E COLI STRAINS HAVING AN OXIDATIVE CYTOPLASM
RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional Application No. 62/757,498, filed
November 8, 2018. The entire content of said provisional application is hereby incorporated by

reference for all purposes.

BACKGROUND OF THE INVENTION
[0002] Commercially valuable proteins, such as therapeutic proteins, often possess disulfide
bonds. These disulfide bonds are important for protein stability and function. Conventional
bacterial hosts for protein production have a reductive cytosol and thus are unable to form
disulfide bonds in proteins expressed in the cytosol. As a result, currently many proteins cannot
readily be expressed in bacterial cytosol and are instead expressed in eukaryotic or periplasmic
expression systems. Although attempts to promote disulfide bond formation in bacterial cytosol
have been made by introducing mutations into the bacterial host genome to disrupt reductive
pathways, these efforts have yielded limited success. Thus, cytosolic production of disulfide-

bonded proteins in bacteria remains a challenge.

SUMMARY OF INVENTION
[0003] It is understood that the examples and embodiments described herein are for illustrative
purposes only and that various modifications or changes in light thereof will be suggested to
persons skilled in the art and are to be included within the spirit and purview of this application
and scope of the appended claims. All publications, sequence accession numbers, patents, and
patent applications cited herein are hereby incorporated by reference in their entirety for all

purposes.

[0003a] In one aspect, provided herein is an E. coli strain, wherein : 1) the strain lacks the
activity of a thioredoxin reductase due to genetic modification of trxB; ii) the strain lacks the
activity of a thioredoxin 1 due to genetic modification of trxA; iii) the strain lacks the activity of
a glutathione reductase due to genetic modification of gor; iv) the strain expresses a mutated
AhpC protein, wherein the mutated AhpC protein has glutathione reductase activity but lacks
peroxyreductase activity due to the mutation; and v) the strain expresses a cytosolic prokaryotic

disulfide isomerase.



[0003b] In one aspect, provided herein is a method for expressing soluble, recombinant proteins
of interest in E. coli bacterial strains comprising the steps of: a. culturing an E. coli bacterial
strain comprising an oxidizing cytosol and an expression cassette for expressing a protein of
interest under conditions that permit expression of the protein of interest as a soluble protein,
wherein the strain: i) lacks thioredoxin reductase activity due to genetic modification of trxB; ii)
lacks thioredoxin 1 activity due to genetic modification of #rxA; iii) lacks the activity of a
glutathione reductase due to genetic modification of gor; iv) expresses an ahpC gene that has
been mutated such that an enzyme expressed from the ahpC gene it has glutathione reductase
activity but lacks peroxyreductase activity due to the mutation; and, v) expresses a gene

encoding a cytosolic prokaryotic disulfide isomerase.

[0004] In some embodiments, the disclosure provides an E. coli strain, which lacks thioredoxin
reductase activity encoded by trxB and thioredoxin 1 activity encoded by trxA, and glutathione
reductase activity encoded by gor. Said E. coli strain expresses a mutated AhpC protein having
glutathione reductase activity and a cytosolic prokaryotic disulfide isomerase. In some

embodiments, the mutated AhpC protein is AhpC*. In some embodiments, the E. coli strain

la
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expresses both a wild type AhpC protein and a mutated AhpC protein having glutathione

reductase activity.

[0005] In some embodiments, the strain further comprises a gene encoding a protein of
interest. The protein of interest may be one selected from the group consisting of: an antibody, a
fragment thereof or an antibody+ light chain from an IgG. In some embodiments, the E. coli

further expresses a recombinant prolyl isomerase.

[0006] In some embodiments, the cytosolic disulfide isomerase expressed in the E. coli is a

DsbC.

[0007] In some embodiments, the gene encoding the protein of interest is operably linked to an
inducible promoter, e.g., a T7 promoter. In some embodiments, the T7 promoter can be induced
by arabinose. In some embodiments, the expression of the ahpC* gene in the E. coli is
controlled by a PcO promoter. In some embodiments, the expression of the cytosolic prokaryotic
disulfide isomerase in the E. coli is controlled by an MTL promoter. In some embodiments, the

E. coli is from a K-12 strain.

[0008] Also provided herein is a method for expressing soluble, recombinant proteins of
interest in E. coli bacterial strains comprising the steps of: culturing an E. coli bacterial strain
comprising an oxidizing cytosol and an expression cassette for expressing a protein of interest
under conditions that permit expression of the protein of interest as a soluble protein, wherein the
strain is genetically modified as follows: 1) the thioredoxin reductase encoding gene, trxB is not
functional; ii) the thioredoxin 1 trxA is not functional; iii) the glutathione reductase gene (gor) is
not functional; iv) an ahpC gene that has been mutated such that expressed enzyme lacks
peroxyreductase activity and has glutathione reductase activity; and v) a gene encoding a
cytosolic prokaryotic disulfide isomerase has been recombinantly introduced into the bacterial
strain. In some embodiments, the E. coli strain comprises a functional gene ahpC gene and a
mutated ahpC gene. In some embodiments, the mutated ahpC gene is ahpC*. In some
embodiments, the trxC gene is non-functional. In some embodiments, the trx B gene is non-

functional.

[0009] In some embodiments, the cytosolic disulfide isomerase is DsbC or yeast protein

disulfide isomerase (yPDI). In some embodiments, the E. coli strain further expresses one or
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more recombinant prolyl isomerase. In some embodiments, the recombinant prolyl isomerase is
selected from the group consisting of, , cyclophilin, FKBPs, parvulin, SlyD, Tig, and yCpr6. In
some embodiments, the E. coli strain further expresses one or more deaggregases. In some
embodiments the deaggregase is selected from the group consisting of Skp, GroEL, GroES,
DnaK, Dnal, and GrpE.

[0010] In some embodiments, the E. coli expresses a protein of interest that is selected from
the group consisting of: an IgG, a light chain from an IgG or a heavy chain from an IgG. In
some embodiments, the antibody light chain is a light chain of an anti-HER2 antibody. In some
embodiments, the gene encoding the protein of interest is operably linked to an inducible
promoter, e.g., a T7 promoter. In some embodiments, the E. coli strain further express a T7
polymerase. In some embodiments, the T7 polymerase is under the control of an inducible
promoter. In some embodiments, the inducible prompter is a Parapap, lac, phoA, tetA, xylAB,
tac, or rhamnose promoter. In some embodiments, the T7 polymerase may recognize T7

promoter, which controls the expression of the protein of interest.

[0011] In some embodiments, the E. coli strain expresses GshA encoded by the gshA4 gene. In

some embodiments, the gshA is a recombinant gene that is inserted into the locus of 7rxB.

[0012] Also provided herein is a kit comprising the E. coli of any of the embodiments above,
and the kit further comprises a growth medium. The kit may further comprise a plasmid

encoding a protein of interest.

BRIEF DESCRIPTION TO THE DRAWINGS
[0013] FIG. 1A shows the results of SDS PAGE analysis of the soluble and insoluble fractions
of cell lysates from seven modified E. coli. strains expressing the antibody light chain (LC) of an

anti-Mucl antibody, Mucl GO9k LC. The various mutations in these E. coli strains are shown in

the table above the SDS-PAGE results.

[0014] FIG. 1B shows the results of the SDS-PAGE analysis of the soluble fraction of the cell
lysates from three modified E. coli strains expressing the 7219 LC, the light chain of the anti
CD74 IgG. The genotypes of these E. coli strains are shown in the table above the SDS-PAGE

results.
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[0015] FIG. 1C shows the results of SDS-PAGE analysis similar to that in FIG. 1A, except that
the LC being expressed is the light chain of trastuzumab, a protein that is relatively easy to

express.

[0016] FIG 2 shows the results of relative expression of 4 distinct LCs with 78-92% sequence
identity in the Shuffle and Snuggle E.coli strains. The Snuggle strain showed between 20-110%

improvement in LC production compared to the Shuffle strain.

DETAILED DESCRIPTION OF THE INVENTION

INTRODUCTION
[0017] This disclosure provides an E. coli strain that has been genetically engineered to

contain an oxidative cytoplasm. Such oxidative cytoplasm is essential for maintaining the three-
dimensional structure and stability of proteins having disulfide bonds. The invention provides a
production system based on E. coli to produce a protein such as an antibody light chain (LC)

with high yield.

[0018] Previously, a mutant E. coli strain (“Shuffle”) was generated. Lobstein et al., Microbial
Cell Factories 2012, 11:56. This mutant strain lacks the thioredoxin reductase activity (TRXB)
and glutathione reductase activity (GOR). The Shuffle also overexpresses a DsbC without its
signal sequence and a variant of the ahpC gene (ahpC*) encoding an enzyme that lacks
perioxireductase activity but has glutathione reductase activity. Shuffle was reported to show

ability to produce correctly folded disulfide bonded proteins.

[0019] As compared to Shuffle, the E. coli strain disclosed herein have been further engineered
so that it further lacks the thioredoxin 1 activity (TrxA). Thus, in some embodiments, the E. coli
strain comprises null mutations in #rxA4, trxB, and gor. Consequently, the strain lacks the
thioredoxin reductase activity (TrxB), thioredoxin 1 activity (TrxA), and glutathione reductase
activity (GOR). The E. coli strain disclosed herein also overexpresses a DsbC without its signal
sequence and overexpresses a variant of the ahpC gene (ahpC*) that encoded an enzyme that

lacks perioxireductase activity but has glutathione reductase activity.

[0020] Surprisingly, the E. coli strain disclosed herein can produce a higher yield of some
disulfide-bonded proteins as compared to Shuffle. Given that #7xB encodes the cytoplasmic

thioredoxin reductase that reversibly reduces an oxidized thioredoxin encoded by #x4; according
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to conventional thinking, inactivating thioredoxin reductase should have rendered inactivation of
the substrate, thioredoxin 1, unnecessary, since the former is upstream of the latter in the redox
biochemical pathway. It thus is a surprise that the E.coli strain lacking both TrxA and TrxB

provides a superior yield of some soluble biologically active proteins containing disulfide bonds.

DEFINITION
[0021] The term “reductase” refers to a thioredoxin reductase (TrxB), glutathione or

glutathione reductase (Gor) or any other enzyme that can reduce members of the thioredoxin or

glutaredoxin systems.

