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SYNTHETIC GENES

STATEMENT CONCERNING GOVERNMENT SUPPORT
[0001] Subject matter disclosed in this application was made, in part, with government
support under National Institute of Standards and Technology ATP Grant No. 70NANB2H3014.

As such, the United States government may have certain rights in this invention.

CROSS-REFERENCE TO RELATED APPLICATIONS
[0002] This application claims benefit under 35 U.S.C. § 119(e) of provisional application
No. 60/414,085, filed 26 September 2002, the contents of which are incorporated herein by

reference.

FIELD OF THE INVENTION
[0003] The invention provides strategies, methods, vectors, reagents, and systems for
production of synthetic genes, production of libraries of such genes, and manipulation and
characterization of the genes and corresponding encoded polypeptides. In one aspect, the
synthetic genes can encode polyketide synthase polypeptides and facilitate production of
therapeutically or commercially important polyketide compounds. The invention finds
application in the fields of human and veterinary medicine, pharmacology, agriculture, and

molecular biology.

BACKGROUND
[0004]  Polyketides represent a large family of compounds produced by fungi, mycelial
bacteria, and other organisms. Numerous polyketides have therapeutically relevant and/or
commercially valuable activities. Examples of useful polyketides include erythromycin, FK-
506, FK-520, megalomycin, narbomycin, oleandomycin, picromycin, rapamycin, spinocyn, and
tylosin.
[0005]  Polyketides are synthesized in nature from 2-carbon units through a series of
condensations and subsequent modifications by polyketide synthases (PKSs). Polyketide
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synthases are multifunctional enzyme complexes composed of multiple large polypeptides. Each
of the polypeptide components of the complex is encoded by a separate open reading frame, with
the open reading frames corresponding to a particular PKS typically being clustered together on
the chromosome. The structure of PKSs and the mechanisms of polyketide synthesis are
reviewed in Cane et al., 1998, “Harnessing the biosynthetic code: combinations, permutations,
and mutations” Science 282:63-8.

[0006]  PKS polypeptides comprise numerous enzymatic and carrier domains, including
acyltransferase (AT), acy1 carrier protein (ACP), and beta-ketoacylsynthase (KS) activities,
involved in loading and condensation steps; ketoreductase (KR), dehydratase (DH), and
enoylreductase (ER) activities, involved in modification at B-carbon positions of the growing
chain, and thioesterase (TE) activities involved in release of the polyketide from the PKS.
Various combinations of these domains are organized in units called “modules.” For example,
the 6-deoxyerythronolide B synthase ("DEBS"), which is involved in the production of
erythromycin, comprises 6 modules on three separate polypeptides (2 modules per polypeptide).
The number, sequence, and domain content of the modules of a PKS determine the structure of
the polyketide product of the PKS.

[0007] Given the importance of polyketides, the difficulty in producing polyketide
compounds by traditional chemical methods, and the typically low production of polyketides in
wild-type cells, there has been considerable interest in finding improved or alternate means for
producing polyketide compounds. This interest has resulted in the cloning, analysis and
manipulation by recombinant DNA technology of genes that encode PKS enzymes. The resulting
technology allows one to manipulate a known PKS gene cluster to produce the polyketide
synthesized by that PKS at higher levels than occur in nature, or in hosts that otherwise do not
produce the polyketide. The technology also allows one to produce molecules that are
structurally related to, but distinct from, the polyketides produced from known PKS gene clusters
by inactivating 2 domain in the PKS and/or by adding a domain not normally found in the PKS
though manipulation of the PKS gene.

[0008] While the detailed understanding of the mechanisms by which PKS enzymes function
and the development of methods for manipulating PKS genes have facilitated the creation of
novel polyketides, there are presently limits to the creation of novel polyketides by genetic

engineering. One such limit is the availability of PKS genes. Many polyketides are known but
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only arelatively small portion of the corresponding PKS genes have been cloned and are
available for manipulation. Moreover, in many instances the organism producing an interesting
polyketide is obtainable only with great difficulty and expense, and techniques for its growth in
the laboratory and, production of the polyketide it produces are unknown or difficult or time-
consuming to practice. Also, even if the PKS genes for a desired polyketide have been cloned,
those genes may not serve to drive the level of production desired in a particular host cell.
[0009]  If there was a method to produce a desired polyketide without having to access the
genes that encode the PKS that produces the polyketide, then many of these difficulties could be

ameliorated or avoided altogether. The present invention meets this and other needs.

BRIEF SUMMARY OF THE INVENTION
.[0010] In one aspect, the invention provides a synthetic gene encoding a polypeptide
segment that corresponds to a reference polypeptide segment encoded by a naturally occurring
gene. The polypeptide segment-encoding sequence of the synthetic gene is different from the
polypeptide segment-encoding sequence of the naturally occurring gene. In one aspect, the
polypeptide segment-encoding sequence of the synthetic gene is less than about 90% identical to
the polypeptide segment-encoding sequence of the naturally occurring gene, or in some
embodiments, less than about 85% or less than about 80% identical. In one aspect, the
polypeptide segment-encoding sequence of the synthetic gene comprises at least one (and in
other embodiments, more than one, e.g., at least two, at least three, or at least four) unique
restriction sites that are not present or are not unique in the polypeptide segment-encoding
sequence of the naturally occurring gene. In an aspect, the polypeptide segment-encoding
sequence of the synthetic gene is free from at least one restriction site that is present in the
polypeptide segment-encoding sequence of the naturally occurring gene. In an embodiment of
the invention, the polypeptide segment encoded by the synthetic gene corresponds to at least 50
contiguous amino acid residues encoded by the naturally occurring gene. |
[0011]  In an embodiment, the polypeptide segment is from a polyketide synthase (PKS) and
may be or include a PKS domain (e.g., AT, ACP, KS, KR, DH, ER, and/or TE) or one or more
PKS modules. In some embodiments, the synthetic PKS gene has, at most, one copy per
module-encoding sequence of a restriction enzyme recognition site selected from the group
consisting of Spe I, Mfe I, Afi I, Bsi WI, Sac II, Ngo MIV, Nhe I, Kpn I, Msc I, Bgl I, Bss HII,
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Sac1I, Age I, Pst I, Kas I, Mlu I, Xba I, Sph I, Bsp E, and Ngo MIV recognition sites. In an
embodiment, the polypeptide segment-encoding sequence of the synthetic gene is free from at
least one Type IIS enzyme restriction site (e.g., Bei VI, Bmr I, Bpm I, Bpu EI Bse RI, Bsg I, Bsr
Di, Bts I, Eci I, Ear I, Sap I, Bsm BI, Bsp MI, Bsa I, Bbs I, Bfu AL Fok I and Alw I) present in
the polypeptide segment-encoding sequence of the naturally occurring gene.

[0012] In a related embodiment, the invention provides a synthetic gene encoding a
polypeptide segment that corresponds to a reference polypeptide segment encoded by a naturally
occurring PKS gene, where the polypeptide segment-encoding sequence of the synthetic gene is
different from the polypeptide segmentencoding sequence of the naturally occurring PKS gene
and comprises at least two of (a) a Spe I site near the sequence encoding the amino-terminus of
the module; (b) a Mfe I site near the sequence encoding the amino-terminus of a KS domain; (c)
a Kpn I site near the sequence encoding the carboxy-terminus of a KS domain; (d) a Msc I site
near the sequence encoding the amino-terminus of an AT domain; (e) a Pst I site near the
sequence encoding the carboxy-terminus of an AT domain; (f) 2 Bsr BI site near the sequence
encoding the amino-terminus of an ER domain; (g) an Age I site near the sequence encoding the
amino-terminus of a KR domain; and(h) an Xba I site near the sequence encoding the amino-
terminus of an ACP domain.

[0013]  Inrelated aspects, the invention provides a vector (e.g., cloning or expression vector)
comprising a synthetic gene of the invention. In an embodiment, the vector comprises an open
reading frame encoding a first PKS module and one or more of (a) a PKS extension module; (b)
-a PKS loading module; (c) a releasing (e.g., thioesterase) domain; and (d) an interpolypeptide
linker.

[0014]  Cells that comprise or express a gene or vector of the invention are provided, as well
as a cell comprising a polypeptide encoded by the vector or, a functional polyketide synthase,
wherein the PKS comprises a polypeptide encoded by the vector. In one aspect, a PKS .
polypeptide having a non-natural amino sequence is provided, such as a polypeptide
characterized by a KS domain comprising the dipeptide Leu-Gln at the carboxy-terminal edge of
the domain; and/or an ACP domain comprising the dipeptide Ser-Ser at the carboxy-terminal
edge of the domain. A method is provided for making a polyketide comprising culturing a cell
comprising a synthetic DNA of the invention under conditions in which a polyketide is

produced, wherein the polyketide would not be produced by the cell in the absence of the vector.
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[0015] In one aspect, the invention provides a method for high throughput synthesis of a
plurality of different DNA units comprising different polypeptide encoding sequences
comprising: for each DNA unit, performing polymerase chain reaction (PCR) amplification of a
plurality of overlapping oligonucleotides to generate a DNA unit encoding a polypeptide
segment and adding UDG-containing linkers to the 5’ and 3’ ends of the DNA unit by PCR
amplification, thereby generating a linkered DNA unit, wherein the same UDG-containing
linkers are added to said different DNA units. In embodiments, the plurality comprises more
than 50 different DNA units, more than 100 different DNA units, or more than 500 different
DNA units (synthons). In a related aspect, the invention provides a method for producing a
vector comprising a polypeptide encoding sequence corﬁprising cloning the linkered DNA ﬁnit
into a vector using a ligation-independent-cloning method.

[0016]  The invention provides gene libraries. In one embodiment, a gene library is provided
that contains a plurality of different PKS module-encoding genes, where the module-encoding
genes in the library have at least one (or more than one, such as at least 3, at least 4, at least 5 or
at least 6) restriction site(s) in common, the restriction site is found no more than one time in
each module, and the modules encoded in the library correspond to modules from five or more
different polyketide synthase proteins. Vectors for gene libraries include cloning and expression
vectors. In some embodiments, a library includes open reading frames that contain an extension
module and at least one of a second PKS extension module, a PKS loading module, a
thioesterase domain, and an interpolypeptide linker.

[0017] In a related aspect, the invention provides a method for synthesis of an expression
library of PKS module-encoding genes by making a plurality of different PKS module-encoding
genes as described above and cloning each gene into an expression vector. The library may
include, for example, at least about 50 or at least about 100 different module-encoding genes.
[0018] The invention provides a variety of cloning vectors useful for stitching (e.g., a vector
comprising, in the order shown, SM4 — SIS — SM2 —~R; or L — SIS — SM2 — R, where SIS is a
synthon insertion site, SM2 is a sequence encoding a first selectable marker, SM4 is a sequence
encoding a second selectable marker different from the first, R; is a recognition site for a
restriction enzyme, and L is a recognition site for a different restriction enzyme. The invention
further provides vectors comprising synthon sequences, €.g. comprising, in the order shown,
SM4 -2S; —Sy; —2S; —SM2~R; or L —28; — Sy, —2S, ~ SM2 —R; where 28, is a
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recognition site for first Type IIS restriction enzyme, 25, is a recognition site for a different Type
IIS restriction enzyme, and Sy is synthon coding region. Also provided are compositions of a
vector and a Type IIS or other restriction enzyme that recognizes a site on the vector,
compositions comprising cognate pairs of vectors, kits, and the like.

[0019] In one embodiment, the invention provides a vector comprising a first selectable
marker, a restriction site (R) recognized by a first restriction enzyme, and a synthon coding
region that is flanked by a restriction site recognized by a first Type IIS restriction enzyme and a
restriction site recognized by a second Type IIS restriction enzyme, wherein digestion of the
vector with the first restriction enzyme and the first Type IIS restriction enzyme produces a
fragment comprising the first selectable marker and the synthon coding region, and digestion of
the vector with the first restriction enzyme and the second Type IIS restriction enzyme produces
a fragment comprising the synthon coding region and not comprising the first selectable marker.
In an embodiment, the vector comprising a second selectable marker wherein digestion of the
vector with the first restriction enzyme and the first Type IIS restriction enzyme produces a
fragment comprising the first selectable marker and the synthon coding region, and not
comprising the second selectable marker, digestion of the vector with the first restriction enzyme -
and the second Type IIS restriction enzyme produces a fragment comprising the second
selectable marker and the synthon coding region, and not comprising the first selectable marker.
The invention provides methods of stitching adjacent DNA units (synthons) to synthesize a
larger unit. For example, the invention provides a method for making a synthetic gene encoding
a PKS module by producing a plurality (i.e., at least 3) of DNA units by assembly PCR, wherein
each DNA unit encodes a portion of the PKS module and combining the plurality of DNA units
in a predetermined sequence to produce PKS module-encoding gene. In an embodiment, the
method includes combining the module-encoding gene in-frame with a nucleotide sequence
encoding a PKS extension module, a PKS loading module, a thioesterase domain, or an PKS
interpolypeptide linker, to produce a PKS open reading frame.

[0020] In a related embodiment, the invention provides a method for joining a series of
DNA units using a vector pair by a) providing a first set of DNA units, each in a first-type
selectable vector comprising a first selectable marker and providing a second set of DNA units,
each in a second-type selectable vector comprising a second selectable marker different from the

first, wherein the first-type and second-type selectable vectors can be selected based on the
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different selectable markers, b) recombinantly joining a DNA unit from the first set with an
adjacent DNA unit from the second set to generate a first-type selectable vector comprising a
third DNA unit, and obtaining a desired clone by selecting for the first selectable marker c)
recombinantly joining the third DNA unit with an adjacent DNA unit from the second set to
generate a first-type selectable vector comprising a fourth DNA unit, and obtaining a desired
clone by selecting for the first selectable marker, or recombinantly joining the third DNA unit
with an adjacent DNA unit from the second set to generate a second-type selectable vector
comprising a fourth DNA unit, and obtaining a desired clone by selecting for the second
selectable marker. In an embodiment, the step (c) comprises recombinantly joining the third
DNA unit with an adjacent DNA unit from the second set to generate a first-type selectable
vector comprising a fourth DNA unit, and obtaining a desired clone by selecting for the first
selectable mari(er, the method further comprising recombinantly combining the fourth DNA unit
with an adjacent DNA unit from the second set to generate.a first-type selectable vector
comprising a fifth DNA unit, and obtaining a desired clone by selecting for the first selection
marker, or recombinantly combining the third DNA unit with an adjacent DNA unit from the
second set to generate a second-type selectable vector comprising a fifth DNA unit, and
obtaining a desired clone by selecting for the second selection marker. In an embodiment, step
(c) comprises recombinantly joining the third DNA unit with an adjacent DNA unit from the
second series to generate a second-type selectable vector comprising a fourth DNA unit, and
obtaining a desired clone by selecting for the second selectable marker, the method further
comprising recombinantly joining the fourth DNA unit with an adjacent DNA unit from the first
set to generate a first-type selectable vector comprising a fifth DNA unit, and obtaining a desired
clone by selecting for the first selection marker, or recombinantly joining the third DNA unit
with an adjacent DNA unit from the second set to generate a first-type selectable vector
comprising a fifth DNA unit and obtaining a desired clone by selecting for the first selection
marker.

[0021] In a related aspect, the invention provides a method for joining a series of DNA units
to generate a DNA construct by (a) providing a first plurality of vectors, each comprising a DNA
unit and a first selectable marker; (b) providing a second plurality of vectors, each comprising a
DNA unit and a second selectable marker; (c) digesting a vector from (a) to produce a first

fragment containing a DNA unit and at least one additional fragment not containing the DNA
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unit; (d) digesting a DNA from (b) to produce a second fragment containing a DNA unit and at
least one additional fragment not containing the DNA unit, where only one of the first and
second fragments contains an drigin of replication; ligating the fragments to generate a product
vector comprising a DNA unit from (c) ligated to a DNA unit from (d); selecting the product
vector by selecting for either the first or second selectable marker; (e) digesting the product
vector to produce a third fragment containing a DNA unit and at least one additional fragment
not containing the DNA unit; (d) digesting a DNA from (a) or (b) to produce a fourth fragment
containing a DNA unit and at least one additional fragment not containing the DNA unit, where
only one of the third and fourth fragments contains an origin of replication; (f) ligating the third
and fourth fragments to generate a product vector comprising a DNA unit from (¢) ligated to a
DNA unit from (d) and selecting the product vector by selecting for either the first or second
selectable marker.

[0022]  In another aspect, an open reading frame vector is provided, which has an internal .
type {4-[7-*]-[*-8]-3}, lefi-edge type {4-[7-1]-[*-8]-3} or right-edge type {4-[7-*]-[6-8]-3}
architecture where 7 and 8 are recognition sites for Type IIS restriction enzymes which cut to
produce compatible overhangs “*” ; 1 and 6 are Type II restriction enzyme sites that are
optionally present; and 3 and 4 are recognition sites for restriction enzymes with 8-base pair
reco,;gnition sites. In various embodiments, 1 is Nde I and/or 6 is Eco RI and/or 4 is Not I and/or
3isPacl

[0023]  In another aspect, a method for identifying restriction enzyme reqognition sites useful
for design of synthetic genes is provided. The method includes the steps of obtaining amino acid
sequences for a plurality of functionally related polypeptide segments; reverse-iranslating the
amino acid sequences to produce multiple polypeptide segment-encoding nucleic acid sequences
for each polypeptide segment; and identifying restriction enzyme recognition sites that are found
in at least one polypeptide segment-encoding nucleic acid sequence of at least about 50% of the
polypeptide segments. In certain embodiments, the functionally related polypeptide segments
are polyketide synthase modules or domains, such as regions of high homology in PKS modules
or domains.

[0024]  In a method for designing a synthetic gene in accordance with the present invention a
reference amino acid sequence is provided and reverse translated to a randomized nucleotide

sequence which encodes the amino acid sequence using a random selection of codons which,
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optionally, have been optimized for a codon preference of a host organism. One or more
parameters for positions of restriction sites on a sequence of the synthetic gene are provided and
occurrences of one or more selected restriction sites from the randomized nucleotide sequence
are removed. One or more selected restriction sites are inserted at selected positions in the
randomized nucleotide sequence to generate a sequence of the synthetic gene.

[0025]  Inone aspect of the invention, a set of overlapping oligonucleotide sequences which
together comprise a sequence of the synthetic gene are generated.

[0026] In another aspect of the invention, one or more parameters for positions of restriction
sites on a sequence of the synthetic gene comprise one or more preselected restriction sites at
selected positions.

[0027] In another aspect of the invention, the selected position of the preselected restrictions
site corresponds to a positions selected from the group consisting of a synthon edge, a domain
edge and a module edge.

[0028] In another aspect of the invention, providing one or more parameters for positions of
restriction sites on a sequence of the synthetic gene is followed by predicting all possible
restriction sites that can be inserted in the randomized nucleotide sequence and optionally,
identifying one or more unique restriction sites.

[0029] In another aspect of the invention, the sequence of the synthetic gene is divided into a
series of synthons of selected length and then a set of overlapping oligonucleotide sequences is
generated which together comprise a sequence of each synthon.

[0030] In another aspect of the invention, the set of overlapping oligonucleotide sequences
comprise () oligonucleotide sequences which together comprise a synthon coding region
corresponding to the synthetic gene, and (b) oligonucleotide sequences which comprise one or
more synthon flanking sequences.

[0031] In another aspect of the invention, one or more quality tests are performed on the set
of overlapping oligonucleotide sequences, wherein the tests are selected from the group
consisting of: translational errors, invalid restriction sites, incorrect positions of restriction sites,
and aberrant priming.

[0032] In another aspect of the invention, each oligonucleotide sequence is of a selected
length and comprises an overlap of a predetermined length with adjacent oligonucletides of the

set of oligonucleotides which together comprise the sequence of the synthetic gene.
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[0033] In another aspect of the invention, each oligonucleotide is about 40 nucleotides in
length and comprises overlaps of between about 17 and 23 nucleotides with adjacent
oligonucleotides.

[0034] In another aspect of the invention, a set of overlapping oligonucleotide sequences are
selected wherein each oligonucleotide anneals with its adjacent oligonucleotide within a selected
temperature range.

[0035] In another aspect of the invention, generating a set of overlapping oligonucleotide
sequences includes providing an alignment cutoff value for sequence specificity, aligning each
oligonucleotide sequence with the sequence of the synthetic gene and determining its alignment
value, and identifying and rejecting oligonucleotides comprising alignment values lower than the
alignment cutoff value.

[0036] In another aspect of the invention, a region of error in a rejected oligonucleotide is
identified and optionally, one or more nucleotides in the region of error are substituted such that
the alignment value of the rejected oligonucleotide is raised above the alignment cutoff value.
[0037]  In another aspect of the invention, an order list of oligonucleotides which comprise a
synthetic gene or a synthon is generated. |

[0038] In another aspect of the invention, removing of restriction sites includes

[0039] identifying positions of preselected restriction sites in the randomized nucleotide
sequence, identifying an ability of one or more codons comprising the nucleotide sequence of the
restriction site for accepting a substitution in the nucleotide sequence of the restriction site
wherein such substitution will (a) remove the restriction site and (b) create a codon encoding an
amino acid identical to the codon whose sequence has been changed, and changing the sequence
of the restriction site at the identified codon.

[0040]  In another aspect of the invention, inserting of restriction sites includes identifying
selected positions for insertion of a selected restriction site in the randomized nucleotide
sequence, performing a substitution in the nucleotide sequence at the selected position such that
the selected restriction site sequence is created at the selected position, translating the substituted
sequence to an amino acid sequence, and accepting a substitution wherein the translated amino
acid sequence is identical to the reference amino acid sequence at the selected position and
rejecting a substitution wherein the translated amino acid sequence is different from the

reference amino acid sequence at the selected position.
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[0041] In another aspect of the invention, a translated amino acid sequence identical to the
reference amino acid sequence comprises substitution of an amino acid with a similar amino acid
at the selected position.
[0042] In another aspect of the invention, the synthetic gene encodes a PKS module.
[0043] In another aspect of the invention, the reference amino acid sequence is of a naturally
occurring polypeptide segment.
[0044] In another aspect of the invention, one or more steps of the method may performed by
a programmed computer.
[0045] In another aspect of the invention, a computer readable storage medium contains
computer executable code for carrying out the method of the present invention.
[0046] In a method for analyzing a nucleotide sequence of a synthon in accordance with the
present invention, a sequence of a synthetic gene is provided, wherein the synthetic gene is
divided into a plurality of synthons. Sequences of a plurality of synthon samples are also
provided wherein each synthon of the plurality of synthons is cloned in a vector. And, a

. sequence of the vector without an insert is provided. Vector sequences from the sequence of the
cloned synthon are eliminated and a contig map of sequences of the plurality of synthons is
constructed. The contig map of sequences is aligned with the sequence of ;che synthetic gene;
and a measure of alignment for each of the plurality of synthons is identified.
[0047) In another aspect of the invention, errors in one or more synthon sequences are
identified; and one or more informations are reported, the informations selected from the group
consisting of: a ranking of synthon samples by degree of alignment, an error in the sequence of a
synthon sample, and identity of a synthon that can be repaired.
[0048] In another aspect of the invention, a statistical report on a plurality of alignment
errors is prepared.
[0049] A system for high through-put synthesis of synthetic genes in accordance with the
present invention includes a source microwell plate containing oligonucleotides for assembly
PCR, a first source for amplification mixture including polymerase and buffers useable for
assembly PCR, a second source for LIC extension primer mixture, and a PCR microwell plate
for amplification of oligonucleotides. A liquid handling device retrieves a plurality of
predetermined sets of oligonucleotides from the source microwell plate(s), combines the

predetermined sets and the amplification mixture in wells of the PCR microwell plate, LIC
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extension primer mixture, and combines the LIC extension primer mixture and amplicons in a
well of the PCR microwell plate. The system also includes a heat source for PCR amplification

configured to accept the at least one PCR microwell plate.

BRIEF DESCRIPTION OF THE FIGURES
[0050]  FIGURE 1 shows a UDG-cloning cassette (“cloning linker”) and a scheme of vector
preparation for ligation-independent cloning (LIC) using the nicking endonuclease N. BbvC IA.
FIGURE 1A. UDG-cloning cassette. Sac I and nicking enzyme sites used in vector preparation
are labeled. FIGURE 1B. Scheme of vector preparation for LIC using nicking endonuclease N.
BbvC IA.
[0051] FIGURE 2 illustrates the Method S joining method using Bbs I and Bsa I as the Type
IIS restriction enzymes.
[0052]  FIGURE 3A shows the Method S joining method using Vector Pair I. FIGURE 3B
shows the Method S joining using Vector Pair I. 2S,4 are recognition sites for T ype IIS
restriction enzymes, and A, B, B and C, respectively, are the cleavage sites for the enzymes. ° -
[0053] FIGURE 4 shows a vector pair useful for stitching. FIGURE 4A: Vector pK0s293-
172-2. FIGURE 4B: Vector pK0s293-172-A76. Both vectors contain a UDG-cloning cassette
with N.Bbv C IA recognition sites, a “right restriction site” common to both vectors (Xho I site),
a “left restriction site” different for each vector (e.g., Eco RV or Stu I site), a first selection
marker common to both vectors (carbenicillin resistance marker) and second selection markers
that are different in each vector (chloramphenicol resistance marker or kanamycin resistance
marker).
[0054] FIGURE 5 shows the Method R joining using Vector Pair IL
[0055]  FIGURE 6A shows a composite restriction map with a complete complement of six
PKS domains as in ery module 4. Approximate sizes are KS = 1.2, KS/AT linker = 0.3, AT=
1.0, AT/DH linker = 0.03, DH = 0.6, DH/ER linker = 0.8, ER = 0.8, ER/KR linker = 0.02, KR =
0.8, KR/ACP linker = 0.2, ACP =0.2. 1 Unit = 1 kb; FIGURE 6B shows exemplary restriction
sites for synthon edges with reference to DEBS2.
[0056] FIGURE 7 shows a non-pairwise selection strategy for stitching of synthons 1-9 to
make module 1-2-3-4-5-6-7-8-9. Parentheticals show the selection marker (K=kanamycin

resistant, Cm=chloramphenicol resistant) and the left restriction sites, L and L’, (S=Stu I
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restriction site, E= Eco RV restriction site) for the vector in which the synthon or desired
multisynthon is cloned. The synthons are joined at the following cohesive ends: 1-2 NgoM IV; 2-
3 Nhe I; 3-4 Kpn I ;4-5 Bgl II; 5-6 Age UNgo MIV; 6-7 Pst I; 7-8 Age I; 8-9 Bgl IIL.

[0057]  FIGURE 8 is a flowchart showing the GeMS process.

[0058]  FIGURE 9 is a flowchart showing a GeMS algorithm.

[0059]  FIGURE 10A is a flowchart showing generation of codon preference table for a
synthetic gene; and FIGURE 10B is a flowchart showing an algorithm for generating a
randomized and codon optimized gene sequence.

[0060]  FIGURE 11 is a flowchart showing a restriction site removal algorithm.

[0061]  FIGURE 12 is a flowchart showing a restriction site insertion algorithm.

[0062]  FIGURE 13 is a flowchart showing an algorithm for oligonucleotide design.

[0063]  FIGURE 14 is a flowchart showing an algorithm for rapid analysis of synthon DNA
sequences. -

[0064] FIGURE 15 shows a PAGE analysis of DEBS. Soluble protein extracts from
synthetic (sMod2) and natural sequence (nMod2) Mod2 strains were sampled 42 h after
induction and analyzed by 3-8% SDS-PAGE. Positions of MW standards are indicated at the
right. The gel was stained with Sypro Red (Molecular Probes).

[0065]. FIGURE 16 shows restriction sites and synthons used in construction of a synthetic
DEBS gene. 16A DEBS1 ORF; 16B, DEBS2 ORF, 16C DEBS3 ORF.

[0066]  FIGURE 17 shows the stitching and selection strategy for construction of synthetic
DEBS genes. A = synthon cloning vector 293-172-A76; B = synthon cloning vector 293-172-2.
(A) Mod006 (DEBS mod1); (B) Mod007 (DEBS mod3); (C) Mod008 (DEBS mod4); (D)
Mod009 (DEBS mod5); (E) Mod010 (DEBS mod6).

[0067] FIGURE 18 shows restriction sites and synthons used in construction of a synthetic
Epothilone PKS gene. ‘

[0068] FIGURE 19 shows an automated system for high throughput gene synthesis and

analysis.
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DETAILED DESCRIPTION
[0069]  The outline below is provided to assist the reader. The organization of the disclosure
below is for convenience, and disclosure of an aspect of the invention in a particular section,
does not imply that the aspect is not relate‘d to disclosure in other, differently labeled, sections.

1. Definitions
2. Introduction
3. Design of Synthetic Genes
4. Synthesis of Genes
4.1 Synthesis of Synthons
4.2 Synthesis of Module Genes (Stitching)
4.2.1 Cloning Synthons In Assembly Vectors
4.2.2 - Validation of Synthons
4.2.3 Method S: Joining Strategies, Assembly Vectors, & Selection Schemes

423.1 Joining Strategies
4232 Assembly Vectors
4233 Selection Schemes
4.2.4 Method R: Joining Strategies, Assembly Vectors, & Selection Schemes
424.1 Joining Strategies
4242 Assembly Vectors
4243 Selection Schemes

5. Gene Des1gn and Gems (Gene Morphing System) Algorithm
5.1 Gems - Overview
5.2 Gems Algorithms
5.3 Software Implementation
6. Multimodule Constructs And Libraries
6.1 Introduction
6.2. Exemplary Uses Of ORF Vector Libraries
'6.3 Module And Linker Combinations
6.4 Exemplary Orf Vector Constructs
6.4.1 Orf Vectors Comprising Amino- And- Carboxy Terminal Accessory Units
or Other Polypeptide Sequences
6.4.2 Orf Vector Synthesis
6.4.3 Exemplary Orf Vector Construction Methods
7. Multimodule Design Based On Naturally Occurring Combinations
8. Domain Substitution
9. Exemplary Products
9.1 Synthetic PKS Module Genes
9.2 Vectors
9.3 Libraries
9.4 Databases
10. High Throughput Synthon Synthesis And Analysis
10.1 Automation of Synthesis
10.2 Rapid Analysis of Chromatograms (Racoon)
11 Examples
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1. Gene Assembly and Amplification Protocols

2. Ligation Independent Cloning

3. Characterization and Correction of Cloned Synthons

4. Identification of Useful Restriction Sites in PKS Modules

5. Synthesis of Debs Module 2

6. Expression of Synthetic Debs Module 2 In E. Coli

7. Synthetic DEBS Gene Expression In E. Coli

8. Method for Quantitative Determination of Relative Amounts of Two Proteins
9. Synthesis of Epothilone Synthase Genes

1. DEFINITIONS

[0070] As used herein, a “protein” or “polypeptide” is a polymer of amino acids of any
length, but usually comprising at least about 50 residues.

[0071]  Asused herein, the term “polypeptide segment” can be used to refer a polypeptide
sequence of interest. A polypeptide segment can correspond to a naturally occurring polypeptide
(e.g., the product of the DEBS ORF 1 gene), to a fragment or region of a naturally occurring
polypeptide (e.g., a DEBS module 1, the KS domain of DEBS module 1, linkers, functionally
defined regions, and arbitrarily defined regions not corresponding to any particular function or
structure), or a synthetic polypeptide not necessarily corresponding to a naturally occurring
polypeptide or region. A “polypeptide segment-encoding sequence” can be the portion of 2
nucleotide sequence (either in isolated form or contained within a longer nucleotide sequence)
that encodes a polypeptide segment (for example, a nucleotide sequence encoding a DEBS1 KS
domain); the polypeptide segment can be contained in a larger polypeptide or an entire
polypeptide. In general, the term “polypeptide segment-encoding sequence” is intended to
encompass any polypeptide-encoding nucleotide sequence that can be made using the methods of
the present invention.

[0072] As used herein, the terms “synthon” and “DNA unit” refer to a double-stranded
polynucleotide that is combined with other double-stranded polynucleotides to produce a larger
macromolecule (e.g., a PKS module-encoding polynucleotide). Synthons are not limited to
polynucleotides synthesized by any particular method (e.g., assembly PCR), and can encompass
synthetic, recombinant, cloned, and naturally occurring DNAs of all types. In some cases, three
different regions of a synthon can be distinguished (a codirig region and two flanking regions).
The portion of the synthon that is incorporated into the final DNA product of synthon stitching
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(e.g., amodule gene) can be referred to as the “synthon coding region.” The regions of the
synthon that flank the synthon coding region, and which do not become part of the product DNA
can be referred to as the “synthon flanking regions.” As is described below, the synthon flanking
regions are physically separated from the synthon coding region during stitching by cleavage
using restriction enzymes.

[0073]  As used herein, “multisynthon” refers to a polynucleotide formed by the combination
(e.g., ligation) of two or more synthons (usually four or more synthons). A “multisynthon” can
also be referred to as a “synthon” (see definition above).

[0074] As used herein, a “module” is functional unit of a polypeptide. As used herein, “PKS
module” refers to a naturally occurring, artificial or hybrid PKS extension module. PKS
extension modules comprise KS and ACP domains (usually one KS and one ACP per module),
often comprise an AT domain (usually one AT domain and sometimes two AT domains) where
the AT activity is not supplied in trans or from an adjacent module, and sometimes comprising
one or more of KR, DH, ER, MT (methytransferase), A (adenylation), or other domains. In
describing a naturally occurring PKS extension module other than at the amino termimus of a
polypeptide, the term “module” can refer to the set of domains and ipterdomain linking regions
extending approximately from the C terminus of one ACP domain to the C terminus of the next
ACP domain (i.e., including a sequence linking the modules, corresponding to the Spe I-Mfe 1
region of the module shown in Figure 6) linker or, alternatively can refer to the set not including
the linker sequence (e.g., corresponding roughly to the Mfe I-Xba I region of the module shown
in Figure 6).

[0075] As used herein, the term “module” is more general than “PKS module” in two senses.
First, “module” can be any type of functional unit including units that are not from a PKS.
Second, when from a PKS, a “module” can encompass functional units of a PKS polypeptide,
such as linkers, domains (including thioesterase or other releasing domains) not usually referred
to in the PKS art as “PKS modules.” |
[0076]  As used herein, “multimodule” refers to a single polypeptide comprising two or more
modules.

[0077] As used herein, the term “PKS accessory unit” (or “accessory unit”) refers to regions
or domains of PKS polypeptides (or which function in polyketide synthesis) other than extension

modules or domains of extension modules. Examples of PKS accessory units include loading
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modules, interpolypeptide linkers, and releasing domains. PKS accessory units are known in the
art. The sequences for PKS loading domains are publicly available (see Table 12). Generally,
the loading module is responsible for binding the first building block used to synthesize the
polyketide and transferring it to the first extension module. Exemplary loading modules consists
of an acyltransferase (AT) domain and an acyl carrier protein (ACP) domain (e.g., of DEBS); an
KS? domain, an AT domain, and an ACP domain (e.g., of tylosin synthase or oleandolide
synthase); a CoA ligase activity domain (avermectin synthase, rapamycin or FK-520 PKS) or a
NRPS-like module (e.g., epothilone synthase). Linkers, both naturally occurring and artificial
are also known. Naturally occurring PKS polypeptides are generally viewed as containing two
types of linkers: “interpolypeptide linkers” and “intrapolypeptide linkers.” See, e.g., Broadhurst
et al., 2003, “The structure of docking domains in modular polyketide synthases” Chem Biol.
10:723-31; Wu et al. 2002, “Quantitative analysis of the relative contributions of donor acyl
carrier proteins, acceptor ketosynthases, and linker regions to intermodular transfer of
intermediates in hybrid polyketide synthases” Biochemistry 41:5056-66; Wu et al., 2001,
“Assessing the balance between protein-protein interactions and enzyme-substrate interactions in
the channeling of intermediates between polyketide synthase modules,” J Am Chem Soc.
123:6465-74; Gokhale et al., 2000, “Role of linkers in communication between protein modules”
Curr Opin Chem Biol. 4:22-7. For convenience, certain intrapolypeptide sequences linking
extension modules (e.g., corresponding to the Spe I-Mfe I region of the module shown in Figure
6) are referred to as the “ACP-KS Linker Region” or AKL. The thioesterase domain (TE)-can be
any found in most naturally occurring PKS molecules, e.g. in DEBS, tylosin synthase, epothilone
synthase, pikromycin synthase, and soraphen synthase. Other chain-releasing activities are also
accessory units, e.g. amino acid-incorporating activities such as those encoded by the rapP gene
from the rapamycin cluster and its homologs from FK506, FK520, and the like; the amide-
forming activities such as those found in the rifamycin and geldanamycin PKS; and hydrolases
or linear ester-forming enzymes.

[0078] As used herein, a “gene” is a DNA sequence that encodes a polypeptide or
polypeptide segment. A gene may also comprise additional sequences, such as for transcription
regulatory elements, introns, 3’-untranslated regions, and the like.

[0079] As used herein, a “synthetic gene” is a gene comprising a polypeptide segment-

encoding sequence not found in nature, where the polypeptide segment-encoding sequence
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encodes a polypeptide or fragment or domain at least about 30, usually at least about 40, and
often at least about 50 amino acid residues in length.

[0080] As used herein, “module gene” or “module-encoding gene” refers to a gene encoding
a module; a “PKS module gene” refers to a gene encoding PKS module.

[0081] As used herein, “multimodule gene” refers to a gene encoding a multimodule.

[0082] A “naturally occurring” PKS, PKS module, PKS domain, and the like is a PKS,
module, or domain having the amino acid sequence of a PKS found in nature. ‘

[0083] A “naturally occurring” PKS gene or PKS module gene or PKS domain gene is a
gene having the nucleotide sequence of a PKS gene found in nature. Sequences of exemplary
naturally occurring PKS genes are known (see, e.g., Table 12).

[0084] - A “gene library” means a collection of individually accessible polynucleotides of
interest. The polynucleotides can be maintained in vectors (e.g., plasmid or phage), cells (e.g.,
bacterial cells), as purified DNA, or in other forms. -Library members (variously referred to as
clones, constructs, polynucleotides, etc.) can be.stored in a variety of ways for retrieval and use,
including for example, in multiwell culture or microtiter plates, in vials, in a suitable cellular
environment (e.g., E. coli cells), as purified DNA compositions on suitable storage media (e.g.,
the Storage IsoCode® ID™ DNA library card; Schleicher & Schuell BioScience), or a variety of
other art-known library forms. Typically a library has at least about 10 members, more often at
least about 100, preferably at least about 500, and even more preferably at least about 1000
members. By “individually accessible” is meant that the location of the selected library member
is known such that the member can be retrieved from the library.

[0085]  As used herein, the terms “corresponds” or “corresponding” describe a relationship
between polypeptides. A polypeptide (e.g., a PKS module or domain) encoded by a synthetic
gene corresponds to a naturally occurring polypeptide when it has substantially the same amino
acid sequence. For example, a KS domain encoded by a synthetic gene would correspond to the
KS domain of module 1 of DEBS if the KS domain encoded by a synthetic gene has
substantially the same amino acid sequence as the KS domain of module 1 of DEBS.

[0086] As used herein, when describing recombinant manipulations of polynucleotides

2 ¢

“joined to,” “combined with,” and grammatical equivalents of each, refer to ligation (i.e., the
formation of covalent 5’ to 3’ nucleic acid linkage) of two DNA molecules (or two ends of the

same DNA molecule).
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[0087]  As used herein, “adjacent,” when referring to adjacent DNA units such as adjacent
synthons, refers to sequences that are contiguous (or overlapping) in a naturally occurring or
synthetic gene. In the case of “adjacent synthons,” the sequences of the synthon coding regions
are contiguous or overlapping in the synthetic gene encoded in the synthons.

[0088]  As used herein, “edge,” in the context of a polynucleotide or a polypeptide segment,
refers to the region at the terminus of a polynucleotide or a polypeptide (i.e., physical edge) or
near a boundary delimiting a region of the polypeptide (e.g., domain) or polynucleotide (e.g.,
domain-encoding sequence).

[0089]  The term “junction edge” is used to describe the region of a synthon that is joined to
an adjacent synthon (e.g., by formation of compatible ligatable ends in each synthon). Thus,
reference to “a ligatable end at a junction end” of a synthon means the end that is (or will
become) ligated to the compatible ligatable end of the adjacent synthon. It will be appreciated
that in a construct with five or more synthons, most synthons will have two junction edges. The
junction edge(s) being referred to will be apparent from context. A sequence motif or restriction
enzyme site is “near” the nucleotide sequence encoding an amino-or carboxy-terminus of a PKS
domain in a module when the motif or site is closer to the specified terminus (boundary) than to
the terminus (boundary) of any other domain in the module. A sequence motif or restriction
enzyme site is “near” the nucleotide sequence encoding an amino-or carboxy-terminus of a PKS
module when the motif or site is closer to the specified terminus (boundary) than to the terminus
of any domain in the module. The boundaries of PKS domains can be determined by methods
known in the art by aligning the sequence of a subject domain with the sequences of other PKS
domains of a similar type (e.g., KS, ER, etc.) and identifying boundaries between regions of
relatively high and relatively low sequence identity. See Donadio and Katz, 1992, “Organization
of the enzymatic domains in the multifunctional polyketide synthase involved in erythromycin
formation in Saccharopolyspora erythraca” Gene 111:51-60. Programs such as BLAST,
CLUSTALW and those available at http://www.nii.res.in/pksdb.html can be used for alignment.
In some embodiments, a motif or restriction enzyme site that is near a boundary is not more than
about 20 amino acid residues from the boundary.

[0090]  As used herein, “overhang” when referring to a double-stranded polynucleotide, has
its usual meaning and refers to a unpaired single-strand extension at the terminus of a double-

stranded polynucleotide.
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[0091] A “sequence-specific nicking endonuclease” or “sequence-specific nicking enzyme”
is an enzyme that recognizes a double-stranded DNA sequence, and cleaves only one strand of
DNA. Exemplary nicking endonucleases are described in U.S. Patent Application 20030100094
A1 “Method for engineering strand-specific, sequence-specific, DNA-nicking enzymes.”
Exemplary nicking enzymes include N.Bbv C IA, N.BstNB I and N.Alw I (New England
Biolabs).

[0092] ©  As used herein, “restriction endonuclease” or “restriction enzyme” has its usual
meaning in the art. Restriction endonucleases can be referred to by describing their properties
and/or using a standard nomenclature (see Roberts et al., 2002, “A nomenclature for restriction
enzymes, DNA methyltransferases, homing endonucleases and their genes,” Nucleic Acids Res.
31:1805-12). Generally, “Type II” restriction endonucleases recognize specific DNA sequences
and cleave at constant positions at or close to that sequence to produce 5'-phosphates and 3'-
hydroxyls. “Type II” restriction endonucleases that recognize palindromic sequences are
sometimes referred to herein as “conventional restriction endonucleases.” “Type IIA” restriction
endonucleases are a subset of type II in which the recognition site is asymmetric. Generally,
“Type IIS” restriction endonucleases is a subset of type IIA in which at least one cleavage site is
outside the recognition site. As used herein, reference to “Type IIS” restriction enzymes, unless
otherwise noted, refers to those Type IIS enzymes for which both DNA strands are cut outside
the recognition site and on the same side of the restriction site. In one embodiment of the
invention, Type IIS enzymes are selected that produce an overhang of 2 to 4 bases. Exemplary
restriction endonucleases inclﬁde Aat1l, AclI, Afe I, Afl 1T, Age I, Ahd I, Alw 261, Alw NI, Apa
I, ApaLl, Asc I, Ase I, Avr II, Bam HI, Bbs I, Bbv CL, Bci VI, Bel I, Bfu AT, Bgl I, Bgl I, Blp [,
Bpl I, Bpm I, Bpu 101, Bsa I, Bsa BI, Bsa MI, Bse RI, Bsg I, Bsi W1, Bsm BIL Bsm 1, Bsp EI,
Bsp HI, Bsr BI, Bsr DI, Bsr GI, Bss HII, Bss SI, Bst API, Bst BI; Bst EII, Bst XI, Bsu 361, Cla I,
Dra I, DraIlI, Drd I, Eag I, Ear I, Eco NI, Eco RI, Eco RV, Fse I, Fsp I, Hin dIII, Hpa I, Kas I,
Kpn I, Mfe I, Mlu I, Msc I, Nco I, Nde I, Ngo MIV, Nhe I, Not I, Nru I, Nsi I, Pac I, Pci I,

Pfl MI, Pme I, Pml I, Psh AL Psi I, Pst I, Pvu I, Pvu II, Rsr II, Sac I, Sac II, Sal I, San DI, Sap I,
SbfI, Scal, Sex Al, SfiL, SgfI, Sgr AL, Smal, Smi I, Sml ], Sna BI, Spe 1, Sph I, Stf I, Ssp I,
Stu L, Sty I, Swal, Tat I, Tsp 5091, Tth 1111, Xba I, Xcm I, Xho I, Xmn I, those listed in Table 2,
and others.e.g., http://rebase.neb.com). '
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[0093] As used herein, the terms “ligatable ends” refers to ends of two DNA fragments.o
ends of the same molecule) that can be ligated. “Ligatable ends” include blunt ends and
“cohesive ends” (having single-stranded overhangs). Two cohesive ends are “compatible” when
they can be anneal and be ligated (e.g., when each overhang is of the 3-hydroxyl end; each is of
the same length, e.g., 4 nucleotide units, and the sequences of the two overhangs are

reverse complements of each other).

[0094] As used herein, unless otherwise indicated or apparent from context, a “restriction
site” refers to a recognition site that is at least 5, and usnally at least 6 basepairs in length.
[0095] As used herein, a “unique restriction site” refers to a restriction site that exists only
once in a specified polynucleotide (e.g., vector) or specified region of a polynucleotide

(e.g., module-encoding portion, specified vector region, etc.).

[0096] As used herein, a “useful restriction site” refers to a restriction site that is either
unique or, if not unique, exists in a pattern and number in a specified polynucleotide or specified
region of a polynucleotide such that digestion at all the of the sites in a specified polynucleotide
(e.g., vector) or specified region of a polynucleotide (e.g., module gene) would achieve
essentially the same result as if the site was unique.-

[0097] As used herein, “vector” refers to polynucleotide elements that are used to introduce
recombinant nucleic acid into cells for either expression or replication and which have an origin
of replication and appropriate transcriptional and/or translational control sequences, such as
enhancers and promoters, and other elements for vector maintenance. In one embodiment
vectors are self-replicating circular extrachromosomal DNAs. Selection and use of such vehicles
is routine in the art. An “expression vector” includes vectors capable of expressing a DNA
inserted into the vector (e.g., a DNA sequence operatively linked with regulatory sequences,
such as promoter regions). Thus, an expression vector refers to a recombinant DNA or RNA
construct, such as a plasmid, a phage, recombinant virus or other vector that, upon introduction
into an appropriate host cell, results in expression of the cloned DNA.

[0098] As used herein, a specified amino acid is “similar” to a reference amino acid in a
protein when substitution of the specified amino acid for the reference amino does not
substantially modify the function (e.g., biological activity) of the protein. Amino acids that are
similar are often conservative substitutions for each other. The following six groups contain

amino acids that are conservative substitutions for one another: [alanine; serine; threonine];
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[aspartic acid, glutamic acid], [asparagine, glutamine), [arginine, lysine], [isoleucine, leucine,
methionine, valine}, and [phenylalanine, tyrosine, and tryptophan]. Also see Creighton, 1984,
PROTEINS, W.H. Freeman and Company.

[0099] A nonribosomal peptide synthase, or “NRPS” is an enzyme that produces a peptide
product by joining individual amino acids through a ribosome-independent process. Examples
of NRPS include gramicidin synthetase, cyclosporin synthetase, surfactin synthetase, and others.
For reviews, see Weber and Marahiel, 2001, “Exploring the domain structure of modular
nonribosomal peptide synthetases” Structure (Camb). 9:R3-9; Mootz et al., 2002, “Ways of
assembling complex natural products on modular nonribosomal peptide synthetases”
Chembiochem. 3:490-504.

Conventions

27 ¢¢ 99 ¢¢ 27 ¢

[0100]  Use of the terms “for example,” “such as, “exemplary,” “examples include,” “exempli
gratia (e.g.),” “typically,” and the like are intended to illustrate aspects of the invention but are
not intended to limit the invention to the particular examples described. Thus, each instance of
such phrases can be read as if the phase “but not for limitation,” (e.g., “for example, but not for
limitation, . . .”) is present.

[0101]  The terms “module” and “domain” generally refers to polypeptides or regions of
polypeptides, while the terms “module gene” and “domain gene,” or grammatical equivalents,
refer to a DNA encoding the protein. Inadvertent exceptions to this convention will be apparent
from context. For example, it will be clear that “restriction sites at module edges” refers to
restriction sites in the region of the module gene encoding the edge of the module polypeptide

sequence.

2. INTRODUCTION

[0102] The present invention relates to strategies, methods, vectors, reagents, and systems
for synthesis of genes, production of libraries of such genes, and manipulation and
characterization of the genes and corresponding encoded polypeptides. In particular, the
invention provides new methods and tools for synthesis of genes encoding large polypeptides.
Examples of genes that may be synthesized include those encoding domains, modules or

polypeptides of a polyketide synthase (PKS), genes encoding domains, modules or polypeptides
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of a non-ribosomal peptide synthase (NRPS), hybrids containing elements of both PKSs and
NRPSs, viral genomes, and others. Genes encoding polyketide synthase modules are of
particular interest and, for convenience, throughout this disclosure reference will often be made
to design and synthesis of genes encoding PKS modules, domains and polypeptides. However,
unless stated or otherwise apparent from context, aspects of the invention are not limited to any
single class of genes or polypeptides. It will be understood by the reader that the methods of the
present invention are useful for the design and synthesis of a large variety of polynucleotides.
[0103] The methods of the invention for producing synthetic genes encoding polypeptides of
interest can include the following steps:

a) Designing a gene that encodes a polypeptide segment of interest;

b) Designing component polypeptide for synthesis of the gene;

c) Synthesizing the oligopeptide-segment encoding gene by:

i) making synthons encoding portions of the module gene; and,
ii) “stitching” synthons together to produce multisynthons (i.e., larger DNA
- units) that encode the polypeptide segment of interest. It will be appreciated by the reader that

the polypeptide of interest can be expressed, recombinantly manipulated, and the like.
[0104] The methods and tools disclosed herein have particular application for the synthesis
of polyketide synthase genes, and provide a variety of new benefits for synthesis of polyketides.
As is discussed above, the order, number and domain content of modules in a polyketide
synthase determine the structure of its polyketide product. Using the methods disclosed herein,
genes encoding polypeptides comprising essentially any combination of PKS modules
(themselves comprising a variety of combinations of domains) can be synthesized, cloned, and
evaluated, and used for production of functional polyketide synthases. Such polyketide
synthases can be used for production of naturally occurring polyketides without cloning and
sequencing the corresponding gene cluster (useful in cases where PKS genes are inaccessible, as
from unculturable or rare organisms); production of novel polyketides not produced (or not
known to be produced by any naturally occurring PKS); more efficient production of analogs of
known polyketides; production of gene libraries, and other uses.
[0105] In a related aspect, the invention relates to a universal design of genes encoding PKS
modules (or other polypeptides) in which useful restriction sites flank functionally defined

coding regions (e.g., sequence encoding modules, domains, linker regions, or combinations of
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these). The design allows numerous different modules to be cloned into a common set of vectors
for or manipulation (e.g., by substitution of domains) and/or expression of diverse multi-modular
proteins.
[0106]  In arelated aspect, the invention provides large libraries of PKS modules.
[0107]  In arelated aspect, the invention provides vectors and methods useful for gene
synthesis.
[0108] Inarelated aspect, the invention provides algorithms useful for design of synthetic
genes.
[0109] In a related aspect, the invention provides automated systems useful for gene
synthesis.
[0110] The invention provides a method for making a synthetic gene encoding a PKS
module by producing a plurality of DNA units by assembly PCR or other method (where each
DNA unit-encodes a portion of the PKS module) and combining the DNA units in a
predetermined sequence to produce a PKS module-encoding gene. In one embodiment, the
method includes combining the module-encoding gene in-frame with a nucleotide sequence
encoding a PKS extension module, a PKS loading module, a thioesterase domain, or an PKS
interpolypeptide linker, thereby producing a PKS open reading frame.
[0111] The methods of the invention for synthesis of genes encoding PKS modules can
include the following steps:
a) Designing a PKS module (e.g., for production of a specific polyketide, or for
inclusion in a library of modules);
b) Designing a synthetic gene encoding the desired PKS module;
©) Designing component oligonucleotides for synthesis of the gene;
d) Synthesizing the module gene by:
1) making synthons encoding portions of the module gene; and,
i) “stitching” synthons together;
€) modifying module genes; .
making open reading frames comprising module gene(s) and/or accessory unit
. gene(s);

producing libraries of module-encoding genes;
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f) expressing a module gene from (d) or (€) in a host cell, optionally in combination
with other polypeptides.

Each of these steps is described in detail in the following sections.

3. DESIGN OF SYNTHETIC GENES
[0112] The nucleotide sequence of a synthetic gene of the invention will vary depending on
the nature and intended uses of the gene. In general, the design of the genes will reflect the
amino acid sequence of the polypeptide or fragment (e.g., PKS module or domain) to be encoded
by the gene, and all or some of:

a) the codon preference of intended expression host(s).

b) the presence (introduction) of useful restriction sites in specified locations of the

synthetic gene.
¢) the absence (removal) of undesired restriction sites in the gene or in specified
- regions of the gene.
d) compatibility with synthetic methods disclosed herein, especially high-throughput -
methods.

[0113] A variety of criteria are available to the practitioner for selecting the gene(s) to be
synthesized by the methods of the invention. The chief consideration is usually the protein
encoded by the gene. For example, a gene can be synthesized that encodes a protein at least a
portion of which has a sequence the same or substantially the same as a naturally occurring
domain, module, linker, or other polypeptide unit, or combinations of the foregoing.
[0114]  Having selected the polypeptide of interest, numerous nucleic acid sequences that
encode the protein can be determined by reverse-translating the amino acid sequence. Methods
for reverse translation are well known. As described below, according to the invention, reverse
translation can be carried out in a fashion that “randomizes” the codon usage and optionally
reflects a selected codon preference or bias. Since the synthetic genes of the invention may be
expressed in a variety of hosts consideration of the codon preferences of the intended expression
host may be have benefits for the efficiency of expression.
[0115]  In considering codon preferences, preference tables may be obtained from publicly
available sources or may be generated by the practitioner. Codon preference tables cén be

generated based on all reported or predicted sequences for an organism, or, altematively, for a
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subset of sequences (e.g., housekeeping genes). Codon preference tables for a wide variety of
species are publicly available. Tables for many organisms are available at through links from a
site maintained at the Kazusa DNA Research Institute (http://www.kazusa.or.jp/codon/). An
exemplary codon preference for E. coli is shown in Table 1. Codon tables for Saccharomyces
cerevisiae can be found in hitp://www.yeastgenome.org/codon_usage.shiml. In the event that no
codon table is available for a particular host, the table(s) available for the most closely related

organism(s) can be used.

