
(19) 

US 20030125573A1 

(12) Patent Application Publication (10) Pub. No.: US 2003/0125573 A1 
United States 

Millis et al. (43) Pub. Date: Jul. 3, 2003 

(54) 

(75) 

(73) 

(21) 

(22) 

METHOD OF VITAMIN PRODUCTION 

Inventors: James R. Millis, Kohler, WI (US); 
Gabriel G. Saucy, Essex Fells, NY 
(US); Julie Maurina-Brunker, 
Appleton, WI (US); Thomas W. 
McMullin, ManitoWoc, WI (US) 

Correspondence Address: 
SHERIDAN ROSS PC 
1560 BROADWAY 
SUITE 1200 
DENVER, CO 80202 

Assignee: DCV, Inc., Bio-Technical 
Resources 

Appl. No.: 09/902,187 

Filed: Jul. 9, 2001 

(63) 

(60) 

(51) 
(52) 
(57) 

Related U.S. Application Data 

Continuation of application No. 09/348,097, ?led on 
Jul. 6, 1999. 

Provisional application No. 60/091,868, ?led on Jul. 
6, 1998. Provisional application No. 60/091,983, ?led 
on Jul. 6, 1998. 

Publication Classi?cation 

Int. Cl.7 .......................... .. C07D 311/04; C12P 7/02 

U.S. Cl. .......................................... .. 549/411; 435/155 

ABSTRACT 

The invention provides a method of producing ot-tocopherol 
and ot-tocopheryl esters. The method comprises using a 
biological system to produce farnesol or geranylgeraniol. 
Then, the farnesol or geranylgernaiol is chemically con 
verted into ot-tocopherol or an ot-tocopheryl ester. 
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METHOD OF VITAMIN PRODUCTION 

REFERENCE TO RELATED APPLICATION 

[0001] This application claims priority from US. Provi 
sional Application Serial No. 60/091,868, ?led Jul. 6, 1998, 
entitled “Method of Vitamin Production,” and Us. Provi 
sional Application Serial No. 60/091,983, ?led Jul. 6, 1998, 
entitled “Method of Vitamin Production.” 

FIELD OF THE INVENTION 

[0002] The present invention relates to methods of pro 
ducing vitamins, particularly vitamin E and related com 
pounds. 

BACKGROUND OF THE INVENTION 

[0003] Vitamin E (d-alpha-tocopherol, 1) is an important 
nutritional supplement in humans and animals. Compound 1 
is obtained commercially by isolation from a variety of plant 
oils, or semisynthetically by ring methylation of the related 
naturally occurring d-gamma-tocopherol 2. A more impor 
tant source of vitamin E is total synthesis, Which provides 
d,l-alpha-tocopherol 3. Although a mixture of isomers, 3 
provides much of the biological activity of 1 and is Widely 
used due to its loWer cost and greater availability. For a 
general discussion of vitamin E, see L. Machlin, ed., “Vita 
min E: A Comprehensive Treatise”, Marcel Dekker, N.Y., 
1980. 
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OH 

[0004] d,1-alpha-Tocopherol 3 is obtained by reacting 
trimethylhydroquinone 4 With either phytol 5 or isophytol 6 
in the presence of an acid catalyst, often a LeWis acid such 
as Zinc chloride. This technology Was revieWed by S. 
Kasparek in L. Machlin, ed., Vitamin E: A Comprehensive 
Treatise, chapter 2, pp. 8-65, Marcel Dekker, N.Y., 1965. 
References 140-166 of this chapter provide the primary 
references to detailed methods of preparing compound 3. 
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[0005] The isophytol 6 or phytol 5 required for the prepa 
ration of 3 are obtained through multistep synthesis. Starting 
materials typically include acetone (see Kasparek, in Mach 
lin, Vitamin E: A Comprehensive Treatise, pp. 44-45, Dek 
ker, NY. 1980, and references cited therein) and cyclic 
isoprene trimer (Pond et al., US. Pat. Nos. 3,917,710 and 
3,862,988 (1975). 
[0006] In addition, gamma-tocopherol Was ?rst made by 
total synthesis by Jacob, Steiger, Todd and Wilcox (J . Chem. 
Soc. 1939, 542). These Workers produced the vitamin by 
reacting the monobenZoate ester of 2,3-dimethylhydro 
quinone With phytyl bromide in the presence of Zinc chlo 
ride, folloWed by removal of the benZoate to give a loW yield 
(22%) of gamma-tocopherol. Published syntheses of the 
tocopherols and tocotrienols Were revieWed by S. Kasparek 
in L. Machlin, “Vitamin E—A Comprehensive Treatise”, 
Dekker, NY, 1980; hoWever, no further methods of pre 
paring gamma-tocopherol have been recorded. 

[0007] Despite the various knoWn methods for preparing 
or isolating members of the vitamin E family of compounds, 
there remains a need for improved and more efficient meth 
ods of production. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1A illustrates a diagramatic representation of 
the mevalonate-dependent isoprenoid biosynthetic pathWay. 

[0009] FIG. 1B illustrates a diagramatic representation of 
the mevalonate-independent isoprenoid biosynthetic path 
Way. 

[0010] FIG. 2 illustrates an embodiment of a route for 
chemical synthesis of vitamin E from geranylgeraniol. 

[0011] FIG. 3 illustrates an embodiment of a route for 
chemical synthesis of vitamin E from farnesol. 

[0012] FIG. 4 illustrates the groWth and farnesol produc 
tion of strains derived from strain MBNA1-13. 

[0013] FIG. 5 illustrates the groWth of Wild-type, erg9 and 
repaired ERG9 strains. 

[0014] FIG. 6 illustrates the production of farnesol in 
microorganisms With ampli?ed production of HMG CoA 
reductase. 

