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Bacteria Engineered o Treat Diseases Associated with Hyperammonemia

{00011 This application claims the benefit of U.S. Provisional Application No.
62/087,854, filed December 5, 2014; U.S. Provisional Application No. 62/173,706, filed June
10, 2015; U.S. Provisional Application No. 62/256,041, filed November 16, 2015; U.5.
Provisional Application Noe. 62/103,513, filed January 14, 2015; U.S. Provisional Application
No. 62/150,508, filed April 21, 2015; U1.S. Provisional Application No. 62/173,710, fited June
10, 2015; U.S. Provisional Application No. 62/256,038, filed November 16, 2015; U.S.
Provisional Application No. 62/184,811, filed June 25, 2015; U.5. Provisional Application No.
62/183,935, filed fune 24, 2015; and U.S. Provisional Application No. 62/263,328, filed
December 4, 2015, which are incorporated herein by reference in their entirety to provide
continuity of disclosure.

[0002] This disclosure relatss to compositions and therapeutic methods for reducing
excass ammonia and converting ammonia and/or nitrogen into alternate byproducts. in
certain aspects, the disclosure relates to genetically engineered bacteria that are capable of
reducing excess ammonia, particularly in low-oxygen conditions, such as in the mammalian
gut. In certain aspects, the compositions and methods disciosed herein may be used for
modulating or treating disorders associated with hyperammonemia, e.g., urea cycle disorders
and hepatic encephalopathy.

(00631 Ammeonia is highly toxic and generated during metabolism in all organs
{Walker, 2012). Hyperammonemia is caused by the decreased detoxification and/or
increased production of ammonia. In mammals, the urea cycle detoxifies ammonia by
enzymatically converting ammonia into urea, which is then removed in the urine. Decreased
ammaonia detoxification may be caused by urea cycle disorders {UCDs) in which urea cycle
enzymes are defective, such as argininosuccinic aciduria, arginase deficiency,
carhamovlphosphate synthetase deficiency, ctrullinemia, N-acetyiglutamate synthetase
deficiency, and ornithine transcarbamylase deficiency {Hiberle et al,, 2012}, The National
Urea Cycle Disorders Foundation estimates that the prevalence of UCDs is 1 in 8,500 births. In
addition, several non-UCD disorders, such as hepatic encephalopathy, portosystemic
shunting, and organic acid disorders, can also cause hyperammonemia. Hyperammonemia
can produce neurological manifestations, e.g., seizures, ataxia, stroke-like lesions, coma,
psychaosis, vision {oss, acute encephalopathy, cerebral edema, as well as vomiting, respiratory

atkalosis, hypothermia, or death {Hiberle et al,, 2012; Hiberle et al, 2013}

-i-
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[0004] Ammonia is also a source of nitrogen for amino acids, which are synthesized by
various biosynthesis pathways. For example, arginine biosynthesis converts glutamate, which
comprises one nitrogen atom, to arginine, which comprises four nitrogen atoms.
intermediate metabolites formed in the arginine biosynthesis pathway, such as citrulline, also
incorporate nitrogen. Thus, enhancement of arginine hiosynthesis may he used to
incorporate excess nitrogen in the body into non-toxic molecules in order to modulate or
treat conditions associated with hyperammonemia. Likewise, histidine biosynthesis,
methionine biosynthesis, lysine biosynthesis, asparagine biosynthesis, glutamine biosynthesis,
and tryptophan biosynthesis are also capable of incorporating excess nitrogen, and
enhancement of those pathways may be used to modulate or treat conditions associated with
hyperammonermia.

[0005] Current therapies for hyperaramonemia and UCDs aim to reduce ammonia
excess, but are widely regarded as suboptimal {(Nagamani &t al,, 2012; Hoffmann et al,, 2013;
Torres-Vega et al, 2014). Most UCD patients require substantially modified diets consisting of
protein restriction. However, a low-protein diet must be carefully monitored; when protein
intake is too restrictive, the body breaks down muscle and consequently produces ammonia.
in addition, many patients require supplementation with ammonia scavenging drugs, such as
sodium phenyibutyrate, sodium benzoate, and glycerol phenyibutyrate, and one or more of
these drugs must be administered three to four times per day {Leonard, 2006; Diaz et al.,
2013). Side effects of these drugs include nausea, vomiting, irritability, anorexia, and
menstrual disturbance in females {Leonard, 2006). In children, the delivery of food and
medication may require a gastrostomy tube surgically implanted in the stomach or a
nasogastric tube manually inserted through the nose into the stomach., When these
treatment options fail, a liver transplant may be reqguired {National Urea Cycle Disorders
Foundation). Thus, there is significant unmet need for effective, reliable, and/or long-term
treatment for disorders associated with hypsrammonemia, including urea cycle disorders.

[0006] The invention provides genetically engineered bacteria that are capable of
reducing excess ammonia and converting ammonia and/or nitrogen inte alternate
byproducts. in certain embodiments, the genetically engineered bacteria reduce excess
ammarnia and convert ammonia and/or nitrogen into alternate byproducts selectively in low-
oxygen environments, e.g., the gut. In certain embodiments, the genetically engineered

bacteria are non-pathogenic and may be introduced into the gut in order to reduce toxic
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ammonia. As much as 70% of excess ammonia in a hyperammonemic patient accumulates in
the gastrointestinal tract. Another aspect of the invention provides methods for selecting or
targeting genetically engineered bacteria based on increased levels of ammonia and/or
nitrogen consumption, or production of a non-toxic byproduct, e.g., arginine or citrulline. The
invention also provides pharmaceutical compositions comprising the genetically engineered
bacteria, and methods of modulating and treating disorders associated with
hyperammonemia, e.g., urea cycle disorders and hepatic encephalopathy.

[0006a] Any reference to or discussion of any document, act or item of knowledge in
this specification is included solely for the purpose of providing a context for the present
invention. It is not suggested or represented that any of these matters or any combination
thereof formed at the priority date part of the common general knowledge, or was known to

be relevant to an attempt to solve any problem with which this specification is concerned.

Brief Description of the Figures
[0007] Figs. 1A and 1B depict the state of the arginine regulon in one embodiment of an
ArgR deletion bacterium of the invention under non-inducing (Fig. 1A) and inducing (Fig. 1B)
conditions. Fig. 1A depicts relatively low arginine production under aerobic conditions due to
arginine (“Arg” in oval) interacting with ArgA (squiggle ¥) to inhibit (indicated by “X”) ArgA

activity, while oxygen (O,) prevents (indicated by “X”) FNR (dotted boxed FNR) from dimerizing

and activating the FNR promoter (grey FNR box) and the argAfbr gene under its control. Fig. 1B
depicts up-regulated arginine production under anaerobic conditions due to FNR dimerizing

(two dotted boxed FNRs) and inducing FNR promoter (grey FNR box)-mediated expression of

ArgAfbr (squiggle wrabove argAfbr), which is resistant to inhibition by arginine. This overcomes
(curved arrow) the inhibition of the wild-type ArgA caused by arginine (“Arg” in oval)
interacting with ArgA (squiggle ® above box depicting argA). Each gene in the arginine
regulon is depicted by a rectangle containing the name of the gene. Each arrow adjacent to
one or a cluster of rectangles depict the promoter responsible for driving transcription, in the
direction of the arrow, of such gene(s). Heavier lines adjacent one or a series of rectangles
depict ArgR binding sites, which are not utilized because of the ArgR deletion in this
bacterium. Arrows above each rectangle depict the expression product of each gene.

[0008] Figs. 2A and 2B depict an alternate exemplary embodiment of the present

invention. Fig. 2A depicts the embodiment under aerobic conditions where, in the presence

8
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of oxygen, the FNR proteins (FNR boxes) remain as monomers and are unable to bind to and
activate the FNR promoter (“FNR”) which drives expression of the arginine feedback resistant

argA™ gene. The wild-type ArgA protein is functional, but is susceptible to negative feedback

3a
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inhibition by binding to arginine, thus keeping arginine levels at or below normal. All of the
arginine repressor {ArgR) binding sites in the promoter regions of each arginine biosynthesis
gene {argh, argE, argC, argB, argH, argD, argl, argG, cord, and carB) have been mutated
{black bars; black “X”} to reduce or eliminate binding to ArgR. Fig. 2B depicts the same
embodiment under anaerobic conditions where, in the absence of oxygen the FNR protein
{FNR boxes) dimerizes and binds to and activates the FNR promoter {“FNR”}. This drives
expression of the arginine feedback resistant argAfh’ gene {(black squiggle (@) = argAfb’ gene
expression product), which is resistant to feedback inhibition by arginine {"Arg” in ovals). All
of the arginine repressor {ArgR} binding sites in the promoter regions of each arginine
bigsynthetic gene (argA, argF, argC, argB, argH, orgD, argl, argG, carA, and corB) have been
mutated {black bars) to reduce or eliminate binding to ArgR {black “X”), thus preventing
inhibition by an arginina-ArgR complex. This allows high level production of arginine. The
organization of the arginine biosynthetic genes in Figs. 1A and 18 is representative of that
found in £. cofi strain Nissle.

[0G09] Fig. 3 depicts another embodiment of the invention. in this embodiment, a
construct comprising an ArgR binding site {black bar) in a promoter driving exprassion of the
Tet repressor {TetR) from the tefR gene is linked to a second promater comprising a TetR
binding site {black bar between TetR and X} that drives expression of gene X. Under low
arginine concentrations, TetR is expressed and inhibits the expression of gene X. At high
arginine concentrations, ArgR associates with arginine and binds to the ArgR binding site,
thereby inhibiting expression of TetR from the tefR gene. This, in turn, removes the inhibition
by TetR aliowing gene X expression {black squiggie {&)).

{00101 Fig. 4 depicts another embodiment of the invention. in this embodiment, a
construct comprising an Argh binding site {black bar} in a promoter driving expression of the
Tet repressor {TetR} from the tetR gene is linked to a second promoter comprising a TetR
binding site {black bar bound to TetR aval} that drives expression of green fluorescent protein
{“GFP"}. Under low arginine concentrations, TetR is expressed and inhibits the expression of
GFP. At high arginine concentrations, ArgR associates with arginine and binds to the ArgR
binding site, thereby inhibiting expression of TetR from the tetR gene. This, in turn, removes
the inhibition by TetR allowing GFP expression. By mutating a host containing this construct,
high arginine producers can be selectad on the basis of GFP expression using fluorescence-

activated celi sorting {“FACS™)
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[0011] Fig. 5 depicts another embadiment of the invention. In this embodiment, a
construct comprising an ArgR binding site {black bar bound by the ArgR-Arg complex}in a
promoter driving expression of the Tet repressor {not shown) from the fetR gene is linked to a
second promoter comprising a TetR binding site {black bar) that drives expression of an
auxotrophic protein necessary for host survival {"AUX"). Under high arginine concentrations,
the ArgR-arginine complex binds to the ArgR binding site, thereby inhibiting expression of
TetR from the fetR gene. This, in turn, allows expression of AUYX, allowing the host to survive.
Under low arginine concentrations, TetR is expressed from the fetR gene and inhibits the
expression of AUX, thus killing the host. The construct in Fig. 5 enforces high arginine {"Arg”}
production by making it necessary for host cell survival through its control of AUX expression.

[0012] Fig. 6 depicts the wild-type genomic sequences comprising ArgR binding sites
and mutants thereof for sach arginine biosynthesis operon in £, cofi Nissle. For each wild-type
sequence, the ARG boxes are indicated in jfofics, and the start codon of each gene is .
The RNA polymerase binding sites are underlined {Cunin, 1983; Maas, 1994}. Bases that are

and bases that are

protected from DNA methylation during ArgR binding are

protected from hydroxyl radical attack during ArgR binding are bolded (Charlier et al,, 1992},

and bolded bases are the primary targets for mutations to disrupt ArgR

binding.

[0013] Fig. 7 depicts the nucleic acid sequences of exemplary regulatory region
sequences comprising a FNR-responsive promoter sequence. Underlined sequences are
predicted ribosome binding sites, and bolded sequences are restriction sites used for cloning.
Exemplary sequences comprising a FNR promoter include, but are not limited to, SEQ 1D NO:
16, SEQUID NO: 17, nirB1 promater {SEQ 1D NO: 18}, nir82 promuoter (SEQ {3 NO: 19}, nir83
promoter {SEQ ID NO: 20), ydfZ promoter{SEQUID NO: 21) nirB promoter fused to a strong
ribosome binding site (SEGQ 1D NO: 22}, vdiZ promoter fused to a strong ribosome binding site
{SEQ 1D NO: 23}, an anaerobically induced small RNA gene fars promoter selected from fnrsi
{SEQ ID NO: 24} and fnr52 {SEQ ID NO: 25}, nirB promoter fused to a CRP binding site {SEGQID
NO: 26), and fnrS promoter fused to a CRP binding site {SEQ ID NG: 27).

[0014] Fig. 8A depicts the nucleic acid sequence of an exemplary argA]m sequence.
fbi
Fig. 88 depicts the nudleic acid sequence of an exemplary FNR promoter-driven orgd

. . fb{ .
plasmid. The FNR promoter sequence is bolded and the argd  sequence is boxed]

-5-
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[0015] Fig. 9 depicts the nucleic acid sequence of an exemplary FNR promoter-driven

for

urgAJ sequence. The FNR promoter sequence is bolded, the ribosome binding site is

Fbr
and the arg4  sequenceis ,

[0016] Fig. 10 depicts a schematic diagram of the car‘giAfb" gene under the control of an

exemplary FNR promoter {frnrS) fused to a strong ribosome binding site.

[0G17] Fig. 11 depicts another schematic diagram of the argAfb' gene under the
controd of an exemplary FNR promoter {nirB) fused to a strong ribosome binding site. Other
regulatory elements may also be present.

[0018] Fig. 12 depicts a schematic diagram of the argAfb’ gene under the control of an
exemplary FNR promoter {nirB) fused to a weak ribosome binding site.

[0019] Figs. 13A and 13B depict exemplary embodiments of a FNR-responsive
promoter fused to a CRP binding site. Fig. 13A depicts a map of the FNR-CRP promoter
region, with restriction sites shown in bold. Fig. 13B depicts a schematic diagram of the
argAfh’ gene under the control of an exemplary FNR promoter {nirB promoter), fused to both
a CRP binding site and a ribosome binding site. Other regulatory elements may also be
present.

[0020] Figs. 144 and 14B depict alternate exemplary embaodiments of a FNR-
responsive promoter fused to a CRF binding site. Fig. 144 depicts a map of the FNR-CRP
promoter region, with restriction shown in bold. Fig. 148 depicts a schematic diagram of the
argAfb' gene under the control of an exemplary FNR promoter {(fnrS promoter), fused to both
a CRP binding site and a ribosome binding site.

[0021] Fig. 15 depicts the wild-type genomic sequence of the regulatory region and 5’
portion of the argG gene in £, coli Nissle, and a constitutive mutant thereof. The promoter
region of each sequence is underlined, and a 5 portion of the 0rgG gens ishoxed. Inthe
wild-type sequence, ArgR binding sites are in uppercase and underlined. inthe mutant
sequence, the 5 untranslated region is in uppercase and underlined. Bacteria expressing argG
under the control of the constitutive promoter are capable of producing arginine. Bacteria
expressing arg@ under the control of the wild-type, ArgR-repressible promoter are capable of

producing citrulline.
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[0022] Fig. 16 depicts an exemplary embodiment of a constitutively expressed argG
construct in £, cofi Nissle. The constitutive promoter is BBa_Jl23100, boxed in gray.
Restriction sites for use in cioning are in bold.

(00237 Fig. 17 depicts a map of the wild-type argG operon E. cofi Nissle, and 3
constitutively expressing mutant thereof. ARG boxes are present in the wild-type operon, but
absent from the mutant. 4rgG is constitutively expressed under the control of the
BBa 123100 promoter.

{00241 Fig. 18 depicts the nudeic acid seguence of an exemplary BAD promoter-driven
c;'rgAjbr construct. Al bolded sequences are Nissle genomic DNA. A portion of the gral gene
is bolded and underlined, the arng\fb" gene is @ and the bolded sequence in between is
the promoter that is activated by the presence of arabinose. The ribosome binding site isin

italics, the terminator sequences are and the FRY site is boxad-. A portion of the

aral gene is boxed in dashes.
[0025] Fig. 18 depicts a schematic diagram of an sxemplary BAD promoter-driven
flor flor
argAJ canstruct. in this embodiment, the argAj gene is inserted between the graC and grad

genes. ArgAfbr is flanked by a ribosome binding site, a FRT site, and one or more transcription
terminator sequences.

[0026] Fig. 20 depicts a map of the pSC101 plasmid. Restriction sites are shown in
bold.

{00271 Fig. 21A depicts the nucleic acid sequence of a pSCLO1 plasmid. Fig. 218

depicts the nucleotide sequence of a firS promoter-driven argAjbr pSC101 plasmid. The
argA'ﬁ” sequence is boxed, the ribosome binding site is highlighted, and the fnrS promoteris
capitalized and holded.

{00287} Fig. 22 depicts 3 map of exemplary integration sites within the £, cofi 1317
Nissle chromosome. These sites indicate regions where circuit components may be inserted
into the chromosome without interfering with essential gens expression. Backslashes {/) are
used to show that the insertion will occur between divergently or convergently expressed
genes. insertions within biosynthetic genes, such as thyd, can be useful for creating nutrient

auxotrophies. In some embodiments, an individual circuit component is inserted into more

than one of the indicated sites.
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[0029] Fig. 23 depicts three bacterial strains which constitutively express red
fluorescent protein {RFPY. In strains 1-3, the rfp gene has been inserted into different sites
within the bacterial chromosome, and results in varying degrees of brightness under
fluorescent light. Unmodified E. cofi Nissle {strain 4) is non-fluorescent.

[0030] Fig. 24 depicts a bar graph of in vitro arginine levels produced by streptomycin-
resistant control Nissle {SYN-UCD103), SYN-UCD201, SYN-UCD202, and SYN-UCD203 under

inducing {+ATC) and non-inducing {-ATC) conditions. SYN-UCD201 comprises AArgR and no
fo
argA Y SYN-UCD202 comprises AArgR and tetracycline-inducible argAjb on a high-copy

plasmid. SYN-UCD203 comprises AArgR and tetracycline-driven argA'ﬁ” ot a low-copy plasmid.
[0G31] Fig. 25 depicts a bar graph of in vitro levels of arginine and citrulline produced
by streptomycin-resistant control Nissle {(SYN-UCD103), SYN-UCD104, SYN-LUCD204, and SYN-
UCD105 under inducing conditions. SYN-LICD104 comprises wild-type ArgR, tetracycline-
inducible argAﬂ" on a low-copy plasmid, tetracycline-inducible grgG, and mutations in each
ARG box for each arginine biosynthesis operon except for argG. SYN-UCDZ204 comprises
AArgR and argAﬂ"' expressed under the control of a tetracycline-inducible promoter on a low-

for

copy plasmid. SYN-UCD105 comprises wild-type ArgR, tetracycline-inducible grgd™ on a low-

copy plasmid, constitutively expressed argG {BBa 123100 constitutive promoter), and
mitations in each ARG box for each arginine biosynthesis operon except for argG.

[0032] Fig. 26 depicts a bar graph of in vitro arginine levels produced by streptomycin-
resistant Nissle {SYN-UCD103), SYN-UCD205, and SYN-UCD204 under inducing {(+ATC) and non-
inducing (-ATC) conditions, in the presence {+0,) or absence {~O,) of oxygen. SYN-UCDI03 is 3
control Nissle construct. SYN-UCD205 comprises AArgR and c;rgAﬁ” expressed under the
controf of a FNR-inducible promoter {fnrS2) on a low-copy plasmid. SYN204 comprises AArgR
and argAfb" expressed under the control of a tetracycline-inducible promoter on a low-copy
plasmid.

[0033] Fig. 27 depicts a graph of Nissie residence in vivo. Streptomycin-resistant
Nissle was administered to mice via oral gavage without antibiotic pre-treatment. Fecal
pellets from six total mice were monitored post-administration to determine the amount of
administered Nissle still residing within the mouse gastrointestinal tract. The bars represent
the number of bacteria administered to the mice. The line represents the number of Nissle

recovered from the fecal samples each day for 10 consecutive days.
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[0034] Figs. 28A, 288, and 28C depict bar graphs of ammonia levels in
hyperammonemic TAA mice. Fig. 284 depicis 3 bar graph of ammonia levels in

hyperammonemic mice treated with unmaodified control Nissle or SYN-UCD202, g genetically

engineered strain in which the Arg repressor gene is deleted and the arg/-\fbr gene is under the
control of a tetracycline-inducible promoter on a high-copy plasmid. A total of 96 mice were
tested, and the error bars represent standard error. Ammonia levels in mice treated with SYN-
UCD202 are lower than ammonia levels in mice treated with unmeodifiad control Nissle at day
4 and day 5. Fig. 28B depicts a bar graph showing in vivo efficacy {ammonia consumption) of
SYN-UCD204 in the TAA mouse model of hepatic encephalopathy, relative to streptomycin-
resistant control Nissle {SYN-UCD103) and vehicle-only controls. Fig. 28C depicts a bar gragh
of the percent change in blood ammonia concentration betweesn 24-48 hours post-TAA
treatment.

[0G35] Fig. 2% depicts a bar graph of ammonia levels in hyperammaonemic Spf‘“h mice.
Fifty-six spfas}‘ mice were separated into four groups. Group 1 was fed normal chow, and
groups 2-4 were fed 70% protein chow following an initial blood draw. Groups were gavaged
twice daily, with water, streptomycin-resistant Nissle control {SYN-UCD103), or SYN-UCD204,
and blood was drawn 4 hours following the first gavage. SYN-UCD204, comprising AArgR and
argAjb" expressed under the control of a tetracycline-inducible promoter on a low-copy
plasmid, significantly reduced blood ammania to levels below the hyperammonemia
threshold.

[0036] Fig. 30 depicts an exemplary schematic of the urea cycle enzymes.

[0037] Fig. 31 depicts a chart of ammonia consumption kinetics and dosing. This
information may be used to determine the amount of arginine that neads to be produced in
order to absorb a therapeutically relevant amount of ammonia in UCD patients. Similar
calculations may be performed for citrulline production.

{0038} Fig. 32 depicts an exemplary schematic of synthetic genetic circuits for treating
UCDs and disorders characterized by hyperammonemia, via the conversion of ammonia to
desired products, such as citrulline or arginine.

[0039] Figs. 33A and 33B depict diagrams of exemplary constructs which may be used
to produce a positive feedback auxotroph and select for high arginine production. Fig. 33A

depicts a map of the asiC promoter driving expression of thy4d, Fig. 33B depicts a schematic
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diagram of the thyA gene under the control of an astC promoter. The regulatory region
comprises binding sites for CRP, ArgR, and RNA polymerase {(RNAP), and may also comprise
additional regulatory elements.

{00401 Fig. 34 depicts 3 table of exemplary bacterial genes which may be disrupted or
deleted to produce an auxotrophic strain. These include, but are not limited to, genes
reguired for oligonucleotide synthesis, amino acid synthesis, and cell wall synthesis.

[0041] Fig. 35 depicts a table Hlustrating the survival of various amino acid auxotrophs
in the mouse gut, as detected 24 hours and 48 hours post-gavage. These auxotrophs were
generated using BW25113, a non-Nissle strain of £, coli.

{00427 Fig. 36 depicts one non-limiting embodiment of the disclosure, where an
exogenous environmental condition or one or more environmental signals activates
expression of a heterologous gene and at least one recombinase from an inducible promoter
or inducible promoters. The recombinase then fips a toxin gene into an activated
conformation, and the natural kinetics of the recombinase create a time delay in expression
of the toxin, allowing the heterologous gene to be fully expressed. Once the toxin is
expressed, it kills the cell.

(00431 Fig. 37 depicts another non-limiting embodiment of the disclosure, where an
exogenous environmental condition or one or more environmental signals activates
expression of a heterologous gene, an anti-toxin, and at least one recombinase from an
inducible promoter or inducible promoters. The recombinase then flips a toxin gene into an
activated conformation, but the presence of the accumulated anti-toxin suppresses the
activity of the toxin. Once the exogenous environmental condition or cuels) is no longer
present, expression of the anti-toxin is turned off. The toxin is constitutively expressed,
continues to accumulate, and kills the bacterial cell.

[0044] Fig. 38 depicts another non-limiting embodiment of the disclosure, where an
exogenous environmental condition or one or more environmental signals activates
expression of a heterologous gene and at least one recombinase from an inducible promoter
or inducible promoters. The recombinase then flips at least one excision enzyme into an
activated conformation. The at least one excision enzyme then excises one or more essential
genes, ieading to senescence, and eventual celi death. The natural kinetics of the
recombinase and excision genes cause a time delay, the kinetics of which can be altered and

optimized depending on the number and choice of essential genes to be excised, allowing cell
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death to occur within a matter of hours or days. The presence of multiple nested
recombinases {as shown in Fig. 60} can be used to further control the timing of cell death.

[0045] Fig. 39 depicts a non-limiting embodiment of the disclosure, where an anti-
toxin is expressed from a constitutive promoter, and expression of a heterologous gene is
activated by an exogenous environmental signal. In the absence of arabinose, the AraC
transcription factor adopts a conformation that represses transcription. In the presence of
arabinose, the AraC transcription factor undergoes a conformational change that allows it to
bind to and activate the AraBAD promoter, which induces expression of TetR, thus preventing
expression of a toxin. However, when arabinose is not present, TetR is not expressed, and the
toxin is expressed, eventually overcoming the antitoxin and killing the cell. The constitutive
promoter regulating expression of the anti-toxin should be a weaker promoter than the
promoter driving expression of the toxin, The AraC is under the control of a constitutive
promoter in this circuit,

[0046] Fig. 40 depicts another non-limiting embodiment of the disclosure, wherein the
expression of a heterologous gene is activated by an exogenous environmental signal. In the
absence of arabinose, the AraC transcription factor adopts a conformation that represses
transcription. In the presence of arabinose, the AraC transcription factor undergoes a
conformational change that allows it to bind to and activate the AraBAD promoter, which
induces expression of TetR {tet repressor) and an antitoxin. The antitoxin builds up in the
recombinant bacterial cell, while TetR prevents expression of a toxin {which is under the
control of a promoter having a TetR binding site). However, when arabinose is not present,
both the antitoxin and TetR are not expressed. Since TetR is not present to repress expression
of the toxin, the toxin is expressed and kills the cell. The AraCis under the control of a
constitutive promoter in this circuit.

{00471 Fig. 41 depicts an exemplary embodiment of an engineered bacterial strain
deleted for the orgR gene and expressing the feedback-resistant argAfb' gene. This strainis
useful for the consumption of ammeonia and the production of arginine.

[0048] Fig. 42 depicts an exemplary embodiment of an engineered bacterial strain
deleted for the argR gene and expressing the feedback-resistant argAfb’ gene. This strain
further comprises one or more auxotrophic modifications on the chromosome. This strain is

useful for the consumption of ammeonia and the production of arginine.
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[0049] Fig. 43 depicts an exemplary embodiment of an engineered bacterial strain
deleted for the argR and argG genes, and expressing the feedback-resistant argAﬂ” gene. This
strain is useful for the consumption of ammonia and the production of citrulline.

(00501 Fig. 44 depicts an exemplary embodiment of an engineered bacterial strain
deleted for the grgR and orgG genes, and expressing the feedback-resistant argAjb’ gene. This
strain further comprises one or more auxetrophic modifications on the chromosome. This
strain is useful for the consumption of ammonia and the production of citrulline.

[0051] Fig. 45 depicts an exemplary embodiment of an engineered bacterial strain
which lacks ArgR binding sites and expresses the feedback-resistant argAfb’ gene. This strainis
useful for the consumption of ammeonia and the production of arginine.

[00%2] Fig. 46 depicts an exemplary embodiment of an engineered bacterial strain
which facks ArgR binding sites and expresses the feedback-resistant argAf'b' gene, This strain
further comprises one or more auxotrophic modifications on the chromosome. This strain is
useful for the consumption of ammeonia and the production of arginine.

[0053] Fig. 47 depicts an exemplary embodiment of an engineered bacterial strain
which lacks ArgR binding sites in all of the arginine biosynthesis operons except for grgG, and
expresses the feedback-resistant argA-ﬁ” gene. This strain is useful for the consumption of
anwnonia and the production of citrulline.

[0054] Fig. 48 depicts an exemplary embodiment of an engineered bacterial strain
which lacks ArgR binding sites in all of the arginine biosynthesis operons except for argG, and
expresses the feedback-resistant argAjb’ gene, This strain further comprises one or more
auxotrophic modifications on the chromosome. This strain is useful for the consumption of
ammonia and the production of citrulline.

[0055] Fig. 49A depicts a schematic diagram of a wild-type olbA construct. Fig. 498
depicts a schernatic diagram of a clbA knockout construct.

[00%6] Fig. 50 depicts exemplary sequences of a wild-type clbA construct and a clba
knockout construct,

[00%7] Fig. 51 depicts a bar graph of in vitro ammonia levels in culture meadia from
SYN-UCD101, SYN-UCD102, and blank controds at baseline, two hours, and four hours. Both

SYN-UCD101 and SYN-UCD102 are capable of consuming ammonia in vitro.
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[0058] Fig. 52 depicts a bar graph of in vitro ammonia levels in culture media from
SYN-UCD201, SYN-UCD203, and blank controls at baseline, two hours, and four hours. Both
SYN-UCD201 and SYN-UCD203 are capable of consuming amimonia in vitro.

[0059] Fig. 53 depicts the use of GeneGuards as an engineered safety component. Al
engineered DNA is present on a plasmid which can be conditionally destroved. See, e.g.,,
Wright et al., "GeneGuard: A Modular Plasmid System Designed for Biosafety,” ACS Synthetic
Biology {2015} 4: 307-316.

{00601 Fig. 54 depicts an exemplary L-homoserine and L-methionine biosynthesis
pathway. Circles indicate genes repressed by Metl, and delstion of met/ leads to constitutive
expression of these genes and activation of the pathway.

[0061] Fig. 55 dapicts an exemplary histidine biosynthasis pathway.

[0062] Fig. 56 depicts an exemplary lysine biosynthesis pathway.

[0063] Fig. 57 depicts an exemplary asparagine biosynthesis pathway.

{0064} Fig. 58 depicts an exemplary glutamine biosynthesis pathway.

[0065] Fig. 5% depicts an exemplary tryptophan biosynthesis pathway.

[0066] Fig. 60 depicts one non-limiting embodiment of the disclosure, where an
exogenous environmental condition or one or more environmental signals activates
expression of a heterologous gene and a first recombinase from an inducible promoter or
inducible promoters. The recombinase then flips a second recombinase from an inverted
grientation to an active conformation. The activated second recombinase flips the toxin gene
into an activated conformation, and the natural kinetics of the recombinase create a time
delay in expression of the toxin, allowing the heterclogous gene to be fully expressed. Once
the toxin is expressed, it kills the cell.

[0067] Fig. 61 depicts a synthetic biotic engineered to target urea cycle disorder {UCD)
having the kill-switch embodiment described in Fig. 80. In this example, the Int recombinanse
and the Kid-Kis toxin-antitoxin system are used in a recombinant bacterial cell for treating
UCD. The recombinant bacterial cell is engineered to consume excess ammania to produce
beneficial byproducts to improve patient outcomes. The recombinant bacterial cell also
comprises a highly controliable kill switch to ensure safety. Inresponse to a low oxygen
environment {e.g., such as that found in the gut), the FNR promoter induces exprassion of the
int recombinase and aiso induces expression of the Kis anti-toxin. The Int recombinase causes

the Kid toxin gene to flip into an activated conformation, but the presence of the accumulatad
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Kis anti-toxin suppresses the activity of the expressed Kid toxin. In the presence of oxygen
{e.g., outside the gut), expression of the anti-toxin is turned off. Since the toxin is
constitutively expressed, it continues to accumulate and kilis the bacterial cell.

[0068] Fig. 62 depicts another non-limiting embodiment of the disclosure, wherein the
expression of a heterclogous gene is activated by an exogenous environmental signal. In the
absence of arabinose, the AraC transcription factor adopts a conformation that represses
transcription. In the presence of arabinose, the AraC transcription factor undergoes a
conformational change that allows it to bind to and activate the AraBAD promoter, which
induces expression of TetR {tet repressor) and an antitoxin. The antitoxin builds up in the
recombinant bacterial cell, while TetR prevents expression of a toxin {which is under the
controf of a promoter having a TetR binding site}. However, when arabinosea is not present,
both the antitoxin and TetR are not expressed. Since TetR is not prasent to repress exprassion
of the toxin, the toxin is expressed and kills the cell. Fig. 82 also depicts another non-Hmiting
embodiment of the disclosure, whergin the expression of an essential gene not found in the
recombinant bacteria is activated by an exogenous environmental signal. In the absence of
arabinose, the AraC transcription factor adopts a conformation that represses transcription of
the essential gene under the control of the araBAD promoter and the bacterial cell cannot
survive. inthe presence of arabinose, the AraC transcription factor undergoes a
conformational change that alows it to bind to and activate the AraBAD promoter, which
induces expression of the essential gene and maintains viability of the bacterial cell.

[0069] Fig. 63 depicts 3 non-limiting embodiment of the disclosure, where an anti-
toxin is expressed from a constitutive promoter, and expression of a heterclogous gene is
activated by an exogenous environmental signal. In the absence of arabinose, the AraC
transcription factor adopts a conformation that represses transcription. in the presence of
arabinose, the AraC transcription factor undergoes a conformational change that allows it to
bind to and activate the AraBAD promoter, which induceas expression of TetR, thus preventing
expression of a toxin. However, when arabinose is not present, TetR is not expressad, and the
toxin is expressed, eventually overcoming the antitoxin and killing the cell. The constitutive
promoter regulating expression of the anti-toxin should be a weaker promoter than the

promoter driving expression of the toxin.

-14-



2015357549 07 Mar 2022

[0070] Fig. 64 depicts a summary of the safety design of the recombinant bacteria of
the disclosure, including the inherent safety of the recombinant bacteria, as well as the

engineered safety-waste management (including kill switches and/or auxotrophy).

Description of Embodiments

[0071] The invention includes genetically engineered bacteria, pharmaceutical
compositions thereof, and methods of modulating or treating disorders associated with
hyperammonemia, e.g., urea cycle disorders and hepatic encephalopathy. The genetically
engineered bacteria are capable of reducing excess ammonia, particularly in low-oxygen
conditions, such as in the mammalian gut. In certain embodiments, the genetically
engineered bacteria reduce excess ammonia by incorporating excess nitrogen in the body into
non-toxic molecules, e.g., arginine, citrulline, methionine, histidine, lysine, asparagine,
glutamine, or tryptophan.

[0071a] In a first aspect, the invention relates to a genetically engineered bacterium

comprising an arginine regulon,

wherein the bacterium comprises a gene encoding a functional N-acetylglutamate
synthetase with reduced arginine feedback inhibition as compared to a wild-type N-
acetylglutamate synthetase from the same bacterial subtype under the same conditions,
wherein the arginine feedback resistant N-acetylglutamate synthetase gene has a DNA
sequence selected from:
a) SEQ ID NO: 28;
b) a DNA sequence that, but for the redundancy of the genetic code,
encodes the same polypeptide as encoded by SEQ ID NO: 28; and
c) a DNA sequence having at least 80% homology to the DNA sequence of
a)orb);

wherein expression of the gene encoding arginine feedback resistant N-acetylglutamate
synthetase is controlled by a promoter that is induced by low-oxygen or anaerobic conditions
found in a mammalian gut, selected from a fumarate and nitrate reductase regulator (FNR)
promoter, a dissimilatory nitrate respiration regulator (DNR) promoter, and an arginine

deiminase and nitrate reduction (ANR) promoter; and
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wherein each copy of a functional argR gene normally present in a corresponding wild-
type bacterium has been independently deleted or rendered inactive by one or more
nucleotide deletions, insertions or substitutions.

[0071b] In a second aspect, the invention relates to a pharmaceutically acceptable
composition comprising the bacterium of the first aspect; and a pharmaceutically acceptable
carrier.

[0071c] In a third aspect, the invention relates to a method of treating a
hyperammonemia-associated disorder or symptom(s) thereof in a subject in need thereof
comprising admininstering the composition of the second aspect to the subject.

[0071d] In a fourth aspect, the invention relates to use of the composition of the
second aspect in the manufacture of a medicament for the treatment of a hyperammonemia-
associated disorder or symptom(s) thereof.

[0072] In order that the disclosure may be more readily understood, certain terms are
first defined. These definitions should be read in light of the remainder of the disclosure and
as understood by a person of ordinary skill in the art. Unless defined otherwise, all technical
and scientific terms used herein have the same meaning as commonly understood by a
person of ordinary skill in the art. Additional definitions are set forth throughout the detailed
description.

[0072a] In this specification, the terms ‘comprises’, ‘comprising’, ‘includes’, ‘including’,
or similar terms are intended to mean a non-exclusive inclusion, such that a method, system
or apparatus that comprises a list of elements does not include those elements solely, but
may well include other elements not listed.

[0073] “Hyperammonemia,” “hyperammonemic,” or “excess ammonia” is used to refer
to increased concentrations of ammonia in the body. Hyperammonemia is caused by
decreased detoxification and/or increased production of ammonia. Decreased detoxification
may result from urea cycle disorders (UCDs), such as argininosuccinic aciduria, arginase
deficiency, carbamoylphosphate synthetase deficiency, citrullinemia, N-acetylglutamate
synthetase deficiency, and ornithine transcarbamylase deficiency; or from bypass of the liver,
e.g., open ductus hepaticus; and/or deficiencies in glutamine synthetase (Hoffman et al.,
2013; Haberle et al., 2013). Increased production of ammonia may result from infections,
drugs, neurogenic bladder, and intestinal bacterial overgrowth (Haberle et al., 2013). Other

disorders and conditions associated with hyperammonemia include, but are not limited to,
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liver disorders such as hepatic encephalopathy, acute liver failure, or chronic liver failure;
organic acid disorders; isovaleric aciduria; 3-methylcrotonylglycinuria; methylmalonic

acidemia; propionic aciduria; fatty acid oxidation defects; carnitine cycle defects; carnitine

15b



WO 2016/090343 PCT/US2015/064140

deficiency; B-oxidation deficiency; lysinuric protein intolerance; pyrroline-5-carboxviate
synthetase deficiency; pyruvate carboxylase deficiency; ornithine aminotransferase
deficiency; carbonic anhydrase deficiency; hyperinsulinismm-hyperammonemia syndrome;
mitochondrial disorders; valproate therapy; asparaginase therapy; total parenteral nutrition;
cystoscopy with glycine-containing solutions; post-lung/bone marrow transplantation;
portosystemic shunting; urinary tract infections; ureter dilation; multiple myeloma; and
chemotherapy {Hoffman et al., 2013; Haberle et al,, 2013; Pham et al,, 2013; Lazier et al,,
2014}, In healthy subjects, plasma ammonia concentrations are typically less than about 50
umol/L {Leonard, 2008). In some embodiments, 2 diagnostic signal of hyperammonemiais a
plasma ammonia concentration of at least about 50 pmol/L, at least about 80 umoi/L, at least
about 150 umol/L, at teast about 180 umoi/L, or at least about 200 pmol/L {Leonard, 2006,
Hoffman et al,, 2013; Hiberle et al,, 2013).

[0074] “Ammonia” is used to refer to gaseous ammonia {NH3), ionic ammonia (NH, ),
or a mixture thereof. In bodily fluids, gaseous ammonia and ionic ammaonium exist in
equilibrium:

Nz + H™ €5 NH,"
Some clinical laboratory tests analyze total ammonia (NHz + NH,'} {Walker, 2012). Inany
embodiment of the invention, unless otherwise indicated, “ammonia” may refer to gaseous
ammaonia, ionic ammonia, and/or total ammonia.

