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BACTERIA ENGINEERED TO TREAT
DISORDERS INVOLVING PROPIONATE CATABOLISM

Related Appi_iéationé
. [01] This application claims priority to US Provisional 'Pat"ent Application No.
62/199,445, filed on July 31, 2015, PCT Application No. PCT/IJ52016/032565, filed May

13, 201 6, US Provisional Patent AppliCatiQn No. 6-2/.33.6_’338; filed May 13.2016. US.

. "l":’rovisional Paterit Application No. 6_2/341,320, filed:-May 25, 2016; and PCT Application

No: PCT/U 82016/03709'8, filed J uné 10, 2_016, the ‘ént;re contenté of each of which are

expressly incorporated herein by reference.

Background
[02]  In healthy subjects, the hulmeih body converts certain amino acids, such as

isoléucine, valine, f:hl'eonine, and niethio"r_line,' as well as odd chain fatty acids, into propionyl
CoA to create energy (FIG. 4). The enzyme propionyl CoA carboxylaée (PCC) then converts.
:proPi‘o'hyl CoA to methylmalonyl CoA, aﬁd the methylmalonyl CoA mutase (MUT) enzyme
then converts methylmalonyl CoA into succinyl CoA, which enters the citric acid cycle and
glucogenesis.

- (03] ) Enzyme deficiencies or mutationé which lead to the toxic accumulation of
p|ropicl)nyl CoA or methylmalonyl CoA result in the 'development of disorders associated with

propionate catabolism, such as Propionic Acidemia (PA) and Methylmalonyl Acidemia

(MMA). Severe nutritional defi‘é-ien.cies of Vitamin B12 can also result in MMA

(Higginbottom et al., M. Er}gl. J. Med., 29"9(7):3174323, 1978). In these diseases, prOpiOnic

- acud or methylmalonic acid can build up 1n the blood stream, leading to damage of the brain,

héart, and liver (FIG. 3.and FIG. 4). Clinical manifestations of the disease vary depending
on the degree of enzyme deticiency and include seizures, vomiting, letharg-y, hypotonia,
encephalbopathy,developmehtal déléy, failure to thrive, and secéndary hyperammo'nemia
(JDeodato et al., Methylmalonic and propionic aciduria, Am. J. Med. Genet, C. Semin. Med.
Genet, 142(2):104-112, 2066).

[04] Currently available treatments for disorders jm%olving propionate catabolism
are inadequate for the long-term management of t’ﬁe disdrder‘:s and havé severe limitations. A
low prbtein diét, with micronutrieﬁt and vitﬁmin supplemé:ritation, as ﬁecéssary, 1s the widely
accepted long-térm disease managgment stljategy for ﬁlany such di:’_‘sqrders’ (Saudubray et aZ.; |

. R _ N | ,
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Inborn Metabolic Diseases, Diagnosis, and Treatment, 2012). Supplementation with L-
carnitine, as well as antibiotic therapy to remove intestinal propiogenic flora is also often
utilized. However, dietary-intake restrictions can be particularly problematic since protein is

required for metabolic activities (Baumgartner et al., Orphanet. J. Rare Dis.,-9(130):1-36,

2014). Thus, even with proper"rnonitoring and patient compliance, dietary restrictions result

in'a high incidence of mental retardation (B aumgartner et al., 2014). Liver transplantation

has_recenﬂy been considered for PA and MMA subjects (L1 et al., Liver Transpl., 2015).

- However, the limited availability of donor organs, the costs associated with the

tran'splant‘ation itself, and the undesirable etfects associated with continued
immunosuppressant therapy limit the practicality of liver transplantation for treatment of
disorders involving the catabolism of propionate. Therefore, there 1s sigmficant unmet need
fo r effective, reliable, and/or long-term treatment for disorders involving the catabolism of
propionate. .
Summary

(03] The'pfesent disclo_snre provides -engineered bacterial cells, pharmaceutical
compositions thereof, and methods of modulnting and treating disorders involving the
catabolism of p10plonate Specifically, the engineered bacteria disclosed herein have been
constr ucted to comprlse genetic 01rcu1ts composed of for example, one or more propionate
catabolism genes to treat the disease, as well as other optional circuitry designed to ensure the

safety and non-colonization of a subject that is administered the engineered bacteria, such as,

