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producing a protein in a eukaryotic cell containing a peroxisome as described herein.
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EXPRESSION OF MODIFIED PROTEINS IN A PEROXISOME

CROSS REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of U.S. Provisional Application No.

62/847.769, filed May 14, 2019, which is hereby incorporated by reference in its entirety.

REFERENCE TO SEQUENCE LISTING AND TABLES IN ELECTRONIC FORMAT
[0002] This apphication is filed with an electronic sequence listing entitled
PBFABOOITWOZSEQLIST TXT, created on May 7, 2020 which 15 235 KB in size. The
information in the electronic sequence histing is hereby incorporated by reference in its

entirety.

FIELD
[6003] Methods and compositions are provided herein for genetically modifying
cells to produce proteins and protein precursors that for example may be used in artificial

materials,

BACKGROUND
[6004] There 1s a need in the art for improved methods of producing and
modifying proteins in cells. Proteins produced and moditied in cells find use n a variety of

Ways.

SUMMARY
[6005] Described herein are methods for producing proteins that can act as
precursors for matenals, such as substrates for products in film development; capsules for
pills {gelatin in drug and nutraceusticals); food additives {e.g. all things gelatin} and collagen
for food stuffs and synthetic meats, textiles such as synthetic leather, beauty products, and
biomedical materials (scaffolds, sutures, grafts, expanding cells, gels, etc ) are contemplated.
The use of such methods may also provide matenals that would reduce the product carbon

footprint from standard manufacturing methods that are used today.
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[6066] Protein precursors that may be used in the production of materials are
contemplated. For example, a next generation fabric is contemplated, such as artificially
made textiles, using cell engineering and tissue engineering techniques that lower greenhouse
gas emissions as compared to conventionally produced textiles.

6067} The protein precursors may be used as collagen derived products that can
be found 1n face creams, injectable drugs and wound dressings, for example.

[0008] Methods and compositions are provided herein for genetically modifying
cells to produce proteins and protein precursors, for example those can be used in artificial
materials.

[0009] Some embodiments provided herein relate to methods and compositions
for making genetically modified cells to produce modified proteins mn peroxisomes. Modified
protemns described herem may be used as building blocks for producing materials, such as
textiles, artificial skins or other materials. Production of proteins found m some textiles are
contemplated for use in a cell production system.

(6010} Some embodiments provided herein relate to methods of making a cell for
producing a modified protein in a peroxisome. In some embodiments, the methods include
the steps: providing a cell, mtroducing a first nucleic acid nto the cell and mtroducing a
second nucleic acid mto the cell In some embodiments, the first nucleie acid includes a first
sequence encoding a heterologous protein fused to a peroxisome-targeting sequence. In some
embodiments, the second nucleic acid includes a second sequence encoding heterclogous
modification enzyme fused to a peroxisome-targeting sequence. In some embodiments, the
cell 15 a bacterial or archaebacteria. In some embodiments, the cell 15 a eukaryotic cell. In
some embodiments, the cell 15 a yeast cell. In some embodiments, the cell 15 a yeast cell. In
some embodiments, the cell 15 selected from the genera Arxula, Candida, Hansenula,
Kluyveromyces, Komagataetla, Ogataea, Pichia, Saccharomyces or Yarrowia. In some
embodiments, the first and/or second nucleic acid includes a promoter(s). In some
embodiments, the promoter s constitutive or inducible. In some embodiments, the
peroxisome-targeting sequence includes a sequence set forth in SEQ 1D NO: 1 (SLK), SEQ
1D NO: 2 (REXXXXX(H/QL), or SEQ 1D NO: 3 (LGRGRRSKL). In some embodiments,
the protein includes a tag. In some embodiments, the tag 15 cleavable. In some embodiments,

the method further includes introducing a third nucleic acid into the cell In some
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embodiments, the third nucleic acid includes a third sequence encoding a second
heterclogous modification enzyme fused to a peroxisome-targeting sequence. In some
embodiments, the heterologous protein has a molecular weight of 1 Da, 5 Da, 10 Da, 20 Da,
30 Da, 40 Da, 50 Da, 60 Da, 70 Da, 80 Da, 90 Da, 100 Da, 200 Da, 300 Da, 400 Da, 500 Da,
600 Da, 700 Da, 800 Da, 900 Da, 1 kDa, 5 kDa, 10 kDa, 20 kDa, 30 kDa, 40 kDa, 50 kDa,
60 kDa, 70 kDa, 80 kDa, 90 kDa, 100 kDa, 110 kDa, 120 kDa, 130 kDa, 140 kDa, 150 kDa,
160 kDa, 170 kDa, 180 kDa, 190 kDa, 200 kDa, 210 kDa, 220 kDa, 230 kDa, 240 kDa, 250
kDa, 260 kDa, 270 kDa, 280 kDa, 290 kDa, or 300 kDa, or any size in between a range
defined by any two aforementioned values. In some embodiments, the enzyme creates a
modification. In some embodiments, the modification is folding of the protein. In some
embodiments, the protein is unfolded. In some embodiments, the modification is protein
folding, hydroxviation, glvcosyl transfer, oxidation, and/or isomerization. In some
embodiments, the enzyme includes prolyl hydroxylases, glycosyltransferase, lysyl oxidases,
a protein chaperone, or prolyl isomerase. In some embodiments, the enzyme is a
glycosyltransferase, prolyl isomerase, a protein disulfide isomerase, a hydroxyl transferase,
or a prolyl hydroxylase. In some embodiments, the protein includes collagen, gelatin, or silk
protein. In some embodiments, the enzyme includes glycosyl transferase, prolyl hydroxvliase,
or prolyl isomerase. In some embodiments, wherein the protein 1s collagen, the collagen is
modified resuiting m a Type 1 heterotrimer, Type 1 alpha homotrimer, or Type HI
homotrimer collagen. In some embodiments, the collagen includes CollAl or CollAZ In
some embodiments, the prolyl-4-hydroxylase 1s genetically modified to have a deletion of a
PDI domain. In some embodiments, the enzymes are genetically modified for improved
expresston and mmport into the peroxisome. In some embodiments, the proteins are
genetically modified for improved expression and import into the peroxisome. In some
embodiments, the nucleic acid 15 codon optimized for protein expression in a eukaryotic cell,
such as a veast cell In some embodiments, fusion of the heterologous protein to the
peroxisome targeting sequence results in targeting of the heterologous protein to the
peroxisome, thereby separating the heterologous protein from an enzyme not targeted to the
peroxisome. In some embodiments, fusion of the modification enzyme to the peroxisome
targeting sequence results in targeting of the modification enzyme to the peroxisome, thereby

separating the modification enzyme from a substrate or enzyme not targeted to the
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peroxisome. In some embodiments, the heterologous protein includes COLsynl, COLsyn2,
COLsyn3, COLsyn4, or an amino acid sequence at least 80%, 85%, 90%, 95%, 97%, 98%,
or 99% identical to the anmino acid sequence of COLsynl, COLsyn2, COLsyn3, or COLsyn4,
In some embodiments, the first nucleic acid is engineered to replace at least one hydrophobic
amino actd with a hydrophilic or non-hydrophobic amino acids in the heterclogous protein as
compared to an unmodified or naturally occurring first nucleic acid,

(0011} Some embodiments provided herein relate to eukaryotic cells for
producing a protein in a peroxisome, manufactured by any method provided herein.

(0012} Some embodiments provided herein relate to eukaryotic cells for
producing a protein in a peroxisome. In some embodiments, the cells include a first nucleic
acid including a sequence encoding a heterologous protein fused to a peroxisome-targeting
sequence and a second nucleic acid encoding a heterologous modification enzyme fused to a
peroxisome-targeting sequence.

[0013] Some embodiments provided herein relate to eukaryotic cells that include
a peroxisome for producing a modified protein. In some embodiments, the eukaryotic cells
are capable of expressing a heterologous protein fused o a peroxisome-targeting sequence,
and a heterologous modification enzyme fused to a peroxisome-targeting sequence. In some
embodiments, the protein 15 modified 1n the peroxisome. In some embodiments, the cell is
Fastoris. In some embodiments, the peroxisome-targeting sequence includes a sequence set
forth in SEGQ 1D NG: 1, 2, or 3. In some embodiments, the cell further includes a third nucleic
acid encoding a second protein fused to a peroxisome-targeting sequence.

[6014] Some embodiments provided herein relate to methods of producing a
modified protein in a eukaryotic cell containing a peroxisome. In some embodiments, the
eukaryotic cells express a heterologous modification enzyme fused to a peroxisome-targeting
sequence. In some embodiments, the methods include: providing a cell manufactured by the
method or a cell of any one of the alternatives described herein, expressing a heterologous
protein in the eukaryotic cell and culturing the eukaryotic cell under conditions such that the
heterologous modification enzyme modifies the heterologous protein in the peroxisome to
produce a modified protein. In some embodiments, the heterologous protein is fused to a

peroxisome-targeting  sequence. In some embodiments, the method further includes
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increasing cargo of the peroxisome. In some embodiments, increasing cargo of the
peroxisome is performed by providing oleic acid or methanol to the eukarvotic cell.

[6015] Some embodiments provided herein relate to methods of producing a
moditied protemn in a eukaryotic cell containing a peroxisome. In some embodiments, the
eukaryotic cells express a heterologous modification enzyme fused to a peroxisome-targeting
sequence. In some embodiments, the methods include expressing a heterologous protein in a
eukaryotic cell and culturing the eukaryotic cell under conditions such that the heterologous
modification enzyme modifies the heterologous protein in a peroxisome to produce a
modified protein. In some embodiments, the heterologous protein 15 fused to a peroxisome-
targeting sequence. In some embodiments, the methods further include increasing cargo of
the peroxisome. In some embodiments, increasing cargo of the peroxisome is performed by
providing oleic acid or methanol to the eukaryotic cell.

[0016] Some embodiments provided herein relate to methods of producing a
modified protein. In some embodiments, the methods include culturing a eukaryotic cell
contamning a peroxisome under conditions such that the modified protein 1s produced. In
some embodiments, the eukarvotic cell expresses: a heterologous protein fused to a
peroxisome-targeting sequence, and a heterologous modification enzyme fused to a
peroxisome-targeting sequence. In some embodiments, the heterologous modification
enzyme modifies the heterologous proten to produce the modified protein in the peroxisome
under the culture conditions. In some embodiments, the methods further include increasing
cargo of the peroxisome. In some embodiments, ncreasing cargo of the peroxisome is
performed by providing oleic acid or methanol to the eukaryotic cell

[8017] Some embodiments provided heremn relate to methods of mcereasing vield
of a modified protein. In some embodiments, the methods include culturing a eukaryotic cell
containing a peroxisome under conditions such that the modified protein 1s produced. In
some embodiments, the eukaryotic cell expresses a heterologous protemn fused to a
peroxisome-targeting sequence and a heterologous modification enzyme fused to a
peroxisome-targeting sequence. In some embodiments, expression of the heterologous
protein is under the influence of a promoter. In some embodiments, the heterologous
modification enzyvme modifies the heterologous protein to produce the modified protein in

the peroxisome under the culture conditions and inducing production of the heterologous
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protein by addition of a chemical inducer. In some embodiments, the methods further include
increasing cargo of the peroxisome. In some embodiments, increasing cargo of the
peroxisome s performed by providing oleic acid or methanol to the eukaryotic cell.

[00138] Some embodiments relate to kits for producing a modified protein in a
peroxisome in a cell. In some embodiments, the kits mclude: a first nucleic acid construct
mcluding GFP-x-ePTS1 or x-FLAG-ePTS1 and a second nucleic acid construct including
GEP-y-ePTS1 or y-FLAG-ePTS1. In some embodiments, x 15 a nucleic acid sequence
encoding a heterologous protein to be targeted to a peroxisome. In some embodiments, visa
nucleic acid sequence encoding a modification enzyme to be targeted to the peroxisome. In
some embodiments, the modification enzyme is an enzyme capable of modifying the

heterologous protein in the peroxisome.

BRIEF DESCRIPTION OF THE DRAWINGS

(6019 FIG. 1 shows a schematic representing an example of directing a protein
and an enzyme into the peroxisome of the cell.

[0026] FIG. 2 shows a schematic of the fermentation of the genetically modified
veast, purification of the translationally modified proteins m accordance with some
embodiments.

[6021] FIG. 3 depicts images of microscopy data of S. cerevisiae strains that are
wild type (top row) or modified with deleted PEXS gene (bottom row} and expressing fusion
proteins. The fusions nclude N-terminal GFP and C-termunal ePTST fused to synthetic
coliagen peptides and a collagen modifying enzyme.

[6022] FIG. 4 shows fluorescence Jocalization of collagen variants fused to GFP
and a C-termunal ePTS1 10 strains PBO0009S, PBOCOT63, PBO00297 that are representative
of different industrial yeast hosts, PBHOOI, PBHO02, and PBHO04, respectively.

[0023] FiG. 5 shows colony growth of strains that have been serially diluted on
YPD or YP galactose plates. Strains express GAL-SigD1-351-ePTS1 (top) or GAL-SigD1-
351 {bottom).

16024} FIG. 6 shows an image of a Western blot of peroxisome-localized TEV-
FLAG-ePTS1 protease activity on peroxisome-focalized RFP-tev-TFP-ePTS1 substrate

(panel A) or on cytoplasmic RFP-tev-YFP substrate {(panel B}. The TEV protease expression
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was conirolled by different constitutive or inducible promoters and growth conditions: (1)
pTEF1, (2) pRPL18B, (3} pGALI, repressed by dextrose, (4) pGALI1, repressed by raffinose
and dextrose, and {5) pGALL, induced by raffinose and galactose. Western blots were probed
with an anti-tRFP antibody to recognize the full length 54 kDa substrate or 27 kDa cleavage
product.

[0025] Fiz. 7 shows Bant P4H hydroxylase activity on collagen in the
peroxisome. Panel A depicts list of strains. The Bant P4H is expressed from the TDH3
promoter and the collagen substrate from the TEF1 promoter. Panel B shows alignment of
collagen substrate from each of the strains with Geneious software. The consensus sequence
shows that 1. PB000224; 2. PB0O00248; and 3. PB000249 exhubit the same sequence (SEQ 1D
NGO: 71}, and 4. PBO00225; 5. PB000254; and 6. PBO0O0255 exhibit the same sequence (SEQ
1D NO: 723 The gray boxes below an anuno acid denote the proline positions identified to be
oxidized by LCMSMS. Panel C shows details of the LCMSMS results at each modified site.

[06026] FiIG. 8 shows i vivo fluorescence localization of ePTS1-tagged full-
length collagen, AmColl A or AmColl AZ, fused to a GFP tag and ePTSI-tagged BantP4H
hydroxylase enzyme fused to an mRuby tag in 8. cerevisiae. Images are shown as individual
FITC and TexasRed channels for GFP and mRuby detection, respectivelv. The merged image

is an overlap of the FITC and TexasRed channels implying colocalization of both proteins.

DETAILED DESCRIPTION

Definitions

[6027] The titles, headings and subheadings provided herein should not be
interpreted as himiting the various aspects of the disclosure. Accordingly, the terms defined
mmmediately below are more fully defined by reference to the specification n its entirety.

[6028] Unless otherwise defined, scientific and technical terms used
connection with the present invention shall have the meanings that are commonly understood
by those of ordinary skill 1n the art. Further, unless otherwise required by context, singular
terms shall include pluralities and plural terms shall include the singular.

[0029] In this application, the use of “or” means “and/or” unless stated otherwise.
In the context of a multiple dependent claim, the use of “or” refers back to more than one

preceding independent or dependent claim in the alternative only. Also, terms such as

~3
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“element” or “component” encompass both elements and components comprising one unit
and elements and components that comprise more than one subunit unless specifically stated
otherwise.

[8030] It 1s noted that, as used in this specification and the appended claims, the

23

singular forms “a,” “an,” and “the,” and any singular use of any word, include plural
referents unless expressly and unequivocally limited to one referent. As used herein, the term
“include” and its grammatical variants are intended to be non-hmiting, such that recitation of
items in a list 1s not to the exclusion of other like 1tems that can be substituted or added to the
listed items.

[0031] As described herein, any concentration range, percentage range, ratio
range or integer range 15 to be understood to include the value of any integer within the
recited range and, when appropriate, fractions thereof (such as one tenth and one hundredth
of an integer), unless otherwise indicated.

[0032] Units, prefixes, and symbols are denoted in ther Systéme International de
Unites {SI) accepted forro. Numeric ranges are mclusive of the nurobers defuung the range.
Measured values are understood to be approximate, taking mto account significant digits and
the error associated with the measurement.

[0033] As utilized 1n accordance with the present disclosure, the following terms,
unless otherwise indicated, shall be understood to have the following meanings:

[6034] As used herein, the term “about” refers to a numeric value, including, for
example, whole numbers, fractions, and percentages, whether or not exphicitly indicated. The
term “about” generally refers to a range of numerical values {e.g., +/-5-10% of the recited
range} that one of ordinary skill in the art would consider equivalent to the recited value {e.g.,
having the same function or result}). When terms such as at least and about precede a list of
numerical values or ranges, the terms modify all of the values or ranges provided in the list.
In some instances, the term about may include numerical values that are rounded to the
nearest significant figure,

[6035] “Peroxisome” has its plain and ordinary meaning when read in hight of the
specification, and may include but 15 not limited to, for example, an organelle for the
catabolism of very long chain fatty acids, branched chain fatty acids, D-amino acids, and

polyamines, reduction of reactive oxygen species, biosynthesis of plasmalogens, (i.e., ether
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phospholipids critical for the normal function of mammalian brains and lungs). Peroxisomes
may also function for the glyoxylate cycle, glycolysis and methanol and/or amine oxidation
and assimilation in some yeasts. Peroxisomes may also have their own natural enzymes.
Without being limiting, the enzymes may include, catalases for oxidative enzymes, such as
D-amino acid oxidase and uric acid oxidase, for example. In the embodiments herein, the
peroxisome may function for making protein or for modification of proteins.

[0036] “Modifications” to a protein has its plain and ordinary meaning when read
in light of the specification. Without being hiniting, modifications may include changes to a
protein at the primary, secondary, tertiary, and quaternary structure; addition of a covalent
modification, folding of a protein, assembly of proteins into a quaternary structure of a multi-
subunit complex, and post-transiational modifications. Other modifications in addition to
prolyl hyvdroxylation are also achievable in the peroxisome. The peroxisome 15 naturally
permeable to many small molecules that serve as modifying substrates by the modifying
enzymes. In fact, the peroxisome has been determined to have a size gating where molecules
smaller than approximately 700 Daltons can freely diffuse into this organelle. Substrates that
cannot freely diffuse into the peroxisome must be transported. Transport could be moported,
either specifically or promiscuously, via a membrane protein targeted to the peroxisome
membrane,

[8037] “Nucleic acid” or “nucleic acid molecule” refers to polynucleotides, such
as deoxyribonucleic acid (DNA) or ribonucleic acid (RNA), oligonucleotides, fragments
generated by the polymerase chain reaction (PCR}, and fragments generated by any of
higation, scission, endonuclease action, and exonuclease action. Nucleic acid molecules can
be composed of monomers that are naturally-occurring nucleotides {such as DNA and RNA),
or analogs of naturally-occurring nucleotides {e.g., enantiomeric forms of naturally-occurring
nuclectides), or a combination of both. Modified nucleotides can have alterations in sugar
moteties and/or in pyrimidine or purine base moieties. Sugar modifications include, for
example, replacement of one or more hydroxyl groups with halogens, alkyl groups, amines,
and azido groups, or sugars can be functionalized as ethers or esters. Moreover, the entire
sugar motety can be replaced with sterically and electronically simular structures, such as aza-
sugars and carbocyclic sugar analogs. Examples of modifications in a base moiety include

alkylated purines and pyrimidines, acylated purines or pyrimidines, or other well-known

0.



WO 2020/232017 PCT/US2020/032512

heterocyclic substitutes. Nucleic acid monomers can be hinked by phosphodiester bonds or
analogs of such linkages. Analogs of phosphodiester linkages include phosphorothicate,
phosphorodithicate, phosphoroselenoate, phosphorediselencate, phosphoroanilothioate,
phosphoranilidate, phosphoramidate, and the like. The term “nucleic acid molecule” also
includes so-called “peptide nucleic acids,” which comprise naturally-occurring or modified
nucleic acid bases attached to a polyamide backbone. Nucleic acids can be either single
stranded or double stranded. In some alternatives, a nucleic acid sequence comprising a
sequence encoding a heterologous protein fused to a peroxisome-targeting sequence is
provided. In some alternatives, the nucleic acid is RNA or DNA

[0038] “Eukaryotic” cells imclude, but are not limited to, algae cells, fungal cells
(such as yeast}, plant cells, animal cells, mammalian cells, and human cells {e.g., T-cells}.. In
some embodiments, the cell 1s selected from a genus of methvlotrophuc veasts consisting of
Komagataella, Pichia, Hansenula, and Ogataea. To some embodiments, the cell s selected
from additional budding veast genera, Arxda, Candida, Kluveromyces, Saccharomyces and
Yarrowia.

[0039] “Bacterial cells” has its plain and ordinary meaning when read in light of
the specification. Bacterial cells are surrounded by a cell membrane which 1s made primanly
of phospholipids. This membrane encloses the contents of the cell and acts as a barrier to
hold nutrients, proteins and other essential components of the cytoplasm within the cell
However, unlike eukaryotic cells, bacteria usually lack large membrane-bound structures m
their cytoplasm such as a nucleus, mitochondria, chioroplasts and the other organelles present
m eukarvotic cells. Bacteria, for protein expression, may include . cofi, for example.

{6040} “Archaebacteria” has its plain and ordinary meaning when read m light of
the spectfication. Archaebacteria or Archaea may live in extreme environments such as at the
bottom of the sea by extremely hot hydrothermal vents. Both Archaea and Bacteria are very
simtlar. They both are single-celled prokaryotes that have cell walls and cell-membranes. The
main difference between is their chemical structure and where they hve. Example may
include but are not limited to thermophiles, halophiles, and methanogenes.