[0075] “Detoxification” of ammonia is used to refer to the process or processes,
natural or synthetic, by which toxic ammonia is removed and/or converted into one or more
non-toxic molecules, including but not limited to: arginine, citrulline, methionine, histidine,
lysine, asparaging, glutamine, tryptophan, or urea. The urea cycle, for example, enzymatically
converts ammonia into urea for removal from the body in the urine. Because ammoniais a
saurce of nitrogen for many amino acids, which are synthesized via numerous biochemical
pathways, enhancement of one or more of those amine acid biosynthesis pathways may be
used to incorporate excess nitrogen into non-toxic molecules, For example, arginine
biosynthesis converts glutamate, which comprises one nitrogen atom, to arginine, which
comprises four nitrogen atoms, thereby incorporating excess nitrogen into non-toxic
molecules. in humans, arginine is hot reabsorbed from the large intestine, and as a result,
excess argining in the large intesting is not considered to be harmful. Likewise, citrulline is

not reabsorbed from the large intestine, and as a result, excess citrulline in the large intestine
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is not considered to be harmful. Arginine biosynthesis may also be modified to produce
citrulline as an end product; citrulline comprises three nitrogen atoms and thus the modified
pathway is also capable of incorporating excess nitrogen into non-toxic molecules.

"o

{00761 “Arginine regulon,” “arginine biosynthesis regulon,” and “arg regulon” are used
interchangeably to refer to the collection of operons in a given bacterial species that comprise
the genes encoding the enzymes responsible for converting glutamate to arginine and/or
intermediate metabolites, e.g., citrulling, in the arginine biosynthesis pathway. The arginine
regulon also comprises operators, promoters, ARG boxes, and/or regulatory regions
associated with those operons. The arginine regulon includes, but is not limited to, the
operons encoding the arginine biosynthesis enzymes N-acetviglutamate synthetase, N-
acetylglutamate kinase, N-acetylglutamviphosphate reductase, acetylornithine
aminotransferase, N-acetylornithinase, ornithine transcarbamvylase, arginingsuccinate
synthase, argininosuccinate lyase, carbamovyiphosphate synthase, operators thereof,
promoters thereof, ARG boxes thereof, and/or regulatory regions thereof. In some
embodiments, the arginine regulon comprises an operon encoding ornithine acetvitransferase
and associated operators, promoters, ARG boxes, and/or regulatory regions, either in addition
to or in lieu of N-acetyiglutamate synthetase and/or N-acetylornithinase. In some
embodiments, one or more operons or genes of the arginine regulon may be presenton a
plasmid in the bacterium. in some embodiments, a bacterium may comprise multiple copies
of any gene or operon in the arginine regulon, wherein one or more copies may be mutated
or otherwise altered as described herein.

[0077] One gene may encode one enzyme, e.g., N-acetylglutamate synthetase {grgA).
Twao or more genes may encode distinet subunits of one enzyme, e.g., subunit A and subunit B
of carbamovylphosphate synthase {corA and carB). In some bacteria, two or more genes may
each indepandently encode the same enzyme, e.g., ornithine transcarbamylase {orgf and
argll. in some bacteria, the arginine reguion includes, but is not limited to, grg4, encoding N-
acetylglutamate synthetase; orgB, encoding N-acetylglutamate kinase; argC, encoding N-
acetylglutamvlphosphate reductase; argh, encoding acetylornithine aminotransferase; argf,
encading N-acetylornithinase; argG, encoding argininosuccinate synthase; grgH, encoding
argininosuccinate lyase; ane or both of argF and argl, each of which independently encodes
ornithine transcarbamylase; carA, encoding the small subunit of carbamovyiphosphate

synthase; carB, encoding the large subunit of carbamoyiphosphate synthase; operons thereof;
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operators thereof; promoters thereof; ARG boxes thereof; and/or regulatory regions thereof,
in some embodiments, the arginine regulon comprises org), encoding ornithine
acetyltransferase {either in addition to or in lieu of N-acetyiglutamate synthetase and/or N-
acetylornithinase), operons thereof, operators thereof, promoters thereof, ARG boxes
thereof, and/or regulatory regions thereof.

2

(80781 “Arginine operon,” "arginine biosynthesis cperon,” and “arg operon” are used
interchangeably to refer to a cluster of one or more of the genes encoding arginine
biosynthesis enzvimes under the control of a shared regulatory region comprising at least one
promoter and at [east one ARG box. iIn some embodiments, the one or more genes are co-
transcribed and/or co-transiated. Any combination of the genes encoding the enzymes
responsible for arginine biosynthesis may be organized, naturally or synthetically, into an
operon. For example, in B, subtilis, the ganes encoding N-acetylglutamylphosphate reductase,
N-acetylglutamate kinase, N-acetylornithinase, N-acetylglutamate kinase, acetylornithine
aminotransferase, carbamoyiphosphate synthase, and ornithine transcarbamylase are
organized in a single operon, argCAEBD-carAB-argF (see, e.g., Table 2}, under the control of 3
shared regulatory region comprising a promoter and ARG boxes. In £ cofi K12 and Nissie, the
genes encoding N-acetylornithinase, N-acetyiglutamyiphosphate reductase, N-
acetyiglutamate kinase, and argininosuccinate lyase are organized in two bipolar operons,
orgfCBH. The operons encoding the enzymes responsible for arginine biosynthesis may be
distributed at different loci across the chromosome. In unmodified bacteria, sach operon
may be repressed by arginine via ArgR. in some embodiments, arginine and/or intermediate
byproduct production may be altered in the genetically engineered bacteria of the invention
by modifying the expression of the enzymes encoded by the arginine biosynthesis operons as
provided herein. Each arginine operon may be present on a plasmid or bacterial
chromosome. In addition, multiple copies of any arginine operon, or a gene or regulatory
region within an arginine operon, may be present in the bacterium, wherein one or more
copies of the aperon or gene or regulatory region may be mutated or otherwise altered as
described herein. in some embodiments, the genetically engineered bacteria are engineered
to comprrise mulitiple copies of the same product {e.g., operon or gene or regulatory region} 1o
enthance copy number or to comprise multiple different components of an operon

performing multiple different functions.
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[0079] “"ARG box consensus sequence” refers to an ARG box nucleic acid sequence,
the nucleic acids of which are known to occur with high frequency in one or more of the
regulatory regions of argR, argd, argB, argC, argD, argE, argF, argG, argH, argi, argl, carA,
and/or carB. As described above, each arg operon comprises a regulatory region comprising
at least one 18-nucleotide imperfect palindromic sequence, called an ARG box, that overlaps
with the promoter and to which the repressor protein binds {Tian et al,, 1292). The
nuclectide sequences of the ARG boxes may vary for each operon, and the consensus ARG
box sequence is “fy nTGAAT ~1 ¢ T/ /o ATTCAR T/ s (Maas, 1994). The arginine repressor
binds to one or more ARG boxes to actively inhibit the transcription of the arginine
bigsynthesis enzyme(s) that are operably linked to that one or more ARG boxes.

{0080 “Mutant arginine regulon” or “mutated arginine regulon” is used to refer to an
arginine regulon comprising one or more nucleic acid mutations that reduce or sliminate
arginine-mediated repression of each of the operons that encode the enzymes responsible for
converting glutamate to arginine and/or an intermediate byproduct, e.g., citrulline, in the
arginine biosynthesis pathway, such that the mutant arginine regulon produces more arginine
and/or intermediate byproduct than an unmodified regulon from the same bacterial subtype
under the same conditions. In some embodiments, the genetically engineered bacteria
comprise an arginine feedback resistant N-acetviglutamate synthase mutant, e.g., argAﬁ”, and
a mutant arginine regulon comprising one or more nucleic acid mutations in at feast one ARG
box for one or more of the operons that encode the arginine biosynthesis enzymes N-
acetylglutamate kinase, N-acetylglutamyiphosphate reductase, acetylornithine
aminotransferase, N-acetylornithinase, ornithine transcarbamylase, argininosuccinate
synthase, argininosuccinate lyase, and carbamoviphosphate synthase, thereby derepressing
the regulon and enhancing arginine and/or intermediate byproduct biosynthesis. Insome
embuodiments, the genetically engineered bacteria comprise a mutant arginine reprassor
comprising one or more nucleic acid mutations such that arginine repressor function is
decreased or inactive, or the genetically engineered bacteria do not have an arginine
repressor {e.g., the arginine repressor gene has been deleted), resulting in derepression of the
regulon and enhancement of arginine and/or intermediate byproduct biosynthesis. I some
embodiments, the genetically engineerad bacteria comprise an arginine feedback resistant N-
acetylglutamate synthase mutant, e.g., orgA™, a mutant arginine regulon comprising one or

more nucleic acid mutations in at least one ARG box for each of the operons that encode the
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arginine biosynthesis enzymaes, and/or a mutant or deleted arginine repressor. Insome
embodiments, the genetically engineered bacteria comprise an arginine feedback resistant N-
acetyiglutamate synthase mutant, e.g., argAﬂ’" and a mutant arginine regulon comprising one
or more nucleic acid mutations in at least one ARG box for each of the operons that encode
the arginine biosynthesis enzymes. In some embodiments, the genetically engineered
bacteria comprise an arginine feedback resistant N-acetylglutamate synthase mutant, e.g.,
argAfb"and a mutant or deleted arginine repressor. In some embodiments, the mutant
arginine regulon comprises an operon encoding wild-type N-acetylglutamate synthetase and
one or more nucleic acid mutations in at least one ARG box for said operon. In some
embodiments, the mutant argining regulon comprises an operon encoding wild-type N-
acetylglutamate synthetase and mutant or deleted arginine repressor. in some embaodiments,
the mutant arginine regulon comprises an gperon encoding ornithine acetyltransferase
{either in addition to or in licu of N-acetylglutamate synthetase and/or N-acetylornithinase)
and one or more nucleic acid mutations in at least one ARG box for said operon.

[0G81] The ARG boxes overiap with the promoter in the regulatory region of each
arginine biosynthesis operon. in the mutant arginine regulon, the regulatory region of one or
more arginine biosynthesis operons is sufficiently mutated to disrupt the palindromic ARG box
sequence and reduce ArgR binding, but still comprises sufficiently high homology to the
promoter of the non-mutant regulatory region to be recognized as the native operon-specific
promoter. The operon comprises at least one nucleic acid mutation in at least one ARG box
such that ArgR binding to the ARG box and to the regulatory region of the operon is reduced
or eliminated. In some embodiments, hases that are protected from DNA methylation and
bases that are protected from hydroxyl radical attack during ArgR binding are the primary
targets for mutations to disrupt ArgR binding {see, e.g., Fig. 8). The promoter of the mutated
regitatory region retains sufficiently high homology to the promoter of the non-mutant
regulatory region such that RNA polymerase binds to it with sufficient affinity to promote
transcription of the operably linked arginine biosynthesis enzyme(s}). In some embodimeants,
the G/CA/T ratio of the promuoter of the mutant differs by no more than 10% from the
G/C:AST ratio of the wild-type promoter.

[0G82] in some embodiments, more than one ARG box may be present in a single
operon. In one aspect of these embodiments, at least one of the ARG boxes in an operon is

altered to produce the requisite reduced ArgR binding to the regulatory region of the operon.
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in an alternate aspect of these embodiments, each of the ARG boxes in an operon is altered to
produce the requisite reduced ArgR binding to the regulatory region of the operon.

[0083] “Reduced” ArgR binding is used to refer to a reduction in repressor binding to
an ARG box in an operon or a reduction in the total repressor binding to the regulatory region
of said operon, as compared to repressor binding to an unmaodified ARG box and regulatory
region in bacteria of the same subtype under the same conditions. In some embodiments,
ArgR binding to a routant ARG box and regulatory region of an operon is at least about 50%
fower, at {east about 60% lower, at least about 70% lower, at least about 80% lower, at least
about 90% lower, or at least about 95% lower than ArgR binding to an unmodified ARG box
and regulatory region in bacteria of the same subtype under the same conditions. In some
embodiments, reduced ArgR binding to a mutant ARG box and regulatory region results in at
feast about 1.5-fold, at least about 2-fold, at least about 10-fold, at least about 15-fold, at
least about 20-fold, at least about 30-fold, at least about 50-fold, at least about 100-fold, at
feast about 200-fold, at least about 300-fold, at least about 400-fold, at least about 500-fold,
at least about 600-fold, at least about 700-fold, at least about 800-fold, at least about 300-
foid, at least about 1,000-fold, or at least about 1,500-fold increased mRNA expression of the
one or more genes in the operon,

[0084] “ArgR” or “arginine repressor” is used to refer to a protein that is capable of
suppressing arginine biosynthesis by regulating the transcription of arginine biosynthesis
genes in the arginine regulon. When expression of the gene that encodes for the arginine
repressor protein {“argR") is increased in a wild-type bacterium, arginine biosynthesis is
decreased. When expression of orgR is decreased in a wild-type bacterium, or if argR is
deleted or mutated to inactivate arginine repressor function, arginine biosynthesis is
increased.

[0085] Bacteria that "lack any functional ArgR” and "ArgR delation bacteria” are used
to refer to bacteria in which each arginine repressor has significantly reduced or eliminated
activity as compared to unmodified arginine repressor from bacteria of the same subtype
under the same conditions. Reduced or eliminated arginine repressor activity can result in,
for example, increased transcription of the arginine biosynthesis genes and/or increased
concentrations of arginine and/or intermediate byproduets, e.g., citrulline. Bacteria in which
arginine repressor activity is reduced or eliminated can be generated by modifying the

bacterial argR gene or by modifying the transcription of the argR gene. For exampie, the
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chromosomal argR gene can be deleted, can be mutated, or the argR gene can be replaced
with an arg® gene that does not exhibit wild-type repressor activity.

[0086] “Operably linked” refers a nucleic acid sequence, e.g., 3 gene encading
feedback resistant ArgA, that is joined to a regulatory region sequence in a manner which
allows sxpression of the nucleic acid sequence, e.g., acts in ¢is.

(00871 An “inducible promoter” refers 1o a regulatory region that is operably linked to
one or more genes, wherein expression of the genefs} is increased in the presence of an
inducer of said regulatory region.

[008B] “Exogenous environmental condition{s)” refer to setting{s} or circumstance(s}
under which the promoter described above is induced. In some embodiments, the exogenous
environmental conditions are specific to the gut of a mammal. In some embodiments, the
exagenous environmental conditions are specific to the upper gastrointestinal tract of a
mammal. In some embodiments, the exogenous environmental conditions are specific to the
lower gastrointestinal tract of a mammal. In some embodiments, the exogenous
environmental conditions are specific to the small intestine of a mammal. In some
embodiments, the exogenocus environmental conditions are fow-oxygen, microaerobic, or
anaerobic conditions, such as the environment of the mammalian gut. In some embodiments,
exogenous environmental conditions are molecules or metabolites that are specific to the
mammalian gut, e.g., propionate. In some embodiments, the genetically engineered bacteria
of the invention comprise an oxygen level-dependent promaoter. Bacteria have evolved
transcription factors that are capable of sensing oxygen levels. Different signaling pathways
may be triggered by different oxygen levels and occur with different kinetics. An “oxygen
level-dependent promoter” or “oxygen level-dependent regulatory region” refers to a nugleic
acid sequence 1o which one or more oxygen level-sensing transcription factors is capable of
binding, wherein the binding and/or activation of the corresponding transcription factor
activates downstream gene expression.

{00891 Examples of oxygen level-dependent transcription factors include, but are not
limited to, FNR, ANR, and DNR. Corresponding FNR-responsive promoters, ANR-responsive
promoters, and DNR-responsive promoters are known in the art {see, e.g., Castiglione et al,,
20019; Eigimeier et al,, 1989; Galimand et al., 1991; Hasegawa et al., 1998; Hoeren et al., 1993;

Satmon et al., 2003}, and non-Himiting examples are shown in Table 1
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Table 1. Examples of transcription factors and responsive genes and regulatory regions

Transcription Factor | Examples of responsive genes,
promoters, and/or regulatory reglons:
FNR nirB, vdiZ, pdhR, focA, ndH, hivE, nork,
narX, narG, yfiD, tdcD

ANR rcDABC

DNR norb, norC

{00901 As used herein, a “non-native” hucleic acid sequence refers to a nucleic acid
sequence not normally present in a bacterium, e.g., an extra copy of an endogenous
sequence, or a heterologous sequence such as a sequence from a different species, strain, or
substrain of bacteria, or a sequence that is modified and/or mutated as compared to the
unmodified sequence from bacteria of the same subtype. In some embodiments, the non-
native nucleic acid sequence is a synthetic, non-naturally occurring sequence {see, e.g., Purceil
et al., 2013}, The non-native nucleic acid sequence may be a regulatory region, a promaoter, a
gene, and/or one or more genes in gene cassetie. In some embodiments, “non-native” refers
to two or more nucleic acid sequences that are not found in the same relationship to each
other in nature. The non-native nucleic acid sequence may be present on a plasmid or
chromosome. In some embodiments, the genetically engineered bacteria of the invention
comprise a gene cassette that is operably linked to a directly or indirectly inducible promoter
that is not associated with said gene cassette in nature, e.g., a FNR-responsive promoter
operably linked to a butyrogenic gene cassette.

[0091] “Constitutive promoter” refers to a promoter that is capable of facilitating
continuous transcription of a coding sequence or gene under its control and/or to which itis
operably linked. Constitutive promoters and variants are well known in the art and include,
but are not limited to, BBa_Jj23100, a constitutive Escherichia coli o° promoter {e.g., an osmY
promoter {International Genetically Engineered Machine {IGEM) Repistry of Standard
Biological Parts Name BBa_J45992; BBa_J45993)), a constitutive Fscherichia coli 6™ promoter
{e.q., htpG heat shock promoter {BBa_145504)), a constitutive Escherichia coli o”° promoter
{e.g., lacg promoter {BBa_154200; BBa_ 156015}, F. cofi CreABCD phosphate sensing operon
promoter {BBa_J64951), GInRS promoter {BBa_K088007), lacZ promoter {BBa_K119000;
BBa_K119001}; M13K07 gene | promoter (BBa_M13101}; M13K07 gene Il promoter
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{BBa_M13102), M13K0O7 gene Il promoter {BBa_M13103}, M13K07 gene IV promoter
{BBa_ M13104), M13K07 gene V promoter {(BBa_M13105), M13K07 gene Vl promoter
{BBa_M13106}, M13K07 gene Vil promoter {(BBa_M13108}, M13110 {BBa_M13110}), 5
constitutive Baciflus subtilis o” promeater {e.g., promoter veg (BBa_K143013), promoter 43
{BBa_K143013), Py (BBa_K823000), Pipa (BRa_K823002), Py (BBa_K823003)}, a constitutive
Racilius subtilis o° promoter {e.g., promoter ctc {BBa_K143010), promoter gsii

{BBa_ K143011)), a Saimonelio promoter {e.g., Pspv2 from Saoimonello {BBa_K112706), Pspv
from Salmonefic (BBa_K112707}), a bacteriophage T7 promoter {(e.g., T7 promoter
{BBa_i712074; BBa_1715005; BBa_J34814; BBa_i54997; BBa_K113010; BBa_K113011;
BBa_K113012; BBa_R0085; BBa_RO180; BBa_R0181; BBa_R0182; BBa_R0183; BBa_70251;
BBa 70252; BBa_70253)), and a bacteriophage $P& promoter {e.g., SPS promaoter
{BBa_i64988)}).

[00%92] As used herein, genetically engineered bacteria that “overproduce” arginine or
an intermediate byproduct, e.g., citrulline, refer to bacteria that comprise a mutant arginine
regulon. For example, the engineerad bacteria may comprise a feedback resistant form of
Argd, and when the arginine feedback resistant ArgA is expressed, are capable of producing
more arginine and/or intermeadiate byproduct than unmodified bacteria of the same subtype
under the same conditions. The genetically engineered bacteria may alternatively or further
comprise a mutant arginine regulon comprising one or more nucleic acid mutations in at least
one ARG box for each of the operons that encode the arginine biosynthesis enzymes. The
genetically engineered bacteria may alternatively or further comprise a mutant or deleted
arginine repressor. in some embodiments, the genetically engineered bacteria produce at
least about 1.5-fold, at least about 2-fold, at least about 10-fold, at least about 15-fold, at
least about 20-fold, at least about 30-fold, at least about 50-fold, atleast about 100-fold, at
least about 200-fold, at least about 300-fold, at least about 400-fold, at least about 500-fold,
at least about 600-fold, at least about 700-fold, at least about 800-fold, at least about 200-
fold, at least about 1,000-fold, or at least about 1,500-fold more arginine than unmaodified
bacteria of the same subtype under the same conditions. In some embodiments, the
genetically engineered bacteria produce at least about 1.5-fold, at least about 2-fold, at least
about 10-fold, at least about 15-fold, at least about 20-fold, at least about 30-fold, at least
about 50-fold, at least about 100-fold, at least about 200-fold, at least about 300-fold, at least

about 400-fold, at least about 500-fold, at least about 600-fold, at least about 700-fold, at
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least about 800-fold, at least about 900-fold, at least about 1,000-fold, or at least about
1,500-fold more citruliine or other intermediate byproduct than unmodified bacteria of the
same subtype under the same conditions. in some embodiments, the mRNA transcript fevels
of one or more of the arginine biosynthesis genes in the genetically engineered bacteria are at
least about 1.5-fold, at least about 2-fold, at least about 10-fold, at least about 15-fold, at
least about 20-fold, at least about 30-fold, at least about 50-fold, at least about 100-fold, at
least about 200-fold, at least about 300-fold, at least about 400-fold, at least about 500-fold,
at least about 600-fold, at least about 700-fold, at least about 800-fold, at least about S00-
fold, at least about 1,000-fold, or at least about 1,500-fold higher than the mRNA transcript
levels in unmodified bacteria of the same subtype under the same conditions. In certain
embodiments, the unmodified bacteria will not have detectable levels of arginine,
intermediate byproduct, and/or transcription of the gene{s}) in such operons. Howsver,
protein and/or transcription fevels of arginine and/or intermediate byproduct will be
detectable in the corresponding genetically engineerad bacterium having the mutant arginine
regulon. Transcription levels may be detected by directly measuring mRNA {evels of the
genes, Methods of measuring arginine and/or intermediate byproduct levels, as well as the
fevels of transcript expressed from the arginine biosynthesis genes, are known in the art.
Arginine and citrulline, for example, may be measurad by mass spectrometry.

(00931 "Gut” refers to the organs, glands, tracts, and systems that are responsible for
the transfer and digestion of food, absorption of nutrients, and excretion of waste. In
humans, the gut comprises the gastrointestinal tract, which starts at the mouth and ends at
the anus, and additionally comprises the esophagus, stomach, small intestine, and large
intestine. The gut also comprises accessory organs and glands, such as the spleen, liver,
gallbladder, and pancreas. The upper gastrointestinal tract comprises the esophagus,
stomach, and duodenum of the small intesting. The lower gastrointestinal tract comprises
the remainder of the small intestineg, L.e., the jejunum and ileum, and all of the large intestine,
i.e., the cacum, colon, rectum, and anal canal. Bacteria can be found throughout the gut, s.g.,
in the gastrointestinal tract, and particularly in the intestines.

[0094] “Non-pathogenic bacteria” refer to bacteria that are not capable of causing
disease or harmful responses in a host. in some embodiments, non-pathogenic bacteria are
commensal bacteria. Examples of non-pathogenic bacteria include, but are not limited to

Baciilus, Bacteroides, Bifidobacterium, Brevibacteria, Clostridium, Enterococcus, Escherichio
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coli, Lactobaciflus, Lactococcus, Saccharcmyces, and Staphylococcus, e.g., Bacillus coagulons,
Baciflus subtilis, Bacteroides fragilis, Bacteroides subtilis, Bacterpides thetaiotoomicron,
Bifidobacterium bifidum, Bifidobacterium infantis, Bifidobacterium lactis, Bifidobacterium
fongum, Clostridium butyricum, Enterccoccus faecium, Lactobacilius acidophitus, Lactobacifius
bulgaricus, Lactobacillus casei, Loctobacillus johnsonii, Loctobocillus paracased, Lactobacillus
plantarum, Lactobacillus reuteri, Loctobacillus rhomnosus, Lactococcus lactis, and
Saccharomyces boulardii {(Sonnenborn et al,, 2009; Dinleyict et al,, 2014; U.5. Patent No.
6,835,376; U.S. Patent No. 6,203,797, 11.S. Patent No. 5,589,168; U5, Patent No. 7,731,975).
Naturally pathogenic bacteria may be genstically engineered 1o provide reduce or eliminate
pathogenicity.

(0085 “Probiotic” is used to refer to live, non-pathogenic microorganisms, e.g.,
bacteria, which can confer health benefits to a host organism that contains an appropriate
amount of the microorganism. In some embodiments, the host organism is a mammal. in
some embodiments, the host organism is a human., Some species, strains, and/or subtypes of
non-pathogenic bacteria are currently recognized as probiotic bacteria. Examples of probictic
bacteria include, but are not limited to, Bifidobacteria, Escherichia coli, Lactobacifius, and
Saccharomyces, e.g., Bifidobacterium bifidum, Enterococcus faecium, Escherichia cofi strain
Nissle, Lactobacillus acidophifus, Lactobacifius bulgaricus, Lactobacillus paracasei,
Lactobacilius plantarum, and Soccharomyces boulardii {Dinleyici et al,, 2014; U.S. Patent No.
5,589,168; LS. Patent No. 6,203,797, LS. Patent 6,835,376}, The probiotic may be a variant
or a mutant strain of bacterium {Arthur et al,, 2012; Cuevas-Ramaos et al., 2010; Olier et al,,
2012; Nougayrede et al,, 2008). Non-pathogenic bacteria may be genetically engineered to
enhance or improve desired biological properties, e.g., survivability. Non-pathogenic bacteria
may be genetically engineered 1o provide probiotic properties. Probiotic bacteria may be
genetically engineered to enhance or improve probiotic propertises.

[0096] As used herein, “stably maintained” or “stable” bacteriom is used to referto a
bacterial host call carrying non-native genetic material, e.g., a feedback resistant arga gene,
mutant arginine repressor, and/or other mutant arginine regulon that is incorporated into the
host genome or propagated on a self-replicating extra-chromosomal plasmid, such that the
non-native genetic material is retained, expressed, and propagated. The stable bacterium is
capable of survival and/or growth in vitro, e.g., in medium, and/or in vive, e.g., in the gut. For

example, the stable bacterium may be a genetically engineered bacterium comprising an
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argA™ gene, in which the plasmid or chromosome carrying the argd™ gene is stably
maintained in the bacterium, such that argAfb' can be expressed in the bacterium, and the
bacterium is capabie of survival and/or growth in vitro and/for in vivo.

{00971 As used herein, the term “treat” and its cognates refer to an amelioration of a
disease or disorder, or at least one discernible symptom thereof. in another embodiment,
“treat” refers to an amelioration of at least one measurable physical parameter, not
necessarily discernible by the patient. In another embodiment, “treat” refers to inhibiting the
progression of a disease or disorder, either physically {e.g., stabilization of a discernible
symptom), physiologically {e.g., stabilization of a physical parameter), or both. in another
embodiment, “treat” refers to slowing the progression or reversing the progression of a
disease or disorder. As used herein, “prevent” and its cognates refer 1o delaying the onset or
reducing the risk of acquiring a given disease or disorder.

[00%8] Those in nead of treatment may include individuals already having a particular
medical disorder, as well as those at risk of having, or who may ultimately acquire the
disorder. The need for treatment is assessed, for example, by the presence of one or more
risk factors associated with the development of a disorder, the presence or progression of a
disorder, or likely receptiveness to treatment of a subject having the disorder. Primary
hyperammonemia is caused by UCDs, which are autosomal recessive or X-linked inborn errors
of metabolism for which there are no known cures. Hyperammonemia can also be secondary
to other disruptions of the ures cycle, e.g., toxic metabolites, infections, and/or substrate
deficiencies. Treating hyperammonemia may encompass reducing or eliminating excess
ammonia and/or associated symptoms, and does not necessarily encompass the elimination
of the underlying hyperammonemia-associated disorder.

[0099] As used herein a "pharmaceutical compaosition” refers to a preparation of
genetically engineered bacteria of the invention with other components such as a
physiclogically suitable carrier and/or excipient.

{03061 The phrases "physiologically acceptable carrier™ and "pharmaceutically
acceptable carrier” which may be used interchangeably refer to a carrier or a diluent that
does not cause significant irritation to an organism and does not abrogate the biciogical
activity and properties of the administered bacterial compound. An adjuvant is included

under these phrases.
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[0101] The term "excipient” refers to an inert substance added to a pharmaceutical
compaosition to further facilitate administration of an active ingredient. Examples include, but
are not limited to, calcium bicarbonate, calcium phosphate, various sugars and types of
starch, cellulose derivatives, gelatin, vegetable oils, polyethylene glycols, and surfactants,
including, for example, polysorbate 20.

[0102] The terms “therapeutically effective dose” and “therapeutically effective
amount” are used 1o refer to an amount of a compound that results in prevention, delay of
onset of symptoms, or amelioration of symptoms of a condition, e.g., hyperammonemia. A
therapeutically effective amount may, for example, be sufficient to treat, prevent, reduce the
severity, delay the onset, and/or reduce the risk of occurrence of one or more symptoms of a
disorder associated with slevated ammonia concentrations. A therapeutically effective
amount, as well as a therapeutically effective frequency of administration, can be determined
by methods known in the art and discussed below.

[0103] The articles “a” and “an,” as used herein, should be understood to mean “at
least one,” unless clearly indicated to the contrary.

[0104] The phrase “and/for,” when usad between elements in a list, is intended to
mean either {1} that only a single listed element is present, or {2} that more than one element
of the list is present. For example, “A, B, and/or C¥ indicates that the selection may be A
alone; Balone; Calone; Aand B; Aand C; Band Cor A, B, and €. The phrase “and/or” may be
used interchangeably with “at least one of” or “one or more of” the elements in a list.

Bacteria

[0105] The genetically engineered bacteria of the invention are capable of reducing
excess ammonia and converting ammonia and/or nitrogen inte alternate byproducts. in some
embodiments, the genetically engineered bacteria are non-pathogenic bacteria. in some
embodiments, the genetically engineered bacteria are commensal bacteria. In some
embodiments, the genetically enginesred bacteria are probiotic bacteria. in some
embuodiments, the genetically engineered bacteria are naturally pathogenic bacteria that are
modified or mutated to reduce or eliminate pathogenicity. Exemplary bacteria include, but
are not limited to Baciflus, Bacteroides, Bifidobacterium, Brevibacteria, Clostridium,
Enterococcus, Escherichia coli, Lactobacilius, Lactococcus, Saccharomyces, and
Staphylococcus, e.g., Bacillus coagulans, Bacilius subtilis, Bacteroides fragilis, Bacteroides

subtilis, Bacteroides thetaiotaomicron, Bifidobacterium bifidum, Bifidobacterium infantis,
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Blfidobacterium lactis, Bifidobacterium longum, Clostridium butyricum, Enterococcus faecium,
Lactobacillus acidophilus, Lactobacillus bulgaricus, Lactobacillus casei, Lactobacillus johnsonii,
Lactobacillus paracasei, Lactobacillus plantarum, Lactobacillus reuteri, Lactobacillus
rhamnosus, Lactococcus lactis, and Saceharomyces boulardii. In certain embodiments, the
genetically engineered bacteria are selected from the grdup consisting of Bacteroides fragilis,
Bacteroides thetaiotaomieron, Bacteroides subtilis, Bifidobacterium bifidum, Bifidobacterium
infantis, Bifidobacterium lactis, Clostridium butyricum, Escherichia coli Nissle, Lactobacillus
acidophilus, Lactobacillus p/antarum Lactobaci!lus reuteri, and Lactococcus lactis. |

| [0106] In some embodlments the genetically engineered bacteria are Escherichia coli
strain lesle 1917 (E. co// lesle), a Gram-negative bacterlum of the Enterobactenaceae family
that “has evolved'into one of the best characterized probiotics” (Ukena et al., 2007). The
strain is characterized by its complete'ha'rmless_ness (Sehultz, 2008), and has GRAS (‘.genverally
recognized as safe) status (Reister"e"t al. 2014, emphasis added).. Genomic sequencing
confirmed that E. coli Nissle Iacks prominent vnrulence factors (e.g., E. coli a-hemolysin, P-
fimbrial adhesms) (Schultz, 2008) In addmon it has been shown that E. coli Nissle does not
carry pathogenic adhesion factors does not produce any enterotoxms or cytotoxins, is not
invasive, and not uropathogenic (Sonnenborn et al., 2009). As early as in.1917, E. coli Nissle
was packaged into rnedicinal capsules, called Mutaflor, for therapeu‘tic .use. E. coli Nissle has
since been used to treat uIceratfve cdlitis in humans in vivo (Rembacken et al., 1999), to treat
inflammatory bowel disease, Crohn’s disease, and pOUChItIS in humans in vivo (Schultz 2008),
and to inhibit enteroinvasive Salmonella, Legionella, Yersm/a and Shigella in vitro
(A|tenhoefer et al., 2004). It is commonly accepted that E. co// Nissle’s therapeutic efﬂcacy
and safety have convincingly been proven (Ukena et al.,, 2007). '

[0107] One ¢f ordinary skill. in the art would a‘pp‘reciate that the genetic modifications
disclosed herein may be modified and adapted for other species, strains, and subtypes of
bacteria. Itis known, for example, that arginine-mediated regulation is remarkably well
conserved in very divergent bacteria, i.e., gram- negatlve bacterla such as E. coli, Salmone//a
enterica serovar Typhimurium, Thermotoga and Moritella profunda and gram-positive
bacteris, such as B. subtilis, Geobacillus stearothermophilus, and Streptomyces clavuligerus, as
well as other bac_teria (Nicoloff et al., 2004). Furthermore, the arginine repressor is
universally conserved in bacterial genomes and that its recognition signal (the ARG box), a

“weak palindrome, is also conserved between genomes (Makarova et al., 2001).
.29
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[0108] Unmaodified £, cofi Nissle and the genetically engineered bacteria of the
invention may be destroyed, e.g., by defense factors in the gut or blood serum {Sonnenborn
et al,, 2009). The residence time of bacteria in vivo can be determined using the methods
described in Example 19. In some embodiments, the residence time is calculated for a human
subject. A non-limiting example using a streptomycin-resistant £. coli Nissle comprising a
wild-type ArgR and a wild-type arginine regulon is provided {see Fig. 27). Insome
embodiments, residence time in vive is calculated for the genetically engineered bacteria of
the invention.

Reduction of Excess Ammonia

Arginine Biosynthesis Pathway

[031098] In bacteria such as Fscherichio coli (F. cofi}, the arginine biosynthasis pathway is
capable of converting glutamate to arginine in an eight-step enzymatic process involving the
enzymes N-acetylglutamate synthetase, N-acetylglutamate kinase, N-acetyviglutamate
phosphate reductase, acetylornithine aminotransferase, N-acetviornithinase,
carbamoylphosphate synthase, ornithine transcarbamylase, argininosuccinate synthase, and
argininosuccinate iyvase {Cunin et al., 19886}, The first five steps involve N-acetviation to
generate an ornithine precursor. In the sixth step, ornithing transcarbamylase {also known as
ornithine carbamovltransferase) catalyzes the formation of citrulline. The final two steps
involve carbamoviphosphate utilization to generate arginine from citrulline.

[0118] In some bacteria, e.g., Bacilius stearothermophilus and Neisseria gonorrhoege,
the first and fifth steps in arginine biosynthesis may be catalyzed by the bifunctional enzyme
ornithine acetyvltransferase. This bifunctionality was initially identified when ornithine
acetyltransferase {argf} was shown 1o complement both N-acetylglutamate synthetase {orgA)
and N-acetylornithinase {argf} suxotrophic gene mutations in £ cofi {Mountain et al,, 1984;
Crabeel et al,, 1297).

[0211] ArgA encodes N-acetylglutamate synthetase, argB encodes N-acetylglutamate
kinase, argC encodes N-acetylglutamylphosphate reductase, grgD encodes acetylornithine
aminotransferase, argF encodes N-acstylornithinase, argF encodes ornithine
transcarbamyvlase, argf also encodes ornithine transcarbamylase, argG encodes
argininosuccinate synthass, orgh encodes argininosuccinate lyase, and orgd encodes ornithine
acetyltransferase. CorA encodes the small A subunit of carbamoylphosphate synthase having

glutaminase activity, and corB encodes the large B subunit of carbamoviphosghate synthase
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that catalyzes carbamoyiphosphate synthesis from animonia. Different combinations of one
or more of these arginine biosynthesis genes {i.e., argd, argB, argC, argl, argF, argf, argG,
argH, argl, argl, carA, and corB) may be organized, naturally or synthetically, into one or more
operons, and such organization may vary between bacterial species, strains, and subtypes
{see, e.q., Table 2). The regulatory region of each operon contains at least one ARG box, and
the number of ARG boxes per regulatory region may vary between operons and hacteria.

[0112] All of the genes encoding these enzymes are subject to repression by arginine
via its interaction with ArgR to form a complex that binds to the regulatory region of each
gene and inhibits transcription. N-acetylglutamate synthetase is also subject to allosteric
feedback inhibition at the protein level by arginine alone {Tuchman et al,, 1997; Caldara et al,,
2006; Caldara et al,, 2008; Caldovic et al, 2010}

[0313] The genes that regulate arginine biosynthesis in bacteria are scattered across
the chromosome and organized into multiple operons that are controlled by a single
repressor, which Maas and Clark {1964} termed a “regulon.” Fach operon is regulated by a
regulatory region comprising at least one 18-nucleotide imperfect palindromic sequence,
called an ARG box, that overlaps with the promoter and to which the repressor protein binds
{Tian et al., 1992; Tian et al,, 1994). The argR gene encodes the repressor protein, which
binds to one or more ARG boxes {Lim et al., 1987). Arginine functions as a corepressor that
activates the arginine repressor. The ARG boxes that regulate each operon may be non-
identical, and the consensus ARG box sequence is */r nTGAAT /3 1 /o /4 ATTCAR /s (Maas,

1994),

In addition, the regulatory region of argR contains two promoters, one of which
overlaps with two ARG boxes and is autoregulated.

{01141 In some embodiments, the genetically engineered bacteria comprise a mutant
arginine regulon and produce more arginine and/or an intermediate byproduct, e.g.,
citrulline, than unmaodified bacteria of the same subtype under the same conditions. The
mutant arginine regulon comprises one or more nucleic acid mutations that reduce or prevent
arginine-mediated repression — via ArgR binding to ARG boxes and/or arginine binding to N-
acetylglutamate synthetase — of one or more of the operons that encode the enzymes
responsible for converting glutamate to arginine in the arginine biosynthesis pathway,
thereby enhancing arginine and/or intermediate byproduct biosynthesis.

[0115] in aiternate embodiments, the bacteria are genetically engineered to consume

excess ammonia via another metabolic pathway, e.g., @ histidine biosynthesis pathway, a
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methionine biosynthesis pathway, a lysine biosynthesis pathway, an asparagine biosynthesis
pathway, a glutamine biosynthesis pathway, and a tryptophan biosynthesis pathway.

Histidine Biosynthesis Pathway

{0116} Histidine biosynthesis, for exampile, is carried out by eight genes located within
a singie operon in E. coli. Three of the eight genes of the operon {hisD, hisB, and hisl} encode
bifunctional enzymes, and two (hisH and hisF) encode polypeptide chains which together
form one enzyme to catalyze a single step, for a total of 10 enzymatic reactions {(Alifano et al,,
1896). The product of the hisG gene, ATP phosphoribosyltransferase, is inhibited at the
protein level by histidine. In some embodiments, the genetically engineered bacteria of the
invention comprise a feedback-resistant hisG. Bacteria may be mutagenized and/or screzned
for feedback-resistant hisG mutants using techniques known in the art. Bacteria engineered
to comprise a feedback-resistant hisG would have elevated levels of histidine production, thus
increasing ammonia consumption and reducing hyperammonemia. Alternatively, one or
more genes required for histidine biosynthesis could be placed under the control of an
inducible promoter, such as a FNR-inducible promoter, and allow for increased production of
rate-fimiting enzymes. Any other suitable modification{s} to the histidine biosynthesis
pathway may be used to increase ammonia consumption.

