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ABSTRACT
Methods, systems and tangible computer readable media are provided for making
synthetic gene clusters. The method involves replacing native regulation of genes with
synthetic regulation by changing codons with non-native codons having maximal distance from
codons of a native coding sequence and organizing the coding sequences into one or more
synthetic operons and operably linking one or more heterologous transcriptional regulatory

sequences to the operons,
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SYNTHETIC GENE CLUSTERS

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

[0001] The present application claims priority to US Patent Application No. 61/497,781, filed
June 16, 2011.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER FEDERALLY
SPONSORED RESEARCH AND DEVELOPMENT

[0002] This invention was made with United States government support under grant nos.
CFF0943385 and EEC0540879 awarded by the National Science Foundation. The United

States government has certain rights in the invention,

BACKGROUND OF THE INVENTION

[0003] Genetically programming cells require sensors to receive information, circuits to
process the inputs, and actuators to link the circuit output to a cellular response
(Andrianantoandro E, ef al., Mol Syst Biol 2 (2006); Chin JW Curr Onin Struct Biol 16: 551—
556 (2006); Voigt CA Curr Opin Biotech 17: 548-557 (2006); Tan C, Mol Biosyst 3: 343353
(2007)). In this paradigm, sensing, signal integration, and actuation are encoded by distinct
‘devices’ comprised of genes and regulatory elements (Knight TK, Sussman GJ
Unconventional Models of Computation 257-272 (1997); Endy D Nature 438: 449-453
(2005)). These devices communicate with one another through changes in gene expression and
activity. For example, when a sensor is stimulated, this may lead to the activation of a

promoter, which then acts as the input to a circuit.

BRIEF SUMMARY OF THE INVENTION

[0004] Embodiments of the present invention provide a polynucleotide comprising a

synthetic operon, wherein the operon comprises at least two coding sequences under the

I
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~ control of a heterologous transcriptional regulatory sequence, wherein each coding sequence

is operably linked to a heterologous ribosome binding site (RBS). In some embodiments, the
coding sequences are from the same native operon and the heterologous RBSs regulate
translation of the coding sequences in a ratio that is substantially similar to the ratio of native
translation from the native operon. In some embodiments, the coding sequences are from
different native operons and the heterologous RBSs regulate translation of the coding
sequences in a ratio that is substantially similar to the ratio of native translation from the
native operon. In some embodiments, the coding sequences are from the same native operon
and the coding sequences in the operon comprise one or more altered codon compared to the
native operon. In some embodiments, codons of one or more coding sequence have been
selected for maximal distance from codon usage of a corresponding coding sequence in the

native operon.

[0005] In some embodiments, at least two coding sequences encode different proteins
encoded by the Kilebsiella pneumonia nif gene cluster. In some embodiments, the proteins
are selected from the group consisting of nifl, nifH, nifD, nifK, nifY, nifE, nifN, nifU, nifS,
nifV, nifW, nifZ, niM, nifF, nifB, and nifQ (e.g., wherein the coding sequences are
substantially identical to those listed in Figure 18). In some embodiments, the operon
comprises coding sequences for Klebsiella preumonia nifH, nifD, nifK, and nifY. Insome
embodiments, the operon comprises coding sequences for Klebsiella ppeumonia nifE and
nifN. In some embodiments, the operon comprises coding sequences for Klebsiella
preumonia nifuU, nifS, nifV, nifW, nifZ, and nifM. In some embodiments, the operon

comprises coding sequences for Klebsiella pneumonia nifB and nifQ.

[0006] In some embodiments, at least two coding sequences encode different proteins of
the Salmonella Typhimurium Type Il secretion system. In some embodiments, the proteins
are selected from the groupl consisting of PrgH, Prgl, PrgJ, PrgK, OrgA, OrgB, InvA, InvC,
InvE, InvF, InvG, Invl, Inv], SpaO, SpaP, SpaQ, SpaR, and SpaS (e.g., wherein the coding

sequences are substantially identical to those listed in Figure 24). In some embodiments, the

operon comprises coding sequences for Salmonella Typhimurium PrgH, Prgl, Prgl, PrgK,
OrgA, and OrgB.. In some embodiments, the operon comprises coding sequences for
Salmonella Typhimurium InvA, InvC, InvE, InvF, InvG, Invl, Inv], SpaO, SpaP, SpaQ,
SpaR, and SpaS.

[0007] Embodiments of the present invention also provide for a host cell (optionally

isolated) comprising a polynucleotide as described above or elsewhere herein. In some
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embodiments, the host cell is a prokaryotic or eukaryotic cell (including but not limited to a

mammalian or plant or fungal cell).

10008] Embodiments of the present invention also provide a system comprising a set of two
or more different synthetic operons, the two or more operons each comprising at least two
coding sequences under the control of a heterologous transcriptional regulatory sequence,
wherein each coding sequence is operably linked to a heterologous ribosome binding site
(RBS), wherein the transcriptional regulatory sequence of each operon in the set is controlled

by the same transcriptional activator or repressor polypeptide(s).

[0009] Insome embodiments, the system further comprises an expression cassette
comprising a promoter operably linked to a polynucleotide encoding the transcriptional
activator or repressor polypeptide(s). In some embodiments, the promoter of the expression
cassette is an inducible promoter. In some embodiments, the polynucleotide in the
expression cassette encodes a transcriptional repressor. In some embodiments, the
polynuclectide in the expression cassette encodes a transcriptional activator. In some
embodiments, the transcriptional activator is an RNA polymerase (RNAP). In some
embodiments, the RNAP is T7 RNAP or is substantially similar to T7 RNAP.

[0010] In some embodiments, the transcriptional regulatory sequences of at least two of the

operons are different.

[0011] In some embodiments, the coding sequences in the operons are organized such that
coding sequences having substantially similar native expression are grouped into the same
operon. Insome embodiments, the transcriptional regulatory sequence of at least two
operons have different promoters that are differentially regulated by T7 RNA polymerase and
wherein the different strength of the promoters correspond to the relative strength of native

promoters of the coding sequences.

[0012] In some embodiments, the expression cassette and the synthetic operons are
expressed in a cell. In some embodiments, the cell is from a different species than the species
from which the native operon was isolated. In some embodiments, the cell is from. the same

species from which the native operon was isolated.

[0013] In some embodiments, the system encodes a nitrogenase. In some embodiments, the
system comprises a first operon comprising coding sequences for Klebsiella pneumonia nifH,
nifD, nifK, and nifY; a second operon comprising coding sequences for Klebsiella

preumonia nifE and nifN; a third operon comprising coding sequences for Klebsiella
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preumonia nifU, nifS, nifV, nifW, nifZ, and nifM; and a fourth operon comprising coding
sequences for Klebsiella pneumonia nifB and nifQ. In some embodiments, the first, second,
third , and fourth operon comprising a T7 RNA polymerase (RNAP) promoter and the system
further comprises an expression cassette comprising a promoter operably linked to a

polynucleotide encoding an RNAP substantially identical to T7 RNA polymerase (RNAP).

{0014] In some embodiments, the system encodes a type I secretion system. In some
embodiments, the type I1I secretion system is a Salmonella Typhimurium type 111 secretion
system. Insome embodiments, the system comprises a first operon comprising coding
sequences for Salmonella Typhimurium PrgH, Prgl, Prgl, PrgK, OrgA, and OrgB and a
second operon comprising coding sequences for Salmonella Typhimurium InvA, InvC, InvE,

InvF, InvG, Invl, Inv], SpaO, SpaP, SpaQ, SpaR, and SpaS.

[0015] Embodiments of the present invention also provide a method for replacing native

‘regulation of a set of genes collectively associated with a function with synthetic regulation.

In some embodiments, the method comprises providing coding sequences for a set of
polypeptides encoded by genes collectively associated with a function; changing codon
identity within at least one coding sequence, thereby removing at least one regulatory
sequence within the coding sequence; organizing the coding sequences into one or more
synthetic operon(s); operably linking one or more heterologous transcriptional regulatory
sequence to the operon(s), thereby controlling the magnitude of gene cxpression from the
operon(s); and expressing the one or more synthetic operon(s) in a cell under the control of a
polypeptide that binds directly or indirectly to the heterologous transcriptional regulatory

sequence.
[0016] In some embodiments, the polypeptide is heterologous to the cell.

[0017] Insome embodiments, the providing comprises obtaining the gene nucleotide

sequences and eliminating non-coding sequences.

[0018] In some embodiments, the set of genes is from a gene cluster. In some
embodiments, the set of genes are from a prokaryote. In some embodiments, the genes are

from a native operon.

[0019] In some embodiments, the at least one regulatory sequence is identified using
computation, In some embodiments, the computation comprises searches of coding

sequences for ribosome binding sites, terminators, and/or promoters.
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[0020] In some embodiments, removing the at least one regulatory sequence comprises
replacement of native codons in the coding sequence with non-native synonymous codons. -
In some embodiments, the removing comprises selecting non-native codons having maximal
distance from codons of the native coding sequence. In some embodiments, the removing

comprises selecting non-native codons for optimal expression in a host cell.

[0021] In some embodiments, the method further comprises identifying and removing one
or more of transposon insertion sites, sites that promote recombination, sites for cleavage by

restriction endonucleases, and sites that are methylated.

[0022] In some embodiments, the organizing comprises grouping coding sequences into

operons based on substantially similar native expression level.

[0023] In some embodiments, the organizing comprises ordering coding sequences within
operons such that the highest expressing gene (based on native expression) occurs first and
the lowest expressing gene (based on native expression) occurs last, In some embodiments,
organization is based on native temporal expression, function, ease of manipulation of DNA,
and/or experimental design. In some embodiments, magnitude of expressio;l of coding
sequences substantially correspond to the ratio of proteins encoded by the coding sequences
as measured in the native system. In some embodiments, magnitude of expression of coding
sequences is determined by computation. In some embodiments, the computation comprises

a numerical optimization algorithm.

[0024] In some embodiments, the numerical optimization algorithm a Nelder-Mead
algorithm, a Newton’s.method, a quasi-Newton method, a conjugate gradient method, an
interior point method, a gradient descent, a subgradient method, a ellipsoid method, a Frank-

Wolfe method, an interpolation method and pattern search methods, or an ant colony model.

[0025] In some embodiments, the heterologous transcriptional regulatory sequence(s)

comprise a T7 RNAP promoter(s).

[0026] In some embodiments, the heterologous transcriptional regulatory sequence(s)

comprise an inducible promoter.

[0027] In some embodiments, the method further comprises operably linking a
heterologous ribosomal binding site (RBS) to one or more coding sequence in the synthetic
operon. In some embodiments, different RBSs are operably linked to different coding
sequences. In some embodiments, the RBSs regulate translation of the coding sequences in a

ratio that is substantially similar to the ratio of native translation from the native operon.
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[0028] In some embodiments, the method further comprises operably linking a
heterologous transcriptional terminator sequence to one or more coding sequence in the
synthetic operon. In some embodiments, the terminators are T7 RNAP terminators. In some

embodiments, terminators for different operons are different.

[0029] .In some embodiments, the method further comprises operably, linking a buffer
sequences between two functional sequences in an operon wherein the functional sequences
are selected from the group consisting of a promoter, ribosome binding site, coding sequence,
and terminator. In some embodiments, the buffer sequence is selected from the group
consisting of a random sequence, a UP-region of a promoter, an extended 5-UTR sequence,

and a RNAase cleavage site.

[0030] In some embodiments, the operons are expressed from a plasmid. In some

embodiments, the plasmid has a low copy origin of replication.

[0031] In some embodiments, the polypeptide that binds directly or indirectly to the
heterologous transcriptional regulatory sequence is expressed from a control expression
cassette, the expression cassette comprising a control promoter operably linked to a
polynucleotide sequence encoding the polypeptide. In some embodiments, the expression
cassette is contained in a control plasmid separate from a plasmid containing the operons. In

some embodiments, the control promoter is an inducible promoter.

[0032] Insome embodiménts, the heterologous polypeptide comprises an RNA polymerase
(RNAP). In some embodiments, the RNAP is T7 RNAP. In some embodiments, the

expression cassette is an environmental sensor.

[0033] Embodiments of the invention also provide for a method for determining an
experimentation point for controlling the magnitude of expression of two or more genes (e.g.,
within a synthetic operon). In some embodiments, the method comprises: receiving one or
more input data points, wherein the input data points provide information about one or more
regulatory elements and a syslein property; and determining, with a computer, a next data
point using a computational method, wherein the next data point provides information about

the one or more regulatory elements.

[0034] In some embodiments, the method further comprises using the next data point for
further experimentation to optimize expression of the two or more genes. In some
embodiments, the regulatory elements include, e.g., ribosomal binding sites and/or

transcriptional regulatory elements. '

¢
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[0035] In some embodiments, the computational method is a numerical analysis technique. In
some embodiments, the numerical optimization method is the Nelder-Mead algorithm, the
Newton’s method, the quasi-Newton method, a conjugate gradient method, an interior point
method, a gradient descent, a subgradient method, a ellipscid method, the Frank-Wolfe method, an
interpolation method and pattern search methods, or an ant colony model. In some embodiments,
the numerical optimization method used to determine the next data point for further
experimentation requires considering the reflection point, expansion point, or contraction point

based on the one or more input data points.

[6036] In some embodiments, the computational method is a design of experiments (DoE)

method.

[0037) Embodiments of the invention also provide for a computer program product comprising a
tangible computer readable medium storing a plurality of instructions for controlling a processor to
perform an operation for determining an experimentation point for controlling the magnitude of
expression of two or more genes, the instructions comprising receiving one or more input data ,
points, wherein the input data points provide information about one or more regulatory elements
and a system property; and determining, with a computer, a next data point using a computational
method, wherein the next data point provides information about the one or more regulatory

elements.

[037A] The invention disclosed and claimed herein pertains to a method for replacing native
regulation of a set of genes collectively asscciated with a function with synthetic regulation, the
method comprising: providing coding sequences for a sct of polypeptides encoded by genes
collectively associated with a function; changing codon identity within at lcast one coding
sequence, thereby removing at least one regulatory sequence within the coding sequence, wherein
the removing comprises selecting non-native codons having maximal distance from codons of the
native coding sequence; organizing the coding sequences into one or more synthetic operon(s);
operably linking one or more heterologous transcriptional regulatory sequence(s) to the operon(s),
thereby controlling the magnitude of gene expression from the operon(s); and expressing the one or ‘
more synthetic operon(s) in a cell under the control of a polypeptide that binds directly or indirectly |

to the heterologous transcriptional regulatory sequence,

CA 2838955 2018-10-26
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[037B] The invention disclosed and claimed herein also pertains to a polynucleotide comprising a
synthetic operon, wherein the operon comprises at least two coding sequences under the control of
a heterologous transcriptional regulatory sequence, wherein each coding sequence is operably
linked to a heterologous ribosome binding site (RBS), and wherein codons of one or more coding
sequence have been selected for maximal distance from codon usage of the corresponding coding
sequence in a native operon thereby removing at least one regulatory sequence within the coding
sequence. Also disclosed and claimed is an isolated host cell comprising such a polynucleotide.
Also disclosed and claimed is a system comprising a set of two or more different such synthetic
operons, wherein the transcriptional regulatory sequence of each operon in the set is controlled by
the same transcriptional activator or repressor polypeptide(s).

[037C] The invention disclosed and claimed herein also pertains to a method for determining an
experimentation point for controlling the magnitude of expression of two or more genes, the
method comprising: receiving one or more input data points, wherein the input data points provide
information about one or more regulatory elements and a system property; and

causing a processor to perform an operation to determine a next data point according to a plurality
of instructions stored in a computer readable medium, wherein the next data point is the
experimentation point.

[037D] The invention disclosed and claimed herein also pertains to a method for expressing one
or more synthetic operons collectively associated with a function in a cell by replacing native
regulation of a set of genes with synthetic regulation, the method comprising: providing coding
sequences for a set of polypeptides encoded by genes collectively associated with a function;
changing codon identity within at least one coding sequence, thereby removing at least one
regulatory sequence within the coding sequence, wherein removing the at least one regulatory
sequence comprises replacement of native codons in the coding sequence with non-native
synonymous codons and comprises selecting non-native codons having maximal distance from the
native codons of the coding sequence; organizing the coding sequences into one or more synthetic
operon(s); operably linking one or more heterologous transcriptional regulatory sequence to the
operon(s), thereby controlling magnitude of gene expression from the operon(s); and expressing the
one or more synthetic operon(s) in a cell under the control of a polypeptide that binds directly or
indirectly to the heterologous transcriptional regulatory sequence, wherein the polypeptide that

binds directly or indirectly to the heterologous transcriptional regulatory sequence is expressed

7a
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from a control expression cassette, the expression cassette comprising a control promoter operably

linked to a polynucleotide sequence encoding the polypeptide.

[037E] An aspect of the disclosure also pertains to a tangible computer readable medium or a
computer program product comprising a tangible computer readable medium storing a plurality of
instructions for controlling a processor to perform an operation for replacing native regulation of a
set of genes collectively associated with a function with synthetic regulation, the instructions

comprising instructions for the steps of a method as disclosed herein.

[037F] An aspect of the disclosure also pertains to a computer program product comprising a
computer readable memory storing computer executable instructions thereon that when executed by
a computer perform the steps of: providing coding sequences for a set of polypeptides encoded by
genes collectively associated with a function; changing codon identity within at least one coding
sequence, thereby removing at least one regulatory sequence within the coding sequence, wherein
the removing comprises selecting non-native codons having maximal distance from codons of the
native coding sequence; organizing the coding sequences into one or more synthetic operon(s); and
operably linking one or more heterologous transcriptional regulatory sequence to the operon(s),
thereby controlling the magnitude of gene expression from the operon(s); wherein the one or more
synthetic operon(s) are configured to be expressed in a cell under the control of a polypeptide that

binds directly or indirectly to the heterologous transcriptional regulatory sequence.

[037G] Various embodiments of the claimed invention relate to a method_for replacing native
regulation of a set of genes collectively associated with a function with synthetic regulation, the
method comprising: causing at least one processor to provide coding sequences for a set of
polypeptides encoded by genes collectively associated with a function; causing the at least one
processor to change codon identity within at least one coding sequence, thereby removing at least
one regulatory sequence within the at least one coding sequence, wherein the removing comprises
selecting non-native codons having maximal distance from codons of the native coding sequence;
causing the at least one processor to organize the coding sequences into one or more synthetic
operon(s); and causing the at least one processor to operably link one or more heterologous
transcriptional regulatory sequence to the one or more synthetic operon(s), thereby controlling

magnitude of gene expression from the one or more synthetic operon(s); expressing the one or more

7b
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synthetic operon(s) in a cell under the control of a polypeptide that binds directly or indirectly to

the one or more heterologous transcriptional regulatory sequence.

[037H] An aspect of the disclosure also pertains to a computer program product comprising a
tangible computer readable medium storing computer executable instructions thereon that when
executed by a computer perform an operation for replacing native regulation of a set of genes
collectively associated with a function with synthetic regulation, the computer executable

instructions comprising instructions for the steps of the method as described herein.

[0371] The invention disclosed and claimed herein also pertains to a method for expressing one
or more synthetic operons collectively associated with a function in a cell by replacing native
regulation of a set of genes with synthetic regulation, the method comprising: providing coding
sequences for a set of polypeptides encoded by genes collectively associated with a function;
changing codon identity within at least one coding sequence by removing at least one regulatory
sequence within the coding sequence, wherein removing the at least one regulatory sequence
comprises replacement of native codons in the coding sequence with non-native synonymous
codons and comprises selecting non-native codons having maximal distance from the native codons
of the coding sequence; organizing the coding sequences into one or more synthetic operon(s);
operably linking one or more heterologous transcriptional regulatory sequence to the operon(s),
thereby controlling magnitude of gene expression from the operon(s); and expressing the one or
more synthetic operon(s) in a cell under the control of a polypeptide that binds directly or indirectly
to the heterologous transcriptional regulatory sequence; and detecting the magnitude of gene
expression by computation, wherein the computation comprises a numerical optimization
algorithm, and wherein the numerical optimization algorithm comprises the Nelder-Mead
algorithm, the Newton's method, the quasi-Newton method, a conjugate gradient method, an
interior point method, a gradient descent, a subgradient method, a ellipsoid method, the Frank-

Wolfe method, an interpolation method and pattern search methods, or an ant colony model.

[037J] The invention disclosed and claimed herein also pertains to a method for expressing one
or more synthetic operons collectively associated with a function in a cell by replacing native
regulation of a set of genes with synthetic regulation, the method comprising: providing coding

sequences for a set of polypeptides encoded by genes collectively associated with a function;

Tc
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changing codon identity within at least one coding sequence by removing at least one regulatory
sequence within the coding sequence, wherein removing the at least one regulatory sequence
comprises replacement of native codons in the coding sequence with non-native synonymous
codons and comprises selecting non-native codons having maximal distance from the native codons
of the coding sequence; organizing the coding sequences into one or more synthetic operon(s);
operably linking one or more heterologous transcriptional regulatory sequence to the operon(s),
thereby controlling magnitude of gene expression from the operon(s); operably linking a
heterologous ribosomal binding site (RBS) to one or more coding sequence in the synthetic operon,
wherein different RBSs are operably linked to different coding sequences, and wherein the RBSs
regulate translation of the coding sequences in a ratio that is similar to a ratio of translation from a
native operon, and expressing the one or more synthetic operon(s) in a cell under the control of a

polypeptide that binds directly or indirectly to the heterologous transcriptional regulatory sequence.

[037K] The invention disclosed and claimed herein also pertains to a method for expressing one
or more synthetic operons collectively associated with a function in a cell by replacing native
regulation of a set of genes with synthetic regulation, the method comprising: providing coding
sequences for a set of polypeptides encoded by genes collectively associated with a function;
changing codon identity within at least one coding sequence by removing at least one regulatory
sequence within the coding sequence, wherein removing the at least one regulatory sequence
comprises replacement of native codons in the coding sequence with non-native synonymous
codons and comprises selecting non-native codons having maximal distance from the native codons
of the coding sequence; organizing the coding sequences into one or more synthetic operon(s),
wherein the synthetic operon comprises two functional sequences selected from the group
consisting of a promoter, a ribosome binding site, a coding sequence, and a terminator and the
method further comprises operably linking a buffer sequence between two functional sequences,
and wherein the buffer sequence is selected from the group consisting of a random sequence, a UP-
region of a promoter, an extended 5-UTR sequence, and a RNAase cleavage site; and expressing
the one or more synthetic operon(s) in a cell under the control of a polypeptide that binds directly or

indirectly to the heterologous transcriptional regulatory sequence.

[037L] The invention disclosed and claimed herein also pertains to a method of altering

regulation of a plurality of native bacterial genes associated with a function in a cell, comprising:

7d
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providing a bacterial cell for expressing gene products; providing a gene cluster having a plurality
of native bacterial genes having coding sequences; modifying the gene cluster by making at least
one modification in at least one location within the gene cluster selected from the group consisting
of a coding region and an intergenic region, wherein the gene cluster modification comprises
replacing at least one native codon within one of the coding sequences to remove at least one native
regulatory sequence using a_synonymous codon and wherein the synonymous codon is a maximal
distance from a corresponding native codon; operably linking at least one heterologous
transcriptional regulatory sequence to at least one coding sequence within the modified gene
cluster; and expressing gene products of the modified gene cluster in the bacterial cell under the
control of a polypeptide that binds directly or indirectly to the at least one heterologous

transcriptional regulatory sequence.

[037M] The invention disclosed and claimed herein also pertains to a bacterial nitrogen reduction
expression system comprising nucleic acids encoding: at least one operon comprising a plurality of
coding sequences for a set of polypeptides encoded by genes collectively associated with nitrogen
fixation within a cell, wherein at least one of the plurality of coding sequences comprises non-
native codons in place of a regulatory element, wherein said non-native codons have maximal
distance from codons of the native coding sequence; a heterologous promoter region that directs
expression of the at least one operon; and a heterologous transcriptional controller coding sequence
that encodes a protein that directs expression of the at least one operon of the expression system,

wherein the protein binds directly or indirectly to the heterologous promoter region.

[037N] The invention disclosed and claimed herein also pertains to a bacterial nitrogen reduction
expression system comprising nucleic acids encoding: at least one operon comprising a plurality of
coding sequences for a set of polypeptides encoded by genes collectively associated with nitrogen
fixation within a cell, wherein at least one of the plurality of coding sequences comprises a non-
native synonymous codon in place of a native codon, thereby removing a regulatory sequence a
non-native synonymous codon in place of a native codon, thereby removing a regulatory sequence;
a heterologous promoter region that directs expression of the at least one operon, wherein the
heterologous promoter region is from the same species as the genes collectively associated with
nitrogen fixation; and a transcriptional controller coding sequence that encodes a protein that directs

expression of the at least one operon of the expression system, wherein the protein binds directly or

Te
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indirectly to the heterologous promoter region, and wherein the transcriptional controller is not the
native transcription controller of the genes collectively associated with nitrogen fixation under

native regulation.

[0370] The invention disclosed and claimed herein also pertains to a bacterial nitrogen reduction
expression system comprising nucleic acids encoding: at least one operon comprising a plurality of
coding sequences for a set of polypeptides encoded by genes collectively associated with nitrogen
fixation within a cell, wherein at least one of the plurality of regulatory coding sequences has been
synonymously mutated to remove internal regulation, and wherein at least one coding sequence has
been modified to reduce a predicted RNA secondary structure; a genetically engineered promoter
region that directs expression of the at least one operon; and a transcriptional controller coding
sequence that encodes a protein that directs expression of the at least one operon of the expression
system, wherein the protein binds directly or indirectly to the heterologous promoter region, and
wherein the transcriptional controller does not regulate the genes collectively associated with

nitrogen fixation under native regulation.

[037P] Various embodiments of the claimed invention also relate to a method of altering
regulation of a plurality of native bacterial genes associated with a function in a cell, comprising:
providing a bacterial cell for expressing gene products; providing a gene cluster having a plurality
of native bacterial genes having coding sequences; modifying the gene cluster by making at least
one modification in a coding region or an intergenic region, wherein making the at least one
modification in the coding region or the intergenic region comprises replacing at least one native
codon within one of the coding sequences to modify at least one native regulatory sequence using a
synonymous codon, wherein the synonymous codon is a maximal distance from a corresponding
native codon; operably linking at least one heterologous transcriptional regulatory sequence to at
least one coding sequence within the modified gene cluster wherein the at least one heterologous
transcriptional regulatory sequence is from the same species as the plurality of native bacterial
genes; and expressing gene products of the modified gene cluster in the bacterial cell under the
control of a polypeptide that binds directly or indirectly to the at least one heterologous

transcriptional regulatory sequence.

[0037Q] Various embodiments of the claimed invention also relate to a method of altering
regulation of a plurality of native bacterial genes associated with a function in a cell, comprising:

providing a bacterial cell for expressing gene products; providing a gene cluster having a plurality
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of native bacterial genes having coding sequences; modifying the gene cluster by making at least
one modification in a coding region or an intergenic region, wherein making the at least one
modification in the coding region or the intergenic region comprises replacing at least one native
codon within one of the coding sequences to modify at least one native regulatory sequence using a
synonymous codon, wherein the synonymous codon is a maximal distance from a corresponding
native codon; operably linking at least one heterologous transcriptional regulatory sequence to at
least one coding sequence within the modified gene cluster, wherein the at least one heterologous
transcriptional regulatory sequence is from a different species than the plurality of native bacterial
genes; and expressing gene products of the modified gene cluster in the bacterial cell under the
control of a polypeptide that binds directly or indirectly to the at least one heterologous

transcriptional regulatory sequence.

[037R] Various embodiments of the claimed invention also relate to a recombinant bacterial cell
comprising a modified gene cluster, wherein the modified gene cluster comprises a plurality of
native bacterial genes having coding sequences and comprises at least one modification in a coding
region or an intergenic region, wherein the at least one modification in the coding region or the
intergenic region comprises a replacement of at least one native codon within one of the coding
sequences to modify at least one native regulatory sequence using a synonymous codon, wherein
the synonymous codon is a maximal distance from a corresponding native codon; wherein at least
one coding sequence within the modified gene cluster is operably linked to at least one
heterologous transcriptional regulatory sequence; wherein the at least one heterologous
transcriptional regulatory sequence is from a different species than the plurality of native bacterial
genes; and wherein the expression of gene products of the modified gene cluster in the bacterial cell
is under the control of a polypeptide that binds directly or indirectly to the at least one heterologous
transcriptional regulatory sequence.

DEFINITIONS

[0038] A recitation of "a", "an" or "the" is intended to mean "one or more" unless specifically

indicated to the contrary.

[0039] A polynucleotide or polypeptide sequence is “heterologous to” an organism or a second
sequence if it originates from a foreign species, or, if from the same species, is modified from its
original form. For example, a promoter operably linked to a heterologous coding sequence refers to

a coding sequence from a species different from that from which the promoter was derived, or, if
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from the same species, a coding sequence which is not naturally associated with the promoter (e.g.

a T7 RNA polymerase promoter operably linked to a synthetic nif operon).

[0040] The term "operably linked" refers to a functional linkage between a nucleic acid
expression control sequence (such as a promoter, or array of transcription factor binding sites) and a
second nucleic acid sequence, wherein the expression control sequence directs transcription of the

nucleic acid corresponding to the second sequence. In the context of a
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ribosomal binding site (RBS) and coding sequences, the term refers to the functional linkage
of the RBS to the coding sequence wherein the RBS recruits ribosomes for translation of the

coding sequence on an RNA.

[0041] A “cognate pair” as used herein refers to a sequence-specific DNA binding
polypeptide and a target DNA sequence that is bound by the particular sequence-specific
DNA binding polypeptide. For sequence-specific DNA binding polypeptides that bind more
than one target nucleic acid, the cognate pair can be formed with the sequence-specific DNA

binding polypeptide‘and any one of the target DNA sequences the polypebtide binds.

{0042] “Orthogonal” transcriptional systems refer to systems (e.g., one, two, three, or
more) of transcriptional regulatory elements comprising target DNA sequences regulated by
their cognate sequence-specific DNA binding polypeptide such that the sequence-specific
DNA binding polypeptides in the system do not have “cross-talk,” i.e., the sequence-specific
DNA biriding polypeptides do not interfere or regulate transcriptional regulatory elements in
the system other than the transcriptional regulatory elements containing the cognate target

DNA sequence of the sequence-specific DNA binding polypeptide.

[0043]) “Sequence-specific DNA binding polypeptides” refer to polypeptides that bind
DNA in a nucleotide sequence specific manner. Exemplary sequence-specific DNA binding
polypeptides include, but are not limited to transcription factors (e.g., transcriptional

activators), RNA polymerases, and transcriptional repressors.

[0044] A “transcriptional activator” refers to a polypeptide, which when bound to a
promoter sequence, activates or increases transcription of an RNA comprising the operably-
linked coding sequence. In some embodiments, the transcriptional activator bound to a target
sequence in a promoter can assist recruitment of RNA polymerase to the promoter. A
“transcriptional repressor” refers to a polypeptide, which when bound to a promoter
sequence, blocks or decreases transcription of an RNA comprising the operably-linked
coding sequence. In some embodiments, the transcriptional repressor blocks recruitment of
the RNA polymerase to the promoter or blocks the RNA polymerase’s movement along the

promoter.,

[0045] The term “coding sequence™ as used herein refers to a nucleotide sequence
beginning at the codon for the first amino acid of an encoded protein and ending with the

codon for the last amino acid and/or ending in a stop codon.
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[0046] The term "host cell” refers to any cell capable of replicating and/or transcribing
and/or translating a heterologous gene. Thus, a "host cell” refers to any prokaryotic cell
(including but not limited to E. coli) or eukaryotic cell (including but not limited to yeast
cells, mammalian cells, avian cells, amphibian cells, plant cells, fish cells, and insect cells),
whether located in vitro or in vivo. For example, host cells may be located in a transgenic
animal or transgenic plant. prokaryotic cell (including but not limited to E. coli) or eukaryotic
cells (including but not limited to yeast cells, mammalian cells, avian cells, amphibian cells,

plant cells, fish cells, and insect cells).

" [0047] “Tranécriptional regulatory elements” refer to any nucleotide sequence that

influences transcription initiation and rate, or stability and/or mobility of a transcript product.
Regulatory sequences include, but are not limited to, promoters, promoter control elements,
protein binding sequences, 5’ and 3° UTRs, transcriptional start sites, termination sequences,
polyadenylation sequences, introns, etc. Such transcriptional regulatory sequences can be
located either 5°-, 3’-, or within the coding region of the gene and can be either promote

(positive regulatory element) or repress (negative regulatory element) gene transcription.

[0048] The term “nucleic acid” or “polynucleotide” refers to' deoxyribonucleotides or
ribonucleotides and polymers thereof in either single- or double-stranded form. Unless
specifically limited, the term encompasses nucleic acids containing known analogues of
natural nueleotides that have similar binding propertics as the reference nucleic acid and arc
metabolized in a manner similar to naturally occurring nucleotides. Unless otherwise
indicated, a particular nucleic acid sequence also implicitly encompasses conservatively
modified variants thereof (e.g., degenerate codon substitutions) and complementary
sequences as well as the sequence explicitly indicated. Specifically, degenerate codon
substitutions may be achieved by generating sequences in which the third position of one or
more selected (or all) codons is substituted with mixed-base and/or deoxyinosine residues
(Batzer et al., Nucleic Acid Res. 19:5081 (1991); Ohtsuka et al., J. Biol. Chem. 260:2605-
2608 (1985); Rossolini et al., Mol. Cell. Probes 8:91-98 (1994)). The term nucleic acid is
used interchangeably with gene, cDNA, and mRNA encoded by a gene.

[0049] The terms “polypeptide,” “peptide” and “protein” are used interchangeably herein to
refer to a polymer of amino acid residues. The terms apply to amino acid polymers in which
one or more amino acid residue is an artificial chemical mimetic of a corresponding naturally’
occurring amino acid, as well as to naturally occurring amino acid polymers and non-

naturally occurring amino acid polymers. As used herein, the terms encompass amino acid
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chains of any length, including full-length proteins, wherein the amino acid residues are linked by

covalent peptide bonds.

[0050] Two nucleic acid sequences or polypeptides are said to be "identical" if the sequence of
nucleotides or amino acid residues, respectively, in the two sequences is the same when aligned for
maximum correspondence as described below. The term "complementary to” is used herein to

mean that the sequence is complementary to all or a portion of a reference polynucleotide sequence.

[0051] Examples of algorithms that are suitable for determining percent sequence identity and
sequence similarity are the BLAST and BLAST 2.0 algorithms, which are described in Altschul ez
al., Nucleic Acids Res, 25:3389-3402 (1997), and Altschul et al., J. Mol. Biol. 215:403-410 (1990),
respectively. Software for performing BLAST analyses is publicly available on the Web through
the National Center for Biotechnology Information. This algorithm involves first identifying high
scoring sequence pairs (HSPs) by identifying short wordlength (W) in the query sequence, which
either match or satisfy some positive-valued threshold score (T) when aligned with a word of the
same fength in a database sequence. T is referred to as the neighborhood word score threshold
(Altschul et al., supra). These initial neighborhood word hits act as seeds for initiating searches to
find longer HSPs containing them. The word hits are extended in both directions along each
sequence for as far as the cumulative alignment score can be increased. Cumulative scores are
calculated using, for nucleotide sequences, the parameters M (reward score for a pair of matching
residues; always > 0) and N (penalty score for mismatching residues; always < 0). For amino acid
sequences, a scoring matrix is used to calculate the cumulative score. Extension of the word hits in
each direction are halted when: the cumulative alignment score falls off by the quantity X from its
maximum achieved value; the cumulative score goes to zero or below, due to the accumulation of
one or more negative-scoring residue alignments; or the end of either sequence is reached. The
BLAST algorithm parameters W, T, and X determine the sensitivity and speed of the alignment.
The BLASTN program (for nucleotide sequences) uses as defaults a wordlength (W) of 11, an
expectation (E) or 10, M=5, N=-4 and a compatison of both strands. For amino acid sequences, the
BLASTP program uses as defaults a wordlength of 3, and expectation (E) of 10, and the
BLOSUMBG62 scoring matrix (see Henikoff and Henikoft, Proc. Nail. Acad. Sci. US4 89:10915,
(1989)) alignments (B) of 50, expectation (E) of 10, M=5, N=-4, and a comparison of both strands.

10
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[0052] The BLAST algorithrﬁ also performs a statistical analysis of the similarity between
two sequences (see, e.g., Karlin and Altschul, Proc. Natl. Acad. Sci. USA 90:5873-5787,
(1993)). One measure of similarity provided by the BLAST algorithm is the smallest sum
probability (P(N)), which provides an indication of the probability by which a match between
two nucleotide or amino acid sequences would occur by chance. For example, a nucleic acid
is considered similar to a reference sequence if the smallest sum probability in a comparison
of the test nucleic acid to the reference nucleié acid is less than about 0.2, more preferably

less than about 0.01, and most preferably less than about 0.001.

[0053] "Percentage of sequence identity” is determined by comparing two optimally
aligned sequences over a comparison window, wherein the portion of the polynucleotide
sequence in the comparison window may comprise additions or deletions (i.c., gaps) as
compared to the reference sequence (which does not comprise additions or deletions) for
optimal alignment of the two sequences. The percentage is calculated by determining the
number of positions at which the identical nucleic acid base or amino acid residue occurs in
both sequences to yield the number of matched positibns, dividing the number of matched
positions by the total number of positions in the window of comparison and multiplying the

result by 100 to yield the percentage of sequence identity.

[0054] The term "substantial identity" of polynucleotide sequences means that a
polynucleotide comprises a sequence that has at least 25% sequence identity to a designated
reference sequence. Alternatively, percent identity can be any integer from 25% to 100%, for
example, at least: 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%,
90%, 95%, or 99% compared to a reference sequence using the programs described herein;
preferably BLAST using standard parameters, as described below. One of skill will
recognize that the percent identity values above can be appropriately adjusted to determine
corresponding identity of proteins encoded by two nucleotide sequences by taking into
account codon degeneracy, amino acid similarity, reading frame positioning and the like.
Substantial identity of amino acid sequences for these purposes normally means sequence
identity of at least 40%. Percent identity of polypeptides can be any integer from 40% to
100%, for example, at least 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%,
95%, or 99%. In some embodiments, polypeptides that are "substantially similar" share
sequences as noted above except that residue positions that are not identical may differ by
conservative amino acid changes. Conservative amino acid substitutions refer to the
interchangeability of residues having similar side chains. For example, a group of amino

acids having aliphatic side chains is glycine, alanine, valine, leucine, and isoleucine; a group
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of amino acids having aliphatic-hydroxyl side chains is serine and threonine; a group of
amino acids having amide-containing side chains is asparagine and glutamine; a group of
amino acids having aromatic side chains is phenylalanine, tyrosine, and tryptophan; a group
of amino acids having basic side chains is lysine, arginine, and histidine; and a group of
amino acids having sulfur-containing side chains is cysteine and methionine. Exemplary
conservative amino acids substitution groups are: vaiine—leucine-isoleucine, phenylalanine-
tyrosine, lysine-arginine, alanine-valine, aspartic acid-glutamic acid, and asparagine-

glutamine.

BRIEF DESCRIPTION OF THE DRAWINGS

[0053]) Fig. 1 depicts a scheme illustrating nifE and nifN genes under the control of unique

T7 promoters.

[0056] Fig. 2 illustrates the quantitatively measurement of the capacity of the synthetic

operon to complement a nifEN knockout strain and recover the ability to fix nitrogen.

[0057]) Fig. 3 illustrates a library of wild-type and mutant T7 promoters dnd their strength

to control gene expression.

[0058] TFig. 4 illustiates strengths of T7 promoters to control nifE and nif/N genes in sclected

~ mutant strains. Fig. 4A depicts strengths of three strains. Fig. 4B depicts the calculated

Reflection coordinates.

[0059] Fig. 5 illustrates the nitrogen fixation in the Reflection strain and the initial strains.
[0060] Fig. 6 illustrates the method of refactoring nitrogen fixation.

[0061] Fig. 7 illﬁstrates the nif gene cluster from Klebsiella oxytoca.

10062] Fig. 8 depicts a scheme of a fluorescent reporter plasmid in which the ISObp'-
surrounding a gene’s start codon (from -60 to +90) was fused to the mRFP gene and

expressed under the control of the Ptac promoter.
[0063] Fig. 9 illustrates the measured fluorescence by flow cytometry.

[0064] Fig. 10 illustrates the multiple clones used to identify the synthetic ribosome

binding site that best matched the native ribosome binding site.

[0065] Fig. 11 illustrates the chimeric operons.

12
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[0066] Fig. 12 lists the errors in the fully synthetic operons.

[0067] Fig. 13 shows that each synthetic operon required different levels of IPTG
concentration for optimal function. It also shows the performance of individual operons in

the T7 Wires system under Ptac promoter control.

. [0068] Fig. 14 shows atable of the control of the synthetic operons in the system.

[0069] Fig. 15 shows nitrogen fixation from a full synthetic cluster expressed in a complete

nif knockout strain.

[0070] Fig. 16 illustrates the use of either controller #1 or controller #2 to produce the same

performance from the full synthetic cluster.
[0071] Fig. 17 depicts a detailed schematic of the full synthetic cluster.

[0072] Fig. 18 shows DNA sequences for native genes and synthetic genes, as well as the

percent common nucleotide and codon identities between each pair,
[0073] Fig. 19 shows the names and sequences of parts of the synthetic controller.

[0074] Fig. 20 lists the names, sequences and strengths of each components of the full

cluster,
[0075] Fig. 21 shows adiagram of the RBS test vector.

[0076] Fig. 22 depicts schematics of the inv-spa and prg-org operons and the plasmids
used. Fig.22A shows a schematic of Aprg-org Salmonella SL1344 knock-out strain. The
inv-spa and prg-org operons are boxed. Fig. 22B shows a schematic of the prg-org operon

test vector and reporter plasmid. The control plasmid and reporter plasmid are on the right.

[0077] Fig. 23 shows a western blot of secreted protein expressed from the synthetic prg-
org operon in Aprg-org knock-out strain. Fig. 23A shows that the Aprg-org knock-out strain
does not express the prg-org operon. Fig. 23B shows that the synthetic refactored prg-org
operon in Salmonella Aprg-org cells can be controlled by the addition of IPTG.

[0078] Fig. 24 shows the synthetic RBS and synthetic operon sequences of the T3SS.

" [0079] Fig. 25 shows ablock diagram of a computer system.

[0080] Fig. 26 illustrates the process of refactoring a gene cluster. The wild-type K. oxytoca
nitrogen fixation gene cluster is shown at top. The genes are colored by function: blue

(nitrogenase), green (co-factor biosynthesis, shading corresponds to operons), yellow (e-
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transport), and grey (unknown). The thin arrows show the length and orientation of the seven
operons and a horizontal bar indicates overlapping genes. The recoded genes are shown as
dashed lines. The symbols used to define the refactored cluster and controller are defined in

Figs. 29 and 30, respectively

[0081] Fig. 27 illustrates the robustness of the nitrogen fixation pathway to changes in the
expression of component proteins. (A) The pathway for nitrogenase maturation is shown and
proteins are coloured by function (Fig. 26). The metal clusters are synthesized by the
biosynthetic pathway (23, 24). Nitrogen fixation catalyzed by the matured nitrogenase is
shown with its in vivo electron wransport chain. (B) The tolerance of nitrogenase activity to
changes in the expression of component proteins are shown. Activity is measurcd via an
acetylene reduction assay and the % compared to wild-type K. oxytoca is presented. Wild-
type operons are expressed from a Py, promoter on a low copy plasmid. The promoter
activity is calculated as the output of the Py, promoter at a given concentration of IPTG and
compared to a.constitutive promoter. The effect of not including NifY (-Y) and NifX (-X)
are shown in red. (C) The comparison of the strength of wild-type (black) and synthetic
(white) ribosome binding sites (RBSs) is shown. The RBSs were measured through an in-
frame transcriptional fusion (-60 to +90) with mRFP. The strength is measured as the
geometric average from a distribution of cells measured by flow cytometry. The synthetic
RBSs of nifF and nif(Q are not intended to match the wild-type measurement. Error bars

represent the standard deviation of at least three experiments performed on different days.

[0082] Fig. 28 illustrates converting to T7* RNAP Control. (A) Nitrogenase activity is
shown as a function of promoter strength for each refactored operon in respective K. oxytoca
knockout strains (AnifHDKTY, AnifENX, AnifJ, AnifBQ, AnifF, and AnifUSVWZM). Vertical
dashed lines indicate strength of the mutant T7 promoter that controls each operon in the
complete refactored gene cluster. (B) A controller plasmid decouples operon expression
from the inducible promoter. A T7 RNAP variant (T7*) was designed to reduce toxicity. A
set of 4 mutated T7 promoters were used to control the expression of each operon (part
numbers and sequences for mutants 1-4 are listed in the Marerials and Methods section). P
activity under ImM IPTG induction is indicated by a dashed horizontal line. (C) Nitrogenase
activity is compared for each refactored operon' under the control of the Py, promoter at the
optimal IPTG concentration (black) and the controller (part D) with ImM IPTG and
expression controlled by different T7 promoters (white). The T7 promoters used are WT for
operons HDKY, EN and J; promoter 2 for operons BQ and USVWZM; and promoter 3 for F.

14
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Error bars represent the standard deviation of at least three experiments performed on different

days.

[0083] Fig. 29 shows a comprehensive schematic for the complete refactored gene cluster and
controller. Each of the 89 parts is represented according to the SBOL visual standard and the
SynBERC Registry part number and part activity are shown. The T7 promoter strengths are
measured with red fluorescent protein (mRFP) and reported in REU (see, Materials and Methods).
Terminator strengths are measured in a reporter plasmid and reported as the fold-reduction in
mRFP expression when compared to a reporter without a terminator. The RBS strength is reported
in as arbitrary units of expression from the induced Py, promoter (1mM IPT(G) and a fusion gene
between the first 90 nucleotides of the gene and red fluorescent protein. The nucleotide numbers for
the plasmids containing the refactored cluster and controller are shown. The codon identity of each

recoded gene as compared to wild-type is shown as a percent,

[6084] Fig. 30 shows the regulation of the complete refactored gene cluster. (A) Nitrogenase
activity for the three controllers are shown: TPTG-inducible, aTc-inducible, and IPTG ANDN aTc
logic. The gas chromatography trace is shown for each as well as the calculated percent of wild-
type activity, (7.4%+£2,4%, 7.2%+1.7% and 6.6%+1.7% respectively). Standard deviation is
calculated using data from at least two experiments performed on different days. (B) °N
incorporation into cell biomass is shown. Nitrogen fixation from N, gas by the refactored gene
cluster was traced using '°N; and measured using isutope rativ muss spectronomy (IRMS). Data
are represented as the fraction of cellular nitrogen that is N, The standard deviation represents
two experiments performed on different days. (C) The effect of ammonia on regulation of
nitrogenase expression is shown. Acetylene reduction traces shown with and without addition of
17.5 mM ammonium acetate for wild type cells (left) and cells bearing synthetic nif system (right).
The synthetic system was induced by Controller #1 using ImM IPTG and ¢xhibited nitrogenase
activity of 1.1%+0.5% and 6.1%+0.4% with and without ammonium acetate respectively. (D) T7*
RNAP expression of Controller #1 corresponding to Part C is shown. Strains carrying Controller #1
and a RFP reporter plasmid were characterized under 1mM IPTG induction with or without

addition of ammonium acetate.

[0085] Fig. 31 shows the nif operon deletions used in this study. The solid lines show the region
of deleted mifoperons. The dashed line in NF25 shows the retained nifL4 operon,

CA 2838955 2018-10-26
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[0086] Fig. 32 depicts a table of construction and verification of all K. oxytocai nif gene deletion

mutants.

[0087] Fig 33 shows promoter characterization using Relative Expression Units. (A)
Conversion of arbitrary units into Relative Expression Units (REU). Promoters were characterized
using mRFP1 fluorescent reporter protein in N155 (Measured Promoters). Data were first
normalized by the fluorescence of N110 (Internal Standard) and then scaled by the fluorescence of
N155(J23100) to account for RBS differences between N155 and N110 (RBS Adjustment). To
directly compare our measurements to expression levels of the Kelly et al, standards, we further
multiplied by the ratio of N110 fluorescence to the fluorescence of a Kelly standard plasmid
expressing mREFP1 (REP Promoter Standard). A final conversion factor is applied to compare all
measurements to the Kelly et al. J23101-EGFP promoter standard based on a strong linear
correlation of promoter strength (RPU) between constructs expressing mRFP and EGFP. Solid and

dashed boxes were drawn to indicate which plasmids were measured at different facilities,
Asterisked and non-asterisked units were measured in different facilities and correspond to the -

conversion factors directly above. (B) Promoter characterization for Py, promoter (left) and P

promoter (right). The promoter strengths of Py, promoter and Py, promoter were measured under
varied concentrations of inducers (IPTG or aTe). The strengths of T7 promoters (WT and mutants,

Fig. 28B) are shown as horizontal dotted lines.

[0088] Fig. 34 illustrates debugging of the refactored operons. (A) The process is shown for the
identification of problem sequences within a refactored operon. After design and synthesis, the
problematic DNA is crossed with wild-type to create a chimeric library, which is screened. This is
done iteratively to reduce the size of the problematic region until the specific errors are identified.
(B) The debugging process led to the correction of RBS strengths, the recoded sequence of niff,
and numerous nucleotide errors found in the sequenced cluster in the database. Amino acid

mutations to correct errors in the synthetic sequence are shown.

[0089]  Fig 35 depicts a table of DNA sequence errors in nif cluster sequence X13303.1.

[0090] Fig. 36 shows cell growth supported by nitrogen fixation. The dotted line indicates initial
seeding density of OD600 0.5. Wild-type Klebsiella grew to an OD600 2.57 + 0.07 after 36 hours
of incubation in depression conditions, Eliminating the full nif cluster severely inhibited cell
growth (4nif, OD600 0.76 + 0.02). Complementing the knockout strain with
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the refactored cluster and Controller #1 under ImM IPTG induction yielded growth of
OD600 1.10 + 0.03. '

[0091] Fig. 37 shows expression of synthetic synthetic nifH variants. Western blot assay to
detect the expression of synthetic nifH,, (left) and synthetic synthetic nifH,; (right). All
constructs bore Py-nif HDK with the syntheti'c gene indicatéd. Cultures were induced with
50uM IPTG.

[0092] Fig. 38 depicts a table of DNA sequences of synthetic parts.

[0093] Fig. 39 shows maps of key plasmids. SBOL graphical notation is used to describe
genetic parts: the BioBrick prefix and suffix are open squares, and terminators are in the

shape ofaT.

DETAILED DESCRIPTION

A Introduction

[0094] The present invention relates to gene cluster engineering. It has been discovered
how to recombinantly and computationally manipulate and select native gene cluster coding
sequences and heterologous regulatory sequences such that the coding sequences are under
control of heterologous regulation and produce the functional product of the gene cluster
(e.g., a native operon). By eliminating native regulatory elements outside of, and within,
coding sequences of gene clusters, and subsequently adding synthetic regulatory systems, the
functional products of complex genetic operons and other gene clusters can be controlled
and/or moved to heterologous cells, including cells of different species other than the species

from which the native genes were derived.