(6041} A “promoter” has its plain and ordinary meaning when read in light of the
specification, and may include, for example, a nucleotide sequence that directs the

transcription of a structural gene. In some alternatives, a promoter is located in the 57 non-

-10-
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coding region of a gene, proximal to the transcriptional start site of a structural gene.
Sequence elements within promoters that function in the initiation of transcription are often
characterized by consensus nucleotide sequences. These promoter elements include RNA
polymerase binding sites, TATA sequences, CAAT sequences, differentiation-specific
elements (DSEs; McGehee et al., Mol Endocrinol. 7:551 (1993); incorporated by reference
in its entirety}, cyclic AMP response elements (CREs}, serum response elements (SREg;
Treisman, Seminars i Cancer Biol 1:47 (1990}; incorporated by reference in #is entirety),
glucocorticoid response elements (GREs), and binding sites for other transcription factors,
such as CRE/ATF (O'Reilly et al, 1 Biol Chem. 267:19938 (1992). incorporated by
reference in its entirety}), APZ (Ye et al, J Biol. Chem. 269:25728 (1994}, incorporated by
reference i its entirety), SP1, cAMP response element binding protein (CREB; Loeken,
Gene Expr. 3:253 (1993); incorporated by reference in ifs entirety) and octamer factors (see,
mn general, Watson et al, eds, Molecular Biology of the Gene, 4th ed. (The
Bemjamin/Cuommings Publishing Company, Inc. 1987, incorporated by reference in its
entirety}), and Lemaigre and Rousseau, Biochem. J. 303:1 (1994); mcorporated by reference
i its entirety). As used herem, a promoter can be constitutively active, repressible or
mducible. If a promoter is an inducible promoter, then the rate of transcription mcreases in
response to an nducing agent. o contrast, the rate of transcription 1s not regulated by an
inducing agent 1if the promoter is a constitutive promoter. In some embodiments herewn, the
nucleic acids provided comprise a promoter sequence. In some embodiments, the promoter 1s
a veast promoter for protein translation. In some embodiments, wherein the cell 158 Pichia, the
promoter comprises methanol inducible promoter, Paoxi or constitutive promoter Poar. In
some embodiments, the promoter comprises pAGX, pGal, pCup, pGEM, or pZPM.

(6042} A peroxisomal targeting signal (PTS} has its plain and ordinary meaning
when read in light of the specification, and may include, for example, a region of the
peroxisomal protein that receptors recognize and bind to. Proteins contaming this motif are
localized to the peroxisome. In some embodiments herein, nucleic acids are provided that
comprise protein sequences operably linked to a PTS.

[6043] A “protein tag” or “tag” has its plain and ordinary meaning when read in
light of the specification, and may include, for example, peptide sequences genetically

grafted onto a recombinant protein. Often these tags are removable by chemical agents or by
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enzymatic means, such as proteolysis or intein splicing. Tags are attached to proteins for
vartous purposes, such as, for example, as an affinity tag for punification or solubilization. A
tag may also be added to a protein or an enzyme for protein stability while in a peroxisome.
In some embodiments herein, the protein expressed for modification in the peroxisome
comprises a tag. In some embodiments, the tag i1s selected from a group consisting of
hustidine (e.g., HIS6), maltose-binding protein, GST. FLAG, Fc domain, and a Strep-tag.
[6044] “Protein” has its plain and ordimary meaning when read i light of the
specification, and may include, for example, a macromolecule comprising one or more
polypeptide chains. A protein can therefore comprise of peptides, which are chains of amino
acid monomers linked by peptide (amide) bonds, formed by any one or more of the amino
acids. A protein or peptide can contain at least two amino acids, and no linutation 15 placed
on the maximum number of amino acids that can comprise the protein or peptide sequence.
Without being limiting, the amino acids are, for example, arginine, histidine, lysine, aspartic
acid, glutamic acid, serine, threonine, asparagine, glutamine, cysteine, cystine, glycine,
proline, alanime, wvaline, hydroxyproline, isoleucine, leucine, pyrolysine, methionine,
phenvlalanine, tyrosine, tryptophan, orntthine, S-adenosvhmethuonine, and selenocysteine. A
protein may also comprise vnnatural amino acids. In some embodiments, unnatural amino
acid meorporation 13 performed by amber codon suppression. A protein can also comprise
non-peptide components, such as carbohydrate groups, for example. Carbohydrates and other
non-peptide substituents can be added to a protein by the cell m which the protemm 1s
produced, and will vary with the type of cell. Proteins are defined herein m terms of thewr
amino actd backbone structures; substituents such as carbohydrate groups are generally not
specified, but can be present nonetheless. In some alternatives described herein, a method of
making a modified protein in a peroxisome 15 provided. In some embodiments, the modified

protein comprises collagen, gelatin or a silk protein. In some textiles, proteins such as

globulin-like proteins, keratin, collagen hydrolysate, collagen peptides and collagen are also
considered.

[6045] “Collagen™ has its plain and ordinary meaning when read in light of the
specification, and may include, for example, a structural protein that 1s found in skin and

other connective tissues. In some embodiments herein, coliagen is modified in a peroxisome.
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[6046] “Gelatin,” has its plain and ordinary meaning when read in light of the
specification, and may include, for example, a water-soluble protein prepared from collagen.
In some embodiments, gelatin is provided for modification in a peroxisome.

(6047} “Isomerases” have their plain and ordinary meaning when read in hight of
the specification, and may include, for example, an enzyme that catalyzes the conversion of a
specified compound to an isomer. Those of skill in the art would understand that there are
many types of isomerases, such as, for example, racemases, epimerases, Cis-trans
isomerases, and Intramolecular transferases.

[6048] “Hydroxy! transferases” have their plain and ordinary meaning when read
im light of the specification, and may mnclude, for example, enzymes such as prolyl
hydroxylases and lysyl oxidases.

[0049] “Glycosyltransferases” have their plain and ordinary meaning when read
n hight of the specification, and may include, for example, enzymes that establish glycosidic
linkages.

[0056] Those skilled in the art will appreciate that gene expression levels are
dependent on many factors, such as promoter sequences and regulatory elements. Another
factor for maximal protein selection 1s adaptation of codons of the transcript gene to the
typical codon usage of a host. As noted for most bacteria and veast cells, for example, small
subsets of codons are recogmzed by tRNA species leading to translational selection, which
can be an mmportant limit on protein expression. In this aspect, many synthetic genes can be
designed to increase their protein expression level. The design process of codon optimization
can be to alter rare codons to codons known to increase maximum protein expression
efficiency. In some alternatives, codon selection 1s described, wherein codon selection 1s
performed by using algorithms that are known to those skilled in the art to create synthetic
genetic transcripts optimized for higher levels of transcription and protein yield. Programs
containing algorithms for codon optimization are known to those skilled in the art. Programs

can include, for example, OptimumGene™

, GeneGPS® algonithms, efc. Additionally,
synthetic codon optimized sequences can be obtained commercially for example from
Integrated DNA Technologies and other commercially available DNA sequencing services.
In some alternatives, proteins are prepared such that the genes for protein for modification

are codon optimized for expression in vyeast such as Pichia, for example In some
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alternatives, proteins or enzymes are described, wherein the genes for the complete gene
transcript for the protein or enzyme are codon optimized for expression in eukaryotic cells,
such as yeast, which can increase the concentration of proteins for modification in a veast
peroxisome.

(6051 “Purification” has its plain and ordinary meaning when read 1n light of the
specification, and may include, for example, the isolation of highly purified cells,
peroxisomes and protein, for example. In a method of cell purification, cells can be isolated,
separated, or selected by their capacity to bind to ligand that is attached to a support, such as
a plastic or poly carbonate surface, bead, particle, plate, or well. Cells can bind on the basis
of particular cell surface markers, which allow them to be purified In the cases of
peroxisome, those of skill in the art would understand the methods for peroxisome
purification, such as centrifugation, for example. Proteins can also be purified Methods of
protein purification are known to those of skill m that art, such as, for example, size
exclusion, and affinity chromatography.

(6052} Textiles and accessories are consumer products that are purchased
frequently and replaced most often. Furthermore, most clothing does not last long and
requires frequent replacement. For clothing, the high turn-over, large production volumes and
energy-intensive use make clothing an important product category in terms of resource
consumption and greenhouse gas emissions.

[6053] In order to obviate the problems associated with making clothes, several
areas will need to be addressed such as the carbon footprint of clothing and accessories. The
carbon footprint can be described as a total set of greenhouse gas emussions caused by an
organization, event, product or person. As addressed herein are methods and cells to lower
the carbon footprint associated with textile production. The carbon footprint of an item of
clothing for example, is the total amount of carbon dioxide (COz} and other greenhouse gases
emitted over the life cycle of that item, expressed as kilograms of U equivalents. This
inciudes all greenhouse gases generated in the manufacture of the raw materials, fabrication
of the item, transport of materials and finished i1tems, packaging, the use phase including
numerous washing and drying cycles, and end-of-hife disposal.

[6054] Protein precursors for other matenials are also contemplated. The proteins

produced by the cells may be precursors to several materials such as products for film
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development; capsules for pills (gelatin in drug and nutraceuticals); food additives (e.g. all
things gelatin} and collagen for food stuffs and synthetic meats, synthetic leather, beauty
products, and biomedical materials (scaffolds, sutures, grafts, expanding cells, gels, etc ) are
contemplated.

[0055] in order to obviate the problems associated with a high carbon footprint,
the methods of making precursors for producing a textile are described. As described in the
embodiments herein are methods of making modified protemns in cells within organelles,
such as the peroxisome. Peroxisomes are ubiquitous and multifunctional organelles that are
primarily known for their role in cellular lipitd metabolism. Peroxisomes comprise
peroxisomal enzymes that may catalyze redox reactions as part of their normal function,
these organelles are also increasingly recognized as potential regulators of oxidative stress-
related signaling pathways.

[0056] In order for processing to occur within the peroxisome, a protein may be
directed by signaling sequence to be translocated to the peroxisome. The sequence encoding
the signaling sequence may be operably hnked to the sequence encoding the protein
Following translation of the protein, the protein is thus directed to a peroxisome.

[6057] Peroxisomes have been well described since their discovery i 1965
(Sabatini et al.; PNAS August 13, 2013, 110 (33) 13234-1323S and Purdue ef a/.; Annu. Rev.
Cell Dev. Biwol 2001, 17:701-52; incorporated by reference n their entirety herein).
Peroxisomes are small organelles lacking DNA and nibosomes and are lined by a single
membrane. Peroxisomal proteins are encoded by nuclear genes, synthesized on rbosomes
free i the cytosol, and then mcorporated into pre-existing peroxisomes. During the lifespan
of the cell, the peroxisomes may enlarge by the addition of proten and hipids, for example,
and may eventually divide, forming new one peroxisomes.

[0058] The size and enzyme composition of peroxisomes may be varied
However, the peroxisomes may all contain enzymes that use molecular oxygen to oxidize
various substrates, forming hydrogen peroxide (H202). Peroxisomes are known for H202-
based respiration as well as fatty acid B-oxidation. Without being limiting, functions of the
peroxisomes may include ether lipid (plasmalogen} synthesis and cholestersl synthesis,

13

glyvoxvlate cycle in germinating seeds (“glyoxysomes™), photorespiration, glycolysis in
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trypanosomes {“glycosomes”}, and methanol and/or amine oxidation and assimilation in
yeast, for example.

6059} Proteins that are directed for processing in the peroxisome may have C-
and/or N-terminal targeting sequences direct entry of folded proteins into the peroxisomal
matrix. After translation and release from cytosolic ribosomes, newly synthesized proteins
targeted for the peroxisome, may fold into their mature conformation in the cytosol before
import into the organelle. Folding may also occur by the assistance of chaperone proteins.
Protein import into peroxisomes requires ATP hydrolysis, however, unlike some transport
systems, there 15 no electrochemical gradient across the peroxisomal membrane. Tags for
transport have been described previously (Purdue er al.). In some embodiments, the protein s
folded by the assistance of chaperone proteins.

[0060] The uptake-targeting signal for some proteins targeted for the peroxisome
15 a Ser-Lys-Leu sequence (SKL i one-letter code) or a related sequence at the C-terminus
of the protein. The SKL signal may bind to a soluble receptor protein, such as a peroxin, in
the cytosol. There are several classes of peroxins (PTSs), such as PTS1 and PTS2. The
resulting PTSIR-catalase complex then binds to a receptor protein. Cyviosolic receptors have
been identified, such as Pex3p for PTS1 and Pex7p for PTS2, in the peroxisome membrane,
following which a targeted protein is transported inwards into the peroxisome. The SKL
sequence 18 not cleaved from catalase after its entry mto a peroxisome.

[6061] Without being himiting, matrix proteins may be synthesized as precursors
with an N-termunal uptake-targeting sequence. Proteins with this type of uptake-targeting
signal bind to a different cytosolic receptor protein named PTS2R that, like PTSIR, escorts
the precursor protemn to the Pexldp receptor on the peroxisomal membrane. Following
import of such proteins, the N-termunal targeting sequence is cleaved Peroxisomal
membrane proteins are also synthesized on free polyribosomes and incorporated into
peroxisomes after their synthesis. The signals that target proteins to the peroxisomal
membrane do not contain an SKL sequence, but little else 15 known about this uptake
Process.

[0062] Other modifications in addition to prolyl hydroxyiation are also achievable
in the peroxisome. For example, protein substrates such as collagen can be glycosylated by

co-mmporting a glycosyltransferase enzyme into the peroxisome through tagging with a
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peroxisome import tag. The peroxisome 1s naturally permeable to many small molecules that
serve as modifying substrates by the modifving enzymes. Substrates that cannot freely
diffuse into the peroxisome must be transported. Transport could be imported, either
specifically or promiscuously, via a membrane protein targeted to the peroxisome membrane.

[0063] Modifications may also occur in the cytoplasmic surface of a peroxisome.
Without being limiting, these modifications may include ubiguitination and phosphorylation,
for example.

[0064] Chaperone proteins may also be tagged for peroxisome translocation. As
such, chaperones may be used in the peroxisome for proper folding of the translocated

protein in the peroxisome.

Methods of making genetically meodified cells for the production of meodified proteins

[0065] In some embodiments, a method of making a cell for producing a
modified protemn in a peroxisome s provided. The steps may comprise providing a cell,
mtroducing a first nucleic acid into the cell, wherein the first nucleic acid comprises a first
sequence encoding a heterologous protein fused to a peroxisome-targeting sequence and
mntroducing a second nucleic acid into the cell, wherein the second nucleic acid comprises a
second sequence encoding a heterologous modification enzyme fused to a peroxisome-
targeting sequence. The cell may be a eukaryotic cell. In some embodiments, the introducing
is performed i the presence of calcium chlonde. In some embodiments, the introducing 13
performed by standard transformation techmiques that are known to those of skill in the art,
such as electroporation.

[6066] In some embodiments the cell 1s a veast cell, such as Saccharomyces
cerevisiae, Pichia pastoris and Ogataea polymorpha. For Pastoris cells, for example, the
nucleic acid may have a promoter that allows induction of protein in the presence of
methanol.

6067} In some embodiments, the first and/or second nucleic acid comprises a
promoter(s). In some embodiments, the promoter 1s constitutive or inductble.

[6068] In some embodiments, the peroxisome-targeting sequence comprises a
sequence set forth in SEQ 1D NO: 1 (SLK), SEQ ID NO: 2 (REXXXXX(H/QL), or SEQ ID
NO: 3 (LGRGRRSKL).
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[6069] In some embodiments, the protein comprises a tag. In some embodiments,
the tag 1s cleavable. The tag may be a tag that allows solubility of the protein or stability of a
protein within the environment of the peroxisome.

[8078] In some embodiments, the method further comprises introducing a third
nucleic acid nto the cell, wherein the third nucleic acid comprises a third sequence encoding
a second heterologous modification enzyme fused to a peroxisome-targeting sequence.

(0071} in some embodiments, the enzyme catalyzes a modification selected from
a group of modifications selected from hydroxylation, oxidation, glycosyl transfer and
isomerization.

[0072] In some embodiments, the enzyme comprises glycosyl transferases,
isomerases {e.g., prolyl and disulfide), hydroxyl transterases {e.g., prolyl hydroxylases and
lysyl oxidases).

[6073] In some embodiments, the enzyme is selected from a glycosyl! transferase,

an isomerase, a prolyl isomerase, hydroxyl transferase or a proly! hvdroxylase.

(6074} In some embodiments, the protein comprises collagen, gelatin or silk
protein.
[6075] As shown in Figure 1, the cell comprises nucleic acids encoding proteins

and enzymes that are tagged for translocation in the peroxisome. Following translation, the
C-terminal or N-termunal tags signal the translocation of the protein and enzyme nto the

peroxisome where they are further processed.

Cells

[6876] In some embodiments, a eukaryotic cell for producing a protem n a
peroxisome, manufactured by a method of any one of the embodiments described heremn. In
some embodiments, the cell comprises a first nucleic acid comprising a sequence encoding a
heterologous protein fused to a peroxisome-targeting sequence and a second nucleic acid
encoding a heterologous modification enzyme fused to a peroxisome-targeting sequence. In
some embodiments, the cell comprises a peroxisome for producing a modified protein,
wherein the eukaryotic cell is capable of expressing a heterclogous protein fused to a
peroxisome-targeting sequence, and a heterologous modification enzyme fused to a

peroxisome-targeting sequence. In some embodiments, the cell comprises a peroxisome for
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producing a modified protein, whergin the eukarvotic cell comprises: a first nucleic acid
sequence encoding a heterologous protein fused to a peroxisome-targeting sequence, and a
second nucleic acid sequence encoding a heterologous modification enzyme fused to a
peroxisome-targeting sequence (see Figure 1)

160771 in some embodiments, a eukaryotic cell is provided, comprising a
peroxisome, for producing a modified protein, wherein the peroxisome comprises: a
heterologous protein fused to a peroxisome-targeting sequence, and a heterologous
modification enzyme fused to a peroxisome-targeting sequence.

6078} in some embodiments, the protein 1s modified in the peroxisome. In some
embodiments, the cell is Pastoris. In some embodiments, the peroxisome-targeting sequence
comprises a sequence set forth in SEQ 1D NO: 1, 2, or 3. The cell further comprises a third
nucleic acid encoding a second proten fused to a peroxisome-targeting sequence.

[6079] The cells may be used for fermentation in standard fermentation broth.
Those of skill in the art would appreciate the standard methods for growing cells for protemn
production. In some embodiments, fermentation may be performed m the presence of an
mducing agent or in the presence of methanol.

16080} In some embodiments, wherein a large amount of protein is required in
large-scale production, the cells are grown in a fermenter. An advantage of Saccharomyces
cerevisiae, Pichia pastoris and Ogataea polymorpha 1s that they may grow at a prolific
growth rate. A fermenter may be used for preventing himitations due to pH control, oxygen
limitation, nutrient limutation and temperature fluctuation. The fermenter enables dissolved
oxygen {DO) levels to be raised, not just by increasing agitation, but by ncreasing aur flow,
by supplementing the air stream with pure oxygen. Nutrient himitation can also be
minimized, since fermenters can be run in “fed mode” where fresh media or growth limiting
nutrients can be pumped into the vessel at a rate that 1s capable of replenishing the nutrients
that are depleted. The fermenter may aiso enable methano! flow rates to be controlled to
condition the cells to the presence of the methanol, as well as provide methanol at the proper
rate to allow addition of just enough methanol for protein synthesis while preventing excess

methano] addition which may cause toxicity.
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Methods of producing modified proteins

(6081} In some embodiments, a method of producing a modified protein in a
eukaryotic cell containing a peroxisome s provided, wherein the eukaryotic cell expresses a
heterologous modification enzyme fused to a peroxisome-targeting sequence. The method
comprises providing a cell manufactured by the method of or a cell of any one of the
embodiments herein, expressing a heterclogous protein in the eukaryotic cell, wherein the
heterologous protein is fused to a peroxisome-targeting sequence, and culturing the
eukaryotic cell under conditions such that the heterologous modification enzyme modifies
the heterologous protein in the peroxisome to produce a modified protemn.

16082} in some embodiments, a method of producing a modified protem in a
eukaryotic cell containing a peroxisome is provided, wherein the eukaryotic cell expresses a
heterologous modification enzyme fused to a peroxisome-targeting sequence. The method
may comprise the steps of expressing a heterologous protein in a eukaryotic cell, wherein the
heterologous protein is fused to a peroxisome-targeting sequence, and culturing the
eukaryotic cell under conditions such that the heterologous modification enzyme modifies
the heterologous protein in a peroxisome to produce a modified protein.

[0083] In some embodiments, a method of producing a modified protein n a
eukarvotic cell containing method of producing a modified protein 1s provided. The method
comprises the following steps: culturing a eukaryotic cell containing a peroxisome under
conditions such that the modified protemn s produced, whereimn the eukaryotic cell expresses:
a heterologous protein fused to a peroxisome-targeting sequence, and a heterologous
modification enzyme fused to a peroxisome-targeting sequence, wherein the heterologous
modification enzyme modifies the heteroclogous protein to produce the modified protein n
the peroxisome under the culture conditions.

[6084] In some embodiments, a method of producing a modified protein n a
eukaryotic cell containing method of increasing vield of a modified protein. In some
embodiments, the eukarvotic cell is from Saccharomyces cerevisiae, Pichia pastoris or
Ogataca polymorpha. The method comprise culturing a eukaryotic cell containing a
peroxisome under conditions such that the modified protein 15 produced, wherein the
eukaryotic cell expresses: a heterclogous protein fused to a peroxisome-targeting sequence,

wherein expression of the heterologous protein s under the influence of a promoter, and a
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heterologous modification enzyme fused to a peroxisome-targeting sequence; wherein the
heterologous modification enzyme modifies the heterologous protein to produce the modified
protein in the peroxisome under the culture conditions. In some embodiments, the method
further comprises inducing production of the heterologous protein by addition of a chemical
inducer. In some embodiments, the method further comprises increasing cargo of the
peroxisome, wherein increasing cargo of the peroxisome is performed by providing oleic
acid or methanol to the eukaryotic cell.

[0085] In some embodiments, cells are transformed with one or more nucleic
acids as described herein {see, for example, Figure 2). In some embodiments, the transformed
cells are allowed to ferment In some embodiments, after fermentation and inducing the
protein for translation, which s followed by translocation, the cells are then harvested. Cells
are centrifuged in some embodiments.

6086} In some embodiments, the cells are then prepared for lysis. Homogenizers
can be used to disrupt yeast cells. The homogenizers may lyse cells by pressurizing the cell
suspension and suddenly releasing the pressure. This creates a hiquid shear capable of lysing
cells. Typical operating pressures for the older type of homogenizers, the French press and
Manton-Gaulin homogenizer, are 6000-10,000 psi. Multiple {(at least 3) passes are required to
achieve a reasonable degree of lysis. The high operating pressures, however, may result ina
rise i operating temperatures. Therefore, pressure cells are cooled (4°C) prior to use i some
embodiments. In addition to temperature control, care should be taken in some embodiments
to avoid inactivating proteins by foaming. As such, pressure may be apphied in increments.
Lysis must also be done 1o the presence of inhibitors of proteases 1n some embodiments.

