
roLyNuct,E0TMES"ENCoDING ISOPRENOID MODIFYING ENZYMES 

AND METHODS OF USE THEREOF 

CROSS-REFERENCE 

[0001] This application claims the benefit of U.S. Provisional Patent Application No. 

60/697,067, filed July 5, 2005, which application is incorporated herein by reference in its 

entirety. 

FIELD OF THE INVENTION 

[0062] The present invention is in the field of production of isoprenoid compounds, and in 

particular enzymes that modify isoprenoid compounds. 

BACKGROUND OF THE INVENTION 

[0003) Isoprenoids constitute an extremely large and diverse group of natural products that 

have a common biosynthetic origin, i.e., a single metabolic precursor, isopentenyl diphosphate 

(EPP). At least 20,000 isoprenoids have been described. By definition, isoprenoids are made up 

of so-called isoprene (C5) units. The number of C-atoms present in the isoprenoids is typically 

divisible by five (C5, C10, C15, C20, C25, C30 and C40), although irregular isoprenoids and 

polyterpenes have been reported. Isoprenoid compounds are also referred to as_cierpenes" or 

"terpenoids." Important members of the isoprenoids include the carotenoids, sesquiterpenoids, 

diterpenoids, and hemiterpenes. Carotenoids include, e.g., lycopene, li-carotene, and the like, 

Sesquiterpenoids include, e.g., artemisinin, a of whichttinetion-as antioxidants. many 

compound having and-malarial activity. Diterpenoids include, e.g., taxol, a cancer 

chemotherapeutic agent. 

[0004] Isoprenoids comprise the most numerous and structurally diverse family of natural 

products. In this family, terpenoids isolated nom plants and other natural sources are used as 

commercial flavor and fragrance compounds as well as pharmaceutical compounds such as 

anti-malarial, anti-viral, and anti-cancer drugs. A majority of the terpenoid compounds in use 

today are natural products or their derivatives. The source organisms (e.g., trees, marine 

invertebrates) of many of these natural products are neither amenable to the large-scale 

cultivation necessary to produce commercially viable quantities nor to genetic manipulation for 

increased or derivatization of these compounds Therefore, the natural products production 

must be produced semi-synthetically from analogs or synthetically using conventional 

chemical syntheses. Furthelutore, many natural products have complex structures, and, as a 



result, are currently uneconomical or impossible to synthesize. Such natural products must be 

either extracted from their native sources, such as trees, sponges, corals and marine microbes; 

or produced synthetically or semi-synthetically from more abundant precursors. Extraction of 

a natural product from a native source is limited by the availability of the native source; and 

synthetic or semi-synthetic production of natural products can suffer from low yield and/or 

high cost. Such production problems and limited availability of the natural source can restrict 

the commercial and clinical development of such products. 

[0005] An example of an important sesquiterpene compound is artemisinin. Artemisinin is a 

highly effective anti-malarial drug that is currently extracted from plants (Artemisia annua) 

and is used to make combination therapy medications. Plant-derived artemisinin is expensive 

and its availability is subject to weather and political conditions in the countries that grow the 

plants. Artemisinic acid is a key intermediate in the biosynthesis of artemisinin. Conversion 

of amorpha-4,1I -diene to artemisinic alcohol, an important step in making artemisinin, by 

traditional chemistry is a difficult and costly process. 

[0006] There is a need in the art for methods of generating isoprenoid compounds that avoid 

some of the above-mentioned drawbacks. The present invention addresses this need by 

providing polynucleotides that encode enzymes that modify isoprenoid compounds, and host 

cells that are genetically modified to produce such enzymes. 

Literature 

[0007] Bertea et al. (2005) Planta Med. 71:40-47; deKraker et al. (2003) Tetradedron 59:409- 

418; Martin et al. (2003) Nat. Biotechnol. 21:796-802; WO 03/025193; U.S. Patent Publication 

No. 20050019882; U.S. Patent Publication No. 20030148479; U.S. Patent Publication No. 

20040005678; U.S. Patent Publication No. 20030166255. 

SUMMARY 

[0008] The present disclosure provides isolated nucleic acids comprising nucleotide sequences 

encoding isoprenoid modifying enzymes, as well as recombinant vectors comprising the 

nucleic acids. The present disclosure further provides genetically modified host cells 

comprising a subject nucleic acid or recombinant vector. The present disclosure further 

providPs g transgenir plant' rnmprising g snbjPrt mirlPir grid 	Ti,.'  pm,mt diQckwiire further 

provides methods of producing an isoprenoid compound, the method generally involving 

culturing a subject genetically modified host cell under conditions that permit synthesis of an 

enzyme encoded by a subject nucleic acid, which enzyme modifies an isoprenoid compound. 
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[0008at 	In a first aspect of the present disclosure, there is provided an isolated cDNA 

comprising: a nucleotide sequence that encodes a cytochrome P450 reductase (CPR), wherein 

the CPR comprises an amino acid sequence having at least 85% amino acid sequence identity 

to the amino acid sequence set forth in SEQ ID NO:4, wherein the CPR transfers electrons 

from NADPH to an isoprenoid-modifying enzyme. 

10008b1 	In a second aspect of the present disclosure, there is provided a recombinant vector 

comprising a polynucleotide comprising a nucleotide sequence that encodes a cytochrome 

P450 reductase (CPR), wherein the CPR comprises an amino acid sequence having at least 

85% amino acid sequence identity to the amino acid sequence set forth in SEQ ID NO: 4, 

wherein the CPR transfers electrons from NADPH to an isoprenoid-modifying enzyme. 

[0008c] 

	

	In a third aspect of the present disclosure, there is provided a host cell comprising the 

cDNA as defined above. 

[0008d] 	In a fourth aspect of the present disclosure, there is provided a host cell comprising the 

recombinant vector as defined above. 

[0008e] 

	

	In a fifth aspect of the present disclosure, there is provided a transgenic plant 

comprising a nucleic acid comprising a nucleotide sequence encoding as isoprenoid-modifying 

enzyme having at least about 90% amino acid identity to the amino acid sequence set forth in 

SEQ ID NO:2, wherein the nucleic acid is expressed in a cell of the plant to produce the 

isoprenoid-modifying enzyme in the cell. 

[0008f1 

	

	In a sixth aspect of the present disclosure, there is provided a method of producing an 

isoprenoid compound, the method comprising maintaining the transgenic plant as defined 

above under conditions that favor production of the isoprenoid-modifying enzyme, wherein 

production of the isoprenoid-modifying enzyme results in modification of a terpene substrate 

and production of an isoprenoid compound. 

[0008g] 	In a seventh aspect of the present disclosure, there is provided a transgenic plant 

genetically modified with a nucleic acid comprising a nucleotide sequence that encodes a 

cytochrome P450 reductase (CPR), wherein the CPR comprises an amino acid sequence having 

at least 85% amino acid sequence identity to the amino acid sequence set forth in SEQ ID NO:4, 

wherein the CPR transfers electrons from NADPH to an isoprenoid-modifying enzyme. 
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BRTEITLIESCREPTION OF THE DRAWINGS 

[0009] 	Figure 1 depicts the nucleotide sequence of a CYP71D-A4 cDNA coding sequence 

(SEQ D NO:1). 

[0010] 	Figure 2 depicts an amorphsrliene 12-oxidase amino acid sequence (SEQ ID NO:2). 

[0011] 	Figure 3 depicts the nucleotide sequence of the coding region of an Artemisia annua 

cytochrome P450 reductase cDNA (SEQ ID NO:3). 

[0012] 	Figure-4 depicts an Artemisia annua cytochrome P450 reductase amino acid sequence 

(SEQ II) NO:4). 

[0013] 	Figures 5A-C depicts the results of an in vivo substrate feeding experiment. 

[0014] 	Figures 6A and 6B depict product confirmation by GC-MS. 

[0015] 	Figures 7A-C depict de novo production of artemisinic acid in yeast. 

[0016] 	Figures 8A-C depict in vitro amorphadiene oxidase enzyme assays. 

[0017] 	Figure 9 depicts the nucleotide sequence of a cDNA (clone 71D-B1) encoding an 

isoprenoid-modifying enzyme (SEQ ID NO:5). 

[0018] 	Figure 10 depicts an amino acid sequence of an isoprenoid-modifying enzyme (71D- 

B1; SEQ ID NO:6). 

[0019] 	Figures 11A-C depict the hydroxylation activity of the enzyme 71D-B1. 

[0020] 	Figure 12 depicts the nucleotide sequence of a genomic DNA encoding an isoprenoid- 

modifying enzyme (SEQ ID NO:7). 

[0021] 	Figure 13 is a schematic representation of isoprenoid metabolic pathways that result in 

the production of the isoprenoid biosynthetic pathway intermediates polyprenyl diphosphates 

geranyl diphosphate (GPP), famesyl diphosphate (1,1'P), and geranylgeranyl diphosphate 

(GGPPP), from isopentenyl diphosphate (EPP) and dimethylallyl diphosphate (DMAPP). 

[0022] 	Figure 14 is a schematic representation of the mevalonate (MEV) pathway for the 

production of IPP. 

[0023] 	Figure 15 is a schematic representation of the DXP pathway for the production of 	P 

and dimethylallyl pyrophosphate (DMAPP). 

DEFINITIONS 

[0024] 	The terms "isoprenoid," "isoprenoid compound," "terpene," "terpene compound," 

"terpenoid," and "terpenoid compound" are used interchangeably herein. 	isoprenoid 

compounds are made up various numbers of so-called isoprene (C5) units. The number of C- 

atoms present in the isoprenoids is typically evenly divisible by five (e.g., C5, C10, C15, C20, 

C25, C30 and C40). Irregular isoprenoids and polyterpenes have been reported, and are also 
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incivaea m me aemunon or --tsoprenoid." Isoprenoid compounds include, but are not limited 

to, monoterpenes, sesquiterpenes, triterpenes, polyterpenes, and diterpenes. 

[0025] As used herein, the term "prenyl diphosphate" is used interchangeably with "prenyl 

pyrophosphate," and includes monoprenyl diphosphates having a single prenyl group (e.g., IPP 

and DMAPP), as well as polyprenyl diphosphates that include 2 or more prenyl groups. 

Monoprenyl diphosphates include isopentenyl pyrophosphate (IPP) and its isomer 

. dimethylallyl pyrophosphate (DMAPP). 	 . 

[0026] As used herein, the term "terpene synthase" refers to any enzyme that enzymatically 

modifies IPP, DMAPP, or a polyprenyl pyrophosphate, such that a terpenoid compound is 

produced. The term "terpene synthase" includes enzymes that catalyze the conversion of a 

prenyl diphosphate into an isoprenoid. 

[0027] The word "pyrophosphate" is used interchangeably herein with "diphosphate." Thus, 

e.g., the terms "prenyl diphosphate" and "prenyl pyrophosphate" are interchangeable; the terms 

"isopentenyl pyrophosphate" and "isopentenyl diphosphate" are interchangeable; the terms 

farnesyl diphosphate" and farnesyl pyrophosphate" are interchangeable; etc. 

[0028] The term "mevalonate pathway" or "MEV pathway" is used herein to refer to the 

biosynthetic pathway that converts acetyl-CoA to IPP. The mevalonate pathway comprises 

enzymes that catalyze the following steps: (a) condensing two molecules of acetyl-CoA to 

acetoacetyl-CoA; (b) condensing acetoacetyl-CoA with acetyl-CoA to form HMG-CoA; (c) 

converting HMG-CoA to mevalonate; (d) phosphorylating mevalonate to mevalonate 5-

phosphate; (e) converting mevalonate 5-phosphate to mevalonate 5-pyrophosphate; and (f) 

converting mevalonate 5-pyrophosphate to isopentenyl pyrophosphate. The mevalonate 

pathway is illustrated schematically in Figure 14. The "top half' of the mevalonate pathway 

refers to the enzymes responsible for the conversion of acetyl-CoA to mevalonate through a 

MEV pathway intermediate. 

[0029] The term "1-deoxy-D-xylulose 5-diphosphate pathway" or "DXP pathway" is used 

herein to refer to the pathway that converts glyceraldehyde-3-phosphate and pyruvate to 1PP 

and DMAPP through a DXP pathway intermediate, where DXP pathway comprises enzymes 

that catalyze the reactions depicted schematically in Figure 15. 

[0030] As used herein, the term "prenyl transferase" is used interchangeably with the terms 

"isoprenyl diphosphate synthase" and "polyprenyl synthase" (e.g., "GPP synthase," 'FPP 

synthase," "OPP synthase," etc.) to refer to an enzyme that catalyzes the consecutive 1'-4 

condensation of isopentenyl diphosphate with allylic primer substrates, resulting in the 

formation of prenyl diphosphates of various chain lengths. 
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[0031] The terms -poiynucieotice" and "nucleic acid," used interchangeably herein, refer to a 

polymeric form of nucleotides of any length, either ribonucleotides or deoxynucleotides. Thus, 

this term includes, but is not limited to, single-., double-, or multi-stranded DNA or RNA, 

genomic DNA, cDNA, DNA-RNA hybrids, or a polymer comprising purine and pyrimidine 

bases or other natural, chemically or biochemically modified, non-natural, or derivatized 

nucleotide bases. 

10032] The tents "peptide," "polypeptide,"- and "protein" are used-interchangeably herein, and 

refer to a polymeric form of amino acids of any length, which can include coded and non-

coded amino acids, chemically or biochemically modified or derivatized amino acids, and 

polypeptides having modified peptide backbones. 

[00331 The term "naturally-occurring" as used herein as applied to a nucleic acid, a cell, or an 

organism, refers to a nucleic acid, cell, or organism that is found in nature. For example, a 

polypeptide or polynucleotide sequence that is present in an organism (including viruses) that 

can be isolated from a source in nature and which has not been intentionally modified by a 

human in the laboratory is naturally occurring. 

100341 As used herein the term "isolated" is meant to describe a polynucleotide, a polypeptide, 

or a cell that is in an environment different from that in which the polynucleotide, the 

polypeptide, or the cell naturally occurs. An isolated genetically modified host cell may be 

present in a mixed population of genetically modified host cells. 

[0035] As used herein, the term "exogenous nucleic acid" refers to a nucleic acid that is not 

normally or naturally found in and/or produced by a given bacterium, organism, or cell in 

nature. As used herein, the term "endogenous nucleic acid" refers to a nucleic acid that is 

normally found in and/or produced by a given bacterium, organism, or cell in nature. An 

"endogenous nucleic acid" is also referred to as a "native nucleic acid" or a nucleic acid that is 

"native" to a given bacterium organism, or cell. For example, the nucleic acids encoding 

HMOS, mevalonate kinase, and phosphomevalonate kinase in represent exogenous nucleic 

acids to E. colt These mevalonate pathway nucleic acids can be cloned from Sacchromyces 

cerevisiae. In S. cerevisiae, the gene sequences encoding I-EVIGS, MK, and PNEK on the 

chromosome would be "endogenous" nucleic acids. 

[0036] The term "heterologous nucleic acid," as used herein, refers to a nucleic acid wherein at 

least one of the following is true: (a) the nucleic acid is foreign ("exogenous") to (i.e., not 

naturally found in) a given host microorganism or host cell; (b) the nucleic acid comprises a 

nucleotide sequence that is naturally found in (e.g., is "endogenous to") a given host 

microorganism or host cell (e.g., the nucleic acid comprises a nucleotide sequence that is 
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endogenous to me ntisrrimatingattistri or host cell) but is either produced in an unnatural (e.g., 

greater than expected or greater than naturally found) amount in the cell, or differs in sequence 

from the endogenous nucleotide sequence such that the same encoded protein (having the same 

or substantially the same amino acid sequence) as found endogenously is produced in an 

unnatural (e.g., greater than expected or greater than naturally found) amount in the cell; (c) the 

nucleic acid comprises two or more nucleotide sequences or segments that are not found in the 

same relationship to each other in nature, e.g., the nucleic acid is recombinant. 

[0037] "Recombinant," as used herein, means that a particular nucleic acid (DNA or RNA) is 

the product of various combinations of cloning, restriction, and/or ligation steps resulting in a 

construct having a structural coding or non-coding sequence distinguishable from endogenous 

nucleic acids found in natural systems. Generally, DNA sequences encoding the structural 

coding sequence can be assembled from cDNA fragments and short oligonucleotide linkers, or 

from a series of synthetic oligonucleotides, to provide a synthetic nucleic acid which is capable 

of being expressed from a recombinant transcriptional unit contained in a cell or in a cell-free 

transcription and translation system. Such sequences can be provided in the form of an open 

reading frame uninterrupted by internal non-translated sequences, or introns, which are 

typically present in eukaryotic genes. Genomic DNA comprising the relevant sequences can 

also be used in the formation of a recombinant gene or transcriptional unit. Sequences of non- 

translated DNA may be present 5' or 3' from the open reading frame, where such sequences do 

not interfere with manipulation or expression of the coding regions, and may indeed act to 

modulate production of a desired product by various mechanisms (see "DNA regulatory 

sequences", below). 

[0038] Thus, e.g., the term "recombinant" polynucleotide or nucleic acid refers to one which is 

not naturally occurring, e.g., is made by the artificial combination of two otherwise separated 

segments of sequence through human intervention. This artificial combination is often 

accomplished by either chemical synthesis means, or by the artificial manipulation of isolated 

segments of nucleic acids, e.g., by genetic engineering techniques 	Such is usually done to 

replace a codon with a redundant codon encoding the same or a conservative amino acid, while 

typically introducing or removing a sequence recognition site. Alternatively, it is performed to 

join together nucleic acid segments of desired functions to generate a desired combination of 

functions. This artificial combination is often accomplished by either chemical synthesis 

means, or by the artificial manipulation of isolated segments of nucleic acids, e.g., by genetic 

engineering techniques. 
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[0039] By "constmotris nierilifil iudibabinsnt nucleic acid, generally recombinant DNA, 

which has been generated for the purpose of the expression of a specific nucleotide 

sequence(s), or is to be used in the construction ofother recombinant nucleotide sequences. 

[00401 As used herein, the terms "operon" and "single transcription unit" are used 

interchangeably to refer to two or more contiguous coding regions (nucleotide sequences that 

encode a gene product such as an RNA or a protein) that are coordinately regulated by one or 

more controlling elements (e.g., a promoter). As used herein, the term "gene product" refers to 

RNA encoded by DNA (or vice versa) or protein that is encoded by an RNA or DNA, where a 

gene will typically comprise one or more nucleotide sequences that encode a protein, and may 

also include introns and other non-coding nucleotide sequences. 

[0041] The terms "DNA regulatory sequences," "control elements," and "regulatory 

elements," used interchangeably herein, refer to transcriptional and translational control 

sequences, such as promoters, enhancers, polyadenylation signals, terminators, protein 

degradation signals, and the like, that provide for and/or regulate expression of a coding 

sequence and/or production of an encoded polypeptide in a host cell. 

[0042] The term "transformation" is used interchangeably herein with "genetic modification" 

and refers to a permanent or transient genetic change induced in a cell following introduction 

of new nucleic acid (i.e., DNA exogenous to the cell). Genetic change ("modification") can be 

accomplished either by incorporation of the new DNA into the genome of the host cell, or by 

transient or stable maintenance of the new DNA as an episomal element. Where the cell is a 

eukaryotic cell, a permanent genetic change is generally achieved by introduction of the DNA 

into the genome of the cell. In prokaryotic cells, permanent changes can be introduced into the 

chromosome or via extrachromosomal elements such as plasmids and expression vectors, 

which may contain one or more selectable markers to aid in their maintenance in the 

recombinant host cell. Suitable methods of genetic modification include viral infection, 

transfection, conjugation, protoplast fusion, electroporation, particle gun technology, calcium 

phosphate precipitation, direct microinjection, and the like. The choice of method is generally 

dependent on the type of cell being transformed and the circumstances under which the 

transformation is taking place (i.e. in vitro, ea: vivo, or in vivo). A general discussion of these 

methods can be found in Ausubel, et al, Short Protocols in Molecular Biology, 3rd ed., Wiley 

& Sons, 1995. 

