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Bacteria Engingered to Treat Diseases Associated with Hyperammonemia

[0001] 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.5. Provisional Application No. 62/256,041, filed November 16, 2015; U.5.
Provisional Application No. 62/103,513, filed January 14, 2015; U.S. Provisional Application
No. 62/150,508, filed Aprit 21, 2015; U.5. Provisional Application No. 82/173,718, filed June
10, 2015; L.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 June 24, 2015; and LS. Provisional Application No. 62/263,326, filed
Decernber 4, 2015, which are incorporated herein by reference in their entirety to provide
continuity of disclosure.

{00621 This disclosure relates 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 ammaonia, particularly in low-oxygen conditions, such as in the mammalian
gut. In certain aspects, the compositions and methods disclosed herein may be used for
modulating or treating disorders associated with hyperammonemia, e.g., urea cycle disorders
and hepatic encephalopathy.

{00031 Ammaonia 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
ammonia detoxification may be caused by urea cycle disorders (UCDs) in which urea cycle
enzymes are defective, such as argininosuccinic aciduria, arginase deficiency,
carbamoviphosphate synthetase deficiency, citrullinemia, N-acetyiglutamate synthetase
deficiency, and ornithine transcarbamylase deficiency {(Héberle et al,, 2012}, The National
Urea Cycle Disorders Foundation estirates that the prevalence of UCDs is 1 in 8,500 births. In
addition, several non-UCD disorders, such as hepatic encephalopathy, portosysteric
shunting, and organic acid disorders, can also cause hyperammonemia. Hyperammonemia
can produce neurclogical manifestations, e.g., seizures, ataxia, stroke-like lesions, coma,
psychosis, vision loss, acute encephalopathy, cerebral edema, as well as vomiting, respiratory

aikalosis, hypothermia, or death (Hiberle et al,, 2017; Haberie et al, 2013).
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{0004] Ammonia is also a source of nitrogen for amine 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 biosynthesis may be 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
hyperammonernia.

{00053 Current therapies for hyperammonemia and UCDs aim to reduce ammonia
excass, but are widely regarded as suboptimal {Nagamani et al,, 2012; Hoffmann et al,, 2013;
Torres-Vega &t 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
sadium phenyibutyrate, sodium benzoate, and glycerol phenylbutyrate, 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 ora
nasogastric tube manually inserted through the nose into the stomach. When these
treatment options fail, a liver transplant may be required {National Urea Cycle Disorders
Foundation). Thus, there is significant unmet need for effective, reliable, and/or long-term
treatment for disorders associated with hyperammonemia, including urea cycle disorders.

{00061 The invention provides genetically engineered bacteria that are capable of
reducing excess ammonia and converting ammonia and/or nitrogen into alternate
byproducts. in certain embodiments, the genetically engineersad bacteria reduce excess
ammonia and convert ammonia and/or nitrogen into alternate byproducts selectively in low-
oxygen environments, e.g., the gut. ih 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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amimonia. As much as 70% of excess amimonia 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 citruiline. The
invention alse 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.

Brief Description of the Figures
{00071 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. 14} and inducing {Fig.
18} 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

dimearizing and activating the FNR promoter {grey FNR box} and the argAjbr 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 Rrabove argAfbr), which is resistant to inhibition by arginine.
This overcomaes {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. 24 and 2B depict an alternate exemplary embodiment of the present
invention. Fig. 2A depicts the embodiment under aerobic conditions where, in the presence
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

argAfb” gene. The wild-type ArgA protein is functional, but is susceptible to negative feedback
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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 largA, argE, argC, argB, argH, argD, argl, argG, cord, and carB) have been mutated
{biack bars; black "X”} to reduce or eliminate binding to ArgR. Fig. 2B depicis the same
embodiment under anaerobic conditions where, in the absence of oxygen the FNR protein
{FNR boxes} dimerizes and binds 1o and activates the FNR promoter {(“FNR”}. This drives
expression of the arginine feedback resistant arg&“\fb' 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
biosynthetic gene {argd, argE, argC, argB, argH, argD, argl, argG, cara, and cor8) have been
mutated {black bars) to reduce or eliminate binding to ArgR {black “X”}, thus preventing
inhibition by an arginine-ArgR complex. This aliows 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.

{0009] Fig. 3 depicts another embodiment of the invention. in this embodiment, a
canstruct comprising an ArgR binding site {black bar) in a promoter driving exprassion of the
Tet repressor {TetR) from the tetR gene is linked to a second promoter 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 TeiR from the tetR gene. This, in turn, removes the inhibition
by TetR allowing gene X expression {black squiggle {8}

{0010} 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 tefR gene is linked to a second promoter comprising a TetR
binding site {black bar bound to TetR oval} that drives exprassion 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, remaves
the inhibition by TetR allowing GFP exprassion. By mutating a host containing this construct,
high arginine producers can be selected on the basis of GFP expression using fluorescence-

activated cell sorting {"FACS™).
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{0011] Fig. 5 depicts another embaodiment 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 tetR geneis linked to a
second promoter comprising a TetR binding site {black har) 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 tetR gene. This, in turn, allows expression of AUX, aliowing the host to survive.
Under low arginine concentrations, TetR is expressed from the fefR gene and inhibits the
exprassion 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 seguences comprising ArgR binding sites
and mutants thereof for each arginine biosynthesis operon in £, cofi Nissle. For each wild-type
sequence, the ARG boxes are indicated in italics, and the start codon of each gene is .
The RNA polymerase binding sites are underlined {Cunin, 1883; Maas, 1994}, 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 (Charlier et al,, 1992},
The

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

{0013} Fig. 7 depicts the nucleic acid sequences of exemnplary regulatory region
sequences comprising a FNR-responsive promoter sequence. Underlined sequences are
predicted ribosome binding sites, and boldad sequences are restriction sites used for cloning.
Exemplary sequences comprising a FNR promoter include, but are not limited to, SEQ D NO:
16, SEQID NG: 17, nirB1 promoter (SEQ 1D NO: 18}, nirB2 promoter {(SEQ 1D NG: 19}, nirB3
promoter {SEQ 1D NO: 20}, ydfZ promoter{SEQID NO: 21) nirB promoter fused to a strong
ribosome binding site {(SEQ 1D NQ: 22}, vdfZ promoter fused to a strong ribosome binding site
{SEQ 13 NO: 23}, an anaerobically induced small RNA gene frirS promaoter selected from fnrsi
{SEQ ID NO: 24} and fnrS2 (SEQ ID NO: 25}, nirB promoter fused to a CRP binding site {SEQ D

NQ: 26}, and fnrS promoter fused to a CRP binding site {SEQ 1D NG: 27).
{00141 Fig. 8A depicts the nucleic acid sequence of an exemplary argA]m Sequence.
for

Fig. 88 depicts the nucleic acid sequence of an exemplary FNR promoter-driven afrg/-?xJ

J‘Cb H
plasmid. The FNR promoter sequence is bolded and the argd ’ sequence is boxed]
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{0015] Fig. 9 depicts the nucleic acid sequence of an exemplary FNR promoter-driven

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

Sor .
and the argd  sequenceis ,

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

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

{00177 Fig. 11 depicts another schematic diagram of the argAfb' gene under the
control 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 argAf’b" gene under the control of an
exemplary FNR promaoter (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
argA’%’ 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 he
present.

{0020] Figs. 14A and 14B depict alternate exemplary embodiments of a FNR-
responsive promoter fused to a CRP binding site. Fig. 14A 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 controf 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 £, cofi Nissle, and a constitutive mutant thereof. The promoter

region of each seqguence is underlined, and a 5" portion of the orgG gene is

boxead, Inthe
wild-type sequence, ArgR binding sites are in uppercase and underiined. in the mutant
sequence, the 5 untransiated region is in uppercase and underlined. Bacteria expressing argG
under the control of the constitutive promoter are capable of producing arginine. Bacteria
expressing org@ 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 expressad argG
construct in £. cofi Nissle. The constitutive promoter is BBa_I23100, boxed in gray.
Restriction sites for use in cloning are in boid.

{00231 Fig. 17 depicts a map of the wild-type argG operon F. coli Nissle, and a
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.

[0024] Fig. 18 depicts the nucleic acid sequence of an exemplary BAD promoter-driven

cargAm construct. All bolded sequences are Nissle genomic DNA. A portion of the graC gene
is bolded and underlined, the arng\fb’ gene is lboxed, and the bolded sequence in between is

the promoter that is activated by the presence of arabinose. The ribosome binding site is in

itafics, the terminator seguences ar and the FRT site is boxed-. A portion of the

[0025] Fig. 19 depicts a schematic diagram of an exemplary BAD promotar-driven
for for
GrgAj construct. in this embodiment, the argAJ gene Is inserted between the gral and oraD

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

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

{00271 Fig. 214 depicts the nudleic acid sequence of a pSC101 plasmid. Fig. 21B
depicts the nucleotide sequence of a firsS promoter-driven argAfbr pSC101 plasmid. The
argA'ﬁ” sequence is boxed, the ribosome binding site is highlightad, and the fnrS promoteris
capitalized and bolded.

{0028] Fig. 22 depicts a map of exemplary integration sites within the £, cofi 1317
Nissie chromosome. These sites indicate regions where circuit components may be inserted
into the chromosame without interfering with essential gene expression. Backslashes {/} are
used to show that the insertion will oocur between divergently or convergently expressed
genes. Insertions within biosynthetic genes, such as thyd4, can be useful for creating nutrient
auxotrophies. In some embodiments, an individual circuit component is inserted into more

than one of the indicated sites.



WO 2016/090343 PCT/US2015/064140

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

{0038} 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
argAfb(t SYN-UCD202 comprises AArgR and tetracycline-inducible argAfb! on a high-copy
plasmid. SYN-UCD203 comprises AArgR and tetracycline-driven argAﬂ}r an a low-copy plasmid.

{0031} 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-UCD104 comprises wild-type ArgR, tetracycline-
inducible argAfb’ on a low-capy plasmid, tetracycline-inducible orgG, and mutations in each
ARG box for each arginine biosynthesis operon except for argG. SYN-UCD204 comprises
AArgR and argAﬂ"' expressed under the control of a tetracycline-inducible promoter on a low-
copy plasmid. SYN-UCDI105 comprises wild-type ArgR, tetracycline-inducible argAfb’ on a low-
copy plasmid, constitutively expressed orgG {BBa_J23100 constitutive promoter}, and
mutations 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 {~0») of oxygen. SYN-UCD103 is 3
control Nissle construct. SYN-UCDZ05 comprises AArgR and cirgAﬁ" expressed under the
control of a FNR-inducible promoter {fnrS2) on a low-copy plasmid. SYN204 comprises AArgR
and argAfb" expressed under the control of a tetracydline-inducible promoter on a low-copy
plasmid.

{0033} Fig. 27 depicts a graph of Nissie residence in vivo, Streptomycin-resistant
Missle was administered to mice via oral gavage without antibiotic pre-treatment. Fecal
peliets 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 {o 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. 284, 288, and 28C depict bar graphs of ammonia levels in
hyperammonemic TAA mice. Fig. 284 depicts a bar graph of ammonia levels in

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

engineered strain in which the Arg repressor gene is deleted and the argAfbr 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 unmodifisd controf Nissle at day
4 and day 5. 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.

{0035] Fig. 29 depicts a bar graph of ammonia levels in hyperammaoneamic sp'f‘“h mice.
Fifty-six spfaSh 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
argAfb” expressed under the control of a tetracycline-inducible promoter on 3 low-copy
plasmid, significantly reduced blood ammonia 1o levels below the hyperammonemia
threshold.

{0036} Fig. 30 depicts an exemplary schematic of the urea cycle enzymes.

{0037} Fig. 31 depicts a chart of arnmonia consumption kinetics and dosing. This
information may be used to determine the amount of arginine that neads to be produced in
prder to absorb a therapeutically relevant amount of armmonia 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 citruliine or arginine.

{0039} Figs. 334 and 33B depict diagrams of exemplary constructs which may be used
to produce a positive feadback auxotroph and select for high arginine production. Fig. 33A

depicts a map of the ostC promoter driving expression of thy4, Fig. 33B depicts a schematic
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diagram of the thyA gene under the control of an gstC promater. The regulatory region
comprises binding sites for CRP, ArgR, and RNA polymerase (RNAP}, and may also comprise
additional regulatory elements.

{00401 Fig. 34 depicts a table of exemplary bacterial genas 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 F. cofi.

{00421 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 flips 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
exagenous 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 tlips 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 cue(s) 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, leading to senescence, and eventual cell 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 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, 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 o 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 celi, 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.

[0047] Fig. 41 depicts an exemplary embodiment of an engineered bacterial strain
deleted for the grgR gene and expressing the feedback-resistant argAfb’ gena, This strain is
useful for the consumption of ammonia 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 guxotrophic modifications on the chromosome. This strainis

useful for the consumption of ammaonia and the production of arginine.

-11-



WO 2016/090343 PCT/US2015/064140

{0049] Fig. 43 depicts an exemplary embodiment of an engineered bacterial strain
deleted for the argR and argG genes, and expressing the feedback-resistant argAf"" gene. This
strain is useful for the consumption of ammonia and the production of citruilline.

{00501 Fig. 44 depicts an exemplary embodiment of an engineered bacterial strain
deleted for the grgR and orgG genes, 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 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 argAﬂ"" gene. This strainis
useful for the consumption of ammaonia and the production of arginine.

[0052] Fig. 46 depicts an exemplary embodiment of an engineered bacterial strain
which facks ArgR hinding sites and expresses the feedback-resistant argAfbf 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 arginine.

{0053] Fig. 47 depicts an exemplary embodiment of an engingered bacterial strain
which lacks ArgR hinding sites in all of the arginine biosynthesis operons except for argG, and
expresses the feedback-resistant argA-’[’ij’ genea. This strain is useful for the consumption of
amimonia and the production of citrulline,

{00541 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
armmonia and the production of citrulline.

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

{0056} Fig. 50 depicts axemplary sequences of a wild-type clbA construct and a clbA
knockout construct.

{00577 Fig. 51 depicts a bar graph of in vitro ammonia levels in culture media from
SYN-UCD101, SYN-UCD102, and blank controds at baseling, two hours, and four hours. Both

SYN-UCD101 and SYN-UCD102 are capable of consuming ammania 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-UICD201 and SYN-LICD203 are capable of consuming amimonia in vitro.

{00591 Fig. 53 depicts the use of GeneGuards as an engineered safety component. All
engineered DNA is present on a plasmid which can be conditionally destroyed. See, e.q.,,
Wright et al., “GeneGuard: A Modular Plasmid System Designed for Biosafety,” ACS Synthetic
Biology {2015} 4: 307-316.

{0060} Fig. 54 depicts an exemplary L-homoserine and L-methionine bigsynthesis
pathway. Circles indicate genes repressed by Metl, and deletion of met/ leads to constitutive
expression of these genes and activation of the pathway.

[0061] Fig. 55 depicts an exemplary histidine biosynthesis 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. 59 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
exprassion 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
orientation 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 heterologous 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 systemn are used in a recombinant bacterial cell for treating
UCD. The recombinant bacterial cell is engineered to consume excess ammaonia to produce
benaficial byproducts to improve patient outcomes. The recombinant bacterial cell also
comprises a highly controliable kill switch to ensure safety. In response to a low oxygen
environment {e.g., such as that found in the gut), the FNR promoter induces expression of the
int recombinase and also 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 accumulated
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Kis anti-toxin suppresses the activity of the expressed Kid toxin. In the presence of oxygen
{e.g., nuiside the gut], expression of the anti-toxin is turned off. Since the toxin is
canstitutively expressed, it continues to accumulate and kills the bacterial cell.

{00681 Fig. 62 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 prasent to repress exprassion
of the toxin, the toxin is expressed and kills the cell. Fig. 62 also depicts ancther non-limiting
embodiment of the disclosure, wherein the expression of an essential gene not found in the
recombinant bacteria is activated by an exogencous environmental signal. In the absence of
arabinose, the Ara( 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. 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 essential gene and maintains viability of the bacterial cell.

{00691 Fig. 83 depicts a3 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 induces expression of TetR, thus preventing
exprassion 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.
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{0070] Fig. 64 depicts a summary of the safety design of the recambinant bacteria of
the disclosure, including the inherent safety of the recombinant bacteria, as well as the

engineered safety-waste management {including kil switches and/or auxotrophy).

Dascription of Embodiments

{00711 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.

{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 skili in the art. Unless defined otherwise, all technical
and scientific terms used hergin 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.

{0073} “Hyperammonemia,” “hyperammonemic,” or “excess ammonia” is used to
refer o increased concentrations of ammonia in the body. Hyperammonemia is caused by
decreased detoxification and/or increased preduction of ammonia. Decreased detoxification
may result from urea cydle disorders {UCDs), such as argininosuccinic aciduria, arginase
deficiency, carbamovyiphosphate 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 ammaonia may result from infections,
drugs, neurogenic bladder, and intestinal bacterial overgrowth (Haberle et al,, 2013}, Gther
disorders and conditions associated with hyperammonemia include, but are not limited to,
fiver disorders such as hepatic enceghalopathy, acute liver failure, or chronic liver failure;
organic acid disorders; isovaleric aciduria; 3-methylcrotonyiglycinuria; methylmalonic

acidemia; propionic aciduria; fatty acid oxidation defects; carniting cycle defects; carnitine
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deficiency; B-oxidation deficiency; lysinuric protein intolerance; pyrroline-5-carboxyviate
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 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 ammaonia concentrations are typically less than about 50
umol/L {Leonard, 2006). in some embodiments, a diagnostic signal of hyperammonemiais a
plasma ammonia concentration of at least about 50 umol/L, at teast about 86 umoi/L, atleast
about 150 wnol/L, at least about 180 umol/L, or at least about 2060 umol/L {Leonard, 200¢;
Hoffman et al., 2013; Hiberle et al,, 2013).