Methionine Biosynthesis Pathway

[0117] The bacterial methionine regulon controls the three-step synthesis of
methionine from homoserine {i.e., acylation, sulfurylation, and methylation}. The met] gene
encodes a regulatory protein that, when combined with methionine or a derivative thereof,
causes repression of genes within the methionine regulon at the transcriptional level {Saint-
Girons et al,, 1984; Shoeman et al., 1985}, In some embodiments, the genetically engineerad
bacteria of the invention comprise deleted, disrupted, or mutated met). Bacteria engineered
to delete, disrupt, or mutate met) would have elevated levels of methionine production, thus
increasing ammonia consumption and reducing hyperammaoneamia. Any other suitable
modification{s) to the methionine biosynthesis pathway may be used to increase ammonia
consumption.

Lysine Biosynthesis Pathway

10218} Microorganisms synthesize lysine by one of two pathways. The
diaminopimelate {DAF} pathway is used to synthesize lysine from aspartate and pyruvate

{Dogovski et al., 2012}, and the aminoadipic acid pathway is used to synthesize lysine from
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aipha-ketoglutarate and acetyl coenzyme A. The dihydrodipicolinate synthase {(DHDPS)
enzyme catalyzes the first step of the DAP pathway, and is subject to feedback inhibition by
ysine {Liu et al., 2010; Reboul et al,, 2012). In some embaodiments, the genetically engineered
bacteria of the invention comprise a feedback-resistant DHDPS. Bacteria engineersed to
comprise a feedback-resistant DHDPS would have elevated levels of histidine production, thus
increasing ammonia consumption and reducing hyperammonemia. Alternatively, lysine
production could be optimized by placing one or more genes required for lysine biosynthesis
under the control of an inducible promoter, such as a FNR-inducible promoter. Any other
suitable modification{s} to the iysine biosynthesis pathway may be used to increase ammonia
consumption.

Asparagine Biosynthesis Pathway

{03191 Asparagine is synthesized directly from oxaloacetate and aspartic acid via the
oxaloacetate transaminase and asparagine synthetase enzymes, respectively. in the second
step of this pathway, either L-glutamine or ammonia serves as the amino group donor. In
some embodiments, the genetically engineered bacteria of the invention overproduce
asparagine as compared to unmodified bacteria of the same subtype under the same
conditions, thereby consuming excess ammonia and reducing hyperammonemia.
Alternatively, asparagine synthesis may be optimized by placing one or both of these genes
under the control of an inducible promoter, such as a FNR-inducible promoter. Any other
suitable modification(s) to the asparagine biosynthesis pathway may be used to increase
ammaonia consumption.

Glutamine Biosynthesis Pathway

{01201 The synthesis of glutamine and glutamate from ammonia and oxoglutarate is
tightly regulated by three enzymes. Glutamate dehydrogenase catalyzes the reductive
amination of oxoglutarate to vield glutamate in a single step. Glutamine synthetase catalyzes
the ATP-dependent condensation of glutarmate and ammonia to form glutamine {Lodeiro et
al, 2008}, Ghitamine synthetase also acts with ghitamine-oxoglutarate amino transferase
{also known as glutamate synthase} in a cydlic reaction to produce glutamate from glutamine
and oxogiutarate. {h some embodiments, the genetically enginesred bacteria of the invention
express giutamine synthetase at elevated levels as compared to unmaodified bacteria of the
same subtype under the same conditions. Bacteria engineered to have increased exprassion

of glutamine synthetase would have elevated levels of glutamine production, thus increasing
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anwnonia consumption and reducing hyperamimonemia. Alternatively, expression of
ghutamate dehydrogenase and/or glutamine—oxogiutarate amino transferase could be
madified to favor the consumption of ammaonia. Since the production of glutamine
synthetase is regulated at the transcriptional level by nitrogen {Feng et al,, 1992; van Heeswilk
et al., 2013}, placing the glutamine synthetase gene under the control of different inducible
promoter, such as a FNR-inducible promoter, may also be used to improve glutamine
production. Any other suitable modification{s} to the glutamine and glutamate biosynthesis
pathway may be used to ingrease armmonia consumption.
Tryptophan Biosynthesis Pathway

{03211 In most bacteria, the genes required for the synthesis of tryptophan from a
chorismate precursor are organized as a single transcriptional unit, the trp operon. The trp
operon is under the control of a single promoter that is inhibited by the tryptophan repressor
{TrpR} when high levels of tryptophan are present. Transcription of the trp operon may also
be terminated in the presence of high levels of charged tryptophan tRNA. In some
embodiments, the genetically engineered bacteria of the invention comprise a deleted,
disrupted, or mutated trpR gene. The deletion, disruption, or mutation of the trpR gene, and
conseguent inactivation of TrpR function, would result in elevated levels of both tryptophan
production and anmimonia consumption. Alternatively, one or more enzymes required for
tryptophan biosynthesis could be placed under the controf of an inducible promoter, such as a
FNR-inducible promoter. Any other suitable modification{s) to the tryptophan biosynthesis
pathway may be used to increase ammonia consumption.

Engineered Bacteria Comprising 3 Mutant Arginine Regulon

[01227 In some embodiments, the genetically engineered bacteria comprise an
arginine biosynthesis pathway and are capable of reducing excess ammonia. ina more
specific aspect, the genetically enginesred bacteria comprise a mutant arginine regulon in
which one or more operons encoding arginine biosynthesis enzyme(s) is derepressed to
produce more arginine or an intermediate byproduct, e.g., citrulline, than unmodified
bacteria of the same subtype under the same conditions. In some embodiments, the
genetically engineered bacteria overproduce arginine. In some embodiments, the genetically
engineered bacteria overproduce citrulline; this may be additionally beneficial, because
citrulline is currently used as a therapeutic for particular urea cycle disorders {National Urea

Cycle Disorders Foundation). In some embodiments, the genetically engineered bacteria
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overproduce an alternate intermediate byproduct in the arginine biosynthesis pathway, such
as any of the intermediates described herein. In some embodiments, the genetically
engineered bacterium consumes excess ammaonia by producing more arginine, citrulline,
and/or other intermadiate byproduct than an unmodified bacterium of the same bacterial
subtype under the same conditions. Enhancement of arginine and/or intermediate byproduct
biosynthesis may be used o incorporate excess nitrogen in the body into non-toxic molecules
in order to treat conditions associated with hyperammonemia, including urea cycle disorders
and hepatic encephalopathy.

[0123] One of skill in the art would appreciate that the organization of arginine
biosynthesis genes within an operon varies across species, strains, and subtypes of bacteris,
e.g., bipolar argFCBH in E. coli K12, argCAEBD-carAB-argF in B, subtilis, and bipolar carAB-
argUIBDF in L. plantorum. Non-limiting examples of operon organization from different
bacteria are shown in Table 2 {in some instances, the genes are putative and/or identified by
sequence homology to known sequences in £scherichia coli; in some instances, not all of the
genes in the arginine regulon are known and/or shown below). in certain instances, the
arginine biosynthesis enzymes vary across species, strains, and subtypes of bacteria.

Table 2: Examples of arg operon organization

Bacteria Operon organization

Escherichia coli Nissle argA bipolar argfCBH | argD | argl | argG | carAB
Bacteroides argRGCD argfF argB | argE | carAB
Clostridium orgR argGH argi

Bacitlus subtilis argGH rgCAEBD-cardB-argF

Baciflus subtilis argGH argCIBD-carAB-argf

Lactobaciflus plantarum argGH bipolar carAB-argCIBDF
Lactococcus argk card | corB argGH argFBDIC

[0124] Each operon is regulated by a regulatory region comprising at least one
promoter and at least one ARG box, which control repression and expression of the arginine
biosynthesis genes in said operon.

[0225] in some embodiments, the genetically engineersd bacteria of the invention

comprise an arginine regulon comprising one or more nucleic acid mutations that reduce or
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eliminate arginine-mediated repression of one or more of the operons that encode the
enzymes responsible for converting glutamate to arginine and/or an intermediate byproduct
in the arginine biosynthesis pathway. Reducing or eliminating arginine-mediated repression
may be achieved by reducing or eliminating ArgR repressor binding {e.g., by mutating or
deleting the arginine repressor or by mutating atf least one ARG box for each of the cperons
that encode the arginine biosynthesis enzymes) and/or arginine binding to N-acetylglutamate
synthetase {e.g., by mutating the N-acetyigiutamate synthetase to produce an arginine
feedback resistant N-acetyiglutamate synthase mutant, e.g., argAf"k")‘

ARG box

{0326} In some embodiments, the genetically engineered bacteria comprise a mutant
arginine regulon comprising one or more nucleic acid mutations in at least one ARG box for
one or more of the operons that encode the arginine hipsynthesis enzymes N-acetylglutamate
kinase, N-acetylglutamylphosphate reductase, acetylornithine aminotransferase, N-
acetylornithinase, ornithine transcarbamylase, argininosuccinate synthase, argininosuccinate
lyase, and carbamovylphosphate synthase, theraby derepressing the regulon and enhancing
arginine and/or intermediate byproduct biosynthesis. In some embodiments, the genetically
engineered bacteria comprise a mutant arginine repressor comprising one or more nucleic
acid mutations such that arginine repressor function is decreased or inactive, or the
genetically engineered bacteria do not have an arginine repressor {e.g., the arginine repressor
gene has been deleted), resulting in derepression of the regulon and enhancement of arginine
and/or intermediate byproduct biosynthesis. in either of these embodiments, the genetically
engineered bacteria may further comprise an arginine feedback resistant N-acetviglutamate
synthase mutant, e.g., arng\fb", Thus, in some embodiments, the genetically engineered
bacteria comprise a mutant arginine regulon comprising one or more nucleic acid mutations
in at least one ARG box for one or more of the operons that encode the arginine biosynthesis
enzymes and an arginine feedback resistant N-acetyiglutamate synthase mutant, g, c;'r’gAjb’.
I some embodiments, the genetically engineered bacteria comprise a mutant or deleted
arginine repressor and an arginine feedback resistant N-acetylglutamate synthase mutant,
e.g., argAfb’, in some embodiments, the genetically engineerad bacteria comprise an arginine
feedback resistant N-acetylglutamate synthase mutant, &.g., argAfb’, a mutant arginine

regulon comprising one or more nucleic acid mutations in at least one ARG box for each of the
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operons that encode the arginine hiosynthesis enzymes, and/or a mutant or deleted arginine
repressor.

[0127] In some embodiments, the genetically engineered hacteria encode an arginine
feedback resistant N-acetyiglutamate synthase and further comprise a mutant arginine
regulon comprising one or more nucleic acid mutations in each ARG box for one or more of
the operons that encode N-acetviglutamate kinase, N-acetyiglutamylphosphate reductase,
acetylornithine aminotransferase, N-acetylornithinase, ornithine transcarbamylase,
argininosuccinate synthase, argininosuccinate lyase, carbamoviphosphate synthase, and wild-
type N-acetylglutamate synthetase, such that ArgR binding is reduced or eliminated, thereby
derepressing the regulon and enhancing arginine and/or intermediate byproduct
biosynthesis.

(0328} In some embodiments, the ARG boxes for the opsron encoding
argininosuccinate synthase {grgG) maintain the ability to bind to ArgR, thereby driving
citrulline biosynthesis. For example, the regulatory region of the operon encoding
argininosuccinate synthase {grgG) may be a constitutive, thereby driving arginine
biosynthesis. h alternate embodiments, the regulatory region of one or more alternate
operons may be constitutive. In certain bacteria, however, genes encoding muitipie enzymes
may be organized in bipolar operons or under the control of a shared regulatory region; in
these instances, the regulatory regions may need to be deconvoluted in order to engineer
constitutively active regulatory regions. For example, in £, cofi K12 and Nissle, argF and
orgCBH are organized in two bipolar operons, argfCBH, and those regulatory regions may be
deconvoluted in order to generate constitutive versions of argf and/or argCRH.

[01291 In some embodiments, all ARG boxes in one or more operons that comprise an
arginine biosynthesis gene are mutated to reduce or eliminate ArgR binding. In some
embodiments, all ARG boxas in one or more operons that encode an arginine biosynthesis
enzyme are mutated to reduce or eliminate ArgR binding. In some embodiments, all ARG
boxes in each operon that comprises an arginine biosynthesis gene are mutated to reduce or
eliminate ArgR binding. In some embodiments, all ARG boxes in sach operon that encodes an
arginine biosynthesis enzyme are mutated to reduce or eliminate ArgR binding.

{0130} In some embodiments, the genetically enginesrad bacteria encode an arginine
feedback resistant N-acetyiglutamate synthase, argininosuceinate synthase driven by a ArgR-

repressible regulatory region, and further comprise a mutant arginine regulon comprising one
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or more nucleic acid mutations in each ARG box for each of the operons that encode N-
acetylglutamate kinase, N-acetylglutamyiphosphate reductase, acetylornithine
aminotransferase, N-acetylornithinase, ornithine transcarbamylase, argininosuccinate
synthase, argininosuccinate lyase, carbamoviphosphate synthase, and optionally, wild-type N-
acetyiglutamate synthetase, such that ArgR binding is reduced or eliminated, thereby
derepressing the regulon and enhancing citrulline biosynthesis. in some embodiments, the
genetically engineered bacteria capable of producing citrulline is particularly advantagsous,
because citrulline further serves as a therapeutically effective supplement for the treatment
of certain urea cycle disorders {National Urea Cycle Bisorders Foundation).

{01311 In some embodiments, the genetically engineered bacteria encode an arginine
feedback resistant N-acetylglutamate synthase, argininosuccinate synthase driven by a
constitutive promoter, and further comprise a mutant arginine regulon comprising one or
more nucleic acid mutations in each ARG box for each of the operons that encode N-
acetylglutamate kinase, N-acetylglutamyiphosphate reductase, acetylornithine
aminotransferase, N-acetylornithinase, ornithine transcarbamylase, argininosuccinate lyase,
carhamovlphosphate synthase, and optionally, wild-type N-acetyiglutamate synthetase, such
that ArgR binding is reduced or eliminated, thereby derepressing the regulon and enhancing
arginine biosynthesis,

[0132] In some embodiments, the genetically engineerad bacteria comprise a mutant
arginine regulon and a feedback resistant Argad, and when the arginine feedback resistant
Argh is expressed, are capable of producing more arginine and/or an intermediate byproduct
than unmodified bacteria of the same subtype under the same conditions.

Arginine Repressor Binding Sites {ARG Boxes)

[0133] In some embodiments, the genetically engineered bacieria additionally
comprise a mutant arginine regulon comprising one or more nucleic acid mutations in at least
one ARG box for one or more of the operons that encode the arginine biosynthesis enzymes
N-acetylglutamate kinase, N-acetylglutamyiphosphate reductass, acetylomithine
aminotransferase, N-acetylornithinase, oraithine transcarbamylase, argininosuccinate
synthase, argininosuccinate lyase, and carbamovlphosphate synthase, such that the arginine
regulon is derepressed and biosynthesis of arginine and/or an intermediate byproduct, .z,

citrulline, is enhanced.
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[0134] In some embaodiments, the mutant arginine regulon comprises an operon
encoding ornithine acetyltransferase and one or more nucleic acid mutations in at least one
ARG box for said operon. The one or more nucleic acid mutations results in the disruption of
the palindromic ARG box sequence, such that ArgR binding to that ARG box and to the
regulatory region of the operon is reduced or eliminated, as compared to ArgR binding to an
unmodified ARG box and regulatory region in bacteria of the same subtype under the same
conditions. In some embodiments, nucleic acids that are protected from DNA methylation
and hydroxyl radical attack during ArgR binding are the primary targets for mutations to
disrupt ArgR binding. In some embodiments, the mutant arginine regulon comprises at least
three nucleic acid mutations in one or more ARG hoxes for each of the operons that encode
the arginine biosynthesis enzymes described above. The ARG box overlaps with the
promoeter, and in the mutant arginine regulon, the G/CA/T ratio of the mutant promoter
region differs by no more than 10% from the G/CA/T ratio of the wild-type promoter region
{Fig. 8). The promoter retains sufficiently high homology to the non-mutant promoter such
that RNA polymerase hinds with sufficient affinity to promote transcription.

[0135] The wild-type genomic sequences comprising ARG boxes and mutants thereof
for each arginine biosynthesis operon in £, cofi Nissle are shown in Fig. & For exemplary wild-

type sequences, the ARG boxes are indicated in ifafics, and the start codon of each gene is

ed. The RNA polymerase binding sites are underlined {Cunin, 1983; Maas, 1934}, in

some embodiments, the underlined sequences are not altered. Bases that are protected from

DNA methylation during ArgR binding are and bases that are protected from

hydroxyt radical attack during ArgR binding are bolded {Charlier et al., 1992). The

and bolded bases are the primary targets for mutations to disrupt ArgR binding.

{0136} In some embodiments, more than one ARG hox may be present in a single
operon. in one aspect of these embodiments, at least one of the ARG boxes in an operonis
mutated to produce the requisite reduced ArgR binding to the regulatory region of the
operon. In an alternate aspect of these embodiments, each of the ARG boxes in an operon is
mutated to produce the requisite reduced ArgR binding to the regulatory region of the
operon. For example, the cardB operon in £. cofi Nissle comprises two ARG boxes, and one or
both ARG box sequences may be mutated. The arg@ operon in £, cofi Nissle comprises three
ARG boxes, and one, two, or three ARG box seqguences may be mutated, disrupted, or

deleted. In some embodiments, all three ARG box sequences are mutated, disrupted, or
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deleted, and a constitutive promoter, e.g., BBa_123100, is inserted in the regulatory region of
the grgG operon. One of skill in the art would appreciate that the number of ARG boxes per
regulatory region may vary across bacteria, and the nucleotide sequences of the ARG boxes
may vary for each operon.

[0137] In some embodiments, the ArgR binding affinity to a mutant ARG box or
regulatory region of an operon is at least about 50% lower, at least about 60% lower, at least
about 70% lower, at least about 80% lower, at least about 90% lower, or at least about 85%
lower than the ArgR binding affinity to an unmodified ARG box and regulatory region in
bacteria of the same sublype under the same conditions. In some embodiments, the reduced
ArgR binding to a mutant ARG box and regulatory region increases mRNA expression of the
genefs) in the associated operon by at least about 1.5-fold, at least about 2-fold, at least
about 10-fold, at least about 15-fold, at least about 20-fold, at least about 30-fold, at feast
about 50-fold, at least about 100-fold, at least about 200-fold, at least about 300-foid, at least
about 400-fold, at least about 500-fold, at least about 600-fold, at least about 700-fold, at
least about 800-fold, at least about 900-fold, at feast about 1,000-fold, or at least about
1,500-fold.

[0138] In some embodiments, quantitative PCR {gPCR} is used to amplify, detect,
and/or guantify mRNA expression levels of the arginine biosynthesis genes. Primers specific
for arginine biosynthesis genes, e.g., argA, argB, argC, argD, argf, argF, argG, argH, argi, argl,
card, and carB, may be designed and used to detect mRNA in a sample according to methods
known in the art {Fraga et al., 2008}). In some embodiments, a fluorophore is added to a
sample reaction mixture that may contain arg mRNA, and a thermal cycler is used to
iltuminate the sample reaction mixture with a specific wavelength of light and detect the
subsequent emission by the fluorophore. The reaction mixture is heated and cooled to
predetermined temperatures for predetermined time periods. In certain embodiments, the
heating and cooling is repeated for a predetarmined number of cycles. n some
embodiments, the reaction mixture is heated and cooled to 90-100° C, 806-70° C, and 30-50° C
for a predetermined number of cycies. In a certain embodiment, the reaction mixture is
heated and cooled 10 93-97° C, 55-65° C, and 35-45° C for a predetermined number of cycles.
in some embodiments, the accumulating amplicon is quantified after each cycle of the gPCR.

The number of cycles at which fluorescence exceads the threshold is the threshald cycle (G
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At least one Cy result for each sample is generated, and the Cr result{s) may be used to
determine mRNA expression levels of the arginine biosynthesis genes.

[0139] In some embaodiments, the genetically engineered hacteria comprising one or
more nucleic acid mutations in at least one ARG box for one or more of the operons that
encode the arginine biosynthesis enzymes N-acetyiglutamate kinase, N-
acetylglutamylphosphate reductase, acetylornithine aminotransferase, N-acetylornithinase,
ornithine transcarbamylase, argininosuccinate synthase, argininosuccinate lyase, and
carbamoylphosphate synthase additionally comprise an arginine feedback resistant N-
acetyiglutamate synthase mutant, e.g., argAfb".

{03401 In some embodiments, the genetically engineered bacteria comprise a
feedback resistant form of Argd, as well as one or more nudeic acid mutations in each ARG
box of one or more of the operons that encode the arginine biosynthesis enzymes N-
acetylglutamate kinase, N-acetylglutamviphosphate reductase, acetylornithine
aminotransferase, N-acetylornithinase, ornithine transcarbamylase, argininosuccinate
synthase, argininosuccinate lyase, ornithine acetyltransferase, and carbamoylphosphate
synthase.

[0141] In some embodiments, the genetically engineered bacteria comprise 3
feedback resistant form of Argd, argininosuccinate synthase driven by a ArgR-repressible

gion, as well as one or more nucleic acid mutations in each ARG box of each of

o

regulatory re
the operons that encode the arginine biosynthesis enzymes N-acetyiglutamate kinase, N-
acetylglutamyiphosphate reductase, acetylornithine aminotransferase, N-acetylornithinase,
ornithine transcarbamylase, argininosuccinate lyase, ornithine acetyltransferase, and
carbamoylphosphate synthase. Inthese embodiments, the bacteria are capable of producing
citrulline,

{03427 In some embodiments, the genetically engineered bacteria comprise a
feedback resistant form of Argd, argininosuccinate synthase expressed from a constitutive
promoter, as well as one or more nudleic acid mutations in each ARG box of each of the
operons that encode the arginine biosynthesis enzymes N-acetylglutamate kinase, N-
acetylglutamylphosphate reductase, acetylornithine aminotransferase, N-acetviornithinase,
ornithine transcarbamylase, argininosuccinate synthase, argininosuccinate lyase, ornithine
acetyltransferase, and carbamovlphosphate synthase.  In these embodiments, the bacteria

are capabie of producing arginine.
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[0143] Table 3 shows examples of mutant constructs in which one or more nucleic
acid mutations reduce or eliminate arginine-mediated repression of each of the arginine
operons. The mutant constructs comprise feaedhback resistant form of ArgA driven by an
oxygen level-dependent promaoter, e.g., a FNR promoter. Each mutant arginine reguion
comprises one or more nucleic acid mutations in at least one ARG box for one or more of the
operons that encode N-acetylglutamate kinase, N-acetyighutamylphosphate reductase,
acetylornithine aminotransferase, N-acetylornithinase, ornithine transcarbamylase,
argininosuccinate synthase, argininosuccinate lyase, carbamoviphosphate synthase, and wild-
type N-acetyiglutamate synthetase, such that ArgR binding is reduced or eliminated, thereby
enhancing arginine and/or intermeadiate byproduct biosynthesis. Non-limiting examples of

mutant arginine regulon constructs are shown in Table 3.
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Table 3: Examples of ARG Box Mutant Constructs

Exemplary Constructs {* indicates constitutivel:

Mutant construct comprises: Construct | Construct | Construct | Construct | Construct | Construct
1 2 3 4 5 &
Arginine feedback resistant )
N-acetylglutamate synthetase driven by an v v v v v v
oxygen level-dependent promoter
Wild-type N-acetylgiutamate synthetase v ¥ v v
Wild-type N-acetyigiutamate synthetase v ¥ v
% N-acetyiglutamate kinase 4 v v v v ¥
0 - : .
o N-acetyiglutamylphosphate reductase v 4 4 ¥ v v
[+
i acetylornithine aminotransferase 4 4 ¥ ¥ v v
[N .
- % N-acetylornithinase 4 v ¥ 4 v v
O]
o N s = = =
2 § ornithine transcarbamylase v v v v v ¥
=
) n "
; & argininosuccinate synthase v 4 e Vv v ¥ E
“f'_—_" gm argininosuccinate lyase v v’ v’ v v v
(]
s g ornithine acetyltransferase v v v e v ¥
8 E
s B -
= & | carbamoylphosphate synthase v 4 4 ¥ v v

[0144] The mutations may be present on a plasmid or chromosome. In some

embodiments, the arginine re

o

guion is regulated by a single repressor protein. In particular

species, strains, and/or subtypes of bacteria, it has been proposed that the arginine regulon

may be regulated by two putative repressors (Nicoloff et al., 2004). Thus, in certain

embodiments, the arginine regulon of the invention is regulated by more than one repressor

protein.

[0245] In certain embodimeants, the mutant arginine regulon is expressed in one

species, strain, or subtype of ganetically engineered bacteria. In alternate embodiments, the

mutant arginine regulon is expressed in two or more species, strains, and/or subtypes of

genetically engineered bacteria.

Arginine Repressor {ArgR)

[0146] The genetically engineered bacteria of the invention comprise an argining

regulon comprising one or more nucleic acid mutations that reduce or eliminate arginine-

mediated repression of one or more of the operons that encode the enzymes responsible for

converting glutamate to arginine and/or an intermediate byproduct in the arginine

biosynthesis pathway. In some embaodiments, the reduction or elimination of arginine-

mediated repression may be achieved by reducing or eliminating ArgR repressor binding, e.

&
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by mutating at ieast one ARG box for one or more of the operons that encode the arginine
biosynthesis enzymes (as discussed abave) or by mutating or deleting the arginine repressor
{discussed hare) and/or by reducing or eliminating arginine binding to N-acetyigiutamate
synthetase {e.g., by mutating the N-acetvigiutamate synthetase to produce an arginine
feedback resistant N-acetylglutamate synthase mutant, e.g., argAfb")‘

[01471 Thus, in some embodiments, the genstically engineered bacteria lack a
functional ArgR repressor and therefore ArgR repressor-mediated transcriptional repression
of each of the arginine biosynthesis operons is reduced or eliminated. in some embodiments,
the engineered bacteria comprise a mutant arginine repressor comprising one or more nucleic
acid mutations such that arginine repressor function is decreased or inactive. In some
embodiments, the genetically engineerad bacteria do not have an arginine repressor {e.g., the
arginine repressor gane has been deleted), resulting in derepression of the regulon and
enhancement of arginine and/or intermediate byproduct biosynthesis. In some
embodiments, each copy of a functional argR gene normally present in a corresponding wild-
type bacterium is independently deleted or rendered inactive by one or more nucleotide
deletions, insertions, or substitutions. In some embodiments, each copy of the functional
orgR gene normally present in a corresponding wild-type bacterium is deleted.

[0148] In some embodiments, the arginine regulon is regulated by a single repressor
protein. In particular species, strains, and/or subltypes of bacteria, it has been proposed that
the arginine regulon may be regulated by two distinct putative repressors {Nicoloff et al,,
2004). Thus, in certain embodiments, two distinct ArgR proteins each comprising a different
amino acid sequence are mutated or deleted in the genetically engineered bacteria.

{01491 In some embodiments, the genetically modified bacteria comprising a mutant
or deleted arginine repressor additionally comprise an arginine feedback resistant N-
acetylglutamate synthase mutant, e.g., ar‘gAfb". in some embodiments, the genetically
engineered hacteria comprise a feedback resistant form of ArgA, lack any functional arginine
repressor, and are capable of producing arginine. In certain embodiments, the genetically
engineered bhacteria further lack functional ArgG and are capable of producing citrulline. n
some embodiments, the grgR gene is deleted in the genetically engineered bacteria. in some
embodiments, the grgR gene is mutated to inactivate ArgR function. ih some embodiments,
the argG gene is deleted in the genetically engineered bacteria. In some embodiments, the

argG gene is mutated to inactivate ArgR function. in some embodiments, the genstically
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engineered bacteria comprise argAﬂ" and deleted ArgR. In some embodiments, the
genetically engineered bacteria comprise argAﬂ", deleted ArgR, and deleted argG. In some
embodimeants, the deleted ArgR and/or the deleted argG is deleted from the bacterial
genome and the argA(bris present in a plasmid. In some embodiments, the deleted ArgR
and/or the deleted 2rgGis deleted from the bacterial genome and the arg,’-&”b"i5
chromosomally integrated. In one specific embodiment, the genetically modified bacteria
comprise chromosomally integrated aé“ng\"b", deleted genomic ArgR, and deleted genomic
orgG. In another specific embodiment, the genetically modified bacteria comprise
argAjb’present on a plasmid, deleted genomic ArgR, and deleted genomic grgG. Inany of the
embodiments in which argG is deleted, citrulline rather than arginine is produced

{0250} In some embodiments, under conditions where a feedback resistant form of
ArgAis exprassed, the genetically engineered bacteria of the invention produce at least about
1.5-fold, at {east about 2-fold, at least about 10-fold, at least about 15-fold, at least about 20-
fold, at least about 30-fold, at least about 50-fold, at least about 100-fold, at least about 200-
foid, at least about 300-fold, at least about 400-fold, at least about 500-fold, at feast about
600-fold, at least about 700-fold, at least about 800-fold, at least about 900-fold, at least
about 1,000-fold, or at least about 1,500-fold more arginine, citrulline, other intermediate
byproduct, and/or transcript of the gene{s} in the operon as compared to unmodified bacteria
of the same subtype under the same conditions.

[0151] In some embodiments, guantitative PCR {qPCR} is used to amplify, detect,
and/or quantify mRNA expression levels of the arginine biosynthesis genes. Primers specific
for arginine biosynthesis genes, e.g., argd, argB, argC, argD, argf, argF, argG, argH, argl, argd,
card, and corB, may be designed and used to detect mRNA in a sample according to methods
known in the art {Fraga et al, 2008}, In some embodiments, a fluorophore is added to a
sample reaction mixture that may contain grg mRNA, and a thermal cycler is used to
ifuminate the sample reaction mixture with a specific wavelength of light and dstect the
subsequent emission by the fluorophore. The reaction mixture is heated and cooled to
predetermined temperatures for predeterminegd time periods. In certain embodiments, the
heating and cooling is repeated for a predetermined number of cycles. In some
embodiments, the reaction mixture is heated and cooled to 80-100° C, 60-70° C, and 30-530° C
for a predetermined number of cycles. in a certain embodiment, the reaction mixture is

heated and cooled to 93-97° C, 55-65° , and 35-45° C for a predetermined number of cycles.
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in some embodiments, the accumulating amplicon is quantified after each cycle of the qPCR.
The number of cycles at which fluorescence exceeds the threshold is the threshold cycle (T,
At least one Cy result for each sample is generated, and the Cr result{s) may be used to
determine mRNA expression levels of the arginine biosynthesis genes.

Feedback Resistant N-acetylglutamate Synthetase

[0152] In some embodiments, the genetically engineered bacteria comprise an
arginine feedback resistant N-acetylglutamate synthase mutant, e.g,, arng\"b", Insome
embodiments, the genetically engineered bacteria comprise a mutant arginine regulon
comprising an arginine feedback resistant ArgA, and when the arginine feedback resistant
ArgA is expressed, are capable of producing more arginine and/or an intermediate byproduct
than unmodifisd bacteria of the same subtype under the same conditions. The arginine
feedback resistant N-acetviglutamate synthetase protein (ar‘gAfbr) is significantly less sensitive
to L-arginine than the enzyme from the feedback sensitive parent strain {see, e.gq., Eckhardt et
al, 1975; Rajagopal et al., 1998). The feedback resistant argA gene can be presenton a
plasmid or chromasome. In some embodiments, expression from the plasmid may be useful
for increasing argAﬂ’r expression. in some embodiments, expression from the chromosome
may be useful for increasing stahility of argAﬁ” expression.

[0153] In some embaodiments, any of the genetically engineered bacteria of the
present disciosure are integrated into the bacterial chromosome at one or more integration
sites. For example, one or more copies of the sequence encoding the arginine feedback
resistant N-acetyiglutamate synthase may be integrated into the bacterial chromosome.
Having multiple copies of the arginine feedback resistant N-acetylglutamate synthase
integrated into the chromosome allows for greater production of the N-acetylglutamate
synthase and also permits fine-tuning of the level of expression. Alternatively, different
circuits described herein, such as any of the kill-switch circuits, in addition to the arginine
feedback resistant N-acetylglutamate synthase could be integrated into the bacterial
chromosome at one or more different integration sites to perform multiple different
functions.

{0154} Multiple distinct feedback resistant N-acetyiglutamate synthetase proteins are
known in the art and may be combined in the genetically engineered bacteria. in some
embodiments, the argAfb" gene is expressed under the control of a constitutive promoter. in

. # - .
some embodiments, the argA’b’ gene is expressed under the control of a promoter that is
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induced by exogenous environmental conditions. In some embodiments, the exogenous
environmental conditions are specific to the gut of a mammal. In some embodiments,
exogenous environmental conditions are molecules or metabolites that are specific to the
mammalian gut, e.g., propionate or bilirubin. In some embodiments, the exogenous
environmental conditions are low-oxygen or anaerobic conditions, such as the environment of
the mammalian gut.

[0155] Bacteria have evolved transcription factors that are capable of sensing oxygen
levels. Different signaling pathways may be triggered by different oxygen levels and ocour
with different kinetics. An oxygen level-dependent promoter is a nucleic acid sequence 1o
which one or more oxygen level-sensing transcription factors is capable of binding, wherein
the binding and/or activation of the corresponding transcription factor activates downstream

for

gene expression. in one embodiment, the grgd™ gene is under control of an oxygen level-
depandent promoter. In a more specific aspect, the argAfb’ gene is under control of an
oxygen level-dependent promoter that is activated under low-oxygen or anasrobic
environments, such as the environment of the mammalian gut.

[0156] in certain embodiments, the genetically engineered bacteria comprise argAfb’
expressed under the control of the fumarate and nitrate reductase regulator (FNR} promoter.
In £. cofi, FNR is a major transcriptional activator that controls the switch from aerobic to
anaerobic metabolism {Unden et al., 1997). In the anaerobic state, FNR dimerizes into an
active DNA binding protein that activates hundreds of genes responsible for adapting to
anaerobic growth. in the aerobic state, FNR is prevented from dimerizing by oxygenand is
inactive. in alternate embodiments, the genetically engineered bacteria comprise argAfb”
expressed under the control of an alternate oxygen level-dependent promoter, e.g., an
anaerobic regulation of arginine deiminiase and nitrate reduction ANR promoter (Ray et al,,
1897}, a dissimilatory nitrate respiration regulator DNR promoter (Trunk et al., 2010). in
these embodiments, the arginine biosynthesis pathway is particularly activated in 3 low-
oxygen or anaerobic environment, such as in the gut.

[0387] In P. geruginosa, the anaerobic reguiation of arginine deiminiase and nitrate
reduction {ANR} transcriptional regulator is "required for the expression of ghysiclogical
functions which are inducible under oxygen-limiting or anaerobic conditions” {Winteler et al,,
1996; Sawers 1891). 2. geruginosa ANR is homologous with £, coff FNR, and “the consensus

FNR site {TTGAT----ATCAA} was recagnized efficiently by ANR and FNR” {Winteler et al., 1996},
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Like FNR, in the anaerobic state, ANR activates numerous genes responsible for adapting to
anaerobic growth. in the aercobic state, ANR is inactive. Pseudomonas fluorescens,
Pseudomonas putida, Pseudomonas svringae, and Pseudomonas mendocing all have
functional analogs of ANR {Zimmermann et al., 1991). Promoters that are regulated by ANR
are known in the art, e.g., the promoter of the arcBABC operon {see, e.g., Hasegawa et al,,
1998},

[0158] The FNR family also includes the dissimilatory nitrate respiration regulator
{DNR]} {Arai et al., 1995}, a transcriptional regulator that is required in conjunction with ANR
for “anaerobic nitrate respiration of Pseudomonas geruginosa” (Hasegawa et al,, 1898}, For
cartain genes, the FNR-binding motifs “are probably recognized only by DNR” {Hasegawa et
al, 1998}, Anvy suitable transcriptional regulator that is controlied by exogenous
environmental conditions and corresponding regulatory region may be used. Non-limiting
examples include ArcA/B, ResD/E, NreA/B/C, and AirSR, and others are known in the art.

(0159} in some embodiments, argAfb" is expressed under the control of an inducible
promoter that is responsive to specific molecules or metabolites in the environment, e.g., the
mammalian gut. For example, the short-chain fatty acid propionate is a major microbial
fermentation metabolite localized to the gut {(Hosseini et al., 2011). In one embodiment,
argAﬁ’" gene expression is under the control of a propionate-inducible promoter. In a more
specific embodiment, argAﬂ” gene expression is under the control of a propionate-inducible
promoter that is activated by the presence of propionate in the mammalian gut. Any
molecule or metabolite found in the mammalian gut, in 3 healthy and/or disease state, may
be used to induce argAf"k" expression. Non-limiting examples include propionate, bilirubin,
aspartate aminotransferase, alanine aminotransferase, blood coagulation factors 1, Vi, IX,
and X, alkaline phosphatase, gamma glutamyl transferase, hepatitis antigens and antibodies,
alpha fetoprotein, anti-mitochondrial, smooth muscle, and anti-nuclear antibodies, iron,
transferrin, ferritin, copper, ceruloplasmin, ammonia, and manganese. In alternate
embodiments, argAfb' gene expression is under the controf of a pBAD promoter, which is
activated in the presence of the sugar arabinose {see, e.g., Fig. 18).

{01607 Subjects with hepatic encephalopathy {HE) and other liver disease or disorders
have chronic liver damage that results in high ammonia levels in their blood and intestines. in
addition to ammonia, these patients also have elevated levels of bilirubin, aspartate

aminotransferase, alanine aminotransferase, blood coagulation factors H, VI, B, and X,
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alkaline phosphatase, gamma glutamyl transferase, hepatitis antigens and antibodies, alpha
fetoprotein, anti-mitochondrial, smooth muscle, and anti-nuclear antibodies, iron, transferrin,
ferritin, copper, ceruloplasmin, ammonia, and manganese in their blood and intestines.
Promoters that respond to one of these HE — related molecules or their metabolites can be
used to engineer bacteria of the present disclosure that would only be induced to express
argAfh’ in the intestines of HE patients. These promoters would not be expected to be
induced in UCD patients.

[0181] In some embodiments, the argAf"k" gene is expressed under the control of a
promoter that is induced by exposure to tetracycline. In some embodiments, gene expression
is further optimized by methods known in the art, e.g., by optimizing ribosomal bhinding sites,
manipulating transcriptional regulators, and/or increasing m&NA stability.

[0382] In some embodiments, arginine feedback inhibition of N-acetylglutamats
synthetase is reduced by at least about 50%, at least ahout 60%, at least about 70%, at least
about 80%, at least about 90%, or at least about 85% in the genetically engineered bacteria
when the arginine feedback resistant N-acetviglutamate synthetase is active, as compared to
a wild-type N-acetyighutamate synthetase from bacteria of the same subtype under the same
conditions.,

[0163] In some embodiments, the genetically engineered hacteria comprise a stably
maintained plasmid or chromosome carrying the aingﬁ’" gene, such that argA’Ff" can be
exprassed in the host cell, and the host cell is capable of survival and/or growth in vitro, e.g.,
in medium, and/or in vivo, e.g., in the gut. In some embodiments, a bacterium may comprise
multiple copies of the feedback resistant arg4 gene. in some embodiments, the feedback
resistant argA gene is expressed on a low-copy plasmid. In some embodiments, the low-copy
plasmid may be useful for increasing stability of expression. in some embodiments, the low-
copy plasmid may be useful for decreasing leaky expression under non-inducing conditions.
in some embodiments, the feedback resistant arg4 gene is expressed on a high-copy plasmid.
I some embodiments, the high-copy plasmid may be useful for increasing argAfbr expression.
in some embodiments, the feedback resistant argd gene is expressed on a chromaoasome. In
some embodiments, the bacteria are genetically engineered to include multiple mechanisms
of action {MOAS), e.g., circuits producing multiple coples of the same product or circuits
performing multiple different functions. Examples of insertion sites include, but are not

limited to, malE/K, insB/, araC/BAD, lacZ, dapA, ceq, and other shown in Fig. 22. For
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example, the genetically engineeread bacteria may include four copies of argAﬂ" inserted at
four different insertion sites, e.g., malE/K, insB/1, araC/BAD, and lacZ. Alternatively, the
genetically engineered bacteria may include three copies of argAﬂ"' inserted at three different
insertion sites, e.g., malE/K, insB/l, and lacZ, and three mutant arginine regulons, e.g., two
producing citrulline and one producing arginine, inserted at three different insertion sites
dapA, ceq, and araC/BAD.