'"for example, auxotrophies, kill switches, and combinations thereof. These engineered

bacte1 1a are safe and well tolerated and augment the Innate activities of the subject’s
mlcloblome to achieve a therapeutic effect.
: [06] - In some embodiments, the disclosure provides a bacterial cell that has been

genetically engineered to Comprise one'or more genes, gene Cassettes, and/or synthetic

. cncu1ts encodlng a proplonate catabohsm enzyrne or prOplonate catabohsm pathway, and iS

| 'capable of metabollzmg ploplonate and/or other metabohtes such as p10p10nyl CoA,

methylmalonate and/or methylmalonyl CoA Thus, the genetlcally engineered bacterhlal cells
and phar maceutlcal composmons compnsmg the bacterial cells may be used to treat and/or
prevent dlseases assomated with prOplonate catabollsm such as prOplomc acidemia (PA) and
methylmalomc amdemla (MMA) |

| [07] In some embodlments the dlsclosure prov1des a bacterla] cell that has been
engineered to compnse éene sequence(s) encodmg one or more prOplonate catabollsm

9.

,
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enzyme(s). In some embodiments, the disclosure provides a bacterial cell has been
engineered to comprise gene sequence(s) encoding one or more propionate catabolism
enzyme(s) and 1s capable of reducing the level of propionate and/or other metabolites, f01
example methylmalonate propionyl CoA and/or methylmalonyl CoA In some

- embodiments, the disclosure provides a bacterial cell has been engineered to comprise gene
. sequence(s) encoding one or more propionate catabolism enzyme(s) that 1s operably linked to
an inducible promoter. In some embodiments, the disclosure provides a Bactel‘-ial cell has
been engineered to comprise gene sequencets) encoding one or more propionate cata'lsolism
enzyme(s) that 1s operably linked to an inducible promdter that 1s induced under low oxygen
and/or anaerobic condltlons e.g., such as those conditions found in the mammahan gut. In
some embodiments, the disclosure prowdes a bacterial cell has been engineer ed to compnse
gene sequence(s) encoding one or more propionate catabolism enzyme(s) that is operably
linked to an inducible promoter that 1s induced by ensfironmental,signals and/or conditions
found in the mammalian gut (e.g., induced b'y metabolites or biomolecules--found'in the
mammalian guf) In some embodiments the disciosure provides a bacterial cell has been
engmeel ed to comprise gene sequence(s) encodmg one or more proplonate catabolism
| enzyme(s) and is capable of reducmg the level of propionate and/or other metabohtes f01
~ example, methylmalonate, propiony! CoA and/or methylmalonyl CoA in low-oxygen
environments, e.g., the gut. In some embodiments, the bacterial cell has been genetieally-
engineered to comprise one or more circuits encoding one or more proﬁdnatecatabolism
enzyme(s) and is capable of processing and reducing levels of propionate, methylmalonate, |
propionyl CoA and/or methylmalonyl CoA, e.g., in low-o0xygen environments, e. g the gut.
In some embodiments, the bacterial cell ef the disclosure has also been genetically .
engineered to comprise gene sequence(s) eneoding one or more transporter(s) of propionate.
Thus, the genetically engineered bacterial cells and pharmaceutical compositions cornprising .
the bacterial cells of the d1sclosure may be used tO convert excess pl‘OplOIllC amd ploplonyl
CoA, and/or methylmalonyl CoA into non-toxic molecules in order to treat and/01 prevent
conditions associated with disorders involving the.catabolism of propionate, such as |
Propionic Acidemia or Methylmaloni¢ Acidemia.

| Briet Description of the DraWings
[08]) FIG 1 depicts schematics of exemplary synthetic biotics of the di_scldsure for

the treatment of propionic acidemia and/or mefhylmalonic acidemia and/Or.disorders'
characterized by p’lrepionie acidemia and/or methylmalonic acidemia. FIG. 1A depicts a

_3-
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schematic of an exemplary synthetic biotic of the disclosure co'rnprising a gene cassette
eXp;'e‘Ss_ing fhe prpE, phaB, phaC, and phaA genes under the control of an inc-jucible*‘opromoter.
PrpE, PhaB, PhaC, and PhaA are capable of catabolizing propionate or propionyl-CoA and/or

_in.e._thyl‘rna'lonic acid or methylmalonyl CoA into P(HV-co-HB). Protein lysine acyltransferase
s 'deletec.‘j fo-prevent inacti\{ation of PrpE‘_.' FIG. 1B depicts a schematic of an exemplary