[0043] "Operably linked" refers to a juxtaposition wherein the components so described are in 

a relationship permitting them to function in their intended manner. For instance, a promoter is 

operably linked to a coding sequence if the promoter affects its transcription or expression. 
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As used nerem, me terms --neteroiogous promoter" and "heterologous control regions" refer to 

promoters and other control regions that are not normally associated with a particular nucleic 

acid in nature. For example, a "transcriptional control region heterologous to a coding region" 

is a transcriptional control region that is not normally associated with the coding region in 

nature. 

[0044] A "host cell," as used herein, denotes an in vivo or in vitro eukaryotic cell, a 

prokaryotic cell, or a-cell fium a multicellular organism (e.g., a cell line) cultured as a 

unicellular entity, which eulcaryotic or prokaryotic cells can be, or have been, used as 

recipients for a nucleic acid (e.g., an expression vector that comprises a nucleotide sequence 

encoding one or more biosynthetic pathway gene products such as mevalonate pathway gene 

products), and include the progeny of the original cell which has been genetically modified by 

the nucleic acid. It is understood that the progeny of a single cell may not necessarily be 

completely identical in morphology or in genomic or total  DNA complement as the original 

parent, due to natural, accidental, or deliberate mutation. A "recombinant host cell" (also 

referred tows a "genetically modified host cell") is a host cell into which has been introduced a 

heterologous nucleic acid, e.g., an expression vector. For example, a subject prokaryotic host 

cell is a genetically modified prokaryotic host cell (e.g., a bacterium), by virtue of introduction 

into a suitable prokaryotic host cell a heterologous nucleic acid, e.g., an exogenous nucleic acid 

is foreign to 	 found in 	in) the 	host that 	(not normally 	nature 	prokaryotic 	cell, or a recombinant 

nucleic acid that is not normally found in the prokaryotic host cell; and a subject eukaryotic 

host cell is a genetically modified eukaryotic host cell, by virtue of introduction into a suitable 

eukaryotic host cell a heterologous nucleic acid, e.g., an exogenous nucleic acid that is foreign 

to the eulcaryotic host cell, or a recombinant nucleic acid that is not normally found in the 

eulcaryotic host cell. 

[0045] A nucleic acid is "hybridizable" to another nucleic acid, such as a cDNA, genomic 

DNA, or RNA, when a single stranded form of the nucleic acid can anneal to the other nucleic 

acid under the appropriate conditions of temperature and solution ionic strength. Hybridization 

and washing conditions are well known and exemplified in Sambrook, J., Fritsch, E. F. and 

Maniatis, T. Molecular Cloning: A Laboratory Manual, Second Edition, Cold Spring Harbor 

Laboratory Press, Cold Spring Harbor (1989), particularly Chapter 11 and Table 11.1 therein; 

and Sambrook, J. and Russell, W., Molecular Cloning: A Laboratory Manual, Third Edition, 

Cold Spring Harbor Laboratory Press, Cold Spring Harbor (2001). The conditions of 

temperature and ionic strength determine the "stringency" of the hybridization. Stringency 

homologous conditions can be adjusted to screen for moderately similar fragments, such as 
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sequences trom distantly related organisms, to highly similar fragments, such as genes that 

duplicate functional enzymes from closely related organisms. Hybridization conditions and 

post-hybridization washes are useful to obtain the desired determine stringency conditions of 

the hybridization. One set of illustrative post-hybridization washes is a series of washes 

starting with 6 x SSC (where SSC is 0.15 M NaC1 and 15 mM citrate buffer), 0.5% SDS at 

room temperature for 15 minutes, then repeated with 2 x SSC, 0.5% SDS at 45°C for 30 

minutes, and then repeated twice with 0.2 x SSC, 0.5% SDS at 50°C for 30 minutes. Other 

stringent conditions are obtained by using higher temperatures in which the washes are 

identical to those above except for the temperature of the final two 30 minute washes in 0.2 x 

SSC, 0.5% SDS, which is increased to 60°C. Another set of highly stringent conditions uses 

two final washes in 0.1 x SSC, 0.1% SDS at 65°C. Another example of stringent hybridization 

conditions is hybridization at 50°C or higher and 0.1xSSC (15 mM sodium chloride/1.5 mM 

sodium citrate). Another example of stringent hybridization conditions is overnight incubation 

at 42°C in a solution: 50% formarnide, 5 x SSC (150 mMNaC1, 15 mM trisoditun citrate), 50 

mM sodium phosphate (pH 7.6), 5 x Denhardt's solution, 10% dextran sulfate, and 20 µg/ml 

denatured, sheared salmon sperm DNA, followed by washing the filters in 0.1 x SSC at about 

65°C. Stringent hybridization conditions and post-hybridization wash conditions are 

hybridization conditions and post-hybridization wash conditions that are at least as stringent as 

the above representative conditions. 

[0046] Hybridization requires that the two nucleic acids contain complementary sequences, 

although depending on the stringency of the hybrirli7ation, mismatches between bases are 

possible. The appropriate stringency for hybridizing nucleic acids depends on the length of the 

nucleic acids and the degree of complementation, variables well known in the art. The greater 

the degree of similarity or homology between two nucleotide sequences, the greater the value 

of the melting temperature (Tm) for hybrids of nucleic acids having those sequences. The 

relative stability (corresponding to higher Tm) of nucleic acid hybridizations decreases in the 

following order: RNA:RNA, DNA:RNA, DNA:DNA. For hybrids of greater than 100 

nucleotides in length, equations for calculating Tm have been derived (see Sambrook et al., 

supra, 9.50-9.51). For hybridizations with shorter nucleic acids, i e., oligonucleotides, the 

position of mismatches becomes more important, and the length of the oligonucleotide 

determines its specificity (see Sambrook et al., supra, 11.7-11.8). Typically, the length for a 

hybridizable nucleic acid is at least about 10 nucleotides. Illustrative minimum lengths for a 

hybridizable nucleic acid are: at least about 15 nucleotides; at least about 20 nucleotides; and at 

least about 30 nucleotides. Furthermore, the skilled artisan will recognize that the temperature 
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and wash soludbii Ofoondaittalfidn may be adjusted as necessary according to factors such as 

length of the probe. 

[0047] The term "conservative amino acid substitution" refers to the interchangeability in 

proteins of amino acid residues having similar side chains. For example, a group of amino 

acids having aliphatic side chains consists of glycine, alanine, valine, leucine, and isoleucine; a 

group of amino acids having aliphatic-hydroxyl side chains consists of serine and threonine; a 

group of amino acids having amide-containing side chains consists of asparagine and 

glutamine; a group of amino acids having aromatic side chains consists of phenylalanine, 

tyrosine, and tryptophan; a group of amino acids having basic side chains consists of lysine, 

arginine, and histidine; and a group of amino acids having sulfur-containing side chains 

consists of cysteine and methionine. Exemplary conservative amino acids substitution groups 

are: valine-leucine-isoleucine, phenylalanine-tyrosine, lysine-arginine, alanine-valine, and 

asparagine-glutamine. 

[0048] "Synthetic nucleic acids" can be assembled from oligonucleotide building blocks that 

are chemically synthesized using procedures known to those skilled in the art. These building 

blocks are ligated and annealed to form gene segments which are then enzymatically 

assembled to construct the entire gene. "Chemically synthesized," as related to a sequence of 

DNA, means that the component nucleotides were assembled in vitro. Manual chemical 

synthesis of DNA may be accomplished using well-established procedures, or automated 

chemical synthesis can be performed using one of a number of commercially available 

machines. The nucleotide sequence of the nucleic acids can be modified for optimal expression 

based on orrti-ni7ation of nucleotide sequence to reflect the codon bias of the host cell. The 

skilled artisan appreciates the likelihood of successful expression if codon usage is biased 

towards those co-dons favored by the host. Determination of preferred codons can be based on a 

survey of genes derived from the host cell where sequence information is available. 

[00491 A polynucleotide or polypeptide has a certain 	"sequence identity" to another percent 

polynucleotide or polypeptide, meaning that, when aligned, that percentage of bases or amino 

acids are the same, and in the same relative position, when comparing the two sequences. 

Sequence similarity can be determined in a number of different manners. To determine 

sequence identity, sequences can be aligned using the methods and computer programs, 

including BLAST, available over the world wide web at ncbi.nlm.nih.gov/BLAST. See, e.g., 

Altschul et al. (1990), J. ilea Biol. 215:403-10. 	Another alignment algorithm is FASTA, 

available in the Genetics Computing Group (000) package, from Madison, Wisconsin, USA, 

a wholly owned subsidiary of Oxford Molecular Group, Inc. Other techniques for alignment 
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are described in Methons iffEn*rborfigy, vol. 266: Computer Methods for Macromolecular 

Sequence Analysis (1996), ed. Doolittle, Academic Press, Inc., a division of Harcourt Brace & 

Co., San Diego, California, USA. Of particular interest are alignment programs that permit 

gaps in the sequence. The Smith-Waterman is one type of algorithm that permits gaps in 

sequence alignment. See Meth. Mol. Biol. 70: 173-187 (1997). Also, the GAP program using 

the Needleman and Wunsch alignment method can be utilized to align sequences. See J Mol. 

Biol. 48: 443-453 (1970). 

[0050] Before the present invention is further described, it is to be understood that this 

invention is not limited to particular embodiments described, as such may, of course, vary. It 

is also to be understood that the terminology used herein is for the purpose of describing 

particular embodiments only, and is not intended to be limiting, since the scope of the present 

invention will be limited only by the appended claims. 

[0051] Where a range of values is 	it is understood that each intervening value, to the provided, 

tenth of the unit of the lower limit unless the context clearly dictates otherwise, between the 

upper and lower limit of that range and any other stated or intervening value in that stated 

range, is encompassed within the invention. The upper and lower limits  of these smaller 

ranges may independently be included in the smaller ranges, and are also encompassed within 

the invention, subject to any specifically excluded limit in the stated range. Where the stated 

range includes one or both of the limits, ranges excluding either or both of those included 

limits are also included in the invention. 

[0052] Unless defined otherwise, all technical and scientific terms used herein have the same 

meaning as commonly understood by one of ordinary skill in the art to whibh this invention 

belongs. Although any methods and materials similar or equivalent to those described herein 

can also be used in the practice or testing of the present invention, the preferred methods and 

materials are now described. All publications mentioned herein are incorporated herein by 

reference to disclose and describe the methods and/or materials in connection with which the 

publications are cited. 

[0053] It must be noted that as used herein and in the appended claims, the singular forms "a," 

"and," and "the" include plural referents unless the context clearly dictates otherwise. Thus, 

for example, reference to "an isoprenoid modifying enzyme" includes a plurality of such 

enzymes and reference to "the cytochrome P450 reductase" includes reference to one or more 

cytochrome P450 reductases and equivalents thereof lmown to those skilled in the art, and so 

forth. It is further noted that the claims may be drafted to exclude any optional element. As 
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such, this statement is mtended to serve as antecedent basis for use of such exclusive 

terminology as "solely," "only" and the like in connection with the recitation of claim 

elements, or use of a "negative" limitation. 

[0054] The publications discussed herein are provided solely for their disclosure prior to the 

filing date of the present application. Nothing herein is to be construed as an admission that 

the present invention is not entitled to antedate such publication by virtue of prior invention. 

Further, the dates of publication provided may be different from the actual publication dates 

which may need to be independently confirmed. 

DETAILED DESCRIPTION OF THE INVENTION 

[0055] The present invention provides isolated nucleic acids comprising nucleotide sequences 

encoding isoprenoid modifying enzymes, as well as recombinant vectors comprising the 

nucleic acids. The present invention further provides genetically modified host cells 

comprising a subject nucleic acid or recombinant vector. The present invention further 

provides a transgenic plant comprising a subject nucleic acid. The present invention further 

provides methods of producing an isoprenoid compound, the method generally involving 

culturing a subject genetically modified host cell under conditions that permit synthesis of an 

isoprenoid compound modifying enzyme encoded by a subject nucleic acid. 

NUCLEIC ACIDS, VECTORS, AND HOST CELLS 

[0056] The present invention provides an isolated nucleic acid comprising a nucleotide 

sequence encoding an enzyme that modifies an isoprenoid compound, where an enzyme that 

modifies an isoprenoid compound is referred to herein as "an isoprenoid modifying enzyme." 

A subject nucleic acid comprising a nucleotide sequence encoding an isoprenoid modifying 

enzyme is referred to as "an isoprenoid-modifying enzyme nucleic acid." In particular 

embodiments, a subject isolated isoprenoid-modifying enzyme nucleic acid comprises a 

nucleotide sequence encoding a cytochrome P450 monooxygenase. In particular 

embodiments, a subject isolated isoprenoid-modifying enzyme nucleic acid comprises a 

nucleotide sequence encoding an isoprenoid oxidase. In some embodiments, a subject isolated 

isoprenoid-modifying enzyme nucleic acid comprises a nucleotide sequence encoding a 

terpene hydroxylase. In some embodiments, a subject isolated isoprenoid-modifying enzyme 

nucleic acid comprises a nucleotide sequence encoding a terpene oxidase. In some 

embodiments, a subject isolated isoprenoid-modifying enzyme nucleic acid comprises a 

nucleotide sequence encoding a sesquiterpene oxidase. In some embodiments, a subject 
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isolated isoprenoid-modifying enzyme nucleic acid comprises a nucleotide sequence encoding 

a sesquiterpene hydroxylase. 

[0057] NADPH-cytochrome P450 oxidoreductase (CPR, EC 1.6.2.4) is the redox partner of 

many P450-monooxygenases. The present invention further provides an isolated nucleic acid 

comprising a nucleotide sequence encoding a cytochrome P450 reductase (CPR). A subject 

nucleic acid comprising a nucleotide sequence encoding a CPR is referred to as "a CPR nucleic 

acid?! A CPR encoded by a subject CPR nucleic acid transfers electrons-from NADPH to 

cytochrome P450. In general, a CPR encoded by a subject CPR nucleic acid transfers 

electrons from NADPH to an isoprenoid-modifying enzyme, e.g., a sesquiterpene oxidase, 

encoded by a subject isoprenoid-modifying enzyme-encoding nucleic acid. 

Nucleic acids encoding isoprenoid modifying enzymes 

[0058] In some embodiments, a subject isolated nucleic acid comprises a nucleotide sequence 

encoding a polypeptide that exhibits isoprenoid hydroxylase and/or isoprenoid oxidase activity. 

In some embodiments, a subject isolated nucleic acid comprises a nucleotide sequence 

encoding a cytochrome P450 monooxygenase. In some embodiments, a subject isolated 

nucleic acid comprises a nucleotide sequence encoding an isoprenoid hydroxylase In some 

embodiments, a subject isolated nucleic acid comprises a nucleotide sequence encoding an 

isoprenoid oxidase. In some embodiments, a subject isolated nucleic acid comprises a 

nucleotide sequence encoding a polypeptide that carries out successive hydroxylation and 

oxidation reactions, e.g., the polypeptide hydroxylates a terpene compound to generate a 

terpene alcohol, oxidizes the terpene alcohol to generate'a terpene aldehyde, and oxidizes the 

terpene aldehyde to generate a terpene carboxylic acid. In some embodiments, a subject 

isolated nucleic acid comprises a nucleotide sequence encoding a polypeptide that catalyzes 

hydroxylation and/or oxidation of an isopropenyl group of a terpene, e.g., catalyzes 

hydroxylation of an isopropenyl group of a monoterpene, a diterpene, a triterpene, a 

sesquiterpene, or a polyterpene. In some embodiments, a subject isolated nucleic acid 

comprises a nucleotide sequence encoding a monoterpene oxidase. In some embodiments, a 

subject isolated nucleic acid comprises a nucleotide sequence encoding a monoterpene 

hydroxylase. In some embodiments, a subject isolated nucleic acid comprises a nucleotide 

sequence encoding a polyterpene hydroxylase. In some embodiments, a subject isolated 

nucleic acid comprises a nucleotide sequence encoding a polyterpene oxidase. In some 

embodiments, a subject isolated nucleic acid comprises a nucleotide sequence encoding a 

diterpene hydroxylase. In some embodiments, a subject isolated nucleic acid comprises a 

nucleotide sequence encoding a diterpene oxidase. In some embodiments, a subject isolated 
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nucleic acia comprises a nuoieonae sequence encoding a triterpene hydroxylase. In some 

embodiments, a subject isolated nucleic acid comprises a nucleotide sequence encoding a 

triterpene oxidnse. In some embodiments, a subject isolated nucleic acid comprises a 

nucleotide sequence encoding a sesquiterpene hydroxylase. In some embodiments, a subject 

isolated nucleic acid comprises a nucleotide sequence encoding a sesquiterpene oxidase. in 

some embodiments, a subject isolated nucleic acid comprises a nucleotide sequence encoding a 

sesquiterpene 012-hydroxylase In some embodiments, a subject isolated nucleic acid 

comprises a nucleotide sequence encoding a polypeptide that carries out the C12 oxidation of a 

sesquiterpene. In some embodiments, a subject isolated nucleic acid comprises a nucleotide 

sequence encoding an amorphadiene 12-oxidase. 

[0059] The product of action of a terpene cyclase (also referred to as a "terpene synthase") 

reaction is the so-called "terpene skeleton." In some embodiments, a subject isolated nucleic 

acid comprises a nucleotide sequence encoding an isoprenoid-modifying enzyme that catalyzes 

the hydroxylation and/or oxidation of a terpene skeleton, or a downstream product thereof In 

general, a substrate of an isoprenoid-modifying enzyme encoded by a subject nucleic acid 

comprises a terpene skeleton or a modified terpene skeleton. In many embodiments, a 

substrate of an isoprenoid-modifying enzyme encoded by a subject nucleic acid comprises an 

isopropenyl group. 

[0060] Monoterpene substrates of an isoprenoid-modifying enzyme encoded by a subject 

nucleic acid include, but are not limited to, any monoterpene substrate that yields an oxidation 

product that is a monoterpene compound or is an intermediate in a biosynthetic pathway that 

gives rise to a monoterpene compound Exemplary monoterpene substrates include, but are 

not limited to, monoterpene substrates that fall into any of the following families: Acyclic 

monoterpenes, Dimethyloctsres, Menthanes, Irregular Monoterpenoids, Cineols, Camphanes, 

Lsocamphanes, Monocyclic monoterpenes, Pinanes, Fenchanes, Thujanes, Caranes, Ionones, 

Iridanes, and Cannabanoids. Exemplary monoterpene substrates, intermediates, and products 

include, but are not limited to, limonene, citranellol, geraniol, menthol, perillyl alcohol, 

linalool, and thujone. 

[0061] Diterpene substrates of an isoprenoid-modifying enzyme encoded by a subject nucleic 

acid include, but are not limited to, any diterpene substrate that yields an oxidation product that 

is a diterpene compound or is an intermediate in a biosynthetic pathway that gives rise to a 

diterpene compound. Exemplary diterpene substrates include, but are not limited to, diterpene 

substrates that fall into any of the following families: Acyclic Diterpenoids, Bicyclic 

Diterpenoids, Monocyclic Diterpenoids, Labdanes, Clerodanes, Taxanes, Tricyclic 
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Diterpenoicts, Tetracyclic Diterperioid-S; Kaurenes, Beyerenes, Atiserenes, Aphidicolins, 

Grayanotoxins, Gibberellins, Mscrocyclic Diterpenes, and Eliznbethatrianes. Exemplary 

diterpene substrates, intermediates, and products include, but are not limited to, casbene, 

eleutherobin, paclitaxel, prostratin, and pseudopterosin. 

[0062] Triterpene substrates of an isoprenoid-modifying enzyme encoded by a subject nucleic 

acid include, but are not limited to, any triterpene substrate that yields an oxidation product 

that is a triterpene compound or is an intermediate in a biosynthetic pathway that gives rise to a 

triterpene compound. Exemplary triterpene substrates, intermediates, and products include, but 

are not limited to, arbrusideE, bruceantin, testosterone, progesterone, cortisone, and digitoxin. 

