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SUMMARY OF THE INVENTION

{0008} The present disclosure relates, in general, to the field where orthogonal
iIRNA/aminoacyl-tRNA synthetase pairs are used for the incorporation of UAAs into a
protein of interest as it is being synthesized. The disclosure relates to the optimization of
tRNAs, amincacyl-tRNA synthetases, and/or unnatural amino acids for use in the
incorporation of unnatural amino acids into proteins, and to the construction and optimization
of expression platforras (cell lines) via genome or molecular biology engineering for

commercial scale production of proteins with unnatural amino acids.

{00091 In one aspect, the invention provides a eukaryotic {e.g., mammalian) cell line capable
of expressing a target protein contatning at least one unnatural amino acid from a gene
containing a premature stop codon at a position corresponding 1o the position for
incorporation of the unnatural amino acid. The cell line comprises a genome having stably
integrated therein (1} a nucleic acid sequence encoding a prokaryotic lencyl-tRNA synthetase
mutein capable of charging a tRNA (e.g, a cognate tRNA) with an unnatural anuno acid and
(11} a nucleic acid sequence encoding a prokaryotic suppressor leucyl-tRNA capable of being

charged with the unnatural amino acid.

10016} In another aspect, the invention provides a eukaryotic {e.g., mammalian} cell line
capable of expressing a target protein containing at least one unnatural amino acid from a
gene containing a premature stop codon at a position corresponding to the position for
incorporation of the unnatural amino acid. The cell line comprises a genome having stably
integrated therein (i) a nucleic acid sequence encoding a prokaryotic tryptophanyl-tRNA
synthetase mutein capable of charging a tRNA (e.g., a cognate tRNA) with an unnatural
amino acid and (it} a nucleic acid sequence encoding a prokaryotic suppressor tryptophanyl-

tRNA capable of being charged with the unnatural amino acid.
{3011} In certain embodiments of any of the foregoing cell lines, the cell line is capable of
expressing the target protein {e.g., continuously) for at feast S, 10, 15, 20, 25, 30, 35, 40, 45,

50, 60, 70, 80, 90, 100, 110, 120, 150, or 180 days. In certain embodiments, the cell line s

s
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capable of expressing the target protein {e.g., continuously} for at least 5, 10, 15, 20, 25, 30,
35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 120, 150, or 180 days after an initial expression of
the target protein. In certain embodiments, the cell line is capable of expressing the target
protein at a level of expression that 1s at least 30%, 40%, 50%, 60%, 70%, 80%, or 90%, or
about 100% of the level of expression of the teroplate protein expressed in a corresponding
cell line from the gene lacking a premature stop codon. For example, the cell line is capable
of expressing the target protein {e.g., continuously) at the level of expression for at least 5,
10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 120, 150, or 180 days.

2 s

0012} In certain embodiments of any of the foregoing, the cell line comprises from about 50
to about 500, from about 75 to about 500, from about 100 to about 500, from about 125 to
about 500, from about 150 to about 500, from about 175 to about 500, from about 200 to
about 500, from about 225 to about 500, from about 230 to about 500, from about 1 o about
450, from about 75 to about 450, from about 100 to about 450, from about 125 to about 450,
from about 150 to about 450, from about 175 to about 450, from about 200 to about 450,
from about 225 to about 450, from about 250 to about 450, from about 1 to about 400, from
about 75 to about 400, from about 100 to about 400, from about 125 to about 400, from about
150 to about 400, from about 175 to about 400, from about 200 to about 400, from about 225
to about 400, from about 250 to about 400, from about | to about 350, from about 75 to about
350, from about 100 to about 350, from about 125 to about 350, from about 150 to about 350,
from about 175 to about 350, from about 200 to about 350, from about 225 to about 350, or
from about 250 to about 350 copies of the nucleic acid encoding the engineered suppressor
tRNA. In certain embodiments the cell line comprises greater than 500 copies of the nucleic

acid encoding the engineered suppressor tRNA.

{0013} In certain embodiments of any of the foregoing cell lines, the cell line comprises from
about 1 to about 50, from about 5 to about 50, from about 10 to about 50, from about 15 10
about 50, from about 20 to about 50, from about 25 to about 50, from about 30 to about 50,
from about 35 to about 50, from about 40 to about 50, from about 1 to about 40, from about §
to about 40, from about 10 o about 40, from about 15 to about 40, from about 20 to about 40,
from about 25 to about 40, from about 30 to about 40, from about 35 to about 40, from about
I to about 30, from about S to about 30, from about 10 to about 30, from about 15 to about

30, from about 20 to about 30, from about 25 to about 30, from about 1 fo about 20, from
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about 5 to about 20, from about 10 to about 20, or from about 15 to about 20 copies of the

nucleic acid encoding the engineered synthetase.

{3014} In certain embodiments of any of the foregoing cell lines, the prokaryotic suppressor
tRNA is an analog or derivative of a bacterial tRNA {e.g., an F. cofi tRNA). For example,
the suppressor leucyl-tRNA may comprise a nucleic acid sequence selected from any one of
SEQ ID NOs: 16-42 or 67, or the suppressor tryptophanyl-tRNA may comprise a nucleic
acid selected from any one of SEQ 1D NQOs: 49-53.

{0015} In certain embodiments of any of the foregoing cell tines, the tRNA synthetase mutein
is an analog or derivative of a bacterial (RNA synthetase (e.g., an £ cofi (RNA synthetase).
For example, the leucyl-tRNA synthetase mutein may comprise the amino acid sequence of
SEQ ID NG 1 and at least one mutation at a position corresponding to Gin2, Glu20, Met40,
Leudl, Thr2S2, Tyrd499, TyrS27, or HisS37 of SEQ 1D NO: 1. In certain embodiments, the
mutation 1s a substitution with a natural amino acid other than the amino acid found 1n its
wild-type counterpart. In certain embodiments, the tRNA synthetase mutein comprises the
amino acid sequence of SEQ ID NO: 14, wherein Xpis Qor E, Xpo s B, K, V or M, Xap 1s M,
LoV, XuaisL, S,V orA XosnisT A or R, Xuseis YA L H or §, Xspris Y, G, AL L
or V, and Xs37 18 H or G, and the tRNA synthetase mutein coraprises at feast one mutation

relative to SEQ ID NQO: 1

{0016} In certain embodiments of any of the foregoing cell lines, the leucyl-tRNA synthetase
mutetn comprises (i} at least one substitution {e.g., a substitution with a hydrophobic amino
acid) at a position corresponding to HisS37 of SEQ ID NO: 1, (i) at feast one amino acid
substifution selected from E20V, E20M, 141V, L41A, Y499H, Y499A, Y5271 Y527V,

Y 527G, and any combination thereof, (iti) at least one amino acid substitution selected from
E20K and L418 and any combination thereof and at least one amuno acid substitution
selected from M40, T252A, Y4991, and Y527A, and any combination thereof, or (iv} a
combination of two or more of (1), (11) and (111}, for example, (1) and (11}, (i} and (i1}, (i1} and
(i) and {1}, (i1} and (i)

{08171 In certain embodiments, the tRNA synthetase mutein in the cell line may comprise
E20K, M40 L4185, T252A, Y4991, YS27A, or H337G, or any combination thereof (e.g., the
tRNA synthetase mutein may comprise E20K, M40L L4185, T252A, Y4991 YS527A, and
H337G).
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{0018] In certain embodiments of any of the foregoing cell lines, the leucyl-tRNA synthetase
mutein comprises a substitution at position 20 with an amino acid other than a Glu or Lys,
e.2., a substitution with a hydrophobic aminge acid {e.g., Leu, Val, or Met). For example, the
tRNA synthetase mutein may comprise: E20M, M40L 1418, T252A, Y4991, Y527A, and
HS37G; or E20V, M401, 1418, T2S2A, Y4991, Y527A, and H537G.

{00191 In certain embodiments of any of the foregoing cell lines, the leucyl-tRNA synthetase
mutein comprises a substitution at position 41 with an amino acid other than a Leu or Ser,
e.g., a substitution with a hydrophobic amino acid other than Leu (e.g., Gly, Ala, Val, or
Met}. For example, the tRNA synthetase mutein may comprise: E20K, M40f, 141V, T252A,
Y4991, YS27A. and HS37G, or B20K, M40L, L41A, T2524, Y499L Y527A. and HS37G. In

certain embodiments, the tRNA synthetase mutein comprises L41V.

{0020} In certain embodiments of any of the foregoing cell lines, the leucyl<tRNA synthetase
mutein comprises a substitution at position 499 with an amino acid other than a Tyr, lle or
Ser, ¢.g., a substitution with a small hydrophobic amino acid {e.g., Gly, Ala, or Val). For
exarple, the tRNA synthetase mutein may comprise E20K, M40L, L41S, T2SZA, Y4994,
YS27A, and HS37(G. In certain embaodiments, the tRNA synthetase mutein comprises a
substitution at position 499 with a positively charged amino acid {e.g., Lys, Arg, or Hig). For
example, the tRNA synthetase mutein may comprise E20K, M40L L4185, T252ZA Y499H,
YS27A, and HS37G.

{0021 In certain embodiments of any of the foregoing cell lines, the leucyl-tRNA synthetase
mutein comprises a substitution at position 527 with a hydrophobic aminc acid other than Ala
or Leu {e.z., Gly, e, Met, or Val). For example, the tRNA synthetase mutein may comprise:
B20K, M401, 14185, T252A, Y4991, Y5271 and H337G; E20K, M40L L4188, T252A, Y4991,

YS27V and H5337G; or E20K, M40, L4185, T252A, Y4991, YS27G and H537G.

{00221 In certain embodiments of any of the foregoing cell lines, the leucyl-tRNA synthetase
mutein comprises the amino acid sequence of any one of SEQ ID NOs: 2-13, or the
tryptophany! tRNA synthetase mutetn comprises the amino acid sequence of any one of SEQ
ID NOs: 44-47.

{0023} In another aspect, the invention provides a method of expressing a protein containing
an unnatural amino acid. The method comprises culturing or growing any of the foregoing

cell lines under conditions that permit incorporation of the unnatural amino acid into the
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protein being expressed in the cell. In certain embodiments, the protein is expressed (e.g.,
continuously ) for at least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 120,
150, or 180 days. In certain embodiments, the protein is expressed {e.g., continuously) for at
least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 120, 150, or 180 days after
an initial expression of the protein. o certain embodiments, the protein 15 expressed at a
fevel that is at least 30%, 40%, 50%, 60%, 70%, 80%, or 90%, or about 100% of the level of
expression of the template protetn expressed in a corresponding cell hine from the gene
lacking a premature stop codon, for example, the cell line is capable of expressing the target
protein {e.g., continuously} at the level of expression for at least 5, 10, 15, 20, 25, 30, 35, 40,

45, 50, 60, 70, 80, 90, 100, 110, 120, 150, or 180 days.

{0024} In another aspect, the invention provides a prokaryotic leucyl tRNA synthetase mutein
capable of charging a tRNA with an unnatural amino acid for incorporation 1uto a protein.
The tRNA synthetase mutein comprises the amino acid sequence of SEQ ID NGO 1 and (i) at
least one substitution {e. 2., a substitution with a hydrophobic amino acid) at a position
corresponding to HisS37, (i1} at least one amino acid substitution selected from E20V, E20M,
L41V, L41A, Y499H, Y499A, Y5271, Y527V, Y527, and any combination thereof, (111} at
feast one amino acid substitution selected from E20K and L1418 and any combination thereof
and at least one amino acid substitution selected from M40L T252A, Y4991, and Y5274, and
any combination thereof, or {iv) a corubination of two or more of (1), {1} and (in), for

example, (1) and (i1), (i) and (111}, (1) and (111} and (1), (i1} and (i11).

{0025} For example, the tRNA synthetase mutein may comprise E20K, M40L L4185, T252A,
Y4991, Y527A, or H537G, or any combination thereof {e.g., the tRNA synthetase mutein

may comprise E20K, M40L L4135, T252A, Y4991 YS27A, and HS37G).

10026} In certain embodiments, the leucyl-RINA synthetase mutein comprises a substitution
at position 20 with an amino acid other than a Glu or Lys, e.g., a substitution with a
hydrophobic amino acid {e.g, Leu, Val, or Met). For example, the tRNA synthetase mutein
may comprise: E20M, M40, L4185, T252A, Y4991, YS27A, and HS37(; or E20V, M40,
L41S, T252A, Y4991, Y527A, and H537G.

10027} In certain embodiments, the leucyl-RINA synthetase mutein comprises a substitution
at position 41 with an aminoc acid other than a Leu or Ser, e.g., a substitution with a

hydrophobic amino acid other than Leu {e.g., Gly, Ala, Val, or Met). For example, the tRNA
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synthetase mutein may comprise: E20K, M40L L41V, T252A, Y4991, Y5274, and H537G;
or E20K, M40L L41A, T252A, Y4991, Y527A, and H537G.

{3028} In certain embodiments, the feucyl-RNA synthetase mutein coraprises a substitution
at position 499 with an amino acid other than a Tyr, He or Ser, e.g, a substitution with a
small hydrophobic amino acid {e.g., Gly, Ala, or Val}). For example, the tRNA synthetase
mutetn may comprise BE20K, M40L, 1415, T252A, Y499A, Y5274, and H337G. In certain
embodiments, the tRNA synthetase mutein comprises a substitution at position 499 with a
positively charged amino acid {e.g., Lys, Arg, or His}. For example, the tRNA synthetase

mutein may comprise E20K, M40 1418, T252A, Y499H, Y527A, and HS37G.

100291 In certain embodiments, the tRNA synthetase mutetn comprises a substitution at
position 527 with a hydrophobic amino acid other than Ala or Leu {e.g., lle or Val}. For
example, the tRNA synthetase mutein may comprise: E20K, M40L L41S, T252A, Y4591
Y5271, and HS37(G; E20K, M4CL L41S, T252A, Y4991, YS27V and H537G, or E20K, M40,

L41S, T252A, Y4991, Y527G and HS37G.

10036} In certain embodiments, the leucyl-tRNA synthetase mutein comprises the amino acid

sequence of any one of SEQ 1D NOs: 2-13.

{0031} In another aspect, the invention provides a nucleic acid encoding any of the foregoing

tRNA synthetase muteins.

{3032 In another aspect, the invention provides a transfer vector comprising any of the
foregoing nucleic acids. In certain embodiments, the transter vector is capable of introducing
the nucleic acid into a cell. In certain embodiments, the transfer vector {or a nucleic acid
from the transfer vector) can stably into the genome of the cell. In certain embodiments, the
transfer vector {or a nucleic acid from the transfer vector) can be stably maintained in the cell

without integration into the genome of the cell.

{0033} In another aspect, the invention provides an engineered cell comprising any of the

foregoing tRNA synthetase muteins,

{0034} In another aspect, the invention provides an engineered cell comprising any of the
foregoing nucleic acids, for example, where the nucleic acid 1s stably integrated into the
genome of the cell and/or the nucleic acid is capable of being expressed in the cell to produce

a corresponding tRNA synthetase mutein.
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{0035} In another aspect, the invention provides an engineered cell comprising any of the
foregoing transfer vectors. In certain embodiments, the transfer vector (or a nucleic acid
from the transfer vector} is stably integrated into the genome of the cell. In certain
embodiments, the transfer vector {or a nucleic acid from the transfer vector) 1s not integrated

into the genorue of the cell, but 1s stably mantained in the cell.

{0036} In certain embodiments of any of the foregoing engineered cells, the cell further
comprises a suppressor leucyl-tRINA capable of incorporating an unnatural amino acid into a
protein undergoing expression in the cell. For example, the suppressor leucyl-tRNA may be

selected from any one of SEQ D NOs: 16-42 or 67.

100371 In certain embodiments, a nucleic acid encoding the suppressor leucyl-tRNA 1s stably
integrated tnto the genome of the cell, and, for example, the nucleic acid ts capable of being

expressed in the cell to produce a corresponding suppressor tRINA.

{3038} In certain embodiments of any of the foregoing engineered cells, the unnatural amino
acid 1s a feucine analog, for example, a leucine analog selected from a linear alkyl halide and
a linear aliphatic chain comprising an alkyne, azide, cyclopropene, alkene, ketone, aldehyde,

diazirine, or tetrazing functional group.

{0039} In certain embodiments of any of the foregoing engineered cells, the protein is
expressed from a nucleic acid sequence comprising a premature stop codon, for example, the
tRNA synthetase mutein is capable of charging a suppressor leucyl tRNA with an unnatural
amino acid which is incorporated 1nto the protein at a position corresponding to the premature
stop codon. In certain embodiments, the suppressor tRNA comprises an anticodon sequence
that hybridizes to the premature stop codon and permits the unnatural amino to be

incorporated into the protein at the position corresponding to the premature stop codon.

{00401 In certain embodiments of any of the foregoing engineered cells, the protein to be
expressed in the cell 1s an antibody {(or a fragment thereof), bispecific antibody, nanobody,
affibody, viral protein, chemokine, antigen, blood coagulation factor, hormone, growth

factor, enzyme, or any other polypeptide or protein.

{30411 In certain embodiments of any of the foregoing engineered cells, the mucleic acid
sequence encoding the tRNA synthetase mutein has a copy number in the range from about 1
to about 50, from about 5 to about 50, from about 10 to about 50, from about 15 to about 50,

from about 20 to about 50, from about 25 to about 30, from about 30 to about 50, from about
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35 to about 50, from about 40 to about 50, from about 1 to about 40, from about 5 to about
40, from about 10 1o about 40, from about 15 to about 40, from about 20 to about 40, from
about 25 1o about 40, from about 30 to about 40, from about 35 to about 40, from about 1 1o
about 30, from about 5 to about 30, from about 10 to about 30, from about 15 1o about 30,
from about 20 to about 30, from about 25 to about 30, from about 1 to about 20, from about S

to about 20, from about 10 to about 20, or from about 15 to about 20 copies.

{0042} In certain embodiments of any of the foregoing engineered cells, the nucleic acid
sequences encoding the suppressor leucyl tRNA has a copy number in the range from about
50 to about 500, from about 75 to about 500, from about 100 to about 500, from about 125 1o
about 500, from about 150 t0 about 500, from about 175 to about 300, from about 200 to
about 500, from about 225 to about 300, from about 250 to about 5300, from about 1 to about
450, from about 75 to about 450, from about 100 to about 450, from about 125 to about 450,
from about 150 to about 450, from about 175 to about 450, from about 200 to about 450,
from about 225 to about 450, from about 250 to about 450, from about 1 to about 400, from
about 75 to about 400, from about 100 to about 400, from about 125 to about 400, from about
150 to about 400, from about 175 to about 400, from about 200 to about 400, from about 225
to about 400, from about 250 to about 400, from about 1 to about 330, from about 75 to about
350, from about 100 to about 350, from about 125 to about 350, from about 150 to about 350,
from about 175 to about 350, from about 200 to about 350, from about 225 to about 350, or
from about 250 to about 350 copies. In certain embodiments the cell line comprises greater

than 500 copies of the nucleic acid encoding the engineered, suppressor itRNA.

{3043 In certain embodiments of any of the foregoing engineered cells, the suppressor
feucyi-tRNA and tRNA synthetase mutein are present in a ratio selected from 2.1, 4:1, 8:1,

12:1, 16:1, 24:1, 361, 481, and 64: 1.

{0044} In certain embodiments of any of the foregoing engineered cells, thecell s a

prokarvotic cell {e.g., a bacterial cell} or a eukaryotic cell (e.g., a mammalian cell}.

{3045} These and other aspects and features of the invention are described in the foliowing

detailed description and claims.
DESCRIPTION OF THE DRAWINGS

{0046} The invention can be more completely undersiood with reference to the following

drawings.

10
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{0047} FIGURE 1 depicts a schematic overview of genetic code expansion using
unnatural amino acids (UAAs).

10048} FIGURES 2A-2C depicts a subset of UAAs that are exemplary substrates fora
mutant leucyl tRNA-synthetase.

{00491 FIGURE 3 depicts a subset of UAAs that are exemplary substrates for a mutant
tryptophanyl tRNA-synthetase.

{0050} FIGURFE 4 shows the result of a leucyl tRNA synthetase mutein activity assay,
using fluorescence activity as a reporter for UAA incorporation. Leucyl tRNA synthetase
mutations are shown in FIGURE 4A, quantified fluorescence representative of stop codon
suppression and UAA incorporation is shown tn FIGURE 48, and representative
fluorescence images are shown in FIGURE 4C.

10051 FIGURE 5 shows polyspecificity {i.e., the ability of a single synthetase to
incorporate different unnatural amino acids) of the depicted leucyl tRNA synthetase muteins.
FIGURE 5A depicts A As used in the polyspecificity assay described in Example 1, and
FIGURE 58 shows fluorescence images demonstrating polyspecificity.

{3052 FIGURE 6 demonstrates an exeraplary workflow for the generation of a stable
cell line. FIGURE 6A is a flowchart depicting the steps of an exemplary stable cell line
generation process, and FIGURE 6B is a schematic demonstrating the process fror stable
transfection, characterization with a dual fluorescent reporter, and integration through clonal
isolation.

100531 FIGURE 7 shows fluorescence activated cell sorting (FACUS) pool analysis and
clonal 1solation of stable Leucyl suppressor cell hines after transfection and antibiotic
selection. A population shift into the 45 degree axis is indicative of changes in the
conditional GFP signal and UAA incorporation. FIGURES 7A-7C depict resuits for
controls, FIGURES 7B-7E depict results for stable cell lines obtained through lipofectamine
(LF)-based transfection, and FEGURES 7¥-7TH depict results for stable cell lines obtained
through nucleofection (NF)-based transfection. Clonal populations are 1dentified n
FIGURE 71 Puromycin {(Purc) concentration is indicated.

{0054} FIGURE 8A and FIGURE 8B show recharacterization of clonal 1solates between
2-4 weeks of propagation following cell sorting via fluorescent microscopy with a conditional
mCherry-GFP* reporter. GFP fluorescence, as shown in the second row of images, indicates

successtul incorporation of the UAA,
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{0055] FIGURES 3A-SL depict FACS histograms showing the recharacterization of
clonal isolates between 2-4 weeks of propagation following cell sorting with an mCherry-
GFP* reporter. FIGURES 9A-9J are FACS plots of various clonal populations. FIGURE
9K is a transient transfection control using the transter vector, and FIGURE 9L demonstrates
a sample gate from the FACS.

{0056} FIGURE 1¢ is a comparison of clonal suppression efficiency and protein
expression in the indicated cell lines. FEGURE 18A depicts average mCherry and GFP
fluorescence using the conditional dual reporter across the clonal lines, FIGURE 188 depicts
the ratio of average mCherry and GFP tluorescence using the conditional dual reporter across
the clonal lines, and FIGURE 18C depicts the ratio of percentage mCherry positive cells and
GFP positive cells using the conditional dual reporter across the clonal lines.

100587} FIGURE 11 1s an SPS-PAGE Coomassie gel demonstrating productivity of an
exernplary leucyl stable cell line, using GFP protein production as a readout of suppression
activity.

{0058} FIGURE 12 is a FACS comparison of stable cell line pools generated under the
sarne selection conditions with either “wild-type” leucyl tRNA amber suppressor or hi leucyl
tRMNA amber suppressor, using the conditional dual reporter as a readout. FIGURES 12A-
128 are fluorescent controls, FIGURES 12C-12D show resulis using “wild-type” leucyl
tRNA and results using hi leucyl tRNA| respectively. FEGURE 12E depicts the number of
selected clones identified in each target gate PS and P6.

10059 FIGURE 13 1s a FACS pool analysis and clonal isolation of stable tryptophan
suppressor cell lines after transtection and antibiotic selection. FIGURES 13A-13B
represent fluorescent controls, and FIGURES 13C-131 show two different conditions for

puromycin selection of tryptophan synthetase clonal 1solates.

{00460} FIGURE 14A depicts UAAs CSAz LCA, and AzW. FEGURE 14B depicts a
synthetic route for C5Az. FIGURE 14C depicts a synthetic route for 5-AzW. FIGURES
14D-F depict synthetic routes for LCA.

10061} FIGURE 1315 a companson of clonal suppression efficiency and protein
expression in the indicated cell lines. FIGURE 15A depicts the ratio of average mCherry
and GFP fluorescence using the conditional dual reporter across the indicated clonal lines
{generated using a single leucyl suppressor tRNA and feucyl tRNA-synthetase plasmid), and

FIGURE 13B depicts the ratio of average mCherry and GFP fluorescence using the
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conditional dual reporter across the indicated clonal lines {(generated using separate leucyl

suppressor tRNA and leucyl tRNA-synthetase plasmids sequentially).

{0062} FIGURE 16 1s a comparison of clonal suppression etficiency and protein
expression in cell lines including either “wild-type” leucyl suppressor tRNA (clones
numbered starting with v1} or mutant leucyl suppressor tRNA {clones numbered started with
v2). FEGURE 16A depicts the relative activity {measured using the mChesrry and GFP
conditional dual reporter) of the indicated clonal lines. FIGURE 16B depicts the median

relative activity of clones generated with the “wild-type” tRNA (v1) or mutant tRNA (v2).

10063} FIGURE 17 1s a comparison of clonal suppression efficiency and protein
expression and genomic copy mumber (GCN) in cell lines including either “wild-type” leucyl
suppressor tRNA {clones numbered starting with v1) or mutant leucyl suppressor tRNA
{clones numbered started with v2). GCN was measured at day 0 (t0) and day 60 (160). Like
numbered cell lines refer to the same cell lines as in Example 5 (FIGURE 15A} and
Example 6 (FIGURE 16). GUN of tRNA/aaRs is plotted on the primary axis, and shown as
bars. UAA incorporation activity {(average GFP fluorescence divided by average mCherry
fluorescence measured using the MG™ reporter as described in Example 2} is plotted on the

secondary axis, and shown as dots.

DETAILED DESCRIPTION
{0064] The present disclosure relates, in general, to the field where orthogonal
tRNA/aminoacyl-tRNA syuthetase pairs are used for the incorporation of unnatural amino
acids into a protein of interest. The disclosure relates to the optimization of engineered
orthogonal tRNAs, engineered aminoacyl-RNA synthetases, and/or unnatural amino acids
for use in the incorporation of unnatural amino acids into proteins and to the construction and
optimization of expression platforms (cell lines} via genome or molecular biology
engineering for commercial scale production of proteins with unnatural amino acids.
{00651 As used herein, the term “orthogonal” refers to a molecule {e.g., an orthogonal {tRNA
or an orthogonal aminoacyl-tRNA synthetase) that is used with reduced efficiency by an
expression system of interest {e.g., an endogenous cellular translation system}. For example,

an orthogonal tRNA in a translation system of interest is aminoacylated by any endogenous
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aminoacyl-RNA synthetase of the translation system of interest with reduced or even zero
aminoacyl-tRNA synthetase. In another example, an orthogonal aminoacyl-RNA synthetase
amincacylates any endogenous tRNA in the translation system of interest with reduced or
even zero efficiency, as compared to aminoacylation of an endogenous tRNA by an
endogencus aminocacyl-tRNA synthetase.

{0066} Vanous features and aspects of the invention are discussed in more detail below.

. Aminoacvi-iRNA Svnthetases

{30671 The wvention relates to engineered arninoacyl~tRNA synthetases (or aaR$s) capable
of charging a tRNA with an unnatural amino acid for incorporation into a protein. As used
herein, the term “aminoacyl-tRNA synthetase” refers to any enzyme, or a functional
fragment thereof, that charges, or is capable of charging, a tRNA with an amino acid {e.g., an
unnatural amino acid) for incorporation into a protein. As used herein, the term “functional
fragment” of an amincacyl-tRNA synthetase refers to fragment of a full-length aminoacyl-
tRNA synthetase that retains, for example, at least 10%, at least 20%, at least 30%, at least
40%, at teast S0%, at least 60%, at least 70%, at least B0%, at least 90%, at least 95%, or
100% of the enzymatic activity of the corresponding tull-length t(RNA synthetase (e.g, a
naturally occurring tRNA synthetase). Aminocacyl-tRNA synthetase enzymatic activity may
be assayed by any method known in the art. For example, /72 vifro aminocacylation assays are
described tn Hoben ef o/ (1985) METBODS ENZYMOL. 113:55-59 and in U.S. Patent
Application Publication No. 2003/0228593 and cell-based aminoacylation assays are
described in U.S. Patent Application Publication Nos. 2003/0082575 and 2005/0049049. In
certain embodiments, the functional fragment comprises at least 100, 150, 200, 250, 300,
350, 400, 450, SO0, 350, 600, 650, 700, 750, or 800 consecutive amino acids present in a full-

fength tRINA synthetase {(e.g., a naturally occurring aminoacyl-{RNA synthetase).

{00681 The term aminoacyl-tRNA synthetase includes varianits (7. e., muteins) having one or
more mutations {e.g., amino acid substitutions, deletions, or insertions) relative to a wild-type
aminoacyl-tRNA synthetase sequence. In certain embodiments, an aminoacyi-tRNA
synthetase mutein may comprise, consist, or consist essentially of, a single mutation (e.g., a
mutation contemplated herein), or a combination of 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15

or more than 15 mutations {e.g,, mutations contemplated herein). It 1s conternplated that an
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aminoacyl~-RNA synthetase mutein may comprise, consist, or consist essentially 1-15, 1-10,
1-7, 1-6, 1-5, 1-4, 1-3, 1-2, 2-15, 2-10, 2-7, 2-6, 2-5, 2-4, 2-3, 315, 3-10, 3-7, 3-6, 3-5, or 4~
10, 4-7, 4-6, 4-5, 5-10, 5-7, 5-6, 6-10, 6-7, 7-10, 7-8, or 8-10 mutations {e.g., mutations

contermplated herein).

10069} Au aminoacyi-tRNA synthetase mutein may comprise a conservative substitution
relative to a wild-type sequence or a sequence disclosed herein. As used herein, the term
“conservative substitution” refers to a substitution with a structurally similar amino acid. For
example, conservative substitutions may include those within the foliowing groups: Ser and
Cys; Leu, e, and Val; Glu and Asp; Lys and Arg; Phe, Tyr, and Trp; and Gln, Asn, Gy,
Asp, and His. Counservative substitutions may also be defined by the BLAST (Basic Local
Alignment Search Tool} algorithm, the BLOSUM substitution matrix {e.g., BLOSUM 62

mairix}, or the PAM substitution:p matrix {e.g., the PAM 250 matnix),

{0078} In certain embodiments, the substrate specificity of the aminocacyl-tIRNA synthetase
mutein 15 altered relative to a corresponding {or template) wild-type aminoacyl-tRNA
synthetase such that only a desired unnatural amino acid, but not any of the common 20

amino acids, 1s charged to the substrate tRNA.

{0071} An aminoacyl-tRNA synthetase may be derived from a bacterial source, e.g.,
Lischerichia coli, Thermus theymophilus, or Bacillus steavothermphilus. An amivoacyl-
tRNA synthetase may also be derived from an archaeal source, e.g., from the
Methanosarcinacaea or Desulifitobacterivm families, any of the M. barkeri (Mb), M. afvus
{Ma}, M. mazei (Mm) or D. hafnisense (Dh) ftamilies, Methanobacterium
thermocauiotrophicum, Haloferax volcanii, Halobacterivm species NRC-1, or 4rchuenglobus
Julgidus. 1n other embodiments, eukaryotic sources can also be used, for example, plants,
algae, protists, fungi, yeasts, or animals {e.g., mammals, insects, arthropods, etc ). As used
herein, the terms “derivative” or “derived from” refer to a component that is isolated from or
made using information from a specified molecule or organism. As used herein, the term
“analog” refers to a component {e.g.,, a tRNA, tRNA synthetase, or unnatural amino acid)
that 15 derived from or analogous with (in terms of structure and/or function) a reference
component {(e.g., a wild-type tRNA, a wild-type tRNA syuthetase, or a natural aroivo acid).
In certain embodiments, dertvatives or analogs have at teast 40%, 50%, 60%, 70%, 80%,
0%, 100% or more of a given activity as a reference or originator component {e.g., wild-

type component}.
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{06721 It 1s contemplated that the aminoacyl-IRINA synthetase may aminoacylate a substrate
tRNA 1n vifro or i1 vive, and can be provided to a translation systern {e.g., an in vifro
translation system or a cell} as a polypeptide or protein, or as a polynuclectide that encodes

the aminoacyl-tRNA syunthetase.

10073} In certain embodiments, the aminoacyl-tRNA synthetase is derived from an & coli
feucyl-tRNA syunthetase and, for example, the aminoacvl-tRNA synthetase preferentially
aminoacylates an £ coli leucyl tRNA (or a variant thereof) with a leucine analog over the

naturally-occurring leucine amino acid.

{30074] For example, the aminpacyl-IRNA synthetase may comprise SEQ ID NG 1, or an
aming acid sequence that has at least 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence
identity to SEQ ID N 1. In certain embodiments, the aminoacyl-{IRNA synthetase
comprises SEQ ID NGO: 1, or a functional fragment or variant thereof, and with one, two,
three, four, five or more of the following mutations: {1} a substitution of a glutamine residue
at a position corresponding to position 2 of SEQ 1D NO: 1, e.g., a substitution by glutamic
actd (Q2E); (1) a substitution of a glutaric acid residue at a position corresponding to
position 20 of SEQ ID NO: 1, e g, a substitution by lysine (E20K}, methionine (E20M), or
position 40 of SEQ 2 NG 1, e.g., a substitution by iscleucine (M401) or valine (M40V}; (iv)
a substitution of a leucine residue at a position corresponding to position 41 of SEQ ID NG:
1, e.g., a substitution by serine (418}, valine (L41V), or alanine (L41A); (v) a substitution
of a threonine residue at a position corresponding to position 252 of SEQIDNO: 1, ez, a
substitution by alanine (T252A) or arginine (T252R); (vi} a substitution of a tyrosine residue
at a position corresponding to position 499 of SEQ 1D NO: 1, e.g., a substitution by
isolencine (Y4991), sertne (Y499K), alanine (Y499A), or histidine {(Y499H); (vil) a
substitution of a tyrosine residue at a position corresponding to position 527 of SEQ D NO:
1, e.g., a substitution by alanine (Y527A), leucine (Y527L), 1soleucine (Y5271, valine
(Y527V), or glycine (Y527}, or (viii) a substitution of a histidine residue at a position
corresponding to position 537 of SEQ ID NGO: 1, e.g., a substitution by glycine (HS37G), or

any combination of the foregoing.

{0075} In certain embodiments, the aminoacyl-RNA synthetase comprises (1) at least one
substitution {e.g., a substitution with a hydrophobic amino acid) at a position corresponding
to His537 of SEQ ID NO: 1, (11) at least one amino acid substitution selected from E20V,
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H20M, L41V, L41A, Y499H, Y499A, YS271, YS27V, Y527(, and any combination thereof,
(111} at least one amino acid substitution selected from E20K and L41S and any combination
thereof and at least one amino acid substitution selected from M40, T252A, Y4991, and

YS27A, and any combination thereof, or (iv) a combination of two or more of (1), (11} and

........

{00761 In certain embodiments, the aminoacyl-RNA synthetase comprises a substitution of a
glutamic acid residue at a position corresponding to position 20 of SEQIDNG: 1, ez, a
substitution with an amino acid other than 3 Glu or Lys, e.g., a substitution with a
hydrophobic amine acid {e.g., Leu, Val, or Met). In certain embodiments, the anunoacyl-
tRNA synthetase comprises a substitution of 4 leucine residue at a position corresponding to
position 41 of SEQ ID NQO: 1, e.g, a substitution with an amino acid other than a Leu or Ser,
e.z., a substitution with a hydrophobic amino acid other than Leu (e.g., Gly, Ala, Val, or
Met). In certain embodiments, the aminoacyl-tRNA synthetase comprises a substitution of a
tyrosine residue at a position cotresponding to position 499 of SEQID NO: 1 eg. a
substitution with a small hydrophobic aming acid {e.g., Gly, Ala, or Val} or a substitution
with a positively charged amino acid (e.g., Lys, Arg, or His}). In certain embodiments, the
aminoacy!-tRNA synthetase comprises a substitution of a tyrosine residue at a position
corresponding to position 527 of SEQ ID NO: 1, e.g., a substitution with a hydrophobic
amino acid other than Ala or Leu {e.g., Gly, Hle, Met, or Val}). In certain erobodirnents, the

tRNA synthetase mutein comprises L41V.

{0077} In certain embodiments, the aminoacyl-RNA synthetase comprises a combination of
mutations selected from: (i) Q2E, E20K, M401, L41S, T252A, Y4991, YS27A, and HS37(;
(i1) Q2E, E20K, M40V, L41S, T252R, Y4995, Y3271, and H537G; (1) Q2E, M401, T23524,
Y4991 YS27A, and HS37(G; (ivy Q2E, E20M, M40 L418, T252A, Y4991, Y5274, and
HS37G; (v) QZE, E20V, M40L, L41S, T252A, Y4991, Y527A, and H537G; (vi) QZE, E20K,
MA40L L41V, T252A, Y4991 Y527A, and HS37G, (vii) Q2E, E20K, M40, L41A, T2524,
Y4991, Y527A, and H537G; (viin) Q2E, E20K, M40L, 1418, T252A, Y499A YS527A, and
HS537G, (ix) Q2E, E20K, M40L, L418, T2524, Y499H, Y527A, and H537G: (x) Q2E, E20K,
M4OL, L4188, T252A, Y4991, Y5271, and HS37(G; () Q2E, E20K, M40L, L41S, T252A,
Y4991, Y527V, and H537G: (xil) Q2F, F20K, M40L L41S, T252A, Y4991, Y527G, and
H337G; (aui} BE20K, M40 L4188, T252A, Y4991, Y5274, and H537G; (xtv) E20M, M40,
1418, T252A, Y4991, Y527A, and H537G; (xv) E20V, M40L L41S, T252A, Y4991, Y527A,
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and H537G; (xvi) E20K, M40L, L41V, T252A, Y4991, Y527A, and HS37G; (vii) E20K,
MAOL L41A, T2524, Y4991 Y527A, and HS37G, (xviii) E20K, M40L, L41S, T2524,
Y4994, YS27A, and HS37G; (xix) B2Z0K, M40L, 1418, T252A, Y499H, Y5274, and
H537G; (xx) B20K, M40L 1418, T252A, Y4991, Y5271, and H537G; (xxi) E20K, M40T,

S LA41S, T252A, Y4991, Y527V, and H537G: and (xxii) E20K, M40L, 1418, T252A, Y4991,
Y4276, and HS37G.

10078} In certain embodiments, the aminoacyl-tRINA synthetase comprises the amino acid
sequence of any one of SEQ 1D NQGs: 2-13, or an amino acid sequence that has at least 85%,

90%, 95%, 96%, 97%, 98%, or 99% sequence tdentity to any one of SEQ 1D NQOs: 2-13.

10 j8679] In certain embodiments, the tRNA synthetase mutein comprises the amino acid
sequence of SEQ ID NG 14, wherein Xpis QorE, X s E, K, Vor M, Xanis M, L or v,
Xar1sL, 8, V,or A, Xosnis T, A, or B, Xueeis Y, A L H, or 8§, Xso7is Y, A L L, or V, and
Xs37 18 Hoor G, and the tRNA synthetase mutein comprises at least one mutation {for
example, 2, 3,4, 5,6, 7, 8, 9, or more mutations} relative to SEQ ID NGO: 1. In certain

1S embodiments, the tRNA synthetase mutein comprises the amino acid sequence of SEQ ID
NO: 15, wherein Xop1s K, Vor M, Xu1is S, V, or A, Xueois A L or H, and Xsy7is A, L or 'V,

and the tRNA syothetase mutein comprises at least one mutation relative to SEQ ID NG: 1.

{0086} In certain embodiments, the aminoacyl-tRNA synthetase is derived from an £
coli tryptophanyl-tRNA synthetase and, for example, the aminoacyl-tRNA synthetase
20 preferentially aminoacylates an /.. cofi tryptophanyl tRNA (or a variant thereof) with a

tryptophan analog over the naturally-occurring tryptophan amino acid.

{0081} For example, the aminoacyl-tRNA synthetase may comprise SEQ ID NQO: 43, or an
amino acid sequence that has at least 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence
identity to SEQ 1D NO: 43 In certain embodiments, the aminoacyl-tRNA syunthetase

25 comprises SEQ 1D NO: 43, or a functional fragment ot variant thereof, but with one or more
of the following mutations: (i) a substitution of a serine residue at a position corresponding o
position 8 of SEQ 1D NO: 43, e.g., a substitution by alanine (88A); (i1) a substitution of a
valine residue at a position corresponding to position 144 of SEQID NGO 43,¢.2., 8
substitution by serine {V1448), glycine (V144G) or alanine (V144A), (111) a substitution of a

30 wvaline residue at a position corresponding to position 146 of SEQ IDNO: 43, e.g., a

substitution by alanine (VI46A), isoleucine (V1461), or cysteine (V146C). In certain
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embodiments, the aminoacyl-tRNA synthetase comprises a combination of mutations
selected from: (i) SBA, V144S, and V146A, (il) S8A, V144G, and V1461 (iii) S8A, VI44A,
and VI46A, and (1v) S8A, V144G, and V146(.