'_synthetic biotic of the disclosure comprising a gene cassette expressing prpE, accA, pcceB,

'mmcE,.nlutA andn mutB as two polycistronjc messages from two inducible promoters. PrpE,
accA, pccB, mmcE, mutA and mutB are capable of catabolizing propiionate or propionyl CoA
and/or methylmalonic acid or methylmalonyl" ch into succinate, which can be utilized
through the TCA cycle or exported from the cell. Protein lysine acyltrancfe1°ase (pka) 1s -
deleted to prevent 1nact1vat10n of PrpE o -

[09] FIG 2 dep1cts various branched chaln ammo ac1d (BCAA) degradatlve

pathwayc and the metabolites and associated dlseases relating to BCAA metabolism.

- [010] 1 FIC. 3 depicts tne cause and symptorns of a disease associated with
propionate catabolism, such as Propionic Acifiemia '(P.A) and Methylmalonic Acidemia |
(MMA), which result from genetic defects in prOpionyl'-C'QA carboxylase or methylmalonyl-
CoA mutase. . . ‘ ' | o o | | R -

. [011] . FIG. 4 depicts the differences' between health')"/ (ncrmal) hurnan subjects, and
subjects having a disease associated with propionate catabolism, such as propionic acidemia
(PA). ’ , ‘ '

[012] FIG. 5 depicts-schematics of the majof pathway (FIG. 5A) and rninor
pathways (FIG. 5B) of ﬁropionate catabolisy in healthy human éubjects. Brietly, prOpicnyl |
'CoA Is carboxylated to D methylmalonyl CoA by the enzyme P'i'opio‘nyl-CoA Carboxylase
(PCC) which 1s 1somerlzed to L -methylmalonyl CoA. A vitamin B;-dependent enzyme, I
Methylma]onyl CoA Mutase (MUT) then catalyzes the rearrangement of L-methylmalonyl
CoA to succinyl CoA which 1s then 1nc0rporated into the 01tr1c acid cycle. Minor pr0p10nate
catabollsm pathways also exist and are present 1n sub]ects having diseases associated with
propionate catabolism, such as PA but these pathways are 1nsufflclent to counterbalance the
lack of the majox pathway. FIG. 5C depicts a Schernatlc showing the metabolic relationship
between PA and MMA. FIG. 5D depicts enzyme and other deﬁc_lencles in PA and MMA. .

[013] FIG. 6 depicts'a graph showing propionic acidemia biomarkers In
PCCAAI138T hypcmo;rphflnouse model as compared to a WT FVB mouse. FI1G. 64, FIG.

6B, and FIG; 6C depict graphsléhowjng' detection of blood biomarkers;
P 4. | .. .
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propionylcarnitine/acetylcarniti.ne ratio (FIG. 6A), propionate concentration (FIG. ‘6B); and
2—methylcitrete (FIG. 6C). FIG. 6D F1G. 6E, and FIG. 6F depict graphs showing the
detection of urine biomarkers: propionyl-glycine (FIG 6D), Tigylgiycine (FIG. 6E) and 2-
| methy citrate (FIG. 6F).
| {014] FIG. 7A, FIG. 7B, FIG. 7C and FIG. 7D depict bar graphs showing the
levels of endogenous (FIG. 7A and FIG. 7B) and radiolabeled propionic acid (FIG. 7C and
FIG. 7D) 1n blood, small intestine and large Intestine at various time points post
subcutaneous administration of '1S0tOpIC propionic acid in C57BL/6J (FIG. 7A a'nd FIG. 7C)
~ and PCCAA138T mice (FIG 7B and F1G. 7D). Isotopic pr0p10n1c acid is seen at ver y low
.. levels in the blood, small 1ntest1ne and cecum within 30 min, indicating that
~ enterorecirculation of proplomc acid 1 IS .oceurrmg.