[0015] FIG. 7 illustrates the production of farnesol and 
GG in strains overeXpressing GGPP synthases. 

[0016] FIG. 8 illustrates the effect of ampli?ed production 
of FPP synthase on farnesol and GG production. 

[0017] FIG. 9 illustrates the pathWay for metabolic con 
version of isoprenol and prenol to farnesol. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0018] 1.0 Introduction 

[0019] The present invention provides a method for pro 
ducing ot-tocopherol and ot-tocopheryl esters in Which a 
biological system is used to produce farnesol or geranylge 
raniol (GG). Farnesol can be used as a starting material to 
chemically synthesiZe the ?nal product, ot-tocopheryl esters. 
Alternatively, the farnesol can be converted chemically to 
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GG. GG, produced biologically or by synthesis from farne 
sol, can then be used as a starting material to make ot-to 
copheryl and ot-tocopheryl esters. The present invention also 
includes various aspects of biological materials and inter 
mediates useful in the production of farnesol or GG by 
biological production. The present invention also includes 
methods of producing ot-tocopherol and ot-tocopheryl esters 
using farnesol and/or GG produced by any means as the 
starting material. 

[0020] 2.0 Biological Production of Farnesol and GG 

[0021] Isoprenoids are the largest family of natural prod 
ucts, With about 22,000 different structures knoWn. All 
isoprenoids are derived from the C5 compound isopentylpy 
rophosphate (IPP). Thus, the carbon skeletons of all iso 
prenoid compounds are created by sequential additions of 
the C5 units to the groWing polyprenoid chain. 

[0022] While the biosynthetic steps leading from IPP to 
isoprenoids are universal, tWo different pathWays leading to 
IPP eXist. Fungi (such as yeast) and animals possess the Well 
knoWn mevalonate-dependent pathWay (depicted in FIG. 
1A) Which uses acetyl CoA as the initial precursor. Bacteria 
and higher plants, on the other hand, possess a neWly 
discovered mevalonate independent pathWay, also referred 
to herein as the non-mevalonate pathWay, (depicted in FIG. 
1B) leading from pyruvate and glyceraldehyde 3-phosphate 
[Lois et al., Proc. Natl. Acad. Sci. USA, 95, 2105-2110 
(1998); Rohmer et al., J. Am. Chem. Soc. 118, 2564-2566 
(1996); Arigoni, et al., Proc. Natl. Acad. Sci. USA, 94, 
10600-10605 (1997); Lange et al., Proc. Natl. Acad. Sci. 
USA, 95, 2100-2104 (1998)]. In plants (including microal 
gae), there is evidence that both the mevalonate-dependent 
and -independent pathWays eXist, the former being cytosolic 
and the latter being plastidial [Arigoni, et al., Proc. Natl. 
Acad. Sci. USA, 94, 10600-10605 (1997); Lange et al.,Pr0c. 
Natl. Acad. Sci. USA, 95, 2100-2104 (1998)]. Several steps 
of the mevalonate-independent pathWay have been estab 
lished.The ?rst step, catalyZed by D-1-deoXyXylulose 
5-phosphate synthase, forms D-1-deoXyXylulose 5-phos 
phate from pyruvate and glyceraldehyde 3-phosphate. The 
second and third steps, catalyZed by D-1-deoXyXylulose 
5-phosphate reductoisomerase, catalyZe the conversion of 
D-1-deoXyXylulose 5-phosphate to 2-C-methyl D erythritol 
4-P (MEP). Several further reactions are required to convert 
MEP to IPP, and these enZymes are unknoWn at this time 
[Lois et al., Proc. Natl. Acad. Sci. USA, 95, 2105-2110 
(1998); Takahashi et al., Proc. Natl. Acad. Sci. USA, 95, 
2100-2104 (1998); Duvold et al. Tetrahedron Letters, 38, 
4769-4772 (1997)]. 

[0023] Farnesol and GG are prenyl alcohols produced by 
dephosphorylation of farnesylpryrophosphate (FPP) and 
geranylgeranylpyrophosphate (GGPP), respectively. FPP 
and GGPP are intermediates in the biosynthesis of iso 
prenoid compounds, including sterols, ubiquinones, heme, 
dolichols, and carotenoids, and are used in the post-trans 
lational prenylation of proteins. Both FPP and GGPP are 
derived from IPP. Embodiments of the present invention 
include the biological production of farnesol or GG in 
prokaryotic or eukaryotic cell cultures and cell-free systems, 
irrespective of Whether the organism utiliZes the meva 
lonate-dependent or independent pathWay for the biosynthe 
sis of the precursor of all isoprenoids, IPP. Reference herein 
to farnesyl phosphate or geranylgeranyl phosphate refers to 
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the respective mono-, di- and tri-phosphate compounds, 
unless one speci?c form is speci?cally designated. 

[0024] 2.1 Modi?ed Microorganism 

[0025] Suitable biological systems for producing farnesol 
and GG include prokaryotic and eukaryotic cell cultures and 
cell-free systems. Preferred biological systems include fun 
gal, bacterial and microalgal systems. More preferred bio 
logical systems are fungal cell cultures, more preferably a 
yeast cell culture, and most preferably a Saccharomyces 
cerevisiae cell culture. Fungi are preferred since they have 
a long history of use in industrial processes and can be 
manipulated by both classical microbiological and genetic 
engineering techniques. Yeast, in particular, are Well-char 
acteriZed genetically. Indeed, the entire genome of S. cer 
evisiae has been sequenced, and the genes coding for 
enZymes in the isoprenoid pathWay have already been 
cloned. Also, S. cerevisiae groWs to high cell densities, and 
amounts of squalene and ergosterol (see FIG. 1) up to 16% 
of cell dry Weight have been reported in genetically-engi 
neered strains. For a recent revieW of the isoprenoid pathWay 
in yeast, see Parks and Casey, Annu. Rev. Microbiol. 49:95 
116 (1995). 

