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Bacteria Engineered 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.S. Provisional Application No. 62/256,041, filed November 16, 2015; U.S.  

Provisional Application No. 62/103,513, filed January 14, 2015; U.S. Provisional Application 

No. 62/150,508, filed April 21, 2015; U.S. Provisional Application No. 62/173,710, filed June 

10, 2015; U.S. Provisional Application No. 62/256,039, filed November 16, 2015; U.S, 

Provisional Application No. 62/184,811, filed June 25, 2015; U.S. Provisional Application No.  

62/183,935, filedJune 24, 2015; and U.S. Provisional Application No. 62/263,329, filed 

December 4, 2015, which are incorporated herein by reference in their entirety to provide 

continuity of disclosure.  

[0002] This disclosure relates to compositions and therapeutic methods for reducing 

excess ammonia and converting ammonia and/or nitrogen into alternate byproducts. In 

certain aspects, the disclosure relates to genetically engineered bacteria that are capable of 

reducing excess ammonia, particularly in low-oxygen conditions, such as in the mammalian 

gut. In certain aspects, the compositions and methods disclosed herein may be used for 

modulating or treating disorders associated with hyperammonemia, e.g., urea cycle disorders 

and hepatic encephalopathy.  

[0003] Ammonia 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, 

carbamoylphosphate synthetase deficiency, citrullinemnia, N-acetylglutamate synthetase 

deficiency, and ornithine transcarbamylase deficiency (Haberle et al., 2012). The National 

Urea Cycle Disorders Foundation estimates that the prevalence of UCDs is I in 8,500 births. In 

addition, several non-UCD disorders, such as hepatic encephalopathy, portosystemnic 

shunting, and organic acid disorders, can also cause hyperammonemia. Hyperammonemia 

can produce neurological manifestations, e.g., seizures, ataxia, stroke-like lesions, coma, 

psychosis, vision loss, acute encephalopathy, cerebral edema, as well as vomiting, respiratory 

alkalosis, hypothermia, or death (Hiberle et al., 2012; Hsberle et al., 2013).  
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[0004] Ammonia is also a source of nitrogen for amino acids, which are synthesized by 

various biosynthesis pathways. For example, arginine biosynthesis converts glutamate, which 

comprises one nitrogen atom, to arginine, which comprises four nitrogen atoms.  

Intermediate metabolites formed in the arginine biosynthesis pathway, such as citrulline, also 

incorporate nitrogen. Thus, enhancement of arginine 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 

hyperarnmonernia.  

[0005] Current therapies for hyperammonemia and UCDs aim to reduce ammonia 

excess, but are widely regarded as suboptimal (Nagamani et al., 2012; Hoffmann et al., 2013; 

Torres-Vega et al., 2014). Most UCD patients require substantially modified diets consisting of 

protein restriction. However, a low-protein diet must be carefully monitored; when protein 

intake is too restrictive, the body breaks down muscle and consequently produces ammonia.  

In addition, many patients require supplementation with ammonia scavenging drugs, such as 

sodium phenylbutyrate, 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 or a 

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 hyperamrnmonemia, including urea cycle disorders.  

[0006] 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 engineered bacteria reduce excess 

ammonia and convert ammonia and/or nitrogen into alternate byproducts selectively in low

oxygen environments, e.g., the gut. In certain embodiments, the genetically engineered 

bacteria are non-pathogenic and may be introduced into the gut in order to reduce toxic 
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ammonia. As much as 70% of excess ammonia in a hyperammonemic patient accumulates in 

the gastrointestinal tract. Another aspect of the invention provides methods for selecting or 

targeting genetically engineered bacteria based on increased levels of ammonia and/or 

nitrogen consumption, or production of a non-toxic byproduct, e.g., arginine or citrulline. The 

invention also provides pharmaceutical compositions comprising the genetically engineered 

bacteria, and methods of modulating and treating disorders associated with 

hyperammonemia, e.g., urea cycle disorders and hepatic encephalopathy.  

[0006a] Any reference to or discussion of any document, act or item of knowledge in 

this specification is included solely for the purpose of providing a context for the present 

invention. It is not suggested or represented that any of these matters or any combination 

thereof formed at the priority date part of the common general knowledge, or was known to 

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

Brief Description of the Figures 

[0007] Figs. 1A and 1B depict the state of the arginine regulon in one embodiment of an 

ArgR deletion bacterium of the invention under non-inducing (Fig. 1A) and inducing (Fig. 1B) 

conditions. Fig. 1A depicts relatively low arginine production under aerobic conditions due to 

arginine ("Arg" in oval) interacting with ArgA (squiggle W) to inhibit (indicated by "X") ArgA 

activity, while oxygen (02) prevents (indicated by "X") FNR (dotted boxed FNR) from dimerizing 

and activating the FNR promoter (grey FNR box) and the argAbr 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 *above argA fbr), which is resistant to inhibition by arginine. This overcomes 

(curved arrow) the inhibition of the wild-type ArgA caused by arginine ("Arg" in oval) 

interacting with ArgA (squiggle * above box depicting argA). Each gene in the arginine 

regulon is depicted by a rectangle containing the name of the gene. Each arrow adjacent to 

one or a cluster of rectangles depict the promoter responsible for driving transcription, in the 

direction of the arrow, of such gene(s). Heavier lines adjacent one or a series of rectangles 

depict ArgR binding sites, which are not utilized because of the ArgR deletion in this 

bacterium. Arrows above each rectangle depict the expression product of each gene.  

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

invention. Fig. 2A depicts the embodiment under aerobic conditions where, in the presence 
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of oxygen, the FNR proteins (FNR boxes) remain as monomers and are unable to bind to and 

activate the FNR promoter ("FNR") which drives expression of the arginine feedback resistant 

argAfr 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 (argA, argE, argC, argB, argH, argD, argl, arG, car.4, and carB) have been mutated 

(black bars; black "X") to reduce or eliminate binding to ArgR. Fig. 2B depicts the same 

embodiment under anaerobic conditions where, in the absence of oxygen the FNR protein 

(FNR boxes) dimerizes and binds to and activates the FNR promoter ("FNR"). This drives 

expression of the arginine feedback resistant arqAfgene (black squiggle (.) = arg '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 (argA, rgE, rgC, argB, argH, argD, arg, argG, carA, and carB) have been 

mutated (black bars) to reduce or eliminate binding to ArgR (black "X"), thus preventing 

inhibition by an arginine-ArgR complex. This allows high level production of arginine. The 

organization of the arginine biosynthetic genes in Figs. 1A and 1B is representative of that 

found in E. coli strain Nissle.  

[0009] Fig. 3 depicts another embodiment of the invention. In this embodiment, a 

construct comprising an ArgR binding site (black bar) in a promoter driving expression of the 

Tet repressor (TetR) from the tetR gene is linked to a second promoter comprising a TetR 

binding site (black bar between TetR and X) that drives expression of gene X. Under low 

arginine concentrations, TetR is expressed and inhibits the expression of gene X. At high 

arginine concentrations, ArgR associates with arginine and binds to the ArgR binding site, 

thereby inhibiting expression of TetR from the tetR gene. This, in turn, removes the inhibition 

by TetR allowing gene X expression (black squiggle(a)).  

[0010] Fig. 4 depicts another embodiment of the invention. In this embodiment, a 

construct comprising an ArgR binding site (black bar) in a promoter driving expression of the 

Tet repressor (TetR) from the tetR gene is linked to a second promoter comprising a TetR 

binding site (black bar bound to TetR oval) that drives expression of green fluorescent protein 

("GFP"). Under low arginine concentrations, TetR is expressed and inhibits the expression of 

GFP. At high arginine concentrations, ArgR associates with arginine and binds to the ArgR 

binding site, thereby inhibiting expression ofTetR from the tetR gene. This, in turn, removes 

the inhibition by TetR allowing GFP expression. By mutating a host containing this construct, 

high arginine producers can be selected on the basis of GFP expression using fluorescence

activated cell sorting ("FACS").  
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[0011] Fig. 5 depicts another embodiment 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 gene is linked to a 

second promoter comprising a TetR binding site (black bar) that drives expression of an 

auxotrophic protein necessary for host survival ("AUX"). Under high arginine concentrations, 

the ArgR-arginine complex binds to the ArgR binding site, thereby inhibiting expression of 

TetR from the tetR gene. This, in turn, allows expression of AUX, allowing the host to survive.  

Under low arginine concentrations, TetR is expressed from the tetR gene and inhibits the 

expression of AUX, thus killing the host. The construct in Fig. 5 enforces high arginine ("Arg") 

production by making it necessary for host cell survival through its control of AUX expression.  

[0012] Fig. 6 depicts the wild-type genomic sequences comprising ArgR binding sites 

and mutants thereof for each arginine biosynthesis operon in E. coli Nissle. For each wild-type 

sequence, the ARG boxes are indicated in italics, and the start codon of each gene is boxed.  

The RNA polymerase binding sites are underlined (Cunin, 1983; Maas, 1994). Bases that are 

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

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

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

binding.  

[0013] Fig. 7 depicts the nucleic acid sequences of exemplary regulatory region 

sequences comprising a FNR-responsive promoter sequence. Underlined sequences are 

predicted ribosome binding sites, and bolded sequences are restriction sites used for cloning.  

Exemplary sequences comprising a FNR promoter include, but are not limited to, SEQ ID NO: 

16, SEQ ID NO: 17, nirB1 promoter (SEQ ID NO: 18), nirB2 promoter (SEQ ID NO: 19), nirB3 

promoter (SEQ ID NO: 20), ydfZ promoter(SE ID NO: 21) nirB promoter fused to a strong 

ribosome binding site (SEQ ID NO: 22), ydfZ promoter fused to a strong ribosome binding site 

(SEQ ID NO: 23), an anaerobically induced small RNA genefnrS promoter selected fromfnrSl 

(SEQ ID NO: 24) and fnrS2 (SEQ ID NO: 25), nirB promoter fused to a CRP binding site (SEQ ID 

NO: 26), and fnrS promoter fused to a CRP binding site (SEQ ID NO: 27) 

[0014] Fig. 8A depicts the nucleic acid sequence of an exemplary argA sequence.  

fbr 
Fig. 8B depicts the nucleic acid sequence of an exemplary FNR promoter-driven argA 

fbr 
plasmid. The FNR promoter sequence is bolded and the argA sequence isboxed.  
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[0015] Fig.9 depicts the nucleic acid sequence of an exemplary FNR promoter-driven 

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

0iAightoed, and the argA sequenceisd, 

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

exemplary FNR promoter (fnrS) fused to a strong ribosome binding site.  

[0017] Fig. 11 depicts another schematic diagram of the argAf'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'gene under the control of an 

exemplary FNR promoter (nirB) fused to a weak ribosome binding site.  

[0019] Figs. 13A and 13B depict exemplary embodiments of a FNR-responsive 

promoter fused to a CRP binding site. Fig. 13A depicts a map of the FNR-CRP promoter 

region, with restriction sites shown in bold. Fig. 13B depicts a schematic diagram of the 

argAf"'gene under the control of an exemplary FNR promoter (nirB promoter), fused to both 

a CRP binding site and a ribosome binding site. Other regulatory elements may also be 

present.  

[0020] Figs. 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. 14B depicts a schematic diagram of the 

argA'hgene under the control of an exemplary FNR promoter (fnrS promoter), fused to both 

a CRP binding site and a ribosome binding site.  

[0021] Fig. 15 depicts the wild-type genomic sequence of the regulatory region and 5' 

portion of the argG gene in E coli Nissle, and a constitutive mutant thereof. The promoter 

region of each sequence is underlined, and a 5' portion of the argG gene is boxed . In the 

wild-type sequence, ArgR binding sites are in uppercase and underlined. In the mutant 

sequence, the 5' untranslated region is in uppercase and underlined. Bacteria expressing argG 

under the control of the constitutive promoter are capable of producing arginine. Bacteria 

expressing argG under the control of the wild-type, ArgR-repressible promoter are capable of 

producing citrulline.  

-6-



WO 2016/090343 PCT/US2015/064140 

[0022] Fig. 16 depicts an exemplary embodiment of a constitutively expressed argG 

construct in E. coli Nissle. The constitutive promoter is BBa_J23100, boxed in gray.  

Restriction sites for use in cloning are in bold.  

[0023] Fig. 17 depicts a map of the wild-type argG operon E. coli Nissle, and a 

constitutively expressing mutant thereof. ARG boxes are present in the wild-type operon, but 

absent from the mutant. ArgG is constitutively expressed under the control of the 

BBaJ23100 promoter.  

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

jbr 
argA construct. All bolded sequences are Nissle genomic DNA. A portion of the araCgene 

is bolded and underlined, the orgA'gene is boxed, and the bolded sequence in between is 

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

italics, the terminator sequences are highhghted, and the FRT site is boxed. A portion of the 

araD gene is boxed in dashes.  

[0025] Fig. 19 depicts a schematic diagram of an exemplary BAD promoter-driven 

fhr fhr 
argA construct. In this embodiment, the argA gene is inserted between the araC and craD 

for 
genes. ArgA is flanked by a ribosome binding site, a FRT site, and one or more transcription 

terminator sequences.  

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

bold.  

[0027] Fig. 21A depicts the nucleic acid sequence of a pSC101 plasmid. Fig. 21B 

depicts the nucleotide sequence of a fnrS promoter-driven argA pSC101 plasmid. The 
"b; 

argA sequence is boxed, the ribosome binding site is highlighted, and thefirS promoter is 

capitalized and bolded.  

[0028] Fig. 22 depicts a map of exemplary integration sites within the E. coli1917 

Nissle chromosome. These sites indicate regions where circuit components may be inserted 

into the chromosome without interfering with essential gene expression. Backslashes (/) are 

used to show that the insertion will occur between divergently or convergently expressed 

genes. Insertions within biosynthetic genes, such as thyA, can be useful for creating nutrient 

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

than one of the indicated sites.  
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[0029] Fig. 23 depicts three bacterial strains which constitutively express red 

fluorescent protein (RFP). In strains 1-3, the rfp gene has been inserted into different sites 

within the bacterial chromosome, and results in varying degrees of brightness under 

fluorescent light. Unmodified E. coli Nissle (strain 4) is non-fluorescent.  

[0030] Fig. 24 depicts a bar graph of in vitro arginine levels produced by streptomycin

resistant control Nissle (SYN-UCDI03), SYN-UCD201, SYN-UCD202, and SYN-UCD203 under 

inducing (+ATC) and non-inducing (-ATC) conditions. SYN-LJCD201 comprises AArgR and no 

argA . SYN-UCD202 comprises AArgR and tetracycline-inducible argA on ahigh-copy 

ftr 
plasmid. SYN-UCD203 comprises AArgR and tetracycline-driven argA on 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-UCDIO3), SYN-UCD104, SYN-UCD204, and SYN

UCD105 under inducing conditions. SYN-UCD104 comprises wild-type ArgR, tetracycline

inducible argAA'on a low-copy plasmid, tetracycline-inducible argG, and mutations in each 

ARG box for each arginine biosynthesis operon except for argG. SYN-UCD204 comprises 

AArgR and argAf expressed under the control of a tetracycline-inducible promoter on a low

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

copy plasmid, constitutively expressed argG (BBaJ23100 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 (+02) or absence (-02) of oxygen. SYN-UCD103 is a 

control Nissle construct. SYN-UCD205 comprises AArgR and argA 1'expressed under the 

control of a FNR-inducible promoter (fnrS2) on a low-copy plasmid. SYN204 comprises AArgR 

and argAb' expressed under the control of a tetracycline-inducible promoter on a low-copy 

plasmid.  

[0033] 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.  
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[0034] Figs. 28A, 28B, and 28C depict bar graphs of ammonia levels in 

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

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

fbr 

engineered strain in which the Arg repressor gene is deleted and the argA 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 unmodified control Nissle at day 

4 and day 5. Fig. 28B depicts a bar graph showing in vivo efficacy (ammonia consumption) of 

SYN-UCD204 in the TAA mouse model of hepatic encephalopathy, relative to streptomycin

resistant control Nissle (SYN-UCD103) and vehicle-only controls. Fig. 28C depicts a bar 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 hyperammonemic spfshmice.  

Fifty-six spf" mice were separated into four groups. Group I 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 

argA expressed under the control of a tetracycline-inducible promoter on a low-copy 

plasmid, significantly reduced blood ammonia to levels below the hyperammonemia 

threshold.  

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

[0037] Fig. 31 depicts a chart of ammonia consumption kinetics and dosing. This 

information may be used to determine the amount of arginine that needs to be produced in 

order to absorb a therapeutically relevant amount of ammonia in UCD patients. Similar 

calculations may be performed for citrulline production.  

[0038] Fig. 32 depicts an exemplary schematic of synthetic genetic circuits for treating 

UCDs and disorders characterized by hyperammonemia, via the conversion of ammonia to 

desired products, such as citrulline or arginine.  

[0039] Figs. 33A and 33B depict diagrams of exemplary constructs which may be used 

to produce a positive feedback auxotroph and select for high arginine production. Fig. 33A 

depicts a map of the astC promoter driving expression of thyA. Fig. 33B depicts a schematic 
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diagram of the thyA gene under the control of an astC promoter. The regulatory region 

comprises binding sites for CRP, ArgR, and RNA polymerase (RNAP), and may also comprise 

additional regulatory elements.  

[0040] Fig. 34 depicts a table of exemplary bacterial genes which may be disrupted or 

deleted to produce an auxotrophic strain. These include, but are not limited to, genes 

required for oligonucleotide synthesis, amino acid synthesis, and cell wall synthesis.  

[0041] Fig. 35 depicts a table illustrating 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 E. coli, 

[0042] 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.  

[0043] Fig. 37 depicts another non-limiting embodiment of the disclosure, where an 

exogenous environmental condition or one or more environmental signals activates 

expression of a heterologous gene, an anti-toxin, and at least one recombinase from an 

inducible promoter or inducible promoters. The recombinase then flips a toxin gene into an 

activated conformation, but the presence of the accumulated anti-toxin suppresses the 

activity of the toxin. Once the exogenous environmental condition or 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 heterologous gene is 

activated by an exogenous environmental signal. In the absence of arabinose, the AraC 

transcription factor adopts a conformation that represses transcription. In the presence of 

arabinose, the AraC transcription factor undergoes a conformational change that allows it to 

bind to and activate the AraBAD promoter, which induces expression of TetR, thus preventing 

expression of a toxin. However, when arabinose is not present, TetR is not expressed, and the 

toxin is expressed, eventually overcoming the antitoxin and killing the cell. The constitutive 

promoter regulating expression of the anti-toxin should be a weaker promoter than the 

promoter driving expression of the toxin. The AraC is under the control of a constitutive 

promoter in this circuit.  

[0046] Fig. 40 depicts another non-limiting embodiment of the disclosure, wherein the 

expression of a heterologous gene is activated by an exogenous environmental signal. In the 

absence of arabinose, the AraC transcription factor adopts a conformation that represses 

transcription. In the presence of arabinose, the AraC transcription factor undergoes a 

conformational change that allows it to bind to and activate the AraBAD promoter, which 

induces expression of TetR (tet repressor) and an antitoxin. The antitoxin builds up in the 

recombinant bacterial cell, while TetR prevents expression of a toxin (which is under the 

control of a promoter having a TetR binding site). However, when arabinose is not present, 

both the antitoxin and TetR are not expressed. Since TetR is not present to repress expression 

of the toxin, the toxin is expressed and kills the cell. The AraC is 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 argR gene and expressing the feedback-resistant argAh'gene. 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 argA'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.  
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[0049] Fig. 43 depicts an exemplary embodiment of an engineered bacterial strain 

deleted for the argR and arG genes, and expressing the feedback-resistant argA'gene. This 

strain is useful for the consumption of ammonia and the production of citrulline.  

[0050] Fig. 44 depicts an exemplary embodiment of an engineered bacterial strain 

deleted for the argR and argG genes, and expressing the feedback-resistant argA'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 feed back-resistant argAfh'gene. This strain is 

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

[0052] Fig. 46 depicts an exemplary embodiment of an engineered bacterial strain 

which lacks ArgR binding sites and expresses the feed back-resistant argA'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 engineered bacterial strain 

which lacks ArgR binding sites in all of the arginine biosynthesis operons except for argG, and 

expresses the feedback-resistant argA' gene. This strain is useful for the consumption of 

ammonia and the production of citrulline.  

[0054] Fig. 48 depicts an exemplary embodiment of an engineered bacterial strain 

which lacks ArgR binding sites in all of the arginine biosynthesis operons except for argG, and 

expresses the feedback-resistant argAl'gene. This strain further comprises one or more 

auxotrophic modifications on the chromosome. This strain is useful for the consumption of 

ammonia and the production of citrulline.  

[0055] Fig. 49A depicts a schematic diagram of a wild-type cIbA construct. Fig. 49B 

depicts a schematic diagram of a cbA knockout construct.  

[0056] Fig. 50 depicts exemplary sequences of a wild-type clbA construct and a clbA 

knockout construct.  

[0057] Fig. 51 depicts a 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.  
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[0058] Fig. 52 depicts a bar graph of in vitro ammonia levels in culture media from 

SYN-UCD201, SYN-UCD203, and blank controls at baseline, two hours, and four hours. Both 

SYN-UCD201 and SYN-UCD203 are capable of consuming ammonia in vitro.  

[0059] 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.g.  

Wright et al., "GeneGuard: A Modular Plasmid System Designed for Biosafety," ACS Synthetic 

Biology (2015) 4: 307-316.  

[0060] Fig. 54 depicts an exemplary [-homoserine and L-methionine biosynthesis 

pathway. Circles indicate genes repressed by MetJ, and deletion of metJ 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 

expression of a heterologous gene and a first recombinase from an inducible promoter or 

inducible promoters. The recombinase then flips a second recombinase from an inverted 

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 (LJCD) 

having the kill-switch embodiment described in Fig. 60. In this example, the Int recombinanse 

and the Kid-Kis toxin-antitoxin system are used in a recombinant bacterial cell for treating 

UCD. The recombinant bacterial cell is engineered to consume excess ammonia to produce 

beneficial byproducts to improve patient outcomes. The recombinant bacterial cell also 

comprises a highly controllable 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., outside the gut), expression of the anti-toxin is turned off. Since the toxin is 

constitutively expressed, it continues to accumulate and kills the bacterial cell.  