[6087] Modern homogenizers are more suited to lyse veast cells since they can be
operated at much higher pressures. An Avestin Emulsiflex-C5, for example, may be used to
lyse Pichia pastoris cells at 30,000 psi (200 MPa).

6088} (lass bead vortexing may also be used for cell lysis which disrupts yeast
cells by agitation with glass beads (0.4-0.5 mm). Several cycles of agitation (30-60 sec) must
be mterspersed with cycles of cooling on ice to avoid overheating of the cell suspension.
Breakage is variable, but can be well over 506% (up to 95%). Above the method 1s described
for small volumes {up to 15 ml} but it can be scaled up to many liters using specialized

apparatus.
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[6089] Enzymatic lysis may also be used for lysing the cells. The enzymatic lysis
of yeast celis 1s based on the digestion of the cell wall by a number of enzymes, such as
zymolase and lyticase are the most widely used.

[8090] In some embodiments, following lysis, the supernatant is spun down and
may also be filtered to remove particulate matter. Purification of peroxisomes 15 known to
those of skill in the art and may be performed by gradient in a centrifuge. Peroxisomes may
also be 1solated by a commercial kit {e.g. Peroxisome Isolation Kit by Sigma Aldrich).

[0091] Following lysis of the peroxisomes, the lysate may be purified for the
protein of interest. After bulk purification, the protein may be separated from the lysed
peroxisomes. Techniques of purification are known to those of skill in the art. Depending on
the type of protein and characteristics of the protein, different types of purification technigues
may be considered. Without being limiting steps may be taken, such as ammomnum sulfate
precipifation, in order to isolate proteins by precipitation. Sucrose gradient centrifugation
may also be used to separate different sizes of molecules in a sample. Size exclusion
chromatography 1s largely used mn non-denaturing or denaturing conditions depending if
there are known methods to refold a protein. Proteins may also be separated based on their
charge or hydrophobicity. If the protein 1s tagged, a protein may also be separated by affinity
chromatography or immobilization to a column or resin.

[6092] Proteins of interest may then be analyzed by mass spectrometry for the
modifications, for example. Proteins such as enzymes may also be analyzed in an activity
assay.

[6093] Types of proteins may also be analyzed for translocation in the
peroxisome. Methods to engineer proteins for stability are known 1o those of skill in the art.
Without being himiting, this may include attaching cleavable tags in order to artificially
change the pH of a protein, or creating several mutations in order to artificially change the
pH of a protein that will be translocated into the peroxisome.

[0094] Other tags that may be considered are tags of proteins that are known to be
transtocated into the protein, or 3 domain thereof As described in Purdue er al, the
consensus sequence XX{K/RHK/RIXn(T/S)IXX(D/EIX (SEQ ID NO: 43, where X 1s any

amino acid, and where X7 represents a range of 3-7 amino acids of any amino acid at the
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indicated posttion, 1S a conserved sequence in peroxisome proteins that may allow
translocation or stability of a protein in the peroxisome.

[6095] In some embodiments of the methods, cells or compositions as described
herein, a protein such as a heterologous protein fused to a peroxisome targeting sequence
localizes to a peroxisome in a cell such as a eukaryotic or veast cell. In some embodiments,
an enzyme such as a modification enzyme fused to a peroxisome targeting sequence
localizes, and/or co-localizes with the heterologous protein fused to a peroxisome targeting
sequence, 1o a peroxisome in a cell such as a eukaryotic or yeast cell. In some embodiments,
the protein and/or enzyme s fused to a peroxisome targeting signal such as PTS1 or ePTST
For example, ePTS1 is the peroxisome targeting sequence in some embodiments. Examples
of an ePTS1 tag and a nucleic acid sequence encoding an ePTS1 tag are provided in SEQ 1D
NO: 3 (LGRGRRSKL) and SEQ HD. NG 12
(TTGGGAAGAGGTAGAAGATCCAAATTG).

[06096] Various proteins and enzymes can be targeted to peroxisomes by use of a
peroxisome targeting sequence. For example, proteins and enzymes with molecular weights
between 1-5, 5-10, 10-25, 25-50, 50-75, 75-100 kDa 100-200 kDa, or 200-300 kDa, or
higher, or a range of values encompassing any of the aforementioned kDa ranges can be
targeted to a peroxisome with a peroxisome targeting sequence. In some embodiments, a
nucleic acid with a sequence encoding the protein and/or enzyme to be targeted to the
peroxisome, and encoding a peroxisome targeting sequence 1s transferred to a cell
comprising a peroxisome, and the cell translates the protein and/or enzyme and transports 1t
mto the peroxisome. Additional examples of proteins and enzymes that may be targeted to
peroxisomes include but are not hmited to structural proteins, collagens, kinases,
phosphatases, hydroxylases, isomerases, cleavage enzymes, fluorescent proteins, and
hormones. In some embodiments, the protein and/or enzyme to be targeted includes a tag
such as a fluorescent tag (for example, GFP, YFP, or CFP), a flag tag (for example
DYKDDDDK where D=aspartic acid, Y=tyrosine, and K=lysine, SEQ ID NG: 5}, or a
histidine tag (for example, His-His-His-His-His-His, SEQ [D NO: 6). Such tags may be used
for, without limitation, purifying and/or 1dentifying a location of the protein and/or enzyme.
Purification techniques may include but are not limited to affinity purification or use of ionic

columns such as nickel columns to purify the protein and/or enzyme using the tag(s}). Other
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tags that may be used include calmodulin (KRRWKKNFIAVSAANRFKKISSSGAL, SEQ
ID NO: 7), HA (YPYDVPDYA, SEQ ID NO: 8), Myc (EQKLISEEDL, SEQ ID NO: 9),
SBP (MDEKTTGWRGGHVVEGLAGELEQLRARLEHHPQGOQREP, SEQ ID NO: 10),
and/or Strp (WSHPQFEK, SEQ ID NO: 11} tags.

(60971 An example of a GFP tag 15 provided i SEQ ID NO: 13
(MRKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVP
WPTLYTTLTYGVQUFARYPDHMEOQHDFFKSAMPEGY VQERTISFKDDGTYKTRAE
VKFEGDTLYNRIFLKGIDFKEDGNILGHKLEYNFNSHNVYITADKOKNGIK ANFKIRH
NVEDGSVQLADHYQONTPIGDGPYVLLPDNHYELSTQSVESKDPNEKRDHMVYLLEFYT
AAGITHGMDELYK). Some embodiments include a nucleic acid encoding a GFP tag, such
as the nucleic acid sequence of SEQ D NO: 14
(ATGCGTAAAGGCGAAGAGCTGTTCACTGGTGTCGTCCCTATTCTGGTGGAACTG
GATGGTGATGTCAACGGTCATAAGTTTTCCGTGCGTGGCGAGGGTGAAGGTGAC
GCAACTAATGGTAAACTGACGCTGAAGTTCATCTGTACTACTGGTAAACTGCCGE
TTCCTTGGCCGACTCTGGTAACGACGCTGACTTATGGTGTTCAGTGCTTTGCTCGT
TATCCGGACCATATGAAGCAGCATGACTTCTTCAAGTCCGCCATGCCGGAAGGC
TATGTGCAGGAACGCACGATTTCCTTTAAGGATGACGGCACGTACAAAACGCGT
GCGGAAGTGAAATTTGAAGGCGATACCCTGGTAAACCGCATTGAGCTGAAAGGC
ATTGACTTTAAAGAGGACGGCAATATCCTGGGCCATAAGCTGGAATACAATITT
AACAGCCACAATGTTTACATCACCGCCGATAAACAAAAAAATGGCATTAAAGCG
AATTTTAAAATTCGCCACAACGTGGAGGATGGCAGCGTGCAGCTGGCTGATCAC
TACCAGCAAAACACTCCAATCGGTGATGGTCCTGTTCTGCTGCCAGACAATCACT
ATCTGAGCACGCAAAGCGTTCTOGTCTAAAGATCCGAACGAGAAACGCGATCATA
TGGTTCTGCTGGAGTTCGTAACCGCAGCGGGCATCACGCATGGTATGGATGAACT
GTACAAA), or a fragment thereof.

EXAMPLES
[0098] The examples discussed below are intended to be purely exemplary of the
invention and should not be considered to limit the mnvention in any way. The examples are
not intended to represent that the experiments below are all or the only experiments

performed. Efforts have been made to ensure accuracy with respect to numbers used (for
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example, amounts, temperature, efc.) but some experimental errors and deviations should be
accounted for. Unless indicated otherwise, parts are parts by weight, molecular weight is
weight average molecular weight, temperature 1s in degrees Centigrade, and pressure 1s at or

near atmospheric.

Example 1: Localization of eollagen variants or PA4HE to peroxisome in multiple veast
hosts

[6099] A GFP-x-ePTS1 construct was produced in which GFP was included for
visualization of localization, ePTS1 was included for targeting to peroxisome), and where x
15 a protein of interest Non-limiting examples of proteins of interest include synthetic
collagen peptides COLsynla, COLsynZ, COLsyn3, COLsynd, COLsynS and COLsyn6, and
the protein disulfide-isomerase P4HB (see Table 1) In some embodiments, the P4HB s
BantP4HB, ApmiP4HB, BtauP4HA1, BtauP4HB, BtIP4HB, or GFP-B5P4HB-ePTS1, or a
fragment or derivative thereof. Nucleic acids encoding these proteins of interest were
included in separate constructs. The constructs produced peptides with each of the proteins of
interest were imported into peroxisomes of wild-type (WT) 8. cerevisiae strains visualized as
fluorescent foci in the cell (Figure 3). In strains that lack the peroxisome import receptor
{pex3A), only diffuse cytoplasmic localization was seen. These results indicate that in some
embodiments a peroxisome targeting peptide such as is described herein may be used to
target a protein or enzyme to a peroxisome in a cell such as a veast cell. Other non-limiting
examples of proteins of interest and some examples of encoding nucleotide sequences are
also shown in Table 1. In some embodiments, the protein of mterest or an encoding nucleic
acid consists of or comprises an ammmo acid or nucleotide sequence that 15 50%, 55%, 60%,
65%, 70%, 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or

2 2

100%, or a range defined by any two of the aforementioned percentages, identical to any one
or more of SEQ ID NOS: 15-70. Some embodiments include multiple protemns of interest that
may be targeted to the peroxisome.

[6100] Various collagen variants have been cobserved to localize mm multple
industrial yeast hosts {Figure 4} Non-limiting examples of full-length collagen include
AmCOLIAL AmCOLIAZ, BtCOLIAL, BtCOL1AZ, and fragments thereof Non-limiting
examples of smaller collagen fragments include COLsynl, COLsyn2, COLsyn3, COLsyn4,

COLsyn, COLsynS, and COLsyn6, BtCol1 Al 403-11P, and BtColl Al 403-0P. Figure 4

=25
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shows the ePTS1- dependent fluorescence localization of GFP-collagen variants in three

different industrial yeast hosts, PBHOCT, PBHO002, PBHO004. Common industrial veast hosts

include but are not hmited to genera of Arxula, Candida, Hansemula, Kluyveromyces,

Komagataella, Ogataea, Pichia, Saccharomyces, or Yarrowia.

[0101]

The sizes of proteins observed to localize to the peroxisome range from 31

kDa (GFP-COLSynl} to 195 kDa (BtColl A2). Therefore, a substantial range of protein sizes

can be imported into peroxisomes.

Table | — Exemplary Nucleic Acid/Amino Acid Sequences

SEQ

iD Name Seqguence

NG

15 Btau ATGTTCAGCTTITGTGGACCTCCGGCTCCTGCTCCTCTTAGCGGUCACCGCC
COLIAL | CTCCTGACGCACGGCCAAGAGGAGGGCCAGGAAGAAGGCCAAGAAGAAG
(DNA)Y | ACATCCCACCAGTCACCTGCGTACAGAACGGCCTCAGGTACCATGACCGA

CACCTCTOCAAACCCCTOGCCCTCCCAGATCTCTOTCTCGCGACAACGGCAA
COTGCTGTGCGATGACGTGATCTGCCGACGAACTTAAGGACTGTCCTAACGC
CAAAGTCCCCACGQACGAATCGCTGCCCCOTCTGCCCCGAAGGUCAGGAAT
CACCCACGGACCAAGAAACCACCGGAGTCOAGGCGACCGAAAGGAGACAC
TGGCCCCCGAGGCCCAAGGGGACCCGCCGLCCCCCCCGLCCGAGATGGCA
TCCCTGCGACAACCTGGACTTCCCGCACCCCCTGCGACCCCCCOCACCTCCCG
GACCCCCTGGCCTCGGAGGAAACTTTGCTCCCCAGTTGTCTTACGGUTATG
ATGAGAAATCAACAGGAATTTCCOTGCCTGOTCCCATGGOTCCTICTGOTC
CTCGTGOGTCTCCCTGGCCCCCCTGGCGCACCTGGTCCCCAAGGTTTCCAAG
GCCCCCCTOGOTCGAGCCTGLCOGAGCCAGGAGCCTCAGGTCCCATGGUGTCCC
COTCOTCCCCCTGGCCCCCCTGOCAAGAACGCGACATGATCGCGAAGCTGE
AAMAGCCTGGTCGTCCTOOTCGAGCGCGOGCCTCCCGCGACCTCAGGGTGCTC
GGGGATTGCCTGCAACAGCTOGCCTCCCTGGAATGAAGGGACACAGAGHT
TTCAGTGGTTTGGATGGTGCCAAGGGAGATGCTGGTCCYTGCTGGCCCCAAG
GGCCAGCCTGOTAGCCCCGOTCGAAAATGGAGCTCCTGOTCAGATGGGCCC
CCOGTCOTCTGCCTOGOGTGAGAGAGGTCGCCCTGGAGUCCCTCGCCCTGLTOE
TGCTCGAGGAAATCATGGTCCCGACTCGTGCTGCTGOGGCCCCCTGOTCCCAL
TGGCCCCGCTGGTCCTCCTGETTTCCCTGGTGCTGTGGGTGCTAAGGGTGA
AGOGTOGGTCCCCAAGGACCCCGAGGTTCTGAAGGTCCCCAGGGTGTACGTG
GTGAGCCTGGCCCCCCTGGCCCTOCTGOTGCTGCTGGCCCTGCTGGCAACC
CTGCGTGCTCGATGCGACAGCCTGOTGCTAAAGGAGCCAATGGCGCTCCTGOT
ATTGCTGGTOCTCCTGOCTTCCCTGOTGCCCGAGGLUCCCTCTGGACCICAG
GGCCCCAGCGGCCCCCCTGGUCCCAAGGGTAACAGCGGTGAACCTGGETGC
TCCTGGQCAGCAAAGGAGACACTGGUGCCAAGGGAGAACCCQGTCCCACTG
GTATTCAAGGCCCCCCTGGCCCCGCTGOGGRAAGAAGGAAAGCGAGGAGCC
CCGAGGTGAACCTGGACCTGCTGGCCTGCCTGGACCCCCTGGCGAGCGTGE
TGGACCTGCAACGCCGTOOTTTCCCTGGUCGCCCACGGTOTTGCTGOTCCCAA
GGGTCCTOGCTGOGTCGAACGUGHTGUTCCTGGCCCTGCTGGLCCCAAAGOTTC
TCCTGGTGAAGCTGOTCGCCCCGOTCGAAGCTGGTCTGLCCGGTGCCAAGG
GTCTGACTGGAAGCCCTGGCAGCCCGGOGTCCTGATGGCAAAACTGGCCCO
CCTGOTCCCGCCGOTCAACGATGGCCGCCCTGGACCTCCAGGCCCTCCCGOT
GCCCOTCOTCAGGCTGGCOTGATCGOGTTTCCCTGCACCTAAAGGTGCTGOT
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GGAGAGCCTGGAAAAGCTGGAGAGCGAGOGTGTTCCTGGACCCCCTGGIGC
TGTTGETCCTGCTGGCAAAGACGGAGAAGCTGGAGCTCAGGGACCCCCAG
GACCTGCTGGCCCCGUTOGGTGAGAGAGGCGAACAAGGCCCTGCTGGCTCC
CCTGCATTCCAGGOTCTCCCCGGCCCTGCTGUTCCTCCTGOTCGAAGCAGGC
AAACCTGGTCAACAGGOTGTTCCTGCAGATCTTGOTGCCCCCGGCLCCTCT
GGAGCAAGAGGCGAGAGAGGTTTCCCCGGLGAGUGTGETGTGCAAGGGE
COCCCGOTCCTOCAGOGTCCCCGTGOGGCCAATGOTGLCCOTGGCAACGAT
GOTGCTAAGGGTGATGCTGGTGCCCCTGGAGCCCCCGGTAGCCAGGOTGO
CCCTOGGCCTTCAAGGAATCCCTGGTOGAACGAGUGTGCAGCTGOTCTITCCAG
GCCCTAAGGGTGACAGAGGGGATGCTGGTCCCAAAGGTGCTGATGGTGCT
CCTGOCAAAGATGGCCTCCCTGOTCTCACTOGTCCCATCGGTCCTCOTGOL
CCCGCTGOTGCCCCTGUTCGACAAGGUTGAAGUTGUTCCTAGTGGCCCAGT
CGOTCCCACTGGAGCTCOGTOOTGCCCCCGOGTGACCGTGOTGAGCCTGOTCC
CCCCCGCCCTGOTGOUTTCOCTGGCCOCCCTGOTGUTCATGGCCAACCTGE
TGCTAAAGGCGAACCTGOGTCATGUTGOTGCTAAAGGTGACGCTGGTCCCC
CCGGLCCTGCTGGOGCCCOGLTGGACCCCCCGOCLCCATTGGTAACGTTGGTG
CTCCCGCACCCAAAGGTGCTCOTOGCAGCOGUTGUTCCCCCTOGTGCTACTG
GITTCCCAGGTGCTGCTGGCCGAGTCGOTCCCCCCGGUCCCTCTGGAAATG
CTGGACCCCCTGGCCCTCCTGGCCCTGCTGGCAAAGAAGGCAGCAAAGGC
CCCCGCGOTGAGACTOGOGCCCCOGCTGOGGCOTCCCGUTGAAGTCOGOGTCCCCCT
GGTCCCCCTGGCCCOGCTGOTGAGAAAGGAGCCLCTGGTGCTGACGGACC
TGCTGGAGCTCCTGGCACTCCTGGACCTCAAGGTATTGCTGGACAGCGTGG
TGTGGTCGGCCTGCCTGETCAGAGAGGAGAAAGAGGCTTCCCTGGTCTTCC
TGOGCCCCTCTGOTGAACCCOGGCAAACAAGGTCCTTCTGGAGCAAGTGGTG
AACGTOGGCCCCCCTGOTCCCATGGGCCCCCCTGOATTGGCTGGACCCCCTG
CGCCGAGTCTGOACCGTGAGGGAGUTCLOTOUTGCTCAAGCATCCCCTGCGACGA
CATGGTTCTCCTGGCGCCAAGGGTGACCGTGUTCGAGACCGOGCCCTECTGO
ACCTCCTGOTGCTCCTGGCGCTCCCGOTGLCCCCGGCCCTOTCGGACCTOL
CGGCAAGAGCGOTGATCOGTGOTGAGACCGOTCCTGCTGGTCCTGCTGOTC
CCATTGGCCCCOTTGOTGCCCGTGLCCCCGCTGGACCCCAAGGCCCCCGTE
CGTGACAAGGUGTGAGACAGGCGAACAGGGCCGACAGAGGCATTAAGGUTCA
CCOTGGCTTCTCTGOTCTCCAGGOGTCCCCCCOGCCCTCCCGOITCTCUTGOT
GAGCAAGOTCCTTCCGCGAGCCTCTOOTCCTGCTGOTCCCCGLGHTCLCCCT
GGCTCTGCTGOTTCTCCCGGCAAAGATOGCGACTCAATGGTCTCCCAGGUCCC
ATCOGUGTCCCCCTGGGUCTCGAGGTCCGCACTGOGTCATGUTGOGTCCTGCTGOT
CCTCCCGGCCCTCCTGOGACCCCCTGUGTCCCCCAGUTCOTCCCAGCGGLGGT
TACGACTTCAGCTTCCTGUCCCAGCCACCTCAAGAGAAQGGUTCACGATGOT
GGCCGLTACTACCGGGCTOGATCATGCCAATGTGOTCCGTGACCOGTGALCCTC
GAGGTGOGACACCACCCTCAAGAGCCTGAGCCAGCAGATCGAGAACATCCG
GAGCCCTGAAGGCAGCCGCAAGAACCCCGCCCGCACCTGCCOGTGACCTCA
AGATGTGCCACTCTGACTGCGAAGAGCGGAGAATACTGGATTGACCCCAAC
CAAGGCTGCAACCTCGOGATGCCATTAAGGTCTTCTGCAACATGGAAACCGE
TGAGACCTGTOTATACCCCACTCAGCCCAGCGTGOUCCAGAAGAACTGOT
ATATCAGCAAGAACCCCAAGGAAAAGAGGCACGTCTGGTACGGCGAGAG
CATGACCGGCGGATTCCAGTTCGAGTATGGCGGCCAGGGOGTCCGATCCTG
CCGATGTOGGCCATCCAGCTCGACTTTCCTGCGCCTGATGTCCACCGAGGCCT
CCCAGAACATCACCTACCACTGCAAGAACAGCGTGGCCTACATGGACCAG
CAGACTGGCAACCTCAAGAAGGCCCTGCTCCTCCAGGGCTCCAACGAGAT
CCAGATCCGOGGCCOAGGGUCAACAGCCGUTTCACCTACAGCGTCACCTACG
ATGGCTGCACGAGTCACACCGGAGCCTGGGGCAAGACAGTGATCGAATAC
AAAACCACCAAGACCTCCCGCTTGCCCATCATCGATGTGGCCCCCTTGGAC
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GTTGGCGCCCCAGACCAGGAATTCGGCTTCGACGTTGGCCCTGCCTGCTTC
CTGTAA

16

Btau
COL1AL
{protein)