[0063] Sesquiterpene substrates of an isoprenoid-modifying enzyme encoded by a subject 

nucleic acid include, but are not limited to, any sesquiterpene substrate that yields an oxidation 

product that is a sesquiterpene compound or is an intermediate in a biosynthetic pathway that 

gives rise to a sesquiterpene compound. Exemplary sesquiterpene substrates include, but are 

not limited to, sesquiterpene substrates that fall into any of the following families: Famesanes, 

Monocyclofarnesanes, Monocyclic sesquiterpenes, 13icyclic sesquiterpenes; Bicyclofarnesanes, 

Bisbolanes, Santalanes, Cupranes, Herbertanes, Gymnomitranes, Trichothecanes, 

Chnmigranes, Carotanes, Acoranes, Antisatitis, Cadinanes, Opiopananes, Copaanes, 

Picrotoxanes, Himachalanes, Longipinanes, Longicyclanes, Caryophylianes, Modhephanes, 

Siphiperfolanes, Humulanes, Intergrifolianes, Lippifolianes, Protoilludanes, Illudanes, 

Hirsutanes, Lactaranes, Sterpuranes, Fomannosanes, Marasmanes, Germacranes, Elemanes, 

Eudesmanes, Bakkanes, Chilosyphanes, Gunianes, Pseudoguaianes, Tricyclic sesquiterpenes, 

Patchoulanes, Trixanes, Arornadendranes, Gorgonanes, Nardosinanes, Brasilanes, Pinguisnnes, 

Sesquipinanes, Sesquicamphanes, Thujopsanes, Bicylcohumulanes, Alliacanes, Sterpuranes, 

Lactaranes, Africanes, Integrifolianes, Protoilludanes, Aristolanes, and Neolemnanes. 

Exemplary sesquiterpene substrates include, but are not limited to, amorphadiene, 

alloisolongifolene, (-)-a-trans-bergarnotene, (-)-p-elemene, (+)-germacrene A, germacrene B, 

(+)-7-giujunene, (+)-ledene, neointermedeol, (+)-p-selinene, and (+)-valencene. 

[0064] Whether a subject nucleic acid encodes a terpene oxidase, or a terpene hydroxylase, can 

be readily ascertained using standard assays for these enzymatic activities, using the 

appropriate substrate. Products of the enzymatic modification are generally analyzed by gas 

chromatography-mass spectrometry. Whether a subject nucleic acid encodes a sesquiterpene 

oxidase, or a sesquiterpene hydroxylase, can be readily ascertained using standard assays for 

these enzymatic activities. See, e.g., U.S. Patent Publication No. 20050019882, the disclosure 

of which is incorporated by reference herein. 
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[0065] "ln-sbniff Mitibtataellitsrteltlbjeet nucleic acid comprises the nucleotide sequence 

depicted in Figure 1 and set forth in SEQ ID NO:1. In some embodiments, a subject nucleic 

acid comprises a nucleotide sequence having at least about 45%, at least about 50%, at least 

about 55%, at least about 57%, at least about 60%, at least about 65%, at least about 70%, at 

least about 75%, at least about 80%, at least about 85%, at least about 90%, at least about 95%, 

at least about 98%, or at least about 99% nucleotide sequence identity to the nucleotide 

sequence set forth in SEQ ID NO:1. In some embodiments, a subject nucleic acid comprises a 

nucleotide sequence having one, two, three, four, five, six, seven, eight, nine, ten, from about 

10 to about 15, from about 15 to about 20, from about 20 to about 25, or from about 25 to 

about 50 nucleotide substitutions compared to the nucleotide sequence set forth in SEQ ID 

NO:1. 

[0066] In some embodiments, a subject nucleic acid comprises a nucleotide sequence baiting at 

least about 45%, at least about 50%, at least about 55%, at least about 57%, at least about 60%, 

at least about 65%, at least about 70%, at least about 75%, at least about 80%, at least about 

85%, at least about 90%, at least about 95%, at least about 98%, or at least about 99% 

nucleotide sequence identity to the nucleotide sequence set forth in SEQ ID NO:1, wherein the 

nucleic acid encodes a polypeptide that exhibits terpene hydroxylase and/or terpene oxidase 

activity (e.g., sesquiterpene oxidase activity, sesquiterpene hydroxylase activity, etc.). 

[0067] In some embodiments, a subject nucleic acid comprises a nucleotide sequence having at 

least about 50%, at least about 55%, at least about 57%, at least about 60%, at least about 65%, 

at least about 70%, at least about 75%, at least about 80%, at least about 85%, at least about 

90%, at least about 95%, at least about 98%, or at least about 99% nucleotide sequence identity 

to a stretch of at least about 500, at la-ast about 600, at least about 700, at least about 800, at 

least about 900, at least about 1000, at least about 1100, at least about 1200, at least about 

1300, at least about 1400, or at least about 1450 contiguous nucleotides of the nucleotide 

sequence set forth in SEQ ID NO:1. 

[0068] In some embodiments, a subject nucleic acid comprises at least about 500, at least 

about 600, at least about 700, at least about 800, at least about 900, at least about 1000, at least 

about 1100, at least about 1200, at least about 1300, at least about 1400, or at least about 1450 

contiguous nucleotides of the nucleotide sequence set forth in SEQ ID NO:1. In some 

embodiments, a subject nucleic acid comprises at least about 500, at least about 600, at least 

about 700, at least about 800, at least about 900, at least about 1000, at least about 1100, at 

least about 1200, at least about 1300, at least about 1400, or at least about 1450 contiguous 

nucleotides of the nucleotide sequence set forth in SEQ ID NO:1, and encodes a polypeptide 
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that exhibits terpendfy-draylatrattlior terpene oxidase activity, e.g., sesquiterpene 

hydroxylase and/or oxidase activity. 

[0069] In some embodiments, a subject nucleic acid comprises a nucleotide sequence that 

hybridizes under stringent hybridization conditions to a nucleic acid comprising the nucleotide 

sequence set forth in SEQ ID NO:1, or a complement thereof. 

[0070] In some embodiments, a subject nucleic acid comprises a nucleotide sequence encoding 

-a polypeptide comprising an amino acid sequence as depicted in Figure 2 and as set forth in 

SEQ ID NO:2. In some embodiments, a subject nucleic acid comprises a nucleotide sequence 

encoding a polypeptide comprising an Amino acid sequence having at least about 45%, at Tract 

about 50%, at least about 55%, at least about 60%, at least about 65%, at least about 70%, at 

least about 75%, at least about 80%, at least about 85%, at least about 90%, at least about 95%, 

at least about 98%, or at least about 99% amino acid sequence identity to the amino acid 

sequence set forth in SEQ ID NO:2. In some embodiments, a subject nucleic acid comprises a 

nucleotide sequence encoding a polypeptide comprising an amino acid sequence having at least 

about 45%, at least about 50%, at least about 55%, at least about 60%, at least about 65%, at 

least about 70%, at least about 75%, at least about 80%, at least about 85%, at least about 90%, 

at least about 95%, at least about 98%, or at least about 99% amino acid sequence identity to a 

stretch of at least about 50, at least about 75, at least about 100, at least about 150, at least 

about 200, at least about 250, at least about 300, at least about 350, at least about 400, at least 

about 450, or at least about 490 contiguous amino acids of the amino acid sequence set forth in 

SEQ ID NO:2. In some embodiments, a subject nucleic acid comprises a nucleotide sequence 

encoding a polypeptide comprising an amino acid sequence having one, two, three, four, five, 

six, seven, eight, nine, ten, from about 10 to about 15, from about 15 to about 20, or from about 

20 to about 25 conservative amino acid substitutions compared to the amino acid sequence set 

forth in SEQ ID NO:2. In some embodiments, the encoded polypeptide exhibits terpene 

hydroxylase and/or terpene oxidase activity. In some embodiments, the encoded polypeptide 

exhibits sesquiterpene oxidase activity. In some embodiments, the encoded polypeptide 

catalyzes the C12 oxidation of a sesquiterpene subsilate. In other embodiments, the encoded 

polypeptide exhibits sesquiterpene hydroxylase activity. 

[0071] In some embodiments, a subject nucleic acid comprises a nucleotide sequence encoding 

a polypeptide comprising at least about 50, at least about 75, at least about 100, at least about 

150, at least about 200, at least about 250, at least about 300, at least about 350, at least about 

400, at least about 450, or at least about 490 contiguous amino acids of an amino acid sequence 

having at least about 45%, at least about 50%, at least about 55%, at least about 60%, at least 
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abodi 65%, at teat -a:Mit 70044 atilea§E•about 75%, at least about 80%, at least about 85%, at 

least about 90%, at least about 95%, at least about 98%, at least about 99%, or 100% amino 

acid sequence identity to the amino acid sequence set forth in SEQ ID NO:2. In some 

embodiments, the encoded polypeptide exhibits terpene hydroxylase and/or terpene oxidase 

activity. In some embodiments, the encoded polypeptide exhibits sesquiterpene oxidase 

activity. In some embodiments, the encoded polypeptide catalyzes the C12 oxidation of a 

sesquiterpene substrate. In other embodiments, the encoded polypeptide exhibits sesquiterpene 

hydroxylase activity. 

[0072] In some embodiments, a subject nucleic acid comprises the nucleotide sequence 

depicted in Figure 9 and set forth in SEQ ID NO:5. In some embodiments, a subject nucleic 

acid comprises a nucleotide sequence having at least about 45%, at least about 50%, at least 

about 55%, at least about 57%, at least about 60%, at least about 65%, at least about 70%, at 

least about 75%, at least about 80%, at least about 85%, at least about 90%, at least about 95%, 

at least about 98%, or at least about 99% nucleotide sequence identity to the nucleotide 

sequence set forth in SEQ ID NO: 5. In some embodiments, a subject nucleic acid comprises a 

nucleotide sequence having one, two, three, four, five, six, seven, eight, nine, ten, from about 

10 to about 15, from about 15 to about 20, from about 20 to about 25, or from about 25 to 

about 50 nucleotide substitutions compared to the nucleotide sequence set forth in SEQ ID 

NO:5. 

[0073] In some embodiments, a subject nucleic acid comprises a nucleotide sequence having at 

least about 45%, at least about 50%, at least about 55%, at least about 57%, at least about 60%, 

at least about 65%, at least about 70%, at least about 75%, at least about 80%, at least about 

85%, at least about 90%, at least about 95%, at least about 98%, or at least about 99% 

nucleotide sequence identity to the nucleotide sequence set forth in SEQ ID NO:5, wherein the 

nucleic acid encodes a polypeptide that exhibits terpene hydroxylase and/or terpene oxidase 

activity (e.g., sesquiterpene oxidase activity, sesquiterpene hydroxylase activity, etc.). 

[0074] In some embodiments, a subject nucleic acid comprises a nucleotide sequence having at 

least about 45%, at least about 50%, at least about 55%, at least about 57%, at least about 60%, 

at least about 65%, at least about 70%, at least about 75%, at least about 80%, at least about 

85%, at least about 90%, at least about 95%, at least about 98%, or at least about 99% 

nucleotide sequence identity to a stretch of at least about 500, at least about 600, at least about 

700, at least about 800, at least about 900, at least about 1000, at least about 1100, at least 

about 1200, at least about 1300, at least about 1400, or at least about 1450 contiguous 

nucleotides of the nucleotide sequence set forth in SEQ 111) NO:5. 
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[0075] In some ernbladhinents, a subj6tt nucleic acid comprises a nucleotide sequence encoding 

a polypeptide comprising at least about 50, at least about 75, at least about 100, at least about 

150, at least about 200, at least about 250, at least about 300, at least about 350, at least about 

400, at least about 450, or at least about 480 contiguous amino acids of an amino acid sequence 

having at least about 50%, at least about 55%, at least about 60%, at least about 65%, at least 

about 70%, at least about 75%, at least about 80%, at least about 85%, at least about 90%, at 

least about 95%, at least about 98%, at least about 99%, or 100% amino acid sequence identity 

to the amino acid sequence set forth in SEQ ID NO:6. In many embodiments, the encoded 

polypeptide exhibits terpene hydroxylase and/or terpene oxidase activity. In many 

embodiments, the encoded polypeptide exhibits sesquiterpene oxidase, or sesquiterpene 

hydroxylase activity. In many embodiments, the encoded polypeptide catalyzes the 

hydroxylation of a sesquiterpene substrate. 

[0076] In some embodiments, a subject nucleic acid comprises at least about 500, at least 

about 600, at least about 700, at least about 800, at least about 900, at least about 1000, at least 

about 1100, at least about 1200, at least about 1300, at least about 1400, or at least about 1450 

contiguous nucleotides of the nucleotide sequence set forth in SEQ ID NO:5. In some 

embodiments, a subject nucleic acid comprises at least about 500, at least about 600, at least 

about 700, at least about 800, at least about 900, at least about 1000, at least about 1100, at 

least about 1200, at least about 1300, at least about 1400, or at least about 1450 contiguous 

nucleotides of the nucleotide sequence set forth in SEQ ID NO:5, and encodes a polypeptide 

that exhibits terpene hydroxyinse and/or oxidase activity, e.g., sesquiterpene oxidase activity, 

sesquiterpene hydroxylase activity, etc. 

[0077] In some embodiments, a subject nucleic acid comprises a nucleotide sequence that 

hybridizes under stringent hybridization conditions to a nucleic acid comprising the nucleotide 

sequence set forth in SEQ ID NO:5, or a complement thereof. 

10078] In some embodiments, a subject nucleic acid comprises a nucleotide sequence encoding 

a 	comprising an amino acid sequence as depicted in Figure 9 and as set forth in polypeptide 

SEQ ID NO:6. In some embodiments, a subject nucleic acid comprises a nucleotide sequence 

encoding a polypeptide comprising an amino acid sequence having at least about 45%, at least 

about 50%, at least about 55%, at least about 60%, at least about 65%, at least about 70%, at 

least about 75%, at least about 80%, at least about 85%, at least about 90%, at least about 95%, 

at least about 98%, or at least about 99% amino acid sequence identity to the amino acid 

sequence set forth in SEQ ID NO:6. In some embodiments, a subject nucleic acid comprises a 

nucleotide sequence encoding a polypeptide comprising an amino acid sequence having at least 
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about 4)%, at least atiout 50767atleattabout 55%, at least about 60%, at least about 65%, at 

least about 70%, at least about 75%, at least about 80%, at least about 85%, at least about 90%, 

at least about 95%, at least about 98%, or at least about 99% amino acid sequence identity to a 

stretch of at least about 50, at least about 75, at least about 100, at least about 150, at least 

about 200, at least about 250, at least about 300, at least about 350, at least about 400, at least 

about 450, or at least about 480 contiguous amino acids of the amino acid sequence as set forth 

in SEQ ID NO:6. In some embodiments, a subject nucleic acid comprises a nucleotide 

sequence encoding a polypeptide comprising an amino acid sequence having one, two, three, 

four, five, six, seven, eight, nine, ten, from about 10 to about 15, from about 15 to about 20, or 

from about 20 to about 25 conservative amino acid substitutions compared to the amino acid 

sequence set forth in SEQ ID NO:6. In some embodiments, the encoded polypeptide exhibits 

terpene hydroxylase and/or terpene oxidase activity. In some embodiments, the encoded 

polypeptide exhibits sesquiterpene oxidase activity. In some embodiments, the encoded 

polypeptide catalyzes the hydroxylation of a sesquiterpene substrate. In other embodiments, 

the encoded polypeptide exhibits sesquiterpene hydroxylase activity. 

[0979] In some embodiments, a subject nucleic acid comprises a nucleotide sequence encoding 

a polypeptide comprising at least about 50, at least about 75, at least about 100, at least about 

150, at least about 200, at least about 250, at least about 300, at least about 350, at least about 

400, at least about 450, or at least about 480 contiguous amino acids of an amino acid sequence 

having at least about 50%, at least about 55%, at least about 60%, at least about 65%, at least 

about 70%; at least about 75%, at least about 80%, at least about 85%, at least about 90%, at 

least about 95%, at least about 98%, at least about 99%, or 100% amino acid sequence identity 

to the amino acid sequence set forth in SEQ ID NO:6. In some embodiments, the encoded 

polypeptide exhibits terpene hydroxylase and/or terpene oxidase activity. In some 

embodiments, the encoded polypeptide exhibits sesquiterpene oxidase activity. In some 

embodiments, the encoded polypeptide catalyzes the hydroxylation of a sesquiterpene 

substrate. In other embodiments, the encoded 	exhibits sesquiterpene hydroxylase polypeptide 

activity. 

[0080] In some embodiments, a subject nucleic acid comprises a nucleotide sequence that 

encodes a variant of a polypeptide comprising an amino acid sequence set forth in SEQ ID 

NO:2 or SEQ ID NO:6. For example, in some embodiments, a subject nucleic acid comprises 

a nucleotide sequence encoding an enzyme that exhibits one or more of the following 

properties compared to an enzyme comprising an amino acid sequence set forth in SEQ ID 

NO:2 or SEQ ID NO:6: 1) increased enzymatic activity; 2) increased stability in vitro and/or in 
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vivoi:3)-increasedptodact yield; jainred protein turnover rate; 5) altered substrate specificity 

(e.g., such that the variant enzyme modifies a selected substrate(s); 6) increased enzyme 

efficiency (e.g., increased efficiency of substrate conversion to generate product); and 7) 

increased solubility (e.g., solubility within the cytoplasm or cytosol). 

Nucleic acids encoding cvtochrome P450 reductases 

[0081] The present invention provides an isolated nucleic acid comprising a nucleotide 

sequence encoding a cytochrome P450 reductase (CPR). In some embodiments, a subject CPR 

nucleic acid comprises a nucleotide sequence encoding a CPR that transfers electrons from 

NADPH to a cytochrome P450 oidriase encoded by a subject isoprenoid-modifying enzyme 

nucleic acid. 

[0082] In some embodiments, a subject nucleic acid comprises the nucleotide sequence 

depicted in Figure 3 and set forth in SEQ ID NO:3. In some embodiments, a subject nucleic 

acid comprises a nucleotide sequence having at least about 85%, at least about 90%, at least 

about 95%, at least about 98%, or at least about 99% nucleotide sequence identity to the 

nucleotide sequence set forth in SEQ ID NO:3. 

[0083] In some embodiments, a subject nucleic acid comprises a nucleotide sequence that 

hybridizes under stringent hybridization conditions to a nucleic acid comprising the nucleotide 

sequence set forth in SEQ ID NO:3, or a complement thereof. 

[0084] In some embodiments, a subject nucleic acid comprises a nucleotide sequence encoding 

a polypeptide comprising an amino acid sequence as depicted in Figure 4 and as set forth in 

SEQ ID NO:4. In some embodiments, a subject nucleic acid comprises a nucleotide sequence 

encoding a polypeptide comprising an amino acid sequence having at least about 80%, at least 

about 85%, at least about 90%, at least about 95%, at least about 98%, or at least about 99% 

amino acid sequence identity to the amino acid sequence set forth in SEQ ID NO:4. In some 

embodiments, a subject nucleic acid comprises a nucleotide sequence encoding a polypeptide 

comprising an amino acid sequence having one, two, three, four, five, six, seven, eight, nine, 

ten, from about 10 to about 15, from about 15 to about 20, or from about 20 to about 25 

conservative amino acid substitutions compared to the amino acid sequence set forth in SEQ 

ID NO:4. 

100851 In some embodiments, a subject nucleic acid comprises a nucleotide sequence encoding 

a polypeptide comprising at least about 50, at least about 75, at least about 100, at least about 

150, at least about 200, at least about 250, at least about 300, at least about 350, at least about 

400, at least about 450, at least about 500, at least about 550, at least about 600, at least about 

650, or at least about 700 contiguous amino acids of an amino acid sequence having at least 
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about 250%, at least abbut nnr, at feat about 90%, at least about 95%, at least about 98%, at 

Irst about 99%, or 100% amino acid sequence identity to the amino acid sequence set forth in 

SEQ ID NO:4. In some embodiments, the encoded polypeptide transfers electrons from 

NADPH to a polypeptide (e.g., an isoprenoid-modifying enzyme) encoded by a subject 
, 

isoprenoid-modifying enzyme nucleic acid. 