[0074] “Ammonia” is used to refer to gaseous ammonia {NH;), ionic ammonia (NH, ™),
or a mixture thereof. in bodily fluids, gaseous ammonia and ionic ammonium exist in
equilibrivm:

Nz + H" €5 NH,"
Some clinical laboratory tests analyze total ammonia (NH; + NH,") (Walker, 2012}, In any
embaodiment of the invention, unless otherwise indicated, “ammonia” may refer to gaseous
ammaonia, ionic ammaonia, 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, asparagine, 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
source of nitrogen for many amino acids, which are synthesized via humerous biochemical
pathways, enhancement of one or more of those amino 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 not reabsorbed from the large intesting, and as a result,
excess arginine in the large intestine is not considered to be harmful. Likewise, citrulline is

not reabsorbed from the large intestine, and as a result, excess citrulling 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; citruliine comprises three nitrogen atoms and thus the modified
pathway is also capable of incorporating excess nitrogen into non-toxic molecules.

"o

{00781 “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 enzymaes responsible for converting glutamate to arginine and/or
intermediate metabolites, e.g., citrulling, in the arginine biosynthesis pathway. The arginine
regulon also comprises operators, promaoters, 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-acetyiglutamate synthetase, N-
acetylglutamate kinase, N-acetyigiutamylphosphate reductase, acetylomithine
aminotransferase, N-acetylornithinase, ornithine transcarbamvylase, argininosuccinate
synithase, argininosuccinate lyase, carbamoylphosphate synthase, operators thereof,
promoters thereof, ARG boxes thereof, and/or regulatory regions thereof. insome
embodiments, the arginine regulon comprises an operon encading ornithine acetvitransferase
and assaciated operators, promoters, ARG boxes, and/or regulatory regions, either in addition
to or in Heu of N-acetylglutamate synthetase and/or N-acetylornithinase. In some
embaodiments, one or more aperons 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 describad herein.

{0077} One gene may encode one enzyme, e.g., N-acetylglutamate synthetase {orgA).
Two or more genes may encode distinct subunits of one enzyme, e.g., subunit A and subunit B
of carbamovlphosphate synthase {carA and corB). in some bacteria, two or more genes may
each independently encode the same enzyme, e.g., ornithine transcarbamylase {argF and
grgf). In some bacteria, the arginine regulon includes, but is not limited to, grgA, sncoding N-
acetylglutamate synthetase; orgB, encoding N-acetylglutamate kinase; argC encoding N-
acetylglutamylphosphate reductase; argh, encoding acetylornithine aminotransferase; argk,
encading N-acetylornithinase; argG, encoding argininosuccinate synthase; argH, encoding
argininosuccinate lyase; one or both of argF and argi, each of which independently encodes
ornithing transcarbamylase; card, encoding the small subunit of carbamaviphosphate

synthase; carB, encading the large subunit of carbamoylphosphate 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 argd, encoding ornithine
acetyltransferase {either in addition to or in lisu of N-acetylgiutamate synthetase and/or N-
acetylarnithinase}, operons thereof, operators thereof, promoters thereof, ARG boxes
thereof, and/or regulatory regions thereof.

2 4

{00781 “Arginine operon,” “arginine biosynthesis operen,” and “arg operon” are used
interchangeably to refer to a cluster of one or more of the genes encoeding arginine
biosynthesis enzvmes under the control of a shared regulatory region comprising at least one
promoter and at least one ARG box. In 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 genes encoding N-acetviglutamylphosphate reductase,
N-acetylglutamate kinase, N-acetylornithinase, N-acetylglutamate kinase, acetyiornithine
aminotransferase, carbamoylphosphate synthase, and ornithine transcarbamylase are
organized in a single operon, argCAEBD-carAB-argF {see, e.g., Takle 2}, under the control of 3
shared regulatory region comprising a promoter and ARG boxes. In £, cofi K12 and Nissle, the
genes encoding N-acetylornithinase, N-acetyigiutamylphosphate reductase, N-
acetylglutamate kinase, and argininosuccinate lyase are organized in two bipolar operons,
argECBH. The operons encoding the enzymes responsible for arginine biosynthesis may be
distributed at different loci across the chromosome. In unmodified bacteria, each 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 operon or gene or regulatory region may be mutated or otherwise altered as
described herein. In some embodiments, the genetically engineered bacteria are engineered
to comprise multiple copies of the same product {e.g., operon or gene or regulatory region} to
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, argA, argB, argC, argD, argE, argF, argG, orgH, argl, orgl, card,
and/or carB. As described above, each grg 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., 1992). The
nucleotide sequences of the ARG boxes may vary for each operon, and the consensus ARG
box sequence is */y nTGAAT /1 M/ /a7 ATTCAR /4 (Maas, 1994). The arginine repressor
binds to one or more ARG boxes to actively inhibit the transcription of the arginine
biosynthesis enzyme(s} that are operably linked to that one or more ARG boxes.

{0082} “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 eliminate
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 least one ARG
box for one or more of the operons that encode the arginine biosynthesis enzymes N-
acetylglutamate kinase, N-acetyigiutamylphosphate reductase, acetylornithine
aminotransferase, N-acetylornithinase, ornithine transcarbamylase, argininosuccinate
synthase, argininosuccinate lyase, and carbamovlphosphate synthase, thereby derepressing
the regulon and enhancing arginine and/or intermediate byproduct biosynthesis. Insome
embodiments, 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. In some
embodiments, the genetically engineered bacteria comprise an arginine feedback resistant N-
acetylglutamate synthase mutant, e.g., argd™, 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 enzymes, and/or a mutant or deleted arginine repressor. In some
embodiments, the genetically engineerad bacteria comprise an arginine feedback resistant N-
acetylglutamate synthase mutant, e.g., argAfb’ and a mutant arginine regulon comprising one
or more nucleic acid mutations in at {east 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.,
argAfhrand a mutant or deleted arginine repressor. In some embodiments, the mutant
arginine regulon comprises an operon encoding wild-type N-acetyiglutamate synthetase and
one or more nucleic acid mutations in at least one ARG box for said operon. in some
embodiments, the mutant arginine regulon comprises an operon encoding wild-type N-
acetylglutamate synthetase and mutant or deleted arginine repressor. In some embodiments,
the mutant arginine regulon comprises an operon encoding ornithine acetyitransferase
{either in addition to or in lieu of N-acetylglutamate synthetase and/or N-acetylornithinase)
and one or more hucleic acid mutations in at least one ARG box for said operon.

{0081] 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 1o the ARG box and to the regulatory region of the operon is reduced
or eliminated. In some embodiments, bases 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
regulatory 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 erzymels). In some embodiments,
the G/C:A/T ratio of the promoter of the mutant differs by no more than 10% from the
G/C:A/T ratio of the wild-type promoter.

{0082} in some embodiments, more than one ARG box may be present i a single
operon. inone 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.

-20-



WO 2016/090343 PCT/US2015/064140

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 aperon or a reduction in the total repressor binding to the regulatory region
of said operon, as compared to repressor binding to an unmodified ARG box and regulatory
region in bacteria of the same subtype under the same conditions. In some embodiments,
ArgR binding to a mutant ARG box and 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
ahout 0% 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 hinding 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-foid, atleast about 15-fold, at
feast about 20-fold, at least about 30-fold, at teast about 50-fold, atieast 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 900-
fold, 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 1o 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 deletion bacteria” are used
to refer to bacteria in which each arginine repressor has significantly reduced or eliminated
activity as compared to unmodifiad 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 byproducts, 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 example, the
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chromosomal argR gene can be deleted, can be mutated, or the argR gene can be replaced
with an argR gene that does not exhibit wild-type repressor activity.

{0086} “Operably linked” refers a nucleic acid sequence, e.g., a gene encoding
feedback resistant ArgA, that is joined to a regulatory region sequence in a mannear which
allows expression of the nucleic acid sequence, e.g., acts in ¢is.

{00871 An “inducible promoter” refers to a regulatory region that is operably linked to
one or more genes, wherein expression of the genels} 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
exogenous snvironmental conditions are specific to the upper gastrointestinal tract of a
mammal. In some embodiments, the exogenous environmental conditions are specific to the
fower 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 exogenous environmental conditions are fow-oxygen, microaerobic, or
anaerobic conditions, such as the environment of the mammalian gut. In some embodiments,
exagenous environmental conditions are molecules or metabolites that are specific to the
mammaklian gut, e.g., propionate. in some embodiments, the genetically engineered bacteria
of the invention comprise an oxygen level-dependent promoter. 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 nucleic
acid sequence to 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 promaoters are known in the art {see, e.g., Castiglione et al,,
2009; Eighmeler et al., 1989; Galimand et al,, 1991, Hasegawa et al., 1998; Hoeren et al., 1993;

Satmon et al., 2003), and non-limiting examples are shown in Table 1.
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Table 1. Exampies of transcription factors and responsive genes and regulatory regions

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

ANR rcDABC

DNR norb, norC

[0080] As used herein, a “non-native” nucleic 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 promoter, a
gene, and/or one or more genes in gene cassette. 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_J23100, a constitutive Escherichia coli o° promoter {e.g., an osmY
promoter {international Genetically Engineered Machine {(IGEM) Registry of Standard
Biological Parts Name BBa_J45992; BBa_J45993)), a constitutive Escherichia coli o™ promoter
{e.g., htpG heat shock promoter {BBa_145504)), a constitutive Escherichig coli o’ promoter
{e.g., lacg promoter {(BBa_154200; BBa_ 156015}, £. cofi CreABCD phosphate sensing operon
promoter {BBa_J64951), GInRS promaoter {BBa_K0880(07), lacZ promoter {BBa_K11900G;
BBa_K119001}); M13K07 gene | promoter {BBa_M13101); M13K07 gene Il promoter
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{BBa_M13102}, M13K07 gene lll promoter {(BBa_M13103), M13K07 gene |V promater
{(BRa_M13104), M13K07 gene V promaoter {BRa_M13105), M13K07 gene V] promoter
{BBa_MM13106}, M13K07 gene Vill promoter {BBa_M13108), M13110{BBa_M13110}}), 3
constitutive Baciffus subtilis o” promoter {e.g., promoter veg (BBa_K143013), promoter 43
{BBa_K143013), Pic (BBa_K823000), Piepa {BBa_K823002), Py (BBa_K823003)}}, a constitutive
Racilius subtilis o° promoter {e.g., promoter cic (BBa_K143010), promoter gsiB
{BBa_K143011)}, a Salmonelio promoter {e.g., Pspv2 from Saimonelio (BBa_K1127086), Pspv
from Saimonelio (BBa_K1123707}), a bacteriophage T7 promoter {e.g., T7 promoter
{BBa_[712074; BBa_|719005; BBa_J34814; BBa_Ji64997; BBa_K113010; BBa_K113011;
BBa_K113012; BBa_R0085; BBa_R0180; BBa_R0181; BBa_R0182; BRa_R0183; BBa_Z0251;
BBa Z02527; BBa_70253)}, and a bacteriophage SP6 promoter {e.g., SP8 promoter
{BBa_i64998)).

{0092} As used herein, genetically engineered bacteria that “overproduce” arginine or
an intermediate byproduct, e.g., citruliine, refer to bacteria that comprise a mutant arginine
regulon. For example, the engineerad bacteria may comprise a feedback resistant form of
Arg4, and when the arginine feedback resistant ArgA is expressed, are capable of producing
more arginine and/or intermediate 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, 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-
fold, at least about 1,000-fold, or at least about 1,500-fold more arginine than unmodified
bacteria of the samea 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 aboul 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 levels
of one or more of the arginine hiosynthesis genes in the genetically engineerad bacteria are at
least about 1.5-fold, at least about 2-fold, at least about 10-foid, at ieast about 15-fold, at
feast about 20-fold, at least about 30-fold, at least about 50-fold, at least about 100-fold, at
least about 200-fold, at {east about 300-fold, at least about 400-fold, at least about 500-fold,
at least about 600-fold, at {east 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 higher than the mRNA transcript
fevels in unmodified bacteria of the same subtype under the same conditions. In certain
embodiments, the unmodified bacteria will not have detectable fevels of arginine,
intermediate byproduct, and/or transcription of the genels) in such operons. Howsver,
protein and/or transcription levels 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 levels of the
genes. Methods of measuring arginine and/or intermediate byproduct levels, as well as the
fevels of transcript expressad from the arginine biosynthesis genes, are known in the art,
Arginine and citrulline, for example, may be measured by mass spectrometry.

{00931 “Gut” refers 1o 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 intestine. The lower gastrointestinal tract comprises
the remainder of the small intestine, L.e., the jejunum and ileurn, and all of the large intestine,
i.e., the cecurmn, colon, rectum, and anal canal. Bacteria can be found throughout the gut, a.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 imited to

Baciflus, Bacteroides, Bifidobacterium, Brevibacteria, Clostridium, Enterococcus, Escherichia
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coli, Lactobacillus, Lactococcus, Saccharcmyces, and Staphylococcus, e.g., Baciflus coagulans,
Baciflus subtilis, Bacteroides fragilis, Bacteroides subtilis, Bacteroides thetaiotaomicron,
Bifidobacterium bifidum, Bifidobacterium infantis, Bifidobacterium lactis, Bifidobaocterium
fongum, Clostridium butyricum, Enterococcus faecium, Lactobacillus acidophitus, Lactobacifius
bulgaricus, Lactobacilius casei, Lactobacillus johnsonii, Lactobacillus paracosed, Lactobacilus
plantorum, Lactobacifius reuteri, Lactobacillus rhamnosus, Lactococcus factis, and
Soccharomyces boulardii {(Sonnenborn et al., 2009; Dinlevici et al., 2014; U.5. Patent No.
6,835,376; U.5. Patent No. 6,203,797, LL.S. Patent No. 5,589,168; U.5. Patent No. 7,731,976,
Naturally pathogenic bacteria may be genstically engineered to provide reduce or eliminate
pathogenicity.

[0095] “Probictic” 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 arganism is a mammal. In
some embaodiments, the host organism is a human., Some species, strains, and/or subtypes of
non-pathogenic bacteria are currently recognized as probiotic bacteria. Examples of probioctic
bacteria include, but are not limited to, Bifidobacteria, Escherichia coli, Lactobacifius, and
Saccharomyces, e.g., Bifidobacterium bifidum, Enterococcus faecium, Escherichia coli strain
Nissle, Lactobacitfus acidophilus, Lactobacitius bulgaricus, Lactebacilius paracasei,
Lactobacilius plantarum, and Saccharomyces boulardii {Dinlevici et al,, 2014; U.S. Patent No.
5,589,168; L1.S. Patent No. 6,203,797; U.S. Patent 6,835,376). The probiotic may be a variant
or a mutant strain of bacterium {Arthur et al,, 2012; Cuevas-Ramos et al,, 2010; Olier et al,,
2012; Nougayrede et al,, 2006). Non-pathogenic bacteria may be geneticaily engineered to
enhance or improve desired biological properties, e.g., survivability. Non-pathogenic bacteria
may be genetically engineered to provide probiotic properties. Probiotic bacteria may be
geneticaily engineered to enhance or improve probictic properties,

{0096} As used herein, “stably maintained” or “stable” bacterium is used torefer to a
bacterial host cell carrying non-native genetic material, e.g., a feedback resistant arga gens,
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 vivo, e.g., in the gut. For

example, the stable bacterium may be a genetically engineered bacterium comprising an
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a;igAﬁ” gene, in which the plasmid or chromosome carrying the argAﬂ" gene is stably
maintained in the bacterium, such that argAﬂ" can be expressed in the bacterium, and the
bacterium is capable of survival and/or growth in vitre 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 stowing the progression or reversing the progression of a
disease or disorder. As used herein, “prevent” and its cognates refer to delaying the onset or
reducing the risk of acquiring a given disease or disorder.

[0028] Those in need of treatment may include individuais already having a particular
medical disorder, as well as those at risk of having, or who may ultimately acqguire 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 urea cycle, e.g., toxic metabolites, infections, and/or substrate
deficiencies. Treating hyperammonemia may encompass reducing or eliminating excess
ammoenia and/or associated symptoms, and does not necessarily encompass the elimination
of the underlying hyperammonemia-associated disorder.

{0093} As used herein a "pharmaceutical composition” refers to a preparation of
geneticaily engineered bacteria of the invention with other components such as a
physiologically suitable carrier and/or excipient.

{01001 The phrases "physiologically acceptable carrier” and "pharmacsutically
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 biclogical
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
composition 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 givcols, and surfactants,
including, for example, polysorbate 20.

{01021 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 elevated 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,” uniess clearly indicated to the contrary.

{0104} The phrase “and/for,” when used between elements in a fist, 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; B alone; Calone; Aand B; Aand C; Band C; or 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 engineerad bacteria are probiotic bacteria. In some
embodiments, 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 Bacifius, Bacteroides, Bifidobacterium, Brevibacteria, Clostridium,
Enterococcus, Escherichio cofi, Lactobacilius, Lactococcus, Saccharomyces, and
Staphylococcus, e.g., Bacillus coaguluns, Bacilius subtilis, Bacteroides fragilis, Bacteroides

subtilis, Bacteroides thetaiotaomicron, Bifidobacterium bifidum, Bifidobacterium infantis,
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Bifidobacterium 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 Sacéharomyces boulardii. In certain embodiments, the
genetically engineered bacteria are selected from the grdup consisting of Bacteroides fragilis,
Bacteroides thetaiotaomiéron, Bacteroides subtilis, Bifidobacterium bifidum, Bifidobacterium |
infantis, Bifidobacterium lactis, Clostridium butyricum, Escherichia coli Nissle, Lactobacillus
ac1doph//us Lactobacillus p/an tarum, Lactobac:/lus reuteri, and Lactococcus lactis. |

[0106] In some embodlments the genetlcally engineered bacteria are Escherichia coli
strain Nissle 1917 (E. coI/ Nussle) a Gram-negative bacterium of the Enterobacterlaceae family
that “has evolved'into one of the best characterized probiotics” (Ukena et al., 2007). The
strain is charéct_erized by its complete'ha'rmless_nes‘s (Séhultz, 2008), and has GRAS (‘ggnverally
recognized as safe) status (R‘eister'e"t al. 2014, emphasis added). Genomic sequencing
confirmed that E. coli Nissle Iacks prominent virulence 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 factor.f,, does not produce any enterotoxuns or cytotoxins, is not
invasive; and not uropathogenic (Sonnénborn etal., 2009). As early a§ in.1917, E. coli Nissle
was packaged into tnedicinal capsules, called Mutaflor, for therapeultic .use. E. coliNissle has
since been used to treat uIcerattve cdlitis in humans in vivo (Rembac‘ken et al., 1999), to treat
inflammatory bowel disease, Crohn’s disease, and pouchms 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. coll Nissle’s therapeutic efflcacy
and safety have convincingly been proven (Ukena et al, 20_07).