{0082 In certain embodiments, the aminoacyl-tRNA synthetase comprises the amino acid
sequence of any one of SEQ 1D NOs: 44-47, or an amino acid sequence that has at least 85%%,

90%, 95%, 96%, 97%, 98%, or 99% sequence identity {0 any one of SEQ 1D NOs: 44-47.

{0083} Sequence identity may be determined in various ways that are within the skill of a
person skilled in the art, e.g., using publicly available computer software such as BLAST,
BLAST-Z, ALIGN or Megalign (DNASTAR) software. BLAST (Basic Local Alignment
Search Tool) analysis using the algorithm employed by the programs blastp, blastn, blastx,
tblastn and thlastx (Karlin ef o/, (1990) PrROC. NATL. ACAD. 5Ct USA 87:2264-2268,
Altschul, {1993y J. MovL. EVOL. 36:290-300; Altschul ef ol (1997) NUCLEIC ACIDS RES.
25:3389-3402, incorporated by reference herein) are tailored for sequence similarity
searching. For a discussion of basic issues in searching sequence databases see Altschul 7
af., (1994) NATURE GENETICS 6:119-129, which is fully incorporated by reference herein,
Those skilled in the art can determine appropriate parameters for measuring alignment,
including any algorithros needed to achieve maximal alignment over the tull length of the
sequences being compared. The search parameters for histogram, descriptions, alignments,
expect (i.e., the statistical significance threshold for reporting matches agatnst database
sequences), cutoff, matrix and filter are at the default settings. The default scoring matrix
used by blastp, blastx, thlastn, and tbiastx 1s the BLOSUMOG2 matrix (Henikott ef ¢, (1992)
PROC. NATL. ACAD. SC1 USA 89:10915-10919, fully incorporated by reference herein).
Four blastn parameters may be adjusted as follows: (=10 (gap creation penalty); R=10 {gap
extension penalty), wink=1 {generates word hits at every wink sup.th position along the
query); and gapw=16 {sets the window width within which gapped alignments are
generated). The equivalent blastp parameter settings may be Q=9; R=2; wink=1, and
gapw=32. Searches may also be conducted using the NCBI (National Center for
Biotechunology Information) BLAST Advanced Option parameter {e.g.. -G, Cost to open gap
[nteger]: default = 5 for nuclectides/ 11 for proteins; -E, Cost to extend gap {Integer]: default
=2 for nucleotides/ 1 for proteins, -q, Penalty for nucleotide mismatch [Integer]: default = -
3; -r, reward for nucleotide maich {Integer]: default = 1; -e, expect value [Real]: default = 10;

-W, wordsize [Integer]: default = 11 for nucleotides/ 28 for megablast/ 3 for proteins; -y,
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Diropoft (X) for blast extensions in bits: defauilt = 20 for blastn/ 7 for others; -X, X dropoff
value for gapped alignment (in bits): default = 15 for all programs, not applicable to blastn;
and -7, final X dropoff value for gapped alignment (in bits}: 50 for blastn, 25 for others).
ClustalW for pairwise protein alignments may also be used (detauilt parameters may include,
S eg., Blosum62 matrix and Gap Opening Penalty = 10 and Gap Extension Penalty = 0.1). A
Bestfit comparison between sequences, available in the GCG package version 10.0, uses
DNA parameters GAP=50 (gap creation penalty) and LEN=3 {gap extension penalty). The

equivalent settings in Bestfit protein comparisons are GAP=¥ and LEN=2,

{0084} Methods for producing proteins, e.g., aminoacyl-tRNA synthetases, are known in
10 theart. For example, DNA molecules encoding a protein of interest can be synthesized
chemically or by recombinant DNA methodologies. The resulting DNA molecules encoding
the protein interest can be ligated to other appropriate nucleotide sequences, including, for
example, expression control sequences, to produce conventional gene expression constructs
{i.¢., expression vectors) encoding the desired protein. Production of defined gene consiructs

15 is within routine skill in the art.

{00851  Nucleic acids encoding desired proteins {e.g., aminoacyl-tRNA synthetases) can be
incorporated (ligated) into expression vectors, which can be introduced 1nto host cells
through conventional transfection or transformation techniques. Exemplary host cells are 7o
cofi cells, Chinese hamster ovary (CHO) cells, human embryonic kidney 293 (HEK 293}

20 cells, Hela cells, baby hamster kidney (BHK) cells, monkey kidney cells ({COS), human
hepatocellular carcinoma cells {e.g., Hep G2}, and myeloma cells. Transformed host cells

can be grown under conditions that permit the host cells to express the desired protein.

{0086] Specific expression and purification conditions will vary depending upon the
expression syster employed. For example, if a gene is to be expressed in F. coli, 1t1s fist
25 cloned into an expression vector by positioning the engineered gene downstream from a
suitable bacterial promoter, e.g., Trp or Tac, and a prokaryotic signal sequence. The
expressed protein may be secreted. The expressed protein may accumulate in refractile or
inclusion bodies, which can be harvested after disruption of the cells by French press or
sonication. The refraciile bodies then are solubilized, and the protein may be refolded and/or

30 cleaved by methods known in the art.
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{00871  If the engineered gene 18 to be expressed in eukaryotic host cells, e.g., CHO cells, it
i first inserted into an expression vector containing a suitable eukaryotic promoter, a
secretion signal, a poly A sequence, and a stop codon. Optionally, the vector or gene
construct may contain enhancers and introns. The gene construct can be introduced into

eukaryotic host cells using conventional techniques.

{0088] A protein of interest {e.g., an aminoacyl-IRINA synthetase) can be produced by
growing (culturing) a host cell transfected with an expression vector encoding such a protein
under conditions that permit expression of the protein. Foliowing expression, the protein can
be harvested and purified or isolated using techniques known in the art, e.g., affinity tags

such as glutathione-S-transferase (GST) or istidine tags.

{0089 Additional methods for producing aminoacyi-tRNA synthetases, and for altering the
substrate specificity of the synthetase can be found in U S Patent Application Publication
Nos. 2003/0108885 and 2005/0009049, Hamano-Takaku e af. (2000} JOURNAL OF BIOL.
CHEM. 275(51):40324-40328, Kiga ef . (2002) PROC. NATL. ACAD. 5C1. USA 99(15):
9715-9723, and Francklyn ef ¢/ (2002) RNA, §:1363-1372.

{06901 The invention also encompasses nucleic acids encoding aminoacyl-tRNA synthetases
disclosed herein. For example, nucleotide sequences encoding leucyl-tRINA synthetase
muteins disclosed herein are depicted in SEQ 1D NOs: 55-60. Accordingly, the invention
provides a nucleic acid comprising the nuclectide sequence of any one of SEQ D NOs: 55-
66, or a nucleotide sequence that has at least 85%, 90%, 95%, 96%, 97%, 98%, or 99%
sequence identity to any one of SEQ ID NQOs: 55-66. The invention also provides a mucleic
acid comprising a nucleotide sequence encoding the amino acid sequence encoded by any
one of SEQ 1D NOs: 55-66, or a nucleotide sequence that has at least 85%, 90%, 95%, 96%,
97%, 98%, or 99% sequence identity to a nucleotide sequence encoding the amino acid
sequence encoded by any one of SEQ 1D NQOs: 55-66.

11, tRNAs

{0091} The nvention relates to transfer RNAs (tRINAs) that mediate the incorporation of
unnatural amine acids into proteins.

{00921 During protein synthesis, a tRINA molecule delivers an amino acid to a ribosome for
incorporation into a growing protein (polypeptide) chain. tRNAs typically are about 70 to

100 nucleotides in fength. Active tRNAs contain a 3' CCA sequence that may be transcribed
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into the tRNA during its synthesis or may be added later during post-transcriptional
processing. During anunocacylation, the amino acid that is attached to a given tRNA
molecule i3 covalently attached to the 2' or 3" hydroxy! group of the 3'-terminal ribose to
form an amincacyl-tRNA (aa-tRNA). k is understood that an amino acid can spontanecusly
mmigrate from the 2'-hydroxyl group to the 3'-hydroxyl group and vice versa, but it 13
incorporated into a growing protein chain at the ribosome from the 3'-OH position. A loop at
the other end of the folded aa-tRNA molecule contains a sequence of three bases known as
the anticodon. When this anticodon sequence hybridizes or base-pairs with a complementary
three-base codon sequence in a ribosome-bound mRNA| the aa-tRNA binds to the ribosome
and its amino acid is incorporated into the polypeptide chain being synthesized by the
ribosome. Because all tRNAs that base-pair with a specific codon are aminoacylated with a
single specific aming acid, the translation of the genetic code is effected by tRNAs. Fach of
the 61 non-termination codons in an mRNA directs the binding of its cognate aa-tRNA and
the addition of a single specific amino acid to the growing polypeptide chain being
synthesized by the ribosome. The term “cognate” refers to components that function

together, e.g., a tRNA and an aminoacyl-tRNA syuthetase.

{30931 Suppressor tRNAs are modified tRNAs that alter the reading of a mRNA in a given
transiation system. For example, a suppressor tRNA may read through a codon such as a stop
codon, a four base codon, or a rare codon. The use of the word 1o suppressor is based on the
fact, that under certain circumstance, the modified {RINA "suppresses” the typical phenotypic
effect of the codon in the mRNA. Suppressor tRNAs typically contain a mutation
{modification} in either the anticodon, changing codon specificity, or at some position that
alters the amunoacyiation identity of the {tRNA. The term “suppression activity” refers to the
ability of a tRNA, e.g., a suppressor tRNA, to read through a codon {e.g,, a premature stop
codon} that would not be read through by the endogenous translation machinery in a system

of interest.

10094} In certain embodiments, a tRNA {e.g., a suppressor tRNA) contains a modified
anticodon region, such that the modified anticodon hybridizes with a different codon than the
corresponding naturally occurring anticodon.

{0095} In certain embodiments, a tRNA comprises an anticodon that hybridizes to a codon
selected from UAG (7.e., an “amber” termination codon), UGA {7.e., an “opal” termination

codon), and UAA (7.e., an “ochre” termination codon}.
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{0096] In certain embodiments, a IRNA comprises an anticodon that hybridizes to 3 non-
standard codon, e.g., a 4- or S-nucleotide codon. Examples of four base codons include
AGGA, CUAG, UAGA, and CCCU. Examples of five base codons inchude AGGAC,
CCCCU, CCCUC, CUAGA, CUACU, and UAGGC. tRNAs comprising an anticodon that
hybridizes to a non-standard codon, e.g., a 4- or S-nucleotide codon, and methods of using
such tRNAs to incorporate unnatural amino acids into proteins are described, for example, in
Moore e of. (20003 ] Mor. BioL. 298:19S; Hohsaka ef af. (1999} ], Am. CHeEM. SOC.
121:12194; Anderson ef af. (2002) CHEMISTRY AND BIOLOGY 9:237-244; Magliery {2001} J.
MoL. Biou. 307: 755-769; and PCT Publication No. WO2005/007870.

{00971 As used herein, the terro “IRNA” includes vanants having one or more mutations
{e.g., nucleotide substitutions, deletions, or insertions) relative to a reference {e.g., a wild-
type) tRNA sequence. In certain embodiments, a tRNA may comprise, congist, or consist
essentially of, a single mutation {e.g., a mutation contemplated herein}, or a combination of
2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15 or more than 15 mutations {e.g., mutations
contemplated herein). It is contemplated that a tRNA may comprise, consist, or congist
essentially 1-15 1-10, 1-7, 1-6, 1-5, 1-4, 1-3, 1-2, 2-15, 2-10, 2-7, 2-6, 2-5, 2-4, 2-3, 3-15, 3-

10, 3-7, 3-6, 3-5, or 3~4 mutations {e.g,, mutations contemplated herein).

{00981 In certain embodiments, a varant suppressor tRNA has increased activity o
incorporate an unnatural amino acid {e.g., an unnatural amino acid contemplated herein) into
a mammalian protein relative to a counterpart wild-type suppressor tRNA (in this context, a
wild-type suppressor tRNA refers to a suppressor tRNA that corresponds to a wild-type
tRNA molecule but for any modifications to the anti-codon region to impart suppression
activity}). The activity of the variant suppressor tRNA may be increased relative to the wild-
type suppressor tRNA, for example, by about 2.5 to about 200 fold, about 2.5 to about 150
fold, about 2.5 to about 100 fold about 2.5 to about 80 fold, about 2.5 to about 60 fold, about

2.5 to about 40 fold, about 2.5 to about 20 fold, about 2.5 1o about 10 fold, about 2.5 1o about

5 fold, about 5 to about 200 fold, about 5 to about 150 fold, about 5 to about 100 fold, about
5 to about B0 fold, about 5 to aboui 60 fold, about 5 to about 40 fold, about 5 to about 20
fold, about S to about 10 fold, about 10 to about 200 fold, about 10 to about 150 fold, about
16 to about 100 fold, about 10 to about 80 fold, about 10 to about 60 fold, about 10 to about
40 fold, about 10 to about 20 fold, about 20 to about 200 fold, about 20 to about 130 fold,

about 20 to about 100 fold, about 20 to about 80 fold, about 20 to about 60 fold, about 20 to
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about 40 fold, about 40 to about 200 oid, about 40 to about 1350 fold, about 40 to about 100
fold, about 40 to about 80 fold, about 40 to about 60 fold, about 60 to about 200 fold, about
60 to about 150 fold, about 60 to about 100 fold, about 60 to about 80 told, about &0 to about
200 fold, about 80 to about 150 fold, about 80 to about 100 fold, about 100 to about 200 fold,
about 100 to about 150 fold, or about 150 to about 200 fold.

{00991 It 1s contemplated that the IRNA may function #n vitro or iz vivo and can be provided
to a translation system {e.g., an in vitro transiation system or a cell) as a mature tRNA {e.g.,

an amingacyiated tRNA), or as a polynucleotide that encodes the t(RNA.

{00166} A IRNA may be derived from a bacterial source, e.g., Fscherichia coli,
Thermus thermophilus, or Bacillus stearothermphilus. A tRNA may also be derived from an
archaeal source, e.g., from the Methanosarcinacaea or Desulfitobacterium families, any of

the M. barkeri (Mb}, M. alvus (Ma), M. mazei (M) or 1), hafnisense (Dh) families,

Methanobacterium thermoauitotrophicum, Haloferax volcanii, Halobacterium specigs NRC-

1, or Archaeoglobus fulgidus. Tn other embodiments, eukaryotic sources can also be used, for
exarople, plants, algae, protists, fungi, yeasts, or ammals {e.g., mammals, insects, arthropods,

etc.).

{06101} In certain embodiments, the tRNA is dertved from an £ cofi leucyl tRNA and,
for example, is preferentially charged with a leucine analog over the naturally-occurring
leucine amino acid by an amincacyl-tRNA synthetase derived from an . coli leucyl-tRNA

synthetase, e.g., an aminoacyl-tRNA synthetase contemplated herein.

{60102] For example, the tRNA may comprise, constst essentially of, or consist of the
nucleotide sequence of any one of SEQ ID NOs: 16-42 or 67, or a nuclectide sequence that
has at least 85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity to any one of SEQ

D NQs: 16-42 or 67.

{00163} In certain embodiments, the tRNA 1s derived from an & coli tryptophanyl
tRNA and, for example, is preferentially charged with a tryptophan analog over the naturally-
occurring tryptophan amino acid by an aminoacyl-tRNA synthetase derived from an L. cofi

tryptophanyl-tRNA synthetase, e.g., an amincacyl-tRNA synthetase contemplated herein.

100104} For example, the tRNA may comprise, consist essentially of, or consist of the

nucleotide sequence of any one of SEQ D NQs: 49-53, or a nucleotide sequence that has at
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feast 5%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity to any one of SEQ 1D

NOs: 49-53.

{301065] Additional suppressor tRNAs, and wethods of generating suppressor tRNAg,
are described in International (PCT) Publication No. W0 2020/257668.

100106} it is understood that, throughout the description, in each instance where a
tRNA comprises, consists essentially of] or consists of a nuclectide sequence including one or
more thymines (1), a tRNA is also contemplated that comprises, consists essentially of, or
consists of the same nucleotide sequence including a uracil {U) 1n place of one or more of the
thymines (1), or a uracil {U} in place of all the thymines (T}. Similarly, in each instance
where a tRNA comprises, consists essentially of, or consists of a nuclectide sequence
inchuding one or more uracils (U}, a tRNA 15 also contemiplated that comprises, consists
essentially of, or consists of a nucleotide sequence including a thymine (T) in place of the one
or more of the uracis (U}, or a thyming (T} in place of all the uraciis (U). In addition,

additional modifications to the bases can be present.

100187] Methods for producing recombinant tRINA are described 1n U.S. Patent
Application Publication Nos. 2003/0108885 and 2005/0009049, Forster ef «f. {2003} PROC.
NATL. ACAD. SCL USA 100(1136353-6357, and Feng e al. (2003}, PROC. NATL. ACAD. 8C1.
USA 100(10). S676-5681.

100108] A RNA may be aminoacylated (7.e., charged) with a desired unnatural amino

actd (UAA) by any method, including enzymatic or chemical methods.

[00169] Euzymatic molecules capable of charging a tRNA include aminoacyl-{RNA
synthetases, ¢.g., aminocacyl-tRNA synthetases disclosed herein. Additional enzymatic
molecules capable of charging IRNA include ribozymes, for example, as described in
tHangakekare e . (1995} SCIENCE 267:643-647, Lohse er @l (1996} NATURE 381:442-444,
Murakami et af. {2003} CHEMISTRY AND BIOLOGY 10:1077-1084, U.S. Patent Application
Publication No. 2003/0228593,

{60110} Chemical aminoacylation methods include those described in Hecht (1992)
ACC. CHem. RES. 25:54S, Heckler e o, (1988) BiocHrM. 1988, 27:7254, Hecht ef . (1978)
J. BioL. CHEM. 253:4517, Cornish ef af. (1995) ANGEW. CHEM. INT. ED. ENGL. 34:621,
Robertson ef af. (1991) I An. CHem. SoC. 113:2722, Noven ef af. {(1989) SCIence 244182,

Bain ef af. (1989} J. Am. CHes. S0C. 111:8013, Bain er o (1992) NATURE 356:537, Gallivan

e}
L
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et al. (1997 CHEM. BiOL. 4740, Turcatti ef ¢/, (1996} | BioL. Crpm. 27119991, Nowalk ef
ad. {1995 SCiENCE 268:439, Saks er of (1996} 1. BioL. CHEM. 271:23169, and Hohsaka ef ¢/,

(1999} J. AmM. CHEM. S0oC. 121:34.

131, Unnstural Amino Acids {UAAS)

00111} The invention relates to unnatural amino acids (UAAs) and their incorporation

into proteins.

{00112} As used herein, an unnatural amine acid refers to any amino acid, modified
amino acid, or amino acid analogue other than the following twenty genetically encoded
alpha-amino acids: alanine, arginine, asparagine, aspartic acid, cysteine, glutamine, glutamic
acid, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine,
threonine, tryptophan, tyrosine, valine. See, e.g., Biochemisiry by L. Stryer, 3rd ed. 1988,
Freeman and Company, New York, for structures of the twenty natural amino acids. The
term unnatural amino acid also wchudes amino acids that oceur by modification {e.g. post-
transiational modifications} of a natural amino acid but are not themselves naturally

incorporated into a growing polypeptide chain by the translation complex.

{00113} Because unnatural aroivo acids typically differ froro natural amivo acids only
in the structure of the side chain, unnatural amino acids may, for example, form amide bonds
with other amino acids in the same manner in which they are formed in naturally occurring
proteins. However, the unnatural aming acids have side chain groups that distinguish them
from the natural amino acids. For example, the side chain may comprise an alkyl-, aryl-,
acyl-, keto-, azido-, hydroxvl-, hydrazine, cyano-, halo-, hydrazide, alkenyl, alkyl, ether,
thiol, seleno-, sulfonyl-, borate, boronate, phospho, phosphono, phosphine, heterocyclic,
enone, imine, aldehyde, ester, thicacid, hydroxylamine, amine, and the like, or any
combination thereof. Other non-naturally occurring amino acids include, but are not limited
to, amino acids comprising a photoactivatable cross-linker, spin-labeled amino acids,
fluorescent amino acids, metal binding amino acids, metal-containing amino acids,
radicactive amino acids, amino acids with novel functional groups, amino acids that
covalently or noncovalently interact with other molecules, photocaged and/or
phototsomerizable amino acids, amino acids comprising biotin or a biotin avalogue,
glycosylated amino acids such as a sugar substituted serine, other carbohydrate modified

amino acids, keto-containing amino acids, amino acids comprising polyethylene glycol or
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polyether, heavy atom substituted amino acids, chemically cleavable and/or photocleavable
amino acids, amino acids with an elongated side chains as compared to natural amino acids,
including but not limited to, polyethers or long chain hydrocarbons, including but not limited
to, greater than about S or greater than about 10 carbons, carbon-linked sugar-containing
amino acids, redox-active amino acids, amino thioacid containing amino acids, and amino

acids comprising one or more toXic moiety.

{00114} In addition to unnatural amino acids that contain novel side chains, unnatural

amino acids also optionally comprise modified backbone structures.

100115} Many unnatural amino acids are based on natural amino acids, such as
tyrosine, glutamine, phenylalanine, and the like. Tyrosine analogs include para-substituted
tyrosings, ortho-substituted tyrosines, and meta substituted tyrosines, wherein the substituted
tyrosine comprises a keto group (including but not lirnited to, an acetyl group), a benzoyl
group, an amino group, a hydrazine, an hydroxyamine, a thiol group, a carboxy group, an
isopropyl group, a methyl group, a Ce-Coo straight chain or branched hydrocarbon, a
saturated or unsaturated hydrocarbon, an O-methyl group, a polyether group, a nitro group,
or the like. In addition, multiply substituted aryl rings are also contemplated. Glutamine
analogs include, but are not imited to, a-hydroxy derivatives, y-substituted derivatives,
cyclic derivatives, and amide substituted glutamine derivatives. Exemplary phenylalanine
analogs include, but are not limited to, para-substituted phenylalanines, ortho-substituted
phenylalanines, and meta-substituted phenylalanines, wherein the substituent comprises a
hydroxy group, a methoxy group, a methyl group, an allyl group, an aldehyde, an azido, an
iodo, a bromo, a keto group (inchading but not imited to, an acetyl group), or the like.
Specific examples of unnatural amino acids include, but are not limited to, a pracetyl-L-
phenylalanine, a p-propargyi-phenylalanine, O-methyl-L-tyrosine, an L-3-(2~
naphthyijalanine, a 3-methyl-phenylalanine, an O-4-allyl-L-tyrosine, a 4-propyl-L-tyrosine, a
tri~-O-acetyl-GleNAcB-serine, an L-Dopa, a fluorinated phenylalanmune, an isopropyi-L-
phenylalanine, a p-azido-L-phenylalanine, a p-acyl-L-phenylalanine, a p-benzoyl-L-
phenylalanne, an L-phosphoserine, a phosphonoserine, a phosphonotyrosine, a p-iodo-
phenylalanine, a p-bromophenylalasine, a p-amino-L-phenylalanine, an isopropyl-L-

phenylalanine, and a p-propargyloxy-phenyialanine, and the like.
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{00116} Examples of structures of a variety of unnatural amino acids are provided in
U.S. Patent Application Publication Nos. 2003/008257S and 2003/0108885, PCT Publication
No. WO 2002/085923, and Kiick ef af. (2002) PROC. NATL. ACAD. SCL USA 99:19-24.

{00117} An unnatural amino acid in a polypeptide may be used to attach another
molecule to the polypeptide, including but not limited to, a label, a dye, a polymer, a water-
soluble polymer, a derivative of polyethylene glycol, a photoactivatable crosslinker, a
radionuclide, a cytotoxic compound, a drug, an affinity label, a photoattinity label, a reactive
compound, a resin, a second protein or polypeptide or polypeptide analog, an antibody or
antibody fragment, a metal chelator, a cofactor, a fatty acid, a carbohydrate, a polynucleotide,
a DNA, a RNA, an antisense polynucleotide, a saccharide, a water-soluble dendrimer, a
cyclodextrin, an inhibitory ribonucleic acid, a biomaterial, a nanoparticle, a spin label, a
fluorophore, a metal-containing moiety, a radioactive motety, a novel functional group, a
group that covalently or noncovalently interacts with other molecules, a photocaged moiety,
an actinic radiation excitable motety, a photoisomenizable motety, biotin, a derivative of
biotin, a biotin analogue, a moiety incorporating a heavy atom, a chemteally cleavable group,
a photocleavable group, an elongated side chain, a carbon-linked sugar, a redox-active agent,
an aming thicacid, a toxic moiety, an isotopically labeled moiety, a biophysical probe, a
phosphorescent group, a chemiluminescent group, an electron dense group, a magnetic
group, an intercalating group, a chromophore, an energy transter agent, a biologically active
agent, a detectable label, a small molecule, a quantum dot, a nanotransmitter, an

immunomodulatory molecule, or any combination of the above.

100118} Any suitable unnatural amino acid can be used with the methods deseribed

herein for incorporation into a protein of interest.

{00119] The unnatural amino acid may be a leucine analog. The tnvention provides a
feucine analog depicted 1o FIGURE 24 or a composition comprising the leucine analog.
For example, Formula A in FIGURE 24 depicts an amino acid analog containing a side
chain including a carbon containing chain n units {(0-20 uniisy long. An G, §, CHy, or NH s
present in at position X, and another carbon containing chain of n units {(0-20 units) long can
follow. A functional group Y is attached to the terminal carbon of second carbon containing
chain (for example, functional groups 1-12 as depicted in FIGURE 2A, where R represents a
finkage to the terrinal carbon atom the second carbon containing side chain). In one

example, these functional groups can be used for bioconjugation of any amenable ligand to
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any protein of interest that 1s amenable 1o site-specific UAA incorporation. Formula B in
FIGURE 2A depicts a similar amino acid analog containing an side chains denoted as either
Z-Y or Z-Y5 attached to the second carbon containing chain or the first carbon containing
chain, respectively. Z represents a carbon chain comprising (CHz)n units, where n 18 any
integer from 0-20. Y2 or Y3, independently, can be the same or different groups as those of
Y1 The invention also provides a leucine analog depicted in FIGURE 2B (LCA, LKET, or
ACA}, or a composition comprising the leucine analog depicted in FIGURE 2B. Additional
exemplary leucine analogs include those selected from linear alkyl halides and linear
aliphatic chains comprising a functional group, for example, an alkyne, azide, eyclopropene,
alkene, ketone, aldehyde, diazirine, or tetrazine functional group, as well as structures 1-6
shown in FIGURE 2C, However, 1t 1s contemplated that the amino and carboxylate groups
both attached to the first carbon of any amino acid shown in FIGURES 2A-2C would
constitute portions of peptide bonds when the leucine analog 1s incorporated mnto a protein or

polypeptide chain.

{00120} In certain embodiments, the unnatural amino acid is a tryptophan analog (also
referred to herein as a derivative). Exemplary tryptophan analogs include S-azidotryptophan,
S-propargvioxyiryptophan, S-aminctryptophan, S-methoxytryptophan, 5-O-allyltryptophan or
S-bromotryptophan. Additional exemplary tryptophan analogs are depicted in FIGURE 3.
However, it is contemplated that the amino and carboxylate groups both attached to the first
carbon of the tryptophan analogs in FIGURE 3 would constitute portions of peptide bonds

when the tryptophan analog is incorporated into a protein or polypeptide chain.

{00121} in addition, the UAAs set forth in FIGURE 144 referred to as {U5AzMe (a
teucyl analog), LCA (a leucyl analog) and AzW (a tryptophan analog) can be used in the

practice of the invention.

[00122] CSAzMe (Compound 5 as shown in FIGURE 14B) can be prepared in a
manner similar to the synthesis outlined in FIGURE 14B. Compound S can be furnished by,
for example, the deprotection of Compound 4. Deprotection of Compound 4 comprises the
removal of a protecting group (e.g. Boc). Conditions for deprotection may include, but are
not limited to, HCHin DCM. Compound 4 can be generated, for exarople, via nucleophilic
substitution of Compound 3 when exposed to a suitable nucleophile {e.g. N37). Exemplary
conditions for nucleophilic substitution include, but are not himited to, NalNs in DMF at 80

°C. Compound 3 can be prepared, for example, via nucleophilic addition of Compound 1 to
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Compound 2. Exemplary conditions for nucleophilic addition include, but are not limited to,
K:C0Os5 at 0 °C to RT. Furthermore, if desired, the ester of Compound 5 can be removed by

exposure to mild aqueous basic conditions to produce the carboxylic acid form of the UAA.

{00123} AzW (Compound 15 as shown in FEGURE 14C) can be prepared in a manner
similar to the synthesis outlined in FEGURE 14C. Compound 15 can be prepared, for
example, under basie conditions from its hydrochloride salt 14, Exemplary basic conditions
include, but are not limited to, KOtBu in THF. Hydrochlornide salt 14 can be prepared, for
example, via saponification followed by deprotection of Compound 13. Conditions for
saponification and deprotection of a protecting group {e.g., Boc) are known to a person of
ordinary skill in the art. For example, saponification can be accomplished using 1M NaOH
in MeCOH. In certain embodiments, conditions for deprotection include, but are not limited
to, HCI {(aq.). Compound 13 can be synthesized, for example, through a metal-mediated
coupling of Compound 12 with a suitable azide source. Compound 13 can be made, for
exaruple, from Compound 12 using NaNs, Cu{OAcy in MeOH. Compound 12 can, for
example, be prepared from Compound 11 through metal-catalyzed boronation of Compound
11, Exemplary conditions for metal-catalyzed boronation include, but are not limited to
Baping, PACL - dppf, and KOAc 1o 1,4-dioxane. Compound 11 can be prepared, for example,
via protection of Compound 10 using a suitable protecting group (e.g., Boc). Protection of
Compound 10 can be accomplished using Boc: (O, BN, and DMAP in CHoCl. Compound
10 can be synthesized, for example, from Compound @ under conditions suitable for reducing
an oxime, for example, using Zn 1w AcOH. Compound 9 can synthesized, for example, via
nucleophilic addition of indole & to Compound 7. Narcoleptic addition of Compound & to
Compound 7 can occur in the presence of NapyCOs in CHCl. Compound 7 can be prepared,

for example, by exposing Compound 6 to hydroxylamine hydrochloride in methanol.

{00124} LCA (Compound 21 as shown in FIGURE 14¥F) can be prepared in a manner
sitotlar to the synthesis outlined 1o FEGURE 14F. Compound 21 can be prepared, for
example, from Compound 20 through exposure of Compound 20 to a suitable acid, for
exaruple, but not limited to, 4M HCH in dioxane. Compound 20 can be generated through
hydrolyzation of imine 19, Hydrolyzation of imine 19 can be accomplished, for example,
using 1M HCI {ag.y in THF. Compound 19 can be generated, for example, via nucleophilic
substitution of Compound 18 when exposed to a suitable nucleophile {e.g. N37). Exemplary

conditions for nucleophilic substitution include, but are not limited to, NaMNsz in DMF.

30
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Compound 13 can be prepared via nucleophilic addition of the enolate of Compound 16 to
Compound 17. Suttable conditions tor accomplishing synthesis of compound trom
Compounds 16 and 17 include, but are not limtted to, tetrabutylammonium hydrogensulfate
(TBAHS) and 10% NaOH 1in DCM. Additional methods for synthesis of LCA are shown in
FIGUREs 14D and 14E.

{00125]) Many unnatural amino actds are commercially available, e g., from Sigma-
Alddrich (St. Louss, Mo., USA}, Novabiochem (Darmstadt, Germany), or Peptech
{Burlington, Mass,, USA}. Those that are not commercially avatiable can be synthesized
using standard methods known to those of ordinary skill in the art. For organic synthesis
techuiques, see, e.g., Urganic Chemistry by Fessendon and Fessendon, (1982, Second
Edition, Willard Grant Press, Boston Mass. ), Advanced Organic Chemistry by March {Third
Ediion, 1985, Wiley and Sons, New York), and Advanced Organic Chemisiry by Carey and
Sundberg {Third Edition, Parts A and B, 1990, Plenum Press, New York). Additional
exeroplary publications describing the synthesis of unnatural amino acids appear in PCT
Publication No. WOZ002/085923, U.S. Patent Application Publication No. 2004/0198637,
Matsoukas ef al. (19953 J. MED. CHEM. 38:4660-4669, King e /. (1949} 1. CHEM. S0C. 3315
3319, Friedman ef al. (1959) J. AM. CHEM. SOC. 81:3750-3752, Craig ef al. (1988} §. ORG.
CHEM. 53:1167-1170, Azoulay ef of. (1991) Eur. J. MED. CHEM. 26:201-5, Koskinen ef al.
{19893 J. OrG. CHeEM. 54:1859-1866, Christie ef af. (1985} J. OrG. CHEM. 50:1239-1246,
Barton ef af. (1987) TETRAHEDRON 43:4297-4308, and Subasinghe ef o/ (1992} J MED.

CHeM. 35:4602-7.
IV. Vectors

100126} tRNAs, aminoacyl-tRNA synthetases, or any other molecules of interest may
be expressed in a cell of interest by incorporating a gene encoding the molecule into an
appropriate expression vector. As used herein, "expression vector” refers to a vector
comprising a recombinant polynucleotide comprising expression control sequences
operatively linked to a nucleotide sequence to be expressed. An expression vector comprises
sufficient cis- acting elements for expression; other elements for expression can be supplied
by the host cell or tn an in vitro expression systemn.

106127] tRNAs, aminoacyl-tRNA synthetases, or any other molecules of interest may
be introduced 1o a cell of interest by incorporating a gene encoding the wolecule into an

appropriate transter vector. The term "transfer vector” refers to a vector comprising a

31
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recombinant polynucleotide which can be used to deliver the polynucleotide to the interior of
acell. It is understood that a vector may be both an expression vector and a transfer vector,
{00128} Yectors {e.g., expression vectors or transfer vectors) include all those known
in the art, such as cosmids, plasmids {e.g., naked or contained in liposomes), retrotransposons
{e.g. piggvback, sleeping beauty), and viruses {e.g., lentiviruses, retroviruses, adenoviruses,
and adeno-associated viruses) that incorporate the recombinant polynucleotide of interest.
{006129] Typical vectors contain transcription and translation terminators, transcription
and translation initiation sequences, and promoters useful for regulation of the expression of
the particular target nucleic acid. The vectors optionally comprise generic expression
cassettes containing at least one independent terminator sequence, sequences permiiting
replication of the cassette in eukaryotes, or prokaryotes, or both (including but not limited to,

shuttle vectors) and selection markers for both prokaryotic and eukaryotic systems.

100136} in certain embodiments, the vector comprises a regulatory sequence or
promoter operably linked to the nucleotide sequence encoding the suppressor tRNA and/or
the tRINA synthetase. The term "operably hinked" refers to a linkage of polynuciectide
elements in a functional relationship. A nucleic acid sequence 1s "operably linked" when it 13
placed into a functional relationship with another nucleic acid sequence. For instance, a
promoter or enhancer is operably linked to a gene if 1t affects the transcription of the gene.
Operably linked nucleotide sequences are typically contiguous. However, as enhancers
generally tunction when separated from the promoter by several kilobases and intronic
sequences may be of variable lengths, some polynucieotide elements may be operably hinked
but not directly flanked and may even function iz frans from a different allele or

chromosome,

{00131} Exemplary promoters which may be employed include, but are not limited to,
the retroviral LTR, the SV40 promoter, the human cytomegalovirus (CMV) promoter, the U6
promoter, the EF 1o promoter, the CAG promoter, the HI promoter, the UbiC promoter, the
PGK promoter, the 7SK promoter, a pol H promoter, a pol [iI promoter, or any other
promoter {e.g., cellular promoters such as eukaryotic cellular promoters including, but not
fimited to, the histone, pol I, and B-actin promoters). Other viral promoters which may be
employed include, but are not limited to, adenovirus promoters, TK promoters, and B19
parvovirus promoters. The selection of a suttable promoter will be apparent to those skilled

in the art from the teachings contained herein. In certain embodiments, a vector comprises a
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nucleotide sequence encoding an aminoacvl~IRNA synthetase operably inked to a CMV or
an EF 1o promoter and/or a nucleotide sequence encoding a suppressor tRNA operably linked

to 8 U6 or an HI promoter.

100132} in certain embodiments, a vector {e.g., an expression vector or a transfer
vector) comprises a nucleie acid encoding a suppressor tRNA {e.g., a suppressor tRNA
disclosed herein) and nucleic acid encoding a tRNA synthetase mutein {e.g., a tRNA
synthetase mutein disclosed herein) and the nucleic acid encoding the suppressor tRNA and
the nucleic acid encoding the tRNA synthetase mutein are present in a ratio selected from 1:1

20,31, 48, 50,60, 71, 81, 9:1, 1001, 1201, 1401, 16:1, 18:1, 2001, 24:1, 281, 32:1, 36:1,

k2

3

4001, 44:1, 48:1, 54:1, and 64:1. Io certain embodiments, the nucleic acid encoding the
suppressor tRNA and the tRNA synthetase mutein are present in a ratio between 1:1 and
64:1, 'land 321, Il and 161, Liand 8:1, Bl and 41, 4.1 and 641, 4.1 and 32:1, 4.1 and
16:1, 4 1and 81, & land 64:1, 8:1 and 32:1, 8:1 and 16:1, 16:1 and 64:1, 16:1 and 32:1, or
32:1 and 64:1.

{00133} In certain embodiments, the vector 1s a viral vector. The term "virus™ 15 used
herein to refer to an obligate intraceliular parasite having no protein-synthesizing or energy-

generating mechanusm. Exemplary viral vectors include retroviral vectors (e.g., entiviral

’

vectors), adenoviral vectors, adeno-associated viral vectors, b SVinIses vectors, ep

Tna v v 7e ey g
E U

{00134] The virus may be a RNA virus (having a genome that is composed of RNAY or

a DNA virus (having a genome composed of DNA ) o certain embodiments, the viral vector

is a DNA virus vector. Hxemy

In certain embodiments, the viral vector is a RINA virus vector. Exemplary RNA viruses

include bunyaviruses {e.g., hantavirus}, coronaviruses, flaviviruses {e.g., yellow fever virus,
west nile virus, dengue virus), hepatitis viruses {e.g., hepatitis A virus, hepatitis C virus,
hepatitis E virus), mfluenza viruses {e. 2., wofluenza virus type A, influenza virus type B,

influenza virus type C), measles virus, mumps virus, noroviruses {e.g., Norwalk virus},
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poliovirus, respiratory syneytial virus (RSV}, retrovituses (e.g., human immunodeficiency

virus-1 (HIV-1}) and toroviruses.

Adeno-associated virus (AAV) Vectors

{30135} In certain embodiments, a vector is an adeno-associated virus (AAY) vector,
AAV is a small, nonenveloped icosahedral virus of the genus Dependoparvovirus and family
Parvovirus., AAV has a single-stranded hinear DNA genome of approximately 4.7 kb, AAV
is capable of infecting both dividing and guiescent cells of several tissue types, with different

AAY serotypes exhibiting different tissue tropisr.