[0068] 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 present to repress expression 

of the toxin, the toxin is expressed and kills the cell. Fig. 62 also depicts another non-limiting 

embodiment of the disclosure, wherein the expression of an essential gene not found in the 

recombinant bacteria is activated by an exogenous environmental signal. In the absence of 

arabinose, the AraC transcription factor adopts a conformation that represses transcription of 

the essential gene under the control of the araBAD promoter and the bacterial cell cannot 

survive. 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.  

[0069] Fig. 63 depicts a non-limiting embodiment of the disclosure, where an anti

toxin is expressed from a constitutive promoter, and expression of a heterologous gene is 

activated by an exogenous environmental signal. In the absence of arabinose, the AraC 

transcription factor adopts a conformation that represses transcription. In the presence of 

arabinose, the AraC transcription factor undergoes a conformational change that allows it to 

bind to and activate the AraBAD promoter, which induces expression of TetR, thus preventing 

expression of a toxin. However, when arabinose is not present, TetR is not expressed, and the 

toxin is expressed, eventually overcoming the antitoxin and killing the cell. The constitutive 

promoter regulating expression of the anti-toxin should be a weaker promoter than the 

promoter driving expression of the toxin.  

-14-



[0070] Fig. 64 depicts a summary of the safety design of the recombinant bacteria of 

the disclosure, including the inherent safety of the recombinant bacteria, as well as the 

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

Description of Embodiments 

[0071] The invention includes genetically engineered bacteria, pharmaceutical 

compositions thereof, and methods of modulating or treating disorders associated with 

hyperammonemia, e.g., urea cycle disorders and hepatic encephalopathy. The genetically 

engineered bacteria are capable of reducing excess ammonia, particularly in low-oxygen 

conditions, such as in the mammalian gut. In certain embodiments, the genetically 

engineered bacteria reduce excess ammonia by incorporating excess nitrogen in the body into 

non-toxic molecules, e.g., arginine, citrulline, methionine, histidine, lysine, asparagine, 

glutamine, or tryptophan.  

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

comprising an arginine regulon, 

wherein the bacterium comprises a gene encoding a functional N-acetylglutamate 

synthetase with reduced arginine feedback inhibition as compared to a wild-type N

acetylglutamate synthetase from the same bacterial subtype under the same conditions, 

wherein the arginine feedback resistant N-acetylglutamate synthetase gene has a DNA 

sequence selected from: 

a) SEQ ID NO: 28; 

b) a DNA sequence that, but for the redundancy of the genetic code, 

encodes the same polypeptide as encoded by SEQ ID NO: 28; and 

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

a) or b); 

wherein expression of the gene encoding arginine feedback resistant N-acetylglutamate 

synthetase is controlled by a promoter that is induced by low-oxygen or anaerobic conditions 

found in a mammalian gut, selected from a fumarate and nitrate reductase regulator (FNR) 

promoter, a dissimilatory nitrate respiration regulator (DNR) promoter, and an arginine 

deiminase and nitrate reduction (ANR) promoter; and 
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wherein each copy of a functional argR gene normally present in a corresponding wild

type bacterium has been independently deleted or rendered inactive by one or more 

nucleotide deletions, insertions or substitutions.  

[0071b] In a second aspect, the invention relates to a pharmaceutically acceptable 

composition comprising the bacterium of the first aspect; and a pharmaceutically acceptable 

carrier.  

[0071c] In a third aspect, the invention relates to a method of treating a 

hyperammonemia-associated disorder or symptom(s) thereof in a subject in need thereof 

comprising admininstering the composition of the second aspect to the subject.  

[0071d] In a fourth aspect, the invention relates to use of the composition of the 

second aspect in the manufacture of a medicament for the treatment of a hyperammonemia

associated disorder or symptom(s) thereof.  

[0072] In order that the disclosure may be more readily understood, certain terms are 

first defined. These definitions should be read in light of the remainder of the disclosure and 

as understood by a person of ordinary skill in the art. Unless defined otherwise, all technical 

and scientific terms used herein have the same meaning as commonly understood by a 

person of ordinary skill in the art. Additional definitions are set forth throughout the detailed 

description.  

[0072a] In this specification, the terms 'comprises', 'comprising', 'includes', 'including', 

or similar terms are intended to mean a non-exclusive inclusion, such that a method, system 

or apparatus that comprises a list of elements does not include those elements solely, but 

may well include other elements not listed.  

[0073] "Hyperammonemia," "hyperammonemic," or "excess ammonia" is used to refer 

to increased concentrations of ammonia in the body. Hyperammonemia is caused by 

decreased detoxification and/or increased production of ammonia. Decreased detoxification 

may result from urea cycle disorders (UCDs), such as argininosuccinic aciduria, arginase 

deficiency, carbamoylphosphate synthetase deficiency, citrullinemia, N-acetylglutamate 

synthetase deficiency, and ornithine transcarbamylase deficiency; or from bypass of the liver, 

e.g., open ductus hepaticus; and/or deficiencies in glutamine synthetase (Hoffman et al., 

2013; Hberle et al., 2013). Increased production of ammonia may result from infections, 

drugs, neurogenic bladder, and intestinal bacterial overgrowth (Hberle et al., 2013). Other 

disorders and conditions associated with hyperammonemia include, but are not limited to, 
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liver disorders such as hepatic encephalopathy, acute liver failure, or chronic liver failure; 

organic acid disorders; isovaleric aciduria; 3-methylcrotonylglycinuria; methylmalonic 

acidemia; propionic aciduria; fatty acid oxidation defects; carnitine cycle defects; carnitine 
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deficiency; p-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; multiple myeloma; and 

chemotherapy (Hoffman et al, 2013; Haberle et al., 2013; Pham et al., 2013; Lazier et al, 

2014). In healthy subjects, plasma ammonia concentrations are typically less than about 50 

pmol/L (Leonard, 2006). In some embodiments, a diagnostic signal of hyperammonemia is a 

plasma ammonia concentration of at least about 50 pmol/L, at least about 80 pmol/L, at least 

about 150 pmol/L, at least about 180 mol/L, or at least about 200 mol/L (Leonard, 2006; 

Hoffman et al, 2013; Haberle et al., 2013).  

[0074] "Ammonia" is used to refer to gaseous ammonia (NH3), ionic ammonia (NH4
4 ), 

or a mixture thereof. In bodily fluids, gaseous ammonia and ionic ammonium exist in 

equilibrium: 

NH +- H +-> NH4 

Some clinical laboratory tests analyze total ammonia (NH 3 + NH 4 ) (Walker, 2012). In any 

embodiment of the invention, unless otherwise indicated, "ammonia" may refer to gaseous 

ammonia, ionic ammonia, and/or total ammonia.  

[0075] "Detoxification" of ammonia is used to refer to the process or processes, 

natural or synthetic, by which toxic ammonia is removed and/or converted into one or more 

non-toxic molecules, including but not limited to: arginine, citrulline, methionine, histidine, 

lysine, asparagine, glutamine, tryptophan, or urea. The urea cycle, for example, enzymatically 

converts ammonia into urea for removal from the body in the urine. Because ammonia is a 

source of nitrogen for many amino acids, which are synthesized via numerous 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 intestine, 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 citrulline in the large intestine 
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is not considered to be harmful. Arginine biosynthesis may also be modified to produce 

citrulline as an end product; citrulline comprises three nitrogen atoms and thus the modified 

pathway is also capable of incorporating excess nitrogen into non-toxic molecules.  

[0076] "Arginine regulon," "arginine biosynthesis regulon," and "org regulon" are used 

interchangeably to refer to the collection of operons in a given bacterial species that comprise 

the genes encoding the enzymes responsible for converting glutamate to arginine and/or 

intermediate metabolites, e.g., citrulline, in the arginine biosynthesis pathway. The arginine 

regulon also comprises operators, promoters, ARG boxes, and/or regulatory regions 

associated with those operons. The arginine regulon includes, but is not limited to, the 

operons encoding the arginine biosynthesis enzymes N-acetylglutamate synthetase, N

acetylglutamate kinase, N-acetylglutamylphosphate reductase, acetylornithine 

aminotransferase, N-acetylornithinase, ornithine transcarbamylase, argininosuccinate 

synthase, argininosuccinate lyase, carbamoylphosphate synthase, operators thereof, 

promoters thereof, ARG boxes thereof, and/or regulatory regions thereof. In some 

embodiments, the arginine regulon comprises an operon encoding ornithine acetyltransferase 

and associated operators, promoters, ARG boxes, and/or regulatory regions, either in addition 

to or in lieu of N-acetylglutamate synthetase and/or N-acetylornithinase. In some 

embodiments, one or more operons or genes of the arginine regulon may be present on a 

plasmid in the bacterium. In some embodiments, a bacterium may comprise multiple copies 

of any gene or operon in the arginine regulon, wherein one or more copies may be mutated 

or otherwise altered as described herein.  

[0077] One gene may encode one enzyme, e.g., N-acetylglutamate synthetase (argA) 

Two or more genes may encode distinct subunits of one enzyme, e.g., subunit A and subunit B 

of carbamoylphosphate synthase (carA and carB). In some bacteria, two or more genes may 

each independently encode the same enzyme, e.g., ornithine transcarbamylase (argF and 

arg). In some bacteria, the arginine regulon includes, but is not limited to, argA, encoding N

acetylglutamate synthetase; argB, encoding N-acetylglutamate kinase; argC, encoding N

acetylglutamylphosphate reductase; argD, encoding acetylornithine aminotransferase; argE, 

encoding N-acetylornithinase; argG, encoding argininosuccinate synthase; argH, encoding 

argininosuccinate yase; one or both of argF and argl, each of which independently encodes 

ornithine transcarbamylase; carA, encoding the small subunit of carbamoylphosphate 

synthase; carB, encoding 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 argJ, encoding ornithine 

acetyltransferase (either in addition to or in lieu of N-acetylglutamate synthetase and/or N

acetylornithinase), operons thereof, operators thereof, promoters thereof, ARG boxes 

thereof, and/or regulatory regions thereof.  

[0078] "Arginine operon," "arginine biosynthesis operon" and "arg operon" are used 

interchangeably to refer to a cluster of one or more of the genes encoding arginine 

biosynthesis enzymes 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-translated. 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-acetylgutamylphosphate reductase, 

N-acetylglutamate kinase, N-acetylornithinase, N-acetylglutarnate kinase, acetylornithine 

aminotransferase, carbamoylphosphate synthase, and ornithine transcarbamylase are 

organized in a single operon, argCAEBD-carAB-argF (see, e.g., Table 2), under the control of a 

shared regulatory region comprising a promoter and ARG boxes. In E coli K12 and Nissle, the 

genes encoding N-acetylornithinase, N-acetylglutamylphosphate 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 

enhance 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, argH, arg, argi, carA, 

and/or carB. As described above, each arg operon comprises a regulatory region comprising 

at least one 18-nucleotide imperfect palindromic sequence, called an ARG box, that overlaps 

with the promoter and to which the repressor protein binds (Tian et al,, 1992). The 

nucleotide sequences of the ARG boxes may vary for each operon, and the consensus ARG 

boxsequenceis AT nTGAAT A AT/A ATTCAn TA (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.  

[0080] "Mutant arginine regulon" or "mutated arginine regulon" is used to refer to an 

arginine regulon comprising one or more nucleic acid mutations that reduce or 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-acetylglutamate synthase mutant, e.g., arg ;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-acetylglutamylphosphate reductase, acetylornithine 

aminotransferase, N-acetylornithinase, ornithine transcarbamylase, argininosuccinate 

synthase, argininosuccinate lyase, and carbamoylphosphate synthase, thereby derepressing 

the regulon and enhancing arginine and/or intermediate byproduct biosynthesis. In some 

embodiments, the genetically engineered bacteria comprise a mutant arginine repressor 

comprising one or more nucleic acid mutations such that arginine repressor function is 

decreased or inactive, or the genetically engineered bacteria do not have an arginine 

repressor (e.g., the arginine repressor gene has been deleted), resulting in derepression of the 

regulon and enhancement of arginine and/or intermediate byproduct biosynthesis. In some 

embodiments, the genetically engineered bacteria comprise an arginine feedback resistant N

acetylglutamate synthase mutant, e.g., argA ', 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 engineered bacteria comprise an arginine feedback resistant N

acetylglutamate synthase mutant, e.g., argAer and a mutant arginine regulon comprising one 

or more nucleic acid mutations in at least one ARG box for each of the operons that encode 

the arginine biosynthesis enzymes. In some embodiments, the genetically engineered 

bacteria comprise an arginine feedback resistant N-acetylglutamate synthase mutant, e.g., 

argAfbrand a mutant or deleted arginine repressor. In some embodiments, the mutant 

arginine regulon comprises an operon encoding wild-type N-acetylglutamate synthetase and 

one or more nucleic acid mutations in at least one ARG box for said operon. In some 

embodiments, the mutant 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 acetyltransferase 

(either in addition to or in lieu of N-acetylglutamate synthetase and/r N-acetylornithinase) 

and one or more nucleic acid mutations in at least one ARG box for said operon.  

[0081] The ARG boxes overlap with the promoter in the regulatory region of each 

arginine biosynthesis operon. In the mutant arginine regulon, the regulatory region of one or 

more arginine biosynthesis operons is sufficiently mutated to disrupt the palindromic ARG box 

sequence and reduce ArgR binding, but still comprises sufficiently high homology to the 

promoter of the non-mutant regulatory region to be recognized as the native operon-specific 

promoter. The operon comprises at least one nucleic acid mutation in at least one ARG box 

such that ArgR binding to the ARG box and to the regulatory region of the operon is reduced 

or eliminated. In some embodiments, 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. 6). 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 enzyme(s). 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 in a single 

operon. In one aspect of these embodiments, at least one of the ARG boxes in an operon is 

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

produce the requisite reduced ArgR binding to the regulatory region of the operon.  

[0083] "Reduced" ArgR binding is used to refer to a reduction in repressor binding to 

an ARG box in an operon or a reduction in the total repressor binding to the regulatory region 

of said operon, as compared to repressor binding to an 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 

about 90% lower, or at least about 95% lower than ArgR binding to an unmodified ARG box 

and regulatory region in bacteria of the same subtype under the same conditions. In some 

embodiments, reduced ArgR binding to a mutant ARG box and regulatory region results in at 

least about 1.5-fold, at least about 2-fold, at least about 10-fold, at least about 15-fold, at 

least about 20-fold, at least about 30-fold, at least about 50-fold, at least about 100-fold, at 

least about 200-fold, at least about 300-fold, at least about 400-fold, at least about 500-fold, 

at least about 600-fold, at least about 700-fold, at least about 800-fold, at least about 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 to a protein that is capable of 

suppressing arginine biosynthesis by regulating the transcription of arginine biosynthesis 

genes in the arginine regulon. When expression of the gene that encodes for the arginine 

repressor protein ("argf) is increased in a wild-type bacterium, arginine biosynthesis is 

decreased. When expression of argR 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 unmodified arginine repressor from bacteria of the same subtype 

under the same conditions. Reduced or eliminated arginine repressor activity can result in, 

for example, increased transcription of the arginine biosynthesis genes and/or increased 

concentrations of arginine and/or intermediate 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 

-21-



WO 2016/090343 PCT/US2015/064140 

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 manner which 

allows expression of the nucleic acid sequence, e.g., acts in cis.  

[0087] An "inducible promoter" refers to a regulatory region that is operably linked to 

one or more genes, wherein expression of the gene(s) is increased in the presence of an 

inducer of said regulatory region.  

[0088] "Exogenous environmental condition(s)" refer to setting(s) or circumstances) 

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 environmental conditions are specific to the upper gastrointestinal tract of a 

mammal. In some embodiments, the exogenous environmental conditions are specific to the 

lower gastrointestinal tract of a mammal. In some embodiments, the exogenous 

environmental conditions are specific to the small intestine of a mammal. In some 

embodiments, the exogenous environmental conditions are low-oxygen, microaerobic, or 

anaerobic conditions, such as the environment of the mammalian gut. In some embodiments, 

exogenous environmental conditions are molecules or metabolites that are specific to the 

mammalian gut, e.g., propionate. In some embodiments, the genetically engineered bacteria 

of the invention comprise an oxygen level-dependent 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.  

[0089] Examples of oxygen level-dependent transcription factors include, but are not 

limited to, FNR, ANR, and DNR. Corresponding FNR-responsive promoters, ANR-responsive 

promoters, and DNR-responsive promoters are known in the art (see, e.g., Castiglione et al., 

2009; Eiglmeier et al., 1989; Galimand et al., 1991; Hasegawa et al., 1998; Hoeren et al., 1993; 

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

Transcription Factor Examples of responsive genes, 
promoters, and/or regulatory regions 

FNR nirB, ydfZ, pdhR, focA, ndH, hlyE, narK, 
narX, narG, yfiD, tdcD 

ANR arcDABC 

DNR norb norC 

[0090] 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., Purcell 

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 it is 

operably linked. Constitutive promoters and variants are well known in the art and include, 

but are not limited to, Ba_J23100, a constitutive Escherichia coli as promoter (e.g., an osmY 

promoter (International Genetically Engineered Machine (iGEM) Registry of Standard 

Biological Parts Name BBaJ45992; BBaJ45993)), a constitutive Escherichia coli 03 promoter 

(e.g., htpG heat shock promoter (BBaJ45504)), a constitutive Escherichia coli am promoter 

(e.g., lacq promoter (BBaJ54200; BBaJ56015), E. coli CreABCD phosphate sensing operon 

promoter (BBa_J64951), GInRS promoter (BBa_K088007), lacZ promoter (BBaK119000; 

BBaK119001); M13K07 gene I promoter (BBa_M13101); M13K07 gene 11 promoter 
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(BBa_M13102), M13K07 gene III promoter (BBa_M13103), M13K07 gene IV promoter 

(BBa_M13104), M13K07 gene V promoter (BBa_M13105), M13K07 gene VI promoter 

(BBa_M13106), M13K07 gene Vill promoter (BBa_M13108), M13110 (BBa_M13110)), a 

constitutive Bacillus subtilis promoter (e.g., promoter veg (BaK143013), promoter 43 

(BaK143013), PliaG (Ba.K823000), PiepA (Ba_K823002), Pee (BaK823003)), a constitutive 

Bacilus subtilis aYpromoter (e.g., promoter ctc (Ba_K143010), promoter gsiB 

(BaK143011)), a Salmonella promoter (e.g., Pspv2 from Salmonella (BMaK112706), Pspv 

from Salmonella (BaK112707)), a bacteriophage T7 promoter (e.g., T7 promoter 

(Ba1712074; BBa_1719005; BaJ34814;BBaJ64997;BBaK1113010; Ba-K113011; 

BBa_K113012;BBa_R085;BBa_RO180;BBa_R0181;BBa_R0182;BBa_R0183;BBa_Z0251; 

BBa_Z0252; BBa_Z0253)), and a bacteriophage SP6 promoter (e.g., SP6 promoter 

(BBa_J64998)).  

[0092] As used herein, genetically engineered bacteria that "overproduce" arginine or 

an intermediate byproduct, e.g., citrulline, refer to bacteria that comprise a mutant arginine 

regulon. For example, the engineered bacteria may comprise a feedback resistant form of 

ArgA, 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 

least about 200-fold, at least about 300-fold, at least about 400-fold, at least about 500-fold, 

at least about 600-fold, at least about 700-fold, at least about 800-fold, at least about 900

fold, at least about 1,000-fold, or at least about 1,500-fold more arginine than unmodified 

bacteria of the same subtype under the same conditions. In some embodiments, the 

genetically engineered bacteria produce at least about 1.5-fold, at least about 2-fold, at least 

about 10-fold, at least about 15-fold, at least about 20-fold, at least about 30-fold, at least 

about 50-fold, at least about 100-fold, at least about 200-fold, at least about 300-fold, at least 

about 400-fold, at least about 500-fold, at least about 600-fold, at least about 700-fold, at 
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least about 800-fold, at least about 900-fold, at least about 1,000-fold, or at least about 

1,500-fold more citrulline 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 biosynthesis genes in the genetically engineered bacteria are at 

least about 1.5-fold, at least about 2-fold, at least about 10-fold, at least about 15-fold, at 

least about 20-fold, at least about 30-fold, at least about 50-fold, at least about 100-fold, at 

least about 200-fold, at least about 300-fold, at least about 400-fold, at least about 500-fold, 

at least about 600-fold, at least about 700-fold, at least about 800-fold, at least about 900

fold, at least about 1,000-fold, or at least about 1,500-fold higher than the mRNA transcript 

levels in unmodified bacteria of the same subtype under the same conditions. In certain 

embodiments, the unmodified bacteria will not have detectable levels of arginine, 

intermediate byproduct, and/or transcription of the gene(s) in such operons. However, 

protein and/or transcription levels of arginine and/or intermediate byproduct will be 

detectable in the corresponding genetically engineered 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 

levels of transcript expressed from the arginine biosynthesis genes, are known in the art.  

Arginine and citrulline, for example, may be measured by mass spectrometry.  

[0093] "Gut" refers to the organs, glands, tracts, and systems that are responsible for 

the transfer and digestion of food, absorption of nutrients, and excretion of waste. In 

humans, the gut comprises the gastrointestinal tract, which starts at the mouth and ends at 

the anus, and additionally comprises the esophagus, stomach, small intestine, and large 

intestine. The gut also comprises accessory organs and glands, such as the spleen, liver, 

gallbladder, and pancreas. The upper gastrointestinal tract comprises the esophagus, 

stomach, and duodenum of the small intestine. The lower gastrointestinal tract comprises 

the remainder of the small intestine, i.e., the jejunum and ileurn, and all of the large intestine, 

i.e., the cecum, colon, rectum, and anal canal. Bacteria can be found throughout the gut, e.g., 

in the gastrointestinal tract, and particularly in the intestines.  

