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RECOMBINANT MICROORGANISMS FOR THE ENHANCED PRODUCTION OF

MEVALONATE, ISOPRENE, ISOPRENOID PRECURSORS, ISOPRENOIDS, AND

ACETYL-COA-DERIVED PRODUCTS

FIELD OF THE INVENTION

[0001] This disclosure relates to compositions and methods for the increased production of

mevalonate, isoprene, isoprenoids, isoprenoid precursors, and/or acetyl-CoA-derived products in

recombinant microorganisms, as well as methods for producing and using the same.

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

[0002] This application claims the priority benefit of U.S. Provisional Application Serial No.

61/942,546, filed February 20, 2014, which is incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

[0003] Mevalonate is an intermediate of the mevalonate-dependent biosynthetic pathway that

converts acetyl-CoA to isopentenyl diphosphate and dimethylallyl diphosphate. The conversion

of acetyl-CoA to mevalonate can be catalyzed by the thiolase, HMG-CoA synthase and the

HMG-CoA reductase activities of the upper mevalonate-dependent biosynthetic pathway (MVA

pathway).

[0004] Commercially, mevalonate has been used as an additive in cosmetics, for the

production of biodegradable polymers, and can have value as a chiral building block for the

synthesis of other chemicals.

[0005] The products of the mevalonate-dependent pathway are isopentenyl pyrophosphate

(IPP) and dimethylallyl diphosphate (DMAPP). IPP and DMAPP are precursors to isoprene as

well as isoprenoids. Isoprene (2-methyl-l,3-butadiene) is the monomer of natural rubber and

also a common structural motif to an immense variety of other naturally occurring compounds,

collectively termed the isoprenoids. Isoprene is additionally the critical starting material for a

variety of synthetic polymers, most notably synthetic rubbers.

[0006] Isoprenoids are compounds derived from the isoprenoid precursor molecules IPP and

DMAPP. Over 29,000 isoprenoid compounds have been identified and new isoprenoids are

being discovered each year. Isoprenoids can be isolated from natural products, such as

microorganisms and species of plants that use isoprenoid precursor molecules as a basic building

block to form the relatively complex structures of isoprenoids. Isoprenoids are vital to most



living organisms and cells, providing a means to maintain cellular membrane fluidity and

electron transport. In nature, isoprenoids function in roles as diverse as natural pesticides in

plants to contributing to the scents associated with cinnamon, cloves, and ginger. Moreover, the

pharmaceutical and chemical communities use isoprenoids as pharmaceuticals, nutraceuticals,

flavoring agents, and agricultural pest control agents. Given their importance in biological

systems and usefulness in a broad range of applications, isoprenoids have been the focus of

much attention by scientists.

[0007] Conventional means for obtaining mevalonate and isoprenoids include extraction from

biological materials (e.g., plants, microbes, and animals) and partial or total organic synthesis in

the laboratory. Such means, however, have generally proven to be unsatisfactory. In particular

for isoprenoids, given the often times complex nature of their molecular structure, organic

synthesis is impractical given that several steps are usually required to obtain the desired

product. Additionally, these chemical synthesis steps can involve the use of toxic solvents as can

extraction of isoprenoids from biological materials. Moreover, these extraction and purification

methods usually result in a relatively low yield of the desired isoprenoid, as biological materials

typically contain only minute amounts of these molecules. Unfortunately, the difficulty involved

in obtaining relatively large amounts of isoprenoids has limited their practical use.

[0008] Recent developments in the production of isoprene, isoprenoid precursor molecules,

and isoprenoids disclose methods for the production of isoprene and isoprenoids at rates, titers,

and purities that can be sufficient to meet the demands of robust commercial processes (see, for

example, International Patent Application Publication No. WO 2009/076676 A2 and U.S. Patent

No. 7,915,026); however, improvements to increase the production of isoprene and isoprenoids

and to increase yields of the same are still needed.

[0009] Such improvements are provided herein by the disclosure of compositions and methods

to increase production of mevalonate as an intermediate of the mevalonate-dependent

biosynthetic pathway; to increase production of molecules derived from mevalonate, such as

isoprene, isoprenoid precursors, and/or isoprenoids; and to increase production of acetyl-CoA-

derived products.

[0010] Throughout this specification, various patents, patent applications and other types of

publications (e.g., journal articles) are referenced. The disclosure of all patents, patent

applications, and publications cited herein are hereby incorporated by reference in their entirety

for all purposes.



SUMMARY OF THE INVENTION

[0011] The invention provided herein discloses, inter alia, compositions and methods for the

increased production of mevalonate, isoprene, isoprenoid precursors, isoprenoids, and/or an

acetyl-CoA-derived products in a microorganism by using one or more specific gene

manipulations in recombinant microorganisms/recombinant cells such that the expression and/or

activity of one or more acetylating proteins in the recombinant microorganisms is modulated.

Such modulation can result in increased production of mevalonate, isoprene, isoprenoid

precursor molecules, isoprenoids, and/or acetyl-CoA-derived products.

[0012] Accordingly, in one aspect, provided herein are recombinant cells capable of producing

isoprene, wherein the cells comprise: (i) either one or more nucleic acids encoding one or more

acetylating proteins, wherein the cells have been modified or engineered such that the expression

of the nucleic acids and/or activity of the acetylating protein(s) is modulated or one or more

acetylating proteins wherein the proteins are engineered such that their activity is modulated; (ii)

one or more nucleic acids encoding one or more polypeptides of the MVA pathway; and (iii) a

heterologous nucleic acid encoding an isoprene synthase polypeptide or a polypeptide having

isoprene synthase activity, wherein culturing of the recombinant cells in a suitable media

provides for the production of isoprene.

[0013] In some embodiments of any of the embodiments disclosed herein, the activity of the

one or more acetylating proteins is modulated such that the activity of the one or more

acetylating proteins is attenuated, deleted or increased.

[0014] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is an acetyltransferase. In some embodiments of any of the embodiments disclosed

herein, the acetyltransferase is chosen from the group consisting of YfiQ, Pat, and AcuA. In

some embodiments of any of the embodiments disclosed herein, the acetyltransferase is a YfiQ

polypeptide.

[0015] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is a deacetylase. In some embodiments of any of the embodiments disclosed herein, the

deacetylase is chosen from the group consisting of CobB and SrtN. In some embodiments of any

of the embodiments disclosed herein, the deacetylase is a CobB polypeptide.



[0016] In some embodiments of any of the embodiments disclosed herein, the one or more

acetylating proteins is selected from the group consisting of a YfiQ polypeptide and a CobB

polypeptide.

[0017] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is a YfiQ polypeptide. In some embodiments of any of the embodiments disclosed

herein, the activity of the YfiQ polypeptide is modulated by decreasing, attenuating, or deleting

the expression of the nucleic acid encoding the YfiQ polypeptide.

[0018] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is a CobB polypeptide. In some embodiments of any of the embodiments disclosed

herein, the activity of the CobB polypeptide is modulated by increasing the expression of the

nucleic acid encoding the CobB polypeptide.

[0019] In some embodiments of any of the embodiments disclosed herein, one or more

polypeptides of the MVA pathway is selected from (a) an enzyme that condenses two molecules

of acetyl-CoA to form acetoacetyl-CoA; (b) an enzyme that condenses acetoacetyl-CoA with

acetyl-CoA to form HMG-CoA (e.g., HMG synthase); (c) an enzyme that converts HMG-CoA

to mevalonate; (d) an enzyme that phosphorylates mevalonate to mevalonate 5-phosphate; (e) an

enzyme that converts mevalonate 5-phosphate to mevalonate 5-pyrophosphate; and (f) an

enzyme that converts mevalonate 5-pyrophosphate to isopentenyl pyrophosphate.

[0020] In some embodiments of any of the embodiments disclosed herein, the heterologous

nucleic acid encoding an isoprene synthase polypeptide or a polypeptide having isoprene

synthase activity is a plant isoprene synthase polypeptide. In some embodiments of any of the

embodiments disclosed herein, the isoprene synthase polypeptide or the polypeptide having

isoprene synthase activity is a polypeptide from Pueraria or Populus or a hybrid, Populus alba

x Populus tremula. In some embodiments of any of the embodiments disclosed herein, the

isoprene synthase polypeptide or the polypeptide having isoprene synthase activity is from the

organism selected from the group consisting of Pueraria montana, Pueraria lobata, Populus

tremuloides, Populus alba, Populus nigra, and Populus trichocarpa.

[0021] In some embodiments, the recombinant cells described herein further comprise one or

more heterologous nucleic acids encoding a polypeptide having phosphoketolase activity. In

some embodiments of any of the embodiments disclosed herein, the one or more heterologous

nucleic acids encoding a polypeptide having phosphoketolase activity is capable of synthesizing

glyceraldehyde 3-phosphate and acetyl phosphate (referred to herein interchangeably as



acetylphosphate, acetyl-phosphate, acetyl-P, Ac-P) from xylulose 5-phosphate. In some

embodiments of any of the embodiments disclosed herein, the one or more heterologous nucleic

acids encoding a polypeptide having phosphoketolase activity is capable of synthesizing

erythrose 4-phosphate and acetyl phosphate from fructose 6-phosphate. In some embodiments

of any of the embodiments disclosed herein, the recombinant cells further comprise one or more

nucleic acids encoding one or more 1-deoxy-D-xylulose 5-phosphate (DXP) pathway

polypeptides.

[0022] In some embodiments, the recombinant cells described herein further comprise one or

more nucleic acids encoding one or more pentose phosphate pathway proteins, wherein the cells

have been modified such that the expression of the nucleic acids encoding the pentose phosphate

pathway proteins and/or the activity of the pentose phosphate pathway proteins is modulated. In

some embodiments, the activity of the one or more pentose phosphate pathway proteins is

increased.

[0023] In certain embodiments, the activity of the one or more pentose phosphate pathway

proteins is increased by increasing the expression of one or more nucleic acids encoding the

pentose phosphate pathway proteins. In such embodiments, the one or more nucleic acids

encoding the pentose phosphate pathway proteins is selected from the group consisting of

transketolase (tktA), transaldolase (talB), ribulose-5-phosphate-epimerase (rpe), and ribose-5-

phosphate epimerase (rpiA).

[0024] In other embodiments, the activity of the one or more pentose phosphate pathway

proteins is decreased. In certain embodiments, the activity of the one or more pentose phosphate

pathway proteins is decreased by decreasing, attenuating, or deleting the expression of one or

more nucleic acids encoding the pentose phosphate pathway proteins. In such embodiments, the

one or more nucleic acids encoding the pentose phosphate pathway proteins comprises

phosphofructokinase (pfkA).

[0025] In some embodiments, the recombinant cells described herein further comprise one or

more nucleic acids encoding one or more acetate cycling proteins, wherein the cells have been

modified such that the expression of the nucleic acids encoding the acetate cycling proteins

and/or activity of the acetate cycling proteins is modulated.

[0026] In some embodiments, the activity of the one or more acetate cycling proteins is

increased. In some embodiments, the activity of the one or more acetate cycling proteins is

increased by increasing the expression of one or more nucleic acids encoding the acetate cycling



proteins. In such embodiments, the one or more nucleic acids encoding the acetate cycling

proteins can be selected from the group consisting of acetyl-coenzyme A synthetase (acs),

acetate kinase (ackA) and phosphotransacetylate (pta).

[0027] In some embodiments, the activity of the one or more acetate cycling proteins is

decreased. In some embodiments, the activity of the one or more acetate cycling proteins is

decreased by decreasing, attenuating, or deleting the expression of one or more nucleic acids

encoding the acetate cycling proteins. In such embodiments, the one or more nucleic acids

encoding the acetate cycling proteins can be selected from the group consisting of

phosphotransacetylate (pta), acetate kinase (ackA), and acetate transporter/acetate pump (actP).

[0028] In some embodiments, the recombinant cells described herein further comprise one or

more nucleic acids encoding one or more proteins selected from the group consisting of: sfcA,

maeB, pdhR, aceE, aceF, IpdA, glta, acs, pta, ackA, actP, pfkA, rpe, rpiA, tkta, talB, pgl, edd,

and eda, and wherein the cells have been modified such that the expression of the nucleic acids

and/or activity of the proteins is modulated. In some embodiments, the activity of the one or

more of these proteins is increased by increasing the expression of one or more nucleic acids

encoding the one or more proteins. In specific embodiments, the one or more nucleic acids

encoding the one or more proteins to be increased is selected from the group consisting of: ackA,

pta, sfcA, maeB, aceE, aceF, IpdA, acs, rpe, rpiA, tkta, talB, and pgl. In some embodiments, the

activity of the one or more of these proteins is decreased by decreasing, attenuating, or deleting

the expression of one or more nucleic acids encoding the one or more proteins. In specific

embodiments, the one or more nucleic acids encoding one or more proteins to be decreased is

selected from the group consisting of: pdhR, glta, pta, ackA, actP, pfkA, pgl, edd, and eda.

[0029] In any one of the recombinant cells described herein, the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having isoprene

synthase activity, the nucleic acid encoding a polypeptide having phosphoketolase activity, the

one or more nucleic acids encoding one or more pentose phosphate pathway proteins, or the one

or more nucleic acids encoding one or more acetate cycling proteins, is placed under an

inducible promoter or a constitutive promoter.

[0030] In any one of the recombinant cells described herein, the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having isoprene

synthase activity, the nucleic acid encoding a polypeptide having phosphoketolase activity, the



one or more nucleic acids encoding one or more pentose phosphate pathway proteins, or the one

or more nucleic acids encoding one or more acetate cycling proteins, is cloned into one or more

multicopy plasmids.

[0031] In any one of the recombinant cells described herein, the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having isoprene

synthase activity, the nucleic acid encoding a polypeptide having phosphoketolase activity, the

one or more nucleic acids encoding one or more pentose phosphate pathway proteins, or the one

or more nucleic acids encoding one or more acetate cycling proteins, is integrated into a

chromosome of the cells.

[0032] In some embodiments of any of the embodiments disclosed herein, the recombinant

cells are gram-positive bacterial cells or gram-negative bacterial cells. In other embodiments of

any of the embodiments disclosed herein, the recombinant cells are fungal cells, filamentous

fungal cells, algal cells or yeast cells. In some embodiments of any of the embodiments

disclosed herein, the recombinant cells are selected from the group consisting of Bacillus

subtilis, Streptomyces lividans, Streptomyces coelicolor, Streptomyces griseus, Escherichia coli,

and Pantoea citrea. In some embodiments of any of the embodiments disclosed herein, the

recombinant cells are selected from the group consisting of Trichoderma reesei, Aspergillus

oryzae, Aspergillus niger, Saccharomyces cerevisieae and Yarrowia lipolytica.

[0033] In any of the embodiments described herein, the isoprene production is increased

relative to recombinant cells that have not been modified such that the expression of the nucleic

acids encoding the acetylating proteins and/or the activity of the acetylating proteins is

modulated.

[0034] In any of the embodiments described herein, the isoprene production is increased by at

least 5%, wherein the increased production of isoprene comprises an increase in: (i) titer, (ii)

instantaneous yield, (iii) cumulative yield, (iv) ratio of isoprene to carbon dioxide, (v) specific

productivity, or (vi) cell productivity index.

[0035] In other aspects, also provided herein are methods for producing isoprene comprising:

(a) culturing the recombinant cell of any of the embodiments disclosed herein under conditions

suitable for producing isoprene and (b) producing isoprene. In some embodiments, the method

further comprises (c) recovering the isoprene.



[0036] In another aspect, provided herein are recombinant cells capable of producing an

isoprenoid precursor, wherein the cells comprise: (i) either one or more nucleic acids encoding

one or more acetylating proteins, wherein the cells have been modified or engineered such that

the expression of the nucleic acids and/or activity of the acetylating protein(s) is modulated or

one or more acetylating proteins wherein the proteins are engineered such that their activity is

modulated; and (ii) one or more nucleic acids encoding one or more polypeptides of the MVA

pathway, wherein culturing of the recombinant cells in a suitable media provides for production

of the isoprenoid precursor.

[0037] In some embodiments of any of the embodiments disclosed herein, the activity of the

one or more acetylating proteins is modulated such that the activity of the one or more

acetylating proteins is attenuated, deleted or increased.

[0038] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is an acetyltransferase. In some embodiments of any of the embodiments disclosed

herein, the acetyltransferase is chosen from the group consisting of YfiQ, Pat, and AcuA. In

some embodiments of any of the embodiments disclosed herein, the acetyltransferase is a YfiQ

polypeptide.

[0039] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is a deacetylase. In some embodiments of any of the embodiments disclosed herein, the

deacetylase is chosen from the group consisting of CobB and SrtN. In some embodiments of any

of the embodiments disclosed herein, the deacetylase is a CobB polypeptide.

[0040] In some embodiments of any of the embodiments disclosed herein, the one or more

acetylating proteins is selected from the group consisting of a YfiQ polypeptide and a CobB

polypeptide.

[0041] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is a YfiQ polypeptide. In some embodiments of any of the embodiments disclosed

herein, the activity of the YfiQ polypeptide is modulated by decreasing, attenuating, or deleting

the expression of the nucleic acid encoding the YfiQ polypeptide.

[0042] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is a CobB polypeptide. In some embodiments of any of the embodiments disclosed

herein, the activity of the CobB polypeptide is modulated by increasing the expression of the

nucleic acid encoding the CobB polypeptide.



[0043] In some embodiments of any of the embodiments disclosed herein, one or more

polypeptides of the MVA pathway is selected from (a) an enzyme that condenses two molecules

of acetyl-CoA to form acetoacetyl-CoA; (b) an enzyme that condenses acetoacetyl-CoA with

acetyl-CoA to form HMG-CoA (e.g., HMG synthase); (c) an enzyme that converts HMG-CoA

to mevalonate; (d) an enzyme that phosphorylates mevalonate to mevalonate 5-phosphate; (e) an

enzyme that converts mevalonate 5-phosphate to mevalonate 5-pyrophosphate; and (f) an

enzyme that converts mevalonate 5-pyrophosphate to isopentenyl pyrophosphate.

[0044] In certain embodiments, the recombinant cells further comprise one or more

heterologous nucleic acids encoding a polypeptide having phosphoketolase activity. In some

embodiments of any of the embodiments disclosed herein, the one or more heterologous nucleic

acids encoding a polypeptide having phosphoketolase activity is capable of synthesizing

glyceraldehyde 3-phosphate and acetyl phosphate from xylulose 5-phosphate. In some

embodiments of any of the embodiments disclosed herein, the one or more heterologous nucleic

acids encoding a polypeptide having phosphoketolase activity is capable of synthesizing

erythrose 4-phosphate and acetyl phosphate from fructose 6-phosphate.

[0045] In some embodiments, the recombinant cells described herein further comprise one or

more nucleic acids encoding one or more pentose phosphate pathway proteins, wherein the cells

have been modified such that the expression of the nucleic acids encoding the pentose phosphate

pathway proteins and/or the activity of the pentose phosphate pathway proteins is modulated. In

some embodiments, the activity of the one or more pentose phosphate pathway proteins is

increased.

[0046] In certain embodiments, the activity of the one or more pentose phosphate pathway

proteins is increased by increasing the expression of one or more nucleic acids encoding the

pentose phosphate pathway proteins. In such embodiments, the one or more nucleic acids

encoding the pentose phosphate pathway proteins is selected from the group consisting of

transketolase (tktA), transaldolase (talB), ribulose-5-phosphate-epimerase (rpe), and ribose-5-

phosphate epimerase (rpiA).

[0047] In other embodiments, the activity of the one or more pentose phosphate pathway

proteins is decreased. In certain embodiments, the activity of the one or more pentose phosphate

pathway proteins is decreased by decreasing, attenuating, or deleting the expression of one or

more nucleic acids encoding the pentose phosphate pathway proteins. In such embodiments, the

one or more nucleic acids encoding the pentose phosphate pathway proteins comprises

phosphofructokinase (pfkA).



[0048] In some embodiments, the recombinant cells described herein further comprise one or

more nucleic acids encoding one or more acetate cycling proteins, wherein the cells have been

modified such that the expression of the nucleic acids encoding the acetate cycling proteins

and/or activity of the acetate cycling proteins is modulated.

[0049] In some embodiments, the activity of the one or more acetate cycling proteins is

increased. In some embodiments, the activity of the one or more acetate cycling proteins is

increased by increasing the expression of one or more nucleic acids encoding the acetate cycling

proteins. In such embodiments, the one or more nucleic acids encoding the acetate cycling

proteins can be selected from the group consisting of acetyl-coenzyme A synthetase (acs),

acetate kinase (ackA) and phosphotransacetylate (pta).

[0050] In some embodiments, the activity of the one or more acetate cycling proteins is

decreased. In some embodiments, the activity of the one or more acetate cycling proteins is

decreased by decreasing, attenuating, or deleting the expression of one or more nucleic acids

encoding the acetate cycling proteins. In such embodiments, the one or more nucleic acids

encoding the acetate cycling proteins can be selected from the group consisting of

phosphotransacetylate (pta), acetate kinase (ackA), and acetate transporter/acetate pump (actP).

[0051] In some embodiments, the recombinant cells described herein further comprise one or

more nucleic acids encoding one or more proteins selected from the group consisting of: sfcA,

maeB, pdhR, aceE, aceF, lpdA, glta, acs, pta, ackA, actP, pfkA, rpe, rpiA, tkta, talB, pgl, edd,

and eda, and wherein the cells have been modified such that the expression of the nucleic acids

and/or activity of the proteins is modulated. In some embodiments, the activity of the one or

more of these proteins is increased by increasing the expression of one or more nucleic acids

encoding the one or more proteins. In specific embodiments, the one or more nucleic acids

encoding the one or more proteins to be increased is selected from the group consisting of: ackA,

pta, sfcA, maeB, aceE, aceF, lpdA, acs, rpe, rpiA, tkta, talB, and pgl. In some embodiments, the

activity of the one or more of these proteins is decreased by decreasing, attenuating, or deleting

the expression of one or more nucleic acids encoding the one or more proteins. In specific

embodiments, the one or more nucleic acids encoding one or more proteins to be decreased is

selected from the group consisting of: pdhR, glta, pta, ackA, actP, pfkA, pgl, edd, and eda.

[0052] In any one of the recombinant cells described herein, the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having

phosphoketolase activity, the one or more nucleic acids encoding one or more pentose phosphate



pathway proteins, or the one or more nucleic acids encoding one or more acetate cycling

proteins, is placed under an inducible promoter or a constitutive promoter.

[0053] In any one of the recombinant cells described herein, the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having

phosphoketolase activity, the one or more nucleic acids encoding one or more pentose phosphate

pathway proteins, or the one or more nucleic acids encoding one or more acetate cycling

proteins, is cloned into one or more multicopy plasmids.

[0054] In any one of the recombinant cells described herein, the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having

phosphoketolase activity, the one or more nucleic acids encoding one or more pentose phosphate

pathway proteins, or the one or more nucleic acids encoding one or more acetate cycling

proteins, is integrated into a chromosome of the cells.

[0055] In some embodiments of any of the embodiments disclosed herein, the recombinant

cells are gram-positive bacterial cells or gram-negative bacterial cells. In other embodiments of

any of the embodiments disclosed herein, the recombinant cells are fungal cells, filamentous

fungal cells, algal cells or yeast cells. In some embodiments of any of the embodiments

disclosed herein, the recombinant cells are selected from the group consisting of Bacillus

subtilis, Streptomyces lividans, Streptomyces coelicolor, Streptomyces griseus, Escherichia coli,

and Pantoea citrea. In some embodiments of any of the embodiments disclosed herein, the

recombinant cells are selected from the group consisting of Trichoderma reesei, Aspergillus

oryzae, Aspergillus niger, Saccharomyces cerevisieae and Yarrowia lipolytica.

[0056] In some embodiments of any of the embodiments disclosed herein, the isoprenoid

precursor is selected from the group consisting of mevalonate (MVA), dimethylallyl diphosphate

(DMAPP) and isopentenyl pyrophosphate (IPP).

[0057] In any of the embodiments described herein, the isoprenoid precursor production is

increased relative to recombinant cells that have not been modified such that the expression of

the nucleic acids encoding the acetylating proteins and/or the activity of the acetylating proteins

is modulated.

[0058] In any of the embodiments described herein, the isoprenoid precursor production is

increased by at least 5%, wherein the increased production of isoprenoid precursor comprises an



increase in: (i) titer, (ii) instantaneous yield, (iii) cumulative yield, (iv) specific productivity, or

(v) cell productivity index.

[0059] In further aspects, provided herein are methods for producing an isoprenoid precursor

comprising: (a) culturing the recombinant cell of any of the embodiments disclosed herein under

conditions suitable for producing an isoprenoid precursor and (b) producing the isoprenoid

precursor. In some embodiments, the method further comprises (c) recovering the isoprenoid

precursor.

[0060] In yet another aspect, provided herein are recombinant cells capable of producing an

isoprenoid, wherein the cells comprise: (i) either one or more nucleic acids encoding one or

more acetylating proteins, wherein the cells have been modified or engineered such that the

expression of the nucleic acids and/or activity of the acetylating protein(s) is modulated or one

or more acetylating proteins wherein the proteins are engineered such that their activity is

modulated; (ii) one or more nucleic acids encoding one or more polypeptides of the MVA

pathway; and (iii) one or more nucleic acids encoding a polyprenyl pyrophosphate synthase,

wherein culturing of the recombinant cells in a suitable media provides for production of the

isoprenoid.

[0061] In some embodiments of any of the embodiments disclosed herein, the activity of the

one or more acetylating proteins is modulated such that the activity of the one or more

acetylating proteins is attenuated, deleted or increased.

[0062] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is an acetyltransferase. In some embodiments of any of the embodiments disclosed

herein, the acetyltransferase is chosen from the group consisting of YfiQ, Pat, and AcuA. In

some embodiments of any of the embodiments disclosed herein, the acetyltransferase is a YfiQ

polypeptide.

[0063] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is a deacetylase. In some embodiments of any of the embodiments disclosed herein, the

deacetylase is chosen from the group consisting of CobB and SrtN. In some embodiments of any

of the embodiments disclosed herein, the deacetylase is a CobB polypeptide.

[0064] In some embodiments of any of the embodiments disclosed herein, the one or more

acetylating proteins is selected from the group consisting of a YfiQ polypeptide and a CobB

polypeptide.



[0065] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is a YfiQ polypeptide. In some embodiments of any of the embodiments disclosed

herein, the activity of the YfiQ polypeptide is modulated by decreasing, attenuating, or deleting

the expression of the nucleic acid encoding the YfiQ polypeptide.

[0066] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is a CobB polypeptide. In some embodiments of any of the embodiments disclosed

herein, the activity of the CobB polypeptide is modulated by increasing the expression of the

nucleic acid encoding the CobB polypeptide.

[0067] In some embodiments of any of the embodiments disclosed herein, one or more

polypeptides of the MVA pathway is selected from (a) an enzyme that condenses two molecules

of acetyl-CoA to form acetoacetyl-CoA; (b) an enzyme that condenses acetoacetyl-CoA with

acetyl-CoA to form HMG-CoA (e.g., HMG synthase); (c) an enzyme that converts HMG-CoA

to mevalonate; (d) an enzyme that phosphorylates mevalonate to mevalonate 5-phosphate; (e) an

enzyme that converts mevalonate 5-phosphate to mevalonate 5-pyrophosphate; and (f) an

enzyme that converts mevalonate 5-pyrophosphate to isopentenyl pyrophosphate.

[0068] In certain embodiments, the recombinant cells further comprise one or more

heterologous nucleic acids encoding a polypeptide having phosphoketolase activity. In some

embodiments of any of the embodiments disclosed herein, the one or more heterologous nucleic

acids encoding a polypeptide having phosphoketolase activity is capable of synthesizing

glyceraldehyde 3-phosphate and acetyl phosphate from xylulose 5-phosphate. In some

embodiments of any of the embodiments disclosed herein, the one or more heterologous nucleic

acids encoding a polypeptide having phosphoketolase activity is capable of synthesizing

erythrose 4-phosphate and acetyl phosphate from fructose 6-phosphate.

[0069] In some embodiments, the recombinant cells described herein further comprise one or

more nucleic acids encoding one or more pentose phosphate pathway proteins, wherein the cells

have been modified such that the expression of the nucleic acids encoding the pentose phosphate

pathway proteins and/or the activity of the pentose phosphate pathway proteins is modulated. In

some embodiments, the activity of the one or more pentose phosphate pathway proteins is

increased.

[0070] In certain embodiments, the activity of the one or more pentose phosphate pathway

proteins is increased by increasing the expression of one or more nucleic acids encoding the

pentose phosphate pathway proteins. In such embodiments, the one or more nucleic acids



encoding the pentose phosphate pathway proteins is selected from the group consisting of

transketolase (tktA), transaldolase (talB), ribulose-5-phosphate-epimerase (rpe), and ribose-5-

phosphate epimerase (rpiA).

[0071] In other embodiments, the activity of the one or more pentose phosphate pathway

proteins is decreased. In certain embodiments, the activity of the one or more pentose phosphate

pathway proteins is decreased by decreasing, attenuating, or deleting the expression of one or

more nucleic acids encoding the pentose phosphate pathway proteins. In such embodiments, the

one or more nucleic acids encoding the pentose phosphate pathway proteins comprises

phosphofructokinase (pfkA).

[0072] In some embodiments, the recombinant cells described herein further comprise one or

more nucleic acids encoding one or more acetate cycling proteins, wherein the cells have been

modified such that the expression of the nucleic acids encoding the acetate cycling proteins

and/or activity of the acetate cycling proteins is modulated.

[0073] In some embodiments, the activity of the one or more acetate cycling proteins is

increased. In some embodiments, the activity of the one or more acetate cycling proteins is

increased by increasing the expression of one or more nucleic acids encoding the acetate cycling

proteins. In such embodiments, the one or more nucleic acids encoding the acetate cycling

proteins can be selected from the group consisting of acetyl-coenzyme A synthetase (acs),

acetate kinase (ackA) and phosphotransacetylate (pta).

[0074] In some embodiments, the activity of the one or more acetate cycling proteins is

decreased. In some embodiments, the activity of the one or more acetate cycling proteins is

decreased by decreasing, attenuating, or deleting the expression of one or more nucleic acids

encoding the acetate cycling proteins. In such embodiments, the one or more nucleic acids

encoding the acetate cycling proteins can be selected from the group consisting of

phosphotransacetylate (pta), acetate kinase (ackA), and acetate transporter/acetate pump (actP).

[0075] In some embodiments, the recombinant cells described herein further comprise one or

more nucleic acids encoding one or more proteins selected from the group consisting of: sfcA,

maeB, pdhR, aceE, aceF, lpdA, glta, acs, pta, ackA, actP, pfkA, rpe, rpiA, tkta, talB, pgl, edd,

and eda, and wherein the cells have been modified such that the expression of the nucleic acids

and/or activity of the proteins is modulated. In some embodiments, the activity of the one or

more of these proteins is increased by increasing the expression of one or more nucleic acids

encoding the one or more proteins. In specific embodiments, the one or more nucleic acids



encoding the one or more proteins to be increased is selected from the group consisting of: ackA,

pta, sfcA, maeB, aceE, aceF, lpdA, acs, rpe, rpiA, tkta, talB, and pgl. In some embodiments, the

activity of the one or more of these proteins is decreased by decreasing, attenuating, or deleting

the expression of one or more nucleic acids encoding the one or more proteins. In specific

embodiments, the one or more nucleic acids encoding one or more proteins to be decreased is

selected from the group consisting of: pdhR, glta, pta, ackA, actP, pfkA, pgl, edd, and eda.

[0076] In any one of the recombinant cells described herein, the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the one or more nucleic acids encoding one or more pentose

phosphate pathway proteins, or the one or more nucleic acids encoding one or more acetate

cycling proteins, is placed under an inducible promoter or a constitutive promoter.

[0077] In any one of the recombinant cells described herein, the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having

phosphoketolase activity, the one or more nucleic acids encoding one or more pentose phosphate

pathway proteins, or the one or more nucleic acids encoding one or more acetate cycling

proteins, is cloned into one or more multicopy plasmids.

[0078] In any one of the recombinant cells described herein, the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having

phosphoketolase activity, the one or more nucleic acids encoding one or more pentose phosphate

pathway proteins, or the one or more nucleic acids encoding one or more acetate cycling

proteins, is integrated into a chromosome of the cells.

[0079] In some embodiments of any of the embodiments disclosed herein, the recombinant

cells are gram-positive bacterial cells or gram-negative bacterial cells. In other embodiments of

any of the embodiments disclosed herein, the recombinant cells are fungal cells, filamentous

fungal cells, algal cells or yeast cells. In some embodiments of any of the embodiments

disclosed herein, the recombinant cells are selected from the group consisting of Bacillus

subtilis, Streptomyces lividans, Streptomyces coelicolor, Streptomyces griseus, Escherichia coli,

and Pantoea citrea. In some embodiments of any of the embodiments disclosed herein, the

recombinant cells are selected from the group consisting of Trichoderma reesei, Aspergillus

oryzae, Aspergillus niger, Saccharomyces cerevisieae and Yarrowia lipolytica. In some

embodiments of any of the embodiments disclosed herein, the isoprenoid is selected from the



group consisting of monoterpenoids, sesquiterpenoids, diterpenoids, sesterterpenoids,

triterpenoids, and tetraterpenoids. In some embodiments of any of the embodiments disclosed

herein, the isoprenoid is selected from the group consisting of abietadiene, amorphadiene,

carene, a-famesene, β-farnesene, farnesol, geraniol, geranylgeraniol, linalool, limonene,

myrcene, nerolidol, ocimene, patchoulol, β-pinene, sabinene, γ -terpinene, terpindene and

valencene.

[0080] In any of the embodiments described herein, the isoprenoid production is increased

relative to recombinant cells that have not been modified such that the expression of the nucleic

acids encoding the acetylating proteins and/or the activity of the acetylating proteins is

modulated.

[0081] In any of the embodiments described herein, the isoprenoid production is increased by

at least 5%, wherein the increased production of the isoprenoid comprises an increase in: (i) titer,

(ii) instantaneous yield, (iii) cumulative yield, (iv) specific productivity, or (v) cell productivity

index.

[0082] In further aspects, provided herein are methods for producing an isoprenoid

comprising: (a) culturing the recombinant cell of any of the embodiments disclosed herein under

conditions suitable for producing an isoprenoid and (b) producing the isoprenoid. In some

embodiments, the method further comprises (c) recovering the isoprenoid.

[0083] In yet other aspects, provided herein are recombinant cells capable of producing an

acetyl-CoA derived product, wherein the cells comprise: (i) either one or more nucleic acids

encoding one or more acetylating proteins, wherein the cells have been modified or engineered

such that the expression of the nucleic acids and/or activity of the acetylating protein(s) is

modulated or one or more acetylating proteins wherein the proteins are engineered such that

their activity is modulated; and (ii) one or more heterologous nucleic acids encoding a

polypeptide having phosphoketolase activity, wherein the cells produce the acetyl-CoA derived

product. In some embodiments, the cells produce increased amounts of the acetyl-CoA derived

product compared to a cell capable of producing the acetyl-CoA derived product that does not

comprise (i).

[0084] In some embodiments, the acetyl-Co-A derived product is selected from the group

consisting of fatty acids, phenols, prostaglandins, macrolide antibiotics, isoprene, and

isoprenoids.



[0085] In some embodiments of any of the embodiments disclosed herein, the activity of the

one or more acetylating proteins is modulated such that the activity of the one or more

acetylating proteins is attenuated, deleted or increased.

[0086] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is an acetyltransferase. In some embodiments of any of the embodiments disclosed

herein, the acetyltransferase is chosen from the group consisting of YfiQ, Pat, and AcuA. In

some embodiments of any of the embodiments disclosed herein, the acetyltransferase is a YfiQ

polypeptide.

[0087] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is a deacetylase. In some embodiments of any of the embodiments disclosed herein, the

deacetylase is chosen from the group consisting of CobB and SrtN. In some embodiments of any

of the embodiments disclosed herein, the deacetylase is a CobB polypeptide.

[0088] In some embodiments of any of the embodiments disclosed herein, the one or more

acetylating proteins is selected from the group consisting of a YfiQ polypeptide and a CobB

polypeptide.

[0089] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is a YfiQ polypeptide. In some embodiments of any of the embodiments disclosed

herein, the activity of the YfiQ polypeptide is modulated by decreasing, attenuating, or deleting

the expression of the nucleic acid encoding the YfiQ polypeptide.

[0090] In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is a CobB polypeptide. In some embodiments of any of the embodiments disclosed

herein, the activity of the CobB polypeptide is modulated by increasing the expression of the

nucleic acid encoding the CobB polypeptide.

[0091] In some embodiments of any of the embodiments disclosed herein, the one or more

heterologous nucleic acids encoding a polypeptide having phosphoketolase activity is capable of

synthesizing glyceraldehyde 3-phosphate and acetyl phosphate from xylulose 5-phosphate. In

some embodiments of any of the embodiments disclosed herein, the one or more heterologous

nucleic acids encoding a polypeptide having phosphoketolase activity is capable of synthesizing

erythrose 4-phosphate and acetyl phosphate from fructose 6-phosphate.

[0092] In some embodiments, the recombinant cells described herein further comprise one or

more nucleic acids encoding one or more pentose phosphate pathway proteins, wherein the cells



have been modified such that the expression of the nucleic acids encoding the pentose phosphate

pathway proteins and/or the activity of the pentose phosphate pathway proteins is modulated. In

some embodiments, the activity of the one or more pentose phosphate pathway proteins is

increased.

[0093] In certain embodiments, the activity of the one or more pentose phosphate pathway

proteins is increased by increasing the expression of one or more nucleic acids encoding the

pentose phosphate pathway proteins. In such embodiments, the one or more nucleic acids

encoding the pentose phosphate pathway proteins is selected from the group consisting of

transketolase (tktA), transaldolase (talB), ribulose-5-phosphate-epimerase (rpe), and ribose-5-

phosphate epimerase (rpiA).

[0094] In other embodiments, the activity of the one or more pentose phosphate pathway

proteins is decreased. In certain embodiments, the activity of the one or more pentose phosphate

pathway proteins is decreased by decreasing, attenuating, or deleting the expression of one or

more nucleic acids encoding the pentose phosphate pathway proteins. In such embodiments, the

one or more nucleic acids encoding the pentose phosphate pathway proteins comprises

phosphofructokinase (pfkA).

[0095] In some embodiments, the recombinant cells described herein further comprise one or

more nucleic acids encoding one or more acetate cycling proteins, wherein the cells have been

modified such that the expression of the nucleic acids encoding the acetate cycling proteins

and/or activity of the acetate cycling proteins is modulated.

[0096] In some embodiments, the activity of the one or more acetate cycling proteins is

increased. In some embodiments, the activity of the one or more acetate cycling proteins is

increased by increasing the expression of one or more nucleic acids encoding the acetate cycling

proteins. In such embodiments, the one or more nucleic acids encoding the acetate cycling

proteins can be selected from the group consisting of acetyl-coenzyme A synthetase (acs),

acetate kinase (ackA) and phosphotransacetylate (pta).

[0097] In some embodiments, the activity of the one or more acetate cycling proteins is

decreased. In some embodiments, the activity of the one or more acetate cycling proteins is

decreased by decreasing, attenuating, or deleting the expression of one or more nucleic acids

encoding the acetate cycling proteins. In such embodiments, the one or more nucleic acids

encoding the acetate cycling proteins can be selected from the group consisting of

phosphotransacetylate (pta), acetate kinase (ackA), and acetate transporter/acetate pump (actP).



[0098] In some embodiments, the recombinant cells described herein further comprise one or

more nucleic acids encoding one or more proteins selected from the group consisting of: sfcA,

maeB, pdhR, aceE, aceF, lpdA, glta, acs, pta, ackA, actP, pfkA, rpe, rpiA, tkta, talB, pgl, edd,

and eda, and wherein the cells have been modified such that the expression of the nucleic acids

and/or activity of the proteins is modulated. In some embodiments, the activity of the one or

more of these proteins is increased by increasing the expression of one or more nucleic acids

encoding the one or more proteins. In specific embodiments, the one or more nucleic acids

encoding the one or more proteins to be increased is selected from the group consisting of: ackA,

pta, sfcA, maeB, aceE, aceF, lpdA, acs, rpe, rpiA, tkta, talB, and pgl. In some embodiments, the

activity of the one or more of these proteins is decreased by decreasing, attenuating, or deleting

the expression of one or more nucleic acids encoding the one or more proteins. In specific

embodiments, the one or more nucleic acids encoding one or more proteins to be decreased is

selected from the group consisting of: pdhR, glta, pta, ackA, actP, pfkA, pgl, edd, and eda.

[0099] In any one of the recombinant cells described herein, the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having isoprene

synthase activity, the nucleic acid encoding a polypeptide having phosphoketolase activity, the

one or more nucleic acids encoding one or more pentose phosphate pathway proteins, or the one

or more nucleic acids encoding one or more acetate cycling proteins, is placed under an

inducible promoter or a constitutive promoter.

[0100] In any one of the recombinant cells described herein, the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having isoprene

synthase activity, the nucleic acid encoding a polypeptide having phosphoketolase activity, the

one or more nucleic acids encoding one or more pentose phosphate pathway proteins, or the one

or more nucleic acids encoding one or more acetate cycling proteins, is cloned into one or more

multicopy plasmids.

[0101] In any one of the recombinant cells described herein, the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having isoprene

synthase activity, the nucleic acid encoding a polypeptide having phosphoketolase activity, the

one or more nucleic acids encoding one or more pentose phosphate pathway proteins, or the one



or more nucleic acids encoding one or more acetate cycling proteins, is integrated into a

chromosome of the cells.

[0102] In some embodiments of any of the embodiments disclosed herein, the recombinant

cells are gram-positive bacterial cells or gram-negative bacterial cells. In other embodiments of

any of the embodiments disclosed herein, the recombinant cells are fungal cells, filamentous

fungal cells, algal cells or yeast cells. In some embodiments of any of the embodiments

disclosed herein, the recombinant cells are selected from the group consisting of Bacillus

subtilis, Streptomyces lividans, Streptomyces coelicolor, Streptomyces griseus, Escherichia coli,

and Pantoea citrea. In some embodiments of any of the embodiments disclosed herein, the

recombinant cells are selected from the group consisting of Trichoderma reesei, Aspergillus

oryzae, Aspergillus niger, Saccharomyces cerevisieae and Yarrowia lipolytica.

[0103] In any of the embodiments described herein, the acetyl-CoA derived product

production is increased relative to recombinant cells that have not been modified such that the

expression of the nucleic acids encoding the acetylating proteins and/or the activity of the

acetylating proteins is modulated.

[0104] In another aspect, provided herein are methods for producing an acetyl-CoA derived

product comprising: (a) culturing the recombinant cells of any one of the embodiments disclosed

herein under conditions suitable for producing the acetyl-CoA derived product and (b) producing

the acetyl-CoA derived product. In some embodiments, the method further comprises (c)

recovering the acetyl-CoA derived product.

BRIEF DESCRIPTION OF THE DRAWINGS

[0105] Figure 1A depicts growth (OD600) for control wild type YfiQ cells versus cells

carrying a deletion in the YfiQ gene over four hours. Figure IB depicts overnight growth for

the same cells.

[0106] Figure 2 depicts isoprene specific productivity for control wild type YfiQ cells versus

cells carrying a deletion in the YfiQ gene over four hours.

[0107] Figure 3 depicts broth concentration of acetate measured in each 15-L fermentation

over time. MCM2732 (YfiQ delete) (closed diamonds); MCS1227 (YfiQ wild type) (open

squares).



[0108] Figure 4 depicts specific Glucose Uptake Rate measured in each 15-L fermentation

over time. MCM2732 (yfiQ delete) (closed diamonds); MCS1227 (yfiQ wild type) (open

squares).

[0109] Figure 5 depicts volumetric isoprene productivity achieved in each 15-L fermentation

over time. MCM2732 (yfiQ delete) (closed diamonds); MCS1227 (yfiQ wild type) (open

squares).

[0110] Figure 6 depicts cumulative yield of isoprene on glucose achieved in each 15-L

fermentation over time. MCM2732 (yfiQ delete) (closed diamonds); MCS1227 (yfiQ wild type)

(open squares).

[0111] Figure 7 depicts Cell Performance Index (CPI) achieved in each 15-L fermentation

over time. MCM2732 (yfiQ delete) (closed diamonds); MCS1227 (yfiQ wild type) (open

squares).

[0112] Figure 8 depicts smoothed specific isoprene productivity achieved in each 15-L

fermentation over time. MCM2732 (yfiQ delete) (closed diamonds); MCS1227 (yfiQ wild type)

(open squares).

[0113] Figure 9 depicts growth rates of yfiQ wild type and yfiQ deletion isoprene-producing

cells grown on various concentrations of acetate as a sole carbon source.

[0114] Figure 10 depicts specific isoprene productivity of yfiQ wild type and yfiQ deletion

isoprene producing cells grown on various concentrations of acetate as a sole carbon source.

[0115] Figure 11 depicts growth rates of yfiQ wild type and yfiQ deletion isoprene-producing

cells grown on glucose as a sole carbon source.

[0116] Figure 12 depicts specific isoprene productivity of yfiQ wild type and yfiQ deletion

isoprene-producing cells grown on glucose as a sole carbon source.

[0117] Figure 13 depicts a map of plasmid pMCS826 PKL16 (M. hommis).

[0118] Figure 14 depicts a map of plasmid pEWL1421 .

[0119] Figure 15 depicts a map of plasmid pMCS1019.

[0120] Figure 16 depicts broth concentration of acetate measured in each 15-L fermentation

over time. All cells have yfiQ deleted. MCM2732 control cells (M. hominis phosphoketolase



heterologously express and pta overexpress) (closed diamond); MCM3151 (M. hominis

phosphoketolase heterologously express and pta delete) (open squares); MD1206 (M. hominis

phosphoketolase heterologously express and pta delete) (open triangles); MD1207 (E.

gallinarum phosphoketolase heterologously express and pta delete) (lines marked with an 'x').

[0121] Figure 17 depicts the cumulative yield of isoprene on glucose achieved in each 15-L

fermentation over time. All cells have yfiQ deleted. MCM2732 control cells (M. hominis

phosphoketolase heterologously express and pta overexpress) (closed diamond); MCM3151 (M.

hominis phosphoketolase heterologously express and pta delete) (open squares); MD1206 (M.

hominis phosphoketolase heterologously express and pta delete) (open triangles);. MD1207 (E.

gallinarum phosphoketolase heterologously express and pta delete) (lines marked with an 'x')

[0122] Figure 18 depicts isoprene yield on glucose (over previous 40hr period) achieved in

each 15-L fermentation over time. All cells have yfiQ deleted. MCM2732 control cells (M.

hominis phosphoketolase heterologously express and pta overexpress) (closed diamond);

MCM3151 (M. hominis phosphoketolase heterologously express and pta delete) (open squares);

MD1206 (M. hominis phosphoketolase heterologously express and pta delete) (open triangles);.

MD1207 (E. gallinarum phosphoketolase heterologously express and pta delete) (lines marked

with an 'x')

[0123] Figure 19 depicts maps of the actP deletion and ackA overexpression allelic exchanges

vectors.

[0124] Figure 20A-D depict the growth rate (Figure 20A), carbon dioxide evolution rates

(CER) over time (Figure 20B), broth acetate over time (Figure 20C), and broth MVA over time

(Figure 20D) of MD1207 (control), MD1245 (actP delete), and DW1245 (ackA overexpress).

All cells are yfiQ and pta deleted with E. gallinarum phosphoketolase heterologous expression.

[0125] Figure 21A-D depict the instantaneous isoprene/C0 2 production (Figure 21A),

isoprene titer produced over time (Figure 21B), % yield of isoprene produced over time (Figure

21C), and isoprene specific productivity over time (Figure 21D) of MD 1207 (control), MD1245

(actP delete), and DW1245 (ackA overexpress). All cells are yfiQ and pta deleted with E.

gallinarum phosphoketolase heterologous expression.

[0126] Figure 22 depicts a map of the pentose phosphate pathway upregulation allelic

exchange vector.

[0127] Figure 23 depicts a map of the pfkA downregulation allelic exchange vector.



[0128] Figure 24 depicts the growth rate of cells expressing PfkA::TmRNA proteolytic tags

with isoleucine (I), arginine (R), or threonine (T) mutations in the third to last amino acid

position.

[0129] Figure 25A-D depict the growth rate (Figure 25A), carbon dioxide evolution rates

(CER) over time (Figure 25B), broth acetate over time (Figure 25C), and broth MVA over time

(Figure 25D) of MD1207 (control) and MD1284 (PPP overexpression). All cells are yfiQ and

pta deleted with E. gallinarum phosphoketolase heterologous expression.

[0130] Figure 26A-D depicts the instantaneous isoprene/C0 2 production (Figure 26A),

isoprene titer produced over time (Figure 26B), % yield of isoprene produced over time (Figure

26C), and isoprene specific productivity over time (Figure 26D) of MD 1207 (control) and

MD1284 (PPP overexpression). All cells are yfiQ and pta deleted with E. gallinarum

phosphoketolase heterologous expression.

[0131] Figure 27A-B depicts the growth rate (Figure 27A) and isoprene titer produced over

time (Figure 27B) of MD1207 (control), MD1284 (PPP overexpression), MD1286 (PPP

overexpression and PfkA I tag), MD1285 (PPP overexpression and PfkA T tag), MD1287 ((PPP

overexpression and PfkA R tag)). All cells are yfiQ and pta deleted with E. gallinarum

phosphoketolase heterologous expression.

[0132] Figure 28 depicts metabolism in a cell producing mevalonate, isoprene, isoprenoids,

isoprenoid precursors, and/or acetyl-CoA-derived products.

DETAILED DESCRIPTION

[0133] The invention provides, inter alia, compositions and methods for the increased

production of mevalonate, isoprene, isoprenoid precursor molecules, isoprenoids, and/or acetyl-

CoA-derived products in recombinant microorganisms that have been engineered for modulated

expression of genes encoding polypeptides involved in protein acetylation ("acetylating

proteins" or "acetylation proteins"). More specifically, the invention provides, inter alia,

recombinant microorganisms, or progeny thereof, comprising cells wherein the activity of one or

more acetylating proteins is modulated. These acetylating proteins can include, without

limitation, acetyl transferase polypeptides (acetyltransferases) and/or deacetylase polypeptides.

In some embodiments, the activity of said one or more acetylating proteins is modulated such

that the activity of said one or more acetylating proteins is decreased, attenuated, deleted or

increased. In some embodiments of any of the embodiments disclosed herein, the one or more



acetylating proteins is selected from the group consisting of a YfiQ polypeptide , a Pat

polypeptide, an AcuA polypeptide, a Salmonella enterica acetyltransferase

(gill6503810lemblCAD05835.ll SEQ ID NO:51), a Rhodopseudomonas palustris GCN5 family

N-acetyltransferase (gil499473 135IrefIWP_0 11159775 .11SEQ ID NO:52), a Streptomyces

lividans protein acetyl transferase (EFD66247 SEQ ID NO:53), a Mycobacterium tuberculosis

acetyltransferase (gil 15608 138lreflNP_2155 13. 11SEQ ID NO:54), and a Mycobacterium

smegmatis acetyl transferase (gilll8468187 IrefIYP_8 89697.11 SEQ ID NO:55). In some

embodiments of any of the embodiments disclosed herein, the one or more acetylating proteins

is selected from the group consisting of a CobB polypeptide, a SrtN polypeptide, a Salmonella

enterica NAD-dependent deacetylase (gil 16764576lref INP_460 191.11 SEQ ID NO:56), a

Rhodopseudomonas palustris NAD-dependent deacetylase (gil499471434lreflWP_011158074.1l

SEQ ID NO:57), and a Mycobacterium tuberculosis NAD-dependent protein deacylase

(gil614103494lsplP9WGG3.1INPD_MYCTU SEQ ID NO:58). In some embodiments of any of

the embodiments disclosed herein, the one or more acetylating proteins is selected from the

group consisting of a YfiQ polypeptide and a CobB polypeptide. In some embodiments of any

of the embodiments disclosed herein, the acetylating protein is a YfiQ polypeptide. In some

embodiments of any of the embodiments disclosed herein, the activity of the YfiQ polypeptide is

modulated by decreasing, attenuating, or deleting the expression of the gene/nucleic acid

encoding the YfiQ polypeptide. In some embodiments of any of the embodiments disclosed

herein, the activity of the YfiQ polypeptide is modulated by increasing the expression of the

gene encoding the YfiQ polypeptide. In some embodiments of any of the embodiments

disclosed herein, the acetylating protein is a CobB polypeptide. In some embodiments of any of

the embodiments disclosed herein, the activity of the CobB polypeptide is modulated by

decreasing, attenuating, or deleting the expression of the gene encoding the CobB polypeptide.

In some embodiments of any of the embodiments disclosed herein, the activity of the CobB

polypeptide is modulated by increasing the expression of the gene encoding the CobB

polypeptide.

[0134] As detailed herein, acetylation is a post-translational modification used by cells to

control the activity of proteins as well as to regulate gene expression in response to rapidly

changing conditions (Cerezo et al., 2011, Molec. Microb., 82(5): 1110-28). Acetylation of

cellular proteins is controlled by enzymes known as acetyltransferases, which transfer the acetyl

group of intracellularly available acetyl-CoA onto a target protein, and deacetylases, which

remove acetyl groups from amino acids in proteins. As disclosed herein, the inventors have

discovered, inter alia, that modulation of genes responsible for regulating intracellular



acetylation results in substantial and surprising improvements in the production of molecules

derived from mevalonate, including isoprene, isoprenoid precursors, and isoprenoids, as well as

the production of molecules derived from acetyl-CoA.

[0135] In one aspect, the recombinant microorganisms disclosed herein are cells (such as

bacterial, fungal, or algal cells) that have been further engineered or modified to heterologously

express nucleic acids encoding one or more mevalonate (MVA) pathway polypeptides. The

mevalonate-dependent biosynthetic pathway is particularly important for the production of the

isoprenoid precursor molecules dimethylallyl diphosphate (DMAPP) and isopentenyl

pyrophosphate (IPP). The enzymes of the upper mevalonate pathway convert acetyl-CoA into

mevalonate via three enzymatic reactions. Without being bound to theory, it is believed that

increasing the amount of acetyl-CoA intracellularly available for entrance into the upper

mevalonate-dependent biosynthetic pathway will substantially increase intracellular

concentrations of mevalonate and, consequently, of downstream isoprenoid precursor molecules

such as DMAPP and IPP. The increased yield of mevalonate production by these strains is

therefore advantageous for commercial applications. Any progeny of the recombinant

microorganism is contemplated to be within the scope of the invention as well.

[0136] Furthermore, modulation of additional genes involved in the utilization of carbon

during cellular metabolism or that are implicated with respect to the available intracellular

supply of acetyl-CoA may also be modulated to improve production of mevalonate, isoprene,

isoprenoid precursors, and/or isoprenoids. These include, but are not limited to, genes encoding

phosphoketolase, citrate synthase, phosphotransacetylase, acetate kinase, lactate dehydrogenase,

malic enzyme and/or pyruvate dehydrogenase which can be modulated to increase or decrease

the activity of enzymes in metabolic pathways such that more carbon flux is directed toward

mevalonate production. Other factors, the modulation of which can increase carbon flux

towards mevalonate in cells, can include 6-phosphogluconolactonase, phosphoenolpyruvate

carboxylase, the inhibitor of RssB activity during magnesium starvation protein, the AcrA

component of the multidrug efflux pump AcrAB-TolC, and the fumarate and nitrate reduction

sRNA. This, in turn, can lead to more substrate for the production of isoprene, isoprenoid

precursors, and isoprenoids. The compositions and methods of the present application,

therefore, represent an improvement over what has previously been practiced in the art, both in

the number of strains of microorganisms available for increased production of mevalonate,

isoprene, isoprenoid precursor molecules, isoprenoids, and acetyl-coA-derived products as well

as in the amount of these compounds (e.g., mevalonate) produced by those cells (such as

bacterial, fungal, or algal cells).



General Techniques

[0137] The practice of the present invention will employ, unless otherwise indicated,

conventional techniques of molecular biology (including recombinant techniques),

microbiology, cell biology, biochemistry, and immunology, which are within the skill of the art.

Such techniques are explained fully in the literature, "Molecular Cloning: A Laboratory

Manual", second edition (Sambrook et al., 1989); "Oligonucleotide Synthesis" (M. J . Gait, ed.,

1984); "Animal Cell Culture" (R. I . Freshney, ed., 1987); "Methods in Enzymology" (Academic

Press, Inc.); "Current Protocols in Molecular Biology" (F. M. Ausubel et al., eds., 1987, and

periodic updates); "PCR: The Polymerase Chain Reaction", (Mullis et al., eds., 1994).

Singleton et al., Dictionary of Microbiology and Molecular Biology 2nd ed., J . Wiley & Sons

(New York, N.Y. 1994), and March, Advanced Organic Chemistry Reactions, Mechanisms and

Structure 4th ed., John Wiley & Sons (New York, N.Y. 1992), provide one skilled in the art with

a general guide to many of the terms used in the present application.

Definitions

[0138] The terms "complete mevalonate (MVA) pathway" or "entire mevalonate (MVA)

pathway" refer to the cellular metabolic pathway which converts acetyl-CoA into dimethylallyl

pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) and which is catalyzed by the

enzymes acetoacetyl-Coenzyme A synthase {e.g., thiolase), 3-hydroxy-3-methylglutaryl-

Coenzyme A synthase, 3-hydroxy-3-methylglutaryl-Coenzyme A reductase, mevalonate kinase

(MVK), phosphomevalonate kinase (PMK), diphosphomevalonate decarboxylase (MVD), and

isopentenyl diphosphate isomerase (IDI).

[0139] As used herein, the terms "upper mevalonate pathway" or "upper MVA pathway" refer

to the series of reactions in cells catalyzed by the enzymes acetoacetyl-Coenzyme A synthase

{e.g., thiolase), 3-hydroxy-3-methylglutaryl-Coenzyme A synthase, and 3-hydroxy-3-

methylglutaryl-Coenzyme A reductase.

[0140] The terms "lower mevalonate pathway" or "lower MVA pathway" refer to the series

of reactions in cells catalyzed by the enzymes mevalonate kinase (MVK), phosphomevalonate

kinase (PMK), diphosphomevalonate decarboxylase (MVD), and isopentenyl diphosphate

isomerase (IDI).

[0141] The term "isoprene" refers to 2-methyl- 1,3-butadiene (CAS# 78-79-5 ) . It can be the

direct and final volatile C5 hydrocarbon product from the elimination of pyrophosphate from

3,3-dimethylallyl diphosphate (DMAPP). It may not involve the linking or polymerization of



IPP molecules to DMAPP molecules. The term "isoprene" is not generally intended to be

limited to its method of production unless indicated otherwise herein.

[0142] As used herein, the term "polypeptides" includes polypeptides, proteins, peptides,

fragments of polypeptides, and fusion polypeptides.

[0143] As used herein, an "isolated polypeptide" is not part of a library of polypeptides, such

as a library of 2, 5, 10, 20, 50 or more different polypeptides and is separated from at least one

component with which it occurs in nature. An isolated polypeptide can be obtained, for example,

by expression of a recombinant nucleic acid encoding the polypeptide.

[0144] By "heterologous polypeptide" is meant a polypeptide encoded by a nucleic acid

sequence derived from a different organism, species, or strain than the host cell. In some

embodiments, a heterologous polypeptide is not identical to a wild-type polypeptide that is

found in the same host cell in nature.

[0145] As used herein, a "nucleic acid" refers to two or more deoxyribonucleotides and/or

ribonucleotides covalently joined together in either single or double-stranded form.

[0146] By "recombinant nucleic acid" is meant a nucleic acid of interest that is free of one or

more nucleic acids (e.g., genes) which, in the genome occurring in nature of the organism from

which the nucleic acid of interest is derived, flank the nucleic acid of interest. The term therefore

includes, for example, a recombinant DNA which is incorporated into a vector, into an

autonomously replicating plasmid or virus, or into the genomic DNA of a prokaryote or

eukaryote, or which exists as a separate molecule (e.g., a cDNA, a genomic DNA fragment, or a

cDNA fragment produced by PCR or restriction endonuclease digestion) independent of other

sequences.

[0147] By "heterologous nucleic acid" is meant a nucleic acid sequence derived from a

different organism, species or strain than the host cell. In some embodiments, the heterologous

nucleic acid is not identical to a wild-type nucleic acid that is found in the same host cell in

nature. For example, a nucleic acid encoded by the mvaE and mvaS genes transformed in or

integrated into the chromosome of E. coli is a heterologous nucleic acid.

[0148] As used herein, an "expression control sequence" means a nucleic acid sequence that

directs transcription of a nucleic acid of interest. An expression control sequence can be a

promoter, such as a constitutive or an inducible promoter, or an enhancer. An expression control

sequence can be "native" or heterologous. A native expression control sequence is derived from



the same organism, species, or strain as the gene being expressed. A heterologous expression

control sequence is derived from a different organism, species, or strain as the gene being

expressed. An "inducible promoter" is a promoter that is active under environmental or

developmental regulation.

[0149] By "operably linked" is meant a functional linkage between a nucleic acid expression

control sequence (such as a promoter) and a second nucleic acid sequence, wherein the

expression control sequence directs transcription of the nucleic acid corresponding to the second

sequence.

[0150] As used herein, the terms "minimal medium" or "minimal media" refer to growth

medium containing the minimum nutrients possible for cell growth, generally without the

presence of amino acids. Minimal medium typically contains: (1) a carbon source for

microorganism (e.g., such as bacterial, fungal, or algal cells) growth; (2) various salts, which can

vary among microorganism (e.g., bacterial) species and growing conditions; and (3) water. The

carbon source can vary significantly, from simple sugars like glucose to more complex

hydrolysates of other biomass, such as yeast extract, as discussed in more detail below. The

salts generally provide essential elements such as magnesium, nitrogen, phosphorus, and sulfur

to allow the cells to synthesize proteins and nucleic acids. Minimal medium can also be

supplemented with selective agents, such as antibiotics, to select for the maintenance of certain

plasmids and the like. For example, if a microorganism is resistant to a certain antibiotic, such as

ampicillin or tetracycline, then that antibiotic can be added to the medium in order to prevent

cells lacking the resistance from growing. Medium can be supplemented with other compounds

as necessary to select for desired physiological or biochemical characteristics, such as particular

amino acids and the like.

[0151] As used herein, the term "isoprenoid" refers to a large and diverse class of naturally-

occurring class of organic compounds composed of two or more units of hydrocarbons, with

each unit consisting of five carbon atoms arranged in a specific pattern. As used herein,

"isoprene" is expressly excluded from the definition of "isoprenoid."

[0152] As used herein, the term "terpenoid" refers to a large and diverse class of organic

molecules derived from five-carbon isoprenoid units assembled and modified in a variety of

ways and classified in groups based on the number of isoprenoid units used in group members.

Hemiterpenoids have one isoprenoid unit. Monoterpenoids have two isoprenoid units.

Sesquiterpenoids have three isoprenoid units. Diterpenoids have four isoprene units.

Sesterterpenoids have five isoprenoid units. Triterpenoids have six isoprenoid units.



Tetraterpenoids have eight isoprenoid units. Polyterpenoids have more than eight isoprenoid

units.

[0153] As used herein, "isoprenoid precursor" refers to any molecule that is used by

organisms in the biosynthesis of terpenoids or isoprenoids. Non-limiting examples of isoprenoid

precursor molecules include, e.g., isopentenyl pyrophosphate (IPP) and dimethylallyl

diphosphate (DMAPP).

[0154] As used herein, the term "mass yield" refers to the mass of the product produced by the

cells (such as bacterial, fungal, or algal cells) divided by the mass of the glucose consumed by

the cells (such as bacterial, fungal, or algal cells) multiplied by 100.

[0155] By "specific productivity," it is meant the mass of the product produced by the cells

(such as bacterial, fungal, or algal cells) divided by the product of the time for production, the

cell density, and the volume of the culture.

[0156] By "titer," it is meant the mass of the product produced by the cells (such as bacterial,

fungal, or algal cells) divided by the volume of the culture.

[0157] As used herein, the term "cell productivity index (CPI)" refers to the mass of the

product produced by the cells (such as bacterial, fungal, or algal cells) divided by the mass of the

cells (such as bacterial, fungal, or algal cells) produced in the culture.

[0158] As used herein, the term "acetyl-CoA-derived products" refer to secondary metabolites

derived from acetyl-CoA. Examples of secondary metabolites include, but are not limited to,

fatty acids, phenols, prostaglandins, macrolide antibiotics, isoprene, and isoprenoids.

[0159] Unless defined otherwise herein, all technical and scientific terms used herein have the

same meaning as commonly understood by one of ordinary skill in the art to which this

invention pertains.

[0160] As used herein, the singular terms "a," "an," and "the" include the plural reference

unless the context clearly indicates otherwise.

[0161] It is intended that every maximum numerical limitation given throughout this

specification includes every lower numerical limitation, as if such lower numerical limitations

were expressly written herein. Every minimum numerical limitation given throughout this

specification will include every higher numerical limitation, as if such higher numerical

limitations were expressly written herein. Every numerical range given throughout this



specification will include every narrower numerical range that falls within such broader

numerical range, as if such narrower numerical ranges were all expressly written herein.