[0026] The preferred prokaryote is E. coli. E. coli is Well 
established as an industrial microorganism used in the 
production of metabolites (amino acids, vitamins) and sev 
eral recombinant proteins. The entire E. coli genome has 
also been sequenced, and the genetic systems are highly 
developed. As mentioned above, E. coli uses the meva 
lonate-independent pathway for synthesis of IPP. The E. coli 
dxs, dxr, idi, and ispA genes, encoding D-1-deoxyxylulose 
5-phosphate synthase, D-1-deoxyxylulose 5-phosphate 
reductoisomerase, IPP isomerase, and FPP synthase, respec 
tively, have been cloned and sequenced [Fujisaki, et. al, J. 
Biochem. 108, 995-1000 (1990); Lois et al., Proc. Natl. 
Acad. Sci. USA, 95, 2105-2110 (1998); Hemmi et al. , J. 
Biochem, 123, 1088-1096 (1998)]. 

[0027] Preferred microalga for use in the present invention 
include Chlorella and Prototheca. 

[0028] Suitable organisms useful in producing farnesol 
and GG are available from numerous sources, such as the 
American Type Culture Collection (ATCC), Rockville, Md., 
Culture Collection of Algae (UTEX), Austin, Tex., the 
Northern Regional Research Laboratory (NRRL), Peoria, 
Ill. and the E. coli Genetic Stock Center (CGSC), NeW 
Haven, Conn. In particular, there are culture collections of S. 
cerevisiae that have been used to study the isoprenoid 
pathWay Which are available from, e.g., Jasper Rine at the 
University of California, Berkeley, Calif. and from Leo 
Parks at North Carolina State University, Raleigh, NC. 

[0029] Preferably the cells used in the cell culture are 
genetically modi?ed to increase the yield of farnesol or GG. 
Cells may be genetically modi?ed by genetic engineering 
techniques (i.e., recombinant technology), classical micro 
biological techniques, or a combination of such techniques 
and can also include naturally occurring genetic variants. 
Some of such techniques are generally disclosed, for 
example, in Sambrook et al., 1989, Molecular Cloning: A 
Laboratory Manual, Cold Spring Harbor Labs Press. The 
reference Sambrook et al., ibid., is incorporated by reference 
herein in its entirety. A genetically modi?ed microorganism 
can include a microorganism in Which nucleic acid mol 
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ecules have been inserted, deleted or modi?ed (i.e., mutated; 
e.g., by insertion, deletion, substitution, and/or inversion of 
nucleotides), in such a manner that such modi?cations 
provide the desired effect of increased yields of farnesol or 
GG Within the microorganism or in the culture supernatant. 
As used herein, genetic modi?cations Which result in a 
decrease in gene expression, in the function of the gene, or 
in the function of the gene product (i.e., the protein encoded 
by the gene) can be referred to as inactivation (complete or 
partial), deletion, interruption, blockage or doWn-regulation 
of a gene. For example, a genetic modi?cation in a gene 
Which results in a decrease in the function of the protein 
encoded by such gene, can be the result of a complete 
deletion of the gene (i.e., the gene does not exist, and 
therefore the protein does not exist), a mutation in the gene 
Which results in incomplete or no translation of the protein 
(e.g., the protein is not expressed), or a mutation in the gene 
Which decreases or abolishes the natural function of the 
protein (e.g., a protein is expressed Which has decreased or 
no enZymatic activity). Genetic modi?cations Which result 
in an increase in gene expression or function can be referred 
to as ampli?cation, overproduction, overexpression, activa 
tion, enhancement, addition, or up-regulation of a gene. 
Addition of cloned genes to increase gene expression can 
include maintaining the cloned gene(s) on replicating plas 
mids or integrating the cloned gene(s) into the genome of the 
production organism. Furthermore, increasing the expres 
sion of desired cloned genes can include operatively linking 
the cloned gene(s) to native or heterologous transcriptional 
control elements. 

[0030] 2.1.1 Squalene Synthase Modi?cations 
[0031] Embodiments of the present invention include bio 
logical production of farnesol or GG by culturing a micro 
organism, preferably yeast, Which has been genetically 
modi?ed to modulate the activity of one or more of the 
enZymes in its isoprenoid biosynthetic pathWay. In one 
embodiment, a microorganism has been genetically modi 
?ed by decreasing (including eliminating) the action of 
squalene synthase activity (see FIG. 1). For instance, yeast 
erg9 mutants that are unable to convert mevalonate into 
squalene, and Which accumulate farnesol, have been pro 
duced. Karst and Lacroute, Molec. Gen. Genet, 154, 269 
277 (1977); US. Pat. No. 5,589,372. As used herein, refer 
ence to erg9 mutant or mutation generally refers to a genetic 
modi?cation that decreases the action of squalene synthase, 
such as by blocking or reducing the production of squalene 
synthase, reducing squalene synthase activity, or inhibiting 
the activity of squalene synthase, Which results in the 
accumulation of farnesyl diphosphate (FPP) unless the FPP 
is otherWise converted to another compound, such as farne 
sol by phosphatase activity. Blocking or reducing the pro 
duction of squalene synthase can include placing the ERG9 
gene under the control of a promoter that requires the 
presence of an inducing compound in the groWth medium. 
By establishing conditions such that the inducer becomes 
depleted from the medium, the expression of ERG9 (and 
therefore, squalene synthase synthesis) could be turned off. 
Also, some promoters are turned off by the presence of a 
repressing compound. For example, the promoters from the 
yeast CTR3 or CTR1 genes can be repressed by addition of 
copper. Blocking or reducing the activity of squalene syn 
thase could also include using an excision technology 
approach similar to that described in US. Pat. No. 4,743, 
546, incorporated herein by reference. In this approach, the 
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ERG9 gene is cloned between speci?c genetic sequences 
that allow speci?c, controlled excision of the ERG9 gene 
from the genome. Excision could be prompted by, for 
example, a shift in the cultivation temperature of the culture, 
as in US. Pat. No. 4,743,546, or by some other physical or 
nutritional signal. Such a genetic modi?cation includes any 
type of modi?cation and speci?cally includes modi?cations 
made by recombinant technology and by classical mutagen 
esis. Inhibitors of squalene synthase are knoWn (see US. 
Pat. No. 4,871,721 and the references cited in US. Pat. No. 
5,475,029) and can be added to cell cultures. In another 
embodiment, an organism having the mevalonate-indepen 
dent pathWay of isoprenoid biosynthesis (such as E. coli) is 
genetically modi?ed so that it accumulates FPP and/or 
farnesol. For example, decreasing the activity of octaprenyl 
pyrophosphate synthase (the product of the ispB gene) 
Would be expected to result in FPP accumulation in E. coli. 
(Asai, et al., Biochem. Biophys. Res. Comm. 202, 340-345 
(1994)). The action of a phosphatase could further result in 
farnesol accumulation in E. coli. 