{00136} AAY includes numerous serologically distinguishable types including
serotypes AAV-1 to AAV-12, as well as more than 100 serctypes from nonhuman primates
{See, e.g., Srivastava (2008} J. Cerl BiocHeM,, 105(1): 17-24, and Gao ef af (2004} 1
YIROL., 78(12}, 6381-6388). The serotype of the AAV vector used in the present invention
can be selected by a skilled person in the art based on the efficiency of delivery, tissue
tropism, and immunogenicity. For example, AAV-1, AAV-2, AAV-4, AAV-5 AAV-8, and
AAV-9 can be used for delivery to the central nervous system; AAV-1, AAV-§, and AAV-9
can be used for delivery to the heart; AAV-2 can be used for delivery to the kidney;, AAV-T,
AAV-8, and AAV-9 can be used for delivery to the liver; AAV-4, AAV-5, AAV-6, AAV-9
can be used for delivery to the lung, AAV-B can be used for delivery to the pancreas, AAV-2,
AAV-5, and AAV-8 can be used for delivery to the photoreceptor cells; AAV-1, AAV-2,
AAY-4, AAV-5, and AAVY-8 can be used for delivery to the retinal pigment epithelium;
AAV-1, AAV-6, AAV-T7, AAV-8, and AAV-9 can be used for delivery to the skeletal
muscie. In certain embodiments, the AAV capsid protein comprises a sequence as disclosed
in (.S, Patent No. 7,198,951, such as, but not limited to, AAV-9 (§EQ 1D NOs: 1-3 of US.
Patent No. 7,198,951), AAV-2 (SEQ ID NG: 4 of U.S. Patent No. 7,198,951), AAV-1 (SEQ
NGO 5 of US Patent No. 7,198,951}, AAV-3 (SEQ 1D NO: 6 of U8, Patent No.
7,198,951, and AAV-8 (SEQ ID NO: 7 of U.S. Patent No. 7,198,951). AAV serotypes
identified from rhesus monkeys, eg., th 8, th 10, th.39, th.43, and rh .74, are also
conternplated in the instant invention. Besides the natural AAV serotypes, moditied AAV
capsids have been developed for improving efficiency of delivery, tissue tropism, and
immunogenicity. Exemplary natural and moditied AAY capsids are disclosed in U.S. Patent

Nos. 7,906,111, 9,493,788, and 7,198,951, and PCT Publication No. WO2017189964A2.
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{60137] The wild-type AAY genome contains two 145 nucleotide inverted terminal
repeats (ITRs), which contain signal sequences directing AAVY replication, genome
encapsidation and integration. In addition to the ITRs, three AAVY promoters, p3, p19, and
p40, drive expression of two open reading frames encoding rep and cap genes. Two rep
promoters, coupled with differential spliciog of the stngle AAV wotron, result in the
production of four rep proteins (Rep 78, Rep 68, Rep 52, and Rep 40) from the rep gene. Rep
proteins are responsible for genomic replication. The Cap gene 18 expressed from the p40
promoter, and encodes three capsid proteins (VP1, VP2, and VP3) which are splice variants

of the cap gene. These proteins form the capsid of the AAV particle.

{060138] Because the cis~-acting signals for replication, encapsidation, and integration
are contained within the I'TRs, some or all of the 4.3 kb internal genome may be replaced
with foreign DNA, for example, an expression cassetie for an exogenous gene of interest,
Accordingly, in certain embodiments, the AAV vector comprises a genome comprising an
expression cassetie for an exogenous gene flanked by a S” TR and a 37 ITR. The I'TRs may
be derived from the same serotype as the capsid or a derivative thereof. Alternatively, the
ITRs may be of a different serotype from the capsid, thereby generating a pseudotyped AAV.
in certain embodiments, the I'TRs are derived from AAV-2. In certain embodiments, the
ITRs are derived from AAV-5. At least one of the ITRs may be modified to mutate or delete
the terminal resolution site, thereby allowing production of a self-complementary AAV

vector.

100139] The rep and cap proteins can be provided in frams, for example, on a plasmid,
to produce an AAY vector. A host cell line permissive of AAV replication must express the
rep and cap genes, the ITR-flanked expression cassette, and helper functions provided by a
helper virus, for example adenoviral genes Ela, ET1b55K, E2a, Edorto, and VA (Weitzman ef
af., Adenc-associated virus biology. Adeno-Associated Virus: Methods and Protocols, pp. 1-
23,2011 Methods for generating and purifying AAV vectors have been described 1o detail
(See e.g., Mueller et al., (2012) CURRENT PROTOCOLS IN MICROBIOLOGY, 140.1.1-14D.1 21,
Production and Discovery of Novel Recombinant Adeno-Associated Viral Vectors).
Numerous cell types are suitable for producing AAYV vectors, including HEK293 cells, COS
cells, Hel.a cells, BHK cells, Vero cells, as well as insect cells {(See e.g. U.S. Patent Nos.
6,156,303, 5,387 484, 5,741,683, 5,601,176, 5,688,676, and 8,163,543, U S. Patent
Publication No. 20020081721, and PCT Publication Nos. WO00/47757, W000/24916, and
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WOO6/17947). AAV vectors are typically produced in these cell types by one plasmid
containing the I'TR-flanked expression cassette, and one or more additional plasmids

providing the additional AAY and helper virus genes.

00140} AAV of any serotype may be used in the present invention. Simularly, it is
contemplated that any adenoviral type may be used, and a person of skill in the art will be
able to wdentity AAV and adenoviral types suitable for the production of their desired
recombinant AAV vector (tAAV). AAV particles may be purified, for example by affinity

chromatography, iodixonal gradient, or CUsCl gradient.

100141} AAY vectors may have single-stranded genomes that are 4.7 kb in size, or are
larger or smaller than 4.7 kb, including oversized genomes that are as large as 52 kb, or as
small as 3.0 kb. Thus, where the exogenous gene of interest to be expressed from the AAV
vector 18 small, the AAV genome may comprise a stuffer sequence. Further, vector genomes
may be substantially self-complementary thereby allowing for rapid expression in the cell. In
certain embodiments, the genome of a seif~-complementary AAV vector comprises from 5" to
3" a 5TITR; a first nuclete acid sequence comprising a promoter and/or enhancer operably
linked to a coding sequence of a gene of interest; a modified TR that does not have a
functional terminal resolution site; a second nucleic acid sequence complementary or
substantially complementary to the first nucleic acid sequence; and a 3' [TR. AAV vectors

containing genomes of all types are suitable for use in the method of the present invention.

{00142] Non-limiting examples of AAV vectors include pAAV-MCS (Agilent
Technologies), pAAVK-EF1a-MCS (System Bio Catalog # AAVS02A-1), pAAVK-EFla-
MCST-CMV-MCS2 (Systern Bio Catalog # AAVS03A-1), pAAV-Z3Greenl (Cloutech
Catalog #6231}, pAAV-MCS2 (Addgene Plasmid #46954), AAV-Stutfer (Addgene Plasmid
#106248), pAAVscCBPIGplue (Addgene Plasmid #35645), AAVST Puro PGK1 3xFLAG
_Twin_Strep {Addgene Plasmid #68375), pAAV-RAM-d2TTA TRE-MCS-WPRE-pA
{Addgene Plasmid #63931), pAAV-UbC (Addgene Plasnud #62806), pAAVSI-P-MCS
{Addgene Plasmid #80488), pAAV-Gateway (Addgene Plasmid #32671), pAAV-Puro_siKD
{Addgene Plasmid #86695), pAAVS1-Nst-MCS (Addgene Plasmid #80487), pAAVS1-Nst-
CAG-DEST (Addgene Plasmid #80489), pAAVSI-P-CAG-DEST (Addgene Plasmid
#80490), pAAVE-EnhCB-lacZnls {Addgene Plasmid #35642), and pAAVSI-shRNA
{Addgene Plasmid #32697). These vectors can be moditied to be suitable for therapeutic use,

For example, an exogenous gene of interest can be inserted in a multiple cloning site, and a
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selection marker {e.g., puro or a gene encoding a fluorescent protein} can be deleted or
replaced with another (same or different) exogenous gene of interest. Further exarmples of
AAV vectors are disclosed in UK. Patent Nos. 5,871,982, 6,270,996, 7,238,526, 6,943,019,
6,953,690, 9,150,882, and 8,298 818, U.S. Patent Publication No. 2009/0087413, and PCT
Publication Nos. WOR2017075335A1, WO2017075338A2, and WO2017201258A1.

Lentivirus Vectors

{00143} in certain embodiments, the viral vector can be a retroviral vector. Examples
of retroviral vectors include moloney murine leukemia virus vectors, spleen necrosis virus
vectors, and vectors derived from retroviruses such as rous sarcoma virus, harvey sarcoma
virus, avian leukosis virus, human immunoedeficiency virus, myeloproliferative sarcoma
virus, and mammary fumor virus. Retroviral vectors are useful as agents to mediate

retroviral-mediated gene transfer into eukaryotic cells.

{00144} In certain embodiments, the retroviral vector is a lentiviral vector, Exemplary
lentiviral vectors include vectors derived from human immunodeficiency virus-1 (HIV-1},
human immunodeticiency virus-2 (HIV-2), simian immunodeficiency virus (SIV), feline

r

smmunodeficiency virus (FIV}, bovine immunodeficiency virus (BIV}, Jembrana Disease
Virus (JDV), equine infectious anernia virus (EIAV), and caprine arthritis encephalitis virus

(CAEV).

{30145} Retroviral vectors typically are constructed such that the majority of sequences
coding for the structural genes of the virus are deleted and replaced by the gene(s) of tnterest.
(Often, the structural genes {i.e., gag, pol, and env), are removed from the retroviral backbone
using genetic engineering techruques known in the art. Accordingly, a minimum retroviral
vector comprises from 5 to 3" a 5 long terminal repeat (1. TR}, a packaging signal, an
optional exogenous promoter and/or enhancer, an exogenous gene of interest, and a 3' LTR.
If no exogenous promoter 1s provided, gene expression is driven by the 5 LTR, which is a
weak promoter and requires the presence of Tat to activate expression. The structural genes
can be provided in separate vectors for manufacture of the fentivirus, rendering the produced
virions replication-defective. Specifically, with respect to lentivirus, the packaging system
may comprise a single packaging vector encoding the Gag, Pol, Rev, and Tat genes, and a
third, separate vector encoding the envelope protein Env (usually VSV-(G due 1o its wide

infectivity}. To improve the satety of the packaging system, the packaging vector can be
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sphit, expressing Rev from one vector, Gag and Pol from another vector. Tat can also be
eliminated from the packaging system by using a retroviral vector comprising a chimeric 57
LTR, wherein the U3 region of the 57 LTR is replaced with a heterologous regulatory

element.

100146} The genes can be incorporated into the proviral backbone in several general
ways. The most straightforward constructions are ones in which the structural genes of the
retrovirus are replaced by a single gene that is transcribed under the control of the viral
regulatory sequences within the LTR. Retroviral vectors have also been constructed which
can introduce more than one gene into target cells. Usually, in such vectors one gene is under
the regulatory control of the viral LTR, while the second gene ts expressed either off a

spliced message or is under the regulation of its own, internal promoter.

100147] Accordingly, the new gene(s) are flanked by S" and 3’ LTRs, which serve to
promote transcription and polyadenylation of the virion RNAs, respectively. The term “long
terminal repeat” or “LTR” refers to domains of base pairs located at the ends of retroviral
DNAs which, in their vatural sequence context, are divect repeats and contain U3, R and US
regions. LTRs generally provide functions fundamental to the expression of retroviral genes
{e.g., promotion, nitiation and polyadenylation of gene transcripts) and to viral replication.
The LTR contains numerous regulatory signals including transcriptional control elements,
polyadenylation signals, and sequences needed for replication and integration of the viral
genome. The U3 region contains the enhancer and promoter elements. The US region is the
sequence between the primer binding site and the R region and contains the polyadenylation
sequence. The R {repeat) region is flanked by the U3 and U5 regions. In certain
embodiments, the R region comprises a trans-activation response {TAR) genetic element,
which interacts with the trans-activator {tat) genetic element to enhance viral replication.
This element is not required in embodiments wherein the U3 region of the 5" LTR is replaced

by a heterologous promoter.

{00148} in certain embodiments, the retroviral vector comprises a modified §" LTR
and/or 3' LTR. Modifications of the 3" LTR are often made to improve the safety of lentiviral
or retroviral systems by rendening viruses replication-defective. In specific embodiments, the
retroviral vector is a self-inactivating (SIN} vector. As used herein, a SIN retroviral vector
refers to a replication-defective retroviral vector in which the 3' LTR U3 region has been

modified (e.g., by deletion or substitution} to prevent viral transcription beyond the first
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round of viral replication. This is because the 3’ LTR U3 region is used as a template for the
S"LTR U3 region during viral replication and, thus, the viral transcript cannot be made
without the U3 enhancer-promoter. In a further embodument, the 3' L'TR s modified such
that the US region is replaced, for example, with an ideal polyadenylation sequence. Tt
should be noted that modifications to the LTRs such as modifications to the 3' LTR, the §'

LTR, orboth 3"and 5’ LTRs, are also included in the invention.

{00149} In certain embodiments, the U3 region of the 5" LTR is replaced with a
heterologous promoter to drive transcription of the viral genome during production of viral
particles. Examples of heterologous promoters which can be used include, for example, viral
simian virus 40 (SV40) (e.g., early or late), cytomegalovirus (CMV) {e.g., immediate early),
Moloney murine leukemia virus (MoMLV}, Rous sarcoma virus (R8VY), and herpes simplex
vitus {HSV) (thymidine kinase) promoters. Typical promoters are able to drive high levels of
transcription in a Tat-independent manner. This replacement reduces the possibility of
recornbination to generate replication-competent virus, because there is no complete U3

sequence tn the virus production system.

{00150} Adjacent the 5’ LTR are sequences necessary for reverse transcription of the
genorne (the tRNA primwer binding site)} and for efficient packaging of viral RNA nto
particles {the Psi site}. Asused herein, the term “packaging signal” or “packaging sequence”
refers to sequences located within the retroviral genome which are required for encapsidation
of retroviral RNA strands during viral particle formation {see e.g., Clever er el 1995 J.
VIROLOGY, 69(4):2101-09). The packaging signal may be a minimal packaging signal (also

referred to as the psi [W] sequence) needed for encapsidation of the viral genome.

{00151} in certain embodiments, the retroviral vector {e.g., lentiviral vector) further
comprises a FLAP. Asused herein, the term “FLAP” refers to a nucleic acid whose sequence
inchudes the central polypurine tract and central termination sequences (cPPT and CTS) of a
retrovirus, e.g., HIV-1 or HIV-2. Suitable FLAP elements are described in U8, Patent No.
6,682,907 and 1n Zennou ef of. (2000} Cery, 101:173. During reverse transcription, central
initiation of the plus-strand DNA at the ¢PPT and central termination at the CTS lead to the
formation of a three~stranded DNA structure: 4 central DNA flap. While not wishing to be
bound by any theory, the DNA flap may act as a cis-active deternunant of lentiviral genome
nuciear import and/or may iocrease the titer of the virus. In particular embodiments, the

retroviral vector backbones comprise one or more FLAP elements upstream or downstream
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of the heterologous genes of interest in the vectors. For example, in particular embodiments,
a transfer plasmid includes a FLAP element. In one embodiment, a vector of the invention

comprises a FLAP element isolated from HIV-1.

{00152} in certain embodiments, the retroviral vector {e.g., lentiviral vector) further
comprises an export element. In one embodiment, retroviral vectors comprise one or more
export elements. The term “export element” refers to a cis-acting posi-transcriptional
regulatory element which regulates the transport of an RNA transcript from the nucleus to the
cytoplasm of a cell. Examples of RNA export elements include, but are not limited to, the
human immunodeficiency virus (HIV) RRE {(see e.g., Cullen er oo/, (1991} J. VIROL. 65:
1053, and Cullen ef o/, (1991} CELL 58 423) and the hepatitis B virus post-transcriptional
regulatory element (HPRE). Generally, the RNA export element is placed within the 3' UTR

of a gene, and can be inserted as one or multiple copies.

{00153} in certain embodiments, the retroviral vector {e.g., lentiviral vector) fusther
comprises a posttranseriptional regulatory elernent. A variety of postiranscriptional
regulatory elements can increase expression of a heterologous nucleic acid, e.z., woodchuck
hepatitis virus posttranscriptional regulatory element (WPRE; see Zufferey ef oof | (19993 1.
VIROL.., 73:2886); the posttranscriptional regulatory element present o hepatiiis B virus
(HPRE)} (Huang ef o/, MOL. CELL. BIOL ., 5:3864); and the hike (Liv ef o/, (1993), GENES
DEv,, 9:1766). The posttranscriptional regulatory element is generally positioned at the 3’
end the heterclogous nucleic acid sequence. This configuration results in synthesis of an
mRNA transcript whose 5’ portion comprises the heterologous nucleic acid coding sequences
and whose 3 portion comprises the posttranscriptional regulatory element sequence. In
certain embodiments, vectors of the invention lack or do not comprise a posttranscriptional
regulatory element such as 3 WPRE or HPRE, because in some instances these elements
increase the risk of cellular transformation and/or do not substantially or significantly
increase the amount of mRNA transcript or increase mRNA stability. Therefore, in certain
embodiments, vectors of the invention lack or do not comprise a WPRE or HPRE as an added
safety measure.

[00154] Elements directing the efficient termination and polyadenylation of the
heterologous nucleic acid transcripts increase heterologous gene expression. Transcription
termination signals are generally found downsiream of the polyadenylation signal.

Accordingly, in certain embodiments, the retroviral vector {e.g., lentiviral vector) further

40



10

15

20

30

WO 2022/032186 PCT/US2021/045088

comprises a polyadenviation signal. The term “polyadenylation signal” or “polyadenylation
sequence” as used herein denotes a DNA sequence which directs both the termination and
polyadenylation of the nascent RNA transcript by RNA polvimerase H. Efficient
polyadenylation of the recombinant transcript 1s desirable as transcripts lacking a
polyadenylation signal are unstable and are rapidly degraded. Hustrative exaroples of
polvadenylation signals that can be used in a vector of the invention, includes an ideal
polyadenylation sequence (e.g., AATAAA, ATTAAA, AGTAAA), a bovine growth hormone
polyadenvlation sequence (BGHpA), a rabbit B-globin polyadenvlation sequence (rfgpA), or

another suitable heterologous or endogenous polyadenylation sequence known in the art,

[00155] In certain embodiments, a retroviral vector further comprises an insulator
element. Insulator elements may contribute to protecting retrovirus-expressed sequences,
e.z., therapeutic genes, from integration site effects, which may be mediated by cis-acting
elements present in genomic PNA and lead to deregulated expression of transferred
sequences {i.e., position effect; see, e.g., Burgess-Beusse ef ¢/, (2002} PrOC. NATL, ACAD.
SC1., USA, 99:16433; and Zhan ef of., 2001, HuM. GEnET, 109:471). In certain
embodiments, the retroviral vector comprises an insulator element in one or both LTRs or
elsewhere in the region of the vector that integrates into the cellular genome. Suitable
insulators for use in the invention include, but are not limited to, the chicken B-globin
insulator {see Chung ef al., (1993). CELL 74:50S; Chung ef al., (1997) PROC. NATL. ACAD.
Scr, USA 94:575; and Bell er ol 1999, CELL 98:387). Examples of insulator elements

include, but are not limited to, an insulator from a B-globin locus, such as chicken HS4,

{00156} Non-limiting examples of lentiviral vectors include pLVX-EF1alpha-
AcGFPI-Cl (Clontech Catalog #63 1984}, pLVX-EF lalpha-IRES-mCherry (Clontech
Catalog #631987), pLVX-Puro (Clontech Catalog #632159), pLVX-IRES-Puro (Clontech
Catalog #632186), pLenti6/V5-DEST™ (Thermo Fisher), pLenti6 2/V5-DEST'™ (Thermo
Fisher), pLKO.1 (Plasmid #10878 at Addgene), pLKO.3G (Plasmid #14748 at Addgene),
pSico (Plasmid #11578 at Addgene), pLIM1-EGFP (Plasmid #19319 at Addgene), FUGW
(Plasmid #14883 at Addgene), pL.VTHM (Plasmid #12247 at Addgene), pLVUT-{TR-KRAB
{Plasmitd #11651 at Addgene}, pLL3.7 (Plasmitd #11795 at Addgene}, pL.B (Plasmid #11619
at Addgene), pWPXL (Plasmid #12257 at Addgene), pWPI (Plasmid #12254 at Addgene),
EF.CMV RFP (Plasmid #17019 at Addgene}, pLentt CMV Puro DEST {(Plasmid #17452 at
Addgene), pLenti-puro (Plasmid #39481 at Addgene), pULTRA (Plasnud #24129 at
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Addgene)}, pE X301 (Plasmid #25895 at Addgene), pHIV-EGYP (Plasmid #21373 at
Addgene), pLV-mCherry (Plasmid #36084 at Addgene), pLionil (Plasmid #1730 at
Addgene), ploducer10-mir-RUP-PheS (Plasmid #44011 at Addgene). These vectors can be
modified to be suitable for therapeutic use. For example, a selection marker {¢.g., puro,
EGFP, or mCherry) can be deleted or replaced with a second exogenous gene of interest.
Further examples of lentiviral vectors are disclosed in U8, Patent Nos. 7,629,153, 7 198 950,
8,329,462, 6,863,884, 6,682,907, 7,745,179, 7,250,299, 5,994,136, 6,287,814, 6,013,516,
6,797,512, 6,544,771, 5,834,256, 6,958,226, 6,207,455, 6,531,123, and 6,352,694, and PCT

k2

Publication No. WO2017/091786.

Adenoviral Veciors

{00157} In certain embodiments, the viral vector can be an adenoviral vector,
Adenoviruses are medium-sized {90-100 nm}, non-enveloped (naked), icosahedral viruses
composed of a nucleocapsid and a double-stranded linear DNA genome. The term
"adenovirus" refers to any virus in the genus Adenoviridiae including, but not limited to,
human, bovine, oving, equine, canine, porcing, murine, and simian adenovirus subgenera.
Typically, an adenoviral vector is generated by introducing one or more mutations {e.g., a
deletion, insertion, or substitution) into the adenoviral genome of the adenovirus so as to
accommodate the insertion of a non-native nucleic acid sequence, for example, for gene

transfer, into the adenovirus.

{00158] A human adenovirus can be used as the source of the adenoviral genome for
the adenoviral vector. For instance, an adenovirus can be of subgroup A (e.g, serotypes 12,
18, and 31 ), subgroup B {e.g., serotypes 3, 7, 1 1, 14, 16, 21, 34, 35, and 50}, subgroup C
{e.g., serotypes 1 | 2, 5, and 6), subgroup D {e.g., serotypes 8, 9, 10, 13, 15, 17, 19, 20, 22-30,
32,33, 36-39, and 42-48), subgroup E (e.g., serotype 4), subgroup F {e.g., serotypes 40 and
41}, an unclassified serogroup {e.g., serotypes 49 and 51), or any other adenoviral serogroup
or serotype. Adenoviral serotypes 1 through 51 are available from the American Type Culture
Collection (ATCC, Manassas, Virginia}, Non-group C adenoviral vectors, methods of
producing non-group C adenoviral vectors, and methods of using non- group C adenoviral
vectors are disclosed in, for example, UK. Patent Nos. 5,801,030, 5,837,511, and 5,849,561,

and PCT Publication Nos. W(01997/012986 and WQ1998/053087.
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{00159] Non-human adenovirus {e.g., ape, simian, avian, canine, ovine, or bovine
adenoviruses) can be used to generate the adenoviral vector {(i.e., as a source of the adenoviral
genome for the adenoviral vector). For example, the adenoviral vector can be based on a
simian adenovirus, including both new world and old world monkeys (see, e.g., Virus
Taxonomy: VHIth Report of the International Committee on Taxonomy of Viruses (20053},
A phylogeny analysis of adenoviruses that infect primates is disclosed in, e.g., Roy ef .
{2009) PLOS PATHOG. 5(73.e1000503. A gorilla adenovirus can be used as the source of the
adenoviral genome for the adenoviral vector. Gorilla adenoviruses and adenoviral vectors are
described in, e.g., PCT Publication Nos. WO2013/052799, W(O2013/052811, and
WO2013/052832. The adenoviral vector can also comprise a combination of subtypes and

thereby be a "chimeric" adenoviral vector.

{00160] The adenoviral vector can be replication-corpetent, conditionally replication-
competent, or replication-deficient. A replication-competent adenoviral vector can replicate
in typical host cells, /e, cells typically capable of being infected by an adenovitus. A
conditionally-replicating adenoviral vector is an adenoviral vector that has been engineered 1o
replicate under pre-determined conditions. For example, replication-essential gene functions,
e.g., gene functions encoded by the adenoviral early regions, can be operably linked to an
inducible, repressible, or tissue-specific transcription control sequence, e.g., a promoter.
Conditionally-replicating adevnoviral vectors are further described o U S, Patent No.
5,998,205, A replication-deficient adenoviral vector is an adenoviral vector that requires
complementation of one or more gene functions or regions of the adenoviral genome that are
required for replication, as a result of, for example, a deficiency in one or more replication-
essential gene function or regions, such that the adenoviral vector does vot replicate in typical

host cells, especially those in a human to be infected by the adenoviral vector.

{00161} Preferably, the adenoviral vector is replication-deficient, such that the
replication- deficient adenoviral vector requires complementation of at least one replication-
essential gene function of one or more regions of the adenoviral genome for propagation
{e.g., to form adenoviral vector particles). The adenoviral vector can be deficient in one or
more teplication-essential gene functions of only the early regions {7.e., E1-E4 regions) of the
adenoviral genome, ouly the late regions (V.e., L1-L5 regions) of the adenoviral genome, both
the early and late regions of the adenoviral genome, or all adenoviral genes {7.e., a high

capacity adenovector (HC-Ad)). See, e.g., Morsy et al. (1998) PROC. NATL. Acap. S¢1 USA
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95: 965-976, Chen ef of. (1997) PROC. NATL. ACAD. SCt USA 94: 1645-1650, and Kochanek
et gf. {1999y Hum. GENE THER. 10(15):2451-9. Exarples of replication-deficient adenoviral
vectors are disclosed in UK. Patent Nos. 5,837 511, 5,851,806, 5,994 106, 6,127,175,
6,482,616, and 7,195,896, and PCT Publication Nos. WO 1994/028152, WO 1995/002697,
WO1995/016772, WO1995/034671, WO 1996/022378, W(31997/012986, WO1997/021826,
and WO2003/022311.

[060162] The replication-deficient adenoviral vector of the invention can be produced in
complementing cell lines that provide gene functions not present in the replication-deficient
adenoviral vector, but required for viral propagation, at appropriate levels in order to generate
high titers of viral vector stock. Such complementing cell lines are known and include, but
are not limited to, 293 cells {described in, e.g., Graham ef af. {1977)J. GEN. VIROL. 36! 59-
72}, PER.CO cells {described n, e.g., PCT Publication No. W(1997/000326, and U.S. Patent
Nos. 5,994 128 and 6,033,908), and 293-0ORF6 cells {described in, e.g., PCT Publication No.
WO1995/034671 and Brough ef o (1997) 1. VIROL. 71 9206-9213). Other suitable
complementing cell lines to produce the replication-deficient adenoviral vector of the
invention include complementing cells that have been generated to propagate adenoviral
vectors encoding transgenes whose expression inhibits viral growth in host cells (see, e g,
U.S. Patent Publication No. 2008/0233650). Additional suitable complementing cells are
described in, for example, U S Patent Nos. 6,677,156 and 6,682,929, and PCT Publication
No. W02003/020879. Formulations for adenoviral vector-containing compositions are
further described in, for example, UK. Patent Nos. 6,225,289, and 6,514,943, and PCT
Publication No. WO2000/034444.

100163} Additional exemplary adenoviral vectors, and/or methods for making or
propagating adenoviral vectors are described 1n 1S, Patent Nos. 5,559,099, 5,837,511,
5,846,782, 5,851,806, 5,994,106, 5,994,128, 5,965,541, 5,981,225, 6,040,174, 6,020,191,
6,083,716, 6,113,913, 6,303,362, 7.067.310, and 9,073,980,

! >
{00164} Commercially available adencoviral vector systems include the ViraPower™
Adenoviral BExpression Systern avatlable from Thermo Fisher Scientific, the AdEasy™
adenoviral vector system available from Agilent Technologies, and the Adeno-X™

Expression System 3 available from Takara Bio USA| Inc.

Y. Host Cells and Cell Lines
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{00165] Also encompassed by the invention are host cells or cell lines {e.g.,
prokarvotic or eukaryotic host cells or cell lines) that include a tRNA, aminoacyl-tRNA
synthetase, unnatural aming acid, nucleic acid, and/or vector disclosed herein. The nucleic
acid encoding the engineered tRNA and aminoacyl-tRNA synthetase can be expressed in an
expression host cell either as an autonomously replicating vector within the expression host
cell {e.g., a plasmid, or viral particle} or via a stable integrated element or series of stable

integrated elements in the genome of the expression host cell, e.g., a mammalian host cell.

{30166} Host cells are genetically engingered (including but not limited to,
transformed, transduced or transfected), for example, using nucleic acids or vectors disclosed
herein. For example, in certain embodiments, one or more vectors include coding regions for
an orthogonal tRNA, an orthogonal aminocacyl-tRNA synthetase, and, optionally, a protein to
be modified by the inclusion of one or more UAAs, which are operably linked to gene
expression control elements that are functional in the desired host cell or cell line. For
exaruple, the genes encoding tRNA synthetase and tRNA and an optional selectable marker
{e.g., an aptibiotic resistance gene, e.g., a puromycin resistance cassetie} can be integrated in
a transfer vector {e.g., a plasmid, which can be linearized prior to transfection), where for
example, the genes encoding the tRNA syuthetase can be under the control of a polymerase
W promoter {e.g., CMV, EF 1o, UbiC, or PGK, e.g., CMV or EFla) and the genes encoding
the tRNA can be under the control of a polymerase I promoter {e.g., U6, 75K, or H1, e.g,
U6}, The vectors are transfected into cells and/or microorganisms by standard methods
including electroporation or infection by viral vectors, and clones can selected via expression

of the selectable marker (for example, by antibiotic resistance}.

00167] Exemplary prokaryotic host cells or cell lines include cells derived from a
bacteria, e.g., Fscherichia cofi, Thermus thermophilus, Bacillus stearothermophilus,
Psendomonas fluorvescens, Pseudomonas aeruginoss, and Pseudomonas pufida. Exemplary
eukaryotic host celis or cell lines include cells derived from a plant (e.g., a complex plant
such as a monocot or dicot}, an algae, a protist, a fungus, a yeast (including Swccharomyces
cerevisiae), or an animal (including a mammal, an nsect, an arthropod, efc.}. Additional
exemplary host celis or cell lines include HEK293, HEK 2937, Expi293, CHO, CHOK1, 59,
S£21, Hel.a, U208, A549, HT1080, CAD, P19, NIH 373, L929, N2a, MCF-7, Y79, SO-
RBS50, HepG2Z, DUKX-X11, IS58L, BHK, COS, Vero, NSO, or ESCs. It is understood that a
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host cell or cell line can include individual colonies, 1solated populations (monoclonal}, or a

heterogeneous mixture of cells,

{30168] A conternplated cell or cell line includes, for example, cue or multiple copies
of an orthogonal tRNA/aminoacyl-tRINA synthetase pair, optionally stably maintained 1n the
cell’s genome or another piece of DNA maintained by the cell. For example, the cell or cell
line may contain one or more copies of (1) a tryptophanyl tRNA/aminoacyl-tRNA synthetase
pair {wild-type or engineered) stably maintained by the cell, and/or (11} a leucyl
tRNA/aminoacyl-IRINA synthetase pair (wild-type or engineered) stably maintained by the

cell.

100169] For example, in certain embodiments, the cell line s a stable cell line and the
cell line comprises a genome having stably integrated thergin (i) a nucleic acid sequence
encoding an anunoacyl-tRNA synthetase (e.g., a prokaryotic tryptophanyi-tRNA synthetase
mutein capable of charging a tRNA with an unnatural amino acid or a prokaryotic leucyl-
tRNA synthetase mutein capable of charging a tRNA with an unnatural amino acid, e.g., a
tRNA synthetase mutein disclosed herein); and/or (1) a nucleic acid sequence encoding a
suppressor tRNA (e.g., prokaryotic suppressor tryptophanyl-tRNA capable of being charged
with an unnatural armino acid or prokaryotic suppressor leucyl-RNA capable of being

charged with an unnatural amino acid, e.g, a suppressor tRNA disclosed herein}.

100176} it is contemplated that the nucleic acid sequence encoding the aminoacyl-
tRNA synthetase {e.g., a prokaryotic tryptophanyi-tRNA synthetase mutein capable of
charging a tRNA with an unnatural amino acid or a prokaryotic teucyl-tRNA synthetase
rutein capable of charging a tRNA with an vonatural amino acid, e.g., a tRNA synthetase
mutein disclosed herein), when integrated into the genome of the host cell, has a copy
number in the range from about 1 to about 50, from about 5 to about 50, from about 10 to
about 50, from about 15 to about 50, from about 20 to about 50, from about 25 o about 50,
from about 30 to about 50, from about 35 to about 50, from about 40 to about 50, from about
1 to about 40, from about 5 to about 40, from about 10 to about 40, from about 15 to about
40, from about 20 to about 40, from about 25 to about 40, from about 30 to about 40, from
about 35 to about 40, from about T to about 30, from about § to about 30, from about 10 to
about 30, from about 15 to about 30, from about 20 to about 30, from about 25 to about 30,
from about 1 to about 20, from about S to about 20, from about 10 to about 20, from about 15

to about 20. Copy number may be determined by, for example, full genome sequencing.
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{00171} In a contemplated stable cell line, the nucleic acid sequence encoding the
suppressor tRNA (e.g., prokaryotic suppressor tryptophanyl-tRNA capable of being charged
with an unnatural amino acid or prokaryotic suppressor leucyl-tRNA capable of being
charged with an unnatural amino acid, e.g, a suppressor tRNA disclosed herein}, when
integrated into the genome of the host cell, has a copy vumber in the range from about 1 to
about 500, from about 5 to about 500, from about 10 to about 500, from about 15 to about
500, from about 20 to about SO0, from about 25 to about 300, from about SO to about 500,
from about 75 to about 500, from about 100 to about 500, from about 125 to about 500, from
about 150 to about 500, from about 175 to about SO0, from about 200 to about 5300, from
about 225 to about 500, from about 250 to about 500, from about 1 to about 450, from about
S to about 450, from about 10 to about 450, from about 15 to about 450, from about 20 to
about 450, from about 25 to about 450, from about 50 to about 450, from about 75 to about
450, from about 100 to about 450, from about 125 to about 430, from about 150 to about 450,
from about 175 to about 450, from about 200 to about 450, from about 225 to about 450,
from about 250 to about 450, from about 1 to about 400, from about 5 to about 400, from
about 10 to about 400, from about 15 to about 400, from about 20 to about 400, from about
25 to about 400, from about 50 to about 400, from about 75 to about 400, from about 100 1o
about 400, from about 125 t0 about 400, from about 150 to about 400, from about 175 to
about 400, from about 200 to about 400, from about 225 t¢ about 400, from about 250 to
about 400, from about 1 to about 330, from about 5 to about 350, from about 10 1o about 350,
from about 15 to about 350, from about 20 to about 350, from about 25 to about 350, from
about 530 to about 350, from about 75 to about 350, from about 100 to about 350, from about
125 to about 350, from about 150 to about 350, from about 175 to about 350, from about 200
to about 350, from about 225 to about 350, or from about 250 to about 350, from about 1 to
about 300, from about S to about 300, from about 10 to about 300, from about 15 to about
300, from about 20 to about 300, from about 25 to about 300, from about 50 1o about 300,
from about 75 to about 300, from about 100 to about 300, from about 125 to about 300, from
about 150 to about 300, from about 173 to about 300, from about 200 to about 300, from
about 225 to about 300, or from about 250 to about 300, from about 1 to about 200, from
about 5 o about 200, from about 10 to about 200, from about 15 to about 200, trom about 20
to about 200, from about 25 to about 200, from about 50 to about 200, from about 75 to about
206, from about 100 to about 200, from about 125 to about 200, from about 150 to about 200,

from about 175 to about 200, from about | to about 175, from about 5 to about 175, from
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about 10 to about 175, from about 15 to about 175, from about 20 to about 175, from about
25 to about 175, from about 50 to about 175, from about 75 to about 173, from about 100 to
about 173, from about 125 to about 175, from about 150 to about 173, from about 1 to about
150, from about S to about 150, from about 10 to about 150, from about 15 to about 150,
from about 20 to about 150, from about 25 to about 150, from about 50 to about 150, from
about 75 to about 150, from about 100 to about 150, from about 125 to about 150, from about
I to about 125, from about S to about 125, from about 10 to about 125, from about 15 to
about 125, from about 20 to about 125, from about 25 to about 125, from about 50 to about
125, from about 75 to about 125, from about 100 to about 125, from about 1 to about 100,
from about 3 to about 100, from about 10 to about 100, from about 15 to about 100, from
about 20 to about 100, from about 25 1o about 100, from about 50 to about 100, from about
75 1o about 100, from about 1 to about 75, from about 3 to about 75, from about 10 to abouwt
75, from about 15 to about 75, from about 20 to about 75, from about 25 to about 75, from
about 50 to about 75, from about T to about 50, from about 5 to about 50, from about 10 to
about 50, from about 15 to about 50, from about 20 to about 50, from about 25 to about 50,
from about 1 to about 25, from about S to about 25, from about 10 to about 25, from about 15
to about 25, from about 20 to about 25, from about 1 to about 20, from about 5 to about 20,
from about 10 to about 20, from about 15 to about 20, from about 1 to about 15, from about S
to about 13, from about 10 o about 15, from about 1 to about 10, from about S t¢ about 10, or
from about 1 to about 5. In certain embodiments, the nucleic acid sequence encoding the
suppressor tRNA has a copy number greater than 500 {e.g., a copy number in the range from
about 500 to about 2000, from about 500 to about 1800, from about 500 to about 1600, from
about 500 to about 1400, from about 500 to about 1200, from about 500 to about 1000, from
about 500 to about 900, from about 500 to about 800, from about 500 to about 700, or from
about 500 to about 600}, In certain embodiments, the nucleic acid sequence encoding the
suppressor tRNA has a copy number less than 500, less than 450, less than 400, less than 350,
less than 300, less than 250, less than 200, less than 175, less than 150, less than 123, less
than 100, less than 75, less than 50, less than 25, less than 10, or less than 5. Copy number

may be determined by, for example, full genome sequencing.

{00172} Inn certain embodiments, the suppressor tRNA and the tRNA synthetase mutein
are present in a ratio selected from 1:1, 2:1, 3:1, 4:1, 5.1, o1, 701, 8.1, 9:1, 1011, 12:1, 14:1,

16:1, 18:1, 20:1, 24:1, 28:1, 321, 36:1, 40:1, 44:1, 481, 541, and 64:1. In certain
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embodiments, the suppressor tRNA and the tRNA synthetase mutein are present in a ratio
between 11 and 64:1, L'l and 32:1, Ll and 16:1, 11 and 8:1, il and 4.1, 4:1 and 64:1, 4.1
and 32:1, 43 and 161, 41 and 8:1, 8T and 64:1, 8.1 and 32:1, B:1 and 161, 1671 and 64:1,
16: 1 and 32:1, or 32:1 and 64: 1.

[00173] In certain embodiments, the cell line is capable of expressing the target protein

{e.g., continuously) for at feast 3, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110,

AN

~ 0

120, 150 or 180 days {e.z., when the cells are maintained in continuous culture). In certain
embodiments, the cell line is capable of expressing the target protein (e.g., continuously) for
from 5 t0 120, 5t0 100, 5t0 75, 510 50, 510 40, 510 30, 510 20, 5t0 10, 1010 120, 10 0
104, 10 to 75, 10 1o 50 days, 10 to 40 days, 10 to 30 days, 10 10 20 days, 20 to 120, 20 1o 100,
2010 75, 20 to 50 days, 20 to 40 days, 20 t0 30 days, 30 t0 120, 30 t0 100, 3010 75, 30 t0 50
days, 30 t0 40, 40 t0 120, 40 to 100, 4010 75, 40 to 50, 50 10 120, 5010 100, S0to 75, 7S io

120, 75 t0 100, or 100 to 120 days (e.g., when the cells are maintained in continuous culture}.

{00174] In certain embodiments, the cell line is capable of expressing the target protein
{e.g., continuously} for at feast 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110,
120, 150 or 180 passages {e.g., when the cells are passaged once per day). In certain
embodiments, the cell line 18 capable of expressing the target protein {e.g., continuously) for
from 5 t0 120, 510 100, 5t0 75, 510 50, 5t0 40, 51030, 510 20, 510 10, 10 t0 120, 10 10
100, 1010 75, 10 te 50, 10t0 40, 10 to 30, 10 t0 20, 20 t0 120, 20 t0 100, 20 10 75, 20 to 50,
2010 40, 2010 30, 30 t0 120, 3010 100, 3010 75, 30 to 50, 30 10 40, 40 to 120, 40 to 100, 40
to 75, 40 t0 50, 50 t0 120, 50 t0 100, 5010 75, 75 10 120, 75 to 100, or 100 to 120 passages

{e.g., when the cells are passaged once per day).