[0086] In some embodiments, a subject nucleic acid comprises at least about 500, at least 

about 600, at least about 700, at least about 800, at least about 900, at least-about 1000, at least 

about 1100, at least about 1200, at lanst about 1300, at least about 1400, at least about 1500, at 

least about 1600, at least about 1700, at least about 1800, at least about 1900, at least about 

2000, or at least about 2100 contiguous nucleotides of the nucleotide sequence set forth in SEQ 

ID NO:3. In some embodiments, a subject nucleic acid comprises at least about 500, at least 

about 600, at least about 700, at least about 800, at least about 900, at least about 1000, at least 

about 1100, at least about 1200, at least about 1300, at least about 1400, at least about 1500, at 

least about 1600, at least about 1700, at least about 1800, at least about 1900, at least about 

2000, or at least about 2100 contiguous nucleotides of the nucleotide sequence set forth in SEQ 

ID NO:3, and encodes a polypeptide that transfers electrons from NADPH to a cytochrome 

P450 oxidase encoded by a subject isoprenoid-modifying enzyme nucleic acid, e.g., the 

encoded polypeptide transfers electrons from NADPH to a polypeptide (e.g., an isopienoid-

modifying enzyme) encoded by a subject isoprenoid-modifying enzyme nucleic acid. 

[0087] In some embodiments, a subject nucleic acid comprises a nucleotide sequence that 

encodes a variant of a polypeptide comprising an amino acid sequence set forth in SEQ ID 

NO:4. For example, in some embodiments, a subject nucleic acid comprises a nucleotide 

sequence encoding an enzyme that exhibits one or more of the following properties compared 

to an enzyme comprising an amino acid sequence set forth in SEQ ID NO:4: 1) increased 

enzymatic activity; 2) increased stability in vitro and/or in vivo; 3) increased product yield; 4) 

altered protein turnover rate; 5) altered substrate specificity (e.g., such that the variant enzyme 

modifies a selected substrate(s); 6) increased enzyme efficiency (e.g., increased efficiency of 

substrate conversion to generate product); and 7) increased solubility (e.g., solubility within the 

cytoplasm or cytosol). 

[0088] In some embodiments, a subject nucleic acid comprises a nucleotide sequence encoding 

a fusion protein that comprises an amino acid sequence of an isoprenoid-modifying enzyme 

that exhibits terpene hydroxylase and/or terpene oxidase activity, as described above, fused to 

a heterologous polypeptide (a "fusion partner"), e.g., a polypeptide other than an isoprenoid-

modifying enzyme as described above. In some embodiments, a subject nucleic acid 
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comprises a nucleoffile*tcparencbtling a fusion protein that comprises an amino acid 

sequence of a CPR, as described above, and a heterologous polypeptide, e.g. a polypeptide 

other than a CPR. Suitable fusion partners include, but are not limited to, polypeptides that 

enhance solubility of the isoprenoid-modifying enzyme or the CPR; polypeptides that provide 

for a detectable signal (e.g., a fluorescent protein; an enzyme that yields a detectable product, 

e.g., f3-galactosidase, luciferase, horse radish peroxidase, and the like); polypeptides that 

provide for inclusion of the isoprenoid-modifying enzyme or the CPR in a particular cellular 

compartment (e.g., cytosol, cytoplasm, etc.); and the like. 

[0089] In some embodiments, a subject nucleic acid comprises a nucleotide sequence encoding 

both an isoprenoid-modifying enzyme (e.g., a polypeptide that exhibits terpene hydroxlase 

and/or terpene oxidase activity) and a CPR. In some embodiments, a subject nucleic acid 

comprises a nucleotide sequence encoding a fusion protein that comprises an amino acid 

sequence of an isoprenoid-modifying enzyme that exhibits terpene hydroxlase and/or terpene 

oxidase activity, as described above, fused to a CPR polypeptide. In some embodiments, the 

encoded fusion protein is of the formula NH2-A-X-B-COOH, where A is the isoprenoid-

modifying enzyme that exhibits terpene hydroxlase and/or terpene oxidase activity, Xis an 

optional linker, and B is the CPR polypeptide. In some embodiments, the encoded fusion 

protein is of the formula NH2-A-X-B-COOH, where A is the CPR polypeptide, X is an 

optional linker, and B is the isoprenoid-modifying polypeptide that exhibits terpene hydroxlase 

and/or terpene oxidase activity. 

[0096] Proteins 	be The linker peptide may have any of a variety of amino acid sequences. 	can 

joined by a spacer peptide, generally of a flexible nature, although other chemical linkages are 

not excluded. The linker may be a cleavable linker. Suitable linker sequences will generally 

between 	5 	50 	in length, or between about 6 and be peptides of 	about 	and about 	amino acids 

about 25 amino acids in length. Peptide linkers with a degree of flexibility will generally be 

used. The linking peptides may have virtually any amino acid sequence, bearing in mind that 

the preferred linkers will have a sequence that results in a generally flexible peptide. The use of 

small amino acids, such as glycine and alanine, are of use in creating a flexible peptide. The 

creation of such sequences is routine to those of skill in the art. A variety of different linkers 

are commercially available and are considered suitable for use according to the present 

invention. 

[0091] Suitable linker peptides frequently include amino acid sequences rich in alanine and 

proline residues, which are known to impart flexibility to a protein structure. Exemplary 

linkers have a combination of glycine, alanine, proline and methionine residues, such as 
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AAAGGM`CSEtrliThOtirTiPiiik6a/r/IPPAAAGGM (SEQ ID NO:9); AAAGGM (SEQ ID 

NO:10); and PPAAAGGM (SEQ ID NO:11). Other exemplary linker peptides include TFGR 

(SEQ ID NO:12; and GGKGGK (SEQ ID NO:13). However, any flexible linker generally 

between about 5 and about 50 amino acids in length may be used. Linkers may have virtually 

any sequence that results in a generally flexible peptide, including alanine-proline rich 

sequences of the'type exemplified above. 

- Constructs 

[00921 The present invention further provides recombinant vectors ("constructs") comprising a 

subject nucleic acid. In some embodiments, a subject recombinant vector provides for 

amplification of a subject nucleic acid. In some embodiments, a subject recombinant vector 

provides for production of an encoded isoprenoid-modifying enzyme, or an encoded CPR, in a 

eukaryotic cell, in a prokaryotic cell, or in a cell-free transcription/translation system. Suitable 

expression vectors include, but are not limited to, baculovirus vectors, bacteriophage vectors, 

plasmids, phagemids, cosmids, fosmids, bacterial artificial chromosomes, viral vectors (e.g. 

viral vectors based on vaccinia virus, poliovirus, adenovirus, adeno-associated virus, SV40, 

herpes simplex virus, and the like), P1-based artificial chromosomes, yeast plasmids, yeast 

artificial chromosomes, and any other vectors specific for specific hosts of interest (such as E. 

coli, yeast, and plant cells). 

[00931 In some embodiments, a subject recombinant vector comprises a subject isoprenoid-

modifying enzyme-encoding nucleic acid and a subject CPR-encoding nucleic acid. In some of 

these embodiments, a subject recombinant vector is an expression vector that provides for 

production of both the encoded isoprenoid-modifying enzyme and the encoded CPR in a 

eukaryotic cell, in a prokaryotic cell, or in a cell-free transcription/translation system. 

[0094] Certain types of vectors allow the expression cassettes of the present invention to be 

amplified. Other types of vectors are necessary for efficient introduction of subject nucleic acid 

to cells and their stable expression once introduced. Any vector capable of accepting a subject 

nucleic acid is contemplated as a suitable recombinant vector for the purposes of the invention. 

The vector may be any circular or linear length of DNA that either integrates into the host 

genome or is maintained in episomal form. Vectors may require additional manipulation or 

particular conditions to be efficiently incorporated into a host cell (e.g., many expression 

plasmids), or can be part of a self-integrating, cell specific system (e.g., a recombinant virus). 

The vector is in some embodiments functional in a prokaryotic cell, where such vectors 

fimetion to propagate the recombinant vector and/or provide for expression of a subject nucleic 
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acid. ine vector is m some enaboduirents functional in a eukaryotic cell, where the vector will 

in many embodiments be an expression vector. 

[0095] Numerous suitable expression vectors are known to those of skill in the art, and many 

are commercially available. The following vectors are provided by way of example; for 

bacterial host cells: pBluescript (Stratagene, San Diego, Calif.), pQE vectors (Qiagen), 

pBluescript plasmids, pl\TH vectors, lambda-ZAP vectors (Stratagene); pTrc (Amann et al., 

Gene, 69:301-315 (1988)); pTrc99a, pKK223-3, pDR540, and pRIT2T (Pharmacia); for 

eukaryotic host cells: pXTl, pSG5 (Stratagene), pSVK3, pBPV, pMSG, and pSVLSV40 

(Pharmacia). However, any other plasmid or other vector may be used so long as it is 

compatible with the host cell. 

[0096] A subject recombinant vector will in many embodiments contain one or more selectable 

marker genes to provide a phenotypic trait for selection of transformed host cells. Suitable 

selectable markers include, but are not limited to, dihydrofolate reductase, neomycin resistance 

for eukaryotic cell culture; and tetracycline or ampicillin resistance in prokaryotic host cells 

such as E. coil. 

[0097] In many embodiments, a subject nucleic acid comprises a nucleotide sequence 

encoding an isoprenoid-modifying enzyme, where the isoprenoid-modifying enzyme-encoding 

nucleotide sequence is operably linked to one or more transcriptional and/or translational 

control elements. In many embodiments, a subject nucleic acid comprises a nucleotide 

sequence encoding a CPR, where the CPR-encoding nucleotide sequence is operably linked to 

one or more transcriptional and/or translational control elements. 

[0098] In some embodiments, as noted above, a subject recombinant vector comprises a 

subject isoprenoid-modifying enzyme-encoding nucleic acid and a subject CPR-encoding 

nucleic acid. In some of these embodiments, the isoprenoid-modifying enzyme-encoding 

nucleotide sequence and the CPR-encoding nucleotide sequence are operably linked to 

different transcriptional control elements. In other embodiments, the isoprenoid-modifying 

enzyme-encoding nucleotide sequence and the CPR-encoding nucleotide sequence are 

operably linked to the same transcriptional control element(s). In some embodiments, the 

isoprenoid-modifying enzyme-encoding nucleotide sequence and the CPR-encoding nucleotide 

sequence are both operably linked to the same inducible promoter. In some embodiments, the 

isoprenoid-modifying enzyme-encoding nucleotide sequence and the CPR-encoding nucleotide 

sequence are both operably linked to the same constitutive promoter. 

[0099] Suitable promoters for use in prokaryotic host cells include, but are not limited to, a 

bacteriophage T7 RNA polymerase promoter; a trp promoter; a lac operon promoter; a hybrid 
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promoter; e.g.","pacraierttyprzt pronibter, a tee/ft° hybrid promoter, a trp/lac promoter, a T7/lac 

promoter; a tic promoter; a tac promote; and the like; an araBAD promoter; in vivo regulated 

promoters, such as an ssaG promoter or a related promoter (see, e.g., 'U.S. Patent Publication 

No. 20040131637), a pagC promoter (Pulklcinen and Miller, .1 Bacterial., 1991: 173(1): 86-93; 

Alpuche-Aranda et al., PNAS, 1992; 89(21): 10079-83), a nirB promoter (Harbome et al. 

(1992) Mol. Micro. 6:2805-2813), and the like (see, e.g., Dunstan et al. (1999) Infect. Immun. 

_ 67:5133-5141; McKelvie et al. (2004) Vaccine 22:3243-3255; and Chatfield et al. (1992) 

Biotechnol. 10:888-892); a sigma70 promoter, e.g., a consensus sigma70 promoter (see, e.g., 

GenBank Accession Nos. AX798980, AX798961, and AX798183); a stationary phase 

promoter, e.g., a dps promoter, an spy promoter, Wand the like; a promoter derived from the 

pathogenicity island SPI-2 (see, e.g., W096/17951); an actA promoter (see, e.g., Shetron- 

Rama et al. (2002) Infect. Immun. 70:1087-1096); an rpsM promoter (see, e.g., Valdivia and 

Falkow (1996). Mol. Microbiol. 22:367-378); a tet promoter (see, e.g., Hillen,W. and 

Wissmann,A. (1989) In Saenger,W. and Heinemann,U. (eds), Topics in Molecular and 

Structural Biology, Protein—Nucleic Acid Interaction. Macmillan, London, UK, Vol. 10, pp. 

143-162); an SP6 promoter (see, e.g., Melton et al. (1984) Nucl. Acids Res. 12:7035-7056); 

and the like. 

[001001 	Non-limiting examples of suitable eukaryotic promoters include CMV immediate early, 

HSV thymidine kinase, early and late SV40, LTRs from retrovirus, and mouse 

metallothionein-I. In some embodiments, e.g., for expression in a yeast cell, a suitable 

promoter is a constitutive promoter such as an ADH1 promoter, a PGK1 promoter, an ENO 

promoter, a PYK1 promoter and the like; or a regulatable promoter such as a GAL1 promoter, 

a GAL10 promoter, an ADH2 promoter, a PHO5 promoter, a CUP I promoter, a GAL7 

promoter, a MET25 promoter, a MET3 promoter, and the like. Selection of the appropriate 

vector and promoter is well within the level of ordinary skill in the art. The expression vector 

may also contain a ribosome binding site for translation initiation and a transcription 

terminator. The expression vector may also include appropriate sequences for amplifying 

expression. 

[0010 	In many embodiments, a nucleotide sequence encoding an isoprenoid modifying 

enzyme is operably linked to an inducible promoter. In many embodiments, a nucleotide 

sequence encoding a CPR is operably linked to an inducible promoter. Inducible promoters 

are well Imown in the art. Suitable inducible promoters include, but are not limited to, the pL 

of bacteriophage X.; Plac; Ptrp; Ptac (Ptrp-lac hybrid• promoter); an isopropyl-beta-D- 

thiogalactopyranoside (IPTG)-inducible promoter, e.g., a lacZ promoter, a tetracycline- 
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inducible promoter; an arabmose inctucible promoter, e.g., PBAD (see, e.g., Guzman et al. 

(1995) J. BacterioL 177:4121-4130); a xylose-inducible promoter, e.g., Pxyl (see, e.g., Kim et 

al. (1996) Gene 181:71-76); a GAL1 promoter; a tryptophan promoter; a lac promoter; an 

alcohol-inducible promoter, e.g., a methanol-inducible promoter, an ethanol-inducible 

promoter, a raffinose-inducible promoter; a heat-inducible promoter, e.g., heat inducible 

lambda PL  promoter, a promoter controlled by a heat-sensitive repressor (e.g., CI857-repressed 

lambda-based expression vectors; see, e.g., Hofilnann et al. (1999) FEMS Microbiol Lett. 

177(2):327-34); and the like. 

[001021 	In yeast, a number of vectors containing constitutive or inducible promoters may be 

used. For a review see, Current Protocols in Molecular Biology, Vol. 2, 1988, Ed. Ausubel, et 

al., Greene Publish. Assoc. & Wiley Interscience, Ch. 13, Grant, et al., 1987, Expression and 

Secretion Vectors for Yeast, in Methods in Enzymology, Eds. Wu & Grossman, 31987, Acad. 

Press, N.Y., Vol. 153, pp.516-544; Glover, 1986, DNA Cloning, Vol. II, IRL Press, Wash., 

D.C., Ch. 3; and. Bitter, 1987, Heterologous Gene Expression in Yeast, Methods in 

Enzymology, Eds. Bergef& Kimmel, Acad. Press, N.Y., Vol. 152, pp. 673-684; and The 

Molecular Biology of the Yeast Saccharomyces, 1982, Eds. Strathern et al., Cold Spring 

Harbor Press, Vols. I and II. A constitutive yeast promoter such as ADH or LEU2 or an 

inducible promoter such as GAL may be used (Cloning.in Yeast, Ch. 3, R. Rothstein In: ➢NA 

Cloning Vol. 11, A Practical Approach, Ed. DM Glover, 1986, IRL Press, Wash., D.C.). 

Alternatively, vectors may be used which promote integration of foreign DNA sequences into 

the yeast chromosome. 

[001031 	In some embodiments, a subject nucleic acid or a subject vector comprises a promoter 

or other regulatory element(s) for expression in a plant cell. Non-limiting examples of suitable 

constitutive promoters that are functional in a plant cell is the cauliflower mosaic virus 35S 

promoter, a tandem 35S promoter (Kay et al., Science 236:1299 (1987)), a cauliflower mosaic 

virus 19S promoter, a nopaline synthase gene promoter (Singer et al., Plant Mot. Biol. 14:433 

(1990); An, Plant Physiol. 81:86 Q986), an octopine synthase gene promoter, and a ubiquitin 

promoter. Suitable inducible promoters that are functional in a plant cell include, but are not 

limited to, a phenylalanine ammonia-lyase gene promoter, a chalcone synthase gene promoter, 

a pathogenesis-related protein gene promoter, a copper-inducible regulatory element (Met et 

al., Proc. Natl. Acad. Sat USA 90:4567-4571 (1993); Furst et al., Cell 55:705-717 (1988)); 

tetracycline and chlor-tetracycline-inducible regulatory elements (Gatz et al., Plant J. 2:397-

404 (1992); Roder et al., Mat Gen. Genet. 243:32-38 (1994); Gatz, Meth. Cell That 50:411-

424 (1995)); ecdysone inducible regulatory elements (Christopherson et al., Proc. Natl. Acad. 
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ScilrUSA 159:e3,14W3 Pi (1.993S4reitttweiser et al., EcotoxicoL Environ. Safety 28:14-24 

(1994)); heat shock inducible regulatory elements (Takahashi et aL, Plant Physiol. 99:383-390 

(1992); Yabe et al., Plant Cell Physiol. 35:1207-1219 (1994); Ueda et al., MoL Gen. Genet. 

250:533-539 (1996)); and lac operon elements, which are used in combination with a 

constitutively expresceA lac repressor to confer, for example, I:PTO-inducible expression 

(Wilde et al., EMBO J. 11:1251-1259 (1992); a nitrate-inducible promoter derived from the 

spinach nitrite reductase gene (Back et al., Plant Mol. Biol. 17:9 (1990); a light-inducible 

promoter, such as that associated with the small subunit of RuBP carboxylase or the LHCP 

gene families (Feinbaum et al., Mol. Gen. Genet. 226:449 (1991); Lam  and Chua, Science 

248:471 (1990)); a light-responsive regulatory element as described in U.S. Patent Publication 

No. 20040038400; a salicylic acid inducible regulatory elements (Uknes et al., Plant Cell 

5:159-169(1993); Bi et al., Plant J. 8:235-245 (1995)); plant hormone-inducible regulatory 

elements (Yamaguchi-Shinozaki et at., Plant Mol. Biol. 15:905 (1990); Kares et al., Plant MoL 

Biol. 15:225 (1990)); and human hormone-inducible regulatory elements such as the human 

glucocorticoid response element (Schena et at, Proc. Natl. Acad. Sc!. USA 88:10421 (1991). 

[00104] 	Plant tissue-selective regulatory elements also can be included in a subject nucleic acid 

or a subject vector. Suitable tissue-selective regulatory elements, which can be used to 

ectopically express a nucleic acid in a single tissue or in a limited number of tissues, include, 

but are not limited to, a xylem-selective regulatory element, a tracheid-selective regulatory 

element, a fiber-selective regulatory element, a trichome-selective regulatory element (see, 

e.g., Wang et al. (2002)1 Exp. Botany 53:1891-1897), a glandular trichome-selective 

regulatory element, and the like. 

[00105] 	Vectors that are suitable for use in plant cells are known in the art, and any such vector 

can be used to introduce a subject nucleic acid into a plant host cell. Suitable vectors include, 

e.g., a Ti plasmid of Agrobacterium tumefaciens or an Rik  plasmid of A. rhizogenes. The Ti or 

Rik  plasmid is transmitted to plant cells on infection by Agrobacterium and is stably integrated 

into the plant genome. J. Schell, Science, 237:1176-83 (1987). Also suitable for use is a plant 

artificial chromosome, as described in, e.g., U.S. Patent No. 6,900,012. 

Compositions 

[00106] 	The present invention further provides compositions comprising a subject nucleic acid. 