[0095] As demonstrated below, the inventors have re-engineered the Klebsiella oxytoca Nif
gene cluster as well as a Salmonella Type 111 protein secretion system, thereby generating
functional products (e.g., nitrogen fixing enzymes and peptide secretion complexes,
respectively) under control of a heterologous regulatory system. Once re-engineered, the
synthetic gene clusters can be controlled by genetic circuits or other inducible regulatory

systems, thereby controlling the products’ expression as desired.
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11 Generation of Synthetic Gene Clusters

[0096] It is believed that the methods described herein can be used and adapted to re-engineer
regulation of essentially any operon or other gene cluster. Generally, the native operons or gene
clusters to be engineered will have the same functional product in the native host. For example, in
some embodiments, at least a majority of the gene products within the native operon or gene cluster
to be re-engineered will each function to produce a specific product or function of the native host.
Functional products can include, for example, multi-component enzymes, membrane-associated
complexes, including but not limited to complexes that transport biological molecules across
membranes, or other biologically active complexes. For example, in some embodiments, the
functional products are, e.g., a Type I1I protein secretion system, a bacterial microcompartment, a gas
vesicle, a magnetosome, a cellulosome, an alkane degradation pathway, a nitrogen fixation complex,
a polybiphenyl degradation complex, a pathway for biosynthesis of Poly (3-hydroxbutyrate),
nonribosomal peptide biosynthesis enzymes, polyketide biosynthesis gene cluster products, a
terpenoid biosynthesis pathway, an oligosaccharide biosynthesis pathway, an indolocarbazole
biosynthesis pathway, a photosynthetic light harvesting complex, a stressosome, or a quorum sensing
cluster. See. Fischbach and Voigt, Biotechnol. J., 5:1277-1296 (2010).

[0097] Native operons or gene clusters used in embodiments of the present invention can be
derived (originated) from prokaryotes or eukaryotes.

[0098]  As used herein, “native” is intended to refer to the host cell or host genome from which an
operon or gene cluster is originally derived (e.g., as the operon is found in nature). Thus, “native
expression” of an operon refers to the specific expression levels and patterns of a set of genes in an
operon or gene cluster in a native host.

[0099] An operon refers to a unit of DNA comprising multiple separate coding sequences under
the control of a single promoter. The separate coding sequences are typically expressed within a
single RNA molecule and subsequently translated separately, e.g., with varying translation levels due
to the strength of ribosomal binding sites (RBSs) associated with the particular coding sequences.
Operons are most typically found in prokaryotic cells.

[0100] [0001] Gene clusters refer to sets of genes having a common function or function
product. Genes are typically found within physical proximity to each other within genomic DNA

(e.g., within one centiMorgan (cM)). Gene clusters can occur in prokaryotic or eukaryotic cells.
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A. Coding Sequences

[0101] Once a native operon or gene cluster has been identified for re-engineering, the
coding sequences to be re-engineered can be identified. Generally, it will be desirable to start
with only the coding sequences from the native operon or gene cluster, thereby removing
native promoters and other non-coding regulatory sequences. Depending on the function of
the various gene products of the native operon or gene cluster, in some embodiments all of

the coding sequences of a native operon or gene cluster are re-engineered.

[0102] Alternatively, one or more coding sequences can be omitted from the re-engineering
process, For example, it may be known that one or more of the gene products in a native
operon or gene cluster do not contribute to the function product of the operon or may not be
necessary for generation of the operon’s or cluster’s product. For example, as described in
the examples below, in re-engincering the Nif operon, the nifT gene had no known function
and notably it was known that elimination of »nifT did not to significantly affect the ultimate
function of the operon, i.e., nitrogen fixation. Thus, nifT was not included in the re-

engineering process.

[0103] In some embodiments, the operon or gene cluster will include coding sequences for
regulatory proteins that regulate expression or activity of one or more of the other products of
the operon or gene cluster. In such embodiments, it can be desirable to omit such regulatory
proteins from the re-engineering process because synthetic regulation will be employed
instead. For example, as described in the examples below, in re-engineering the nif operon,
nifL and nifA were known to act as regulatory genes for the nif operon and thus were omitted

so that synthetic regulation could be instead used.

[0104] Once the set of gene products to be re-engineered has been identified, one can start
with the native coding sequence, or the amino acid sequences of the gene products. For
example, in some embodiments, the amino acid sequences of the gene products can be used
to produce a synthetic coding sequence for expression in the host cell in which the re-

engineered products are to be ultimately expressed.

[0105] In some embodiments, the native coding sequences of the set of gene products to be
re-engineered are used as a starting point. In this case, in some embodiments, sequences not
essential to production of the gene products is eliminated. For example, ribosome binding
sites, terminators, or promoters within the coding sequences can be eliminated. In some

embodiments, the nucleotide sequences of the coding sequences are analyzed using an
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algorithm (i.e., in a computer) to identify ribosome binding sites, terminators, or promoters

within the sequence(s).

[0106] Nonessential regulatory sequences within the coding sequences can be reduced or
eliminated by altering the codons of the native coding sequence(s). Regulatory sequences
comprising codons can be disrupted, for example, by changing the codons to synonymous
codons (i.e., encoding the same amino acid) thereby leaving the encoded amino acid
sequence intact while changing the coding sequence. One or more codons of one or more

coding sequences can be altered.

[0107] In some embodiments, at least 5%, 10%, 15%, 20% or more codons of one or more
native coding sequence to be inserted into a synthetic operon are replaced. In some
embodiments, at least 5%, 10%, 15%, 20%, 30%, 40%, 50% or more codons of each of the

native coding sequences to be inserted into a synthctic operon arc replaced.

[0108] In some embodiments, replacement codons can be selected, for example, to be
significantly divergent from the native codons. The codpn changes can result in codon
optimization for the host cell, i.e., the cell in which the polynucleotide is to be expressed for
testing and/or for ultimate expression. Methods of codon optimization are known (e.g.,
Sivaraman et al., Nucleic Acids Res. 36:216 (2008); Mirzahoseini, et al., Cell Journal
(Yakhteh) 12(4):453 Winter 2011; US Patent No. 6,114,148) and can include reference to
commonly uséd codons for a particular host cell. In some embodiments, one or more codon
is randomized, i.e., a native codon is replaced with a random codon encoding the same amino
acid. This latter approach can help to remove any cis-acting sequences involved in the native
regulation of the polypeptide. In some embodiments, codons are selected to create a DNA
sequence that is maximally distant from the native sequence. In some embodiments, an
algorithm is used to eliminate transcriptionally functional sequences in a gene encoding the
polypeptide. For example, in some embodiments, ribosome binding sites, transcriptional
regulatory elements, terminators, or other DNA sequences bound by proteins are removed
from the native coding sequence. Notably, the functional sequences removed can be
functional in the native species (from which the sequence was originally derived), in the
heterclogous host cell, or both. In some embodiments, optimizing comprises removal of
sequences in the native coding sequence that are functional for heterologous transcriptional

activators or repressors to be used to regulate the synthetic operons to be generated.

[0109] Generation of synthetic coding sequences, as well as the remaining portions of the

synthetic operon, in many cases will be performed de novo from synthetic oligonucleotides.
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Thus, in some embodiments, codons are selected to create a DNA sequence that does not
generate difficulties for oligonucleotide production or combination. Thus, in some
embodiments, codon sequences are avoided that would result in generation of

oligonucleotides that form hairpins.

[0110] In some embodiments, as noted above, codon alteration will depend on the host cell
used. Host cells can be any prokaryotic cell (including but not limited to E. coli) or
eukaryotic cell (including but not limited to yeast cells, mammalian cells, avian cells,

amphibian cells, plant cells, fish cells, and insect cells).

[0111] Nonessential regulatory sequences within native sequences can be identified, in
some embodiments, using an algorithm performed by a processor executing instructions
encoded on a computer-readable storage medium. For example, in some embodiments,
ribosome binding sites are identified using a thermodynamic model that calculates the free
energy of the ribosome binding to mRNA. In some embodiments, promoters are identified
with an algorithm using a position weighted matrix. In some embodiments, transcriptional
terminators are identified by an algorithm that identifies hairpins and/or poly-A tracks within
sequences. In some embodiments, an algorithm identifies other transcriptionally functional
sequences, including but not limited to transposon insertion sites, sites that promote
recombination, sites for cleavage by restriction endonucleases, and/or sequences that are

methylated.

[0112] In view of the alterations described above, in some embodiments, a coding sequence
in a synthetic operon of the invention is less than 90, 85, 80, 75, or 70% identical to the
native coding sequence. In some embodiments, the coding sequence encodes a protein
sequence that is identical to the native protein or is at least 80, 85, 90 or 95% identical to the
native protein. In some embodiments, less than 70%, 60%, or 50% of codons in one, two or
more coding sequences in a synthetic operon are identical to the codons in the native coding

sequence.

B. Organizing coding sequences into synthetic operons

[0113] Once coding sequences have been selected (e.g., and substantially “cleaned” of
native or spurious regulatory sequences), the coding sequences are organized into one or
more synthetic operon(s). Organization of the synthetic operon(s) includes insertion of

various heterologous transcriptional and translational sequences between, before, and/or after
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the coding sequences so that expression of each coding sequence is controlled as desired.
Thus, for example, 5° promoter sequences can be selected to drive expression of an operon
RNA comprising the coding sequences of the operon. Selection of one or more terminator of
appropriate strength will also affect expression levels. Moreover, the order of the coding
sequences within a synthetic operon and/or selection of ‘RBSs for the coding sequences

allows for control of relative translation rates of each coding sequence, thereby allowing

several levels of control for absolute and relative levels of the final protein products.

[0114] Because each synthetié operon can have its own promoter, different synthetic
operons can be expressed at different strengths. Thus, in some embodiments, coding
sequences are organized into different operons based on the relative native expression levels.
Said another way, in some embodiments, coding sequences are organized into operons by
grouping coding sequences expressed at substantially the same native level in a particular

synthetic operon.

[0115] Moreover, because coding sequences at the 5’ (front) end of an RNA can be
expressed at a higher level than coding sequences further 3°, in some embodiments, coding
sequences are ordered within a synthetic operon such that the highest expressing coding
sequence (in the native context) occurs first and the lowest expressing gene occurs last, In
some embodiments, organization of genes within operons is based on native temporal

cxpression, function, casc of manipulation of DNA, and/or cxpcrimental design.

[0116] In designing the transcriptional (e.g., promoters) and translational (e.g., RBSs)
controls of the synthetic operons, the ratio of proteins measured in the native system can be
considered. Thus, in some embodiments, two or more coding sequences that are expressed in
a native context at substantially the same level and/or that are desirably expressed in an
approximately 1:1 ratio to achieve functionality (e.g., where two or more members are part of
a functional complex in a 1:1 ratio) are placed in proximity to each other within a synthetic
operon. *Proximity” will generally mean that coding sequences are adjacent to each other in

the synthetic operon.

[0117] In some embodiments, relative expression levels of coding sequences within and, in
some embodiments, between synthetic operons is determined by testing one or more test
operons for desired expression and/or desired functionality and then improving expression
based on the initial results. While this method can be performed in a “trial and error” basis,
in some embodiments, a numerical optimization method is employed to guide selection of

regulatory elements in order to alter gene expression and to improve desired system
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- properties. Such methods, for example, can be performed by a processor executing

instructions encoded on a computer-readable storage medium (discussed further below).
Exemplary numerical optimization methods include but are not limited to, a a Nelder-Mead
algorithm, a Newton’s method, a quasi-Newton method, a conjugate gradient method, an
interior point method, a gradient descent, a subgradfent method, a ellipsoid method, a Frank-
Wolfe method, an interpolation method and pattern search methods, or an ant colony model,
In some embodiments, a computational design of experiments (DoE) method is employed to

alter gene expression and to improve desired system properties in the synthetic operons.

[0118] Transcriptional regulatory elements, ribosomal binding sites, terminators, and other
sequences affecting transcription or translation can be selected from existing collections of
such sequences, and/or can be generated by screening of libraries generated by design or by
random mutation. Exemplary regulatory sequences include cis-acting nucleotide sequences
bound by a sequence-specific DNA binding po]ypeptide; e.g., a transcriptional activator or a
transcriptional repressor. Exemplary transcriptional activators include, but are not limited to,
sigma factors, RNA polymerases (RNAPs) and chaperone-assisted activators. In some
embodiments, the transcriptional activator/cis-acting sequence cognate pair will be
orthogonal to the host cell. Said another way, the regulatory sequence will not be bound by
other host cells proteins except for the heterologous transcriptional activator that binds the

cis-acting sequence.
i. Sigma factors

[0119] In some embodiments, the sequence-specific DNA binding polypeptide is a sigma
(o) factor and the regulatory sequence of the synthetic operon comprises the sigma factor’s
cognate cis-acting nucleotide sequenc. Sigma factors recruit RNA polymerase (RNAP) to
speciﬁé promoter sequences to initiate transcription. The o 70 family consist of 4 groups:
Group 1 are the housekeeping os and are essential; groups 2-4 are alternative os that direct
cellular transcription for specialized needs (Gruber and Gross, Annu. Rev. Microbiol., 57:441-
466 (2003)). Group 4 os (also known as ECF os; extracytoplasmic function) constitute the
largest and most diverse group of os, and have been classified into 43 subgroups (Staron er
al., Mol Microbiol 74(3): 557-81 (2009)).

[0120] In some embodiments, the set of sequence-specific DNA-binding polypeptides
comprise multiple sigma factors. In some embodiments, the set comprises sigma factors
from Group 1, Group 2, Group 3, and/or Group 4 Sigma factors. The ECF subgrouh of

Group 4 is thought to recognize different promoter sequences, making these os particularly
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useful for constructing orthogonal o-promoter systerﬁs. However, it will be appreciated that

any group of sigma factors can be used according to the methods of the embodiments of the

invention to develop cognate pairs.

Table 1
Group .
Nr* n* GI SPECIES® CLASS' PHYLUM®
ECFO01 >3473 109899616 | Pseudoalt atlantica T6¢ G proteobacteria Proteobacteria

ECF03

>]1198

114562024

29350055

Shewanella frigidimarina NCIMB 400

n VPI-5482

Gammaproteobacteria

Proteobacteria

Bacteroidetes

ECFO0S

>965

34541012

28868416

Porphyromonas gingivalis W83

Pseudomonas syringae pv. tomato str. DC3000

Bacteroidetes

Proteobacteria

. .
G proteobactena

ECFO7

>980

67154316

67154823

Azotcbacter vinelandii AVOP

Azotobacter vinelandii AvOP

Gammaproteobacteria Proteobacteria

G proteobacteria Proteobacteria

ECF09

>3581

15598606

15597622

Pscuduinunas acruginosa PAO1

Pseudomonas aeruginosa PAQOI

Gununapvicvbaciclia Protcobactcria

Gammaproteobacteria Proteobacteria

ECF09

ECF11

>1009

>3726

70730971

28868260

Pseudomonas fluorescens Pf-5

Psgudoinonas syringae pv. tomato str. DC3000

Gammaproteobacteria Proteobacteria

Gammaproteobacterid Proteobacteria

ECF11

>987

28809132

Vibrio parahaemolyticus RIMD 2210633

Gammaproteobacteria Proteobacteria

ECF13 .

>1146

33152898

Haemophilus ducseyi 3S0UUHP

G iproteobacteria Pr teria

ECF15

>436

37524103

77464848

Photorhabdus luminescens subsp. laumondii TTO1

Rhodobacter sphaeroides 2.4.1

Gammaproteobacteria Proteobacteria

Alphaproteobacteria Proteobacteria

ECF15

ECF17

=324

>1691

16127703

15607875

Caulobacter crescentus CB15

Mycobacterium wberculosis H37Rv

Alphaproteobacieria Proteobacteria

Actinobacteria

ECF19

>3197

21221399

15607586

Streptomyces coclicolor A3(2

Mycobacterium tuberculosis H37Rv

Actinobacteria

Actinobacteria

ECF19

ECF21

>1315

>1280

21219164

29350128

Streptomyces coelicolor A3(2)

Bacteroides thetaiotaomicron VPI-5482

Actinobacteria

Bacteroidetes

ECF21

>2825

89889680

Bacieroidetes

Flavobacteria bacterium BBFL7
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Firmicutes

ECF25

>1645

30261806

170078575

Bacillus anthracis str. Ames

Synechococcus sp. PCC 7002

Firmicutes

Cyanobacteria

ECP23

ECF27

>1643

>4265

17230772

21222299

Nostoc sp. PCC 7120

Streptomyces coelicolor A3(2)

Cyanobacteria

Actinobacteria

ECF29

>371

31795084

13476734

Mycobacterium bovis AF2122/97

Mesorhizobium loti MAFF303099

Alphaproteobacteria

Actinobacteria

Proteobacteria

ECF29

ECF31

>2688

>2963

71281387

85713274

Colwellia psychrerythraca 34H

Idiomarina baltica 08145

Gammaproteobacteria

G teria

Proteobactcria

Pr leria

ECF31

>34

16080921

27378153

Bacillus subtilis subsp. subtilis str. 168

Bradyrhizobium japonicum USDA 110

Klphaproteobacteria

Firmicutes

Proteobacteria

39934888

13598092

Rhodopseudomonas palustris CGA009

Pseudomonas aeruginosa PAO1

Alphaproteobacteria

Gammapr bacteria

Proteobacteria

Proteobacteria

ECF37

>3390

24375055

89094252

Shewanella oneidensis MR-1

OQceanospirillum sp. MED92

Gaminaproteobacteria

Gammaproteobacteria

Proteobacteria

Proteobacteria

ECF39

>1438

83718468

21223369

ECF41

>491

84494624

16127496

Burkholderia thailandensis E264

Streptomyces coelicolor A3(2)

Betaproteobacieria

Protepbacteria

Actinobacteria

Janibacter sp. HTCC2649

Caulobacter crescentus CB1S

Alphaproteobacteria

Actinobacteria

Proteobacteria

ECF4!

>1141

77459658

Pseudomonas fluorescens PfO-1

Gammaproteobacteria

Proteobacteria

ECF43 >4437 21244845 | Xanthomonas axonopodis pv. citri str. 306 G bacteria Proteobacteria
ECF43 >3477 109897287 | Pscudoaltcromonas atlantica T6c G b ia Proteobacteria
[0121] In addition to native sigma factors, chimeric or other variant sigma factors can also

be used in the method of the invention. For example, in some embodiments, one or more

sigma factor are submitted to mutation to generate library of sigma factor variants and the

resulting library can be screen for novel DNA binding activities.
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[0122] In some embodiments, chimeric sigma factors formed from portions of two or more
sigma factors can be used. Accordingly, embodiments of the invention provide for
generating a library of polynucleotides encoding chimeric sigma factors, wherein the
chimeric sigma factors comprise a domain from at least two different sigma factors, wherein
each of the domains bind to the -10 or -35 region of a regulatory element; and expressing
chimeric sigma factors from the library of polynucleotides, thereby generating a library of
chimeric sigma factors. For example, in some embodiments, chimeric sigma factors are
generated comprising a “Region 2” from a first sigma factor and a “Region 4” from a second
sigma factor, thereby generating chimeric sigma factors with novel DNA binding activities.
“Region 2” of sigma factors is a conserved domain that recognizes -10 regions of promoters.
“Region 4” is a.conserved domain of sigma factors that recognizes -35 regions of promoters.
It will be appreciated that chimeric sigma factors can be generated from any two native sigma
factors that bind different target DNA sequences (e.g., different promoter sequeﬁces). 1t has
been found that chimeric sigma factors formed from the ECF2 and ECF11 subgroups have
unique DNA binding activities useful for generating orthogonal sets as described herein.
Exemplary chimeric sigma factors include, but are not limited to, ECF11 ECF02 (containing
amino acids 1-106 from ECF02_2817 and 122-202 from ECF_] 1_3726) and ECF02_ECF11
{containing amino acids’ 1-121 from ECF11_3726 and 107-191 from ECF02_2817).

[0123] Thé ECF11_ECFO02 amino acid sequence is as follows:
1 MRITASLRTFCHLSTPHSDSTTSRLWIDEVTAVARQRDRDSFMRIYDHFAPRLLRYLTGL
61 NVPEGQAEELVQEVLLKLWHKAESFDPSKASLGTWLFRIARNLYIDSVRKDRGWVQVONS
121 LE:OLERLE'.AISNPENLMLSEELROIVFRTIESLPEDLRMAITLRELDGLSYEEIAAIMDC

181 PVGTVRSRIFRAREAIDNKVQPLIRR*

[0124] The ECF02_ECF11 amino acid sequence is as follows:

1 MSEQLTDQVLVERVQKGDQKAFNLLVVRYQHKVASLVSRYVPSGDVPDVVQEAFIKAYRA
61 LDSFRGDSAFYTWLYRIAVNTAKNYLVAQGRRPPSSDVDAIEAENFEQLERLEAPVDRTL
121 DYSQRQEQQLNSAIQNLPTDQAKVLRMSYFEALSHREISERLDMPLGTVKSCLRLAFQKL

181 RSRIEES*

ii. RNA Polymerases
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In some embodiments, the sequence-specific DNA-binding polypeptide is a

polypeptide having DNA binding activity and that is a variant of the T7 RNA polymerase

(RNAP) and the RNAP’s cognate cis-acting sequence (e.g., a promoter recognized by the

RNAP) is operably linked to the synthetic operon to control the operon’s expression. The T7

RNAP amino acid sequence is as follows:

61
121
181
241
301
361
421
481
541
601
661
721
781

841

mntiniaknd
agevadnaaa
ttlacltsad
afmgvveadm
setielapey
skkalmryed
pmkpedidmn
dwrgrvyavs
fieenhenim
sgighfsaml
ntgeisekvk
sgkglmftqp
krcavhwvip
nfvhsqgdgsh

vladfydgfa

fsdielaaip
kplittllpk
nttvgavasa
lskgllggea
aeaiatraga
vympevykai
pealtawkra
nfnpggndmt
acaksplent
rdevggravn
lgtkalaggw
ngqaagymakl
dgfpvwgeyk
lrktvvwahe

dglhesqgldk

fntladhyge
miarindwfe
igraiedear
wsswhkedsi
lagispmfqgp
niagntawki
aaavyrkdka
kglltlakgk
wwaegdspfc
llpsetvgdi
laygvtrsvt
iwesvsvtvv
kpigtrinlim
kygiesfali

mpalpakgnl

rlareglale
evkakrgkrp
fgrirdleak
hvgvrcieml
cvvppkpwtg
nkkvlavanv
rksrrislef
pigkegyywl
flafcfeyag
ygivaekkvne
krsvmtlayg
aaveamnwlk
flggfrlgpt
hdsfgtipad

nlrdilesdf

hesyemgear
tafgflgeik
hikknveeql
iestgmvslh
itgggywang
itkwkhcpve
mlegankfan
kihgancagv
vghhglsync
ilgadaingt
skefgfrqqv
saakllaaev
intnkdseid
aanlfkavre

afa

frkmferqlk
peavayitik
nkrvghvykk
rgnagvvgqgd
rrplalvrth
dipaiereel
hkaiwfpynm
dkvpfperik
slplafdgsc
dnevvtvtde
ledtigpaid
kdkktgeilr
ahkgesgiap

tmvdtyescd

[0126] The T7 RNAP promoter has also been characterized (see, e.g., Rong et al., Proc.
Natl. Acad. Sci, USA, 95(2):515-519 (1998)) and is well known,

[0127] Methods have been discovered for generating orthogonal pairs of RNAP variants

and target promoter variants. Due to toxicity of expression of native T7 RNAP, a series of

mutations and modifications can be designed such that a library of RNAP variants can be

expressed and tested for activity in cells without excessive toxicity. Accordingly,

embodiments of the invention provide for one or more of the following modifications (and

thus, for example, an embodiment of the invention provides for host cells comprising

expression cassettes, or nucleic acids comprising expression cassettes, wherein the expression

cassette encodes a RNAP variant substantially identical to T7 RNAP, wherein the expression

cassette comprises one or more of the following):
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Expression of the T7 RNAP variant can be expressed from a low copy plasmid.

Expression of the RNAP can be controlled by a separately encoded protein from a separate

vector, thereby blocking expression of the RNAP until a second vector is added to the cells

promoting RNAP expression;

Translational control: a GTG start codon; weak ribosomal binding sites, and/or

random DNA spacers to insulate RNAP expression can be used;

A molecular tag to promote rapid degradation of the RNAP. For example, an Lon

system.

. N-terminal tag will result in rapid degradation of the tagged RNAP by the Lon protease

A mutated RNAP active site (¢.g., within amino acids 625-655 of T7 RNAP). For

example, it ha been discovered that a mutation of the position corresponding to amino acid
632 (R632) of T7 RNAP can be mutated to reduce the RNAP’s activity. In some

embodiments, the RNAP contains a mutation corresponding to R6328.

[0128] Moreover, a variety of mutant T7 promoters have been discovered that can be used

in a genetic circuit. Thus, in some embodiments, the regulatory sequence of a synthetic

operon comprises a mutant sequence as set forth in the table below,

Promoter Name Sequence Strength (2009.10.02 to 2009.10.09)
TAATACGACTCACTANNNNNAGA )
wT TAATACGACTCACTATAGGGAGA 5263
Mut1 TAATACGACTCACTACAGGCAGA 365
Mut2 TAATAC GACTCACTAGAGAGAGA 366
Mut3 TAATACGACTCACTAATGGGAGA 577
Mut4 TAATACGACTCA(.:TATAGGTAGA 1614
Mut5 TAATACGACTCACTAAAGGGAGA 1018
Mut6 TAATACGACTCACTATTGGGAGA 3216
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[0129] A number of different stem loop structures that function as terminators for T7
RNAP have also been discovered. See, Table directly below. Accordingly, an embodiment
of the invention provides for a synthetic operon comprising a promoter functional to a native
T7 RNAP or an RNAP substantially identical thereto, wherein the operably linked
polynucleotide comprises a terminator selected from the table directly below. Terminators
with different sequences can be selected for different transcupts to avoid homologous

recombination,

Terminator Sequence Strength
Name TANNNNAACCSSWWSSSSSSTCWWW (2009.12.16 Assay)
WCGSSSSSSWWSSGGTTTTTTGT
52 TATAAAACGGGGGGCTAGGGGTTTTTT 107
GT
23 TACTCGAACCCCTAGCCCGCTCTTATC 714
GGGCGGCTAGGGGTTTTTTGT
72 TAGCAGAACCGCTAACGGGGGCGAAG 1051
GGGTTTTITGT
48 TACTCGAACCCCTAGCCCGCTCTTATC 1131
GGGCGGCTAGGGGTTTTTTGT
1 TACATATCGGGGGGGTAGGGGTTTTTT 1297
GT
2 TACATATCGGGGGGGTAGGGGTTTTTT 1333
GT
wWT TAGCATAACCCCTTGGGGCCTCTAAAC 1395
GGGTCTTGAGGGGTTTTTTGT g
31 TACCCTAACCCCTTCCCCGGTCAATCG 1586
GGGCGGATGGGGTTTTTTIGT
58 TAGACCAACCCCTTGCGGCCTCAATCG 1608 .
GGGGGGATGGGOTTTTTTGT
25 TACTCTAACCCCATCGGCCGTCTTAGG 1609
GGTTTTTTGT
17 TACCTCAACCCCTTCCGCCCTCATATC 1887
GCGGGGCATGCGGTTTTTTGT

[0130] In some embodiments, RNAP variants can be designed comprising an aitered
specificity loop (corresponding to positions between 745 and 761). Thus in some
embodiments, an RNAP is provided that is identical or substantially identical to T7 or T3
RNAP but has a Loop Sequence selected from those in the tables directly below between
positions 745 and 761.
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A
RNAP | Scaffold RNAP P t Loop Seq Promoter Sequence
Family Plasmid Plasmid
™ N249 N249 N155 VWQEYKKPIQTRLNLMFLGQFRLOPTINTNKDSEI | TAATACGACTCACTATA
DAHK GGGAGA
T3 N115 N377:115 | N352 VWQEYKKPIQKRLDMIFLGQFRLQPTINTNKDSE! TAATAACCCTCACTATA
. DAHK GGGAGA
K1F N115 N421:115 | N353 VWQEYKKPIQTRLNLMFLGSFNLOPTVNTNKDSE! | TAATAACTATCACTATA
DAHK GGGAGA
N4 NT7 wrs wra VWQEYKKPIQTRIDCVILGTHRMALTINTNKDSEID | TAATAACCCACACTATA
AHK GGGAGA
B
7 T3 K1F N4
promoter | promoter | promoter | promoter
77 2177 24 17 14
RNAP
T3 83 1062 14 14
RNAP
K1F 45 26 463 13
RNAP
N4 61 147 46 2616
RNAP
jii. Activators Requiring Chaperones
[0131] In some embodiments, the set of sequence-specific DNA-binding polypeptides

comprise polypeptides having DNA binding activity and that require a separate chaperone

protein to bind the sequence-specific DNA-binding polypeptide for the sequence-specific

DNA-binding polypeptide to be active. Exemplary transcriptional activators requiring a

chaperone for activity include, but are not limited to activator is substantially similar to InvF

from Salmonella Typimurium, MxiE from Shigella flexneri, and ExsA from Pseudomonas

aeriginosa. These listed activators require binding of SicA from Salmonella Typhimurium,

IpgC from Shigella flexneri, or ExsC from Pseuodomas aeriginosa, respectively, for

activation.

Sequence information for the above components are provides as follows:

Name Type DNA sequence encoding the named polypeptide Optional Mutation
sicA Gene alggatialg gleapCEaagaacglgligg titggpatgccgtiaglgaag
grgecacgs gacgltcatgggateocte gatggacggtitatatgetcatgeiia
lgagttttataaccagggacgactggmgaagctgagacgtlctttcgntctlatgcamatgatm
tacaalcce gatacaccatprgactggeppcasialg: gaang
atgtgacciitatgeagtagegtitacgitact I £id guttttitaccgeacagt
gl geglaaggcage gecagacagtgtitgaaciigtcaatgaacgtaciga
agatgagtctetgegggeaaaagegitgetctateiggap ococ Cggeggagacagag
cag pteancang &gaama .
sicA* Mutant sicA alggattatcanaataatglcagcgaagaacgiptigeggasatgatigggatgcegtiagtgaag | The large “t” of the sicA
gogecacgclaaaagacgitcatgggatcccteaagatatgatggacggittatatgetcatgetta | sequence above was
) o d to “a” by error-
tgagh gegacgacieg grictticgndlet tatgatlt | pone PCR. This
Hacaatccegatiacaccatgggaciggegeaglatgecaacty; EC | mutation was made 10
atgtgacctitatgcagtagegtitacgtiac gatiategeeccgtittititaceggecagt | reduce cross talk
gieaatiattaatgegtaaggeags gecagacagtgtittgaactigteaatgaacgtactga | beiween SicA and
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agalgagicicigegggcaaagegliggiotatciggaggegctaaaaacggoggagacagag | MxiE.
ram‘ac 219 Lm.aa
invF Gene with al},ctaaatacgcaggaagtacttaaagaaggagagaagcggaaaatcc geageccggaagea | The accepted start
new start tggtt gacgtgticcgeg 2 1gcatatgwuuuu“ BCCHH atga :vo:;o‘;‘e?el:;li:e%‘:;’i )
codon aaaligecigaticaggaaggegegetpeutitigegageaggeeguigicgeaccagtalcags | incorrect and a correct
apacctggutiicgaccgtizaanatigaaglacicageaaaliactggeantalcgalgieaeag | ypstream start codon
gatlagiggacacgacatalgelgaatccgalaaalgggiingcigagiectgagiiegegciatit | yae found.
ggcaagatcgtaaacgeigcegagtaciggtititgcageaaatiattacgecticiecggecticaat
aaggtactggcgctyl gegapagtiactggttgotigectatttactegeteagicaa
ccagcg,;,caacacgatgagaat;,ct;,;,gagaagac\atggcgmcttatacccatmcgtcgm
glgcageagagegtigagege gasactggegtatggegeante
gelgctgoatagtptagaaggocacgagaacatcacecaatiageegitaatcatgpliacteale
gccttcacattitictagipagatcaaagagetgategpestitcgecgegganatiateaaatatiat
tcaatigpcagacaaatga
p. sicA Promoter ccacaagaaacgaggtlacggcatigagecgegtaaggeaglagegattaticatigggegttitt
tgaatgttcactaaccaccgtoggggtttaataactgeatcagataaacgeagtcgtaagitclaca
aaplcupipacapataacapeapiaagia
ing Gene at;,lcmaaalalcaccgaaaatg,aaa,,cmctclacq,cagmangm;,caanaactcxggcgct
uﬁlggn!m\('n!
caacaaaggaagaatagaggaa.g,clgaagtlttcttcaggmnatgtalalacgactmacaatgt
agaq tac attatgggactegeag Jet nmlrraarammmwauaﬂ't
ttalgetgtegettitgeatiagy: gactatacaccag| tgg: gteaget
teggty g 8 geticgaacteg| lgatga
aaaa 2 tactthga- 5 gpagtan
ik Gene with Q1gaglanatatasaggectzaacaccageaacalgiictacatelacagelolgpicalgaace :!'he wuc‘!‘e‘ [ype gene h:as
codon Yo ) ttrttht” in this enlarged
optimization | Eegre " Rl b
P ggctttttctttgtgcgtaaccagaacatcaaallcagcgaxaacgttaactaccactacc more’ t was eddc: ‘}?
gette teltgeg tggegntgggattatttitageggegecciggtigaac $:‘?m?:tg$(e \::.s then
attcicacgcagaaanatgealccatitetaccacgaaaacgatctgegt gatagetgtaatacgga codon optimized by
atctatgciggataaactgatgetgegeticatttttagtagepatcagaacgigiclaatgeccigee GenScript. The
aatgatceglatgaccgaaagitatcatcigptictglacctgctycglacgaligandaaydanan additional .“l" was added
gaaglgcgcalcagaagectgacoyaacactatggegiticigaagegtacicglagieigigic to make this ORF in-
&t gt t U PECOIEC e
tggatgmlcctgcata.accagaccanacgagcgcggccalgaacaat;gtatgcgtctaccag 3?«3?&,}::;;::‘;?5:1?
tcacticag, gegiciggpcitagtgeecpegaactgageaacatcacctic | oo “g” and this
clpglgaaganaaliaaiganaaastcian symhetic gene starts
with “a.”
pipaH9.8 | Promoter gegaaaalgacatcaaanacy clgatgtictggggaalataaatgteaggetagggte
egtggegtty gectgegtiacgicatigag aggaciggeeggcaa
accggat, patctgttgcct ctet alcaatacggticiga
cgagecgcettacept {gaaglacgatgtitaactaaceg; g tacggt
gcaaacaggccat‘(cacggﬁaaclgaaacagtatcgltttttlacagccaamtgltimccnattat
Qataaaaaagiget
pipaHQ. 8* | Promoter gegaaaalgacatcasaaacgocatiaacctgatgtictgggpaalataaatgicagectagestc | The enlarged “ta” above
with mutation | 22aaatcglgecgligacaaatp gelpcgliacgicatigageatatecag gaclggecycan of pipaH9.8 was
accggglacgegatcigigectiggaaagiigatctgaccicicagtaaatatcaatacggitciga | mutated to “ag” by
cgageegettacegiicaaatalgaagtacgalgitiaactaaccgaaanacaagaacaatacggl | saturation mutagenesis.
geaaacaggecaticacgghiaaciganacagtatcgtttttiacagecaatittgitiatcottatta This mutation was made
to reduce leaky
A Zataaaanagiget expression of pipaH9.8.
exsC Gene atggatitaacgagcaaggicaaccgactgetigecgagticgcaggecgtateggtitgeetiee
ctgteectegacgaggagegealggegagectectgitcgacgaacaggtggpcgteacceigt
Igctgetcgecgagegegagepictgtgetggaggecgatgtggegggcategatgtyctygg
cgagggeatctitcgecagetcgecageticaaccgecattggeacegtittcgatetgeatticgge
ltegacgagetgaccggeaaggtccagtigtatgegoag, pgegeaactgacceioga
at&,cttcgagg,cgaccnggccau(cu,ctc1,alcacgccgaguctg;,cabcgcctgclgccgt
gegacagtgalegcgagpepptepclpeppicpe gitiga
est Gene atggage: aglactccc gatgttcgctggcaggcpgatatce
gtgglgggcteggacgeecgctegegepgicggatgecgggttacgeatcgageagtitgtate
pigaptecggaatcatcagtgegeggcaaciggegitgetgrageggatgetgecgegecigeg
gotggagcaactgcegelpcpagiggigragcagCpeClggegcpeecelpgcgclgeg
gegegangaggleggcagattc gegegpegeagpac gELECtccga
actgggegaccgggteaaccicgecglgecgeagiogatgatcgacigggicoigclgocggle
1atpgelgpigReanagectiCiegaccaggegalcecogeetBucgcctgcgcigglygagc
lggagacccagteccggcaactgegagicaagiccgaaticiggicccgeglggecgagcippa
goeggageaggeccgegagpaaciggecagggicgecangigecaggegegeacceagga
acagglpgccganciggeeggeangelggagacggctcggeactggeyangagcpcclgpe
cgaaciggeagepgggoatggepacgeipcicgecageggeggpctggecggeticgagecy
ateccegaggtectcgaatgecictgpeaaceictetpecggetggacyacgacgteggesegg
FEZACKCCR B8 BHCE B B (¥4 32412 ggatcacnalac!g
gcagagelga
exsA Gene atgcaaggagec tetiggecg: i ggaacaticcaactiicg
aamcagggtaaacaaggga_gggggcgata‘Enctgctcgagggcgaact;,accg,tccaggg
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catcgaticeactitgectggegeciggegagngeuticglecgecgeggaagetatptegtaa
glaccaagggaaaggacagecgaatactciggaitceatialeigeecagttictacaaggettegt
ccagegeticggegegetgtigagtgaagicgageghigegacgageecgtgeegggeateate
- gegttegeigecacgectetgetggecggtigegteaaggppttganggaattpengtpeatgag
catcegeegatgelegeetgectgaagategaggaghgelgatgeictticgegticagteegeag
gggecgetgetpatgtegiecigeggeaactgageaaceggeatgtegagegictgeagetatt
catggagaagcactaccicaacgagtggaageigicegaciiciceegegagitcggcatjggs
ctgaccaccitcaaggagetgiteggcagtgletatggaatiicgeegegegectggateagega
geggagaatcetetatgeecatcagttgetgetcaacagegacatgageatcgiegacategecat
ggaggegggctiticcagtcagicetatticacccagagetatcgeegeegt
gageegetcgeggcagessaageacgaatgcepectaaantaacten

IPUD -4

pexsD Promoter gaaggacgaatgeogpg gacgtititgasagecegglageggeigcatgag!
agaatcgpeccaant
pexsC Promoter gatglggettttite gaaaagicictcagtpa gatgeatagcocgglgclagea
i tgcgctpagetit
rfp Gene atggeticctecgaagacgtialcaaagaglicalgegtiicanaglicgtatg gaaggticeaiiaa

cggleacgaglicgaaatcgaagglgaaggigaaggicgiccgtacgaagglacgeagaceget
aaactigaaagtiaccaaagglgptecgetpgecgticgettggaacatecigtececgeagticeag
tacggticcaaagettacgitaaacaccogyctgacateceggactaccigaaactgieciteecg
‘gRagguicanatggraacgigualgaaciicgaagacggigglglighiaccgitacccaggact
cetecctgeaagacggigagticalctacaaagitaaacigegigptaciaacticeegicegacg
giccggtiatgcagaaaaaaaccatggetigggaagettccaccgaacgtatglacecgpaagac

gatgceictgaaagglg gegictgaaactgaaagacggiggioactacgacgeiga
agt (34 gpttcagetgeeggptgetiacaaaaccgacatca
aactgg ¢ gaagactacaccatcgitgaacagtacgaacglgetpaagpt

cgteactecaccgetgotacap gacgan: 2

C. Controlling Operon Expression

[0132] As noted above, the one or more synthetic operons are controlled by regulatory
clements responsive to a sequence-specific DNA binding polypeptide (e.g., a transcriptional
activator). Where more than one operon is used, it can be desirable that each operon be
responsive to the same transcriptional activator, albeit with a different regulatory sequence
that controls the “strength” of expression of a particular operon. As noted above, in some

embodiments, the transcriptional activator is a T7 RNAP or a variant thereof.

[0133] Expression of the sequence-specific DNA binding polypeptide can be controlled on
a separate expression cassette, the expression cassette comprising a promoter operably linked
to a polynucleotide encoding the sequence-specific DNA binding polypeptide. In some
embodiments, the promoter is inducible, thereby imparting control of expression of the
operon based on the inducer. Exemplary inducible promoters (with inducer in parentheses)
include, e.g., Ptac (IPTQG), Ptrc (IPTG), Pbad (arabinose), Ptet (aTc), Plux (Al-1).

Alternatively, in some embodiments, the promoter is constitutive.

[0134] In some embodiments, additional “buffer” nucleotide sequences are inserted
between promoters and ribosomal binding sites, between coding sequences and terminators,

and/or between coding sequences and a subsequent ribosomal binding site. These sequences

~act as “buffers” in that they reduce or eliminate regulatory cross-talk between different

coding sequences. In some embodiments, the spacer forms a stem loop, is a native sequence

from a metabolic pathway, or is from a 5°-UTR, e.g., obtained from a phage. In some

embodiments, the stem loop is a ribozyme. In some embodiments, the ribozyme is RiboJ. In
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some embodiments, the buffer sequence is selected from sequences of a given length with

nucleotides selected at random. In some embodiments, the buffer sequence is a UP-region of

a promoters. UP regions can positively influence promoter strength and are generally

centered at position -50 of a promoter (as measured from the start of transcription). See, e.g.,
Estrem, etal., PNAS, 95 (11): 9761-9766 (1988). In some embodiments, the buffer sequence

is an extended 5-UTR sequence.

{0135] Exemplary buffer sequences include those listed in the table below:

escape

Sources Sequences

TS phage Hticpatpagapes; gl

T3 phage ngirtaa
TS phage ataaatitgagagaggag g

T35 phage gageag; g

TS phage 2 gaccitcc gittaa
T7 phage atcgagag gece gittaa
T7 phage gctapgt peng gtitaa
T7 phage atgaaacgacagl g

T7 phage agggagaccacaacgyl caaataattitptitag
High-transcription | at gclaggat glitaa

High-transcription
escape

ataaaggaaaacggtcaggieciclacaaataattitgittaa

High-transcription | ataggtiaaaagcetg gl

escape

Carbon utilization tacatgiticelctac tigittan

Carbon utilization £aagcage ey gotg gittaa

Carbon utilization gagl icagacagg titgtitaa

Carbon utilization | aacttgcagttatttactgtg i

Carbon utilization | ag gtestptpe gittaa

Carbon utilization gl g ggtectet tgtttaa

Anti-cscaping atceggaatecteticccgpectclacaaataatitigtitas
ggagics attttgtttaa

TS phage gHicgatgagagcy; gitccagattcagg

TS phage at gaticage

TS phage ataaatit; gpagitaghiccagattcapea

TS phage geap: g gaticaggea

T5 phage aaacctaatggatcgacctiagticcagaticagganctataa

T7 phage gagagggacacgpcgaapliccagaticages

T7 phage petagglaacactagcagcagticcagaticagy:

17 phage atgaaacgac gliccagaticapgaactaiaa

T7 phage
High-transcription
escape

agpgpagaccacaacggiitcapticcapaticaggaactalan
attaaaaaacctgctaggatagitccagaticaggaactataa

High-transcription
escape

atasaggaaaacggicaggtagticcagaticaggaactataa

Highe-tr ipti
escape

E6f glaatagticcagattcagg

Carbon utilization

tacat

pitccagaticagganctataa

Carbon utilization
Carbon utilization

apaapcagcpepcaasantcagetpagticeagaticaggaactatas
atgagticatticagacagp: 4 Iiq B8

Carbon utilization

aactigcagttatttacipig Py gatcagg: an
Casbon utilization | agccacaaaaaaagicatptip ettapticcagattcaggaactataa
Carbon utilization | acacag gtiaanaggtagiiccagattcagg

(Ribozyme)

Anti-escaping atccggaatccicitcccgpagiiccagaticaggaactataa
agpagicclcacagticcagaticapraactal
| _Stem Joops gatcaccagpgeeatcecccpgtpaagpat
tem loops gatcpeecaceggeagitgeeptpprcyatcaaggal
tem loops galcaleggtagaptiagtatt papcagatccccegpipaageat
tem loops atigaictgpliatiapapptaatcggplcatitta
tem loops grtictecacp gt pppatpapceCclegtppl ppanatpcy
tem loops agcalgagpiaaapigcatycaccaa
tem loops acglegaciatclcpagtyapatatigitpaceiac
| _Stem loops acgicpacualcicgagipagalaagigacggiac
|_Siem loops Acpicpacttatciepagactpcagiicaatagagatattituacguiac
fem loops gacigicaccggatgtgeiccggictgatgagicegigaggacyaaacag

Stem loops

gatcaccaggpgpatcecccyptgaagpalcctctacasataattttpttiaa
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Stem loops Gatcgeecaceggeagetgecgiggecgalcaaggaleciclacaaataatt
1giitaa

Stem loops catcgglagag gageagatccecopglgaag aaa
taattttgtitan

Stem |ODES altgatctpetiattasagetaatcpppicaltitaceiclacaaataatisigitiaa

Stem loops Gitctecacgg p1ggpatgagccccIcgIggtgeaaat gegeciclacaaalaa
utigtitaa

Siem loops agcatpaprtanagtptealpcaccaaccictacaaataatitigittaa

Stem loops Acgtcgacttateic gitgacgptacccictacaaataatitigt
taa

Siem loops Acgtegact gt titt
taa

Stem loops acgicgacttatetegagact peag gitgacgptaceetet

ttgtitaa
Stem loops gactgteaccggatgigetticegpicigatgagicegtgaggacgaancages
(Ribozyme) g

[0136] The synthetic operons and/or the expression cassette for expressing the sequence-
specific DNA binding polypeptide can be carried on one or more plasmids, e.g., in acell. In
some embodiments, the operon and the expression cassette are on different plasmids. In
some embodiments, the expression cassette plasmid and/or operon plasmid(s) are low copy
plasmids. Low copy plasmids can include, for example, an origin of replication selected
from PSC101, PSC101*, F-plasmid, R6K, or IncW.

Il Synthetic Operons

[0137] Embodiments of the present invention also provide for synthetic operons, for

example as generated by the methods described herein.

. Systems of Synthetic Operons

[0138] Embodiments of the invention also provide for systems comprising synthetic
operons and one or more controlling expression cassettes, wherein the expression cassette
encodes a sequence-specific DNA binding polypeptide controlling expression of the synthetic
operon(s). In some embodiments, the controfling expression cassette(s) are genetic circuits.
For example, the expression cassettes can be designed to act as logic gates, pulse generators,
oscillators, switches, or memory devices. In some embodiments, the controlling expression
cassette arg linked to a promoter such that the expression cassette functions as an
environmental sensor. In some embodiments, the environmental sensor is an oxygen,

temperatute, touch, osmotic stress, membrane stress, or redox sensor.

10139] As explainéd above, in some embodiments, the expression cassette encodes T7

RNAP or a functional variant thereof. In some embodiments, the T7 RNAP is the output of

the genetic circuit(s).
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[0140] The operons and expression cassettes can be expressed in a cell. Thus in some
embodiments, a cell contains the systems of the invention. Any type of host cell can

comprise the system.
V. Computation

[0141] In some aspects, the iﬁventicm utilizes a computer program product that determines
experimental values for controlling the magnitude of expression of two or more genes. This
may be used for example to optimize a system property (e.g. nitrogen fixation levels). In one
embodiment, the program code receives one or more input data points, wherein the input data
boints provide information about one or more regulatory elements and a system property. It
then uses a computational method to determine a next data point. In one aspect, the

computational method may be a design of experiments (DoE) method.

[0142] In some embodiments, the program code—generatéd next data point can then be used
for further experimentation, e.g., to see if the suggested next data point results in optimized
expression level for two or more genes, leading to an improvement in a desired system
property. In one aspect, the generation of next data points is repeated until a desired system
property level is obtained. In another aspect, the next data points are iteratively generated

until the magnitude of expression of two or more genes reaches a desired level.

[0143] In some embodiments, the computer program code may use a computational method
that employ numerical analysis or optimization algorithms. In some aspects, the numerical
optimization methods may use the is the Nelder-Mead algorithm, the Newton’s method, the
quasi-Newton method, the conjugate gradient method, an interior point method, a gradient
descent, a subgradient method, a ellipsoid method, the Frank-Wolfe method, an interpolation

method and pattern search methods, or an ant colony model..

[0144] In one specific embodiment, the computer program to generate the next data point
for experimentation uses the Nelder-Mead algorithm. The computer-implemented method
will receive one or more input data points and calculate the reflection point, expansion point’
or contraction point to computationally determine the next data point to experiment with,

based on the input data points.

[0145] In one implementation of the Nelder-Mead algorithm, the program code will take
the received input data points as the simplex vertices of an n-dimensional space, having n+1
simplex vertices. Then the objective function will be evaluated for each vertex of the

simplex, and the algorithm uses this information to propose a sequence of new coordinates
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for evaluation. New coordinates will be determined by the computer code according to the

following algorithmic logic:

Order the simplex vertices: f(x,)< f(x,)<... < f(x,,,)
Calculate x, the center of gravity of all points except x, ;.
Calculate a Reflection coordinate: x, =x,+ a(xn -X, u)

Calculate an Expansion coordinate: x, = x, + r(x, - x,”,)

Calculate a Contraction coordinate: X, =X, + p(xa -x, +l)

Sovm AW -

Calculate Reduction coordinates: X, =X+ o(x, —x,) forall ie {2,...,n + l}

[0146] The objective function is evaluated at these points and used to determine a new
simplex according to the following criteria:
1. If the Reflection, Expansion or Contraction coordinates are better than the worst
simplex point, x,./, define a new simplex by replacing the worst simplex point with
the best of the three (Reflection, Expansion or Contraction).

2. Otherwise, define a new simplex by combining the best simplex point with the
Reduction coordinates.

[0147] In one embodiment, a computer program product is provided comprising a tangible
computer readable medium storing a plurality of instructions for controlling a processor to
perform an operation for determining an experimentation point for controlling the magnitude
of expression of two or more genes, the instructions comprising receiving one or more input
data points, wherein the imput data points provide information about one or more regulatory
elements and a system property; and determining, with a computer, a next data point using a
computational method, wherein the next data point provides information about the one or

more regulatory elements.

[0148] Fig. 25 shows ablock diagram of an example computer system 600 usable with
system and methods according to embodiments of the present invention. The computer
system 600 can be used to run the program code for various method claims according to

embodiments of the present invention.

[0149] Any of the computer systems mentioned herein may utilize any suitable number of
suf)systems. Examples of such subsystems are shown in Fig. 25 in computer apparatus 600.
In some embodiments, a computer system includes a single computer apparatus, where the
subsystems can be the components of the computer apparatus. In other embodiments, a
computer system can include multiple computer apparatuses, each being a subsystem, with

internal components.
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[0150] The subsystems shown in Fig. 25 are interconnected via a system bus 675. Additional
subsystems such as a printer 674, keyboard 678, fixed disk 679, monitor 676, which is coupled to
display adapter 682, and others are shown. Peripherals and input/output ([/O) devices, which
couple to I/O controlier 671, can be connected to the computer system by any number of means

known in the art, such as serial port 677. For example, serial port 677 or external interface 681 can

be used to connect computer system 600 to a wide area network such as the Internet, a mouse input
device, or a scanner. The interconnection via system bus 675 allows the central processor 673 to
communicate with each subsystem and to control the execution of instructions from system
memory 672 or the fixed disk 679, as well as the exchange of information between subsystems.
The system memory 672 and/or the fixed disk 679 may embody a computer readable medium. Any
of the values mentioned herein can be output from one component to another component and can be
output to the user,

[0151] A computer system can include a plurality of the same components or subsystems, e.g.,
connected together by external interface 681 or by an internal interface. In some embodiments,
computer systems, subsystem, or apparatuses can communicate over a network. In such instances,
one computer can be considered a clicnt and another computer a server, where each can be part of a
same computer system. A client and a server can cach include multiple systems, subsystems, or
components.