{00175} in certain embodiments, the cell line maintains genomic copy number {GCN})
of the suppressor tRNA and/or the tRNA synthetase for at feast 5, 10, 15, 20, 25, 30, 35, 40,
45, 50, 60, 70, 30, 90, 100, 110, 120, 150 or 130 days {e.g., when the cells are maintained in
continuous culture}. In certain embodiments, the cell line maintains genomic copy number
{(GUN) of the suppressor tRNA and/or the tRNA synthetase for from 5 to 120, 510 100, S to
75, 5 t0 50, 5 t0 40, 50 30, 5 t0 20, 5 t0 10, 10to 120, 10 to 100, 10 t0 75, 10 to 50, 10 to 40,
10 t0 30, 10 t0 20, 20 to 120, 20 to 100, 20 to 75, 20 to 50, 20 to 40, 20 to 30, 30 10 120, 30 to
100, 30 t6 75, 30 to 50, 30 0 40, 40 to 120, 40 to 100, 40 to 75, 40 to 50, 50 to 120, 50 to
100, 5010 75, 7S to 120, 75 to 100, or 100 10 120 days {e.g., when the cells are maintained in

continuous culture).
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{0¢176] In certain embodiments, the cell line maintains genomic copy number (GCN)
of the suppressor tRNA and/or the tRNA synthetase for at least 5, 10, 15, 20, 25, 30, 35, 40,
45, 50, 60, 70, 80, 90, 100, 110, 120, 150 or 180 passages {e.g., when the cells are passaged
once per day). In certain embodiments, the cell hine the cell line maintains genomic copy
number (GCN) of the suppressor tRNA and/or the tRNA synthetase for from S to 120, 5 to
100, 510 75, 5 t0 50, 5 to 40, 5 t0 30, 5 t0 20, 5 t0 10, 10 to 120, 10 to 100, 10 to 75, 10 to 50,
10 to 40, 10 10 30, 10 to 20, 20 to 120, 20 to 100, 20 to 75, 20 to 50, 20 to 40, 20 to 30, 30 to
126, 30 10 100, 3010 75, 30 10 50, 30 t0 40, 40 10 120, 40 10 100, 40 t0 75, 40 16 50, 5G to
120, S0 10 100, 5010 7S, 75 t0 120, 7S to 100, or 100 to 120 passages {e.g., when the cells are

passaged once per day).

{00177} in certain embodiments, the cell line is capable of expressing the target
protein at a level of expression that is at least 30%, 40%, 50%, 60%, 70%, 80%, or 90%, or
about 100% of the level of expression of the template protein expressed in a corresponding
cell line from the geoe lacking a premature stop codon, for exarople, the cell line is capable of
expressing the target protein {e.g., continuously) at the level of expression for at feast §, 10,
15,20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 120, 150 or 180 days (e.g,, when the

cells are maintained in continuous culture).

{00178} in certain embodiments, (1) the cell line is capable of expressing the target
protein at a level of expression that 1s at least 30%, 40%, 50%, 60%, 70%, 80%, or 90%, or
about 100% of the level of expression of the template protein expressed in a corresponding
cell line from the gene lacking a premature stop codon, for example, the cell line is capable of
expressing the target protein at the level of expression {e.g., continuously) for at least 5, 10,
15,20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 120, 150 or 180 days (e.z., when the
cells are maintained in continuous culture), and {ii} the sucleic acid sequence encoding the
suppressor tRINA has a copy number less than 500, less than 450, less than 400, less than 350,
fess than 300, less than 250, less than 200, fess than 175, less than 150, less than 1285, less
than 100, less than 75, less than 50, less than 25, less than 10, or fess than 5. Copy number

may be determined by, for example, full genome sequencing.

{00179] Methods to introduce a nucleic acid encoding a {RNA and/or an aminoacyl-
tRINA synthetase into the genome of a cell of interest, or to stably maintain the nucleie acid

in DNA replicated by the cell that is outside of the genome, are well known in the art.
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{00180} The nucleic acid encoding the tRNA and/or an aminoacyl-tRNA synthetase
can be provided to the cell in an expression vector, transfer vector, or DNA cassette, e.g., an
expression vector, transter vector, or DNA cassette disclosed herein. The expression vector
transfer vector, or DNA cassetie encoding the tRINA and/or aminoacyl-tRNA synthetase can
contain one or more copies of the tRNA and/or aminoacyl-tRNA syunthetase optionally under
the control of an inducible or constitutively active promoter. The expression vector, transfer
vector, or DNA cassette may, tor example, contain other standard components (evhancers,
terminators, efc. ). It is contemplated that the nucleic acid encoding the tRNA and the nucleic
acid encoding the aminoacyl-tRNA synthetase may be on the same or different vector, may
be present in the same or different ratios, and may be introduced into the cell, or stably

integrated in the cellular genome, at the same time or sequentially.

100181} One or multiple copies of a DNA cassette encoding the tRNA and/or
aminoacyl-tRNA synthetase can be integrated into a host cell genome or stably maintained in
the cell using a transposon system {(e.g., PiggyBac), a viral vector {e.g., a lentiviral vector or
other retroviral vector), CRISPR/Cas® based recombination, electroporation and natural
recombination, a BxB 1 recombinase system, or using a replicating/maintained piece of DNA
{(such as one derived from Epstein-Barr virus).

{00182} in order to select for cell lines which stably maintain the nucleic acid

UAAs into a protein of interest, a selectable marker can be used. Exemplary selectable
markers include zeocin, puromycin, neomyein, dihydrofolate reductase (DHFR), glutamine
synthetase (GS), mCherry-EGFP fusion, or other fluorescent protetns. In certain
embodiments, a gene encoding a selectable marker protein (or a gene encoding a protein
required for a detectable function, e.g:, viability, in the presence of the selectable marker)
may include a premature stop codon, such that the protein will only be expressed if the cell
fine 1s capable of wncorporating a UAA at the site of the premature stop codon. In certain
embodiments, the selection of a stable cell line comprises incubating cells with puromycin,
for example, atabout 1,2, 3,4, 5,6, 7, 8,9, or 10 ug/ml, greater than or equal to 1, 2, 3, 4, 5,
6,7,8,9 or 10 ug/ml, less than orequal to0 1, 2, 3,4, 5,6, 7, &, 9, or 10 yg/mi, or from 1 to
10,210 10,410 10,0t0 10,810 10, 1t0 R, 2108, 4108,6t08, 1106, 2106,4t0 6, L to4, 2

to4, or 1102 pg/ml
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{00183] In certain embodiments, to develop a host cell or cell line tncluding two or
more tRNA/aminoacyl-tRNA synthetase pairs, one can use multiple identical or distinet
UAA directing codons 1n order to identity host cells or cell lines which have incorporated
multiple copies of the two or more tRNA/aminoacyl-tRINA synthetase pairs through iterative
rounds of genomic ntegration and selection. Host cells or cell lines which contain enhanced
UAA incorporation efficiency, low background, and decreased toxicity can first be isolated
via a selectable marker containing one or roore stop codons. Subsequently, the host cells or
cell lines can be subjected to a selection scheme to identify host cells or cell lines which
contain the desired copies of tRNA/aminoacyl-{RNA synthetase pairs and express a gene of
interest {either genomically integrated or not} containing one or more stop codons. Protetn
expression may be assayed using any method known in the art, including for example,

Western blot using an antibody that binds the protein of tnterest or a C-terminal tag.

100184} The host cells or cell lines be cultured in conventional nutrient media
modified as appropriate for such activities as, for example, screening steps, activating
promoters of selecting transformants. These cells can optionally be cultured 1nto transgenic
organisms. Other useful references, e.g. for cell 1solation and culture {e.g., for subsequent
nucleic acid isolation} include Freshney (1994) Culture of Animal Cells, a Manual of Basic
Technique, third edition, Wiley-Liss, New York; Payne et al. (1992) Plant Cell and Tissue
Culture tn Liquid Systerns John Wiley & Sons, Inc. New York, N.Y ; Gamborg and Phillips
{eds.} (1995} Plant Cell, Tissue and Organ Culture; Fundamental Methods Springer Lab
Manual, Springer-Verlag (Berlin Heidelberg N.Y. ) and Atlas and Parks {(eds.) The Handbook

of Microbiological Media (1993 CRC Press, Boca Raton, Fla.

{00185] The production of an exemplary cell ine capable of producing antibodies
incorporating a UAA 1s described in Roy ef of (2020) MABS 12{1), e1684749). Additional
exemplary methods to generate stable cell lines for the incorporation of a UAA into a protein

are described in Example 2 and FIGURE 6 herein.

{30186} in certain embodiments, a method for the generation of a stable cell line for
the incorporation of a UAA into a protein comprises one of more of the following steps: (i)
transfecting cells with one or more plasmids encoding a suppressor tRNA and an aminoacyl-
tRINA synthetase, wherein the one or more plasmids tnclude a selectable marker {e.g,, an
antibiotic resistance gene) (1) selecting cells that contain the one or rore plasmids using the

selectable marker, (111) transtently transfecting cells with a reporter construct {e.g., a
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fluorescent reporter construct} that gives a detectable signal upon UAA incorporation into a
protein, (iv) selecting cells that are capable of UAA incorporation using the reporter
counstruct, and {v) further propagating the cells. In certain embodiments, the method further
comprises {vi} transiently transfecting cells with the reporter construct again, and selecting

cells that have maintained capability of UAA tucorporation using the reporter construct.

{00187} In certain embodiments, a method for the generation of a stable cell line
comprises contacting the cell with one or more vectors {e.g., expression vectors or transfers
vector), wheretn the ong or more vectors comptise a nucleic acid encoding a suppressor
tRNA {e.g., a suppressor tRNA disclosed herein} and a nucleic acid encoding a tRNA
synthetase mutein {e.g., a tIRNA synthetase mutein disclosed herein) and the nucleic acid
encoding the suppressor tRNA and the nucleic acid encoding the tRNA synthetase mutein are
present in a ratio selected from 101, 2.1, 3.1, 4:1, S:1, 6:1, 721, &1, 91, 10:1, 12:1, 14:1, 161,
18:1, 20:1, 24:1, 28:1, 32:1, 36:1, 40:1, 44:1, 48:1, 54:1, and 64:1. In certain embodiments,
the nucleic acid encoding the suppressor tRNA and the tRNA synthetase mutein are present
in aratio between 'l and 641, Dl and 321, 11 and 1611, 1:1 and 8:3, 1.1 and 4.1, 4:1 and
64:1, 41 and 321, 41 and 161, 4.1 and 8:1, B:1 and 64:1, 8.1 and 32:1, 8:1 and 1611, 16:1
and 64:1, 16:1 and 32:1, or 32:1 and 64:1.

{00188} in certain embodiments, a method for the generation of a stable cell line
comprises contacting the cell with a single vector {e.g., a single expression vector or transter
vector}, wherein the single vector comprises a nucleic acid encoding a suppressor tRNA (e.g,,
a suppressor tRNA disclosed herein} and a nucleic acid encoding a tRNA synthetase mutein
{e.g., a tRNA synthetase mutein disclosed herein). In certain embodiments, a method for the
generation of a stable cell line comprises contacting the cell with a first vector {e.g., a first
expression vector or transfer vector), wherein the first vector comprises a nucleic acid
encoding a suppressor tRNA {e.g., a suppressor tRNA disclosed herein} and a second vector
{e.g., a second expression vector or transter vector), wherein the second vector comprises a
nucleic acid encoding a tRNA synthetase {e.g., a tRNA synthetase mutein, e.g., a tRNA
synthetase mutein disclosed berein). In certain erobodiments, the cell 18 contacted with the
first and second vector simultaneously. In certain embodiments, the cell is contacted with the
first and second vector sequentially {e.g., the cell is first contacted with the first vector and
then contacied with the second vector, or the cell is first contacted with the second vector and

then contacted with the first vector).
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Vi, Proteins Including Unnatural Amino Acids {UAAS) and Methods Of Making The

Same

{00189] Also encompassed by the invention are proteins including unnatural amino

acids (UAAs) and methods of making the same.

{0019¢] The incorporation of an unnatural amino acid can be done for a variety of purposes,
including tatloting changes o protein structure and/or function, changing size, acidity,
niucleophilicity, hydrogen bonding, hydrophabicity, accessibility of protease target sites,
targeting to a moiety {e.g., for a protein array), adding a biologically active molecule,
attaching a polymer, attaching a radionuclide, modulating serum half-life, modulating tissue
penetration {e.g. tumors}, modulating active transport, modulating tissue, cell or organ
specifictty or distribution, modulating immunogenicity, modulating protease resistance, gic.
Proteins that include an unnatural amino acid can have enhanced or even entirely new
catalytic or biophysical properties. For example, the following properties are optionally
modified by inclusion of an unnatural amino acid into a protein: toxicity, biodistribution,
structural properties, spectroscopic properties, chemical and/or photochemical properties,
catalytic ability, half-life (including but not limited to, serum half-life), ability to react with
other molecules, including but not limited to, covalently or noncovalently, and the like. The
compositions including proteins that include at least one unnatural amino acid are useful for,
including but not limited to, novel therapeutics, diagnostics, enzymes, and binding proteins

{e.g., therapeutic antibodies).

{00191} A protein may have at least one, for example, at least two, at least three, at least
four, at least five, at least six, at least seven, at least eight, at least nine, or at least ten or more

UAAs. The UAAs can be the same or different. For example, therecanbe 1,2, 3,4, 5,6, 7,
&, 9, or 10 or more different sites in the protein that comprise 1, 2,3, 4,5, 6,7, 8,9, or 1G or
more different UAAs. A protein may have at least one, but fewer than all, of 3 particular
amino acid present in the protein substituted with the UAA For a given protein with more
than one UAA, the UAA can be identical or different (for example, the protein can include
two or more different types of UAAs, or can include two of the same UAA). For a given
protein with more than two UAAs, the UAAs can be the same, different or a combination of

a multiple unnatural amino acid of the same kind with at least one different UAA.
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{60192] In certain embodiments, the protein is an antibody {or a fragment thereotf},
bispecific antibody, nanobaody, affibody, viral protein, chemokine, antigen, blood coagulation

factor, hormone, growth factor, enzyme, or any other polypeptide or protein.

{00193} As used herein, unless otherwise indicated, the term “antibody” is understood
to mean an intact antibody {e.g., an intact monoclonal antibody), or a fragment thereof, such
as a Fc fragment of an antibody (e.g., an Fc fragment of a monoclonal antibody), or an
antigen-binding fragrment of an antibody (e.g., an antigen-binding fragment of a monoclonal
antibody}, including an intact antibody, antigen-binding fragment, or F¢ fragment that has
been modified, engineered, or chemically conjugated. Examples of antigen-binding
fragments include Fab, Fab’, (Fab™),, Fv, single chain antibodies {e.g., scFv), minibodies, and
diabodies. Examples of antibodies that have been modified or engineered include chimeric
antibodies, humanized antibodies, and multispecific antibodies {e.g., bispecific antibodies).

An example of a chemically conjugated antibody is an antibody conjugated to a toxin moiety.

{00194} Additional examples of therapeutic, diagnostic, and other proteins that can be
modified to comprise one or more unnatural amino acids are described in US. Patent

Application Publication Nos. 2003/0082575 and 2005/0009049.

{606195] tRMNAs, aminoacyl-tRNA synthetases, and/or unnatural amino acids disclosed
herein may be used to incorporate an unnatural amino acid into a protein of interest using any

appropriate translation system.

1006196} The term “transiation system” refers to a system ncluding corponents
necessary 1o incorporate an aming actd into a growing polypeptide chain {protein).
Components of a translation system can include, e.g., ribosomes, tRNA's, synthetases,
mRNA and the like. Translation systems may be cellular or cell-free, and may be
prokaryotic or eukaryotic. For example, translation systems may include, or be derived from,
a non-eukaryotic cell, e.g., a bactenium (such as £2. cofi), a evkaryotic cell, e.g., a yeast cell, a

mammalian cell, a plant cell, an algae cell, a fungus cell, or an insect cell.

{00197} Translation systems include host cells or cell lines, e.g., host cells or cell lines
contemplated herein. To express a polypeptide of interest with an unnatural amino acidin a
host cell, one may clone a polynucleotide encoding the polypeptide into an expression vector

that contains, for example, a promoter 1o direct transeription, a transcription/translation
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terminator, and if for a nucleic acid encoding a protein, a ribosome binding site for

transiational initiation.

{00198] Transiation systems also include whole cell preparations such as permeabilized
cells or cell cultures wherein a desired nucleic acid sequence can be transcribed to mRNA
and the mRNA translated. Cell-free translation systems are commercially available and
many different types and systems are well-known. Examples of cell-free systems include,
but are not limited to, prokaryotic lysates such as fuscherichia cofi lysates, and eukaryotic
fysates such as wheat germ extracts, insect cell lysates, rabbit reticulocyte lysates, rabbit
pocyte lysates and human cell lysates. Reconstituted translation systems may also be used.
Reconstituted translation systems may nclude mixtures of purified translation factors as well
as combinations of lysates or lysates supplemented with purified translation factors such as
inttiation factor-1 (IF-1), IF-2, IF-3 (o or #), elongation factor T (EF-Tu), or termination
factors. Cell-free systems may also be coupled transcription/translation systems wherein

DNA is introduced to the system, transcribed into mRNA and the mRNA is translated.

100199] The imvention provides methods of expressing a protein containing an
unnatural aminoe acid and methods of producing a protein with one, or more, unnatural amingo
acids at specified positions in the protein. The methods comprise incubating a translation
system {e.g., culturing or growing a host cell or cell line, e.g., a host cell or cell line disclosed
herein) under conditions that permit incorporation of the unnatural amino acid into the
protein being expressed in the cell. The transiation system may be contacted with {e.g. the
cell culture medium may be contacted with) one, or more, unnatural amino acids {e.g., leucyl
or ryptophanyl analogs) under conditions suttable for incorporation of the one, or more,

unnatural amino acids into the protein.

[00200] fn certain embodiments, the protein is expressed from a nucleic acid sequence
comprising a premature stop codon. The translation system {e.g., host cell or cell line) may,
for example, contain a leucyl-RNA synthetase mutein (e.g, a leucyl-tIRNA synthetase
mutein disclosed herein) capable of charging a suppressor leucyl tRNA (e.g., a suppressor
feucyl tRNA disclosed herein) with an unnatural amino acid (e.g., a leucyl analog) which is
incorporated into the protein at a position corresponding to the premature stop codon. In
certain embodiments, the leucyl suppressor tRNA comprises an anticodon sequence that
hybridizes to the premature stop codon and permits the unnatural amino to be incorporated

into the protein at the position corresponding to the premature stop codon.
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{00201} In certain embodiments, the protein is expressed from a nucleic acid sequence
comprising a premature stop codon. The translation system {e.g., host cell or cell line} may,
for example, contain a tryptophanyl-tRNA synthetase mutein {e.g., a tryptophanyl-tRNA
synthetase mutein disclosed herein capable of charging a suppressor tryptophanyl tRNA
{e.g., a suppressor tryptophanyl tRNA disclosed herein) with an unnatural amino acid {e.g,, a
tryptophan analog) which is incorporated into the protein at a position corresponding to the
premature stop codon. In certain embodiments, the tryptophanyl suppressor tRNA comprises
an anticodon sequence that hybridizes to the premature stop codon and permits the unnatural
aming to be incorporated into the protein at the position corresponding to the premature stop

codon.

{00202} Throughout the description, where compositions are described as having, including,
or comprising specific components, or where processes and methods are described as having,
including, or comprising specific steps, it is contemplated that, additionally, there are
compositions of the present tnvention that cousist essentially of, or cousist of, the recited
components, and that there are processes and methods according to the present invention that

consist essentially of, or consist of, the recited processing steps.

{30203] In the application, where an element or component 1s said to be tncluded 1 and/or
selected from a list of recited elements or components, it should be understood that the
element or component can be any one of the recited elements or components, or the element
or component can be selected from a group consisting of two or more of the recited elements

oF components.

{30204] Further, it should be understood that elerents and/or features of a composition or a
method described herein can be combined in a variety of ways without departing from the
spirit and scope of the present invention, whether explicit or implicit herein. For example,
where reference 1s made to a particular compound, that compound can be used in vasious
embodiments of compositions of the present invention and/or in methods of the present
invention, unless otherwise understood from the context. In other words, within this
application, embodiments have been described and depicted in a way that enables a clear and
concise application to be written and drawn, but 1t 13 intended and will be appreciated that
embodiments may be variously combined or separated without parting trom the present

teachings and invention(s). For example, it will be appreciated that all features described and
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depicted herein can be applicable to all aspects of the invention{s} described and depicted

herein.

{30205] It should be understood that the expression “at feast one of” wncludes individually
each of the recited objects after the expression and the various combinations of two or more
of the recited objects unless otherwise understood from the context and use. The expression
“and/or” in connection with three or more recited objects should be understood to have the

same meaning unless otherwise understood from the context.

{30206] The use of the term “include,” “includes,” “including,” “have,” “has,” “having,”
“contain,” “contains,” or “containing,” including grammatical equivalents thereof, should be
understood generally as open-ended and non-limiting, for example, not excluding additional
unrecited elements or steps, unless otherwise specifically stated or understood from the

context.

{30287] Where the use of the term “about” is before a quantitative value, the present
invention also includes the specific quantitative value itself, unless specifically stated
otherwise. As used hersin, the term “about” refers to a £10% variation from the nominal

value unless otherwise indicated or inferred.

{60208] It should be understood that the order of steps or order for performing certain
actions 1s tmmaterial so long as the present wnvention remain operable. Moreover, two or

more steps of actions may be conducted simultanegously.

{00209] The use of any and all examples, or exemplary language herein, for example, “such
as” or “including,” 1s intended merely to illustrate better the present invention and does not
pose a limitation on the scope of the invention unless claimed. No language in the
specification should be consirued as indicating any non-claimed element as essential to the

practice of the present invention.
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SEQUENCE LISTING

SEQ | Description | Sequence
)
NO

1 E. coli MOEQYRPEEIESKVQLHWDEKRTFEVTEDESKEKYYCLSMLPYPSGR
LeuRS LHMGHVRNYTIGDVIARYQRMLGKNVLOP IGWDAFGLPAEGRAVKNN
TAPAPWTYDNIAYMKNQLKMLGFGYDWSRELATCTPEYYRWEQRFET
CLYRKGLVYRKTSAVNWCPNDOTVLANEQV I DGCCWRCDTKVERKE T
POWFTKITAYADELLNDLDKLDHWEDTVKTMORNW I GRSEGVE T TEN
VNDYDNTLTVYTTRPDTFMGC TY LAVARGHPLAQKARENNPELARFT
DECRNTEVAEAEMATMEKKGVDTGFKAVHPLTGEE I PVWAANFVLME
¥CTGAVMAVEGEDORDYEFASKYGLNIKEVILAADGSEPDLSQORLT

EKGVLFNSGEFNGLDHEAAFNATADKL TAMGVGERKVNYRLEDWGVS

RORYWGAPTPMVTLEDGTYMPTPDDOLPVILPEDVVMDGITSPIKAD
PEWAKTTYNGMPALRETDT FDTFMES SWY YARY TCPQYKECMLDSEA
ANYWLPYDIYIGGIEHATMALLY FREFHKLMRDAGMVNS DEPAKQLL
COGMVLADAFYYVGENGERNWVSPVDAIVERDEKGR IVKAKDAAGHE
LVYTGMEKMSKSKNNGIDPQVMVERYGADTVRLFMMFAS PADMTLEW
QESGVEGANRFLKRVWKLVYEHTAKGDVAALNVDALTENQKALRRDV
HKTIAKVTDDIGRROTFNTATARTMELMNKLAKAPTDGEQDRALMOR
LLLAYVRMLNPETPHICFTLUOELKGEGD I DNAPWE VADEKRIVEDS
VVVQUNGKVRAK I TVPVDATEEQVRERAGOEHLVAKY LDGVTVRE
VI YVPGKLLNLVYGGRY

(%TQ ID NC: 1)
EEQYRFPEEIESKVOLHWDKKRTFEVTEDESKERYYCLSISPYPSGR
LHMGHVRNYTIGDVIARYORMLGKNVLOPIGWDAFGLPARGAAVENN
TAPAPWTYDNIAYMKNOQLKMLGFGYDWSREL ATC TPEYYRWEOQKFET
ELYKEKGLVYRKTSAVNWCPNDOTVLANEQVIDGCCWRCDTRVERKE T
P )b\’f’l KITAYADELLNDLDKLDHWEDTVKTMORNWIGRSEGVEITEN
7Y PDAFMGCTYLAVA
Z AENNPELAAFTIDECHEN ABARMATMERKGVDTGEKA
VHPLTGEETPVWAANEVILMEYGTGAVMAVPGHDORDYEFASKYGLNT
KPVILAADGSEPDLS QQAL LKGVLENSGEFNGLDEEAAFNATADKL
TAMGVGERKVNYRLEDWGVSRORYWGAP T PMVTLEDGTVMEPTPDDOL
P\/IT PEDVVMDGITSPIKADPEWAKTTVNGMPALRETDTFDTFMESS
WIYARYTCPQYX E SMLDSEAR JY‘A’LP‘/DIKI 551 ATMGLLYFREE
l/ IMRDAGMVNEDEPARQLLCOGMVLADAY V‘\/L;L'\I GERNWVSPVDA
IVERDEKGRIVKARKDAAGHELVYTGMERMSKSENNGIDEFOQVMVERYG
AT‘J VRELEMMEFASPADMTLEWQESG 7ECAT\?F“V? TWELVYEHTAKGD
TVA LNVDALTENQRALERDVHKT IARKVIDDIGRROTFNTATAATMEL
LAKAPTDGEODRAIMOEALLAVVRMILNPFTPHICETLWCELKGE
{ D IDNAPWPVADERAMVEDSTL v\/"‘F‘JQ‘\/T‘ GRKVRAKTITVPVDATEEQVR
ERAGQEHLVAKYLDGVTVREVIYVEGRLLNLVVGGEY
{SEQ ID NO: 2)

3

LeuRS vi

“tﬂ .L-]

—,\

-l f)i’

3 LeuRS v2 MEEQYRPEEIESKVOLHWDKKRTFEVTEDESKEKYYCLSVSPYPSGR
LHMGHVRNYTIGDVIARY QRMLGRKNVLOPIGWDAFGLEPARGAAVENN
TAPAPWTYDNIAYMKNOQLKMLGFGYDWERELATCTPEY YRWEQKFET
ELYREGLVYEKTSAVNWCENDQTVLANEQVIDCGCOWRCDTEVEREET
POWFIRKITAYADELLNDLDKLDHWPDTVETMOENW I GRSEGVEITEN
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VNDYDNTLTVYTTRPDRFMGCTYLAVAAGHPLAQKAAERNNIPELAAFT
uETRNmKVAT93WATMFVVC DTGFKAVHPLTGEETPVWAANEVIME
YETGAVMAVPGHDORDYEFASKYGLNIKPVILAADGSEPDLSQOALT
V}UVL“NI-“EQGHDEEJ“?DALAD LTAMGVGERRKVNYRLRDWGVS
RORYWGAPIPMVTLEDGTVMPTPDDOLPVILPEDVVMDGITSFIKAD
PEWARKTTVNGMPALRETDTFDTEFMESSWSYARYTCPOYKECMLIDSEA
ANYWLPVDILIGGIEHATMGLLY FREFHKLMRDAGMVNSDEPAKQLL
COQGMVLADAFYYVGENGERNWVSPVDAIVERDERKGR IVKAKDAAGHE
LVYTGMSKMSKSENNGIDPOVMVERYGADTVRLEMMEFASPADMTLEW
QESGVEGANRFLEKRVWKLVYEHTAKGDVAATLNVDAL TENCKALERDY
HKTIARVTDDIGRROTENTATAATMETMNKLAKAPTDGEQDRATMOE
ALLAVVEMINPETPHICETLW PuKGFGDIDﬂﬂPwP“A,MK‘WVhPS
TLVVVOVNGKVRAKITVEPVDATEEQVRERAGCEHLVARKYLDGVTVREK
VIYVEGELLNLVVGGPYV

(SEC ID NO: 3)

LeuRS v3

MEEQYRFEEIESKVOLHWDEKRTFEVTEDESKERKYYCLSILPYRPSGR
LHMGHVRNYTIGDVIARYORMLGKNVLOPIGWDAFGLPARGAAVENN
TAPAPWTYDNIAYMKNOLKMLGFGYDWSRELATCTPEYYRWEQKEET
ELYKEKGLVYRKTSAVNWCPNDOTVLANEQVIDGCCWRCDTRVERKE T
POWFIKITAYADELINDLDEKLDHWPDTVKTMORNWIGRSEGVEITEN
VNDYDNTLTVYTTRPDAFMGCTY L ./‘;\/I«K\ LAQKAAFRNNEELAAFT
DECRNTEVAEARMATMERKGYVDTGFRAVHPLTGEE T PVWAANEVIME
YGTGAVMAVPGHEHDORDYEFASKYGLNIKPVILAADGSEPDLSQCALT
ERKGVLFNSGEFNGLDHEHEAAFNATADKLTAMGVGEREKVNYRLRDWGVS
RORYWGAPIPMVTLEDGTVMPTPDDOLPVILPEDVVMDGITSPIKAD
PEWAKTTVNGMPALRETDTEDTFMESSWIYARYTCPOYKEGMLDSEA
L&Nl"/\’LP‘/D'KI 55 1E IMGLLYFREFHKIMRDAGMVNSDEFPAKQLL

QGMVLADAFYYVGENGERNWVE PVDAIVERDEXKGRIVKAKDAAGHE
J VYTCMERMSKSENNGIDFOVMVERYGADTVRLFMMEAS PADMTLEW
QESGVEGANRFLERVWELVYEHTAKGDVAAILNVDALTENQKALRRDY
HEKTIAKVITDDIGRROTEFNTATAAIME LMNKLAKAPTDGEQDRALMCE
ALLAVVRMINPEFTPHICFTLWOELKGEGDIDNAPWEVADEKAMVEDS
TLVVVQEOY /T‘J\, KVRAKITVPVDATEEQVRERAGOEHLVAKYLDGVTVREK
VIYVPGRLLNLVVGGEY

{SEQ ID NO: 4)

S e

(¥4

Vo

EEIESKVOLHWDMKRTFEVTEDESKEKYYCLSISPYPSGR
LHMGHVRNYTIGDVIARY QRMI.GE ’h”LCDLC‘A’_}AL’ GLEARGAAVENN
TAPAPWTYDNIAYMKNOLKMLGEFGYDWSRELATCTPEY YRWEQKFET
ELYREGLVYEKTSAVNWCENDQTVLANEQVIDCGCOWRCDTEVEREET
POWFIKITAYADELLNDLDKLDHWPDTVKTMOENWIGRSEGVEITEN
VNDYDNTLTVYTTRPDAFMGCTYLAVAAGHPLAQKAARNNPELAAF
DECRNTKVAEAEMATMERKGVDTGFRAVHPLTGEEI PVWAANEFVILME
YGTGAVMAVPGHDORDYEFASKYGLNIKEVILAADGSEPDLEQOALT
EKGVLENSGEFNGLDHEAAFNATADKLTAMGVGEREVNYRLRDWGEVS
RORYWGAPTIPMVTLEDGTVMETPLDOLEPVILPEDVVMDGITSPIKAD
PEWAKTTVNGMPALRETDTFDTEMESSWIVARYTCPOYRKEGMLDSEA
ANYWLPVDIATGGIEBAIMGLLY FREFEKIMRDAGMVNS DEPAKQLT
COGMVLADAFYYVGENGERNWVSPVDAIVERDEKGRIVEKAKDAAGHE
LVYTGMSKMSKEKNNGIDPOVMVERYGADTVRLEMMFASPADMTLEW
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ESGVEGANRFLKRVWKLVYEHTAKGDVAALNVDALTENCKALRRDV
HRKTIARVIDDIGRROTEFNTATAATMELMNKLAKAP rT‘DG.‘EQ‘)L<P~*“fu E
ALTLAVVEMLNPEFTPHICEFTLWOELKGEGDIDNAPWPVADERKAMVEDS
TLVVVOVNGE KITVEVDATEEQVRERAGOEHLVAKYLDGVTVEREK
\/l YVE ;.KHL\] LVVGGPVY

\EL_K,,

IO

5
~

ISPYFPSGR
GWDAFGLPAEGARY KMM
TAPAFPWTY DNITAYMENQLEMLGEFGYDWSRELATCTPEYYRWEQKEE
?I‘"KFL IYKKTSAVNWCPNDOTVLANEQVIDGCCWRCDTKVERKE T
POWFIKITAYADELLNDLDKLDHWPDTVKTMORNWIGRSEGVEITEN
VNDYDNTLTVYTTRPDAFMGCTY LAVARGHPLAQKAAENNPELAAFT
LCRNTRKVAEARMATMEKKGVDTGFKAVHPLTGEEL Y ‘J‘\/IA[‘« NEFVLME
YLS”G[‘ VMAVPGHDQORDYEFASKYGLNT! \’L“U;J«K;(;““" L5Q (,\1« LT
ERGVLENSGEFNGLDHEHEAAFNATADKLTAMGVGERRKVNY RLRDWGT
RORYW 71\PTTVT\7T EDGTVMPTRPDDOLPVILPEDVVMDGITSFIKA J)
PEWAKTTVNGMPALRETDTFDTEMESSWIYARYTCPOYKECGMLDSEA
ANYWT P\'PTATGCTET“T’“ IMGLLYFREFHEL L<WMJ’I\T“\T“]“FT1\K’V L
CQGMVLADAFYYVGENGERNWVSPVDATIVERDERKGRIVKAKDAAGHE
L\ YTGMSEMEKSKNNGIDPOVMVERYGADTVRLEFMMEPASPADMTLEW
QESGVEGANRFLEKRVWKLVYEHTAKGDVAATLNVDAL TENCKALERDY
HRKTTIARVTDDIGRROTEFNTATAATMELMNKLAKAPTDGECDRALMOE
ALLAVVEMINPEFTPHICFTLWOEL KFFGD DNAPWEPVADEKAMVEDS
TLVVVO \ITT\TCT'(\IT?l\KTr"‘v’P\fTEl\"1 EQVRERAGOEHLVAKYLDGVTVRE

Y10 KVOLHWDVKRT

LHM GHVRENYTIGDVIARYORMIGENV ng g

E

(ot T
Lo Ai 1\ (3

(&)
e

V26 ME ,,}CY?“ EEIESKVOLHWDKKRT FEVTEDESKEKYYCLSIVPYRPSGR
LHMGHVRNYTIGDVIARYORMLGKNVLOPIGWDAFGLPAEGAAVENN
TAPAPWTYDNIAYMKNOLKMLGEFGYDRSRELATCTPEYYRWEQKEET
LYRKGLVYRKTSAVNWCPNDOTVLANEQVIDGCCWRCDTKVERKE T
POWFIKITAYADELLNDLDE LDH"JDDI‘7K"""\'"'QJR=\IV\V SRSEGVEITEN
VNDYDNTLTVYTTRPDAFMGCTY LAVAAGHPLAQKAAENNIFELAAFT
DECRNTEVARAEMATMEKKGVDTGFKAVHPLTGEE I FVWAANEVIME
YGTGAVMAVPGHEHDORDYEFASKYGLNIKPVILAADGSEPDLSQCALT
EKGVLENSGEFNGLDEEAAFNATADKLTAMGVGERKVNYRLRDWEVES
RORYWGAPIPMVTLEDGTVMPTPDDOLPVILPEDVVMDGITSPIKAD
PEWARKTTVNGMPALRETDTFDTFMESSWIYARYTCPOYKEGMLDSEA
ANYWLPVDIATGGIEHATMGLLY FREFFEHRLMRD ACH\«TE SDEP N{’?T L
COGMVLADAFYYVGENGERNWVEPVDAIVERDEXKGRIVKAKDAAGHE
LVYTGMSRKMSKSKNNGIDFOVMVERYGADTVRLEMMEFASPADMTLEW
QESGVEGANRFLERVWKLVYEHTAKGDVAALNVDALTENCQKALRRDYV
HEKTIARKVTDDIGRROTENTATIAATMELMNKLAKAPTDGEQDRALMOE
ATLLAVVRMINPEFTPHICFTLWQELKGEGDIDNAPWEVADERKAMVEDS
TIVVVOVNGRVRARKITVPVDATEEQVRERAGCEHLVARY LDGVTVRE
\/IV\/ GELINLVVGGEY

(SEQ ID NO: 7)

el

[P J
V29 MEEQYE SEKVOLHWDRKETFEVTEDESRKEKYYCLSIAPYPSGR
L H.VJ}H\/R’\IY” J t’“, \/ J A "")Ri\ll_.Cf F\' \/1 (‘T_’;CV\J.JAP GLPAEGAAVENN

SEELATCTPEY YRWEC T“ﬂ* BT
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ELYKKGLVYKKTSAVNWCPNDOTVIANEQVIDGCCWRCDTKVERKE T
POWFIKITAYADELLNDLDKLDHWPDTVKTMORNWIGRSEGVEITEN
”\T"VD"JT TIVYTTRPDAFMGCTYLAVARGHPLAQKAAENNPELAAFT
DECRNTRKVAEAFMATMERKKGVDTGFRKAVHPLTGEE I PV v‘u’f&f‘«Nb\/ LME
YGTGA \,7‘:\/12&‘\/9’ IDORDYEFASKYGLNIKPVILAADGSEPDLSQQALT
ERGVLENSGEFNCGLDHEEAAFNATADKLTAMGVGERRKVNYRLRDWGVS
RORYWGAPIPMVTLEDGTVMPTPDDOLPVILPEDVVMDGITSFIKAD
PEWAKTTVNGMPALRETDTFDTEMESSWIYARYTCPOYKECGMLDSEA
ANYWLPVDIA (;GIEU'“\ IMGLLYFRETFH {LMRDA’“M VNSDEPAKQL
COQGMVLADAFYYVGEN
GERNWVSPVDATVERDERGRIVRKAKDAAGHELVYTGEMERMESKSKNNG
IDPCY F’I\«K_KRV'”L‘T\D'T‘\«TKL|r1\"MP ASPADMTLEWQESGVEGANREFLERVW
KLVYEHTAKGDVAALNVDALTENQKALRRDVHKT TAKVTDDIGRROT
FNTATAATMELMNKLAKAP TT)FFQ‘)%H*V T‘F, LLAVVERMLNPETFHT
CFTLWQELKGEGDIDNAPWPVADEKAMVEDSTLVVVOVNGKVRAKIT
VEVDATEEQVRERAGOEHLVAKYLDGVTVRE
VIYVPGKLLNLVVGGPY
(SEQ ID NO: 8)

V48

MEEQYRPEEIESKVOLHWDKERTFEVTIEDESKERKYYCLSISPYPSGR
LHMGHVRENYTIGDVIARYORMLGENVLOPIGWDAFGLPARGAZ ‘«‘7KT\ID
TAPAPWTYDNIAYMENQLEMLGEFGYDW oRg ATCTPEYYRWEQKEFT
ELYEKGLVYKKTSAVNWCPNDOTVLANEQVIDGCCWRCDTKVERKE T
POWFIKITAYADELILNDLDELDHWRFDTVE T'\"QR\IL:\TTC'?Q?G"F TFN
VNDYDNTLTVYTTRPDAFMGCTY LAVAAGHPLAQKAAENNPRLAART
DECRNTEKVAEAERMATMEKKGVDTGFKAVHPLTGEE I PVWAANEFVLME
YETGAVMAVPGHDORDYEPFASKYGLNIKPVILAADGSEPDLSQCALT
';(S\IL‘"‘E'”‘”"" FNGLDHEAAFPNATADKLTAMGVGERKVNYRLE GVS
ORYWGQAPIPMVTLEDGTVMPTFDDOLPVILPEDVVMEGITSPIKAD
Pb WAKTTVNGMPALRETDTFDTFMESSWAYARYTCPOYKEGMLDSEA
ANYWLPVDIAIGGIEHFATMGLLY FREFEKLMRDAGMVNSDEFPAKOLL
COGMVLADAERYYVGENGERNWVSPVDAIVERDERGRIVKAKDAAGHE
LVYTCMSKMEKSKNNGIDPOVMVERYGADTVRLEMME Abe—;DMTLFv\f
QESGVEGANRFKRVWELVYEHTAKGDVAALNVDALTENQKALREDVH
KTIAKVTDDIGRROTEFNTATAATMELMNKLAKAPT L‘C;EQLRALMQ;Z 2
LLAVVRMLNPEFTPHICFTLWQRELEKGECGD LI DNAPWPVADEKAMVEDST
LVVVQVNGKVEAK I TVEVDATEECVRERAGOEHLVAKYLDGVTVRKY
IYVPGKLLNLVVGGRV
(SEC ID NO: 93

10

MEEQYRPERIESKVQLHWDEKRTFEVTEDESKEKYYCLSISPYPSGR
LHMGHVRNYTIGDVIARYORMLGKNVLOPIGWDAFGLPARGAAVENN
rPAPl\DYA?TYE‘}NI AYMENOLKMLGEFGYDWSRELATCTPEYYRWEQKEET
LYRKEKGLVYRKKTSAVNWCPNDOTVLANEQVIDGCCWRCDTRVERKE T
P QWEIKITAYADELLNDLDKLDHWEDTVRKT "\"QJR'\Iv\r'LC, “‘;’C,\/}_ TEN

