGGTT
ATGAGGAGAATTCAATGTACATGGCCTCCTATGATTGGAGACTTTCATTTCAGAACACAGAGGT
TCGTGACAGAACGTTAAGCCGCATCAAGAGTAACATAGAATTGATGGTTGCCACCAATGGTGG
GCATAAGGCAGTCATTATTCCACACTCTATGGGAGTCTTGTACTTTTTGCACTTCATGAAGTGGG
TCGAGGCACCAGCTCCAATGGGAGGCGGAGGTGGACCTGATTGGTGCTCTAAGCATATCAAGG
CAGTGATGAATATTGGTGGCCCATTTTTAGGTGTTCCGAAAGCTGTTACTGGGCTTTTCTCTGCT
GAAGCAAGGGATATTGCCGTTGTCAGGGCTCTCACTCCAGGATTCTTGGACAATGATATATTCC
GTCTCCAGACATTACAGCATATAATGAGAATGTCTCGTACATGGGACTCAACCATGTCTATGATA
CCTAAAGGTGGAGATACTATTTGGGGCGATCTGGATTGGTCCCCCGAGGATGGCTGCTCTCCTA
GTAAAAGAGGGCGGGGAAACAATGGAACTCAGAGTGACGATAACCTCGCTCAGACTACTAAA
GTTCGCTATGGGAGGATTATATCGTTCGGGAAGGACGTAGCAGAGGCACCTTCATCAGAGATT
GACAGGATAGATTTTAGGGACGCTATTAAAGGTCAAAATGTTGCAAACACTAGCTGCCGGGAC
GTTTGGACAGAGTACCATGACATGGGACTTGGAGGTATTAAAGCTGTAGCAGAATACAAGTCA
TACACTGCTGGATCCATCGTGGACCTGCTTAGTTATGTTGCCCCGAAAATGATGGATCGTGGAA
GCTGTCATTTCTCTTATGGAATTGCTGATGACCTTGATGATCCCAAGTACAACCATTTCAAATACT
GGTCAAACCCCTTGGAAACAAAGTTACCCAATGCATCAGACATGGAAATCTTCTCAATGTACGG
AGTCGGTATCCCCACGGAACGAGCTTATGTCTACCGGTTATCTCCAGCTGGCGAATGCTACATTC
CGTTCCAGATCGATACATCAGCGGACGAAGATAGCTGTCTGAAAGATGGAGTGTACACAGTTG
ATGGGGACGAAACGGTGCCCGTGTTGAGCGCAGGATACATGTGTGCCAAAGGTTGGAGGGGG
AAGACCCGGTTCAATCCTTCCGGAATAAGCACTTACATAAGGGAGTATGATCATTCCCCTCCGG
CAAATCTGCTGGAAGGCAGGGGAACCCAGAGTGGCGCCCATGTCGATATAATGGGGAACTTCG
CACTGATTGAAGATATACTGAGGGTTGCTGCTGGTGGTACCGGTAAAGATCTTGATGGCGATC
GTGTCTATTCCGATATCTTCAAGTGGTCTGAGAGGATCAAGCTGAATCTCTAG
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LuPDATS5 - SEQ ID NO:5