[0094] "Non-pathogenic bacteria" refer to bacteria that are not capable of causing 

disease or harmful responses in a host. In some embodiments, non-pathogenic bacteria are 

commensal bacteria. Examples of non-pathogenic bacteria include, but are not limited to 

Bacillus, Bocteroides, Bifidobocterium, Brevibocteria, Clostridium, Enterococcus Escherichia 
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coli, Lactobacillus, Lactococcus, Saccharomyces, and Staphylococcus, e.g., Bacillus coagulans, 

Bacillus subtilis, Bacteroides fragilis, Bacteroides subtilis, Bacteroides thetaiotaomicron, 

Bifidobacterium bifidum, Bifidobacterium infantis, Bifidobacterium lactis, Bifidobacterium 

longum, Clostridium butyricum, Enterococcusfaecium, Lactobacillus acidophilus, Lactobacillus 

bulgaricus, Lactobacillus case, Lactobaciliusjohnsonii, Lactobacillus paracasei, Lactobacillus 

plantarum, Lactobacillus reuteri, Lactobacilius rhamnosus, Lactococcus lactis, and 

Saccharomyces boulardii (Sonnenborn et al., 2009; Dinleyici et al., 2014; U.S. Patent No.  

6,835,376; U.S. Patent No. 6,203,797; U.S. Patent No. 5,589,168; U.S. Patent No. 7,731,976).  

Naturally pathogenic bacteria may be genetically engineered to provide reduce or eliminate 

pathogenicity.  

[0095] "Probiotic" is used to refer to live, non-pathogenic microorganisms, e.g., 

bacteria, which can confer health benefits to a host organism that contains an appropriate 

amount of the microorganism. In some embodiments, the host organism is a mammal. In 

some embodiments, the host organism is a human. Some species, strains, and/or subtypes of 

non-pathogenic bacteria are currently recognized as probiotic bacteria. Examples of probiotic 

bacteria include, but are not limited to, Bifidobacteria, Escherichia coli, Lactobacillus, and 

Saccharomyces, e.g., Bifidobacterium bifidum, Enterococcusfaecium, Escherichia coli strain 

Nissle, Lactobacillus acidophilus, Lactobacillus bulgaricus, Lactobacillus paracasei, 

Lactobacillus plantarum, and Saccharomyces boulardii (Dinleyici et al., 2014; U.S. Patent No.  

5,589,168; U.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 genetically 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 

genetically engineered to enhance or improve probiotic properties.  

[0096] As used herein, "stably maintained" or "stable" bacterium is used to refer to a 

bacterial host cell carrying non-native genetic material, e.g., a feedback resistant argA gene, 

mutant arginine repressor, and/or other mutant arginine regulon that is incorporated into the 

host genome or propagated on a self-replicating extra-chromosomal plasmid, such that the 

non-native genetic material is retained, expressed, and propagated. The stable bacterium is 

capable of survival and/or growth in vitro, e.g., in medium, and/or in vivo, e.g., in the gut. For 

example, the stable bacterium may be a genetically engineered bacterium comprising an 
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argA" gene, in which the plasmid or chromosome carrying the argA4l'gene is stably 

maintained in the bacterium, such that argAfbr can be expressed in the bacterium, and the 

bacterium is capable of survival and/or growth in vitro and/or in vivo.  

[0097] As used herein, the term "treat" and its cognates refer to an amelioration of a 

disease or disorder, or at least one discernible symptom thereof. In another embodiment, 

"treat" refers to an amelioration of at least one measurable physical parameter, not 

necessarily discernible by the patient. In another embodiment, "treat" refers to inhibiting the 

progression of a disease or disorder, either physically (e.g., stabilization of a discernible 

symptom), physiologically (e.g., stabilization of a physical parameter), or both. In another 

embodiment, "treat" refers to slowing the progression or reversing the progression of a 

disease or disorder. As used herein, "prevent" and its cognates refer to delaying the onset or 

reducing the risk of acquiring a given disease or disorder.  

[0098] Those in need of treatment may include individuals already having a particular 

medical disorder, as well as those at risk of having, or who may ultimately acquire the 

disorder. The need for treatment is assessed, for example, by the presence of one or more 

risk factors associated with the development of a disorder, the presence or progression of a 

disorder, or likely receptiveness to treatment of a subject having the disorder. Primary 

hyperammonemia is caused by UCDs, which are autosomal recessive or X-linked inborn errors 

of metabolism for which there are no known cures. Hyperammonemia can also be secondary 

to other disruptions of the urea cycle, e.g., toxic metabolites, infections, and/or substrate 

deficiencies. Treating hyperammonemia may encompass reducing or eliminating excess 

ammonia and/or associated symptoms, and does not necessarily encompass the elimination 

of the underlying hyperammonemia-associated disorder.  

[0099] As used herein a "pharmaceutical composition" refers to a preparation of 

genetically engineered bacteria of the invention with other components such as a 

physiologically suitable carrier and/or excipient.  

[0100] The phrases "physiologically acceptable carrier" and "pharmaceutically 

acceptable carrier" which may be used interchangeably refer to a carrier or a diluent that 

does not cause significant irritation to an organism and does not abrogate the biological 

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 glycols, and surfactants, 

including, for example, polysorbate 20.  

[0102] The terms "therapeutically effective dose" and "therapeutically effective 

amount" are used to 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," unless clearly indicated to the contrary.  

[0104] The phrase "and/or," when used between elements in a list, is intended to 

mean either (1) that only a single listed element is present, or (2) that more than one element 

of the list is present. For example, "A, B, and/or C" indicates that the selection may be A 

alone; B alone; C alone; A and B; A and C; B and C; or A, B, and C. 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 into 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 engineered 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 Bacillus, Bacteroides, Bifidobacterium, Brevibacteria, Clostridium, 

Enterococcus, Escherichia coli, Lactobacillus, Lactococcus, Sacchoromyces, and 

Staphylococcus, e.g., Bacillus coagulans, Bacillus subtilis, Bacteroidesfragilis, Bacteroides 

subtilis, Bacteroides thetaiotao.micron, Bifidobacterium bifidum, Bifidobacterium infantis, 
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Bifidobacterium lactis, Bifidobacterium longum, Clostridium butyricum, Enterococcusfaecium, 

Lactobacillus acidophilus, Lactobacillus bulgaricus, Lactobacillus casei, Lactobacillusjohnsonii, 

Lactobacillus paracasei, Lactobacillus plantarum, Lactobacillus reuteri, Lactobacillus 

rhamnosus, Lactococcus lactis, and Saccharomyces boulardii. In certain embodiments,the 

genetically engineered bacteria are selected from the group consisting of Bacteroidesfragilis, 

Bacteroides thetaiotaomicron, Bacteroides subtilis, Bifidobacterium bifidum, Bifidobacterium 

infantis, Bifidobacterium lactis, Clostridium butyricum, Escherichia coli Nissle, Lactobocillus 

acidophilus, Lactobacillus plantarum, Lactobacillus reuteri, and Lactococcus lattis.  

[0106] In some embodiments, the genetically engineered bacteria are Escherichia coli 

strain Nissle 1917 (E. coli Nissle), a Gram-negative bacterium of the Enterobacteriaceae family 

that "has evolved into one ofthe best characterized probiotics" (Ukena et al., 2007). The 

strain is characterized by its complete harmlessness (Schultz, 2008), and has GRAS (generally 

recognized as safe) status (Reister et al., 2014, emphasis added). Genomic sequencing 

confirmed that E. coli Nissle lacks prominent virulence factors (e.g., E. coli a-hemolysin, P

fimbrial adhesins) (Schultz, 2008). In addition, it has been shown that E. coli Nissle does not 

carry pathogenic adhesion factors, does not produce any enterotoxins or cytotoxins, is not 

invasive, and not uropathogenic (Sonnenborn et al., 2009). As early as in,1917, E. call Nissle 

was packaged into medicinal capsules, called Mutaflor, for therapeutic use. E. coliNissle has 

since been used to treat ulcerative colitis in humans in vivo (Rembacken et al., 1999), to treat 

inflammatory bowel disease, Crohn's disease, and pouchitis in humans in vivo (Schultz, 2008), 

and to inhibit enteroinvasive Salmonella, Legionella, Yersinia, and Shigella in vitro 

(Altenhoefer et al., 2004). It is commonly accepted that E. coli Nissle's therapeutic efficacy 

and safety have convincingly been proven (Ukena et al., 2007).  

[0107] Oneof ordinary skill in the art would appreciate that the genetic modifications 

disclosed herein may be modified and adapted for other species, strains, and subtypes of 

bacteria. It is known, for example, that arginine-mediated regulation is remarkably well 

conserved in very divergent bacteria, i.e., gram-negative bacteria, such as E. coli, Salmonella 

enterica serovar Typhimurium, Thermotoga, and Moritella profunda, and gram-positive 

bacteris, such as B. subtilis, Geobacillus stearothermophiusand Streptomyces clavuligerus, as 

well as other bacteria (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).  
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[0108] Unmodified E. 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 a human 

subject. A non-limiting example using a streptomycin-resistant E. coli Nissle comprising a 

wild-type ArgR and a wild-type arginine regulon is provided (see Fig. 27). In some 

embodiments, residence time in vivo is calculated for the genetically engineered bacteria of 

the invention.  

Reduction of Excess Ammonia 

Arginine Biosynthesis Pathway 

[0109] In bacteria such as Escherichia coli (E. coi), the arginine biosynthesis pathway is 

capable of converting glutamate to arginine in an eight-step enzymatic process involving the 

enzymes N-acetylglutamate synthetase, N-acetylglutamate kinase, N-acetylglutamate 

phosphate reductase, acetylornithine aminotransferase, N-acetylornithinase, 

carbamoylphosphate synthase, ornithine transcarbamylase, argininosuccinate synthase, and 

argininosuccinate lyase (Cunin et al, 1986). The first five steps involve N-acetylation to 

generate an ornithine precursor. In the sixth step, ornithine transcarbamylase (also known as 

ornithine carbamoyltransferase) catalyzes the formation of citrulline. The final two steps 

involve carbamoylphosphate utilization to generate arginine from citrulline.  

[0110] In some bacteria, e.g., Bacillus stearothermophilus and Neisseria gonorrhoeae, 

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 (argi) was shown to complement both N-acetylglutamate synthetase (argA) 

and N-acetylornithinase (argE) auxotrophic gene mutations in E. coli (Mountain et al., 1984; 

Crabeel et al., 1997).  

[0111] ArgA encodes N-acetylglutamate synthetase, argB encodes N-acetylglutamate 

kinase, argC encodes N-acetylglutamylphosphate reductase, argD encodes acetylornithine 

aminotransferase, argE encodes N-acetylornithinase, argF encodes ornithine 

transcarbamylase, arg/ also encodes ornithine transcarbamylase, argG encodes 

argininosuccinate synthase, argH encodes argininosuccinate lyase, and argJ encodes ornithine 

acetyltransferase. CarA encodes the small A subunit of carbamoylphosphate synthase having 

glutaminase activity, and carB encodes the large B subunit of carbamoylphosphate synthase 
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that catalyzes carbamoylphosphate synthesis from ammonia. Different combinations of one 

or more of these arginine biosynthesis genes (i.e., argA, argB, OrgC, argD, argE, argF, argG, 

argH, argi, argJ, carA, and carB) may be organized, naturally or synthetically, into one or more 

operons, and such organization may vary between bacterial species, 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 regulatory region of each 

gene and inhibits transcription. N-acetylglutamate synthetase is also subject to allosteric 

feedback inhibition at the protein level by arginine alone (Tuchman et al., 1997; Caldara et al., 

2006; Caldara et al., 2008; Caldovic et al., 2010).  

[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 a corepressor that 

activates the arginine repressor. The ARG boxes that regulate each operon may be non

identical, and the consensus ARG box sequence isA/T nTGAAT /T A / A ATTCAn /Waas, 

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., 

citrulline, 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 operons that encode the enzymes 

responsible for converting glutamate to arginine in the arginine biosynthesis pathway, 

thereby enhancing arginine and/or intermediate byproduct biosynthesis.  

[0115] In alternate embodiments, the bacteria are genetically engineered to consume 

excess ammonia via another 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 

[0116] Histidine biosynthesis, for example, 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 enzymes, and two (hisH and hisF) encode polypeptide chains which together 

form one enzyme to catalyze a single step, for a total of 10 enzymatic reactions (Alifano et al., 

1996). The product of the hisG gene, ATP phosphoribosyltransferase, is inhibited at the 

protein level by histidine. In some embodiments, the genetically engineered bacteria of the 

invention comprise a feedback-resistant hisG. Bacteria may be mutagenized and/or screened 

for feedback-resistant hisG mutants using techniques known in the art. Bacteria engineered 

to comprise a feedback-resistant hisG would have elevated levels of histidine production, thus 

increasing ammonia consumption and reducing hyperammonemia. Alternatively, one or 

more genes required for histidine biosynthesis could be placed under the control of an 

inducible promoter, such as a FNR-inducible promoter, and allow for increased production of 

rate-limiting enzymes. Any other suitable modification(s) to the histidine biosynthesis 

pathway may be used to increase ammonia consumption.  

Methionine Biosynthesis Pathway 

[0117] The bacterial methionine regulon controls the three-step synthesis of 

methionine from homoserine (i.e., acylation, sulfurylation, and methylation). The metJ 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 meti. Bacteria engineered 

to delete, disrupt, or mutate metJ would have elevated levels of methionine production, thus 

increasing ammonia consumption and reducing hyperammonemia. Any other suitable 

modification(s) to the methionine biosynthesis pathway may be used to increase ammonia 

consumption.  

Lysine Biosynthesis Pathway 

[0118] Microorganisms synthesize lysine by one of two pathways. The 

diaminopimelate (DAP) pathway is used to synthesize lysine from aspartate and pyruvate 

(Dogovski et al, 2012), and the aminoadipic acid pathway is used to synthesize lysine from 
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alpha-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 

lysine (Liu et al., 2010; Reboul et al, 2012). In some embodiments, the genetically engineered 

bacteria of the invention comprise a feedback-resistant DHDPS. Bacteria engineered to 

comprise a feedback-resistant DHDPS would have elevated levels of histidine production, thus 

increasing ammonia consumption and reducing hyperammonemia. Alternatively, lysine 

production could be optimized by placing one or more genes required for lysine biosynthesis 

under the control of an inducible promoter, such as a FNR-inducible promoter. Any other 

suitable modification(s) to the lysine biosynthesis pathway may be used to increase ammonia 

consumption.  

Asparagine Biosynthesis Pathway 

[0119] 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 

ammonia 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 amino transferase 

(also known as glutamate synthase) in a cyclic reaction to produce glutamate from glutamnine 

and oxoglutarate. In some embodiments, the genetically engineered bacteria of the invention 

express glutamine synthetase at elevated levels as compared to unmodified bacteria of the 

same subtype under the same conditions. Bacteria engineered to have increased expression 

of glutamine synthetase would have elevated levels of glutamine production, thus increasing 
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ammonia consumption and reducing hyperammonemia. Alternatively, expression of 

glutamate dehydrogenase and/or glutamine-oxoglutarate amino transferase could be 

modified to favor the consumption of ammonia. 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 increase ammonia consumption.  

Tryptophan Biosynthesis Pathway 

[0121] In most bacteria, the genes required for the synthesis of tryptophan from a 

chorismate precursor are organized as a single transcriptional unit, the trp operon. The trp 

operon is under the control of a single promoter that is inhibited by the tryptophan repressor 

(TrpR) when high levels of tryptophan are present. Transcription of the trp operon may also 

be terminated in the presence of high levels of charged tryptophan tRNA. In some 

embodiments, the genetically engineered bacteria of the invention comprise a deleted, 

disrupted, or mutated trpR gene. The deletion, disruption, or mutation of the trpR gene, and 

consequent inactivation of TrpR function, would result in elevated levels of both tryptophan 

production and ammonia consumption. Alternatively, one or more enzymes required for 

tryptophan biosynthesis could be placed under the control of an inducible promoter, such as a 

FNR-inducible promoter. Any other suitable modification(s) to the tryptophan biosynthesis 

pathway may be used to increase ammonia consumption.  

Engineered Bacteria Comprising a Mutant Arginine Regulon 

[0122] In some embodiments, the genetically engineered bacteria comprise an 

arginine biosynthesis pathway and are capable of reducing excess ammonia. In a 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 same subtype under the same conditions. In some embodiments, the 

genetically engineered bacteria overproduce arginine. In some embodiments, the genetically 

engineered bacteria overproduce citrulline; this may be additionally beneficial, because 

citrulline is currently used as a therapeutic for particular urea cycle disorders (National Urea 

Cycle Disorders Foundation). In some embodiments, the genetically engineered bacteria 
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overproduce an alternate intermediate byproduct in the arginine biosynthesis pathway, such 

as any of the intermediates described herein. In some embodiments, the genetically 

engineered bacterium consumes excess ammonia by producing more arginine, citrulline, 

and/or other intermediate 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 to 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 argECBH in E. coli K12, argCAEBD-carAB-argF in B. subtilis, and bipolar carAB

argCJBDF in L. plontarum. 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 Escherichia coli; in some instances, not all of the 

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

arginine biosynthesis enzymes vary across species, strains, and subtypes of bacteria.  

Table 2: Examples of arg operon organization 

Bacteria Operon organization 

Escherichia coli Nissle argA bipolar argECBH argD argl argG carAB 

Bacteroides argRGCD argF argB argE corAB 

Clostridium orgR orgGH argi 

Bacillus subtilis argGH argCAEBD-carAB-argF 

Bacillus subtilis argGH orgCJBD-carAB-argF 

Lactobacillus plantarum argGH bipolar carAB-argCJBDF 

Lactococcus argE carA carB orgGH argFBDJC 

[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 engineered bacteria of the invention 

comprise an arginine regulon comprising one or more nucleic acid mutations that reduce or 
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eliminate arginine-mediated repression of one or more of the operons that encode the 

enzymes responsible for converting glutamate to arginine and/or an intermediate byproduct 

in the arginine biosynthesis pathway. Reducing or eliminating arginine-mediated repression 

may be achieved by reducing or eliminating ArgR repressor binding (e.g., by mutating or 

deleting the arginine repressor or by mutating at least one ARG box for each of the operons 

that encode the arginine biosynthesis enzymes) and/or arginine binding to N-acetylglutamate 

synthetase (e.g., by mutating the N-acetylglutamate synthetase to produce an arginine 

feedback resistant N-acetylglutamate synthase mutant, e.g., argAfl.' 

ARG box 

[0126] 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 N-acetylglutamate 

kinase, N-acetylglutamylphosphate reductase, acetylornithine aminotransferase, N

acetylornithinase, ornithine transcarbamylase, argininosuccinate synthase, argininosuccinate 

lyase, and carbamoylphosphate synthase, thereby derepressing the regulon and enhancing 

arginine and/or intermediate byproduct biosynthesis. In some embodiments, the genetically 

engineered bacteria comprise a mutant arginine repressor comprising one or more nucleic 

acid mutations such that arginine repressor function is decreased or inactive, or the 

genetically engineered bacteria do not have an arginine repressor (e.g., the arginine repressor 

gene has been deleted), resulting in derepression of the regulon and enhancement of arginine 

and/or intermediate byproduct biosynthesis. In either of these embodiments, the genetically 

engineered bacteria may further comprise an arginine feedback resistant N-acetylglutamate 

synthase mutant, e.g., argA/, 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-acetylglutamate synthase mutant, e.g., argA%'.  

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., argAt. In some embodiments, the genetically engineered bacteria comprise an arginine 

feedback resistant N-acetylglutamate synthase mutant, e.g., argA, 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 

repressor.  

[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-acetylglutamate kinase, N-acetylglutamylphosphate reductase, 

acetylornithine aminotransferase, N-acetylornithinase, ornithine transcarbamylase, 

argininosuccinate synthase, argininosuccinate lyase, carbamoylphosphate 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 embodiments, the ARG boxes for the operon encoding 

argininosuccinate synthase (argG) maintain the ability to bind to ArgR, thereby driving 

citrulline biosynthesis. For example, the regulatory region of the operon encoding 

argininosuccinate synthase (argG) may be a constitutive, thereby driving arginine 

biosynthesis. In alternate embodiments, the regulatory region of one or more alternate 

operons may be constitutive. In certain bacteria, however, genes encoding multiple enzymes 

may be organized in bipolar operons or under the control of a shared regulatory region; in 

these instances, the regulatory regions may need to be deconvoluted in order to engineer 

constitutively active regulatory regions. For example, in E. coli K12 and Nissle, argE and 

argCBH are organized in two bipolar operons, argECBH, and those regulatory regions may be 

deconvoluted in order to generate constitutive versions of argE and/or argCBH.  

[0129] In some embodiments, all ARG boxes in one or more operons that comprise an 

arginine biosynthesis gene are mutated to reduce or eliminate ArgR binding. In some 

embodiments, all ARG boxes in one or more operons that encode an arginine biosynthesis 

enzyme are mutated to reduce or eliminate ArgR binding. In some embodiments, all ARG 

boxes in each operon that comprises an arginine biosynthesis gene are mutated to reduce or 

eliminate ArgR binding. In some embodiments, all ARG boxes in each operon that encodes an 

arginine biosynthesis enzyme are mutated to reduce or eliminate ArgR binding.  