[0032] Yeast strains need ergosterol for cell membrane 
?uidity, so mutants blocked in the ergosterol pathWay, such 
as erg9 mutants, need extraneous ergosterol or other sterols 
added to the medium for the cells to remain viable. The cells 
normally cannot utiliZe this additional sterol unless groWn 
under anaerobic conditions. Therefore, a further embodi 
ment of the present invention is the use of a yeast in Which 
the action of squalene synthase is reduced, such as an erg9 
mutant, and Which takes up exogenously supplied sterols 
under aerobic conditions. Genetic modi?cations Which 
alloW yeast to utiliZe sterols under aerobic conditions are 
demonstrated beloW in the Examples section (see Example 
1) and are also knoWn in the art. For example, such genetic 
modi?cations include upc (uptake control mutation Which 
alloWs cells to take up sterols under aerobic conditions) and 
hem1 (the HEM1 gene encodes aminolevulinic acid syn 
thase Which is the ?rst committed step to the heme biosyn 
thetic pathWay from FPP, and hem1 mutants are capable of 
taking up ergosterol under aerobic conditions folloWing a 
disruption in the ergosterol biosynthetic pathWay, provided 
the cultures are supplemented With unsaturated fatty acids). 
Yeast strains having these mutations can be produced using 
knoWn techniques and also are available from, e.g., Dr. Leo 
Parks, North Carolina State University, Raleigh, NC. Hap 
loid cells containing these mutations can be used to generate 
other mutants by genetic crosses With other haploid cells. 
Also, overexpression of the SUT1 (sterol uptake) gene can 
be used to alloW for uptake of sterols under aerobic condi 
tions. The SUT1 gene has been cloned and sequenced. 
Bourot and Karst, Gene, 165: 97-102 (1995). 

[0033] In a further embodiment, microorganisms of the 
present invention can be used to produce farnesol and/or GG 
by culturing microorganisms in the presence of a squalene 
synthase inhibitor. In this manner, the action of squalene 
synthase is reduced. Squalene synthase inhibitors are knoWn 
to those skilled in the art. (See, for example, U.S. Pat. No. 
5,556,990. 

[0034] 2.1.2 HMG-CoA Reductase Modi?cations 

[0035] A further embodiment of the present invention is 
the use of a microorganism Which has been genetically 
modi?ed to increase the action of HMG-CoA reductase. It 
should be noted that reference to increasing the action of 
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HMG-CoA reductase and other enZymes discussed herein 
refers to any genetic modi?cation in the microorganism in 
question Which results in increased functionality of the 
enZymes and includes higher activity of the enZymes, 
reduced inhibition or degradation of the enZymes and over 
expression of the enZymes. For example, gene copy number 
can be increased, expression levels can be increased by use 
of a promoter that gives higher levels of expression than that 
of the native promoter, or a gene can be altered by genetic 
engineering or classical mutagenesis to increase the activity 
of an enZyme. One of the key enZymes in the mevalonate 
dependent isoprenoid biosynthetic pathWay is HMG-CoA 
reductase Which catalyZes the reduction of 3-hydroxy-3 
methylglutaryl-coenZyme A (HMG-CoA). This is the pri 
mary rate-limiting and ?rst irreversible step in the pathWay, 
and increasing HMG-CoA reductase activity leads to higher 
yields of squalene and ergosterol in a Wild-type strain of S. 
cerevisiae, and farnesol in an erg9 strain. One mechanism by 
Which the action of HMG-CoA reductase can be increased is 
by reducing inhibition of the enZyme, by either genetically 
modifying the enZyme or by modifying the system to 
remove the inhibitor. For instance, both sterol and non-sterol 
products of the isoprenoid pathWay feedback inhibit this 
enZyme (see, e.g., Parks and Casey, Annu. Rev. Microbiol. 
49:95-116 (1995). Alternatively or in addition, the gene(s) 
coding for HMG-CoA reductase can be altered by genetic 
engineering or classical mutagenesis techniques to decrease 
or prevent inhibition. Also, the action of HMG-CoA reduc 
tase can be increased by increasing the gene copy number, 
by increasing the level of expression of the HMG-CoA 
reductase gene(s), or by altering the HMG-CoA reductase 
gene(s) by genetic engineering or classical mutagenesis to 
increase the activity of the enZyme. See US. Pat. No. 
5,460,949, the entire contents of Which are incorporated 
herein by reference. For example, truncated HMG-CoA 
reductases have been produced in Which the regulatory 
domain has been removed and the use of gene copy numbers 
up to about six also gives increased activity. Id. See also, 
DoWning et al., Biochem. Biophys. Res. Commun, 94, 
974-79 (1980) describing tWo yeast mutants having 
increased levels of HMG-CoA reductase. TWo isoZymes of 
HMGCoA reductase, encoded by the HMG1 and HMG2 
genes, exist in S. cerevisiae. The activity of these tWo 
isoZymes is regulated by several mechanisms including 
regulation of transcription, regulation of translation, and for 
Hmg2p, degradation of the enZyme in the endoplasmic 
reticulum (Hampton and Rine, 1994; Donald, et. al. 1997). 
In both Hmg1p and Hmg2p, the catalytic domain resides in 
the “COOH terminal portion of the enZyme, While the 
regulatory domain resides in the membrane spanning NH2 
terminal region. It has been shoWn that overexpression of 
just the catalytic domain of Hmg1p in S. cerevisiae increases 
carbon ?oW through the isoprenoid pathWay, resulting in 
overproduction of squalene (Saunders, et. al. 1995; Donald, 
et. al., 1997). The present inventors have expressed the 
catalytic domain of the S. cerevisiae Hmg2p in strains 
having a normal (i.e., unblocked) isoprenoid pathWay and 
observed a signi?cant increase in the production of 
squalene. Furthermore, overexpression of the catalytic 
domain of Hmg2p resulted in increased farnesol production 
in an erg9 mutant, and increased farnesol and GG production 
in an erg9 mutant overexpressing GGPP synthase, groWn in 
fermentors. 
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[0036] 2.1.3 GGPP Synthase Modi?cations 