TABLE 1
*
E. COLI CODON PREFERENCES
UUU 22.4 (35982) UCU 8.5 (13687) UAU 16.3 (26266) UGU 5.2 (8340)
UUC 16.6 (26678) UCC 8.6 (13849) UAC 12.3 (19728) UGC 6.4 (10347)
UUA 13.9 (22376) UCA 7.2 (11511) UAA 2.0 (3246) UGA 0.9 (1468)
UUG 13.7 (22070) UCG 8.9 (14379) UAG 0.2 (378) UGG 15.3 (24615)
CUU 11.0 (17754) CCU 7.1 (11340) ° CAU 12.9 (20728) CGU 21.0 (33694)
cuc 11.0 (17723) CCC 5.5 (8915) CAC 9.7 (15595) CGC 22.0 (35306)
CUA 3.9 (6212) CCA 8.5 (13707) CAA 15.4 (24835) CGA 3.6 (5716)
CUG 52.7 (84673) CCG 23.2 (37328) CAG 28.8 (46319) CGG 5.4 (8684)
AUU 30.4 (48818) ACU 9.0 (14397) AAU 17.7 (28465) AGU 8.8 (14092)
AUC 25.0 (40176) ACC 23.4 (37624). AAC 21.7 (34912) AGC 16.1 (25843)
AUA 4.3 (6962) ACA 7.1 (11366) ' AAA 33.6 (54097) AGA 2.1 (3337)
AUG 27.7 (44614) ACG 14.4 (23124) AAG 10.2 (16401) AGG 1.2 (1987)
GUU 18.24 (29569) GCU 15.4 (24719) GAU 32.2 (51852) GGU 24.9 (40019)
GUC 15.2 (24477) GCC 25.5 (40993) GAC 19.0 (30627) GGC 29.4 (47309)
GUA 10.9 (17508) GCA 20.3 (32666) GAA 39.5 (63517) GGA 7.9 (12776)
GUG 26.2 (42212) GCG 33.6 (53988) GAG 17.7 (28522) GGG 11.0 (17704)

*fields: [triplet] [frequency: per thousand] [(number)]

[0116] In addition to accounting for the codon preferences of a specified host (expression)
organism, the nucleotide acid sequence of the synthetic gene may be designed to avoid clusters
of adjacent rare codons, or regions of sequence duplication.

[0117] Suitable expression hosts will depend on the protein encoded. For PKS proteins,
suitable hosts include cells that natively produce modular polyketides or have been engineered so
as to be capable of producing modular polyketides. Hosts include, but are not limited to,
actinomycetes such as Streptomyces coelicolor, Streptomyces venezuelae, Streptomyces fradiae,

Streptomyces ambofaciens, and Saccharopolyspora erythraea, eubacteria such as Escherichia
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coli, myxobacteria such as Myxococcus xanthus, and yeasts such as Saccharomyces cerevisiae.
See, for example, Kealey et al., 1998, “Production of a polyketide natural product in
nonpolyketide-producing prokaryotic and eukaryotic hosts” Proc Natl Acad Sci USA 95:505-9;
Dayem et al, 2002, “Metabolic engineering of a methylmalonyl-CoA mutase-epimerase pathway
for complex polyketide biosynthesis in Escherichia coli” Biochemistry 41:5193-201,

[0118] Codon optimization may be employed throughout the gene, or, alternatively, only in
certain regions (e.g., the first few codons of the encoded polypeptide). In a different
embodiment, codon optimization for a particular host is not considered in design of the gene, but
codon randomization is used.

[0119] In an alternative embodiment, the DNA sequence of a naturally occurring gene
encoding the protein is used to design the synthetic gene. In this embodiment the naturally
occurring DNA sequence is modified as described below (e.g., to remove and introduce
restriction sites) to provide the sequence of the synthetic gene.

[0120] The design of synthetic genes of the invention also involves the inclusion of desired
restriction sites at certain locations in the gene, and exclusion of undesired restriction sites in the
gene or in specified regions of the gene, as well as compatibility with synthetic methods used to
make the gene(s). Often, an “undesired” restriction site (e.g., Eco Rl site) is removed from one
location to ensure that the same site is unique (for example) in another location of the gene,
synthon, etc. These considerations will be more easily described and understood following a
description of methods and tools employed in the synthesis and use of the synthetic genes of the
invention. These methods and tools are described, in part, in Section 4, below, and further

aspects of gene design are discussed in Section 5.

4. SYNTHESIS OF GENES

[0121] This section describes methods for production of synthetic genes. As noted above, in
one aspect of the invention production of synthetic genes comprises combining (“stitching”) two
or more double-stranded, polynucleotides (referred to here as “synthons™) to produce larger
DNA units (i.e., multisynthons). The larger DNA unit can be virtually any length clonable in
recombinant vectors but usually has a length bounded by a lower limit of about 500, 1000, 2000,
3000, 5000, 8000, or 10000 base pairs and an independently selected upper limit of about 5000,
10000, 20000 or 50000 base pairs (where the upper limit is greater than the lower limit). For
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purposes of illustration, the following discussion generally refers to production of synthetic
genes in which the larger DNA units encode PKS modules. However, it is contemplated that the
methods and materials described herein may be used for synthesis of any number of polypeptide-
segment encoding nucleotide sequences, including sequences encoding NRPS modules and
synthetic variants, polypeptide segments of other modular proteins, polypeptide segments from
other protein families, or any functional or structural DNA unit of interest.

[0122] According to the invention, typically, synthetic PKS module genes are produced by
combining synthons ranging in length from about 300 to about 700 bp, more often from about
400 to about 600 bp, and usually about 500 bp. In the case of PKS modules, naturally occurring
PKS module genes (and corresponding synthetic genes) are in the neighborhood of about 5000
bp in length. More generally, modules produce by synthon Aﬁowing for some overlap between
sequences of adjacent synthons, ten to twelve 500-bp synthons are typically combined to produce
a 5000 bp module gene encoding a naturally occurring module or variant thereof. In various
aspects of the invention, the number of synthons that are “stitched” together can be at least 2, at
least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least 9, or at least 10, or can be a
range delimited by a first integer selected from 2, 3, 4, 5, 6, 7, 8, 9, or 10 and a second selected
from 5, 10, 20, 30 or 50 (where the second integer is greater than the first integer). .

[0123] The next section describes synthon production. The following section, §4.2,
describes the synthesis of module genes by stitching synthons, as well as vectors useful for

stitching.

4.1 SYNTHESIS OF SYNTHONS

[0124] Synthons can be produced in a variety of ways. Just as module genes are produced
by combining several synthons, synthons are generally produced by combining several shorter
polynucleotides (i.e. oligonucleotides). Generally synthons are produced using assembly PCR
methods. Useful assembly PCR strategies are known and involve PCR amplification of a set of
overlapping single-stranded polynucleotides to produce a longer double-stranded polynucleotide
(see e.g., Stemmer et al., 1995, “Single-step assembly of a gene and entire plasmid from large
numbers of oligodeoxyribonucleotides™ Gene 164:49-53; Withers-Martinez et al., 1999, “PCR-
based gene synthesis as an efficient approach for expression of the A+T-rich malaria genome”

Protein Eng. 12:1113-20; and Hoover and Lubkowski, 2002, “DNAWorks: An automated
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method for designing oligonucleotides for PCR-based gene synthesis” Nucleic Acids Res. 30:43).
Alternatively, synthons can be prepared by other methods, such as ligase-based methods (e.g.,
Chalmer and Curnow, 2001, “Scaling Up the Ligase Chain Reaction-Based Approach to Gene
Synthesis” Biotechniques 30:249-252).

[0125] It will become apparent to the reader that the sequences of the oligonucleotide
components of a synthon determines the sequence of the synthon, and ultimately the synthetic
gene generated using the synthon. Thus, the sequences of the oligonucleotide components (1)
encode the desired amino acid sequence, (2) usually reflect the codon preferences for the
expression host, (3) contain restriction sites used during synthesis or desired in the synthetic
gene, (4) are designed to exclude from the synthetic gene restriction sites that are not desired, (5)
have annealing, priming and other characteristics consistent with the synthetic method (e.g.
assembly PCR), and (6) reflect other design considerations described herein.

[0126]  Synthons about 500 bp in length are conveniently prepared by assembly amplification
of about twenty-five 40-base oligonucleotides (“40-mers”). In some embodiments of the
invention, uracil-containing oligonucleotides are added to the ends of synthons (i.e., synthon
flanking regions) to facilitate ligation independent cloning. (See Example 1). The
oligonucleotides themselves are designed according to the principles described herein, can be
prepared using by conventional methods (e.g., phosphoramidite synthesis) and/or can be
obtained from a number of commercial sources (e.g., Sigma-Genosys, Operon). Although
purified oligonucleotides can be used for synthon assembly, for high-throughput methods the
oligonucleotide preparation usually is desalted but not gel purified (See Example 1). Assembly
and amplification conditions are selected to minimize introduction of mutations (sequence

erTors).

4.2 SYNTHESIS OF MODULE GENES (STITCHING)
[0127] The process of combining synthons to producé module genes is referred to as
“stitching.” Usually at least three synthons are combined, more often at least five synthons, and
most often at least eight synthons are combined. The stitching methods of the invention are
suitable for high-throughput systems, avoid the need for purification of synthon fragments, and
have other advantages. As previously noted, although stitching is described in the context of

synthesis of PKS gene modules (ca. 5000 bp) it can be used for synthesis of any large gene. For
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example, stitching can be used to combine two or more PKS module genes to prepare
multimodule genes or to combine any of a variety of other combinations of polynucleotides (e.g.,
a promoter sequence and a RNA encoding sequence).
[0128]  Stitching involves joining adjacent DNA units (e.g., synthons) by a process in which
a first DNA unit (e.g., a first synthon or multisynthon) in a first vector is combined with an
adjacent DNA unit (e.g., an adjacent synthon or multisynthon) in a second vector that is
differently selectable from the first vector. Each of the two vectors contains an origin of
replication (as used herein, reference to a “vector” indicates the presence of an origin of
replication). The two vectors containing the adjacent DNA units (hereinafter, “synthons”) are
sometimes referred to as a “cognate pair” or as the “donor” and “acceptor” vectors. In the
stitching process, each of the two vectors is digested with restriction enzymes to generate
fragments with compatible (usually cohesive) ligatable ends in.the synthon sequences (allowing
the synthons to be joined by ligation) and to generate compatible (usually cohesive) ligatable
ends outside the synthon sequences such that the two synthon-containing vector fragments can
be ligated to generate a new, selectable, vector containing the joined synthon sequences
(multisynthon). As described in detail below, the invention provides methods for rapid cloning
of large genes without the need for fragment purification steps during synthesis. Stitching.
methods are described below and illustrated in Figures 3, 5 and 7.
[0129] In one aspect of the invention, a method is provided for joining several DNA units in
sequence, the method by

a) carrying out a first round of stitching comprising ligating an acceptor vector
fragment comprising a first synthon SA,, a ligatable end LA, at the junction end of synthon SA,
and an adjacent synthon SDy, and another ligatable end lag, and a donor vector fragment
comprising a second synthon SDy, a ligatable end LDy at the junction end of synthon SDy and
synthon SAq, wherein LDg and LA, are compatible, another ligatable end 1dy, wherein 1d, and 1ag
are compatible, and a selectable marker, wherein LAg and LDy are ligated and la, and 1d, are
ligated, thereby joining the first and second synthons, and thereby generating a first vector
comprising synthon coding sequence S;;

b) selecting for the first vector by selecting for the selectable marker in (a);

and,
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c) carrying out a number n additional rounds of stitching, wherein n is an
integer from 1 to 20, wherein S, is the synthon coding sequence generated by joining synthons in
the previous round of stitching, and wherein each round n of stitching comprises: 1) designating
the first or a subsequent vector as either an acceptor vector A, or a donor vector D, 2) digesting
acceptor vector A, with restriction enzymes to produce an acceptor vector fragment comprising a
synthon coding sequence S, a ligatable end LA, at the junction end of synthon S, and an
adjacent synthon SDy+190, and another ligatable end la,; and, ligating the acceptor vector
fragment to a donor vector fragment comprising synthon SDy+1¢0, a ligatable end LDy+1¢0 at the
junction end of synthon SDy+109 and synthon S, wherein LA, and LD,+190 are compatible.
another ligatable end 1dy,+100, Wherein la, and 1d,+100 are compatible, and a selectable marker,
wherein LA, and LDy+1g0 are ligated and la, and 1d,+100 are ligated, thereby generating a
subsequent vector, or digesting donor vector D, with restriction enzymes to produce a donor
vector fragment comprising a synthon coding sequence S,, a ligatable end LD, at the junction
end of synthon S, and an adjacent synthon SA,+100, another ligatable end 1d,, and a selectable
marker; and ligating the donor vector.fragment to an acceptor vector fragment comprising
synthon SAp+100, a ligatable end LAp+100 at the junction end of synthon SAp+100 and synthon Sy,
and another ligatable end la,+100 Wherein LA,4100 and LD, are compatible and are ligated and
lap+100 and 1d, are compatible and are ligated, thereby generating a subsequent vector

d) selecting the subsequent vector by selecting for the selectable marker of the donor
vector fragment of step (c)

e) repeating steps (c) and (d) n-1 times thereby producing a multisynthon.
[0130] In various embodiments, the selectable marker of step (d) is not the same as the
selectable marker of the preceding stitching step and/or is not the same as the selectable marker
of the subsequent stitching step; lag, 1do, la;,, 1d, are the same and/or Lag, Ldg, La,, and Ld, are
created by a Type IIS restriction enzyme; the synthons SAg, SDy, SAn.go, and SDn.g are
synthetic DNAs; any one or more of synthons SAg, SDg, SAn+1q0, or SDn+190is 2 multisynthon;
and/or the multisynthon product of stép (e) encodes a polypeptide comprising a PKS domain.
[0131] Two related approaches for stitching have been used by the inventors, each involving
(1) cloning synthons into assembly vectors, (2) joining adjacent synthons, and (3) selecting
desired constructs. The first stitching approach, referred to as “Method S,” is facilitated by use
of recognition sites for Type IIS restriction enzymes (as defined above). The second stitching
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approach, referred to as “Method R,” is facilitated by recognition sites for conventional (Type 1))
restriction enzymes.
[0132] The two stitching approaches described here differ in the joining step, but use similar

methods for cloning into assembly vectors and selection. Each of these steps is discussed below.

42.1 CLONING SYNTHONS IN ASSEMBLY VECTORS
[0133]  The term “assembly vector” is used to refer to vectors used for the stitching step of
gene synthesis. In one aspect of the invention, an assembly vector has a site, the “synthon
insertion site” or “SIS,” into which synthons can be cloned (inserted). The structure of the SIS
will depend on the cloning method used. An assembly vector comprising a synthon sequence
can be called an “occupied” assembly vector. An assembly vector into which no synthon
sequence has been cloned can be called an “empty” assembly vector.
[0134] .  Although any method of cloning the synthon can be used to introduce the synthon
into the SIS of the vector, for automated high-throughput cloning, ligation-independent cloning
(LIC) methods are preferred. Several methods for LIC are known, including single-strand
extension based methods and topoisomerase-based methods (see, e.g., Chen et al., 2002,
“Universal Restriction Site-Free Cloning Method Using Chimeric Primers” BioTech 32:516-20;
Rashtchian ef al., 1992, “Uracil DNA glycosylase-mediated cloning of polymerase chain .
reaction-amplified DNA: application to genomic and cDNA cloning” Anal Biochem 206:91-97;
and TOPO-cloning by Invitrogen Corp.). One LIC method involves creating single-strand
complementary overhangs sufficiently long for annealing to each other (often 12 to 20 bases) on
(a) the synthon and (b) the vector. When the synthon and vector are annealed and transformed
into a host (e.g., E. coli) a closed, circular plasmid is generated with high efficiency:
[0135] In one embodiment, 3’-overhangs, or “LIC extensions” are introduced to the synthon
using PCR primers that are later partially destroyed. This can be accomplished by incorporating
uracil (U) residues (instead of thymidine) into a PCR primer, linking the primer onto the 3’ ends
of the product of assembly PCR described above, and digesting with Uracil-DNA Glycosidase
(UDG). UDG cleaves the uracil residues from the sugar backbone, leaving the bases of the other
strand free to interact with the complementary strand on the vector (see, €.g., Rashtchian et al.,
1992). An alternative method involves incorporating a primer containing a ribonucleotide that is

cleaved with mild base or RNAse.
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[0136] Because the sequences at synthon edges can be controlled by the practitioner, a single
pair of UDG primers can be used for LIC of a large number of different synthons allowing
automated and high-throughput LIC cloning of synthons.

[0137] There are also several options for generating the 3’-overhang on the vector. As
above, it can be produced using primers containing U instead of T to replicate the entire plasmid,
followed by treatment with UDG. Alternatively, a double-stranded fragment containing U’s on
one strand can be ligated to the vector followed by treatment with UDG. A particularly useful
method for producing an LIC extension by digesting an appropriately designed SIS with a
restriction enzyme that cleaves double-stranded DNA and with sequence-specific nicking
endonuclease(s). —Figure 1 illustrates this technique using, as an example, the UDG-LIC synthon
insertion site from the vector pKOS293-88-1. Also see Example 2. The nicked, linearized,
DNA is treated with exonuclease III to remove the small oligonucleotides (exonuclease IIT
cleaves 3°->5’, providing there are no 3’-overhangs). In an alternative method, the 3’-overhang
on the vector is generated by the action of endonuclease VIII (see Example 2). The “central”
restriction site is positioned such that cleavage with the restriction endonuclease and nicking
endonuclease(s), followed by digestion with the exo- or endo-nuclease results in 3’ overhangs
suitable for annealing to a fragment with complementary 3’ overhangs. Usually the central
restriction site is a single, unique, site in the vector. However, the reader will immediately
recognize that pairs or combinations of restriction sites can be used to accomplish the same
result. -

[0138] In an alternative embodiment, the SIS can have other recognition sites for one or
more restriction enzymes that cleave both strands (e.g., a conventional “polylinker”) and

synthons can be inserted by ligase-mediated cloning.

4.2.2 VALIDATION OF SYNTHONS
[0139]  High-throughput synthesis of libraries of large genes requires an enormous number of
synthetic steps (beginning, for example, with synthesis of oligonucleotides). To maximize the
frequency of a successful outcome (i.e., a gene having the desired sequence) the present
invention provides optional validation steps throughout the synthetic process. To identify clones
containing a synthon having the expected sequence (e.g. following oligonucleotide synthesis,

assembly PCR, and LIC), assembly vector DNA is usually isolated from several (typically five
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or more) clones and sequenced. See Example 3. Synthon samples can be sequenced until a
clone with the desired sequence is found. Altemnatively, clones with a small number of errors
(e.g., only 1 or 2 point mutations) can be corrected using site-directed mutagenesis (SDM). One
method for SDM is PCR-based site-directed mutagenesis using the 40-mer oligonucleotides used

in the original gene synthesis.

4.2.3 METHOD S: JOINING STRATEGIES, ASSEMBLY VECTORS, & SELECTION -
SCHEMES
[0140]  Asnoted above, two different stitching methods, “Method S” and “Method R,” have

been used by the inventors. This section describes Method S.

4.2.3.1 JOINING STRATEGIES
[0141]  Method S entails the use of Type IIS restriction enzyme recognition sites (as defined
- above) usually outside the coding sequences of the synthons (i.e., in the synthon flanking
- region). In Method S, recognition sites for Type IS restriction enzymes can be incorporated into
the synthon flanking regions (e.g., during assembly PCR). The sites are positioned so that
addition of the corresponding restriction enzyme results in cleavage in the synthon coding region
and creation of ligatable ends. For illustration and not limitation, this is diagrammed below (R1,
R2, R3, and R4 = recognition sites for Type IIS restriction enzymes and digestion with R2 and
R3 produce compatible cohesive ends [(same length and orientation) overhangs], vvvvvvv =
assembly vector region, ssssssss = synthon coding region, s = sequence that is the same in the

two synthons, ooo = synthon flanking regions).

VVVVVVVvvooR 108s555555555555558SS0R200VVVVVVVYY + VVVVVVVVVOOR305555555555555555SSSOR400VVVVVYVVY
V¥ digest with R2 V¥ digest with R3
VVVVVVVVVOOR 10855555555SSSSSSSSS S $555555855585588SSOR400VVVVVVYVVYVV
V¥ ligate

VVVVVVVVVOOR 15555555555555555555555558555555555S5SSRA00VYVVVVVVY

[0142] In one embodiment of this method, R1 and R3 are the same and R2 and R4 are the

same. This approach simplifies the design of the vectors used and the stitching process. In an
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alternative embodiment, the Type IIS recognition sites can be present in the synthon coding
region, rather than the flanking regions, provided the sites can be introduced consistent with the
codon requirements of the coding region.

[0143]  The sequence that is the same in the two synthons (“s”) usually comprises at least 3
base pairs, and often comprises at least 4 base pairs. In an embodiment, the sequence is
5’-GATC-3’. Table 2 shows exemplary Type IIS restriction enzymes and recognition sites.
Figure 2 illustrates the Method S joining method using Bbs I and Bsa I as enzymes.

TABLE 2
EXEMPLARY TYPE IIS RESTRICTION ENZYMES AND RECOGNITION SITES

Restriction Enzymes Recognition Site Cut Site Overhang
BelVI GTATCC N6, N5 -1
Bmrl ACTGGG N5, N4 -1
BpmI , CTGGAG N16,N14 -2 4
BpuElL CTTGAG N16,N14 -2 ‘
BseR 1 GAGGAG N10, N8 : -2

| Bsgl GTATCC Ni6, N14 -2
BsrDi ) GCAATG N2, NO -2
Bts1 GCAGTG N2, NO - -2
Ecil GGCGGA N11, N9 -2
Earl CICTTC N1, N4 3
Sapl GCTCTTC N1, N4 3
BsmB 1 CGTCTC : N1, N5 4
BspM 1 ACCTGC N4, N8 4
Bsal GGTCTC N1, N5 4
Bbs I GAAGAC N2/N6 4
BfuAl ACCTGC N4, N8 4
Fok I GGATG N9/N13
Alw] GGATC N4/N5

4.2.3.2 ASSEMBLY VECTORS

[0144]  Figure 3 illustrates how the joining method described above can be combined with a
selection strategy to efficiently link a series of adjacent synthons. In this embodiment, pairs of
adjacent synthons (or adjacent multisynthons) are cloned into the SIS sites of cognate pairs of
vectors, where the two members of the pair are differently selectable. These selection strategies
are discussed in greater detail in the next section (4.3.2.3). In this section, exemplary cognate
vector pairs that can be used in stitching are described, as well as certain intermediates (occupied

assembly vectors) created during the stitching process.
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Vector Pair I
[0145] In one embodiment, the stitching vectors have i) a synthon insertion site (SIS); ii) a
“right” restriction site (R;) common to both vectors or, alternatively, that is different in each
vector but which produce compatible ends; iii) a first selection marker (SM2 or SM3) that is
different in each vector; iv) a second selection marker (SM4 or SM5) that is different in each
vector; and, v) optionally a third selection marker (SM1) common to both vectors. The
convention used here is that SM2 and SM4 lie on the first vector of the pair, and SM3 and SM5
lie on the second vector of the pair, and none of SM2-5 are the same.
[0146] The spatial arrangement of these elements can be

(SM2 or SM3) — SIS — (SM4 or SM5)-R;  [I]

[0147] In Vector L, the right restriction site is usually a unique site in the vector. In cases in
which there is more than one site, the additional sites are positioned so that the additional copies
do not interfere with the strategy described below and illustrated in Fi gure 3A. [For example, in
an acceptor vector, the R, site can be unique or, if not unique, absent from the portion of the
vector containing the SIS (or synthon), the SM2/SM3, and delimited by the SIS (or the junction
edge of the synthon) and the R site (i.e., the R, that is cleaved to result in the ligatable end). Ina
donor vector, the R site can be unique or, if not unique, absent from the portion of the vector
containing the SIS (or synthon) and the SM4/SMS site, and delimited by the SIS (or the junction
edge of the synthon) and the R; site (e.g., the R, that is cleaved to result in the ligatable end)].
[0148] The R, site can be a recognition sites for any Type II restriction enzyme that forms a
ligatable end (e.g., usually cohesive ends). Usually the recognition sequence is at least 5-bp, and
often is at least 6-bp. In one embodiment, the right restriction site is about 1 kb downstream of
the SIS. In one embodiment of the invention, the R; sites of the donor and acceptor vectors are
not the same, but simply produce compatible cohesive ends when each is cleaved by a restriction
enzyme.
[0149] In one embodiment of the invention, the SIS is a site suitable for LIC having a
sequence with a pair of nicking sites recognized by a site-specific nicking endonuclease (usually
the same endonuclease recognizes both nicking sites) and, positioned between the nicking sites, a

restriction site recognized by a restriction endonuclease (to linearize the nicked SIS, consistent
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with the LIC strategy described above). In one embodiment, the nicking endonuclease is
N.BbvC IA, which recognizes the sequence (' = nicking site):
5/...GCYTGAGG...3"
3’... CGACTCC ...5°
[0150] Accordingly, in one embodiment, a Vector Pair I vector has the following structure,
where Ny and N, are recognition sites for nicking enzymes (usually the same enzyme), R, is an
SIS restriction site as.discussed above, and R; and SM1-5 are as described above, e.g.,
(SM2 or SM3) — N;-Ry-No— (SM4 or SM5) —R; [II]
[0151] In one embodiment of the invention, a Vector Pair I vector is “occupied” by a
synthon, and has the following structure, where 28, and 28, are recognition sites for Type IIS
restriction enzymes, Sy is synthon coding region, and R; and SM1-5 are as described above, e.g.,
(SM2 or SM3) - 28, — Sy — 28, — (SM4 or SM5)— R, [I]

This is an intermediate construct useful for stitching.

Vector Pair [T
[0152] Vector pair II requires only one unique selectable marker on each vector in the pair
(i.e., an SM found on one vector and not the other) although additional selectable markers may
optionally be included. In one embodiment, the stitching vectors have

1) a synthon insertion site (SIS);

1i) a “right” restriction site (Ry) as described above for Vector I, usually common to
both vectors;

iii)  a“left restriction site” on each vector that may be the same or different (L orL;

iv) a first selection marker (SM2 or SM3) that is different in each vector

vi) optionally a second selection marker (SM4 or SM35) that is different in each
vector; and,

vi) optionally a third selection marker (SM1), common to both vectors.
[0153] The spatial arrangement of these elements can be

(SM4 or SM5) - (L or L*) ~ SIS — (SM2 or SM3) — R; [IV]

[0154]  Inthis embodiment, the right restriction site (R;) and left restriction site (L orL’) are
usually unique sites in the vector. In cases in which they are not unique, the additional sites are

positioned so they do not interfere with the strategy described below and illustrated in Fi gure 3B.
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Recognition sites for any Type II restriction enzyme may be used, although typically the
recognition sequence is at least 5-bp, often at least 6-bp. In one embodiment, the right restriction
site is about 1 kb downstream of the SIS.
[0155] The vectors also contain the conventional elements required for vector function in the
host cell or useful for vector maintenance (for example, they may contain one or more of an
origin of replication, transcriptional and/or translational control sequences, such as enhancers
and promoters, and other elements).
[0156] In one embodiment of the invention, the SIS is a site suitable for LIC having a
sequence with a pair of nicking sites recognized by a site-specific nicking endonuclease as
described above in the description of Vector Pair I. Accordingly, in one embodiment, a Vector
Pair II vector has the following structure, where N; and Na, Ry, Ry, L, L, and SM2 and 3 and
SM1-5 are as described above, e.g.,
(L or L”) —=N;i-Rz-N, — (SM2 or SM3) - R; [V]

[0157] In one embodiment of the invention, a Vector Pair II vector comprises a synthon
cloned at the SIS site and has the following structure, where 2S; and 2S;, Sy, Ry, L, L”;;SM2 and
3 are described above, e.g.,

(L or L) —2S; - Sy —2S; —=(SM2 or SM3) - Ry [VvIj
[0158] Figure 4 is a diagram of exemplary stitching vectors pKos293-172-2 and pKos293-
172-A76.

4.2.3.3 SELECTION SCHEMES

Two-Selection Marker Scheme
[0159] As noted, Figure 3 illustrates how the joining method shown above can be combined
with a selection strategy to efficiently link a series of adjacent synthons (or other DNA units).
Using Vector Pair I (Figure 3A), the vectors of the pair into which adjacent synthons have been
cloned are digested with R; (e.g., Xho T) and with either 28, or 25, (the site closest to the
junction edges), and the products ligated. Thus, the vector containing the first synthon (acceptor
vector) is restricted at the 3°-synthon edge and R; downstream of the 3’ synthon edge). The
vector containing the second, 3’ adjacent synthon (donor vector) is restricted at the 5°-synthon

edge and R;. The resulting products are ligated to reconstruct the vector containing 2 synthons,
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and selection is by antibiotic resistance markers SM2 and SM5. By selecting for positive clones
with a unique selection marker from both the donor and the acceptor plasmid, only the correct
clones will have the two markers.

[0160] By running parallel reactions, four 2-synthon vectors are prepared simultaneously to
prepare four 2-synthon vectors. Next, using the same approach, four 2-synthon fragments are
stitched to make two 4-synthon fragments, and then the two 4 synthon fragments are stitched
together to make an 8-synthon product. For illustration, consider a vector pair each having two
unique SMs (SM2, SM4 and SM3, SM5). To make a hypothetical 8-synthon module of
sequence S1-S2-S3-S4-S5-S6-S7-S8 where S1-8 are synthons, synthons 1, 4, 6, and 7 can be
cloned into the vector with the SM2+SM4 markers, and 2, 3, 5, and 8 can be cloned into the

vector with the SM34+-SM35 markers as summarized in Table 3.

TABLE 3
SELECTION STRATEGY
| Synthon—> 1 20 3.4 5 . 6 7 1. 8=
1-syn' SM2 | SM3 SM3 | SM2 SM3 | SM2 SM2 | SM3
| SM4 | SMS5 SM5 | SM4 SM5 | SM4 SM4 | SMS
2-syn’ SM2 + SM5 SM3 + SM4 SM 3+ SM4 SM2 + SM5
Jsyn” SM2 + SMA4 SM3 + SM5
By SMZ + SM>5

"Shows unique marker of vector into which synthon is cloned.
2Shows marker selected for after of synthons are combined.

[0161] The same procedure is applied to the two vectors containing synthon 3 (SM3, SM5)
and synthon 4 (SM2, SM4). This would produce a 2-synthon vector containing SM3 and SM4
and selectable for these markers. Next, the 2-synthon insert containing synthons 3 and 4 are
cloned into the first 2-synthon contaihing synthons 1 and 2 to give a 4-synthon product (1-2-3-4)
ina SM2 + SM4 vector. This could be repeated with the synthons 5, 6, 7, and 8 to give a 4-
synthon insert (5-6-7-8) in a SM3 + SMS5 vector. The two would then be combined as before to
give an 8-synthon module in an SM3 vector.

[0162] It can be seen that by designing modules to contain 2" synthons, and parallel-

processing the synthon stitching reactions, a complete module can be assembled in n operations.
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[0163]  Although pairwise combining minimizes ligation steps, and is thus particularly
efficient, other combination strategies, such as that illustrated in Figure 7 for Method R, can be
used. '

[0164] A wide variety of selection markers and selection methods are known in molecular biology
and can be used for selection. Typically, the marker is a gene for drug resistance such as carb
(carbenicillin resistance), tef (tetracycline resistance), kan (kanamycin resistance), strep
(streptomyecin resistance) or cm (chloramphenicol resistance). Other suitable selection markers
include counterselectable markers (csm) such as sacB (sucrose sensitivity), araB (ribulose
sensitivity), and tez4R (codes for tetracycline resistance/fusaric acid hypersensitivity). Many

other selectable markers are known in the art and could be employed.

One-Marker Scheme
[0165]  An alternative selection strategy uses Vector Pair IL. According to this strategy, at
each round, the two vectors are mixed in equal amounts, and simultaneously digested to
completion with restriction enzymes R;, L (or L), and the Type IIS enzyme corresponding to the
restriction site at the two synthon edges to be joined, followed by ligation. In Figure 3B, the
vector containing synthon 1 + SM2 is cut at right edge of the synthon and at R, and the vector
containing synthon 2 + SM3 is cut at the left edge of the synthon and at R, and at L. Cleavage
at L’ is intended to prevent re-ligation of this fragment. The mixture of fragments are ligated,
transformed, and cells grown on antibiotics to select for SM1 and SM3. Under these selection
conditions, the predominant clones are the desired 2-synthon product. A
[0166]  Table 3 shows a selection scheme for stitching a hypothetical 8-synthon module of
sequence 1-2-3-4-5-6-7-8 using Vector Pair II. Synthons 1, 4, 6, and 7 can be cloned into the
vector With the SM2 marker, and 2, 3, 5, and 8 can be cloned into the vector with the SM3

marker as summarized in Table 4.
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TABLE 4
SELECTION STRATEGY
Synthon—~> i 2 3 4 5 6 7 8
1-syn. SM2 | SM3 SM3 | SM2 SM3 | SM2 SM2 | SM3
2-syn SM3 - SM2 SM2 SMm3
Tsyn SM2 SM3
8-syn SM3

4.2.4 METHOD R: ASSEMBLY VECTORS, JOINING STRATEGIES, & SELECTION
SCHEMES

4.2.4.1 JOINING STRATEGIES
[0167]  Method R entails the use of recognition sites for Type Il restriction enzymes at the
edges of the coding sequences of the synthons. Compatible (e.g. identical) restriction sites at the
edges of adjacent synthons are cleaved and ligated together. For illustration and not limitation,
this is diagrammed below (R1, R2 and R3 = recognition sites for different Type Il restriction
enzymes, vvvvvvy = assembly vector region, ssssssss = synthon coding region, 0oo-= synthon

flanking regions).

vvvvvvvvoooR 1sssssssssssssssssssR2Zooovvyvvvvyvy + VVVVVVYvoooR2sssssssssssssssssssR300ovvvvvvyvy
V digest with R2
vvvvvvvvvoooR 1sssssssssssssssssssR2 + R2sssssssssssssssssssR3ooovvvvvvvyy
V ligate

VVVVVVVVVvoooR 155ss55555555855555SR25555555555558885S8SR3000VVVVVYVVVY

{0168]  Both the association of specific synthons (depending on their position in the module)
with SM2 or SM3 and the selection of restriction sites in the synthons is important. As noted
above, synthons are designed with useful restriction sites at both the left and right edges of the
synthons, and the sites are selected so that adjacent synthon edges share a common (or
compatible) restriction site. For example, to prepare a module with a sequence 1-2-3-4-5-6-7-8

by stitching of synthons comprising the sequences 1, 2, 3, 4, 5, 6, 7, and 8, the adjacent synthon
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edges can share common sites B, C, D, E, F, G and H as follows: A-1-B, B-2-C, C-3-D, D-4-E,
E-5-F, F-6-G, G-7-H, H-8-X. See Figure 5.

[0169] The basis for this method is the design of synthons (and component oligonucleotides)
that contain unique restriction sites at the edges of the synthon. This requires both the presence
(insertion) of useful restriction sites (at the synthon edges) and absence (removal) of these sites
in the interior of the synthon. Example 4 describes a strategy for identifying useful restriction
sites that can be engineered at synthon and module without resulting in a disruptive change in the
module amino acid sequence, and provides and exemplary results from an analysis of 140 PKS
modules (see Figure 6 and Tables 8-12). Section 5, below, describes computer implementable
algorithms for the design of oligonucleotides that can be used to produce synthons with the

desired patterns of restriction sites.

4.2.4.2 ASSEMBLY VECTORS
[0170]  Method R can be carried out using the same vector pairs as are useful for Method S.
Using Method R, a Vector Pair I vector comprises a synthon cloned at the SIS site can have the
following structure (where R; and Ry are restriction sites at the edges of the synthon, and the
other abbreviations are as described previously):
—(SM4 or SM5) —Rs — Sy — R4 — (SM2 or SM3) — R; [VI]]

This is an intermediate construct useful for stitching,

4.2.4.3 SELECTION SCHEMES
[0171] The selection schemes described for Method S can be used for Method R. It will be
appreciated that the restrictions sites at the ends of synthons must be designed so they are

compatible with the digestion at vector restriction sites L and L’.

5. GENE DESIGN AND GEMS (GENE MORPHING SYSTEM) ALGORITHM

[0172] Design of the synthetic genes of the invention, as well as the design of
oligonucleotides that can be used for gene synthesis, requires concomitant consideration of a
large number of factors. For example, the synthetic module genes of the invention will encode a
polypeptide with a desired amino acid sequence and/or activity, and typically

¢ use the codon preference of a specified expression host,
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e are free from restriction sites that are inconsistent with the stitching method
(e.g., the Type IIS sites used in stitching Method S) and/or are comprised of synthons free from
restriction sites that are inconsistent with the stitching method (e.g., the Type II sites used in
stitching Method R) and/or are free from restriction sites that are inconsistent with the
construction of oi)en reading frames and gene libraries (as described below),

e contain useful (e.g., unique) restriction sites or sequence motifs at specific
locations (e.g., region encoding domain edges, synthon edges, module boundaries, and within
synthons). Without limitation, restriction sites within synthons are used for correction of errors
in gene synthesis or other modifications of large genes; restriction sites and/or sequence motifs at
synthon edges are used for LIC cloning (e.g., addition of UDG-linkers), stitching; restriction
sites at domain edges are used for domain “swaps;” restriction sites at module edges are useful
for cloning module genes into vectors and synthesis of multimodule genes. By incorporating
these sites into a number of different PKS module-encoding genes, the “modules™ can readily be
cloned into a common set of vectors, domains (or combinations of domains) can be readily
moved between modules, and other gene modifications can be made.

[0173] Challenges encountered during synthetic design of large genes include efficient codon
optimization for the host organism, restriction site insertion and elimination without affecting
protein sequence and design of high quality oligonucleotide components for synthesis.

[0174] A computer implementable algorithm for design of synthetic genes (and component
synthons and oligonucleotides) is described in this section. A Gene Morphing System (“GeMS”)
is aimed at simplifying the gene design process.

5.1 GeMS - OVERVIEW
[0175] The GeMS process was initially developed for designing PKS genes is described
below. The process includes components for the design of any gene. For convenience, the
GeMS process will be described with reference to a gene encoding a specified polypeptide
segment. The polypeptide segment can be a complete protein, a structurally or functionally
defined fragment (e.g., module or domain), a segment encoded by the synthon coding region of
a particular synthon, or any other useful segment of a polypeptide of interest.
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[0176] A GeMS process generically applicable to the design of any gene has several of the
following features: (i) restriction site prediction algorithms; (i1) host organism based codon
optimization; (iii) automated assignment of restriction sites; (iv) ability to accept DNA or protein
sequence as input; (v) oligonucleotide design and testing algorithm; (vi) input generation for
robotic systems; and (vii) generation of spreadsheets of oligonucleotides.

[0177]  GeMS executes several steps to build a synthetic gene and generate oligonucleotides
for in vitro assembly. Each of these steps are closely connected in the overall program execution
pipeline. This allows the gene design to be executed in a high-throughput process as shown in
Figure 8.

[0178].  Briefly, a GeMS process initiates with an input 800 of (i) an amino acid sequence of a
reference polypeptide and (i) parameters for positioning and identity of restriction sites or
desired sequence motifs. In one embodiment a DNA sequence of the reference polypeptide is
input and translated to the corresponding amino acid sequence. While the amino acid/DNA
sequence are input from publicly available databases (e.g, GenBank), in one embodiment the
sequence is verified (by independent sequencing) for accuracy prior to input in the GeMS
process. In the example of Figure 8, a GeMS process according to the present invention
comprises a first series of steps 810 wherein the amino acid sequence is used as a reference to
generate a-corresponding nucleotide sequence which encodes the reference polypeptide ("reverse
translated"). Further processes in the first series of steps include codon randomization wherein
additional nucleotide sequences are generated which encode a same (or similar) amino acid
sequence as the reference polypeptide using a random selection of degenerate codons for each
amino acid at a position in the sequence. The process may optionally include optimization of
codon usage based on a known bias of a host expression organism for codon usage. The codon-
randomized DNA sequence generated by the software is further processed for introduction of
restriction sites at specific location, and removal of undesired occurrences of sites in subsequent
steps.

[0179] A series of steps 820 and 830 comprise restriction site removal and insertion in
response to a selection of restriction sites and identification of their positions in the sequence. In
one embodiment, the process uses the GeMS restriction site prediction algorithms to predict all
possible restriction sites in the sequence. Based on a combination of pre-determined parameters,

user input and internal decisions, the algorithm suggests optimally positioned (or spaced)
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restriction sites that can be introduced into the nucleic acid sequence. These sites may be unique
(within the entire gene, or a portion of the gene) or useful based on position and spacing (e.g.,
sites useful for synthon stitching using Method R, which need not necessarily be unique). In
another embodiment, an user inputs positions of preferred restriction sites in the sequence.
[0180] In aseries of steps 820 the GeMS software removes occurrences of restriction sites
from unwanted locations. This process preserves the unique positions of certain restriction sites
in the sequence. Following removal, a third series of steps 830 inserts selected restriction sites at
specific locations in the sequence. The nucleotide sequence is then divided into a series of
overlapping oligonucleotides which are synthesized for assembly in vitro into a series of
synthons which are then stitched together to comprise the final synthetic gene. The design of the
oligonucleotides in step 840 and synthons are guided by a number of criteria that are discussed in
greater detail below. Following design the oligonucleotide sequences are tested in step 840 for
their ability to meet the criteria. In the event of a failure of an oligo or synthon to pass the -
stringent quality tests of GeMS, the entire gene sequence is re-optimized to produce a unique
new sequence which is subjected to the various design stages.

[0181]  Successful designs are validated in step 850 by verifying sequence integrity relative
to the amino acid sequence of the reference polypeptide, restriction site errors and silent
mutations. The software also produces a spreadsheet of the oligonucleotides that are in a format
that can be used for commercial orders and as input to automated systems.

[0182] - The overall scheme for synthon design by GeMS software is shown in the flow
diagram of Figure 9. The inputs 910 for the GeMS software include a file (e.g., GenBank derived
information) containing the amino acid sequence.of a reference polypeptide segment (or a DNA
sequence encoding a polypeptide segment, usually the sequence of a naturally occurring gene).
When a DNA sequence is input into GeMS, a translation of the open reading frame (ORF) to the
corresponding amino acid sequence is performed. The input optionally comprises the identity of
an appropriate host organism for expression of the synthetic gene and its preference for codon
usage. The input may optioﬁally include one or more lists of annotated restriction sites or other
sequence motifs desired to be incorporated in the nucleotide sequence of the gene (e.g., at
module/domain/synthon edges), and annotated restriction sites to be removed or excluded from
the gene (e.g., recognition sites for Type IIS enzymes used in stitching). The user may input
acceptable ranges of synthon sizes (typically about 300 to about 700 basepairs), number of
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synthons (e.g., 2n, where n = 2-5), and synthon flanking sequences (e.g., sequences useful for
ligation independent cloning, for example, annealing of “universal” UDG primers).

[0183] In step 920, the amino acid sequence of the reference polypeptide segment is
converted (reverse-translated) to a DNA sequence using randomly selected codons, such that the
second DNA sequence codes for essentially the same protein (i.e., coding for the same or a
similar amino acids at corresponding positions). In one embodiment, the random choice of
codons reflects a codon preference of the selected host organism. In one embodiment, the codon
optimization and randomization are omitted and the DNA sequence derived from the database is
directly processed in the subsequent steps. The codon randomization and optimization processes
are described in greater detail in Figures 10A and 10B and the accompanying text.

[0184]  In one embodiment, preselected restriction sites and their positions are input in step
930. In step 932, the GeMS program then identifies positions for insertions of the specified sites
and identifies positions from which unwanted occurrences of specific restriction sites are to be
removed. In another embodiment following step, one or more parameters for positions of
restriction sites and specified characteristics of the sites are input in step 934. GeMS identifies all
possible restriction sites within the sequence in step 936. The program also suggests a unique set
of restriction sites according to the predetermined parameters (such as spacing, recognition site,
type, etc.) in step 936. In one embodiment, the regions suggested are selected for their presence
within or adjacent to synthon fragment boundaries. Common unique restriction sites or related
defined sequences for modules, domain ends, synthon junctions and their positions (based on the
above design principles) are identified by the program in step 936. The user accepts or rejects the
suggested restrictions sites and positions in step 938. In one embodiment, the user may manually
input proposed restriction sites.

[0185] In step 940 uniqueness of restriction sites at specific positions (e.g., the edges) is
preserved by eliminating all unwanted occurrences of these sites in the sequence. Selected
codons at specified positions are replaced with alternate codons specifying the same (or similar)
amino acid to remove undesirable restriction sites.

[0186] This step is followed by insertion of selected codons at the specified positions to
create restriction sites in step 950. In one embodiment, the user retains the option to include

additional sites and/or to eliminate specific sites from the DNA sequence.
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[0187] The DNA sequence generated following removal and insertion of restriction sites is
then divided in step 960 into fragments of synthon coding regions having predetermined size and
number. Synthon flanking sequences are added for determination of each synthon sequence
additino of sequence motifs for addition of LIC primers, restriction sites or other motifs.

[0188] In one embodiment, specific intra-synthon sites are introduced into the DNA
sequence in step 950 which are unique within the synthon. These may be used for repairs within
a synthon, or for future mutagenesis. Each synthon sequence is generated as overlapping
oligonucleotides of a specified length with a specified amount of overlap with its two adjacent
oligonucleotides in step 970. Several factors enter into the determination of the length of the
oligonucleotides and the length of the overlap (e.g., efficiency of synthesis, annealing conditions,
aberrant priming, etc.). The length of the oligonucleotides may be about 10, 15, 20, 30, 40, 50,
60, 70, 80, 90 or 100 nucleotides. The length of the overlap may be about 5, 10, 15, 20, 25, 30,
35, 40 or 50 nucleotides. the lengths of the overlap may not be precise and a variation by 1, 2, 3,
4 or 5 between several oligonucleotides comprising adjacent synthons is acceptable: In one
embodiment, each synthon is designed as oligonucleotides of overlapping 40-mers with about a
20 base overlap among adjacent oligonucleotides. The overlap may vary between 17 and-23
nucleotides throughout the set of oligonucleotides. An option to design these oligonucleotides
based on an uniform annealing temperature is also available. ‘

[0189] As discussed in detail below, each set of oligonucleotides used for synthesis of a
synthon (synthon coding region and synthon flanking sequence) can be subjected to one or more
quality tests in step 980. The oligonucleotides are tested under one or more criteria of primer
specificity including absence of secondary structur predicted to interfere with amplification, and
fidelity with respect to the refernce sequence. As discussed below, validatino is also carried out
for the assembled gene.

[0190] Any failures trigger a user-selected choice of two strategies in step 982: 1) repeat the
random codon generation protocol 984 and continue the process from codon removal 940 and
insertion 950; and/or 2) manually adjust the sequence to conform better to the predetermined
parameters in the problematic region in step 984. The process may be repeated (starting with the
codon optimization and randomization step 920) for a particular synthon that does not pass the
test or may be run de novo for the entire polypeptide segment sequence. The candidate

oligonucleotide sequences generated by this process are in turn tested again. When an entire set
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of oligonucleotides for 10 to 12 synthon sequences has been successfully generated, the entire
candidate module sequence can be checked in any way desired (repeats, etc.), with the possibility
of triggering redesign of individual synthons. Optionally, duplicated regions are removed
although the random choice procedure makes occurrence of substantial repeats unlikely.
Optionally, the software also edits the sequence to remove clustered positioning of rare codons.
Since each redesign uses a random set of codons, synthon fragments pass these tests in relatively
few iterations.

[0191] Once all fragments have passed the tests, GeMS reassembles the fragments in
predetermined order and validates the restriction sites and DNA sequence by comparison with
the original input sequence. This integrity check ensures that the target sequence is in accord
with the intended design and no unwanted sites appear in the finished DNA sequence.
Implementation of the method of Figure 9 allows the oligonucleotides for each fragment to be
saved in separate files representing each synthon or as a complete set representing the synthetic
gene. The software can also produce spreadsheets of the oligonucleotides in step 986 that are in a
format that can be used for commercial orders, and as input to the robots of an automated

system. Spreadsheets input to an automated system can include (a) oligonucleotide location (e.g.,
identity such as barcode number of a 96-well plate and position of a well on the plate); (b) name
or designation of oligonucleotide; (c) name or designation of module(s) synthesized using
oligonucleotide; (d) identity of synthon(s) synthesized using oligonucleotide (identifying those
oligonucleotides to be pooled for PCR assembly); (€) the number of synthons within the module;
(f) the number of oligonucleotides within the synthon; (g) the length of the oligonucleotide; V

(h) the sequence of oligonucleotide. The entire gene design process involving user interaction
can be achieved in a few minutes. GeMS achieves end to end integration using a high-throughput
pipeline structure. In one embodiment, GeMS is implemented through a web browser program
and has a graphical interface.

[0192] At least one set of rules to guide the design process are input and stored in the
memory of the system. The design software operates by means of a series of discrete and
independently operable routines each processing a discrete step in the design system and
comprised of one or more sub-routines.

[0193] These functions are described in greater detail below. Successful designs are

rechecked for sequence integrity, restriction site errors and silent mutations.
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5.2 GeMS ALGORITHMS
[0194] A method in accordance with the present invention comprises algorithms capable of
performing one or more of the following subroutines:
[0195] 1. Codon Randomization and Optimization -- GeMS uses codon randomization and
optimization sub-routines a schematic example of which are shown in Figures 10A and 10B. In
one embodiment the optimization-randomization program can be bypassed with a manual
selection of codons or acceptance of the natural nucleotide sequence.
[0196] A codon optimization process shown in the schematic of Figure 10A starts with an
input 1010 of host codon frequencies (Faa = frequency per 1000 codons) of different amino acids
from a codon preference database 1012 of a selected host organism. Then the codon preference
(N) for each codon is calculated in step 1014. In one known codon optimization routine
(CODOP) the codon preference N is calculated as follows: N = Faa; x n/(Faa; + Faa; + Faa;. . . +
Faa,), where n is the number of synonymous codons (codons for the same amino.acid) and Faa;
. to Faa, are the proportions per 1000 codons of each synonymous codon. (see Withers-Martinez
. etal, 1992, Protein Eng 12:1113-20.) A cut-off value for codon optimization is selected by an
user in step 1020. In one embodiment, the value is 0.6. The cut-off value can vary based on the
GC-richness of the host expression system or can be different for each amino acid based on
metabolic and biochemical characteristics. The rationale is to choose a cut-off value that
eliminates most rare codons. In one embodiment, this is done by visual inspection of the
modified codon tables and selecting a cut-off value that eliminates most rare codons without
affecting the preferred codons. Each codon is tested for a codon preference value above the cut-
off value in step 1022. All codons with N below the user-defined cut-off value are rejected in
step 1024. For each amino acid, codons with N values above the cut-off value are pooled and the
N values normalized in step 1030 such that the sum of the N values is one (1). A codon
preference table for the synthetic gene is generated in step 1040.
[0197] Use of the optimized codons in gerierating a randomized and optimized synthetic
gene sequence is shown in the schematic of Figure 10B. For an input amino acid sequence 1052,
the number of codons for each amino acid is calculated in step 1050 based on the synthetic gene
codon preference table 1054. For each amino acid in the sequence 1052, a codon is randomly

picked in step 1060 from the selection of optimized codons for the amino acid. The randomly
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selected codon is used to generate a new synthetic gene sequence in step 1070. Each time a
codon is used in the synthetic gene sequence it is eliminated in step 1062 from the selection of
optimized codons for the amino acid in the synthetic gene codon preference table 1054. The
synthetic gene sequence is validated by comparison of its translated amino acid sequence with
the input amino acid sequence in step 1080. If the sequences are identical 1082, the randomized
and optimized synthetic gene sequence is reported in step 1090. If the sequences are not
identical, the errors in the synthetic gene sequence are reported in step 1084. In one embodiment,
the user has the option to accept a substitution of a similar amino acid. In another embodiment,
the errors are analyzed for implementation in correcting subsequent randomization routines.
[0198] 2. Restriction site prediction -- In one embodiment, a restriction enzyme prediction
routine is.performed at this stage. The restriction site prediction routine predicts all restriction
sites in a nucleotide sequence for all possible valid codon combinations for the corresponding
amino acid sequence. The program automatically identifies unique restriction sites along a DNA
sequence at user-specified positions or intervals. This routine is used in the initial design of the
modules and/or synthons and optionally in checking errors in the predicted sequences.

[0199]  Following execution of these routines the user indicates acceptance of the output
according to one embodiment. If the list of restriction sites generated are accepted by the user,
the process is transferred to the GeMS codon-optimization routine. If the result is not acceptable
to the user, the sub-routine is repeated while allowing the user to modify the parameters
manually. The process is repeated until a signal indicating acceptance is received from the user.
After the user accepts the restriction sites, the sequence is transferred to the next routine in the
GeMS module to perform the subsequent procedures.

[0200] 3. Removal of Restriction Sites -- Restriction sites that are selected in steps 932 or
938 of the GeMS program (see Figure 9) are cleared from the codon optimized gene sequence as
shown schematically in Figure 11.

[0201] A sub-routine of the present process removes selected restriction sites that are
specified and input 1100 with the randomized-optimized gene sequence. The sub-routine
identifies the pre-selected restriction sites in the codon-optimized gene sequence and identifies
their positions in step 1110. At each given position the open reading frames comprising the
recognition site are examined for the ability to alter the sequence and remove the restriction site

without altering the amino acid encoded by the affected codon at the restriction site in step 1120.
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If the reading frame is open, the first codon of the recognition site is replaced with a codon
encoding the same or a similar amino acid in a manner that removes the restriction site sequence.
If however, the first codon is unsuitable for replacement, the sub-routine shifts to the next
available codon and continues until the restriction site is removed. Since a restriction site may
encompass up to 6 nucleotides, removal of a site may involve analysis of up to three amino acid
codons. Removal of restriction sites is performed in a manner which retains the identity of the
encoded amino acid in step 1130. The sub-routine generates a randomized-optimized gene
sequence from which selected restriction sites have been removed without altering the amino
acid sequence 1140.

4. Insertion of Restriction Sites -- The next sub-routine performed by the process introduces
restriction sites. This step substitutes nucleotide bases at selected positions to generate the
recognition sites of selected restriction enzymes without altering the amino acid sequence as
shown in the schematic of Figure 12. In this sub-routine a randomized-optimized gene sequence
from which: selected restriction sites have been removed is input along with selected restriction
sites and their positions for insertion into the sequence in step 1210. The selected insertion
positions are identified in the sequence and nucleotide(s) are substituted to generate in step 1220
the selected restriction site at the selected position. In one embodiment, only the sequence of an
overhang created by a restriction site is inserted instead of a restriction site. When a such
sequence is present in the synthon, it can be cleaved remotely by a Type IIS restriction enzyme
and the overhang thus generated is available for ligation with a DNA fragment which has been -
cleaved with a Type II restriction enzyme to generate the complementary overhang. The
substituted sequence is translated and the resulting amino acid sequence is compared in step
1230 with the sequence of the reference amino acid (see 1052 in Figure 10B). The substituted
sequence is translated and the resulting amino acid sequence is compared in step 1230 with the
sequence of the reference amino acid (see 1052 in Figure 10B), comparing the sequences for
identity of the amino acid sequences. If in step 1240, the amino acid specificity of a codon
overlapping the substituted sequence is found to be changed, the codon table may be reexamined
in step 1240A for codons compatible with both the amino acid sequence and the substituted
sequence, and compatible with the desired pattern of restriction sites and sequence motifs or
other'pattems. If any compatible codons are found, one is chosen from the list of such codons

according to user preference (for example, by use of relative probabilities in a codon table), and
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inserted as replacement for the undesired codon; the program returns to step 1240. If the amino
acid sequence is altered, and not repairable by the procedure described in step 12404, the
program proceeds to step 1242. The user in step 1242 has the option of rejecting the output in
step 1244 and repeating the process of nucleotide substitutions at the selected position. In one
embodiment the user replaces in step 1246 an amino acid with a similar amino acid and manually
accepts the output. The sequence generated following introduction of the restriction sites is then
checked for translational errors in step 1250. A randomized-optimized synthetic gene sequence
with selected restriction sites removed and other selected restriction sites inserted is provided in
step 1260. As noted above, sequence motifs other than restriction sites can be “inserted” or
“removed” (i.e., the oligonucleotides, synthons and genes can be designed to include or omit the
sequence motifs from particular locations). For example, regions of sequence identity are useful
for construction of multisynthons (see, e.g., Exemplary Construction Method 2 in Section 6.4.3,
below) and can be included at specified locations of synthetic genes).