[0164] In some embodiments, the plasmid or chromosome also comprises wild-type
ArgR binding sites, e.g., ARG boxes. In some instances, the presence and/or build-up of
functional ArgR may result in off-target binding at sites other than the ARG boxes, which may
cause off-target changes in gene expression. A plasmid or chromosome that further
comprises functional ARG boxes may be used to reduce or eliminate off-target ArgR hinding,
i.e., by acting as an ArgRsink. In some embodiments, the plasmid or chromosome does not
comprise functional ArgR binding sites, e.g., the plasmid or chromosome comprises modified
ARG boxes or does not comprise ARG boxes.

[0185] in some embodiments, the feedback resistant argA gene is presenton a
plasmid and operably linked to a promoter that is induced under low-oxygen or anaerobic
conditions. In some embodiments, the feedback resistant orgA gene is present in the
chromosome and operably linked to a promoter that is induced under low-oxygen or
anaerobic conditions. In some embodiments, the feedback resistant grgA gene is present on
a plasmid and operably linked to a promoter that is induced by molecules or metabolites that
are specific to the mammalian gut. In some embodiments, the feedback resistant argA gene
is present on a chromosome and operably linked to a promoter that is induced by molecules
or metabolites that are specific to the mammalian gut. In some embodiments, the feedback
resistant orgA gene is present on a chromosome and operably linked to a promoter that is
induced by exposurs to tetracycline. In some embodiments, the feadback resistant argA gene
is present on a plasmid and operably linked to a promoter that is induced by exposure to
tetracycline.

[0286] In some embodiments, the genetically engineerad bacteria comprise multiple
mechanisms of action {(MOAs), &.g., circults producing multiple copiss of the same product {to
enhance copy number) or circuits performing multiple different functions. Examples of
insertion sites include, but are not limited to, malE/K, insB/l, araC/BAD, lacZ, dapA, cea, and

other shown in Fig. 22.
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[0167] In some embaodiments, the genetically engineered hacteria comprise a variant
or mutated oxygen level-dependent transcriptional regulator, e.g., FNR, ANR, or DNR, in
addition to the corresponding oxygen level-dependent promoter. The variant or mutated
oxygen {evel-dependent transcriptional regulator increases the transcription of operably
linked genes in a low-oxygen or anaerobic environment. in some embodiments, the
corresponding wild-type transcriptional regulator retains wild-type activity. In alternate
embodiments, the corresponding wild-type transcriptional regulator is deleted or mutated to
reduce or eliminate wild-type activity. In certain embodiments, the mutant oxygen level-
dependent transcriptional regulator is a FNR protein comprising amino acid substitutions that
enhance dimerization and FNR activity (see¢, e.g., Moore et al,, 2006).

[0268] In some embodiments, the genetically engineersd bacteria comprise an oxygen
level-dependent transcriptional regulator from a different bacterial species that reduces
and/or consumes ammonia in low-oxygen or anaerobic environments. In certain
embodiments, the mutant oxygen level-dependent transcriptional regulator is a FNR protein
from N. gonorrhoeae {see, e.q., Isabella et al,, 2011}, In some embodiments, the
corrasponding wild-type transcriptional regulator is left intact and retains wild-type activity.
in alternate embodiments, the corresponding wild-type transcriptional regulator is deleted or
mutated to reduce or eliminate wild-type activity.

[0169] In some embodiments, the genetically engineered bacteria comprise argAﬂ”
expressed under the control of an oxygen level-dependent promoter, e.g., a FNR promoter, as
well as wild-type argd expressed under the control of a mutant regulatory region comprising
one or more ARG box mutations as discussed above. In cerfain embodiments, the genetically
engineered bacteria comprise argAfb" exprassed under the control of an oxygen level-
dependent promoter, e.g., a FNR promoter and do not comprise wild-type argd. In still other
embodiments, the mutant arginine regulon comprisas argAfb" expressed under the control of
an oxygen level-dependent promuoter, e.g., a FNR promoter, and further comprises wild-type
argA without any ARG box mutations.

{0270} In some embodiments, the genetically engineerad bacteria express Ar‘gAﬂ“
from a plasmid and/or chromosome. In some embodiments, the argAﬂ” gene is expressed
under the control of a constitutive promoter. In some embodiments, the argAﬂ” gene is
expressed under the control of an inducible promoter. i one embodiment, argAfb’ is

expressed under the control of an oxygen level-dependent promuoter that is activated under
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low-oxygen or anaerobic environments, e.g., a FNR promoter. The nucleic acid sequence of a

FNR promoter-driven argAﬂ" plasmid s shown in Fig. &, with the FNR promoter sequence

bolded and argAﬂ’r sequence boxad,

[0171] FNR promoter sequences are known in the art, and any suitable FNR promoter
sequencefs} may be used in the genetically engineered bacteria of the invention. Any suitable
FNR promoter{s} may be combined with any suitable feedback-resistant ArgA {exemplary
sequence, SEQ D NO: 8A). Non-limiting FNR promoter sequences are provided in Fig. 7. In
some embodiments, the genetically engineesrad bacteria of the invention comprise one or
more of: SEQ D NG 18, SEQ D NG: 17, nirf1 promoter (SEQID NG 18), nirB2 promoter {SEQ
ID NO: 198}, nir8B3 promoter {SEQ 1D NO: 20}, vdiZ promoter {SEQ 1D NO: 21), nirB promoter
fused to a strong ribosome binding site {SEQ 1D NG: 22}, vdf¥ promoter fused to a strong
ribosome binding site {SEQ D NO: 23}, farS, an anaerobically induced small RNA gene {fnrSi
promoter SEQID NO: 24 or fnrS2 promoter SEQ 1D NO: 25), nirB promoter fused to a crp
binding site (SEQUID NO: 26}, and frrs fused to a orp binding site (SEQ D NG: 27}

[0172] In some embaodiments, the genetically engineered hacteria comprise the
nucleic acid sequence of SEQ ID NO: 28 or a functional fragment thereof. Insoms
embaodiments, the genetically engineered bacteria comprise a nucleic acid sequence that, but
for the redundancy of the genetic code, encodes the same polypeptide as SEQID NO: 28, in
sorme embodiments, genetically engineered bacteria comprise a nucleic acid sequence that is
at least about 80%, at least about 85%, at least about 90%, at least about 95%, or at least
ahout 99% homologous 1o the DNA sequence of SEQ ID NO: 28, or a nucleic acid seguence
that, but for the redundancy of the genetic code, encodes the same polypeptide as SEQ D
NG: 28.

{03731 In other embodiments, argAfb" is expressed under the control of an oxygen
level-dependent promoter fused to a binding site for a transcriptional activator, e.g., CRP.
CRP {cyclic AMP receptor protein or catabolite activator protein or CAP) plays a major
regulatory role in bacteria by repressing genes responsible for the uptake, metabolism and
assimilation of less favorable carbon sources when rapidly metaboiizable carbohydrates, such
as glucoss, are present {Wu et al., 2015). This preference for glucose has been termed
glucose repression, as well as carbon catabolite repression {(Deutscher, 2008; Gérke and
Stiilke, 2008}, In some embodiments, argAﬂ” expression is controlled by an oxygen level-

dependent promoter fused to a CRP hinding site. in some embodiments, argAﬂ” expression is

-52-



WO 2016/090343 PCT/US2015/064140

controlied by a FNR promoter fused to a CRP binding site. in these embaodiments, cyclic AMP
binds to CRP when no glucose is present in the environment. This binding causes a
conformational change in CRP, and allows CRP to bind tightly to its binding site. CRP binding
then activates transcription of the argAﬂ” gene by recruiting RNA polymerase to the FNR
promoter via direct protein-protein interactions. In the presence of glucose, cyclic AMP does
not hind to CRP and argAjb" gene transcription is repressed. In some embodiments, an oxygen
level-dependent promoter {e.g., a FNR promoter) fused to a binding site for a transcriptional
activator is used to ensure that argAjb’ is not expressed under anasrobic conditions when
sufficient amounts of glucose are present, e.g., by adding glucose to growth media in vitro.

Arginine Catabolism

[0274] An important consideration in practicing the invention is to ensure that
ammonia is not overproduced as a byproduct of arginine and/or citrulline catabolism. inthe
final enzymatic step of the urea cycle, arginase catalyzes the hydrolviic cleavage of arginine
into ornithine and urea {Cunin et al,, 1986}, Urease, which may be produced by gut bacteria,
cataiyras the ceavage of urea into carbon dioxide and ammaonia {Summerskill, 1966; Aovagi
et al,, 1966; Cunin eb al,, 1986}, Thus, urease activity may generate ammonia that can be
“toxic for human tissue” {Konieczna et al,, 2012}, In some bacteria, including £. cofi Nissle, the
gene arcl encodes an argining/ornithine antiporter, which may also liberate ammonia
{Vander Wauven et al., 1984; Gamper et al,, 1991; Meng et al,, 1992}

[0175] AstAis an enzyme involved in the conversion of arginine to succinate, which
liberates aminonia. SpeA is an enzyme involved in the conversion of arginine to agmatine,
which can be further catabolized to produce ammonia. Thus, in some instances, it may be
advantageous 1o prevent the breakdown of arginine. In some embodiments, the genetically
engineered bacteria comprising a mutant arginine regulon additionally includes mutations
that reduce or eliminate arginine catabolism, thereby reducing or sliminating further
ammonia production. In some embodimeants, the genetically enginesred bacteria also
comprise mutations that reduce or eliminate ArcD activity. In certain embodiments, ArcD is
deleted. In some embodiments, the genetically engineered bacteria also comprise mutations
that reduce or eliminate AstA activity. in certain embodiments, AstA is deleted. in some
embodiments, the genetically engineered bacteria also comprise mutations that reduce or
eliminate SpeA activity. In certain embodiments, SpeA is deleted. In some embodiments, the

genetically engineered bacteria also comprise mutations that reduce or eliminate arginase
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activity. in certain embodiments, arginase is deleted. in some embodiments, the genetically
engineered bacteria also comprise mutations that reduce or eliminate urease activity. In
certain embodiments, urease is deleted. in some embodiments, one or more other genes
involved in arginine catabolism are mutated or deleted.

Essential Genes and Auxotrophs

{01761 As used herein, the term “essential gene” refers to a gene which is necessary to
for cell growth and/or survival., Bacterial essential genes are well known to one of ordinary
skill in the art, and can be identified by directed deletion of genes and/or random
mutageneasis and screening {see, for example, Zhang and Lin, 2009, DEG 5.0, a database of
essential genes in both prokaryotes and eukaryotes, Nucl. Acids Res., 37:D455-D458 and
Gerdes et al., Essential genes on metabolic maps, Curr. Opin. Biotechnol., 17(5):448-456, the
entire contents of each of which are expressly incorporated herein by reference).

{03771 An "essential gene” may be dependent on the circumstances and environment
in which an organism lives. For example, a mutation of, modification of, or excision of an
essential gene may result in the recombinant bacteria of the disclosure becoming an
auxotroph. An auxotrophic modification is intended to cause bacteria to die in the absence of
an exogenously added nutrient essential for survival or growth because they lack the genels)
necassary to produce that essential nutrient.

(01781 An awxotrophic modification is intended to cause bacteria to die in the absence
of an exogenously added nutrient essential for survival or growth because they lack the
gene(s) necessary to produce that essential nutrient. In some embodiments, any of the
genetically engineered bacteria described herein also comprise a deletion or mutation in a
gene required for cell survival and/or growth. In one embodiment, the essential gene is a
DNA synthesis gene, for example, thyA. in another embodiment, the essential gene is a cell
wall synthesis gene, for example, dapA. In yet another embodiment, the essential gene is an
amino acid gene, for example, serA or MetA. Any gene required for cell survival and/or
growth may be targetad, including but not limited to, cysE, glnA, ilvD, leuB, IysA, serd, metA,
givA, hisB, ilvA, pheA, proA, thrC, trpC, tyrA, thyvA, urad, dapA, dapB, dapD, dapk, dapF, fihD,
metB, metC, proAB, and thil, as long as the corresponding wild-type gene product is not
produced in the bacteria. For example, thymine is a nucleic acid that is required for bacterial
cell growth; in its absence, bacteria undergo cell death. The thyA gene encodes thimidylate

synthetase, an enzyme that catalyzes the first step in thymine synthesis by converting dUMP
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to dTMP {Sat et al., 2003}, In some embodiments, the bacterial cell of the disclosure is a thyA
auxotroph in which the thyA gene is deleted and/or replaced with an unrelated gene. A thvA
auxotroph can grow only when sufficient amounts of thymine are present, e.g., by adding
thymine to growth media in vitro, or in the presence of high thymine levels found naturally in
the human gut in vivo. Insome embodiments, the bacterial cell of the disclosure is
auxotrophic in a gene that is complemented when the bacterium is present in the mammalian
gut. Without sufficient amounts of thymine, the thyA auxotroph dies. In some embodiments,
the auxotrophic modification is used to ensure that the bacterial cell does not survive in the
absence of the auxotrophic gene product {e.g., cutside of the gutl.

[0379] Diaminopimelic acid (DAP] is an amino acid synthetized within the lysine
biosynthetic pathway and is required for bacterial cell wall growth {Meadow et al., 1959;
Clarkson et al., 1871). In some embodiments, any of the genetically engineered bacteria
described herein is a dapD auxctroph in which dapD is deleted and/or replaced with an
unrelated gene. A dapD auxctroph can grow only when sufficient amounts of DAP are
present, e.g., by adding DAP to growth media in vitro. Without sufficient amaounts of DAP, the
dapD auxotroph dies. In some embodiments, the auxotrophic modification is used to ensure
that the bacterial cell does not survive in the absence of the auxotrophic gene product {e.g.,
outside of the gut).

(01801 In other embodiments, the genetically engineered bacterium of the present
disclosure is a uraA auxotroph in which urad is deleted and/or replaced with an unrelated
gene. The uraA gene codes for UraA, a membrane-bound transporter that facilitates the
uptake and subsequent metabolism of the pyrimidine uracil {Andersen et al., 1995). A uraA
auxotroph can grow only when sufficient amounts of uracil are present, e.g., by adding uracil
to growth media in vitro. Without sufficient amounts of uracil, the uraA auxotroph dies. In
seme embodiments, auxetrophic modifications are used to ensure that the bacteria do not
survive in the absence of the auxotrophic gene product {e.g., outside of the gut).

(03811 In complex communities, it is possible for bacteria to share DNA. Invery rare
circumstances, an auxetrophic bacterial strain may receive DNA from a non-auxetrophic
strain, which repairs the genomic deletion and permanently rescues the auxotroph.
Therefore, engineering a bacterial strain with more than one auxotroph may greatly decrease

the probability that DNA transfer will occur encugh times to rescue the auxotrophy. In some
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embodiments, the genetically engineered bacteria of the invention comprise g deletion or
mutation in two or more genes required for cell survival and/or growth.

[0182] Other examples of essential genes include, but are not limited to yhbV, vagG,
hemB, secD), secF, ribD, ribE, thil, dxs, ispA, dnaX, adk, hemH, fpxH, cysS, fold, rplT, infC, thrs,
nadE, gapA, veal, asp$, argS, pesA, vetM, metG, folE, vejM, gyrA, nrdA, nrdB, folC, aceD, fabB,
glitX, ligh, zipA, dapE, dapA, der, hisS, ispG, suhB, tadA, acp$, era, rng, ftsB, eno, pyrG, chpR,
lgt, fhaA, pgk, vagD, metK, vagF, plsC, veiT, pare, ribB, cca, ygil, tdcF, yral, vihA, fisN, muri,
miurB, birA, seck, nusG, rpll, rpll, rpoB, rpoeC, ubiA, plsB, lexA, dnaB, ssb, alsk, gros, psd, omn,
vieE, rpsR, chpS, ppa, vals, vigP, vigQ, dnad, ribF, IspA, ispH, daph, folA, imp, yabQ, ftsi, fis],
murkE, murF, mra¥, murD, fisW, murG, murC, ftsQ, fisA, fisZ, ipxC, sech, sech, can, folK,
hemt, yvadR, dapD, map, rpsB, infB ,nusA, fisH, obgk, rpmA, rpll, ispB, murA, yrbB, yrbk,
vhbN, rpsl, rpldd, degs, mreDd, mreC, mreB, aceB, acceC, yrdC, def, fmt, rplQ, rpoA, rpsh, rpsk,
rpsM, entD, mrdB, mirdA, nadD, hiepB, rpok, pssA, viO, rpls, trmb, rpsP, ffh, grpk, viiB, csra,
ispF, isph, rolW, rolDy, rplC, rpsd, fusA, rpsG, rpsi, trpS, vriF, asd, rpoH, ftsX, fisE, ftsy, frr, dur,
ispl, rfak, kdiA, coal), romB, dfp, dut, gmil, spot, gyrB, dnaN, dnah, rpmH, mpA, vid(, thal,
gims, gimb, wzyE, hemD, hem(, yigP, ubiB, ubiD, hemG, secY, rpl(, rom, rpsE, rpiR, rpif,
rpsH, rpsN, rplE, rplX, rpiN, rpsQ, rpmC, rpiP, rpsC, rpiV, rpss, rplB, cdsA, vael, vaeT, IpxD,
fabZ, IpxA, IpxB, dnak, accA, tilS, pros, vafF, tsf, pyrH, o4, ripB, leus, Int, ginS, fldA, cyd4, infA,
cydC, fisK, lolA, serS, rpsA, msbA, fpxd, kdsB, mukF, mukE, mukB, asnS, fabA, mviN, rne, yce(,
fabD, fabG, acpP, tmk, holB, lolC, lolD, ok, purB, yntk, minE, mind, pth, rsA, ispE, [olB, hemA,
prid, prmC, kdsA, topA, ribA, fabl, racR, dicA, ydiB, tyrs, ribC, vdik, pheT, pheS, yhihQ, besB,
ghv(y, vibl, and gpsA. Other essential genes are known 1o those of ordinary skill in the art.

(01831 In some embodiments, the genetically engineered bacterium of the present
disclosure is a synthetic ligand-dependent essential gene (SLDE) bacterial cell. SLIDE bacterial
cells are synthetic auxotrophs with a3 mutation in one or more essential genes that only grow
in the presence of a particular Hgand {see Loper and Anderson “Synthetic Auxotrophs with
Ligand-Dependent Essential Genes for a BL21 {DE3 Blosafety Strain, "ACS Synthetic Biology
{2015} DO 10.1021/acssynbio. 5b00085, the entire contents of which are expressly
incorporated herein by reference).

[0284] in some embodiments, the SLIDE bacterial cell comprises a mutation in an
essential gene. in some embodiments, the essential gene is selected from the group

consisting of phes, dnaN, tvrS, metG and adk. In some embodiments, the essential gene is
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dnaN comprising one or more of the following mutations: HI91N, R240C, 13175, F319V,
L3407, V3471, and S345C. In some embodiments, the essential gene is dnaN comprising the
mutations H191N, R240C, 13175, F319Y, L3407, V3471, and 5345C. In some embodiments, the
essential gene is pheS comprising one or more of the following mutations: F125G, P183T,
P1844A, R18GA, and [188L. In some embodiments, the essential gene is pheS comprising the
mutations F125G, P183T, P184A, R186A, and 1188L. In some embodiments, the essential gene
is tyrS comprising one or more of the following mutations: 136V, C38A and F40G. In some
embodiments, the essential gene is tyrS comprising the mutations L36V, C38A and F40G. In
sorme embodiments, the essential gene is metG comprising one or more of the following
mutations: 450, N47R, 149G, and A51C. {h some embodiments, the sssential gene is metG
comprising the mutations E45Q, N47R, 148G, and AS1C. In some embodiments, the essential
gene is adk comprising one or more of the following mutations: 144, L8l and 16G. Insome
embodiments, the essential gene is adk comprising the mutations 4L, L5 and L6G.

[0185] in some embodiments, the genetically engineered bacterium is complemented
by a ligand. In some embodiments, the ligand is selected from the group consisting of
benzothiazole, indole, 2-aminobenzothiazole, indole-3-butyric acid, indole-3-acetic acid, and
L-histidine methyl ester. For example, bacterial cells comprising mutations in metG {E45Q,
N47R, 149G, and A51C) are complementead by benzothiazole, indole, 2-aminobenzathiazole,
indole-3-butyric acid, indole-3-acetic acid or L-histidine methyl ester. Bacterial cells
comprising mutations in dnaN {H191N, R240C, 13175, F319V, 13407, V3471, and 5345C) are
complemented by benzothiazole, indole or 2-amincbenzothiazole. Bacterial cells comprising
mutations in phes {F125G, P183T, P184A, R186A, and 11881} are complemented by
benzothiazole or 2-aminobenzothiazole. Bacterial cells comprising mutations in tyrS {136V,
C38A, and F40G) are complemented by benzothiazole or Z-aminobenzothiazole. Bacterial
calls comprising mutations in adk {145, L5 and L6G} are complemented by benzothiarole or
indole.

[03186] In some embodiments, the genetically engineered bacterium comprises more
than one mutant essential gene that renders it auxatrophic to a ligand. Insome
embodiments, the bacterial cell comprises mutations in two essential genes. For example, in
some ambodiments, the bacterial cell comprises mutations in tyrS {L36Y, (384, and F40G)
and metG {E45Q, N47R, 149G, and AR1C). In other embodiments, the bacterial cell comprises

mutations in three essential genes. For example, in some embodiments, the bacterial call
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comprises mutations in tyrS {L36V, (384, and F40G), metG {E45Q, N47R, 149G, and A51C), and
pheS (F125G, P183T, P1R4A, R186A, and 11R8L).

[0187] In some embodiments, the genetically engineered bacterium is a conditional
auxotroph whose essential gene(s) is replaced using the arabinose system shown in Figs. 39,
49, 62, and £3.

[0188] In some embodiments, the genetically engineered bacterium of the disclosure
is an auxotroph and also comprises kill-switch circuitry, such as any of the kill-switch
components and systems described herein. For example, the recombinant bacteria may
comprise a deletion or mutation in an essential gene reguired for cell survival and/or growth,
for example, in a DNA synthesis gene, for example, thvA, cell wall synthasis gene, for exampils,
dapA and/or an amino acid gene, for example, serA or MetA and may also comprise a toxin
gene that is regulated by one or more transcriptional activators that are expressed in
response to an environmental condition{s} and/or signal{s) {such as the described arabinose
system) or reguiated by one or move recombinases that are expressed upon sensing an
exogenous environmental condition(s} and/or signal{s) {such as the recombinase systems
described herein and in Figs. 39, 40, and 50}, Other embodiments are described in Wright et
al., "GeneGuard: A Modular Plasmid System Designed for Biosafety,” ACS Synthetic Biclogy
{2015} 4: 307-16, the entire contents of which are expressly incorporated herein by
reference). In some embodiments, the genetically engineered bacterium of the disclosure is
an auxoiroph and also comprises kill-switch circuitry, such as any of the kill-switch
components and systems described herein, as well as another biosecurity system, such a
conditional origin of replication {see Wright et i, supra).

{01891 In other embodiments, auxotrophic modifications may also be used to screen
for mutant bacteria that consume excess ammonia. In a more specific aspect, auxotrophic
modifications may be used to screen for mutant bacteria that consume excess ammonia by
overproducing arginine. As described herein, many genes involved in arginine metabolism are
subject to repression by arginine via its interaction with ArgR. The ast{ gene promoter is
unique in that the arginine-ArgR complex acts as a transcriptional activator, as opposed to a
transcriptional repressor. AstC encodes succinylornithine aminotransferase, the third enzyme
of the ammonia-producing arginine succinyitransferase {AST) pathway and the first of the
ostCADBE operon in £ cofi {Schneider et al,, 1998). In cartain embodiments, the genetically

engineered bacteria are auxotrophic for a gene, and express the auxotrophic gene product
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under the controf of an astC promoter. In these embodiments, the auxotrophy is subject to a
positive feedback mechanism and used to select for mutant bacteria which consume excess
anwnoenia by overproducing arginine. A non-limiting example of 3 positive feedback

auxotroph is shown in Figs. 334 and 338,

Genetic Regulatory Circuits

{01501 In some embodiments, the genetically engineered bacteria comprise multi-
layered genetic regulatory circuits for expressing the constructs described herein {see, e.¢q.,
U.5. Provisional Application No. 62/184,811, incorporated herein by reference in its entirety}.

[0281] In certain embodimeants, the invention provides methods for selecting
genetically engineered bacteria that overproduce arginine. In some embodiments, the
invention provides methods for selecting genetically engineered bacteria that consume excess
ammonia via an alternative metabolic pathway, e.g., a histidine biosynthesis pathway, a
methionine biosynthesis pathway, a lysine biosynthesis pathway, an asparagine biosynthesis
pathway, a glutamine biosynthesis pathway, and a tryptophan biosynthesis pathway. Insome
embodiments, the invention provides genetically engineered bacteria comprising a mutant
arginine regulon and an ArgR-regulated two-repressor activation genetic regulatory circuit.
The two-repressor activation genetic regulatory circuit is useful to screen for mutant bacteria
that reduce ammonia or rescue an auxotroph. In some constructs, high levels of arginine and
the resultant activation of ArgR by arginine can cause expression of a detectable label or an
essential gene that is required for cell survival,

{01921 The two-repressor activation regulatory circuit comprises a first ArgR and a
second repressor, e.g., the Tet repressor. In one aspect of these embodiments, ArgR inhibits
transcription of a second repressor, which inhibits the transcription of a particular gene of
interest, 8.g., a detectable product, which may be used to screen for mutants that consume
excess ammonia, and/or an essential gene that is required for cell survival. Any detectable
product may be used, including but not limited to, hiciferase, B-galactosidase, and fluorescent
proteins such as GFP. In some embodiments, the second repressor is a Tet repressor protein
{TetR). In this embodiment, an ArgR-repressible promoter comprising wild-type ARG boxes
drives the expression of TetR, and a TetR-repressible promoter drives the expression of at
least one gene of interest, .2, GFP. In the absence of ArgR binding {which occurs at low

arginine concentrations), feR is transcribed, and TeiR represses GFP expression. in the
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presence of ArgR binding {which occurs at high arginine concentrations), tefR expression is
repressed, and GFP is generated. Examples of other second repressors useful in these
embodiments include, but are not limited to, ArsR, AscG, Lacl, CscR, DeoR, DgoR, FruR, GaiR,
GatR, Ci, LexA, RafR, QacR, and PixS {US20030166191). In some embodiments, the mutant
arginine regulon comprising a switch is subjected to mutagenesis, and mutants that reduce
ammonia by overproducing arginine are selected based upon the level of detectable product,
e.g., by flow cytometry, fluorescence-activated cell sorting {FACS} when the detectable
product fluoresces.

[0193] In some embodiments, the gene of interest is one required for survival and/or
growth of the bacteria. Any such gene may be used, including but not limited to, cysE, ginA,
ivD, leuB, lysA, serA, metd, giyA, hisB, ilvA, phed, proA, thrl, trpC, tyrA, thyA, urgA, dapA,
dopB, dopD, dapk, dopF, flhD, metB, metl, prodB, and thil, as long as the corresponding wild-
tvpe gene has been removed or mutated so as not to produce the gene product except under
controd of ArgR. in some embodiments, an ArgR-repressible promaoter comprising wild-type
ARG boxes drives the expression of a TetR protein, and a TetR-repressible promoter drives the
exprassion of at least one gene required for survival and/or growth of the bacteria, e.g., thya,
urad {Sat et al., 2003). In some embodiments, the genetically engineered bacterium is
auxotrophic in a gene that is not complemented when the bacterium is present in the
mammalian gut, wherein said gene is complemented by an second inducible gene present in
the bacterium; transcription of the second gene is ArgR-repressible and induced in the
presence of sufficiently high concentrations of arginine {thus complementing the auxotrophic
gene). In some embodiments, the mutant arginine regulon comprising a two-repressor
activation circuit is subjected to mutagenesis, and mutants that reduce excess amimonia are
selected by growth in the absence of the gene product required for survival and/or growth. In
seme embodiments, the mutant arginine regulon comprising a two-repressor activation
circuit is used to ensure that the bacteria do not survive in the absence of high levels of
arginine {e.g., outside of the gut).

Host-Plasmid Mutual Dependency

[0194] in some embodiments, the genetically engineered bacteria of the invention
also comprise a plasmid that has been modified to create a host-plasmid mutual dependency.
in certain embodiments, the mutually dependent host-plasmid platform is GeneGuard

{Wright et al,, 2015}, In some embodiments, the GeneGuard plasmid comprises {i} a
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conditional origin of replication, in which the requisite replication initiator protein is provided
in trans; {ii} an auxctrophic modification that is rescued by the host via genomic translocation
and is also compatible for use in rich media; and/or {iii} 3 nucleic acid sequence which
encodes a broad-spectrum toxin. The toxin gene may be used to select against plasmid
spread by making the plasmid DNA itself disadvantageous for strains not expressing the anti-
toxin {e.g., a wild-type bacterium)}. In some embodiments, the GeneGuard plasmid is stable
for at least 100 generations without antibiotic selection. In some embodiments, the
GeneGuard plasmid does not disrupt growth of the host. The GeneGuard plasmid is used to
greatly reduce unintentional plasmid propagation in the genetically engineered bacteria of
the invention.

[0285] The mutually dependent host-plasmid platform may be used alone or in
combination with other biosafety mechanisms, such as those described herein {e.g., kill
switches, auxotrophies).  In some embodiments, the genetically engineered bacteria
comprise a GeneGuard plasmid. In other embodiments, the genetically engineered bacteria
comprise a GeneGuard plasmid and/or one or more kill switches. In other embodiments, the
genetically engineered bacteria comprise a GeneGuard plasmid and/or one or more
auxotrophies. In stilf other embodiments, the genetically engineered bacteria comprise a
GeneGuard plasmid, one or more kill switches, and/or one or more auxotrophiss.

iKiH Switch

[0196] In some embodiments, the genetically engineered bacteria of the invention
also comprise a kill switch {see, e.g., U.S. Provisional Application Nos. 62/183,835 and
62/263,328Incorporated herein by reference in their entireties). The kil switch is intended to
actively kill engineerad microbes in response to external stimuli. As opposed to an
auxotrophic mutation where bacteria die because they lack an essential nutrient for survival,
the kill switch is triggered by a particular factor in the environment that induces the
production of toxic molecules within the microbe that cause cell death.

[0397] Bacteria enginesred with kill switches have been engineered for in vitro
research purposes, e.g., to limit the spread of 8 bisfush-producing microorganism outside of a
laboratory environment. Bacteria engineered for in vivo administration to treat a disease or
disorder may also be programmed to die at a specific time after the expression and delivery of
a heterclogous gene or genes, for example, a therapeutic gene{s} or after the subject has

experienced the therapeutic effect. For example, in some embodiments, the kill switchis
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activated to kill the bacteria after a period of time following oxygen level-dependent
expression of argA’Fb". in some embodiments, the kili switch is activated in a delayed fashion

. - Afl
following oxygen level-dependent expression of arg’*b',

for example, after the production of
arginine or citrulline. Alternatively, the bacteria may be engineered to die after the bacteria
has spread outside of a disease site. Specifically, it may be useful to prevent long-term
colonization of subjects by the microorganism, spread of the microorganisim cutside the area
of interest {for example, outside the gut) within the subiect, or spread of the microorganism
outside of the subject into the environment {for example, spread to the environment through
the stool of the subject).Examples of such toxins that can be used in kill-switches include, but
are not limited to, bacteriocins, lysins, and other molecules that cause cell death by lysing cell
membranes, degrading cellular DNA, or other mechanisms. Such toxins can be used
individuaily or in combination. The switches that control their production can be based on,
for example, transcriptional activation {toggle switches; see, e.g., Gardner et al., 2000},
transiation {riboregulators), or DNA recombination {recombinase-based switches), and can
sense environmental stimuli such as anaerobiosis or reactive oxygen species. These switches
can be activated by a single environmental factor or may require several activators in AND,
OR, NAND and NOR logic configurations to induce cell death. For example, an AND
riboregulator switch is activated by tetracycline, isopropyl B-D-1-thiogalactopyranoside (IPTG),
and arabinose to induce the expression of lysins, which permeabilize the cell membrane and
kili the cell. PTG induces the expression of the endolysin and holin mRNAs, which are then
derepressed by the addition of arabinose and tetracycline. All three inducers must be present
to cause cell death. Examples of kill switches are known in the art {Callura et al,, 2010). In
some embodiments, the kill switch is activated to kill the bacteria after a period of time
following oxygen level-dependent expression of argA’%'l In some embodiments, the kill switch
is activated in a delayed fashion following oxygen level-dependent expression of czr’gAjb’.

[0298] Kill-switches can be designed such that a toxin is produced in response 10 an
environmental condition or external signal {e.g., the bacteria is killed in response to an
external cuel or, alternatively designed such that a toxin is produced once an environmental
condition no longer exists or an external signal is ceased.

[02%9] Thus, in some embodiments, the genetically engineered bacteria of the
disclosure are further programmed to die after sensing an exogenous environmental signal,

for example, in a low oxygen environment. In some embodiments, the genetically engineered
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bacteria of the present disclosure, e.g., bacteria expressing argAﬂ" and repressor ArgR
,Lcomprise one or more genes encoding one or more recombinasels), whose expression is
induced in response to an environmental condition or signal and causes one or more
recombination events that ultimately leads to the expression of a toxin which kills the cell. In
sorme embodiments, the at least one recombination event is te flipping of an inverted
heterologous gene encoding a bacterial toxin which is then constitutively expressed afteritis
flipped by the first recombinase. In one embodiment, constitutive expression of the bacterial
toxin kills the genetically engineered bacterium. In these types of kill-switch systems once the
engineered bacterial cell senses the exogenous environmental condition and expresses the
heterologous gene of interest, the recombinant bacterial cell is no longer viable.

{0200} in another embodiment in which the genetically engineered bacteria of the

A and repressor ArgR , express one of more

present disclosure, e.g., bacteria expressing arg
recombinase{s] in response to an environmental condition or signal causing at least one
recombination event, the genetically engineered bacterium further expresses a heterclogous
gene encoding an anti-toxin in response 1o an exogenous environmental condition or signal.
in one embaodiment, the at least one recombination event is flipping of an inverted
heterologous gene encoding a bacterial toxin by a first recombinase. In one embaodiment, the
inverted heterologous gene encoding the bacterial toxin is located between a first forward
recombinase recognition sequence and a first reverse recombinase recognition seguence. In
one embodiment, the heterologous gene encoding the bacterial toxin is constitutively
expressed after it is flipped by the first recombinase. in one embodiment, the anti-toxin
inhibits the activity of the toxin, thereby delaying death of the genetically engineered
bacterium. In one embodiment, the genetically engineered bacterium is killed by the
bacterial toxin when the heterclogous gene encoding the anti-toxin is no longer expressed
when the exogenous environmental condition is no longer present.

{0201} n another embodiment, the at least one recombination event is flipping of an
inverted heterclogous gene encoding a second recombinase by a first recombinase, followed
by the flipping of an inverted heterclogous gene encoding a bacterial toxin by the second
recombinase. In one embadiment, the inverted heterologous gene encoding the second
recombinase is located between a first forward recombinase recognition sequence and a first
reverse recombinase recognition sequence. In one embodiment, the inverted heterologous

gene encoding the bacterial toxin is located between a second forward recombinase
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recognition sequence and a second reverse recombinase recognition seqguence. inone
embodiment, the heterologous gene encoding the second recombinase is constitutively
expressed after it is flipped by the first recombinase. In one embodiment, the heterologous
gene encoding the bacterial toxin is constitutively expressed after it is flipped by the second
recombinase. in one embodiment, the genetically engineered bacterium is killed by the
bacterial toxin. In one embodiment, the genetically engineered bacterium further expresses a
heterologous gene encoding an anti-toxin in response 1o the exogenous environmental
condition. In one embodiment, the anti-toxin inhibits the activity of the toxin when the
exogenous environmental condition is present, thereby delaying death of the genetically
engineered bacterium. In one embodiment, the genetically engineered bacterium is kilied by
the bacterial toxin when the hetercologous gene encoding the anti-toxin is no longer expressed
when the exogenous environmental condition is no longer present.

10282} in one embodiment, the at least one recombination event is flipping of an
inverted heterclogous gene encoding a second recombinase by a first recombinase, followed
by flipping of an inverted heterologous gene encoding a third recombinase by the second
recombinase, followed by flipping of an inverted heterologous gene encoding a bacterial toxin
by the third recombinase.

[0203] In one embodiment, the at least one recombination event is flipping of an
inverted heterologous gene encoding a first excision enzyme by a first recombinase. In one
embodiment, the inverted heterologous gene encoding the first excision enzyme is located
between a first forward recombinase recognition sequence and a first reverse recombinase
recognition sequence. in one embodiment, the heterologous gene encoding the first excision
enzyme is constitutively expressed after it is flipped by the first recombinase. In one
embodiment, the first excision enzyme excises a first essential gene. In one embaodiment, the
programmed recombinant bacterial cell is not viable after the first essential gene is excisad.

[0204] in one embodiment, the first recombinase further flips an inverted
heterologous gene encoding a second excision enzyme. In one embodimeant, the wherein the
inverted heterologous gene encading the second excision enzyme is located between 3
second forward recombinase recognition sequence and a second reverse recombinase
recognition sequence. In one embodiment, the heterologous gene encoding the second
excision enzyme is constitutively expressed after it is flipped by the first recombinase. In one

embodiment, the genetically engineered bacterium dies or is no longer viable when the first
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essential gene and the second essential gene are both excised. In one embodiment, the
genetically engineered bacterium dies or is no longer viable when either the first essential
gene is excised or the second essential gene is excised by the first recombinase.

[0205] In one embodiment, the genetically engineered bacterium dies after the at
least one recombination event occurs. In another embodiment, the genetically engineerad
bacterium is no longer viable after the at least one recombination event ocours.

[0206] In any of these embodiment, the recombinase can be a recombinase selected
from the group consisting of: Bxbi, PhiC31, TPSOG1, Bxbi, PhiC31, TPS01, HKO22, HPL, R4, Int],
int2, Int3, Intd, Int5, Int6, Int7, Int8, IntS, Int10, Intld, Intl2, Intl3, Intld, Intlh, Intis, Intl7,
intlg, IntlS, Int20, Int24, Int27, Int23, Int24, int25, Int26, Int27, Int28, Int29, Int30, Int31,
Int32, Int33, and Int34, or a biclogically active fragment thereof,

{02071 In the above-described kill-switch circuits, a toxin is produced in the presence
of an environmental factor or signal. In another aspect of kill-switch circuitry, a toxin may be
repressed in the presence of an environmental factor {not produced) and then produced once
the environmental condition or external signal is no longer present. An exemplary kili-switch
i1 which the toxin is repressed in the presence of an external factor or signal {and activated
once the external signal is removed) is shown in Figs. 39, 40, 62 and 83. The disclosure
provides recombinant bacterial cells which express one or more heterologous genels) upon
sensing arabinose or other sugar in the exogenous environment. In this aspect, the
recombinant bacterial cells contain the araC gene, which encodes the AraC transcription
factor, as well as one or more genes under the control of the araBAD promoter. Inthe
ahsence of arabinose, the AraC transcription factor adopts a conformation that represses
transcription of genes under the control of the araBAD promoter. In the presence of
arabinose, the AraC transcription factor undergoes a conformational change that allows it to
bind to and activate the AraBAD promoter, which induces expression of the desired gene.