[0107] One of ordinary ski|I' in the art would a‘pp“reciate that thg genetic modifications
disclosed hérein may be moditied and adapted for other species, strains, and subtypes of
bacteria. Itis known, for example, that arg‘i‘nine-m’e.diated regulatioh is remarkably well
tonserved in very divergent bacteria, i.e., gram-negative b‘ac.t-_eri_a, such as E. coli, Salmonella
enterica serovar Typhimurium, Thermotoga, and Moritella profunda, artd gram-positive
bacteris, such as B. subtilis, Geobaci/lt)s stearothermophi/us,aﬁd 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).
.20.
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{0108] Unmuodified £. coli 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 3 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 vivo is calculated for the genetically engineered hacteria of
the invention.

Reduction of Excess Ammonia

Arginine Biosynthesis Pathway

{0303} iIn bacteria such as Fscherichio coli {F. coli}, the arginine biosynthesis pathway is
capable of converting ghutamate to arginine in an eight-step enzymatic process involving the
enzymes N-acetvlglutamate synthetase, N-acetyiglutamate kinase, N-acetyiglutamate
phosphate reductase, acetylornithine aminotransferase, N-acetviornithinase,
carbamovyiphosphate synthase, ornithine transcarbamyiase, argininosuccinate synthase, and
argininosuccinate lyase {Cunin et al., 1986). The first five steps involve N-acetyiation to
generate an ornithine precursor. In the sixth step, ornithine transcarbamylase {also known as
ornithine carbamovyltransferase) catalyzes the formation of citrulline. The final two steps
involve carbamoyiphosphate utilization to generate arginine from citrulline,

[0118] iIn some bacteria, e.g., Bacillus stearothermophilus and Neisseria gonorrhoeoe,
the first and fifth steps in arginine biosynthesis may be catalyzed by the bifunctional enzyme
ornithine acetyltransferase. This bifunctionality was initially identified when ornithine
acetyltransferase {orgf) was shown to complement both N-acetyiglutamate synthetase {argA)
and N-acetylornithinase {argf} auxotrophic gene mutations in £. cofi {(Mouniain et al., 1984;
Crabeel et al,, 1997).

{0211} Argd encodes N-acetyigiutamate synthetase, org8 encodes N-acetylglutamate
kinase, argC encodes N-acetylglutamyiphosphate reductase, grgD encodes acetylornithine
aminotransferase, orgF encodes N-acetylornithinase, argfF encodes ornithine
transcarbamylase, arg/ also encodes ornithine transcarbamylase, ¢rgG encodes
argininosuccinate synthase, argH encodes argininosuccinate lyase, and argf encodes ornithine
acetyltransferase. Cord encodes the small A subunit of carbamoyiphosphate synthase having

glutaminase activity, and cor8 encodes the large B subunit of carbamoyiphosphate synthase
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that catalyzes carbamoviphosphate synthesis from ammonia. Different combinations of one
or move of these arginine biosynthesis genes {i.e., argA, args, argC, argD, argf, argF, argG,
argH, argi, argl, carA, and carB} may be organized, naturally or synthetically, into one or more
operons, and such arganization may vary between bacterial specias, strains, and subtypes
{see, e.g., 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 bacteria.

{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 reguiatory 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 st al,, 1997; Caldara et al,,
2006; Caldara et al., 2008; Caldovic et al., 2010},

[0113] 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.” Each 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 g corepressor that

i~

activates the arginine repressor. The ARG boxes that regulate each operon may be non-
identical, and the consensus ARG box sequence is My nTGAAT %7 1 /4 /a4 ATTCAR T/, (Maas,
1994). In addition, the regulatory region of argR contains two promoters, one of which
overlaps with two ARG boxes and is autoregulated.

{0114} In some embodiments, the genetically engineered bacteria comprise a mutant
arginine regulon and produce more arginine and/or an intermediate byproduct, e.g.,
citrulling, than unmodified 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 sperons 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 alternate embodiments, the bacteria are genetically engineered to consume

excess ammonia via ancther metabolic pathway, e.g., a 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

{0118} Histidine biosynthesis, for exampile, is carried out by eight genes located within
a single operon in E. coli. Three of the eight genes of the operon {hisD, hisB, and hisl} encode
bifunctional enzvmes, and two thisH 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,,
1996). The product of the hisG gene, ATP phosphoribosyitransferase, 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 screened
for feedback-resistant hisG mutants using techniques known in the art. Bacteria engineered
to comprise a fesdback-resistant hisG would have elevated levels of histidine production, thus
increasing ammonia consumption and reducing hyperammonemia. Alternatively, one or
more genes reqguired for histidine biosynthesis could be placed under the control of an
inducible promoter, such as a FNR-inducible promoter, and allow for increasad production of
rate-limiting enzymes. Any other suitable modification(s} to the histidine hiosynthesis
pathway may be usad to increase ammaonia consumption.

Methionine Biosynthesis Pathway

{01171 The bacterial methionine regulan controls the three-step synthesis of
methionine from homoserine {i.e., acylation, sulfurylation, and methylation}. The metd 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 engineered
bacteria of the invention comprise deleted, disrupted, or mutated metl. Bacteria engineered
to delete, disrupt, or mutate metd would have elevated levels of methionine production, thus
increasing amrmonia consumption and reducing hyperammonemia. Any other suitable
modification{s} to the methionine biosynthesis pathway may be used to increase ammonia
consumption.

Lysine Biosynthesis Pathway

{6218} Microorganisms synthesize lysing by one of two pathways. The
diaminopimelate {DAPF) pathway is used to synthesize lysine from aspartate and pyruvate

{Dogovski et al,, 2012}, and the amincadipic 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 embodiments, the genetically engineered
bacteria of the invention comprise a feedback-resistant DHDPS. Bacteria engineerad to
comprise a feedback-resistant DHDPS would have elevated levels of histidine production, thus
increasing ammonia consumption and reducing hyperammonemia. Alternatively, tysine
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 lysine biosynthesis pathway may be used to increase ammonia
consumption.

Asparagine Biosynthesis Pathway

[01198] 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

{0120} 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 yield glutamate in a single step. Glutamine synthetase catalyzes
the ATP-dependent condensation of glutamate and ammonia to form glutamine {Lodeiro et
al, 2008). Glutamine synthetase also acts with glutamine-oxoglutarate amine transferase
{also known as glutamate synthase} in a cyclic reaction to produce glutamate from glutaming
and oxoglutarate. In some embodiments, the genetically enginesred bacteria of the invention
express ghutamine synthetase at elevated levels as comparad to unmuodified 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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amimonia consumption and reducing hyperammonemia. Alternatively, expression of
glutamate dehydrogenase and/or glutamine—oxoglutarate amino transferase could be
maodified 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 Heeswijk
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 ammonia consumption.
Tryptophan Biosynthesis Pathway

{0121} In most bacteria, the genss 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. iIn 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
consequent inactivation of TrpR function, would result in elevated levels of both tryptophan
production and ammonia consumption. Alternatively, one or more enzymes reguired for
tryptophan biosynthesis could be placed under the contral of an inducible promoter, such as a
FNR-inducible promoter. Any other suitable modification{s} 1o the tryptophan biosynthesis
pathway may be used to increase ammaonia consumption.

Engineered Bacteria Comprising a3 Mutant Arginine Regulon

{0122} 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 engineered 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 samea subtype under the same conditions. in some embodiments, the
genetically engineered bacteria overproduce arginine. in some embodiments, the genetically
engineered hacteria overproduce citrulline; this may be additionally beneficial, because
citrufling 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 ammonia by producing more arginine, citrulling,

and/or other intermeadiate 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 bacteria,

e.g., bipolar argFCBH in £. coli K12, argCAEBD-carAB-argF in B. subtilis, and bipolar carAB-

argUiBDF in L, plantarum. 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 coll; in some instances, not all of the

genes in the arginine regulon are known and/or shown below). In certain instances, the

arginine bipsynthesis 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 argf argf | argf | carAB
Clostridium argR argGH argl

Bacitlus subtiiis argGH rgCAEBD-carAB-argF

Bacillus subtilis argGH argCiBD-carAB-argF

Lactobacilius plantarum argGH bipolar carAB-argCIBOF
Lactococcus argk card | corB argGH argFBROIC

{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.

{0125} In some embodiments, the genetically engineerad 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 achisved by reducing or eliminating ArgR repressor binding {e.g., by mutating or
deleting the arginine repressor or by mutating at least one ARG box for each of the operons
that encode the arginine biosynthesis enzymes) and/or arginine binding to N-acetyiglutamate
synthetase {e.g., by mutating the N-acetyiglutamate synthetase to produce an arginine
feedback resistant N-acetylglutamate synthase mutant, e.g., GrgAﬂ"').

ARG box

{3126} 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 aperons that encode the arginine biosynthesis enzymes N-acetyigiutamate
kinase, N-acetyiglutamylphosphate reductase, acetylornithine aminotransferase, N-
acetylornithinase, ornithine transcarbamylase, argininosuccinate synthase, argininosuccinate
tvase, and carbamoviphosphate synthase, thereby derepressing the regulon and enhancing
arginine and/or intermediate byproduct biosynthesis. Insome 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
geneticaily 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 geneticaily
engineered bacteria may further comprise an arginine feedback resistant N-acetylglutamate
synthase mutant, e.g., argAfb'} 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, e.g., crr’gAﬁ”.
in some embodiments, the genetically engineered bacteria comprise a mutant or deleted
arginine repressor and an arginine feedback resistant N-acetylglutamate synthase mutant,
e.g., argAﬂ"’“ in some embodiments, the genetically engineerad bacteria comprise an arginine
feedback resistant N-acetylglutamate synthase mutant, e.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 biosynthesis enzymes, and/or a mutant or deleted arginine
reprassor.

{0127} In some embodiments, the genetically engineered bacteria encode an arginine
feedback resistant N-acetylglutamate 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-acetyigiutamate 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.

[0128] In some embuodiments, the ARG boxes for the operon 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
bicsynthesis. in alternate embodiments, the regulatory region of one or more alternate
operons may be constitutive. in certain bacteria, however, genes encoding muitiple 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 exarple, in E. coli K12 and Nissle, orgf and
orgCBH are organized in two bipolar operons, argECBH, 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 mutiated to reduce or eliminate ArgR binding. In some
embodiments, all ARG boxes in one or more opercns 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.

{0138} in some embodiments, the genetically engineerad bacteria encode an arginine
feedback resistant N-acetyigiutamate synthase, argininosuccinate 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-acetyigiutamylphosphate reductase, acetylornithine
aminotransferase, N-acetylornithinase, ornithine transcarbamylase, argininosuccinate
synthase, argininosuccinate lyase, carbamoyiphosphate synthase, and optionally, wild-type N-
acetylglutamate 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 advantageous,
because citrulline further serves as a therapeutically effective supplement for the treatment
of certain urea cycle disorders {National Urea Cycle Disorders Foundation).

{0131} In some embuodiments, the genetically engineered bacteria encode an arginine
feedback resistant N-acetylglutamate synthase, argininosuccinate synthase driven by a
constitutive promater, 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-
acetylslutamate kinase, N-acetyigiutamylphosphate reductase, acetylornithine
aminotransferase, N-acetvlornithinase, ornithine transcarbamylase, argininosuccinate lyase,
carbamoviphosphate synthase, and optionally, wild-type N-acetylglutamate synthetase, such
that ArgR binding is reduced or eliminated, thereby derepressing the regulon and enhancing
arginine biosynthesis,

{0132} In some embodiments, the geneticaily engineerad bacteria comprise 3 mutant
arginine regulon and a feedback resistant ArgA, and when the arginine feedback resistant
ArgA 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 bacteria 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 enzyrmes
N-acetylglutamate kinase, N-acetylglutamyiphosphate reductase, acetylornithine
aminotransferase, N-acetylornithinase, ornithine transcarbamylase, argininosuccinate
synthase, argininosuccinate lyase, and carbamoviphosphate synthase, such that the arginine
regulon is derepressed and biosynthesis of arginine and/or an intermediate byproduct, e.g.,

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 af 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 nudleic acid mutations in one or more ARG boxes for each of the operons that encode
the arginine biosynthesis enzymes described above. The ARG box overlaps with the
promoter, 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/C:A/T ratio of the wild-type promoter region
{Fig. 8}. The promuoter retains sufficiently high homology to the non-mutant promaoter such
that RNA polymerase binds 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 jtofics, and the start codon of each gene is

ed. The RNA polymerase binding sites are underlined {Cunin, 1983; Maas, 1994}, 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

hydroxyl radical attack during ArgR binding are bolded {Charlier et al., 1992). Th

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

[0136] in some embodiments, more than one ARG box may be present in a single
gperon. inone aspect of these embodirments, at least one of the ARG boxas in an operon is
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 hoxes in an operon is
mutated to produce the requisite reduced ArgR binding to the regulatory region of the
operon. For example, the cardB8 operon in £. cofi Nissle comprises two ARG boxes, and one or
both ARG box sequences may be mutated. The argG operon in £. cofi Nissle comprises three
ARG boxes, and one, two, or three ARG box sequences may be mutated, disrupted, or

deleted. Insome embodiments, all three ARG box sequences are mutated, disrupted, or
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deleted, and a constitutive promoter, &.g., BBa_J23100, is inserted in the regulatory region of
the orglG 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 30% lower, or at least about 85%
fower than the ArgR binding affinity to an unmodified ARG box and regulatory region in
bacteria of the same subtype under the same conditions. in some embodiments, the reduced
ArgR binding to a mutant ARG box and regulatory region increases mRNA expression of the
genel{s) 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 least
about 50-fold, at least about 100-foid, 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
feast about 800-fold, at least about 300-fold, at least 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, argE, argF, argG, argH, argl, argl,
corA, 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 flucrophore is added to a
sample reaction mixture that may contain arg mRNA, and a thermal cycler is used to
illuminate the sample reaction mixture with a specific wavelength of light and detect the
subseqguent 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 predetermined number of cycles. in some
embodiments, the reaction mixture is heated and cooled to 90-100° ¢, 66-70° C, and 30-50° C
for a predstermined number of cycles. In a certain embodiment, the reaction mixture is
heated and cooled to 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 threshold cydle {Co).
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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 exprassion levels of the arginine biosynthesis genes.

{0133} In some embodiments, the genetically engineered bacteria 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-acetviglutamate kinase, N-
acetylglutamylphosphate reductase, acetylornithine aminotransferase, N-acetylornithinase,
ornithine transcarbamylase, argininosuccinate synthase, argininosuccinate lyase, and
carbamovlphosphate synthase additionally comprise an arginine feedback resistant N-
acetylglutamate synthase mutant, e.g., argAf'b".

{33140} In some embodiments, the genetically engineered bacteria comprise a
feedback resistant form of ArgA, as well as one or more nucleic acid mutations in each ARG
box of one or more of the operons that encode the arginine biosynthesis enzymes N-
acetylglutamate kinase, N-acetyiglutamyiphosphate reductase, acetylornithine
aminotransferase, N-acetylornithinase, ornithine transcarbamylase, argininosuccinate
synithase, argininosuccinate lyase, ornithine acetyitransferase, and carbamoviphosphate
synthase.

{0141} In some embodiments, the geneticaily engineerad bacteria comprise 3
feedback resistant form of Arg4, argininosuccinate synthase driven by a ArgR-repressible
regulatory region, as well as one or more nucleic acid mutations in each ARG box of gach of
the operons that encode the arginine biosynthesis enzymes N-acetylglutamate kinase, N-
acetylglutamvyiphosphate reductase, acetylornithine aminotransferase, N-acetylornithinase,
ornithine transcarbamylase, argininosuccinate lyase, ornithine acetyltransferase, and
carbamovylphosphate synthase. In these embodiments, the bacteria are capable of producing
citrulline,

[0142] In some embodiments, the genetically engineered bacteria comprise a
feedback resistant form of Arg4, argininosuccinate synthase expressed from a constitutive
promotear, as well as one or more nucleic acid mutations in each ARG box of each of the
operons that encode the arginine blosynthesis enzymes N-acetylglutamate kinase, N-
acetylglutamylphosphate reductase, acetylornithine aminotransferase, N-acetylornithinase,
ornithine transcarbamylase, argininosuccinate synthase, argininosuccinate lyase, ornithine
acetyltransferase, and carbamoviphosphate synthase. In these embodiments, the bacteria

are capable of producing arginine.
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{0143] Table 3 shows exampies of mutant constructs in which one or more nucleic
acid mutations reduce or eliminate arginine-meadiated repression of each of the arginine
operons. The mutant constructs comprise feedback resistant form of ArgA driven by an
oxygen level-dependent promoter, e.g., a FNR promater. Each mutant arginine regulon
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-acetyiglutamylphosphate reductase,
acetylornithine aminotransferase, N-acetylornithinase, ornithine transcarbamylase,
argininosuccinate synthase, argininosuccinate lvase, carbamoviphosphate synthase, and wild-
type N-acetylglutamate synthetase, such that ArgR binding is reduced or eliminated, thereby
enhancing arginine and/or intermediate 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:
RFutant construct comprises: Construct | Construet | Construct | Construct | Construct | Construct
1 2 3 4 5 &
Arginine feedback resistant )
N-acetylglutamate synthetase driven by an v v v 4 v v
oxygen level-dependent promoter
Wild-type N-acetylgiutamate synthetase 4 v v '
Wild-type N-acetylgiutamate synthetase v v v
5 N-acetylglutamate kinase v v v v v ¥
A - - .
o N-acetyiglutamylphosphate reductase v 4 v ¥ v v
oz
i acetylornithine aminotransferase 4 4 ¥ v 4 v
[ -
It % N-acetylornithinase v s s v v v
]
«© - - - ;
2 g ornithine transcarbamylase ¥ v v v v +
=
@ -
Z g argininosuccinate synthase v ' v VE o VE
‘é' gm argininosuccinate lyase v v v’ v ¥ s
(o]
w® g ornithine acetyltransferase v 4 v N v ‘f
Jo
jr N -
= & | carbamoylphosphate synthase v ¥ 14 ¥ 4 v

{0144] The mutations may be present on a plasmid or chromosome. In some
embodiments, the arginine reguion is regulated by a single repressor protein. in particular
spacies, 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
embaodiments, the arginine regulon of the invention is regulated by more than one repressor
protein.