[0022] The term “thioredoxin” includes thioredoxin 1 (TrxA) and thioredoxin 2 (TrxC), as
described in Rietsch and Beckwith (1998) Ann. Rev. Genet. 32: 163. Thioredoxins are small
proteins characterized by the presence of the motif Cys-Xaa-Xaa-Cys (where Xaa denotes any
amino acid) in their active site. Thioredoxin is re-reduced by thioredoxin reductase (encoded by
the #rxB gene) and NADPH. In a trxB mutant, thioredoxin accumulates in an oxidized form.

TrxA is encoded by the #x4 gene and TrxB is encoded by the #7xB gene.

[0023] The term “gor” refers to the glutathione oxidoreductase gene and the term “GOR”

refers to glutathione oxido-reductase.

[0024] “DsbC”, is a protein encoded by the gene dsbC, which catalyzes disulfide bond
isomerization. DsbC null mutants have a defect in the folding of proteins with multiple disulfide

bonds.

[0025] The term “glutathione” refers to y-L-glutamyl-L-cysteinyl-glycine (GSH), which is a
highly conserved low molecular weight thiol found in many organisms including cyanobacteria,
proteobacteria, a few strains of gram-positive bacteria, and in all eukaryotes having mitochondria
and chloroplasts. Glutathione is synthesized by the action of two enzymes: glutamate-cysteine
ligase (gshA) and glutathione synthetase (gsh#B). Glutamate-cysteine ligase catalyzes the reaction
between glutamic acid and cysteine to form y-glutamyl cysteine, which is subsequently

conjugated to glycine by glutathione synthetase to form GSH.

[0026] A nucleic acid is “operably linked” to another nucleic acid when it is placed into a
functional relationship with another nucleic acid sequence. For example, a promoter or enhancer

is operably linked to a coding sequence if it affects the transcription of the sequence; or a
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ribosome binding site is operably linked to a coding sequence if it is positioned so as to facilitate
translation. Generally, “operably linked” means that the DNA sequences being linked are
contiguous and, in the case of a secretory leader, contiguous and in reading phase. Linking is
accomplished by ligation at convenient restriction sites. If such sites do not exist, the synthetic

oligonucleotide adaptors or linkers are used in accordance with conventional practice.

[0027] AhpC is one of the two subunits of the alkyl hydrogen peroxide reductase AhpCF.

The other subunit of AhpCF is flavoenzyme AhpF. Tarataglia et al, J. Biol. Chem., Volume 265,
10535-10540, 1990; Smillie et al, Genbank submission NCBL gi; 216542, 1993). These two
proteins act together; AhpF uses NADH or NADPH as electron donor to AhpC, which reduces
physiological lipid peroxides such as linoleic acid hydroperoxide and thymine hydroperoxide
and nonphysiological alkyl hydroperoxides to their respective nontoxic alcohol forms. This
enzymatic complex (or system) scavenges oxygen and its derivatives. AhpC has been
demonstrated to act as specific alkyl hydroperoxide-scavenging enzyme for protection against
oxygen radical damage, though elimination of reactive nitrogen intermediates also has been
demonstrated to occur. AhpF is related to thioredoxin reductases possessing an extended

additional N-terminal fragment essential to specifically reduce AhpC.

[0028] The term “cytosolic” when used to describe a protein refers to that the protein is present

in the cytosol of the cell.

[0029] A “heterologous protein or polypeptide” refers to a protein or polypeptide which is not
normally produced in the host cell. A heterologous polypeptide can be from the same species and
type as the host cell provided that it is expressed from a nucleic acid which has been introduced

into the host cell.

[0030] An “exogenous polypeptide” refers to a polypeptide that is not normally produced in
the cell.

[0031] A “null mutation” refers to a mutation in a gene that result in a nonfunctional gene.
The null mutation can cause complete lack of production of associated gene product or a product

that does not function properly.

[0032] The term “protein disulfide isomerase,” used interchangeably with the term “disulfide

isomerase,” or “PDL” refers to an enzyme that catalyzes disulfide bond formation and
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isomerization. PDI has been implicated in the catalysis of disulfide bond formation and
rearrangement through in vitro data. {Creighton et al. (1980).7 Mol Biol 142:43; Feedman ot al.
(1989} Biochem. Soc. Symp. 5167, and Bardwell and Beckwith (1993) Cell 74899, Yeast
mutants i P have been shown to bave a defect in the formation of disultide bonds in
carboxypeptidase Y (LaMantia and Lonnarz (1993) Cell 74:899), Use of PDI for expression of
heterologous proteins 1w host cells 18 further deseribed 1 PCT application having poablication Mo,

WO Y 25676; WO 9470801 2; and BEP 509,841,

[0033] The term “prolyl isomerase,” used interchangeably with “peptidylprolyl isomerase” or
“PPlase”, refers to an enzyme found in both prokaryotes and eukaryotes that interconverts the cis
and trans isomers of peptide bonds with the amino acid proline. Proteins with prolyl isomerase
activity include, but are not limited to, cyclophilin (e.g., accession # Q13427), FKBPs (e.g.,
accession # Q02790), parvulin (e.g., accession # Q9Y237), Tig (e.g., accession #POA850 ), SlyD
(e.g., accession # POA9K9), and yCpr6 (e.g., accession #5000004206).

[0034] The term "deaggregase" refers to a protein chaperone that aids in deaggregating and/or
solubilizing proteins of interest that are produced, for example, in a bacterial free translation
system. Such chaperones are particularly helpful at high concentrations because their mechanism
of action is stoichiometric rather than catalytic and is believed to work by stabilizing
hydrophobic patches of the newly synthesized protein while the protein is folding. Non-limiting
examples of deaggregases include Skp (e.g., accession # POAEU7), GroEL(e.g., accession
#POAGFS5), GroES (e.g., accession #POA6F9), DnakK (e.g., accession #POA6Y8 ), Dnal (e.g.,
accession #P08622 ), GrpE (e.g., accession #P09372), or.

[0035] When referring to a protein in a “reduced state,” it refers to the protein having more

electrons than its oxidized form.

[0036] The term “oxidative cytoplasm” refers to the cytosol of a cell in which a substrate is

more likely to become oxidized than reduced.

[0037] The term “thioredoxin reductase activity” refers to the ability of thioredoxin reductase

(TRXB) to maintain thioredoxin 1 in the reduced state.

[0038] The term “thioredoxin 1 activity” refers to the ability of thioredoxinl (TRXA) to

maintain ribonucleotide reductase at reduced state.
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[0039] The term “peroxyreductase activity” refers to the ability of AhpC to reduce
physiological lipid oxide.

[0040] The term “glutathione reductase activity” refers to the ability of catalyzing the
reduction of glutathione disulfide (GSSG) to the sulthydryl form glutathione (GSH). For

example, glutathione reductase (GOR) possesses the glutathione reductase activity.

[0041] The term “recombinant” or “recombinantly”, refers to a biomolecule, e.g., a gene or
protein, that (1) has been removed from its naturally occurring environment, (2) is not associated
with all or a portion of a polynucleotide in which the gene is found in nature, (3) is operatively
linked to a polynucleotide which it is not linked to in nature, or (4) does not occur in nature. The
term “recombinant” can be used in reference to cloned DNA isolates, chemically synthesized
polynucleotide analogs, or polynucleotide analogs that are biologically synthesized by

heterologous systems, as well as proteins and/or mRNAs encoded by such nucleic acids.

Modifying reducing pathways in E. coli.

[0042] The invention alters two reductive pathways in E. coli to produce properly folded
cytoplasmic protein with disulfide bonds: the thioredoxin pathway and the
glutaredoxin/glutathione pathway.

[0043] In the thioredoxin pathway, thioredoxin reductase (the product of the #7xB gene) uses
the reducing potential of NADPH to maintain thioredoxin 1 (the product of the #7x4 gene) in a
reduced state, so that thioredoxin 1 in turn can reduce substrate proteins such as ribonucleotide
reductase. This pathway can be eliminated as long as there is a glutathione or glutaredoxin
pathway present in the cell. This was accomplished in the current invention through the
chromosomal deletion of #77x4 and #rxB.

[0044] In the glutathione/glutaredoxin pathway, glutathione oxidoreductase (the product of the
gor gene) uses the reducing potential of NADPH to reduce glutathione (encoded by gshA and
gshB). Glutathione is then able to reduce three glutaredoxins (encoded by grxA, grxB, and grxC).
Stewart et al., EMBO J. Vol. 17 No. 19 pp.5543-5550 (1998). In the current invention, this
pathway was modified so that glutathione is reduced via a mutated peroxyreductase rather than

GOR.
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[0045] The E. coli strain disclosed herein has been genetically modified such that it has
different reductive pathways as compared to the wild type E. coli. In some embodiments, the E.
coli stain contains a mutated ahpC gene that encodes a mutated AhpC protein. In some
embodiments, the mutated AphC protein gains the activity of a glutathione reductase and
therefore can restore the growth of a #7xB gor mutant E. coli strain. In preferred embodiments,
the mutated AphC protein retains the cysteine residue at position 165 as compared to the wild
type AphC protein. These mutants can channel electrons into the glutathione/glutaredoxin
pathway, rather than the thioredoxin pathway. In some embodiments, the mutated AphC protein
lacks the peroxyreductase activity that the wild type AhpC protein possesses. In some
embodiments, the mutated AphC protein retains the peroxyreductase activity that the wild type
AhpC protein possesses.

[0046] In some embodiments, the mutated AphC protein contains one or more point mutations
relative to the wild type AphC and the one or more point mutations do not involve the cysteine
residue at position 165. In some embodiments, one or more point mutations are selected from
the group consisting of S159P, P161S, A167T, P166S, C46Y, C46F, R119C, and G141S. In
some embodiments, these mutant AhpC proteins retain the peroxyreductase activity that the wild
type AhpC possesses. Some of these mutants are described in Yamamoto et al., Mol. Cell.

January 18; 29(1): 36-45 (2008), the relevant disclosure is herein incorporated by reference.