[0208] Thus, in some embodiments in which one or more heterologous genels} are
expressed ypon sensing arabinose in the exogencous environment, the one or more
heterologous genes are directly or indirectly under the control of the araBAD promoter. in
some embodiments, the expressed heterologous gene is selected from one or more of the
following: a heterologous therapeutic gene, a heterologous gene encoding an antitoxin, a

heterologous gene encoding a repressor protein or polypeptide, for example, a TetR
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repressor, a heterologous gene encoding an essential protein not found in the bacterial call,
and/or a heterologous encading a regulatory protein or polypeptide.

[0209] Arabinose inducible promoters are known in the art, including P.., Paress Parac
and P.asap. 10 one embodiment, the arabinose inducible promoter is from £, cofi. In some
embodiments, the Py.c promoter and the Puaassp promoter operate as a bidirectional
promoter, with the P,.pan promoter controlling expression of a heterologous gene{s) in one
direction, and the P,.c {in close proximity to, and on the opposite strand from the Purasan
promoter), controlling expression of a heterologous gene{s) in the other direction. in the
presence of arabinose, transcription of both heterclogous genes from both promoters is
induced. However, in the absence of arabinoss, transcription of both heterologous genes
from both promoters is not induced.

{02161 In one exemplary embodiment of the disclosure, the engineered bacteria of
the present dicslosure contains a kill-switch having at least the following sequences: a Pyasap
promoter operably linked to a heterologous gene encoding a Tetracycline Repressor Protein
{TetR)}, a Puoc promoter operably linked to a heterologous gene encoding Aral transcription
factor, and a heterologous gene encoding a bacterial toxin operably linked to a promoter
which is repressed by the Tetracycline Repressar Protein (Pr.g). In the presence of arabinose,
the AraC transcription factor activates the P,.pap promoter, which activates transcription of
the TetR protein which, in turn, represses transcription of the toxin. In the absence of
arabinose, however, AraC suppresses transcription from the the Pyaeap Dromoter and no TetR
protein is expressed. |n this case, expression of the heterologous toxin gene is activated, and
the toxin is expressed. The toxin builds up in the recombinant bacterial cell, and the
recombinant bacterial cell is killed. In one embodiment, the AraC gene encoding the AraC
transcription factor is under the control of a constitutive promoter and is therefore
constitutively expressed.

{0211} tn one embodiment of the disclosure, the recombinant bacterial call further
comprises an antitoxin under the control of a constitutive promoter. In this situation, in the
presence of arabinose, the toxin is not expressed due to repression by TetR protein, and the
antitoxin protein builds-up in the call. However, in the absence of arabinose, TetR protein is
not expressad, and expression of the toxin is induced. The toxin begins to build-up within the

recombinant bacterial cell. The recombinant bacterial cell is no longer viable once the toxin
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protein is present at either equal or greater amounts than that of the anti-toxin protein in the
cell, and the recombinant bacterial cell will be killed by the toxin.

[0212] In another embodiment of the disclosure, the recombinant bacterial cell
further comprises an antitoxin under the controf of the P..sap promoter. In this situation, in
the presence of arabinose, TetR and the anti-toxin are expressed, the anti-toxin builds up in
the cell, and the toxin is not expressed due to repression by TetR protein. However, in the
ahsence of arabinose, both the TetR protein and the anti-toxin are not expressed, and
expression of the toxin is induced. The toxin begins to build-up within the recombinant
bacterial cell. The recombinant bacterial cell is no longer viable once the toxin protein is
expressed, and the recombinant bacterial cell will be killed by the toxin.

{0213} In another exemplary embodiment of the disclosure, the enginsered bactsria
of the present disclosure contains a kill-switch having at least the following sequences: a
P.rasap promoter operably linked to a heterologous gene encoding an essential polypeptide
not found in the recombinant bacterial cell {and required for survivall, and a P, promoter
operably linked 10 a heterologous gene encoding AraC transcription factor. In the presence of
arabinose, the AraC transcription factor activates the Pyapap promoter, which activates
transcription of the heterologous gene encoding the essential polypeptide, allowing the
recombinant bacterial cell to survive. In the absence of arabinose, however, AraC suppresses
transcription from the the Piaeap promoter and the essential protein required for survival is
not expressed. In this case, the recombinant bacterial cell dies in the absence of arabinose.
in some embodiments, the sequence of Pagpap promoter operably linked to a heterologous
gene encoding an essential polypeptide not found in the recombinant bacterial cell can be
present in the bacterial cell in conjunction with the TetR/toxin kill-switch system described
directly above. In some embodiments, the sequence of Paasap promoter operably linked to a
heterologous gene encoding an essential polypeptide not found in the recombinant bacterial
cell can be present in the bacterial cell in conjunction with the TetR/toxin/anto-toxin kili-
switch system described directly above.

{0214} in some embodiments, the engineered bacteria of the present disclosure, for
example, bacteria expressing arg’*fb’ and repressor ArgR further comprise the gene{s)
encoding the components of any of the above-described kill-switch circuits.

[0215] in any of the above-described embodiments, the bacterial toxin is selected

from the group consisting of a lysin, Hok, Fst, TisB, LdrD, Kid, SymE, MazF, Fim4, lbs, XCV2162,
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dini, CcdB, MazF, ParE, Yaf(, Zeta, hicB, relB, yhaV, yoeB, chpB¥, hipA, microcin B, microcin
B17, microcin €, microcin C7-C51, microcin 125, microcin ColV, microcin 24, microcin L,
microcin D93, microcin L, microcin E492, microcin H47, microcin 147, microcin M, colicin A,
colicin E1, colicin K, colicin N, colicin U, colicin B, colicin 1a, colicin 1h, colicin 5, colicinl, colicin
S4, colicin ¥, colicin B2, colicin E7, colicin ES, colicin ES, colicin E3, colicin B4, colicin E6; colicin
E5, colicin D, colicin M, and cloacin DF13, or a biologically active fragment thereof.

[0216] In any of the above-described embodiments, the anti-toxin is selected from the
group consisting of an anti-fysin, Sok, RNAH, IstR, RdID, Kis, SymR, MazE, FImB, Sib, ptaRNAL,
vafQ, CodA, MazE, ParD, yafN, Epsilon, HicA, relE, priF, yvefM, chpBl, hipB, MccE, MccECTD,
MceF, Cai, ImmEL, Cki, Cni, Cul, Cbi, lia, Imm, CF, Im 10, Csi, Oy, Im2, Im7, Im8, Im$, im3, Im4,
immES, cloacin immunity protein {Cm), ImmES, ImmD, and Cmi, or a biologically active
fragment thersof.

{6217} in one embodiment, the bacterial toxin is bactericidal to the genetically
engineered bacterium. In one embodiment, the bacterial toxin is bacteriostatic to the
genetically engineered bacterium.

{0218} in some embodiments, the engineered bacteria provided herein have an
arginine regulon comprising one or more nucleic acid mutations that reduce or efiminate
arginine-mediated repression of each of the operons that encode the enzymes responsible for
converting glutamate to arginine and/or an intermediate byproduct, e.g., citrulling, in the
arginine biosynthesis pathway, such that the mutant arginine regulon produces more arginine
and/or intermediate byproduct than an unmodifiad regulon from the same bacterial subtype
under the same conditions. In some embodiments, the genetically engineered bacteria
comprise an arginine feedback resistant N-acetyiglutamate synthase mutant, e.g., argAfb" in
sorme embodiments, the genetically engineered bacteria comprise a mutant arginine regulon
comprising one or more nucleic acid mutations in at least one ARG box for sach of the
operons that encode the arginine biosynthesis enzymes N-acetylglutamate kinase, N-
acetylglutamylphosphate reductase, acetylornithine aminotransferase, N-acstylornithinase,
oroithine transcarbamylase, argininosuccinate synthase, argininosuccinate lyase, and
carbhamovlphosphate synthase, thereby derepressing the regulon and enhancing arginine
and/or intermeadiate byproduct biosynthesis. In some embodiments, the genetically
engineered bacteria further comprise an arginine feedback resistant N-acetylglutamate

synthase mutant. in some embodiments, the arginine feedback resistant N-acetylglutamate
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synthase mutant is controlied by an oxygen level-dependent promoter. In soms
embodiments, the arginine feedback resistant N-acetyiglutamate synthase mutantis
controlled by a promoter that is induced under low-oxygen or anaerobic conditions. In some
embodiments, the promoter is selected from the fumarate and nitrate reductase regulator
{FNR} promoter, arginine deiminiase and nitrate reduction {ANR} promoter, and dissimilatory
nitrate respiration regulator {DNR) promoter. In some embodiments, the arginine feedback
resistant N-acetyiglutamate synthase mutant is argAfb"

{02191 In some embodiments, the genetically engineered bacteria comprise a mutant
arginine regulon comprising one or more nucleic acid mutations in at least one ARG box for
each of the operons that encode the arginine biosynthesis enzymes and an arginine feedback
resistant N-acetylglutamate synthase mutant. In some embodiments, the genetically
engineered bacteria comprise a mutant arginine regulon, wherein the bacterium comprises a
gene encoding a functional N-acetylglutamate synthetase that is mutated to reduce arginine
feedback inhibition as compared to a wild-type N-acetylglutamate synthetase from the same
bacterial subtype under the same conditions, wherein expression of the gene encoding the
mutated N-acetylglutamate synthetase is controlied by a promoter that is induced under low-
oxygen or anaercohic conditions, wherein the mutant arginine regulon comprises one or more
operons comprising genes that encode arginine biosynthesis enzymes N-acetyigiutamate
kinase, N-acetylgiutamate phosphate reductase, acetylornithine aminotransferase, N-
acetylornithinase, carbamoyiphosphate synthase, ornithine transcarbamviase,
argininosuccinate synthase, and argininosuccinate lvase, and wherein each operon comprises
one or more mutated ARG box{es) characterized by one or more nudleic acid mutations that
reduces arginine-mediated repression of the operon via ArgR repressor binding, and retains
RNA polymerase binding with sufficient affinity to promote transcription of the genes in the
operon

{0220} in some embodiments, the genetically engineersd bacteria is an auxotroph
comprising a mutant arginine regulon comprising one or more nuclsic acid mutations in at
least one ARG hox for each of the operons that encode the arginine biosynthesis enzymes and
an arginine feedback resistant N-acetylghutamate synthase mutant. in one embodiment, the
genetically engineered bacteria comprising a mutant arginine regulon comprising one or more
nucleic acid mutations in at least one ARG box for each of the operons that encode the

arginine biosynthesis enzymes and an arginine feedback resistant N-acetylglutamate synthase
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mutant is an auxotroph selected from a cysE, gind, ilvD, ieuB, IysA, serd, metA, glyA, hisB, ilvA,
phed, proA, thr, trpC, tyid, thyA, uraA, dapA, dapB, dapl, dapf, dapF, fihD, metB, metl,
proAB, and thil auxotroph. In some embodiments, the engineered bacteria have more than
one auxotrophy, for example, they may be a Athyd and AdapA auxoctroph.

[0221] In some embodiments, the genetically engineered bacieria comprising a
miutant arginine regulon comprising one or more nucleic acid mutations in at least one ARG
box for each of the operons that encode the arginine biosynthesis enzymes and an arginine
feedback resistant N-acetyiglutamate synthase mutant further comprises a kill-switch circuit,
such as any of the kill-switch circuits provided herein. For example, in some embodiments, the
genetically engineered bacteria further comprise one or more genes encoding one or more
recombinase(s) under the control of an inducible promoter and an inverted toxin sequence.
I some embodiments, the genetically engineered bacteria further comprise one or more
genes encoding an antitoxin. In some embodiments, the engineered bacteria further
COMPrise one or more genes encoding one or more recombinasels) under the control of an
inducible promoter and one or more inverted excision genes, wherein the excision gene{s)
encade an enzyme that deletes an essential gene. In some embodiments, the genetically
engineered bacteria further comprise one or more genes encading an antitoxin. In some
embodiments, the engineered bacteria further comprise one or more genes encoding a toxin
under the control of a promoter having a TetR repressor binding site and a gene encoding the
TetR under the control of an inducible promoter that is induced by arabinose, such as
ParaBAD. Insome embodiments, the genetically engineered bacteria further comprise one or
more genes encoding an antitoxin,

[02221 In some embodiments, the genetically engineered bacteria is an auxotroph
comprising a mutant arginine regulon comprising one or more nucleic acid mutations in at
least one ARG box for each of the operons that encode the arginine biosynthesis enzymes and
an arginine feedback resistant N-acetylglutamate synthase mutant and further comprises a
kill-switch circuit, such as any of the kill-switch circuits described herein,

[0223] in some embodiments of the above described genetically enginesred bacteris,
the gene encoding the arginine feedback resistant N-acetylglutamate synthetase is present on
a plasmid in the bacterium and operatively linked on the plasmid to the promoter that is
induced under low-oxygen or anaerobic conditions. in other embodiments, the gene

encoding the arginine feedback resistant N-acetylgiutamate synthetase is present in the
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bacterial chromosome and is operatively linked in the chromosome to the promoter that is
induced under low-oxygen or anasrobic conditions.

[0224] In some embodiments, the genetically engineered hacteria comprise a mutant
arginine repressor comprising one or more nucleic acid mutations such that arginine
repressor function is decreased or inactive, or the genetically engineered bacteria do not have
an arginine repressor {e.g., the arginine repressor gene has been deleted), resulting in
derepression of the regulon and enhancemaent of arginine and/or intermediate byproduct
biosynthesis. In some embodiments, the genetically engineered bacteria further comprise an
arginine feedback resistant N-acetylglutamate synthase mutant. In some embodiments, the
arginine feedback resistant N-acetylglutamate synthase mutant is controlled by an oxygen
level-dependent promoter. In some embodiments, the arginine feedback resistant N-
acetylglutamate synthase mutant is controlled by a promoter that is induced under low-
oxygen or anaerobic conditions. In some embodiments, the promoter is selected from the
fumarate and nitrate reductase regulator {FNR) promoter, arginine deiminiase and nitrate
reduction {ANR} promoter, and dissimilatory nitrate respiration reguiator (DNR} promoter. In
some embodiments, the arginine feedback resistant N-acetyigiutamate synthase mutant is
argA’®.

[0225] In some embodiments, the genetically engineered hacteria comprise a mutant
or deleted arginine repressor and an arginine feedback resistant N-acetylgiutamate synthase
mutant. in some embodiments, the genetically engineered bacterium comprise an arginine
regulon, wherein the bacterium comprises a gene encoding a functional N-acetylglutamate
synthetase with reduced arginine feedback inhibition as compared to a wild-type N-
acetylglutamate synthetase from the same bacterial subtype under the same conditions,
wherein expression of the gene encoding arginine feedback resistant N-acetylglutamate
synthetase is controlled by a promoter that is induced by exogenous environmental
conditions and wherein the bacterium has been genetically engineered to lack a functional
ArgR repressor.

[0226] in some embodiments, the genetically engineersd bacteria comprising a
mutant or deleted arginine repressor and an arginine feedback resistant N-acetylglutamate
synthase mutant is an auxctroph. In one embodiment, the genetically enginesred bacteria
comprising a mutant or deleted arginine repressor and an arginine feedback resistant N-

acetylglutamate synthase mutant is an auxotroph selected from a cysE, ginA, itvD, leuB, lvsA,
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serA, metA, giyA, hisB, ilva, phed, proA, thr(, trpC, tvrd, thyA, uraA, dopa, dopB, dapD, dapE,
dopf, flhD, metB, metC, proAB, and thil auxotroph. In some embodiments, the engineered
bacteria have more than one auxotrophy, for example, they may be a Athyd and Adapd
guxotroph.

[0227] In some embodiments, the genetically engineered bacieria comprising a
miutant or deleted arginine repressor and an arginine feedback resistant N-acetylglutamate
synthase mutant further comprise a kill-switch circuit, such as any of the kill-switch circuits
provided herein. For example, in some embodiments, the genetically engineered bacteria
further comprise one or more genes encoding one or more recombinase(s} under the control
of an inducible promoter, and an inverted toxin sequence. i some embodiments, the
genetically engineered bacteria further comprise one or more genes encoding an antitoxin, n
seme embodiments, the engineered bacteria further comprise one or more genes encoding
one or more recombinase{s} under the controf of an inducible promoter and one or more
inverted excision genes, wherein the excision gene{s) encode an enzyme that deletes an
essential gene. In some embodiments, the genetically engineered bacteria further comprise
one or more genes encading an antitoxin. In some embodiments, the engineered bacteria
further comprise one or more genes encading a toxin under the control of an promoter
having a TetR repressor binding site and a gene encoding the TetR under the controf of an
inducible promoter that is induced by arabinose, such as ParaBAD. in some embodiments,
the genetically engineered bacteria further comprise one or more genes encoding an
antitoxin.

[0228] in some embodiments, the genetically engineered bacieria is an auxotroph
comprising a mutant or deleted arginine repressor and an arginine feedback resistant N-
acetyiglutamate synthase mutant and further comprises a kill-switch circuit, such as any of
the kill-switch circuits described herein.

[0229] in some embodiments of the above described genetically enginesred bacteris,
the gene encoding the arginine feedback resistant N-acetylglutamate synthetase is present on
a plasmid in the bacterium and operatively linkad on the plasmid to the promoter that is
induced under low-oxygen or anaerobic conditions. in other embodiments, the gene
encoding the arginine feedback resistant N-acetylgiutamate synthetase is present in the
bacterial chromosome and is operatively linked in the chromosome to the promoter that is

induced under low-oxygen or anasrcbic conditions.
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Ammonia Transport

(02301 Ammeonia transporters may be expressed or modified in the genetically
engineered bacteria of the invention in order to enhance ammaonia transport into the cell.
AmitB is a membrane transport protein that transports ammonia into bacterial cells. Insome
embodiments, the genetically engineered bacteria of the invention also comprise multiple
copies of the native amitB gene. In some embodiments, the genetically engineered bacteria of
the invention also comprise an omiB gene from a different bacterial species. in some
embodiments, the genetically engineered bacteria of the invention comprise multiple copies
of an amitBf gene from a different bacterial species. In some embodiments, the native amiB
gene in the genetically engineered bacteria of the invention is not modified. in some
embodiments, the genetically enginesred bacteria of the invention comprise an omt8 gene
that is controlied by its native promoter, an inducible promaoter, or a promoter that is
strongar than the native promoter, .., 3 GInRS promoter, a P{Bia) promoter, or a
constitutive promoter,

(6231} in some embodiments, the native amiB gens in the genetically enginsered
bacteria is hot modified, and one or more additional copies of the native omiB gene are
inserted into the genome under the control of the same inducible promoter that controls
expression of argAfb', e.g., a FNR promoter, or a different inducible promoter than the one
that controls expression of argAﬂ" or a constitutive promaoter. In alternate embodiments, the
native amiB gene is not modified, and a copy of a non-native amiB gene from a different
bacterial species is insertad into the genome under the control of the same inducible
promoter that controls expression of arg,’-&jb", e.g., a FNR promoter, or a different inducible
promoter than the one that controls expression of argAﬂ” or a constitutive promaoter.

[0232] In some embodiments, the native amiB gene in the genetically engineered
bacteria is not modifiad, and one or more additional copies of the native omitR gene are
present in the hacteria on a plasmid and under the control of the same inducible promoter
that controls exprassion of argAfb’, e.g., a FNR promoter, or a different inducible promoter
than the one that controls expression of argAfb" or a constitutive promoter. In alternate
embodiments, the native amtB gene is not modified, and a copy of a non-native omitB gene
from a different bacterial species is present in the bacteria on a plasmid and under the control

N . o i -
of the same inducible promoter that controls expression of argA'b’, e.g., a FNR promoter, or a
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different inducible promoter than the one that controls expression of argAﬂ" or @ constitutive
promoter,

[0233] In some embodiments, the native omiB gene is mutagenized, the mutants
exhibiting increased ammonia transport are selected, and the mutagenized ami8 gene is
isolated and inserted into the genetically engineered bacteria. In some embodiments, the
native gmitB gene is mutagenized, mutants exhibiting increased ammonia transport are
selected, and those mutants are used to produce the bacteria of the invention. The ammonia
transporter modifications described herein may be present on a plasmid or chromosome.

[0234] In some embodiments, the genetically engineered bacterium is £. cofi Nissle,
and the native gmtB gene in £. coli Nissle is not modified; one or more additional copies the
native £, cofi Nissle amiB genes are inserted into the £, cofi Nissle genome under the control
of the same inducible promoter that controls expression of argAﬁb’, e.g., a FNR promoter, or a
different inducibie promaoter than the one that controls expression of argAﬂ’r or a constitutive
promoter. In an alternate embodiment, the native amiB gene in £. coff Nissle is not modified,
and a copy of a non-native gmiB gene from a different bacterium, e.g., Lactobacifius
plantarum, is inserted into the £, coli Nissle genome under the control of the same inducible
promoter that controls expression of argAfb’, e.g., a FNR promaoter, or a different inducible
promoter than the one that controls expression of argAfb" or a constitutive promoter.

[0235] In some embodiments, the genetically engineered bacterium is £. colfi Nissie,
and the native amitB gene in £. cofi Nissle is not modified; one or more additional copies the
native £. cofi Nissle amtB genes are present in the bacterium on a plasmid and under the
control of the same inducible promoter that controls expression of aé“ng\"b", e.g., a FNR
promoter, or a different inducible promoter than the one that controls expression of argz’-\jb",
or a constitutive promoter. In an aliernate embodiment, the native omtB gene in E. ¢oli Nissle
is not modified, and a copy of a non-native gmitB gene from a different bacterium, e.g.,
Loctobaciflus plantarum, are present in the bacterium on a plasmid and under the control of
the same inducible promoter that controls expression of argAﬁb’, e.g., 8 FNR promoter, or a
different inducible promaoter than the one that controls expression of ai'gAfbr,. or a constitutive
promoter,

Pharmaceutical Compositions and Formulations

[0236] Pharmaceutical compositions comprising the genetically engineered bacteria of

the invention may be used to treat, manage, ameliorate, and/or prevent a disorder associated
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with hyperammonemia or symptom(s) associated with hyperammonemia. Pharmaceutical
compaositions of the invention comprising one or more genetically engineered bacteria, alone
or in combination with prophylactic agents, therapeutic agents, and/or pharmaceutically
acceptable carriers are provided.

[0237] In certain embodiments, the pharmaceutical composition comprises one
species, strain, or subtype of bacteria that are engineered to comprise the genetic
madifications described herein, e.g., the mutant arginine regulon. In alternate embodiments,
the pharmaceutical composition comprises two or more species, strains, and/or subtypses of
bacteria that are each engineered to comprise the genetic modifications described herein,
e.g., the mutant arginine regulon.

[0238] The pharmaceutical compositions of the invention may be formulated in a
conventional manner using one or more physiclogically acceptable carriers comprising
excipients and auxiliaries, which facilitate processing of the active ingredients into
compositions for pharmaceutical use. Methods of formuiating pharmaceutical compositions
are known in the art {see, e.g., "Remington’s Pharmaceutical Sciences,” Mack Publishing Co.,
Easton, PA}. in some embodiments, the pharmaceutical compositions are subjected 1o
tabletting, lyophilizing, direct compression, conventional mixing, dissolving, granulating,
levigating, emulsifying, encapsulating, entrapping, or spray drying to form tablets, granulates,
nanoparticles, nanocapsules, microcapsules, microtablets, pellets, or powders, which may be
enterically coated or uncoated. Appropriate formulation depends on the route of
administration.

[0239] The genetically engineered bacteria of the invention may be formulated into
pharmaceutical compositions in any suitable dosage form {e.g., liquids, capsules, sachet, hard
capsules, soft capsules, tablets, enteric coated tablets, suspension powders, granules, or
matrix sustained release formations for oral administration) and for any suitable type of
administration {e.g., oral, topical, immeadiate-release, puisatiie-release, delayed-raleass, or
sustained release). Suitable dosage amounts for the genetically engineered bacteria may
range from about 107 to 10" bacteria. The composition may be administered once or more
daily, weekly, or monthly. The genetically engineered bacteria may be formulated into
pharmaceutical compositions comprising one or more pharmaceutically acceptable carriers,

thickeners, diluents, buffers, surface active agents, neutral or cationic lipids, lipid complexes,
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liposomes, penetration enhancers, carrier compounds, and other pharmaceutically acceptable
carriers or agents.

[0240] The genetically engineered bacteria of the invention may be administered
topically and formulated in the form of an ointment, cream, transdermal patch, lotion, gel,
shampoo, spray, aerosol, solution, emulsion, or other form well-known 1o one of skill in the
art. See, e.q., "Remington's Pharmaceutical Sciences,” Mack Publishing Co., Easton, PA. nan
embodiment, for non-sprayable topical dosage forms, viscous to semi-solid or solid forms
comprising a carrier or one or more excipients compatible with topical application and having
a dynamic viscosity greater than water are employed. Suitable formulations include, but are
not limited to, solutions, suspensions, emulsions, creams, cintments, powders, liniments,
salvas, etc., which may be sterilized or mixed with auxiliary agents {e.g., preservatives,
stabilizers, wetting agents, buffers, or salts) for influencing various properties, e.g., osmotic
pressure. Other suitable topical dosage forms include sprayabie aerosol preparations wherein
the active ingredient in combination with a solid or Hiquid inert carrier, is packaged in a
mixture with a pressurized volatile {e.g., a gassous propeilant, such as freon) or in a squesze
bottie. Moisturizers or humectants can also be added to pharmaceutical compositions and
dosage forms. Examples of such additional ingredients are well known in the art.

[0241] The genetically engineered bacteria of the invention may be administered
orally and formulated as tablets, pills, dragees, capsules, liquids, gels, syrups, slurries,
suspensions, ete. Pharmacological compositions for oral use can be made using a solid
excipient, optionally grinding the resulting mixture, and processing the mixture of granules,
after adding suitable auxiliaries if desired, to obtain tablets or dragee cores. Suitable
excipients include, but are not limited to, fillers such as sugars, including lactose, sucrose,
mannitol, or sorbitol; cellulose compositions such as maize starch, wheat starch, rice starch,
potato starch, gelatin, gum tragacanth, methyl cellulose, hydroxypropyimethyl-celluloss,
sodium carbomethylcellulose; and/or physiclogically acceptable polymers such as
polyvinylpyrrolidone {PVP) or polyethylene glycol (PEG). Disintegrating agents may also be
added, such as cross-linked polyvinylpyrrolidone, agar, alginic acid or a salt thereof such as
sadium alginate.

10242} Tablets or capsules can be prepared by conventional means with
pharmaceutically acceptable excipients such as binding agents {e.g., pregeiatinised maize

starch, polyvinvlpyrrolidone, hydroxypropyl methvicellulose, carboxymethylcellulose,
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polyethylene glycol, sucrose, glucose, sorbitol, starch, gum, kaolin, and tragacanth); fillers
{e.g., lactose, microcrystalline cellulose, or calcium hydrogen phosphate); lubricants {e.g.,
calcium, aluminum, zing, stearic acid, polyethylene giveol, sodium {auryl sulfate, starch,
sodium benzoate, L-leucine, magnesium stearate, alc, or silica}; disintegrants {e.g., starch,
potato starch, sodium starch glycolate, sugars, cellulose derivatives, silica powders); or
wetting agents {e.g., sodium lauryl sulphate). The tablets may be coated by methods well
known in the art. A coating shell may be present, and common membranes include, but are
not limited 1o, polvlactide, polyglycolic acid, polvanhydride, other biodegradable polymers,
alginate-poiviysine-alginate {APA), alginate-polymethylene-co-guanidine-alginate (A-PMCG-A},
hydroymethylacrylate-methyl methacrylate (HEMA-MMA), multifayered HEMA-MMA-MAA,
polvacrylonitrilevinylchloride {(PAN-PVC), acrvlonitrile/sodium methallvisulfonate {AN-8S),
polyethyiene glycol/poly pentamethyicyclopentasiloxana/polydimethylsiloxane
{PEG/PDS/PDMS), poly N,N- dimethyl acrylamide (PDMAAm), siliceous encapsulates, cellulose
suiphate/sodium alginate/polymethylene-co-guanidine {CS/A/PMLG), cellulose acetate
phthalate, calcium alginate, k-carrageenan-locust bean gum gel beads, gelian-xanthan beads,
poly{iactide-co-glycolides), carrageenan, starch poly-anhydrides, starch polymethacryiates,
polyamino acids, and enteric coating polymers.

[0243] In some embaodiments, the genetically engineered hacteria are enterically
coated for release into the gut or a particular region of the gut, for example, the large
intestine. The typical pH profile from the stomach to the colon is about 1-4 {stomach}, 5.5-6
{duodenum), 7.3-8.0 {ileum), and 5.5-6.5 {colon). In some diseases, the pH profile may be
modified. In some embodiments, the coating is degraded in specific pH environments in
order to specify the site of release. In some embodiments, at least two coatings are used. In
sorme embodiments, the outside coating and the inside coating are degraded at different pH
favels.

{0244} Liguid preparations for oral administration may take the form of solutions,
syrups, suspensions, or a dry product for constitution with water or other suitable vehicle
before use. Such liquid preparations may be prepared by conventional means with
pharmaceutically acceptable agents such as suspending agents {e.g., sorbitol syrup, cellulose
derivatives, or hydrogenated edible fats); emulsifying agents {e.g., kecithin or acacia); non-
agueous vehicies {e.g., almond oll, oily esters, ethyl alcohol, or fracticnated vegetable oils);

and preservatives {e.g., methyl or propyi-p-hydroxybenzoates or sorbic acid). The
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preparations may also contain buffer salts, flavoring, coloring, and sweetening agents as
appropriate. Preparations for oral administration may be suitably formulated for slow
release, controlied release, or sustained release of the genetically engineered bacteria of the
invention.

[0245] In certain embodiments, the genetically engineered bacteria of the invention
may be orally administered, for example, with an inert diluent or an assimilable edible carrier.
The compound may also be enclosed in a hard or soft shell gelatin capsule, compressed into
tablets, or incorporated directly into the subject’s diet. For oral therapeutic administration,
the compounds may be incorporated with excipients and used in the form of ingestible
tablets, buccal tablets, troches, capsules, elixirs, suspensions, syrups, wafers, and the like. To
administer a compound of the invention by ather than parenteral administration, it may be
necessary to coat the compound with, or co-administer the compound with, a material to
prevent its inactivation.

[0246] in some embodiments, the composition is formulated for intraintestinal
administration, intrajejunal administration, intraducdenal administration, intraileal
administration, gastric shunt administration, or intracolic administration, via nanoparticles,
nanocapsules, microcapsules, or microtablets, which are enterically coated or uncoated. The
pharmaceutical compaositions of the present invention may also be formulated in rectal
compaositions such as suppositories or retention enemas, using, e.g., conventional suppository
bases such as cocoa butter or other glycerides. The compositions may be suspensions,
solutions, or emulsions in oily or aqueous vehicles, and may contain suspending, stabilizing
and/or dispersing agents.

{02471 The genetically engineered bacteria of the invention may be administered
intranasally, formulated in an aerosol form, spray, mist, or in the form of drops, and
conveniently delivered in the form of an aerosol spray presentation from pressurized packs or
a nebuliser, with the use of a suitable propeliant {e.g., dichlorodifluoromethans,
trichlorofluoromethane, dichlorotetrafluoroethane, carbon dioxide or other suitable gas).
Prassurized aerosol dosage units may be determined by providing a valve to deliver a metersd
amount. Capsules and cartridges {e.g., of gelatin} for use in an inhaler or insuffiator may be
formulated containing a powder mix of the compound and a suitabie powder base such as

factose or starch.
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[0248] The genetically engineered bacteria of the invention may be administered and
formulated as depot preparations. Such long acting formulations may be administered by
implantation or by injection. For example, the compositions may be formulated with suitable
polymeric or hydrophobic materials {&.g., as an emuision in an acceptabie oil) or ion exchange
resins, or as sparingly soluble derivatives {e.g., as a sparingly soluble salt).

[02491 In some embodiments, the invention provides pharmaceutically acceptable
compositions in single dosage forms. Single dosage forms may be in a liguid or a solid form.
Single dosage forms may be administered directly to a patient without modification or may be
diluted or reconstituted prior to administration. In certain embodiments, a single dosage
form may be administered in bolus form, &.g., single injection, single oral dose, including an
oral dose that comprises multiple tablets, capsule, pills, ste. in alternate embodiments, a
single dosage form may be administered over a period of time, e.g., by infusion.

[0258] Single dosage forms of the pharmaceutical composition of the invention may
be prepared by portioning the pharmaceutical composition into smaller aliquots, single dose
containers, single dose liquid forms, or single dose solid forms, such as tablets, granulates,
nanoparticles, nanocapsules, microcapsules, microtabiets, pellets, or powders, which may be
enterically coated or uncoated. A single dose in a solid form may be reconstituted by adding
liquid, typically sterile water or saline solution, prior to administration 1o a patient.

[0251] Dosage regimens may be adjusted to provide a therapeutic response. For
example, a single bolus may be administered at one time, several divided doses may be
administered over a predetermined period of time, or the dose may be reduced or increased
as indicated by the therapeutic situation. The specification for the dosage is dictated by the
unique characteristics of the active compound and the particular therapeutic effect to be
achieved. Dosage values may vary with the type and severity of the condition to be
alleviated. For any particular subjact, specific dosage regimens may be adjusted over time
according to the individual nead and the professional judgment of the treating clinician.

[0252] In another embodiment, the composition can be delivered in a controlied
release or sustained release system. In one embodiment, a pump may be used to achieve
controlled or sustained release. In another embodiment, polymeric materials can be used to
achieve controlied or suystained release of the therapies of the present disclosure {see e.g,,
U.S. Patent No. 5,989,463). Examples of polymers used in sustainad releases formulations

inciude, but are not limited to, poly{2-hydroxy ethyl methacryiate}, poly{methyi
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methacrylate), poly{acrylic acid), poly{ethylene-co-vinyl acetate), poly{methacrylic acid},
polyglycolides {PLG), polyanhydrides, poly{N- vinyl pyrrolidone), poly{vinyl alcohol),
polyvacrylamide, polylethylene glycol), polylactides {PLA}, poly{lactide-co-glycolides) {(PLGA),
and polyorthoesters. The polymer used in a sustained release formulation may be inert, free
of leachable impurities, stable on storage, sterile, and biodegradable. In some embodiments,
a controlied or sustained release system can be placed in proximity of the prophvlactic or
therapeutic target, thus requiring only a fraction of the systemic dose. Any suitable technique
known to one of skill in the art may be used.

[0253] The genetically engineered bacteria of the invention may be administered and
formulated as neutral or salt forms. Pharmaceutically acceptable salts include those formed
with anions such as those derived from hydrochioric, phosphoric, acetic, oxalic, tartaric acids,
etc., and those formed with cations such as those derived from sodium, potassium,
ammonium, calcium, ferric hydroxides, isopropylamine, triethylamine, 2-ethylamino ethanol,
histidine, procaine, etc.

{0254} The ingredients are supplied either separately or mixed together in unit dosage
form, for exampile, as a dry lyophilized powder or water-free concentrate in a hermetically
sealed container such as an ampoule or sachet indicating the quantity of active agent. if the
mode of administration is by injection, an ampoule of sterile water for injection or saline can
be provided so that the ingredients may be mixed prior to administration.

[0255] The pharmaceutical compositions of the invention may be packaged in 3
hermetically sealed container such as an ampoule or sachet indicating the guantity of the
agent. in one embodiment, one or more of the pharmaceutical compaositions of the invention
is supplied as a dry sterilized lvophilized powder or water-free concentrate in a hermetically
sealed container and can be reconstituted {e.g., with water or saline} to the appropriate
concentration for administration to a subject. In an embodiment, one or more of the
prophyvlactic or therapsutic agents or pharmaceutical compositions of the invention is
supplied as a dry sterile lyophilized powder in a hermeticaily sealed container stored hetween
2° Cand 8 C and administersd within 1 hour, within 3 hours, within 5 hours, within 6 hours,
within 12 hours, within 24 hours, within 48 hours, within 72 hours, or within one week after
being reconstituted. Cryoprotectants can be included for a lyophilized dosage form,
principaily 0-10% sucrose {optimaily 0.5-1.0%). Other suitable cryoprotectants include

trehalose and lactose. Other suitable bulking agents include glycine and arginine, either of
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which can be included at a concentration of 0-0.05%, and polysorbate-80 {optimally included
at a concentration of 0.005-0.01%). Additional surfactants include but are not limited to
polysorbate 20 and BRI surfactants. The pharmaceutical composition may be prepared as an
injectable solution and can further comprise an agent useful as an adjuvant, such as those
used to increase absorption or dispersion, e.g., hyvaluronidase.

{02581 Dosing can depend on several factors, including severity and responsiveness of
the disease, route of administration, time course of treatment {days to months to years), and
time to amelioration of the disease. Toxicity and therapeutic efficacy of compounds provided
herein can be determined by standard pharmaceutical procedures in cell culture or animal
models, For example, LDsg, EDgg, ECsp, and 1Csp may be determined, and the dose ratio
between toxic and therapeutic effects {LDso/EDqo) mavy be calculated as the therapeutic index.
Compositions that exhibit toxic side effects may be used, with careful modifications to
minimize potential damage to reduce side effects. Dosing may be estimated initially from cell
culture assays and animal models. The data obtained from in vitro and in vivo assays and
animal studies can be used in formulating a range of dosage for use in humans.

Methods of Treatment

(02571 Another aspect of the invention provides methods of treating a disease or
disorder associated with hyperammonemia. in some embodiments, the invention provides
methods for reducing, ameliorating, or eliminating one or more symptom{s) associated with
these diseases or disorders. In some embodiments, the disorder is a urea gycle disorder such
as argininosuccinic aciduria, arginase deficiency, carbamovyiphosphate synthetase deficiency,
citrullinemia, N-acetylglutamate synthetase deficiency, and ornithine transcarbamylase
deficiency. In alternate embodiments, the disorder is a liver disorder such as hepatic
encephalopathy, acute liver failure, or chronic liver failure; organic acid disorders; isovaleric
aciduria; 3-methyicrotonylglycinuria; methylmalonic acidemia; propionic aciduria; fatty acid
oxidation defects; carnitine cycle defects; carnitine deficisncy; f-oxidation deficiency; lysinuric
protein intolerance; pyrroline-5-carboxylate synthetase deficiency; pyruvate carboxylase
deficiency; ornithine aminotransferase deficiency; carbonic anhydrase deficiency;
hyperinsulinism-hyperammonemia syndrome; mitochondrial disorders; vaiproate therapy;
asparaginase therapy; total parenteral nutrition; cystoscopy with glycine-containing solutions;
post-lung/hone marrow transplantation; portosystemic shunting; urinary tract infections;

ureter dilation; muitiple myeloma; chemotherapy; infection; neurogenic bladder; or intestinal
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bacterial overgrowth. In some embodiments, the symptom{s} associated thereof include, but
are not limited to, seizures, ataxia, stroke-like lesions, coma, psychosis, vision {oss, acute
encephalopathy, cerebral edema, as well as vomiting, respiratory alkalosis, and hypothermia.

[0258] The method may comprise preparing a pharmaceutical compaosition with at
least one genetically engineered species, strain, or subtype of bacteria described herein, and
administering the pharmaceutical composition to a subject in a therapeutically effective
amount. In some embodiments, the genetically engineered bacteria of the invention are
administered orally, e.g., in a liquid suspension. In some embodiments, the genetically
engineered bacteria of the invention are lyophilized in a gel cap and administered orally. In
some embodiments, the genetically engineered bacteria of the invention are administerad via
a feeding tube or gastric shunt. In some embodimeants, the genetically engineered bacteria of
the invention are administered rectally, e.g., by enema. in some embodiments, the
genetically engineered bacteria of the invention are administered topically, intraintestinally,
intrajejunaily, intraduodenally, intraileally, and/or intracaolically.