[0202] 5. Generation of Oligonucleotides to Comprise Synthetic Genes or Synthons -- The
input to GeMS has each of the restriction sites tagged as either a domain edge or synthon edge
along with their positions. Based on these criteria, this step 1320 (see Figure 13) of the program
pipeline divides the entire gene sequence into a number of synthons in one embodiment. In
another embodiment, a preferred synthon size is input. Overlapping oligonucleotide sequences
are generated in step 1320 to comprise the synthon coding region as well as the synthon flanking
sequences.

[0203] The generation of oligonucleotides for a synthetic gene is shown in the schematic of
Figure 13. A synthetic gene sequence 1312 is input along with parameters in step 1310
specifying lengths of oligonucleotides and the extent of overlap between adjacent
oligonucleotides. The synthetic gene sequence is divided in step 1320 into a plurality of
oligonucleotide sequences of specified length with overlaps allowing a selected number of-bases
to pair with adjacent strands. Each oligonucleotide is aligned with the synthetic gene sequence
1312 and the extent of alignment is determined in step 1330. The extent of alignment (match
score) is compared in step 1332 to a predetermined sequence specificity cutoff value for
acceptable degree of alignment. A decision is made based on the match of the sequences in step
1340. If the match score is less than the specificity cutoff value the invalid oligonucleotide is

identified and the errors are identified in step 1342. The output may be discarded or adjusted
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manually. In one embodiment, the lengths of the oligonucleotides are increased or decreased to
adjust the overall extent of alignment of the oligonucleotide. If the match score exceeds the
specificity cutoff, a list of validated oligonucleotides are generated.

[0204] In one embodiment, the synthetic gene is a synthon. Oligonucleotides comprising a
synthon include oligonucleotides specific for the synthon coding region as well as the synthon
flanking sequences. Each synthon is comprised of oligonucleotides designed as a set of
oligonucleotides each having overlaps of complementary sequences with its two adjacent
oligonucleotides on either side. The selection of the length of oligonucleotides take into account
several factors including, the efficiency and accuracy of synthesis of oligonucleotides of specific
lengths, the efficiency of priming during assembly PCR, annealing temperatures and
translational efficiency. In a preferred embodiment, a 40-mer size of each oligonucleotide is
selected with an overlap of about 20 nucleotides with adjacent oligonucleotides. Each
oligonucleotide is designed as two approximately equal halves (in this instance, two 20-mer
sections), wherein each half must meet the criteria for interactions (e.g., annealing, priming) with
the two adjacent oligonucleotides that overlap with either half. the selection of a 40-mer
sequence further reflects the accuracy of chemical synthesis of oligonucleotides of that length.
[0205] While the present invention relates to assembly of the overlapping oligonucleotides
by a PCR reaction, it is contemplated that the oligonucleotides may be assembled enzymatically
by a combination of DNA ligase and DNA polymerase enzymes. In such an embodiment, longer:
oligonucleotides may be used with shorter overlaps. It is contemplated that the overlaps may
leave gaps of 5, 10, 15, 20 or more nucleotides between the regions of an oligonucleotide that are
complementary to its two adjacent oligonucleotides. Such gaps can be repaired by a DNA
polymerase enzyme and the synthon comprised by the oligonucleotides can then be assembled -
by a DNA ligase mediated reaction.

[0206] 6. Oligonucleotide Design Criteria: The design of suitable oligonucleotide sets are
based on a number of criteria. Two criteria used in the design are annealing temperature and
primer specificity.

[0207] 6A. Optimum Annealing Temperature: User-defined ranges for annealing temperature
(preferably 60 — 65°C) and oligonucleotide overlap length are input. To increase temperature,
the size of the oligonucleotide overlap length is increased and vice-versa. The GeMS program

designs the oligonucleotides within specified annealing temperature boundaries. The criterion is .
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an uniform (preferably, narrow range of) annealing temperature for the entire set of
oligonucleotides that are to be assembled by a single PCR reaction. Annealing temperature is
measured using the nearest neighbor model described by Breslauer (Breslauer et al., 1986
"Predicting DNA Duplex Stability from the Base Sequence." Proceedings of the National
Academy of Sciences USA 83:3746-3750.) and Baldino (Baldino, 1989, "High Resolution In Situ
Hybridization Histochemistry" in Methods in Enzymology, (P.M. Conn, ed.), 168:761-777,
Academic Press, San Diego, California, USA.). An additional method for narrowing the melting
temperature range of designed oligonucleotide duplexes, by automatically adding or removing
bases from oligonucleotide components, is also implemented.

[0208] 6B. Primer Specificity: - Each of the overlapping oligonucleotide sequences generated
for each synthon (or synthetic gene) is subjected to primer specificity tests against the entire
synthon. In order to ensure optimal priming, each of the oligonucleotide sequences in a synthon
are tested by alignment against the entire synthon sequence. Alignment is determined by
comparing the numbers of matches and mismatches between the oligonucleotide sequence and
the sequence of the synthon. Oligonucleotides that align with a degree of alignment higher than a
predetermined value are selected for synthesis. In one embodiment, this is performed by aligning
the oligonucleotide sequence against the synthon sequence starting at position 1 and sliding it
across the length of the synthon sequence one base at a time.

102091  In one embodiment, an oligonucleotide sequence is determined to be unsuitable for
use according to the following series of steps:

[0210} Step I: align the last three (3) bases of both the oligonucleotide sequence and synthon
reference sequence such that they are identical;

[0211]  Step 2: count the number of matches and mismatches in the aligned sequences with
matches being identical bases in both sequences at the same position;

[0212]) Step 3: calculate the ratio of matches to the total number of bases forming the overlap
or alignment.

[0213] If the ratio is greater than a user-defined threshold value of 0.7 (or 70%) the
oligonucleotide is suitable for synthesis. In one embodiment, oligonucleotides whose threshold
value fall lower than the user-defined value can be subjected to manual modification of its

sequence to increase the extent of alignment and meet the threshold requirement.
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[0214] 7. Oligonucleotide Quality Testing: The software checks for any undesired degree of
aberrant priming among the oligonucleotides of each synthon. If present, it repetitively redesigns
synthons in which this occurs until the design is improved. In difficult cases, it reports the results
and prompts user to manually repair the errors.

[0215] 8. Input Validation Routines: One or more user input validation routines can be
implemented to run independently in parallel with the synthon design routines. These perform
validation checks on instructions input by the user. These routines validate instructions typically
input by a user during a step of the GeMS process and include validation of restriction site
positions based on the site prediction algorithm, frame shifts and synthon boundaries.
Identification of errors at the input stage prevents the user from providing any input that results
in a faulty design.

[0216] 9. Output Validation Routine -- A program output validation routine can be used to
reduce the time to validate the designed synthons. This allows the end-to-end design process to
operate in a high-throughput manner. This program reassembles the designed synthons while
maintaining the correct order and recreates a synthetic gene. The new synthetic gene is then
translated to its amino acid sequence and compared with the original input protein sequence for
possible errors. The restriction site pattern fof the assembled sequence is verified as being the
one desired. The restriction site pattern for each designed synthon (including the synthon-
specific primers) is verified as well. Other quality tests can be preformed, including tests for
undesired mRNA secondary structure and undesired ribosome start sites.

[0217]  10. User Interface. An optional web-based software implementation provides a
graphical interface which minimizes the number of steps needed to complete a design. Where
applicable the user is provided on-screen links to web sites and/or databases of gene sequences,
gene functions, restriction sites, efc. that aid in the design process.

[0218]  This concludes the pipeline and outputs a list of suitable oligonucleotides for each

synthon of the synthetic gene.

5.3 SOFTWARE IMPLEMENTATION
[0219]  In one embodiment, the GeMS software is implemented to execute within a web-
browser application making it a platform-neutral system. Its design is based on the client-server

model and implemented using the Common Gateway Interface (CGI) standard.
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[0220]  All CGI scripts and the application programming interface (API) for GeMS was
implemented in Python version 2.2. Development, testing and hosting of the application was
performed on a 1.0 GHz Intel Pentium III based processor server running RedHat Linux version
7.3. The web interface runs on the Apache HTTP Server version 2.0.

[0221] The annealing temperature module in the GeMS API utilizes the EMBOSS software
analysis package (Rice, P. Longden, I. and Bleasby, A., 2000, "EMBOSS: The European
Molecular Biology Open Software Suite" Trends in Genetics 16:276-77) and implements the
nearest neighbor model described by Breslauer (Breslauer et al., 1986, Proc. Nat'l Acad. Sci.
US4 83:3746-50) and Baldino (Baldino Jr., 1989, In Methods in Enzymology 168:761-77).
[0222] Publicly available software such as DNA Builder (Bu ef al., “DNA Builder: A
Program to Design Oligonucleotides for the PCR Assembly of DNA Fragments.” Center for
Biomedical Inventions, University of Texas Southwestern Medical Center), DNAWorks (David
M. Hoover and Jacek Lubkowski, 2002. “DNAWorks: an automated method for designing
oligonucleotides for PCR-based gene synthesis.” Nucleic Acids Research 30, No. 10, e43), and
CODOP (Withers-Martinez et al., 1999. “PCR-based gene synthesis as an efficient approach for
expression of the A+T-rich malaria genome.” Protein Eng 12: 1113-20) can be configured by the
skilled practitioner to accomplish some (but not all), of the tasks used by GeMS for automated
design of polyketide modules.

[0223] In one aspect, the invention provides a computer readable medium having computer
executable instructions for performing a step or method useful for design of synthetic genes as

described herein.

6. MULTIMODULE CONSTRUCTS AND LIBRARIES

6.1 INTRODUCTION
[0224] Synthetic genes designed and/or produced according to the methods disclosed herein
can be expressed (e.g., after linkage to a promoter and/or other regulatory elements). In one
aspect of the invention, a synthetic gene is linked in a single open reading frame with another
synthetic gene(s) to encode a “fusion polypeptide.” It will be recognized that the DNA encoding
the fusion polypeptide is itself a synthetic gene (generated from the linkage of smaller genes). In
a related aspect, multiple different open reading frames can be co-expressed (or their protein

products combined in vitro) to form multiprotein complexes. This is analogous to naturally
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occurring polyketide synthases, which are complexes of several polypeptides, each containing
two or more modules and/or accessory units.
[0225] Thus, in the context of production of polyketides, the present invention contemplates

(A) producing synthetic genes that encode polypeptides comprising combinations of
PKS modules and/or accessory units;

(B) expressing two or more different polypeptides of (A) which associate with each
other to form a multipolypeptide complex.
[0226] Methods for producing polypeptide-encoding synthetic genes comprising
‘combinations of PKS modules and/or accessory units include by designing and stitching together
synthons that together encode a gene encoding the combination, using methods discussed-above,
(e.g., in Section 4). Alternatively, two or more synthetic genes that can encode different portions
of the single polypeptide may be joined by conventional recombinant techniques (including
ligation independent methods and linker-mediated methods, and other methods) using sites or
sequence motifs located (e.g., engineered) at particular locations in the gene sequences (e.g., in
regions encoding termini of modules, domains, accessory units, and the like). One important
new benefit of the design and synthetic methods of the present invention is the ability to control
gene sequences to facilitate the cloning of modules, domains, etc. A particularly useful
ramification of these methods is the ability to make multiple large libraries of genes encoding
structurally or functionally similar units (for example modules, accessory units, linkers, other
functional polypeptide sequences), in which restriction sites or other sequence motifs are located
an analogous positions of all members of the library. For example, a PKS module gene can be
synthesized with unique restriction sites at the termini (e.g., Xba I and Spe I sites) facilitating
cloning into the same sites in a vector.
[0227] In a related aspect, the invention provides multiple large libraries genes encoding
polypeptides comprising regions (linkers) that allow the polypeptides to associate with other
polypeptides encoded by members of the library or by members other libraries.
[0228] In a related aspect, the invention provides, for example, vectors and vector sets that
can be used for manipulation, expression and analysis of numerous different polypeptide
segment-encoding genes. For example, the invention provides useful vectors (referred to as ORF

vectors) that facilitate preparation of libraries of genes encoding multimodule constructs.
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[0229]  The following sections describe exemplary methods for making and using vectors and
vector libraries comprising ORFs encoding PKS modules and accessory units. Section 6.2,
below describes how libraries can be used to analyse interactions between modules and other
polypeptide units. This section is intended to illustrate how libraries can be used, and make the
description of library construction more clear. Section 6.3 discusses module and linker

combinations. Section 6.4 describes certain ORF vectors and methods for constructing them.

6.2. EXEMPLARY USES OF ORF VECTOR LIBRARIES
[0230]  In one aspect, the invention provides methods for expression of PKS module-
encoding genes in combinations not found in nature. Such novel module architecture enables
production of novel polyketides, more efficient production of known polyketides, and further
understanding of the “rules” governing interactions of PKS modules, domains and linkers.
Combinations of “heterologous” modules (i.e. modules that do not naturally interact) may not be
productive or efficient. For example, at a heterologous module interface, the product of the first
module may not be the natural substrate for the second or subsequent modules and the accepting
- module(s) may not accept the foreign substrate efficiently. In addition, inter-module transfer of
- the polyketide chain (from the ACP thiol ester of one module to the KS thiol ester of the next)
may not occur efficiently. See U.S. Patent Publication No. US20030068676A1: Methods to
mediate polyketide synthase module effectiveness. The present invention provides methods for
vectors, libraries, and methods for evaluating the ability of modules, domains, linker and other
polypeptide segments to function productively.
[0231] . In one aspect of the invention, libraries of vectors are prepared in which different
members of the library comprise different extension modules. In one aspect of the invention,
libraries of vectors are prepared in which the members of the library comprise the same
extension module(s) but comprise different accessory units (e.g., different loading modules
and/or different linker domains and/or different thioesterase domains). Thus, the invention
provides methods for synthesizing an expression library of PKS module-encoding genes by:
making a plurality of different synthetic PKS module-encoding genes (e.g., as described herein)
and cloning each gene into an expression vector. In one embodiment, the library includes at least

about 50 or at least about 100 different module-encoding genes. In one aspect of the invention,
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such libraries are used in pairs to identify productive interactions between pairs or combinations
of PXS modules.
[0232]  For illustration, one application of libraries of the present technology can be
illustrated by describing two (of many possible) ORF vector libraries. The skilled practitioner,
guided by this disclosure, will recognize a variety of comparable or analogous libraries that can
be made and used. A first ORF library comprises vectors comprising an open reading frame
encoding a loading domain (LD), a PKS module (Mod), and a left linker (LL) and where
different members of the library encode the same LD and LL, but different modules, i.e.:
[LD-Mod-LL], [Exemplary Library I]
where n is usually > 20. A second ORF library comprises vectors comprising an open reading
frame encoding a right linker (RL), a module (Mod), and a thioesterase domain (TE), where
different members of the library encode different modules, i.e.:
[RL-Mod-TE], [Exemplary Library II]
10233} The terms “right linker” (RL) and “left linker” (LL) refer to interpolypeptide linkers
that allow two polypeptides to associate. For construction of polyketide synthases which contain
more than one polypeptide, the appropriate sequence of transfers can be accomplished by
matching the appropriate C-terminal amino acid sequence of the donating module with the
appropriate N-terminal amino acid sequence of the interpolypeptide linker of the accepting
module. This can be done, for example, by selecting such pairs as they occur in native PKS. For
example, two arbitrarily selected modules could be coupled using the C-terminal portion of
module 4 of DEBS and the N-terminal of portion of the linking sequence for module 5 of DEBS.
Alternatively, novel combinations of linkers or artificial linkers can be used.
[0234] In one embodiment, for illustration, each of the two libraries shown contains four
members, each member containing a gene encoding a different module, i.e., module A, B, C or
D (“ModA,” “ModB,” “ModC,” “ModD”). Using a library of the 8 exemplary vectors shown
below, all possible combinations of Modules A, B, C and D (“ModA,” “ModB,” “ModC,”

“ModD”) can be tested for functionality after transfer to appropriate expression vectors.
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LD-ModA-LL RL-ModA-TE
LD-ModB-LL RIL-ModB-TE
LD-ModC-LL RL-ModC-TE
LD-ModD-LL RL-ModD-TE

[0235] To test for functionality of combinations of modules (e.g., pairwise combinations)
from Library I and Library II can be co-transfected into a suitable host (e.g., E. coli engineered
to support PKS post-translational modification and substrate Co-A thioester production) and
product triketides may be analyzed by appropriate methods, such as TLC, HPLC, LC-MS, GC-
MS, or biological activity. Alternatively the library members may be expressed individually and
Library I - Library Il combinations can be made in vitro. Affinity and/or labelling tags may be
affixed to one or both termini of the module constructs to facilitate protein isolation and testing
for activity and physical interaction of the module combinations.

[0236]°  When productive combinations are identified, the productive pair can be combined
and tested in new pairwise combinations. For example, if LD-ModA-LL + RL-ModD-TE was
productive, the construct LD-ModA-ModD-LL could be synthesized and tested in combination
with members of Library II. Similarly, a third library, containing [LL-Mod-RL], constructs, can
be used. A number of other useful libraries made available by the methods of the present
invention will be apparent to the practitioner guided by this disclosure.

[0237]  Ina complementary strategy, the interactions of accessory units and modules can be
assessed by keeping the module gene constant and varying the accessory units (e.g., using a
library in which different members encode the same extension module(s) but different loading
modules or linkers).

[0238] It will be apparent that gene libraries can be used for uses other than identification of
production protein-protein interactions. For example, members of the ORF libraries described
herein can be used for production, as intermediates for cénstruction of other libraries, and other

uses.
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6.3 MODULE AND LINKER COMBINATIONS
[0239]  This section describes in more detail how module genes can be expressed with native
or heterologous linker sequences. As is described below, useful fusion proteins of the invention
can include a number of elements. Examples include:

construct #  structure

1 LD-Mod1-LL

2 LD-Mod2-LLy

3. RL-Mod3-TE

4 RLy-Mod4-TE

5 RL-Mod5-Mod6-LL

6. LD-Mod7-*- Mod8-LL
where , “LD” refers to a PKS loading module, “TE” refers to a thioesterase domain; “RL" and
“LL” refer to PKS interpolypeptide linkers, subscript “H”y means a “heterologous” linker, “*” -
indicates that a heterologous AKL (ACP-KS Linker, see definitions, Section 1) is present, and
“Mod” refers to various PKS modules. The modules can differ not only with respect to sequence
and domain content, but also with regard to the nature of the interpolypeptide and intermodular
linkers. A general discussion of PKS linkers is provided in Section 1, above, and the references
cited there. Briefly, PKS extension modules in different polypeptides can be linked by
“interpolypeptide” linkers (i.e., RL and L.L) found (or placed) and multiple PKS extension
modules in the same polypeptide can be linked by AKLs.
[0240] Extension modules used in the constructs can correspond to naturally occurring
modules located at the amino terminus of a naturally occurring polypeptide or other than the
amino-terminus, and be placed at the amino terminus of a polypeptide encoded by a synthetic
gene (e.g.,. Mod3) or other than the amino-terminus (e.g., Mod 6).
[0241] It will be apparent to one of ordinary skill in the art that in an ORF comprising a
synthetic gene encoding a module, the module can be joined to a variety of different linkers. For
example, a module corresponding to a naturally occurring module can be associated with a
sequence encoding an interpolypeptide or other intermodular linker sequence associated with the
naturally occurring module, or can be associated with a sequence encoding an interpolypeptide

or other intermodular linker sequence not associated with the naturally occurring module (e.g., a
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heterologous, artificial, or hybrid linker sequence). It will be apparent that depending on the
final construct desired, a synthetic module may or may not include the AKL of the corresponding
naturally occurring module. Conveniently, Spe I and Mfe I sites optionally placed in a synthetic
module-encoding gene or library of genes of the invention can be used to add, remove or swap
AKLs for replacement with different AKLs.

6.4 EXEMPLARY ORF VECTOR CONSTRUCTS

[0242] As noted above, modules may be cloned into “ORF (open reading frame) vectors,”
for construction of complex polypeptides. Although a number of alternative strategies will be
apparent, it is generally convenient to have specialized vectors serve different roles in the
synthesis and expression of synthetic genes. For example, in one embodiment of the invention,
synthon stitching is carried out in one vector set (e.g., assembly vectors), genes encoding ‘
modules and/or accessory units are combined in a different set of vectors (e.g., ORF vectors),
polypeptides are expressed in a third set of vectors (expression vectors). However, a other
strategies will be apparent to the reader guided by this disclosure. For example, ORF vectors of
the invention can be configured to also serve as expression vectors. '

[0243] It is often convenient, when cloning from assembly vectors to ORF vectors to use
assembly vectors that include useful restriction sites flanking the multisynthon of the assembly
vector. Accordingly, useful assembly vectors may contain restriction sites in addition to those -
described in Section 4 positioned on either side of the SIS (and thus on either side of the module
contained in the occupied assembly vectors). Since these flanking restriction sites (“FRSs”) are
usually absent from the sequences synthetic module genes (i.e., “removed” during gene design) it
is generally advantageous to use rare sites (e.g., 8-bp recognition sites).

[0244_] In the descriptions of the methods described below, the following abbreviations are
used for illustration only: 1=Nde I site, 2=Xba I site, 3=Pac I site, 4=Not I site, 5=Spe I site,
6=Eco Rl site, 7 = Bbs I site, 8 =Bsa I site, * = 4 common sequence motif. When considering
the illustrations below it is important to keep in mind that useful vectors are not limited to those
with the specific restriction sites shown. For example, any of the sites shown can be substituted
for by using a different site (able to function in the same manner). For example, any of a large
numbers of sites recognized by Type IIS enzymes can be used for sites 7 and 8; any of a variety

of sites can be used for sites 3 and 4, although rare sites (e.g., with 7 or 8 basepair recognition
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sequences) are preferred. Similarly, any number of sites can be used in place of Xba I and Spe I,
provided that compatible cohesive ends are generated by digestion of the sites (and preferably,
neither site is not regenerated upon ligation of the cohesive ends). Further, although all of these
sites are useful, not all are required for the present methods, as will be apparent to the reader of
ordinary skill. In many embodiments one of more of the sites is omitted. In the discussions
below, a multisynthon transferred from an assembly vector to an ORF vector is sometimes

referred to as, simply, a “module.”

6.4.1 ORF VECTORS COMPRISING AMINO- AND- CARBOXY TERMINAL
ACCESSORY UNITS OR OTHER POLYPEPTIDE SEQUENCES
[0245] To synthesize a multimodule gene construct, an ORF vector having the following

structure can be used for manipulation:

—1=2—3—4—51l [ORF 1A] or

—1=*—8 —3—4—7—{I} [ORF 2A]

where § and HH indicate a nucleotide sequence encoding a structural or functional polypeptide
segment such as a non-PKS polyﬁeptide segment (e.g., NRPS modules) or PKS accessory-unit.
For example, E__—_ can be a gene sequence encoding a loading module or interpolypeptide linker
and [}}l can be a gene séquence encoding a thioesterase domain, other releasing domain,
interpolypeptide linker, and the like. For example, an ORF vector in which the 1-2 fragment
comprises a methionine start codon and a synthetic gene sequence encoding the DEBS loading
domain, the central region comprises a synthetic gene sequence encoding DEBS modules 2 and
3, and the C-terminal region comprises a synthetic gene sequence encoding a DEBS TE domain
would encode a polypeptide comprising the DEBS N-LM-DEBS2-DEBS3-TE-C (all contiguous
synthetic polypeptide-encoding gene sequences described herein are in-frame with each other).
[0246] Coding sequences of accessory units are known (see, e.g., GenBank) and synthetic
accessory unit genes can be made by synthon stitching and other methods described herein.
Exemplary methods for construction of ORF vectors with such N-terminal and C-terminal

regions is described below.
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6.4.2 ORF VECTOR SYNTHESIS
[0247] This section describes “ORF 2” type vectors useful for construction of a gene
libraries of interchangeable elements. Three general types of vectors include
Internal type- . 4-[7-*1-[*-8]-3
Left-edge type- 4-[7-1]-[*-8]-3
Right-edge type- 4-[7-*1-[6-8]-3

The brackets are used to refer to the fact that the required distance from 7 to * is fixed once 7 is
picked; similarly the required distance from * to 8 is fixed once 8 is picked; and the remaining
bracketed pairs [7-1] and [6-8] optionally canhbe chosen to be usefully proximate to each other,
as described below. To use the three vectors the enzymes whose recognition sites are 7 and 8
have mutually compatible overhang products at all locations marked [7-*] or [*-8], preferably
accomplished by having a) equal overhang lengths (which may be zero); b) by having cut sites
creating identical overhangs (if any) at those locations [with the identical sequences within the
module or accessory gene fragment at the overhangs (if any) being labelled *]; and c) the cut
sites are required to be similarly compatible with the open reading frame [so the two occurrences
of * (if any) initiate at the same positions with respect to the frame; or if the enzymes whose
recognition sites are 7 and 8 are blunt cutters, the cut sites must be equivalently placed with
respect to the frame].
[0248] The site labelled 1 becomes the left edge of the construct, and can be chosen to be
a restriction recognition site for an enzyme cutting within its site (e.g., Nde I). Similarly, the site
labelled 6 becomes the right edge of the construct, and can be chosen to be a restriction
recognition site for an enzyme cutting within its site (e.g., Eco RI). This pair of sites can be
usefully chosen to be pairs convenient for moving the final construct into various expression
vectors as desired. The construction method itself does not require either 1 or 6 to be a restriction
enzyme recognition site, but simply a place at which cuts can be created with the following
conditions:

a) the cut at 1 in the assembly (library) vector is compatible with a cut which can be created

at site 1 in the ORF construction vector family during ORF construct creation;
b) the cut at site 6 in the assembly (library) is compatible with a cut which can be created at

site 6 in the ORF construction vector family durihg ORF construct creation;
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c) in each case, after transfer of the library ORF element to the ORF construction vector, the
recognition sites for the Type IIS enzymes chosen for sites 7 & 8 are unique (if present)
in the vector product.

[0249] For example, the Type IIS enzyme for 7 could be used to cut at site 1, creating an
overhang at 1 which could be used for transfer.

Construction of an ORF vector with an initial defined N-terminal region:

[0250] A library vector of left-edge type (with site pattern 4-[7-1]-[*-8]-3) is cut at 1 and
at 3, and the fragment 1-[*-8]-3 is saved; an ORF vector (initially with site pattern 1-3-4-6) is cut
at 1 and 3, and the fragment 3-4-6-1 is joined to the donor fragment 1-[*8]-3 to create a fragment
with pattern 1-[*-8]-3-4-6.

Construction of an ORF vector with an initial defined C-terminal region:

[0251] A library vector of right-edge type (with site pattern 4-[7-*]-[6-8]-3) is cut at 4
and at 6, and the fragment 4-[7-*]-6 is saved; an ORF vector (initially with site pattern 1-3-4-6)

is cut at 4 and 6, and the fragment 6-1-3-4 is joined to the donor fragment 4-[7-*]-6 to create a
fragment with pattern 1-3-4-[7-*1-6. ’

[0252] The construction of a left edge by an equivalent method can be done in the
presence of a previously constructed right edge: In this case, the donor is again a library vector of
left-edge type (with site pattern 4-[7-1]-[*-8]-3); and the acceptor now an ORF vector with site
pattern 1-3-4-[7-*]-6; once again, the donor fragment 1-[*-8]-3 replaces the acceptor fragment 1-
3.

[0253] Similarly, the construction of a right edge by an equivalent method CAn be done in
the presence of a previously constructed left edge. In this case, the donor is again a library vector
of right-edge type (with site pattern 4-[7-*]-[6-8]-3); and the acceptor now an ORF vector with
site pattern 1-[*-8]-3-4-6; once again, the donor fragment 4-[7-*]-6 replaces the acceptor
fragment 4-6. '

[0254] Once either a left or a right edge has been added, that edge can be extended
arbitrarily many times by the standard internal extension procedure without interfering with the
potential for extension at the other edge. At any time aftér a left and right edge have been added,
together with arbitrarily many extensions at the left and/or right by library gene fragments of

internal type, the procedure can be terminated by cleaving the ORF construction vector at [*-8]
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and [7-*], and joining the overhangs (or blunt ends, in the blunt-end type IIS case) created at the
two * sites.

[0255] It will be apparent from the foregoing that Internal type, Left-edge type, and Right-
edge type-constructs can also be made in “ORF 17 type vectors described in the next section,
using modifications of the method above that account for the differences in the restriction sites in

the ORF1 and ORF?2 vectors.

6.4.3 EXEMPLARY ORF VECTOR CONSTRUCTION METHODS
[0256] This section described three exemplary methods for constructing multimodule genes.
The examples given show construction in ORF vectors such as those described above, but it will
be apparent to the practitioner that many variations of each approach are possible and that the
cloning strategies shown can be used in other contexts. For simplicity, the methods below are
shown without the presence of sequences encoding the amino and carboxy-terminal regions (e.g.,
accessory units) discussed above in Section 6.4.3. However, the possible inclusion of such

regions will be apparent to the reader.

Exemplary Construction Method 1

[0257] In this exemplary method, assembly vectors are used in which a unique Not I site (4)
and a unique Eco R1 site (6) flank the synthon insertion site. Accordingly, the module genes,
each of which is designed so that (a) the module gene contains no Not I or Eco RI sites. In
addition, it is assumed for this example that each module gene in the library is designed with
unique Spe I (5) site at the 5°/amino-terminal edge of the module and a unique Xba I site (2) at
. the 3’/carboxyterminal edge of the module (see Figure 6). The structure of the module-
containing assembly vector can be described as:

4—5—module—2t—6
where “module” refers to a module gene and the boxed region indicates the module boundary
(i.e., in this example, sites 5 and 2 are within the module gene). A library of such module-

containing assembly vectors (containing different modules A, B, C, . ... ) can be described as:

—4—5—moduleA—2—6—
—4—J5—moduleB—2—6—
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—4—5—moduleC—2—6—

ele.

A module-containing assémbly vector in a library can be called an “assembly vector” or a

“library vector.”

[0258] To synthesize a multimodule gene construct, an ORF (“open reading frame™) vector

is used for manipulation. In this example, the ORF vector can have the following structure:
—1—2—3—4—5—6— [ORF 1]

The Nde I site (1), which contains a methionine start codon is convenient because, as will be

seen, it can be used to delimit the amino terminus of the open reading frame; however, it is not

required in all embodiments (for example, the methionine start codon can be designed in the

module rather than provided by the ORF vector). The Pac I site (3) in this construct is useful for

restriction analysis but also is not required. (The absence of the Pac I site in the final ORF

construct indicates that the region delimited by 3-4 has been successfully removed during the

production process; see below.)

[0259] To insert a first module gene (e.g., a module A gene) into the ORF vector, the ORF

vector is digested with Not I (4) and Spe I (5), the library vector is digested with Not I (4) and

Xba I(2), and the 4-2 fragment of the library vector is cloned into the ORF vector, producing:
—1—2—3 —4—5—moduleA—2/5—6—

[0260]°  Restriction sites 2 and 5 have compatible cohesive ends that when ligated destroy

both sites (2/5). To insert a second module, the process is repeated; the ORF vector containing
module A is digested with Not I (4) and Spe I (5), and the 4-2 fragment of a second library
vector is cloned into the ORF vector, producing:

—1—2—3—4—5—moduleB—2/5—moduleA—2/5—6—

Additional modules, accessory units, or other sequences can be added in a similar manner.

Exemplary Construction Method 2

[0261] In a second exemplary method, Type IIS restriction enzymes are used (as
described above in Section 4). In this case, the structure of the module gene-containing

assembly vectors in the library can be described as:
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—4—7 8—
for example,
—4—7 8—
—4—7—}"-moduleB-¥—8—
—4—7 8—
where 7 and 8 are recognition sites for Type IIS enzymes which can form a cohesive and
compatible ends (e.g., having the same length and orientation overhang) and * is a common
sequence motif as described below. For the sake of clarity, in the discussion below 7 will be Bbs
I and 8 will be Bsa I. In this case, the modules are designed so that (2) the module gene contains
no Bbs I (7) sites or Bsa I (8) sites as well as being free of Not I (4) sites.
[0262] The generation of cohesive and compatible ends by action of the Type IIS enzymes 7
and 8 requires that a common sequence motif be present at each end of a module and the Type
IS reco gnition sites be positioned to produce overhangs having the sequence of the common
sequence motif. In one embodiment, restriction sites for Xba I and Spe I, positioned at different
ends of the module (e.g., as in Figure 6) are used for convenience. In this embodiment, the
common sequence motifis 5’-C T A G-3’, the central region of both the XbaI(5"-T"CTA G
A-3/3'-AGATC"T-5") and Spe Isites (S-ANCTAGT-3/3-TGAT C"A—S ). Cleavage
by Bbs I and Bsa I produces compatible cohesive ends (5> NN NN C T A G-3°). Tmportantly,
-it will be recognized that the common sequence motif need not be a restriction site (or any
particular restriction site) and any number of motifs can be used. It will also be recognized that
the introduction of the common sequence motif into the module sequence should not disrupt the
function (e.g., biological activity) of the polypeptides encoded by the library. As discussed
elsewhere herein, introduction of the Spe I and Xba I sites is expected to fulfill this requirement;
an alternative would be, for example, motifs encoding (in combination with the surrounding gene
sequence) Ala-Ala.
[0263] To synthesize a multimodule construct, an ORF vector with the following structure
can be used:

—1—*—-8 —3—4—7-—*6—  [ORF2]
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[0264]  To insert a first module (e.g., module A) into the ORF vector, the ORF vector is
digested with Not I (4) and Bbs I (7), and the library vector is digested with Not I (4) and Bsa I
(8). The module containing fragment (with a Not I cohesive end and a second cohesive end

compatible with Spe I) is cloned into the ORF vector, producing:

—1—*_—8 —3—4— 7—*—moduleA—* —6—

[0265]  To insert a second module, the assembly vector is digested as for the first module
(resulting in e.g., —4—7—f*-moduleB-*) and the ORF vector containing module A is digested
with Not I (4) and Bbs I (7), producing

—1—*—8 —3—4—7—{*-moduleB-*-moduleA-* —6—

This construct can be cut with both Bbs I (7) and Bsa I (8) to produce:
—1—-moduleB-*-moduleA-* —6—

Exemplary Construction Method 3

[0266] In this exemplary method, assembly vectors in which a unique Not I site (4) and a
unique Pac I site (3) flank the synthon insertion site are used to make a library of PKS module
genes, each of which is designed so that (a) the module gene contains no Not I or Pac I sites.
Further, the module gene has a unique Spe I (5) site at the 5’-edge of the module gene and an
XbaIsite (2) at the 3’-edge of the module gene.

[0267] The étructure of the module gene-containing assembly vectors in the library can be

described as:

4—5—module—2}—3— 11

A library of such assembly vectors can be described as:
—4—5—moduleA—2}—3—
—4—5—moduleB—2}3—
—4—5—moduleC—2—3—

etc.
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Using Exemplary Method 3, module genes can be assembled bidirectionally in a vector. For
example, to generate a vector containing genes for modules A-B-C-D-E, the module genes could
be individually added to the vector in the order A, B, C, D, E; E, D, C, B, A; C, B, D, E, A; etc.
[0268]  Using an ORF vector having the sites

—1—2—3—4—5-6— [ORF 1]
the first module gene (A) can be introduced by cutting with Not I (4) and Xba I (2) in the
module, and digesting the ORF vector with Not I (4) and Spe I (5) resulting in

—1—2—3—4—5—moduleA—2/5—6— [III]

or cutting with Spe I (5) and Pac I (3) in the assembly vector and Xba I (2) and Pac I (3) in the
OREF vector to obtain the resulting construct

—1—_2/5—moduleA—2}-3—4—5—6— [Iv]

To add a second module gene, the module B gene, to the left of tile module A gene in construct
III, the assembly vector containing module B is digested with Spe I (5) and Pac I (3), and the
ORF vector containing the module A gene is digested with Xba I (2) and Pac I (3), resulting in

—1—p/5—moduleB—2}—3—4—5—moduleA—2/5|—6— V]

Additional modules can then be added to construct (V), either next to the module B gene or

module A gene. For example, the constructs

—1—p/5—moduleB—2/5—moduleC—2—3—4—5—moduleD—2/5—moduleA—2/3—6— [VI]
or

—1—/5—moduleB—2/5—moduleD—2}—3—4—5_—moduleC—2/5—moduleA—2/3—6— [VII]
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can be made. Constructs (V) — (VIII) can be digested with Spe I (5) and Xba I (2) to remove the
2-5 fragment, producing a gene encoding a polypeptide containing contiguous modules in a
single open-reading frame.

[0269]  The module-containing open reading frames made using these methods can be
excised from the ORF vector and inserted into an expression vector. For example, in the
example shown above, the open reading frame can be excised using the Nde I (1) and Eco RI (6)
sites.

[0270] It will be appreciated that the examples shown above a.re merely to illustrate the
ability to use libraries of assembly modules for production of multimodule constructs. It will be
recognized that a variety of other combinations of restriction sites, enzymes, common sequence
motifs and cleavage sites can be used to accomplish the results illustrated in the preceding
paragraphs. For example, a library (or toolbox) can contain incomplete ORFs comprising
various combinations of four modules plus accessory units (for example, constructs such as [VI]
and [VII] above

—-1—P/5—moduleB—2/5—moduleC—2}—3—4—{5—moduleD—2/5—moduleA—2/5|—6— [VI]

or .
—1—P/5—moduleB—2/5—moduleD—2}—3—4—5—moduleC—2/5—moduleA—2/5—6—  [VII])

Such libraries could contain, for example, combinations of modules known or believed likely to
be productive. Using such a library, the activity of a PKS or NRPS module, or other polypeptide
segment, can be tested in a variety of environments. It will be clear from the discussion above

that a number of useful libraries are made possible by the methods disclosed herein.

7. MULTIMODULE DESIGN BASED ON NATURALLY OCCURRING
COMBINATIONS

[0271]  An alternative, or complementary, strategy for design of synthetic genes encoding
polyketide synthases is based on that described in Khosla et al., WO 01/92991 (“Design of
Polyketide Synthase Genes™) in which the starting point is a desired polyketide (e.g., a naturally
occurring polyketide or a novel analog of a naturally occurring polyketide). In one strategy, the

structure of a desired polyketide is assigned a polyketide code (string) by converting the

71



WO 2004/029220 PCT/US2003/030940
polyketide into a “sawtooth” format (i.e., it is linearized and any post-synthetic modifications are
removed) and assigning a one-letter code corresponding to each of the possible 2-carbon ketide
units found in polyketides to create a string that describes the polyketide. The ketide units of
desired polyketide are converted to a module code by determining possible modules that could
produce the polyketide. The module code is then aligned with those corresponding to known
polyketide synthases (preferably by computer implemented scanning of a database of such
structures) to identify combinations of modules that function in nature.

[0272]  In one embodiment of the present invention, potential sources of module sequences
are selected based on the alignment of conceptual modules that could produce the desired
polyketide with known PKS modules. Alignments can be ranked by, for example, minimizing
non-native inter-module and/or inter-protein interfaces. For example, to synthesize a gene with
the structure LD-A-B-C-D-E-F, where LD is a loading domain, and A-E are PKS modules, the
alignment might produce in the output shown in Table 6.

TABLE 6
HYPOTHETICAL ALIGNMENT OF PKS MODULES
Target LD A B C D
PKS 1 LD A C D A
PKS 2 D A B C
PKS 3 B C
PKS 4 D
PKS 5 D E D
[0273]  In this example several sources are identified for each of the following module

sequences: LD A, B-C, D-E-F. The junctions A-B and C-D are connected to form a functional
PKS. Some module sequences may serve the purpose better than others. For example, sequences
#2 and #3 may both serve as sources of B-C; however, in sequence #2 the native substrate of B is

the product of A, and may therefore be more likely to be productive.
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8. DOMAIN SUBSTITUTION

[0274]) In some embodiments, the invention provides libraries of synthetic module genes that
contain useful restriction sites at the boundaries of functional domains (see, e.g., Figure 4).
Because these sites are common to the entire library, “domain swaps” can be easily
accomplished. For example, in module genes having a unique Pst I site at the C-terminus of the
KS domain and a unique Kpn I at the C-terminus of the AT domain (see, e.g., Figure 4), the AT
domains of these modules can be removed and replaced by different AT domain encoding genes
bounded by these sites can be exchanged.

[0275] For example, using the methods of the invention, a library of 150 synthetic module

- genes, each corresponding to a different naturally occurring module gene, can be synthesized, in
which each synthetic gene has a unique Spe I restriction site at the 5’ end of the gene, an Xba I
site at the 3’ end of the gene, a Kpn I site at the 3° boundary of each KS domain encoding region,
and a Pst I site at the 3’ boundary of each AT domain. Any of the 150 modules could then be
cloned into a common vector, or set of vectors, for analysis, manipulation and expression and, in
addition, the presence of common restriction sites allows exchange or substitution of domains or
combinations of domains. For example, in the example above, the Kpn I and Pst I sites could be

used to exchange domains in any modules having a KS domain followed by an AT domain.

9. EXEMPLARY PRODUCTS

9.1 SYNTHETIC PKS MODULE GENES
[0276] In one aspect, the invention provides a synthetic gene encoding a polypeptide
segment that corresponds to a reference polypeptide segment, where the coding sequencé of the
synthetic gene is different from that of a naturally occurring gene encoding the reference
polypeptide segment. For example, in one embodiment, the invention provides a synthetic gene
encoding a PKS domain that corresponds to a domain of a naturally occurring PKS, where the
coding sequence of the synthetic gene is different from that of the gene encoding the naturally
occurring PKS. Exemplary domains include AT, ACP, KS, KR, DH, ER, MT, and TE. Ina
related embodiment, the invention provides a synthetic gene encoding at least a portion of a PKS
module that corresponds to a portion of 2 PKS module of a naturally occurring PKS, where the
coding sequence of the synthetic gene is different from that of the gene encoding the naturally

occurring PKS, and where the portion of a PKS module includes at least two, sometimes at least
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three, and sometimes at least four PKS domains. In a related embodiment, the invention
provides a synthetic gene encoding a PKS module that corresponds to a PKS module of a
naturally occurring PKS, where the coding sequence of the synthetic gene is different from that
of the gene encoding the naturally occurring PKS. In one embodiment, the polypeptide segment
encoded by the synthetic gene corresponds to at least about 20, at least about 30, at least about 50
or at least about 100 contiguous amino acid residues encoded by the naturally occurring gene
[0277]  Differences between the synthetic coding sequence and the naturally occurring coding
sequence can include (a) the nucleotide sequence of the synthetic gene is less than about 90%
identical to that of the naturally occurring gene, sometimes less than about 85% identical, and
sometimes less than about 80% identical; and/or (b) the nucleotide sequence of the synthetic
gene comprises at least one unique restriction site that is not present or is not unique in the
polypeptide segment-encoding sequence of the naturally occurring gene; and/or (c) the codon
usage distribution in the synthetic gene is substantially different from that of the naturally
occurring gene (e.g., for each amino acid that is identical in the polypeptide encoded by the
synthetic and naturally occurring genes, the same codon is used less than about 90% of the
instances, sometimes less than 80%, sometimes less than 70%); and/or (d) the GC content of the
synthetic gene is substantially different from that of the naturally occurring gene (e.g., %GC
differs by more than about 5%, usually more than about 10%)).

[0278]  In the above-described approaches, the amino acid sequences of individual domains,
linkers, combinations of domains, and entire modules can be based on (i.e., “correspond to™) the
sequences of known (e.g., naturally occurring) domains, combinations of domains, and modules.
As used herein, a first amino acid sequence (e.g., encoding at least one, at least two, at least
three, at least four, at least five or at least six PKS domains selected from AT, ACP, KS, KR,
DH, and ER) corresponds to a second amino acid sequence when the sequences are substantially
the same. In various embodiments of the invention, the naturally occurring domains, linkers,
combinations of domains, and modules are from one of erythromycin PKS, megalomicin PKS,
oleandomycin PKS, pikromycin PKS, niddamycin PKS, spiramycin PKS, tylosin PKS,
geldanamycin PKS, pimaricin PKS, pte PKS, avermectin PKS, oligomycin PSK, nystatin PKS,
or amphotericin PKS.

[0279]  In this context, two amino acids sequences are substantially the same when they are at

least about 90% identical, preferably at least about 95% identical, even more preferably at least
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about 97% identical. Sequence identity between two amino acid sequences can be determined
by optimizing residue matches by introducing gaps if necessary. One of several useful
comparison algorithms is BLAST; see Altschul et al., 1990, "Basic local alignment search tool."
J. Mol. Biol. 215:403-410; Gish et al., 1993, "Identification of protein coding regions by
database similarity search." Nature Genet. 3:266-272; Altschul et al., 1997, "Gapped BLAST
and PSI-BLAST: a new generation of protein database search programs." Nucleic Acids Res.
25:3389-3402. Also see Thompson et al., 1994, “CLUSTAL W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position-specific gap

~ penalties and weight matrix choice,” Nucleic Acids Res. 22:4673-80. (When using BLAST and
CLUSTAL W or other programs, default parameters are used.)

[0280]  In one aspect, the invention provides a synthetic gene that encodes one or more PKS
modules (e.g., a sequence encoding an AT, ACP and KS activity, and optionally one or more of a
KR, DH and ER activity). In some embodiments, the synthetic gene has at most one copy per
module-encoding sequence of a restriction enzyme recognition site such as Spe I, Mfe I, Afill,
Bsi W1, Sac II, Ngo MIV, Nhe I, Kpn I, Msc I, Bgl II, Bss HII, Sac II, Age L Pstl,KasI,Mlul,
Xba T, Sph I, Bsp E, and Ngo MIV recognition sites. In an embodiment, the invention provides a
synthetic gene encoding a PKS module having a Spe I site near the sequence encoding the
amino-terminus of the module-encoding sequence; and/or b) a Mfe I site near the sequence
encoding the amino-terminus of a KS domain; and/or c) a Kpn I site near the sequence encoding
the carboxy-terminus of a KS domain; and/or d) a Msc I site near the sequence encoding the
amino-terminus of an AT domain; and/or ) a Pst I site near the sequence encoding the carboxy-
terminus of'an AT domain; and/or f) a BstB I site near the sequence encoding the amino-
terminus of an ER domain; and/or g) an Age I site near the sequence encoding the amino-

. terminus of a KR domain; and/or h) an Xba I site near the sequence encoding the amino-terminus
of an ACP domain. A synthetic gene of the invention can contain at least one, at least two, at .
least three, at least four, at least five, at least six, at least seven, or at least eight of (2)-(h), above.
[0281]  In arelated aspect, the invention provides a vector (e.g., an expression vector)
comprising a synthetic gene of the invention. In one embodiment, the invention provides a
vector that comprises sequence encoding a first PKS module and one or more of (a) a PKS
extension module; (b) a PKS loading module; (c) a thioesterase domain; and (d) an

- interpolypeptide linker. Exemplary vectors are described in Section 7, above.
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[0282] In an aspect, the invention provides a cell comprising a synthetic gene or vector of the
invention, or comprising a polypeptide encoded by such a vector. In a related aspect, the
invention provides a cell containing a functional polyketide synthase at least a portion of which
is encoded by the synthetic gene. Such cells can be used, for example, to produce a polyketide
by culture or fermentation. Exemplary useful expression systems (e.g., bacterial and fungal

cells) are described in Section 3, above.

9.2 VECTORS
[0283] The invention provides a large variety of vectors useful for the methods of the
invention (including, for example, stitching methods described in Section 4 and analysis using
multimodule constructs as described in Section 7).
[0284] Thus, in one aspect the invention provides a cloning vector comprising, in the order
shown, (a) SM4 - SIS — SM2 - R; or (b) L — SIS — SM2 —R; (where SIS is a synthon insertion:
site, SM2 is a sequence encoding a first selectable marker, SM4 is a sequence encoding a second :.
selectable marker different from the first, R; is a recognition site for a restriction enzyme, and L
1s a recognition site for a different restriction enzyme). In one embodiment, the SIS comprises — -
N1-Rz-No— (where Ny and N; are recognition sites for nicking enzymes, and may be the same or
different, and R; is a recognition site for a restriction enzyme that is different from R, or L). The
invention also provides composition containing such vectors and a restriction enzyme(s) that
recognizes R; and/or a nicking enzyme (e.g., N. BbvC IA).
[0285] In one aspect, the invention provides a vector comprising SM4 — 28, — Sy; - 28, —
SM2 ~R;, where 28 is a recognition sites for first Type IIS restriction enzyme, 25, is a
recognition sites for a different Type IIS restriction enzyme, and Sy is synthon coding region.
In one aspect, the invention provides a vector comprising L —2S; — Sy> —2S; —SM2 -R;. In
an embodiment, Sy encodes a polypeptide segment of a polyketide synthase. In one embodiment,
Bbs I and/or Bsa I are used as the Type IIS restriction enzymes. In an embodiment, the
invention provides a composition containing such a vector and a Type IIS restriction enzyme that
recognizes either 2S; or 2S;,
[0286] In a related aspect, the invention provides a kit containing a vector and a type IIS
restriction enzyme that recognizes 28, or 2S,, (or a first type IIS restriction enzyme that
recognizes 2S; and a second type IIS restriction enzyme that recognizes 28S,).
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[0287] In one embodiment, the invention provides a composition containing a cognate pair
of vectors. As used herein, a “cognate pair” means a pair of vectors that can be used in
combination to practice a stitching method of the invention. In one embodiment the composition
contains a vector comprising SM4-2S,-Sy;—2S,-SM2-R, digested with a Type IIS restriction
enzyme that recognizes 2S,, and a vector comprising SM5-2S3-Sy,—2S4—SM3-R digested with
a Type IIS restriction enzyme that recognizes 2S;, In another embodiment the composition
contains a vector comprising L-2S;-Sy;—2S,~-SM2-R; digested with a Type IIS restriction
enzyme that recognizes 2S,, and a vector comprising L’—28,-Sy>—2S5,-SM3-R, digested with a
Type IIS restriction enzyme that recognizes 2S;. (SM1, SM2, SM3, SM4 are sequences
encoding different selection markers, R; is a recognition site for a restriction enzyme, L and L’
are recognition sites for two different restriction enzymes, each different from Ry, 25; and 25,
are recognition sites for two different Type IIS restriction enzymes, and Sy; and Sy, adjacent
synthons which, in some embodiments, can encode polypeptide segments of a polyketide
synthase.)

[0288] In a related embodiment, the invention provides a vector containing a first selectable
marker, a restriction site (R;) recognized by a first restriction enzyme, a synthon coding region
flanked by a restriction site recognized by a first Type IIS restriction enzyme and a restriction
site recognized by a second Type IIS restriction enzyme, where digestion of the vector with the
first restriction enzyme and the first Type IIS restriction enzyme produces a fragment containing
the first selectable marker and the synthon coding region, and digestion of the vector with the
first restriction enzyme and the second Type IIS restriction enzyme produces a fragment
containing the synthon coding region and not comprising the first selectable marker. In one
embodiment, the vector has a second selectable marker and digestion of the vector with the first
restriction enzyme and the first Type IIS restriction enzyme produces a fragment containing the
first selectable marker and the synthon coding region, and not containing the second selectable
marker, and digestion of the vector with the first restriction enzyme and the second Type IIS
restriction enzyme produces a fragment comprising the second selectable marker and the synthon
coding region, and not containing the first selectable marker. In an embodiment, the vector can
contain a third selectable marker.

[0289] In a related aspect, the invention provides vectors, vector pairs, primers and/or

enzymes useful for the methods disclosed herein, in kit form. In one embodiment, the kit
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includes a vector pair described above, and optionally restriction enzymes (e.g., Type IIS

enzymes) for use in a stitching method.

9.3 LIBRARIES
[0290] In an aspect, the invention provides useful libraries of synthetic genes described
herein (“gene libraries™). In one example, a library contains a plurality of genes (e.g., at least
about 10, more often at least about 100, preferably at least about 500, and even more preferably
at least about 1000) encoding modules that correspond to modules of naturally occurring PKSs,
where the modules are from more than one naturally occurring PKS, usually three or more, often
ten or more, and sometimes 15 or more. In one example, a library contains genes encoding
domains that correspond to domains from more than one polyketide synthase protein, usually
three or more, often ten or more, and sometimes 15 or more. In one example, a library contains
genes encoding domains that correspond to domains from more than one polyketide synthase
module, usually fifty or more, and sometimes 100 or more.
[0291]  In some aspects of the invention, the members of the library have shared
characteristics, e.g., shared structural or functional characteristics. In an embodiment, the shared
structural characteristics are shared restriction sites, e.g., shared restriction sites that are rare or
unique in genes or in designated functional domains of genes. For example, in one embodiment
a library of the invention contains genes each of which encodes a PKS module, where the
module-encoding regions of the genes share at least three unique restriction sites (for example,
Spe I, Mfe 1, Afi IT, Bsi WI, Sac II, Ngo MIV, Nhe I, Kpn I, Msc I, Bgl II, Bss HII, SacTI, Age ],
PstI, Bsr BI, Kas I, Mlu I, Xba I, Sph I, Bsp E, and Ngo MIV recognition sites). In one
embodiment, a library of the invention contains genes that encode more than one PKS module
each, where each module-encoding region shares at least three unique restriction sites. In some
embodiments, the number of shared restriction sites is more than 4, more than 5 or more than 6.
Exemplary sites and locations of shared restriction sites include a) a Spe I site near the sequence
encoding the amino-terminus of the module-encoding sequence; and/or b) a Mfe I site near the
sequence encoding the amino-terminus of a KS domain; and/or c) a Kpn I site near the sequence
encoding the carboxy-terminus of a KS domain; and/or d) a Msc I site near the sequence
encoding the amino-terminus of an AT domain; and/or €) a Pst I site near the sequence encoding

the carboxy-terminus of an AT domain; and/or f) a BsrB I site near the sequence encoding the
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amino-terminus of an ER domain; and/or g) an Age I site near the sequence encoding the amino-
terminus of a KR domain; and/or h) an Xba I site near the sequence encoding the amino-terminus
of an ACP domain.

[0292]  In one aspect, genes of the library are contained in cloning or expression vectors. In
one aspect, the PKS module-encoding genes in a library also have in-frame coding sequence for
an additional functional domain, such as one or more PKS extension modules, a PKS loading

module, a thioesterase domain, or an interpolypeptide linker.

94  DATABASES
[0293]  In one aspect, the invention provides a computer readable medium having stored
sequence information. The computer readable medium may include, for example, a floppy disc,
a hard drive, random access memory (RAM), read only memory (ROM), CD-ROM, magnetic
tape, and the like.  Additionally, a data signal embodied in a carrier wave (e.g., in a network
including the Internet) may be the computer readable storage medium. The stored sequence
information may be, for example, (a) DNA sequences of synthetic genes of the invention or
encoded polynucleotides, (b) sequences of oligonucleotides useful for assembly of
polynucleotides of the invention, (c) restriction maps for synthetic genes of the invention. In an

embodiment, the synthetic genes encode PKS domains or modules.