[0130] In some embodiments, the genetically engineered bacteria encode an arginine 

feedback resistant N-acetylglutamate 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-acetylglutamylphosphate reductase, acetylornithine 

aminotransferase, N-acetylornithinase, ornithine transcarbamylase, argininosuccinate 

synthase, argininosuccinate lyase, carbamoylphosphate 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 embodiments, the genetically engineered bacteria encode an arginine 

feedback resistant N-acetylglutamate synthase, argininosuccinate synthase driven by a 

constitutive promoter, and further comprise a mutant arginine regulon comprising one or 

more nucleic acid mutations in each ARG box for each of the operons that encode N

acetylglutamate kinase, N-acetylglutamylphosphate reductase, acetylornithine 

aminotransferase, N-acetylornithinase, ornithine transcarbamylase, argininosuccinate lyase, 

carbamoylphosphate 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 genetically engineered bacteria comprise a 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 enzymes 

N-acetylglutamate kinase, N-acetylglutamnylphosphate reductase, acetylornithine 

aminotransferase, N-acetylornithinase, ornithine transcarbamylase, argininosuccinate 

synthase, argininosuccinate lyase, and carbamoylphosphate synthase, such that the arginine 

regulon is derepressed and biosynthesis of arginine and/or an intermediate byproduct, e.g., 

citrulline, is enhanced.  

-38-



WO 2016/090343 PCT/US2015/064140 

[0134] In some embodiments, the mutant arginine regulon comprises an operon 

encoding ornithine acetyltransferase and one or more nucleic acid mutations in at least one 

ARG box for said operon. The one or more nucleic acid mutations results in the disruption of 

the palindromic ARG box sequence, such that ArgR binding to that ARG box and to the 

regulatory region of the operon is reduced or eliminated, as compared to ArgR binding to an 

unmodified ARG box and regulatory region in bacteria of the same subtype under the same 

conditions. In some embodiments, nucleic acids that are protected from DNA methylation 

and hydroxyl radical attack during ArgR binding are the primary targets for mutations to 

disrupt ArgR binding. In some embodiments, the mutant arginine regulon comprises at least 

three nucleic acid mutations in one or more ARG 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/C:A/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. 6). The promoter retains sufficiently high homology to the non-mutant promoter 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 E. coli Nissle are shown in Fig. 6. For exemplary wild

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

boxec. 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 arehi hlht , and bases that are protected from 

hydroxyl radical attack during ArgR binding are bolded (Charlier et al., 1992). The highlighted 

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 

operon. In one aspect of these embodiments, at least one of the ARG boxes 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 boxes in an operon is 

mutated to produce the requisite reduced ArgR binding to the regulatory region of the 

operon. For example, the carAB operon in E. coli Nissle comprises two ARG boxes, and one or 

both ARG box sequences may be mutated. The argG operon in E. coli Nissle comprises three 

ARG boxes, and one, two, or three ARG box sequences may be mutated, disrupted, or 

deleted. In some embodiments, all three ARG box sequences are mutated, disrupted, or 
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deleted, and a constitutive promoter, e.g., BBaJ23100, is inserted in the regulatory region of 

the argG operon. One of skill in the art would appreciate that the number of ARG boxes per 

regulatory region may vary across bacteria, and the nucleotide sequences of the ARG boxes 

may vary for each operon.  

[0137] In some embodiments, the ArgR binding affinity to a mutant ARG box or 

regulatory region of an operon is at least about 50% lower, at least about 60% lower, at least 

about 70% lower, at least about 80% lower, at least about 90% lower, or at least about 95% 

lower than the ArgR binding affinity to an unmodified ARG box and regulatory region in 

bacteria of the same subtype inder the same conditions. In some embodiments, the reduced 

ArgR binding to a mutant ARG box and regulatory region increases mRNA expression of the 

gene(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-fold, at least about 200-fold, at least about 300-fold, at least 

about 400-fold, at least about 500-fold, at least about 600-fold, at least about 700-fold, at 

least about 800-fold, at least about 900-fold, at least about 1,000-fold, or at least about 

1,500-fold.  

[0138] 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.g., argA, argB, argC, argD, argE, argF, argG, argH, argi, argJ, 

carA, and carB, may be designed and used to detect mRNA in a sample according to methods 

known in the art (Fraga et al., 2008). In some embodiments, a fluorophore is added to a 

sample reaction mixture that may contain arg mRNA, and a thermal cycler is used to 

illuminate the sample reaction mixture with a specific wavelength of light and detect the 

subsequent emission by the fluorophore. The reaction mixture is heated and cooled to 

predetermined temperatures for predetermined time periods. In certain embodiments, the 

heating and cooling is repeated for a predetermined number of cycles. In some 

embodiments, the reaction mixture is heated and cooled to 90-100° C, 60-70° C, and 30-50" C 

for a predetermined number of cycles. In a certain embodiment, the reaction mixture is 

heated and cooled to 93-97° C, 55-65o C, and 35-45° C for a predetermined number of cycles.  

In some embodiments, the accumulating amplicon is quantified after each cycle of the qPCR.  

The number of cycles at which fluorescence exceeds the threshold is the threshold cycle (C).  
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At least one CT result for each sample is generated, and the CT result(s) may be used to 

determine mRNA expression levels of the arginine biosynthesis genes.  

[0139] 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-acetylglutamate kinase, N

acetylglutamylphosphate reductase, acetylornithine aminotransferase, N-acetylornithinase, 

ornithine transcarbamylase, argininosuccinate synthase, argininosuccinate lyase, and 

carbamoylphosphate synthase additionally comprise an arginine feedback resistant N

acetylglutamate synthase mutant, e.g., argAe.  

[0140] 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-acetylglutamylphosphate reductase, acetylornithine 

aminotransferase, N-acetylornithinase, ornithine transcarbarnylase, argininosuccinate 

synthase, argininosuccinate lyase, ornithine acetyltransferase, and carbamoylphosphate 

synthase.  

[0141] In some embodiments, the genetically engineered bacteria comprise a 

feedback resistant form of ArgA, argininosuccinate synthase driven by a ArgR-repressible 

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

the operons that encode the arginine biosynthesis enzymes N-acetylglutamate kinase, N

acetylglutamylphosphate reductase, acetylornithine aminotransferase, N-acetylornithinase, 

ornithine transcarbamylase, argininosuccinate lyase, ornithine acetyltransferase, and 

carbamoylphosphate 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 ArgA, argininosuccinate synthase expressed from a constitutive 

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

operons that encode the arginine biosynthesis enzymes N-acetylglutamate kinase, N

acetylglutamylphosphate reductase, acetylornithine aminotransferase, N-acetylornithinase, 

ornithine transcarbamylase, argininosuccinate synthase, argininosuccinate lyase, ornithine 

acetyltransferase, and carbamoylphosphate synthase. In these embodiments, the bacteria 

are capable of producing arginine.  
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[0143] Table 3 shows examples of mutant constructs in which one or more nucleic 

acid mutations reduce or eliminate arginine-mediated repression of each of the arginine 

operons. The mutant constructs comprise feedback resistant form of ArgA driven by an 

oxygen level-dependent promoter, e.g., a FNR promoter. 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-acetylglutamylphosphate reductase, 

acetylornithine aminotransferase, N-acetylornithinase, ornithine transcarbamylase, 

argininosuccinate synthase, argininosuccinate lyase, carbamoylphosphate 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 constitutive): 
Mutant construct comprises: Construct Construct Construct Construct Construct Construct 

1 2 3 4 5 6 
Arginine feedback resistant 
N-acetylglutamate synthetase driven by an 
oxygenlevel-dependentpromoter 
Wild-type N-acetylglutamate synthetase 

Wild-type N-acetylglutamate synthetase / 

N-acetylglutannate kinaseV V 

N-acetyglutamylphosphate reductase I v/ 

acetylornithine aminotransferase 

N-acetylornithinase 

-2 ornithine transcarbarnylase 

argininosuccinate synthase * * 

argininosuccinate lyase V V 

ornithine acetyltransferase V 

2 carbamoylphosphate synthase 

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

embodiments, the arginine regulon is regulated by a single repressor protein. In particular 

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

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

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

protein.  

[0145] In certain embodiments, the mutant arginine regulon is expressed in one 

species, strain, or subtype of genetically 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 responsible for 

converting glutamate 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 least 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-acetylglutamate 

synthetase (e.g., by mutating the N-acetylglutamate synthetase to produce an arginine 

feedback resistant N-acetylglutarnate synthase mutant, e.g.,argA).  

[0147] 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 regulon and 

enhancement of arginine and/or intermediate byproduct biosynthesis. In some 

embodiments, each copy of a functional argR gene normally present in a corresponding wild

type bacterium is independently deleted or rendered inactive by one or more nucleotide 

deletions, insertions, or substitutions. In some embodiments, each copy of the functional 

argR gene normally present in a corresponding wild-type bacterium is deleted.  

[0148] In some embodiments, the arginine regulon is regulated by a single repressor 

protein. In particular species, strains, and/or subtypes of bacteria, it has been proposed that 

the arginine regulon may be regulated by two distinct putative repressors (Nicoloff et al., 

2004). Thus, in certain embodiments, two distinct ArgR proteins each comprising a different 

amino acid sequence are mutated or deleted in the genetically engineered bacteria.  

[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., argAt 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 citrulline. In 

someembodiments, the argR gene is deleted in the genetically engineered bacteria. In some 

embodiments,the argRgene is mutatedto inactivateArgRfunction. In some embodiments, 

the argG gene is deleted in the genetically engineered bacteria. In some embodiments, the 

argG gene is mutated to inactivate ArgR function. In some embodiments, the genetically 
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engineered bacteria comprise arg4r'and deleted ArgR. In some embodiments, the 

genetically engineered bacteria comprise argAb, deleted ArgR, and deleted arqG. In some 

embodiments, the deleted ArgR and/or the deleted argG is deleted from the bacterial 

genome and the argA is present in a plasmid. In some embodiments, the deleted ArgR 

and/or the deleted argG is deleted from the bacterial genome and the gqAls 

chromosomally integrated. In one specific embodiment, the genetically modified bacteria 

comprise chromosomally integrated orgAb deleted genomic ArgR, and deleted genomic 

argG. In another specific embodiment, the genetically modified bacteria comprise 

argArpresent on a plasmid, deleted genomic ArgR, and deleted genomic arG. In any of the 

embodiments in which argG is deleted, citrulline rather than arginine is produced 

[0150] 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-fold, at least about 50-fold, at least about 100-fold, at least about 200

fold, at least about 300-fold, at least about 400-fold, at least about 500-fold, at least about 

600-fold, at least about 700-fold, at least about 800-fold, at least about 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.g., argA, argB, orgC, argD, argE, argF, argG, arH, argi, arg, 

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 arg mRNA, and a thermal cycler is used to 

illuminate the sample reaction mixture with a specific wavelength of light and detect the 

subsequent emission by the fluorophore. The reaction mixture is heated and cooled to 

predetermined temperatures for predetermined time periods. In certain embodiments, the 

heating and cooling is repeated for a predetermined number of cycles. In some 

embodiments, the reaction mixture is heated and cooled to 90-100° C, 60-70 C, and 30-50° C 

for a predetermined number of cycles. In a certain embodiment, the reaction mixture is 

heated and cooled to 93-97° C, 55-65° C, and 35-45o C for a predetermined number of cycles.  
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In some embodiments, the accumulating amplicon is quantified after each cycle of the qPCR.  

The number of cycles at which fluorescence exceeds the threshold is the threshold cycle (CT.  

At least one CT result for each sample is generated, and the CT result(s) may be used to 

determine mRNA expression levels of the arginine biosynthesis genes.  

Feedback Resistant N-acetylglutamate Synthetase 

[0152] In some embodiments, the genetically engineered bacteria comprise an 

arginine feedback resistant N-acetylglutamate synthase mutant, e.g., org'. In some 

embodiments, the genetically engineered bacteria comprise a mutant arginine regulon 

comprising an arginine feedback resistant ArgA, and when the arginine feedback resistant 

ArgA is expressed, are capable of producing more arginine and/or an intermediate byproduct 

than unmodified bacteria of the same subtype under the same conditions. The arginine 

feedback resistant N-acetylglutamate synthetase protein (argA') is significantly less 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 argA' expression. In some embodiments, expression from the chromosome 

may be useful for increasing stability of argA' 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 argAi'gene is expressed under the control of a constitutive promoter. In 

some embodiments, the argAt gene is expressed under the control of a promoter that is 
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induced by exogenous environmental conditions, In some embodiments, the exogenous 

environmental conditions are specific to the gut of a mammal. In some embodiments, 

exogenous environmental conditions are molecules or metabolites that are specific to the 

mammalian gut, e.g., propionate or bilirubin. In some embodiments, the exogenous 

environmental conditions are low-oxygen or anaerobic conditions, such as the environment of 

the mammalian gut.  

[0155] Bacteria have evolved transcription factors that are capable of sensing oxygen 

levels. Different signaling pathways may be triggered by different oxygen levels and occur 

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 

gene expression. In one embodiment, the argA 0 'gene is under control of an oxygen level

dependent promoter. In a more specific aspect, the argA "'gene is under control of an 

oxygen level-dependent promoter that is activated under low-oxygen or anaerobic 

environments, such as the environment of the mammalian gut.  

[0156] In certain embodiments, the genetically engineered bacteria comprise orgA' 

expressed under the control of the fumarate and nitrate reductase regulator (FNR) promoter.  

In E. coli, FNR is a major transcriptional activator that controls the switch from aerobic to 

anaerobic metabolism (Unden et al., 1997). In the anaerobic state, FNR dimerizes into an 

active DNA binding protein that activates hundreds of genes responsible for adapting to 

anaerobic growth. In the aerobic state, FNR is prevented from dimerizing by oxygen and is 

inactive. In alternate embodiments, the genetically engineered bacteria comprise rgAf' 

expressed under the control of an alternate oxygen level-dependent promoter, e.g., an 

anaerobic regulation of arginine deiminiase and nitrate reduction ANR promoter (Ray et al., 

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.  

[0157] In P. aeruginoso, the anaerobic regulation of arginine deiminiase and nitrate 

reduction (ANR) transcriptional regulator is "required for the expression of physiological 

functions which are inducible under oxygen-limiting or anaerobic conditions" (Winteler et al., 

1996; Sawers 1991). P. aeruginoso ANR is homologous with E. coli 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. Pseudomonasfluorescens, 

Pseudomonas putid, Pseudomonas syringe, and Pseudomonas mendocina 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 also includes the dissimilatory nitrate respiration regulator 

(DNR) (Arai et al., 1995), a transcriptional regulator that is required in conjunction with ANR 

for "anaerobic nitrate respiration of Pseudomonas aeruginosa" (Hasegawa et al., 1998). 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, NreA/B/C, and AirSR, and others are known in the art.  

[0159] In some embodiments, argA"h'is expressed under the control of an inducible 

promoter that is responsive to specific molecules or metabolites in the environment, e.g., the 

mammalian gut. For example, the short-chain fatty acid propionate is a major microbial 

fermentation metabolite localized to the gut (Hosseini et al., 2011). In one embodiment, 

argA'gene expression is under the control of a propionate-inducible promoter. In a more 

specific embodiment, argA' 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 argAE' expression. Non-limiting examples include propionate, bilirubin, 

aspartate aminotransferase, alanine aminotransferase, blood coagulation factors 11, V11, IX, 

and X, alkaline phosphatase, gamma glutamyl transferase, hepatitis antigens and antibodies, 

alpha fetoprotein, anti-mitochondrial, smooth muscle, and anti-nuclear antibodies, iron, 

transferrin, ferritin, copper, ceruloplasmin, ammonia, and manganese. In alternate 

embodiments, argAh'gene expression is under the control of a pBAD promoter, which is 

activated in the presence of the sugar arabinose (see, e.g., Fig. 18).  

[0160] 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 11, VII, 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 metabolites can be 

used to engineer bacteria of the present disclosure that would only be induced to express 

argAb' in the intestines of HE patients. These promoters would not be expected to be 

induced in UCD patients.  

[0161] In some embodiments, the argAi '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.  

[0162] In some embodiments, arginine feedback inhibition of N-acetylglutamate 

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-acetylglutamate synthetase is active, as compared to 

a wild-type N-acetylglutamate synthetase from bacteria of the same subtype under the same 

conditions.  

[0163] In some embodiments, the genetically engineered bacteria comprise a stably 

maintained plasmid or chromosome carrying the argA" gene, such that argAf" 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 argA gene is expressed on a high-copy plasmid.  

In some embodiments, the high-copy plasmid may be useful for increasing argA expression.  

In some embodiments, the feedback resistant argA gene is expressed on a chromosome. In 

some 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, malE/K, insB/I, araC/BAD, lacZ, dapA, ceo, and other shown in Fig. 22. For 
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example, the genetically engineered bacteria may include four copies of argAfbrinserted at 

four different insertion sites, e.g., malE/K, insB//, araC/BAD, and lacZ. Alternatively, the 

genetically engineered bacteria may include three copies of argAf'inserted at three different 

insertion sites, e.g., malE/K, insB/, and lacZ, and three mutant arginine regulons, e.g., two 

producing citrulline and one producing arginine, inserted at three different insertion sites 

dapA, cea, and araCIBAD.  

[0164] In some embodiments, the plasmid or chromosome also comprises wild-type 

ArgR binding sites, e.g, ARG boxes. In some instances, the presence and/or build-up of 

functional ArgR may result in off-target binding at sites other than the ARG boxes, which may 

cause off-target changes in gene expression. A plasmid or chromosome that further 

comprises functional ARG boxes may be used to reduce or eliminate off-target ArgR binding, 

i.e., by acting as an ArgR sink. In some embodiments, the plasmid or chromosome does not 

comprise functional ArgR binding sites, e.g., the plasmid or chromosome comprises modified 

ARG boxes or does not comprise ARG boxes.  

[0165] In 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 argA gene is present in the 

chromosome and operably linked to a promoter that is induced under low-oxygen or 

anaerobic conditions. In some embodiments, the feedback resistant 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 argA gene 

is present on a chromosome and operably linked to a promoter that is induced by molecules 

or metabolites that are specific to the mammalian gut. In some embodiments, the feedback 

resistant argA 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 argA gene 

is present on a plasmid and operably linked to a promoter that is induced by exposure to 

tetracycline.  

[0166] In some embodiments, the genetically engineered bacteria comprise multiple 

mechanisms of action (MOAs), e.g., circuits producing multiple copies of the same product (to 

enhance copy number) or circuits performing multiple different functions. Examples of 

insertion sites include, but are not limited to, maE/K, insB/, araC/BAD, acZ, dpA, cea, and 

other shown in Fig. 22.  
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[0167] In some embodiments, the genetically engineered bacteria 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., 2006).  

[0168] In some embodiments, the genetically engineered bacteria comprise an oxygen 

level-dependent transcriptional regulator from a different bacterial species that reduces 

and/or consumes ammonia in low-oxygen or anaerobic environments. In certain 

embodiments, the mutant oxygen level-dependent transcriptional regulator is a FNR protein 

from N. gonorrhoeoe (see, e.g.. 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.  

[0169] In some embodiments, the genetically engineered bacteria comprise argAl' 

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 arA' expressed under the control of an oxygen level

dependent promoter, e.g., a FNR promoter and do not comprise wild-type argA. In still other 

embodiments, the mutant arginine regulon comprises argA' 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.  

[0170] In some embodiments, the genetically engineered bacteria express ArgAfbr 

from a plasmid and/or chromosome. In some embodiments, the argA' gene is expressed 

under the control of a constitutive promoter. In some embodiments, the argAb 'gene is 

expressed under the control of an inducible promoter. In one embodiment, argA "r 

expressed under the control of an oxygen level-dependent promoter 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 argAlbplasmid is shown in Fig. 8, with the FNR promoter sequence 

bolded and orgA' sequenceboxed.  

[0171] FNR promoter sequences are known in the art, and any suitable FNR promoter 

sequence(s) may be used in the genetically engineered bacteria of the invention. Any suitable 

FNR promoter(s) may be combined with any suitable feedback-resistant ArgA (exemplary 

sequence, SEQ ID NO: 8A). Non-limiting FNR promoter sequences are provided in Fig. 7. In 

some embodiments, the genetically engineered bacteria of the invention comprise one or 

more of: SEQ ID NO: 16, SEQ ID NO: 17, nirBI promoter (SEQ ID NO: 18), nirB2 promoter (SEQ 

ID NO: 19), nirB3 promoter (SEQ ID NO: 20), ydfZ promoter (SEQ ID NO: 21), nirB promoter 

fused to a strong ribosome binding site (SEQ ID NO: 22), ydfZ promoter fused to a strong 

ribosome binding site (SEQ ID NO: 23),fnrS, an anaerobically induced small RNA gene (fnrSl 

promoter SEQ ID NO: 24 orfnrS2 promoter SEQ ID NO: 25), nirB promoter fused to a crp 

binding site (SEQ ID NO: 26), and fnrS fused to a crp binding site (SEQ ID NO: 27).  

[0172] In some embodiments, the genetically engineered bacteria comprise the 

nucleic acid sequence of SEQ ID NO: 28 or a functional fragment thereof. In some 

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 

some embodiments, genetically engineered bacteria comprise a nucleic acid sequence that is 

at least about 80%, at least about 85%, at least about 90%, at least about 95%, or at least 

about 99% homologous to the DNA sequence of SEQ ID NO: 28, or a nucleic acid sequence 

that, but for the redundancy of the genetic code, encodes the same polypeptide as SEQ ID 

NO: 28.  

[0173] In other embodiments, argA'is expressed under the control of an oxygen 

level-dependent promoter fused to a binding site for a transcriptional activator, e.g., CRP.  