Modulation of Cellular Acetylation Machinery

[0162] Acetylation of residues in proteins is a post-translational modification seen throughout

prokaryotic and eukaryotic cells. Acetylation of lysine residue is a common post-translational

modification that is observed. As a post-translational modification, acetylation can be used by

cells to control the activity of proteins as well as to regulate gene expression in response to

rapidly changing conditions (Cerezo et al., 201 1, Molec. Micwb., 82(5): 1110-28). Acetylation

of cellular proteins is controlled by enzymes known as acetyltransferases (such as, acetyl-CoA-

dependent acetyl transferases or Gcn5-like protein N-acetyltransferases, e.g., YfiQ) which

transfer the acetyl group of a molecule of acetyl-CoA onto a target protein. As used herein, the

term "YfiQ" refers to an acetyltransferase polypeptide encoded by the yfiQ which can be used

interchangeably with the terms "protein lysine acetylase" or "pka." In contrast, deacetylation of

intracellular proteins is controlled by enzymes known as deacetylases, such as NAD+-dependent

(Sir2-like) protein deacetylases (otherwise known as sirtuins, for example, CobB).

[0163] One important target for protein acetylation in microorganisms is AMP-forming acetyl-

coenzyme A synthetase (Acs), which is a ubiquitous enzyme responsible for the conversion of

acetate to the high energy intermediate acetyl-CoA, a keystone molecule of central metabolism

(Cerezo et al., 2011, Molec. Micwb., 82(5): 1110-28). The deacetylase activity of CobB has been

demonstrated on Acs in vitw (Zhao et al., 2004, J. Mol. Biol., 337:731-41). Without being

bound to theory, since acetylation of Acs results in its enzymatic inactivation, cells engineered to

decrease the amount of Acs acetylation could be expected to produce higher amounts of acetyl-

CoA.

[0164] By manipulating the pathways that involves intracellular protein acetylation, the

recombinant microorganism can produce decreased amounts of acetate in comparison to

microorganisms that do not have modulated endogenous acetyltransferase and/or deacetylase

gene expression or protein activity. Decreases in the amount of acetate produced can be

measured by routine assays known to one of skill in the art. The amount of acetate reduction is

at least about 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 15%, 20%, 25%, 30%, 35%, 40%,

45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% as

compared to cells comprising one or more nucleic acids encoding one or more acetylating

proteins, wherein said cells have been engineered such that the expression of the nucleic acids

and/or activity of the acetylating protein(s) is modulated.



[0165] The activity of acetyltransferases (such as, but not limited to YfiQ (pka), Pat, or AcuA)

or deacetylases (such as, but not limited to CobB and SrtN) can also be decreased by molecular

manipulation of protein activity or gene expression. The decrease in protein activity or gene

expression can be any amount of reduction of gene expression, specific activity or total activity

as compared to when no manipulation has been effectuated. In some instances, the decrease of

enzyme activity is decreased by at least about 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%,

15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%,

95%, 96%, 97%, 98%, 99% or 100%.

[0166] The activity of acetyltransferases (such as, but not limited to YfiQ (pka), Pat, or AcuA)

or deacetylases (such as, but not limited to CobB and SrtN) can also be increased by molecular

manipulation of protein activity or gene expression. The increase in protein activity or gene

expression can be any amount of increase in gene expression, specific activity or total activity as

compared to when no manipulation has been effectuated. In some instances, the increase of

enzyme activity is increased by at least about 1%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%,

80%, 90%, 100%, 125%, 150%, 200%, 250%, 300%, 350%, 400%, 450%, 500%, 750%, 1000%

or more.

[0167] In some embodiments, the activity of said one or more acetylating proteins is

modulated such that the activity of said one or more acetylating proteins is attenuated, deleted or

increased. In some embodiments of any of the embodiments disclosed herein, the one or more

acetylating proteins is selected from the group consisting of a YfiQ polypeptide and a CobB

polypeptide. In some embodiments of any of the embodiments disclosed herein, the acetylating

protein is a YfiQ polypeptide. In some embodiments of any of the embodiments disclosed

herein, the activity of the YfiQ polypeptide is modulated by decreasing, attenuating, or deleting

the expression of the gene encoding the YfiQ polypeptide. In some embodiments of any of the

embodiments disclosed herein, the activity of the YfiQ polypeptide is modulated by increasing

the expression of the gene encoding the YfiQ polypeptide. In some embodiments of any of the

embodiments disclosed herein, the acetylating protein is a CobB polypeptide. In some

embodiments of any of the embodiments disclosed herein, the activity of the CobB polypeptide

is modulated by decreasing, attenuating, or deleting the expression of the gene encoding the

CobB polypeptide. In some embodiments of any of the embodiments disclosed herein, the

activity of the CobB polypeptide is modulated by increasing the expression of the gene encoding

the CobB polypeptide.



[0168] In some cases, modulating the activity of an acetyltransferase and/or a deacetylase gene

(either at the transcriptional (i.e., gene expression) and/or translational level (i.e., protein

activity) results in more carbon flux into the mevalonate dependent biosynthetic pathway in

comparison to cells that do not have modulated acetyltransferase and/or a deacetylase activity.

Recombinant Cells Capable of Production of Mevalonate

[0169] The mevalonate-dependent biosynthetic pathway (MVA pathway) is a key metabolic

pathway present in all higher eukaryotes and certain bacteria. In addition to being important for

the production of molecules used in processes as diverse as protein prenylation, cell membrane

maintenance, protein anchoring, and N-glycosylation, the mevalonate pathway provides a major

source of the isoprenoid precursor molecules DMAPP and IPP, which serve as the basis for the

biosynthesis of terpenes, terpenoids, isoprenoids, and isoprene.

[0170] In the upper portion of the MVA pathway, acetyl-CoA produced during cellular

metabolism is converted to mevalonate via the actions of polypeptides having thiolase, HMG-

CoA reductase, and HMG-CoA synthase enzymatic activity. First, acetyl-CoA is converted to

acetoacetyl-CoA via the action of a thiolase. Next, acetoacetyl-CoA is converted to 3-hydroxy-

3-methylglutaryl-CoA (HMG-CoA) by the enzymatic action of HMG-CoA synthase. This Co-A

derivative is reduced to mevalonate by HMG-CoA reductase, which is the rate-limiting step of

the mevalonate pathway of isoprenoid production. Mevalonate is then converted into

mevalonate-5-phosphate via the action of mevalonate kinase which is subsequently transformed

into mevalonate-5-pyrophosphate by the enzymatic activity of phosphomevalonate kinase.

Finally, IPP is formed from mevalonate-5-pyrophosphate by the activity of the enzyme

mevalonate-5-pyrophosphate decarboxylase.

[0171] In some aspects, modulation of the any of the enzymes referred to herein can affect the

expression (e.g., transcription or translation), production, post-translational modification or any

other function of the enzyme. In some embodiments, the function of the enzyme (e.g., catalytic

ability) in recombinant cells is increased or decreased as compared to a cell that has not been

engineered for such modulation. In one embodiment, the function of the enzyme (e.g. activity)

is increased as compared to a cell that has not been engineered. In another embodiment, the

function of the enzyme (e.g. activity) is decreased as compared to a cell that has not been

engineered.

[0172] Any of the enzymes from the upper and lower MVA pathway may be used in

combination with the engineered host cells described herein. Non-limiting examples of MVA



pathway polypeptides include acetyl-CoA acetyltransferase (AA-CoA thiolase) polypeptides,

acetoacetyl-CoA synthase (nphT7), 3-hydroxy-3-methylglutaryl-CoA synthase (HMG-CoA

synthase) polypeptides, 3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase)

polypeptides, mevalonate kinase (MVK) polypeptides, phosphomevalonate kinase (PMK)

polypeptides, diphosphomevalonte decarboxylase (MVD) polypeptides, phosphomevalonate

decarboxylase (PMDC) polypeptides, isopentenyl phosphate kinase (IPK) polypeptides, IDI

polypeptides, and polypeptides (e.g., fusion polypeptides) having an activity of two or more

MVA pathway polypeptides. MVA pathway polypeptides can include polypeptides, fragments

of polypeptides, peptides, and fusions polypeptides that have at least one activity of an MVA

pathway polypeptide. Exemplary MVA pathway nucleic acids include nucleic acids that encode

a polypeptide, fragment of a polypeptide, peptide, or fusion polypeptide that has at least one

activity of an MVA pathway polypeptide. Exemplary MVA pathway polypeptides and nucleic

acids include naturally-occurring polypeptides and nucleic acids from any of the source

organisms described herein.

[0173] Non-limiting examples of MVA pathway polypeptides which can be used are described

in International Patent Application Publication No. WO2009/076676; WO2010/003007 and

WO2010/148150.

Genes Encoding MvaE and MvaS Polypeptides

[0174] In some microorganisms (such as, but not limited to, L. grayi, E. faecium, E.

gallinarum, E. casseliflavus, and E. faecalis), the mvaE gene encodes a polypeptide that

possesses both thiolase and HMG-CoA reductase activities. In fact, the mvaE gene product

represented the first bifunctional enzyme of IPP biosynthesis found in eubacteria and the first

example of HMG-CoA reductase fused to another protein in nature (Hedl, et al., J Bacteriol.

2002 April; 184(8): 2 116-2122). The mvaS gene, on the other hand, encodes a polypeptide

having an HMG-CoA synthase activity. The mvaE and mvaS genes of a different bacterial

species, E. faecalis, have been incorporated into E. coli strains previously to produce mevalonate

(see US 2005/0287655 Al, the disclosure of which is incorporated by reference herein; Tabata,

K. and Hashimoto, S.-I. Biotechnology Letters 26: 1487-1491, 2004).

[0175] Accordingly, cells (such as bacterial cells, e.g., E. coli) can be engineered to express

one or more mvaE and mvaS genes (such as, but not limited to, mvaE and mvaS genes from L.

grayi, E. faecium, E. gallinarum, E. casseliflavus, and/or E. faecalis), to increase production,

peak titer, and cell productivity of mevalonate. The one or more mvaE and mvaS genes can be

expressed on a multicopy plasmid. The plasmid can be a high copy plasmid, a low copy



plasmid, or a medium copy plasmid. Alternatively, the one or more mvaE and mvaS genes can

be integrated into the host cell's chromosome. For both heterologous expression of the one or

more mvaE and mvaS genes on a plasmid or as an integrated part of the host cell's chromosome,

expression of the genes can be driven by either an inducible promoter or a constitutively

expressing promoter. The promoter can be a strong driver of expression, it can be a weak driver

of expression, or it can be a medium driver of expression of the one or more mvaE and mvaS

genes.

[0176] Any genes encoding an upper MVA pathway polypeptide can be used in the present

invention. In certain embodiments, various options of mvaE and mvaS genes (such as, but not

limited to, mvaE and mvaS genes from L. grayi, E. faecium, E. gallinarum, E. casseliflavus,

and/or E. faecalis) alone or in combination with one or more other mvaE and mvaS genes

encoding proteins from the upper MVA pathway are contemplated within the scope of the

invention. Thus, in certain aspects, any of the combinations of genes contemplated in Table 1

can be expressed in cells (such as bacterial, fungal, or algal cells) in any of the ways described

above.

Table 1: Options For Expression of MvaE And VlvaS Genes In tost Cells Contemplated

E. faecium, E. gallinarum, E. casseliflavus, E. faecalis,
L. grayi, mvaE

mvaE mvaE mvaE mvaE

L. grayi, L. grayi, mvaE E. faecium, E. gallinarum, E. casseliflavus, E. faecalis,
mvaS mvaE mvaE mvaE

L. grayi, mvaS mvaE
L. grayi, L. grayi, mvaS L. grayi, mvaS
mvaS L. grayi,

mvaS

E. faecium, L. grayi, mvaE E. faecium, E. gallinarum, E. casseliflavus, E. faecalis,
mvaS mvaE mvaE mvaE

E. faecium, mvaS mvaE
E. faecium, E. faecium, E. faecium, mvaS
mvaS mvaS E. faecium,

mvaS

E. L. grayi, mvaE E. faecium, E. gallinarum, E. casseliflavus, E. faecalis,
gallinarum, mvaE mvaE mvaE
mvaS E. gallinarum, mvaE

mvaS E. E. gallinarum, E. gallinarum,
gallinarum, mvaS mvaS E.

mvaS gallinarum,
mvaS

E. L. grayi, mvaE E. faecium, E. gallinarum, E. casseliflavus, E. faecalis,
casseliflavus, mvaE mvaE mvaE

E. casseliflavus,



mvaS mvaS E. E. E. casseliflavus, mvaE
casseliflavus, casseliflavus, mvaS
mvaS mvaS E.

casseliflavus,
mvaS

E. faecalis, E. faecalis,E. faecium, E. gallinarum, E. casseliflavus,
L. grayi, mvaE mvaE mvaE mvaEmvaS mvaE

E. faecalis,
E. faecalis, E. faecalis, E. faecalis,

E. faecalis,
mvaS

mvaS mvaS mvaS mvaS

Exemplary MvaE Polypeptides and Nucleic Acids

[0177] The mvaE gene encodes a polypeptide that possesses both thiolase and HMG-CoA

reductase activities. The thiolase activity of the polypeptide encoded by the mvaE gene converts

acetyl-CoA to acetoacetyl-CoA whereas the HMG-CoA reductase enzymatic activity of the

polypeptide converts 3-hydroxy-3-methylglutaryl-CoA to mevalonate. Exemplary MvaE

polypeptides and nucleic acids include naturally-occurring polypeptides and nucleic acids from

any of the source organisms described herein as well as mutant polypeptides and nucleic acids

derived from any of the source organisms described herein that have at least one activity of a

MvaE polypeptide.

[0178] Mutant MvaE polypeptides include those in which one or more amino acid residues

have undergone an amino acid substitution while retaining MvaE polypeptide activity (i.e., the

ability to convert acetyl-CoA to acetoacetyl-CoA as well as the ability to convert 3-hydroxy-3-

methylglutaryl-CoA to mevalonate). The amino acid substitutions can be conservative or non-

conservative and such substituted amino acid residues can or cannot be one encoded by the

genetic code. The standard twenty amino acid "alphabet" has been divided into chemical

families based on similarity of their side chains. Those families include amino acids with basic

side chains (e.g., lysine, arginine, histidine), acidic side chains (e.g., aspartic acid, glutamic

acid), uncharged polar side chains (e.g., glycine, asparagine, glutamine, serine, threonine,

tyrosine, cysteine), nonpolar side chains (e.g., alanine, valine, leucine, isoleucine, proline,

phenylalanine, methionine, tryptophan), beta-branched side chains (e.g., threonine, valine,

isoleucine) and aromatic side chains (e.g., tyrosine, phenylalanine, tryptophan, histidine). A

"conservative amino acid substitution" is one in which the amino acid residue is replaced with

an amino acid residue having a chemically similar side chain (i.e., replacing an amino acid

having a basic side chain with another amino acid having a basic side chain). A "non-

conservative amino acid substitution" is one in which the amino acid residue is replaced with an



amino acid residue having a chemically different side chain (i.e., replacing an amino acid having

a basic side chain with another amino acid having an aromatic side chain).

[0179] Amino acid substitutions in the MvaE polypeptide can be introduced to improve the

functionality of the molecule. For example, amino acid substitutions that increase the binding

affinity of the MvaE polypeptide for its substrate, or that improve its ability to convert acetyl-

CoA to acetoacetyl-CoA and/or the ability to convert 3-hydroxy-3-methylglutaryl-CoA to

mevalonate can be introduced into the MvaE polypeptide. In some aspects, the mutant MvaE

polypeptides contain one or more conservative amino acid substitutions.

[0180] In one aspect, mvaE proteins that are not degraded or less prone to degradation can be

used for the production of mevalonate, isoprene, isoprenoid precursors, and/or isoprenoids.

Examples of gene products of mvaE genes that are not degraded or less prone to degradation

which can be used include, but are not limited to, those from the organisms E. faecium, E.

gallinarum, E. casseliflavus, E. faecalis, and L. grayi. One of skill in the art can express mvaE

protein in E. coli BL21 (DE3) and look for absence of fragments by any standard molecular

biology techniques. For example, absence of fragments can be identified on Safestain stained

SDS-PAGE gels following His-tag mediated purification or when expressed in mevalonate,

isoprene or isoprenoid producing E. coli BL21 using the methods of detection described herein.

[0181] Standard methods, such as those described in Hedl et al., (J Bacteriol. 2002, April;

184(8): 2 116-2122) can be used to determine whether a polypeptide has mvaE activity, by

measuring acetoacetyl-CoA thiolase as well as HMG-CoA reductase activity. In an exemplary

assay, acetoacetyl-CoA thiolase activity is measured by spectrophotometer to monitor the

change in absorbance at 302 nm that accompanies the formation or thiolysis of acetoacetyl-CoA.

Standard assay conditions for each reaction to determine synthesis of acetoacetyl-CoA are 1 mM

acetyl-CoA, 10 mM MgCl 2, 50 mM Tris, pH 10.5 and the reaction is initiated by addition of

enzyme. Assays can employ a final volume of 200 For the assay, 1 enzyme unit (eu)

represents the synthesis or thiolysis in 1 min of 1 µιηοΐ of acetoacetyl-CoA. In another

exemplary assay, of HMG-CoA reductase activity can be monitored by spectrophotometer by

the appearance or disappearance of NADP(H) at 340 nm. Standard assay conditions for each

reaction measured to show reductive deacylation of HMG-CoA to mevalonate are 0.4 mM

NADPH, 1.0 mM (R ,S)-HMG-CoA, 100 mM KC1, and 100 mM K P0 4, pH 6.5. Assays

employ a final volume of 200 Reactions are initiated by adding the enzyme. For the assay, 1

eu represents the turnover, in 1 min, of 1 µιηοΐ of NADP(H). This corresponds to the turnover of

0.5 µιηοΐ of HMG-CoA or mevalonate.



[0182] Alternatively, production of mevalonate in cells (such as bacterial, fungal, or algal

cells) can be measured by, without limitation, gas chromatography (see U.S. Patent Application

Publication No.: US 2005/0287655 Al) or HPLC (See U.S. Patent Application No.:

12/978,324). As an exemplary assay, cultures can be inoculated in shake tubes containing LB

broth supplemented with one or more antibiotics and incubated for 14h at 34°C at 250 rpm.

Next, cultures can be diluted into well plates containing TM3 media supplemented with 1%

Glucose, 0.1% yeast extract, and 200 µΜ IPTG to final OD of 0.2. The plate are then sealed

with a Breath Easier membrane (Diversified Biotech) and incubated at 34°C in a

shaker/incubator at 600 rpm for 24 hours. 1 mL of each culture is then centrifuged at 3,000 x g

for 5 min. Supernatant is then added to 20% sulfuric acid and incubated on ice for 5 min. The

mixture is then centrifuged for 5 min at 3000 x g and the supernatant was collected for HPLC

analysis. The concentration of mevalonate in samples is determined by comparison to a standard

curve of mevalonate (Sigma). The glucose concentration can additionally be measured by

performing a glucose oxidase assay according to any method known in the art. Using HPLC,

levels of mevalonate can be quantified by comparing the refractive index response of each

sample versus a calibration curve generated by running various mevalonate containing solutions

of known concentration.

[0183] Exemplary mvaE nucleic acids include nucleic acids that encode a polypeptide,

fragment of a polypeptide, peptide, or fusion polypeptide that has at least one activity of an

MvaE polypeptide. Exemplary MvaE polypeptides and nucleic acids include naturally-occurring

polypeptides and nucleic acids from any of the source organisms described herein as well as

mutant polypeptides and nucleic acids derived from any of the source organisms described

herein. Exemplary mvaE nucleic acids include, for example, mvaE nucleic acids isolated from

Listeria grayi DSM 20601, Enterococcus faecium, Enterococcus gallinarum EG2, Enterococcus

casseliflavus and/or Enterococcus faecalis . The mvaE nucleic acid encoded by the Listeria

grayi DSM 20601 mvaE gene can have at least about 99%, 98%, 97%, 96%, 95%, 95%, 93%,

92%, 91%, 90%, 89%, 88%, 87%, 86%, 85% sequence identity to SEQ ID NO:l. In another

aspect, the mvaE nucleic acid encoded by the Listeria grayi DSM 20601 mvaE gene can have at

least about 84%, 83%, 82%, 81%, or 80% sequence identity to SEQ ID NO:l. The mvaE

nucleic acid encoded by the Enterococcus faecium mvaE gene can have at least about 99%, 98%,

97%, 96%, 95%, 95%, 93%, 92%, 91%, 90%, 89%, 88%, 87%, 86%, or 85% sequence identity

to SEQ ID NO:3. In another aspect, the mvaE nucleic acid encoded by the Enterococcus

faecium mvaE gene can have at least about 84%, 83%, 82%, 81%, or 80% sequence identity to

SEQ ID NO:3. The mvaE nucleic acid encoded by the Enterococcus gallinarum EG2 mvaE



gene can have at least about 99%, 98%, 97%, 96%, 95%, 95%, 93%, 92%, 91%, 90%, 89%,

88%, 87%, 86%, or 85% sequence identity to SEQ ID NO:5. In another aspect, the mvaE

nucleic acid encoded by the Enterococcus gallinarum EG2 mvaE gene can have at least about

84%, 83%, 82%, 81%, or 80% sequence identity to SEQ ID NO:5. The mvaE nucleic acid

encoded by the Enterococcus casseliflavus mvaE gene can have at least about 99%, 98%, 97%,

96%, 95%, 95%, 93%, 92%, 91%, 90%, 89%, 88%, 87%, 86%, or 85% sequence identity to

SEQ ID NO:7. In another aspect, the mvaE nucleic acid encoded by the Enterococcus

casseliflavus mvaE gene can have at least about 84%, 83%, 82%, 81%, or 80% sequence identity

to SEQ ID NO:7. The mvaE nucleic acid encoded by the Enterococcus faecalis mvaE gene can

have at least about 99%, 98%, 97%, 96%, 95%, 95%, 93%, 92%, 91%, 90%, 89%, 88%, 87%,

86%, or 85% sequence identity to SEQ ID NO: 18. In any of the aspects herein, the upper MVA

pathway polypeptides may be encoded by a nucleic acid with at least about 99%, 98%, 97%,

96%, 95%, 95%, 93%, 92%, 91%, 90%, 89%, 88%, 87%, 86%, 85%, 84%, 83%, 82%, 81%, or

80% sequence identity to any one of SEQ ID NOs:l-8 and 18-19. In any of the aspects herein,

the upper MVA pathway polypeptides may be encoded by a nucleic acid with of any one of SEQ

ID NOs: 1-8 and 18-19.

[0184] Exemplary MvaE polypeptides include fragments of a polypeptide, peptide, or fusion

polypeptide that has at least one activity of an MvaE polypeptide. Exemplary MvaE

polypeptides and include naturally-occurring polypeptides from any of the source organisms

described herein as well as mutant polypeptides derived from any of the source organisms

described herein. Exemplary MvaE polypeptides include, for example, MvaE polypeptides

isolated from Listeria grayi DSM 20601, Enterococcus faecium, Enterococcus gallinarum EG2,

and/or Enterococcus casseliflavus. The MvaE polypeptide encoded by the Listeria grayi DSM

20601 mvaE gene can have at least about 99%, 98%, 97%, 96%, 95%, 95%, 93%, 92%, 91%,

90%, 89%, 88%, 87%, 86%, 85% sequence identity to SEQ ID NO: 11. In another aspect, the

MvaE polypeptide encoded by the Listeria grayi DSM 20601 mvaE gene can have at least about

84%, 83%, 82%, 81%, or 80% sequence identity to SEQ ID NO:ll. The MvaE polypeptide

encoded by the Enterococcus faecium mvaE gene can have at least about 99%, 98%, 97%, 96%,

95%, 95%, 93%, 92%, 91%, 90%, 89%, 88%, 87%, 86%, or 85% sequence identity to SEQ ID

NO: 13. In another aspect, the MvaE polypeptide encoded by the Enterococcus faecium mvaE

gene can have at least about 84%, 83%, 82%, 81%, or 80% sequence identity to SEQ ID NO: 13.

The MvaE polypeptide encoded by the Enterococcus gallinarum EG2 mvaE gene can have at

least about 99%, 98%, 97%, 96%, 95%, 95%, 93%, 92%, 91%, 90%, 89%, 88%, 87%, 86%, or

85% sequence identity to SEQ ID NO:9. In another aspect, the MvaE polypeptide encoded by



the Enterococcus gallinarum EG2 mvaE gene can have at least about 84%, 83%, 82%, 81%, or

80% sequence identity to SEQ ID NO:9. The MvaE polypeptide encoded by the Enterococcus

casseliflavus mvaE gene can have at least about 99%, 98%, 97%, 96%, 95%, 95%, 93%, 92%,

91%, 90%, 89%, 88%, 87%, 86%, or 85% sequence identity to SEQ ID NO: 15. In another

aspect, the MvaE polypeptide encoded by the Enterococcus casseliflavus mvaE gene can have at

least about 84%, 83%, 82%, 81%, or 80% sequence identity to SEQ ID NO:15. In any of the

aspects herein, the upper MVA pathway polypeptides may be encoded by a polypeptide with at

least about 99%, 98%, 97%, 96%, 95%, 95%, 93%, 92%, 91%, 90%, 89%, 88%, 87%, 86%,

85%, 84%, 83%, 82%, 81%, or 80% sequence identity to any one of SEQ ID NOs:9-16 and 20-

21. In any of the aspects herein, the upper MVA pathway polypeptides may be encoded by a

polypeptide with any one of SEQ ID NOs:9-16 and 20-21.

[0185] The mvaE nucleic acid can be expressed in a cell (such as a bacterial cell) on a

multicopy plasmid. The plasmid can be a high copy plasmid, a low copy plasmid, or a medium

copy plasmid. Alternatively, the mvaE nucleic acid can be integrated into the host cell's

chromosome. For both heterologous expression of an mvaE nucleic acid on a plasmid or as an

integrated part of the host cell's chromosome, expression of the nucleic acid can be driven by

either an inducible promoter or a constitutively expressing promoter. The promoter can be a

strong driver of expression, it can be a weak driver of expression, or it can be a medium driver of

expression of the mvaE nucleic acid.

Exemplary MvaS Polypeptides and Nucleic Acids

[0186] The mvaS gene encodes a polypeptide that possesses HMG-CoA synthase activity.

This polypeptide can convert acetoacetyl-CoA to 3-hydroxy-3-methylglutaryl-CoA (HMG-

CoA). Exemplary MvaS polypeptides and nucleic acids include naturally-occurring

polypeptides and nucleic acids from any of the source organisms described herein as well as

mutant polypeptides and nucleic acids derived from any of the source organisms described

herein that have at least one activity of a MvaS polypeptide.

[0187] Mutant MvaS polypeptides include those in which one or more amino acid residues

have undergone an amino acid substitution while retaining MvaS polypeptide activity (i.e., the

ability to convert acetoacetyl-CoA to 3-hydroxy-3-methylglutaryl-CoA). Amino acid

substitutions in the MvaS polypeptide can be introduced to improve the functionality of the

molecule. For example, amino acid substitutions that increase the binding affinity of the MvaS

polypeptide for its substrate, or that improve its ability to convert acetoacetyl-CoA to 3-hydroxy-



3-methylglutaryl-CoA can be introduced into the MvaS polypeptide. In some aspects, the mutant

MvaS polypeptides contain one or more conservative amino acid substitutions.

[0188] Standard methods, such as those described in Quant et al. (Biochem J., 1989, 262:159-

164), can be used to determine whether a polypeptide has mvaS activity, by measuring HMG-

CoA synthase activity. In an exemplary assay, HMG-CoA synthase activity can be assayed by

spectrophotometrically measuring the disappearance of the enol form of acetoacetyl-CoA by

monitoring the change of absorbance at 303 nm. A standard 1 mL assay system containing 50

mm-Tris/HCl, pH 8.0, 10 mM-MgCl 2 and 0.2 mM dithiothreitol at 30 °C; 5 mM-acetyl

phosphate, 10,M-acetoacetyl- CoA and 5 u l samples of extracts can be added, followed by

simultaneous addition of acetyl-CoA (100 µΜ ) and 10 units of PTA. HMG-CoA synthase

activity is then measured as the difference in the rate before and after acetyl-CoA addition. The

absorption coefficient of acetoacetyl-CoA under the conditions used (pH 8.0, 10 mM-MgCl 2), is

12.2 x 103 M-1 cm-1. By definition, 1 unit of enzyme activity causes 1 µιηο ΐ of acetoacetyl-CoA

to be transformed per minute.

[0189] Alternatively, production of mevalonate in cells (such as bacterial, fungal, or algal

cells) can be measured by, without limitation, gas chromatography (see U.S. Patent Application

Publication No.: US 2005/0287655 Al) or HPLC (See U.S. Patent Application No.:

12/978,324). As an exemplary assay, cultures can be inoculated in shake tubes containing LB

broth supplemented with one or more antibiotics and incubated for 14h at 34°C at 250 rpm.

Next, cultures can be diluted into well plates containing TM3 media supplemented with 1%

Glucose, 0.1% yeast extract, and 200 µΜ IPTG to final OD of 0.2. The plate are then sealed

with a Breath Easier membrane (Diversified Biotech) and incubated at 34°C in a

shaker/incubator at 600 rpm for 24 hours. 1 mL of each culture is then centrifuged at 3,000 x g

for 5 min. Supernatant is then added to 20% sulfuric acid and incubated on ice for 5 min. The

mixture is then centrifuged for 5 min at 3000 x g and the supernatant was collected for HPLC

analysis. The concentration of mevalonate in samples is determined by comparison to a standard

curve of mevalonate (Sigma). The glucose concentration can additionally be measured by

performing a glucose oxidase assay according to any method known in the art. Using HPLC,

levels of mevalonate can be quantified by comparing the refractive index response of each

sample versus a calibration curve generated by running various mevalonate containing solutions

of known concentration.

[0190] Exemplary mvaS nucleic acids include nucleic acids that encode a polypeptide,

fragment of a polypeptide, peptide, or fusion polypeptide that has at least one activity of an



MvaS polypeptide. Exemplary MvaS polypeptides and nucleic acids include naturally-occurring

polypeptides and nucleic acids from any of the source organisms described herein as well as

mutant polypeptides and nucleic acids derived from any of the source organisms described

herein. Exemplary mvaS nucleic acids include, for example, mvaS nucleic acids isolated from

Listeria grayi DSM 20601, Enterococcus faecium, Enterococcus gallinarum EG2, and/or

Enterococcus casseliflavus. The mvaS nucleic acid encoded by the Listeria grayi DSM 20601

mvaS gene can have at least about 99%, 98%, 97%, 96%, 95%, 95%, 93%, 92%, 91%, 90%,

89%, 88%, 87%, 86%, or 85% sequence identity to SEQ ID NO:2. The mvaS nucleic acid

encoded by the Listeria grayi DSM 20601 mvaS gene can also have at least about 84%, 83%,

82%, 81%, or 80% sequence identity to SEQ ID NO:2. The mvaS nucleic acid encoded by the

Enterococcus faecium mvaS gene can have at least about 99%, 98%, 97%, 96%, 95%, 95%,

93%, 92%, 91%, 90%, 89%, 88%, 87%, 86%, or 85% sequence identity to SEQ ID NO:4. The

mvaS nucleic acid encoded by the Enterococcus faecium mvaS gene can have at least about

84%, 83%, 82%, 81%, or 80% sequence identity to SEQ ID NO:4. The mvaS nucleic acid

encoded by the Enterococcus gallinarum EG2 mvaS gene can have at least about 99%, 98%,

97%, 96%, 95%, 95%, 93%, 92%, 91%, 90%, 89%, 88%, 87%, 86%, or 85% sequence identity

to SEQ ID NO:6. The mvaS nucleic acid encoded by the Enterococcus gallinarum EG2 mvaS

gene can have at least about 84%, 83%, 82%, 81%, or 80% sequence identity to SEQ ID NO:6.

The mvaS nucleic acid encoded by the Enterococcus casseliflavus mvaS gene can have at least

about 99%, 98%, 97%, 96%, 95%, 95%, 93%, 92%, 91%, 90%, 89%, 88%, 87%, 86%, or 85%

sequence identity to SEQ ID NO: 8. The mvaS nucleic acid encoded by the Enterococcus

casseliflavus mvaS gene can have at least about 84%, 83%, 82%, 81%, or 80% sequence identity

to SEQ ID NO: 8.

[0191] Exemplary MvaS polypeptides include fragments of a polypeptide, peptide, or fusion

polypeptide that has at least one activity of an MvaS polypeptide. Exemplary MvaS polypeptides

include naturally-occurring polypeptides and polypeptides from any of the source organisms

described herein as well as mutant polypeptides derived from any of the source organisms

described herein. Exemplary MvaS polypeptides include, for example, MvaS polypeptides

isolated from Listeria grayi DSM 20601, Enterococcus faecium, Enterococcus gallinarum EG2,

and/or Enterococcus casseliflavus. The MvaS polypeptide encoded by the Listeria grayi DSM

20601 mvaS gene can have at least about 99%, 98%, 97%, 96%, 95%, 95%, 93%, 92%, 91%,

90%, 89%, 88%, 87%, 86%, or 85% sequence identity to SEQ ID NO: 12. The MvaS

polypeptide encoded by the Listeria grayi DSM 20601 mvaS gene can also have at least about

84%, 83%, 82%, 81%, or 80% sequence identity to SEQ ID NO:12. The MvaS polypeptide



encoded by the Enterococcus faecium mvaS gene can have at least about 99%, 98%, 97%, 96%,

95%, 95%, 93%, 92%, 91%, 90%, 89%, 88%, 87%, 86%, or 85% sequence identity to SEQ ID

NO: 14. The MvaS polypeptide encoded by the Enterococcus faecium mvaS gene can have at

least about 84%, 83%, 82%, 81%, or 80% sequence identity to SEQ ID NO:14. The MvaS

polypeptide encoded by the Enterococcus gallinarum EG2 mvaS gene can have at least about

99%, 98%, 97%, 96%, 95%, 95%, 93%, 92%, 91%, 90%, 89%, 88%, 87%, 86%, or 85%

sequence identity to SEQ ID NO: 10. The MvaS polypeptide encoded by the Enterococcus

gallinarum EG2 mvaS gene can have at least about 84%, 83%, 82%, 81%, or 80% sequence

identity to SEQ ID NO: 10. The MvaS polypeptide encoded by the Enterococcus casseliflavus

mvaS gene can have at least about 99%, 98%, 97%, 96%, 95%, 95%, 93%, 92%, 91%, 90%,

89%, 88%, 87%, 86%, or 85% sequence identity to SEQ ID NO: 16. The MvaS polypeptide

encoded by the Enterococcus casseliflavus mvaS gene can have at least about 84%, 83%, 82%,

81%, or 80% sequence identity to SEQ ID NO:16.

[0192] The mvaS nucleic acid can be expressed in a cell (such as a bacterial cell) on a

multicopy plasmid. The plasmid can be a high copy plasmid, a low copy plasmid, or a medium

copy plasmid. Alternatively, the mvaS nucleic acid can be integrated into the host cell's

chromosome. For both heterologous expression of an mvaS nucleic acid on a plasmid or as an

integrated part of the host cell's chromosome, expression of the nucleic acid can be driven by

either an inducible promoter or a constitutively expressing promoter. The promoter can be a

strong driver of expression, it can be a weak driver of expression, or it can be a medium driver of

expression of the mvaS nucleic acid.

Nucleic Acids Encoding Acetoacetyl-CoA Synthase Polypeptides

[0193] In one aspect, any of the cells (such as bacterial, fungal, or algal cells) described herein

can contain one or more heterologous nucleic acid(s) encoding an acetoacetyl-CoA synthase

polypeptide. The acetoacetyl-CoA synthase gene (also known as nphT is a gene encoding an

enzyme having the activity of synthesizing acetoacetyl-CoA from malonyl-CoA and acetyl-CoA

and having minimal activity (e.g., no activity) of synthesizing acetoacetyl-CoA from two acetyl-

CoA molecules. See, e.g., Okamura et al., PNAS Vol 107, No. 25, pp. 11265-11270 (2010), the

contents of which are expressly incorporated herein for teaching about nphT7. An acetoacetyl-

CoA synthase gene from an actinomycete of the genus Streptomyces CL190 strain was described

in Japanese Patent Publication (Kokai) No. 2008-61506 A and U.S. Patent Application

Publication No. 2010/0285549, the disclosure of each of which are incorporated by reference

herein. Acetoacetyl-CoA synthase can also be referred to as acetyl-CoA:malonyl CoA



acyltransferase. A representative acetoacetyl-CoA synthase (or acetyl-CoA:malonyl CoA

acyltransferase) that can be used is Genbank AB540131.1.

[0194] In one aspect, acetoacetyl-CoA synthase of the present invention synthesizes

acetoacetyl-CoA from malonyl-CoA and acetyl-CoA via an irreversible reaction. The use of

acetoacetyl-CoA synthase to generate acetyl-CoA provides an additional advantage in that this

reaction is irreversible while acetoacetyl-CoA thiolase enzyme's action of synthesizing

acetoacetyl-CoA from two acetyl-CoA molecules is reversible. Consequently, the use of

acetoacetyl-CoA synthase to synthesize acetoacetyl-CoA from malonyl-CoA and acetyl-CoA

can result in significant improvement in productivity for isoprene compared with using thiolase

to generate the end same product.

[0195] Furthermore, the use of acetoacetyl-CoA synthase to produce isoprene provides

another advantage in that acetoacetyl-CoA synthase can convert malonyl CoA to acetyl-CoA via

decarboxylation of the malonyl CoA. Thus, stores of starting substrate are not limited by the

starting amounts of acetyl-CoA. The synthesis of acetoacetyl-CoA by acetoacetyl-CoA synthase

can still occur when the starting substrate is only malonyl-CoA. In one aspect, the pool of

starting malonyl-CoA is increased by using host strains that have more malonyl-CoA. Such

increased pools can be naturally occurring or be engineered by molecular manipulation. See, for

example Fowler, et al., Applied and Environmental Microbiology, Vol. 75, No. 18, pp. 5831-

5839 (2009).

[0196] In any of the aspects or embodiments described herein, an enzyme that has the ability

to synthesize acetoacetyl-CoA from malonyl-CoA and acetyl-CoA can be used. Non-limiting

examples of such an enzyme are described herein. In certain embodiments described herein, an

acetoacetyl-CoA synthase gene derived from an actinomycete of the genus Streptomyces having

the activity of synthesizing acetoacetyl-CoA from malonyl-CoA and acetyl-CoA can be used.

[0197] An example of such an acetoacetyl-CoA synthase gene is the gene encoding a protein

having the amino acid sequence of SEQ ID NO: 17. Such a protein having the amino acid

sequence of SEQ ID NO: 17 corresponds to an acetoacetyl-CoA synthase having activity of

synthesizing acetoacetyl-CoA from malonyl-CoA and acetyl-CoA and having no activity of

synthesizing acetoacetyl-CoA from two acetyl-CoA molecules.

[0198] In one embodiment, the gene encoding a protein having the amino acid sequence of

SEQ ID NO: 17 can be obtained by a nucleic acid amplification method (e.g., PCR) with the use

of genomic DNA obtained from an actinomycete of the Streptomyces sp. CL190 strain as a



template and a pair of primers that can be designed with reference to Japanese Patent Publication

(Kokai) No. 2008-61506 A.

[0199] As described herein, an acetoacetyl-CoA synthase gene for use in the present invention

is not limited to a gene encoding a protein having the amino acid sequence of SEQ ID NO: 17

from an actinomycete of the Streptomyces sp. CL190 strain. Any gene encoding a protein

having the ability to synthesize acetoacetyl-CoA from malonyl-CoA and acetyl-CoA and which

does not synthesize acetoacetyl-CoA from two acetyl-CoA molecules can be used in the

presently described methods. In certain embodiments, the acetoacetyl-CoA synthase gene can

be a gene encoding a protein having an amino acid sequence with high similarity or substantially

identical to the amino acid sequence of SEQ ID NO: 17 and having the function of synthesizing

acetoacetyl-CoA from malonyl-CoA and acetyl-CoA. The expression "highly similar" or

"substantially identical" refers to, for example, at least about 80% identity, at least about 85%, at

least about 90%, at least about 91%, at least about 92%, at least about 93%, at least about 94%,

at least about 95%, at least about 96%, at least about 97%, at least about 98%, and at least about

99% identity. As used above, the identity value corresponds to the percentage of identity

between amino acid residues in a different amino acid sequence and the amino acid sequence of

SEQ ID NO: 17, which is calculated by performing alignment of the amino acid sequence of

SEQ ID NO: 17 and the different amino acid sequence with the use of a program for searching

for a sequence similarity.

[0200] In other embodiments, the acetoacetyl-CoA synthase gene may be a gene encoding a

protein having an amino acid sequence derived from the amino acid sequence of SEQ ID NO: 17

by substitution, deletion, addition, or insertion of 1 or more amino acid(s) and having the

function of synthesizing acetoacetyl-CoA from malonyl-CoA and acetyl-CoA. Herein, the

expression "more amino acids" refers to, for example, 2 to 30 amino acids, preferably 2 to 20

amino acids, more preferably 2 to 10 amino acids, and most preferably 2 to 5 amino acids.

[0201] In still other embodiments, the acetoacetyl-CoA synthase gene may consist of a

polynucleotide capable of hybridizing to a portion or the entirety of a polynucleotide having a

nucleotide sequence complementary to the nucleotide sequence encoding the amino acid

sequence of SEQ ID NO: 17 under stringent conditions and capable of encoding a protein having

the function of synthesizing acetoacetyl-CoA from malonyl-CoA and acetyl-CoA. Herein,

hybridization under stringent conditions corresponds to maintenance of binding under conditions

of washing at 60 °C 2x SSC. Hybridization can be carried out by conventionally known methods



such as the method described in J . Sambrook et al. Molecular Cloning, A Laboratory Manual,

3rd Ed., Cold Spring Harbor Laboratory (2001).

[0202] As described herein, a gene encoding an acetoacetyl-CoA synthase having an amino

acid sequence that differs from the amino acid sequence of SEQ ID NO: 17 can be isolated from

potentially any organism, for example, an actinomycete that is not obtained from the

Streptomyces sp. CL190 strain. In addition, acetoacetyl-CoA synthase genes for use herein can

be obtained by modifying a polynucleotide encoding the amino acid sequence of SEQ ID NO:

17 by a method known in the art. Mutagenesis of a nucleotide sequence can be carried out by a

known method such as the Kunkel method or the gapped duplex method or by a method similar

to either thereof. For instance, mutagenesis may be carried out with the use of a mutagenesis kit

(e.g., product names; Mutant-K and Mutant-G (TAKARA Bio)) for site-specific mutagenesis,

product name; an LA PCR in vitro Mutagenesis series kit (TAKARA Bio), and the like.

[0203] The activity of an acetoacetyl-CoA synthase having an amino acid sequence that

differs from the amino acid sequence of SEQ ID NO: 17 can be evaluated as described below.

Specifically, a gene encoding a protein to be evaluated is first introduced into a host cell such

that the gene can be expressed therein, followed by purification of the protein by a technique

such as chromatography. Malonyl-CoA and acetyl-CoA are added as substrates to a buffer

containing the obtained protein to be evaluated, followed by, for example, incubation at a

desired temperature (e.g., 10°C to 60°C). After the completion of reaction, the amount of

substrate lost and/or the amount of product (acetoacetyl-CoA) produced are determined. Thus, it

is possible to evaluate whether or not the protein being tested has the function of synthesizing

acetoacetyl-CoA from malonyl-CoA and acetyl-CoA and to evaluate the degree of synthesis. In

such case, it is possible to examine whether or not the protein has the activity of synthesizing

acetoacetyl-CoA from two acetyl-CoA molecules by adding acetyl-CoA alone as a substrate to a

buffer containing the obtained protein to be evaluated and determining the amount of substrate

lost and/or the amount of product produced in a similar manner.

Recombinant Microorganisms Capable of Increased Production of Mevalonate

[0204] The recombinant microorganisms (e.g., recombinant bacterial, fungal, or algal cells)

described herein have the ability to produce mevalonate at an amount and/or concentration

greater than that of the same cells without any manipulation to the various genes or enzymatic

pathways described herein. The recombinant microorganisms (e.g., bacterial cells) that have

been engineered for modulation in the various pathways described herein to increase carbon flux

to mevalonate can be used to produce mevalonate. In some aspects, the cells contain one or



more nucleic acids encoding one or more acetylating proteins, wherein said cells have been

engineered such that the expression of the nucleic acids and/or activity of the acetylating

protein(s) is modulated. The acetylating proteins can be acetyltransferases (such as, but not

limited to, YfiQ) and/or deacetylases (such as, but not limited to CobB). In some embodiments,

the activity of the YfiQ polypeptide is modulated by decreasing, attenuating, or deleting the

expression of the gene encoding the YfiQ polypeptide (such as, but not limited to, deletion of an

endogenous yfiQ gene). In other embodiments, the activity of the CobB polypeptide is

modulated by increasing the expression of the gene encoding the CobB protein (such as, but not

limited to, increasing the expression of an endogenous cobB gene or heterologous expression of

a nucleic acid encoding cobB). In other aspects, culturing the recombinant cells described herein

in a suitable media results in improved production of mevalonate compared to a cell capable of

producing mevalonate that does not comprise one or more acetylating proteins wherein said

proteins are engineered such that their expression and/or activity is modulated. In other

embodiments, improved production of mevalonate is characterized by one or more of an

increase in mevalonate specific productivity, an increase in mevalonate titer, an increase in

mevalonate yield, an increase in cell viability, and/or a decrease in acetate production.

[0205] In one aspect, the recombinant cells (such as bacterial, fungal, or algal cells) described

herein which have been engineered such that the expression of the nucleic acids and/or activity

of the acetylating protein(s) is modulated to have the ability to produce mevalonate at a

concentration greater than that of the same cells which have not been engineered such that the

expression of the nucleic acids and/or activity of the acetylating protein(s) is modulated. The

cells (such as bacterial, fungal, or algal cells) can produce greater than about 30 mg/L/hr/OD, 40

mg/L/hr/OD, 50 mg/L/hr/OD, 60 mg/L/hr/OD, 70 mg/L/hr/OD, 80 mg/L/hr/OD, 90

mg/L/hr/OD, 100 mg/L/hr/OD, 110 mg/L/hr/OD, 120 mg/L/hr/OD, 130 mg/L/hr/OD, 140

mg/L/hr/OD, 150 mg/L/hr/OD, 160 mg/L/hr/OD, 170 mg/L/hr/OD, 180 mg/L/hr/OD, 190

mg/L/hr/OD, or 200 mg/L/hr/OD of mevalonate, inclusive, as well as any numerical value in

between these numbers. In one exemplary embodiment, the cells can produce greater than about

85 mg/L/hr/OD of mevalonate.

[0206] The host cells (such as bacterial, fungal, or algal cells) described herein which have

been engineered such that the expression of the nucleic acids and/or activity of the acetylating

protein(s) is modulated to have the ability to produce higher peak titers of mevalonate in

comparison to that of the same cells which have not been engineered such that the expression of

the nucleic acids and/or activity of the acetylating protein(s) is modulated. In another aspect, the

cells (such as bacterial, fungal, or algal cells) described herein produce mevalonate at a higher



peak titer than that of the same cells that have not been modified to contain one or more

acetylating proteins wherein said proteins are engineered such that their expression and/or

activity is modulated when cultured in a suitable medium. The cells (such as bacterial, fungal,

or algal cells) can produce greater than about 50 g/L, 60 g/L, 70 g/L, 80 g/L, 90 g/L, 100 g/L,

110 g/L, 120 g/L, 130 g/L, 140 g/L, 150 g/L, 160 g/L, 170 g/L, 180 g/L, 190 g/L, 200 g/L, 210

g/L, 220 g/L, 230 g/L, 240 g/L, 250 g/L, 260 g/L, 270 g/L, 280 g/L, 290 g/L, 300 g/L peak titer

of mevalonate after 48 hours of fermentation, inclusive, as well as any numerical value in

between these numbers. In one exemplary embodiment, the cells produce greater than about 105

g/L peak titer of mevalonate after 48 hours of fermentation.

[0207] The host cells (such as bacterial, fungal, or algal cells) described herein which have

been engineered such that the expression of the nucleic acids and/or activity of the acetylating

protein(s) is modulated to have the ability to produce a higher cell productivity index (CPI) in

comparison to that of the same cells which have not been engineered such that the expression of

the nucleic acids and/or activity of the acetylating protein(s) is modulated. In some aspects, the

cells (such as bacterial, fungal, or algal cells) described herein have a higher CPI than that of the

same cells that have not been modified to contain one or more acetylating proteins wherein said

proteins are engineered such that their expression and/or activity is modulated. In one aspect,

the cells can be cultured in minimal medium. The cells (such as bacterial, fungal, or algal cells)

can have a CPI for mevalonate of at least about 1 (g/g), 2 (g/g), 3 (g/g), 4 (g/g), 5 (g/g), 6 (g/g), 7

(g/g), 8 (g/g), 9 (g/g), 10 (g/g), 11 (g/g), 12 (g/g), 13 (g/g), 14 (g/g), 15 (g/g), 20 (g/g), 25 (g/g),

or 30 (g/g) inclusive, as well as any numerical value in between these numbers. In one

exemplary embodiment, the cells have a CPI for mevalonate of at least about 4.5 (g/g).

[0208] The host cells (such as bacterial, fungal, or algal cells) described herein which have

been engineered such that the expression of the nucleic acids and/or activity of the acetylating

protein(s) is modulated to have the ability to produce higher mass yield of mevalonate in

comparison to that of the same cells which have not been engineered such that the expression of

the nucleic acids and/or activity of the acetylating protein(s) is modulated. In some aspects, the

cells (such as bacterial, fungal, or algal cells) described herein have a higher mass yield of

mevalonate from glucose than that of the same cells that have not been modified to contain one

or more acetylating proteins wherein said proteins are engineered such that their expression

and/or activity is modulated. In one aspect, the cells can be cultured in minimal medium. The

cells (such as bacterial, fungal, or algal cells) can produce a mass yield of mevalonate from

glucose of at least about 25%, 26%, 27%, 28%, 29%, 30%, 31%, 32%, 33%, 34%, 35%, 36%,

37%, 38%, 39%, 40%, 41%, 42%, 43%, 44%, 45%, 46%, 47%, 48%, 49%, 50%, or 55%,



inclusive, as well as any numerical value in between these numbers. In one exemplary

embodiment, the cells produce a mass yield of mevalonate from glucose of at least about 38%.

Methods of Using Recombinant Cells to Produce High Amounts of Mevalonate

[0209] Also provided herein are methods for the production of mevalonate. In some aspects,

the method for producing mevalonate comprises: (a) culturing a composition comprising

recombinant cells (such as bacterial, fungal, or algal cells) which have been modified to

comprise one or more acetylating proteins wherein said proteins are engineered such that their

expression and/or activity is modulated as described herein (including any of the cells, such as

the bacterial cells described above), or progeny thereof, capable of producing mevalonate; and

(b) producing mevalonate. In some aspects, the method of producing mevalonate comprises the

steps of culturing any of the recombinant cells described herein under conditions suitable for the

production of mevalonate and allowing the recombinant cells to produce mevalonate. In some

aspects, the method of producing mevalonate further comprises a step of recovering the

mevalonate.

[0210] The method of producing mevalonate can also comprise the steps of: (a) culturing cells

heterologously expressing one or more acetylating proteins wherein said proteins are engineered

such that their expression and/or activity is modulated; and (b) producing mevalonate.

Additionally, the cells can produce mevalonate in concentrations greater than that of the same

cells lacking one or more acetylating proteins wherein said proteins are not engineered such that

their expression and/or activity is modulated.

[0211] Mevalonate can be produced in amounts greater than about 30 mg/L/hr/OD, 40

mg/L/hr/OD, 50 mg/L/hr/OD, 60 mg/L/hr/OD, 70 mg/L/hr/OD, 80 mg/L/hr/OD, 90

mg/L/hr/OD, 100 mg/L/hr/OD, 110 mg/L/hr/OD, 120 mg/L/hr/OD, 130 mg/L/hr/OD, 140

mg/L/hr/OD, 150 mg/L/hr/OD, 160 mg/L/hr/OD, 170 mg/L/hr/OD, 180 mg/L/hr/OD, 190

mg/L/hr/OD, or 200 mg/L/hr/OD of mevalonate, inclusive, as well as any numerical value in

between these numbers. In some aspects, the method of producing mevalonate further

comprises a step of recovering the mevalonate. In one exemplary embodiment, the instant

methods for the production of mevalonate can produce greater than about 85 mg/L/hr/OD of

mevalonate.

[0212] The method of producing mevalonate can similarly comprise the steps of: (a) culturing

cells which have been engineered for increased carbon flux to mevalonate as described herein,

wherein the cells heterologously express one or more acetylating proteins wherein said proteins



are engineered such that their expression and/or activity is modulated.; and (b) producing

mevalonate, wherein the cells produce mevalonate with a higher peak titer after hours of

fermentation than that of the same cells lacking one or more acetylating proteins wherein said

proteins are engineered such that their expression and/or activity is modulated.

[0213] The cells provided herein (such as bacterial, fungal, or algal cells) can produce greater

than about 50 g/L, 60 g/L, 70 g/L, 80 g/L, 90 g/L, 100 g/L, 110 g/L, 120 g/L, 130 g/L, 140 g/L,

150 g/L, 160 g/L, 170 g/L, 180 g/L, 190 g/L, or 200 g/L peak titer of mevalonate after 48 hours

of fermentation, inclusive, as well as any numerical value in between these numbers. In some

aspects, the method of producing mevalonate further comprises a step of recovering the

mevalonate. In one exemplary embodiment, the instant methods for the production of

mevalonate can produce greater than about 105 g/L peak titer of mevalonate after 48 hours of

fermentation.

[0214] The method of producing mevalonate can similarly comprise the steps of: (a) culturing

cells which have been engineered for increased carbon flux to mevalonate as described herein,

wherein the cells comprise one or more acetylating proteins wherein said proteins are engineered

such that their expression and/or activity is modulated; and (b) producing mevalonate, wherein

the cells have a CPI for mevalonate higher than that of the same cells lacking one or more copies

of an upper MVA pathway gene encoding one or more upper MVA pathway polypeptides, and

which have not been engineered for increased carbon flux to mevalonate production. In one

exemplary embodiment, the instant methods for the production of mevalonate can produce

mevalonate using cells with a CPI for mevalonate of at least 4.5 (g/g). Alternatively, the cells

(such as bacterial, fungal, or algal cells) can have a CPI of at least 1 (g/g), 2 (g/g), 3 (g/g), 4

(g/g), 5 (g/g), 6 (g/g), 7 (g/g), 8 (g/g), 9 (g/g), 10 (g/g), 11 (g/g), 12 (g/g), 13 (g/g), 14 (g/g), 15

(g/g), 20 (g/g), 25 (g/g), or 30 (g/g) inclusive, as well as any numerical value in between these

numbers. In some aspects, the method of producing mevalonate further comprises a step of

recovering the mevalonate.

[0215] Provided herein are methods of using any of the cells described above for enhanced

mevalonate production. The production of mevalonate by the cells can be enhanced by the

expression of one or more acetylating proteins wherein said proteins are engineered such that

their expression and/or activity is modulated. The production of mevalonate can be enhanced by

about 1,000,000 folds (e.g., about 1 to about 500,000 folds, about 1 to about 50,000 folds, about

1 to about 5,000 folds, about 1 to about 1,000 folds, about 1 to about 500 folds, about 1 to about

100 folds, about 1 to about 50 folds, about 5 to about 100,000 folds, about 5 to about 10,000



folds, about 5 to about 1,000 folds, about 5 to about 500 folds, about 5 to about 100 folds, about

10 to about 50,000 folds, about 50 to about 10,000 folds, about 100 to about 5,000 folds, about

200 to about 1,000 folds, about 50 to about 500 folds, or about 50 to about 200 folds) compared

to the production of mevalonate by cells without the expression of one or more acetylating

proteins wherein said proteins are engineered such that their expression and/or activity is

modulated.

Recombinant Cells Capable of Production of Isoprene

[0216] Isoprene (2-methyl-l,3-butadiene) is an important organic compound used in a wide

array of applications. For instance, isoprene is employed as an intermediate or a starting

material in the synthesis of numerous chemical compositions and polymers, including in the

production of synthetic rubber. Isoprene is also an important biological material that is

synthesized naturally by many plants and animals.

[0217] Isoprene is produced from DMAPP by the enzymatic action of isoprene synthase.

Therefore, without being bound to theory, it is thought that increasing the cellular production of

mevalonate in cells (such as bacterial, fungal, or algal cells) by any of the compositions and

methods described above will similarly result in the production of higher amounts of isoprene.

Increasing the molar yield of mevalonate production from glucose translates into higher molar

yields of isoprenoid precursors and isoprenoids, including isoprene, produced from glucose

when combined with appropriate enzymatic activity levels of mevalonate kinase,

phosphomevalonate kinase, diphosphomevalonate decarboxylase, isopentenyl diphosphate

isomerase and other appropriate enzymes for isoprene and isoprenoid production.

[0218] Production of isoprene can be made by using any of the recombinant host cells

described here where one or more of the enzymatic pathways have been manipulated such that

enzyme activity is modulated to increase carbon flow towards isoprene production. The

recombinant microorganisms described herein that have various enzymatic pathways

manipulated for increased carbon flow to mevalonate production can be used to produce

isoprene. Any of the recombinant host cells expressing one or more acetylating proteins

(wherein said proteins are engineered such that their expression and/or activity is modulated)

capable of increased production of mevalonate described above can also be capable of increased

production of isoprene. In some aspects, these cells further comprise one or more heterologous

nucleic acids encoding polypeptides of the entire MVA pathway and a heterologous nucleic acid

encoding an isoprene synthase polypeptide or a polypeptide having isoprene synthase activity.



In other aspects, these cells further comprise one or more heterologous nucleic acids encoding a

phosphoketolase polypeptide.

Nucleic Acids Encoding Polypeptides of the Lower MVA Pathway

[0219] In some aspects of the invention, the cells described in any of the cells or methods

described herein further comprise one or more nucleic acids encoding a lower mevalonate

(MVA) pathway polypeptide(s). In some aspects, the lower MVA pathway polypeptide is an

endogenous polypeptide. In some aspects, the endogenous nucleic acid encoding a lower MVA

pathway polypeptide is operably linked to a constitutive promoter. In some aspects, the

endogenous nucleic acid encoding a lower MVA pathway polypeptide is operably linked to an

inducible promoter. In some aspects, the endogenous nucleic acid encoding a lower MVA

pathway polypeptide is operably linked to a strong promoter. In a particular aspect, the cells are

engineered to over-express the endogenous lower MVA pathway polypeptide relative to wild-

type cells. In some aspects, the endogenous nucleic acid encoding a lower MVA pathway

polypeptide is operably linked to a weak promoter.

[0220] The lower mevalonate biosynthetic pathway comprises mevalonate kinase (MVK),

phosphomevalonate kinase (PMK), and diphosphomevalonte decarboxylase (MVD). In some

aspects, the lower MVA pathway can further comprise isopentenyl diphosphate isomerase (IDI).

Cells provided herein can comprise at least one nucleic acid encoding isoprene synthase, one or

more upper MVA pathway polypeptides, and/or one or more lower MVA pathway polypeptides.

Polypeptides of the lower MVA pathway can be any enzyme (a) that phosphorylates mevalonate

to mevalonate 5-phosphate; (b) that converts mevalonate 5-phosphate to mevalonate 5-

pyrophosphate; and (c) that converts mevalonate 5-pyrophosphate to isopentenyl pyrophosphate.

More particularly, the enzyme that phosphorylates mevalonate to mevalonate 5-phosphate can

be from the group consisting of M. mazei mevalonate kinase polypeptide, Lactobacillus

mevalonate kinase polypeptide, M. burtonii mevalonate kinase polypeptide, Lactobacillus sakei

mevalonate kinase polypeptide, yeast mevalonate kinase polypeptide, Sacchawmyces cerevisiae

mevalonate kinase polypeptide, Streptococcus mevalonate kinase polypeptide, Streptococcus

pneumoniae mevalonate kinase polypeptide, Streptomyces mevalonate kinase polypeptide, and

Streptomyces CL190 mevalonate kinase polypeptide. In another aspect, the enzyme that

phosphorylates mevalonate to mevalonate 5-phosphate is M. mazei mevalonate kinase.

[0221] In some aspects, the lower MVA pathway polypeptide is a heterologous polypeptide.

In some aspects, the cells comprise more than one copy of a heterologous nucleic acid encoding

a lower MVA pathway polypeptide. In some aspects, the heterologous nucleic acid encoding a



lower MVA pathway polypeptide is operably linked to a constitutive promoter. In some aspects,

the heterologous nucleic acid encoding a lower MVA pathway polypeptide is operably linked to

an inducible promoter. In some aspects, the heterologous nucleic acid encoding a lower MVA

pathway polypeptide is operably linked to a strong promoter. In some aspects, the heterologous

nucleic acid encoding a lower MVA pathway polypeptide is operably linked to a weak promoter.

In some aspects, the heterologous lower MVA pathway polypeptide is a polypeptide from

Saccharomyces cerevisiae, Enterococcus faecalis, or Methanosarcina mazei.

[0222] The nucleic acids encoding a lower MVA pathway polypeptide(s) can be integrated

into a genome of the cells or can be stably expressed in the cells. The nucleic acids encoding a

lower MVA pathway polypeptide(s) can additionally be on a vector.

[0223] Exemplary lower MVA pathway polypeptides are also provided below: (i) mevalonate

kinase (MVK); (ii) phosphomevalonate kinase (PMK); (iii) diphosphomevalonate decarboxylase

(MVD); and (iv) isopentenyl diphosphate isomerase (IDI). In particular, the lower MVK

polypeptide can be from the genus Methanosarcina and, more specifically, the lower MVK

polypeptide can be from Methanosarcina mazei. In other aspects, the lower MVK polypeptide

can be from M. burtonii. Additional examples of lower MVA pathway polypeptides can be

found in U.S. Patent Application Publication 2010/0086978 the contents of which are expressly

incorporated herein by reference in their entirety with respect to lower MVK pathway

polypeptides and lower MVK pathway polypeptide variants.

[0224] Any one of the cells described herein can comprise IDI nucleic acid(s) (e.g. ,

endogenous or heterologous nucleic acid(s) encoding IDI). Isopentenyl diphosphate isomerase

polypeptides (isopentenyl-diphosphate delta-isomerase or IDI) catalyzes the interconversion of

isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) (e.g., converting IPP

into DMAPP and/or converting DMAPP into IPP). Exemplary IDI polypeptides include

polypeptides, fragments of polypeptides, peptides, and fusions polypeptides that have at least

one activity of an IDI polypeptide. Standard methods (such as those described herein) can be

used to determine whether a polypeptide has IDI polypeptide activity by measuring the ability of

the polypeptide to interconvert IPP and DMAPP in vitro, in a cell extract, or in vivo. Exemplary

IDI nucleic acids include nucleic acids that encode a polypeptide, fragment of a polypeptide,

peptide, or fusion polypeptide that has at least one activity of an IDI polypeptide. Exemplary IDI

polypeptides and nucleic acids include naturally-occurring polypeptides and nucleic acids from

any of the source organisms described herein as well as mutant polypeptides and nucleic acids

derived from any of the source organisms described herein.



[0225] Lower MVA pathway polypeptides include polypeptides, fragments of polypeptides,

peptides, and fusions polypeptides that have at least one activity of a lower MVA pathway

polypeptide. Exemplary lower MVA pathway nucleic acids include nucleic acids that encode a

polypeptide, fragment of a polypeptide, peptide, or fusion polypeptide that has at least one

activity of a lower MVA pathway polypeptide. Exemplary lower MVA pathway polypeptides

and nucleic acids include naturally-occurring polypeptides and nucleic acids from any of the

source organisms described herein. In addition, variants of lower MVA pathway polypeptides

that confer the result of better isoprene production can also be used as well.

[0226] In some aspects, the lower MVA pathway polypeptide is a polypeptide from

Saccharomyces cerevisiae, Enterococcusfaecalis, or Methanosarcina mazei. In some aspects,

the MVK polypeptide is selected from the group consisting of Lactobacillus mevalonate kinase

polypeptide, Lactobacillus sakei mevalonate kinase polypeptide, yeast mevalonate kinase

polypeptide, Saccharomyces cerevisiae mevalonate kinase polypeptide, Streptococcus

mevalonate kinase polypeptide, Streptococcus pneumoniae mevalonate kinase polypeptide,

Streptomyces mevalonate kinase polypeptide, Streptomyces CL190 mevalonate kinase

polypeptide, M. burtonii mevalonate kinase polypeptide, and Methanosarcina mazei mevalonate

kinase polypeptide. Any one of the promoters described herein (e.g., promoters described herein

and identified in the Examples of the present disclosure including inducible promoters and

constitutive promoters) can be used to drive expression of any of the MVA polypeptides

described herein.