[0259] in certain embodiments, administering the pharmaceutical composition to the
subject reduces ammonia concentrations in a subject. In some embodiments, the methods of
the present disclosure may reduce the ammonia concentration in a subject by at least about
10%, 20%, 25%, 30%, 40%, 50%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, or more as compared
to levels in an untreated or control subject. In some embodiments, reduction is measured by
comparing the ammaonia concentration in a subject before and after administration of the
pharmaceutical composition. In some embodiments, the method of treating or ameliorating
hyperammonemia allows one or more symptoms of the condition or disorder to improve by
at least about 10%, 209%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, or more.

[0260] Before, during, and after the administration of the pharmaceutical
composition, ammaonia concentrations in the subject may be measured in a biological sample,
such as blood, serum, plasma, urine, fecal matter, peritoneal fluid, intestinal mucosal
scrapings, a sample collected from a tissue, and/or a sampile coliected from the contents of
one or more of the following: the stomach, duodenum, jejunum, fleum, cecum, colon,
rectum, and anal canal. In some embodiments, the methods may include administration of
the compositions of the invention to reduce ammonia concentrations in a subject to
undetectable levels, or to less than about 1%, 2%, 5%, 10%, 20%, 25%, 30%, 40%, 50%, 60%,

F0%, 75%, or 80% of the subject’s ammonia concentrations prior to treatment,

-82-



WO 2016/090343 PCT/US2015/064140

[0261] In certain embodiments, the genetically engineered bacteria comprising the
mutant arginine regulon is £. cofi Nissle. The genetically engineered bacteria may be
destroyed, e.g., by defense factors in the gut or blood serum {Sonnenborn et al., 2008}, or by
activation of a kill switch, several hours or days after administration. Thus, the
pharmaceutical composition comprising the mutant arginine regulon may be re-administered
at a therapeutically effective dose and frequency. Length of Nissle residence in vivo in mice is
shown in Fig, 27. In alternate embodiments, the genetically engineered bacteria are not
destroyed within hours or days after administration and may propagate and colonize the gut.

[0262] The pharmaceutical composition may be administered alone or in combination
with one or more additional therapeutic agents, including but not limited to, sodium
phenyibutyrate, sodium benzoate, and glycerol phenylbutyrate. An important consideration
in the selection of the one or more additional therapeutic agents is that the agent{s} should
be compatible with the genetically engineerad bacteria of the invention, e.g., the agent{s)
must not kill the hacteria. In some embodiments, the pharmaceutical compaosition is
administered with food. In alternate embodiments, the pharmaceutical composition is
administered before or after eating food. The pharmaceutical compaosition may be
administered in combination with one or more dietary modifications, e.g., low-protein diet
and amino acid supplementation. The dosage of the pharmaceutical composition and the
frequency of administration may be selected based on the severity of the symptoms and the
progression of the disorder. The appropriate therapeutically effective dose and/or frequency
of administration can be selected by a treating clinician.

Treatment in Vivo

{02631 The genetically engineered bacteria of the invention may be evaluated in vivo,
e.g., in an animal model. Any suitable animal model of a disease or condition associated with
hyperammonemia may be used {see, e.g., Deignan et al., 2008; Nicaise et al,, 2008), for
example, a mouse model of acute liver failure and hyperammonemia. This acute liver failure
and hyperammaonemia may be induced by treatment with thiol acetamide {TAA) {Nicaise et
al., 2008}, Ancther exemplary animal model is the s;;f}fash {sparse fur with abnormal skin and
hair} mouse, which displays elevated leveis of plasma amimonia due to a missense mutation in
the ornithine transcarbamylase gene {Doolittle et al., 1974; Hodges and Rosenberg, 1289).

The genetically engineered bacteria of the invention may be administered to the animal, e.g.,
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by oral gavage, and treatment efficacy determined, 2.g., by measuring ammonia in blood

samples and/or arginine, citrullineg, or other byproducts in fecal samples.
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Exemplary Embodiments

1. A genetically engineered bacterium comprising an arginine regulon,

wherein the bacterium comprises a gene encoding a functional N-
acetyiglutamate synthetase with reduced arginine feedback inhibition as compared to
a wild-type N-acetyiglutamate synthetase from the same bacterial subtype under the
same conditions, wherein expression of the gene encoding arginine feedback resistant
N-acetylglutamate synthetase is controlled by a promoter that is induced by

exogenous environmental conditions; and

wherein the bacterium has been genetically engineered to lack a functional
ArgR.

2. The bacterium of embodiment 1, wherein the promoter that controls expression of
the arginine feedback resistant N-acetylglutamate synthetase is induced under low-oxygen or

anaerobic conditions.

3. The bacterium of any one of embodiments 1 or 2, wherein each copy of a functional
orgR gene normally present in a corresponding wild-type bacterium has been independently

deleted or rendered inactive by one or more nucleotide deletions, insertions or substitutions.

4, The bacterium of embodiment 3, wherein each copy of a functional arg® gene

normally present in a corresponding wild-type bacterium has been deleted.

5. The bacterium of any one of embodiments 1-4, wherein each copy of a functional
argG gene normally present in a corresponding wild-type bacterium has been independently

deleted or rendered inactive by one or more nucleotide deletions, insertions or substitutions.

G. The bacterium of embodiment 5, wherein each copy of the functional argG gene

normally present in a corresponding wild-type bacterium has beaen deleted.

7. The bacterium of any one of embodiments 1-7, wherein under conditions that induce

the promoter that controls expression of the arginine feedback resistant N-acetyighutamate
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synthetase, the transcription of each gene that is present in an operon comprising a
functional ARG box and which encodes an arginine biosynthesis enzyme is increased as

compared to a corresponding gene in a wild-type bacterium under the same conditions.

2. The bacterium of any one of embodiments 2-7, wherein the promoter that is induced

under low-oxygen or anaerobic conditions is a FNR promoter.

g, The bacterium of any one of embodiments 2-7, wherein the arginine feedback
resistant N-acetyiglutamate synthetase gene has a DNA seqguence selected from:
a) SEQID NO:28,
b} a DNA sequence that, but for the redundancy of the genetic code, encodes the
same polypeptide as encoded by SEQ ID NO:28, and

¢} a DNA sequence having at least 80% homology to the DNA sequence of 3} or b).

10, The bacterium of any one of embodiments 1-9, wherain the bacterium is a non-

pathogenic bacterium.

11. The bacterium of embodiment 10, wherein the bacterium is a probiotic bacterium.

12. The bacterium of embodiment 10, wherein the bacterium is selected from the group
consisting of Bacteroides, Bifidobacterium, Clostridium, Escherichia, Lactobacillus, and

Lactococcus.

13. The bacterium of embodiment 12, wherein the bacterium is Escherichin cofi strain

Nissle.

14. The bacterium of any one of embodiments 2-13, wherein the gene encoding the
arginine feedback resistant N-acetylglutamate synthetass is present on a plasmid in the
bacterium and operably linked on the plasmid to the promoter that is induced under low-

oxygen or anaerobic conditions.
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i5. The bacterium of any one of embodiments 2-13, wherein the gene encoding the
arginine feedback resistant N-acetyiglutamate synthetase is present in the bacterial
chromosome and is operably linked in the chromosome to the promoter that is induced under

low-oxygen or anaerobic conditions.

16. The bacterium of any one of embodiments 1-15, wherein the bacterium is an

auxotroph in a gene that is complemented when the bacterium is present in a mammalian

gut.
17. The bacterium of embodiment 16, wherein mammalian gut is a human gut.
18. A pharmaceutically acceptable composition comprising the bacterium of any one of

embodiments 1-17; and a pharmaceutically acceptable carrier.

19, The gharmaceutically acceptable composition of embodiment 18, wherein the

composition is formulated for oral or rectal administration.

20. A method of producing the pharmaceutically acceptable composition of embodiment
19, comprising the steps of:
al growing the bacterium of any one of embodiments 1-17 in a growth medium
culture under conditions that do not induce the promoter that controls
expression of the arginine feedback resistant N-acetylglutamate synthetase;
b} isolating the resulting bacteria from the growth medium; and

¢} suspending the isolated bacteria in a pharmaceutically acceptable carrier.

21. A method of treating a hyperammonemia-associated disorder or symptom({s) thereof
in a subject in need thereof comprising the step of administering to the subject the
compuosition of embodiment 18 for a period of time sufficient to lessen the severity of the

hyperammonemia-associated disorder.

22. The method of embodiment 21, wherein the hyperammaonemia-associated disorder is

a urea cycle disorder.
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23. The method of embodiment 22, wherein the urea cycle disorder is argininosuccinic
aciduria, arginase deficiency, carbamylphosphate synthetase deficiency, citrullinemia, N-

acetylglutamate synthetase deficiency, or ornithine transcarbamylase deficiency.

24. The method of embodiment 21, wherein the hyperammonemia-associated disorder is
a liver disorder; an organic acid disorder; isovaleric aciduria; 3-methylcrotonyiglycinuria;
methyimalonic acidemia; propionic aciduria; fatty acid oxidation defects; carnitine cycle
defects; carnitine deficiency; B-oxidation deficiency; lysinuric protein intolerance; pyrroline-5-
carboxylate synthetase deficiency; pyruvate carboxylase deficiency; ornithine
aminotransferase deficiency; carbonic anhydrase deficiency; hyperinsulinism-
hyperammonemia syndrome; mitochondrial disorders; valproate therapy; asparaginase
therapy; total parenteral nutrition; cystoscopy with glycine-containing solutions; post-
lung/bone marrow transplantation; portosystemic shunting; urinary tract infections; ureter
difation; multiple myeloma; chemotherapy; infection; neurogenic bladder; or intestinal

bacterial overgrowth.

25, The method of embodiment 24, wherein the liver disorder is hepatic encephalopathy,

acute liver failure, or chronic liver failure.

26, The method of embodiment 25, wherein the symptoms of the hyperammonemia-
associated disorder are selected from the group consisting of seizures, ataxia, stroke-like
lesions, coma, psychosis, vision loss, acute encephalopathy, cerebral edema, as well as

voimiting, respiratory alkalosis, and hypothermia.

27. A genetically engineered bacterium comprising a mutant arginine regulon,

wherein the hacterium comprises a gene encoding a functional N-

acetylglutamate synthetase that is mutated to reduce arginine feedback inhibition as

compared to a wild-type N-acetviglutamate synthetase from the same bacterial

subtype under the same conditions, wherein expression of the gene encoding the
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mutated N-acetylglutamate synthetase is controlled by a promoter that is induced

under low-oxygen or anaerobic conditions;

wherein the mutant arginine regulon comprises one oF More operons
comprising genes that encode arginine biosynthesis enzymes N-acetylglutamate
kinase, N-acetylglutamate phosphate reductase, acetylornithine aminotransferase, N-
acetylornithinase, carbamoyiphosphate synthase, ornithine transcarbamylase,

argininosuccinate synthase, and argininosuccinate lyase, and

wherein each operon except the operon comprising the gene encoding
argininosuccinate synthase comprises one or more mutated ARG box{es) characterized
by one or more nucleic acid mutations that reduces arginine-mediated repression of
the operon via ArgR binding, and retains RNA polymerase binding with sufficient

affinity to promote transcription of the genes in the operon.

28. The genetically engineered bacterium of embodiment 27, wherein the operon
comprising the gene encoding argininosuccinate synthase comprises one or more mutated
ARG box{es} characterized by one or more nucleic acid mutations that reduces arginine-
mediated repression of the operon via ArgR binding, and retains RNA polymerase binding with

sufficient affinity to promote transcription of the argininosuccinate synthase gene.

29, The genetically engineered bacterium of embodiment 27, wherein the operon
comprising the gene encoding argininosuccinate synthase comprises a constitutively active

promoter that regulates transcription of the argininosuccinate synthase gene.

30. The bacterium of any one of embodiments 27-29, wherein the gene encoding the
functional N-acetyiglutamate synthetase is mutated to reduce arginine feedback inhibition as
compared to a wild-type N-acetylglutamate synthetase from the same bacterial subtype

under the same conditions.
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31. The bacterium of any one of embodiments 27-30, wherein ArgR binding is reduced as
compared to a bacterium from the same bacterial subtype comprising & wild-type arginine

regulon under the same conditions.

32. The bacterium of any one of embodiments 27, wherein the reduced arginine-mediated
repression via ArgR binding increases the transcription of each of the genes that encode
arginine biosynthesis enzymes N-acetylgiutamate kinase, N-acetviglutamate phosphate
reductase, acetylornithine aminotransferase, N-acetvlornithinase, carbamoylphosphate
synthase, ornithine transcarbamylase, and argininosuccinate lvase as compared to a

corresponding wild-type bacterium under the same conditions.

33, The bacterium of embodiment 28, wherein the reduced arginine-mediated repression
via ArgR binding increases the transcription of each of the genes that encode arginine
biosynthesis enzymes N-acetylglutamate kinase, N-acetyiglutamate phosphate reductase,
acetvlornithine aminotransferase, N-acetylornithinase, carbamoviphosphate synthase,
ornithine transcarbamylase, argininosuccinate synthase, and argininosuccinate lyase as

compared to a corresponding wild-type bacterium under the same conditions.

34, The bacterium of embodiment 27, wherein each of the operons encoding the arginine
biosynthesis enzymes N-acetylglutamate kinase, N-acetyiglutamate phosphate reductase,
acetylornithine aminotransferase, N-acetylornithinase, carbamoviphosphate synthase,
ornithine transcarbamylase, and argininosuccinate lyase comprises one or more nucleic acid

mitations in each ARG box in the operon.

35. The bacterium of embodiment 28, wherein sach of the operons sncoding the arginine
biosynthesis enzymes N-acetylglutamate kinase, N-acetyiglutamate phosphate reductase,
acetylornithine aminotransferase, N-acetylornithinase, carbamoviphosphate synthase,
oroithine transcarbamylase, argininosuccinate synthase, and argininosuccinate lyase

comprises one or more nucleic acid mutations in each ARG box in the operon.

36. The bacterium of any one of embodiments 27-35, further comprising one or more

OPErons
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encading wild-type ornithine gcetyliransferase, wherein each operon encoding wild-type
ornithine acetyltransferase comprises one or more muiated ARG box{es) characterized by one
or more nucleic acid mutations that reduces arginine-mediated repression of the operon via
ArgR binding, and retains RNA polymerase binding with sufficient affinity to promote

transcription of the genes in the operon.

37. The bacterium of any one of embodiments 27-38, wherein the promoter that is

induced under low-oxygen or anaerobic conditions is a FNR promoter.

38. The bacterium of any one of embodiments 27-37, wherein the bacterium additionally
comprises one or more operons encoding wild-type N-acetylglutamate synthetase, wherein
each operon encoding wild-type N-acetylghutamate synthetase comprises one or more
mutated ARG box{es) characterized by one or more nucleic acid mutations that reduces
arginine-mediated repression of the operon via ArgR binding, and retains RNA polymerase
binding with sufficient affinity to promote transcription of the genes in the operon; wherein
the geneticaily engineered bacterium does not comprise a wild-type N-acetylglutamate

synthetase promoter.

39, The bacterium of any one of embodiments 27-39, wherein genes encoding N-
acetyiglutamate kinase, N-acetviglutamate phosphate reductase, acetylornithine
aminotransferase, N-acetylornithinase, carbamoyliphosphate synthase, ornithine
transcarbamylase, argininosuccinate synthase, and argininosuccinate lyase are grouped into

operons present in £scherichio coli Nissle.

40. The bacterium of any one of embodiments 27-38, wherein each operon comprises a
promoter region, and wherein each promoter region of the mutant arginine regulon has a
G/C:A/T ratio that differs by no more than 10% from a G/C:A/T ratio found in a corresponding

wild-type promoter region.

41. The bacterium of of any one of embodiments 27-40, wherein each mutated ARG box is

characterized by at least three nucleotide mutations as compared to the corresponding wild-
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type ARG box.

42, The bacterium of any one of embodiments 27-41, wherein the mutant N-
acetylglutamate synthetase gene has a DNA sequence selected fron:
a) SEGUID NO:28,
b} a DNA sequence that, but for the redundancy of the genetic code, encodes the
same polypeptide as SEQ D NO:28, and

¢} a DNA sequence having at least 80% homology to the DNA seqguence of a) or bl

43. The bacterium of any one of embodiments 27-42, comprising a single operon that
encodes N-acetylglutamate kinase, N-acetvlgiutamyiphosphate reductase, and
argininosuccinate lyase, wherein the single operon comprises a mutated DNA sequencs of
SEG D NO:5, wherein the mutations are in one or more of nucleotides 37, 38, 45, 46, 47 of

SEQ 1D NO:5; and in one or more of nucleotides 55, 56, 57, 67, 68, 69 of SEQ 1D NG5,

44, The bacterium of embodiment 43, wherein the single operon comprises a BNA

sequence of SEQ 1D NO:6.

45, The bacterium of any one of embodiments 27-44, wherein the operon encoding
acetylornithine aminotransferase comprises a mutated DNA sequence of SEQID NO:11,
wherein the mutations are in one or more of nucleotides 20, 21, 29, 30, 31 of SEQ 1D NO:11;

and in one or more of nucleotides 41, 42, 50, 52 of SEQ 1D NO:11.

46, The bacterium of embodiment 45, wherein the operon encoding acetylornithine

aminotransferase comprises a DNA sequence of SEQ ID NG:12.

47. The bacterium of any one of embodiments 27-46, wherein the operon encoding N-
acetylornithinase comprises a mutated DNA sequence of SEQ ID NG:7, wherein the mutations
are in one or more of nucieotides 92, 83, 94, 104, 105, 106 of SEQ 1D NG:7; and in one or

more of nucleotides 114, 115, 116, 123, 124 of SEQ 1D NO: 7.
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48. The bacterium of embodiment 46, wherein the operon encoding N-acetylornithinase

comprises a DNA sequence of SEQ 1D NO:8.

49, The bacterium of any one of embodiments 27-48, wherein the operon encoding
ornithine transcarbamylase comprises a mutated DNA sequence of 3EQ D NO:3, wherein the
mutations are in one or more of nucleotides 12, 13, 14, 18, 20 of SEQ ID NO:3; and inone or

more of nucleotides 34, 35, 36, 45, 46 of SEQ 1D NO:3.

50. The bacterium of embodiment 49, wherein the operon encoding ornithine

transcarbamylase comprises a DNA sequence of SEQ 1D NO:4.

51. The bacterium of any one of embodiments 27-50, wherein the mutated promoter
region of an operon encoding carbamoylphosphate synthase comprises a mutated DNA
sequence of SEQL D NO:3, wherein the mutations are in one or more of nucleotides 33, 34, 35,
43, 44, 45 of SEQ 1D NO:S; and in one or more of nucleotides 51, 52, 53, 60, 61, 62 of SEQ D
NC:S.

52. The bacterium of embodiment 51, wherein the operon encoding carbamoyiphosphate

synthase comprises @ DNA seqguence of SEQ D NG:10.

53. The bacterium of any one of embodiments 27-52, wherein the mutated promoter
region of an operon encoding N-acetylglutamate synthetase comprises a mutated DNA
sequence of SEQ 1D NO:1, wherein the mutations are in one or more of nucleotides 12, 13, 14,
21, 22, 23 of SEQ 1D NGC:1 and in one or more of nucleotides 33, 34, 35, 42, 43, 44 of SEQ ID
NG:1

54. The bacterium of embodiment 53, wherein the operon encoding N-acetylglutamate

synthetase comprises a DNA sequence of SEQ 1D NO:2.

55. The bacterium of embodiment 28, wherein the mutated promoter region of an operon
encading argininosuccinate synthase comprises a mutated DNA sequence of SEG {D NO:13,

wherein the mutations are in one or more of nucleotides 9, 11, 19, 21 of SEQID NG:13; inone

-83-



WO 2016/090343 PCT/US2015/064140

or more of nucleotides 129, 130, 131, 140, 141, 142 of SEQID NO:13; and in one or more of
nucleotides 150, 1514, 152, 161, 162, 163 of SEQ D NO:13.

56. The bacterium of embodiment 27, wherein the operon encoding argininosuccinate

synthase comprises a DNA sequence of SEG 1D NO:31.

57. The bacterium of embodiment 28, wherein the operon encoding argininosuccinate

synthase comprises a DNA sequence of SEQ 1D NO:32.

58. The bacterium of any one of embodiments 27-57, wherein the bacterium is selected
from the group consisting of Bacteroides, Bifidobacterium, Costridium, Escherichia,

Lactobacilius, and Lactacoccus.

58. The bacterium of any one of embodiments 27-58, wherein the bacterium is Escherichia

coli Nissle.

&0. The bacterium of any one of embodiments 27-59, wherein at least one of the operons
is present on a plasmid in the bacterium; and wherein all chromosomal copies of the arginine

regulon genes corresponding to those on the plasmid do not encode an active enzyme.

&1. The bacterium of embodiment 60, wherein the gene encoding the mutated N-
acetylglutamate synthetase is present on a plasmid in the bacterium and operably linked on

the plasmid to the promoter that is induced under low-oxygen or anaerobic conditions.

62. The bacterium of any one of embodiments 27-59, wherein the gene encoding the
mutated N-acetylglutamate synthetase is present in the bacterial chromosome and is
operably linked in the chromosome to the promoter that is induced under low-oxygen or

anaerobic conditions.

63. The bacterium of any one of embodiments 27-62, wherein the bacterium is an

auxotroph in a first gene that is complementad when the bacterium is present in a
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mammalian gut.

64, The bacterium of embodiment 63, wherein mamimalian gut is a human gut.

65. The bacterium of any one of embodiments 27-64, wherein:
aj the bacterium is auxotrophic in a second gene that is not complemented when
the bacterium is present in a mammalian gut;
b} the second gene is complemented by an inducible third gene present in the
bacterium; and
! transcription of the third gene is induced in the presence of sufficiently high

concentration of arginine thus complementing the auxotrophy in the second

gene.
GG. The bacterium of embodiment 65, wherein:
a4 transcription of the third gene is repressed by a second repressor;
) transcription of the second repressor is repressed by an arginine-arginine

repressor compiex.

&7. The bacterium of embodiment 66, wherein the third gene and the second repressor

are each present on a plasmid.

68. A pharmaceutically acceptable composition comprising the bacterium of any one of

embodiments 27-67; and a pharmaceutically acceptable carrier.

&9, A method of producing the pharmaceutically acceptable composition of embodiment
68, comprising the steps of:
a) growing the bacterium of any one of embodiments 27-67 in a growth medium
culture under asrobic conditions;
) isolating the resulting bacteria from the growth medium; and

g suspending the isolated bacteria in a pharmaceutically acceptable carrier.
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70. A method of treating a hyperammaonemia-associated disorder or symptomis} thereof
in a subject in need thereof comprising the step of administering to the subject the
composition of embodiment 68 for a period of time sufficient to lessen the severity of the

hyperammonemia-associated disorder.

71. The method of embodiment 70, wherein the hyperammonemia-associated disorder is

a urea cycle disorder.

72. The method of embodiment 71, wherein the urea cycle disorder is argininosuccinic
aciduria, arginase deficiency, carbamoylphosphate synthetase deficiency, citrullinemia, N-

acetylglutamate synthetase deficisncy, or ornithine transcarbamylase deficiency.

73. The method of embodiment 70, wherein the hyperammonemia-associated disorder is
a liver disorder; an organic acid disorder; isovaleric aciduria; 3-methylcrotonyigiycinuria;
methyimalonic acidemia; propionic aciduria; fatty acid oxidation defects; carnitine cycle
defects; carniting deficiency; B-oxidation deficiency; lysinuric protein intolerance; pyrroling-5-
carboxylate synthetase deficiency; pyruvate carboxylase deficiency; ornithine
aminotransferase deficiency; carbonic anhydrase deficiency; hyperinsulinism-
hyperammonemia syndrome; mitochondrial disorders; valproate therapy; asparaginase
therapy; total parenteral nutrition; cystoscopy with glycine-containing solutions; post-
fung/bone marrow transplantation; portosystemic shunting; urinary tract infections; ureter
dilation; multiple myeloma; chemotherapy; infection; neurogenic bladder; or intestinal

bacterial overgrowth.

74. The method of embeodiment 73, wherein the liver disorder is hepatic encephalopathy,

acute fiver failure, or chronic liver failure.

75, The method of embodiment 70, wherein the symptoms of the hyperammonemia-
associated disorder are selected from the group consisting of seizures, ataxia, stroke-like
lesions, coma, psychosis, vision loss, acute encephalopathy, cerebral edema, as well as

vorniting, respiratory alkalosis, and hiypothermia.
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76. The bacterium of any one of embodiments 27-75, wherein the bacterium additionally

comprises a DNA sequence coding for a detectable product, wherein transcription of the DNA

sequence coding for the detectable product is induced in the presence of arginine.

77. The bacterium of embodiment 76, wherein:
aj transcription of the DNA segquence coding for the detectable product is
repressed by a third repressor; and
b} transcription of the third repressor is repressed by an arginine-arginine
repressor complex.
78. A method of selecting for a bacterium that produces high levels of argining

COMpPrising:

a4 providing a bacterium of embodiment 77;
) culturing the bacterium for a first period of time;
g subjecting the culture to mutagenesis;
d} culturing the mutagenized culture for a second period of time; and
e} selecting bacterium that express the detectable product, thereby selecting
bacterium that produce high levels of arginine.
79. The method of embodiment 78, wherein the detectable product is a fluorescent

protein and selection comprises the use of flucrescence-activated cell sorter.
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Examples

[0285] The following examples provide illustrative embodiments of the disclosure.

One of ordinary skill in the art will recognize the numerous modifications and variations that

may be performed without altering the spirit or scope of the disclosure. Such modifications

and variations are encompassed within the scope of the disclosure. The Examples do not in

any way limit the disclosure.

Arginine Repressor Binding Sites {ARG boxes)

-102-



WO 2016/090343 PCT/US2015/064140

Example 1. ARG box mutations

[0266] The wild-type genomic sequences comprising ArgR binding sites for each
arginine biosynthesis operon in £, cofi Nissie is shown in Fig. 8. Modifications to those
sequences are designed according to the following parameters. For each wild-type sequence,
the ARG boxes are shown in italics. The ARG boxes of the arginine regulon overlap with the
promoter region of each operon. The underlined sequences represent RNA polymerase

binding sites and those sequences were not altered. Bases that are protected from DNA

methylation during ArgR binding are and bases that are protected from hydroxyl

radical attack during ArgR binding are bolded. The and bolded bases were the
primary targets for mutations to disrupt ArgR binding.

Example 2. Lambda red recombination

{02671 Lambda red recombination is used to make chromosomal modifications, e.g.,
ARG box mutations. Lambda red is a procedure using recombination enzymes from a
bacteriophage lambda to insert a piece of custom DNA into the chromosome of £, coli. A
pKDA4G plasmid is transformed into the £, cofi Nissle host strain. £. cofi Nissle cells are grown
overnight in LB media. The overnight culture is diluted 1:100 in 5 mi of LB media and grown
until it reaches an Oz of 0.4-0.6. All tubes, solutions, and cuvettes are pre-chilled to 4° L.
The £. cofi cells are centrifuged at 2,000 rpm for 5 min. at 4° {, the supernatant is removead,
and the cells are resuspended in 1 mb of 4° C water. The E. coli are centrifuged at 2,000 rpm
for 5 min. at 4° ¢, the supernatant is removed, and the cells are resuspended in 0.5 mi of4° C
water. The £, cofi are centrifuged at 2,000 rpm for 5 min. at 4° C, the supernatant is removed,
and the cells are resuspended in 0.1 mlL of 4° Cwater. The electroporatorissetto 2.5 kV. 1
ng of pkD46 plasmid DNA is added to the E. cofi cells, mixed by pipetting, and pipetted into a
sterile, chilled cuvette. The dry cuvette is placed into the sample chamber, and the electric
pulse is applied. 1 mi of rcom-temperature SOC media is immaediately added, and the
mixture is transferred to a culture tube and incubated at 30° Cfor 1 hr. The cells are spread
out an a selective media plate and incubated overnight at 30° C.

[0268] DNA sequences comprising the desired ARG hox sequences shown in Fig. §
were ordered from a gene synthesis company. For the grgd operon, the mutant regulatory
region comprises the following nucleic acid sequence {SEQ 1D NG: 2):

gcaaaaaaacallTtaaaaallTaataatttcCi TtaatcaClTaaagaggtgtaccgtse.
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[0269] The lambda enzymes are used to insert this construct into the genome of £, coli
Nissle through homologous recombination. The construct is inserted into a specific site in the
genome of £, coff Nissle based on its DNA sequence. To insert the construct into a specific
site, the homologous DNA sequence flanking the construct is identified. The homologous
sequence of DNA includes approximately 50 bases on either side of the mutated sequence.
The homologous sequences are ordered as part of the synthesized gene. Alternatively, the
homologous seguences may be added by PCR. The construct is used to replace the natural
seguence upstream of orgd in the £. cofi Nissle genome. The construct includes an antibiotic
resistance marker that may be removed by recombination. The resulting mutant argA
construct comprises approximately 50 bases of homology upstream of argA, a kanamycin
resistance marker that can be removed by recombination,
geaaaaaaacalTTtaaaaaCTTaataatttcCT TtaatcaC T Taaagaggtetacegty, and approximately 50
bases of homology to argA.

[0278] in some embodiments, the ARG boxes were mutated in the argG regulatory
region as described above, and a BBa_I23100 constitutive promoter was inserted into the
regulatory region using lambda red recombination {SYN-UCD105). These bacteria were
capable of producing arginine. In alternate embodiments, the argG regulatory region {SEQ 1D
NO: 31) remained ArgR-repressible {SYN-LUCD104), and the bacteria were capable of
producing citrulline.

Example 3. Transforming £. coff Nissle

[0271] The mulated ARG box construct is transformed into £, cofi Nissie comprising
pKD46, All tubes, solutions, and cuvettes are pre-chilled to 4° C. An overnight culture is
diluted 1:100 in 5 ml of LB media containing ampicillin and grown until it reaches an ODgg of
0.1. 3.05 ml of 100X L-arabinose stock solution is added to induce pKD46 lambda red
expression. The culture is grown until it reaches an ODgoy 0f 0.4-0.6. The E. coli cells are
centrifuged at 2,000 rpm for 5 min. at 4° C, the supernatant is remuoved, and the cells are
resuspended in 1 mi of 4° Cwater. The £, coli are centrifuged at 2,000 rpm for b min. at 4° C,
the supernatant is removed, and the cells are resuspended in 0.5 mb of 4° C water, The £ cofi
are centrifuged at 2,000 rpm for 5 min. at 4° , the supernatant is removed, and the ceils are
resuspended in 0.1 mb of 4° C water. The electroporator is set to 2.5 kV. 0.5 yg of the
mutated ARG box construct is added to the cells, mixed by pipetting, and pipetted into a

sterile, chilled cuvette. The dry cuvette is placed into the sample chamber, and the electric
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pulse is applied. 1 mb of room-temperature 50C media is immediately added, and the
mixture is transferred to a culture tube and incubated at 37° Cfor 1 hr. The cells are spread
out on an LB plate containing kanamycin and incubated overnight.

Example 4. Verifying mutants

[0272] The presence of the mutation is verified by colony PCR. Colonies are picked
with a pipetie tip and resuspended in 20 W of cold ddH,0 by pipetting up and down. 3 il of
the suspension is pipetted onto an index plate with appropriate antibiotic for use later. The
index plate is grown at 37° C overnight. A PCR master mix is made using 5 pyl of 10X PCR
buffer, 0.6 pwl of 10 mM dNTPs, 0.4 1 of 50 mM Mg,50,, 6.0 il of 10X enhancer, and 3.0 w of
ddH,0 {15 1 of master mix par PCR reaction). A 10 uM primer mix is made by mixing 2 pl of
primers unique to the grgd mutant construct {100 uM stock) into 16 b of ddH.0. For each
20yl reaction, 15ul of the PCR master mix, 2.0 ul of the colony suspension {template}, 2.0 ul
of the primer mix, and 1.0 ul of Pfx Platinum DNA Pol are mixed in a PCR tube. The PCR
thermocycler is programmed as follows, with steps 2-4 repeating 34 times: 1)1 94° Cat 5:00
min., 23 94° Cat 8:15 min,, 3} 35° Cat 0:30 min., 4} 68° € at 2:00 min., 5} 68° C at 7:00 min,,
and then cooled to 4° C. The PCR products are analyzed by gel electrophoresis using 10 ul of
each amplicon and 2.5 ul 5X dye. The PCR product only forms if the mutation has inserted
into the genome.

Examplie 5. Reamoving sslection marker

[0273] The antiblotic resistance gene is removed with pCP20. Each strain with the
mutated ARG boxes is grown in LB media containing antibiotics at 37° Cuntil it reaches an
ODgop of 0.4-0.6. All tubes, solutions, and cuvettes are pre-chilled to 4° €. The cells are
centrifuged at 2,000 rpm for 5 min. at 4° C, the supernatant is removed, and the cells are
resuspended in 1 ml of 4° Cwater. The £. coli are centrifuged at 2,000 rpm for 5 min. at 4° C,
the supernatant is removed, and the cells are resuspended in 0.5 mi of 4° Cwater. The £ coff
are centrifuged at 2,000 rpm for 5 min. at 4° C, the supernatant is removed, and the cells are
resuspended in 0.1 mb of 4° C water. The electroporator is set to 2.5 kV. 1 ng of pCP20
plasmid DNA is addad to the cells, mixed by pipetting, and pipetted into a sterile, chilled
cuvette. The dry cuvette was placed into the sample chamber, and the electric pulse was
applied. 1 mb of room-temperature S0C media is immediately added, and the mixture is
transferred to a culture tube and incubated at 30° C for 1-3 hrs. The cells are spread out on

an LB plate containing kanamycin and incubated overnight. Colonies that do not grow to a
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sufficient ODgg overnight are further incubated for an additional 24 hrs. 200 ul of celis are
spread on ampiciilin plates, 200 pl of cells are spread on kanamycin plates, and both are
grown at 37° £ overnight. The ampicillin plate contains cefls with pCP20. The kanamyein
plate provides an indication of how many cells survived the electroporation. Transformants
from the ampicillin plate are purified non-selectively at 43° C and allowed to grow overnight.

Example 6. Verifying transformants

[0274] The purified transformants are tested for sensitivity to ampicillin and
kanamycin. A colony from the plate grown at 43° Cis picked and and resuspended in 10 ul of
LB media. 3 ul of the cell suspension is pipetted onto each of three plates: 1} an LB plate
with kanamycin incubated at 37° C, which tests for the presence or absence of the KanR gene
in the genome of the host strain; 2) an LB plate with ampicillin incubated at 30° €, which tests
for the presence or absence of the AmpR gene from the pCP20 plasmid; and 3} an LB plate
without antibiotic incubated at 37° C. f no growth is observed on the kanamycin or ampicillin
plates for a particular colony, then both the KanR gene and the pCP20 plasmid were lost, and
the colony is saved for further analysis. The saved colonigs are restreaked onto an LB plate to
obtain single colonies and grown overnight at 37° C. The presence of the mutated genomic
ARG box is confirmed by sequencing the argA region of the genome.

[0275] The methods for lambda red recombination, transforming £. cofi Nissle,
verifying the mutation, removing the selection marker, and verifving/sequencing the
transformants are repeated for each of the ARG box mutations and operons shown in Fig. 6.
The resulting bacteria comprise mutations in each ARG box for one or more operons encoding
the arginine biosynthesis enzymes, such that ArgR binding to the ARG boxes is reduced and
total ArgR binding to the regulatory region of said operons is reduced.

Example 7. Arginine feedback resistant N-acetylgiutamate synthetase (argAﬁ"’}

[0276] In addition to the ARG box mutations described above, the £ cofi Nissle
bacteria further comprise an arginine feedback resistant N-acetylglutamate synthetase
(ar‘gAfb", SEQ D NO: 28) gene expressed under the control of each of the following promoters:
tatracycline-inducible promoter, FNR promoter selected from SEQID NOs: 16-27. As
discussed herain, other promoters may be used.

[0277] The argAﬂ" gene is exprassed on a high-copy plasmid, a low-copy plasmid, or a
chromosome. SYN-UCD101 comprises wild-type ArgR, wild-type ArgA, tetracycline-inducible

argd™ on a plasmid, and mutations in each ARG box for each arginine biosynthesis operon.
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The plasmid does not comprise functional ArgR binding sites, i.e., ARG boxes. SYN-UCD101
was used to generate SYN-UCDL02Z, which comprises wild-type ArgR, wild-type ArgA,
tetracycline-inducible argAﬂ" on a plasmid, and mutations in each ARG box for each arginine
biosynthesis operon. The plasmid further comprises functional ArgR binding sites, L.e.,, ARG
boxes. in some instances, the presence and/or build-up of functional ArgR may result in off-
target binding at sites other than the ARG boxes. Introducing functional ARG boxes in this
plasmid may be useful for reducing or eliminating off-target ArgR binding, i.e., by acting as an
ArgR sink. SYN-UCD104 comprises wild-type ArgR, wild-type ArgA, tetracycline-inducibl
argAjb’ on a low-copy plasmid, tetracycline-inducible argG, and mutations in each ARG box for
each arginine biosynthesis operon except for grgG. SYN-UCD105 comprises wild-type ArgR,
wild-type ArgA, tetracycline-inducible argAﬁb" on a low-copy plasmid, constitutively expressed
orgG (SEQ I3 NG: 31 comprising the BBa 123100 constitutive promoter), and mutations in
each ARG box for each arginine biosynthesis operon. SYN-UCDI103 is a control Nissle
construct,

[06278] The ;rgAﬂ" gene is inserted into the bacterial genome at one or more of the
following insertion sites in E. coli Nissle: malE/K, araC/BAD, facZ, thyA, malP/T. Anvy suitable
insertion site may be used, see, e.g., Fig. 22. The insertion site may be anywhere in the
genome, e.g., in a gene required for survival and/or growth, such as thyA {to create an
auxotrophl; in an active area of the genome, such as near the site of genome replication;
and/or in between divergent promoters in order to reduce the risk of unintended
transcription, such as between AraB and AraC of the arabinose operon. At the site of
insertion, DNA primers that are homologous to the site of insertion and to the argAfb”
construct are designed. Alinear DNA fragment containing the construct with homology 1o the
target site is generated by PCR, and lambda red recombination is performed as described
above.

[0279] The resulting £, coff Nissle bacteria are genetically engineered to includs
nucleic acid mutations that reduce arginine-mediated repression — via ArgR binding and
arginine binding to N-acetylglutamate synthetase — of one or more of the operons that
encade the arginine biosynthesis enzymes, thersby enhancing arginine and/or citrulline
biosynthesis (Fig. 25).

Arginine Regpressor {ArgR)

Example 8. ArgR sequences
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[0280] The wild-type argR nuclectide sequence in

sequence following argR deletion are shown below.

PCT/US2015/064140

£. cofi Nissle and the nuclectide

SEQIDNG: 38 01234567

30

89012345678

‘]J

()

argR nuclectide seguence gaagot

cgaaatcgtege

cggctaagoaagaagaactagttaaageat

ttsaageattacttaasgaagagaaatttageteecaggy

attaatcagtctasagtct

cctgccagetgasactgggtgt

accaaccacctceccagt

tatcgactacaacgatg

coccotgetaacggtticacegtcaaagagetgtacyaago
gattttagagctgttecyg aggagctttaa
SEQIDNG: 39 01234567890123450783012345678901234567839
argR-deleted nucleotide atgegaagetoggetaagcaagaagagagehgttegacea
sequence ggagctttaa

Example 8. Deleting ArgR
(03811 A pKD46 plasmid is transformed into the

cells are grown overnight in LB media. The overnight culture is diluted 1:100in 5

£. colf Nissle host strain. F. cofi Nissle

mbL of LB

media and grown until it reaches an ODgg of 0.4-0.6. All tubes, solutions, and cuvettes are

pre-chilled to 4° C. The E. cofi cells are centrifuged at 2,000 rpm for 5 min. at 4° C, the

supernatant is removed, and the cells are resuspended in 1 mb of 4° C water. The £. cofi are

centrifuged at 2,000 rpm for 5 min. at 4° C, the supernatant is removed, and the cells are

resuspended in 0.5 mbof 4° C

C water. The £, cofi are centrifuged at 2,000 rpom for 5 min. at 4°

C, the supernatant is remaved, and the cells are resuspended in 0.1 ml of 4° Cwater. The

electroporator is set to 2.5 kV. 1 ng of pKD46 plasmid DNA is added to the £, coli cells, mixed

by pipetting, and pipetied into a sterile, chilled cuvette. The dry cuvette is placed into the

sample chamber, and the electric pulse is applied. 1 mL of room-temperature SOC media is
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immediately added, and the mixture is transferred to a culture tube and incubated 3t 30° C
for 1 hr. The celis are spread out on a selective media plate and incubated overnight at 30° C.