[OlSl FIG. 8 depicts potential pathways that may be engineered into the bacteria. in
order to consume propionic acid and/or methylmalonic acid into mert end products.-FIG. 8A
depicts a schemetic of propionate catabolism, resulting in an inert product. FIG. 3B, ‘FIG.
8C and FIG.8D depict schematics of three exemplary eathways, which can be utilized for
propionate or methylmalonic acid catalysis. The methylmalonyl-;CoA (human) pethway and
- the 2-methylcitrate pathway produce succinate. In some embodiments; a succinate exporter
can also be expressed 1n the engineered bacteria. In another embodiment, the
polyh’ydroxyalkanoate pathway can be designed and utilized, resulting in the produ'c‘li‘on of
polyhydroxyalkanotes in the engineered bacteria. These pat.hways serve as a framework for
the designed propienate.catabol_is_m pathway circuits disclosed herein. FIG. 8D depicts a
schematic showing a rearranged version of FIG. 8C, showing predictions for the fate of the
carbon from propionic acid. For tlle PHA pathway, the carbon 1s stored as PHA polyniel‘s-in
the cell. In the MMCA pathway, propionate is consumed via the TCA cycle (releasing' the
carbon as CO2) or succinate 1s exp.orted. '

[016] 'FIG. 9 depicts sch‘ematies showing the activation of propionate to prOpienyl' |
CoA. FIG. 9A shows a sehematlc of propionate activatiorl thro'ugh PrpE. PrpE converts
propionate and free_CoA to propienyl-CoA in an irreversible, ATP-dependent manner,
releasing AMP and PPi (pyrophosphate). PrpE can be inactivated by posttranslational
modification of the active site lysineﬁ Protein lysine acetyltransferése (Pka) in E coli carries
out the propionylation of PrpE. The enzyme CobB clepropionylates PrpE-Pr, making the
inactivation reversible. By ‘simply_deleting the pka gene, the PrpE inactivation is eliminated
altogether. In some.embodiments of the -fcli_sclosure; the genet_lcally engineered bacteria

| . | |
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comprise Apka to prevent 1nact1vat10n of PrpE and to increase act1V1ty through the
downstream catabolic pathways. FIG 9B shows a schematlc of propionate activation through
pct. Pet converts propionate and acetyl-CoA to propionyl-CoA and acetate in a reversible
reaction. . | '

[017) FIG. 10 depicts a schematic of the polyhydroxyalkanoate pathway (FIG. 10A)
and chemical structures of th*e polymers produced from propionate through the PHA pathway
(FIG. 10B).and an e)templar)t circuilt design for the engineere_d bacteria of the disclosure
(FIG. 10C). The PHA pathway is n heterologous bacterialpdthway used for carbon storage
as polymers. In the circuit, the prpE, phaB, phaC, and phaA genes‘ are éxpressed under the K
control of an mducrble promoter. PrpE, PhaB, PhaC and PhaA are capable of catabolizing
propionate or plopronyl CoA into polyhydroxybuty1 ate, polyhydroxyvalerate or P(HV CO-
HB). Specn°1cally, PrpE, a propionate- CoA ligase, converts pr0p1onate to proplonyl CoA.
PhaA, a beta-ketothiolase, then converts proplonyl CoA to 3- keto valel yl-CoA or converts '
acetyl- CoA to acetoacety] CoA. PhaB, an acetoacetyl CoA 1eductase then converts
acetoacetyl- CoA INto 3- hydroxy -butyryl-CoA or 3-keto- valeryl CoA to 3-hydroxy- valeryl-
CoA. PhaC, a polyhydloxyalkanoate synthase converts 3-hydroxy-butyryl-CoA into
polyhydroxybutyrate or 3-hydroxy- valeryl CoA to polyhydroxyvale1 ate or converts |
polyhydroxybutyrate and polyhydloxyvalerate to P(HV-co-HB). In some embodlments the
phaBCA genes are from Acietobacter sp RA3849 and are codon-optimized for E. coli. In
some embodiments, the E. coli Nissle prpE gene and the codon—optimized pthCA genes are
under the control of an aTc-inducib_lexpromoter in a single operon.

[018] FIG. 11 depicts a schematic of the gene o_rggnization of nn_exemplary
- construct, comprising a prpE-phaBCA gene cassette under the control of a tetracycline
inducible promoter sequence, on a ~10-copy, kanamycin-resistant plasmid.