Nucleic Acids Encoding Isoprene Synthase Polypeptides

[0227] In some aspects of the invention, the cells described in any of the compositions or

methods described herein (including host cells that have been engineered for increased carbon

flux as described herein) further comprise one or more nucleic acids encoding an isoprene

synthase polypeptide or a polypeptide having isoprene synthase activity. In some aspects, the

isoprene synthase polypeptide is an endogenous polypeptide. In some aspects, the endogenous

nucleic acid encoding an isoprene synthase polypeptide or a polypeptide having isoprene

synthase activity is operably linked to a constitutive promoter. In some aspects, the endogenous

nucleic acid encoding an isoprene synthase polypeptide or a polypeptide having isoprene

synthase activity is operably linked to an inducible promoter. In some aspects, the endogenous

nucleic acid encoding an isoprene synthase polypeptide or a polypeptide having isoprene

synthase activity is operably linked to a strong promoter. In a particular aspect, the cells are

engineered to over-express the endogenous isoprene synthase pathway polypeptide relative to



wild-type cells. In some aspects, the endogenous nucleic acid encoding an isoprene synthase

polypeptide or a polypeptide having isoprene synthase activity is operably linked to a weak

promoter. In some aspects, the isoprene synthase polypeptide or a polypeptide having isoprene

synthase activity is a polypeptide from Pueraria or Populus or a hybrid such as Populus alba x

Populus tremula.

[0228] In some aspects, the isoprene synthase polypeptide is a heterologous polypeptide. In

some aspects, the cells comprise more than one copy of a heterologous nucleic acid encoding an

isoprene synthase polypeptide. In some aspects, the heterologous nucleic acid encoding an

isoprene synthase polypeptide is operably linked to a constitutive promoter. In some aspects, the

heterologous nucleic acid encoding an isoprene synthase polypeptide is operably linked to an

inducible promoter. In some aspects, the heterologous nucleic acid encoding an isoprene

synthase polypeptide is operably linked to a strong promoter. In some aspects, the heterologous

nucleic acid encoding an isoprene synthase polypeptide is operably linked to a weak promoter.

[0229] The nucleic acids encoding an isoprene synthase polypeptide(s) can be integrated into a

genome of the host cells or can be stably expressed in the cells. The nucleic acids encoding an

isoprene synthase polypeptide(s) can additionally be on a vector.

[0230] Exemplary isoprene synthase nucleic acids include nucleic acids that encode a

polypeptide, fragment of a polypeptide, peptide, or fusion polypeptide that has at least one

activity of an isoprene synthase polypeptide. Isoprene synthase polypeptides convert

dimethylallyl diphosphate (DMAPP) into isoprene. Exemplary isoprene synthase polypeptides

include polypeptides, fragments of polypeptides, peptides, and fusions polypeptides that have at

least one activity of an isoprene synthase polypeptide. Exemplary isoprene synthase

polypeptides and nucleic acids include naturally-occurring polypeptides and nucleic acids from

any of the source organisms described herein. In addition, variants of isoprene synthase can

possess improved activity such as improved enzymatic activity. In some aspects, an isoprene

synthase variant has other improved properties, such as improved stability {e.g., thermo

stability), and/or improved solubility.

[0231] Standard methods can be used to determine whether a polypeptide has isoprene

synthase polypeptide activity by measuring the ability of the polypeptide to convert DMAPP

into isoprene in vitro, in a cell extract, or in vivo. Isoprene synthase polypeptide activity in the

cell extract can be measured, for example, as described in Silver et a , J. Biol. Chem.

270:13010-13016, 1995. In one exemplary assay, DMAPP (Sigma) can be evaporated to

dryness under a stream of nitrogen and rehydrated to a concentration of 100 mM in 100 mM



potassium phosphate buffer pH 8.2 and stored at -20 °C. To perform the assay, a solution of 5

µ of 1M MgCl 2, 1 M (250 µg/mL) DMAPP, 65 µ of Plant Extract Buffer (PEB) (50 mM

Tris-HCl, pH 8.0, 20 mM MgCl 2, 5% glycerol, and 2 mM DTT) can be added to 25 µΐ of cell

extract in a 20 mL Headspace vial with a metal screw cap and teflon coated silicon septum

(Agilent Technologies) and cultured at 37 °C for 15 minutes with shaking. The reaction can be

quenched by adding 200 µΐ of 250 mM EDTA and quantified by GC/MS.

[0232] In some aspects, the isoprene synthase polypeptide is a plant isoprene synthase

polypeptide or a variant thereof. In some aspects, the isoprene synthase polypeptide is an

isoprene synthase from Pueraria or a variant thereof. In some aspects, the isoprene synthase

polypeptide is an isoprene synthase from Populus or a variant thereof. In some aspects, the

isoprene synthase polypeptide is a poplar isoprene synthase polypeptide or a variant thereof. In

some aspects, the isoprene synthase polypeptide is a kudzu isoprene synthase polypeptide or a

variant thereof. In some aspects, the isoprene synthase polypeptide is a polypeptide from

Pueraria or Populus or a hybrid, Populus alba x Populus tremula, or a variant thereof.

[0233] In some aspects, the isoprene synthase polypeptide, the polypeptide having isoprene

synthase activity or the corresponding nucleic acid is from the family Fabaceae, such as the

Faboideae subfamily. In some aspects, the isoprene synthase polypeptide, the polypeptide

having isoprene synthase activity or the corresponding nucleic acid is from Pueraria montana

(kudzu) (Sharkey et ah, Plant Physiology 137: 700-712, 2005), Pueraria lobata, poplar (such as

Populus alba, Populus nigra, Populus trichocarpa, or Populus alba x tremula (CAC35696)

(Miller et a , Planta 213: 483-487, 2001), aspen (such as Populus tremuloides) (Silver et ah,

JBC 270(22): 13010-1316, 1995), English Oak (Quercus robur) (Zimmer et al, WO 98/02550),

or a variant thereof. In some aspects, the isoprene synthase polypeptide, the polypeptide having

isoprene synthase activity or the corresponding nucleic acid is from Pueraria montana, Pueraria

lobata, Populus tremuloides, Populus alba, Populus nigra, or Populus trichocarpa or a variant

thereof. In some aspects, the isoprene synthase polypeptide, the polypeptide having isoprene

synthase activity or the corresponding nucleic acid is from Populus alba or a variant thereof. In

some aspects, the nucleic acid encoding the isoprene synthase {e.g., isoprene synthase from

Populus alba or a variant thereof) is codon optimized.

[0234] In some aspects, the isoprene synthase nucleic acid or polypeptide is a naturally-

occurring polypeptide or nucleic acid {e.g., naturally-occurring polypeptide or nucleic acid from

Populus). In some aspects, the isoprene synthase nucleic acid or polypeptide is not a wild-type

or naturally- occurring polypeptide or nucleic acid. In some aspects, the isoprene synthase



nucleic acid or polypeptide is a variant of a wild-type or naturally- occurring polypeptide or

nucleic acid (e.g., a variant of a wild-type or naturally-occurring polypeptide or nucleic acid

from Populus).

[0235] In some aspects, the isoprene synthase polypeptide is a variant. In some aspects, the

isoprene synthase polypeptide is a variant of a wild-type or naturally occurring isoprene

synthase. In some aspects, the variant has improved activity such as improved catalytic activity

compared to the wild-type or naturally occurring isoprene synthase. The increase in activity

(e.g., catalytic activity) can be at least about any of 10%, 20%, 30%, 40%, 50%, 60%, 70%,

80%, 90%, or 95%. In some aspects, the increase in activity such as catalytic activity is at least

about any of 1 fold, 2 folds, 5 folds, 10 folds, 20 folds, 30 folds, 40 folds, 50 folds, 75 folds, or

100 folds. In some aspects, the increase in activity such as catalytic activity is about 10% to

about 100 folds (e.g., about 20% to about 100 folds, about 50% to about 50 folds, about 1 fold to

about 25 folds, about 2 folds to about 20 folds, or about 5 folds to about 20 folds). In some

aspects, the variant has improved solubility compared to the wild-type or naturally occurring

isoprene synthase. The increase in solubility can be at least about any of 10%, 20%, 30%, 40%,

50%, 60%, 70%, 80%, 90%, or 95%. The increase in solubility can be at least about any of 1

fold, 2 folds, 5 folds, 10 folds, 20 folds, 30 folds, 40 folds, 50 folds, 75 folds, or 100 folds. In

some aspects, the increase in solubility is about 10% to about 100 folds (e.g., about 20% to about

100 folds, about 50% to about 50 folds, about 1 fold to about 25 folds, about 2 folds to about 20

folds, or about 5 folds to about 20 folds). In some aspects, the isoprene synthase polypeptide is a

variant of naturally occurring isoprene synthase and has improved stability (such as thermo

stability) compared to the naturally occurring isoprene synthase.

[0236] In some aspects, the variant has at least about 10%, at least about 20%, at least about

30%, at least about 40%, at least about 50%, at least about 60%, at least about 70%, at least

about 80%, at least about 90%, at least about 100%, at least about 110%, at least about 120%, at

least about 130%, at least about 140%, at least about 150%, at least about 160%, at least about

170%, at least about 180%, at least about 190%, or at least about 200% of the activity of a wild-

type or naturally occurring isoprene synthase. The variant can share sequence similarity with a

wild-type or naturally occurring isoprene synthase. In some aspects, a variant of a wild-type or

naturally occurring isoprene synthase can have at least about any of 40%, 50%, 60%, 70%, 75%,

80%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, 99.5%, or 99.9% amino acid

sequence identity as that of the wild-type or naturally occurring isoprene synthase. In some

aspects, a variant of a wild-type or naturally occurring isoprene synthase has any of about 70%

to about 99.9%, about 75% to about 99%, about 80% to about 98%, about 85% to about 97%, or



about 90% to about 95% amino acid sequence identity as that of the wild-type or naturally

occurring isoprene synthase.

[0237] In some aspects, the variant comprises a mutation in the wild-type or naturally

occurring isoprene synthase. In some aspects, the variant has at least one amino acid

substitution, at least one amino acid insertion, and/or at least one amino acid deletion. In some

aspects, the variant has at least one amino acid substitution. In some aspects, the number of

differing amino acid residues between the variant and wild-type or naturally occurring isoprene

synthase can be one or more, e.g. 1, 2, 3, 4, 5, 10, 15, 20, 30, 40, 50, or more amino acid

residues. Naturally occurring isoprene synthases can include any isoprene synthases from plants,

for example, kudzu isoprene synthases, poplar isoprene synthases, English oak isoprene

synthases, and willow isoprene synthases. In some aspects, the variant is a variant of isoprene

synthase from Populus alba. In some aspects, the variant of isoprene synthase from Populus

alba has at least one amino acid substitution, at least one amino acid insertion, and/or at least

one amino acid deletion. In some aspects, the variant is a truncated Populus alba isoprene

synthase. In some aspects, the nucleic acid encoding variant (e.g., variant of isoprene synthase

from Populus alba) is codon optimized (for example, codon optimized based on host cells where

the heterologous isoprene synthase is expressed). In other aspects, the variant of isoprene

synthase from Populus alba has at least one amino acid substitution, at least one amino acid

insertion, and/or at least one amino acid deletion at the amino acid residue shown in Table 2. In

another aspect, the variant of isoprene synthase comprises at least one amino acid substitution, at

least one amino acid deletion, or at least one amino acid insertion at any of the amino acid

residues shown in Table 2, wherein the amino acid residue numbering corresponds to the amino

acid residue number of MEA P. alba isoprene synthase (SEQ ID NO:24). In one aspect, the P.

alba isoprene synthase is a truncated isoprene synthase, for example, MEA isoprene synthase

which is 16 amino acids shorter than full-length isoprene synthase.

Table 2: Isoprene Synthase Variants of P. Alba (MEA)



T381L F542L R461A A3T S74S
T381M P538K H424P W392Y K36D
T381Y P538R H424H W392W S282H
T383H P538P A448L F89D S282I
T383L A503A A448Q F89E S282W
E480I L436I A448V F89F S282Y
E480R L436Y G389D E41Y S282S
K393V L436F S444E E41E K36S
K393I E488L S444S R43E K36T
E415H E488M H511Y R43L K36W
E415V E488T H511H K36E K36Y
E415Y E488W R071I K36H K36K
R71H E488E R071K K36N
R71I I342Y R071L K36P
E58Y C437M K374Y K36Q
E135G C437W K374K A453I
A363L C437Y L526E A453V
K374Y C437C L526Q A453A
T381I M460A L526L V409I
L436L I447T R242G V409T
H254R I447V R242R K161C
H254C I447Y A443G K161E
E488C S444D A443Q K161N
E488F G389E A443R K161Q
T383Y L376I A443S G99E
K414I L376M S13S G99G
K414R L376L V268I S288A
K414S I504F V268V S288C
K414W I504I K161A S288T
E472C E467H V409V W392I
E472L E467W D323F W392M

[0238] In one embodiment, the MEA P. alba isoprene synthase is truncated so that it is 16

amino acids shorter than full length P. alba isoprene synthase.

[0239] The isoprene synthase polypeptide provided herein can be any of the isoprene

synthases or isoprene synthase variants described in WO 2009/132220, WO 2010/124146, and

U.S. Patent Application Publication No.: 2010/0086978, the contents of which are expressly

incorporated herein by reference in their entirety with respect to the isoprene synthases and

isoprene synthase variants.

[0240] Any one of the promoters described herein {e.g., promoters described herein and

identified in the Examples of the present disclosure including inducible promoters and



constitutive promoters) can be used to drive expression of any of the isoprene synthases

described herein.

[0241] Suitable isoprene synthases include, but are not limited to, those identified by Genbank

Accession Nos. AY341431, AY316691, AY279379, AJ457070, and AY182241. Types of

isoprene synthases which can be used in any one of the compositions or methods including

methods of making microorganisms encoding isoprene synthase described herein are also

described in International Patent Application Publication Nos. WO2009/076676,

WO2010/003007, WO2009/132220, WO20 10/03 1062, WO2010/031068, WO20 10/03 1076,

WO2010/013077, WO20 10/03 1079, WO2010/148150, WO2010/124146, WO20 10/078457,

WO2010/148256, and WO 2013/166320.

Nucleic Acids Encoding DXP Pathway Polypeptides

[0242] In some aspects of the invention, the cells described in any of the compositions or

methods described herein (including host cells that have been engineered for increased carbon

flux as described herein) further comprise one or more heterologous nucleic acids encoding a

DXS polypeptide or other DXP pathway polypeptides. In some aspects, the cells further

comprise a chromosomal copy of an endogenous nucleic acid encoding a DXS polypeptide or

other DXP pathway polypeptides. In some aspects, the E. coli cells further comprise one or more

nucleic acids encoding an IDI polypeptide and a DXS polypeptide or other DXP pathway

polypeptides. In some aspects, one nucleic acid encodes the isoprene synthase polypeptide, IDI

polypeptide, and DXS polypeptide or other DXP pathway polypeptides. In some aspects, one

plasmid encodes the isoprene synthase polypeptide, IDI polypeptide, and DXS polypeptide or

other DXP pathway polypeptides. In some aspects, multiple plasmids encode the isoprene

synthase polypeptide, IDI polypeptide, and DXS polypeptide or other DXP pathway

polypeptides.

[0243] Exemplary DXS polypeptides include polypeptides, fragments of polypeptides,

peptides, and fusions polypeptides that have at least one activity of a DXS polypeptide. Standard

methods (such as those described herein) can be used to determine whether a polypeptide has

DXS polypeptide activity by measuring the ability of the polypeptide to convert pyruvate and D-

glyceraldehyde-3-phosphate into l-deoxy-D-xylulose-5-phosphate in vitro, in a cell extract, or in

vivo. Exemplary DXS polypeptides and nucleic acids and methods of measuring DXS activity

are described in more detail in International Publication No. WO 2009/076676, U.S. Patent

Application No. 12/335,071 (US Publ. No. 2009/0203102), WO 2010/003007, US Publ. No.

2010/0048964, WO 2009/132220, and US Publ. No. 2010/0003716.



[0244] Exemplary DXP pathways polypeptides include, but are not limited to any of the

following polypeptides: DXS polypeptides, DXR polypeptides, MCT polypeptides, CMK

polypeptides, MCS polypeptides, HDS polypeptides, HDR polypeptides, and polypeptides (e.g.,

fusion polypeptides) having an activity of one, two, or more of the DXP pathway polypeptides.

In particular, DXP pathway polypeptides include polypeptides, fragments of polypeptides,

peptides, and fusions polypeptides that have at least one activity of a DXP pathway polypeptide.

Exemplary DXP pathway nucleic acids include nucleic acids that encode a polypeptide,

fragment of a polypeptide, peptide, or fusion polypeptide that has at least one activity of a DXP

pathway polypeptide. Exemplary DXP pathway polypeptides and nucleic acids include

naturally-occurring polypeptides and nucleic acids from any of the source organisms described

herein as well as mutant polypeptides and nucleic acids derived from any of the source

organisms described herein. Exemplary DXP pathway polypeptides and nucleic acids and

methods of measuring DXP pathway polypeptide activity are described in more detail in

International Publication No.: WO 2010/148150

[0245] Exemplary DXS polypeptides include polypeptides, fragments of polypeptides,

peptides, and fusions polypeptides that have at least one activity of a DXS polypeptide. Standard

methods (such as those described herein) can be used to determine whether a polypeptide has

DXS polypeptide activity by measuring the ability of the polypeptide to convert pyruvate and D-

glyceraldehyde-3-phosphate into l-deoxy-D-xylulose-5-phosphate in vitro, in a cell extract, or in

vivo. Exemplary DXS polypeptides and nucleic acids and methods of measuring DXS activity

are described in more detail in International Publication No. WO 2009/076676, U.S. Patent

Application No. 12/335,071 (US Publ. No. 2009/0203102), WO 2010/003007, US Publ. No.

2010/0048964, WO 2009/132220, and US Publ. No. 2010/0003716.

[0246] In particular, DXS polypeptides convert pyruvate and D-glyceraldehyde 3-phosphate

into 1-deoxy-d-xylulose 5-phosphate (DXP). Standard methods can be used to determine

whether a polypeptide has DXS polypeptide activity by measuring the ability of the polypeptide

to convert pyruvate and D-glyceraldehyde 3-phosphate in vitro, in a cell extract, or in vivo.

[0247] DXR polypeptides convert 1-deoxy-d-xylulose 5-phosphate (DXP) into 2-C-methyl-D-

erythritol 4-phosphate (MEP). Standard methods can be used to determine whether a

polypeptide has DXR polypeptides activity by measuring the ability of the polypeptide to

convert DXP in vitro, in a cell extract, or in vivo.

[0248] MCT polypeptides convert 2-C-methyl-D-erythritol 4-phosphate (MEP) into 4-

(cytidine 5'-diphospho)-2-methyl-D-erythritol (CDP-ME). Standard methods can be used to



determine whether a polypeptide has MCT polypeptides activity by measuring the ability of the

polypeptide to convert MEP in vitro, in a cell extract, or in vivo.

[0249] CMK polypeptides convert 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol (CDP-

ME) into 2-phospho-4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol (CDP-MEP). Standard

methods can be used to determine whether a polypeptide has CMK polypeptides activity by

measuring the ability of the polypeptide to convert CDP-ME in vitro, in a cell extract, or in vivo.

[0250] MCS polypeptides convert 2-phospho-4-(cytidine 5'-diphospho)-2-C-methyl-D-

erythritol (CDP-MEP) into 2-C-methyl-D-erythritol 2, 4-cyclodiphosphate (ME-CPP or

cMEPP). Standard methods can be used to determine whether a polypeptide has MCS

polypeptides activity by measuring the ability of the polypeptide to convert CDP-MEP in vitro,

in a cell extract, or in vivo.

[0251] HDS polypeptides convert 2-C-methyl-D-erythritol 2, 4-cyclodiphosphate into (E)-4-

hydroxy-3-methylbut-2-en-l-yl diphosphate (HMBPP or HDMAPP). Standard methods can be

used to determine whether a polypeptide has HDS polypeptides activity by measuring the ability

of the polypeptide to convert ME-CPP in vitro, in a cell extract, or in vivo.

[0252] HDR polypeptides convert (E)-4-hydroxy-3-methylbut-2-en-l-yl diphosphate into

isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). Standard methods can

be used to determine whether a polypeptide has HDR polypeptides activity by measuring the

ability of the polypeptide to convert HMBPP in vitro, in a cell extract, or in vivo.

Source Organisms for MVA Pathway, Isoprene Synthase, IDI, and DXP Pathway
Polypeptides

[0253] Isoprene synthase, IDI, DXP pathway, and/or MVA pathway nucleic acids (and their

encoded polypeptides) can be obtained from any organism that naturally contains isoprene

synthase, IDI, DXP pathway, and/or MVA pathway nucleic acids. Isoprene is formed naturally

by a variety of organisms, such as bacteria, yeast, plants, and animals. Some organisms contain

the MVA pathway for producing isoprene. Isoprene synthase nucleic acids can be obtained, e.g.,

from any organism that contains an isoprene synthase. MVA pathway nucleic acids can be

obtained, e.g., from any organism that contains the MVA pathway. IDI and DXP pathway

nucleic acids can be obtained, e.g., from any organism that contains the IDI and DXP pathway.

[0254] The nucleic acid sequence of the isoprene synthase, DXP pathway, IDI, and/or MVA

pathway nucleic acids can be isolated from a bacterium, fungus, plant, algae, or cyanobacterium.



Exemplary source organisms include, for example, yeasts, such as species of Saccharomyces

(e.g., S. cerevisiae), bacteria, such as species of Escherichia (e.g., E. coli), or species of

Methanosarcina (e.g., Methanosarcina mazei), plants, such as kudzu or poplar (e.g., Populus

alba or Populus alba x tremula CAC35696) or aspen (e.g., Populus tremuloides). Exemplary

sources for isoprene synthases, IDI, and/or MVA pathway polypeptides which can be used are

also described in International Patent Application Publication Nos. WO2009/076676,

WO2010/003007, WO2009/132220, WO20 10/03 1062, WO2010/031068, WO20 10/03 1076,

WO2010/013077, WO20 10/03 1079, WO2010/148150, WO20 10/078457, and WO2010/148256.

Recombinant Cells Capable of Increased Production of Isoprene

[0255] The recombinant cells described herein that have been engineered for increased carbon

flux to isoprene have the ability to produce isoprene at a concentration greater than that of the

same cells that have not been engineered for increased carbon flux to isoprene. In one aspect,

the recombinant cells (such as bacterial, fungal, or algal cells) described herein comprising one

or more acetylating proteins, wherein said proteins are engineered such that their expression

and/or activity is modulated, have the ability to produce isoprene at a concentration greater than

that of the same cells lacking one or more acetylating proteins, wherein said proteins are

engineered such that their expression and/or activity is modulated. The acetylating proteins can

be acetyltransferases (such as, but not limited to, YfiQ) and/or deacetylases (such as, but not

limited to CobB). In some embodiments, the activity of the YfiQ polypeptide is modulated by

decreasing, attenuating, or deleting the expression of the gene encoding the YfiQ polypeptide

(such as, but not limited to, deletion of an endogenous yfiQ gene). In other embodiments, the

activity of the CobB polypeptide is modulated by increasing the expression of the gene encoding

the CobB protein (such as, but not limited to, increasing the expression of an endogenous cobB

gene or heterologous expression of a nucleic acid encoding cobB). In other embodiments,

culturing these cells in a suitable media provides for improved production of isoprene compared

to a cell producing isoprene that does not comprise one or more acetylating proteins wherein

said proteins are engineered such that their expression and/or activity is modulated. In some

aspects, the cells further comprise one or more heterologous nucleic acids encoding an isoprene

synthase polypeptide. In certain aspects, these cells can further comprise one or more copies of

a heterologous nucleic acid encoding polypeptides of the entire MVA pathway, one or more

heterologous nucleic acids encoding a phosphoketolase polypeptide, and/or one or more

heterologous nucleic acids encoding an isoprene synthase polypeptide. The one or more

heterologous nucleic acids can be integrated into the host cell's chromosome, in any aspect of

the cells disclosed herein. In other aspects, improved production of isoprene is characterized by



one or more of an increase in isoprene specific productivity, an increase in isoprene titer, an

increase in isoprene yield, an increase in cell viability, and/or a decrease in acetate production.

[0256] In one exemplary embodiment, the cells disclosed herein can produce at least 5%

greater amounts of isoprene compared to isoprene-producing cells that have not been engineered

to increase carbon flux to isoprene. In other aspects, the cells (such as bacterial, fungal, or algal

cells) can produce at least 5% greater amounts of isoprene compared to isoprene-producing cells

(such as bacterial, fungal, or algal cells) that do not comprise one or more acetylating proteins

wherein said proteins are engineered such that their expression and/or activity is modulated.

Alternatively, the cells (such as bacterial, fungal, or algal cells) can produce greater than about

1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%, or 15% of isoprene,

inclusive, as well as any numerical value in between these numbers.

[0257] In one aspect of the invention, there are provided cells that have been engineered for

increased carbon flux to isoprene wherein the cells comprise one or more acetylating proteins,

wherein said proteins are engineered such that their expression and/or activity is modulated, one

or more heterologous nucleic acids encoding polypeptides of the entire MVA pathway, one or

more heterologous nucleic acids encoding a phosphoketolase polypeptide, and one or more

heterologous nucleic acids encoding an isoprene synthase polypeptide. In some aspects, the

cells can further comprise one or more heterologous nucleic acids encoding a DXP pathway

polypeptide(s). The cells can further comprise one or more heterologous nucleic acids encoding

an IDI polypeptide. The one or more heterologous nucleic acids can be operably linked to

constitutive promoters, can be operably linked to inducible promoters, or can be operably linked

to a combination of inducible and constitutive promoters. The one or more heterologous nucleic

acids can additionally be operably linked strong promoters, weak promoters, and/or medium

promoters. One or more of the heterologous nucleic acids can be integrated into a genome of the

host cells or can be stably expressed in the cells. The one or more heterologous nucleic acids can

additionally be on a vector.

[0258] The production of isoprene by cells that have been engineered for increased carbon

flux to isoprene according to any of the compositions or methods described herein can be

enhanced (e.g., enhanced by the expression of one or more acetylating proteins, wherein said

proteins are engineered such that their expression and/or activity is modulated). In other

aspects, the production of isoprene by the cells according to any of the compositions or methods

described herein can be enhanced/increased/improved (e.g., enhanced by the expression of one

or more acetylating proteins, wherein said proteins are engineered such that their expression



and/or activity is modulated, one or more heterologous nucleic acids encoding an isoprene

synthase polypeptide, polypeptides of the entire MVA pathway, a DXP pathway polypeptide(s),

and/or an IDI polypeptide). As used herein, "enhanced'V'improved'V "increased" isoprene

production refers to an increased cell productivity index (CPI) for isoprene, an increased titer of

isoprene, an increased mass yield of isoprene, increase in the cumulative isoprene yield, an

increase in late fermentation isoprene production, an increase in cell viability, a decrease in

acetate production, and/or an increased specific productivity of isoprene by the cells described

by any of the compositions and methods described herein compared to cells which do not

express one or more acetylating proteins, wherein said proteins are engineered such that their

expression and/or activity is modulated, and which have not been engineered for increased

carbon flux to isoprene production. The production of isoprene can be enhanced by about 5% to

about 1,000,000 folds. The production of isoprene can be enhanced by about 10% to about

1,000,000 folds {e.g., about 1 to about 500,000 folds, about 1 to about 50,000 folds, about 1 to

about 5,000 folds, about 1 to about 1,000 folds, about 1 to about 500 folds, about 1 to about 100

folds, about 1 to about 50 folds, about 5 to about 100,000 folds, about 5 to about 10,000 folds,

about 5 to about 1,000 folds, about 5 to about 500 folds, about 5 to about 100 folds, about 10 to

about 50,000 folds, about 50 to about 10,000 folds, about 100 to about 5,000 folds, about 200 to

about 1,000 folds, about 50 to about 500 folds, or about 50 to about 200 folds) compared to the

production of isoprene by cells that do not express one or more acetylating proteins, wherein

said proteins are engineered such that their expression and/or activity is modulated.

[0259] The production of isoprene can also be enhanced by at least about any of 10%, 20%,

30%, 40%, 50%, 60%, 70%, 80%, 90%, 1 fold, 2 folds, 5 folds, 10 folds, 20 folds, 50 folds, 100

folds, 200 folds, 500 folds, 1000 folds, 2000 folds, 5000 folds, 10,000 folds, 20,000 folds,

50,000 folds, 100,000 folds, 200,000 folds, 500,000 folds, or 1,000,000 folds.

Methods of Using the Recombinant Cells to Produce Isoprene

[0260] Also provided herein are methods of producing isoprene comprising culturing any of

the recombinant microorganisms that have been engineered for increased carbon flux to isoprene

as described herein. In one aspect, isoprene can be produced by culturing recombinant cells

(such as bacterial, fungal, or algal cells) comprising one or more nucleic acids encoding one or

more acetylating proteins, wherein said cells have been engineered such that the expression of

the nucleic acids and/or activity of the acetylating protein(s) is modulated, one or more

heterologous nucleic acids encoding polypeptides of the entire MVA pathway, and an isoprene

synthase polypeptide. In certain embodiments, the recombinant cells can further comprise one



or more nucleic acids encoding a phosphoketolase polypeptide. The isoprene can be produced

from any of the cells described herein and according to any of the methods described herein.

Any of the cells can be used for the purpose of producing isoprene from carbohydrates, such as,

but not limited to, glucose or from other carbon sources, such as, but not limited to, acetate.

[0261] Thus, also provided herein are methods of producing isoprene comprising (a) culturing

cells which comprise one or more acetylating proteins wherein the cells have been engineered

such that the expression and/or activity of the acetylating proteins is modulated; and (b)

producing isoprene. In other aspects, provided herein are methods of producing isoprene

comprising (a) culturing cells (such as bacterial, fungal, or algal cells) comprising one or more

acetylating proteins, wherein said proteins are engineered such that their activity is modulated, in

a suitable media for producing isoprene and (b) producing isoprene. The cells can comprise one

or more nucleic acid molecules encoding polypeptides of the entire MVA pathway as described

above, one or more nucleic acid molecules encoding a phosphoketolase polypeptide, and any of

the isoprene synthase polypeptide(s) described above. In some aspects, the cells (such as

bacterial, fungal, or algal cells) can be any of the cells described herein. Any of the isoprene

synthases or variants thereof described herein, any of the microorganism (e.g., bacterial) or plant

strains described herein, any of the promoters described herein, and/or any of the vectors

described herein can also be used to produce isoprene using any of the energy sources (e.g.

glucose or any other six carbon sugar) described herein. In some aspects, the method of

producing isoprene further comprises a step of recovering the isoprene.

[0262] In some aspects, the amount of isoprene produced is measured at the peak absolute

productivity time point. In some aspects, the peak absolute productivity for the cells is about

any of the amounts of isoprene disclosed herein. In some aspects, the amount of isoprene

produced is measured at the peak specific productivity time point. In some aspects, the peak

specific productivity for the cells is about any of the amounts of isoprene per cell disclosed

herein. In some aspects, the cumulative, total amount of isoprene produced is measured. In

some aspects, the cumulative total productivity for the cells is about any of the amounts of

isoprene disclosed herein.

[0263] In some aspects, any of the cells described herein that have been engineered such that

the expression and/or activity of the acetylating proteins are modulated (for examples the cells in

culture) produce isoprene at greater than about any of or about any of 1, 10, 25, 50, 100, 150,

200, 250, 300, 400, 500, 600, 700, 800, 900, 1,000, 1,250, 1,500, 1,750, 2,000, 2,500, 3,000,

4,000, 5,000, or more nmole of isoprene/gram of cells for the wet weight of the cells/hour



(nmole/gwcm/hr). In some aspects, the amount of isoprene is between about 2 to about 5,000

nmole/g wcm/hr, such as between about 2 to about 100 nmole/g wcm/hr, about 100 to about 500

nmole/g wcm/hr, about 150 to about 500 nmole/g wcm /hr, about 500 to about 1,000 nmole/g wcm/hr,

about 1,000 to about 2,000 nmole/g wcm/hr, or about 2,000 to about 5,000 nmole/g wcm/hr. In some

aspects, the amount of isoprene is between about 20 to about 5,000 nmole/g wcm/hr, about 100 to

about 5,000 nmole/g wcm/hr, about 200 to about 2,000 nmole/g wcm/hr, about 200 to about 1,000

nmole/g wcm/hr, about 300 to about 1,000 nmole/g wcm/hr, or about 400 to about 1,000

nmole/g wcm/hr.

[0264] In some aspects, the cells that have been engineered such that the expression and/or

activity of the acetylating proteins are modulated produce isoprene at greater than or about 1, 10,

25, 50, 100, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900, 1,000, 1,250, 1,500, 1,750, 2,000,

2,500, 3,000, 4,000, 5,000, 10,000, 100,000, or more ng of isoprene/gram of cells for the wet

weight of the cells/hr (ng/gwcm/h). In some aspects, the amount of isoprene is between about 2 to

about 5,000 ng/gwcm/h, such as between about 2 to about 100 ng/gwcm/h, about 100 to about 500

ng/gwcm h, about 500 to about 1,000 ng/gwcm/h, about 1,000 to about 2,000 ng/gwcm/h, or about

2,000 to about 5,000 ng/gwcm/h. In some aspects, the amount of isoprene is between about 20 to

about 5,000 ng/gwcm/h, about 100 to about 5,000 ng/gwcm/h, about 200 to about 2,000 ng/gwcm/h,

about 200 to about 1,000 ng/gwcm/h, about 300 to about 1,000 ng/gwcm/h, or about 400 to about

1,000 ng/gwcm/h.

[0265] In some aspects, the cells that have been engineered such that the expression and/or

activity of the acetylating proteins are modulated produce a cumulative titer (total amount) of

isoprene at greater than about any of or about any of 1, 10, 25, 50, 100, 150, 200, 250, 300, 400,

500, 600, 700, 800, 900, 1,000, 1,250, 1,500, 1,750, 2,000, 2,500, 3,000, 4,000, 5,000, 10,000,

50,000, 100,000, or more mg of isoprene/L of broth (mg/Lb oth, wherein the volume of broth

includes the volume of the cells and the cell medium). In some aspects, the amount of isoprene

is between about 2 to about 5,000 mg/Lb o th, such as between about 2 to about 100 mg/Lbroth

about 100 to about 500 mg/L b o th, about 500 to about 1,000 mg/L b oth, about 1,000 to about 2,000

mg/Lbroth, or about 2,000 to about 5,000 mg/Lb o th- In some aspects, the amount of isoprene is

between about 20 to about 5,000 mg/Lb oth about 100 to about 5,000 mg/Lb o th, about 200 to

about 2,000 mg/Lb o th, about 200 to about 1,000 mg/Lb o th, about 300 to about 1,000 mg/Lb oth or

about 400 to about 1,000 mg/L b oth.

[0266] In some aspects, the cells that have been engineered such that the expression and/or

activity of the acetylating proteins are modulated comprises at least about 1, 2, 5, 10, 15, 20, or



25% by volume of the fermentation offgas. In some aspects, the isoprene comprises between

about 1 to about 25% by volume of the offgas, such as between about 5 to about 15 %, about 15

to about 25%, about 10 to about 20%, or about 1 to about 10 %.

[0267] The production of isoprene by recombinant cells described herein which have been

engineered such that the expression and/or activity of the acetylating proteins in these cells is

modulated can be enhanced by about 5% to about 1,000,000 folds. The production of isoprene

can be enhanced by about 10% to about 1,000,000 folds (e.g., about 50% to about 1,000,000

folds, about 1 to about 500,000 folds, about 1 to about 50,000 folds, about 1 to about 5,000

folds, about 1 to about 1,000 folds, about 1 to about 500 folds, about 1 to about 100 folds, about

1 to about 50 folds, about 5 to about 100,000 folds, about 5 to about 10,000 folds, about 5 to

about 1,000 folds, about 5 to about 500 folds, about 5 to about 100 folds, about 10 to about

50,000 folds, about 50 to about 10,000 folds, about 100 to about 5,000 folds, about 200 to about

1,000 folds, about 50 to about 500 folds, or about 50 to about 200 folds) compared to the

production of isoprene by the cells that express wild type levels of one or more acetylating

proteins, one or more heterologous nucleic acids encoding an isoprene synthase polypeptide, one

or more heterologous nucleic acids encoding polypeptide of the entire MVA pathway, a DXP

pathway polypeptide(s), and/or an IDI polypeptide and which have not been engineered for

increased carbon flux to isoprene production.

[0268] The production of isoprene can also be enhanced by at least about any of 10%, 20%,

30%, 40%, 50%, 60%, 70%, 80%, 90%, 1 fold, 2 folds, 5 folds, 10 folds, 20 folds, 50 folds, 100

folds, 200 folds, 500 folds, 1000 folds, 2000 folds, 5000 folds, 10,000 folds, 20,000 folds,

50,000 folds, 100,000 folds, 200,000 folds, 500,000 folds, or 1,000,000 folds compared to the

production of isoprene by naturally-occurring cells or by cells that do not express one or more

acetylating proteins, wherein said proteins are engineered such that their activity is modulated,

one or more heterologous nucleic acids encoding an isoprene synthase polypeptide, one or more

heterologous nucleic acids encoding polypeptide of the entire MVA pathway, a DXP pathway

polypeptide(s), and/or an IDI polypeptide and which have not been engineered for increased

carbon flux to isoprene production.

Recombinant Cells Capable of Production of Isoprenoid Precursors and/or Isoprenoids

[0269] Isoprenoids can be produced in many organisms from the synthesis of the isoprenoid

precursor molecules which are the end products of the MVA pathway. As stated above,

isoprenoids represent an important class of compounds and include, for example, food and feed



supplements, flavor and odor compounds, and anticancer, antimalarial, antifungal, and

antibacterial compounds.

[0270] As a class of molecules, isoprenoids are classified based on the number of isoprene

units comprised in the compound. Monoterpenes comprise ten carbons or two isoprene units,

sesquiterpenes comprise 15 carbons or three isoprene units, diterpenes comprise 20 carbons or

four isoprene units, sesterterpenes comprise 25 carbons or five isoprene units, and so forth.

Steroids (generally comprising about 27 carbons) are the products of cleaved or rearranged

isoprenoids.

[0271] Isoprenoids can be produced from the isoprenoid precursor molecules IPP and

DMAPP. These diverse compounds are derived from these rather simple universal precursors

and are synthesized by groups of conserved polyprenyl pyrophosphate synthases (Hsieh et al.,

Plant Physiol. 2011 Mar; 155(3): 1079-90). The various chain lengths of these linear prenyl

pyrophosphates, reflecting their distinctive physiological functions, in general are determined by

the highly developed active sites of polyprenyl pyrophosphate synthases via condensation

reactions of allylic substrates (dimethylallyl diphosphate (C5-DMAPP), geranyl pyrophosphate

(Cio-GPP), farnesyl pyrophosphate (C
15

-FPP), geranylgeranyl pyrophosphate (C20-GGPP)) with

corresponding number of isopentenyl pyrophosphates (C5-IPP) (Hsieh et al., Plant Physiol. 201 1

Mar; 155(3): 1079-90). Examples of polyprenyl pyrophosphate synthases include, but are not

limited to, farnesyl pyrophosphate (FPP) synthase (e.g. farnesene synthase codon-optimized for

E. coli (SEQ ID NO:26) or amorphadiene synthase codon-optimized for E. coli (SEQ ID

NO:25)); geranyl pyrophosphate synthase; or geranylgeranyl pyrophosphate synthase.

[0272] Production of isoprenoid precursors and/or isoprenoids can be made by using any of

the recombinant host cells described here where one or more of the enzymatic pathways have

been manipulated such that enzyme activity is modulated to increase carbon flow towards

isoprenoid production. In addition, these cells can express one or more nucleic acids encoding

one or more acetylating proteins, wherein said cells have been engineered such that the

expression of the nucleic acids and/or activity of the acetylating protein(s) is modulated, one or

more heterologous nucleic acids encoding polypeptides of the entire MVA pathway, and/or one

or more heterologous nucleic acids encoding a phosphoketolase polypeptide, and/or one or more

heterologous nucleic acids encoding an isoprene synthase polypeptide. In some aspects, these

cells further comprise one or more heterologous nucleic acids encoding IDI and/or the DXP

pathway polypeptides, as described above, and/or a heterologous nucleic acid encoding a

polyprenyl pyrophosphate synthase polypeptide. Without being bound to theory, it is thought



that increasing the cellular production of acetyl-CoA or mevalonate in cells by any of the

compositions and methods described above will similarly result in the production of higher

amounts of isoprenoid precursor molecules and/or isoprenoids. Increasing the molar yield of

acetyl-CoA and/or mevalonate production from glucose translates into higher molar yields of

isoprenoid precursor molecules and/or isoprenoids, including isoprene, produced from glucose

when combined with appropriate enzymatic activity levels of mevalonate kinase,

phosphomevalonate kinase, diphosphomevalonate decarboxylase, isopentenyl diphosphate

isomerase and other appropriate enzymes for isoprene and isoprenoid production.

Types of isoprenoids

[0273] The cells of the present invention that have been engineered for increased carbon flux

to mevalonate are capable of increased production of isoprenoids and the isoprenoid precursor

molecules DMAPP and IPP. Examples of isoprenoids include, without limitation, hemiterpenes,

monoterpenoids, sesquiterpenoids, diterpenoids, sesterterpenoids, triterpenoids, tetraterpenoids,

and higher polyterpenoids. In some aspects, the hemiterpenoid is prenol {i.e., 3-methyl-2-buten-

l-ol), isoprenol {i.e., 3-methyl-3-buten-l-ol), 2-methyl-3-buten-2-ol, or isovaleric acid. In some

aspects, the monoterpenoid can be, without limitation, geranyl pyrophosphate, eucalyptol,

limonene, or pinene. In some aspects, the sesquiterpenoid is farnesyl pyrophosphate, artemisinin,

or bisabolol. In some aspects, the diterpenoid can be, without limitation, geranylgeranyl

pyrophosphate, retinol, retinal, phytol, taxol, forskolin, or aphidicolin. In some aspects, the

triterpenoid can be, without limitation, squalene or lanosterol. The isoprenoid can also be

selected from the group consisting of abietadiene, amorphadiene, carene, a-famesene, β-

farnesene, farnesol, geraniol, geranylgeraniol, linalool, limonene, myrcene, nerolidol, ocimene,

patchoulol, β-pinene, sabinene, γ -terpinene, terpindene and valencene.

[0274] In some aspects, the tetraterpenoid is lycopene or carotene (a carotenoid). As used

herein, the term "carotenoid" refers to a group of naturally-occurring organic pigments produced

in the chloroplasts and chromoplasts of plants, of some other photosynthetic organisms, such as

algae, in some types of fungus, and in some bacteria. Carotenoids include the oxygen-containing

xanthophylls and the non-oxygen-containing carotenes. In some aspects, the carotenoids are

selected from the group consisting of xanthophylls and carotenes. In some aspects, the

xanthophyll is lutein or zeaxanthin. In some aspects, the carotenoid is a-carotene, β-carotene, γ -

carotene, β-cryptoxanthin or lycopene.



Heterologous Nucleic Acids Encoding Polyprenyl Pyrophosphate Synthases Polypeptides

[0275] In some aspects of the invention, the cells that have been engineered for increased

carbon flux to isoprenoids described in any of the compositions or methods herein further

comprise one or more nucleic acids encoding a lower mevalonate (MVA) pathway

polypeptide(s), as described above, as well as one or more nucleic acids encoding a polyprenyl

pyrophosphate synthase polypeptide(s). The polyprenyl pyrophosphate synthase polypeptide

can be an endogenous polypeptide. The endogenous nucleic acid encoding a polyprenyl

pyrophosphate synthase polypeptide can be operably linked to a constitutive promoter or can

similarly be operably linked to an inducible promoter. The endogenous nucleic acid encoding a

polyprenyl pyrophosphate synthase polypeptide can additionally be operably linked to a strong

promoter. Alternatively, the endogenous nucleic acid encoding a polyprenyl pyrophosphate

synthase polypeptide can be operably linked to a weak promoter. In particular, the cells can be

engineered to over-express the endogenous polyprenyl pyrophosphate synthase polypeptide

relative to wild-type cells.

[0276] In some aspects, the polyprenyl pyrophosphate synthase polypeptide is a heterologous

polypeptide. The cells of the present invention can comprise more than one copy of a

heterologous nucleic acid encoding a polyprenyl pyrophosphate synthase polypeptide. In some

aspects, the heterologous nucleic acid encoding a polyprenyl pyrophosphate synthase

polypeptide is operably linked to a constitutive promoter. In some aspects, the heterologous

nucleic acid encoding a polyprenyl pyrophosphate synthase polypeptide is operably linked to an

inducible promoter. In some aspects, the heterologous nucleic acid encoding a polyprenyl

pyrophosphate synthase polypeptide is operably linked to a strong promoter. In some aspects,

the heterologous nucleic acid encoding a polyprenyl pyrophosphate synthase polypeptide is

operably linked to a weak promoter.

[0277] The nucleic acids encoding a polyprenyl pyrophosphate synthase polypeptide(s) can be

integrated into a genome of the host cells or can be stably expressed in the cells. The nucleic

acids encoding a polyprenyl pyrophosphate synthase polypeptide(s) can additionally be on a

vector.

[0278] Exemplary polyprenyl pyrophosphate synthase nucleic acids include nucleic acids that

encode a polypeptide, fragment of a polypeptide, peptide, or fusion polypeptide that has at least

one activity of a polyprenyl pyrophosphate synthase. Polyprenyl pyrophosphate synthase

polypeptides convert isoprenoid precursor molecules into more complex isoprenoid compounds.

Exemplary polyprenyl pyrophosphate synthase polypeptides include polypeptides, fragments of



polypeptides, peptides, and fusions polypeptides that have at least one activity of an isoprene

synthase polypeptide. Exemplary polyprenyl pyrophosphate synthase polypeptides and nucleic

acids include naturally-occurring polypeptides and nucleic acids from any of the source

organisms described herein. In addition, variants of polyprenyl pyrophosphate synthase can

possess improved activity such as improved enzymatic activity. In some aspects, a polyprenyl

pyrophosphate synthase variant has other improved properties, such as improved stability (e.g.,

thermo-stability), and/or improved solubility. Exemplary polyprenyl pyrophosphate synthase

nucleic acids can include nucleic acids which encode polyprenyl pyrophosphate synthase

polypeptides such as, without limitation, geranyl diphosphate (GPP) synthase, farnesyl

pyrophosphate (FPP) synthase, and geranylgeranyl pyrophosphate (GGPP) synthase, or any

other known polyprenyl pyrophosphate synthase polypeptide.

[0279] In some aspects of the invention, the cells that have been engineered for increased

carbon flux to isoprenoids described in any of the compositions or methods herein further

comprise one or more nucleic acids encoding a farnesyl pyrophosphate (FPP) synthase. The

FPP synthase polypeptide can be an endogenous polypeptide encoded by an endogenous gene.

In some aspects, the FPP synthase polypeptide is encoded by an endogenous ispA gene in E. coli

(e.g. SEQ ID NO:23). The endogenous nucleic acid encoding an FPP synthase polypeptide can

be operably linked to a constitutive promoter or can similarly be operably linked to an inducible

promoter. The endogenous nucleic acid encoding an FPP synthase polypeptide can additionally

be operably linked to a strong promoter. In particular, the cells can be engineered to over-

express the endogenous FPP synthase polypeptide relative to wild-type cells.

[0280] In some aspects, the FPP synthase polypeptide is a heterologous polypeptide. The cells

of the present invention can comprise more than one copy of a heterologous nucleic acid

encoding a FPP synthase polypeptide. In some aspects, the heterologous nucleic acid encoding a

FPP synthase polypeptide is operably linked to a constitutive promoter. In some aspects, the

heterologous nucleic acid encoding a FPP synthase polypeptide is operably linked to an

inducible promoter. In some aspects, the heterologous nucleic acid encoding a polyprenyl

pyrophosphate synthase polypeptide is operably linked to a strong promoter.

[0281] The nucleic acids encoding an FPP synthase polypeptide can be integrated into a

genome of the host cells or can be stably expressed in the cells. The nucleic acids encoding an

FPP synthase can additionally be on a vector.

[0282] Standard methods can be used to determine whether a polypeptide has polyprenyl

pyrophosphate synthase polypeptide activity by measuring the ability of the polypeptide to



convert IPP into higher order isoprenoids in vitro, in a cell extract, or in vivo. These methods are

well known in the art and are described, for example, in U.S. Patent No.: 7,915,026; Hsieh et al.,

Plant Physiol. 2011 Mar;155(3):1079-90; Danner et al., Phytochemistry. 2011 Apr 12 [Epub

ahead of print]; Jones et al., J Biol Chem. 201 1 Mar 24 [Epub ahead of print]; Keeling et al.,

BMC Plant Biol. 201 1 Mar 7;1 1:43; Martin et al., BMC Plant Biol. 2010 Oct 21;10:226;

Kumeta & Ito, Plant Physiol. 2010 Dec; 154(4): 1998-2007; and Kollner & Boland, Org Chem.

2010 Aug 20;75(16):5590-600.

Recombinant Cells Capable of Increased Production of Isoprenoid Precursors and/or
Isoprenoids

[0283] The recombinant microorganisms (e.g., recombinant bacterial, fungal, or algal cells)

described herein have the ability to produce isoprenoid precursors and/or isoprenoids at an

amount and/or concentration greater than that of the same cells without any manipulation to the

various enzymatic pathways described herein. In addition, the cells described herein have the

ability to produce isoprenoid precursors and/or isoprenoids at an amount and/or concentration

greater than that of the same cells that have not been engineered for increased carbon flux to

isoprenoids and which lack one or more nucleic acids encoding one or more acetylating proteins,

wherein the cells have been engineered such that the expression of the nucleic acids and/or

activity of the acetylating protein(s) is modulated, and one or more heterologous nucleic acids

encoding a polyprenyl pyrophosphate synthase polypeptide. The acetylating proteins can be

acetyltransferases (such as, but not limited to, YfiQ) and/or deacetylases (such as, but not limited

to CobB). In some embodiments, the activity of the YfiQ polypeptide is modulated by

decreasing, attenuating, or deleting the expression of the gene encoding the YfiQ polypeptide

(such as, but not limited to, deletion of an endogenous yfiQ gene). In other embodiments, the

activity of the CobB polypeptide is modulated by increasing the activity of the CobB protein

(such as, but not limited to, increasing the expression of an endogenous cobB gene or

heterologous expression of a nucleic acid encoding cobB). In other embodiments, culturing

these cells in a suitable media provides for improved production of isoprenoid precursors and/or

isoprenoids compared to a cell producing isoprenoid precursors and/or isoprenoids that does not

comprise one or more acetylating proteins, wherein said proteins are engineered such that their

activity is modulated. In certain aspects, these cells can further comprise one or more copies of

a heterologous nucleic acid encoding polypeptides of the entire MVA pathway and/or one or

more heterologous nucleic acids encoding a phosphoketolase polypeptide. The one or more

heterologous nucleic acids can be integrated into the host cell's chromosome, in any aspect of

the cells disclosed herein. In other aspects, improved production of isoprenoid precursors and/or



isoprenoid is characterized by one or more of an increase in isoprenoid precursor and/or

isoprenoid specific productivity, an increase in isoprenoid precursor and/or isoprenoid titer, an

increase in isoprenoid precursor and/or isoprenoid yield, an increase in cell viability, and/or a

decrease in acetate production.

[0284] In one aspect of the invention, there are provided cells that have been engineered for

increased carbon flux to isoprenoids and/or isoprenoid precursors comprising one or more

nucleic acids encoding one or more acetylating proteins, wherein said cells have been

engineered such that the expression of the nucleic acids and/or activity of the acetylating

protein(s) is modulated, one or more heterologous nucleic acids encoding polypeptides of the

entire MVA pathway, and/or one or more heterologous nucleic acids encoding a

phosphoketolase polypeptide, and/or one or more heterologous nucleic acids encoding a DXP

pathway polypeptide(s), and/or one or more heterologous nucleic acids encoding polyprenyl

pyrophosphate synthase. The cells can further comprise one or more heterologous nucleic acids

encoding an IDI polypeptide. Additionally, the polyprenyl pyrophosphate synthase polypeptide

can be an FPP synthase polypeptide. The one or more heterologous nucleic acids can be

operably linked to constitutive promoters, can be operably linked to inducible promoters, or can

be operably linked to a combination of inducible and constitutive promoters. The one or more

heterologous nucleic acids can additionally be operably linked strong promoters, weak

promoters, and/or medium promoters. One or more of the heterologous nucleic acids encoding

one or more acetylating proteins, wherein said proteins are engineered such that their activity is

modulated, one or more heterologous nucleic acids encoding polypeptides of the entire MVA

pathway, one or more heterologous nucleic acids encoding a phosphoketolase polypeptide, one

or more heterologous nucleic acids encoding a DXP pathway polypeptide(s), and/or one or more

heterologous nucleic acids encoding polyprenyl pyrophosphate synthase can be integrated into a

genome of the host cells or can be stably expressed in the cells. The one or more heterologous

nucleic acids can additionally be on a vector.

[0285] Provided herein are methods of using any of the cells that have been engineered for

increased carbon flux to isoprenoids and/or isoprenoid precursor described above for enhanced,

improved, or increased isoprenoid precursor and/or isoprenoid production. As used herein,

"enhanced'V'improved'V "increased" isoprenoid precursor and/or isoprenoid production refers to

an increased cell productivity index (CPI) for isoprenoid precursor and/or isoprenoid production,

an increased titer of isoprenoid precursors and/or isoprenoids, an increased mass yield of

isoprenoid precursors and/or isoprenoids, an increase in isoprenoid precursor and/or isoprenoid

specific productivity, an increase in cell viability, and/or a decrease in acetate production by the



cells described by any of the compositions and methods described herein compared to cells

which do not comprise one or more nucleic acids encoding one or more acetylating proteins,

wherein said cells have been engineered such that the expression of the nucleic acids and/or

activity of the acetylating protein(s) is modulated. The production of isoprenoid precursors

and/or isoprenoids can be enhanced by about 5% to about 1,000,000 folds. The production of

isoprenoid precursors and/or isoprenoids can be enhanced by about 10% to about 1,000,000

folds {e.g., about 1 to about 500,000 folds, about 1 to about 50,000 folds, about 1 to about 5,000

folds, about 1 to about 1,000 folds, about 1 to about 500 folds, about 1 to about 100 folds, about

1 to about 50 folds, about 5 to about 100,000 folds, about 5 to about 10,000 folds, about 5 to

about 1,000 folds, about 5 to about 500 folds, about 5 to about 100 folds, about 10 to about

50,000 folds, about 50 to about 10,000 folds, about 100 to about 5,000 folds, about 200 to about

1,000 folds, about 50 to about 500 folds, or about 50 to about 200 folds) compared to the

production of isoprenoid and/or isoprenoid precursors by cells without the expression of one or

more acetylating proteins, wherein said proteins are engineered such that their activity is

modulated.

[0286] The production of isoprenoid precursors and/or isoprenoids can also be enhanced by at

least about any of 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 1 fold, 2 folds, 5

folds, 10 folds, 20 folds, 50 folds, 100 folds, 200 folds, 500 folds, 1000 folds, 2000 folds, 5000

folds, 10,000 folds, 20,000 folds, 50,000 folds, 100,000 folds, 200,000 folds, 500,000 folds, or

1,000,000 folds compared to the production of isoprenoid precursors and/or isoprenoids by

naturally-occurring cells or by cells without the expression of one or more acetylating proteins,

wherein said proteins are engineered such that their activity is modulated and which have not

been engineered for increased carbon flux to isoprenoids and/or isoprenoid precursor production.

Methods of Using the Recombinant Cells to Produce Isoprenoids and/or Isoprenoid
Precursor Molecules

[0287] Also provided herein are methods of producing isoprenoid precursor molecules and/or

isoprenoids comprising culturing recombinant microorganisms {e.g., recombinant bacterial,

fungal, or algal cells) that have been engineered in various enzymatic pathways described herein

and/or comprising one or more nucleic acids encoding one or more acetylating proteins, wherein

said cells have been engineered such that the expression of the nucleic acids and/or activity of

the acetylating protein(s) is modulated, one or more heterologous nucleic acids encoding

polypeptides of the entire MVA pathway, and a polyprenyl pyrophosphate synthase polypeptide.

In certain embodiments, the recombinant cells further comprise one or more nucleic acids

encoding a phosphoketolase polypeptide. The isoprenoid precursor molecules and/or isoprenoids



can be produced from any of the cells described herein and according to any of the methods

described herein. Any of the cells can be used for the purpose of producing isoprenoid precursor

molecules and/or isoprenoids from carbohydrates, such as, but not limited to, glucose or from

other carbon sources, such as, but not limited to, acetate.

[0288] Thus, provided herein are methods of making isoprenoid precursor molecules and/or

isoprenoids comprising (a) culturing cells that have been engineered for increased carbon flux to

isoprenoids and/or isoprenoid precursors; and (b) producing isoprenoid precursor molecules

and/or isoprenoids. In other aspects, provided herein are methods of making isoprenoid

precursor molecules and/or isoprenoids comprising (a) culturing cells (such as bacterial, fungal,

or algal cells) comprising one or more nucleic acids encoding one or more acetylating proteins,

wherein said cells have been engineered such that the expression of the nucleic acids and/or

activity of the acetylating protein(s) is modulated, in a suitable media for producing isoprene and

(b) producing isoprenoid precursor molecules and/or isoprenoids. The cells can further comprise

one or more nucleic acid molecules encoding polypeptides of the entire MVA pathway as

described above and/or one or more nucleic acid molecules encoding a phosphoketolase

polypeptide. In some aspects, the cells (such as bacterial, fungal, or algal cells) can be any of

the cells described herein. In some aspects, the method of producing isoprenoid precursor

molecules and/or isoprenoids further comprises a step of recovering the isoprenoid precursor

molecules and/or isoprenoids.

[0289] In one exemplary embodiment, the instant methods for the production of isoprenoid

precursor molecules and/or isoprenoids can produce at least 5% greater amounts of isoprenoid

precursors and/or isoprenoids when compared to isoprenoids and/or isoprenoid precursor-

producing cells that have not been engineered for increased carbon flux to isoprenoids and/or

isoprenoid precursors and that do not comprise one or more nucleic acids encoding one or more

acetylating proteins, wherein said cells have been engineered such that the expression of the

nucleic acids and/or activity of the acetylating protein(s) is modulated. In other aspects,

provided herein are methods for the production of isoprenoid precursor molecules and/or

isoprenoids that in one exemplary embodiment can produce at least 5% greater amounts of

isoprenoid precursors and/or isoprenoids when compared to isoprenoids and/or isoprenoid

precursor -producing cells (such as bacterial, fungal, or algal cells) that do not comprise one or

more nucleic acids encoding one or more acetylating proteins, wherein said cells have been

engineered such that the expression of the nucleic acids and/or activity of the acetylating

protein(s) is modulated, and which have not been engineered for increased carbon flux to

isoprenoids and/or isoprenoid precursor production. Alternatively, the cells (such as bacterial,



fungal, or algal cells) can produce greater than about 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%,

10%, 11%, 12%, 13%, 14%, or 15% of isoprenoid precursors and/or isoprenoids, inclusive. In

some aspects, the method of producing isoprenoid precursor molecules and/or isoprenoids

further comprises a step of recovering the isoprenoid precursor molecules and/or isoprenoids.

[0290] Provided herein are methods of using any of the cells that have been engineered for

increased carbon flux to isoprenoids and/or isoprenoid precursors described above for enhanced

isoprenoid and/or isoprenoid precursor molecule production. As used herein, "enhanced"

isoprenoid precursor and/or isoprenoid production refers to an increased cell productivity index

(CPI) for isoprenoid precursor and/or isoprenoid production, an increased titer of isoprenoid

precursors and/or isoprenoids, an increased mass yield of isoprenoid precursors and/or

isoprenoids, an increased specific productivity of isoprenoid precursors and/or isoprenoids,

increased cumulative yield isoprenoid precursors and/or isoprenoids, an increase in late

fermentation of isoprenoid precursors and/or isoprenoids, and increase in cell viability, and/or a

decrease in acetate production by the cells described by any of the compositions and methods

described herein compared to cells which do not comprise one or more nucleic acids encoding

one or more acetylating proteins, wherein said cells have been engineered such that the

expression of the nucleic acids and/or activity of the acetylating protein(s) is modulated. The

production of isoprenoid precursor molecules and/or isoprenoids can be enhanced by about 10%

to about 1,000,000 folds {e.g., about 1 to about 500,000 folds, about 1 to about 50,000 folds,

about 1 to about 5,000 folds, about 1 to about 1,000 folds, about 1 to about 500 folds, about 1 to

about 100 folds, about 1 to about 50 folds, about 5 to about 100,000 folds, about 5 to about

10,000 folds, about 5 to about 1,000 folds, about 5 to about 500 folds, about 5 to about 100

folds, about 10 to about 50,000 folds, about 50 to about 10,000 folds, about 100 to about 5,000

folds, about 200 to about 1,000 folds, about 50 to about 500 folds, or about 50 to about 200

folds) compared to the production of isoprenoid precursor molecules and/or isoprenoids by cells

that do not comprise one or more nucleic acids encoding one or more acetylating proteins,

wherein said cells have been engineered such that the expression of the nucleic acids and/or

activity of the acetylating protein(s) is modulated. In one exemplary embodiment, the

production of isoprenoid precursor molecules and/or isoprenoids can be enhanced by about 5%

to about 1,000,000 folds.

[0291] The production of isoprenoid precursor molecules and/or isoprenoids can also be

enhanced by at least about any of 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 1 fold, 2

folds, 5 folds, 10 folds, 20 folds, 50 folds, 100 folds, 200 folds, 500 folds, 1000 folds, 2000

folds, 5000 folds, 10,000 folds, 20,000 folds, 50,000 folds, 100,000 folds, 200,000 folds,



500,000 folds, or 1,000,000 folds compared to the production of isoprenoid precursor molecules

and/or isoprenoids by cells that do not comprise one or more nucleic acids encoding one or

more acetylating proteins, wherein said cells have been engineered such that the expression of

the nucleic acids and/or activity of the acetylating protein(s) is modulated.

Modulation of Additional Enzymatic Pathways for the Improved Production of Mevalonate,

Isoprene, Isoprenoids, Isoprenoid Precursors, and Acetyl-CoA-Derived Products

[0292] In some aspects of the invention, the recombinant cells described in any of the

compositions or methods described herein further comprise one or more nucleic acids encoding

one or more proteins, where the cells have been modified such that the expression of the nucleic

acids and/or activity of the proteins is modulated. Such further modulation of additional genes

involved in the utilization of carbon during cellular metabolism or that are implicated with

respect to the available intracellular supply of acetyl-CoA may also be modulated to improve

production of mevalonate, isoprene, isoprenoid precursors, and/or isoprenoids. These include,

but are not limited to the modulations of pathways involving phosphofructokinase, modulations

of pathways involving phosphoketolase, modulations of the pentose phosphate pathway

enzymes, modulations of enzymes involved in acetate production, acetate cycling, and acetyl-

CoA production, modulations of pathways involving the Entner-Doudoroff pathway,

modulations of pathways Involving the Oxidative Branch of the Pentose Phosphate Pathway,

and the like.

Nucleic Acids Encoding Phosphoketolase Polypeptides

[0293] In some aspects of the invention, the recombinant cells described in any of the

compositions or methods described herein can further comprise one or more nucleic acids

encoding a phosphoketolase polypeptide or a polypeptide having phosphoketolase activity. In

some aspects, the phosphoketolase polypeptide is a heterologous polypeptide. In some aspects,

the heterologous nucleic acid encoding a phosphoketolase polypeptide is operably linked to a

constitutive promoter. In some aspects, the heterologous nucleic acid encoding a

phosphoketolase polypeptide is operably linked to an inducible promoter. In some aspects, the

heterologous nucleic acid encoding a phosphoketolase polypeptide is operably linked to a strong

promoter. In some aspects, more than one heterologous nucleic acid encoding a

phosphoketolase polypeptide is used (e.g., 2, 3, 4, or more copies of a heterologous nucleic acid

encoding a phosphoketolase polypeptide). In some aspects, the heterologous nucleic acid

encoding a phosphoketolase polypeptide is operably linked to a weak promoter. In a particular



aspect, the cells are engineered to overexpress the endogenous phosphoketolase polypeptide

relative to wild-type cells.

[0294] Phosphoketolase enzymes catalyze the conversion of xylulose 5-phosphate to

glyceraldehyde 3-phosphate and acetyl phosphate and/or the conversion of fructose 6-phosphate

to erythrose 4-phosphate and acetyl phosphate. In certain embodiments, the phosphoketolase

enzyme is capable of catalyzing the conversion of xylulose 5-phosphate to glyceraldehyde 3-

phosphate and acetyl phosphate. In other embodiments, the phosphoketolase enzyme is capable

of catalyzing the conversion of fructose 6-phosphate to erythrose 4-phosphate and acetyl

phosphate. Thus, without being bound by theory, the expression of phosphoketolase as set forth

herein can result in an increase in the amount of acetyl phosphate produced from a carbohydrate

source. This acetyl phosphate can be converted into acetyl-CoA which can then be utilized by

the enzymatic activities of the MVA pathway to produces mevalonate, isoprenoid precursor

molecules, isoprene and/or isoprenoids. Thus the amount of these compounds produced from a

carbohydrate substrate may be increased. Alternatively, production of Acetyl-P and AcCoA can

be increased without the increase being reflected in higher intracellular concentration. In certain

embodiments, intracellular acetyl-P or acetyl-CoA concentrations will remain unchanged or

even decrease, even though the phosphoketolase reaction is taking place.