[0152] It should be understood that any of the embodiments of the present invention can be
implemented in the form of control logic using hardware and/or using computer software in a
modular or integrated manner. Based on the disclosure and teachings provided herein, a person of
ordinary skill in the art will know and appreciate other ways and/or methods to implement
embodiments of the present invention using hardware and a combination of hardware and software.
[0153]  Any of the software components or functions described in this application may be
implemented as software code to be executed by a processor using any suitable computer language
such as, for example, Java™, C-++ or Perl™ using, for example, conventional or object-oriented
techniques. The sofiware code may be stored as a series of instructions or commands on a
computer readable medium for storage and/or transmission, suitable media include random access
memory (RAM), a read only memory (ROM), a magnetic medium such as a hard-drive or a floppy
disk, or an optical medium such as a compact disk (CD) or DVD (digital versatile disk), flash
memory, and the like. The computer readable medium may be any combination of such storage or

transmission devices.
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[0154] Such programs may also be encoded and transmitted using carrier signals adapted
for transmission via wired, optical, and/or wireless networks conforming to a variety of
protocols, including the Internet. As such, a computer readable medium according to an
embodiment of the present invention may be created using a data signal encoded with such
programs. Computer readable media encoded with the program code may be packaged with
a compatible device or provided separately from other devices (e.g., via Internet download).
Any such computer readable medium may reside on or within a single computer program
product (¢.g. a hard drive, a CD, or an entire computer system), and may be present on or
within different computer program products within a system or network. A computer system
may include a monitor, printer, or other suitable display for providing any of the results

mentioned herein to a user.

[0155] Any of the methods described herein may be totally or partially performed with a
computer system including a processor, which can be configured to perform the steps. Thus,
embodiments can be directed to computer systems configured to perform the steps of any of
the methods described herein, potentially with different components performing a respective
steps or a respective group of steps. Although presented as numbered steps, steps of methods
herein can be performed at a same time or in a different order. Additionally, portions of these
steps may be used with portions of other steps from other methods. Also, all or portions of a
step may be optional. Additionally, any of the steps of any of the methods can be performed

with modules, circuits, or other means for performing these steps.

[0156] The specific details of particular embodiments may be combined in any suitable
manner or varied from those shown and described herein without departing from the spirit

and scope of embodiments of the invention.

[0157] The above description of exemplary embodiments of the invention has been
presented for the purposes of illustration and description. It is not intended to be exhaustive
or to limit the invention to the precise form described, and many modifications and variations
are possible in light of the teaching above. The embodiments were chosen and described in
order to best explain the principles of the invention and its practical applications to thereby
enable others skilled in the art to best utilize the invention in various embodiments and with

various modifications as are suited to the particular use contemplated.
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EXAMPLES

[0158] The following examples are offered to illustrate, but not to limit the claimed

invention.

Example 1: Use of the Nelder-Mead method to optimize efficiency of operon discovery
[0159] This examples illustrates how to recombinant and computationally manipulate and
select native gene cluster coding sequences and heterologous regulatory sequences. We have
termed this process “refactoring”, which comprises optimization of multiple genes, regulation
of the gene cluster, and establishment of the genetic context for the biological circuit.
Refactoring complex gene clusters and engineering metabolic pathways requires numerous
iterations between design, construction and evaluation in order to improve a desired system

property, e.g. higher product titers, lower toxicity, or improved nitrogen fixation.

[0160] One common way to affect these properties is to modify gene expression levels
within the system, even if the direct relationship between gene expression and the system
property is unknown. Making quantitative changes to gene expression can be achieved
fhrough the use of regulatory elements, e.g. promoters and ribosome binding sites, that

exhibit rationally predictable behavior.

[0161] [Itis possible to utilize numerical optimization methods to guide selection of
regulatory elements in order to alter gene expression and to improve desired system
properties. One relevant algorithm is the Nelder-Mead method, a nonlinear optimization

' algorithm that minimizes an objective function in multidimensional space. We use the
Nelder-Mead method to optimize a system property where each dimension in algorithmic
space corresponds to expression of a gene in the engineered system. Points in this space
represent a particular combination of expression levels for the genes in the system. As a
result, each point may be considered a uniquely engineered strain. The algorithm is used to
suggest new coordinates in space that improve the system property. New strains can be
engineered by modifying regulatory elements to attain the suggested levels of gene
expression. After evaluating the performance of the new strains, the algorithm can be used to
predict subsequent modifications. This process iterates until the system property has been

improved a desired amount.

[0162] The Nelder-Mead method relies on the concept of a simplex, which is an object in N
dimensional space having N-+1 vertices. The objective function is evaluated at each vertex of

the simplex, and the algorithm uses this information to propose a sequence of new
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coordinates for evaluation. New coordinates are proposed according to the following process:

Order the simplex vertices: £{x,) < f(x,)<...< f(x,,,)
Calculate xy, the center of gravity of all points except x,.,.
Calculate a Reflection coordinate: x, =X+ a(x,, -X, +1)

Calculate an Expansion coordinate: x, = x, -+ r(xa - x,,_H)
Calculate a Contraction coordinate: x_ = x,, + p(x” -X, ﬂ)

Calculate Reduction coordinates: x, = x, + 0‘(x,. - xl) forall ie {2, vt l}

IS Gl

f0163]  The objective function is evaluated at these points and used to determine a new simplex
according to the following criteria:

1. If the Reflection, Expansion or Contraction coordinates are better than the worst
simplex point, x,j, define a new simplex by replacing the worst simplex point with the
best of the three (Reflection, Expansion or Contraction).

2. Otherwise, define a new simplex by combining the best simplex point with the

Reduction coordinates.

[0164]  These steps constitute an iteration of the algorithm. The newly defined simplex becomes the
seed for generating new coordinates during the next iteration of the algorithm. Iterations typically
continue until one of the coordinates in the simplex crosses a desired threshold for objective function
evaluation. We have optimized the performance of a nitrogen fixation operon by varying the selection
of promoters that control expression of individual genes. We initially refactored the #ni/EN operon so
that each gene was expressed under the control of a unique T7 promoter (Fig. 1). To assess the impact
of refactoring the nifEN operon, we quantitatively measured the capacity of the synthetic operon to
complement a nifEN knockout strain and recover the ability to fix nitrogen (Fig. 2). Our refactored

system showed limited ability to fix nitrogen (20% of wild-type activity).

[0165] We subsequently applied the Nelder-Mead method to optimize nifE and nifN gene expression
with the goal of improving nitrogen fixation rates. Our algorithmic space consisted of two dimensions,
nifE and nifN expression. Our coordinate system was scaled to the strength of the promoters controlling
these genes. To enable varied levels of gene expression, we generated and characterized a library of
mutant T7 promoters (Fig. 3). Our library covers three order of magnitude of gene expression (This is
the same library that is described in U.S. Patent Publication No. 2013-0005590. Here, it is characterized
for behavior in Klebsiella oxytoca). We then randomly selected mutants from the library of T7

promoters to generate two additional strains with rationally altered levels of nifE and nifiv
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expression. The strength of T7 promoters used in these three strains defined our initial
simplex. We evaluated nitrogen fixation for each strain in the simplex (strain 1: 20%, strain
2: 9%, strain 3: 12%) and used the algorithm to calculate Reflection coordinates (Fig. 4). To
construct the strain that matched the Reflection coordinates, we chose promoters from our
library nearest to the coordinates in strength. We evaluated nitrogen fixation in this

Reflection strain and found that it significantly outperformed (52%) our initial strains (Fig.

3).

[0166] Our improved strain had surprising results and surpassed expectations, and
performed sufficiently for downstream applications. To reach higher levels of gene
expression, stronger promoters can be engineered and used in the methods of the invention.
Alternatively, complimentary changes to multiple regulatory elements, e.g., the promoter and
ribosome binding site for a given gene, can be used to achieve desired expression levels. This
involves describing the strengths of each type of element in common units of expression.
This example demonstrates that new strains can be engineered by modifying regulatory
elements to attain the desired levels of gene expression. The example also illustrates the use
of numerical optimization methods, such as, but not limited to the Nelder-Mead method, to
guide selection of regulatory elements in order to alter gene expression and to improve

desired system properties.

Example 2: Refactoring Nitrogen Fixation

[0167]) This example demonstrates the method of refactoring the nitrogen fixation gene
cluster, The method includes steps that comprise:: 1) removing host regulation and
implement synthetic, orthogonal regulation; 2) tracking the contribution of each regulatory
part to gene cluster function; 3) promoting modularity and integration with synthetic circuits;
and 4) creating a platform amenable to rational optimization. In certain embodiments, the
method of refactoring nitrogen fixation comprises reducing cluster to characteristic genes and

assembling synthetic cluster.

[0168] The nif gene cluster from Klebsiella oxytoca has been one of the primary models for
study of the nitrogenase enzyme (Fig. 7; see, Rubio and Ludden, Maturation of Nitrogenase:
a Biochemical Puzzle, J. Bacteriology, 2005). It is a concise gene cluster, encompassing 20
genes in 7 operons within 25kb of DNA. The nitrogenase enzyme is composed of two major
units, Component I and Component I, that interact to facilitate the reduction of multiply
bonded gases like N;. Within the enzyme complex, multiple Fe-S clusters are responsible for

active site chemistry and electron transfer to the active site. The majority of the genes in the
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.

gene cluster are involved in Fe-S cluster biosynthesis, chaperoning and insertion into the final

enzyme complex.

[0169] Nearly every nif gene produces a protein with a function known to be essential to
nitrogenase assembly or function (see, Simon, Homer and Roberts, Perturbation of nif T
expression in Klebsiella pneumoniae has limited effect on nitrogen fixation, J. Bacteriology,
1996 and Gosink, Franklin and Roberts, The product of the Klebsiella pneumoniae nifX gene
is a negative regulator of the nitrogen fixation (nif) regulon, J Bacteriology, 1990). Two
genes, nifL and nif4, encode the master regulatory proteins. The nifT gene has no known
function, and eliminating it has little effect on nitrogen fixation. Additionally, while
elimination of nifX has minor effect on nitrogen fixation, its overexpression detrimentally
reduces enzyme activity. For these reasons, we chose to eliminate »nifL, nifA4, nifT and nifX

from our refactored gene cluster.

[0170] We designed synthetic genes by codon randomizing the DNA encoding each amino
acid sequence. Protein coding sequences were based on the sequence deposited in the NCBI
database (X13303; see, Arnold et al., Nucleotide sequence of a 24,206-base-pair DNA
fragment carrying the entire nitrogen fixation gene cluster of Klebsiella pneumonia. IMB,
1988). Codon selection was performed by DNA2.0 using an internal algorithm and two
guiding criteria. We specified that our genes express reasonably well in both E. coli and
Klebsiella. Also, we specified that our codon usage be as divergent as possible from the
codon usage in the native gene. While designing synthetic genes, we scanned each proposed
sequence for a list of undesired features and rejected any in which a feature was found. The
feature list includes restriction enzyme recognition sites, transposon recognition sites,
repetitive sequences, sigma 54 and sigma 70 promoters, cryptic ribosome binding sites, and
rho independent terminators. Fig. 18 shows DNA sequences for native genes and synthetic

genes, as well as the percent common nucleotide and codon identities between each pair.

[0171] Synthetic ribosome binding sites were chosen to match the strength of each
corresponding native ribosome binding site. To characterize the strength of a given native
ribosome binding site, we constructed a fluorescent reporter plasmid in which the 150bp
surrounding a gene’s start codon (from -60 to +90) were fused to the mRFP gene (Fig. 8).
The chimera was expressed under control of the Ptac promoter, and fluorescence was
measured via flow cytometry (Fig. 9). To generate synthetic ribosome binding sites, we
constructed a library of reporter plasmids using 150bp (-60 to +90) of a synthetic expression
cassette, Briefly, a synthetic expression cassette consisted of a random DNA spacer, a

degenerate sequence encoding an RBS library, and the coding sequence for each synthetic
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gene. We screened multiple clones to identify the synthetic ribosome binding site that best

matched the native riboseme binding site (Fig. 10). :

[0172] We constructed synthetic operons that consisted of the same genes as the native
operons. This strategy enabled us to knock out a native operon from Klebsiella and

complement the deletion using the synthetic counterpart,

[0173] Each synthetic operon consisted of a Ptac promoter followed by synthetic gene
expression cassettes (random DNA spacer, synthetic rbs, synthetic coding sequence) and a
transcription terminator. The random DNA spacer serves to insulate the expression of each
synthetic coding sequence from preceding cassettes. Each synthetic operon was scanned to
remove unintended regulatory sequences (similar to the process used during synthetic gene

design and synthesis).

[0174] In two cases, we encountered synthetic operons that showed no functional
complementation in the corresponding knockout strain (nif HDKTY and nifUSVWZM). To
debug the synthetic operons, we broke the operon into constituent gene expression cassettes.
We then constructed chimeric operons, wherein some cassettes had synthetic components and
other cassettes were native genes and their ribosome binding sites (Fig. 11). This strategy
enabled us to test each chimeric operon for functional complementation and quickly identify
the problematic synthetic expression cassettes. With further analysis of problematic
expression cassettes, we were able to diagnose and correct errors in the fully synthetic

operons. Fig. 12 illustrates a list of errors in the two operons.

[0175] Each synthetic operon was initially designed to be controlled by a Ptac inducible
promoter. By titrating [PTG concentration, we could precisely specify promoter strength and
corresponding synthetic dperon expression. This enabled us to vary expression level to
identify optimal operon function. We found that each synthetic operon required different

levels of TPTG concentration for optimal function (Fig. 13).

[0176] We utilized the T7 Wires system to decouple the Ptac promoter from each synthetic
operon. By inserting the wire between the promoter and transcriptional unit, we achieved
two significant milestones. First, we gained the ability to modulate the transcriptional signal
through the use of various mutant T7 promoters. This allowed us to shift optimal operon
function to a single inducer concentration by selecting corresponding mutant T7 promoters.
Second, we modularized control of the synthetic operon (Fig. 14). That is, any genetic circuit
can control the synthetic operon provided that it can produce the necessary T7 RNAP

concentration to drive each wire.
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[0177] We adopted a hierarchical approach to assembling individual operons into a fully
synthetic cluster. First, we assembled three operons into half clusters (nifJ-nifHDKY-nifEN
and nifUSVWZM-nifF-nifBQ) and demonstrated the ability of each synthetic half cluster to
complement function in a corresponding knockout strain. Next, we combined the two half
clusters into a full synthetic cluster and demonstrated nitrogen fixation in a complete nif’

knockout strain (Fig. 15).

{0178] We have shown that the use of T7 Wires produces a modular synthetic gene cluster.
We have demonstrated that the use of either controller #1 or controller #2 produces the same
functional performance from the synthetic cluster (Fig. 16). In controller #1, T7 RNAP is
under control of the Ptac promoter. In controller #2, T7 RNAP is under control of the Ptet

promoter.

[0179] Tig. 17 shows aschematic of the full biological cluster, with cach part detailed. Fig.
19 shows the parts list of the synthetic controllers. Fig. 20 shows names, sequences and

strengths of each component of the full cluster.

[0180]) We have further demonstrated that complex genetic circuits can be used to produce
functional performance of the synthetic gene cluster. We constructed a genetic circuit
encoding the logic “A and not B” and used this circuit to control T7 RNAP. In this circuit,
the “A and not B” logic corresponds to the presence or absence of the inducers, IPTG and
aTc, such that the cell computes “IPTG and not aT¢.” The circuit was constructed by
modifying controller #1 to include the clrepressor binding sites OR1 and OR2 in the Ptac
promoter to produce controller #3. Additionally, plasmid pNOR1020 (see, e.g., Tamsir and
Voigt Nature 469:212-215 (2011)) encodes the repressor ¢l under control of the Ptet

- promoter. When pNOR1020 and controller #3 are co-transformed, they produce the logic

circuit “IPTG and not aTc¢.”

Ptac controller #1 promoter sequence:
tattctgaaatgagctgttgacaattaatcatcggetegtataatgtgtggaattgtgagcggataacaatt

Controller #3 promoter sequence:
tattaacaccgtgegtgttgacagctatacctctggeggttataatgetageggaattgtgageggataacaatt

Input Expected Logic Synthetic Nitrogen Fixation
Qutput ~ Performance (% WT)
No inducer ' 0 <0.5%
I mM IPTG 1 9%
50 ng/ml aTc 0 <0.5%
1 mM IPTG and 50 ng/m] aTc 0 <0.5%
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[0181] In this experiment, we also included controller #1 as a performance reference.
Under inducing conditions (1mM IPTG), controller #1 exhibits 12% of WT fixation.

Example 3: Refactoring the Bacterial type I1I secretion system (T3SS)

[0182] This example illustrates the use of the method described herein to completely
refactor the Bacterial type 111 secretion system (T3SS). This example also illustrates that the
refactored synthetic operons of T3 SS are controllable and function independently of all native

control and regulation.

[0183] Bacterial type 11l secretion systems (T388) are valuable because, unlike
conventionally used Sec and Tat pathways, they translocate polypeptides through both inner
and outer membranes. This enables the delivery of protein directly to culture media, which
can be one of the critical requirements in engineered bacterial technology. For example,
toxic proteins can be removed from the cytoplasm without being allowed in the periplasm
and functional enzymes (e.g., cellulases) which need to work outside the cell, can be

delivered directly into the media.

[0184] However, the difficulty with utilizing T3SS in engineered bacterial systems is
twofold, T388 generally exist in pathogenic bacteria which utilize these mechanisms for
invasion of host cells. Thus, T3SS are very tightly regulated in the cell and are difficult to
control independently. Because of this, we choée to use methods of the present invention to

completely refactor T38S and test the function of the refactored operons in knockout cells.

[0185] The term “refactoring” refers to a process that involves optimization of multiple
genes, regulation of a gene cluster, and establishment of the genetic context for a bio}ogical
circuit. Refactoring complex gene clusters and engineering biological pathways requires
numerous iterations between design, construction and evaluation in order to improve a
desired system property. Briefly, refactoring includes breaking down a biological system into
its component parts and rebuilding it synthetically. It also involves removing all native
control and regulation of the biological system in order to replace it with a mechanism that

provides independent control.

[0186] This example illustrates a method of recoding 18 genes of the bacterial type 111
secretion systems. The term “recoding” refers to a method of removing or replacing
sequence of a gene in order to reduce or eliminate any native regulation elements, while also

preserving the protein sequence encoded by the gene. The genes of the type 11l secretion
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system were recoded using an algorithm provided by DNA2.0 (Menlo Park, CA) in which individual
codons of each gene are re-selected such that the gene encodes the same protein, but with maximum

dissimilarity with the native sequence.

[0187] The 18 genes are arranged in two bacterial operons. Each gene is a recoded version of a native
gene from Salmonella Typhimurium. Each gene is coupled to a synthetic ribosome binding site (RBS)
sequence that sets an appropriate expression level for each individual gene. Details of the synthetic
RBS selection are described below. The operons can be induced with any desired promoter. In this
example, simple inducible promoters are used. The recoded T3SS operons can be attached to any

genetic control circuit as needed.

[0188]  To select a synthetic RBS sequence that best matches the native expression level of each of
the 18 genes of the bacterial type 111 secretion systems, we measured the expression of each gene in the
natural system. We cloned the 36-base region upstream on the start codon, along with the 36-bases of
coding region fused to an RFP (Red Fluorescent Protein). This was cloned into a plasmid with a

constitutive promoter.

[0189]  This construct was transformed into Salmonella Typhimerium SL1344 and grown overnight at
37 °C in PI1-1 inducing media (LB with 17g/L. NaCl). The culture was subcultured into fresh inducing
media to an ODygp of 0.025, grown for 2 hours at 37 °C until cells reached log-phase. Fluorescence was
measured on a cytometer. The geometric mean of RFP fluorescence across at least 10,000 cells was

used as the measure of protein expression.

[0198]  To find ribosomal binding sequences to test, we utilized the Ribosome Binding Site
Calculator, identified known RBS sequences from the Registry of Standard Biological Parts and
generated a series of randomized sequences. The randomized sequences comprise the following
formats: CTTGGGCACGCGTCCATTAANNAGGANNAATTAAGC,
TGGGCACGCGTCCATTAANNAGGANNAATTATTAGC,
TACTTGGGCACGCGTCCATTAANNAGGANNAATAGC,
CTTGGGCACGCGTCCATTAANAAGGAGNAATTAAGC,
CTTGGGCACGCGTCCATTANTAAGGAGGNATTAAGC,

[0191]  AllRBS sequences were cloned into the RBS test vector (Fig. 21) along with the first 36
bases of the synthetic gene they were generated to drive. We followed the same experimental procedure
used to measure the expression of each gene in the natural system. Of the randomized RBS, 12 - 48

colonies of each randomized sequence was tested. The
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synthetic construct that best matched the native expression level was selected and sequenced.

This sequence was then used in the construction of the refactored operons.

[0192] Two operons were assembled. The first, “prg-org” contains 6 genes, and the second
“inv-spa” contains 13 genes. These genes are allocated to each operon in the same manner as
in the wild-type system. However, the arder of genes in each operon is arranged on the basis
of measured expression level from strongest to weakest. Operons were assembled by placing
the selected synthetic RBS in front of its corresponding synthetic gene sequence. Restriction
enzyme binding sites were added between genes or pairs of genes in order to facilitate future
manipulation, The entire sequence was synthesized by DNA2.0. The synthetic operon was
cloned into a low-copy test vector and placed under the control of an inducible promoter
(e.g., pTac or pBad — IPTG or Arabinose induction). A reporter plasmid was created
containing a native Salmonella secretable effector protein which was fused to a FLAG
epitope tag for identification. This reporter was placed under a strong constitutive promoter.

Fig. 22B shows a schematic of the prg-org operon test vector and a reporter plasmid.

[0193] We also generated two operon knockout (prg-org and inv-spa) Salmonella SL1344
cell lines using the method described in Datsenko, Wanner, Proc. Natl. Acad. U.S.A., 2000.

Fig. 22A shows a schematic of Aprg-org Salmonella SL1344 knock-out‘strain. The inv-spa
and prg-org operons are boxed. Fig. 23A shows that the Aprg-org knock-out strain does not

express the prg-org operon.

[0194] The test plasmid (or the control plasmid) and the reporter plasmid were transformed
into the appropriate knockout strain. The strains were grown from colony overnight in low-
salt media (LB with 5g/L NaCl) at 37 °C. The cultures were subcultured to an ODagp of 0.025
in fresh low-salt media and grown for 2 hours. The cultures were diluted 1:10 into high-salt,
inducting media (LB with 17g/L of NaCl) in 50mL unbaffled flasks and grown for 6-8 hours.
1mL of each culture was spun down at 3000xg for 5 minutes, then the supernatant filtered
through a 0.2uM filter. This culture was then run on an SDS-PAGE gel and a western blot
performed with an anti-FLAG antibody.

[0195] Fig. 23B shows that the synthetic refactored prg-org operon in Salmonella Aprg-org
cells can be controlled by the addition of IPTG. The level of expression is comparable to that

generated from the natural PprgH promoter.

Example 4: Refactoring Nitrogen Fixation Gene Cluster from Kiebsiella oxytoca
[0196] Bacterial genes associated with a single trait are often grouped in a contiguous unit

of the genome known as a gene cluster. It is difficult to genetically manipulate many gene
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clusters due to complex, redundant, and integrated host regulation. We have developed a
systematic approach to completely specify the genetics of a gene cluster by rebuilding it from
the bottom-up using only synthetic, well-characterized parts. This process removes all native
regulation, including that which is undiscovered. First, all non-coding DNA, regulatory
proteins, and non-essential genes are removed. The codons of essential genes are changed to
create a DNA sequence as divergent as possible from the wild-type gene. Recoded genes are
computationally scanned to eliminate internal regulatioh. They are organized into operons
and placed under the control of synthetic parts (promoters, ribosome binding sites, and
terminators) that are functionally separated by insulator parts. Finally, a controller consisting
of genetic sensors and circuits regulates the conditions and dynamics of gene expression. We
applied this approach to an agriculturally relevant gene cluster from Klebsiella oxytoca
encoding the nitrogen fixation pathway for converting atmospheric N, to ammonia. The
native gene cluster consists of 20 genes in 7 operons and is encoded in 23.5kb of DNA. We
constructed a refactored gene cluster that shares little DNA sequence identity with wild-type
and for which the function of every genetic part is defined. This work demonstrates the
potential for synthetic Biology tools to rewrite the genetics encoding complex biological

functions to facilitate access, engineering, and transferability.

INTRODUCTION

[0197] Many functions of interest for biotechnology are encoded in gene clusters, including
metabolic pathways, nanomachines, nutrient scavenging mechanisms, and energy generators
(1). Clusters typically contain internal regulation that is embedded in the global regulatory
network of the organism. Promoters and 5°-UTRs are complex and integrate many regulatory
inputs (2, 3). Regulation is highly redundant; for example, containing embedded feedforward
and feedback loops (4). Regulation can also be internal to genes, including promoters, pause
sites, and small RNAs (5, 6). Further, genes often physically overlap and regions of DNA
can have multiple functions (7). The redundancy and extent of this regulation makes it
difficult to manipulate a gene cluster to break its control by native environmental stimuli,
optimize its function, or transfer it between organisms. As a consequence, many clusters are

cryptic, meaning that laboratory conditions cannot be identified in which they are active (8).

[0198] Gene clusters have been controlled from the top-down by manipulating the native

regulation or adding synthetic regulation in an otherwise wild-type background (9). For
example, either knocking out a repressor or overexpressing an activator has turned on clusters

encoding biosynthetic pathways (10-14). When the cluster is a single operon, it has been
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shown that a promoter can be inserted upstream to induce expression (15). The entire
echinomycin biosynthetic cluster was transferred into E. coli by placing each native gene

under the control of a synthetic bromoter (16).

[0199] In engineering, one approach to reduce the complexity of a system is to “refactor”
it, a term borrowed from software development where the code underlying a program is
rewritten to achieve some goal (e.g., stability) without changing functionality (17). This term
was first applied to genetics to describe the top-down simplification of a phage genome by
redesigning known genetic elements to be individually changeable by standard restriction
digest (18). Here, we use it to refer to a comprehensive bottom-up process to systematically
eliminate the native regulation of a gene cluster and replace it with synthetic genetic parts and
circuits (Fig. 26). The end product is a version of the gene cluster whose DNA sequence has
been rewritten, but it encodes the same function. The design process occurs on the computer,
and then the resulting DNA sequence is constructed using DNA synthesis (19). The first step
of the process is to remove all non-coding DNA, and regulatory genes. Next, each essential
gene is recoded by selecting codons thal produce a DNA sequence Lhat is as distant as
possible from the wild-type sequence. The intent is to introduce mutations throughout the
gene to eliminate internal regulation (including that which is undiscovered), such as
operators, promoters, mRNA secondary structure, pause sites, methylation sites, and codon
regulation. Recoded sequences are further scanned by computational methods to identify
putative functional sequences, which are then removed, The recoded genes are organized
into artificial operons and the expression levels are controlled by synthetic ribosome binding
sites (RBSs), and insulator sequences physically separate the genes. The end resultis a
refactored gene cluster whose native regulation has been removed and has been organized

into a set of discrete, well-characterized genetic parts.

[0200] Once the native regulation has been removed, synthetic regulation can be added
back to control the dynamics and conditions under which the cluster is expressed.
Constructing such regulation has been a major thrust of synthetic biology and involves the
design of genetic sensors and circuits and understanding how to connect them to form
programs (20). In our design, we genetically separate the sensing/circuitry from the
refactored pathway by carrying them on different low copy plasmids (Fig. 26). The plasmid
containing the sensors and circuits is referred to as the “controller” and the output of the
circuits lcad to the expression of an engineered T7 polymerase (T7*). The refactored cluster

is under the control of T7 promoters. One advantage of this organization is that T7
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polymerase is orthogonal to native franscription and the T7 promoters are tightly off in the
absence of the controller. In addition, changing the regulation is simplified to swapping the
controller for one that contains different sensors and circuits, so long as the dynamic range of
T7* is fixed.

[0201] As a demonstration, we have applied this process to refactor the gene cluster
encoding nitrogen fixation in Klebsiella oxytoca (21). Nitrogen fixation is the conversion of
atmospheric N3 to ammonia (NH3), ‘so that it can enter metabolism (22). Industrial nitrogen
fixation through the Haber-Bosch process is used to produce fertilizer. Many
microorganisms fix nitrogen and the necessary genes typically occur together in a gene
cluster, including the nitrogenase subunits, the metallocluster biosynthetic enzymes and
chaperones, e- transport, and regulators (Fig. 27A) (23, 24).‘ The gene cluster from K
oxytoca has been a model system for studying nitrogen fixation and consists of 20 genes
encoded in 23.5kb of DNA (Fig. 26, top) (25). The biosynthesis of nitrogenase is tightly
regulated by a two-layer transcriptional cascade in response to fixed nitrogen, oxygen, and
temperature (26). The complete clgster has been transferred to E. coli, thus demonstrating
that it has all of the genes necessary for nitrogen fixation (27). The encoding of this function
is complex, many of the genes overlap, the operons are oriented in opposite directions, and
there are many putative hidden regulatory elements, including internal promoters and hairpins
(25). The purpose of refactoring is to reorganize the cluster, simplify its regulation, and

assign a concrete function to each genetic part.

RESULTS

Tolerance of the Native Gene Cluster to Changes in Expression

[0202] Prior to refactoring a cluster, a robustness analysis is performed to determine the
tolerances of a gene or set of genes to changes in expression level (Fig.27B). This informs
the grouping of genes into operons and the selection of synthetic parts to obtain desired
expression levels. In the wild-type background, genes are knocked out and complemented .
under inducible control. The tolerance is obtained by measuring nitrogenase activity as a

function of the activity of the inducible promoter.

[0203] Nitrogenase function is notably sensitive to expression changes and each tolerance
has a clear optimum (Fig, 27B). The chaperone NifY is required to achieve full activity and
broadens the tolerance to changes in expression level. NifT did not have an effect on activity,

as observed previously (28), and it it is frequently absent from homologous clusters (29).
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The genes controlling electron transport (nifJ and nifF) need to be expressed at low levels,
and activity falls rapidly as expression increases. The optima for genes participating in the
metal cluster biosynthetic pathways vary. The nifUSVWZM operon, which encodes proteins
for early Fe-S cluster formation and proteins for component maturation, needs to be '
expressed at low levels, whereas nifBQ, encoding proteins for FeMo-co core synthesis and
molybdenum integration, need to be expressed 10-fold higher. NifEN is tolerant to varied
expression levels. However, activity is lost with the inclusion of »nifX, which has been
characterized as a negative regulator (30). The native cluster also includes the regulatory
proteins NifL and NifA, which integrate environmental signals (26). The genes nifT, nifX,

and nifLA are not included in the refactored cluster.

The Complete Refactored Gene Cluster

[0204] The nitrogenase activities of the refactored operons were measured as a function of
the IPTG-inducible Py promoter (Fig. 28A). Each operon has a different optimum. To
combine the operons, the Py, promoters were replaced with T7 promoters that have a stréngth
close to the measured optimum (Fig. 28B and Materials and Methods section). The
nitrogenase genes (nifHDK) are highly expressed in Klebsiella under fixing conditions (up to
10% of cell protein) (31), so the strongest promoter was used to control this operon (T7.WT,
0.38 REU) (32). A long operon was built to include the nifEN and nifJ genes, where the
lower expression required for nifJ was achieved through transcriptional attenuation. The nifF
gene was encoded separately under the control of a medium strength promoter (T7.3, 0.045
REU). Finally, the nifUSVWZM and rifBQ operons were controlled by weak promoters
(T7.2, 0.019 REU). Each of the individual refactored operons .under the control of a T7
promoter was able to recover the activity observed from the Py, promoter and corresponding

optimal IPTG concentration (Fig. 28C),

[0205] Transitioning the control to T7* and T7 promoters facilitates the aésembly of the
complete cluster from refactored operons. We first assembled half-clusters using Gibson
Assembly (33) and verified their function in strains with the corresponding genes deleted.
The first half-cluster consiﬁ‘;ted of the nifHDKYENJ operon. The second half-cluster was
assembled from the nifBQ, nifF, and nifUSVWZM operons. The half-clusters were able to
recover 18% =+ 0.7% and 26% = 8.4% of wild-type activity, respectively. The full synthetic
cluster was assembled from both half-clusters (Fig. 29), and its activily measured in a strain

where the full cluster is deleted. The synthetic gene cluster recovers nitrogenase activity at
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7.4% =+ 2.4% of the wild-type (Fig. 30A). Strains carrying the synthetic gene cluster utilized
ambient N; as a nitrogen source, growing 3.5-fold slower than the wild-type strain (Fig. 37)
and incorporating '*N-labelled nitrogen into 24% =+ 1.4% of their cellular nitrogen content, as

measured by isotope ratio mass spectronomy (IRMS) (Fig. 30B).

{0206] The complete refactored cluster consists of 89 genetic parts, including a controller,
and the function of each part is defined and characterized. Therefore, the genetics of the
refactored system are complete and defined by the schematic in Fig. 29. However, the
process of simplification and modularization reduces activity (18). This is an expected

outcome of refactoring a highly evolved system.

- Swapping Controllers to Change Regulation

[0207] The separation of the controller and the refactored cluster simplifies changing the
regulation of the system. This can be achieved by transforming.a different controller
plasmid, as long as the dynamic range of the T7* RNAP expression is preserved. To
demonstrate this, we constructed two additional controllers (Fig. 30A). Controller #2
changes the chemical that induces the system by placing the expression of T7* RNAP under
the control of the aTc-inducible Py, promoter. When induced, Controller #2 produces
nitrogenase activity identical to Controller #1 (7.2% % 1.7%). The controller can also serve
as a platform to encode genetic circuits to control regulatory dynamics or to integrate
multiple sensors. To this end, Controller #3 contains two inducible systems (IPTG and aTc)
and an ANDN gate (34, 35). In the presence of IPTG and the absence of aTc, nitrogen
ﬁxatipn i5 6.6% * 1.7% of wild-type activity. These controllers represent the simplicity by

which the regulation of the refactored cluster can be changed.

[0208] In addition to making it possible to add new regulation, the process of refactoring
eliminates the native regulation of the cluster. This is demonstrated through the decoupling
of nitrbgenase activity from the environmental signals that normally regulate its activity. For
example, ammonia is a negative regulator that limits overproduction of fixed nitrogen (26).
In the presence of 17.5 mM ammonia, no nitrogenase activity is observed for the wild-type
cluster (Fig. 30C). In contrast, the refactored gene cluster maintains activity in the presence
of ammonia (1.1% + 0.5%). Interestingly, this 7-fold reduction of activity is not due to
residual regulation present in the system. Rather, it occurs because the addition of ammonia

to the media reduces the output of the controller by 4.5-fold (Fig. 30C). In theory, this could
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be fixed by increasing the expression level of T7* RNAP, but it speaks to the need to create

genetic circuits that are robust to environmental context.

DISCUSSION

[0209] The objective of refactoring is to facilitate the forward engineering of multi-gene
systems encoded by complex genetics. Native gene clusters are the product of evolutionary
processes; thus, they exhibit high redundancy, efficiency of information coding, and layers of
regulation that rely on different biochemical mechanisms (36-38). These characteristics
'inhibit the quantitative alteration of function by part substitution, because the effect can
become embedded in a web of interactions. Here, modularizing the cluster, physically
separating and insulating the parts, and simplifying its regulation have guided the selection
and analysis of part substitutions. The information gleaned from screening the permutations

in a refactored system can be cleanly fed back into the design cycle.

[0210] The refactored cluster can also serve as a platform for addressing questions in basic
biology. First, it allows for the impact of regulatory interactions to be quantified in isolation.
For example, in the natural system, one feedback loop could be embedded in many other
regulatory loops. Systematically removing such regulation provides a clean reference system
(potentiafly less active and robust than wild-type) from which improvements can be
quantified as a result of adding back regulation. It also serves as a basis for comparison of
radically different regulatory progiams or organizational principles; for example, to
determine the importance of temporal control of gene expressioﬁ (4, 39) or the need for genes
to be encoded with a particular operon structure (40, 41). Second, the process of
reconstruction and debugging is a discovery mechanism that is likely to reveal novel genetics
and regulatory modes. In this work, the improvement from 0% to 7% revealed only minor
changes: misannotations in genes and improper expression levels. However, the debugging

process itself is blind to the mechanism — it simply identifies problematic regions of DNA,

[0211] One of the immediate applications of refactoring is in the access of gene clusters
from genomic sequence information. This could be necessary either because the cluster is
silent, meaning that it that cannot be activated in the laboratory, or because the desired cluster
is from a metagenomic sample or information database and the physical DNA is unavailable
(42). There are have been many elegant methods to activate a gene cluster, including the
placement of inducible promoters upstream of the natural operons and the division of the
cluster into individual cistrons, which can then be reassembled (43). With advances in DNA
synthesis technology, it is possible to construct entire gene clusters with complete control

over the identity of every nucleotide in the design. This capability eliminates the reliance on
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the natural physical DNA for construction and enables the simultaneous redesign of
components in the complete system. Fully harnessing this technology will require the
marriage of computational methods to select parts and scan designs, characterized part

libaries, and methods to reduce their context dependence.

MATERIAL AND METHODS

Strains and Media

[0212] E. coli strain S17-1 was used for construction and propagation of all plasmids used
in Klebsiella oxytoca knockout mutant construction. K. oxyfoca strain M5al (Paul Ludden,
UC Berkeley) and mutants derived from MSz.:\l were used for nitrogen fixation experiments.
Luria-Bertani (LB)-Lennox was used for strain propagation. All assays were carried out in
minimal medium containing (per liter) 25g of Na,HPOq4, 3g of KH>PO4, 0.25g of
MgS04°7H20, 1g of NaCl, 0.1g of CaCly*2H;0, 2.9mg of FeCls, 0.25mg of
Na;Mo00O422H,0, and 20g of sucrose. Growth media is defined as minimal media
supplemented with 6ml (per liter) of 22% NH4Ac. Derepression media is defined as minimal
media supplemented with 1.5ml (per liter) of 10% serine. The antibiotics used were 34.4pg

ml" Cm, 100ug ml”’ Spec, S0pg mI"' Kan, and/or 100ug ml’! Amp.
Codon Randomization

[0213] Initial gene sequences were proposed by DNAZ.0 to maximize Hamming distance
from the native sequence while seeking an optimal balance between K. oxytoca codon usage
and E. coli codon preferences experimentally determined by the company (44). Rare codons
(<5% occurrence in K. oxytoca) were avoided, and mRNA structure in the translation
initiation region was suppressed. Known sequence motifs, including restriction sites,
transposon recognition sites, Shine-Dalgarno sequences and transcriptional terminators, were

removed by the DNA2.0 algorithm,

Elimination of Undesired Regulation

[0214] ‘Each synthetic operon was scanned prior to DNA synthesis to identify and remove
undesired regulation. Multiple types of regulation were identified using publicly available
software. The RBS Calculator was used (Reverse Engineering, 168 RNA: ACCTCCTTA) to
identify ribosome binding sites throughout the proposed DNA sequence of the operon (45).
The Prokaryotic Promoter Prediction server was used to identify putative 670 promoter sites
(e-value cutoff of 5, sigma.hmm database) (46). The PromScan algorithm was used to

identify putative a54 promoter sites using default options (47). TransTermHP software was

54



10

15

20

25

30

CA 02838955 2013-12-10
WO 2012/174271 PCT/US2012/042502

used with default parameters to identify terminator sequences in both the forward and reverse
directions (48). RBSs greater than 50 AU and all identified promoters and terminators were

considered significant.

Nitrogenase Activity Assay

[0215] In vivo nitrogenase activity is determined by acetylene reduction as previously
described (49). For K oxytoca whole-cell nitrogenase activity assay, cells harboring the
appropriate plasmids were incubated in Sml of growth media (supplemented with antibiotics,
30°C, 250r.p.m.) in 50ml conical tubes for 14 hours. The cultures were diluted into 2ml
derepression media (supplemented with antibiotics and inducers) to a final ODggo 0f 0.5 in
14ml bottles, and bottles were sealed with rubber stoppers (Sigma Z564702). Headspace in
the bottles was repeatedly evacuated and flushed with N past a copper catalyst trap using a
vacuum manifold. Afier incubating the cultures for 5.5vhours at 30°C, 250r.p.m, headspace
was replaced by 1 atmosphere Ar. Acetylene was generated from CaC, using a Burris bottle,
and 1ml was injected into each bottle to start the reaction, Cultures were incubated for thour
at 30°C, 250 r.p.m before the assay was stopped by injection of 300u! of 4M NaOH solution
into each bottle. To quantify ethylene production, 50yl of culture headspace was withdrawn
through the rubber stopper with a gas tight syringe and manually injected into a HP 5890 gas
chromatograph. Nitrogenase activity is reported as a percentage of wild-type activity.
Briefly, ethylene production by strains was quantified by integrating area under the peak

using HP Chemstation software and dividing ethylene production of experimental strains by

the ethylene production of a wild type control included in each assay.

N,-dependent Growth and '*N; Incorporation Assay

[0216] Nitrogen fixation by synthetic nif cluster in K. oxytoca is further demonstrated by
Na-dependent growth and N, incorporation. Cells are diluted as described in the écetylene
reduction assay. The headspace of the bottles is replaced by normal N3 gas or by stable
isotope nitrogen, °N; (ISNvatom 99.9%, Icon Isotopes, Cat#: IN 5501). After incubating the
cultures for 36 hours at 30°C, 250r.p.m, N>-dependent growth of the cells is determined by
measuring optical density at 600 nm (ODGOO), To do the '*N; incorporation assay, the >N-
enriched cells with corresponding control cultures under normal nitrogen gas are collected by
centrifugation, the cell pellets are dried in a laboratory oven at 100°C for 12 hours. The dried
pellets are analysis for '*N/'*N ratio at the Center for Stable Isotope Biogeochemistry at the
University of California, Berkeley using the Finnigan MAT Delta plus Isotope Ratio Mass

Spectrometer.
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K. oxytoca Knockout Strains

[0217]  AM K. oxytoca mutants are constructed from M5al by allele exchange using suicide
plasmid pDS132 carrying the corresponding nif gene deletion (pDS132 was graciously
provided by the Paul Ludden lab at UC Berkeley as a gift from Dr. Dominique Schneider at
Université Joseph Fourier) (49). We made a slight modification to a previously published
protocol (50). Here, a kanamycin resistance cassette was cloned into the suicide plasmid
upstream of the left homologous exchange fragment. These operon deletions in nif gene
cluster span the promoter and the complete amino acid coding sequences except when
specifically designated. All mutants were verified by DNA sequencing of the PCR product
of the corresponding gene region to confirm physical DNA deletion and by whole-cell

acetylene reduction assay to confirm the lack of nitrogenase activity.

Promoter Characterization

[0218] As described in this example, the output of promoters is reported as relative
expression units (REU). This is simply a linear factor that is multiplied by the arbitrary units
measured by the flow cytometer. The objective of normalizing to REU is to standardize
measurements between labs and projects. The linear factor is 1.66x107 and the division by
this number back converts to the raw arbitrary units. This number was calculated to be a
proxy to the RPU (relative promoter units) reported by Kelly and co—wbrkers (51). Our
original standardized measurements were made prior to the Kelly paper and involved a
different reference promoter, fluorescent protein (mRFP), RBS, and plasmid backbone.
Because of these differences, one cannot calculate RPU as defined by Kelly, et al. Instead, a
series of plasmids was made (Fig. 33A) to estimate the relative expression of reporter protein
from experimental constructs compared the standard. construct in Kelly, et al. Conversion
factors between constructs were measured and multiplied to obtain the linear factor above.
We renamed the unit to REU (relative expression units) because it is intended to be a simple
normalization of fluorescent units (akin to a fluorescent bead) and not a direct measurement

of the activity of a promoter (e.g., the polymerase flux).

[0219] Cells were grown as in the Acetylene Reduction Assay with two modifications. The
initial flush of headspace with N2 was not performed, and the assay was halted after the 5.5
hour incubation. To halt the assay, 10pl of cells were transferred from each bottle to a 96-
well plate containing phosphate buffered saline supplemented with 2mg ml” kanamycin.
Fluorescence data was collected using a BD Biosciences LSRII flow cytometer. Data were

gated by forward and side scatter, and each data set consisted of at least 10,000 cells. FlowJo
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was used to calculate the geometric means of the fluorescence distributions. The
autofluorescence value of K. oxytoca cells harboring no plasmid was subtracted from these
values to give the values reported in this study. The strengths of T7 promoter mutants were
characterized by swapﬁing them in place of the Py, promoter in plasmid N149 (SBa_000516),
co-transforming with Controller #1 (plasmid N249), and measuring fluorescence via flow

cytometry under ImM IPTG induction,

[0220] To replace the Py, promoter by a T7 promoter in each synthetic operon, we
followed a simple process. First, we identified the IPTG concentration corresponding to the
maximal functional activity of each synthetic operon. Second, we translated this IPTG
concentration into REU based on characterization of the Py, promoter (Fig. 33B, left). Third,
we selected the T7 mutant promoter with the closest strength in REU. For the synthetic nifF
operon, we observed broad, robust fixation under the Py promoter. We found that T7 mut 3
produced inducible functional activity with a maximum at ImM IPTG induction of the T7
RNAP. For the synthetic »ifJ operon, our method suggests that we use a weak T7 mutant
promoter. However, we found that a WT T7 promoter produced inducible activity with a
maximum at ImM IPTG. We attribute this deviation 1o a change in RBS strength due to

contextual differences between Py, and the T7 promoter.

Debugging Synthetic Operons

[0221] Some of the initial designs for refactored operons showed little or no activity. When
this occurs, it is challenging to identify the problem because so many genetic changes have
been made simultaneously to the extent that there is almost no DNA identity with the wild-
type sequence. To rapidly identify the problem, a debugging method was developed that can
be generalized when refactoring different functions (Fig. 34A). Chimeric operons are created
by replacing a wild-type region of DNA with its synthetic counterpart. The function of each
chimera in this library is assessed to identify which region 'of synthetic DNA caused a loss of
activity. New chimeras are then be constructed with increasingly fine-resolution changes
between synthetic and wild-type DNA. This approach “zooms in” on the problematic region
of DNA, which can then be fixed. The most common problem is due to errors in the
'reference DNA sequence (Genbank, X13303.1) (52). Refactored genes were designed using
only the amino acid sequence information from the database; thus, they were sensitive to
sequencing errors leading to missense mutations that reduced or eliminated activity. Indeed,

18 such mutations were identified and confirmed by carefully resequencing the wild-type

- cluster (Fig. 35). Fifteen of the 18 mutations occurred in refactored operons that required
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debugging and were corrected (Fig. 34B). This demonstrates the challenge of reconstituting

biological functions using only database information and DNA synthesis (55).

[0222] Modifying synthetic RBS strength was also impor’tant to debugging. The function
of the synthetic nifUSVWZM operon was significantly improved by changing RBSs to match
a 1:1 ratio of NifU:NifS. The initial selection of RBSs led to an observed 10:1 ratio in their
respective RBS strengths. After debugging, nifU and nif5 RBS strength was better balanced
(1.25:1) and this improved activity. For one RBS, the measurement method proved to be
inaccurate. We found the measured strength of the wild-type nifQ RBS was extremely low
(ng. 27C), and the synthetic #ifBQ operon showed low activity when the synthetic nifQ RBS V
was matched to the measured strength. In contrast, the robustness‘analysis showed a
requirement for high expression level of the nifBQ operon (Fig. 27B). Thus, a strong
synthetic RBS near the strength of the nifB RBS was used and significantly improved nifBQ
operon activity. In one case, our initial recoded nifH gene did not express well using either
wild-type or synthetic regulation (Fig. 37). We designed a new synthetic gene, requiring that
it diverge in DNA sequence from both the native and first synthetic DNA sequences and

found that the new synthetic gene both expressed well and recovered activity.

Growth by Nitrogen Fixation

[0223] Cells capable of nitrogen fixation should exhibit measurable growth on media that
lacks nitrogen by utilizing atmospheric N; as a source of nitrogen. Conversely, cells

incapable of nitrogen fixation should not grow on nitrogen-free media.

[0224] In parallel to the N, incorporation assay, we monitoréd strain growth under
nitrogen-limited media conditions and 100% N, atmosphere (Methods, Na-dependent
Growth Assay). Cells were grown on derepression media as used in the Nitrogenase Activity
Assay. Depression media is not strictly nitrogen-free, containing 1.43 mM serine in order to

promote ribosomal RNA production and hasten nitrogenasé biosynthesis (54).

[0225] Strains containing Controller #1 and the refactored gene cluster grew nearly 30% as
much as wild-type strains. In contrast, minimal growth was observed in 4nif strains,
consistent with the limited nitrogen availabile from serine and cell lysis products (55). Fig.

37 illustrates cell growth supported by nitrogen fixation.

Western Blot Assay for Synthetic nifH Expression

[0226] The first synthetic nifHDK did not exhibit nitrogenase activity under induction
ranging from 0 to 1mM IPTG, and the nifH gene (synthetic nifH,) was identified as a
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problematic part using the debugging protocol shown in Fig. 34. However there was no mutation

found. Western blots were further used to confirm problematic synthetic nifH expression.

[0227] A western blot for NifH protein in Fig. 37 (left) showed that wild type nifH expressed
well with either synthetic nifD or nifK (construct N10, N12, N14), whereas synthetic njfH,, was not
expressed regardless of the context of nifDK (construct N1 and N19). A second synthetic niflf
(synthetic nifH,;) was used to replace synthetic nifF,;. The western blot in Fig, 37 (right) showed
the synthetic nifH,, (construct N38) expressed well.

[0228] Samples for westermn blots were prepared by boiling collected K. oxyfoca cells in SDS-
PAGE loading buffer and run on 12% SDS-Polyacrylamide gels (L.onza Biosciences). Proteins on
the gels were transferred to PYDF membranes (BioRad Cat#: 162-0177) using Trans-Blot SD
Semi-Dry Transfer Cell (BioRad Cat#:#170-3940). Blocking the membrane and Antibody binding
were performed using SNAP i.d. Protein Detection System (Millipore CatiWBAVDBA). The
membranes were blocked by TBST-1% BSA (TBS-Tween20™), The anti-NifH and anti-NifDK
antibodies (kindly provided by Paul Ludden Lab at UC-Berkeley) were used as the primary
antibodies. The anti-NifH antibody was a universal anti-NifH made against a mixture of purified
NifH proteins from Azotobacter vinelandii, Clostridium pasteurianum, Rhodospirillum rubrum, and
K. oxytoca. The anti-NifDK antibody was made against purified NifDX protein from Azotobacter
vinelandii. The anti-NifH and anti-NifDK antibodies were used at 1:500 and 1:2000 respectively.
The secondary antibody (Goat anti-Rabbit IgG-HRP, Sigam Cat#: A0545) was used at 1:10,000,
Development was done using an enhanced chemiluminescent substrate for HRP (Pierce Cat#:
32209) and captured on film (Kodak: Cat#:178-8207),

Construction of Plasmids and Parts

[0229] Plasmids were designed in silico. Synthetic parts (promoters, RBS, terminators and
insulators) were combined with the initial synthetic gene sequences proposed by DNA2.0 in ApE
(A Plasmid Editor) and GeneDesigner (56) to create synthetic operons. Synthetic operons were
computationally scanned to eliminate unintended regulation (Methods, “Elimination of Undesired
Regulation™), and parts containing such regulation were replaced. This reiterative process

continued until the synthetic operons included only desipned regulation.

[0230] Physical DNA was constructed using standard manipulation techniques. Assembly
methods followed published protocols and included BioBrick (57), Megawhop (58), Phusion
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Site-Directed Mutagenesis or Gibson Assembly methods (59). We found that Gibson
Assembly was the most efficient DNA assembly method, except when making small (<10bp)
changes in plasmids under 10kb in size. We noted assembly failures were infrequent, more
common in assemblies above 15kbp, and linked to the presence of homology within ~500bp
of part termini. In these cases, we observed annealing of unexpected parts to create non-

intended junctions.