CRP (cyclic AMP receptor protein or catabolite activator protein or CAP) plays a major 

regulatory role in bacteria by repressing genes responsible for the uptake, metabolism and 

assimilation of less favorable carbon sources when rapidly 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; Garke and 

StOlke, 2008). In some embodiments, arg,4f expression is controlled by an oxygen level

dependent promoter fused to a CRP binding site. In some embodiments, argAr expression is 
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controlled 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 binding 

then activates transcription of the rgA' gene by recruiting RNA polymerase to the FNR 

promoter via direct protein-protein interactions. In the presence of glucose, cyclic AMP does 

not bind to CRP and rgAi 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 argAbris 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] An important consideration in practicing the invention is to ensure that 

ammonia is not overproduced as a byproduct of arginine and/or citrulline catabolism. In the 

final enzymatic step of the urea cycle, arginase catalyzes the hydrolytic 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 ammnia (Summerskill, 1966; Ayagi 

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 E. coli Nissle, the 

gene arcD encodes an arginine/ornithine antiporter, which may also liberate ammonia 

(Vander Wauven et al., 1984; Gamper et al., 1991; Meng et al., 1992).  

[0175] AstA is an enzyme involved in the conversion of arginine to succinate, which 

liberates 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 to prevent the breakdown of arginine. In some embodiments, the genetically 

engineered bacteria comprising a mutant arginine regulon additionally includes mutations 

that reduce or eliminate arginine catabolism, thereby reducing or 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 embodiments, the genetically engineered bacteria also comprise mutations 

that reduce or eliminate AstA activity. In certain embodiments, AstA is deleted. In some 

embodiments, the genetically engineered bacteria also comprise mutations that reduce or 

eliminate SpeA activity. In certain embodiments, SpeA is deleted. In some embodiments, the 

genetically engineered bacteria also comprise mutations that reduce or eliminate arginase 
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activity. In certain embodiments, arginase is deleted. In some embodiments, the genetically 

engineered bacteria also comprise mutations that reduce or eliminate urease activity. In 

certain embodiments, urease is deleted. In some embodiments, one or more other genes 

involved in arginine catabolism are mutated or deleted.  

Essential Genes and Auxotrophs 

[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 to one of ordinary 

skill in the art, and can be identified by directed deletion of genes and/or random 

mutagenesis and screening (see, for example, Zhang and Lin, 2009, DEG 5.0, a database of 

essential genes in both prokaryotes and eukaryotes, Nucl. Acids Res., 37:D455-D458 and 

Gerdes et al., Essential genes on metabolic maps, Curr. Opin. Biotechnol., 17(5):448-456, the 

entire contents of each of which are expressly incorporated herein by reference).  

[0177] An "essential gene" may be dependent on the circumstances and environment 

in which an organism lives. For example, a mutation of, modification of, or excision of an 

essential gene may result in the recombinant bacteria of the disclosure becoming an 

auxotroph. An auxotrophic modification is intended to cause bacteria to die in the absence of 

an exogenously added nutrient essential for survival or growth because they lack the gene(s) 

necessary to produce that essential nutrient.  

[0178] 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 

gene(s) necessary to produce that essential nutrient. In some embodiments, any of the 

genetically engineered bacteria described herein also comprise a deletion or mutation in a 

gene required for cell survival and/or growth. In one embodiment, the essential gene is a 

DNA synthesis gene, for example, thyA. In another embodiment, the essential gene is a cell 

wall synthesis gene, for example, dapA. In yet another embodiment, the essential gene is an 

amino acid gene, for example, serA or MetA. Any gene required for cell survival and/or 

growth may be targeted, including but not limited to, cysE, gInA, ilvD, leuB, lysA, serA, metA, 

glyA, hisB, ilvA, pheA, proA, thrC, trpC, tyrA, thyA, uraA, dapA, dapB, dapD, dapE, dapF, flhD, 

metB, metC, proAB, and thil, as long as the corresponding wild-type gene product is not 

produced in the bacteria. For example, thymine is a nucleic acid that is required for bacterial 

cell growth; in its absence, bacteria undergo cell death. The thyA gene encodes thimidylate 

synthetase, an enzyme that catalyzes the first step in thymine synthesis by converting dUMP 
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to dTMP (Sat et al., 2003). In some embodiments, the bacterial cell of the disclosure is a thyA 

auxotroph in which the thyA gene is deleted and/or replaced with an unrelated gene. A thyA 

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 gut), 

[0179] 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 dapD auxotroph in which dapD is deleted and/or replaced with an 

unrelated gene. A dapD auxotroph 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 auxotroph dies. In some embodiments, the auxotrophic modification is used to ensure 

that the bacterial cell does not survive in the absence of the auxotrophic gene product (e.g., 

outside of the gut).  

[0180] 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 uracil (Andersen et al., 1995). A uraA 

auxotroph can grow only when sufficient amounts of uracil are present, e.g., by adding uracil 

to growth media in vitro. Without sufficient amounts of uracil, the uraA auxotroph dies. In 

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. In very rare 

circumstances, 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 DNA transfer will occur enough 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, yeaZ, aspS, argS, pgsA, yefM, metG, folE, yejM, gyrA, nrdA, nrdB, foC, accD, fabB, 

gltX, ligA, zipA, dapE, dapA, der, hisS, ispG, suhB, tadA, acpS, era, rnc, ftsB, eno, pyrG, chpR, 

lgt, fbaA, pgk, yqgD, metK, yqgF, pIsC, ygiT, pare, ribB, cca, ygjD, tdcF, yraL, yihA, ftsN, murl, 

murB, birA, secE, nusG, rplJ, rplL, rpoB, rpoC, ubiA, plsB, lexA, dnaB, ssb, alsK, groS, psd, orn, 

yjeE, rpsR, chpS, ppa, valS, yjgP, yjgQ, dnaC, ribF, IspA, ispH, dapB, folA, imp, yabQ, ftsL, ftsl, 

nurE, murF, mraY, murD), ftsW, murG, murC, ftsQ, ftsA, ftsZ, IpxC, secM, secA, can, folK, 

hemL, yadR, dapD, map, rpsB, infB,nusA, ftsH, obgE, rpmA, rpU, ispB, murA, yrbB, yrbK, 

yhbN, rpsl, rplM, degS, ireD, mreC, mreB, accB, accC, yrdC, def, fit, rplQ, rpoA, rpsD, rpsK, 

rpsM, entD, mrdB, mrdA, nadD, hlepB, rpoE, pssA, yfiO, rplS, trmD, rpsP, ffh, grpE, yfjB, csrA, 

ispF, ispD, rplW, rplD, rplC, rpsJ, fusA, rpsG, rpsL, trpS, yrfF, asd, rpoH, ftsX, ftsE, ftsY, frr, dxr, 

ispU, rfaK, kdtA, coaD, rpmB, dfp, dut, gmk, spot, gyrB, dnaN, dnaA, rpmH, rnpA, yidC, tnaB, 

gImS, glmU, wzyE, hemD, hemC, yigP, ubiB, ubiD, hemG, secY, rplO, rpmD, rpsE, rpR, rplF, 

rpsH, rpsN, rplE, rplX, rplN, rpsQ, rpmC, rplP, rpsC, rplV, rpsS, rplB, cdsA, yaeL, yaeT, lpxD, 

fabZ, lpxA, lpxB, dnaE, accA, tilS, proS, yafF, tsf, pyrH, olA, rpB, leuS, Int, gInS, fdA, cydA, infA, 

cydC, ftsK, lolA, serS, rpsA, msbA, lpxK, kdsB, mukF, mukE, mukB, asnS, fabA, mviN, rne, yceQ, 

fabD, fabG, acpP, tmk, holB, 1oIC, lolD, 1E, purB, ymfK, minE, mind, pth, rsA, ispE, boIB, hemA, 

prfA, prmC, kdsA, topA, ribA, fabl, racR, dicA, ydfB, tyrS, ribC, ydiL, pheT, pheS, yhhQ, bcsB, 

glyQ, yibJ, and gpsA. Other essential genes are known to those of ordinary skill in the art.  

[0183] In some embodiments, the genetically engineered bacterium of the present 

disclosure is a synthetic ligand-dependent essential gene (SLiDE) bacterial cell. SLIDE bacterial 

cells 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 Biology 

(2015) DOI: 10.1021/acssynbio.5b00085, the entire contents of which are expressly 

incorporated herein by reference).  

[0184] In some embodiments, the SLiDE bacterial cell comprises a mutation in an 

essential gene. In some embodiments, the essential gene is selected from the group 

consisting of pheS, dnaN, tyrS, metG and adk. In some embodiments, the essential gene is 
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dnaN comprising one or more of the following mutations: H191N, R240C, 1317, F319V, 

L340T, V3471, and S345C. In some embodiments, the essential gene is dnaN comprising the 

mutations H191N, R240C, 1317S, F319V, L340T, V3471, and S345C. In some embodiments, the 

essential gene is pheS comprising one or more of the following mutations: F125G, P183T, 

P184A, R186A, and 11.88L 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 tyr comprising the mutations L36V, C38A and F40G. In 

some embodiments, the essential gene is metG comprising one or more of the following 

mutations: E45Q, N47R, 149G, and A51C. In some embodiments, the essential gene is metG 

comprising the mutations E450, N47R, 149G, and A51C. In some embodiments, the essential 

gene is adk comprising one or more of the following mutations: 14L, L51 and L6G. In some 

embodiments, the essential gene is adk comprising the mutations 14L, L51 and L6G.  

[0185] In some embodiments, the genetically engineered bacterium is complemented 

by a ligand. In some embodiments, the ligand is selected from the group consisting of 

benzothiazole, indole, 2-aminobenzothiazole, indole-3-butyric acid, indole-3-acetic acid, and 

L-histidine methyl ester. For example, bacterial cells comprising mutations in metG (E45Q, 

N47R, 149G, and A51C) are complemented 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, 13175, F319V, L340T, V3471, and S345C) are 

complemented by benzothiazole, indole or 2-aminobenzothiazole. Bacterial cells comprising 

mutations in pheS (F125G, P183T, P184A, R186A, and 1188L) are complemented by 

benzothiazole or 2-aminobenzothiazole. Bacterial cells comprising mutations in tyrS (L36V, 

C38A, and F40G) are complemented by benzothiazole or 2-aminobenzothiazole. Bacterial 

cells comprising mutations in adk (14L, L51 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 

embodiments, the bacterial cell comprises mutations in two essential genes. For example, in 

some embodiments, the bacterial cell comprises mutations in tyrS (L36V, C38A, and F40G) 

and metG (E45Q, N47R, 149G, and A51C). 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, C38A, and F40G), metG (E45Q, N47R, 149G, and A51C), and 

pheS (F125G, P183T, P184A, R186A, and 1188L).  

[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.  

[0188] In some embodiments, the genetically engineered bacterium of the disclosure 

is an auxotroph and also comprises kill-switch circuitry, such as any of the kill-switch 

components and systems described herein. For example, the recombinant bacteria may 

comprise a deletion or mutation in an essential gene required for cell survival and/or growth, 

for example, in a DNA synthesis gene, for example, thyA, cell wall synthesis gene, for example, 

dapA and/or an amino acid gene, for example, serA or MetA and may also comprise a toxin 

gene that is regulated by one or more transcriptional activators that are expressed in 

response to an environmental condition(s) and/or signal(s) (such as the described arabinose 

system) or 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 expressly 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 

components 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 

overproducing arginine. As described herein, many genes involved in arginine metabolism are 

subject to repression by arginine via its interaction with ArgR. The astCgene promoter is 

unique in that the arginine-ArgR complex acts as a transcriptional activator, as opposed to a 

transcriptional repressor. AstC encodes succinylornithine aminotransferase, the third enzyme 

of the ammonia-producing arginine succinyltransferase (AST) pathway and the first of the 

astCADBE operon in E coli (Schneider et al., 1998). In certain embodiments, the genetically 

engineered bacteria 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 

ammonia by overproducing arginine. A non-limiting example of a positive feedback 

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

Genetic Regulatory Circuits 

[0190] In some embodiments, the genetically engineered bacteria comprise multi

layered genetic regulatory circuits for expressing the constructs described herein (see, e.g., 

U.S. Provisional Application No. 62/184,811, incorporated herein by reference in its entirety).  

[0191] In certain embodiments, the invention provides methods for selecting 

genetically engineered bacteria that overproduce arginine. In some embodiments, the 

invention provides methods for selecting genetically engineered bacteria that consume excess 

ammonia via an alternative metabolic pathway, e.g., a histidine biosynthesis pathway, a 

methionine biosynthesis pathway, a lysine biosynthesis pathway, an asparagine biosynthesis 

pathway, a glutamine biosynthesis pathway, and a tryptophan biosynthesis pathway. In 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 useful to screen for mutant bacteria 

that reduce ammonia or rescue an auxotroph. In some constructs, high levels of arginine and 

the resultant activation of ArgR by arginine can cause expression of a detectable label or an 

essential gene that is required for cell survival.  

[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 used to screen for mutants that consume 

excess ammonia, and/or an essential gene that is required for cell survival. Any detectable 

product may be used, including but not limited to, luciferase, p-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 occurs 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, AscG, Lacl, CscR, DeoR, DgoR, FruR, GaR, 

GatR, C, LexA, RafR, CacR, and PtxS (US20030166191). In some embodiments, the mutant 

arginine regulon comprising a switch is subjected to mutagenesis, and mutants that reduce 

ammonia by overproducing arginine are selected based upon the level of detectable product, 

e,g., by flow cytometry, fluorescence-activated cell sorting (FACS) when the detectable 

product fluoresces.  

[0193] In some embodiments, the gene of interest is one required for survival and/or 

growth of the bacteria. Any such gene may be used, including but not limited to, cysE, ginA, 

ivD, leuB, lysA, serA, metA, glyA, his, ivA, pheA, proA, thrC, trpC, tyrA, thyA, amA, dapA, 

dapB, dapD, dapE, dapF flhD, metB, metC, proAB, and thi1, as long as the corresponding wild

type gene has been removed or mutated so as not to produce the gene product except under 

control 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., thyA, 

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 

mammalian gut, wherein said gene is complemented by an second inducible gene present in 

the bacterium; transcription of the second gene is ArgR-repressible and induced in the 

presence of sufficiently high concentrations of arginine (thus complementing the auxotrophic 

gene). In some embodiments, the mutant arginine regulon comprising a two-repressor 

activation circuit is subjected to mutagenesis, and mutants that reduce excess 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.  

In certain embodiments, the mutually dependent host-plasmid platform is GeneGuard 

(Wright et al, 2015). In some embodiments, the GeneGuard plasmid comprises (i) a 
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conditional origin of replication, in which the requisite replication initiator protein is provided 

in trans; (ii) an auxotrophic modification that is rescued by the host via genomic translocation 

and is also compatible for use in rich media; and/or (iii) 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., a wild-type bacterium). In some embodiments, the GeneGuard plasmid is stable 

for at least 100 generations without antibiotic selection. In some embodiments, the 

GeneGuard plasmid does not disrupt growth of the host. The GeneGuard plasmid is used to 

greatly reduce unintentional plasmid propagation in the genetically engineered bacteria of 

the invention.  

[0195] The mutually dependent host-plasmid platform may be used alone or in 

combination with other biosafety mechanisms, such as those described herein (e.g., kill 

switches, auxotrophies). In some embodiments, the genetically engineered bacteria 

comprise a GeneGuard plasmid. In other embodiments, the genetically engineered bacteria 

comprise a GeneGuard plasmid and/or one or more kill switches. In other embodiments, the 

genetically engineered bacteria comprise a GeneGuard plasmid and/or one or more 

auxotrophies. In still other embodiments, the genetically engineered bacteria comprise a 

GeneGuard plasmid, one or more kill switches, and/or one or more auxotrophies.  

Kill 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 

62/263,329incorporated herein by reference in their entireties). The kill switch is intended to 

actively kill engineered microbes in response to external stimuli. As opposed to an 

auxotrophic mutation where bacteria die because they lack an essential nutrient for survival, 

the kill switch is triggered by a particular factor in the environment that induces the 

production of toxic molecules within the microbe that cause cell death.  

[0197] Bacteria engineered with kill switches have been engineered for in vitro 

research purposes, e.g., to limit the spread of a biofuel-producing microorganism outside of a 

laboratory environment. Bacteria engineered for in vivo administration to treat a disease or 

disorder may also be programmed to die at a specific time after the expression and delivery of 

a 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 arg ". In some embodiments, the kill switch is activated in a delayed fashion 

following oxygen level-dependent expression of arg~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, transcriptional activation (toggle switches; see, e.g., Gardner et al., 2000), 

translation (riboregulators), or DNA recombination (recombinase-based switches), and can 

sense environmental stimuli such as anaerobiosis or reactive oxygen species. These switches 

can be activated by a single environmental factor or may require several activators in AND, 

OR, NAND and NOR logic configurations to induce cell death. For example, an AND 

riboregulator switch is activated by tetracycline, isopropyl P-D-1-thiogalactopyranoside (IPTG), 

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 rg In some embodiments, the kill switch 

is activated in a delayed fashion following oxygen level-dependent expression of arg .  

[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.  

[0199] Thus, in some embodiments, the genetically engineered bacteria of the 

disclosure are further programmed to die after sensing an exogenous environmental signal, 

for example, in a low oxygen environment. In some embodiments, the genetically engineered 

-62-



WO 2016/090343 PCT/US2015/064140 

bacteria of the present disclosure, e.g., bacteria expressing or t"and repressor ArgR 

,comprise one or more genes encoding one or more recombinase(s), whose expression is 

induced in response to an environmental condition or signal and causes one or more 

recombination events that ultimately leads to the expression of a toxin which kills the cell. In 

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 exogenous environmental condition and expresses the 

heterologous gene of interest, the recombinant bacterial cell is no longer viable.  

[0200] In another embodiment in which the genetically engineered bacteria of the 

present disclosure, e.g., bacteria expressing arg Arand repressor ArgR , express one or more 

recombinase(s) in response to an environmental condition or signal causing at least one 

recombination event, the genetically engineered bacterium further expresses a heterologous 

gene encoding an anti-toxinin response to an exogenous environmental condition or signal.  

In one embodiment, the at least one recombination event is flipping of an inverted 

heterologous 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 sequence. 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 environmental condition is no longer present.  

[0201] In another embodiment, the at least 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 embodiment, the inverted heterologous gene encoding the second 

recombinase is located between a first forward recombinase recognition sequence and a first 

reverse recombinase recognition sequence. In one embodiment, the inverted heterologous 

gene encoding the bacterial toxin is located between a second forward recombinase 
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recognition sequence and a second reverse recombinase recognition sequence. In one 

embodiment, the heterologous gene encoding the second recombinase is constitutively 

expressed after it is flipped by the first recombinase. In one embodiment, the heterologous 

gene encoding the bacterial toxin is constitutively expressed after it is flipped by the second 

recombinase. In one embodiment, the genetically engineered bacterium is killed by the 

bacterial toxin. In one embodiment, the genetically engineered bacterium further expresses a 

heterologous gene encoding an anti-toxin in response to the exogenous environmental 

condition. In one embodiment, the anti-toxin inhibits the activity of the toxin when the 

exogenous environmental condition is present, thereby delaying death of the genetically 

engineered bacterium. In one embodiment, the genetically engineered bacterium is 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 recombinase by a first recombinase, followed 

by flipping of an inverted heterologous gene encoding a third recombinase by the second 

recombinase, followed by flipping of an inverted heterologous gene encoding a bacterial toxin 

bythe third recombinase.  

[0203] In one embodiment, the at least one recombination event is flipping of an 

inverted heterologous gene encoding a first excision enzyme by a first recombinase. In one 

embodiment, the inverted heterologous gene encoding the first excision enzyme is located 

between a first forward recombinase recognition sequence and a first reverse recombinase 

recognition sequence. In one embodiment, the heterologous gene encoding the first excision 

enzyme is constitutively expressed after it is flipped by the first recombinase. In one 

embodiment, the first excision enzyme excises a first essential gene. In one 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 

heterologous gene encoding a second excision enzyme. In one embodiment, the wherein the 

inverted 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 bacterium dies or is no longer viable when the first 
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essential gene and the second essential gene are both excised. In one embodiment, the 

genetically engineered bacterium dies or is no longer viable when either the first essential 

gene is excised or the second essential gene is excised by the first recombinase.  

[0205] In one embodiment, the genetically engineered bacterium dies after the at 

least one recombination event occurs. In another embodiment, the genetically engineered 

bacterium is no longer viable after the at least one recombination event occurs.  

[0206] In any of these embodiment, the recombinase can be a recombinase selected 

from the group consisting of: Bxb, PhiC31, TP901, Bxbl, PhiC31, TP901, HK022, HIP1, R4, Intl, 

Int2, Int3, Int4, Int5, Int6, Int7, Int8, Int9, Int1, Int11, Intl2, Intl3, Int14, Int15, Int16, Int17, 

Int18, Int19, Int2, Int21, Int22, Int23, Int24, Int25, Int26, Int27, Int28, Int29, Int30, Int31, 

Int32, Int33, and Int34, or a biologically active fragment thereof.  

[0207] In the above-described kill-switch circuits, a toxin is produced in the presence 

of an environmental factor or signal. In another aspect of kill-switch circuitry, a toxin may be 

repressed in the presence of an environmental factor (not produced) and then produced once 

the environmental condition or external signal is no longer present. An exemplary 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 63. The disclosure 

provides recombinant bacterial cells which express one or more heterologous 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 well as one or more genes under the control of the araBAD promoter. In the 

absence of arabinose, the AraC transcription factor adopts a conformation that represses 

transcription of genes under the control of the araBAD promoter. In the presence of 

arabinose, the AraC transcription factor undergoes a conformational change that allows it to 

bind to and activate the AraBAD promoter, which induces expression of the desired gene.  

[0208] Thus, in some embodiments in which one or more heterologous gene(s) are 

expressed 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 heterologous gene is selected from one or more of the 

following: a heterologous therapeutic gene, a heterologous gene encoding an antitoxin, a 

heterologous gene encoding a repressor protein or polypeptide, for example, a TetR 
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repressor, a heterologous gene encoding an essential protein not found in the bacterial cell, 

and/or a heterologous encoding a regulatory protein or polypeptide.  