[0295] Exemplary phosphoketolase nucleic acids include nucleic acids that encode a

polypeptide, fragment of a polypeptide, peptide, or fusion polypeptide that has at least one

activity of a phosphoketolase polypeptide. Exemplary phosphoketolase polypeptides and

nucleic acids include naturally-occurring polypeptides and nucleic acids from any of the source

organisms described herein as well as mutant polypeptides and nucleic acids derived from any of

the source organisms described herein.

[0296] Standard methods can be used to determine whether a polypeptide has phosphoketolase

peptide activity by measuring the ability of the peptide to convert D-fructose 6-phosphate or D-

xylulose 5-phosphate into acetyl-P. Acetyl-P can then be converted into ferryl acetyl

hydroxamate, which can be detected spectrophotometrically (Meile et a , J. Bact. 183:2929-

2936, 2001). Any polypeptide identified as having phosphoketolase peptide activity as described

herein is suitable for use in the present invention.

[0297] In other aspects, exemplary phosphoketolase nucleic acids include, for example, a

phosphoketolase isolated from Lactobacillus reuteri, Bifidobacterium longum, Ferrimonas

balearica, Pedobactor saltans, Streptomyces griseus, Mycoplasma hominis, and/or Nocardiopsis



dassonvillei. Additional examples of phosphoketolase enzymes which can be used herein are

described in U.S. 7,785,858, which is incorporated by reference herein.

Pathways Involving the Entner-Doudoroff pathway

[0298] The Entner-Doudoroff (ED) pathway is an alternative to the Emden-Meyerhoff-Parnass

(EMP -glycolysis) pathway. Some organisms, like E. coli, harbor both the ED and EMP

pathways, while others have only one or the other. Bacillus subtilis has only the EMP pathway,

while Zymomonas mobilis has only the ED pathway (Peekhaus and Conway. 1998. J . Bact.

180:3495-3502; Stulke and Hillen. 2000. Annu. Rev. Microbiol. 54, 849-880; Dawes et al.

1966. Biochem. J. 98:795-803).

[0299] Phosphogluconate dehydratase (edd) removes one molecule of H20 from 6-phospho-

D-gluconate to form 2-dehydro-3-deoxy-D-gluconate 6-phosphate, while 2-keto-3-

deoxygluconate 6-phosphate aldolase (eda) catalyzes an aldol cleavage (Egan et al. 1992. .

Bact. 174:4638-4646). The two genes are in an operon.

[0300] Metabolites that can be directed into the phosphoketolase pathway can also be diverted

into the ED pathway. To avoid metabolite loss to the ED-pathway, phosphogluconate

dehydratase gene (e.g., the endogenous phosphogluconate dehydratase gene) and/or a 2-keto-3-

deoxygluconate 6-phosphate aldolase gene (e.g., the endogenous 2-keto-3-deoxygluconate 6-

phosphate aldolase gene) activity is attenuated. One way of achieving attenuation is by deleting

phosphogluconate dehydratase (edd) and/or 2-keto-3-deoxygluconate 6-phosphate aldolase

(eda). This can be accomplished by replacing one or both genes with a chloramphenicol or

kanamycin cassette followed by looping out of the cassette. Without these enzymatic activities,

more carbon can flux through the phosphoketolase enzyme, thus increasing the yield of

mevalonate, isoprene, isoprenoid precursor molecules, isoprenoids, and/or acetyl-CoA derived

products.

[0301] The activity of phosphogluconate dehydratase (edd) and/or 2-keto-3-deoxygluconate 6-

phosphate aldolase (eda) can also be decreased by other molecular manipulations of the

enzymes. The decrease of enzyme activity can be any amount of reduction of specific activity or

total activity as compared to when no manipulation has been effectuated. In some instances, the

decrease of enzyme activity is decreased by at least about 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%,

9%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%,

85%, 90%, 95%, 96%, 97%, 98%, or 99%.



[0302] In some cases, attenuating the activity of the endogenous phosphogluconate

dehydratase gene and/or the endogenous 2-keto-3-deoxygluconate 6-phosphate aldolase gene

results in more carbon flux into the mevalonate dependent biosynthetic pathway in comparison

to cells that do not have attenuated endogenous phosphogluconate dehydratase gene and/or

endogenous acetate kinase2-keto-3-deoxygluconate 6-phosphate aldolase gene expression.

Pathways Involving the Oxidative Branch of the Pentose Phosphate Pathway

[0303] E. coli uses the pentose phosphate pathway to break down hexoses and pentoses and to

provide cells with intermediates for various anabolic pathways. It is also a major producer of

NADPH. The pentose phosphate pathway is composed from an oxidative branch (with enzymes

like glucose 6-phosphate 1-dehydrogenase (zwf), 6-phosphogluconolactonase (pgl) or 6-

phosphogluconate dehydrogenase (gnd)) and a non-oxidative branch (with enzymes such as

transketolase (tktA), transaldolase (talA or talB), ribulose-5-phosphate-epimerase and (or) ribose-

5-phosphate epimerase) (Sprenger. 1995. Arch. Microbiol. 164:324-330).

[0304] In order to direct carbon towards the phosphoketolase enzyme, expression and/or

activity of proteins of the non-oxidative branch of the pentose phosphate pathway (transketolase,

transaldolase, ribulose-5-phosphate-epimerase and (or) ribose-5-phosphate epimerase) can be

modulated (e.g., increase enzyme activity) to allow more carbon to flux towards fructose 6-

phosphate and xylulose 5-phosphate, thereby increasing the eventual production of mevalonate,

isoprene, isoprenoid precursor molecules, isoprenoids, and/or acetyl-CoA derived products.

Increase of transketolase, transaldolase, ribulose-5-phosphate-epimerase and (or) ribose-5-

phosphate epimerase activity can be any amount of increase of specific activity or total activity

as compared to when no manipulation has been effectuated. In some instances, the enzyme

activity is increased by at least about 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 15%, 20%,

25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 96%,

97%, 98%, 99%, or 100%. In some aspects, the activity of transketolase, transaldolase, ribulose-

5-phosphate-epimerase and (or) ribose-5-phosphate epimerase is modulated by increasing the

activity of an endogenous transketolase, transaldolase, ribulose-5-phosphate-epimerase and (or)

ribose-5-phosphate epimerase. This can be accomplished by replacing the endogenous

transketolase, transaldolase, ribulose-5-phosphate-epimerase and (or) ribose-5-phosphate

epimerase gene promoter with a synthetic constitutively high expressing promoter. The genes

encoding transketolase, transaldolase, ribulose-5-phosphate-epimerase and (or) ribose-5-

phosphate epimerase can also be cloned on a plasmid behind an appropriate promoter. The

increase of the activity of transketolase, transaldolase, ribulose-5-phosphate-epimerase and (or)



ribose-5-phosphate epimerase can result in more carbon flux into the mevalonate dependent

biosynthetic pathway in comparison to cells that do not have increased expression of

transketolase, transaldolase, ribulose-5-phosphate-epimerase and (or) ribose-5-phosphate

epimerase.

Pathways Involving Phosphofructokinase

[0305] Phosphofructokinase is a crucial enzyme of glycolysis which catalyzes the

phosphorylation of fructose 6-phosphate. E. coli has two isozymes encoded by pfkA and pfkB.

Most of the phosphofructokinase activity in the cell is due to pfkA (Kotlarz et al. 1975, Biochim.

Biophys. Acta, 381:257-268).

[0306] In order to direct carbon towards the phosphoketolase enzyme, phosphofructokinase

expression can be modulated {e.g., decrease enzyme activity) to allow more carbon to flux

towards fructose 6-phosphate and xylulose 5-phosphate, thereby increasing the eventual

production of mevalonate, isoprene, isoprenoid precursor molecules, isoprenoids, and/or acetyl-

CoA derived products. Decrease of phosphofructokinase activity can be any amount of

reduction of specific activity or total activity as compared to when no manipulation has been

effectuated. In some instances, the decrease of enzyme activity is decreased by at least about

1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%,

55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or 100%. In some

aspects, the activity of phosphofructokinase is modulated by decreasing the activity of an

endogenous phosphofructokinase. This can be accomplished by replacing the endogenous

phosphofructokinase gene promoter with a synthetic constitutively low expressing promoter.

The gene encoding phosphofructokinase can also be deleted. The decrease of the activity of

phosphofructokinase can result in more carbon flux into the mevalonate dependent biosynthetic

pathway in comparison to cells that do not have decreased expression of phosphofructokinase.

Modulation of Genes Involved in Acetate Production, Acetate Cycling, and Acetyl-CoA

Production

[0307] In order to produce useful industrial fermentation products, microorganisms (such as

E.coli and yeasts) have been widely used as host strains for high-cell-density fermentations. A

substantial amount of glucose is added into the growth medium for high-density growth of host

cells as well as for expression of heterologously expressed recombinant genes, since glucose is a

relatively inexpensive and readily utilizable carbon and energy source. One major problem that

can occur during high-cell-density fermentation is the production of fermentative acidic by-



products, of which acetate is the most predominant, that can be a major factor in the limitation of

cellular growth and production (Han et al., Biotechnol. Bioeng., 39, 663 (1992); Luli et al., Appl.

Environ. Microbiol, 56, 1004 (1990)).

[0308] In the embodiments provided herein, acetate cycling proteins, acetate production

proteins, or Acetyl-CoA production-related proteins include, but are not limited to

Phosphotransacetylase (Pta), acetate kinase (AckA), AMP-forming acetyl-coenzyme A

synthetase (Acs), and acetate transporter/acetate pump/ (actP). In any one of the embodiments

described herein, mutations to one or more genes encoding these proteins increase or

decrease/attenuate/delete expression, or changes to the activities of these proteins can be made

either singly, or in combination, to further enhance the production of mevalonate, isoprene,

isoprenoids, isoprenoid precursors, and/or acetyl-CoA-derived products. Changes to the

expression and/or activity of these acetate cycling proteins can be made singly or in combination

with modulation of the activity of one or more acetylating proteins (such as, but not limited to

YfiQ and/or CobB, as described above). In some embodiments, the activity of an

acetyltransferase is modulated by deleting or attenuating the expression of the acetyltransferase

polypeptide or the acetyltransferase gene along with modulation of one or more acetate cycling

genes/proteins. In exemplary embodiments, the activity of YfiQ is modulated by deleting or

attenuating the expression of the YfiQ polypeptide or the yfiQ gene. In other embodiments, the

activity of a deacetylase is modulated by increasing the expression or activity of the deacetylase

polypeptide or the deacetylase gene along with modulation of one or more acetate cycling

genes/proteins. In exemplary embodiments, the activity of CobB is modulated by increasing the

expression or activity of the CobB polypeptide or the cobB gene.

[0309] For glucose metabolism in microorganisms under aerobic conditions, carbon flow

exceeding the capacity of the Kreb's cycle (the TCA cycle), is converted to acetic acid/acetate

which is ultimately excreted outside the cell (Majewski & Domach, Biotechnol. Bioeng., 35, 732

(1990)). The excreted acetic acid/acetate can inhibit the growth of the host strain and the

production of the desired fermentation product.

[0310] Phosphotransacetylase (Pta) (Shimizu et al. 1969. Biochim. Biophys. Acta 191: 550-

558) catalyzes the reversible conversion between acetyl-CoA and acetyl phosphate (referred to

interchangeably herein as acetylphosphate, acetyl-phosphate, acetyl-P, or Ac-P), while acetate

kinase (AckA) (Kakuda, H. et al. 1994. J . Biochem. 11:916-922) uses acetyl phosphate to form

acetate. The genes encoding these proteins can be transcribed as an operon in E. coli. Together,

they catalyze the dissimilation of acetate, with the release of ATP. Thus, one of skill in the art



can increase the amount of available acetyl-CoA by modulating the activity of

phosphotransacetylase gene (e.g., the endogenous phosphotransacetylase gene) and/or an acetate

kinase gene (e.g., the endogenous acetate kinase gene). For example, such modulation can be

achieved by increasing the expression of a phosphotransacetylase gene. Such modulation can

also be achieved by increasing the expression of the acetate kinase gene. In a particular

embodiment, the modulation can be achieved by altering the expression of both the

phosphotransacetylase and acetate kinase genes. The modulation can also be achieved by

decreasing, attenuating, or deleting the expression of a phosphotransacetylase gene and/or an

acetate kinase gene. One way of achieving attenuation is by deleting the phosphotransacetylase

(pta) and/or acetate kinase (ackA) genes. This can be accomplished by replacing one or both

genes with a chloramphenicol cassette followed by looping out of the cassette. Without being

bound by theory, deleting these genes could increase the yield of mevalonate, isoprene or

isoprenoids by diverting more carbon into the mevalonate pathway and away from production of

acetate.

[0311] Alternatively, without being bound by theory, increasing the expression or activity of

ackA can increase the production of acetate to be used to synthesize acetyl-CoA.

[0312] Alternatively, without being bound by theory, increasing the expression or activity of

pta can increase the production of acetyl-CoA.

[0313] Further, modulation of the expression of pta and/or an ackA gene can be performed in

combination with modulation of the activity of one or more acetylating proteins (such as, but not

limited to YfiQ and/or CobB, as described above). In some embodiments, the activity of an

acetyltransferase is modulated by deleting or attenuating the expression of the acetyltransferase

polypeptide or the acetyltransferase gene. In exemplary embodiments, the activity of YfiQ is

modulated by deleting or attenuating the expression of the YfiQ polypeptide or the yfiQ gene. In

other embodiments, the activity of a deacetylase is modulated by increasing the expression or

activity of the deacetylase polypeptide or the deacetylase gene. In exemplary embodiments, the

activity of CobB is modulated by increasing the expression or activity of the CobB polypeptide

or the cobB gene.

[0314] Another protein involved in acetate production and acetate cycling in microorganisms

is AMP-forming acetyl-coenzyme A synthetase (Acs), which is a ubiquitous enzyme responsible

for the conversion of acetate to the high energy intermediate acetyl-CoA, a keystone molecule of

central metabolism (Cerezo et al., 2011, Molec. Microb., 82(5): 1110-28). Without being bound

to theory, cells engineered to increase the expression of Acs could be expected to produce higher



amounts of acetyl-CoA. Additional, Acs is a substrate for acetyltransferases and deacetylases.

By way of example only, the deacetylase activity of CobB has been demonstrated on Acs in

vitro (Zhao et al., 2004, J. Mol. Biol., 337:731-41). Without being bound to theory, since

acetylation of Acs can results in its enzymatic inactivation, cells engineered to decrease the

amount of Acs acetylation could be expected to produce higher amounts of acetyl-CoA. Further,

modulation of the expression of the Acs gene can be performed in combination with modulation

of the activity of one or more acetylating proteins (such as, but not limited to YfiQ and/or CobB,

as described above). In some embodiments, the activity of an acetyltransferase is modulated by

deleting or attenuating the expression of the acetyltransferase polypeptide or the

acetyltransferase gene. In exemplary embodiments, the activity of YfiQ is modulated by

deleting or attenuating the expression of the YfiQ polypeptide or the yfiQ gene. In other

embodiments, the activity of a deacetylase is modulated by increasing the expression or activity

of the deacetylase polypeptide or the deacetylase gene. In exemplary embodiments, the activity

of CobB is modulated by increasing the expression or activity of the CobB polypeptide or the

cobB gene.

[0315] Another protein involved in acetate production and acetate handling in microorganisms

is the acetate transporter/acetate pump (actP). actP activity can be decreased or attenuated to

minimize transport of acetate across the membrane. Without being bound to theory, it is

believed that if acetate production is coupled with transport across the membrane, this could

result in energy loss due to decoupling of the proton gradient. In some aspects, decreased

activity of actP or lack of actP can be used to improve production of mevalonate, isoprene,

isoprenoid precursors, and isoprenoids. A modified actP gene may be introduced using

chromosomal integration or extra-chromosomal vehicles, such as plasmids. In yet other aspects,

actP may be deleted from the genome of cells (for example, microorganisms, such as various E.

coli strains) which express a actP to improve production of mevalonate and/or isoprene. In

another aspect, a heterologous nucleic acid encoding a actP polypeptide can be expressed in a

cell which does not endogenously express actP. Further, modulation of the expression of the

actP gene can be performed in combination with modulation of the activity of one or more

acetylating proteins (such as, but not limited to YfiQ and/or CobB, as described above). In some

embodiments, the activity of an acetyltransferase is modulated by deleting or attenuating the

expression of the acetyltransferase polypeptide or the acetyltransferase gene. In exemplary

embodiments, the activity of YfiQ is modulated by deleting or attenuating the expression of the

YfiQ polypeptide or the yfiQ gene. In other embodiments, the activity of a deacetylase is

modulated by increasing the expression or activity of the deacetylase polypeptide or the



deacetylase gene. In exemplary embodiments, the activity of CobB is modulated by increasing

the expression or activity of the CobB polypeptide or the cobB gene.

[0316] In some aspects, deletion or attenuation of actP, ackA, and/or pta results in any of

about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, such as any

values in between these percentages, higher percent yield of isoprene in comparison to

microorganisms that express actP, ackA, and/or pta. In other aspects, deletion of actP, ackA, or

pta results in any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%,

inclusive, including any values in between these percentages, higher instantaneous percent yield

of isoprene in comparison to microorganisms that express actP, ackA, and/or pta. In other

aspects, deletion of actP, ackA, and/or pta results in any of about 10%, 20%, 30%, 40%, 50%,

60%, 70%, 80%, 90%, or 100%, inclusive, including any values in between these percentages,

higher cell productivity index for isoprene in comparison to microorganisms that express actP,

ackA, and/or pta. In other aspects, deletion of actP, ackA, and/or pta results in any of about

10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any values in

between these percentages, higher volumetric productivity of isoprene in comparison to

microorganisms that express actP, ackA, and/or pta. In other aspects, deletion of actP, ackA,

and/or pta results in any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%,

inclusive, including any values in between these percentages, higher peak specific productivity

of isoprene in comparison to microorganisms that express actP, ackA, and/or pta. In some

aspects the deletion of actP, ackA, and/or pta results in peak specific productivity being

maintained for a longer period of time in comparison to microorganisms that express actP, ackA,

and/or pta.

[0317] In some aspects, the recombinant microorganism produces decreased amounts of

acetate in comparison to microorganisms that do not have attenuated endogenous

phosphotransacetylase gene and/or endogenous acetate kinase gene expression. Decrease in the

amount of acetate produced can be measured by routine assays known to one of skill in the art.

The amount of acetate reduction is at least about 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%,

15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%,

95%, 96%, 97%, 98%, or 99% as compared when no molecular manipulations are done.

[0318] The activity of actP, ackA, and/or pta can also be decreased by other molecular

manipulation of the enzymes. The decrease of enzyme activity can be any amount of reduction

of specific activity or total activity as compared to when no manipulation has been effectuated.

In some instances, the decrease of enzyme activity is decreased by at least about 1%, 2%, 3%,



4%, 5%, 6%, 7%, 8%, 9%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%,

70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99%.

[0319] In some cases, attenuating the activity of the endogenous phosphotransacetylase gene

and/or the endogenous acetate kinase gene results in more carbon flux into the mevalonate

dependent biosynthetic pathway in comparison to microorganisms that do not have attenuated

endogenous phosphotransacetylase gene and/or endogenous acetate kinase gene expression.

[0320] In some embodiments, the activity of AMP-forming acetyl-coenzyme A synthetase

(Acs), phosphotransacetylase (pta) and/or acetate kinase (ackA) can be increased. The increase

of these enzymes' activity can be any amount of increase of specific activity or total activity as

compared to when no manipulation has been effectuated. In some instances, the increase of

enzyme activity is increased by at least about 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%,

15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%,

95%, 96%, 97%, 98%, or 99%.

Citrate Synthase Pathway

[0321] Citrate synthase catalyzes the condensation of oxaloacetate and acetyl-CoA to form

citrate, a metabolite of the Tricarboxylic acid (TCA) cycle (Ner, S. et al. 1983. Biochemistry, 22:

5243-5249; Bhayana, V. and Duckworth, H. 1984. Biochemistry 23: 2900-2905). In E. coli, this

enzyme, encoded by gltA, behaves like a trimer of dimeric subunits. The hexameric form allows

the enzyme to be allosterically regulated by NADH. This enzyme has been widely studied

(Wiegand, G., and Remington, S. 1986. Annual Rev. Biophysics Biophys. Chem.15: 97-117;

Duckworth et al. 1987. Biochem Soc Symp. 54:83-92; Stockell, D. et al. 2003. J. Biol. Chem.

278: 35435-43; Maurus, R. et al. 2003. Biochemistry. 42:5555-5565). To avoid allosteric

inhibition by NADH, replacement by or supplementation with the Bacillus subtilis NADH-

insensitive citrate synthase has been considered (Underwood et al. 2002. Appl. Environ.

Microbiol. 68:1071-1081; Sanchez et al. 2005. Met. Eng. 7:229-239).

[0322] The reaction catalyzed by citrate synthase directly competes with the thiolase

catalyzing the first step of the mevalonate pathway, as they both have acetyl-CoA as a substrate

(Hedl et al. 2002. J. Bact. 184:2116-2122). Therefore, one of skill in the art can modulate citrate

synthase expression (e.g., decrease enzyme activity) to allow more carbon to flux into the

mevalonate pathway, thereby increasing the eventual production of mevalonate, isoprene and

isoprenoids. Decreased citrate synthase activity can be any amount of reduction of specific

activity or total activity as compared to when no manipulation has been effectuated. In some



instances, the decrease of enzyme activity is decreased by at least about 1%, 2%, 3%, 4%, 5%,

6%, 7%, 8%, 9%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%,

75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99%. In some aspects, the activity of citrate

synthase is modulated by decreasing the activity of an endogenous citrate synthase gene. This

can be accomplished by chromosomal replacement of an endogenous citrate synthase gene with

a transgene encoding an NADH-insensitive citrate synthase or by using a transgene encoding an

NADH-insensitive citrate synthase that is derived from Bacillus subtilis. The activity of citrate

synthase can also be modulated {e.g., decreased) by replacing the endogenous citrate synthase

gene promoter with a synthetic constitutively low expressing promoter. The decrease of the

activity of citrate synthase can result in more carbon flux into the mevalonate dependent

biosynthetic pathway in comparison to microorganisms that do not have decreased expression of

citrate synthase.

Pathways Involving Lactate Dehydrogenase

[0323] In E. coli, D-Lactate is produced from pyruvate through the enzyme lactate

dehydrogenase (LdhA) (Bunch, P. et al. 1997. Microbiol. 143:187-195). Production of lactate is

accompanied with oxidation of NADH, hence lactate is produced when oxygen is limited and

cannot accommodate all the reducing equivalents. Thus, production of lactate could be a source

for carbon consumption. As such, to improve carbon flow through to mevalonate production

(and isoprene, isoprenoid precursor and isoprenoids production, if desired), one of skill in the art

can modulate the activity of lactate dehydrogenase, such as by decreasing the activity of the

enzyme.

[0324] Accordingly, in one aspect, the activity of lactate dehydrogenase can be modulated by

attenuating the activity of an endogenous lactate dehydrogenase gene. Such attenuation can be

achieved by deletion of the endogenous lactate dehydrogenase gene. Other ways of attenuating

the activity of lactate dehydrogenase gene known to one of skill in the art may also be used.

[0325] By manipulating the pathway that involves lactate dehydrogenase, the recombinant

microorganism produces decreased amounts of lactate in comparison to microorganisms that do

not have attenuated endogenous lactate dehydrogenase gene expression. Decrease in the amount

of lactate produced can be measured by routine assays known to one of skill in the art. The

amount of lactate reduction is at least about 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 15%,

20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%,

96%, 97%, 98%, or 99% as compared when no molecular manipulations are done.



[0326] The activity of lactate dehydrogenase can also be decreased by other molecular

manipulations of the enzyme. The decrease of enzyme activity can be any amount of reduction

of specific activity or total activity as compared to when no manipulation has been effectuated.

In some instances, the decrease of enzyme activity is decreased by at least about 1%, 2%, 3%,

4%, 5%, 6%, 7%, 8%, 9%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%,

70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99%.

[0327] Accordingly, in some cases, attenuation of the activity of the endogenous lactate

dehydrogenase gene results in more carbon flux into the mevalonate dependent biosynthetic

pathway in comparison to microorganisms that do not have attenuated endogenous lactate

dehydrogenase gene expression.

Pathways Involving Malic Enzyme

[0328] Malic enzyme (in E. coli , encoded by the sfcA and maeB genes) is an anaplerotic

enzyme that catalyzes the conversion of malate into pyruvate (using NAD+ or NADP+) by the

following equation:

(S)-malate + NAD(P)+ pyruvate + C0 2 + NAD(P)H

[0329] Thus, the two substrates of this enzyme are (S)-malate and NAD(P)+, whereas its 3

products are pyruvate, C0 2, and NADPH.

[0330] Expression of the NADP-dependent malic enzyme (MaeB ) (Iwikura, M. et al. 1979. J.

Biochem. 85: 1355-1365) can help increase mevalonate, isoprene, isoprenoid precursors and

isoprenoids yield by 1) bringing carbon from the TCA cycle back to pyruvate, direct precursor

of acetyl-CoA, itself direct precursor of the mevalonate pathway and 2) producing extra NADPH

which could be used in the HMG-CoA reductase reaction (Oh, MK et al. (2002) J. Biol. Chem.

277: 13175-13183; Bologna, F. et al. (2007) J. Bact. 189:5937-5946).

[0331] As such, more starting substrate (pyruvate or acetyl-CoA) for the downstream

production of mevalonate, isoprene, isoprenoid precursors and isoprenoids can be achieved by

modulating, such as increasing, the activity and/or expression of malic enzyme. The NADP-

dependent malic enzyme gene can be an endogenous gene. One non-limiting way to accomplish

this is by replacing the endogenous NADP-dependent malic enzyme gene promoter with a

synthetic constitutively expressing promoter. Another non-limiting way to increase enzyme

activity is by using one or more heterologous nucleic acids encoding an NADP-dependent malic



enzyme polypeptide. One of skill in the art can monitor the expression of maeB RNA during

fermentation or culturing using readily available molecular biology techniques.

[0332] Accordingly, in some embodiments, the recombinant microorganism produces

increased amounts of pyruvate in comparison to microorganisms that do not have increased

expression of an NADP-dependent malic enzyme gene. In some aspects, increasing the activity

of an NADP-dependent malic enzyme gene results in more carbon flux into the mevalonate

dependent biosynthetic pathway in comparison to microorganisms that do not have increased

NADP-dependent malic enzyme gene expression.

[0333] Increase in the amount of pyruvate produced can be measured by routine assays known

to one of skill in the art. The amount of pyruvate increase can be at least about 1%, 2%, 3%,

4%, 5%, 6%, 7%, 8%, 9%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%,

70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99% as compared when no molecular

manipulations are done.

[0334] The activity of malic enzyme can also be increased by other molecular manipulations

of the enzyme. The increase of enzyme activity can be any amount of increase of specific

activity or total activity as compared to when no manipulation has been effectuated. In some

instances, the increase of enzyme activity is at least about 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%,

9%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%,

85%, 90%, 95%, 96%, 97%, 98%, or 99%.

Pathways Involving Pyruvate Dehydrogenase Complex

[0335] The pyruvate dehydrogenase complex, which catalyzes the decarboxylation of

pyruvate into acetyl-CoA, is composed of the proteins encoded by the genes aceE, aceF and

IpdA. Transcription of those genes is regulated by several regulators. Thus, one of skill in the art

can increase acetyl-CoA by modulating the activity of the pyruvate dehydrogenase complex.

Modulation can be to increase the activity and/or expression (e.g., constant expression) of the

pyruvate dehydrogenase complex. This can be accomplished by different ways, for example, by

placing a strong constitutive promoter, like PL.6

(aattcatataaaaaacatacagataaccatctgcggtgataaattatctctggcggtgttgacataaataccactggcggtgatactgagcac

atcagcaggacgcactgaccaccatgaaggtg (SEQ ID NO:l 13), lambda promoter, GenBank

NC_001416), in front of the operon or using one or more synthetic constitutively expressing

promoters.



[0336] Accordingly, in one aspect, the activity of pyruvate dehydrogenase is modulated by

increasing the activity of one or more genes of the pyruvate dehydrogenase complex consisting

of (a) pyruvate dehydrogenase (El), (b) dihydrolipoyl transacetylase, and (c) dihydrolipoyl

dehydrogenase. It is understood that any one, two or three of these genes can be manipulated for

increasing activity of pyruvate dehydrogenase. In another aspect, the activity of the pyruvate

dehydrogenase complex can be modulated by attenuating the activity of an endogenous pyruvate

dehydrogenase complex repressor gene, further detailed below. The activity of an endogenous

pyruvate dehydrogenase complex repressor can be attenuated by deletion of the endogenous

pyruvate dehydrogenase complex repressor gene.

[0337] In some cases, one or more genes of the pyruvate dehydrogenase complex are

endogenous genes. Another way to increase the activity of the pyruvate dehydrogenase complex

is by introducing into the microorganism one or more heterologous nucleic acids encoding one

or more polypeptides from the group consisting of (a) pyruvate dehydrogenase (El), (b)

dihydrolipoyl transacetylase, and (c) dihydrolipoyl dehydrogenase.

[0338] By using any of these methods, the recombinant microorganism can produce increased

amounts of acetyl-CoA in comparison to microorganisms wherein the activity of pyruvate

dehydrogenase is not modulated. Modulating the activity of pyruvate dehydrogenase can result

in more carbon flux into the mevalonate dependent biosynthetic pathway in comparison to

microorganisms that do not have modulated pyruvate dehydrogenase expression.

Exemplary Combinations of Mutations

[0339] It is understood that for any of the enzymes and/or enzyme pathways described herein,

molecular manipulations that modulate any combination (two, three, four, five, six, or more) of

the enzymes and/or enzyme pathways described herein is expressly contemplated.

[0340] In one embodiment, for exemplary representation only, and for ease of the recitation of

the combinations, citrate synthase (gltA) is designated as A, phosphotransacetylase (ptaB) is

designated as B, acetate kinase (ackA) is designated as C, lactate dehydrogenase (IdhA) is

designated as D, malic enzyme (sfcA or maeB) is designated as E, pyruvate decarboxylase (aceE,

aceF, and/or IpdA) is designated as F, 6-phosphogluconolactonase (ybhE) is designated as G,

phosphoenolpyruvate carboxylase (ppl) is designated as H, acetyltransferase (such as YfiQ) is

designated as I, and deacetylase (such as CobB) is designated as J . As discussed above, aceE,

aceF, and/or IpdA enzymes of the pyruvate decarboxylase complex can be used singly, or two of

three enzymes, or three of three enzymes for increasing pyruvate decarboxylase activity.



Accordingly, in this exemplary embodiment, for combinations of any two of the enzymes A-J,

non-limiting combinations that can be used are: AB, AC, AD, AE, AF, AG, AH, AI, AJ, BC,

BD, BE, BF, BG, BH, BI, BJ, CD, CE, CF, CG, CH, CI, CJ, DE, DF, DG, DH, DI, DJ, EF, EG,

EH, EI, EJ, GH, GI, GJ, HI, HJ, and . For combinations of any three of the enzymes A-J, non-

limiting combinations that can be used are: ABC, ABD, ABE, ABF, ABG, ABH, ABI, ABJ,

BCD, BCE, BCF, BCG, BCH, BCI, BCJ, CDE, CDF, CDG, CDH, CDI, CDJ, DEF, DEG, DEH,

DEI, DEJ, ACD, ACE, ACF, ACG, ACH, ACI, ACJ, ADE, ADF, ADG, ADH, ADI, ADJ, AEF,

AEG, AEH, AEI, AEJ, BDE, BDF, BDG, BDH, BDI, BDJ, BEF, BEG, BEH, BEI, BEJ, CEF,

CEG, CEH, CEI, CEJ, CFG, CFH,CFI, CFJ, CGH, CGI, and CGJ. For combinations of any

four of the enzymes A-J, non-limiting combinations that can be used are: ABCD, ABCE, ABCF,

ABCG, ABCH, ABCI, ABCJ, ABDE, ABDF, ABDG, ABDH, ABDI, ABDJ, ABEF, ABEG,

ABEH, ABEI, ABEJ, BCDE, BCDF, BCDG, BCDH, BCDI, BCDJ, CDEF, CDEG, CDEH,

CDEI, CDEJ, ACDE, ACDF, ACDG, ACDH, ACDI, ACDJ, ACEF, ACEG, ACEH, ACEI,

ACEJ, BCEF, BDEF, BGEF, BHEF, BIEF, BJEF, and ADEF. For combinations of any five of

the enzymes A-J, non-limiting combinations that can be used are: ABCDE, ABCDF, ABCDG,

ABCDH, ABCDI, ABCDJ, ABDEF, ABDEG, ABDEH, ABDEI, ABDEJ, BCDEF, BCDEG,

BCDEH, BCDEI, BCDEJ, ACDEF, ACDEG, ACEDH, ACEDI, ACEDJ, ABCEF, ABCEG,

ABCEH, ABCEI, and ABCEJ. For combinations of any six of the enzymes A-J, non-limiting

combinations that can be used are: ABCDEF, ABCDEG, ABCDEH, ABCDEI, ABCDEJ,

BCDEFG, BCDEFH, BCDEFI, BCDEFJ, CDEFGH, CDEFGI, and CDEFGJ. For combinations

of any seven of the enzymes A-J, non-limiting combinations that can be used are: ABCDEFG,

ABCDEFH, ABCDEFI, ABCDEFJ, BCDEFGH, BCDEFGI, and BCDEFGJ. For combinations

of any eight of the enzymes A-J, non-limiting combinations that can be used are: ABCDEFGH,

ABCDEFGI, and ABCDEFGJ. For combinations of any nine of the enzymes A-J, non-limiting

combinations that can be used are: ABCDEFGHI and ABCDEFGHJ. In another aspect, all ten

enzyme combinations are used ABCDEFGHIJ.

[0341] In other embodiments, any of the mutations described herein can be combined and

expressed in recombinant cells for use in effectuating the improved/enhanced/increased

production of mevalonate, isoprene, isoprenoids, isoprenoid precursors, and/or acetyl-CoA-

derived products.

[0342] Accordingly, the recombinant microorganism as described herein can achieve

increased mevalonate production that is increased compared to microorganisms that are not

grown under conditions of tri-carboxylic acid (TCA) cycle activity, wherein metabolic carbon

flux in the recombinant microorganism is directed towards mevalonate production by



modulating the activity of one or more enzymes from the group consisting of (a) citrate

synthase, (b) phosphotransacetylase and/or acetate kinase, (c) lactate dehydrogenase, (d) malic

enzyme, (e) pyruvate decarboxylase complex (f) acetyltransferases (such as YfiQ), and (g)

deacetylases (such as CobB).

Other Regulators and Factors for Increased Production

[0343] Other molecular manipulations can be used to increase the flow of carbon towards

mevalonate production. One method is to reduce, decrease or eliminate the effects of negative

regulators for pathways that feed into the mevalonate pathway. For example, in some cases, the

genes aceEF-lpdA are in an operon, with a fourth gene upstream pdhR. PdhR is a negative

regulator of the transcription of its operon. In the absence of pyruvate, it binds its target

promoter and represses transcription. It also regulates ndh and cyoABCD in the same way

(Ogasawara, H. et al. 2007. J. Bact. 189:5534-5541). In one aspect, deletion of pdhR regulator

can improve the supply of pyruvate, and hence the production of mevalonate, isoprene,

isoprenoid precursors, and isoprenoids.

[0344] In other aspects, the introduction of 6-phosphogluconolactonase (PGL) into

microorganisms (such as various E. coli strains) which have decreased PGL or lack PGL can be

used to improve production of acetyl-CoA-derived products, mevalonate, isoprene, isoprenoid

precursors, and isoprenoids. PGL may be introduced using chromosomal integration or extra-

chromosomal vehicles, such as plasmids. In yet other aspects, PGL may be deleted from the

genome of cells (for example, microorganisms, such as various E. coli strains) which express a

PGL to improve production of mevalonate and/or isoprene. In another aspect, a heterologous

nucleic acid encoding a PGL polypeptide can be expressed in a cell which does not

endogenously express PGL. In some aspects, deletion of PGL results in any of about 10%,

20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, such as any values in between

these percentages, higher percent yield of isoprene in comparison to microorganisms that

express PGL. In other aspects, deletion of PGL results in any of about 10%, 20%, 30%, 40%,

50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any values in between these

percentages, higher instantaneous percent yield of isoprene in comparison to microorganisms

that express PGL. In other aspects, deletion of PGL results in any of about 10%, 20%, 30%,

40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any values in between these

percentages, higher cell productivity index for isoprene in comparison to microorganisms that

express PGL. In other aspects, deletion of PGL results in any of about 10%, 20%, 30%, 40%,

50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any values in between these



percentages, higher volumetric productivity of isoprene in comparison to microorganisms that

express PGL. In other aspects, deletion of PGL results in any of about 10%, 20%, 30%, 40%,

50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any values in between these

percentages, higher peak specific productivity of isoprene in comparison to microorganisms that

express PGL. In some aspects the deletion of PGL results in peak specific productivity being

maintained for a longer period of time in comparison to microorganisms that express PGL.

[0345] In another aspect, modulation of phosphoenolpyruvate carboxylase (ppc in E. coli)

gene expression can be used to improve production of mevalonate, isoprene, isoprenoid

precursor molecules, isoprenoids, and/or acetyl-CoA derived products in any of the cells

disclosed herein. In one aspect, the gene expression of phosphoenolpyruvate carboxylase can be

decreased by replacing the promoter sequence of the ppc gene with another promoter that results

in decreased ppc gene expression in comparison to wild type cells. In some aspects, ppc gene

expression can be decreased by any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,

or 100%, inclusive, including any values in between these percentages, in comparison to wild

type cells. In some aspects, decreased expression of phosphoenolpyruvate carboxylase results in

any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, such as

any values in between these percentages, higher percent yield of isoprene in comparison to

microorganisms that express phosphoenolpyruvate carboxylase at wild type levels. In other

aspects, decreased expression of phosphoenolpyruvate carboxylase results in any of about 10%,

20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any values in

between these percentages, higher instantaneous percent yield of isoprene in comparison to

microorganisms that express phosphoenolpyruvate carboxylase at wild type levels. In other

aspects, decreased expression of phosphoenolpyruvate carboxylase results in any of about 10%,

20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any values in

between these percentages, higher cell productivity index for isoprene in comparison to

microorganisms that express phosphoenolpyruvate carboxylase at wild type levels. In other

aspects, decreased expression of phosphoenolpyruvate carboxylase results in any of about 10%,

20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any values in

between these percentages, higher volumetric productivity of isoprene in comparison to

microorganisms that express phosphoenolpyruvate carboxylase at wild type levels. In other

aspects, decreased expression of phosphoenolpyruvate carboxylase results in any of about 10%,

20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any values in

between these percentages, higher peak specific productivity of isoprene in comparison to

microorganisms that express phosphoenolpyruvate carboxylase at wild type levels. In some



aspects decreased expression of phosphoenolpyruvate carboxylase results in peak specific

productivity being maintained for a longer period of time in comparison to microorganisms that

express phosphoenolpyruvate carboxylase at wild type levels.

[0346] In another aspect, modulation of the inhibitor of RssB activity during magnesium

starvation (iraM in E. coli) gene expression can be used to improve production of mevalonate,

isoprene, isoprenoid precursor molecules, isoprenoids, and/or acetyl-CoA derived products can

used in any of the cells disclosed herein. In one aspect, the gene expression of iraM can be

increased by replacing the promoter sequence of the iraM gene with another promoter that

results in increased iraM gene expression in comparison to wild type cells. In some aspects,

iraM gene expression can be increased by any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%,

80%, 90%, or 100%, inclusive, including any values in between these percentages, in

comparison to wild type cells. In some aspects, increased expression of the iraM gene results in

any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, such as

any values in between these percentages, higher percent yield of isoprene in comparison to

microorganisms that express the iraM gene at wild type levels. In other aspects, increased

expression of the iraM gene results in any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%,

80%, 90%, or 100%, inclusive, including any values in between these percentages, higher

instantaneous percent yield of isoprene in comparison to microorganisms that express the iraM

gene at wild type levels. In other aspects, increased expression of the iraM gene results in any

of about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any

values in between these percentages, higher cell productivity index for isoprene in comparison to

microorganisms that express the iraM gene at wild type levels. In other aspects, increased

expression of the iraM gene results in any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%,

80%, 90%, or 100%, inclusive, including any values in between these percentages, higher

volumetric productivity of isoprene in comparison to microorganisms that express the iraM gene

at wild type levels. In other aspects, increased expression of the iraM gene results in any of

about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any

values in between these percentages, higher peak specific productivity of isoprene in comparison

to microorganisms that express the iraM gene at wild type levels. In some aspects increased

expression of the iraM gene results in peak specific productivity being maintained for a longer

period of time in comparison to microorganisms that express the iraM gene at wild type levels.

[0347] In another aspect, modulation of the AcrA component of the multidrug efflux pump

acrAB-TolC (the acrA gene in E. coli) gene expression can be used to improve production of

mevalonate, isoprene, isoprenoid precursor molecules, isoprenoids, and/or acetyl-CoA derived



products in any of the cells disclosed herein. In one aspect, the gene expression of acrA can be

decreased by replacing the promoter sequence of the acrA gene with another promoter that

results in decreased acrA gene expression in comparison to wild type cells. In some aspects,

acrA gene expression can be decreased by any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%,

80%, 90%, or 100%, inclusive, including any values in between these percentages, in

comparison to wild type cells. In another aspect, expression of acrA can be completely

abolished, such as by deleting, the acrA gene in the genome of the cell, so that it no longer

produces a functional acrA protein. In some aspects, deletion or decreased expression of the

acrA gene results in any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%,

inclusive, such as any values in between these percentages, higher percent yield of isoprene in

comparison to microorganisms that express the acrA gene at wild type levels. In other aspects,

deletion or decreased expression of the acrA gene results in any of about 10%, 20%, 30%, 40%,

50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any values in between these

percentages, higher instantaneous percent yield of isoprene in comparison to microorganisms

that express the acrA gene at wild type levels. In other aspects, deletion or decreased expression

of the acrA gene results in any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or

100%, inclusive, including any values in between these percentages, higher cell productivity

index for isoprene in comparison to microorganisms that express the acrA gene at wild type

levels. In other aspects, deletion or decreased expression of the acrA gene results in any of

about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any

values in between these percentages, higher volumetric productivity of isoprene in comparison

to microorganisms that express the acrA gene at wild type levels. In other aspects, deletion or

decreased expression of the acrA gene results in any of about 10%, 20%, 30%, 40%, 50%, 60%,

70%, 80%, 90%, or 100%, inclusive, including any values in between these percentages, higher

peak specific productivity of isoprene in comparison to microorganisms that express the acrA

gene at wild type levels. In some aspects deletion or decreased expression of the acrA gene

results in peak specific productivity being maintained for a longer period of time in comparison

to microorganisms that express the acrA gene at wild type levels.

[0348] In another aspect, modulation of FNR DNA binding transcriptional regulator (FNR)

gene expression can be used to improve production of mevalonate, isoprene, isoprenoid

precursor molecules, isoprenoids, and/or acetyl-CoA derived products in any of the cells

disclosed herein. In one aspect, the gene expression of FNR can be increased by replacing the

promoter sequence of the gene which encodes FNR with another promoter that results in

increased FNR expression in comparison to wild type cells. In other aspects, a heterologous



nucleic acid encoding FNR can be expressed in a cell that does not endogenously express FNR.

In some aspects, FNR expression can be increased by any of about 10%, 20%, 30%, 40%, 50%,

60%, 70%, 80%, 90%, or 100%, inclusive, including any values in between these percentages, in

comparison to wild type cells or cells that do not endogenously express FNR. In some aspects,

increased FNR expression results in any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%,

90%, or 100%, inclusive, such as any values in between these percentages, higher percent yield

of isoprene in comparison to wild type cells or cells that do not endogenously express FNR. In

other aspects, increased FNR expression results in any of about 10%, 20%, 30%, 40%, 50%,

60%, 70%, 80%, 90%, or 100%, inclusive, including any values in between these percentages,

higher instantaneous percent yield of isoprene in comparison to in comparison to wild type cells

or cells that do not endogenously express FNR. In other aspects, increased FNR expression

results in any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive,

including any values in between these percentages, higher cell productivity index for isoprene in

comparison to wild type cells or cells that do not endogenously express FNR. In other aspects,

increased FNR expression results in any of about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%,

90%, or 100%, inclusive, including any values in between these percentages, higher volumetric

productivity of isoprene in comparison to wild type cells or cells that do not endogenously

express FNR. In other aspects, increased FNR expression results in any of about 10%, 20%,

30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%, inclusive, including any values in between

these percentages, higher peak specific productivity of isoprene in comparison to wild type cells

or cells that do not endogenously express FNR. In some aspects increased FNR expression

results in peak specific productivity being maintained for a longer period of time in comparison

to wild type cells or cells that do not endogenously express FNR.

Exemplary Host cells

[0349] Any microorganism or progeny thereof that can be used to heterologously express one

or more genes (e.g., recombinant host cell) and can be engineered such that the expression of the

nucleic acids and/or activity of the acetylating protein(s) produced by said cell is modulated, can

be used as described herein for increased production of mevalonate, isoprene, isoprenoid

precursor molecules, isoprenoids, and/or acetyl-CoA derived products.

[0350] Bacteria cells, including gram positive or gram negative bacteria can be used to express

any of the nucleic acids described above. In particular, nucleic acids can be expressed in any

one of P. citrea, B. subtilis, B. licheniformis, B. lentus, B. brevis, B. stearothermophilus, B.

alkalophilus, B. amyloliquefaciens, B. clausii, B. halodurans, B. megaterium, B. coagulans, B.



circulans, B. lautus, B. thuringiensis, S. albus, S. lividans, S. coelicolor, S. griseus,

Pseudomonas sp., and P. alcaligenes cells. In some aspects, the host cell can be a Lactobacilis

spp., such as Lactobacillus lactis or a Lactobacillus plantarum.

[0351] There are numerous types of anaerobic cells that can be used as host cells in the

compositions and methods of the present invention. In one aspect of the invention, the cells

described in any of the compositions or methods described herein are obligate anaerobic cells

and progeny thereof. Obligate anaerobes typically do not grow well, if at all, in conditions where

oxygen is present. It is to be understood that a small amount of oxygen may be present, that is,

there is some tolerance level that obligate anaerobes have for a low level of oxygen. In one

aspect, obligate anaerobes engineered to produce mevalonate, isoprene, isoprenoid precursor

molecules, isoprenoids, and/or acetyl-CoA derived products can serve as host cells for any of the

methods and/or compositions described herein and are grown under substantially oxygen-free

conditions, wherein the amount of oxygen present is not harmful to the growth, maintenance,

and/or fermentation of the anaerobes.

[0352] In another aspect of the invention, the host cells described and/or used in any of the

compositions or methods described herein are facultative anaerobic cells and progeny thereof.

Facultative anaerobes can generate cellular ATP by aerobic respiration (e.g., utilization of the

TCA cycle) if oxygen is present. However, facultative anaerobes can also grow in the absence

of oxygen. This is in contrast to obligate anaerobes which die or grow poorly in the presence of

greater amounts of oxygen. In one aspect, therefore, facultative anaerobes can serve as host

cells for any of the compositions and/or methods provided herein and can be engineered to

produce mevalonate, isoprene, isoprenoid precursor molecules, isoprenoids, and/or acetyl-CoA

derived products. Facultative anaerobic host cells can be grown under substantially oxygen-free

conditions, wherein the amount of oxygen present is not harmful to the growth, maintenance,

and/or fermentation of the anaerobes, or can be alternatively grown in the presence of greater

amounts of oxygen.

[0353] The host cell can additionally be a filamentous fungal cell and progeny thereof. (See,

e.g., Berka & Barnett, Biotechnology Advances, (1989), 7(2):127-154). In some aspects, the

filamentous fungal cell can be any of Trichoderma longibrachiatum, T. viride, T. koningii, T.

harzianum, Penicillium sp., Humicola insolens, H. lanuginose, H. grisea, Chrysosporium sp., C.

lucknowense, Gliocladium sp., Aspergillus sp., such as A. oryzae, A. niger, A sojae, A. japonicus,

A. nidulans, ox A. awamori, Fusarium sp., such as / . roseum, F. graminum F. cerealis, F.

oxysporuim, or F. venenatum, Neurospora sp., such as N. crassa, Hypocrea sp., Mucor sp., such



as M. miehei, Rhizopus sp. or Emericella sp. In some aspects, the fungus is A. nidulans, A.

awamori, A. oryzae, A. aculeatus, A. niger, A. japonicus, T. reesei, T. viride, F. oxysporum, or F.

solani. In certain embodiments, plasmids or plasmid components for use herein include those

described in U.S. patent pub. No. US 2011/0045563.

[0354] The host cell can also be a yeast, such as Saccharomyces sp., Schizosaccharomyces sp.,

Pichia sp., or Candida sp. In some aspects, the Saccharomyces sp. is Saccharomyces cerevisiae

(See, e.g., Romanos et al., Yeast, (1992), 8(6):423-488). In certain embodiments, plasmids or

plasmid components for use herein include those described in U.S. pat. No, 7,659,097 and U.S.

patent pub. No. US 2011/0045563.

[0355] The host cell can additionally be a species of algae, such as a green algae, red algae,

glaucophytes, chlorarachniophytes, euglenids, chromista, or dinoflagellates. (See, e.g., Saunders

& Warmbrodt, "Gene Expression in Algae and Fungi, Including Yeast," (1993), National

Agricultural Library, Beltsville, MD). In certain embodiments, plasmids or plasmid components

for use herein include those described in U.S. Patent Pub. No. US 201 1/0045563. In some

aspects, the host cell is a cyanobacterium, such as cyanobacterium classified into any of the

following groups based on morphology: Chlorococcales, Pleurocapsales, Oscillatoriales,

Nostocales, or Stigonematales (See, e.g., Lindberg et al., Metab. Eng., (2010) 12(l):70-79). In

certain embodiments, plasmids or plasmid components for use herein include those described in

U.S. patent pub. No. US 2010/0297749; US 2009/0282545 and Intl. Pat. Appl. No. WO

2011/034863.

[0356] E. coli host cells that comprise one or more nucleic acids encoding one or more

acetylating proteins, wherein said cells have been engineered such that the expression of the

nucleic acids and/or activity of the acetylating protein(s) is modulated can be used to express one

or more upper MVA pathway polypeptides, such as any of the upper MVA pathway

polypeptides described herein. In some aspects, E. coli host cells can be used to express one or

more mvaE and MvaS polypeptides in the compositions and methods described herein. In one

aspect, the host cell is a recombinant cell of an Escherichia coli (E. coli) strain, or progeny

thereof, capable of producing mevalonate that expresses one or more nucleic acids encoding

upper MVA pathway polypeptides. The E. coli host cells (such as those cells that have been

engineered as described herein) can produce mevalonate in amounts, peak titers, and cell

productivities greater than that of the same cells lacking one or more heterologously expressed

nucleic acids encoding upper MVA pathway polypeptides and which do not comprise one or

more nucleic acids encoding one or more acetylating proteins, wherein said cells have been



engineered such that the expression of the nucleic acids and/or activity of the acetylating

protein(s) is modulated. In addition, the one or more heterologously expressed nucleic acids

encoding upper MVA pathway polypeptides in E. coli can be chromosomal copies {e.g.,

integrated into the E. coli chromosome). In another aspect, the one or more heterologously

expressed nucleic acids encoding mvaE and MvaS polypeptides in E. coli can be chromosomal

copies {e.g., integrated into the E. coli chromosome). In other aspects, the E. coli cells are in

culture.

Exemplary Vectors

[0357] One of skill in the art will recognize that expression vectors are designed to contain

certain components which optimize gene expression for certain host strains. Such optimization

components include, but are not limited to origin of replication, promoters, and enhancers. The

vectors and components referenced herein are described for exemplary purposes and are not

meant to narrow the scope of the invention.

[0358] Suitable vectors can be used for any of the compositions and methods described herein.

For example, suitable vectors can be used to optimize the expression of one or more copies of a

gene encoding an MVA pathway polypeptide, an isoprene synthase, and/or a polyprenyl

pyrophosphate synthase in anaerobes. In some aspects, the vector contains a selective marker.

Examples of selectable markers include, but are not limited to, antibiotic resistance nucleic acids

{e.g., kanamycin, ampicillin, carbenicillin, gentamicin, hygromycin, phleomycin, bleomycin,

neomycin, or chloramphenicol) and/or nucleic acids that confer a metabolic advantage, such as a

nutritional advantage on the host cell. In some aspects, one or more copies of an upper MVA

pathway polypeptide, an isoprene synthase, a polyprenyl pyrophosphate synthase, and/or one or

more MVA pathway polypeptide nucleic acid(s) integrate into the genome of host cells without

a selective marker.

[0359] Any one of the vectors characterized herein or used in the Examples of the present

disclosure can be used.

Exemplary Transformation Methods

[0360] Nucleic acids encoding one or more copies of an upper MVA pathway polypeptide ,

isoprene synthase, lower MVA pathway polypeptides, and /or phosphoketolase can be inserted

into a microorganism using suitable techniques. Additionally, isoprene synthase, IDI, DXP

pathway, and/or polyprenyl pyrophosphate synthase nucleic acids or vectors containing them

can be inserted into a host cell {e.g., a plant cell, a fungal cell, a yeast cell, or a bacterial cell



described herein) using standard techniques for introduction of a DNA construct or vector into a

host cell, such as transformation, electroporation, nuclear microinjection, transduction,

transfection (e.g., lipofection mediated or DEAE-Dextrin mediated transfection or transfection

using a recombinant phage virus), incubation with calcium phosphate DNA precipitate, high

velocity bombardment with DNA-coated microprojectiles, and protoplast fusion. General

transformation techniques are known in the art (See, e.g., Current Protocols in Molecular

Biology (F. M. Ausubel et al. (eds.) Chapter 9, 1987; Sambrook et ah, Molecular Cloning: A

Laboratory Manual, 2nd ed., Cold Spring Harbor, 1989; and Campbell et al, Curr. Genet. 16:53-

56, 1989). The introduced nucleic acids can be integrated into chromosomal DNA or maintained

as extrachromosomal replicating sequences. Transformants can be selected by any method

known in the art. Suitable methods for selecting transformants are described in International

Publication No. WO 2009/076676, U.S. Patent Application No. 12/335,071 (US Publ. No.

2009/0203102), WO 2010/003007, US Publ. No. 2010/0048964, WO 2009/132220, and US

Publ. No. 2010/0003716, the disclosures of which are incorporated by reference herein.

Exemplary Cell Culture Media

[0361] As used herein, the terms "minimal medium" or "minimal media" refer to growth

medium containing the minimum nutrients possible for cell growth, generally, but not always,

without the presence of one or more amino acids (e.g., 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or more amino

acids). Minimal medium typically contains: (1) a carbon source for microorganism (e.g.,

bacterial, algal, or fungal cell) growth; (2) various salts, which can vary among microorganism

(e.g., bacterial, algal, or fungal) species and growing conditions; and (3) water. The carbon

source can vary significantly, from simple sugars like glucose to more complex hydrolysates of

other biomass, such as yeast extract, as discussed in more detail below. The salts generally

provide essential elements such as magnesium, nitrogen, phosphorus, and sulfur to allow the

cells to synthesize proteins and nucleic acids. Minimal medium can also be supplemented with

selective agents, such as antibiotics, to select for the maintenance of certain plasmids and the

like. For example, if a microorganism is resistant to a certain antibiotic, such as ampicillin or

tetracycline, then that antibiotic can be added to the medium in order to prevent cells lacking the

resistance from growing. Medium can be supplemented with other compounds as necessary to

select for desired physiological or biochemical characteristics, such as particular amino acids

and the like.

[0362] Any minimal medium formulation can be used to cultivate the host cells. Exemplary

minimal medium formulations include, for example, M9 minimal medium and TM3 minimal



medium. Each liter of M9 minimal medium contains (1) 200 mL sterile M9 salts (64 g

Na2HP0 4-7H20 , 15 g KH2P0 4, 2.5 g NaCl, and 5.0 g NH4C 1per liter); (2) 2 mL of 1 M MgS0 4

(sterile); (3) 20 mL of 20% (w/v) glucose (or other carbon source); and (4) 100 µ ΐ of 1 M CaCl2

(sterile). Each liter of TM3 minimal medium contains (1) 13.6 g K2HP0 4; (2) 13.6 g KH2P0 4;

(3) 2 g MgS0 4*7H20 ; (4) 2 g Citric Acid Monohydrate; (5) 0.3 g Ferric Ammonium Citrate; (6)

3.2 g (NH )2S0 4; (7) 0.2 g yeast extract; and (8) 1 mL of 1000X Trace Elements solution; pH is

adjusted to -6.8 and the solution is filter sterilized. Each liter of 1000X Trace Elements contains:

(1) 40 g Citric Acid Monohydrate; (2) 30 g MnS0 4*H20 ; (3) 10 g NaCl; (4) 1 g FeS0 4*7H20 ;

(4) 1 g CoCl2*6H20 ; (5) 1 g ZnS0 4*7H20 ; (6) 100 mg CuS0 4*5H20 ; (7) 100 mg H3B0 3; and

(8) 100 mg NaMo0 4*2H20 ; pH is adjusted to -3.0.

[0363] An additional exemplary minimal media includes (1) potassium phosphate K2HP0 4,

(2) Magnesium Sulfate MgS0 4 * 7H20 , (3) citric acid monohydrate C6H 0 7*H20 , (4) ferric

ammonium citrate NH4FeC6Hs0 7, (5) yeast extract (from biospringer), (6) 1000X Modified

Trace Metal Solution, (7) sulfuric acid 50% w/v, (8) foamblast 882 (Emerald Performance

Materials), and (9) Macro Salts Solution 3.36 mL All of the components are added together

and dissolved in deionized H20 and then heat sterilized. Following cooling to room

temperature, the pH is adjusted to 7.0 with ammonium hydroxide (28%) and q.s. to volume.

Vitamin Solution and spectinomycin are added after sterilization and pH adjustment.

[0364] Any carbon source can be used to cultivate the host cells. The term "carbon source"

refers to one or more carbon-containing compounds capable of being metabolized by a host cell

or organism. For example, the cell medium used to cultivate the host cells can include any

carbon source suitable for maintaining the viability or growing the host cells. In some aspects,

the carbon source is a carbohydrate (such as monosaccharide, disaccharide, oligosaccharide, or

polysaccharides), or invert sugar (e.g., enzymatically treated sucrose syrup).

[0365] In some aspects, the carbon source includes yeast extract or one or more components of

yeast extract. In some aspects, the concentration of yeast extract is 0.1% (w/v), 0.09% (w/v),

0.08% (w/v), 0.07% (w/v), 0.06% (w/v), 0.05% (w/v), 0.04% (w/v), 0.03% (w/v), 0.02% (w/v),

or 0.01% (w/v) yeast extract. In some aspects, the carbon source includes both yeast extract (or

one or more components thereof) and another carbon source, such as glucose.

[0366] Exemplary monosaccharides include glucose and fructose; exemplary oligosaccharides

include lactose and sucrose, and exemplary polysaccharides include starch and cellulose.



Exemplary carbohydrates include C6 sugars (e.g., fructose, mannose, galactose, or glucose) and

C5 sugars (e.g., xylose or arabinose).

Exemplary Cell Culture Conditions

[0367] Materials and methods suitable for the maintenance and growth of the recombinant

cells of the invention are described infra, e.g., in the Examples section. Other materials and

methods suitable for the maintenance and growth of cell (e.g. bacterial, fungal, algal) cultures

are well known in the art. Exemplary techniques can be found in International Publication No.

WO 2009/076676, U.S. Publ. No. 2009/0203102, WO 2010/003007, US Publ. No.

2010/0048964, WO 2009/132220, US Publ. No. 2010/0003716, Manual of Methods for General

Bacteriology Gerhardt et a , eds), American Society for Microbiology, Washington, D.C.

(1994) or Brock in Biotechnology: A Textbook of Industrial Microbiology, Second Edition

(1989) Sinauer Associates, Inc., Sunderland, MA.

[0368] Standard cell culture conditions can be used to culture the cells (see, for example, WO

2004/033646 and references cited therein). In some aspects, cells are grown and maintained at

an appropriate temperature, gas mixture, and pH (such as at about 20°C to about 37°C, at about

6% to about 84% C0 2, and at a pH between about 5 to about 9). In some aspects, cells are grown

at 35°C in an appropriate cell medium. In some aspects, the pH ranges for fermentation are

between about pH 5.0 to about pH 9.0 (such as about pH 6.0 to about pH 8.0 or about 6.5 to

about 7.0). Cells can be grown under aerobic, anoxic, or anaerobic conditions based on the

requirements of the host cells. In addition, more specific cell culture conditions can be used to

culture the cells. For example, in some embodiments, the cells (e.g., bacterial cells, such as E.

coli cells, fungal cells, algal cells) can express one or more heterologous nucleic acids under the

control of a strong promoter in a low to medium copy plasmid and are cultured at 34°C.

[0369] Standard culture conditions and modes of fermentation, such as batch, fed-batch, or

continuous fermentation that can be used are described in International Publication No. WO

2009/076676, U.S. Patent Application No. 12/335,071 (U.S. Publ. No. 2009/0203102), WO

2010/003007, US Publ. No. 2010/0048964, WO 2009/132220, US Publ. No. 2010/0003716.

Batch and Fed-Batch fermentations are common and well known in the art and examples can be

found in Brock, Biotechnology: A Textbook of Industrial Microbiology, Second Edition (1989)

Sinauer Associates, Inc.

[0370] In some aspects, the cells are cultured under limited glucose conditions. By "limited

glucose conditions" is meant that the amount of glucose that is added is less than or about 105%



(such as about 100%, 90%, 80%, 70%, 60%, 50%, 40%, 30%, 20%, or 10%) of the amount of

glucose that is consumed by the cells. In particular aspects, the amount of glucose that is added

to the culture medium is approximately the same as the amount of glucose that is consumed by

the cells during a specific period of time. In some aspects, the rate of cell growth is controlled by

limiting the amount of added glucose such that the cells grow at the rate that can be supported by

the amount of glucose in the cell medium. In some aspects, glucose does not accumulate during

the time the cells are cultured. In various aspects, the cells are cultured under limited glucose

conditions for greater than or about 1, 2, 3, 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, or 70 hours. In

various aspects, the cells are cultured under limited glucose conditions for greater than or about

5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 95, or 100% of the total length of time the cells

are cultured. While not intending to be bound by any particular theory, it is believed that limited

glucose conditions can allow more favorable regulation of the cells.

[0371] In some aspects, the cells (such as bacterial, fungal, or algal cells) are grown in batch

culture. The cells (such as bacterial, fungal, or algal cells) can also be grown in fed-batch culture

or in continuous culture. Additionally, the cells (such as bacterial, fungal, or algal cells) can be

cultured in minimal medium, including, but not limited to, any of the minimal media described

above. The minimal medium can be further supplemented with 1.0 % (w/v) glucose, or any

other six carbon sugar, or less. Specifically, the minimal medium can be supplemented with 1%

(w/v), 0.9% (w/v), 0.8% (w/v), 0.7% (w/v), 0.6% (w/v), 0.5% (w/v), 0.4% (w/v), 0.3% (w/v),

0.2% (w/v), or 0.1% (w/v) glucose. Additionally, the minimal medium can be supplemented

0.1% (w/v) or less yeast extract. Specifically, the minimal medium can be supplemented with

0.1% (w/v), 0.09% (w/v), 0.08% (w/v), 0.07% (w/v), 0.06% (w/v), 0.05% (w/v), 0.04% (w/v),

0.03% (w/v), 0.02% (w/v), or 0.01% (w/v) yeast extract. Alternatively, the minimal medium can

be supplemented with 1% (w/v), 0.9% (w/v), 0.8% (w/v), 0.7% (w/v), 0.6% (w/v), 0.5% (w/v),

0.4% (w/v), 0.3% (w/v), 0.2% (w/v), or 0.1% (w/v) glucose and with 0.1% (w/v), 0.09% (w/v),

0.08% (w/v), 0.07% (w/v), 0.06% (w/v), 0.05% (w/v), 0.04% (w/v), 0.03% (w/v), 0.02% (w/v),

or 0.01% (w/v) yeast extract.

Exemplary Purification Methods

[0372] In some aspects, any of the methods described herein further include a step of

recovering the compounds produced. In some aspects, any of the methods described herein

further include a step of recovering the isoprene. In some aspects, the isoprene is recovered by

absorption stripping {See, e.g., US Appl. Pub. No. US 2011/0178261 Al, the disclosure of which

is incorporated by reference herein). In some aspects, any of the methods described herein



further include a step of recovering an isoprenoid. In some aspects, any of the methods described

herein further include a step of recovering the terpenoid or carotenoid.