[0047] In some embodiments, the mutated aphC gene is SEQ ID NO: 4 (hereinafter the
“ahpC* gene”), which encodes SEQ ID NO: 5 (hereinafter the “AhpC* protein). The AhpC*
protein loses the peroxyreductase activity the wild type AhpC protein possesses, but gains the
activity of a glutathione reductase. The AhpC* contains an insertion of a phenylalanine between
residue 36 and 37 of the wild type AhpC protein. In some embodiments, the ahpC* gene is
inserted into the scar site left by the FLP recombinase from deletion of that gene. In one
example, the ahpC* is inserted into the scar site in the tnaAd (tryptophanase) locus from deletion

of that gene.

[0048] The E. coli strain has also been genetically engineered such that it lacks thioredoxin
reductase activity. In one embodiment, the E. coli contains a null mutation in the #7xB gene,

which results in the bacteria lacking the thioredoxin reductase activity.
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[0049] The E. coli strain has also been genetically engineered such that it lacks the thioredoxin
1 activity. In one embodiment, the E. coli contains a null mutation in the #7x4 gene, which

results in the bacteria lacking the thioredoxin reductase activity.

[0050] The E. coli strain has also been genetically engineered such that the glutathione
reductase gene (gor), is not functional. In one embodiment, the E. coli contains a null mutation

in the gor gene, which results in the bacteria lacking the glutathione reductase activity.

[0051] In some embodiments, the E. coli strain expresses a gshA4 gene. GshA is responsible
for the first step of glutathione biosynthesis, and expressing a function GshA protein can ensure

the cell still possess a functional glutathione synthesis pathway and ensure cell survival.

[0052] The E. coli strain has also been modified to express a recombinant cytosolic
prokaryotic disulfide isomerase. The recombinant cytosolic prokaryotic disulfide isomerase can
facilitate protein folding, which is especially important for more challenging LCs. In some
embodiments, the chaperone is localized to cytoplasm by removal of the leader sequence for
secretion out of the cell. In one embodiment, the disulfide isomerase is DsbC. In one
embodiment, the disulfide isomerase is yeast protein disulfide isomerase (yPDI), e.g., as
described in Groff et al., MADbs 6(3): 671-678 (2014), which shows that yPDI and DsbC were
functionally interchangeable for the folding of immunoglobulin proteins in prokaryotic systems.
It is thus expected that human protein disulfide isomerase and other closely related proteins are
also suitable for functional replacement of DsbC in this strain. In some embodiments, the
protein isomerase is a prolyl isomerase, and suitable prolyl isomerase may be include, but are not

limited to, cyclophilin, FKBPs, parvulin, deaggregase skP or slyD, groEL/groES, danK, dnaJ, or
grpE.

[0053] The signal sequence that must be removed to convert a secreted chaperone into a
cytosolic chaperone can be identified in multiple ways. For well-characterized organisms such as
E. coli and humans, the signal sequences are known for most proteins. This reduces the task of
eliminating the secretion sequence to simply removing this sequence during cloning. For less
studied organisms including other bacteria or animals, the signal sequence can still be inferred
through homology to their bacterial or human homologs. In cases in which there are no

homologs with known signal sequences, there are algorithms for predicting signal sequences

10
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which are correct around 70% of the time, Nielsen H, Engelbrecht J, Brunak S, and von Heijne

G. Protein Eng. 1997 Jan;10(1):1-6.

Protein of interest

[0054] The methods provided herein can be used for any protein having at least one disulfide
bond in its biologically active confirmation or which, in the mature form does not contain a

disulfide bond, but a precursor of which contains at least one disulfide bond.

[0055] Disulfide bonds are typically formed by the oxidation of sulthydryl groups between two
cysteine side chains resulting in a covalent bond. Disulfide bonds can stabilize tertiary protein
structure by locking folding units into stable conformations by linking residues in a covalent
manner. Many of the disulfide-bonded proteins are secreted or remain anchored to the plasma
membrane, exposed to the environment. These features of the disulfide-bonded proteins make

them excellent therapeutic agents or targets for the pharmaceutical industry.

[0056] In prokaryotic cells, disulfide bonds are formed when DsbA protein donates its
disulfide bond to a newly synthesized polypeptide that comprises a disulfide bond in its native
structure. The integral membrane protein DsbB generates disulfide bonds within itself, which
are then transferred to DsbA. DsbC is a protein that catalyzes disulfide bond isomerization. In
wild type E. coli strain, DsbC is exported to the periplasm and is thus unsuitable for production
of cytoplasmic, disulfide-containing proteins. As disclosed herein, in some embodiments, the
modified E. coli strain expresses a cytosolic prokaryotic disulfide isomerase, e.g., DsbC. This
cytosolic DsbC protein is expressed without its signal sequence; as a result this DsbC protein
remains in the cytoplasm to promote disulfide assembly of proteins of interest. In some
eukaryotic cells, the major disulfide pathway is composed of the membrane-associated
flavoprotein Erol and the soluble thioredoxin-like protein PDI. Erol, using a flavin cofactor to
mediate the reoxidation of its cysteine pair by oxygen, generates disulfide bonds within itself,
and then transfers the bonds to PDL. In turn, PDI transfers the disulfide bonds directly to newly

synthesized polypeptides that have not adopted their native structure.

[0057] Disulfide bonds are present in numerous proteins including, but not limited to secreted
proteins, immune proteins, extracellular matrix proteins, glycoproteins, lysosomal proteins and

membrane proteins. Detailed descriptions of disulfide bonds and proteins with disulfide bonds

11
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can be found in, e.g., Fass, D. Annu. Rev. Biophys., 2012, 41:63-79, Sevier, C.S. and Kaiser,
C.A. Antioxidants & Redox Signaling, 2006, 8(5):797-811 and de Marco, A., Microbial Cell

Factories, 2009, 8:26. These proteins can also be produced using the system disclosed herein.

[0058] The protein of interest can be eukaryotic, prokaryotic proteins, viral proteins, or plant
proteins. In some embodiments, the protein of interest is of mammalian origin, including
murine, bovine, ovine, feline, porcine, canine, goat, equine, and primate origin. In some

embodiments, the protein of interest is of human origin.

[0059] In some embodiments, the protein of interest is an antibody, such as single chain
antibodies, a fragment of an antibody, as well as antibodies consisting of multiple polypeptide
chains. In some embodiments, the protein of interest is a light chain or heavy chain of an
antibody. In some embodiments, the protein of interest is an scFv. In some embodiments, the
protein of interest is a Fab fragment. Exemplary antibodies include but are not limited to anti-
HER?2 antibody. An exemplary light chain includes, but is not limited to, a light chain of an anti-
HER?2 antibody, e.g., a trastuzumab light chain.

[0060] Additional examples of proteins of interest which can be produced include the
following proteins: mammalian polypeptides including molecules such as, e.g., renin, growth
hormone, receptors for hormones or growth factors; CD proteins such as CD-3, CD4, CD8, and
CD-19; interleukins; interferons; T-cell receptors; surface membrane proteins; decay accelerating
factor; viral antigen such as, for example, a portion of the AIDS envelope; transport proteins;
homing receptors; addressins; regulatory proteins; antibodies; and fragments of any of the above-

listed polypeptides.

[0061] A protein produced by the invention can be used for one or more of the following
purposes or effects: inhibiting the growth, infection or function of, or killing, infectious agents,
including, without limitation, bacteria, viruses, fungi and other parasites; effecting (suppressing
or enhancing) bodily characteristics, including, without limitation, height, weight, hair color, eye
color, skin, fat to lean ratio or other tissue pigmentation, or organ or body part size or shape
(such as, for example, breast augmentation or diminution, change in bone form or shape);
effecting biorhythms or circadian cycles or thythms; effecting the fertility of male or female
subjects; effecting the metabolism, catabolism, anabolism, processing, utilization, storage or

elimination of dietary fat, lipid, protein, carbohydrate, vitamins, minerals, cofactors or other

12
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nutritional factors or component(s); effecting behavioral characteristics, including, without
limitation, appetite, libido, stress, cognition (including cognitive disorders), depression
(including depressive disorders) and violent behaviors; providing analgesic effects or other pain
reducing effects; promoting differentiation and growth of embryonic stem cells in lineages other
than hematopoietic lineages; hormonal or endocrine activity; in the case of enzymes, correcting
deficiencies of the enzyme and treating deficiency-related diseases; treatment of
hyperproliferative disorders (such as, for example, psoriasis); immunoglobulin-like activity (such
as, the ability to bind antigens or complement); and the ability to act as an antigen in vaccine
composition to raise an immune response against such protein or another material or entity which

is cross-reactive with such protein.

[0062] The polypeptides and proteins produced by the invention can be used for any purpose
known to one of skill in the art. Preferred uses include medical uses, including diagnostic uses,
prophylactic and therapeutic uses. For example, the proteins can be prepared for topical or other
type of administration. Another preferred medical use is for the preparation of vaccines.
Accordingly, the proteins produced by the invention are solubilized or suspended in
pharmacologically acceptable solutions to form pharmaceutical compositions for administration
to a subject. Appropriate buffers for medical purposes and methods of administration of the
pharmaceutical compositions are further set forth below. It will be understood by a person of
skill in the art that medical compositions can also be administered to subjects other than humans,

such as for veterinary purposes.

General Methods

[0063] Unless defined otherwise, all technical and scientific terms used herein have the meaning
commonly understood by one of ordinary skill in the art to which this invention belongs.
Practitioners are particularly directed to Green, M.R., and Sambrook, J., eds., Molecular Cloning:
A Laboratory Manual, 4th ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.
(2012), and Ausubel, F. M., et al., Current Protocols in Molecular Biology (Supplement 99), John
Wiley & Sons, New York (2012), which are incorporated herein by reference, for definitions and
terms of the art. Standard methods also appear in Bindereif, Schon, & Westhof (2005) Handbook
of RNA Biochemistry, Wiley-VCH, Weinheim, Germany which describes detailed methods for

RNA manipulation and analysis, and is incorporated herein by reference. Examples of appropriate
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molecular techniques for generating recombinant nucleic acids, and instructions sufficient to direct
persons of skill through many cloning exercises are found in Green, M.R., and Sambrook, J., (Id.);
Ausubel, F. M., etal., (/d.); Berger and Kimmel, Guide to Molecular Cloning Techniques, Methods
in Enzymology (Volume 152 Academic Press, Inc., San Diego, Calif. 1987); and PCR Protocols:
A Guide to Methods and Applications (Academic Press, San Diego, Calif. 1990), which are

incorporated by reference herein.