{0145} in certain embodiments, the mutant arginine regulon is expressad in one
species, strain, or subtype of genstically 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 arginine
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 responsibie for
converting giutamate to arginine and/or an intermediate byproduct in the arginine
biosynthesis pathway. In some embodiments, the reduction or elimination of arginine-

mediated repression may be achieved by reducing or eliminating ArgR repressor binding, e.g.,
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by mutating at feast one ARG box for one or more of the operons that encode the arginine
biosynthesis enzymes {as discussed above) or by mutating or deleting the arginine repressor
{discussed here) and/or by reducing or eliminating arginine binding to N-acetyigiutamate
synthetase {e.g., by mutating the N-acetviglutamate synthetase to produce an arginine
feedback resistant N-acetylglutamate synthase mutant, e.g., arg,’%-’b’).

{01471 Thus, in some embodiments, the genetically 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 engineered bacteria do not have an arginine repressor {e.g., the
arginine repressor gene has been deleted), resulting in derepression of the reguion 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 nuclecotide
deletions, insertions, or substitutions. In some embodiments, each copy of the functional
argR gene normally present in a corresponding wild-type bacterium is deleted.

{0148} In some embodiments, the arginine reguion is regulated by a single repressor
protein. In particular species, strains, and/or subtypes of bacteria, it has been proposed that
the arginine reguion may be reguiated 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.

{0149} 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., cmgiAfb", in some embodiments, the genetically
engineered bacteria comprise a feedback resistant form of ArgA, lack any functional arginine
repressor, and are capable of producing arginine. In certain embodiments, the genetically
engineered bacteria further lack functional ArgG and are capable of producing citruliine. In
some embaodiments, the grgR gene is deleted in the genetically enginesred bacteria. In some
embodiments, the orgR gene is mutated to inactivate ArgR function. I 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 embadiments, the genetically
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engineered bacteria comprise argAﬁ” and deleted ArgR. in some embodiments, the
genetically engineered bacteria comprise argAﬂ", deleted ArgR, and deleted argG. In some
embodiments, 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 argG is deleted from the bacterial genome and the arg,’%"b"is
chromosomally integrated. In one specific embodiment, the genetically modified bacteria
comprise chromosomatly integrated arg/f\-"b", deleted genomic ArgR, and deleted genomic
org@G. In another specific embodiment, the genetically modified bacteria comprise
argA"b"present on a plasmid, deleted genomic ArgR, and deleted genomic orgG. In any of the
embodiments in which argG is deleted, citrulline rather than arginine is produced

{0158} in some embodiments, under conditions where a feedback resistant form of
ArgAis expressed, the genetically engineered bacteria of the invention 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-foid, at least about 50-fold, at least about 100-fold, at least about 200-
fold, at least about 300-fold, at teast about 400-fold, at ieast about 500-fold, at least 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, quantitative 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.8., argd, argB, argC, argD, argE, argF, orgG, argH, argl, argd,
carA, 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
Hiuminate 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
predatermined temperatures for predetermined 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 83-87° 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 gPCR.
The number of cycles at which fluorescence exceeds the threshald is the threshold cycle {Ch).
At least one Cy result for each sample is generated, and the Cr result{s) may be used to
determine mRNA exprassion levels of the arginine biosynthesis genes.

Feedback Resistant N-acetviglutamate Synthetase

[0152] in some embodiments, the genetically engineered bacteria comprise an
arginine feedback resistant N-acetylglutamate synthase mutant, e.g., arg/ftfb", In some
embodiments, the genetically engineered bacteria comprise a mutant arginine regulon
comprising an arginine feedback resistant Argh, and when the arginine feedback resistant
ArgA is expressed, are capable of producing more arginine and/or an intermediate byproduct
than unmodified bacteria of the same subtype under the same conditions. The argining
fesdback resistant N-acetylglutamate synthetase protein (Gi‘gAfbf) is significantly iess sensitive
to L-arginine than the enzyme from the feedback sensitive parent strain {see, e.g., Eckhardt et
al., 1975; Rajagopal et al,, 1998). The feedback resistant argA gene can be present on a
plasmid or chromosome. In some embodiments, expression from the plasmid may be useful
for increasing argAfbr expression. {n some embodiments, expression from the chromosome
may be useful for increasing stability of argAfbr expression.

{0153} In some embodiments, any of the genetically engineered bacteria of the
present disclosure 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-acetylglutamate 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-acetylglutamate 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 metabaolites that are specific to the
mamimalian gut, e.g., propionate or hilirubin. In some embodiments, the exogenous
environmental conditions are low-oxygen or anaercbic conditions, such as the environment of
the mammalian gut.

{0155} Bacteria have evolved transcription factors that are capabile of sensing oxygen
fevels. Different signaling pathways may be triggered by different oxygen levels and cccur
with different kinetics. An oxygen level-dependent promoter is a nucleic acid sequence to
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 arg&™ gene is under control of an oxvgen level-
dependent promoter. in a more specific aspect, the argAfb’ gene is under controf of an
oxygen level-dependent promoter that is activated under low-oxygen or anaerabic
environments, such as the environment of the mammalian gut.

{0156} In certain embodiments, the genetically engineered bacteria comprise argAﬁ”
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 asrobic to
anaerobic metabolism {Unden et al., 1997). Inthe 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 oxygen and is
inactive. In alternate embodiments, the genetically engineered bacteria comprise argAfh"
expressed under the control of an alternate oxvgen level-dependent promoter, e.g., an
anaerobic regulation of arginine deiminiase and nitrate reduction ANR promoter {Ray et ai,,
1997}, a dissimilatory nitrate respiration regulator DNR promoter {Trunk et al,, 2010}, In
these embodiments, the arginine biosynthesis pathway is particularly activated in a low-
oxygen or anaerobic environment, such as in the gut.

{0357} In P. qeruginosa, the anaerobic regulation 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 1981}, P. geruginosa ANR is homologous with £, coff FNR, and “the consensus

FNR site {TTGAT----ATCAA} was recognized 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 aerobic 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 arcDABC operon {see, e.g., Hasegawa et al,,
1998).

{0158} The FNR family aiso 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 geruginosg” (Hasegawa et al,, 1898}, For
certain genes, the FNR-binding motifs “are probably recognized only by DNR” {Hasegawa et
al, 1998). Any suitable transcriptional regulator that is controlled by exogenous
environmental conditions and corresponding regulatory region may be used. Non-limiting
examples include ArcA/B, ResD/E, Nre&A/B/C, and AirSR, and others are known in the art.

{0159} in some embodiments, argAfb" is expressad under the control of an inducible
promoter that is responsive to specific molecules or metabaolites 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,

fbr

argA"™" gene expression is under the control of a propionate-inducible promoter. In a more
specific embodiment, argAﬁ” 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 a healthy and/or disease state, may
be used to induce argAﬂ” expression. Non-limiting examples include propionate, bilirubin,
aspartate aminotransferase, alanine aminotransferase, blood coagulation factors I, VI, 1X,
and X, alkaline phosphatase, gamma glutamyl transferase, hepatitis antigens and antibodies,
aipha fetoprotein, anti-mitochondrial, srmooth muscle, and anti-nudlear antibodies, iron,
transferrin, ferritin, copper, ceruloplasmin, ammonia, and manganese. in alternate
embodiments, argAfb" gens expression is under the control of a pBAD promoter, which is
activated in the presence of the sugar arabinose {see, e.g., Fig. 18).

{0168] 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 i, VI, IX, 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 metabaolites can be
used to engineer bacteria of the present disclosure that would only be induced to express
argAfb’ 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 binding sites,
manipulating transcriptional regulators, and/or increasing mRNA stability.

{31821 In some embodiments, arginine feedback inhibition of N-acetylghstamate
synthetase is reduced by at least about 50%, at least about 60%, at least about 70%, at least
about 80%, at least about 90%, or at least about 95% in the genetically engineered bacteria
when the arginine feedback resistant N-acetyiglutamate synthetase is active, as compared to
a wild-type N-acetyiglutamate synthetase from bacteria of the same subtype under the same
conditions.

{0163} In some embodiments, the genetically engineered bacteria comprise a stably

fr

maintained plasmid or chromosome carrying the mﬁgAﬁ” gene, such that arg&™ can be
expressed 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 arga 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 argAd gene is expressed on a high-copy plasmid.
in some embodiments, the high-copy plasmid may be useful for increasing argAfbr expreassion.
in some embodiments, the feedback resistant argd gene is expressed on a chromosome. In
saome embodiments, the bacteria are genetically engineered to include multiple mechanisms
of action {MOAS)}, e.g., circuits producing multiple copies of the same product or circuits
performing multiple different functions. Examples of insertion sites include, but are not

limited to, mualE/K, insB/, araC/BAD, lacZ, dapA, ceq, and other shown in Fig. 22. For
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example, the genetically engineerad bacteria may include four copies of argAfb' inserted at
four different insertion sites, e.g., malE/K, insB/l, araC/BAD, and fac?. Alternatively, the
genetically engineered bacteria may include three copies of argAﬂ” inserted at three different
insertion sites, e.g., malE/K, insB/l, and facZ, and three mutant arginine regulons, e.g., two
producing citrulline and one producing arginine, inserted at three different insertion sites
daph, ceq, and aral/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 chromosaome that further
comprises functional ARG boxes may be used to reduce or eliminate off-target ArgR binding,
i.e., by acting as an ArgR sink. In soms embodiments, the plasmid or chromosome doas not
comprise functional ArgR binding sites, e.g., the plasmid or chromosome comprises modified
ARG boxes or does not comprise ARG boxes.

{0185] i some embodiments, the feedback resistant argA gene is present on a
plasmid and operably linked to a promoter that is induced under low-oxygen or anaerobic
conditions. in some embodiments, the feedback resistant grgd gene is present in the
chromosome and operably linked to g promoter that is induced under low-oxygen or
anaerobic conditions. in some embodiments, the feedback resistant argA 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 orgd 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 exposure to tetracycline. In some embodiments, the feedback resistant orgA gene
is prasent on a plasmid and operably linked to a promoter that is induced by exposure to
tetracyeline.

{01886} In some embodiments, the genetically engineerad bacteria comprise multiple
mechanisms of action {MOAs), e.g., circuits producing multiple copies of the same product {to
enhance copy number) or circyits performing multiple different functions. Examples of
insertion sites include, but are not limited to, malf /K, insB/l, araC/BAD, lacZ, daph, 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 level-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., 2008).

{0168} in some embodiments, the genetically engineerad 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
fram N. gonorrhoeae {see, e.q., isabella et al,, 2011}, in some embodiments, the
corresponding 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.

{01691 In some embodiments, the genetically engineerad bacteria comprise argAﬂ”
expressed under the control of an oxygen level-dependent promoter, e.g., a FNR promoter, as
well as wild-type argA expressed under the control of a mutant regulatory region comprising
one or more ARG box mutations as discussed above. In certain embodiments, the genetically
engineered bacteria comprise m“gAfb" expressed under the control of an oxygen level-
dependent promoter, e.g., a FNR promoter and do not comprise wild-type orgd. In still other
embodiments, the mutant arginine regulon comprises argAfb" expressed under the control of
an oxygen level-dependent promoter, e.g., a FNR promoter, and further comprises wild-type
argA without any ARG box mutations.

{0270} In some embodiments, the genetically enginesrad bacteria express Ar‘gAﬂ’r

from a plasmid and/or chromaosome. In some embodiments, the argd™ gene is expressed
under the control of a constitutive promoter. In some embodiments, the argAﬂ” gene is
exprassed under the control of an inducible promoter. In one embodiment, argAﬂ” 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 is shown in Fig. &, with the FNR promoter sequence

bolded and argAﬁ” sequence boxed,

[0471] FNR promoter sequences are known in the art, and any suitable FNR promoter
sequencels} may be used in the genetically engineered bacteria of the invention. Any suifable
FNR promoter(s) may be combined with any suitable feedback-resistant ArgA {exempiary
sequence, SEQ D NO: 8A). Non-limiting FNR promoter sequences are provided in Fig. 7. In
some embodiments, the genetically enginesred bacteria of the invention comprise one or
more of: SEQ D NG: 18, SEQ 1D NO: 17, nirB1 promoter (SEQ 1D NO: 18}, nir82 promoter {SEQ
ID NO: 18}, nirB3 promoter (SEQ 1D NQO: 20}, ydfZ promoter {SEQ ID NO: 21), nirB promoter
fused to a strong ribosome binding site {SEQ 1D NO: 22}, vdfZ promoter fused to a strong
ribosome binding site {SEQ 1D NO: 23}, fars, an anaerchbically induced small RNA gene {fnrSi
promoter SEQUID NO: 24 or fnrS2 promoter SEQ 1D NO: 25}, nir8 promoter fused to a crp
binding site (SEQUID NO: 28), and fnrS fused to a orp binding site (SEG D NO: 27).

{0172] In some embaodiments, the genetically engineered bacteria comprise the
nucleic acid sequence of SEQ D NO: 28 or a functional fragment thereof. Insome
embodiments, the genetically engineered bacteria comprise a nucleic acid sequence that, but
for the redundancy of the genetic code, encodes the same polypeptide as SEQ ID NO: 28, In
same embodiments, genetically engineered hacteria 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
about 99% homologous to the DNA sequence of SEQ 1D NO: 28, or a nucleic acid sequence
that, but for the redundancy of the genetic code, encodes the same polypeptide as SEQ D
NO: 28,

[0173] 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 rasponsible for the uptake, metabolism and
assirnifation of less favorable carbon sources when rapidly metabolizable carbohydrates, such
as glucose, are present {Wu et al., 2015). This preference for glucose has been termed
glucose repression, as well as carbon catabolite repression {Deutscher, 2008; Gdrke and
Stiilke, 2008). In some embodiments, argAﬂ” expression is controlled by an oxygen level-

dependent promater fused to a CRP binding site. In some embodiments, argAﬁ” expression is
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controlied by a FNR promoter fused to a CRP binding site. In these embodiments, 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 hinding

gene by recruiting RNA polymerase to the FNR

o

then activates transcription of the argad™
promoter via direct protein-protein interactions. In the presence of glucose, cyclic AMP does
not bind to CRP and GrgAjb" 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 argAﬁ” is not expressed under anaerobic conditions when
sufficient amounts of glucose are present, e.g., by adding glucose to growth media in vitro.

Arginine Catabolism

{0174} Animportant consideration in practicing the invention is to ensure that
ammonia is not overproduced as a byproduct of arginine and/or citrulline catabolism. In the
finai enzymatic step of the urea cycle, arginase catalyzes the hydrolvtic cleavage of arginine
into ornithine and urea (Cunin et al,, 1986). Urease, which may be produced by gut bacteria,
catalyzes the cleavage of urea into carbon dioxide and ammonia {(Summerskill, 1966; Acvagi
et al., 1966; Cunin et 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 arcD encodes an argining/ornithine antiporter, which may also liberate ammonia
(Vander Wauven et al.,, 1984; Gamper et al., 1991; Meng et al,, 1992).

[0475] AstA is an enzyme involved in the conversion of arginine 1o succinate, which
fiberates ammonia. 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 muiant arginine regulon additionally includes mutations
that reduce or eliminate arginine catabolism, thereby reducing or eliminating further
ammonia production. In some embodiments, the genetically engineered bacteria also
comprise mutations that reduce or eliminate ArcD activity. In certain embodiments, ArcD is
deleted. In some embodirments, the genetically engineered bacteria also comprise mutations
that reduce or eliminate AstA activity. in certain embodiments, AstA is deleted. in some
embodiments, the genetically engineerad bacteria also comprise mutations that reduce or
eliminate SpeA activity. in certain embodiments, SpeA is deleted. In some embodiments, the

genetically engineered bacteria also comyprise 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 muiations 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.

Fssential Genes and Auxotrophs

[0176] 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 1o one of ordinary
sidll in the art, and can be identified by directed deletion of genes and/or random
mutagenesis and screening {see, for example, Zhang and Lin, 2008, DEG 5.0, a database of
essential genes in both prokaryotes and eukaryotes, Nucl. Acids Res., 37:D455-D458 and
Gerdes et al, Fssential genes on metabolic maps, Curr. Opin. Biotechnol., 17{5}:448-458, the
entire contents of each of which are expressly incorporated hersin by reference).

{03771 An “essential gene” may be dependent on the circumstances and environment
it which an organism lives. For example, a mutation of, modification of, or excision of an
essential gene mavy 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)
necessary to produce that essential nutrient.

{01781 An suxotrophic madification is intended o 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 synithesis gene, for example, dapA. In yet another embodiment, the essential geneis an
amino acid gene, for example, serA or MetA. Any gene reguired for cell survival and/or
growth may be targeted, including but not limited to, cysE, gina, ilvD, leuB, lysA, serd, metA,
glhvA, hisB, livA, pheA, proA, thr, trpC, tyrA, thyA, uraA, dapA, dapB, dapD, dapE, dapF, fihD,
metB, metC, proAB, and thil, as fong 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
celf 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. In some 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., outside of the guth

{33179} 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,, 1971}, In some embodiments, any of the genetically engineered bacteria
described herein is a dapl auxotroph in which dapl 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 amounts of DAP, the
dapD auxctroph 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 uraA 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 uracl {Andersen ef al., 1895}, 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
some embodiments, auxotrophic 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).