VNDYDNTLTVYTTRPDAFMGCTY LAVAAGHPLAQKAAENNIFELAAFT
DECRNTEVAEARMATMERKGYVDTGFRAVHPLTGEE ; E“v"v”',.ﬁx}l.u\f FVILME

YGTGAVMAVPCHDORDYEFASKYGLNIKEFVILAADGSEPDLEQCALT
ERKGVLFNSGEFNGLDEEARENATADKLTAMGVGERKVNYRLRDWGVS
RORYWGAPIPMVTLEDGTVMPTPDDOLPVILPEDVVMDGITSPIKAD
PEWAKTTVNGMPALRETDTEDTFMESSWHYARYTCPOYKEGMLDSEA
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ANYWLPVDIAIGGIEHAIMGLLY FREFFHKLMRDAGMYNSDEPAKQLL
COGMVLADAFYYVGENGERNWVSPVDAIVERDEKGRIVKAKDAAGHE
LV”“”MO\m’LuRNNGIDD,JMVF.YGADTVRL%MMFAQPADMTLHW
OESGVEGANRFLERVWKLVYEHTAKGDVAALNVDALTENQRALRRDY
HEKTIARKVITDDIGRROTEFNTATAAIMELMNKLAKAPTDGECDRALMOE
ALLAVVRMINFPFTPHICHTLWQELKGEGDIDNAPWPVADEKAMVEDS
TLVVVOVNGEVRAKITVPVDATEEROVRERAGOEHLVARKYLDGVTVRK
VIYVPGRKLLNLVVGGEPY
{(SEQ ID NC: 10;

it

V54

)
MEECYRPEEIESKVOLHWDKKRTFEVTEDESKEXRKYYCLSISPYPSGR
LHMGHVENYTIGDVIARYORMLGENVLOPIGWDAFGLPARGAAVEKNN
TAPAPWTYDNIAYMENQLEMLGEFGYDWERELATCTPEYYRWEQKFFET
ELYREKGLVYKKTSAVNWCENDOTVLANKQVIDGCCWRCDTKVERKE T
POWFIKITAYADELLNDLDKLDHWPDTVETMORNWIGRSEGVEITEN
VNDYDNTLTVYTTRPDAFMGCTYLAVAACHPLAQKAAENNPELAAFT

DECRNTKVARARMATMERKGVDTGFRAVHPLTGEE I PVHWAANEFVILME
YGETGAVMAVPGHDORDYEFASKYGLNIKPVILAADGSEPDLSOOALT
EREGVLEFNSGEFNGLDEEAAFNATADKLTAMGVGEREKVNYRLRDWGV S
PORYWGAPIPMVTLEDGTVMPTPDDOLPVILPEDVVMDGITSPIKAD
PEWAKTTVNGMPALRETDTED EESWIVARYTCPOYKEGMLESEA
ANYWLPVDIZT lGC'LnT"MbLLYFRHE"LMKUAGMJM LEPAKQ;L
COGMVLADARFYYVGENGEENWVSPVDATVERDEKGRIVKAKDAAGHE
LVYTGMSEKMSKSKNNGIDPOVMVERYGADTVRLE MMFAQFAPM,EWW
QESCVTGAQQF KRVWKLVYEHTAKGDVAALNVDALTENCKALRRDY
HKTLA&JTDDIGR&QTFWTAIWn:MELMNKLu‘APTD@EQDKALM“E
ALLAVVRMLNPFTPHICFTLWOELKGEGDIDNAPWPVADEKAMVEDS
TLVVVOVNGEVRAKITVEPVDATEREQVRERAGQEHLVAKYLDGVTVEK
leVDGKM’dLvVGCPV

(SEQ ID NC: 11)

-~

V55

MEEQYRPEEIESKVOLHWDEKKRTFEVTEDESKERYYCLSISPYPSGR
LHMGHVENYTIGDVIARYOQRMLGENVLOP IGHWDAFGLPARGAAVENN
TAPAFPWTY DNIAYMENQLEMLGEFGYDWSRELATCTPEYYRWEQRY T
KKGLVYKKTSAVNWCPNDOTVLANEQVIDGCCWRCDTKVERKE T
POWFIKITAYADELLNDLDKLDHWPDTVKTMORNWIGRSEGVEITEN
VNDYDNTLTVYTTRPDAFMGCTY LAVARGHPLAQKAAENNPELAAFT
DECRNTEVAEAFMATMEKKGVDTGFKAVHPLTGEEI PVWAANEVIME
YGT “[““J&\/k\, .)g RDYEFASKYGLNIKPVILAADGSEFPDLSQQALT
ERGVLENSGE] HEAAFNATADRLTAMGVGERRKVNYRLRDWGVS
RORYWGA PlPMVTthT”“M?T;PDpLPV¢LPPBVVMBCTlb*LV“”
PEWAKTTVNGMPALRETDTFDTEMESSWIYARYTCPOYKECGMLDSEA
ANYWLPVDIVIGGIEHATMGLLY FREFHKLMRDAGMVNSDEPAKQLL
CQGMVLADAFYYVGENGERNWVSPVDATIVERDERKGRIVKAKDAAGHE
L”YTCM“KMChQKthIDDOTMVWRYw&ﬂTVRLhMME&SP‘D&TL'N
ijl'QX/ﬁJfl" NRFLKRVWKLVYEHETAKGDVAALNVDALTENCKALRRDY

TIARVIDDIGRROTENTATAATMELMNKLAKAPTDGECDRALMOE
ALLAVVPMLN””TPHQCET@WFJVKGFGDIDWAPWP“AVMK‘“VJJC
TLVVVOVNGKVRAKITVEPVDATEEQVRERAGCEHLVARKYLDGVTVREK
VIYVPGEKLLNLVVGGPV

(SEC ID NO: 12)
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Ju—
(o8]

V56

MEECQYRPEEIESKVOLHWDKKRTEFEVTEDESKERKYYCLSISPYPSGR
LHMGHVENY T IGDVIARYORMLGKNVLOFPIGWDAFGLPAEGAAVKNN
TAPAPWTYDNIAYMENOLEMLGEGYDWSRELATCTPEYYRWEQOKEET
ELYRKGLVYERKTSAVNWCENDQOTVLA ""”)‘7113”‘ CCHWRCDTREKVERKET
POWFIKITAYADELLNDLDKLDHWPDTV RNWIGRSEGVEITEN
VNDYDNTLTVYTTRFDAFMGCTYLA \/ZlAuMi Mng)KAAb_J.\M\IijI_|.AA.E"I
DECRNTKVARAEMATMEKKGVDTGEFKAVHPLTGEE I PVWAANEV LME
YGTC B\HJIA.\IPGHDQRDT EFASKYGLNIKPVILAADGSEFPDLSOCALT
EKGVLENSGEFNGLDHEAAFNATA E‘\’_Lm M’”‘VVTRKJ\TY LRDWGVS
RORYWGAPIPMVTLEDGTVMPTPDD : f SPT KAD
PEWAKTTVNGMPALRETDTFDTEME (TSWLY
ANYWLPVDIGIGGIEH! fl\’iG LLYFREFFHKLMR L)Aflf\'l‘\/.\ﬁbh P ‘“.l\QM
COGMVLADAFYYVGENGERNWVSPVDAIVERDEKGRIVKAKDAAGHE
LVYTGMSKMSES KNNGIDt CVMVERYGADTVRLFMMFASPADMTLEW
”EQG TEGANRFLKRVWKLVYEHTAKGDVAALNVDALTENOKALRRDY
IAKVTDDIGRROQTFNTATAATMELMNKLAKAPTDGEQDRATMOE
Al .LA‘\/ VRMINPFTPHICETLWQELKGEGDIDNAPWPVADEKAMVEDS
TLVVVOVNGEVRAKITVEVDATEEQVRERAGOEHLVAKYLDGVTVREK
YVPGEKLLNLVVGGPY

14

1
{SEC ID NC: 13)
] ‘ BEITESKVOLHWDX :oKRTFEVTEDESKEKYYCLSX 402{4:F
YPSGRLDHMGHVRNYTIGDVIARYQRMLGKNVLOPIGWDAFGLPAEGA
AVKNNTAPAPWTYDNIAYMKNOLKMLGECYDWSRELATCTPEYYRWE
FETH T KT'(hL"Y FRTSAVNWCPNDOTVLANEQVIDGCCWRCDTRY

1P TAYADELLNDLDKLDHEWPDTVETMORNWIGRSEGY
TLI\T I\DYI‘I\iLT‘JYTTRPDXz:2ETVV~C.TYL VAAGHPLAD LJ-\)AENN
PELAAFIDECRNTEKVAEAEMATMERKKGVDTGFKAVHPLTGEETPVWA
ANFVIMEYGTGAVMAVPGHDORDYEFAS] }l’(mh ITKPVILAADGSEPRD
LSQOALTERGYVLEFNSGEFNGLDHEAAFPNATADKL TAMGYVGERKVNYR
LEDWGVSRORYWGAF I PMVTLEDGTVMPTPDDOLPVILPRDVVMDGT
TSPIKADPEWAKTTVNGMPALRETDTFDTEMESSWX 490 YARYTCPCOY
I EUI"ILI:)S::‘ ANYWLPVDIN: SGIEHATIMY a7 LLY FRFFHRKLMRDA
GMVNSDEPAKQLLCOGMVLADAFYYVGENGERNWVSPVDAIVERDEK
GRIVKAKDAAGHELVYTGMSKMSKSKNNGIDPOVMVERYGADTVRLE
MMFEAS P‘“ DMTLEWORESGVEGANREFLKREVWKLVYRHTARKGDVAAL J\"v”'
ALTENQFKALRRDVHEKT JAI VTDDIGRREQTEFNTAL }"\H’IFT;M.\IL._..
PTDGEODRI\LT\“QEALI,L VVRMLNPETPR HIFFTTTJ‘JQEI,“CEC]“TE]\A
\,'\TT“JA gQAMVED“mLV‘\FJQVI\bI/ VRAKITVPVDATEEQVRERAGOREH
LVAKYLDGVTVRKVIYVPGRLLNLVVGGPV
whereln Ko 13 Q or B, Xoo is E, K, V or M, Xis is

\4{11
é
&
!—*'i

M, I, or V, Xi: 18 L, S, V, or A, Xy is T, A,
or R, X4es is Y, A, I, H, or S, Xsm is Y, &, I,
L, or ¥V, and Xs37 1s H or G

{SEQ ID NC: 14)

MEEQYRPEEIESKVOLHWDX oo KRTEFEVTEDESKERYYCLSIX 41 PYP
SGREHMGEVRNY TIGDVIARYORMLGENVLOP IGWDAFGLEFAEGAAY
KNNTAPAPWIYDNIAYMRKNQLRKMLGEFGYDWSRELATCTPEYYRWEQK
FrIELYRRKGLVYRKTSAVNWCENDOQTVLANEQVIDGCCWRCDTKVER
KEIPOWFIKITAYADELLNDLDKLDHWPDTVRKTMORNWIGRSEGVE
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TEFNVNDYDNTLTVYTTRPDAFMGCTY LAVAAGHPLAQKAAENNPELA
AFVIDECRNTKVAEAEMATMEKKGVDTGFKAVEPLTGEE IPVWAANEV
GAN 'M_f-\ PGHD DF?D"Y”EFAS (YGL LI’P T ILAADGSEPDLSCQ
VELFNSGEFNGLDHEAAFNATADKL TAMGVGERKVNYRLRDW
MYTLEDGTVMPTPDDOLEVILEPEDVVMDGITSET
KTTVNCGMEALRETDTFDTEMESSWX 493 YARY TCPOYREGM
NYWLEVDIX ey IGGIEHAIMGLLY FRFFHRKLMRDAGMVNSD
JLOCQGMVLADAFYYVGENGERNWVSFVDATVERDEKGRIVEKA
KDAAGHELVYTGMEK : DP OVMVERYGADTVRLFMMEFASPE
EWOESGVEGAN "’H"‘ ARGDVA i’»\;LD"“ 1AL'1ENQ
ALRRDVH] 'I‘IAKVTD? IAATMETLMNKLAKAPTDGEQ
l)RA..._w SEALLDAVVRMLN PP ] L,.E 'I‘LWL._J’ LRGEGDTDNAFWPVADE
AM /’F]“Q. ,,‘T\T\F\/’OT\H\TGKT\J-=:AKI TVEVDATEEQVRERAGOEHLVAKY T

P

wherein Xzo is K, V or M, X411 5, V, or A, Xise
is A, I, or H, and Xsz7 is A, I, or V

(SEQ ID NO: 15)
16 Leu- GCCCGGATGGETGGA 1\ CGGTAGACACAAGGGATTCLaAATCCCTCGE
RNAwW( | CETTCGCOCTGTGCGLETTCAAGTCCCGCTH “CCGG:‘P

UA

{SEQ ID NO: 16)

~
4

17 Leu- GCCCCGATGGTGCAATCGEGTAGACACAAGGGAT TLcaAATCCCTCGE
IRNA wil) | CGTTCGCGCTETGCGEETTCAAGTCCCGCTCCGGGTA
CA {SEQ ID NC: 17)
187 | Leu- GCCCGGATGGTGRAZ
tRNA wil) | CETTCGCGCTGTGCEEETT STCCGGGTA
{ Iy NO: 18)
19 GCCCGGATGGTGGAATCGGTAGACACARGGCGACT et aAATCCCTCGG
CC—TTCGCGPMCT’: CGGGETTCAAGTCCCGCTCCEGGCA
(SEC ID NO: 19)

feu-
tRNARIU
CA

GCOCGEATGOTGGARTCGAT N T n e
SCCCGGATGGETGEGAAT SEGTAGACACAAGGGACTLcalATCCOTCGE
T S O T T Y T T L NI N N T N e e s

{ i M,. GGCA

Ll ilGLGLUIGIGLGLEG T \GTCCCGECTCCE A

{SEQ ID NG: 20)

21 | Leu- GCCCGGATGGTGGARTCGE ACAAGGGACTE LaARTCCCTCGE
RNAQIU | CGTTCGCGCTETGCEGETTCARGTCCCGCTCCGGECA
UA (SEQ ID NO: 21)

22| Leu- GCCCGGATGGTGGAATCGGTAGACACAAGGGATTCLahATCCCTCGG
RNAwC | CGTTCGCGCTETGCGGETTCARGTCCCECTCCGGGEACTA
UA (SEQ ID NO: 22)

23 | Leu- GCCCGGATGGTGGA! AGACACAAGGGATTLCaRATCCCTCGE

tRNA witlJ
CA cca

Fararalarelnialalel

G OGCCOTGTOOGOOTTOAAS
CGTTCGCEUTGETGCGGETTCAAG CCGCTCCEGGTACCA

i T age . Ay n
bML ID NC: 23)

N

Ley-
tRNA wil)
UA cca

e [Tl N7 T T e DD -IT!»»»-— T T T T T T
GCCCGEGGATGEGTGGAATCGGETAGALC Z\‘Nr‘d WGECATTETaAATCCCTCGE
T 7 = b 1 o [T = P71 =4 =4t elilslalslclolalalelelet X Xaler:
CETTCG G\_,L'\JL{:IL'\JG: TC AAGTCCCGCUTCCEGGLACCA
(SEQ ID NO: 2z4)

b2
i

feu-
tRNAKIC
UA cca

araln ,« e

aARTCCCTCGE

T O T T O T T C A DT O OGO OO ~
RGICICISNRCURE SGTTCAAGTCCCGECTCCGGECACCA

GCCCGGATGETGGAATCGGTAGACACAAGGGACT

feu-

AR ERC]
(QTQ ID NG 25)
GCCCGGATGGTGGAATCGE

Il ITI m aleialTeliislararen
(A '\. T (J\/;\‘*\J - b\}_

r~,\J

AGACACAAGGGACTLcaAATCCCTCGE

CTCCOGOTOOGER ~
CAAG GO CGGGECACCA




WO 2022/032186

PCT/US2021/045088

tRNARIU
CA cca

b2
~J

feu-
iRNA hIU
VA cca

GCCCGGATGGTGGAATCGGETAGACACAAGGEACT L LaAATCCCTCGE
CETTCGCGETGTGCLEETTCAAGTCCCGLTCCGGLCACCA

(SEQ ID NO: 273

Leuy-
tRINA 003
30

GCCCEGATCOETGCAATCGETAGACACAAGGGAC TNINNAATCCCTCGG
CCETTCGCGCTETCGCEGETTCAAGTCCCGLTCCGGECACCA
wherein nnn is CTA, TCA, or TTA

{(SEQ ID NC: 28

Ley-
tRNAL0OS,

GGGCGTGTGETGGAATCGETAGACACARAGGGAT TNnNAATCCCTEGE

CGTTCGCGCTGTGCGEETTCAAGTCCCGLCGCGCCCACCA

31 wherein nnn is CTA, TCA, or TTA
(SEQ ID NGC: 29)
30 Leu- GCGCC'GTCGT GAATCGGETAGACACAAGGGATTNNNAATCCCTCGS
{RINA 003, sTTCGCGCTETGCEGETTCARGTCCT fC“CG'CCACpA
372 whh"c n nnn is CTA, TCA, or

(SEQ ID NQC: 30)

31 Leu- GGGCATGTGETGEAATCGETAGACACAAGGGATTNNNAATCCCTCGE
tRNAGO3, | CETTCGCGUTGTGCGGETTCAAGTCCCGUCATGCCCACCA
33 wherein nnn 1s CTA, TCA, or TTA
{(SEQ ID NC: 31)
32 {eu- GGGCACGTGGETGGAATCGGTAGACACAAGGGAT TNNNAATCCCTCGEG
IRWNAOQ03, | CETTCGLGCTGETGCGGEEGTTCAAGTCCCGCCETGCCCACCA
14 wherein nnn is CTA, TCA, or TTA
{SEC ID NO: 32)
33 Leu- GGGGETGTGETGCGAATCGGETAGACACAAGGGAT TNNnAATCCCTCGE

tRNA 003
35

~ CNr,'}l‘r[f\C*f“ NauelleTsleeleus
LS

{ riYelvelelene ‘4/\’1(“(‘([\(’1.’“ ~ 7 »1.—~A

T( "
- SCTGTGCGEETTCAAGTCCCGLCGCCCCCALCC

wherein nnn is CTA, TCA, or TTA
{SEQ ID NC: 333

34

feu-

GGG GOGTGOTOOAATCOGTAGR N e AP (T Y
GGEGEGCETGEETEGAATCGETAGACACAAGGCGAT T NN AATCCCTCGE

tRNA 003, | CETTCGUGCTGETG jGGC'T‘ TCAAGTCCCGCCGTCCCCACCA
36 wherein nnn is CTA, TCA, or TTA
(SEQC ID NO: 34)
35 ieu- GGGGATGTGETGGAATCGGTAGACACA AGGCAF*n:‘.rmll'T‘(‘CC'T‘(‘GC
tRNA 003, | CCTTCGCGCTGTGCEGETTCAAGTCCCGCCGTCCCCACCA

37

wherein nnn is

g CTA, TCA, or TiA
{SEQ ID NC: 35)

Ley-
tRNAGO3
38

GGGGACGTGGTGGAATCGETAGACACAAGGGAT TNNAATC
CGTTCGCGCTCTGECEGETTCAACTCCCGCCETCCCCACCA
wherein nnn is CTA, TCA, or TTA

{(SEQ ID NOC: 36)

alnFarals
OO

(NP

Leu-
iRINA OGS,
39

GCCCGTATGGETGGAATCGETAGACACAAGGGAT T NNNAATCCCTCGE
CCTTCGCGCTETGCEEETTCARGTCCCGCTGCGGECACCA

wherein nnn is CTA, TCA, or TTZ
{(SEQ ID NC: 37

Ley-
tRNAL0OS,
40

GGGATAGTGGTGGAATCGGTAGACACARAGGGATTNnNAATCCCTEGG
CGTTCGCGCTGTGCGEETTCAAGTCCCGCCTATCCCACCA
m7n

wherein nnn 1s CTA, TCA, or TTA

(SEQ ID NO: 38)

/

60
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Ley-
tRNA 003,
41

GGGCATCTGEETGEAATCGETAGACACALGGEGAT ININAATI
CGTTCGCGCTCTGCCGETTCAACTCCCGCCECTGCCCACCA
wherein nnn is CTA, TCA, or TTA

(SEG ID NG: 39

&
=
kS
B
{

40

Leu-
iRINA OGS,
47

E

GGGCAGATGGETGGAATCGETAGACACAAGGGAT TNNNAATCCCTCGE
CGTTCGCGCTETGCGGETTCAAGTCCCGCTCTGCCCACCA
wherein nnn is CTA, TCA, or TTA

{SEQ ID NC: 40)

Leu-
tRNA O03.
43

GGGCETATCECTGEAATCGGTAGACACARGGGATTNNNAATCCCTCGG
CETTCECGUTGTCCGLGETTCAAGTCCCGUTGCGCCCACCA
wherein nnn is CTA, TCA, or TTA

{(SEQ ID NC: 41)

O\
23

feu-
iIRINA.OO3.
44

GGGCAAGTGGTGGAATCGETAGACACAAGGEGAT TNnNAATCCCTCGE
CGTTCGCGCTETGCLGETTCAACTCCCGCCTTGCCCACCA
wherein nnn is CTA, TCA, or TTA

{(SEQC ID NO: &7)

...... AN 1% /

Leu-
tRNA O03.
45

falate ATCCCTOGE

N I TS T S T I T T NP
GCACACATGOTGGAATCGGTAGACACAAGGGAT TNNNAAT TCGEGE
T S e (TR T Y TP T VR A T Y TP T R S O A C O
CGTTCECGLTGTCCEEETTCAAGTCCCECTETGTGCACCA

wherein nnn is CTA, TCA, or TTA
\S;m(, ID NC: 429

£ ocoli
TrpRS. wt

MTRP IVESGAQPSGELT IGNYMGALROWVNMOGDDYHCIYCIVDQOHAT
TVRODAQKILRKATLDTLALY LACGIDPEKSTIFVQOSHVPEHAQTL.GWA
INCYTYFGELSRMTOFKDESARYAENINAGLEDYPVIMAADILL Y“T
NLVPVGEDQKQHLELSRDIAQRFNALYGE IFKVPEPFIPKEGARVMS
LLEPTKEMS LWDD"JR\H\TVIGL EDTKS’\/ VEKT RP_?\\/TI‘C’LEPDV‘\TV
DVONKAGVSNLLDILEAVTGOSIPELERQFEGKMYGHLKGEVADAVS
GMLTELOERYHRFRNDEAFLOQVMKDGARKASAHASRTLKAVYEATG
FVAKP
(SEQ ID NC: 43

44

TrpRS.hi4d

MTRPIVFAGAQPSGELTIGNYMGALRQWVNMODDYHCIYCIVDQHAT
TVRODAQKILRKATLDTLALY LACGIDPEKSTIFVQSHVPEHAQLGWA
INCYTYFGELSRMTOFKDESARYAENTINAGLEFDYPVILMAADITLLY (‘1
NT JP&FFDQKQ,’TI_,JTmRPT,x RENALYGEIFRKVPEPFIPKEGARVMS
LIEPTKEMSKSDDNR: VvTGTmFETKQ\/’VVP ‘KQ}VT]’\QEFPW\/’T\/Q ¢
DVONKAGVSNLLDILSAVTIGRSIPELERKQFEGKMYGHL .I/GEVT;DZ&VC\',
GMLTELOERYHRFENDEAFLOQOVMKDGAEKASAHASRTLRKAVYEATG
FVAKP

{(SEQ ID NC: 44)

-~

TrpRS.hI3

MTRPIVFAGAQPSGELTIGNYMGALROWVNMODDYHCIYCIVDQOHAT
TVRODAQKLRKATLDTLALY LACGIDPEKSTIFVOSHVPEHAQL.GHWA
LNCYTYFGELSRMTOQFKDEKSARYAENINAGLEDYPVIMAADITLYQT
NLAPAGEDOQKQHLELSRDIAQRFNALYGE IFKVPEPFIPKIGARVMS
LLEPTRKEMESKSDDNRE VVTGTUJFETKQ\/’VVP =KQP~VTPQEFP°\/’T\/Q Y

DVONKAGVSNLLDILEAVTGOSIPELERKOQFEGKMY GHLEGEVADAVS
\JML'"‘ FLOERYHREFRENDEAFLOOVMKDGARKASAHASRTLKAVYEATG

46

TrpRS.ho

dm

MTRPIVFAGAROPSGELTIGNYMGALROWVNMODDYHCIYCIVDOHA
TVRODAQKLRKATLDTLALY LACGIDPEKSTIFVOSHVPEHAQL.GHWA
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LNCYTYFGELSRMTOFKDEKSARYAENTINAGLEDYPVIMAADITLLYQT
NLSPAGEDOKQHLELSRDIAQRFNALYGE IFKVPEPFIPKIGARVMS
LEPTKKMSKSDDNRNNVIGLLEDPKSVVKKIKRAVIDSDEPPVVRY
DVONKAGVONLLDILEAVTGOS IPELERKQFEGKMY GHLKGEVADAVS
GMLTELOERYHRFRNDEATLOOVMEKDGARKASAHASRTLRKAVYEATG
FVAKY

{SEQ ID NC: 46)

=

N
3

TrpRS.h10

MTRPIVFAGAQPSGELTIGNYMGALROWVNMODDYHCIYCIVDQOHAT
TVRODAQERLRFATLDTLALY LACGIDPEKSTIFVOSHVPEHAQLGWA
LNCYTYFGELSRMTOFKDEKSARYAENTINAGLEDYPVIMAADITLLYQT
NLGPAGEDOKQHLELSRDIAQRFNALYGE IFKVPEPFIPKIGARVMS
LEPTKKMSKSDDNRNNVIGLLEDPKSVVKKIKRAVIDSDEPPVVRT
DVONKAGVONLLDILEAVTGOS IPELERKQFEGKMY GHLKGEVADAVS
GMLTELOERYHRFRNDEATLOOVMEKDGARKASAHASRTLRKAVYEATG
FVAKY
{SEQ ID NC: 47

e

48

£ ocoli Trp-
IRNA

AGGGGCGTAGTTCAATTGGTAGAGCACCGGT CTccaARNCCGEETGT
TGGGAGTTCGAGTCTCTCCGCCCCTGCCA

IRaknr s A0

{SEC ID NO: 48)

48

Trp-
tRNACUA

AGGGGCGTAGTTCAATTGGTAGAGCACCGGTCTCcLaAAACCGGGTET
TCGGAGTTCGAGTCTCTCCGCCCCTGCCA

[ T 7T e (SR
{(SEQ ID NC: 49)

EeA

Trp-~
tRWNAUCA

AGGGGCEGTAGTTCAATTGCTAGAGCACCGGTCTLcaARACCGEGTGT
TGGGAGTTCGAGTCTCTCCGCCCCTGCCA
[ ev

{SEQ ID NG: 30)

Trp-
tRNAUUA

AGGGGCGTAGTTCAATTGGTAGAGCACCGGTCTLLaAAACCGGGTET
TCGGAGTTCGAGTCTCTCCGCCCCTGCCA

TN ON T T [egiaTRY
{(SEQ ID NC: 51)

W
N2

Trp-~
tRNA 001
4

TGGEGETATCGCCAAGCGGETAAGGCACCGGATTCann TTCCGGECATTC
FVTN Y ST T TR T FTY o NI T e ATV Vo Wb By
CGAGGTTCGAATCCTCGTACCCCAGCCA
- e~ I KR P RN e PRI,
wherein nnn is CTA, TCA, or TITA

¥ 14

(SEQ ID NO: 52)

LD L.

Trp-
tRNALOOL
5

TS NN R TV ¢ TN T TL NN e LT T TN (N N Ty NS R T e e o T Ty T\ N ¢S T o T
AGGGCCATAGCTCAAGCGGTAAAGCACCGGACTNINNAAACCGGCAGT
PN I T AN T T ST N NN Ty N e Ny e R
CCGAAGTTCGAATCCCCCCACCCCAGCCA

-y A [ L ~ R PN o
wherein nnn 1s CTA, TCA, or TTA

{SEQ ID NC: 53)

=

L
o

I coli
LeuRS

ATGCAGGAACAGTATCGCCCGGAAGAAAT TGAARGCARAGTGCAGCT
GCATTGGGATGAARAACGCACCTTTGAAGTGACCGAAGATGARAGCA
AAGARAARATATTATTGCCTGAGCATGUTGCCGTATCCGAGCGGCCGU
CTGCATATGGGCCATGTGCECAACTATACCATTGGCGATGTGATTGC
GCGCTATCAGCGCATGCTGGGCAAAAACGTGCTGCAGCCGATTGECT
GGGATGCGTTTGLCOTGCCGLCGEAAGGCGLGLCGETGAAANACANC

T TN TN N T N N TN e NN T T TN eV AN N ETT T TN R TTY R Ty 7Y T T T Y e
ACCGCGCCLEECGCCETECGACCTATCGATAACATT

GCGTATATGAARAA
CCAGCTGARAATGCTCGGCTTTGECTATGAT T GEAGCCGCGARCTEE
CGACCTGCACCCCGEAATATTATCGC TGGGARCAGRAAATTTTTTACS
GARCTGTATAABARAGGCCTGGTGTATARAABARCCAGCGCGETGAA
CTGETGCCCGAACGATCAGACCETGCTGGCGAACCARCAGGTGATTG
ATGGCTECTGCTGGCGCTGCGATACCARAGT CGARCGCARAGARATT

I aTarai Y e o

~ T TR TV O ATy T TIPS T T N S IR TS Y e N R T e T T T N N T e Ty T
CCECAGTGGTTTATTAAAATTACCGCETATGCGGATGAACTGCTGAR
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CGATCTGGATAS J\FTC ATCl\mTC CC AT, 2o CTGAn..AJCATGC
AGCGCAACTGGATTG GCAGC Gl\A”C GTGGAAATTACCTTTARC

GTGAACGATTAT :—JATZA L,f-AC CCTGACCGTGTA TWFCZ&”' GCCCGGA
TACCTTTATGGGCTGCACC GCGGETGGCEGCEEGCCATCCEC
TCGCGCAGAAAGCLGGCGEAAANCAACCCGGAACTGGCGGCGTTTATT
GATGAATGCCGCAACACCARAGTGGCEGGAAGCCGABATGGLGACCAT
GGAA;&HAAARG (3¢ G GGATACCGS CT [TAAAGCGGTGCATCCGCTGA
CGARGAAATTCCCGTGTGEGCGECCAACTTTGTGCTCGATGCGAA
TA v‘CZ&“r' (06 "“GTGZ&TG CGGTGECCGEGCCATGATCAGCGCGA
T'l' TGAATTTGCGAGCARAATATCGGCCTGAACATTAANCCGGTCGATTC
TGGCGGCEGATGGCAGCGAACCGGATCTGAGCCAGCAGGCGCTGACC
GARARAAGGCGTGCTCTTTAACAGCGGCGRATTT AAL,\, ?f_‘ CT ?(1}"\? CA
;AAQ CGUGTTTARCGCCGATTGCE Jn,LAZmC TGACCGCGATGGEGCG
TGGGECGAACGCAAAGTGAACTATCGLCTGLGCGATTGEEG %CGTGAGC
CGCCAGCGCTATTGGGECGCECCGATTCC "“LT’ZGTGZ&“”C GGAAGA
TGGCACCGTGATGCCGACCCCGGATGATCAGCTGCCGGTGATTCTGC
CGGAAGATGTGETGATGL Sl‘x'i‘fitif,}&l"l‘ A ?Cz GCCCGATTARAGCGGAT
CCLGGAATGLOGUGAAALCCACCGTGAACGGCATGCCGGCGCTGOGCGA
AACCGATA ""J. i T"A'T‘ CC"T‘ TT JT‘GGAMGC' GCT }(1’3. '“1 ATGCGEC
GCTATACCTGCCCGECAGTATARAGARAGGCATGCTGGATAGCGARGCEG
GCGARACTATTG JCTG CCGGTGGATATTTATATTGG AT,LQAACA
mC”L;ATTWTG\J\TCTGCT: '“xTTTTCC—JCTTTTTTCATPJ&ACTGZ\_TGC
GATGCGG \JZ\TG’“MNTAZ&V;GC@-7"“\r- CCOGCGAARCAGCTGCT G
TGCCAGGLCATLGGTGUTGLEGEE TTATTATGTGGGCGAARL
CGLCGAACGCAACTGGEGTGAGCCCGETGEGATGCGAT TGTGGAACGCG
ATGAABRAAGGCCGCAT 'J"GTGAARLK, SAAAGATGCGGCGGGCCATGAA
CTGGETGTATACCGGCATGAGCAARATGAGCARARGCARARACARCGG
””‘T“’“WTCCGCAELJTGZ&TGGT GGAACGCTATGGCGCGGATACCGTGC
GCCTGTTTATGATGTTTGCGAGCCCGGCGEATATGACCCTGGAAT GG
CAGGAAAGCGGCLTGGAAGGUGLGAACCLCTYTCTGAAACGCG _"CTC
GAARCTGGETOGTATGAACATACCGCGAARGGCGATGTGECGGCGCTGA
ACGTGGATGCGCTGACCGARAACCAGARAGCGCTGCGCOGLGATGTS
CA “’AAAZ% Cf_‘ A 'J TGCGAA LxC T GACCCGATGATATTGECCGUCGCTAGAT
CTTTAARCACCGCGATTG GI\““T, XT GCAACTGATCGAACARRAACTGE
Cv'FLZ\_T-x CGC GACCGA TG’“ “““Z&Ln GATCGCGCECTGATGCAGGRAA
L,T s CTGGCGGETGETGCGCAT r'T’T\,-C'“”‘“ TACCCCGCATAT
T' CTTTACCCTGTGGCAGGAACTGARAAGGCGAAGGCGATATTGATA

P N N N T Y T R Y T T A T A T CGATGETOGR G Nele
ACGCGCLOETGGECCGETGEUEGATGARAAAGCGAT T TGCEAAGATAGC

n ~<f~<-—1r ~f~r~1 ST T ~f~r~1 ~ 7 ~ N Vol aralalalaral: 7 7~
AC J RUNCIE, 1(1(, TCCAGCTGAACGGCAAL ',MQ,C,UL,(, L HAAb JA
~ T 4‘*!11#‘ ~7 ~

Cisd GGTGGA CGACCGAAGAACAGGTGCGECCAACG GGGCC

AGGE J\f”nTC"?hG GCGARATATCTGCGATGE 'GTGKCFC,LQ GCAARA
GTGAT TL;TGCCC GCARACTGCTGARACCTGGTGETGGECGGICC

SEQ ID NC: 54)

35

LeuRS vl

ATGGARGAACAGTATCGCCCGGRAGRRATTGARAGCARAGTGE GCT
GCATTGEGATAAARRACGCACCT TTGAAGTGE \CCGAAGATGRARGCA
AAGAARRATATTATTGCCTGAGCATTAGCCCGTATCCGRAGLGGL CeGe
CTGOATATGGGOCATGTGCGCARCTATACCATTGGCGATGTGATTGE

GCGCTATCAGCGCATGCTGGGCAAARACGTGCTGCAGCCGATTGGCT

,__:
[
e
3
~
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e
gl

\GT TGGCCTGLCEGELGEARGETGET

GATG
Jele leldeley
AC SCCGTGGA

1\\/\/ \/ TIN- \)J
CGAARATECTGEGCT

-~

Tk Valal
A £

el G\

FGCGGETGAAAAACAAL
'CMATGAT, J\FAT [GCGTATA XTGn,..AAr\

T

GA

£

FCCGCGAACTGG

oo L
’“C_' CCTGCACCCCOGAATA I'KI Be "'I SGGAACAGAAATTTTTTACC
/‘;Cl STATAAAANAGGCCTGGTGTATAAAALANCCAGCGCGGTGAA
GGETGECCGEA A”‘ TATCAGAC '}C'I‘G'"J_ GGCGAACGAACAGGTGATTG
ATG SCTGCTGCTGGECGUTGCGAT CI\AHG GGAACGCARAGARATT

GGT _"“A”TAA“A TACCGCGTATGC
CEER

Aoz A

c SCAGT
&mr“”GRTAArCT"““TCATT"“
A( CGCARCTGGAT
GTGAACCATTATGATAACACCCTGACCG
TGCGTTTATGG
TGGCGCAGRARGCGG GGABAR
GATGAATGCCGCAACACCARAGTGEOGE:
CCARARRARACCCGTCAATACCECOTTTARAG
CCGGCGARGAAATTCCEGTGTGG

TN e

«4(\ i)
HRCICIO o

17

\

Mol LA SIGICREG]

Al Ly

i - Seloleloe T etelalotalnle S~

TATGGCACCGGCECEGETGATGECGETECCEGE
P ~7 TGO TR

TGCGAGCAAATATGGCCTGAACH

R raTalalalaialalarualalal ~ n lalalalar ualiteri¥e

TGGCGGCGCATGGCAGCGAACCGGATCTGAGC

GGCGT CTG"“T,LAACKGFG7

AGG GARATT
G CGTTTAACGCGATTGCGGA
12V,

"AGCGARGGCGTGGARATTACCTT
TGTATACCA

NN ST N ;,l olels A 5l f\ r'w T I CNO

(DD ,‘\rr!r‘
C xA._/\« GGAACT

ARGCGGARAT

T CGGCGAACTTTGTG

SOCATO Ny S
CATGATCAGCGCGA

CCAGC

"“PJ ACTGA

GG "'? CGAACTGCTGAA

TACCGTGAAAACCATGC

i

AAC
ACCCGCCCGGA
CGGGCCATCOGE

QGGCGTTTATT
GGCGACT
C "C“’TC?\TC CGC 'ILJA

ATGGAA

1\/ SN

r-m,'\

NNy

ATT 'uu«k,\, SETGATT

ACCCGCTE

AN AN AN

QCCTGGATCA

nrwz

afal w[\-—w.w

-\

TA J\

el
Gf‘.\.L\ul J\_"C\)

C cC
TGGGCG 7\rG\# ?-\JA!“TGPZ&L,T CGCCTGCGCGATTG -—GCGTGAGC
CGCC_!-G CTATTGGGGCECGCCGATTCCGATGGTGACCCTGEARGA
TGGCACCE IG[‘«.TC CCGACCCCGGATGATCAGCTGCCGGTGATTCTGC
CGEAAGATGTGETGATGGATE! K.‘AJ '“’“C’C GCCCGATTAAAGCGGAT

CCEGAATGGGLGARAACCACCGTGARCGGCATGCLGECECTGL 'QC L7928
AACC AT, CCTTTGATACCT _TATG GRAAGCAGCTGGATTTATGCGC
GCTATACCTGCCCGCAGTATARAGANG G\J:\TG\:TCGZ&L!&G'\GT‘)Z‘A_\:“'CG
GCGAI Z&LT TGECTGCCGGTGEATATTGCGATTGGCGGCATTGAACA

atalile
g s

ATTTTCGCTTT

AACAGCGATGARCC

TGCGATTATGGGOCT
o - -

{ Jvufil GC }:\LJ\/}}Ll GGTGE

~ f\ aalIatal -[- oo Ueelels

CATGE

FRG1 1\) Ao DiaUAs
(“Cwuj(l’" ZXCJC LA”LC SGTGAL TLJCCC‘ GTGGATG
ATG WAAARGGCCCCATTGTGRAAGCGARAGAS

LJTGT—’\T:‘_\\:CC \J\TGZ&"”“Z&Z\D TR
TTGATCCGCAGGTGATGOTGGAACGCTA
GCCTGTTTATCGATGTTTGCGAGCCLGLUGEA

CAGGAARGLTS SCGAALC

C_l TTGA

OO
S iy

et alal
LLLL Al lria

GARAACTGGTGTATG ‘“}"\\,A"I"A'\,CGCCM AGE

aTalal Tr

LG

PR T

AT r\ 7

w/\ 1

TTCATAARCTGATGC
SGCGARACAGCTGCTG
SGCGARRA
GGAACGCG

GGCCAT Gﬁl\

T
LAy L st

ATTC rj

\"i

J\_ -l

TGS

J
\GCAARR! “—.CF\JJ AACAAC

iC—L”'r'GAi_r' WCC “TG\J
C sGAATGG
PTCTGAAACGCGTGETG

l‘r[f\r"|(“ elalele ‘(f\"lrJ’( 7
\ 4.\; gzl S

A

ACGTGGATGCGCTGACT n,..AA(TCI\Gm..AG S[CTGCGCCGCGATETG
CATAARACCATTGCGAARGTGRACCGATGATATTGG CG’" GCCAGAC

A\ACACCGCGA

Ppp—— e T e ~ N -
CCAAAGCGCCGACCGATGGCGAACAGGATCG

araral SaTaralnre -\r prar T aralalely ]
GCGCTGCTGGCGETGETGCGCATGCTGAACC

WTTGECGEGET b?\“'T\TG AAC TG'“\T “.Z\r- C ARRCTGG

CGCGCTGATGCAGGAA
el OYCYSTYCU T AT
= «k,(, CGCATAT

LT

TTGCTTTACCCTGTGGCAGGAACTGAARGGCGAAGGCGATATTGATA
ACGCGCCETOGCCEETGEET KHL&JGAAAARLK, ?ATC 3 TGCM TATAGC
ACCCTGGTGETGETGCAG “TGT,ACCC “TXGTh uAPu“A TAC
CGTGCCGETEGATGCGACT ARGAACI\ GTGEC ?mC GGGCC

GTGGECGAAATATCTGE!