[0373] Suitable purification methods are described in more detail in U.S. Patent Application

Publication US20 10/0 196977 Al, the disclosure of which is incorporated by reference herein.

Exemplary in vitro Protein Acetylation and Deacetylation Assays

[0374] Exemplary acetylation assays are carried out in the presence of buffer and Acetyl-CoA.

For example the assay can be carried out in 20 mM buffer, 100 mM NaCl, 100 µΜ acetyl-CoA,

20 µΜ USP in the presence and absence of 200 µΜ cAMP. Reactions can initiated by the

addition of 20 µΜ Mt-PatA, incubated for 10 min at 22 °C, and quenched by boiling in SDS

loading dye. Exemplary buffers are provided as follows: sodium acetate (pH 4.0-5.0), MES (pH

6.0), HEPES (pH 7.0), Tris (pH 7.5-8.0), BisTrisPropane (pH 9.0), and Glycine (pH 10.0).

Reactions can be analyzed in parallel with SDS-PAGE and Western blotting with anti-AcLys

antibody (Cell Signaling Technology) detected quantitatively by chemiluminescence (LI-COR

Biosciences).

[0375] Deacetylation assays can be carried out at 22 °C in 20 mM Tris-HCl, pH 7.5, 100 mM

NaCl, 1 mM β-Nicotinamide adenine dinucleotide (NAD+), 20 µΜ auto-acetylated Mt-PatA

H173K mutant in the presence and absence of 200 µΜ cAMP. Reactions can be initiated by

addition of 5 µΜ Rvl 151c and terminated at various time points by boiling in SDS loading dye.

Samples can be analyzed in parallel using SDS-PAGE and Western blotting using SDS-PAGE

and Western blotting with anti-Ac-Lys antibodies.

[0376] Methods described here are used for monitoring acetylation and deacetylation of all

proteins in bacteria, fungal cells, and algal cells.

[0377] The invention can be further understood by reference to the following examples, which

are provided by way of illustration and are not meant to be limiting.

EXAMPLES

Example 1: Construction of reference and acetylation modulatory strains

[0378] This Example describes the construction of reference strains as well as strains

containing mutations in genes responsible for modulating intracellular protein acetylation.



I . Construction of reference strains

[0379] The DNA sequence for the phosphoketolase (PKL) enzyme from Mycoplasma hominis

(strain ATCC 231 14) (SEQ ID NO:28) was codon optimized for expression in E. coli (SEQ ID

NO:29) and synthesized by Life Technologies. The M. hominis phosphoketolase was subcloned

into plasmid pEWL1421 (pTrc P. alba ispS (MEA variant)-E. gallinarum phosphoketolase)

using the GENEART Seamless Cloning and Assembly Kit (Life Technologies) according to

manufacturer's protocol, to yield plasmid pMCS826 (Figure 13). Primers used were MCS534

(cgctaactgcataaaggaggtaaaaaaac)(SEQ ID NO:32) and MCS535

(gctggagaccgtttaaactttaactagacttta) (SEQ ID NO:33) for the phosphoketolase, and MCS536

(taaagtctagttaaagtttaaacggtctccagc) (SEQ ID NO: 34) and MCS537 (gtttttttacctcctttatgcagttagcg)

(SEQ ID NO:35) for the plasmid pEWL1421 (Figure 14). The sequence of the DNA between

the IspS and phosphoketolase open reading frames on plasmid pMCS826 was altered by PCR

using primers MCS488 (ttagcgttcaaacggcagaatcgg) (SEQ ID NO:36) and MCS562

(ccgtttgaacgctaaAGATACGCGTAACCCCAAGGACGGTAAAatgattagcaaaatctatgatgataaaaagt

atctgg) (SEQ ID NO:37). The resulting PCR product was purified and self-ligated using standard

techniques to form plasmid pMCS1019 (Figure 15).

[0380] A DNA cassette was created by PCR in a 2-stage process. A -1.8 kb product was

amplified by PCR using primers MCS504 and MCS516 from the FRT-gb2-CM-FRT template

(Genebridges). This PCR product was then used as template for a second round of amplification

by PCR using primers MCS516 and MCS545. This PCR product was integrated into the

chromosome of strain MD891 (BL21 wt, pgl+ t PL.2-mKKDyI: :FRT, Gil.2gltA

yhfSFRTPyddVIspAyhfS thiFRTtruncIspA pgl ML, FRT-PL.2-2cis-RBS10000-MVK(burtonii)

clone A + t ackA::FRT) using the Genebridges Red/ET Recombination Quick and Easy E. coli

gene deletion Kit, according to manufacturer's instruction. Hereafter, Gil.2gltA

yhfSFRTPyddVIspAyhfS thiFRTtruncIspA and CTO are used interchangeably and pgl ML and

pgl- are used interchangeably. The resulting strain was designated MCS1015 (MD891 +

ackA::Cm_pL.2_pta). Sequence analysis of strain MCS1015 revealed the insertion of the

chloramphenicol antibiotic marker and pL.2 promoter upstream of the phosphotransacetylase

ipta) gene. The chloramphenicol antibiotic marker was removed from strain MCS1015 by FLP

expression according to manufacturer's instruction to create strain MCS1016 (MD891 +

FRT: :ackA: :FRT_pL.2_pta) . Strain MCS1016 was transformed with plasmids pMCS1019 (SEQ

ID NO:30) and pMCM1225 (SEQ ID NO:27) to create isogenic strains MCS1227 (pMCS1019

(pTrc_IspS_RBS3_PKL16 [M. hominis]), pMCM1225) and MCS1316 (pMCS1019



(pTrc_IspS_RBS3_PKL16 [M. hominis]), pMCM1225). The sequences of the primers used are

shown in Table 1-1.

Table 1-1: Primer Sequences

II. Construction of A cepilation Chromosome Mutation Strains

[0381] Constructs for deletion of yfiQ and cobB were amplified by colony PCR from Keio

library clones (Baba et al., Molecular Systems Biology 2 Article number:

2006.0008 doi:10.1038/msb4100050). The yfiQ deletion construct was amplified from JW2568

(plate 21, G12) using primers MCM1038 and MCM1039. The cobB deletion construct was

amplified from JWl 106 (plate 21, A2) using primers MCM1033 and MCM1035. 50uL reactions

(Agilent Herculase II kit; Catalog 600679) were performed according to the manufacturer's

protocol with the following conditions for yfiQ: 95°C, 20 min; (95°C, 20sec; 55°C, 20sec; 72°C,

1.5 min)x30; 72°C, 3 min; 4°C hold and the following conditions for cobB: 95°C, 20 min; (95°C,

20sec; 55°C, 20sec; 72°C, 1.25 min)x30; 72°C, 3 min; 4°C hold. PCR products were purified

according to the manufacturer's protocol (Qiagen QIAquick PCR Purification Kit, Catalog

28104) and eluted in 30uL EB. Primer sequences are shown in Table 1-2.

Table 1-2: Primer Sequences

[0382] Constructs for insertion of constitutive promoters at yfiQ and cobB were created in a

two-step PCR process. The construct designated KanR_gil.6 was amplified by PCR using

primers MCS580 and MCS584 from the FRT-PGK-gb2-neo-FRT template (Genebridges). The

PCR product was purified using the QIAquick PCR Purification Kit (Qiagen) and used as a

template (10 ng per reaction) in further PCRs. The FRT-kan-FRT-gi 1.6-YfiQ construct was



amplified using primers MCM1042 and MCM1043. The FRT-kan-FRT-gil .6-CobB construct

was amplified using primers MCM1046 and MCM1048. 50uL reactions (Agilent Herculase II

kit; Catalog 600679) were performed according to the manufacturer's protocol with the

following conditions: 95°C, 20 min; (95°C, 20sec; 55°C, 20sec; 72°C, 1.25 min)x30; 72°C, 3

min; 4°C hold. PCR products were purified according to the manufacturer's protocol (Qiagen

QIAquick PCR Purification Kit, Catalog 28104) and eluted in 30uL EB. Primer sequences are

shown in Table 1-3.

Table 1-3: Primer Sequences

[0383] Constructs were introduced into strain DW853, which is strain MD891 carrying

pRedET-carb. Using standard molecular biology procedures, DW853 was generated by

electroporation of the pRED/ET plasmid (GeneBridges) into MD891, and subsequent

propagation of transformants on solid LB medium plates containing carbenicillin at a

concentration of 50 µg/mL at 30° Celsius. Cells containing pRedET-carb were grown in LB +

carb50 at 30°C overnight and then diluted 1:100 into fresh LB + carb50 and cultured at 30°C for

2hr. 130uL 10% arabinose was added and cells were cultured at 37°C for approximately 2

hours. Cells were prepared for electroporation by washing 3x in one half culture volume iced

ddH20 and resuspended in one tenth culture volume of the same. IOOUL of cell suspension was

combined with 3uL DNA in a 2 mm electroporation cuvette, electroporated at 25uFD, 200ohms,

2.5kV, and immediately quenched with 500uL LB. Cells were recovered shaking at 37°C for

3hrs and then transformants selected overnight on LB/kanlO plates at 37°C. Transformants were

restreaked and then grown in liquid LB/kanlO and frozen in 30% glycerol. Descriptions of

strains are shown in Table 1-4.

Table 1-4: Descriptions of Strains



Strain Genotype
MCM2721 MD891 + YfiQ::FRT-kan-FRT
MCM2736 MD891 + CobB::FRT-kan-FRT
MCM2740 MD891 + FRT-kan-FRT-gil.6-YfiQ
MCM2742 MD891 + FRT-kan-FRT-gil.6-CobB (BL21 ATG)

III. Transduction of PL.2-pta

[0384] The FRT-cmR-FRT-PL.2-/?ta locus was moved from strain MCS 1015 into strain

MCM2721 by transduction, retaining the deletion of ackA. A P I lysate of MG1655 was used to

create a lysate of MCS 10 15. IOOUL of this lysate was mixed with lOOuL of an overnight culture

of MCM2721 that had resuspended in half the culture volume of 10 mM MgCl 2 and 5 mM

CaCl 2. The reaction was incubated at 30°C, still for 30 minutes and then quenched with IOOuL

1M sodium citrate. 500uL LB was added and the culture shaken at 37°C for lhr before selecting

on LB/cmp5 plates overnight at 37°C. A single colony was restreaked on LB/kanlOcmplO. A

colony was grown and frozen as MCM2725 (MD891 + FRT-kan-FRT: :yfiQ FRT-cmp-

FRT::PL.2-pta).

IV. Loopouts

[0385] The antibiotic markers from the above strains were removed by transient expression of

the FLP recombinase. Plasmid pCP20 (see worldwide web

cgsc.biology.yale.edu/Site.php?ID=64621) was electroporated and transformants selected on

LB/carb50 at 30°C. A transformant colony was grown in LB/carb50 broth at 30°C until turbid,

then cultured at 37 for several hours. Culture was then streaked to LB plates and grown at 37°C

overnight. Single colonies were patched to LB, LB/carb50, LB/kanlO and LB/cmp5 (for

MCM2725 loopouts). Streaks from LB for colonies sensitive to each antibiotic were grown and

frozen in 30% glycerol. Loopout strains are shown in Table 1-5.

Table 1-5: Loopout strains

V. Isoprene Producing Cells



[0386] Plasmids pMCS1019 and pMCM1225 were co-electroporated into above hosts to

create isoprene-producing cells. Transformants were selected on LB/carb50spec50 and a single

colony was grown in liquid LB/carb50spec50 and frozen in 30% glycerol. Isoprene producing

cells are shown in Table 1-6.

Table 1-6: Isoprene Producing Cells

Example 2: Evaluation of vfiQ deletion in the small scale assay for growth rate and
isoprene specific productivity

[0387] This example measured isoprene production and growth rate in strains carrying a

deletion of the yfiQ gene.

I . Materials and Methods

[0388] LB media, TM3 media without Yeast extract and MgS0 4, 10% Yeast extract, 1M

MgS0 4, 50% Glucose, 200 mM IPTG, 50 mg/mL Spectinomycin, 50 mg/mL Carbenicillin,

Aluminum foil seal, 48-well sterile 5 mL block, breathe easier sealing membrane, aluminum foil

seal, 96-well micro titer plates, 96-well glass block purchased from Zinsser Analytic. Agilent

6890 GC equipped with a 5973N Mass spectrometer.

[0389] Supplemented TM3 media was prepared by combining TM media, (without MgS0 4

and Yeast extract) 1% Glucose, 8 mM MgS0 4, 0.02% Yeast extract and appropriate antibiotics.

2 mL of day culture was started in 48-well sterile block by inoculating overnight culture in

supplemented TM3 media at 0.2 optical density (OD). Blocks were sealed with breathe easier

membrane and incubated for 2 hours at 34°C, 600rpm. After 2 hours of growth, OD was

measured at 600nm in the micro titer plate and cells were induced with 200 µΜ IPTG. OD

reading was taken every hour after the IPTG induction for 4 hours to determine growth rate. OD

was measurement was done in the micro titer plate at appropriate dilution in the TM3 media at

600 nm using a SpectraMax Plus 190 (Molecular Devices).



[0390] 100 µ ΐ of isoprene samples were collected in a 96 well glass block at 2, 3 and 4 hours

after IPTG induction. Glass block was sealed with aluminum foil and incubated at 34°C while

shaking at 450 rpm, for 30 minutes on the thermomixer. After 30 minutes, the block was kept in

70°C water bath for 2 minutes and isoprene headspace measurement was done in GC/MS to

determine specific productivity.

II. Results

[0391] Figure 1A shows growth (OD600) for control wild type yfiQ cells versus yfiQ delete

cells over 4 hours while Figure IB shows overnight growth (OD600). Figure 2 shows isoprene

specific productivity for control wild type yfiQ cells versus yfiQ delete cells over 4 hours.

Example 3: Effects of yfiQ gene deletion on isoprene production in strains expressing the
mevalonate pathway and isoprene synthase

[0392] This example was performed to evaluate isoprene production using a modified E. coli

host (BL21 derived production host MD891) which expresses introduced genes from the

mevalonate pathway and isoprene synthase and is grown in fed-batch culture at the 15-L scale.

Both host strains in this experiment carry a deletion in the gene encoding the acetate kinase

(AckA) polypeptide and express an M. hominis phosphoketolase. Additionally, both over

express phosphotransacetylase (pta).

[0393] These isoprene producing cells were run in the same process. The performance metrics

of control cells, MCS1227 are compared here to those of experimental cells that has been

deleted for yfiQ, a lysine acetyltransferase (cell details provided in Table 3-1). The relevant

performance metrics are cumulative isoprene yield on glucose, volumetric productivity of

isoprene and CPI.

Table 3-1: Cells used in this example



FRT::PL.2- (pMCM1225 Spec (pMCS1019, Carb 50)
pta 50)

I . Materials and Methods

[0394] Medium Recipe (per liter fermentation medium) : K2HP0 4 7.5 g, MgS0 4 * 7H20 2 g,

citric acid monohydrate 2 g, ferric ammonium citrate 0.3 g, yeast extract 0.5 g, 50% sulfuric

acid 1.6 mL, 1000X Modified Trace Metal Solution 1 mL. All of the components were added

together and dissolved in Di H20 . This solution was heat sterilized (123°C for 20 minutes). The

pH was adjusted to 7.0 with ammonium hydroxide (28%) and q.s. to volume. Glucose 10 g,

Vitamin Solution 8 mL, and antibiotics were added after sterilization and pH adjustment.

[0395] 1000X Modified Trace Metal Solution (per liter) : Citric Acids * H20 40 g, MnS0 4 *

H20 30 g, NaCl 10 g, FeS0 4 * 7H20 1 g, CoCl2 * 6H20 1 g, ZnSO * 7H20 1 g, CuS0 4 * 5H20

100 mg, H3BO3 100 mg, NaMo0 4 * 2H20 100 mg. Each component was dissolved one at a

time in Di H20 , pH was adjusted to 3.0 with HCl/NaOH, and then the solution was q.s. to

volume and filter sterilized with a 0.22 micron filter.

[0396] Vitamin Solution (per liter): Thiamine hydrochloride 1.0 g, D-(+)-biotin 1.0 g,

nicotinic acid 1.0 g, pyridoxine hydrochloride 4.0 g . Each component was dissolved one at a

time in Di H20 , pH was adjusted to 3.0 with HCl/NaOH, and then the solution was q.s. to

volume and filter sterilized with 0.22 micron filter.

[0397] Macro Salt Solution (per liter) : MgS0 4 * 7H20 296 g, citric acid monohydrate 296 g,

ferric ammonium citrate 49.6 g . All components were dissolved in water, q.s. to volume and

filter sterilized with 0.22 micron filter.

[0398] Feed solution (per kilogram) : Glucose 0.590 kg, Di H20 0.393 kg, K2HP0 4 7.4 g, and

100% Foamblast882 8.9 g . All components were mixed together and autoclaved. After

autoclaving the feed solution, nutrient supplements are added to the feed bottle in a sterile hood.

Post sterilization additions to the feed are (per kilogram of feed solution), Macro Salt Solution

5.54 mL, Vitamin Solution 6.55 mL, 1000X Modified Trace Metal Solution 0.82 mL. For a

target of ΙΟΟµΜ IPTG: 1.87 mL of a sterile 10 mg/mL solution is added per kilogram of feed.

[0399] This experiment was carried out to monitor isoprene production from glucose at the

desired fermentation pH (7.0) and temperature (34°C). To start each experiment, the appropriate

frozen vial of the E. coli production strain was thawed and inoculated into a flask with tryptone-



yeast extract (LB) medium and the appropriate antibiotics. After the inoculum grew to an

optical density of approximately 1.0, measured at 550 nm (OD 550), 500 mL was used to

inoculate a 15-L bioreactor and bring the initial tank volume to 5 L.

[0400] The inlet gas using to maintain bioreactor backpressure at 0.7 bar gauge and to provide

the oxygen to the production organisms was supplied by in house facilities that dilute the inlet

gas to a known concentration (7.3 to 8.3 vol oxygen).

[0401] The batched media had glucose batched in at 9.7 g/L. Induction was achieved by

adding isopropyl-beta-D-l-thiogalactopyranoside (IPTG). A syringe containing a sterile

solution of IPTG was added to bring the IPTG concentration to 100 µΜ when the cells were at

an OD550 of 6 . Once the glucose was consumed by the culture, as signaled by a rise in pH, the

glucose feed solution was fed to meet metabolic demands at rates less than or equal to 10 g/min.

At a fixed time after dissolved oxygen limitation was established, the temperature was raised

from 34°C to 37°C over the course of one hour. The fermentation was run long enough to

determine the maximum cumulative isoprene mass yield on glucose, typically a total of 64 hrs

elapsed fermentation time (EFT). Table 3-2 shows process conditions.

Table 3-2: Process Conditions

[0402] Isoprene, Oxygen, Nitrogen, and Carbon Dioxide levels in the off-gas were determined

independently by a Hiden HPR20 (Hiden Analytical) mass spectrometer.

[0403] Dissolved Oxygen in the fermentation broth is measured by sanitary, sterilizable probe

with an optical sensor provided Hamilton Company.

[0404] The citrate, glucose, acetate, and mevalonate concentrations in the fermenter broth was

determined in broth samples taken at 4 hour intervals by an HPLC analysis. Concentration in

broth samples were determined by comparison of the refractive index response versus a

previously generated calibration curve using standard of a known concentrationA



[0405] HPLC information was as follows: System: Waters Alliance 2695; Column: BioRad -

Aminex HPX-87H Ion Exclusion Column 300 mm x 7.8 mm Catalog # 125-0140; Column

Temperature: 50°C; Guard column: BioRad - Microguard Cation H refill 30 mm x 4.6 mm

Catalog # 125-0129; Running buffer: 0.0 IN H2S0 4 Running buffer flow rate: 0.6 mL / min;

Approximate running pressure: -1100-1200 psi; Injection volume: 20 microliters; Detector:

Refractive Index (Knauer Κ-2301;) Runtime: 26 minutes.

II. Results

Isoprene Productivity Metrics (and EFT when the value was taken) are shown in Table

Table 3-3: Isoprene Productivity

[0407] Broth concentration of acetate measured in each 15-L fermentation over time is shown

in Figure 3 . The experimental cells that are deleted for yfiQ (MCM2732) finishes with a lower

broth concentration of acetate than the control cells that are wild type for yfiQ. The broth

concentration of acetate was determined by HPLC.

[0408] Specific Glucose Uptake Rate measured in each 15-L fermentation over time is shown

in Figure 4 . The experimental cells carrying the yfiQ deletion (MCM2732) consistently shows a

higher specific glucose uptake rate than the control cells that are wild type for yfiQ. The lower

concentration of acetate in the broth is presumably the driver for the higher specific glucose

uptake rate, which in turn drives a higher volumetric productivity (shown in Figure 5).

Smoothed specific glucose uptake rate was calculated using the following formula:



Specific Glucose Uptake Rate (g/L/hr/OD) = slope of grams glucose consumed per hour

(averaged over 8 hour interval) / broth volume * OD

[0409] Volumetric productivity achieved in each 15-L fermentation over time is shown in

Figure 5 . The experimental cells carrying the yfiQ deletion (MCM2732) finishes with a higher

volumetric productivity of isoprene on glucose than the control cells that are wild type for yfiQ.

The 64hr points were used to populate Table 3-3 above. Volumetric Productivity was

calculated using the following formula:

Volumetric productivity (g/L/hr) = [∑ (IspER(t)/1000*68.117)]/[t-t 0], where the summation is

from t0 to t and where IspER is the isoprene evolution rate. Tank turnaround time is not factored

in.

[0410] Cumulative yield of isoprene on glucose achieved in each 15-L fermentation over time

is shown in Figure 6. The experimental cells carrying the yfiQ deletion (MCM2732) finishes

with a higher cumulative yield of isoprene on glucose than the control cells that are wild type for

yfiQ. The lower broth acetate in for MCM2732 represents less lost carbon but efficiency gain is

more than can be explained by the recapture of the lost acetate carbon. The 64hr points were

used to populate Table 3-3 above. Overall yield was calculated using the following formula:

wt Yield on glucose = Isoprene total (t)/[(Feed Wt(0)-Feed Wt(t)+83.5)*0.59)],

[0411] where 0.59 is the wt of glucose in the glucose feed solution and 83.5 is the grams of

this feed batched into the fermenter at t=0. Each feed had its weight % measured independently.

[0412] Cell Performance Index (CPI) achieved in each 15-L fermentation over time is shown

in Figure 7 . The experimental cells carrying the yfiQ deletion (MCM2732) finishes with a

higher cell performance index than the control cells that are wild type for yfiQ. The 64hr points

were used to populate Table 3-3 above. CPI was calculated using the following formula:

CPI = total grams Isoprene / total grams dry cell weight

[0413] Smoothed specific isoprene productivity achieved in each 15-L fermentation over time

is shown in Figure 8 . The experimental cells carrying the yfiQ deletion (MCM2732) shows a

higher peak specific productivity than the control cells that are wild type for yfiQ. Presumably

this is driven by the higher specific glucose uptake rate. The 64hr points were used to populate

Table 3-3 above. Smoothed specific isoprene productivity was calculated using the following

formula:



Specific productivity (mg/L/hr/OD) = IspER*68.117g/mol/OD. IspER is the isoprene

Evolution Rate in (mmol/L/hr). OD = optical density = Absorbance at 550nm * dilution factor

in water.

Smoothed Specific productivity (mg/L/hr/OD) = slope of milligrams isoprene produced per

hour (averaged over 8 hour interval) / broth volume * OD

[0414] The results of these assays suggest that the yfiQ deletion results in a strain (MCM2732)

that does not accumulate acetate in the broth during this isoprene production process (Figure 3).

MCM2732 kept a consistently low broth concentration of acetate throughout the fermentation

run. Presumably, and without being bound to theory, this is because the gene encoding yfiQ has

been deleted leading to decreased acetylation of acetyl-CoA synthetase. Decreased acetylation of

acetyl-CoA synthetase remains active and free to take up acetate from the broth. In contrast,

control cells MCS1227 accumulated about 6 g/L of acetate and this is typical of what occurs is

isoprene producing cells carrying a deletion for ackA. Presumably, and without being bound to

theory, this is due to the fact that once acetate gets out of the cell, it cannot again be taken up by

acetate kinase, since the gene encoding this polypeptide has been deleted. In conclusion, the

yfiQ deletion (MCM2732 stain) results in a higher specific glucose uptake rate (Figure 4) which

in turn has a number of beneficial effects on isoprene performance (Figure 5).

Example 4: Effect of yfiQ deletion on Growth Rate and Isoprene Production in Cells

Grown with Acetate

[0415] The example explores the effect of deletion of yfiQ on cellular growth rate and

isoprene production when cells are cultured in the presence of acetate.

I . Materials and Methods

[0416] LB media, TM3 media without yeast extract and MgSO 10% yeast extract, 1M

MgSO , 50% glucose, 200 mM IPTG, 50 mg/mL spectinomycin, 50 mg/mL carbenicillin, 10%

sulfuric acid and 100 mM Tris, 100 mM NaCl pH 7.6 buffer were prepared in-house. Aluminum

foil seal, 48-well sterile 5 mL block, Breathe Easier sealing membrane, 96-well micro titer plates

were purchased from VWR. 96-well glass block was purchased from Zinsser Analytical. Sodium

acetate was purchased from Sigma. Agilent 6890 GC was equipped with a 5973N Mass

spectrometer. A summary of the isoprene-producing cells used in the example is in Table 4-1.

Table 4-1: Summary of Isoprene-Producing Cells



Strain Name Genotype

MD891 + FRT-kan-FRT: :YfiQ FRT-cmp-FRT::PL.2-pta
MCM2732

pMCS1019 pMCM1225

MCS1316 MD891 + FRT::PL.2-pta pMCS1019 pMCM1225

[0417] Overnight cultures were prepared directly from glycerol culture stocks in 3 mL of LB

media with appropriate antibiotics in 10 mL plastic test tubes. Overnight cultures were grown at

30°C, 220 rpm.

[0418] Supplemented TM3 media was prepared by combining TM media, (without MgS0 4

and yeast extract) 1% glucose or various concentrations of sodium acetate, 8 mM MgS0 4, 0.02%

yeast extract and appropriate antibiotics. 2 mL of day cultures were prepared in 48-well sterile

block by inoculating overnight culture in supplemented TM3 media at 0.2 optical density (OD).

Blocks were sealed with Breathe Easier membranes and incubated for 2 hours at 34°C, 600rpm.

After 2 hours of growth, OD was measured at 600nm in the micro-titer plate and cells were

induced with 200 µΜ of IPTG. OD reading and isoprene specific productivity samples were

taken from 2-6 hours post induction. OD measurement was done in the micro-titer plate at

appropriate dilution in the TM3 media at 600 nm using a SpectraMax Plus 190 (Molecular

Devices).

[0419] 100 µΐ of isoprene samples were collected in a 96 well glass block every hour after

IPTG induction for 4 hours. Glass block was sealed with aluminum foil and incubated at 34°C

while shaking at 450 rpm, for 30 minutes on the thermomixer. After 30 minutes, the block was

kept at 70°C water bath for 2 minutes and isoprene headspace measurement was done in

GC/MS.

II. Results

[0420] The growth rates of wild type and delta yfiQ isoprene producing cells grown on various

concentrations of acetate as a sole carbon source are shown in Figure 9 while isoprene specific

productivity is shown in Figure 10. In contrast, growth rates of wild type and delta yfiQ

isoprene producing cells grown using glucose as a sole carbon source are shown in Figure 11

while isoprene specific productivity is shown in Figure 12 for this set of conditions.

Example 5: Effects of yfiQ gene deletion on isoprenoid production in cells



[0421] This example is performed to evaluate isoprenoid production using modified E. coli

cells which express introduced genes from the mevalonate pathway and farnesyl pyrophosphate

(FPP) synthase (e.g. farnesene synthase codon-optimized for E. coli (SEQ ID NO:26) or

amorphadiene synthase codon-optimized for E. coli (SEQ ID NO:25)); geranyl pyrophosphate

synthase; or geranylgeranyl pyrophosphate synthase; and are grown in fed-batch culture at the

15-L scale. The cell lines in this experiment carry a deletion in the gene encoding the acetate

kinase (AckA) polypeptide and express an M. hominis phosphoketolase. Additionally, both over

express phosphotransacetylase (pta).

[0422] These isoprenoid producing cells are run in the same process. The performance metrics

of a control cells are compared to experimental cells that has been deleted for yfiQ, a lysine

acetyltransferase or have increased expression of cobB, a deacetylase. The relevant performance

metrics are cumulative isoprenoid yield on glucose, volumetric productivity of isoprenoid and

cell performance index.

I. Construction of Isoprenoid Producing Cells

[0423] Using standard techniques, an farnesyl pyrophosphate (FPP) synthase (e.g. farnesene

synthase codon-optimized for E. coli (SEQ ID NO:26) or amorphadiene synthase codon-

optimized for E. coli (SEQ ID NO:25)); geranyl pyrophosphate synthase; or geranylgeranyl

pyrophosphate synthase gene is cloned in place of ispS in either pMCS1019 or pEWL1421. The

resulting plasmid is co-transformed with pMCM1225 into a host strain. A partial list of host

strains are described in Table 5 .

Table 5: Summary of Host Strains



MCM2754 MCM2736 with kan looped out

MCM2760 MCM2740 with kan looped out

MCM2764 MCM2742 with kan looped out

CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) yfiQ: :FRT-kan-FRT
MCM2801 clone A

MCM2804 CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) yfiQ::FRT clone 1
CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) yfiQ::FRT pta::FRT-

MCM3083 kanR-FRT clone A
CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) yfiQ::FRT pta::FRT-
kanR-FRT clone A FRT-cmp5-FRT::gil.6-acs

MCM3139
MD1243 CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) yfiQ::FRT pta::FRT

clone A, FRT::gil.6-acs, i actP::ML

DW1242 CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) yfiQ::FRT pta::FRT
clone A, FRT::gil.6-acs, i gil.6ackA

MD1280 CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) pta::FRT clone A,
FRT::Gil.6-acs, i yfiQ::Gil.2-rpe_tktA_rpiA_talB ML

MD1281 CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) pta::FRT clone A,
FRT::Gil.6-acs, i pfkA_tag T ML, i yfiQ::Gil.2-rpe_tktA_rpiA_talB ML

MD1282 CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) pta::FRT clone A,
FRT::Gil.6-acs, i pfkA_tag I ML, i yfiQ::Gil.2-rpe_tktA_rpiA_talB ML

MD1283 CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) pta::FRT clone A,
FRT::Gil.6-acs, i pfkA_tag R ML, i yfiQ::Gil.2-rpe_tktA_rpiA_talB ML

II. Materials and Methods

[0424] Medium Recipe (per liter fermentation medium) : K2HP0 4 7.5 g, MgS0 4 * 7H20 2 g,

citric acid monohydrate 2 g, ferric ammonium citrate 0.3 g, yeast extract 0.5 g, 50% sulfuric

acid 1.6 mL, 1000X Modified Trace Metal Solution 1 mL. All of the components are added

together and dissolved in Di H20 . This solution is heat sterilized (123 °C for 20 minutes). The

pH is adjusted to 7.0 with ammonium hydroxide (28%) and q.s. to volume. Glucose 10 g,

Vitamin Solution 8 mL, and antibiotics are added after sterilization and pH adjustment.

[0425] 1000X Modified Trace Metal Solution (per liter) : Citric Acids * H20 40 g, MnS0 4 *

H20 30 g, NaCl, 10 g, FeS0 4 * 7H20 , 1 g, CoCl2 * 6H20 1 g, ZnSO * 7H20 1 g, CuS0 4 *



5H20 , 100 mg, H3BO3 100 mg, NaMo0 4 * 2H20 100 mg. Each component is dissolved one at a

time in Di H20 , pH are adjusted to 3.0 with HCl/NaOH, and then the solution is q.s. to volume

and filter sterilized with a 0.22 micron filter.

[0426] Vitamin Solution (per liter): Thiamine hydrochloride 1.0 g, D-(+)-biotin 1.0 g,

nicotinic acid 1.0 g, pyridoxine hydrochloride 4.0 g . Each component is dissolved one at a time

in Di H20 , pH are adjusted to 3.0 with HCl/NaOH, and then the solution is q.s. to volume and

filter sterilized with 0.22 micron filter.

[0427] Macro Salt Solution (per liter) : MgS0 4 * 7H20 296 g, citric acid monohydrate 296 g,

ferric ammonium citrate 49.6 g . All components are dissolved in water, q.s. to volume and

filter sterilized with 0.22 micron filter.

[0428] Feed solution (per kilogram) : Glucose 0.590 kg, Di H20 0.393 kg, K2HP0 4 7.4 g, and

100% Foamblast882 8.9 g . All components are mixed together and autoclaved. After

autoclaving the feed solution, nutrient supplements are added to the feed bottle in a sterile hood.

Post sterilization additions to the feed are (per kilogram of feed solution), Macro Salt Solution

5.54 mL, Vitamin Solution 6.55 mL, 1000X Modified Trace Metal Solution 0.82 mL. For a

target of ΙΟΟµΜ IPTG: 1.87 mL of a sterile 10 mg/mL solution is added per kilogram of feed.

[0429] This experiment is carried out to monitor isoprenoid production from glucose at the

desired fermentation pH (7.0) and temperature (34°C). To start each experiment, the appropriate

frozen vial of the E. coli isoprenoid producing cells is thawed and inoculated into a flask with

tryptone-yeast extract (LB) medium and the appropriate antibiotics. After growing to an optical

density of approximately 1.0, measured at 550 nm (OD 550), 500 mL is used to inoculate a 15-L

bioreactor and bring the initial tank volume to 5 L.

[0430] The inlet gas using to maintain bioreactor backpressure at 0.7 bar gauge and to provide

the oxygen to the cells is supplied by in house facilities that dilute the inlet gas to a known

concentration (7.3 to 8.3 vol% oxygen).

[0431] The batched media has glucose batched in at 9.7 g/L. Induction is achieved by adding

isopropyl-beta-D-l-thiogalactopyranoside (IPTG). A syringe containing a sterile solution of

IPTG is added to bring the IPTG concentration to ΙΟΟµΜ when the cells are at an OD550 of 6 .

Once the glucose is consumed by the culture, as signaled by a rise in pH, the glucose feed

solution is fed to meet metabolic demands at rates less than or equal to 10 g/min. At a fixed time

after dissolved oxygen limitation is established, the temperature is raised from 34°C to 37°C



over the course of one hour. The fermentation is run long enough to determine the maximum

cumulative isoprenoid mass yield on glucose, typically a total of 64 hrs elapsed fermentation

time (EFT).

[0432] Isoprenoid, Oxygen, Nitrogen, and Carbon Dioxide levels in the off-gas are determined

independently by a Hiden HPR20 (Hiden Analytical) mass spectrometer. Dissolved Oxygen in

the fermentation broth is measured by sanitary, sterilizable probe with an optical sensor provided

Hamilton Company. The citrate, glucose, acetate, and mevalonate concentrations in the

fermenter broth is determined in broth samples taken at 4 hour intervals by an HPLC analysis.

Concentration in broth samples are determined by comparison of the refractive index response

versus a previously generated calibration curve using standard of a known concentration.

[0433] HPLC information is as follows: System: Waters Alliance 2695; Column: BioRad -

Aminex HPX-87H Ion Exclusion Column 300 mm x 7.8 mm Catalog # 125-0140; Column

Temperature: 50°C; Guard column: BioRad - Microguard Cation H refill 30 mm x 4.6 mm

Catalog # 125-0129; Running buffer: 0.0 IN H2S0 4 Running buffer flow rate: 0.6 mL / min;

Approximate running pressure: -1100-1200 psi; Injection volume: 20 microliters; Detector:

Refractive Index (Knauer Κ-2301;) Runtime: 26 minutes.

Example 6: Construction of Acetate Cycling Strains

[0434] This Example describes the construction of strains containing additional mutations in

genes responsible for the modulation of acetate cycling, acetate production, and acetyl-CoA

production. This examples describes the construction of strains carrying a deletion of

phosphotransacetylase (pta) and a deletion of the yfiQ gene.

I . Construction of CM 400

[0435] A chloramphenicol resistance-marked constitutive gil.6 promoter was inserted in front

of the acs gene using GeneBridges protocols. The FRT-gb2-cm-FRT cassette was PCR

amplified from plasmid supplied by GeneBridges using primers acsAUppKD3 and

acsADnGI1.6pKD3R. The resulting PCR product, FRT-cmp-FRT::gi.6-acs, was transformed

into strain HMB carrying the pRedET plasmid following the GeneBridges protocol and

recombinants were selected at 37°C on LB cmp5 plates. The HMB genotype is: BL21 wt, pgl+ t

PL.2-mKKDyI::FRT. A colony was confirmed to be cmpR and carbS and then frozen as

CMP400.

Table 6-1: Primer Sequences



acsAUppK tcacgacagtaaccgcacctacactgtcatgacattgctcgcccctatgtgtaacaaa SEQ ID NO:59

D3 taaccacactgcccatggtccatatgaatatcctcc

acsADnGIl caacggtctgcgatgttggcaggaatggtgtgtttgtgaatttggctcatatataattcc SEQ ID NO:60

.6pKD3R tcctgctatttgttagtgaataaaagtggttgaattatttgctcaggatgtggcattgtca

agggcgtgtaggctggagctgcttcg

II. Construction ofMD803

[0436] A 4.429 kb PCR fragment, Pta::Kan, was amplified from Keio Collection using

primers CMP534 and CMP535. Approximately -300 ng of this PCR product was used to

integrate into the host strain CMP1141 (HMB Gil.2gltA yhfSFRTPyddVIspAyhfS

thiFRTtruncIspA pgl ML (pgl(-)) + pRedETAmp). The transformants were selected at 37°C on

LA+KanlO plates. The mutants were later verified with the same set of primers. The resulting

strain was named MD803 (CMP1 141 + i pta::Kan).

Table 6-2: Primer Sequences

III. Construction ofMCM3151

[0437] Strain MCM2065 (BL21, Apgl PL.2mKKDyl, Gil .2gltA, yhfSFRTPyddVIspAyhfS,

thiFRTtruncIspA, bMVK) was transduced with a PI lysate of MCM2722 (Example 1) using

standard methods, with yfiQ::kanR transductants selected on LB kanlO plates at 37°C overnight.

Transductants were restreaked and confirmed by PCR. This strain was grown in LB kanlO and

frozen as MCM2801. The kanR marker was looped out by transformation of plasmid pCP20 (see

worldwide web cgsc.biology.yale.edu/Site.php?ID=64621), selection on LB carb50 at 30°C

overnight followed by passage of a single colony at 37°C in liquid LB carb50 until visibly

turbid. Culture was streaked on LB without antibiotics and grown at 37°C overnight. Single

colonies were patched to plates with and without antibiotics and a carbS, kanS colony was

identified. PCR was used to confirm the presence of a wildtype ackA locus and an unmarked

AyfiQ locus. This colony was grown in LB at 37°C and frozen as MCM2804. A PI lysate from

MD803 was used to transduce MCM2804 with pta::FRT-kan-FRT, with transductants selected

on LB kanlO plates at 37°C overnight. A colony was restreaked on LB kanlO, grown in liquid

broth and frozen as MCM3803. A PI lysate grown on MCS1388, a subclone of CMP400, was

used to transduce MCM3803 with FRT-cmp-FRT::gi.6-acs. Transductants were selected on LB



cmp5 plates at 37°C overnight. A colony was streaked on LB cmp5, grown overnight, and then a

resulting single colony was used to inoculate a liquid culture. This culture was frozen as

MCM3139. Plasmids pMCM1225 and pMCS1019 were co-electroporated into MCM3139 and

transformants selected on a LB carb50 spec50 plate incubated at 37°C overnight. A single

colony was grown in liquid LB carb50 spec50 at 37°C and frozen as MCM3151.

Table 6-3: Descriptions of Cells

IV. Construction oflsoprene Producing Cells MD1206 (M. hominis phosphoketolase)

and MD1207 (E. gal phosphoketolase)

[0438] MCM3139 was inoculated and grown overnight. The culture was diluted and grown to

OD 0.8-1.0, then were washed and electroporated with plasmid pCP20 (see worldwide web

cgsc.biology.yale.edu/Site.php?ID=64621). The culture was recovered for 1 hour at 30°C.

Transformants were selected on LA+ Carb50 plates and incubated overnight at 30°C. The

resulting CmR marker-less strain was named MD1205 (CTO pgl- FRT-PL.2-2cis-RBS 10000-

MYK(burtonii) yfiQ::FRT pta::FRT clone A, FRT::gil.6-acs). MD1205 was co-transformed

with pMCM1225 and pMCS1019 to generate MD1206 or pMCM1225 and pEWL1421 to

generate MD1207. Transformants were selected on LA + Spec50 + Carb50 plates.

Table 6-4: Descriptions of Cells

CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) yfiQ::FRT
MCM3139 pta: :FRT-kanR-FRT clone A FRT-cmp5-FRT::gil.6-acs

CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) yfiQ::FRT
MD1205 pta::FRT clone A, FRT::gil.6-acs

CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) yfiQ::FRT
MD1206 pta::FRT clone A, FRT::gil.6-acs + pMCM1225 + pMCS1019



CTO pgl- FRT-PL.2-2cis-RBS10000-MVK(burtonii) yfiQ::FRT
MD1207 pta::FRT clone A, FRT::gil.6-acs + pMCM1225 + pEWL1421
Example 7: Effects of Example 6 Strains on Isoprene Yield

[0439] This example measures isoprene production in cells carrying a deletion of

phosphotransacetylase (pta) and a deletion of the yfiQ gene. Cell details are provided in Table

7-1.

[0440] Strain MCM2732 with the deletion of yfiQ and acs constitutively active displayed

improved acetate reuptake and isoprene production. The improved reuptake of acetate

significantly lowered acetate accumulation associated with ackA minus strains, as well as

increased isoprene specific productivity, and improved viability, extending the productive

portion of the run, which increased isoprene titer. This example uses MCM3151, MD1206, and

MD1207 which enhance the acetate reuptake by deleting pta and thereby increasing

phosphoketolase flux (AcP to isoprene) (Figure 28).

Table 7-1: Cells Used in the Example

I . Materials and Methods

[0441] Medium Recipe (per liter fermentation medium) : K2HP0 4 7.5 g, MgS0 4 * 7H20 2 g,

citric acid monohydrate 2 g, ferric ammonium citrate 0.3 g, yeast extract 0.5 g, 50% sulfuric



acid 1.6 mL, 1000X Modified Trace Metal Solution 1 ml. All of the components were added

together and dissolved in Di H20 . This solution was heat sterilized (123°C for 20 minutes). The

pH was adjusted to 7.0 with ammonium hydroxide (28%) and q.s. to volume. Glucose 10 g,

Vitamin Solution 8 mL, and antibiotics were added after sterilization and pH adjustment.

[0442] 1000X Modified Trace Metal Solution (per liter) : Citric Acids * H20 40 g, MnS0 4 *

H20 30 g, NaCl 10 g, FeS0 4 * 7H20 1 g, CoCl2 * 6H20 1 g, ZnSO * 7H20 1 g, CuS0 4 * 5H20

100 mg, H3BO3 100 mg, NaMo0 4 * 2H20 100 mg. Each component was dissolved one at a

time in Di H20 , pH was adjusted to 3.0 with HCl/NaOH, and then the solution was q.s. to

volume and filter sterilized with a 0.22 micron filter.

[0443] Vitamin Solution (per liter) : Thiamine hydrochloride 1.0 g, D-(+)-biotin 1.0 g,

nicotinic acid 1.0 g, pyridoxine hydrochloride 4.0 g . Each component was dissolved one at a

time in Di H20 , pH was adjusted to 3.0 with HCl/NaOH, and then the solution was q.s. to

volume and filter sterilized with 0.22 micron filter.

[0444] Macro Salt Solution (per liter) : MgS0 4 * 7H20 296 g, citric acid monohydrate 296 g,

ferric ammonium citrate 49.6 g . All components were dissolved in water, q.s. to volume and

filter sterilized with 0.22 micron filter.

[0445] Feed solution (per kilogram) : Glucose 0.590 kg, Di H20 0.393 kg, K2HP0 4 7.4 g, and

100% Foamblast882 8.9 g . All components were mixed together and autoclaved. After

autoclaving the feed solution, nutrient supplements are added to the feed bottle in a sterile hood.

Post sterilization additions to the feed are (per kilogram of feed solution), Macro Salt Solution

5.54ml, Vitamin Solution 6.55ml, 1000X Modified Trace Metal Solution 0.82ml. For a target of

100 µΜ IPTG: 1.87ml of a sterile lOmg/ml solution is added per kilogram of feed.

[0446] This experiment was carried out to monitor isoprene production from glucose at the

desired fermentation pH (7.0) and temperature (34°C). To start each experiment, the appropriate

frozen vial of the E. coli isoprene producing cells was thawed and inoculated into a flask with

tryptone-yeast extract (LB) medium and the appropriate antibiotics. After the inoculum grew to

an optical density of approximately 1.0, measured at 550 nm (OD 550), 500 mL was used to

inoculate a 15-L bioreactor and bring the initial tank volume to 5 L.

[0447] The inlet gas using to maintain bioreactor backpressure at 0.7 bar gauge and to provide

the oxygen to the cells was supplied by in house facilities that dilute the inlet gas to a known

concentration (7.3 to 8.3 vol% oxygen).



[0448] The batched media had glucose batched in at 9.7 g/L. Induction was achieved by

adding isopropyl-beta-D-l-thiogalactopyranoside (IPTG). A syringe containing a sterile

solution of IPTG was added to bring the IPTG concentration to 100 µΜ when the cells were at

an OD 550 of 6 . Once the glucose was consumed by the culture, as signaled by a rise in pH, the

glucose feed solution was fed to meet metabolic demands at rates less than or equal to 10 g/min.

At a fixed time after dissolved oxygen limitation was established, the temperature was raised

from 34°C to 37°C over the course of one hour. The fermentation was run long enough to

determine the maximum cumulative isoprene mass yield on glucose, typically a total of 64 hrs

elapsed fermentation time (EFT). Table 7-2 shows process conditions.

Table 7-2 Process Conditions

[0449] Isoprene, Oxygen, Nitrogen, and Carbon Dioxide levels in the off-gas were determined

independently by a Hiden HPR20 (Hiden Analytical) mass spectrometer.

[0450] Dissolved Oxygen in the fermentation broth is measured by sanitary, sterilizable probe

with an optical sensor provided Hamilton Company.

[0451] The citrate, glucose, acetate, and mevalonate concentrations in the fermenter broth was

determined in broth samples taken at 4 hour intervals by an HPLC analysis. Concentration in

broth samples were determined by comparison of the refractive index response versus a

previously generated calibration curve using standard of a known concentration.

[0452] HPLC Information was as follows: System: Waters Alliance 2695; Column: BioRad -

Aminex HPX-87H Ion Exclusion Column 300mm x 7.8mm Catalog # 125-0140; Column

Temperature: 50°C; Guard column: BioRad - Microguard Cation H refill 30mm x 4.6mm

Catalog # 125-0129; Running buffer: 0.0 IN H2S0 4 Running buffer flow rate: 0.6 ml / min;

Approximate running pressure: -1100-1200 psi; Injection volume: 20 microliters; Detector:

Refractive Index (Knauer K-2301); Runtime: 26 minutes

II. Results

[0453] Isoprene Productivity Metrics (and EFT when the value was taken) are shown in Table

7-3.



[0454] Acetate concentration was kept low, even though pta was deleted in the experimental

strains, so it would appear that acs overexpression, coupled with yfiQ deletion was sufficient to

route the acetyl phosphate (from the phosphoketolase pathway) to acetyl-CoA (and onto the

mevalonate pathway, producing isoprene).

[0455] The MD1207 strain did not perform as well as the other new strains. It is interesting

that this strain is expressing the E. gallinarum phosphoketolase which typically shows a higher

expression level compared to the M. hominis phosphoketolase. The increased lag after induction

resulted in a slower growth rate, and longer time to reach DO limitation, thereby shortening

the peak productivity and the high yielding phases of the run.

Table 7-3: Isoprene Productivity

[0456] Broth concentration of acetate measured in each 15-L fermentation over time is shown

in Figure 16. In all cases, control and experimental, the broth concentration of acetate was very

low. The experimental strains had a slightly lower acetate concentration at the end of

fermentation.

[0457] Cumulative yield of isoprene on glucose achieved in each 15-L fermentation over time

is shown in Figure 17. The experimental cells that are deleted for pta (MD1206) finishes with a

higher cumulative yield of isoprene on glucose than the control cells that overexpresses pta

(MCM2732). The 60hr points were used to populate Table 7-3 above. Overall yield was

calculated using the following formula:

wt Yield on glucose = Isoprene total (t)/[(Feed Wt(0)-Feed Wt(t)+83.5)*0.59)],



where 0.59 is the wt of glucose in the glucose feed solution and 83.5 is the grams of this feed

batched into the fermenter at t=0. Each feed had its weight % measured independently.

[0458] Yield of Isoprene on glucose (over previous 40hr period) achieved in each 15-L

fermentation over time is shown in Figure 18. The experimental cells that is deleted for pta

(MD1206) finishes with a higher peak "40hr" yield of isoprene on glucose than the control cells

that overexpresses pta (MCM2732). "40hr" yield was calculated using the following formula:

wt Yield on glucose = Isoprene total (ti itiai - _40) / [(Feed Wt - t _ 0)*0.59)],

where 0.59 is the wt of glucose in the glucose feed solution. Each feed had its weight %

measured independently.

Example 8: Construction of Additional Acetate Cycling Strains

[0459] This Example describes the construction of additional strains containing mutations in

genes responsible for acetate production, acetate cycling, and acetyl-CoA production. The ackA

gene was overexpressed to drive the conversion of acetate to acetyl-CoA. In another strain, actP

was deleted to minimize transport of acetate across the membrane. Without being bound to

theory, it is believed that if acetate production is coupled with transport across the membrane,

this could result in energy loss due to decoupling of the proton gradient.

[0460] The construct for overexpression of ackA was constructed using standard molecular

biology techniques (SEQ ID NO: 109). Briefly, flanking regions of ackA were fused to a

heterologous promoter (Gil. 2) in an allelic exchange cassette by seamless cloning and assembly

(Life Technologies). The actP deletion construct was also generated by fusing homologous

flanking regions to the allelic exchange cassette (SEQ ID NO: 110). The ackA and actP vectors

(Figure 19) were isolated and then transformed into MD1205 to generate DW1242 and MD1243

respectively. Positive integrants were selected for resistance to tetracycline and markerless

deletion strains were identified by passaging on 5% sucrose. Final mutant strains were

confirmed by PCR and sequencing. Co-transformation of pMCM1225 and pEWL1421 into

DW1242 generated DW1245 and into MD1243 generated MD1245.

Table 8-1: Primer Sequences



actP Up Rev ggagagattacatgatgcttgtacctcatgcagga SEQ ID NO:66
actP Down For aagcatcatgtaatctctccccttccccggtcgcctga SEQ ID NO:67
actP Down Rev agtgtcaacaaaaattaggacgtaaccaccatttactgtctgtgga SEQ ID NO:68
actP Test For ctggcgtagtcgagaagctgcttga SEQ ID NO:69
actP Test Rev gcatagcggaacatgaatttagagt SEQ ID NO:70
ackA Up For tttatttctcaacaagatggcggatcgagcatagtcatcatcttgtact SEQ ID NO:71

cggttgatttgtttagtggttgaattatttgctcaggatgtggcatngtcaagg SEQ ID NO:72
ackA Up GI Rev gcgaatttgacgactcaatgaatatgtact
ackA Down GI accactaaacaaatcaaccgcgtttcccggaggtaacctaaaggaggtaaa SEQ ID NO:73
For aaaacatgtcgagtaagttagtactggttctga
ackA Down Rev agtgtcaacaaaaattaggagtacccatgaccagaccttccagc SEQ ID NO:74

atcaccgccagtggtatttangtcaacaccgccagagataatttatcaccgc SEQ ID NO:75
ackA Up PL Rev agatggttatctgaatttgacgactcaatgaatatgtact
ackA Down PL taaataccactggcggtgatactgagcacatcagcaggacgcactgcaaa SEQ ID NO:76
For ggaggtaaaaaaacatgtcgagtaagttagtactggttctga
ackA EX Test For tgcaggcgacggtaacgttcagcat SEQ ID NO:77
ackA EX Test SEQ ID NO:78
Rev gtggaagatgatcgccggatcgata
R6K TS Rev agtgtcaacaaaaattaggactgtcagccgttaagtgttcctgtgt SEQ ID NO:79
actP R6K For ggtggttacgcagttcaacctgttgatagtacgta SEQ ID NO: 80
actP R6K Rev ggttgaactgcgtaaccaccatttactgtctgtgga SEQ ID NO: 8 1

Table 8-2: Strain Descriptions

Example 9: Effect of Example 8 strains on isoprene yield and growth rate

[0461] This example measured isoprene production and growth rate in cells carrying a

deletion of the yfiQ gene and either an actP deletion or an ackA overexpression.

I . Materials and Methods

[0462] LB media, TM3 media without Yeast extract and MgS0 4, 10% Yeast extract, 1M

MgS0 4, 50% Glucose, 200 mM IPTG, 50 mg/mL Spectinomycin, 50 mg/mL CarbeniciUin,

Aluminum foil seal, 48-well sterile 5 mL block, breathe easier sealing membrane, aluminum foil

seal, 96-well micro titer plates, 96-well glass block purchased from Zinsser Analytic. Agilent

6890 GC equipped with a 5973N Mass spectrometer.



[0463] Supplemented TM3 media was prepared by combining TM media, (without MgS0 4

and Yeast extract) 1% Glucose, 8 mM MgS0 4, 0.02% Yeast extract and appropriate antibiotics.

2 mL of day culture was started in 48-well sterile block by inoculating overnight culture in

supplemented TM3 media at 0.2 optical density (OD). Blocks were sealed with breathe easier

membrane and incubated for 2 hours at 34°C, 600rpm. After 2 hours of growth, OD was

measured at 600nm in the micro titer plate and cells were induced with 200 µΜ IPTG. OD

reading was taken every hour after the IPTG induction for 4 hours to determine growth rate. OD

was measurement was done in the micro titer plate at appropriate dilution in the TM3 media at

600 nm using a SpectraMax Plus 190 (Molecular Devices).

[0464] 100 µΐ of isoprene samples were collected in a 96 well glass block at 2, 3 and 4 hours

after IPTG induction. Glass block was sealed with aluminum foil and incubated at 34°C while

shaking at 450 rpm, for 30 minutes on the thermomixer. After 30 minutes, the block was kept in

70°C water bath for 2 minutes and isoprene headspace measurement was done in GC/MS to

determine specific productivity.

II. Results

[0465] Both the actP deletion (MD1245) and the ackA overexpression (DW1245) cells

displayed higher carbon dioxide evolution rates (CER), indicating improved respiration rates

compared to the control cells (Figure 20A-D). Both cells displayed improved isoprene titer and

specific productivity as compared to the control, and the actP cells displayed an improvement in

isoprene yield (Figure 21A-D). These results show that improvements around acetate

production and/or acetate cycling have a beneficial effect on several different parameters of

isoprene production. Without being bound by theory, it is possible that this effect is achieved by

optimizing the fluxes through glycolysis and phosphoketolase.

Example 10: Construction of Pentose Phosphate Pathway Modulation Strains

[0466] This Example describes the construction of strains containing mutations in genes

responsible for modulating the Pentose Phosphate Pathway (PPP).

[0467] Without being bound by theory, it is believed that the four genes in the pentose

phosphate pathway critical for balancing carbon flux in a phosphoketolase-expressing host are

tktA, talB, rpe, and rpiA. Maximizing the cycling of carbon towards X5P could optimize the

split between fluxes through glycolysis, the pentose phosphate pathway, and phosphoketolase.

The construct described below was designed to overexpress and integrate all four non-oxidative

pentose phosphate genes in the yfiQ locus in the chromosome. This construct represents only

one attempt at improving the routing of carbon through PPP, and it is very likely that refinement



of this construct, by the addition of more promoters, terminators, rearranging the genes, etc., will

help to determine what is the optimum expression level to balance flux through

phosphoketolase .

[0468] In addition to four genes of the PPP discussed above, modulation of the pentose

phosphate pathway can be achieved by modulating PfkA. Without being bound by theory, it is

believed that PfkA controls a major entry point and regulated node in glycolysis, and it is likely

that for phosphoketolase (PKL) to function properly, phosphofructokinase activity must be

decreased. This would increase available fructose 6-phosphate (F6P) and drive carbon flux

through pentose phosphate towards xylulose 5-phosphate (X5P), the other substrate of

phosphoketolase .

I . Construction of tktA, talB, rpe, and rpiA mutant strains

[0469] PPP genes were optimized and ordered from IDT as gBlocks double stranded gene

fragments. All four genes were TOPO cloned into the pCR2. 1 vector (Life Technologies) and

sequenced prior to subsequent cloning. Initial vectors were built by seamless assembly (Life

Technologies) with either the Gil. 2 or Gil. 6 promoters and flanking sites for homologous

recombination. The final vector with all four PPP genes in a single operon were also built by

seamless cloning (Life Technologies) (Figure 22) (SEQ ID NO: 111). This plasmid was

transformed into MD1205 for allelic exchange, and strains were isolated by resistance to

tetracycline. Independent strains were selected by resistance to 5% sucrose, and the presence of

the insertion in the proper genomic locus was verified by PCR. This cell was frozen as

MD1280. MD1280 was co-transfected with pMCM1225 and pEWL1421 to generate MD1284.

Table 10-1: Primers Sequences



Rev ggttga

Table 10-2: Strain Descriptions

II. Construction ofpfkA mutant strains

[0470] Partially functional proteolytic tags were generated to downregulate pfkA. Random

mutations at the third to last amino acid position in tmRNA were fused to the C-terminus of

PfkA using GeneBridges recombineering (following the manufacturer' s recommended protocol)

in a WT BL21 background (Figure 23). Mutants were then screened for growth in TM3 glucose

in the growth profiler (Figure 24). The variant with isoleucine (I) in the 3rd to last position is

likely very similar to leucine (L), the native amino acid. This accordingly grew the slowest due

to the high protein degradation rate of a "WT" tag. The variant with arginine (R) displayed a



more modest effect, and threonine (T) was the least impaired. These three variants were selected

and moved into MD1205 or MD1280 using the R6K allelic exchange method. Briefly, PCR

fragments generated from primers listed below were used with tet-sac (TS) and R6K fragments

in seamless cloning reactions (Life Technologies) to yield the plasmids for allelic exchange

(SEQ ID NO: 112). These plasmids were then introduced into MD1205 or MD1280 by selection

for tetracycline resistance, and then counter selected by subsequent plating onto medium

containing 5% sucrose. Strains harboring the individual proteolytic tag mutations in pfkA were

identified by PCR and sequencing. pMCM1225 and pEWL1421 transfected into each cell using

standard molecular biology techniques. See Table 10-2 for strain details.

Table 10-3: Primer Sequences

Example 11: Effects of the modulation of the Pentose Phosphate Pathway on isoprene yield

I . Materials and Methods

[0471] LB media, TM3 media without Yeast extract and MgS0 4, 10% Yeast extract, 1M

MgS0 4, 50% Glucose, 200 mM IPTG, 50 mg/mL Spectinomycin, 50 mg/mL Carbenicillin,

Aluminum foil seal, 48-well sterile 5 mL block, breathe easier sealing membrane, aluminum foil

seal, 96-well micro titer plates, 96-well glass block purchased from Zinsser Analytic. Agilent

6890 GC equipped with a 5973N Mass spectrometer.

[0472] Supplemented TM3 media was prepared by combining TM media, (without MgS0 4

and Yeast extract) 1% Glucose, 8 mM MgS0 4, 0.02% Yeast extract and appropriate antibiotics.

2 mL of day culture was started in 48-well sterile block by inoculating overnight culture in



supplemented TM3 media at 0.2 optical density (OD). Blocks were sealed with breathe easier

membrane and incubated for 2 hours at 34°C, 600rpm. After 2 hours of growth, OD was

measured at 600nm in the micro titer plate and cells were induced with 200 µΜ IPTG. OD

reading was taken every hour after the IPTG induction for 4 hours to determine growth rate. OD

was measurement was done in the micro titer plate at appropriate dilution in the TM3 media at

600 nm using a SpectraMax Plus 190 (Molecular Devices).

[0473] 100 µΐ of isoprene samples were collected in a 96 well glass block at 2, 3 and 4 hours

after IPTG induction. Glass block was sealed with aluminum foil and incubated at 34°C while

shaking at 450 rpm, for 30 minutes on the thermomixer. After 30 minutes, the block was kept in

70°C water bath for 2 minutes and isoprene headspace measurement was done in GC/MS to

determine specific productivity.

II. Results

[0474] Cells with both the pentose phosphate pathway upregulated and pfkA downregulated

were assayed under fed batch conditions. The cells with only the pentose phosphate pathway

upregulated (MD1284), performed well compared to the control MD1207 cells (Figures 25A-D

and 26A-D). The PPP upregulated cells displayed improved growth over the control, and

additionally displayed faster instantaneous isoprene/C0 2 production and higher yield.

Upregulation of the pentose phosphate pathway using a combination of the four non-oxidative

genes is therefore beneficial for isoprene production. This could be due to an increase in

available substrate for PKL (xylulose-5-phosphate), or more effective balancing of pentose

phosphate intermediates (such as glyceraldehyde-3-phosphate or sedoheptulose-7-phosphate)

that could benefit the overall flux through the pathway. All cells with pfkA downregulated by

proteolytic tag grew poorly and underperformed compared to the control cells (Figure 27A-B).

This was likely due to too high of a degradation rate for all three tags, despite the broad effect on

growth in Example 10. Additional mutations in pfkA tags would likely allow for improved

growth rates while still driving the proper flux partition between glycolysis and

phosphoketolase.

Example 12: Construction of S cch rom ces cerevisiae reference and acetylation

modulatory strains

[0475] This example describes the construction of reference strains and strains containing

mutations in genes responsible for modulating intracellular protein acetylation. This example



also describes measuring the effects of an acetyltransferase gene deletion on isoprene production

in Saccharomyces cerevisiae strains expressing the mevalonate pathway and isoprene synthase

. Construction of reference strains with constructs for expression of the P. tremuloides
isoprene synthase and phosphoketolase pathway in Saccharomyces cerevisiae

[0476] The Saccharomyces cerevisiae codon-optimized P. tremuloides isoprene synthase and

E. gallinarum phosphoketolase genes are synthesized by DNA 2.0. Using molecular biology

techniques, the genes are PCR amplified and cloned into a construct suitable for insertion into a

Saccharomyces cerevisiae 2 micron plasmid or chromosome. The construct has then the

following structure: Upper homology-Promoter-Gene-Terminator-marker-Lower homology) .

The yeast cells are transformed and transformants are selected. Several colonies are picked and

inoculated into YPD medium (Yeast extract 10 g/L, Bacto peptone 20 g/L, glucose 20 g/L) and

grown. DNA is isolated from the cultures and purified. Constructs are PCR-amplified with

error-proof DNA polymerase and are sequenced to verify that the DNA sequence is correct. In

addition, in some strains, one or more MVA pathway polypeptides are similarly expressed in the

yeast host cells.

. Construction of reference strains containing a deletion of a Saccharomyces cerevisiae
acetyltransferase gene

[0477] Strains as described above containing also a deletion of a Saccharomyces cerevisiae

acetyltransferase are generated using standard molecular biology protocols.

///. Production of isoprene in recombinant strains of Saccharomyces cerevisiae

[0478] One ml of 15 and 36 hour old cultures of isoprene synthase transformants described

above are transferred to head space vials. The vials are sealed and incubated for 5 hours at 30°

C. Head space gas is measured and isoprene is identified by the methods described above.

Example 13: Construction of Saccharomyces cerevisiae acetylation modulatory strains that

further contain mutations in genes responsible for either modulating the Pentose

Phosphate Pathway (PPP) or Acetate Cycling

[0479] This Example describes the construction of yeast strains from Example 12 further

containing mutations in genes responsible for modulating the Pentose Phosphate Pathway (PPP)

or acetate cycling. This Example also describes measuring the effects these mutations on

isoprene production.



. Construction of reference strains containing overexpression of one or more
Saccharomyces cerevisiae PPP genes, or expression or overexpression of Acetate
Cycling genes

[0480] Strains created in Example 12 above (containing mutated acetylation proteins, isoprene

synthase, phosphoketolase and MVA pathway polypeptides) are further engineered to create

strains containing mutations of Saccharomyces cerevisiae PPP genes. These are generated using

standard molecular biology protocols. TKLl, TALI, RPEl and RKIl genes in the yeast pentose

phosphate pathway involved in balancing carbon flux in a phosphoketolase-expressing host are

optimized for expression in yeast. The genes are cloned and assembled to express different

amount of the 4 activities of the PPP pathway using standard molecular biology techniques.

These plasmids are transformed into yeast cells, and strains are isolated, and frozen down.

Independent strains are verified by PCR. Alternatively, or additionally, strains created in

Example 12 above are further engineered to contain mutations in the acetate cycling genes. One

set of constructs expresses the E. coli phosphotransacetylase (codon-optimized for

Saccharomyces cerevisiae and synthesized by DNA2.0), and yet another series expresses E. coli

acetate kinase (codon-optimized for Saccharomyces cerevisiae and synthesized by DNA2.0)

with or whithout overexpression of Saccharomyces cerevisiae acetyl-CoA synthase. Further

genes for acetate kinase and acetyl-CoA synthase are introduced.