[0064] Methods for protein purification, chromatography, electrophoresis, centrifugation, and
crystallization are described in Coligan et al. (2000) Current Protocols in Protein Science, Vol. 1,
John Wiley and Sons, Inc., New York. Methods for cell-free synthesis are described in Spirin &
Swartz (2008) Cell-free Protein Synthesis, Wiley-VCH, Weinheim, Germany. Methods for
incorporation of non-native amino acids into proteins using cell-free synthesis are described in

Shimizu et al (2006) FEBS Journal, 273, 4133-4140.

[0065] PCR amplification methods are well known in the art and are described, for example, in
Innis et al., PCR Protocols: A Guide to Methods and Applications, Academic Press Inc. San Diego,
Calif., 1990. An amplification reaction typically includes the DNA that is to be amplified, a
thermostable DNA polymerase, two oligonucleotide primers, deoxynucleotide triphosphates
(dNTPs), reaction buffer and magnesium. Typically a desirable number of thermal cycles is
between 1 and 25. Methods for primer design and optimization of PCR conditions are well known
in the art and can be found in standard molecular biology texts such as Ausubel et al., Short
Protocols in Molecular Biology, 5 Edition, Wiley, 2002, and Innis et al., PCR Protocols,
Academic Press, 1990. Computer programs are useful in the design of primers with the required
specificity and optimal amplification properties (e.g., Oligo Version 5.0 (National Biosciences)).
In some embodiments, the PCR primers may additionally contain recognition sites for restriction
endonucleases, to facilitate insertion of the amplified DNA fragment into specific restriction
enzyme sites in a vector. If restriction sites are to be added to the 5' end of the PCR primers, it is
preferable to include a few (e.g., two or three) extra 5' bases to allow more efficient cleavage by
the enzyme. In some embodiments, the PCR primers may also contain an RNA polymerase
promoter site, such as T7 or SP6, to allow for subsequent in vitro transcription. Methods for in

vitro transcription are well known to those of skill in the art (see, e.g., Van Gelder et al., Proc. Natl.
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Acad. Sci. U.S.A. 87:1663-1667, 1990; Eberwine et al., Proc. Natl. Acad. Sci. U.S.A. 89:3010-
3014, 1992).

[0066] When the proteins described herein are referred to by name, it is understood that this
includes proteins with similar functions and similar amino acid sequences. Thus, the proteins
described herein include the wild-type prototype protein, as well as homologs, polymorphic
variations and recombinantly created muteins. For example, the name “DsbC protein” includes
the wild-type prototype protein from E. coli (e.g., SEQ ID NO:1), as well as homologs from other
species, polymorphic variations and recombinantly created muteins. Proteins such as DsbC are
defined as having similar functions if they have substantially the same biological activity or
functional capacity as the wild-type protein (e.g., at least 80% of either). Proteins such as DsbC
and AhpC* are defined as having similar amino acid sequences if they have at least 80%, 85%,
90%, 95%, 96%, 97%, 98%, or 99% sequence identity to the prototype protein. The sequence
identity of a protein is determined using the BLASTP program with the defaults wordlength of 3,
an expectation (E) of 10, and the BLOSUMS62 scoring matrix (see Henikoff and Henikoff, Proc.
Natl. Acad. Sci. USA 89:10915-10919, 1992).

[0067] A readily conventional test to determine if a protein homolog, polymorphic variant, or a
recombinant mutein is inclusive of a protein having the function described herein is by specific
binding to polyclonal antibodies generated against the prototype protein. Typically a specific or
selective reaction will be at least twice background signal or noise and more typically more than
10 to 100 times background. For example, a DsbC protein includes proteins that bind to polyclonal
antibodies generated against the prototype protein of SEQ ID NO:1.

Methods of introducing mutations to E. coli

[0068] In some embodiments, the gene modifications, e.g., the knock-outs of #7x4 and #rxB,
can be performed with a site-specific recombination. Site-specific recombination uses enzymes
possessing both endonuclease activity and ligase activity and the enzymes recognize a certain
part of DNA sequences and replace it with any other corresponding DNA sequences, see Yang
W. and Mizuuchi K., Structure, 1997, Vol. 5, 1401-1406(9). Site-specific recombination
systems are well known in the art, e.g., Int/att system from bacterio A phage, Cre/LoxP system
from PI bacteriophage and FLP-FRT system from yeast are well developed site- specific

recombination systems.
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[0069] Non-limiting examples of methods of introducing site specific recombination to various
proteins disclosed herein include the Cre/Lox and Flp/Frt recombination systems. Both systems
are well known in the art. For instance, site-specific integration into bacterial chromosomes has
been reported (see, e.g., Sauer et al., Proc. Natl. Acad. Sci.. 85. 5166-5170 (1988); Fukushige et
al. , Proc. Natl. Acad. Sci., 89. 7905-7907 (1992); Baubonis et al. , Nucleic Acids Research. 21,
2025-2029 (1993); Hasan et al., Gene, 150. 51-56 (1994); Golic et al. , Cell. 5_9, 499-509
(1989) ; Sauer, Mol. Cell. Biolo. 1_, 2087-2096 (1987); Sauer et al., Methods: Companion to
Methods in Enzymol.. 4., 143-149 (1992) ; Sauer et al. , The New Biologist. 2., 441-449 (1990) ;
Sauer et al. , Nucleic Acids Res.. 17. 147-161 (1989); Qin et al., Proc. Natl. Acad. Sci. 91. 1706-
1710 (1994); Orban et al. , Proc. Natl.. Acad. Sci., 89, 6861-6865 (1992)). Specific deletions of
chromosomal sequences and rearrangements have also been engineered, and excision of foreign
DNA as a plasmid from A vectors is presently possible (see, e.g., Barinaga, Science. 265, 27-28
(1994); Sauer, Methods in Enzvmol.. 225. 890-900 (1993); Sauer et al., Gene, 70. 331-341
(1988); Brunelli et al. , Yeast, , 1309-1318 (1993); Invitrogen (San Diego, CA) 1995 Catalog,
35; Clontech (Palo Alto, CA) 1995/1996 Catalog, 187-188) . Cloning schemes have been
generated so that recombination either reconstitutes or inactivates a functional transcription unit
by either deletion or inversion of sequences between recombination sites (see, e¢.g., Odell et al.,
Plant Phvsiol.. 106. 447-458 (1994); Gu et al., Cell. 73. 1155-1164 (1993); Lakso et al.,Proc.
Natl. Acad. Sci.. 89. 6232-6236 (1992); Fiering et al., Proc. Natl. Acad. Sci. 90. 8469-8473
(1973); O'Gorman et al. , Science. 251, 1351-55 (1991); Jung et al., Science, 259, 984-987
(1993)).

[0070] Genes encoding the Cre or Flp recombinases can be provided in trans under the control
of either constitutive, inducible or developmentally-regulated promoters, or purified recombinase
has been introduced (see, e.g., Baubonis et al. , supra; Dang et al., Develop. Genet.. 13, 367-375
(1992); Chou et al. , Genetics. 131. 643-653 (1992); Morris et al., Nucleic Acids Res.. 19. 5895-
5900 (1991)).

[0071] In some embodiments, the genomic manipulations disclosed herein are performed with

a modified site-specific recombination protocol from Kirill A. Datsenko and Barry L. Wanner
Proc Natl Acad Sci U S A. 2000 Jun 6; 97(12): 6640-6645. In one embodiment, knocking out a

gene for example, trxA, can be performed as follows. A PCR amplicon was generated
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comprising an antibiotic resistance gene flanked by two FRT sites and homology extensions, (H1
and H2), which are homologous to the two ends of the gene to be knocked out. After
transforming cells with this PCR product, the gene to be knocked out is then replaced by the
antibiotic resistance gene through Red-mediated recombination in these flanking homology
regions. After selection, the resistance gene can be eliminated using a helper plasmid expressing
the FLP recombinase, which acts on the directly repeated FRT (FLP recognition target) sites
flanking the resistance gene. The Red and FLP helper plasmid can be simply cured by growth at
37 °C because they are temperature-sensitive replicons. Knocking-in a gene, such as dsbC, can
be performed by standard molecular cloning techniques that are well known for one skilled in the

art.

[0072] In some embodiments, the knocking out a gene] is performed using CRISPR/Cas
system. The CRISPR/Cas system uses aa Cas protein and at least one to two ribonucleic acids
that are capable of directing the Cas protein to a sequence in a target gene, e.g., gor, to remove
the gene. Methods of using CRISPR/Cas system to eliminate gene expression are well known
and described in e.g., US. Pat. Pub. No. 2014/0170753, the disclosure of which hereby is

incorporated by reference in its entirety.

[0073] Additional methods of knocking out a target gene include, but are not limited to,
homologous recombination technology, transcription activation of the effector nuclease
(Transcription Activator-Like Effector Nuclease, TALEN) technology, a zinc finger nuclease

(Zinc-Finger Nuclease, ZFN). These methods are also well known in the art.

Vectors and Promoters

[0074] A nucleic acid encoding a protein of interest, a chaperone (e.g., DsbC), or other
proteins (e.g., AhpC*) can be inserted into a replicable vector for expression in the E. coli under
the control of a suitable prokaryotic promoter. Many vectors are available for this purpose and
one of skilled in the art can readily determine the selection of appropriate vector. Besides the
gene of interest, a vector typically comprises one or more of the following: a signal sequence, an

origin of replication, one or more maker genes and a promoter.

[0075] Promoters can be used may be any appropriate promoter sequence suitable for a

eukaryotic or prokaryotic host cell, which shows transcriptional activity, including mutant,
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truncated, and hybrid promoters, and may be obtained from polynucleotides encoding
extracellular or intracellular polypeptides either endogenous (native) or heterologous (foreign) to

the cell. The promoter may be a constitutive or inducible promoter.

[0076] In some embodiments, the promoter is a constitutive promoter. Suitable prokaryotic
promoters useful for practice of this invention include, but not limited to, the promoters of Pc0,
PL59, MTL, ParaBAD, lac, T3, T7, lambda Pr'P1", trp, the spc ribosomal protein operon
promotor Py, the B -lactamase gene promotor Py, of plasmid pBR322, the P promoter of phage
A, the replication control promoters Prnarand Prnan of plasmid pBR322, the P1 and P2
promoters of the rrnB ribosomal RNA operon, the fef promoter, and the pACYC promoter.
Tetracycline-regulated transcriptional modulators and CMV promoters are described in WO
96/01313, U.S. Pat. Nos. 5,168,062 and 5,385,839, the entire disclosures of which are

incorporated herein by reference.