[0037] A further embodiment of the present invention is 
the use of a microorganism Which has been genetically 
modi?ed to increase the action of GGPP synthase. Genes 
coding for this enZyme from a variety of sources, including 
bacteria, fungi, plants, mammals, and archaebacteria, have 
been identi?ed. See, Brinkhaus et al., Arch. Biochem. Bio 
phys., 266, 607-612 (1988); Carattoli et al., J. Biol. Chem, 
266, 5854-59 (1991); Chen et al., J. Biol. Chem, 268, 
11002-11007 (1993); Dogbo et al., Biochim. Biophys. Acta, 
920, 140-148 (1987); Jiang et al., J. Biol. Chem, 270, 
21793-99 (1995); KuntZ al., Plant J., 2, 25-34 (1992); 
Laferriere, et al., Biochim. Biophys. Acta, 1077, 167-72 
(1991); Math et al., Proc. Natl. Acad. Sci. USA, 89, 6761-64 
(1992); Ohnuma et al., J. Biol. Chem, 269, 14792-97 
(1994); Sagami et al.,Arch. Biochem. Biophys., 297, 314-20 
(1992); Sagami et al.,J. Biol. Chem, 269, 20561-66 (1994); 
Sandmann et al., J. Photochem Photobiol. B: Biol., 18, 
245-51 (1993); Scolnik et al., Plant Physiol, 104, 1469-70 
(1994); Tachibana et al., Biosci. Biotech. Biochem, 7, 1129 
33 (1993); Tachibana et al.,J. Biochem, 114, 389-92 (1993); 
Wiedemann et al., Arch. Biochem. Biophys., 306, 152-57 
(1993). Some organisms have a bifunctional enZyme Which 
also serves as an FPP synthase, so it is involved in the overall 
conversion of IPP and DMAPP to FPP to GGPP (see FIG. 
1). Some enZymes, such as those found in plants, have 
relaxed speci?city, converting IPP and DMAPP to GGPP 
(see FIG. 1). Genetic modi?cations of GGPP synthase, as 
used herein, encompass engineering a bifunctional FPP/ 
GGPP synthase to enhance the GGPP synthase activity 
component of the enZyme. Apreferred GGPP synthase gene 
is the BTS1 gene from S. cervisiae. The BTS1 gene and its 
isolation are described in Jiang et al., J. Biol. Chem, 270, 
21793-99 (1995) and copending application Ser. No. 08/761, 
344, ?led on Dec. 6, 1996, the complete disclosure of Which 
incorporated herein by reference. HoWever, GGPP synthases 
of other hosts can be used, and the use of the bifunctional 
GGPP synthases may be particularly advantageous in terms 
of channeling carbon ?oW through FPP to GGPP, thereby 
avoiding loss of FPP to competing reactions in the cell. 

[0038] In further embodiments of the invention, in addi 
tion to the modi?cations of GGPP synthase described above, 
the Wild type GGPP synthase is eliminated from the pro 
duction organism. This Would serve, for example, to elimi 
nate competition betWeen the modi?ed GGPP synthase and 
the Wild type enZyme for the substrates, FPP and IPP. 
Deletion of the Wild-type gene encoding GGPP synthase 
could also improve the stability of the cloned GGPP syn 
thase gene by removing regions of high genetic sequence 
homology, thereby avoiding potentially detrimental genetic 
recombination. 

[0039] 2.1.4 FPP Synthase Modi?cations 

[0040] A further embodiment of the present invention is 
the use of a microorganism Which has been genetically 
modi?ed to increase the action of FPP synthase . 