[0231] Plasmid pIncW (pSa, SpR) was generated from pEXT21 (pSa, SpR) by deletion of
osa, nucl, the Tn21 integrase gene, and ORF18 (60). Plasmid pSB4C5 (pSC101, CmR) was
obtained from the Registry of Standard Biological parts and serves as the base vector for
wild-type complementation, RBS characterization, and synthetic operons (57). Plasmid N58
(pSC101, CmR) was generated by inserting the Py, cassette (SynBERC Registry,
SBa_000561) between the BioBrick prefix and BioBrick suffix of pSB4C3S. Plasmid N292
(SBa_000566) was. generated by inserting a terminator characterization cassette between the
BioBrick prefix and BrioBrick suffix of pSB4CS5. The cassette consists of the PT7 promoter,
RBS (SBa_000498), GFF, the wild-type T7 terminator, RBS D103 (SBa_000563) from Salis
et. al. (13), and mRFP (SBa_000484). Plasmid N149 (SBa_000516) was constructed by
inserting the Py, promoter cassette (SBa_000563), RBS D103 (SBa_000563) from Salis et.
al. (13), and mRFP (SBa_000484) between the BioBrick prefix and BioBrick suffix of
pSB4CS5. Plasmid N505 (SBa_000517) was constructed by i.nserting the Py, promoter
cassette (SBa_000562), RBS D103 (SBa_000563), and mRFP (SBa_000484) between the
BioBrick prefix and BioBrick suffix of pSB4C5. Plasmid N110 (SBa_000564) was
constructed by inserting a constitutive promoter (SBa_000565), a strong RBS (SBa_000475),
and mRFP (SBa_000484) between the BioBrick preﬁk and BioBrick suffix of pSB4C5.
Plasmid N573 (SBa_000559) was constructed by inserting the AmpR resistance marker in
pNOR1020 (14).

[0232] It has been shown that the multicopy expression of some nitrogen fixation genes can
eliminate nitrogenase maturation and function (i.e., multicopy inhibition) (63, 64). An
additional uncertainty is that the replacement of the native promoter with an inducible
promoter could disrupt their function. To examine these effects, we constructed plasmids to
complement the activities of the knockout strains (Fig. 31) and tested their activity vnder
inducible control. These plasmids are also the basis for the experiments to quantify the

robustness to changes in expression (Fig. 27).

[0233] Complementation plasmids were constructed by inserting the DNA encoding each

wild-type operon between the Ptac promoter and BioBrick suffix of plasmid N58 (pSC101,
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CmR). One exception was plasmid Nifl8 which was constructed by cloning the nifHDKTY
operon into the multi-cloning site of pEXT21 (60). Wild-type operon sequences were
defined by published transcription initiation sites (65).

[0234] Wild-type RBS characterization vectors were constructed by inserting the region
from -60bp to +90bp for each native gene and mRFP (SBa_000484) between the Ptac
cassette (SBa_000561) and the BioBrick suffix of plasmid N58 (pSC101, CmR). The native
gene sequence from +1bp to +90bp formed an in-frame fusion with mRFP. In cases where
the gene transcript does not extend to -60bp, a shorter cassette was cloned into N58. RBS

strength was characterized using the Promoter Characterization Assay described herein.

[0235] Synthetic RBSs of sufficient length to capture the full ribosome footprint (~35bp)
were generated with the RBS Calculator (61). The strength of each was measured using a
synthetic RBS characterization vector. Thesc vectors were constructed similar to the wild-
type RBS characterization vectors using -60bp to +90bp of the designed synthetic gene. This
region includes part of a buffer sequence, the synthetic RBS, and the region from +1bp to
+90bp of the synthetic gene. If the synthetic and wild-type RBSs differed by more than 3-
fold in expression, new RBS sequences were generated and screened. Insulator parts

consisting of ~50bp of random DNA precede each synthetic RBS (66).

[0236] Synthetic operons were cloned into the pSB4C5 (pSC101, CmR) backbone between
the BioBrick prefix and BioBrick suffix,

Synthetic Part Generation

[0237] T7 * RNA Polymerase: The T7 RNA polymerase was modified to be non-toxic to
both Klebsiclla and E. coli at high expression levels. The RNAP was expressed from a low-
copy origin (pSa) under control of a weak RBS (SBa_ 000507,
TATCCAAACCAGTAGCTCAATTGGAGTCGTCTAT) and N-terminal degradation tag
(SBa_000509,
TTGTTTATCAAGCCTGCGGATCTCCGCGAAATTGTGACTTTTCCGCTATTTAGCGA
TCTTGTTCAGTGTGGCTTTCCTTCACCGGCAGCAGATTACGTTGAACAGCGCATC
GATCTGGGTGGC). The start codon was changed from ATG to GTG, and the active site
contained a mutation (R63285).

[0238] T7 promoters: T7 promoters were generated from a random library. The T7
promoter seed sequence was TAATACGACTCACTANNNNNAGA. For the sequences of

individual promoters, see Fig. 38.
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[0239] T7 terminators: T7 terminators were generated from a random library and inserted
into the terminator characterization vector N292 (SBa_000566). The T7 terminator seed
sequence was TANNNAACCSSWWSSNSSSSTCWWWCGSSSSSSWWSSGTTT.
Terminator plasmids were co-transformed with plasmid N249 and characterized (Methods,
Fluorescence Characterization) under ImM IPTG induction of T7* RNAP. RFP expression
was measured for each terminator, and data are reported as the fold reduction in measured
fluorescence when compared to a derivative of N292 carrying no terminator. For the

sequences of individual terminators, see Fig. 38

[0240] Ribosome binding sites: The RBS Calculator was used to generate an RBS that
matched the measured strength of the wild-type RBS. In three cases, synthetic RBSs were
selected from existing parts (SBa_000475 for n‘iﬂ and nifQ, and SBa_000469 for nifH). In
cases where the strength of the initial synthetic RBS differed from the WT RBS by more than
3-fold (nifV, nifZ, and nifM), a library of synthetic RBS was constructed by replacing the
15bp upstream of the start codon with NNNAGGAGGNNNNNN, We screened mutants in
each library to identify synthetic RBSs within three fold of the WT RBS strength. Ribosome
binding site strength is reported in arbitrary fluorescence units measured using the

fluorescence characterization assay.

[0241] Insulator sequences (spacer sequences): Insulator sequences were generated using
the Random DNA Gencrator using a random GC content of 50% (66).

[0242] ANDN Logic: We constructed a genetic circuit encoding the logic A ANDN B and
used this circuit to control T7* RNAP in Controller #3. In this circuit, the A ANDN B logic
corresponds to the presence or absence of the inducers, IPTG and aTe¢, such that the cell
computes IPTG ANDN aTc, The circuit was constructed by modifying the Ptac promoter in
Controller #1 (SBa_000520) to include the cl repressor binding sites OR1 and OR2 to
produce plasmid N639 (SBa_000560). Additionally, plasmid pNOR1020 encodes tl‘1e
repressor ¢l under control of the Ptet promoter (62). We modified pNOR 1020 by changing
the resistance marker to confer ampicillin resistance to produce N573 (SBa_000559). When

N639 and N573 are co-transformed, they produce the logic circuit [PTG ANDN aTe.

Ptac (SBa_000512) sequence:
tattctgaaatgagctgttgacaattaatcatcggctegtataatgtgtggaatigtgage ggataacaatt

Ptac plus ORI and OR2 (SBa_000506) sequence:
tattaacaccgtgegtgttgacagctatacctctggeggttataatgetageggaatigtgagepggataacaatt
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[0243] Fig. 39 illustrates maps for key plasmids.

[0244] The nif gene cluster in K. oxytoca Ma5L was re-sequenced from PCR fragments.
The re-sequenced DNA sequence was compared to the reference sequence from Genbank,
X13303.1 (52). Sequence differences are listed in Fig. 35. The nucleotide locations are
numbered relative to X13303.1. Amino acid mutations to correct errors in the X13303.1

record are shown (Impact).
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[0245] It is understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of

this application and scope of the appended claims.
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What is Claimed is:

1. A method for replacing native regulation of a set of genes collectively associated
with a function with synthetic regulation, the method comprising

providing coding sequences for a set of polypeptides encoded by genes collectively
associated with a function;

changing codon identity within at least one coding sequence, thereby removing at least
one regulatory sequence within the coding sequence, wherein the removing comprises selecting
non-native codons having maximal distance from codons of the native coding sequence;

organizing the coding sequences into one or more synthetic operon(s);

operably linking one or more heterologous transcriptional regulatory sequence(s) to the
operon(s), thereby controlling the magnitude of gene expression from the operon(s); and

expressing the one or more synthetic operon(s) in a cell under the control of a

polypeptide that binds directly or indirectly to the heterologous transcriptional regulatory

sequence.
2. The method of claim 1, wherein the polypeptide is heterologous to the cell.
3. The method of claim 1 or 2, wherein the providing comprises obtaining

nucleotide sequences of the genes and eliminating non-coding sequences.

4. The method of claim 1, 2 or 3, wherein the set of genes is from a gene cluster.

5. The method of any one of claims 1 to 4, wherein the set of genes are from a
prokaryote.

6. The method of any one of claims 1 to 5, wherein the genes are from a native
operon.

7. The method of any one of claims 1 to 6, wherein the at least one regulatory

sequence is identified using computation.

8. The method of claim 7, wherein the computation comprises searches of coding
sequences for ribosome binding sites, terminators, promoters, or a combination thereof.

9. The method of any one of claims 1 to 8, wherein the removing the at least one
regulatory sequence comprises selecting non-native codons for optimal expression in a host

cell.
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10.  The method of any one of claims 1 to 9, further comprising identifying and
removing one or more of: transposon insertion sites, sites that promote recombination, sites for
cleavage by restriction endonucleases, and sites that are methylated.

11.  The method of any one of claims 1 to 10, wherein the organizing comprises
grouping coding sequences into operons based on similar native expression level.

12.  The method of any one of claims 1 to 10, wherein the organizing comprises
ordering coding sequences within operons such that the highest expressing gene based on
native expression occurs first and the lowest expressing gene based on native expression occurs
last.

13.  The method of any one of claims 1 to 12, wherein magnitude of expression of
coding sequences-corresponds to the ratio of proteins encoded by the coding sequences as
measured in the native system.

14.  The method of any one of claims 1 to 13, wherein magnitude of expression of
coding sequences is determined by computation.

15.  The method of claim 14, wherein the computation comprises a numerical
optimization algorithm.

16.  The method of claim 15, wherein the numerical optimization algorithm
comprises the Nelder-Mead algorithm, the Newton’s method, the quasi-Newton method, a
conjugate gradient method, an interior point method, a gradient descent, a subgradient method,
a ellipsoid method, the Frank-Wolfe method, an interpolation method and pattern search
methods, or an ant colony model.

17.  The method of any one of claims 1 to 16, wherein the heterologous
transcriptional regulatory sequence(s) comprise a T7 RNA polymerase promoter(s).

18.  The method of any one of claims 1 to 16, wherein heterologous transcriptional
regulatory sequence(s) comprise an inducible promoter.

19.  The method of any one of claims 1 to 18, further comprising operably linking a
heterologous ribosomal binding site (RBS) to each of one or more coding sequences in the
synthetic operon.

20.  The method of claim 19, wherein different RBSs are operably linked to different

coding sequences.
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21.  The method of claim 19 or 20, wherein the RBSs regulate translation of the
coding sequences to which they are linked in a ratio that is similar to the ratio of native
translation from the native operon.

22.  The method of any one of claims 1 to 21, further comprising operably linking
one or more heterologous transcriptional terminators to one or more coding sequences in the
synthetic operon.

23.  The method of claim 22, wherein the terminators are T7 RNA polymerase
terminators.

24.  The method of claim 22, wherein terminators for different synthetic operons are
different.

25.  The method of any one of claims 1 to 24, further comprising operably linking
one or more buffer sequences between two functional sequences in an operon wherein the
functional sequences are selected from the group consisting of a promoter, ribosome binding
site, coding sequence, and terminator.

26.  The method of claim 25, wherein the one or more buffer sequences are selected
from the group consisting of a random sequence, a UP-region of a promoter, an extended 5-
UTR sequence, and a RNAase cleavage site.

27.  The method of any one of claims 1 to 26, wherein the operons are expressed
from a plasmid.

28.  The method of claim 27, wherein the plasmid has a low copy origin of
replication.

29.  The method of any one of claims 1 to 28, wherein the polypeptide that binds
directly or indirectly to the heterologous transcriptional regulatory sequence is expressed from
a control expression cassette, the expression cassette comprising a control promoter operably
linked to a polynucleotide sequence encoding the polypeptide.

30.  The method of claim 29, wherein the expression cassette is contained in a
control plasmid separate from any plasmid containing the synthetic operons.

31.  The method of claim 29 or 30, wherein the control promoter is an inducible
promoter.

32.  The method of claim 29, 30 or 31, wherein the heterologous polypeptide
comprises an RNA polymerase (RNAP).
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33.  The method of claim 32, wherein the RNAP is T7 RNAP.

34.  The method of any one of claims 29 to 33, wherein the expression cassette is an
environmental sensor.

35. A polynucleotide comprising a synthetic operon, wherein the operon comprises
at least two coding sequences under the control of a heterologous transcriptional regulatory
sequence, wherein each coding sequence is operably linked to a heterologous ribosome binding
site (RBS), and wherein codons of one or more coding sequence have been selected for
maximal distance from codon usage of the corresponding coding sequence in a native operon
thereby removing at least one regulatory sequence within the coding sequence.

36.  The polynucleotide of claim 35, wherein the coding sequences are from the
same or different native operons and the heterologous RBSs regulate translation of the coding
sequences to which they are linked in a ratio that is similar to the ratio of native translation
from the native operon.

37.  The polynucleotide of claim 35 or 36, wherein the coding sequences are from
the same or different native operons and the coding sequences in the operon comprise one or
more altered codon compared to the native operon.

38.  The polynucleotide of claim 35, 36 or 37, wherein at least two coding sequences
encode different proteins encoded by the Klebsiella pneumonia nif gene cluster.

39.  The polynucleotide of claim 38, wherein the proteins are selected from the
group consisting of nif], nifH, nifD, nifK, nifY, nifE, nifN, nifU, nifS, nifV, nifW, nifZ, niM,
nifF, nifB, and nifQ.

40.  The polynucleotide of claim 38, wherein the operon comprises coding sequences
for Klebsiella pneumonia nifH, nifD, nifK, and nifY.

41.  The polynucleotide of claim 38, wherein the operon comprises coding sequences
for Klebsiella pneumonia nifE and nifN.

42.  The polynucleotide of claim 38, wherein the operon comprises coding sequences
for Klebsiella pneumonia nifU, nifS, nifV, nif W, nifZ, and nifM.

43.  The polynucleotide of claim 38, wherein the operon comprises coding sequences
for Klebsiella pneumonia nifB and nifQ.

44.  The polynucleotide of claim 35, 36 or 37, wherein at least two coding sequences

encode different proteins of the Salmonella Typhimurium Type III secretion system.

70

Date Recue/Date Received 2022-06-28



CA 2838955

45.  The polynucleotide of claim 44, wherein the proteins are selected from the
group consisting of PrgH, Prgl, Prgl, PrgK, OrgA, OrgB, InvA, InvC, InvE, InvF, InvG, Invl,
Inv], SpaO, SpaP, SpaQ, SpaR, and SpaS.

46.  The polynucleotide of claim 44, wherein the operon comprises coding sequences
for Salmonella Typhimurium PrgH, Prgl, PrgJ, PrgK, OrgA, and OrgB.

47.  The polynucleotide of claim 44, wherein the operon comprises coding sequences
for Salmonella Typhimurium InvA, InvC, InvE, InvF, InvG, Invl, Inv], SpaO, SpaP, SpaQ,
SpaR, and SpaS.

48.  Anisolated host cell comprising the polynucleotide of any one of claims 35
to 47.

49. A system comprising a set of two or more different synthetic operons as recited
in any one of claims 35 to 47, wherein the transcriptional regulatory sequence of each operon in
the set is controlled by a transcriptional activator or repressor polypeptide, and the
transcriptional regulatory sequence of each operon in the set is controlled by the same
transcriptional activator or repressor polypeptide(s).

50.  The system of claim 49, further comprising an expression cassette comprising a
promoter operably linked to a polynucleotide encoding the transcriptional activator or repressor
polypeptide(s).

51.  The system of claim 50, wherein the promoter of the expression cassette is an
inducible promoter.

52.  The system of claim 49, 50 or 51, wherein the polynucleotide in the expression
cassette encodes said transcriptional repressor polypeptide(s).

53.  The system of claim 49, 50 or 51, wherein the polynucleotide in the expression
cassette encodes said transcriptional activator polypeptide(s).

54.  The system of claim 53, wherein the transcriptional activator is an RNA
polymerase (RNAP).

55.  The system of claim 54, wherein the RNAP is T7 RNAP.

56.  The system of any one of claims 49 to 55, wherein the transcriptional regulatory
sequences of at least two of the operons are different.

57.  The system of claim 56, wherein the transcriptional regulatory sequence of the

at least two operons have different promoters that are differentially regulated by T7 RNA
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polymerase and wherein the different strength of the promoters correspond to the relative
strength of native promoters of the coding sequences.

58.  The system of any one of claims 49 to 57, wherein the coding sequences in the
operons are organized such that coding sequences having similar native expression are grouped
into the same operon.

59.  The system of any one of claims 49 to 58, wherein the system is expressed in a
cell.

60.  The system of claim 59, wherein the cell is from a different species than the
species from which said native operon is native.

61.  The system of claim 59, wherein the cell is from the same species from which
said native operon is native.

62.  The system of any one of claims 49 to 61, wherein the system encodes a
nitrogenase.

63.  The system of claim 62, the system comprising:

a first operon comprising coding sequences for Klebsiella pneumonia nifH, nifD, nifK,
and nifY;

a second operon comprising coding sequences for Klebsiella pneumonia nifE and nifN;

a third operon comprising coding sequences for Klebsiella pneumonia nifU, nifS, nifV,
nifW, nifZ, and nifM; and

a fourth operon comprising coding sequences for Klebsiella pneumonia nifB and nifQ.

64.  The system of claim 63, wherein the first, second, third, and fourth operons
comprise a T7 RNA polymerase (RNAP) promoter and the system further comprises an
expression cassette comprising a promoter operably linked to a polynucleotide encoding the
RNAP.

65.  The system of any one of claims 49 to 61, wherein the system encodes a type III
secretion system.

66.  The system of claim 65, wherein the type III secretion system is a Salmonella
Typhimurium type III secretion system.

67.  The system of claim 66, the system comprising:

a first operon comprising coding sequences for Salmonella Typhimurium PrgH, Prgl,
Prgl, PrgK, OrgA, and OrgB; and
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a second operon comprising coding sequences for Salmonella Typhimurium InvA,
InvC, InvE, InvF, InvG, Invl, Inv], SpaO, SpaP, SpaQ, SpaR, and SpaS.

68. A method for replacing native regulation of a set of genes collectively associated
with a function with synthetic regulation, the method comprising:

causing at least one processor to provide coding sequences for a set of polypeptides
encoded by genes collectively associated with a function;

causing the at least one processor to change codon identity within at least one coding
sequence, thereby removing at least one regulatory sequence within the at least one coding
sequence, wherein the removing comprises selecting non-native codons having maximal
distance from codons of the native coding sequence;

causing the at least one processor to organize the coding sequences into one or more
synthetic operon(s); and

causing the at least one processor to operably link one or more heterologous
transcriptional regulatory sequence to the one or more synthetic operon(s), thereby controlling
magnitude of gene expression from the one or more synthetic operon(s);

expressing the one or more synthetic operon(s) in a cell under the control of a
polypeptide that binds directly or indirectly to the one or more heterologous transcriptional
regulatory sequence.

69. A method for expressing one or more synthetic operons collectively associated
with a function in a cell by replacing native regulation of a set of genes with synthetic
regulation, the method comprising:

providing coding sequences for a set of polypeptides encoded by genes collectively
associated with a function;

changing codon identity within at least one coding sequence, thereby removing at least
one regulatory sequence within the coding sequence, wherein removing the at least one
regulatory sequence comprises replacement of native codons in the coding sequence with non-
native synonymous codons and comprises selecting non-native codons having maximal
distance from the native codons of the coding sequence;

organizing the coding sequences into one or more synthetic operon(s);

operably linking one or more heterologous transcriptional regulatory sequence to the

operon(s), thereby controlling magnitude of gene expression from the operon(s); and
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expressing the one or more synthetic operon(s) in a cell under the control of a
polypeptide that binds directly or indirectly to the heterologous transcriptional regulatory
sequence,

wherein the polypeptide that binds directly or indirectly to the heterologous
transcriptional regulatory sequence is expressed from a control expression cassette, the
expression cassette comprising a control promoter operably linked to a polynucleotide
sequence encoding the polypeptide.

70.  The method of claim 69, wherein the polypeptide that binds directly or
indirectly to the heterologous transcriptional regulatory sequence is heterologous to the cell.

71.  The method of claim 69 or 70, wherein the providing comprises obtaining gene
nucleotide sequences of the genes and eliminating non-coding sequences.

72.  The method of claim 69, 70, or 71, wherein the genes are from a gene cluster.

73.  The method of any one of claims 69 to 72, wherein the genes are from a
prokaryote.

74.  The method of any one of claims 69 to 73, wherein the genes are from a native
operon.

75.  The method of any one of claims 69 to 74, wherein the at least one regulatory
sequence is identified using computation.

76.  The method of claim 69, wherein the computation comprises searches of coding
sequences for ribosome binding sites, terminators, promoters, or a combination thereof.

77.  The method of any one of claims 69 to 76, further comprising identifying and
removing one or more of: transposon insertion sites, sites that promote recombination, sites for
cleavage by restriction endonucleases, and sites that are methylated.

78.  The method of any one of claims 69 to 77, wherein the organizing comprises
grouping coding sequences into operons based on similar native expression level.

79.  The method of any one of claims 69 to 77, wherein the organizing comprises
ordering coding sequences within operons such that the highest expressing gene, based on
native expression, occurs first and the lowest expressing gene, based on native expression,
occurs last.

80.  The method of any one of claims 69 to 79, wherein the heterologous

transcriptional regulatory sequence comprise a T7 RNA polymerase promoter.
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81.  The method of any one of claims 69 to 79, wherein heterologous transcriptional
regulatory sequence(s) comprise an inducible promoter.

82.  The method of any one of claims 69 to 81, further comprising operably linking
one or more heterologous transcriptional terminator sequences to one or more coding sequences
in the synthetic operon.

83.  The method of claim 82, wherein the one or more heterologous transcriptional
terminator sequences comprise a T7 RNA polymerase terminator.

84.  The method of claim 82 or 83, wherein heterologous transcriptional terminator
sequence for different synthetic operons have different sequences.

85.  The method of any one of claims 69 to 84, wherein the operon(s) are expressed
from a plasmid.

86.  The method of claim 85, wherein the plasmid has a low copy origin of
replication.

87.  The method of any one of claims 69 to 86, wherein the expression cassette is
contained in a control plasmid separate from any plasmid containing the synthetic operon(s).

88.  The method of any one of claims 69 to 87, wherein the control promoter is an
inducible promoter.

89.  The method of any one of claims 69 to 88, wherein the heterologous polypeptide
comprises an RNA polymerase (RNAP).

90. The method of claim 89, wherein the RNAP is T7 RNAP.

91.  The method of any one of claims 69 to 90, wherein the expression cassette is an
environmental sensor.

92.  The method of any one of claims 69 to 91, wherein relative magnitude of
expression of the coding sequences in the synthetic operon(s) correspond to relative protein
levels in a native system containing the native codons.

93. A method for expressing one or more synthetic operons collectively associated
with a function in a cell by replacing native regulation of a set of genes with synthetic
regulation, the method comprising:

providing coding sequences for a set of polypeptides encoded by genes collectively

associated with a function;
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changing codon identity within at least one coding sequence by removing at least one
regulatory sequence within the coding sequence, wherein removing the at least one regulatory
sequence comprises replacement of native codons in the coding sequence with non-native
synonymous codons and comprises selecting non-native codons having maximal distance from
the native codons of the coding sequence;

organizing the coding sequences into one or more synthetic operon(s);

operably linking one or more heterologous transcriptional regulatory sequence to the
operon(s), thereby controlling magnitude of gene expression from the operon(s); and

expressing the one or more synthetic operon(s) in a cell under the control of a
polypeptide that binds directly or indirectly to the heterologous transcriptional regulatory
sequence; and

detecting the magnitude of gene expression by computation, wherein the computation
comprises a numerical optimization algorithm, and wherein the numerical optimization
algorithm comprises the Nelder-Mead algorithm, the Newton's method, the quasi-Newton
method, a conjugate gradient method, an interior point method, a gradient descent, a
subgradient method, a ellipsoid method, the Frank-Wolfe method, an interpolation method and
pattern search methods, or an ant colony model.

94. A method for expressing one or more synthetic operons collectively associated
with a function in a cell by replacing native regulation of a set of genes with synthetic
regulation, the method comprising:

providing coding sequences for a set of polypeptides encoded by genes collectively
associated with a function,;

changing codon identity within at least one coding sequence by removing at least one
regulatory sequence within the coding sequence, wherein removing the at least one regulatory
sequence comprises replacement of native codons in the coding sequence with non-native
synonymous codons and comprises selecting non-native codons having maximal distance from
the native codons of the coding sequence;

organizing the coding sequences into one or more synthetic operon(s);

operably linking one or more heterologous transcriptional regulatory sequence to the

operon(s), thereby controlling magnitude of gene expression from the operon(s);
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operably linking a heterologous ribosomal binding site (RBS) to one or more coding
sequence in the synthetic operon, wherein different RBSs are operably linked to different
coding sequences, and wherein the RBSs regulate translation of the coding sequences in a ratio
that is similar to a ratio of translation from a native operon, and

expressing the one or more synthetic operon(s) in a cell under the control of a
polypeptide that binds directly or indirectly to the heterologous transcriptional regulatory
sequence.

95. A method for expressing one or more synthetic operons collectively associated
with a function in a cell by replacing native regulation of a set of genes with synthetic
regulation, the method comprising:

providing coding sequences for a set of polypeptides encoded by genes collectively
associated with a function;

changing codon identity within at least one coding sequence by removing at least one
regulatory sequence within the coding sequence, wherein removing the at least one regulatory
sequence comprises replacement of native codons in the coding sequence with non-native
synonymous codons and comprises selecting non-native codons having maximal distance from
the native codons of the coding sequence;

organizing the coding sequences into one or more synthetic operon(s), wherein the
synthetic operon comprises two functional sequences selected from the group consisting of a
promoter, a ribosome binding site, a coding sequence, and a terminator and the method further
comprises operably linking a buffer sequence between two functional sequences, and wherein
the buffer sequence is selected from the group consisting of a random sequence, a UP-region of
a promoter, an extended 5-UTR sequence, and a RN Aase cleavage site; and

expressing the one or more synthetic operon(s) in a cell under the control of a
polypeptide that binds directly or indirectly to the heterologous transcriptional regulatory
sequence.

96. A method of altering regulation of a plurality of native bacterial genes
associated with a function in a cell, comprising:

providing a bacterial cell for expressing gene products;

providing a gene cluster having a plurality of native bacterial genes having coding

sequences;
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modifying the gene cluster by making at least one modification in at least one location
within the gene cluster selected from the group consisting of a coding region and an intergenic
region, wherein the gene cluster modification comprises replacing at least one native codon
within one of the coding sequences to remove at least one native regulatory sequence using a
synonymous codon and wherein the synonymous codon is a maximal distance from a
corresponding native codon;

operably linking at least one heterologous transcriptional regulatory sequence to at least
one coding sequence within the modified gene cluster; and

expressing gene products of the modified gene cluster in the bacterial cell under the
control of a polypeptide that binds directly or indirectly to the at least one heterologous
transcriptional regulatory sequence.

97.  The method of claim 96, wherein at least two coding sequences of the plurality
of native bacterial genes have at least one native codon replaced with a synonymous codon.

98.  The method of claim 96 or 97, wherein at least one native regulatory sequence
of the plurality of native regulatory sequences is identified using computation.

99.  The method of claim 98, wherein the computation comprises searches of coding
sequences for ribosome binding sites, terminators, promoters, or a combination thereof.

100. The method of any one of claims 96 to 99, wherein the heterologous
transcriptional regulatory sequence is from the same species from which the plurality of native
bacterial genes are native.

101. The method of any one of claims 96 to 99, wherein the heterologous
transcriptional regulatory sequence is from a different species from which the plurality of
native bacterial genes are native.

102. The method of any one of claims 96 to 101, wherein the polypeptide that binds
directly or indirectly to the at least one heterologous transcriptional regulatory sequence is
expressed from a control expression cassette, the control expression cassette comprising a
control promoter operably linked to a polynucleotide sequence encoding the polypeptide.

103. The method of any one of claims 96 to 102, wherein the polypeptide that binds
directly or indirectly to the at least one heterologous transcriptional regulatory sequence is

heterologous to the cell.
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104. The method of any one of claims 96 to 102, wherein the polypeptide that binds
directly or indirectly to the at least one heterologous transcriptional regulatory sequence is from
the same species from which the plurality of native bacterial genes are native.

105. The method of any one of claims 96 to 102, further comprising: detecting
magnitude of the expressing by computation.

106. The method of claim 105, wherein the computation comprises a numerical
optimization algorithm.

107. The method of any one of claims 96 to 106, wherein the gene cluster
modification comprises replacing at least one intergenic region to remove at least one native
regulatory sequence selected from the group consisting of a ribosome binding site, a terminator,
and a promoter.

108. The method of claim 107, wherein at least one native regulatory sequence of the
plurality of native regulatory sequences is identified using computation.

109. The method of any one of claims 96 to 106, wherein the gene cluster
modification comprises:

altering at least one intergenic region of the plurality of intergenic regions within the
gene cluster that contains the plurality of native regulatory sequences.

110. A bacterial nitrogen reduction expression system comprising nucleic acids
encoding:

at least one operon comprising a plurality of coding sequences for a set of polypeptides
encoded by genes collectively associated with nitrogen fixation within a cell, wherein at least
one of the plurality of coding sequences comprises non-native codons in place of a regulatory
element, wherein said non-native codons have maximal distance from codons of the native
coding sequence;

a heterologous promoter region that directs expression of the at least one operon; and

a heterologous transcriptional controller coding sequence that encodes a protein that
directs expression of the at least one operon of the expression system, wherein the protein binds
directly or indirectly to the heterologous promoter region.

111.  The bacterial nitrogen reduction expression system of claim 110, wherein the

genes collectively associated with nitrogen fixation within a cell are selected from the group
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consisting of: nif], nifH, nifD, nifK, nifY, nifE, nifN, nifU, nifS, nifV, nifW, nifZ, nifM, nifB,
and nifQ.

112.  The bacterial nitrogen reduction expression system of claim 110 or 111, wherein
the heterologous promoter region is not the native promoter of a gene associated with nitrogen
fixation.

113. A bacterial nitrogen reduction expression system comprising nucleic acids
encoding:

at least one operon comprising a plurality of coding sequences for a set of polypeptides
encoded by genes collectively associated with nitrogen fixation within a cell, wherein at least
one of the plurality of coding sequences comprises a non-native synonymous codon in place of
a native codon, thereby removing a regulatory sequence;

a heterologous promoter region that directs expression of the at least one operon,
wherein the heterologous promoter region is from the same species as the genes collectively
associated with nitrogen fixation; and

a transcriptional controller coding sequence that encodes a protein that directs
expression of the at least one operon of the expression system, wherein the protein binds
directly or indirectly to the heterologous promoter region, and wherein the transcriptional
controller is not the native transcription controller of the genes collectively associated with
nitrogen fixation under native regulation.

114.  The bacterial nitrogen reduction expression system of claim 113, wherein the
genes collectively associated with nitrogen fixation within a cell are selected from the group
consisting of: nifH, nif D, nifK, nifY, nifE, nifN, nifU, nifS, nifV, nif W, nifZ, nifM, nifB, and
nifQ.

115. The bacterial nitrogen reduction expression system of claim 113 or 114, wherein
the coding sequences have been modified to reduce a predicted RNA secondary structure.

116. The bacterial nitrogen reduction expression system of any one of claims 110 to
115, wherein the heterologous promoter of the at least one operon causes a coding sequence of
the operon to be expressed at an expression level which causes maximal nitrogenase activity.

117.  The bacterial nitrogen reduction expression system of any one of claims 110 to
115, wherein the heterologous promoter of the operon causes two or more coding sequences to

be expressed at an expression level which causes maximal nitrogenase activity.
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118. The bacterial nitrogen reduction expression system of any one of claims 110 to
115, wherein the heterologous promoter causes each coding sequence of the operon to be
expressed at an expression level which causes maximal nitrogenase activity.

119.  The bacterial nitrogen reduction expression system of claim 116, 117, or 118,
wherein an expression level of the coding sequence which causes maximal nitrogenase activity
is determined by obtaining a wildtype bacteria with nitrogen reduction activity, deleting a
native occurrence of said coding sequence, and providing a heterologous occurrence of said
coding sequence under the control of an inducible promoter.

120. A bacterial nitrogen reduction expression system comprising nucleic acids
encoding:

at least one operon comprising a plurality of coding sequences for a set of polypeptides
encoded by genes collectively associated with nitrogen fixation within a cell, wherein at least
one of the plurality of regulatory coding sequences has been synonymously mutated to remove
internal regulation, and wherein at least one coding sequence has been modified to reduce a
predicted RNA secondary structure;

a genetically engineered promoter region that directs expression of the at least one
operon; and

a transcriptional controller coding sequence that encodes a protein that directs
expression of the at least one operon of the expression system, wherein the protein binds
directly or indirectly to the heterologous promoter region, and wherein the transcriptional
controller does not regulate the genes collectively associated with nitrogen fixation under
native regulation.

121.  The bacterial nitrogen reduction expression system of claim 120, wherein the
genes collectively associated with nitrogen fixation within a cell are selected from the group
consisting of: nifH, nifD, nifK, nif Y, nifE, nifN, nifU, nifS, nifV, nif W, nifZ, nifM, nifB, and
nifQ.

122.  The bacterial nitrogen reduction expression system of claim 120 or 121, wherein
the heterologous promoter of the at least one operon causes a coding sequence of the operon to

be expressed at an expression level which causes maximal nitrogenase activity.
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123.  The bacterial nitrogen reduction expression system of claim 120 or 121, wherein
the heterologous promoter of the operon causes two or more coding sequences to be expressed
at an expression level which causes maximal nitrogenase activity.

124.  The bacterial nitrogen reduction expression system of claim 120 or 121, wherein
the heterologous promoter causes each coding sequence of the operon to be-expressed at an
expression level which causes maximal-nitrogenase activity.

125.  The bacterial nitrogen reduction expression system of claim 122, 123, or 124,
wherein an expression level of the coding sequence which causes maximal nitrogenase activity
is determined by obtaining a wildtype bacteria with nitrogen reduction activity, deleting a
native occurrence of said coding sequence, and providing a heterologous occurrence of said
coding sequence under the control of an inducible promoter.

126. A method of altering regulation of a plurality of native bacterial genes
associated with a function in a cell, comprising: providing a bacterial cell for expressing gene
products; providing a gene cluster having a plurality of native bacterial genes having coding
sequences; modifying the gene cluster by making at least one modification in a coding region
or an intergenic region, wherein making the at least one modification in the coding region or
the intergenic region comprises replacing at least one native codon within one of the coding
sequences to modify at least one native regulatory sequence using a synonymous codon,
wherein the synonymous codon is a maximal distance from a corresponding native codon,;
operably linking at least one heterologous transcriptional regulatory sequence to at least one
coding sequence within the modified gene cluster wherein the at least one heterologous
transcriptional regulatory sequence is from the same species as the plurality of native bacterial
genes; and expressing gene products of the modified gene cluster in the bacterial cell under the
control of a polypeptide that binds directly or indirectly to the at least one heterologous
transcriptional regulatory sequence.

127. The method of claim 126, wherein at least two coding sequences of the plurality
of native bacterial genes have at least one native codon replaced with a synonymous codon.

128.  The method of claim 126 or 127, wherein the polypeptide that binds directly or
indirectly to the at least one heterologous transcriptional regulatory sequence is expressed from
a control expression cassette, the control expression cassette comprising a control promoter

operably linked to a polynucleotide sequence encoding the polypeptide.
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129. The method of claim 126, 127, or 128, wherein the polypeptide that binds
directly or indirectly to the at least one heterologous transcriptional regulatory sequence is
heterologous to the cell.

130. The method of any one of claims 126 to 129, wherein the polypeptide that binds
directly or indirectly to the at least one heterologous transcriptional regulatory sequence is from
the same species as the plurality of native bacterial genes.

131.  The method of any one of claims 126 to 130, further comprising: detecting the
magnitude of gene expression of the expressed gene products by computation.

132.  The method of claim 131, wherein the computation comprises a numerical
optimization algorithm.

133.  The method of any one of claims 126 to 132, wherein modifying the gene
cluster comprises replacing at least one intergenic region to remove at least one native
regulatory sequence selected from the group consisting of a ribosome binding site, a terminator,
and a promoter.

134. The method of any one of claims 126 to 132, wherein modifying the gene
cluster comprises: altering at least one intergenic region within the gene cluster to modify a
native regulatory sequence.

135. The method of claim 134, further comprising: identifying the native regulatory
sequence using computation.

136. The method of claim 134 or 135, wherein the polypeptide that binds directly or
indirectly to the at least one heterologous transcriptional regulatory sequence is from the same
species as the plurality of native bacterial genes.

137. The method of claim 134, 135, or 136, wherein the polypeptide that binds
directly or indirectly to the at least one heterologous transcriptional regulatory sequence is
expressed from a control expression cassette, the control expression cassette comprising a
control promoter operably linked to a polynucleotide sequence encoding the polypeptide.

138. The method of any one of claims 134 to 137, further comprising: detecting the
magnitude of gene expression of the expressed gene products by computation.

139. A method of altering regulation of a plurality of native bacterial genes
associated with a function in a cell, comprising: providing a bacterial cell for expressing gene

products; providing a gene cluster having a plurality of native bacterial genes having coding

&3

Date Recue/Date Received 2022-06-28



CA 2838955

sequences; modifying the gene cluster by making at least one modification in a coding region
or an intergenic region, wherein making the at least one modification in the coding region or
the intergenic region comprises replacing at least one native codon within one of the coding
sequences to modify at least one native regulatory sequence using a synonymous codon,
wherein the synonymous codon is a maximal distance from a corresponding native codon,;
operably linking at least one heterologous transcriptional regulatory sequence to at least one
coding sequence within the modified gene cluster, wherein the at least one heterologous
transcriptional regulatory sequence is from a different species than the plurality of native
bacterial genes; and expressing gene products of the modified gene cluster in the bacterial cell
under the control of a polypeptide that binds directly or indirectly to the at least one
heterologous transcriptional regulatory sequence.

140.  The method of claim 139, wherein the bacterial cell is from a nitrogen fixing
bacterial species.

141. The method of claim 139 or 140, wherein the gene cluster comprises genes
collectively associated with nitrogen fixation.

142. The method of claim 139, 140, or 141, wherein the gene cluster comprises nif
genes.

143. The method of any one of claims 139 to 142, wherein modifying the gene
cluster comprises making at least one modification in a native regulatory sequence.

144. The method of claim 143, further comprising identifying the native regulatory
sequence using a computational algorithm.

145. The method of any one of claims 139 to 144, wherein modifying the gene
cluster comprises making at least one modification in a promoter.

146. The method of any one of claims 139 to 145, wherein the polypeptide that binds
directly or indirectly to the at least one heterologous transcriptional regulatory sequence is
heterologous to the bacterial cell.

147. The method of any one of claims 139 to 146, wherein the polypeptide that binds
directly or indirectly to the at least one heterologous transcriptional regulatory sequence is from
the same species as the plurality of native bacterial genes.

148. The method of any one of claims 139 to 147, further comprising detecting the

expressed gene products.
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149. The method of any one of claims 139 to 148, wherein the gene cluster is
heterologous to the bacterial cell.

150. The method of any one of claims 139 to 149, further comprising expressing the
polypeptide that binds directly or indirectly to the at least one heterologous transcriptional
regulatory sequence from an expression cassette.

151. A recombinant bacterial cell comprising a modified gene cluster, wherein the
modified gene cluster comprises a plurality of native bacterial genes having coding sequences
and comprises at least one modification in a coding region or an intergenic region, wherein the
at least one modification in the coding region or the intergenic region comprises a replacement
of at least one native codon within one of the coding sequences to modify at least one native
regulatory sequence using a synonymous codon, wherein the synonymous codon is a maximal
distance from a corresponding native codon; wherein at least one coding sequence within the
modified gene cluster is operably linked to at least one heterologous transcriptional regulatory
sequence; wherein the at least one heterologous transcriptional regulatory sequence is from a
different species than the plurality of native bacterial genes; and wherein the expression of gene
products of the modified gene cluster in the bacterial cell is under the control of a polypeptide
that binds directly or indirectly to the at least one heterologous transcriptional regulatory
sequence.

152. The recombinant bacterial cell of claim 151, wherein the bacterial cell is from a
nitrogen fixing bacterial species.

153. The recombinant bacterial cell of claim 151 or 152, wherein the modified gene
cluster comprises genes collectively associated with nitrogen fixation.

154. The recombinant bacterial cell of claim 151, 152, or 153, wherein the modified
gene cluster comprises nif genes.

155. The recombinant bacterial cell of any one of claims 151 to 154, comprising at
least one modification in a native regulatory sequence.

156. The recombinant bacterial cell of any one of claims 151 to 155, comprising at
least one modification in a promoter.

157. The recombinant bacterial cell of any one of claims 151 to 156, wherein the
polypeptide that binds directly or indirectly to the at least one heterologous transcriptional

regulatory sequence is heterologous to the cell.
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158.  The recombinant bacterial cell of any one of claims 151 to 157, wherein the
polypeptide that binds directly or indirectly to the at least one heterologous transcriptional
regulatory sequence is from the same species as the plurality of native bacterial genes.

159. The recombinant bacterial cell of any one of claims 151 to 158, wherein the
modified gene cluster is heterologous to the bacterial cell.

160. The recombinant bacterial cell of any one of claims 151 to 159, further
comprising an expression cassette comprising a polynucleotide sequence encoding the

polypeptide.
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Operon Function with T7 promoter Function with T7
Ptac promoter promoter
i 169% WT 87%
HDKY 39% WT 35%
EN 75% WT 7i%
USVWIM 29% Mut 2 25%
F 112% Mut 3 38%
BQ 85% Mut 2 80G%
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Fig. 18

18/93

PCT/US2012/042502

(ene

SEQID
NG

WT Sequence

Synthetic Sequence

[ Y4
/e

Nuclestide
Tdentity

Yo
{Codon
fdentity

d

WT Gene J is
SEQID
NO:1

Systhetic
Gene § is
SEGID
NO:2

atgaaancaalggalggcaacgecgeggegece
tggatctcitatgectitaccgaggtegeggegatit
accecataacceeciecacgecgatggeggaaa
acglegacgaglgggegorgrageggananag
aacctitfiiggecageeggigegottaatggagat
geaglicggaggerggegeggraggogogglec
acggegegetgeaggocggggegeicaccace
acctatacggecioccaggggetgetgoetgatgal
ccecagcaigilacaaaatcgeeggigaacigetg
cegggegictiicacgicagegeocgggegcige
cgaccaattcgeigaatatifitggegalcaccagy
atgtgatggeggtccgecagaccggeigegegat
getggegeagaacaacgigeageagglgatosa
titgteggeggtgecgealciggeggcgatlaagy
gacgeatecegtitgtiaacticticgacggiiticy
cacclegeacgaaaticaaaaaaicgaggliglige
aalatgageagetggegacgetgelggacegge
cegegetegacageltcegecgiaacgegelgca
feeggatcalccggicatccgoggaacggegoag
aacccggatatclacliceaggagegggagecg
gecaaccgtititatcaggcgcigeecgacatigie
gasagetatalgacgeanaioagegegeltoaceyg
geogggagtatcalcigitiaactalaceggegeg
gegeatgecgaacggetgallatcgeaatgggat
cggictgcgatacegitcaggaagiggtiggatac

¢
aanaccgigeageggat

accanagagcceggeget

igeccaacgataicgeggeogictitgataacctca
ataaaccgetgecgalggacgggitiacecicgg
gattgtegatgatgiaacctitacticgitaccgeey
goccageagacgetggeggtetogeatgacgge
atcaccgectglaaatittggogeatgoactogga
cggeaccgtoggggecaalaaaagegegaloan
aattatcggegataaaacgecgotctacgogeag
gectactitictiatgactogaaaaaaiceggogge
attaccgtticacatitacgeticggegaceggecg
ateaattogecctaceigatecatogggoegalitt
atetectgticgeageagicetacgtigagegetac
gatelgetggacggattazagecgggegggacet
tittactcaactgeagetgglocgatlgeggagelyg
Fageagoeatctgeeggicggctitanacgetatot
gegegagaaaatatecattittatacecigaacy
cgtggatategeccgogageicggretgggcg
gcgctitaatatgcigatgeaggcggegtictita

Q

2

<

or

i
b

3

)

gotggoggogatiatcgaccegragacegegg
cggattaccteaageaggeggitgaaaaaageta
cggeagcaaaggggegoeggigaltigagatoan

faslaviag ol

ATGAAAACTATGGACGGTAA
COGCTGCGUGCTGCATGGATTA
GCTACGCCTTTACCGAAGTGO
CTGCGATCTACCCGATTACGC
COAGCACCCCGATGGUGGAA
AATGTGGACGAATGGGCTGO
GCAGGGCAAGAAGAACCTCT
TCGGCCAGCCGGTGCGCCTG
ATGGAGATGCAGTCGGAAGC
GOOTOCAGCAGGTCCTETEC
ATGGCGCCTTGCAAGCTGGE
GCACTGACGACCACCTACAC
COCOGTCGCAGGGCCTOTTIOCT
GATGATCCCAAACATOTACA
AAATCGCGOGOTOAACTGOTG
CCGOGGTOGTCTTTICATOTTTCG
GCACGCGCACTGOUCACCAA
TAGCCTCAACATCTTTGGCGA
TCATCAGUGATOTAATGGCGO
TGCOCCAAACGGOCTGUGLG
ATGTTGGCCOAGAATAACOT
CCAGCAAGQGTTATOGOATTTIGQTC
COCOOTAGCCCACTTGUCAG
COATCAAAGGTCGCATTCOCGT
TCOTOCAACTTCTTCGATOOCT
TTCGCACCAGCCACGAAATC
CAGAAGATCUGAGGTTCTGGA
ATATGAACAGCTGGCCACCTT
GTTGGATCGTCCGGCCCTGGA
CAGCTTCCGLCCGTAALGCCCT
TCACCCGGACCACCCQUTCAT
CCGTGGCACCGCCCAGAALCC
COOACATCTACTTICCAGGAA
COTOAGGCCOGTAACCOTTITC
TATCAGGCQCTCCCGGATATTY
GTGGAATCTTACATGACCCA
GATTTCTGOCCTGACTGGTCG
CGAGTATCACCTGTTTAALCTA
CACTGOTGCTGCGGATGOGE
AGCGCGTGATCATCGOGATG
GGCTCTGTCTGTGACACCGTC
CAAGAGGTGGTTGACACGCT
GAATGCAGCGGOTGAGAAAG
TIGGTCTGUTCTCCGTTCATC
TTTTCCGCCOGTTTICGTTAG
CGCACTTCTTCGCCCAACTGC
COAAAACTGTACAGCGTATC
GCAGTATTGGACCGTACGAA
AGAGCCAGGTGCTCAAGCAG
AGCCGCTOTGOCTCGATGTGA
AGAATGCCTTTTACCACCATG
ACGATGCCCCGTTGATTOTGG

8G.8

48
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Gene NG: WT Seguence Syunthetic Sequence Nucieotide | Codon
fdentity |identity

ceagegggogategageigg
geatcaggly mg'ﬁ* gg
gotgpatgaaccegeggese
gatgeeggatiteateogeg
Faaccgecagigeggogaccageigeogaigay
cgegitegtegmia tggu yracgggaccetttectt
CEEELaccgreglgleneagaancgegrealc
gegetggaagigocggictggeag c,agag-rw
tgeacgeagtgtaaccagigegestitatetgee
Heatge 4ggcgatcegcccggcgetgctca&cgg
cgaagageatgacgeegegeeggttggocioet
gageaaaccegegeagggagegaaggaglaic
actaccatciggciateicgoegetggatigticeg
getgeggeaactgegtogatatetgiceegegeg
cggeaaggcgtiaaaaatgeaglicictegatagee
agegteagatggegecggicigggactatgeget
ggcgcigacgcegaagageaaiocgiticgiaag
acgacggicaaaggoagecagitigaaaccecg
clgetegagtiticeggegectgegegggatecy
gigaaacgectiatgeccgoctgataacecagelg
titggegaccggatgeigategetaacgecaceg
gctgetcticlaictggggagecagegegeegleg
attecctataccaccaaccacegeggecatggee
cggeatgggegaactegeigtitgaggataatge
ggagltigocclicggeatgatgetcgaeggccay
geggigegicaacaaategeegalgatatgaceg
cegegetggegetaccggicagcgacgaactiag
cgacgeaalgegecaglegcleglgaageaggy
LERAgEEAgUECaCCoglgaglElgcggace
gucteagegaacggelggegeeggaanaagag
gucglgccgelgtiggagcagetgiggeagaace
gcgaciatitiglicglegiicgeagiggatiticgy
cggegacggetggpcctacgatalcggeticgge
golciogaleacglecigeceageggeuaagac
glcaatatictggigtiieacaccgaggtiiacicea
ataccggeggoecagiogiciaaatcgaceecggt
ggcggccategegaagitigecgegeagggcan
acgeacgoggaaaaaagaictoggcatgatgge
gatgagclacggeaatgigtacgiggcccagglc {{
gegatggregcigataaagatcagaccciacgg
gegatogecgaggecgaageciggeegggace
g cgctggtpatigectacgeegectgeatiaace
gg%tmaagm goiatgegelgoagoecage
@AGECLAARCEeTCLLE
caccigiggegctaicalccgeagogggaag
aagglaagacgecgitiatgeicgalicegaa
cggaggagagceiicogegactitiigetigy
g,1 cgctacgectogeigeacaaaacgac
catciggeggatgegetctitagecgaace
% iggacgegeggeccegetitgeceagtat
gectggecggcgaggagiag

goocicget

nggug'u
aageatcagecat

\)3
goagd

> 00 00
g-“ o

<
6]

g

L2}

(41}
» c% cc

o (0
0

c%

(\ ae oo o
(o]
('G

G’C

ata \‘tctgc,a cogat

aggeggoatact

GTGGTCGCTATGCCTTGGGOG
GTAAGGACGTGTTGCCGAAC
GATATTGCGGCCGTGTTTGAT
AACCTGAACAAACCGCTGCC
GATGGACGGCTTCACGOTGSG
GTATCGTGGACGATGTTACCT
TCACCTCTCTCCCGCLCAGCGC
AGCAGACCCTGGCGGTTTCTC
ACGACGGUCATCACGGCATET
AAGTTTTGGGGCATGGGCTCC
GACGGCACGGTTGGTGCGAA
CAAGTCCGCGATCAAGATTA
TCGGCGACAAAACGCCACTG
TATGCGCAAGCOGTACTTTITCC
TACGACTCGAAGAAGAGCGG
TGGTATTACCGTCAGCCATCT
GCOGTTTTGOGTGATCGCCCGAT
CAACTCCCCGTATTTGATCCA
TCGCGCGGATTTCATCTCGTG
CAGCCAGCAAAGCTATGTTG
AACGCTACGATCTGCTGGAT
GGCCTTAAACCGGGTGGCAC
CTTTCTGCTGAACTOGCTCCTG
GAGCGATGCCGAACTGGAGC
AACATCTGCCGOGTCGUGTTTCA
AACGTTATCTGGCACGCGAG
AATATCCACTTCTACACTCTIC
AACGCTGTGOGACATOGCCCG
TGAGCTTGOTTITGGOTOGCOG
TTTCAACATGCTGATGCAGGC
TOGCCTTCTTCAAACTGGOCGC
GATCATTGACCCGCAGACTG
CTGCGGACTATCTGAAGCAG
GCTGTTGAGAAAAGCTATOG
CAGCAAAQGTGCGGCOUTCA
TCOGAGATOGAACCAGCETOCC
ATCGAGCTTGGCATGUGCCAG
CCTGCACCAGOQTGACGATCC
CGGCACATTGGGCCACCCTG
(JA TGAGCCAGCOGGLGCAGGC