MFSFVDLRLLLLLAATALLTHGQEEGQEEGQEEDIPPVTCVONGLRYHDRDY
WEKPVPCQICVCDNGNVLCDDVICDELKBCPNAKVPTDECCPYVCPEGOQESPTD
QETTGVEGPKGDTGPRGPRGPAGPPGRDGIPGOQPGLPGPPGPPGPPGPPGLGG
NFAPQLSYGYDEKSTGISVPGPMGPSGPRGLPGPPGAPGPQGROGPPGEPGEPG
ASGPMGPRGPPGPPGRENGDDGEAGKPGRPGERGPPGPOGARGLPGTAGLPGM
KGHRGFSGLDBGAKGDAGPAGPKGEPGSPGENGAPGOMGPRGLPGERGRPGA
PGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAVGAK GEGGPQGPRGSEGPQ
GVRGEPGPPGPAGAAGPAGNPGADGQPGAKGANGAPGIAGAPGFPGARGPSG
POGPSGPPGPKGNSGEPGAPGSKGDTGAKGEPGPTGIQGPPGPAGEEGKRGAR
GEPGPAGLPGPPGERGGPGSRGFPGADGVAGPKGPAGERGAPGPAGPKGSPG
EAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGE)
AGVMGFPGPKGAAGEPGKAGERGYPGPPGAVGPAGKDGEAGAQGPPGPAGP
AGERGEQGPAGSPGFQGLPGPAGPPGEAGKPGEQGVPGDLGAPGPSGARGER
GFPGERGVQGPPGPAGPRGANGAPGNDGAKGDAGAPGAPGSQGAPGLOGMP
GERGAAGLPGPKGDRGDAGPKGADGAPGKDGVRGLTGPIGPPGPAGAPGDK
GEAGPSGPAGPTGARGAPGDRGEPGPPGPAGFAGPPGADGOPGAKGEPGDAG
AKGDAGPPGPAGPAGPPGPIGNVGAPGPKGARGSAGPPGATGFPGAAGRVGP
PGPSGNAGPPGPPGPAGKEGSKGPRGETGPAGRPGEVGPPGPPGPAGEKGAPG
ADGPAGAPGTPGPQGIAGQRGVVGLPGORGERGFPGLPGPSGEPGKOQGPSGA
SGERGPPGPMGPPGLAGPPGESGREGAPGAEGSPGRDGSPGAKGDRGETGPA
GPPGAPGAPGAPGPVGPAGKSGDRGETGPAGPAGPIGPVGARGPAGPOGPRG
DKGETGEQGDRGIKGHRGFSGLOGPPGPPGSPGEQGPSGASGPAGPRGPPGSA
GSPGKDGLNGLPGPIGPPGPRGRTGDAGPAGPPGPPGPPGPPGPPSGGYDLSFL
POPPOEKAHDGGRYYRADDANVVRDRDLEVDTTLESLSQOQIENIRSPEGSRE
MPARTCRDBLKMCHSDWERKSGEYWIDPNQGCNLDAIKVFCNMETGETCVYFTQ
PSVAQKNWYISKNPKEKRHVWYGESMTGGFQFEYGGQGSDPADVAIQLTFL
RLMSTEASQONITYHCEKNSVAYMDOQOQTGNLEKKALLLOGSNEIEIRAEGNSRFTY
SVIYDGCTSHTGAWGKTVIEYKTTKTSREPUHDVAPLDVGAPDQEFGFDVGPA
CFL

Btau
COLIA2
(DNA)

ATGCTCAGCTTTGTGOATACGCGGACTTTGTTGCTGCTTGCAGTAACTTCG
TGCCTAGCAACATGCCAATCCTTACAAGAGGCAACTGCAAGAAAGGGCCC
AAGTGGAGATAGAGGACCACGCGCGAGAAAGGGOGTCCACCAGGCCCACCA
GGCAGAGATGGTGATGACGGCATCCCAGGUCCCTCCTGGCCCCCCTGGCCC
TCCTGGCCCCCCTOGOTCTIGOGCGGOAACTTTOGCTGCTCAGTTITGATGCAAA
AGGAGOTGGCCCTCCACCAATGGCGCTCGATOGGCACCTCGCGGCCCTECTG
GGGCTTCTGGAGCCCCTGGCCCTCAAGGTTTCCAGGGACCTCCGGGTGAGC
CTGGTGAACCTGGTCAGACTGGTCCTGCAGGT GCTCGTGGCCCGUCTGGCC
CTCCTGGCAAGGCTGOGTGAGCGATGGTCACCCTGGAAAACCTGGACGACCT
GOGTCGAGAGAGGGOGTTGTTGCGACCACAGGOGTGCTCOTGGCTTTCCTGGAAC
TCCTGGACTCCCTGCGCTTCAAGGGCATTAGGOGTCACAATCGUTCTGGATCE
ATTGAAGGGACAGCCTGGTGUTCCAGGTGTGAAGGGTGAACCTGETGCCC
CTGGTGAAAATGGAACTCCAGGTCAAACGGGAGCCCEGTGGTOTTCOTGGT
GAGAGAGGACGTOTTGGTGCCCCTGGCCCAGCTGOGTGCCCOTOGGAAGTGA
TGGAAGTGTGGCTCCTGTGGGCCCTGCTGUTCCCATTGGOTCTGCTGGOCC
TCCAGGCTTCCCAGOTGCTCCTGGCCCCAAGOGGTCGAACTCGOACCTOTTGG
TAACCCTGGCCCTGCTOOGTCCCCCGGGTCCCCGTOGTCGAAGTCGOTCTCCC
AGGCCTTTCTGGCCCTGTCGUACCTCCTGGAAACCCCGGAGCCAATGGOOT
TCCTGQUCGCTAAGGOGTGCTGCTGGCCTTCCCGGTGTTGOTGGOGGCTCCCGO
CCTCCCTGCGACCCCOGGOTATTICCTGCCCCTOTTGGCGCTGCTGGTGCTAC

8-
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TGGCGCCAGAGGACTTOTTGGTGAGCCCOGGUCCAGCTGOGTTCGAAAGGAG
AGAGCGGCAACAAGGGCOAGCCTGOTGCTGTTGGGCAGCCAGGTCCTCCT
GGCCCCAGTGOGTGAAGAAGGAAAGAGAGGCTCCACTGGAGAAATCGGAC
CCGCTGGCCCCCCAGGACCTCCTGGOGUTCGAGGGGAAATCCTGGCTCCCGT
GGTCTACCTGGAGCTGACGGCAGAGCTGGTGTCATGGGTCCTGCTGOGTAG
CCGTGETGCAACTGGCCCTGUTGGETGTGUGAGGTCCCAATGGAGATTCTGG
TCGCCCTGGAGAGCCTGGCCTCATGGGACCCCCAGGTTTCCCAGGTTCCCL
TGGAAATATCCGOGCCCAGCTGOGTAAAGAAGGTCCTGTGGOTCTCCCTGGTAT
TCGACGGCAGACCTGOGGCCCATTGGCCCAGCGGGAGCAAGAGGAGAGCOTG
GCAACATTGGATTCCCTGOACCCAAAGGCCCCAGTCOTGATCCTGGLAAA
GCTGGTGAAAAAGGTCATGCTGGTCTTGCTGGTGCTCGGGGCGUTCCAGGT
CCCCATGGCAACAACGUTOUTCAGGUACCCCCTGGACTACAGGUTGTCCA
AGGTGGAAAAGGTGAACAGGUTCCTGCTGGTCCTCCAGGUTTCCAGGOTC
TGCCTGOCCCTGCAGGCACAGCTGUTCGAAGCTGGCAAACCAGGAGAAAGG
GOGTATCCCTGGTGAATTTOGOTCTCCCTGOGUCCTOGUTGUGTGCAAGAGGGGAG
CGGOCGCCCCCAGGTCGAAACTGGTGCTGCTCGGCCTACTGGGCCTATTGE
AAGCCGAGGTCCTTCTGGACCCCCAGGGCCTGATGGAAACAAGGGTGAAC
CGOQOGTCGTOGTTGGCGCTCCAGGCACTGCTOQGCCCATCTGGTCCTAGCGGAC
TCCCAGGAGAGAGGGUGTGCGGCTGGCATTCCTGGAGGCAAGGGAGAAAA
GOGOTGAAACTGOTCTCAGAGGTCGACATTGUGTAGCCCTGUTAGAGATGOGTG
CTCGTGOGTGCTCCTOOTCCTATTGCTGCTCCTGGCCCTGCTGGAGCCAATG
GGGACCGGGGTGAAGCTGOTCCOGLTGGLCCCTGCTGGCCCTGLTGGTCCTC
GTGGTAGCCCTGGTCGAACGTGGTGAGGTCOOTCCCGLUTGGLCCCAACGGA
TTTGCTGGTCCTGCTGGTGCTGCTGOTCAACCTGOTGCTAAAGGAGAGAGA
GOGAACCAAAGGACCCAAGGUTCAAAATGOTCCTGTTGUTCCCACAGGCCC
COTTGGAGCTGCCGGTCCCGTCTGOTCCAAATGOGCCCACCTGGTCCTGCTGE
AAGTCOTGGTGATGGAGGGCCCCCTGGGGCTACTGOTTTICCCTGGTGLTGL
TGGACGGACTGGTCCCCCTGGACCCTCTGGTATCTCTGGLCCLCCCTGGECC
CCCTGOGTCCTGCTGOGTAAAGAAGGGUTTCGTGOGCCTCGTGOTGACCAAG
GTCCAGTTGOTCOGAAGTGGAGAGACAGOGTGCCTCTGGCCCTCCTGGOTTTG
TTGOTGAGAAGGOTCCCTCTGOGAGAGCCTGOTACTGCTGGGCCTCCTGGA
ACCCCAGGTCCACAAGGCCTTCTTGOTGCTCCTGUTTTTCTGCGTCTCCCA
GGCTCTAGAGGTGAGCGTGGTCTACCAGGTGTCGUTGCATCTGTGGGTGA
ACCTGGCCCCCTCOGGCATCOGCAGGCCCACCTGOGGOGCCCOGTGOTCCCCCTGO
TAATGTCGGTAATCCTGGCGTCAATGOTGCTCCTGGTGAAGCCGOTCGTGA
CGGCAACCCTGGGAATGACGOTCCCCCAGGUCCGUGATGGTCAACCCGGALC
ACAAGGGGGAGCGTGOTTACCCCGGTAACGCAGGTCCTGTTGGTGCTGCC
GGTGCTCCTGGCCCTCAAGGCCCTGTGGOETCCCGTTGGTAAACACGGAAA
CCOGTGOTGAACCOGGOTCCTGCCOGTGUCTGTTGOTCCTGCTGOTGCCGTTGE
CCCAAGAGGTCCCAGTGGCCCACAAGGTATTCGAGGTGACAAGGGAGAGC
CTGGTGATAAGGGTCCCAGAGGTCTTCCTGGCTTAAAGGGACACAATGGG
TTGCAAGGTCTCCCGOGGTCTTGCTGCTCATCATGOUGATCAAGGTCCTCCL
GGTGCTGTGGGTCCCGCTOUTCCCAGGLGGLCCTGCTGGTCCTTCTGGCCCC
GUTGGLAAAGACGGTCGCATTGGACAGCCTGGTGCAGTCGGACCTGLTGG
CATTCGTGGCTCTCAGGGTAGCCAAGGTCCTGCTGGCCCTCCTGOGTCCCCC
TGGCCCTCCTGGACCTCCTGGCCCAAGTGUTGOTGGTTACGAGTTTGOTTT
TCGATGGAGACTTCTACAGGGCTCGACCAGCCTCGCTCACCAACTTCTCTCAG
ACCCAAGGATTATGAAGTTGATGUTACTCTGAAATUTCTCAACAACCAGAT
TCGAGACCCTTCTTACTCCAGAAGGCTCTAGGAAGAACCCAGUTCGCACAT
GCCGAGACTTGAGACTCAGCCACCCAGAATGGAGCAGTGOTTACTACTGG
ATTGACCCTAACCAAGGATGTACTATGGATGCTATCAAAGTATACTGTGAT
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TTCTCTACTGGCGAAACTTOCATCCGGGUTCAACCTGAAGACATCCCAGTC
AAGAACTGGTACAGAAATTCCAAGGCCAAGAAGCATGTCTGGUTAGGAGA
AACTATCAACGGTGGTACCCAGTTTGAATATAATGTTGAAGGAGTAACCA
CCAAGGAAATGGCTACCCAACTTGCCTTCATGCGTCTGCTOGGCCAACCATG
CCTCTCAGAACATCACCTACCATTGCAAGAACAGCATTGCATACATGGATG
AGGAAACTGGCAACCTGAAAAAGGCTGTCATTCTGCAAGGATCCAATGAT
GTCGAACTTGTTGCCGAGGGCAACAGCAGATTCACTTACACTGTTCTTGTA
GATGGCTGCTCTAAAAAGACAAATGAATGGCAGAAGACAATCATTGAATA
TAAAACAAACAAGCCATCTCGCCTGCCTATCCTTGATATTGCACCTTITGGA
CATCGGTGGCGUTGACCAAGAAATCAGATTGAACATTGGCCCAGTCTGTTT
CAAATAA

138

Btau
COL1AZ2
{protein)

MLSFVDTRTLLLLAVTSCLATCQOSLOEATARKGPSGDRGPRGERGPPGPPGRD
GDDGIPGPPGPPGPPGPPGLGOGNFAAQFDAKGGGPGPMGLMGPRGPPGASGA
PGPOGFOGPPGEPGEPGQTGPAGARGPPGPPGKAGEDGHPGKPGRPGERGVY
GPOGARGFPGTPGLPGFKGIRGHNGLDGLKGQPGAPGYKGEPGAPGENGTPG
QTGARGLPGERGRVGAPGPAGARGSDGEVGPVGPAGPIGSAGPPGFPGAPGE
KGELGPVONPGPAGPAGPRGEVGLPGLSGPVGPPONPGANGLPGAKGAAGLP
GVAGAPGLPGPRGIPGPVGAAGATGARGLVGEPGPAGSKGESGNKGEPGAVG
QPGPPGPSGEEGKRGSTGEIGPAGPPGPPGLRGNPGSRGLPGADGRAGVMGPA
GSRGATGPAGVRGPNGDSGRPGEPGLMGPRGFPGSPGNIGPAGKEGPYVGLPG]
DGRPGPIGPAGARGEPGNIGFPGPKGPSGDPGRAGEKGHAGLAGARGAPGPD
ONNGAQGPPGLOGVOQGOGKGEQGPAGPPGFQGLPGPAGTAGEAGKPGERGIPG
EFGLPGPAGARGERGPPGESGAAGPTGPIGSRGPSGPPGPDOGNKGEPGVVGAP
GTAGPSGPSGLPGERGAAGIPGGKGEKGETGLRGDIGSPGRDGARGAPGAIGA
PGPAGANGDRGEAGPAGPAGPAGPRGSPGERGEVGPAGPNGFAGPAGAAGQ
PGAKGERGTKGPRGENGPVGPTGPVGAAGPSGPNGPPGPAGSRGDGGPPGAT
GFPGAAGRTGPPGPSGISGPPGPPGPAGREGLRGPRGDOGPYVGRSGETGASGP
PGFVGEKGPSGEPGTAGPPGTPOGPOQGLLGAPGFLGLPGERGERGLPGVAGSVE
EPGPLGIAGPPGARGPPGNVGNPGVNGAPGEAGRDGNPGNDGPPGRDGQPGH
KGERGYPGNAGPVGAAGAPGPOGPYVGEPYGKHGNRGEPGPAGAVGPAGAVG
PRGPSGPOGIRGDKGEPGDKGPRGLPGLKGENGLOGLPGLAGHHGDQGAPG
AVGPAGPRGPAGPSGPAGKDGRIGOPGAVGPAGIRGSQGESQGPAGPPGPPGPP
GPPGPSGGGYEFGFDGDFYRADQPRSPTSLRPEDYEVDATLKSENNQIETLLTE
EGSRENPARTCRDLRLSHPEWSSGYYWIDPNQGCTMBAIKVYCDFSTGETCIR
AQPEDBIPVENWYRNSKAKKHVWVGETINGGTQFEYNVEGVTTKEMATQLAF
MRELLANHASQMNITYHCKNSIAYMDEETGNLEKAVILQGSNDVELVAEGNSRF
TYTVLVDGCSKKTNEWOQRTHEYKTNKPSRLPILDIAPLDIGGADQEIRLNIGPY
CFE

19

Amis
COLIAL
(DNA)

ATGTTCAGCTTTGTGGATTCTCGGTITACTGCTGTTGATAGCAGCGACTGTA
CTACTCACCAAAGGTCAAGGAGAAGAAGACATTCAAACTGGAAGCTGCAT
ACAGGATGGACTAGCGTACAACAACACAGACGTATGGAAACCCGAGCCCT
GCCAGATCTGCGTATGCGACAATGGCAACATCCTGTQTGACGATGTCATCT
GTGATGATACCTCGGACTGTACCAATGCTGAGATCCCOTTTGGAGAATGCT
GTCCCATCTGTCCTGACACCGUTGGUTCTTCTACCTACCCCAAATCCACTG
GAGTAGAGGGTCCTAAGGGAGACACTGGCCCCAGAGGACAGAGGGGACT
CCCAGGCCCACCTGGCAGAGATGGCATTCCTGGACAGCCTGGTCTCCCTGO
ACTCCCAGGACCTCCAGQLCCTCCTGCCCTTGGTCGAAACTTCGCTCCTCA
AATGGCTTACGGTTACGGAGATGAAACCAAATCTGCTGGCATTTCTGTCCC
TGGACCCATGGGTCCAGUTGGCLCCCCGETGGTCTCLCCGGLCCCCCTGETTC
TCCTGOQTCCTCAAGOTTTCCAAGGTCCTCCTGGAGAGCCTGGAGAGCCTGE
TGCTTCAGGTCCAATCGOCTCCCCGTGOTCCAGCCOGGCCCCCCTGOGCAAGAA
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CGGAGATGATGOTGAAGCTGOAAAGCCCGGLCGTCCCGUTGAGCGLGELC
CTCCTGOLCCCCAGGGTGLCACGTGOTCTGCCCGGAACTGUTGGLCTGCCAG
GCATGAAGGOGTCACAGAGGTTTCAGTGGTCTGGATGUTGCTAAGGGTGAT
GCTGOTCCATCCGGCCCCAAGGGTOGAGCCTGOTAGCCCTGGTGAGAACGE
AGCTCCTGGACAAATGOGCCCTCOTGOTCTTCCCGOTCAGAGAGGLCCGLC
CTGGTCCATCTGGCCCTGUTGGTGCTCGTGGTAACGATGGTAGTCCTGGTG
CTGCTGGCCCTCCAGGTCCAACTOGCCCAGCTGGCCCCCCTGGCTTCCCIC
GTGCTGCTGOTGCTAAGGOGTGAAACTOOTCCTCAAGOGTTCTCGTGGTAGTG
AAGGCCCACAGGOGTGCTCOGTGOGTCAGCCTGOTCCTCCTGGCCOTGUTGOTO
CTGCTOOTCCTGCTGGCAACCCTGUTTCTGATGOTCAAGCTGUGTGCCAAAG
CTGCAACTGGTGCTCCTCGTATTGCTGOTOUTCCTGOUTTCCCTGOCGLTC
GTGGCCCATCTGGACCCCAGGGTCCCAGCGGTGLTCCTGGLCCCAAGGET
AACAGTGGTGAACCCOGTGCTCAAGGCAACAAGGGAGACACTGOTGCAA
AAGGAGAGCCTGOTCCTGCTGOTGTCCAAGGCCCACCTGOGTCCAGCTGOT
GAAGAAGGCAAGAGAGGAGCCCOTGGTCGAGCCCGGCCCTGGAGOTCTTCC
TGGCCCTGCTGGCOAACGTGOTGCTCCTGGAAGCCOTGGTTTCCCTGGCGC
TCGATGGCATTTCTGGTCCCAAGGGTCCCCCTGOTGAACGTGOTTCCCCTGE
CCCTGCTGOGTCCCAAAGGATCTACTGOTGAATCTGGACGCCCTGGTGAGCC
TGOTCTCCCTGOTGCCAAGOGOTCTTACTGGAAGCCCAGGTAGCCCAGGTCC
TGATGGCAAGACTGOTCCACCTGGCCCCGCTGCTCAAGATGUTCGCCCAG
GACCCCCAGGCCCACCTGGTGCCAGAGGTCAGGCTGGTGTGATGGGTTTC
CCTGGACCTAAAGOTGUTOCTGGTGAGCCTGGCAAACCTGGTGAGAGAGE
AGCTCCTGCGACCCCCTGGTGCTOGTITGUGCGCAGCTGOTAAGGATGGTGAAG
CTGGTGCCCAAGGTTCTCCTOGGCOGCTCGCTOGGTCCTGCTGGAGAGAGAGHTG
AACAAGOTCCTGCTGOTGCTCCTGOGATTCCAGGGTCTGCCCGOGTCCTGOTG
CGCCCATCTCGGTCGAATCTGGCAAGCCTGGTGAACAGGUGTGTTCCTGGAGAT
GCTGGTGCTCCTGGTCCAGCTGGTGCAAGAGGCGAGAGAGGTTTCCCTGG
TGAGCGTGGTGTCCAAGGTCAACCAGGTCCACAGGGTCCACGTGGTGLTA
ACGGTOGCTCCCOGGTAACGATGGTGCTAAGGOGTCGATGCTGOTGCTCCTGGTG
CTCCTGOTGGCCAAGGTCCTCCCGOGTCTGCAGGGTATGCCTGOGTGAGCGTG
CTGCTGCTGOTCTGCCTGOTTCCAAGGOTCACAGAGGCGATCOTGOTCCCA
AAGGCACTGATOGTGCTCCTGGCAAAGATOGCOTCAGAGGTCTAACTGGL
CCTATTGOTCCTCCTGGCCCAGCTGOTGCCCCTGUTGACAAGGGTGAAGCT
GGTCCTTCTGGCCCTGCTGGTCCCACTGOTTCTCOGTOOGTGCCCCTGGAGAT
COGTGGTGAGCCTGOGTCCACCTGGCCCTGUTGOGATTCGCTGGTCCCCCTGOT
GCTCGATGGACAACCTGOTGCTAAAGGTGAATCTCGGTGATGCTCGGTGCTAA
AGGTCGATGCTGGTCCTCCAGGCCCTOCTGCACCCACTGGTGCTCCTGGACT
TTCTGGCGCTOTTGOTGCTCCTGGACCCAAAGOTGUTCOTGGTAGTGCTGE
ACCCCCTGOGTGCTACTOOTTTCCCTGGTGCTGCTGGAAGAGTTGGTCCACC
TGGCCCTOGCTGGTAACGTCGGTCTTCCTGOGCCCATCAGGCCCCAGTGGAAA
AGAAGGCTCTAAAGGACCCCGTGOTCAGACTGGCCCTGCTGGACGCCCCG
GTCGAACCTGGACCTGUTOGCCCACCAGGACCTTCTGGCGAGAAGGOLCTCT
CCTGGTGOTCATGGTCCCGUTGOTGUTCCTGOTACTCCAGGUCCACAGGOT
ATTGCTGGACAGCGTGGTGTAGTTGGTCTTCCTGGACAGAGAGGUGAGAG
AGGTTTCCCTGOTCTCCCCGGCCCATCTGGCGAACCTGGCAAACAAGGTCC
ATCTGGCTCCTCTGOTCGAACGCOGOTCCTCOTGOTCCAATCGGGACCACCTGO
CTTGGCTGGACCTCCTGOTGAAGCTGGACGTCAGGOTOGCTCCTGGTTCTGA
AGGTGCTCCTGGTCGCCGATOGLCGLTGUTOUTCCCAAGGOTGACCOTGUGTG
AGACTGGCCCCTCTGGTCCTCCTGGTGCTCCCGGTGCCCCTGGAGCTCLTG
GCCCTATTGGCCCTGOTGOGCAAGAATGGAGATCGTGGTGAGACTGOGTCCTT
CTGCTCCTGCTGGCCCTGCCGOTCCTGCTGGTGUTCOGTGOTCCTGCTGHTO
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CACAAGGTGCCCGTGGTGACAAAGGTGAAACTGGAGAACATGGTGACAG
AGGCATGAAGGUTCACAGAGCATTCCCTGOGTCCCCAGGOTCCCTCTGUTC
CTGCTGGCTCTCCTGGTGAACAAGGTCCTTCTGGAGCTTCCGGCCCTGOTG
CGTCCAAGAGGTCCTCCTGCCTCTGCTGUGCACCCOTGGCAAAGATGOTCTGA
ATGGTCTCCCTGCGCCLCTATTGGTCCACCTGGTCCCCGGGGTCGLACTGHTG
ATGTTGOTCCTGCTGOTCCCCCTGCGACCTCCTGOGCCCCCAGGTICCTCCTG
GTGCACCCAGCGGCGGUTTTGACTTCAGCTTCATGCCCCAGCOTCCTCAGEG
AGAAAGCCCATGATCCTGGCCGCTACTACAGAGCTCGATGACGCCAACGTG
ATGCOGTGACCGTGACCTGOAGOGTGGACACCACCOTCAAGAGCCTGAGCCA
GCAGATCGAGAACATCCGCAGCLCCCAGGOCACCAGCGAAGAACCCTOLCC
GCACCTGCCGTGACCTGAAGATGTGCCACAATGACTGGAAGAGCGGCGAG
TACTGGATTGACCCCAACCAGGGUTGCAATCTOCATGCCATCAAGGTCTAL
TGTAACATGOGAGACTGOGCGAGACTTGCGTCCACCCAACCCAGGUCACCAT
CGUTCAGAAGAACTGGTACATGAGCAAGAACCCCAAGGAGAAGAAACAC
ATCTGGTTTGGCGAGACAATCGAGCGATGGCTTCCAGTTCGAATATGGTGE
CGGAGGCCTCCAACCCAGCTGACGTTGCCATCCAACTCACCTTCCTGCGCLT
GATGTCCACTGAGGCCTCCCAGAACATCACCTACCACTGLAAGAACAGCG
TGGCTTACATGGACCAGGAGACTCGOCAACCTGAAGAAGGCTCTGCTCCTT
CAGGGCTCCAACGAGATCGAGATCAGAGCAGAAGOCAACAGCCOGCTTCAC
CTATGGAGTCACTGAGGATGGCTGCACAACTCACACCGUGTGCCTGGGGCA
AGACAGTCATTGAATACAAAACAACAAAAACCTCTCGCCTGCCCGTCATT
GACGTOGCTCCCATGGACGTTGGAGCACAAGATCAGGAATTCGGAATTGT
CATCGGACCTGICTGCTTCTITGTAA