ATGTCTCTATTGAGGCGGAGGTGGAGAGCTCCGAAATCTGATTCTTCTGCCGTTGACAGAGAGA
GGGACCCGTCTTGTCAGATTCGCCGAGGAGAGGGCACCGACAATGACGTGGTTAATGGAGAC
GGCGAGAAGTGGAATATAGGAGAGGATAAGCAAGGTAGGTTGAAGCCGAGCCGCGGTGGTG
ATGGCAAAAGGAAGGATGGGAGGAAGTGGTCGTGCGTTGACAGCTGTTGCTGGTTCATAGGC
TTTATATGCTCCTCGTGGTGGTTTTTGCTCTTCCTGTACAATGCAATGCCTTCTTCAATCCCTCAGT
TCGTCACGGAGGCCATTACAGGGGGGCCGATGCCTGACCCGCCTGGCCTCAAGTTGAAGAAGG
AAGGCTTGATGGTGAAGCACCCAGTGGTCTTTGTCCCTGGGATCGTAACCGGTGGGCTTGAATT
GTGGGAGGGACATCACTGTGCAGAAGGATTGTTCAGAAAGCGACTATGGGGTGGCACTTTTGG
TGAAGTGTACAAGAGACCATTATGTTGGGTAGAGCACATGTCACTGGATAATGAAACAGGACT
TGACCCCCCTGGTATAAAGGTCAGACCAGTATCTGGCCTTGTGGCTGCAGACTACTTTGCTGCG
GGGTATTTTGTATGGGCAGTTTTAATTGCTAATTTGGCTCAAATAGGATATGAGGAGAAAACCA
TGTATATGGCTGCATACGACTGGAGAATGTCATTTCAGAATACAGAGGTCAGGGACCAAACTCT
CAGCAGGATGAAAAGTAATATAGAACTCATGGTTGCCACTAATGGAGGAAACAAGGTTGTCGT
CATTCCACATTCAATGGGGGCTCTTTACTTTCTGCATTTCATGAAATGGGTGGAAGCACCTGCTC
CAATGGGCGGTGGGGGAGGATCAAATTGGTGTGCTAAGCATATAAAGTCGGTGATGAACATA
GGTGGACCTTTTTTAGGGGTACCCAAAGTAGTCTCTGGACTTTTCTCTGGTGAAGGCAGAGATA
TTGCTGTTGCCAGGGCTTTTGCACCAGGCTTTCTGGACAAGGATTTCTTTAGTCTCCAAACTCTA
CAACATTTTATGCGCATGACTCGTACATGGGATTCAACCATGTCTATGATACCAAAAGGTGGGG
AAACCATTTGGGGTGGCCTTGATTGGTCACCGGAAGAGGAATATAGTTGTGGCACTAAGAAGT
TGAAGAACAACACCCGTTTGGTAGGAGAAAACAGGAAAGGGGGTTTGAGTCCTCCTCAAATAA
CAAATTATGGGAGAATTATCTCGTTTGGAAAAGATGCAGCCACGCAGCACTCTTCCAAGATTGC
CAGGATTGATTTCAGGGATGCAGTTAAGGGAAGTCACCCAGGAAACCACTGTGATATTTGGAC
CGAGTATCAAGAAATTGGAGTTGGTGGCATCAAAGCTGTTACTGATTACAAAGTGTACACAGCT
AGTTCAGTTCTAGATATGCTGGACTTCGTTGCACCCAAGTTAATGGCAAGAGGAAATGCTCATT
TTTCGCATGGAATTGCGGACAATCTAGATGACCCAAAATACCAACACTTCAAATACTGGTCAAA
CCCTTTAGAGACAAAATTACCAAATGCTCCAGACATGGAGATTTATTCATTGTATGGGGTTGGA
ATACCCACGGAAAGAGCATATGTATACAAGCAAACCTCAGCAGGGGAATGCGCAATTCCTTTCC
AGATTGATGCATCGGCAGGTGATGATAGCGAGAGGTCTTGCCTAAAAGGTGGAGTATTGTCAG
TGAACGGAGATGAGACGGTGCCAGTTATAAGTGCTGGATTCATGTCTGCAAAAGGGTGGAGA
GGGAAAACGAGATTCAACCCATCAGGGATTCGTACTCACATAAGGGAATATGATCATGCACCAC
CAGCCACCCTCCTGGAAGGAAGGGGAACCCAAAGCGGTGCTCATGTTGACATAATGGGCAATT
TTGCATTGATAGAGGATATCATCAGAGTTGCAGCAGGGGCTTCTGGAGAAGATTTGGGAGGAG
ACAGGGTTTACTCGGACATTTTTAAATGGTCTGACAAGATTAAGCTGCGGCTTTAA
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LuPDAT6 - SEQ ID NO:6