II. Production of isoprene in recombinant strains of Saccharomyces cerevisiae

[0481] One ml of 15 and 36 hour old cultures of isoprene synthase transformants described

above are transferred to head space vials. The vials are sealed and incubated for 5 hours at 30°

C. Head space gas is measured and isoprene is identified by the methods described above.

Example 14: Construction of Trichoderma reesei reference and acetylation modulatory

strains

[0482] This Example describes the construction of reference strains and strains containing

mutations in genes responsible for modulating intracellular protein acetylation in Trichoderma

reesei. This Example also describes measuring the effects of an acetyltransferase gene deletion

on isoprene production in Trichoderma reesei strains expressing the mevalonate pathway and

isoprene synthase



. Construction of Trichoderma reesei strains expressing isoprene synthase, MVA
pathway and PKL

[0483] Genes encoding Trichoderma reesei codon-optimized P. alba or P. tremuloides

isoprene synthase, E. gallinarum PKL and E. gallinarum mvaE and mvaS are synthesized by

DNA 2.0. Using standard molecular biology techniques, the genes are cloned into a vector such

as pTrex3g under the control of sophorose-inducible promoters pyr Trichoderma reesei

protoplasts are transformed with a mixture of the above constructs and transformants are

selected on amdS selection plates supplemented with uradine. Stable transformants are grown in

media containing a glucose-sophorose carbon source and screened for expression of IspS, PKL

and the MVA pathway proteins by immunoblot. Strains expressing all proteins are screened for

isoprene production. Isoprene producers are selected for spore purification and further

manipulation.

II. Construction strains containing a deletion of a Trichoderma reesei acetyltransferase gene

[0484] Isoprene-producing strains containing a deletion of a Trichoderma reesei

acetyltransferase are generated using standard molecular biology protocols. Briefly, a cassette

containing a loxP-flanked the hph gene is inserted within 2-4kb of chromosomal DNA within or

flanking the targeted acetyltransferase gene. This cassette is transformed into T.reesei

protoplasts and hygromycin-resistant transformants are selected on Vogel's plates. Stable

transformants are screened by PCR for insertion of the cassette to confirm disruption of the

targeted locus and subsequently spore-purified. The resulting strain is confirmed to produce

isoprene and be deleted for the acetyltransferase gene.

///. Construction of strains for acetate cycling via Pta

[0485] A gene encoding Trichoderma reesei codon-optimized E.colipta is synthesized by

DNA 2.0. Using standard molecular biology techniques, the gene is cloned under the control of

a sophorose-inducible promoter such as from cbhl on a hph-ma telomeric vector. This DNA

is used to transform protoplasts of isoprene-producing Trichoderma reesei with and without the

lysine acetyltransferase gene deleted. Transformants are selected on Vogel's plates containing

hygromycin.

IV. Construction of strains for acetate cycling via T.reesei Acsl

[0486] A gene encoding Trichoderma reesei codon-optimized E.coli ackA is synthesized by

DNA 2.0. Using standard molecular biology techniques, the gene is cloned under the control of



a sophorose-inducible promoter such as from cbhl on a hph-ma telomeric vector. A second

cassette expressing the T.reesei acsl gene from a sophorose-inducible promoter is cloned onto

this vector. This DNA is used to transform protoplasts of isoprene-producing Trichoderma

reesei with and without the lysine acetyltransferase gene deleted. Transformants are selected on

Vogel's plates containing hygromycin.

V. Production of isoprene in recombinant strains of Trichoderma reesei

[0487] Cultures of strains indicated in Table 11 are induced with glucose-sophorose and at 15

and 36 hours one mL from each culture is transferred to head space vials. The vials are sealed

and incubated for 5 hours at 32° C. Head space gas is measured and isoprene is identified by the

methods described above. Broth is clarified and MVA is identified by HPLC.

Table 11. Relevant genotypes of T.reesei strains for acetate recycle with and without
deletion of acetyltransferase



SEQUENCES

L.grayi mvaE
atggttaaagacattgtaataattgatgccctccgtactcccatcggtaagtaccgcggtcagctctcaaagatgacggcggtggaattggga
accgcagttacaaaggctctgttcgagaagaacgaccaggtcaaagaccatgtagaacaagtcatttttggcaacgttttacaggcaggga
acggccagaatcccgcccgtcagatcgcccttaattctggcctgtccgcagagataccggcttcgactattaaccaggtgtgtggttctggc
ctgaaagcaataagcatggcgcgccaacagatcctactcggagaagcggaagtaatagtagcaggaggtatcgaatccatgacgaatgc
gccgagtattacatattataataaagaagaagacaccctctcaaagcctgttcctacgatgaccttcgatggtctgaccgacgcgtttagcgg
aaagattatgggtttaacagccgaaaatgttgccgaacagtacggcgtatcacgtgaggcccaggacgcctttgcgtatggatcgcagatg
aaagcagcaaaggcccaagaacagggcattttcgcagctgaaatactgcctcttgaaataggggacgaagttattactcaggacgagggg
gttcgtcaagagaccaccctcgaaaaattaagtctgcttcggaccatttttaaagaagatggtactgttacagcgggcaacgcctcaacgatc
aatgatggcgcctcagccgtgatcattgcatcaaaggagtttgctgagacaaaccagattccctaccttgcgatcgtacatgatattacagag
ataggcattgatccatcaataatgggcattgctcccgtgagtgcgatcaataaactgatcgatcgtaaccaaattagcatggaagaaatcgat
ctctttgaaattaatgaggcatttgcagcatcctcggtggtagttcaaaaagagttaagcattcccgatgaaaagatcaatattggcggttccg
gtattgcactaggccatcctcttggcgccacaggagcgcgcattgtaaccaccctagcgcaccagttgaaacgtacacacggacgctatgg
tattgcctccctgtgcattggcggtggccttggcctagcaatattaatagaagtgcctcaggaagatcagccggttaaaaaattttatcaattgg
cccgtgaggaccgtctggctagacttcaggagcaagccgtgatcagcccagctacaaaacatgtactggcagaaatgacacttcctgaag
atattgccgacaatctgatcgaaaatcaaatatctgaaatggaaatccctcttggtgtggctttgaatctgagggtcaatgataagagttatacc
atcccactagcaactgaggaaccgagtgtaatcgctgcctgtaataatggtgcaaaaatggcaaaccacctgggcggttttcagtcagaatt
aaaagatggtttcctgcgtgggcaaattgtacttatgaacgtcaaagaacccgcaactatcgagcatacgatcacggcagagaaagcggca
atttttcgtgccgcagcgcagtcacatccatcgattgtgaaacgaggtgggggtctaaaagagatagtagtgcgtacgttcgatgatgatccg
acgttcctgtctattgatctgatagttgatactaaagacgcaatgggcgctaacatcattaacaccattctcgagggtgtagccggctttctgag
ggaaatccttaccgaagaaattctgttctctattttatctaattacgcaaccgaatcaattgtgaccgccagctgtcgcataccttacgaagcact
gagtaaaaaaggtgatggtaaacgaatcgctgaaaaagtggctgctgcatctaaatttgcccagttagatccttatcgagctgcaacccaca
acaaaggtattatgaatggtattgaggccgtcgttttggcctcaggaaatgacacacgggcggtcgcggcagccgcacatgcgtatgcttc
acgcgatcagcactatcggggcttaagccagtggcaggttgcagaaggcgcgttacacggggagatcagtctaccacttgcactcggca
gcgttggcggtgcaattgaggtcttgcctaaagcgaaggcggcattcgaaatcatggggatcacagaggcgaaggagctggcagaagtc
acagctgcggtagggctggcgcaaaacctggcggcgttaagagcgcttgttagtgaaggaatacagcaaggtcacatgtcgctccaggct
cgctctcttgcattatcggtaggtgctacaggcaaggaagttgaaatcctggccgaaaaattacagggctctcgtatgaatcaggcgaacgc
tcagaccatactcgcagagatcagatcgcaaaaagttgaattgtga SEQ ID NO:l

L.grayi mvaS
atgaccatgaacgttggaatcgataaaatgtcattctttgttccaccttactttgtggacatgactgatctggcagtagcacgggatgtcgatcc
caataagtttctgattggtattggccaggaccagatggcagttaatccgaaaacgcaggatattgtgacatttgccacaaatgctgccaaaaa
catactgtcagctgaggaccttgataaaattgatatggtcatagtcggcaccgagagtggaatcgatgaatccaaagcgagtgccgtagtgc
ttcacaggttgctcggtatccagaagtttgctcgctcctttgaaatcaaagaagcctgttatgggggtaccgcggctttacagttcgctgtaaac
cacattaggaatcatcctgaatcaaaggttcttgtagttgcatcagatatcgcgaaatacggcctggcttctggaggtgaaccaacgcaaggt
gcaggcgctgtggctatgctcgtctcaactgaccctaagatcattgctttcaacgacgatagcctcgcgcttacacaagatatctatgacttct
ggcgaccagttggacatgactatcctatggtcgacgggcctcttagtacagagacctacatccagtcatttcagaccgtatggcaggaatac
acaaaacggtcgcagcatgcactggcagactttgctgcccttagctttcatatcccgtatactaaaatgggcaaaaaggcgctgcttgcaatc
cttgaaggcgaatcagaggaggctcagaaccgtatactagcaaaatatgaaaagagtatagcctactccagaaaggcgggtaacctgtata
ccggtagcctgtatctaggacttatttcacttctggaaaatgcagaagaccttaaagctggtgatttaataggcctcttttcttacggttccggtg
ctgttgcggagtttttctcaggaaggctggttgaggactatcaggaacagctacttaaaacaaaacatgccgaacagctggcccatagaaag
caactgacaatcgaggagtacgaaacgatgttctccgatcgcttggacgtggacaaagacgccgaatacgaagacacattagcttatagca
tttcgtcagtccgaaacaccgtacgtgagtacaggagttga SEQ ID NO:2

E. faecium mvaE
atgaaagaagtggttatgattgatgcggctcgcacacccattgggaaatacagaggtagtcttagtccttttacagcggtggagctggggac
actggtcacgaaagggctgctggataaaacaaagcttaagaaagacaagatagaccaagtgatattcggcaatgtgcttcaggcaggaaa
cggacaaaacgttgcaagacaaatagccctgaacagtggcttaccagttgacgtgccggcgatgactattaacgaagtttgcgggtccgga
atgaaagcggtgattttagcccgccagttaatacagttaggggaggcagagttggtcattgcagggggtacggagtcaatgtcacaagcac
ccatgctgaaaccttaccagtcagagaccaacgaatacggagagccgatatcatcaatggttaatgacgggctgacggatgcgttttccaat



gctcacatgggtcttactgccgaaaaggtggcgacccagttttcagtgtcgcgcgaggaacaagaccggtacgcattgtccagccaattga
aagcagcgcacgcggttgaagccggggtgttctcagaagagattattccggttaagattagcgacgaggatgtcttgagtgaagacgagg
cagtaagaggcaacagcactttggaaaaactgggcaccttgcggacggtgttttctgaagagggcacggttaccgctggcaatgcttcacc
gctgaatgacggcgctagtgtcgtgattcttgcatcaaaagaatacgcggaaaacaataatctgccttacctggcgacgataaaggaggttg
cggaagttggtatcgatccttctatcatgggtattgccccaataaaggccattcaaaagttaacagatcggtcgggcatgaacctgtccacga
ttgatctgttcgaaattaatgaagcattcgcggcatctagcattgttgtttctcaagagctgcaattggacgaagaaaaagtgaatatctatggc
ggggcgatagctttaggccatccaatcggcgcaagcggagcccggatactgacaaccttagcatacggcctcctgcgtgagcaaaagcg
ttatggtattgcgtcattatgtatcggcggtggtcttggtctggccgtgctgttagaagctaatatggagcagacccacaaagacgttcagaag
aaaaagttttaccagcttaccccctccgagcggagatcgcagcttatcgagaagaacgttctgactcaagaaacggcacttattttccagga
gcagacgttgtccgaagaactgtccgatcacatgattgagaatcaggtctccgaagtggaaattccaatgggaattgcacaaaattttcagat
taatggcaagaaaaaatggattcctatggcgactgaagaaccttcagtaatagcggcagcatcgaacggcgccaaaatctgcgggaacatt
tgcgcggaaacgcctcagcggcttatgcgcgggcagattgtcctgtctggcaaatcagaatatcaagccgtgataaatgccgtgaatcatc
gcaaagaagaactgattctttgcgcaaacgagtcgtacccgagtattgttaaacgcgggggaggtgttcaggatatttctacgcgggagttta
tgggttcttttcacgcgtatttatcaatcgactttctggtggacgtcaaggacgcaatgggggcaaacatgatcaactctattctcgaaagcgtt
gcaaataaactgcgtgaatggttcccggaagaggaaatactgttctccatcctgtcaaacttcgctacggagtccctggcatctgcatgttgc
gagattccttttgaaagacttggtcgtaacaaagaaattggtgaacagatcgccaagaaaattcaacaggcaggggaatatgctaagcttga
cccttaccgcgcggcaacccataacaaggggattatgaacggtatcgaagccgtcgttgccgcaacgggaaacgacacacgggctgtttc
cgcttctattcacgcatacgccgcccgtaatggcttgtaccaaggtttaacggattggcagatcaagggcgataaactggttggtaaattaac
agtcccactggctgtggcgactgtcggtggcgcgtcgaacatattaccaaaagccaaagcttccctcgccatgctggatattgattccgcaa
aagaactggcccaagtgatcgccgcggtaggtttagcacagaatctggcggcgttacgtgcattagtgacagaaggcattcagaaaggac
acatgggcttgcaagcacgttctttagcgatttcgataggtgccatcggtgaggagatagagcaagtcgcgaaaaaactgcgtgaagctga
aaaaatgaatcagcaaacggcaatacagattttagaaaaaattcgcgagaaatga SEQ ID NO:3

E. faecium mvaS
atgaaaatcggtattgaccgtctgtccttcttcatcccgaatttgtatttggacatgactgagctggcagaatcacgcggggatgatccagcta
aatatcatattggaatcggacaagatcagatggcagtgaatcgcgcaaacgaggacatcataacactgggtgcaaacgctgcgagtaaga
tcgtgacagagaaagaccgcgagttgattgatatggtaatcgttggcacggaatcaggaattgaccactccaaagcaagcgccgtgattatt
caccatctccttaaaattcagtcgttcgcccgttctttcgaggtaaaagaagcttgctatggcggaactgctgccctgcacatggcgaaggag
tatgtcaaaaatcatccggagcgtaaggtcttggtaattgcgtcagacatcgcgcgttatggtttggccagcggaggagaagttactcaagg
cgtgggggccgtagccatgatgattacacaaaacccccggattctttcgattgaagacgatagtgtttttctcacagaggatatctatgatttct
ggcggcctgattactccgagttccctgtagtggacgggcccctttcaaactcaacgtatatagagagttttcagaaagtttggaaccggcaca
aggaattgtccggaagagggctggaagattatcaagctattgcttttcacataccctatacgaagatgggtaagaaagcgctccagagtgttt
tagaccaaaccgatgaagataaccaggagcgcttaatggctagatatgaggagtctattcgctatagccggagaattggtaacctgtacaca
ggcagcttgtaccttggtcttacaagcttgttggaaaactctaaaagtttacaaccgggagatcggatcggcctcttttcctatggcagtggtg
cggtgtccgagttctttaccgggtatttagaagaaaattaccaagagtacctgttcgctcaaagccatcaagaaatgctggatagccggactc
ggattacggtcgatgaatacgagaccatcttttcagagactctgccagaacatggtgaatgcgccgaatatacgagcgacgtccccttttcta
taaccaagattgagaacgacattcgttattataaaatctga SEQ ID NO:4

] . gallinarum mvaE
atggaagaagtggtaattatagatgcacgtcggactccgattggtaaatatcacgggtcgttgaagaagttttcagcggtggcgctggggac
ggccgtggctaaagacatgttcgaacgcaaccagaaaatcaaagaggagatcgcgcaggtcataattggtaatgtcttgcaggcaggaaa
tggccagaaccccgcgcggcaagttgctcttcaatcagggttgtccgttgacattcccgcttctacaattaacgaggtttgtgggtctggtttg
aaagctatcttgatgggcatggaacaaatccaactcggcaaagcgcaagtagtgctggcaggcggcattgaatcaatgacaaatgcgcca
agcctgtcccactataacaaggcggaggatacgtatagtgtcccagtgtcgagcatgacactggatggtctgacagacgcattttctagtaa
acctatgggattaacagcggaaaacgtcgcacagcgctacggtatctcccgtgaggcgcaagatcaattcgcatatcaatctcagatgaaa
gcagcaaaagcgcaggcagaaaacaaattcgctaaggaaattgtgccactggcgggtgaaactaaaaccatcacagctgacgaagggat
cagatcccaaacaacgatggagaaactggcaagtctcaaacctgtttttaaaaccgatggcactgtaaccgcagggaatgctagcaccatt
aatgacggggccgcccttgtgctgcttgctagcaaaacttactgcgaaactaatgacataccgtaccttgcgacaatcaaagaaattgttgaa
gttggaatcgatccggagattatgggcatctctccgataaaagcgatacaaacattgttacaaaatcaaaaagttagcctcgaagatattgga
gtttttgaaataaatgaagcctttgccgcaagtagcatagtggttgaatctgagttgggattagatccggctaaagttaaccgttatgggggtg
gtatatccttaggtcatgcaattggggcaaccggcgctcgcctggccacttcactggtgtatcaaatgcaggagatacaagcacgttatggta
ttgcgagcctgtgcgttggtggtggacttggactggcaatgcttttagaacgtccaactattgagaaggctaaaccgacagacaaaaagttct



atgaattgtcaccagctgaacggttgcaagagctggaaaatcaacagaaaatcagttctgaaactaaacagcagttatctcagatgatgcttg
ccgaggacactgcaaaccatttgatagaaaatcaaatatcagagattgaactcccaatgggcgtcgggatgaacctgaaggttgatgggaa
agcctatgttgtgccaatggcgacggaagagccgtccgtcatcgcggccatgtctaatggtgccaaaatggccggcgaaattcacactcag
tcgaaagaacggctgctcagaggtcagattgttttcagcgcgaagaatccgaatgaaatcgaacagagaatagctgagaaccaagctttga
ttttcgaacgtgccgaacagtcctatccttccattgtgaaaagagagggaggtctccgccgcattgcacttcgtcattttcctgccgattctcag
caggagtctgcggaccagtccacatttttatcagtggacctttttgtagatgtgaaagacgcgatgggggcaaatatcataaatgcaatacttg
agggcgtcgcagccctgtttcgcgaatggttccccaatgaggaaattcttttttctattctctcgaacttggctacggagagcttagtcacggct
gtttgtgaagtcccatttagtgcacttagcaagagaggtggtgcaacggtggcccagaaaattgtgcaggcgtcgctcttcgcaaagacag
acccataccgcgcagtgacccacaacaaagggattatgaacggtgtagaggctgttatgcttgccacaggcaacgacacgcgcgcagtct
cagccgcttgtcatggatacgcagcgcgcaccggtagctatcagggtctgactaactggacgattgagtcggatcgcctggtaggcgaga
taacactgccgctggccatcgctacagttggaggcgctaccaaagtgttgcccaaagctcaagcggcactggagattagtgatgttcactct
tctcaagagcttgcagccttagcggcgtcagtaggtttagtacaaaatctcgcggccctgcgcgcactggtttccgaaggtatacaaaaagg
gcacatgtccatgcaagcccggtctctcgcaatcgcggtcggtgctgaaaaagccgagatcgagcaggtcgccgaaaagttgcggcaga
acccgccaatgaatcagcagcaggcgctccgttttcttggcgagatccgcgaacaatga SEQ ID NO:5

] . gallinarum mvaS
atgaacgtcggcattgacaaaattaattttttcgttccaccgtattatctggatatggtcgacctggcccacgcacgcgaagtggacccgaac
aaatttacaattggaattggacaggatcagatggctgtgagcaaaaagacgcacgatatcgtaacattcgcggctagtgccgcgaaggaaa
ttttagaacctgaggacttgcaagctatagacatggttatagttggtaccgaatcgggcattgacgagagcaaagcatccgcggtcgttttac
atcgtttgttgggcgtacaacctttcgctcgcagttttgaaattaaagaagcctgttacggggcaaccgcaggcattcagtttgccaagactca
tatacaagcgaacccggagagcaaggtcctggtaattgcaagcgatatagctcggtatggtcttcggtcaggtggagagcccacacaagg
cgcaggggcagttgctatgcttctcacggcaaatcccagaatcctgaccttcgaaaacgacaatctgatgttaacgcaggatatttatgacttc
tggagaccacttggtcacgcttaccctatggtagatggccacctttccaatcaagtctatattgacagttttaagaaggtctggcaagcacattg
cgaacgcaatcaagcttctatatccgactatgccgcgattagttttcatattccgtatacaaaaatgggtaagaaagccctgctcgctgtttttgc
agatgaagtggaaactgaacaggaacgcgttatggcacggtatgaagagtctatcgtatattcacgccggatcggcaacttgtatacgggat
cattgtacctggggctgatatccttattggaaaacagttctcacctgtcggcgggcgaccggataggattgtttagttatgggagtggcgctgt
cagcgaatttttctccggtcgtttagtggcaggctatgaaaatcaattgaacaaagaggcgcatacccagctcctggatcagcgtcagaagc
tttccatcgaagagtatgaggcgatttttacagattccttagaaattgatcaggatgcagcgttctcggatgacctgccatattccatccgcgag
ataaaaaacacgattcggtactataaggagagctga SEQ ID NO:6

E. casseltflavus mvaE
atggaagaagttgtcatcattgacgcactgcgtactccaataggaaagtaccacggttcgctgaaagattacacagctgttgaactggggac
agtagcagcaaaggcgttgctggcacgaaatcagcaagcaaaagaacacatagcgcaagttattattggcaacgtcctgcaagccggaa
gtgggcagaatccaggccgacaagtcagtttacagtcaggattgtcttctgatatccccgctagcacgatcaatgaagtgtgtggctcgggt
atgaaagcgattctgatgggtatggagcaaattcagctgaacaaagcctctgtggtcttaacaggcggaattgaaagcatgaccaacgcgc
cgctgtttagttattacaacaaggctgaggatcaatattcggcgccggttagcacaatgatgcacgatggtctaacagatgctttcagttccaa
accaatgggcttaaccgcagagaccgtcgctgagagatatggaattacgcgtaaggaacaagatgaatttgcttatcactctcaaatgaagg
cggccaaagcccaggcggcgaaaaagtttgatcaggaaattgtacccctgacggaaaaatccggaacggttctccaggacgaaggcatc
agagccgcgacaacagtcgagaagctagctgagcttaaaacggtgttcaaaaaagacggaacagttacagcgggtaacgcctctacgat
aaatgatggcgctgctatggtattaatagcatcaaaatcttattgcgaagaacaccagattccttatctggccgttataaaggagatcgttgag
gtgggttttgcccccgaaataatgggtatttcccccattaaggctatagacaccctgctgaaaaatcaagcactgaccatagaggatatagga
atatttgagattaatgaagcctttgctgcgagttcgattgtggtagaacgcgagttgggcctggaccccaaaaaagttaatcgctatggcggt
ggtatatcactcggccacgcaattggggcgacgggagctcgcattgcgacgaccgttgcttatcagctgaaagatacccaggagcgctac
ggtatagcttccttatgcgttggtgggggtcttggattggcgatgcttctggaaaacccatcggccactgcctcacaaactaattttgatgagg
aatctgcttccgaaaaaactgagaagaagaagttttatgcgctagctcctaacgaacgcttagcgtttttggaagcccaaggcgctattaccg
ctgctgaaaccctggtcttccaggagatgaccttaaacaaagagacagccaatcacttaatcgaaaaccaaatcagcgaagttgaaattcctt
taggcgtgggcctgaacttacaggtgaatgggaaagcgtataatgttcctctggccacggaggaaccgtccgttatcgctgcgatgtcgaat
ggcgccaaaatggctggtcctattacaacaacaagtcaggagaggctgttacggggtcagattgtcttcatggacgtacaggacccagaa
gcaatattagcgaaagttgaatccgagcaagctaccattttcgcggtggcaaatgaaacatacccgtctatcgtgaaaagaggaggaggtct
gcgtagagtcattggcaggaatttcagtccggccgaaagtgacttagccacggcgtatgtatcaattgacctgatggtagatgttaaggatgc
aatgggtgctaatatcatcaatagtatcctagaaggtgttgcggaattgtttagaaaatggttcccagaagaagaaatcctgttctcaattctctc
caatctcgcgacagaaagtctggtaacggcgacgtgctcagttccgtttgataaattgtccaaaactgggaatggtcgacaagtagctggta



aaatagtgcacgcggcggactttgctaagatagatccatacagagctgccacacacaataaaggtattatgaatggcgttgaagcgttaatct
tagccaccggtaatgacacccgtgcggtgtcggctgcatgccacggttacgcggcacgcaatgggcgaatgcaagggcttacctcttgga
cgattatcgaagatcggctgataggctctatcacattacctttggctattgcgacagtggggggtgccacaaaaatcttgccaaaagcacag
gccgccctggcgctaactggcgttgagacggcgtcggaactggccagcctggcggcgagtgtgggattagttcaaaatttggccgctttac
gagcactagtgagcgagggcattcagcaagggcacatgagtatgcaagctagatccctggccattagcgtaggtgcgaaaggtactgaa
atagagcaactagctgcgaagctgagggcagcgacgcaaatgaatcaggagcaggctcgtaaatttctgaccgaaataagaaattaa
SEQ ID NO:7

E. casseltflavus mvaS
atgaacgttggaattgataaaatcaattttttcgttccgccctatttcattgatatggtggatctcgctcatgcaagagaagttgaccccaacaag
ttcactataggaataggccaagatcagatggcagtaaacaagaaaacgcaagatatcgtaacgttcgcgatgcacgccgcgaaggatattc
tgactaaggaagatttacaggccatagatatggtaatagtggggactgagtctgggatcgacgagagcaaggcaagtgctgtcgtattgcat
cggcttttaggtattcagccttttgcgcgctcctttgaaattaaggaggcatgctatggggccactgccggccttcagtttgcaaaagctcatgt
gcaggctaatccccagagcaaggtcctggtggtagcttccgatatagcacgctacggactggcatccggaggagaaccgactcaaggtgt
aggtgctgtggcaatgttgatttccgctgatccagctatcttgcagttagaaaatgataatctcatgttgacccaagatatatacgatttttggcg
cccggtcgggcatcaatatcctatggtagacggccatctgtctaatgccgtctatatagacagctttaaacaagtctggcaagcacattgcga
gaaaaaccaacggactgctaaagattatgctgcattgtcgttccatattccgtacacgaaaatgggtaagaaagctctgttagcggtttttgcg
gaggaagatgagacagaacaaaagcggttaatggcacgttatgaagaatcaattgtatacagtcgtcggactggaaatctgtatactggctc
actctatctgggcctgatttccttactggagaatagtagcagtttacaggcgaacgatcgcataggtctgtttagctatggttcaggggccgttg
cggaatttttcagtggcctcttggtaccgggttacgagaaacaattagcgcaagctgcccatcaagctcttctggacgaccggcaaaaactg
actatcgcagagtacgaagccatgtttaatgaaaccattgatattgatcaggaccagtcatttgaggatgacttactgtactccatcagagaga
tcaaaaacactattcgctactataacgaggagaatgaataa SEQ ID NO:8

E. gallinarum EG2 (mvaE)
MEEVVIIDARRTPIGKYHGSLKKFSAVALGTAVAKDMFERNQKIKEEIAQVIIGNVLQAG
NGQNPARQVALQSGLSVDIPASTINEVCGSGLKAILMGMEQIQLGKAQVVLAGGIESMT
NAPSLSHYNKAEDTYSVPVSSMTLDGLTDAFSSKPMGLTAENVAQRYGISREAQDQFA
YQSQMKAAKAQAENKFAKEIVPLAGETKTITADEGIRSQTTMEKLASLKPVFKTDGTVT
AGNASTINDGAALVLLASKTYCETNDIPYLATIKEIVEVGIDPEIMGISPIKAIQTLLQNQK
VSLEDIGVFEINEAFAASSrVVESELGLDPAKVNRYGGGISLGHAIGATGARLATSLVYQ
MQEIQARYGIASLCVGGGLGLAMLLERPTIEKAKPTDKKFYELSPAERLQELENQQKISS
ETKQQLSQMMLAEDTANHLIENQISEIELPMGVGMNLKVDGKAYVVPMATEEPSVIAA
MSNGAKMAGEIHTQSKERLLRGQIVFSAKNPNEIEQRIAENQALIFERAEQSYPSrVKRE
GGLRRIALRHFPADSQQESADQSTFLSVDLFVDVKDAMGANIINAILEGVAALFREWFP
NEEILFSILSNLATESLVTAVCEVPFSALSKRGGATVAQKIVQASLFAKTDPYRAVTHNK
GIMNGVEAVMLATGNDTRAVSAACHGYAARTGSYQGLTNWTIESDRLVGEITLPLAIA
TVGGATKVLPKAQAALEISDVHSSQELAALAASVGLVQNLAALRALVSEGIQKGHMSM
QARSLAIAVGAEKAEIEQVAEKLRQNPPMNQQQALRFLGEIREQ SEQ ID NO:9

E. gallinarum EG2 (mvaS)
MNVGIDKINFFVPPYYLDMVDLAHAREVDPNKFTIGIGQDQMAVSKKTHDIVTFAASA
AKEILEPEDLQAIDMVIVGTESGIDESKASAVVLHRLLGVQPFARSFEIKEACYGATAGIQ
FAKTHIQANPESKVLVIASDIARYGLRSGGEPTQGAGAVAMLLTANPRILTFENDNLML
TQDIYDFWRPLGHAYPMVDGHLSNQVYIDSFKKVWQAHCERNQASISDYAAISFHIPYT
KMGKKALLAVFADEVETEQERVMARYEESIVYSRRIGNLYTGSLYLGLISLLENSSHLS
AGDRIGLFSYGSGAVSEFFSGRLVAGYENQLNKEAHTQLLDQRQKLSIEEYEAIFTDSLE
IDQDAAFSDDLPYSIREIKNTIRYYKES SEQ ID NO:10



L. grayi (mvaE)
MVKDIVIIDALRTPIGKYRGQLSKMTAVELGTAVTKALFEKNDQVKDHVEQVIFGNVL
QAGNGQNPARQIALNSGLSAEIPASTINQVCGSGLKAISMARQQILLGEAEVIVAGGIES
MTNAPSITYYNKEEDTLSKPVPTMTFDGLTDAFSGKIMGLTAENVAEQYGVSREAQDA
FAYGSQMKAAKAQEQGIFAAEILPLEIGDEVITQDEGVRQETTLEKLSLLRTIFKEDGTV
TAGNASTINDGASAVIIASKEFAETNQIPYLAIVHDITEIGIDPSIMGIAPVSAINKLIDRNQI
SMEEIDLFEINEAFAASSVVVQKELSIPDEKINIGGSGIALGHPLGATGARIVTTLAHQLK
RTHGRYGIASLCIGGGLGLAILIEVPQEDQPVKKFYQLAREDRLARLQEQAVISPATKHV
LAEMTLPEDIADNLIENQISEMEIPLGVALNLRVNDKSYTIPLATEEPSVIAACNNGAKM
ANHLGGFQSELKDGFLRGQIVLMNVKEPATIEHTITAEKAAIFRAAAQSHPSIVKRGGGL
KEIVVRTFDDDPTFLSIDLIVDTKDAMGANIINTILEGVAGFLREILTEEILFSILSNYATESI
VTASCRIPYEALSKKGDGKRIAEKVAAASKFAQLDPYRAATHNKGIMNGIEAVVLASG
NDTRAVAAAAHAYASRDQHYRGLSQWQVAEGALHGEISLPLALGSVGGAIEVLPKAK
AAFEIMGITEAKELAEVTAAVGLAQNLAALRALVSEGIQQGHMSLQARSLALSVGATG
KEVEILAEKLQGSRMNQANAQTILAEIRSQKVEL SEQ ID NO:ll

L. grayi (mvaS)
MTMNVGIDKMSFFVPPYFVDMTDLAVARDVDPNKFLIGIGQDQMAVNPKTQDIVTFAT
NAAKNILSAEDLDKIDMVIVGTESGIDESKASAVVLHRLLGIQKFARSFEIKEACYGGTA
ALQFAVNHIRNHPESKVLVVASDIAKYGLASGGEPTQGAGAVAMLVSTDPKIIAFNDDS
LALTQDIYDFWRPVGHDYPMVDGPLSTETYIQSFQTVWQEYTKRSQHALADFAALSFHI
PYTKMGKKALLAILEGESEEAQNRILAKYEKSIAYSRKAGNLYTGSLYLGLISLLENAED
LKAGDLIGLFSYGSGAVAEFFSGRLVEDYQEQLLKTKHAEQLAHRKQLTIEEYETMFSD
RLDVDKDAEYEDTLAYSISSVRNTVREYRS SEQ ID NO:12

E.faecium (mvaE)
MKEVVMIDAARTPIGKYRGSLSPFTAVELGTLVTKGLLDKTKLKKDKIDQVIFGNVLQA
GNGQNVARQIALNSGLPVDVPAMTINEVCGSGMKAVILARQLIQLGEAELVIAGGTESM
SQAPMLKPYQSETNEYGEPISSMVNDGLTDAFSNAHMGLTAEKVATQFSVSREEQDRY
ALSSQLKAAHAVEAGVFSEEIIPVKISDEDVLSEDEAVRGNSTLEKLGTLRTVFSEEGTV
TAGNASPLNDGASVVILASKEYAENNNLPYLATIKEVAEVGIDPSIMGIAPIKAIQKLTDR
SGMNLSTIDLFEINEAFAASSIVVSQELQLDEEKVNIYGGAIALGHPIGASGARILTTLAY
GLLREQKRYGIASLCIGGGLGLAVLLEANMEQTHKDVQKKKFYQLTPSERRSQLIEKNV
LTQETALIFQEQTLSEELSDHMIENQVSEVEIPMGIAQNFQINGKKKWIPMATEEPSVIAA
ASNGAKICGNICAETPQRLMRGQIVLSGKSEYQAVINAVNHRKEELILCANESYPSrVKR
GGGVQDISTREFMGSFHAYLSIDFLVDVKDAMGANMINSILESVANKLREWFPEEEILFS
ILSNFATESLASACCEIPFERLGRNKEIGEQIAKKIQQAGEYAKLDPYRAATHNKGIMNGI
EAVVAATGNDTRAVSASIHAYAARNGLYQGLTDWQIKGDKLVGKLTVPLAVATVGGA
SNILPKAKASLAMLDIDSAKELAQVIAAVGLAQNLAALRALVTEGIQKGHMGLQARSL
AISIGAIGEEIEQVAKKLREAEKMNQQTAIQILEKIREKSEQ ID NO:13

E. faecium (mvaS)
MKIGIDRLSFFIPNLYLDMTELAESRGDDPAKYHIGIGQDQMAVNRANEDirfLGANAAS
KIVTEKDRELIDMVIVGTESGIDHSKASAVIIHHLLKIQSFARSFEVKEACYGGTAALHM
AKEYVKNHPERKVLVIASDIARYGLASGGEVTQGVGAVAMMITQNPRILSIEDDSVFLT
EDIYDFWRPDYSEFPVVDGPLSNSTYIESFQKVWNRHKELSGRGLEDYQAIAFHIPYTK
MGKKALQSVLDQTDEDNQERLMARYEESIRYSRRIGNLYTGSLYLGLTSLLENSKSLQP
GDRIGLFSYGSGAVSEFFTGYLEENYQEYLFAQSHQEMLDSRTRrrVDEYETIFSETLPEH
GECAEYTSDVPFSITKIENDIRYYKI SEQ ID NO:14



E. casseliflavus (mvaE)
MEEVVIIDALRTPIGKYHGSLKDYTAVELGTVAAKALLARNQQAKEHIAQVIIGNVLQA
GSGQNPGRQVSLQSGLSSDIPASTINEVCGSGMKAILMGMEQIQLNKASVVLTGGIESM
TNAPLFSYYNKAEDQYSAPVSTMMHDGLTDAFSSKPMGLTAETVAERYGITRKEQDEF
AYHSQMKAAKAQAAKKFDQEIVPLTEKSGTVLQDEGIRAATTVEKLAELKTVFKKDGT
VTAGNASTINDGAAMVLIASKSYCEEHQIPYLAVIKEIVEVGFAPEIMGISPIKAIDTLLK
NQALTIEDIGIFEINEAFAASSIVVERELGLDPKKVNRYGGGISLGHAIGATGARIATTVA
YQLKDTQERYGIASLCVGGGLGLAMLLENPSATASQTNFDEESASEKTEKKKFYALAP
NERLAFLEAQGAITAAETLVFQEMTLNKETANHLIENQISEVEIPLGVGLNLQVNGKAY
NVPLATEEPSVIAAMSNGAKMAGPITTTSQERLLRGQIVFMDVQDPEAILAKVESEQATI
FAVANETYPSIVKRGGGLRRVIGRNFSPAESDLATAYVSIDLMVDVKDAMGANIINSILE
GVAELFRKWFPEEEILFSILSNLATESLVTATCSVPFDKLSKTGNGRQVAGKIVHAADFA
KIDPYRAATHNKGIMNGVEALILATGNDTRAVSAACHGYAARNGRMQGLTSWTIIEDR
LIGSITLPLAIATVGGATKILPKAQAALALTGVETASELASLAASVGLVQNLAALRALVS
EGIQQGHMSMQARSLAISVGAKGTEIEQLAAKLRAATQMNQEQARKFLTEIRNSEQ ID
NO:15

E. casseliflavus (mvaS)
MNVGIDKINFFVPPYFIDMVDLAHAREVDPNKFTIGIGQDQMAVNKKTQDIVTFAMHA
AKDILTKEDLQAIDMVIVGTESGIDESKASAVVLHRLLGIQPFARSFEIKEACYGATAGL
QFAKAHVQANPQSKVLVVASDIARYGLASGGEPTQGVGAVAMLISADPAILQLENDNL
MLTQDIYDFWRPVGHQYPMVDGHLSNAVYIDSFKQVWQAHCEKNQRTAKDYAALSF
HIPYTKMGKKALLAVFAEEDETEQKRLMARYEESIVYSRRTGNLYTGSLYLGLISLLEN
SSSLQANDRIGLFSYGSGAVAEFFSGLLVPGYEKQLAQAAHQALLDDRQKLTIAEYEAM
FNETIDIDQDQSFEDDLLYSIREIKNTIRYYNEENE SEQ ID NO:16

Acetoactyl-CoA-synthase
MTDVRFRIIGTGAYVPERIVSNDEVGAPAGVDDDWITRKTGIRQRRWAADDQATSDLA
TAAGRAALKAAGITPEQLTVIAVATSTPDRPQPPTAAYVQHHLGATGTAAFDVNAVCS
GTVFALSSVAGTLVYRGGYALVIGADLYSRILNPADRKTVVLFGDGAGAMVLGPTSTG
TGPrVRRVALHTFGGLTDLIRVPAGGSRQPLDTDGLDAGLQYFAMDGREVRRFVTEHLP
QLIKGFLHEAGVDAADISHFVPHQANGVMLDEVFGELHLPRATMHRTVETYGNTGAAS
IPITMDAAVRAGSFRPGELVLLAGFGGGMAASFALIEW SEQ ID NO:17

E. faecalis mvaE
atgaaaacagtagttattattgatgcattacgaacaccaattggaaaatataaaggcagcttaagtcaagtaagtgccgtagacttaggaaca
catgttacaacacaacttttaaaaagacattccactatttctgaagaaattgatcaagtaatctttggaaatgttttacaagctggaaatggccaa
aatcccgcacgacaaatagcaataaacagcggtttgtctcatgaaattcccgcaatgacggttaatgaggtctgcggatcaggaatgaagg
ccgttattttggcgaaacaattgattcaattaggagaagcggaagttttaattgctggcgggattgagaatatgtcccaagcacctaaattaca
acgttttaattacgaaacagaaagctacgatgcgcctttttctagtatgatgtatgatggattaacggatgcctttagtggtcaggcaatgggctt
aactgctgaaaatgtggccgaaaagtatcatgtaactagagaagagcaagatcaattttctgtacattcacaattaaaagcagctcaagcaca
agcagaagggatattcgctgacgaaatagccccattagaagtatcaggaacgcttgtggagaaagatgaagggattcgccctaattcgagc
gttgagaagctaggaacgcttaaaacagtttttaaagaagacggtactgtaacagcagggaatgcatcaaccattaatgatggggcttctgct
ttgattattgcttcacaagaatatgccgaagcacacggtcttccttatttagctattattcgagacagtgtggaagtcggtattgatccagcctata
tgggaatttcgccgattaaagccattcaaaaactgttagcgcgcaatcaacttactacggaagaaattgatctgtatgaaatcaacgaagcatt
tgcagcaacttcaatcgtggtccaaagagaactggctttaccagaggaaaaggtcaacatttatggtggcggtatttcattaggtcatgcgatt
ggtgccacaggtgctcgtttattaacgagtttaagttatcaattaaatcaaaaagaaaagaaatatggagtggcttctttatgtatcggcggtgg
cttaggactcgctatgctactagagagacctcagcaaaaaaaaaacagccgattttatcaaatgagtcctgaggaacgcctggcttctcttctt
aatgaaggccagatttctgctgatacaaaaaaagaatttgaaaatacggctttatcttcgcagattgccaatcatatgattgaaaatcaaatcag
tgaaacagaagtgccgatgggcgttggcttacatttaacagtggacgaaactgattatttggtaccaatggcgacagaagagccctcagttat
tgcggctttgagtaatggtgcaaaaatagcacaaggatttaaaacagtgaatcaacaacgcttaatgcgtggacaaatcgttttttacgatgtt
gcagatcccgagtcattgattgataaactacaagtaagagaagcggaagtttttcaacaagcagagttaagttatccatctatcgttaaacgg



ggcggcggcttaagagatttgcaatatcgtacttttgatgaatcatttgtatctgtcgactttttagtagatgttaaggatgcaatgggggcaaat
atcgttaacgctatgttggaaggtgtggccgagttgttccgtgaatggtttgcggagcaaaagattttattcagtattttaagtaattatgccacg
gagtcggttgttacgatgaaaacggctattccagtttcacgtttaagtaaggggagcaatggccgggaaattgctgaaaaaattgttttagctt
cacgctatgcttcattagatccttatcgggcagtcacgcataacaaaggaatcatgaatggcattgaagctgtagttttagctacaggaaatga
tacacgcgctgttagcgcttcttgtcatgcttttgcggtgaaggaaggtcgctaccaaggcttgactagttggacgctggatggcgaacaact
aattggtgaaatttcagttccgcttgctttagccacggttggcggtgccacaaaagtcttacctaaatctcaagcagctgctgatttgttagcagt
gacggatgcaaaagaactaagtcgagtagtagcggctgttggtttggcacaaaatttagcggcgttacgggccttagtctctgaaggaattc
aaaaaggacacatggctctacaagcacgttctttagcgatgacggtcggagctactggtaaagaagttgaggcagtcgctcaacaattaaa
acgtcaaaaaacgatgaaccaagaccgagccatggctattttaaatgatttaagaaaacaataa SEQ ID NO:18

E. faecalis mvaS
Atgacaattgggattgataaaattagtttttttgtgcccccttattatattgatatgacggcactggctgaagccagaaatgtagaccctggaaa
atttcatattggtattgggcaagaccaaatggcggtgaacccaatcagccaagatattgtgacatttgcagccaatgccgcagaagcgatctt
gaccaaagaagataaagaggccattgatatggtgattgtcgggactgagtccagtatcgatgagtcaaaagcggccgcagttgtcttacatc
gtttaatggggattcaacctttcgctcgctctttcgaaatcaaggaagcttgttacggagcaacagcaggcttacagttagctaagaatcacgt
agccttacatccagataaaaaagtcttggtcgtagcggcagatattgcaaaatatggcttaaattctggcggtgagcctacacaaggagctg
gggcggttgcaatgttagttgctagtgaaccgcgcattttggctttaaaagaggataatgtgatgctgacgcaagatatctatgacttttggcgt
ccaacaggccacccgtatcctatggtcgatggtcctttgtcaaacgaaacctacatccaatcttttgcccaagtctgggatgaacataaaaaa
cgaaccggtcttgattttgcagattatgatgctttagcgttccatattccttacacaaaaatgggcaaaaaagccttattagcaaaaatctccgac
caaactgaagcagaacaggaacgaattttagcccgttatgaagaaagtatcgtctatagtcgtcgcgtaggaaacttgtatacgggttcacttt
atctgggactcatttcccttttagaaaatgcaacgactttaaccgcaggcaatcaaattggtttattcagttatggttctggtgctgtcgctgaattt
ttcactggtgaattagtagctggttatcaaaatcatttacaaaaagaaactcatttagcactgctggataatcggacagaactttctatcgctgaa
tatgaagccatgtttgcagaaactttagacacagacattgatcaaacgttagaagatgaattaaaatatagtatttctgctattaataataccgttc
gttcttatcgaaactaa SEQ ID NO:19

E. faecalis (mvaE)
MKTVVIIDALRTPIGKYKGSLSQVSAVDLGTHVTTQLLKRHSTISEEIDQVIFGNVLQAG
NGQNPARQIAINSGLSHEIPAMTVNEVCGSGMKAVILAKQLIQLGEAEVLIAGGIENMSQ
APKLQRFNYETESYDAPFSSMMYDGLTDAFSGQAMGLTAENVAEKYHVTREEQDQFS
VHSQLKAAQAQAEGIFADEIAPLEVSGTLVEKDEGIRPNSSVEKLGTLKTVFKEDGTVT
AGNASTINDGASALIIASQEYAEAHGLPYLAIIRDSVEVGIDPAYMGISPIKAIQKLLARN
QLTTEEIDLYEINEAFAATSIVVQRELALPEEKVNIYGGGISLGHAIGATGARLLTSLSYQ
LNQKEKKYGVASLCIGGGLGLAMLLERPQQKKNSRFYQMSPEERLASLLNEGQISADT
KKEFENTALSSQIANHMIENQISETEVPMGVGLHLTVDETDYLVPMATEEPSVIAALSNG
AKIAQGFKTVNQQRLMRGQIVFYDVADPESLIDKLQVREAEVFQQAELSYPSIVKRGGG
LRDLQYRTFDESFVSVDFLVDVKDAMGANIVNAMLEGVAELFREWFAEQKILFSILSNY
ATESVVTMKTAIPVSRLSKGSNGREIAEKIVLASRYASLDPYRAVTHNKGIMNGIEAVVL
ATGNDTRAVSASCHAFAVKEGRYQGLTSWTLDGEQLIGEISVPLALATVGGATKVLPK
SQAAADLLAVTDAKELSRVVAAVGLAQNLAALRALVSEGIQKGHMALQARSLAMTVG
ATGKEVEAVAQQLKRQKTMNQDRAMAILNDLRKQ SEQ ID NO:20

E. faecalis (mvaS)
MTIGIDKISFFVPPYYIDMTALAEARNVDPGKFHIGIGQDQMAVNPISQDIVTFAANAAE
AILTKEDKEAIDMVIVGTESSIDESKAAAVVLHRLMGIQPFARSFEIKEACYGATAGLQL
AKNHVALHPDKKVLVVAADIAKYGLNSGGEPTQGAGAVAMLVASEPRILALKEDNVM
LTQDIYDFWRPTGHPYPMVDGPLSNETYIQSFAQVWDEHKKRTGLDFADYDALAFHIP
YTKMGKKALLAKISDQTEAEQERILARYEESIVYSRRVGNLYTGSLYLGLISLLENATTL
TAGNQIGLFSYGSGAVAEFFTGELVAGYQNHLQKETHLALLDNRTELSIAEYEAMFAET
LDTDIDQTLEDELKYSISAINNTVRSYRN SEQ ID NO:21



MEA P. alba Isoprene synthase
atggaagctcgtcgttctgcgaactacgaacctaacagctgggactatgattacctgctgtcctccgacacggacgagtccatcgaagtata
caaagacaaagcgaaaaagctggaagccgaagttcgtcgcgagattaataacgaaaaagcagaatttctgaccctgctggaactgattga
caacgtccagcgcctgggcctgggttaccgtttcgagtctgatatccgtggtgcgctggatcgcttcgtttcctccggcggcttcgatgcggt
aaccaagacttccctgcacggtacggcactgtctttccgtctgctgcgtcaacacggttttgaggtttctcaggaagcgttcagcggcttcaaa
gaccaaaacggcaacttcctggagaacctgaaggaagatatcaaagctatcctgagcctgtacgaggccagcttcctggctctggaaggc
gaaaacatcctggacgaggcgaaggttttcgcaatctctcatctgaaagaactgtctgaagaaaagatcggtaaagagctggcagaacag
gtgaaccatgcactggaactgccactgcatcgccgtactcagcgtctggaagcagtatggtctatcgaggcctaccgtaaaaaggaggac
gcgaatcaggttctgctggagctggcaattctggattacaacatgatccagtctgtataccagcgtgatctgcgtgaaacgtcccgttggtgg
cgtcgtgtgggtctggcgaccaaactgcactttgctcgtgaccgcctgattgagagcttctactgggccgtgggtgtagcattcgaaccgca
atactccgactgccgtaactccgtcgcaaaaatgttttctttcgtaaccattatcgacgatatctacgatgtatacggcaccctggacgaactgg
agctgtttactgatgcagttgagcgttgggacgtaaacgccatcaacgacctgccggattacatgaaactgtgctttctggctctgtataacac
tattaacgaaatcgcctacgacaacctgaaagataaaggtgagaacatcctgccgtatctgaccaaagcctgggctgacctgtgcaacgctt
tcctgcaagaagccaagtggctgtacaacaaatctactccgacctttgacgactacttcggcaacgcatggaaatcctcttctggcccgctgc
aactggtgttcgcttacttcgctgtcgtgcagaacattaaaaaggaagagatcgaaaacctgcaaaaataccatgacaccatctctcgtccttc
ccatatcttccgtctgtgcaatgacctggctagcgcgtctgcggaaattgcgcgtggtgaaaccgcaaatagcgtttcttgttacatgcgcact
aaaggtatctccgaagaactggctaccgaaagcgtgatgaatctgatcgatgaaacctggaaaaagatgaacaaggaaaaactgggtggt
agcctgttcgcgaaaccgttcgtggaaaccgcgatcaacctggcacgtcaatctcactgcacttatcataacggcgacgcgcatacctctcc
ggatgagctgacccgcaaacgcgttctgtctgtaatcactgaaccgattctgccgtttgaacgctaa SEQ ID NO:22

ispA
tggactttccgcagcaactcgaagcctgcgttaagcaggccaaccaggcgctgagccgttttatcgccccactgccctttcagaacactccc
gtggtcgaaaccatgcagtatggcgcattattaggtggtaagcgcctgcgacctttcctggtttatgccaccggtcatatgtttggcgttagca
caaacacgctggacgcacccgctgctgccgtagagtgtatccacgcttactcattaattcatgatgatttaccggcgatggatgatgacgatc
tgcgccgcggtttgccgacctgccatgtgaagtttggcgaagcaaacgcgattctcgctggcgacgctttacaaacgctggcgttctcgatt
ctaagcgatgccgatatgccggaagtgtcggatcgcgacagaatttcgatgatttctgaactggcgagcgccagcggtattgccggaatgt
gcggtggtcaggcactagatttagacgcggaaggcaaacacgtacctctggacgcgcttgagcgtattcatcgtcataaaaccggcgcatt
gattcgcgccgccgttcgccttggtgcattaagcgccggagataaagggcgtcgtgctctgccagtactcgacaagtacgcagagagcat
cggccttgccttccaggttcaagatgacatcctggatgtggtaggagatactgcaacgttgggaaaacgccagggtgccgaccagcaactt
ggtaaaagtacctaccctgcacttctgggtcttgagcaagcccggaagaaagcccgggatctgatcgacgatgcccgtcagtcgctgaaa
caactggctgaacagtcactcgatacctcggcactggaagcgctagcggactacatcatccagcgtaataaataa SEQ ID NO:23

MEA P. alba isoprene synthase
MEARRSANYEPNSWDYDYLLSSDTDESIEVYKDKAKKLEAEVRREINNEKAEFLTLLEL
IDNVQRLGLGYRFESDIRGALDRFVSSGGFDAVTKTSLHGTALSFRLLRQHGFEVSQEAF
SGFKDQNGNFLENLKEDIKAILSLYEASFLALEGENILDEAKVFAISHLKELSEEKIGKEL
AEQVNHALELPLHRRTQRLEAVWSIEAYRKKEDANQVLLELAILDYNMIQSVYQRDLR
ETSRWWRRVGLATKLHFARDRLIESFYWAVGVAFEPQYSDCRNSVAKMFSFVTIIDDIY
DVYGTLDELELFTDAVERWDVNAINDLPDYMKLCFLALYNTINEIAYDNLKDKGENILP
YLTKAWADLCNAFLQEAKWLYNKSTPTFDDYFGNAWKSSSGPLQLVFAYFAVVQNIK
KEEIENLQKYHDTISRPSHIFRLCNDLASASAEIARGETANSVSCYMRTKGISEELATESV
MNLIDETWKKMNKEKLGGSLFAKPFVETAINLARQSHCTYHNGDAHTSPDELTRKRVL
SVITEPILPFER SEQ ID NO:24

Amorphadiene synthase codon-optimized for E. coli
ATGAGCCTGACCGAAGAAAAACCGATTCGTCCGATTGCAAATTTTCCGCCTAGCATT
TGGGGTGATCAGTTTCTGATTTATGAGAAACAGGTTGAACAGGGCGTTGAGCAGAT
TGTTAATGATCTGAAAAAAGAAGTTCGCCAGCTGCTGAAAGAAGCACTGGATATTC
CGATGAAACATGCCAATCTGCTGAAACTGATTGATGAAATTCAGCGTCTGGGTATCC
CGTATCATTTTGAACGTGAAATTGATCATGCCCTGCAGTGCATTTATGAAACCTATG
GTGATAATTGGAATGGTGATCGTAGCAGCCTGTGGTTTCGTCTGATGCGTAAACAGG
GTTATTATGTTACCTGCGACGTGTTTAACAACTATAAAGATAAAAACGGTGCCTTTA



AACAGAGCCTGGCAAATGATGTTGAAGGTCTGCTGGAACTGTATGAAGCAACCAGC
ATGCGTGTTCCGGGTGAAATTATTCTGGAAGATGCACTGGGTTTTACCCGTAGCCGT
CTGAGCATGATGACCAAAGATGCATTTAGCACCAATCCGGCACTGTTTACCGAAAT
CCAGCGTGCACTGAAACAGCCGCTGTGGAAACGTCTGCCTCGTATTGAAGCAGCAC
AGTATATTCCGTTTTATCAGCAGCAGGATAGCCATAACAAAACCCTGCTGAAACTG
GCAAAACTGGAATTTAATCTGCTGCAGAGCCTGCATAAAGAAGAACTGAGCCACGT
TTGTAAATGGTGGAAAGCCTTCGACATCAAAAAAAACGCACCGTGTCTGCGTGATC
GTATTGTTGAATGTTATTTTTGGGGTCTGGGTAGCGGTTTTGAACCGCAGTATAGCC
GTGCACGTGTGTTTTTTACCAAAGCAGTTGCAGTTATTACCCTGATCGATGATACCT
ATGACGCATATGGCACCTATGAGGAACTGAAAATCTTTACCGAAGCCGTTGAACGT
TGGAGCATTACCTGTCTGGATACCCTGCCGGAATATATGAAACCGATCTATAAACTG
TTCATGGACACCTATACCGAGATGGAAGAATTTCTGGCAAAAGAAGGTCGTACCGA
CCTGTTTAATTGCGGTAAAGAATTTGTGAAAGAATTCGTGCGTAACCTGATGGTTGA
AGCAAAATGGGCCAATGAAGGTCATATTCCGACCACCGAAGAACATGATCCGGTTG
TGATTATTACCGGTGGTGCAAACCTGCTGACCACCACCTGTTATCTGGGTATGAGCG
ATATTTTCACCAAAGAAAGCGTTGAATGGGCAGTTAGCGCACCGCCTCTGTTTCGTT
ATAGCGGTATTCTGGGTCGTCGTCTGAACGATCTGATGACCCATAAAGCAGAACAA
GAACGTAAACATAGCAGCAGCAGCCTGGAAAGCTATATGAAAGAATATAACGTGA
ACGAAGAGTATGCACAGACCCTGATTTACAAAGAAGTTGAGGACGTTTGGAAAGAT
ATCAACCGTGAATATCTGACCACGAAAAACATTCCGCGTCCGCTGCTGATGGCAGTT
ATTTATCTGTGTCAGTTCCTGGAAGTTCAGTATGCAGGTAAAGATAACTTTACGCGT
ATGGGCGACGAATATAAACATCTGATTAAAAGCCTGCTGGTGTATCCGATGAGCAT
TTAA SEQ ID NO:25

Farnesene synthase codon-optimized for E. coli
ATGAGCACCCTGCCGATTAGCAGCGTTAGCTTTAGCAGCAGCACCAGTCCGCTGGTT
GTTGATGATAAAGTTAGCACCAAACCGGATGTTATTCGTCACACCATGAACTTTAAT
GCAAGCATTTGGGGTGATCAGTTTCTGACCTATGATGAACCGGAAGATCTGGTGAT
GAAAAAACAGCTGGTTGAAGAACTGAAAGAAGAAGTTAAAAAAGAGCTGATCACC
ATCAAAGGTAGCAATGAACCGATGCAGCATGTTAAACTGATTGAACTGATCGATGC
CGTTCAGCGTCTGGGTATTGCATATCATTTTGAAGAAGAAATCGAAGAAGCCCTGC
AGCATATTCATGTTACCTATGGTGAACAGTGGGTGGATAAAGAAAATCTGCAGAGC
ATTAGCCTGTGGTTTCGTCTGCTGCGTCAGCAGGGTTTTAATGTTAGCAGCGGTGTG
TTTAAAGATTTTATGGACGAGAAAGGCAAATTCAAAGAAAGCCTGTGTAATGATGC
ACAGGGTATTCTGGCACTGTATGAAGCAGCATTTATGCGTGTTGAAGATGAAACCA
TTCTGGATAATGCACTGGAATTTACCAAAGTGCACCTGGATATCATTGCAAAAGATC
CGAGCTGTGATAGCAGCCTGCGTACCCAGATTCATCAGGCACTGAAACAGCCGCTG
CGTCGTCGTCTGGCACGCATTGAAGCACTGCATTATATGCCGATTTATCAGCAAGAA
ACCAGCCATAATGAAGATCTGCTGAAACTGGCAAAACTGGATTTTAGCGTTCTGCA
GTCCATGCACAAAAAAGAACTGAGCCATATTTGTAAATGGTGGAAAGATCTGGATC
TGCAGAATAAACTGCCGTATGTTCGTGATCGTGTTGTGGAAGGTTATTTTTGGATTC
TGAGCATCTATTATGAACCGCAGCATGCACGTACCCGTATGTTTCTGATGAAAACCT
GTATGTGGCTGGTTGTGCTGGATGATACGTTTGATAATTATGGCACCTACGAGGAAC
TGGAAATCTTTACCCAGGCAGTTGAACGTTGGAGCATTAGTTGTCTGGATATGCTGC
CGGAATACATGAAACTGATTTATCAAGAACTGGTGAACCTGCACGTTGAAATGGAA
GAAAGTCTGGGCAAAGGTGGTAAAAACATTAGCAATAGTCTGTGTCAGGGTCGTTG
GCAGAAAGAACTGGGTAGTCAGATTACCCTGGTTGAAACCAAAATGGCAAAACGTG
GTGTTCATGCCCAGCCGCTGGAAGAGTATATGAGCGTTAGCATGGTTACCGGCACCT
ATGGTCTGATGATTGCACGTAGCTATGTTGGTCGTGGTGATATTGTTACCGAAGATA
CCTTTAAATGGGTGAGCAGCTATCCGCCTATTATCAAAGCAAGCTGTGTTATTGTTC
GCCTGATGGATGATATTGTGAGCCACAAAGAAGAACAAGAACGCGGTCATGTTGCC
AGCAGCATTGAATGTTATAGCAAAGAAAGTGGTGCAAGCGAAGAAGAAGCCTGCG