GTCCGCOATCATQCCGEALCTT

TATCCGCGACATCCTGCAALC
GATGAACCOTCAGTGCGECG
HACCAGCTTCCGOTOTCOECTT
TTGTCOGCATGGAAGATGGE
ACCTTCCOGTCOGGCALGGEC
GCATOGGGAGAAACGTGQGCAT
CGCCCTTOAGGTGCCAGTCTG
GCAGCCGGAAGGUTGCACGE
AQTGUAACCAGTGCGCCTTC
ATTTOTCCGCACGCCGCGATT
COTCCGOOGTTGTTGAATGGC
GAAGAGCATGATGCTGCCCC
GOGTTGGUCTGLTGAGCAAALC
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fdentity |identity

COGCACAAGGCGUTAAAGAA
TATCACTATCATCTGGCGATT
AGCCCGCTGGACTGCTCCGE
CTGTGGCAACTGUGTTGACAT
TIGTCCAGCTCGTGGCAAAGC
GTTGAAGATGCAGTCTCTGG
ATAGCCAACGCCAGATGGCT
CCGOTOTOGGGATTATGCGCTS
GCGCTGACCCCGAAGTCTAA
CCCOTTTCGTAAAACCACOGT
CAAAGGCTCGCAGTTCGAAA
COCCGCTGCTGGAGTTTAGLG
GTGCOTGUGCTGOGTTIGCTGGOG
AAACGOCGTATGUGCGCOTC
ATTACCCAGCTGTTITGGCGAC
COGCATGCTGATTGCCAATGOC
ACCGOGCTGTTCCAGCATOTGG
GGCGCATCTGCGCCGAGCAT
CCCGTATACCACCAATCATCG
TGGTCATGGTCCGGOCTGGGE
GAATAGCCTOGTTTGAGGACA
ATGCCGAATTTGGTTITAGGTA
TGATGCTGGGCGOGTCAAGCT
GTGCOGTCAACAGATCGUGGA
COATATGACGGCTGCGTTAG
COCTCCOGOGTTICCGATGAGC
TGAGCGACGCGATGCGCCAG
TOGOTTGOGCGAAACAGGACGA
GOGTGAAGGCACGCUTGAGC
GTGCGGACCGTCTGAGCGAG
CGCTTAGCCGCGGAGAAAGA
GOGCOTTCCOGCTGTTAGAGC
AGQCTGTOGCAAAATCGTGAT
TACTTTOTGCOGTCGCAGCCAG
TOGOGATTTTCGGCGUGTGACGGC
TOGGOGCCTATGATATTGOCTTC
GOTGGCCTGGACCACGTOCTC
GCCAGCOGUTGAGGATGTGAA
CATTCTGOTATITGACACCGA
AQTCTACTCGAACACCOGGLG
GTCAAAGCAGCAAATCGALC
CCOOTCGOGGCCATCGUCAA
GTTCGCGOCTCAGGGLAAGT
GCACCCGUAAGAAAGACCTO
GOTATGATGGUGATGAGCT A
CGGCAACGTCTATOTAGCCC
AQGTGGCGATGOOTGCGGAT
AAAGATCAAACTCTIGCGCGE
CATTGCGGAAGCTGAAGCOTY
GOLCCAGQCCCOTCGCTOOTG
ATTGCGTATGOGGCCTGCATC
AATCATGGCCTCGAAGGULGS
TATGCGTTGLCAGCCAACGTG
AGGCGAAGCGOGCTGTTGAG
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GCGGGUCTACTGGCACCTGTG
GCGTTATCACCCGCAGCGCG
AAGCGGAAGGCAAGACGOCG
TITATGTTAGATAGCGAAGA
ACCGGAAGAGTCOTTCCGTG
ACTTICTGTTGGETGAGGTGC
GCTACGCATCCCTGCACAAG
ACCACCCCGCACCTCGOCGAT
GCCCTTTITCAGCCGTACCGAA
GAAGATGCGOGTGCGOGCTT
TGCGCAATACCOGTOGCCTGGO
TGGCGAAGAGTAA
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H

WT Gene H
is SEQID
N(:3

Synthetic
Gene H is
SEQID
NG:4

atgaccatgegicaatgegetatitacggtanagg

cggtatepotaaatccaccaccacgoagaaccts
atgatcgicggetgegatcegaaggegractoca
ceegictgatictgeacgecaaageacagaacas

gaggaccicgaactogaagacgigeigcaaatty
gotacggegatgigegetgegcggaatecggeg
goceggagecaggogicggotgrgoegagacge

gocgtgatcacggogateaactittciigaagaaga
aggegeciacgaggacgatcicgatilicgigticta
tgacgtoctcggegacgiggtelgeggcggetic

gecatgecgalecgegaaaacaaageeeaggag
atclacategietgctecggegaaaigatgocgat

glacgeggccaacaatalctccaaagggategita
agtacgecaaatecggeaagglgegectegacy

gectgatctglaacticacgteagacegacegigan
gacgaactigatiatigecctggegganaageleg

glacccagatgatecactiigigeccegogacaac
atcgigcagegegeggagatcegeegealgacg
gliategaglacgaceccgocigtaaacaggoeca

acgaataccgeaccctggegeagaagategioaa
caacaccatgaaagiggtigecgacgeccigeace
atggatgageiggaategetgetgalggagticgg
catcatggaagaggaagacaccageatcatigge
aaaaccgecgergaagaanscgeggoeciga

ATGACCATGCGTCAGTGOGC
GATTTATGGCAAAGGTGOTA
TTGGCAAAAGCACGACGACC
CAGAACTTGOTGOCGOCCOT
GGCCGAGATGGGTAAAAAGG
TTATGATTGTGGOTTGCGACC
CGAAGGCCGACAGCALGCGO
CTGATTCTGCACGCGAAAGC
ACAAAACACGATTATGGAGA
TGGCTGCCGAGGTTGOTAGC
GTGGAGGATCTGGAGCTGGA
GGACGTTCTGCAAATTGGTTA
COGOGTGATOGTTCGTTGCGCAGA
GAGCGGTOGGTCCGHAACCAG
GTGTCGGOTGTGCGGOTOGTG
GTGTGATTACCGCTATCAATT
TCCTGGAAGAAGAGGGTGCG
TACGAAGATGATCTGGATTTC
GTTTTCTACGATGTGCTGGOT
GATGTCOTGTGCGOGTGOTTTT
GCAATGCCGATTCGCGAGAA
TAAGGCACAAGAAATTTACA
TTGTCIGTAGCGGCGAGATG
ATGGCAATGTACGCTGCTAA
CAACATCAGCAAGUGOTATTG
TTAAATACGCAAAAAGCGOT
AAGGTTCOCTTIGOGUGTOOTTTC
ATTTGCAACAGCCOTCAGAC
COGACCGTOGAGGACGAACTGA
TCATCGCCCTGOUTGAGAAA
CTQGGCACCCAAATGATCCA
CTTCGTGUCACGCGATAATAT
TOTTCAACGTGCAGAAATCO
GCCOTATGACCOGTCATTGAGT
ATGACCCOGGCATGCAAGCAA
GCOGAACGAGTACCGCALCCET
GOLCACAGAAAATCGTGAACA
ACACCATOGAAGOTTIGTTCCG
ACGCCOTOTACGATGGACGA
GCTGGAGAGCCTGOTGATGE
AQTTCGGCATTATGOAGGAG
GAGGACACCAGCATTATOGS
TAAGACCGCAGCGGAGGAGA
ATGCGGCATAA

79

41.8
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SEQID s Yo
Gene NG: WT Seguence Syunthetic Sequence Nucieotide | Codon
fdentity |identity

WT Gene D
is SEQID
N(:S

Synthetic
Gene D s
SEQID
N6

atgalgaccaacgeaacgggcy
cgotgalccagga ,L;ftcct;;oaggtgﬁccc gga
28C0gogoganaagazegeagany;

getcagegatecgaaaaigaagag ot gg caa
aigcatfaicictaaccgeanalcacaaccoggesy

m'xtoa(\,gta cggotgegectacgeoggtic
aggont g ttg.gg cogattaaggatalog
ceeatatitegeacgga Q”gg(‘tgg("(gugﬁ(‘@“

tt"cug ccgqacgo cgeaactactacace
ggaom goggegteratageticggeacgeiga
acticacetet &atlttcc.gﬂaﬂcgf‘oamtc ittt
cggeggcgalaaaaagelicageaagetgatigaa
gagatggagitgcigticecgeicaccaaagggat
caccaticagicggaatgeccggiggegetgaic
golgatoataicagegegglggecaacgecage
ageaaggogcelggatasacoggtigateceggtac
gctgegaageciiicgeggegigiegeagtelctg
gogcaccatalegecaacgacgiggigegegact
ggatccigaacaalcgegaaggacagoeegtiiga
aaccaccecttacgatgtggegatcateggegact
acaacateggeggegacgacigggeciogegea
clgetggaagagatggeoctacggetagicge
rcagtggiceggegacggeacgetggigrasat
agad‘mc\,bm tegteaagcigaaceiggtic
gctaccgticgatgaaciatatecgoeecgecata
goaggasaaacatcagaticegtggatggagta
caacttcticgggecgaceanaategeegaaleg

clgegeaaaategeegaccagiicgacgatacca

PRSP
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cageagetacgageiggaa
cglicglcaagpegcigaagocegaccitaicg
ctecggeatcaaggaaaaatataicticcagaaa
tgggcgigecglicegecagatgeactoglag

(tg,ta cacggclacgaigeltite
ece a‘m\,g\, cglg ﬁpgxﬂakgawdwa
CAACCCZECE -"ggam,;saaﬂgaccﬂ"icww
gctgaagicty

0C G 0% ©

5
o

~
&
o
o
=
<
o

Ge

ag
<
&

| atgatzactaatgetaciggegaacgtaaceigg

cacigaticaagaagtactggaagtoticcegga
aacegegegcaaagagegeegtaaacacaly

atggttictgaccegaaaatgaaatcigigogia

aatgeatcatetctaatcgeaaatoteageeggg
tgicatgacigitegipgctptpeptacgeaggtt
ctaaagglgicg tatteggcccgatcaaagatat
gecgeatateicteatggoccggeaggotgtgn
ccag T'ututc-'cg(‘,f:gqacg ugtaa»t%m
cacgggegiticiggogitgactelitcggeacg
clgaaciicaccicigacticcaggaacgigaca
teglitticggigocgatagaaageigiceaaact
gategaagaaatggaactgelglicocgeigact
aaaggcatiaclatecaaagegaaigiocggly
geictgaleggigatgacatcagegeggicgea
aacgeaicticcaaageeelggataagecggly

ateee gg‘ttcfmgbgqgggdtgcgcggbgtlt
cleagtetctggaticatcacategeaaacgatgti
gigcgtgaciggatictgaacaaccgigaaggt
cageetitigaaaccaceocitatgacgitgegat
tatiggegaciataacateggeggegacgectg
gecatcecgeatectigetggaggagalggotcl
geglgtigtegeacagtogteiggegatggcac
cetggtigaaatogaaaacacecegttigitaaa
clgaacctggiicactgotacegetceatgaact
'mattm‘ccgtf‘acatﬂgaagmamca‘tcaoa
tecctiggatggaatacaacticlicggicegae
aaaalcgeagaalc ctgcetc-aaci scwgat
e gitig'itg&tac :
=emfgc0cg ol icgaaggccagat SICH

atcattgclaagiacegtecgegeciggan

sn f’“
::
()
o
<
(TQ

giecacgteat {tgatcggigccEacgaggzacc
cgeagegggttacgaal

Etgcacacaacgacgacla!gc.ugtacgctgc
cagaccigaaagaaggtacgety ftgtttir'xc g
acgecagetetiatgaact
agegetgaaaccagacet
tcaagganaaatacatltic
geegticegecagatgeact
afcegtaccacggeiacgas
ticgetegigacalggatatgac
caguﬂgg aatgaactgaccegea
aaalcigeataa

g B2
=4 01}
o

.po

1 cigaataace
ceglggelg
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SEQID s Yo
Gene NG: WT Seguence Syunthetic Sequence Nucieotide | Codon
fdentity |identity

WT Gene ¥
is SEQID
NGET

Synthetic
Gene K is
SEQID
NGB

atgagceaaacgatigataaaatiaatageigitat
ct attcoa acaggatgaataccaggageigit
ca g gocageigrangageCgcac ‘g
geagegegigeaggaggicttigecigga
‘g‘ g gta g agegetg Ek-tﬁ”(?};&
cggg getgacegtigacee ooam‘cc
g cc‘agmgw-}, Q¢ gtg t ctoget g.-:g
atttgecaacacecigeegtaigte g ete
sggatocglggocta ﬂcgc ta‘ttt’xa(‘c-
ceatttcaaagageegatcgeetgegicteogac
bgatoacwaagucgcgs cEg s,t‘tuggcg:gw
acaacaataigaacclgggocigeagaacgocag
cgegelgtacaaaccggagateatigeggtatoe
accacctgeatggegeaagtialcggegatgace
tgcaggegittategecaacgetasaasagatoge
ticgtegacageageategeeglgeoceacgece
atacgecaagetfiateggcagecacgicacegg
clgggataacatgittgaaggcticgecaaaaccit

o

Co
=
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g

cacigeggaciaccaggageagecgggcaaalt
gecgaagetcaateiggioac g; ciligaaacct

atclcggeaacticegeglattaaageggatgaty
gaacagatggeggtocegigeagectgetoteeg
atcegicggaagtictegacacgeeegeegacgg
tcactaleggatgtaticeggeggcaccacgeage
aggagatgaaagaggccccigacgecatcgaia
cgotgetectgcageegigpeagetgetgaagag
caaaaaagtggigcaggagatotroaaccaged
caccgaggicgeeattecgetggegcioge
ceaccgatgaacigetgalgaccgteagecag
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cltigaagioccgeitateeg
glicgac wwawat\,tO(

tgeoatial ngmggggb:».Y.aYgaacaugiga,(_,ga
sotgaacgecglgciggagaaactggatag
u»*cd,au,aocc agetggecaaaaccgatiacage e
ticgaictegicogtiaa

atgicteanactaicgataaaateaactetigiiac
cegetgticgageaggacgaatatcaggaacty
ftecgtaacaaacgtoagelggaagaagegcac
gac-;'mcagc&cotgﬁaﬁgaagtgﬁc,@”atg
gaccaccaccgeggaatacgaagetctgaactt
cegicgegaageocigacggtigateoggoga
aagegtgecagecictggglgeggtiictgigoa
aigecigggtitigecaacacceigecgtatgicea
cggticecagggctpogtagectacticoglace
tatticaaccgecactttanagaaccaaiegegt
geglgicegacagealgacggageacgogge
agttiticggiggiaacaacaacalgaacciggge
clgeaaaatgeticegeacigtacaaaceggaa
atcatcgeagtgtetaccaccigeatageagag
C | gttatigeteatgatcigeaageatitatigecaac
geaaagaaagacggiitcgtigacagetciateg
cggttecgeacgeicatacecegiocticategg
ticicacgiaactggiiggracaacatgticgaa
gacticgeaaaaacttttaccgeagactatcaag
gecaaccegggiaaactigecgaagetgaaccig
gigaccggettigaaacctacetgggeaacttlc
gigtccigaagegcatgalggageagatggeg
gitecgigticteigetgictgacecgictgaggtt
Ltomcac ccageggacggecactategeat
glatictggiggcaccacicageaggaaaigaa
agaggeoccagacgegatigacaccctgetoe
tgeaacegigacagelgeigaaaageaagaaa
ghigticaggaaatglggaaccagocggeaacy
gaagtigeaaiccegeigggtciggeagoetact
gacgaactgetgalgaccegtgtoccaactgage
cagaccaatcgeggatgcicigacecigga
cgeggicgeciggloeacatgalgeiggaca
ccacacgigectgeatggeaagaaatiiggee
tgtacgglgacceggacticgtaalgggocige
ceeglticctgetggaactiggecigegageega
clgtiatcctgicicacaacgetaacaaacgligy
cagaaggcecalgaacaaaalgelggatgcgay
ceeatacggeegieatagegaagigiicaicas
clgegacct g'g,ﬂ' atticegetcictgatgitiac
geglcagecggatticalgatcgglaactotiac
g}zcaacm at\,ca ‘thﬂd()}i(‘cw’gm
anageglitgaa setgatic ot\,t ;
getitcegotgticgac
wag&mxdgggg &y ggc:»zcgaiga
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aauggtogi(cw g 1 acticecageigggea
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SEQ ID ¥ %

Gene NG: WT Seguence Syunthetic Sequence Nucieotide | Codon

fdentity |identity

Y WT Gene Y |atgfccgacaacgataccctattctggegtaizetg | ATGTCTGACAATGATACCCTG 79.8 452
is SEQ ID gegetgiticagtctotgocggacctacagecgge | TTT TGGCGCATGOTGGEGCTG
N{(k® zcaaatcgtogactggetggegeaggagagegg | T T TCAGTCGCTGCCGGATTTC
Syntbetic cgagacgetgacgecagagegiciggegacect CAGC(N_TGG(_TT-CAAATCGTCGA
Gene Y is gacccagocgeageiggecgecagetitcaeice TTGG(;TGGCG(»_‘:AG(EA.A‘-&TC(_‘,(i
SEQ 1D gogacggeggigatgicceccgetegeiggicge GCGAAA(_“,C)CTE;‘AE‘UCCGGAU
I\ G- 18 gogigatggegagectgeaggaegezcigoceg | CGUCCTTGCCACCCTGACCCAA

cecatftacgeategttcgeccigeccagegeacg
ccocagctgetogeg (5 amtgﬁtcc‘caggatgg

,,,,,,

d;ltttt‘& lamwagttcaatmamdggc&*%

goltptacgaictgegecgetateecicogeeece
caccageaggaggecaacgaagtgegegeceg
gcttaltgaggactgteagetgeigtitigecagga
gataggegggeocgecgeegegeggetgatec

gecategeatecaceegatgasagegeageceg
ggacgacgattcaggcacagigcgagocgalea
atacgclgetggecggeegtitgecgecgigget

gocgaageggcitaacagggataacceictggaa
gaacgegitititaa

CCGCAACTCGCGGUGETCGTTC
CCATCCGCGACGGCAGTGAT
GAGCCCGGCTCGCTGGAGCC
GCOGTTATGGCTTCTCTGCAAG
GCGUOCTCCCAGCCCACTTGO
GCATCGTACGTCCGGCGCAG
COGTACCCCGCAACTGUTCGCC
GCGTTTTGCAGCCAAGACGG
CCTTGTTATCAATGGTCATTT
COGGCCAGGGTCGTCTGTTICTT
CATTTACGCCTTTGACGAGCA
GGGCGGCTGGCTGTATGACTT
GCGUOGCTATCCGAGUOGCALC
COGCACCAGCAGGAAGUGAAT
GAGGTGCGTGCTUCGTCTGATT
GAAGATTGCCAGCTGCTGTTIC
TGCCAGGAGATTGGCGGTCC
GGCAGCAGCGCGTCCGATCC
GCCACCGCATCCATCUGATG
AAGGCGCAGCCGGGTACTAC
GATTCAGGCGCAGTGTGAAG
CTATCAACACCCTGOTGGCOG
GTCGCCTGCCGCCOGTOGCTCG
CCAAACGTTTGAACCGTGAT
AACCCOGCTGOGAAGAGCETOY
GTTTTAA




CA 02838955 2013-12-10

WO 2012/174271

PCT/US2012/042502

Gene

SEQ ID
NG:

WT Sequence

Synthetic Sequence

%
Nucieotide
fdentity

%
Codon
Tdentity

WT Gene &
is SEQID
NG 11

Synthetic
Gene E s
SEQID
N 12

atgaagggaaalgaaaticiggegeigetggatea
accggecigigaacacaaccataaacaaaaatoc
HECTECAgLECECCCaAAcICEECHOCaAcLEs
cgeggactgegegticgacggegegeagataac
ceigeigeecatogecgacgiggegeatotgaic
cacggeeocateggetgogeeggaagetoalgg
gataaccgeggoagegecageticeggoeccace
ctiaatcggctogggticaceaccgalctcaacga
acaggacgigatialgroccgeggrgaacEcey
acigittcacgecgigegecatategicaccegeta
tcalocggeggeggteltiatetacaacaceigegt
accggecatggaggecgalgacciggaageggat
atgecaggocgegeagaccgecaccggegiace
ggoltategclatigacgecgecggiiictacggea
glaaaaatcicggtaaccggecggegrgegacg
tcalggicaageggeicatcggecagegegagee
cgeeccectggeeggagageacgetetitgeceeg
gageagegteacgatatiggectgattiggegaatt
caatatigecggoegagticiggcatalicageeget
gctegacgaactgggoatcegegtgcteggeay
cetcteeggtgatgacegeticgeegagatccag
accatgeacegggegeaggccaatalgetggoict
gctegegggegitaatiaacgicgecagageect
ggagcagegetacggeacgecgiggticgaagy
cagetittacgggatecgegecacclcigacgece
tgegeeagetggeggogolgetggecgacgacg
accifcgeoagegeacegaagegetgattgegeg
ggagegaacaggegecggaacigacgciacage
cglggegegaacageigegeggrogoaaageg
cigetctataceggeggggioaaaicctggleggt
eglatogecgcigeaggalligggeaigacegty
glegeaaceggeacgegiaaatocaccgangag
gataaacageggatccgegagelgalggpcgas
gaggeggtaalgcigeaagaggacaacgeceg
cacgetgctggalglggtotatcgeiatcaggoeg
accigalgatigeeggopgacgcaatatglacace
gcclataaageeaggetgecgiitcicgatatcaat
caggagegegaacacgecitegetggetatcagg
ggatcgtoaceotogoecgecagetgtgloagac
catcaacagecccateiggecgeaaacecaticlc

gegeccegiggegctaa

ATGAAGGOTAACGAGATTCT
TGCTCTGCTOGACGAACCGO
CCTGTGAACACAACCATAAA
CAGAAATCCGGCTGTAGCGC
CCCAAAGCCGOGTGCGACGH
COGCTGGCTGCGETTTCGATG
GTGCGLCAGATCACCCTGOTCC
COATTGCGGACGTTGCCCACC
TCOTGCATGGCCCAATCGGTT
GCGCAGGTAGCTCTTGGGAC
AACCGTOGGCAGCGCCTCCAG
COGOGTCCGACCCTGAATCGTTT
GGGCTTTACCACTGACTTGAA
TGAACAAGATGTGATCATGE
GTCGOCGGCGAGCGTCGCCTG
TTCCACGCTGTGCGUCATATT
GTCACCCGTTACCACCCAGEG
GCAGTATTCATCTACAATACG
TGCGTGCCGGCTATGGAAGG
COATGACCTGGAGGCCGTOT
GTCAGGCAGCCCAGACTGLG
ACCGGCOTCCCOOTAATCGC
AATTGATGCGGCTGGCTTCTA
COGOTTCGAAGAACCTGGGCA
ACCOTCCGGCAGGCGATHTIC
ATGOTTAAACGCOGTCATTGOC
CAACGTOGAGCCAGCGCCGTG
GCCGGAGAGCACCCTOTTTG
CCCCGGAGCAACGTCATGAC
ATTGGCTTGATCGGTGAGTIC
AACATTGCGGGCGAGTTTIC
GCACATTCAGCOGCTGCTTGA
TGAGCTGOOTATCCGCGTTTY
GGGTTCGCTCAGCGGLGATG
GTCGTTTCGCCCGAGATTCAAA
CCATGCACCOGTGCCCAGGLG
AACATOCTOGGTGTGCAGCLCG
TOGCTCTGATCAATOTTGUGEG
TGCTCTOOAACAGCGCTATG
GCACCCCOTGGTTTGAAGGCT
COTTCTATGGTATCCGLGCGA
CCAGCGACGCLCTGLGLCAG
TTAGCGGCGCTGCTGOGLGA
TGACGACCTCCOTCAGCGCA
CCOAGGUGCTGATCGCGEAT
GAAGAACAGGCGGCTGAGCT
GOLCCTOCAACCOTOGLOTG
AACAGCTGCGTGGOCOCAAQG
GCCCTGUTCTACACGQUTGOT
GTCAAAAGCTOGTCTIOTGOT
GTCCGCGCTTCAGGATCTGGG
TATGACCGTGGTTGCCACGG
GCACGCGTAAGAGCACGGAA
GAGGATAAACAGCGCATCCG

80.8

47.6
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SEQ D % %
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COGAATTGATGOGCGAAGAGG
CCGTGATGCTTGAAGAAGGC
AACGCACGTACCTTATTGGAT
GTAGTTITATCGCTATCAAGCA
GACCTGATCGATTCGCCGOTOO
CCGCAACATGTATACCGCCTA
CAAAGCGCGUTTGLCGTTCCT
GGACATCAACCAGGAACGCG
AGCACGCGTTTGCGOGCTAL
CAAGGUCATCGTGACCTTAGC
GCGCCAGCTGTGCCAAACGA
TTAACAGUCCGATCTGGOCGE
AGACTCATTCCCGCGCACCGT
GGCGLCTAA
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Gene

SEQ ID
NG:

WT Sequence

Synthetic Sequence

(L)
s

Nucieotide
fdentity

%
Codon
Tdentity

WT Gene N
is SEQID
N{:13

Synthetic
Gene N s
SEQID
N{: 14

atggeagacatiticegeaccgataageegeigge
geteagececatcaaaacoggeeagoegetogg
cgeaatectegecagectogggatogaacacage
atecetelggtocacggegegeaggggtgeage
gecticgecaaagicttititaticaacatttocacga
ceeggitcecotgeagicgacggogatggacece
acgtegacgatiatggregeggacggoaatatitt
taccgoectggatacceictgecagegeaacaate
cgraggotateglactgeicageacegggeigic
gaggcccagggeagegatattteccgegiggtt
secagtttcgegaagagtatceccggealaagyg
gootogcgatatigacgetiaacacgeeggatittt
atggctecatggagaacggeticagegegatotia
gagagegicatigageagiggglgecgecggeg
cegegeecggetcagegeaalogecgggteaat
ctgetggteageeateicigiicgecggecgatate
gagioocigcgecgaigegicgaagectiiggict
geageegataatecigecggacctggegeaateg
atggacggceacciggegoeagggegatttciege
cgelgacccagggegggacgeegeigegecag
atagageagalgggocaaagoectgigeagelicg
ceattggegtcteecitcategegectcategetge
tggececgegetgecgeggegaggtitategecet
geegeaccigatgaceetcgaacgetgegacge
ctitattcatcaaciggegaaaaiticeggacgege
cgticeegagliggctggaacgecagegoggeca
gctacaggatgegalgatcgactgecatalglgge
tecagggecagegealggegalageggeggaa
ggogattigeiggegecptegigtoatiicgecan
cagecaggggatgeageecggeccgciggteg
cecctaceggteateccagectgegecagetgec

i
£

¢

3

I

gulgegacggotootoccegouoalciggagga

tetgeanacecigetgigegegeatecegeegac
ctgetggtoocgaactogeacgecegegacclg
gcggagcagitigegetigecgeiggigegegeg
ggoitlicegetictligacaageicggegaattcege
cgggigegacaggggialageggeatgogegat
acgetgtiteagetggeaaaccigatacgegage
glcaccaccaccicgeccaciacogaicgeeget
gegecagaaccccgaategicactctecacagga
ggogcttatgecgecgatian

ATGGCAGACATTTTCCGCACT
GATAAGCCGTTGGUTGTGTCG
CCGATCAAGACCGGCCAGCL
GCTGGGTGCGATCCTGGOGTC
CCTGGUGTATCGAGCACTCGAT
TCCGCTGGTACATOGUGCGO
AGGGCTOTTCGGUTTTTGOCA
AGGTTTITCTITTATCCAGCACT
TCCACGATCCGGTCCCGLTGO
AAAGCACGGCAATGGACCCG
ACCAGCACCATCATGGGOGC
TGATGGTAACATCTTCACCGO
GCTGGACACTCTCTGCCAALG
CAATAACCCGCAAGCAATTG
TGCTGCTGAGCACCGGCCTCT
CCGAGGUGCAGGGLAGCGAC
ATTTCCCGTGTAGTGOGTCAG
TTCCGTGAAGAATATCCGCGT
CATAAAGGCGTGGUGATTICT
GACTGTTAACACCCCGGACTT
TTACGGTAGCATGGAGAACG
GCTTTTCCGCTGTCCTGGAGT
CTGTGATTGAACAGTGGGTTIC
COCCAGCCCCACGTOCGGCG
CAGCGCAATCGTCGCGTCAA
TCTTTTGOTGAGCCATOTCTG
TAGCCCAGGCGATATTGAGT
GOCTGCGUCOGTTGOGTCGAG
GCCTTCQUTCTGCAACCGATC
ATTCTGCCGGATCTGGOTCAG
AGCATOGCACGGCCACCTTOT
TCAGGOTGACTTTTCGCCOGCT
GACGCAGGGCGGCACGCOOT
TGCGCCAAATCGAGCAGATG
GOQCCAGAGCCTTTOCTCTTTY
GCOGATTOGOCOTCAGCCTGCA
CCOTGCOAGCAGCCTGCIGG
CTCCGCOTTOTOGTGOCGAAG
TCATCGCCTTGCCGCACCTCOA
TOGACCTTOQAACGUTGCGAC
GCCTTTATCCATCAGTTGGOG
AAAATCAGCGETCGCGCCAT
TCCGOGAGTGGCTGGAACGCC
AQCGCGOTCAGCTGCAAGALC
GCCATGATCGATTGCCACATG
TGGCTGCAAGGCCAGCGCAT
GGUGATTGCCGCCGAAGGLG
ACCTGCTOGCAGCOTGHTGEC
GATTTCGCGAACTCTCAAGOT
ATGCAGCCGGOTCCACTGGTT
GCTCCGACGGGTCATCCGAG
CCTGOGTCAGTTGCCGGTGGA
GCGCGTGOGTGCCGGETGATC
TGGAGGATCTTCAGACCCTICT

78.7

47
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29/03
SEQ D % %
Gene NG: WT Sequence Synthetic Sequence MNucieotide | Codon

fdentity |identity

TATGCGCACATCCGGCOGALCT
TACTGGTGGCGAACTCCCAC
GCCCGTGATTTAGCAGAGCA
ATTCGCCCTGCCGCTGHTGOG
COCAGGLTTCCCGCTOTTTGA
CAAACTGGGCGAATTTCGTC
GTGTTCGCCAGGOGTTATAGCG
GTATGCGTGATACCCTOTICG
AGTTGGOGAACCTGATCCGT
GAACGCCATCATCATCTGGOT
CATTATCGCAGCCCGUTGCGC
CAGAACCCAGAATCCTCOTT
GTCTACGGUGTGGCGUGTACG
CAGCGGATTAA
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SEQ ID ¥ %
Gene NG: WT Seguence Syunthetic Sequence Nucieotide | Codon
fdentity |identity

U

WT Gene U

is SEQID
NG: 15

Synthetic
Gene U s
SEQID
N6

atgtggaaltactocgagaaagtgaaagaccatitt
titaacceecegeaalgegegegigatggacaacg
ccaacgeggiagpegacgicggiicgitaageig

\\\\\ gectgatgetgegoegtega
cecgeaaagegaaatoatigaggaggogggctic
cagaccticggetgeggeagegecatcgectoet
ceicegegcigacgmageigatialeggceatace
clogecgaagecgggeagataaccaatcageag
atigecgattaiciogacggacigecgecggaga
aaatgeactgetoggtgatgggoecaggaggecct
gegegeggecategecaaciticgeggegaaag
cetigaagaggageacgacgagogcaagetgat
clgeaaatgciteggeglogatgaagggealatic
geegegegglacagaacaacgggetgaccacce
tigecgagotgatcaactacaccaaagiggeegy
cggetgeaccictigecacgaaaaaategagely
geectggeggagatecicgeccageagocgeag
acgacgecageeglggoecageggeaaagaled
gcactggeagagegicgicgataccaicgeagan
clgeggoecgeatattcaggecgacggeggegal
atggegetacicagegteaccaaccaccagglga
cegleagecictecggeagelglagegactgeat
gatgaccgatatgacectggeciggclgeageaa
aaactgatggaacgtaccggeigtiatatggaagt
gglggoggeciga

ATGTGGAACTACAGCGAGAA
AGTCAAGGACCATTTCTTCAA
TCCGCGCAACGCGLGTETTOT
GGATAACGCAAATGCGGTGE
GCGACGTCOGCAGCTTATOTT
GTGOGCGATGCTCTCCGCTTGA
TGCTGCGOGTGGACCCGUAG
AGCGAAATCATCGAAGAAGC
GGGCTTTCAGACCTTCOGOGOTG
CGGCAGCGCGATTGOOTCAT
CCAGCGCACTGACGGAGCTG
ATCATCGGTCACACCCTGGEG
GAAGCGGGTCAGATCACCAA
CCAGCAGATCGCUGACTATCT
GGACGGCTTACCGOCGGAAA
AGATGCACTGCTCTGTAATGO
GCCAGGAAGCTCTTCGTGOG
GCCATTGCTAACTTTOGCGOGT
GAATCGCTGGAAGAGGAGCA
TGACGAGGGTAAGCTGATCT
GCAAGTGCTTCGGCGTCGAT
GAAGGCCATATTCGCCGTGCT
GTCCAGAACAACGGTCTTAC
GACTCTGGCCGAGGTGATCA
ATTACACCAAGGCAGGTGGC
GOTTGTACCAGUTGCCATGA
GAAAATCGAGCTGGUCCTGO
CCOGAGATTCTICGCCCAACAG
CCGCAAACCACCCCOOCAGT
TOGCGTCOGOTAAAGATOCGC
ACTGGCAGAGCGTCOTGGAT
ACCATCOGUTGAACTGCGTCCA
CATATCCAAGCGGACGGTGG
TCACATGOCOCTOTTOTCCOT
GACGAACCACCAAGTGACTG
TITCGCTGTCGGGCAGCTGTT
CTOGCTGCATCGATCGACCGAC
ATGACCCTGGCOTOGCTGCA
ACAGAAATTGATGCGAGCGTA
CCOQCTOCTATATGOAAGTTG
TTGCCGCCTAA

&3
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Gene

SEQ ID
NG:

WT Sequence

Synthetic Sequence

(L)
s

Nucieotide
fdentity

%
Codon
Tdentity

WT Gene S is
SEQID
N7

Synthetic
Gene S s
SEQID
N{3:18

atgaaacaggittatcicgataacaacgeeaceac
cegteigraccegatggicciggaagegalgatg
cecttttigacegatitifacggeaacceetegioga
tacacgatiftgoeaticeggeceaggeggrtelg
Faacgogegealcageaggcetgeggogotgelg
gocgegramiatoccagegagateateitiaccte
clgegeeacegaagecaccgocascgoeatege
ctoggegategecetgotgectgagogicgegaa
atcatcaccagegiggicgaacatecggegacge
tggeggccigegageacatggagogegagggct
accggaticategeategeggtagatygegageg

tggc
gocgctggacatggcacagticegegeggeget

cageecgegegicgegtiggicagegioaigion
gcgaataacgaaaccggggioctiticecgaleg
gcgaaatggegragetggecealgaacaagyey
gegetgiticacigegatgcggigraggtoricgs
gaaaataccgalegecgligggecagaceegeat

<

ggccaasaggegtagoctgicttiatctacrgey
gogaacgegetiicgecegetcigegeggeggt
caccaggagtacggicggogagecgggacaga
aaatateigeggaalcgioggoeatyggegeggec
tgcgagclggegaatalicateigecgggaatyac
geatatcggecaatigegeaacaggetagageat
cgectgetggecagegigeegleggicatggiga
lgEgeggeggeeageeggeggigeerggeacg
gigaatciggecttigagtiiatigaaggigaagec
attetgctgctgllasaccaggecggealegoecge
ctecageggeagegectgcaccicaggeicgelg
gaacccicccacgtgalgegggegatgaataice
cetacacegeegeccacggeaceateegetitict
cicicgegetacacecgggagasagagatogalt
acglegiogecacgeigeegeegatialegaceg
cigicgecctaciggeagaacgg
ceggeggacgecgtaticacgee

4
&
=
s
<
0%
o5
T
=
&

ATGAAACAAGTGTACCTGGA
CAACAACGCGACCACCCGCC
TGGACCCGATGOTTCTGGAA
GCGATGATGCCGTTTICTCACG
GATTTCTATGGCAATCOGTCO
AGCATCCATGACTTCGGCATC
COGGCACAAGCGGOGUTGGA
ACGTGUGCACCAGCAAGCTG
COGGCACTGCTOGGULGCAGAG
TACCCGTCTGAAATCATTTTC
ACGAGCTGTGCGACCGAGGC
CACTGCAACCGCCATTGCGTC
GGCCATCGCGTTATTGCCGGA
ACGCCGCGAAATCATCACCT
COGTAGTGGAGCACCCGGOT
ACGUTGGCGGCGTGCGAGCA
CATGGAACGCGAAGGUTATC
GCATCCATCGCATTGCGGTGG
ATGGCGAAGGTGOGCTGGAC
ATGGCCCAGTTCCGTGCAGC
GCTCtegCCGCGTOGTCGOGTTO
GTGAGCGTGATGTGGGCCAA
CAACGAAACCGGUGTGCTGT
TCCCGATTGGUGAAATGGCC
GAGCTTGUCCACGAGCAGHG
COCTCTGTTCCACTGCGATGO
COTTCAGGTCOGTTGGCAAAAT
CCCAATTGCTOTTGGCCAGAC
GCGCATCOACATGCTOTCTTO
CTCCGCOGCACAAQTTTCATGO
TCCCAAGOGOTOTTOOTTGCTT
GTACTTACGTCGTGGCACGCG
CTTTCGTCCGOTOCTTCGOGEH
TOGGCCATCAAGAATATGOTC
GCCOGTGCCOGGCACTGAGAAT
ATCTOGTGGCATCOTCGGCATG
GOCGUTGCOTGCGAACTGGE
GAACATCCATCTGOCGGGTAT
GACCCATATTGQCCAGTTALG
CAATCGCCTGGAGCACCOTCT
GCTCCCCAGCOTOLCGTOCET
GATGGTTATGGGCGOTGOTC
AQCCGUGCTGTACCOGGTALCT
GTCAACCTGGCOTTCGAGTTT
ATCGAAGGTGAAGCGATCCT
GCTCTTGCTQAACCAGGUTGG
CATTGCCGUCAAGCTCCGGOTC
CGCOTQTACCTCTGGCAGCTT
GOAGCCCAGCCATOTGATGC
GCGUCATCGAACATTCCATAC
ACCGCGGLTCACGGCACCAT
TCOGTTTTAGCCTGAGCCGTTA
TACGCGCGAGAAAGAGATCS
ACTACGTCGTTGCGACCCTCC

78.1

43.6
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SEQ ID ¥ %
Gene NG: WT Sequence Synthetic Sequence MNucieotide | Codon

fdentity |identity

COGCCAATCATTGATCOTOTGC
GTGCCTTGTCCCOCGTATTGGO
AGAATGGTAAGCCGOGTCCG
GCAGATGCAGTCTTTACCCCG
GTTTACGGTTAA
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SEQID s Yo
Gene NG: WT Seguence Syunthetic Sequence Nucieotide | Codon
fdentity |identity

Y

WT Gene V
is SEQID
N{:19

Synthetic
Gene V is
SEQID
N{:28

atggaacgegtgctgatinaczataccacecigeg
cgacggegageagagocccggegicgectiicg

tacgeogeaggaataacggoegatggaggicgge
acceeggegalgggegacgaggagalcgegeg
gatecagetggtgogicgecageigeecgacge
Faccotgatgacciggigieggatgaacgegety
Fagateegecagagegoegateigggeategact
gegiggatatciogaticeggeticggataagelg
cggeagtacaaactgegogagocgetggogmin
clgetggagegecigocaaigittatccaletigeg
cataccotcggectgaaggtatacaloggeigeg
aggacgeciegegggeeageggeeagaceety
cgegelategecgaggicgegeageaalgeged
geegecegecigegetatigeegatacggioggee
tgctegacecitttaccacegeggegeaaatcicg
gecctgegegacgictggiccggegaaatcgaas
tgcatgcccataacgalciggglaiggcgacege
caatacgetggeggeggiaagegecgggoccac
cageglgaatacgacggiccteggiclegaegag
cgggegggeaacgeggegetggaaaccgioge
gctgogectigaacgeigectgggegiggagace
ggegtgeatttitcggegetgecegegtectgica
gagggicgeggaagoegegoeagegegeeateg
acccgeageagecgetggicggegagetggtott
tacceatgagicaggtolccacgiggegocgclg
clgeggcacagegagagetaccagiccategee
ceticeetgatgggeogeagetaceggetggtaet
ggocaaacaciecgggegteaggegeteaacgg
cgtttitgaccagatgggcialcaccicaacgeeg
cgeagatiaaccagetgelgeccgecatecgecg
cticgecgagaaclggaagegeagoecganaga
Hacgagciggigeciatclacgacgagetetece

gteaatcogeicigegegegaggueotan

ATGGAGCGCOTCTTGATCAA
COATACTACCCTGOCGTGATGES
COAACAATCTCCGGGCGTAG
COTTTCGTACCTCCGAGAAAG
TTGCCATCGCGGAGGCACTGT
ACGCTGCGOGOGTATCACCGCS
ATGGAAGTCGGCACTCCGGO
GATGGOTGATGAAGAGATCG
CCCGCATTCAGCTGGTGCGTC
GTCAACTGCOGGACGCGALG
CITATGACCTGGTGUCGTATG
AACGCTCTGGAAATCCGTCA
GAGCGCGGATCTGGGTATTG
ACTGGGTGGATATCTCGATCC
CAGCATCCGACAAGCTGOGT
CAGTACAAGCTGUGTGAGCC
GCTGGOCGTGCTGUTGGAGC
GCCTTGCGATOGTTTATCCATC
TGGCCCACACGTTAGGCCTCA
AAGTATGTATTGGTTGCGAG
GATGCGAGCCGTGOGTOTGG
TCAGACCCTGCGCGCCATTGC
COAGGTGGCCCAGCAATGUG
COGCTGCGCGCTTGOGTTALG
CTGACACCGTGGOCCTGCTG
GACCCOGTTCACCACCGCAGC
CCAGATCAGCGCCCTGOGTG
ACGTTTGUTCOGGOGOGAGATC
OGAGATGCATGUTCACAATOA
TCTGGGCATGGCTACCGCGA
ACACGCTGGCOGCAGTTTCO
GCTGGCGUCCACGTCOUTGAA
CACTACCGTCCTCOUTOTGOO
TCAACGTOGCAGGCAACGCAG
CCCTGGAAACCGTTGCGLTIO
GOCCTQUAACGUTGCCTGGO
COTGOGAAACCGGCOTCCATTT
CAGCGCOQUTCCCAGCGAGCT
GTCAGCGCGTCGCGGAGGETY
GCACAGCGUGCAATCGACCC
GCAACAGQCCGCTOETGGUTG
AATTGOTTTTCACCCACGAGT
CTOQGTGTTCACGTTIGOGGOGC
TGCTGCGCCACAGCGAATCCT
ATCAATCTATIGCCCCAAGCC
TCATGGOUCGTAGCTACCOTC
TOGGTGCTCOGGUCAAGCATTCS
GOTCOTCAGGUTATCAALCGG
TOTTTTCOACCAGATGGGTTA
CCACCTGAATGCGUGUGLAGA
TCAATCAGTTGCTGCOCGGECA
TTCGCCGCTTCGCCGAGAATT
GGAAACGCTCTCCGAAAGAC
TACGAACTGGTTGOGATCTAT

80.8

48.3
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SEQ ID ¥ %
Gene NG: WT Sequence Synthetic Sequence MNucieotide | Codon

fdentity |identity

GACGAATTOGTGCGOGTGAATC
CGCCCTTCOGTOCTOGCGGCTA
A
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SEQ ID - o o
Gene NG: WT Seguence Syunthetic Sequence Nucieotide | Codon
fdentity |identity
W IWT Gene W |atggagigotitiaicaaaticecggegtggacga [ATGGAGTGGTTTITACCAGATT 77.9 43

is SEQID
NCH2Y

Synthetic
Gene W is
SEG ID
N{»22

acticgetcegecgaatettititicagtitttcgecgt
cecctateagecegagetgettggeegetgeage
clgecggtoctggcaacgiitcalegeaaacicoy
cgeggaggtgocgeigeaaaaccggetogagnga

taacgaccgegegecctggotaciggcgegaag

acigctegeggagagetatcageaacagiticag
gagageggaacatga

CCGOGGTOTAGALCGAATTGCG
CAGCGCTGAATCCTTCTTTICA
GTTCTTOGCGGTTCCATACCA
GCCGGAACTOCTGGGOCEOT
GCTCGCTTCOGGTOTTAGCGA
COTTCCACCGTAAACTGCGTG
COGAGGTCCOGCTGCAAAAL
COTCTGGAGGALCAATGATCG
TGCGCCGTGGUTCTTCGCGEG
COGCCTCCTGGCCGAATCTTA
TCAGCAGCAATTTCAGGAGA
GCGGCACCTAA
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SEQ ID ¥ %
Gene NG: WT Seguence Syunthetic Sequence Nucieotide | Codon
fdentity |identity

Z

WT Gene &
is SEQID
N(:23

Synthetic
Gene 728
SEQID
N{:24

atgagaccgaaattcaccttiagegaagaggiceg
cgtegtacgegegaticgtaacgacggoacogin
gegggcticgegoocggegegotgetggicagg
cgeggeageaccggctitgtgcgegactgrgae
gittttitgeaagateagatiatolaccagateeactt
tecggaracegaleggateateggotgecgegag

ATGCGUCCGAAATTCACCTTC
TCTGAAGAGGTCCGCGTAGTT
COGCGCGATTCGTAATGATGO

CACCGTGGLGGOTTTITGCGCC
AGGTGCGCTGCTGOTTCGTCG
COGTTICGACGGGOTTTGTGEG

2g i TOACTGGOGGTGTGTTCCTGCA

dizagegecggecagegggracgogiigagget
accgateggggagageloggegacageiacace
gicgactitageggecgctgaticagggteceggt
geaggecategecctiatagaggaaagagaaga
alga

AGACCAGATCATCTATCAAA
TCCACTTTCCGGAAALCCGACC
GCATTATCGGUTGTCGCGAGC
AGOGAGTTAATCCCGATTACCC
AGCCGTGOTTIGGCTGGTAAC
CTCCAGTATCGTGACAGCGTC
ACGTGUCCAAATOGGCACTGGC
TGTCAACGGTGACGTGOTTOT
GAGCGCUGGTCAACGTGGOC
GTGTGGAGGCCACTGATCGT
GGCGAACTTGGCGATTCCTAC
ACCGTGGACTTCAGCGGCCG
TTGOTTCCGOGTTCCGGTCCA
GGCCATCGCGCTGATTIGAAG
AGQCGCUGAAGAATAA

80.1

48.3
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37793
SEQ ID N R %o
Gene NG: WT Seguence Syunthetic Sequence Nucieotide | Codon
fdentity |identity
L%l WT Gene M |atgaaccegtzgcaacgtittgeccgzeagegge | ATGAATCCGTOGCAGCGCTTT 78,7 483

is SEQID
N(G:25

Synthetic
Gene M is
SEQID
N{x:26

segcagecgotiggaategegatecggegg
iggatecggecgacacgeeggetitigaaca
gocetggeaacgecagtgocatalggageagac
gateglogegegggicecigaaggogataticeg
geggegitgcliggagaatategetgecteceiige
catctggeicgacgagpggoalittgogoogoee
gagegegetgecategtgegecateacgeeegg
clggaactegectivgecgatategeccgecagg
cgecgeageeggatctotocacggtacaggealg
giafcigegecaccagacgeagittatgcgceeg
gaacagegtclgaccegeeatitactgetigacggt
cgataacgaccgcgaageegigeaccageggal
ceteggectglateggeaaatlcaacgeciegegg
gacgetiicgegecgetggeccagegecaticee
actgecegagegegciggaagagggtegiitagy
clggattageegiggectecictatcegeageicg
agacegegeigtiticactggeggaasacgegct
aagecticecatcgecagegaactgggctggeat
clittatggigegaagegaticgeccegeogogee
catggageegeageaggegolggagagegego
gegattalcttiggeageagagecageagegeca
tcagegecagiggelgraacagatgatiiceegte
ageegggacigigegeglag

GCCCOGTCAACGCOTTGOTCGC
AGCCGCTGGAACCGTGATCC
GGCTGLTCTCGACCCAGCCG
ATACCCCAGCGTTCGAGCAG
GCGTGGCAGCGTCAATGCCA
TATGGAACAAACCATCGTAG
COCGTGTCCCGGAAGGUGAT
ATTCCGGUTGCCTTACTGGAA
AACATCGCGGCCAGCCTOOC
GATCTGGCTGGACGAGGGTG
ACTTCGCTCOGCCGGAGCGO
GCTGCGATTGTGCGTCATCAT
GCACGTCTGGAGCTGGOGTTT
GCCGACATTGCCCGOCAGGT
ACCGCAACCGGATCTGAGCA
COGOGTTCAAGCGTGUGTATCTGO
GTCACCAGACTCAATTCATGC
GTCCGGAGCAGCGTCTGACC
COTCACCTGCTCCTGACGGTO
GATAATGATCGCGAGGCGOT
GCATCAACGCATCCTTGGCCT
GTATCOGTCAGATCAACGCGA
GCCGTGACGCCTTCGUCCCAC
TGGCACAGCGCCACTCTICATT
GCCCGTCCGOCTTGGAAGAA
GGCCGTCTGGGCTGGATCTCC
COTGOTCTOQCTOTACCCUGCAG
CTCCGAAACCGCOTTGTTITAGC
CTOGCGGAAAACGCACTGTC
GCTGCCOATTGCGTCGGAATT
GOGTTOQGCACCTGTTATGOTO
CGAGGCCATTCOTCCGGLAG
CCCCOATGGAGUCGLCAACAG
GCCCTTGAATCTGCGCGCGAL
TACTTOQTGGCAGCAGAGCCA
GCAGCGCCACCAGCGTCAAT
GOUTGCGAGCAGATOATTTICC
CGCCAACCCGGCCTGTGIGG
TTAA
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SEQ ID ¥ %
Gene NG: WT Seguence Syunthetic Sequence Nucieotide | Codon
fdentity |identity

WT Gene ¥
is SEQID
N(:27

Synthetic
Gene F is
SEQID
N{3:28

atggogaacatigglattttctiiggeacegatace

gotaaaaccegeanaategegaaaatgatecata
agraacigggegagetiggeggatgeeceggica
acattaaccgeacgacgciggacgactitatgece
tateoggtgotgetgetgggeacgeegacgeicg

tgeganagegagicatggagogaatitatcageg
geclogacgacgocageclgaaagagaaaacey
tggegetgticggecteggegateagagagecia
teecggacaacttogicagegggatgegocegely
tcgacgeecigagegegegeggegegeagaty
attggeagetggecaaatgageettatgaaticag
cgegtecteggegciggaaggegacegetiigtt
goociggtociggalcaggataaccagticgace
agaccgaagegegiciggogagcigaciigagy
agattaaacgeaccgigeiglag