[0282] Approximately 50 bases of homology upstream and downstream of the ArgR
gene are added by PCR to the kanamycin resistance gene in the pkD4 plasmid to generate the
following KanR construct: {~50 bases upstream of ArgR} {terminator} {KanR gene flanked by
FRT sites from pKD4} {DNA downstream of ArgR).

[0283] In some embodiments, both argR and orgG genes are deleted using lambda red
recombination as described above, and the bacteria are capable of producing citrulline.

Example 10. Transforming £. cofi Nissle

(023841 The KanR construct is transformed into £, cofi Nissle comprising pKD46 in order
to delete ArgR. All tubes, solutions, and cuvettes are pre-chilled to 4° C. An overnight culture
is diluted 1:100 in 5 ml of LB media containing ampicillin and grown until it reached an ODgop
of 0.1. 0.05 mi of 100X L-arabinose stock solution is added to induce pKD46 lambda red
expression. The culture is grown until it reaches an 0Dy of 0.4-0.6. The E. coli cells are
centrifuged at 2,000 rpm for 5 min. at 4° C, the supernatant is removed, and the cells are
resuspended in 1 mi of 4° C water. The £. coli are centrifuged at 2,000 rpm for 5 min. at 4° C,
the supernatant is removed, and the cells are resuspended in 0.5 mb of 4° Cwater. The £, cofi
are centrifuged at 2,000 rpm for 5 min. at 4° , the supernatant is removed, and the cells are
resuspended in 0.1 mb of 4° C water. The electroporator is set to 2.5 kY. 0.5 ug of the KanR
construct is added to the cells, mixed by pipetting, and pipetted into a sterile, chilled cuvette,
The dry cuvette is placed into the sample chamber, and the electric pulse is applied. 1 mb of
room-temperature SOC media is immediately added, and the mixture is transferred to a
culture tube and incubated at 37° Cfor 1 hr. The cells are spread out on an LB plate
containing kanamycin and incubated overnight.

Example 11. Verifying mutants

[0285] The presence of the mutation is verified by colony PCR. Colonies are picked
with a pipette tip and resuspended in 20 1l of cold ddH,0 by pipetting up and down. 3w of
the suspension is pipetted onto an index plate with appropriate antibiotic for use later. The
index plate is grown at 37° C overnight. A PCR master mix is made using 5 yl of 10X PCR
buffer, 0.6 w of 10 mM dNTPs, 0.4 il of 56 mM Mg,50,, 6.0 1 of 10X enhancer, and 3.0 1d of
ddH,0 {15 wl of master mix par PCR reaction). A 10 uM primer mix is made by mixing 2 pl of

primers unigque o the Kank gene {100 uM stock) into 16 uyl of ddH,0. For each 20 wi reaction,
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15ul of the PCR master mix, 2.0 uL of the colony suspension {template), 2.0 ub of the primer
mix, and 1.0 ul of Pix Platinum DNA Pol are mixed in a PCR tube. The PCR thermocydier is
programmed as follows, with steps 2-4 repeating 34 times: 1) 94° Cat 5:00 min., 2} 94° C at
0:15 min., 3) 55° C 3t 8:30 min., 4} 68° C at 2:00 min., 5) 68° C at 7:00 min., and then cooled to
4° C. The PCR products are analyzed by gel electrophoresis using 10 ulb of each amplicon and
2.5 ul 5X dye. The PCR product only forms if the KanR gene has inserted into the genome,

Example 12. Removing selection marker

[0286] The antibiotic resistance gene is removed with pCP20. The strain with deleted
ArgR is grown in LB media containing antibiotics at 37° C until it reaches an ODsoo of 0.4-0.6.
All tubes, solutions, and cuvettas are pre-chilled to 4° C. The cells are centrifuged at 2,000
rpm for 5 min. at 4° , the supernatant is removed, and the cells are resuspended in 2 mi of
4° Cwater. The £ coli are centrifuged at 2,000 rpm for 5 min. at 4° C, the supernatant is
removed, and the cells are resuspended in 0.5 mb of 4° C water. The £. cofi are centrifuged at
2,000 rpm for 5 min. at 4° , the supernatant is removed, and the cells are resuspended in 0.1
mi of 4° C water. The electroporatoris set to 2.5 k¥, 1 ng of pCP20 plasmid DNA is added to
the cells, mixed by pipetting, and pipetied into a sterile, chilled cuvette. The dry cuvette was
placed into the sample chamber, and the electric pulse was applied. 1 mb of room-
temperature SOC media is immediately added, and the mixture is transferred to a culture
tube and incubated at 30° Cfor 1-3 hrs. 200 ul of cells are spread on ampicillin plates, 200 ul
of cells are spread on kanamycin plates, and both are grown at 37° C overnight. The ampicillin
plate contains cells with pCP20. The cells are incubated overnight, and colonies that do not
grow to a sufficient ODgo overnight are further incubated for an additional 24 hrs. The
kanamycin plate provides an indication of how many cells survived the electroporation.
Transformants from the ampicillin plate are purified non-selectively at 43° C and allowed 1o
grow overnight.

Example 13, Verifying transformants

(3287 The purified transformants are tested for sensitivity to ampicillin and
kanamycin., A colony from the plate grown at 43° Cis picked and resuspended in 10 ul of LB
media. 3 ul of the cell suspension is pipetted onto each of three plates: 1) an LB plate with
kanamycin incubated at 37° ¢, which tesis for the presence or absence of the KanR gene in
the genome of the host strain; 2} an LB plate with ampiciilin incubated at 30° €, which tests

for the presence o absance of the AmpR gene from the pCP20 plasmid; and 3} an LB plate
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without antibiotic incubated at 37° C. if no growth is observed on the kanamycin or ampicilliin
plates for a particular colony, then both the KanR gene and the pCP20 plasmid were lost, and
the colony is saved for further analysis. The saved colonies are restreaked onto an LB plate to
obtain single colonies and grown overnight at 37° C. The deletion of ArgR is confirmed by
sequencing the argR region of the genome.

Example 14. Arginine feedback resistant N-acetylglutamate synthetase {argAfb’)

[0288] in addition to the ArgR deletion described above, the £ cofi Nissle bacteria
further comprise an arginine feedback resistant N-acetylglutamate synthetase (argAﬁ”, SEQID
NO: 28} gene expressed under the control of each of the following promoters: tetracycline-
inducible promoter, FNR promoter selected from SEQ 1D NOs: 16-27. As discussad herein,
other promoters may be used.

{02891 The argAﬁb’ gene is expressed on a high-copy plasmid, a low-copy plasmid, or a
chromosome. ArgR ks deleted (AArgR) in each of SYN-UCD201, SYN-UCD202, and SYN-
UCD203. SYN-UCD201 further comprises wild-type argA, but lacks inducible argAfb". SYN-
UCD202 comprises AArgR and argAfb’ expressed under the control of a tetracycline-inducible
promoter on a high-copy plasmid. SYN-UCD203 comprises AArgR and argAﬂ’r expressad under
the control of a tetracycline-inducible promoter on a low-copy plasmid. SYN-UCD204
comprises AArgR and argAﬂ" expressed under the control of 3 tetracycline-inducible promoter
on a low-copy plasmid. SYN-UCD205 comprises AArgR and argAfb" expressed under the
controf of a FNR-inducible promoter {fnrS2} on a low-copy plasmid.

(02901 The argAﬂ” gzene is inserted into the bacterial genome at one or more of the
following insertion sites in £. cofi Nissle: malE/K, aral/BAD, lacZ, thyA, malP/T. Any suitable
insertion site may be used, see, e.g., Fig. 22. The insertion site may be anywhere in the
genome, .., in a gene reguired for survival and/or growth, such as thyA {to create an
auxotroph}; in an active area of the genome, such as near the site of genome replication;
and/or in between divergent promoters in order to reduce the risk of unintended
transcription, such as betwesan AraB and AraC of the arabinose operon. At the site of
insertion, DNA primers that are homologous to the site of insertion and to the argAfbr
construct are desighed. A linear DNA fragment containing the construct with homology to the
target site is generated by PCR, and lambda red recombination is performed as described
above. The resulting £. cofi Nissle bacteria have deleted ArgR and inserted feedback resistant

N-acetylglutamate synthetase, thereby increasing arginine or citrulline biosyntheasis,
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Example 15. Quantifying ammonia

[0291] The genetically engineered bacteria described above were grown overnight in
5 mLLB. The next day, cells were pelleted and washed in M9 + glucose, pelleted, and
resuspended in 3 mL M9 + glucose. Cell cultures were incubated with shaking (250 rpm]) for 4
hrs and incubated aerobically or anaerobically in a Coy anaerobic chamber {supplying 90% N,
5% €05, 5%H,) at 37° €. At baseline {£=0}, 2 hours, and 4 hours, the Ol of each cell culture
was measured in order to determine the relative abundance of each cell.

{02921 Av1=0, 2 hrs, and 4 hrs, a 1 mi aliguot of each cell culture was analvzed on the
Nova Biomedical Bioprofile Analyzer 300 in order 1o determine the concentration of ammonia
in the media. Both SYN-UCD101 and SYN-UCD102 were capable of consuming ammonia in
vitro. Figs. 284, B, and € depict bar graphs of ammonia concentrations using SYN-UCD202,
SYN-UCD204, SYN-UCD103, and blank controls.

Example 16. Quantifying arginine and citrulling

[0293] in some embodiments, the genetically engineered bacteria described above
are grown overnight in LB at 37C with shaking. The bacteria are diluted 1:100 in 5mL LB and
grown at 37C with shaking for 1.5 hr. The bacteria cultures are induced as follows: {1}
bacteria comprising FNR-inducible argAﬂ” are induced in LB at 37C for up to 4 hours in
anasrobic conditions in a Coy anaerobic chamber {supplying 90% N,, 5% CO,, 5%H,, and
20mM nitrate) at 37° C; (2) bacteria comprising tetracyciine-inducible argAﬂ" are induced with
anhydrotetracycline {100ng/rl); {3) bacteria comprising arabinose-inducible orgd™ are
inducedwith 1% arabinose in media lacking glucose. After induction, bacterial cells are
removed from the incubator and spun down at maximum speed for 5 minutes. The cells are
resuspended in 1 mi M2 glucose, and the ODgo is measured. Cells are diluted untif the ODgoo
is between 0.6-0.8. Resuspended cells in M9 glucose media are grown asrobically with
shaking at 37C. 100 ul of the cell resuspension is removed and the OBgq is measurad at time
= 0. A 100 ul aliquot is frozen at -20C in a round-bottom 36-well plate for mass spectrometry
analysis {(LC-MS/MS). At each subseguent time point, 100 ul of the cell suspension is
removed and the ODg is measured; a 100 ul aliquot is frozen at -20C in a round-bottom 96-
well plate for mass spectrometyy analysis. Samples are analyzed for arginine and/or citrulline
concentrations. At each time point, normalized concentrations as determined by mass
spactrametry vs. ODgsq are used to determine the rate of arginine and/or citrulline production

per cell per unit time.
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[0294] In some embodiments, the genetically engineered hacteria described above
are streaked from ghycerol stocks for single colonies on agar. A colony is picked and grown in
3 mi LB for four hours or overnight, then centrifuged for 5 min. at 2,500 rcf. The cultures are
washed in M3 media with 0.5% glucose. The cultures are resuspended in 3 mb of MS media
with 0.5% glucose, and the ODsg is measured. The cultures are diluted in M9 media with
0.5% glucose, with or without ATC {100 ng/mL), with or without 20 mM giutamine, so that all
of the ODgg are between 0.4 and 0.5. A 0.5 mi aliquot of each sample is removed,
centrifuged for 5 min. at 14,000 rpm, and the supernatant is removed and saved. The
supernatant is frozen at -80° €, and the cell pellets are frozen at -80° C {t=0}. The remaining
calls are grown with shaking {250 rpm) for 4-6 hrs and incubated aerobically or anaerobically
in @ Coy anaerobic chamber {supplying 90% N3, 5% C0O;, 5%H,) at 37° €. One 0.5 mb aliguot is
remaoved from each sample every two hours and the ODsgo is measured. The aliquots are
centrifuged for 5 min. at 14,000 rpm, and the supernatant is removed. The supernatant is
frozen at -80° , and the celi pellets are frozen at -80° € {1=2, 4, and 6 hours). The samples are
placed on ice, and arginine and citrulling levels are determined using mass spactrometry.

[0295] For bacterial culture supernatants, samples of 500, 100, 20, 4, and 0.8 ug/mL
arginine and citrulline standards in water are prepared. In a round-bottom 96-well plate, 20

ul of sampile {bacterial supernatant or standards) is added to 80 ul of water with -4

2ug/mi concentration. The plate is heat-sealed with a PierceASeal foil and mixed well. Inav-
bottom 96-well polypropylene plate, 5ul of diluted samples is added to 95ul of derivatization
mix {85ul 10mM NaHCO: pH 8.7 and 10ul 10mg/mi dansyl-chioride {(dituted in acetonitrile}.
The plate is heat-sealed with a ThermASeal foil and mixed well. The samples are incubated at
60°C for 45 min for derivatization and centrifuged at 4000 rpm for 5 min. In a round-bottom
96-well plate, 20ul of the derivatized samples are added to 180ul of water with 8.1% formic
acid. The plate is heat-sealed with a ClearASeal sheet and mixed well.
[0296] Arginine and citrulline are measured by liguid chromatography coupled to

tandem mass spectrometry (LC-MS/MS} using a Thermo TS Quantum Max triple guadrupole

mass spectrometer. The table below provides a summary of a LC-MS/MS method.
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MPLC

Column Luna C18{2Z} column, 5 um {50 x 2.1 mmy}

Mobiie Phase A 100% H,0, 0.1% Formic Acid)

Mobile Phase B 100% ACN, 0.1% Formic Acid

HPLC Method TotalTime{min)l  Flow Rate {wl/min} A% B%
0.00 400 20.0 16.0
0.50 400 90.0 16.0
2.00 400 0.0 83.0
3.25 400 0.0 80.0
2.28 400 80.0 10.0
4.30 400 20.0 16.0

Injection Volume 10uk

Tandem Mass Spectrometry

fon Source HESH-{

Polarity Positive

SRM transitions L-Arginine: 408.1/170.1

LS

L-Citrulline-2,3,3,4,4,5,5-d7: 416.1/170.1

[0297] Fig. 51 depicts a bar graph of in vitro ammonia levels in culture media from
SYN-UCD101, SYN-UCDL02, and blank controls at baseline, two hours, and four hours. Both
SYN-UCDI01 and SYN-UCD102Z are capable of consuming ammonia in vitro.

[0298] Fig. 52 depicts a bar graph of in vitro arginine levels produced by unmodified
Nissle, SYN-UCD201, SYN-UCD2032 and SYN-UCD203 under inducing {(+ATC) and non-inducing
{-ATC) conditions. Both SYN-UCD202 and SYN-UCD203 were capable of producing arginine in
vitro as compared to the unmodified Nissle and SYN-UCD201. SYN-UCD203 exhibited lower
levels of arginine production under non-inducing conditions as compared to SYN-UCD202.

[0399] Fig. 24 depicts a bar graph of in vitro arginine levels produced by SYN-UCD103,
SYN-UCD201, SYN-UCD202, and SYN-UCD203 under inducing {(+ATC) and non-inducing {-ATC}
conditions. SYN-UCDZ01 comprises AArgR and no c;rgAfbr. SYN-UCD202 comprises AArgR and
tetracycline-inducible argAﬁbr on a high-copy plasmid. SYN-UCD203 comprises AArgR and
tetracycline-driven ;rgAjbr on a low-copy plasmid.

{03001 Fig. 25 depicts a bar graph of in vitro levels of arginine and citrulline producad

by SYN-UCD103, SYN-UCD104, SYN-UCD204, and SYN-UCD 105 under inducing conditions,
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[0301] Fig. 26 depicts a bar graph of in vitro arginine levels produced by SYN-UCD103,
SYN-UCD205, and SYN-UCD204 under inducing {(+ATC) and non-inducing {-ATC) conditions, in
the presence {+0,} or absence {-0,} of oxygen.

[0302] Fig. 27 depicts a graph of Nissle residence in vive. Streptomycin-resistant
Nissle was administered to mice via oral gavage without antibiotic pre-treatment. Fecal
petlets from six total mice were monitored post-administration to determine the amount of
administered Nissle still residing within the mouse gastrointestinal tract. The bars represent
the number of bacteria administered to the mice. The line represents the number of Nissle
recovered from the fecal samples each day for 10 consecutive days.

[0303] Fig. 284 depicts a bar graph of ammonia levels in hyperammonamic mice

treated with unmodified control Nissle or SYN-UCD202, a genstically engineered strain in

for
which the Arg repressor gene is deleted and the argd  gene is under the control of a

tetracycline-inducible promoter on a high-copy plasmid. Fig. 288 depicts a bar graph showing
in vivo efficacy {ammonia consumption) of SYN-UCD204 in the TAA mouse model of hepatic
encephalopathy, relative to streptomycin-resistant control Nissle {SYN-UCD103) and vehicle-
only controls, Fig. 28C depicts a bar graph of the percent change in blood ammonia
concentration between 24-48 hours post-TAA treatment.

[0304] Fig. 29 depicts a bar graph of ammonia levels in hyperammonemic spi‘a”h
micetreated with streptomycin-resistant Nissie control {SYN-UCD103) or SYN-UCD204.

[0305] Intracellular arginine and secreted {supernatant) arginine production in the
genetically engineered bacteria in the presence or absence an ATC or anaerobic inducer is
measured and compared to control bacteria of the same strain under the same conditions.

[0306] Total arginine production over six hours in the genetically engineered bacteria
in the genetically engineered bacteria in the presence or absence an ATC or anasrobic inducer
is measurad and compared to control bacteria of the same strain under the same conditions

Example 17. Efficacy of ganetically engineerad bacteria in a mouss modal of

hyperammonemia and acute liver failure

106307] wild-type C57BL6/) mice are treated with thiol acetamide {TAA), which causes
acute fver failure and hyperammonemia {Nicaise et al., 2008}, Mice are treated with
unmodified control Nissle bacteria or Nissle bacteria engineered to produce high levels of

arginine or citrulline as described above.
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[0308] On day 1, 50 mL of the bacterial cultures are grown overnight and pelleted.
The peilets are resuspended in 5 mL of PBS at 3 final concentration of approximately 10
CFU/mL. Blood ammonia levels in mice are measured by mandibular blead, and amimonia
fevels are determined by the PocketChem Ammonia Analyzer {Arkray). Mice are gavaged with
100 b of bacteria {approximately 109 CFU). Drinking water for the mice is changed 1o
contain 0.1 mg/ml anhydrotetracycline {ATC) and 5% sucrose for palatability.

(0308} On day 2, the bacterial gavage solution is prepared as described above, and
mice are gavaged with 100 ul of bacteria. The mice continue to receive drinking water
containing 0.1 mg/mL ATC and 5% sucrose.

{03161 On day 3, the bacterial gavage solution is prepared as described above, and
mice are gavaged with 100 gl of bacteria. The mice continue to receive drinking water
containing 0.1 mg/ml ATC and 5% sucrose. Mice receive an intraperitonaal {IP) injection of
100 ub of TAA {250 mg/kg body weight in 0.5% NaCl}.

10311} On day 4, the bacterial gavage solution is prepared as described above, and
mice are gavaged with 100 uyl of bacteria. The mice continue to receive drinking water
containing 0.1 mg/mL ATC and 5% sucrose. Mice receive another P injection of 100 b of TAA
{250 mg/keg body weight in 0.5% NaCl). Blood ammonia levels in the mice are measured by
mandibular bleed, and ammonia levels are determined by the PocketChem Ammonia
Analyzer {Arkray).

[0312] On day 5, blood ammonia levels in mice are measured by mandibular bleed,
and ammaonia levels are determined by the PocketChem Ammonia Analyzer {Arkray). Fecal
pellets are collected from mice to determine arginine content by liquid chromatography-mass
spectrometry {LC-MS). Ammonia levels in mice treated with genetically engineered Nissle and
unmodified control Nissle are compared.

Example 18. Efficacy of genetically engineered bacteria in a mouse model of

hyperammonemia and UCD

{03137 Ornithine transcarbamvylase is urea cycle enzyme, and mice comprising an spf-
ash mutation exhibit partial ornithine transcarbamylase deficiency, which serves as a model
for human UCD. Mice are treated with unmaodified control Nissle bacteria or Nissle bacteria
engineered to produce high levels of arginine or citrulline as described above.

[0314] 60 spf-ash mice were treated with the genetically engineered bacteria of the

invention {SYN-UCD103, SYN-UCD204) or H20 control at 100ui PG GD: H20 control, normal
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chow {n=15}; H20 control, high protein chow {n=15); SYN-LICD103, high protein chow {n=15};
SYN-UCD204, high protein chow {n=15}. On Day 1, mice were weighed and sorted into groups
te minimize variance in mouse weight per cage. Mice were gavagad and water with 20 mg/L
ATC was added to the cages. On day 2, mice were gavaged in the morning and afternoon. On
day 3, mice were gavaged in the morning and weighed, and blood was drawn 4h post-dosing
to obtain baseline ammonia levels. Mice were gavaged in the afternoon and chow changed to
70% protein chow. On day 4, mice were gavaged in the morning and afternoon. On day 5,
mice were gavaged in the morning and weighed, and blood was drawn 4h post-dosing to
obtain ammonia levels. On days 6 and 7, mice were gavaged in the morning. On day &, mice
were gavaged in the morning and weighed, and blood was drawn 4h post-dosing to obtain
ammonia levels. On day 9, mice were gavaged in the morning and afternocon. Cn day 10,
mice wers gavaged in the morning and weighed, and blood was drawn 4h post-dosing to
obtain ammonia levels. On day 12, mice were gavaged in the morning and afternoon. Onday
13, mice were gavaged in the morning and weighed, and blood was drawn 4h post-dosing to
obtain ammonia levels. Blood ammonia levels, body weight, and survival rates are analyzed
{Fig. 29).

Example 19. Nissle rasidencs

[0315] Unmaodified £, cofi Nissle and the genetically engineered bacteria of the
invention may be destroyed, e.g., by defense factors in the gut or blood serum. The residence
time of bacteria in vivo may be calculated. A non-limiting example using a streptomycin-
resistant strain of £. coli Nissle is described below. In alternate embodiments, residence time
is calculated for the genetically engineered bacteria of the invention.

[0318] C57BL/6 mice were acclimated in the animal facility for 1 week. After one
week of acclimation {i.e., day 0}, streptomycin-resistant Nissle (SYN-UCD103} was
administered to the mice via oral gavage on days 1-3. Mice were not pra-treated with
antibiotic. The amount of bacteria administered, i.e., the inoculant, is shown in Table 4. In
order to datermine the CFU of the inocidant, the inoculant was serially dituted, and plated
onto LB plates containing streptomycin (300 ug/mi). The plates were incubated at 37°C
overnight, and colonies were counted.

Table 4: CFU administered via oral gavage

CFL administered via oral gavage
Strain |  Dayi | Day2 | Day 3
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| SYN-LICD103 1.30E+08 8.50E+08 1.90E+09

103171 On days 2-10, fecal pellets were collected from up to & mice {ID NOs. 1-6; Table
5). The peliets were weighed in tubes containing PBS and homogenized. in order to
determine the CFU of Nissle in the fecal pellet, the homogenized fecal pellet was serially
diluted, and plated onto LB plates containing streptomycein {300 ug/mi). The plates were
incubated at 37°C overnight, and colonies were counted.

[0318] Fecal pellets from day 1 were also collected and plated on LB plates containing
streptomycin {300 ug/mi) to determing if there were any strains native to the mouse
gastrointestinal tract that were streptomycin resistant. The time course and amount of
administered Nissle stili residing within the mouse gastrointestinal tract is shown in Table 5.

[0319] Fig. 27 depicts a graph of Nissle residence in vive. Streptomycin-resistant
Nissle was administered to mice via oral gavage without antibiotic pre-treatment. Fecal
pellats from six total mice were monitored post-administration to determine the amount of
administerad Nissle still residing within the mouse gastrointestinal tract. The bars represent
the number of bacteria administered to the mice. The line represents the number of Nissle

recovered from the fecal samples each day for 10 consecutive days.

Table 5: Nissle residence i3 vivo

1y Day 2 Day 3 Day 4 Day & Day 8 Day 7 Day & Day 9 Day 10
i 240E+05 | 650E+03 | 6.00E+04 | 2.00E+03 | 8 10E+03 | 1.70E+03 | 4.30E+03 | 840E+03 | 277E+Q3
2 1.00E+05 | 1.00E+D4 | 3.30E+04 | 3.00E+03 | 8.0DE+03 | 7.00E+D2 | 6.00E+02 | 0.00E+D0 | 0.00E+00
3 8.00E+04 | 170E+04 | 8.30E+04 | 2 008+02 | 1.00E+02 | 2.008+02 | 0.00E+00 | 8.00E+00 | 0.C0E+00
4 3.00E+04 | 1.50E+04 | 1.10E+05 | 3.00E+02 | 1.50E+03 | 1.00E+02 0.00E+00 | 0.00E+Q0
5 1.00E+04 | 3.00E+05 | 1.50E+04 | 3.10E+04 | 3.60E+03 0.00E+00 | 0Q.00E+00
5 1.00E+06 | 400E+05 §| 2.30E+04 | 1.50E+03 | 140E+03 | 420E+03 | 1.00E+02 | 0.00E+Q0
Avg | 1.08E+05 | 1.76E+05 | 1 81E+05 | 7.25E+03 | 820E+03 | 1.28E+03 | 2.238+03 | 1.08E+03 | 4.82E+(02
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The claims defining the invention are as follows

1. A genetically engineered bacterium comprising an arginine regulon,

wherein the bacterium comprises a gene encoding a functional N-
acetylglutamate synthetase with reduced arginine feedback inhibition as compared to
a wild-type N-acetylglutamate synthetase from the same bacterial subtype under the
same conditions, wherein the arginine feedback resistant N-acetylglutamate
synthetase gene has a DNA sequence selected from:

a) SEQ ID NO: 28;

b) a DNA sequence that, but for the redundancy of the genetic code,
encodes the same polypeptide as encoded by SEQ ID NO: 28; and

c) a DNA sequence having at least 80% homology to the DNA sequence of
a)orb);

wherein expression of the gene encoding arginine feedback resistant N-
acetylglutamate synthetase is controlled by a promoter that is induced by low-oxygen
or anaerobic conditions found in a mammalian gut, selected from a fumarate and
nitrate reductase regulator (FNR) promoter, a dissimilatory nitrate respiration
regulator (DNR) promoter, and an arginine deiminase and nitrate reduction (ANR)

promoter; and

wherein each copy of a functional argR gene normally present in a
corresponding wild-type bacterium has been independently deleted or rendered

inactive by one or more nucleotide deletions, insertions or substitutions.

2. The bacterium of claim 1, wherein each copy of a functional argG gene normally
present in a corresponding wild-type bacterium has been independently deleted or rendered

inactive by one or more nucleotide deletions, insertions or substitutions.

3. The bacterium of claim 1 or 2, wherein the promoter that is induced under low-oxygen

or anaerobic conditions is a FNR promoter.

4, The bacterium of any one of claims 1-3, wherein the arginine feedback resistant N-

acetylglutamate synthetase gene has a DNA sequence selected from:

a) SEQID NO:28, and
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5. a DNA sequence that, but for the redundancy of the genetic code, encodes the same
polypeptide as encoded by SEQ ID NO:28.The bacterium of any one of claims 1-4, wherein the

bacterium is a non-pathogenic bacterium.

6. The bacterium of claim 5, wherein the bacterium is a probiotic bacterium.

7. The bacterium of claim 6, wherein the bacterium is selected from the group consisting

of Bacteroides, Bifidobacterium, Clostridium, Escherichia, Lactobacillus, and Lactococcus.

8. The bacterium of claim 7, wherein the bacterium is Escherichia coli strain Nissle.

9. The bacterium of any one of claims 1-8, wherein the gene encoding the arginine
feedback resistant N-acetylglutamate synthetase is present on a plasmid in the bacterium and
operably linked on the plasmid to the promoter that is induced under low-oxygen or

anaerobic conditions.

10. The bacterium of any one of claims 1-9, wherein the gene encoding the arginine
feedback resistant N-acetylglutamate synthetase is present in the bacterial chromosome and
is operably linked in the chromosome to the promoter that is induced under low-oxygen or

anaerobic conditions.

11. The bacterium of any one of claims 1-9, wherein the bacterium is a thyA or dapB
auxotroph.
12. The bacterium of any one of claims 1-11, wherein the gene sequence encoding the

arginine feedback resistant N-acetylglutamate synthetase is present in the bacterial
chromosome and is operably linked in the chromosome to a promoter that is induced by low

oxygen or anaerobic conditions; and wherein the bacterium is a thy A auxotroph.

13. A pharmaceutically acceptable composition comprising the bacterium of any one of

claims 1-12; and a pharmaceutically acceptable carrier.

14. The pharmaceutically acceptable composition of claim 13, wherein the composition is

formulated for oral or rectal administration.

15. The composition of claim 13 or 14 for use in medicine.
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16. A method of treating a hyperammonemia-associated disorder or symptom(s) thereof
in a subject in need thereof comprising admininstering the composition of claim 13 or 14 to

the subject.

17. The method of claim 16, wherein the hyperammonemia-associated disorder is a urea

cycle disorder.

18. Use of the composition of claim 13 or 14 in the manufacture of a medicament for the

treatment of a hyperammonemia-associated disorder or symptom(s) thereof.
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Regulatory region [ 12345678060123456788012345678%0
arglE WT CATCGGGGCTATTCACCTTCTTATGTCTGG
(SEQ ID NO: 7 TTGCCAGGTTAAACGTAARAACATTCACCTT
ACGGCTGETGRGTTTTATTACGCTCAACGT
TAG TATTT .
%ﬁiiﬁ%fﬁf;ull”ﬁ

e '
TCAACAY

S

argl mutant catcggggctatt
{SEQ ID NO: 8} ttgccaggttaaac

acggetbgghgggttttattacgctcaacgt

. p R T o e e ey
tecaagtatttttasagatasattattceceaty

aagtttgatactatcatgaccagaggtgtyg

tcaacaatca

carAB WT AGCAGATTTGCATTGATTTACGTCATCATT
(SEQ ID NO: 9} / AGTGAA

carAB mutant agcagatttgcattgattitacgtcatcatt

r
(SEQ ID NO: 10j

argD WT
(SEQ ID NO: 11}

—

¢
=

.
€
i Rte;
iy
- N

mutant tttetyg
ID NO: 12) tatatt

ttitg;g”aacaqqq gatcatgagatg

«C

FIG. 6 continued



WO 2016/090343 PCT/US2015/064140

9/76

Regulatory region [ 12345678060123456788012345678%0
2rgG WT CTAATCACGETEAATCGAATAT GTTCACT
(SEQ ID NC: 13} TTCATTTGTTGAATACTTTTACCTTCTCCT
GCTTTCCCTTAAGCGCATTATTTTACAAAA
AARCACACTA S TCTCCGATAA

AR TR r" FYATTIIIT A A 7 AR R A R R R
AGATGATTA ATTTATTTY

P

ATAAAAATTE AGTGAAAL JA(‘AATFF‘

GGCTCATCATCAGTTAATT

3
.'I>‘u
o
D
:'ﬁ
(D]
(D]
(]
3
(]
3

argG mutant ctaatcaccttaatgaatcttcagttcact
(SEQ ID NO: 14) ttecatttgttygas I

goettteccttaagogecattattttacaaaa

oy v v e e e e e v ey ey oy

u_uL.u_L.u_L.Lu_D'_D'_\JL,\JL,L,\J\JL,k CCLCCdatas

aagatgatcttat gaaaacCrLiLTLLaTLLC
= = :

ttataaaaatcttgtgaasagcagaaatcca
ggctcatcatcagt

Tattttatyg

z2rgG mutant cchtgaaacgtggcaaattctactogtitig

3
(SEQ ID NO: 15) ﬁwtaaaaaat caaatac\qéquqattr

; ttatauvqabccov ]

gtttattgctaatcattgacyggctage
;Cdo“cc:*gg:acagfg::cg““CCCJTf
TTTTTGGGCTACGAAATAATTTTGTTTAACT

TTAAGAAGGAGATATACATACCC

—

FiG. & continued
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FiG. 7

FNR~
responsive
regulatory

region

123456789012345678901234567800123458678801234567890

SEQ ID NO: 1o

ATCCCCATCACTCTTGATGGAGATCAATTCCCCAAGCTGCTAGAGCEGTTA
ITTGCCCTTAAACATTAGCAATGTCGATTTAT CAGAGGGCCGACAGLCT

C
CCCACAGGAGAARAACCG

49!
=3
o
—
[w]
=

b
-

Cn TR T o S CTCOTCAT TAR T ~ s ~ !
CATARALS CCHGACCTCTCATTAATT TC GCCGEGEGECGEECACT

- \
ATCGTCGTCCGELED TTT’:CTCTTr ACTCTGCTACGTACATCTATTTOT
ATAAATCCGTITCAATTIGTCTGTTTTTITGCACAAACATGAAATATCAGALC
AATTCCGTGACTTAAGAAAATTTATACAAATCAGCAATATACCCCTITAAG
GAGTATATAAAGGTGAATTTGATTTACATCAATAAGCGGGGTTGCTGAAT
N M

STIA TR TR AR R T T T
CGGTAATAGAAAAGAA

@
[
3
3
s
‘J‘;J
[}
Gl
]
b=
[}
o la
Py

32

i
b~
i

ni
SEQ 1D

e

: 19

AN

CGG CCGL”LGTTGAAQATAGCGC”CCGCALGVCGCA,;u\TT& CAGCAR

nVGLT CTGTACGCTGTCGTCTTIGTGATOTCCTTCCTIGTTAGGTTTICGTC

AGC CLLLGTCAGCA"hAv“TFCT ACCTCTC nTmAﬁTTGCTCﬁTCCT

GGA LuQCTCT"TCGTCGTCCGGC””TTTCCTLT CCCCCGLCTACGTGC

ATCTATTTCTATAAACCCGCTCATITIC ‘TATTTTTT‘CDCAARCA
TATCAGACAATTCCGTGACTTAAGAAAATTTATACAAATCAGCAA

ACCCAT AAGGAGTATATADAGG”.uuTTLC WTTTACATCAATAAGCGGE
TGCT C ; GTAATAGAAAAGAAN A
T

AGCATAACACCCTGACCTCTCATTARTTGCTCATGCCGGACGGCACT

ATCETCGTCCEECCTTTTCCTCTCTTCCCCCECTACGTGCATCTATTTCT
CTCATTTTGTC T/{_“TTTTTG CACAAACATGARATATCAGAC

GTr’-’ACTTz AGAAAATTTATACAAATCAGCARTATACCCATTAAG
AGH R
G

GOTGAATTTGATTTACATCAATAAGCGGGETTGCTGAAT
7

GLGGTGAGAGTCTTTTICCCCCGACTTATGSC
GATGTGAGCTTIGATCARAAAACAAAAAATAT
o

ATATTGCGCCCGTTACGTGGGCTTCGACTGT
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nirB+RBS
SEQ ID NQ: 22

SCCTGACCTCTCATTAATTGTTCATGCCGGGCGGCACT
TTTTCCTCTCTITACTCTGCTACGTACATCTATTTCT
TTTGTCTGTTTTTTGCACAAACATGAAATATCAGAC
&A?AAAAT'TmTz”KhA”LﬁGCAATPTACCdCT €
”KDTTFGATTTDT TCAATAAGCG

PTSTTTAACTTTAAGA \Gb, DT&

CTAGAAATAATS

"]"n""”"T‘(‘"'!“(""Z‘ r[nm( udelelelels Cr, f\T ,w7“ M
AN AP R AP SR o W AL NPRPL DY o U S PRI S LG L £ Alssdad

CTCATGC&TUCATCAAAAAAG’TGT"AGCTT.ATCAAAAACAAAAA ATAT
TPTCACTCGACAGGAGTATTTATATTGCGCCCGGATCCCTCTAGAAATAAT

'||‘r1r"Cr TTARA (mmt TA ,X(.Z‘AZ\PC?) Grzz TAT Z\m AT

TTTCCCCCGACTTATGG

(€5}
[
>
H
W)
Z
b
N
W

GGATCC"' [« f’l"z"\

PN
fnrS

- NI S

SEQ ID NO: Z5

AGTTCTTCTT AT TGAT

TGTAACAAAAGCAATT

GLG“aPT"“P
.
v

AT s
GGATCCAAAGTGAAL

TATA ,’\ A T

GCATCGTAGTARATGET
C"DTAC&ANP LCGUCGCAARG
PCAGGGCAATATC “VT”TT
TTAACTTTARGRAAGGAG

a

TCTAGAAATAATTTTCT

S
u

TCCTCTTTGTGATGTGCTITCCTGTTAGGTTTCGTCAGCCS
CATAACACCCTGACCT ,TCE\TI‘»&“TT\,CTLAT CCGGACG

ACCGTCAG

CCHLGA T

CGTCCGGCCTTITTCCTICTCTTCCCCCGCTACGTGCATCT
7, i
A

PC ATCE
TCTATAAA
GACAATTC
ACCE\ STA
SAATCGTTA
\AGAAATCGA

G

GCCGG

CCCGCTCATTTTGTCTATTTTTTGCACAAACATGAAAT

CGTGACTTAAGAAAATTTATACAAATCAGCAATATAC

TATAAAGGTGAATTTGCGATTTACATCAATAAGCGEEES

AGGTAGaaatgtgatctagttcacat ttGCCGGTAATAG
2

GGCAAAAALgtttglttLtaactitaagaagga uu;dEdet

FTC
;GC
ATT
TCAG
ATTA
STG

=0

A
C
L

3

T3
[
=
2
3

fnrS+crpe
SECQ ID NO: 27

ACTTET T T AT TGO TGCT T TCOT TTATCET
TGTAACAAAAGCAATTTTTCCGGCTGTCTGTATACAARAACGCCGUAAAG
.’]:!IIHI‘. f\ /‘1 IZ\ Cr f\ 7) II\} T ZA\ Z\\Z‘A\ ey l,' '«|'n '1)'\‘\ TA\C(N; \IZ\r" m r‘( Z\ o~ ;’\C(: & Z\ 7\)\ '\ 7) (/r"!Cr f\ a

AGCL CTeT EERNY W L%
gabpbaqti catttittgtttaacthtaagaaggagatatacat

[GCATCGTAGTAAATGGET

atgt

FiG. 7 continued
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FiG. 8A

Nucleotide sequence of exemplary tzrgAfb' seguence

{SEQ ID NO: 28)