Ammis
COL1AL
{(protein)

MFSFVDSRLLLLIAATVLLTKGQGEEDIQTGSCIQDGLAYNNTDVWEKPEPC(H
CYCDNGNILCDDVICDDTSDCTNAEIPFGECCPICPDTAGSSTYPKSTGVEGPK
GDTGPRGORGLPGPPGRDGIPGOQPGLPGLPGPPGPPGLGGNFAPOMAYGYGD
ETKSAGISVPGPMGPAGPRGLPGPPGSPGPOQGFQGPPGEPGEPGASGPMGPRGP
AGPPGKNGDDGEAGKPGRPGERGPPGPOGARGLPGTAGLPGMKGHRGFSGL
DGAKGDAGPSGPKGEPGSPGENGAPGOMGPRGLPGERGRPGPSGPAGARGN
DGSPGAAGPPGPTGPAGPPGFPGAAGAKGETGPOGSRGSEGPQGARGEPGPPG
PAGAAGPAGNPGSDGQAGAKGATGAPGIAGAPGFPGARGPSGPQGPSGAPGP
KGNSGEPGAQGNKGDTGAKGEPGPAGVQGPPGPAGEEGKRGARGEPGPGGL
PGPAGERGAPGSRGFPGADGISGPKGPPGERGSPGPAGPKGSTGESGRPGEPGL
PGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGOAGYMGFPGPK
GAAGEPGKPGERGAPGPPGAVGAAGKDGEAGAQGSPGAAGPAGERGEQGPA
GAPGFOQGLPGPAGPSGESGKPGEQGVPGDAGAPGPAGARGERGFPGERGVQG
QPGPOGPRGANGAPGNDGARKGDAGAPGAPGGOGPPGLOGMPGERGAAGLP
GSKGDRGDPGPKGTDGAPGEKDGVRGLTGPIGPPGPAGAPGDRKGEAGPSGPAG
PTGSRGAPGDRGEPGPPGPAGFAGPPGADGQPGAKGESGDAGAKGDAGPPGP
AGPTGAPGPSGAVGAPGPKGARGSAGPPGATGFPGAAGRVGPPGPAGNVGLP
GPSGPSGKEGSKGPRGETGPAGRPGEPGPAGPPGPSGEKGSPGGDGPAGAPGT
PGPQGIAGOQRGVVGLPGORGERGFPGLPGPSGEPGKOQGPSGSSGERGPPGPMG
PPGLAGPPGEAGREGAPGSEGAPGRDGAAGPKGDRGETGPSGPPGAPGAPGA
PGPIGPAGKNGDRGETGPSGPAGPAGPAGARGPAGPOGARGDE.GETGEHGDR
GMEKGHRGFPGPQGPSGPAGSPGEQGPSGASGPAGPRGPPGSAGTPGKDGLNG
LPGPIGPPGPRGRTGDVGPAGPPGPPGPPGPPGAPSGGRDRSFMPOPPQEKAHD
PGRYYRADDANVMRDRDLEVDTTLKSLAQOIENIRSPEGTRENPARTCRDLK
MCHNDWESGEYWIDPNQGCONLDAIKVYCNMETGETCVHPTOQATIAQENWY
MSKNPKERKHIWFGETMSDGFOFEYGGEGSNPADVAIQLTFLRLMSITEASONI
TYHCKNSVAYMDQETGNLKKALLLOQGSNEIEIRAEGNSRFTYGVTEDRGCTTH
TCGAWGKTVIEYKTTKTSRLPVIDVAPMDVGAQDOEFGIVIGPVCEL

237




WO 2020/232017

PCT/US2020/032512

21 Amis
COL1AZ
{(DNA)

ATGCTCAGCTTTGTGGATACACGGATTTTGTTGCTGCTCGCAGTAACTTCG
TACCTAGCAACATGTCAACAAGCAAATGAGGCAACTGCAGGACGGAAGE
GCCCAAGAGGAGACAAAGGGCCACAGGGAGAAAGGGGTCCACCAGGTCC
ACCAGGCAGAGATOGOTCGAAGATGOTCCACCAGGGCCTCCAGGGCCCCCTO
GTCCTCCAGGTCTTGGCGGAAACTTTGCTGCTCAGTATGACGGAGUAAAA
GCAGGTGACTATGGUTCAGGACCAATGGGTTTAATGGGACCCAGAGGLCC
ACCTGGAACAAGTOCACCTCCTGOTCCTCCTGGUTTCCAAGGACCTCATGEG
TGAGCCTGGTGAACCTGGTCAAACAGGTCCCCAGGOTCCCCGTGGTCCATC
TGOTCCTCCTGOGAAAGGUTGOTGAAGATGGCCATCCTGGAAAATCTGGAC
GATCTGOTGAGAGGGOUGTCTCTCGTCCTCAGCGOTGCTCGTGOTTTCCCTG
GAACTCCTGGTCTGCCTGGCTTTAAGGGAATTAGAGGACACAATGGTCTG
GATGGTCAGAAGGGACAACCTGGTACTCCAGGCATTAAGGGTGAATCCGG
TGCCCCTGUTGAAAATGGTACCCCAGGACAATCTGOTOCTCGTGGCCTTCO
CGOTGAAAGAGGAAGAATTGOTGCACCTGGCCCAGCTOGOTGCCCGTOGGCA
GCOGATGOGTAGCACTGOTCCCACTGOGTCCTGCTGGCCCTATCGOGTTCTGCTG
CTGCTCCAGCTTTCCCAGGTCGCTCCTGCAGCCAAGGGTGAAATTGCGAGCT
GUTGGTAATGTAGGTCCTTCTGGCCCTGCTGGTCCACGAGGAGAGGITGEG
ACTTCCTGGTTCTTCTGOGTCCCGTTGGCCCTCCTGGAAACCCTGGTTCTAAT
GGTCTTGCTGGTGCTAAAGGTGCAACTGGTCTTCCTGOTOTTGCTGOTGCT
CCTGGCTTGCCTGOGTCCACGTGOTATTCCTGGACCTTCTGOGUCCTGCCGGA
CGCTGCTGGCACCAGAGGTCTTGTTGGTGAACCAGGCCCTGCTGCTGCCAA
GGCAGAAAGTGGTAACAAGGUTGAACCCGGTGUTGUTGOTCCATCAGEGTC
CCGLTGGTCCAAGTGOTGAAGAAGGCAAGAAAGGTACTACTGGTGAACCT
GGCTCTTCTGGCCCCCOTGGTCCAGUTGGTCTAAGAGGCGTTCOTGGATCT
COTGOTCTCCCTGCAGCTGACGOGCAGAGCTGUTGTTATGGGACCTGETGGO
AGCCGTGOTGCTACTGUTCCTCCTGOTGCTAAAGGTCCTAGTGUTCATAAT
GOTCGCCCTOOTCAGCCTGGLUTTATGOUTCCAAGAGGTOTCCCTOGOTCAA
CCTGCGAAGCTCAGGCCCTGUTGGLCAAGGAAGGTCCTOTITGOTTTCCCTGOT
GCAGATGOGTAGAGTTGGCCCAACTGOTCCAGCTGOTGCAAGAGGTGAGCC
TGGCAACATTGOGATTCCCTGCGACCCAAAGGCCCCACTGOTGACCCTGGCA
AACCTGOGTGACAGAGGCCATCCTGOTCTTGCTGUTGCTCGGGOTGCGLOTE
GTCCTGAGGGCAACAATGGGGCTCAAGGTCCTCCTGGTGTTGCTGGCAAC
CCTGGTGCAAAAGGTGAACAAGGTCCAGCTGGTCCTCCCGGTTTCCAGGG
TCTCCCAGGCCCCTCAGGTCCAGCTGGTGAAGCTGGCAAACCAGGTGAAA
GOGGTATCGOCTGGTGAATTTGOGTGCCCCTGGCCCTGCGOGOTTCAAGAGGT
CGAACGTGOGTCCTCCAGGCGAAAGTGOTGCTGTTGOTCCTGTAGGTCCCATT
GOAAGUCCTGOTCCATCTGOTCCACCAGGCACTCGATGGCAACAAGGOTGA
ACCTGGTAATOTTGOTAATGCTGOTACTGCAGGCCCCTCTGGEGCTOOTGG
AGCCCCAGGAGAGAGAGGCATTGCTGGTATTCCAGGACCCAAGGOGTGAAA
AGGGTGCTACAGGTCTGAGAGGGGATACTGGCGCAACAGGAAGAGATGG
TGCTCOGTGOTGCTCCTGOTGCTATTGGAGCCCCTGGCCCCGLTGOTGGAGT
TGOTCGAGCCOGGOTGAAGGTCGOTCCTGCTGGTCCTGCTGGCCCTTCTGGTCL
CCGTGOTATTCCTGOTGAACGTGGTGAGCCTGOTCCTGCTGGUCCTACTGE
ATTTGCTGGACCTGCTGGTGCAGCTOGCCAACCTGOTGCTAAAGGTGAAL
GAGGTACAAAAGGACCCAAGGGTGAAAATGGTCCACAAGOGTGCTOTTGGC
CCAGTTGOTTCTTCTGGACCATCAGGTCCTOTTGUTCGCCTCTGGTCCTGOTG
GTCCTCGTOGTCGATOOTGUTCCTCCTGUGTCTCACTCGOGTTTCCCTGCGAGCTG
CTGGCAGAACTGGTCCTCCCGGCCCOTCTGGTATCACTGGLCCCCCTGETC
CCCCTGGUTCAGCTGGCAAAGATGGTATGAGAGGCLCACGTGGTGATACT
GOGTCCAGTTQGCCGCACTGGAGAACAAGGCATTGTTGGCCCACCTGGLTTC
AGTGUGTCGAGAAAGCTCCATCTGGAGAGCCTGOTGCTGCTGCTCCCCOTOG
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TACCCCAGGTCCTCAGGGTATTCTTGGTGCTCCTGGTATCCTTGETCTGCCT
GGCTCTCGGGGAGAACGTGGTCTTCCAGGLATCTCTGGAGCAACAGGTGA
ACCAGGTCCTCTTGGTATTTCCGGTCCTCCTGGTGCACGTGOGTCCCTCTGRC
CCCOTGOOTTCTGCTGOTCTGAATCGOTGCCOCTGOGTGAAGCTGGCCOGTGAT
GGUCAATCCTGGLCATGATCGOTCCTCCAGOCCGTCATGUGTGCTCCTOGTTTC
AAGGGTGAGCGTGGETGCTCCTGGGAACAATGGACCTGCTGGTGCTGTTGG
TGCTCCTGGCGCCCATGGTCAAGTTGGTCCTGUTGGAAAGCCTGGAAATCG
TGGTOGATCCTGGTCCTGTTOGOTCCTICTGGTCCTGCTGOGTGCTTTTGOTGCA
AGGGOGTCCTTCTGGCCCACAAGGTGCACGTGOTGAGAAGGGAGAAACAGE
TGAAAAGGGACACAGAGGTATGCCTGGATTTAAGGGGCACAATGGACTTC
AGGGTCTGCCTGOTCTTGCTGGCCAACATGGAGATCAAGGTCOTCCAGGTT
CTACTGGCCCCGCTOGCCCAAGGGOGTCCCTCTGGTCCTTCTGGTCCTGOTG
GAAAAGATGGTCGCAATGCACTCCCTGGCCCTATTGGACCTGCTGGTGTGC
CTGOTTCTCAGGOGTAGCCAAGGTCCTTCGGOTCCACCTGGCCCACCTGOTC
TCCCTGOTCCCCCTGGTGCAAATOGOTGGTGGATACGAAGTTGGCTATGATC
TTGAATACTACCGGGCTGATCAGCCTGCTCTCAGACCTAAGGACTATGAAG
TTGATGCCACTCTGAAAACATTGAACAACCAAATTGAGACCCTCCTGACCC
CAGAAGGCTCCAGGAAGAACCCAGCTCGCACCTGCCGTCGACCTGAGACTC
AGCCACCCAGAATGGACCAGTGOGTTTCTACTGCGATTGATCCCAACCAGGO
CTGTACTATGGATGCCATTAGAGTGTATTGTGACTTCTCCACTGGTGAGALC
TTGCATACATGCCAATCTAGAAAACATCCCCACTAAGAACTGGTATGTCAG
CAAGAACTCCAAGGAAAAGAAGCACATGETGGTTTGGTGAAACTATCAATG
GTGGTACCCAGTITGAATATAACGATGAAGGAGTGACTTCCAAGGACATG
GCTACCCAACTTGCCTTCATGCGTCTGCTGOGCCAACCATGCCTCCCAGAAC
ATCACCTACCACTGCAAGAACAGTATTGCATACATGGATGAAGAAACTGG
CAACCTTAAGAAGGCTGTAATACTGCAGGGATCCAATGATGTTGAACTAC
GAGCTGAAGGCAACAGCAGATTCACTTTCAGTGTTCTGGAAGATGGCTGE
TCTAGAAAGAACAACGCATGGGGCAAAACAATCATTGAATATAGAACAAA
CAAACCATCTCGCTTGCCCATCCTTGACATTGCACCTTTOGGACATTGOTGE
AGCTGATCAAGAATTCOGOGTTTGGACATTGGCCCAGTCTGTTTCAAATGA

WO 2020/232017
22 Asmis
COL1AZ
{protein)

MLSFVDTRILLLLAVTSYLATCQUANEATAGRKGPRGDKGPQGERGPPGPPG
RDGEDGPPGPPGPPGPPGLGGNFAAQYDGAKAGDY GSGPMGLMGPRGPPGT
SGPPGPPGFQGPHGEPGEPGQTGPQGPRGPSGPPGKAGEDGHPGKSGRSGERG
VSGPOGARGFPGTPGLPGFKGIRGHNGLDGQORKGQPGTPGIKGESGAPGENGTP
GOSGARGLPGERGRIGAPGPAGARGSDGSTGPTGPAGPIGSAGAPGFPGAPGA
KGEIGAAGNVGPSGPAGPRGEAGLPGSSGPVGPPGNPGINGLAGAKGATGLP
GYVAGAPGLPGPRGIPGPSGPAGAAGTRGLVGEPGPAGAKGESGNKGEPGAAG
PSGPAGPSGEEGKKGTTGEPGSSGPPGPAGLRGVPGSRGLPGADGRAGVMGP
AGSRGATGPAGAKGPSGDNGRPGEPGLMGPRGLPGOQPGSSGPAGKEGPVGEP
GADGRVGPTGPAGARGEPGNIGFPGPKGPTGDPGKPGDRGHAGLAGARGAP
GPEGNNGAQGPPGVAGNPGAKGEQGPAGPPGFQGLPGPSGPAGEAGKPGERG
MAGEFGAPGPAGSRGERGPPGESGAVGPYGPIGSRGPSGPPGTDGNKGEPGN
VGNAGTAGPSGAGGAPGERGIAGIPGPKGEKGATGLRGDTGATGRDGARGAP
GAIGAPGPAGGAGERGEGGPAGAAGPSGARGIPGERGEPGPAGPTGFAGPAG
AAGQPGAKGERGTKGPKGENGPOQGAVGPVGSSGPSGPVGASGPAGPRGDGG
PPGVTGFPGAAGRTGPPGPSGITGPPGPPGSAGKDGMRGPRGDTGPYGRTGED
GIVGPPGFSGEKGPSGEPGAAGPPGTPGPQGILGAPGILGLPGSRGERGLPGISG
ATGEPGPLGISGPPGARGPSGPVGSAGLNGAPGEAGRDGNPGHDGAPGRDGA
POFK.GERGAPGNNGPAGAVGAPGAHGOVGPAGKPGNRGDPGPVGPSGPAGA
FGARGPSGPQGARGEKGETGEKGHRGMPGFKGHNGLQGLPGLAGQHGDQGP
PGRTGPAGPRGPSGPSGPAGK DGRNGLPGPIGPAGYVRGSOQGSQGPSGPPGPPGL
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PGPPGANGGGYEVGYDLEYYRADGPALRPKDYEVDATLKTLNNQIETLLTPE

GSRKNPARTCRDLRLSHPEWTSGEFYWIDPNQGCTMDAIRVYCDFSTGETCIHA
MLENIPTEKNWYVSKNSKEKKHMWEFGETINGGTOFEYNDEGVTSKDMATQLA

FMRLLANHASONITYHCENSIAYMDEETGNLKKAVILQGSNDVELRAEGNSR

FTFSVLEDGCSREKNNAWGKTHEYRTNKPSRLPILDIAPLDIGGADQEFGLDIGP

VCFK

]
(3]

CQOLsynl
a

(DNA)

GOGTCCTAAGGOGTCCAAAGGGCCCTAAGGGACCCAAAGGTCCACCTGGCCC
TCCAGGCGATCCAGGTCGACCCTGGUGACCCCGGAGATCCA

COLsynl
a
(protein)

GPKGPKGPKGPKGPPGPPGRPGRPGDPGDP

COLsyn2
(DNA)

GCATCGTCTCATCGOTCTCATTCTGOTCCTAAAGGACCCGACGGACCAAAG
GGCCCAGACGGACCCCCTGOTCCACCAGGTGACCCCGGUAAGCCAGGAGA
TCCCGGTAAACCAATCCTGAGACCTGAGACGGCAT

COLsyn2
{protein)

GPKGPDGPKGPDGPPGPPGRPGKPGDPGKP

27

COLsyn3
{(DNA)

GGACCAAAGGGACCCAAAGCACCAGACGGCCCAGATGGCCCCCCAGGAC
CTCCTGGCGACCCAGGTGACCCAGGTAAGCCTGGCAAGCCT

28

COLsyn3
{protein)

GPKGPKGPDGPDGPPGPPGDPGDPGKPGKP

29

COLsvnd
{(DNA)

GGTCCTAAAGGACCAAAGGOGTCCCAAGGGCCCAAAGGGTCCTCCAGGAGC
TCCTGGACCACCTGGCCCTCCAGGTOGTCCCAGGTCCACCA

30

COLsvnd
{protein)

GPKGPKGPKGPKGPPGAPGPPGPPGYVPGPP

COLsynd
(DNA)

GOGTCCTCACGGACCTGATGGACCAGATOUTCCTGATGOGTCCTCCAGGAGT
TCCTGGACCACCTGGCCCTCCAGGTOGTCCCAGGTCCACCA

COLsynd
{protein)

GPDGPRGPDGPDGPPGAPGPPGPPGYPGPP

COLsvn6
(DNA)

GOTTTAGCTGOGTCCCCCAGGTCCTGCAGGAGCTCCCGUGTCCTCCAGGAGCT
CCTGGACCACCTGGCCCTCCAGGTGICCCAGGTCCACCA

COLsyné
(protein)

GLAGPPGPAGAPGPPGAPGPPGPPGVPGPP

GFP-
COLsvn2
-ePTS1
(DNA)