[0077] In some embodiments, the promoters may have different strength in terms of the
amount of expression it can produce. Promoters can be a medium strength promoter, weak
strength promoter and strong promoter. The strength of a promoter can be measured as the
amount of transcription of a gene product initiated at that promoter, relative to a suitable control.
For constitutive promoters directing expression of a gene product in an expression construct, a
suitable control could use the same expression construct, except that the 'wild- type' version of
the promoter, or a promoter from a 'housekeeping' gene, is used in place of the promoter to be

tested.

[0078] In some embodiments, the promoter strength is determined by measuring the amount of
transcripts from the promoter as compared to a control promoter. For example, host cells
containing an expression construct with the promoter to be tested (‘test host cells”) and control
host cells containing a control expression construct, can be grown in culture in replicates. The
total RNA of the host cells and controls can be extracted and measured by absorbance at 260 nm.
cDNA can then be synthesized from the equal amount of total RNA from the test host cells and
the control host cells. RT-PCR can be performed to amplify the cDNA corresponding to the
transcript produced from the promoter. An exemplary method is described in De Mey et al.
("Promoter knock-in: a novel rational method for the fine tuning of genes", BMC Biotechnol

2010 Mar 24; 10:26).
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[0079] In some embodiments, the various transgenes are expressed in the E. coli under the
control of promoters of different strength to ensure the recombinant proteins, e.g., the AhpC*
protein and the DsbC protein, are expressed at appropriate levels. This is useful for maintaining
an oxidative cytoplasm in the bacteria and establishing an alternative reduction pathway to
ensure survival, vigor (growth rate). In one embodiment, the ahpC* gene is controlled by a PcO
promoter, a medium strength promoter. Both the PL59 promoter (a weak promoter) and a WT
gshA promoter (an intermediate strength promoter) can be used to direct the expression of gshA
gene. In some embodiments, a strong promoter T7 is used to drive the expression of the protein
of interest to ensure maximal yield. In some embodiments, the E coli strain expresses a
recombinant T7 polymerase under the control of the paraBAD promoter, which allows tight
regulation and control of the protein of interest, ¢.g., through the addition or absence of

arabinose. Guzman et al., J. Bacteriol. July 1995 177 (14): 4121-4130.

[0080] Optionally, clones of the E. coli carrying the desired modifications as disclosed herein
can be selected by limited dilution. Optionally, these clones can be sequenced to confirm that
the desired mutations are present in various genes, or desired transgenes, ¢.g., dsbC and ahpC*,
are inserted into the genome. In some cases, whole genome sequencing can be performed to

determine the location of the insertion or mutation in the chromosomes.

Host cells

[0081] The E. coli strain in this disclosure can be any E. coli strain known to one of skill in the

art. In some embodiments, the E. coli strain is a A (K-12), B, C or D strain.

Measuring enzymatic activities

[0082] In some embodiments, a mutation introduced in one or more of the genes, e.g., trx4,
does not abolish protein expression or mRNA expression, but results in a mutein that lacks the
activity that the corresponding wild type protein possesses, e.g., thioredoxin activity of TrxA. It
is understood by one of skill in the art that sometimes knocking out a gene does not require
completely abolishing its activity, thus for purpose of this disclosure, lacking an activity means
the mutein loses 85-100% of the activity of the control protein, e.g., the wild type protein. The

various muteins generated can be tested to confirm that they lack the activity of the wild type
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protein. For example, each of the coding sequences for the muteins can be separately expressed

in a host strain, and the muteins are purified and tested for their activities as described below.

Confirming the loss of thioredoxin reductase activity,

[0083] In one embodiment, the thioredoxin reductase activity can be measured by its activity
in reducing 5,5-Dithiobis(2-nitrobenzoic acid) (DTNB) in the presence of NADPH. The reaction
is typically started by mixing DTNB with thioredoxin reductase (TrxR), thioredoxin (Trx), and
NADPH, and monitoring increase in absorbance at 412 nm over time. The activity can be
defined as the rate of absorbance increase. An embodiment of detecting thioredoxin reductase

activity is disclosed in U.S. Pat. No. 8,592,468.

Confirming the loss of thioredoxin activity

[0084] Methods for determining thioredoxin activity are also well known. In one embodiment,
the assay is an insulin precipitation assay, such as described by Sung-Jong Jeon et al., European
Journal of Biochemistry, Vol. 269, No. 22. Thioredoxins arc known to possess an activity as
disulfide reductases of insulin; and reduction of insulin disulfide bonds can be measured by the
mcrease in turbidity due to precipitation of the free insulin B-chain. In one illustrative example,
a standard assay mixture contains 0.1M potassium phosphate (pH 7.0), 1 mm EDTA, and 0.13
mMm bovine insulin in the absence or in the presence of the recombinant protein, and the reaction
was initiated upon the addition of 1mMm dithiothreitol. An increase of the absorbance at 650 nm

was monitored at 30°C.

Confirming the loss of glutathione reductase activity
[0085] The glutathione reductase activity of the AhpC* or the loss of the glutathione reductase

activity of the mutein GOR can also be monitored. In some embodiments, the glutathione
reductase activity is measured by its activity in reducing cysteine. For example, cysteine were
incubated with reduction solution containing the candidate protein, e.g., AhpC* or the mutein
GOR, in the presence of co-factors. Preferably the cofactor is a coenzyme. Preferably the
cofactor is nicotinamide adenine dinucleotide phosphate (NADPH) or nicotinamide adenine
dinucleotide (NADH). The reaction reduces cystine to cysteine. The schematic reaction is as

follows:

CY5 - VS -+ 2058H-» 205 + GSSG
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GSSG + NADPH— 2GSH+ NADP+H
The activity can be measured by measuring the production of cysteine. In one particular

example, the glutathione reductase activity in terms of reducing cysteine is described in

WO02018114576.

Confirming the loss of peroxyreductase activity of AhpC

[0086] The lack of peroxyreductase activity of AhpC* can be confirmed by incubating the
protein with organic hydroperoxides or hydrogen peroxide in the presence of NADH. A
functional peroxyreductase would convert these substrates into water in an NADH-dependent

mechanism; a lack of evidence of such conversion indicates a lack of peroxyreductase activity.

Confirming the cytosol of the E. coli strain is at an oxidative state

[0087] The E. coli strain disclosed herein contains an oxidative cytoplasm. This can be
confirmed by the biological activity of a protein having disulfide bond for example, a LC that is
difficult to express in a wild type E. coli strain. In some embodiments, confirming the E. coli
have oxidative cytoplasm can be conducted by transforming the bacteria with a gene encoding a
polypeptide (a “test” polypeptide) which normally contain at least one disulfide bond. Preferved
eat polypeptides or proteins are those which are normally secreted from cells or which are
membrane proteins. In some cases, these polypeptides are wodified by the deletion or mutation
of the signal sequence, such that the proteins are not exported outside of the oytoplasm of the

cell,

[0088] As one illustrative example, a coding sequence for the LC protein, e.g., an anti-MUCI1
antibody light chain (SEQ ID NO: 15), described above can be engineered into an expression
cassette under a suitable promoter and transformed into the modified E. coli strain. The soluble
protein fraction that contain the LC is measured. A suitable E. coli strain will be able to express
in a soluble form of at least 1 mg/100 mL of the LC. Methods for preparing a bacterial lysate
and measuring the amount of protein expression (e.g., the expression of LC) in the lysate are
well known. In some embodiments, the E.coli cells can be treated with a lysis agent to produce a
lysate. Cytoplasmic proteins can be released by treating the lysate with enzymes, such as
benzonase and egg white lysozyme. The insoluble protein fraction can be separated from the
soluble fraction by e.g., centrifugation. The soluble protein fraction (containing the LC) can be

collected and analyzed by SDS-PAGE. The amount of LC protein in the soluble protein fraction
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can then be quantified by e.g., densitometry. One specific example of analyzing a LC expression
is described in Example 2, which can be used to assess whether the cytosol is at an oxidative

state.

Confirming expression

[0089] Various methods can be used to determine protein expression level of the various
modified genes in the E. coli, and/or confirm whether a gene has been knocked out or inserted.
For example, expression of a gene can be determined by conventional Northern blotting to
quantitate the transcription of mRNA. Various labels may be employed, most commonly
radioisotopes. However, other techniques may also be employed, such as using biotin-modified
nucleotides for introduction into a polynucleotide. The biotin then serves as the site for binding
to avidin or antibodies, which may be labeled with a wide variety of labels, such as

radionuclides, fluorescers, enzymes, or the like.

[0090] In some embodiments, the expressed protein can be purified and quantified using gel
electrophoresis (e.g., PAGE), Western analysis or capillary electrophoresis (e.g., Caliper
LabChip). Protein synthesis in cell-free translation reactions may be monitored by the
incorporation of radiolabeled amino acids, typically, **S-labeled methionine or *C-labeled
leucine. Radiolabeled proteins can be visualized for molecular size and quantitated by
autoradiography after electrophoresis or isolated by immunoprecipitation. The incorporation of
recombinant His tags affords another means of purification by Ni** affinity column
chromatography. Protein production from expression systems can be measured as soluble

protein yield or by using an assay of enzymatic or binding activity.

[0091] In some embodiments, if the protein to be quantified possesses defined biological
activity, for example, enzymatic activity (such as alkaline phosphatase) or growth inhibition
activity, the expression of the protein of interest can be confirmed by assaying its activity by

incubating with proper substrates.

KITS OF THE INVENTION
[0092] This disclosure also provides kits that comprise a host cell of the invention and

optionally a growth media, a plasmid encoding a protein of interest, a probe, an antibody, and/or
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instructions for use. In some embodiments, the kit may further comprise one or more necessary

components for producing a biologically active or properly folded disulfide containing protein.

[0093] In some embodiments, the kit may comprise one or more reagents necessary for
preparation a host cell of the invention. Such a kit may comprise one or more reagents necessary
for reducing the expression of reductases or agents necessary for introducing mutations into one
or more reductases of a host cell. A kit may comprise agents necessary for improving the growth
of host cells, e.g., reducing agents, or a gene optionally contained in a plasmid, encoding a

protein which improves growth.