10. HIGH THROUGHPUT SYNTHON SYNTHESIS AND ANALYSIS

10.1 AUTOMATION OF SYNTHESIS
[0294] The gene synthesis methods described herein can be automated, using, for example,
computer-directed robotic systems for high-throughput gene synthesis and analysis. Steps that
can be automated include synthon synthesis, synthon cloning, transformation, clone picking, and
sequencing. The following discussion of particular embodiments is for illustration and not
intended to limit the invention.
[0295]  Asillustrated in Figure 19, the invention provides an automated system 10
comprising a liquid handler 12 (e.g., Biomek FX liquid handler; Beckman-Coulter), and a
random access hotel 14 (e.g., Cytomat™ Hotel; Kendro) coupled to the liquid handler 12.
Liquid handler 12 includes a plurality of positions P1 through P19 which can accept microplates

and other vessels used in system 10. As discussed below and as shown in Figure 19, a number of
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the positions include additional functionality. The random access hotel 14 is capable of storage
of one or more source microplates 16 each carrying oligonucleotide solutions one or more PCR
plates 18 comprising synthon assembly wells, and one or more (optional) sources 20 of LIC
extension primers (e.g., uracil-containing oligonucleotides), and is capable of delivery of plates
and pipette tips to liquid handler 12. In some embodiments, the hotel contains > 5, > 10, or > 20
microplates (and, for example >50, >100, or >200 different oligonucleotide solutions). In the
example of Figure 19, source 20 includes a micro-centrifuge tube. Source 20 could also be a vial
or any other suitable vessel. Random access hotel 14 is used for primer mixing, PCR-related
procedures, sequencing and other proceedures. In one embodiment, liquid handler 12 comprises
a deck 21 with heating element 22 at position P4 and cooling element 23 at position P12. Deck
21 can also include an automatic reading device 24, such as a bar code reader, located at position
P7 in the example of Figure 19. System 10 also includes a thermal cycler 26, a plate reader 28, a
plate sealer 31 and a plate piercer 30. The reading device 24 is capable of tracking data, and
enables hit picking for library compression and expansion as discussed in section 6 above. Hit
picking can be useful, for example, for rearranging clones from a library according to user input.
[0296]  Random access hotel 32 provides plate storage needed for high-throughput-primer
(oligonucleotide) mixing, and decreases user intervention during plasmid preparations and
sequencing. Plate reader 28 includes a spectrophotometer for measuring DNA concentration of
samples. Data taken from plate reader 28 is used to normalize DNA concentrations prior to
sequencing. Thermal cycler 26 serves as a variable temperature incubator for the PCR steps
necessary for gene synthesis. The reading device 24 is integrated for sample tracking. System
10 also includes robotic arm 40 for transporting sample and plates between different elements in
system 10 such as between liquid handler 12 and random access hotel 14.

[0297]  For illustration and not as any limitation, synthesis can be automated in the following
fashion:

[0298]  Primer Mixing. Robotic arm 40 is coupled to the liquid handler 12 and transports one
or more source microplates and PCR plates from random access hotel 14 to liquid handler 12.
Liquid handler 12 dispenses appropriate amounts of each of about 25 oligonucleotides from
source microplates 16 into a “synthon assembly” well of a PCR plate 18 such that each well
contains equimolar amounts of the primers necessary to make a synthon. Since each primer mix

contains a different primers (oligonucleotides), as described above, a spreadsheet program is
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optionally utilized to identify the primer and automatically extract the data necessary for liquid
handler 12 to determine which primers correspond to which synthon assembly well. In one
embodiment, data from the GEMS output identifying oligonucleotide primer locations and
destinations is used to generate corresponding transfer data for the liquid handler 12. Creation of
such transfer data from location and destination data is well understood in the art. In
embodiments, the hotel 14 carries at least about 50, at least about 100, at least about 150, at
least about 200, or at least about 1000, oligonucleotide mixes in different wells of mircowell-
type plates).

[0299] Synthon Synthesis by PCR. Once the PCR plate 18 is loaded with primer mixes, the
liquid handler 12 delivers the assembly PCR amplification mixture (including polymerase,
buffer, dNTPs, and other components needed for “synthon assembly”) to each well, and PCR is
performed therein. Robotic arm 40 moves PCR plate 18 to plate sealer 31 to seal the PCR plate
18. After sealing, PCR plate 18 is moved by robotic arm 40 to thermal cycler 26.

[0300] - :LIC extensions containing uracil are added by liquid handler 12 to the PCR products
(amplicons) by a second PCR step. In the second PCR step, the primers containing LIC
extensions are added (LIC extension mixture) to each well to prepare the “linkered-synthon.”
[0301] A synthon cloning mixture is prepared by combining the linkered synthon and a
synthon assembly vector in liquid handler 12. Each synthon cloning mixture is then transferred
to a sister plate containing competent E. coli cells for transformation, which are positioned at
cooling element 12. After transformation, cells in each well are spread on petri dishes, which are
incubated to form isolated colonies.

[0302]  Following incubation of the bacterial cell culture, the plates are transferred by robot
arm 40 from an incubator 54 to an automated colony picker 50 (e.g., Mantis; Gene Machines).
Automated colony picker 50 identifies 5 to 10 isolated colonies on a plate, picks them, and
deposits them in individual wells of a deep-well titer plate 52 containing liquid growth medium.
[0303]  Liquid growth medium is used to prepare DNA for sequencing, e.g., as described
above. The liquid handler 12 then sets up sequencing reactions using primers in both directions.
Sequencing is carried out using an automated sequencer (e.g., ABI 3730 DNA sequencer).

[0304] The sequence is analysed as described below.
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10.2 RAPID ANALYSIS OF CHROMATOGRAMS (RACOON)
[0305] A bottleneck in the gene synthesis efforts can be the analysis of DNA sequencing data
from synthons. For example, sequence analysis of a single synthon may require sequencing 5
clones in both directions. In one embodiment, a typical PKS gene might involve analysis of 100
synthons, with 5-forward and 5-reverse sequences each (1000 total sequences).
[0306] To ensure accuracy in synthesis of large genes, a rapid analysis of the results is
performed by a RACOON program as shown in the schematic of Figure 14. A sequence of a
synthetic gene, wherein the synthetic gene is divided into a plurality of synthons, sequences of
synthon clones wherein each synthon of the plurality of synthons is cloned in a vector, a
sequence of the vector without an insert is entered in the program 1912. In addition, DNA
sequencer trace data tracing each synthon sequence to a particular clone are also provided 1912.
For all reads, the nucleotide sequence is analyzed (by base calling) 1910 for each cloned sample
and vector sequences that occur in the sample sequence are eliminated 1920. To improve
accuracy of data processing software in high-throughput sequencing and reliably measuring that
accuracy, a base-calling program such as PHRED is used to estimate a probability of error for
each base-call, as a function of certain parameters computed from the trace data. A map
depicting the relative order of a linked library of overlapping synthon clones representing a
complete synthetic gene segment is constructed ("contig map") 1930 and the contig sequences
are aligned against the reference sequence of the synthetic gene 1940. The program identifies
errors and alignment scores for each sample 1950 and generates a comprehensive report
indicating ranking of samples, substitution-insertion-deletion errors, most likely candidate for
selection or repair 1960.
[0307] Preparation of a single synthon might entail sequencing five clones in both directions.
The sequences are called and vector sequence is stripped by PHRED/CROSS_MATCH. Next,
the sequences are sent to PHRAP for alignment, and the user analyzes the data: the correct (if
any) sequence is chosen by comparison to the desired one, and errors in others are captured and
analyzed for future statistical comparisons.
[0308]  The Racoon algorithm has been developed to automate tedious manual parts of this
process. PHRED reads DNA sequencer trace data, calls bases, assigns quality values to the
bases, and writes the base calls and quality values to output files. PHRED can read trace data
from SCF files and ABI model 373 and 377 DNA sequencer files, automatically detecting the
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file format. After calling bases, PHRED writes the sequences to files in either FASTA format,
the format suitable for XBAP, PHD format, or the SCF format. Quality values for the bases are
written to FASTA format files or PHD files, which can be used by the PHRAP sequence
assembly program in order to increase the accuracy of the assembled sequence. After processing
sequences by PHRED, Racoon consolidates the forward and reverse sequences of each clone,
and sends the composite to PHRAP for alignment with others from the same synthon. The
software calls out the correct sequences, and identifies and tabulates the position, type (insertion,
deletion, substitution) and number of errors in all clones. It also detects silent mutations, amino
acid changes, unwanted restﬁction sites and other parameters that can disqualify the sample. The
user then decides how to use the data (error analysis, statistics, ezc.).

[0309] - The features of Racoon include: (i) reading multiple data formats (SCF, ABI, ESD);
(ii) performing base calling, alignments, vector sequence removal and assemblies; (iii) high
throughput capability for analysis for multiple 96 well plate samples; (iv) detecting insertions,
deletions and substitutions per sample, and silent mutations; (v) detecting unwanted restriction
sites created by silent mutations; (vi) generating statistical reports for sample sets which results
can be downloaded or stored to a database for further analysis. -

[0310]  The Racoon system is implemented using the following software components: Phred,
Phrap, Cross_Match (Ewing B, Hillier L, Wendl M, Green P: Base calling of automated
sequencer traces using phred. I. Accuracy assessment. Genome Research 8, 175-185 (1998);
Ewing B, Green P: Basecalling of automated sequencer traces using phred. II. Error
probabilities. Genome Research 8, 186-194 (1998); Gordon, D., C. Desmarais, and P. Green.
2001. Automated Finishing with Autofinish. Genome Research. 11(4):614-625); Python 2.2 as
integration and scripting language (Python Essential Reference, Second Edition by David M.
Beazley); GeMS Application Programming Interface (Kosan proprietary software); Apache Web
Server version 2.0.44 (http://httpd.apache.org); and Red Hat Linux Operating System version 8.0
(http://www.redhat.com).

RACOON ALGORITHM
[0311]  Step I: Data population. The user inputs into the Racoon program raw sequencing
data, vector sequence, and a look-up table that maps the sample to a specific synthon. The

program creates run folders for each sample and correctly puts the sequencing files (forward and
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reverse directions) in its folder, along with the desired synthon sequence. The program uses the
look-up table to find the related synthon sequence from a database containing the synthetic gene
design data.

[0312)  Step II: Base calling, vector screening and sequence assembly. Multiple reads can be
analyzed using base-calling software such as PHRED and PHRAP (see, e.g., Ewing and Green
(1998) Genome Research 8:175-185; Ewing and Green (1998) Genome Research 8:186-194; and
Gordon et al. (1998) Genome Research. 8:195-202) to obtain a certainty value for each
sequenced nucleotide. A python script is executed on each sample folder containing the
chromatogram files for a particular synthon. This script in turn executes the following programs
in succession:

. [0313]  PHRED: a base calling software to determine the nucleotide sequence on the basis of
multi-color peaks in the sequence trace. PHRED is a publicly available computer program that
reads DNA sequencer trace data, calls bases, assigns quality values to the bases, and writes the
base calls and quality values to output files (see, for example, Ewing and Green, Genome
Research 8:186-194 (1998). After calling bases, PHRED writes the sequences to files in either
FASTA format, the format suitable for XBAP, PHD format, or the SCF format. Those skilled in
the art will be able to select a nucleotide sequence characterization program compatible with the
output of a particular sequencing machine, and will be able to adapt an output of a sequencing
machine for analysis with a variety of base-calling programs.

[0314] CROSS_MATCH: an implementation of the Smith-Waterman sequence alignment
algorithm. It is used in this step to remove the vector sequence from each sample.

[0315] PHRAP: a package of programs for assembling shotgun DNA sequence data. It is
used to construct a contig sequence as a mosaic of the highest quality parts of reads. The
resulting assembly files are candidates for comparison and analysis.

[0316]  Step III: Error detection, ranking of samples. A python script reruns
CROSS_MATCH with the purpose of determining variation between the original synthon
sequence and the resulting assembly files for each sample.

[0317] Each synthon folder has a collection of sample folders and the associated files
generated by PHRED, PHRAP and CROSS_MATCH. A python program detects each of the

related samples and associates them with a synthon. It looks for the required information from
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the output files and ranks the samples. The program looks for silent mutations; checks freshly
introduced restriction sites; and generates a report that can be used for further analysis.

[0318]  Racoon is capable of processing large datasets rapidly. About 200 samples can be
analyzed in less than 2 minutes. This included the base calling, vector screening, detection of
errors and generation of reports. The results can be saved as HTML files or the individual sample

runs can be downloaded to the desktop for further analysis.

11. EXAMPLES
EXAMPLE 1
GENE ASSEMBLY AND AMPLIFICATION PROTOCOLS
[0319]  This example describes protocols for gene assembly and amplification.
- Assembly
[0320]  The assembly of synthetic DNA fragments is adapted from a previously developed
procedure (Stemmer et al., 1995, Gene 164:49-53; Hoover and Lubkowski, 2002, Nucleic Acids
Res. 30:43). The gene synthesis method uses 40-mer oligonucleotides for both strands of the
entire fragment that overlap each other by 20 nucleotides.
‘ [0321] Equal volumes of overlapping oligonucleotides for a synthon are added together and
diluted with water to a final concentration of 25uM (total). The oligo mix is assembled by PCR.
The PCR mix for assembly is 0.5 pl Expand High Fidelity Polymerase (5 units/pL, Roche), 1.0
pl 10 mM dNTPs, 5.0 pl 10 x PCR buffer, 3.0 pl 25 mM MgCl, 2:0 ul 25 pM Oligo mix, 38.5
pl water. The PCR conditions for assembly begins with a 5 minute denaturing step at 95 °C,
followed by 20-25 cycles of denaturing 95°C at 30 seconds, annealing at 50 or 58°C for 30
seconds, and extension temperature 72°C for 90 seconds.
Amplification
[0322]  Aliquots of the assembly reaction are taken and used as the template for the
ampliﬁcatibn PCR. In the amplification PCR, regions of the primers used contain uracil
residues, for use in LIC-UDG cloning. The primers are: 316-4-For_Morph_dU:
5'GCUAUAUCGCUAUCGAUGAGCUGCCACTGAGCACCAACTACG 3’ [SEQ ID NO:1]
and 316-4-Rev_Morph_dU:
5’GCUAGUGAUCGAUGCAUUGAGCUGGCACTTCGCTCACTACACC 3’[SEQ ID NO:2].
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Uracil-containing regions are underlined. As noted, a common pair of linkers can be used for
many different synthons, by design of common sequences at synthon edges.

[0323]  The reaction mix for the amplification PCR is 0.5 pl Expand High Fidelity
Polymerase, 1.0 pl 10 mM dNTPs, 5.0 pl 10 x PCR buffer, 3.0 pul 25 mM MgCI2 (1.5mM), 1.0
pl 50 pM stock of forward Oligo, 1.0 pl 50 uM stock of reverse Oligo, 1.25 pl of assembly
round PCR sample (template), and 37.25 pl water The program for amplification includes an
initial denaturing step of 5 minutes at 95°C. Twenty-five cycles of 30 seconds of denaturing at
95°C, annealing at 62°C for 30 seconds, and extension at 72°C of 60 seconds, with a final
extension of 10 minutes.

[0324] The amplification of samples is verified by gel electrophoresis. If the desired size is
produced, the sample is cloned into a UDG cloning vector. When amplification does not work,
a second rou1_1d of assembly is performed using a PCR mix for assembly of 16 pL first round .
.assembly 0.5 pl. Expand High Fidelity polymerase, 1.0 pL 10mM dNTPs, 3.3 pLL 10 x PCR
buffer, 2.0 nL 25 mm MgCl; , 2.0 pL oligo mix, and 35.2 pL water. The PCR con(iitions for the
second assembly are the same as the first assembly described above. After the second assembly

an amplification PCR is performed.

EXAMPLE 2

LIGATION INDEPENDENT CLONING METHODS
[0325]  Protocols for cloning of synthons into a stitching vector are described below with
reference to vectors pKo0s293-172-2 or pKo0s293-172-A76. The reader with knowledge of the art
will easily identify those changes used to accommodate vectors with different restriction sites,
different synthon insertion sites, or different selection markers.
Exonuclease III Method
[0326] Vector preparation: To prepare vectors for UDG-LIC, 10 pL of vector (1-2 pg) is
digested with 1 pL Sac I (20 units/uL) at 37°C for 2 h. 1 pL of nicking endonuclease N. BbvC
IA (10 units/pL) is added and the sample is incubated an additional two hours at 37°C. The
enzymes are heat inactivated by incubation at 65°C for 20 minutes, and then a MicroSpin G-25
Sephadex column (Amersham Biosciences) is used to exchange the digestion buffer for water.

The samples are treated with 200 units of Exonuclease III (Trevigen) for 10 minutes at 30°C and
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purified on a Qiagen quik column, eluting to a final volume of 30uL. Samples are checked for
degradation by gel electrophoresis and used for test UDG-cloning reaction to determine
efficiency of cloning.

[0327] UDG cloning of fragments: To clone the synthetic gene fragments, they are treated
with UDG in the presence of the LIC vector. 2 uL of PCR product (10 ng) is digested for 30
minutes at 37°C with 1 pL (2 units) of UDG (NEB) in the presence of 4 pL of pre-treated dU
vector (50 ng) in a final reaction volume of 10 pL.

[0328] The resulting mixtures are placed on ice for 2 minutes, and the entire reaction volume
(10pL) is transformed into DHS5a. E. coli cells, and selected on LB plates with 100 pg/mL
carbenicillin (i.e., SM1). The plasmids are purified for characterization and subsequent cloning
steps.

Endonuclease VIII method

[0329] Vector Preparation: The vector is linearized by digestion with Sac L Nicking
endonuclease (100 units N. BbvC IA) is added and the mixture incubated at 37°C for 2 h. DNA
is isolated from the reaction mixture by phenol/chloroform extraction followed by ethanol
precipitation.

[0330] UDG Cloning: 20 ng linearized vector, 10 ng PCR product, and 1 unit USER enzyme
(a mixture of endonuclease VIII and UDG available as a kit from New England Biolabs) are
combined and incubated 15 m at 37°C, 15 m at room temperature, and 2 m on ice, and used to
transform E coli DH5a.. Endonuclease VIII is described in Melamede et al., 1994, Biochemistry
33:1255-64.

EXAMPLE 3

CHARACTERIZATION AND CORRECTION OF CLONED SYNTHONS
[0331] Identification of clones: To identify clones containing the correct PCR product (e.g.A
not having sequence errors), plasmid DNA is isolated from several (typically five or more)
clones and sequenced. Any suitable sequencing method can be used. In one embodiment,
sequencing is carried out using DNA obtained by rolling circle amplification (RCA), using phi29
DNA polymerase (e.g., Templicase; Amersham Biosciences). See, Nelson e? al., 2002,
“TempliPhi, phi29 DNA polymerase based rolling circle amplification of templates for DNA
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sequencing” Biotechniques Suppl:44-7. In one embodiment, each colony containing a plasmid
to be sequenced is suspended in 1.4 mL LB medium and 1 pl is used in the
amplification/sequencing reaction.

[0332]  Sequence analysis: After sequencing, the results can be aligned and compared to the
intended sequence. Preferably this process is automated using a RACOON program (described
below) to identify the correct sequences after aligning the sequences corresponding to each
synthon.

[0333] Storage of clones: Clones of interest can be stored in a variety of ways for retrieval
and use, including the Storage IsoCode® ID™ DNA library card (Schleicher & Schuell
BioScience). ‘

[0334] Sz'te-Dz'r"ected Mutagenesis to Correct Sequence Errors: Synthon samples can be
séquenced until a clone with the desired sequence is found. Alternatively, clones with only 1 or
2 point mutations can be corrected using site-directed mutagenesis (SDM). One method for
SDM is PCR-based site-directed mutagenesis using the 40-mer oligonucleotides used in the
original gene synthesis. For example, a sample with only one point mutation from the desired
target sequence was corrected as follows: The overlapping oligonucleotides from the assembly of
the synthons that corresponded to that part of the synthon were identified and used for the
correction of the synthon. The error-containing sample DNA was amplified using a Pfu based
PCR method using overlapping oligonucleotides (nos. 1 and 2) that cover the area of the
mutation (see Fischer and Pei, 1997, “Modification of a PCR-based site directed mutagenesis
method” Biotechnigues 23:570-74). The reaction mixture included DNA template [5-20 ng], 5.0
pL; 10 x Pfu buffer, 0.5 pL; Oligo #1 [25 uM], 0.5 pL; Oligo #2 [25 pM], 1.0 pL; 10mM
dNTPs, 1.0 uL; Pfu DNA polymerase, and sterile water to 50 pL. PCR conditions were as
follows: 95°C 30 seconds (2 minutes if using Pfu with heat sensitive ligand), 12-18 cycles of:
95°C 30 seconds, 55°C 1 minutes, 68°C 2 minutes/kb plasmid length (1 min/kb if Pfu Turbo).
Next, the methylated (parental) DNA was degraded by adding 1 pL Dpn I (10 units) to the PCR
reaction and incubating 1 hr at 37°C. The resulting sample was transformed into competent
DH5a cells. Plasmid DNA from four clones was isolated and sequenced to identify desired

clones.
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EXAMPLE 4
IDENTIFICATION OF USEFUL RESTRICTION SITES IN PKS MODULES

[0335]  To identify useful sites in PKS modules, the amino acid sequences of 140 modules
from PKS genes were analysed. A strategy was developed for identifying theoretical restriction
sites (i.e., that could be place in a gene encoding the module without resulting in a disruptive
change in the module sequence) that fulfill some or all of the following criteria:

1. Sites were about 500 bp apart in the gene and/or are at domain or module edges,

2. Compatible with high-throughput assembly of modules from synthons (often by

virtue of being unique within a module),

3. Similarly placed among different modules, and

4. Do not disrupt the function (activity) of the PKS.
[0336]  Two types of restriction sites were identified. The first set of sites are those located at
the edge of domains (including the Xba I and Spe I sites at the edges of modules). The second
set of sites could be located at synthon edges, but were not generally found at domain edges.
[0337] It will be understood that the restriction sites described in this example are exemplary
only, and that additional and different sites can be identified by the methods of disclosed herein,
and used in the synthetic methods of the invention. .
[0338] The amino acid sequences of selected regions of 140 modules taken from some 14
PKS gene clusters were aligned (see Table 9). Then, regions of high homology near edges of
domains that, when reverse translated to all possible DNA sequences, revealed a 6-base or
greater restriction site were identified. In specified cases, a conservative change of the amino.
acid in order to place the restriction site was allowed, provided that change was found in many of
the PKS modules. In a few cases, restriction sites were placed in putative inter-domain sequences
that required change of amino acids. In such cases there was experimental evidence that the
modified amino acid sequence did not disturb functionality in some PKSs.
[0339]  The results of the gene design for the four common variants ([KS+AT+ACP];
[KS+AT+ACP + KS]; [KS+AT+ACP + KS +DH]; [KS+AT+ACP + KS+DH+ER] of PKS
modules are shown in Figure 4 and Tables 7-11. The positions of the restriction sites are
referenced to the homologous amino acid target sites within a domain where possible, and to
module 4 of the 6-DEBS gene or protein (which contains all six of the common domains). For

the latter, numbering of the amino acid and nucleotide sequence used for reference begins at the
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first residue of the EPTAIV found on the N-terminal edge of the KS domain; homologous motifs

are found at the N-terminal edges of all 140 KS domains in the sample.

TABLE 7
RESTRICTION SITES NEAR DOMAIN EDGES
Restriction Domain / Nucleotide AA Sequence Amino acid motif in
Enzyme Terminal Position of site in ~ near site in ery ery mod4
Orientation ery mod4 * mod4
Spel ACP (C) 54 bp before KS VG-not conserved
Mfel KS(N) 5-10 PIAIVG PIA
Kpnl KS (C) 1243-1248 GTNAHV GT
Msc I AT (N) 1590-1595 PGQGAQ GQ
Pstl AT (C) 2611-2616 PRPHRP PR-not conserved
BstB1 ER(N) 4075-4080 PLRAGE PL 4
Agel KR (N) 5029-5034 TGGTGT TG (initial TG)
Xbal ACP (C) 6001-6006 FADSAP FA (not conserved)
from DEBS2 near
terminus

* Numbering for each module begins at the N-terminus of the KS domain taken to be the amino
acid at the site homologous to that of the glutamate (E) of the E-P-I-A-I-V of module 4 of
erythromycin.

[0340j An Mfe I site is incorporated near the left edge of the KS coding sequence using
bases 2-7 of the 9 bases coding for the tripeptides homologous to the PIV of the initial motif of
the KS. 70% of the 140 KSs need no change in amino acids; the remaining 30% require only
conservative changes [81% V->I, 17% L->I and 2% M to I]. On the right edge of 100% of the
140 KS dorﬁains, there is a conserved GT (nt 1267 — 1272) that can be encoded by the sequence
for a Kpn I restriction site.

[0341]  AnMsc I site is incorporated near the left edge of the AT coding sequence (nt 1590-
1595) at the site of the GQ dipeptide found in 100% of the sampled ATs. A Pst I site was placed
at the right side of the AT (nt 2611 - 2617) at a position where Pst I and Xho I had been
previously placed without loss of functionality after domain swaps. This variable sequence
region is identified in many modules by a Y-x-F-x-x-x-R-x-W motif where “x™ is any amino

acid; in others, alignments always produce a well-defined equivalent position. The two amino
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acids to the immediate right (C-terminal to W ) of this motif are modified to introduce the Pst I
site.

[0342] | For modules containing a KR, an Age I site was placed at the TG dipeptide (nt 4894 -
5542) found in 100% of the 136 KRs in the test sequences. When an ER domain is present in the
module, a Bsr Bl site is placed at its left edge, which codes for the conserved PL dipepﬁde (nt
4072 - 4929) found in all but one of the 17 ERs in the test sequences (the remaining ER is the
only ER domain in the sample without activity). Since the ER and KS domains are separated by
only 4 to 6 amino acids, the Age I site of the KR serves as the other excision site for the ER.
[0343] At the carboxy end of the module, a Xba I site was placed at a well-defined position
adjacent to the carboxy side of the ACP of the module. There are two leucines (L) at positions 36
and 40 to the right of the active site serine (S) of all ACPs. The codons of the two amino acids
following the leucine at position 40 (normally positions 41 and 42 after the active site serine)
were changed to the recognition sequences for Xba I (C-terminal end).

[0344] In modules that naturally followed another, a Spe I cloning site was incorporated as
the amino terminus site. This site is analogoﬁs to that described for the Xba I, above (normally
positions 41 and 42 after the active site serine), and is followed by the intermodular linker to the
Mfel site in the KS. In modules that exist at the N-terminus of proteins (i.e. no ACP to the left),
the Spe I to MfeI linker sequence is not needed, and the segment of the module synthesized
consists of only the Mfel-Xba I body.

[0345] It will be appreciated by the reader that the present invention provides, inter alia, a
method for identifying restriction enzyme recognition sites useful for desi gn of synthetic genes
by (i) obtaining amino acid sequences for a plurality of functionally related polypeptide
segments; (ii) reverse-translating said amino acid sequences to produce multiple polypeptide
segment-encoding nucleic acid sequences for each polypeptide segment; (iii) identifying
restriction enzyme recognition sites that are found in at least one polypeptide segment-encoding
nucleic acid sequence of at least about 50% of the polypeptide segments. Preferred restriction
enzyme recognition sites are found in at least one polypeptide segment-encoding nucleic acid
sequence of at least about 75% of the polypeptide segments, even more preferably at least about
80%, even more preferably at least about 85%, even more preferably at least about 90%, even
more preferably at least about 95%, and sometimes about 100%. Examples of functionally

related polypeptide segments include polyketide synthase and NRPS modules, domains, and
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linkers. In one embodiment, the functionally related polypeptide segments are regions of high
homology in PKS modules or domains (i.e., rather than the entire extent of a module or domain).
[0346] The invention also provides a method of making a synthetic gene encoding a
polypeptide segment by (i) identifying one, two three or more than three restriction sites as
described above, and (ii) producing a synthetic gene encoding the polypeptide segment that
differs from the naturally occurring gene by the presence of the restriction site(s) and (iii)
optionally differs from the naturally occurring gene by the removal of the restriction site(s) from

other regions of the polypeptide segment encoding sequence.

TABLE 8
RESTRICTION SITES BY MODULE TYPE
# modules of sites required

module type # synthons this type in list (see list below)
DH/KR/ER 14 17 1-11, DH1&2, ER1&2

DH/KR 12 48 1-11, DH1&2

KR only 10 ] 72 1-11

no KR 7 | 3 1-7&11
total modules in list: 140
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TABLE 9
PATTERN OF RESTRICTION SITES USED FOR MODULE DESIGN

% currently
# #currently  designed

Restriction required designed from  from
synthon site (or set of insetof database database domain
sitt edge  alternates) frame overhang 140 sequence sequence edge  use
1 yes Spel ACTAGT. 1. -4 140 140*  100.0% yes - ACP cter
la Mfel CAATTG 3.0 4 - 140 140 ' 100.0% . yes' KS ntér
2 yes set#l seeTable71or2 -4or2 140 140 100.0%
yes Nhel GCTAGC 1 -4 140 140 100.0%
4 yes Kpnl ~ GGTACC -1 4 140 140 100.0%  yes . KS cter
4a Mscl. TGGCCA -2 blumt 140 139 993%  yes AT mter
yes set#2 seeTable71or2 -dor2 140 140 100.0% ‘
6  yes Agel*  seeTable4 1 -4 140 98 70.0%
7 yes Pl CTGCAG ‘1 .. 4. 140 140 ~  1000% . yes " AT.cter...
: . . SR ypre: .
\ reductive
KasI or Mlul ' . ) region
8 yes orboth  seebelow 1 -4 137 121 88.3% nter
.9 yes Agel ACCGGT 1. 4 137 132 - - 96.4% yes ~ KR ater
10 yes seth2  secTable71lor2 -dor2 137 109 79.6% ‘
11 yes Xbal ~ TCTAGA 1 = -4 140 140* - 100.0%  yes ACP cter
DH1 yes Sphl  GCATGC 2 4 65 54 83.1%
DH2 yes set#3 see Table710r2 -4 65 65 100.0%
NgoMIV or
ER1 yes BspEl  seeTable7 1 -4 17 17 100.0%
ER2 yes Xbal* seeTable8 1 -4 17 17 100.0%

[0347] In one embodiment, each site #1 can be joined to site # 11 of a second module (or an
equivalent Xba I from another upstream unit); and each #11 to an Spe L Thus #1/#11 in the final
construct is only a single location, coding for the dipeptide SerSer (this location has previously
been successfully used in cases where the native amino acids were replaced with the homologous
dipeptide ThrSer). No amino acid changes are required in sites other than #1a, #7 and #1/#11. At

each of these three sites, a history of previous successful exchanges is available.
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[0348]  Insite #7, any native dipeptide is replaced with LeuGln. In reported sequences this
site is not well conserved, except that the first amino acid is often of large hydrophobic type (as
is Leu). [L->I, V->I, M->T]
[0349]  In one aspect, the invention provides a PK'S polypeptide having a non-natural amino
sequence, comprising a KS domain comprising the dipeptide Leu-Gln at the carboxy-terminal
edge of the domain; and/or an ACP domain comprising the dipeptide Ser-Ser at the carboxy-
terminal edge of the domain.
[0350] Restriction sites used for synthon edges, but not domain edges, do not require that the
restriction site be compatible between modules. At certain sites in Table 10 a list of restriction
enzymes is provided, such that the stated number of cases for each site (see Table 9) one of the
list is compatible with the amino acid sequence.
4 TABLE 10
LISTS OF RESTRICTION SITES FOR CERTAIN SYNTHON EDGE LOCATIONS

set#1 (at site #2): frame overhang
AflII CTTAAG 2 -4
BsiWI CGTACG 2 -4
Sacll CCGCGG 1 2
NgoMIV  GCCGGC 1 -4
set#2 (at sites #5 and #10):
Bglll AGATCT 1 -4
BssHII GCGCGC 2 -4
Sacll CCGCGG 2 2
set#3 (at site #DH2):
Agel ACCGGT 2 -4
Aflll CTTAAG 2 -4
BspEl TCCGGA 1 -4
NgoMIV  GCCGGC 1 -4
site #8:
Kas1 GGCGCC 1 -4
Mlul ACGCGT 1 -4
site #ER1:
NgoMIV  GCCGGC 1 -4
Bsp E1 TCCGGA 1 -4
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TABLE 11
SITES USING PAIRS OF COMPATIBLE RESTRICTION ENZYMES.

site #6 ("Agel*): frame  overhang
5'synthon Agel ACCGGT 1 -4
3' synthon NgoMIV GCCGGC 1 -4
(alternates to NgoMIV: Xmal or BspEI)
site #ER2 ("Xbal*):
5'synthon Xbal TCTAGA 1 -4
3' synthon Avrll CCTAGG 1. -4

[0351]

restriction site for the 5' synthon, and a second with compatible overhang for the 3' synthon. This

In certain cases (see sites #6 and #ER2) the constructs are designed by using one

allows use of certain restriction sites for the synthons that are not desired in the final product

(e.g., the Xba I at site #ER2 would interfere with the use of the 3' Xba I site at #11 for gene

construction).
TABLE 12
SOURCES OF 140 MODULES IN INITIAL ANALYZED SET
source # extension
cluster accession # source (genus) (species) modules

erythromycin  M63676/M63677  Saccharopolyspora erythraea 6
megalomicin AF263245 . Micromonospora  megalomicea 6.
oleandomycin AF220951/1.09654 Streptomyces antibioticus 6
pikromycin AF079138 Streptomyces venezuelae 6
niddamycin ~ AF016585 Streptomyces caelestis 7
spiramycin Streptomyces ambofaciens 7
tylosin AF055922 Streptomyces fradiae 7
geldanamycin Streptomyces hygroscopicus 7
pimaricin AJ278573 Streptomyces natalensis 12
pte AB070949 Streptomyces avermitilis 12
avermectin AB032367 Streptomyces avermitilis 12
oligomycin AB070940 Streptomyces avermitilis 16
nystatin AF263912 Streptomyces nodosus 18
amphotericin  AF357202 Streptomyces noursel 18

total: 140
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[0352]  Other sequences of domains, modules and ORFs of PKSs and PKS-like polypeptides
can be obtained from public databases (e.g., GenBank) and include, for illustration and not
limitation, accession numbers sp|Q03131|ERY1_SACER; gb|AAG13917.1|AF263245_13;
gb|AAA26495.1; pirl|S13595; prf]|1702361A; sp|Q03133|ERY3_SACER;
gb|AAG13919.1|AF263245_15; reffNP_851457.1; dbj[BAA87896.1; ref]NP_851455.1;
gb|AAF82409.1|AF220951_2; gb]AAF82408.1)AF220951_1; ref|[NP_824071.1;
ref[NP_822118.1; gb|AAG23266.1; ref]NP_821591.1; sp|Q07017|OL56_STRAT; pir|T17428;
gb|AAF86393.1|AF235504 14; gb|AAF71766.1|AF263912_5; ref{NP_821593.1;
dbj|BAB69304.1; ref|[NP_824075.1; gb|AAB66507.1; ref|[NP_824068.1; ref|NP_821594.1;
dbj|BAB69303.1; gb|AAF86396.1|AF235504_17; refiNP_823544.1; ref[NP_822117.1;
pir|[T17463; gb|AAK73501.1|AF357202_4; dbj[BAC57030.1; emb|CAB41041.1;
reffNP_336573.1; emb|CAC20920.1; ref]NP_822114.1; gbIAAC46628. 1; emb|CAC20921.1;
ref]NP_855724.1; dbj[BACS57031.1; ref]INP_216564.1; gb|AAB66504.1; ref]NP_824073.1;
gb|AAG23262.1;; gb|AAG23263.1; ref]NP_824072.1; gb|]AAO06916.1; gb|AAG23264.1;
gb|AAF86392.1|AF235504_13; gb|AAP42855.1; ref]NP_630373.1; gb|AAB66508.1;
pir||T30226; gh|AAK73514.1]AF357202_17; gb|AAB66506.1; pir|[T17410; pir|[T30283;
gb|AAP42874.1; pir{|T17464; ref[NP_822113.1; gbl]AAC01711.1; gb|]AAG09812.1|AF275943_1;
ref]NP_733695.1; pit||T30225; ref]NP_824074.1; gb|AAO06918.1; pir||T03221;
gb|AAMS81586.1; pir|[T30228; pir||T17409; gblAAC46026.l; gb|AAC46024.1;
gblAAO65800.1JAF440781_19; ob|AAK73513.1]AF357202_16; gb|AAMS4078.1JAF453501 4;
gblAAK73502.1|AF357202_5; gb|AAP42858.1; pir{|T03223; gb]AAMB1585.1;
gb|AAF71775.1JAF263912_14; gb|AAG23265.1; gb|AAP42856.1; emb|CAC20919.1;
pir|[T17412; pir||T17467; gb]AAF71776.1|AF263912_15; pir||T17411;
gb|AA065799.1|AF440781_18; refiINP_821590.1; dbj|BAC54914.1;
gb|AAF71768.1]1AF263912_7; gblAA065796.1|AF440781_15; ref]NP_824069.1;
gb|AA061200.1; gb]AAP42859.1; gbIAA065806.1|AF440781__25;
gb|AAF71774.1|AF263912_13; gbJAAL07759.1; ref]NP_851456.1; ref[NP_821592.1;
pir]|T03224; gb|AA006917.1; gblAAO65797.1|AF440781_16; gb|AAK73512.1]AF357202_15;
ref[NP_301229.1; gb|AAC46025.1; reﬂNP__856616.1; emb|CAB41040.1; gbl]AAC01712.1;
pir]|T17465; gb|AAP42857.1; gb|AAK 73503.1|AF357202_6; gb|AAO65801.1|AF440781_20;
gb]AA065798.1|AF440781_17; pir||T17466; pir|S23070; sp|Q03132|ERY2_SACER;
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gb|AAG13918.1|AF263245_14; emb|CAA44448.1; ref]NP_794435.1
gb|AAMS54075.1|AF453501_1; gb|AAA50929.1; gb|AAP42860.1; dbjjBACS57032.1;;
dbj|BAC57028.1; dbj|BAA76543.1; gb|AAP42873.1; ref]lNP_855341.1; refi]NP_216177.1;
gb|AAMS54076.1|AF453501_2; gblAAP40326.1; gb|]AAC46027.1;
gb|AAMS54077.1|AF453501_3; gb|]AANG63813.1; emb|CAD43451.1; gb|AAK19883.1;
refINP_630372.1; gb]JAA0O65807.1|AF440781_26; gb|JAAA79984.2;
gbl]AAF26921.1|AF210843_18; emb|CAD43448.1; ref[NP_794436.1; gb|]AAB66505.1;
gbJAAF43113.1; gb|AAF62883.1]AF217189_6; dbj|BAC57029.1; pir}|T03222; gb|]AAP42867.1;
ref{INP_822727.1; emb|CAD43450.1; gb|AAD03048.1; gb|AAP45192.1; gb|AAO61221.1;
gblAAF82077.1|AF232752_2; ref]NP_486720.1; gb]AA065790.1]AF440781 9;
ref|[NP_485688.1; gb|]AAM81584.1; emb|CAD43449.1; ref]ZP_00108795.1; ref]NP_302534.1;
gi)lAAP42872. 1; pir[T28658; ref|ZP_00105790.1; ref]NP_217447.1; ref]NP_337514.1; -
emb|CAD19091.1; ref[NP_856601.1; gb|AAF19810.1|AF188287_2; reflZP_00110107.1;
reflZP_00110105.1; refINP_217449.1; refiINP_337516.1; gb|AAF62880.1]AF217189 3;
gblAAKS57188.1|AF319998 _7; reflZZP_00108802.1; ref|ZP_00110106.1; ref]NP_217450.1;
ref[NP_856604.1; pir||T30871; gb|AAF26919.1]AF210843_16; reflZP_00107887.1;
refiNP_856602.1; ref[NP_217448.1; emb|CAD19092.1; ref]NP_336931.1; ref]NP_216898.1;
gb|AA062584.1; ref]ZP_00108796.1; pir]|S73013; ref]NP_302535.1;
gblAAM70355.1]AF505622_27; gb|AAF26922.1|AF210843_19; gblAAK57186.1]AF319998_5;
gblAAKS57187.1|AF319998_6; emb|CAD19090.1; ref]NP_302536.1; ref|ZP_00108803.1;
emb|CAD19087.1; gb|AAF62884.1|AF217189 _7; pir||T17421; ref]lNP_302533.1; pir||S73021;
gbJAA064405.1; gbl]AAF19813.1]AF188287_5; reflNP_602063.1; emb|CAD19088.1;
gb|AA064407.1; gb|AAF00959.1{AF183408_7; gb]AAF26923.1|AF210843_20;
emb|CAD29794.1; gb|AAF19814.1]AF188287 6; emb|CAD29793.1; ref]ZP_00108797.1;
gb|AAF62885.1]AF217189_8; dbj|BAB12210.1; ref]ZP_00074381.1; gb|]AA062582.1;
reffNP_214919.1; ref]NP_630013.1; reffINP_334828.1; gbl]AAKS57189.1|AF319998_8;
reflZP_00110108.1; reﬂNP_7393 15.1; gblAAM33470.1)AF395828 3; emb]CAD19086.1;
emb|CAD19089.1; ref]NP_217456.1; refilNP_486719.1; ref[NP_856610.1; pir{[B44110;
reflZP_00107886.1; refiINP_485689.1; gb|AAF00958.1|AF183408_6; ref{INP_301233.1;
ref[NP_854867.1; ref]NP_215696.1; ref[NP_335661.1; reffNP_218317.1; ref[ZP_00107888.1;
emb|CAD19085.1; ref]NP_857467.1; ref]NP_301199.1; pir||T17420; ref[NP_218342.1;
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gb|AAK57190.1|AF319998_9; dbj|BAB12211.1; gb|]AAM77986.1; gbl|AACA49814.1;
ref]NP_522202.1; ref[NP_870253.1; ref]NP_301890.1; ref[NP_216043.1; ref[NP_855206.1;
dbj|BAA20102.1; emb|CAD19093.1; reflZP_00130214.1; gb]AAK26474.1|AF285636_26;
gb|AAK48943.1|AF360398_1; reﬂNP_867299.1 ; ref|]NP_828360.1; dbj|BAB69235.1;
ref]NP_349947.1; reflNP_519927.1; gb|AAC23536.1; ref|XP_324222.1; ref|[NP_841435.1;
ref|ZP_00107678.1; sp|P22367MSAS_PENPA; ref[NP_854075.1; ref|[NP_630898.1;
gb|AANS5523.1|AF484556_45; ref|[NP_389599.1; emb|CAB13589.2; gh|AAB49684.1;
ref]NP_389603.1; emb|CAB13604.2; gbl]AAN85522.1 |AF;184556__44; reflZP_00102851.1;
gb|AA062426.1; gb| AAM12913.1; dbj[BAC20566.1; gb|AAN17453.1; ref|ZP_00126161.1;
reflZP_00065888.1; ref]XP_325868.1; ref[NP_216180.1; ref[NP_855344.1; gb|AAD34559.1;
ref|ZP_00050081.1; ref|ZP_00074378.1; ref]ZP_00126160.1; gb|AAL27851.1; dbj|BAB69698.1;
gb|AAB08104.1; pir||T44806; dbj|BAC20564.1; pirf|T31307; ref]XP_330288.1; ‘
ref[NP_851435.1; gb| AANG60755.1|AF405554_3; reflZP_00103294.1;
gb|AAD39830.1JAF151722_1; ref]XP_330106.1; gb|AAF19812.1/AF188287_4;
1ef]NP_085630.1; ref[XP_329445.1; gb|]AAF26920.1|AF210843_17; emb|CAB13603.2;
ref]NP_534177.1; ref]NP_356936.1; gb|AAM12909.1; ref|NP_792409.1;
gb|AAG02357.1]AF210249_16; ref|[NP_384683.1; gb|AAF62882.1|AF217189_5;
emb|CAB13602.2; ref[NP_389600.1; ref][NP_822424.1; gb|AAK15074.1; ref[NP_356944.1;
ref]NP_754352.1; gb|AA052333.1; ref[NP_851438.1; reflZP_00130212.1; ref|ZP_00110270.1;
ref[NP_389601.1; ref[NP_721710.1; gb|AAM33468.1|AF395828_1; emb|CAC94008.1;
ref]XP_324368.1; gb|AAO52327.1; reflNP_486686.1; ref|ZP_00111186.1; ref[NP_851434.1;
ref|ZP - 00110255.1; emb|CAD70195.1; reflZP_00124542.1; ref|ZP_00110274.1;
ref]NP_856605.1; ref|[NP_217451.1; ref|ZP_00108701.1; reflZP_00126162.1;
gb|AAD43562.1)AF155773_1; ref]NP_519931.1; reffNP_754319.1; pir||T30342;
ref[NP_405471.1; gb|AAM12911.1; reflZP_00012847.1; gb|AAN74983.1; reflZP_00110275.1;
ref]ZP_00108808.1; ref|ZP_00110898.1; ref[]NP_486675.1; dbj|BAB88752.1; ref|[NP_302532.1;
reflZP_00074380.1; gb|AAF15892.2|AF204805_2; ref[NP_492417.1; ref|ZP_00106167.1;
emb|CAA84505.1; emb|CAC44633.1; sp|P12276[FAS_CHICK; ref|ZP_00110267.1;
gb|AA062585.1; ref[NP_823457.1; ref|XP_322886.1; gb|]AAN32979.1; sp|P12785[FAS_RAT;
reffNP_059028.1; emb|CAA46695.2; sp|Q03149|WA_EMENI; emb|CAB92399.1;
ref[NP_821274.1; gb|AAA41145.1; ref|[NP_851440.1; dbj|BAB12213.1; ref|NP_754362.1;
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gb|AAF00957.1|AF183408_5; gb|AAM93545.1|AF395534_1; ref|NP_828538.1;
ref]NP_004095.3; pir||G01880; emb|CAB38084.1; pir]|S18953; emb|CAD19100.1; pir][S60224;
reflZP_00083375.1; ref]XP_126624.1; sp|Q12053|PKS 1_ASPPA; ref[NP_608748.1;
emb|CAC88775.1; ref[NP_822020.1; dbj|BAC45240.1; gb]AA064404.1;
gb|AAD38786.1]AF151533_1; emb|CAAT76740.1; gb|AAC39471.1; refINP_754360.1;
sp|Q12397|STCA_EMENI; ref[NP_670704.1; ref[NP_819808.1; ref|lXP_319941.1;
sp|P36189]FAS_ANSAN; gb|AAN59953.1; dbjBAB88688.1; gb|AAO25864.1;
emb|CAD29795.1; gblAAO51709.1; gb|AAM12934.1; gb|AAO51707.1;
sp[P49327|FAS_HUMAN; pir]|T18201; ref|ZP_00102377.1; ref]NP_624465.1; ref|NP_828537.1;
reflZP_00124458.1; ref]NP_647613.1; dbj|BAB88689.1; ref|ZP_00089514.1; ref]NP_624466.1;
gb|AAO52142.1; refINP_754345.1; gb|AAD31436.3|AF130309_1; gb|AAM12925.1;
gb|AA051578.1; emb|CAA31780.1; ref[XP_316979.1; ref[XP_321166.1; gb|AAG10057.1;
ref]ZP_00052686.1; gb|AAO51589.1; gb|AAA48767.1; ref]NP_754350.1; ref]NP_389604.1;
gb|AAF31495.1|AF071523_1; gb|AAK16098.1|AF288085_2; gb|AAN75188.1;

ref[NP. 508923.1; gb|AA025858.1; emb|CAA65133.1; gb|AAO25899.1; gb|AANT9725.1;
pir]|T30183; gb|AA039786.1; gb|AAO50749.1; ref]ZP_00109665.1; gb|AAO25874.1;
gb|AAO25848.1; gb|AAK72879.1]AF378327_1; ref[NP_489391.1; gb|AAO25869.1;
gblAAMO94794.1; dbj[BAA89382.1; gb|AAD43312.1|AF144052_1;
gb|AAL01060.1]AF409100_7; emb|CAA84504.1; gb|AADA43307.1|AF144047_1;
gb|AAO25844.1; gbJAAO25836.1; reflZP_00108217.1; gb|AAD43310.1|AF144050_1;
gb|AA025852.1; ref]NP_717214.1; reflZZP_00068117.1; gb|AAO39778.1; gb|AA039788.1;
gblAA025904.1; gb|AAL06699.1; gb|AAO25889.1; gb|AAO25884.1;
gblAAD43309.1]AF144049_1; ref[NP_485686.1; pir]|T30937; gb|AAO39787.1;
gb|AA039780.1; gb|AAF76933.1; gb|AAO25879.1; ref{NP_851482.1; gb|AAO397 81.1;
gb|AA039790.1; ref]NP_630000.1; gb[EAA46042.1; gb|AAO51629.1; gb|AAO25894.1;
gb|AAL01062.1]AF409100_9; 181 2e-44; gb|AAN28672.1; gb|AAD43308.1 |AF144048_1; and
gblAA039107.1. ‘
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EXAMPLE 5
SYNTHESIS OF DEBS MODULE 2

[0353] DEBS Module 2 is a 4344 bp module. The module was designed to give 10 synthons
of varying length (range, 350-700 bp). Each of the synthons was prepared, and the composite
results are provided in Table 13. The ten synthons of DEBS Module2 were assembled by
conventional methods (e.g., 3-way ligations) into a single module and secondary sequencing was
performed to verify the presence of the desired sequence. Synthons for which the correct
sequence was not obtained the first attempt were used for optimization and error determination -

{

and the numbers in parenthesis in Table 13 represent the second set of results.

TABLE 13

SUMMARY OF SYNTHESIS OF MODULE 001 (DEBS MODULE 2)
Synthon Fragment Size | Correct | Total Percent Errors/kb
Sequenced | Correct
001-01 419 0(31) 26 (85) 0 (36) 8.4
001-02 527 1 12 8 4.8
001-03 485 1 19 5 6.6
001-04 739 3? 12 25 1.9
001-05 383 0° 24 0 8.5
001-06 404 |1 14 7 6.8
001-07 392 0 (15) 19 (95) 0(16) 6.3
001-08 326 0° 24 0. 5.9
001-09 517 1 45 2 6.7
001-10 617 0(6) 12 (17) 0 (35) 8.1

2 Qligos used in the assembly of synthon 001-04 were partially purified by HPLC. Different
Eolymerase was also used for the assembly of this synthon.

Correct amino acid sequences were obtained for synthons 001-05 and 001-08 using samples
that contained only silent mutations that had acceptable codon usage.

EXAMPLE 6
EXPRESSION OF SYNTHETIC DEBS MOD2 IN E. COLI
[0354] The DEBS Mod2 gene in an E. coli strain having high 15-Me-6dEB production was
replaced with a synthetic version (Example 5) and protein expression and polyketide titer were

compared. The strain employed expresses a DEBS Mod2 derivative (with the KS5 N-terminal
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linker) from a stable RSF1010-based vector and DEBS2&3 from a single pET vector. The
background strain (K207-3) has genes required for pantetheinylation and CoA thioester synthesis
integrated on the chromosome. T7 promoters control Mod2 and DEBS 2&3 expression. Induced
cultures are fed with propyl diketide to yield 15-Me-6dEB.

[0355] Synthetic (2) and natural (1) sequence Mod2 expressing strains produced
indistinguishable levels of 15-Me-6dEB after 25h (8mg/L) and 42h (25mg/L) of expression.
Quantitative PAGE analysis of the soluble protein fraction showed considerably higher protein
expression from the synthetic Mod2 gene versus the natural sequence gene (Figure 15).
Approximately 3.2-fold more Mod2 protein was observed from the synthetic gene after 42h of
expression at 22°C. Equivalent titer despite higher expression level suggests that Mod2 is not
production limiting in the strain used, as expected from previous work (unpublished).

[0356]  Methods: Expression strain construction The ORF for synthetic DEBS Mod2 was
assembled in the following way. The Spe I-Eco RI fragment of MPGO11 (LLK1) was ligated
into the ORF assembly vector (pKOS337-159-1). The NotI-Xba I fragment MPG001 (DEBS
Mod2) was then ligated into this vector at the NotI-Spe I site. The AatIl-Mfel fragment of the
resulting plasmid was replaced with that from MPG009 (DEBS Mod5) to add the KS5 N-
terminal linker sequence. The NdeI-EcoRI fragment of this plasmid (pKOS378-014) containing
the Mod2 ORF was inserted into an pRSF1010 backbone to create the expression vector
pKOS378-030. The E. coli host strain used was K207-3, which has sfp, prpE, pccB, and accAl
genes for ACP pantetheinylation and CO-A thioester synthesis integrated on its chromosome.
K207-3 harboring the pET vector pBP130 [Pheifer et al., 2001, Science 291:1790-92], which
expresses genes for DEBS2&3 under T7 promoter control, was transformed with pK0S378-030
and pKOS207-142a (WT Mod2 in pRSF1010; from J. Kennedy) to create synthetic (2) and WT
(1) Mod2 strains, respectively. The protein sequences of the synthetic and WT Mod2
constructions are identical except for 4 substitutions in the synthetic gene required for restriction
site engineering (L914Q, G14678S, T1468S, and P1551G)

[0357]  PKS expression and polyketide analysis For the expression of Mod2 + DEBS2&:3
genes, strains grown at 37°C to mid-log phase. Expression was induced with the addition of
IPTG to 0.5mM and fed with the addition of 500mg/L 2-methyl-3-hydroxyhexanoyl-N-
acetylcysteamine thioester (propyl diketide), 5SmM propionate, S0mM succinate, and 50mM
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glutamate. Induced cultures were incubated at 22°C for the time indicated. At each sampling,
culture supernatants were extracted with ethyl acetate and 15-Me-6dEB titer was quantitated by
LC/MS (Ref). Cells were harvested, lysed with BPERII reagent (Pierce), and soluble protein
was quantitated (Coomassie Plus; Pierce) and analyzed by SDS-PAGE. Gels were stained with
Sypro Red (Molecular Probes) and quantitatively imaged with a Typhoon imager (Molecular
Devices).
EXAMPLE 7

SYNTHETIC DEBS GENE EXPRESSION IN E. COLI
[0358] The complete 30,852 bp of the DEBS PKS gene cluster (loading di-domain, 6
elongation modules, and thioesterase releasing domain) was successfully synthesized. Using the
GeMS software developed in this laboratory, the component oligonucleotides for each module
and TE were designed; in total, ai;proximately 1600 ~40mer oligonucleotides were designed and
prepared. The design utilized codons optimal for high E. coli expression and incorporated
restriction sites to facilitate assembly and module interchange. Sixty-seven synthons ranging
from 238 to 754 bp were prepared and cloned as described above. We observed >90 success rate
in UDG cloning, and error rate of gene assembly was 3 in 1000. An average of 22% of clones
sequenced were correct. Synthons were assembled into modules using the stitching sewing
method, with approximately 75% of clones containing the desired vector. Module 001
(DEBSmodule2) was used for initial testing of gene synthesis and therefore the error rate (avg of
~6.5 errors/kb) was higher for these synthons.
[0359] Module 2 was prepared as described in Example 5. The multi-synthon components of
the remaining modules were then stitched together and selected according to the strategy shown
in Figure 16 and Figure 17. |
[0360] In an example experimentail set of 10 ligations with the DEBS gene, seven gave 7/8 or
8/8 correct ligants, one gave 6/8, and .two gave 3/8 and 1/8 correct; the incorrect samples were all
that of the donor vector, which must have survived uncut.
[0361] All DEBS subunit genes have been fully synthesized and assembled into complete
ORFs. These genes are transformed into an E. coli host strain for activity and expression testing.
Synthetic and natural DEBS components are co-expressed in various combinations to determine

the effects of gene synthesis codon usage and amino acid substitutions on individual subunit
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activities (Figure 4-2). Synthetic DEBS1 has been successfully expressed in active form in E.
coli. Total DEBS1 expression is >3-fold higher for the synthetic codon-optimized subunit than
the natural sequence subunit. Synthetic DEBS1 co-expressed with natural DEBS 2 & 3 subunits
supports similar levels of 6-dEB product as the natural DEBS1 construct.