ATGCGTAAAGGCGAAGAGCTGTTCACTGGTGTCOTCCCTATTICTGGTGGAA
CTGGATGGTGATGTCAACGGTCATAAGTTTTCCGTGCGTGGUGAGGGTGA
AGGTGACGCAACTAATGGTAAACTGACGCTGAAGTTCATCTGTACTACTG
GTAAACTGCCGOGTTCCTTGGCCGACTCTGGTAACGACGCTGACTTATGGTG
TTCAGTGCTTTGCTCOGTTATCCGOGACCATATGAAGCAGCATGACTTCTTCA
AGTCCGCCATGCCGGAAGGCTATOGTGCAGGAACGCACGATTITCCTTTAAG
CATGACGGCACGTACAAAACGUGTGCGGAAGTCGAAATTTCGAAGGCGATAL
CCTGGTAAACCGUCATTGAGUTGAAAGGCATTGACTTTAAAGAGGACGGLCA
ATATCCTGGGCCATAAGCTGGAATACAATTTTAACAGCCACAATGTTTACA
TCACCGCCGATAAACAAAAAAATGGCATTAAAGCGAATTTTAAAATTCGC
CACAACGTGGAGGATGOGCAGCGTGCAGCTGOGCTGATCACTACCAGCAAAA
CACTCCAATCGGTCATGOGTCCTOTTCTGUTGUCAGACAATCACTATCTGAG
CACGCAAAGCGTTCTGTCTAAAGATCCGAACGAGAAACGCGATCATATGE
TTCTGCTGGAGTTCOTAACCGCAGCGGGCATCACGCATGOTATGGATGAA
CTGTACAAAGCATCOTCTCATCGGTCTCATTCTGGTCCTAAAGGACCCGAC
GOGACCAAAGGGCCCAGACGGACCOCCTGOTCCACCAGUGTCGACCCCGGCAA
GCCAGGAGATCCCGGTAAACCAATCCTGAGACCTGAGACGGCATTTGGGA
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AGAGGTAGAAGATCCAAATTG

€ad
N

GFP-
COLsyn2
-cPTS1
{protein)

MRKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGK
LPVPWPTLVTTLTYGVOQCFARYPDHMKQHDFFKSAMPEGYVQERTISFKDDG
TYKTRAEVEFEGDTLVNRIELKGIDFKEDGNHL.GHKLEYNFNSHNVYITADKO
KNGIKANFRKIRHNVEDGSVQLADHYQONTPIGDGPVLLPDNHYLSTQSVLSK
DPNEKRDHMVLLEFVTAAGITHGMDELYKGPKGPDGPKGPDGPPGPPGDPGK
PGDPGKPLGRGRRSKL

GFP-
CQOLsyn3
-<PTS1
(DNA)

ATGCGTAAAGGCGAAGAGCTGTTCACTGOTGTCGTCCCTATTCTGOTGGAA
CTGGATGGTGATGTCAACGGTCATAAGTTTTCCOGTGCGTGGCGAGGGTGA
AGGTGACGCAACTAATGGTAAACTGACGCTGAAGTTCATCTGTACTACTG
GTAAACTGCCGGTTCCTTGGUCGACTCTGGTAACGACGCTGACTTATGGTG
TTCAGTGCTTTGCTCETTATCCGGACCATATGAAGCAGCATGACTTCTTCA
AGTCCGCCATGCCGUAAGGCTATGTGCAGGAACGCACGATTTCCTTTAAG
GATGACGGCACGTACAAAACGCGTGCGGAAGTGAAATTTGAAGGCGATAC
CCTGGTAAACCGCATTGAGCTGAAAGGCATTGACTTTAAAGAGGACGGCA
ATATCCTGGGCCATAAGCTGGAATACAATTTTAACAGCCACAATGTTTACA
TCACCGCCGATAAACAAAAAAATGGCATTAAAGCGAATTTTAAAATTCGE
CACAACGTGGAGGATGGUAGCGTGCAGCTGGUTGATCACTACCAGCAAAA
CACTCCAATCGGTGATGGTCCTGTTCTGCTGCCAGACAATCACTATCTGAG
CACGCAAAGCGTTCTGTCTAAAGATCCGAACGAGAAACGCGATCATATGG
TTCTGCTGGAGTTCGTAACCGCAGCGGGUCATCACGCATGGTATGGATGAA
CTGTACAAAGGACCAAAGGGACCCAAAGGACCAGACGGCCCAGATGGCC
CCCCAGGACCTCCTGGCGACCCAGGTGACCCAGOTAAGCCTGGCAAGCLT
TTGGGAAGAGGTAGAAGATCCAAATTG

4l
o)

GFP-
COLsyn3
-cPTS1
{protein)

MRKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGK
LPVPWPTLVTTLTYGVQCFARYPDHMKQHDFFKSAMPEGYVQERTISFKDBG
TYKTRAEVEKFEGDTLVNRIELKGIDFRKEDGNILGHKLEYNFNSHNYVYITADKOQ
KNGIKANFKIRHNVEDGSVQLADHYQONTPIGDGPVLLPDNHYLSTQSVLSK
DPNEKRDHMVLLEFVTAAGITHGMDELYKGPKGPKGPDGPDGPPGPPGDPGD
PGKPGKPLGRGRRSKL

39

GFP-
COLsyné
-ePTS1
{DNA)

ATGCGTAAAGGCGAAGAGCTGTTCACTGOGTGTCGTCCCTATTCTGGTGGAA
CTGGATGGTGATGTCAACGGTCATAAGTTTTCCGTGCGTGGCGAGGGTGA
AGGTGACGCAACTAATGGTAAACTCGACGCTGAAGTTCATCTGTACTACTG
GTAAACTGCCGOTTCOCTTGGCCGACTCTGGTAACGACGCTGACTTATGGTG
TTCAGTGCTTTGCTCOTTATCCGGACCATATCGAAGCAGCATGACTTCTTCA
AGTCCGCCATGCCGGAAGGCTATGTGCAGGAACGCACGATTTCCTTTAAG
GATGACGGCACCGTACAAAACGCGTGCGCAAGTGAAATTTCGAAGGCGATAC
CCTGGTAAACCGLATTGAGCTGAAAGGCATTGACTTTAAAGAGGACGGCA
ATATCCTGGGCCATAAGCTGGAATACAATTTTAACAGCCACAATGTTTACA
TCACCGCCGATAAACAAAAAAATGGCATTAAAGCGAATTTTAAAATTCGC
CACAACGTGGAGGATGGCAGCGTGCAGCTGGCTGATCACTACCAGCAAAA
CACTCCAATCGGTGATGGTCCTGTTCTGCTGCCAGACAATCACTATCTGAG
CACGCAAAGCGTTCTGTCTAAAGATCCGAACGAGAAACGCGATCATATGG
TTCTGCTGGAGTTCGTAACCGCAGCGGGUATCACGCATGGTATGGATGAA
CTGTACAAAGGTTTAGCTQGTCCCCCAGOGTCCTGCAGGAGCTCCCGGTCCT
CCAGGAGCTCCTGGACCACCTGGCCCTCCAGGTUTCCCAGGTCCACCATTG
GOAAGAGGTAGAAGATCCAAATTG

40

GFP-
COLsynb
-<PTS1

MRKGEELFTGVVPILVELDGDVNGHEFSVRGEGEGDATNGKLTLKFICTTGE
LPVPWPTLVTTLTYGVOCFARYPDHMKQHDFFESAMPEGY VQERTISFKDDG
TYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQ
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(protetn) | KNGIKANFKIRHNVEDGSVQLADHYQONTPIGDGPVELPDNHYLSTQSVLSK
DPNEKRDHMVLLEFVTAAGITHGMDELYKGLAGPPGPAGAPGPPGAPGPPGPE
PGVPGPPLGRGRRSKL

41 Bian ATGATCTGGTATATTTTAGTTIGTAGGGATTCTACTYCCCCAGTCTTIGGCLCC
P4HAT | ATCCAGGCTTTTTTACTTCTATTGGTCAGATGACTGATTTGATTCATACTGA
(DNAY | AAAAGATCTGGTGACTTCCCTGAAAGACTATATAAAGGCAGAAGAGGACA
AATTAGAACAAATAAAAAAATGGGCAGAGAAATTAGATCGATTAACCAGC
ACAGCGACAAAAGATCCAGAAGGATTTGTTGGACACCCTGTAAATGCATT
CAAATTAATGAAACGTCTGAACACTGAGTGGAGTGAGTTGGAGAATCTGG
TCCTTAAGGATATGTCAGATGOTTTTATCTCTAACCTAACCATTCAGAGALC
AGTACTTCCCTAATGATGAAGATCAGGTTGGGGCAGCCAAAGCTCTIGTTGLC
GTCTACAGGACACCTACAATTTGUGATACAGATACCATCTCAAAGGGTGAT
CTTCCAGGAGTAAAACACAAATCTTITTCTAACAGTITGAGGACTGITTITGAG
TTGGGCAAAGTGGCCTACACAGAAGCAGATTATTACCATACAGAGCTGTG
GATGGAACAAGCACTGAGGCAGCTGGATGAAGGUGAGGTTTICTACCGTIC
ATAAAGTCTCTGTTICTGGATTATTTGAGCTATGCAGTATACCAGCAGGGAG
ACCTGOATAAGGCOGCTTTTGCTCACAAAGAAGCTTCTTGAACTAGATCCTG
AACATCAGAGAGCTAACGGTAACTTAAAATACTTTCGAGTATATAATGGCT
AAAGAAAAAGATGCCAATAAQGTCTTCTTCAGATGACCAATCTGATCAGAA
AACCACACTGAAGAAGAAAGGTGCTGCTGTOGATTACCTGCCAGAGAGALC
AGAAGTACGAAATGCTGTGCCGTGGGGAGGGTATCAAAATGACTCCTCGG
AGACAGAAAAAACTCTTICTGTCOGCTACCATOATGGAAACCGUAATCCTAA
ATTTATCCTOGUTCCAGCCAAACAGGAGGATGAGTGGGACAAGCCTCGTA
TTATCCGCTTCCATGATATTATTTCTCGATGCAGAAATTCAAGTCGTTAAAG
ATCTAGCAAAACCAAGGCTGAGGCGAGCCACCATTICAAACCCAATAACA
GGAGACTTGGAGACGGTACATTACAGAATTAGCAAAAGTGCCTGGCTGTC
TGGCTATGAAAACCCTGTGGTGTCACGAATTAATATGAGAATCCAAGATCT
GACAGGACTAGATGTCTCCACAGCAGAGGAATTACAGGTAGCAAATTATG
GAGTTGGAGGACAGTATGAACCCCATTTTGATTTTGCACGGAAAGATGAG
CCAGATGCTTTCAAAGAGCTGOGCACAGGAAATAGAATTGCTACATGGCT
GTTTTATATGAGTGATGTGTTAGCAGGAGGAGCCACTGITTTTCCTGAAGT
AGGAGCTAGTGTTTGGCCCAAAAAGGGAACTGCTGTTTTCTGGTATAATCT
GTTTGCCAGTGGAGAAGUGAGATTATAGTACACGGCATGCAGCCTGTCCAG
TGCTGGTTGCGAAACAAATGGOTATCCAATAAATGGCTCCATGAACGTGGA
CAGGAATTTCGAAGACCATGCACCTTGTCAGAATTGGAATGA

42 Btau MIWYILVVGILLPOSLAHPGFFTSIGOMTDLIHTEKDLVTSLKDYIKAEEDKLE
P4HAT | QIKKWAEKLDRLTSTATKDPEGFYGHPVNAFKLMKRLNTEWSELENLVLKD
{proteiny | MSDGFISNLTIQRQYFPNDEDOQVGAAKALLRLODTYNLDTDTISKGDLPGVKH
KSFLTVEDCFELGKVAYTEADYYHTELWMEQALRQLDEGEVSTVDKYSVLD
YLSYAVYQOGDLDKALLLTERKLLELDPEHORANGNLKYFEYIMAKEKDANK
SSSDDOSDORTTLKKKGAAVDYLPERQKYEMLCRGEGIKMTPRROKKLFCR
YHDGNRNPKFILAPAKQEDEWDKPRIIRFHDIISDAEIEVVKDLAKPRLRRATIS
NPITGDLETVHYRISKSAWLSGYENPVVERINMRIQDLTGLDVSTAEELQVAN
YGVGGQYEPHFDFARKDEPDAFKELGTGNRIATWLFYMSDVLAGGATVFPE
VGASVWPKKGTAVFWYNLFASGEGDYSTRHAACPVLYGNKWVSNKWLHER
GOQEFRRPCTLSELE

.
N
L

BiauP4H | ATGCTGCGCCGCOGCTCTOGCTCTGLCTGGLCCTGACCGLGUTATTCCGLGEG
B GOTGCCGOGCOGCCCCCGACCGAGGAGGACCACGTCCTGGTGCTCCATAAGGE
(DNA)Y | CAACTTCGACGAGGCGCTGGCGGCCCACAAGTACCTGCTGOGTGOGAGTTCT
ACGCCCCATGUTGCOGCCACTGCAAGCCTCTGGCCCCGUAGTATGCCAAA
GCAGCTGGCGAAGCTCGAAGGCAGAAGGTTCTGAGATCAGACTGGCCAAGGT
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GGATGCCACTGAAGAGTCTGACCTGGCCCAGCAGTATGOTGTCCGAGGLT
ACCCCACCATCAAGTTCTTCAAGAATGGAGACACAGCTTCCCCCAAAGAG
TACACAGCTGGCCGAGAAGCGGATGATATCOGTCGAACTGGCTGAAGAAGCG
CACGOGGCCCCGUTOGCCAGCACGUTOGTCCOGACGOGGOCTGUCTGCAGAGGCCT
TGOTGGAGTCCAGTGAGCTCGGCCOTCATTOGUTTCTTCAAGGACATGGAGT
CGGACTCCGCAAAGCAGTTCTTCTTGGCAGCAGAGGTCATTGATGACATCC
CCTTCGGGATCACATCTAACAGCGATGTGTTCTCCAAATACCAGCTGGACA
AGGATGGGGTTGTCCTCTTTAAGAAGTTTGACGAAGGCCGGAACAACTTY
GAGGGGGAGGTCACCAAAGAAAAGCTTCTGGACTTCATCAAGCACAACCA
GTTGCCCCTOGUTCATTGAGTTCACCGAGCAGACAGCCCCGAAGATCTTCGO
AGGCGAAATCAAGACTCACATCCTCGCTOTTCCTGCCGAAAAGCGTOTCTG
ACTATGAGGGCAAGCTGAGCAACTTCAAAAAAGCGGUTGAGAGCTTCAAG
GOGCAAGATCCTGTTTATCTTCATCGACAGCGACCACACTCGACAACCAGCGC
ATCCTGGAATTCTTCOGGCCTAAAGAAAGAGGAGTGCCCGGCCOTGCGLCT
CATCACGCTGGAGGAGGAGATGACCAAATATAAGCCAGAGTCAGATGAGC
TGACGGCAGAGAAGATCACCGAGTTCTGCCACCGCTTCCTGGAGGGCAAG
ATTAAGCCCCACCTGATGAGCCAGGAGCTOCCTGACGACTGGGACAAGCA
GCCTGTCAAAGTGCTGOGTTGGGAAGAACTTTGAAGAGGTTGCTTTTGATGA
GAAAAAGAACGTCTTTOGTAGAGTTCTATGCCCCGTOGTGCOGGTCACTGCAA
GCAGCTGGCCCCCATCTGGUATAAGCTGGUGAGAGACGTACAAGGACCACG
AGAACATAGTCATCGCCAAGATGGACTCCACGGUCAACGAGGTGGAGGCG
GTGAAAGTGCACAGCTTCCCCACGUTCAAGTTUTTCCCCGCCAGUGLCGAL
AGGACGUTCATCCGACTACAATGGGGAGCGGACACTGOATGOTTTITAAGAA
GTTCCTGGAGAGTGUTGGCCAGGATCGOGGOGCCGGAGATGATGACGATCTAG
AAGATCTTGAAGAAGCAGAAGAGCCTGATCTGGAGGAAGATGATGATCAA
AAAGCTCGTGAAAGATGAACTGTAA

MLRRALLCLALTALFRAGAGAPDEEDHVLVLHKGNFDEALAAHKYLLVEFY
APWCGHCKALAPEYAKAAGRLKAEGSEIRLAKVDATEESDLAQGQYGVRGYP
TIKFFKNGDTASPKEYTAGREADDIVNWLKKRTGPAASTLSDGAAAEALVESS
EVAVIGFFEKDMESDSAKQFFLAAEVIDDIPFGITENSDVFSKYQLDKDGVVLFK
KFDEGRNNFEGEVTKEKLLDFIKHNQLPLVIEFTEQTAPKIFGGEIKTHILLFLP
KSVSDYEGKLSNFERAAESFKGKILFIFIDSDHTDNQRILEFFGLKKEECPAVRL
[TLEEEMTKYKPESDELTAEKITEFCHRFLEGKIKPHLMSQELPDDWDKQPVK
VLVGKNFEEVAFDEKKNVEVEFYAPWCOGHCKQLAPIWDKLGETYKDHENIVE
AKMDSTANEVEAVEKVHSFPTLEKFFPASADRTVIDYNGERTLDGFKKFLESGG
ODGAGDDDDLEDLEEAEEPDLEEDDDOKAVKDEL

WO 2020/232017
44 BtauP4H
B
{protein}
43 BtP4HB
{(DNA)

CGCCCCCCACGAGGAGGACCACGTCCTCOTGCTCCATAAGGGCAACTTCGA
COAGGCGCTGGCGGCCCACAAGTACCTGCTGOTGCAGTTCTACGCCCCAT
GGTGCGGCCACTGCAAGGCTCTGGCCCCGGAGTATGCCAAAGCAGUTGGEG
AAGCTCGAAGGCAGAAGGTTCTGAGATCAGACTGGCCAAGGTOGATGCCAC
TGAAGAGTCTGACCTGGCCCAGCAGTATCGUTCGTCCGAGGCTACCCCACCA
TCAAGTTCTTCAAGAATGCAGACACAGCTTCCCCCAAAGAGTACACAGCT
GGCCGAGAAGCGGATGATATCETGAACTGGUTGAAGAAGCGCACGGGCCC
CGCTGCCAGCACGCTGTCCCACGGGOLTGCTGCAGAGGLCTTGGTGGAGT
CCAGTGAGGTOGGCCGTCATTGOGCTTCTTCAAGGACATGGAGTCGGACTCCG
CAAAGCAGTTCTTCTTGGCAGCAGAGGTCATTGATGACATCCCCTTCGGGA
TCACATCTAACAGCGATGTGTTCTCCAAATACCAGCTGGACAAGGATGGE
GTTGTCCTCTTTAAGAAGTTTGACGAAGGUCGGAACAACTTTGAGGGGGA
GGTCACCAAAGAAAAGCTTCTGGACTTCATCAAGCACAACCAGTTGLCCC
TGOTCATTGAGTTCACCGAGCAGACAGCCCCGAAGATCTTCGGAGGGGAA
ATCAAGACTCACATCCTGCTGTTCCTGCCGAAAAGCOGTGTCTGACTATGAG
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GGCAAGCTGAGCAACTTCAAAAAAGCGOCTGAGAGCTTCAAGGGCAAGAT
CCTGTTTATCITCATCGACAGCGACCACACTGACAACCAGCGCATCCTGGA
ATTCTTCGGCCTAAAGAAAGAGGAGTGCCCGGCCOGTGUCGCCTCATCACGC
TGOAGGAGGAGATGACCAAATATAAGCCAGAGTCAGATGAGCTGACGGE
AGAGAAGATCACCGAGTTCTGCCACCGCTTCCTGGAGGGUAAGATTAAGC
CCCACCTGATGAGCCAGGAGCTGCCTGACGACTGGGACAAGLCAGCCTGTC
AAAGTGCTGGTTGGGAAGAACTTTGAAGAGGTTIGCTTTTGATGAGAAAAA
GAACGTCTTTGTAGAGTTCTATGCCCCOTGOGTGCGGTCACTGCAAGCAGCT
GGCCCCCATCTGGGATAAGCTGGGAGAGACGTACAAGGACCACGAGAAL
ATAGTCATCGCCAAGATGCACTCCACGGCCAACGAGCTGCAGGCGGTGAA
ACGTGCACAGCTTCCCCACGCTCAAGTTCTTCCCCGCCAGUGCCCACAGGAL
GOTCATCGACTACAATGGGGAGCGGACACTGGATGUGTTTTAAGAAGTTCC
TGGAGAGTGGTGGCCAGOGATGOGGGCCGOACGATCGATGACGATCTAGAAGAT
CTTGAAGAAGCAGAAGAGCCTGATCTGGAGGAAGATGATGATCAAAAAG
CTGTGAAAGATGAACTG

46

BtP4HEB
{protein )

APDEEDHVLVLHEGNFDEALAAHEYLLVEFYAPWCGHCKALAPEY AKAAG
KLEAEGSEIRLAKVDATEESDLAQOQYGVRGYPTIKFFKNGDTASPRKEYTAGRE
ADDIVNWLEKKRTGPAASTLSDGAAAFALVESSEVAVIGFFKDMESDSAKQFF
LAAEVIDDIPFGITSNSDVFSKYQLDKDGVVLFKKFDEGRNNFEGEVTKEKLL
DFIKHNQLPLVIEFTEQTAPKIFGGEIKTHILLFLPKSVSDYEGKLSNFKKAAESE
KGKILFIFIDSDHTDNOQRILEFFGLEREECPAVRLITLEEEMTEYKPESDELTAE
KITEFCHRFLEGKIKPHLMSQELPDDWDKOQPVKVLVGENFEEVAFDEKKNVE
VEFYAPWCGHCKQLAPIWDKLGETYKDHENIVIAKMDSTANEVEAVEVHSFP
TLKFFPASADRTVIDYNGERTLDGFKKFLESGGQDGAGDDDDLEDLEEAEEPD
LEEDDDOKAVKDEL

GFP-
BtP4HB-
ePTS1
(DNA)