EXEMPLARY EMBODIMENTS
[0094] This disclosure includes the following non-limiting embodiments:
1. An E. coli strain, wherein :
1) the strain lacks thioredoxin reductase activity encoded by trxB;
i1) the strain lacks thioredoxin 1 activity encoded by trxA;
ii1) the strain lacks glutathione reductase activity encoded by gor;
1v) the strain expresses a mutated AhpC protein, wherein the mutated AhpC protein has
glutathione reductase activity; and,
v) the strain expresses a cytosolic prokaryotic disulfide isomerase..
2. The E. coli strain of embodiment 1 wherein the strain further comprises a gene
encoding a protein of interest.
3. The E. coli strain of embodiment 2 wherein the protein of interest is selected from the
group consisting of: an antibody, a fragment thereof or an antibody+ light chain from an
IgG.
4. The E. coli strain of any of the embodiments 1-3 wherein the cytosolic disulfide
isomerase is DsbC.
5. The E. coli strain of any of the embodiments 1-4 wherein the E. coli further expresses
a recombinant prolyl isomerase and/or a deaggregase.
6. The E. coli strain of any of the embodiments 1-4

wherein the prolyl isomerase is selected from the group consisting of cyclophilin, FKBPs,

parvulin, SlyD, Tig, yCpr6;
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and wherein the deaggregase is selected from the group consisting of Skp, GroEL, GroES,
DnaK, Dnal, and GrpE.

7. The E. coli strain of any of the embodiments 2-6 wherein the gene encoding the
protein of interest is operably linked to a constitutive promoter.

8. The E. coli strain of any of the embodiments 2-7 wherein the gene encoding the
protein of interest is operably linked to a T7 promoter.

9. The E. coli strain of any of the embodiments 1-8, wherein the expression of the
mutated ahpC gene is controlled by a PcO promoter.

10.  The E. coli strain of any of the embodiments 1-9, wherein the expression of the
cytosolic prokaryotic disulfide isomerase is controlled by a MTL promoter.

11.  The E. coli strain of any of embodiments 1-9, wherein the E. coli strain is a K-12
strain.

12. A method for expressing soluble, recombinant proteins of interest in E. coli bacterial
strains comprising the steps of:

a. culturing an E. coli bacterial strain comprising an oxidizing cytosol and an expression
cassette for expressing a protein of interest under conditions that permit expression of the
protein of interest as a soluble protein, wherein: the strain is derived from a wild type
bacterial strain having a functional thioredoxin reductase encoding gene, trxB; a functional
thioredoxin 1 encoding gene, trxA, a functional thioredoxin 2 encoding gene trxC; a
functional glutathione reductase gene (gor) and a functional ahpC gene wherein the strain is
genetically modified as follows:

1) the thioredoxin reductase encoding gene, trxB is not functional;

i1) the thioredoxin 1 trxA is not functional;

ii1) the glutathione reductase gene (gor) is not functional;

iv) an ahpC gene that has been mutated such that it has glutathione reductase activity; and,
v) a gene encoding a cytosolic prokaryotic disulfide isomerase has been recombinantly
introduced into the bacterial strain.

13.  The method of embodiment 12, wherein the E. coli strain contains a null mutation in

trxC.
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14.  The method of any of the embodiments 12-13 wherein wherein the E. coli strain
contains a null mutation in trxB.

15.  The method of any of the embodiments 12-14 wherein wherein the E. coli strain
contains a null mutation in trx4.

16.  The method of any of the embodiments 12-15 wherein the protein of interest is
selected from the group consisting of: an IgG, a light chain from an IgG or a heavy chain
from an IgG.

17.  The method of any of the embodiments 12-16 wherein cytosolic disulfide isomerase
is DsbC or yeast protein disulfide isomerase (yPDI), or human protein disulfide isomerase
(hPDI).

18.  The method of any of the embodiments 12-17, wherein the E. coli strain further
expresses a recombinant prolyl isomerase and/or a recombinant deaggregase.

19.  The method of claim 18 wherein the recombinant prolyl isomerase is selected from
the group consisting of cyclophilin, FKBPs, parvulin, SlyD, Tig and yCpr6; and the
deaggregase is selected from the group consisting of Skp, GroEL, GroES, DnaK, Dnal, and
GrpE.

20.  The method of any of the embodiments 12-19 wherein the gene encoding the protein
of interest is operably linked to a constitutive promoter.

21.  The method of any of the embodiments 12-20 wherein the gene encoding the protein
of interest is operably linked to a T7 promoter.

22.  The method of embodiment 16, wherein the antibody light chain is a light chain of an
anti-HER?2 antibody.

23.  The method of any of the embodiments 12-22 or the E. coli strain of any of the
embodiments 1-11, wherein the E. coli strain expresses GshA encoded by the gsh4 gene.
24.  The method of any of the embodiments 12-22 or the E.coli strain of any of the
embodiments 1-11, wherein the gsh4 is inserted into the locus of TrxB.

25.  The method of any of the embodiments 12-22 or the E.coli strain of any of the
embodiments 1-11, wherein the E. coli strain further express a T7 polymerase.

26.  The method of any of the embodiments 12-22 or the E.coli strain of any of the

embodiments 1-11, wherein the T7 polymerase is under the control of an inducible promoter.
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27.  The method of embodiment 26, wherein the inducible prompter is a Paapab, lac,
lacUVS5, phoA, tetA, xylAB, tac, or rhamnose promoter.

28. A kit comprising the E. coli of any of embodiments 1-11, wherein the kit further
comprises a growth medium.

29.  The kit of embodiment 27, wherein the kit further comprises a plasmid encoding a
protein of interest.

EXAMPLE 1. GENERAL METHODS

[0095] All genomic manipulations, knock-ins and knock-outs, were performed with a modified
site-specific recombination protocol from Kirill A. Datsenko and Barry L. Wanner Proc Natl
Acad Sci U S A. 2000 Jun 6; 97(12): 6640-6645. These methods allow exchange to occur at a
specific site, as in the integration of the genes of interest that are to be knocked in and the
excision of genes to be knocked out from it. Site specific recombination involves specific,
inverted repeat sequences, ¢.g., the Cre-LoxP systems. For insertions, the integration cassette,
was composed of the gene, e.g., DsbC (NP_417369), to be inserted adjacent to a selectable
marker that is flanked by loxP sites. After the entire cassette was knocked onto the chromosome,
the selectable marker gene was subsequently eliminated by transient exposure to Cre
recombinase that was effected by electroporation by a plasmid encoding Cre recombinase, while
leaving the gene of interest integrated in the genome. For knock outs, the deletion cassette, was
composed of a selectable marker that is flanked by loxP sites. After the cassette was knocked
onto the chromosome, the selectable marker gene was subsequently eliminated by transient
exposure to Cre recombinase that was effected by electroporation by a plasmid encoding Cre

recombinase.

EXAMPLE 2. PRODUCTION OF SNUGGLE STRAIN

[0096] The background for all strains with oxidative cytoplasm is S97. This strain has all the
mutations present in strain KGK10 (Knapp KG, Goerke AR and Swartz J, Biotechnol Bioeng.
2007 Jul 1;97(4):901-8) with ompT sensitive RF1 developed to facilitate NNAA incorporation in
cell free protein synthesis systems, (Yin et al, Sci Rep. 2017 Jun 8;7(1):3026.). In addition, this
strain has a chromosomal copy of the T7 RNA polymerase that has been chromosomally
integrated under the control of the ParaBAD promoter for tightly controlled expression of
proteins from the strong T7 promoter. Viability of all strains produced as described below were

checked using a plate assay essentially as described in Ritz et al, Science, 2001, with the
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following modifications. Cells were plated directly on rich media plates after chromosomal

modifications.

[0097] Five additional mutations were introduced into the S97 strain. These mutations were
responsible for the production of an alternative reductive pathway for small molecules which is
required for viability in the absence of thioredoxin reductase or glutathione reductase. First, an
ahpC variant was introduced by knocking in a mutant variant of aspC gene, ahpC* into the Frt
recombinase scar left in the tnaAd locus from deletion of that gene. This gene was tested under
the control of a weak promoter PL57 or a medium strength promoter PcO. As shown in Table 2,
as compared to the wild type ahpC gene, which encodes a wild type protein containing two
phenylalanines at residues 36 and 37, the ahpC* encodes a mutein comprising three
phenylalanines at this location. The ahpC* mutein loses peroxyreductase activity (as exhibited
by the wild type ahpC protein), but gains glutathione reductase activity. ahpCA, has only one
phenylalanine at this location and does not encode a functional peroxyreductase. The ahpCA
mutant has been reported to restore growth to the mutant B strains of E. coli lacking trxB and

gor, (“B strain”).

[0098] Second, a gshA4 gene, which was previously deleted from a precursor strain of E. coli,
was knocked into the #7xB of the mutant strain generated above under the weak promoter PL59
or an intermediate strength WT gshA promoter. Viable combinations were obtained with either
promoter. This had the simultaneous effect of completing the new AhpC*- glutathione reduction
pathway, and eliminating the thioredoxin-mediated pathway. We anticipated that the expression
levels for these proteins would be important for establishing a viable alternative reduction

pathway.

[0099] Viable combinations were achieved with gsh4 knock-ins with either PL59 or WT gshA
promoter. However, only cells harboring ahpC* with the PcO promoter (as described in

www.ncbi.nlm.nibh.gov/pme/articles/PMC1134079) were viable, indicating that higher levels of

this protein are crucial, while a wider concentration range of GshA is sufficient for growth. This
strain produced above contained three different mutations, ahpC* and gshA knock-ins and trxB
knockout, which is sufficient for producing an oxidative cytoplasm capable of disulfide

formation.
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[0100] Third, a leaderless DsbC gene was knocked into the chromosome with a strong MTL
promoter. The leaderless DsbC protein lacks a secretion signal peptide and functions as a
disulfide isomerase in the cytoplasm, which promotes native disulfide assembly of cytoplasmic
proteins. Thus, the strain so produced, with these three mutations, i.e., trx B knock out, DsbC
knock-in and an ahpC* mutation, referred to as the “Shuffle,” was capable of LC folding

assembly.