{0181} In complex communities, it is possible for bacteria to share DNA. Inveryrare
circurnstances, an auxotrophic bacterial strain may receive DNA from a non-auxotrophic
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 BNA transfer will occur encugh times to rescue the auxotrophy. in some
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embodiments, the genetically engineered bacteria of the invention comprise a 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, yagG,
hemB, secD, secF, ribD, ribE, thil, dxs, ispA, dnaX, adk, hemH, ipxH, cysS, fold, rplT, infC, thrs,
nadE, gapA, veal, aspS, argS, pgsA, vefM, metG, folE, vejM, gyrA, nrdA, nrdB, folC, aceD, fabB,
ght, ligh, zipA, dapk, dapA, der, hisS, ispG, suhB, tadA, acps, era, g, ftsB, eno, pyrG, chpR,
lgt, fhad, pgk, vagh, metk, vagF, pisC, veiT, pare, ribB, cca, yvgiD, tdcF, yral, vihA, fisN, murl,
murB, bird, seckE, nusG, rpll, rpil, rpoB, rpoC, ubiA, plsB, lexA, dnaB, ssb, alsk, gros, psd, om,
viek, rpsR, chpS, ppa, vals, vigP, vigQ, dnal, ribF, IspA, ispH, dapB, folA, imp, vabQ, fisi, fis],
murE, murF, mra¥, murD, fisW, murG, murC, ftsQ, fisA, fisZ, lpxC, secM, secA, can, folk,
hemt, vadR, dapD, map, rpsB, infB ,nusA, fisH, obgk, rpmA, rpll, ispB, murd, yrbB, yrbk,
vhibN, rpsi, rpidM, degs, mred, mral, mreB, aceB, accC, yrdC, def, fmt, rplQ, rpoA, rpsD, rpsk,
rpsM, entD, mrdB, mirdA, nadb, hleph, rpok, pssA, viiG, rpls, trmb, rosP, fth, grpk, vfiB, csrA,
ispF, ispD, rpiW, rplls, rpiC, rpsd, FusA, rpsG, rpsl, trps, vriF, asd, rpoH, fisX, fisk, ftsy, frr, dxr,
ispU, rfak, kdtA, coall, rpmB, dfp, dut, gmi, spot, gyrB, dnalN, dnaA, rpmH, rmpA, vidC, thal,
gims, gimU, wzyE, hemD, hem(, yigP, ubiB, ubiD, hemG, secY, rplG, rpmi, rpsE, rpiR, rplf,
rpsH, rpsN, rplE, rplX, rpiN, rpsQ, rpmC, rplP, rpsC, rplV, rpss, rplB, cdsA, vael, vael, ipxD,
fabZ, lpxA, ipxB, dnak, accA, tilS, pros, yafF, tsf, pyrH, olA, ripB, leus, Int, ginS, fldA, cydA, infA,
oydC, TtsK, lolA, sers, rpsA, mshA, Ipxk, kdsB, mukF, mukE, mukB, asnS, fabA, mviN, rne, vceQ,
fabDb, fabgG, acpP, trmk, holB, 1olC, lolD, IolE, purB, ymik, mink, mind, pth, rsA, ispE, loiB, hemaA,
priA, prmC, KdsA, topA, ribA, fabl, racR, dicA, ydfB, tyrs, ribC, ydik, pheT, pheS, vhihQ, besh,
ghyQ, yibl, 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 (SLIDE) bacterial cell. SLIDE bacterial
cails are synthetic auxotrophs with a mutation in one or more essential genes that only grow
in the presence of a particular ligand {see Lopez and Anderson “Synthetic Auxotrophs with
Ligand-Dependent Essential Genes for a BL21 {DE3 Biosafety Strain, "ACS Synthetic Biclogy
{(2015) DOI: 10.1021/acssynbio. 5b0O008S, the entire contents of which are expressly
incorporated herein by reference).

{0284} In some embodiments, the SLIDE bacterial cel comprises a mutation in an
essential gene. In some embodiments, the essential gene is selected from the group

consisting of pheS, dnaN, tyrsS, metG and adk. In some embodiments, the essential geneis
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dnaN comprising one or more of the following mutations: H191N, R240C, 13175, F318V,
L3407, V3471, and $345C. in some embodiments, the essential gene is dnaN comprising the
mutations H191N, R240C, 13178, F319Y, L3407, V3471, and 5345C. In some embodiments, the
essential gene is phe’ comprising one or more of the following mutations: F125G, P183T,
P184A, R186A, and 1188L. 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: L36V, C38A and F40G. In some
embodiments, the essential gene is tyrS comprising the mutations L36Y, C38A and F40G. In
some embodiments, the essential gene is metG comprising one or more of the following
mutations: E45Q, N47R, 149G, and AS1C. inh some embodiments, the essential gene is metG
comprising the mutations F45@Q, N47R, 149G, and AS1C. In some embodiments, the essential
gene is adk comprising one or more of the following mutations: 144, Ll and L6G. In some
embodiments, the essential gene is adk comprising the mutations 144, L5 and L6G.

{0185} iIn 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,
NA7R, 149G, and A51C) are complementad by benzothiazole, indole, 2-aminobenzothiazole,
indole-3-butyric acid, indole-3-acetic acid or L-histidine methyl ester. Bacterial cells
comprising mutations in dnaN {H191N, R240C, 13178, F319V, L3407, V3471, and 5345C) are
complemented by benzothiazole, indole or 2-aminobenzothiazole, Bacterial cells comprising
mutations in pheS {F125G, P183T, P184A, R186A, and [188L) are complemented by
benzothiazole or 2-aminobenzothiazole. Bacterial cells comprising mutations in tyrS {L38Y,
384, and F40G) are complemented by benzothiazole or 2-aminobenzothiazole. Bacterial
cells comprising mutations in adk {14L, L3 and L6G) are complemented by benzothiazole or
indole.

{0186} In some embodiments, the genetically engineered bacterium comprises more
than one mutant essential gene that renders it auxotrophic to a ligand. In some
embuodiments, the hacterial celi comprises mutations in two essential genes. For example, in
some embodiments, the bacterial cell comprises mutations in tyrS {L36Y, €384, and F40G)
and metG {E45Q, N4TR, 149G, and AS1C) In other embodiments, the bacterial cell comprises

mutations in three essential genes. For example, in some embodiments, the bacterial cell
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comprises mutations in tyrS {L36V, (384, and F40G), metG (E45C, N47R, 149G, and AR1C), and
pheS (F125G, P183T, P184A, R186A, and 118381},

{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 63,

{01881 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 required for cell survival and/or growth,
for example, in a DNA synthesis gene, for example, thyA, cell wall syntheasis gene, for exampls,
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 ko an environmental condition{s} and/or signal(s} {such as the described arabinose
system) or regulated by one or more 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 Biology
{2015} 4: 307-16, the entire contents of which are exprassly incorporated herein by
reference). 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
compaonents and systems described herein, as well as another biosecurity system, such a
conditional origin of replication {see Wright et al,, supra}.

{0189} 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
pverproducing arginine. As dascribed herein, many genes involved in arginine metabolism are
subject to repression by arginine via its interaction with ArgR. The ost{ gene promoter is
unigue in that the arginine-ArgR complex acts as a transcriptional activator, as opposed to a
transcriptional repressor. AstC encodes succinylornithine aminoctransferase, the third enzyme
of the ammonia-producing arginine succinyltransferase {AST) pathway and the first of the
astCADBE operon in E. coli {Schneider et al., 1998). In certain embodiments, the genetically

engineered hacteria are auxotrophic for a gene, and express the auxotrophic gene product
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under the control 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
amimonia by overproducing arginine. A non-limiting example of 3 positive feedback

auxotroph is shown in Figs. 33A and 33B.

Genetic Resulatory Circuits

{0180} In some embodiments, the genetically engineered bacteria comprise multi-
layered genetic regulatory circuits for expressing the constructs described herein {see, e.¢.,
U.S. Provisional Application No. 62/184,811, incorporated herein by reference in its entirety}.

{0281} In certain embodiments, the invention provides methods for selecting
genestically engineered bacteria that overproduce arginine. In some embodiments, the
invention provides methods for selecting genstically 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. i some
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 yseful to screen for mutant bacteria
that reduce ammonis 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.

{0192] 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, e.g., a detectable product, which may be usad 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, luciferase, 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, e.g., GFP. In the absence of ArgR binding {which cccurs at low

arginine concentrations), tetR is transcribed, and TetR represses GFP expression. In the
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presence of ArgR binding {which occurs at high arginine concentrations), tetR expression is
repressed, and GFP is generated. Examples of other second repressors useful in these
embodiments include, but are not limited to, ArsR, Asc, Lacl, CscR, DeoR, DgoR, FruR, GalR,
GatR, Cl, LexA, RafR, QacR, and PtxS (US20030166191). in some embodiments, the mutant
arginine regulon comprising a switch is subjected to mutagenesis, and mutants that reduce
armmonia 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 flucresces.

{0123} 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,
ifvD, leuB, lysA, serf, metd, glyA, hisB, ilvA, phed, proA, thiC, trpC, tyrA, thyA, urcA, dapA,
dapB, dapD, dapk, dopF, fihD, metB, metl, prodB, and thil, as long as the corresponding wild-
type 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 promoter comprising wild-type
ARG boxes drives the expression of a TetR protein, and a TetR-repressible promoter drives the
expression of at least one gene required for survival and/or growth of the bacteria, e.g., thv4,
uraA {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
mammaklian 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
genel. in some embodiments, the mutant arginine regulon comprising a two-repressor
activation circuit is subjected to mutagenesis, and mutants that reduce excess ammonia are
selected by growth in the absence of the gene product required for survival and/or growth. In
some 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.
it 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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canditional origin of replication, in which the requisite replication initiator protein is provided
in trans; {ii} an auxotrophic modification that is rescuad by the host via genomic translocation
and is also compatible for use in rich media; and/or (i} a 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., 3 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.

{0385} 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 engineerad 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
geneticaily engineered bacteria comprise a GeneGuard plasmid and/or one or more
auxotrophies. In still ather embodiments, the genetically engineered bacteria comprise a
GeneGuard plasmid, one or more kill switches, and/or one or more auxotrophies.

i 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. 62/183,935 and
62/263,32%ncorporated herein by reference in their entireties). The kill switch is intended to
actively kill engineered microbes in response to external stimuli. As opposed 1o an
auxotrophic mutation where bacteria die because they lack an essential nutrient for survival,
the kili switch is triggered by a particular factor in the environment that induces the
production of toxic molecules within the microbe that cause cell death.

{01971 Racteria engineerad with kil switches have been engineered for in vitro
research purposes, e.g., to limit the spread of a bicfuel-producing microorganism outside of a
faboratory environment. Bacteria engineered for in vivo administration to treat a disease or
disorder may also be programmed {o die at a specific time after the expression and delivery of
a heterologous 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 switch is
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activated to kill the bacteria after a period of time following oxygen level-dependent
expression of argA’Ff"'. In some embodiments, the kill switch is activated in 3 delayed fashion
following oxygen level-dependent expression of arg’ﬂ‘fb', 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 microorganism outside the area
of interest {for example, outside the gut) within the subject, 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
individually or in combination. The switches that control their production can be based on,
for example, transcriptionatl 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 reguire several activators in AND,
OR, NAND and NOR logic configurations to induce cell death. For example, an AND
riboregulator switch is activated by tetracycling, isopropyl B-D-1-thiogalactopyranoside {iIPTG),
and arabinose to induce the expression of lysins, which permeabilize the cell membrane and
kill the cell. IPTG 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 arg*fb". In some embodiments, the kill switch
is activated in a delayed fashion following oxygen level-dependent expression of cargr“‘jb’.

[0198] Kill-switches can be designed such that a toxin is produced in response to an
environmental condition or external signal {e.g., the bacteria is killed In response to an
external cue) or, alternatively designed such that a toxin is produced once an environmental
condition no longer exists or an external signal is ceased.

{06299} Thus, in some embodiments, the genetically engineered bacteria of the
disclosure are further programimed 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 arg’w" and repressor ArgR
,Lcomprise one or more genes encading 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 exprassion of a toxin which kills the cell. In
some embodiments, the at least one recombination event is te flipping of an inverted
heterologous gene encoding a bacterial toxin which is then constitutively expressed after it is
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 exogenocus environmental condition and expresses the
heterclogous gene of interest, the recombinant bacterial cell is no longer viable.

{02008} in another embodiment in which the genetically engineered bacteria of the
present disclosure, e.g., bacteria expressing arg or and repressor ArgR | express one or more
recombinase(s) in response to an environmental condition or signal causing at least one
recambination event, the genetically engineered bacterium further expresses a heterclogous
gene encoding an anti-toxin in response 1o an exogenous environmental condition or signal.
i one embodiment, the at least one recombination event is flipping of an inverted
heterclogous gene encoding a bacterial toxin by a first recombinase. in one embodiment, 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 heterologous gene encoding the anti-toxin is no longer expressed
when the exogenous envirenmental condition is no longer present.

{8201} in another embodiment, the at lsast one recombination event is flipping of an
inverted heterologous gene encoding a second recombinase by a first recombinase, followed
by the flipping of an inverted heterologous gene encoding a bacterial toxin by the second
recombinase. In one embaodiment, the inverted heterologous gene encoding the second
recombinase is located hetween 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 sequence. in one
embodiment, the heterologous gene encoding the second recombinase is constitutively
expressed after itis flipped by the first recombinase. In one embodiment, the heterologous
gene encoding the bacterial toxin is constitutively exprassed 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 delaving death of the genetically
engineered bacterium. In one embodiment, the genetically engineered bacterium is killed by
the bacterial toxin when the heterologous gene encoding the anti-toxin is no longer expressed
when the exogenous environmental condition is no longer present.

{0202} in one embodiment, the at least one recombination event is flipping of an
inverted heterologous gene encoding a second recambinase by a first recombinase, followed
by flipping of an inverted heterologous gene encoding a third recombinase by the sacond
recambinase, foliowed 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 g first forward recombinase recagnition 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 embodiment, the
programmed recombinant bacterial cell is not viable after the first essential gene is excised.

{0204} in one embodiment, the first recombinase further flips an inverted
heterclogous gene encoding a second excision enzyme. In one embodiment, the wherein the
invarted heterologous gene encoding the second excision enzyme is located between a
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 bacterivm 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.

{02051 In one embodiment, the genetically enginesred bacterium dies after the at
least one recombination event occurs. In another embodiment, the genetically engineered
bacterium is no longer viable after the at least one recombination event occurs.

{0206} in any of these embaodiment, the recombinase can be a recombinase selected
from the group consisting of: Bxbi, PhiC31, TPSG1, Bxbl, PhiC31, TPSO1, HK022, HP1, R4, Intl,
Int2, Int3, Int4, Int5, Ints, Int7, Intg, IntS, Intl0, Intld, Intl2, Intl3, intl4, Intl5, Intls, Intl7,
Intd8, Intls, Int20, int21, Int22, Int23, Int24, Int25, Int26, Int27, Int28, Int29, Int30, Int31,
Int32, Int33, and Int34, or a biologically active fragment thereof.

{02071 In the above-described kill-switch circuits, a toxin is produced in the presence
of an environmental factor or signal. {n 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 kill-switch
in 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 heterclogous gene(s) 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 weil as one or more genes under the control of the araBAD promoter. Inthe
ahsence of arabinose, the AraCtranscription 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 embodimeants in which one or more heterologous gene{s} are
exprassed upon sensing arabinose in the exogenous environment, the one or more
heterologous genes are directly or indirectly under the control of the araBAD promoter. in
some embodiments, the expressed heterclogous 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 heterclogous gene encoding an essential protein not found in the bacterial cell,
and/or a heterologous encoding a regulatory protein or polypeptide.

{0209] Arabinose inducible promoters are known in the art, including Paa, Paras, Parac,
and P.asap. In one embaodiment, the arabinose inducible promoter is from £. cofi. In some
embodiments, the P,..c promoter and the P,apap promoter operate as a bidirectional
promoter, with the P,apan promoter condrolling expression of a heterclogous gene(s) in one
direction, and the P,.c {in close proximity to, and on the opposite strand from the Paagan
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 arabinose, transcription of hoth heterologous genes
from both promoters is not induced.

[0218] 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 Pyaeap
promoter operably linked to a heterologous gene encoding a Tetracyciine Repressor Protein
{TetR), a P,..c 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 Repressor Protein {Pragr). In the presence of arabinose,
the Aral 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 Pupap promoter and no TetR
protein is expressed. In 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.

{8211} In 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 cell. However, in the absence of arabinose, TetR proteinis
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
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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 disciosure, the recombinant bacterial cell
further comprises an antitoxin under the control of the P.asap 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
absence 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 proteinis
expressed, and the recombinant bacterial cell will be killed by the toxin.

{0213} in another exemplary embodiment of the disclosure, the enginesred bacteria
of the present disclosure contains a kill-switch having at least the following sequences: a
Parasap promoter operably linked to a heterologous gene encoding an essential polypeptide
not found in the recombinant bacterial celi {and required for survivall, and a P,..c promoter
operably linked to a heterologous gene encoding Aral transcription factor. in the presence of
arabinose, the AraC transcription factor activates the P,.pap 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 Pyaean 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 Pyaeap 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.