ATGCGTAAAGGCGAAGAGCTGTTCACTGGTGTCGTCCCTATTCTGGTGGAA
CTGGATGGTGATGTCAACGGTCATAAGTTTTCCGTGCGTGGUGAGGGTGA
AGGTGACGCAACTAATGGTAAACTGACGCTGAAGTTCATCTGTACTACTG
GTAAACTGCCGOGTTCCTTGGCCGACTCTGGTAACGACGCTGACTTATGGTG
TTCAGTGCTTTGCTCOGTTATCCGOGACCATATGAAGCAGCATGACTTCTTCA
AGTCCGCCATGCCGGAAGGCTATOGTGCAGGAACGCACGATTITCCTTTAAG
CATGACGGCACGTACAAAACGUGTGCGGAAGTCGAAATTTCGAAGGCGATAL
CCTGGTAAACCGUCATTGAGUTGAAAGGCATTGACTTTAAAGAGGACGGLCA
ATATCCTGGGCCATAAGCTGGAATACAATTTTAACAGCCACAATGTTTACA
TCACCGCCGATAAACAAAAAAATGGCATTAAAGCGAATTTTAAAATTCGC
CACAACGTGGAGGATGOGCAGCGTGCAGCTGOGCTGATCACTACCAGCAAAA
CACTCCAATCGGTCATGOGTCCTOTTCTGUTGUCAGACAATCACTATCTGAG
CACGCAAAGCGTTCTGTCTAAAGATCCGAACGAGAAACGCGATCATATGE
TTCTGCTGGAGTTCOTAACCGCAGCGGGCATCACGCATGOTATGGATGAA
CTGTACAAAGCCCCCGACGAGGAGGACCACGTCCTGOTGCTCCATAAGGG
CAACTTCGACGAGGCGCTGUGCGCGCCCACAAGTACCTGCTGGTGGAGTTCT
ACGCCCCATGGTGCGGCCACTGCAAGGUTCTGGCCCCGGAGTATGUCAAA
GCAGCTGGGAAGCTGAAGGCAGAAGGTTCTGAGATCAGACTGGCCAAGGT
GGATGCCACTGAAGAGTCTGACCTGGCCCAGCAGTATGOTOGTCCGAGGLT
ACCCCACCATCAAGTTCTITCAAGAATGGAGACACAGCTTCCCCCAAAGAG
TACACAGUCTGGCCGAGAAGCGGATGATATCGTGAACTGGCTGAAGAAGCG
CACGGGCCCCGLTGUCAGCACGUTOTCCGACGGGGLTGCTGCAGAGGCCT
TGOTGGAGTCCAGTGAGCTCGGCCOTCATTOGUTTCTTCAAGGACATGGAGT
CGGACTCCGLCAAAGCAGTTCTTCTTGGCAGCAGAGGTCATTGATGACATCC
CCTTCGGGATCACATCTAACAGCGATOTGTTCTCCAAATACCAGCTGGACA
AGGATGGGGTTGTCCTCTTTAAGAAGTTTGACGAAGGCCGGAACAACTTT
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GAGGGGGAGGTCACCAAAGAAAAGCTTCTGGACTTCATCAAGCACAACCA
GTTGCCCCTGOTCATTGAGTTCACCGAGCAGACAGCCCCGAAGATCTTCGG
AGGGGAAATCAAGACTCACATCCTGCTGTTCCTGCCGAAAAGCOTGTCTG
ACTATGAGGGCAAGCTGAGCAACTTCAAAAAAGCGGUTGAGAGUTTCAAG
GGCAAGATCCTGTTTATCTTCATCGACAGCGACCACACTGACAACCAGCGC
ATCCTGGAATTCTTCGGCCTAAAGAAAGAGGAGTGCCCGGCCGTGCGLLT
CATCACGUTGGAGGAGGAGATGACCAAATATAAGCCAGAGTCAGATGAGC
TGACGGCAGAGAAGATCACCGAGTTCTGCCACCGCTTCCTGCGAGGGCAAG
ATTAAGCCCCACCTGATGAGCCAGGAGCTGCCTGACGACTGGUACAAGCA
GCCTGTCAAAGTGCTGGTTGGGAAGAACTTTGAAGAGGTTGCTTTTGATGA
GAAAAAGAACGTCTTTGTAGAGTTCTATGCCCCGTGGTGCGGTCACTGCAA
GCAGCTGGCCCCCATCTGGGATAAGCTGGGAGAGACGTACAAGGACCALCG
AGAACATAGTCATCGCCAAGATGGACTCCACGQUCAACGAGGTGGAGGCG
CTGAAAGTGCACAGCTTCCCCACGCTCAAGTTCTTCCCCGUCAGCGCCGAC
AGGACGGTCATCCGACTACAATGGGGAGCGGACACTGGATGGTTTITAAGAA
CTTCCTGGAGAGTGUTOGLCCAGCATGGGGCCCGGAGATGATCGACGATCTAG
AAGATCTTGAAGAAGCAGAAGAGCCTGATCTGGAGGAAGATGATGATCAA
AAAGCTGTGAAAGATGAACTGTTGGGAAGAGGTAGAAGATCCAAATTG

48

GFP-
BtP4HB-
ePTSi
{profemn)

MRKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGK
LPVPWPTLVTTLTYGVQCFARYPDHMKQHDFFKSAMPEGYVQERTISFKDBG
TYKTRAEVEKFEGDTLVNRIELKGIDFRKEDGNILGHKLEYNFNSHNYVYITADKOQ
KNGIKANFKIRHNVEDGSVQLADHYQONTPIGDGPVLLPDNHYLSTQSVLSK
DPNEKRDHMVLLEFVTAAGITHOMDELYKAPDEEDHVLVLHKGNFDEALAA
HKYLLVEFYAPWCGHCKALAPEYAKAAGKLKAEGSEIRLAKVDATEESDLA
QOQYGVRGYPTIKFFEKNGDTASPKEYTAGREADDIVNWLKKRTGPAASTLSDG
AAAFALVESSEVAVIGRFFKDMESDSAKQFFLAAEVIDDIPFGITENSDVEFSKYQ
LDEDGVVLFKKFDEGRNNFEGEVTKEKLLDFIKHNQLPLVIEFTEQTAPKIFGG
EIKTHILLFLPKSVSDYEGKLSNFKKAAESFEGKILFIFIDSDHTDNQRILEFFGL
KKEECPAVRLITLEEEMTKYKPESDELTAEKITEFCHRFLEGKIKPHLMSQELP
DDWDKQOPVEKVLVGKNFEEVAFDEKKNVEVEFYAPWCGHCKQLAPIWDKLG
ETYKDHENIVIAKMDSTANEVEAVKVHSFFTLKFFPASADRTVIDYNGERTLD
GFRKKFLESGGQDGAGDDDDLEDLEEAEEPDLEEDDDQOKAVKDELLGRGRRS
KL

49

TEV
protease
(DNA)

GOAGAGTCCCTGTTTAAAGGACCCAGAGACTATAACCCGATTAGTAGCAC
TATTTGTCATCTTACAAACGAAAGTGATGGTCACACGACTAGTCTTTACGG
AATCGGATTCGGCCCATTTATTATCACAAACAAGCATCTGTTCAGAAGAAA
TAACGGGACGTTGTTGGTCCAATCTCTTCATGGAGTATTTAAGGTAAAGAA
CACTACAACTCTTCAGCAGCATCTGATCGACGGTAGGGATATGATCATCAT
CCGTATGCCGAAAGACTTTCCACCTTTTCCTCAGAAGTTGAAGTTTAGAGA
ACCCCAGCGTGAGGAGCGTATCTGTTTAGTAACAACAAATTTCCAAACGA
AATCTATGTCATCAATGOGTTAGCGATACCAGTTGTACTTTCCCCAGTTCAG
ATGGGATTTTCTGGAAGCACTGGATTCAGACAAAGGACGGTCAGTGTGET
AGTCCGCTTGTTTCTACAAGGGACGGATTTATTGTCGGGATACACAGTGLT
TCTAACTTTACGAATACAAACAACTACTTCACGTCTGTCCCTAAAAATTTT
ATGOGAGCTGTTGACTAATCAGGAAGCCCAACAGTGGOTATCTGOGCTGGCG
TITGAACGCGGATTCCGTACTGTOGGGOTGGCCACAAGGTTTTTATGGTTAA
CGCCTCAAGAGCCGTTCCAACCTGTGAAGGAGCCAACACAGCTAATGAAT

50

TEV
profease
(protein)

GESLFKGPRDYNPISSTICHLTNESDGHTTSLY GIGFGPFITNKHLFRRNNGTLL
VOSLHGVEFKVENTTTLOOHLIDGRDMIHRMPEDFPPFPQKLKFREPQREERIC
LVTTNFQTKSMSSMVSDTSCTFPSSDGIFWKHWIQTKDGOQCGSPLVSTRDGEL
VGIHSASNETNTNNYFTSYPKNFMELLTNQEAQOWVSGWRLNADSVLWGGH
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KVEMVKPEEPFQPVEKEATQLMN
69 T4 GOTTACATCCCCGAAGCTCCTCGTGACGGLCAGGUTITACGTCAGGAAAGA
fibritin | TGGCCGAGTGQGTTCTITTGTCCACTTTICTG
foldon
domain
{DNA)
76 T4 GYIPEAPRDGQAYVRKDGEWVLLSTFL
fibritin
foldon
domain
{profein)
Table 2 — Details for Sequences of Table 1
S%‘%EE} Type Details
15+ 16 | carge to perexisome, subsirate for NM 001034039, Bos taorus collagen type |
modification alpha 1 chain (COLIAL)
17+ 1% | carge to perexisome, subsirate for NM_ 174520, Bos taurus collagen type | alpha 2
modification chain (COL1A2)
19+ 28 | cargo to peroxisome, substrate for XM 006277058, PREDICTED: Alhgator
modification mississippiensis collagen type | alpha 1 chain
(COL1ALD
21 +22 | cargo to peroxisome, substrate for XM 006258452, PREDICTED: Alligator
modification mississipprens:s collagen type I alpha 2 chan
(COL1A2), transcript variant X1
23+ 24 i carge to perexisome, subsirate for synthetic collagen pepiide
modification
25+ 26 | carge to peroxisome, substrate for synthetic collagen peptide
modification
27+ 28 | carge to peroxisome, substrate for synthetic collagen peptide
modification
29+ 30 | cargo to peroxisome, substrate for synthetic collagen peptide
modification
31+ 32 | cargo to peroxisome, substrate for synthetic collagen peptide
modification
33+ 34 i cargo to peroxisome, substrate for synthetic collagen peptide
modification
35+36 | cargo to peroxisome, substrate for fusion protein, GFP for Western and
modification fluorescence, ePTS1 for peroxisome localization
37+ 38 | cargo to peroxisome, substrate for fusion protein, GFP for Western and
modification fluorescence, ePTS1 for peroxisome localization
39+ 40 | cargo to peroxisome, substrate for fusion protein, GFP for Western and
modification fluorescence, ePTS1 for peroxisome localization
cargo to peroxisome, modification WM 001075770, Bos taurus prolyl 4-
41 +42 | enzyme (hydroxylation) hyvdroxylase subunit alpha 1 (P4HA1)
cargo to peroxisome, modification
enzyme (hvdroxylation, protein NM 174133, Bos tauras prolvi 4-hvdroxylase
43 + 44 | disulfide isomenization) subunit beta (P4HB)
45+ 46 | carge to peroxisome, substrate for lacks N-term 55
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modification

cargo to peroxisome, substrate for fuston protern, GFP for Western and
47 + 4% | modification fluorescence, ePTS1 for peroxisome locahization
49 + 30 | modifying enzyme, profease

Esampie 2: Protection from toxic compound

[6162] In some embodiments, targeting a protein and/or enzyme to a peroxisome
compartmentalizes 1t by physically separating from another enzyme or substrate. This may be
used to prevent interaction or activity between the separated protein(s}), enzyme(s), and/or
substrate(s). For example, a toxic or mhibitory protein such as SigD may be
compartmentalized.

[0103] Peroxisome compartmentalization of an enzyme to physically separate it
from its substrate 13 used in some embodiments to prevent activity on the substrate. To
itlustrate the ability to compartmentalize activity, cell viability 1s rescued when a toxic
protein 1s expressed by sequestering the toxic protein i the peroxisome.

[0104] The pathogen bacteria Safmonella is a common cause of gastroenteritis by
imvading the itestinal mucosa. One of the pathogenic factors secreted by Safmonelia 1s
Sigh, a putative inositol phosphatase that has been demonstrated to cause severe growth
imnhibition when expressed in 8 cerevisige. The toxicity 1s linked to the Sigh N-terminal
domain (S1gD1-351) that lacks the phosphatase domain but affects the organization of the

[0105] By removing access of SigD1-351 to its cytoplasmic actin cytoskeleton
substrate by peroxisome compartmentalization, 8. cerevisiae can be protected from SigD
mhibitory growth effects.

[0106] Figure 5 15 an example to demonstrate the protection conferred to the host
S. cerevisiae when the toxic protein SigD1-351 15 sequestered n the peroxisome. The strains,
mtegrated with either SigD1-351-eTPS1 or SigD1-351 under the control of the inducible
GAL promoter, were serially diluted on YPD plates to repress expression or YPGalactose
place to induce expression. When repressed, both strains grew equally well. When expression
was induced, the strain with the peroxisome localized toxin (8igD1-351-eTPS1) was able to
grow but the cvtoplasmically expressed toxin (SigD1-351) was lethal to the host.

[6187] An example mclodes the following design: use of expression cassettes

with an mducible GAL promoter to conirol toxic SigDl expression, expression of a toxic
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(81gD1-351) and non-toxic vanant (8i1gD1-351(118-142A)) of SigD in separate expression
cassettes transformed mto yeast cells, production of fusion proteins GFP-x-ePTS1 by the
expression cassettes, where x 1S a toxic or a non-toxic Sight variant, and transformation of
separate groups of yeast cells each with one of the following strain backgrounds: PEX3
(peroxisome import} and pexSA (lacks peroxisome import. In this example, the following
laboratory techniques are performed: serial dilutions of cells on glucose (repressed) and
galactose {induced) plates to show growth defects, and demonstration of localization by GFP

fluorescence.

Example 3: Co-localization of enzvme and subsirate to perform post-transiational
modification in peroxisome

[0108] Various classes of post-translational modifications (PTMs) can be
demonstrated to occur in peroxisomes. Separation of an enzyme and #ts substrate or protein
substrate by peroxisome barrier is used to prevent activity of the enzyme on the substrate in
some embodiments. Thus, sequestration of a substrate or enzyme can be used. For example,
this may be an example of protection of cellular content from peroxisome-sequestered
protein or Vice versa.

[6109] In some embodiments, a modification enzyme that performs a post-
translational modification (PTM) on another protein is co-localized with the other protein n
the peroxisome of a cell. Examples of PTMs include but are not limited to glycosylation {(or
other sugar additions), isomenization, cleavage, protease cleavage, proteolytic degradation,
hydroxylation, proteolysis, phosphorylation, dephosphorylation, ubiquitination  (and
ubiquitin-like modifications like neddylation, sumoylation), methylation, ntrosylation,
acetylation, and hipidation {including GPI anchoring, prenylation, myristolation). Other PTM
reactions are also contemplated. In some embodiments, an enzyme, any of the enzyme’s co-
factors, and the enzyme’s substrate are co-localized to the cytoplasm and/or peroxisome.

[0110] In some embodiments, an enzyme, any of the enzyme’s co-factors, and the
enzyme’s substrate are co-localized to the cytoplasm and/or peroxisome. This 15 used in some
embodiments to demonstrate that when the enzyme and substrate are co-localized in the same
region, the modification occurs. Thus, co-localization may be used to perform a modification

such as a PTM.
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(6111} Examples of PTMs suitable for use in the methods and compositions
disclosed herein include vprotease cleavage, phosphorylation, dephosphorylation,
hydroxylation, 1somerization, glycosylation, and prenylation. In some embodiments, one or
more of protease cleavage, phosphorylation and dephosphoryiation are preferred PTMs.

(0112} Figure 8 demonstrates the i vivo co-localization of a hydroxylase enzyme
(BantP4H) and a collagen substrate (AmisCOL1A1 or Anus COL1AZ) in the 8 cerevisiae.
BantP4H contains a mRuby fusion tag and the collagen substrate with GFP fusion tag to
monitor localization by fluorescence microscopy. Fluorescent foci are observed with the
ePTS1 peroxisome localization signal and the merged images demonstrate the overlapping
localization of the hydroxylase and collagen Exemplary sequences having mRuby may

include, for example, SEQ 1D NOs: 51-52.

Example 4: Proteclvais

[0113] In some embodiments, TEV protease is used to demonstrate that peptide
cleavage can occur in the peroxisome. For example, 10 some embodiments, cleavage can only
occurs when both the protease and substrate are in the sarne subcellular compartroent {(such
as the cvtoplasm or peroxisome). The example demounstrating the TEV protease is
sequestered n the peroxisome and cannot cleave its target in the cytoplasm shows that other
potential targets in the cytoplasm are also not subject to TEV-cleavage and are thus protected
from the peroxisome compartmentalized enzyme. In some embodiments, if an expressed
protein/enzyme 1s toxic to the cell, then separating it from s cellular substrate by
peroxisome compartmentalization provides protection to the cell from the protewn/enzyme.
The example that the substrate/protem 1s sequestered in the peroxisome and cannot be
cleaved by the TEV protease m the cytoplasm suggests that the substrate will also not be
subject to other enzymes m the cytoplasm, and thus the substrate/protein is protected from
unwanted modifications from the cell such as proteslytic degradation. Thus, in some
embodiments, selective targeting of some proteins and not others results in desired
modifications of some proteins and/or prevents unwanted modifications.

6114} In some embodiments, i 8 cerevisiae, the TEV protease and a substrate
containing the TEV recognition site (TEVrs) for cleavage are to be expressed from strong

promoters. Fusions to YFP or RFP will demonstrate localization to cyvtoplasm or peroxisome

-44-



WO 2020/232017 PCT/US2020/032512

by microscopy. Proteolysis of substrate (YFP-TEVrs-IGF2-FLAG) will be analyzed by
Western blot.

[6115] In some embodiments, other modifying proteases that can be targeted to
the peroxisome include but not limited to matrix metalloproteinases MMP-1. MMP-2, MMP-
8, MMP-13, and MMP-14; N-proteinases ADAMTS-2, ADAMTS-3, ADAMTS-14; and C-
proteinases BMP-1, mTLS, and TLL-1.

(6116} in some embodiments, proteins targeted to the peroxisome contain a TEV-
cleavable tag. By way of example, an example of a protein with a cleavable tag 1s BtCol1 A2-
TEV-GFP-HIS-ePTS1 (SEQ ID NO: 64), where the full-length bovine collagen typel alpha
2 protein can be separated by TEV protease from an N-terminal tag that can be used for
peroxisome localization, visualization, and purification. Additional examples can include any
protein sequence as disclosed herein in combination with any tag sequence, targeting
sequence, domain, or fragment, or derivative thereof Examples of such sequences can
mnclude, for example SEQ 1D NOs: 57-68.

[6117] The TEV protease 15 a sequence specific cysteine protease from the
Tobacco Etch Virus (TEV). In this example to demonstrate heterologous enzyme activity
could be achieved in the peroxisome, the TEV protease was expressed in 8. cerevisiae with
an N-terminal ePTS1 signal sequence to direct its localization to the peroxisome. The
substrate created to test for TEV activity was created by flanking the TEV recognition amino
acid sequence, Glu-Asn-Leu-Tyr-Phe-Gln-Ser, by an N-terminal RFP and C-termunal YFP.
This substrate was expressed either with (Figure 6, panel A) or without the ePTS1 sequence
(Figure 6, panel B). When the TEV protease and substrate were both expressed and co-
localized m the peroxisome, the substrate was completely cleaved as evidenced by the
disappearance of the 54 kDa full-sized substrate band and appearance of the 27 kDa RFP
cleavage product on the Western blot (Figure 6, panel A, lanes 1, 2, and 5). However, when
the expression of TEY protease was repressed, the peroxisome-localized substrate remained
uncut {Figure 6, panel A lanes 3 and 4). As a control, the substrate was expressed in the
cvtoplasm but TEV protease targeted to the peroxisome. Varying amounts of substrate
cleavage were observed and were directly correlated to the strength of the promoter driving
TEV protease expression, pRPLI8B < pTEF1 < pGAL1 (Figure 6, panel B, lanes 1, 2, and

5). These results suggest that TEV protease was still active in the cytoplasm as it was being
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imported into the peroxisome but was dependent on high expression to access the subsirate.
Comparatively, TEV cleavage activity was complete when the substrate and protease were
co-tocalized 1n the peroxisome despite differences in expression levels of the TEV protease
demonstirating an example of how co-compartmentalization can also improve the efficiency

of substrate modification.

Example 5: Phespherviation and dephosphorviation

[0118] in some embodiments, a specific kinase {(such as a serine/threonine kinase
or a tyrosine kinase) and/or a phosphatase and their substrates are identified to co-express.
For example, MEK and its substrate MAPK1 may be encoded in a nucleic acid or in separate
nucleic acids to produce fusion peptides of MEK and MAPK1 with peroxisome-targeting
peptides to target the MEK and MAPKI1 to the peroxisome where MEK phosphorylates

MAPKI. Additionally, further enzymes and substrates may be added, for example, Raf-1.

Example 6: Hvdroxviation

[0119] In some embodiments, collagen hydroxylation in a peroxisome by a P4H
dioxygenase 1s demonstrated. For example, a design with bovine P4H subunits may be used.
Alternatively, a single bactenial P4H (Bacilius anthracis or mimivirus) may be used. In some
embodiments, media 15 supplemented with ascorbic acid and/or u-ketoglutarate and iron(il),
and it 1s demonstrated that it co-factors and/or supplements and can enter the peroxisome
then specific chemical modifications can occur there. In such a case, collagen 1s analyzed for
oxidation by mass-spectroscopy. In some embodiments, an mn vitro assay is used to further
demonstrate enzyme activity.

(6126} To demonstrate heterologous hydroxyiation activity could be achieved m
the peroxisome & vive, a prolyl-4-hydroxylase (P4H) enzyme and a collagen substrate were
co-expressed in S. cerevisiae. The P4H enzyme from Bacilfus anthracis has previously been
demonstrated to hydroxylate synthetic collagen-like peptides in vitro (Schnicker and Dey,
2016} and was expressed either in the cyvtoplasm (BantP4H) or the peroxisome (BantP4H-
ePTS1). The collagen helix 1s composed of GXY repeats, where G 15 glycine, X is any amino
acid but often proline, and Y 1s any amino acid but often proline. Prolines in the Y position

are preferentially hydroxylated for helical stability (Gorres and Raines, 2010}, The substrate
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designed for this study was a 99 amino acid fragment of the helical region of bovine collagen
type 1 alpha 1 that contains 11 Y-position prolines (Bt{Coll Al 403-11P). To control for Y-
position proline hydroxylation, the 11 prolines were mutated to alanine or valine (BtCol1Al
403-0P). These substrates were expressed with an N-terminal GFP to monitor in vivo
localization (see Figure 8) and for purification as well as a C-terminal ePTS1 peroxisome-
localization sequence.