ATGTCGCCTGGAATCGTCACCGGTGGTCTTGAGCTCTGGGAGGGTAAAGCTTGTGCTAAGGAT
CTTTTCCGGAAGCGACTTTGGGGCGGCACCTTCACCGATGTTCTCACTCGGCCGTTGTGCTGGTT
GGAGCATCTTTCTTTGGACAACCAAACCGGTCTAGACCCGCCTGGTATCCGAGTCCGAGCCGTC
ACCGGTCTGGTTTCCGCCGACTATTTCGCTCCGGGATACTTCGTCTGGGCGGTTCTCATCGAGAA
TTTGGCCAAAATTGGATACGAAGGCAAGAACTTGCATATGGCCGCTTACGATTGGCGCCTCTCT
TTCCACAACACTGAGATTCGGGACCAGTCGCTGAGCCGATTGAAAAGCAAGATAGAGCAAATG
TATGCGAGCAACGGCAATAAGAAAGTAGTGGTGGTTCCACATTCCATGGGTGGCGTCTATTTCC
TCCATTTCCTTAAATGGGTCGAAACTCCGACACCCATCGGCGGCGGCGGCGGTCCAGACTGGTG
TTCCAAGCACATCAAGGCTGTTATGAACATCGGCCCTGCCTTCCTCGGCGTCCCCAAGACCGTCA
GCAACTTCTTCTCTGCAGAGGCCAAGGACGTAGCTTTGATCAGAGCTATGGATCCTGGATTATT
GGACTCTGAGATGCTTGGACTTCAGACGCTGGAGCATGTGTTGAAGGTGAGTAGAACTTGGGA
TTCAGTTGTTTCTTTGCTTCCTAAAGGAGGAGAGGCTATCTGGGGTGATCTGGACTGGTCTCCT
GAAGATAACAACTATGCTTCATGTGGTGATTTGTCGAAGCGCAAGGCCTTGCAATCTCCGGATG
ACCAGAACTCCACTAGTGGTGGTGATGCAACTACATTCCTTCTTAAAGAACCGATTAAGTTTGG
AAGGTTGATCTCCTTTGGCAAGGCTGCATCGGAATTACCATCGTCGTTGCTGTCATCCCTCGATC
AGAAGGATCTAATACTTTCAGAGACTAAGAACAGTTCAACCTTGTCATGCAAAGACATCAAGAC
TGAATATGATGAAATGAACAGAGGAATCATTCCAAAGATTGCGGAGAACAAAGCATACACGGC
AACAACAGTTCTTGATCTCCTGAGGGTTGTGGCTCCAAAGACAATGAAACGAGCTGAAGCGCAT
TTCTCTCACGGCATAGCTGATAACCTCGACGATCCCAAATATACACATTACAAGTACTGGTCCAA
CCCACTCGAGACAAAGTTACCTGATGCTCCAGATATGGAGATCTACTGCTTATATGGGGTAGGA
ATTCCCACAGAGAGATCATACGTCTACAAGATGTCTCCGAACACCAGGTGTAATAGCATTCCATT
TCGGATCGACAGCTCTGTGGTTGGAGATGATGGTGATAGTTGTTTGAGAGGTGGAGTGTATCA
TGTCGATGGCGATGAGAGTGTGCCAGTGTTAAGTGCAGGATTCATGTGTGCTAAAGGGTGGAA
AGGACGAACAAGATTCAACCCGTCCGGGATCTCGAGTTATGTGAGGGAGTACCAGCACAAGCC
CCCGGCTAGCCTACTTGAAGGCCGGGGTGCCGAGAGTGGGGCACATGTTGACATAATGGGTAA
TGTCGGTTTGATAGAAGATGTTATGAGAGTTGCAGCTGGCGCCACTGGTTCTGAGATCGGTGGT
GACCGTATTCATTCCGACATTCTAAGAATGTCGGACCGTATTAACATTCAACTGTGA