AGGAACATCTG(

ATGAECGTGAC

o .,-\ e Cn {-\I fl“);nl &
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GTGATTTATGTGC CARACTGCTGRACCTGETGGETGGEGCGETCC

e
GGTG
¢ -
\

36

LeuRS V2

o

EC ID NG: 5h)
GARGAACAGTATC 'CGGA GAAA]T AAAG CARAGTGCAGCT
GC‘ATT -rthiAAnHAA CCTT TGI\ZF”“ GAAGATGAAAGCA
AAGAABAATATTATT “”C'IuA CGTGAGCC GT“ ‘CCGAGCGECCGC
“'1 GCATATGGGCCATGTGCGCAACTATACCATTGGL :C;Alul(;z""l(‘”‘

GCGCTATCAGCGLATGCTGGGCAR \JU«CC':‘C- CTGCAGCCGATTGGCT
GC(?A'J GCGTTTGGCCTGCCOGGLGLAAGLGEGLGELEG '§'J GARARRCARC
ACCGCGUCEGUGCCGTGGACCTATGATAACAT _'GCGTATATGm_ ALR
CCAGCTGAARATGUTGGGCTTTGECTATGATTGGAGCCGCGRACT GG

CGA '“TGCZ&”' COGAATATTATCGCTGGEAACAGAAATTTT T“Z&“r'
GAACTGTATAAAANAGGCCTGETGTATAANALNNCCAGCGCEETG
CTGETGCCCGAACGATCAGACCGTGCTGLCGAACGAACA }CTGAIL‘C
ATGGCTGCTGETGGLGCTECEAT A”‘ CAAAGTGGAACGCAAAGARATT
CCGCAGTGGTTTATTAARATTACCGUGTATGLGE! TG,.“,AF”TC“”MAA
A"TCTG n,LAZmCT J\“TFPF‘ GG fL GCATACCGTCGAARRCTCATGC
AGC CAACTGGATTGGCCECAGUGRAGGCGTGCAAATTACCTTTARAAC
TGP r-C’“WTTZ&TG“TN-CZ&”'C TGACCGTGTATACCACCCGCCCGGA
T “,G CTTTATGGGCTGCACCTA T”‘"‘" SCHEGTGEECEECEEGCCATCCGT
TGGCGCAGAAAGCGGCGGAAAACAACCCGGAACTGGCGGCGTTTATT
GATGAATGCCGCARL A\,Vp}\ﬂf‘ TGC CGLQAAGCGGAARATGGCGACCAT
GGAAARARARGGETL TC TACCGG T I\ZmC GGTGCATCCGCUTGA
CCGGCGAAGRAATT TG SCGGCGAACTTITGTGUTGATGGAA
TATGGCACCGGCE “rGT “T'EGF' ’TTC 'CGC CCATGATCAGCGCGA

TTATGAATTTGCGAGCAAATATGGCCTGAACATTAMACCGGTGATTC

)

TGGCGECEEATGGCAGCGAACCGGATCTGAGCCAGCAGGCGCTGACC
GAAAA AGGCGTGCTGTTTARCAGCGGCGAATTTAACGGCCTGGATCA
TGAAGCGGO '2'1 TAACGCGATTGCGGATARACTGACC 'QC ?ATC SGCG
TC'AGCGAA.C BKGTGFAFT, ZTCGCCTGC F”TXTT CGTGAGC

CGCCAGC (TTA TTGGEGGCECGCCGATT J\,GI\'HGTGJ»\C FTC SARAGA
TGGCACCGTGATG 'CG?; CCCGGATGATCAGCTGCCGGTGATTCTGE

CGGAAGATGTGGTGATGGATG \JZ\TTA“”AE“ 'CGATTAAAGCGGAT
CCGGAATGGGCGAARNCCACCGTGAACGGCATGCCGGCGCTGCGLGA

ﬂAC?CATACJTTT;ATACC”'“ATC}AAA}CAVVFGCA””TATGC?C
GCTATACCTGCCCGCAGTATARAG ”?CAT?CT”"LTAbv;E AGCG
GCGAACTATTGGCTGCCGGTGRAT: mTCTG GCGGCATTGAACA
TGCGATTATGGGCCTGCTGTATTTTCGCTTTT TTCLTWXACTCﬂTb
GCGATGECGEGCATCGTEAACAGCGATGAACCGECGRARACAGCTGCTG

TS O T T T S T T S T T YT e S (I, T e G ekt el el el e
TGCCAGGGCATGETGCTGGCEEATGCETTTTATTATCETGGGCGARAAA
N N ST T N Y T Tt ot COGOTGOATGCGAT TG TGOAACGOS
COGGCCGAACGCAACTGGETGAGCCCGOTGCGATGCRATTGTGGAACGCE

AT(» AARARGGC j”‘C’A'T‘ TGTGAAAGCGARAG Z%JT"”;'JC GCGGGC "A'T‘QAZX
GGTGTATACCGGCATGS F“CTAAATGA”CI\AAKG CAARAAACAALC
CAJTGTXTCCC ',A.GGTGATG TGGARACGCTATGGCGCGGEATA fCGTGC

GCCTGTTTATGATGTTTGCGAGCCCGE “r'GZ&Tle“ \CCCTGGAAT
CAGGAAAGCGGCGTGEARAGGCGCGARCCGCTTTCTGARACGCGTGT G
GARAACTGOGTGTATGAACATAC “C CGARAGGCGATGTGGCEGCGCTGA

ACOTCOATCOGCTOACCGARA AR OGCTGOCCCECGRATOTO
ACGTGGATGCCECTGACCGAAAALCCAGAAAGLCECTG CCGCGATGETG

o el STV NN T T T Y I R N o - TATTOGCCGOCGCOR ™
CATARAACCATTGCGARAGTGAL ,Q,AI CATATTGGCCGCCGCCAGAC
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CTTTARCACCGCGATTGO GGCGATTATGGAACTGATGAACfAAACiTGG
CGARAAAGCGCCGA FCTXT GAACAGGATCGCGCGCTGATGCAGS
GCGCTH \JGTGC \JZ\TGCTGPZ&“” 'CTTTA”' 'CGC“'T\T
T ‘“Cl‘"‘IA”\,\,; GTGGCAGGAACTGAAAGGCGAAGGCGATATTGATA
ACGCLCOGETEE NT‘L'S(, TGGCGEATGAARARGC ?[-TCCJIL;\AI WGATAGC
AC \,’C TGGUGETGGETGCAG C TCGARCGGQCARAGTGCGCGCGAAAATTAL
CGTGCCGETEGATGCGACT ARGAJACI\JhTG -G fGAACGCG GGGCC
AGG ZmCI\"TCTG STGGCGARATATCTGGATGGCGTGACCETGCGCARA
GTGATTTATGTGCCGGGCAAACTGUTEAA '“’TG T“”T GGGCEGCCT

e

GGTG

{SEQ ID NO: &o

LeuRX v3

ATGCGAAGAACAGTATCGCCCGGARAGAARTTGANAGCARAGTGCAGCT
GCATTGGGATGARAAALCGCACCT T TGARGTGAL \,‘(;Aj WGATGAARGCA
AAGAAAALTATTATTGCCTGAGCATTCTGCOCGTATCCGAGCEGGCCEC
CTGCATATGGGCCATGTGCGCAACTATACCATTGGCGATGTG JT "GO
\JC SCTA fo”n CGCATGCTGGGCAARRACGTGCTGCAGCCGATTGGCT
GGG ATC TTT GCCTCCCGCECEGRAGGCGLG C\, TGZ\An,..At’”m 2O
rSC CG CGCGCCETGEGE! CCT. TGATAAC Z\F”TC GTATATGARRAR
L&GC“T“\ \}J&;'\;CTGC SCTTTGECTATGATTGGAGCCGCGAACTGG
SACCTGCACCCCGGAATATTATCGCTGGGAACAGAAATTTTTTACC
\;AAC'I GTATAAANADNAGGCCTGGTGTATAAAANALCCAGCGCGGTGAA
I”?'Q'J sCCCGAACGATCAGACCGTGCTOGGCGAACGAACAGGTGATTG
TGGCTGCTGCTGGCGCTGC AT, WCCARAGTGGAACGCARAGARATT
CCGCAFTC“TTTATTAA WATTAC qT. .1.'{\) GATGAACTGCTGAR
CGATCTGGATABACTGGATCAT TG’“ CCGGATA CCC”"TN-\ ACCATGC
AGCGCAACTGGATTGGCCGCAGCGARG \JGT AAATTACCTTTAAC
GTGAACGATTATGATAACACCCTGACCGTG IAIK CCACCCGCCCGGA

T aralatnk GGGCTGCACCTATCTGGOGOTCGCGEOGGGEaOR N
GTTTATGGGCTGCACCTATCTGRCGE *\;(J\_ ZGCEGGCCATCCEC

TJUQG?AJnA ‘”?CJG?AAAAVAACCJG? ACTGGCGGCGTTTATT
GATGAATGCCGCAACACCABAGTGGCGGAAGCGGABATGGCGACCAT
JCHAHHAAAAGJ CTGGATAC CT.”DA. CGETGCATCCECTGA

GGCGAAGARA TCCCGTbTGwGC ”“CFALT TGTGCTGATGGAR
TATGGCACCGECGCEGTGATGGCGGTECCGEGCCATGATCAGCGCGA
TTATGART TTGCGAGCARATATGGCCTGARCAT TAAACCGGTCATTC

P e N R T e A GOATCTCAGC CAGCACGOCOT ~
TGECGGLEGATGGCAGCGAACCEGATCTGACGCCAGCAGECGCTGAL

GAAAARGGOGTGEETGTTTAACAG 'JC SCGAATTTAACGGCCT KL’L\J CA
SAAGCCGUGTTTARCGCCGATTC u;m,LAZmCTG COGCGEATGEGEG
GGGCGARCGCARNAGTGAACTATCGCCTGCGCE .-—GC \JGTGZ&V'
CGCCAGCGCTATTGGEGCGCECCGAT TC'“G?\T'EGTGZ& CCTGGAAGA

e eTaler _— ey .
TGGCACCGETGA

AL

-3

x:ﬂ

GCCGACCCCGGATGATCAGCTGCCGGTGATTCTGC
CGGAAGATGTGGTGATGGATCGGCATTACCAGCCCGATTARAGCGGAT
CCGGAATGEGTS }AA}%A”‘L,. CCGTGRACGGCATCCLGECECTGLGLGA
AACCGATAC CT TG ACCTTTATCGARAGT AhCT GGATTTATGCGC
GCTAT, CCTGCCC A””l\mm AGAAGGCATGCTGGATAGCGARGCS
GAACTATTGGCTGCCGETGGATATTGCGATTGECGGCATTGARACA
CEATTATGGGCCTGCTGTATTTTCGCTTTTTTCATAAACTGATGC

N OGO NT T - TOCRATOA R \4/\ N AN N ST Y T N

,uf\l CGGGCATGGETGAACAGCGATGAACCGGCGAAACAGCTGCTG
TGO AGGOCATGETGC TEGOCGATCCOT T TTATTATGTGREOL Py
TGCCAGGGCATGGTCCTGGCEGGATGCEGTTTTATTATGTCGGCGAARA

GOCGALRCGOAACTE A T T S I T Y A T T T A D O
CGECGAACGCAACTGOGGTCAGCCCEETHGATGCGATTGTGGAACGCL
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[GARAARAGGUCGCATTGTGAAAGCGAAAGATGCGGECGGGECCATG ‘}\
C’.'GG GTATACCGGCATGAGCARR J\"?'cfup CARRAAGCAARRRACARACG
CATTGATCCGCAGGTGATGETGGAACGCTATGGCGCGGATACCGTGC
ATGATGTTTGCGAGCCCLGCGLATATGACCOTGGAATGG
CZ»\_GGF«.Z\_?: SCOGGCETGEAAGGCLCGAACCGCTTTCTGAAACGCGTGTG

AAACTGGTGTATGAACATACCGCGARAGGUGATGTG 'K, ?fl CGCTGA
nCC’thl\' GCG FTG J\,GI\AARCFAGAAAGCGCTGVG CGCGATGCTG
CATAARACCATTGCGAAAGTGACCGATGATATTGGCCGCCGCCAGAT
\J 'TTARCAC '-’“—“Cl TCC‘-’“—GFGZ& T GGAI Z&LJTGZ&“GFAZ&CF\JAJ&CT
C( AANAGCGCCGACCGATGLCGAACAGGATCGCGCLCTGATGCAGGAA

\«/w ahlalalinle ~/\ T |"1r\ ~/\ R T TS T D (Y T T T N/\ e lalalel

CGCTGCTGECGETGETGLGCATGCTGAACCCGTTTACCCCGCATAT
TGO T T TACCO T GT GG AGGAAC T GARAGGCGAAGGCGATAT TGAT
; f sCTH lf‘,‘;'\,(,\_ LG EGLUAL ’_1.;’L CTGAAAGGCGAAGGCGATATTGATA

ACGCGCCGT COGTGGCEGATGARRARAGC GZ\' wG GGAAGATAGC
ACCCT JCT‘G TC“"‘WC AGCTGAHC' GCAARGT GCGAARRTTAC

CGTGCCGETGGATGCGACCGAAGAACA GC—.T“C “CFA ACGCGCGEECC
AGGARACATCTGETGGCGEAARTATCTGGATGGCGTGACCGTGCGCAAR
TGATTTATGTGCCGGLECARACTGCTGAACCTGGTGETGGECEGCCT

PRy
GGETG
.

. i
{(SEQ ID NC:

@)
\]

Ve

A'Lu(a.r’»ﬁ&' SAACAGT AlCC CCCGGAAGARATTGAANGCARAGTGCAGCT
CATTGGGATATGARNCGCACCT "‘IG[« AGTGAL ?GL AGATGARAGCA
A.’ \GAARAATAT TAT "l"GCC"l"G. GCATTAGCCCGTATCCGAGCGGCOGE
TGCATATGGCGCCATGT FmC TATACCATTGGCGATGTGAT G’"
GCGCTATCN~ ATG“"?” CARARACGTGUTGCAGCCGATTGG
GGGATGCGTT TG’“ CCTE “r'G’“ CGGAAGGCGCGECGETG .\Mg\,.(jzg\f'
ACCGCGCCEGCGCCETGGACCTATGATAACATTGCGTATATGARRAAR
CCAGCTGARAATGCTGLECTTTGGCTATGATTGGAGCCGCGAACT GG
CC ACCTGCACCCCGGAATATTATCCGCTGGGAACAGAAATTTTTTACC
GARCTGTATAARAAAGGCCTGETGTATAAAARAAACCAGCGLGGTGAA
CTGGETGECCCGARCGATCAGRACCGTGUTGGUGAACGRAACAGGTGAT TG
ATGGCTGCTGCTGGECGCTGCGATALC Cl\Ar\G GGAACGCARAGARATT
CCGCAGTGGTTTATTAAMATTACCGCETATG ““GZ&TGPZ&LTGCTGFAJ&
CGATCTGGATARAACTGGATCATTGGCCGGATACCGTGAAAACCATGC

; T T T S TRGCCOCAGT - T T
AGCGCAACTGCEATTGGECCECAGCGAAGGEC JlLJ\JfU*”XI TACCTTTAAC

AT T . CGTOTATACCACCCGCCCGGN
GTGAACGATTATGATAACACCCTGACCGTGTATACCACCCGCCCGGA
TROGTT GO TGO AT AT TGO GOTOGCGGCGGGOCATOCGE
L GL J TTATGE 11, TGCACCTATCTGGCEGETCGGCGECGEECCATCCE

TGGCGCAGARAGT GGARAAL] J\CC uGP\KC T 1GCGGCGTTTATT
Z_TGZ&Z\TGCCCCZ&Z\CACC?\“Z&bTG-—CCGAZ\ ;CGGARATGGCGACCAT
GARRAARARRAGGCGTGGEATACCGGCTTTAAAGCGGTGCATCCGCTGA
C\JG SCGAAGAAATTCCGLTGTOGGCLGCGAACTTTGTGCTGATGGAR

TATCOCACC GGOGOGOaTCATGGCGOTCOCCGACCATOAT .
i SGCACCQGCGCEETRATGECGETGCCEEGLCATGATCAGCGCGA
o 1 AT

TGAATTTG QGA\, VnﬁXA'TKl}\TC SCCTH ““ACAT"‘ZXAAL,\, SGTGATTC
T CGCGCATGCCAGCGA GGATCTGAG F\,fxuf”AGGCGCTGA C
\JAL\ AKG (3¢ G CT‘G"“T 1\?;(77@ SGGCGAA XT TAACGGCCTGGATCA
TGAAGCGGCGTTTAACGCGATT G “”GZW?-\TAZ&L,TGZ&CC S CGATGEGGCE
T sGGCGAACGCE LTAJ“—.TGPZ&L,T CGCCTGCGCGATTGGGGCETGAGT

Y

Y T T T S R T A T A T SACCCTGOS “~
CCAGCGCTATTGGGGCECECCGATTCCGATGGTGACCCTGGAAGA
IelelsrNelslctner Ul eloiale ~ AT T A T O YT A T O T
TGECACCOTGATGCCGACCCCGEGATGATCAGCTGCCEL 1 TTCTGC
1oy nbdeuvelel NG ATCGC AT T ACCAGCCCGAT TAAAGCGGAT
CGEAAGATGET STGATGCGATGGCATTACCAGCCCGATT GCGGAT
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CCGGAATGGGCEARAACCACCGTGARCGGCATGCC GCTGCGCGA
AACC AT, \CCTTTGATACCTTTATGGARAGCAGC TC AT I TATG' GC
GCTATACCTGCCCGCAGTATARAGARGGCATGCTGCGATAGCGAAGC

raraYal

e
{

1

TR T (Y

uvufu«k"lﬂl' TGGCTGCCGE ATTGCGATTGGCGGCATTGAAC
TCGCGATTATGGGCCTGCTG [CGCTTTTTTCAT f\_r’u&CTC,AlLSC,
GCGATGLC ?(ﬁCAT "’”'Tfl;ﬁxllf,nGC SATGAACCGGCGARAACAGCTGCTG
TGC f“r\C SCATGGTGCTGG Gl\"ﬂC"“mT,LTAT,L. TGTGGGE uAnHA
CGGLGARAL Cl\ACT‘C JCTCAGC" CGTGCATGCGATTGTGGAAC
ATm VA uZ&Z\\, S CCGCATTGTGARAT "r'GZ&Z\r-GZ&’““ GECGEEGEC CZ&TGP A
CTGGTGTATACCG ?CATG]«L;\JU«M"i‘m SCAAAAGCARAAACAACGE

T T Jelcler: R TS STe¥ etel
CATTGATCCGCAGGTGATCGETGEA =C

b
=

YT

Lf&lb\; "I /\J(Jf*

T T ATGAT CT T OO AL CCGaOCGAT ATGACC O TOOAATGS
GCCTGUTTATCATGTTTGC _;’l(}\_ CCGCECGGATATCACCCTGGAATG

CAGGARAGCGGCGTGGARGGT ’"GI\A’" GUTTTCTGAAACG JCTGT”

T \4/\ J_ ~/\

s

GZ‘\AKC":K,GTGTATGAKCAT, WCCGCGARAGGUGATGTGGUGGECGCTGA
ACGTGGAT’“—“”CTL;”;C““\JAJ& CZ&“\J&AGC s CTGCGCCGCGATETG
CATAAAACCATTGCGARAGTGACCGATGATATTGGCCGCCECCAGAL
CTTTAACACCGCGATTGCGGUGATTATGCAACT GATGAACAAACT GG

~/\ i N e -~ N

CGRAAGCGCCGACCGATGGCGAACAGGATCGCEUGCTGATGCAGGRA
GCGCTGCTGOCGETGGTGCECATGCTGRARCCCOT TTACCCCGCATAT
T FT,LTA’“C“”?GTGGC, wGBlC”?u,.,AA SGCGARGGCGATATTGATA
ACGCGCCETGECCGETGECGGATGARARAGCGATEGTGEAAGATAGC
ACCOTGETGOTGETACACETCARCGGCARAGTECECGCEARAATTAC
CGTGCCAGTGRATGCGACCGARGAACAGGTECGCEAACECGCAGGCT

AGGAACATCTGGTGGCGARATA 1&"1 SGATGECGTCACCOTGCOCARR

N e PN A N N o e s Nallechlclcieclcisiciclelals
GTCGATTTATGTGCCCGGGCAAACTGCTCAACCTGETEETGRGECEECCT
A~

GGTG

Hahn T TS 208

(SEC ID NO: >58)

59

V1o

ATGGAAGRACAGTATCGCICGHARL HL"\AA TTGAAAGCAAAGTGCAGCT
GCATTGE! ?ATC'I‘”‘AZXA”‘GCA”‘ CTITG GTC VWCCGAAC A\'T‘GAZXA”‘ CA
AAGARRAATA Tm“r" ; CTGﬂ CATT 1\(~ T, XT CCGAGCGGCCGET
CTGCATATGGGCCAT TGC CAACTATAC Cl\mTC CGATG TGI\"“TC
GCGCTATCA CGCL GCTE "”C ARRBACGTGCTGCAGCCGATTGGCT
GGGATGCGTTTGGCCTGCCGGCGEARAGECGCGECGETCGAARARNCARC
ACCGLGCCGGUGLCLTGGACCTATGATAACATTGCGTATATGAAALL
CCAGCTGAARATGCTGGGUTTYGECTATGATTGGAGCCGCGAACT GG
CGACCTGCACCCOGGAATATTATCGCTGGGAACAGAARTTTET "‘ACC
GARCTGTATAARARAGGCCTGGTGTATAARARARCCAGCGCGGETGAA
CTGGTGCCCGARCGA .\JZ\CAC CCTGECTGECGAACGRACAGETGATTG
ATGGCTGCTGCTGGCGCTGCGATACCARAGTGGAR C'-’“—C!x AGARRATT
CCGCAGTGGTT ACCGCG sCGGATGAACTGCTGAA
CGATCTGGATARACTGGATCATTGGCT! }(1}"\? \C "C'I‘fl}"\llAPC’CA'TGC
AGUGCAACTGGATTGGCCGCAGT! Jbﬁx\, SCGTGGAAARTTACCTTTAAC
GTGAACGATTATGATAACACCCTGACCGTGTATA NFACCCG fCCGGA
TGCOGTTTATGGGCTGCACCTATCTG Gp GGTGGC CGGCCATCC
TGGCGCAGAPAGCGGLGGAARAPCAACCCGGAACT "”G’“— CGTTTA “T
GATGAATGCCGCARCACCARAGT GGCGGARAGCGGAAATGGCGACCAT
GGAAALLAALGGUGTGGATACCGGOTTTAMAGCGGTGCATCCGCTGA
CCLGEGAAGRAAATTCCGETETGGEEGECEAACTITGTGCTGATGGAA

skl "ﬂ](“ [\ sloleesleioe Mrj( Uleleslclclieslse e elolor (NAT NN YR
LA /\/ Jixsiiata J.L“J.\) Tl Ll UL J\TL.‘\/\/-L‘\J-\) L/. S GI J.L“.

>l

4) r‘1r
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TT.

3‘)

TCA’“” (TG '“A”CAAPF‘., TGGCCTGAACATTARACCGGTGATTC

TGGCGHLCEGATGGCAGCGAACT GGA,TCTGAGCCAGCAGG GCTGACC
GARABIARG uGTGCT” TTTAACAGCGGCGAATTTARACGGCCTGGATCA

TCAAGCGGCOTTTAACGCGATTGCGLATAAACTGACCLGCGATGGGEG
TCGGCEAACGCAAAGTGAACTATCGCOTGCG ?GAI 'GGEGGCETGAGC
CGCCAGCGCTAY l"C”“G(l'JC Jfl'JC SATTCCGATGGTGACCO TGCM&
TGGCACCGTGATGCCGACCCCGGATGATCAGCTGCCGETGATTCTGC
CGGRAAGATGTGE TGZ\"“ GATG 4CATTAJCKGCCC SATTARAGCGGAT
CCGGAATGGGCGARNACCACCETGARCGGCATGCCGGCECTGCGLGA
/‘Jx", CGATACCTTTGATA C""‘I"‘j‘"‘” GAAAGCAGCTGGATTTATGCGC

GCTATACCTGCCCGCAGTATARAGALGGCAT GCTGGATAGCGAAGCG

\

GC(?AZ% TATTG '”“'I‘”f. CCOGGTGGATATTGCGATTGGCGGCATTGAACA
TGCGATTATGGGCCTGCTGTATTTTCGCTT T Tr".\,, TARACTGATG
GCGATGCEGECATGETGRACAGCGATGAACCEGLGAAR ("TXGFTC'“"“
mi

TGCCAGGGCATGGTGCTGGCGGATGCETTT TMT”“_“-AT’“”C {GCGAARA
CGGCGAACGCARCTGGETGRGCCCGGTGEATGCGATTGTGEAACGLG
ATGARAAAGGCCGCATTETGAAAGCGARARAGATCCGGLGEGLCATGAT
CTGGTGTATACCGGCATGAGCAAARNTGAGCAARAGCAAAARCAACGG
CATTCGATCCGCAGGT }ATC STGGAACGCTATGGCGCGGATACCGTGC
GCCTGTTTATGATGTTTGCGAGCCCGGCGGA "“ATG C“”“”GI\ATC
CAGGARAGCGGCCTGGARAG J\«G\/GA:‘xC GCTT TCTGn,.,A GCGTGTG
GAAACTGGTGTATGAACATACCECGAARAGGCGATGETG \:GC GCTGA
ACGTGGATG "“CTGZ&“f'GZﬂf'“-\Tu:CAGZQ\f- S CGCTGECGCCGCGATGTG
CATAAAACCATTGCOAAACGTGACCCGATCATATTCACCGCCGCCAGAL
CTTTAACACCGCGATTGCEGET! ?ATTATGCM"T GATGAACRRACTGEG
CGAAAGCGCCCGACCGAT ?(YJC VACAGGATCGCGCGCTGAT \? jAGC’AA
GCGCTGCTGGCGETGEGET ATC‘“TGL, CCCGTTTACCCCGCATAT
TTGCTTTACCCTGTGGCE f‘GZ&Z\r TEAAMGGCGAAG GC"““Z& TGZ&J
ACGCGECCETGEGECCEETEECEEATGAAARAGCGATGGTGGAAGATAGC
ACCCTGGTCETGETGCAGGTCGAACGGCARAGTECGCGCGARAATTAC
CCTGCCGGTGGATGCGACCGAAGAACAGETGCECGARCGCELGGELC
AGGAACATCTGGETGGCCGARATATCTGGATGGCETGACCETCGCGECAAA
GTGATTTATGTGCCGGECARACTGCTGAACCTEGETGETEGECEECCT
GGTG
{(SEQ ID NO: 59

6

U

ATGGA AQAZXC GTATCGCCCGGAAGAAATTGAAAGCARAGTGCAGCT
GCATT Gl\mm AAAACGCACCTTTGAAGTGACCGAAGATGARAGCA

AAGAIT r-\“'T\T“Z& TGCCTGAGCATTGTGEC CGTWTCCGA CGGCCGEC
CTGCATATGGGCCATGTGCGCAACTATACCATTGGCGATGTGATTGC

GCGCTATCAGCGCATGCTGGLECAANAACGTGCTGCAGCCGATTGECT

o~ GCGTTTGGOCTGCCOGOGGAR CGCGGOGATS A T

SGGATGCGTTTGCECCTGCCGGECGGAAGGCGCGGCGETGAAAAACAAC
GOGCCGECCCCETGGACC TATGATAAC AT TGCGTA - A

A\,\, SGCCGLEGLCET ACM_ TAT mL&J.AAL,}% i lkul,f l VITATGARAAR

COAGCTGAARA TGCTG GGCTTTEGCTATGATTGGAGCCGOGRACTGS
CGRCCTGCACTCC WATATTATCGCTGGGAACKGAﬂ“T TTTTACC
GARCTGTATARAARAGGCCTGGTOTATARAAAARCCAGCGCGETGAR
CTGGTGCCCGRAC GATCAQ$CC””“CT"“C”KrC”KnCA GTGATTG
ATGGCTECTECTGGGCTECCATACCARAGT GGARCGCARAGRAATT
CCGCAGTGGTTTATTAAAAT TACCGCGTATGCGGATGARC TGCTGAR
CGATCTGGATAAACTGGATCATTGGCCGGATACCGTGARAACCATGC

~
L
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zu\‘J'\,G\/Af‘CT GGATTG GCAGCGAAGGUGTGGARA _'TACCTTTA"T
TGAACCGATTATGATA J\FnC CCTGACCGTGTATACCACCCGCCCGGA
f“—""GT TATGGGCTGCACCTATCTGEEGETGGEGE '-’“—GCC\JZ\TCCGC

TEGCGCAGAAAGTGG ?"L; AARNCARCCCGGAACTGGCGGCGTTTATT
GATGAATGCCGCAACACCABAGTGGCGGAAGCGGABATGGCGA ?CAI
GGARAAARAAGGCGTGGATACCE! ?f.‘TT"“ AAGCGGTGCATCCGOTG
”CGG’"GA G J\A TCCGGET TG\) C CCT,AFT,LT STGCTG TGGﬂl\
TATGGCACCG GGTGATGGEC CT‘G CCGGGCCATGATCAG ’"Gl\
TT "\;N& TT‘-’“—“QAEC WBATATEGCC TG!}LLZ\T”‘Z&Z\ACCGCW“W i
TGGCGGCEGATGGCAGCGAACCGGATCTGAGCCAGCAGGCGCTGA
GAAAAAGGCGTGCTGTTTAACAGCGGUGAATTTARCGGCCT }GATCT‘«.
"”‘AAC CGLGCGTTTAACGCGATTGCGHATAAACTGACCGCGATGLGLG
LGGGECGAACGCS J\Ah,u}mC TATCGCCTGLGUGATTGGGECGTGAGC
'\,’K CI\G’" SCTATTGGGGECGCECCGATTCCGATGE TGl\J\,CT GGRAGA
TGGCACCGTGATG “”GZ& 'CGCFJ&;,\T‘\L \GCTGCCEGETGATTCTGC
CGGCAAGATGTGOETGATGGATGGCATTACCAGCCCGATTARAGCGGAT
CCLGGAATGLGUGAAARCCACCETGAACGHC ‘/‘x'T‘GkJC, 5GCGCTGCGCGA
AACCGATACCTTTGA TTATGGABAGCAGCTGGATTTATGCGC
GCTATACCTGCCCGCAGTATAAAGAAGGCATGCTES }AT. GCGAAGCG
GCGAACTATTGGCTGCCGGTGGATATTGCGATTGEE AT,LuZmCl\
TGCGATTATGGGCCTGCTGTATTITCGCTTTT T,LVAT, J\A’:TGATGC
GCGATGCGGGCATGETGAACAGCGATCGAACCGGCGAAACAGCTGCT G
mC” AGGGCATGGTGCTGECCGATGCETTTITATTATGCTGGGCCEARRA
CGGCGAACGCAACTGLGTGAGCCCGETOGGATGCGATTGTGGAACGCG
I_ GAARAAGGCCGCATTGTGARAGCGARAGATGCGEEGGEICATEAS
C,"I_ GGTGTA 'J VWCCGGCATGAGCAARATGAGCA A}% G 'JZXAA,L\Z% \,p}\\, e
CATTGATCCGCAGGTGATGETGGAACGUTAT GG GGATACCGET
GCCTGTTTATGATGTTT “”GAV' 'CGCCGGE\TAWG“CLJ'”TC—.“T-J&TGG
CAGGARAGCGGCGTGCGAAGGCGCCGAACCGCTTTCTGARAACS ““T'N“C

~ e lcieley: R T TS (e S Y
CAARCTGGTGTATGAACATACCGCGARACGGCGATGTGGCGECGCTG

AT AT Sale o SCCOTGCAOCCCGATATE
ACGTCGATGCGCTGACCGAAMACCAGAAAGCGCTGCGCCGLGATETG

T GGOCGCCGCCAGAC
GGLULLLULGLULAGAL

CATAAAACCATTGCGAAAGTGACCGATGATAT
Cﬁ”mﬂAC' CCGCGATTGCGEEG mr“T;GAnhr"LwaAnhﬁAnhch
CGRAAGCGCCGACCEATGECGARCAGEATCECGCECTGATGCAGGRA
GCG LTGCTG CGGTEGETGCGCAT QTEKnCCCC“ "TACCCCGCATAT
TTGCTTTACCCTGTAGCARGARS TCARAGGCGAREGCGATATTGATA
ACGCGCCGTGRCCEETGECGGATGAARAAGCGATGGTGGAAGATAGS
BCCCTGGTGETGETGCAGGTGAACGGCARBGTGCOCGCOARBAT TAC

TGO CGGTGOATCCGACCC NI VR T e T T £ Y e
CGTGEECGETT mﬁxﬂ 2DACCGAAGAACAG (, GCGCCAACGCECEGECT

L AN W W N e W L AP A AN B N

AGGE J\FAT‘C"'?”G fGAA XTATCT GCATGCCETCACCCTGCCCAAR
GTGATTTATGTGCCG n,..Af”TC'C"?GR., JCTG STGGETGGEECEECCT

GGTG
(SEQ ID NO: 60)
61 | V29 ATGGARGAACAGTATCGCCCGGAAGRRAT TGARAGCARRGTGCAGCT

GCATTGGGATAAAMAACGCACCTTTGAAGTGAC 'T“Ar\GZ&TGPZ&Z\ sCA
AAGAAPAATATTATTGCCTGAGCATTGCGCCGTATCCGAGCGECCGE
CTGCATATGGGCCATGTGCGCAACTATACCATTGGCGATGTGATTGC

T

T

s - N BT Y T Y N CTOCTGOAGCCGATTGGOT
GCGCTATCAGCGCATGC TGRS Vnﬂ.ﬂ.}‘sﬁ\( GTGCTGCAGCCGATTGEGCT
GCGATGOGT T TGGOC TGO GO GaRAAGGCGCGGCGOTGAR A o~
GGCATGCETTTEGCCTGECCHGCERARGHCELEGCEETGAAARACAAL
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ACCGCGUCEGUGCCETGGACCTATGATAACATTGC GTAT, \TGAARAA

”’”“C‘“"‘kﬁ,AAAA,L\fTC SGCTTTGGCTATGATTGGA GCGARCTGG
CGACCTGCACC ':GC“Z&TF—\T‘TWTC’“CTG’T"'“-\}LZ\GL Z&Z\T TTTTACC
GAACTGTATAAARAAGGCCTGETGTATAAAAARANCCAGCGCGETGARA
CTGETGCCCGAACGATCAGACCGTGCTGLCGAACGAACA }C"‘(}Al"‘"
ATGGCTEC l"C‘CT'” ;GCGCTGCGATACCARAGTGGAACGCARAGRAATT
CCGCAGTGGTTTATTARRATT ,wf”” 'C"“AT‘G CGGATGAACTGCTGAA

VCumVLuJﬂ,AAﬂCT SGATCATTGGCCGGATACCGTGARRACCATGE
AGCGCAACTGE T”Gﬂ'C“AG““QAO"ﬂGI"ﬂ:AAT“A“ﬂ“ TARC
GTEAACGATTATGATARCACCCTGACCGTGTATACCACCUGCCCEGA
TGCGTTTATGGGCTGCACCTATCTGGCGETGGCGECGEGCCATCCGE
TGECGCA AAAbV}G?C?AAAﬁCAACCLV;nACTﬂ?C?G?CTTTATT
GATGAATGCCGCAACACCAMAGTGENGEAAGCCEARATGGCGACCAT
GGARAARARAGGCGTGEATACCGGCTT TARAGCGGTG! ATC GCTGA
CCGGCGARGAAATTCCEGTGTGGGCGGCEAACTTTGTGCTGATGEAA
TATGECACCGGCECGETGATEGCGETGCCGGGCCATEATCAGCGCGA
TTATCAATTTGCCAGCAAATATGGCCTGAACATTABACCGETGATTC
TGGCGGCGEATGGCAGCGAACCGCATCTGAGCCAGCAGGCGCTGACT
GABARAGGCGTGCTGTTTAACAGCGGCGAATTTA nc¢1c:"ccarch
TC V-¥elolele CGTTTAACGZzeTGCGG.T;AAPTG CCGCGATEGGCE
G

TGGGCGAACGCARAGTGRACTATCGCCTGCGLGATTGGGGCETGAGT
CGCCAGCGCTATTGGEGCECE '\JGRTT“r'GZ&TGGTGACCCT GAAGA
TGCC_! \CCGTGATGCCGACCCCGGATGATCAGCTGCCGEGTGATTCTGE

CGGAAGATGTGGTGATGGATGGCAT "‘I«UC,A'”?.- CCCGATTAAAGCGGAT

SIoIeTEN e e e A Ny ~ OGO ATCOC GGG TG
CCEGAATGGEGCEAARAACCACCGETGA SGCATGCCOGGCECTGCGEGA

AAL '}CATAC jT T TGATACCTT 'T‘n i ‘mﬁxﬂ SCAGCTGGATT 'J_"ATGC 50
GCTK CCTGCCCGCAGTATAAAGAACGCATGCTCGCGATAGCGRAGCG
GCGE Z&L,TATTr G\:TG COGTGGATATTGCGATTGGCGGCATTGAACA
TGCGATTATGGGCCTGCTGTATTTITCGCTTTTTTCATAARCTGATGC

GCGATGCGLEEAT GGTGAACAGCGATGAACCGLCGARACAGCTGCTG

TOCCACGOCATCOTCCTRGCOGATACC Uk TR T T T Y Y
TGCCAGGGCATGETGCTGGCEEATGCETTTTATTATCETGGGCGARAAA

-~ S N el el el ey Velalalal sl shtlaley OGATTGTEG] N e
CGG V\'ff‘\;’l. CGCAACTGGGETGAL *L,Q, CGGTGCATGCGATTETCGCAACCECSE
T T N Y T T Y T Y T T e A TR N N R R O N VT T R

A.l'\j.” AAAG 1(,\, ,AL TGTGAAAGCGARAGATG ,(; SCGGGLCAT '*J‘—&A

GGTGTATACCGGCATGS FCKZ\AATGA”CZ\AAKG CAARAAACAALC
\J TTGATCCGC? \JGTGAL GGTGGAACEC “”C‘-’“—CCGZ&'nC“GTG\J
GCCTGTTTATGATGTTTGCGAGCCCGE “r'GZ&TlT’“ \CCCTGGAATGS
CAGGABAGCGLCGTGEARAGGUGCGAACCGCTTTCTGARACGCGTETY G
GAAACTGGETGTATGAACATACCG 'JCAA AGGCGATGTGGCGEECECTGA

ACOTGGATCCGO TGACCGAARARCCA - T OO GO OO AT ETO
ACGHTGHATELG ,J CCGAAAACCAGAAAGCGCTCECGCCHGCGATETG

CATAARACCA] CCAAA¥TuA ATGAM“” GGCCLCCGLCAGA
CT'&AACKC ,fGATTGCG nATATC AACTGATGAACAAACTGG
CGARAGCGCCGACCGA ““'?KrCA“f“ CGCGCGCTGATGCAGGAR
GCGCTGCTGELGETGETGCCGCATGCTGAACCCGTTTACCCCGCATAT
TTGCTTTACCCTGTGGCAGGAACTGAAAGGCGAAGGCGATATTGATA
ACGCGCIGTGECCEETGEEGEATGAAARAGCGATGETGGAAGATAGT
ACCCT"ST”"I}GTCJAGLT AJG?CAA%CTT?CJG?CRA%A.TAC
CGTGCCGETEGATGECGAC AGAACAGGTGCGCGAACGCGCEGECT
AGGAAChTCTG STGG CCAAAT“TFTC GATGES CTGAhC“T” Fn“A
GTGATTTATGTGCCGGGCARAACTGCTGAACCTGETGGTGEGCEECCT
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GETG

i - T 2
LD EJQ ID NG ol )

V48

ATGGAAGAACAGTATCGCCCCGAAGAAATTGARAGCAARAGTGCAGCT
GCATTGG Jn,LAAnﬁAA ~CACCTTTGA .”,TG AWCCGEARG! TGR.,A”CA
A, GARAAATATTATTGCCTGAGCATTAGCCCGTATCCGAGCGGCCG