[0121] Cells expressing a combination of the BantP4H enzyme and collagen
substrate (Figure 7, panel A) were grown in YPD in baffled shake flasks at 30C to early log
phase and then harvested Following cell lysis, the substrates were purified on GFP-Trap
beads, run on a 10% PAGE gel, stained with Coomassie Blue, excised from the gel, and sent
to MS Bioworks for analysis by LCMSMS for oxidation of proline residues.

[6122] Mass spectroscopy results revealed BantP4H-specific oxidation at three
sites on the collagen substrate when co-expressed in the peroxisome. The BtColi Al 403-
1P ePTSI substrate was oxidized in on position P264, a Y-position proline, in strains
PB0O0022S, PBOG0254, and PBO002SS. The corresponding posttion in the BtColl AT 403-
OP ePTS1 control substrate was mutated to alanine {A264) and no oxidation was observed
(Figure 7, panel B). Upon closer inspection of the modifications wdentified at P264, there 15
12.1% oxidation at this posttion in strain PB000254 (four modified/33 total) in which the
BantP4H 15 co-localized in the peroxisome compared to 2.6% and 4.8% n strains PB000225
(one modified/38 total) and PBO0022ZS (two modified/42 total), respectively. Similarly,
oxidation at two additional Y-position prolines, P300 and P324, was only observed n stramn
PB000254 and not in the other five strains (Figure 7, panel C). Together, these results show
three Y-position prolines on the collagen substrate to be specifically hydroxylated by the
Bant-P4H when both enzyme and substrate are co-localized to the peroxisome. Exemplary
sequences having a 403-0P-ePTS1 or 403-11P-ePTS1 include, for example, SEQ ID NOs:
53-56 and 65-68.

Example 7: Exoression of Collagen in Yeast Peroxisome

6123} Collagen protein 1s imported into the peroxisome via a peroxisome
targeting tag. A prolyl hydroxylase and prolyl isomerase are similarly imported into the

peroxisome using a peroxisome targeting tag. Co-incubation of the prolyl hydroxylase
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enzyme with collagen in the peroxisome allows the formation of the proper triple helix
conformation. Type [ heterotrimer, Type 1 alpha homotrimer, and Type [ homotrimer
collagen are all produced in the manner described. For collagen type I both full-length
Col1Al (pro-alphal chain) and CollAZ (pro-alphaZ chaimn) are expressed as well as
truncations of both the N- and C-termini to isolate the teloprotein shown by Olsen et al
2001} for improved expression of Coll Al (alphal chain) and Coll A2 (alphaZ2 chain) in &
cerevisiae. Similarly, prolyl-4-hydroxylase 1s expressed as full-length as well as a truncation

of the PDI domain (Toman 2000} for improved expression and import into the peroxisome.

Example 8: Increasings Carea of the Peroxisome

[0124] Yeast is grown in a fermenter using any of a variety of conventional
protocols. Peroxisome capacity can be increased through induction. In the case of S
cerevisiae this may be through the use of oleate and for Pichia pastoris and Ogataca
polymorpha  this may be through the use of methanol Proteins desired to be
compartmentalized and purified are tagged with a peroxisome-targeting tag: PTS1, PTS2, or
enhanced versions of these tags. Post-fermentation, the plasma membranes of the yeast cells
can be lysed using many conventional lysing methods such as French press or cell wall
digestion using a lvticase followed by homogenization. Low-speed centrifugation 15 used to
remove nucler and plasma membrane and other cellular debris. The peroxisomes may be
further purified from the resultant supernatant by other methods such as a density gradient
centrifigation. An alternative method of peroxisome purification 18 to genetically tag a
peroxisome membrane protein with an affinity tag such as streptavidin or a polvhistidine
peptide to allow affinity purification. These purtfied peroxisomes are then lysed; for
example, using an osmotic lysis (J Cell Bioll 2007 Apr 23; 177(2) 289-303; ncluded by
reference in its entirety herein). The peroxisome debris can be removed via a high-speed
centrifugation and the soluble fraction contaiming the desired cargo protemn collected. If
desired, this desired protein can be further purified using an affinity purification. Without
being limiting, cargo proteins may be tagged with any of a number of available peptide or
protein fold affinity tags such as, for example, a poly-histidine, maltose-binding protein,
glutathione S-transferase, and purnified using their respective protocols. Alternatively, other

purification methods such as ion chromatography or gel filtration may be used.
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Example 9: Expression of Post-Translationally Modified Proteins in Yeast Peroxisome —
localization of individual proteins to peroxisome (ePTS1-based targeting)

[0125] Different classes of proteins based on size and function are demonstrated
to localize to peroxisomes in a tvpical yeast cell through the use a peroxisome targeting
sequence. Non-limiting examples of proteins and types of proteins that can be targeted are
listed 1n Table 3. The mechanism of peroxisome targeting 1s conserved, and therefore the
platform can be used in other organisms including methylotrophic yeasts such as Pichia
pastoris/Komagataella  phaffii, Hansenula polymorpha/Ogataca  parapolymorpha, and
Candida boidinii. GFP-x-ePTS1 and x-FLAG-ePTS1 constructs are produced. In the
constructs, GFP 1s used for visualization of localization, FLAG-ePTS1 for protein expression
and in case GFP interferes with function), and “x” represents the protemn or enzyme of
interest to be targeted. Some construct sequences and details of some embodiments are

provided in Tables 1 and 2.

Table 3
Protein (x) Function Size (kDa)
TEV Modifying enzyme- protease 52
Modifying enzyme- protease RFO fusion to
RFP-TEV 78
demonstrate localization
IGF-H Protein hormone sinular to insulin 207
YFP-TEVrs-IFGH Protease substrate 27
GFP 26
Tyrosine kinase Modifying enzyme- phosphorylation
Tyrosine kinase substrate | Kinase/phosphatase substrate
Tyrosine phosphatase Modifying enzyme- dephosphorylation
BitauP4HAL Modifying enzyme- hydroxylase 59
BtauP4HB Modifying enzyme- isomerase 55
Collagen peptides 5
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Esampie 16: Disulfide bond formation

[6126] In some embodiments, the modification 1s a disulfide bond formation. For
example, a design wherein a heterclogous protein and a protein disulfide isomerase (PDI) are
co-expressed and targeted to the peroxisome 1s used. In such a case, the heterclogous protein
is analyzed for disulfides by mass-speciroscopy.

(6127} To demonstrate disulfide bond formation in the peroxisome in vivo,
heterclogous genes expressing human insulin, alpha interferon, and mapacalcine are co-
expressed along with a PDIL An Ogataea PDI (OgPDI) that 15 usually targeted to the ER 1s
designed to be overexpressed and targeted to the peroxisome. Human mnsulin precursor
(Baeshan et al, 2014), alpha interferon (Sht et al, 2007} and mapacalcine (Noubhant et al,
2015) are synthesized using optimized codons from Pichia pastoris. The constructs are
designed with three expression cassettes, including an expression cassette for the target gene
of interest, an expression casseite for the modifying enzyme, and an expression cassette for
the selectable marker.

[0128] Each cassette has a promoter, the expressed gene (gene of interest or
modifying enzyme gene or selectable marker gene) and a terminator. The gene of interest and
the modifying enzyme genes are designed to include fluorescent tags GFP and mRuby,
respectively, as translational fusions. Both the gene of interest and the modifying enzyme are
targeted to the peroxisome by the introduction of the ePTS1 sequence at the 3™ end. The
sequence of the entire construct co-expressing mapacalcine and OgPDI 15 set forth in SEQ ID
NG 730 Additional cassettes 1nclude an nucleic acid sequence for human msulin precursor
(SEQ 1D NO: 74), alpha mterferon (SEQ ID NO: 75}, mapacalcine (SEQ ID NO: 76), OgPDI
(SEQ ID NG: 77

[6129] The transgenics expressing these cassettes are screened mitially for the
fluorescence markers confirming targeting to the peroxisomes. The heterologous proteins of
interest purified from the transgenic strains are analyzed for disulfide formation by mass

spectrometry.
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Example 11: Phosphorviation

(6130} In some embodiments, the modification 13 a phosphorylation. For
example, human beta-casein I {Greenberg et al, 1984; Thurmond et al, 1997) and a specific
protein kinase, namely human casein kinase (Voss et al, 1991) that phosphorylates specific
serine and threonine amino acids on the casein are identified for co-expression. Codon
optimized sequences of the human beta-casein I 1s set forth i SEQ ID NO: 78 and of the
casein kinase II subunit beta 1s set forth in SEQ ID NO: 79,

(0131} The constructs for transformation are generated using the same backbone
used for the demonstration of the disuifide bond formation (as set forth in Example 10}
Casein 1s used as the gene of interest and casein kinase 15 used as the modifying enzyme.
Phosphorylation is a major form of regulation m the peroxisome, and the target casein
expressed in the peroxisome may not even require the co-expression of the casein kinase. .
Once generated, the recombinant casein 1s purified and analvzed for phosphorylated forms of
threonine and serine by mass-spectroscopy. In some embodiments, phosphorylation activity

is assayed in vitro.

Example 12: Acetviation

(0132} in some embodiments, the modification s N-terminal acetylation. For
example, hen egg ovalbumin (Ito & Matsudomi, 2005) and a specific acetylation complex
NatB (Rovere et al, 2008) that facilitates acetylation of N-ternunal glycine are identified for
co-expression. Codon optimized sequences of the ovalbumin 1s set forth m SEQ 1D NO: 80
and two genes corresponding to the yeast NatB complex (Naa20 and Naa2$5) are set forth n
SEQ ID NOs: 81 and 82, respectively.

[8133] The constructs for transformation are generated using the same backbone
used for the demonstration of the disulfide bond formation (as described m Example 10).
Ovalbumin s used as the gene of interest and the two genes of the NatB complex constitute
the modifving enzyme Many proteins in yeasts are acetylated at the N-ternmunus, and the
target ovalbumin expressed n the peroxisome may show N-termunal acetylation even n the
absence of the casemn kinase. Once generated the recombinant casein 1s purnified and analyzed

for acetylation of the N-termmal glycine by mass-spectroscopy.
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[6134] With respect to the use of plural and/or singular terms herein, those having
skill in the art can translate from the plural to the singular and/or from the singular to the
plural as is appropriate to the context and/or application. The various singular/plural
permutations may be expressly set forth herein for sake of clarity.

[0135] it will be understood by those of skill within the art that, in general, terms
used herein, and especially in the appended claims {e.g., bodies of the appended claims) are
generally intended as “open” terms {e g, the term “including” should be interpreted as
“including but not limited t0,” the term “having” should be interpreted as “having at least,”
the term “includes” should be interpreted as “includes but 1s not limited to0,” etc.). It will be
further understood by those within the art that if a specific number of an introduced claim
recitation is mtended, such an intent will be explicitly recited in the claim, and in the absence
of such recutation no such intent is present. For example, as an aid to understanding, the
following appended claims may contain usage of the introductory phrases "at least one” and
"one or more” to miroduce claim recitations. However, the use of such phrases should not be
construed to unply that the mtroduction of a claim recutation by the indetinite articles "a" or
*an” limits any particular claim containing such introduced claim recitation to embodiments
containing only one such recitation, even when the same claim includes the introductory
phrases "one or more” or "at least one" and indefinite articles such as "a" or "an" {e.g, “a”
and/or “an” should be nterpreted to mean “at least one” or “one or more”); the same holds
true for the use of defintte articles used to introduce claim recitations. In addition, even if a
specific number of an introduced claim recitation 15 expheitly recited, those skilled in the art
will recognize that such recitation should be interpreted to mean at least the recited number
{e.g., the bare recitation of "two recitations,” without other modifiers, means at least two
recitations, or two or more recitations). Furthermore, in those instances where a convention

>

analogous to “at least one of A, B, and C, etc.” 1s used, in general such a construction is
intended in the sense one having skill in the art would understand the convention {e.g., “ a
system having at least one of A, B, and {7 would include but not be limited to systems that
have A alone, B alone, C alone, A and B together, A and C together, B and C together,
and/or A, B, and C together, etc.}. In those instances where a convention analogous to “at

least one of A, B, or C, etc.” 13 used, in general such a construction is intended n the sense

one having skill in the art would understand the convention {e.g., * a system having at least
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one of A, B, or 7 would include but not be limited to systems that have A alone, B alone, C
alone, A and B together, A and C together, B and C together, and/or A, B, and C together,
etc.). It will be further understood by those within the art that virtually any disjunciive word
and/or phrase presenting two or more alternative terms, whether in the description, claims, or
drawings, should be understood to contemplate the possibilities of including one of the terms,
either of the terms, or both terms. For example, the phrase “A or B” will be understood to
include the possibilities of “A” or “B” or “Aand B.”

[0136] In addition, where features or aspects of the disclosure are described in
terms of Markush groups, those skilled in the art will recognize that the disclosure is also
thereby described in terms of any individual member or subgroup of members of the
Markush group.

[6137] Any of the features of an embodiment of one aspect is applicable to all
aspects and embodiments identified herein. Moreover, any of the features of an embodiment
of one aspect 15 independently combinable, partly or wholly with other embodiments
described herein in any way, eg., one, two, or three or more embodiments may be
combinable in whole or in part. Further, any of the features of an embodiment of one aspect

may be made optional to other aspects or embodiments.
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WHATIS CLAIMED I5:

1. A method of producing a modified protein in a peroxisoms, the method

comprising
providing a cell;
mtroducing a first nucleic acid into the cell, wherein the first nucleic acid
comprises a first sequence encoding a heterclogous protemn fused to a peroxisome-
targeting sequence; and
mtroducing a second nucleic acid into the cell, wherein the second nucleic
acid comprises a second sequence encoding a heterologous modification enzyme

fused to a peroxisome-targeting sequence.

2. The method of claim 1, wherein the cell is a eukaryotic cell.
3. The method of any one of claims 1-2, wherein the cell is a yeast cell.
4, The method of any one of claims 1-3, wherein the cell is selected from Arxula,

Candida, Hansenula, Kluyveromyces, Komagataella, Ogaitaea, Pichia, Saccharomyces, or
Yarrowia.
5. The method of any one of clatms 1-4, wherein the first and/or second nucleic

acid comprises a promoter{s).

6. The method of claim 5, wherein the promoter 1s constitutive or inducible.
7. The method of any one of claims 1-6, wherein the peroxisome-targeting

sequence comprises a sequence set forth m SEQ ID NO: 1 (SLK), SEQ ID NO:. 2
(RLXXXXX(H/QIL), or SEQ ID NO: 3 (LGRGRRSKL).

8. The method of any one of claims 1-7, wherein the protem comprises a tag.
9. The method of claim 8, wherem the tag 1s cleavable.
10. The method of any one of claims 1-9, wherein the method further comprises

mtroducing a third nucleic acid into the cell, wherein the third nucleic acid comprises a third
sequence encoding a second heterologous modification enzyme fused to a peroxisome-
targeting sequence.

11 The method of any one of claims 1-10, wherein the heterologous protein has a
molecular weight of 1 Ba, 5 Da, 10 Da, 20 Da, 30 Da, 40 Da, 50 Da, 60 Da, 70 Da, 80 Da, 90
Da, 100 Da, 200 Da, 300 Da, 400 Da, 500 Da, 600 Da, 700 Da, 800 Da, 900 Da, 1 kDa, 5
kDa, 10 kDa, 20 ka, 30 kDa, 40 kDa, 50 kDa, 60 kDa, 70 kDa, 80 kDa, 90 kDa, 100 kDa,
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110 kDa, 120 kDa, 130 kDa, 140 kDa, 150 kDa, 160 kDa, 170 kDa, 180 kDa, 190 kDa, 200
kda, 210 kDa, 220 kDa, 230 kiDa, 240 kDa, 250 kiDa, 260 kia, 270 kiDa, 280 kDa, 290 kDa,
or 300 kDa, or any size in between a range defined by any two aforementioned values, or up

t0 300 kDa.

12. The method of any one of claims 1-11, wherein the enzyme creates a
modification.
13 The method of any of claim 12, wherein the modification 1s hydroxylation,

protein  folding, oxidation, proteolysis, phosphorylation, dephosphorylation, and/or
isomerization.

14. The method of any one of claims 1-13, wherein the enzyme comprises proiyl
hydroxylases, lysyl oxidases, a protein chaperone or prolyl isomerase.

15. The method of any one of claims 1-14, wherein the enzyme 1s selected from a
prolyl i1somerase, a protein disulfide isomerase, a hydroxyl transferase, or a prolyl
hydroxylase.

i6. The method of any one of claims 1-15, wheremn the protein comprises
collagen, gelatin or silk protein.

17. The method of any one of claims 1-16, wherein the nucleic acid is codon
optinuzed for protein expression in a eukaryotic cell, such as a yeast cell.

8. The method of any one of claims 1-17, wherein the enzyme comprises prolyl
hydroxylase or prolyl isomerase.

19. The method of any one of claims 1-18, wherein the protein 1s collagen, the
collagen 13 modified resulting in a Type I heterotrimer, Type 1 alpha homotrimer, or Type TIT
homotrimer collagen.

20. The method of any one of claims 1-19, wherein the heterologous protein
comprises Col1Al or CollA2.

21 The method of any one of claims 1-20, wherein the enzvme comprises prolyl-
4-hydroxyiase.

22, The method of claim 21, wherein the prolyl-4-hydroxylase is genetically
moditied to have a deletion of a PDI domain.

23. The method of any one of claims 1-22, wherein the enzvmes are genetically

modified for improved expression and import into the peroxisome.
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24, The method of any one of claims 1-23, wherein the proteins are genetically
moditied for improved expression and import into the peroxisome.

25. The method of any of claims 1-24, wherein fusion of the heterologous protein
to the peroxisome targeting sequence results in targeting of the heterologous protein to the
peroxisome, thereby separating the heterclogous protein from an enzyme not targeted to the
peroxisome.

26. The method of any of claims 1-25, wherein fusion of the modification enzyme
to the peroxisome targeting sequence results in targeting of the modification enzyme to the
peroxisome, thereby separating the modification enzyme from a substrate or enzyme not
targeted to the peroxisome.

27. The method of any one of claims 1-26, wherein the heterologous protein
comprises COLsyn2, COLsyn3, or an amuno acid sequence at least 80%, §5%, 90%, 95%,
97%, 98%, or 99% identical to the amino acid sequence of COLsynZ or COLsyn3.

28. The method of any one of claims 1-27, wherein the first nucleic acid is
engineered to replace at least one hydrophobic amino acid with a hydrophilic or non-
hydrophobic anuno acids in the heterclogous protein as compared to an unmodified or
naturally occurring first nucleic acid.

29. A eukaryotic cell for producing a protein in a peroxisome, manufactured by a
method of any one of claims 1-28.

30. A eukaryotic cell for producing a protein in a peroxisome, the cell comprising:

a first nucletc acid comprising a sequence encoding a heterologous protemn
fused to a peroxisome-targeting sequence; and

a second nucleic acid encoding a heterologous modification enzyme fused to a
peroxisome-targeting sequence.

31 A eukaryotic cell for producing a modified protein in a peroxisome, wherein
the eukaryotic cell is capable of expressing:

a heterologous protein fused to a peroxisome-targeting sequence, and
a heterologous modification enzyme fused to a peroxisome-targeting
sequence.
32, The eukaryotic cell of any one of claims 30-31, wherein the protein 1s

modified in the peroxisome.
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33. The eukaryotic cell of any one of claims 29-32, wherein the cell is Pasroris.

34 The eukaryotic cell of any one of claims 29-33, wherein the peroxisome-
targeting sequence comprises a sequence set forth in SEQ ID NOs: 1,2, or 3.

35 The eukaryotic cell of any one of claims 29-34, wherein the cell further
comprises a third nucleic acid encoding a protein fused to a peroxisome-targeting sequence.

36. A method of producing a modified protein in a eukaryotic cell, wherein the
eukaryotic cell expresses a heterologous modification enzyme fused to a peroxisome-
targeting sequence, COmMprising;

providing a cell manufactured by the method of any one of claims 1-28, or a

cell of any one of claims 29-35;

expressing a heterologous protein in the eukaryotic cell, wherein the
heterologous protein 1s fused to a peroxisome-targeting sequence; and

culturing the eukarvotic cell under conditions such that the heterologous
moditication enzyme modifies the heterologous protein 1n the peroxisome to produce

a modified protem.

37 A method of producing a modified protein in a eukaryotic cell, wherein the
cell comprises a peroxisome, wherein the eukaryotic cell expresses a heterologous
modification enzyme fused to a peroxisome-targeting sequence, Comprising:

expressing a heterologous protein wn a eukarvotic cell, wherein the
heterologous protem 1s fused to a peroxisome-targeting sequence; and
culturing the eukaryotic cell under conditions such that the heterologous

modification enzyme modifies the heterologous protein in a peroxisome to produce a

modified protein,

38. A method of producing a modified protein, comprising:

culturing a eukaryotic cell containing a peroxisome under conditions such that
the modified protein s produced, wherein the eukaryotic cell expresses:
a heterologous protein fused to a peroxisome-iargeting sequence, and
a heterologous modification enzyme fused to a peroxisome-targeting

sequence,
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wherein the heterologous modification enzyme modifies the heterologous
protein to produce the modified protein in the peroxisome under the culture
conditions.

39, A method of increasing vield of a modified protein, comprising:

culturing a eukaryotic cell containing a peroxisome under conditions such that
the modified protein i1s produced, wherein the eukaryotic cell expresses:

a heterologous protein fused to a peroxisome-targeting sequence,
wherein expression of the heterologous protein is under the influence of a
promoter, and

a heterologous modification enzyme fused to a peroxisome-targeting
sequence; wherein the heterologous modification enzyme modifies the
heterologous protein to produce the modified protein in the peroxisome under
the culture conditions.

40. The method of claim 39, wherein production of the heterologous protemn is
mnduced by a chenucal mducer.

41. The method of claim 39 or 40, wherein the method further comprises
mereasing cargo of the peroxisome, wherein increasing cargo of the peroxisome 13 performed
by providing oleic acid or methanol to the eukaryotic cell,

42, A kit for producing a modified protein 1 a peroxisome in a cell, comprising:

a first nucleic acid construct comprising GFP-x-ePTSE or x-FLAG-ePTS1,
wherein x 13 a nucleic acid sequence encoding a heterologous protein to be targeted to

a peroxisome; and

a second nucleic acid construct comprising GFP-y-ePTST or y-FLAG-ePTS1,
wherein v 1s a nucleic acid sequence encoding a modification enzyme to be targeted
to the peroxisome, wherein the modification enzyme is configured to modity the

heterologous protein in the peroxisome.
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