FI1G.13
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LUPDAT1 - SEQ ID NO:7

MSLLRRRWRAPKSDSSGVDRERDPSCQIRRGEGTDNDLADGDGEKWNIGEDKQGRLKPSRGCDG
KRKDRRKWSCVDSCCWFIGFICSSWWFLLFLYNAMPSSIPQFVTEAITGGPMPDPPGLKLKKEGLM
VKHPVVFVPGIVTGGLELWEGHHCAEGLFRKRLWGGTFGEVYKRPLCWVEHMSLDNETGLDPPGI
KVRPVSGLVAADYFAAGYFVWAVLIANLAQIGYEEKTMYMAAYDWRMSFQNTEVRDQTLSRMKS
NIELMVATNGGNKVVVIPHSMGVLYFLHFMKWVEAPAPMGGGGGSKWCAKHIKAVMNIGGPFL
GVPKVVSGLFSGEGRDIAVARAFAPGFLDKDVFSLQTLOHFMRMTRTWDSTMSMIPKGGETIWG
GLDWSPEEEYSCGTKKLKNNTHMVGENRKGGLSPPEITNYGRIISFGKDAATQHSSKIARIDFRDAV
KGSHPGNHCDIWTEYQEIGVGGIKAVTDYKLYTASSVLEMLDFVAPKLMARGNAHFSHGIADNLDD
PKYQHFKYWSNPLETKLPNAPDMEIYSLYGVGIPTERAYVYKQTSAGECSIPFQIDASAGDDSEKSCIK
GGVLSVNGDETVPVISAGFMCAKGWRGKTRFNPTGIRTHIREYDHAPPATLLEGRGTQSGAHVDI
MGNFALIEDIIRVAAGASGEDLGGDRVYSDIFKWSDKIKLRL*

FI1G.14

LUPDAT2 - SEQ ID NO:8

MSVVRRRKPSESDKPSTSAPSDDDISGGGTTTGKEEEGEDSKRKNKKRRKKKPAADKPPLPPGPSPA
GGNDGDGKQEEEEEDKKGRRRRRKASAAKWSCVDSCCWFVGCVCLTWWVLLFLYNAMPASFPQ
YVTEAITGPSPDPPGVKLKKEGLRSKHPVVFVPGIVTAGLELWEGHQCAEGLFRKRLWGGTFGEVYK
RPLCWVEHMSLDNETGLDPPGIRLRPVSGLVAADYFAPGYFVWAVLIANLARIGYEENSMYMASY
DWRLSFQNTEVRDRTLSRIKSNIELMVATNGGHKAVIIPHSMGVLYFLHFMKWVEAPSPMGGGG
GPDWCSKHIKAVMNIGGPFLGVPKAVTGLFSAEARDIAVVRALTPGFLDNDIFRLQTLQHIMRMSR
TWDSTMSMIPKGGDTIWGDLDWSPEDGCSPSKRGRGNNETESDDNLAQTTKVRYGRIISFGKDVA
EAPSSEIDRIDFRDALKGONVANTSCRDVWTEYHDMGLGGIKAVAEYKSYTAGSIVDLLSYVAPKM
MDRGSCHFSYGIADDLDDPKYNHFKYWSNPLETKLPNAPDMEIFSMYGVGIPTERAYVYRLSPAGE
CYIPFQIDTSADEDSCLKDGVYTVDGDETVPVLSAGYMCAKGWRGKTRFNPSGIRTYIREYDHSPPA
NLLEGRGTQSGAHVDIMGNFALIEDILRVAAGGTGKDLDGDRVYSDIFKWSDRIKLNL*
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LUPDAT3 - SEQ ID NO:9