AATATATCAGCCGTAAAGTGGAAGATGCCTGGAAAGTTATTAATCGTGAAAGCCTG
CGTCCGACCGCAGTTCCGTTTCCGCTGCTGATGCCTGCAATTAACCTGGCACGTATG
TGTGAAGTTCTGTATAGCGTTAATGATGGTTTTACCCATGCCGAAGGTGATATGAAA
TCCTATATGAAAAGCTTCTTCGTGCATCCGATGGTTGTTTAA SEQ ID NO:26

pMCM1225 - pCL-Ptrc-Upper_GcMM_163 (Enterococcus gallinarum EG2)
cccgtcttactgtcgggaattcgcgttggccgattcattaatgcagattctgaaatgagctgttgacaattaatcatccggctcgtataatgtgtg
gaattgtgagcggataacaatttcacacaggaaacagcgccgctgagaaaaagcgaagcggcactgctctttaacaatttatcagacaatct
gtgtgggcactcgaccggaattatcgattaactttattattaaaaattaaagaggtatatattaatgtatcgattaaataaggaggaataaaccat
ggaagaagtggtaattatagatgcacgtcggactccgattggtaaatatcacgggtcgttgaagaagttttcagcggtggcgctggggacg
gccgtggctaaagacatgttcgaacgcaaccagaaaatcaaagaggagatcgcgcaggtcataattggtaatgtcttgcaggcaggaaat
ggccagaaccccgcgcggcaagttgctcttcaatcagggttgtccgttgacattcccgcttctacaattaacgaggtttgtgggtctggtttga
aagctatcttgatgggcatggaacaaatccaactcggcaaagcgcaagtagtgctggcaggcggcattgaatcaatgacaaatgcgccaa
gcctgtcccactataacaaggcggaggatacgtatagtgtcccagtgtcgagcatgacactggatggtctgacagacgcattttctagtaaa
cctatgggattaacagcggaaaacgtcgcacagcgctacggtatctcccgtgaggcgcaagatcaattcgcatatcaatctcagatgaaag
cagcaaaagcgcaggcagaaaacaaattcgctaaggaaattgtgccactggcgggtgaaactaaaaccatcacagctgacgaagggatc
agatcccaaacaacgatggagaaactggcaagtctcaaacctgtttttaaaaccgatggcactgtaaccgcagggaatgctagcaccatta
atgacggggccgcccttgtgctgcttgctagcaaaacttactgcgaaactaatgacataccgtaccttgcgacaatcaaagaaattgttgaag
ttggaatcgatccggagattatgggcatctctccgataaaagcgatacaaacattgttacaaaatcaaaaagttagcctcgaagatattggagt
ttttgaaataaatgaagcctttgccgcaagtagcatagtggttgaatctgagttgggattagatccggctaaagttaaccgttatgggggtggt
atatccttaggtcatgcaattggggcaaccggcgctcgcctggccacttcactggtgtatcaaatgcaggagatacaagcacgttatggtatt
gcgagcctgtgcgttggtggtggacttggactggcaatgcttttagaacgtccaactattgagaaggctaaaccgacagacaaaaagttcta
tgaattgtcaccagctgaacggttgcaagagctggaaaatcaacagaaaatcagttctgaaactaaacagcagttatctcagatgatgcttgc
cgaggacactgcaaaccatttgatagaaaatcaaatatcagagattgaactcccaatgggcgtcgggatgaacctgaaggttgatgggaaa
gcctatgttgtgccaatggcgacggaagagccgtccgtcatcgcggccatgtctaatggtgccaaaatggccggcgaaattcacactcagt
cgaaagaacggctgctcagaggtcagattgttttcagcgcgaagaatccgaatgaaatcgaacagagaatagctgagaaccaagctttgat
tttcgaacgtgccgaacagtcctatccttccattgtgaaaagagagggaggtctccgccgcattgcacttcgtcattttcctgccgattctcagc
aggagtctgcggaccagtccacatttttatcagtggacctttttgtagatgtgaaagacgcgatgggggcaaatatcataaatgcaatacttga
gggcgtcgcagccctgtttcgcgaatggttccccaatgaggaaattcttttttctattctctcgaacttggctacggagagcttagtcacggctg
tttgtgaagtcccatttagtgcacttagcaagagaggtggtgcaacggtggcccagaaaattgtgcaggcgtcgctcttcgcaaagacagac
ccataccgcgcagtgacccacaacaaagggattatgaacggtgtagaggctgttatgcttgccacaggcaacgacacgcgcgcagtctca
gccgcttgtcatggatacgcagcgcgcaccggtagctatcagggtctgactaactggacgattgagtcggatcgcctggtaggcgagata
acactgccgctggccatcgctacagttggaggcgctaccaaagtgttgcccaaagctcaagcggcactggagattagtgatgttcactcttc
tcaagagcttgcagccttagcggcgtcagtaggtttagtacaaaatctcgcggccctgcgcgcactggtttccgaaggtatacaaaaaggg
cacatgtccatgcaagcccggtctctcgcaatcgcggtcggtgctgaaaaagccgagatcgagcaggtcgccgaaaagttgcggcagaa
cccgccaatgaatcagcagcaggcgctccgttttcttggcgagatccgcgaacaatgatctagacgcactaggaggatataccaatgaacg
tcggcattgacaaaattaattttttcgttccaccgtattatctggatatggtcgacctggcccacgcacgcgaagtggacccgaacaaatttac
aattggaattggacaggatcagatggctgtgagcaaaaagacgcacgatatcgtaacattcgcggctagtgccgcgaaggaaattttagaa
cctgaggacttgcaagctatagacatggttatagttggtaccgaatcgggcattgacgagagcaaagcatccgcggtcgttttacatcgtttgt
tgggcgtacaacctttcgctcgcagttttgaaattaaagaagcctgttacggggcaaccgcaggcattcagtttgccaagactcatatacaag
cgaacccggagagcaaggtcctggtaattgcaagcgatatagctcggtatggtcttcggtcaggtggagagcccacacaaggcgcaggg
gcagttgctatgcttctcacggcaaatcccagaatcctgaccttcgaaaacgacaatctgatgttaacgcaggatatttatgacttctggagac
cacttggtcacgcttaccctatggtagatggccacctttccaatcaagtctatattgacagttttaagaaggtctggcaagcacattgcgaacg
caatcaagcttctatatccgactatgccgcgattagttttcatattccgtatacaaaaatgggtaagaaagccctgctcgctgtttttgcagatga
agtggaaactgaacaggaacgcgttatggcacggtatgaagagtctatcgtatattcacgccggatcggcaacttgtatacgggatcattgt
acctggggctgatatccttattggaaaacagttctcacctgtcggcgggcgaccggataggattgtttagttatgggagtggcgctgtcagcg
aatttttctccggtcgtttagtggcaggctatgaaaatcaattgaacaaagaggcgcatacccagctcctggatcagcgtcagaagctttccat
cgaagagtatgaggcgatttttacagattccttagaaattgatcaggatgcagcgttctcggatgacctgccatattccatccgcgagataaaa
aacacgattcggtactataaggagagctgactgcagctggtaccatatgggaattcgaagcttgggcccgaacaaaaactcatctcagaag
aggatctgaatagcgccgtcgaccatcatcatcatcatcattgagtttaaacggtctccagcttggctgttttggcggatgagagaagattttca
gcctgatacagattaaatcagaacgcagaagcggtctgataaaacagaatttgcctggcggcagtagcgcggtggtcccacctgacccca



tgccgaactcagaagtgaaacgccgtagcgccgatggtagtgtggggtctccccatgcgagagtagggaactgccaggcatcaaataaa
acgaaaggctcagtcgaaagactgggcctttcgttttatctgttgtttgtcggtgaacgctctcctgagtaggacaaatccgccgggagcgga
tttgaacgttgcgaagcaacggcccggagggtggcgggcaggacgcccgccataaactgccaggcatcaaattaagcagaaggccatc
ctgacggatggcctttttgcgtttctacaaactctttttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaat
gcttcaataatctggcgtaatagcgaagaggcccgcaccgatcgcccttcccaacagttgcgcagcctgaatggcgaatggcgcctgatg
cggtattttctccttacgcatctgtgcggtatttcacaccgcatatggtgcactctcagtacaatctgctctgatgccgcatagttaagccagccc
cgacacccgccaacacccgctgacgagcttagtaaagccctcgctagattttaatgcggatgttgcgattacttcgccaactattgcgataac
aagaaaaagccagcctttcatgatatatctcccaatttgtgtagggcttattatgcacgcttaaaaataataaaagcagacttgacctgatagttt
ggctgtgagcaattatgtgcttagtgcatctaacgcttgagttaagccgcgccgcgaagcggcgtcggcttgaacgaattgttagacattattt
gccgactaccttggtgatctcgcctttcacgtagtggacaaattcttccaactgatctgcgcgcgaggccaagcgatcttcttcttgtccaagat
aagcctgtctagcttcaagtatgacgggctgatactgggccggcaggcgctccattgcccagtcggcagcgacatccttcggcgcgatttt
gccggttactgcgctgtaccaaatgcgggacaacgtaagcactacatttcgctcatcgccagcccagtcgggcggcgagttccatagcgtt
aaggtttcatttagcgcctcaaatagatcctgttcaggaaccggatcaaagagttcctccgccgctggacctaccaaggcaacgctatgttct
cttgcttttgtcagcaagatagccagatcaatgtcgatcgtggctggctcgaagatacctgcaagaatgtcattgcgctgccattctccaaatt
gcagttcgcgcttagctggataacgccacggaatgatgtcgtcgtgcacaacaatggtgacttctacagcgcggagaatctcgctctctcca
ggggaagccgaagtttccaaaaggtcgttgatcaaagctcgccgcgttgtttcatcaagccttacggtcaccgtaaccagcaaatcaatatc
actgtgtggcttcaggccgccatccactgcggagccgtacaaatgtacggccagcaacgtcggttcgagatggcgctcgatgacgccaac
tacctctgatagttgagtcgatacttcggcgatcaccgcttccctcatgatgtttaactttgttttagggcgactgccctgctgcgtaacatcgttg
ctgctccataacatcaaacatcgacccacggcgtaacgcgcttgctgcttggatgcccgaggcatagactgtaccccaaaaaaacagtcat
aacaagccatgaaaaccgccactgcgccgttaccaccgctgcgttcggtcaaggttctggaccagttgcgtgagcgcatacgctacttgca
ttacagcttacgaaccgaacaggcttatgtccactgggttcgtgccttcatccgtttccacggtgtgcgtcacccggcaaccttgggcagcag
cgaagtcgaggcatttctgtcctggctggcgaacgagcgcaaggtttcggtctccacgcatcgtcaggcattggcggccttgctgttcttcta
cggcaaggtgctgtgcacggatctgccctggcttcaggagatcggaagacctcggccgtcgcggcgcttgccggtggtgctgaccccgg
atgaagtggttcgcatcctcggttttctggaaggcgagcatcgtttgttcgcccagcttctgtatggaacgggcatgcggatcagtgagggttt
gcaactgcgggtcaaggatctggatttcgatcacggcacgatcatcgtgcgggagggcaagggctccaaggatcgggccttgatgttacc
cgagagcttggcacccagcctgcgcgagcaggggaattaattcccacgggttttgctgcccgcaaacgggctgttctggtgttgctagtttg
ttatcagaatcgcagatccggcttcagccggtttgccggctgaaagcgctatttcttccagaattgccatgattttttccccacgggaggcgtc
actggctcccgtgttgtcggcagctttgattcgataagcagcatcgcctgtttcaggctgtctatgtgtgactgttgagctgtaacaagttgtctc
aggtgttcaatttcatgttctagttgctttgttttactggtttcacctgttctattaggtgttacatgctgttcatctgttacattgtcgatctgttcatggt
gaacagctttgaatgcaccaaaaactcgtaaaagctctgatgtatctatcttttttacaccgttttcatctgtgcatatggacagttttccctttgata
tgtaacggtgaacagttgttctacttttgtttgttagtcttgatgcttcactgatagatacaagagccataagaacctcagatccttccgtatttagc
cagtatgttctctagtgtggttcgttgtttttgcgtgagccatgagaacgaaccattgagatcatacttactttgcatgtcactcaaaaattttgcct
caaaactggtgagctgaatttttgcagttaaagcatcgtgtagtgtttttcttagtccgttatgtaggtaggaatctgatgtaatggttgttggtattt
tgtcaccattcatttttatctggttgttctcaagttcggttacgagatccatttgtctatctagttcaacttggaaaatcaacgtatcagtcgggcgg
cctcgcttatcaaccaccaatttcatattgctgtaagtgtttaaatctttacttattggtttcaaaacccattggttaagccttttaaactcatggtagt
tattttcaagcattaacatgaacttaaattcatcaaggctaatctctatatttgccttgtgagttttcttttgtgttagttcttttaataaccactcataaat
cctcatagagtatttgttttcaaaagacttaacatgttccagattatattttatgaatttttttaactggaaaagataaggcaatatctcttcactaaaa
actaattctaatttttcgcttgagaacttggcatagtttgtccactggaaaatctcaaagcctttaaccaaaggattcctgatttccacagttctcgt
catcagctctctggttgctttagctaatacaccataagcattttccctactgatgttcatcatctgagcgtattggttataagtgaacgataccgtc
cgttctttccttgtagggttttcaatcgtggggttgagtagtgccacacagcataaaattagcttggtttcatgctccgttaagtcatagcgactaa
tcgctagttcatttgctttgaaaacaactaattcagacatacatctcaattggtctaggtgattttaatcactataccaattgagatgggctagtca
atgataattactagtccttttcctttgagttgtgggtatctgtaaattctgctagacctttgctggaaaacttgtaaattctgctagaccctctgtaaa
ttccgctagacctttgtgtgttttttttgtttatattcaagtggttataatttatagaataaagaaagaataaaaaaagataaaaagaatagatccca
gccctgtgtataactcactactttagtcagttccgcagtattacaaaaggatgtcgcaaacgctgtttgctcctctacaaaacagaccttaaaac
cctaaaggcttaagtagcaccctcgcaagctcgggcaaatcgctgaatattccttttgtctccgaccatcaggcacctgagtcgctgtctttttc
gtgacattcagttcgctgcgctcacggctctggcagtgaatgggggtaaatggcactacaggcgccttttatggattcatgcaaggaaacta
cccataatacaagaaaagcccgtcacgggcttctcagggcgttttatggcgggtctgctatgtggtgctatctgactttttgctgttcagcagtt
cctgccctctgattttccagtctgaccacttcggattatcccgtgacaggtcattcagactggctaatgcacccagtaaggcagcggtatcatc
aacaggctta SEQ ID NO:27



Amino acid sequence for phosphoketolase from Mycoplasma hominis ATCC 23114
MISKIYDDKKYLEKMDKWFRAANYLGVCQMYLRDNPLLKKPLTSNDIKLYPIGHWGT
VPGQNFIYTHLNRVIKKYDLNMFYIEGPGHGGQVMISNSYLDGSYSEIYPEISQDEAGLA
KMFKRFSFPGGTASHAAPETPGSIHEGGELGYSISHGTGAILDNPDVICAAVVGDGEAET
GPLATSWFSNAFINPVNDGAILPILHLNGGKISNPTLLSRKPKEEIKKYFEGLGWNPIFVE
WSEDKSNLDMHELMAKSLDKAIESIKEIQAEARKKPAEEATRPTWPMIVLRTPKGWTG
PKQWNNEAIEGSFRAHQVPIPVSAFKMEKIADLEKWLKSYKPEELFDENGTIIKEIRDLA
PEGLKRMAVNPITNGGIDSKPLKLQDWKKYALKIDYPGEIKAQDMAEMAKFAADIMK
DNPSSFRVFGPDETKSNRMFALFNVTNRQWLEPVSKKYDEWISPAGRIIDSQLSEHQCE
GFLEGYVLTGRHGFFASYEAFLRVVDSMLTQHMKWIKKASELSWRKTYPSLNIIATSNA
FQQDHNGYTHQDPGLLGHLADKRPEIIREYLPADTNSLLAVMNKALTERNVINLIVASK
QPREQFFTVEDAEELLEKGYKVVPWASNISENEEPDIVFASSGVEPNIESLAAISLINQEY
PHLKIRYVYVLDLLKLRSRKIDPRGISDEEFDKVFTKNKPIIFAFHGFEGLLRDIFFTRSNH
NLIAHGYRENGDITTSFDIRQLSEMDRYHIAKDAAEAVYGKDAKAFMNKLDQKLEYHR
NYIDEYGYDMPEVVEWKWKNINKEN SEQ ID NO:28

Codon optimized DNA sequence for phosphoketolase from Mycoplasma hominis ATCC
23114
atgattagcaaaatctatgatgataaaaagtatctggaaaaaatggataaatggtttcgcgcagcaaattatctgggtgtttgtcagatgtatctg
cgtgataatccgctgctgaaaaaaccgctgaccagcaatgatatcaaactgtatccgattggtcattggggcaccgttccgggtcagaatttt
atctatacccatctgaatcgcgtgatcaagaaatatgatctgaatatgttctacatcgaaggtcctggtcatggtggtcaggttatgattagtaat
agctatctggatggcagctatagcgaaatttatccggaaattagccaggatgaagcaggtctggccaaaatgtttaaacgttttagctttccgg
gtggcaccgcaagccatgcagcaccggaaacaccgggtagcattcatgaaggtggtgaactgggttatagcattagccatggcaccggt
gcaattctggataacccggatgttatttgtgcagcagttgttggtgatggtgaagcagaaaccggtccgctggcgaccagctggtttagcaat
gcctttattaacccggttaatgatggtgccattctgccgattctgcatctgaacggtggtaaaattagcaatccgaccctgctgagccgtaaac
cgaaagaagaaatcaaaaaatactttgaaggcctgggctggaatccgatttttgttgaatggtcagaagataagagcaacctggatatgcat
gaactgatggcaaaaagcctggataaagccattgaaagcatcaaagaaattcaggcagaagcacgtaaaaaacctgcagaagaagcaac
ccgtccgacctggccgatgattgttctgcgtaccccgaaaggttggacaggtccgaaacagtggaataatgaagcaattgaaggtagctttc
gtgcacatcaggttccgattccggttagcgcctttaaaatggaaaagattgccgatcttgagaaatggctgaaaagctacaaaccggaagaa
ctgtttgatgaaaatggcacgatcataaaagaaatccgtgatctggctccggaaggtctgaaacgtatggcagttaacccgattaccaatggt
ggtattgatagcaaacctctgaaactgcaggattggaaaaagtacgcactgaaaattgattatccgggtgaaattaaagcacaggatatggc
cgaaatggccaaatttgcagcagatatcatgaaagataaccctagcagctttcgcgtttttggtccggatgaaaccaaaagcaatcgtatgttt
gccctgtttaatgtgaccaatcgtcagtggctggaaccggttagtaagaaatacgatgaatggattagtccggcaggtcgcattattgattcac
agctgagcgaacatcagtgtgaaggttttctggaaggttatgttctgaccggtcgtcatggtttttttgcaagctatgaagcatttctgcgtgttgt
ggatagcatgctgacccaacatatgaaatggatcaaaaaggcaagcgaactgagctggcgtaaaacctatccgagcctgaacattattgca
accagtaatgcatttcagcaggatcataatggttatacgcatcaggatccgggtctgctgggtcatctggcagataaacgtccagaaattatc
cgtgaatatctgcctgcagataccaatagcctgctggcggttatgaataaagcactgaccgaacgtaatgtgattaatctgattgttgcaagca
aacagcctcgcgaacagttttttaccgttgaagatgcagaggaactgctggaaaagggttataaagttgttccgtgggcaagcaatattagc
gaaaatgaagaaccggatattgtgtttgccagcagcggtgttgaaccgaatatcgaaagtctggcagcaattagcctgatcaatcaagaata
tcctcatctgaaaatccgctatgtgtatgtgctggatctgctgaagctgcgtagtcgtaaaatcgatccgcgtggtattagtgatgaagagtttg
ataaagtgtttaccaaaaacaaaccgattatctttgcctttcatggctttgagggactgctgcgcgatattttctttacccgtagcaaccataacct
gattgcacatggttatcgtgaaaacggtgatatcacaaccagctttgatattcgtcagctgagtgagatggatcgttatcatattgcaaaagatg
ctgccgaagccgtgtatggtaaagatgcaaaagcatttatgaacaaactggatcagaaactggaataccaccgcaactatatcgatgagtat
ggctatgatatgccggaagttgtggaatggaaatggaagaacatcaataaagaaaattaa SEQ ID NO:29

Sequence of pMCS1019
gtttgacagcttatcatcgactgcacggtgcaccaatgcttctggcgtcaggcagccatcggaagctgtggtatggctgtgcaggtcgtaaat
cactgcataattcgtgtcgctcaaggcgcactcccgttctggataatgttttttgcgccgacatcataacggttctggcaaatattctgaaatga
gctgttgacaattaatcatccggctcgtataatgtgtggaattgtgagcggataacaatttcacacaggaaacagcgccgctgagaaaaagc
gaagcggcactgctctttaacaatttatcagacaatctgtgtgggcactcgaccggaattatcgattaactttattattaaaaattaaagaggtat



atattaatgtatcgattaaataaggaggaataaaccatggaaacgcgtcgttctgcgaactacgaacctaacagctgggactatgattacctg
ctgtcctccgacacggacgagtccatcgaagtatacaaagacaaagcgaaaaagctggaagccgaagttcgtcgcgagattaataacgaa
aaagcagaatttctgaccctgctggaactgattgacaacgtccagcgcctgggcctgggttaccgtttcgagtctgatatccgtggtgcgctg
gatcgcttcgtttcctccggcggcttcgatgcggtaaccaagacttccctgcacggtacggcactgtctttccgtctgctgcgtcaacacggtt
ttgaggtttctcaggaagcgttcagcggcttcaaagaccaaaacggcaacttcctggagaacctgaaggaagatatcaaagctatcctgag
cctgtacgaggccagcttcctggctctggaaggcgaaaacatcctggacgaggcgaaggttttcgcaatctctcatctgaaagaactgtctg
aagaaaagatcggtaaagagctggcagaacaggtgaaccatgcactggaactgccactgcatcgccgtactcagcgtctggaagcagtat
ggtctatcgaggcctaccgtaaaaaggaggacgcgaatcaggttctgctggagctggcaattctggattacaacatgatccagtctgtatac
cagcgtgatctgcgtgaaacgtcccgttggtggcgtcgtgtgggtctggcgaccaaactgcactttgctcgtgaccgcctgattgagagctt
ctactgggccgtgggtgtagcattcgaaccgcaatactccgactgccgtaactccgtcgcaaaaatgttttgtttcgtaaccattatcgacgat
atctacgatgtatacggcaccctggacgaactggagctgtttactgatgcagttgagcgttgggacgtaaacgccatcaacgacctgccgg
attacatgaaactgtgctttctggctctgtataacactattaacgaaatcgcctacgacaacctgaaagataaaggtgagaacatcctgccgta
tctgaccaaagcctgggctgacctgtgcaacgctttcctgcaagaagccaagtggctgtacaacaaatctactccgacctttgacgactactt
cggcaacgcatggaaatcctcttctggcccgctgcaactggtgttcgcttacttcgctgtcgtgcagaacattaaaaaggaagagatcgaaa
acctgcaaaaataccatgacaccatctctcgtccttcccatatcttccgtctgtgcaatgacctggctagcgcgtctgcggaaattgcgcgtgg
tgaaaccgcaaatagcgtttcttgttacatgcgcactaaaggtatctccgaagaactggctaccgaaagcgtgatgaatctgatcgatgaata
ttggaaaaagatgaacaaggaaaaactgggtggtagcctgttcgcgaaaccgttcgtggaaaccgcgatcaacctggcacgtcaatctca
ctgcacttatcataacggcgacgcgcatacctctccggatgagctgacccgcaaacgcgttctgtctgtaatcactgaaccgattctgccgttt
gaacgctaaagatacgcgtaaccccaaggacggtaaaatgattagcaaaatctatgatgataaaaagtatctggaaaaaatggataaatggt
ttcgcgcagcaaattatctgggtgtttgtcagatgtatctgcgtgataatccgctgctgaaaaaaccgctgaccagcaatgatatcaaactgtat
ccgattggtcattggggcaccgttccgggtcagaattttatctatacccatctgaatcgcgtgatcaagaaatatgatctgaatatgttctacatc
gaaggtcctggtcatggtggtcaggttatgattagtaatagctatctggatggcagctatagcgaaatttatccggaaattagccaggatgaa
gcaggtctggccaaaatgtttaaacgttttagctttccgggtggcaccgcaagccatgcagcaccggaaacaccgggtagcattcatgaag
gtggtgaactgggttatagcattagccatggcaccggtgcaattctggataacccggatgttatttgtgcagcagttgttggtgatggtgaagc
agaaaccggtccgctggcgaccagctggtttagcaatgcctttattaacccggttaatgatggtgccattctgccgattctgcatctgaacggt
ggtaaaattagcaatccgaccctgctgagccgtaaaccgaaagaagaaatcaaaaaatactttgaaggcctgggctggaatccgatttttgtt
gaatggtcagaagataagagcaacctggatatgcatgaactgatggcaaaaagcctggataaagccattgaaagcatcaaagaaattcag
gcagaagcacgtaaaaaacctgcagaagaagcaacccgtccgacctggccgatgattgttctgcgtaccccgaaaggttggacaggtcc
gaaacagtggaataatgaagcaattgaaggtagctttcgtgcacatcaggttccgattccggttagcgcctttaaaatggaaaagattgccga
tcttgagaaatggctgaaaagctacaaaccggaagaactgtttgatgaaaatggcacgatcataaaagaaatccgtgatctggctccggaa
ggtctgaaacgtatggcagttaacccgattaccaatggtggtattgatagcaaacctctgaaactgcaggattggaaaaagtacgcactgaa
aattgattatccgggtgaaattaaagcacaggatatggccgaaatggccaaatttgcagcagatatcatgaaagataaccctagcagctttcg
cgtttttggtccggatgaaaccaaaagcaatcgtatgtttgccctgtttaatgtgaccaatcgtcagtggctggaaccggttagtaagaaatac
gatgaatggattagtccggcaggtcgcattattgattcacagctgagcgaacatcagtgtgaaggttttctggaaggttatgttctgaccggtc
gtcatggtttttttgcaagctatgaagcatttctgcgtgttgtggatagcatgctgacccaacatatgaaatggatcaaaaaggcaagcgaact
gagctggcgtaaaacctatccgagcctgaacattattgcaaccagtaatgcatttcagcaggatcataatggttatacgcatcaggatccggg
tctgctgggtcatctggcagataaacgtccagaaattatccgtgaatatctgcctgcagataccaatagcctgctggcggttatgaataaagc
actgaccgaacgtaatgtgattaatctgattgttgcaagcaaacagcctcgcgaacagttttttaccgttgaagatgcagaggaactgctgga
aaagggttataaagttgttccgtgggcaagcaatattagcgaaaatgaagaaccggatattgtgtttgccagcagcggtgttgaaccgaatat
cgaaagtctggcagcaattagcctgatcaatcaagaatatcctcatctgaaaatccgctatgtgtatgtgctggatctgctgaagctgcgtagt
cgtaaaatcgatccgcgtggtattagtgatgaagagtttgataaagtgtttaccaaaaacaaaccgattatctttgcctttcatggctttgaggga
ctgctgcgcgatattttctttacccgtagcaaccataacctgattgcacatggttatcgtgaaaacggtgatatcacaaccagctttgatattcgt
cagctgagtgagatggatcgttatcatattgcaaaagatgctgccgaagccgtgtatggtaaagatgcaaaagcatttatgaacaaactggat
cagaaactggaataccaccgcaactatatcgatgagtatggctatgatatgccggaagttgtggaatggaaatggaagaacatcaataaag
aaaattaaagtctagttaaagtttaaacggtctccagcttggctgttttggcggatgagagaagattttcagcctgatacagattaaatcagaac
gcagaagcggtctgataaaacagaatttgcctggcggcagtagcgcggtggtcccacctgaccccatgccgaactcagaagtgaaacgc
cgtagcgccgatggtagtgtggggtctccccatgcgagagtagggaactgccaggcatcaaataaaacgaaaggctcagtcgaaagact
gggcctttcgttttatctgttgtttgtcggtgaacgctctcctgagtaggacaaatccgccgggagcggatttgaacgttgcgaagcaacggc
ccggagggtggcgggcaggacgcccgccataaactgccaggcatcaaattaagcagaaggccatcctgacggatggcctttttgcgtttc
tacaaactctttttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaa
gagtatgagtattcaacatttccgtgtcgcccttattcccttttttgcggcattttgccttcctgtttttgctcacccagaaacgctggtgaaagtaa
aagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaacagcggtaagatccttgagagttttcgccccgaagaa



cgttttccaatgatgagcacttttaaagttctgctatgtggcgcggtattatcccgtgttgacgccgggcaagagcaactcggtcgccgcatac
actattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatgcagtgctgcca
taaccatgagtgataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgcttttttgcacaacatgggggat
catgtaactcgccttgatcgttgggaaccggagctgaatgaagccataccaaacgacgagcgtgacaccacgatgcctgtagcaatggca
acaacgttgcgcaaactattaactggcgaactacttactctagcttcccggcaacaattaatagactggatggaggcggataaagttgcagg
accacttctgcgctcggcccttccggctggctggtttattgctgataaatctggagccggtgagcgtgggtctcgcggtatcattgcagcact
ggggccagatggtaagccctcccgtatcgtagttatctacacgacggggagtcaggcaactatggatgaacgaaatagacagatcgctga
gataggtgcctcactgattaagcattggtaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggat
ctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaag
gatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgccggatcaagag
ctaccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgtccttctagtgtagccgtagttaggccaccacttca
agaactctgtagcaccgcctacatacctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggttgg
actcaagacgatagttaccggataaggcgcagcggtcgggctgaacggggggttcgtgcacacagcccagcttggagcgaacgaccta
caccgaactgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaagcggc
agggtcggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttg
agcgtcgatttttgtgatgctcgtcaggggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggc
cttttgctcacatgttctttcctgcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccgaa
cgaccgagcgcagcgagtcagtgagcgaggaagcggaagagcgcctgatgcggtattttctccttacgcatctgtgcggtatttcacaccg
catatggtgcactctcagtacaatctgctctgatgccgcatagttaagccagtatacactccgctatcgctacgtgactgggtcatggctgcgc
cccgacacccgccaacacccgctgacgcgccctgacgggcttgtctgctcccggcatccgcttacagacaagctgtgaccgtctccggg
agctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgaggcagcagatcaattcgcgcgcgaaggcgaagcggcatgcattt
acgttgacaccatcgaatggtgcaaaacctttcgcggtatggcatgatagcgcccggaagagagtcaattcagggtggtgaatgtgaaacc
agtaacgttatacgatgtcgcagagtatgccggtgtctcttatcagaccgtttcccgcgtggtgaaccaggccagccacgtttctgcgaaaac
gcgggaaaaagtggaagcggcgatggcggagctgaattacattcccaaccgcgtggcacaacaactggcgggcaaacagtcgttgctg
attggcgttgccacctccagtctggccctgcacgcgccgtcgcaaattgtcgcggcgattaaatctcgcgccgatcaactgggtgccagcg
tggtggtgtcgatggtagaacgaagcggcgtcgaagcctgtaaagcggcggtgcacaatcttctcgcgcaacgcgtcagtgggctgatca
ttaactatccgctggatgaccaggatgccattgctgtggaagctgcctgcactaatgttccggcgttatttcttgatgtctctgaccagacaccc
atcaacagtattattttctcccatgaagacggtacgcgactgggcgtggagcatctggtcgcattgggtcaccagcaaatcgcgctgttagc
gggcccattaagttctgtctcggcgcgtctgcgtctggctggctggcataaatatctcactcgcaatcaaattcagccgatagcggaacggg
aaggcgactggagtgccatgtccggttttcaacaaaccatgcaaatgctgaatgagggcatcgttcccactgcgatgctggttgccaacgat
cagatggcgctgggcgcaatgcgcgccattaccgagtccgggctgcgcgttggtgcggatatctcggtagtgggatacgacgataccga
agacagctcatgttatatcccgccgtcaaccaccatcaaacaggattttcgcctgctggggcaaaccagcgtggaccgcttgctgcaactct
ctcagggccaggcggtgaagggcaatcagctgttgcccgtctcactggtgaaaagaaaaaccaccctggcgcccaatacgcaaaccgcc
tctccccgcgcgttggccgattcattaatgcagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtg
agttagcgcgaattgatctg SEQ ID NO:30

DNA sequence of plasmid pMCS826
gtttgacagcttatcatcgactgcacggtgcaccaatgcttctggcgtcaggcagccatcggaagctgtggtatggctgtgcaggtcgtaaat
cactgcataattcgtgtcgctcaaggcgcactcccgttctggataatgttttttgcgccgacatcataacggttctggcaaatattctgaaatga
gctgttgacaattaatcatccggctcgtataatgtgtggaattgtgagcggataacaatttcacacaggaaacagcgccgctgagaaaaagc
gaagcggcactgctctttaacaatttatcagacaatctgtgtgggcactcgaccggaattatcgattaactttattattaaaaattaaagaggtat
atattaatgtatcgattaaataaggaggaataaaccatggaaacgcgtcgttctgcgaactacgaacctaacagctgggactatgattacctg
ctgtcctccgacacggacgagtccatcgaagtatacaaagacaaagcgaaaaagctggaagccgaagttcgtcgcgagattaataacgaa
aaagcagaatttctgaccctgctggaactgattgacaacgtccagcgcctgggcctgggttaccgtttcgagtctgatatccgtggtgcgctg
gatcgcttcgtttcctccggcggcttcgatgcggtaaccaagacttccctgcacggtacggcactgtctttccgtctgctgcgtcaacacggtt
ttgaggtttctcaggaagcgttcagcggcttcaaagaccaaaacggcaacttcctggagaacctgaaggaagatatcaaagctatcctgag
cctgtacgaggccagcttcctggctctggaaggcgaaaacatcctggacgaggcgaaggttttcgcaatctctcatctgaaagaactgtctg
aagaaaagatcggtaaagagctggcagaacaggtgaaccatgcactggaactgccactgcatcgccgtactcagcgtctggaagcagtat
ggtctatcgaggcctaccgtaaaaaggaggacgcgaatcaggttctgctggagctggcaattctggattacaacatgatccagtctgtatac
cagcgtgatctgcgtgaaacgtcccgttggtggcgtcgtgtgggtctggcgaccaaactgcactttgctcgtgaccgcctgattgagagctt
ctactgggccgtgggtgtagcattcgaaccgcaatactccgactgccgtaactccgtcgcaaaaatgttttgtttcgtaaccattatcgacgat
atctacgatgtatacggcaccctggacgaactggagctgtttactgatgcagttgagcgttgggacgtaaacgccatcaacgacctgccgg



attacatgaaactgtgctttctggctctgtataacactattaacgaaatcgcctacgacaacctgaaagataaaggtgagaacatcctgccgta
tctgaccaaagcctgggctgacctgtgcaacgctttcctgcaagaagccaagtggctgtacaacaaatctactccgacctttgacgactactt
cggcaacgcatggaaatcctcttctggcccgctgcaactggtgttcgcttacttcgctgtcgtgcagaacattaaaaaggaagagatcgaaa
acctgcaaaaataccatgacaccatctctcgtccttcccatatcttccgtctgtgcaatgacctggctagcgcgtctgcggaaattgcgcgtgg
tgaaaccgcaaatagcgtttcttgttacatgcgcactaaaggtatctccgaagaactggctaccgaaagcgtgatgaatctgatcgatgaata
ttggaaaaagatgaacaaggaaaaactgggtggtagcctgttcgcgaaaccgttcgtggaaaccgcgatcaacctggcacgtcaatctca
ctgcacttatcataacggcgacgcgcatacctctccggatgagctgacccgcaaacgcgttctgtctgtaatcactgaaccgattctgccgttt
gaacgctaactgcataaaggaggtaaaaaaacatgattagcaaaatctatgatgataaaaagtatctggaaaaaatggataaatggtttcgc
gcagcaaattatctgggtgtttgtcagatgtatctgcgtgataatccgctgctgaaaaaaccgctgaccagcaatgatatcaaactgtatccga
ttggtcattggggcaccgttccgggtcagaattttatctatacccatctgaatcgcgtgatcaagaaatatgatctgaatatgttctacatcgaag
gtcctggtcatggtggtcaggttatgattagtaatagctatctggatggcagctatagcgaaatttatccggaaattagccaggatgaagcag
gtctggccaaaatgtttaaacgttttagctttccgggtggcaccgcaagccatgcagcaccggaaacaccgggtagcattcatgaaggtggt
gaactgggttatagcattagccatggcaccggtgcaattctggataacccggatgttatttgtgcagcagttgttggtgatggtgaagcagaa
accggtccgctggcgaccagctggtttagcaatgcctttattaacccggttaatgatggtgccattctgccgattctgcatctgaacggtggta
aaattagcaatccgaccctgctgagccgtaaaccgaaagaagaaatcaaaaaatactttgaaggcctgggctggaatccgatttttgttgaat
ggtcagaagataagagcaacctggatatgcatgaactgatggcaaaaagcctggataaagccattgaaagcatcaaagaaattcaggcag
aagcacgtaaaaaacctgcagaagaagcaacccgtccgacctggccgatgattgttctgcgtaccccgaaaggttggacaggtccgaaa
cagtggaataatgaagcaattgaaggtagctttcgtgcacatcaggttccgattccggttagcgcctttaaaatggaaaagattgccgatcttg
agaaatggctgaaaagctacaaaccggaagaactgtttgatgaaaatggcacgatcataaaagaaatccgtgatctggctccggaaggtct
gaaacgtatggcagttaacccgattaccaatggtggtattgatagcaaacctctgaaactgcaggattggaaaaagtacgcactgaaaattg
attatccgggtgaaattaaagcacaggatatggccgaaatggccaaatttgcagcagatatcatgaaagataaccctagcagctttcgcgttt
ttggtccggatgaaaccaaaagcaatcgtatgtttgccctgtttaatgtgaccaatcgtcagtggctggaaccggttagtaagaaatacgatg
aatggattagtccggcaggtcgcattattgattcacagctgagcgaacatcagtgtgaaggttttctggaaggttatgttctgaccggtcgtcat
ggtttttttgcaagctatgaagcatttctgcgtgttgtggatagcatgctgacccaacatatgaaatggatcaaaaaggcaagcgaactgagct
ggcgtaaaacctatccgagcctgaacattattgcaaccagtaatgcatttcagcaggatcataatggttatacgcatcaggatccgggtctgc
tgggtcatctggcagataaacgtccagaaattatccgtgaatatctgcctgcagataccaatagcctgctggcggttatgaataaagcactga
ccgaacgtaatgtgattaatctgattgttgcaagcaaacagcctcgcgaacagttttttaccgttgaagatgcagaggaactgctggaaaagg
gttataaagttgttccgtgggcaagcaatattagcgaaaatgaagaaccggatattgtgtttgccagcagcggtgttgaaccgaatatcgaaa
gtctggcagcaattagcctgatcaatcaagaatatcctcatctgaaaatccgctatgtgtatgtgctggatctgctgaagctgcgtagtcgtaa
aatcgatccgcgtggtattagtgatgaagagtttgataaagtgtttaccaaaaacaaaccgattatctttgcctttcatggctttgagggactgct
gcgcgatattttctttacccgtagcaaccataacctgattgcacatggttatcgtgaaaacggtgatatcacaaccagctttgatattcgtcagct
gagtgagatggatcgttatcatattgcaaaagatgctgccgaagccgtgtatggtaaagatgcaaaagcatttatgaacaaactggatcaga
aactggaataccaccgcaactatatcgatgagtatggctatgatatgccggaagttgtggaatggaaatggaagaacatcaataaagaaaat
taaagtctagttaaagtttaaacggtctccagcttggctgttttggcggatgagagaagattttcagcctgatacagattaaatcagaacgcag
aagcggtctgataaaacagaatttgcctggcggcagtagcgcggtggtcccacctgaccccatgccgaactcagaagtgaaacgccgta
gcgccgatggtagtgtggggtctccccatgcgagagtagggaactgccaggcatcaaataaaacgaaaggctcagtcgaaagactgggc
ctttcgttttatctgttgtttgtcggtgaacgctctcctgagtaggacaaatccgccgggagcggatttgaacgttgcgaagcaacggcccgg
agggtggcgggcaggacgcccgccataaactgccaggcatcaaattaagcagaaggccatcctgacggatggcctttttgcgtttctacaa
actctttttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaagagta
tgagtattcaacatttccgtgtcgcccttattcccttttttgcggcattttgccttcctgtttttgctcacccagaaacgctggtgaaagtaaaagat
gctgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaacagcggtaagatccttgagagttttcgccccgaagaacgtttt
ccaatgatgagcacttttaaagttctgctatgtggcgcggtattatcccgtgttgacgccgggcaagagcaactcggtcgccgcatacactat
tctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatgcagtgctgccataacc
atgagtgataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgcttttttgcacaacatgggggatcatgt
aactcgccttgatcgttgggaaccggagctgaatgaagccataccaaacgacgagcgtgacaccacgatgcctgtagcaatggcaacaa
cgttgcgcaaactattaactggcgaactacttactctagcttcccggcaacaattaatagactggatggaggcggataaagttgcaggacca
cttctgcgctcggcccttccggctggctggtttattgctgataaatctggagccggtgagcgtgggtctcgcggtatcattgcagcactgggg
ccagatggtaagccctcccgtatcgtagttatctacacgacggggagtcaggcaactatggatgaacgaaatagacagatcgctgagatag
gtgcctcactgattaagcattggtaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctagg
tgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatct
tcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgccggatcaagagctacc
aactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgtccttctagtgtagccgtagttaggccaccacttcaagaac



tctgtagcaccgcctacatacctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaa
gacgatagttaccggataaggcgcagcggtcgggctgaacggggggttcgtgcacacagcccagcttggagcgaacgacctacaccga
actgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaagcggcagggtc
ggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcgtc
gatttttgtgatgctcgtcaggggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttgc
tcacatgttctttcctgcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccgaacgaccg
agcgcagcgagtcagtgagcgaggaagcggaagagcgcctgatgcggtattttctccttacgcatctgtgcggtatttcacaccgcatatg
gtgcactctcagtacaatctgctctgatgccgcatagttaagccagtatacactccgctatcgctacgtgactgggtcatggctgcgccccga
cacccgccaacacccgctgacgcgccctgacgggcttgtctgctcccggcatccgcttacagacaagctgtgaccgtctccgggagctgc
atgtgtcagaggttttcaccgtcatcaccgaaacgcgcgaggcagcagatcaattcgcgcgcgaaggcgaagcggcatgcatttacgttg
acaccatcgaatggtgcaaaacctttcgcggtatggcatgatagcgcccggaagagagtcaattcagggtggtgaatgtgaaaccagtaac
gttatacgatgtcgcagagtatgccggtgtctcttatcagaccgtttcccgcgtggtgaaccaggccagccacgtttctgcgaaaacgcggg
aaaaagtggaagcggcgatggcggagctgaattacattcccaaccgcgtggcacaacaactggcgggcaaacagtcgttgctgattggc
gttgccacctccagtctggccctgcacgcgccgtcgcaaattgtcgcggcgattaaatctcgcgccgatcaactgggtgccagcgtggtgg
tgtcgatggtagaacgaagcggcgtcgaagcctgtaaagcggcggtgcacaatcttctcgcgcaacgcgtcagtgggctgatcattaacta
tccgctggatgaccaggatgccattgctgtggaagctgcctgcactaatgttccggcgttatttcttgatgtctctgaccagacacccatcaac
agtattattttctcccatgaagacggtacgcgactgggcgtggagcatctggtcgcattgggtcaccagcaaatcgcgctgttagcgggccc
attaagttctgtctcggcgcgtctgcgtctggctggctggcataaatatctcactcgcaatcaaattcagccgatagcggaacgggaaggcg
actggagtgccatgtccggttttcaacaaaccatgcaaatgctgaatgagggcatcgttcccactgcgatgctggttgccaacgatcagatg
gcgctgggcgcaatgcgcgccattaccgagtccgggctgcgcgttggtgcggatatctcggtagtgggatacgacgataccgaagacag
ctcatgttatatcccgccgtcaaccaccatcaaacaggattttcgcctgctggggcaaaccagcgtggaccgcttgctgcaactctctcagg
gccaggcggtgaagggcaatcagctgttgcccgtctcactggtgaaaagaaaaaccaccctggcgcccaatacgcaaaccgcctctccc
cgcgcgttggccgattcattaatgcagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagttag
cgcgaattgatctg SEQ ID NO:31

MCS534
cgctaactgcataaaggaggtaaaaaaac SEQ ID NO:32

MCS535
gctggagaccgtttaaactttaactagacttta SEQ ID NO:33

OMCS536
taaagtctagttaaagtttaaacggtctccagc SEQ ID NO:34

MCS537
gtttttttacctcctttatgcagttagcg SEQ ID NO:35

MCS488
ttagcgttcaaacggcagaatcgg SEQ ID NO:36

MCS562
ccgtttgaacgctaaAGATACGCGTAACCCCAAGGACGGTAAAatgattagcaaaatctatgatgataaaaagta
tctgg SEQ ID NO:37

MCS504
tgtttttttacctcctttgcagtgcgtcctgctgatgtgctcagtatcaccgccagtggtatttacgtcaacaccgccagagataatttatcaccgc
agatggttatcttaatacgactcactatagggctc SEQ ID NO:38

MCS516
gactcaagatatttcttccatcatgcaaaaaaaaatttgcagtgcatgatgttaatcaaattaaccctcactaaagggcg SEQ ID
NO:39



MCS545
gctggtcagaccgacgctggttccggtagggatcagcataataatacgggacatGTTTTTTTACCTCCTTTGCAGTG
SEQ ID NO:40

MCM1033
AGGCTGCCTCGTCATCTCTT SEQ ID NO:41

MCM1035
CAGAATATCGCCACTCTGGG SEQ ID NO:42

MCM1038
ACACGCTATCTGGCAGGAAA SEQ ID NO:43

MCM1039
TTTGACAACATCACAGTGCA SEQ ID NO:44

MCS580
aattaaccctcactaaagggcggc SEQ ID NO:45

MCS584
atattccaccagctatttgttagtgaataaaagtggttgaattatttgctcaggatgtggcattgtcaagggctaatacgactcactatagggctc
gaggaag SEQ ID NO:46

MCM1042
tcacagcagaacagttagaaagcgtttaaaatcattcggtcacttctgcgggagaccggtaattaaccctcactaaagggcggc SEQ
ID NO:47

MCM1043
CGCGCCAATTACCGCTATCGATTTTGGTCGCAGTAGTGCTTCCAGTCCTCGCTGACT
CATATATTCCACCAGCTATTTGTTAGTG SEQ ID NO:48

MCM1046
gcgggaggaatgcgtggtgcggccttcctacatctaaccgattaaacaacagaggttgctaattaaccctcactaaagggcggc SEQ
ID NO:49

MCM1048
GCGCAGGCGGCGTTTATTTTTACGAAAACGACTTAACCGATGACCCCGACGCGACA
GCATATATTCCACCAGCTATTTGTTAGTG SEQ ID NO:50

Salmonella enterica acetyltransferase gill6503810lemblCAD05835.1l
MSQQGLEALLRPKSIAVIGASMKPHRAGYLMMRNLLAGGFNGPVLPVTPAWKAVLGV
MAWPDIASLPFTPDLAILCTNASRNLALLDALGAKGCKTCIILSAPTSQHEELLASARHY
KMRLLGPNSLGLLAPWQGLNASFSPVPIKQGKLAFISQSAAVSNTILDWAQQREMGFSY
FIALGDSLDIDVDELLDYLARDSKTSAILLYLEQLSDARRFVSAARSASRNKPILVIKSGR
SPAAQRLLNTSAGMDPAWDAAIQRAGLLRVQDTHELFSAVETLSHMRPLHGDRLMIIS
NGAAPAALALDELWSRNGKLATLSEETCLQLRQTLPAHIDIANPLDLCDDASSEHYVKT
LDILLASQDFDALMVIHSPSAAAPGTESAHALIETIKRHPRGKFVTLLTNWCGEFSSQEA
RRLFSEAGLPTYRTPEGTITAFMHMVEYRRNQKQLRETPALPSNLTSNTAEAHNLLQRA
IAEGATSLDTHEVQPILHAYGLHTLPTWIASDSAEAVHIAEQIGYPVALKLRSPDIPHKSE
VQGVMLYLRTASEVQQAANAIFDRVKMAWPQARIHGLLVQSMANRAGAQELRVVVE
HDPVFGPLIMLGEGGVEWRPEEQAVVALPPLNMNLARYLVIQGIKQRKIRARSALRPLD
IVGLSQLLVQVSNLIVDCPEIQRLDIHPLLASASEFTALDVTLDIAPFDGDNESRLAVRPY



PHQLEEWVEMKNGDRCLFRPILPEDEPQLRQFIAQVTKEDLYYRYFSEINEFTHEDLAN
MTQIDYDREMAFVAVRRMDNAEEILGVTRAISDPDNVDAEFAVLVRSDLKGLGLGRRL
MEKLIAYTRDHGLKRLNGITMPNNRGMVALARKLGFQVDIQLDEGIVGLTLNLAKCDE
S SEQ ID NO:51

Rhodopseudomonas palustris GCN5 family N-acetyltransferase
gil499473135lreflWP_011159775.ll
MSTYRLSTLLSPGAVAVVGASPRPASLGRAVLTNLREAGFKGQIGVVNPRYPEIGGFKT
VGSLAELSFVPDLIVITAPPRSVAKVVAEAGELGVAGAIIISSEMGRGKGSYAEAANRAA
RKSGIRLIGPNCLGIMIPGVNLNASFAAHMPRRGNLALISQSGAIAAGMVDWAAVKEIG
FSGIVSIGDQLDVDIADMLDFYAADLDTRAILLYIEAVTDARKFMSAARAAARVKPVVV
VKSGRMAHGAKAAATHTGAFAGADAVYEAAFRRAGMLRVYDLRELFDCAETLGRVS
APRGKRVAILTNGGGIGILAVDRLVELGGEPATLSADLHKKLDAILPTSWSGFNPIDITG
DADAERYSATLSMLLADPDNDAILVMNVQTAVASPRDIAREVIRVVGEERVRRTLFKP
VFAVWVGAEEAVTHAFDAASIPNYPTEDDAVRSIMNMVRYREAVQLLTEVPPSLPKDF
DPDTETARAIVEKALREGRTWLDPLEISGLFAAYQIPMIPTLAATNAEEAVSWASSFLSQ
GVTVVVKVLSRDIPHKSDIGGVVLNLTSVEAVRVAVNEIMARAAKLRPNARLEGVMVQ
PMILRPKARELTIGIADDPTFGPVIAFGQGGTGVELIDDRSLALPPLDLPLAESLIARTRVS
KLLCAYRDVPEVKRSAVALTLVKLSQMAADLPEIRELDVNPLLADESGVVAIDARVVV
RPPERKFAGLGNSHFAVKPYPTEWERHLTVKDGWRVLARPIRPDDEPAIHEFLKHVTPE
DLRLRFFAAMKEFSHAFIARLSQIDYARAMAFVAFDEITGEMLGVVRIHSDSIYESGEYA
ILLRSDLKGKGLGWALMKLIIEYARSEGLHYVCGQVLRENTAMLRMCRDLGFETKTDA
SEPDILNVRLPLTEEAARAAGSA SEQ ID NO:52

Streptomyces lividans protein acetyl transferase EFD66247
MSYASRTLGPMQTSSDRHEYPAHWEADVVLRDGGTARVRPrrVDDAERLVSFYEQVSD
ESKYYRFFAPYPRLSAKDVHRFTHHDFVDRVGLAATIGGEFIATVRYDRIGAGGTPATA
PADEAEVAFLVQDAHQGRGVASALLEHIAAVARERGIRRFAAEVLPANNKMIKVFMDA
GYTQKRSFEDGVVRLEFDLEPTDRSLAVQYAREHRAEARSVQRLLQPGSVAVVGAGRT
PGGVGRSILGNIRDAGYTGRLYAVNRAFPEDMKELDGVPACRSVGDIDGPVDLAVVTV
PAEHVPDVVTACGEHGVQGLVVISAGYADSGPEGRERQRALVRHARTYGMRIIGPNAF
GIINTSPDVRLNASLAPEMPRAGRIGLFAQSGAIGIALLSRLHRRGGGVTGVTGVSTFVSS
GNRADVSGNDVLQYWYDDPQTDVALMYLESIGNPRKFTRLARRTAAAKPLVVVQGAR
HGGVAPQGHAVRATRLPHATVSALLRQAGVIRVDTITDLVDAGLLLARQPLPAGPRVAI
LGNSESLGLLTYDACLSEGLRPQPPLDLTTAASADDFHAALARALADDTCDAVVVTAIP
TLGEGAAGDAVARGGPALGGGRGPHQARPRGPRGAGRPGGGPVRGGEHGSPDGSGHR
GHHRPGG SEQ ID NO:53

Mycobacterium tuberculosis acetyltransferase gill5608138lreflNP_215513.1l
MDGIAELTGARVEDLAGMDVFQGCPAEGLVSLAASVQPLRAAAGQVLLRQGEPAVSFL
LISSGSAEVSHVGDDGVAIIARALPGMIVGEIALLRDSPRSATVTTIEPLTGWTGGRGAFA
TMVHIPGVGERLLRTARQRLAAFVSPIPVRLADGTQLMLRPVLPGDRERTVHGHIQFSG
ETLYRRFMSARVPSPALMHYLSEVDYVDHFVWVVTDGSDPVADARFVRDETDPTVAEI
AFTVADAYQGRGIGSFLIGALSVAARVDGVERFAARMLSDNVPMRTIMDRYGAVWQR
EDVGVITTMIDVPGPGELSLGREMVDQINRVARQVIEAVG SEQ ID NO:54

Mycobacterium smegmatis acetyl transferase gilll8468187lreflYP_889697.1l
MAELTEVRAADLAALEFFTGCRPSALEPLATQLRPLKAEPGQVLIRQGDPALTFMLIESG
RVQVSHAVADGPPIVLDIEPGLIIGEIALLRDAPRTATVVAAEPVIGWVGDRDAFDTILHL
PGMFDRLVRIARQRLAAFITPIPVQVRTGEWFYLRPVLPGDVERTLNGPVEFSSETLYRR



FQSVRKPTRALLEYLFEVDYADHFVWVMTEGALGPVIADARFVREGHNATMAEVAFT
VGDDYQGRGIGSFLMGALIVSANYVGVQRFNARVLTDNMAMRKIMDRLGAVWVRED
LGVVMTEVDVPPVDTVPFEPELIDQIRDATRKVIRAVSQ SEQ ID NO:55

Salmonella enterica NAD-dependent deacetylase gill6764576lreflNP_460191.1l
MQSRRFHRLSRFRKNKRLLRERLRQRIFFRDRVVPEMMENPRVLVLTGAGISAESGIRTF
RAADGLWEEHRVEDVATPEGFARNPGLVQTFYNARRQQLQQPEIQPNAAHLALAKLEE
ALGDRFLLVTQNIDNLHERAGNRNIIHMHGELLKVRCSQSGQILEWNGDVMPEDKCHC
CQFPAPLRPHVVWFGEMPLGMDEIYMALSMADIFIAIGTSGHVYPAAGFVHEAKLHGA
HTVELNLEPSQVGSEFEEKHYGPASQVVPEFVDKFLKGL SEQ ID NO:56

Rhodopseudomonas palustris NAD-dependent deacetylase
gil499471434lreflWP_011158074.ll
MIAPSLSSGVEQLGDMIAHASSIVPFTGAGISTESGIPDFRSPGGLWSRNQPIPFDEFVARQ
DARDEAWRRRFAMEQTFAKARPARGHRALASLYKAGKVPAIITQNIDNLHQVSGFAEH
DVVELHGNTTYARCIGCGKRHELDWVREWFFRTGHAPHCTACDEPVKTATVSFGQSM
PSDAMRRATELAQHCDLFIAIGSSLVVWPAAGFPMLAKECGAKLVIINREPTEQDEIADL
VIRHDIGETLGPFVGN SEQ ID NO:57

Mycobacterium tuberculosis NAD-dependent protein deacylase
gil614103494lsplP9WGG3.1INPD_MYCTU
MRVAVLSGAGISAESGVPTFRDDKNGLWARFDPYELSSTQGWLRNPERVWGWYLWR
HYLVANVEPNDGHRAIAAWQDHAEVSVITQNVDDLHERAGSGAVHHLHGSLFEFRCA
RCGVPYTDALPEMPEPAIEVEPPVCDCGGLIRPDrVWFGEPLPEEPWRSAVEATGSADV
MVVVGTSAIVYPAAGLPDLALARGTAVIEVNPEPTPLSGSATISIRESASQALPGLLERLP
ALLK SEQ ID NO:58

acsAUppKD3
tcacgacagtaaccgcacctacactgtcatgacattgctcgcccctatgtgtaacaaataaccacactgcccatggtccatatgaatatcctcc
SEQ ID NO:59

acsADnGI1.6pKD3R
caacggtctgcgatgttggcaggaatggtgtgtttgtgaatttggctcatatataattcctcctgctatttgttagtgaataaaagtggttgaattat
ttgctcaggatgtggcattgtcaagggcgtgtaggctggagctgcttcg SEQ ID NO:60

CMP534
gtgcaaattcacaactcagcgg SEQ ID NO:61

CMP535
caccaacgtatcgggcattgc SEQ ID NO:62

TS For
tcctaatttttgttgacactctatcattg SEQ ID NO:63

TS Rev
ccatcttgttgagaaataaaagaaaatgcca SEQ ID NO:64

actP Up For
tttatttctcaacaagatgggcaggctatcgcgatgccatcgtaac SEQ ID NO:65

actP Up Rev
ggagagattacatgatgcttgtacctcatgcagga SEQ ID NO:66



actP Down For
aagcatcatgtaatctctccccttccccggtcgcctga SEQ ID NO:67

actP Down Rev
agtgtcaacaaaaattaggacgtaaccaccatttactgtctgtgga SEQ ID NO:68

actP Test For
ctggcgtagtcgagaagctgcttga SEQ ID NO:69

actP Test Rev
gcatagcggaacatgaatttagagt SEQ ID NO:70

ackA Up For
tttatttctcaacaagatggcggatcgagcatagtcatcatcttgtact SEQ ID NO:71

ackA Up GI Rev
cggttgatttgtttagtggttgaattatttgctcaggatgtggcatngtcaagggcgaatttgacgactcaatgaatatgtact SEQ ID
NO:72

ackA Down GI For
accactaaacaaatcaaccgcgtttcccggaggtaacctaaaggaggtaaaaaaacatgtcgagtaagttagtactggttctga SEQ
ID NO:73

ackA Down Rev
agtgtcaacaaaaattaggagtacccatgaccagaccttccagc SEQ ID NO:74

ackA Up PL Rev
atcaccgccagtggtatttangtcaacaccgccagagataatttatcaccgcagatggttatctgaatttgacgactcaatgaatatgtact
SEQ ID NO:75

ackA Down PL For
taaataccactggcggtgatactgagcacatcagcaggacgcactgcaaaggaggtaaaaaaacatgtcgagtaagttagtactggttctg
a SEQ ID NO:76

ackA EX Test For
tgcaggcgacggtaacgttcagcat SEQ ID NO:77

ackA EX Test Rev
gtggaagatgatcgccggatcgata SEQ ID NO:78

R6K TS Rev
agtgtcaacaaaaattaggactgtcagccgttaagtgttcctgtgt SEQ ID NO:79

actP R6K For
ggtggttacgcagttcaacctgttgatagtacgta SEQ ID NO:80

actP R6K Rev
ggttgaactgcgtaaccaccatttactgtctgtgga SEQ ID NO:81

yfiQ DOWN For
TTTATTTCTCAACAAGATGGGGCCGATTAACATCATCCAGACGAT SEQ ID NO:82



yfiQ DOWN GI1.6 Rev
CGGTTGATTTGTTTAGTGGTTGAATTATTTGCTCAGGATGTGGCATTGTCAAGGGCT
CTTGCCCAACGCGAGGAATCATGAGTASEQ ID NO:83

yfiQ DOWN GI1.2 Rev
CGGTTGATTTGTTTAGTGGTTGAATTATTTGCTCAGGATGTGGCATCGTCAAGGGCT
CTTGCCCAACGCGAGGAATCATGAGTASEQ ID NO:84

yfiQ UP GI For
ACCACTAAACAAATCAACCGCGTTTCCCGGAGGTAACCTAAAGGAGGTAAAAAAAC
ACCGGTCTCCCGCAGAAGTGACCGA SEQ ID NO:85

yfiQ UP Rev
ACTATCAACAGGTTGAACTGCGCCGTTCGATAGCTGGCTGAACGASEQ ID NO:86

yfiQ Test For
GCATCACGCAGCTCCTGGCGGAACASEQ ID NO:87

yfiQ Test Rev
GCTGAACGTGAATTGAGCAGTCGCTSEQ ID NO:88

rpe R6K For
TACACACATAAGGAGGTTCCCAATGAAACAGTATCTGATCGCACCTAGCASEQ ID
NO:89

rpe R6K Rev
TATTCGAATGTATGCTAGTGGACGTCAATCATTACTCGTGGCTCACTTTCGCCAGTT
CA SEQ ID NO:90

tkt R6K For
CACTAGCATACATTCGAATAAGGAGGAATACTATGTCATCTCGTAAGGAACTGGCG
AA SEQ ID NO:91

tkt R6K Rev
TATCTCCTTCTTGAGCCGATTATCATTACAGCAGCTCTTTGGCTTTCGCGACASEQ
ID NO:92

rpi R6K For
ATCGGCTCAAGAAGGAGATATACATATGACGCAGGACGAACTGAAAAAAGCGGT
SEQ ID NO:93

rpi R6K Rev
TATTCCTCCTTCAGGACCTTTCATTATTTAACGATCGTTTTGACGCCATCSEQ ID
NO:94

tal R6K For
AAGGTCCTGAAGGAGGAATAAACCATGACCGATAAACTGACCAGCCTGCGTSEQ
ID NO:95

tal R6K Rev
GACCGGTTCATTACAGCAGGTCGCCGATCATTTTCTCCASEQ ID NO:96



R6K Plasmid For
CCTGCTGTAATGAACCGGTCTCCCGCAGAAGTGACCGAATGASEQ ID NO:97

R6K Plasmid Rev
GGAACCTCCTTATGTGTGTAAACCTTTAGGTTACCTCCGGGAAACGCGGTTGASEQ
ID NO:98

pfKA tmRNA XAA For
TGAAGCGTCCGTTCAAAGGCGACTGGCTAGACTGCGCGAAAAAACTGTATGCTGCT
AACGATGAAAATTATGCTNNNGCTGCATAAAATTAACCCTCACTAAAGGGCGSEQ
ID NO:99

pfkA tmRNA Rev
GCTTCTGTCATCGGTTTCAGGCTAAAGGAATCTGCCTTTTTCCGAAATCATAATACG
ACTCACTATAGGGCTC SEQ ID NO:100

pfkA UP For
TTTATTTCTCAACAAGATGGGTTATCGGCGGTGACGGTTCCTACATSEQ ID NO:101

pfkA UP Rev
AGCATAATTTTCATCGTTAGCAGCATACAGTTTTTTCGCGCAGTCTAGCCAGTCGCC
T SEQ ID NO:102

pfkA DOWN R For
CTAACGATGAAAATTATGCTCGCGCTGCATAATGATTTCGGAAAAAGGCAGATTCC
T SEQ ID NO:103

pfkA DOWN I For
CTAACGATGAAAATTATGCTATTGCTGCATAATGATTTCGGAAAAAGGCAGATTCCT
SEQ ID NO:104

pfkA DOWN T For
CTAACGATGAAAATTATGCTACGGCTGCATAATGATTTCGGAAAAAGGCAGATTCC
T SEQ ID NO:105

pfkA DOWN Rev
ACTATCAACAGGTTGAACTGCGGTGCGGAGTTATCCGGCAGACGTSEQ ID NO:106

pfkA Test For
CTGACATGATCAACCGTGGCGGTASEQ ID NO:107

pfkA Test Rev
GATCGTTCCAGTCATGGATCTGCTSEQ ID NO:108

ackA overexpression plasmid
cggatcgagcatagtcatcatcttgtactgattagacaaaataagacgttgcgcgttggtcatttccattgttgactcctgtatcactctactacg
gtgaaaaaaaagaaggctgagtatgccttcttttatatgcgtaatcaggggtcaattacaaatcatcaaggaaagttttatccagttgtttgaag
gcgcgcttaagcgtgtcagctaatgcctggtaatcaggcttgccttcaacgggtgccaacacctgtccagactcctgcaatttaccgcgaact
tcataaaaccagttgaggatagcagggggtaatggcgttacagaacgcttgcccagccaccacaatccctgcatgggtaaacttaaggcg
aacagcgcagtggcaactgccggcccaagctgaccgcccagggcaatctgccagcagagagtaaatacggcgatcggcggcataaaa
cggatcgcataacgcgtcatcttgataacgcgattttcgacaaagaccggggcaaggcgtttttccagcggccacgtctttgagtaatgctgt



ccccggcgaaacaagctaaaaaaattaacagaacgattatccggcgttgacatgcttcacctcaacttcacatataaagattcaaaaatttgtg
caaattcacaactcagcgggacaacgttcaaaacattttgtcttccatacccactatcaggtatcctttagcagcctgaaggcctaagtagtac
atattcattgagtcgtcaaattcgcccttgacnatgccacatcctgagcaaataattcaaccactaaacaaatcaaccgcgtttcccggaggta
acctaaaggaggtaaaaaaacatgtcgagtaagttagtactggttctgaactgcggtagttcttcactgaaatttgccatcatcgatgcagtaa
atggtgaagagtacctttctggtttagccgaatgtttccacctgcctgaagcacgtatcaaatggaaaatggacggcaataaacaggaagcg
gctttaggtgcaggcgccgctcacagcgaagcgctcaactttatcgttaatactattctggcacaaaaaccagaactgtctgcgcagctgact
gctatcggtcaccgtatcgtacacggcggcgaaaagtataccagctccgtagtgatcgatgagtctgttattcagggtatcaaagatgcagct
tcttttgcaccgctgcacaacccggctcacctgatcggtatcgaagaagctctgaaatctttcccacagctgaaagacaaaaacgttgctgta
tttgacaccgcgttccaccagactatgccggaagagtcttacctctacgccctgccttacaacctgtacaaagagcacggcatccgtcgttac
ggcgcgcacggcaccagccacttctatgtaacccaggaagcggcaaaaatgctgaacaaaccggtagaagaactgaacatcatcacctg
ccacctgggcaacggtggttccgtttctgctatccgcaacggtaaatgcgttgacacctctatgggcctgaccccgctggaaggtctggtca
tgggtaccagttcaacctgttgatagtacgtactaagctctcatgtttcacgtactaagctctcatgtttaacgtactaagctctcatgtttaacga
actaaaccctcatggctaacgtactaagctctcatggctaacgtactaagctctcatgtttcacgtactaagctctcatgtttgaacaataaaatt
aatataaatcagcaacttaaatagcctctaaggttttaagttttataagaaaaaaaagaatatataaggcttttaaagcttttaaggtttaacggttg
tggacaacaagccagggatgtaacgcactgagaagcccttagagcctctcaaagcaattttcagtgacacaggaacacttaacggctgac
agtcctaatttttgttgacactctatcattgatagagttattttaccactccctatcagtgatagagaaaagtgaaatgaatagttcgacaaagatc
gcattggtaattacgttactcgatgccatggggattggccttatcatgccagtcttgccaacgttattacgtgaatttattgcttcggaagatatcg
ctaaccactttggcgtattgcttgcactttatgcgttaatgcaggttatctttgctccttggcttggaaaaatgtctgaccgatttggtcggcgccc
agtgctgttgttgtcattaataggcgcatcgctggattacttattgctggctttttcaagtgcgctttggatgctgtatttaggccgtttgctttcagg
gatcacaggagctactggggctgtcgcggcatcggtcattgccgataccacctcagcttctcaacgcgtgaagtggttcggttggttaggg
gcaagttttgggcttggtttaatagcggggcctattattggtggttttgcaggagagatttcaccgcatagtcccttttttatcgctgcgttgctaa
atattgtcactttccttgtggttatgttttggttccgtgaaaccaaaaatacacgtgataatacagataccgaagtaggggttgagacgcaatcg
aattcggtatacatcactttatttaaaacgatgcccattttgttgattatttatttttcagcgcaattgataggccaaattcccgcaacggtgtgggt
gctatttaccgaaaatcgttttggatggaatagcatgatggttggcttttcattagcgggtcttggtcttttacactcagtattccaagcctttgtgg
caggaagaatagccactaaatggggcgaaaaaacggcagtactgctcgaatttattgcagatagtagtgcatttgcctttttagcgtttatatct
gaaggttggttagatttccctgttttaattttattggctggtggtgggatcgctttacctgcattacagggagtgatgtctatccaaacaaagagtc
atgagcaaggtgctttacagggattattggtgagccttaccaatgcaaccggtgttattggcccattactgtttactgttatttataatcattcacta
ccaatttgggatggctggatttggattattggtttagcgttttactgtattattatcctgctatcgatgaccttcatgttaacccctcaagctcaggg
gagtaaacaggagacaagtgcttagttatttcgtcaccaaatgatgttattccgcgaaatataatgaccctcttggatcttaacatttttcccctat
catttttccgtcttcatttgtcattttttccagaaaaaatcgcgtcattcgactcatgtctaatccaacacgtgtctctcggcttatcccctgacaccg
cccgccgacagcccgcatgggacgattctatcaattcagccgcggagtctagttttatattgcagaatgcgagattgctggtttattataacaa
tataagttttcattattttcaaaaagggggatttattgtgggtttaggtaagaaattgtctgttgctgtcgccgcttcctttatgagtttaaccatcagt
ctgccgggtgttcaggccgctgaggatatcaataaccaaaaagcatacaaagaaacgtacggcgtctctcatattacacgccatgatatgct
gcagatccctaaacagcagcaaaacgaaaaataccaagtgcctcaattcgatcaatcaacgattaaaaatattgagtctgcaaaaggacttg
atgtgtccgacagctggccgctgcaaaacgctgacggaacagtagcagaatacaacggctatcacgttgtgtttgctcttgcgggaagccc
gaaagacgctgatgacacatcaatctacatgttttatcaaaaggtcggcgacaactcaatcgacagctggaaaaacgcgggccgtgtcttta
aagacagcgataagttcgacgccaacgatccgatcctgaaagatcagacgcaagaatggtccggttctgcaacctttacatctgacggaaa
aatccgtttattctacactgactattccggtaaacattacggcaaacaaagcctgacaacagcgcaggtaaatgtgtcaaaatctgatgacac
actcaaaatcaacggagtggaagatcacaaaacgatttttgacggagacggaaaaacatatcagaacgttcagcagtttatcgatgaaggc
aattatacatccgccgacaaccatacgctgagagaccctcactacgttgaagacaaaggccataaataccttgtattcgaagccaacacgg
gaacagaaaacggataccaaggcgaagaatctttatttaacaaagcgtactacggcggcggcacgaacttcttccgtaaagaaagccaga
agcttcagcagagcgctaaaaaacgcgatgctgagttagcgaacggcgccctcggtatcatagagttaaataatgattacacattgaaaaaa
gtaatgaagccgctgatcacttcaaacacggtaactgatgaaatcgagcgcgcgaatgttttcaaaatgaacggcaaatggtacttgttcact
gattcacgcggttcaaaaatgacgatcgatggtattaactcaaacgatatttacatgcttggttatgtatcaaactctttaaccggcccttacaag
ccgctgaacaaaacagggcttgtgctgcaaatgggtcttgatccaaacgatgtgacattcacttactctcacttcgcagtgccgcaagccaa
aggcaacaatgtggttatcacaagctacatgacaaacagaggcttcttcgaggataaaaaggcaacatttggcccaagcttcttaatcaacat
caaaggcaataaaacatccgttgtcaaaaacagcatcctggagcaaggacagctgacagtcaactaataacagcaaaaagaaaatgccg
atacttcattggcattttcttttatttctcaacaagatgg SEQ ID NO: 109

actP deletion plasmid
taatctctccccttccccggtcgcctgaccggggaatactcttcctctccagcatgcatcaccttttcccaaaatattaaacaaataaactcatta
aaaaatgagcgatttttgacagtcgtagaaaatgataatgcagagaatatgccttttctttcttgttaattataaggatattttatgtgctacaatggt



ttaaataatatgtttttccctctttgccagattaacgataaccactctgtcacaagtccatcacatacaaagaaaacaaaatcagataattacaga
aaacatcataaaagcacgttaattgacaataaagccctctctcttttcaagatggatgatcatgaaaaagtgataggcttgattcagaaaatga
aaagaatttatgatagtttaccatcaggaaaaatcacgaaggaaacggacaggaaaatacataaacattttatagatatagctttatatgcaaat
aataaatgtgacgatagaattacgagaagagtttaccttagtaaagaaaaggaagtatccattaaggtggtatattattataaataatgtcgcca
tccataataatactatcgaaattccacagacagtaaatggtggttacgcagttcaacctgttgatagtacgtactaagctctcatgtttcacgtac
taagctctcatgtttaacgtactaagctctcatgtttaacgaactaaaccctcatggctaacgtactaagctctcatggctaacgtactaagctct
catgtttcacgtactaagctctcatgtttgaacaataaaattaatataaatcagcaacttaaatagcctctaaggttttaagttttataagaaaaaaa
agaatatataaggcttttaaagcttttaaggtttaacggttgtggacaacaagccagggatgtaacgcactgagaagcccttagagcctctca
aagcaattttcagtgacacaggaacacttaacggctgacagtcctaatttttgttgacactctatcattgatagagttattttaccactccctatca
gtgatagagaaaagtgaaatgaatagttcgacaaagatcgcattggtaattacgttactcgatgccatggggattggccttatcatgccagtct
tgccaacgttattacgtgaatttattgcttcggaagatatcgctaaccactttggcgtattgcttgcactttatgcgttaatgcaggttatctttgctc
cttggcttggaaaaatgtctgaccgatttggtcggcgcccagtgctgttgttgtcattaataggcgcatcgctggattacttattgctggctttttc
aagtgcgctttggatgctgtatttaggccgtttgctttcagggatcacaggagctactggggctgtcgcggcatcggtcattgccgataccac
ctcagcttctcaacgcgtgaagtggttcggttggttaggggcaagttttgggcttggtttaatagcggggcctattattggtggttttgcaggag
agatttcaccgcatagtcccttttttatcgctgcgttgctaaatattgtcactttccttgtggttatgttttggttccgtgaaaccaaaaatacacgtg
ataatacagataccgaagtaggggttgagacgcaatcgaattcggtatacatcactttatttaaaacgatgcccattttgttgattatttatttttca
gcgcaattgataggccaaattcccgcaacggtgtgggtgctatttaccgaaaatcgttttggatggaatagcatgatggttggcttttcattagc
gggtcttggtcttttacactcagtattccaagcctttgtggcaggaagaatagccactaaatggggcgaaaaaacggcagtactgctcgaatt
tattgcagatagtagtgcatttgcctttttagcgtttatatctgaaggttggttagatttccctgttttaattttattggctggtggtgggatcgctttac
ctgcattacagggagtgatgtctatccaaacaaagagtcatgagcaaggtgctttacagggattattggtgagccttaccaatgcaaccggtg
ttattggcccattactgtttactgttatttataatcattcactaccaatttgggatggctggatttggattattggtttagcgttttactgtattattatcct
gctatcgatgaccttcatgttaacccctcaagctcaggggagtaaacaggagacaagtgcttagttatttcgtcaccaaatgatgttattccgc
gaaatataatgaccctcttggatcttaacatttttcccctatcatttttccgtcttcatttgtcattttttccagaaaaaatcgcgtcattcgactcatgt
ctaatccaacacgtgtctctcggcttatcccctgacaccgcccgccgacagcccgcatgggacgattctatcaattcagccgcggagtctag
ttttatattgcagaatgcgagattgctggtttattataacaatataagttttcattattttcaaaaagggggatttattgtgggtttaggtaagaaattg
tctgttgctgtcgccgcttcctttatgagtttaaccatcagtctgccgggtgttcaggccgctgaggatatcaataaccaaaaagcatacaaag
aaacgtacggcgtctctcatattacacgccatgatatgctgcagatccctaaacagcagcaaaacgaaaaataccaagtgcctcaattcgat
caatcaacgattaaaaatattgagtctgcaaaaggacttgatgtgtccgacagctggccgctgcaaaacgctgacggaacagtagcagaat
acaacggctatcacgttgtgtttgctcttgcgggaagcccgaaagacgctgatgacacatcaatctacatgttttatcaaaaggtcggcgaca
actcaatcgacagctggaaaaacgcgggccgtgtctttaaagacagcgataagttcgacgccaacgatccgatcctgaaagatcagacgc
aagaatggtccggttctgcaacctttacatctgacggaaaaatccgtttattctacactgactattccggtaaacattacggcaaacaaagcct
gacaacagcgcaggtaaatgtgtcaaaatctgatgacacactcaaaatcaacggagtggaagatcacaaaacgatttttgacggagacgg
aaaaacatatcagaacgttcagcagtttatcgatgaaggcaattatacatccgccgacaaccatacgctgagagaccctcactacgttgaag
acaaaggccataaataccttgtattcgaagccaacacgggaacagaaaacggataccaaggcgaagaatctttatttaacaaagcgtacta
cggcggcggcacgaacttcttccgtaaagaaagccagaagcttcagcagagcgctaaaaaacgcgatgctgagttagcgaacggcgcc
ctcggtatcatagagttaaataatgattacacattgaaaaaagtaatgaagccgctgatcacttcaaacacggtaactgatgaaatcgagcgc
gcgaatgttttcaaaatgaacggcaaatggtacttgttcactgattcacgcggttcaaaaatgacgatcgatggtattaactcaaacgatattta
catgcttggttatgtatcaaactctttaaccggcccttacaagccgctgaacaaaacagggcttgtgctgcaaatgggtcttgatccaaacgat
gtgacattcacttactctcacttcgcagtgccgcaagccaaaggcaacaatgtggttatcacaagctacatgacaaacagaggcttcttcgag
gataaaaaggcaacatttggcccaagcttcttaatcaacatcaaaggcaataaaacatccgttgtcaaaaacagcatcctggagcaaggac
agctgacagtcaactaataacagcaaaaagaaaatgccgatacttcattggcattttcttttatttctcaacaagatgggcaggctatcgcgatg
ccatcgtaacccacaattgccggatgcgagtcggtaacggtttgtaggcctgataagacgcgacagcgtcgcatcaggcattgattgccgg
atgcggcgtataacgccttatccggcctacattcggcaagggttacccgagcgttaaccttctcccataagggagcgggaattaaaacaatc
cctacattacctctggagaatctgtgatgaatggtacgatttatcagcggatagaagacaatgcgcatttcagggagttagtcgaaaaacggc
aacggtttgccaccatcctgtcgattattatgctggcagtttatatcggctttattttactgatcgccttcgcgcccggctggctgggcaccccg
ctgaatccgaacaccagcgtcacacgcggtattccgattggtgttggagtgattgtgatctcctttgttctcaccggtatctacatctggcggg
cgaacggcgaattcgaccgtcttaataacgaagtcctgcatgaggtacaagcatcatg SEQ ID NO:110