The 	invention further provides compositions comprising a subject recombinant vector. present 

Compositions comprising a subject nucleic acid or a subject expression vector will in many 

embodiments include one or more of: a salt, e.g., NaC1, MgC1, Ka, MgSO4, etc.; a buffering 

agent, e.g., a Tris buffer, N-(2-HydroxyethyDpipera7ine-N-(2-ethanesulfonic acid) (BEPES), 

28 



2-(/C1\14-arkholinci)6thallestillblireitMES), 2-(N-Morpholino)ethanesulfonic acid sodium 

salt (IVIES), 3-(N-Morpholino)propanesulfonic acid (MOPS), N-tris[Hydroxymethyl]methy1-3-

aminopropanesillfonic acid (TAPS), etc.; a solubilizing agent; a detergent, e.g., a non-ionic 

detergent such as Tween-20, etc.; a nuclease inhibitor; and the like. In some embodiments, a 

subject nucleic acid or a subject recombinant vector is lyophilized. 

Host cells 

[00107] 	The present invention provides genetically modified host cells, e.g., host cells that have 

been genetically modified with a subject nucleic acid or a subject recombinant vector. In many 

embodiments, a subject genetically modified host cell is an in vitro host cell. In other 

embodiments, a subject genetically modified host cell is an in vivo host cell. In other 

embodiments, a subject genetically modified host cell is part of a multicellular organism. 

[001081 	Host cells are in many embodiments unicellular organisms, or are grown in culture as 

single cells. In some embodiments, the host cell is a eukaryotic cell. Suitable eukaryotic host 

cells include, but are not limited to, yeast cells, insect cells, plant cells, fungal cells, and algal 

cells. Suitable eukaryotic host cells include, but are not limited to, Pichia pastoris, Pichia 

finlandica, Pichia trehalophila, Pichia lcoclamae, Pichia membranaefaciens, Pichia opuntiae, 

Pichia thermotolerans, Pichia salictaria, Pichia guercuum, Pichia pijperi, Pichia stiptis, 

Pichia methanolica, Pichia sp., Saccharomyces cerevisiae, Saccharomyces sp., Hansenula 

polymorpha, KI" uyverotnyces sp., Kluyveromyces lactis,,Candida albicans, Aspergillus 

nidulans, Aspergillus niger, Aspergillus oryzae, Trichoderma reesei, Chtysosporium 

lucknowense, Fusarium sp., Fusarium gramineum, Fusarium venenatum, Neurospora crassa, 

host 	is Chlatnydomonas reinhardtii, and the like. In some embodiments, the 	cell 	a eukaryotic 

cell other than a plant cell. 

[001091 	In other embodiments, the host cell is a plant cell. Plant cells include cells of 

monocotyledons ("monocots") and dicotyledons ("dicots"). 

[001101 	In other embodiments, the host cell is a prokaryotic cell. Suitable prokaryotic cells 

include, but are not limited to, any of a variety of laboratory strains of Escherichia colt, 

Lactobacillus sp., Salmonella sp., Shigella sp., and the like. See, e.g., Carrier et al. (1992)1. 

Immunol, 148:1176-1181; U.S. Patent No. 6,447,784; and Sizemore et al. (1995) Science 

270:299-302. Examples of Salmonella strains which can be employed in the present invention 

include, but are not limited to, Salmonella typhi and S. typhirrzurium. Suitable Shigella strains 

include, but are not limited to, Shigella fiexneri, Shigella sonnei, and Shigella disenteriae. 

Typically, the laboratory strain is one that is non-pathogenic. Non-limiting examples of other 

suitable bacteria include, but are not limited to, Bacillus subtilis, Pseudomonas pudita, 
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Pseuaotnonas aerugurosaineurtomoilas mevalonit, Rhodobacter sphaeroides, Rhodobacter 

capsulatus, Rhodospirillum rubrum, Rhodococcus sp., and the like. In some embodiments, the 

host cell is Escherichia colt 

[00111] 	To generate a subject genetically modified host cell, a subject nucleic acid comprising 

nucleotide sequences encoding an isoprenoid-modifying enzyme is introduced stably or 

transiently into a parent host cell, using established techniques, including, but not limited to, 

electroporation, calcium phosphate precipitation, DEAE-dextran mediated transfection, 

liposome-mediated transfection, and the like. For stable transformation, a nucleic acid will 

generally further include a selectable marker, e.g., any of several well-known selectable 

markers such as neomycin resistance, ampicillin resistance, tetracycline resistance, 

chloramphenicol resistance, kanamycin resistance, and the like. 

[001121 	In some embodiments, a subject genetically modified host cell is a plant cell. A subject 

genetically modified plant cell is useful for producing a selected isoprenoid compound in in 

vitro plant cell culture. Guidance with respect to plant tissue culture may be found in, for 

example: Plant Cell and Tissue Culture, 1994, Vasil and Thorpe Eds., Kluwer Academic 

Publishers; and in: Plant Cell Culture Protocols (Methods in Molecular Biology 111), 1999, 

Hall Eds, Humana Press. 

Genetically modified host cells 

[001131 	in some embodiments, a subject genetically modified host cell comprises a subject 

expression vector, where the subject expression vector comprises a nucleotide sequence 

encoding an isoprenoid-modifying enzyme. In some embodiments, a subject genetically 

modified host cell comprises a subject expression vector, where the subject expression vector 

comprises a nucleotide sequence encoding a polypeptide that exhibits terpene hydroxylase 

and/or terpene oxidase activity. 

[001141 	In some embodiments, a subject genetically modified host cell comprises a first subject 

expression vector, where the first subject expression vector comprises a subject nucleic acid 

comprising a nucleotide sequence encoding a polypeptide that exhibits terpene hydroxyiase 

and/or terpene oxidase activity; and further comprises a second subject expression vector, 

where the second subject expression vector comprises a subject nucleic acid comprising a 

nucleotide sequence encoding a CPR. In other embodiments, a subject genetically modified 

host cell comprises a subject expression vector, wherein the subject expression vector 

comprises subject nucleic acid comprising a nucleotide sequence encoding an isoprenoid- 

modifying enzyme and a subject nucleic acid comprising a nucleotide sequence encoding a 

CPR. In other embodiments, a subject genetically modified host cell comprises a subject 
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expression VeStein Mere ttre:glitigettleXpression vector comprises a subject nucleic acid 

comprising a nucleotide sequence encoding a fusion polypeptide (e.g. a polypeptide that 

includes an isoprenoid-modifying enzyme and a CPR). 

[00115] 	Suitable CPR-encoding nucleic acids include nucleic acids encoding CPR found in 

plants. Suitable CPR-encoding nucleic acids include nucleic acids encoding CPR found in 

fungi. Examples of suitable CPR-encoding nucleic acids include: GenBank Accession No. 

A.1303373 (Triticum aestrimm CPR); GenBank Accession No, AY959320 (Taxus chinensis 

CPR); GenBank Accession No. AY532374 Omni mafus CPR); GenBank Accession No. 

AG211221 (Oryza saliva CPR); and GenBank Accession No. AF024635 (Petroselinum 

crispum CPR). 

[00116] 	In some embodiments, a subject genetically modified host cell is a host cell that does 

not normally synthesize isopentenyl pyrophosphate (IPP) or mevalonate via a mevalonate 

pathway. The mevalonate pathway comprises: (a) condensing two molecules of acetyl-CoA to 

acetoacetyl-CoA; (b) condensing acetoacetyl-CoA with acetyl-CoA to form HMG-CoA; (c) 

converting HMG-CoA to mevalonate; (d) phosphorylating mevalonate to mevalonate 5-

phosphate; (e) converting mevalonate 5-phosphate to mevalonate 5-pyrophosphate; and (f) 

converting mevalonate 5-pyrophosphate to isopentenyl pyrophosphate. The mevalonate 

pathway enzymes required for production of UT vary, depending on the culture conditions. 

[00117] 	As noted above, in some embodiments, a subject genetically modified, host cell is a host 

cell that does not normally synthesize isopentenyl. pyrophosphate (IPP) or mevalonate via a 

mevalonate pathway. In some of these embodiments, the host cell is genetically modified with 

a subject expression vector comprising a subject nucleic acid encoding an isoprenoid-

modifying enzyme; and the host cell is genetically modified with one or more heterologous 

nucleic acids comprising nucleotide sequences encoding acetoacetyl-CoA thiolase, 

hydroxymethylglutaryl-CoA synthase (11,MGS), hydroxymethylglutaryl-CoA reductase 

(HMGR), mevalonate kinase (14K), phosphomevalonate kinase (PMK), and mevalonate 

pyrophosphate decarboxylase (MPD) (and optionally also IPP isomerase). in many of these 

embodiments, the host cell is genetically modified with an expression vector comprising a 

nucleotide sequence encoding a CPR. In some of these embodiments, the host cell is 

genetically modified with a subject expression vector comprising a subject nucleic acid 

encoding an isoprenoid-modifying enzyme; and the host cell is genetically modified with one 

or more heterologous nucleic acids comprising nucleotide sequences encoding MK, PMK, 

MPD (and optionally also IPP isomerase). In many of these embodiments, the host cell is 
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genttially'mdlilffidd WIth tirekpi6sfron vector comprising a nucleotide sequence encoding a 

CPR. 

[00118] 	In some embodiments, a subject genetically modified host cell is a host cell that does 

not normally synthesize IPP or mevalonate via a mevalonate pathway; the host cell is 

genetically modified with a subject expression vector comprising a subject nucleic acid 

encoding an isoprenoid-modifying enzyme; and the host cell is genetically modified with one 

or more heterologous nucleic acids comprising nucleotide sequences encoding acetoacetyl- 

CoA thiolase,HMGS, HMGR, MK, PMK, MPD, IPP isomerase, and a prenyl transferase. In 

many of these embodiments, the host cell is genetically modified with an expression vector 

comprising a nucleotide sequence encoding a CPR. In some embodiments, a subject 

genetically modified host cell is a host cell that does not normally synthesize IPP or 

mevalonate via a mevalonate pathway; the host cell is genetically modified with a subject 

expression vector comprising a subject nucleic acid encoding an isoprenoid-modifying 

enzyme; and the host cell is genetically modified with one or more heterologous nucleic acids 

comprising nucleotide sequences encoding MK, PMK, MPD, IPP isomerase, and a prenyl 

transferase. In many of these embodiments, the host cell is genetically modified with an 

expression vector comprising a nucleotide sequence encoding a CPR 

[00119] 	In some embodiments, a subject genetically modified host cell is one that normally 

synthesizes 1PP or mevalonate via a mevalonate pathway, e.g., the host cell is one that 

comprises an endogenous mevalonate pathway. In some of these embodiments, the host cell is 

a yeast cell. In some of these embodiments, the host cell is Saccharomyces cerevisiae. 

[00120] 	In some embodiments, a subject genetically modified host cell is further genetically 

modified with one or more nucleic acids that comprise nucleotide sequences encoding a 

dehydrogenase or dehydrogenases, which dehydrogenase further modifies an isoprenoid 

compound. The encoded dehydrogenase may be one that is naturally found in a prokaryotic 

cell or a eukaryotic cell, or may be a variant of such a dehydrogenase. In some embodiments, 

the present invention provides isolated nucleic acids comprising nucleotide sequences 

encoding such dehydrogenases. 

Mevalonate pathway nucleic acids 

[00121] 	Nucleotide sequences encoding MEV pathway gene products are known in the art, and 

any known MEV pathway gene product-encoding nucleotide sequence can used to generate a 

subject genetically modified host cell. For example, nucleotide sequences encoding 

acetoacetyl-CoA thiolase, HMOS, HMGR, MK, PMK, MPD, and DI are known in the art 

The following are non-limiting examples of known nucleotide sequences encoding MEV 
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pat.WW'hy keitelSiTidtidg;twItht811.Bahic Accession numbers and organism following each MEV 

pathway enzyme, in parentheses: srPtoacetyl-CoA thiolase: (NC_000913 REGION: 

2324131..2325315; E. coil), (D49362; Paracoccus denitrificans), and (L20428; 

Saccharomyces cerevisiae); HMGS: (140_001145. complement 19061..20536; Saccharomyces 

cerevisiae), (X96617; Saccharomyces cerevisiae), (X83882; Arabidopsis thaliana), 

(AB037907; Kitasatospora griseola), and (BT007302; Homo sapiens); HMGR: (NM_206548; 

Drosophila melanogaster), (NM_204485; Gallus gallus), (AB015627; Streptomyces sp. KO- 

3988), (AF542543; Nicotiana attenuata), (AB037907; Kitasatospora griseola), (AX128213, 

providing the sequence encoding a truncated BNIGR; Saccharomyces cerevisiae), and 

(NC_ 001145: complement (115734..118898; Saccharomyces cerevisiae)); MK: (L77688; 

Arabidopsis thaliana), and (X55875; Saccharomyces cerevisiae); PMK: (AF429385; Hevea 

brasiliensis), (111\ 4_006556; Homo sapiens), (NC_001145. complement 712315..713670; 

Saccharomyces cerevisiae); MPD: (X97557; Saccharomyces cerevisiae), (AF290095; 

Enterococcus faecium), and (U49260; Homo sapiens.); and IDI: (NC_000913, 

3031087..3031635; E. coli), and (AF082326; Haematococcus plirvialts). 

[00122] 	Tn  some embodiments, the HMGR coding region encodes a truncated form of HMGR 

("tHMGR") that lacks the transmembrane domain of wild-type I-EVIGR. The transmembrane 

domain of HMGR contains the regulatory portions of the enzyme and has no catalytic activity. 

[00123] 

	

	The coding sequence of any known MEV pathway enzyme may be altered in various 

ways known in the art to generate targeted changes in the amino acid sequence of the encoded 

enzyme. The amino acid of a variant MEV pathway enzyme will usually be substantially 

similar to the amino acid sequence of any kciown MEV pathway_enzynae, i.e. will differ by at 

least one amino acid, and may differ by at least two, at least 5, at least 10, or at least 20 amino 

acids, but typically not more than  about fifty amino acids. The sequence changes may be 

substitutions, insertions or deletions. For example, as described below, the nucleotide 

sequence can be altered for the codon bias of a particular host cell. In addition, one or more 

nucleotide sequence differences can be introduced that result in conservative amino acid 

changes in the encoded protein. 

Prenvl transferases 

[001241 	In some embodiments, a subject genetically modified host cell is genetically modified 

to include a nucleic acid comprising a nucleotide sequence encoding an isoprenoid-modifying 

enzyme; and in some embodiments is also genetically modified to include one or more nucleic 

acids comprising a nucleotide sequence(s) encoding one or more mevalonate pathway 
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enzYnfits;as d'dsdibett aboVecalid a nucleic acid comprising a nucleotide sequence that 

encodes a prenyl transferase. 

[00125] 	Prenyltransferases constitute a broad group of enzymes catalyzing the consecutive 

condensation of 1PP resulting in the formation of prenyl diphosphates of various chain lengths. 

Suitable prenyltrRnsferases include enzymes that catalyze the condensation of IPP with allylic 

primer substrates to form isoprenoid compounds with from about 2 isoprene units to about 

6000 isoprene units or more, e.g., 2 isoprene units (Geranyl Pyrophosphate synthase), 3 

isoprene units (Famesyl pyrophosphate synthase), 4 isoprene units (geranylgeranyl 

pyrophosphate synthase), 5 isoprene units, 6 isoprene units (hexadecylpyrophosphate 

synthase), 7 isoprene units, 8 isoprene units (phytoene synthase, octaprenyl pyrophosphate 

synthase), 9 isoprene units (nonaprenyl pyrophosphate synthase, 10 isoprene units (decaprenyl 

pyrophosphate synthase), from about 10 isoprene units to about 15 isoprene units, from about 

15 isoprene units to about 20 isoprene units, from about 20 isoprene units to about 25 isoprene 

units, from about 25 isoprene units to about 30 isoprene imits, from about 30 isoprene units to 

about 40 isoprene units, from about 40 isoprene units to about 50 isoprene units, from about 50 

isoprene units to about 100 isoprene units, from about 100 isoprene units to about 250 isoprene 

units, from about 250 isoprene units to about 500 isoprene units, from about 500 isoprene units 

to about 1000 isoprene units, from about 1000 isoprene units to about 2000 isoprene units, 

from about 2000 isoprene units to about 3000 isoprene units, from about 3000 isoprene units to 

about 4000 isoprene units, from about 4000 isoprene units to about 5000 isoprene units, or 

from about 5000 isoprene units to about 6000 isoprene units or more. 

100 261 	Suitable prenyltransferases include, but are not limited to, an E-isoprenyl diphosphate 

synthase, including, but not limited to, geranyl diphosphate (GPP) synthase, farnesyl 

diphosphate (FPP) synthase, geranylgeranyl diphosphate (GGPP) synthase, hexaprenyl 

diphosphate (HexPP) synthase, heptaprenyl diphosphate (HepPP) synthase, octaprenyl (OPP) 

diphosphate synthase, solanesyl diphosphate (SPP) synthase, decaprenyl diphosphate (DPP) 

synthase, chicle synthase, and gutta-percha synthase; and a Z-isoprenyl diphospbare synthase, 

including, but not limited to, nonaprenyl diphosphate (NPP) synthase, undecaprenyl 

diphosphate (UPP) synthase, dehydrodolichyl diphosphate synthase, eicosaprenyl diphosphate 

synthase, natural rubber synthase, and other Z-isoprenyl diphosphate synthases. 

[00127] The nucleotide sequences of a numerous prenyl transferases from a variety of species 

are known, and can be used or modified for use in generating a subject genetically modified 

host cell. Nucleotide sequences encoding prenyl transferases are known in the art. See, e.g., 

Human farnesyl pyrophosphate synthetase mRNA (GenBank Accession No. J05262; Honzo 
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sagehs);ntairidSyf ttipildspliate syntlittase (FPP) gene (GenBank Accession No. J05091; 

Saccharomyces cerevisiae); isopentenyl diphosphate:dimethylallyl diphosphate isomerase gene 

(J05090; Saccharomyces cerevisiae); Wang and Ohnuma (2000) Biochim. Biophys. Acta 

1529:33-48; U.S. Patent No. 6,645,747; Arabidopsis thaliana famesyl pyrophosphate 

synthetase 2 (FPS2) / FPP synthetase 2 / famesyl diphosphate synthase 2 (At4g17190) mRNA 

(GenBank Accession No. NM_202836); Ginkgo biloba geranylgeranyl diphosphate synthase 

- (ggpps) mRNA (GenBank Accession No. AY371321); Arabidopsis thaliana geranylgeranyl 

pyrophosphate synthase (GGPS1) / GGPP synthetase / famesyltranstransferase (At4g36810) 

mRNA (GenBank Accession No. NM_119845); Synechococcus elongatus gene for famesyl, 

geranylgeranyl, geranylfamesyl, hexaprenyl, heptaprenyl diphosphate synthase (SelF-HepPS) 

(GenBank Accession No. AB016095); etc. 

Terpene svnthases 

[00128] 	In some embodiments, a subject genetically modified host cell is genetically modified 

to include a nucleic acid comprising a nucleotide sequence encoding a terpene synthase. In 

some embodiments, the terpene synthase is one that modifies FPP to generate a sesquiterpene. 

In other embodiments, the terpene synthase is one that modifies GPP to generate a 

monoterpene. In other embodiments, the terpene synthase is one that modifies GGPP to 

generate a diterpene. 

[00129] 	Nucleotide sequences encoding terpene synthases are known in the art, and any known 

terpene synthase-encoding nucleotide sequence can be used to genetically modify a host cell. 