[0362] The sequence of the three DEBS open reading frames of the synthetic genes are
shown below in Table 14B. (Each of the sequences includes a 3’ Eco R1 site which was
included to facilitate addition of tags.) Table 14A shows the overall sequence similarity for the

synthetic sequence and the reported sequences of DEBS2 and 3, and a corrected sequence for
DEBSI.

TABLE 14A
COMPARISON OF SYNTHETIC AND NATURALLY OCCURRING SEQUENCES

NATURALLY OCCURRING GENE : SYNTHETIC GENE SEQUENCE
SEQUENCE'
Naturally Naturally #bp #aa #aa % identity % identity
Occurring DNA Occurring changes vs nat. vs nat.
Sequence Polypeptide compared seq. seq.
(accession #) Sequence to
(accession #) nat. seq.
DEBSH1 Corrected Corrected 10632 3544 9 99.75% 76%
M63676° AAA26493"
DEBS2 M63677 AAA26494 10701 3567 9 99.75% 76%
DEBS3 M63677 AAA26495 9510 3170 5 99.84% 76%

1. As reported in GenBank accession nos., except as noted

2. DEBS1 was resequenced and the followmg changes relative to M63676 were used in the -
design of the synthetic DEBS1 gene: An early frameshift has the effect of replacmg the initial 18
aa of AAA26493 with an alternate 71-aa N-terminal sequence; there are changes in an
approximately 100-bp region include complementing frameshifts, which have the effect of
replacing 32 aa in the reported sequence with a different 33 aa segment.

TABLE 14B

SEQUENCE OF SYNTHETIC DEBS1-3 (SEQ ID NO: 3)

DEBS1

ATGGCAGATCTGAGCAAACTCTCCGATTCTCGCACCGCCCAGCCGGGCCGCATCGTCCGCCCATGGCCGC
TGTCTGGCTGCAATGAATCCGCATTGCGTGCTCGCGCCCGEGCAGCTTCGGGCACACCTGGACCGTTTTCC
GGACGCGGGCETCGAGGECETEEETGCGGCATTGGCCCACCGACGAGCAGGCGGACGCAGGTCCGCATCGT
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GCGGETGGTTGTTGCTTCATCGACCTCAGAATTACTGGATGGTCTGGCCGCGGTGGCCGATGGTCGCCCGC
ATGCGAGCGTCGTACGCGGEETTGCGCGTCCTTCTGCCCCGETAGTGTTTGTGTTTCCTGGGCAGGGGGC
ACAGTGGGCAGGTATGGCGGGCGAGCTGCTTGEGCGAGTCGCGCGTGTTCGCTGCCGCCATGGACGCCTGT
GCTCGCGCGTTCGAACCTGTGACAGACTGGACGCTTGCACAGGTCCTGGATAGCCCTGAACAAAGCCGCC
GCGTTGAAGTGGTCCAGCCAGCGTTATTCGCCGTGCAAACTTCGCTAGCGGCGCTCTGGCGTTCCTTTGG
CGTGACCCCAGATGCTGTGGTTGGCCATTCAATTGGTGAATTAGCAGCGGCGCATGTTTGCGGTGCCGCA
GGTGCGGCGGATGCAGCGCGCGCAGCGEGCACTGTGCGAGTCGCGAGATGATTCCGTTGGTGGGCAACGGCG
ACATGECCGCTGTCGCTCTGTCGGCAGATGAAATTGAACCACGTATCGCGCGCTGGGACGATGACGTAGT
GCTGGCEEGCGTCAACGETCCGCGGTCCETCCTGTTGACAGGGTCACCTGAACCCGTAGCTCGTCGTGTG
CAGGAACTGAGCGCCGAGGGCGTACGCGCCCAGGTAATCAATGTTAGCATGGCTGCGCATAGCGCTCAGG
TTGATGACATCGCTGAGGGTATGCGTAGTGCCCTGGCGTGETTTGCCCCAGGCGGCTCCGAAGTTCCGTT
CTACGCCTCACTGACCGGCGGETGCGGTTGATACCCGTGAGTTAGTAGCCGATTACTGGCGTCGTTCTTTT
CGGCTACCGGTACGGTTTGATGAAGCGATCCGCAGTGCCTTGGAAGTAGGCCCGGGTACGTTTGTCGAAG
CGAGCCCGCATCCTGTGTTGGCGGCEGCGCTGCAACAGACCCTGGATGCCGAAGGTTCAAGCGCGGCTGT
TGTACCTACACTGCAGCGTGGTCAAGGGGECATGCGTCGCTTCCTGTTGGCCGCGGCCCAGGCTTTCACT
GGCEGCGTCGCEETTGACTGGACGGCCGCTTACGATGATGTTGGTGCCGAACCAGGTTCGCTGCCTGAGT
TCGCTCCGGCCGAAGAAGAGGACGAGCCGGCAGAGT CCGGGGTTGATTGGAACGCACCGCCACACGTGCT
CCGCGAACGTCTGCTGGCTGTGETGAACGGGGAGACCGCAGCTCTTGCAGGCCGCGAAGCTGACGCAGAG
GCGACCTTTCGCGAATTAGGTCTCGATTCTGTGTTAGCAGCCCAGCTGCGCGCGARAGTCAGCGCGGCCA
TTGGCCGTGAAGTGAATATTGCGCTGTTATATGACCATCCAACCCCGCGTGCACTTGCGGAGGCACTGTC
TAGTGGGACGGAAGTAGCGCAACGCGAGACTCGCGCCCGTACAAACGAAGCTGCACCTGGCGAACCAATT
GCGGTAGTAGCGATGGCATGTCGTTTACCGGGCGGTGTATCGACCCCTGAAGAGTTCTGGGAGCTGTTGT
CAGAAGGCCGGEATGCEGETGGCEGGGCTTCCCACTGACAGAGGGTGCGGACCTGGATAGCCTGTTCCACCC
GGATCCAACTCGTTCGGGCACCGCCCATCAGCGEGGCGGTGGGTTTCTGACCGAGGCCGACGGCTTTTGAT
CCGGCCTTCTTTGETATGAGCCCGCGCGAGGCGTTAGCCEGTGGATCCTCAGCAGCGCTTGATGCTGGAAC
TTTCTTGEGAAGTCTTAGAACGTGCCGGCATCCCGCCGACTTCCCTACAGGCAAGTCCGACGGGTGTTTT
CGTCGGGCTGATTCCGCAGGAGTACGGCCCACGTCTGGCGGARGGCGGCGAAGGGGTGGAAGGCTACCTG
ATGACGGGCACGACTACATCGGTAGCGTCCGGTCGTATCGCGTACACCTTAGGTTTGGAGGGCCCAGCTA
TCAGTGTCGATACGGCGTGTTCTTCGTCACTGGTAGCCGTACATCTCGCGTGCCAGAGCCTGCGCCGTGG
CGAAAGCTCTCTCGCCATGGCGGGCGGTGTTACCGTGATGCCGACACCGGGGATGCTGGTTGATTTTTCG
CGCATGAACAGCTTGGCGCCAGATGETCGCTGCARAGCGTTCTCGGCTGGTGCGAACGGTTTCGGCATGG
CTGAAGGCGCGGGCATGCTGCTGCTGGAACGCTTATCTGACGCCCGTCGTAATGGGCACCCAGTGCTGGC
AGTGCTGCGTGECACCGCTGTGAATAGCGATGGCGCTAGCAACGGGCTGTCCGCTCCARATGGTCGGGCC
CAAGTCCGTGTGATCCAGCAGGCGTTAGCGGAATCAGGTTTGGGTCCGGCGGACATTGATGCCGTTGAAG
CGCATGGCGACTGGAACCCGTCTGGGTGATCCCATTGAGGCCCGTGCACTGTTTGAAGCTTACGGCCGCGA
CCGTGAGCAGCCACTGCATCTTGGCAGTGTCAAAAGTAACTTAGGGCACACCCAGGCAGCCGCTGGCGTA
GCAGGAGTAATCAAAATGGTGCTTGCCATGCGCGCGGGCACCTTACCGCGCACTCTCCATGCAAGCGAGC
GTAGCAAAGAAATCGACTGGAGCAGCGGTGCTATTTCGCTGCTTGACGAACCTGAGCCTTGGCCTGCTGG
TGCCCGGECCECECCETECCGGEETGAGCAGCTTTGGCATCAGCGGTACCAATGCCCATGCCATTATCGAG
GAAGCCCCACAGGTTGTAGAAGGGGAACGTGTTGAGGCTGGCGATGTAGTTGCACCGTGGGTGTTATCAG
CCTCCTCAGCGGAAGGTCTTCGCGCACAGGCGGCGCGTTTGGCAGCGCACCTGCGCGAACACCCTGGGCA
GGACCCACGTGACATCGCGTACAGCCTGGCTACAGECCGCGCGGCGCTGCCACACCGTGCGGCTTTTGCG
CCGGTGGACGAATCCGCAGCGCTGCGCETTCTGGATGGCCTGGCGACCGGCAATGCGGACGGCGCCGCCG
TGEETACAAGCCGEGGCTCAACAGCETGCTGTCTTCGTGTTCCCTGGCCAGGGTTGGCAGTGGGCGGGCAT
GGCGGTCGACCTCCTGGACACAAGTCCGGTGTTCGCAGCCGCGCTCCGTGAGTGTGCAGATGCCCTGGAA
CCACATCTGGATTTTGAAGTCATTCCGTTTTTACGTGCCGAGGCCGCGCGGCGCGAGCAGGACGCGGCTT
TGAGTACGGAACGTGTGGATGTTGTGCAACCTGTGATGTTTGCAGTGATGGTTTCTCTGGCATCCATGTG
GCGCGCGCACGGCETCGAACCGGCAGCGETGATTCGEGGCACAGCCARGGCGARATTGCTGCCGCATGCGTT
GCAGGEGCACTGTCCCTGGATGATGCGGCGCGCGTAGTGGCCCTGAGATCTCGCGTGATTGCTACTATGC
CAGGCAACAAAGGGATGGCGTCAATCGCGGCACCAGCCGGGGAAGTGCGTGCACGTATTGGCGATCGTGT
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GGAGATTGCCGCTGTTAATGGCCCACGCTCGGTGGTAGTGGCCGGTGACAGCGATGAATTAGATCGTCTC
GTCGCATCTTGTACTACCGAATGTATTCGCGCGAAACGTCTCGCCGTAGATTATGCGAGCCATTCATCTC
ACGTAGAAACGATCCGTGACGCGCTGCATGCCGAATTAGGTGAAGATTTCCATCCACTGCCTGGCTTTGT
CCCTTTTTTTTCGACCGTGACCGGCCGTTGGACCCAACCAGACGAACTGGACGCTGGTTATTGGTATCGT
AATCTCCGTCGCACGGTGCGCTTTGCAGATGCAGTACGGGCCCTGGCAGAACAGCGGCTATCGCACGTTTC
TGGAGGTGAGTGCGCATCCAATCCTGACAGCCGCGATTGAGCGAGATTGGTGATGGCAGTCEGCGCCGACCT
GTCCGCAATCCATAGCCTGCGTCGCGGCGACGGCAGCCTGECGGATTTTGGTGAAGCTCTGAGTCGTGCA
TTCGCGGCTGGCGTGGCAGTCGATTGGGAGTCTGTACACCTGGGCACTGETGCCCGCCECETACCGCTGE
CGACCTATCCGTTTCAGCGCGAACGCGTGTGGCTGCAGCCGAAACCTGTGGCTCGCCGGTCTACCGAGGT
TGATGAAGTCTCTGCGCTGCGCTACCGTATCGAGTGGCGTCCAACTGGCGCCCGTGAACCGGCACGCTTG
GATGGTACGTGGCTTGTAGCTAAATATGCGGGCACAGCCGATGAAACGAGCACTGCGGCACGCGAAGCGC
TGGAATCCGCTGGGGCCCGTGTGCGCGAACTTGTCGTCGATGCCCETTGTGGCCGGGATGAATTAGCAGA
ACGTCTGCGTTCGGTCGGCGAAGTCGCCGGTGTTCTGAGCTTACTCGCCGTCGATGAAGCGGAACCAGAG
GAAGCGCCGCTGGCACTGGCAAGCTTAGCAGATACGCTGAGCCTGGTTCAGGCTATGGTATCCGCGGAAC
TGGGGTGCCCGCTGTGGACAGTGACCGAATCAGCAGTGGCTACGGGCCCGTTCGAACGTGTTCGTAATGC
CGCACACGGTGCGCTGTGGGGGGTAGGTCGTGTTATCGCGCTTGAGAACCCGGCGGTCTGEGECEETCTC
GTTGACGTACCTGCCGGTAGCGTGGCGGAGCTTGCGCGCCACTTAGCCGCCETEETTTCGGGEEECGCAG
GCGAAGATCAACTGGCGTTGCGTGCTGATGGGGTTTACGETCATCATTCEGTGCGCECAGCAGCECCCGr
AACAGATGATGAATGGAAACCGACGGGGACCGTTCTGETGACCGETCGCACTGETGGTGTAGGCGGCCAA
ATCGCCCGCTGGTTAGCACGTCGGGGTGCTCCTCACCTTCTCCTGGTTAGCCGTAGCGGCCCGGATGCTG
ATGGTGCGGGCGAACTGGTTGCAGAACTTGAAGCCCTGGGGGCGCGTACCACGGTTGCGGCATGTGACGT
GACGGACCGCGAGTCTGTGCGCGAGCTGTTGGGCGGTATTGGCGATGACGTACCGTTATCAGCCGTCTTC
CATGCGGCGGCAACCTTGGATGACGGCACCGTCGATACTCTGACAGGTGAACGCGATTGAACGCGCAAGCC
GCGCCAAAGTGTTAGGGGCGCGCAATCTGCATGAGCTGACACGTGAGCTGGATCTGACCGCGTTCGTGCT
GTTTTCCAGTTTTGCGTCGGCCTTTGGTGCACCGGGTCTCCGCEGGTATGCGCCAGGCAACGCTTACCTG
GATGGTTTGGCCCAGCAGCGTAGATCTGATGGT CTGCCTGCTACCGCCETGGCATGGGGGACGTCGGECER
GCTCAGGTATGGCCGAAGGGGCCGTAGCCGATCGCTTTCGGCETCACGETGTTATTGAAATGCCGCCTGA
AACCGCCTGTCGTGCCTTACAGAATGCTCTGGATCECGCAGAAGTCTGCCCGATTGTTATCGATGTTCGT
TGGGACCGCTTTTTATTAGCGTACACCGCGCAGCGTCCAACACGCCTGTTTGATGAAATTGACGATGCCC
GCCGGGCGGCCCCGCAGGCCCCTGCTGAGCCACGCGTAGGTGCCCTGECCTCCCTCCCGGCTCCAGAGCG
GGAAGAAGCGCTGTTCGAACTGGTGCGCTCACATGCGGCGGCAGTGCTEGGECCATGCGTCTGCGGAACGC

- GTCCCTGCTGACCAAGCTTTCGCGGAGTTGGGTGTGGATTCTCTTTCAGCGCTGGAACTGCGTAACCGCT -

- TAGGCGCGGCGACGGGTGTGCGTCTTCCAACCACGACAGTGTTCGATCACCCAGATGTTCGTACGTTGEC
CGCCCATCTCGCGGCGGAATTGTCTAGTGCAACCGGCGCGGAACAAGCCGECACCTGCGACGACTGCGCCG
GTCGATGAACCAATTGCTATCGTCGGTATGGCTTGTCGCCTGCCGEETGAGGTGGACTCACCGGAACGTC
TTTGGGAATTAATTACCTCTGGCCGGGACTCTGCGGCGGAGGTTCCAGACGATCGCGGTTGGGTGCCTGA
TGAGCTGATGGCTAGTGACGCTGCGGGGACCCGTGCACATGGGAACT TCATGGCAGGTGCCGGTGACTTC
GATGCGGCTTTTTTCGGCATTAGCCCGCGTGAAGCACTGGCCGATGGATCCGCAGCAGCGCCAGGCGCTGG
AAMACGACCTGGGAAGCGTTGGARAGTGCAGGCATTCCTCCGGAAACCT TAAGGGGTAGTGACACGGGTGT
TTTTGTGGGTATGTCTCACCAGGGCTACGCAACGGGGCETCCACGTCCGGAAGACGGCGTCGACGGTTAT
CTTTTAACCGGCAACACCGCAAGTGTCGCGAGTGGGCGTATCGCCTATGTCCTGGGETTGGAGGGCCCGG
CACTTACTGTGGACACGGCATGTTCCAGCAGTCTGGTGGCCTTGCACACCGCGTGTGGGAGTTTACGGGA
CGGTGATTGCGGCCTGGCTGTTGCGGGTGGCGTCTCAGTAATGGCGGGCCCGGAAGTATTTACCGAGTTC
TCGCGTCAGGGTGCGCTGTCCCCGGATGGCCGCTGTAAACCGTTTTCCGATGAAGCTGATGGCTTCGGGC
TGGGCGAAGGTAGCGCGTTCGTTGTTTTACAACGTCTGTCGGATGCGCGCCGTGARGGTCGCCGCGTTTT
AGGTGTGGTCGCAGGTTCGGCCGTGAACCAGGATGGECGCTAGCAACGETCTGTCGGCTCCTTCCGETGTA
GCTCAGCAGCGCGTGATCCGTCGCGCCTGGGCTCETGCGGGTATTACGGGAGCCGATGTAGCGETGGTGG
AAGCGCACGGAACTGGTACTCGTCTGGGCGATCCAGTTGAGGCATCGGCCCTGCTGGCTACTTACGGCAA
ATCACGCGGCAGCAGTGGTCCGGTGCTGCTGGGETCGGTCAAATCCAATATTGGTCATGCCCAAGCCGCC
GCTGGCGTGGCGGGCGTGATCAAAGTGCTGCTTGGTCTTGAACGGGGCETGGTTCCGCCTATGCTGTECC
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GTGGGGAGCGGTCAGGGCTGATTGACTGGAGT TCTGGGGAGATCGAACTCGCCGACGGGGTGCGCGAATG
GTCCCCGGCAGCAGATGGCGTACGTCGTGCGGGCCTTTCAGCCTTTGGTGTGAGCGGTACCAATGCCCAC
GTGATTATTGCGGAACCGCCGGAACCGGAGCCGGTGCCGCAGCCTCGTCGTATGCTGCCTGCCACGGGTG
TAGTTCCGGTTGTGTTGTCAGCTCGTACGGGTGCTGCGCTGCGTGCGCAGGCTGGCCGTCTGGCGGATCA
TTTAGCGGCGCACCCGGGCATTGCTCCGGCCGACGTGTCCTGGACGATGGCGCGCGCCCGCCAACACTTT
.GAAGAACGTGCTGCTGTGCTTGCAGCCGATACCGCCGAAGCAGTTCACCGGTTGCGTGCTGTCGCAGACG
GCGCTGTGGTCCCTGGTGTTGTGACTGGTAGCGCGAGTGATGEGTGGGAGCGTTTTCGTTTTCCCTGGCCA
GGGGGCCCAATGGGAGGGCATGGCCCGCGAACTGCTGCCTGTTCCGGTTTTCGCCGAATCTATTGCCGAA
TGCGATGCTGTTCTCAGTGAGGTGGCCGGTTTTAGCGTGTCGGAAGTTTTAGAGCCGCGCCCGGATGCAC
CGTCCCTGGAGCGGGTGGATGTGGTGCAACCAGTGCTGTTTGCGGTGATGGTGTCTTTGGCGCGCTTATG
GCGTGCGTGTGGCGCGGTTCCATCGGCTGTTATTGGACATAGCCAGGGCGAAATTGCGGCGGCGGTAGTT
GCAGGTGCGCTGTCACTTGAAGATGGCATGCGCGTCGTTGCTCGTAGATCTCGCGCCGTCCGTGCAGTTG
CGGGGCGTGGGAGTATGCTGTCGGTACGTGGTGGTCGCAGCGATGTCGAGAAACTGCTGGCGCGATGACAG
CTGGACCGGGCGACTTGAAGTAGCGGCCGTAAATGGTCCTGACGCCGTCGTCGTCGCTGEGTGACGCGCAG
GCGGCACGTGAGTTCTTAGAATATTGTGAAGGCGTTGGCATCCGTGCCCGCGCGATTCCTGTGGATTACG
CCAGTCATACCGCCCATGTGGAACCAGTGCGCGATGAACTTGTGCAGGCTCTGGCGGGTATCACGCCGCG
CCGGGCGGAAGTCCCATTCTTTTCCACTCTGACCGGCGATTTTTTGGATGGTACGGAATTAGATGCAGGC
TATTGGTATCGCAACTTACGTCACCCGGTCGAATTTCATTCAGCGGTACAGGCGCTGACGGATCAGGGTT
ACGCAACTTTTATTGAAGTAAGCCCGCATCCTGTGCTGGCATCGTCAGTACAGGAAACCCTGGATGACGC
TGAATCTGATGCTGCCGTCTTGGGCACTCTGGAACGCCGATGCGGGCGATGCGGACCGTTTTCTGACTGCC
CTTGCTGATGCCCATACGCGTGGCGTAGCAGTCGATTGGGAGGCCGTTCTGGGCCGGGCEGECCTTGTTG
ATCTTCCGGGTTACCCGTTCCAGGGCAAACGCTTCTGGCTGCAGCCTGATCGGACCACTCCGCGTGACGA
ACTGGATGGTTGGTTCTATCGCGTCGACTGGACGGAGGTGCCGCGTTCTGAACCGGCAGCACTTCGGGGC
CGCTGGCTGGTGGTTGTCCCGGAAGGTCATGAGCAAGACGGCTGGACCGTGGAGGTCCGTTCCGCTCTGG
CCGAAGCGGGGGCCGAACCGGAGGTGACCCGTGCCETGGGCGGCCTCGTCGGCCGATTGCGCGGGCGTAGT
CAGCTTACTGGCATTGGAGGGCGACGGTGCTGTTCAGACCTTGGTCCTCGTCCGTGAATTGGACGCTGAG
GGCATTGATGCCCCGTTATGGACGGTCACTTTCGGCGCCGTGGATGCTGGTTCCCCAGTCGCCCGGCCTG
ATCAGGCGAAACTGTGGGGTCTCGGGCAAGTAGCATCGTTGGAACGTGGGCCACGCTGGACTGGTCTGGT
GGACTTGCCGCACATGCCGGATCCAGAGCTGCGCGGACGCCTGACGGCAGTTCTTGCGGGCTCTGAGGAT
CAGGTCGCTGTTCGTGCGGATGCCGTCCGGGCCCGCCGTCTGAGCCCTGCGCATGTCACCGCGACCTCCG
AATACGCCGTGCCGGGCGGCACGATTTTGGTTACCGGTGGGACCGCAGGGCTGGGTGCGGAAGTCGCCCG
CTGGCTGGCAGGCCGTGGCGCTGAACATCTGGCACTGGTGAGTCGCCGGGGTCCTGACACCGAAGGGGTC
GGCGATCTGACCGCCGAACTGACCCGCTTGGGTGCCCECGTTAGCGTGCACGCGTGCGATGTATCTTCAC
GTGAACCAGTGCGTGAACTGGTGCACGGCCTGATTGAACAAGGCGATGTGGTACGTGGCGTGGTCCATGC
TGCGGGCTTGCCGCAGCAGGTGGCGATCAATGACATGGATGAGGCGGCGTTTGACGAAGTCGTCGCGGCT
AAAGCTGGTGGCGCGGTTCATCTGGACGAACTTTGCAGCGATGCCGAACTTTTCCTGTTATTTAGCAGCG
GTGCTGGCGTCTGGGGGAGCGCGCGCCARGGTGCCTATGCAGCGGGTAACGCCTTCCTTGACGCCTTCGC
TCGTCACCGCCGCGGTCGCGGTTTACCGGCTACCAGTGTTGCATGGGGCCTGTGGGCCGCAGGTGGGATG
ACGGGGGATGAAGAGGCCGTAAGCTTTCTGCGTGAACGTGGCGTACGCGCCATGCCAGTACCGCGTGCGC
TGGCTGCTTTAGATCGCGTGTTGGCATCCGGGGAGACCGCCGTCGTAGTTACCGATGTGGACTGGCCTGC
GTTTGCCGAATCTTACACCGCCGCCCGTCCGCGCCCATTGCTGGACCGTATCGTTACCACGGCACCGAGL
GAGCGCGCTGGCGAGCCGGAAACCGAATCCCTGCGLCGATCGCTTGGCCGGGCTCCCTCGTGCGGAACGGA
CGGCGGAGCTCGTTCGTTTGGTGCGCACGTCGACGGCAACCGTTCTGGGTCACGACGATCCGARAGCCGT
GCGGGCCACCACCCCATTTAAAGAATTGGGTTTCGACTCTCTTGCTGCCGTGCGCCTCCGTAATCTGCTC
AATGCGGCAACTGGCCTGCGCCTGCCGTCCACGCTTGTTTTCGATCATCCGAACGCCAGTGCTGTCGCCG
GTTTCTTGGATGCTGAGCTGTCTAGTGAAGTGCGTGGCGAAGCTCCGTCCGECCCTGGCTGGTCTGGATGC
ATTGGAGGGCGCGCTGCCGGAAGTGCCTGCGACGCGAACGTGAGGAGCTGGTCCAGCGTCTIGGAACGCATG
CTCGCGGCACTGCGGCCGGTAGCCCAAGCAGCTGACGCGAGTGGTACCGGCGCGAACCCAAGCGGTGACG
ATCTTGGTGRAAGCCGGTGTTGATGAACTGTTGGAGGCTTTAGGGCGCGAATTAGATGGGGACGGGAATTC
T
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DEBS2 (SEQID NO: 4)

ATGACAGACAGTGAGAAAGTTGCTGAGTATCTGCGCCGCGCCACCCTGGATCTTCGTGCGGCACGCCAGC
GCATCCGTGAACTGGAAAGTGATCCAATTGCTATTGTCAGCATGGCGTGTCGCCTGCCAGGGGGTGTTAA
TACGCCACAGCGCTTGTGGGAGTTACTGCGTGAGGGTGGCGARACTCTGTCGGGCTTTCCTACTGACCGT
GGCTGGGACCTGECACGTCTGCACCACCCGGATCCAGACAATCCGGGGACGTCATACGTGGATAAAGGCG
GTTTCTTGGACGACGCCGCAGGCTTCGACGCCGAGTTTTTTGGTGTGAGCCCGCGTGAGGCTGCGGCGAT
GGATCCTCAGCAACGCTTGTTACTGGAAACCTCCTGGGAACTGGTGEAAAACGCAGGTATCGACCCGCAC
AGCTTAAGAGGTACGGCGACGGETETCTTCCTCEGTCTTGCTARATTTGGCTATGGTGAAGATACCGCCG
CTGCGGAGGACGTAGAAGGGTACTCGGTGACCGGGETGECGCCCEGCEGETGECGTCCGGCCGTATTTCCTA
CACTATGGGCCTGGAGGGGCCGTCGATTAGCGTCGATACCGCTTGCTCCTCCTCATTAGTTGCGTTACAC
CTTGCCGTTGAGTCTCTGCGTAAAGGGGAGAGCAGCATGGCGETTGTCGGTGEGCGCGGCCGTCATGGCAA
CACCTGGCGTTTTCGTCGATTTTTCTCGCCAACGTGCACTCGCAGCGGATGGTCGGAGCAAAGCCTTTGG
CGCGGGCGCCGATGGTTTCGGCTTTAGCGAAGGTGTAACCTTGGTTCTGCTGGAGCGTCTGTCCGAAGCG
CGGCGCAACGGCCATGAAGTGCTGGCTGTCGTTCGTGGGAGCGCACTGAACCAAGATGGCGCTAGCAATG
GCTTGAGCGCTCCTTCCGGGCCAGCACAGCGCCGTGTAATTCGCCAAGCGCTGGAAAGCTGCGGTCTCGA
ACCAGGCGATGTGGACGCGGTAGAAGCACACGGCACGGGCACGGCTCTGGGTGATCCGATTGAGGCAAAC
GCTTTGCTGGATACCTATGGCCGTGATCCTGATGCAGACCGCCCACTTTGGCTGGGCTCTGTTAAATCAA
ACATCGGCCATACCCAGGCGGCGGCAGGCGTGACTGGCTTACTGAAAGTGGTTCTGGCGTTACGCAACGSE
CGAGCTGCCCGCGACCCTGCATGTTGAAGAACCGACACCTCACGTGGATTGGAGTTCGGGCGGCGTCGCE
CTTCTGGCCGGGAACCAGCCATGGCGCCEGTGGCGAACGGACGCEGCCGGECCCGTGTTTCCGCATTTGGCA
TTTCTGGTACCAACGCACATGTGATTGTGGAAGAAGCACCEGAGCGTGAACATCGTGAAACCACCGCTCA
CGACGGCAGACCTGTCCCGCTGETTGTCAGCGCCCGGACTACAGCGGCTCTTCGCGCACAGGCCGCTCAG
ATCGCTGAGCTGTTAGAGCGTCCGGACGCCGATTTAGCCGGGGETEGGGCCTGGETTTGGCGACCACACGCG
CCCGGCACGAGCATCGCGCCGCCETEETGEGCCTCCACCCEGGGAAGAGGCGGTGCGTGGGCTGCGCGAAAT
TGCTGCTGGGGCCGCCACTGCEGATGCAGTGGTCGAGGGGGTTACTGAAGTAGACGGTCGCAATGTAGTC
TTTTTATTCCCTGGCCAGGGCTCCCAGTCGGCGEETATGGECGCEGAATTGCTGTCCAGTTCACCCGTCT
TCGCAGGTAAAATTCGCGCCTGTGACGARAGCATCGGCGCCAATGCAGGATTGGARAGT TTCAGATGTGCT
GCGTCAGGCTCCAGGGGCGCCAGGTCTGGATCGTGTTGATGTTGTACAACCAGTTCTGTTTGCCGTAATG
GTTAGCTTAGCCGAGCTGTCGCGCAGCTATGGCGTCGGAACCCGGCCGCEETGEGTGGGTCATTCGCAGGGCG
AGATTGCGGCAGCACATGTCGCTGGGGCTCTCACCCTCGAAGATGCTGCCAAATTAGTAGTGGGTAGATC
TCGTTTGATGCGCTCTTTATCTGCGGAAGGGGGGATGGCTGCCGTGGCATTAGGCGAGGCAGCAGTTCGC
GAGCGTCTGCGTCCGTGGCAGGATCGCCTTTCTGTTGCGGCAGTGAATGGCCCGCGTAGCGTTGTGGTAT
CAGGCGAGCCAGGTGCTCTGCGTGCGTTCTCAGAAGATTGCGCGGCCGAGGGTATTCGCGTGCGTGACAT
CGATGTAGATTATGCAAGCCATTCTCCGCAGATCGAACGCGTTCGCGAAGAGCTGCTGGAGACAGCCGGC
" GATATTGCTCCGCGTCCGGCGCGTGTGACCTTCCACAGTACCGTTGAATCGCGTTCGATGGATGGCACCG
AACTTGATGCCCGGTATTGGTATCGCAATTTGCGGGARACGGTCCGCTTTGCGGATGCGGTCACACGTCT
GGCAGAATCTGGTTATGATGCCTTCATTGAGGTTAGTCCTCATCCGGTGGTGGTTCAGGCAGTGGAAGAG
GCCGTGGAGGAAGCTGACGGCGCTGAAGACGCGGTGETTGTCGGTAGTCTTCACCGCGACCGTGGCGACC
TGAGCGCGTTCCTTCGTTCGATGGCAACGGCACACGTAAGCGGTGTGGACATCCGTTGGGATGTAGCGCT
TCCGGGGGCTGCCCCATTTGCTTTACCTACGTACCCTTTTCAACGCAAACGCTACTGGCTGCAGCCAGCG
GCACCTGCTGCCGCGAGCGATGAACTGGCGTACCGCGTTTCATGGACACCTATTGAAAAACCAGAGAGCG
GTAATCTGGATGGTGATTGGTTGGTTGTGACCCCGCTGATCTCACCGGAATGGACTGAGATGCTGTGTGA
AGCAATCAACGCTAACGGTGGCCGCGCCCTGCGTTGCGAAGTCGACACAAGCGCGTCTCGGACGGAGATG
GCTCAAGCGGTTGCGCAGGCTGGCACGGGTTTTCGCGGCGTGCTGAGCCTTTTATCCTCCGATGAAAGTG
CCTGTCGCCCGGGCETCCCTECCEEGTGCCGTTGGETTGCTGACGCTTGTCCAGGCCCTAGGCGACGCAGG
TGTAGACGCGCCGGTGTGGTGCCTGACTCAAGGTEGCGETGCGCACCCCGGCGGACGATGATTTAGCACGT
CCGGCGCAGACCACCGCCCATGGTTTTGCCCAAGTGGCGGGCCTGGAATTGCCAGGGCGCTGGGEGGGTE
TAGTTGATCTGCCAGAGTCTGTAGATGACGCAGCACTGCGTCTTCTGGTGGCAGTCTTGCGGGETGGCGE
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TCGTGCGGAGGATCATCTGGCCGTCCGTGATGGTCGTCTCCATGGTCGCCGCGTAGTGAGAGCTAGTCTC
CCACAATCGGGTAGTCGCAGCTGGACCCCTCACGGCACAGTGTTGGTTACCGGTGCGGCAAGCCCGGTCG
GCGATCAACTGGTCCGTTGGCTGGCCGACCGTGEGCGCTGAACGTCTGGTTCTGGCAGGCGCATGCCCGGG
GGATGATCTGCTTGCGGCCGTTGAAGAAGCTGGCGCGTCAGCGGTCGTCTGTGCGCAAGACGCCGCCGCG
CTGCGTGAAGCTTTAGGCGACGAACCCGTGACTGCTTTAGTGCACGCTGGCACTCTGACGAACTTTGGCT
CTATTTCCGAGGTAGCTCCGGAGGAATTTGCAGAAACCATCGCGGCGAAAACTGCGCTCCTGGCCGTCCT
GGATGAGGTTCTGGGTGATCGCGCCGTGGAACGCGAAGTATATTGCTCGTCTGTGGCCGGTATTTGGGGC
GGTGCGGGGATGGCAGCTTATGCAGCGGGTTCGGCATATTTGGACGCGCTGGCTGAACACCATCGGGCAC
GCGGTCGTTCATGCACCTCCGTTGCTTGGACGCCATGGGCGTTGCCGGGCGGTGCCGTTGATGATGGCTA
CTTAAGAGAACGCGGTTTGCGTTCACTGTCGGCTGACCGCGCGATGCGTACCTGGGAACGTGTTCTGGCA
GCAGGCCCGGTGTCCGTCGCCGTCGCCGACGTAGATTGGCCGGTGCTGTCAGAAGGTTTCGCGGCGACCC
GTCCTACTGCCCTCTTCGCAGAACTGGCGGGCCGCGGGGGTCAGGCAGAAGCCGAACCGGACAGTEGETCC
GACGGGCGAGCCTGCTCAGCGCTTGGCTGGGTTGTCGCCGGACGAACAGCAGGARARCCTGCTGGAATTA
GTTGCCAATGCGGTTGCCGAAGTTTTAGGCCATGAGTCCGCGGCCGAGATCAACGTGCGCCGGGCATTTA
GCGAGCTGGGTTTAGACAGTTTAARATGCAATGGCGCTCCGCAAACGCCTCAGCGCCAGCACCGGCCTGCG
CTTACCGGCGTCGCTCGTGTTCGATCATCCGACTGTCACGGCATTAGCCCAACACCTTCGCGCTCGTCTC
TCTAGTGACGCCGATCAGGCGGCGGCTTCGCGTTGTGGGCGCAGCGGATGARAGCGAGCCAATTGCCATTG
TCGGCATCGGCTGCCGTTITCCCGGGTGGCATCEGGCTCTCCTGAACAGCTGTGGCGCGTTCTTGCAGAAGG
GGCCAATCTGACGACCGGCTTTCCGGCAGATCGCGGCTGEGGACATCGGCCGTCTGTACCATCCAGACCCG
GATAATCCGGGCACGTCCTATGTCGACAAAGGTGGCTTTCTCACCGACGCAGCGGATTTTGATCCGGGTT
TTTTTGGTATTACACCGCGCGAAGCTTTGGCAATGGACCCGCAGCAGCGCTTAATGCTTGAAACAGCATG
GGAGGCAGTCGAACGTGCGGGCATTGACCCGGATGCCTTAAGAGGCACCGACACAGGCETTTTCGTAGGC
ATGAACGGTCAAAGTTACATGCAGTTACTGGCAGGTGAAGCGGAGCGTGTAGATGGTTACCAAGGCTTAG
GCAACAGCGCATTCGTTTTGAGTGGTCGTATCGCTTATACGTTTGGTTGGGAAGGCCCGGCGCTGACTGT
TGATACCGCGTGTTCGTCTTCGTTGGTTGGTATTCATCTGGCAATGCAAGCGCTCCGTCGTGGGGAATGC
TCTCTCGCCCTGGCTGGTGGTGTTACCGTCATGTCAGACCCGTATACCTTCGTCGACTTCTCGACCCAGL
GTGGTCTGGCTAGTGATGGTCGCTGTAAAGCGTTCTCAGCGCGGGCTGATGGTTTCGCGCTTTCGGAAGG
CGTGGCCGCCCTCGTGCTGGAACCGCTTAGCCGTGCGCGTGCCAACGGGCACCAAGTGCTGGCGGTGCTG
CGTGGTTCTGCCGTTAACCAGGATGGGGCTAGCAATGGCCTGGCCGCCCCAAACGGTCCATCGCAGGAAL
GTGTCATCCGTCAGGCGCTCECCGCCAGCGEEETCCCTGCTGCTGACGTGGATGTCCGTGCGAAGCGCACGE
CACTGGTACAGAATTGGGCGACCCAATCGAGGCGGGTGCTCTGATCGCAACGTACGGGCAGGATCGTGACL
CGCCCGCTGCGTTTGGGGAGCGTGAAAACCAACATTGGTCATACCCAAGCAGCAGCGGGGGCCGCAGGGG
TAATTAAAGTAGTGCTGGCGATGCGTCATGGTATGCTGCCGCGTAGCCTGCACGCTGACGAACTGTCTCC
TCATATCGATTGGGAGTCAGGCGCTGTGGAGGTCCTGCGTGAAGAAGTACCGTGGCCCGCAGGCGAACGL
. CCGCGCCGCGCGEETGTTTCCTCCTTCGGCGTTTCAGGTACCAACGCGCACGTTATTGTGGAAGAGGCAC
CGGCCGAACAGGAAGCGGCTCGTACCGAACGCGGCCCGCTGCCGTTCGTTCTGTCTGGGCEGCTCCGAAGL
TGTGGETAGCCGCGCAGGCCCGCGCACTTGCTGAGCACTTACGCGACACCCCAGAGCTGGGGCTGACCGAT
GCTGCETGGACTCTGGCGACCGGCCGTGCACGTTTCGACGTGCGCGCCGCCGTATTGGGCGATGATCGCG
CTGGTGTATGCGCGGAACTGGATGCCTTAGCGGAAGGTCGCCCGTCTGCGGATGCGGTGGCACCAGTCAC
CTCCGCGCCACGTAAACCAGTCCTGGTTTTCCCTGGCCAGGGGGCCCAGTGGGTTGGTATGGCCCGCGAC
TTACTGGAAAGTTCTGAGGTCTTTGCCGAGTCGATGAGCCGCTGCGCGGARGCGCTGTCGCCTCACACTG
ATTGGAAACTTCTTGACGTTGTGCGTGGTGATGGTGGTCCAGATCCGCACGAGCGTGTAGACGTCTTACA
GCCGGTCCTGTTTTCCATTATGGTCTCTCTCGCGGAACTGTGGCGTGCCCACGGTGTGACTCCGGCCGCT
GTTGTAGGTCACTCTCAAGGCGAAATTGCAGCCGCACACGTGGCGGGTGCGTTAAGCTTGGAAGCCGCAG
CTAAAGTGGTGGCCTTGAGATCTCAAGTACTGCGTGAGCTTGATGATCAGGGCGGGATGGTTTCAGTAGG
GGCATCTCGGGATGAACTGGAAACGGTGCTGGCACGCTGGCGACGGCCGCGTAGCAGTGGCCGCTGTGAAT
GGTCCAGGGACCTCAGTTGTCGCAGGCCCTACTGCCGAATTGGATGAGTTCTTTGCCGAAGCCGAAGCCC
GTGAAATGAAACCACGCCGTATCGCAGTTCGTTATGCGAGCCATTCCCCGGAAGTCGCACGTATTGAAGA
TCGTCTGGCAGCCGAACTCGGTACAATTACCGCCGTTCGCGGCAGCGTACCTCTGCATAGCACGGTTGCC
GGCGAAGTAATTGATACCAGCGCGATGGACGCGTCTTATTGGTATCGTAACTTGCGCCGTCCGGTTTTGT
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TTGAACAAGCCGTGCGTGGTCTCGTCGAACAGGGGTTTGACACATTTGTCGAGGTTTCCCCACATCCGGT
TCTGCTGATGGCAGTGGAGGAGACAGCAGAACATGCAGGGGCGGAAGTCACCTGTGTTCCTACGCTTCGT
CGCGAGCAGTCCGGCCCGCATGAGTTTCTGCGGAACCTGCTGCGCGCCCATGTCCACGGCGTTGGCGCCE
ATCTGCGTCCTGCCGTTGCTGGCGGCCGTCCGGCTGAATTACCAACTTACCCGTTCGAACATCAACGTTT
TTGGCTGCAGCCGCACCGCCCAGCAGATGTTAGCGCCTTAGGCGTACGCGGGGCAGAGCACCCTCTGCTC
CTGGCAGCCGTTGACGTTCCGGGTCACGGTGGTGCCGTTTTCACCGGGCGTCTGTCTACGGACGAGCAGC
CGTGGCTGGCCGAACATGTCGTGGECGGTCGTACCTTGGTGCCGGGTTCCGTGCTGETGGACCTGGCGCT
GGCGGCCGGTGAAGATGTAGGGCTGCCGGTATTGCGAAGAATTGGTTTTACAACGCCCACTGGTACTGGCA
GGTGCGGGCGCTCTCCTGCGTATGTCGGETCCGGCGCTCCGGATGAATCAGGCCGCCGTACTATTGATGTCC
ACGCGGCAGAAGATGTAGCGGACCTCGCGGACGCCCAGTCGTCGCAGCATGCGACAGGTACATTGGCGCA
AGGCGTCGCCGCTGGCCCTCGGGATACCGAACAGTGGCCGCCTGARAGATGCGGTTCGCATCCCGCTTGAT
GACCATTATGACGGCCTGGCAGAACAGGGCTACGAGTATGGTCCGTCTTTCCAGGCGTTACGTGCGGCCT
GGCGCAAAGATGACTCTGTCTACGCAGAAGTTTCAATCGCGGCGGACGAAGAGGGCTACGCGTTTCACCC
GGTGCTGCTGGACGCGGTAGCTCAAACGCTGAGCTTAGGGGCACTCGGTGAACCGGGTGGCGGGAAACTT
CCATTTGCATGGAATACGGTGACCCTTCACGCGAGTGGCGCGACTTCGGTTCGTGTAGTGGCGACCCCAG
CTGGTGCCGATGCCATGGCCCTGCGTGTGACGGATCCGGCAGGTCATTTAGTGGCTACCGTTGATTCTCT
TGTGGTCCGCTCAACTGGTGAGAAATGGGAACAACCGGAACCGCGCGGGGGCGAAGGGGAGCTTCATGCA
CTGGACTGGGGCCGCTTGECGGAACCAGGCTCTACTGGTCGTIGTTGTAGCAGCTGACGCCAGCGATTTAG
ACGCCGTCTTAAGGTCTGGTGAACCGGAGCCAGATGCCGTTTTAGTTCGTTACGAGCCGGAGGGTGATGA
TCCTCGCGCTGCGGCACGCCACGGTETGCTGTGGGCTGCGGCCCTGGTTCGCCGCTGGCTGGAACAGGAG

GAACTGCCGGGCGCCACGCTGGTGATCGCAACGTCAGGGGCCETCACTGTGAGTGATGACGATTCTGTTC -
CGGAGCCGGGCGCCGCGGCCATGTGGGGCGTCATTCGCTGCGCGCAAGCGGAATCCCCGGATCGTTTCGT
ATTGTTAGATACTGATGCCGAGCCTGGTATGCTGCCTGCGGTGCCAGACAATCCGCAACTTGCGCTTCGG
GGTGACGACGTGTTTGTGCCTCGTCTGAGCCCGCTCGCGCCGAGTGCCCTGACGCTGCCAGCAGGCACCC
AACGCCTTGTCCCGGGCGATGGCGCTATTGATTCTGTGGCATTCGAACCTGCGCCGGACGTTGAGCAGCC
TCTGCGCGCGGCTGAGGTACGGGTTGATGTGCGTGCGACCGGCGTAAATTTTCGTGATGTTTTGITAGCC
CTGGGCATGTATCCGCARAAAGCCGATATGGGTACGGAAGCAGCCGGCGTAGTGACTGCCGTAGGCCCAG
ATGTTGATGCCTTCGCCCCTGGTGATCGGGTGCTTGGCCTGTTCCAAGGCGCGTTCGCGCCAATCGCTGT
TACAGACCATCGCTTGTTAGCACGTGTTCCTGATGGTTGGTCGGATGCCGACGCTGCGGCCGTTCCTATC
GCCTATACAACTGCACATTATGCCCTGCATGATCTGGCGGGCTTGCGCGCCGGTCAGAGTGTCCTITATTC
ACGCTGCCGCTGGTGGTGTCGGTATGGCAGCTGTAGCTCTGGCACGTCGGGCTGGCGCCGAGGTGTTAGC
TACCGCTGGTCCGGCTAAACACGGCACTCTGCGTGCGCTCGGTCTGGATGATGAGCATATTGCGAGTTCT
AGGGAGACTGGTTTCGCCCGTAAATTTCGTGAACGCACAGGCGGGCGTGGGGTTGACGTTGTGCTCAACT
CCTTGACTGGCGAACTCCTGGATGAGTCAGCAGACCTCCTTGCTGAAGATGGCGTGTTTGTAGAGATGGG
CAAAACCGATCTGCGTGATGCCGGGGACTTTCGTGGGCGCTACGCGCCATTTGATCTGGGGGAGGCAGGG
"GATGATCGTCTGGGTGAAATTCTCCGTGAAGTAGTGGGCTTACTTGGCGCAGGCGAATTGGATCGCCTGC
CGGTAAGTGCATGGGAATTGGGETCCGCGCCTGCCGCGCTCCAGCACATGAGTCGCGGTCGTCACGTAGG
TAAACTTGTACTGACCCAGCCTGCGCCGGETCGACCCTGACGGCACTGTGTTAATCACCGGTGGTACAGGC
ACCCTGGGGCGTTTGTTAGCACGCCATCTGGTGACGGAACATGGTGTGCGEGCATCTGTTGCTGGTITAGTC
GTCGTGGTGCTGACGCGCCGGGCTCCGATGAACTGCGCGCAGAAATTGAGGATTTGGGTGCAAGCGCGGA
AATTGCGGCGTGCGACACAGCGGATCGCGACGCCCTGAGTGCCCTGCTGGATGGTTTGCCCCGGCCTICTG
ACCGGGGTTGTGCACGCAGCCGGTGTGCTGGCCGATGGCTTGGTGACAAGCATCGACGAACCGGCGGTGG
AACAGGTTCTGCGTGCCAAAGTCGATGCCGCGTGGAACCTCCATGAACTGACCGCAAATACCGGCTTGAG
CTTCTTTGTCCTGTTCAGTTCTGCGGCAAGCGTGTTAGCAGGCCCTGGEGCAAGGTGTGTATGCGGCGGCG
AATGAAAGTCTGAATGCATTAGCGGCTCTGCGTCGCACCCGCGGTTTGCCTGCCAAAGCGCTGGGTTGGG
GCCTCTGGGCCCARGCGTCCGARATGACTAGCGGTCTGGGTGACCGCATTGCGCGTACAGGTGTTGCCGC
GTTGCCGACCGAACGTGCTCTGGCCCTGTTCGACAGCGCATTGCGTCGCGEGEGTGAGETGGTTTTTCCG
CTGTCAATCAACCGCTCAGCGCTGCGCCGCGCTGAATTTGTACCAGAGGTTCTGCGTGGCATGGTACGTG
CAAAACTTCGGGCTGCTGGGCAGGCTGAAGCTGCGGGCCCARACGTAGTTGACCGCTTAGCCGGTCGTAG
CGAATCGGATCAGGTGGCGGGCCTCGCGGAACTGGTGCGTAGCCATGCAGCCGCCGTGAGTGGTTACGGC
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AGCGCCGATCAGTTGCCGGAACGCAAAGCGTTTAARAGACTTGGGCTTCGATAGCCTGGCCGCCGTCGAGC
TCCGCAACCGCCTGGGECACAGCCACAGGCGTGCGGCTTCCAAGCACGCTGGTGTTTGATCATCCGACGCC
GTTGGCGGTAGCGGAGCATCTGCEGGACCGGCTGTCTAGTGCCTCGCCGGCTGTTGACATCGGGGATCGG
CTGGATGAATTGGAAAAAGCACTGGAAGCCCTGTCAGCCGAGGATGGCCATGATGATGTGGGCCAGCGTC
TGGAGAGCCTGCTTCGCCGCTGGAACAGTCGTCGTGCGGACGCGCCGTCCACTTCTGCGATTTCTGAAGA
CGCTAGCGATGATGAATTATTTAGCATGCTCGACCAACGCTTTGGTGCTGGCGAGGACCTGGGGAATTCG

DEBS3 (SEQ ID NO: 5)