CTGCATATG -—CCFJLJTGCGC“ ACTA 'Z\_CCATT -—CCFJLJTGZ& TG“

N 1o v TS 7 e e CTOOTGOT CCGATTGGECT

SCGCTATCAGCGCATGCTGGEGCAARRACGTGCTGCAGCCGATTGGCT
SCGTTTCGCCTGCCGGCR0R sleclalelcielelt A -

SGEATGCETTTGGCCTGCCEGGECEEAAGGCGELGEEC I SAAAANCAAC

ACCGC GCCGGCGCCETGGACCTATGATAACAT TGO '"JAI A 'J GARARA
CCAGCTGAARATGCTGGGCTTTG %CMATGAT TGGAGC GAACTGG

GAACTGTATAARARAAGGCCTGETGTATAAARASMNACCAGCGCGGTGAR
CTGETGCCCGAACGATCAGACCGTGCTGLCGAACGAACAGGTGATT
ATGGCTGCTGCTGEEGCTGCOCATACCABAGTGGAACGCARAGE \JU‘T
CCGCAGTGGTTTATT AAAZ%'T‘l}\\,C(VJC'T‘A”C CGGATGAACTGCTGAA
\,CH.A.\, TGGAT AZmCT 5GF th’” r"T GGATACCGTGRAARACCATGC
AGCGCAACTGGATTGGCCGCAGT AKG J""G GGAAATTACCTTTAAC
GTG ZmC' ATT: TGTXTA»\CAJ\,C TGACCGTGTATACCACCCGCCCGEA

m .f\. o —wr-m,-\w—\ l'\m—,\ﬁ,'\m/“ '\"(/“I—U'\ e ,-\ wr‘ R wr- ol
I'GC T7\TG ACCTATCTGEGEC =GC S CCCATCCGT

CGACCTGCACCCCGGAATATTATCGUTGGGAACA UJ\AT T TTACC

sl r‘

m e alalalalals elalelelers IS 47 g N N T T T T T
(:ub\,( AGAAAGCGEC ,\,CJI*‘ AAC CCCGGAACTGGCGECETTTATT
“p S, T Teletels PR T e

GATGAATGCCCECAACACCAAA C,rlb(, SGAAGCGGAAATGGCGACCAT
~ o~ 2 N N N e e T T A A D (T O R TP OO T YR

GGAAAARAAAACGCG 1(1(,A1,%\,C,LTL1(, i l iAAbb(, SETGCATCCGCTGA

CCGGCGAAGARRATTCCGETGETGGGECE ZmCT TG GCTGATGGAA

CCG

TATGGCACCGE fGCGGTGATC J’" %GTh fCGG CATGATCAGCGCGA
TTATGAATT rT1G GAGCAAATATC 'CCTGA}\CQT“?—\“ \CCGGETGATTC
TGGCEGCGEATGGECAGCGARCCGGATCTGAGCCAGCAGGCECTGACC
CAARAAGGCGTGCTGTTTAACAGCGGCGAATTTAACGGCCTGGATCA

TGAAGCES ?f_‘ GTTTAACGCGATTG j(l'ﬂ%'T““’" ACTGACCGCGATES ?9'3(,
T ;G 5CG A”‘GCM L&C'I‘QAZXCTAJ CGCCTGCGCCATTGHEGLGETGAGT
CGCCAGCGCTATTGE fGCG ‘CGAT J\,GZ\' wGTGnCCCTGGAAGA
TGG f”r\C GTGATG fCGA CCCGGATGATCAGCTGCCGGETGATTCTGC
CGGEE r;GZ&m”“’“GTGA“”GZ&TG CATTACCAGCCCGATTAARGCGGAT
CCGGAATGGGCGARANCCACCGTGAACGGCATGCCGGCECTGCGLGA
AACCGATACCTTTGATACCTTTATGGAAAGCAGCTGGGCGTATGCGE

FICUTUR TR T S (O CET A T A T Ty lelor Glelehucler U Nels e
GCTATACCTGCCCGCAGTATAAAGAACGCATGCTCGATAGCGAAGC]

GCGAACTAT 'T.‘”‘ "C'I‘”l CCGGTGGA T. o TGC SATTGGCGGCATTGAA Cn
TGCGATTATGGGCCTGCTGTATT GCTTTTTTCATARACTGATG
GCGATGC -—GCFL f‘“{“?\,\cZ&“”GZ&;GZAZ&“” (5 “Cf Z&Z\ A-:— T “T”‘

;1)

GAAARA

rGT ;::-; ACGCG

»
TGCCAGGGCATGGTGCTGGCGEEATGCGTTTTAS

CGGCGAA “"-k,‘ AACTGEGTGAGCCCGLTGGATGCC
ATGAARAAAGGCCGCATTGTGAAAGCGARRAGATC 'JC SCGGGCCATGAA
CTGETG 'JAI}"\CJG'QCAT" GUCARBATGA GCAAAAC\, ARBACAACGG
CATTGATCCGCAGGTGATGETGE ZmC' FT, T GGCGCGEATACCGTGC
GCCTGTT ,"?TA”“ATGT TGC GnC cC GG "“.“AT‘G CCCTGGAATGG

CAGGAANGCGGCGTGEARGG “GAAC “”CT TAAACGCGTGTGGAA
ACTGGTGTATGAAC Z&uuCCGCGZ&Z\nG-—CCFJLJTG-—CC SCOCTGAACS
TGEATGCOGCTGACCGAAANCCAGAAAGCGCTGCGCCGCGATGTGCAT
ARAACCATTGCGARAGTGACCGATGATATTGGCCGCCGCCAGACCTT
TAACACCGCGATTGCGGCGATTATGGAACTGATGAACAAACTGGTGA

o
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AAGCGCCGACCGATGGEL AKCA”GAA\, SCGCGCTGATGCAGGRAAGCG
CTGCTGGCGETGGTGCGCATGCTGARCCCGTTTACCCCGCATATTTGC
CTTTACCCTGTGGCAGS 7\r;CT ABRAGG 'T“\r-G:— 'PTWT““JZ\_TAACG
selgechile ‘4/\ e le o N(\LJ

<~ ~ T T Ty e
ol lUia i C GO SAADRAG »\'_:\.I SETGCGAAGATAGCACC
CT GGTCOTGOT A e T T GCGOGCGR R Nalalelt

GGTGGETGC SCAGGTGAAC (J\,(I*‘ AGTGCGCGCGAAAATTACCGET

elalsleTclideierUilelorer Yele \MrJr ‘4/\’*»‘“ Nalslalalalalalal Nales

- S~ -
GCCGGETGGATGCCGACCGAAGAACAGGETGCGEC! J.L“J“\\/(J\_ AL GELULAGLG

AACATCTGGTGGCGARATATCTGGATGGC GTG 'GTGC J\Am"
-

ATTTATGTGCCGGGECARACTGCTGRACCTGETGGET \/G\_ GGT
~
(SAJ ID NO: 62)

(o8]

V56

) 5
Q)

SAAGAACAGTATCGCCCGEGAAGARATTGARAGCAAAGTGCAGCT
GCT\“T"“GZ&Lr\TAZﬂrJa\:GCACCT TGARGTGACCGAAGATGARMGCA

AAGAAAALTATTATTGCCTGAGCATTAGCCCGTATCCGAGCGGCCEC
CTGCATATGOGGCCATGTGCGCAACTATACCATTGGCCGATGTGATTGC
GCGCTATCAGCGCATGCTGGECARAAACGTGCTGCAGCLGATTGECT
GGGATGCG T,LT GCCTCCCGCECEGRAGGCGLG C\, STGAARRACAAC
ACCGCGECCGEGE C'“T”G JCT. TGATAAC l\mTC T, XTATGl\Am_.&.,

”CEG””G ARS 'wCT CGCITTGGCTATCGATTCGA GCCAACTGG
CGACCTGCACCCCGGAATATTA ““CT”‘GZ&Z\CA-’“—.; r-\“TTTTTTACC

P MIalaralnled

GAZ -"I(: ATARMNARAGG jCTCC;l s TATA U‘&Z‘«l ARCCAGCGCGGTGAA

CTAGTCOOC T N T T T Y e O S T ~ N TS T TS
CTGC CCGAACGATCAGACCGETGCTGGCGA CGAACAGGTGATTG
T CGCTOO TGO TGACGOTOOG TN T T e A
ATGEGECTGCTGCTGEECEETE ,()Alf“;\, CAARAG 1(1(;%(,(; CAAAGAAATT

CCGCAGTGGTTTATTAARATTACCE CCT‘.,,LHC\) GATGAACTG \,T‘\Jm
CGATCTGGATAAACTGGATCATTGGCCGGATACCGTGARAACCATG
L&CC CARCTGGATTGGCCGCAGCGAAG \JGT GARA TACCTTTZ&AC
GRACGATTATGATAACACCCTGACCGTGTATACCACCCECCCEGA
’l' GCGTTTATGGGCTGCACCTATCTGGEGETE “"GC SGGEGCCATCCGEC
TGGCGCAGAAAGCGGCGGARAACAACCCGLARCTGGCGGCGTTTATT
GATGAATGCCGCAACACCARAGTGGCEGGAAGCCGABATGGLGACCAT
\JCJ AARARRARGGCGET UXTA’"C CT‘ [TAAAGCGGTGCATCCGCTGA
CCGGCEAR UAA TCCGETGTGG GCCAACTTTGTGCTCGATGCGAA
TATGGCACCGGCGCEE TGZ&;'\: CGGTGECCGEGCCATGATCA CGCGA
mTL&m”M& Tr.‘i“—C'r'A SCARATATGGCCTGAACATTAARACCGGTGATT

m T ~/\ T S alaN Talalakd «4(\ TR T T TR Y R Y T ~(\ T e erNele
TGGCGGLGEGATGGECAGCGAACCEGATCTGAGCCAGCAGECGCT G (/ L
GAAARAGGCGTGCTGT TTAACAGCGGUGAATTTAACGGLCCTGGATCA

"’CAACCGGC(‘T’“'J AACGCGATTGCGGATA AAC"J GACCGC "ZX'T‘(‘C*C (G
IGGGCGAACGCARAAGTGAACTATCGCCTGCGCGATTGE GTGAGC
Cu— CCAGCGCTATTGGGS “”C‘-’“—CCGZ& TCCGA r."“GrTGZ&CC 'I GGAAGA
TGGCACCGTGATGCCGACCCCGGATGATCAGCTGCCGGTGATTCTGC
CGGAAGATGTGGTGATGGATGGCATTACCAGCCCGATTAAAGCGGAT
CCOGGAATGGEEGARARCCACCETGAACGGCATGCOGECGCTGOGLGA
AACCGATAL '"J i TC*ZX'T.““C’“,'T‘ TTATGGARAGCAGCTGGCATTATGCGC
GCTATACCTGCCCGECAGTATARAGARAGGCATGCTGGATAGCGARGCEG

GCGAACTATTGG CT‘G CCGGTGGATATTGCGATTGGCGGCATTGAACA
TGCGATTATGEGCCTGCTGTATTTTCGCTTITTTTCATAAACTGATGE
GCGATGCGGGCATGETGAACAGT L;rr-r."“\nC'CGC GAARCAGCTGCT G
TGCCAGGLCATOGGTGUTGGLGEATG ATGTGGGCGAARR
\,’ GGCGAACGCAACTGOGTGAGCCCGE T GGATGCGATTGTGGAACGCG

A COCCORATTOTEAL LG elelelcloeleclolor s A
ATCAAAAAGGCCGCATTETGAAAGCGAAAGATGCGGECGGLCCATGAA

e
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CTG 4TGTATAC GGCATGAGCARARATGAGCAR? ,AhC ABRRACAR XQG
CATTGATCCGCAGGTGATG G GGRACGUTATGG GGATACCGET
GCCTGTTTATGATGTTTGCGAGC 'CGC "“—"F\”‘Z&'HA“CCT ."r-\“TL;'
CAGGAAAGCGGCGTGCAAGGLCGCGAACCGCTTTCTGAAACGCG
GAABRCTGGETGTATGAACATACCG ?GL ABRGGCGATGTGEEGLCGCTG
Af‘“'T‘”‘"A'T‘QCCCT ACCGARAACCAGABAGTS ?f_‘TC\, L,C ?(_?'3..\'1‘(5'11(5
CAT n.“‘%ACCRTm G muf,i.'cﬂC n.xTGATA TTGGCCGCCG AWGAC
CTTTAAC FhﬂTT GCGATTATGGAACTG! "'?G,.“,Af”n,.,AF”TC
C EYAVAVA CGC GACCGAT 'G“ GARACAGGATCGCGCECTGATGCAGGRA

OO TECTEGC AT oleles alilal CCCGTTTACCOCGN
SCGCTGCTGGECEETCEETGCEGCATGCTCGAACCCET ACCCCGCATAT
m O NN TS T N e R Ty Y Te ST T Y Ty T
TTGCTTTACCCTGTGGCAGGAAL -*\;AI«"X\, GARGGCGATATTGATA
I alolalalalal el alal alal e ettt e el alal Sl o ‘4/\’* |-r(f~~r ~ v ~Cp ‘4/\
ACGCGCCOTECECCEETEECEGATGAAAMAGT L4 J SGAAGATAGC

TW\,CT JCT‘G TGG"'“GCAGGTGAA {GGC J\ CT‘G CCT.AA A TZ‘;’"
CGTGCCGETGGATGCGACCEA, Ux}\f”n GTGCG CCT.A GCCGECC
AGGAI &CATCTG T GGCGARATATCTGGA C EL\EAZC\Ji GCGCAAA
GTGATTTATGTGCCGGGCARACTGCT PM&C TGETGETGGECGGCCC
GGTG

QTN T T oy
(:)JL(,_,{ 1) NUD 03

V54 ATGGARGAACAGTATCGCCCGGRAGRART TGARAGCARAGTGCAGCT
CATTGGGATAARRRACGCACCT T TGRAAGTGACCGARGATGARAGCA
RAGARARATATTATTGCCTGAGCATTAGCCCGTATCCGAGCGAECGE
CTGCATATGGGCCATGTGCGCARCTATACCATTGRUGATGTGATTGE
GCGCTATCAGCGCATGCTGGECARRARCGTGCTGCAGCCGATTGE
GGGATGCGTT TGECCTECCG CGGAAGGCGC%GCGGTGnMAAnCAAV
”G—\—xr- n,—x —xC \—\ alel ﬁ(‘\—x—\ -\TJZ&:’\,-
CCRGCTGRAAATOCTGAGCTITG ATTEGAGCCOCEAACTES
CGACCTGCACCCOGGARTATTATCACTGAGARCAGARATTTTT
GRACTGTATAARRAAGGCCTGGTGTATARRARAACCAGCGCGGTGAR
GGTGCCCGARCGATCAGH CCOTGCTGECCRACCARCAGGTGATTG
ATGGCTECTGCTGGCGCTECGATACCARAGTGGARCGCARAGAAATT
CCGCAGTGGTTTATTARART” ACCGCGTATGCGGATGAACTGCTGAR
SATCTGGATARACTGGRTCATTGGCCGGRTACCETGRARACCATGT
AGC CAACTGAATTAGCCGCAGCGARGGCGTGGARATTACCTTTARC
GTGARCGATTATGATARCRCCCTGACCGTGTATACCACCCGCCCGGR
TGCGTTTATGGEGCTGCACCTATCTGECGETEGCEECEEECCATCCGE
IGGCCCAGRRAGCGACOERARACRACCCGGARCT EGCHACGTTTATT
GATGAATGCCGCABCACT nHAFTC GGRAGCGGARATGGCGACCAT
GGRARAAARAGGCGTGGATACCGGCTTTARAGCGGTGCATCCGCTGA
CCGGCGARGARN ”ﬂC”GTGTGC CGGCEARCTTTGTGCTGATGEAR

et

ACC

TATGOGCACC GO0 S ATGGCCAOTGCCGGGCCATE N
A CA GTGE CATGATC GA

VIGGCACCGGCECGE SATGGCGETGECLEEGET AGCGE
TP AT A AT T O A T aTalaly AT T R M alntad e
]. PCAATTTGCCGAGCAAATATGGCCTGAACAT J\.ALLL)_L‘\L,\/ SGTGATTC
- GG GGATCGOAGCGARCCCGATCTGAGCCD celolclsiierNele
TGGCGGCGCEATGGCAG ARCCGGATCTCAGCCAGCAGGCGCTGACC

Aj }m, GGOGET CTG"“T I AACKG GVGAATTTAACG %CCTGGATCA
mCz AGCGHGCETTTAACGCGATTGLGGATARACTGACCGCGATGGGCG
TGGGCGAACGCAL -)A’“.TCF ACTATCGCCTGCGCGATTGGGGECGTGAGT

C”erGC CTATTGGGGCECGCCGATTCCGATGGTGACCCTGEARGA
TGGCACCGTGATGCCGACCCCGGATGATCAGCTGC ')C,C;l GATTCTGC
CGEAAGATGTGETGATGCATGGCATTACCAGCCCCATTAAAGCGGAT

Toleer e e e A ~ AT GO CGGOGCTGOGCGL
CCEGAATGGEGCEAARAACCACCETGAACGGCATGCCEGECG ,J_ "GCGA
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AACC AT, wt’”T TGAT‘A(’”'\ TTTATGGARAGCAGCTGGATTTATGCGC
GCTK CCTGCCCGCAGTATAAAGAACGCATGCTCGCGATAGCGRAGCG
GCGE Z&L,TATTr \:TG COGTGGATATTATTATTGGCGGCATTGAACA

TGCCGATTATGGGCCTGCTE [CGCT TCATAAACTGATGC

A SR L~ - PN St S e BCCOTGOTE
GCGATGC J\(J\,leﬁ.‘m,_\f‘ '&(I*(J'\.,Gl*.*uf&[ﬂ,\, FGCGAAACAGCTGCTC
TGOCAGGGCATGG TGO TGGCGGATGOCTTT T Y YOOI R T
..... SCCAGGGCATGETGCTOECEEATGCETTT JAI Vi ly Dslata U ”_Jf‘k.;’l.\

GCGAAC Cl\ CTGGETGAGCCCGETGGA GI\MTG GGAACGC
AT' VARARGGC Cl\mTGTGm_l_,‘ GI\AAGI\"{ sGCGEGEGECE Cl\'.u,_.A
C 'GGTGTZ\_TACCC SCATGAGCAARATGAGCAAARGCAMANACANC
CATTGATCCGCAGGTGATGGTGLEAACGCTAT GGCLCUGEAT

GCCTGTTTATGATGTT I SCGA ?-”‘CC, }C CGGATATGACCCTGGAATGE

ACOGTEO

CAGGARAGTGGCGTGHARGET! ?f_‘ 'f CCGCTTTCTGARACGCETETG
GZ‘\AA'“":“GGTGTATGARCAT, CCGCGARAGGCG! TGTG GCGGECCCTGA
ACGTGGATGCGCTGACCGARAA Cl\Gn,.,AJ\, CTGCGLCGCGATGTG
CATAARAACCATTG “Cl‘ AGTGACCGATGATATTGG 'CGC (GCCAGAC
CTTTAACACCGCGATTGCGGUGATTATGGAACTGATGAACARACT GG

’\

~/\ TN N T e N = N = Neloeele

- = ~ ~7 = TGATCCACS
CGAMAGCGCCGACCGATGGCEAACAGGATCGCGCGECTGATGCAGEAA

N T Y S Y e e e T T O TP A T O T ~ T
GCGCTGCTGGCGETGETGCGCATGCTGAACCCET ACCCCGCATAT

TTGCTTTACCCTGTGLCAGGAACTGARAGGTS m}\ GCGATATTGATA
ACGCGCCGTGGLCEETGECGEATGARARAGCGATGETGGAAGATA 7'C

“C”’FTG“"‘?”G JCT‘GQ»\C'“TGT&ACGGVZA}RG”“” GCGCGARRATTA

CGTGCCGETGEATGCGACCGARAGAACAGGTGCGCGAACGCGCE "“CL
r-xCG$ r—CZ&mr'“’“GT GCGAAATATCTGGATGGCGTGACCGTGCGCARA
GTGATTTATGTGCCGGGCAAACT GCTGAACCTGETGGTGEGECEEECT

65

ATGGAAGAACAGTATCGCCCGGAAGAAAT TGAMAGCAAAGT GCAGCT
GCATTGGGATARAAARCGCACCTYTGARGTGACCGAAL A\'T‘GAZLAM,..\
AAGARAAATAT ;.‘A’i"f GCCTGAGCATTAGCCEG "1 ATCCGQAGCGECCGL
CTGCATATGGG CCK GTGCGCAACTATACCATTGG FCR TGATTGC
GCGCTATCAGCGCATGCTGGGCAARAACGTGCTGCAGCCGAT CT
GGGATGCGETT Tv' 'CTG CEGCE “?\3EG\,G““”C'-’“—LJTGZ&Z\r-\“Z&Lr'-\f C
ACCGCGCCGGUGCCETGCGACCTATGATAACATTGCGTATATGAARDA
CCAGCTGAARATGCTGGGCTTYGECTATGATTGCGAGCCLCGAACT G
CGACCTGCACCCOGGAATAT TATCGCT GG GAATAGAS ZXAT TTHTTACC
GAACTGTATARRARAGG jf_‘TC STGTATARAARAACCAGCGCGGTGAA
CTGGETGCCCGAACGATCA CTXCFCTGFTC CCT.X.,CCT.AQ»\C“T ATTG
ATGGCTGCTGCTGGCGCTGCEATACCARAGTGGAACGCARRAGABATT
CCGCAGTGGTTTATTA ZLl\}\T‘TZ\_' CECGTA TGC"“G“T‘TZ\nCTb CTGAR
CGATCTGGATAMACTGGATCATTGGCOGGATACCGTGAARACCATGC
AGCGCAACTGGATTGGLCGCAGCGAAGGCET }(EL"\ZXAT”Z%CC”'J TAAC
"GAACGATTATGATAACACCCTGACCGTG 'JAIAC J CCCGCCCG 'QZX
TGCGTTTATGGGCTGCACCTATCTG G\/ GCTGEGC GuCCK CCG
TGGCGCAGARAGCGGCGGEARRAACAACT GI\ACT‘G C CCT‘T‘TATT
GATGAATGCCGCARCE r'CZ&Z\rGT GG '-’“—L;r_r'xA:—. GGAARTGGCGACCAT
GGAAAPNAAADGGCGTGGAT! C'-’“.G'r'“ TAMAGCGGTGCATCCGCTGA

ISTala i /\ e ~(\ YT e el ek T T

o /\-J(J\,CJI*"\\#U*[\I ,\,Cll GCGGCGARACTTTGETGC *\,lebuf&[*
7T L T I T O T L S O R TS BT B (3 0 (D

B L \/ N /\} NN} TJ LL‘\A.\) Ry S s N S . N PR NP W e 3 1\/\/.L‘\4.\ LL),.[. J\_ 1\/ LL‘\.

T A A ATTTGCGAGCARATATGGCCTGARCAT TARACCG c TGATTC
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TEGCGE GATGGCAGCGARACCGG! ,TCTGAGCCAGCAGG GCTGACC
GZ\ABAAGG" GTGCTGTTTARCAGCGGCGAATTTAACGGCCTGGATCA
Tfw ANGCGGCGTTTAACG “CFJTCC’“G“ TAAARC TbrkC‘CGCGATGGGCG

TGGGCGAACGCARAGTGAACTATCGCCTGCGCGATTGGGGCETGAGC
’“f?(iC"«GC SCTATTGGGGCGCGCCGATTCCGATGGETGACCCTGGAAGA
TGGCACCGTGATGCCGACCCCOGGATGATCAG jl"C*ijl'Q'J GATTCTGC
CGGRAAGATGTGGTGATGGATGGCATTACCAGCCCE AT,LAA»\C GGAT
CCGGAATGGGECGARARCCACCETGAACGGCAT wC GCGECTGCGCGA
AACCGATACCTTTGATACCTTTATGGARAGTAG CT GGATTTATGCGC
GCTATAC k"l SCCCGCAGTATAAAGAAGGCATGCTGLATAGCGAAGCG

GCGAACTATTGGCTGCOGGTGCATATTGTCGATTGGCGGCATTGAACA

TG AT TATCGGCC T CC TG AT T T TCGC T T T T T TCATARAC TOATCC
Lzl TTATGCGCCTGCTETATTTTCCECTT 1 i J TCATAAACTCGATGC
SO ~ CnTOoOTT TR ~7n Iariye: 1"\[11
GGA G 2GGCATGETGAACAGCGATCARACCGECCAAACAGCTGC

TGCCAGGGCATGGTGCT GGG JATGCCTTTTATT f““th\, A,,..Aim
CGLECEAACGCARCTGEGETGAGCCCGETGGEATGCGATTGTGEAACECE
ATGAARAADGGCCGCATTGTGARAGCGARAGATGCGGCGE CCAT A
CTGGETGTATACCGGLAT GAGCAALATGAGCAARAGCAANABACARCGG
CATTCGATCCGCAGGTGATGETGGAACGCTATGLCG ?" SATACCGTGC

£ T AN T ORI R P e Uslisiaskayl ~ .‘ ~ alalalaialala el iUl ed f\ sloliele e
'k’l(..’\/,l. L J '.LL‘J.'\;LLL.[. J: .[.L'l\/ 1\/ sy A .LL‘ (&7 AL \"'L'l LLL),.[.L.‘\)

CAGGARAGCG uqu 2 J\«C GARCC GCfTTTCTGn,.,A GCGETCETG
GAR ‘.CTGGTGT,A.TGA CATACCGCCARAAGGCGATETG QGGCGCTGA
ACGTGGATG "“CTGZ&”'GZE\“\)ACCT GAAAGCGCTGCGCCGCGATGT
CATAAPACCATTGCGAARGTGACCGATGATATTGGCCGCCGCCAGAC
CTTTAACACCGCGATTGCGEEGA T TATGGAACTGATGAACABACT G
CGAAAGCGCCGACCGATGGCGAACAGGATCGCGCGUTGATGCAGGAA
GCECTGCTGGLGETEETGCGEAT 'QC'T"‘ SARCCCG ”.‘."'“Z%CCL,\, SCATAT
TTGCTTITA J\,TGT” A”GI\ACTGAAKG GCGARGGUGATATTGATA
ACGCGCCETGGCCGETGECGHEATGAAARNAGCCGATGETGGAAGATAGC
ACCCTG r'“’:GT f“.TCC Z&Gf‘“’“K,\C’“ GCAAAGTGCGCECGAAARTTAC
CGTGCCGETGGAT GCGACCGAAGAACAGGTGCLGCGAACGCLGCG }GCC
& ‘GAI«&,!\ TCTGGTGGCCGARATATCTGGATGGCLTGACCGTGCGCAA!
GATTTATGTGCCGGECARACTGCTGRACCTGGTGETGGECEEL 'JC

~ NP
f’l 2 J=_ (J

G

~
=

]

¥ I'\

{SEQ ID NC: ©5)
66 AATH) ATGGAAGAACAGTATCGCCCGGAAGAAAT TGAAAGCARAGTGCAGCT
GCATTGGGATAAARAACGCACCTT TGAAGTGAC \,Uﬁ&;'k GATGAAAGCA

AAGH AA»\ATATTATTG" CTGAGCATTAGCCCGETATCCGAGT J\_C\/ C
CTGCATATGEGGCCATGTGCGCAACTATACCATTGGCG TGTG TGC
GCGCTATCAGC \JZ\TGCTCGG CARAARCGETGCTGCAG “r'GZ& TGEC
GGGATGCGTTTGLCOTGCLGLCGEAAGGUGLGLCGET GARARN ZT:CZ‘«.AC
ACCGCGECCEGGCGCCETGGACCTATCGATAACATTGCGTATATGARRAA
CCAGCTGAARATGCTGGEETTTE! }f"“?l'f‘fll"\? TGQAGCCGCGAACTGG
CGACCTGCACCCCGGARATATTATCGCTGGGAR (TKG AATTTTTTACC
GARCTGTATAARARAGGCCTGETGTATAARARARCCAGCGCEET Gﬁl\
GTGCCCGAACGATCAGA r'C'f“.TC TGGCGAACGAACAGGTGATTG
r-\T”" CTGCTGCTGGLGCTGCCGATACCAARGTGCGAACGCAARAGAAATT
CCGCAGTGGTTTATTAARAT I‘A"U(, CGTATGCGGATGAACTGCTGAR
CGATCTGGATAAACTGGATCATT '§C CCQGATACCGTGARAAACCATGC
AGCGCAACT }flA'J TGGCCG '3.. f CGARGGUGTGGARATTACTUTTTARALC
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[GAACGATTATGATAACACCCTGACCGTGTATACCACCC

GCCCGGA

s N

‘:k,GT TATGGGCTGCACCTATCTGGCGGETGGEUGGCGGGCCATCCGT

-3

I 7T e

GATGAATGCCGCAACACCABAGTGLCGGAAGCGGARATG

-
-3

P

ANAGCGE

PR .

GGABAAABRAGGCGTGGCATACCGGCTTTE

(s

TA 2C
TTA \TGPI\MT”“FL, ukfr\, J\"ﬁf‘“ CTGAKCAT ABAC
TGGCGGCOGATGGCAGCGAACCGEATCTGAGCCAGCAGS

e ~/\

GAAAALGGCGTGCTGTTTAACAGCGGCGAATTTARCG
TGAAGCGGCGTTTAACGCGAT
TGGLCGAACGCARAG T ’E.AAC TA

Aol el

GGCH ELJnGZ&Z\n s COGCGEARANCAACCCGEAACTGGCGGCGTTTATT
’\

SCGA ?CAI

T ,\ m /\ T

CGCTG

T T P e N T e e e SR NI Y N Y A T N e Ty
LAI JLC,VJ A TGT 1(; GGG .;’L.L(\,l TTGT 11,;."0“\]‘,}\'0 £

ATGGCACCG GGTGATCGCGETGECCGEGCC! TGT&T(NJ"G\/J “GA

GGTGATTC
“”C TGACC
CTGGATCA

S

m ST Y Y T T ~N N
CGGATAMCTGACCGC LJI;;\LJ\J ne;

F(m(-‘ ATalnrarare ”'NATTC uf;»;::(,u T ‘4/\

CGCCAGCGCTATTGGEELG J\,Gl\mTC GATGEG TG CCCTG w.,AGr\

L

TGGCACCGTGATG J\,G CC \“TG}\TCAhCT GGTGATTCTG
CGGARGATETGGTG CATTACCAG CCOGRTTARRGCGEAT
CCGGAATGG NF'GZ&f\r-\“i CACK LJTGZL {GCATGCCGECG

T, ~ N Shusianks L Noutii e aTalitTalay. Nl
ARCCGATACCTTTGATACCTTTATGGAARAGCAGCTGGAT
el b alalalalelar Vel Ui V. SN er v Valalar GileTalnle R
GCTATACCTGCCCGCAGTATAAAGAAGGCATGC *C,( AT A
~ g GO GO COTOOATAT TOGOAT
GCGAACTATTGGCTGCCOGGTGGATATTGGCA

C\,Jn,LTATC GCCTGCTGTATTT TC FT,LT T,LvAT“A

TGCGCGA
TTATGC SC

. -
SCGARGCG

FGGCGGCATTGAACA

CTGATGC

GCG ATC CATGGETCAACAGUGATGARCCGCCEARACAGCTGCTG

TGCC -’“—"CA GGTGCTGGCGEATGCETTT TWTTA“CT:—

CGG “”F \CGCAACTGOGTGAGCCCGETGGATGCGATTGT

GGCGARRA

"(/—1'7\ w,—‘ n,-\
L.LA Lz

ATGAABAAGGCCGCATTGTGARAGCGANAGATGCGEEGGEECATGAR
CTGGTGTATACCGGCATGAGCARAATCAGCARAAGCARRAA \,n}x\, e

CATTGATCCGCAGETG

T ralrnralsak mf"" b {xn) d f‘ _\F_| mf"" ;T e
GCCTETTTATCGATGTTTGCGA GCGGATATGACCCT

ATGGT }(1}"\ .\?(‘C“JATGC CGCGGATACCOT ?f‘

~ \) Jf‘l xT

CAGGARAGCGGCGETGGAAG CGCGZ&Z\ CGCTTTCTGAARCS “““’“mC

GAARCTGGTGTA TL;AALZ\_TAC CGCGAARGGCGATGTGGEC

INeleulelerbielsliele \4/\ 7 ~ 7 '\' N N T e «4(\ T
ACGTCGATGCGCTGACCC }J*"X\.]( AGAAAGCGCTGCGECC

T T TaTaloy e LTar ~ s ~ 7 TR GECCRE
CATAAN rL(/«v* TG k,\:f&[*‘x\, TGACCGATGATATTGGCCGC
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EXAMPLES
{00210] The following Examples are merely illustrative and are not intended to limit the
scope or content of the invention in any way.
Example 1 - Construction and Selection of Improved Leucyl-{RNA Synthetase Muteins
{00211} This Example describes the construction of leucyl tRNA-synthetase muteins.
100212]  Wild-type F. cofi leucyl tRNA-synthetase (SEQ ID NG 1) was cloned into a
plasmid under control of a CMV promoter. The plasmid also contained a 4x Ud-LentRNAcus
DNA cassette encoding a suppressor tRNA (. cofi leucyl tRNA bl with a CUA anticodon,
SEQ ID NG 19). The plasmid, encoding the leucyl-trRNA synthetase and leucyl suppressor
tRMNA was used as a library template construct and is referred to as pBBK-LeuRS wi-LiR-
TAG.
{00213] Leucyl synthetase muteins V2 (SEQ ID NO: 3) and V3 (SEQ 1D NG: 4) were

SYi
20

generated via standard mutagenesis of wild-type active site residues {see,
supra) Leucyl synthetase mutein V1 (8EQ 1D NO: 2) was designed by combining distinet

active site mutations of the V2 and V3 muteins.

{00214] The plasmid encoding leucyl tRNA-synthetase mutein V1 {(SEQ ID NO: 2;
referred to herein as LeuRS v1) was then used as a template for the generation of a library of
plasmids encoding additional leucyl tRNA-synthetases varnants. The library included
plasmids encoding leucyl tRNA-synthetase variants with individual substitutions of each of
Q2, B20, M40, 141, T252, Y499, Y527, and H537 with each of the twenty natural amino
acids.

[00215F A sGFP-39TAG reporter fluorescence assay, which utilizes a reporter plasmid
encoding the GFP protein with an amber codon at Y39 and fused to a His-tag at the C-
terminal (GFP39-TAG), was used to assess the leucyl synthetase mutein activity in
mamimalian cells. HEK293T cells were cultured in Dulbecco’s modified Eagle’s Medium
(DMEM) supplemented with 10% FBS and 0.5x penicillin-streptomycin 1n a huroidified
incubator at 37 °C in the presence of 8% COz. 0.7 x 10° HEK293T cells were seeded per
well 24 hours prior to franstection in a 12 well plate. Polyethylamine and DNA were mixed
at aratioc of 4 uL PEI {1 mg/mbL)to 1 ug DNA in DMEM. For each transfection mixture, 500
ng GFP39-TAG reporter plasmid was mixed with pBBE-LeuRS v#-LIR-TAG. Unnatural

amino acids {(UAAs) were added or excluded from the media at concentrations of 0.5 mM
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LCA, T mM LKET, or I mM ACA. Fluorescence images were obtained at 48 hours with an
Olympus microscope through a 488 bandpass filter set. To obtain GFP39-TAG expression
data, cells were harvested at 12,000 x g. Cells were washed with PBS and lyvsed with
CelLytic M lysis buffer supplemented with 1x Halt protease inhibitor and 0.01% Pierce
universal nuclease. After a 20 winute wncubation, the lysate was clarified at 15,000 x g for 10
minutes and transferred to a clear bottom 96-well assay plate. Fluorescence was measured

using a Fluoroskan Ascent IT (Ex 485 omy; Emy. 535 nm).

{00216] Variants of LeuRS vl (SEQ 1D NOs: 5-14) were assayed for LCA incorporation
as described above. Point mutations in variants of LeuRS v1 are shown in FIGURE 4A and
corresponding Huorescent activity in the GFP-39TAG reporter assay 1s shown in FIGURE
48B. Asseen in FIGURE 4B, the leucy! tRNA-synthetases that were empirically selected
from the high-throughput screen screened had varying activity compared to parent LeuRS vl
in the presence of 0.5 mM LCA. Over 50 variants were tested; representative flucrescent
images for select LeuRS vanants (LeuRS variants vi, v2, v9, v10, v26, v29, v48, v50, v54,
v55, and v63, with amino acid sequences and mutations as shown in TABLE 1 below) in the
GFP-39TAG reporter assay are shown in FIGURE 4C. Varants v9, v10, v26, v29, v48,
vS0, v54, v55, and v63 were found to have enhanced activity for LCA incorporation when

compared to the parent sequence, LeuRS v

{00217} The LeuRS vanants depicted in FIGURES 4B-4C were subjected to
polyspecificity analysis to test whether they would accept UAA substrates in addition to
LCA GFP-39TAG expression analysis was performed as described above in the presence of
0.5 mM LCA, I mM LKET, or 1 mM ACA (FIGURE 84). Activity was measured as
described above, and results are depicted in FIGURE 3B.

[00218] Leucyl synthetase muteins described in this Example with enhanced activity to

wild-type are summarized in TABLE 1.
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TABLE 1
LeuRS Q2| E20 | M40 | L4l | T252 | v499 | v527 | HS37
WI(SEQIDNO: 1y | Q| E [ M | L T Y Y H
V1 (8EQ ID NO: 2) E| K 1 g A I A G
V2 (SEG ID NO: 3) E| K | vV | § R 5 L G
V3 (8EQ ID NO: 4) E| E 1 L A I A G
VO (S8EQ ID NO: 5) El M | 1 8 A I A G
VIO (SEQIDNG. &) | E | ¥ i g A i A G
V26 (SEGIDNO- 7y | E | K I v A I A G
V29 (SEQIDNG.8) | E | K i A A i A G
V48 (SEQIDNO:9) | E | K 1 3 / A A G
V50 (SEQIDNO: 10) | E | K I g A H / G
V34 (SEQIDNO: 1) | E | K 1 S A i i G
VSS(SEQIDNO-12) | E | K ] 8 A I v G
V63 (SEQIDNO. 1) | B | K I S A i G G

Example 2 - Construction of Stable Cell Lines Expressing Leucyl tRNAs and Leucyl
tRNA-Synthetase Muteins

{00219} This Example describes the construction of cell lines, e.g., stable cell lines,
expressing leucyl suppressor tRNAs and leucyl tRNA-synthetases (schematically depicted in

FIGURES 6A-6B).

{00228] CHO-dhFr adherent cells were acquired from ATCC, CHO-dhFr cells were
chosen as a parental cell line due to the flexibility of their inherent metabolic dhFr selection
strategy for future integration of target genes of interest {7.e., post-platform cell line
generation). CHO-dhFr cells were maintained according to the ATCC protocol in Gibeo™
IMIDDM, supplemented with 10% Fetal Bovine Serum, 0.1 mM hypoxanthine, 0.016 mM
thymidine, and 0.002 mM Methotrexate. For stable cell line generation, CHO-dhFr cells
under passage 15 were cultured tor pCLD plasmid trausfection etther using Lipotectamine
2000 {Thermo Fisher Scientific) or Nucleofector 4D-X unit and associated kits (Lonza).
{86221] For Lipofectamine 2000 transfections, 2 mL of 2.5 x 10" per mL CHO-dhFr cells
were plated per well of a 6 well plate 24 hours prior to transfection. 24 hours later, cells were
transtected with 3 pg of a plasmid contatning (i} a 4 x U6 promoter, leucyl suppressor tRNA

hi repeat cassette and (U} an EFla promoter, LeuRS vi-IRES-puromycin cassette (plasmid 2,
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TABLE 2) using Lipofectamine 2000 following the Thermo Fisher Scientific standard

protocol.

[00222] For Lonza Nucleofector 4D-X transfections, 1 x 10° CHO-dhFr cells transfected
with 2-4 ug of plasmid containing (1} a 4 x U0 promoter, leucyl suppressor tRNA repeat
cassette and (11} an EF la promoter, LeuRS v1-IRES-puromycin cassette (plasnud 2, TABLE
2} using the Lonza kit SE according to the manufacturer’s instructions. Cells post-
transfection were plated into a 6 well plate. After Lipofectamine 2000-based transfection or
Nucleofection, plates were incubated at 37 °C with 5% CO» to recover for 24-48 hours prior

to application of 1.5 pg - 6 ug puromycin for selection (steps 1-2 of FIGURE 6A).

100223]  The leucyl suppressor tRNA in plasmid 2 1s depicted in SEQ ID NO: 19 and the
LeuRS vl leucyl-tRNA synthetase in plasmitd 2 is depicted in SEQ ID NO: 2.