MVPGIVTGGLELWEGKACAKDLFRKRLWGGTFTDVLTRPLCWLEHLSLDNQTGLDPPGIRVRAVT
GLVAADYFAPGYFVWAVLIENLAKIGYEGKNLHMAAYDWRLSFHNTEIRDQSLSRLKSKIELLYASN
GNKKVVVVPHSMGGVYFLHFLKWVETPTPIGGGGGPDWCSKHIKAVMNIGPAFLGVPKTVSNFFS
AEAKDVALIRAMDPGLLDSEMLGLQTLEHVLKVSRTWDSVVSLLPKGGEAIWGDLDWSPEDGYAS
CGDLLKRKSLQSPVAVVADQNSTNGGDATTFLLKEPIKYGRLISFGKAASELPSSLLSSLDQKDLILSET
KNNATLSCKDIKTEYDEMNRESIPKIAENKAYTATTVLDLLRVVAPKTMKRAEAHFSHGIADNLDDPK
YAHYKYWSNPLETKLPDAPDMEIYCLYGVGIPTERSYVYKMSPNTRCNSIPFRIDSSVDGDDGESCLR
GGVYHVDGDESVPVLSAGFMCAKGWKGRTRFNPSGISTYVREYRHKPPASLLEGRGAESGAHVDI
MGNVGLIEDVMRVAAGATGSEIGGDRIHSDILRMSDRINIQL*

FIG.16

LuPDAT4 - SEQ ID NO:10

MPVVRRRKPSETDKPSTSAPSDDDISGGGTTTGKEEEGEDSKRKNKKRRKKKPAAADKPPLPPAPSP
AGGGNDDGGKEEEGDEKKGRRRRRKASATKWSCVDSCCWFVGCVCLTWWVLLFLYNAMPASFP
QYVTEAITGPSPDPPGVKLKKEGLRSKHPVVFVPGIVTAGLELWEGHHCAEGLFRKRLWGGTFGEVY
KRPLCWVEHMSLDNETGLDPPGIRLRPVSGLVAADYFAPGYFVWAVLIANLARIGYEENSMYMASY
DWRLSFQNTEVRDRTLSRIKSNIELMVATNGGHKAVIIPHSMGVLYFLHFMKWVEAPAPMGGGG
GPDWCSKHIKAVMNIGGPFLGVPKAVTGLFSAEARDIAVVRALTPGFLDNDIFRLQTLQHIMRMSR
TWDSTMSMIPKGGDTIWGDLDWSPEDGCSPSKRGRGNNGTQSDDNLAQTTKVRYGRIISFGKDV
AEAPSSEIDRIDFRDAIKGQNVANTSCRDVWTEYHDMGLGGIKAVAEYKSYTAGSIVDLLSYVAPKM
MDRGSCHFSYGIADDLDDPKYNHFKYWSNPLETKLPNASDMEIFSMYGVGIPTERAYVYRLSPAGE
CYIPFQIDTSADEDSCLKDGVYTVDGDETVPVLSAGYMCAKGWRGKTRFNPSGISTYIREYDHSPPA
NLLEGRGTQSGAHVDIMGNFALIEDILRVAAGGTGKDLDGDRVYSDIFKWSERIKLNL*
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LuPDATS5 - SEQ ID NO:11