[0101] The mutations required to produce Shuffle E. coli, although reported to have produce
high titers of disulfide bonded mammalian proteins in other reports, did not lead to high level LC
production here. A fourth mutation was thus introduced to solve the problem, by knocking out
the thioredoxin 1 (TrxA). This mutation resulted in the desired LC strain capable of expressing
all LC at high levels. Strains that lack any one of these modifications were not able to produce
as much of the LCs. This new strain (“419” as shown in Table 2), having the all five mutations,
named “Snuggle”, produced yields higher than previous “Shuffle” strains for production of
disulfide bonded proteins. This result is particularly surprising given that the primary reductase
for TrxA, TrxB, has already been deleted, and so TrxA should not have been functional as a

cytoplasmic reductase.

[0102] Disulfide bond formation and reduction is a dynamic process influenced by both pro-
oxidative proteins and small molecules such as DsbA and O» and pro-reductive proteins and
small molecules such as cysteine and thioredoxin. Because of this, it is difficult to say how much
activity of a given protein is required to produce a given phenotype. That being said, drastically
lower LC production potential were observed for LCs that are difficult to produce when TrxB,
TrxA, were present or when DsbC was not present. Such striking differences indicate that even a
little trx A or trxB activity would likely be sufficient to disrupt the redox environment of the
cytosol and LC folding to some extent. It is expected that for trxA or trxB, a protein expression
or activity level >25% of endogenous levels would cause deleterious effects. For IDsbC,
cytoplasmic concentration required for LC folding is less clear because Snuggle and Shuffle use
different promoters for cytosolic DsbC production. Because this functions as a chaperone and
disulfide isomerase it still probably requires overexpression of this protein, at levels at least 25%

of that present in Snuggle.
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[0103] Seven E. coli strains, generated as described in Example 2, were confirmed to have the

phenotypes listed in the Table 1, below:

Table 1. Strain phenotypes

Shuffle 347 410 413 414 417 419
trxB delta | + - + + - + +
(ahpC*,
gshA™)
trxA delta | - - + - _ +
Cyt. DsbC | + - - - + + +

“+” represent the mutation as described on the first column, the corresponding row was present.

Each strain was transformed with plasmid pJ411 from Atum (Newwark, California) containing a
LC gene (Mucl G09k LC, 7219 LC, or Trastuzumab LC), codon optimized for E. coli
expression. Cells were grown overnight at 37° C in Terrific Broth (TB) (Thermo Fisher
Scientific, Waltham, MA) supplemented with 40 mg/L Kanamycin. The next day, cells were
diluted 1:100 into fresh TB with Kanamycin and grown at 37° C until an OD of 2.0. At that
point, cells were induced by the addition of 0.2% arabinose and moved to 25° C. After an
overnight induction, cells were harvested in the morning. Cells were re-suspended in BPER
bacterial lysis reagent (Thermo Fisher Scientific, Waltham, MA) with 1 pul/ml benzonase
nuclease and 10 mg/ml hen eggwhite lysozyme to release soluble, cytoplasmic protein. 100 pl of
total cell lysate was transferred to a new tube, and cell debris and insoluble protein were pelleted
by centrifugation at 20,000 x G for 10 minutes. The supernatant containing the soluble proteins
was transferred to a new tube. The pellet was then re-suspended and dissolved in 100 pl 1x LDS
sample buffer. For analysis of LC in each fraction, 10 pl of soluble and insoluble protein samples
were loading onto a NuPAGE SDS gel and run until the dye front was at the bottom of the gel.
Gels were stained with simply blue safe stain, de-stained with water and then imaged with a
Biorad GelDoc EZ. Gel intensity and relative protein quantification were determined using

densitometry.
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[0104] FIG. 1A shows the expression profile for a poorly behaved LC, the light chain of the
anti-Mucl antibody Mucl G09k LC. Mucl G09k LC is also known as HT186-D11 and is
described in Thie et al., PloS One, 2011 Jan 14; 6 (1): €15921, the relevant disclosure is herein
incorporated by reference. For these samples, the commercially available Shuffle strain give
reasonable production of soluble protein. Not surprisingly, all mutants with reducing cytoplasm,
or those lacking cytosolic DsbC failed to produce LC in reasonable titer. Surprisingly, the Sutro
strain mutant (S417) with a genotype analogous to Shuffle including cytosolic DsbC and
oxidative cytoplasm failed to express this LC at reasonable titers. However, S419, which
contained the additional mutation of TrxA, enabled LC production at levels higher than the
Shuffle strain indicating that the suite of changes made to this strain made it a superior host for

LC production.

[0105] FIG. 1B shows another example of a challenging LC, 7219 LC made in Shuffle cells, a
precursor Sutro strain with reducing cytoplasm and Snuggle. 7219 LC is an anti CD74 IgG, as
described in WO/2016/014434, the entire disclosure of which is herein incorporated by
reference. For these samples, only the soluble protein was analyzed with the method above.
Again, we see very little LC expression in the strain with reducing cytoplasm, while the Snuggle

strain produces visibly higher titers than the Shuffle strain.

[0106] FIG. 1C shows an example of a LC that is relatively easier to produce in E. coli,
trastuzumab LC. For this LC there was an excellent soluble expression regardless of host. In this
case, the LC does not need disulfide bonding for folding or stability. There was very little LC

that ends up in the insoluble fraction.

EXAMPLE 3. MUTANT AHPC THAT RESTORE GROWTH IN AGOR/TRXB STRAINS
[0107] The wild type AhpC protein is a peroxyreductase, containing two phenylalanines at
residues 36 and 37. See the last row in Table 2. The mutation that restores growth in K12 based
strains, AhpC* is shown at the third row in Table 2. The AhpC* mutant strain contained an
additional phenylalanine residue inserted in between the two phenylalanines at residues 36 and
37. The ahpC mutant that is reported to restore growth to B strains, AhpC A, is shown in the
middle. The ahpC mutant strain has only one phenylalanine as shown in Table 2; for
convenience, residue 37 is shown as deleted but in principle the deletion could be assigned to

either residue 36 or 37. During the production of the Snuggle strain, either mutant was
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introduced onto the chromosome of E. coli K12 derived cells with deletions in gor and trxB.
Only the AhpC* mutant restored viability in these cells, which is believed to be because this

strain has a K12 lincage.
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Table 2
amino
acid# | 34 35 36 37 38 39 40
AhpC | amino
Strain | mutant acid Ser | Val Phe Phe | Phe | Tyr | Pro
Ki2
Agor/trxB| ahpC” AGC| GTC | TTC [ TTC | TTC | TTC |TAC| CCG
BL21
Agor/trxB| ahpCA AGC | GTC | TTC TTC |TAC| CCG
WT B and
Ki2 WT AGC | GTC [ TTC TTC | TTC |TAC| CCG

[0108] The AhpC mutant was analyzed to determine whether it had glutathione reductase
activity based on its ability to convert oxidized glutathione (GSSG) into reduced glutathione
(GSH). The method is described in Yamamoto et al., Mol. Cell. January 18; 29(1): 36-45
(2008). Briefly, purified AhpC mutein at 5 uM were incubated with a reaction mixture
containing 1 mM GSSG, 0.5 uM of the protein Alkyl hydroperoxide reductase subunit F (AhpF),
10 uM of the protein glutaredoxin 1 (grxA) and 0.8 mM NADH. The results show that the
AhpC* mutant generated free glutathione, GSH, indicating that the mutant possesses glutathione
reductase activity. The WT protein and the ahpC delta mutant lacking this activity were unable

to produce GSH from GSSG.

EXAMPLE 4. RECOMBINANT LC EXPRESSION IN SHUFFLE AND SNUGGLE E. COLI
STRAINS

[0109] Plasmids encoding four distinct LCs (LC-1, LC-2, LC-3, and LC-4) were transformed
into the Shuffle E. coli strain (C3026J, New England Biosciences) and Snuggle E. coli strain
produced as described in Example 2. These four LCs share 78-92% sequence identity with each
other. Cells were grown in TB at 37°C to an OD of 1.5 in a shake flask and induced with 0.1%
Arabinose (Snuggle) or 1% Arabinose and 1 mM IPTG (Shuffle). Protein expression was carried
out for 16 hrs at 25°C. Cells were harvested by centrifugation of 1 mL of the fermentation media
at 21,000xg for 10 min in a benchtop centrifuge. The resulting pellet was resuspended and lysed
in B-PER Bacterial Protein Extraction Reagent (78248, Thermo Fisher) containing 50 mg/L
Lysozyme (L6876, Sigma Aldrich) and 25 U/mL Benzonase (E1014, Sigma Aldrich) at a ratio of
10 mL per g of wet cell weight. Insoluble material was removed by centrifugation at 21,000xg

for 10 min in a benchtop centrifuge. A reducing SDS page gel was run with 4 uL of the resulting
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lysate per well and the relative expression of Coomassie stained LC bands was determined by gel

densitometry.