For example, the following terpene synthase-encorling nucleotide sequences, followed by their 

GenBank accession numbers and the organisms in which they were identified, are known and 

canoe used: ei-..gernatiorene-D synthase mRNA (AY438099; Populus balsamifera subsp. 

trichocarpa x Populus deltoids); E,E-alpha-famesene synthase mRNA (AY640154; Cucwnis 

sativus); 1,8-cineole synthase mRNA (AY691947; Arabidopsis thaliana), terpene synthase 5 

(TPS5) mRNA (AY518314; Zea mays); terpene synthase 4 (TPS4) mRNA (AY518312; Zea 

mays); myrcene/ocimene synthase (TPS10) (At2g24210) mRNA (NM_127982; Arabidopsis 

thaliana); geraniol synthase (GES) mRNA (AY362553; Ocimuni basilicum); pinene synthase 

mRNA (AY237645; Picea sitchensis); myrcene synthase 1e20 mRNA (AY195609; 

Antirrhinum majus); (E)-1,-ocimene synthase (0e23) mRNA (AY195607; Antirrhinum majus); 

E-ll-ocimene synthase mRNA (AY151086; Antirrhinum majus); terpene synthase niRNA 

(AF497492; Arabidopsis thaliana); (-)-camphene synthase (AG6.5) mRNA (087910; Abies 

grandis); (-)-4S-limonene synthase gene (e.g., genornic sequence) (AF326518; Abies grandis); 

delta-selinene synthase gene (AF326513; Abies grandis); arnorpha-4,11-diene synthase mRNA 
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(AJ251751; AitetniSta" an/ilia); E-a-biaabolene synthase mRNA (AF006195; Abies grandis); 

gamma-humulene synthase mRNA (U92267; Abies grandis); 5-selinene synthase naRNA 

(U92266; Abies grandis); pinene synthase (AG3.18) mRNA (087909; Abies grandis); 

myrcene synthase (AG2.2) mRNA (U87908; Abies grandis); etc. 

Codon usage 

[00130] 	In some embodiments, a nucleotide sequence used to generate a subject genetically 

modified host cell is modified such that the nucleotide-sequence reflects-the codon preference 	- 

for the particular host cell. For example, the nucleotide sequence will in some embodiments be 

modified for yeast codon preference. See, e.g., Bennetzen and Hall (1982) J: Biol. Chem. 

257(6): 3026-3031. As another non-limiting example, the nucleotide sequence will in other 

embodiments be modified for E coli codon preference. See, e.g., Gouy and Gautier (1982) 

Nucleic Acids Res. 10(22):7055-7074; Eyre-Walker (1996) Mol. Blot. Evol. 13(6):864-872. 

See also Nakamura et al. (2000) Nucleic Acids Res. 28(1):292. 

Additional genetic modifications 

1001311 	In some embodiments, a subject genetically modified host cell is one that is genetically 

modified to include one or more nucleic acids comprising a nucleotide sequence(s) that encode 

an isoprenoid-modifying enzyme; and that is further genetically modified to achieve enhanced 

is production of a terpene biosynthetic pathway inteimediate, and/or that 	further genetically 

modified such that an endogenous terpene biosynthetic pathway gene is functionally disabled. 

The term "functionally disabled," as used herein in the context of an endogenous terpene 

biosynthetic pathway gene, refers to a genetic modification of a terpene biosynthetic pathway 

gene, which modification results in production of a gene product encoded by the gene that is 

at below normal levels, and/or is non-functional. produced 

[00132] 	Genetic modifications that enhance production of an endogenous terpene biosynthetic 

pathway intermediate include, but are not limited to, genetic modifications that result in a 

reduced level and/or activity of a phosphotransacetylase in the host cell. The intracellular 

concentration of a terpene biosynthetic pathway intermediate is enhanced by increasing the 

fraction 	intracellular intracellular concentration of acetyl-CoA. E. coli secretes a significant 	of 

acetyl-CoA in the form of acetate into the medium. Deleting the gene encoding 

phosphotransacetylase, pta, the first enzyme responsible for transforming acetyl-CoA into 

acetate, reduces acetate secretion. Genetic modifications that reduce the level and/or activity 

of phosphotransacetylase in a prokaryotic host cell are particularly useful where the genetically 

modified host cell is one that is genetically modified with a nucleic acid comprising nucleotide 

sequences encoding one or more MEV pathway gene products. 
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[00133] 	In some emoocuments, a genetic modification that results in a reduced level of 

phosphotransacetylase in a prokaryotic host cell is a genetic mutation that functionally disables 

the prokaryotic host cell's endogenous pta gene encoding the phosphotransacetylase. Thepta 

gene can be functionally disabled in any of a variety of ways, including insertion of a mobile 

genetic element (e.g., a transposon, etc.); deletion of all or part of the gene, such that the gene 

product is not made/or is truncated and is non-functional in converting acetyl-CoA to acetate; 

mutation of the gene such that the gene product is not made, or is truncated and is non- 

functional in converting acetyl-CoA to acetate; deletion or mutation of one or more control 

elements that control expression of the pta gene such that the gene product is not made; and the 

like. 

[00134] 	In some embodiments, the endogenous pta gene of a genetically modified host cell is 

deleted. Any method for deleting a gene can be used. One non-limiting example of a method 

for deleting a pta gene is by use of the kRed recombination system. Datsenko and Wanner 

(2000) Proc Nail Acad Sci USA 97(12): p. 6640-5. The pta gene will in some embodiments 

be deleted from a host cell (e.g., E. coli) that is genetically modified with a nucleic acid 

comprising nucleotide sequences encoding MK, PMK, MPD, and IDI. The pta gene will in 

some embodiments be deleted from a host cell (e.g., E. colt) that is genetically modified with a 

nucleic acid comprising nucleotide sequences encoding MK, PMK, MPD, and IPP. Thepta 

gene will in some embodiments be deleted from a host cell (e.g., E. tali) that is genetically 

modified with a nucleic acid comprising nucleotide sequences encoding MK, PMK, MPD, IPP, 

and a prenyl transferase. 

[00135] 	In some embodiments, a subject genetically modified host cell is one that is genetically 

modified to include one or more nucleic acids comprising a nucleotide sequence(s) that encode 

MEV biosynthetic pathway gene product(s); and that is further genetically modified such that 

an endogenous DXP biosynthetic pathway gene is functionally disabled. In other 

embodiments, a subject genetically modified host cell is one that is genetically modified to 

include one or more nucleic acids comprising a nucleotide sequence(s) that encode DXP 

biosynthetic pathway gene product(s); and that is further genetically modified such that an 

endogenous MEV biosynthetic pathway gene is functionally disabled. 

[00136] 	In  some embodiments, where subject genetically modified host cell is a prokaryotic 

host cell that is genetically modified with nucleic acid(s) comprising nucleotide sequences 

encoding one or more MEV pathway gene products, the host cell will be further genetically 

modified such that one or more endogenous DXP pathway genes is functionally disabled. 

DXP pathway genes that can be functionally disabled include one or more of the genes 
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enadding attOftrte itniotfing InCrgene products: 1-deoxy-D-xylulose-5-phosphate synthase, 

1-deoxy-D-xylulose-5-phosphate reductoisomerase, 4-diphosphocyddy1-2-C-methyl-D-

erythritol synthase, 4-diphosphocylidy1-2-C-methyl-D-erythritol kinase, 2C-methyl-D-

erythritol 2,4-cyclodiphosphate synthase, and 1-hydroxy-2-methyl-2-(E)-butenyl 4-

diphosphate synthase. 

[00137] 	An endogenous DXP pathway gene can be functionally disabled in any of a variety of 

ways, including insertion. of a mobile genetic element (e.g., a transposon, etc.); deletion of all 

or part of the gene, such that the gene product is not made, or is truncated and is enzymatically 

inactive; mutation of the gene such that the gene product is not made, or is truncated and is 

enzymatically non-functional; deletion or mutation of one or more control elements that 

control expression of the gene such that the gene product is not made; and the like. 

100138] 	In other embodiments, where subject genetically modified host cell is a prokaryotic 

host cell that is genetically modified with nucleic acid(s) comprising nucleotide sequences 

encoding elle or more DXP pathway gene products, the host cell will be further genetically 

modified such that one or more endogenous MEV pathway genes is functionally disabled. 

Endogenous MEV pathway genes that can be functionally disabled include one or more of the 

genes encoding any of the following MEV gene products: IllvIGS, HMGR, MK, PMK, MPD, 

and [DI. An endogenous MEV pathway gene can be functionally disabled in any of a variety 

of ways, including insertion of a mobile genetic element (e.g., a transposon, etc.); deletion of 

all or part of the gene, such that the gene product is not made, or is truncated and is 

enzymatically inactive; mutation of the gene such that the gene product is not made, or is 

truncated and is enzymatically non-functional; deletion or mutation of one or more control 

elements that control expression of the gene such that the gene product is not made; and the 

like. 

Compositions comprising a subject genetically modified host cell 

[00139] 	The present invention further provides compositions comprising a subject genetically 

modified host cell. A subject composition comprises a subject genetically modified host cell, 

and will in some embodiments comprise one or more further components, which components 

are selected based in part on the intended use of the genetically modified host cell. Suitable 

components include, but are not limited to, salts; buffers; stabilizers; protease-inhibiting 

agents; nuclease-inhibiting agents; cell membrane- and/or cell wall-preserving compounds, 

e.g., glycerol, dimethylsulfwdde, etc.; nutritional media appropriate to the cell; and the like. In 

some embodiments, the cells are lyophilized. 
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Transacttic plants 

[00140] 	In some embodiments, a subject nucleic acid or a subject expression vector (e.g., a 

subject isoprenoid-modifying enzyme nucleic acid or a subject expression vector comprising 

an isoprenoid-modifying enzyme nucleic acid) is used as a transgene to generate a transgenic 

plant that produces the encoded isoprenoid-modifying enzyme. Thus, the present invention 

further provides a transgenic plant, which plant comprises a transgene comprising a subject 

nucleic acid comprising a nucleotide sequence encoding an enzyme that exhibits terpene 

hydroxylase and/or terpene oxidase activity, as described above. In some embodiments, the 

genome of the transgenic plant comprises a subject nucleic acid, In some embodiments, the 

transgenic plant is homozygous for the genetic modification. In some embodiments, the 

transgenic plant is heterozygous for the genetic modification. 

[00141] 	In some embodiments, a subject transgenic plant produces a transgene-encoded 

polypeptide that exhibits terpene hydroxylase and/or oxidase activity in an amount that is at 

least about 50%, at least about 2-fold, at least about 5-fold, at least about 10least -fold, at 	about 

25-fold, at least about 50-fold, or at least about 100-fold, or higher, than the amount of the 

polypeptide produced by a control plant, e.g., a non-transgenic plant (a plant that does not 

include the transgene encoding the polypeptide) of the same species. 

[00142] 	In some embodiments, a subject transgenic plant is a transgenic version of a control, 

non-transgenic plant that normally produces an isoprenoid compound that is generated by, or is 

a downstream product of, a transgene-encoded 	that exhibits terpene hydroxylase polypeptide 

and/or oxidase activity; where the transgenic plant produces the isoprenoid compound in an 

amount that is at least about 50%, at least about 2-fold, at least about 5-fold, at least about 10-

fold, at least about 25-fold, at least about 50-fold, or at least about 100-fold, or higher, than the 

amount of the isoprenoid compound produced by the control plant, e g., a non-transgenic plant 

(a plant that does not include the transgene encoding the polypeptide) of the same species. 

[001431 	Methods of introducing exogenous nucleic acids into plant cells are well known in the 

art. Such plant cells are considered "transformed," as defined above. Suitable methods 

include viral infection (such as double stranded DNA viruses), Iransfection, conjugation, 

protoplast fusion, electroporation, particle gun technology, calcium phosphate precipitation, 

direct microinjection, silicon carbide whiskers technology, Agrobacterium-mediated 

transformation and the like The choice of method is generally dependent on the type of cell 

being transformed and the circumstances under which the transformation is taking place (i.e. in 

vitro, ex vivo, or in viva). 
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[00144] 	rranstbrinftidif Mal:1175dg tiadell upon the soil bacterium Agrobacterium tumefaciens are 

particularly useful for introducing an exogenous nucleic acid molecule into a vascular plant. 

The wild type form of Agrobacterium contains a Ti (tumor-inducing) plasmid that directs 

production of tumorigenic crown gall growth on host plants. Transfer of the tumor-inducing T- 

DNA region of the Ti plasmid to a plant genome requires the Ti plasmid-encoded virulence 

genes as well as T-DNA borders, which are a set of direct DNA repeats that delineate the 

region to be transferred. An Agrobacterium-based vector is a modified form of a Ti 	in plasmid, 

which the tumor inducing functions are replaced by the nucleic acid sequence of interest to be 

introduced into the plant host 

[00145] 	Agrobacterium-mediated transformation generally employs cointegrate vectors or, 

preferably, binary vector systems, in which the components of the Ti plasmid are divided 

between a helper vector, which resides permanently in the Agrobacterium host and carries the 

virulence genes, and a shuttle vector, which contains the gene of interest bounded by T-DNA 

sequences. A variety of binary vectors are well known in the art and are commercially 

available, for example, from Clontech (Palo Alto, Calif.). Methods of coculturing 

Agrobacterium with cultured plant cells or wounded tissue such as leaf tissue, root explants, 

hypocotyledons, stern pieces or tubers, for example, also are well known in the art. See., e.g.; 

Glick and Thompson, (eds.), Methods in Plant Molecular Biology and Biotechnology, Boca 

Raton, Fla.: CRC Press (1993). 

[00146] 	Agrobacterium-mediated transformation is useful for producing a variety of transgenic 

vascular plants (Wang et al., supra, 1995) including at least one species of Eucalyptus and 

forage legumes such as alfalfa (lucerne); birdsfoot trefoil, white clover, Stylosanthes, 

Lotononis bainessii and sainfoin. 

[00147] 	Microprojectile-mediated transformation also can be used to produce a subject 

transgenic plant. This method, first described by Klein et al. (Nature 327:70-73 (1987)), relies 

on microprojectiles such as gold or tungsten that are coated with the desired nucleic acid 

molecule by precipitation with calcium chloride, spermidine or polyethylene glycol. The 

microprojectile particles are accelerated at high speed into an angiosperm tissue using a device 

such as the BIOLISTIC PD-1000 (Biorad; Hercules Calif.). 

[00148] 	A subject nucleic acid may be introduced into a plant in a manner such that the nucleic 

acid is able to enter a plant cell(s), e.g., via an in vivo or ex vivo protocol. By "in vivo," it is 

"ex meant in the nucleic acid is administered to a living body of a plant e.g. infiltration. By 

vivo" it is meant that cells or explants are modified outside of the plant, and then such cells or 

organs are regenerated to a plant. A number of vectors suitable for stable transformation of 
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plrent ttlls'or Tor the establislibEierit OTtransgenic plants have been described, including those 

described in Weissbach and Weissbach, (1989) Methods for Plant Molecular Biology 

Academic Press, and Galvin et at, (1990) Plant Molecular Biology Manual, Kluwer Academic 

Publishers. Specific examples include those derived from a Ti plasmid of Agrobacterium 

tumefaciens, as well as those disclosed by Herrera-Estrella et al. (1983) Nature 303: 209, 

Bevan (1984) Nucl Acid Res. 12: 8711-8721, Kiee (1985) Bio/Technolo 3: 637-642. 

Alternatively, non-Ti vectors can be used to transfer the DNA into plants and cells by using 

free. DNA delivery techniques. By using these methods transgenic plants such as wheat, rice 

(Christou (1991) Bio/Technology 9:957-962) and corn (Gordon-Kamm (1990) Plant Cell 2: 

603-618) can be produced. An immature embryo can also be a good target tissue for monocots 

for direct DNA delivery techniques by using the particle gun (Weeks et al. (1993) Plant 

Physiol 102: 1077-1084; Vasil (1993) Bio/Technolo 10: 667-674; Wan and Lemeaux (1994) 

Plant Physiol 104: 37-48 	for Agrobacterium-mediated DNA transfer and 	 (Ishida et al. (1996) 

Nature Biotech 14: 745-750). Exemplary methods for introduction of DNA into chloroplasts 

are biolistic bombardment, polyethylene glycol transformation of protoplasts, and 

microinjection (Daniell et al Nat Biotechnol 16:345-348, 1998; Staub et al Nat. Biotechnol 18: 

333-338, 2000; O'Neill et al Plant J. 3:729-738, 1993; Knoblauch et al Nat Biotechnol 17: 

906-909; 1!. Plat. Nos. 5,451,513, 5,545,817, 5,545,818, and 5,576,198; in Intl. Application 

No. WO 95/16783; and in Boynton et al., Methods in Enzymology 217: 510-536 (1993), Svab 

et aL, Proc. Natl. Acad. Sci. USA 90: 913-917 (1993), and McBride et al., Proc. Nati. Acad. 

Sci. USA 91: 7301-7305 (1994)). Any vector suitable for the methods of biolistic 

bombardment, polyethylene glycol transformation of protoplasts and microinjection will be 

suitable as a targeting vector for chloroplast transformation. Any double stranded DNA vector 

may be used as a transformation vector, especially when the method of introduction does not 

utilize Agrobacterium. 

[00149] 	Plants which can be genetically modified include grains, forage crops, fruits, 

vegetables, oil seed crops, palms, forestry, and vines. Specific examples of plants which can  be 

modified follow: maize, banana, peanut, field peas, sunflower, tomato, canola, tobacco, wheat, 

barley, oats, potato, soybeans, cotton, carnations, sorghum, lupin and rice. Other examples 

include Artemisia annua, or other plants known to produce isoprenoid compounds of interest. 

[001501 	Also provided by the subject invention are transformed plant cells, tissues, plants and 

products that contain the transformed plant cells. A feature of the subject transformed cells, 

and tissues and products that include the same is the presence of a subject nucleic acid 

integrated into the genome, and production by plant cells of a polypeptide that exhibits terpene 
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hydroxylase and/or terpene oxidase activity, e.g., a sesquiterpene oxidase. Recombinant plant 

cells of the present invention are useful as populations of recombinant cells, or as a tissue, 

seed, whole plant, stem, fruit, leaf; root, flower, stem, tuber, grain, animal feed, a field of 

plants, and the like. 

[00151] 	Also provided by the subject invention is reproductive material of a subject transgenic 

plant, where reproductive material includes seeds, progeny plants and clonal material. 

METHODS OF PRODUCING ISOPRENOID COMPOUNDS 

[00152] 	The present invention provides a method of producing an isoprenoid compound. In 

some embodiments, the methods generally involve culturing a genetically modified host cell in 

a suitable medium, wherein said host cell is genetically modified with a subject nucleic acid 

comprising a nucleotide sequence encoding an isoprenoid-modifying enzyme. In other 

embodiments, the methods generally involve maintaining a subject transgenic plant under 

conditions that favor production of the encoded isoprenoid-modifying enzyme Production of 

the isoprenoid-modifying enzyme results in production of the isoprenoid compound. For 

example, in some embodiments, the methods generally involve culturing a genetically 

modified host cell in a suitable medium, wherein said host cell is genetically modified with a 

subject nucleic acid comprising a nucleotide sequence encoding a terpene oxidase. Production 

of the terpene oxidase results in production of the isoprenoid compound. Typically, the method 

is carried out in vitro, although in vivo production of an isoprenoid compound is also 

contemplated. In some of these embodiments, the host cell is a eukaryotic cell, e.g., a yeast 

cell. In other embodiments, the host cell is a prokaryotic cell. In some of these embodiments, 

the host cell is a plant cell. In some embodiments, the method is carried out in a subject 

transgenic plant. 

[00153] 	Cells typically use one of two pathways to generate isoprenoids or isoprenoid 

precursors (e.g., IPP, polyprenyl diphosphates, etc.). Figures 13-15 serve to illustrate the 

pathways used by cells to generate isoprenoid compounds, or precursors such as polyprenyl 

diphosphates. 

[00154] 	Figure 13 depicts isoprenoid pathways involving modification of isopentenyl 

diphosphate (IPP) and/or its isomer dimethylallyl diphosphate (DMAPP) by prenyl transferases 

to generate the polyprenyl diphosphates geranyl diphosphate (GPP), farnesyl diphosphate 

(FPP), and geranylgeranyl diphosphate (GGPP). GPP and FPP are further modified by terpene 

syntheses to generate monoterpenes and sesquiterpenes, respectively; and GGPP is further 

modified by terpene syntheses to generate diterpenes and carotenoids. IPP and DMAPP are 
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gefiditted bSrildiftf of ticVd ralliktelye'. t}1 mevalonate (MEV) 	and the 1-deoxy-D- pathway 

xylulose-5-phosphate (DXP) pathway. 

[00155] 	Figure 14 depicts schematically the MEV pathway, where acetyl CoA is converted via 

a series of reactions to IPP. 