ATGGOCGAACATCGGCATCTTC
TITOGGTACGGATACCGGCAA
AACCCGCAAGATTGOGAAGA
TGATTCACAAACAGCTGGGO
GAGCTGGCCGATECCOCGOT
TAACATCAATCGTACCACTTT
GGATGACTTTATGGUTTACCC
AGTCCTGTTGCTOGGCACGLC
GACGCTTOGGTGATGGTCAACT
GCCGGGUCTTAGAGGLGGGOT
GCGAGAGUGAAAGCTGHTCT
GAGTTTATCTCCGGTUTGGAT
GACGCTTCCCTGAAGGGCAA
AACCOGTGGCGCTOTTTGHOCT
GOGCGACCAGCGTOGUGTTACC
COGOGACAACTTCOTOGTOGGOT
ATGCOTCCGCTGTTCGACGLG
CTGAGCGCCOGTGGUGCCCA
GATGATTGGTAGCTGGCCGA
ACGAAGGTTATGAGTTTAGC
GCATCGTCCGOCGCTGGAAGG
COACCGCTTCGTOGOGUTTGOT
GCTGGATCAAGACAATCAGT
TCGACCAGACCGAAGCGCGL
CTGGOGTCTTGGUTTGAAGAG
ATCAAACGCACCGTTCTGTAA

815

51.4
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Gene

SEQ ID
NG:

WT Sequence

Synthetic Sequence

%
Nucieotide
fdentity

%
Codon
Tdentity

WT Gene 8
is SEQID
N(:29

Synthetic
Gene B is
SEQID
N3 38

atgacttcctgetecteititictggeggeaaagect
gocgoecggeggatgacagegeatigacgeoge
tigigocegataaageigeegegeaceectgetac
ictegecatgggeatcacegtitegogeggatgca
tetgecegtogerecegectgeaattigoagigea
actacigtaatcgeaaaticgatigoageaacgagt
cecgecceggggtategteaacgctgetgacgce
igaacaggeggicgtgaaagigegteagglogeg
caggogateocgeageiticggiggioggcaicg
cegggencggegatecgetegecaatalogece

gcacctitcgeaccetggagetgatecgegaaca

gctgeeggacetigaaatiatgeetgtegaccaacyg
gaclggtoctgectgacgeggiggacegeeiget
ggataicgoegttgaccacgicacggicaccatia
acacectegacgeggagatigecgoegeaaalicta
cgectggetatggctggacggegaacgetacag

cgggegegaagegggagagatecigatigeccg
tcageitgaggocgiacgeaggeigacegocaan
gocglgciggigaaaataaaticgglgetgaiece

cgglatcaacgatagegecatggeeggegtgay

EVENS

cegegegetgegggecageggegegtitalocat

tate

aatattatgccgeigategecaggoeeggageacg

OSTE
geacggtettiggecicaacggeoagoecggage
cggacgeegagacgetegeegieaceegeage
cggtocgocgaagligatecogeagatgacecac
tgccaccagigicgegoeegacgecaltggpalge
icggegaagaccgeagecageagittacceaget
tecggegecagagagteicecggectggetgee
gategiocaccagegegegeagelgeacgecag
catigegaccegeggegaatelgaageegatgac
geclgectggicgecglggegteaageogegeg
eacgleatigatigtcactiiggicacgeogacegg
tictacatitacagecicleggecgeeggtatgaly
clggicaacgagegetttacgeccaaatatigica
ggogegcoaigacigegageogeaggataacg
cageecggttigeggegaiccicgaactgetgge
ggacgitaaageeglaticigegigegiateggec
atacgeeglggcaacageiggaacaggaaggea
tgaacccigogiigacggegeglageggecgg!
cieegaagigetgeccgogigelogeaacagegt
cggpegagciggectgecgegitgecgeataay

ggaotcgcciga

(&

ATGACCTCTTGTTOGTOGTIT
TCTGGCGGTAAAGCGTGOCG
TCCGGLCOGATGACTCOGCGOT
GACTCCGCTOOGTOGGCCGACA
AGGCAGCTGCGCACCCGTOC
TATAGCCGCCACGGCCATCA
COGCTTCGCGCGTATOCACCT
GCCAGTOGCTCCGGCCTGCA
ACTTACAATGCAACTACTGCA
ACCGCAAGTTCGATTGCAGO
AATGAAAGCCGTCCGGGEGT
GTCCTCTACCCTGOTGACGCC
GGAACAGGUCTGTGGTGAAGG
TGCGUCAGGTCGOCCAAGCT
ATCCCGCAGCTGegGTGOGTCG
GTATTGCTGGTCCGHGGCGATC
COGCTTGCGAATATCGCCCGCA
CCTTCCOGTACCTTGGAGCTTA
TTCGCGAACAGTTGCCGGAC
CTGAAACTGTGCCTGAGCAC
CAACGGUTITGGTGCTGCCAG
ATGCCGTTGATCGTCTGCTCG
ATGTGGOCGTGGATCACGTT
ACCGTCACCATTAACACCCTIG
GACGCAGAAATCGCAGCGCA
AATCTACGCOGTGOGTTIGTGOCT
GOATGGCGAACGCTACTCCG
GTCGCGAAGCCGGCGAAATT
CTCATTGUCCGCCAGCTGGAA
GOCOTACUGTCGCCTGACCGC
GAAAGOTGTGCTCGTCAAGA
TCAACAGCGTATTGATTCCGO
GCATCAATGACAGCGOCATO
GCGGOTOTTAGCCOGTGCGOT
GCGCGCOTCTGOTOGOGTTCAT
CCACAACATCATGCCACTGAT
TGCGCOTCCGGAGCATGGCA
CTOTTTTCGGTCTGAACGGEC
AGCOGGAACCGHACGCGGAA
ACCCTGGCGOCGACGOGCTC
CCOCTGOGGLGAGGTTATGC
CACAAATGACCCACTGCCAC
CAGTGCCOTCCCOALGCGAT
TGGCATGCTTGGTGAGGATC
GCTCGCAACAQTTTACGCAAT
TACCOGCTCCOQAGTCCOTCC
COGOCTOOUTGLCOATCCTEC
ATCAGCGTGCTCAGTTGCATG
COGAGCATCGCCACGUGCGOT
GAGAGCGAAGCCGATGACGC
CTGCCTGOGTGGCCOTTGCGTC
GAGCCGTGGCGATGTAATTIC
ACTGCCATTTCGGCCATGCCG
ACCGTTICTATATCTATAGCC

86.2

45.4
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SEQ D % %
Gene NG: WT Sequence Synthetic Sequence MNucieotide | Codon

fdentity |identity

TGTCTGCGGCTGGTATGGTTC
TGGTTAACGAACGTTTCACCC
COAAATACTGCCAGGGTCGC
GATGACTGCGAGCCGCAGGA
CAATGCCGLCACGCTTTGCTGO
CATCCTTGAGTTGCTGOGOGGA
COTCAAAGCGGTOTTTITOTOT
GCGTATCGGCCATACCCCOTS
GCAACAGCTGGAGCAGGAAG
GCATCGAACCGTGOETGGAT
GGCGOCTOGGOGTCCGGTATCC
GAGGTCCTGCCGGCATGOTG
GCAGCAGCGCCGTGGTAGCT
GGCCGGUTGCATTGCCGCAL
AAAGGCGTTGCGTAA
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SEQID s Yo
Gene NG: WT Seguence Syunthetic Sequence Nucieotide | Codon
fdentity |identity

WT Gene ¢
is SEQID
NC:31

Synthetic
Gene (G is
SEQID
N{:32

atgecgecgeicgactggtigeggegetiatgget
getgtaccacgeggrgaaaggcagciticegetg
cgeatggggcttageccgegegatiggeaggcg
clgeggoggegectgrocgagaiggaaacge

oD

geatgeageaggatgeeggrecgaiggegeag
attatogecgaggiticgetiggegitiaaccateict
gocaggatetiggtctggcatogegogecgaatt
gegecigeigatgagegactgetiiceacageigg
tggtoatgnacgaacacaatalgegelggaaaaa
glictttlateglicagegelgtitgetgeaacagggy
gaagttaictgeegiicgecaageigegacgaglyg
clgggaacgeagegectgtitigaglag

ATGCCGCCATTGGACTGOTTIC
COTCGTTTGTGOGTTACTCTAT
CACGCCGGCAAAGGCAGCTT
TCCGCTTCGTATGGGOTTOTC
GCCGCGTGACTGGCAAGCTC
TGCGCCETCGCCTGGGLGAS
GTGGAAACGCOGCTGGATGG
CGAAACCCTGALCCCGTCGCC
GTCTGATGGCGGAGCOTGAAT
GCGACCCGCGAAGAAGAACS
CCAGCAGCTGGGTGCCTGGO
TGGCOGOGTTGGATGCAACAG
GATGCCGGTCCGATGGCGCA
GATTATCGCAGAGGTGAGCC
TGGCGTTCAACCATCTCTGGO
AGGACCTTGGOCTCGCGAGC
COCGCTGAACTGCGTCTGOTG
ATGTCTGACTGCTICCCGCAG
CTGGTTGTTATGAACGAGCAC
AACATGCGCTGGAAGAAATT
CITTTACCGCCAGUGTTGOCT
GCTGCAACAGGGCGAAGTCA
TCTGTCGCAGCCOGTCTTGG
ATGAATGCTGGGAACGTICT
GCGTGOTTTGAGTAA

81.3

54.2
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Fig. 19, Ptac-T7 Synthetic Controller.

Order #8-19: backbone is pineW (KT 96)

%}‘;\%ED Order Name Seguence

SEQ D i fack caaticgegctaactiacatiaattgegtigegeteactgecegetitccagiogggaaacetigioglgeea

MO:33 getgeattastgaatcggecaacge g;cg,g gagaggeggitigegtatigggegecagggigatittic
tiftcaccagigagac gggm&cagc atigeecttcaccgectggoecigagagagiigeageaage
gelccacgetggiftgeeccageaggegaaaalecigitiga &ggg}ﬂtgacegbg% 'mc'vg
agetgtetic m?atcgic glatcecactaccgagatalcogeaccaacgegeageceggacicggtaat
gecgegcatigegeccagegecaicigatogtiggeaaccageaicgeaglege tacgatgccctcai
tcageatitgeatg gitg gaaaaccggacatggeaciccagicge Lccgﬂccgciatcggc! a
atitgatigegagigagatatitalgecageoagecagacgeagacgeg a;
ceogetaacagegegatitgetgatgacecaatgegaccagatgeiccacge
tcatggpagaaaaiaatacigigatgegtatcigeteagagacatcaagaaataac
tgcaggeagcticcacageaatggeatcciggicalccageggats agfﬁa&tmmag ,
gitgcgegagaagatigigeacegecgetitacaggeticgas L(wamg-mdcm-‘cga('ac(:ac
cacgetggeacceagiigatcggegcgagatttaategecgegacaaitigegacggegegiaeaggyg
(mgagtogagm}wca( cgecaateageaacgactgtitgecegecagtigitgigecacgeggity

geaaigtaattcagetecgecatcgecgettccactitticcegegititicgcagaaacgiggeigaectg

gi,‘twcm(w%Oaaa,cgg clgataagagacaceggeatacicigeogacalcgtataacgitactegg
titcac

SEQ D 2 {ack promoter atteaccaccetgaatigacicicticogggegetatcatgecataccgeganagg ‘ttmcaccattcgat

NO:34 gglgicaacgtanatgeatgecpeitegeoticgegege g tggm; dg gogataatggee
igctictegecganacgitiggiggegggaccagigacgaaggotigancragg g .—: izcaagatice
gaataccgoaagegacaggcey 'o"E(‘S,»(‘,Q‘Ew%C"C'E(‘Cagbg'ldoﬁ(‘ﬁgf(‘ cicgeogaaaatgace
cagagcgctgucggea(‘c»Otcutaugﬂgttgf’atgﬂt'xaagaa auaotmtaqgtguggc‘gac rat

X XCg f gaaggelctcaaggpocateggeggagct

atcgactgeacggtgeaccaatgetictiggegicaggeagecaicggaageigigatatggcigigea
goicgtaaatcactgeataaiicgigicgetoaaggegeaciceogiictggataatgititiigegecgac
atcataacggiteiggeanataticigaaaigagetg

SEQ ID 3 tac promoter ttgacaattaatcatoggcicgiataatgigtozaatigigagoggataacaalit

N353

SEQID 4 insulator | TGCAGTTTTATTCTCTCGCCAGCACTGTAATAGGCALCTAA

NO36

SEQID 5 T7 RNAP rbs TATCCAAACCAGTAGCTCAAT TgeagtCGTCTAT

NG:37

SEQID O umul degradation | Gigttgtttatcaagecigeggaictcegegaaatigtgacttiteogetatitagegatetigticagtgizg

NO3E tag cittecticaccggeageagattacgiigaacagegeategatetg
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SEQ D - N
- o Ik « s ) SN
NO: Order Name eguence
SEQID 7 T7 BRNAP scaffold {egteacAACACGATTAACATCGCTAAGAACGACTICTCTGACATC
N3:39 GAACTGGCTGUTATCCCGTTCAACACTUTOGGUTGACCATTALCG

GTOAQGCOTTTAGCTCOUGAACAGTTOGGUCCTTGAGCATGAGTC
TTACGAGATOGOTGAAGCACGCTTICCGCAAGATGTTTGAGCGT
CAACTTAAAGCTOGTGAGGTTGCGGATAACGCTGCCGCCAAG
CCTCTCATCACTACCCTACTCCUTAAGATGATIGCACGCATCA
ACGACTGGTTTCAGGAAGTGAAAGCTAAGCGUCGGCAAGCGEC
COACAGCCTTCCAGTTCOTGLAAGAAATCAAGCCGOGAAGCCAT
AGCGTACATCACCATTAAGACCACTCTGGUTTGOCTAACCAGT
GCTGACAATACAACCGTTCAGGCTGTAGUCAAGCGUCAATCGGTC
GGOGUCATTGAGGACGAGGCTCGCTTCGGTOGTATCCOGTGACCT
TCAAGCTAAGCACTTCAAGAAAAACGTTGAGGAACAACTCAA
CAAGCGCGTAGGGCACGTCTACAAGAAAGCATTTATGCAAGT
TCTCCAGGUCTGACATGCTCTCTAAGGOTCTACTCGGTGGUGAG
GOGTGOTCTTCGTGOGCATAAGGAAGACTCTATTICATGTAGGAG
TACGCTGCATCGAGATGCTCATIGAGTCAALCGGAATGGTTAG
CTTACACCGCCAAAATGCTGOUOGTAGTAGGTCAAGACTCTGAG
ACTATCGAACTOGCACCTGAATACGCTCGAGGCTATCGCAACCC
GTGCAGGTCGCGCTGGUTGGCATCTCTCCGATGTTCCAACCTTG
COTAGTTCCTCCTAAGCCGTGGACTGGLATTACTGGTOOETGGC
TATTGGGCTAACGGTCOETCGTCCTCTGGUGCTGGTGCGTACTC
ACAGTAAGAAAGCACTGATGCGUTACGAAGACGTTTACATGC
CTGAGUGTOGTACAAAGCGATTAACATTIGCGCAAAACACCGCAT
GGAAAATCAACAAGAAAGTCCTAGCGOGTCOGCCAACGTAATCA
CCAAGTGGAAGCATTOTCCGOTCGAGGACATCCCTGCGATTGA
GOGTGAAGAACTCCCGATGAAACCGGAAGACATCGACATGAA
TCCTGAGGUTCTCACCGCOGTGGAAACGTGCTGCCGCTGOTOGTG
TACCGCAAGGACAAGGCTCGCAAGTCTCGUCGTATCAGCCTTIGO
AGTTCATGCTTGAGCAAGCCAATAAGTTTGCTAACCATAAGGC
CATCTGGTTCCCTTACAACATGGACTGGOGCGGTCOTOTTTAC
GCTGTOGTCAATOGTTCAACCCGCAAGGTAACGATATGACCAAAG
GACTGCTTACGCTGGCGAAAGGTAAACCAATCGGTAAGGAAG
GTTACTACTGGCTGAAAATCCACGOTGCAAACTGTGOGOGGTGT
COACAAGGTTCCGTTCOCTGAGCGCATCAAGTTCATTGAGGAA
AACCACGAGAACATCATGOGCTTGCGCTAAGTCTCCACTGGAGA
ACACTTGOTGOGCTGAGCAAGATTCTCCGTTCTGCTTCCTTGC
GTTCTGCTTTGAGTACGCTGOGOTACAGCACCACGGUCTGAGC
TATAACTGCTCCCTTCCGCTGGOOTTTGACGGGTCTITGOTCTGG
CATCCAQCACTTCTCOGCGATOGUTCCOAGATOAGUTAGGTOOT
COCGCOUTTAACTTIGCTTCCTAGTGAAACCOTTCAGGACATCT
ACGOUATTGTTGCTAAGAAAGTCAACGAGATTCTACAAGCAG
ACGCAATCAATOOGUACCOATAACGAAGTAGTTACCGTGACCG
ATCAGAACACTGOTOAAATCTCTGAGAAAGTCAAGCTGGGCA
CTAAGCGCACTGOCTGOTCAATGOCTGOCTTACGOTOTTACTCG
CAQGTOTOACTAAGAGTTCAGTCATCGACGCTOGOCTTACGGGTCC
AAAGAGTTCOGOCTTCOGTCAACAAGTGCTGGAAGATACCATTC
AGCCAGCTATTGATTCCGGCAAGGGTCTCGATOTTICACTCAGCO
CGAATCAGGUTGUTGCATACATGGCTAAGUTGATTTGGGAATCT
GTCAGCGTOACGOTGOTAGCTGCOOTTGAAGCAATGAACTGE
CTTAAGTCTGCTGCTAAGCTGCTGGCTGUTGAGGTCAAAGATA
AGAAGACTGOAGAGATTCTTCGCAAGCGTTOGCOUTOTGCATTG
GATAACTCCTOQATGOTTTCCCTOTOTGGCAGGAATACAAGAAG
CCTATTCAGACGCGUTTGAACCTGATOTTCCTCGGTCAGTTOC
GCTTACAGCCTACCATTAACACCAACAAAGATAGCGAGATTG
ATGCACACAAACAGGAGTCTGGTATCGCTCCTAACTTIGTACA
CAGCCAAGACGOTAGCCACCTTCGTAAGACTGTAGTOTGGGC
ACACGAGAAGTACGGAATCGAATCTTITTGCACTGATTCACGAC
TCCTTCGGTACGATTCCGGCTGACGCTGCGAACCTGTTCAAAG
CAGTGCGCGAAACTATGOGTTGACACATATGAGTUCTTGTGATGT
ACTGGCTGATTTCTACGACCAGTTCGCTGACCAGTTIGCACGAG
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SEQ D - y
5 : (“ Order Name Seguence
NO:
SHQID 8 Biobrick suffix Tactagtageggecgetocag
NO:40 (BBa GOO001)
SEQ D 9 Translational stop  {tiagitagitag
NC41 {BBa_BO042)
SEQ D 16 Terminator attageagaaagtcasaagecicegaceggaggetitigactaaaacticoctigggaitatcattggs
NO:42 (BBa_ R0054)
SEQ D 4 VR primer gotcactcaaaggeggtaat
NC:43 SCQUETICe
{(BBa GO0102)
SEQID 12 Terminator cagataaaaaaaatoctiagotitegctaaggatzattict
NO:44 {(BBa B0062)
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SEQ D - .
5 (“ Order Name Seguence
NO:
SEQ D 13 pSa origin getagagetgicagaccagagciccaaaccaacgititaictataccgctacagpgtatttaattoctatita
NO:45 atcigegetagaatgaggcatgiitaaccgaateigacgtittcectgoaaatgecanaatactalgectat

cteogggiticgegigacggocaagacceggaaaaccanaaatacggitigeicgaatacgegaacge
canaggctic g( gxwﬂiugagotg% gaagadattmc, ¢ gdomiavg ict?guguaom?

OTOa.L\)adi agaagal
0;&: iec cu,ug&tcgagch mcaitcagma(. otcu,Caccg&m‘w'%gau iCg
gegacceaaggocageaaalegagegociigaag Tgoamgmomt
e agtamggca@w X nfcttgguttgccowaqgt QLT agc‘c-rag totiagpentcag
cecicacaccttgegectgttcaicaaacgecggaacatcaaacceacaaacactagaccaaceateac
catgccgo-wao gaacaacﬁg agaacaacazageccceggecaicgialcaacgagaicat
caagacgagecetegeget cga tgza Qgﬂtﬁ”cugugﬁ gctggettagteggetacatggoccgtt
oc (‘Tt,ffc,gf’aﬂgug'u(‘ tgceccacacegaceecaagaccagetactitgagegeaccaatggoatc
gtcaccitgtogateatg ggc‘aﬂg ag atcggectgecctacggtictatoecgogeaccttgettg
ctiggataigeaccgaggeogigogaacgaaaga cc‘mgtg‘tgomcﬁogcc ggicgeaatcggaa
ftfctacaaaggeteggasn tgc‘agamga goccgtiacacggecacccticgeaaleaggegeaacg
cotgtiticaiceatgatitogetigecgge gageaaggeaatgacticggeatigagaacgiegteatige
maouguguﬁﬂgt’ﬁ%tggﬂa&C@Q.&o ggccagaagalcgggegeiatggga

tagcai w(‘t(‘ag

g
cetca ggaﬂtc‘tugqgga ceegetcacs g,fmf*ctak cgaatcgactacctgeatgect

tw?;() tgttcut,fmgwgagccm

&
—
a2
©
4
153
aQ
&
aQ
&
&
ﬁ
o
o
J"Z
aQ
o
-
&
%
=
©
w3
5.&
]r‘
aQ
(‘
]’ﬁ

gc‘-ficaaata aacﬁcaaaaagcg i ac‘gegaagtgﬁtgﬂtgﬁ*ﬂ cc‘\ aogwaagc‘oaﬂgu
rggegaatgectgegeatcaaatccacacgecigeatgtcaccegegeaccoggoaag
cgcic; catcggeoocecte Cffa\,t‘: £accaggrean octac cliggettggtcaagecticcca
caacagocegeegtegageggacitiittaiccceggaagectgtggatagagggtagtiatecacgt
getaatgccecgeanageciigaticacgggactiiceggccegeiceaaaaactalecacgt
aaatcgetaatcagggtacgigaaatcgciaaleggaglacgigaaategelaataaggicacgtgaa
ategetaatcaaaaaggeacgtgagaacgeiaatageectticagateaacagetigeaaacaceccic
getceggeaaglagtiacageaagiagiatgticaatiagetiticaattatgaatatatatateaattatiggt
cgecctiggetigigeacaalgegetacgegeaceggetecgecegiggacaaccgeaagoggitpe
ceaccgicgagegecagegectitgeccacaacecggeggecgoeaacagategittiataaalttiiting
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ceageteegegaa lcgaacclatggaacgegagegegacaageliggocgacea
geltgecgaagiganacgecgeageggegaagaactaaacogelgeaiggaaaageleacceaacy
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SEG D .
- : Name Sequence
NO: Order Name eguence
SEQ D 14 spectinomycio QCOC

cecctegteecgacacticcagategecatagegeacagegectogageggigaiaacggegcagty
NO:46 resistance geggltitcatggotisttatgactgittititeggetacagtctalgectoy ggam( a&;, AGCAGRCE

cgltacgeegigggtogatgitigatgtiatggageageaacgatgtiacgeag coct
aanacas .igita&ac tw‘tﬂdogwagwo gamg\,( motakwcu, atagt
guegicalcg

"?bkﬂ“dd%

bgag(,mgzmaugg ace mtg 443

aagtcaccatigligh gabgaca'caitm;ﬂ gecgtiatce am1 damm Mam" imto ga.
gaatggeagegeaatgacaticitgeaggtalcticgagecagocac gategacatigatctggetalett
geigacaaan guaogogaagatagggttgmﬁ-rotogotc ageggepgaggaacicitigalcegg

t-tca:tguaw yoatelattigaggegctaaaigaaacctiaacgetalggaacicgeogeooegactggee
iggcgatgagegaaatgtagigetiacgtigicecgeatitiggtacagegeagtaaceggeaaaatoge
geegaaggatgtcgetgecgactggreaatggagegectgecggeccagtatcagecegtcatactig
aagotaga, *‘Qgﬂ tmtc‘tt,fzg aagaagaagatcgetiggecicgegegeagateagiiggaagaat
tgtecactacgigaaaggegagatcaccaagglagicggcaaataatgiclaacaattcgitcaageeg
acgeegeticge ggcgcg%t’iaawca agegtiagatgeactaag cacataaﬂgetmcagceaaac
atcaggicaagictgettitattatiittaagegigeataataagoectacacaaatggiacce

SEQ ID 15 Terminator tecggeanaaaaacgggoaaggigtcaccaceotgeecititicitiaaaaccgaaaagattacticgegt
NG:47 {BBa BOUS3) t
SEQID 16 VF2 primer tgccaccigacgiclaagaa
NO4E sequence
(BBa GOO0I0T)
SEQID 17 Terminator aaggaataticageaatitgecegigecgaagaaaggeccaccegigaaggigagecagizagtioatt
NOG:44 {BBa BO0055) getacgtas
SEQID 18 Translational stop  |ttagttagitag
NOS0 {BBa B0042)
SEQID 19 Biobrick prefix gaaticgeggcegetictagag

N5 (Bba_GOD00O)




WO 2012/174271

CA 02838955 2013-12-10

PCT/US2012/042502

47793

Fig. 20, Parts List of Full Synthetic Cluster

Order # 57-67 have pSB4CS backbone.

Order

Nakne

Strength
(AFU

Sequence

SEQID

T7 promoter

G000

TAATACGACTCACTATAGGGAGA

NO:S2 wT

SEQID 2 nifH rbs 5500 ACAATAAACTAACATAAGGAGGATAAAT

NO:33

SEQID 3 nifH ATGACCATGCGTCAGTGCGCGATTTATGGCAAAGGTGGTATTG

NO:S4

GCAAAAGCACGACGACCCAGAACTTOGGTGGOGGLCCTGGCCG
AGATCGGGTAAAAAGOGTTATGATIGTGGOTTGCGACCCGAAGG
CCGACAGCACGUGCCTGATTCTGLCACGUGAAAGCACAAAACA
CGATTATGGAGATGGCTGCCGAGHTTGOTAGCGTGGAGGATC
TGGAGCTGGAGGACOGTTCTGCAAATTGGTTACGGTGATETTCGS
TTGCGCAGAGAGCGGTGGTCOCGGAACCAGGTGTCGGUTGTGO
GOGGTCOTGGTGTGATTACCGUCTATCAATTICCTGGAAGAAGAG
GUTGCGTACGAAGATOGATCTGOGATTTICGTTTTCTACGATOTGC
TGOGGTGATGTCOGTGTGCGGTGOTTITTGCAATGCCGATTICGCGA
GAATAAGGCACAAGAAATTTACATTGTCTGTAGCGGCGAGAT
GATGGCAATGTACGCTGCTAACAACATCAGCAAGGUGTATTGT
TAAATACGCAAAAAGCGGTAAGGTTCGCTTGOGOGTGOTTTGATT
TGCAACAGCCOTCAGACCGACCGTGAGGACGAACTGATCATC
GCCCTGOGCTGAGAAACTGGGCACCCAAATGATCCACTTCGTG
CCACGCGATAATATTOTTCAACGTGCAGAAATCOCGCCGTATGA
CCOGTCATTGAGTATGACCCGGCATGCAAGCAAGUCGAACGAGT
ACCGCACCTTGGCACAGAAAATCOTGAACAACACCATGAAGG
TTGTTCCGACGUCCGTOTACGATGGACGAGCTGGAGAGCCTGET
GATGGAGTTCGGCATTATGGAGGAGGAGGACACCAGCATTAT
CGUTAAGACCGCAGCGUAGGAGAATUGCGGCATAA

SEQID
NO:SS

insulator 1

GCOTGCOTACACCTTAATCACCGUTTCATGCTAAGOTCCTGEC
TGCATGO

SEQ ID 5 nifhD rhs 500 AAAAATTCACATCCCTATCTAGCGGAGOAGCCGO
NS5
SEQ ID 6 nifh atgatgaclaatgetactiggegaacglaacciggeacigaticaagaaglaciggaagiglicccggaa

N7

accgegegeaaagagegecgiaaacacatgaiggtitetgaccogaaaaigaaatictgiggetaaaly
catcatciciaalegeaaateicageeggeteteatgactgitegtggcigtgeglacgeaggticlaaag
gtgtegtaticggeccgateaaagatalggegeataicteteatggecegeeaggetglggecagiact
ctegegeggaacgicglaaciaclacacgggegtifctggegtigacictiicggeacgetgaaciicac
cictgacticcaggaacgigacalcgtitteggtegegataaasageigiccanactgalcgaagaaatyg
gaacigetgticcogetgaciaaaggeatiactatecanagegastgiocggigestcigatcggigaty
acatcagegeggtegeaaacgeateticcaaagecetggataagocggigateecggticgiiecgag
gacticegeggegtiteicagictelggateaicacategeanacgaigtigigegigactggaticigaa
caaccgtgaaggteageciitigaaaccaccectiatgacgiigegatt segactataacalegge
gacgacgeclggpeateccgealecigelggaggagalgagicigogistiglog roictgy
cgi caccciggligaaatggaaaacaccecgtitglianactigaacciggticactgeiacegetec
algaactacattgeccgicacalggaagaaaaacalcagalcectiggatggaatacaacticticggic
cgactaaaatcgeagaalcccigegiaaaalcgecgatcagtitgalgataccaticgegegaacgetly
aagceaglaatigegegetacgaaggecagatgpcageaalcatigeiaaglacegicegegectggaa
getegtaaagigeteciglacatggelggicigegiccacgicatgigatoggtgectiacgaggacely
gecatggagatcalcgeagegegitacgaaittgeacacaacgacgactatgateglacgeigecaga
cetgaaagaagatacgelgeigitigacgacgecageictiatgaaciggaageciicglgaaageget
gaaaccagacctgaicggetecggealcaaggaaaaatacatiticcagasaatggacgtecegtice
gecagatgeaciccigggaciaciceggicogiaccacggeiacgacggiticgetateticgetegtga
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catggatatgacectgaataacceagegiggaatgaacigacegeacegiggeligaaalcigeataa

O

SEQ ID
NO:S%

~a

nsulator 2

CAAACACCCCATGTCOGATACTGAACGAATCGACGCACACTCC
CTTCCTTG

SEQ ID
MN(59

itk rhs

CAATCTCATACTCTCAAAAATTAGGCGAGGTAAC

SEQ ID
NO:60

9

nitk

atgicteaaactatcgataaaatcaactetigitacecgeigticgageaggacgaatatcaggaactgit

ceglaacaaacgicagelggaagaagegeacgacgeacagegegigcagraagtgticgcatggae
caccaccgeggaatacgaagetctgaacticcgtegegaageccigacggiigatecggegaaagey
tgccagecictgggigeggtictgigeagectgggititgecaacacecigeegiatglecacggtices
agggclgeglagectacticeglacetatitcaacegeeacittaaagaaccaaicgegligegtgicega
cageatgacggaggacgeggcagititcggtggtaacaacaacatgaacclgggeetgcaaaatgeil
cegeactgtacaaaceggaaateategeagtgiclaccacetgealggeagagatiatiggtoatgatet
geaageatitaltgccaacgcaaagaaagacggiticgtigacagetctatcgeggiicegeacgeicat
aceccgtecticatcggitctcacgtaaciggitggmacaacalgltcgaaggcticgeaaaaactttiae
cgcagactalcaaggecaaceggeianacigecgaageigaacciggigaccggetiigaaacciace
tggpcaaciticgigicctgaagegeatgatggageagatgecggliceglgticictgeigicigacee
gicigagglictgeacactocageggacggecactalegealglaticiggiggeaccacicageagga
aatgaaagaggecceagacgegaligacacccigetgetgeaacegiggeagetgcigagaageasg
aaagligticaggaaatgiggaaccagecggeaacggaagtigeaatccogetgggiotggeagetac
tgacgaacigetgatgacegtgicccaactigageggeaaaccaatcgeggatgcicigacectggaac
gegglegectggiggacalgatgetggacagecacacgiggetgealggcaagaaattiggecigiac
ggtgacccggaciicgtaaigggectgaccegtitcotgeiggaacigggcigegageegacigitale
cigicteacaacgclaacaaacgtiggeagaaggecaigaacaaaatgciggatgegageecalacgg
cegtgatagegaagtgticatcaacigegaccigigecatticegetetetgalgitiacgegteagecgg
atticatgatcggtaacteliacggeanaticalecagegigacacicigeccaaaggoanagegitigs
agteccgctgaticgicigggetitcegetgticgacegicaccacolgeaccgecagaccaccigegy
Hacgaaggcgegatgaacaleglaactacictgglaaacgeagiaciggaaaagelggacagegata
citcccageigggeaaaacegactatictitogateiggticgiiaa

SEQID
N(O:61

insulator 3

CCTOATTOTATCCOUATCTGATGUTACCGTGOTTGAGTTA

SEQID
NO:62

nityY rbs

CCATACTCACTCCCGGAGQTACTTICT

SEQID
NOH63

nity

ATCGTCTGACAATGATACCCTOTITTTGGLGCATGCTGOCGUTGT
TTCAGTCOGCTGCCGOATTTGCAGCCGGUTCAAATCOTCGATTG
GCTGGCGLAGGAATCCGOUOGAAACCCTGACGOCGOAGCGECT
TOGCCACCCTGACCCAACCQCAACTOGLOUGCOTCOTTCCCATCO
GCOACGOCAGTGATOAGCCCOOCTCOCTGGAGCCGUGTTATG
GCTTCTCTGCAAGGLGLCCTCCCAGCCCACTTGCGCATCGTAC
GTCCGOCOCAGCOTACCCCGCAACTOCTCOCOGLCOTTTTGLAG
CCAAGACGOCCTTGTTATCAATGOGTCATTTCGGCCAGGOTCGT
CTGTICTTCATTTACGCCTTTGACGAGCAGGGCGGCTGOUTET
ATGACTTOCGCCGCTATCCGAGCGCACCGCACCAGCAGGAAG
CGAATGAGOTGCOTOCTCOTCTGATTGAAGATTGCCAGCTGLT
GTITCTGCCAGGAGATTGGCGOTCCOGGCAGCAGCGCOGTCCGAT
CCGCCACCGLCATCCATCCGATOGAAGGCOGCAGCCGGGTACTAC
GATTCAGGOGCAGTGTGAAGCTATCAACACCCTGCTGGLCGE
TCGCCTGOCGCCGTOGUTCGCCAAACGTTTGAACCGTGATAAC
CCGCTGOAAGAGCOGTOTOTTTITAA

SEQID
NO:64

insulator 4

CATTTTTGCCTTOGUGACAGACCTCCTACTTAGATTGCCAC

SEQID
NO:6S

axfH rhs

ACTATTCAATACATCACTGGAGGTTATTACAA
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SEQID 13 B ) ATCGAAGGGTAACGAGATTCTTGUTCTGCTGGACGAACCGGCL
NO:66 TOCTGAACACAACCATAAACAGAAATCCGGUTGTAGCGOCCCA

AAGCCGOGTGCGACGOCGGCTGOGUTGCGCTTITCGATGOTGOG
CAGATCACCCTGCTCCCGATTGCGGACGTTGOCCACCTCGTGC
ATGGCCCAATCGGTTGCGCAGGTAGCTCTTGGGACAACCOTG
GCAGCGCCTCCAGCGOTCCGACCCTGAATCOGTTTGGGCTTTALC
CACTGACTTGAATGAACAAGATGTOGATCATGGETCGCGGLGA
GCGTCGCCTGTTCCACGUTOTGCGCCATATTGTCACCOGTTAC
CACCCAGCOGGCAGTATTCATCTACAATACGTGCGTGCCGGCTA
TGGAAGGCGATCGACCTGOGAGGCCGTOGTGTCAGGCAGCCCAGA
CTGCOGACCOGCOTCCCOOTAATCOCAATTOGATOCGGCTOGOOTT
CTACGUTTCOCAAGAACCTGUOGCAACCGTCOGGCAGGCGATOT
CATOGGTTAAACGCGTCATTOGCCAACGTOAGCCAGCOCCGTO
SCCOGGAGAQCACCCTGTTTOCCCCGGAGCAACGTCATGACAT
TOQGUTTOATCOGOTOAGTTCAACATTGCOGUGOCOAGTTTTGOCAC
ATTCAGCOGCTOCTTGATOGAGCTGOOGTATCCGCOTTTTGOOTT
COUCTCAGCOGCCGATGUTCOTTTICGCCGAGATTCAAACCATGCA
CCGTOGUCCAGGCOAACATOCTGOTOTOGCAGCCGTGCTCTOATC
AATGTTGOGCOTCCTCTOGAACAGCGCTATOUCACCCOGTOOT
TTCGAAGOCTCOTTCTATGUTATCCOGUGCGACCAGCUACGCCCT
SCOGCCAGTTAGCOGGCGCTGCTGGOUCATGACGACCTCCUTICA
JCOGCACCCGAGUGCGCTGATCOGCGCOTCAAGAACAGGOGGCTGA
SCTGGCCCTOCAACCOGTOOUGTGAACAGCTGCOGTGGCCGCAA
SGCCCTGCTCTACACGOGGTOGTOGTCAAAAGCTOOTCTGTGETO
TCCGCOGCTTCAGUATCTOQOUTATCGACCGTGOTTGCCACGGGCA
COCOTAAGAGCACGGAAGAGOATAAACAGCGCATCOGCGAAT
TOATGOOCOAAGAGQCCGTGATOCTTOGAAGAAGGCAACGCAC
GTACCTTATTGOATGTAGTTTATCGCTATCAAGCAGACCTGAT
GATTGCCOOTOQOUCGCAACATETATACCOCCTACAAAGCGLG
CTTGCCOTTCCTGOACATCAACCAGGAACGCGAGCACGCGTTT
GCOQGGCTACCAAGGCATCOTOACCTTAGCGCGUCAGCTGTGO
CAAACGATTAACAGCCCGATCTGGCCGCAGACTCATTCCOGL
GCACCOGTGOUOGITAA

SEGID 16 msulator 3 TETCACGCTAGGAGGCAATTCTATAAGAATGCACACTGCA
NO:67

SEQID 17 wiN rbhs 40 COTAAACCTACCACACCTGGAAGAAGTAATT

NO:68

SEQID 18 nifN ATGGCAGACATTTTCCGCACTGATAAGCCGTTGGCTGTGTCGC
NO:69 COATCAAGACCGGCCAGCCGCTEGOTGCGATCCTGGCGTOCC

TGGGTATCGAGCACTCGATTCCGCTGGTACATGGOGCGCAGS
GCTGTTOGGCTTITTGCCAAGGTTTTCTTTATCCAGCACTTCCALC
GATCCGGTCCCGUTGCAAAGCACGGCAATGGACCCGACCAGC
ACCATCATGGGCGUTGATGOTAACATCTTCACCGCGUTGGACA
CTCTCTGCCAACGUCAATAACCCGCAAGCAATTGTGCTOGUTGAG
CACCGGCCTCTCCGAGGUCGCAGGGCAGCGACATTTICCOGTOT
AGTGCGTCAGTTCCOGTGAAGAATATCCGUOGTCATAAAGGCOT
GOGOGATTCTGACTOTTAACACCCCGGACTTTTACGGTAGCATG
GAGAACGGCTTTTCCGCTOTCCTGGAGTCTGTGATTGAACAGT
GGGTTCCGCCAGCCCCACGTCCGGCGCAGCGCAATCOGTCGOG
TCAATCTTTTGGTGAGCCATCTCTGTAGCCCAGGCGATATTGA
GTGGCTGCGCCOGTTGCGTCGAGGLCTTCGGTCTGCAACCGATC
ATTCTGCCGGATCTGOGUTCAGAGCATGGACGGCCACCTTGETC
AGGOGTGACTTTTCGCCGUTGACGCAGGGOCGGCACGOCGTTGO
GCCAAATCGAGCAGATGGGCCAGAGCCTTTGUTCTTTTGUGAT
TGGCOGTCAGCCTGCACCOGTGCGAGCAGCCTGCTGGCTCCGUGT
TCTCGTGGCGAAGTCATCOGCCTTGCUGCACCTCATGACUTTEG
AACGCTGCGACGCCTTTATCCATCAGTTGGCGAAAATCAGCG
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GTCGCGCCGTTCCGHGAGTOGOUTGGAACGCCAGCGUGGTCAGC
TGCAAGACGCCATGATCGATTGCCACATGTGGUTGCAAGGCC
AGCGCATGOGUGATTGCCGUCGAAGGCGACCTGCTGHGCAGOGT
GGTGCGATTTICGCGAACTUTCAAGGTATGCAGCCGGGTCCACT
GOGTTGCTCCGACGGGTCATCCGAGCCTGCOTCAGTTGCCGOGTG
GAGCGUOGTOGTGCCGGOTGATCTGGAGGATCTTCAGACCCTCT
TATGCGCACATCCGGCCGACTTACTGOTGGCGAACTCCCACGC
CCOGTOGATTTAGCAGAGCAATTCGOCCTGCCGCTGGTGCGOGLA
GGCTTCCCGCTGTTTGACAAACTGOGGCGAATTTCGTOGTOTTC
GCCAGGOTTATAGCGOTATGCGTCGATACCCTGTTCGAGTTGGO
SAACCTOATCCGTOGAACGCCATCATCATCTGOCTCATTATOGE
AGCCCGCTOCOCCAGAACCCAGAATCOTCOTTOTCTACGGGTG
JCOCOGTACGCAGUGUATTAA

G0

clagagaltaaagaggagaaatiaage

WO 2012/174271
SEQ D 19 niff rbs
NO:70
SEQ D 20 niff
NO:T

ATGAAAACTATGCGACGUGTAACGUTGCGOCTGCATGGATTAGC
TACGCCTTTACCCGAAGTOOCTOCGATCTACCCOATTACGOCGA
SCACCCCGATGOCGOAAAATOTOGACGAATGOGUTOGCGCAGG
SCAAGAAGAACCTCTTCOGOCCAGCCOGOTOCGCCTOGATGGAGA
TCGCAGTCGOAAGCGGOTOCAGCAGGTGCTGTGCATGOCGOCT
TOQCAAGCTOGCOCACTGACGACCACCTACACCGCGTCGCAGE
SCCTOGTTGCTOATGATCCCAAACATOGTACAAAATCOUGOOTO
AACTGCTOCCOGUGTOTCTTTICATGTTTICGGCACGCOCACTGUO
CACCAATAGCCTCAACATCTTTGGCGATCATCAGGATOTAATG
GCOGTGUCGLCAAACGGGITGCOGUCGATOTTGOUCCGAGAATAAL
GTCCAGCAAGTTATGCATTTOTCCGCOGTAGCCCACTTGGCAG
COATCAAAGOGTOGCATTICCGTTCGTGAACTTCTTCGATGOCTT
TCOCACCAGCCACGAAATCCAGAAGATCOGAGUTTCTGOAATA
TGAACAGCTGGCCACCTTOTTIGOATCOTCCGGCCCTGGACAGC
TTCCGOCGTAACGUCCCTTICACCCGGACCACCCOOTCATCCGTG
GCACCGUCCAGAACCCOOACATCTACTTCCAGGAACGTGAGE
CCGUOTAACCOGTTTICTATCAGGCGLCTCCOCGUATATTGTGHAATC
TTACATGACCCAGATTTICTGCCCTCACTOGTCGCGAGTATCAL
CTIGTITAACTACACTGGTOCTGCGUATGCGUAGLCGCGTGATCA
TCOCGATGOGGCTCTOTCTOTGACACCGTCCAAGAGGTOUTTGA
CACGCTGAATGCAGCGGOTCGAGAAAGTTGOTCTGCTCTCCGTT
CATCTTTTCCGCCCOGTTTTCOTTAGCGCACTTCTTICGUCCCAACT
GCCGAAAACTOGTACAGCOGTATCGCAGTATTOGGACCGTACGAA
AGAGCCAGGTGCTCAAGCAGAGCCGUTGTGCCTCGATGTGAA
GAATGCCTTTTACCACCATGACGATGUCCCGTTGATTGTOGAOT
GOTCGCTATGCCTTOGOGCGGTAAGGACGTOTTGCCGAACGAT
ATTGCGGCCOGTOTTTGATAACCTGAACAAACCGCTGUCGATGG
ACGGCTTCACGCTGGGTATCOGTOGACGATGTTACCTTCACCTC
TCTCCCGCCAGCGCAGCAGACCCTOGUOGHGTTTCTCACGACGGC
ATCACGGCATGTAAGTTTITOGGGCATGOGCTCCGACGGCALG
GTTGGTGUGAACAAGTCCGCGATCAAGATTATCGGUGACAAA
ACGCCACTGTATGUGCAAGCGTACTTTTCCTACGACTCGAAGA
AGAGCGGTGETATTACCOGTCAGCCATCTGCGTTTTGGTGATCS
CCCGATCAACTCCCCGTATTTGATCCATCGCGCGGATTTCATO
TCOTGCAGCCAGCAAAGCTATGTTGAACGCTACGATCTGUTGG
ATGGCCTTAAACCGOOTGGCACCTTTICTGCTGAACTGOTCCTG
GAGCGATGCCGAACTGGAGCAACATCTGCCOGGTOGGTTTCAA
ACGTTATCTGGCACGUGAGAATATCCACTTICTACACTCTCAAC
GCTGTGGACATCGCCCGTGAGCTTGGTTTGGOGTGGCCGTTICA
ACATGCTGATGCAGGCTGCCTTCTTCAAACTGGCCGUGATCAT
TGACCCGCAGACTGUTGCGGACTATCTGAAGCAGGUTGTTGA
GAAAAGCTATGGCAGCAAAGGTGCGGCOGOTCATCGAGATGAA
CCAGCGTGCCATCGAGCTTGGCATGGCCAGCCTGCACCAGGT
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GACGATCCCGGCACATTGGGCCACCCTGGATGAGCCAGCGGO
GCAGGUOOTCCGUGATOGATOGCCGGACTTITATCCGCGACATCCTG
CAACCGATOGAACCOTCAGTGCGGCGACCAGCTTCOGGTOTCG
GCTTTITOGTCGGCATGGAAGATGGCACCTTCCOGTCCGGCACGG
CCGCATGGOAGAAACGTGGCATCGCCOTTGAGGTGUCAGTCT
GGCAGUCGGAAGGCTGCACGCAGTGCAACCAGTGCGUCTTCA
TTTGTCCGCACGUCGCGATTCGTCOGOGCGTTGTTGAATGGUGA
AGAGCATGATGCTGCCCCGGTTGUGCCTGUTGAGCAAACCGGU
ACAAGGCOGCTAAAGAATATCACTATCATCTGGCGATTAGCCC
GCTGGACTGCTCCGGCTGTGGCAACTGCGTTGACATTITGTCCA

GCTCOTGGCAAAGCOTTGAAGATGCAGTCTCTGGATAGCCAA
COCCAGATGOCTCCOGTOTOOGATTATGCGCTOGCGCTUGACCO
COAAGTCTAACCCOTTTCOTAAAACCACCOTCAAAQGCTCGO
AGTTCCAAACCCCGCTOGUTGGAGTTTAGCOGOTOCOGTGCGCTOG
TTGTCGGCCAAACGCCOTATCCGCGUCTCATTACCCAGCTOTTT

SGCGACCGCATOCTGATTGUCAATQUCCACCGOCTUGTTCCAGCA
TCTGGOGOGCOCATCTGOOCCCGAGCATCCCOTATACCACCAATCA
TCOTOOTCATOGOTCOGGCCTGOGCOGAATAGCCTGTTTGAGGAC
AATGCCOAATTTOOTTTAGOGTATOGATOCTGOOGCGOTCAAGCTO
TGOGTCAACAGATCGCGGACGATATGACGGCTGCGTTAGCGO
TCCCOGOTTTCCOATCGAGCTCAGCGACGCCGATGCGCCAGTOOTT

JGCGAAACAGGACGAGOUTGAAGGCACGCUTGAGCGTECGE
ACCOTCTGAGUGAGCGUTTAGCCGUGGAGAAAGAGGOCGTTC
COCTGTTAGAGCAGCTOTOGOCAAAATCOTCGATTACTTTGTGCG
TCOGCAGCCAGTCGUATTTTCOGCOGOTCACGGUTGGGUCTATOAT
ATTGOGUTTCGUTOOCCTOUACCACOGTCCTCOQCCAGCGUTGAGS
ATGTOAACATTICTGOTATTTGACACCGAAGTCTACTCUGAACAC
COQCCOTCAAAGCAGCAAATCGACCCCGOTCOCGGUCATOGE
CAAGTTCOGCOGOCTCAGGUUCAAGCOUCACCUCGLCAAGAAAGACCT
GOOTATCGATGGOGATGAGCTACGGCAACGTCTATGTAGCCCA
GOTOGCOATCGUTGOGGATAAAGATCAAACTCTOCGCGUCAT
TGCGGAAGCTGAAGCGTOGGLCAGGCCCGTCGUTQGTGATTGE
GTATGCGGUCCTGCATCAATCATOGLCCTOGAAGGCCOUTATGCOT
TQCAGCCAACGTOGAGGCOAAGCGUCGCTOTTIGAGGCGOGUTAL
TQGCACCTOTGOOGTTATCACCCGCAGCGUGAAGCOGAALGC
AAGACGCCOTTITATGTTAGATAGCGAAGAACCGOAAGAGTCG
TTCCOTCACTTTCTCTTGOUTGAGOTGCGCTACGCATCOCTGE
ACAAGACCACCCCOGCACCTCCCCGATGCCCTTTTCAGCCGTAC
COAAGAAGATOCGCOTGCGCOCTTTOCOCAATACCGTCGCCT
GOGUTGGUGAAGAGTAATAA

SEQ D
NO:T2

T7 terminator
25

1600

TACTCTAACCCCATCGOGCCGTCTTAGOGGOTITTITTICT

SEQID
NO:73

nsulator 6

CCGTGOTTOAGTCAGCOGTCGAGCACGLGGO

SEQ ID
NO:74

T7 promoter
2

TAATACGACTCACTAGAGAGAGA

SEQID
NO:75

nsulator 7

CGCOGACTTCCAGAGAAGAAGACTACTGACTTGAGCGTTCC

SEQID
NOT6

nifl3 rhs

220

CTCTCTOGTAATACATCAAATCAATCATAGGAGGGUTAAA

SEQ ID
NO:TT

nitB

ATGACCTCTTGTTCOGTCGTTTTCTGOGCGOTAAAGCGTGOCGTC
CGGCCGATGACTCCGCGCTGACTCOGUTGUTGOCCGACAAGG
CAGCTGCGCACCCGTGCTATAGCCGCCACGGUCATCACCGOTT
CGCGCOGTATGCACCTGCCAGTCGCTCCGGUCTGCAACTTACAA
TGCAACTACTGCAACCGCAAGTTCGATTGCAGCAATGAAAGC
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COGTCCGOGOGCGTGTCCTCTACCCTGCTGACGLCGGAACAGGUTG
TGUTGAAGOGTGUGCCAGOGTCGUCCAAGCTATCCCGUAGCT Gleg
GTGGTCGGTATTGCTGOTCOCGGGCGATCCGCTTGCGAATATOG
CCCGCACCTTCCOTACCTTGOGAGCTTATTCGCGAACAGTTGCC
GGACCTGAAACTGTGCCTGAGCACCAACGGCTTGGTGCTGEC
AGATGCCGTTGATCGTCTGCTCGATGTGOGGCGTGGATCACGTT
ACCOTCACCATTAACACCCTGGACGCAGAAATCGCAGUGCAA
ATCTACGOGTGOTTOTGOUTGOGATGGCGAACGCTACTCCGOGTO
GCGAAGCCGOGCGAAATTUTCATTGUCCGCCAGCTGGAAGGLG
TACGTCGCCTGACCGCGAAAGGTOTGCTCGTCAAGATCAACA

SCOTATTOATTCCGOUCATCAATCGACAGCGGCATGGUGGOTO
TTAGCCUTGCGCTOCGCGCGTCTGOTOCCTTCATCCACAACAT
CATQCCACTOATTOCOGCGTCCOUAGCATGGCACTOTTTTCGOT
CTOAACGGCCAGCCOGAACCOGACGUGGAAACCCTOOCGGCG
ACGUOCTCCCGCTGCGOGUGAGOTTATGCCACAAATGACCCAC
TGCCACCAGTOCCGTGCCGACGCGATTIGGCATGCTTGGTGAG

SATCGCTCGCAACAGTTTACGCAATTACCOQGCTCCGGAGTCCC
TCCCGOCOTGGUTOCCCGATCCTGUATCAGCGTOUTCAGTTOCA
TOQCOAGCATCGCCACOGCGCGUTUAGAGCGAAGCCUATOACGC
CTGCCTOOTGGCCOGTTGCGTCOAGCCUTOGCOATOTAATTGAC
TOQCCATTTCOOCCATGCCOGACCOGTTITCTATATCTATAGCCTOTC
TGCGGLTGOTATGGTTCTOGTTAACGAACGTTITCACCCCGAAA
TACTGCCAGGUTCGCGATGACTOGCGAGCCGCAGQACAATGEC
GCACGCTTTGCTGCCATCOTTGAGTTCGUTOGGCGGACGTICAAAG
COGOTOTTTIGTGTGCGTATCGGUCATACCCOGTGGLCAACAGCT
GGAGCAGGAAGGUATCOAACCGTGUGTGGATOGCGCCTCGLG
TCCGGTATCCGAGGTCCTQLCGOCATGGTGGLAGCAGLGCLG
TCGGTAGCTGGCCGGCTGCATTGCCGCACAAAGGCGTTGOGTA
A

SEQID 27 insulator 8 ACTACGAGATTTGAGGTAAALCAAATAAGCACGTAGTOGC

NO:T8

SEQ D 28 nifQ s 3 TGCGTTTAGCAGTTCCCGTAGGAATATTTICCTT

NOT9

SEQID 29 nif) ATGCCGCCATTCGACTGGTTGCOTCGTTTGTGGTTACTCTATC

NO:B0 ACGCCGOCAAAGGCAGCTTTCCOCTTCGTATGGGCTTGTCGCC
GCGTGACTGGCAAGCTCTGCGCCGTCGCCTGGUCGAGGTGGA
AACGCCGCTGGATOGUGAAACCCTGACCOCGTCGCCGTCTGAT
GGCGGAGCTGAATGCGACCCGCBAAGAAGAACGLCAGCAGCT
GGOTGCCTGGCTGGCCGOTTGGATGCAACAGGATGOCGGTCO
GATGGCGCAGATTATCGCAGAGGTGAGCCTGGCGTTCAACCA
TCTCTGGCAGGACCTTGGCCTCGOGAGCCGCGOTGAACTGOGT
CTGCTGATGTCTCACTGCTTCCCOCAGCTGGTTGTTATGAACS
AGCACAACATGCOCTGOAAGAAATTCTTTTACCGCCAGCGTTG
CCTGCTOCAACAGGGCGAAGTCATCTOTCGCAGCCCGTCTTGO
GATGAATGCTOGGGAACGTTCTGCGTGCTTITGAGTAA

SEGQID 30 T7 termivator 1 { 1300 TACATATCOGGGGGGTAGGGGTITTITICT

NO:81

SEQID 31 insulator 9 GTCTGTAGCACGTGCATC

NO:82

SEQID 32 T7 promoter {2750 TAATACGACTCACTAATGGGAGA

M3R3 mut 3

SEQID 33 nifF vhs 45 GACAAGAGTCTCAATTATAAGGAGGCTTTACTAC

N84
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SEQID 34 mfF ATGGCGAACATCGGCATCTTCTTTIGGTACGGATACCGGUAAA

NO:8S ACCCGCAAGATTGUGAAGATGATTCACAAACAGCTGGGCGAG
CTGGCCGATGCCCCGGTTAACATCAATCGTACCACTTTIGGATG
ACTTTATGGCTITACCCAGTCCTGTTGCTCGGCACGCCGACGCT
TGGTGATGGTCAACTGCCGOGGUTTAGAGGCGGGCTGCGAGAG
CGAAAGCTGGTCTGAGTTITATCTCCGOGTCTGGATGACGCTTCC
CTGAAGGGCAAAACCGTGOGCGCTGTTITGGCCTGGGCGACCAG
CGTGGTTACCCGGACAACTTCOTGTCGGGTATGCGTCCGCTGT
TCGACGCGUCTGAGCGCCCOTGOGUGCCCAGATGATTGGTAGCT
GGCCGAACGAAGGTTATGAGTTTAGCGCATCGTCCGLGCTGO
AAGGCGACCGUTTCGTCGGUTITGGTGCTGGATCAAGACAATC
AGTTCGACCAGACCGAAGCGCGCCTOGCOTCTTIGGCTITGAAG
AGATCAAACGCACCGTTICTGTAATAA

SEQID 35 T7 terminator 1 | 1300 TACATATCGGGGGOGTAGGGGTTITTITGT

NO:E6

SEQID 36 insulator 10 SGTCATTACAACGGTTATY

NOR?