. [019] FIG. 12 depicts a graph showing propionate co-ncentrations oVer time 1n
samples comprising genetically engineered b'acterié'eXpressin‘g‘the polyhydroxya'llganoate
(PHA) path"wa;t on a ~10-copy plasmid, as compared to wild type Nissle controls, in the

| presence and absence of the inducer mo'lecule Ba‘cteria were induced with ATC (or left
unmduced) and then grown in culture medlum supplemented to an OD600 of 2.0. Samples
were harvested by centrifugation and resuspended in M9 minimal media. The activity of
-resuspended samples was measured by moculatmg samples 1nto M9 mmlmal media

supplemented with glucose and sodlum propionate (3 mM) to an OD600 ot 1.0. Samples

| were removed at O hrs 1.5, 3, and 4.5 hrs post-inoculation, and prOplonate concentrations

6
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were determined by mass spectrometry. The graph depicts propionate consumption by the
polyhydroxylalkanoate circuit design for the engi'neel*ed bacteria (SYN- PHA)- in the induced
as compat ed to wild type Nissle. Propionate assay was initiated w1th lO9 cfu/mlpre-induced
bacteria and the proplonate consumptlon rate was ~1 4 umol hr-1 per 109 cells

‘ - [020) FIG. 13 depicts graphs showing. propionate (FIG. 13A), acetate (FIG.'ISB) “
and butyrate (FIG. 13C) concentrations over time in sampl.es comprising genetically
| engineered bacteria expressing the polyhydroxyalkanoate (PHA) pathway on a ~10 copy
' plasmid (SYN PHA), as compared to wild type Nissle controls, both in the presence of the
inducer molecule. The PHA assay was performed in a mixture of short chain fatty acids to
mimic the colon ratios (propionate:acetate:butyrate, approxrmately 6:10:4). Bacteria were -
.mduced with ATC (01 left umnduced) and then grown in culture medium supplemented to an -
OD600 of 2.0. Samples were harvested by centrifugation and resuspended in M9 minimal
media. The actmty of resuspended samples was measured by inoculating samples into M9
minimal medta supplemented with glucose and sodium proplonate (6 mM), acetate (10 mM)
and butyrate (4 mM) to an OD600 of 1 O Samples were removed at O hrs 1.5, 3, and 4.5 hrs
post- -inoculation, and propionate concentratrons were deter mlned by mass spectrometry. The
data show that propionate consumptlon rate 1S consistent in the presence.or absence of acetate
~and butyrate, and that the PHA pathway does not signifrcantly'affect acetate and butyrate .
concentrations. )

[021] FIG. 14 depicts graphs showing prOpionate concentrations over time In

samples comprlsmg genetrcally engineered bacterla expressmg an inducible
polyhydr oxyalkanoate (PHA) cassette (ptet- prpE-phaBCA) ona ~ 10 copy plasmld (SYN-
PHA), in the presence of the inducer molecule. These strains were further supplemented with
an second plasmid (~15-copies) expressing one of the genes, i.e., prpE (FIG. 14A), phaB |
- '(FIG 14B) phaC (FIG. 14C), and phaB (FIG. 14D), under the control of an 1ndu01ble '
| promoter 1.€., an arabinose. 1nduc1ble prornoter In this assay, erther the prpE- phaBCA operon
alone, or both the prpE-phaBCA plasmld and the ar abmose 1ndu01ble plasmid carrying the
‘second copy of one of the operon genes were induced. Wild type Nissle was included for
reference. Bacteria-were induced with ATC or ATC and arabinose (or left uninduced), and .-
- then grown in culture medium supplemente‘dto an OD600 of 2.0. Samples were harvested by
-centrifugation and-resuSpended in- M9. minimal media. The activity of resuspended samples -
was measured by 1noculat1ng samples into M9 minimal media supplemented with glucose .

and sodium propionate (3 mM) to an OD600 of 1 O Samples were removed at O hrs, 1.5, 3,
| . |
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and 4.5 hrs post-inoculatioh, and propionate concentrations were determined by mass
spectrometry. The graph shows that the rate of propionate consumption:is increased most
significantly when more phaC 1s expressed, suggesting that the pathway'is improved by
| m01 easmg the PhaC levels from the original prpE-phaBCA plasmld This can for example be
| accompllshed by increasing the translation rate by employing a stronger rlbosome bmdmg
site in front of the phaC gene. Alternatively, an additional copy.of the gene may be added to
the same or an additional circuit. In some embodiments, the genetically engineeféd bacteria
comprise a prpE-phaBCA'opé‘ron, in“Whit:h' PhaC levels are increased through the utilization
of a strong ribosome binding site (RBS). In some embodiments, the. g.enetically engindered
bacteria comprlsmg a prpE phaBCA operon further comprise an additional copy of phaC