ATGTCTGGTGATAATGGCATGACGGAAGAAAAATTACGTCGCTACTTGAAACGCACCGTTACCGAGCTCG
ATTCCGTTACCGCCCGTTTGCGCGAAGTCGAACACCGCGCAGGTGAGCCAATTGCGATCGTAGGTATGGC
CTGTCGCTTTCCGGGCGATGTGCGACTCTCCAGAATCTTTTTGGGAATTTGTTTCTGGCGGGGGCGATGCG
ATTGCAGAAGCGCCAGCGGATCGTGGCTGGGAGCCTGATCCAGATGCGCGTTTAGGCGGTATGTTAGCTG
CGGCGGGCGATTTTGATGCAGGTTTTTTCGGCATTTCGCCGCGTGAAGCCCTTGCGATGGATCCACAACA
GCGGATTATGCTGGARATTTCATGGGAAGCCCTGGAACGGGCCEGTCACGATCCGGTGTCGCTGCGTGGC
TCCGCCACAGGCGTATTCACTGGGGTTGGTACAGTCGATTATGGCCCTAGGCCAGATGAGGCCCCTGATG
AAGTCCTTGGTTACGTTGGCACGGGCACCGCATCATCGGTCGCCAGTGGTCGTGTAGCCTACTGCCTTGG
CCTTGAGGGGCCCGCCATGACCGTGGATACGEGCATGCTCATCCGGCCTCACCGCCCTGCATTTGGCTATG
GAATCCCTGCGCCGGGACCGAATGTGGTTTAGCGCTGGCGGGCGGEGTTACCGTTATGAGCTCTCCTGGCG
CGTTCACAGAATTTCGCTCGCAGGGGEGGTTTGGCCGCGGATGGTCGTTGTAAACCGT TCAGTAAAGCGGC
AGACGGCTTCGGGECTTGCAGAGGGGECGEGTETCTTGGTGTTACAGCGTCTGTCAGCTGCTCGCCGTGAG
GGGCGCCCEGTACTEGCCGTCCTGCEGCGGCAGTGCCGTAAATCAGGATGGTGCTAGCAACGGCTTAACGG
CACCAAGCGGCCCAGCCCAACAACGTGTAATTCGTCGTGCACTGGAGAACGCGGGCGTTCGGGCGGGGGA
TGTAGATTACGTAGAAGCGCACGGCACAGGCACTCGTTTAGGCGACCCAATCGAAGTCCACGCTCTGCTIG
TCGACGTATGGTGCTGAACGTGATCCTGATGACCCGTTATGGATTGGTTCGGTTAAATCCAACATCGGCC
ATACCCAAGCTGCCGCTEGECETCGCGEGEGCGTTATGAAAGCGGTACTGGCCTTACGGCACGGCGAGATGCC
ACGCACCCTGCATTTCGACGAACCAAGTCCTCAGATTGAATGGGACCTTGGGGCAGTTAGCGTAGTTTCT
CAGGCACGTTCGTGGCCCGCAGGCGAGCETCCGCGCCEGTGCAGGCGTTAGTTCTTTTGGCATTAGCGGTA
CCAACGCGCATGTGATTGTTGAGGAAGCCCCTGAAGCCGACGAACCGGAGCCCGCGCCGGATTCGGETCC
GGTCCCTCTGGTGCTTAGCGGTCGCGATGAACAGGCCATGCGEGCACAGGCGGGTCGCTTAGCCGATCAC
CTGGCTCGGGAACCACGGAACTCTCTGCGTGACACAGGTTTTACCTTGGCTACGCGCCGCAGCGCCTGGE
AACATCGCGCTGTTGTGCTGEGCGATCGTGATGATGCGCTGGCCGGTCTGCGCGCCGTGGCGGACGGTCG
TATTGCGGATCGTACTGCGACTGGTCAGGCGCGCACGCGTCGCGGTGTGGCTATGGTGTTCCCTGGCCAG -
GGTGCGCAATGGCAGGGCATGGCGCGTGACCTGCTTCGTGARAGCCAGGTTTTTGCCGATAGTATTCGCG
ACTGCGAACGTGCCTTGGCACCGCACGTAGATTGGAGTCTGACTGATCTGCTGTCTGGGGCTCGTCCGCT
GGATCGTGTTGACGTGETGCAGCCTGCCCTGTTTGCCGTTATGGTGTCCTTAGCCGCGCTGTGGCGTTCA
CATGGGGTAGAGCCCGCAGCGGTCGTAGGCCACAGTCAAGGCGAAATTGCAGCCGCGCATGTTGCGGGGG
CTCTGACGTTAGAGGATGCAGCTAAATTGGTTGCAGTAAGATCTCGTGTTTTAGCCCGTTTGGGCGGCCA
GGGCGGCATGGCETCGTTCGGCCTGGGTACGGAACAGGCTGCGGAACGGATTGGCCGTTTCGCGGGCGCC
CTGTCAATCGCGAGCGTTAACGGCCCACGTTCTGTCGTGGTAGCAGGGGAATCTGGCCCTCTGGATGAAC
TGATCGCCGAGTGCGAAGCGGAAGGTATTACCGCACGCCGTATCCCAGTGGATTATGCGAGTCACTCCCC
TCAGGTTGAATCTCTGCGCGAAGAACTTCTGACTGAGCTGGCGGGCATTAGCCCTGTGAGCGCAGATGTC
GCCCTGTATTCCACGACGACCGGCCAGCCGATCGACACGGCAACCATGGATACCGCGTATTGGTATGCAA
ATCTCCGTGAGCAGGTGCGCTTCCAAGACGCTACGCGTCAACTGGCCGAAGCCGGTTTTGATGCTTTCGT
GGAAGTATCTCCACATCCGGTCCTGACTGTCGEGTATTGAGGCCACTCTTGATAGTGCATTGCCAGCAGAT
GCAGGCGCATGCGTTGTTGGTACGTTACGCCGTGATCGTGGCGGCCTGGCAGACTTTCATACCGCATTAG
GCGAAGCCTATGCCCAGGGCGTGGAGGTGGATTGETCACCTGCTTTTGCGGATGCCCGCCCAGTGGAATT
ACCAGTGTATCCGTTTCAGCGTCAGCGTTACTGGCTGCAGATTCCGACAGGTGGGCGGGCTCGTGACGAA
GATGATGATTGGCGTTATCAGGTCGTTTGGCGTGAAGCGGAATGGGAGTCTGCGTCCCTCGCCGGTCGCG
TGCTGCTGGTAACCGGCCCGGETGTACCATCTGAGCTGTCCGATGCCATCCGETCAGGGCTGGAGCAGTC
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GGGGGCAACGGTTTTGACATGCGACGTCGAAAGCCGTTCCACGATCGGCACGGCGTTGGAAGCTGCTGAT
ACTGATGCGCTGAGCACCGTAGTATCGCTGTTAAGCCGTGATGGCCGAGGCTGTCGATCCGAGTCTCGATG
CTCTGGCTTTGGTGCAGGCCCTAGGTGCTGCTGGCGTCGAAGCACCGCTGTGGGTCCTGACCCGTAATGC
TGTCCAGGTTGCTGATGGTGAGCTCGCGTGGATCCTGCCCAAGCCATGGTGGGCGGGCTGGGCCGCGTCGTT
GGTATCGAACAACCGGGTCGCTGGEGCGGCTTGGTCGACCTGGTTGACGCCGACGCAGCTTCCATCCGTA
GTCTTGCTGCGGTGCTCGCGGATCCGCGTGGTGAGGAACAAGTTGCCATCCGTGCAGATGGTATCAAAGT
GGCGCGCCTGGTTCCAGCACCGGCTCGCGCGGCACGTACCCGGTGGAGCCCTCGCGGTACGGTGCTGGTA
ACCGGTGGGACAGGTGGCATCGGGGCACACGTTGCACGTTGGCTGGCGCGCAGTGGTGCGGAACATCTGG
TTCTTCTGGGCCGCCGTGGCGCCCGACGCGCCAGGCGCCAGCGAACTCCGCGAAGAACTGACCGCGCTGGG
CACCGGCGTGACTATTGCAGCTTGCGACGTTGCGGATCGCGCTCGGTTAGAAGCAGTATTGGCAGCGGAA
CGCGCGGAAGGTCGTACCGTCTCTGCCGTTATGCATGCCGCGGGTGTGTCAACCAGCACCCCGCTGGATG
ATTTAACCGAAGCCGAGTTCACGGAGATCGCTGACGTGAAAGTCCGGGGCACCGTTAACCTGGACGAGCT
GTGTCCGGACCTGGATGCGTTCGTTCTCTTTTCGTCAAATGCTGGCGTTTGGGGGTCTCCGGETCTGGCG
TCCTACGCCGCTGCGAACGCGTTTCTTGATGGTTTCGCACGCCGCCGCAGATCTGAAGGCGCACCCGTCA
CGAGTATCGCATGGGGGTTGTGGGCCGGTCAGAACATGGCCGGTGATGAAGGCGGTGAGTATCTGCGTAG
CCAGGGCCTGCGCGCAATGGACCCAGATCGTGCGGTGGAAGAACTGCATATCACGCTGGATCACGGTCAG
ACCTCCGTCTCAGTGGTCGATATGGACCGTCGCCGTTTTGTGGAGTTGTTCACGGCTGCCCGTCACCGCC
CTTTGTTTGATGAAATCGCGGGTGCACGGGCGGAAGCTCGCCAGAGTGAAGAGGGGCCTGCGCTGGCGCA
GCGTCTGGCCGCACTGTCTACCGCCGAGCGCCGCCGAGCACCTGGCACACCTGATCCGTGCCGAAGTGGCA
GCGGTTCTTGGTCACGGCGACGATGCGGCGATTGACCGCGATCGTGCATTCCGCGATCTGGGGTTTGACT
CCATGACTGCCGTTGACCTGCGCAACCGTCTCGCAGCCGTCACGGGGGTACGTGAGGCTGCCACAGTTGT
ATTTGACCATCCAACGATCACGCGCTTGGCGCGATCATTATTTGGAGCGTCTCTCTAGTGCCGCTGAAGCG
GAACAGGCCCCAGCCCTGGTTCGCGAAGTTCCAAAAGATGCCGATGACCCAATTGCGATCGTGGGCATGG
CGTGCCGTTTTCCGGGCGGGGTTCACAACCCGGGCGAGCTGTGGGAGTTCATCGTAGGCCGTGGCGATGC
CGTGACGGAAATGCCTACGGACCGGGGGTGGEGATTTAGATGCACTGTTCGATCCAGATCCGCAGCGTCAC
GGAACCTCCTATTCTCGCCATGGTGCCTTCTTAGATGGTGCCGCAGATTTTGACGCGGCTTTTTTTGGCA
TTTCACCTCGTGAGGCGTTGGCAATGGATCCACAGCAGCGTCAGGTGCTGGAAACCACCTGGGAGTTATT
CGAAAACGCCGGTATCGATCCGCACAGCTTAAGAGGTTCAGATACGGGTGTGTTTTTGGGCGCTGCCTAT
CAAGGTTACGGTCAGGATGCGGTGGTCCCAGAGGATAGCGAGGGGTATCTGCTGACGGGGAACTCGTCTG
CCGTCGTGTCGGGCCGCGTCGCGTACGTGCTTGGCTTAGAAGGTCCGGCGGTAACCGTGGACACGGCATG
CTCTTCCAGCCTGGTGGCCTTACACTCCGCTTGTGGCTCCCTGCGCGACGGTGATTGCGGGTTAGCGGTC
GCCGGTGGCGTCTCCGTGATGGCAGGGCCTGAAGTCTTCACTGAGTTCAGCCGCCAGGGTGGCCTGGCGG
TGGATGGCCGTTGTAAAGCGTTCTCTGCCGAGGCCGATGGTTTCGGTTTTGCCGAGGGCGTGGCAGTGGT
ACTGCTTCAGCGTCTGAGCGATGCACGCCGGGCEGGCCGCCAAGTCCTGGGTGTGGTGGCCGEGTTCCGCC
ATTAATCAGGACGGTGCTAGCAACGGTCTGGCGGCGCCAAGCGGTGTGGCCCAACAACGTGTGATTCGTA
AAGCATGGGCTCGCGCCGGTATTACTGGTGCAGACGTCGCGGTGGTTGAAGCGCATGGGACTGGGACCCG
CCTTGGTGATCCAGTTGAAGCGTCTGCGCTGCTGGCTACCTACGGGAAATCCCGTGGCAGCTCAGGTCCG
GTACTGCTGGGCTCTGTGAARAAGCAATATCGGGCACGCCCAGGCGGCGGCTGGCGTTGCTGGGGTTATCA
AAGTAGTGTTAGGTCTGAACCGGGGCCTCGTTCCGCCGATGCTGTGCCGAGGCGAACGTTCCCCGCTGAT
CGAATGGAGCAGTGGTGGCGTGGAGCTCGCCGAAGCTGTCAGCCCGTGGCCGCCGGCAGCAGACGGCGTT
CGGAGGGCAGGCGTGTCTGCGTTCGGCGTGAGCGGTACCAACGCTCATGTCATTATTGCCGAGCCGCCAG
AGCCTGAGCCGCTGCCAGAACCGGGGCCGGTCGGTGTACTCGCCGCTGCGAATAGTGTTCCGGTTCTCCT
TAGCGCCCGCACCGAAACCGCGCTGGCTGCACARGCACGCCTGCTGGAAAGCGCCGTTGACGATTCGGTT
CCACTGACGGCGTTGGCTTCCGCTCTGGCTACCGGCCGCGCCCACCTTCCGCGTCGCGCGGCTCTGTTAG
CAGGTGACCACGAACAACTGCGGGGTCAGCTGCGTGCAGTGGCCGAAGGTGTTGCAGCACCGGGCGCGAC
GACAGGTACGGCGTCCGCAGGTGGTGTGEGTCTTTGTCTTTCCTGGCCAGGGCGCCCAATGGGAAGGTATG
GCTCGGGGGTTGCTGAGTGTGCCAGTTTTCGCCGAATCGATCGCCGAATGTGACGCCGTTCTGAGTGAAG
TTGCAGGTTTTTCAGCTTCAGAAGTTCTGGAACAGCGCCCTGATGCACCGTCACTCGAACGCGTGGACGT
TGTGCAACCAGTGCTGTTCTCTGTTATGGT TAGTTTAGCCCGTTTATGGGGCGCGTGTGEGETGAGCCCG
TCAGCCGTTATCGGTCATAGTCAGGGCGAAATTGCGGCGGCCGTCGTGGCCCGCGTTCTGAGTTTGGAGG

0
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ATGGCGTTCGTGTGGTCGCGTTGCGCGCGAAAGCCCTCCGTGCACTCGCGGGCAAAGGCGGCATGGTCTC
CTTGGCGGCCCCTGGCGAACGCGCCCGTGCGTTGATTGCCCCGTGGGAAGACCGCATCAGTGTGGCGGCC
GTAAACAGTCCTAGCAGCGTTGTAGTTAGCGGTGATCCTGAAGCACTTGCGGAGCTGGTAGCGCGTTGCG
AAGATGAAGGCGTTCGCGCCAAAACGCTCCCAGTGGACTATGCGAGCCATTCTCGGCACGTGGAAGAGAT
TCGCGAAACAATCTTGGCGGACCTGGATGGTATCTCTGCACGTCGTGCGGCGATCCCGCTGTACAGCACC
CTTCATGGCGAGCGTCGCGACGGGGCGEGATATGGGGCCGCGGTATTGGTATGACAATTTGCGCAGTCAGE |
TCCGGTTCGATGAAGCGGTTTCAGCGGCCGTTGCCCGATGGTCATGCCACCTTTGTGGAAATGAGCCCGCA
CCCGGTTCTGACCGCCGCCGTGCAGGAGATCGCGGCCGATGCCGTGGCGATCGGTTCTCTGCACCGTGAT
ACGGCTGAGGAGCATTTAATTGCCGAATTAGCACGCGCTCATGTACACGGCGTCGCTGTCGATTGGCGCA
ACGTGTTTCCAGCGGCACCACCCGTGGCTCTGCCGAACTACCCGTTCGAGCCGCAGCGCTACTGGCTGCA
GCCGGAGGTGTCTGACCAGCTGGCGGACTCCCGGTATCGCGTGGATTGGCGTCCACTGGCGACAACGCCG
GTGGATCTGGAAGGCGGTTTTCTGGTGCACGGCTCAGCGCCTGAATCACTCACCTCCGCAGTAGAGAAAG
CAGGCGGGCGCGTAGTTCCAGTGGCGAGCGCCGATCGGGAAGCCTCTGCTGCCTTGCGTGAGGTTCCGGG
CGAAGTGGCTGGCGTGCTGTCGGTGCACACTGGCGCCGCTACTCACCTGGCGCTGCACCAGTCCCTAGGC
GAAGCAGGTGTGCGCGCCCCGTTATGGTTAGTGACCAGCCGTGCCGTGEGCGCTCGGTGAATCCGAACCAG
TTGATCCGGAACAAGCGATGGTGTGGGGCCTGGGCCGCGTTATGGGGCTGCGAAACCCCGGAGCGTTGGGG
CGGCTITAGTAGATTTGCCGGCCGAACCTGCCCCTGGGGATGGCGAAGCCTTCGTCGCATGTCTTGGCGCG
GATGGTCACGAAGATCAAGTCGCGATTCGTGATCACGCGCGTTATGGGCGCCGTCTGCTGAGGGCTCCGC
TGGGTACTCGGGAGAGCAGCTGGGAACCGGCGGGTACTGCATTGGTGACCGGTGGCACGEGGGCGTTGGG
CGGTCACGTGGCTCGCCATCTGGCCCGCTGCGGCGTCGAGGACCTGGTGCTGGTCAGCCGCCGTGGTGTA
GACGCCCCGGGCGCGGCGGAGCTGGAAGCTGAGCTTGTGGCGCTGGGCGCCAAAACGACAATTACGGCAT
GCGATGTAGCGGATCGTGAACAGCTGTCGAAACTTTTAGAAGAATTACGTGGGCAGGGTCGTCCGGTGCG
CACAGTCGTTCATACTGCGGGCGTCCCGGAATCACGCCCGCTGCATGAGATTGGGGAATTGGAATCTGTG
TGCGCCGCCAAAGTTACCGGCGCCCGCCTGCTTGACGAACTGTGTCCTGATGCGGAGACTTTTGTGTTGT
TTAGCTCCGGGGCGGGECGTGTGGGGCTCCGCAAATTTAGGCGCATATTCGGCGGCAAACGCCTACCTCGA
TGCTCTGGCTCATCGTCGGCGCGCAGAAGGCCGCGCAGCCACCAGTGTTGCCTGGGEGGCGEGTGGGCCGGC
GAAGGCATGGCAACGGGCGACTTAGAAGGGCTGACGCGCCGTGGCTTGCGCCCGATGGCGCCGGAGCGGG
CAATTCGGGCGCTCCACCAAGCTCTGGACAATGGTGACACTTGCGTCTCTATTGCCGACGTCGACTGGGA
GGCGTTCGCTGTGGGGTTTACCGCCGCACGTCCGCGTCCACTGCTCGATGAACTGGTCACGCCGGCGGTG
GGTGCAGTACCAGCTGTTCAGGCGGCTCCAGCCCGTGAAATGACTAGCCAAGAACTGCTGGAGTTCACAC
ACTCGCATGTTGCCGCAATCTTGGGTCATAGCAGTCCGGATGCCGTCGGCCAAGACCAGCCGTTTACGGA
ACTGGGTTTCGATAGTCTGACTGCCGTTGGCCTGCGGAACCAGCTACAGCAAGCAACTGGTCTGGCGTTA
CCGGCAACTTTAGTCTTCGAACATCCGACAGTACGCCGCTTGGCCGATCACATCGGGCAACAACTGTCTA
GTGGCACCCCGGCGCGGGAAGCGTCTAGTGCTCTGCGCGACGGGTATCGTCAGGCTGGCGTGTCGGGGCG
CGTACGCAGTTACTTGGATCTCCTGGCAGGTCTTTCCGACTTCCGCGAGCATTTCGATGGTTCTGATGGC
TTTAGCCTTGACCTGGTGGATATGGCCGATGGTCCAGGCGAAGTGACGGTCATCTGCTGTGCGGGGACCG
CGGCCATTTCAGGCCCGCACGAGTTTACTCGTCTCGCTGGCGCATTGCGCGGCATTGCTCCTGTGCGTGC
AGTTCCGCAACCAGGCTATGAGGAAGGCGAACCACTGCCGAGCAGCATGGCCGCCGTGGCCGCGGTGCAG
GCTGATGCAGTCATTCGCACCCAAGGTGACAAACCTTTCGTGGTAGCAGGCCACAGCGCCGGCGCACTCA
TGGCCTATGCACTCGCGACCGAGCTGTTCGATCGTGGTCACCCGCCACGCGGGGTTGTCCTGATTGATGT
ATACCCGCCGGGCCACCAAGACGCTATGAACGCCTGGCTCGAAGAATTGACCGCCACGTTATTTGACCGT
GAGACCGTACGCATGGACGACACTCGCTTGACCGCGCTGGGTGCGTACGACCGCCTGACAGGTCAGTGGC
GTCCGCGCGAAACGGGTCTGCCGACACTTCTGGTGTCTGCGGGCGAACCTATGGGCCCATGGCCGGATGA
TTCGTGGAAACCGACCTGGCCGTTTCGAGCATGACACAGTGGCTGTCCCAGGCGACCATTTCACGATGGTT
CAGGAACACGCCGATGCGATTGCTCGTCATATCGACGCCTGGCTTGGAGGCGGGAATTCG
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EXAMPLE 8

METHOD FOR QUANTITATIVE DETERMINATION OF RELATIVE AMOUNTS OF TWO
PROTEINS

[0363] A double-mAb technique was developed to quantitatively determine the relative
amounts of two or more PKS proteins expressed in the same cell. According to this method,
different epitope tags are used for each PKS protein, and they are quantitated simultaneously by
Western blot using a mixture of two differently labelled antibodies (e.g. labelled with CY3 and
CY5). The ratio of dyes provides an assessment of the relative stoichiometry of the two proteins
expressed. '
[0364]  As amodel system to develop this technology, we used a protein that was labelled
with two different epitope tags (cmyc-AtoC-FLAG-BRS-His) on either end (the 55 kDa AtoC).
This provided a protein in which the two tags are present in a known ratio.
[0365]  In our initial experiments, we had difficulties obtaining reproducible ratios of two
Mab’s bound to the protein after Western blof, éspecially with sub-microgram quantities. We
therefore made the effort to develop the methods of analysis needed using dot-blots of cmyc-
AtoC-FLAG. In the data shown below, two fluorescently labelled antibodies (cymc-
AlexaFluor488 and FLAG-Cy5) were used simultaneously to quantitate a dot-blot of the AtoC
construct mentioned above. The blot was scanned using a Typhoon 9410 Fluorescent Imager,

and analysis was performed using ImageQuant software. Results are shown in Table 15. -

TABLE 15
RESIDUAL ANALYSIS OF DOT-BLOT DATA
cmyc-AlexaFluor488 FLAG-Cy5

ratio of areas

ng on blot | predicted ng % error predicted ng % error (AF488/Cy5)
10 5.80 42.02 -4.17 58.34 0.151
50 48.28 3.44 41.97 16.06 0.139
100 109.01 . 9.01 119.99 19.99 0.125
250 243.78 2.49 260.24 4.09 0.132
500 504.70 0.94 491.97 1.61 0.146
1000 998.43 0.16 495.34 50.47 0.284
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[0366]  The cmyc-AlexaFluor488 antibody provides a very accurate range of quantitation in
the 50-1000 ng range. The FLAG-Cy5 antibody is accurate across a range of 50-500 ng, and
clearly suffers from signal saturation at the 1000 ng level. The ratios of the peak areas are also
stable across the 10-500 ng range, allowing for detection of N-terminal or C-terminal
degradation, as well as stoichiometric analysis of protein levels.

[0367] Epitope-tagged DEBS proteins have now been expressed and purified for use as

epitope tagged standards for quantitative Western analysis.

TABLE 16
Protein Epitope Tags Configuration of tags

DEBS module 2[HA, flag, brs, his HA-mod2-flag-brs-his
DEBS module 2|c-myc, flag, brs, his [cmyc-mod2-flag-brs-his
DEBS module 2JHA, his mod2-HA-his

DEBS2 c-myc, his DEBS2-c-myc-his

A synthetic DEBS module 2 protein (mod2) was expressed in E. coli K-207-3 as a fusion protein
(c-myc-mod2-flag-brs-his). Cloning of the module 2 gene into an expression vector in frame
with genes encoding the tag sequences was facilitated by inclusion of an Eco Rl site in the
synthetic gene. DEBS module2 with N- and C-terminal epitope tags was co-expressed with
DEBS2 and DEBS3 in an E. coli k-207-3. At 20 and 40 hours, samples from production cultures
were subjected to SDS-PAGE (two colonies of each strain were tested). Gels were either stained
with sypro red or subjected to Western blotting, using fluorescently-labeled antibodies directed
against the epitope tags, c-myc, flag and biotin. Monoclonal antibodies were labeled with
fluorescent dyes (alexa 488 and alexa 647) such that two fluorescent signals could be monitored

simultaneously.
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EXAMPLE 9

EPOTHILONE PKS GENE SYNTHESIS
[0368]  The complete 54,489 bp epothilone synthase gene (loading didomain, 9 elongation
modules, and thioesterase of the DEBS gene) was synthesized, and assembled.
[0369] The gene was designed by using a version of GeMS software developed. Modules
were synthesized using Method R and Type II vectors. To synthesize the approximately 55 kb of
DNA, the gene cluster was broken down into 118 synthon fragments ranging in size from 156 to
781 bp. The 3000 oligonucleotides were pooled into oligonucleotide mixtures using the Biomek
FX and the assembly and amplification were performed using the conditions described in
Example 1. They were cloned into a UDG-LIC vector (Method R and Type II vectors were
used) and a >90 success rate in UDG cloning. Eight colonies for each synthon were picked into
1.5mL LB/carb and aliquots were taken for use as templaté for the RCA reaction to provide
samples for sequencing. Clones were obtained that contained the correct sequence for all 118
synthons that make up the Epo gene cluster. The average error rates for the 118 synthons was
2.4/1000 and on average 32% of the samples sequenced were correct. This was an improvement
from the DEBS gene cluster numbers of 3 errors per kb and only 22% correct. Correct samples
for 104 of 118 (88%) were obtained from this first round of sequencing eight samples; for the
remaining 12 synthons, correct sequences were found after sequencing additional clones. After
the correct clone was identified through sequencing, the plasmid DNA was isolated from stored
cultures and the assembling the synthons into modules was performed using the stitching
strategy aforementioned.
[0370] The sequences of synthetic ORFs encoding epothilone synthase polypeptides EpoA-
are shown below in Table 17B. (Each of the sequences includes a 3 Eco R1 site which was
included to facilitate addition of tags.) Table 17A shows the overall sequence identity between

the DNA sequences of the synthetic genes and the reported epothilone synthase sequences.

TABLE 17A
SIMILARITY OF SYNTHETIC AND NATURALLY OCCURRING SEQUENCES
NATURALLY OCCURRING GENE SYNTHETIC GENE SEQUENCE

SEQUENCE'
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epothilone  Naturally Occurring Naturally Occurring ~ #bp #aa #aa % identity % identity

PKS DNA Sequence Polypeptide changes vs hat. vs nat.
(accession #) Sequence compared seq. (aa)  seq.

(accession #) to (dna)

nat. seq.

EpoA AF217189 AAF62880 4263 1421 4 99.72% 75%
EpoB AF217189 AAF62881 4230 1410 2 99.86% 75%
EpoC AF217189 AAF62882 5496 1832 4 99.78% 75%
EpoD AF217189 AAF62883 21771 7257 15 99.79% 75%
EpoE AF217189 AAF62884 11394 3798 8 99.79% 74%
EpoF AF217189 AAF62885 7317 2439 5 99.79% 75%

1. As reported in GenBank accession nos. shown.

TABLE 17B
SEQUENCE OF SYNTHETIC EPOTHILONE SYNTHASE

EpoA (SEQ ID NO: 6) _

ATGGCCGACCGCCCGATCGAACGTGCAGCGGAGGATCCAATTGCGATTGTAGGCGCGGGCTGCCGCCTGE
CGGGCGGCGTGATTGACCTCTCGGGCTTCTGGACGCTGTTAGAAGGCTCCCGCGACACCGTCGGTCAAGT
GCCAGCGGAGCGGTGEGATGCTGCEGCETGGTTCGATCCGGATCTGGATGCACCTGGCAAAACACCAGTG
ACCCGCGCCAGCTTTTTAAGCGATGTCGCCTGCTTCGATGCCTCTTTTTTCGGGATCAGTCCGCGCGAAG
CCCTTCGCATGGATCCGGCCCACCGGCTGCTGCTGGAAGTGTGCTGGGAAGCATTGGARAACGCAGCTAT
TGCCCCGTCGGCCCTGETTGGCACGGAAACTGGCGTCTTTATTGGCATCGGTCCAAGCGAATATGAAGCG
GCACTGCCTAGGGCTACTGCCAGCGCAGAAATTGATGCTCACGGCGGCCTGGGCACGATGCCTTCAGTTG
GTGCAGGTCGTATTTCATACGTCCTGGGCCTTCEGTGGTCCGTGTGTGGCCETCGGACACCECATATAGTTC
TAGCTTAGTCGCAGTACACCTGGCGTGTCAGTCGTTACGTTCCGGCGAATGCTCGACCGCGCTTGCAGRT
GGGGTCAGCCTTATGCTGTCCCCGAGCACTTTAGTCTGGTTGAGCAAGACACGTGCGTTGECAACCGACG
GTCGCTGCAAAGCCTTCAGCGCGGAGGCCGATGGETTTGETCGTGGCGAAGGTTGCGCAGTCGGTCGTGCT
GAAGCGTTTGTCCGGCGCACGTGCGGATGGGGACCGCATCCTCGCAGTTATCCGCGGCTCGEGCCATCAAC
CATGATGGTGCCAGCTCCGGTCTCACTGT TCCGAACGGTTCTTCACAGGAAATTGTACTGAAACGCGCCT
TAGCCGATGCTGGTTGCGCCGCATCTTCCGTGGGGTACGTCGAAGCTCATGGGACGEGGTACTACCTTAGG
CGATCCGATTGAAATTCAGGCGCTCAATGCCGTCTACGECCTGGRGTCGGGATGTCGCGACCCCTTTGCTE
ATCGGGTCGGTCAAGACTAACCTCGGCCATCCAGAGTATGCCTCCGGGATCACTGGTCTGCTGAAGGTTG
TGTTGTCCTTGCAGCACGGTCAAATTCCGGCGCACCTCCATGCTCAGGCGTTAAAT CCGCGCATTAGCTG
GGGCGATCTGCGTCTGACCGTTACCCGTGCTCGGACCCCGTGECCTGACTEGGARCACGCCTCGCCGCGG
GGCGTCTCCTCGTTTGGCATGAGTGGTACCAATGCCCACGTTGTTCTGGAGGAAGCCCCAGCAGCAACGT
GCACCCCGCCAGCCCCAGAACGTCCAGCCGAATTGTTAGTGCTGTCTGCGCGTACCGCTGCCGCTCTGGA
CGCACATGCGGCCCGTTTGCGCGACCATTTAGAAACATACCCGTCACAATGTTTAGGTGACGTTGCCTTC
TCGCTGGCGACTACCCGTAGTGCGATGGAACATCGCCTGGCGETGECCGCTACGTCCTCGGAGGRTCTGC
GTGCGGCCTTAGACGCCGCAGCTCAGGGTCAGACCCCGECCGGGTGTTGTCCGTGETATCGCAGACTCGTC
TCGCGGCARACTGGCTTTTCTGTTTACTGGCCAGGGTGCCCAGACGCTCGGCATGGGCCGEGGCCTETAC
GATGTTTGGCCTGCTTTTCGCGAAGCGTTTGATTTGTGTGTGCGCCTGTTTAACCAAGAACTGGATCGTC
CGCTGCGTGAAGTAATGTGGGCAGAACCAGCATCAGTAGATGCCGCACTTTTAGACCAGACAGCTTTTAC
ACAGCCAGCGCTTTTTACGTTTGAGTATGCTCTGGCTGCACTGTGGAGATCTTGGGGCGTAGAACCAGAA
CTGGTGGCCGGTCACTCGATTGGCGAACTGGTGGCGGCETGCETTGCEEETETGTTCAGTTTGGAGGACG
CCGTGTTCCTGGTCGCGGCACGCGGTCGTCTCATGCAGGCGCTGCCTGCTGETGGTGCAATGGTGTCTAT
TGCGGCGCCAGAAGCGGACGTCGCGECEGCGGTCGCGCCTCATGCCGCATCAGTAAGTATCGCGGCTGETT
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AATGGCCCAGACCAAGTGGTAATCGCGGGCGCAGGGCAGCCGGTGCATGCGATCECCGCTGCAATGGCGG
CGCGCGGTGCCCGGACCAAAGCGCTTCACGTGAGCCACGCGTTCCACAGTCCACTGATGGCACCGATGTT
AGAAGCGTTTGGCCGCGTTGCTGAATCCGTAAGTTATCGTCGTCCGAGCATCGTACTCGTTAGTAATCTG
AGCGGCAAAGCAGGGACAGATGAAGTATCCAGCCCTGGCTATTGGGTGCGTCATGCTCGGGAGGTTGTGC
GTTTCGCAGATGGCGTGAAAGCGCTCCATGCCGCAGGTGCAGGCACGTTTGTTGAAGTGGGTCCGAAGTC
TACTCTTTTGGGTTTAGTTCCGGCGTGTTTGCCAGACGCTCGTCCGGCGCTTCTGECAAGTTCTCGTGCC
GGGCGCGATGAACCAGCCACTGTTCTGGAAGCTCTGGGGGGTCTCTGGGCCECTTGEGTGECTCTTGTATCGT
GGGCAGGTCTGTTTCCGAGTGGCGETCGCCECGTGCCTCTGCCGACGTATCCGTGECAACGTGAGCGTTA
CTGGCTGCAGACCAAGGCGGATGACGCAGCGCGTGGTGATCGGCCGAGCACCGGETGCGGGCCATGACGAA
GTCGAAAAAGGCGGGGCGGTCAGAGGTGGGGATCGCCGCAGCGCCCETTTGGATCATCCACCGCCAGAGA
GCGGACGCCGTGAAAAGGTGGAGGCAGCGGGCGACCGTCCGTTTCATTTGGAGATTGATGAGCCTGGCAT
GCTGGACCGGCTCGTTCTGCGTGTTACGGAGCGTCGCGCACCGGGCTTAGGTGAGGTGGAAATTGCTGTA
GATGCGGCAGGTCTIGAGTTTTAACGACGTGCAGCTGGCTCTGGGTATGGTTCCGGATGATCTGCCGGGTA
AACCGAATCCGCCGCTGCTGTTAGGCGGGGAATGTGCCGGCCGCATTGTGGCGGTTGCGGGAAGGCGTARA
TGGTCTGGTTGTAGGTCAGCCGGTGATTGCACTGAGCGCTGGTGCTTTCGCAACCCATGTCACCACGTCA
GCCGCCCTGGTGCTGCCACGCCCTCAGGCGCTGTCCGCGACCGAGGCCGCAGCTATGCCAGTGGCATATC
TCACCGCGTGGTATGCTCTGGATGGCATTGCCCGCCTTCAACCTGGCGAGCGCGTGCTGATCCATGCGGC
CACGGGTGGCGTTGGCCTGGCGGCAGTACAGTGGGCCCAGCACGTCGGGGCCGAAGTTCACGCTACTGCG
GGTACGCCAGAGAAACGCGCTTACCTTGAAAGCCTCGGGGTTCGTTACGTTTCAGATTCTCGCAGCGACC
GCTTTGTAGCAGATGTGCGCGCCTGGACCGGCGECGAAGGCATTGATGTCGTTCTGAACTCTCTGTCAGG
TGAACTGATTGATAAGTCATTCAACTTACTGCGGTCTCATGGTCGTTTTGTCGAACTCGGCAAACGCGAT
TGTTATGCTGATAATCAGCTCGGCCTTCGCCCTTTCCTGCGTAACCTTTCATTTTCTTTGGTTGATCTGC
GCGGCATGATGCTGGAACGCCCGGCACGTGTGCETGCCTTGTTTGAGGAGCTGCTGGGTTTAATTGCCGC
TGGTGTGTTCACCCCGCCGCCGATCGCCACGCTTCCTATTGCTCGCEGTGGCGGACGCCTTCCATTCGATG
GCGCAAGCACAGCATTTAGGCAAACTCGTACTGACCCTAGGGGATCCGGAGGTCCAAATCCGTATTCCGA
CACACGCGGGGGCCGETCCGTCTACCGGCCGACCGGGACCTGCTGGATCATCTTGCGAGTGCTGCACCGGT
GGCTCGTGCGGCGGCCTTAGAAGCTTTTTTGCGCACCCAGGTGTCGCAAGTGCTGCGCACACCTGAAATT
ARAGTAGGGGCTGAAGCTTTGTTCACACGGCTGGGTATGGATTCCCTGATGGCAGTGGAACTTCGTAATC
GTATTGAGGCGAGCTTGAAGCTGAAATTATCTACAACCTTCCTTAGCACGAGCCCGAACATCGCCCTGCT
GACCCAAAACTTGTTGGATGCACTCTCTAGTGCATTAAGTTTGGAACGTGTTGCCGCGGAGAACCTGCGC
GCGGGCGTCCAATCCGACTTTGTGTCGTCAGGGGCCCGATCAGGATTGGGAAATCATTGCTCTGGG

EpoB (SEQID NO: 7)

ATGACCATTAATCAGTTACTGAATGAATTAGAACACCAGGGCGTTAAATTAGCCGCAGATGCEGCGAGCGCC
TCCAGATTCAGGCACCAAAAAATGCCCTGAACCCCGAACTTGTTAGCACGCATTTCTGAACATARATCCAC
GATCTTAACCATGCTGCGCCAGCGCCTTCCCGCGGAGTCTATTGTCCCAGCCCCAGCGGAACGGCATETG
CCGTTCCCTCTGACCGACATCCAGGGCTCTTATTGGCTCGGTCATACTGETEGCCTTTACGEGTTCCGETCGEG
GCATCCATGCCTACCGTGAATATGATTGCACGGATCTGGACGTGGCCCGGCTTAGTCETGCATTCCGTAA
AGTCGTTGCACGGCATGATATGCTGAGGGCTCATACCCTGCCGGATATGATGCAGGTGATCGAACCTARA
GTAGATGCGGACATCGAAATCATTGACCTGCGTGGCCTCGATAGATCTACACGCGAAGCTCGGTTGGTGT
CCCTGCGTGACGCCATGTCTCACCGGATTTATGATACGGAACGCCCECCGCTETATCACGTTGTGGCCET
TCGCTTAGATGAACAACAGACCCGCCTGGTGCTGAGCATTGATCTGATTAACGTTGACCTGGGCAGTCTG
AGCATTATCTTTAAAGATTGGTTGAGCTTTTACGAAGATCCTGAAACCTCGCTGCCAGTGCTGGAACTGA
GTTACCGCGACTACGTCCTGGCGTTGGAATCGCGTAAAAAATCGGAAGCCCACCAGCGCTCAATGGACTA
CTGGAAACGCCGTGTTGCTGAACTCCCACCACCGCCAATGCTGCCAATGAAAGCGGATCCGTCGACGTTG
CGTGAAATTCGCTTCCGTCATACCGAACAGTGGCTCCCGTCTGATAGTTGGTCGCETTTARAAACAACGTG
TAGGCGAACGGGGTCTGACCCCAACGGEGTGTAATCCTCGCAGCTTTCTCTGAGGTGATCGGCCGCTEETC
CGCTAGCCCGCGCTTTACCCTCAACATCACTTTATTCAACCGTCTCCCTETCGCATCCCCGEGTCAATGAT
ATTACTGGTGATTTTACAAGCATGGTGCTGTTGGACATTGATACGACGCGCGACAAATCATTCGAACAGC
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GTGCTAAACGCATTCAGGAACAGCTGTGGGAAGCCATGGACCACTGCGATGTTTCTGGGATTGAAGTACA
GCGCGAAGCGGCACGTGTGCTGEGGCATTCAACGCGGCGCACTGTTCCCGGTAGTACTGACCTCAGCCCTC
AATCAACAGGTGGTTGGGGTTACGTCTCTGCAACGTCTGGGCACCCCGGTTTACACGAGCACTCAGACTC
CGCAGCTCCTGCTCGATCATCAGCTGTACGAACATGACGGTGACCTGGTCCTGGCGTGGGATATTGTGGA
TGGCGTCTTTCCGCCGCGATCTGCTGGATGATATGTTAGAAGCCTATGTCGCCTTTTTACGTCGCCTGACG
GAGGAACCGTGGTCTGAACAAATGCGCTGCAGCCTGCCGCCCGCTCAGTTAGAGGCACGTGCATCCGCCA
ATGAAACTAACTCACTGCTGTCTGAACATACTCTGCATGGTCTGTTTGCCGCTCGGGTGGAGCAGTTACC
GATGCAGCTTGCAGTGGTTAGCGCTCGTAARACCCTGACGTATGAGGAATTGTCTCGCCGCTCCCGGCGG
CTGGGTGCCCGCCTGCGGGAACAAGGCGCACGCCCGAATACCTTGGTCGCCGTCGTTATGGAGAAAGGTT
GGGAACAAGTGGTTGCGGTCCTTGCCGTGCTGGARAGCGGCGCGGCTTATGTTCCGATTGATGCCGACCT
GCCAGCAGAACGTATTCATTACCTGCTTGATCACGGTGAGGTTAAATTGGTGCTGACTCAACCGTGGCTG
GATGGCAAACTTAGCTGGCCGCCAGGGATCCAGCGTCTGCTGGTAAGCGACGCCGGCGTCGAAGGGGACG
GCGACCAACTGCCGATGATGCCGATTCAGACCCCATCGGACTTAGCATACGTCATCTACACCAGTGGTTC
GACTGGTTTGCCGAAAGGTGTTATGATTGATCACCGTGGCGCTGTCAATACAATTTTGGACATCAACGAG
CGCTTTGAGATTGGTCCTGGGGATCGCGTGCTGGCCCTGTCCTCACTTTCTTTTGATCTGTCGGTTTATG
ACGTTTTCGGTATCCTCGCGGCGGGCGGGACCATTGTGGTGCCAGATGCGTCAAAACTGCGTGACCCAGC
CCACTGGGCTGCACTTATTGAACGCGAAARAGTCACTGTGTGGAATAGTGTACCGGCACTGATGCGTATG
CTGGTCGAACACTCTGAAGGGCGCCCTGATTCGCTGGCACGTAGCCTGCGCCTCAGCCTGCTGAGTGGTG
ATTGGATCCCTGTGGGGECTCCCEGGGETGAACTTCAGGCTATCCGTCCGGGCGTCAGTGTTATTAGCCTGGG
GGGTGCCACAGAGGCTAGCATCTGGAGCATTGGCTATCCTGTTCGCAACGTGGACCCGTCCTGGGCATCA
ATTCCGTATGGCCGCCCGCTTCGCAATCAGACGTTCCACGTGCTTGACGAGGCGCTGGAGCCACGGCCGG
TATGGGTGCCAGGCCAACTGTATATCGGTGGCETTGGCCTGGCACTGGGCTATTGGCGTGACGAGGAAAA
.AACTCGTAACTCTTTTCTCGTCCATCCGGAAACGGGGGAACGCCTGTATAAAACCGGGGATCTCGGGCGC
TACCTTCCGGATGGCAATATTGAATTTATGGGCCGCGAGGATAACCAAATTAAACTGCGGGGCTATCGCG
TGGAATTGGGTGAAATCGAAGAAACCCTGAAAAGCCATCCTAACGTGCGCGATGCGGTCATCGTGCCGGT
TGGCAATGATGCCGCAAATAAATTACTGCTTGCGTATGTGGTACCGGAGGGCACCCGCCGCCGTGCGGCG
GAACAGGACGCATCACTTAAGACGGAACGTGTTGATGCGCGTGCGCATGCAGCCAAAGCGGACGGCCTGA
GCGACGGTGAGCGCGTCCAGTTCARACTGGCACGTCATGGCCTGCGTCGCGATCTGGATGGCAAACCGGT
GGTAGACCTGACGGGTCTGETACCGCGCGAAGCGGGGCTGGATGTATATGCTCGTCGTCGTTCGGTCCGC
ACTTTCTTAGAGGCACCGATCCCGTTCGTAGAATTTGGTCGCTTTCTGTCTTGTCTTAGCTCAGTGGAGC
CTGATGGCGCAGCTCTCCCTAAATTCCGTTACCCTTCGGCGGGTAGTACCTACCCGGTCCARACATACGC
CTATGCGAAAAGCGGCCGTATCGAGGGTGTAGACGAAGGCTTCTATTACTATCATCCATTCGAGCATCGT
CTGCTGAAAGTTAGTGATCACGGTATTGAACGTGGCGCGCACGTGCCGCAGAACTTCGACGTGTTTGACG
AAGCTGCCTTTGGTTTACTCTTTGTTGGCCGTATCGATGCGATCGAGAGCCTGTACGGGTCATTGAGCCG
CGAATTTTGTCIGTTGGAAGCTGGTTATATGGCCCAACTGCTCATGGAGCAAGCGCCGTCGTGCAACATT
GGGGTCTGCCCTGTAGGGCAGTTTGATTTTGAACAGGTACGCCCAGTTCTTGATTTACGCCATTCCGATG
TTTACGTACACGGTATGCTGGGCGGTCEGCGTGGATCCTCGCCAGTTTCAGGTCTGTACCCTCGGCCAGGA
TTCCAGCCCACGTCGTGCTACCGACGCGECGETGCCCCACCGGGTCGCGACCAACATTTTGCTGACATCCTT
CGGGACTTTCTTCGCACTAAACTGCCGGAATATATGGTACCGACCGTTTTCGTCGAGTTGCACGCGTTAC
CGCTCACTTCTAACGGCAAAGTGGATCGCAAAGCGCTGCGGGAACGCAAAGATACATCATCCCCGCGGCA
CTCCGGTCACACCGCCCCGCGTGATGCTCTGGAAGAGATTCTGGTCGCCGTTGTTCGTGAAGTTCTCGGT
CTGGAAGTGETCGGGCTGCAACAGTCTTTTGTAGACCTGGGTGCTACTTCCATCCATATCGTTCGTATGC
GCAGCCTGTTGCAGAAACGCCTGGACCGCGAAATTGCCATTACAGAACTTTTCCAGTACCCAAATCTGGG
TTCGTTAGCCAGCGGTCTTTCTAGTGATAGTAAARGATTTAGAACAACGTCCGAATATGCAGGACCGCGTC
GAGGCTCGCCGCAAAGGCCGGCGTCGTTCAGGGAATTC

EpoC  (SEQ ID NO: 8)
ATGGAAGAACAAGAATCCAGTGCAATTGCCGTGATTGGCATGTCAGGTCGGTTTCCAGGGGCCCGCGATC
TCGATGAGTTCTGGCGCAATCTGCGCCACGGCACCCGAGGCCGTCCAGCGCTTTAGTGAGCAGGAACTGGC
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GGCGTCCGGCGTTGATCCGGCTCTTGTGTTAGATCCGAACTATGTGCGGGCAGGTAGCGTTCTGGAAGAT
GTCGATCGTTTTGATGCCGCTTTCTTTGGTATCTCCCCGCGTGAAGCGGAACTGATGGACCCGCAGCACC
GGATCTTTATGGAATGCGCGTGGGAAGCACTCGAAAACGCCGGCTATGACCCGACTGCATACGAGGGTAG
CATCGGCGTGTATGCGGGGGCCAACATGAGCAGTTATTTAACCTCAAATTTACATGAACATCCGGCGATG
ATGCGTTGGCCGGGTTGGTTCCAGACGCTGATCGGGAACGATARAGATTACTTGGCAACGCACGTGTCTT
ACCGTCTGAACTTGCGTGGCCCGAGTATCTCCGTCCAAACTGCGTGCTCAACCTCGCTTGTCGCTGTTCA
TTTAGCTTGTATGAGCCTCCTGGACCGGGAATGCGACATGGCACTGGCAGGGGGCATCACCGTCCGCATC
CCGCACCGTGCTGGTTATGTGTACGCGGAAGGCGGTATTTTCTCACCAGATGGTCATTGTCGCGCATTCG
ATGCCAAGGCTAATGGAACCATTATGGGCAATGGCTGCGGCGTTGTGCTGCTGARGCCGTTAGATCGTGC
GCTGTCCGACGGCGACCCTGTTCGCGCCGTAATTCTGGGCAGCGCGACCAATAATGACGGTGCGCGCARG
ATTGGGTTTACCGCGCCTTCAGAGGTGGGTCAGGCGCARGCGATCATGGAGGCGCTGGCGCTGGCGGGETG
TTGAGGCGCGTAGTATCCAGTACATTGAAACACATGGCACCGGCACACTGCTCGGGGACGCAATCGAAAC
GGCAGCCTTACGCCGCGTTTTCGATCGCGACGCGTCGACTCGCCGCTCTTGCGCCATCGGCTCTGTAAAA
ACCGGCATCGGTCATCTGGAATCTGCCGCTGGCATTGCTGGTTTGATTAAGACCGTACTGGCGCTTGAAC
ATCGTCAGCTGCCGCCTTCCCTCAACTTCGAAAGCCCARATCCGTCGATCGATTTTGCCTCATCTCCATT
CTACGTGAACACGTCACTGAARAGACTGGAACACTGGTAGCACACCACGCCGCGCCGGGGTATCAAGCTTT
GGTATTGGCGGTACCAACGCCCATGTGGTGCTGGAAGAAGCTCCGGCAGCCAAATTGCCAGCTGCCGCTC
CAGCCCGTAGCGCCGAACTGTTCGTTGTGTCAGCTARATCAGCAGCAGCGTTGGATGCAGCGGCGGCTCG
TCTGCGCGATCACCTGCAAGCTCACCAGGGTTTGTCCCTGGGCGATGTCGCCTTTAGTCTGGCTACTACA
CGCTCCCCTATGGAACATCGTTTGGCAATGGCGGCCCCGAGTCGGGAAGCACTGCGCGAGGGTTTGGATG
CGGCAGCCCGTGGACAAACGCCTCCTGECGCGETCCGCGGTCGTTGTTCCCCTGGCAACGTCCCGAAAGT
CGTCTTCGTCTTTCCTGGCCAGGGTAGCCAGTGGGTGEGTATGGGTCGTCAGTTGTTGGCCGARGAACCA
GTTTTTCATGCCGCGCTTTCCGCCTGCGATCGTGCAATCCAAGCTGAAGCTGGTTGGAGTTTATTGGCCG
AACTGGCTGCCGATGAAGGTTCTAGCCAGATCGAACGTATTGACGTGGTGCAACCAGTTCTGTTCGCCTT
AGCAGTAGCATTCGCTGCCCTGTGGAGATCTTGGGGCGTTGGTCCTGACGTCGTAATCGGCCATAGCATG
GGTGAGGTTGCAGCTGCTCACGTTGCAGGCGCTCTGTCCCTCGAAGACGCGGTGGCAATCATTTGTCGCC
GCAGCCGTCTGCTGCGGCGTATTTCGGETCAGGGCGAGATGGCTGTTACTGAACTGAGCCTCGCGGAAGC
AGAAGCCGCGCTGCGTGGCTATGAAGACCGTGTCTCGGTCGCGGTGAGCAATAGCCCGCGCTCTACCGTG
CTGTCGGGTGAACCTGCCGCAATCGGGGAGGTTTTGTCCAGCTTAAACGCGAAGGGGGTATTTTGTCGTC
GCGTGAAAGTAGATGTGGCTAGCCACTCACCACAGGTAGATCCATTACGTGAAGACCTGCTGGCAGCGCT
GGGTGGCTTACGCCCGCGTGCGGCEGGCCETGCCGATGCGGTCAACTGTCACTGGTGCGATGGTGGCAGGC
- CCGGAACTGGGCGCTAACTACTGGATGAATAATCTGCGCCAACCAGTTCGCTTCGCGGAAGTTGTTCAAG
CGCAGCTCCAGGGCGETCACGETCTGTTTGTCCGAARATGTCTCCGCATCCGATTCTGACCACCTCGGTCGA
GGAAATGCGTCGGGCGGCGCAACGCGCAGECGCGGCAGTTGGTAGCTTACGTCGCGGCCAGGATGAACGG
CCCGCCATGCTGGAGGCGTTAGGGGCGCTGTGEGGCCCAAGGTTATCCAGTTCCGTGGGGGCGCCTTTTITC
CGRCAGGCGGGCGCCGECETTCCETTGCCGACTTACCCTTGGCAGCGTGAACGCTACTGGCTGCAGGCGCC
AGCCAAAAGCGCCGCAGGCGATCGTCGCGGTEGTTCGTGCAGGCGGCCATCCGCTCTTGGGCGARATGCAA
ACCTTATCAACGCAAACGTCTACCCGCCTGTGGGARACCACCTTGGATTTGAAGCGCCTGCCATGGCTGG
GTGATCATCGCGTCCAGGGCGCAGTGGTGTTTCCEEGGTGCGGCCTATCTGGAGATGGCTATTTCCTCGGG
TGCTGAAGCCCTGGEGCGATCETCCGCTACAGATTACGGACGTTGTTCTGGCGGAGGCACTTGCGTTCGCG
GGCGACGCTGCGGTACTGGTTCAGGTGGTCGACGACAGAACAGCCGAGCGGGCGTTTACAGTTTCAGATTG
CAAGCCGTGCGCCGEETGCEGGCCACGCGAGTTTTCGTGTTCACGCACCGCGGCGCTTTATTACGTGTAGA
GCGCACTGAGGTGCCTCCGGGGECTTACGCTTTCTGCGGTCCGGGCTCGCTTACAGGCGTCTATGCCAGCC
GCAGCGACGTATGCGCGAACTTACGGAGATGGGGCTCCAGTACGGTCCGGCATTTCAGGGCATTGCCGAAC
TETGGCECCGCCAGGGCGAGGCATTGEGCCGCGTACGTTTGCCGGACGCAGCGGGGAGCGCCGCGGAATA
TCGGCTCCATCCAGCGCTGCTGGATGCTTGCTTTCAAGTGGTGGGTTCTITATTTGCTGGCGGTGGGGAG
GCTACCCCGTGEETECCGETGGAAGTTGGTTCTCTGCGTCTGCTGCAACGTCCTTCTGGGGAATTATGGT
GTCACGCACGCGTAGTTAACCATGGCCGTCAGACTCCGGACCGTCAGGGTGCCGATTTCTGGGTAGTCGA
CAGCAGTGGCGCGGTGETAGCGGAAGTGAGTGGCCTGEGTGGCACAGCGTTTGCCTGGCGGTGTCCGCCGT
CGCGAAGAAGATGACTGGTTTCTTGAGCTTGAGTGGGAGCCAGCCGCCGTCGGGACGGCTAAGGTTAATG
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CGGGTCGETGGTTGCTCCTGGGTGGCEGGETGGCGGGCTGGGTGCTGCACTTCGTTCGATGCTGGAAGCTGG
CGGTCACGCGGTTGTGCATGCGGCCGAGAGCAATACATCTGCGGCGEGCGTCCGGGCCCTGCTAGCGAAG
GCGTTCGATGGGCAAGCTCCTACAGCCGTGGTTCACCTGGGCTCGCTGGATGGCGGTGGCGAACTTGACC
CGGGCCTGGGEGGCACAGGGGECGCTGGATGCTCCTCGTAGTGCAGATGTGTCGCCAGATGCACTGGATCC
GGCCCTGGTGCGCGGCTGCGATAGTGTACTGTGGACGGTCCAAGCGCTGGCAGGTATGGGCTTTCGCGAL
GCCCCGCGTCTGTGGTTGCTGACTCGGGGTGCCCAGGCGGTAGGCGCCEGTGACGTGAGTGTGACCCAGE
CACCGCTGCTCGGTTTGGGTCGTGTTATTGCCATGGAACACGCTGACCTCCGTTGTGCTCGCGTGGATCT
GGATCCTACCCGTCCGGATGGTGAACTGGGTGCGCTGCTTGCGGAACTCCTTGCTGATGATGCCGAAGCC
GAAGTTGCCTTACGTGGCGGCGAGCGCTGTGTGGCTCGCATTGTTCGCCGTCAGCCGGARACCCGCCCTC
GCGGTCGCATCGARAGCTGCGTCCCAACTGATGTGACAATCCGTGCAGATAGCACCTATCTGGTCACCGE
TGGTCTTGGCGGCTTAGCGCTTGTCGGTTGCGGGTTCGGCTCGCGGAGCGCGEGTGCAGGTCATCTGRTCCTG
GTAGGCCGTAGCGGTGCCGCCTCTGTGGAGCAGAGGGCTGCGGTGGCAGCTTTGGAAGCACGCEGGGLCGT
GTGTGACCGTGGCTARAGCTGACGTAGCTGATCGCGCCCAGTTAGAACGCATTTTACGGGAAGTGACGAC
CTCGGGCATGCCGTTACGCGGCGTCGTTCATGCCGCCGGGATTCTGCGATGACGGGTTACTGATGCAGCAA
ACGCCCGCACGCTTTCGTAAAGTGATGGCGCCAAAAGTTCAAGGCGCACTCCATCTTCATGCACTCACGC
GCGAGGCACCGCTGAGTITTTTTTGTCCTCTACGCCTCCGGCGTCGGCCTGTTGGGTTCTCCGGGTCAGGG
GAATTATGCGGCGGCCAATACCTTCTTGGATGCGCTGGCGCACCACCGTCETGCTCAGGGGTTACCAGCC
TTAAGTGTGGATTGGGGCCTGTTCGCGGAGGTTGGTATGGCTGCCGCACARGAAGACCGGEGTGCACGTC
TGGTATCGCGCGGECATGCEGCTCGCTGACCCCGGACGAAGETCTGAGCGCTCTGGCTCGTCTTCTTGAATC
GGGCCGTGTTCAAGTGGCGGTCATGCCAGTGAACCCTCGCCTGTGGGTGGAGTTGTATCCGGCGRCTGCE
AGTTCACGCATGCTGTCTCGTCTCGTAACAGCACATCGTGCATCCGCTGGCGGCCCTECGGGCGACGGCE
ATCTTCTGCGTCGTCTGGCTGCGGCGGAGCCTTCCGCACGTTCGGGTTTACTCGAACCGCTCCTTCGCGL .
CCAGATTTCACAGGTGCTGCGGCTCCCAGAGGGCAAAATTGAGGTAGATGCGCCACTGACATCCCTGGGC
ATGAACAGTCTCATGGGTCTGGAGCTGCGGAACCGTATTGAAGCCATGTTGGGCATTACGRTTCCGGCGA
CTCTTCTTTGGACGTATCCGACCGTAGCAGCACTTTCGGGGCACTTAGCGCGTGAAGCATCTAGTECTGC
GCCGGTGGAGAGTCCGCATACAACCGCAGATAGCGCAGTTGAAATCGAAGAAATGTCCCAGGATGACCTG
ACTCAACTGATTGCCGCGAAATTTAAAGCCCTGACGGGGAATTC

EpoD (SEQ ID NO:9)