[0041] Genes coding for this enZyme from a variety of 
sources have been identi?ed. See, Anderson et al., J. Biol. 
Chem, 264, 19176-19184 (1989); Attucci, et al., Arch. 
Biochem. Biophys., 321, 493-500 (1995); Cane et al.,J. Am. 
Chem. Soc., 105, 122-124 (1983); Chambon et al., Current 
Genetics, 18, 41-46 (1990); Chambon et al., Lipids, 26, 
633-36 (1991); Chen al.,Protein Science, 3, 600-607 (1994); 
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Davisson, et al., J. Am. Chem. Soc., 115, 1235-45 (1993); 
Ding et al., Biochem. J., 275, 61-65 (1991); Hugueney et al., 
FEBS Letters, 273, 235-38 (1990); Joly et al.,J. Biol. Chem, 
268, 26983-89 (1993); Koyama al.,J. Biochem, 113, 355-63 
(1993); Sheares, et al., Biochem, 28, 8129-35 (1989); Song 
et al., Proc. Natl. Acad. Sci. USA, 91, 3044-48 (1994); Spear 
et al., J. Biol. Chem, 267, 14662-69 (1992); Spear et al., J. 
Biol. Chem, 269, 25212-18 (1994). Anderson et al., J. Biol. 
Chem, 264, 19176-19184 (1989) reported a 2-3 fold over 
expression of FPP synthase With the S. cerevisiae gene in a 
yeast shuttle vector. 

[0042] As described in the Examples section, it has been 
surprisingly found that overexpression of FPP synthase did 
not lead to an increase in farnesol production, but unexpect 
edly lead to an increase in the production of GG in the 
absence of any overexpression of GGPP synthase. 

[0043] In further embodiments of the invention, in addi 
tion to the modi?cations of FPP synthase described above, 
the Wild type FPP synthase is eliminated from the production 
organism. This Would serve, for example, to eliminate 
competition betWeen the modi?ed FPP synthase and the Wild 
type enZyme for the substrates, IPP, DMAPP and GPP. 
Deletion of the Wild-type gene encoding FPP synthase could 
also improve the stability of the cloned FPP synthase gene 
by removing regions of high genetic sequence homology, 
thereby avoiding potentially detrimental genetic recombina 
tion. 

[0044] 2.1.5 Phosphatase Modi?cations 

[0045] A further embodiment of the present invention is 
the use of a microorganism Which has been genetically 
modi?ed to increase phosphatase action to increase conver 
sion of FPP to farnesol or GGPP to GG. For example, both 
S. cerevisiae and E. coli contain numerous phosphatase 
activities. By testing several phosphatases for ef?cient 
dephosphorylation of FPP or GGPP, one could select an 
appropriate phosphatase and express the gene encoding this 
enZyme in a production organism to enhance farnesol or GG 
production. In addition to (or instead of) increasing the 
action of a desired phosphatase to enhance farnesol or GG 
production, one could eliminate, through genetic means, 
undesirable phosphatase activities. For example, one could 
eliminate through mutation the activity of a phosphatase that 
speci?cally acts on FPP, so that the FPP that Was spared 
Would be available for conversion to GGPP and subse 
quently GG. 

[0046] 2.1.6 Additional Genetic Modi?cations. 

[0047] Modi?cations 
EnZymes. 

of Other Isoprenoid PathWay 

[0048] Modi?cations that can be made to increase the 
action of HMGCoA reductase, GGPP synthase and phos 
phatases are described above. Modi?cation of the action of 
isoprenoid pathWay enZymes is not limited to those speci?c 
examples, and similar strategies can be applied to modify the 
action of other isoprenoid pathWay enZymes such as 
acetoacetyl Co-A thiolase, HMG-CoA synthase, mevalonate 
kinase, phosphomevalonate kinase, phosphomevalonate 
decarboxylase, IPP isomerase, farnesyl pyrophosphate syn 
thase or D-1-deoxyxylulose 5-phosphate synthase D-1 
deoxyxylulose 5-phosphate reductoisomerase. 
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[0049] Engineering of Central Metabolism to Increase 
Precursor Supply to the Isoprenoid Pathway. 

[0050] In organisms having the mevalonate-dependent 
isoprenoid pathWay, the biosynthesis of farnesol or GG 
begins With acetyl CoA (refer to FIG. 1). One embodiment 
of the present invention is genetic modi?cation of the 
production organism such that the intracellular level of 
acetyl CoA is increased, thereby making more acetyl CoA 
available for direction to the isoprenoid pathWay (and hence 
to farnesol and/or GG). For example, the supply to acetyl 
CoA can be increased by increasing the action of the 
pyruvate dehydrogenase complex. The supply of acetyl CoA 
can be further increased by increasing the level of pyruvate 
in the cell by increasing the action of pyruvate kinase. In 
organisms having the mevalonate-independent isoprenoid 
pathWay, the biosynthesis of isoprenoids begins With pyru 
vate and glyceraldehyde 3-phosphate. The supply of pyru 
vate and glyceraldehyde 3-phosphate available for iso 
prenoid biosynthesis can be increased by increasing the 
action of pyruvate kinase and triophosphate isomerase, 
respectively. 

[0051] The examples above are provided only to illustrate 
the concept of engineering central metabolism for the pur 
pose of increasing production of isoprenoid compounds, and 
are not an exhaustive list of approaches that can be taken. 
Numerous other strategies could be successfully applied to 
achieve this goal. 

[0052] Blocking PathWays that Compete for FPP or GGPP. 