[022] FIG. 15 depicts schematlcs of the methylmalonyl CoA pathway and
e-xémplary methylmalonylCoA circuit designs. FIG. 15A deplcts a schematlc s.howm.g.Pfrp'E
reaction and by the methylﬁalonleoA pathway, in which the produ”cté_ of the prpE, pccB,‘"
accAl, mmcE, mutA, ahd mutB .genes convert propionate into succinate, and which can b_e"
used for circuit design. The methylmalonyl-CoA pathway carries out‘reactions homoldg'otls
to those in the mammalian pathway and the pathway is assembled from heterologoué | B
bacterial enzymes. In one-embodiment, genes accA (from Streptomyces coelicolor), pceB
(from Srreptomyces C_oélfcolor-), mmcE (from Propionibacterium freudenreichii), and mutAB
(from Propionibacterium freudenreichii) were used and codon-Optimizéd for ekpression n E
coli Ni'sslé. FIG. 15B depicts a schematic showing an exemplary circuit design of the
disclosure, in which the genetically engineered bacteria comprise a gene cassette comprising
the prpE, pccB, accAl, mmcE, mutA, and mutB genes undeér the control of an inducible
promoter, €.g., a aTc-inducible pro,mbte:. FIG. 15C depicts a schematic showing .zll-n
exempl‘ary circuit design of the disclosure, in which the genetically engiﬁeered bact'é‘fia
| 'comprise a cassette comprising prpE, pccB, accAl, under the éontrol of a first inducible
promoter, e.g., Ptet (aTc inducible) and a second: :c'ass'ette cofnprising mmcE and mwAB under
the control of a second inducible promotel e. g Para (arabinose inducible). lnductlon of the I
pathway requires the addition of aTc¢ and arabinose. In either circuit (FIG. 15B or FIG. ISC)
a succinate exporter may also be expressed.in the engineered bacteria. '

[(023] FIG. 16 depicts schematics of the gene.organiz-ation of exemplary do'-nstructs.
- FIG. 16A depicts a'schen’]at'iq of the gene organi@ation of an exempfary construct,
comprising a mmcE-mutA-mutB gene cassette u"nder the control of an zirafbinos'e inducible
promoter sequence, on.a ~15-60py, élmpicoill‘in-resjis.tant'p-la‘smid. FIG. 16B depicts a

_8- |
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schematic of the gene organization of an exemplary eonstruct, comprising a prpE-accA-pccB
gene cassette under the control of a tetracycline inducible promoter sequence, on a ~10-copy,
kanamycin-resistant plasmid. | | | | |
' 1024] FIG. 17 depicts schematics of the MMCA pathway eomb"ined with a succinate
exporter and related,exemplary genetic circuits and synthetic biotics. FIG. 17A depicts a
schematic of propionate and/or methylmalonic acid catabolism through the MMCA pathway.
" The resulting succinate can be metabolized through the TCA cycle or removed from the |
bacterial cell through an exporter. Exemplary exporters include sucE/ succinate exporter
(e. g.l, from Coryne‘bacterium glutdmic,um) and/or the native Nissle succinate exporter dcuC.
- FIG. 17B depicts an exemplary circuit or gene cassette for the expression of the sucEl
succinate exporter (e.g., from Corynebacterium glutamicum) under the control of an
" inducible promoter, e.g., an arabinose-inducible promoter. This censtru‘ct can either be
expressed 1n the.synthetic b‘iotie on a plasmid, orit can be integrated into the genome. For
“example, a knoCk;,ln ef the construct, which deletes the araBA gehes and par‘t of _the taraD
gene, can be performed, which eliminates metabolism of arabinose by E. coli. FIG 17C
depicts a schematic of an exemplary synthetic biotic of the d1sclosure comprlsmg a gene
cassette expressmg the prpE phaB, phaC, and phaA genes under the control of an 1nducrble'
pr omoter. The synthet1c biotic further cOmprises a gene cassette expressmg the sucEl gene
* under the control of an mduc1ble promoter. FIG 17D depicts a schematic of a construct
comprising the sucE] succinate exporter (from Corynebacterium glutamicum. FIG. 17E
depicts a schematic of a construct comprising the E. coli deuC succinate transporter. FIG.
17F depicts a schematic ot a construct comprising or comprising both sucE/ and dcuC
 transporters. ' ' | |