[0110] As shown in FIG 2, the Snuggle strain demonstrated between 20-110% improvement in

LC production in terms of yield compared to the Shuffle strain.
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ILLUSTRATIVE SEQUENCES

SEQ ID NO:1 dshC nucleic acid sequence
aTgAAGAAAG G e TACT - TTAGUGGCGET il

Imrl ol

GGETGACG TTGECTGACLE

ﬁT“CTfACT

CACC
CTCECATCTEG Ji\””’ ARRAT CLﬂﬂa

ADFTEY
TGALTRNEDN
EVCEAKW

[ LV \:r./; ]

SEQ ID NO: 4 ahpC* nucleic acid sequence (codon optimized for
expression in E. coli)

ATGAGCCTGATCAACACGAAAATCAAGCCGTTCAAGAACCAAGCTTTCAAAAATGGTGAGTTCATCGAGA
TTACCGAGAAAGATACCGAGGGTCGTTGGAGCGTGTITCTTCTTCTTTTATCCGGCGGACTTTACTTTTGT
TTGTCCTACCGAGCTGGGTGACGTTGCGGACCATTATGAAGAACTGCAGAAATTGGGCGTCGACGTTTAC
GCCGTCAGCACGGACACGCACTTTACGCACAAGGCATGGCACTCTAGCAGCGAAACCATCGCAAAGATCA
AATACGCAATGATTGGCGACCCGACGGGTGCACTGACCCGCAATTTCGATAACATGCGTGAAGATGAAGG
CCTGGCGGATCGTGCGACCTTCGTCGTGGACCCGCAGGGTATCATTCAGGCTATCGAAGTTACCGCCGAG
GGTATTGGTCGTGATGCGAGCGATCTGCTGCGCAAGATTAAAGCCGCGCAATACGTTGCATCCCATCCGG
GCGAAGTGTGCCCAGCCAAGTGGAAAGAGGGCGAGGCGACCCTGGCGCCGAGCCTGGACTTGGTGGGTAA
GATT

SEQ ID NO: 5 AhpC* protein sequence

M“LIWTK_KE FENCQAFENGE FIEITEKDTE ﬁP“QVTTT“XP ADFT
DTHFTHR AWRSSSETIA KIKYAMIGE
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ATEVVLPLGCT IQATEVTAERSG

KIKADOYVAS KEGEATLARS

SEQ ID NO: 6 DsbC protein sequence (the underlined is the signal
sequernce)

KMGIKSEDIO PARVAGMKIV
EKEMLY

TLVPECYQEFPK

FMTSGK

IaSr el

GACAGTTT ACACGGATGET

at q}—;\:r( 3

anoT

;C’Tf'iC

T\_.({ T\_.(

DSE

YGIRGIFT

nucleic acid sequence
CACAG TAARACTGCTT ATCCTGEEETT

CAACCTGETGC

AACGEGCEAAT ACGC
COTOOOCT

B0 9

CGTGGEGTTT

O T P £ e e e
GTCATCEEC

AR N
AL L

o
f s

ol
LAY iz’-g(—

CTCETCTGC ATACGCH ACAGCH: AAT { CACTCGACGT

FINAIT A
[CTIVINCFEVEY

Iolalals

ClaleUi

CCA

I Nalal: \-'4.'

_U\,."u\, A GA BN SN

SEQ ID NO: 10 tpr proteln sequence
£ AVYARRANL QPV MERK GGULTTTTEY

FDH] ALL
Y RD GNTAVE SNIAS D
ILHTNR JOMGVTG VRELRIDTONED NIESLDVAGE
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NGYLEVESGL HGNATQTSIR

SEQ ID NO:

11 Gor nuc
a tg ACTABRAC ACTATG

ATTA

.AQGW

GCGGCEGTAT ”F”CﬁﬂClTe

AAAL

SRR R TR
COAAAGA

X T

TTGEUTG B d

TTFT“DJU CcﬁrueTT T GGET { CCACTA
CGTACTGCT
AL CGTTGATGTA
CGAAATCATC

GA TATTCCEGEEC

("u ["\/C(v Gg(

VT A

,»‘
(&3

AT
AT

CGCLGTT

-~
(,- fr\’ L

. 7 aYalitiare
v ACACGGEGETEGET
o~
4 N

CTCTCTGAAC GCCTCTITAA

e e
 TCAGCOAT

TOCGATTACAG CAACATT

ek NalaTalalararel
LalaAinlyl i h

~
CCGC

CACCA

St
\j\‘r"(/\-r

shiinfeterXe
GAC CEACA

LIPEAKD

AR

5 TOVNVC

NVLG

sr_“\

SLT LEANJUQ SETVDCLIWA IGREPANDNI NLEAAGVETN
VON BT b) -

EQYGDDOVAY
7AT<ﬂuaT(<

1T

f

GMDEMLOGEA

SEQ ID NO 13 gshA nuclelc ac:ld sequence

‘l("f‘lf AL

"\T\/ L

g
S J. GGG

ATOOT

A

SR
WA LA

m(- AT R

ALl LA

TEOOATE

T Y AT

GCOCGCAATA

GCETCAGGALA

e o~
CCEGAL GAAG

ek Nynlzalsaifal
AAACCATTTOC

GIT
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COTGOUGTAT BCOACTTCT <: GC
CABTCITGGT ATTACCITCA CGAGTACGTA
SOCH IO SACT flele pT”“AG

sTekt

AA/TET »AC Arl l Cﬁ AAA CCEAATIGTAL
AGCGECGAGTY C GCCTICTGA mCCG‘ATuTTn
COTGOACE Corpy -

AT LATAmS
Rialy i atalisial ST
TTA TGETOTGEGET

AGAGGC

AATCA

aufalal)
GTCCAR

TG A

o
TEANT L

e e C
CAGCAGGEY GrGaT™
p——

CACCGEG AAATGAGCAG TAGCGRAACTT GCCTGTACAT GCCTTAACIC GFA’-\_C”GG"TG

e
GACCTY

ﬁs

CGAAG CTGGETATCGE GUUGUZAAAC
GETGGEGT, AGATCTGTIC CGCEATOTCA AACCCGTCLC

CGTATCAG
CTOCOCOT

(S AL RS §

STGGET

CTATGATTGA
_hC”V”TAA - TubTubCT" A “GAGCCGCTG

e eIsleIal ey A e
(e Do A 34

sleTele
[ AP N S5 U §

SEQ ID NO: 14 gshA proteln sequence
MIPDVSQALA WLEKHPQALK

VUDJ_SG‘E PAREKISAGY
ATSLRLE DLU
NVL
PLEMVWC
RDLEZVA

YRNLL

SNTGRERTL
DA TG OTT

KDA—LAI\_VKJL _J\;{

SEESPESDA L#

SEQ ID NO: 15 amino acid sequence of the anti -MUC antibody light chain (HT186-D11-LC)

QSVLTOPPSVSVAPGKTARITCGGNNIGSKSVHWYQQOKPGOAPALVIYYGSNRPSGIPEREFSGSNSGNTATLTISRV
EAGDEADYYCQVWDSSSDWVFGGGTKLTVL
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WHAT IS CLAIMED IS:

gor;

1. An E. coli strain, wherein :

1) the strain lacks the activity of a thioredoxin reductase due to genetic modification of
trxB;

ii) the strain lacks the activity of a thioredoxin 1 due to genetic modification of #rxA;

iii) the strain lacks the activity of a glutathione reductase due to genetic modification of

iv) the strain expresses a mutated AhpC protein, wherein the mutated AhpC protein has
glutathione reductase activity but lacks peroxyreductase activity due to the mutation; and

v) the strain expresses a cytosolic prokaryotic disulfide isomerase.

2. The E. coli strain of claim 1 wherein the strain further comprises a gene encoding

a protein of interest.

3. The E. coli strain of claim 2 wherein the protein of interest is selected from the
group consisting of: an antibody, a fragment thereof or an antibody light chain from an

IgG.

4. The E. coli strain of claim 1 wherein the cytosolic disulfide isomerase is DsbC.

5. The E. coli strain of claim 1 wherein the E. coli further expresses a recombinant

prolyl isomerase and/or a deaggregase.

6. The E. coli strain of claim 5, wherein the prolyl isomerase is selected from the
group consisting of cyclophilin, FKBPs, parvulin, SlyD, Tig, yCpr6;

and wherein the deaggregase is selected from the group consisting of Skp, GroEL, GroES,
DnaK, Dnal, and GrpE.

7. The E. coli strain of claim 2 wherein the gene encoding the protein of interest is

operably linked to an inducible promoter.
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trxC.

8. The E. coli strain of claim 7 wherein the inducible promoter is a T7 promoter.

0. The E. coli strain of claim 1, wherein the expression of the mutated ahpC gene is

controlled by a PcO promoter.

10. The E. coli strain of claim 1, wherein the expression of the cytosolic prokaryotic

disulfide isomerase is controlled by a MTL promoter.

11. The E. coli strain of claim 1, wherein the E. coli strain is a K-12 strain.

12. A method for expressing soluble, recombinant proteins of interest in E. coli
bacterial strains comprising the steps of:
a. culturing an E. coli bacterial strain comprising an oxidizing cytosol and an expression
cassette for expressing a protein of interest under conditions that permit expression of the
protein of interest as a soluble protein, wherein the strain:

1) lacks thioredoxin reductase activity due to genetic modification of trxB;

ii) lacks thioredoxin 1 activity due to genetic modification of #rxA;

iii) lacks the activity of a glutathione reductase due to genetic modification of gor;

iv) expresses an ahpC gene that has been mutated such that an enzyme expressed from
the ahpC gene it has glutathione reductase activity but lacks peroxyreductase activity due
to the mutation; and,

v) expresses a gene encoding a cytosolic prokaryotic disulfide isomerase.

13. The method of claim 12, wherein the E. coli strain contains a null mutation in
14. The method of claim 12 wherein the E. coli strain contains a null mutation in #rx
B.
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15. The method of claim 12, wherein the E. coli strain contains a null mutation in

trxA.

16. The method of claim 12 wherein the protein of interest is selected from the group

consisting of: an IgG, a light chain from an IgG or a heavy chain from an IgG.

17. The method of claim 12 wherein cytosolic disulfide isomerase is DsbC or yeast

protein disulfide isomerase (yPDI).

18. The method of claim 12, wherein the E. coli strain further expresses an

recombinant prolyl isomerase and/or a recombinant deaggregase.

19. The method of claim 18 wherein the recombinant prolyl isomerase is selected
from the group consisting of cyclophilin, FKBPs, parvulin, SlyD, Tig and yCpr6; and the
deaggregase is selected from the group consisting of Skp, GroEL, GroES, DnaK, Dnal, and
GrpE.

20. The method of claim 12 wherein the gene encoding the protein of interest is

operably linked to a inducible promoter.

21. The method of claim 20 wherein the inducible promoter is a T7 promoter.

22. The method of claim 16, wherein the light chain from an IgG is a light chain of an
anti-HER?2 antibody.

23. The method of claim 12, wherein the E. coli strain expresses a GshA protein
encoded by the gshA gene.
24. The method of claim 23, wherein the gshA gene is inserted into the locus of TrxB.
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25. The method of claim 12, wherein the E. coli strain further express a T7

polymerase.

26. The method of claim 25, wherein the T7 polymerase is under the control of an

inducible promoter.

27. The method of claim 26, wherein the inducible promoter is a Paapap, lac, lacUVS

phoA, tetA, xylAB, tac, or rhamnose promoter.

28. A kit comprising the E. coli of any of claims 1-11, wherein the kit further

comprises a growth medium.

29. The kit of claim 27, wherein the kit further comprises a plasmid encoding a

protein of interest.
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