[00156] 	Figure 15 depicts schematically the DXP pathway, in which pyruvate and D- 

glyceraldehyde-3-phosphate are converted via a series of reactions to 1PP and DMAPP. 

Eukaryotic cells other than plant cells use the MEV isoprenoid pathway.exclusively to convert 

acetyl-coenzyme A (acetyl-CoA) to IPP, which is subsequently isomerized to DMAPP. Plants 

use both the MEV and the mevalonate-independent, or DXP pathways for isoprenoid synthesis. 

Prokaryotes, with some exceptions, use the DXP pathway to produce IPP and DMAPP 

separately through a branch point. 

[00157] 	In some embodiments, a host cell is genetically modified with a subject nucleic acid 

comprising a nucleotide sequence encoding a sesquiterpene oxidase, and the host cell is 

cultured in medium that includes the sesquiterpene. The sesquiterpene enters the cell, where it 

is modified by the sesquiterpene oxidase. In many embodiments, the sesquiterpene is selected 

from amorphadiene, alloisolongifolene, (-)-a-trans-bergamotene, (-)-ll-elemene, (+)-

germacrene A, germacrene B, (+)--y-gurjunene, (+)-Iedene, neointermedeol, (+)-11-selinene, and 

(+)-valencene. In some embodiments, the sesquiterpene oxidase is an amorphadiene oxidase, 

and the host cell is cultured in a medium that includes amorpha-4,11-diene oxidase. 

[00158] 	In other embodiments, the host cell is further genetically modified with a nucleic acid 

comprising a nucleotide sequence encoding a terpene synthase. Thus, e.g., the host cell is 

genetically modified with one or more nucleic acids comprising nucleotide sequences encoding 

a terpene synthase and an isoprenoid-modifying enzyme (e.g., a sesquiterpene oxidase). 

Culturing such a host cell in a suitable culture medium provides for production of the terpene 

synthase and the isoprenoid-modifying enzyme (e.g., a sesquiterpene oxidase). For example, 

the terpene synthase modifies a farnesyl pyrophosphate to generate a sesquiterpene substrate 

for said sesquiterpene oxidase. 

[00159] 	Depending on the culture medium in which the host cell is cultured, and depending on 

whether the host cell synthesizes IPP via a DXP pathway or via a mevalonate pathway, the host 

cell will in some embodiments include further genetic modifications. For example, in some 

embodiments, the host cell is one that does not have an endogenous mevalonate pathway, e.g., 

the host cell is one that does not normally synthesize LPP or mevalonate via a mevalonate 

pathway. For example, in some embodiments, the host cell is one that does not normally 

synthesize IPP via a mevalonate pathway, and the host cell is genetically modified with one or 
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mote' itudiek ilibiasteniPriiiiiritidleatide sequences encoding two or more enzymes in the 

mevalonate pathway, an IPP isomerase, a prenyltransferase, a terpene synthase, and an 

isoprenoid-modifying enzyme (e.g., an isoprenoid-modifying enzyme encoded by a subject 

nucleic acid). Culturing such a host cell provides for production of the mevalonate pathway 

enzymes, the IPP isomerase, the prenyltransferase, the terpene synthase, and the isoprenoid-

modifying enzyme (e.g., a sesquiterpene oxidase). Production of the mevalonate pathway 

enzymes, the IPP isomerase, the prenyltransferase, the terpene-synthase, and the isoprenoid-

modifying enzyme (e.g., a sesquiterpene oxidase) results in production of an isoprenoid 

compound. In many embodiments, the prenyltransferase is an FPP synthase, which generates a 

sesquiterpene substrate for a sesquiterpene oxidase encoded by a subject nucleic acid; and 

production of the sesquiterpene oxidase results in oxidation of the sesquiterpene substrate in 

the host cell. Any nucleic acids encoding the mevalonate pathway enzymes, the IPP isomerase, 

the prenyltransferase, and the terpene synthase are suitable for use. For example, suitable 

nucleic acids are described in, e.g., Martin et al. (2003) supra. 

[00160] 	In some of the above-described embodiments, where the host cell is genetically 

modified with one or more nucleic acids comprising nucleotide sequences encoding two or 

more mevalonate pathway enzymes, the two or more mevalonate pathway enzymes include 

MK, PMK, and MPD, and the host cell is cultured in medium that includes mevalonate, In 

other embodiments, the two or more mevalonate pathway enzymes include acetoacetyl CoA 

thiolase, HMOS, HMGR, MK, PMK, and MPD. 

[00161] 	In some embodiments, the host cell is one that does not normally synthesize 1PP via 

mevalonate pathway, the host cell is genetically modified as described above, and the host cell 

further comprises a functionally disabled DXP pathway. 

[00162] 	In some embodiments, the host cell is genetically modified with a nucleic acid 

comprising a nucleotide sequence encoding a cytochrome P450 reductase (CPR). A wide 

variety of nucleotide sequences of CPR are known., and any known CPR-encoding nucleic acid 

can be used, as long as the encoded CPR exhibits activity in transferring electrons from 

NADPH. In some embodiments, the CPR-encoding nucleic acid encodes a CPR that transfers 

electrons from NADPH to an isoprenoid-modifying enzyme, e.g., a sesquiterpene oxidase, 

encoded by a subject isoprenoid-modifying enzyme-encoding nucleic acid. In some 

embodiments, the CPR-encoding nucleic acid is a subject CPR nucleic acid. 

[00163] 	A subject method is useful for production of a variety of isoprenoid compounds, 

including, but not limited to, artemisinic acid (e.g., where the sesquiterpene substrate is 

amorpha-4,11-diene), alloisolongifolene alcohol (e.g., where the substrate is 
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8110miongtteltenen.enninsunergainota-2,12-dien-14-ol (e.g., where the substrate is (-)-a-

trans-bergamotene), (-)-elema-1,3,11(13)-trien-12-ol (e.g., where the substrate is (-)-(3-

elemene), germacra-1(10),4,11(13)-trien-12-ol (e.g., where the substrate is (+)-germacrene A), 

germacrene B alcohol (e.g., where the substrate is germacrene B), 5,11(13)-guaiadiene-12-ol 

(e.g., where the substrate is (+)-y-gurjunene), ledene alcohol (e.g., where the substrate is (+)-

ledene), 413-H-eudesm-11(13)-ene-4,12-diol (e.g., where the substrate is neointermedeol), (+)- 

13-costol (e.g., where the substrate is (+)(3-selinene, and the like.;  and further derivatives of any 

of the foregoing. 

[00164] 	In some embodiments, a subject genetically modified host cell is cultured in a suitable 

medium (e.g., Luria-Bertoni broth, optionally supplemented with one or more additional 

agents, such as an inducer (e.g., where the isoprenoid-modifying enzyme-encoding nucleotide 

sequence is under the control of an inducible promoter), etc.); and the culture medium is 

overlaid with an organic solvent, e g dodecane, forming an organic layer. The isoprenoid 

compound produced by the genetically modified host cell partitions into the organic layer, 

from which it can be purified. In some embodiments, where the isoprenoid-modifying 

enzyme-encoding nucleotide sequence is operably linked to an inducible promoter, an inducer 

is added to the culture medium; and, after a suitable time, the isoprenoid compound is isolated 

from the organic layer overlaid on the culture medium. 

[00165] 	In some embodiments, the isoprenoid compound will be separated from other products 

which may be present in the organic layer. Separation of the isoprenoid compound from other 

products that may be present in the organic layer is readily achieved using, e.g., standard 

chromatographic techniques. 

[00166] 	In some embodiments, an isoprenoid compound synthesized by a subject method is 

further chemically modified in a cell-free reaction. For example, in some embodiments, 

artemisinic acid is isolated from culture medium and/or a cell lysate, and the artemisinic acid is 

further chemically modified in a cell-free reaction to generate artemisinin. 

[00167] 	In some embodiments, the isoprenoid compound is pure, e.g., at least about 40% pure, 

at least about 50% pure, at least about 60% pure, at least about 70% pure, at least about 80% 

pure, at least about 90% pure, at least about 95% pure, at least about 98%, or more than 98% 

pure, where "pure" in the context of an isoprenoid compound refers to an isoprenoid 

compound that is free from other isoprenoid compounds, macromolecules, contaminants, etc. 
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EXAMPLES 

[00168] 	The following examples are put forth so as to provide those of ordinary skill in the art 

with a complete disclosure and description of how to make and use the present invention, and 

are not intended to limit the scope of what the inventors regard as their invention nor are they 

intended to represent that the experiments below are all or the only experiments performed. 

Efforts have been made to ensure accuracy with respect to numbers used (e.g. amounts, 

temperature, etc.) but some experimental errors and deviations should be-accounted for. 

Unless indicated otherwise, parts are parts by weight, molecular weight is weight average 

molecular weight, temperature is in degrees Celsius, and pressure is at or near atmospheric. 

Standard abbreviations may be used, e.g., bp, base pair(s); kb, kilobase(s); pl, picoliter(s); s or 

sec, second(s); min, minute(s); h or hr, hour(s); aa, amino acid(s); kb, kilobase(s); bp, base 

pair(s); nt, nucleotide(s); i.m., intramuscular(ly); i.p., intraperitoneal(ly); s.c., subcutaneous(ly); 

and the like. 

Example I: Cloning and sequencing of isoprenoid modifying enzymes 

[00169] 	Most enzymes known to hydroxylate a terpene are cytochrome P450s. All available 

amino  acid sequences of terpene hydroxylases were aligned with the amino acid sequences of 

cytochrome P450s from sunflower and lettuce. These two plant species belong to the 

Asteraceae family, to which Artemisia annua also belongs. Isoprenoid-modifying enzymes, 

e.g., the CYP71D family, clustered together, suggesting a common ancestor. Degenerate 

polymerase chain reaction (PCR) primers were designed, which primers amplify genes of the 

Asteraceae CYP71D family. 

1001701 	Cloning of CYP71AV1 (also referred to as CYP71D-A4, or AM©) and CPR eDNA. 

A eDNA pool was prepared by Super SMART PCR cDNA synthesis kit (BD Bioscience) 

using 50 ng of total RNA purified from A. annua trichome-enriched cells. Degenerate P450 

primers were designed from a conserved amino acid motif of lettuce and sunflower CYP71 

subfamily; primer 1 from [Y/Q]G[E/D][H/Y]WR (forward) and primer 2 from FIPERF 

(reverse) (Table I provides sequence information for the primers). 

Table I. Primers used for construction of plasmids 

Primer Sequence (5' to 3) number 

1 	TCCGACOA(C/T)ANGGNGAN(C/T)A(C/T)TGGAG ; 
SEQ ID NO :14 

2 	TCCGACCAAANC(G/T)(C/T)TCNOG(A/G/T)AT(A/G)AA ; 
SEQ ID NO :15 
CCAGCACA(A/G)TA(C/T)GA(A/G)CA(C/T)TT(C/T)AA(C/T)AA(A/G)AT ; 3 	SEQ IDNO :16 
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:eefSEC'AGGeNTICIere(C/T)TTNGC(A/G)TCNCC(A/G)CA; 4 SEQ ID NO :17 
ACGTCTAGAATGAAGAGTATACTAAAAGCAATG; 5 SEQ ID NO :18 
ACGTCTAGAGCGAAACTTGGAACGAGTAACAACT; 6 SEQ ID NO :19 
ATOGATCCTATGCAATCAACAACTTCCGTTAAGTTAT; 7 SEQ ID NO :20 
TATGTCGACCCATACATCACGGAGATATCTTCCT 8 SEQ ID NO :21 
GGACTAGTAAAACAATGGCCCTGACCGAAGAG; 9 
SEQ ID NO :22 
CCAAGCTTTCAGATGGACATCGGGTAAAC; 10 SEQ ED NO :23 
CTGCCGCGGGGCCGCAAATTAAAGCCTTC; 11 	SEQ ID NO :24 
CTGCCGCGGTAGTACGGATTAGAAGCCGC; 12 	SEQ ID NO :25 
CGGGATCCAAAACAATGGCTGCAGACCAATTGGTG; 13 SEQ ID NO :26  
GCGTCGAC la AGGATTTAATGCAGGTGACG; 14 SEQ ID NO :27 
CGGGATCCAAAACAATGAGCGAAGTCGOTATACAG; 15 SEQ ID NO :28 
GCGTCGACTCATAACGAAAAATCAGAGAAATTTG; 16 SEQ ID NO :29 
GGACTAGTAAAACAATGGCTTCAGAAAAAGAAA1 1AG; 17 SEQ ID NO :30 
TCCCCCGGGCTATTTGCTTCTCTTGTAAAC; 18 	SEQ ED NO :31 

[00171] 	Polymerase chain  reaction (PCR) using these primers and A. annua cDNA s yielded a 1-

kb DNA fragment. The PCR-program used was 7 cycles with 48 °C annealing temperature and 

additional 27 cycles with 55 °C annealing temperature. The deduced amino acids from the 

amplified gene fragment showed 85% and 88% amino acid identity to the sunflower 

(QH_CA_Contig1442) and lettuce (QG CA_Contig7108) contigs, respectively. The 

Compositae EST-database can be found at cgpdb ucdavis edu. A. annua CPR fragment was 

isolated using a forward primer (primer 3), and a reverse primer (primer 4), designed from the 

conserved QYEHFNKI (SEQ ID NO:32) and CGDAKGMA (SEQ ID NO:33) motifs, 

°C respectively. The PCR-program used was 30 cycles with 50 	annealing temperature. Both 

5'- and 3'-end sequences for CYP71AVI ("CYP71D-A4")and CPR were determined using an 

RLM-RACE kit (Ambion) followed by full-length cDNA recovery from A. annua leaf cDNAs. 

The open reading frames of CYP71AVI and aPP, were amplified by PCR and ligated into the 

Spel and BantfillSall sites of pESC-URA (Stratagene) in FLAG and cMyc tagging, 

respectively. For PCR-amplification of CYP7IAVI, primers 5 and 6 were used; for PCR- 
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andOliticatiornottr.R;'priMers 7" ancift were used. The PCR-program used was 35 cycles with 

55 °C annealing temperature. All clones were sequenced to confirm sequences. 

[00172] 	Plant extract analysis. A. annua leaf (100 to 200 mg fresh weight) was vigorously 

shaken in 1 Mt. hexane spiked with 5.8 )1M octadecane as an internal standard for 2 hours The 

hexanolic extracts were concentrated to 200 ;IL, and 1 41., sample was used for the GC-MS 

analysis using a DB-XLB column (0.25 mm Id. x 0.25 pm x 30 in, J & W Scientific) to 

determine artemisinin content from. 14.p1ant samples as described. Woerdenbag et al. (1991) 

Phytochem. Anal., 2, 215-219.00 oven program used was 100 °C to 250 °C in 5 °C min-I  

increment. The plant hexanolic extracts were derivatized by TMS-diazometbane to determine 

artemisinic acid content by the GC-FID equipped with DB5 column (n = 8). The GC oven 

program used was 80 °C (hold 2 min), 20 °C min-1  ramp to 140 °C, product separation by 5 °C 

miill  increment up to 220 °C. Authentic artemisinin standards were purchased from Sigma- 

Aldrich (St Louis, MO). 

[00173] 

	

	Synthesis of artemisinic alcohol. Artemisinic acid (100.0 mg, 0.43 mmol) was 

dissolved in THE (10.0 mL) and LiA1H4 (17.0 mg, 0.45 mmol) was added. The heterogeneous 

mixture was held at reflux (70°C) for 15 h. After cooling, the reaction was quenched with 

water (3.0 mL) and 15% aqueous NaOH (3.0 mL), stirred for 10 min and filtered through 

celite. The organic phase was separated, dried over MgSO4, and concentrated using a rotary 

evaporator. The product was purified by column chromatography (2:1 hexanes/EtOAc) to give 

61.0 mg (65% yield) of the alcohol as a colorless oil. A minor amount of artemisinic acid 

contaminant was further removed by column chromatography over neutral alumina (Brockman 

activity 1). Characterization data was consistent with literature values. 

[00174] 	Synthesis of artemisinic aldehyde. Artemisinic alcohol was oxidized to artemisinic 

aldehyde following a procedure reported in the literature. Sharpless et al. Tetrahedron Letters 

17, 2503-2506 (1976). In a flame-dried 10-mL flask containing RuCl2(PPh3)3  (17.0 mg, 0.018 

mmol) and N-methyl morpholine N-oxide (60.0 mg, 0.51 mmol) under an atmosphere of argon 

was added acetone (4.0 mL). To the solution was added artemisinic alcohol (55.0 mg, 0.25 

mmol) dissolved in acetone (1.0 mL) via syringe. The mixture was stirred at 23 °C for 2 h and 

concentrated in vacua. The crude product was purified by column chromatography (4:1 

hexanes/EtOAc) to give 32.0 mg (59% yield) of artemisinic aldehyde as a colorless oil. 

Characterization data was consistent with literature report. 
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[00175] 	Chemicals. Dodecane and caryophyllene were purchased from Sigma-Aldrich (St. 

Louis, MO). 5-fluoroortic acid (5-FDA) was purchased from Zymo Research (Orange, CA). 

Complete Supplement Mixtures for formulation of Synthetic Defined (SD) media were 

purchased from Qbiogene (Irvine, CA). All other media components were purchased from 

either Sigma-Aldrich or Becton, Dickinson (Franklin Lakes, NJ). 

[00176] 	Strains and media. Escherichia coil strains DHIOB and DH5ci, were used for bacterial 

transformation and plasmid amplification in the construction of the expression plasmids used 

in this study. The strains were cultivated at 37 °C in Luria-Bertani medium with 100 mg L'I  

ampicillin with the exception of p5-UB--based plasmids which were cultivated with 50 mg L-1  

ampicillin using DH5ti. 

[00177] 	Saccharomyces cerevisiae strain BY4742 (Brachmann et al. Yeast 14, 115-132 (1998)), 

a derivative of S288C, was used as the parent strain for all yeast strains. This strain was grown 

in rich YPD medium. Burke et al. Methods in yeast genetics: a Cold Spring Harbor 

laboratory course manual (Cold Spring Harbor Laboratory Press, Plainview, NY, 2000). 

Engineered yeast strains were grown in SD medium (Burke et al., supra) with leucine, uracil, 

histidine, and/or methionine dropped out where appropriate. For induction of genes expressed 

from the GALL promoter, S. cerevisiae strains were grown in 2% galactose as the sole carbon 

source. 

[00178] 	Plasmid construction. To create plasmid pRS425ADS for expression of ADS with the 

GAL1 promoter, ADS was PCR amplified from pADS (Martin et al. Nat. Biotechnol. 21, 796- 

802.42003)) using primer pair 9 and 10. (Table I). Using these primers, the nucleotide sequence 

5'-AAAACA-3' was cloned immediately upstream of the start codon of ADS. This consensus 

sequence was used for efficient translation of ADS and the other galactose-inducible genes 

used in this study. The amplified product was cleaved with SpeI and. HindIII and cloned into 

SpeI and HindIII digested pRS425GAL1 (Mumberg et al. Nucleic Acids Research 22, 5767- 

5768 (1994)). 

[00179] 	For integration of an expression cassette for tHMGR, plasmid p8-HMGR was 

constructed. First SacII restriction sites were introduced into pRS426GAL1 (Mumberg et al., 

supra) at the 5' end of the GA.L1 promoter and 3' end of the CYCI terminator. To achieve this, 

the promoter-multiple cloning site-terminator cassette of pRS426GAL1 was PCR amplified 

using primer pair 11 and 12. The amplified product was cloned directly into PvuLl-digested 

pRS426GAL1 to construct vector p1t5426-SacII. The catalytic domain of HMGI was PCR 

amplified from plasmid pRH127-3 (Donald et al. Appl. Environ. Microbiol. 63, 3341-3344 
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(1997)) ilvittrprntret pair t3 'aintr1"4."The amplified product was cleaved with Baml-ll and Sall 

and cloned into Bandill and Xhol digested pRS426-SacII. pRS-1{MGR was cleaved with Scroll 

and the expression cassette fragment was gel extracted and cloned into Sad 	digested pS-UB 

(Lee et al. Biotechno1 Frog. 13, 368-373 (1997)). 