[0209] Arabinose inducible promoters are known in the art, includiglPauigPaaB, ParaC, 

and P-aSAD. In one embodiment, the arabinose inducible promoter is from E. coli. In some 

embodiments, the ParaC promoter and the ParaBAD promoter operate as a bidirectional 

promoter, with the ParBAD promoter controlling expression of a heterologous gene(s) in one 

direction, and the Paac (in close proximity to, and on the opposite strand from the ParsBA.  

promoter), controlling expression of a heterologous gene(s) in the other direction. In the 

presence of arabinose, transcription of both heterologous genes from both promoters is 

induced. However, in the absence of arabinose, transcription of both heterologous genes 

from both promoters is not induced.  

[0210] 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 ParaAD 

promoter operably linked to a heterologous gene encoding a Tetracycline Repressor Protein 

(TetR), a Parac promoter operably linked to a heterologous gene encoding AraC transcription 

factor, and a heterologous gene encoding a bacterial toxin operably linked to a promoter 

which is repressed by the Tetracycline Repressor Protein (PTeR). In the presence of arabinose, 

the AraC transcription factor activates the ParaBAD 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 ParaBAD 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.  

[0211] In one embodiment of the disclosure, the recombinant bacterial cell 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 protein is 

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 disclosure, the recombinant bacterial cell 

further comprises an antitoxin under the control of the ParBAD 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 protein is 

expressed, and the recombinant bacterial cell will be killed by the toxin.  

[0213] In another exemplary embodiment of the disclosure, the engineered bacteria 

of the present disclosure contains a kill-switch having at least the following sequences: a 

ParaBA promoter operably linked to a heterologous gene encoding an essential polypeptide 

not found in the recombinant bacterial cell (and required for survival), and aPamc promoter 

operably linked to a heterologous gene encoding AraC transcription factor. In the presence of 

arabinose, the AraC transcription factor activates the Par-BA 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 ParB.A 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 ParaBAD 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 ParaBAD 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 kill

switch system described directly above.  

[0214] In some embodiments, the engineered bacteria of the present disclosure, for 

example, bacteria expressing arg^ A' and repressor ArgR further comprise the gene(s) 

encoding the components of any of the above-described kill-switch circuits.  

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

from the group consisting of a lysin, Hofk, Fst, TisB, LdrD, Kid, SymE, MazF, FlmA, bs, XCV2162, 
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dinJ, CcdB, MazF, ParE, YafO, Zeta, hicB, relB, yhaV, yoeB, chpBK, hipA, microcin B, microcin 

B17, microcin C, microcin C7-C51, microcin J25, microcin CoV, microcin 24, microcin L, 

microcin D93, microcin L, microcin E492, microcin H47, microcin 147, microcin M, colicin A, 

colicin El, colicin K, colicin N, colicin U, colicin B, colicin la, colicin Ib, colicin 5, colicinO, colicin 

S4, colicin Y, colicin E2, colicin E7, colicin E8, colicin E9, colicin E3, colicin E4, colicin E6; colicin 

E5, colicin D, colicin M, and cloacin DF13, or a biologically active fragment thereof.  

[0216] In any of the above-described embodiments, the anti-toxin is selected from the 

group consisting of an anti-lysin, Sok, RNAII, stR, RdlD, Kis, SymR, MazE, FImB, Sib, ptaRNA1, 

yafQ, CcdA, MazE, ParD, yafN, Epsilon, HicA, relE, prlF, yefM, chpB, hipB, MccE, MccECTD, 

MccF, Cai, ImmEl, Cki, Cni, Cui, Cbi, lia, imm, Cfi, ImI, Csi, Cyi, Im2, Im7, In8, m9, Im3, Im4, 

ImmE6, cloacin immunity protein (Cim), ImnE5, mmiD, and Cmi, or a biologically active 

fragment thereof.  

[0217] 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 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-acetylglutamate synthase mutant, e.g., argA .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 N-acetylglutamate kinase, N

acetylglutanylphosphate reductase, acetylornithine aminotransferase, N-acetylornithinase, 

ornithine transcarbamylase, argininosuccinate synthase, argininosuccinate lyase, and 

carbamoylphosphate synthase, thereby derepressing the regulon and enhancing 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-acetylglutanate 
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synthase mutant is controlled by an oxygen level-dependent promoter. In some 

embodiments, the arginine feedback resistant N-acetylglutamate synthase mutant is 

controlled by a promoter that is induced under low-oxygen or anaerobic conditions. In some 

embodiments, the promoter is selected from the fumarate and nitrate reductase regulator 

(FNR) promoter, arginine deiminiase and nitrate reduction (ANR) promoter, and dissimilatory 

nitrate respiration regulator (DNR) promoter. In some embodiments, the arginine feedback 

resistant N-acetylglutamate synthase mutant is argAt.  

[0219] In some embodiments, the genetically engineered bacteria comprise a mutant 

arginine regulon comprising one or more nucleic acid mutations in at least one ARG box for 

each of the operons that encode the arginine biosynthesis enzymes and an arginine feedback 

resistant N-acetylglutamate synthase mutant. In some embodiments, the genetically 

engineered bacteria comprise a mutant arginine regulon, wherein the bacterium comprises a 

gene encoding a functional N-acetylglutamate synthetase that is mutated to reduce arginine 

feedback inhibition as compared to a wild-type N-acetylglutamate synthetase from the same 

bacterial subtype under the same conditions, wherein expression of the gene encoding the 

mutated N-acetylglutamate synthetase is controlled 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-acetylglutamate 

kinase, N-acetylglutamate phosphate reductase, acetylornithine aminotransferase, N

acetylornithinase, carbamoylphosphate synthase, ornithine transcarbamylase, 

argininosuccinate synthase, and argininosuccinate lyase, 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 engineered bacteria is an auxotroph 

comprising a mutant arginine regulon comprising one or more nucleic acid mutations in at 

least one ARG box for each of the operons that encode the arginine biosynthesis enzymes and 

an arginine feedback resistant N-acetylglutamate synthase mutant. In one embodiment, the 

genetically engineered bacteria comprising a mutant arginine regulon comprising one or more 

nucleic acid mutations in at least one ARG box for each of the operons that encode the 

arginine biosynthesis enzymes and an arginine feedback resistant N-acetylglutamate synthase 
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mutant is an auxotroph selected from a cysE, ginA, ilvD, leuB, lysA, serA, metA, glyA, hisB, ivA, 

pheA, proA, thrC, trpC, tyr.A, thyA, uraA,dapA, dapB, dapD, dapE, dap, fhD, metB, metC, 

proAB, and thil auxotroph. In some embodiments, the engineered bacteria have more than 

one auxotrophy, for example, they may be a AthyA and AdapA auxotroph.  

[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 more 

recombinase(s) under the control of an inducible promoter and an inverted toxin sequence.  

In some embodiments, the genetically engineered bacteria further comprise one or more 

genes encoding an antitoxin. In some embodiments, the engineered bacteria further 

comprise one or more genes encoding one or more 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 encoding an antitoxin. In some 

embodiments, the engineered bacteria further comprise one or more genes encoding a toxin 

under the control of a promoter having a TetR repressor binding site and a gene encoding the 

TetR under the control of an inducible promoter that is induced by arabinose, such as 

ParaBAD. 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 

least one ARG box for each of the operons that encode the arginine biosynthesis enzymes and 

an arginine feedback resistant N-acetylglutamnate 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 engineered 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 that is 

induced under low-oxygen or anaerobic conditions. In other embodiments, the gene 

encoding the arginine feedback resistant N-acetylglutamate 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 anaerobic conditions.  

[0224] In some embodiments, the genetically engineered bacteria comprise a mutant 

arginine repressor comprising one or more nucleic acid mutations such that arginine 

repressor function is decreased or inactive, or the genetically engineered bacteria do not have 

an arginine repressor (e.g., the arginine repressor gene has been deleted), resulting in 

derepression of the regulon and enhancement of arginine and/or intermediate byproduct 

biosynthesis. In some embodiments, the genetically engineered bacteria further comprise an 

arginine feedback resistant N-acetylglutamate synthase mutant. In some embodiments, the 

arginine feedback resistant N-acetylglutamate synthase mutant is controlled by an oxygen 

level-dependent promoter. In some embodiments, the arginine feedback resistant N

acetylglutamate synthase mutant is controlled by a promoter that is induced under low

oxygen or anaerobic conditions. In some embodiments, the promoter is selected from the 

fumarate and nitrate reductase regulator (FNR) promoter, arginine deiminiase and nitrate 

reduction (ANR) promoter, and dissimilatory nitrate respiration regulator (DNR) promoter. In 

some embodiments, the arginine feedback resistant N-acetylglutamate synthase mutant is 

argAo'.  

[0225] In some embodiments, the genetically engineered bacteria comprise a mutant 

or deleted arginine repressor and an arginine feedback resistant N-acetylglutamate synthase 

mutant. In some embodiments, the genetically engineered bacterium comprise an arginine 

regulon, wherein the bacterium comprises a gene encoding a functional N-acetylglutamate 

synthetase with reduced arginine feedback inhibition as compared to a wild-type N

acetylglutamate synthetase from the same bacterial subtype under the same conditions, 

wherein expression of the gene encoding arginine feedback resistant N-acetylglutamate 

synthetase is controlled by a promoter that is induced by exogenous environmental 

conditions and wherein the bacterium has been genetically engineered to lack a functional 

ArgR repressor.  

[0226] In some embodiments, the genetically engineered bacteria comprising a 

mutant or deleted arginine repressor and an arginine feedback resistant N-acetylglutamate 

synthase mutant is an auxotroph. In one embodiment, the genetically engineered bacteria 

comprising a mutant or deleted arginine repressor and an arginine feedback resistant N

acetylglutamate synthase mutant is an auxotroph selected from a cysE, gnA. ivD, leB, lysA, 
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serA, metA, glyA, hisB, ilv.A, pheA, proA, thrC, trpC, tyr.A, thyA, uraA, dapA, dapB, dapD, dapE, 

dapF, fihD, metB, metC, proAB, and thi1 auxotroph. In some embodiments, the engineered 

bacteria have more than one auxotrophy, for example, they may be a AthyA and AdpA 

auxotroph.  

[0227] In some embodiments, the genetically engineered bacteria comprising a 

mutant or deleted arginine repressor and an arginine feedback resistant N-acetylglutamate 

synthase mutant further comprise a kill-switch circuit, such as any of the kill-switch circuits 

provided herein. For example, in some embodiments, the genetically engineered bacteria 

further comprise one or more genes encoding one or more recombinase(s) under the control 

of an inducible promoter, and an inverted toxin sequence. In some embodiments, the 

genetically engineered bacteria further comprise one or more genes encoding an antitoxin. In 

some embodiments, the engineered bacteria further comprise one or more genes encoding 

one or more 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 encoding an antitoxin. In some embodiments, the engineered bacteria 

further comprise one or more genes encoding 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] In 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 engineered 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 that is 

induced under low-oxygen or anaerobic conditions. In other embodiments, the gene 

encoding the arginine feedback resistant N-acetylglutamate synthetase is present in the 

bacterial chromosome and is operatively linked in the chromosome to the promoter that is 

induced under low-oxygen or anaerobic conditions.  
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Ammonia Transport 

[0230] Ammonia transporters may be expressed or modified in the genetically 

engineered bacteria of the invention in order to enhance ammonia transport into the cell.  

AmtB 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 amtB gene. In some embodiments, the genetically engineered bacteria of 

the invention also comprise an amrntB gene from a different bacterial species. In some 

embodiments, the genetically engineered bacteria of the invention comprise multiple copies 

of an antB gene from a different bacterial species. In some embodiments, the native mtB 

gene in the genetically engineered bacteria of the invention is not modified. In some 

embodiments, the genetically engineered bacteria of the invention comprise an amtB gene 

that is controlled by its native promoter, an inducible promoter, or a promoter that is 

stronger than the native promoter, e.g., a GnRS promoter, a P(Bla) promoter, or a 

constitutive promoter.  

[0231] In some embodiments, the native aitB gene in the genetically engineered 

bacteria is not modified, and one or more additional copies of the native amtB gene are 

inserted into the genome under the control of the same inducible promoter that controls 

expression of argA', e.g., a FNR promoter, or a different inducible promoter than the one 

that controls expression of argAf' or a constitutive promoter. In alternate embodiments, the 

native amgtB ene is not modified, and a copy of a non-native amrntB gene from a different 

bacterial species is inserted into the genome under the control of the same inducible 

promoter that controls expression of argAN', e.g., a FNR promoter, or a different inducible 

promoter than the one that controls expression of argAi'or a constitutive promoter.  

[0232] In some embodiments, the native amtB gene in the genetically engineered 

bacteria is not modified, and one or more additional copies of the native arntB gene are 

present in the bacteria on a plasmid and 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 argA'or a constitutive promoter. In alternate 

embodiments, the native omtB gene is not modified, and a copy of a non-native mtB gene 

from 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 argAe', e.g., a FNR promoter, or a 
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different inducible promoter than the one that controls expression of argAfbor a constitutive 

promoter.  

[0233] In some embodiments, the native amtB gene is mutagenized, the mutants 

exhibiting increased ammonia transport are selected, and the mutagenized arntB gene is 

isolated and inserted into the genetically engineered bacteria. In some embodiments, the 

native artB 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 E. coli Nissle, 

and the native amtB gene in E. coli Nissle is not modified; one or more additional copies the 

native E. col Nissle amtB genes are inserted into the E. coli Nissle genome under the control 

of the same inducible promoter that controls expression of argA "', e.g., a FNR promoter, or a 

different inducible promoter than the one that controls expression of argAb' or a constitutive 

promoter. In an alternate embodiment, the native amtB gene in E. coli Nissle is not modified, 

and a copy of a non-native amtB gene from a different bacterium, e.g, Lactobacillus 

plantarum. ,is inserted into the E coli Nissle genome under the control of the same inducible 

promoter that controls expression of arg4h', e.g., a FNR promoter, or a different inducible 

promoter than the one that controls expression of argA'b'or a constitutive promoter.  

[0235] In some embodiments, the genetically engineered bacterium is E. coli Nissle, 

and the native amtB gene in E. coli Nissle is not modified; one or more additional copies the 

native E. coli Nissle amtB genes are present in the bacterium on a plasmid and under the 

control of the same inducible promoter that controls expression of Org, e.g., a FNR 

promoter, or a different inducible promoter than the one that controls expression of orgA', 

or a constitutive promoter. In an alternate embodiment, the native amtB gene in E. coli Nissle 

is not modified, and a copy of a non-native armtB gene from a different bacterium, e.g., 

Lactobacllus plantarurn, are present in the bacterium on a plasmid and under the control of 

the same inducible promoter that controls expression of argA"', e.g., a FNR promoter, or a 

different inducible promoter than the one that controls expression of argA" or a constitutive 

promoter.  

Pharmaceutical Compositions and Formulations 

[0236] Pharmaceutical compositions comprising the genetically engineered bacteria of 

the invention may be used to treat, manage, ameliorate, and/or prevent a disorder associated 
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with hyperammonemia or symptom(s) associated with hyperammonemia. Pharmaceutical 

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 two 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 

excipients and auxiliaries, which facilitate processing of the active ingredients into 

compositions for pharmaceutical use. Methods of formulating pharmaceutical compositions 

are known in the art (see, e.g., "Remington's Pharmaceutical Sciences," Mack Publishing Co., 

Easton, PA). In some embodiments, the pharmaceutical compositions are subjected to 

tabletting, lyophilizing, direct compression, conventional mixing, dissolving, granulating, 

levigating, emulsifying, encapsulating, entrapping, or spray drying to form tablets, granulates, 

nanoparticles, nanocapsules, microcapsules, microtablets, pellets, or powders, which may be 

enterically coated or uncoated. Appropriate formulation depends on the route of 

administration.  

[0239] The genetically engineered bacteria of the invention may be formulated into 

pharmaceutical compositions in any suitable dosage form (e.g., liquids, capsules, sachet, hard 

capsules, soft capsules, tablets, enteric coated tablets, suspension powders, granules, or 

matrix sustained release formations for oral administration) and for any suitable type of 

administration (e.g., oral, topical, immediate-release, pulsatile-release, delayed-release, or 

sustained release). Suitable dosage amounts for the genetically engineered bacteria may 

range from about 105 to 101 bacteria. The composition may be administered once or more 

daily, weekly, or monthly. The genetically engineered bacteria may be formulated into 

pharmaceutical compositions comprising one or more pharmaceutically acceptable carriers, 

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

carriers or agents.  

[0240] The genetically engineered bacteria of the invention may be administered 

topically and formulated in the form of an ointment, cream, transdermal patch, lotion, gel, 

shampoo, spray, aerosol, solution, emulsion, or other form well-known to one of skill in the 

art. See, e.g., "Remington's Pharmaceutical Sciences," Mack Publishing Co, Easton, PA. In an 

embodiment, for non-sprayable topical dosage forms, viscous to semi-solid or solid forms 

comprising a carrier or one or more recipients compatible with topical application and having 

a dynamic viscosity greater than water are employed. Suitable formulations include, but are 

not limited to, solutions, suspensions, emulsions, creams, ointments, powders, liniments, 

salves, etc., which may be sterilized or mixed with auxiliary agents (e.g., preservatives, 

stabilizers, wetting agents, buffers, or salts) for influencing various properties, e.g., osmotic 

pressure. Other suitable topical dosage forms include sprayable aerosol preparations wherein 

the active ingredient in combination with a solid or liquid inert carrier, is packaged in a 

mixture with a pressurized volatile (e.g., a gaseous propellant, such as freon) or in a squeeze 

bottle. Moisturizers or humectants can also be added to pharmaceutical compositions and 

dosage forms. Examples of such additional ingredients are well known in the art.  

[0241] The genetically engineered bacteria of the invention may be administered 

orally and formulated as tablets, pills, dragees, capsules, liquids, gels, syrups, slurries, 

suspensions, etc. Pharmacological compositions for oral use can be made using a solid 

excipient, optionally grinding the resulting mixture, and processing the mixture of granules, 

after adding suitable auxiliaries if desired, to obtain tablets or dragee cores. Suitable 

recipients 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, 

sodium carbomethylcellulose; 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 acid or a salt thereof such as 

sodium alginate.  

[0242] Tablets or capsules can be prepared by conventional means with 

pharmaceutically acceptable excipients such as binding agents (e.g., pregelatinised maize 

starch, polyvinylpyrrolidone, hydroxypropyl methycellulose, carboxymethylcellulose, 
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polyethylene glycol, sucrose, glucose, sorbitol, starch, gum, kaolin, and tragacanth); fillers 

(e.g., lactose, microcrystalline cellulose, or calcium hydrogen phosphate); lubricants (e.g., 

calcium, aluminum, zinc, stearic acid, polyethylene glycol, sodium lauryl sulfate, starch, 

sodium benzoate, L-leucine, magnesium stearate, talc, or silica); disintegrants (e.g., starch, 

potato starch, sodium starch glycolate, sugars, cellulose derivatives, silica powders); or 

wetting agents (e.g., sodium lauryl sulphate). The tablets may be coated by methods well 

known in the art. A coating shell may be present, and common membranes include, but are 

not limited to, polylactide, polyglycolic acid, polyanhydride, other biodegradable polymers, 

alginate-polylysine-alginate (APA), alginate-polymethylene-co-guanidine-alginate (A-PMCG-A), 

hydroymethylacrylate-methyl methacrylate (HEMA-MMA), multilayered HEMA-MMA-MAA, 

polyacrylonitrilevinylchloride (PAN-PVC), acrylonitrile/sodiumrn ethallylsulfonate (AN-69), 

polyethylene glycol/poly pentamethylcyclopentasiloxane/polydirnethylsiloxane 

(PEG/PD5/PDMS), poly N,N- dimethyl acrylamide (PDMAAm), siliceous encapsulates, cellulose 

sulphate/sodium alginate/polymethylene-co-guanidine (CS/A/PMCG), cellulose acetate 

phthalate, calcium alginate, k-carrageenan-cust bean gum gel beads, gellan-xanthan beads, 

poly(lactide-c-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] Liquid preparations for oral administration may take the form of solutions, 

syrups, suspensions, or a dry product for constitution with water or other suitable vehicle 

before use. Such liquid preparations may be prepared by conventional means with 

pharmaceutically acceptable agents such as suspending agents (e.g., sorbitol syrup, cellulose 

derivatives, or hydrogenated edible fats); emulsifying agents (e.g., lecithin or acacia); non

aqueous vehicles (e.g., almond oil, oily esters, ethyl alcohol, or fractionated vegetable oils); 

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 slow 

release, controlled 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 

prevent its inactivation.  

[0246] In some embodiments, the composition is formulated for intraintestinal 

administration, intrajejunal administration, intraduodenal administration, intraileal 

administration, gastric shunt administration, or intracolic administration, via nanoparticles, 

nanocapsules, microcapsules, or microtablets, which are enterically coated or uncoated. The 

pharmaceutical compositions 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 aqueous vehicles, and may contain suspending, stabilizing 

and/or dispersing agents.  

[0247] The genetically engineered bacteria of the invention may be administered 

intranasally, formulated in an aerosol form, spray, mist, or in the form of drops, and 

conveniently delivered in the form of an aerosol spray presentation from pressurized packs or 

a nebuliser, with the use of a suitable propellant (e.g., dichlorodifluoromethane, 

trichlorofluoromethane, dichlorotetrafluoroethane, carbon dioxide or other suitable gas).  

Pressurized aerosol dosage units may be determined by providing a valve to deliver a metered 

amount. Capsules and cartridges (e.g., of gelatin) for use in an inhaler or insufflator may be 

formulated containing a powder mix of the compound and a suitable powder base such as 

lactose 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 (e.g., as an emulsion in an acceptable oil) or ion exchange 

resins, or as sparingly soluble derivatives (e.g., as a sparingly soluble salt).  

[0249] In some embodiments, the invention provides pharmaceutically acceptable 

compositions in single dosage forms. Single dosage forms may be in a liquid or a solid form.  