ATGACCACACGTGGCCCGACCGCTCAACAAAATCCACTGARACAAGCAGCAATTATCATTCAGCGCCTTG
ARAGAACGCCTTGCAGGTCTGGCACAAGCGGAACTGGEAGCGTACTGAGCCAATTGCGATCGTAGGCATCGE
GIGTCGTTTTCCGGGTGGCGCAGACGCGCCGGAAGCATTCTGGGAACTGCTCGATGCTGAGCGCGATGCC
GTTCAGCCTTTGGACCGCTCGCTGGGCACTGGTCGGGGTAGCGCCAGTGGAAGCGGTCCCTCATTGCGCGG
GTTTATTGACCGAACCGATTGACTGTTTCGATGCGGCCTTTTTIGEGTATTTCGCCGCGTGAAGCACGTAG
CTTGGATCCGCAGCACCGTCTGCTCCTTGAAGTAGCATGGGAGCGECTGCGAAGACGCCEGCATCCCACCG
CGTAGCATTGACGGCTCTCGCACTGGTGTCTTTGTGGGTGCGTTCACCGCCGATTATGCCCGTACTGTTG
CTCGCCTGCCTCGTGAAGAACGCGACGCGTACAGCGCGACAGGTAACATGTTATCCATCGCGECTGGGCE
TTTGTCGTATACGTTGGGCCTCCAGGGCCCGTGTTTGACCGTTGATACCGCATGCTCGTCCTCTCTTGTT
GCTATTCATCTGGCGTGCCGCTCCTTGCGGGCTGGCGAAAGTGACCTGGCCCTTGCAGGCGEGCGTCTCGA
CGTTGTTATCACCTGATATGATGGAAGCGGCGGCACGCACCCAGGCCCTGTCCCCEGATGGCCECTETCG
TACTTTCGATGCGTCGGCGAATGEGCTTTGTACGTGGTGAGGGETTGTGEGTCTGGTCGTTCTCAAACGTTTA
TCCGACGCACAGCGTGACGGCGACCGTATTTGGGCGTTAATCCGCGGCTCAGCGATTAATCATGACGGTC
GCTCCACGGGCCTGACAGCGCCGAACGTCCTTGCGCAGGAAACGETGCTGCGCGAAGCACTECETAGTGC
GCACGTTGAAGCAGGGGCCGTGGATTACGTGGAGACTCATGGCACCGGCACCAGCCTGEGCGATCCGATC
GAAGTGGAGGCCCTGAGAGCCACCGTCGGCCCAGCCCGGAGCGACGGTACTCGCTGTGTGTTAGGCGCGE
TAAAAACGAACATTGGACACCTGGAGGCAGCCGCTGGTGTAGCTGGGCTGATTAAAGCTGCGCTGTCCTT
AACGCACGAACGCATCCCGCGTAACCTGAACTTTCGTACCTTGAACCCGCGTATCCGTCTTGAAGGCTCT
GCATTGGCGCTCGCAACCGAGCCAGTTCCTTGGCCGCGCACAGATCGCCCACGCTTTGCCGGTGTGAGTT
CATTTGGCATGTCGGGTACCAATGCTCACGTGGTACTGGAGGAGGCTCCGGCCGTGGAACTETGGCCTGC
GGCGCCGGAACGTTCCGCTGARACTGCTGGTGCTGAGCGGCAAATCTGAAGGTGCCCTGGATGCTCAAGCT
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GCCCGETCTGCGTGAACATTTGGACATGCACCCGGAACTGGGGTTAGGCGATGTGGCTTTCTCCCTGGCAA
CGACCCGCTCTGCGATGACACATCGGTTGGCTGTTGCGGTAACCTCCCGCGAAGGTCTGTTGGCCGCCTT
GTCAGCGGTTGCACAGGGCCAAACGCCAGCAGGCGCTGCACGGTGCATTGCGAGCTCTAGTCGCGGTARG
CTGGCTCTGCTGTTTACTGGCCAGGGCGCCCAAACTCCGGGTATGGGTCGCEGGCTTATGTGCCGCCTGGC
CCGCTTTTCGTGAAGCCTTTGATCGCTGTGTAACGTTATTTGACCGTGAGCTGGATCGGCCACTGCGGGA
GGTTATGTGGGCGGAAGCTGGGTCCGCCGAATCATTACTGTTAGACCAGACCGCGTTCACGCAGCCCGCG
CTGTTCGCTGTCGAATATGCCCTGACGGCGCTCTGGAGATCTTGGGGTGTCGAACCAGAACTGCTGGTTG
GACACTCTATTGGCGAACTGGTCGCGGCGTGCGTGGCTGGCGTTTTCTCTCTTGAAGACGGTGTGCGCCT
CGTGGCGGCTCGGGGETCGCCTCATGCAGGGGCTCGAGCGCTGGCGGCGCCATGETGTCACTGGGTGCTCCA
GAGGCAGAAGTAGCAGCAGCCGTCGCACCACATGCGGCATGGGTTTCAATCGCCGCCGTAAATGGCCCAG
AGCAGGTAGTTATTGCAGGCGTCGAACAAGCGGTGCAGGCAATCGCCGCAGGETTTGCGGCGCGCEECGT
GCGCACTAAACGCCTCCACGTCTCTCATGCCTTTCACTCCCCGCTGATGGAACCAATGCTGGAAGAGTTC
GGTCGCGTGGCAGCGTCTGTTACCTACCGTCGTCCTAGCGTCTCGCTCGTTTCCAACCTGAGTGGTAAAG
TGGTTACTGACGAGCTGAGCGCCCCAGGCTACTGGGTTCGTCATGTGCGCGAAGCCGTCCGTTTTGCTGA
TGGTGTGAAAGCCCTGCACGAAGCGGGCGCGGGCACCTTTCTGGAAGTCGGTCCGAAACCAACCCTGCTG
GGCCTGCTCCCGGCGTGCCTGCCAGAAGCAGAACCTACGTTATTAGCGAGCTTGCGGGCEGECCETGAAG
AAGCAGCGGGTGTTCTGGAGGCCCTTGGGCGTTTGTGGGCGGCAGGCGETTCCGTTTCTTGEGCCTGGCGT
TTTTCCAACCGCTGGTCGCCGTGTGCCGCTTCCGACCTATCCGTGGCAACGTCAGCGCTATTGGCTGCAG
GCACCGGCGGAAGGGCTGGCTGCGACTGCGGCAGATGCGTTAGCCCAGTGGTTTTATCGCGTGGATTGGC
CGGAAATGCCACGGAGTAGCGTTGATTCTCGCCGTGCGCGTTCGGGCGGCTEGGCTTGTCCTCGGCGGACCE
TGGCGGGEGTGGGCGAAGCAGCCGCAGCGGCACTGAGTAGT CAAGGCTGCTCATGTGCGGTGTTACATGCT
CCGGCGGAGGCGTCCGCCGTCGCCGAACAGGTGACCCAGGCCCTGGECGGGCECAATGATTGGCAGGGCG!
TTCTGTACTTGTGGGGTCTGCGATGCAGTCGTCGAGGCGGGCGCATCCGCAGAGGAGGTGGGTAAAGTGAC
ACACCTGGCGACCGCTCCGGTGTTAGCACTGATTCAGGCCGTCGGGACTGGCCCGCGCAGCCCTCGCCTG
TGGATTGTAACGCGTGGGGCTTGTACGETCGGTGGCGAGCCGGATGCTGCCCCGTGTCAGGCTGCACTGT
GGGGGATGGGTCGTGTGGCAGCCTTGGAACATCCGGECTCCTGGGETGETCTGGTTGATCTGGATCCGGA
AGAATCTCCAACGGAAGTAGAAGCGCTGGTGGCTGAACTGCTGTCTCCGGATGCCGAAGATCAGCTCGCA
TTTCGTCAAGGCCGTCGTCGTGCCEGCCCGCTTGGTCGCCGCGCCACCGGAGGGCAACGCAGCGCCGGTET
CGTTAAGCGCGGAAGGTTCATATTTGGTTACCGGTGGTCTGGGCGCTCTGGGTCTGCTGGTGGCTCGCTG
GCTGGTGGAACGTGGTGCGGGTCATCTGGTTTTAATCTCTCGGCACGGGCTTCCTGATCGCGAAGAATGG -
GGCCGTGATCAACCACCTGAGGTACGGGCCCGTATCGCAGCGATTGAGGCCCTCCGAAGCTCAAGGCGCAC
GCGTAACGGTTGCCGCCGTGGATGTTGCAGACGCTGAGGGGATGECCGCTCTTTTAGCAGCCGTGEAGCC
GCCACTGCGCGGCGTGGTCCATGCCGCTGGCCTGCTGGACGACGGTCTGTTAGCGCACCAGGATGCAGGT
CGCCTGGCTCGGGTGTTACGTCCGAAAGTTGAAGGTGCTTGGGTTCTGCATACCCTGACCCGCGAGCAGC
CTCTTGATCTGTTTGTTCTGTTTAGCTCCGCAAGTGGTGTTTTCGGTTCCATCGGCCAGGGCTCTTATGC
. GGCAGGGAACGCATTTTTGGATGCTCTGGCGGATCTGCGTCGTACACAAGGCTTGGCGGCCTTAAGCATT
GCATGGGGCCTGTGGGCGGAAGGGGGTATGGGCTCACAAGCCCAGCGCCGCGAGCATGAGGCATCCGGTA
TCTGGGCGATGCCGACGTCTCGCGCCCTGGCGGCAATGGAATGGCTCCTGGGCACCCGCGCCACGCAGCEG
TGTGGTAATTCAGATGGACTGGGCTCACGCGGGTGCAGCACCACGGGATGCTTCCAGAGGGCGTITTCTGG
GATCGTCTCGTAACCGTCACCAAAGCAGCTAGTAGCAGTGCTGTGCCCGCAGTTGAACGCTGGCGTAATG
CAAGCGTGGTCGAAACCCGTTCGGCTCTGTATGAGCTGGTGCGCGGCGTGGTAGCAGGTGTGATGGGTTT
TACTGATCAAGGCACATTAGATGTCCGGCGCGGCTTTGCAGAGCAGEGTTTAGATAGCCTCATGGCGGTT
GAAATTCGTAAACGTCTGCAAGGCGAGCTGGGTATGCCGTTGTCTGCCACATTGGCGTTCGATCATCCGA
CCGTAGAACGTTTGGTGGAATATTTACTTAGCCAAGCGTCTAGTTTACAGGACCGTACGGATGTCCGCTC
CGTGCGTCTGCCAGCAACGGAAGATCCAATTGCGATTGTTGGGGCGGCATGCCGTTTTCCGGGTGGCGTC
GAGGACCTGGAATCTTACTGGCAGTTGCTGACGGAAGGTGTGGTCGTTTCTACCGAAGTACCGGCAGALCC
GTTGGAACGGGGCGGACGGCCGTGGCCCTGGCAGCGGTGAAGCACCGCGCCAGACCTATGTCCCGCGCGG
TGGCTTTCTCCGCGAAGTCGAAACTTTTGACGCGGCCTTCTTTCACATCTCTCCGCGTGAAGCTATGTCC
CTGGACCCGCAGCAACGCCTGTTGTTAGAAGTCTCGTGGGAAGCAATCGAACGTGCCGGCCAGGATCCGA
GTGCCCTGCGTGAATCTCCTACTGGAGTGTTTGTGGGTGCGEGCCCGAATGAGTATGCAGAACGTGTTCA
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GGACTTAGCTGATGAAGCAGCAGGGCTCTACTCCGGAACTGGCAATATGCTGAGCGTCGCGGCAGGGCGT
CITTCCTTTTTTTTGGGGTTACACGGCCCGACCCTGGCAGTCGACACTGCCTGTAGTAGCAGTCTGGTCG
CGTTGCACCTTGGCTGTCAATCACTGCGCCGTGGCGAGTGTGACCAAGCTTTGGTGGGGGGCGTTAATAT
GTTACTGTCCCCAAAAACGTTTGCCCTGCTTTCACGCATGCATGCGCTGTCACCTGGTGGACGTTGTAAG
ACTTTCTCGGCTGACGCTGACGGGTATGCCCEGCGCCGAAGGCTGTGCCETTGTCGTCCTGAAGCGGCTGT
CTGATGCACAACGGGATCGCGATCCGATCCTGGCAGTAATCCGCGGTACAGCAATTAACCATGATGGETCC
GAGCAGTGGCTTGACAGTGCCCTCGGGTCCGGCACAGGAAGCCTTACTTCGTCAAGCGCTGGCACATGCG
GGCGTAGTGCCTGCTGATGTGGACTTCGTTGAATGCCATGGCACGGGGACCGCTTTAGGTGATCCGATTG
AGGTTCGCGCACTGTCCGACGTATACGGTCAGGCCCGCCCGGCGEATCGTCCGCTCATTCTGEGGCGCGGC
CAAAGCGAATCTCGGGCACATGGAACCGGCAGCAGGCTTAGCTGGGCTGTTGAAGGCCETGCTGGCGCTG
GGCCAGGAACAAATTCCGGCTCAGCCTGAACTGGGTGAACTGAACCCGCTGCTGCCATGGGAAGCCCTGC
CCGTGGCGETGGCACGTGCGGCGGTCCCGTGGCCGCGCACGEGATCGTCCGCGTTTTGCAGGTGTGAGTTC
GTTCGGTATGAGCGGTACCAACGCGCATGTTGTCCTTGAAGAAGCGCCCGCCGTAGAATTATGGCCTECE
GCGCCGGAACGCTCGGCGGAATTGCTGGTTCTTTCTGGCAAGAGCCAGGGCGCACTGGACGCGCAGGCCE
CACGCCTGCGTGAACACTTAGACATGCATCCGGAACTGEGCCTGGGCGATGTAGCCTTCTCCCTGGCAAC
AACGCGCAGCGCGATGAACCATCGTCTGGCCGTGGCTGTGACGAGTCGCGAAGGCTTATTAGCAGCTCTG
AGCGCCGTTGCGCAGGGTCAAACCCCGCCGGGTGCEGECTCETTGCATTGCGAGCTCAAGCCGTGGTAAGT
TGGCCTTTCTGTTCACTGGCCAGGGGGCGCAGACCCCGGETATGGGCCGTGGGCTETGCGCAGCATGGCC
TGCTTTCCGCGAAGCATTTGATCGCTGCGTCGCCTTGTTTGATCGCGAACTGGACCGCCCGCTGTCTGAG
GTTATGTGGGCCGAGCCGGGTTCGGCGGAATCTCTGTTACTCGATCAAACAGCATTTACTCAGCCAGCCC
TGTTTACGGTAGAATATGCCCTGACCGCGCTGTGGAGATCTTGGEGCETCCGAACCTGAACTGGTCGCGRE
GCACTCAGCGGGCGAACTGGTGGCAGCCTGTGTAGCTGGTEGTGTTCTCTCTGGAAGATGGTGTCCGCCTT
GTCGCGGCGCGTGGCCGCCTGATGCAGGGTCTGTCCGCTEGETGGCGCGATGETTAGTCTGGETGCTCCGG
AGGCGGAAGTTGCTGCCGCCGTAGCTCCACATGCGGCTTGGCTATCAATCGCAGCGGTARATGGTCCGGA
ACAAGTTGTCATTGCAGGCGTGGAACAGGCAGTTCAGGCAATCGCGGCGGETTTCECAGCACGCGGGRTC
CGTACGAAACGGCTGCACGTTAGTCATGCTAGCCACTCTCCTCTGATGGAACCCATGCTGGAGGAGTTCG
GCCGCETTGCTGCTTCTGTTACCTACCGCCGCCCATCTGTGTCGCTGETTAGCAACCTGAGTGGTAAGET
TGTCACCGATGAACTTTCTGCCCCGGGTTACTGGGTCCGTCACGTGCGTGAAGCGETCCGCTTTGCGGAT
GGTGTGAAAGCGTTACATGAGGCTGGGGCTGGTACGTTTCTGGAGGTAGGGCCTAAACCGACCCTCCTGG
GCCTTCTGCCAGCATGCCTGCCGGAAGCGGAGCCGACGCTETTGGCGAGCCTTCGCGCAGGACGTGAGGA
AGCAGCAGGCGTCTTAGAGGCCCTGGGTCGTCTTTGGGCCGCCGGAGGAAGCGTCTCETGGCCCGETGTG
TTTCCGACCGCTGGCCGCCGTGTCCCCCTTCCAACCTATCCTTGGCAACGCCAGCGCTACTGGCTGCAGA
TCGAACCTGATAGTCGTCGCCACGCGGCGGCGGATCCCGACACAAGGTTGECTTTTACCGCGTGGATTGGECC
GGAAATTCCTCGGAGTCTCCAGAAGTCAGAGGAGGCTTCACGTGGGAGCTGGCTGEGTTCTGGCCGATAAA
GGCGGTGTAGGCGAAGCGGTTGCGGCGGCTCTGTCTACACGCGGGTTACCGTGCETTGTCCTGCATGCCC
CAGCCGAAACGTCAGCGACTGCGGAGCTGGTGACCGAGGCTGCGGGCGGTCGCAGCGATTGGCAGGTTGT
GCTGTATTTATGGGGGCTTGATGCGGTCGTCGGTGCTGAAGCAAGTATCGATGARATTGGGGATGCTACT
CGTCGCGCGACCGCCCCGGTTCTGGGTCTCGCGCGCTTCCTGTCGACCGTTAGTTGTAGCCCTCGGCTAT
GGGTTGTTACACGCGGCGCGTGCATCGTTGGTGATGAGCCCGCCATCGCGCCGTGCCAGGCAGCACTGTG
GGGGATGGGTCGCGTTGCCGCACTTGAACACCCTGGCGCATGGGGEEGCCTCGTGCATTTGGATCCGCGA
GCGTCTCCGCCTCAGGCTTCACCAATCGACGGTGAAATGTTAGTTACTGAACTGCTTAGTCAAGABACCG
AAGATCAGCTTGCGTTCCGCCACGGCCGCCGCCATGCCGCTCGCCTCGTAGCCGCGCCACCGCGTCEEGGA
GGCAGCGCCTGCGTCCTTGAGCGCCGAAGCAAGTTACCTGGTGACCGGTGGCCTGEETGECCTTGGCTTG
'ATTGTCGCGCAGTGGCTGGTGGAATTAGGCGCCCGTCATCTCGTGCTGACTTCACGTCGCGEGETTGCCGR
ATCGTCAGGCTTGGCGCGAACAGCAACCACCAGAAATCCGCGCTCGTATCGCCGCTGTGGAAGCACTGGA
AGCTCGTGGTGCCCGCGTTACTGTAGCAGCCGTGGATGTCGCAGATGTCGAACCTATGACCGCCCTCGTG
TCTTCAGTGGAACCGCCGCTGCGCGGETGTTGTCCACGCTGCGGGCATCTCGETTATGCGTCCGCTGECTG
AAACAGATGAGACGCTGTTAGAGTCTGTGCTGCGTCCTAAGGTGECGGGGAGCTGETTATTGCATCGCCT
GCTGCACGGCCGTCCGTTGGACCTGTTTCTGCTGTTCTCAAGCGGTGCCGCCETTTGGGGCAGTCACAGC
CAGGGTGCGTATGCTGCTGCAAACGCGTTTTTGGATGGTCTGGCACATCTGCGTCGCTCTCAGTCACTGC
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CCGCCTTAAGCGTAGCCTGGGGTCTCTGGGCCGAAGGTGGCATGGCGGATGCTGAGECGCATGCCCGCTT
ATCAGATATTGGTGTGCTTCCAATGTCGACCTCTGCTGCCTTATCCGCATTGCAGCGTCTGETGGAAACC
GGCGCAGCACAACGTACTGTCACGCGGATGGACTGGGCCCGCTTTGCGCCAGTGTACACGGCACGTGGECC
GTCGTAACCTGCTGAGCGCTTTAGTGGCTGGTCGCCGATATTATTGCGCCTAGCCCTCCGGCAGCTGCTAC
ACGTAATTGGCGGGGCCTCAGTGTCGCGGAGGCCCECATGGCGCTGCATGAAGTGGTCCATGGTGCAGTT
GCGCCTGTTTTAGGCTTTTTGGACCCTTCTGCACTGGATCCGGGCATGGGCTTTAACGAACAAGGTTTGE
ACTCTCTGATGGCCGTGGAGATTCGGAACCTTTTGCAGGCAGAACTGGACGTGCGTCTCTCAACGACATT
AGCGTTCGATCACCCTACTGTGCAGCGCCTGGTGGAGCATCTGCTCGTGGATGTGTCTAGTTTAGAAGAC
CGCTCTGATACGCAGCATGTGCGCTCGCTGGCCTCCGACGAGCCAATTGCAATCETGGGCGCTGCCTRCC
GTTTTCCGGGCGGECGTGGAAGACCTGGAAAGCTACTGGCAGTTACTGGCAGAAGGGGETAGTGETTTCGRC
CGAAGTCCCTGCGGACCGCTGGGACGCGGCCGATTGGTACGATCCGCGATCCGGAAATCCCAGGGCGGACT
TATGTTACCAAAGGCGCGTTTTTGCGCGATCTTCAACGCCTGGATGCCACGTTCTTCCGCATTAGCCCGC
GTGAGGCTATGAGCCTCGACCCGCAACAGCGCCTGCTTTTGGAAGTGTCCTGGGAAGCGCTGGAGAGCGC
CGGCATCGCCCCGGACACCTTGCGTGACAGT CCGACTGETETCTTCGTAGGTGCGGGCCCARACGAGTAT
TACACGCAGCGGTTACGGGGTTTTACTGACGGCGCCGCTGGTCTCTATGETGGCACTGGCAACATGCTCT
CTGTGGCAGCAGGGCGCCTTTCGTTTTTTTTAGGCTTGCACGGGCCGACATTGGCGATGGACACGGCCETG
TTCGAGCTCGTTAGTAGCGCTTCATCTGGCTTGTCAGTCGCTGCGTCTGGGTGAATGCGATCAGGCATTG
GTTGGCGGCGTGAATGTCCTTTTAGCGCCGGAAACCTTTGTCCTGCTGTCACGTATGCGTGCCTTGTCAC
CAGATGGTCGTTGTAAAACATTCAGCGCCGATGCAGATGGCTACGCACGTGGTGAAGGCTGTGCAGTGET
GGTTCTGAAACGCCTCCGTGATGCGCAGAGGGCCGETGACTCCGATTCTGGCGCTGATCCGCGGTAGTGCT
GTAAACCATGATGGTCCGTCCTCGGGTCTGACCGTACCTAATGGTCCGGCGCAACAGGCACTCTTGCGTC
AGGCTCTGAGCCAAGCAGGTGTGTCCCCTGTGCATGTTGATTTCGTCGAATGCCATGGCACTGGTACGGC
TCTGGGTGACCCGATTGAAGTTCAAGCTCTGAGTGAAGTATACGGTCCGGGTCGTAGCGAGGATCGCCCT
CTCGTATTAGGCGCCGTTAAAGCCAATGTTGCCCACTTGGAAGCAGCGAGCGGCCTGGCATCATTACTGA
AAGCGGTGCTTGCGTTACGCCACGAACAGATTCCAGCGCAGCCAGAGCTCGGGGAGCTGAACCCGCACTT
GCCGTGGAATACTCTCCCAGTGGCGGTTCCACGTAAAGCCGTGCCATGEGECCETGGCECTCETCCECGT
CGTGCGGGCGTGAGTGCCTTTGGTTTATCGGGTACCAACGTTCATGTGGTGTTAGAAGAAGCGCCGCGAGE
"TAGAGTTAGTGCCAGCTGCACCTGCGCGTCCGGTCGAACTGGTGGTCTTGAGTGCGAAAAGCECTGCGGC
TCTGGACGCTGCGGCAGAACGCCTGAGCGCCCATCTGAGCGCACATCCGGAGCTGTCGTTGGGCGATGTA
GCCTTTAGTCTGGCTACTACTCGGAGCCCGATGGAACACCGCCTGGCGATTGCGACCACCAGTCGCGAAG
CCTTACGTGGTGCCCTGGATGCCGCAGCCCAGCGCCAGACCCCGCAAGGCGCAGTGCGCGGCARAGCCGT
ATCCAGCCGAGGCAAATTAGCCTTCCTGTTTACTGGCCAGGGGGCCCAGATGCCGEGTATGEGGCGCGGEC
CTGTACGAAGCTTGGCCTGCCTTCCGCGAGGCGTTTGACCGCTGCGTAGCGCTGTTTGACCGTGAACTGE
ATCAGCCGTTGCGTGAAGTTATGTGGGCGGCGCCAGGTTTGGCGCAAGCTGCGCGTTTAGATCAAACTGC
CTACGCGCAGCCAGCCCTGTTTGCACTTGAATACGCACTGGCTGCGCTGTGCGAGATCTTGGGGTGTCGAA
CCTCACGTTCTTCTGGGTCATTCGATTGGTGAACTCGTTGCGGCETECGTGGCTGETGTATTTAGCTTAG
AGGACGCTGTGCGCCTTGTGGCCGCACGCGGGCGTCTGATGCAGGCGTTGCCCGCTGGTGGCGCCATGET
GGCTATCGCAGCGAGTGAAGCGGAGGTAGCGGCGAGTGTCGCTCCACACGCAGCCACCGTGAGTATCGCA
GCCGTTAATGGTCCGGATGCCGTGGTGATCGCAGGCGCGGAAGT TCAGGTTCTGGCGTTGGGTGCTACCT
TCGCGGCGCGCGGEGATCCGTACGAAACGTCTGGCCGTATCTCACGCCTTTCATTCACCGTTGATGGATCC
TATGCTGGAGGATTTTCAACGTGTCGCGGCGACCATTGCCTATCGTGCACCGGATCGTCCGGTAGTCTCG
AACGTTACTGGTCACGTGGCAGGTCCGGAGATCGCGACACCTGAATATTGGCTTCGTCATGTGCGTAGCG
CGGTTCGCTTTGGCGATGGTGCTAAAGCCCTTCACGCTGCGGGCGCAGCGACGTTTGTAGAAATTGGGCC
GAAACCTGTATTGCTGGGTCTGCTGCCAGCTTGCCTGGGCGAAGCGGACGCGGTACTTGTGCCAAGTTTA
CGCGCTGATCGCTCAGAGTGCGAAGTGGTGCTGGCAGCATTAGGCACATGGTACGCCTGGGGTGGCGCAC
TGGACTGGAAAGGCGTATTTCCGGATGGEGCCCECCECETCGCGCTGCCGATGTATCCGTGGCAGCGCGA
ACGTCATTGGCTGCAGCTGACACCTCGTTCTGCGECTCCAGCGGGCATTGCCGETCETTGECCGCTGGCG
GGCGTGGGTCTTTGCATGCCAGGCGCGETGCTCCATCACGTGCTGTCAATAGGGCCACGTCATCAGCCAT
TCCTGGGTGACCATCTGGTGTTTGGTAAAGTCCGTGGTGCCGGGTGCATTCCATGTGGCGGTGATTCTGAG
TATCGCAGCGGAACGCTGGCCTGAACGTGCAATCGAACTGACAGGCGTTGAATTTCTGAAAGCCATCGCT
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ATGGAGCCGGATCAGGAAGTGGAACTGCATGCTGTCCTGACGCCGGAGGCGGCAGGGGACGGGTATCTGT
TCGAACTGGCAACCTTGGCGGCACCAGAAACTGAGCGTCGTTGGACGACCCATGCTCGCGGCCGTGETGCA
ACCGACAGATGGGGCACCGGGGGCCTTACCGCGTTTAGAGGTGTTAGAAGATCGCGCCATTCAACCTTITG
GACTTTGCGGGCTTCCTGGATCGCCTCTCAGCAGTCCGCATTGGCTGGGGCCCETTGTGGCGETGGCTTC
AGGATGGTCGTGTGGGTGACCGAAGCTAGCCTGGCGACGCTGGTGCCGACCTATCCAAACGCCCATGACGT
GGCGCCGCTGCACCCGATTTTGTTAGATAACGGTTTCGCGGTGTCACTGTTGGCGACCCGGTCGGAACCA
GAAGACGATGGTACTCCACCGCTGCCGTTTGCTGTTGAACGCGTGCGCTGGTEGGCGTGCACCTGTTGGTC
GTGTCCGCTGTGGGGGCGTTCCGCGCTCACAGGCATTCGGCGTCTCTTCGTTCGTACTTGTGGACGAAAC
TGGTGAAGTTGTCGCTGAGGTGGAAGGCTTTGTGTGTCGCCGCGCTCCTCGCGAAGTCTTTCTGCGTCAG
GAATCAGGGGCGTCTACCGCTGCCCTGTATCGCCTGGATTGGCCTGAGGCGCCGCTGCCGGATGCGCCAG
CTGAGCGGATGGAAGAATCATGGGTGGTCGTTGCAGCTCCGGGGTCCGAAATGGCAGCCGCACTGGCTAC
GCGCCTCAACCGCTGCGTGCTCGCCGAACCTAAAGGTCTGGAGGCGGCACTGGCAGGCGTTAGCCCTGCC
GGTGTGATTTGCCTGTGGGAACCTGGCGCGCATGAAGAAGCACCTGCGGCAGCGCAGCETGTCGCCACGE
AAGGTCTGTCCGTCGTGCAGGCACTTCGTGATCGCGCCGTACGCCTGTGGTGGGTAACCACAGGGGCTGT
GGCGGTGGAAGCTGGTGAGCGCGTGCAGGTTGCAACTGCCCCGGTCTGGGGGCTCGGCCGCACCGTGATG
CAAGAGCGTCCGGAACTGTCTTGTACGTTAGTGGATCTGGAACCGGAAGTCGATGCAGCCCGTAGCGCCG
ACGTTCTGCTCCGGGAATTAGGCCGTGCGGATGATGAAACGCAGGTCGTCTTCCGTTCCGGCGAACGCCG
TGTCGCTCGCCTGGTCAAAGCGACCACACCGGAAGGTCTTCTTGTGCCGGACGCCGAATCTTATCGTCTC
GAAGCAGGTCAGAAAGGCACCCTGGATCAGCTGCGGTTGGCACCAGCCCAACGGCGEGCTCCGGGCCCAG
GCGAAGTGGAAATCAAAGTAACCGCGAGCGGCCTGAATTTCCGTACTGTTCTCGCTGTTCTGGGGATGTA
TCCTGGTGACGCAGGCCCGATGGGCGGGGATTGTGCCGGCATCGTCACCGCCGTGGGCCAGGGTGTCCAT
CACCTGAGCGTAGGTGACGCGGTGATGACGTTAGGCACATTACACCGTTTTGTGACGGTGGATGCTCGGC
TGGTGGTTCGTCAACCGGCTGGCTTGACTCCTGCCCAAGCTGCGACCGTCCCGGTTGCATTTCTGACTGC
GTGGCTGGCACTGCATGATCTGGGTAACCTCCGTCGTGGTGAACGCGTGCTGATTCATGCCGCCGCAGGT
GGCGTCGGCATGGCGGCCGTCCAAATCGCACGGTGGATCGGCGCCGARGTTTTTGCCACCGCCTCTCCGT
CCAAATGGGCCGCTGTTCAGGCGATGGGTGTGCCGCGTACGCACATTGCCAGTTCTAGGACTCTGGAGTT
CGCTGAAACCTTCCGCCAAGTTACGGGTGGCCEGTGGTGTCGATGTTGTACTTAATGCTTTGGCGCGCGAG
TTTGTGGATGCATCTCTGAGCCTCTTGACCACTGGTGGTCGTTTTCTGGAGATGGGCAAAACGGACATTC
GCGATCGCGCCGCCGTCGCTGCCGCCCACCCAGGGGTGCGCTACCGCGTATTTGACATCTTAGAGCTGGC
GCCAGATCGGACCCGTGAGATCCTGGAACGCGTCGTTGAAGGTTTCGCAGCGGGCCATCTCCGCGCTTTG
CCGGTGCATGCGTTTGCCATTACCAAAGCCGAAGCGGCGTTCCGTTTCATGGCGCAGGCTCGGCACCAAG
GCAAAGTCGTCCTIGCTCCCTGCGCCAAGCGCGGCCCCACTGGCCCCAACGGGGACGETTCTGCTGACCGG
TGGCTTAGGGGCGCTCGGGTTGCATGTGGCACGCTGGTTGGCTCAGCAGGGCGCTCCACACATGGTCCTG
ACGGGTCGCCGTGGTTTGGATACCCCAGGGCECGGCCARAGCGGTTGCCGAAATTGAGGCTCTTGGTGCGC
GTGTCACTATTGCCGCATCTGATGTGGCTGATCGCAACGCTCTGCAGGCCGTTTTACAAGCAATCCCAGC
GGAATGGCCGCTCCAAGGCGTGATTCATGCGGCTGGCGCACTTGATGATGGTGTCCTGGATGAACAGACC
"‘ACGGACCGTTTCAGCCGTGTATTAGCCCCGAAAGTAACTGGCGCCTGGAACCTGCACGAGTTAACTGCGG
GGAATGATCTGGCTTTTTTTGTGTTGTTTAGCTCAATGAGTGGTCTGCTCGGTTCAGCTGGTCAGTCGAA
CTATGCCGCCGCCAACACCTTTCTGGATGCGCTGGCGGCTCACCGCCGCGCAGAAGGGCTGGCAGCTCAG
TCGCTAGCTTGGGETCCGTGGAGTGATCGCGGTATGGCGGCGGGTCTTTCAGCCGCCCTTCAAGCACGTC
TTGCACGCCACGGTATGGGCGCCCTTTCCCCGGCGCAGGGCACCGCCCTGCTCEGGTCAAGCGCTGGCACG
CCCGGAAACTCAGCTGGGTGCTATGTCCCTTGATGTGAGAGCGGCCTCCCAGGCGETCCGECGCCGCAGTT
CCTCCAGTTTGGCGTGCCCTGGTGCGTGCAGAGGCTCGCCATGCCGCCGCAGGCGCCCAGGGTGCCTTAG
CGGCACGCCTCGGGGCTTTGCCTGAAGCCCGCCGCGCGGACGARGTGCGGAAAGTTGTTCAAGCCGARAT
TGCACGCGTGCTCAGCTGGGGGGCCGCCAGCGCCGTACCCGTTGATCGCCCGCTEGTCTGATCTGGGTTTA
GATTCACTTACAGCTGTCGAATTACGCAATGTTCTCGGCCAGCGTGTTGGTGCAACCCTGCCAGCGACCC
TTGCGTTTGATCACCCAACTGTAGACGCACTGACCCGTTGGCTCCTGGACAAAGTTTCTAGTGTGGCAGA
ACCTTCCGTCTCCCCAGCCAAAAGCTCTCCGCAGGTTGCGCTCCGATGAACCAATTGCGGTTATTGGGATC
GGTTGCCGCTTITCCGGCGTGGTGTTACCGATCCGGAAAGCTTCTGGCGCCTGCTGGAAGAAGGTAGCGATG
CGGTCGTTGAGGTCCCGCATGAGCGCTGGGACATCGATGCCTTCTATGACCCAGATCCGGATGTGCCGTGG

124



WO 2004/029220 o PCT/US2003/030940

GAARATGACTACGCGGTTTGGCGGGTTTTTGTCGGATATTGACCGCTTCGAACCTGCATTTTTCGGCATT
TCCCCGCGCGAAGCTACGACCATGGATCCGCAGCAGCGCCTGCTGCTGGAAACGAGCTGGGAAGCCTTTG
AGCGTGCCGGCATTCTCCCAGAGCGTCTTATGGGTTCGGATACGGGTGTCTTTGTGGGTCTTTTCTATCA
GGAATATGCGGCCCTGGCTGGTGGTATTGAAGCATTTGACGGTTATCTGGGGACCGGCACCACGGCATCC
GTCGCGAGCGGCCGTATCTCGTATGTTCTGGGCTTAAAAGGTCCGTCEGTTGACTGTTGATACGGCETETA
GTTCGTCGCTGGTGGCCGTACATCTGGCATGCCAAGCGCTCCGECGEGGCGAATGCAGTGTCGCCTTAGC
AGGTGGGGTGECTTTGATGTTGACCCCAGCTACATTTGTTGAGTTCAGTCGTCTGCGCGGCTTGGCGCCG
GACGGTCGTTGCAAATCATTCAGCGCTGCCGCAGATGGTGTTGGTTGGTCCGAAGGCTGTGCGATGCTGC
TCCTCAAACCGCTGCGCGATGCCCAACGCGACGGCGATCCGATCTTAGCGGTGATCCGCGGGACCGCCGT
AAACCAAGATGGCCGTAGCAACGGTTTAACGGCGCCTAATGGCTCCAGCCAGCAGGAAGTCATCCGTCGC
GCATTAGAGCAGGCAGGCTTAGCGCCAGCCGACGTGAGTTATGTCGAGTGTCATGGTACGGGAACCACCC
TCGGTGATCCGATCGAAGTGCAGGCGTTGGGTGCCGTATTAGCACAGGGCCECCCGAGTGATCETCCGCT
GGTAATTGGTAGCGTCAAAAGCAACATTGGGCATACCCAGGCTGCGGCAGGCCTGGCEGEGTGTGATCAAA
GTAGCTCTGGCTCTCGAACGGGGCCTGATTCCGCGCTCCTTGCATTTTGATGCCCCGAACCCGCACATTC
CGTGGTCCGAACTGGCCGTGCAGGTCGCGGCCAAACCTGTGGAGTGGACACGCAACGGCGCACCGCGTCG
CGCAGGCGTATCGAGTTTTGEGTGTCAGCGGTACCAATGCCCACGTCGTGTTAGAAGARAGCCCCAGCAGCG
GCCTTCGCACCGGCCGCCGCCCGGTCAGCCGAGTTGTTTGTGCTGTCGGCGAAATCTGCGGCGGCCCTGE
ATGCCCAGGCGGCACGTCTTTCTGCGCATGTCGTTGCACATCCTGAATTGGGCTTAGGCCGATCTGECCTT
TAGTCTGGCGACTACCCGCTCACCAATGACGTATCGCTTAGCAGTAGCTGCGACCAGCCGCGAGGCETTG -
TCTGCGGCCCTGGATACCGCCGCACAAGGGCAAGCACCTCCAGCTGCTGCGCGTGGTCACGCGAGTACTG
GCTCGGCGCCGAAAGTTGTATTTGTGTTCCCTGGCCAAGGGAGCCAATGGTTAGGTATGGCGGCAGAAACT
GCTGTCCGAAGAACCTGTATTCCGTGACGCTCTGTCAGCTTGCGATCGTGCGATTCAAGCGGAGGCTGGE
TGGTCCTTACTGGCAGAACTGGCAGCAGATGAAACCACCTCACAGTTGGGTCGCATTGATGTGGTGCAGC
CTGCGCTTTTTGCCATCGAAGTGGCACTGAGCGCGCTGTGGAGATCTTGEGGEGTGTGGAACCGGATGCCGT
GGTTGGTCATTCTATGGGCGAAGTGGCGGCGGCCCACGTAGCAGGCGCCCTTAGTCTGGAAGACGCGGTA
GCGATCATTTGCAGGCGCAGCCTTTTGCTGCGCCGTATTAGCGGGCAAGGCGAAATGGCAGTGEGTCGAAC
TGTCCCTGGCTGAAGCGGAAGCCGCGCTGCTGGGTTATGAAGACCGTCTTAGCGTTGCTGTTTCGAACTC
GCCACGCTCAACCGTGCTTGCGGGCGAGCCCGCTGCGCTGGCCGAAGTTTTAGCGATCCTGGCAGCAAAA
GGCGTCTTCTGTCGTCGCGTGARAGTAGATGTAGCTAGCCACAGCCCTCAGATTGATCCATTACGTGACG
AACTGTTAGCGGCGCTGGGCGAACTGGAACCACGTCAGGCCACGGTCTCTATGCGGTCCACAGTAACAAG
CACGATTGTGGCGGGCCCGGAACTGGTGGCGAGCTATTGGGCAGATAATGTGCGCCAACCCGTCCGCTTC
GCGGAAGCGGTGCAATCTCTCATGGAAGGCGGGCATGGGCTGTTTGTCGARATGTCGCCGCACCCTATTT
TGACCACCAGCGTCGAAGAAATCCGTCGGGCTACTARACGTGAAGGCGTTGCCGGTAGGRTCGCTGCGTCG
CGGCCAAGATGAACGGTTGTCTATGCTGGAAGCGCTGEGCGCACTGTGGGTGCATGGGCAGGCTGTAGGT
TGGGAACGCCTGTTTAGTGCGGGCGGCGCAGGGCTGCECCGTETTCCATTACCAACGTACCCGTGGCAGC
GCGAACGCTATTGGCTGCAGGCACCAACAGGTGGTGCGGCGAGCGECAGCCETTTTGCGCATGCTGGGTC
GCATCCGCTGCTGGGTGAAATGCAGACCCTTAGTACCCAGCGTAGCACCCGCGTCTGGGAGACCACACTC
GATCTGAAACGGCTGCCGTGGCTGGGTGATCACCGTGTACAGGEGGCTGTAGTTTTCCCCGGGTGCTGCCT
ATCTGGAAATGGCGCTGAGTTCCGGTGCGGAGGCTCTGGGGGATGGTCCTCTCCAGGTTAGTGATGTGGT
CCTGGCGGAAGCCCTCGCTTTCGCGGACGACACCCCGETGECTGTGCAGGTAATGGCTACCGGAAGAGCGET
CCGGGCCGTTTACAATTTCATGTGGCGTCACGTGTTCCGGGCCACGECCECGCTGCTTTTCGCTCTCACG
CACGCGGCGTCCTTCGTCAGACCGAGCGCGCAGAGGTGCCAGCACGCCTGGACCTGGCCGCGCTGCGCGL
ACGCCTTCAGGCCAGTGCCCCAGCTGCCGCCACCTACGCAGCCCTGGCCGAAATGGEGTTTAGAATACGGC
CCTGCCTTTCAAGGTTTAGTTGAACTGTGGCGGGGTCGAGGGCGAGGCGCTGGETCGCETACGTCTTCCGG
AGGCCGCTGGCAGCCCGGCCGCTTGTCGTCTGCATCCAGCACTGCTGGACGCCTGCTTTCACGTTTCTTC
TGCGTTTGCTGATCGCGGGGAGGCCACACCTTGGGTGCCGGTAGAAATCGGTTCTCTGCGCTGGTTTCAG
CGGCCGTCAGGCGAGCTTTGEGTGTCATGCCCGTAGCGTATCCCATGGCARACCTACGCCTGATCGCCGCT
CAACAGACTTTTGGGTGGTTGACTCGACTGGCGCGATCGTGGCCCAGATTTCCGGGTTGGTTGCACAGCG
TTTGGCAGGCGGCGTTCGTCGCCGGGAAGAGGACCGATTGGTTCATGGAACCTGCTTGGGAGCCGACAGCT
GTGCCTGGCTCTGAAGTTACTGCGGGCCGTTGGCTGTTGAT TGGGTCCGGTCGGTGGECTGEGTGCAGCCC
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TGTATAGTGCTCTGACGGAAGCAGGCCACAGCGTGGTCCACGCCACCGGCCACGGCACCAGCGCGECEGE
CTTGCAGGCTCTGCTGACGGCATCGTTTGACGGTCAGGCTCCCGACTAGCGTCGTTCACCTAGGTTCACTG
GATGAACGCGGTGTTCTTGATGCCGACGCACCGTTTGATGCTGACGCCCTGGAAGAGTCGCTGGTGCECG
GCTGCGATTCCGTACTGTGGACCGTCCAGGCGGTTGCAGGTGCGGGEGTTCCGTGATCCGCCACGTCTTTG
GTTAGTGACGCGTGGGGCGCAGGCCATTGECGCCGGTGATGTCTCTGTGGCGCAAGCCCCACTGCTGGGT
CTCGGCCGTGTGATCGCATTGGAGCACGCCGAACTGCGTTGCGCCCGCATCGACCTGGATCCGGCGCETC
GCGACGGCGAAGTCGATGAGCTTCTTGCAGAGCTGTTGGCTGACGATGCCCGAGGAAGAAGTTGCETTTCG
CGGCGGCGAACGCCGGGTGGCCCGCCTCGTGCGTCGTTTACCGGAGACAGATTGTCGTGAAAAAATCGAA
CCAGCTGAAGGCCGCCCTTTTCGTCTGGAGATTGACGGTTCAGEGTGTCCTGCGACGATTTGGTTCTGCGTG
CCACGGAACGTCGTCCTCCGGGCCCGGGGGAAGT TGAAATCGCCGTGGAAGCCGCCGGCCTGAATTTTTT
GGATGTGATGCGTGCAATGGGCATTTACCCTGGTCCGGGCGACGGTCCAGTAGCACTGGGCGCCGAATGT
AGTGGTCGTATTGTTGCTATGGGCGAAGGCGTCGAAARGCCTTCGGATCGGCCAAGATGTCGTCGCGGTCG
CACCTTTCTCTITTTGGTACTCATGTGACAATCGATGCCCGTATGGTCGCCCCGCETCCAGCGGCGCTGAC
CGCAGCGCAGGCGGCTGCCCTGCCTGTGGCCTTCATGACGGCATGETATGETTTAGTGCATCTGGGTCGT
CTGCGTGCGGGCGAACGTGTTTTGATTCATAGCGCCACTGGCGGCACTGGCCTTGCGGCAGTACAAATCG
CGCGCCATCTCGGGGCGGAGATATTTGCGACAGCAGGCACCCCGGAAARACGCGCATGGCTCCGCGAACA
AGGTATTGCGCATGTAATGGATTCTAGGTCATTAGACTTTGCTGAACAGGTCCTGGCCGCGACCAAAGGT
GAAGGCGTGGATGTGGTTTTAAACTCCCTGTCCGGTGCGGCAATCGATGCTTCATTAGCCACTTTAGTTC
CAGACGGCCGTTTCATCGAACTGGGTAAAACGGACATTTACGCCGATCGCAGCCTGGEECTGGCCCACTT
CCGCAAAAGCCTTTCCTACAGCGCAGTCGATCTGGCTGGTTTAGCGGTTCEGCGCCCGGAGCETETTGCE
GCTCTGCTTGCTGAGGTGGTAGACCTGCTGGCACGTGGTGCGCTTCAGCCGTTGCCGGTAGAAATCTTTC
CTTTGAGCCGCGCGGCCGACGCGTTTCGCAAAATGGCACAAGCTCAACATCTGGGTAAATTGGTCCTGGC
ATTAGAGGATCCGGATGTGCGCATTCGCGTCCCAGGCGAGAGTGGECETAGCAATTCGCGCAGACGGCACG
TACCTGGTGACCGGTGGGTTAGGTGGGCTGGGTCTTAGCGTAGCGGGTTGEGTTGCCCCAACAGGGCGECGE
GCCATCTGGTTCTGGTTGGTCGCTCGGGTGCCGTCAGTGCAGAACAACAGACCGCCGTAGCGGCCCTGGA
AGCACACGGGGCTCGCGTTACAGTTGCTCGTGCCGACGTTGCGGATCGTGCACAGATCGAACGTATCCTT
CGCGAAGTGACCGCGTCGEGCATGCCGCTTCGTGGTGTGETGCATGCAGCTGGCATCCTGGATGACGGCC
TGCTGATGCAGCAGACCCCGGCACGTTTTCGCGCAGTTATGGCTCCGAAAGTCAGAGGTGCCCTTCACTT
GCATGCGCTGACCCGTGAAGCGCCACTGAGTTTTTTCGTGTTATATGCCGAGTGGTCCCEGCCTTTTGGGT
AGTCCAGGGCAGGGCAACTATGCCGCCGCGAACACTTTCTTAGATGCATTAGCACACCACCGGCGCGCGC
AGGGCCTCCCAGCCTTAAGTATTGACTGGGGTCTGTTCGCTGATGTGGGGTTGGCCGCTGGACAGCAGAA
TCGCGGCGCGCGCCTGGTAACACGTGGGACTCGCAGTCTGACCCCGGATGAAGCGTCTGTGGGCACTTGAA
CGTCTCCTGGATGGCGATCGGACTCAGGCAGGGGTGATGCCGTTCCACGTGCGCCAATGGGTGCGAGTTCT
ATCCGGCCGCTGCTTCTTCACGTCCGCCTGAGTCGCTTGGTTACCGCCCGCCGTGTGGCGAGCGGCCETCT
GGCAGGCGATCGCGATCTCTTAGAGCGCCTCGCTACGGCAGARAGCGGGTECCCGTGCAGCGTATGCTCCAG
GAAGTTGTTCGCGCACAAGTGTCTCAAGTGCTTCGTCTCCCGGARGGGARAACTTCGACGTTGACGCTCCGC
TGACCTCCCTGGGCATGGATAGCTTGATGGGTCTTGAATTGCGTAACCGCATTGAAGCTGTTTTGGGGAT
CACCATGCCTGCGACCCTGCTGTGGACTTATCCTACCGTCGCGGCCCTGAGTGCGCACCTGGCGTCCCAT
GTGTCTAGTACTGGTGATGGCGAGTCTGCCCGTCCACCGGACACAGGTAATGTTGCCCCTATGACCCATG
AAGTGGCGTCATTAGATGAAGATGGGTTGTTTGCTCTGATCGACGAATCCCTCGGCGCGCGCAGGCAAACG
CGGGAATTC

EpoE (SEQIDNO: 10)

ATGACCGACCGTGAAGGCCAGCTTTTGGAACGCCTGCGTGAAGTGACGTTGGCCCTGCGGAAAACTCTGA
ACGAGCGCGATACCTTAGAGTTAGAAAAAACGGAACCAATTGCCATTGTCEGGCATTGGCTGCCETTTTCC
AGGCGGTGCGGGGACTCCGCGAAGCTTTTTGGGAGCTGCTGGATGATGGTCGTGATGCCGATCCGGCCACTT
GAGGAGCGGTGGGCGCTGETCEGEGTCEATCCTGGTGATGACGTCCCACGCTEGGCTGEGCCTTCTGACTG
AAGCGATTGACGGCTTTGACGCGGCCTTCTTTGGCATTGCGCCGCGCCGARAGCCCECTCTCTCGATCCTCA
GCACCGGCTGCTGCTGGAAGTTGCATGGEGAAGGGTTTGARAGACGCCEGCATCCCECCGCETAGCCTGRTC
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GGGAGTCGCACGGGTGTCTTCGTAGGCGTATGTGCAACAGAATATTTACATGCGGCGETGGCTCACCAGT
CGCGCGAGGAACGCGATGCTTATAGCACAACGGGTAACATGTTGTCTATTGCCCCTGGCCGCTTGTCATA
CACGCTTGGCCTTCAGGGCCCTTGCTTGACAGTTGACACAGCCTGCTCTTCGAGTCTGETGGCGATCCAC
CTGGCGTGTCGCTCACTCCGTGCGCGTGAAT CCGACTTAGCGCTGGCGGGTGECGTCAATATGCTGTTAT
CTCCTGACACCATGCGCGCCCTTGCTCGTACCCAGGCATTGTCCCCGAACGGTCGTTGTCARAACCTTCGA
TGCAAGCGCGAACGGT TTTGTCCGGGGCGAGGGTTGTGEGCCTGATCETGCTTAAACGTCTCTCCGATGCG
CGTCGGGACGGCGACCGTATTTGGGCCCTGATCCGCGGCAGCGCTATTAACCAGGATGGTCGCTCCACAG
GTCTGACCGCACCGAATGTACTGGCTCAGGGCGCACTGCTGCGTGAAGCTTTACGTAATGCAGEGGTGGA
AGCCGAAGCTATTGGCTACATCGAGACTCATGGCGCCGCGACTTCTTTAGGGGATCCGATTGAGATCGAA
GCCCTGCGCACTGTGGTGGGCCCGGCGCGCGCTGATGGCGCCCETTGCGTEGCTCGGCGCGGTGAAAACCA
ACCTGGGCCATTTGGAAGGCGCGGCCGGEGTTGCTGEGCTGATCAAAGCAACCCTGTCTTTGCACCATGA
ACGTATTCCGCGCAACCTGAATTTCCGTACACTTAATCCGCGTATCCGCATTGAAGGGACGGCATTAGCC
CTCGCTACCGAACCAGTTCCATGGCCTCGCACCGGCCGTACGCREGTTCGCCGGTGTTTCAAGCTTTGGCA
TGTCGGGTACCAATGCGCATGTTGTTCTGGAGGAAGCCCCTGCTGTTGAGCCGGAGGCAGCAGCGCCGGA
ACGGGCTGCCGAGCTGTTTGTGTTAAGTGCGAAATCAGTTGCCGCCCTGGATGCCCAAGCAGCGCGCCTE
CGTGATCACCTGGAAAAACATGTGGAACTGGGTCTTGGTGACGTGGCATTTAGCCTGGCGACTACCCGTA
GCGCAATGGAACATCGCCTGGCCGTGGCAGCGAGCTCTCGTGAGGCGCTGCEGCEEEECCCTETCRRCTGC
CGCCCAAGGCCACACGCCGCCGEGCGCGETGCGEEECCECGCATCCGETGGGTCAGCGCCAAAAGTRGTC
TTCGTGITCCCTGGCCAGGGTTCCCAGTGGGTAGCGGATGRGCCGTAAACTGATCGCGGAAGAACCTGTCT
TTCGCGCAGCGCTGGAGGGCTGCGACCGTGCCATCGAAGCAGAAGCCGGTTGGTCCCTGTTAGGTGAGCT
GTCGGCAGATGAAGCCGCAAGCCAGCTTGGCCGTATCGACGTTGTCCAGCCGGTACTGTTTGCTATGGAR
GTGGCCTTATCGGCCCTGTGGAGATCTTGGECGTGTGCGAGCCAGAGGCCETAGTGGGTCACTCAATGGGCG
AGGTAGCCGCTGCGCATGTGGCAGGTGCCCTGTCTCTGGAAGACGCGGTGGCTATTATTTGCCGTCGCTC
ACGCCTGCTCCGTCGGATCTCGGGGCAAGGTGAAATGGCACTCGTGGAGCTGTCCCTGGAGCGARAGCCGAA
GCAGCCCTGCGCGGCCATGAAGGTCGCCTGTCTEGTTGCTGTGTCCAATAGCCCACGCAGCACCGTACTGE
CCGGTGAACCGGCCGCACTGTCGGAAGTTCTGGCAGCGTTGACCGCGAAAGGCETTTTCTGGCGTCAAGT
TAAAGTCGATGTGGCTAGCCACTCGCCGCAGGTGGACCCETTGCGTGAAGAACTCATTGCCGCCCTGGGT
GCCATCCGCCCACGCGCAGCCGCTGTTCCAATGCGTTCCACCGTGACCGGCGGTGTTATTGCAGGCCCER
ARCTGGGCGCGTCTTATTGGGCTGATAACTTGCGCCAACCCGTACGGTTTGCGGCTGCCGCGCAAGCACT
GCTGGAAGGTGGTCCGACGCTGTTCATCGAAATGAGTCCGCATCCGATCCTTGTCCCGCCETTGGATGAA
ATTCAGACGGCGGTCGAACAAGGTGGTGCAGCGGTTGEGTCACTGCGCCCTGETCAGGACGAGCGTGCAA
CTTTACTGGAAGCACTGGGGACCCTCTGGGCCTCGGGCTACCCGGTATCGTGEGECTCGTCTGTTTCCAGC
GGGGGGTCGTCGCGTACCGCTTCCAACGTATCCGTGGCAACACGAGCGTTGTTGGCTGCAGGTTGAACCA
GATGCTCGTCGTTTAGCTGCTGCCGACCCAACGAAAGATTGGTTCTATCGCACTGACTGGCCGGAAGTTC
CTCGCGCCGCCCCGARAAGTGAAACAGCACACGGGAGCTGGCTTCTCCTCGCTGACCGTEGGCGECGTTGE
TGAGGCGGTCGCTGCGGCACTTAGCACCCGTGGCCTGAGTTGTACCGTGTTACATGCGTCCGCTGATGCA
' TCGACGGTTGCGGAGCAAGTGAGCGAAGCCGCCAGCCGTCGCAACGATTGGCAGGGGGTATTGTATCTCT
GGGGTCTGGATGCTGTCGTTGATGCTGGCGCCGAGTGCAGATGAAGT TTCGGAAGCGACACGCCGCGCAAL
CGCGCCGETGTTAGETTTGGTGCGCTTCCTGTCAGCTGCGCCGCATCCTCCCCGGTTTTGECTTGTGACT
AGAGGTGCGTGCACCGTTGGCGGGGAGCCTGAAGTTAGT CTGTGCCAGGCCGCETTGTGGAGTCTGGCAC
GTGTGGTAGCGCTTGAACATCCGGCGGCCTGGGETGGCCTGGTCGATCTGCATCCGCAGAAATCACCGAC
CGAAATTGAACCACTGGTGGCTGAGCTGCTGAGCCCTGATGCCGAAGACCAGTTGECTTTTCGTAGTGGC
CGTCGTCACGCAGCGCGGCTTGTCGCAGCGCCGCCGGAAGGTGATGTCGCGCCGATCAGTCTTAGTGCGG
AAGGCTCTTACTTAGTCACCGGTGGCTTIGGGTGETCTGEATCTTCTGETCEGCGCGCTEGETTGGTAGAGCG
TGGGGCCCGCCACTTGGTTCTGACTTCCCGCCATGGCCTGCCTGAACGTCAAGCATCGGGTGGTGAACAG
CCGCCGGAAGCCCGCGCACGCATTGCCGCCGTGGAAGGTCTGGAAGCTCAGGGGGCACGTGTTACCGTAG
CGGCGGTGGACGTAGCTGAGGCGGACCCTATGACGGCCTTGTTAGCTGCTATTGAGCCTCCATTGCGCGE
TGTCGTTCACGCCGCAGGTGTGTTTCCGGETCCGTCCGCTGGCTGAAACTGATGAGGCCCTCTTAGAAAGT
GTATTACGCCCTAAAGTTGCCGGTAGTTGGTTACTGCATCGGCTTCTGCGTGACCCGTCCTCTGGATTTGT
TTGTACTCTTCAGCAGCGGGGCGGCAGTCTCGGGGGGCAAAGGCCAGGGCGCGTATGCAGCAGCARATGC