Pentose Phosphate Pathway Upregulation Plasmid
ggccgattaacatcatccagacgattaacgccgcggccattcataatattctgtgtaacccattcaaacataatgtctgacatcttacggttacg
gataagatgataacggtcgtagcgatatttatcgtgctgatgcaggtaaacatcgttcaggctggcaccgctataaagtacgctatcgtcgat
gataaagcctttaaagtgcagaacaccaagggcttcacgggtattgattggaacgccataaaccggaacatctacgcccggattttcctgcg



ccatgcggcagtaccagtcagcgttagtgttagatgccgcagcgccaatgcgtccacgttgtgcacgatgccagtcgaccagcacccgca
catccagttccggacgctgccttttagcttcatacaacgcgttcagaatgcctttgccaccgtcatcctgttcgagatacagggcgacaatgca
aatgcgctgcttcgcgctggctattttttccagcagcgtctcccggaagtcggcgggagcgtaaaagaaatcgacatcatcaactgattgag
aaatcttgggtagttgggcaaggtgttgttgatgtttattacgcttaaattttgacaacatcacagtgcatttcttctctgttcattgaagggtcctct
gtgcaatgcagacgacataagcgggcaataataacaccagtcccgattaagtggtcaacatttccagtaccttactcatgattcctcgcgttg
ggcaagagcccttgacnatgccacatcctgagcaaataattcaaccactaaacaaatcaaccgcgtttcccggaggtaacctaaaggtttac
acacataaggaggttcccaatgaaacagtatctgatcgcacctagcatcctgtctgcagacttcgcccgtctgggcgaggacaccgctaaa
gcactggcggcgggcgcggatgtagttcatttcgacgtgatggataatcactacgtaccgaacctgactatcggcccgatggtactgaaatc
tctgcgtaactacggcatcaccgcgccgatcgatgttcacctgatggttaaaccggtggatcgtatcgtgccggatttcgccgcggctggtg
catccattatcaccttccaccctgaagcttccgaacacgttgaccgcaccctgcagctgattaaagaaaacggctgtaaggctggtctggtgt
tcaacccagctacgccgctgtcttatctggattatgttatggataagctggacgtaatcctgctgatgagcgtcaacccgggtttcggtggtca
gagcttcattccgcagaccctggacaaactgcgcgaagtgcgtcgtcgtatcgatgaatctggcttcgatatccgtctggaggtggatggcg
gcgtgaaagttaacaacatcggcgagatcgccgcggcaggtgcggacatgttcgtcgcaggttctgcaatcttcgatcagccggactataa
aaaagtgattgacgaaatgcgttctgaactggcgaaagtgagccacgagtaatgattgacgtccactagcatacattcgaataaggaggaat
actatgtcatctcgtaaggaactggcgaatgccatccgtgctctgtctatggacgccgtgcagaaagccaaatctggtcaccctggcgcacc
gatgggcatggcagacatcgccgaagtactgtggcgcgacttcctgaaacataacccgcagaacccgtcttgggctgaccgtgatcgtttc
gtgctgagcaacggccacggtagcatgctgatttattccctgctgcacctgactggttacgacctgccgatggaagagctgaagaactttcg
ccagctgcactccaaaaccccgggtcacccagaagtgggctataccgccggtgtcgagactaccaccggtccactgggccagggcatc
gccaacgctgtgggtatggcgattgcagagaagaccctggcagcccagttcaaccgtccgggtcacgatatcgttgaccactatacctacg
cctttatgggtgacggctgcatgatggaaggtattagccacgaagtttgctctctggctggcactctgaaactgggtaaactgatcgcattcta
cgacgacaatggcattagcatcgacggccacgtggaaggttggttcaccgacgacactgcgatgcgtttcgaagcttacggttggcacgtg
attcgtgacattgatggtcacgacgcagcgtctatcaaacgtgcggttgaagaggcacgtgccgtaaccgataagccttctctgctgatgtg
caaaacgattatcggtttcggcagcccgaacaaagccggcacccacgacagccatggcgcgcctctgggcgatgccgaaatcgctctga
cccgtgagcaactgggttggaaatacgcgccgttcgaaatcccatctgaaatttatgctcagtgggacgcaaaggaagcgggtcaagcaa
aggaatctgcatggaacgaaaaatttgctgcttatgctaaggcgtacccgcaggaagcagctgaatttacccgtcgtatgaaaggtgaaatg
ccgtctgattttgacgcgaaagcgaaggaatttattgcgaaactgcaggcaaacccggcaaaaatcgcctcccgtaaagcgtcccagaac
gcgatcgaggcattcggcccgctgctgccggaattcctgggtggttctgccgacctggcgcctagcaacctgaccctgtggtctggttcca
aagcaattaatgaagatgctgccggtaactacatccactacggcgtccgcgaatttggtatgaccgcaatcgctaacggtatcagcctgcat
ggcggttttctgccgtacaccagcacctttctgatgttcgtagaatacgcacgtaacgcggttcgcatggccgcactgatgaaacagcgcca
ggtgatggtatatactcacgacagcatcggtctgggtgaagacggtccgacccaccagccggttgaacaagttgcgagcctgcgcgtaac
tccaaacatgtccacgtggcgtccgtgcgaccaggttgaaagcgctgtcgcttggaaatatggcgtggaacgccaggacggtccgaccg
cactgatcctgtcccgtcagaatctggctcagcaggagcgtaccgaggagcagctggcaaacatcgcacgtggcggttacgttctgaaag
attgcgctggccagccggaactgattttcatcgcaaccggctctgaagtcgagctggcagtcgcagcgtatgagaaactgaccgcggaag
gtgttaaagcgcgtgttgtcagcatgccgagcaccgacgcattcgacaaacaggatgcagcatatcgcgagagcgttctgcctaaagctgt
tactgctcgtgtcgcggttgaggctggtatcgcggactactggtataaatatgtaggtctgaacggtgcgattgttggtatgacgaccttcggt
gaatccgctcctgcggaactgctgttcgaagaattcggcttcaccgtagacaacgttgtcgcgaaagccaaagagctgctgtaatgataatc
ggctcaagaaggagatatacatatgacgcaggacgaactgaaaaaagcggttggttgggcagccctgcagtatgtgcaaccgggtactat
tgttggtgttggcaccggctccaccgccgcccactttattgatgcgctgggcaccatgaagggtcagatcgaaggtgctgtgtctagctctg
acgcgtctactgaaaaactgaagtccctgggcatccacgtgttcgatctgaacgaagttgactctctgggcatctatgtggacggcgcagac
gaaattaacggtcacatgcagatgatcaaaggcggtggcgcggccctgacccgcgagaaaatcatcgcatccgttgcagaaaaattcatct
gtatcgctgacgcgtctaaacaggtagacattctgggtaaattccctctgccagttgaagtgatccctatggcccgctccgccgtggcccgtc
agctggtaaagctgggtggtcgtcctgaatatcgccagggcgttgttactgataacggcaatgtgatcctggacgtgcacggtatggaaatc
ctggacccgattgcaatggaaaacgcgatcaacgcgattccgggcgttgtaacggtgggcctgttcgcgaatcgcggtgcggacgttgca
ctgatcggtaccccggatggcgtcaaaacgatcgttaaataatgaaaggtcctgaaggaggaataaaccatgaccgataaactgaccagc
ctgcgtcagtacaccaccgtagttgcggataccggtgacatcgctgcgatgaaactgtatcaaccgcaggatgcaaccactaacccgtccc
tgattctgaacgcggcacagatcccggaatatcgtaaactgatcgatgacgcagttgcatgggcaaaacaacagagcaatgatcgcgccc
aacagattgtagacgctaccgataaactggccgtaaacatcggcctggagattctgaaactggttccgggtcgtatcagcactgaagttgat
gctcgtctgagctatgacacggaagcgagcattgccaaagctaaacgtctgatcaaactgtacaacgacgcgggtatcagcaacgaccgt
attctgattaaactggcttctacctggcagggcattcgcgcggccgaacagctggagaaagaaggcatcaactgcaacctgaccctgctgtt
ctcttttgctcaggcccgtgcctgcgctgaagccggtgtttttctgatctctcctttcgtgggccgtattctggattggtacaaagccaacacgg
ataaaaaggagtacgctccggctgaagatccgggtgtggtgagcgtttccgaaatttaccagtactacaaagaacatggttacgaaaccgtt
gttatgggtgcctcttttcgtaacatcggtgaaatcctggaactggcaggctgcgaccgcctgaccatcgcgccgaccctgctgaaagaact



ggcggagtctgaaggtgccatcgaacgtaaactgtcctacaccggtgaagtgaaagcacgcccggcacgcattaccgaatctgagttcct
gtggcaacacaaccaggatccgatggcagtcgataaactggctgaaggtatccgcaaattcgcaatcgaccaggagaaactggagaaaa
tgatcggcgacctgctgtaatgaaccggtctcccgcagaagtgaccgaatgattttaaacgctttctaactgttctgctgtgatgctacccaga
tgttgcgtttttcctgccagatagcgtgttttaaagcgggtaaaatgctcgcctaaccctgctgccgccccggtatcgccggccatatctaaca
gtgcgatggctacctcggcagtacaatattggccttcagcctgggcttcacgcaggcgataggcagaaagccgggaaagatcgacggaa
atgacgggaagattatccagatacggacttttacgaaacatcttgcgagcttccggccaggtaccatcgagcatgataaacagcggtggctt
accggcaggtggtgtgaagatcacttcccgttgctcatcagcatacgaggcgggaaagaccaccattggctgataatacgggttttgtacca
gatccagcaaatcctgcgagggttcggtacgcgaccattgaaacgcaacggtatcaggcaaaatatcagcaatcagacgcccggtattact
gggcttcattggctcggtgtcgaacatcagcaaacagaagcgactttttgcttgtgctggggtaattgtcgaacagagacataatttctctggc
aaaagacagcgttggcagcgacgaacgcgattaccgcgggcaagaaaaggacgtgttgcgcgcgcaatacgctcggcgcgtaactgg
agaacagcgttttcggtcataagagagcgtcgaaaaaacgccattgtcgcagaggagaaaacggggcacaagatgcgccccggtaagat
taaagagattcgttcagccagctatcgaacggcgcagttcaacctgttgatagtacgtactaagctctcatgtttcacgtactaagctctcatgtt
taacgtactaagctctcatgtttaacgaactaaaccctcatggctaacgtactaagctctcatggctaacgtactaagctctcatgtttcacgtac
taagctctcatgtttgaacaataaaattaatataaatcagcaacttaaatagcctctaaggttttaagttttataagaaaaaaaagaatatataagg
cttttaaagcttttaaggtttaacggttgtggacaacaagccagggatgtaacgcactgagaagcccttagagcctctcaaagcaattttcagt
gacacaggaacacttaacggctgacagtcctaatttttgttgacactctatcattgatagagttattttaccactccctatcagtgatagagaaaa
gtgaaatgaatagttcgacaaagatcgcattggtaattacgttactcgatgccatggggattggccttatcatgccagtcttgccaacgttatta
cgtgaatttattgcttcggaagatatcgctaaccactttggcgtattgcttgcactttatgcgttaatgcaggttatctttgctccttggcttggaaa
aatgtctgaccgatttggtcggcgcccagtgctgttgttgtcattaataggcgcatcgctggattacttattgctggctttttcaagtgcgctttgg
atgctgtatttaggccgtttgctttcagggatcacaggagctactggggctgtcgcggcatcggtcattgccgataccacctcagcttctcaac
gcgtgaagtggttcggttggttaggggcaagttttgggcttggtttaatagcggggcctattattggtggttttgcaggagagatttcaccgcat
agtcccttttttatcgctgcgttgctaaatattgtcactttccttgtggttatgttttggttccgtgaaaccaaaaatacacgtgataatacagatacc
gaagtaggggttgagacgcaatcgaattcggtatacatcactttatttaaaacgatgcccattttgttgattatttatttttcagcgcaattgatagg
ccaaattcccgcaacggtgtgggtgctatttaccgaaaatcgttttggatggaatagcatgatggttggcttttcattagcgggtcttggtctttta
cactcagtattccaagcctttgtggcaggaagaatagccactaaatggggcgaaaaaacggcagtactgctcgaatttattgcagatagtag
tgcatttgcctttttagcgtttatatctgaaggttggttagatttccctgttttaattttattggctggtggtgggatcgctttacctgcattacaggga
gtgatgtctatccaaacaaagagtcatgagcaaggtgctttacagggattattggtgagccttaccaatgcaaccggtgttattggcccattac
tgtttactgttatttataatcattcactaccaatttgggatggctggatttggattattggtttagcgttttactgtattattatcctgctatcgatgacct
tcatgttaacccctcaagctcaggggagtaaacaggagacaagtgcttagttatttcgtcaccaaatgatgttattccgcgaaatataatgacc
ctcttggatcttaacatttttcccctatcatttttccgtcttcatttgtcattttttccagaaaaaatcgcgtcattcgactcatgtctaatccaacacgt
gtctctcggcttatcccctgacaccgcccgccgacagcccgcatgggacgattctatcaattcagccgcggagtctagttttatattgcagaa
tgcgagattgctggtttattataacaatataagttttcattattttcaaaaagggggatttattgtgggtttaggtaagaaattgtctgttgctgtcgc
cgcttcctttatgagtttaaccatcagtctgccgggtgttcaggccgctgaggatatcaataaccaaaaagcatacaaagaaacgtacggcgt
ctctcatattacacgccatgatatgctgcagatccctaaacagcagcaaaacgaaaaataccaagtgcctcaattcgatcaatcaacgattaa
aaatattgagtctgcaaaaggacttgatgtgtccgacagctggccgctgcaaaacgctgacggaacagtagcagaatacaacggctatcac
gttgtgtttgctcttgcgggaagcccgaaagacgctgatgacacatcaatctacatgttttatcaaaaggtcggcgacaactcaatcgacagc
tggaaaaacgcgggccgtgtctttaaagacagcgataagttcgacgccaacgatccgatcctgaaagatcagacgcaagaatggtccggt
tctgcaacctttacatctgacggaaaaatccgtttattctacactgactattccggtaaacattacggcaaacaaagcctgacaacagcgcag
gtaaatgtgtcaaaatctgatgacacactcaaaatcaacggagtggaagatcacaaaacgatttttgacggagacggaaaaacatatcaga
acgttcagcagtttatcgatgaaggcaattatacatccgccgacaaccatacgctgagagaccctcactacgttgaagacaaaggccataaa
taccttgtattcgaagccaacacgggaacagaaaacggataccaaggcgaagaatctttatttaacaaagcgtactacggcggcggcacg
aacttcttccgtaaagaaagccagaagcttcagcagagcgctaaaaaacgcgatgctgagttagcgaacggcgccctcggtatcatagagt
taaataatgattacacattgaaaaaagtaatgaagccgctgatcacttcaaacacggtaactgatgaaatcgagcgcgcgaatgttttcaaaat
gaacggcaaatggtacttgttcactgattcacgcggttcaaaaatgacgatcgatggtattaactcaaacgatatttacatgcttggttatgtatc
aaactctttaaccggcccttacaagccgctgaacaaaacagggcttgtgctgcaaatgggtcttgatccaaacgatgtgacattcacttactct
cacttcgcagtgccgcaagccaaaggcaacaatgtggttatcacaagctacatgacaaacagaggcttcttcgaggataaaaaggcaacat
ttggcccaagcttcttaatcaacatcaaaggcaataaaacatccgttgtcaaaaacagcatcctggagcaaggacagctgacagtcaactaa
taacagcaaaaagaaaatgccgatacttcattggcattttcttttatttctcaacaagatgg SEQ ID NO: 111

pfkA tmRNA allelic exchange vector
gttatcggcggtgacggttcctacatgggtgcaatgcgtctgaccgaaatgggcttcccgtgcatcggcctgccgggcactatcgacaacg
acatcaaaggcactgactacactatcggtttcttcactgcgctgagcaccgttgtagaagcgatcgaccgtctgcgtgacacctcttcttctca



ccagcgtatttccgtggtggaagtgatgggccgttattgtggcgatctgacgttggctgcggccattgccggtggctgtgaattcgttgtggtt
ccggaagttgaattcagccgtgaagacctggtaaacgaaatcaaagcgggtatcgcgaaaggtaaaaaacacgcgatcgtggcgattacc
gaacatatgtgtgatgttgacgaactggcgcatttcatcgagaaagaaaccggtcgtgaaacccgcgcaactgtgctgggccacatccagc
gcggtggttctccggtgccttacgaccgtattctggcttcccgtatgggcgcttacgctatcgatctgctgctggcaggttacggcggtcgttg
cgtaggtatccagaacgaacagctggttcaccacgacatcatcgacgctatcgaaaacatgaagcgtccgttcaaaggcgactggctaga
ctgcgcgaaaaaactgtatgctgctaacgatgaaaattatgctnnngctgcataatgatttcggaaaaaggcagattcctttagcctgaaacc
gatgacagaagcaaaaatgcctgatgcgcttcgcttatcaggcctacgtgaattctgcaatttattgaatttacaaatttttgtaggtcggataag
gcgttcgcgccgcatccggcatcgataaagcgcactttgtcagcaatatgaggcggatttcttccgcctttttaattcctcaacatatacccgc
aagttatagccaatctttttttattctttaatgtttggttaaccttctggcacgctttgctcatcacaacacaacataagagagtcgggcgatgaac
aagtggggcgtagggttaacatttttgctggcggcaaccagcgttatggcaaaggatattcagcttcttaacgtttcatatgatccaacgcgcg
aattgtacgaacagtacaacaaggcattcagcgcccactggaaacagcaaactggcgataacgtggtgatccgtcagtcccacggtggttc
aggcaaacaagcgacgtcggtaatcaacggtattgaagctgatgttgtcacgctggctctggcctatgacgtggacgcaattgcggaacgc
gggcggattgataaagagtggatcaaacgtctgccggataactccgcaccgcagttcaacctgttgatagtacgtactaagctctcatgtttc
acgtactaagctctcatgtttaacgtactaagctctcatgtttaacgaactaaaccctcatggctaacgtactaagctctcatggctaacgtacta
agctctcatgtttcacgtactaagctctcatgtttgaacaataaaattaatataaatcagcaacttaaatagcctctaaggttttaagttttataaga
aaaaaaagaatatataaggcttttaaagcttttaaggtttaacggttgtggacaacaagccagggatgtaacgcactgagaagcccttagagc
ctctcaaagcaattttcagtgacacaggaacacttaacggctgacagtcctaatttttgttgacactctatcattgatagagttattttaccactcc
ctatcagtgatagagaaaagtgaaatgaatagttcgacaaagatcgcattggtaattacgttactcgatgccatggggattggccttatcatgc
cagtcttgccaacgttattacgtgaatttattgcttcggaagatatcgctaaccactttggcgtattgcttgcactttatgcgttaatgcaggttatc
tttgctccttggcttggaaaaatgtctgaccgatttggtcggcgcccagtgctgttgttgtcattaataggcgcatcgctggattacttattgctg
gctttttcaagtgcgctttggatgctgtatttaggccgtttgctttcagggatcacaggagctactggggctgtcgcggcatcggtcattgccga
taccacctcagcttctcaacgcgtgaagtggttcggttggttaggggcaagttttgggcttggtttaatagcggggcctattattggtggttttg
caggagagatttcaccgcatagtcccttttttatcgctgcgttgctaaatattgtcactttccttgtggttatgttttggttccgtgaaaccaaaaata
cacgtgataatacagataccgaagtaggggttgagacgcaatcgaattcggtatacatcactttatttaaaacgatgcccattttgttgattattt
atttttcagcgcaattgataggccaaattcccgcaacggtgtgggtgctatttaccgaaaatcgttttggatggaatagcatgatggttggctttt
cattagcgggtcttggtcttttacactcagtattccaagcctttgtggcaggaagaatagccactaaatggggcgaaaaaacggcagtactgc
tcgaatttattgcagatagtagtgcatttgcctttttagcgtttatatctgaaggttggttagatttccctgttttaattttattggctggtggtgggatc
gctttacctgcattacagggagtgatgtctatccaaacaaagagtcatgagcaaggtgctttacagggattattggtgagccttaccaatgcaa
ccggtgttattggcccattactgtttactgttatttataatcattcactaccaatttgggatggctggatttggattattggtttagcgttttactgtatt
attatcctgctatcgatgaccttcatgttaacccctcaagctcaggggagtaaacaggagacaagtgcttagttatttcgtcaccaaatgatgtt
attccgcgaaatataatgaccctcttggatcttaacatttttcccctatcatttttccgtcttcatttgtcattttttccagaaaaaatcgcgtcattcga
ctcatgtctaatccaacacgtgtctctcggcttatcccctgacaccgcccgccgacagcccgcatgggacgattctatcaattcagccgcgg
agtctagttttatattgcagaatgcgagattgctggtttattataacaatataagttttcattattttcaaaaagggggatttattgtgggtttaggtaa
gaaattgtctgttgctgtcgccgcttcctttatgagtttaaccatcagtctgccgggtgttcaggccgctgaggatatcaataaccaaaaagcat
acaaagaaacgtacggcgtctctcatattacacgccatgatatgctgcagatccctaaacagcagcaaaacgaaaaataccaagtgcctca
attcgatcaatcaacgattaaaaatattgagtctgcaaaaggacttgatgtgtccgacagctggccgctgcaaaacgctgacggaacagtag
cagaatacaacggctatcacgttgtgtttgctcttgcgggaagcccgaaagacgctgatgacacatcaatctacatgttttatcaaaaggtcg
gcgacaactcaatcgacagctggaaaaacgcgggccgtgtctttaaagacagcgataagttcgacgccaacgatccgatcctgaaagatc
agacgcaagaatggtccggttctgcaacctttacatctgacggaaaaatccgtttattctacactgactattccggtaaacattacggcaaaca
aagcctgacaacagcgcaggtaaatgtgtcaaaatctgatgacacactcaaaatcaacggagtggaagatcacaaaacgatttttgacgga
gacggaaaaacatatcagaacgttcagcagtttatcgatgaaggcaattatacatccgccgacaaccatacgctgagagaccctcactacgt
tgaagacaaaggccataaataccttgtattcgaagccaacacgggaacagaaaacggataccaaggcgaagaatctttatttaacaaagcg
tactacggcggcggcacgaacttcttccgtaaagaaagccagaagcttcagcagagcgctaaaaaacgcgatgctgagttagcgaacgg
cgccctcggtatcatagagttaaataatgattacacattgaaaaaagtaatgaagccgctgatcacttcaaacacggtaactgatgaaatcga
gcgcgcgaatgttttcaaaatgaacggcaaatggtacttgttcactgattcacgcggttcaaaaatgacgatcgatggtattaactcaaacgat
atttacatgcttggttatgtatcaaactctttaaccggcccttacaagccgctgaacaaaacagggcttgtgctgcaaatgggtcttgatccaaa
cgatgtgacattcacttactctcacttcgcagtgccgcaagccaaaggcaacaatgtggttatcacaagctacatgacaaacagaggcttctt
cgaggataaaaaggcaacatttggcccaagcttcttaatcaacatcaaaggcaataaaacatccgttgtcaaaaacagcatcctggagcaa
ggacagctgacagtcaactaataacagcaaaaagaaaatgccgatacttcattggcattttcttttatttctcaacaagatgg SEQ ID
NO:112



PL.6 constitutive promoter - lambda promoter, GenBank NC_001416
aattcatataaaaaacatacagataaccatctgcggtgataaattatctctggcggtgttgacataaataccactggcggtgatactgagcaca
tcagcaggacgcactgaccaccatgaaggtg SEQ ID NO:113



CLAIMS

What is claimed is:

1. Recombinant cells capable of producing isoprene, wherein the cells comprise:

(i) one or more nucleic acids encoding one or more acetylating proteins, wherein the cells have

been modified such that the expression of the nucleic acids and/or activity of the acetylating

proteins is modulated;

(ii) one or more nucleic acids encoding one or more polypeptides of the MVA pathway; and

(iii) a heterologous nucleic acid encoding a polypeptide having isoprene synthase activity,

wherein culturing of the recombinant cells in a suitable media provides for the production of

isoprene.

2 . The recombinant cells of claim 1, wherein the activity of the one or more acetylating

proteins is modulated such that the activity is attenuated, deleted, or increased.

3 . The recombinant cells of claims 1-2, wherein the acetylating protein is an

acetyltransferase.

4 . The recombinant cells of claim 3 wherein the acetyltransferase is chosen from the group

consisting of YfiQ, Pat, and AcuA.

5 . The recombinant cells of claim 4 wherein the acetyltransferase is a YfiQ polypeptide.

6 . The recombinant cells of claims 1-2, wherein the acetylating protein is a deacetylase.

7 . The recombinant cells of claim 6 wherein the deacetylase is chosen from the group

consisting of CobB and SrtN.

8. The recombinant cells of claim 7, wherein the deacetylase is a CobB polypeptide.

9 . The recombinant cells of any one of claims 1-2, wherein the one or more acetylating

proteins is selected from the group consisting of a YfiQ polypeptide and a CobB polypeptide.

10. The recombinant cells of claim 9, wherein the acetylating protein is a YfiQ polypeptide.



11. The recombinant cells of any one of claims 5 or 10, wherein the activity of the YfiQ

polypeptide is modulated by decreasing, attenuating, or deleting the expression of the gene

encoding the YfiQ polypeptide.

12. The recombinant cells of claim 9, wherein the acetylating protein is a CobB polypeptide.

13. The recombinant cells of any one of claims 8 or 12, wherein the activity of the CobB

polypeptide is modulated by increasing the expression of the gene encoding the CobB

polypeptide.

14. The cells of any one of claims 1-13, wherein the heterologous nucleic acid encoding a

polypeptide having isoprene synthase activity is a plant isoprene synthase polypeptide.

15. The cells of any one of claims 1-14, wherein the polypeptide having isoprene synthase

activity is a polypeptide from Pueraria or Populus or a hybrid, Populus alba x Populus tremula.

16. The cells of any one of claims 1-15, wherein the polypeptide having isoprene synthase

activity is from Pueraria montana, Pueraria lobata, Populus tremuloides, Populus alba,

Populus nigra, or Populus trichocarpa.

17. The cells of any one of claims 1-16, wherein the one or more polypeptides of the MVA

pathway is selected from (a) an enzyme that condenses two molecules of acetyl-CoA to form

acetoacetyl-CoA; (b) an enzyme that condenses acetoacetyl-CoA with acetyl-CoA to form

HMG-CoA; (c) an enzyme that converts HMG-CoA to mevalonate; (d) an enzyme that

phosphorylates mevalonate to mevalonate 5-phosphate; (e) an enzyme that converts mevalonate

5-phosphate to mevalonate 5-pyrophosphate; and (f) an enzyme that converts mevalonate 5-

pyrophosphate to isopentenyl pyrophosphate.

18. The cells of any one of claims 1-17, wherein the recombinant cells further comprise one

or more heterologous nucleic acids encoding a polypeptide having phosphoketolase activity.

19. The cells of any one of claims 1-18, wherein the one or more heterologous nucleic acids

encoding a polypeptide having phosphoketolase activity is capable of synthesizing

glyceraldehyde 3-phosphate and acetyl phosphate from xylulose 5-phosphate.



20. The cells of any one of claims 1-18, wherein the one or more heterologous nucleic acids

encoding a polypeptide having phosphoketolase activity is capable of synthesizing erythrose 4-

phosphate and acetyl phosphate from fructose 6-phosphate.

21. The cells of any one of claims 1-20, wherein the recombinant cells further comprise one

or more nucleic acids encoding one or more 1-deoxy-D-xylulose 5-phosphate (DXP) pathway

polypeptides.

22. The recombinant cells of any one of claims 1-21, wherein the recombinant cells further

comprise one or more nucleic acids encoding one or more pentose phosphate pathway proteins,

wherein the cells have been modified such that the expression of the nucleic acids encoding the

pentose phosphate pathway proteins and/or the activity of the pentose phosphate pathway

proteins is modulated.

23. The recombinant cells of claim 22, wherein the activity of the one or more pentose

phosphate pathway proteins is increased.

24. The recombinant cells of claim 23, wherein the activity of the one or more pentose

phosphate pathway proteins is increased by increasing the expression of one or more nucleic

acids encoding the pentose phosphate pathway proteins.

25. The recombinant cells of claim 23, wherein the one or more nucleic acids encoding the

pentose phosphate pathway proteins is selected from the group consisting of transketolase

(tktA), transaldolase (talB), ribulose-5-phosphate-epimerase (rpe), and ribose-5-phosphate

epimerase (rpiA).

26. The recombinant cells of claim 22, wherein the activity of the one or more pentose

phosphate pathway proteins is decreased.

27. The recombinant cells of claim 26, wherein the activity of the one or more pentose

phosphate pathway proteins is decreased by decreasing, attenuating, or deleting the expression

of one or more nucleic acids encoding the pentose phosphate pathway proteins.

28. The recombinant cells of claim 27, wherein the one or more nucleic acids encoding the

pentose phosphate pathway proteins comprises phosphofructokinase (pfkA).



29. The recombinant cells of any one of claims 1-28, wherein the recombinant cells further

comprise one or more nucleic acids encoding one or more acetate cycling proteins, wherein the

cells have been modified such that the expression of the nucleic acids encoding the acetate

cycling proteins and/or activity of the acetate cycling proteins is modulated.

30. The recombinant cells of claim 29, wherein the activity of the one or more acetate

cycling proteins is increased.

31. The recombinant cells of claim 30, wherein the activity of the one or more acetate

cycling proteins is increased by increasing the expression of one or more nucleic acids encoding

the acetate cycling proteins.

32. The recombinant cells of claim 31, wherein the one or more nucleic acids encoding the

acetate cycling proteins is selected from the group consisting of acetyl-coenzyme A synthetase

(acs), acetate kinase (ackA) and phosphotransacetylate (pta).

33. The recombinant cells of claim 29, wherein the activity of the one or more acetate

cycling proteins is decreased.

34. The recombinant cells of claim 33, wherein the activity of the one or more acetate

cycling proteins is decreased by decreasing, attenuating, or deleting the expression of one or

more nucleic acids encoding the acetate cycling proteins.

35. The recombinant cells of claim 34, wherein the one or more nucleic acids encoding the

acetate cycling proteins is selected from the group consisting of phosphotransacetylate (pta),

acetate kinase (ackA), and acetate transporter/acetate pump (actP).

36. The recombinant cells of any one of claims 1-35, wherein the recombinant cells further

comprise one or more nucleic acids encoding one or more proteins selected from the group

consisting of: sfcA, maeB, pdhR, aceE, aceF, lpdA, glta, acs, pta, ackA, actP, pfkA, rpe, rpiA,

tkta, talB, pgl, edd, and eda, and wherein the cells have been modified such that the expression

of the nucleic acids and/or activity of the proteins is modulated.

37. The recombinant cells of claim 36, wherein the activity of the one or more proteins of

claim 36 is increased by increasing the expression of one or more nucleic acids encoding the one

or more proteins of claim 36.



38. The recombinant cells of claim 37, wherein the one or more nucleic acids encoding the

one or more proteins is selected from the group consisting of: ackA, pta, sfcA, maeB, aceE,

aceF, lpdA, acs, rpe, rpiA, tkta, talB, and pgl.

39. The recombinant cells of claim 36, wherein the activity of the one or more proteins of

claim 36 is decreased by decreasing, attenuating, or deleting the expression of one or more

nucleic acids encoding the one or more proteins of claim 36.

40. The recombinant cells of claim 39, wherein the one or more nucleic acids encoding one

or more proteins is selected from the group consisting of: pdhR, glta, pta, ackA, actP, pfkA, pgl,

edd, and eda.

41. The recombinant cells of any one of claims 1-40, wherein the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having isoprene

synthase activity, the nucleic acid encoding a polypeptide having phosphoketolase activity, the

one or more nucleic acids encoding one or more pentose phosphate pathway proteins, the one or

more nucleic acids encoding one or more acetate cycling proteins, or the or more nucleic acids

encoding the one or more proteins of claim 36 is placed under an inducible promoter or a

constitutive promoter.

42. The recombinant cells of any one of claims 1-41, wherein the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having isoprene

synthase activity, the nucleic acid encoding a polypeptide having phosphoketolase activity, the

one or more nucleic acids encoding one or more pentose phosphate pathway proteins, the one or

more nucleic acids encoding one or more acetate cycling proteins, or the or more nucleic acids

encoding the one or more proteins of claim 36 is cloned into one or more multicopy plasmids.

43. The recombinant cells of any one of claims 1-42, wherein the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having isoprene

synthase activity, the nucleic acid encoding a polypeptide having phosphoketolase activity, the

one or more nucleic acids encoding one or more pentose phosphate pathway proteins, the one or



more nucleic acids encoding one or more acetate cycling proteins, or the or more nucleic acids

encoding the one or more proteins of claim 36 is integrated into a chromosome of the cells.

44. The recombinant cells of any one of claims 1-43, wherein the recombinant cells are

gram-positive bacterial cells or gram-negative bacterial cells.

45. The recombinant cells of any one of claims 1-43, wherein the recombinant cells are

fungal cells, filamentous fungal cells, algal cells or yeast cells.

46. The recombinant cells of claim 44, wherein the recombinant cells are selected from the

group consisting of Bacillus subtilis, Streptomyces lividans, Streptomyces coelicolor,

Streptomyces griseus, Escherichia coli, and Pantoea citrea.

47. The recombinant cells of claim 45, wherein the recombinant cells are selected from the

group consisting of Trichoderma reesei, Aspergillus oryzae, Aspergillus niger, Saccharomyces

cerevisieae and Yarrowia lipolytica.

48. The recombinant cells of any one of claims 1-47, wherein the isoprene production is

increased relative to recombinant cells that have not been modified such that the expression of

the nucleic acids encoding the acetylating proteins and/or the activity of the acetylating proteins

is modulated.

49. The recombinant cells of claim 48, wherein the isoprene production is increased by at

least 5%, wherein the increased production of isoprene comprises an increase in: (i) titer, (ii)

instantaneous yield, (iii) cumulative yield, (iv) ratio of isoprene to carbon dioxide, (v) specific

productivity, or (vi) cell productivity index.

50. A method of producing isoprene comprising: (a) culturing the recombinant cell of any

one of claims 1-49 under conditions suitable for producing isoprene and (b) producing isoprene.

51. The method of claim 50, further comprising (c) recovering the isoprene.



52. Recombinant cells capable of producing an isoprenoid precursor, wherein the cells

comprise:

(i) one or more nucleic acids encoding one or more acetylating proteins, wherein the cells have

been modified such that the expression of the nucleic acids and/or activity of the acetylating

proteins is modulated; and

(ii) one or more nucleic acids encoding one or more polypeptides of the MVA pathway, wherein

culturing of the recombinant cells in a suitable media provides for the production of the

isoprenoid precursor.

53. The recombinant cells of claim 52, wherein the activity of the one or more acetylating

proteins is modulated such that the activity is attenuated, deleted, or increased.

54. The recombinant cells of claims 52-53, wherein the acetylating protein is an

acetyltransferase.

55. The recombinant cells of claim 54 wherein the acetyltransferase is chosen from the group

consisting of YfiQ, Pat, and AcuA.

56. The recombinant cells of claim 55 wherein the acetyltransferase is a YfiQ polypeptide.

57. The recombinant cells of claims 52-53, wherein the acetylating protein is a deacetylase.

58. The recombinant cells of claim 57 wherein the deacetylase is chosen from the group

consisting of CobB and SrtN.

59. The recombinant cells of claim 58, wherein the deacetylase is a CobB polypeptide.

60. The recombinant cells of any one of claims 52-53, wherein the one or more acetylating

proteins is selected from the group consisting of a YfiQ polypeptide and a CobB polypeptide.

61. The recombinant cells of claim 60, wherein the acetylating protein is a YfiQ polypeptide.

62. The recombinant cells of any one of claims 56 or 61, wherein the activity of the YfiQ

polypeptide is modulated by decreasing, attenuating, or deleting the expression of the gene

encoding the YfiQ polypeptide.



63. The recombinant cells of claim 60, wherein the acetylating protein is a CobB

polypeptide.

64. The recombinant cells of any one of claims 59 or 63, wherein the activity of the CobB

polypeptide is modulated by increasing the expression of the gene encoding the CobB

polypeptide.

65. The cells of any one of claims 52-64, wherein the one or more polypeptides of the MVA

pathway is selected from (a) an enzyme that condenses two molecules of acetyl-CoA to form

acetoacetyl-CoA; (b) an enzyme that condenses acetoacetyl-CoA with acetyl-CoA to form

HMG-CoA; (c) an enzyme that converts HMG-CoA to mevalonate; (d) an enzyme that

phosphorylates mevalonate to mevalonate 5-phosphate; (e) an enzyme that converts mevalonate

5-phosphate to mevalonate 5-pyrophosphate; and (f) an enzyme that converts mevalonate 5-

pyrophosphate to isopentenyl pyrophosphate.

66. The cells of any one of claims 52-65, wherein the recombinant cells further comprise

one or more heterologous nucleic acids encoding a polypeptide having phosphoketolase activity.

67. The cells of any one of claims 52-66, wherein the one or more heterologous nucleic acids

encoding a polypeptide having phosphoketolase activity is capable of synthesizing

glyceraldehyde 3-phosphate and acetyl phosphate from xylulose 5-phosphate.

68. The cells of any one of claims 52-67, wherein the one or more heterologous nucleic

acids encoding a polypeptide having phosphoketolase activity is capable of synthesizing

erythrose 4-phosphate and acetyl phosphate from fructose 6-phosphate.

69. The recombinant cells of any one of claims 52-68, wherein the recombinant cells further

comprise one or more nucleic acids encoding one or more pentose phosphate pathway proteins,

wherein the cells have been modified such that the expression of the nucleic acids encoding the

pentose phosphate pathway proteins and/or the activity of the pentose phosphate pathway

proteins is modulated.

70. The recombinant cells of claim 69, wherein the activity of the one or more pentose

phosphate pathway proteins is increased.



71. The recombinant cells of claim 70, wherein the activity of the one or more pentose

phosphate pathway proteins is increased by increasing the expression of one or more nucleic

acids encoding the pentose phosphate pathway proteins.

72. The recombinant cells of claim 71, wherein the one or more nucleic acids encoding the

pentose phosphate pathway proteins is selected from the group consisting of transketolase

(tktA), transaldolase (talB), ribulose-5-phosphate-epimerase (rpe), and ribose-5-phosphate

epimerase (rpiA).

73. The recombinant cells of claim 69, wherein the activity of the one or more pentose

phosphate pathway proteins is decreased.

74. The recombinant cells of claim 73, wherein the activity of the one or more pentose

phosphate pathway proteins is decreased by decreasing, attenuating, or deleting the expression

of one or more nucleic acids encoding the pentose phosphate pathway proteins.

75. The recombinant cells of claim 74, wherein the one or more nucleic acids encoding the

pentose phosphate pathway proteins comprises phosphofructokinase (pfkA).

76. The recombinant cells of any one of claims 52-75, wherein the recombinant cells further

comprise one or more nucleic acids encoding one or more acetate cycling proteins, wherein the

cells have been modified such that the expression of the nucleic acids encoding the acetate

cycling proteins and/or activity of the acetate cycling proteins is modulated.

77. The recombinant cells of claim 76, wherein the activity of the one or more acetate

cycling proteins is increased.

78. The recombinant cells of claim 77, wherein the activity of the one or more acetate

cycling proteins is increased by increasing the expression of one or more nucleic acids encoding

the acetate cycling proteins.

79. The recombinant cells of claim 78, wherein the one or more nucleic acids encoding the

acetate cycling proteins is selected from the group consisting of acetyl-coenzyme A synthetase

(acs), acetate kinase (ackA) and phosphotransacetylate (pta).



80. The recombinant cells of claim 76, wherein the activity of the one or more acetate

cycling proteins is decreased.

81. The recombinant cells of claim 80, wherein the activity of the one or more acetate

cycling proteins is decreased by decreasing, attenuating, or deleting the expression of one or

more nucleic acids encoding the acetate cycling proteins.

82. The recombinant cells of claim 81, wherein the one or more nucleic acids encoding the

acetate cycling proteins is selected from the group consisting of phosphotransacetylate (pta),

acetate kinase (ackA), and acetate transporter/acetate pump (actP).

83. The recombinant cells of any one of claims 52-82, wherein the recombinant cells further

comprise one or more nucleic acids encoding one or more proteins selected from the group

consisting of: sfcA, maeB, pdhR, aceE, aceF, lpdA, glta, acs, pta, ackA, actP, pfkA, rpe, rpiA,

tkta, talB, pgl, edd, and eda, and wherein the cells have been modified such that the expression

of the nucleic acids and/or activity of the proteins is modulated.

84. The recombinant cells of claim 83, wherein the activity of the one or more proteins of

claim 83 is increased by increasing the expression of one or more nucleic acids encoding the one

or more proteins of claim 83.

85. The recombinant cells of claim 84, wherein the one or more nucleic acids encoding the

one or more proteins is selected from the group consisting of: ackA, pta, sfcA, maeB, aceE,

aceF, lpdA, acs, rpe, rpiA, tkta, talB, and pgl.

86. The recombinant cells of claim 83, wherein the activity of the one or more proteins of

claim 83 is decreased by decreasing, attenuating, or deleting the expression of one or more

nucleic acids encoding the one or more proteins of claim 83.

87. The recombinant cells of claim 86, wherein the one or more nucleic acids encoding one

or more proteins is selected from the group consisting of: pdhR, glta, pta, ackA, actP, pfkA, pgl,

edd, and eda.

88. The recombinant cells of any one of claims 52-87, wherein the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having



phosphoketolase activity, the one or more nucleic acids encoding one or more pentose phosphate

pathway proteins, the one or more nucleic acids encoding one or more acetate cycling proteins,

or the or more nucleic acids encoding the one or more proteins of claim 83 is placed under an

inducible promoter or a constitutive promoter.

89. The recombinant cells of any one of claims 52-88, wherein the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having

phosphoketolase activity, the one or more nucleic acids encoding one or more pentose phosphate

pathway proteins, the one or more nucleic acids encoding one or more acetate cycling proteins,

or the one or more nucleic acids encoding one or more proteins of claim 83 is cloned into one or

more multicopy plasmids.

90. The recombinant cells of any one of claims 52-89, wherein the one or more nucleic acids

encoding one or more acetylating proteins, the one or more nucleic acids encoding one or more

polypeptides of the MVA pathway, the nucleic acid encoding a polypeptide having

phosphoketolase activity, the one or more nucleic acids encoding one or more pentose phosphate

pathway proteins, the one or more nucleic acids encoding one or more acetate cycling proteins

or the or more nucleic acids encoding the one or more proteins of claim 83 is integrated into a

chromosome of the cells.

91. The recombinant cells of any one of claims 52-90, wherein the recombinant cells are

gram-positive bacterial cells or gram-negative bacterial cells.

92. The recombinant cells of any one of claims 52-90, wherein the recombinant cells are

fungal cells, filamentous fungal cells, algal cells or yeast cells.

93. The recombinant cells of claim 91, wherein the recombinant cells are selected from the

group consisting of Bacillus subtilis, Streptomyces lividans, Streptomyces coelicolor,

Streptomyces griseus, Escherichia coli, and Pantoea citrea.

94. The recombinant cells of claim 92, wherein the recombinant cells are selected from the

group consisting of Trichoderma reesei, Aspergillus oryzae, Aspergillus niger, Saccharomyces

cerevisieae and Yarrowia lipolytica.



95. The cells of any one of claims 52-94, wherein the isoprenoid precursor is selected from

the group consisting of mevalonate (MVA), dimethylallyl diphosphate (DMAPP) and

isopentenyl pyrophosphate (IPP).

96. The recombinant cells of any one of claims 52-95, wherein the isoprenoid precursor

production is increased relative to recombinant cells that have not been modified such that the

expression of the nucleic acids encoding the acetylating proteins and/or the activity of the

acetylating proteins is modulated.

97. The recombinant cells of claim 96, wherein the isoprenoid precursor production is

increased by at least 5%, wherein the increased production of the isoprenoid precursor comprises

an increase in: (i) titer, (ii) instantaneous yield, (iii) cumulative yield, (iv) specific productivity,

or (v) cell productivity index.

98. A method of producing an isoprenoid precursor comprising: (a) culturing the

recombinant cell of any one of claims 52-97 under conditions suitable for producing the

isoprenoid precursor and (b) producing the isoprenoid precursor.

99. The method of claim 98, further comprising (c) recovering the isoprenoid precursor.

100. Recombinant cells capable of producing an isoprenoid, wherein the cells comprise:

(i) one or more nucleic acids encoding one or more acetylating proteins, wherein the cells have

been modified such that the expression of the nucleic acids and/or activity of the acetylating

proteins is modulated;

(ii) one or more nucleic acids encoding one or more polypeptides of the MVA pathway; and

(iii) a heterologous nucleic acid encoding a polyprenyl pyrophosphate synthase polypeptide,

wherein culturing of the recombinant cells in a suitable media provides for production of the

isoprenoid.

101. The recombinant cells of claim 100, wherein the activity of the one or more acetylating

proteins is modulated such that the activity is attenuated, deleted, or increased.

102. The recombinant cells of claims 100-101, wherein the acetylating protein is an

acetyltransferase.



103. The recombinant cells of claim 102 wherein the acetyltransferase is chosen from the

group consisting of YfiQ, Pat, and AcuA.

104. The recombinant cells of claim 103 wherein the acetyltransferase is a YfiQ polypeptide.

105. The recombinant cells of claims 100-101, wherein the acetylating protein is a

deacetylase.

106. The recombinant cells of claim 105, wherein the deacetylase is chosen from the group

consisting of CobB and SrtN.

107. The recombinant cells of claim 106, wherein the deacetylase is a CobB polypeptide.

108. The recombinant cells of any one of claims 100-101, wherein the one or more acetylating

proteins is selected from the group consisting of a YfiQ polypeptide and a CobB polypeptide.

109. The recombinant cells of claim 108, wherein the acetylating protein is a YfiQ

polypeptide.

110. The recombinant cells of any one of claims 104 or 109, wherein the activity of the YfiQ

polypeptide is modulated by decreasing, attenuating, or deleting the expression of the gene

encoding the YfiQ polypeptide.

111. The recombinant cells of claim 108, wherein the acetylating protein is a CobB

polypeptide.

112. The recombinant cells of any one of claims 107 or 111, wherein the activity of the CobB

polypeptide is modulated by increasing the expression of the gene encoding the CobB

polypeptide.

113. The cells of any one of claims 100-1 12, wherein the one or more polypeptides of the

MVA pathway is selected from (a) an enzyme that condenses two molecules of acetyl-CoA to

form acetoacetyl-CoA; (b) an enzyme that condenses acetoacetyl-CoA with acetyl-CoA to form

HMG-CoA; (c) an enzyme that converts HMG-CoA to mevalonate; (d) an enzyme that

phosphorylates mevalonate to mevalonate 5-phosphate; (e) an enzyme that converts mevalonate



5-phosphate to mevalonate 5-pyrophosphate; and (f) an enzyme that converts mevalonate 5-

pyrophosphate to isopentenyl pyrophosphate.

114. The cells of any one of claims 100-1 13, wherein the recombinant cells further comprise

one or more heterologous nucleic acids encoding a polypeptide having phosphoketolase activity.

115. The cells of any one of claims 100-1 14, wherein the one or more heterologous nucleic

acids encoding a polypeptide having phosphoketolase activity is capable of synthesizing

glyceraldehyde 3-phosphate and acetyl phosphate from xylulose 5-phosphate.

116. The cells of any one of claims 100-1 14, wherein the one or more heterologous nucleic

acids encoding a polypeptide having phosphoketolase activity is capable of synthesizing

erythrose 4-phosphate and acetyl phosphate from fructose 6-phosphate.

117. The recombinant cells of any one of claims 100-1 16, wherein the recombinant cells

further comprise one or more nucleic acids encoding one or more pentose phosphate pathway

proteins, wherein the cells have been modified such that the expression of the nucleic acids

encoding the pentose phosphate pathway proteins and/or the activity of the pentose phosphate

pathway proteins is modulated.

118. The recombinant cells of claim 117, wherein the activity of the one or more pentose

phosphate pathway proteins is increased.

119. The recombinant cells of claim 118, wherein the activity of the one or more pentose

phosphate pathway proteins is increased by increasing the expression of one or more nucleic

acids encoding the pentose phosphate pathway proteins.

120. The recombinant cells of claim 119, wherein the one or more nucleic acids encoding the

pentose phosphate pathway proteins is selected from the group consisting of transketolase

(tktA), transaldolase (talB), ribulose-5-phosphate-epimerase (rpe), and ribose-5-phosphate

epimerase (rpiA).

121. The recombinant cells of claim 117, wherein the activity of the one or more pentose

phosphate pathway proteins is decreased.



122. The recombinant cells of claim 121, wherein the activity of the one or more pentose

phosphate pathway proteins is decreased by decreasing, attenuating, or deleting the expression

of one or more nucleic acids encoding the pentose phosphate pathway proteins.

123. The recombinant cells of claim 122, wherein the one or more nucleic acids encoding the

pentose phosphate pathway proteins comprises phosphofructokinase (pfkA).

124. The recombinant cells of any one of claims 100-123, wherein the recombinant cells

further comprise one or more nucleic acids encoding one or more acetate cycling proteins,

wherein the cells have been modified such that the expression of the nucleic acids encoding the

acetate cycling proteins and/or activity of the acetate cycling proteins is modulated.

125. The recombinant cells of claim 124, wherein the activity of the one or more acetate

cycling proteins is increased.

126. The recombinant cells of claim 125, wherein the activity of the one or more acetate

cycling proteins is increased by increasing the expression of one or more nucleic acids encoding

the acetate cycling proteins.

127. The recombinant cells of claim 126, wherein the one or more nucleic acids encoding the

acetate cycling proteins is selected from the group consisting of acetyl-coenzyme A synthetase

(acs), acetate kinase (ackA) and phosphotransacetylate (pta).

128. The recombinant cells of claim 124, wherein the activity of the one or more acetate

cycling proteins is decreased.

129. The recombinant cells of claim 128, wherein the activity of the one or more acetate

cycling proteins is decreased by decreasing, attenuating, or deleting the expression of one or

more nucleic acids encoding the acetate cycling proteins.

130. The recombinant cells of claim 129, wherein the one or more nucleic acids encoding the

acetate cycling proteins is selected from the group consisting of phosphotransacetylate (pta),

acetate kinase (ackA), and acetate transporter/acetate pump (actP).

131. The recombinant cells of any one of claims 100-130, wherein the recombinant cells

further comprise one or more nucleic acids encoding one or more proteins selected from the

group consisting of: sfcA, maeB, pdhR, aceE, aceF, IpdA, glta, acs, pta, ackA, actP, pfkA, rpe,



rpiA, tkta, talB, pgl, edd, and eda, and wherein the cells have been modified such that the

expression of the nucleic acids and/or activity of the proteins is modulated.

132. The recombinant cells of claim 131, wherein the activity of the one or more proteins of

claim 131 is increased by increasing the expression of one or more nucleic acids encoding the

proteins of claim 131.

133. The recombinant cells of claim 132, wherein the one or more nucleic acids encoding the

one or more proteins is selected from the group consisting of: ackA, pta, sfcA, maeB, aceE,

aceF, lpdA, acs, rpe, rpiA, tkta, talB, and pgl.

134. The recombinant cells of claim 131, wherein the activity of the one or more proteins of

claim 131 is decreased by decreasing, attenuating, or deleting the expression of one or more

nucleic acids encoding the proteins of claim 131.

135. The recombinant cells of claim 134, wherein the one or more nucleic acids encoding

one or more proteins is selected from the group consisting of: pdhR, glta, pta, ackA, actP, pfkA,

pgl, edd, and eda.

136. The recombinant cells of any one of claims 100-135, wherein the one or more nucleic

acids encoding one or more acetylating proteins, the one or more nucleic acids encoding one or

more polypeptides of the MVA pathway, the nucleic acid encoding a polyprenyl pyrophosphate

synthase polypeptide, the nucleic acid encoding a polypeptide having phosphoketolase activity,

the one or more nucleic acids encoding one or more pentose phosphate pathway proteins, the

one or more nucleic acids encoding one or more acetate cycling proteins, or the one or more

nucleic acids encoding the proteins of claim 131 is placed under an inducible promoter or a

constitutive promoter.

137. The recombinant cells of any one of claims 114-136, wherein the one or more nucleic

acids encoding one or more acetylating proteins, the one or more nucleic acids encoding one or

more polypeptides of the MVA pathway, the nucleic acid encoding a polyprenyl pyrophosphate

synthase polypeptide, the nucleic acid encoding a polypeptide having phosphoketolase activity,

the one or more nucleic acids encoding one or more pentose phosphate pathway proteins, the

one or more nucleic acids encoding one or more acetate cycling proteins, or the one or more

nucleic acids encoding the proteins of claim 13 lis cloned into one or more multicopy plasmids.



138. The recombinant cells of any one of claims 100-137, wherein the one or more nucleic

acids encoding one or more acetylating proteins, the one or more nucleic acids encoding one or

more polypeptides of the MVA pathway, the nucleic acid encoding a polyprenyl pyrophosphate

synthase polypeptide, the nucleic acid encoding a polypeptide having phosphoketolase activity,

the one or more nucleic acids encoding one or more pentose phosphate pathway proteins, the

one or more nucleic acids encoding one or more acetate cycling proteins, or the one or more

nucleic acids encoding the proteins of claim 131 is integrated into a chromosome of the cells.

139. The recombinant cells of any one of claims 100-138, wherein the recombinant cells are

gram-positive bacterial cells or gram-negative bacterial cells.

140. The recombinant cells of any one of claims 100-138, wherein the recombinant cells are

fungal cells, filamentous fungal cells, algal cells or yeast cells.

141. The recombinant cells of claim 139, wherein the recombinant cells are selected from the

group consisting of Bacillus subtilis, Streptomyces lividans, Streptomyces coelicolor,

Streptomyces griseus, Escherichia coli, and Pantoea citrea.

142. The recombinant cells of claim 140, wherein the recombinant cells are selected from the

group consisting of Trichoderma reesei, Aspergillus oryzae, Aspergillus niger, Saccharomyces

cerevisieae and Yarrowia lipolytica.

143. The recombinant cells of any one of claims 100-142, wherein the isoprenoid is selected

from the group consisting of a monoterpene, a diterpene, a triterpene, a tetraterpene, a

sesquiterpene, and a polyterpene.

144. The recombinant cells of any one of claims 100-142, wherein the isoprenoid is selected

from the group consisting of abietadiene, amorphadiene, carene, a-famesene, β-farnesene,

farnesol, geraniol, geranylgeraniol, linalool, limonene, myrcene, nerolidol, ocimene, patchoulol,

β-pinene, sabinene, γ -terpinene, terpindene and valencene.

145. The recombinant cells of any one of claims 100-144, wherein the isoprenoid production

is increased relative to recombinant cells that have not been modified such that the expression of

the nucleic acids encoding the acetylating proteins and/or the activity of the acetylating proteins

is modulated.



146. The recombinant cells of claim 145, wherein the isoprenoid production is increased by at

least 5%, wherein the increased production of the isoprenoid comprises an increase in: (i) titer,

(ii) instantaneous yield, (iii) cumulative yield, (iv) specific productivity, or (v) cell productivity

index.

147. A method of producing an isoprenoid comprising: (a) culturing the recombinant cell of

any one of claims 100-146 under conditions suitable for producing the isoprenoid and (b)

producing the isoprenoid.

148. The method of claim 147, further comprising (c) recovering the isoprenoid.
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