Single dosage forms may be administered directly to a patient without modification or may be 

diluted or reconstituted prior to administration. In certain embodiments, a single dosage 

form may be administered in bolus form, e.g., single injection, single oral dose, including an 

oral dose that comprises multiple tablets, capsule, pills, etc. In alternate embodiments, a 

single dosage form may be administered over a period of time, e.g., by infusion.  

[0250] 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 

liquid, 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 regimens may be adjusted over time 

according to the individual need and the professional judgment of the treating clinician.  

[0252] In another embodiment, the composition can be delivered in a controlled 

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 controlled 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 

include, 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), polyanhydrides, poly(N- vinyl pyrrolidone), poly(vinyl alcohol), 

polyacrylamide, poly(ethylene glycol), polylactides (PLA), poly(lactide-co-glycolides) (PLGA), 

and polyorthoesters. The polymer used in a sustained release formulation may be inert, free 

of leachable impurities, stable on storage, sterile, and biodegradable. In some embodiments, 

a controlled or sustained release system can be placed in proximity of the prophylactic 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 hydrochloric, 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 quantity of active agent. If the 

mode of administration is by injection, an ampoule of sterile water for injection or saline can 

be provided so that the ingredients may be mixed prior to administration.  

[0255] The pharmaceutical compositions of the invention may be packaged in 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 dry 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 administered within 1 hour, within 3 hours, within 5 hours, within 6 hours, 

within 12 hours, within 24 hours, within 48 hours, within 72 hours, or within one week after 

being reconstituted. Cryoprotectants can be included for a lyophilized dosage form, 

principally 0-10% sucrose (optimally 0.5-1.0%). Other suitable cryoprotectants include 

trehalose and lactose. Other suitable bulking agents include glycine and arginine, either of 

-80-



WO 2016/090343 PCT/US2015/064140 

which can be included at a concentration of 0-0.05%, and polysorbate-80 (optimally included 

at a concentration of 0.005-0.01%). Additional surfactants include but are not limited to 

polysorbate 20 and BRIJ surfactants. The pharmaceutical composition may be prepared as an 

injectable solution and can further comprise an agent useful as an adjuvant, such as those 

used to increase absorption or dispersion, e.g., hyaluronidase.  

[0256] 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, LD 0o, EDo, EQo5, and IC 5o may be determined, and the dose ratio 

between toxic and therapeutic effects (LD 50 /EDso) 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 cell 

culture assays and animal models. The data obtained from in vitro and in vivo assays and 

animal studies can be used in formulating a range of dosage for use in humans.  

Methods of Treatment 

[0257] Another aspect of the invention provides methods of treating a disease or 

disorder associated with hyperammonemia. In some embodiments, the invention provides 

methods for reducing, ameliorating, or eliminating one or more symptom(s) associated with 

these diseases or disorders. In some embodiments, the disorder is a urea cycle disorder such 

as argininosuccinic aciduria, arginase deficiency, carbamoylphosphate 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-methylcrotonylglycinuria; methylmalonic acidemia; propionic aciduria; fatty acid 

oxidation defects; carnitine cycle defects; carnitine deficiency; -oxidation deficiency; lysinuric 

protein intolerance; pyrroline-5-carboxylate synthetase deficiency; pyruvate carboxylase 

deficiency; ornithine arninotransferase deficiency; carbonic anhydrase deficiency; 

hyperinsulinisn-hyperamnonemia 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; 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 embodiments, the genetically 

engineered bacteria of the invention are lyophilized in a gel cap and administered orally. In 

some embodiments, the genetically engineered bacteria of the invention are 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, 

intrajejunally, intraduodenally, intraileally, and/or intracolically.  

[0259] In certain embodiments, administering the pharmaceutical composition to the 

subject reduces ammonia concentrations in a subject. In some embodiments, the methods of 

the present disclosure may reduce the ammonia concentration in a subject by at least about 

10%, 20%, 25%, 30%, 40%, 50%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, or more as compared 

to levels in an untreated or control subject. In some embodiments, reduction is measured by 

comparing the 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 measured in a biological sample, 

such as blood, serum, plasma, urine, fecal matter, peritoneal fluid, intestinal mnucosal 

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, ileum, cecum, colon, 

rectum, and anal canal. In some embodiments, the methods may include administration of 

the compositions of the invention to reduce ammonia concentrations in a subject to 

undetectable levels, or to less than about 1%, 2%,5%, 10%, 20%, 25%,30%, 40%, 50%, 60%, 

70%, 75%, or 80% of the subject's ammonia concentrations prior to treatment.  

-82-



WO 2016/090343 PCT/US2015/064140 

[0261] In certain embodiments, the genetically engineered bacteria comprising the 

mutant arginine regulon is E. coli 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 composition may be administered alone or in combination 

with one or more additional therapeutic agents, including but not limited to, sodium 

phenylbutyrate, sodium benzoate, and glycerol phenylbutyrate. An important consideration 

in the selection of the one or more additional therapeutic agents is that the agent(s) should 

be compatible with the genetically engineered bacteria of the invention, e.g, the agent(s) 

must not kill the bacteria. In some embodiments, the pharmaceutical composition is 

administered with food. 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 severity of the symptoms and the 

progression of the disorder. The appropriate therapeutically effective dose and/or frequency 

of administration can be selected by a treating clinician.  

Treatment in Vivo 

[0263] The genetically engineered bacteria of the invention may be evaluated in vivo, 

e.g., in an animal model. Any suitable animal model of a disease or condition associated with 

hyperammonemia may be used (see, e.g., Deignan et al., 2008; Nicaise et al., 2008), for 

example, a mouse model of acute liver failure and hyperammonemia. This acute liver failure 

and hyperammonemia may be induced by treatment with thiol acetamide (TAA) (Nicaise et 

al., 2008). Another exemplary animal model is the sfasH (sparse fur with abnormal skin and 

hair) mouse, which displays elevated levels of plasma ammonia due to a missense mutation in 

the ornithine transcarbamylase gene (Doolittle et al., 1974; Hodges and Rosenberg, 1989).  

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

samples and/or arginine, citrulline, 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 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.  

2. The bacterium of embodiment 1, wherein the promoter that controls expression of 

the arginine feedback resistant N-acetylglutamate synthetase is induced under low-oxygen or 

anaerobic conditions.  

3. The bacterium of any one of embodiments I or 2, wherein each copy of a functional 

argR gene normally present in a corresponding wild-type bacterium has been independently 

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

4. The bacterium of embodiment 3, wherein each copy of a functional argR gene 

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

5. The bacterium of any one of embodiments 1-4, wherein each copy of a functional 

argG gene normally present in a corresponding wild-type bacterium has been independently 

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

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

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

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

the promoter that controls expression of the arginine feedback resistant N-acetylglutamate 
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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 low-oxygen or anaerobic conditions is a FNR promoter.  

9. The bacterium of any one of embodiments 2-7, wherein the arginine feedback 

resistant N-acetylglutamate synthetase gene has a DNA sequence selected from: 

a) SEQ ID NO:28, 

b) a DNA sequence that, but for the redundancy of the genetic code, encodes the 

same polypeptide as encoded by SEQ ID NO:28, and 

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

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

pathogenic bacterium.  

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

12, The bacterium of embodiment 10, wherein the bacterium is selected from the group 

consisting of Bacteroides, Bifidobacterium, Clostridiurn, Escherichia, Lactobacillus, and 

Lactococcus.  

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

Nissle.  

14. The bacterium of any one of embodiments 2-13, wherein the gene encoding the 

arginine feedback resistant N-acetylglutamate synthetase is present on a plasmid in the 

bacterium and operably linked on the plasmid to the promoter that is induced under low

oxygen or anaerobic conditions.  
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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 promoter that is induced under 

low-oxygen or anaerobic conditions.  

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

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

gut.  

17. The bacterium of embodiment 16, wherein mammalian gut is a human gut.  

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

embodiments 1-17; and a pharmaceutically acceptable carrier.  

19. The pharmaceutically acceptable composition of embodiment 18, wherein the 

composition is formulated for oral or rectal administration.  

20. A method of producing the pharmaceutically acceptable composition of embodiment 

19, comprising the steps of: 

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 

c) 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 period of time sufficient to lessen the severity of the 

hyperammonemia-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 urea cycle disorder is argininosuccinic 

aciduria, arginase deficiency, carbamylphosphate synthetase deficiency, citrulinemia, N

acetylglutamate synthetase deficiency, or ornithine transcarbamylase deficiency.  

24. The method of embodiment 21, wherein the hyperammonernia-associated disorder is 

a liver disorder; an organic acid disorder; isovaleric aciduria; 3-methylcrotonylglycinuria; 

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

defects; carnitine deficiency; p-oxidation deficiency; lysinuric protein intolerance; pyrroline-5

carboxylate synthetase deficiency; pyruvate carboxylase deficiency; ornithine 

arninotransferase deficiency; carbonic anhydrase deficiency; hyperinsulinism

hyperamrmonemia 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; 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

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 
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mutated N-acetylglutamate synthetase is controlled by a promoter that is induced 

under low-oxygen or anaerobic conditions; 

wherein the mutant arginine regulon comprises one or more operons 

comprising genes that encode arginine biosynthesis enzymes N-acetylglutamate 

kinase, N-acetylglutamate phosphate reductase, acetylornithine aminotransferase, N

acetylornithinase, carbamoylphosphate synthase, ornithine transcarbamylase, 

argininosuccinate synthase, and argininosuccinate lyase, and 

wherein each operon except the operon comprising the gene encoding 

argininosuccinate synthase comprises one or more mutated ARG box(es) characterized 

by one or more nucleic acid mutations that reduces arginine-mediated repression of 

the operon via ArgR binding, and retains RNA polymerase binding with sufficient 

affinity to promote transcription of the genes in the operon.  

28. The genetically engineered bacterium of embodiment 27, wherein the operon 

comprising the gene encoding argininosuccinate synthase comprises one or more mutated 

ARG box(es) characterized by one or more nucleic acid mutations that reduces arginine

mediated repression of the operon via ArgR binding, and retains RNA polymerase binding with 

sufficient affinity to promote transcription of the argininosuccinate synthase gene.  

29, The genetically engineered bacterium of embodiment 27, wherein the operon 

comprising the gene encoding argininosuccinate synthase comprises a constitutively active 

promoter that regulates transcription of the argininosuccinate synthase gene.  

30. The bacterium of any one of embodiments 27-29, wherein the gene encoding the 

functional N-acetylglutamnate synthetase is mutated to reduce arginine feedback inhibition as 

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

under the same conditions.  
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31. The bacterium of any one of embodiments 27-30, wherein ArgR binding is reduced as 

compared to a bacterium from the same bacterial subtype comprising 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-acetylglutamate kinase, N-acetylglutamate phosphate 

reductase, acetylornithine aminotransferase, N-acetylornithinase, carbamoylphosphate 

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 

via ArgR binding increases the transcription of each of the genes that encode arginine 

biosynthesis enzymes N-acetylglutamate kinase, N-acetylglutamate phosphate reductase, 

acetylornithine aminotransferase, N-acetylornithinase, carbamoylphosphate synthase, 

ornithine transcarbamylase, argininosuccinate synthase, and argininosuccinate lyase as 

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

34. The bacterium of embodiment 27, wherein each of the operons encoding the arginine 

biosynthesis enzymes N-acetylglutamate kinase, N-acetylglutamate phosphate reductase, 

acetylornithine aminotransferase, N-acetylornithinase, carbamoylphosphate 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-acetylglutarnate phosphate reductase, 

acetylornithine aminotransferase, N-acetylornithinase, carbamoylphosphate synthase, 

ornithine transcarbamylase, argininosuccinate synthase, and argininosuccinate lyase 

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

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

operons 
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encoding wild-type ornithine acetyltransferase, 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 a FNR promoter.  

38. The bacterium of any one of embodiments 27-37, wherein the bacterium additionally 

comprises one or more operons encoding wild-type N-acetylglutarnate 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-acetylglutamate 

synthetase promoter.  

39. The bacterium of any one of embodiments 27-39, wherein genes encoding N

acetylglutamate kinase, N-acetylglutamate phosphate reductase, acetylornithine 

aminotransferase, N-acetylornithinase, carbamoylphosphate synthase, ornithine 

transcarbamylase, argininosuccinate synthase, and argininosuccinate lyase are grouped into 

operons present in Escherichia coi 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/C:A/T ratio found in a corresponding 

wild-type promoter region.  

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

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

42. The bacterium of any one of embodiments 27-41, wherein the mutant N

acetylglutamate synthetase gene has a DNA sequence selected from: 

a) SEQ ID 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 

c) 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-acetylglutamylphosphate reductase, and 

argininosuccinate lyase, wherein the single operon comprises a mutated DNA sequence of 

SEQ ID NO:5, wherein the mutations are in one or more of nucleotides 37, 38, 45, 46, 47 of 

SEQ ID NO:5; and in one or more of nucleotides 55, 56, 57, 67, 68, 69 of SEQ ID NO:5.  

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

sequence of SEQ ID NO:6.  

45. The bacterium of any one of embodiments 27-44, wherein the operon encoding 

acetylornithine aminotransferase comprises a mutated DNA sequence of SEQ ID NO:11, 

wherein the mutations are in one or more of nucleotides 20, 21, 29, 30, 31 of SEQ ID 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 ID NO:12.  

47. The bacterium of any one of embodiments 27-46, wherein the operon encoding N

acetylornithinase comprises a mutated DNA sequence of SEQ ID NO:7, wherein the mutations 

are in one or more of nucleotides 92, 93, 94, 104,105, 106 of SEQ ID NO:7; and in one or 

more of nucleotides 114, 115, 116, 123, 124 of SEQ ID NO: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 ID NO:3, wherein the 

mutations are in one or more of nucleotides 12, 13, 14, 18, 20 of SEQ ID NO:3; and in one or 

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

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

transcarbamylase comprises a DNA sequence of SEQ ID NO:4.  

51. The bacterium of any one of embodiments 27-50, wherein the mutated promoter 

region of an operon encoding carbamoylphosphate synthase comprises a mutated DNA 

sequence of SEQ ID NO:9, wherein the mutations are in one or more of nucleotides 33, 34, 35, 

43, 44, 45 of SEQ ID NO:9; and in one or more of nucleotides 51, 52, 53, 60, 61, 62 of SEQ ID 

NO:9.  

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

synthase comprises a DNA sequence of SEQ ID NO:10.  

53. The bacterium of any one of embodiments 27-52, wherein the mutated promoter 

region of an operon encoding N-acetylglutamate synthetase comprises a mutated DNA 

sequence of SEQ ID NO:1, wherein the mutations are in one or more of nucleotides 12, 13, 14, 

21, 22, 23 of SEQ ID NO:1 and in one or more of nucleotides 33, 34, 35, 42, 43, 44 of SEQ ID 

NO:1.  

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

synthetase comprises a DNA sequence of SEQ ID NO:2.  

55. The bacterium of embodiment 28, wherein the mutated promoter region of an operon 

encoding argininosuccinate synthase comprises a mutated DNA sequence of SEQ ID NO:13, 

wherein the mutations are in one or more of nucleotides 9, 11, 19, 21of SEQ ID NO:13; in one 
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or more of nucleotides 129, 130, 131, 140, 141, 142 of SEQ ID NO: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, Bifidobacterium, Clostridium, Escherichia, 

Lactobacillus, and Lactococcus.  

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

coli Nissle.  

60. 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 operable linked on 

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

62. The bacterium of any one of embodiments 27-59, wherein the gene encoding the 

mutated N-acetylglutamate synthetase is present in the bacterial chromosome and is 

operably linked in the chromosome to the promoter that is induced under low-oxygen or 

anaerobic conditions.  

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

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

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

65, The bacterium of any one of embodiments 27-64, wherein: 

a) the bacterium is auxotrophic in a second gene that is not complemented when 

the bacterium is present in a mammalian gut; 

b) the second gene is complemented by an inducible third gene present in the 

bacterium; and 

c) transcription of the third gene is induced in the presence of sufficiently high 

concentration of arginine thus complementing the auxotrophy in the second 

gene.  

66. The bacterium of embodiment 65, wherein: 

a) transcription of the third gene is repressed by a second repressor; 

b) transcription of the second repressor is repressed by an arginine-arginine 

repressor complex.  

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 

embodiments 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 aerobic conditions; 

b) isolating the resulting bacteria from the growth medium; and 

c) suspending the isolated bacteria in a pharmaceutically acceptable carrier.  
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70. 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 68 for a period of time sufficient to lessen the severity of the 

hyperammonemia-associated disorder.  

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

a urea cycle disorder.  

72, The method of embodiment 71, wherein the urea cycle disorder is argininosuccinic 

aciduria, arginase deficiency, carbamoylphosphate synthetase deficiency, citrullinemia, N

acetylglutamate synthetase 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-methylcrotonylglycinuria; 

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

defects; carnitine deficiency; p-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; multiple myeloma; chemotherapy; infection; neurogenic bladder; or intestinal 

bacterial overgrowth.  

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

acute liver failure, or chronic liver failure.  

75. The method of embodiment 70, wherein the symptoms of the hyperammonemia

associated disorder are selected from the group consisting of seizures, ataxia, stroke-like 

lesions, coma, psychosis, vision loss, acute encephalopathy, cerebral edema, as well as 

vomiting, 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.  

77, The bacterium of embodiment 76, wherein: 

a) transcription of the DNA sequence coding for the detectable product is 

repressed by a third repressor; and 

b) transcription of the third repressor is repressed by an arginine-arginine 

repressor complex.  

78. A method of selecting for a bacterium that produces high levels of arginine 

comprising: 

a) providing a bacterium of embodiment 77; 

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

c) 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 

[0265] The following examples provide illustrative embodiments of the disclosure.  

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

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

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

any way limit the disclosure.  

Arginine Repressor Binding Sites (ARG boxes) 
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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 E. 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 italics. The ARG boxes of the arginine regulon overlap with the 

promoter region of each operon. The underlined sequences represent RNA polymerase 

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

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

radical attack during ArgR binding are bolded. The higlighted and bolded bases were the 

primary targets for mutations to disrupt ArgR binding.  

Example 2. Lambda red recombination 

[0267] 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 E. coli. A 

pKD46 plasmid is transformed into the E. coli Nissle host strain. E. coli Nissle cells are grown 

overnight in LB media. The overnight culture is diluted 1:100 in 5 mL of LB media and grown 

until it reaches an OD6 0 0 of 0.4-0.6. All tubes, solutions, and cuvettes are pre-chilled to 4° C.  

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

and the cells are resuspended in I mL of 4 C water. 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 mL of 4° C 

water. 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 0.1mL of 4" C water. The electroporator is set to 2.5 kV. 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. I mL of room-temperature SOC media is immediately added, and the 

mixture is transferred to a culture tube and incubated at 300 C for 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 ID NO: 2): 

gcaaaaaaacaCTTtaaaaaCTTaataatttcCTTtaatcaCTTaaagaggtgtaccgtg.  
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[0269] The lambda enzymes are used to insert this construct into the genome of E coli 

Nissle through homologous recombination. The construct is inserted into a specific site in the 

genome of E 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 sequences may be added by PCR. The construct is used to replace the natural 

sequence upstream of argA in the E coli Nissle genome. The construct includes an antibiotic 

resistance marker that may be removed by recombination. The resulting mutant argA 

construct comprises approximately 50 bases of homology upstream of argA, a kanamycin 

resistance marker that can be removed by recombination, 

gcaaaaaaacaCTTtaaaaaCTTaataatttcCTTtaatcaCTTaaagaggtgtaccgtg, and approximately 50 

bases of homology to argA.  

[0270] In some embodiments, the ARG boxes were mutated in the argG regulatory 

region as described above, and a BBaJ23100 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 ID 

NO: 31) remained ArgR-repressible (SYN-UCD104), and the bacteria were capable of 

producing citrulline.  

Example 3. Transforming E. coliNissle 

[0271] The mutated ARG box construct is transformed into E 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 OD600 of 

0.1. 0.05 mL of 100X L-arabinose stock solution is added to induce pKD46 lambda red 

expression. The culture is grown until it reaches an OD 0o of 0.4-0.6. The E col 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 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 mL of 4° C water. The F. coli 

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

resuspended in 0.1mL of 4° C water. The electroporator is set to 2.5 k. 0.5 pg 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. I mL 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 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 pl of cold ddH 2 O 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 overnight. A PCR master mix is made using 5 pl of OX PCR 

buffer, 0.6 pl of 10 mM dNTPs, 0.4 pl of 50 mM Mg2SO 4, 6.0 il of 1oX enhancer, and 3.0 pl of 

ddH 20 (15 p of master mix per PCR reaction). A 10 pM primer mix is made by mixing 2 pL of 

primers unique to the argA mutant construct (100 M stock) into 16 pL of ddH2O. For each 

20 pl reaction, 15pL of the PCR master mix, 2.0 pL of the colony suspension (template), 2.0 tL 

of the primer mix, and 1.0 pL 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° C at 5:00 

min., 2) 94° C at 0:15 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° C. The PCR products are analyzed by gel electrophoresis using 10 pL of 

each amplicon and 2.5 pL 5X dye. The PCR product only forms if the mutation has inserted 

into the genome.  

Example 5. Removing 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 

OD 6 0 0 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° C water. 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 mL of 4° C water. 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 0.1mL of 4° C water. The electroporator is set to 2.5 kV. I 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. ImL of room-temperature SOC media is immediately added, and the mixture is 

transferred to a culture tube and incubated at 300 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 ODr0o overnight are further incubated for an additional 24 hrs. 200 PL of cells are 

spread on ampicillin plates, 200 pL of cells are spread on kanamycin plates, and both are 

grown at 37 Covernight. The ampicillin plate contains cells with pCP20. 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 6. Verifying transformants 

[0274] The purified transformants are tested for sensitivity to ampicillin and 

kanamycin. A colony from the plate grown at 43° C is picked and and resuspended in 10 pL of 

LB media. 3 pL 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 antibiotic incubated at 37° C. If 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° C. The presence of the mutated genomic 

ARG box is confirmed by sequencing the argA region of the genome.  