127



WO 2004/029220 o PCT/US2003/030940

GTTCCTGGATGGCTTGGCACATCATCGTCGCGCACATTCTCTGCCAGCCTTAAGTCTCGCATGGGGCCTG
TGGGCGGAGGGCGGCETGGTTGATGCCAAAGCGCATGCGCGCTTATCTGACATCGGCGTTCTCCCAATGG
CGACGGGCCCGGCTCTCAGCGCGCTCGAACGCTTAGTGAACACAAGTGCGGTGCAGCGCAGCGTCACACG
CATGGATTGGGCCCGCTTTGCCCCAGTCTACGCCGCTCGTGGTCGGCGTAACCTGCTTTCCGCGCTGGTT
GCGGAAGATGAGCGCACGGCAAGCCCTCCGGTTCCAACCGCGAATCGCATTTGGCGCGGTCTGAGCGTAG
CGGAATCACGCTCGGCGCTGTATGAACTGGTGCGTGGTATTGTTGCACGGGTGCTGGGCTTCTCCGATCC
GGGGGCGCTGGACGTGGGTCGCGGCTTCGCGGAGCAGGGCCTGGATTCACTTATGGCGTTGGAAATCCGC
AATCGCTTACAGCGTGAACTGGGTGAGCGTTTAAGCGCCACCTTAGCTTTTGATCATCCGACGGTGGAAC
GCCTTGTCGCGCACCTGTTGACTGATGTGTCTAGTCTTGAAGACCGTTCCGATACGCGCCATATCCGCAG
CGTGGCCGCCGATGACGACATCGCAATTGTGEGCGCCGCATGTCGTTT TCCGGGGGGCGATGAGGGGCTG
GAGACCTACTGGCGTCACTTAGCTGAGGGCATGGTCGTTTCAACCGAGGTGCCAGCAGACCGTTGGCGCG
CTGCGGACTGGTATGATCCGGATCCGGAAGTACCAGGTCGTACCTACGTCGCGAAAGGTGCCTTCCTCCG
TGACGTGCGTTCGTTAGATGCGGCATTTTTTTCCATCAGTCCGCGTGAAGCTATGAGTTTGGATCCGCAG
CAGCGCCTGCTGCTGGAGGTCTCATGGGAAGCTATCGAGCGCGCCGGCCAGGACCCGATGGCCTTACGCG
AGAGCGCCACTGGCGTCTTTGTCGGTATGATCGGTAGTGAACACGCCGAACGGGTCCAAGGTTTAGATGA
CGATGCCGCACTGCTGTACGGCACCACCGGGAATTTGCTGTCTGTGGCAGCAGGCCGCCTGAGTTTTTTC
CTGGGCCTGCATGGCCCGACGATGACCGTGGATACCGCTTGCTCTAGCTCCCTGGTCGCCCTGCACCTGG
CTTGCCAGTCATTACGCCTGGGCGAATGCGATCAGGCGCTGGCTGGCGGTTCCTCTGTTCTGCTTTCGCC .
TCGCTCATTTGTGGCGGCCTCCCGTATGCGTTTGCTGAGCCCTGATGGTCGCTGTAAAACGTTCAGCGCA

GCCGCCGATGGGTTTGCGCGTGCCGAAGGTTGCGCCGTGGTGGTATTAAAACGCCTGCGTGATGCCCAAC
GTGACCGCGACCCGATTTTGGCGGTGGTAAGATCTACAGCCATTAACCACGATGGGCCTAGCAGTGGTCT
CACCGTCCCGTCTGGGCCAGCCCAACAGGCACTGTTGGGTCAAGCTCTTGCTCAAGCAGGGGTAGCGCCT
GCCGAAGTTGACTTTGTTGAGTGTCACGGAACCGGGACCGCGCTGGGTGATCCAATAGAGGTCCAGGCTT
TGGGCGCAGTGTATGGCCGTGGTCGCCCGGCGGAGCGCCCACTGTGGTTAGGGGCAGTGARAGCGAATCT
TGGGCATCTGGAGGCAGCCGCTGGCTTGGCAGGCGTTCTGARAGTGCTGCTGGCATTAGAACATGAACAA
ATTCCTGCGCAACCGGAACTGGATGAGCTGAACCCTCATATTCCATGGGCGGAACTGCCGGTTGCGGTTG
TCCGCGCCGCAGTGCCGETGGCCTCGTGGCGCACGGCCACGTCGCGCCGEGTGTGTCGGCATTCGGTCTCAG -
CGGTACCAACGCTCACGTCGTGCTTGAGGAGGCACCTGCTGTTGAACCGGAGGCAGCCGCACCAGAACGT
GCGGCCGAACTGTTCGTTCTGAGCGCTAAAAGTGTGGCCGCGCTGGATGCTCAGGCCGCCCGCCTGCGTG
ATCATCTGGAAAAACACGTGGAACTTGGGCTGGGCCGATGTCGCTTTCTCATTGGCTACCACACGTTCTGC
CATGGAGCATCGTCTGGCGGTTGCAGCCAGCTCTCGTGAAGCCCTGCGTGGTGCGTTGAGTGCCGCCGCG
CAGGGTCACACTCCGCCGGGETGCCGTTCGCGGCCGTGCTTCTGGTGGCAGCGCCCCAAAAGTAGTGTTCG
TTTTCCCTGGCCAGGGTTCGCAGTGGGTAGGCATGGGCCGTAAACTGATGGCGGAGGAGCCTGTATTTCG
TGCCGCCCTTGAAGGCTGCGATCGTGCCATCGAAGCCGAAGCAGGCTGGTCCCTGCTTGGGGAACTCAGT
GCGGATGAAGCCGCCTCTCAACTTGGCCGCATTGATGTGGTCCAGCCGGTTCTGTTTGCGGTTGAAGTGG
CCCTIGTCTGCTCTGTGGAGATCTTGGGGCGTTGAACCGGAAGCTGTTGTAGGTCATAGCATGGGCGAAGT
CGCAGCAGCCCATGTTGCTGGTGCCTTGTCTCTGGAGGATGCGGTGGCGATTATCTGTCGTCGCTCTCGC
CTGCTGCGCCGGATTTCAGGCCAAGGTGAAATGGCCTTAGTGGAACTGTCGTTAGAGGARGCGGARGCAG
CATTGCGCGGGCATGAAGGTCGTCTGAGCGTGGCAGTCTCAAACTCGCCTCGTTCTACCGTTTTAGCAGG
TGAACCTGCTGCTTTAAGTGAAGTTCTGGCCGCGTTGACCGCCAAAGGTGTCTTCTGGCGTCAAGTGAAA
GTGGATGTTGCTAGCCACAGTCCGCAAGTGGACCCTTTGCGCGAGGAGCTGGTAGCTGCATTAGGCGCCA
TCCGCCCGCGCGCTGCGGCGGTGCCAATGCGCAGCACCGTGACCGGGGGTGTCATTGCGGGTCCTGAACT
CGGTGCGTCTTATTGGGCTGATAACTTGCGCCAGCCAGTCCGGTTTGCCGCAGCTGCACAAGCTTTGTTA
GAAGGCGGGCCGACTCTCTTCATTGAAATGTCCCCGCATCCGATCCTGGTTCCGCCTCTCGATGAAATCC
AGACAGCTGTGGAACAAGGGGGTGCAGCGGTTGGTTCACTGCGGCGTGGTCAAGATGAACGCGCCACGCT
GCTCGAAGCCTTGGGCACTCTGTGGGCGTCGGGCTATCCGGTGTCATGGGCACGTCTGTTTCCTGCTGGG
GGCCGTCGTGTGCCTCTGCCGACATACCCGTGGCAGCATGAGCGGTACTGGCTGCAGGATTCTGTACATG
GCAGCAAACCGTCCCITCGCCTGCGCCAACTCCACAATGGTGCAACGGATCATCCGTTACTGGGTGCGCC
GTTACTGGTCAGCGCGCGCCCTGGTGCACACCTGTGGGAACAGGCTTTGAGCGACGAACGTCTGTCTTAC
CTGTCAGAGCACCGTGTGCACGGCGAAGCGGTGCTTCCAAGCGCTGCGTATGTTGAGATGGCCCTTGCCG
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CAGGCGTCGACTTGTATGGCGCGGCGACTTTAGTCTTAGAGCAGTTGGCATTGGAACGCGCCCTGGCAGT
GCCTAGCGAGGGEGGGCCGCATTGTACAGETTGCTCTGTCTGAAGAAGGCCCGGGCCGTGCGTCTTTTCAG
GTCTCGTCCCCTGAGGARGCCGETCETTCTTGGGTACGTCATGCGACTGGGCACGTATGCAGCGATCAGT
CCAGTGCGGTTGCTGCGCTTAAGGAGGCGCCGTGGGAGATTCAACAGCEGTTGTCCTTCCGTTCTGAGCTC
GGAAGCTCTGTACCCGTTACTGAACGAACATGCTCTTGACTATGGGCCGTGTTTTCAGGGCGTAGAACAG
GTTTGGCTGGGCACTGGCGAGGTACTGGGGCGCGTCCGTCTCCCGGAAGACATGGCTTCGTCCAGCGGTG
CGTACCGGATCCATCCGGCCTTGTTAGACGCGTGCTTTCAAGTCCTGACCGCACTGCTTACAACGCCAGA
AAGTATCGAAATCCGCCGTCGCCTGACCGATCTGCACGAGCCAGACCTGCCGCGTAGCCGTGCGCCAGTA
AATCAGGCAGTGAGCGATACCTGGCTGTGGGATGCAGCATTGGATGGTGGTCGCAGACAGTCTGCCTCTG
TACCCGTTGACTTGGTACTTGGTTCTTTTCACGCTAAATGGGAAGTAATGCACCGTTTGGCGCAAACTTA
TATCATTCGGACGCTTCGCACATGGAACGTCTTTTGCGCCGCCGGCGAACGTCACACTATCGACGAGTTA
TTGETGCCTTTACAGATTAGTGCCGTGTATCGCAAAGTTATTAAACGCTGGATGGACCATCTGGTCGCCA
TTGGCGTGCTGEGTGGGCGATGGCGAACATCTCGTATCATCGCAGCCACTGCCGGAACACGACTGGGCGGC
CGTTTTGGAGGAGGCGGCCACCGTGTTTGCGGACTTACCAGTTTTACTGGAGTGGTGTAAATTCGCAGGT
GAACGCCTGGCTGATGTGCTGACCGGCAAAACCCTGGCGTTGGAAATTCTGTTTCCGGGCGGTAGCTTCG
ACATGGCAGAACGTATTTATCAGGACTCCCCTATTGCGCGTTATAGTAACGGTATCGTCCGTGGTGTGGT
CGAATCCGCAGCCCECGTCGTGECGCCTTCGGGCACCTTTTCTATCTTAGAAATTGGCGCAGGTACAGGG
GCAACGACAGCGGCCGTTCTGCCTETTCTGCTGCCGGACCGTACGGAGTATCACTTCACCGATGTATCGC
CGCTGTTCTTAGCTCETGCGGAACAACGCTTTCGTGATCATCCGTTCCTGAAATACGGTATTCTGGATAT
TGATCAAGAGCCAGCGGGCCAGGGGTACGCCCATCAGAAATTCGATGTGATTGTGGCAGCGAATGTGATT
CACGCGACCCGTGACATCCGTGCCACTGCGAAACGTTTGCTGAGCTTGCTCGCGCCAGGCGGGCTGCTGG
TGCTCGTGGAAGGGACCGGCCACCCGATCTGGTTTGACATTACGACGGGCCTGATCGAAGGCTGGCAGAA
ATATGAGGATGATCTGCGCACGCGATCATCCGCTGTTGCCAGCACGTACCTGGTGTGATGTGCTTCGCCGL
GTTGGCTTCGCAGATGCCGTGAGCCTTCCGGGCGATGGETCTCCAGCCGGGATCCTGGGGCAGCACGTAA
TCTTATCGCGCGCGCCAGECATCGCGGGCGCTGCTTGTGACTCAAGTGGCGAGTCGGCTACTGAGTCTCC
CGCGGCCCEGECCETCCETCAAGAGTGGGCGGATGGTTCGGCTGATGGCGTTCACCGCATGGCGCTGGAA
CGCATGTACTTTCATCGCCGTCCAGGCCGECCAGGTTTGGGTGCACGGTCGCCTCCGTACAGGGGGCGGLG
CCTTCACGAAAGCACTGACGGGCGACCTGCTGCTTTTCGAAGAAACGGGCCAGGTGGTGGCTGAGGTGCA
GGGCCTGCGCCTGCCGCAGCTTGAGGCATCTGCTTTTGCTCCGCGCGACCCACGTGAAGAGTGGTTATAC
GCGCTGGAGTGGCAGCGCAAAGATCCGATCCCTGAAGCGCCTGCCGCAGCCTCATCCAGCACGGCGGGLG
CGTGGCTTGTTCTTATGGATCAGGGCGGCACGGGCGCGGCCTTAGTGAGCCTGTTGGAAGGCAGAGGTGA
AGCCTGCGTTCCGCCTEGTTGCAGGCACAGCGTATGCATGCTTGGCGCCTGGCCTGTATCAGGTTGATCCG
GCTCAGCCAGATGGCTTTCATACTCTGCTGCGCGACGCTTTTGGGGAAGACCGTATGTGCCGCGCGGTGG
TCCACATGTGETCACTCCGATGCTAAAGCCGCTGGTGAGCGTACCACAGCGGAATCGCTGCAAGCTGACCA
GCTGCTTGGTAGCCTGTCGGCCCTTAGCCTGETGCAGGCCCTGCGTACGGCGCCGTTGGCGCAATATGCCG
CGTCTTTGGCTGCTCGACGCGTGCAGTGCACGCCGTGGGTGCGGAAGACGCTGCGGCCTCIGTCGCTCAGG
CACCAGTCTGGECTCTTCETCGCACACTCGCACTGGAACATCCGGAATTACGGTGCACTCTCGTAGATGT
TAATCCGGCGCCGAGTCCAGARGATGCGGCGGCGCTGGCAGTTGAGTTGGGCGCGAGTGATCGTGAGGAT
CAGATTGCCCTGCGCTCCAACGGTCGCTACGTTGCCCGGCTGGTTCGTTCAAGTTTCTCCGGCAAGCCGG
CGACCGACTGCCGGCATTCGGGCCGATGGGTCATACGTCATCACCGATGGGATGGGCCGCGTTGGCCTCAG
CGTTGCGCAGTGGATGGTTATGCAGGGCGCGCGGCATGTTGTTCTCGTGGACCGTGGCGGCGCCAGTGAT
GCCTCTCGTGATGCACTTCGCTCGATGGCAGAAGCTGGTGCGGAAGTACAAATCGTCGAAGCGGACGTGG
CCCGCCGETGTAGATGTAGCCCGTTTACTGTCTAARATTGAACCGAGTATGCCGCCGTTGCGGGGCATTGT
GTATGTGGACGGTACGTTTCAGGGGGATTCCAGCATGTTGGAACTCGATGCCCATCGCTTCAAAGAGTGG
ATGTATCCGAAAGTTTTGGGTGCTTGGAACTTGCACGCCCTGACACGTGACCGTAGCTTAGATTTTTTCG
TCCTGTATAGCAGCGGTACATCTTTACTGGGCCTTCCGGGTCAAGGTAGCCGCGCCGCAGGGGATGCCTT
CTTAGATGCGATTGCACATCATCGCTGTCGCCTAGGTCTTACCGCGATGTCAATTAATTGGGGCCTGCTT
AGTGAAGCCAGCAGTCCGGCCACGCCAAACGATGGTGETGCGCGTCTCCAGTACCGTGGGATGGAAGGGC
TTACCTTGGAGCAAGGTGCGGAAGCTCTGGETCGTTTACTTGCGCAACCACGCGCGCAGGTGGGGGTTAT
GCGCCTGAATCTCCGCCAGTGGCTGGAGTTCTACCCGAATGCGGCACGCCTGGCATTATGGGCGGAACTG
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CTGAAAGAACGTGATCGCACCGATCGCAGTGCAAGTAACGCTAGTAACCTGCGGGAAGCGCTTCAATCCG
CCCGCCCGGAGGATCGGCAGCTGGTTCTCGAAAAACACCTGTCAGAACTGCTGGGCCGTGGTCTCCGTCT
GCCACCAGAACGGATTGAACGTCATGTCCCTTTTAGCAACCTGGGTATGGACAGTCTCATTGCTTTAGAG
CTGCGTAACCGGATTGAAGCGGCCCTGGGTATTACCGTTCCTGCCACTCTGCTGTGGACGTATCCGACCE
TTGCCGCACTGTCCGGTAATCTCCTGGACATTCTTTCTAGTAATGCTGGCGCGACGCATGCTCCGGCGAC
CGAGCGCGAAAAAAGCTTTGAAAACGACGCCGCAGATTTAGAAGCCTTGCGTGGGATGACTGATGAACAG
AAAGATGCGCTGCTTGCGGAGAAACTCGCACAACTGGCCCAGATCGTGGGCCGAAGGGAATTC

EpoF (SEQ ID NO: 11)

ATGGCGACGACGAACGCGGGTAAACTGGAACATGCTCTTCTGTTAATGCGATAAGCTGGCGAAGAAGAACG
CAAGTTTAGAGCAGGAACGCACTGAACCAATTGCGATTATTGGEGATCGECTECCGTTTTCCRRETCRTEC
GGACACCCCGGAAGCGTTTTGGGAACTGTTGGATAGTGGCCGCGATGCTCTGCAGCCGCTCGATCRCCET
TGGGCGCTGGTGGGCETCCATCCTTCAGAAGAAGTCCCGCGECTGERCEGEEETTGCTGACCCAGCCCGETEE
ATGGGTTTGACGCGGCGTTCTTTGGTACAAGTCCGCGCGAAGCGCETAGCCTCCATCCCCAACAGCETCT
GCTCCTGGAGGTAACCTGGGAAGGTCTGGAAGATGCCGGCATCGCACCGCAATCGCTGEATCETAGCCAT
ACAGGCGTCTTTCTTGEGGCTTGTAGCTCCGACTATAGCCATACTETTGCGCAGCAGCECCRCCAAGAAL
AGGACGCCTATGACATTACGGGCAACACTCTTTCCETCGCTGCCEEGCETCTCAGCTATACCCTCRRTCT
ACAGGGCCCGTGCCTCACCGTAGACACTGCGTGTAGCTCATCGTTEETGEGCAATTCACCTEGCETETCRC
AGCCTCCGCGCACGCGAGTCTGATCTGGCCCTGECTGGCEETETTAATATGCTGCTGTCAAGCAARAACCA
TGATCATGCTCGGTCGCATTCAAGCACTGAGCCCGGATGCGACATTGCCETACCTTTCGATGCGTCCCCTAA
TGGCTTCGTACGCGGCGAAGGCTGCGGTATGGTGETATTAAAACGTCTGAGCGATGCCCAGCGRCACGET
GATCGCATTTGGGCATTGATCCGCGGTTCAGCCATGAACCAGCACGGCCETTCCACCGEEGTTGATEGCRC
CAAACGTCCTCGCCCAGGAAGCGCTGCTGCGTCAGGCGCTACAGAGCGCACGTGTCCATCCTGGCGCGAT
CGATTACGTGGAGACACATGGCACAGGCACCTCGECTGGGCCGATCCAATAGAAGTTCACGCTCTGCETGCA
GTCATGGGTCCGGCTCETGCGCATGGGAGCCGTTCTECTCTTEGERTEGCAGTGAARAACAAACTTAGGCCACC
TGGAGGGCGCCGCTGGGGTGGCGGGTCTGATCAAAGCCGCACTGGCGCTTCACCACGAAAGCATTCCTCG
TAATCTGCATTTCCACACACTCAATCCGCGTATTCGTATTCAGCCGAACCGCGECTGECCCTEGCAACCGAA
CCAGTTCCGTGGCCTCGCGCGEGTCETCCACGCTTTGCERETETCTCTGCTTTCCGCCTGAGTGETACCA
ACGTGCATGTTGTGTTGGAAGAAGCACCTGCCACCGTGTTAGCCCCEGCARCGCCEEGCCERTTCTCCTGA
ACTGCTTGTTTTAAGCGCTARATCCACAGCCGCTCTGGACGCACAGGCGECGCEETTATCRGCCCACATC
GCGGCATATCCGGAGCAAGGTCTGGGTGATCTGRCCTTTTCCTTAGT TGCGACCCGCAGTCCGATGGAAC
ATCGTCTCGCCGTTGCCGCCACGTCTCGCGAAGCGCTGCGTTCTGCETTAGAGGCEGGCEECACACGRCCA
AACCCCGGCAGGCGCGGCTCETGGTCETGCGGCCTCETCACCGEETAAATTGECATTTCTGTTCGCTCRE
CAGGGCGCCCAAGTACCAGGTATGGGCCGTGETCTGTGEGAAGCCTGECCTGCEGTTTCGTGAAACCTTCG
ACCGCTGCGTTACTTTGTTCGACCGTGAGCTGCACCAACCTCTGTGTGAAGTTATGTGGGCGGAACCGGG
TAGTAGCCGTTCGTCGCTTTTAGACCAAACGGCGTTCACCCAACCAGCGCTGTTCGCGCTTGAATACGCG
CTGGCTGCGCTGTTTAGATCTTGGGGCGTGGAACCGGAACTGATCECEEECCATTCTTTGRGCGAGCTEG
TGGCCGCGETGCGETTGCGGEGCETGTTTTCGCTGEGARAGACGCTGTTCECTTEETECTEGGCACGCGRGRCGCCT
GATGCAGGCGCTGCCAGCTGGCGETGCCATGGTTAGCATTGCCGCTCCGCGAAGCCGATGTCGCCGCAGOT
GTTGCACCGCACGCGGCTAGTGTCTCAATCGCCGCCETCAATGECCCTCGAGCAGGTTEGTCATTGCTCGRCG
CGGAGAAATTTGTGCAACAAATTGCCGCTGCCTTTGCTGCGCGCEEGTGCTCGCACCAAACCTTTGCATGT
TTCCCACGCGTTCCACTCCCCGCTGATGGATCCAATGCTGCGAAGCATTTCGCCECETCACTGAATCTETG
ACCTATCGCCGCCCGTCGATGGCGTTAGTAAGCAATCTGTCGGGTAAACCGTGTACCGATGAGGTGTGTG
CGCCTGGTTATTGGEGTACGCCATGCTCGGCAAGCGGETGECECTTCCGCAGATGGCGTTAAAGCECTGCACGT
AGCAGGCGCGGGTATTTTTGTTGARGTTGGTCCGAAACCTGCCCTECTERETCTGCTGCCTGCATETCTG
CCGGATGCCCGTCCAGTGTTACTGCCAGCAAGCCGCECAGETCGTCGACCAGGCCEGCETCAGCATTAGAAG
CACTGGGTGGGTITTTGCGCTGCTTGGTGGCAGCGTAACGTGCGAGTEETETETTCCCETCAGGETGRTCGCCE
TGTTCCTCTCCCAACGTATCCGTGGCAACGGGAACGETATTGGCTGCAGGCACCTGTAGACCGRTRAAGCE
GATGGTATCGGTCGCGCACAAGCTGGCGATCATCCATTGCTGEETCGAAGCCTTCAGTGTGTCAACCCACG
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CAGGTCTGCGCCTGTGGGAGACTACCCTCGATCGTAAACGTCTGCCGTGGCTGGGTGAGCATCGGGCGCA
GGGTGAAGTAGTGTTTCCGGGGGCAGGCTACCTGGAAATGGCCCTTTCCTCAGGCGCCGAGATATTAGGG
GATGGTCCGATCCAGGTAACGGATGTGGTGCTGATTGAGACCCTGACTTTTGCTGGCGATACGGCAGTTC
CTGTGCAGGTTGTGACAACTGAAGAACGTCCGGGTCGETCTGCGGTTCCAGGTCGCCTCCCGCGAACCAGG
GGCCCGTCGTGCAAGTTTTCGCATTCATGCCCGTGGTGTTCTGCGTCGCGTCGGTCGTGCGGAAACGCCC
GCTCGTCTTAATCTCGCCGCACTGAGAGCCCGCCTGCATGCAGCAGTCCCAGCCGCTGCTATCTATGGCG
CATTGGCAGAAATGGGGTTACAGTACGGGCCTGCACTGCGTGGTCTGGCAGAACTGTGGCGTGGCGAGGG
TGAAGCTCTGGGTCGCETTCGTCTEGCCAGAATCCGCGGETTCCGCGACAGCCTATCAGCTGCACCCGGTG
CTCCTTGATGCATGCGTACAGATGATTGTGGCGCGCGTTCGCGGACCGTGATGAAGCTACGCCATGGGCCC
CGGTGGAGGTCGGGAGCGTGCCTCTCTTCCAACGCTCTCCTGGCGAATTGTGGTGCCATGCCCGTGTTGT
GTCAGACGGCCAACAGGCACCGAGTCGCTGGAGCGCCGACTTTGAGCTGATGGACGGCACAGGGGCTGTA
GTTGCAGAGATTAGCCGTCTGGTGGTTGAACGCTTAGCGTCCGGCGTCCGCCGCCGTGACGCGGACGATT
GGTTTCTGGAGCTCGATTGGGAACCGGCAGCATTAGAGGGTCCGAAAATCACGGCCGGTCGCTGGCTGCT
GCTGGGGGAGGGTGGGGGCTTGEGCCCGTTCTTTATGTAGTGCGCTGAAAGCGGCTGGTCATGTTGTGGTA
CACGCCGCAGGGGATGATACGTCTGCGGCAGGCATGCGTGCGTTGCTGGCGAACGCGTTCGATGGTCAGG
CGCCGACGGCTGTCGTCCACCTCAGCTCTCTGGACGGCGGCGGTCAACTGGATCCTGGCTTGGGCGCTCA
AGGCGCATTGGACGCTCCGAGATCTCCAGACGTGGACGCAGACGCCCTTGAGTCCGCATTAATGCGCGGT
TGCGATTCCGTGCTGAGCCTGGTGCAGGCGCTCGTCGGTATGGATCTGCGGAACGCACCACGTCTGTGGC
TGCTTACCCGTGGCGCACAGGCAGCTGCCGCAGGCGATGTCTCGGTGGTGCAGGCTCCGCTGCTGGGGCT
GGGCCGCACGATCGCGCTGGAACATGCAGAACTTCGCTGTATCTCAGTAGATTTGGATCCGGCACAGCCG
GAAGGCGAAGCGGACGCGCTGCTGGCCGAACTGCTGGCTGACGACGCGGAGGAAGAAGTGGCATTGCGTG
GTGGTGAACGCTTTGTGGCACGTCTGGTTCACCGCTTGCCGGAAGCGCAACGTCGGGAAAARATTGCGCC
AGCGGGCGACCGCCCGETTTCGCTTGGAAAT CGATGAACCGGGTGTTTTAGATCAGTTAGTTCTTCGTGCA -
ACGGGTCGCCGTGCGCCEGGCCCGGGCGAAGTCCGAGATCGCCGTAGAGGCTGCGGGCCTGGATTCTATTG
ATATTCAGCTTGCCGTCGGGGTAGCACCGAACGACTTGCCTGGCGGGGAGATCGAGCCGTCGGTCCTGGG
TAGTGAATGCGCCGGCCGCATCGTAGCAGTAGGTGARAGGCGTGAATGGGTTGEGTAGTGGGTCAGCCGGTT
ATTGCCTTAGCGGCGGGTGTTTTTGCGACGCATGTTACGACTTCTGCGACCCTGGTGCTGCCGCGTCCGC
TCGGGTTGAGCGCGACCGAAGCGGCGGCGATGCCATTGGCGTATCTTACCGCTTGGTATGCGCTTGATAA
AGTTGCTCACCTTCAGGCAGGCGAACGTGTTCTGATTCGGGCGGAGGCCGGGGGCATTGGTCTGTGCGCC
GTCCGGTGGEGCGCAGCGCGTTGETGCTGAGGTCTATGCGACCGCCGACACGCCAGAAAAACGTGCCTACC
TTGAGTCGCTGEGGTGTGCGCTACGTGAGCGATCCTAGGTCTGGTCGCTTCGCAGCGGATGTCCATGCGTG -
GACCGATGGGGAGGGCGTTGATGTGGTTCTGGACTCTCTGTCCGGCGAACATATCGATAAAAGTCTGATG
GITTTACGCGCATGTGGGCGCCTCGTTAAACTGGGTCGCCGTGACGATTGCGCTGACACCCAACCAGGGC
TGCCACCGTTGTTGCGCAACTTTTCATTTTCTCAGGTGGATCTGCGTGEGCATGATGCTGGACCAGCCCGET
GCGGATTCGTGCTCTTCTGGATGAATTGTTTGGCCTGGTGGCGGCCEGGTGCGATTTCCCCTTTAGGGAGC
GGTCTGCGGGTTGGTGGCAGCCTGACCCCGCCACCTGTCGAAACCTTCCCAATTAGTCGTGCCGCTGAAG
CCTTCCGTCGCATGGCGCAGGGTCAGCATCTCGGTAAACTGGTCCTGACCCTGGATGATCCAGAGGTTCG
TATTCGTGCGCCAGCCGAAAGCAGCGTGGCAGTTCGTGCAGATGGCACCTATTTAGTTACCGGTGGTTTA
GGTGGCTTGGGCTTACGTGTTGCTGGCTGGCTGGCAGAACGCGGTGCTGGGCAGTTAGTGTTAGTGGGCC
GTAGCGGCGCTGCCTCCGCAGAACAGAGAGCCGCCGTGGCCGCCCTGGAGGCCCATGGCGCCCGCGTCAC
CGTAGCTAAAGCTGATGTAGCGGATCGTTCACAAATTGAACGCGTACTGCGCGAAGTCACGGCTTCCGGC
ATGCCGCTGCGGGGCGTTGTCCACGCCGCTGGTTTAGTAGACGACGGCCTGTTGATGCAACAGACCCCGG
CCCGCCTTCGTACGGTAATGGGCCCTAAAGTGCAAGGTGCCCTTCATCTGCACACTCTGACTCGGGAAGC
ACCTTTATCTTTCTTTGTTCTGTATGCAAGTGCAGCAGGTTTATTCGGCAGCCCGGGTCAGGGTAATTAC
GCTGCTGCAAACGCTTTTCTGGATGCGCTGAGTCATCACCGGCGTGCGCATGGGTTGCCAGCCTTAAGCA
TTGACTGGGGCATGTTTACCGAAGTGGGGATGGCGGTCGCACAAGAGAACCGTGGCGCACGCCTTATTAG
TCGGGGCATGCGCGGTATTACGCCGGACGAAGGGCTGTCAGCGTTGGCCCGCCTTCTCGAAGGTGATCGT
GTTCAAACGGGTGTGATCCCGATTACACCGCGTCAGTGGGTGGAGTTCTATCCGGCCACAGCGGCCAGTC
GTCGTCTCAGCCGCCTGGTCACAACTCAGCGTGCGGTCGCTGATCGCACCGCCGEGGATCGCGATCTCCT
CGAACAGTTGGCCTCGGCGGAACCATCCGCTCGGGCTGGCCTGTTGCAAGATGTCGTACGCGTGCAGGTG
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TCGCATGTGCTCCGCCTGCCGGAGGATAAAATCGAGGTGGACGCACCGTTATCCAGTATGGGTATGGATA
GTTTGATGTCGCTGGAATTACGCAATCGTATCGAAGCCGCGCTGGECETAGCGECTCCGGCAGCTCTERG
TTGGACTTACCCGACGGTGGCAGCTATTACCCGTTGGTTACTGGATGATGCTCTTTCTAGTCGCTTAGGC
GGCGGGAGCGATACGGATGAATCCACTGCATCGGCGGGTAGCTTTGTTCACGTCCTGCGTTTTCGCCCGR
TAGTAAAACCGCGTGCACGCCTGTTTTGTTTTCACGGTTCGGGGGGTTCTCCAGAAGGCTTCCGTAGCTG
GTCTGAAAAATCAGAGTGGAGTGACCTCGAAATTGTCGCGATGTGGCATGATCGTTCCTTGGCATCTGAG
GATGCCCCGGGCAAARAAATATGTTCAGGAAGCTGCCAGTCTCATCCAACATTATGCGGATGCCCCATTTG
CTCTTGTGGGTTTCTCTTTGGGTGTTCGCTTTGTAATGGGCACAGCGGTGCAGCTCGCTTCTCGGAGTGG
GGCGCCAGCACCATTGGCGGTGTTCGCACTGGGTGGCTCCCTGATTTCCAGCAGCGAAATCACTCCGGAG
ATGGAGACCGATATTATCGCGARACTGTTTTTTCGTAACGCGGCCGGTTTCGTGCGCTCAACACAGCAAG
TCCAGGCTGACGCCCGCGCGGATAAAGTGATTACTGATACCATGGTCGCCCCTGCGCCGGGTGATAGCAA
AGAACCGCCGTCAAAAATCGCGGTGCCGATCGTTGCAATTGCCGETTCCGCGATGACGTGATCCTCCCTCCA
TCGGACGTTCAGGACTTACAGAGCCGTACCACCGAACGGTTTTACATGCATCTGCTGCCGGGCGACCATG
AGTTCCTGGTTGACCGCGGGCGTGAAATTATGCATATTGTAGATTCACACCTTAATCCGCTGTTAGCTGC
CCGCACCACGTCCAGTGGCCCGGCCTTCGAAGCAAAAGGGAATTC

kkok

[0371].  All publications and patent documents cited herein are incorporated herein by
 reference as if each such publication or document was specifically and individually indicated to
be incorporated herein by reference.

[0372] | Although the present invention has been described in detail with reference to specific
embodiments, those of skill in the art will recognize that modifications and improvements are
within the scope and spirit of the invention. Citation of publications and patent documents is not
intended as an adrhission that any such document is pertinent prior art, nor does it constitute any
admission as to the contents or date of the same. The invention having now been described by
way of written description, those of skill in the art will recognize that the invention can be
practiced in a variety of embodiments and that the foregoing description are for purposes of

illustration and not limitation.
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WE CLAIM:

1. A synthetic gene encoding a polypeptide segment that corresponds to a reference
polypeptide segment encoded by a naturally occurring gene, wherein the polypeptide segment-
encoding sequence of the synthetic gene is different from the polypeptide segment-encoding
sequence of said naturally occurring gene, wherein

a) said polypeptide segment-encoding sequence of said synthetic gene is less
than about 90% identical to said polypeptide segment-encoding sequence of said naturally
occurring gene, and/or

b) said polypeptide segment-encoding sequence of said synthetic gene
comprises at least one unique restriction site that is not present or is not unique in the
polypeptide segment-encoding sequence of said naturally occurring gene, and/or

c) said polypeptide segment-encoding sequence of said synthetic gene is free
from at least one restriction site that is present in the polypeptide segment-encoding sequence of

said naturally occurring gene.

2. The synthetic gene of claim 1 wherein the polypeptide segment is from a
polyketide synthase (PKS).

3. The synthetic gene of claim 2 wherein the polypeptide segment comprises a PKS
domain selected from AT, ACP, KS, KR, DH, ER, and TE.

4. The synthetic gene of claim 3 that encodes one or more PKS modules.
5. The synthetic gene of claim 4 comprising at most one copy per module-encoding
sequence of a restriction enzyme recognition site selected from the group consisting of Spe I,

Mfe I, Afi IT, Bsi WI, Sac II, Ngo MIV, Nhe I, Kpn I, Msc I, Bgl I1, Bss HII, Sac II, Age I, Pst I,
KasI, Mlul, Xba I, Sph I, Bsp E, and Ngo MIV recognition sites.
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6. The synthetic gene of claim 1 wherein the polypeptide segment-encoding
sequence of the synthetic gene is free from at least one Type IIS enzyme restriction site present

in the polypeptide segment-encoding sequence of said naturally occurring gene.

7. A synthetic gene encoding a polypeptide segment that corresponds to a reference
polypeptide segment encoded by a naturally occurring PKS gene, wherein the polypeptide
segment-encoding sequence of the synthetic gene is different from the polypeptide segment-
encoding sequence of said naturally occurring PKS gene and comprises at least two of:

a) a Spe I site near the sequence encoding the amino-terminus of the module;
b) a Mfe I site near the sequence encoding the amino-terminus of a KS domain;
c) aKpn I site near the sequence encoding the carboxy-terminus of a KS domain;
d) aMsc I site near the sequence encoding the amino-terminus of an AT domain;
. €) aPstI site near the sequence encoding the carboxy-terminus of an AT domain;
f)- a BsrB I site near the sequence encoding the amino-terminus of an ER domain;
g) an Age [ site near the sequence encoding the amino-terminus of a KR domain;
h) an Xba I site near the sequence encoding the amino-terminus of an ACP

domain.
8. A vector comprising a synthetic gene of claim 1.
9. The vector of claim 8§ that is an expression vector.
10. A library of vectors each comprising a synthetic gene of claim 1.
11.  The vector of claim 8 that comprises an open reading frame encoding a first PKS
module and one or more of:
a) a PKS extension module;
b) a PKS loading module;

c) a thioesterase domain; and

d) an interpolypeptide linker.

134



WO 2004/029220 o PCT/US2003/030940

12. A cell comprising an expression vector of claim 9.

13.  The cell of claim 12 comprising a polypeptide encoded by the vector.

14.  The cell of claim 13 that comprises a functional polyketide synthase, wherein said
PKS comprises a polypeptide encoded by said vector.

15. A method of making a polyketide comprising culturing a cell of claim 14 under
conditions in which a polyketide is produced, wherein the polyketide would not be produced by

said cell in the absence of said vector.

16. A gene library comprising a plurality of different PKS module-encoding genes,
wherein the module-encoding genes in the library have at least one restriction site in common,
said restriction site is found no more than one time in each module, and the modules.encoded in

said library correspond to modules from five or more different polyketide synthase proteins.

17.  The library of claim 16 wherein said module-encoding genes comprise at least

three restriction sites in common.

18.  The library of claim 16 wherein the unique restriction is selected from the group
consisting of consisting of Spe I, Mfe I, Afi II, Bsi WL, Sac II, Ngo MIV, Nhe I, Kpn I, Msc 1,
Bgl II, Bss HII, Sac II, Age I, Pst I, Bsr BI, Kas I, Miu I, Xba I, Sph I, Bsp E, and Ngo MIV

* recognition sites.

19.  The library of claim 16 wherein said at least one restriction site in common is:

a) a Spe I site near the sequence encoding the amino-termini of the modules;

and/or

b) a Mfe Isite near the sequence encoding the amino-termini of KS domains;
and/or

c) a Kpn I site near the sequence encoding the carboxy-termini of KS domains;
and/or
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d) aMsc I'site near the sequence encoding the amino-termini of AT domains;

and/or
e) aPst Isite near the sequence encoding the carboxy-termini of AT domains;
and/or
f) a BsrB I site near the sequence encoding the amino-termini of ER domains;
and/or
g) a Age Isite near the sequence encoding the amino-termini of KR domains;
and/or
h) a Xba I site near the sequence encoding the amino-termini of ACP domains.
20.  The library of claims 16 wherein said genes are contained in cloning or
expression vectors.
21.  The library of claim 20 wherein each PKS module-encoding gene also comprises

coding sequence for

22.

a) at least a second PKS extension module, or

b)aPKS loading module, or

c) a thioesterase domain, or

d) an interpolypeptide linker.

A cloning vector comprising, in the order shown,

- a) SM4-SIS-SM2-R; or

b) L—SIS-SM2—R;

where SIS is a synthon insertion site, SM2 is a sequence encoding a first

selectable marker, SM4 is a sequence encoding a second selectable marker different from the

first, R; is a recognition site for a restriction enzyme, and L is a recognition site for a different

restriction enzyme.

23.

A vector of claim 22 wherein SM2 and SM4 are genes conferring drug resistance.
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24. A composition comprising a vector of claim 1 and a restriction enzyme that

recognizes R;.

25. The cloning vector of claim 22 wherein the SIS comprises — N;j-R,-N, — where N
and N are recognition sites for nicking enzymes, and may be the same or different, and R, is a

recognition site for a restriction enzyme different from R, or L.

26. A composition comprising a vector of claim 25 and a nicking enzyme.

27. A vector comprising
a) SM4 -2S; - Sy; ~2S, ~SM2—R; or
b) L-2S,-Sy;—2S; ~SM2-R;
where 28, is a recognition site for first Type IIS restriction enzyme,
~where 28, is a recognition site for-a different Type IIS restriction enzyme, and Sy -

is synthon coding region.

28.  The vector of claim 27 wherein Sy encodes a polypeptide segment of a polyketide
synthase.

29. A composition comprising a vector of claim 26 and a Type IIS restriction enzyme

that recognizes either 28, or 2S,.

30. A composition comprising a cognate pair of vectors, wherein said cognate pairs
are:

a) a first vector comprising SM4-2S;~Sy;—2S,-SM2-R, digested with a
Type IIS restriction enzyme that recognizes 2S,, and
a second vector comprising SM5-2S;-Sy,—2S,—-SM3-R, digested with a
Type IIS restriction enzyme that recognizes 2Ss;

or

b) a first vector comprising L-2S,-Sy;-2S,-SM2-R, digested with a Type
IIS restriction enzyme that recognizes 2S,, and
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a second vector comprising L’—2S3-Sy,~2S,~SM3-R, digested with a
Type IIS restriction enzyme that recognizes 233,
wherein SM1, SM2, SM3, SM4 are sequences encoding different selection
markers, R; is a recognition site for a restriction enzyme, L and L’ are recognition sites that are
the same or the same or different, and each different from R,, 2S,, 2S5’ 2S3, and 28, are
recognition sites for Type IIS restriction enzymes, wherein 2S;, 2S; are not the same, 2S;, and
25, are not the same, and digestion of the first vector with 2S; and the second vector with 2S5

results in compatible ends.

31. The composition of claim 30 wherein 2S; and 2S; are the same and 2S, and 2S,

are the same.

32.  The composition of claim 30 wherein Sy; and Sy, encode polypeptide segments of
a polyketide synthase.

33. A vector comprising a first selectable marker, a restriction site (R;) recognized by

a first restriction enzyme, and a synthon coding region flanked by a restriction site recognized by
a first Type IIS restriction enzyme and a restriction site recognized by a second Type IIS
restriction enzyme

wherein digestion of the vector with said first restriction enzyme and said first
Type IIS restriction enzyme produces a fragment comprising said first selectable marker and said
synthon coding region, and

digestion of the vector with said first restriction enzyme and said second Type IIS
restriction enzyrhe produces a fragment comprising said synthon coding region and not

comprising said first selectable marker.

34. A method for joining a series of DNA units using a vector pair comprising
a) providing a first set of DNA units, each in a first-type selectable vector
comprising a first selectable marker and providing a second set of DNA units, each in a second-

type selectable vector comprising a second selectable marker different from the first,
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wherein said first-type and second-type selectable vectors can be selected based
on the different selectable markers,

b) recombinantly joining a DNA unit from the first set with an adjacent DNA unit
from the second set to generate a first-type selectable vector comprising a third DNA unit, and
obtaining a desired clone by selecting for the first selectable marker

¢) recombinantly joining the third DNA unit with an adjacent DNA unit from the
second set to generate a first-type selectable vector comprising a fourth DNA unit, and obtaining
a desired clone by selecting for the first selectable marker, or

recombinantly joining the third DNA unit with an adjacent DNA unit from the
second series to generate a second-type selectable vector comprising a fourth DNA unit, and

obtaining a desired clone by selecting for the second selectable marker.

35.  The method of claim 34 wherein step (c) comprises recombinantly joining the
third DNA unit with an adjacent DNA unit from the second set to generate a first-type selectable
vector comprising a fourth DNA unit, and obtaining a desired clone by selecting for the first
selectable marker, said method further comprising

recombinantly combining the fourth DNA unit with an adjacent DNA unit from
the second series to generate a first-type selectable vector comprising a fifth DNA unit, and
obtaining a desired clone by selecting for the first selection marker, or

recombinantly combining the third DNA unit with an adjacent DNA unit from
the second set to generate a second-type selectable vector comprising a fifth DNA unit, and

obtaining a desired clone by selecting for the second selection marker.

36.  The method of claim 34 wherein step (c) comprises recombinantly j oining the
third DNA unit with an adjacent DNA unit from the second series to generate a second-type
selectable vector comprising a fourth DNA unit, and obtaining a desired clone by selecting for
the second selectable marker, said method further comprising

recombinantly joining the fourth DNA unit with an adjacent DNA unit from the first set
to generate a first-type selectable vector comprising a fifth DNA unit, and obtaining a desired

clone by selecting for the first selection marker, or
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recombinantly joining the third DNA unit with an adjacent DNA unit from the
first set to generate a second-type selectable vector comprising a fifth DNA unit and obtaining a

desired clone by selecting for the second selection marker.

37.  The method of claim 34 wherein the desired clone comprises a sequence encoding
a PKS domain.

38. A method for joining several DNA units in sequence, said method comprising
a) carrying out a first round of stitching comprising ligating an acceptor
vector fragment comprising a first synthon SA,, a ligatable end LA, at the junction end of
synthon SA¢ and an adjacent synthon SDy, and another ligatable end lay,
and a donor vector fragment comprising a second synthon SDo, a ligatable
. end LDy at the junction end of synthon SDy and synthon SAg, wherein LD and LAg are
compatible, another ligatable end 1dy, wherein 1dy and lay-are compatible, and a selectable
marker,
wherein LA, and LDy are ligated and lag and 1d, are ligated, thereby
joining said first and second synthons, and thereby generating a first vector comprising synthon
coding sequence Si;
b) selecting for said first vector by selecting for the selectable marker in (a);
and,
) carrying out a number n additional rounds of stitching,
wherein n is an integer from 1 to 20,
wherein S, is the synthon coding sequence generated by joining synthons
in the previous round of stitching, and
wherein each round n of stitching comprises:
1) designating said first or a subsequent vector as either an acceptor
vector A, or a donor vector D, .
2) digesting acceptor vector A, with restriction enzymes to produce an
acceptor vector fragment comprising a synthon coding sequence S,, a ligatable end LA,, at the

junction end of synthon S, and an adjacent synthon SDp4109, and another ligatable end la,; and,
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ligating the acceptor vector fragment to a donor vector fragment
comprising synthon SDy+100, 2 ligatable end LDy+10p at the junction end of synthon SDy+100 and
synthon S, wherein LA, and LDy+9p are compatible. another ligatable end 1d,+100, wherein la,
and ldy+100 are compatible, and a selectable marker,
wherein LA, and LDp+100 are ligated and la, and 1dy+100 are ligated, thereby
generating a subsequent vector, or
digesting donor vector D, with restriction enzymes to produce a

donor vector fragment comprising a synthon coding sequence S;, a ligatable end LD, at the
junction end of synthon S, and an adjacent synthon SA,+190, another ligatable end 1d,,, and a
selectable marker; and

ligating the donor vector fragment to an acceptor vector fragment comprising
synthon SA;+100, a ligatable end LA,4109 at the junction end of synthon SAq+10 and synthon S,
and another ligatable end Ia,+100 ,

wherein LAy +100 and LD, are compatible and are ligated and lag.199 and 1d, are

compatible and are ligated,

thereby generating a subsequent vector

d) selecting the subsequent vector by selecting for the selectable marker of said
donor vector fragment of step (c)

e) repeating steps (c) and (d) n-1 times thereby producing a multisynthon.

39.  The method of claim 1 wherein the selectable marker of step (d) is not the same as
the selectable marker of the preceding stitching step and/or is not the same as the selectable

marker of the subsequent stitching step.

40. The method of claim 37 wherein lag, 1do, 1a,, 1d, are the same and/or
Lay, Ldo, Lay, and Ld, are created by a Type IIS restriction enzyme.

41.  The method of claim 37 wherein said synthons SAg, SDg, SAn+ig0, and SDn. 100
are synthetic DNAs.

141



WO 2004/029220 PCT/US2003/030940

42.  The method of claim 37 wherein any one or more of synthons SAg, SDo, SAn. 100,

or SDn.q0is 2 multisynthon.

43.  The method of claim 37 wherein the multisynthon product of step (€) encodes a
polypeptide comprising a PKS domain.

44. A method for making a synthetic gene encoding a PKS module, comprising
@) producing a plurality of DNA units by assembly PCR, wherein each DNA
unit encodes a portion of said PKS module;
(i)  combining said plurality of DNA units in a predetermined sequence to

produce PKS module-encoding gene.

45.  The method of claim 44, further comprising combining said module-encoding
gene in-frame with a nucleotide sequence encoding a PKS extension module, a PKS loading
module, a thioesterase domain, or an PKS interpolypeptide linker, thereby producing a PKS open

reading frame.

46. A method for identifying restriction enzyme recognition sites useful for design of

synthetic genes, comprising the steps of

obtaining amino acid sequences for a plurality of functionally related polypeptide
segments;

reverse-translating said amino acid sequences to produce multiple polypeptide
segment-encoding nucleic acid sequences for each polypeptide segment;

identifying restriction enzyme recognition sites that are found in at least one
polypeptide segment-encoding nucleic acid sequence of at least about 50% of said polypeptide

segments.

47.  The method of claim 46 wherein said functionally related polypeptide segments

are polyketide synthase modules or domains.
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48.  The method of claim 46 wherein said functionally related polypeptide segments

are regions of high homology in PKS modules or domains.

49. A method for high throughput synthesis of a plurality of different DNA units
comprising different polypeptide encoding sequences comprising: for each DNA unit,
performing polymerase chain reaction (PCR) amplification of a plurality of overlapping
oligonucleotides to generate a DNA unit encoding a polypeptide segment and adding UDG-
containing linkers to the 5’ and 3’ ends of the DNA unit by PCR amplification, thereby
generating a linkered DNA unit, wherein the same UDG-containing linkers are added to said
different DNA units.

50.  The method of claim 49 wherein said plurality comprises more than 50 different
DNA units.

51. A method for designing a synthetic gene, the method comprising the steps of:

providing a reference amino acid sequence;

reverse translating the amino acid sequence to a randomized nucleotide sequence
which encodes the amino acid sequence using-a random selection of codons which have been,
optionally, optimized for a codon preference of a host organism;

providing one or more parameters for positions of restriction sites on a sequence
of the synthetic gene;

removing occurrences of one or more selected restriction sites from the
randomized nucleotide sequence; and

inserting one or more selected restriction sites at selected positions in the

randomized nucleotide sequence to generate a sequence of the synthetic gene.
52.  The method of claim 51, further comprising:

generating a set of overlapping oligonucleotide sequences which together

comprise a sequence of the synthetic gene.
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53.  The method of claim 54, wherein:
one or more parameters for positions of restriction sites on a sequence of the

synthetic gene comprises one or more preselected restriction sites at selected positions.

54.  The method of claim 51, wherein the inserting of restriction sites comprises:

identifying selected positions for insertion of a selected restriction site in the
randomized nucleotide sequence;

performing a substitution in the nucleotide sequence at the selected position such
that the selected restriction site sequence is created at the selected position;

translating the substituted sequence to an amino acid sequence;

accepting a substitution wherein the translated amino acid sequence is identical to
the reference amino acid sequence at the selected position and rejecting a substitution wherein
the translated amino acid sequence is different from the reference amino acid sequence at the

selected position.

55.  The method of claim 54, wherein a translated amino acid sequence identical to the
reference amino acid sequence comprises substitution of an amino acid with a similar amino acid

at the selected position.

56.  The method of claim 51, wherein the reference amino acid sequence is of a

naturally occurring polypeptide segment.

57. A system for designing a synthetic gene, including a computer processor
configured to:
provide a reference amino acid sequence;
reverse translate the amino acid sequence to a randomized nucleotide sequence
which encodes the amino acid sequence uéing a random selection of codons which have been,
optionally, optimized for a codon preference of a host organism;
provide one or more parameters for positions of restriction sites on a sequence of

the synthetic gene;
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remove occurrences of one or more selected restriction sites from the randomized
nucleotide sequence;

insert one or more selected restriction sites at selected positions in the randomized
nucleotide sequence to generate a sequence of the synthetic gene; and

generate a set of overlapping oligonucleotide sequences which together comprise

a sequence of the synthetic gene.

58. A computer readable storage medium containing computer executable code for

designing a synthetic gene by instructing a computer to operate as follows:

provide a reference amino acid sequence;

reverse translate the amino acid sequence to a randomized nucleotide sequence
which encodes the amino acid sequence using a random selection of codons which have been,
optionally, optimized for a codon preference of a host organism;

provide one or more parameters for positions of restriction sites on a sequence of
the synthetic gene;

remove occurrences of one or more selected restriction sites from the randomized
nucleotide sequence;

insert one or more selected restriction sites at selected positions in the randomized
nucleotide sequence to generate a sequence of the synthetic gene; and

generate a set of overlapping oligonucleotide sequences which together comprise

a sequence of the synthetic gene.

59. A method for analyzing a nucleotide sequence of a synthon, the method

comprising:

providing a sequence of a synthetic gene, wherein the synthetic gene is divided
into a plurality of synthons;

providing sequences of a plurality of synthon samples wherein each synthon of
the plurality of synthons is cloned in a vector;

providing a sequence of the vector without an insert;

eliminating vector sequences from the sequence of the cloned synthon;

constructing a contig map of sequences of the plurality of synthons;
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60.

aligning the contig map of sequences with the sequence of the synthetic gene; and

identifying a measure of alignment for each of the plurality of synthons.

The method of claim 59, further comprising:
identifying errors in one or more synthon sequences; and

reporting one or more informations selected from the group consisting of: a

ranking of synthon samples by degree of alignment, an error in the sequence of a synthon

sample, and identity of a synthon that can be repaired.

61.

A system for high through-put synthesis of synthetic genes comprising:

at least one source microwell plate containing oligonucleotides for assembly PCR
a source for an assembly PCR amplification mixture

a source for LIC extension primer mixture

at least one PCR microwell plate for amplification of oligonucleotides

a liquid handling device which

retrieves a plurality of predetermined sets of oligonucleotides from the

source microwell plate(s)

combines the predetermined sets and the amplification mixture in wells of

the at least one PCR microwell plate;

retrieves LIC extension primer mixture; and

combines the LIC extension primer mixture and amplicons in a well of the

~ at least one PCR microwell plate; and

a heat source for PCR amplification configured to accept the at least one PCR

microwell plate.

62.  The system of claim 1 further comprising a source for at least two assembly
vectors.

63.  Anopen reading frame vector having a structure selected from

a) Internal type: 4-[7-*]-[*-8]-3;
b) Lefi-edge type:  4-[7-1]-[*-8]-3; and
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c) Right-edge type:  4-[7-*]-[6-8]-3;

wherein 7 and 8 are recognition sites for Type IIS restriction enzymes which cut
to produce compatible overhangs “*” ; 1 and 6 are Type II restriction enzyme sites that are
optionally present; and 3 and 4 are recognition sites for restriction enzymes with 8-basepair

recognition sites.

64.  The vector of claim 63 wherein 1 is Nde I, 6 is Eco RJ, 4 is Not I and 3 is Pac L.
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Module Assembly Scheme Using Nonpalindromic Endonucleases
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FIGURE 17
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FIGURE 17 E
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FIGURE 18
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