{8214} In some embodiments, the engineered bacteria of the present disclosure, for
example, bacteria expressing argffb’ 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 bysin, Hok, Fst, TisB, LdrD, Kid, SymE, MazF, Fim4, lbs, XCV2162,
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dind, CcdB, MazF, ParE, YafQ, Zeta, hicB, relB, vhaV, yoeB, chpBK, 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 i, colicin ih, colicin 5, colicini0, colicin
S4, colicin Y, colicin £2, colicin E7, colicin E8, colicin ES, colicin £3, colicin £4, colicin E6; colicin
ES, colicin B, 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-lysin, Sok, RNAL, IstR, RdID, Kis, SymR, MazE, FimB, Sib, ptaRNAL,
vafQ, CodA, MazE, ParD, vafiN, Epsilon, HicA, relE, priF, vefiM, chpBl, hipB, MccE, MCCECTD,
MeeF, Cai, ImmEL, Cki, Cni, Cui, Cbi, fia, Imm, CH, Im10, Csi, Cyl, Im2, Im7, Im8§, Im9, Im3, im4,
ImmEs, cloacin immunity protein {Cim), ImmES, ImmD, and Cmi, or a biclogically active
fragment thereotf.

{02471 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 giutamate 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-acetyiglutamate synthase mutant, e.g., argAfb’. in
some embodiments, the genetically engineered bacteria comprise a mutant arginine regulon
comprising one or more nucleic acid mutations in at {east one ARG box for each of the
operons that encode the arginine biosynthesis enzymes N-acetylglutamate kinase, N-
acetylglutamylphosphate reductase, acetylornithine aminotransferase, N-acatylornithinase,
oroithine transcarbamylass, argininosuccinate synthase, argininosuccinate lyase, and
carbamovyiphosphate synthase, thereby derepressing the regulon and enhancing arginine
and/or intermediate byproduct biosynthesis. In some embodiments, the genetically
engineerad 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 some
embodiments, the arginine feedback resistant N-acetylglutamate synthase mutantis
controlled by a promoter that is induced under low-oxygzen 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
pitrate respiration regulator {DNR) promoter. in some embodiments, the arginine feedback
resistant N-acetylglutamate synthase mutant is argAfb’.

{03151 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 rutant arginine reguion, 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-acetylglutamate synthetase from the same
bacterial subtype under the same conditions, wherein expression of the gene encoding the
mutated N-acetyiglutamate synthetase is controlied by a promoter that is induced under low-
oxygen or anaerobic conditions, wherein the mutant arginine regulon comprises one or more
operons comprising genes that encode arginine biosynthesis enzymes N-acetyigiutamate
kinase, N-acetyiglutamate phosphate reductase, acetylornithine aminotransferase, N-
acetylornithinase, carbamovylphosphate synthase, ornithine transcarbamylase,
argininosuccinate synthase, and argininosuccinate lvase, and wherein each operon 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 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 engineerad bacteria is an auxotroph
comprising a mutant arginine regulon comprising one or more nucleic 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-acetylghitamate synthase mutant. In one embodiment, the
genetically engineered bacteria comprising a mutant arginine reguion comprising one or more
nucleic acid mutations in at least ane ARG box for each of the operons that encode the

arginine biosynthesis enzyrmes and an arginine feedback resistant N-acetylglutamate synthase
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mutani is an auxotroph selected from a cysE, ginA, ilvD, leuB, IysA, serd, metA, giyA, hisB, ifvA,
phed, proA, thri, tipC, tyrA, thyA, urdA, dapA, dopB, dapD, dapk, dapF, flhD, metB, met(,
proAB, and thil suxotroph. In some embodiments, the engineered bacteria have more than
one auxotrophy, for example, they may be a AthyA and AdapA auxctroph.

{0221} in some embodiments, 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 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 mare
recombinase(s) under the controf of an inducible promoter and an inverted toxin sequence.
Iri some embodiments, the genetically engineered bacteria further comprise one or more
genes encoding an antitoxin. In some embodiments, the engineered bacteria further
COMPprise one or more genes encoding one or more recombinase(s) under the control 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
embaodiments, the engineered bacteria further comprise one or more genes encoding a toxin
under the control of a promater 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. In some embodiments, the genetically engineered bacteria further comprise one or
more genes encoding an antitoxin,

{0222} In some embodiments, the genetically engineered bacteria is an auxotroph
comprising a mutant arginine regulon comprising one or more nucleic acid mutations in at
feast one ARG box for each of the operons that encode the arginine biosynthesis enzymes and
an arginine feadback resistant N-acetylglutarnate 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 enginesrad bacteria,
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 thatis
induced under low-oxygen or anaercbic conditions. In other embodiments, the gene

encoding the arginine feedback resistant N-acetyiglutamate 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 anasrabic conditions.

{0224} In some embodiments, the genetically engineered bacteria conprise 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 reguion and enhancement 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-acetyiglutamate 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 promuoter 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
same embodiments, the arginine feedback resistant N-acetyigiutamate synthase mutant is
argA’™.

{0225} In some embodiments, the genetically engineered bacteria comprise a mutant
or deleted arginine repressor and an arginine feedback resistant N-acetyiglutamate synthase
mutani. 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.

{02286} In some embodiments, the genetically engineerad bacteria comprising a
mutant or deleted arginine repressor and an arginine feedback resistant N-acetyiglutamate
synthase mutant is an auxotroph. In one embodiment, the genetically engineerad bacteria
comprising a mutant or deleted arginine repressor and an arginine feedback resistant N-

acetylglutamate synthase mutant is an auxotroph selected from a cysE, gind, ilvD, feuB, fysA,
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serA, meth, givA, hisB, ilvA, phed, prod, thrl, trpC, tvrd, thyA, uraA, dapA, dopB, dapD, dapk,
dapfF, fihD, metB, metC, proAB, and thil auxotroph. In some embodiments, the engineered
bacteria have move than one auxotrophy, for example, they may be a AthyA and AdapA
auxotroph.

{0227} in some embodiments, the genetically engineered bacteria comprising a
mutant or deleted arginine repressor and an arginine feedback resistant N-acetyiglutamate
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. n some embodiments, the
genetically engineered bacteria further comprise one or more genes encoding an antitoxin, In
some embodiments, the engineered bacteria further comprise ong or more genes encoding
one or more recombinase(s} under the control 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 of more genes encoding 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 control 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} iIn some embodiments, the genetically engineered bacteria is an auxotroph
comprising a mutant or deleted arginine repressor 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.

{0229} In some embodiments of the above described genetically enginesrad bacteria,
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 thatis
induced under low-oxygen or anaercbic conditions. In other embodiments, the gene
encoding the arginine feedback resistant N-acetyiglutamate synthetase is present in the
bacterial chromosome and is operatively linked in the chromosome to the promoter that is

induced under low-oxygen or anasrabic conditions.
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Ammonia Transport

{02301 Ammaonia transporters may be expressed or modified in the genetically
engineered bacteria of the invention in order to enhance ammania transport into the cell.
AmiB is a membrane transport protein that transports ammonia into bacterial cells. In some
embodiments, the genetically engineered bacteria of the invention also comprise multiple
copies of the native omit8 gene. in some embodiments, the genetically engineered bacteria of
the invention also comprise an amiB gene from a different bacterial species. insome
embodiments, the genetically engineered bacteria of the invention comprise multiple copies
of an gmtB gene from a different bacterial species. In some embodiments, the native amtB
gene in the genetically engineered bacteria of the invention is not modified. In some
embodiments, the genetically engineerad bacteria of the invention comprise an omiB gene
that is controlled by its native promoter, an inducible promoter, or a promoter that is
stronger than the native promoter, e.g., a GInRS promoter, a P{Bla) promoter, ora
constitutive promaoter.

{0231} In some embodiments, the native amitB gene in the genetically engingered
bacteria is hot modified, and one or more additional copies of the native ami8 gene are
inserted into the genome 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 argAﬁ" or a constitutive promoter. in alternate embodiments, the
native amitB gene is not modified, and a copy of a non-native amtB gene from a different
bacterial species is inserted into the genome under the control of the same inducible
promoter that controls expression of argAjb’, e.z., a FNR promoter, or a different inducible
promoter than the one that controls expression of argAﬂ” or a constitutive promoter.

{0232} In some embodiments, the native amiB gene in the genetically engineered
bacteria is not modified, and one or more additional copies of the native amtB gene are
present in the bacteria on a plasmid and under the control of the same inducible promaoter
that controls expression of argAﬂ”, e.g., a FNR promoter, or a different inducible promoter

for

than the one that controls expression of arg&™ or a constitutive promoter. In alternate
embuodiments, the native amit8 gene is not modified, and a copy of a non-native amitB gene
fram a different bacterial species is present in the bacteria on a plasmid and under the control

of the same inducible promoter that controls expression of argAfb", e.g., a FNR promoter, or a
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different inducible promoter than the one that controls expression of argAﬂ" or a constitutive
promoter.

{0233} In some embodiments, the native amiB gene is mutagenized, the mutanis
exhibiting increased ammonia transport are selected, and the mutagenized amit8 geneis
isolated and inserted into the genetically engineered bacteria. In some embodiments, the
native gmtB 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 omt8 gene in £, cofi Nissle is not modified; one or more additional copies the
native £, cofi Nissle omit8 genes are inserted into the £, cofi Nissle genome under the control
of the same inducible promoter that controls expression of argA'fb’, e.g., a FNR promoter, or a
different inducible promoter than the one that controls expression of argAfbr 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 amiB gene from a different bacterium, e.g., Lactobacifius
plantarum, is inserted into the £, cofi Nissle genome under the control of the same inducible
promoter that controls expression of argAf“’, e.g.. a FNR promoter, or a different inducible
promoter than the one that controls expression of az‘gA{b’ or a constitutive promoter.

{0235} In some embodiments, the geneticaily engineerad bacterium is £. colf Nissle,
and the native amiB 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 arng\jb', e.g., a FNR
promoter, or a different inducible promoter than the one that controls expression of argA'fb",
or a constitutive promoter. In an alternate embodiment, the native omtB gene in E. coli Nissle
is not modified, and a copy of a non-native amtB gene from a different bacterium, e.g.,
Lactobacifius plantorum, are present in the bacterium on a plasmid and 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 argAﬁ"’,. or a constitutive
promotar.

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
compositions 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
modifications described herein, e.g., the mutant arginine regulon. In alternate embodiments,
the pharmaceutical composition comprises twe or more species, strains, and/or subtypes 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 physiologically acceptable carriers comprising
exciptents and auxiliaries, which facilitate processing of the active ingredients into
cormpositions for pharmaceutical use. Methods of formulating pharmaceutical compositions
are known in the art {see, e.g., "Remington’s Pharmaceutical Sciences,” Mack Publishing Co.,
Easton, PAL In some embodiments, the pharmaceutical compositions are subjected to
tabletting, lyophilizing, direct compression, conventional mixing, dissolving, granulating,
levigating, emulsifying, encapsulating, entrapping, or spray drving to form tablets, granulates,
nanoparticles, nanocapsules, micracapsules, microtablets, pellets, or powders, which may be
enterically coated or uncoated. Appropriate formulation depends on the route of
administration.

{0233} 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, immediate-release, pulsatile-release, delayed-release, or
sustained release). Suitable dosage amounts for the genstically engineered bacteria may
range from about 10° 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 pharmaceuticaily accepiable
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 to one of skill in the
art. See, e.g., "Remington's Pharmaceutical Sciences," Mack Publishing Co., Easton, PA. Inan
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 fimited to, solutions, suspensions, emulsions, creams, ointments, powders, iniments,
sabves, 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., csmotic
pressure. Other suitable topical dosage forms include sprayable aerosol preparations wherein
the active ingredient in combination with a solid or liguid inert carrier, is packagaed in a
mixture with a pressurized volatile {e.g., a gaseous propellant, such as freon} or in a squeeze
bottle. Moisturizers or humectants can aiso 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, etc. Pharmacological compositions for oral use can be made using a solid
excipient, optionally grinding the resulting mixture, and processing the mixture of granules,
atter 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, hydroxypropylmethyl-cellulose,
sodivm carbomethyicellulose; and/or physiologically acceptable polymers such as
polyvinylpyrrolidone {(PVP) or polyethylene glycol (PEG). Disintegrating agents may also be
added, such as cross-linked polyvinylpyrrolidone, agar, alginic acld or a salt thereof such as
sadivm alginate.

{06242} Tablets or capsules can be prepared by conventional means with
pharmaceutically acceptable excipients such as binding agents {e.g., pregelatinised maize

starch, polyvinyipyrrolidone, hydroxypropyl methyicellulose, carboxymethyiceliulose,

-76-



WO 2016/090343 PCT/US2015/064140

polvethviene 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, polvethylene glveol, sodium lauryl sulfate, starch,
sodium benzoate, L-leucine, magnesium stearate, falc, or silica}; disintegrants {e.g., starch,
potato starch, sodium starch glycolate, sugars, celhulose 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 to, polylactide, polyglyeolic acid, polyanhydride, other biodegradable polymers,
alginate-polviysine-alginate {APA), alginate-polymethylene-co-guanidine-alginate {A-PMCG-A},
hydroymethylacrylate-methyl methacrylate (HEMA-MMA), multilayered HEMA-MMA-MAA,
polyacrylonitrilevinylchioride (PAN-PVC), acrvionitrile/sodium methallvisulfonate {AN-69),
polvethylene giyeol/poly pentamethyicyclopentasiloxane/polydimethyisiloxane
{(PEG/PDE/PDMS), poly N N- dimethyl acrylamide {(PDMAAM], siliceous encapsulates, celiulose
suiphate/sodium alginate/polymethviens-co-guanidine {CS/A/PMCG), cellulose acatate
phthalate, calcium alginate, k-carrageenan-locust bean gum gei beads, gellan-xanthan beads,
poly{lactide-co-glycolides), carrageenan, starch poly-anhydrides, starch polymethacrylates,
polyamino acids, and enteric coating polymers.

{0243} In some embodiments, the genetically engineered bacteria 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
some embodiments, the outside coating and the inside coating are degraded at different pH
levels.

{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 Hquid 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., lecithin or acacia}; non-
agueous vehicles {e.g., almond oil, oily esters, ethyl alcohol, or fractionated vegetable vils);

and preservatives {e.g., methyl or propyl-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 siow
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 other than parenteral administration, it may be
necessary to coat the compound with, or co-administer the compound with, a material to
pravent 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
compositions 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 agueous 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 asrosol spray presentation from pressurized packs or
a nebuliser, with the use of a suitable propeliant {e.g., dichlorodifluoromethans,
trichlorofiuoromethane, dichlorotetrafluoroethane, carbon dioxide or other suitable gas).
Prassurized aerosol dosage units may be determinad by providing a valve to deliver a metered
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 suitable 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 {2.g., as an emuision in an acceptable oil) or ion exchangs
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 iquid or a solid form.
Single dosage forms may be administered directly to a patient without modification or may be
diluted or reconstituted prior 1o administration. In certain embodiments, a single dosage
form may be administered in bolus form, e.g., single injection, single oral dose, including an
oral dose that comprises multiple tablets, capsule, pills, ete. In alternate embodiments, a
single dosage form may be administerad over a pericd 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, microtablets, pellets, or powders, which may be
enterically coated or uncoated. A single dose in a solid form may be reconstituted by adding
fiquid, typically sterile water or saline solution, prior to administration to 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 subject, specific dosage regirmens may be adjusted over time
according to the individual need and the professional judgment of the treating clinician.

{02521 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 sustained release of the therapies of the present disclosure (see e.g,,
U.S. Patent No. 5,989,463). Examples of polymers used in sustained release formulations

inciude, but are not limited to, poly{2-hydroxy ethyl methacrylate}, poly{methyl
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methacrylate), poly{acrylic acid), poly{ethylene-co-vinyl acetate), poly{methacrylic acid},
polyglycolides {PLG), polvanhydrides, poly{N- vinyl pyrrolidene), poly{vinyl alcohol),
polvacrylamide, polylethylene glycol), polviactides {PLA}, polyilactide-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 controlled or sustained release system can be placed in proximity of the prophyiactic 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 hydrachloric, 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 example, as a dry lyophilized powder or water-free concentrate in a hermetically
sealed container such as an ampoule or sachet indicating the guantity 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 packagedin a
hermetically sealed container such as an ampoule or sachet indicating the quantity of the
agent. In one embodiment, one or more of the pharmaceutical compositions of the invention
is supplied as a drv sterilized lyophilized 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
prophylactic or therapeutic agents or pharmaceutical compositions of the invention is
supplied as a dry sterile lyophilized powder in a hermetically sealed container stored between
2° C and 8° C and administersd within 1 hour, within 3 hours, within 5 hours, within 8 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,
principally 0-10% sucrose {optimally 0.5-1.0%}. Other suitable cryoprotectants include

trehalose and lactose. Other suitabie 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 (.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 camprise an agent useful as an adjuvant, such as those
used to increase absorption or dispersion, e.g., hyaluronidase.

{02561 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, EDgq, ECs0, and 1Gsp may be determined, and the dose ratio
between toxic and therapeutic effects (LDs0/EDqo) may 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 ceil
culture assays and animal models. The data cbtained 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 ireating a disease or
disorder associated with hyperammonemia. In some embodiments, the invention provides
methods for reducing, ameliorating, or eliminating one or more symptomis} associated with
these diseases or disorders. In some embodiments, the disorder is a urea cycle disorder such
as argininosuccinic aciduria, arginase deficiency, carbamoyliphosphate 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-methylcrotonyiglycinuria; methylmalonic 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 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 loss, acute
encephalopathy, cerebral edema, as well as vomiting, respiratory alkalosis, and hypothermia.

{0258} The method may comprise preparing a pharmaceutical composition 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 embaodiments, 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 administered via
a feeding tube or gastric shunt. In some embodiments, 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 intracolicaily.

{0258} 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%, 809%, 85%, 90%, 95%, or more as compared
to levels in an untreated or control subject. In some embodiments, reduction is measured by
comparing the ammonia 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%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, or more.