[0275] The methods for lambda red recombination, transforming E. 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-acetylglutamate synthetase (argA) 

[0276] In addition to the ARG box mutations described above, the E. coli Nissle 

bacteria further comprise an arginine feedback resistant N-acetylglutamate synthetase 

(argA' , SEQ ID NO: 28) gene expressed under the control of each of the following promoters: 

tetracycline-inducible promoter, FNR promoter selected from SEQ ID NOs: 16-27. As 

discussed herein, other promoters may be used.  

[0277] The argA -'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 

argAi'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 argAi 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 may result in off

target binding at sites other than the ARG boxes. Introducing functional ARG boxes in this 

plasmid may be useful for reducing or eliminating off-target ArgR binding, i.e., by acting as an 

ArgR sink. SYN-UCD104 comprises wild-type ArgR, wild-type ArgA, tetracycline-inducib 

argA'on a low-copy plasmid, tetracycline-inducible argG, and mutations in each ARG box for 

each arginine biosynthesis operon except for rgG. SYN-UCD105 comprises wild-type ArgR, 

wild-type ArgA, tetracycline-inducible argA1 6'on a low-copy plasmid, constitutively expressed 

argG (SEQ ID NO: 31 comprising the BBaJ23100 constitutive promoter), and mutations in 

each ARG box for each arginine biosynthesis operon. SYN-UCD103 is a control Nissle 

construct.  

[0278] The rgAgene is inserted into the bacterial genome at one or more of the 

following insertion sites in E. coli Nissle: ma/E/k oraC/BAD, lacZ, thyA, mo/P/T. Any suitable 

insertion site may be used, see, e.g., Fig. 22. The insertion site may be anywhere in the 

genome, e.g., in a gene required for survival and/or growth, such as thyA (to create an 

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 to the site of insertion and to the rgAt ' 

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.  

[0279] The resulting E. coli 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 

encode the arginine biosynthesis enzymes, thereby enhancing arginine and/or citrulline 

biosynthesis (Fig. 25).  

Arginine Repressor (ArgR) 

Example 8. ArgR sequences 
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[0280] The wild-type argR nucleotide sequence in E. coli Nissle and the nucleotide 

sequence following argR deletion are shown below.  

SEQ ID NO: 38 0i2346-780)234T5-6789,0-1234-69234 

argR nucleotide sequence atgegctaagtcgctaagoaagaagaactagttaaagat 

ttaaagcattacttaaagaagagaaatttagotcccagg 

ccraaatcgt cegccrttgcagcragcaagcrctt.tgacaat 

attaaLcagtctaaagtctcgcggatgttgaccaagtt 

gtgetgtactraacacgcaaatggcaagaat-aaatggttta 

ctge yactgccagetgaatgggttLaccaaceaccLccagt 

ccattgaagaatctggqtactggatatcgactacaacgatg 

c cataccagc cetgtgcgggcgcagt 

aattgct cg ctgc tggactcactgggcaaag cagaaggt 

attctgggcac cat cctggcgatgacaccattttacta 

cc cctgctaacggttt caccgt caaagagctgtacga-c 

gattttagactgttccraccaggagctttaa 

SEQIDNO:39 90123456789012315678901234567890123456789 

argR-deleted nucleotide atgcgaagetcggctaagcaagaagagagetgtt cgacca 

sequence ggjaqgtttaa 

Example 9. Deleting ArgR 

[0281] A pKD46 plasmid is transformed into the F. coli Nissle host strain. E. col;Nissle 

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

media and grown until it reaches an OD600 of 0.4-0.6. All tubes, solutions, and cuvettes are 

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

supernatant is removed, and the cells are resuspended in ImL of 4° C water. 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 mL of 4 C water. 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 0.1mL of 4° C water. The 

electroporator is set to 2.5 kV.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. 1mL of room-temperature SOC media is 
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immediately added, and the mixture is transferred to a culture tube and incubated at 30° C 

for 1 hr. The cells 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 orgR and argG genes are deleted using lambda red 

recombination as described above, and the bacteria are capable of producing citrulline 

Example 10. Transforming E. coli Nissle 

[0284] The KanR construct is transformed into E. coli Nissle comprising pKD46 in order 

to delete ArgR. All tubes, solutions, and cuvettes are pre-chilled to 4° C. An overnight culture 

is diluted 1:100 in 5 mL of LB media containing ampicillin and grown until it reached an OD600 

of 0.1. 0.05 mL of 10OX L-arabinose stock solution is added to induce pKD46 lambda red 

expression. The culture is grown until it reaches an Do of 0.4-0.6. The E coli cells are 

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

resuspended in 1 mL of 4 C water. The E. coi are centrifuged at 2,000 rpm for 5 min. at 4°C 

the supernatant is removed, and the cells are resuspended in 0.5 mL of 4 C water. 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 0.1mL of 4° C water. The electroporator is set to 2.5 kV. 0.5 pg of the KanR 

construct is added to the cells, mixed by pipetting, and pipetted into a sterile, chilled cuvette.  

The dry cuvette is placed into the sample chamber, and the electric pulse is applied. 1 mL of 

room-temperature SOC media is immediately added, and the mixture is transferred to a 

culture tube and incubated at 37 C for 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 I of cold ddH 20 by pipetting up and down. 3 p 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 p of oX PCR 

buffer, 0.6 p of 10 mM dNTPs, 0.4 pl of 50 mM Mg2 SO 4, 6.0 pl of lOX enhancer, and 3.0 pl of 

ddH 2 (15 of master mix per PCR reaction). A 10 pM primer mix is made by mixing 2 pL of 

primers unique to the KanR gene (100 uM stock) into 16 pL of ddH 2 0. For each 20 p reaction, 
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15pL of the PCR master mix, 2.0 pL of the colony suspension (template), 2.0 pL of the primer 

mix, and 1.0 pL 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° C at 5:00 min., 2) 94 C at 

0:15 min., 3) 55 Cat 0:30 min., 4) 68° C at 2:00 min., 5) 680 C at 7:00 min., and then cooled to 

4° C. The PCR products are analyzed by gel electrophoresis using 10 pil of each amplicon and 

2.5 plL 5X dye. The PCR product only forms if the KanR gene has inserted into the genome.  

Example 12. Removing selection marker 

[0286] The antibiotic resistance gene is removed with pCP20, The strain with deleted 

ArgR is grown in LB media containing antibiotics at 37° C until it reaches an OD60 0 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 1mnL of 

4° C water. The E. coi are centrifuged at 2,000 rpm for 5 min. at 4° C, the supernatant is 

removed, and the cells are resuspended in 0.5 mL of 4° C water. 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 0.1 

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. I mL of room

temperature SOC media is immediately added, and the mixture is transferred to a culture 

tube and incubated at 300 C for 1-3 hrs. 200 l of cells are spread on ampicillin plates, 200 pL 

of cells are spread on kanamycin plates, and both are grown at 37" C overnight. The ampicillin 

plate contains cells with pCP20. The cells are incubated overnight, and colonies that do not 

grow to a sufficient ODO 0o 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 ampicillin and 

kanamycin. A colony from the plate grown at 43" C is picked and resuspended in 10 L of LB 

media. 3 pL 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 

forthe 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° C. If 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° C. The deletion of ArgR is confirmed by 

sequencing the argR region of the genome.  

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

[0288] In addition to the ArgR deletion described above, the E. coli Nissle bacteria 

further comprise an arginine feedback resistant N-acetylglutamate synthetase (argt, SEQ ID 

NO: 28) gene expressed under the control of each of the following promoters: tetracycline

inducible promoter, FNR promoter selected from SEQ ID NOs: 16-27. As discussed herein, 

other promoters may be used.  

[0289] The argAlr gene is expressed on a high-copy plasmid, a low-copy plasmid, or a 

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 argAr. SYN.

UCD202 comprises AArgR and argAfexpressed under the control of a tetracycline-inducible 

promoter on a high-copy plasmid. SYN-UCD203 comprises AArgR and argAb' expressed under 

the control of a tetracycline-inducible promoter on a low-copy plasmid. SYN-UCD204 

comprises AArgR and arg,4r expressed under the control of a tetracycline-inducible promoter 

on a low-copy plasmid. SYN-UCD205 comprises AArgR and argAf'expressed under the 

control of a FNR-inducible promoter (fnrS2) on a low-copy plasmid.  

[0290] The argA"c'gene is inserted into the bacterial genome at one or more of the 

following insertion sites in E. coli Nissle: mon/FK, araC/BAD, acZ, thyA, maIP/T. Any suitable 

insertion site may be used, see, e.g., Fig. 22. The insertion site may be anywhere in the 

genome, e.g., in a gene required for survival and/or growth, such as thyA (to create an 

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 to the site of insertion and to the argA'r 

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 E. coli Nissle bacteria have deleted ArgR and inserted feedback resistant 

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

[0291] The genetically engineered bacteria described above were grown overnight in 

5 mL LB. The next day, cells were pelleted and washed in M9 + glucose, pelleted, and 

resuspended in 3 mL M9 + glucose. Cell cultures were incubated with shaking (250 rpm) for 4 

hrs and incubated aerobically or anaerobically in a Coy anaerobic chamber (supplying 90% N 2, 

5% CO2, 5%H2) at 37° C, At baseline (t=0), 2 hours, and 4 hours, the OD60 0 of each cell culture 

was measured in order to determine the relative abundance of each cell.  

[0292] At t=0, 2 hrs, and 4 hrs, a 1 mL aliquot of each cell culture was analyzed on the 

Nova Biomedical Bioprofile Analyzer 300 in order to determine the concentration of ammonia 

in the media. Both SYN-UCD1OI and SYN-UCD102 were capable of consuming ammonia in 

vitro. Figs. 28A, B, and C 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 argAb'are induced in LB at 37Cfor up to 4 hours in 

anaerobic conditions in a Coy anaerobic chamber (supplying 90% N 2, 5% C0 2, 5%H 2, and 

20mM nitrate) at 37 C; (2) bacteria comprising tetracycline-inducible argAf' are induced with 

anhydrotetracycline (100ng/mL); (3) bacteria comprising arabinose-inducible argA "are 

inducedwith 1% arabinose in media lacking glucose. After induction, bacterial cells are 

removed from the incubator and spun down at maximum speed for 5 minutes. The cells are 

resuspended in 1 mL M9 glucose, and the OD60 0 is measured. Cells are diluted until the ODO 

is between 0.6-0.8. Resuspended cells in M9 glucose media are grown aerobically with 

shaking at 37C. 100 uL of the cell resuspension is removed and the ODoo is measured at time 

- 0. A 100 uL aliquot is frozen at -20C in a round-bottom 96-well plate for mass spectrometry 

analysis (LC-MS/MS). At each subsequent time point, 100 uL of the cell suspension is 

removed and the OD6 0 0 is 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. OD,-) are used to determine the rate of arginine and/or citrulline production 

per cell per unit time.  
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[0294] In some embodiments, the genetically engineered bacteria 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 overnight, then centrifuged for 5 min. at 2,500 rcf. 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 OD6 0 0 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 OD 00 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" C, and the cell pellets are frozen at -80° C (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 90% N 2, 5% CO2, 5%H2) at 37° C. One 0.5 mL aliquot is 

removed from each sample every two hours and the OD6o) is measured. The aliquots are 

centrifuged 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 (t=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/mL 

arginine and citrulline standards in water are prepared. In a round-bottom 96-well plate, 20 

uL of sample (bacterial supernatant or standards) is added to 80 uL of water with LAnine

C' N4 Sma) and L-Citrulline-2,3,3,4,4,5,5-d7 (CDN isotope) internal standards at a final 

2pg/rnL concentration. The plate is heat-sealed with a PierceASeal foil and mixed well. In a V

bottom 96-well polypropylene plate, 5pL of diluted samples is added to 95pL of derivatization 

mix (85L 1.0mM NaHCO3 pH 9.7 and 10lpiL 10mg/mL dansyl-chloride (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. In a round-bottom 

96-well plate, 20 tL of the derivatized samples are added to 180pL of water with 0.1% formic 

acid. The plate is heat-sealed with a ClearASeal sheet and mixed well.  

[0296] Arginine and citrulline are measured by liquid chromatography coupled to 

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

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

Column Luna C18(2) column, 5 m (50 x 2.1 mm) 

Mobile Phase A 100% H20, 0.1% Formic Acid) 

Mobile Phase B 100% ACN, 0.1% Formic Acid 

HPLC Method Total Time (min) Flow Rate (aL/minI A% B% 
0.00 400 90.0 10.0 
0.50 400 90.0 10.0 
2,00 400 10.0 90.0 
3.25 400 10.0 90.0 
3.26 400 90.0 10.0 
4.30 400 90.0 10.0 

Infection Volume 10p.L 

Tandem Mass Spectrometry 

Ion Source HESI-l 

Polarity Positive 

SRM transitions L-Arginine: 408.1/170.1 

L-Citrulline-2,3,3,4,4,5,5-d7: 4161/170.1 

[0297] Fig. 51 depicts a 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-UCDi1 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-LJCD202 and SYN-LJCD203 under inducing (+ATC) and non-inducing 

(-ATC) conditions. Both SYN-LJCD202 and SYN-LJCD203 were capable of producing arginine in 

vitro as compared to the unmodified Nissle and SYN-UCD201. SYN-UCD203 exhibited lower 

levels of arginine production under non-inducing conditions as compared to SYN-UCD202.  

[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) 

fhr 
conditions. SYN-UCD201 comprises AArgR and no argA . SYN-UCD202 comprises AArgR and 

[br 
tetracycline-inducible argA on a high-copy plasmid. SYN-UCD203 comprises AArgR and 

tetracycline-driven argA on a low-copy plasmid.  

[0300] Fig. 25 depicts a 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 (+02) or absence (-02) 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.  

[0303] 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 

fbr 
which theArg repressor gene is deleted and the argA gene is under the control of a 

tetracycline-inducible promoter on a high-copy plasmid. Fig. 28B depicts a bar graph showing 

in vivo efficacy (ammonia consumption) of SYN-UCD204 in the TAA mouse model of hepatic 

encephalopathy, relative to streptomycin-resistant control Nissle (SYN-UCD103) and vehicle

only controls. Fig. 28C depicts a bar 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" 

micetreated with streptomycin-resistant Nissle control (SYN-LJCD103) or SYN-UCD204.  

[0305] Intracellular arginine and secreted (supernatant) arginine production in the 

genetically engineered bacteria in the presence or absence an ATC or anaerobic inducer is 

measured and compared to control bacteria of the same strain under the same conditions.  

[0306] Total arginine production over six hours in the genetically engineered bacteria 

in the genetically engineered bacteria in the presence or absence an ATC or anaerobic inducer 

is measured and compared to control bacteria of the same strain under the same conditions 

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

hyperammonemia and acute liver failure 

[0307] Wild-type C57BL6/J 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 mL of the bacterial cultures are grown overnight and pelleted.  

The pellets are resuspended in 5 mL of PBS at a final concentration of approximately 10" 

CFU/mL Blood ammonia levels in mice are measured by mandibular bleed, and ammonia 

levels are determined by the PocketChem Ammonia Analyzer (Arkray). Mice are gavaged with 

100 il of bacteria (approximately 10'0 CFU). Drinking water for the mice is changed to 

contain 0.1 mg/mL anhydrotetracycline (ATC) and 5% sucrose for palatability.  

[0309] On day 2, the bacterial gavage solution is prepared as described above, and 

mice are gavaged with 100 l of bacteria. The mice continue to receive drinking water 

containing 0.1 mg/mL ATC and 5% sucrose.  

[0310] On day 3, the bacterial garage solution is prepared as described above, and 

mice are gavaged with 100 pL of bacteria. The mice continue to receive drinking water 

containing 0.1 mg/mL ATC and 5% sucrose. Mice receive an intraperitoneal (IP) injection of 

100 tL of TAA (250 mg/kg body weight in 0.5% NaCl).  

[0311] On day 4, the bacterial gavage solution is prepared as described above, and 

mice are gavaged with 100 tL of bacteria. The mice continue to receive drinking water 

containing 0.1 mg/mL ATC and 5% sucrose. Mice receive another IP injection of 100 tL of TAA 

(250 mg/kg 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 ammonia levels are determined by the PocketChem Ammonia Analyzer (Arkray). Fecal 

pellets are collected from mice to determine arginine content by liquid chromatography-mass 

spectrometry (tC-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 

[0313] 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 H20 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. On day 5, 

mice were gavaged in the morning and weighed, and blood was drawn 4h post-dosing to 

obtain ammonia levels. On days 6 and 7, mice were gavaged in the morning. On day 8, mice 

were gavaged in the morning and weighed, and blood was drawn 4h post-dosing to obtain 

ammonia levels. On day 9, mice were gavaged in the morning and afternoon. On day 10, 

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. On day 

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] Unmodified E. coli Nissle and the genetically engineered bacteria of the 

invention may be destroyed, e.g., by defense factors in the gut or blood serum. The residence 

time of bacteria in vivo may be calculated. A non-limiting example using a streptomycin

resistant strain of E. coli Nissle is described below. In alternate embodiments, residence time 

is calculated for the genetically engineered bacteria of the invention.  

[0316] 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 determine the CFU of the inoculant, the inoculant was serially diluted, and plated 

onto LB plates containing streptomycin (300 ag/ml). The plates were incubated at 37°C 

overnight, and colonies were counted.  

Table 4: CFU administered via oral gavage 

CFU administered via oral gavage 
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[0317] On days 2-10, fecal pellets were collected from up to 6 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 pellet was serially 

diluted, and plated onto LB plates containing streptomycin (300 pg/ml). The plates were 

incubated at 37°C overnight, and colonies were counted.  

[0318] Fecal pellets from day I were also collected and plated on LB plates containing 

streptomycin (300 pg/ml) 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 

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.  

Table 5: Nissle residence in vivo 

ID Dav 2 Day 3-- a4 Day 5 DayS6 Day 7 Dai 8 Dav 9 Day 10 

1 2.40E-+05 6 50E+03 6.OOE+04 2OOE+03 9.1OE+03 1 70E+03 4.30E+03 640E+03 2.77E+03 

2 1.00E+05 1.00E+04 3,30E+04 3.00E+03 600E+03 7.00E+02 6,00E+02 0.00E+00 0.00E+00 

3 6.00E+04 1,7( +04 6.30E+04 2,00E+02 1.00E+02 2,00E+02 0.00E+00 0,00E+00 0.00E+00 
4_ 3._3E+04 1_50E+04 110E+05 3.00E+02 1.50E+03 1.00E+02 0.00E+00 O.OOE00 

5 1.00-+04 3.00E+05 1.50E+04 310E+04 3.60E+03 0.00E+00 O.0OE-+0o 

6 1 0E+06 4.00E+05 230E+04 1.50E+03 1 40E+03 4.20E+03 1 00E+02 0.00E+00 
Avg 1.08E+05 1.76E+05 1.61E+05 7.25E+03 8,20E+03 1.28E+03 2,28E+03 1.08E+03 4.62E+02 
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The claims defining the invention are as follows 

1. A genetically engineered bacterium comprising an arginine regulon, 

wherein the bacterium comprises a gene encoding a functional N

acetylglutamate synthetase with reduced arginine feedback inhibition as compared to 

a wild-type N-acetylglutamate synthetase from the same bacterial subtype under the 

same conditions, wherein the arginine feedback resistant N-acetylglutamate 

synthetase gene has a DNA sequence selected from: 

a) SEQ ID NO: 28; 

b) a DNA sequence that, but for the redundancy of the genetic code, 

encodes the same polypeptide as encoded by SEQ ID NO: 28; and 

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

a) or b); 

wherein expression of the gene encoding arginine feedback resistant N

acetylglutamate synthetase is controlled by a promoter that is induced by low-oxygen 

or anaerobic conditions found in a mammalian gut, selected from a fumarate and 

nitrate reductase regulator (FNR) promoter, a dissimilatory nitrate respiration 

regulator (DNR) promoter, and an arginine deiminase and nitrate reduction (ANR) 

promoter; and 

wherein each copy of a functional argR gene normally present in a 

corresponding wild-type bacterium has been independently deleted or rendered 

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

2. The bacterium of claim 1, wherein each copy of a functional argG gene normally 

present in a corresponding wild-type bacterium has been independently deleted or rendered 

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

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

or anaerobic conditions is a FNR promoter.  

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

acetylglutamate synthetase gene has a DNA sequence selected from: 

a) SEQIDNO:28,and 

119



5. a DNA sequence that, but for the redundancy of the genetic code, encodes the same 

polypeptide as encoded by SEQ ID NO:28.The bacterium of any one of claims 1-4, wherein the 

bacterium is a non-pathogenic bacterium.  

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

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

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

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

9. The bacterium of any one of claims 1-8, wherein the gene encoding the arginine 

feedback resistant N-acetylglutamate synthetase is present on a plasmid in the bacterium and 

operably linked on the plasmid to the promoter that is induced under low-oxygen or 

anaerobic conditions.  

10. The bacterium of any one of claims 1-9, wherein the gene encoding the arginine 

feedback resistant N-acetylglutamate synthetase is present in the bacterial chromosome and 

is operably linked in the chromosome to the promoter that is induced under low-oxygen or 

anaerobic conditions.  

11. The bacterium of any one of claims 1-9, wherein the bacterium is a thyA or dapB 

auxotroph.  

12. The bacterium of any one of claims 1-11, wherein the gene sequence encoding the 

arginine feedback resistant N-acetylglutamate synthetase is present in the bacterial 

chromosome and is operably linked in the chromosome to a promoter that is induced by low 

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

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

claims 1-12; and a pharmaceutically acceptable carrier.  

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

formulated for oral or rectal administration.  

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

in a subject in need thereof comprising admininstering the composition of claim 13 or 14 to 

the subject.  

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

cycle disorder.  

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

treatment of a hyperammonemia-associated disorder or symptom(s) thereof.  
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