MSLLRRRWRAPKSDSSAVDRERDPSCQIRRGEGTDNDVVNGDGEKWNIGEDKQGRLKPSRGGDG
KRKDGRKWSCVDSCCWFIGFICSSWWFLLFLYNAMPSSIPQFVTEAITGGPMPDPPGLKLKKEGLM
VKHPVVFVPGIVTGGLELWEGHHCAEGLFRKRLWGGTFGEVYKRPLCWVEHMSLDNETGLDPPGI
KVRPVSGLVAADYFAAGYFVWAVLIANLAQIGYEEKTMYMAAYDWRMSFQNTEVRDQTLSRMKS
NIELMVATNGGNKVVVIPHSMGALYFLHFMKWVEAPAPMGGGGGSNWCAKHIKSVMNIGGPFL
GVPKVVSGLFSGEGRDIAVARAFAPGFLDKDFFSLQTLQHFMRMTRTWDSTMSMIPKGGETIWG
GLDWSPEEEYSCGTKKLKNNTRLVGENRKGGLSPPQITNYGRIISFGKDAATQHSSKIARIDFRDAVK
GSHPGNHCDIWTEYQEIGVGGIKAVTDYKVYTASSVLDMLDFVAPKLMARGNAHFSHGIADNLDD
PKYQHFKYWSNPLETKLPNAPDMEIYSLYGVGIPTERAYVYKQTSAGECAIPFQIDASAGDDSERSCL
KGGVLSVNGDETVPVISAGFMSAKGWRGKTRFNPSGIRTHIREYDHAPPATLLEGRGTQSGAHVDI
MGNFALIEDIIRVAAGASGEDLGGDRVYSDIFKWSDKIKLRL*

FI1G.18

LUPDAT®6 - SEQ ID NO:12

MSPGIVTGGLELWEGKACAKDLFRKRLWGGTFTDVLTRPLCWLEHLSLDNQTGLDPPGIRVRAVTG
LVSADYFAPGYFVWAVLIENLAKIGYEGKNLHMAAYDWRLSFHNTEIRDQSLSRLKSKIEQMYASNG
NKKVVVVPHSMGGVYFLHFLKWVETPTPIGGGGGPDWCSKHIKAVMNIGPAFLGVPKTVSNFFSA
EAKDVALIRAMDPGLLDSEMLGLQTLEHVLKVSRTWDSVVSLLPKGGEAIWGDLDWSPEDNNYAS
CGDLSKRKALQSPDDQNSTSGGDATTFLLKEPIKFGRLISFGKAASELPSSLLSSLDQKDLILSETKNSST
LSCKDIKTEYDEMNRGIIPKIAENKAYTATTVLDLLRVVAPKTMKRAEAHFSHGIADNLDDPKYTHYK

YWSNPLETKLPDAPDMEIYCLYGVGIPTERSYVYKMSPNTRCNSIPFRIDSSVVGDDGDSCLRGGVY

HVDGDESVPVLSAGFMCAKGWKGRTRFNPSGISSYVREYQHKPPASLLEGRGAESGAHVDIMGNV
GLIEDVMRVAAGATGSEIGGDRIHSDILRMSDRINIQL*
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LuPDATG 00 o O 81 0 MEPEIVITGGLELWEGKAL

LuPDATL ARGLYRKRLWGGTFGEVYKRPLCWVEHMSLONETGLDPPC T KVRPVEGLVAADY PRAGY I
LuPDATZ ALGLFRERLWGGTFGEVYRRPLOWVEHMSLINETGLUR PEIRLRPVECLVAADY EARGY R
LuPBAT3 ARDLFRERLWGETETOVETRPLOWLEHLSLEROGTGLORPPGIRVRAN TGLVAADY VAPGY Y
LuPDATA ABGLEFRERIMNGGTHFGEVYKRPLOWVENME LONETGLDPPGIRLAPVEGIVAADYFARGY I
LuPDATS AEGLFRRRINGGTFGEVYRRPLCRVEHMSLDNETGLDPPGIRVRPVSCLYAADY FEAGY R
LuPDRT6 ARDLFRERLWGETETOVLIRPLOWLEHLELONOTGLDR PG TRVRAVIGLVEADY FAPGYY