{00224} Two weeks post-puromycin selection, the celis were transtected with a dual
reporter construct comprising both GFP and mCherry fluorescent reportters using
Lipofectamine 2000, as described in the manufacturer’s protocol. Said dual reporter
constitutively produces mCherry (red) and 1s connected via a linker comprising a stop codon
to GFP, such that the reporter conditionally produces GFP (green) if the tRNA/aaR S pair are
active (step 3 of FIGURE ¢A). Transfected cells were cultured in the presence of 0.25 mM
LCA for 15-48 hours before aseptic single cell sorting on a BD Melody FACS sorter (BD).
UAA incorporation activity was determined by fluorescence activated cell sorting (FACS)
and fluorescent microscopy (FIGURES 7-8). FIGURES 7A-7C demonstrate the expected
phenotypes of fluorescent reporter positive controls, demonstrating mCherry-GFP wild-type
results in cells populated along the 45 degree axis. FIGURES 7TD-7E represent stable cell
populations obtained using lipofectamine-based transtection that were selected with
puromycin as described above, while FIGURES TF-TH represent stable cell populations
obtained using nucleofection-based transfection that were selected with puromycin as
described above. As shown in FIGURES 7A-TH, a population shift into the 45 degree axis,
indicative of changes in the conditional GFP signal, demonstrated that nuclecfector
transfections have the greatest shitt, and accordingly, the greatest activation of the conditional
dual reporter. In summary, each dot along the 45 degree axas is a stable cell line and can be
selected for 1solation, propagation, and recharacterization (FIGURE 7). During the FACS
pool analysis, mCherry and GFP dual positive clones were selected and single clones were

sorted into 96 well plates via the “whole” gate, which is the broadest selection depicted in
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FIGURE 7, or the 45 gate along the 45 degree axis (FIGURE 7). These clones were
cultured for recovery prior to recharacterization via the conditional dual reporter (step 4 of

FIGURE 6A).

{00225]  Isolated clones were then individually prepared for transfection and
recharacterization via the same mCherry-GFP conditional reporter described above, which
served as a representative readout of UAA 1ncorporation (step S of FEGURE 6A). Clonal
populations were transiently transfected as described above using LCA (unless otherwise
described) with the fluorescent reporter and screened by flusrescence microscopy (FIGURE
8), FACS (FIGURE 9). Quantification of suppression efficiency and protein production
from the FACS resulis are shown in FIGURE 18. In FIGURE 8, clonal isolates were
initially compared via fluorescence microscopy to parental cells expressing mCherry-GFPwt
{abbreviated as MGwt) or parental cells co-transfected with mCherry-GFP* (abbreviated as
MG*, * referring to @ TAG mutant) and the pCUCLD suppressor plasmid originally used to
generate the stable cell fines, referred to as “Traunsient control” or “pCLD trausient” (plasmd
2, TABLE 2). FIGURE 8A and FIGURE 8B depict the standard lipofectamine based
characterization assay described above (analyzed at 48 hours) for clones isolated from either
lipofectamine or nucleofection based cell line generation. Representative images for clones
FLIw 6, 2. 2N4S 3, and 2.2N68 3 demonstrated that these clones had overall higher protein
expression and a higher percentage of cells showing readthrough of the MG* reporter thao

parental lines.

{00226] The fluorescence intensity of the transfected cells was quantified by FACS.
Histogram analysts of the MG™* reporter expressed in clonal populations (FIGURE 9}
facilitates insight into the overall percentage of cells in the population which can incorporate
UAAs as well as allow for comparison of protein expression productivity and suppression
efficiency. Histogram analysis of MG* expression in stable clones (FIGURES 9A-93)
relative to the transient control of CHO-dhFr containing reporter and suppressor plasmid
(FIGURE 9K plasmid 2 of TABLE 2) showed the stable clones had an overall higher cell
transfection efficiency, and therefore, higher reporier expression tn the presence of 0.25 oM
LCA, gated as shown in FIGURE 81 Clones carrying the Leu-tR-RS gene delivered by

Nucleofector showed higher cell transfection efficiency, as demonstrated in FIGURE 8.

{00227]  The histogram depicted in FIGURE 18 was determined using the BD Melody

Software. Quantification of the average mCherry or GFP fluorescence, shown in FIGURE
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18A, depicted the same trend as seen in FIGURE 9. To gain an understanding of the relative
suppression ettficiency, the ratio of average GFP fluorescence divided by the average
mCherry flucrescence was compared across cell fines. The stable cell lines depicted in
FIGURE 190B displayed a reasonable suppression efficiency and demonstrated the non-trivial
capability of the 4 x Leu-tRNA/ 1 x LeuRS . v1 ratio to generate stable cell tines which can
incorporate LCA, without the requirement of additional suppressor plasmid DNA.
Addionally, FIGURE 18C depicts a higher ratio of the percentage of cells expressing GFP
over the percentage of cells expressing mCherry, which confirmed a higher frequency of
UAA incorporation among the stable population as compared to transient transfection.
Further experimentation and analysis of the ratio of tRNAaaRS and the site of integration

may improve these characteristics.

{00228] Productivity analysis of stable clones was performed with the use of a GFP*
reporter, comparing the parental cell line or clone 1 L1w.6 (FIGURE 11). 2 ml of cell
culture were transfected with 3 pg of reporter plasmid encoding GFP protein with an amber
codon at Y39 and fused with a His tag at the C~terminal (GFP39-TAG) using Nucleofection
in the presence of 0.25 mM LCA and allowed to express for 72 hours post transfection in
incubator conditions as described above. Cells were harvested and lysed in 150 pl. Cellytic
M lysis buffer supplemented with 1x Halt protease inhibitor and 0.01% Pierce universal
nuclease and atfioity captured on 50 pl Ni-NTA beads foliowing the manufacturer’s
protocol. Ni-NTA beads were subjected to 4 washes with PBS plus 20 mM imidazole
followed by 50 ul. elutions with PBS plus 300 oM imidazole. Each sample was denatured in
4X-8D8 sample butfer and analyzed by Coomassie gel. Equal loading volume of 14 uL from
each samplie was resolved oun 4-12% Bis-Tris gel 1o 1X MES running buffer {as shown in
FIGURE 11). Lane 1 contains GFPwt transfected in parental line CHO-Dh¥r, Lane 2
contains GFP-TAG and pCLD suppressor plasnud (plasmid 2, TABLE 2) transtected in
parental line CHO-DhFr, Lane 3 contains GFPwt transfected in clone 1.1.1.6, Lane 4 contains
GFP-TAG without additional plasnud transfected 1n clone 1 L1.6 (FIGURE 11} The correct
size of GFP was observed and indicated by the arrow. Comparabie levels of protein were
shown to be expressed in the parental and clonal lines, with an apparently higher relative ratio

of UAA containing protein versus wild-type (e.g., lane 3 vs 4 compared to lane 2 vs 1}

{00229]  Stability of the clonal cell lines for UAA incorporation capability 1s further

assayed via the above methods over a 30-60 day period. Clones are thawed and cultured over
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two months according to the protocol as described above. Every two weeks, clonal
population timepoints are banked 1n liquid nitrogen according to standard ATCC protocol.

At the end of the two-month culture period, cells are thawed and fluorescence analysis is
repeated as described above tor cach timepoint, followed by the general productivity analysis
as described above (step 6 of FIGURE 6A). For cell lines that maintain UAA incorporation
capability, production lines are generated, where a gene of interest is stably integrated into
the genome of the platform line (step 7 of FIGURE 6A). Additionally, copy numbers during
cell line generation are correlated with the production and stability characteristics of the

resultant protein to determine copy number ratios compatible with commercial viability.

{00230]  Additional coustructs for the construction of stable cell lines expressing leucyl
suppressor tRINAs and leucyl-tRINA synthetases include plasmids 1, and 3-7 (TABLE 2).
Relative to plasmid 2, these additional constructs include, for example, different tRNA or
aaR 8 copy number or different resistance gene.

[00231] A summary of the constructs for construction of stable cell lines expressing leucyl

suppressor tRNAs and leucyl-RNA synthetases described in this Example is depicted in

TABLE 2.

TABLE 2.

# | Plasmid # tRNAs | # aaRS | Resistance gene
I { pCLD-4xLeutRwi-LeuRS vi-Puro 4 1 Puromycin

2 | pCLD-4xLeutR hl-LeuRS v1-Puro 4 i Puromycin

3 | pCLD-4xLeutR hionly-Puro 4 0O Puromycin

4 | pCLD-LeuRS Vionly-Zeo O i Zeocin

51 pCLD-LeuRS VI-8xtR h1-TAG-Puro 8 i Puromycin

6 | pCLD-LeuRS VI1-16xtR b1-TAG-Puro 16 1 Puromycin

7 1 pCLD-LeuRS VI-32xtR h1-TAG-Puro 32 i Puromycin

Example 3 - Comparison of Stable Cell Line Pools Generated with WT Leucyl tRNA
Amber Suppressor Versus HI Leucyl tRNA Amber Suppressor

{00232} Parallel cell line pools were generated with nucleofection as described in Example
2 above using pCLD-dxLeutRwi-LeuRS vi-Puro {plasmid 1 of TABLE 2) or pCLD-
dxLeutR hl-LeuRS vi-Puro (plasmid 1 of TABLE 2}, with “wild-type” (wild-type other than
any mutations in the anticodon region) or mutein tRNA hl, each engineered to contain the
CUA anticodon, in order to compare the effect of the “wild-type” versus hl leucyl tRINAs,

respectively, on the efficiency of stable clone generation (the process as shown in steps 1-3 of
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FIGURE 6A and FIGURE 6B). The leucyl suppressor tRNA LeutRwt in plasnid 1 s
depicted in SEQ ID NO: 16, the leucyl suppressor tRNA LeutR hi in plasmud 2 1s depicted 1n
SEQ ID NO: 19, and the LeuRS v1 leucyl-tRNA synthetase in plasmids 1 and 2 1s depicted in
SEQ ID NO: 2. Both pools were subjected to the same selection conditions and analyzed via
FACS analysis using an MG* reporter as described in Example 2 above. A transient
transfection using a pCLD plasmid expressing the h1 tRNA was used as a conirol to identify
the target gate, P6. Approximately 2x more clones were identified within the 45 degree gate
(PO} and 2x more positive clones were identified (P5) when cells were transfected with the hi

tRNA rather than the “wild-type” suppressor (FIGURE 12).

Example 4 — Construction of Stable Cell Lines Expressing Tryptophanyl tRNAs and
Tryptophanyl tRNA-Synthetase Muteins

100233]  Cell line pools were generated by nucleofection as described above in Example 2
using pCLE-4xTrptR-TGA-TrpRS hid-Purc {(plasmid 1 of TABLE 3). This version of the
pCLD plasmid contains (i} a 4 x U6 promoter, Trp-tRNA-UCA repeat casseite and (i1) an
EF 1 promoted TrpRS h14-IRES-puromycin cassetie. The tryptophanyl suppressor t(RNA
Trp-tRNA-UCA in plasmid 1 is depicted in SEQ 1D NO: 50, and the TrpRS h14
iryptophanyl-IRNA synthetase in plasmid 1 1s depicted in SEQ ID NG: 44

[00234] A shortened puromycin selection of 7-10 days, in either 1.5 pg/ml or 4 ug/mlL,
was used, and an mCherry-GFP* reporter was used, with a TGA stop codon rather than a
TAG stop codon. The TGA stop codon displays higher efficiency than the TAG stop codon
in mammalian cells for tryptophanyl pairs. Pools of stable tryptophan cell lines were
subjected 1o the same selection conditions and analyzed via FACS analysis using the
modified MG* (TGA) reporter as described above in Example 2 in the presence of 1 mM 5-
hydroxytryptophan, HTP, the UAA for the tryptophanyl pair (FIGURE 13). Stable clones
were identified within the target 45 degree gate and sorted into clonal isolates. The
identification and sorting of these stable clones confirms the 4:1 tRNA:aaRS ratio as viable

for the generation of stable tryptophanyl cell lines.

{00235}  Further characterization of clonal isolates, for example, as was performed with the
feucyl clonal 1solates described in Example 2 above, is conducted to determine protein

production and stability characteristics of the stable tryptophanyl cell lings.
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{00236]  Additional constructs for the construction of stable cell lines expressing
tryptophany] suppressor tRNAs and tryptophanyl-tRNA synthetases include plasmids 2-6
(TABLE 33 Relative to plasmid 1, these additional constructs include, for example,
different tRNA or aaR§ copy number.

{00237} A summary of the constructs for construction of stable cell ines expressing
tryptophanyl suppressor tRNAs and tryptophany-RNA synthetases described in this

Example is depicted in TABLE 3.

TABLE 3
# | Plasmid #tRNAs | # aaRS | Resistance gene
1 pCLD-4xTiiptR-TGA-TrpRS . h14-Pure | 4 1 Puromycin
2 | pCLD-4xTrptRonly-TGA-Puro 4 0 Puromycin
31 pCLD-TrpR S hi4-Zeo Brick0035 O 1 Puromycin
4 | pCLD-TrpRS h14-8x1R-TGA 3 i Puromycin
51 pCLD-TrpRS h14-16xtR-TGA 16 i Puromycin
6 | pCLD-TrpRS h14-32xR-TGA 32 i Puromycin

Example 5 — Construction of Stable Cell Lines Expressing Leucyl Suppressor tRNA and

Leucy! tRNA-Synthetase

{00238]  This Example describes the construction of stable cell lines expressing leucyl
suppressor tRNAs and leucy] IRNA-~synthetases, including by (1) transfecting cells with a
single plasmid encoding both the leucyl suppressor tRNA and leucyl tRNA-synthetase, and
(i1) transtecting cells sequentially with separate plasmids encoding the leucyl suppressor

tRNA and leucy! tRNA-synthetase.

{00239]  Stable CHO-dhFr cell lines were generated by transfection of plasmid 2 (TABLE
2} using Lipofectamine 2000 or nucleofection. Selection was performed at 1.5, 2,4, o1 &
¢/mL puromycin. Post-puromycin selection, cells were transfected with the MG* dual GFP
and mCherry fluorescent reporter. Transfected cells were cultured in the presence of UAA
{LCA), and UAA incorporation activity was determined by tluorescence activated cell sorting
(FACS) and tluorescent microscopy. Except where indicated otherwise, all experimental

steps and reagents were generally as described in Example 2 above.

{00248] Results for select, top-performing clones are shown in FIGURE 154, which
depicts the ratio of average GFP fluorescence divided by average mCherry fluorescence for

each clone.
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{00241] In FIGURE 184, clones numbered starting with 1 were selected at 1.5 ug/mL
puromyein, clones numbered starting with 2 were selected at 2.0 ug/mL puromycin, clones
numbered starting with 4 were selected at 4.0 ug/ml puromyein, and clones numbered
starting with 6 were selected at 6 0 ug/mb puromycin. The stable cell lines depicted in
FIGURE 13A were all active suppression clones, with many demounstrating a UAA
incorporation rate greater than 20%. Generally, among the clones depicted, the best clones

were isolated using a higher puromycin selective pressure (24 pg/ml).

{00242] Further stable CHO-dhFr cells lines were generated using a sequential selection
method, where the leucyl suppressor tRNA was first integrated into the genome under a
puromycin selectable marker and the leucyl tRNA-synthetase was then integrated into the

genome under a zeocin selectable marker.

100243]  Inbnef, plasnmid 2 (TABLE 2) was subcloned to remove the LeuRS vl resulting
in a 4xLeutR h1 only plasmid which contained a puromycin selectable marker. Plasmid 2
was also subcloned to remove the dxLeutR bl and replace the puromyein selectable marker
with a zeocin selectable marker, resuiting in a 1x LeuRS v] only plasmid which contained a
zeocin selectable marker. First, the 4xLeutR ht only plasmid was transfected into CHO-dhFr
cells using Lipofectamine 2000 and a puromycin resistant pool was selected. Selected pools
were transiently transfected with a plasmid encoding LeuRS vl and assayed for activity using
the MG™ reporter. Stable clones with UAA incorporation activity were isolated. Next, these
stable clones were further transfected with the Ix LeuRS v only plasmid using
Lipotectamine 2000 and 0.05-2 pg/mb zeocin for selection. Cells were assayed again for
activity using the MG* reporter, and stable clones with UAA incorporation activity were
isolated. This sequential approach would hypothetically allow for stable cell lines with
varying copies of the suppressor tRNA and/or tRNA-synthetase genes, thereby not
constraining the cell lines to the 4:1 copy number ratio of the genes in plasmid 2. Except
where indicated otherwise, all experimental steps and reagents were generally as described in
Example 2 above. It is expected that similar results would be obtained using, for example,

nucleofection 1o place of Lipofectamine 2000,

{00244] Resuits for select, top-performing clones are shown 1o FIGURE 1588, which
depicts the ratio of average GFP fluorescence divided by average mCherry fluorescence for

each clone. The stable cell lines depicted in FIGURE 13B all displayed a reasonable
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suppression efficiency. Generally, the sequential selection method resulted in more

consistently performing clones.

Example 6 — Comparison of Stable Cell Line Pools and Clones Generated with WT

Leueyl tRNA Amber Suppressor Versus HI Leucyl tRNA Amber Suppresser

{08245} This Example describes the construction of stable cell lines expressing leucyl
suppressor tRNAs (including “wild-type” tRNA and hl mutant leucyl tRNA) and leucyl

tRNA-synthetases, and a comparison of their UAA incorporation activity.

{00246]  Parallel cell line pools were generated with nucleofection as described in Example
2 above using pCLD-dxLeutRwi-LeuRS vi-Puro {plasmid 1 of TABLE 2) or pCLD-
dxLeutR hl-LeuRS vi-Puro (plasmid 1 of TABLE 2}, with “wild-type” (wild-type other than
any mutations in the anticodon region) leucyl tRNA or b1 mutant leucyl tRNA, each
engineered to contain the CUA anticodon, in order to compare the effect of the “wild-type”
versus hi mutant leucyl tRNAs, respectively, on the efficiency of stable clone generation.
Both pools were subjected to the same selection conditions {2 pg/mL puromycein). Clones
were 1solated without bias and analyzed via FACS analysis using an MG* reporter as

described tn Example 2 above.

{00247}  Relative activity of the clones i1s shown in FIGURE 16A. In FIGURE 164, cell
fines numbered starting with v1 expressed the “wild-type” leucyl tRNA while cell lines
numbered starting with v2 expressed the b mutant leucyl tRNA. On average, the clones
generated with the h1 wutant leucyl tRNA were superior to those generated with “wild-type”
tRNA. FIGURE 168 depicts the median relative activity of clones generated with the hi
mutant leucyl tRNA relative to those generated with “wild-type” tRINA, demonstrating an
~1.8x improvement when using the mutant tRNA.

Example 7 - Copy Number Analysis of Stable Cell Lines Expressing Leucyl tRNA and
Leucyl tRNA-Synthetase

{00248]  This Example describes genomic copy number (GCN) analysis of stable cell lines
expressing leucyl suppressor tRNAs (including “wild-type” tRNA and hl mutant leucyl
tRNA) and leucyl t(RNA-~synthetases, and a comparison of GCN and UAA incorporation
activity in the cell lines.

100249] A select group of clones from Examples 5 and 6 were analyzed for genomic copy

number (GCN) by ¢PCR. Pumers were designed to measure GCN of the leucyl suppressor
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tRNA (either “wild-type” or b mutant leucyl tRNA} or LeuRS vl synthetase, using BZM as
a genomic control. GON was measured at day 0 (10} and day 60 (160), with cells passaged
routinely. Results are shown in FIGURE 17. In FIGURE 17, cell lines numbered starting
with v1 expressed the “wild-type” leucyl tRNA while cell lines mumbered starting with v2
expressed the bl mutant leucyl tRNA. Like numbered cell hines refer to the same celi lines as
in Exampie 5 (FIGURE 15A) and Example 6 (FIGURE 16). In FIGURE 17, UAA
incorporation activity (average GFP fluorescence divided by average mCherry fluorescence
measured using the MG™ reporter as described in Example 2) is plotted on the secondary axis
and GCN of tRNA/2aRS on the primary axis. Most clones received between 25-100 copies of
tRNA, with a 4:1 ratio of tRNA synthetase. bl mutant leucyl tRNA significantly
outperformed “wild-type” leucyl tRNA in these cases (see, for example, v2-6.3 versus vi-
3.5). In one wostance, a “wild-type” leucy] tIRNA clone was generated with high MG activity
(v1-3.12). However, it was noted that this required hundreds of additional copies of tRNA
compared to similarly performing hi mutant leucyl tRNA clones (for example, v2-6.3). GUN

was generally stable over the course of the experiment.

{00258] Together, these results demonstrate that stable cell lines expressing h1 mutant
feucyl tRNA have higher UAA incorporation activity at lower GCN relative to stable cell
lines expressing “wild-type” leucyl tRNA. I is expected that higher UAA incorporation
activity at lower GCN has advantages for cell line development. For example, fewer
integration sites resuit in less perturbation to the host genome, which is expected to result in

improvements in cell growth and UAA 1ncorporation/recombinant protein product.

INCORPORATION BY REFERENCE
{00251} The entire disclosure of each of the patent and scientific documents referred to
herein is incorporated by reference for all purposes.
EQUIVALENTS
{00252} The invention may be embodied in other specific forms without departing from the
spirit or essential charactenistics thereof. The foregoing embodiments are therefore to be
considered in all respects tllustrative rather than limiting on the invention described herein.

Scope of the invention is thus indicated by the appended claims rather than by the foregoing
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description, and all changes that come within the meaning and range of equivalency of the

claims are intended to be embraced therein.
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WHAT IS CLAIMED IS:

1. A eukaryotic cell line capable of expressing a target protein containing at least one
unnatural aminoe acid from a gene containing a premature stop codon at a position
cotresponding to the position for incorporation of the unvatural amino acid, the cell live
comprising a genome having stably integrated therein (1) a nucleic acid sequence enceding a
prokaryotic leucyl-tRNA synthetase mutein capable of charging a tRNA with an unnatural
amino acid and (it} a nucleic acid sequence encoding a prokaryotic suppressor leucvl-tRNA

capable of being charged with the unnatural amino acid.

2 A eukaryotic cell line capable of expressing a target protein containing at least one
unnatural amino acid from a gene containing a premature stop codon at a position
corresponding to the position for incorporation of the unnatural amino acid, the cell line
comprising a genome having stably integrated therein (i} a nucleic acid sequence encoding a
prokaryotic tryptophanyl-tRNA synthetase mutein capable of charging a tRNA with an
unnatural amino acid and (11} a nucleic acid sequence encoding a prokaryotic suppressor

tryptophanyl-tRNA capable of being charged with the unnatural amino acid.

-

3. The cell line of claim 1 or 2, wherein the cell line is capable of expressing the target
protein {e.g., continuously} for at least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90,
100, 110, 120, 150 or 180 days.

4. The cell line of any one of claims 1-3, wherein the cell line is capable of expressing
the target protein at a level of expression that is at least 30%, 40%, 50% or 60% of the level

of expression of the template protein expressed in a corresponding cell line from the gene

lacking a premature stop codon.

5. The cell line of claim 4, wherein the cell line is capable of expressing the target
protein {e.g., contingously} at the level of expression for at least 5, 10, 15, 20, 25, 30, 35, 40,

45, 50, 60, 70, 80, ©0, 100, 110, 120, 150 or 180 days.

6. The cell line of any one of claims 1-5, wherein the eukaryotic cell lineisa

mammalian cell line.

.\3

The cell Iine of any one of clairos 1-6, wherein the prokaryotic suppressor tRNA is an

analog or derivative of a bacterial tRNA.
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& The cell line of claim 7, wherein the bacterial tRNA is an £. coli tRNA.

9. The cell line of any one of claims 1-8, wherein the cell line comprises from about 1 to
about 50, from about 5 to about 30, from about 10 to about 50, from about 15 to about 50,
from about 20 to about 50, from about 25 to about 50, from about 30 to about 50, from about
35 to about 50, from about 40 to about 50, from about 1 to about 40, from about 5 to about
40, from about 10 to about 40, from about 15 to about 40, from about 20 to about 40, from
about 25 to about 40, from about 30 to about 40, from about 35 to about 40, from about | to
about 30, from about 5 {0 about 30, from about 10 to about 30, from about 15 to about 30,
from about 20 to about 30, from about 25 to about 30, from about 1 to about 20, from about 5
to about 20, from about 10 to about 20, from about 15 to about 20 copies of the nucleic acid

encoding the synthetase.

10, The cell line of any one of claims 1-9, wherein the cell line comprises from about 50
to about 300, from about 75 to about 500, from about 100 to about 500, from about 125 to
about 500, from about 150 to about 500, from about 175 to about 500, from about 200 to
about 500, from about 2235 to about 500, from about 250 to about 500, from about 1 to about
450, from about 75 to about 450, from about 100 to about 450, from about 125 to about 450,
from about 150 to about 450, from about 175 to about 450, from about 200 to about 450,
from about 225 to about 450, from about 250 to about 430, from about 1 to about 400, from
about 75 to about 400, from about 100 o about 400, from about 125 to about 400, from about
150 to about 400, from about 175 to about 400, from about 200 to about 400, from about 225
to about 400, from about 250 to about 400, from about 1 to about 350, from about 75 to about
350, from about 100 to about 350, from about 125 to about 350, from about 150 to about 350,
from about 175 to about 350, from about 200 to about 350, from about 225 to about 350, or

from about 250 to about 350 copies of the nucleic acid encoding the suppressor tRNA.

it The cell line of any one of claims 1-10, wherein the tRNA synthetase mutein is an

analog ot derivative of a bacterial tRNA synthetase (e.g., an & coli (RNA syothetase).

12. The cell line of claim 11, wherein the tRNA synthetase mutein comprises the amino
acid sequence of SEQ ID NO: 1 and at least one mutation at a position corresponding to

Glu20, Metd0, Leudl, Thr252, Tyrd99, TyrS527, or HisS37 of SEQ ID NG: 1.
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13, The cell line of claim 11 or 12, wherein the tRNA synthetase mutein comprises at
feast one mutation at a position corresponding to Metd0, Leud!, Thr252, Tyrd99, Tyr329 or

His537 of SEQ IB NGO 1

14. The cell line of claim 12 or 13, wherein the mutation is a substitution with a natural

amino acid other than the amino acid found in its wild-type counterpart.

15. The cell line of any one of claims 11-14, wherein the tRNA synthetase mutein
comprises the amino acid sequence of SEQ ID NG 14, wherein Xo s Qor E, Xon s E, K, V
or M, Xgois M, BEorV, XanisL, SV, or A Xospis T, A, or R, Xueeis Y, AL L H or 8, Xsovis
Y, A LL, orV, and Xs371s H or G, and the tRNA synthetase mutein comprises at least one

mutation relative to SEQ ID NO: 1

6. The cell line of any one of claims 11-13, wheretn the (RNA synthetase mutein
comprises {1} at least one substitution {e.g., a substitution with a hydrophobic aminoe acid) at a
position corresponding to His337 of SEQ [ NG: 1, (31) at least one amino acid substitution
selected from E20V, E20M, L41V, L41A, Y499H, Y499A, Y5271, Y527V, Y527G, and any
combination thereof, (111} at least one amino acid substitution selected from E20K and L4158
and any combination thereof and at least one amino acid substitution selected from M401,
T252A, Y499L and Y5274, and any combination thereof, or (iv) a combination of two or

more of (1), (it} and (11},

17. The cell line of any one of claims 11-16, wherein the tRNA synthetase mutein

comprises E20K, M40, L4185, T2S2A, Y4991 Y327A, or H537G, or a combination thereof

18 The cell line of any one of clairns 11-17, wherein the tRNA synthetase mutein

comprises EZ0K, M401, 1.418, T252A, Y4991, Y527A, and H537G.

9. The cell line of any one of claims 11-17, wheretn the tRNA synthetase mutein

comprises a substitution at position 20 with an amino acid other than a Glu or Lys.

20. The cell line of claim 19, wherein the substitution is with a hydrophobic amino acid

{e.g., Leu, Val, or Met),

21 The cell line of claim 20, wherein the tRNA synthetase mutein comprises E20M,

M4OL, L4185, T252A, Y4991, YS52Z7A, and HS37G.
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22. The cell line of claim 20, wherein the tRNA synthetase mutetn comprises E20V,

M40L, L41S, T252A, Y4991 YS27A, and HS37G.

23. The cell line of any one of clairns 11-17, wherein the tRNA synthetase mutein

comprises a substitution at position 41 with an amino acid other than a Leu or Ser.

24, The cell line of claim 23, wherein the substitution is with a hydrophobic amino acid

other than Leu (e.g., Gly, Ala, Val, or Met).

25. The cell line of claim 24, wherein the tRNA synthetase mutein comprises EZ0K,

M40L L41V, T2S52A, Y4991, Y527A, and H337G.

26. The cell line of claim 24, wherein the tRNA synthetase mutein comprises 20K,

M4OL, L41A, T252A, Y4991, Y527A, and H537G.

27.  The cell line of any one of claims 11-17, wherein the tRNA synthetase mutein

comprises a substitution at position 499 with an amino acid other than a Tyr, Hle or Ser.

28, The cell line of claim 27, wherein the substitution is with a small hydrophobic amino

acid (e.g., Gly, Ala, or Val}.

29, The cell ine of claim 28, wherein the tRNA syuthetase mutein comprises HE20K,

M40L, L4115, T252A, Y499A, Y527A, and H537G.

30. The cell line of claim 27, wherein the substitution is with a positively charged amino

acid {e.g., Lys, Arg, or His).

31 The cell line of claim 30, wherein the tRNA synthetase mutein comprises 20K,

MA4OL L4185, T252A, Y499H, YS27A, and H537G.

32.  The cell line of any one of claums 11-17, wherein the tRNA synthetase mutein
comprises a substitution at position 527 with a hydrophobic amino acid other than Ala or Leu

{e.g., Gly, He, Met, or Val).

33. The cell line of claim 32, wherein the tRNA synthetase mutein comprises EZ0K

M40T, 1418, T252A, Y4991, Y5271, and H537G.

>
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34. The cell line of claim 32, wherein the tRNA synthetase mutetn comprises E20K,

M40L, L4LS, T252A, Y4991 Y527V, and HS37G.

3

3S. The cell line of claim 32, wherein the tRNA synthetase mutein comprises E20K,

M40E, L418, T252A, Y4991, Y527G, and HS37G.

36. The cell ine of any oue of clairos T or 3-35, wherein the suppressor feucyl-IRNA

comprises a nucleic acid sequence selected from any one of SEQ 1D NOs: 16-42 or 67,

37. The cell line of claim 2, wherein the tryptophanyi-tRNA synthetase comprises an

amino acid sequence selected from any one of SEQ 1D NOs: 44-47.

38. The cell line of claim 2 or 37, wherein the suppressor teyptophanyl-tIRNA comprises a
4y ypiopnany F

nucleic acid selected from any one of SEQ ID NOs: 49-53.

39, A method of expressing a protein confaining an unnatural amino acid, the method
comprising culturing or growing a cell line of any one of claims 1-38 under conditions that

permit incorporation of the unnatural aming acid into the protein being expressed in the cell.

40, The method of claim 39, wherein the protein ts expressed (e.g., continuously) for at

least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 110, 120, 150 or 180 days.

41 The method of claim 39 or 40, wherein the protein is expressed at a level that is at
least 30%, 40%, 50% or 60% of the level of expression of the template protein expressed in a

corresponding cell line from a gene that lacks a premature stop codon.

42. The method of claim 41, wherein the cell line is capable of expressing the target
protein {e.g., continuously) at the level of expression for at least S, 10, 15, 20, 25, 30, 35, 40,

45, 50, 60, 70, 80, 90, 100, 110, 120, 150 or 180 days.

2

43, A prokaryotic feucyl tRNA synthetase mutein capable of charging a tRNA with an
unnatural amino acid for incorporation into a protein, the tRNA synthetase mutein
comprising the aming actd sequence of SEQ ID NGO 1 and (1) at 1east one substitution {e.g., a
substitution with a hydrophobic amino acid) at a position corresponding to His337, (i1} at
feast one amino acid substitution selected from E20V, E20M, L41V, L41A, Y499H, Y499A,

Y5271, Y527V, Y527G, and any combination thereof, (111} at least one amino acid
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substitution selected from E20K and 1415 and any combination thereof and at least one
amino acid substitution selected from M401, T252A, Y4991, and YS27A, and any

combination thereof, or {iv) a combination of two or more of (1), (1) and {(iit).

44, The tRNA synthetase mutein of claim 43, wherein the tRNA synthetase mutein

comprises E20K, M40L, 1L.418, T252A, Y4991, YS27A, or HS37G, or a combination thereof.

45. The tRNA synthetase mutein of claim 44, wherein the t(RNA synthetase mutein

comprises B20K, M40L, L4185, T252A, Y4991, YS27A, and HS37G.

46. The tIRNA synthetase mutein of any oune of claims 43-45, wherein the tRNA
synthetase mutein comprises a substitution at position 20 with an amino acid other than a Glu

or Lys.

47.  The tRNA synthetase mutein of claim 46, wherein the substitution 1s with a

hydrophobic amino acid {e.g., Leu, Val, or Met}.

48. The tRNA synthetase mutein of claim 47, wherein the (RNA synthetase mutein

comprises BE20M, M40L L4185, T252A, Y4991 YS27A, and HS537G.

49. The tRNA synthetase mutein of claim 47, wherein the t(RNA synthetase mutein

comprises B20V, M40L, L4185, T2524A, Y4991, YS27A, and HS37G.

50 The tIRNA synthetase mutein of any oune of claims 43-45, wherein the tRNA
synthetase mutein comprises a substitution at position 41 with an amino acid other than a Leu

or Ser.

S1. The tRNA synthetase mutein of claim S0, wherein the substitution 15 with a

hydrophobic amino acid other than Leu (e.g., Gly, Ala, Val, or Met}.

52 The tRNA synthetase mutein of claim 51, wherein the tRNA synthetase mutein

comprises BE20K, M40L, 141V, T252A, Y4991, YS27A, and HS37G.

53, The tRNA synthetase mutein of claim 51, wherein the tRNA synthetase mutein

comprises E20K, M40L, L41A, T252A, Y4991 YS27A, and HS37G.
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The tRNA synthetase mutein of any oune of claims 43-45, wheretn the tRNA

synthetase mutein comprises a substitution at position 499 with an amino acid other than Tyr,

fe, or Ser.
The tRNA synthetase mutein of claim 54, wherein the substitution is with a small

5S.
hydrophobic amine acid {e.g., Gly, Ala, or Val)

The tRNA synthetase mutein of claim 55, wherein the (RNA synthetase mutein

56.
comprises BE20K, M40L, L4185, T2524A, Y499A, Y527 A, and H5337G.
The tRNA synthetase mutein of claim 34, wherein the substitution is with a positively

~r
I
;

57,
charged amino acid {e.g., Lys, Arg, or His}.
The tRNA synthetase mutein of claim 57, wherein the tRNA synthetase mutein

58
comprises E20K, M40L, L418, T252A, Y499H, Y527A, and H537G.

The tRNA synthetase mutein of any one of claims 43-45, wherein the tRNA

59,
synthetase mutein comprises a substitution at position 499 with a hydrophobic aminoe acid

other than Ala or Leu (e.g., Ile or Val).
The tRNA synthetase mutein of claim 59, wherein the tRNA synthetase mutein

15 60
comprises BE20K, M40L, L4185, T252A, Y4991, YS271, and H5337G.
61, The tRNA synthetase mutein of claim 59, wherein the t(RNA synthetase mutein
comprises E20K, M40, L41S, T252A, Y4901 Y527V and HS37G.
62. The tRNA synthetase mutein of claim 59, wherein the tRNA synthetase mutein
20 comprises E20K, M401, 1418, T2S2A, Y4991, Y527G and HS37G.
A nucleic acid encoding the tRNA synthetase mutein of any one of claims 43-62.

63.
64. A transfer vector comprising the nucleic acid of claim 63,
The transfer vector of claim 64, wherein the vector 1s capable of introducing the

65.

nucleic acid into a cell, whereupon the nucleic acid can integrate into the genome of the cell.
66. An engineered cell comprising the tRNA synthetase mutein of any one of claims 43-
62.

[\
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67 An engineered cell comprising the nucleic acid of claim 63

68 Anengineered cell comprising the transfer vector of claim 64 or 65.

69, The cell of claim 67, wheretn nucleic acid is stably integrated into the genome of the
cell.

70, The cell of claim 69, wherein the nucleic acid is capable of being expressed in the cell

to produce a corresponding tRNA synthetase mutein.

71, The cell of any one of claims 66-70, further comprising a suppressor leucyl-tRNA
capable of incorporating an unnatural amino acid into a protein undergoing expression in the

cell.

72, The cell of ¢laim 71, wherein the suppressor leucyl-tRNA is sefected from any one of

SEQ ID NOs: 1642 or 67,

73, The cell of claim 71 or 72, wherein a nucleic acid encoding the suppressor leucyl-

tRINA is stably integrated into the genome of the cell.

74. The cell of claim 73, wherein the nucleic acid is capable of being expressed in the celi

to produce a corresponding suppressor tRNA.

75, The cell of any one of claims 66-74, wherein the unnatural amino acid is a feucine
analog.
76.  The cell of claim 75, wherein the leucine analog is selected from linear alkyl halides

and linear aliphatic chains comprising an alkyne, azide, cyclopropene, alkene, ketone,

aldehyde, diazirine, or tetrazine functional group.

77.  The cell of any one of claims 66-76, wherein the protein is expressed from a nucleic

acid sequence comprising a premature stop codon.

78, The cell of claim 77, wherein the tRNA synthetase mutein 1s capable of charging a
suppressor leucy! tRNA with an unnatural amino acid which is incorporated into the protein

at a position corresponding to the premature stop codon.
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79. The cell of claim 78, wherein the suppressor tRNA comprises an anticodon sequence
that hybridizes to the premature stop codon and permits the unnatural amino to be

incorporated into the protein at the position corresponding to the premature stop codon.

30. The cell of any one of claims 66-79, wherein the protein expressed in the cell is an
antibody {or a fragment thereof), bispecitic antibody, nanobody, affibody, viral protein,
chernokine, antigen, blood coagulation tactor, hormone, growth factor, enzyme, or any other

polypeptide or protein,

g1, The cell of any one of claims 67, 69 or 30, wherein the nucleic acid sequence
encoding the tRNA synthetase mutein has a copy number in the range from about 1 to about
50, from about 3 to about 50, from about 10 to about 50, from about 15 to about 50, from
about 20 to about 30, from about 25 to about 530, from about 30 to about 30, from about 35 1o
about 50, from about 40 to about 50, from about 1 to about 40, from about 5 to about 40,
from about 10 to about 40, from about 15 to about 40, from about 20 to about 40, from about
25 to about 40, from about 30 to about 40, from about 35 to about 40, from about 1 to about
30, from about 5 to about 30, from about 10 to about 30, from about 15 to about 30, from
about 20 to about 30, from about 25 to about 30, from about 1 to about 20, from about 5 to
about 20, from about 10 to about 20, from about 15 to about 20 copies of the nucleic acid

encoding the synthetase.

32, The cell of any one of claims 73 or 74, wherein the nucleic acid sequences encoding
the suppressor leucy! tRNA has a copy number in the range from about 50 to about 500, from
about 75 to about 300, from about 100 to about SO0, from about 125 to about 500, from about
150 to about 500, from about 175 to about 300, from about 200 to about 500, from about 225
to about 300, from about 250 to about 500, from about 1 to about 450, from about 75 to about
450, from about 100 to about 450, from about 125 to about 450, from about 150 to about 450,
from about 175 to about 450, from about 200 to about 450, from about 225 to about 450,
from about 250 to about 430, from about 1 to about 400, from about 75 to about 400, from
about 100 to about 400, from about 1235 to about 400, from about 150 to about 400, from
about 175 to about 400, from about 200 to about 400, from about 225 to about 400, from
about 250 to about 400, from about 1 to about 350, from about 75 to about 350, from about

100 to about 350, from gbout 125 to about 350, from about 150 to about 350, from about 175
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to about 330, from about 200 to about 350, from about 225 to about 350, or from about 250 io

about 350 copies of the nucleic acid encoding the suppressor tRNA.

83. The cell of any one of claims 60-82, wherein the suppressor leucyl-tRNA and tRNA
synthetase mutein are present in a ratio selected from 201, 4:1, &1, 12:1, 16:1, 24:1, 36:1,

48:1, and 64:1.

84, The cell of any one of claims 66-83, wherein the cell is a prokaryotic cell (e.g, a

bacterial cell).

85 The cell of any one of claims 66-83, wherein the cell is a eukaryotic cell (e.g., a

mammalian cell).
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