{0260} Before, during, and after the administration of the pharmaceutical
composition, ammonia concentrations in the subject may be measurad 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 sample collected from the contents of
one or more of the following: the stomach, duodenum, jejunum, fleum, cacum, 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 tess than about 1%, 2%, 5%, 10%, 20%, 25%, 30%, 40%, 50%, 60%,

70%, 75%, or 80% of the subject’s ammonia concentrations prior to treatment.
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{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., 2009), 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 compaosition may be administerad alone or in combination
with one or more additional therapeutic agents, including but not Himited to, sodium
phenvibutyrate, sodium benzoate, and glycerol phenylbutyrate. Animportant consideration
in the selection of the one or more additional therapeutic agents is that the agent{s} should
be compatible with the genetically engineered bacteria of the invention, e.g., the agent{s)
must not kill the bacteria. In some embodiments, the pharmaceutical compaosition is
administerad with foed. In alternate embodiments, the pharmaceutical composition is
administered before or after eating food. The pharmaceutical composition 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 saverity of the symptoms and the
progression of the disorder. The appropriate therapeutically effective dose and/or frequency
of administration can be selecied by a treating clinician.

Treatment in Vivo

{0263} The genetically engineered bacteria of the invention may be evaluated in vivg,
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 hyperammonemia may be induced by treatment with thiol acetamide {TAA) {Nicaise et
al, 2008). Ancther exemplary animal model is the spf“h {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 {Dogclittle et al,, 1974; Hodges and Rosenberg, 1989).

The geneatically 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, citruiline, 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-
acetylglutamate synthetase with reduced arginine feedback inhibition as compared o
a wild-type N-acetyigiutamate 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

anaercbic conditions.

3 The bacterium of any one of embaodiments 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 argR gene

normaily 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 nuclsotide deletions, insertions or substitutions.

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

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

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-acetyigiutamate
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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.

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

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

g, The bacterium of any one of embodiments 2-7, wherein the arginine feedback
resistant N-acetylglutamate synthetase gene has & DNA sequence 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 1D NG:28, and

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

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

pathogenic bacterium.

i1, The bacterium of embodiment 10, wherein the bacterium is & probiotic bacterium.

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

Lactocaccus.

13. The bacterium of embodiment 12, wherein the bacterium is Fscherichio coli strain

Nissle.

14. The bacterium of any one of embodiments 2-13, wherein the gene encoding the
arginine feedback resistant N-acetylglutamate synthetasa 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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15. The bacterium of any one of embodiments 2-13, 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 promaoter that is induced under

fow-oxygen or anasrobic conditions.

186. 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 18, 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.

18, The pharmaceuticaily acceptable compaosition 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:

a) 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
composition of embodiment 18 for a pericd of time sufficient to lessen the severity of the

hyperammaonemia-associated disorder.

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

a urea cycle disorder.
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23. The method of embodiment 22, wherein the ures cycle disorder is argininosuccinic
aciduria, arginase deficiency, carbamyiphosphate 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-
hyperammeonemia syndrome; mitochondrial disorders; valproate therapy; asparaginase
therapy; total parenteral nutrition; cystoscopy with glycine-containing solutions; post-
lung/bone marrow transplantation; portosystemic shunting; urinary tract infactions; ureter
dilation; 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

vomiting, respiratory alkalosis, and hypothermia.

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

wherein the bacterium comprises a gene encoding a functional N-

acetyiglutamate synthetase that is mutated to reduce arginine feedback inhibition as

compared to a witd-type N-acetyiglutamate synthetase from the same bacterial

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

under low-oxygen or anaerobic conditions;

wherein the mutant arginine regulon comprises one or 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 encading 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-acetyiglutarmate synthetase Is mutated to reduce arginine feedback inhibition as
compared to a wild-type N-acetyiglutamate synthetase from the same bacterial subtype

under the same conditions.
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31. The bacterium of any one of embodimenis 27-30, wherein ArgR binding is reduced as
compared to a bacterium from the same bacterial subtype comprising a 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-acetyiglutamate kinase, N-acetviglutamate phosphate
reductase, acetylornithine aminotransferase, N-acetylornithinase, carbamoyiphosphate
synthase, ornithine transcarbamylase, and argininosuccinate lyase as compared to a

corresponding wild-type bacterium under the same conditions.

33. The bacterium of embodiment 28, wherein the reduced arginine-mediated repression
vig ArgR binding increases the transcription of each of the genes that encode arginine
biosynthesis enzymes N-acetylglutamate kinase, N-acetyiglutamate phosphate reductase,
acetylornithine aminotransferase, N-acetylornithinase, carbamoviphosphate synthase,
ornithine transcarbamvylase, 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-acetylglutamate phosphate reductase,
acetylornithine aminotransferase, N-acetylornithinase, carbamoviphasphate synthase,
ornithine transcarbamylase, and argininosuccinate lyase comprises one or more nucleic acid

mutations in each ARG box in the operon.

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

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

365. The bacterium of any one of embuodiments 27-35, further comprising one or more

Operons
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encoding wild-type ornithine acetvliransferase, wherein each operon encoding wild-type
ornithine acetyltransferase 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.

37. The bacterium of any one of embodiments 27-36, wherein the promoter that is

induced under low-oxygen or anaerobic conditions is 3 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-acetyiglutamate synthetase, wherein
each operon encoding wild-type N-acetylglutamate 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 genetically engineered bacterium does not comprise a wild-type N-acetylgiutamate

synthetase promoter.

39, The bacterium of any one of embodiments 27-39, wherein genes encoding N-
acetylglutamate kinase, N-acetyigiutamate phosphate reductase, acetylornithine
aminotransferase, N-acetylornithinase, carbamoviphosphate synthase, arnithine
transcarbamvylase, argininosuccinate synthase, and argininosuccinate lyase are grouped into

operons present in Fscherichio coli Nissle.

40, The bacterium of any one of embodiments 27-39, 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/CA/T ratic 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 nucieotide 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) SEQID NO:28,
b} a DNA sequence that, but for the redundancy of the genetic code, encodes the
same polypeptide as SEQ ID NO:28, and

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

43, The bacterium of any one of embodiments 27-42, comprising a single operon that
encodes N-acetylglutamate kinase, N-acetviglutamyiphosphate reductase, and
argininosuccinate lyase, wherein the single operon comprises a mutated DNA sequence of
SEGQID NG5, wherein the mutations are in one or more of nucleotides 37, 38, 45, 46, 47 of

SEQ D NO:5; and in one or more of nuclectides 55, 56, 57, 67, 68, 69 of SEG 1D NO:S.

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

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 ID NO:11.

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

aminotransferase comprises a DNA sequence of SEQ D 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 1D NG:7, wherein the mutations
are in one or more of nuclectides 92, 93, 94, 104, 105, 106 of SEG 1D NG:7; and incne or

more of nucleotides 114, 115, 118, 123, 124 of SEQ {D NG:7.
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48. The bacterium of embodiment 46, wherein the operon encoding N-acetylornithinase

comprises a DNA sequence of SEQ ID NO:8.

49, The bacterium of any one of embodiments 27-48, wherein the operon encoding
ornithine transcarbamylase comprises a mutated DNA sequence of SEQ 1D 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 ID NG:3.

5Q. The bacterium of embodiment 49, wherein the operon encoding ormithine

transcarbamylase comprises a DNA sequence of SEQ D NG: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 SEQ 1D NG:3, wherein the mutations are in one or more of nucleotides 33, 34, 35,
43, 44, 45 of SEQLID NG:9; and in one or more of nucleotides 51, 52, 53, 60, 61, 62 of SEQ D
ORN

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

synthase comprises a DNA sequence of SEQUID NO:10.

53. The bacterium of any one of embodiments 27-52, wherein the mutated promoter
region of an operon encoding N-acetyiglutamate synthetase comprises a mutated DNA
sequence of SEQ ID NO:1, wherein the mutations are in one or more of nucleotides 12, 13, 14,
23, 22, 23 of SEQ 1D NO: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-acetyighitamate

synthetase comprises a DNA sequence of SEQ D 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 1D NO:13,

wherein the mutations are in one or more of nucleotides 9, 11, 19, 21 of SEQ D NO:13; in one
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or more of nucleotides 129, 130, 131, 140, 141, 142 of SEQID N(O:13; and in one or more of
nucleotides 150, 151, 152, 161, 162, 163 of SEQ ID NO:13.

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

synthase comprises a DNA sequence of SEQ ID NO:31.

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

synthase comprises a DNA sequence of SEQ ID NO:32.

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

Lactobaciflus, and Lactacocous.

59, The bacterium of any one of embodiments 27-58, wherein the bacterium is £scherichia

coli Nissle,

&4, 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,

61. 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 bacteriumis an

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



WO 2016/090343 PCT/US2015/064140

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:
a) the bacterium is auxetrophic 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 inducead in the presence of sufficiently high

concentration of arginine thus complementing the auxotrophy in the second

gene,
66. The bacterium of embodiment 65, wherein:
a3 transcription of the third gene is repressed by a second repressor;
i) transcription of the second repressor is repressed by an arginine-argining

repressor com E‘}E ex.

67. 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

ernbodiments 27-67; and a pharmaceutically acceptable carrier.

69. 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;
i) isolating the resuiting bacteria from the growth medium; and

) suspending the isolated bacteria in a pharmaceutically acceptable carrier.
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70. A method of treating a hyperammonemia-associated disorder or symptomis} thereof
in a subject in need thereof comprising the step of administering to the subject the
camposition 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, carbamoyiphosphate synthetase deficiency, citrullinemia, N-

acetyiglutamate synthetase deficiency, 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;
methylmalonic acidemia; propionic aciduria; fatty acid oxidation defects; carnitine cycle
defects; carnitine deficiency; B-oxidation deficiency; lysinuric protein intolerance; pyrroling-5-
carboxylate synthetase deficiency; pyruvate carboxyiase deficiency; ornithine
aminotransferase deficiency; carbonic anhydrase deficiency; hyperinsulinisni-
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 embodiment 73, wherein the liver disorder is hepatic encephaiopathy,

acute liver fatlure, 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
fesions, coma, psychosis, vision foss, acute encephalopathy, cerebral edema, as well as

vorniting, respiratory alkalosis, and hypothermia.
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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.

o

77. The bacterium of embodiment 76, wherein:
a) transcription of the DNA sequence coding for the detectable productis
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 arginine

comprising:

a3 providing a bacterium of embodiment 77;

i) culturing the bacterium for a first period of time;

cl 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 fluorescence-activated cell sorter,
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Examples

{02657 The following examples provide illustrative embodimants 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}
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Example 1. ARG box mutations

{0266} The wild-type genomic sequences comprising ArgR binding sites for each
arginine biosynthesis operon in £, coli Nissle is shown in Fig. 6. Modifications to those
sequences are designed according to the following parameters. For each wild-type sequence,
the ARG boxes are shown in itafics. The ARG boxes of the arginine regulon overlap with the
promoter region of each operon. The underiined 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 £, cofi. A
pKD46 plasmid is transformed into the £. coff 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
untif it reaches an ODsg0 of 0.4-0.6. All tubes, solutions, and cuvettes are pre-chilled to 4° .
The £. coli celis are centrifuged at 2,000 rpm for 5 min. at 4° €, 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° ¢, the supernatant is removed, and the cells are resuspended in 0.5 mL 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 mL of 4° Cwater. The electroporatorissetto 2.5kV. 1
ng of pKD46 plasmid DNA is added to the E. coli 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 mk of room-temperature SOC media is immediately added, and the
mixture is transferred to a culture tube and incubated at 30° Cfor 1 hr. The cells are spread
out on a selective media plate and incubated overnight at 30° C.

[0268] DNA sequences comprising the desired ARG box sequences shown in Fig. 6
were ordered from a gene synthesis company. For the argA operon, the mutant regulatory
region comprises the following nucleic acid sequence {SEQ D NG: 2):

gcaaaaaaacalClTiaaaaaClTaataatttcCTTtaatcaCl Taaagaggigtacegty.
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{0269] The lambda enzymes are used to insert this construct into the genome of £. coli
Nissie through homologous recombination. The construct is inserted into a specific site in the
genome of £, coli 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 seqguences may be added by PCR. The construct is used to replace the natural
sequence upstream of argd in the E. coli Nissle genome. The construct includes an antibiotic
resistance marker that may be removed by recombination. The resulting mutant grgA
construct comprises approximately 50 bases of homology upstream of grgA, a kanamycin
resistance marker that can be remaved by recombination,
geaazaaaaacallTtasaaaCTTaataatttcCT TtaatcaCT Taaagaggtgtaccgty, and approximately 50
bases of homology to argA.

{0276} in some embodiments, the ARG boxes were mutated in the argG regulatory
region as described above, and a BBa_J23100 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-UCD104), and the bacteria were capable of
producing citrulline.

Example 3. Transforming £. ¢ofi Nissle

{0271} The mutated ARG box construct is transformed into £. coli Nissle 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 ODggo of
0.1. 0.05 mi of 100X L-arabinose stock solution is added to induce pKD46 lambda red
exprassion. The culture is grown until it reaches an 0Dy of 0.4-0.6. The £ cofi cells are
centrifugead at 2,000 rpm for 5 min. at 47 C, the supernatant is removed, and the cells are
resuspended in 1 mL 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 0.5 mL of 4° C water. The E. 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 mbL of 4° C water. The electroporator is set to 2.5 kY. (.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 mL of room-temperature S0C 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 pipette tip and resuspended in 20 W of cold ddH,0 by pipetting up and down. 3 uil 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 uf of 10X PCR
buffer, 0.6 w of 10 mM dNTPs, 0.4 uil of 50 mM Mg50,, 6.0 il of 10X enhancer, and 3.0 wl of
ddH,0 (15 1 of master mix per PCR reaction}. A 10 uM primer mix is made by mixing 2 pul of
primars unigue to the argd mutant construct {100 uM stock) into 16 pb of ddH,0. For each
20 pl reaction, 15ul of the PCR master mix, 2.0 yl of the colony suspension {template}, 2.0 ul
of the primer mix, and 1.0 ybL 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} 94° Cat 5:00
min., 23 94° Cat G:15 min., 3} 55° C at 0:30 min., 4} 68° C at 2:00 min., 5) 68° C at 7:00 min,,
and then cooled to 4° €. The PCR products are analyzed by gel electrophoresis using 10 pyl of
each amplicon and 2.5 yl 5X dye. The PCR product only forms if the mutation has inserted
into the genome.

Example 5. Ramoving selection marker

{0273} The antibiotic resistance gene is removed with pCP20. Each strain with the
mutated ARG boxes is grown in LB media containing antibiotics at 37° C until 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° ¢, the supernatant is removed, and the cells are
resuspended in 1 ml of 4° Cwater. The E. 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 £ coli
are centrifuged at 2,000 rpm for 5 min. at 4° C, the supernatant is removed, and the cells are
resuspended in 0.1 mL of 4° C water. The electroporator is set to 2.5 kV. 1 ng of pCP20
plasmid DNA is added 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 mL of room-temperature SCC 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 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 kanamycin
plate provides an indication of how many cells survived the electroporation. Transformants
from the ampiciliin 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 ampiciilin 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° C, which tests
for the presence or absence of the AmpR gene from the pCP20 plasmid; and 3} an LB plate
without antibictic incubated at 37° C. i 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 colonies are restreaked onto an LB plate to
obtain single colonies and grown overnight at 37° €. 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 F. coli Nissle,
verifying the mutation, removing the selection marker, and verifying/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-acetyigiutamate synthetase (argAﬂ"}

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

{0277} The argAfb’ gene is expressed 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-UCD102, 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, i.e., ARG
boxes. in some instances, the presence and/or build-up of functional ArgR mav result in off-
target binding at sites other than the ARG boxes. introducing functional ARG boxes in this
plasmid may be usetul for reducing or eliminating off-target ArgR binding, i.e., by acting as an
ArgR sink. SYN-UCD104 comprises wild-type ArgR, wild-type Argh, tetracycline-inducibl
argA"b" on a low-copy plasmid, tetracycline-inducible argG, and mutations in each ARG box for
each arginine biosynthesis operon except for argG. SYN-UCD105 comprises wild-type ArgR,
wild-type ArgA, tetracycline-inducible argA'ﬁb’ on a low-copy plasmid, constitutively expressed
orgG (SEQ D NG: 31 comprising the BBa 123100 constitutive promaoter), and mutations in
each ARG box for each arginine biosynthesis operon. SYN-UCD103 is a control Nissle
construct,

{0278} The a‘rgAfb’ gene is inserted into the bacterial genome at one or more of the
following insertion sites in £. cofi Nissle: malt/K araC/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, &.8., in a gene required 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 between AraB and AraC of the arabinose operon. At the site of
insertion, DNA primers that are homologous 1o the site of insertion and to the arg%\ﬂ”
construct are designed. A linear DNA fragment containing the construct with homology o the
target site is generated by PCR, and lambda red recombination is performed as described
above.

{0273} The resulting £, coff Nissle bacteria are genetically engineered to include
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, thereby enhancing arginine and/or citrulline
biosynthesis (Fig. 25}

Arginine Repressor {ArgR)

Example 8. ArgR sequences
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{02808] The wild-type argR nucleotide sequence in £. cofi Nissle and the nucleotide

sequence following argR deletion are shown below.