LaPDATL VHAVLIANLAQTGYEEKTIMYMAAY DHRMEFONTEVRDOTLARMESN TB LMYV ATNGGRRVY
LuPBAT2 VUAVLIANLARIGYEENSMYMASY DHRLSFOUTEVRDRTLSRIKIN I ELMVATHEGHRAV
LUPHATI VHAVL IENLARIGYRGRNLEMARY DWRLEFENTEIRDOSLSRLESRIBLL Y ABNGNRERYY
LUPDATY VHAVLIANLARIGYEENSMYMABY DHRLEFONTEVRDRTLSRIKENI ELMVATNGERKAV
LuPDATE VHAVLIANLAQIGYEERTMYMBAY DURHEPOUTEVRDOTLARMESNTRLMVATNEGNEYY
LUPDNT 6 VHAVLIEMLAK IGYBEKINLEMAAY DHRLEFENTE IRDOS LERLKER T EQMY ASNGNKRYY

Lu¥®pDATL VIPHSMGVLYPLEFMENVEARARMGGEGOGSKNCARRI EAVEIN I GGRFLOVPRKVVEELISG
LuPDATS IIPHBMGYLYFLEFMEWVEAPSPHMEGEEAFINCERUIKAVMENIGOPPLEVPRAVTIGLISA
LU¥BAT3 VVPHBMGEVYFLHFLEWVETPIP IGEGGEPIHCEKBIKAVEN LG PAFLGVPETVERFIFSA
LuPLATA TIPHEMGVLYPLEPHEWVEAPAPHCOGGE R DHC SRR TKAVINI GERPILEVERAVIGLISA
LUPDATE VIPHEMGALYPLHFMEWVEAPAPMGEGGESHWCARBIRSVMRIGGPILEVPRVVSGLIEG
LuPDATE  VVPHAMGGVYFLEFLKWVETPTRIGEGEEFDHCSKHIRAVEN I CPAPLGVPRKIVENPISA

LuBDATL EGRDIAVARAFAPGFLDEDVESLOTLONFMRMTRIWD S THSME PREGET THGGLIWE PRE
LuPDATZ BARDTAVVREALTPGFLDNDIFREQT LOHINRMSRIWDE THEM T PREGHT IHGDLDREPED
LuFDAT3 EAKDVALTRAMDPGLLDS EMLGLOTLEHVLEVERTHREVY S LLPRGEEATWEDLDWE PED
LuPDATA BARDIAVVRALTPGELDNDIFREGTLOHIMEMSRTWDE TMOMIPRGGD T IRGDLDWERPED
LuPDATS EGRDIAVARAFAPGFLDERDEFSLOTLOHFHRMTRIWDE TMEMT PRGGETTHEGLDWEPEE
LuPDATE EAKDVALI RAMDPCLLDSEMLGLOTLEHVIEVERTWDEVVS LLPKGGEATHGDLDWS PR

FIGURE 20A



WO 2013/181761 PCT/CA2013/050435

18/18
LuPOATL B Y BUETRELEN - o oo NTHMVOGENREGGLSPPETINYGRI ISFGRDANTOHSS
LuPDAT2 G =B PBERGREH v st s s o HELTRSDON = -~ LAQTTRVRYGRIISIGEDVABARSS
LuBDAT G-YASCOEDLLKRESLOS PVAVWADQUSTRGODATTFLIKEP TKYORLI STFGRARSRLESS
LuPDATS G ~CBPBRRGREN o o oo et o e w HELOH DOR - = - LEQTTRVRYGR LI SFGRDVABAPES
LuvhATS B Y S OETEB LK o oo o s o NIRILVGENRRGGLEPRPOQTIRYGRIT AIMGKDAATORS S