SEQID 37 T7 promoter 1500 TAATACGACTCACTAGAGAGAGA

NO:ES mt 2

SEQID 38 insulator 11 AACATAGCOTTCCATGAGGGCTAGAATTACCTACCGGCCT

NO:ES

SEQID 39 nifl rbs 2800 CAGATACTGACAAATAAACCAGCGAAGGAGGTICCTA

NO:SB0

SEQID 40 nifly ATGTGGAACTACAGCOAGAAAGTCAAGGACCATTTCTTICAAT

NO:S1 CCOGCGCAACGCGCOTOTIGTGOATAACGCAAATGCGGETGGGC
SACGTCGGCAGCTTATCTTGTGGCGATGCICTCCGLTTGATGC
TGCGCGETGCGACCCGCAGAGCGAAATCATCGAAGAAGCGGGCT
TTCAGACCTTCGGCTGCGGCAGCGCGATTIGCGTCGTCCAGCGE
ACTGACGGAGCTGATCATCGGTCACACCCTGGCGGAAGCGGG
TCAGATCACCAACCAGCAGATCOCCCACTATCTGGACGOCTT
ACCGCCGGAAAAGATGCACTGCTCTGTAATGGGCCAGGAAGC
TCTTCGTGCOGCCATTGCTAACTTTCOCGGTGAATCGCTGGAA
GAGGAGCATGACGAGGGTAAGCTGATCTGCAAGTGCTTCGGC
GTCGATGAAGGCCATATTCGCOGTGCTGTCCAGAACAACGOT
CTTACGACTCTGGCCGAGGTGATCAATTACACCAAGGCAGGT
GGCGGTTGTACCAGCTGCCATCGAGAAAATCGAGCTGGCCCTG
GCCGAGATTCTCGCCCAACAGCCGUAAACCACCCCGGCAGTT
GCGTCCGGTAAAGATCCGCACTGGCAGAGCGTCGTGGATACC
ATCGCTGAACTGOGTCCACATATCCAAGCGGACGGTGGTGALC
ATGGCGCTGTTIGTCCGTGACGAACCACCAAGTGACTGTTTCGC
TETCGGGCAGCTGTTCTGGUTGCATGATCGACCGACATGACCCT
GGOGTGGUTGCAACAGAAATTIGATGGAGCGTACCGGCTGCTA
TATGGAAGTTGTTGCCGCCTAA

SEQID 41 wmsulator 12 CATTGTAATAGCCACCAAAAGAGTGATGATAGTCATGGGET

NO92

SEQID 42 nif rbs 175 GATACCCGTAGACCATTCTGAAATCGAAGGAGGTTTTICC

NO93

SEQID 43 nifs ATGAAACAAGTGTACCTGGACAACAACGUGACCACCCGCCTIG

NO:94 GACCCGATGOTTCTGGAAGCGATGATGCCGTTITCTCACGGATT

TCTATGGCAATCCOGTCCAGCATCCATGACTTCGGUCATOCCGGO
ACAAGCGGOGCTOGAACGTGUGCACCAGCAAGCTGCGGLACT
GCTGGGUGCAGAGTACCCOGTCTGAAATCATTTTCACGAGOTGT
GCGACCGAGGCCACTGCAACCGCCATTGUOGTCGGUCATCGLEG
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TTATTGCCGGAACGCCGCOAAATCATCACCTCGGTAGTGGAG
CACCCGGCTACGCTGGCGGUOGTGCGAGCACCTGGAACGUCAA
GGCTATCGCATCCATCGCATTGCGOGTGGATAGCGAAGGTGEG
CTGGACATGGCCCAGTTCCGTGCAGCGCTCegCCGOGTOTCGO
GTTGOTGAGCGTGATGTGOGGUCAACAACGAAACCGGCOTOOT
GTTCCCGATTGGOGAAATGOGCCGAGUTTGCCCACGAGCAGGG
CGCTCTOTTCCACTGCGATGCCGTTICAGGTOGTTGGCAAAATC
CCAATTGCTGTTGGCCAGACGCGCATCGACATGCTGTCTTGET
CCGCGCACAAGTTTCATGOTCCGAAGGOUTOTTOGOGTTGCTTGTA
CTTACGTCOGTGOGCACGCGCTTTOGTCCGUTGCTTCGLGOTHGC
CATCAAGAATATOOTCGCCOTGCCOUGCACTGAGAATATOTGT
GUGCATCOTCOOCATGOGCOCTOGCGTGUOAACTOGCGAACATC
CATCTGCCOOOTATCGACCCATATTOGCCAGTTACGCAATCGCC
TCGAGCACCOTCTGCTCGCCAGCOTOGUCCGTCCGTCATGOTTAT
JGGCOGOTGOTCAGCCGeg TGTACCGOGTACTOTCAACCTOOCG
TTCOGAGTTTATCGAAGGTGAAGCGATCCTGCTCTTGCTGAACC
AGGCTGGCATTGUCGCAAGCTCCOGOCTCCGCGTGTACCTCICG
CAGCTTUGOAGCCOAGCCATOGTGATGCUGCGCCATOAACATTCC
ATACACCOUCGOUTCACGUCACCATTCOTTTTAGCCTGAGCCOT
TATACGCGCUGAGAAAGAGATCGACTACGTCGTTGCCGACCCTC
CCGCCAATCATTGATCGTCTCCOTGUCTTGTCCCCOTATTOOC
AGAATCGTAAGCCGCOTCCGGCAGATGCAGTCTTTACCCOGG
TITACGGTTAA

SEQ ID
NQO:95

44

insulator 13

GAGTTACTGGCCCTOATTITCTCCGUTTCTAATACCGCACA

SEQID
NO:96

45

nifV rbs

GCOGACTAGGAGCUTAACTCGCCACAAGGAAACAT

SEQ ID
NQO:97

46

nify

ATGGAGCGUOTCTTCGATCAACGATACTACCCTGLOTOATGGCG
AACAATCTCCOGOOGTAGCGTTTCOTACCTCCGAGAAAGTTGC
CATCGCOGGAGGCACTOTACGCTGUOGGTATCACCGCGATGG A
AGTCQGCACTCCOGCCGATCGGOTGATCGAAGAGATCGCCCGCAT
TCAGUTGUTOCOTCGTCAACTOCCOGGACGCGACGCTTATGACC
TQGTGCCOTATCGAACGCTCTGOAAATCCGTCAGAGCGLGGAT
CTGOOTATTGACTOGUTGUATATCTCOGATCCCAGCATCCGACA
AGCTGCCTCAGTACAAGCTGOGTOAGCCGCTGGCCGTGUTGCT
GOAGCOCCTTGCOATOTTTATCCATCTGQUCCACACGTTAGGC
CTCAAAGTATGTATIGGTTGCGAGGATCGCGAGCCOTGUETCTG
GTCAGACCCTGOGCGCCATTGOCCGAGUGTGGCCCAGCAATGLG
CGGCTGOGCGCTTGUGTTACGCTGACACCGTOGGLCTOOTGGA
CCCGTTCACCACCGCAGCCCAGATCAGCGCOCTGCGTGALGTT
TGGTCGGGULGAGATCGAGATGCATGUCTCACAATGATCTGGGO
ATGGCTACCGCGAACACGCTGGUGGLCAGTTTCGGCTGGCGCC
ACGTCOOTCAACACTACCOTCCTCOOTCTGGOTGAACGTGCA
GGCAACGCAGCCCTGGAAACCGTTOGOGCTGGGCCTGGAACGO
TGCCTGGGCGTOGAAACCGGCGTCCATTTCAGUGUGCTCCCAG
CGAGCTGTCAGCGUGTCGCOGGAGGUCTGLACAGCGOGLAATCG
ACCCGCAACAGCCGUTGOTGGHGTGAATTGGTTTTICACCCACGA
GTCTGGTGTTCACGTTGCGGCOGCTOGCTGUOGCCACAGCGAATCC
TATCAATCTATTGCCCCAAGCCTCATGGGLCGTAGCTACCGTC
TGGTGCTCGGCAAGCATTCGGGTCGTCAGGCTGTCAACGGTGT
TTTCGACCAGATGOGOTTACCACCTGAATGCOGUGUAGATCAAT
CAGTTGCTGCCGGCCATTOGCCGCTTCGCLCGAGAATTGGAAAL
GCTCTCCGAAAGACTACGAACTGGTTGOGATCTATGACGAATT
GTGCGOGTGAATCCGCCCTTUGTGCTCGUGGCTAA

SEQ ID
NO9%

47

insulator 14

GACTCAACACGCTAGGGACGTGAAGTCGATTUCTTCGATG
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SEQID 48 oW ths 40 CAGAAGGCGAGAACTAGATTTAAGGGUCATTATAG

NG99

SEQID 46 nifW ATGGAGTGOTTTTACCAGATTCCGGGTGTAGACGAATTGCGCA

NO:100 GCGCTGAATCCTTCTTTCAGTTCTTCGCGGTTCCATACCAGCC
GOGAACTGCTGGGCCGCTGUCTCGCTTCCGUTGTTAGUGACGTTC
CACCGTAAACTGCGTGCGGAGGTCCCGUTGCAAAACCGTCTG
GAGGACAATGATCGTGCGCCGTGGCTCTTGGUGCGCCGCCTCC
TGGCCOGAATCTTATCAGCAGCAATTTCAGGAGAGCGGCALCT
AA

SEQID 50 insulator 13 TCGAGAAACAAGGCAGTTCUGGGCTGAAAGTAGUGCCGGE

NO:101

SEQID 51 nifZ rbs 365 ACAAGTCCCGTATTATAACCGCCTAGGAGGTETTGG

NO:102

SEQID 52 aifs ATGCGCCCGAAATTCACCTTCTCTGAAGAGGTCCGUGTAGTTC

WNO: 103 FCGCOGATTCGTAATCGATCGGCACCGTGGCGGOTTTTGCGCCAG
GTGCGCTGCTGGTITCOTCOCGGTTCCGACGGGITTTGTGCGTGA
CTGOGGTGTGTTCCTGCAAGACCAGATCATCTATCAAATCCAC
TTTCCGGAAACCGACCGCATTATCOGCTGTCGCGAGCAGGAQG
TTAATCCCOGATTACCCAGCCGTGUTIGOCTCGUTAACCTCCAGT
ATCOTGACAGCOTCACGTGCCAAATGGCACTGGCTGTCAACG
GTCGACGTOGOTTICTOAGCOGCCGUTCAACGTCGCCOTUOTOGAGS
CCACTGATCOTGOGCGAACTTOOCOATTCCTACACCOTOOACTT
CAGCGGLCGTTGGTTCCGCGTTCCGGTCCAGGCCATCGCGCTG
ATTGAAGAGCGCGAAGAATAA

SEQ D 53 wsulator 16 ACGCCACGCOTAGTCAGACATACACGTTCGTTGOGTTCAL

NO:104

SEQ D 34 nifM rbs 750 TCAGAGACTGAAGTTATTACCCAGGAGGTCTATA

WO 105

SEGID 35 nifM ATGAATCCGTCGLAGCGCTTTGLCOGTCAACGCCTTGCTCGCA

WNO: 106 GUCGCTGGAACOGTGATCCGGCTGUTCTCOGACCCAGCCGATALC
CCCAGCOTTCGAGCAGGCOTOGCAGCOTCAATOCCATATGGA
ACAAACCATCGTAGCGCGTGTCCCGGAAGGCGATATTCCGGO
TCCCTTACTOOAAAACATCGLGGLCAGCCTOGLGATCTGOCTG
GACGAGGUTGACTTICGCTCCGLCGUAGLCGCOCTGCGATTGTG
COTCATCATGCACGTCTGGAGCTGGCGTTTGCCGACATTGLCC
GCCAGGCACCGCAACCGGATCTGAGCACGGTTCAAGCGTGGT
ATCTGCGTCACCAGACTCAATTCATGCGTCCOGAGCAGCGTCT
GACCCGTCACCTGCTCCTGACGGTCGATAATGATCGCGAGGC
GOGTGCATCAACGCATCCTTGOCCTGTATCGTCAGATCAALCGCG
AGCCOTCACGCUTTCGUCCCACTGGCACAGUGCCACTCTCATT
GCCCAETCOGCCTTGGAAGAAGGCCGTCTGGGCTGGATCTOCCG
TGGTCTGCTGTACCCGCAGCTCGAMACCGCGTTGTTITAGCCTG
GUGGAAAACGCACTOGTCOCTOGCCGATTGCOTCGGAATTGGET
TCGGCACCTETTATGGTGOGAGGCCATTCGTCCGGCAGCCCCGA
TCGGAGCCGLAACAGGUCCTTGAATCTGCOCGLGACTACTIGTG
GCAGCAGAGCCAGCAGCGCCACCAGCGTCAATGGUTGGAGCA
GATGATTTCCCGCCAACCGGGCCTGTGTGGTTAA

SEQID 36 T7 terminator | 1400 TAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTT

NO:07 wT TTTG

SEQID 57 Biobtick suffix Tactagtagcggocgetgeag

NO:108 {BBa G00001)

SEQ D 38 Translational ttagﬁagjtag
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NO:109

stop
(BBa_B0042)

SEQ D
NO:L0

Terminator
{BBa B0054)

attageagaasagicaaaagectcogaccggaggctiitgaciaaaaciicectiggggttatcatigeg

&

SEQ D
NO:i]

60

VR primer
sequence
{(B3Ba_(00102)

SEQID
NO:112

61

Terminator
(BRa B0O062)

cagataaagaaaatcctiagetticgetaaggatgatitel

SEQID
NO:113

62

paC101 origin
(BRa_I50042)

ctgfcagaccaagtitacgagelegettiggactectgitgatagatecagtaatgaccetcagaactecale
tggatiiglicagaacgcleggtigecgecgggegtittitatiggigagaatecaageactiagggacagt
aagacgggtaagecigitgaigatacegetgcctiactgegigeattagecagicigaatgaceigicac
gogataatcegaagtggicagaciggaaaatcagagggeaggaacigelgaacageaaaaagicag
atageaccacatageagaceegecataaaacgeecigagaagee ‘gtgﬁ cgggetitictigtattalg
gotagtitcctigeatgaatecataaaaggegeciglagtgecatitacceocattcactigecagageegt
gagegcagegaactgaatgicacganaaagac .i,ga,gdatcam-gut ratgeleggagacaaaag
gaataltcagegatitgeccgagetigegaggeteclactiaagectttagggiittaaggictgtttiglag
aggagcasacagegitigegacatectitiglaatactgeggaacigactanaglagigagitatacacy
ggoctggeatctattcitifatctttititatictiicttiaticlataaaltataaccactigaatataszucanasa
asacacacaaaggtotagegganttiacagagegictageagaalliacaagititceageaaaggicta
Caga aﬂtc.(.acaiacwam&accm& goasaaggacatgiaatiateatigaciagoccateicaatt
rotatagigatiaagalcacclagaccaatigagatgtalgicigaatiaghigttticasageaaatgaact
agegaltagicgetatgacttaacggageatgaaaccaageiaatittalgeigtetescactacteas:
ceacgatigaaaaceciac iaogaaaﬂactbggacgﬂtzttcotfmctiatamcaa'aaszc'mea.gc.
tgaacatcaglaggeaaaaigettatggiglaitagclanageaaccagagagetgalgacgagaacty
tggaaatcaggaatectitggtiagaggetliigagatiticcagiggacaaactatgecaagitctcaage
gaasaattagaatlagtiiitaglpgaagagatatigecitatettiiceagtivaaaaaaticalaaaatataat
ctggaacaigiiaagictitigaaaacaaataciclatgaggatitatgagtpatiaitaaaagaaciaacac
aaaagaaaacicacaaggcaaatatagagatiagectigatgaatiiaagitcatgtiaalgetigaaaala
actaccatgagtitagaaggetiaaccaatggetitigaaaccaalaagiaaagaittaaacaciiacage
astatgaaatigglegtigalaagegaggecgeccgacigatacgligatiticcaagligaactagatag
acaa&ig atcicgtaaccgaactigagaacaaccagaiaaaaaigaslggtgacaaaataccaacas
cealtacat attccaacctacgiaa( gractaagaaaaacaciacacgaigetttaacigeaaaaatt
cagele au,ugtmg soaaaalititgagte: gaft_(:aaagtaagcatgat(:tcaatggttcg;ﬂ:(:tca

EBY Loy
iggcicacgeaaaaac mcgda,g,ga,cactagagaac atact, gﬂ(: tanatacggaaggatelgaggliic
tatgocticiiglaliciatcagigaagcatcaaga caaacdaaaglagaacaacigiicac 3
Ttatggetcitgtatciateagigaageatcaagaciaacaaacaaaaglagaacaactglicaccgtiag
atalcaaaggeaaaacigiceatatgeacagalgaaaacggl ‘taaaaaaoa-"agataca;, agagett

ttacgagttitigotocatitaaageigticaccatgaacagategacaatgiaac

&

€'4

5

SEQID
NO:114

63

chiloramphenic
ol resistance
(BRBa_P1004)

gttgatcgggeacgtaagagattecaactiicaccataatgaaataagateactac gggfgtaﬁtﬁtg
agitategs g ‘mcaggaocmao-rawgutawa«tggoga’xﬂaaﬂamacggk atataccaccglig
atatalccoaalggeateglaaagaacatitigaggeatitcagicagtigeteaatgiace Taaecaga
wg‘maod 5Q mﬂﬂc‘ogcc"[mwagamgtao1gwaawamczo‘,acaaoﬁt‘ toeggectita
feacattotigecege tg'xtoaacgcbmgc goagtitcgtatggecatganagacggigageiggt
galcigggatagigticac tt,fmamg cgttticeatgageaaacigaaacgitiicgloocic t,u; gt
gaataccacgas g atticoggcagitictecacatataticgeaagatgtggogigiia ggtg
gocctatttecctaaagggtti ‘tgng atgtitttigicteagecaateccigggtgagtiicac a,t:tt
ttgatttaaacgiggecaatatggacaacitcticgeceocgititeac oa-gggeaaatattabaw xcaag
gegacaaggigcigatoe cgctgg gatecaggiteatcatgeogtitgtmatggcticcatziogged
geaigcettaatgaattacaacagtacigtgatgagigocagggeggrgcgiaataa

24

SEQID
NO:1S

64

Terminator
{BBa_B0053}

teeggeaaaaaaacgggeaaggigicaccaccetgecettitictitaaaaccgaaaagatiacticgeg
1t

SEQID
N(:116

65

V2 primer
sequence
{BBa_(G00101)

—

j¢1e)
(€]
<
&
(¢
e

tgacgictaaga
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SEQID 66 Terrunator aaggaataticageaatiigecegigecgaaganagecccaccogigaaggtgagecagigagitgat
NO:i17 (BBa_B0055) tgotacgtaa
SEQID 67 Translational ttagitagitag
NO:118 stop

(BBa_P0042}
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Start Codon
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SEQ ID
MO

Mame

Sequence

SEQ ID
N9

SynPrgll RB
S

ATTAAACAGGATAATAAGC

SEQ ID
N(:120

SynPrgil

ATCGGAAACTAGCAAGGAGAAAACCATTACOTCCCCTGUTCCOTATATCGTT
COTCTOTTOGAACTCGTCCCTGAACGGTTCTOGAATTTCCOUTGCTGACTGOTE
QTACGCTGTTCUTCOGTOGOUTCAGAGCOGATGUTCTGACCGOGTCTOOTCAGCT
GCCGUACATTCCTGOCGACTCOTTCTTCATOCCGUTGOATCATOQGCGUTGTT
AATTTCOAGATTCAAGTGGACACTOACGUGACGGAAATCATCCTGCACGAA
CTOGAAAGAGGGLCAACTCCGAGAGCCGCTCCOTGCAACTGAACACCCCGATC
CAAGTTGOTCAACTGCTOATTTTGATTCGTCCGOAGAGUCGAGCCOTGOUTS
CCGGAACAGCCGGAGAAGTTGUAAACTTCTGCCGAAAAAGAACGAACCGLG
CTTTAAAAACGQGCATCGTCGCOGGCACTGGCGGUTITCTTTATCCTGOGTATC
GQCACGOTTGOCACCCTOTGUATTCTGAACTCGCCGLAACGTCAAGCAGCO
GAATTGGACAGCCTOTTOGOTCAGGAGAAGGAGCGTTTTCAGGTGCTGLCG
GGTCOCGACAAGATGCTOTATOTCGOCOGCGCAAAACGAACGCGACACCCTG
TOGGCACGTCAAQTCCTOCGCACGCGUGUCGATTACGATAAAAACGCACGOGTT
ATTAATGAAAATGAGCGAGAATAAACGTATCAGCATCTOGGUTGGACACGTAT
TATCCACAACTGGCATATTACCGTATCCATTITGATGAACCACGTAAGCCGG
TOTTTTGGCTOTCCCGTCAACGUAACACGATCGAGCAAGAAAGAGCTGGAGG
TOCTOTCCCAGAAATTGCOGTGCOGCTCATGUCCOGTACGUCGACAGCGTCAATAT
TACTCTGATOGGATGACGTGACCGLCAGCAGGLCAAGCCGAGGCAGUGTCTGAA
ACAACAGGCOCTGCCATACAGUCGCCOTAACCACAAAGGTGOTOTTACGTT
COTTATTCAGGGUGCUTTGGACGACGTTGAGATTICTGCGTGCGCGCCAGTTT
QTCGACTCCTATTATCOTACCTGQGUTOOTCOTTACGTTICAATTCGCAATTG
AATTGAAAGACGATTGGUTCGAAAGGOCGUTCOTTCCAATACGGTGCGGAAG
GCTACATTAAGATCGAGCCCAGOTCATTGGTATTITTICCOTCTCCTOTGTAATA
G

SEQID
N1zl

ATTAAAGAGGAGAAATTAAGC

SEQID
NG:i22

SynPrgl RB
S

ATTAAGGAGGATAAATTAAGC

SEQID
NG:iz3

SynPrgl

ATGTCTATCGCOGACTATCGTGCCTGAAAATGCCGTTATTGOGTCAAGCGGTGA
ATATTCGCAGCATGGAAACGGACATCGTCAGCTTGGACGACCGTTTIGOTGC
AAGCATTTTCGGGCAGCGCCATCGUTACCGCCGTCOATAAGCAGACCATTA
CCAATCGCATTOGAAGACCCTAATCTGOGTTACCGATCCGAAGGAGCTGGCGA
TTAGCCAGGAAATGATTTCCGACTACAATCTGTACGTCAGCATGOTTAGCAC
CCTGACGUGTAAGGGCGTTGGCGUTGTTGAGACTTITGUTGCGTTCUTGATAG

SEQID
NO:124

5

ATTAAACAGGATAATAAGC

SEQID
NO:125

SynPrgk

ATGATCCOGCCGTTACCTGTATACCTTCTTGCTGGTTATGACTTTGGLCGGCTG
TAAAGATAAGGATCTGCTGAAAGGCTTGGACCAAGAGCAAGCGAATGAGG
TCATTGCGOTTCTGCAAATGCACAACATTGAGGUTAACAAGATTGATAGCG
GCAAGCTGOGOTTACAGCATTACCOTCGCGGAACCGGATTTCACCGCGGCAG
TGTATTGGATTAAGACCTACCAGTTGCCGCCTCGOCCGUGTGTCGAAATOGC
CCAAATOTTTCCGGCAGACAGCCTOGGTTAGCTCTCCGUGTGUGGAGAAAGC
ACGTCTGTACTCGGUOATTCGAACAGCGUCTGGAGCAGTCGUTGCAAACGAT
GUAAGOTOTTICTOTCOGGCCCOGTOTCCACATCAGCTATOATATTGATGUCGGGC
GAGAACGGTCGTCCGCCTAAGCCOGGTGCACCTOTCGGCTTTGGCGGTGTAT
GAACGCGOTTCCCCTCTGOCCCATCAGATTTCGGATATTAAGCGCTTCUTGA
AAAACAGUCTTCGCGUGATGTTGACTATGATAACATCAGCOTGGTTCTUOTOCGA
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SE D Name Sequence
NG:

GCGTAGCGACGCACAGTTOCAGGCGCOGGUGUACGUCUGUTCAAGCGCAATAG
CTTCGCTACCTCCTGOATTGTGCTGATTATCCTGTTGTCTGTTATOGAGCGOGG
GTTTCOGOTOTCTGOTACTACAAAAATCACTATGOGCGTAATAAGAAAGGCA
TTACTGCCOATOGACAAGGCAAAGTCCAGCAACGAGTAATAA

SEQ D SynOrgA RB I GAAAGAAGUGGACAGACTAG

NO:i26 5

SEQ D SynOrgA ATGATTCGTCGTAACCGTCAAATGAACCGTCAACCACTGUCAATTATCTGGC

NG 127 AACGCATTATTTTCCGACCCACTOTCCTATATTICACCCACAACGTCTGCAAAT

COGCGOCGGAGATCATCOTOUGTOCGOLCAGCGUGTGCGUCAGCGAATGAGCT
GATTTTGGCGGCGTGUGOGTTTOAAGAACGGTCGAGAAGGAGTGCATTICAGAA
TAGCCTGACGCAGCTOTGUTTGCGTCAATOGGCGCCOGTCTGCCOGCAGGTTGCT
TACCTGCTGGUTTGCCACAAGQGTTGCUTOCTCACCTOGCCCOGTCAAGOTOCTT
TATTOGOGCCTGCCOGACTCGUUOGCAGGCATTCTTGUCGATOGCACCAGGUTA
COTCCTTIOTCGOTTTGTAATAAGGUCGUCCGAACCACCOTTTCOTGQCTOTOCOT
TOQUGTTACGCCCAACTOAACGUOCTGAATCGAGTTCCTQCCGOAGAGCTTOGO
CCAACGUTTTCCTCTOCTOGTTTCCACCOTTCATCOAGGAGGCACTGAAACAA
GATOCAGTCGGAGATCGAGCATCCTOCTGCTOQGUCCTOCAATACGCGUAAAAG
TATCCTAACACCGTCCCOGGUOTTITOCGTGUTAATAA

SEQ ID

SynOrghB RB
>

GAAAGAAGGGACAGACTAG

SEQ D
NG:129

SynOrgh

ATGTTGAAAAATATCCCGATTCCATCCCCTCTGTCTCOGUGTTGAAGGTATCC
TOATTAAACGCAAGACOTTGCGAGCGTTACTTCTCGATTGAGCGCCTOGAALC
AACAGGCGCATCAGCGTOGCAAAGCGUATTTTGUGTGAGGCAGAAGAAGAA
GCCAAGACCCTGCGCATOTATGCOTACCAGGAGOQGUTACGAGCAGGGCATG
ATTGACGCACTGCAACAGGTOGOCCGCCTATTTGACCOGACAACCAGACGATG
GCTTOGAAATOGGATGUGAGAAAATTCAAATCTATGCGCGTGAGTTGTITCAGC
GCGGUTOTCGATCACCCGGAAACGTTIGTTGACGOTOUTGGACGAGTGOGOTG
COTGATTTCGATAAGCCOGGAAGGTCAGCTGTTITIGACCCTGCCGGTGAALCG
CAAAGAAAGATCATCAGAAACTGATGOTGCTGCTGATGGAAAATTGGULGS
GCACCTTCAATCTGAAGTATCATCAGGAGCAACGTTITTATCATGTCCTOTGG
COATCAGATTGCCGAGTTTTCGCCGGAACAATTTGTTGAAACGGCGETTGOET
GTTATCAAGCACCATCTGGATGAGCTGUCCTCAGGACTGTCGCACCATTTOGE
ACAATGCGATTAACGCGCTGATTGATGAATGCGAAGACGAAAACCCAAGCTG
AAGTTATTCGCTGATAA

SEQID
NO:130

SynlnvA RB
S

CTTGGGCACGCGTCCATTAAACAGGAGTAATTAAGC

SEQID
NO:13]

SyninvA

ATGCTGCTGTCCCTGCTGAATAGUGCGCGTCTGCOTCCTOGAGUTGCTGATTC
TGOTTCTGATGOTTATGATCATCAGCATGTTCGTTATCCCOGTTGCCGACCTAT
TTGGTTGACTICTTGATCGCTTTGAACATTGTCCTGGCAATTCTGGTGTTCAT
GGOGUTCCTTCTACATCGACCGCATTCTGAGCTTICAGCACCTTTCCGGOGGTT
CTGCTOATCACGACTCTGTTCCGTTTGGCACTGAGCATCAGCACCAGCCGLC
TCGATCCTGATTGAAGCAGATGCOGGUTGAGATCATCGCGACCTTTGGTCAGTT
TOTGATCGOGTGACAGCCTGGUGGTTGOTTTCOTCGTATTCTCCATCGTGACG
GTGGTGCAGTITATCOTTATTACCAAGGGCAGCGAACGTGTOGCGGAGHTC
GCCGCTCGOTTCAGCCTOGUACGGCATGCCGGOTAAACAGATOGTCTATTGAT
GCAGACCTGAAAGCCGGCATTATTGATGUTGATGCAGUGCGCGAGCGCOGE
AGCOTCCTGGAGCGTGAAAGCCAACTOGTACGGTTCCTTCGACGGTGCCATG
AAGTTCATTAAAGGTGATGCGATTGCGGGCATCATTATCATCTTCGTTAACT
TCATTGGUGGTATCAGCGTCOGUTATGACCCGTCATGOGTATGGATCTGAGCAG
COGOCCTGAGCACCTACACCATOGUTGACGATTGOTGATGGTCTOGUTTGOCCAA
ATTCCGGCOGTTGCTCGATCGCOATTICTOGCGOGUTTCATCOTTACCCGOGTCA
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SEQ ID
NG:

Name

Sequence

ACGOTGATAGCOATAACATCGUOTCGTAACATTATGACCCAGCTGCTUGAATA
ATCCOTTTGTCCTOOTTGTAACGOGUGATTTTCGACCATCAGCATGUGGCACGCT
GCCGOGCTTTCCOTTGCCOUTTTTOOTTATTCTOTCTGTTGTGCOTOTCCGTCC
TCTTTTACTTTAAGTTCCOGUGAGOGCOAAACGTAGCGCTOCGAAACCAAAAA
COAGCAAGGGCOAGCAACCOTTOTCCATCGAGOGAGAAGGAAGOTAGCAGC
CTGOOCCTOATTGGCOGACCTGOATAAGGTTAGCACGOGAAACCOTCOCGUTG
ATTTTGCTOGOTGCCGAAATCGUGTCOTGAGUCATCTGUAGAAAGCGCAGCTG
GCGGAACGTCTGCGCAGCCAATTCTTTATTOGATTATGOGTOTOGCOTOTGOCAG
AAGTACTGCTCCGTCACGGTCGAGGGTCTOGOATGACAACTCTATCOTCCTOCT
GATTAATGAGATTCGCOTTGAACAGTTITACTOTCTATTITGACCTGATGCGT
GTOGOTTAACTACAGCGACGAGUTOGTGAGCTTTOGCATCAACCCOACCATT
CACCAGCAAGOTTCCAGCCAGTACTTTTOOOTGACCCATGAGGAAGGUGAA
AAGCTGCGCGAGUTOGGCTACGTCCTGCOGTAATCGCACTGUGACGAACTOTAC
CACTGTCTOGCGGTOACGUTGGCACGCAATOTGAACGAGTATTTCGOTATCO
AACGAAACGAAACACATOCTGGACCAACTGGAAGCAAAGTTTCCTGACCTGO
TGAAGGAGOTTTTGCGCCACGUCACCOGTGCAGCGCATTTCGGAAGTGCTGL
AACGTCTGCTGTCCOAACGUGTOAGCOTCCOTAACATOAAGCTGATCATGE
AAGCCCTGGCACTOTOGGCTCCGLOTCGAGAAAGATOTCGATCAATCTGOTGG
AGCACATCCOTGOGTGOGATGCGCGCGTTATATCTGCCACAAGTTCGCAAATG
GTGOTOAACTGCOTOGOCGTTATOGOTTTICCCGCCGAAGTTCAGGATGTICATTCG
TAAAGGCATTCOTCAAACTTICTGOCTCCACCTTITIGAGCTTGUACCCGGAG
GCTTOGGCAAATCTGATOGOACCTOATCACGCTGAAGUTGGACGACCTGTTG
ATTGCQCATAAGGACCTOGTCCTOTTOGACCAGCOTTGACGTGUGTCEGTTTTA
TCAAGAAAATGATTGAAGGTCOTTTICCOCGATCTOOAGGTCCTGTCCTTCGE
TGAGATTGCAGATAGCAAAAGCGTGAATGTCATCAAAALCCATCTGA

SEQ ID SynlnvC RB [ CTTGGGCACGCOTCCATTAAAGAGGACCAATTAAGC

NO:132 S

SEQ ID Syninvl ATGAAAACCCCACGTCTGCTGCAATACCTGGUCTACCCGCAGAAAATCACT
NO133 GOUCCTATCATTGAAGCAGAACTOGOGTGATOTTGCAATTGOTGAATTGTGLG

AGATCCGTCGCGGUTGGCACCAGAAGCAGGTTOTGGCCCOTGCGUAAGTGG
TTGGTTTGCAGCGCGAACGTACCOGTCCTGAGUCTGATCGGCAATGCCCAAG
GCCTGAGCCGTGATGTGOGTCTTGTACCCGACCGGCCOGTGUTCTCGAGCGLGTG
GOTTOGOTTACAGCOTTCTGOGUGCAGTACTOGGACCCGACGGGTAAAATCGT
TGAACGTTTCACCCCGGAAGTCGCACCGATTTCCGAGGAGCGOGTTATCGA
COTGGLCACCGCCGAGCTACGCAAGCCOTGTCOGTOTCGCGCGAACCGUTGAT
CACGGGTGTCCGCGCAATTIGATGGTCTGCTGACGTGTGOTGTCGGGUCAGCG
TATGGGTATTTITCGCAAGCGCGOGUTTOTGOTAAGACCATGTTGATGCACATG
CTGATCGAGCAAACCGAAGCGGATGTCTTTGTTATTGGCCTGATTGGUGAGC
GTOGGTCGTGAAGTTACCGAATTTGTAGACATGTTGCGTGCATCTCATAAGAA
AGAAAAATOGTOTGCTGOTTITTGCCACGTCCGACTTCCCAAGUGTTGACCGC
TGCAACGCTGOUCAGCTGGCAACGACGUGTCOGCCGAGTATTTCUGCGACCAG
GOTAAACGTGTTGTCCTGTTTATCOGACAGCATGACCCOGTTATGCACGCGCGT
TGCGTGATGTCGCGCTGGOGAGCGGUCGAGUGTCCGOUTCGCCGTGGTTATC
COOCOTCTGTOTTCGACAATCTOGCOGOGTTTGCTGGAGCGTOCGGGTGUGAL
GAGUGAGGGTAGCATTACCGCCTTCTATACCGTCOTGCTGGAGTCGGAAGA
AGAAGCGGACCCGATGGUGGACGAGATCCOGTTCTATTCTGGACGGTCACCT
GTACCTGTCCCGCAAACTGGCGGOGTCAGGUTCATTACCCGGCTATCGATOTG
CTGAAGAGCGTGAGCCOGTGTGTTTGOTCAAGTGACCACCCOGACTCACGEG
GAGCAAGCGAGCGCGOTUCGTAAGCTGATGACCCGTCTGGAAGAGUTGCAA
CTGTTCATTGACCTGGGUGAGTATCGTCOGOGGUGAGAACATTGACAATGAT
COTGUGATGCAAATGCGCGATAGCUTGAAGGUGTGGUTGTGTCAGECTOTT
GCGCAATACAGCAGCTTCGATGATACGCTOTCCGGCATGAACGCUTTTIGEG
GATCAGAACTGA
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SEQ ID
NG:

Name

Sequence

SEQ 1D
NO:134

SyninvE RB

TACTTOOQGCACGCOTCCATTAATTAGGATCAATAGO

SEQ 1D
NO:135

SyninvE

ATGATTCCOOOCAGCACCTCCGGTATTTCCTTITAGCCGTATCOTCAGCCOTC
AGACCTCCCACCAGGATOCAACCCAGCATACCCGACGCACAACAAGCGGAA
ATTCAACAAGCGGCCGGAAGATAGCTCOCCOGGUTGCGUAGGTTCAGAAATTC
GTCCAGAGCACGGACGAGATGTCTGCTGCOTTGGCGCAGTTCCGCAATCGC
COTOACTATOAGAAAAAQGAGCAGCAATTTOTCTAACTCCTTCGAGCGOGTT
CTGCAGGACGAGGCACTOUCOAAAGCGAAGCAGATICTOAAACTGATCAGC
GTGCATGOCGUTOCOTTGUGAGGATTTCCTOGCOTCAGGCGUOGCAGCCTUOTTCC
COOACCCAAGCGATCTOOTGCTOGTTCTGOGCCAGCTOTTIGUGTUGTAAGG
ACCTGOAGGAGATCOTGCOTAAGAAGCTOGUAGAGCCTGCTGAAGCACTHTOG
AGOAACAAACCOACCCOGAAAACCCTOAAGOGCCOGOTATTAACTOCGOGCTGA
AGGCGCGTCTOTTTGOCAAGACGCTGTICTCTGAAACCTGOGTCTGCTGCGTGE
CAGCTACCGCCAGTTCATCCAAAGQGCGAAAGCCACGAAGTCCGAGATTTACAG
COATTQGATCGUCAGCTACGGTTATCAGCGTCGUCTGOTTGTTCTGGATTTC
ATTGAAGGCAGCCTGCTCACTGACATCGATGCTAACGATGCAAGCTGCTCL
COTCTGGAGTTTGGCCAACTOCTGCGUCOTCTGACCCAGUTGAAAATGTTOC
GTAGCGCCOACCTOCTOTTITGTCTICGACGTTGCTOTCTTACAGCTTCACGAA
AGCATTTAACGUTGAGGAGAGCAGCTOGOUTGTTOCTGATGOTGTCTTTGLTG
CAACAGCCGCACGAAGTOGGATAGCCTGCTQGUGGACATTATCGGTCTGAAT
GCGCTOCTOTTATCCCACAAAGAGCACGUCAGCTTCOTGCAAATCTTCTATC
AGGTCTGTAAGGCAATCCCOTCTAGUCTGTTTTATGAAGAGTACTGGCAAG
AAGAACTCGCTGATGOCACTGUCGCTOCATOGACGGACATTGCTTACAAACALG
AAATGGCCGAACAACGTCGTACCATCGAAAAGCTGTCCTAA

SEQID
NO:136

SynlnvF RB
S

CTTGGGCACGCGTCCATTAAAAAGGAGTAATTAAGC

SEQID
NO:137

SyninvF

ATGAGCTTCAGCGAGAGCCGCCALCAATGAAAACTGTCTGATTCAAGAAGGC
GCACTGCTGTTTTGTGAGCAAGCAGTCGTGGUOGCCTGTCAGCGGTGATCTCG
TTTTTCGTCLCGOTGAAAATCGAGGTCCTGAGCAAGCTGUTGGCGTTCATCGA
CGGCGCAGGTUTOGGTGOATACGACCTACGCGUAGTUCGGACAAATGGOTTICT
GCTGTCTCCOGAGTTCCGTGCTATITGGCAAGACCOTAAACGTTGUGAATAT
TGOTTTTTIGCAGCAGATTATCACCCCATCTCOGGOGTTCAACAAGGTTCTGEG
CACTGTTOCGTAAGAGCGAAAGCTATTGOTTGOGTOGGCTACTTGCTGGUCOCA
AAGCACCAGUCGGCAATACTATGCOGTATGTTOGGGTGAGGATTACGGTGTTAG
CTACACGCATTITCCGCCOTCTGTGCAGCCGCGCTCTOGGGCGGTAAGGCGAA
AAGCGAGCTGCGCAATTOGCGCATGGUCCAGTCCCTGCTGAATAGCGTGGA
AGGTCATGAAAACATCACCCAGCTGGCGGTCAACCACGGTTATAGCAGCCC
GTCCCACTTTAGCTCTGAAATCAAGGAGUTGATTGGTOGTTTCOCCGUGTAAG
CTGTCTAACATCATTCAGCTGGUCCGACAAATGA

SEQ ID
NO:138

0

TOGGGCACGCGTCCATTAATGAGGAAAAATTATTAGC

SEQ ID
NO:139

ATGAAAACGCACATTCTOGTTGGCCCGTOGTGUTGGCTTGCGCAGCTCTGGTGE
TOGOTCACCCCAGGTTATAGCTCCGAGAAGATCCCGGTTACGGGLCAGCGGCT
TCGTTGCAAAGGACGATTCTCTGCGCACCTTTTTCCGATGCGATGGCACTGCA
ATTGAAGGAGCCGGTGATTGTCAGCAAGATGGCGGUTCGCAAAAAGATTAC
COGGCAATTTCGAGTTCCACGATCCAAACGCGUTGCTGGAGAAACTGTCCCT
GCAACTGGOTCTGATCTGGTACTTTGATGUTCAGGCGATCTACATCTACGAC
GCGAGCGAAATGCGTAATGCGUTTOTGAGCCTGUGTAATGTCAGCCTGAAC
GAGTTCAACAATTTITCTGAAGCGCAGCGGCCTGTACAATAAGAACTACCCT
CTGCCGTGGTGATAATCOTAAAGGCACCTTCTATCTCAGCGGTCCGCCGOTGET
ATGTTGATATGOTTGTAAATGCOGCCACCATCGATCGACAAACAGAATGATG
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SEQ ID
NG:

Name

Sequence

GCATCOAGCTOOGTCGCCAAAAGATCGGTGTTATGCGCCTGAACAACACTT
TTGTGGUGCOGACCOGCACCTACAACCTGCOTOATCAAAAGATGOTCATTCCGE
GTATTGCTACGGCAATTOAACGCCTGTTOGCAAGGCGAAGAACAACCGUTGE
GTAACATTGTAAGCTCCOGAGCCTCCGUUCATOGCCGGCCTTTAGCGCAAALCG
GUCGAGAAAGOTAAGOGCAGCGAATTACGCGOOTGOTATCGAGCCTUGCAAGAA
GCGCTOAAACAGAACGCAGCGOCAGGCAACATCAAAATTOTQGUCTATCCG
GACACCAACAGCCTGUTOGOTOGAAAGGTACGGCGGAGCAGGTGCATTTCATC
GAGATGCTGOTTAAAGCCCTGOACGTOGCOAAACGTCACGTTGAATTGAGC
CTOTOOATTGTGUGATTTGAATAAGAGCOACCTGGAACGUTTOOGCACCAGC
TOGUGAGCOOTAGCATCACCATCOOCGACAAQCTGOOTCTOAGCCTGAACCAG
AGCAGCATCTCCACGUTGGACGOTAGCCGUTTTATTGCGGUGUTCAACGCTC
TGGAGGAAAAGAAACAGGCCACTETTOTCAGCCGTCCGUGTTICTOCTGACCO
AGCGAGAATCTCCCOGCOATTTTTOACAATAATCGTACTTTCTATACCAAACT
GATCGOGTGAACGTAATGTTGCATTGOAACACGTOGACCTATGGCACCATGAT
CCOTGTCCTGCCGCGTTTCAGCGCGUACGGLCAGATTIOAGATGAGCCTGGA.
CATCOAAGATOOTAATCGACAAAACCCOGCAGTCTOATACGACCACCTCCOT
TCATGCGCTOCCAGAAGTCGUTOGTACCCTCGATCTCOGACGATTGCACOTGTC
CCOCATGGTAAATCTCTOCTGOTTGGTGGUCTACACGCGTOGATGCAAACALCG
GACACGOTCCAAAGCATCCCOTTCCTGOOTAAGCTOGUCGCTGATTCGGCTCGT
TOTTTCGCTACAGCAGCAAAAACAAGTCTAATOTCGTCCGTOTCTITATGAT
TOAGCCOAAAGAAATCGTTOQACCOGCTOACCCCGGATCGCCAGCGAGAGCAT
TAACAACATTCTGAAACAGTCCGUTOCGTGOAGCGGTGACGATAAGUTGCA
AAAGTGGOTTCOTGTETATTTGGACCGTGGTCAGGAGGCCATTAAGTAA

SEQID
NO: 140

Synlnvl RBS

CTTGGGCACGCGTCCATTAAAAAGGACCAATTAAGC

SEQID
NO: 141

Syninvi

ATGCACTCTCTGACTCGTATCAAGGTCCTGCAACGTCOTTGTACCGTGTTICC
ATTCTCAGTOGCGAGTCCATTCTGTTGUCGTTATCAGGACGAAGATCGCGGOTT
GCAGGCGGAGGAGGAGGCCATOCTGGAACAGATCGCAGGTCTGAAACTGCT
GTTGGACACCCTGCGTGCTGAAAATCGTCAACTOAGCCGTGAAGAAATCTA
TACGCTGCTGOGCAAACAGAGCATTGTTCOGTUCGCCAGATTAAGGATCTGGA
GCTGCAAATCATTCAGATTCAAGAAAAGCGTAGCGAGCTGGAAAAGAAAC
GTGAGGAATTTCAAAAGAAAAGCAAATACTGGCTGUGTAAAGAAGGTAACT
ACCAGCGCTGOATTATCCGTCAAAAACGCTTCTACATTCAACGTGAGATCCA
GUAAGAGGAGGCGGAGAGCGAAGAGATCATTTAA

SEQID
NO:142

synlnvl RBS

AAAAAAAMAGUTCTAAAAGATTAAGAGGGGGTAACAT

SEQID
NO:143

Synlnv]

ATGGOTGACGTGAGCGUGUTGAGCAGCAGCGGTAACATTCTGCTGCCGCAG
CAGGACGAGOTTGOGTGGOCTGTCUGAAGUGCTGAAGAAAGCGUGTTGAAAA
ACACAAAACCOGAATACAGCGGTGACAAGAAAGATUGTGATTATGGTGACGC
CITTGTTATGCACAAGGAAACCGCGCTGCCOTTGTTGUTGGCAGCTTGGOGC
CACGGUGCACCGGCGAAAAGUCGAGCACCATAACGGTAACGTAAGCGGTCT
GCATCACAACGGTAAGAGCGAGUTGOGTATTGCTGAGAAACTGCTGAAGGT
GACGOGCGGAGAAGAGCGTTGGTCTGATTAGUGCTGAAGCGAAGGTGGATA
AATCTGCGGUOGCTGCTOGTCTAGCAAGAATCOTCCGUTGGAATCGHGTCAGLG
GCAAAAAGTTGTCCGCUGATCTGAAAGCAGTGGAGTCCGTGTCCGAGGTCA
COOATAACGUOCACCGGCATTTCGGATGACAACATCAAAGCATTGCCGGOTG
ACAATAAGGCCATCGOCGGTGAGGGTGTGCOTAAAGAAGGTGCGCCGCTGEH
COOGTGACGTGOGCTCOGUGCACGCATGGCGGCAGCAAATACGGGUAAGCOGH
AGUATAAAGACCACAAGAAGOTCAAGGACCTTAGCCAGCTOGOCGCTGCAA
CCOACTACCATCOCCOATCTOTCTCAACTGACGUGUTGOGUCOATGAAAAGATG
CCOCTOOCAGCOGCAGTCCAAACCOATCGATOACCATITTCCCAACCGUCGAC
GGCOTTAAAGOTGAGGACAGUTCTCTCGACCTATCOTTTCCAGCOCTGEGGC
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SEQ B Name Sequence
NG:

AACCGATTACTCCGTCAATATCCAGGCACGCCAAGCOOGCGAATTTAGCCTG
ATTCCTAGCAATACCCAGGTTOCAACATCOTCTGCACGACCAATGGUAAAAT
GUCAATCCACAACGCTQGCATTTGACGCUTUATGACCAGCAAAACCCGCAA
CAGCAACAGCATCOTCAGCAGTCCOUGTUAAGAGUGACGACGCOTAA

SEQ ID SynSpal RB | CTTOGCGOCACGCOTCCATCAAAGACAGCGACCCACTAG

NO:144 5

SEQ ID SynSpal ATGAGCTTGCGCOTACGUCAAATTGACCOGCCGTOGAATOOCTGCTGUGUCCAG

NO: 145 ACTOQCOACCGAATOTCAGCOTCACOOTCOTOAGUGCCACCCTGOAGTATCCG

ACCOCGTCAGGUTATOTOOGTCCGUCTUOTCTOATOGCCGAAAAACGUTGGTCT
GCGTGUATCAAACCOGGUTUATTGOTTGOAACACGTTAGCCCAGCACTOOCG
GOTOGCCGCGOTCAGCGCAGGUGCOUGAGCACCTOGTGUTTCCGTOGGCTGGOG
GCAACCOAACGCCCOUTTCCAGCTGCCGOTCCCGCACTTGAQCTOUCOTCGTO
TCTGCOTGGAGAACCOGUTTCCGOOTTOCHGCACTGOCTGAGOGGCAAGCTGC
TQCACATCATOTCOGOATCOTOUGTOGCCTOTOGTTTGAGCATCTGCCOGAGCT
GCCOGCTOTIGCOCGETOGCCETCCHAAGATGUTGCOTTGGCLGUTGCOTTITC
GTTATTGGCAGCAGCGACACCCAGCGLCAGCCTGCTGOUGTCOTATCGOTATC
GOTGATGTTCTGUTCATCCGCACCAGCCOTOCTGAGGTTTACTGTTACGCGA
AGAAACTOGGGUCACTTTAATCGTGTGCGAAGGTGGCATTATTIGTCGAAALCGC
TQUGACATTCAACATATCOAGGAGGAGAACAACACGACGGAAACGGLGGAA
ACCCTQCCOGOTCTGAATCAACTOGLOGUGTGAAGCTCGGAGTTCGTTUTGTATO
GTAAAAACGTGACGTTGGUCOAACTGOAAGCAATGOUTCAGCAACAALCTEC
TOTCCTTGCCAACCAATOGCOGOAACTGAACGTCOAAATCATGGCGAATGGLG
TOQCTOCTGOOTAACGGCCGAACTOUGTGCAGATGAATOGACACCCTOGGTGTCG
AGATTICATOGAGTCGGTTOTCCGAGAGCOGGTAATGGCGAGTAG

SEQ ID

ayoapalP RB

CTTGGGCACGCOTCCATOAAAGAAACGACATACTAG

NO:146 5

SEQ 1D SynSpaP ATGGGTAACGATATTAGCTTGATTGCATTGCTGGCGTTTTCCACCCTGOTGC

NO: 147 CGTTCATCATCGCGTCTGGTACTTGCTTCGTCAAATTCAGCATCGTCTTTGTG
ATGGTGCGCAACGCGCTGGGTCTGCAACAAATTCCAAGCAATATGACCCTG
AATGGOGTCGCACTGCTGCTGTCGATGTTTGTTATGTGGCCGATTATGCACG
ACGOGTATGTGTATTTCGAGGATGAAGATGTGACCTTTAACGACATCTCCAG
COTGAGCAAGCATGTTGATGAGGGCCTGGACGGTTATCGCGACTACCTGAT
CAAGTATTCCGACCGTGAGUTGGTGCAGTTCTTTGAGAATGCCCAGTTGAAA
CGTCAGTACGGTOAAGAAACGGAAACCGTTAAACGTGACAAGGACGAGAT
TGAAAAGCCGAGCATTTTCGCACTGTTGCCTGCTTACGCCTTGAGCGAGATT
AAGAGCGCATTCAAAATTGGTTTTTACCTGTACCTGCCGTTCGTTGTGGTCG
ATCTGGTTGTCTCCAGCGTTCTGOTGGOCCTGGGCATGATGATGATGTCCCC
GGTTACCATCAGCACGCCGATCAAACTGGTCCTGTITGTGGOCCTGGATGGT
TGGACGCTGCTGTCTAAAGGCCTGATCCTGCAATACATGGACATCGOGACCT
AA

SEQ ID SynSpaQ_RB | CTTGGGCACGCGTCCATTAAGAAGGAGGAATTAAGC

NO:148 S

SEQ ID SySpaQ | ATGGACGATCTGGTTTTCGCCGGCAACAAAGCCCTGTACTTGGTGCTGATTC

NO:149 TGTCOGGTTGGCCGACGATTGTCGCAACCATTATCGGTCTGCTGGTTGGTCT
GTTTCAAACCGTGACGCAGTTGCAGGAGCAAACCCTGUOGTTCGGTATCAA
GCTGCTGGGTGTGTGTCTGTGCCTGTITITGCTGTCTGGCTGGTATGGOGAA
GTTCTGCTGTCCTACGGCCGTCAGGTCATCTTCCTGGCTCTGGCGAAAGGTT
AA

SEQ ID SynSpaR_RB | CTTGGGCACGCGTCCATGAAAGACAGGACCCACTAG

NG:150

o
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SEQ B Name Sequence
NG:
SEQ ID SynSpaR ATCTTCTATGCATTOTATITTCAGATCCACCATCTGUTOGCOTCCOCGOOTO
NO:isl TCOGOTTTTGCGCOTOTTGCTCCGATCTTTTITCTTTCTGCCOTTCCTGAATAGE

GOTOUTCCTCGAGCGGTGCTCCGUGCAACGUGATCATCATTCTIGOTOGGCGCTGH
GTGTATGGCOGCACGCCCTCGAATOAGGCGCCACCOTTTCTGTCTGTGGCAAT
GATTCCGCTGUTOCTGCAAGAGGCAGCCOTGOGTGTTATGCTGGGTTGCCTG
TTOTCCTGGCCOGTTTTOGUTTATGCACGCOTTOGGCTOTATCATTGATAACT
AACGCGUTGCAACCCTOTCCAGCAGCATTOGATCCTGCGAATGOCATCGACA
CCAGCOGAGATOQUUCAATTTCCTGAACATOTTCGCCQGCTOTCGTUGTATTTGCA
GAACGOTGGCTTOOTCACGATOGOTOCACGTGCTGAATAAGTCTTACCAGCT
GTGTOATCCOATGAACGAGTGTACGCCCGAGCCTGCCTOCCOTTGCTGACCTTC
ATTAATCAAGTGGCOCAGAACGCACTOOTOCTGOCOTOCCCOGUTCGTTCIOG
TTCTOCTOGCTOTCGOAAGTTITCCTGGOQCCTQCTGTCTCOTTTTGCACCGLAA
ATGAACGCOTTCOCCATTAGCCTGACTGTTAAAAGCGGTATTGCGOTTITTIGA
TCATGCTGCTOQTATTTCAGCCCGUTCCTOCCGGACAATGTTCTOCGTCTGAG
CTTTCAGGUOACCGOUCTCAGCAGCTOGTITCTACGAACGTGOGCGCAACGCA
TOGTGCTOGGAATAA

SEQ ID
NO: 132

syospas RB
3

CTTGGGCACGCOTCCATOAAAGACAGGACCCALCTAG

SEQ ID
N 153

Ayuipas

ATGTCCAGCAACAAAACCOGAAAAACCGACTAAGAAACGTCTGGAGGATAG
CGCAAAGAAAGGTCAGAGCTTCAAGAGCAAGGACCTOATTATCGUGTGLCT
GACCCTGGOTGOGTATCOCTTATTTGGTOAGCTACGGLCAGCTTCAATOAGTTT
ATGGOTATCATTAAGATTATCATCGCTCGATAACTTITOATCAGTCGATGOCAG
ATTATAGCCTGOCCGTOTTTOGTATTGGUCTOAAATACCTGATTICCUTTCAT
GUTGCTGTGTTITGGTTTGTTCCGCACTGCCGGCACTOUTGCAAGCGGGOTTC
GTTCTGOCAACCGAGGCCCTGAAGCCGAATCTOTCCGOCCCTGAACCCOGTT
GAAGGUGCGAAGAAACTOGTTITTCCATGOGCACCGTCAAAGACACGGTCAAG
ACGCTGUTGTATCTGTCGAGCTTTGTGGTTGOGGCAATCATTTGUTGGAAAA
AGTATAAAGTCGAGATTTTCAGUCCAACTGAACGGTAATATCGTGGGTATTG
CGOGTTATCTGGCGTOGAATTGCTGUTGGCGTTGGTTCTGACCTGTCTGGEGTG
CGCOGCTGATCOTGCTGTTGCTGGATGCTATTGCCGAGTACTTTICTGACCATG
AAAGATATGAAGATGGACAAAGAAGAAGTTAAACGCGAGATGAAAGAGCA
GOAGGOTAACCCGOGAGGTGAAGTCTAAACGTCGTGAAGTCCACATOGAAAT
CCTGAGCGAACAAGTCAAGTUCTGACATTGAAAATAGCCGTCTGATTOTGGC
AAACCCTACGCATATTACCATCGGCATCTACTTCAAACCGGAACTGATGCCG
ATTCCAATGATTAGCGTCTATGAAACCAATCAACGCGCOUTGOOGHOTOCOT
GUGTACGCCGAGAAAGTOGGTGTTCOGGTTATTGTAGACATCAAGCTGHOG
CGCAGCCTGTTCAAAACGCACCOTCGTTALGALCTGGTGAGCCTGGAGGAG
ATCGACGAGGTTTTGCGCCTGUTGOGTTITOETTOGAAGAGGTCGAAAACGCA
GGCAAGGATOTGATCCAACCGCAGGAGAATGAAGTGCGTCATTAA

SEQ ID
NO:154

Syn PreUrg
Uperon

GCATGCATTAAAGAGGAGAAATTAAGCATGGCTACTCCGTGOTCTGUTTAT
CTGGATGATGTTTCTGCAAAATTTGACACGGOGTOGTTGACAACTTGCAAACCC
AAGTTACCGAAGCCCTGGACAAGCTGGCTGCGAAGCCGTCCGATOCGGLGE
TOGCTGGCGGCGTATCAATCCAAACTGTCTGAGTATAACTTGTACCGTAATGC
GCAGTCGAACACGGTCAAGOTCTTCAAAGATATTGATGCAGCGATTATTCA
GAACTTTCGTTAGTAACCTAGGATTAAGGAGUGATAAATTAAGCATGTCTATC
GCGACTATCGTGCCTGAAAATGCCOTTATTGOTCAAGCGGTGAATATTCGCA
GCATGGAAACGOACATCOTCAGCTTGGACGACCGTTTGCTGCAAGCATTTTC
GGOGCAGCGCCATCGCTACCOGCOGTCOATAAGCAGACCATTACCAATCGCAT
TOAAGACCCTAATCTOOGTTACCGATCCHAAGUGAGCTOOCOATTAGCCAGGA
AATGATTTCCGACTACAATCTGTACGTCAGCATOUGTTAGCACCCTOACGOGT
AAGGOCOTTGUCGCTOTTCGAGACTTTGCTOUGTTCCTCGATAGGCTAGCATTA
AACAGGATAATAAGCATGGAAACTAGCAAGGAGAAAACGATTACOGTCCOCT
GUTCCOTATATCOTTCOTCTGTTGAACTOGTCCCTGAACGGTTOTGAATTTC
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COCTOGCTOGACTGOTCOTACGOTGTTCOTCOTGOUTCAGAGCUOATCGCTCTGAL
COCOTCTOQUTCAGCTOCCCOACATTCOTCCOGACTCOTTCTTCATCCOGLTG
GATCATGOGCGUTOTTAATTTCCAGATTCAAGTGOACACTOGACGOGACGGAA
ATCATCCTOQCACGAACTUOAAAGAGGUGUCAACTCCCGAGAGCCGCTCCGTGCAA
CTOGAACACCCCOATCCAAGTTOGTOGAACTGUTOATTTTOATTCOTCCGUAGA
GCOAGCCOTOGUTGCCGCAACAGCCGOAGAAGTTGUAAACTTCTGCGAAA
AAGAACGAACCOQCOGUTTTAAAAACGGCATCGTCOCOOCACTOGCGGUTTTC
TTTATCCTGOGTATCOGGCACGOTTOGCACCCTUTGOATTCTGAACTCGCOGE
AACOGTCAAGCAGCCOAATTOUACAGCCTOTTOGOTCAGGAGAAGGAGCGTT
TTCAGGTGCTGCCGGUTCOCGACAAGATGCTGTATGTCOGCCGUGCAAAACG
AACCGUCGACACCCTOTCGOUGCACOTCAAGTCCTGGCACGCOUOCOATTACGATA
AAAACGCACGUOTTATTAATGAAAATGAGGAGAATAAACGTATCAGCATCT
GOUTQUACACGTATTATCCACAACTOGOQUATATTACCOTATCCATTTTOATGA
ACCACGTAAGCCGOTOGTTTTOGUTOTCCCOTCAACGCAACACGATOAGUAA
GAAAGAGCTGOAGGTGCTCTCCCAGAAATTOCGTGLGUTGATCGCCGTALCGC
COACAGCOTCAATATTACTCTCGATGCGATGACGTOACCGCAGCAGGUCAAGD
COAGOGCAGOTCTGAAACAACAGGCGCTGCCATACAGUCGCCGTAACCACAA
AGGTCGATGTTACGTTCGTTATTCAGGGUGCCTTCGGACGACGTTGAGATTCTG
COTGCOCGCCAGTITOTCCGACTCCTATTATCOTACCTGOOQUTGGTCGTTACG
TTCAATTCGCAATTOAATTGAAAGACGATTOGCTGAAAGGCCGCTCOTTICCA
ATACGOTGCGUAAGGUTACATTAAGATOGAGUCCAGGTCATTGOTATTTTICC
GTCTOCTCTOTAATAGAAGUTTATTAAACAGGATAATAAGCATGATCCGCCG
TTACCTGTATACCTTCTTGUTGOGTTATGACTTTGGCCGGUTGTAAAGATAAG
GATCTGCTGAAAGGCTTGGACCAAGAGCAAGCGAATGAGGTCATTGOGGTT
CTGCAAATGCACAACATTGAGGCTAACAAGATTGATAGCGGCAAGCTGGET
TACAGCATTACCGTCGCGGAACCGOATTTCACCGUGULCAGTGTATIGGATTA
AGACCTACCAGTTGLCGCCTCGCCCGCOGTOTCGAAATOGCCCAAATGTTTCC
GGCAGACAGCCTGGTTAGUTCTCOGUGTGUCGGAGAAAGCACGTCTGTACTC
GOUGATTGAACAGUGCCTGGAGCAGTOGCTGCAAACGATGGAAGGTETTCT
GTCGGUCCGTOTCCACATCAGCTATGATATTGATGCGGGUGAGAACGHTCG
TCCGCCTAAGCCGOTGLACCTGTCGGCTTTGGLGOTGTATGAACGCGGTTOC
CCTCTGGCCCATCAGATTITCGGATATTAAGCGCTTCCTGAAAAACAGOTTCG
CGGATGTTGACTATOGATAACATCAGCGTGOGTTCTGTCOCGAGUGTAGCGALG
CACAGTTGCAGGCGCCGOGCACGOCGUGTCAAGCGCAATAGCTTCGCTACCT
CCTGGATTGTGCTGATTATCCTOGTTGTCTGTTATGAGCGCGGGTTTCGGTGTC
TOGOTACTACAAAAATCACTATGUGCGTAATAAGAAAGGCATTACTGUCGAT
GACAAGGCAAAGTCCAGCAACGAGTAATAAGGTACCGAAAGAAGGGACAG
ACTAGATGATTCGTCGTAACCOGTCAAATGAACCGTCAACCACTGCCAATTAT
CTGGCAACGCATTATTTTCGACCCACTOTCCTATATTCACCCACAACGTCTG
CAAATCGCGCCGHAGATOGATCOGTCGCGTCCGGCAGCGCOTGUOGGCAGCGAAT
GAGCTGATTTTGGCGOECOGTGOGOGTTTGAAGAACGOTGAGAAGGAGTGCATT
CAGAATAGCCTGACGCAGCTGTGOTTGCGTCAATGGCGCCGTCTGCCGCAG
GTTGCTTACCTGCTGOGGTTGCCACAAGTTGUOGTGUTGACCTOGGCCCGTCAAG
GTGCTTTATTGGGCCTGCCGGACTGOGGUGCAGGUATTCTTGGUCGATGCACCA
GGGTACGTCCTTOTCGOTTTGTAATAAGGUGUCCOGAACCACCOGTTTCCTGOTG
TCCOTTGOTTACGUCCAACTGAACGCGUTOAATGAGTTCCTOGCCOGAGAGCT
TOOCCCAACGCTTTCCTCTGCTUOTTTCCACCOTTCATCOAGGAGGUCACTGAA
ACAAGATOCAGTOGOAGATCGAGCATCCTOCTGCTOGCCCTOCAATACGCGCA
AAAGTATCCTAACACCOTCCCGOCUTTTGCUTOGUTAATAAAGATCTGAAAG
AAGOUACAGACTAGATUOTTGAAAAATATCCCCATTCCATCCCCTCTIGTICTCC
GUTTOAAGGTATCCTCGATTAAACGCAAGACOTTOUOAGCGTTACTTCTCGATT
GAGUGUCTGUGAACAACAGGCGCATCAGCOGTUGCAAAGCGCATTTTGCGTGAG
GCAGAAGAAGAAGCCAAGACCCTGCGCATGTATGUCGTACCAGGAGGGCTA
COAGCAGGUCATGATTGACGCACTOCAACAGOTGCGCCOCCTATTTGACCGA
CAACCAGACGATOGUTTGUAAATOGUATOGAGAAAATTCAAATCTATGCGLG
TOAGTTOTTCAGCGCGOUTOTCOGATCACCCGUAAACGTTGTTGACGOTOCTE
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GACGAGTOGCTOCUTOATTTCCGATAAGCCOGAAGGTCAGCTOTTTTTGACCC
TGCCOOUTGAACGCAAAGAAAGATCATCAGAAACTGATOOTGCTUGCTCGATOS
AAAATTOQOCCOGOOCACCTTCAATCTCGAAGTATCATCAGGAGCAACGTTTITAT
CATOTCCTOTOGGCOATCAGATTGCCGAGTTITCOCCGUGAACAATTTGTTIGAA
ACGOGCGOTTGUTOTTATCAAGCACCATCTOGATCGAGCTGUCTCAGGACTOTC
GCACCATTTCGOGACAATGCOATTAACGCOCTUATTOGATOAATGUAAGACGA
AAACCCAAGCTOAAGTTATTCOCTGATAAGUGATCCOGCATCAAATAAAACG
AAAGUCTCAGTCCGAAAGACTCOOCCTTTCOTTTTATCTGTTOTTTGTCOGGTG
AACGUTCTCCTGAGTAGUGACAAATCCGCCGCCCTAGAACTAG T ceataagaatGC
GGCCGC

SEQ 1D
NO:155

Syn IovSpa_
Operon

CTCGAGAAAAAAAAGCTCTAAAAGATTAAGAGGGUGOTAACATATOGGUTGA
COTOGAGCGCOGTGAGCAGCAGCOUTAACATTCTQCTOCCOCAGCAGUGACGA
GOTTGOTGGCCTGTCCGAAGCOCTGAAGAAAGCGOTTOAAAAACACAAAAL
COGAATACAGCGOTOGACAAGAAAGATCOGTGATTATGGTGACGCCTTTOTTAT
GCACAAGGAAACCGCGOTQCCGTTOTTGCTOOCAGCTTGOUGCCACGHCGE
ACCGGCOAAAAGCGAGCACCATAACGUGTAACGTAAGCGATCTGCATCACAA
CGOTAAGAGCOAGCTGCOTATTGCTGAGAAACTOGCTGAAGGTCACGOCGEA
GAAGAGCGTTOGUTCTGATTAGCGUTGAAGCGAAGGTGGATAAATCTGEGEC
GCTGCTOTCTAGLCAAGAATCGTCCGCTGGAATCGGTCAGCGGCAAAAAGTT
GTCCOGCCOATCTGAAAGCAGTOGOAGTCOGTOTCCOAGGTCACGGATAALGC
CACCGUGUCATTTCGGATOQACAACATCAAAGCATTGCCGGOTOGACAATAAGGC
CATCGCCGOGTOAGOATGTOGCOTAAAGAAGGTOCOCCGCTGOOGCGTGALCGT
GOUTCCGGCACGCATOGLGGLAGUAAATACGGOCAAGCCGGAGGATAAAG
ACCACAAGAAGGTCAAGGACGTTAGCCAGCTGCOGCTGCAACCGACTALCCA
TCGCCOATCTGTCTCAACTGACGGOTOGGUGATGAAAAGATOCCGCTOGCAG
CGCAGTCCAAACCGATOATGACCATITICCCAACCGCCGACGGLOTTAAAG
GTGAQGACAGCTCTCTCGACCTATCOTTTCCAGCGUTCGOGUCAACGATTACTC
COTCAATATCCAGGCACGCCAAGCGGGUOAATTTAGCCTGATTCCTAGUAA
TACCCAGGTTGAACATCGTCTGCACGACCAATOGGUCAAAATOGCAATCCACA
ACGCTOGCATTTGACGCGTGATGACCAGCAAAACCCGCAACAGCAACAGCA
TCGTCAGCAGTCCGOGTCGAAGAGGACGACGUGTAACTTGGGUACGCGTCCAT
TAAGAAGGAGGAATTAAGCATGGACGATCTGGTTTITOGCCGGCAACAAAGD
CCTGTACTTGOTGCTGATTICTOGTCCGUTTGOCCGACGATTIOTCGCAACCATT
ATCGGTCTGCTGOTIGOTCTOTTTCAAACCGTGACGCAGTTGCAGGAGUAAA
CCCTGCCOTTCGOTATCAAGCTGLTGGUTOTOTOTCTOTGCOTGTTTTITGOTG
TCTGGCTOGGTATGOCGAAGTTCTGCTGTCCTACGGCCGTCAGGTCATCTTCC
TGGCTCTGGCGAAAGGTTAAGACGTCCTTGOGGCACGCGTCCATTAAACAGH
AGTAATTAAGCATGCTGCTGTCCCTGCTGAATAGCGCGCGTCTGCGTCCTGA
GCTGCTGATTCTGOTTCTGATGGTTATGATCATCAGCATUTTCGTTATCCCGT
TOGCCGACCTATTTGOTTGACTTCTTGATCGCTTTGAACATTGTCOTGGCAATT
CTGGTGTTCATGGGUTCCOTTCTACATCGACCGUATTCTGAGCTTCAGCACCT
TTCCGOOGOGTTCTGCTGATCACGACTCTOGTTCCGTTTGGCACTGAGCATCAG
CACCAGCCGCCTGATCCTCGATTGAAGCAGATGCGGUTGAGATCATCGCGAC
CTTTGGTCAGTTTGTGATCGGTOGACAGCCTGGCGOGTTGUTTTCGTCGTATTICT
CCATCOGTGACGGTGOTGCAGTTTATCGTTATTACCAAGGGCAGUCGAACGTOT
GGCGGAGGTCGUCGCTCOCTTCAGOCTGGACGGCATOGUCGGGTAAACAGAT
GTCTATTOATGCAGACCTOAAAGCCGGCATTATTOATGCTGATOCAGCGCG
COAGCOGUCOCAGCOGTCCTOOAGCGTGAAAGCCAACTGTACGGTTCCTTCGA
COOTOCCATCGAAGTTCATTAAAGOTCGATGCGATTGCOGGGCATCATTATCATO
TTCOTTAACTTCATTCGGCOGGTATCAGCOTCOUTATOACCCOTCATGUOTATGO
ATCTOGAGCAGCGCCCTOAGCACCTACACCATGCTCGACGATTGUTGATOGTCT
GUTTOQCCCAAATTCCGOUGTTGCTGATCOCGATTTCTOGCGUOUTTCATCGTT
ACCCOCOTCAACGUTGATAGCGATAACATOQGUTCGTAACATTATOGACCCAG
CTGCTOAATAATCCOTTTOTCCTGUTTOTAACGGCOATTTTGACCATCAGCA
TCOGCACGCTGCCGGGOTTTCCGTTGUCGOTTTTCGTTATICTOTCTGTTGTG
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CIOTCCOTCCTOTTTTACTTTAAGTTCCGCGAGGUCGAAACGTAGCGUTGCGA
AACCAAAAACGAGCAAGGGCOAGCAACCOTTCTCCATCGAGGAGAAGGAA
GOTAGCAGCCTGGUGCCTGATTGOGCOACCTOGUATAAGUTTAGCACGGAAACC
GTCCCOCTOATTITGCTQGTGCCGAAATCOCOTOGTGAGGATCTOUATGAAA
GCGCAGCTGOCOOCAACGTCTIGCGCAGCCAATTCTTTATTCATTATGOTOTGE
GTCTOGCCAGAAGTACTOGUTGCOTCACGGTGAGGUTCTGOATGACAACTCTA
TCOTCCTGCTCGATTAATGAGATTCGCOGTTGAACAGTTTACTGTCTATTTTGAL
CTOATGCOTOTGOTTAACTACAGCUACOAGOTOGUTGAGCTTTGGCATCAAL
CCOACCATTCACCAGCAAGGTTCCAGCCAGTACTTITTGGGTGACCCATOAG
GAAGUCGAAAAGCTGCGCCAGCTOOOCTACOTOCTGCGTAATGCACTGGAC
GAACTOTACCACTOTCTOGCOOTCACGCTGOGCACGCAATOTGAACGAGTAT
TTCOGTATCCAAGAAACCGAAACACATGUTGGACCAACTGOAAGCAAAGTTY
CCTGACCTGCTGAAGGAGGTTTTGUGUCACGCCACCGTGCAGCGCATTTCGE
AAGTQCTGCAACGTCTGCTGTCCGAACGCGTGAGCUGTOCOTAACATCGAAGC
TOATCATOGGAAGCCCTGCCACTGTGOGGCTCCGUGTGAGAAAGATGTGAT A
ATCTGOTGGAGCACATCCOTOOGTOCOATCGLCGCOTTATATCTGCCACAAGTT
CGCAAATGUGTOGOTCGAACTOCOTOGCCOTTATOGTTITCCGCCGAAGTTOAGGA
TOTCATTCGTAAAGGCATTCOTCAAACTTICTGGCTCCACCTTTITIGAGCTTG
GACCCGUAGGUTTCGUOCAAATCTGATOGOACCTOATCACGCTGAAGCTGGAC
GACCTOTTOATTGCOGCATAAGGACCTGUGTCCTGTTGACCAGCOTTGACOTOC
GTCOTTTTATCAAGAAAATGATTCGAAGGTCOGTTTTICCGGATCTGCGAGHTCCT
GTCCTTCOOTCAGATTIGCAGATAGCAAAAGCGTOGAATGTCATCAAAALCCAT
CTOAATTTAAATCTTGGGCACGCOGTCCATTAAAAAGGAGTAATTAAGCATG
AGCTTCAGCGAGAGCCGCCACAATOGAAAACTOTCTGATTCAAGAAGGCGLCA
CTGCTGTTITTCTCGAGCAAGCAGTCGTGOCGCCTOTCAGCGGTGATCTGOTTT
TTCOTCCOCTGAAAATCGAGGTCCTGAGCAAGCTOCTGGUGTTCATCGACG
GCGCAGGTCTGOTQUATACGACCTACGCGUAGTCOOGACAAATGOOTTOTGC
TOETCTCCGCGAGTTCCGTGUTATTTGOCAAGACCOTAAACGTTGCGAATATTG
GTTTTTGCAGCAGATTATCACCCCATCTCCGGUOGTTCAACAAGGTTCTGGCA
CTGTTGOOTAAGAGCGAAAGCTATTGGTTGOTCOGCTACTTGCTGGCCCAAA
GUACCAGCGGCAATACTATGCGTATGTTGGOGTGAGGATTACGGTGTTAGCT
ACACGCATTTCCGCCGTCTGTGCAGCCGOGCTCTGGGCGOTAAGUGUGAAAA
GCGAGCTGCGCAATTOGGUGCATGGUCCAGTCCCTGUTGAATAGCGTGGAAG
GTCATGAAAACATCACCCAGUTGGOGGTCAACCACGOTTATAGCAGCCCOT
CCCACTTTAGCTCTGAAATCAAGGAGCTGATTGOGTOTTTCCCCGOGTAAGCT
GTCTAACATCATTCAGCTGGCCGACAAATGAATTTAAATGCTAGCCTTGGGO
ACGCGTCCATTAAAGAGGACCAATTAAGCATGAAAACCCCACGTOTGCTGO
AATACCTGGUCTACCCGCAGAAAATCACTGGUCCTATCATTGAAGCAGAAC
TGCGTGATGTTGCAATTGGTGAATTGTGCGAGATCCGTCGUGGUTGGCACCA
GAAGCAGGTTGTGGCCCOGTGCGCAAGTGOGTTGGTTTGCAGCGCGAACGTALC
COTCCTGAGCCTGATCGGCAATGCCCAAGGUCTGAGCCOTGATOTGOTCTTG
TACCCGACCGGCCOGTGCTCTGAGCGCGTGGOTTGGTTACAGCUTTCTGGGLG
CAGTACTGGACCCGACGGUGTAAAATCOTTGAACGTTITCACCCCGGAAGTCG
CACCGATTTCCGAGGAGCGCOTTATCGACGTGGCACCGCCGAGCTACGCAA
GCCGTGTCGOTOGTGCOGCGAACCGUTGATCACGOGGTGTOUGCGCAATTGATG
GTCTGCTGACGTOTGGTGTGGGCCAGCGTATGGOGTATTTITCGCAAGCGOGE
GTTGTOGUTAAGACCATGTTGATGCACATGCTGATCGAGCAAACCGAAGCGG
ATGTCTTTGTTATTGGCCTGATTGGUGAGCOGTGGTUCGTGAAGTTACCGAATT
TOTAGACATGTTGCOGTGCATCTCATAAGAAAGAAAAATGTGTGCTGOTTTTT
GCCACGTCOGACTTCCCAAGCOTTGACCGUTGCAACGCTGCCCAGCTGGCA
ACGACGUTCGCCGAGTATTTCCGCOGACCAGGGTAAACGTOGTTGTCCTGTITA
TCCGACAGCATGACCCOGTTATGCACGCGCGTTGUOTCGATGTCGCOUTGGCGA
GCOGCOAGCOGTCCGGCTOGCCOTOGOTTATCCGGOGTCTGTGTTCOGACAATCT
GCCGCOGTTTOGUTGGAGCOTCCGGUTGCGACGAGCGAGGGTAGCATTACCGO
CTTCTATACCOGTCCTGCTGGAGTCOUAAGAAGAAGCGGACCCGATGGCGGA
COAGATCOOTTCTATTCIGGACGGTCACCTOQTACCTOTCCCHGCAAACTOOLO
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GUTCAGGOTCATTACCCGUUTATCOATOTOCTCGAAGAGCUTGAGCCOTOTG
TTTOOTCAAGTUGACCACCCCOGACTCACGCGUAGCAAGCGAGCOGCGOTCCGT
AAGCTCGATOACCCOTCTGUAAGAGCTGCAACTOTTCATTGACCTGGGCGAG
TATCOTCCOGGGUCGAGAACATTOACAATCGATCOTCGCGATGCAAATGCGCGAT
AGCCTGAAGGCOTOOCTOTOTCAGCCTGTTGCOCAATACAGCAGCTTCGAT
GATACGCTQGTCCGGCATOGAACGUCCTTTGCOQUATCAGAACTGACTTGGUGCAC
GUCGTCCATOAAAGAAACGACATACTAGATGGUTAACGATATTAGCTTGATT
GCATTOCTGOCOTTTTCCACCCTGCTGCCOGTTCATCATCGCGTCTGGTACTTG
CTTCOTCAAATTCAGCATCGTCTTTGTGATGUTGCOGCAACGUGCTGOUETCTG
CAACAAATTCCAAGCAATATOACCCTCGAATOOCOTCQCACTGCTOCTOTCG
ATCTTTGTTATGTGOGUCCOATTATGCACGACGUCGTATOGTGTATTTCCAGGATG
AAGATGQTGACCTTTAACGACATCTCCAGCUTOQAGCAAGCATGTTIGATGAGS
GCCTGOACGOTTATCGUCGACTACCTGATCAAGTATTICCGACCOTGAGCTOIT
GCAGTTCTTTGAGAATGCCCAGTTOGAAACGTCAGTACGGTOAAGAAACGGA
AACCOTTAAACGTGACAAGGACGAGATTOGAAAAGCCOQAGCATTITTICGLALCT
GTTGCCTOCTTACGCCTTOAGCGAGATTAAGAGCGCATTCAAAATTGOTTTT
TACCTGTACCTGCCGTTCGTTOTGUGTCOATCTGOTTGTCTCCAGCGTTCTOOT
GOCCCTGOGOCATGATOATGATGTCCCCOOTTACCATCAGCACGCCGATCAA
ACTOGTCCTGTTTOTGGCCCTGOATGUTTGGACGCTGCTOTCTAAAGGCCTG
ATCCTGCAATACATGGACATCQCCGACCTAAGAGCTCTOQGGCACGCOTCCAT
TAATGAGGAAAAATTATTAGCATGAAAACGCACATTICTGTTGCCCCOTETIO
CTGGUTTGCGCAGCTCTOUGTGUTGOTCACCCCAGGTTATAGCTCCGAGAAG A
TCCCGGTTACGGGCAGCGGCTTCGTTGCAAAGGACGATTCTCTGUGCACCTT
TTTCOGATGCGATGGCACTGCAATTGAAGGAGCCGGTGATTGTCAGCAAGAT
GOUGGUTCGCAAAAAGATTACCGULCAATTTCOGAGTTCCACGATCCAAACGL
GCTGCTGGAGAAACTOTCCCTGCAACTOGOGGTCTOATCTGGTACTTTGATGGET
CAGGUCGATCTACATCTACGACGUGAGOGAAATGOGTAATOCGGTTGTGAGC
CTGCGTAATGTCAGCCTGAACGAGTTCAACAATTTICTGAAGCGCAGCGHO
CTGTACAATAAGAACTACCCTCTGCGTGGTGATAATCGTAAAGGCACCTTCT
ATGTCAGCGOETOCGCCGOTGTATGTTCGATATGOTTIGTAAATGCGGCCACCAT
GATGGACAAACAGAATGATGOCATCGAGUTGGOTCGUCAAAAGATCGOTGT
TATGCGCCTGAACAACACTTITTGTOGGGUGACCGCACCTACAACCTGCGTGAT
CAAAAGATGGTCATTCCGGUGTATTGCTACGGUCAATTGAACGCCTGTTGCAA
GOUGAAGAACAACCGCTOGGOTAACATTGTAAGCTCCGAGCCTCCGGUCATG
CCOOGCCTTTAGCGLAAACGGCGAGAAAGGTAAGGCAGCGAATTACGCGGET
GOTATGAGCCTGCAAGAAGCGCTGAAACAGAACGCAGCGGCAGGCAACAT
CAAAATTGTGGCCTATCCGGACACCAACAGCUTGCTOOTGAAAGGTACGGO
GOAGCAGOGTGCATTTCATCGAGATGCTGGTTAAAGCCCTGGACGTGGLGAA
ACGTCACGTTGAATTGAGCCTGTGGATTGTGOATTTGAATAAGAGCGACCT
GOAACGCTTGGOCACCAGCTGGAGCGOTAGCATCACCATCGGUGACAAGCT
GOGOTOGTGAGCCTGAACCAGAGCAGCATCTCCACGUCTGGACGGTAGCCGOTT
TATTGCGGCGGTCAACGCTCTGGAGGAAAAGAAACAGGCCACTGTTGTCAG
CCOTCCGOGTTCTGUTGACCCAGGAGAATGTUCCCGGCGATTTTTGACAATAAT
COTACTTTCTATACCAAACTGATCGOGTGAACGTAATGTTGCATTGGAACACG
TGACCTATGGCACCATGATCCGTGTCCTGCCGCGTTTCAGCGCGGACGGUCA
GATTGAGATGAGCCTGGACATCGAAGATGOTAATGACAAAACCCCGCAGTC
TOATACGACCACCTCCOGTTGATGOGCTGCCAGAAGTGGGTCGTACCCTGATC
TCCACGATTGCACOGTOTCCCOCATGUTAAATCTICTOCTOOTTGGOTOGCTACA
COGCOTGATGCAAACACGUACACGOTCCAAAGCATCCCOTTCCTGOOTAAGC
TOCCOCTGATTGOCTCOTTOTTTCOCTACAGCAGUCAAAAACAAGTCTAATOGT
COTCCOTUTCOTTTATOATTCGAGCCOAAAGAAATCOTTOACCCOUTGACCOCG
GATGCCAGCGAGAGCGTTAACAACATTCTGAAACAGTCCGUTGOGTGGAGC
GGTGACGATAAGCTGCAAAAGTGOOTTCGTGTGTATTTGGACCGTGGTCAQG
GAGGUCATTAAGTAACTTOGGCACGCOGTCCATOAAAGACAGGACCCACTAG
ATOTCCAGCAACAAAACCGAAAAACCUACTAAGAAACGTCTGGAGGATAG
COGCAAAGAAAGGTCAGAGUTTCAAGAGCAAGOACCTCGATTATCOCGTOOCT
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GACCCTGOOGTGGTATCOGUTTATTTGGTCGAGCTACGGCAGCTTCAATGAGTTT
ATGGOTATCATTAAGATTATCATCGCTOATAACTTTUOATCAGTOGATGGCAG
ATTATAGCCTOOCOGTOGTTTGOTATTGUGUCTUCAAATACCTOGATTCCUTTCAT
GCTCCTOTOTITGOTTTGTTCCGCACTGCCGGCACTGUTGCAAGCGGGITTC
GTTCTOOCAACCGAGOCOCTOAAGCCGAATCTOTCCGOCCTCAACCOGUTT
GAAGGUCGCOAAGAAACTOTTTTCCATOGOGCACCOTCAAAGACACGOTCAAG
ACGCTGCTGTATCTOTCGAGCTTTOTGGTTGOGGCAATCATTTGUTGGAAAA
AGTATAAAGTCCGAGATTTITCAGCCAACTGAACGOTAATATCGTOOOTATTG
COOTTATCTGOGOOTGAATTGCTGOTGGCOTTGGTTCTGACCTGTCTGGOGTG
COCOCTGATCGTGCTGTTOCTGOGATGCTATTGCCCGAQGTACTTICTCGACCATG
AAACGATATOCAAGATOCGACAAAGAAGAAGTTAAACGCOGAGATOAAAGAGCA
GOAGGUTAACCCGOAGGTOAAGTCTAAACGTCOTGAAGTCCACATOGAAAT
CCTGAGCGAACAAGTCAAGTCTGACATTGAAAATAGCCGTCTGATTGTGGC
AAACCCTACGCATATTACCATCOGCATCTACTTICAAACCGGAACTGATGOCG
ATTCCAATOATTAGCGTCTATOGAAACCAATCAACGCCGCOCTGGOGHETOCOT
GCOTACGCCGAGAAAGTOOGTGTTCCGOTTATTGTAGACATCAAGCTGGOG
COCAGCCTCGTTCAAAACGCACCOTCOTITACGACCTOOTOAGCCTGGAGGAG
ATCGACGAGOTTTTIGCOCCTOUTGOTTITOOTTOGAAGAGGTCGAAAALCGCA
GOCAAGGATOTOATCCAACCOGUCAGGAGAATOAAGTGCGTCATTAACTGUAG
GTTTAAACTACTTGGGCACGCOTCCATTAATTAGGATCAATAGCATGATTCL
GOOCAGCACCTCCGATATTTCCTTTAGCCOQTATCCTGAGCCGTCAGACCTCC
CACCAGGATCGCAACCCAGCATACCGACGCACAACAAGLCGGAAATTCAACA
AGCGOCGOAAGATAGCTCGCCGGGTOCGCAGUGTTCAGAAATTICGTCCAGAQG
CACGCGACGAGATOTCTOUTGCOTTGOCGCAGTTCOGCAATCGUCGTGACTAT
GAGAAAAAGAGCAGCAATTTGTCTAACTCCTICGAGCGCOTTICTGGAGGAL
GAGGCACTOGUCOAAAGCGAAGCAGATTCTGAAACTCGATCAGCGTGCATGGC
GOTCCOTTGOAGGATTTCCTGCOTCAGGCCGCUGCAGCLTOTTCCCGGACCCA
AGCGATCTOGTGCTGOTTCTGCGCGAGCTOTTOCGTCGTAAGGACCTGGAG
GAGATCOGTGCGTAAGAAGCTGGAGAGCCTGUCTGAAGCACGTGGAGGAACA
AACCGACCCGAAAACCCTGAAGGCCGGTATTAACTGUGCGCTGAAGGUGCG
TCTGTTTGOGCAAGACGCTOTCTCTGAAACCTGGTCTGCTGOGTGCCAGCTAC
CGCCAGTTCATCCAAAGCGAAAGUCACGAAGTCGAGATTTACAGCGATTGG
ATCGCCAGCTACGGTTATCAGCGTCGCCTGOTTOTTCTGGATTTCATTGAAG
GCAGCCTGCTGACTOGACATCOGATGCTAACGATGCAAGCTGCTCCCGTOTOG
AGTTTGGCCAACTGCTGCGCCGTCTGACCCAGCTGAAAATGTTGCGTAGCGC
COACCTGCTGTTTGTCTCGACGTTIGUTGTCTTACAGCTTCACGAAAGCATTT
AACGCTGAGGAGAGCAGCTGOCTOTTIGCTGATGCTGTOTTTGUTGCAACAG
COCGCACGAAGTOGATAGCCTGCTGGUGGACATTATCGOTCTGAATGUGCTG
CTOTTGTCCCACAAAGAGCACGCCAGCTTCCTGCAAATCTTCTATCAGGTCT
GTAAGGCAATCCCGTCTAGCCTGTTTTATGAAGAGTACTGGCAAGAAGAAC
TOGCTGATGOCACTGCGCTCCATGACGGACATTGCTTACAAACACGAAATGG
CCGAACAACGTCOGTACCATCGAAAAGCTGTCCTAAGTTTAAACCTTGGGCA
COGCGTCCATGAAAGACAGGACCCACTAGATGAGCTTGCGUGTACGCCAAAT
TOACCGCCOGTGAATGGUTGCTGGCCCAGACTGCGACCGAATGTCAGCGTCA
COOTCGTGAGGCCACCUCTGGAGTATCCGACCCOGTCAGGGTATGTGGLTECG
CCTGTCTGATGUCGAAAAACGCTGOTCTGCOTGGATCAAACCGGGTGATTG
GTTGGAACACGTTAGCCCAGCACTGGLGHGOTGCCGOGUTCAGCGCAGGLGC
GGAGCACCTOOTGOGTTCCOGTGGCTOGGCGGCAACCGAACGCCOCGTTCGAGCT
GCCGOGTCCCGCACTTGAGCTGUCOTCGTCTOTGOGTOGGAGAACCCGOGTTOCG
GOTTCCGCACTGUCCTCGAGGGUAAGCTGCTGCACATCATGTCGGATCOGTGET
GGCCTGTGOTTITGAGCATCTGCUGGAGCTGUCGHGCTOTTGGEGHTGGCOGTO
COAAGATGCTGCGTTGGCCGCTGCOTTTCGTTATTGGCAGCAGCGACACCCA
GCGCAGCCTGCTGOUTCOTATCGGTATCGGTGATGTTCTGCTGATCCGCACC
AGCCOTGCTCGAGGTTTACTGTTACGCGAAGAAACTGGGCCACTTTAATCGTG
TGGAAGGTGGCATTATTOTCGAAACGCTGGACATTCAACATATCGAGGAGG
AGAACAACACGACGOAAACGOUCGGAAACCCTGCCOOGTCTGAATCAACTO
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SEQ ID
NG:

Name

Sequence

CCOGTGAAGCTGGAGTTCATTCTGTATCGTAAAAACGTGACGTTGGCCGAA
CTGOAAGCAATOOUGTCAGCAACAACTOCTGTCCTTGCCAACCAATCGOGGAA
CTCAACGTCOAAATCATOGCCOAATGOCOTOCTOCTGOOTAACGOCGAACTG
GTGCAGATGAATGACACCCTGGGTGTCGAGATICATGAGTGGTTGTCCGAG
AGCGOTAATGGCOGAGTAGAGATCTCTTGGGCACGCGTCCATTAAAAAGGAC
CAATTAAGCATGCACTCTCTGACTCOTATCAAGGTCCTGCAACGTCGTTGTA
CCOTOTTCCATTCICAGTOCGAGTCCATICTGTTOCOTTATCAGGACGAAGA
TCOCOOCTTGCAGGCGGAGCGAGOGAGUGCCATCCTGOAACAGATCGCAGGTCT
GAAACTGCTGTTGGACACCCTGCGTGCTGAAAATCOTCAACTGAGCCGTGA
AGAAATCTATACGCTGCTGCGCAAACAGAGCATTIGTTICGTCGCCAGATTAA
GGATCTGGAGCTGCAAATCATTCAGATTCAAGAAAAGCGTAGCGAGCTGGA
AAAGAAACGTGAGGAATTTCAAAAGAAAAGCAAATACTGGUTGCGTAAAG
AAGGTAACTACCAGCGCTGGATTATCCGTCAAAAACGCTTCTACATTCAAC
GTGAGATCCAGCAAGAGGAGGCGGAGAGCGAAGAGATCATTTAACTTGGEG
CACGCGTCCATGAAAGACAGGACCCACTAGATGTTCTATGCATTGTATTITIC
AGATCCACCATCTOGTCGCGTCLGLCGOCTCTGGUTTTTGCGCOTOTTGUTCC
GATCTTITICTTTCTGCCGTTCCTGAATAGCGGTGTCCTGAGCGETGCTCCGC
GUAACGCGATCATCATTCTGGTIGGCGCTOGGGTETATGGUCGCACGCCCIGA
ATGAGGCGCCACCGITTCTGTCTGTGGLAATGATTCCGCTGGETCCTGLAAGA
GGCAGCCATGGGTGTTATGCTGGGTIGCCTGTIGTCCTGGCCETTTTIGGETT
ATGCACGCGTTGGGCTGTATCATTGATAACCAACGCGETGLAACCCTGTCCA
GUAGCATTGATCCTGCGAATGGCATCGACACCAGCGAGATGGCCAATTTCC
TGAACATGTTCGCGGLTGTCGTETATTTGCAGAACGGTGGCTTGGTCACGAT
GOTGOACGTGCTOAATAAGTCTTACCAGUTOGTGTGATCCGATGAACGAL TG
TACGCCGAGCCTGCCTCCGTTGCTGACCTTCATTAATCAAGTGGCCCAGAAL
GCACTGOTGCTGGCGTCCCCGATCHGTICTGETTCTGCTGCTGTCGGAAGTTT
TCCTGGGCCTGCTETCTCETTTTGCACCGCAAATGAACGCGTTICGUCATTAG
CCTGACTGTTAAAAGCGGTATTGCOGTTTTGATCATGCTGCTGTATTITCAGC
CCGOTCCTGCCGGACAATGTTCTGCGTCTGAGCTTTCAGGCGACCGGCCTGA
GCAGCTGGTTCTACGAACGTGGCGCAACGCATGTGCTGGAATAAGGATCCG
GCATCAAATAAMACGAAAGGCTCAGTCGAAAGACTGGGLCTTTICGTTTTAT
CTGTTGTITTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGUCCTAG
AACTAGTceataagaatGCGGCCGE
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Table, Coastraciion and ver Hication of all K oxviece nif geae deletion mutants

Name Genotype : Note . Parental  Allelic DNA sequence of the deletion region”
: : Strain Exchange
Plasmig*

NF¥ Anifl, Em . operon defetion  © MSal, pNif16 23399 TCcgBCATEC

YGCATGCaa

in-frame deletio

ECATECga
ﬂctamfcc”CAEGCchL
gctagcchCATGCamcct

cGOATGC ct

N . 1
¢ operon defetion
i operon deletion
ron deletion’

NF1L

" opeson defetion” ] gaatattgaBas
¢ operon deletion N - pNif? cggace seget @GCATGCC'C

AnffF HDRKTY ENX, | whole nif @ NF24
USYWEM E LA, . deletion’ :

1y 83bpof n.’,fM' 3

2)  BbpotwiF¥ ‘t&\nt‘d

3y S00bp of wifd 37 ek

4)  The backbone for all allelic exchange plasmids 1s pDS132(1).

5y The bold region shows the restriction site sequence that replaces the deletion region. The 20 nuclectides flanking each site
of the deletion region are shown.
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Table: DNA seguence ervors im #sif clusier sequemnce

X13303.8
Lovstion X13303.1 . This Study Impact
5187 e NifD KoL

Nifly ATV

NifDb E96G
- NIHD RSEM

sile

silent

2168 faeey L ogge

8919 c ‘t NifY P170L
9341 - ¢ imsertt niff 57 UTR

9408 og g NuE A35G

""""""""" O NifX QI3T
' - wifU s UTR
CUTR

oY
NitS
N

22630
27309
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Table, DNA segquences of synthetic parts

Part Number

Part Type

Sequence

SBa 06044
SBa_ 00044
SBa 000445
SBa_000445

SBa 066459
SBa 0006460

Ba (00461

8Ba_000463

Sha G0¢
SBa 000465

SBa 000460

SBa_(00479

SBa_ 0004

SBa 000472

SBa_ 00047

SBa (00474

SPa_ 000476

SBa 000477

SPa_ 000478

SBa 000482

SBa 000483

S8a (00475

SBa 660361

T

T7 ‘r)romot ar 1

Terminator
Terminator

nsulator
nsulator
nsulator
nsulator

Synthetic RBS

Synthetic RBS

Svnthetic RBS

Synthetic RBS

Svnthetic RBS

Synthetic RBS

Synthetic RBS

Synthetic KBS

Synthetic RBS

Synthetic RBS

Pue  Promoter

Promoter W

and

taatacgactc

taat ﬂqauca' t

g

gatiag

Cgogegattiatg

ICU}

'a'cgmm




CA 02838955 2013-12-10

PCT/US2012/042502

WO 2012/174271

setie

JacT ca

tteacc

e
tgoocc

at

gocooget

taatgg

cgad

-

)

Caar

c

9

a

cgacgoogottog

sfstofS

e

CAG et aaa ol
cagactygga

[efelols

ataagt

goetgbagat

teggaa

Gt

G

ggea

a

te.

IGaaAgyags

ctggoyg

gegeactoood

ca

acty

e
[ele}

go

caag

.

at

and

Promoter

tetR cassetie

})€ ot

2

6

SBa (005

tgtac

agca

porter

(3

R

o
cag

aa

Slelel

Ltaaactgae

Aaac

aads

Jogt

tcotgea

cata

tagg

cg

accttgegtag

cgatgttoca

atectet

o
&

.

g

gety

[ots

itg

qgCo

5t

Tac

e

aacattg

=

oo
cge

[Siogelele

yoetoctean

tLgagy

etelel

El

ERue;

oy

qtcttga

99

qac




CA 02838955 2013-12-10
WO 2012/174271 PCT/US2012/042502

89783
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gectgeaca
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