[025] FIG. 18 deprcts a graph showmg propionate concentrations over trme in
samples compr 1SIng genetlcally engineered bacteria expressing the methylmalonyl- CoA |
pathway circuit (SY-N-MMCA) or a polyhydroxylalkanoate pathway C1rcu-1t (SYN-PHA)ona -
~10- and ~1 5-cop’y plasmids as compared to wild type Nissle controls, in the presenceaof the |
inducer moleculeo Bacteria were induced ATC or ATC and arabinose (or left uninduced), and
then grown in culture medium supplemented to an OD600 of 2.0. Samples were harvested by
centrifugation and resuspended in M9 minimal media. The actrwty of resuspended samples
was measured by moculatmg samples into M9 mrnrmal med1a supplemented with glucose
and sodium pr oplonate (3 mM) to an OD600 of 1.0. Samples’ were removed at were removed

at 0 hrs, 1.5, 3,4.5, and 18 hrs. post 1noculat10n cells were removed, and propionate

o
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concentrations were determined by mass spectrometry. The graph depicts propionate
consumption by the methylmalonyl-CoA pathway or a polyhydi'oayl‘alkanoate circuit design
for the engineered bacteria in the induced as compared to wild type Nissle. Propionate assay
was 1nitiated with.~}f09 cfu(mlpre-induced bacteria and the propiondte consumpti_oh rate was
~ 3.8 tunol/h;*/ 10” bacteria in the strain expressing the methylmalonyl-CoA pathway circu:it.'
| (026] FIG. 19 depicts one example of a normal pathway for the catabolisn‘; of |
propionate via the methylcitrate cycle in bacteria, for example, E. coli. E‘,ri.eﬂy, PrpE,- a
Propionate-CoA ligase, cenverts propionate to pto_pionyl CoA. PrpC, a 2-naethylcitrate
synthetase, then con’verts propionyl CoA to 2-methylcitrate. PrpD, a 2-methylcitrate
dehydrogenase, then-converts 2-methylcitrate into 2—methyisocit1:ate-, and PrpB, a 2-
methylisocitrate lyase, converts 2-methyisocitrate Into succinate and pyruvate.

1027] FIG. 20‘depicts schematics of the 2-methylcitrate cycle in bacteria, e.g., E.
coli, (FIG. 20A) and a schematics of an exemplary circuit design for the engineered bacteria
(FIG. 20B). In the circuit, the prpB, prpC, prpD, and prpE genes are expressed under the
~control of an inducible-promoter in order to produce succin.ate and pyruvate. In some
embodiments, a succinate exporter may also be expr essed in the engineered bacteria. FIG.
20C depicts a schematic of the gene organization of an exemplary construct, comprising a
prpBCDE gene cassette updei the control of a tetracycline inducible promoter sequence, on a
~10-copy, kanamycin-resistant plashﬁid. ' . |

[028.]‘ - FIG. 21 depicts schematics of exemplary synthetic biotics of the disclosure for
the treatment of propionic acidemia and/or methylmalonic acidemia and/or disorders
characterized by pr(')i:)io-nic acidemia and/or 'methitlmalortie acidemia. FIG. 21A depicte;a '
schematic of an exemplar.y synthetic biotic of the disclosure comprising a gene cassette
expressing the:prpE, phaB, phaC, and phaA genes under the control of an inducible pror.noter'.
PrpE, PhaB, PhaC, and PhaA are capable of eataboliziﬁ'g ,Lprot)ionate'or propionyl CoA and/or
tnethylmalonic acid or methylmalonyl CoA into .P-(HV-CQ-HB). Proteitl lysine acyltransferase
(pka) 1s deleted to pt‘eveﬁt inaCtiva-tio'nef -PrpE, In certai’n. elnbodiments, the prpE-phaBCA
circuit 1s further modified by ad’d-itlg a strorig‘RBS upstream of the phaC translation Star.t site.
In other embodlments synthetic b10t1e comprised multiple c0p1es of the PhaC gene. In some
embodlments the PhaC gene 1$ located immediately dlstal to the promoter as the rst genes 1n
the cassette, to ensure the greatest number.of transcripts. T7 polymerase may produce