TCCGCCATTCGGTTCCCTGTA
CHECGETL vAA C,CATTGA-
ATGATATCGEGTTETTGCACAGCLTCGECATCT

T > ST IR R T YT Y T
GGCECACGTCCGCAGATCGACGCAAATCTGGCTGCGCA

FTGPTI

ACGAACTGOTGT AT CACARGAN T ATACETE IGACCGACGCCAARACACTGEARCTGRT
GAAGCAGGCTGCEGEAACATTGCAACTGGAT! GCTCGCCTGTCGATGAGTCTC

ABT ] T TRCAGECOCCECATATC
AATAACACGCOGCTGCAGGGLGCGECATAT

CCCAGCCGCTGGEGCETUGATGACGGCETGGATTACTGUCATAGCGEGUGTATCCGGLG
GATTGATGAAGACGCGATCCATCGTCAACTGGACAGUGETGCAATAGTGCTAA PGLCa
CCEETCGUTGTTTCAGTCACTGGUGAGAGCTTTAACCTGACCTCGGAAGAGATTGCCA
CTCAACTGGCCATCAAACTGARAGCTGAARAGATGATTGETTITTGCTCTTCCCAG
CGTCACTAATGACGACGETGATATTGICTCCGAACTTTTCCCTAACGAAGCGCRAAGUG
CGGGTAGAAGCCCA TCAAUAGAAhGGCGATTAClﬁLT@CG;-’CGG”GC CTTTTTGC
GTGGCGEC 1Tu“ﬂAGvNTCLCGCAGCULC sTGCGTCGUTGTCATTTAAT ACTTA”C

A A
ARGATGGCGCGCTGTTGCA IG“G“T SITCTCACGUGACGGTATCGGTACGCAGATT
B

GGCARATTTTATTATTG

T DT

=1

J&_'

GGAAGAT

~
o

GTGATGGRRAGCGC GAGC GATTCGTCGCGCAR Cﬁth“ﬂLGh'WTTJ»CCGTﬁTT,

TT“AGWTGAT'LGCLC’TmGGAC

SCTGGAGATG

o~ A
G5 GA ARA
T T O WL
GCGCCGECGECTCTATCCET J_L(.,\./\JkJAZx(E:\u\Jzu;y\jﬁx
r L7;\

CAGCL SR T N S T R COCGTTOTCGOGR
Sl (:nAu\,Tn; i GGTACGCCGET TCGCGAGCA

3
P

TTCF‘CATTZTTCAGCGC?ATAACAdGAC'ATTGCC
2 T T GTGGCAG

rwrxL’ \rx

-
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FiG. 8B

Nucleotide sequence of exemplary FNR promoter-driven argAf"“" plasmid

{SEQ 1D NO: 29)

GTAAAACGACGGCCAGTGAATTCGAGCTCGGTACCATCCCCATCACTCTTGATGGCAGATCAR
TTCCCCAAGCTGCTAGAGCGTTACCTTGCCCTTAAACATTAGCAATGTCGATTTATCAGAGG
GCCGACAGGCTCCCACAGGAGAAAACCG&TGGTAAAgﬁf ACGTAAAACCGAGTTGGTCGAGH
GATTCCGCCATTCGETTCCCTGTATCAATACCCACCGGECGAAARACGTTTGTCA ‘CATGCTC
GECGETGAAGUCATTGAGCATGAGAATTTI ?'I‘C'(, LCTATCGTTAATGATATCGGEGETTGETTGCA
CAGCCTCGGCATCCETCTGETGETGGTCTA )TCCACVTTCGCA&AFCGACLCﬂhAPC"Ca
CTGUGCATCACCACGAACCGCTGTATCACARGAATATACGTGTGACCGACGCCAARRACALTG
GARCTGGTCAAGCAGGCTGUGGGAACATTGCAACTGGATATTACTCCTCGCCTGTCGATGAL
TCTCAATAACACGCCGCTGCAGGGCGUGCATATCAACGTCGTCAGTGGCAATTTTATTATTC
CCCAGCCGCTCGGCOTCCATGACGGCLGTGGATTACTGCCATAGCGGGUGTATCCGEUGGAT

r'v TOAACACCCCATOCATCRTO R r—rxr CAGCOOTOON 7rw OV B /\’ﬂ\“f'\(‘(f'v(\r‘] ~
GATGAAGACGCGATCCATCETCAACTGEACAGCGETGCAATAGTGCTAATGGECEGELCLGETCGEL

x‘.]
TGTTTCAGTCACTGGCGAGAGCTTTAACCTGACCTCGGAAGAGATTGCCACTCAACTGGCCA
LH\%C'GAHnbegﬁu VAGATGATTGGETTTTIGCTCTTCC GTCACTAATGACGAC
GGTGATATTGTUTCCGAACTTTTCCUTAACGAAGCGCE CAGGAAGA

(TP
AT S LA

CAAAGGCGATTACAACTCCGETACGETGCGUTITTTGCCTCGCGLAGTGAAAGCCTGCIGT
=
v

GCGGUGTGCGTCECTGTCAT TTAAT CAGTTAT CAGEAAGATGECECECTET” GA

GCAAG
T T e S

P

TR T TR P CTVT P T
CGCGACGETATCGETACGCAGATTGT

; FTT (8 (71 g s
TGGAAAGTGCUGAGT CGCGEL

ARCAATCAACGATATTGGCGGTATTCTGGAGTTGATTCGUCCACTGGAGCA HCﬁhGG”TTTC
TGGTACGCCGTTC 'CGLLﬁGCAGT”G SAGATGGAAATCGACAAATTCACCATTATTCAGCGC
GATAACACGACTATTGCCTGCGCCG TCT’TCCGTTC CGQKAC?CA“GA”“”CGJAIAT
GGCCTGTGTGGCAL T‘ALCCGG:”TAC”"” WGTTCATCAAGGLGTGAAGTTCTGCTGGAAC

GCATTGCCGCTCAGGCTAAGCAGAGCGGCTTAAGCAAATTGT
ATTCAC GGTTCCAGGAACGTGGATTTACCCCAGTGGATATTGATTTACTGCCCGAGAGCAA
RAAGCAGTTGTACAACTACCAGCGTAAATCCAAAGTGTTGATGE CGGATTTAGGGTAA%CAG
AATAAAAATACAATAATTTIC uAATAATCALGCAAACCTT SCGTAATCATGGTCATAGCTG
TTCCTGTICTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGARAGCATGTAC
SCGETTTTGCTGCCCGCAAACGGGCTETTCTEETG TTQ”TAJTTTG'TATCAGAAT”t‘AGAT
CCGGUTTCAGGTTTGCCGGCTGAAAL CW CTATTTCTTCCAGAATTGCCATGATTTITTTCCCC
ACGGGAGGCEGTCACTGGCTCCCETGTTGTCGECAGCTTTGATTCGATAAGCAGCATCGCCTS
TTTCAGGCTIGTCTATGTGTGACTGT ”“CCTvTA WCAAGTTGTCTCAGGTGTTCAATTTCAT
STTCTAGTTGCTTTIGTITTACTGGTTTCACCTGTICTATTAGGTGTTACATGCTGTTCATCT
GTTACATTtTCGALCTGTT CATGE GA?L“””T TAAATGCACCAARAACTCGTARAAGCTC
TCTATCTTTTTTACACCGTTTTCATCTGTGCATATGCACAGTTTTCCCTTTGAT?

e

[. Falayl rplz\ s

TCTAACEGTGAACAGTTGTTCTACT TTTGTT TG TGATAG
AGAGCCATAAGAACCTCAGATCCTTCCGTATTTAGECAGTATGTTCTCTAGTGTGEGTTCGTT
TTTTGCGTGAGCCATGAGAALGAACTATTGAGATCATECTTACTTTGECATGETCACTCAAA
AANTT 1:[xr~1C'<-Cr f\7) ,\BZ\Z‘Cr GGr“(jZ‘ \Ii‘f 1/‘47\ AATTTS 1.(; (/Z‘Cr 17{1"3}\( L[)\ 1/\4(:}|-.C1L_Yn-7« f\l[l vlwrﬂr}:-r»[::]:vcrr
TAGTCCGTTACGTACETAGGAATCTGATCTARTGET TGTTGETATTT, ‘CATTCATTT
TTATCTGG&.GTTCTCAA?””CChTTACbAwAFkC“m“'TT,“AT“TAGTZMAALiEjuAAA
ATCAACGTIATCAGTCGEGCEECOTCECTTATCARCCACCAATTTCATATTGCTGTAAGTGTT
TAAA LjfﬁAhAkC(ATTnH¢.hAuVL¢J TABACTCATGGTAGTTAT
TTCARG TAAATTCATCAA GCTAATC'C ¢scc_ GTGAGTT
T“TT““C TTnG"T“TTMﬁ%ATnAL“ﬁLT“T AATCCTCATAGAGTATTTGTTTTCARA

GAC ACATUTMLC‘CAT“ATATT“”I"“An TTT TTAACLQTAAAIGA' AGGCRATA
,TkTm ACTAAARACTAATTCTAATTTTTCGCTTGA TTGGCATAGTTTGTCCACTGGS
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GAATARAGAAAGAATAALAAAAAGATAAAAAGAATAGATC \,C..C( Ce ]“G"’C"‘A [. ACTCACTA
CTTTAGTCAGTTCCGCAGTATTACARARAGGATGTCGCARACGUTGTTTIGUTCCTCTACARARAA
CAGACCTTAAAACCCTI SGCTTAAGTAGCACCCTCGO CTCGGGCAAATCGUTGAATA
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Nucleotide seguence of exemplary FNR promoter-driven argAﬂ" seguence

{SEQ 1D NO: 30)

AGTTETTCTTATTGETGETETTGCTTTATGETTGCATCOCTAGTARATGETTGTAACAA
AAGCAATTTTTCCGEUTGTCTGTATACAARAACGCCGCAAAGTTTGAGCGRAGTCAAT
AMACTCTCTACCCATTCAGGGCAATATCTCTCTTggatccaaagtgaactctagaaat

- ~ P

aattttgtttaactttasgaaggagatatacathTCGTAAARGGAACGTAARACCGAG

TTCGTCGAGGGATTCCGCCATTICCGGTTCCCTGTATCAATACCCACCEGLGAAAAACT
TTTGTCATCATGCTCGCCGGTGAAGCCATTGAGCATGAGAATTTCTCCAGTATCGTT
AATGATATCGGCTTGTTGCACA bLLTCGGSATCCGTCTCGTGG”CCT”I"&”QbCGCA
CGTCCGCAGATCGACGCAAATCTGGECTGCGCATCACCACGAACCGUTGTATCACAA

AATATAL "?”C""”‘Tﬁ”’“ GACGUCAARAACACTGGAACTGGTGAAGCAGGCT -ECKJ’CLn:A”“

'Nalstalalt

AR N STOOAG
CAATAACACGCCGECTGECAG

CTGGATATTACTGCTCECCTGTCGATGAGTUT
GucnvapAMAW“ahCGtcﬁmb“PWPu\ ARTTTTATTATTGCCCAGCCGCTEGGCETC
ACGGCG'uaaF“‘ﬂia\CATAGCGGHChTC?”kChCGGA“’ TGAAGACGCG
TCGTCARCTGGACAGCGGTGCAATAGTGC TAAT CGGGCCGATCGLTGTTTCA)
GGCGAGAGCTTTAACCTGACCTCGGARGAGATTGCCACTCAACTGGCCATL
AAAGCTGARARGATGATTGETTTTTGCTCTTCCCAGGGCGT CACTAATGAL
GACGGTGATATTC T“TLCLRK“T"WT“”“TAP”QKKGC‘CRI””L‘GGGTAC1A 3CC
CAGGAAGAGARAGGCGATTACAACTCCGGTACGETGCGCTTTTIGCEGTGGCECAGTS
AGCCTGCCGOAGCGGCETGLGTCGCTETCATTTAATCAGTTATCAGGAA
SCGCTGTTIGUAAGAGTTCTTCTCACGCEACGETATCGETACGCAGATTGTGATGEAA

CCGAGCAGATTCGTCGCGCAACAATCAAC GATATTGGCEGTATTCTE

"CGCCCACTGGAGCAGO ARGGTAT TCTGGTACGCCETTCTCGCGAGCAGL TGGAT
TGGAAATCGACAAATTCACCATTATTCAGL GCGATAACACGACTATTGCCTGIGCC
GCGCTCTATCUCGTTCCCGGARGAGAAGATI GGGGAAATGGCCTGTGT GGCAGTTCAL
CCGGATTACCGCAGTTCATCAAGGGGTGAAGTTCTGCTGGAACGCATTGCCGCTCAG

GCTAAGCAGAGCGGCTTAAGCARATTGTTIGTGCTGACCACGCGCAGTATTCACTGS
TTCCAGGAACGTGGATT TACCCCAGTGBATATTGATTTACTGCCCGAGAGCARAAAG

CAGTTGTACAACTACCAGCGTAAATCCAAAGTCTTCGAT GGCLGATTTAGGGTAA
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FiG. 18

Nucleotide sequence of exemplary BAD promoter-driven argd’™
{SEQ 1D NO: 33)

cgacggtagegataggeatocgggtggtgetcaaaageagetiogectgactgatyge

getggtectogogecagettaatacgetaatecetaactgetggeggaacaaatgey

tgtetgecaggtgategetgatgtactgacaagectegegtacoogattatecateg

gtoggatggagoegactegtiaatogeticeatgogoageagtaacaatigoetcaagea

gatttatogocageaattogogaastagegeccticcocttgtooggeatitastgatit

JOUQCOAAAGRAJCCTG

geccaaacaggtogotgaaatgeggetggtgegetitcates

tatiggeaaatatogacggeeagtiaagecaticatgecagtaggogegeggacgas

agtaaacccactggtgataccaticgitgagecteeggatgacgacegtagtgatgaa

gatibtitcaccaceocotgacegegaatggtgagattgagaatataacetttcatte

ceageggteggtogataaaaasatogagataacegttggeeteaateggegtiaaac

cogecaccagataggagogttaaacgagtatecegacageagagasteatitigogett
cageeatacttiteatactcoogoecaticagagaagaaaccaatigtceatatigea

tcagacattgoegtcactgoegtottttactggetectictegetaacecaaceggtaa
cecogettattaaaageatictgtaacaaagegggaccaaagocatgacaaaaacge
gtaacaaaagtgtetataatcacggeagasaagteocacattgattatitgeacggeyg
teacacttigetatgocatageatttitatecataagattageggatecageoctgac

getttttttogeaactototactgtitetecataccogtttttitggatyggagtgaa

nIaial AT T Talalalnlnialalel
{ ' CCATT {

aC‘C‘th_L“'\; TARMAGGEAACGTAAARCCGAGTTGGETCGAGGGATTCCE ROICICHNE GO

TGTATCAATACCCACCGGGGAARAACGTTTGTCATCATGCTCGGCGETGAAGCCATT

[GAGCATCAJLATTTCTCCAGTATCGTTAATGAT- CGGETTGTTGCACAGCCTCGGEL

IMTCCGTCTGETGGTGGTCTATGGCGCACGTCCGCAGATCGACGCARATCTGGCTGCG

CATCACCACGAACCGCTCTATCACAAGAATATACGTGTGACCGACGCCAAAACACT

GAACTGOTGAAGCAGGCTGCGELAACATTGCAACTGGATATTACTGCTCGCCTIGTCG

R TCAGTCTCARTAACALGLCGCTRCACGOCGCECATATCARCGT CCTCAGTEGUAAT]
HTTATTATTCCCCAGLCGCTOEGCETCCATCACGCECETGCATTACTCCCATAGCERE

CGTATCCGGUCGATTGAT GAAGACGLEATCLATCG CGE

TCAACTGGACAGCGGTGCAATA

[JTG TAATGGGGUCGETCGUTGTTTCAGTCACTGGLGAGAGCTTTAACCTGACCTCG
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|GAAC GATTGCCACTCAACTGGCCATCARAACTGAAAGCTGAAAAGATC ATTLJGT'ITTI

TGCTCTTCCCAGGGCGTCACTAATGACGACGGTGATATTGTCTCCGRAC TTT_LCCﬂ

NN SN e leE VeTaTeTaTarete NN Y XN NI G T X Yl

MA.“hAULULAthULW“LT AAGCCCAGCGAAGAGAAAGGCGATTACAACTCCEET
e e lE e T T I N N Nl e T T Tl

ACGCTGCGCTTTT TECETGECGCACTGAAAGCCTGCCGCAGCHGCETGCETCECTGT)

CAZ\}IIH', T Z\l[(;'«z\‘\—vn?r[ AT ﬁz\‘\ Cc’ul\)(?{ T Cr‘tf\/‘d;\(/r, Cr -.GUZ\Z\CTA\p.[mer, N ?m/\}(/(J \CADBC

ST ATOGEOT CRGATTGTGATEGAA RGO ECCGAGCAGAT TCGT o ATC
|':r TlALUG ACGCAGATTETGATGCGAAAGCGECIGAGCA CGTCGECECAACAAT l

Ef‘xn(“(ﬁh[h TTGGCGGTATTCTGGAGTTGATTCGCUCACTGGAGCAGUAAGGTATTUTG

[GTACGCCGTTCTCGCGAGCAGCTGGAGATGGAAATCGACAAATTCACCATTATTCAG

CGCGATAACACGACTATTGCCTGCG ?’ZCC‘C}CTL,ThTCCGTTCCCGGAE\CAC}AAC}\TT|

PP O T T o o AT T G A OO T T AC G E AL TN T BN T O D T
GLCGEAAATGGCCTETGTGCECAGTTCACCCGEGATTACCGCAGTTCATCAAGLGGGETGAA]

|'JT”CT(3C GGAACGCATTGCCGCTCAGGUTAAGCAGAGCGEET TAZ‘«_'-"%CZ»AA”WLTTﬂ

T T A O O O R T A T T A T T O A A o T AT T A CCOCACT O D'(I
TG A G {

LZ\.'I‘TI.‘GA’]_‘".[”]_‘Z‘%LC"'(1\/5 CGAGAGTARAAAGUAGTTGTACAACTACCAGCGTAARTCC h:\.hl

GTGTTGATGGUGGATTTA ,GC'[‘n/J GGGAATTAGCCATGGTCCATATGAATATCCTC

tctagaaagtatag

CTTAGTTCCTATICC gaagticotattocgaagticotatta

gaactte GAAGCAGUTCCAGCUTACACAATCGCTCAAGACGTGTAATGCTGCAATC

TGCATGCAAGCTTGGCACTGGCCA

i1

lalale 'sfels! e S
A TCCH CCG

CTTAATTTGATGCCTGGCAGTTITATGGCGGGLEGTCCTGCCCGCCACCLTCCEEEC

&

TTCOTTCGCAACETTCARRATCOGOT

m ~

TGG

CAGTTICC

5%???%@?99?@????QQ@%?FQ???@@??%Q?????9§?§§?9?F¢????ﬁgg§¢§§
tgteagegecgttgategegggegeggegtactggtgateaaacattacggegtegs
ggeattecegtetatiggeggoattgtgoacacacactegogacacgacaccatoty
ggegeaggegggecagtogatteoageagenggeaccacaeacgoogactatitota
cggeaceattocctgoaccegoasaatgacegacgeagasataaacggtgaatatys

FIG. 18 continuad
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ctgeegteagttagegecgeagttaceggatatgeageasacgutyctggatasaca

ctatctgegtaageatggogogaaggeatattacgggoagtaa

FIG. 18 continued
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FiG. 21A

pSCL0L plasmid

(SEQ ID NO: 34)
ATTRAAGTTGGGTAACGCCAGCGTTTTCCCAGTCACGACGTTATTGCGTTGCGCTCACTECCC
GCTTTCCAGTCGGGAAACCTGTCETGCCAGUTGCATTAATGAATCGGCCAALGCGCGEGEAL

AGGCGGETTTGCGTATTGGGCGCTCTTCCGUTTCCTCGCTCACTGACTCGCTGCGCTCGETCG

"T”GG‘”bCGGCHAVCGGTAi(haka‘fTCn“anCGGTﬁ,SAMbGGTfTT STGLCCGECA

ACGGGCTGTTCTIGGTGTTGCT TT*»ﬁTAT AGAATCGCAGATCCGGCTTCAGGTTTGCC
GGCTGAAnGCGCTA"TTTTT,C ATTGCCAﬁUA"TTTTTCCCCA ULG%puCU CACTGG
CTCCCGT ”mC»LCAGCTTTCkTT CGATAAGCAGCATCGCCT TCAGGCTGTCTATGT
GTpACTLmTCAGC”GTdnvAAGT“GTCTChCGTGTTC7 mT”CAT”TT,.A STTGCTTTETT
TTACTGGTITTCACCTGTTCTATTAGGTGTTACATGCTGTTIC GTTACATTGTICGATCTG
TTCATGGTGAACAGCTTTAAATGCACCA hAWthGTd.;AGCTCTGATGTATCT:TCTTmm

TTACACCGTTTTCATCTGTGCATATGGACAGTTTTCCCTITGATATCTAACGLTGAACALGTT
GTTCTACTTTIGTTITGTTAGTICTTGATGCTTCACTGATAGATACAAGAGCCATAAGAACCTC
CCOTATTTAGCCAGTATGTICTCTAGTGTGGTTCGTIGCTTTTITGCGTGAGCCAT
CCATTGAGATCATGCTTACTTIGCATCGTCACTCARAAAT TT‘””WCAAAACT
'AAAGCATCGTGTAGTGTT”W"”TTA CCETTA
TTTGTCACCATTCATTTTY Z\’"C'[ GGTTGT CA
AGTT (J G1 Vy‘quzJKZCA. T“K“TU(A\D”]THJCz\LAAL(u\ﬁCG:ZV'L?C'”TﬂJ
C’V"“ CCTCGCTTATCAACCA FCATATTGUTGTAAGTGTTTAAATCTY TTATTG
TCAAAACCC "‘T’,E'CG'I."I‘L"‘, GCCTTTTAAACTCATCGGTAGTTAT "“'"(, WAGCATTAACATG
aA“TmAA‘TT” AGGCTAATCTCTATATTTIGCCTTGYGAGTTTICTTITTGEGTTAGTTC
TTTTAA ATAAATCCTCATAGAGTATITGTTITCAAAAGACTTAACATCTTCCA
GATTA fﬂﬁAIGAATTLJ"”T&Ap¢3) ATAAGGCAATATCTCTTCACTAAAAACT
AATTCTAATTTTTCGCTTGAGAACUTTGGCATAGTTTGTCCACTGGAAAATCTCAAAGCCTTT
AACCARAGGATTCCUTGATTITCCACAGTTICTCGTCATCAGCTCTUTGGTTGUTTTAGCTAATA
CACCATAAGCATTITCCCTACTGATGTTCATCATCTGAGCGTATTGGTTATAAGTGAACGAT
ACCGTCCEGTTCTTTCOCTTGTAGGGTTITCAATCGTGGEGETTGAGTAGTG MAVHC \G
AATTAGCTTGGTTTICATGCTCCGTTAAGTCATAGCGACTAATCGCTACGTTCATITGCTTTGA
AATCTA TAATTCAGACATACATCTCAATTGGTCTAGGTGATT TTA-“CA\TA_“CLAnT G
GATGGGCTAGTCAATGATAATTACTAGTCCTTTTICCTTTGAGTTOTCGGCTATCTGTARA
CTCTT“ ACCTTTIGCTGGAARACTTGTAAATTCTGCTAGACCCTCTGTAAATTC CGQTAGA“
CTTTGTGTIGTTTTITTTGTTTATATTCAAGTGGTTATAATTTATAGAATAAAGRAAGAATAA

3
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_ifA 1TAAAAAG TAG WTCCCAGCCCTGTGTATAACTCACTACTTTAGTCAGTTCCGCA
ARCGCTGTITTGCTCCTCTACAAAACAGACCTTAAAACCCTA

{
CAAGCTCGGGCAAATCGCTGAATATTCCTTTTGTCTCCGAC
TCT TTTCGTGACATTCAGTTCGCTGCGCTCACGGCTCTGE
ACTACAGGCGCCTTTTATCGGATTCATGCAAGGARACTACCC
D”CGGCTTT?C"G(C”“T’TTATUG‘G(CTCTUCTA'“TbG
COTGCCCTOT
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PAC TCTGACGCTCAGTC f‘wo;,
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TGC e )

fFTTCAGCA

TATCCCGETGACAGGET ﬁmTC“GZ
AACAGE C"TK”L‘C“”T FACT
ACGT GAG}.TATCA KNCQAFTTTLACC'

]CH)““TAA“,SAFATATPA””JAACTTG:EC GACAG
TGCTTAATCA ‘k@"‘T“Tp“LCahF CTGTCTATTTCGTTCATCCATAGTTIGCCTG
ﬁCTpC&Cb?TGTGTAi _____ ACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGUTGCAA
TGATACCGUGAGA (CMACGC"C \CCGGUTCCAGATTTATCAGCAATARACCAGCCAGUCGGA
AGGGCCGAGCGCAGAAGTGGTCCTGCAACT TTATCCGCCTCCATCCAGTCTATT

AATTGTTG
CCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAA

CGGGAAG AGTTTGCGCAACGTTGTTGCCAT
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‘CACGCTUGTCGTTTGETATGECT ICAT TCAGCTCIGETTUCUARCGA
GATCCCCCATGTTETGCARARAAGCGET TAGCTCCTTCGETCCTCC
TR AGTTGGCCGUAGTGTTATCACTCATGETTAT GCABCACTGCATA

SGCCGECA
TR T FOOT ST ACTCAAL .
\VTGCTTTTCTETGACTGETGAGTACTCAACCAAG

\L GTAAGA

CAGBCATCOTG
e ~
e A}“J(:r
PN TR YRR T o
GATCGT J_‘\J].'\_.A

S Vel
(,.i TACTET

TCATT 1GTAT.‘6CCGM GAGTT TCTIGCCCGGCETCAATACGGGATAA
TACCHG CC SCAGAACTTTAARAGTGCTCATCATTGGAAARCGTTUTTCGGGGCGAA
ﬁhCTCTCAA‘ ,TTApChCrGTTGA;ATCvAPmTCGA‘GTAACLCHC“CQTG,A ‘CCAACT
TGATCTTCAGCATCTTTTACTT CTGGGETGAGUARARACAGGAAGGUARAR
TGUCGCARARAAAG ATA TTGAATACTCATACTCT ,"TTT“’
ABT TGAAGCATTTATCE ‘Z .~‘” CATGAGCGGATACATATTTGAATGTATT

TAGAAAAATAAACARAATAGEG "CC’GC(J ACATTTCCCCGAAAAGTGCCACCTGACGTCTA
AGARACCATTATTATCATGACATTAACCTATAARARTAL _GC”G’I'E\'?C..(“C AGGCCCTTITCGT
\,x,\,CLGTT' CGGTGATGACGGTGAAAACCTCTGACACATGCAGUTCCCGGAGACGE \,n\:A
CTTGTICTIGCTAAGCGGATCGCCGEGGAGC ﬁLE\’“‘KnGCL,uu CAGGGCGCGT L,E\GC sGGTGETTGG
CupC}TGTC sGEGCTGECTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATA
*\vCGGmGTCAdﬁ ﬁL,uGC’AF‘ﬁLE\ GCGTRAAGGAGRAAATACCG ’:_"TTA.T’»}CGCCATT’:GC”A
TTCAGGCTGCGCAACTGTTGGCGAAGGGCCGATCGETGCGEGECCTCTTCGCTATTACGCCAGST
GGCGARAGGGLGATGTGUTGCAAGHCE

FIG. 21A continuad
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fhr
Nucleotide sequence of exemplary fnrsS promoter-driven argd

p3Cl0l plasmid (SEQ ID NO: 35}
gutaccAGTIEPICTTAT GG ICETETTGC T TATGETTGCATCGTAGTARATGGT TG TAAC
AARAGCAATTITICCAGCTETCTCTATACAAAALCGLCECAAAGTTTGAGCGAAGTCAATAA
ACTCTCTACCCATTCAGGECAATATCTCTCTT gatccaaaghgas
iﬁTGmrAhduGﬁAuanPFACCGAﬁTTGb
ATTCCGCCATTCGGTTCCCTGTATCARTACCCACCGGGGARAAACGTTTGTCATCATGCTCH
GCCGTGAAGCCATTGAGCATGAGAATTTCTCCAGTATCGTTAATCGATATCGCGTTGTTCGCAC

AGCCTCLGCATCCLTCTGETHGETG TATGGCGCACGTCCGCA QZ&T’CG»’ CGCAAATCTGGC

;))

- ~ o~ GOOTGTATOACE P TS A TOO
LubA CACCACGAACCGCTGTATC AJAxL ATATACGTGTGACCGACGCCAAARACACT

ot ~ ~ GOAACTROATATT [ OO T T COATCACT
75"(, PGETGAAGCAGGCTGCEGEGAACATTGCAACTGGATATTACT PCGCOTETCGATGA

o~y T S S T GO BT ATCAACGT OO TOAGTGRCARTT T AT TAT TR

CTCAATARACACGCCEUTGECAGGGCECECATATCAACGTCGTCAGTGGCAAT T TTATTAT TG

Falalnk

ACTGCCATAGCGGECET :‘me( GGECGEGEATTG

- N g = N e ST
TGCAATAGTGCTAATGGEGECCGETCECT

lelaletelt PN el sl

CCAGCCGECT C("\‘J'x GTCGATGEACGGEC

7"GA;%aﬁnC(?C(ﬂlﬁ[C CATCGTCAACT

2

G CAGTCE CIGAGE AACCTGACCTCGEGAAGAG] CTCAACTGECCAT
2™ T ; ~ S T ~ ~ NP ~
CAMACTGAAAGCTGE! ;nAZACZ—\TGATT’\,\VTTTTTb CTTCCCAGGGCGEGTCACTAATGACGACH
: e —— P o T e e T

GTG TAACGAAGCGCAACCOECGCEGETAGAAGCGCCCAGGAAGAG

é

SATATTGTCTCCGAACTTTTCCC

AAAGG ’: P'T‘T?«CAnCT GGTACGGTGCGCTITTTTGCGTGGCGCAGTGARAGCCTGCCGCA

CCGGCGTGCGTCGCTGCTCATTTAATCAGTTATCAGGAAGATGGCGCGCTGTTGCAAGAGT TS
F'L CGCGACGGTATCGGTACGCAGATTGTCATGHGAAAGCGCCGAGCAGATTCGTCGCGC

/\(,A [CAACGATATTGGCGETATTICTGGAGTTGATTCGCUCACTGCGAGCAGUAALGE ]..Z&',E”IC’]_“

SGTACGCCGTTC! “’“"(,Ln\GCf’HJ(,"' SGAGATGGAAATCGACAAATTCACCATTATTCAGT

1T

A,
CCCGEGEAAL

H

1»"'

aTal f\

BN

ATAACACGACTATTECCTECGO SGOTOTATCOE
LA HF \\_nf

LT A

T S N Y I A P
AGATTGGGEGAAATS

Slaliat ERNEAN.

GCCTETETGE C:\'“'[”“(”ﬁ(\” CGo ?A"."l".CCGCr\C[ [CATCAAGGGGTGAAGTTCTGCTGGAALG
CATTGCCGCTCAGGCTAAGCAGAGCGECTTAAGCAAATTGTTTGTGCTGACCACGCGCAGTA
TTCACTGEGTTCCAGGAACGTGGATTTACCCCAGTGGATATTGATTTACTGCCCGAGAGCAAN
L,E\ TTG;A\ AACTACCAGCGTAAATCCAAAGTGTTGATGGCGGATTTAGG TA@GC}AAG
CAGGCGTGGATGS r"’l"GGCKJ”T‘Z\L“'[C ATGETCATAGCTIGTTTCCTETETG
?\.AA .["CCGC"‘CA’\,/ VA GCCGGAAGCATAAAGTGTAAAGCCT
GGEGGETGCCTARTGAGTGAGC] TTAAT CTTGCGCTCACTGUCCGCTTITCCAG
CGEEGAAACCTGETCETGCCAG .'?GC:‘LE TAATGAATCGGCCAACGUGCGGGEEAGAGGCGETTT
GUGTATTGGGCGCTCTTCCGUTTCCTCGCTCACTGACTCGCTGUGCTCGETCETTCGGELTEC
GGUGAGCGGTATCAGCTCACTCAAAGGCGETAGTACGEET J”'""“P TGCCCGTAAACGGEGLTG
TTCTGGTGTTGCTAGTTTGTTATCAGAATCGCAGATCCGGCTTCAGGTTTGCCGGCTGAAAG
CGCTATTTCTTCCACGAATTGCCATGATTTTTTCCCCACGGGAGGCGTCACTGGCTCCCETGET
TETCGGCAGCTTTCATTCGATAAGCAGCATCGCCTGTTTCAGGCTGTCTATGTGTCGACTGTT
GAGCTGTAACAAGTTGTCTCAGETGTTCAATTTCATGTTCTAGTTGCTTTGTTTTACTGETT
TCACCTCTTCTATTAGGTCGTTACATGCTGTTCATCTGTTACATTGTCGATCTGTTCATGETG
ARCAGCTTTAAATG ACTCGTAAAAGCTCTGATGTA 'CTATCTTTTTTACACC 5T
TTTCATCTGTGCA "TTCCCTTTGATATCTAACGGTGAA AGTTCTTL,T“F’mm
TT”TmmbT AGTC ,P«_CTGAT}‘GZ TACAAGAGC CZ‘ Tmr&bAZ\
TAGTGTGGTTCGTTGTTITTG f‘”TU‘\L
SCATGTCACTCAAAAATTTTGCCTCAA
TA"’""LTTT'“”L Tr&”mfﬁ'LGTT/\CGT

-.mnmrv-mr T A r‘1(/r"Cr‘ T v|‘r1r,".
]_\‘/-\> £ [ L

my
L

GTCACCAT

:C. e (/\'“ ST ”"[ ¢ | TEGAAL f‘:'["‘z\f\(,k" TCG
CTTATCAACCACCAATTTIC Z\’I’A'[ TGCTGTAAGTGTTTAAATCTTTACTTATT
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ITTAAGCC T2 TTCAAGCATTAACATGAACTTAAAT
TOATCAAGGCTAATCTC TATAT T TGO CTTOTGACT T TTOT T T TOTETTACT TOT T TTAATAA

RO S N i\ AT Ll LA

A AN LT
OO CATARATCCTCATAGAGT AT TTGTT TTCAARAGACT T AACATGTTCOAGATTATATT
!

JEppp———
CCCATT

TTTTAAACTCAT

ATT

]
TT L"[‘ SAATTTTTTTAACTGGAAAAGATAAGGCAATATCT f'“""(, ACTAAAAACTAATTCTAAT
TTTTCGCTTGAGAA “'(""G CATAGT 'CCACT CTCAAAGCUTTTAACTUARAGS
A".["_‘CC‘I‘QA".[”]_"I‘CCACE\.G'[”“C”'.‘ SGTCAT jAG"C'[‘ “"‘("I'GG'[”“G CTTTAGCTAATACACCATRAG
ATTTITCCCTACTGATGTTCATCATCTGAGUGTATTGGTTATAAGTGAACGATACCGETCCGT
CTTTCCTTGTAGGGTTTTCAATCGTGGGGTTGAGTAGTGCCACACAGCATARAAATTAGCT!
GGTTTCATGCTCCGTTAAGTCATAGCGACTAATC C‘("]‘Au ‘
ATTCAGACATACATCTCAATTGETCTAGGTGATTTTAATCACTE T ARCCAATTGAGAT
r\'C' "CAATGAT? AJI."I‘AC'I‘AGTI.‘CC"_".[""]_"I‘ SCTTY GAK“”'T"”'FU SGTATCTGTAAATTCTIGCTAGAT
SGARAACTTGTAAATTCTGCTAGACCCTCTGTARATTCCGCTAGACCTTIGTGTG
TAAAGAAR LJAnTAnAAAﬁA"ATT

CTTTGCT
A
AARAAGAATAGATCCCAGCCCTIGTGTATAACTCACTACTTTAGTCAGTTCCGCAGTATTACA

ek
ARCTA

Lt ar O
K‘n T ?._,,_Lﬂ

]
riatlall L

Faral L NeY.Vele

o

3

TTTTTTTTGTTTATATTCAAGTGCTTATAATTTATAGA

s

' A
AAGGATGTCGCAAACGCTGTTITGCTCCTCTACAALAL] GCTTAA

GACCTTAARACCCTARAG
coT

@}
Q0
3 (O
&
[}

L_X
GTAGCACCCTCGCAAGCTCGEG C_‘K TCGUTGAATATTCCTTTITGTCTCCGACCAT CAh
SCTGAGTCGCT TCTTTTTC' ATTCAGTTCGCTGOGCTCACGGCTCTGGCAGTGAATG
GGCACTACAGGCGC TATGGATTCATGCAAGCARACTACCCATAATACAR
CGTCACGGGCTTICTCAGGGCGTITTITATGGCGGEECTGCTATGTGETGCTATCTG
CTGTTCAGCAGTTICCTLCC ’C,T CTGATTTTCCAGTCTGACCACTTCGGATTATCC
Al GG ACCCAGTAAGGCAGCGGTATC GCTT
GACGCTCAGTGCGAACGAARL AAGE
C CACCTAGATCCTTTTA TGAA
TTAAAT ]m CTTGGETC ‘ACAG'I”.' PAATC

“GAGGCACC’. ATCTCAGCE TCC =CCT “G'"\(,"'C””’“ 5T
COTGTAGATAACTACUGATACG qu-’:‘rGKJC’" FTACCATCTGECCCT A’c. G T’I"LJ‘T /\'“‘JNT'L‘CCG
SAGACCCACGCTCACCGGUTICCAGATITATCAGCAATAAACTAGCCAGICG CAAG GAG
CGCAGAAGTGGTCCTGCAACTT ]“A"].‘CCC.L CTCCATCCAGTCTATTAATTGETT "(,k, &AAG(:?
TAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCA ,‘C'G'[‘"’Gr"’“F'CC.".‘"""C"'TTLC/ GGCATCG
TGGETGTCACGCTCGTCETT TG(JT "‘.’]‘GG TTCATTCAGCTCCGGTTCCCAACGATCAAGGCGA
GTTACATGATCCCCCATGTTGTGCAARAAAAGCGGTTAGCTCOCTTCGLTCCTCCGATCETTGT
CAGAAGTAAGTTGGUCGCAGTGTTATCACTCATGGTTATGGCAGTACTGCATAATTCTCTTA
CTGTCATGCCATCCGTAAGATGCTTTICTGTGACTGGETGAGTACTCAACCAAGTCATTCTGA
GhE\T GIGTATGCGGCGACCGAGTTGCTCTTGCCCGGLCGTCAATACGGGATAATACCELGCC
ATAGCAGAAC TTTAnAnCT’}’: CATCATTGGARAACGTTICTITCOGGGCGARARCTCTCAA

TATaTaTal)
WA

AT CTTACCGCTGTTGAGATCCAGTICGATETAACCCACTCETGCACCCAACTGATCTTICA

CATCTTT ACTTTC CC‘AGCLTTTCTG’m GAGCAAnP CAGGAAGGCAARARTGCCGCAAR

AAAGGGAATAAGGGCGACACGCAAATGTTGAATACTCATACT CTTCCT”"TTCLATL«TTATT
SALL TT ~AGC’-#”ATP«_ TGAATGTATTTAGAAAAAT

NEP R N T TR T Y o
CTGACGTC TZ&:»&@AZ‘«_AQ CAT
r r

»T"VALC ‘CCCGGAGACGGT
TTCAGGGCECETCAGCEEETET
=G GC'E’G( Cr PAACTATGCGGUATCAGAG (,Af”)mm STACTGAGAGS TGL,\(“(,A"]?}'% NCP TGTG
AAATACCGCACAGATGCEGTAAGGAGAAAATACCGCATCAGGCEGCCATTCECCATTCAGGELTG
\C CAACTGTTGGGAAGGGLGATCGETGUGE CC‘ CTCTTCGUTATTACGCCAGCTGGLUGAAAGG
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FIG. 23

Hrighiness of constitulhve RFF integrated in
three locations:
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FIG. 28C
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Amino Acid | Oligonucleotide | Cell wall
cysE thyA dapA
ginA uraA dapB
ivD dapD
leuB dapk
lysA dapF
serA
metA
glyA
hisB
HvA
phel
proA
thrC
trpC
tyrA
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Fig. 60

Time-Delay Shut-off Switch {Toxin Producer)
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