LPDATE  NNYASCGDLESRREALQEP-- DDONSTHEGEDATTILIELRP IKFGRLISPGRARSELPSS

LUppAT RIARIDERDAVEGS~~HEPGH -~ BCDINTEYQEIGVECTEAVTOYRLY TAS SVLEMLDIVA.
LuPDATZ BIDRIDFRDALEGQ - HVANTSCRDVRTE Y HOMELGG LKAVARY RSV IAGR TVDLLAYVA,
LuPDATI LLESLOUKDLILSETKHNATLBCRKDIRTEY DEMNRES I PRIABNEAYTATTVIDLLEVYA,
LuPDATY BIDRIDERDATRGO-~-NVANTSCRDVRTEVHDMGLGGIRAVARYRSY TAGB IVDLLEY VA,
LuPDATS KIARIUFRDAVEGS ~ - HPGH--BODIWTEYOBIGVEETRAVIDYRVYTASSVLDMLIOPVA.
LuPDBYE  LLSSLDORDLILSETRNSSTLACKDIKIEYDENNRGT IPKIARNKAY TATTVLDELRVVA,

LIPDATL PRLMARGNAHESHGTADHLDDPRYQHFRYWENPLETKLPNAPUME LY SLYGVG I PTERAY
LuFnard PEMMDRGSCHESYGLADDLDDPRY NHFRYWENPLETRLENAPDMET FSMYBVEL PLERARY
LuPDATI PRIMKRAEARFSHEIADNLDDPRKYAHY RYWERPLETRLPDAPDMEIYCLYGVG T PTERSY
Luppar PEMMORGSCHPSYGLADDLDDPEYNHFRYWSNPLETKLPHASDMEL FEMYGVGIPTERAY
LuPDATS PRLMARGHANFSHETADNLDDPRYQHFRYRSNPLETK L PNAPDNE LY SLYGVELPTERAY
LuPDATS PRIMERADAHESHGLADNLDDPRY THYRYWSNPLETKLPDAPDMET YCLYGVGIPTERS Y

LaPDATL VIRQTEAGEC-B1 PFQIDASAGDISERSCTIRGEVLEVNGDRT VIV BAGIMCAKGRRGET
LuPDATZ VYRLEPAGEC-YIPFQI DTS ADED - ~SCLEDGVYTVOGHETVRVLAAGYMCAKGHRGKT
LUPDRT3 VYRMBPNTRONEIPFRIDESVDEUDGESCLRGEVYHVDGDEEVEVLEAGTNCAKGREGRT
LuPDATA VYRLSPAGEC-Y ITRFFQLDTEADED~ ~SULEDGVYTVLEDETVEVLSAGYMUAKGHRGKT
LuBBATS YYEQTSAGEC~ATPFQIDASAGDDEERSCLRGGVLSVNGDETVRVI SAGIMBAKGRRGRT
LUPDATE VYRMEPHTRONS IPFRIDEEVVGDLEDSCLRGEGVY BVIGDESVIVLEAGTIHCARGWRGRT

LuPDATL RENPTGIRTHIREYDHAPPATLLEGRGIOSGANVD IMGNIALIED TRVARGASGEDLEG:
LuPDATY RENPSGIRTYIREYDHSPPANLLEGRETOSCGAHVDIMGNFALIEDI LRVARGEPGKDLDG:
LUPDATA RENPSGISTYVREYRHEPPASLLEGRGAESGAIVDINGHVELIEDVMRVARGATGSELGG
LuBDATA RENPSGLETY IREYDHSPRANLLEGRETOSCANVI I MEN FALT EDI LRVARGETORDLDG:
LuPDATS  RENPSCIRTHIREYDHAPPATLLEGRGTQSGAHVDIMGNIALIEDT IRVARGASGEDLGG
LuPDATE RFNPSGTSSYVREYQHRPPABLLEGRGARECARVDINGHVEL T EDVMRVAAGATESELIGE

LURDATI PRVYSDIFEWSDEIKLRLY
LUPDAT2 DRVYSDIFEWEDRIKINL
LuPBAT PRIESDILEMEDRINIQL*
LuPDATY DRVYSDIFRWEBRIKLNL*
Luphals DRYYBDIFEWS DRKIRLRLY
LuPLATE DRIHSDILEMEDRINIOQL*
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