SEQID NG: 38 0123456768901234506

argR nucleotide sequence ggctaa

ttaaagcattac ‘t‘tf;.u.).

cgaaatcgtogoeogoghitgos

sgtcoctasagtcectecgeggatgttgaccaagitiyg
g

ggaaatggt

(9]
o
fte;
o
&)
‘
0
o
)]

ggtgtaccaaccaccteecagt

ccattgaagaatctgogtactyggatatecgactacaacgatyg

cagttgtcgtgattcataccagcecocetggtgeggcgeagtt

ctgctgoactcactgggcaaagcecagaaggt
attctgggecaccatogetggcgatgacaccatctttacta

cceetgetaacggtticacegtcaaagagetgtacyaage

gattttagagctgttcgaccaggagocttitaa

O
~D
[V
~
&
(62}
~J
30
O
-
e

12345078

]

0123456789

‘Q

012345678

()J
WO

SEQID NQO: 39

argR-deleted nucleotide atgoc cggctaagcaagaagagagetgttcegacca

e}
o
(s}
m
o
Q

}

sequence ggagctttaa

Example 9. Deleting ArgR

{02811 A pKD46 plasmid is transformed into the £, cofi Nissle host strain. £, cofi Nissle
cells are grown overnight in 18 media. The overnight culture is diluted 1:100in 5 mb of LB
media and grown until it reaches an ODggo of 0.4-0.6. All tubes, solutions, and cuvettes are
pre-chilled to 4° C. The £, cofi cells are centrifuged at 2,000 rpm for 5 min. at 4° C, the
supernatant is removed, and the celis are resuspended in 1 mb of 4° C water. The £ cofi are
centrifugad at 2,000 rpm for 5 min. at 4° C, the supernatant is removed, and the cells are
resuspended in 8.5 mi of 4° C water. The £. cofi are centrifuged at 2,000 rpm for 5 min. at 4°
C, the supernaiant is removed, and the cells are resuspended in 0.1 ml of 4° C water. The
electroporator is set 1o 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 argG genes are deleted using lambda red
recombination as described above, and the bacteria are capable of producing citrulline.

Example 10, Transforming £, coli Nissle

{0284} The KanR construct is transformed into £, coli Nissle comprising pKD46 in order
to delete ArgR. All tubes, solutions, and cuvettes are pre-chilled to 4° C. An overnight culture
is difuted 1:100 in 5 ml of LB media containing ampicillin and grown until it reached an QD
of 0.1. 0.05 mi of 100X L-arabinose stock solution is added to induce pKi46 lambda red
expression. The culture is grown until it reaches an 0Dy, 0f 0.4-0.6. The £, 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 ml of 4° C water. The £. coff are centrifuged at 2,000 rpm for 5 min. at 4° C,
the supernatant is removed, and the cells are resuspended in 0.5 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 mL of 4° Cwater. The electroporator is set to 2.5 kY. (1.5 yg of the KanR
construct is added to the celis, 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 mbL 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 W of cold ddH,0 by pipetting up and down. 3 pl of
the suspension is pipetted onto an index plate with appropriate antibiotic for use later. The
index plate is grown at 37° C avernight. A PCR master mix is made using 5 yl of 10X PCR
buffer, 0.6 i of 18 mM dNTPs, 0.4 pi of 50 mM Mg,;50,, 6.0 i of 10X enhancer, and 3.0 1l of
ddH,0 (15 1 of master mix per PCR reaction}. A 10 uM primer mix is made by mixing 2 pl of

primers unique to the Kank gene {100 uM stock) into 16 pl of ddH,0. For each 20 pl reaction,
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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 thermocycleris
programmed as follows, with steps 2-4 repeating 34 times: 1) 94° Cat 5:00 min., 2)94° Cat
0:15 min,, 3) 55° C at 3:30 min., 4} 68° C at 2:00 min., 5} 68° C at 7:00 min., and then cooled to
4° C. The PCH products are analyzed by gel electrophoresis using 10 b of each amplicon and
2.5l 5X dye. The PCR product only forms if the KanR gene has inserted into the genome.

Example 12. Removing selection marker

{03881 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 cuvettes are pre-chilled to 4° C. 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 celis are resuspended in (0.5 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 celis are resuspended in 0.1
mik of 4° C water. The electroporator is set to 2.5 kV. 1 ng of pCP20 plasmid DNA is added to
the ceils, 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 mbL 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 pCP2{. The cells are incubated overnight, and colonias that do not
grow to a sufficient ODgge 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 to
grow overnight.

Example 13, Verifying transformants

[0287] The purified transformants are tested for sensitivity to ampiciilin and
kanamycin. A colony from the plate grown at 43° Cis picked and resuspended in 10 ul of LB
media. 3 plb of the celi 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
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without antibiotic incubated at 37° . 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 colanies 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 {argAﬂ"'E

{0288} In addition to the ArgR deletion described above, the £ cofi Nissle bacteria
further comprise an arginine feedback resistant N-acetyiglutamate synthetase (argl\ﬁ”, 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 discussed herein,
other promoters may be used.

[0289] The argAﬂ‘” gene is expressad on a high-copy plasmid, a low-copy plasmid, ora
chromosome. ArgR is 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’ exprassed under the control of a tetracycline-inducibie
promoter on a high-copy plasmid. SYN-UCD203 comprises AArgR and argAﬂ” expressed under
the control of a tetracycline-inducible promoter on a low-copy plasmid, SYN-UCD204
comprises AArgR and argAfb’ expressed under the control of 3 tetracycline-inducible promoter
on a low-copy plasmid., SYN-UCD205 comprises AArgR and argAﬂ’" exprassed under the
control of a FNR-inducible promoter {fnrS2} on a low-copy plasmid.

{02901 The argAﬂ” gene is inserted into the bacterial genome at one or more of the
following insertion sites in £. cofi Nissle: molE/K, araC/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, &.8., in a gene required 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 betwean 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 designed. 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

M-acetylglutamate synthetase, thereby increasing arginine or citvulline biosynthesis,
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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 pelieted and washed in M9 + glucose, pelieted, and
resuspended in 3 mL M9 + glucose. Cell cultures were incubated with shaking {250 rpm} for 4
hrs and incubated aerobicatly or anaerobically in a Cov anaerobic chamber {supplying 90% N,,
5% CO,, 5%H,) at 37° €. At baseline (=0}, 2 hours, and 4 hours, the ODgq of each cell culture
was measured in order to determine the relative abundance of each cell.

{03821 At 1=0, 2 hrs, and 4 hrs, a 1 ml aliguot of each cell culture was analvzed on the
Nova Biomedical Bioprofile Analyzer 300 in order to determine the concentration of ammonia
in the media. Both SYN-UCD101 and SYN-UCD102 were capable of consuming ammonia in
vitro. Figs. 288, B, and € depict bar graphs of ammonia concentrations using SYN-UCD202,
SYN-UCD204, SYN-UCD103, and blank controls.

Example 16. Quantifying arginine and citrulline

{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 argAfb" are induced in LB at 37C for up to 4 hours in
anaerobic conditions in a Coy anaerobic chamber {supplying 90% N,, 5% CO,, 5%H,, and
20mM nitrate} at 37° C; (2} bacteria comprising tetracycline-inducible argAﬁ” are induced with
anhydrotetracyctine {100ng/mL); {3) bacteria comprising arabinose-inducible args™ are
inducedwith 1% arabinose in media lacking glucose. After induction, bacteriai cells are
removed from the incubator and spun down at maximum speed for 5 minutes. The cells are
resuspended in 1 mL M2 glucose, and the ODgq is measured. Cells are diluted until the ODgoo
is hetween 0.6-0.8. Resuspended cells in M3 glucose media are grown aercbically with
shaking at 37C. 100 ul of the cell resuspension is removed and the ODgqo is measured 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 subsequent time point, 100 ul of the cell suspension is
removed and the ODgqo s measured; a 100 ul aliquot is frozen at -20C in a round-bottom 96-
well plate for mass spectrometry analysis. Samples are analyzed for arginine and/or citrulline
concentrations. At each time point, normalized concentrations as determined by mass
spectrometry vs. Oy are used to determine the rate of arginine and/or citrulline production

per cell per unit time.
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{0294] In some embaodiments, the genetically engineered hacteria described above
are streaked from glycerol stocks for single colonies on agar. A colony is picked and grown in
3 mL LB for four hours or avernight, then centrifuged for 5 min. at 2,500 rof. The cultures are
washed in M9 media with 0.5% glucose. The cultures are resuspended in 3 mL of M9 media
with 0.5% glucose, and the ODsgo 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 glutamine, so that all
of the ODgoo are between 0.4 and 0.5. A 0.5 ml 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° € {t=0}. The remaining
cells are grown with shaking {250 rpm} for 4-6 hrs and incubated aerobically or anaerobically
in a Coy anaerobic chamber {supplying S0% N3, 5% C0O;, 5%H,} at 37° €. One 0.5 mit aliquot is
removed from each sample every two hours and the ODgee is measured. The aliquots are
centrifugad for 5 min. at 14,000 rpm, and the supernatant is removed. The supernatant is
frozen at -80° C, and the cell pellets are frozen at -80° C {£=2, 4, and 6 hours). The samples are
placed on ice, and arginine and citrulline levels are determined using mass spectrometry.

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

ul of sampie {bacterial supernatant or standards) is added to 80 ul of water with L-&

ma} and L-Citrulline-2,3,3,4,4,5,5-d7 (CDN isctope) internal standards at a final

2ug/mi concentration. The plate is heat-sealed with a PierceASeal foil and mixed well. Ina V-
bottom 96-well polypropylene plate, Syl of diluted samples is added to 95ulL of derivatization
mix (85l 10mM NaHCG; pH 9.7 and 10ul 10mg/ml dansyl-chioride {diluted 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. Ina round-bottom
96-well plate, 20ul of the derivatized samples are added to 180ul of water with 0.1% formic
acid. The plate is heat-sealed with a ClearASeal sheet and mixed well.
{0286} Arginine and citrulline are measured by liguid chromatography coupled to

tandem mass spectrometry (LC-MS/MS} using a Thermo TSQ Quantum Max triple quadrupole

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

Column Luna C18(2} column, 5 um {50 x 2.1 mimy}

Mobiie Phase A 100% 1,0, 0.1% Formic Acid)

Mobiie Phase B 100% ACN, 0.1% Formic Acid

HPLC Method Total Time {min)  Flow Rate {ul/min} A% B%
0.0C 400 800 100
C.5C 400 90.0 100
200 400 100 9G.0
3.25 400 16.0 80.0
2.26 400 80.0 10.0
4.30 400 80.0 10.0

injection Volume 10pL

Tandem Mass Spectrometry

fon Source HESH-I

Polarity Positive

SRM transitions i-Arginine: 408.1/170.1

{02971 Fig. 51 depicts g bar graph of in vitro ammonia levels in culture media from
SYN-UCD101, SYN-UCD102, and blank controls at baseline, two hours, and four hours. Both
SYN-UCD101 and SYN-UCD102 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-UCD202 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 iower
fevels of arginine production under non-inducing conditions as compared to SYN-UCD202.

[0299] 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 argA'ﬁjr. SYN-UCD202 comprises AArgR and
tetracycline-inducible argAfbr on & high-copy plasmid. SYN-UCD203 comprises AArgR and
tetracychine-driven a‘rgAfbr on a low-copy plasmid.

{02006] Fig. 25 depicts g bar graph of in vitro levels of arginine and citrulline produced

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 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.

{33037 Fig. 28A depicts a bar graph of ammonia levels in hyperammonemic mice

treated with unmodified control Nissle or SYN-UCD202, a genetically 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. 28B depicts a bar graph showing
in vive efficacy {ammonia consumption) of SYN-UCDZ04 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 spf"""h
micetreated with streptomycin-resistant Nissle 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 induceris
measured and compared to control bacteria of the same strain under the same conditions.

{03061 Total arginine production over six hours in the genetically engineered bacteria
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

Example 17. Efficacy of ganetically engineered bacteria in a mouse model of

hyperammonemia and acute Hver fallure

{06307] wild-type C57BLE/! mice are treated with thiol acetamide {TAA], which causes
acute liver 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 mi 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/mi. Blood ammonia fevels in mice are measured by mandibular bleed, and ammonia
levels are determined by the PocketChem Ammonia Analyzer {Arkray). Mice are gavaged with
100 b of bacteria {approximately 10°°CFU). Drinking water for the mice is changed to
contain 0.1 mg/ml anhydrotetracycline {ATC) and 5% sucrose for palatability.

{0303} On day 2, the bacterial gavage solution is prepared as described above, and
mice are gavaged with 100 ulb of bacteria. The mice continue to receive drinking water
containing 0.1 mg/mbL ATC and 5% sucrose.

{03107 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/mi ATC and 5% sucrese. Mice receive an intraperitoneal {IP) injection of
100 ub of TAA {250 mg/kg body weight in 0.5% NacCl).

{0311} On day 4, the bacterial gavage solution is prepared as described above, and
mice are gavaged with 100 yl of bacteria. The mice continue to receive drinking water
containing 0.1 mg/mi ATC and 5% sucrose. Mice receive another 1P 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

{03131 Ornithine transcarbamylase 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 unmodified 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 H2Q0 control at 100ul PO QD: H20 control, normal
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chow {n=15}; H20 control, high protein chow {n=15}; SYN-UCD103, high protein chow {n=15};
SYN-UCD204, high protein chow {n=15). On Day 1, mice were weighed and sorted into groups
to minimize variance in mouse weight per cage. Mice were gavaged 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. Onday 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 8, mice
were gavaged in the morning and weighed, and blood was drawn 4h post-dosing to obtain
ammaonia levels, On day 8, mice were gavaged in the morning and afterncon. On day 18,
mice were 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 residence

{0315} Unmaodified £. coli Nissle and the genetically engineered bacteria of the
invention may be destroyed, e.2., 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 hacteria 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 pre-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 inoculant, the inoculant was serially diluted, and plated
onto LB plates containing streptomycin {300 pg/mi). The plates were incubated at 37°C
overnight, and colonies were counted.

Table 4: CFU administered via oral gavags

CFU administered via oral gavage
Strain Day 1 Day 2 Day 3
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! SYN-UCD1G3 1.30E+08 8.50E+08 1.90E+0S

{03171 On days 2-10, fecal pellets wera coliected from up to & mice {ID NOs. 1-6; Table
5. The pellets were weighed in tubes containing PBS and homogenized. In order to
determine the CFU of Nissle in the fecal pellet, the homogenized fecal peliet was serially
diluted, and plated onto LB plates containing streptomycin {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 determine if there were any strains native to the mouse
gastrointestinal tract that were streptomycin resistant. The time course and amount of
administered Nissle still residing within the mouse gastrointestinal tract is shown in Table 5.

{0319 Fig. 27 depicts a graph of Nissle residence in vivo. Streptomycin-resistant
Nissle was administered to mice via oral gavage without antibiotic pre-treatment. Fecal
peliats 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.

Table 5: Nissle residence in vive

1] Day 2 Day 3 Day 4 Day 5 Day 8 Day 7 Day 8 Day 9 Day 10
1 2.40E+05 | 6.50E+03 | 6.00E+04 | 2.00E+03 | 8.10E+03 | 1.70E+03 | 4.30E+03 | 6.40E+03 | 2.77E+03
2 1.00E+05 | 1.00E+D4 | 3.30E+04 | 3.00E+03 | 8.00E+03 | 7.00E+02 | 8 00E+02 | 0.00E+D0 | 0.00E+00
3 6.00E+(34 | 1.70E+04 | B30E+04 | 200E+02 | 1.008+02 | 2.008+02 | 0.00E+00 | 0.00E+00 | 0.00E+00
4 3.00E+C4 | 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 | 0.00E=CO
8 1.00E+06 | 4.00E+05 | 230E+04 | 1.50E+03 | 140E+03 | 4.20E+03 | 1.00E+02 | 0.00E+Q0
Avg | 1.08E+05 | A.76E+05 | 181E+05 | 7.25E+03 | B.20E+03 | 1.28E+03 | 2288+03 | 1.08E+03 | 4.62E+02
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CLAIMS

1. A genetically engineered bacterium comprising an arginine regulon,

wherein the bacterium comprises a gene encoding an arginine feedback resistant N-
acetylglutamate synthetase (ArgA™"), wherein the ArgA™ has reduced arginine feedback
inhibition as compared to a wild-type N-acetylglutamate synthetase from the same bacterial
subtype under the same conditions and wherein expression of the gene encoding ArgA™ is
controlled by a promoter that is induced by low-oxygen or anaerobic conditions; and

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

2. The bacterium of claim 1, wherein each copy of a functional argR gene normally present in
a correspending wild-type bacterium has been deleted.

3. 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.

4, The bacterium of claim 3, wherein each copy of the functional argG gene normally present

in a corresponding wild-type bacterium has been deleted.

5. The bacterium of claim 1, wherein under low-oxygen or anaerobic conditions, the
transcription of each gene that is present in an opercn 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.

6. The bacterium of claim 1, wherein the promoter that is induced under low-exygen or
anaercbic conditions is an FNR promoter.

7. The bacterium of claim 1, wherein the arginine feedback resistant N-acetylglutamate
synthetase gene has a PNA sequence selected from:
a) SEQ ID NO:28, and
b) a DNA sequence that, but for the redundancy of the genetic code, encodes the
same polypeptide as encoded by SEQ 1D NO:28.
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8. The bacterium of claim 1, wherein the bacterium is a non-pathogenic bacterium.
9. The bacterium of claim 1, wherein the bacterium is a probiotic bacterium.

10. The bacterium of claim 1, wherein the bacterium is selected from the group consisting of
Bacteroides, Bifidobacterium, Clostridium, Escherichia, Lactobacillus, and Lactococcus.

11. The bacterium of claim 1, wherein the bacterium is Escherichia coli strain Nissle.

12. The bacterium of claim 1, wherein the gene encoding the arginine feedback resistant N-
acetylglutamate synthetase (ArgA™) 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.

13. The bacterium of claim 1, wherein the gene encoding the arginine feedback resistant N-
acetylglutamate synthetase (ArgA™) 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.

14. The bacterium of claim 1, wherein the bacterium is an auxotroph in a gene that is

complemented when the bacterium is present in a mammalian gut.
15. The bacterium of claim 14, wherein the mammalian gut is a human gut.

16. A pharmaceutically acceptable composition comprising a genetically engineered
bacterium comprising an arginine regulon, wherein the bacterium comprises a gene encoding
an arginine feedback resistant N-acetylglutamate synthetase (ArgA™), wherein the ArgA™ has
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 ArgA™ is controlled by a promoter that is induced by low-oxygen or
anaerobic conditions; and wherein the bacterium has been genetically engineered to lack a

functional ArgR; and a pharmaceutically acceptable carrier.
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17. The bacterium of claim 14, wherein the bacterium is a thyA or dapB auxotroph.

18. The bacterium of claim 1, wherein the bacterium comprises an antibiotic resistance gene.
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