incomplete polycistronic transct'ipts (prematurely terminated). FIG. 21B depicts a schematic

of a synthetlc b10t1c of FIG 1A or FIG 21A with the addition of a ThyA auxotlophy FIG.
| -10-
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21C depicts the synthetic biotic of FIG. 1B, with the additional ofn ThyA auxotrophy. FIG.
21D depicts a schematic of an exemplary synthetic biotic of tHe disclosure comprising a gene
cassette expressing prpE, accA, pccB, mmcE, mutA and mutB as two polymstromc messages
from two inducible promoters. PrpE, accA, pccB mmcE mutA and mutB are capable of .
catabolizing proplonate or propionyl CoA and/or methylmalonic acid or methylmalonyl CoA
into succinate, which can be utilized through the TCA cycle or exported from the cell. Protein
lysine acyltransferase (pka) is deleted to prevent inactivation of PrpE. In some em_b'odiments,
- the synthetic biotic comprises a SucE1 and/or dcuC exporter cassette, as described herein.
FIG. 21E depicts a schematic of a synthetic biotic comprising one or more of t-wo-jdifferent
gene cassettes for propionate catabolism (PHA and MMCA pathway cassettes). FIG. 21F
depicts a schematic of an exemplary synthetic biotic of the disclosure Comprising a gene
cassette expressing prpE, accA, pccB, mmcE, mutA and mutB as two polycistronic messages
from two inducible promoters in con}bination with MatB. Protein lysine acyltransferase (pka)
1s deleted to prevent inactivation of PrpE. In some embodiments, the synthetic biotic
comprises a SucE1l and/or dcuC exporter cassette, as described herein. FIG 21G depicts a
schematic of a synthetic biotic comprising one or more of two' different gene cassettes for
propionate catabolism (Pl-IA,and MMCA pathway cassettes) in combination with MatB.
[029] FIG. 22 depicts another .non-limiting embodiment of the disclosure, wherein
the expression of a héterologous gene 1s 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 arablnose, the AraC transcription factor undergoes a
confo‘rma-tiOnal change that allows it to bind to and activate the PMaBAﬁ.'~promoter
(ParaBAD) ‘which induces expression of the Tet repressor (TetR) and an anti-toxin. The
.anti- toxm builds up n the recornblnant bacterial cell while TetR prevents expres31on of a
toxm (wh1ch is under the control of a promoter havmg a TetR binding site). However when
ar abmose 1S not pr esent both the anti-toxin.and TetR are not expressed. Since TetR is not
plesent to repress expression of the toxm the toxm 1S expressed and l(lllS the cell. KFIG. 22
~also depicts another non- l1m1t1ng embodnnent of the disclosure, wherem the expression of an
essential gene not found in the recombmant bacteria 1s act1vated by an exogenous
environmental signal. In the absence of arabmose, the AraC,*transcr Iption factor adopts a
| "'conformation that repreSSestranscription of the essential gene under the control of the
ar aBAD plomoter and the bacterial cell cannot-survive. In the presence of arabmose the

Ar aC transcrrptlon factor undergoes a conformat1onal change that allows 1t to b1nd toand -

~-11-
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activate the araBAD promotér, which induces expfession of the essential gene and maintains
viability of the bacterial cell. |

[030] FIG. 23 depicts a non-limiting embodiment of the disclosure, where an anti-
toxin is expressed from a consfitutiye promoter, and expréséion of a heterologous gene 1S
activated by an exogenous environmental signal... In the absence of arabinose, the AraC
transcription factor adbpts a conformation that represée.s 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 exp’ression-of TetR, thﬁs
preventing expression of a toxin. However, when.arabiﬁose 1S not-present, TetR .is not
expressed, and the toxin is expressed, eventually_ oi{érqoming the anti-toxin and kiiliﬁg.th‘e
cél]. The constitutive promoter regulating exﬁression."of the-anti—toxin should be a wea.ker' -
promoter than the promoter driving expression of the toxin. The araC gene is under thé.
control of a constitutive promoter in this circuit. |

[031] FIG. 24 depicts another non-limiting embodiment of the (jisclosure, wherein
the expression of a heterologous gene is activated by an exogenous environmental signal. In
the absence of arabinose, the AraC transcriptibn' factor adopts a conformation t'hat__.r.ép.r'éséés
trahséription. In the pre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>