[0053] In yeast, FPP is a branch point intermediate leading 
to the biosynthesis of sterols, heme, dolichol, ubiquinone, 
GGPP and farnesylated proteins. In E. coli, FPP serves as the 
substrate for octaprenyl pyrophosphate synthase in the path 
Way leading to ubiguinone. In bacteria that synthesiZe caro 
tenoids, such as Erwina uredovora, FPP is converted to 
GGPP by GGPP synthase in the ?rst step leading to the 
carotenoids. To increase the production of farnesol or GG, it 
is desirable to inactivate genes encoding enZymes that use 
FPP or GGPP as substrate, or to reduce the activity of the 
enZymes themselves, either through mutation or the use of 
speci?c enZyme inhibitors (as Was discussed above for 
squalene synthase). In S. cerevisiae, for example, it may be 
advantageous to inactivate the ?rst step in the pathWay from 
FPP to heme, in addition to inactivating ERG9. As discussed 
earlier, in E. coli, partial or complete inactivation of the 
octaprenyl pyrophosphate synthase could increase the avail 
ability of FPP for conversion of farnesol. Finally, in bacteria 
that produce carotenoids, such as Erwina ureda'vora, elimi 
nation of GGPP synthase can increase the level of FPP for 
conversion of farnesol, While inactivating or reducing the 
activity of phytoene synthase (the crtB gene product) can 
increase the level of GGPP available for conversion to GG. 

[0054] It is possible that blocking pathWays leading aWay 
from FPP or GGPP could have negative effects on the 
groWth and physiology of the production organism. It is 
further contemplated that additional genetic modi?cations 
required to offset these complications can be made. The 
isolation of mutants of S. cerevisiae that are blocked in the 
isoprenoid pathWay and take up sterols under aerobic con 
ditions, as described above, illustrates that compensating 
mutations can be obtained that overcome the effects of the 
primary genetic modi?cations. 
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[0055] Isolation of Production Strains that are Resistant to 
Farnesol or GG. 

[0056] In the Examples section, production of high levels 
of farnesol and GG by genetically modi?ed strains of S. 
cerevisiae is described. It is recogniZed that as further 
increases in farnesol or GG production are made, these 
compounds may reach levels that are toxic to the production 
organism. Indeed, product toxicity is a common problem 
encountered in biological production processes. HoWever, 
just as common are the genetic modi?cations made by 
classical methods or recombinant technology that overcome 
product toxicity. The present invention anticipates encoun 
tering product toxicity. Thus a further embodiment of this 
invention is the isolation of mutants With increased resis 
tance to farnesol and/or GG. 

[0057] Isolation of Production Organisms With Improved 
GroWth Properties. 

[0058] One effect of blocking the isoprenoid pathWay in S. 
cerevisiae is that the mutant organisms (in the present 
invention, erg9 mutants) groW more sloWly than their parent 
(unblocked) strains, despite the addition of ergosterol to the 
culture medium. That the sloWer groWth of the erg9 mutants 
is due to the block at erg9 is illustrated in Example 1.G, 
Which shoWs that repairing the erg9 mutation restores the 
groWth rate of the strain to about that of the Wild-type parent. 
The sloWer groWth of the erg9 mutants could be due to 
differences related to groWing on exogenously supplied 
ergosterol vs. ergosterol synthesiZed in the cell, or could be 
due to other physiological factors. One embodiment of the 
present invention is to isolate variants of the farnesol or GG 
producing strains With improved groWth properties. This 
could be achieved, for example by continuous culture, 
selecting for faster groWing variants. Such variants could 
occur spontaneously or could be obtained by classical 
mutagenesis or molecular genetic approaches. 

[0059] 2.2 Incorporation of Prenol and Isoprenol 

[0060] In a further embodiment of the present invention, 
farnesol or GG is produced by the introduction of isoprenol 
and/or prenol into a fermentation medium. With reference to 
FIG. 9, each of these compounds, When taken up by an 
organism is phosphorylated With a pyrophosphate group to 
form, respectively, 3-isopentenyl pyrophosphate and 3,3 
dimethylallyl pyrophosphate. These tWo compounds inter 
convert by the action of isopentenyl pyrophosphate 
isomerase. These compounds are then converted to farnesyl 
pyrophosphate by the action of FPP synthase. Farnesol is 
formed by dephosphorylation of farnesyl pyrophosphate. 
Farnesyl pyrophosphate can be further converted to gera 
nylgeranyl pyrophosphate. Geranylgeraniol is formed be 
dephosyphorylation of geranylgeranyl pyrophosphate. GG 
Would be formed from FPP by the combined action of GGPP 
synthase and a phosphatase. Isoprenol and prenol are com 
mercially available compounds and can be produced by 
methods knoWn in the art. 

[0061] In this embodiment, the microorganism used in the 
fermentation can be any microorganism as described else 
Where herein. In addition, the microorganism can be geneti 
cally modi?ed to increase the action of dimethylallyl trans 
ferase to promote the production of geranyl pyrophosphate 
and farnesol pyrophosphate. Genes coding for this enZyme 
from a variety of sources have been identi?ed [Chen et al., 
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Protein Sci, 3, 600-607 (1994)]. In addition a microorgan 
ism can be genetically modi?ed to increase the action of 
isoprenol kinase or prenol kinase. Although these enZymes 
have not been discovered, similar enZymes that phosphory 
late farnesol and geranylgeraniol have been described 
[Bentinger et al., Arch. Biochem. Biophys., 353, 191-198 
(1998); Ohnuma et al., J. Biochem, 119, 541-547 (1996)]. 

[0062] 2.3 Fermentation Media and Conditions 

[0063] In the method for production of farnesol or GG, a 
microorganism having a genetically modi?cation, as dis 
cussed above is cultured in a fermentation medium for 
production of farnesol or GG. An appropriate, or effective, 
fermentation medium refers to any medium in Which a 
genetically modi?ed microorganism of the present inven 
tion, When cultured, is capable of producing farnesol or GG. 
Such a medium is typically an aqueous medium comprising 
assimilable carbon, nitrogen and phosphate sources. Such a 
medium can also include appropriate salts, minerals, metals 
and other nutrients. In addition, When an organism Which is 
blocked in the ergosterol pathWay and requires exogenous 
sterols, the fermentation medium must contain such exog 
enous sterols. Appropriate exemplary media are shoWn in 
the discussion beloW and in the Examples section. It should 
be recogniZed, hoWever, that a variety of fermentation 
conditions are suitable and can be selected by those skilled 
in the art. 