[00180] 	The upc2-1 allele of UPC2 was PCR amplified from plasmid pBD33 using primer pair 

15 and 16. The amplified product was cleaved with Baml-II and Sall and cloned into BamIIl 

and Xhol digested pRS426-Sacll to create plasmid pRS-UPC2. For the integration of upc2-I, 

pS-UPC2 was created in an identical manner by digesting pRS-UPC2 with SacII and moving 

the appropriate fragment to p5-LTB. 

[00181] 	To replace the ERG9 promoter with the MET3 promoter, plasmid pRS-ERG9 was 

constructed. Plasmid pRH973 (Gardner et al. T. BioL Chem. 274, 31671-31678 (1999)) 

contained a truncated 5' segment of ERG9 placed behind the MET3 promoter. pRH973 was 

cleaved with Apal and Clal and cloned into Apal and Clal digested pRS403 which has a I-1183 

selection marker (Sikorski et al. Genetics 122, 19-27 (1989)). 

[00182] 	For expression of ERG20, plasmid p5-ERG20 was constructed. Plasmid pRS-SacIl was 

first digested with Stall and XhoI which created compatible cohesive ends. The plasmid was 

then self-ligated, eliminating Sall and Xhol sites to create plasmid pRS-SacII-DX. ERG20 was 

PCR amplified from the genomic DNA of BY4742 nsing primer pair 17 and 18. The amplified 

product was cleaved with Spar and Smal and cloned into Spel and Smal digested pRS-SacIi- 

DX pRS-ERG20 was then cleaved with Sad 	and the expression cassette fragment was gel 

extracted and cloned into &toll digested p5-1.313. 

[00183] 	Yeast transformation and strain construction. S. cerevisiae strain BY4742 

(Brachrnann et al., supra), a derivative of S288C was used as the parent strain for all S. 

cerevisiae strains. Transformation of all strains of S. cerevisiae was performed by the standard 

lithium acetate method. Gietz, R. D. & Woods, R. A. in Guide to Yeast Genetics and 

Molecular and Cell Biology, Part B, 87-96 (Academic Press Inc, San Diego, 2002). Three to 

ten colonies from each transformation were screened for the selection of the highest 

amorphadiene producing transformant. Strain EPY201 was constructed by the transformation 

of strain BY4742 with plasmid pRS425ADS and selection on SD-LEU plates. Plasmid pa-

l-MGR was digested with Xhol before transformation of the DNA into strain EPY201. After 

initial selection on SD-LEU-URA plates, transformants were cultured and plated on SIT-11',EU 

plates containing 1 g L4  5-FOA as a selection for the loss of the URA3 marker. The resulting 

uracil auxotroph, EPY208 was then transformed with XhoI-digested po-UPC2 plasmid DNA. 

After initial selection on SD-LEU-URA plates, transformants were cultured and plated on SD- 
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LIKTIplateS flatilldiYagilf grE•15124'0A-for the construction of EPY210. Plasmid pRS-EKG9 was 

cleaved with HindU for the integration of the P mEr3-ERG9 fusion at the ERG9 loci of EPY208 

and EPY210 for the construction of EPY213 and EPY225, respectively. These strains were 

selected for on SD-LEU-1-11S-MIET plates. EPY213 was then transformed with XhoI digested 

p8-HMGR plasmid DNA. After initial selection on SD-LEU-URA-MS-MET plates, 

transformants were cultured and plated on SD-LEU-HIS-MET plates containing 1 g 1:1  5-FOA 

for the construction of EPY219. EPY219 was transformed withXhol digested p6-ERG20 

plasmid DNA. After initial selection on SD-LEU-URA-HIS-MET plates, transformants were 

cultured and plated on SD-LEU-HIS-MET plates including 1 g L-1  5-FOA for the construction 

of EPY224. 

[00184] 	Integration of pRS-ERG9 was verified by PCR analysis using two sets of primers. Each 

set contained one oligo to bind to the inserted DNA and one to bind to the genomic DNA 

surrounding the insertion. All other integrations were verified for full length insertion using a 

primer binding to the 5'-end of the GAL1 promoter and 3'-end of the fused gene. 

[00185] 	Yeast cultivation. All optical densities at 600 nm (0D600) measurements were taken 

using a Beckman DU-640 spectrophotometer. To measure amorphadiene production, culture 

tubes containing 5 mL of SD (2% galactose) medium (with appropriate amino acid omissions 

as described above) were inoculated with the strains of interest. These innocula were grown at 

30°C to OD600 between 1 and 2. Unbaffled culture flasks (250 mL) containing 50 ult. SD 

medium were inoculated to an OD600  0.05 with these seed cultures. Amorphadiene production 

was measured after 6 days of growth. 1 mM methionine was present in each culture for 

repression of the P bffin-ERG9 fusion at the ERG9 loci. All flasks also contained 5 nil, 

dodecane. This dodecane layer was sampled and diluted in ethyl acetate for determination of 

amorphadiene production by GC-MS. 

RESULTS 

[00186] 	Artemisinin is produced in the glandular trichomes, specialized cells of plant. 

Glandular trichome cells were isolated from A. annua; and RNA was extracted from the cells, 

Using the degenerate primers, a partial cDNA of a novel gene that was named CYP71D-A4 

was isolated. The full-length gene was recovered by performing rapid amplification of cDNA 

ends (RACE). The nucleotide sequence of the coding region of the cDNA is presented in 

Figure 1 (SEQ ID NO:1); the translated amino acid sequence is provided in Figure 2 (SEQ ID 

NO:2). 

[00187] 	The full-length CYP71D-A4 cDNA was expressed in yeast cells. To assay for 

amorphadiene oxidase activity, CYP71D-A4 was placed under the transcriptional control of a 
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Geflellioemoternic a-prigez 	(Stiatagene) backbone plasmid in which the CPR gene from 

A. annua (AACPR; Figure 3; amino acid sequence of encoded protein provided in Figure 4) 

was expressed from a Gall promoter. The AACPR gene was obtained from A. annua glandular 

trichome mRNA using a degenerate primer PCR and RACE method as described above. 

[00188] 	To perform an in vivo assay for amorpha-4,11-diene oxidase activity, this plasmid, 

(p71D-A4/CPR::pESC-URA) and a control plasmid, which lacked the CYP71D-A4 gene, were 

transformed into S. cerevisiae cells engineered to produce amorpha-4,11-diene. Briefly, these 	. 

cells are strain BY4742 carrying an integrated gene encoding a truncated HMG CoA reductase, 

which is soluble in yeast. These cells carry pRS425ADS which has a codon-optimized ADS 

gene under control of the GALL promoter. Transformed cells were cultured in synthetic 

leucine and uracil dropout medium and induced by 2% galactose for 29 hours and the medium 

was extracted with ether. Extracts were concentrated and 11.i1 was analyzed by gas 

chromatography-mass spectroscopy (GC-MS) equipped with an EXL column using 

temperature program 5°C per minute increments from 50°C to 250°C. Authentic artemisinic 

acid was used to synthesize artemisinic alcohol and artemisinic aldehyde, which were used as 

standards. By this method, two peaks were detected from the cells expressing CPI? and 

CYP71D-A4 but not from control cells expressing only CPR. By comparing retention time and 

mass spectra to the authentic standards, it was determined that these peaks corresponded to 

artemisinic alcohol and artemisinic aldehyde. Artemisinic acid was not detected; it would not 

be expected to appear using a GC without being derivatized due its low volatility. 

[00189] 	An in vivo feeding assay for amorpha-4,11-diene oxidase activity was carried out, in 

which the same two plasmids were individually transformed into a wild-type strain of S. 

cerevisiae, YPH499. Yeast cells were cultured in 50 mL 2% dextrose and uracil dropout 

medium and were induced by 2% galactose for 24 hours. Five mL of induced yeast cells were 

collected by centrifugation, and fresh medium containing 150 	amorpha-4,11-diene, tiM 

artemisinic alcohol, or artemisinic aldehyde were used to resuspend yeast cells. Yeast cells 

were then cultured at 30 °C for 5 hours. The medium was extracted by ether followed by 

derivatization using N-(tert-Butyldimethylsilyl)-N-methyltrifluoroacetamide to allow detection 

of any artemisinic acid using GC-MS. Authentic artemisinic alcohol and artemisinic acid 

standards were also derivatized similarly. One pt each of the derivatized controls and samples 

was analyzed by GC-MS. The temperature program used was 5°C per minute increments from 

50°C to 250°C. 

[00190] 	When the cells were fed arnorpha-4,11-diene, significant accumulation of artemisinic 

acid along with small amount of artemisinic alcohol and aldehyde compounds were detected 
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oftbstrOM yeatoEllg expiVniii-gbcith CPR and CYP1D-A4 (Figure 5A). When cells were fed 

artemisinic alcohol or artemisinic aldehyde, relative accumulation of artemisinic acid was 

higher in the culture medium of CPR/CYP71D-A4 transformed yeast cells than that of the 

control strain transformed with CPR alone (Figure 5B and 5C). 

[00191] 	Figures 5A-C. Amorphadiene (Figure 5A) and two other artemisinin intermediates -- 

artemisinic alcohol (Figure 5B) and artemisinic aldehyde (Figure 5C)-- were added to the 

medium at. 150 tiM in which yeast cells transformed with CPR alone (upper chromatograph): or 

with both CPR and CYP71D-A4 (lower chromatograph) were cultured and induced by 2% 

galactose. Amorphadiene (1), artemisinic alcohol (2), artemisinic aldehyde (3), and 

artemisinic acid (4) are indicated by arrows. Artemisinic alcohol (2) and artemisinic acid (4) 

were detected after derivatization by N-(tert-Butyldimethylsily1)-N-methyltrifluoroacetamide. 

Asterisk indicates substrates added to the medium. 

[00192] 	The authenticity of derivatized artemisinic acid in samples was confirmed'by the 

authentic artemisinic acid standard (Figures 6A and 6B). These data indicated that the first 

hydroxylation is catalyzed by the cytochrome P450 enzyme encoded in CYP71D-A4 clone, and 

the subsequent oxidative conversion of artemisinic alcohol to artemisinic aldehyde and 

artemisinic aldehyde to arternisinic acid are highly likely to be catalyzed by the CYP71D-A4 

recombinant enzyme, together with yeast endogenous oxidation activities. 

[00193] 	Figures 6A and 6B. Mass spectrum and retention time of the novel compound 

produced after amorphadiene feeding to CPR/71D-A4 transformed yeast cells are shown in 

Figure 6A, and those of the artemisinic acid authentic standard are shown in Figure 6B. Both 

product and standard were detected by GC-MS after derivatization, which added 114 mass 

units to the base molecular weight. 

[00194] 	De novo synthesis of artemisinic acid in engineered yeast from a simple sugar such as 

galactose was shown by genetically modifying EPY224 with pESC-URA harboring both CPR 

("AACPR") and A_MO ("CYP17D-A4") (pESC-URA::AACPR/AMO. A construct encoding 

truncated yeast HMGCoA reductase was integrated twice into yeast strain BY4742. 

Transcription factor upc2-1 was overexpressed to elevate transcription level of several genes in 

ergosterol biosynthetic pathway. Squalene synthase gene (ERG9) was down-regulated by 

methionine repressible promoter, MET3. FPP synthase was overexpressed by Gall promoter, 

and ADS was also overexpressed by Gall promoter in pRS425 backbone. Yeast EPY224 strain 

harboring pESC-URA::AACPR/AMO was cultured in synthetic medium containing 1.8% 

galactose and 0.2% glucose for 5 days at 30 °C. Yeast cells were pelleted, and the pellet was 

washed with alkaline buffer (Tris buffer pH 9). The buffer was acidified to pH 2 by adding 
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HCP,"inid the acidified butter was exhacted with ethyl acetate. TMS-diazomethane and 

methanol were added to the ethyl acetate fraction to derivatize artemisinic acid. The methyl 

ester form of artmisinic acid was detected by GC-MS. 

[00195] 	Figures 7A-7C depict de novo production of artemisinic acid in yeast, when AACPR 

and AMO are expressed. In contrast, no artemisinic acid was detected in a control yeast strain 

expressing AACPR alone. The novel peak at 13 62 min (Figure 7A, peak 1) showed the same 

mass fragmentation patterns as the authentic artemisinic acid from plant, Artemisia annum - 

(Figure 7 B and C). 

[00196] 	Figures 8A — 8C depict in vitro AMO enzyme assays. Microsomes were isolated from 

S. cerevisiae YPH499 expressing AACPR or CPR/AMO. Chromatographic peaks for the 

substrates used are shown by asterisks. For each enzyme assay, 10 uM amorphadiene (a), 25 

RM artemisinic alcohol (b), or 25 RM artemisinic aldehyde (c) was used. Ether-extractable 

fractions were derivatized and analyzed by GC-MS in the selective ion mode (m/z: 121, 189, 

204, 218, 220, and 248). Enzymatic products are as indicated: 1, artemisinic alcohol [retention 

time (Rt)=13.20]; 2, artemisinic aldehyde (Rt=11.79); 3, artemisinic acid (Rt=13.58, detected 

as methyl ester). 

[00197] 	Figure 9 depicts the nucleotide sequence of a cDNA clone, designated 71D-B1 (also 

referred to as "AMH," for amorphadiene hydroxylase), that encodes a terpene hydroxylase. 

[00198] 	Figure 10 depicts the amino acid sequence of the protein encoded by 71D-B1 (AMH).  

[00199] 	Figures 11A-C depict the hydroxylation activity of recombinant enzyme encoded in 

AMH clone (71D-B1). The peak at 16.82 rain in A is artemisinic acid when AMO was 

expressed in HMGCoA-overexpressing yeast, and the peak at 18.50 min in B is hydroxylated 

amorphadiene when AMH and AACPR was overexpressed in HMGCoA overexpressed yeast. 

The mass fragmentation patterns of hydroxylated amorphadiene were given in Figure 11C; 

Peak for the parental ion (220) of hydroxylated amorphadiene is shown and other typical ion 

fragmentation patterns for sesquiterpenes and terpenes are also shown (e.g., 93, 119, 132, 145, 

159, and 177). 

[00200] 	Figure 12 depicts the nucleotide sequence of a genomic DNA encoding a terpene 

hydroxylase/oxidase. 

[00201] 	While the present invention has been described with reference to the specific 

embodiments thereof, it should be understood by those skilled in the art that various changes 

may be made and equivalents may be substituted without departing from the true spirit and 

scope of the invention. In addition, many modifications may be made to adapt a particular 
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situation; matenat, composition of matter, process, process step or steps, to the objective, spirit 

and scope of the present invention. All such modifications are intended to be within the scope 

of the claims appended hereto. 
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CLAIMS 

What is claimed is: 

1. An isolated cDNA comprising: 

a nucleotide sequence that encodes a cytochrome P450 reductase (CPR), wherein the 

CPR comprises an amino acid sequence having at least 85% amino acid sequence identity to the 

amino acid sequence set forth in SEQ ID NO:4, wherein the CPR transfers electrons from 

NADPH to an isoprenoid-modifying enzyme. 

2. A recombinant vector comprising a polynucleotide comprising a nucleotide sequence that 

encodes a cytochrome P450 reductase (CPR), wherein the CPR comprises an amino acid 

sequence having at least 85% amino acid sequence identity to the amino acid sequence set forth 

in SEQ ID NO: 4, wherein the CPR transfers electrons from NADPH to an isoprenoid-modifying 

enzyme. 

3. A host cell comprising the cDNA of claim 1. 

4. A host cell comprising the recombinant vector of claim 2. 

5. A transgenic plant comprising a nucleic acid comprising a nucleotide sequence encoding 

as isoprenoid-modifying enzyme having at least about 90% amino acid identity to the amino acid 

sequence set forth in SEQ ID NO:2, wherein the nucleic acid is expressed in a cell of the plant to 

produce the isoprenoid-modifying enzyme in the cell. 

6. The transgenic plant of claim 5, wherein the plant is a monocot. 

7. The transgenic plant of claim 5, wherein the plant s a dicot. 

8. The transgenic plant of claim 5, wherein the plant is tobacco. 

9. The transgenic plant of claim 5, wherein the isoprenoid-modifying enzyme-encoding 
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nucleotide sequence is operably linked to a constitutive promoter. 

10. The transgenic plant of claim 5, wherein the isoprenoid -modifying enzyme-encoding 

nucleotide sequence is operably linked to an inducible promoter. 

11. The transgenic plant of claim 5, wherein the isoprenoid-modifying enzyme-encoding 

nucleotide sequence is operably linked to a tissue-specific promoter. 

12. The transgenic plant of claim 11, wherein the tissue-specific promoter is a trichome- 

specific promoter. 

13. The transgenic plant of claim 5, wherein the plant is Artemisia annua. 

14. A method of producing an isoprenoid compound, the method comprising maintaining the 

transgenic plant of claim 5 under conditions that favor production of the isoprenoid-modifying 

enzyme, wherein production of the isoprenoid-modifying enzyme results in modification of a 

terpene substrate and production of an isoprenoid compound. 

15. The cDNA of claim 1, wherein the CPR comprises an amino acid sequence having at 

least 90% amino acid sequence identity to the amino acid sequence set forth in SEQ ID NO:4. 

16. The cDNA of claim 1, wherein the CPR comprises an amino acid sequence having at least 

95% amino acid sequence identity to the amino acid sequence set forth in SEQ ID NO:4. 

17. The recombinant vector of claim 2, wherein said nucleotide sequence is operably linked 

to a promoter. 

18. The recombinant vector of claim 2, further comprising a nucleic acid encoding an 

isoprenoid-modifying enzyme having at least 90% amino acid sequence identity to the amino 

acid sequence set forth in SEQ ID NO:2. 
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19. The recombinant vector of claim2, wherein the isoprenoid-mod fying enzyme exhibits 

amorpha-4,11-diene oxidase activity. 

20. The host cell of claim 4, wherein the host further comprises an expression vector 

encoding an amorpha-4,11-diene oxidase having at least 90% amino acid sequence identity to the 

amino acid sequence set forth in SEQ ID NO:2. 

21. The host cell of claim 3, wherein the host cell is a prokaryotic cell, a yeast cell, or a plant 

cell. 

22. The host cell of claim 4, wherein the host cell is a prokaryotic cell, a yeast cell, or a plant 

cell. 

23. A transgenic plant genetically modified with a nucleic acid comprising a nucleotide 

sequence that encodes a cytochrorne P450 reductase (CPR), wherein the CPR comprises an 

amino acid sequence having at least 85% amino acid sequence identity to the amino acid 

sequence set forth in SEQ ID NO:4, wherein the CPR transfers electrons from NADPH to an 

isoprenoid-modifying enzyme. 

24. A transgenic plant according to claim 23, further comprising a polypeptide having at least 

90% amino acid sequence identity to the amino acid sequence set forth in SEQ ID NO:2, 

wherein the polypeptide exhibits amorpha-4,11-diene oxidase activity. 

25. The transgenic plant of claim 23, wherein the plant is tobacco or Artemisia annua. 

26. The recombinant vector of claim 2, wherein the CPR comprises an amino acid sequence 

having at least 90% amino acid sequence identity to the amino acid sequence set forth in SEQ ID 

NO: 4. 

27. The recombinant vector of claim 2, wherein the CPR comprises an amino acid sequence 

having at least 95% amino acid sequence identity to the amino acid sequence set forth in SEQ ID 

NO: 4. 
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POLYNUCLEOTIDES ENCODING ISOPRENOID MODIFYING 

ENZYMES AND METHODS OF USE THEREOF 

Abstract 

The present invention provides isolated nucleic acids comprising nucleotide 

sequences encoding isoprenoid modifying enzymes, as well as recombinant 

vectors comprising the nucleic acids. The present invention further provides 

genetically modified host cells comprising a subject nucleic acid or recombinant 

vector. The present invention further provides a transgenic plant comprising a 

subject 	nucleic 	acid. 	The 	present 	invention 	further 	provides 	methods 	of 

producing an isoprenoid compound, the method generally involving culturing a 

subject genetically modified host cell under conditions that permit synthesis of 

an isoprenoid compound modifying enzyme encoded by a subject nucleic acid. 

(Figure 8) 
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