[0064] Sources of assimilable carbon Which can be used in 
a suitable fermentation medium include, but are not limited 
to, sugars and their polymers, including, dextrin, sucrose, 
maltose, lactose, glucose, fructose, mannose, sorbose, ara 
binose and xylose; fatty acids; organic acids such as acetate; 
primary alcohols such as ethanol and n-propanol; and poly 
alcohols such as glycerine. Preferred carbon sources in the 
present invention include monosaccharides, disaccharides, 
and trisaccharides. The most preferred carbon source is 
glucose. 

[0065] The concentration of a carbon source, such as 
glucose, in the fermentation medium should promote cell 
groWth, but not be so high as to repress groWth of the 
microorganism used. Typically, fermentations are run With a 
carbon source, such as glucose, being added at levels to 
achieve the desired level of groWth and biomass, but at 
undetectable levels (With detection limits being about <0.1 
g/l). In other embodiments, the concentration of a carbon 
source, such as glucose, in the fermentation medium is 
greater than about 1 g/L, preferably greater than about 2 g/L, 
and more preferably greater than about 5 g/L. In addition, 
the concentration of a carbon source, such as glucose, in the 
fermentation medium is typically less than about 100 g/L, 
preferably less than about 50 g/L, and more preferably less 
than about 20 g/L. It should be noted that references to 
fermentation component concentrations can refer to both 
initial and/or ongoing component concentrations. In some 
cases, it may be desirable to alloW the fermentation medium 
to become depleted of a carbon source during fermentation. 

[0066] Sources of assimilable nitrogen Which can be used 
in a suitable fermentation medium include, but are not 
limited to, simple nitrogen sources, organic nitrogen sources 
and complex nitrogen sources. Such nitrogen sources 
include anhydrous ammonia, ammonium salts and sub 
stances of animal, vegetable and/or microbial origin. Suit 
able nitrogen sources include, but are not limited to, protein 
hydrolysates, microbial biomass hydrolysates, peptone, 
yeast extract, ammonium sulfate, urea, and amino acids. 

Jul. 3, 2003 

Typically, the concentration of the nitrogen sources, in the 
fermentation medium is greater than about 0.1 g/L, prefer 
ably greater than about 0.25 g/L, and more preferably 
greater than about 1.0 g/L. Beyond certain concentrations, 
hoWever, the addition of a nitrogen source to the fermenta 
tion medium is not advantageous for the groWth of the 
microorganisms. As a result, the concentration of the nitro 
gen sources, in the fermentation medium is less than about 
20 g/L, preferably less than about 10 g/L and more prefer 
ably less than about 5 g/L. Further, in some instances it may 
be desirable to alloW the fermentation medium to become 
depleted of the nitrogen sources during fermentation. 

[0067] The effective fermentation medium can contain 
other compounds such as inorganic salts, vitamins, trace 
metals or groWth promoters. Such other compounds can also 
be present in carbon, nitrogen or mineral sources in the 
effective medium or can be added speci?cally to the 
medium. 

[0068] The fermentation medium can also contain a suit 
able phosphate source. Such phosphate sources include both 
inorganic and organic phosphate sources. Preferred phos 
phate sources include, but are not limited to, phosphate salts 
such as mono or dibasic sodium and potassium phosphates, 
ammonium phosphate and mixtures thereof. Typically, the 
concentration of phosphate in the fermentation medium is 
greater than about 1.0 g/L, preferably greater than about 2.0 
g/L and more preferably greater than about 5.0 g/L. Beyond 
certain concentrations, hoWever, the addition of phosphate 
to the fermentation medium is not advantageous for the 
groWth of the microorganisms. Accordingly, the concentra 
tion of phosphate in the fermentation medium is typically 
less than about 20 g/L, preferably less than about 15 g/L and 
more preferably less than about 10 g/L. 

[0069] A suitable fermentation medium can also include a 
source of magnesium, preferably in the form of a physi 
ologically acceptable salt, such as magnesium sulfate hep 
tahydrate, although other magnesium sources in concentra 
tions Which contribute similar amounts of magnesium can be 
used. Typically, the concentration of magnesium in the 
fermentation medium is greater than about 0.5 g/L, prefer 
ably greater than about 1.0 g/L, and more preferably greater 
than about 2.0 g/L. Beyond certain concentrations, hoWever, 
the addition of magnesium to the fermentation medium is 
not advantageous for the groWth of the microorganisms. 
Accordingly, the concentration of magnesium in the fermen 
tation medium is typically less than about 10 g/L, preferably 
less than about 5 g/L, and more preferably less than about 3 
g/L. Further, in some instances it may be desirable to alloW 
the fermentation medium to become depleted of a magne 
sium source during fermentation. 

[0070] The fermentation medium can also include a bio 
logically acceptable chelating agent, such as the dihydrate of 
trisodium citrate. In such instance, the concentration of a 
chelating agent in the fermentation medium is greater than 
about 0.2 g/L, preferably greater than about 0.5 g/L, and 
more preferably greater than about 1 g/L. Beyond certain 
concentrations, hoWever, the addition of a chelating agent to 
the fermentation medium is not advantageous for the groWth 
of the microorganisms. Accordingly, the concentration of a 
chelating agent in the fermentation medium is typically less 
than about 10 g/L, preferably less than about 5 g/L, and more 
preferably less than about 2 g/L. 

[0071] The fermentation medium can also initially include 
a biologically acceptable acid or base to maintain the desired 
pH of the fermentation medium. Biologically acceptable 


























































































